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c. Abstract 
Thesis submitted to the University of Manchester by Professor Colin P. Sibley in 
2013 for the DSc degree:  

The Nutrient Exchange Phenotype of the Placenta in Fetal Growth Restriction: 
Characterization, Adaptation and Regulation. 

An essential function of the placenta is the exchange of nutrients, and waste 
products of fetal metabolism, between mother and fetus. The placenta therefore 
plays a key role in determining fetal growth and size at birth. Fetal growth 
restriction (FGR) is a complication affecting around 5% of pregnancies. There 
are several possible causes of FGR but the most common in the Western world is 
placental dysfunction. The FGR baby is at much greater risk of stillbirth and 
neurodevelopmental morbidities than the normally grown baby. Furthermore, the 
smaller baby per se has an increased risk of a range of morbidities as an adult. 
The thrust of the work covered in this thesis was to improve understanding of the 
abnormalities in placental exchange physiology associated with FGR.  The goal 
was (and is) to develop new placental diagnostic biomarkers for the disease and 
new treatments based on improving placental function.  
The first tranche of work described showed that there are specific changes in 
transporter activities in the placenta in FGR. My colleagues and I showed that 
System A amino acid transporter activity in the microvillous plasma membrane 
(MVM) of the syncytiotrophoblast (transporting epithelium of the placenta) is 
reduced, per mg membrane protein, and that this reduction is related to the 
severity of the disease. This contrasted with our observation in normal pregnancy 
that MVM System A activity, per mg protein, is inversely related to size of the baby 
at birth, and first suggested the concept of placental adaptation to fetal growth 
demand. We, and others, went on to show that a number of other transporters in 
the syncytiotrophoblast are altered in FGR. However, not all transporters are 
affected and at least one is upregulated. This led me to hypothesise that some of 
these changes are causal to FGR and some are responses, or adaptations, to 
abnormal fetal growth. The direct causes of transporter activity changes are not 
known but our work, and that of others, suggests that glucocorticoids play a role.  
We also showed that transporter activities in the placenta are affected in other 
complications where fetal growth is aberrant. Furthermore, we provided evidence 
that denuded areas of the syncytiotrophoblast might be the morphological 
correlate of a route of passive transfer of hydrophilic solutes across the placenta. 
Our studies in a mouse model of FGR suggest that abnormalities in such a 
paracellular route may be part of the placental dysfunction in the disease.  
In the final group of publications of this thesis I describe work showing gestational 
changes in placental transporter activities. I suggest that these are primarily 
regulated to maintain fetal growth trajectory, but may also provide for specific 
nutrient demands at particular times in gestation. This explanation was supported 
by work with genetically modified mice showing experimentally that placental 
transporter activity is regulated, or adapted, in relation to fetal growth demand. It 
appears from several studies described here that there is a matching of fetal 
growth demand and placental nutrient supply. However, other work shows that the 
maternal nutritional environment does modify this matching. 
The studies described here have led to three ongoing lines of investigation: (1) 
applying knowledge of placental phenotypes of FGR to assist in early diagnosis of 
women at risk; (2) using mouse models of FGR to test drugs for treating the 
disease in humans; (3) investigations into the nature of the fetal nutrient demand 
signal(s) to the placenta, and whether these signals are altered in FGR. 
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f. iii. Overall Summary of Aims and Achievements of Submitted Work. 
(In this section, which is limited to a maximum of 15,000 words, papers by Sibley 

submitted for consideration of this DSc thesis are highlighted in bold at first citation) 

1. Introduction 

The work submitted for this thesis stemmed from my gradual realisation in the mid to 

late 1980’s, both from review of emerging publications and from conversations with 

clinical colleagues (particularly D’Souza and Boyd), that the study of placental 

exchange physiology might be of importance in understanding the aetiology of 

abnormal human fetal growth in utero as well as being of biological interest in its own 

right.  

Abnormal fetal growth may be defined as the failure of a fetus to reach its genetic 

growth potential (Battaglia, 2004). The condition has been variously termed intrauterine 

growth retardation, intrauterine growth restriction (IUGR) and, more recently, fetal 

growth restriction (FGR) (Battaglia, 2004). The term small for gestational age (SGA) 

describes a baby born weighing less than a prescribed birth centile (10th, 5th or 3rd are 

commonly used) but does not distinguish a baby that is normally small from one that 

has not reached its genetic growth potential. The early work submitted for this thesis 

uses the term SGA as originally we only had information on birthweight centiles; later 

studies use IUGR and FGR as we gradually worked more closely with obstetricians 

and gained the ability to gather data to allow us to distinguish pregnancies with true 

growth restriction. In this summary I will generally use the term FGR except when a 

paper cited does not allow distinction from SGA. 

There are several possible causes of FGR including malnutrition, environmental 

influences, such as smoking, and congenital anomalies but the most common cause in 

the Western world is placental dysfunction – often referred to until recently as placental 

insufficiency. The FGR baby is at much greater risk of stillbirth and of 

neurodevelopmental disorders than the normally grown baby, both in the neonatal 

period and beyond (Bhide, 2011; Flenady et al., 2011). Stillbirth, for example, affects 1 

in 200 pregnancies in the UK, a rate unchanged for 20 years, and around half of these 

may be attributable to placental dysfunction (Flenady et al., 2011). As well as morbidity 

and mortality in the neonatal period, it is now beyond doubt, from both epidemiological 

and experimental work, that small size at birth is associated with an increase in the risk 

of a variety of morbidities for that individual in adulthood, including cardiovascular 

disease, diabetes and mental disorders such as schizophrenia (Barker, 1990; Barker et 

al., 2012; Lewis et al., 2012). 

Despite these known devastating sequelae of poor growth in utero there is still no 

treatment for FGR other than early delivery by the obstetrician, with its own attendant 

risks for premature birth. There are many reasons for this but the major one has been 
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incomplete understanding of the causes of the disease and the consequent absence of 

a specific and sensitive diagnostic test to predict, in early pregnancy, which fetuses are 

at risk.  One fruitful line of study, begun in the 1950’s, focused on the spiral arteries 

which convey uterine blood to the placenta. It became apparent that these normally 

high resistance vessels are converted to low resistance conduits during early 

pregnancy, improving blood flow to the fast growing placenta and fetus (reviewed by 

(Brosens et al., 2011)). Furthermore, it became apparent that this normal conversion 

does not completely occur in FGR or pre-eclampsia. This was consistent with 

ultrasound assessments of the uterine artery showing abnormal waveforms in FGR, as 

well as pre-eclampsia (Aardema et al., 2001). These observations had the effect of 

focusing investigators on abnormal blood flow to the placenta as the main cause of 

FGR. However, the corollary to this was that when ultrasound Doppler assessment of 

blood flow in the uterine artery became more prevalent, and was tested as a predictor 

of FGR in properly conducted trials, it was found to have poor sensitivity and specificity 

for predicting pregnancy outcome (reviewed in (Aardema et al., 2001)). 

The fact that uterine artery Doppler was not completely successful in early diagnosis of 

FGR suggested that uteroplacental blood flow is not the only placental defect 

associated with the condition. Indeed, at the time that my colleagues and I started work 

on FGR (around 1990) there were data showing that placental structure itself, including 

the components of the exchange barrier (syncytiotrophoblast and fetal capillary 

endothelium), was abnormal in association with SGA (Teasdale, 1984; Teasdale & 

Jean-Jacques, 1988). Furthermore, and importantly for this thesis, there were reports 

documenting lower concentrations of amino acids in umbilical cord blood that could not 

easily be explained by blood flow anomalies (Cetin et al., 1988; Economides et al., 

1989). In addition to this, and of seminal importance to the work in this thesis, Dicke 

and Henderson (Dicke & Henderson, 1988) reported that the activity of an amino acid 

transporter protein in the microvillous plasma membrane (MVM) of the 

syncytiotrophoblast of placentas from SGA babies was lower than that in those from 

normal appropriately grown for gestational age (AGA) babies. It therefore seemed to 

my collaborators and me that detailed examination of the determinants of solute 

exchange across the placenta, in addition to blood flow, was required to understand 

completely the placental dysfunction in FGR. 

The conclusion that the placental dysfunction in FGR is not just an issue of blood flow led 

directly to a series of studies by myself with a large number of collaborators over about 

the last 25 years, aimed at characterizing the solute exchange characteristics 

(`phenotype’) of the placenta in FGR compared to those of the placenta in normal 

pregnancies. Complementary to these have been studies investigating placental 

exchange characteristics in diabetes and pre-eclampsia, work aimed at investigating the 
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passive permeability of the placenta to hydrophilic solutes, studies investigating the 

regulation of placental transfer and the interactions between fetus and placenta and, most 

recently, exploration of methods by which placental exchange phenotype might be 

assessed in utero so as to provide a tool for early diagnosis of FGR. The work 

incorporated in this thesis covers these areas and it is described in the related sections 

below. It includes studies on human, rat and mouse as my strategy, from the earliest 

stages, has been to use appropriate animal models to explore questions which cannot be 

ethically investigated in women. 

 

2. Characterisation of the placental exchange phenotype in FGR 

2.1 Overview of placental exchange physiology 

Detailed reviews of the exchange physiology of the placenta may be found in (Atkinson, 

2006; Jones et al., 2007; Sibley, 2009). This brief overview provides background to the 

studies covered in this thesis as described below. 

The main cellular components of the exchange barrier in the human placenta are the 

syncytiotrophoblast and the fetal capillary endothelium. The syncytiotrophoblast is the 

transporting epithelium of the placenta with a maternal facing MVM and a fetal facing 

basal plasma membrane (BM). It is an unusual epithelium, both because the MVM is 

directly bathed in maternal blood and because it is multinucleated with no obvious 

intercellular route of transfer (but see section 3.3 below). The fetal capillary endothelium is 

a typical continuous endothelium with lateral intercellular spaces, restricting the diffusion 

of solutes of around 60kD (Firth & Leach, 1996), and so does not present a barrier to 

transfer of the smaller molecular weight solutes such as ions, glucose and amino acids. It 

does present a significant barrier though to transfer of macromolecules such as 

immunoglobulins. 

Exchange across the placenta takes place by four main mechanisms: 

• Bulk flow / solvent drag in which fluid is driven across the placenta dependent on 

hydrostatic pressure gradients. No work on this topic is covered by this thesis and 

indeed it remains a sparsely investigated area. 

• Passive diffusion of solutes down electrochemical gradients. This is discussed in 

more detail in section 3.3 below. 

• Transporter protein-mediated transfer in which proteins in the MVM or BM 

catalyse transfer of specific solutes across these plasma membranes. The starting 

point for this thesis is measurement of the activity of transporter proteins as 

described below in section 2.2. 

• Endocytosis/exocytosis – providing a mechanism for transfer of high molecular 

weight molecules such as immunoglobulin G. No work on this topic is presented in 

this thesis. 
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2.2 Transporter protein-mediated transfer across the placenta. 

The study of (Dicke & Henderson, 1988) already mentioned above measured 14C-

aminoisobutyric acid (AIB) uptake by MVM vesicles, isolated from placentas using 

methodology described by Smith and colleagues (Smith et al., 1974). AIB is a non-

metabolisable amino acid analogue transported predominantly, but not exclusively, by the 

Na+-dependent System A amino acid transporter. We therefore decided that it was 

important to investigate whether the lower 14C-AIB uptake measured by (Dicke & 

Henderson, 1988) in MVM from placentas of SGA babies was specific to System A or 

was part of a more general decrease in transporter activity in such placentas. This study 

is described in (Mahendran et al., 1993) in which we measured uptake by MVM of a 

more specific substrate of System A, 14C-methylaminoisobutyric acid (MeAIB). In addition 

we measured amiloride-sensitive uptake of 22Na+ to give a measure of the activity of the 

Na+/H+ exchanger, a transporter not directly involved in transplacental amino acid fluxes 

(amiloride is a reasonably specific blocker of this exchanger). An essential pre-requisite of 

(Mahendran et al., 1993) was that we had set up and characterized in our laboratory a 

technique for isolating, purifying and measuring transporter activity in MVM vesicles. This 

characterization is described in (Glazier et al., 1988) where three methods for isolating 

MVM from the human placenta were compared and contrasted. This study showed that 

isolation methodology does have a significant effect on vesicle purity and transporter 

activity. We found that a method involving homogenization of placental pieces followed by 

Mg2+ precipitation and differential centrifugation produced a better recovery of vesicle 

protein, with minimal loss in purity (as judged by marker enzymes for the MVM and BM) 

and increased apparent activity of both System A and Na+/H+ exchanger.  

Using the homogenization and Mg2+ precipitation technique (Mahendran et al., 1993) 

showed that Na+-dependent 14C-MeAIB uptake by MVM (always measured per mg 

membrane protein) isolated from placentas of SGA babies at term, with birthweights less 

than the 3rd centile, was 60% lower than that by MVM from AGA babies. There was no 

significant difference in either purity of the MVM (as judged by marker enzymes) or in the 

amiloride-sensitive 22Na+ uptake rate – although there was a trend towards a decrease in 

the latter. These data therefore confirmed and extended the work of (Dicke & Henderson, 

1988), demonstrating that there is a significant and specific decrease in the Vmax for 

System A activity in the MVM of placentas from term SGA versus AGA babies. 

A number of questions arose from (Mahendran et al., 1993) including how is System A 

activity in MVM affected in well-defined FGR, and by the severity of the disease, and 

whether the activity of other transporters in both MVM and BM are altered in FGR? 

To address the former question we collaborated with Pardi and Cetin in Milan. This group 

of obstetricians had developed a severity classification of FGR based on assessment of 



 19	  

Doppler velocimetry of the umbilical artery and fetal heart rate recordings performed 

immediately before delivery. MVM vesicles were prepared from the placentas in Milan 

using the technique we had described (Glazier et al., 1988) and shipped frozen to 

Manchester. System A transporter activity and Na+/H+ exchanger activity were then 

measured in Manchester as described by (Mahendran et al., 1993).  Overall we found a 

similar reduction in System A activity in the MVM from placentas of FGR babies, 

compared to those from AGA babies (Glazier et al., 1997), as we had reported previously 

(Mahendran et al., 1993). Interestingly, when the FGR group was subdivided according to 

the severity criteria, we found no difference in System A activity in MVM between AGA 

and IUGR Group 1 placentas (babies with a birthweight less than 10th centile) but there 

was a significant reduction in Group 2 (normal fetal heart rate, abnormal pulsatility index) 

and Group 3 (abnormal fetal heart rate and pulsatility index). There was a tendency, 

significant in Group 3 as compared to AGA, for gestation at birth to reduce as severity of 

FGR got worse. This could have confounded our conclusions but there was no significant 

correlation between System A activity and gestation in the AGA group and so we 

concluded that MVM System A activity was reduced in relation to severity of FGR. 

Nevertheless, these data did emphasise the importance of understanding the effect of 

gestation on placental transporter activity and this was addressed in separate studies 

described in section 4.1. 

We also found in this study (Glazier et al., 1997) that Na+/H+ exchanger activity was lower 

in MVM from placentas of FGR babies as compared to those from AGA. Unfortunately 

there were insufficient data to determine whether there was a relationship with FGR 

severity. Also using freeze/thawed vesicles appeared to have an effect on the activity of 

this exchanger, as compared to the study of (Mahendran et al., 1993) which used freshly 

made MVM. Nevertheless, these data, coupled with the trend seen in the previous study, 

did suggest that MVM Na+/H+ exchanger activity might also be affected by FGR. This was 

followed up a few years later in a collaboration between ourselves and Powell and 

Jansson’s group, who were then in Gothenburg. As described in (Hughes et al., 2000) 

we studied the MVM protein expression of the Na+/H+ exchanger (NHE) isoforms 1-3 and 

Na+/H+ exchanger activity across gestation and between term AGA and SGA 

pregnancies. Gestational changes were found (see section 4.1) but no differences in 

either expression or activity between AGA and SGA. Subsequently, (Johansson et al., 

2002) showed that protein expression of the NHE-1 isoform and activity of the Na+/H+ 

exchanger is lower in MVM of placentas from FGR babies born preterm but not at term. 

The four studies (Mahendran et al., 1993; Glazier et al., 1997; Hughes et al., 2000; 

Johansson et al., 2002) are therefore consistent in demonstrating that MVM Na+/H+ 

exchanger activity is only reduced in severe FGR, bearing in mind that the study of 

(Mahendran et al., 1993) found only a trend towards lower Na+/H+ exchanger activity in 
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term SGA, and (Hughes et al., 2000) found no difference in similar groups, whereas 

(Glazier et al., 1997) found a significant reduction in an FGR group which included earlier 

gestation, more severely affected babies.  

It should be noted that none of these studies on the Na+/H+ exchanger showed any 

difference in amiloride-insensitive 22Na+ uptake by MVM, taken to be a measure of Na+ 

permeability. This suggests that the significant reduction in System A amino acid 

transporter (which, because of its Na+ dependence, is electrogenic) in FGR MVM is not 

related to a difference in electrochemical gradient in these vesicles, compared to those 

from placentas of AGA babies. Nevertheless, the demonstration of a change in both 

System A activity and Na+/H+ exchanger activity does show that our initial conclusion that 

the effect of FGR is specific to amino acid transporters was incorrect. This is addressed 

further below. 

We reported two further studies that addressed the issue of how MVM System A activity 

is related to fetal size at birth. Firstly, (Harrington et al., 1999) measured System A 

activity in MVM and compared it to anthropometric measurements in a series of AGA and 

SGA babies. We again showed a reduction in MVM System A activity in placentas from 

SGA (birthweight less than the 3rd centile) versus AGA babies. In addition we reported 

that MVM System A activity was positively correlated with subscapular and triceps 

skinfold thickness and the ratio of placental to fetal birthweight. Interestingly, the only 

correlation in the AGA group was an inverse one with placental to fetal birthweight. As 

skinfold thicknesses are a surrogate measure of fat stores, reflecting fetal nutrition, these 

data may again point to a relationship between degree of fetal growth detriment and 

System A activity. The correlations with placental/fetal birthweight ratio are particularly 

interesting and were picked up again in a collaborative study between our group in 

Manchester and Godfrey and colleagues in Southampton (Godfrey et al., 1998). 

It seemed to us that the fact that MVM System A activity was lower in placentas from 

SGA/FGR compared to those from AGA babies was not all that surprising, if one assumes 

that the more transporter per mg membrane protein there is in the placenta, then the 

greater will be its ability to transport nutrient to the fetus. However, this seemed worth 

examining more closely, especially with the emergence of the association between small 

size at birth per se and later life health risks (Barker, 1990). Therefore the purpose of the 

study described in (Godfrey et al., 1998) was to investigate the relationship between MVM 

System A activity and size at birth across the range of normal birthweights at term. To 

achieve the power we needed for the study, MVM vesicles were isolated from the 

placentas of 62 women having normal pregnancies and transport studies performed on all 

of them as before. The data were not what we expected – there was an inverse 

correlation between System A activity in the MVM (measured per mg membrane protein 

as always) and size of the baby at term whether measured as birthweight or abdominal 
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circumference: small normal babies had higher System A activity in the MVM than did 

large normal babies. There were two main conclusions from these results. Firstly, the 

lower System A activity in MVM of placentas from FGR babies is not just a normal 

extension of a straight line relationship between transporter activity and fetal growth – it is 

pathological. Secondly, we proposed that, bearing in mind that smaller babies have 

smaller placentas, the increased System A activity per mg MVM protein in such placentas 

is a biological adaptation (though we did not use this word at the time) to keep the total 

number of transporters per placenta and per fetus constant, maintaining a constant ability 

to supply the important natural substrates of this transporter (glycine, alanine, serine). To 

go round the circle one more time, this means that the FGR baby has a double hit in 

terms of supply of glycine, alanine and serine – it has both a smaller placenta and a 

reduced number of transporters per mg MVM protein. The topic of placental adaptation 

returned later to become a theme of my more recent work (see section 4.2). 

The issue of whether the activity of a range of transporters is altered in the MVM of 

placentas from FGR babies, and whether there are similar changes in the BM, has now 

been addressed in other studies from the Manchester laboratory and that of Jansson and 

Powell, including studies where the two laboratories collaborated. System A activity in BM 

is unaffected by FGR (Jansson et al., 2002b). As regards other amino acid transporters, 

leucine transport via System l was reduced in both MVM and BM vesicles from placenta 

of FGR babies (Jansson et al., 1998); the same study showed that lysine uptake by FGR 

MVM vesicles was the same as in AGA vesicles but its transport by FGR BM was 44% 

lower than that in AGA BM. Na+-dependent taurine transport was reduced by 34% in 

IUGR MVM but not in BM whereas Na+-independent taurine uptake was similar in FGR 

and AGA MVM whilst being reduced by 33% in BM (Norberg et al., 1998); (Roos et al., 

2004) later showed that the protein expression of the Na+-dependent taurine transporter 

TAUT was unaffected in FGR MVM as compared to AGA MVM, suggesting that the 

activity difference is a post-translational effect. 

Glucose transport by neither MVM nor BM is affected by FGR (Jansson et al., 1993; 

Jansson et al., 2002b). We studied lactate transport and found that it is transported by 

members of the monocarboxylate family of transporters with monocarboxylate transporter 

(MCT) 4 being predominant on the MVM and MCT-1 being predominant on the BM 

(Settle et al., 2004). This enabled us to proceed to investigate lactate transport in FGR. 

We found that MCT-mediated lactate transport by MVM was unaltered in both term and 

preterm FGR whereas it was reduced by 36% in term FGR BM (Settle et al., 2006); there 

was no change in MCT expression in either membrane. This decreased ability to transport 

lactate across the BM may contribute to the hyperlacticacidaemia in FGR and, coupled 

with the decrease in Na+/H+ exchanger activity in MVM, could make a major contribution 

to the acidaemia found in severe FGR. 
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Na+/K+ ATPase is localized to both MVM and BM of the syncytiotrophoblast and, as in 

other epithelia, is important for maintaining Na+ gradients across the membranes. 

Johansson and colleagues (Johansson et al., 2003) found that the activity of Na+/K+ 

ATPase was reduced by 35% in MVM of placentas from FGR babies, associated with a 

small decrease in the expression of the alpha-1 subunit of the transporter, but not in the 

BM of placentas from FGR, as compared to those from AGA babies. Because of its role in 

maintaining the Na+ gradient across the MVM, this reduction in IUGR MVM Na+/K+ 

ATPase activity could affect the activity of Na+-coupled transporters such as System A 

and the TAUT transporter. 

As in other epithelia Ca2+ ATPase is required for Ca2+ transport across the 

syncytiotrophoblast and is localized to the BM (Kamath et al., 1994). Strid and colleagues 

(Strid et al., 2003) found that Ca2+ ATPase activity is increased by 48% in BM from 

placentas of FGR babies whereas protein expression was actually decreased by 15%, 

suggesting complex regulation perhaps through parathyroid hormone related peptide 

(Strid et al., 2002). We also reported a relative increase in transplacental Ca2+ transport in 

late pregnancy in a mouse model of FGR (Dilworth et al., 2010): see section 4.2. 

Overall these data show that in FGR there are decreases, increases and no effect on the 

various transporters in the MVM and BM of the human placenta. I have proposed that this 

is indicative of a mix of cause and response in the relationship (Sibley et al., 2010). For 

example decreased amino acid transporter activity could reduce the capacity of the 

placenta to supply these nutrients to the growing fetus and so cause FGR (there are data 

from mouse and rat studies to support this hypothesis (Cramer et al., 2002; Jansson et 

al., 2006), whereas the increased Ca2+ ATPase activity could be a response or adaptation 

to the pathology in an attempt to maintain supply of this essential cation. This subject is 

addressed further in section 4.2.  

It should be noted that there are a large number of transporters in the placenta (Atkinson, 

2006; Jones et al., 2007) which have yet to be studied in FGR and that such 

characterization, though difficult to fund because of the inherently descriptive nature of 

such work, would greatly improve our knowledge of the placental phenotype(s) of this 

disease. The absolute causes(s) of the changes to transporter activity are also unknown. 

They may be related to the abnormal placentation in early pregnancy, which does 

underlie at least some cases of FGR (Brosens et al., 2011). In section 4.2 the evidence 

that placental nutrient supply capacity is adapted to fetal growth demand is discussed and 

failure of such adaptation could be another cause of FGR. As also discussed in section 

4.2 maternal nutritional status pre-pregnancy, and post conception, can affect placental 

transporter activity. Indeed, Jansson and colleagues have made a compelling case that 

abnormal expression by the syncytiotrophoblast of the nutrient sensing mammalian target 

of rapamycin (mTOR) protein is in the pathway underlying the decreased activity of some 
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of the amino acid transporters (Roos et al., 2004, 2009b). Stress during pregnancy affects 

outcomes and is associated with poor fetal growth ((Khashan et al., 2008) and this raises 

the possibility of glucocorticoid effects on placental function, including transporter activity. 

The placenta has been suggested to be an important barrier to cortisol transfer to the 

fetus through expression of 11-beta-hydroxysteroid dehydrogenase. This enzyme 

normally deactivates cortisol to cortisone and its inhibition, either chemically (Edwards et 

al., 1996), or by gene knockout (Wyrwoll et al., 2009), alters placental function and results, 

in the mouse, in FGR. We investigated glucocorticoid effects on the placenta both in vitro 

and in vivo. Using a term placental explant culture system, where the syncytiotrophoblast 

sloughs off over the first 48h of culture but then regenerates, we found that the synthetic 

glucocorticoid dexamethasone, when added on days 4 and 5, actually stimulated System 

A activity (Audette et al., 2010). However, this was also associated with improved 

morphological and endocrine development of the syncytiotrophoblast over the same 

period, suggesting that improved cellular viability was the main cause of the increased 

transporter activity. By contrast we found that dexamethasone administration to mice in 

mid-gestation (embryonic days 13.5 and 14.5) did significantly reduce transfer of 14C-

MeAIB (as a measure of System A activity) to the fetuses at embryonic day 18.5, although 

there was no effect on fetal growth at this gestation (Audette et al., 2011). These 

contrasting effects of dexamethasone likely reflect the very different methodologies used 

in these studies but nevertheless suggest, along with other recent studies (Vaughan et al., 

2012), that glucocorticoid effects on placental transporter activity do warrant further 

investigation. 

Some studies have addressed whether altered transporter activities are at transcriptional, 

translational or post-translational loci but this has by no means been comprehensively 

studied, not least because antibodies raised against transporter peptides have often 

proved to be unreliable. Furthermore, some transporter activities are often related to more 

than one gene. For example System A transporter activity is contributed to by three genes 

(SLC38A1, 2 and 4) and three associated proteins (SNAT 1, 2 and 4). SNAT 4 was 

thought not to be expressed in the placenta but we showed that it is and is functional 

(Desforges et al., 2006; Desforges et al., 2009), contributing more to overall System A 

activity in the first trimester than at term; no study has investigated whether the 

dysregulation of System A in FGR is related to an effect on one of the isoforms more than 

the other and this highlights the complexity in fully characterizing the placental 

pathophysiology in FGR. 
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3. Placental exchange characteristics in other pregnancy complications 

Although the focus of my work has been on placental exchange in relation to fetal growth, 

I have done some related work on other pregnancy complications. This has been 

informative both in its own right and for comparison with data obtained in relation to FGR. 

 

3.1 Transporter activity in diabetes 

Fetal overgrowth or macrosomia is a complication of diabetic pregnancy. Given the 

observation of reduced System A activity in MVM of placentas from SGA babies 

(Mahendran et al., 1993) it seemed logical to test the hypothesis that the activity of this 

transporter, per mg membrane protein, is increased in MVM from placentas of babies with 

macrosomia, and whether other transporters are also affected. To separate effects of 

diabetes from those of macrosomia itself, we measured Na+-dependent MeAIB, 14C-

leucine (as a measure of System l amino acid transporter activity) and amiloride-sensitive 
22Na+ uptake into MVM from placentas of AGA babies born to control women, of AGA 

babies born to diabetic women and of macrosomic babies (birthweight >97th centile) born 

to diabetic women (Kuruvilla et al., 1994). To our surprise, we found that System A 

activity was 49% lower in the diabetic macrosomic group as compared to the control 

group; the variation in System A activity in the AGA diabetic group was greater than in the 

other two groups and not significantly different to either of them. Kinetic analysis showed 

that the difference in placental System A activity between the control and diabetic 

macrosomia group was due to an altered Vmax rather than Km. Neither 14C-leucine nor 

amiloride-sensitive 22Na+ uptake were different between the groups, suggesting a 

selective effect on System A. 

Although these data did not enable us to be entirely sure whether the lower System A 

activity was primarily related to diabetes or macrosomia, the fact that the only previous 

study like this had found no difference in 14C-AIB uptake between MVM from placentas of 

AGA control babies versus AGA babies of diabetic women (Dicke & Henderson, 1988) 

pointed to the latter conclusion. The lower activity was of course exactly the opposite of 

our hypothesis. However, the data are consistent with our later study (Godfrey et al., 

1998) where MVM System A activity was inversely related to birth weight and size in the 

normal range; this might further emphasise the pathological nature of the situation in 

FGR. However, later studies from Jansson’s group (Jansson et al., 2002a) reported data 

showing that placental System A activity in their Swedish cohort was significantly higher in 

diabetes with macrosomia. We have never been able to explain the marked difference 

between our study and theirs (despite considerable discussion between the two groups), 

unless there is a surprisingly marked ethnicity effect.  

 

3.2 Transporter activity in pre-eclampsia 
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Pre-eclampsia, like FGR, has been causally related to abnormal placentation in early 

pregnancy (Brosens et al., 2011) and often presents with FGR. In the 1990’s there was 

considerable interest in the role of nitric oxide (NO), produced by the placenta, in the 

circulatory disorders associated with pre-eclampsia (Lyall et al., 1995; Myatt et al., 1997). 

At the same time there was evidence from other cell types that L-arginine delivery to 

endothelial nitric oxide synthase (eNOS) was rate limiting for the production of NO by this 

enzyme. Coupled with the data showing activity of altered amino acid transporters in 

FGR, this led us to investigate L-arginine transport by the synctiotrophoblast and 

determine whether such transport is altered in pre-eclampsia. In the first study we 

characterized the transporters involved in L-arginine transport by the MVM and BM; there 

had been previous studies showing cationic amino acid transport by these membranes 

(Furesz et al., 1995; Furesz & Smith, 1997) but this had been before the demonstration, in 

other cell types, of several different transporters for these amino acids and the cloning of 

the relevant genes.  

In the study of (Ayuk et al., 2000) we measured 3H-L-arginine uptake by MVM from first 

trimester (something not previously reported) and term and by BM at term. This was the 

first time we had been able to study transport by BM in our laboratory and required 

extensive work by Glazier and Ayuk to adapt the published technique (Glazier et al., 

1998). We found that L-arginine transport by MVM was via both System y+ (activity related 

to CAT gene expression, (Deves & Boyd, 1998)) and y+L (activity related to the 

heterodimer of two proteins – a heavy chain, 4F2hc and a light chain peptide, (Deves & 

Boyd, 1998)). In BM there was only evidence for y+L and in neither membrane was there 

any evidence for activity related to the b0,+ cationic amino acid transporter (activity related 

to the heterodimer of the rBAT gene and a light chain peptide) found in other cells. This 

was consistent with the finding that the CAT 1, CAT 4 and 4F2hc genes, but not the rBAT 

gene, were expressed at the mRNA level by the term placenta. With kinetic studies we 

also showed that the Michaelis constant, Km, for System y+L is higher in term than first 

trimester BM and also higher in term MVM versus BM. We speculated that these 

differences in affinity arose either from our observation, in the same study, that protein 

expression of 4F2hc in term MVM is higher than that in both BM and first trimester MVM, 

or due to differential expression of the unidentified associated light chains.  

Based on our observations, the different capacities and affinities of the System y+ and y+L 

transporters, and the known or assumed electrochemical gradients across each 

membrane, we proposed that L-arginine transport across the MVM is predominantly via 

System y+ (Ayuk et al., 2000). As System y+L can mediate Na+-dependent uptake of 

neutral amino acids in exchange for cationic amino acids (Deves & Boyd, 1998) we 

proposed that in the BM, neutral amino acids are taken up from the fetal circulation in 

exchange for cationic amino acids such as L-arginine, which are thus delivered to the fetal 
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circulation. This proposed mechanism of L-arginine transport across the human placenta 

still remains unchallenged, although considerable work needs to be done to convincingly 

prove its validity. 

Having characterized L-arginine transport by the MVM and BM in the normal human 

placenta we proceeded to investigate whether it is altered in membranes from placentas 

of pregnancies affected by pre-eclampsia (Ayuk et al., 2002; Speake et al., 2003). (Ayuk 

et al., 2002) studied gestational changes in L-arginine transport by Systems y+ and y+L in 

MVM from normal pregnancies and from those affected by pre-eclampsia, defined by the 

normal clinical criteria of a development of maternal hypertension of greater than 140/90 

and of proteinuria during pregnancy. We also studied MVM from placentas of women 

whose babies were FGR. We found a significant negative correlation between System y+L 

activity and gestational age and a significant positive correlation between System y+ and 

gestational age. However, there was no difference in activity of either transporter between 

control pregnancies and those affected by pre-eclampsia or FGR. The lack of an effect of 

FGR was consistent with the previous study of (Jansson et al., 1998) in which they had 

shown that transport of another cationic amino acid, lysine, was not different between 

MVM from placentas of normal babies versus those with FGR.  

(Speake et al., 2003) focused on L-arginine uptake by BM from placentas of women 

having normal pregnancies and from those affected by pre-eclampsia. We found that total 

L-arginine uptake was significantly higher, by about 15%, in the former than the latter. 

Interestingly this appeared to be due to an increase in System y+ activity in this 

membrane. Although we did not detect this activity in our previous study (Ayuk et al., 

2000), we did find it as a small component of L-arginine uptake by BM in this 

investigation, exacerbated by pre-eclampsia. This observation was strengthened by our 

data, in the same study, showing increased protein expression of the hCAT-1 protein in 

BM from pre-eclamptic versus normal pregnancy. We proposed that this increased 

System y+ activity on the BM would drive greater L-arginine uptake by the 

syncytiotrophoblast in pre-eclampsia and, via increased eNOS activity, contribute to the 

higher concentration of NO in the fetoplacental circulation which had been reported 

previously (Lyall et al., 1995). The data were also consistent with the observation of 

greater distribution of eNOS to the BM in pre-eclampsia (Myatt et al., 1997).  

Our work on L-arginine transport therefore contributed to the characterisation of the 

complex mechanisms involved in maternofetal exchange of cationic amino acids. The 

reasons for the gestational changes and the aetiology of the altered System y+ activity in 

the BM from placentas of pre-eclamptic women have not been elucidated. The latter, if it 

does contribute to increased eNOS activity and NO production in the condition, might be 

part of an adaptation increasing fetoplacental blood flow (see section 4.2) and perhaps 

preventing the onset of FGR in some affected pregnancies. There have been few other 



 27	  

studies of transporter activities in pre-eclampsia. Interestingly (Shibata et al., 2008) 

reported data showing that, whereas System A amino acid transporter activity is 

significantly lower in villous fragments from placentas of SGA babies (consistent with our 

data), it is not affected in placentas from women with pre-eclampsia. This provides some 

evidence of a selective effect of pre-eclampsia on System y+. 

 

3.3 Passive permeability of the placenta to hydrophilic solutes in normal and complicated 

pregnancy. 

Transfer by passive diffusion makes a quantitatively large contribution to unidirectional 

solute fluxes across the human placenta (Atkinson, 2006; Sibley, 2009). Such diffusion 

takes place by two main routes: transcellular transfer across the plasma membranes of 

the exchange barrier and paracellular transfer through an extracellular water filled channel 

or pore. The existence and nature of paracellular channels has been a source of 

controversy and debate between placental physiologists and morphologists since the 

1970’s. Evidence for its existence comes from in vivo and in vitro work in animals and 

humans showing that the rate of transfer of a series of hydrophilic, inert (that is they are 

not transferred by transporters or any other specific mechanism) tracers is indirectly 

proportional to molecular size up to a finite limit (Hedley & Bradbury, 1980; Schneider et 

al., 1985; Stulc, 1989; Bain et al., 1990). The simplest explanation for this observation is 

that there are paracellular pores through the placental exchange barrier with dimensions 

which eventually limit the diffusion of larger molecules. Whilst this is not a difficult concept 

to interpret for most epithelia, with lateral intercellular spaces between the individual 

epithelial cells, it is difficult to interpret morphologically for the placenta, with its 

multinucleated syncytiotrophoblast lacking such intercellular spaces. One explanation was 

provided by Kaufmann and colleagues (Kaufmann et al., 1982), who showed that 

increasing venous pressure on the fetal side of the perfused guinea pig placenta led to 

fetomaternal fluid shift and the appearance of slender tubules and bag like channels in the 

syncytiotrophoblast. They used horseradish peroxidase (HRP) in the fetal side perfusate 

as an electron opaque high molecular weight marker and showed that it could be detected 

in the tubules and bags. On the basis of this and other evidence (Kaufmann et al., 1982) 

proposed that these structures were the morphological correlate of the paracellular 

channel, normally present but only visualisable when expanded through the hydrostatic 

pressure force. A key argument against this hypothesis was that the authors were never 

able to show the structures extending across the breadth of the syncytiotrophoblast, with 

clear entry and exit points on maternal and fetal sides; the counterargument was that such 

openings are just too rare to be chanced upon under the electron microscope and that 

openings could be dynamic and too fast to capture. 
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In 1989, whilst on sabbatical at Washington University Medical School in St. Louis, I 

outlined this problem of the morphological correlate of the paracellular route to Dr. Mike 

Nelson in the Department of Obstetrics & Gynecology. He made a connection to work he 

had done demonstrating that the syncytiotrophoblast, in every normal placenta, contains 

regions where it has become denuded with a gap or hole in the layer through to the 

basement membrane underneath (Nelson et al., 1990). Some of these areas are filled 

with fibrinoid deposits and it is speculated that this provides a matrix for repair of the gaps 

by cytotrophoblast cells (Nelson et al., 1990). We hypothesized that these areas of 

denudation, with or without the fibrin matrix in them, could provide a paracellular channel 

for diffusion of hydrophilic solutes. With funding from a NATO Collaborative Research 

Grant we tested this hypothesis using the in vitro dually perfused human placental 

cotyledon.  The experimental paradigm was to perfuse the placenta with solution 

containing HRP on the maternal side and to both measure its rate of transfer and 

cytochemically localize it in the placentas; we also included a smaller hydrophilic tracer, 

creatinine, so that we could compare the permeability of the in vitro preparation to that 

previously reported for the in vivo human placenta (Bain et al., 1990). 

Our data showed that the permeability of the perfused placenta to the two tracers was 

similar to that which was expected from in vivo data (Edwards et al., 1993). Importantly, 

the HRP was localized to the denudations containing fibrin-containing fibrin deposits, 

presumably acting to concentrate the tracer, with an apparent gradient of tracer-

associated reaction product decreasing from the maternal side of the denudation through 

to the fetal side. This led us to conclude that the denudations could indeed provide one 

route of paracellular transfer across the placenta. 

Having demonstrated that denudations in the syncytiotrophoblast could provide the 

morphological correlate of the paracellular channels using HRP we sought to provide 

further evidence to support this hypothesis using a more physiological molecule. 

Alphafetoprotein (AFP) has a similar molecular size to HRP (3-4nm molecular radius) and 

is produced solely by the fetus. Nevertheless, AFP is measurable in maternal blood and it 

was suggested by Gitlin (Gitlin, 1975) that it is transferred across the placenta by 

diffusion. Maternal serum AFP (MSAFP) concentrations are raised when a fetus suffers 

from neural tube defect, and indeed such raised MSAFP concentrations are used 

clinically to screen for this condition. However, several studies have shown that, even 

when the fetus is intact, a high MSAFP concentration is associated with poor pregnancy 

outcomes including FGR and pre-eclampsia (Thomas & Blakemore, 1990). It was 

generally assumed in these studies that the high MSAFP was due to increased placental 

permeability to the protein but no study had investigated this hypothesis. Therefore we set 

out, firstly, to investigate AFP transfer across the normal placenta with the hypothesis that 

its transfer is by paracellular diffusion utilizing the denudations in the syncytiotrophoblast. 
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We tested this hypothesis by again using the in vitro dually perfused human placental 

cotyledon. Human umbilical cord serum was used as a source of AFP, added to either the 

maternal or fetal side perfusate, (to measure maternal to fetal and fetal to maternal 

transfer respectively) along with creatinine, as before, as a low molecular weight tracer 

(Brownbill et al., 1995). Following perfusion placentas were fixed and AFP localized 

using immunocytochemistry. We found that clearance of AFP in the maternal to fetal 

direction was similar to that which we had found previously for HRP (Edwards et al., 

1993). Unexpectedly we found that fetal to maternal clearance was significantly higher 

than in the other direction – transfer by pure diffusion should be symmetrical in both 

directions, as indeed we found it was for creatinine. To determine whether this asymmetry 

in AFP transfer was a specific effect we then carried out further experiments with HRP 

where we measured its transfer in the fetal to maternal direction for the first time. Fetal to 

maternal HRP clearance was similar to that for AFP and was also significantly higher than 

HRP transfer in the maternal to fetal circulation. We therefore concluded that the 

asymmetric transfer was likely to be due to an effect on transfer of macromolecules in 

general and hypothesized that it resulted from a small degree of bulk flow of fluid from the 

fetal to maternal side due to a hydrostatic pressure gradient in this direction. Such bulk 

flow would have a proportionally greater effect on transfer of macromolecules than on 

smaller tracers such as creatinine because the former have much lower rates of diffusion. 

Credence to this hypothesis is given by later experiments by Brownbill in our laboratory 

where he demonstrated fetal to maternal fluid shifts as a regular phenomenon in the 

perfused placenta (Brownbill & Sibley, 2006). 

The pattern of immunocytochemical staining for AFP in the placentas studied by 

(Brownbill et al., 1995) was quantitatively similar whether or not the placentas had been 

perfused with AFP – expected because of the presence of endogenous AFP. It was found 

in cytotrophoblast cells associated with fibrin-containing fibrinoid deposits as well as in the 

non-cellular components of these deposits in the denudations (where there tended to be 

denser staining in placentas perfused with AFP). In addition AFP was found in the 

syncytiotrophoblast of some, but not all, villi and in the decidua. These data were 

therefore consistent with the hypothesis that syncytial denudations provide a route of 

paracellular diffusional transfer across the placenta for AFP. In addition our finding of AFP 

in cytotrophoblast cells and syncytiotrophoblast suggested that the placenta might have a 

role in metabolism, or even in synthesis, of the protein.  

Having shown that there is fetomaternal transfer of AFP across the placenta and that this 

takes place, at least partially, via denudations in the syncytiotrophoblast, the final study in 

this series investigated the hypothesis that placentas from women who have raised 

MSAFP concentrations, when measured in mid-pregnancy, have a higher permeability of 

AFP and increased numbers of syncytial denudations containing fibrin-containing fibrinoid 
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deposits (Brownbill et al., 2000). We again measured AFP and creatinine transfer across 

the perfused placenta, after term delivery, to one of two groups of women (those with 

normal and those with raised MSAFP). Immunocytochemistry was used to identify fibrin 

and the number of fibrin containing denudations, as well as other morphological features, 

were quantified using morphometry. The data were somewhat disappointing: we found no 

significant difference between the two groups (which were well matched except for a 

lower average birthweight in the raised MSAFP group) in terms of AFP or creatinine 

clearance or in number of fibrin containing denudations. We concluded that either our 

hypothesis was incorrect – that raised MSAFP in mid pregnancy cannot be explained by 

higher placental permeability to AFP or increased numbers of syncytial denudations – or 

that such a difference does exist but that is not sustained to term when we made our 

measurements.  

There were two other interesting observations from this study (Brownbill et al., 2000). 

Firstly, that syncytial denudations make up about 7% of the total syncytiotrophoblast area 

– a huge area not covered by syncytiotrophoblast. Secondly, creatinine clearance, but not 

AFP clearance, was significantly correlated with the number of fibrin containing syncytial 

denudations when data from the two groups was pooled. This suggested that the 

denudations provide a route that is rate limiting for small molecules but not larger 

molecules; it could be that the rate limiting site for the latter is in the matrix of the fibrin 

itself or in a completely different location, such as in the lateral intercellular spaces 

between the fetal capillary endothelial cells. Work by Firth and Leach supports this latter 

proposal (Firth & Leach, 1996). 

Overall, these three studies (Edwards et al., 1993; Brownbill et al., 1995; Brownbill et al., 

2000) showed that sites of denudation in the syncytiotrophoblast could provide one route 

of paracellular diffusion across the human placenta. However, the work does not exclude 

the possibility that the paracellular channel is heterogenous with a number of structures, 

including the `transtrophoblastic channels’ of Kaufmann and colleagues (Kaufmann et al., 

1982) also contributing to the physiological measurements. The role of the paracellular 

channels in pregnancy pathology, and indeed of changes in diffusional permeability in 

general, remains unclear. Stereological studies have shown that the surface area of the 

syncytiotrophoblast is decreased and its thickness increased in FGR (Mayhew et al., 

2002), suggesting that the passive permeability of the placenta to hydrophilic solutes is 

increased in this condition. Furthermore, we found that the placental-specific transcript of 

insulin-like growth factor 2 gene knockout mouse (see further below), which shows FGR, 

has a lower placental permeability to hydrophilic solutes, lower trophoblast area and 

greater exchange barrier thickness than wild type controls (Sibley et al., 2004). 

Therefore, an in vivo study directly investigating the passive permeability of the human 

placenta to hydrophilic molecules in FGR and pre-eclampsia (though technically and 
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ethically challenging) would be of great interest as part of fully characterizing the placental 

exchange pathology in these conditions.  

 

4. Regulation of placental exchange: gestational changes and adaptation in relation 

to fetal demand and maternal environment. 

Regulation and control of the expression and activity of placental transporters must be 

essential for homeostasis of both the placenta and fetus and it is likely that abnormal 

regulation, at least partially, underlies the changes in transporter activity found in FGR. As 

with other aspects of placental function, there was a need when we started our work for 

more information, in the first instance, on how placental exchange is regulated in normal 

pregnancy. Our work has focused on both the nature of gestational and adaptive 

regulation – particularly in regard to matching of placental nutrient supply capacity to fetal 

demand.  

 

4.1 Gestational changes in placental exchange capacity. 

The human placenta is a highly dynamic organ which forms, matures, grows and is then 

terminated over a short 9 month period. It supplies a fetus which forms, matures and 

grows over the same period but with a time shift: the placenta is functionally mature by 

about 11 weeks of gestation, when maternal blood starts to supply the intervillous space 

but when organogenesis in the fetus is still ongoing. The placenta is larger than the fetus 

until about 16 weeks gestation at which point fetal growth continues exponentially so that 

by delivery the fetus is normally around 7 times heavier than the placenta (Molteni et al., 

1978). This suggests that there must be important gestational changes in placental supply 

capacity in order to match fetal demand at any one time in pregnancy. Furthermore, there 

are likely to be requirements for specific nutrients at particular times in gestation related to 

development of particular fetal organs. Therefore mapping gestational changes in 

expression and activity of placental transfer processes is an essential starting point for 

understanding regulation of placental exchange. Furthermore, as FGR and other 

pregnancy pathologies often result in delivery of the fetus and placenta preterm, 

understanding gestational changes enables better assessment of whether differences in 

placental function in such pregnancies, as compared to groups of normal pregnancies 

(which, even when attempts have been made to match gestation, often include more term 

deliveries) really do reflect pathology. 

Collecting human placentas at different stages of gestation is difficult and is limited to 

termination material from the first and early second trimesters, occasional samples from 

between 30-37 weeks when the pregnancy is apparently normal (although in preterm 

delivery this is clearly contradictory) as well as term. Therefore animal studies have been 

invaluable for this work. Indeed the first evidence of changes in placental transfer over the 
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course of pregnancy came from the work of Flexner and colleagues in a classical series of 

papers in the 1940s (e.g. (Wilde et al., 1946; Flexner et al., 1948) in which they showed 

that Na+ flux per fetus, across the placentas of a variety of species, increased over 

gestation until just before term when, in all except the pig, there was a marked decrease 

in flux. The mechanisms underlying these changes were not explored by these workers 

but could involve alterations in transcellular transporters and/or of the paracellular 

diffusional route.  

As regards gestational changes in the paracellular route, Adams and colleagues (Adams 

et al., 1988) measured the permeability of the guinea pig placenta to three hydrophilic 

solutes (morphine-3-β-D-glucuronide, inulin and cyanocobalamin) in relation to fetal 

weight (as a proxy for gestation). They found that permeability to these solutes increased 

with fetal weight but that this increase was greatest for the smallest molecule 

(cyanocobalamin). The authors concluded that passive permeability of the guinea pig 

placenta increases with gestation, most likely in relation to an increase in surface area 

and/or a decrease in thickness of the exchange barrier, but that the radius of the 

paracellular route (identity unknown in the guinea-pig) decreased, causing restriction to 

diffusion of the larger molecules later in pregnancy. We followed up this interesting finding 

in two other species – rat and mouse. (Atkinson et al., 1991) investigated gestational 

changes in the permeability of the rat placenta to three hydrophilic solutes, of increasing 

molecular size, which were unlikely to be transferred by any mechanism other than 

passive diffusion - radiolabelled mannitol, CrEDTA and inulin. We used a method similar 

to that pioneered by Flexner (Wilde et al., 1946) where we anaesthetized the animals and 

injected tracers via the jugular vein, removed the fetuses at varying times afterwards and 

measured their radioactivity content; this enabled us to ensure that our permeability 

measurements reflected unidirectional maternofetal fluxes i.e. with no error due to 

backfluxes. Our data were remarkably similar to that of Adams et al (Adams et al., 1988) 

in the guinea pig, suggesting an overall increase in permeability over gestation but with a 

smaller increase for the largest molecule (inulin). As with the guinea pig these data are 

likely to be explained by an increase in the surface area of the exchange barrier of the rat 

placenta and/or a decrease in the thickness of the exchange barrier, accompanied by a 

reduction in the effective molecular radius of the paracellular route resulting in restriction 

to diffusion of the largest molecules later in gestation. 

Most recently we measured the diffusional exchange characteristics of the mouse 

placenta (Sibley et al., 2004). This study had two aims: firstly to investigate gestational 

changes in mouse placental permeability, and secondly to investigate the effect of 

deletion of the placental-specific transcript (P0) of the insulin-like growth factor 2 (Igf2) 

gene on paracellular permeability (Sibley et al., 2004). This followed work (described in 

detail in section 4.2 below) showing that fetuses with this P0 gene deletion are growth 
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restricted (Constancia et al., 2002). The methodology we used was again based on that 

of Flexner, as adapted by (Atkinson et al., 1991) in the rat with the same tracers as used 

in that study, and then further adapted to allow us to make measurements in the much 

smaller mouse (radioisotope injected via tail vein rather than jugular, maternal plasma 

radioisotope clearance curves created by pooling data from several mice, killed at specific 

times, rather than taking consecutive blood samples from individual animals as was 

possible in the rat). The experimental resolution for these studies was aided as, because 

the Igf2 gene is imprinted, mating regimes can result in both P0 deletion and wild type 

(WT) fetuses in the same litter, allowing paired statistics. As in the other species, 

permeability of the placenta to the molecules increased over gestation in both WT and P0 

knockout conceptuses. However, in this study we found that there was restriction to 

diffusion of the largest molecule (inulin) earlier in gestation (day 16), which was not 

apparent at day 19 (term in the mouse is day 19/20). This is of course the opposite to that 

found in the guinea pig and rat and suggests that the effective molecular radius of the 

paracellular route increases over gestation in the mouse, rather than decreases as in the 

other species. Why this should be is not understood; it is possible that the difference is 

artefactual because of the (slight) differences in the methodologies used in the three 

studies, but this seems unlikely. An explanation will await better understanding of the 

morphological correlate of the paracellular route as described in section 3.3.  

The second part of the study of (Sibley et al., 2004), as already mentioned in section 3.3, 

showed that overall permeability of the P0 knockout placenta is lower than that of the WT 

placenta at every stage of gestation; this was consistent with our stereological data at day 

19 showing that surface area of the labyrinth exchange barrier was lower and its thickness 

greater in the P0 conceptuses. However, in a further study of the regulation of mouse 

placental permeability, we found that in conceptuses with complete knockout of the Igf2 

gene at day 19 there was only a reduction in permeability of the largest tracer, inulin, as 

compared to WT with disproportionate effects on the different compartments of the 

placenta (Coan et al., 2008b), something not seen in the P0 knockout (Sibley et al., 

2004). These data suggest that insulin-like growth factor II (IGF-II) regulates placental 

morphology and passive permeability but with a complex interplay between placenta and 

fetus produced hormone. 

It may be concluded that the passive permeability of the placenta to hydrophilic solutes 

does increase over gestation but with species differences in terms of development of 

restriction to diffusion through the paracellular route. Such in vivo permeability 

measurements at different gestations have not yet been possible in women but 

stereological measurements showing that the surface area of the human placenta 

increases and the barrier thicknesses decreases over gestation (Mayhew et al., 1993) 

suggest that an increase in permeability, similar to that seen in other species, does occur. 
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It remains to be seen whether IGF-II also regulates exchange barrier dimensions and 

permeability in women as found in the mouse. 

We have also investigated gestational changes in the transcellular route of transfer, in 

terms of the expression and activity of transporters proteins. In the first of these studies 

we focused on Ca2+ transfer (Glazier et al., 1992). This divalent cation is essential for the 

formation of the fetal skeleton, and other hard tissues, that occurs predominantly in late 

pregnancy; the rat fetus accumulates greater than 99% of its body calcium in the last 7 

days of gestation (Comar, 1956). Similarly to its transfer across other epithelial barriers, 

Ca2+ transfer across the placenta has three main steps (Atkinson, 2006). Firstly, Ca2+ 

diffuses across the MVM from maternal plasma to syncytiotrophoblast cytosol, down its 

electrochemical gradient, via the transient receptor potential vanilloid 6 (TRPV6) channel. 

Secondly, translocation across the trophoblast cytosol utilising calcium binding proteins 

such as calbindin-D9k. Finally, Ca2+ is actively transported against its electrochemical 

gradient via the plasma membrane Ca2+ATPase (PMCA). In the early 1990s, when we 

first started to become interested in gestational changes in placental exchange, it was 

known that calbindin-D9k expression in rat chorioallantoic and choriovitelline placentas 

increased over gestation but there was no knowledge of whether this was reflected in 

changes in actual transfer of Ca2+. Therefore, we decided to investigate the relationship 

between the unidirectional maternofetal flux of Ca2+ across the rat placenta over the last 

third of gestation and the expression of placental calbindin-D9k and of PMCA (TRPV6 was 

unknown at that time). We used our adaptation (Atkinson et al., 1991) of the methodology 

of Flexner to measure 45Ca clearance between days 13 and 22 of pregnancy and made 

our first foray into molecular biology to measure mRNA for both calbindin-D9k and PMCA 

by Northern blotting. We found (Glazier et al., 1992) that 45Ca clearance increased 

dramatically (72 fold) between 18-22 days gestation. Over the same period mannitol 

transfer (used as a passive permeability marker) increased by only 7 fold in the same 

animals, suggesting that the increases in Ca2+ transfer could not be explained by a 

change in passive permeability alone. Furthermore, placental calbindin-D9k mRNA 

expression (relative to that of β-actin) increased 135 fold between 15 and 22 days of 

gestation, showing a close temporal relationship with the change in Ca2+ clearance, 

whereas PMCA mRNA only increased 2-3 fold. These data showed that active Ca2+ 

transport across the rat placenta increases at a point in gestation when fetal demand for 

the cation is greatest; this was a hint at a matching of fetal demand to placental supply 

capacity, a theme addressed in detail below. The similar dramatic change in calbindin-D9k 

mRNA expression, compared to the small change in PMCA expression, suggested that 

this gene may be the point of control and that the protein expression is rate limiting for 

Ca2+ transfer, at least in the rodent. The latter conclusion has been supported by other 

studies (Dilworth et al., 2010) (see below) but how placental calbindin-D9k gene 
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expression is controlled is still not known: unlike other tissues vitamin D does not seem to 

be involved (Glazier et al., 1995).  

In contrast to the mouse (and other rodents) it is not clear whether calbindin-D9k is 

expressed by the human placenta, or indeed which calcium binding protein is involved in 

translocation of Ca2+ across the human syncytiotrophoblast. However, (Strid & Powell, 

2000) investigated whether PMCA activity and expression in the human 

syncytiotrophoblast BM changes over the last third of gestation. They found that PMCA 

activity increases linearly with gestation with an approximate 6-fold change between 32 

weeks of gestation and term (somewhat greater than we observed in our rat study). 

Interestingly expression of none of the PMCA isoforms in the BM changed over gestation, 

suggesting post-translational control of the activity of the transporter. A later study by Strid 

and colleagues (Strid et al., 2002) suggested that parathyroid hormone-related peptide 

(PTHrp) stimulates placental BM PMCA activity, and this could be involved in the 

gestational regulation.  

The work on gestational changes by (Atkinson et al., 1991) and (Glazier et al., 1992) was 

contemporaneous with the work of (Mahendran et al., 1993) studying the activity of the 

System A amino acid transporter and Na+/H+ exchanger activity in MVM of placentas from 

normal and SGA human pregnancies (section 2.2). It was therefore natural to also 

question whether System A transporter and Na+/H+ exchanger activities in the MVM 

changed over gestation in women. The consequent study (Mahendran et al., 1994) 

focused on determining any differences in activity of the two transporters in MVM isolated 

from first trimester placentas, arising from terminations of pregnancy for psychosocial 

reasons, as compared to MVM from normal term placentas. It required us developing a 

technique for isolating MVM from the small quantities of first trimester tissue available, 

something that had not previously been reported. We pooled first trimester placental 

material (checked under the microscope to be villous material) from 4-5 terminations and 

then followed the methodology we had developed for isolating MVM from term placentas 

(Glazier et al., 1988). The consequent preparations of first trimester MVM were found to 

have similar properties, in terms of purity, vesicle volume, vesicle orientation and electron 

micrographic appearance as did term MVM preparations (Mahendran et al., 1994). 

However, we found that Na+/H+ exchanger activity, measured as amiloride-sensitive 22Na+ 

uptake in the presence of an outwardly directed H+ gradient, was 2-3 fold lower in first 

trimester than in term MVM. This difference could, at least partially, be explained by a 

faster dissipation of the H+ gradient by first trimester as compared to term MVM (as 

measured using an H+ sensitive fluorescent dye), thus slowing the rate of uptake by the 

exchanger. We also found that System A amino acid transporter activity increased around 

3 fold from first trimester to term (Mahendran et al., 1994). These data thus showed 

marked gestational changes in the activity of both transporters. Furthermore, as regard 
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amino acid transporters, (see also section 3.2) we later found an increase in MVM System 

y+ amino acid transporter activity over gestation, similar to that for System A, whereas 

MVM System y+l activity decreased over gestation (Ayuk et al., 2000); presumably the 

former situation reflects the need of the growing fetus for increasing quantities of amino 

acids but the significance of the latter finding is unclear. 

We followed up the gestational changes in Na+/H+ exchanger activity, in collaboration with 

Powell and Jansson (mentioned above in section 2.2), in studies where we, firstly, wanted 

to corroborate the gestational difference and, secondly, aimed to determine whether this 

was related to changes in NHE protein expression (Hughes et al., 2000). The data 

showed that Na+/H+ exchanger activity in MVM was significantly higher in early second 

trimester (14-16 weeks of gestation) and term placentas than in the first trimester and this 

was reflected in higher expression of the NHE2 and 3, but not NHE1, isoforms of the 

exchanger. These data therefore complemented the earlier study (Mahendran et al., 

1994) and suggested that gestational changes in the Na+/H+ exchanger are the result of 

both greater permeability of the first trimester MVM to H+ and an increase in expression of 

the protein. We later found that placental NHE2 mRNA expression also increases over 

gestation, suggesting regulation at the transcriptional level (Lacey et al., 2005). The 

significance and nature of this regulation is worthy of further exploration but we 

hypothesise that, as placental Na+/H+ exchanger must be involved in both fetal and 

placental pH homeostasis, its gestational increase will enable the placenta to cope with 

the increasing fetal metabolic demands as pregnancy progresses, especially in the third 

trimester.  

These changes in ion transporter activity across the MVM over gestation raised the 

question of whether the electrical potential difference (Em) across this membrane also 

changes with gestation. Carstensen and colleagues (Carstensen et al., 1973) had 

provided data to suggest that the MVM Em, measured in vitro, in early second trimester 

placental villi was higher (ie cytosolic side more negative) than in term samples; only three 

samples were investigated in the former group. Therefore, using a microelectrode 

technique we had previously established (Greenwood et al., 1993) we compared MVM Em 

in first trimester placental villi in vitro to that in term villi (Birdsey et al., 1997). We found 

that the first trimester Em (-28mV) was significantly more negative than that at term (-

21mV). Em at both gestations was depolarized significantly by elevating the in vitro bathing 

solution concentration of KCl. However, the degree of depolarization in relation to change 

in KCl concentration of first trimester tissue was greater than that of term tissue, 

suggesting that a difference in K+ conductance was the major cause of the differences in 

Em. This study also provided evidence that the activity of Na+/K+ ATPase is greater in first 

trimester than at term, but only contributes a small amount to the difference in Em.  
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A change in electrical driving force across the MVM over gestation will have a major effect 

on flux of ions across the placenta, including transporter activities that involve movement 

of charge (e.g. Na+-dependent amino acid transporters such as System A). Furthermore, 

K+ conductance is a fundamental property of all cells, affecting a wide range of synthetic 

and secretory pathways, as well as ion fluxes. Later work from our laboratory showing the 

involvement of K+ conductance in human chorionic gonadotropin secretion (Williams et 

al., 2008) emphasises this and the broader importance of the gestational change that we 

measured. 

The studies described in this section, and other work in the literature, show that placental 

nutrient exchange capacity and mechanisms do change over the course of pregnancy. 

How these changes are controlled is essentially unknown. It is possible that for some 

there is a genetically regulated programme of gestational development. However, as it 

seems reasonable to suppose that these changes are designed to match the exchange 

capacity of the placenta to the changing metabolic demands of the growing fetus, then it is 

likely that fetal signaling to the placenta might also be involved. Evidence that fetal 

metabolic and growth demands and placental supply capacity are indeed matched is 

described in the following section. 

 

4.2 Adaptation and regulation of placental transfer in relation to fetal demand and 

maternal environment 

Serendipity has its role to play in science, as it does in most aspects of human endeavour, 

and my collaboration with colleagues at the Babraham Research Institute and the 

University of Cambridge, where this section begins, had its origins in a chance 

conversation over a conference dinner. In 1997 I was invited to speak at a Biochemical 

Society meeting at the University of Reading, in a colloquium on `Pre- and Post-Partum 

Nutrition and Metabolism’. At the dinner that evening I happened to sit next to Francesca 

Stewart, a morphologist and cell biologist from the Babraham Institute and we got talking 

about our shared interest in the placenta and more specifically that there would be much 

to learn from mouse genetic knockouts. At the time I was just realizing that, having 

completed a series of studies aimed at characterising placental exchange mechanisms in 

the rat (reviewed in (Sibley, 1994)), maybe I had chosen the wrong rodent, because of the 

increasing number of mouse genetic knockouts, and was going to have to start again in 

another species!  

A few months later I received a telephone call from Dr. Stewart telling me about a BBSRC 

call for applications from multidisciplinary teams who wished to work together to develop 

methodologies and phenotype any aspect of gene knockout mice. She suggested putting 

together a team to investigate placental structure and function in the mouse knockouts 

being created at Babraham by Wolf Reik and colleagues to investigate imprinted genes. 
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My role would be to develop and apply methodologies to study mechanisms of placental 

transfer in such mice. The resulting grant application was successful and led to a highly 

productive collaboration involving Abby Fowden, Graham Burton and Miguel Constancia 

in Cambridge as well as Stewart and Reik, with myself in Manchester. There is a very sad 

twist to this story unfortunately as Dr. Stewart contracted a brain tumour and died in 

December 2000 just as the experiments were beginning. 

The collaboration focused on the imprinted Igf2 gene and built on work suggesting that 

imprinted genes are involved in the control of fetal growth and placental development. As 

reviewed in (Reik et al., 2003) deletion of paternally expressed imprinted genes most 

often results in FGR whereas deletion of maternally expressed genes generally leads to 

fetal overgrowth. This is consistent with the genetic conflict hypothesis of Haig (Moore & 

Haig, 1991) which predicts that paternally expressed genes acting on the placenta will 

result in greater maternofetal transfer and increase fetal growth to increase the survival 

rate of the fetus, whereas maternally expressed genes will reduce maternofetal transfer to 

protect the mother for future pregnancies. The mechanism by which the imprinted genes 

in general, and the Igf2 gene specifically, affect placental transfer had not been studied at 

the start of the Cambridge/Manchester collaboration. However, Constancia and 

colleagues had recently described a placental-specific promoter (P0) of the Igf2 gene, 

which was only expressed in the labyrinthine trophoblast of the mouse placenta (Moore et 

al., 1997). It was therefore decided to delete the P0 transcript so as to reduce Igf2 

expression in a placenta specific fashion and investigate how this affected placental 

structure and function. The deletion caused a reduction in total placental Igf2 transcripts in 

the placenta by about 10% with no change in circulating fetal IGF-II peptide levels 

(Constancia et al., 2002). Despite this small effect on overall IGF-II signaling capability 

there was a marked effect on placental growth, with a decrease in placental weight from 

embryonic day 12 (E12) of about 24% which decreased further to about 32% at E19. This 

decrease in placental weight was about the same as is found in the complete Igf2 gene 

knockout mouse (Baker et al., 1993), suggesting that the P0 transcript has a major role in 

controlling placental growth. 

Importantly, despite this placental growth restriction, fetal growth was unaffected right up 

until the last day of pregnancy – when there was a 22% decrease in weight at E19. Thus 

the fetal:placental weight ratio was higher in the P0 deleted conceptus than in the WT 

conceptus at E16 but the difference in this ratio became smaller by E19. This is quite 

different from the complete Igf2 knockout where FGR is concomitant with placental growth 

restriction across gestation (Baker et al., 1993). 

In the same study (Constancia et al., 2002) we went on to examine why fetal growth was 

maintained in the face of placental growth restriction up until E19. We tested the 

hypothesis that transporter activity might be upregulated and, bearing in mind the 
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previous work in Manchester on the System A amino acid transporter, we investigated 
14C-MeAIB transfer in vivo using the adaptation of the Flexner technique as mentioned 

above (section 4.1; this adaptation of the Flexner technique for the mouse was actually 

first used in the study of (Constancia et al., 2002)). We found that at E16, unidirectional 

maternofetal clearance of 14C-MeAIB, per g placenta, was increased by 55% in the P0 

deleted versus WT mouse, almost exactly the same as the increase in fetal:placental 

weight ratio in the mutant mouse. Also, the increase in 14C-MeAIB transfer per g placenta 

in the P0 deleted conceptus was smaller at term than earlier in gestation, again consistent 

with the FGR and less marked increase in fetal:placenta weight ratio at E19. We also 

measured unidirectional maternofetal clearance of 51Cr-EDTA, to assess the potential 

effects of the P0 knockout on the passive permeability of the placentas to hydrophilic 

solutes, and found a decrease as compared to WT, which further decreased towards 

term. As described earlier (section 4.1) this result was repeated and extended in the later 

detailed investigation of the passive permeability of the P0 deleted versus WT conceptus 

(Sibley et al., 2004). 

Overall the study of (Constancia et al., 2002) showed, firstly, that the placental-specific 

transcript of Igf2 controls placental growth, at least in the mouse. Secondly, it showed that 

placental efficiency can be increased by upregulation of a placental transporter so as to 

maintain fetal growth, in the presence of placental growth restriction. However, as this 

increased efficiency wanes towards term, and the decrease in diffusional permeability of 

the placenta worsens, then FGR ensues. Finally, we concluded that our date were 

consistent with the genetic conflict theory of imprinting in showing that a paternally 

expressed placental-specific gene can regulate placental transfer capacity and fetal 

growth. Furthermore, the data suggested that the Igf2 gene is involved in the matching of 

placental supply capacity with fetal nutrient demand.  

The hypothesis that Igf2 plays this role through an interaction with placental transporters 

was next tested in a study in which we compared placental and fetal growth and placental 

transporter expression and activity in mouse conceptuses with deletion of the P0 

transcript, to mice in which the entire Igf2 gene had been deleted (Constancia et al., 

2005). The rationale was that the fetuses in the complete knockout would have a reduced 

growth trajectory throughout pregnancy, and therefore reduced nutrient demand, and so 

do not require increased placental supply capacity, whereas the fetuses where only the 

P0 transcript was deleted would retain fetal growth demand. In summary the data 

supported the hypothesis. In P0 deleted mice there was an upregulation of unidirectional 

maternofetal clearance of 14C-glucose (measured for the first time in our mouse studies) 

per g placenta, at E16 and E19 as well as of 14C-MeAIB transfer per g placenta at E16 as 

before, but not at E19. These data were again consistent with the higher fetal:placenta 

weight ratio at E16 but not E19 in these mice. By contrast the complete Igf2 knockouts 
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had reduced placental and fetal weight from E14 with no increase in fetal:placenta weight 

ratio or in radiolabelled glucose or MeAIB transfer: in fact at E19 the ratio and 14C-MeAIB 

clearance were both reduced in the knockout compared to WT. 

In addition (Constancia et al., 2005) found that expression of mRNA for the glucose 

transporter gene Slc2a3/GLUT3, but not that of Slc2a1/GLUT1, was upregulated at E16 in 

P0 deleted placentas as compared to WT, consistent with the transport data. 

Furthermore, expression of mRNA for the imprinted System A amino acid transporter 

gene Slc38a4/SNAT4 was upregulated at E16 to the same degree (60% above WT) as 
14C-MeAIB clearance per g placenta in the P0 transcript deleted mice as compared to 

WT, and then returned to normal at E19; in the same samples there was no change in 

mRNA expression of the two, non-imprinted, System A transporter genes Slc38a1/SNAT1 

and Slc38a2/SNAT2. Furthermore the only change in gene expression in the complete 

Igf2 knockout was a decrease in Slc38a2/SNAT2 at E19 corresponding to the reduced 
14C-MeAIB clearance per g placenta in these conceptuses. This study therefore provided 

direct evidence that when there is fetal demand that exceeds placental nutrient supply 

capacity, as when P0 is deleted, then there is crosstalk between the imprinted Igf2 gene 

and the activity of placental transporters, through effects on expression of specific 

isoforms, so as to increase, at least transiently, placental transport efficiency. 

Connecting these studies on the P0 knockout mouse with our earlier work on System A 

transporter activity in MVM from normal, normal small, and FGR human fetuses is 

instructive. The study of (Godfrey et al., 1998) showed that MVM System A amino acid 

transporter activity, per mg membrane protein, was inversely related to birth weight and 

size across the normal range. We suggested (Sibley et al., 2010) that this results from an 

adaptive upregulation of the transporter in the small placenta to meet the growth demand 

of the normally growing fetus, exactly as in the P0 knockout mouse at E16. By contrast, in 

FGR, MVM System A activity per mg membrane protein is reduced (Mahendran et al., 

1993; Glazier et al., 1997) and we propose (Sibley et al., 2010) that this may be due to a 

failure of adaptation in this pathological situation, analogous to the drop in placental 

System A activity in the P0, and complete Igf2, knockout mouse at E19 (Constancia et al., 

2002; Constancia et al., 2005). 

To test the adaptation hypothesis further we next determined whether maternofetal Ca2+ 

transport across the P0 knockout mouse placenta would be upregulated compared to WT, 

analogous to the upregulation in BM PMCA activity found in human FGR ((Strid et al., 

2003) and see section 2.2). The resulting study (Dilworth et al., 2010) showed that fetal 

plasma Ca2+ concentrations in P0 knockouts were reduced compared to both fetal WT 

and maternal concentrations (bearing in mind WT and P0 knockouts are littermates in 

these experiments) at both E17 and E19 (gestations chosen as this is the period in which 

there is an exponential increase in bone mineral accumulation in the mouse), so that the 
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normal fetal to maternal plasma Ca2+ concentration gradient was reversed. Fetal total 

calcium content was lower in P0 knockout compared to WT at E17 but not E19. Whilst 

unidirectional maternofetal 45Ca clearance was not different at E17, it was significantly 

higher in P0 knockout than WT at E19. Finally, we found that calbindin-D9k protein 

expression in the P0 knockout increased, compared to WT, between E17 and E19 

whereas there was no change in the expression of the two other transporters involved in 

Ca2+ transfer, TRPV6 and PMCA.  

These data suggested that in the P0 knockout conceptus there is a defect in fetal calcium 

accumulation during the first part of pregnancy, but that at around E17 onwards there is 

an adaptive increase in maternofetal flux of the cation, perhaps underpinned by the 

increased expression of calbindin-D9k, resulting in normal fetal calcium content by term. 

The contrast between the upregulation of Ca2+ transfer at term in the P0 knockout, 

compared to the upregulation in System A amino acid transporter activity at around E16 

followed by downregulation at term in the same animals is striking. Furthermore, the data 

are consistent with the increased BM PMCA activity in human FGR (also in contrast to 

decreased System A activity). We concluded that the study (Dilworth et al., 2010) 

provides direct evidence that the ability of the placenta to supply a particular nutrient is 

adaptable in relation to the fetal demand for that nutrient. It also seems that the fetal 

demand / placental supply signals must be both gestation- and solute-specific. The overall 

similarities in placental dysfunction/adaptation between the P0 knockout mouse 

conceptus and the situation in human FGR also suggested that these animals might be a 

useful model in which to study mechanisms, and test potential therapies for this condition; 

this is a topic returned to in the final section below. 

Further support for the adaptation hypothesis in the mouse was provided by (Coan et al., 

2008a) and (Angiolini et al., 2011). Coan and colleagues (Coan et al., 2008a) compared 

the morphology and transport physiology of the smallest and largest placentas within 

normal mouse litters. They found morphological changes (increased volume fraction of 

the labyrinth) and increased transporter (GLUT and System A family) expression in the 

former consistent with increased efficiency of the smallest placentas to maintain fetal 

growth. Interestingly the morphological change happened at E16 whereas the transporter 

change occurred later in gestation, again suggesting that placental adaptation might be 

gestationally regulated.  

Angiolini and colleagues (Angiolini et al., 2011) investigated whether there was down- 

regulation of placental supply capacity in the situation where placental and fetal growth 

are both increased but with a disproportionally larger placenta. This situation was created 

by deleting the H19 gene which results in increased Igf2 expression. It was found that 

both passive permeability to mannitol and inulin and of MeAIB and glucose transfer were 
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lower, per g placenta, than in WT mice. This showed that adaptation can extend to 

downregulation of placental supply capacity when it exceeds fetal growth demands.  

The evidence for adaptation of placental supply capacity in relation to fetal nutrient 

demand was reviewed in 2010 (Sibley et al., 2010). As well as considering that a failure in 

adaptation might be a cause of FGR, the article also proposed that adaptation of different 

placental exchange mechanisms, with differential effects on nutrient transfer, at different 

times in gestation, could result in differences in composition, with altered concentrations of 

solutes in individual fluid compartments, of the `adapted’ fetus as compared to one of the 

same size but where placental supply capacity has been better matched to fetal demand 

throughout pregnancy. Such a change in composition of the adapted fetus could result in 

altered homeostatic set points and a consequent change in the physiological reaction of 

the adapted fetus in later life. This could be a mechanistic contributor to fetal programming 

of adult disease (Barker, 1990); it is noteworthy in this regard that small babies with a 

disproportionally large placenta are at most risk of high blood pressure in adulthood 

(Barker et al., 1990). 

Complementary to these studies, demonstrating a link between placental supply capacity 

and fetal demand, is the body of evidence showing that maternal nutrition also has an 

influence on placental transfer mechanisms. Jansson and colleagues (Roos et al., 2009a; 

Roos et al., 2009b) have provided a compelling case that maternal amino acid 

concentrations influence the expression and activation of the nutrient sensor mTOR in the 

syncytiotrophoblast and that this in turn can alter amino acid transporter activity. Lewis 

and colleagues (Lewis et al., 2010) determined whether maternal nutritional status 

influences placental System A amino acid transporter activity. They found that women 

who had a lower pre-pregnancy upper arm muscle area had a lower System A activity 

(per mg protein) in placental villous fragments but there was no relationship between 

maternal fat mass and the transporter activity. Interestingly there was also a lower 

placental System A activity in women who reported doing strenuous exercise versus 

sedentary women. The authors concluded that these data pointed to a placental 

adaptation to lower maternal reserves, perhaps enabling maternal resources to be 

protected in those women with lower reserves. Such adaptation would however, affect 

fetal body composition and growth. 

We have also demonstrated a link between maternal nutrition, placental transporter 

activity and fetal growth in studies on teenage pregnancy. This is relevant here as 

teenage pregnancy is associated with a higher rate of SGA than that of mature women. 

Although studies in the USA reported that SGA was particularly associated with teenagers 

who were still growing, a more recent joint study between our Centre in Manchester and 

Poston’s group in London (Baker et al., 2009; Jones et al., 2010) showed that it was the 

teenagers who had stopped growing who had twice the rate of SGA than the growing 
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teenage mothers. Interestingly the fetal:placental weight ratio was higher in the growing 

than non-growing teenagers, suggesting more efficient placentas in this group. 

Furthermore, a variety of indicators (including lower booking BMI and red cell folate 

status) suggested that the non-growing teenagers were undernourished as compared to 

the growing teenagers. To investigate the role of the placenta in the SGA associated with 

teenage pregnancy we tested the hypothesis that System A amino acid transporter 

activity in placental villous fragments is lower in teenage pregnancy compared with adult 

pregnancies and that placentas of non-growing teenagers would have lower System A 

activity than growing teenagers (Hayward et al., 2012). We found that teenagers overall 

did indeed have placentas with lower System A activity – in fact the teenagers’ placentas 

had the same activity of the transporter as did placentas of SGA babies born to adult 

mothers. SLC38A-1 and -2 mRNA expression was lower in placentas from teenagers 

than in those from adults. The data also supported the second part of our hypothesis – 

placentas from non-growing teenagers had lower System A activity than those from 

growing teenagers, although there was no difference in the expression of the SLC38A 

genes between the two groups.  This study is therefore consistent with that of Lewis and 

colleagues (Lewis et al., 2010) in showing that maternal nutritional status is associated 

with altered placental System A activity and impaired fetal growth.  

These studies emphasize the complexity of the interaction between maternal nutrition, 

fetal nutrient demand and placental supply capacity: e.g. why does a fetal `demand signal’ 

apparently fail to upregulate placental System A activity when maternal nutrition is poor? It 

is likely that imprinted genes such as IGF2 and nutrient sensors such as mTOR are 

involved in the integration of messages at placental level. Furthermore, the studies need 

to be set in the context of the broader literature suggesting that maternal size constrains 

fetal growth to enable the baby’s head to pass through the pelvic canal at birth (reviewed 

by (Hanson & Godfrey, 2008)). Understanding integration of maternal and fetal signals by 

the placenta to ensure matching of supply and demand for individual mother and fetus 

pairs is therefore one of the major challenges for future research in this field.  

Finally, other potential maternal environmental effects on placental function and fetal 

growth need to be brought into this picture – stress and the effects of glucocorticoids on 

placental transporter activity were discussed in section 2.2. 

 

5. Conclusions and future developments 

The work described in this thesis has led me to three main sets of conclusions and 

consequent current strands of work.  

Firstly, the demonstration that placental transporter activity and other aspects of placental 

exchange function are altered in FGR, and other pregnancy complications, has added to 

the growing literature showing that all aspects of placental structure and function, not just 
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blood flow as was the paradigm for many years, need to be considered in these 

conditions. As a result, we have proposed (Sibley et al., 2005; Sibley, 2009) that detailed 

phenotyping of the placenta be used to define FGR, and fetal growth patterns in general, 

rather than the other way round. Such an approach has been used by Kingdom and 

colleagues in a Placenta Clinic (Toal et al., 2007). In this clinic, combined measurements 

in utero of placental structure (ultrasound determined size and shape of the placenta) and 

function (Doppler assessment of blood flow, measurement of placental hormones or of 

fetal derived proteins such as alphafetoprotein in maternal blood) are used to determine 

the risk of growth restriction - with some success (Toal et al., 2007). The Manchester 

Placenta Clinic, run by Johnstone and colleagues, has built on this concept (manuscript 

submitted – personal communication). The measurements of placental structure and 

function, which can be performed non-invasively in such clinics, are obviously quite 

limited. Our laboratory work over the years has shown that placental System A amino acid 

transporter activity is a very good marker of placental dysfunction and it would be 

extremely useful to be able to assess this, and other transporter activity, in utero. Whilst 

this might be possible using positron emission tomography (Sutinen et al., 2001), applying 

this technique to pregnant women is probably a challenge too far for the time being! We 

are instead exploring the possibility that magnetic resonance imaging (MRI) could provide 

a suite of new placental biomarkers with which to define FGR. Data so far show that T1 

and T2 relaxation times can provide useful information about placental structure (Wright 

et al., 2011) in agreement with previous studies (Duncan et al., 1998). Furthermore, our 

most recent work shows, quite excitingly, that Oxygen Enhanced MRI, where changes in 

MRI signal in the placenta are measured whilst mothers switch from air breathing to 100% 

oxygen breathing, is feasible and could provide functional assessment of placental blood 

flow and metabolism (Huen et al., 2013). Denison and colleagues in Edinburgh have also 

shown the MR Spectroscopy of the placenta can provide metabolic biomarkers 

associated with FGR (Denison et al., 2012). We are currently preparing funding 

applications to investigate whether these MRI placental biomarkers are indeed useful for 

defining FGR and also whether they can be used to assess the effect of potential 

therapies for placental dysfunction.  

Secondly, our work on the mouse involved development of a suite of techniques with 

which to investigate placental physiology in this species. These included in vivo 

measurements of transfer as described above, methods for isolation of, and transfer 

studies in, mouse placental vesicles and myography of mouse uterine and umbilical 

vessels (Kusinski et al., 2011). This work led us to conclude that this species provides a 

useful model of human placental function for experimental studies (Dilworth & Sibley, 

2013). Furthermore, our work phenotyping mice with gene deletions, such as knockout of 

the P0 transcript of Igf2 as described above, and of eNOS (Kusinski et al., 2012) showed 
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that they have placental dysfunction and poor fetal growth, with characteristics of human 

FGR. We hypothesised that such mice could be used both to better understand the 

aetiology of FGR and to test potential therapies, focused on correcting placental 

dysfunction (Dilworth & Sibley, 2013). This broad hypothesis is now being tested with 

funding from an MRC Programme grant (to Sibley, Greenwood, Wareing, Baker, 

Constancia, Williams) with some success in identifying classes of drugs which do seem 

to, at least partially, reverse placental dysfunction and FGR. These include vasodilators 

such as sildenafil citrate (Stanley et al., 2012b) and antioxidants such as Tempol 

(Stanley et al., 2012a). As part of this work we are also identifying new mouse models of 

FGR (Dilworth et al., 2012). 

Finally, the work described in this thesis, as well as other data (Sibley et al., 2010), 

provides evidence of fetal signals to the placenta which function to match nutrient supply 

and demand between the two. We also hypothesise that abnormalities in this signaling 

underlies FGR in some cases. The respective signaling moieties have not been identified 

but could be metabolic (such as fetal liver/placental amino acid shuttling as described in 

the sheep (Vaughn et al., 1995)) or hormonal (including candidates such as PTHrp and 

IGF-II as described earlier). Identification of these signals, and determination of whether 

they are dysregulated in FGR, is therefore an extremely important direction for future 

work. My colleague Mark Dilworth has recently gained an MRC Career Development 

Award to pursue this in Manchester.  
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Three methods were used to prepare microvillus membrane resides from each of six human placentas. Two 
of these incorporated an agitation stage to preferentially remove microviili and either Ca z+ (Method 1) or 
Mg z+ (Method 2) aggregation of non-microvmus membrane. The third method involved homogenisation of 
the tissee followed by Mg z+ asgregation ei mm.mkroviUus membrane (Method 3). Emicluuent of alkaline 
phosphatase activity (27.6 + 1.9, 25.3 + 2.7) and ouabain binding (5.9 + 2.6, 5.3 5: 2.2, respectively) was 
similar in vesicles prepered by Methods I and 2, respectively. Method 3 vesicles showed a significantly 
(P<  0.01) lower alkaline phosphatase enrichment (18.1 + 1.2), bet ouahain binding enrichment (635:1.3) 
was not different and vesicle protein recovery (mg/g placenta) was Ysfold greater. Na + uptake in the 
presence of all outwardly directed proton gradient was signifmmfly inhibited in all mlcrovmus 
resides by amiloride (0.5 raM). However, the amilodde sensitive component of Na ÷ uptake was 3-64oM 
greater in Method 3 vesicles than in Method 1 and 2 vesicles, and showed overshoot above equilibrium in the 
former but not the latter. Further experiments using the, pH sensitive dye, 2',7'-bb(carboxyethyl)-5(6)- 
carboxyfluorescein suggested that the proton gradient dissipated faster from Method i than from Method 3 
vesicles. Thus methodological differences can have a marked effect on transport processes in microvilles 
membrane vesicles prepared from the human placenta. 

Introduction 

The use of membrane vesicles isolated from the 
maternal facing plasma membrane of the syn- 

Abbreviations: Tris, 2-amino-2-hydroxymethylpropane-l,3- 
dial; Mes, 4-morpholineethanesulphonic acid; Hep¢~, 4-(2-hy- 
droxyethyl)-l-piperazineethanesulpho~: acid; Ft~CP, carbonyl 
cyanide p-nifiuoromethoxyphenylhydrazone; BCECF, 2',7'- 
bis(carboxyethyl)-5(6)-carboxyfluorescein. 

Correspondence: C.P. Sibley, Department of Child Health, St 
Mary's Hospital, Hathei~age Road, Manchester, M13 0JH, 
U.K. 

cytiotrophoblast of human placenta (microviUus 
membrane vesicles), has provided considerable in. 
formation on a v~ety of trophobl~t transport 
mechanisms [1-3]. Although methods for prepar- 
ins placental vesicles are often based on that of 
Srmth et al. [4], where microvilli are preferentially 
removed from syncytiotrophoblast by agitation 
and isolated by differential centr/fugation, there 
are a number of refinements used. These include 
the addition of Ca '.+ [5] and Mg 2+ [6] treatments 
for aggregation of non-microvillus membrane and 
the use of zonal [7] and sucrose density centrifuga- 
tion steps [8,9]. Alkaline phosphatase has been 
shown h/stochemically to be more abundant on 
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the microvilhs plasma membrane than on the 
basal (fetal facing) plasma membrane of the syn- 
cytiotrophoblast [10] and has been commonly used 
as a marker enzyme for this fraction. With the 
methods described above [5-9], alkaline phos- 
phatase enrichment in microvillus fractions has 
been reported to vary from 18- to 32-fold. 
Na+/K+-ATPase is also commonly used in these 
preparations as a marker enzyme for contarni,-~a- 
tion of the microvillus membrane by the basal 
membrane, although there is, to our knowledge, 
no histochemical or other independent evidence 
that this enzyme is localised to the basal mere- 
brahe: indeed in the guinea-pig placenta 
Na+/K+-ATPase is more ahundan~ on the micro- 
~dllus plasma membrane [ii]. A range of Na+/ 
K+-ATPase enrichments in microviUus plasma 
membrane fractions have been reported, from 12- 
fold [12] to 0.3-fold [9]. 

None of the methods [4-9] has ever been di- 
rectly compared and it is therefore unclear whether 
the variations described above are the results of 
the different techniques used or of biological vari- 
ation in the placentas. Moreover, it has not been 
directly shown whether the method of removing 
microvilli from the placenta by agitation before 
centrifugation is an improvement compared to the 
simpler homogenisation step used for preparation 
of microvillus membranes from other epithelia 
[13]. It is undear what effects the different meth- 
ods of preparation have on the transporters under 
investigation, although for example differences in 
Na + permeability between placental microvillus 
membrane vesicles from different laboratories can 
be inferred from data or, Na+-amino acid co- 
transport [5,14,15]. Also in studies on Na+-H + 
exchange by placental microvinus membrane 
vesicles Chipperfield et al. [16] have reported 
marked differences in several aspects of Na + up- 
take (presence or absence of overshoot, degree of 
non-specific binding, sensitivity to amiloride and 
the proton ionophore FCCP) as compared with 
the similar study of Balkovetz et al. [17] who 
prepared their vesicles by a different method. 

In this study we investigated purification of 
microvillus membrane vesicles prepared from the 
same placentas by three different methods, two of 
which have been widely used for placenta [5,6] 
and one similar to that used for kidney and in- 

testine [13,i8]. We also investigated the activity of 
the Na+-H + exchanger in the three vesicle pre- 
parations. 

Methods and Materials 

Preparation of vesicles and purification 
Six placentas obtained at term after vaginal 

delivery or elective casearian section were ob- 
tained and three 100 g segments of tissue taken 
after removal of the fetal membranes. The three 
methods used to prepare the vesicles from each 
segment were as follows. 

(1) As described by Boyd and Lund [5] for the 
placenta (hereafter called Method 1) in which the 
100 g segment was cut into approx. 3-g pieces and 
then washed three times by stirring for 1 win in 
150 ml ice-cold 100 mM CaC12 followed by three 
further washes with 150 ml ice-cold buffered saline 
(150 mM NaCI, 4 mM KCI, 2 mM Tris-HCl, 2 
mM MgC12 (pH 7.4 at 4°(2)). The tissue was then 
teased out by scraping and minced with scissors 
and a small sample taken for enzyme activity and 
protein analysis before being stirred ,~n ice in the 
buffered saline for 30 rain. The solution was then 
passed through a 2 mm mesh sieve and the filtrate 
centrifuged at 800 X g for 10 min; the supematant 
was then spun at 10090 x g for 20 rain and finally 
the supematant from this was spun at 110000 x g 
for 30 rain to pellet the microvillus membranes. 

(2) As described by Booth et al. [6] for the 
placenta (hereafter called Method 2). This method 
is initially similar to Method 1 so that 3-g pieces 
of placenta from the 100 g segment were washed 
three times with 150 ml ice-cold 50 mM CaCI a, 
then three times with 150 ral ice-r.old 150 mM 
NaCI. The tissue was then teased out by scraping 
and minced with scissors and (after taking a small 
sample for enzyme activity and protein analysis) 
stirred on ice in 150 mM NaCl for 60 min after 
which the solution was passed through a 2 mm 
mesh sieve and the filtrate centrifuged at 800 × g 
for 10 rain. The supematant was then centrifuged 
at 10000 × g for 10 rain, and the supernatant 
from this stage centrifuged at 90000 × g for 30 
rain. The pellet from this spin was resuspended in 
50 ml 10 mM mannitol, 2 mM Tris-HCI (pH 7.1 
at 4°C); to this was added 10 mM MgC12 and the 
solution was stirred on ice for 10 rain before being 
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centrifuged at 2200 x g for 12 mitt. Finally the 
supernatant from this was centrifuged at 15000 X g 
for 30 min to re-pellet the microvillus membrane. 

(3) Method 3 was similar to tha: described by 
Booth and Kenny [lg] (hereafter called Method 3) 
~or rabbit kidney, in which the 100 g segment was 
homogenised in 2.5 volumes ice-cold buffer (300 
mM marmitol, 10 mM Hepes-Tris and 1 mM 
MgSO 4 (pH 7.4 at 4°C)). A sample of the homo- 
genate was taken for enzyme activity and protein 
analysis and then 10 mM MgC12 was added to the 
remaining homogenate and the solution stirred on 
ice for 10 n~n. It was centrifuged at 2200 × g for 
15 rain and the supernatant from this was spun at 
23 500 × g for 40 rain to yield a pellet which was 
resuspended in the mannitol buffer and the Mg 2+ 
treatment repeated followed by re~centrifugation 
as before to yield the microvillus membrane pellet. 

All microvillus membrane pellets were resus- 
pended in intravesicular buffer (see below) by 
passing them 20 times through a 25G syringe 
needle. Protein content of mince samples from 
Methods I and 2 (which were homogenised before 
assaying) and homogenate (Method 3) and of all 
vesicle fractions was measured by the method of 
Lowry et al, [19] using bovine serum albumin as 
standard, alkaline phosphatase activity was mea- 
sured at pH 9.8 using p-nitrophenyl phosphate as 
a substrate [20] and ouabain binding, as a measure 
of Na+/K+-ATPase, was assayed using 10 nM 
[3H]onabaln (Amersham Imemational plc, Bucks., 
U.K.) as described by Kelley et al. [21]. 

Samples of pelleted vesicles from three placen- 
tas were prepared for electron microscopy by fix- 
ing them in 2.55 glutaraldehyde in 0.1 M sodium 
cacodylate buffer (pH 7.4). These were post fixed 
in 15 osmium tetroxide, dehydrated in graded 
alcohols and p[opylene oxide and embedded in 
Taab resin (Taab Laboratories Equipment Ltd., 
Reading). UIt, rathin sections were stained with 
uranyl acetate and lead citrate and examined in a 
Philips 301 electron microscope at 60 kV. 

Na + uptake 
Na + uptake into vesicles was ~,asured at room 

temperature using V'Na in the presence of a pro- 
ton gradient. Thus the vesicle pellets were sus- 
pended in intravesicular buffer consisti,ag of 25 
mM Mes, 5 mM Tris, 149 mM KCI and 1 mM 

NaCi (pH 5.6), at a concentration of approx. 10 
mg/ml. Uptake was initiated by adding 200 ~1 
vesicle suspension to 900 /~! of extra.vesicular 
buffer, consisting of 18 mM Hepes, 12 mM Tris, 
149 mM KC1, 1 mM NaCI (pH 7.6) to wI~dch 2.5 
~aCi/ml 22Na (Amersham) had been added. In 
separate incubations, uptake was measured as 
above except with the addition of 0.5 ~Td 
amiloride. At various time intervals after initiating 
uptake 100-~1 samples of the incubate were, taken 
and exteavesicular 22Na separated from intravesic- 
ular 22Na using ion-exchange columns as de- 
scribed by Gasko et al. [22]. Disposable Pasteur 
pipettes were filled with Dowex 50W-X8 which 
was then equilibrated with the extravesicular buffer 
and kept at 4°C. The 100-~tl samples of incubate 
were added directly to the columns which were 
then washed with 2.5 ml of the extravesicular 
buffer. The eluent, containing only vesicles and 
their associated 22Na, was collected in counting 
tubes and counted in a gamma counter. Samples 
of radioactive buffer, without vesicles were also 
run through the co|umns and the ehent counted, 
so that 'column background' 22Na cpm could be 
subtracted from the vesicle cpm. Also to identify 
membrane bound, as opposed to intravesicular 
22Ha, further incubations were carried out in the 
presence of 1.85 Triton. 

Vesicle orientation and pH measurements 
Vesicles were vrepared from a further three 

placentas using Me~ods 1 and 3. The orientation 
of these vesicles was then investigated by measuro 
ing alkaline phosphatase specific activity before 
and after permeabilising with 0.1% saponin. 

To investigate the rapidity with which a proton 
gradient was dissipated from the vesicles in the 
absence of Na + the pH sensitive fluorescent indi- 
cator 2',7'-bis(carboxyethyl).5(6)-carboxyfluo- 
rescein (Calbiochem; Cambridge Biosciences, 
Cambridge, U.K.) [23] was used. Vesicles (approx. 
16 mg protein/ml suspended in the pH 5.6 
Mes/Tris/KCI buffer described above without 
NaCI) were incubated for 18 h at 0°C with 100 
/tM BCECF as described by Cabrini et a!. [9] fog 
6.carboxyfluorescein. Immediately prior to use 100 
/~1 of the vesicles were washed three times with 1 
ml of BCECF- and Na+-free Mes/Tris/KCl (pH 
5.6) buffer. Dye leakage from the loaded, washed 
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vesicles was found to be less than 2% in 30 min at 
room temperature. Experiments were begun by 
adding 10/~I of the washed v~icles to 2.0 ml of 
the Na+-free Mes/Tris/KC1 (pH 5.6) buffer in a 
stirred cuvette at room temperature in a Perkin 
Elmer LS-3 fluorimeter. Fluorescence (excitation 
490 rim, emission 526 nm) was recorded for I to 2 
rain before the pH of the e×travesicular medium 
was rapidly increased by addition of 10 bd of 2 M 
Tris. Fluorescence was then recorded for a turther 
2 to 3 rain before addition of 20 #l Triton (20%) 
to disperse the vesicles and expose the dye to the 
external buffer. The fluorescence signal was 
calibrated by measuring the pH of the buffers 
before and then after the addition of 5-t~l aliquots 
of 1 M HCI. This was continued until the fluores- 
cence signal was less than that of the initial vesicle 
solution. 

Chemicals and Statistics 
All chemicals were obtained from Sigma Chem- 

ical Co (Poole, Dorset, U.K.) unless otherwise 
stated. 

Data are presented in all cases as mean :i: S.E.; 
statistical comparisons were made using the paired 
Student's 't'.test, n being the number of placen- 
tas. 

Results 

As shown in Table I, there was no significant 
difference between Methods 1 and 2 as regards 

TABLE 1 

protein recovery, alkaline phosphatase enrich- 
ments (which were similar to those reported previ- 
ously [5,6]) or ouabain binding enrichment and 
both produced a vesicle fraction with greater al- 
kaline phosphatase enrichment than Method 3. 
However, whereas the alkaline phoshatase enrich- 
ment of Method 3 vesicles was 67-72~ of that 
achieved with Methods 1 and 2, the protein re- 
covery was 5-fold greater. Ouabain binding en- 
richment was between 5-6-fold in all the vesicle 
fractions, there being no significant difference. 

Under the electron microscope (Fig. 1), all the 
vesicle fractions were free from contamination 
with subeellular organelles and there were no ob- 
vious differences between them. 

A typical time course for Na + uptake is shown 
in Fig. 2; uptake into vesicles prepared by .all 
three methods was linear at least until 1 mitt, and 
this time point has been used for statistical com- 
parison, as v-ell as the 60 mill uptake which ap- 
proximated to the equilibrium value in all three. 
M e m b r ~ e  b o u n d  22Na as measured  in the pres- 

ence of Triton was always less than 8.0% of 60 
rain uptake, s ~ ,  t.o that found previously for 
Method 1 vesicles by ex~xapolation to infinite 
osmolarity [16]; there were no significant dif- 
ferences between the three methods. Total (con- 
trol) Na + uptake at 1 rain was significantly higher 
into vesicles prepared by Method 3 as compared 
to Methods 1 and 2 (Table II). This was mainly 
due to a significantly (P < 0.01) higher amiloride. 
sensitive component, which was 1.52 + 0.21 

TOTAL PROTEIN CONTENT. ALKALINE PHOSPHATASE ACTIVITY (AP) AND OUABAIN BINDING ACTIVITY (OB) 
IN DIFFERENT FRACTIONS FROM HUMAN PLACENTA PREPARED BY THREE METHODS 

M=antS.E, n =6. 

Fraction Method Protein AP OB 

recovery /~mol/mg enrich- pmol enrich. 
(mg/g placenta) per mln ment per rag ment 

Mince ] 
Mince 2 
Homogenate 3 
V~¢!~ ! 
Ve, i¢les 2 
Vesides 3 

94.9 t5A 0.27:t:0.04 - 0.36+0.13 - 
83.7 ±8.7 c 0.32±0.05 - 0.29-1-0.07 - 
99.4 ±3.8 0.39:t:0.05 - 0.35±0.04 - 

031 :i:0.02 7.66 ~: 137 27.6 _+ 1.9 0.82:t:0.23 5.9 4- 2.6 
0.10+0.02 8.284:1.48 25.3+2.7 1.02+0.15 5.3+2.2 
0.57±0.07 b 7.21:1:1.00 18.1+1.2 a 2.23+0.47 6.3+1.3 

a P < 0,05 vs. Methods I and 2. 
b p < 0.01 vs. Methods I and 2. 
¢ P < 0.05 vs, Method 3. 
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TABLE II 

Na + UPTAKE INTO MICRC'¢ILLUS MEMBRANE VESICLES WITH AN OUTWARDLY DIRECTED pn GRADIENT (AS 
Fig. 2) IN THE PRESENCE AND ABSENCE OF AMILORIDE (0.5 raM) 

Mcan±S.E., n = 6. 

Method Na ~ uptake (nmol/mg protein) 

Imin 
i 

rain 

control amiloride control amiloride 

1 0.40:l:0,11 0.07+ 0.04 b 136 ± 0.20 1.86 + 0.~ 
2 0.60 ± 0.21 0.15 =l: 0.11 b 1.66 =l= 0.40 1.0I + 0,34 
3 1.83+0.25 c 0.30±0.07 "~': 1.60±0.20 1,45 +0.43 

a P < 0.01. 
b p < 0.05 vs. res,~,e, tive I rain control. 
c p < 0.01 vs. Methods 1 and 2. 
o p < 0,05 vs. Medlod I. 

nmol/mg protein for Method 3 at 1 rain com- 
pared to 0.27 :t: 0.12 nmol/mg protein and 0.52 + 
0.12 nmol/mg protein for Methods 1 and 2, re- 
spectively. The amiloride-insensitive component of 
Na + uptake was also significantly higher in 
Method 3 as compared to Method 1 (Table II). 
There were no significant differences between 
Methods 1 and 2 regarding Na + uptake at 1 mill, 
and there were no sigRificant differences between 
any Methods with respect to equilibrium (60 rain) 
uptake (Table II). 

It can be seen from Fig. 2 that Method 3 vesicle 
Na + uptake showed a marked overshoot above the 
equilibrium value which was not shown by Method 
1 and 2 vesicles. This was a consistent result; 
mean maximal (control) uptakes for Methods 1 
and 2 were 1.86 ± 0.28 and 2.10 + 0.33 umol/mg 
protein, respectively (not significantly different 

from equilibrium values in Table II, paired ' t '  
test), whereas that for Method 3 was 3.14:1:0.54 
nmol/mg protein (P < 0.01 vs. equilibrium value 
in Table II, paired ' t '  test). This overshoot c,c- 
cuffed at between 3 to 10 min and was abofished 
by amiloride (mean maximal value for Method 3 
in the presence of amiloride was 1.86 +C,.23 
nmol/mg protein; c.f. Table II). In three further 
experiments, single alterations were made to 
Method 3 to try to abolish the overshoot: (1) 
MgCI 2 was replaced by CaCI 2, (2) tissue was 
stirred rather than homogenised, (3) tissue was 
initially homo$enlsed in 150 mM saline buffer (c.f. 
Method 1) rather than in the mannitol, Hepes-Tris 
buffer. In all three experimeats the overshoot pet- 
sisted. 

In the second series of experiments we found 
that the specific activity of alkaline phosphatase 

TABLE III 

MEASUREMENTS OF pH WITH BCECF IN MICROVILLUS MEMBRANE VESICLES: EFFECT OF ADDITION OF Tris 
AND OF Triton 

The pH was measured in microvillus membrane vesicles suspended in 2 m125 mM Mes, 5 mM Tris, 149 mM KO buffer (pH 5.6) 
(control), 0,5,1 and 2 rain after addition of 10 ~tl Tris (2 M) and after addition of 20 ttl of Triton (20 %) to the external medium. 
Mean j:S.I~. (n  ~, 3). 

Method pH 

Control Addition of Tris ~,ddition of Triton 

0.5 min Imin 2min 

3 5.35 + 0.08 6.13 :t: 0.05 6.15 ± 0.05 6.244. 0.08 6.55 :t: 0.05 
1 5.41 +0.20 6.53 +0.06 6.57+0.06 6.58+0.05 6.64+0.02 
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after treatment of the vesicles with saponin was 
96.0:1: 4.0~ and 95.0 + 2.0% for Methods 1 and 3, 
respectively (n = 3), suggesting that there was no 
effect of the permeabilising agent. 

The data from the pH measurements is shown 
in Table IlL It can be seen that the initial pH of 
Method 1 and 3 vesicles was similar although 
somewhat lower than that of the suspending buffer, 

,~ . 4 r  ~- ' . ~ . ~ y  t ' .  . )~ 

FtS, I. ~ectron micrographs of v~cles prepared by Method l 
(A) Method 2 (B) and Method 3 (C). There are no subceUular 
organel]es preen! and the three preparations appear to be very 

similar. 

Nil* UPTAKE 
(nmoln/mg 3roteln) 

2 , 4 -  
°.~*% 

i~ OR ~.,~/ '""'%%° :" %,. 
i .  6- ~" -~~ .; ,,.,.B* ~ 

,,-- 

i1.4- 

O= i i , ' i  
0 2 4 6 8 t0  
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I ,  
6O 

TIME (relates) 

Fig. 2. Ns + uptake, in the presence of a pH gradient, into 
microvillus vesicles prepared by Method 1 (It), Method 2 (11) 
and l~ethod 3 (a) from the same placenta. Vesicles (in 10 ms 
protein/ml) were suspended in 25 mM Me.s, 5 mM Tris, 149 
mM KC1 and 1 mM NaC! (pH 5.6). Uptake was initiated by 
addition of 200 VI vesicle s ~ s i o n  to 0.9 ml of a solution 
containing 18 mM Hepes, 12 mM Tris, 149 mM KCI, I mM 
NaC! and 2.5 ttCi/m122Na, pH 7.6. At the times shown 100/d 
samples were taken and applied to ion exchange columns for 

separation of vesicular from extravesicular 22Na. 

perhaps due to a Donnan effect as suggested for 
tracheal apical membrane vesicles [24]. Addition 
of 2 M Tris produced a 1.2 pH unit gradient 
between the inside of the vesicles and the external 
buffer (as measured after the addition of Triton) 
and the pH of the vesicles rapidly increased. How- 
ever, the pH change in Method 3 vesicles was 
slower than that in Method 1 vesicles. In fact 2 
rain after the addition of Tris the pH of the 
Method 1 vesicles had equilibrated with the exter- 
nal medium in two of the three experiments, 
whereas none of the Method 3 vesicles had equi- 
librated at that time. in terms of proton con- 
centrat{on 99.4 4- 0.6~ of the original gradient had 
dissipated from the Method 1 vesicles at 2 rain, 
whereas 91.2±4.2% had dissipated from ~he 
Method 3 vesicles. 

Discussion 

This study has shown marked differences be- 
tween mJcrovillus membrane vesicles prepared 
from the same placenta by different methods. The 
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differences were essentially between the vesicles 
prepared by the placenta-specific techniques in- 
corporating agitation of the tissue to remove mi- 
crovilli (Methods 1 and 2) and the more general 
method whereby tissue was homogenised and reli. 
ance placed on Mg 2+ aggregation of non.microvil- 
Ins membrane to ensure purification (Method 3). 

Although the purification of placental microvil- 
Ins membrane vesicles by Method 3 was not as 
great as that with Methods 1 and 2 as judged by 
alkaline phosphatase enrich.m__~t, it was still within 
the reported range [5-9] and neither ouabain 
binding enrichment, nor appearance under the 
electron microsco~ further suggested any marked 
difference in purity between the preparations. To- 
gether with the 5-fold greater protein recovery this 
might therefore make Method 3 particularly use- 
ful. The similarity of purification data for Meth- 
ods 1 and 2 suggests little advantage in the latter, 
which is more time consnming; the alkaline phos- 
phat~e enrichments of the.~e vesicles were com- 
paratively high [5-9] and were similar to those 
obtained by others using density centrifugation 
steps [8,9]. 

The inhibition of Na + uptake in the pre~nce of 
a proton gradient by amilodde confn'med the pre- 
vious evidence of Na+-H + exchange in the Flacen- 
tal microvillus membrane [16,I7]. However, Na +. 
H + exchange (as calculated from the amiloride 
sensitive Na ÷ uptake) appeared to be 3- to 6-fold 
greater in Method 3 vesicles as compared with 
Methods 1 and 2. This difference was not due to 
an increased total vesicle volume with Method 3, 
as equih'brium (60 min) uptake was similar for all 
three methods. We cannot exclude the possibility 
that a population of vesicles with a smaller aver- 
age volume were produced by Method 3, increas- 
ing the surface to volume ratio, but there was no 
evidence of this from electron microscopy. Another 
possible explanation for the increased amiloride 
sensitive Na + uptake could be that Method 3 
produces a greater proportion of inside-out off- 
ented vesicles, exposing a regulatory pH<ansitive 
site normally at the cytoplasmic face. However, as 
alkaline phosphatase is norn~d!y located at the 
extracellular face of the membrane [25] and as- 
suming that saponin would increase substrate 
availability to any e~yme located inside vesicles, 
its failure to have any effect on the measured 

specific activity of alkaline phosphatase suggests 
that the vast majority of Method 1 and 3 vesicles 
were fight-side out. Both renal and intestinal 
brush-border membranes have previously been 
shown by freeze-fracture techniques to be mainly 
right-side out [26] and further studies with this 
technique could provide more mfo.'mation on the 
size as well as the orientation of the placental 
vesicles. 

Our pH measurements demonstrated a similar 
rate of proton gradient dissipation as that previ- 
ously reported for placent~ microvillus membrane 
vesicles by Cabrini et al. [9]. However, the proton 
~adient d~ssipated more rapidly from Method I 
than from Me*&od 3 vesicles and a small proton 
gradient was still present across the latter mem- 
branes 2 rain after its imposition. This co~d be at 
least part of the explanation of the increased 
Na÷-H ÷ exchange activity of the Method 3 vesicles 
and of the overshoot of Na + uptake above equi- 
llbrinm which was apparent only with these 
vesicles. In the other recent studies on Na+-H + 
exchange in placental microvillus membrane 
vesicles, Balkovetz et al. [17] (vesicles prepared 
similarly to Method 2) found overshoot of Na + 
uptake, in the presence of a proton gradient, using 
a KCl.containing uptake buffer similar to our 
own. On the other hand Cbipperfidd et al. [16] 
reported similar results to ourselves in that they 
did not find overshoot into vesicles prepared by 
Method 1 when they used KC1 in their uptake 
buffer. However, when they replaced KC1 win 
m annitol they did fred a reproducible overshoot. 
These authors [16] suggest that the proton gradi- 
ent is rapidly dissipated by exchange o¢ CI- for 
OH- ions via an anion exchanger in the vesicles 
[27]. However, Cabrini et ~. [9] have also reported 
an electrogenic proton transport mechanism in 
placental v~Jcrovillus membrane vesicles the activ- 
ity ef which is increased by the presence of C1-. 
fherefore preparitive effects on the activity of 
either of these mechanisms could explain both the 
different results of Balkovetz et al. [17' and 
Ch!pperfield ¢t al [16] as well as the differences 
betw~n our Method 1 ~ d  Method 3 vesicles with 
regard to proton gradient dissipation and over- 
shoot of Na ÷ uptake. 

In renal brush-border membranes it was found 
that overshoot of Na + uptake wa abofished by 
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using Ca 2+ rather than Mg 2+ during preparation 
of vesicles as a result of increased proton permea- 
bility [28]. However, we found that Ca 2+ did not 
abolish overshoo t in Method 3 ,-esic!es and neither 
did use of NaCI rather than mannitol buffer as 
washing medium, nor did stirring rather than ho- 
mogenising. Overshoot phenomena have also pre- 
viously been reported in studies on neutral amino 
acid.Na + co-transport into placental microvillus 
membrane vesicles, but with marked differences in 
duration. Thus Ruzycki et al. [14] reported that an 
inward directed Na + gradient caused an overshoot 
of aminoisobutyric acid uptake above equilibrium 
into vesicles prepared by the method of Smith et 
al. [4]) which persisted for at least 120 rain. Boyd 
and Ltmd [5] found that Na + gradient stimulated 
overshoot of L-proline uptake (into vesicles pre- 
pared by Method 1) was over within 3 rain. Fi- 
nelly, the data of Cole [15] showed the Na  + gradi- 
ent stimulated overshoot ot L-prollae uptake (; ' ,to 
vesicles prepared by a hybrid of Methods 1 and 2) 
persisting at least until 10 rain. Thus the method 
of  preparation may have effects on  other transport  
mechanisms in placental vesicles. 

In  summary, although it has not been possible 
to elucidate the important factors in preparing 
placental miorovillus membrane vesicles fractions 
which handle Na + and proton in different ways, 
this stady has made it clear that this is due to 
methodological differences rather than biological 
variation. The simple explanation may be dif- 
ferential contamination of the mierovillus mem- 
brane vesicle fractions with membrane from other 
sites, yet the large increase in the amiloride-sensi. 
tire component of Na + uptake in Method 3 com- 
pared with Methods 1 and 2 was accompanied by 
only a slight decrease in purification as judged by 
all criteria. As the microvillus plasma membrane 
of the syncytiotrophob[ast is itself certainly het- 
erogeneous as shown, for example, by the distribu- 
tion of alkaline phosphatase [29], it e~uld be that 
different regions of it are porified by the different 
me~ods. This may have functional significance 
and is worthy of further investigation. 
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ABSTRACT. Although a number of causes of poor fetal 
growth are known, the involvement of placental transport 
proteins in the etiology of growth retardation is not undcr- 
stood. The aim of this study was to investigate the activity 
of the system A amino acid transporter and the Na+/li+ 
eschanger in vesicles isolated from the microvillous mem- 
brane of the syncytiotrophoblast of placentas of appropri- 
ate and small for gestational age babies. l 'here were no 
biochemical differences bet~veen the membranes from the 
two groups of placentas, and there was no difference in the 
activity of the Na+/I1+ exchanger. The initial rate of uptake 
of methylaminoisobutyric acid (a nonmetabolizable amino 
acid analogue) was 63% loner in vesicles from placentas 
of small for gestational age babies. Kinetic analysis of the 
system A transporter (utilized by mcthylaminoisobutyric 
acid) showed that the V,,., in the vesicles from placentas 
of small for gestational age babies (0.24 f 0.03 nmol/mg 
protein/30 s,  n = 5) was significantly lower than that in 
vesicles from placentas of appropriate for gestational age 
babies (0.64 + 0.09 nmol/mg protein/30 s, n = 4, p < 
0.001), whereas the Km was not different between the two 
groups. It is concluded that there is an abnormality of 
system A amino acid transporter function in placentas of 
small for gestational age babies. (Pediatr Res 34: 661-665, 
1993) 

Abbreviations 

AlB, aminoisobutyric acid 
hleAlB, methylaminoisobutyric acid 
SGA, small for gestational age 
AGA, appropriate for gestational age 
l i E P E S ,  N-2-hydrosyethylpiperazine-N'-2-ethanesul 

fonic acid 

Intrauterine growth retardation is of considerable importance, 
being associated with perinatal death (I) ,  neonatal complications 
(2). and a high incidence of neurodevelopmental delay in survi- 
vors (3, 4). Furthermore, hypertension and its sequelae in later 
adult life are associated with low birth weight, especially in the 
presence of a large placenta (5). 
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There are multiple determinants of intrauterine growth (4), 
including maternal size and nutrition. environmental agents ( c . ~ .  
cigarette smoking). and the health of the fetus and its genome 
together with, perhaps, the placenta's capacity to  transport nu- 
trients, which is the focus of the present study. 

Experimental generalized diminution of placental mass causes 
growth retardation in a number of species (6-8). but it is not 
clear whether specific disorders of placental transport of individ- 
ual solutes are related to growth retardation. Placental handling 
ofamino acids is of interest in this regard because these substrates 
are essential for the production of protein and thus body mass 
in the developing fetus. There is also accumulating evidence that 
there may be abnormalities of transplacental transport of amino 
acids in the presence of poor fetal growth. Thus, in humans, tu- 

amino-nitrogen concentrations in umbilical vein plasma ob- 
tained at  cordocentesis are lower in the growth-retarded fetus 
than in the appropriately grown fetus (9 .  10). In addition, dietary 
restriction in rats (I I ,  12) and vascular manipulations in rats (7) 
and guinea pigs (8) used to cause fetal growth retardation result 
in decreased net placental transfer of the nonmetabolizable 
amino acid analogue AlB to the fetus. 

Direct evidence that placental amino acid transport is defective 
in human growth retardation came from a study in which AlB 
uptake into vesicles prepared from the microvillous (maternal 
facing) membrane of the placental syncytiotrophoblast was found 
to be lower in those from SGA pregnancies than those from 
AGA pregnancies (13). However, this study did not address 
whether the defect was specific to  one transport system or rather 
reflected a generalized difference between the placentas of the 
two groups or in the vesicles prepared from them. 

Although existing data imply that placental transport may be 
defective in the presence of growth retardation. it remains to be 
established whether this is causative in fetal growth retardation. 
A defect in a specific transport systcm might be either a causal 
event in poor growth or a response to poor growth itself. Never- 
theless, identification of a specific defect would provide an im- 
portant step forward in unraveling causality and was the aim of 
the present project. 

We therefore characterized microvillous membrane vesicles 
prepared from placentas of growth-retarded and normally grown 
babies so as to  exclude the possibility of any systematic prepar- 
ative direrences. We then measured the activity of the Na+- 
dependent systcm A amino acid transporter, determined by 
measuring the uptake of MeAIB [a nonmetabolizable amino acid 
analogue (14)] and that of the Na+/H+ exchanger (15). as an 
example of a transporter not directly involved in amino acid 
fluxes, in both sets of vesicles. 



MATERIALS A N D  M E T H O D S  

Pulierlls ur~d collcctiot~ ofplacctltris. All patients were Cauca- 
sians followed antenatally and delivered a t  St. Mary's Hospital. 
Vesicles were studied from a total of 2 1 placentas (AGA vesicles) 
from pregnancies in which the birth weight of the baby was 
between the 10th and 90th percentiles (16), and of these 21 sets 
of vesicles, 18 had uptake experiments performed on  them. 
Fourteen placentas from SGA babies in which the birth weight 
was less than the 3rd percentile (16) were also studied (SGA 
vesicles). Gestational age was estimated from the first day of the 
last menstrual period, and ultrasound scan assessment of gesta- 
tion was done at  16 wk of gestation. If there was more than 1 
wk difference in the gestational age assessed by these two tech- 
niques, the tissue was excluded. All placentas were from prcg- 
nancies at term (AGA = 39.4 1 0.4 wk and SGA = 39.0 1 0.3 
wk, mean + SEM). All the babies were normal on clinical 
examination. There was n o  maternal disease or obvious fetal 
abnormality in any of the patients. Study and control subjects 
were not significantly different (using Fisher's exact test) in 
maternal age (AGA = 29.5 1 1.5 y, SGA = 25.9 + 1.4 y, mean 
+ SEM), parity (AGA = 1.0 + 0.2, SGA = 0.7 t- 0.2). maternal 
smoking habit (five mothers in the AGA group; seven mothers 
in the SGA group), or mode of delivery (15 vaginal, five cesarean 
section, one forceps delivery in the AGA group: eight vaginal. 
five cesarean section, one forceps delivery in the SGA group). 

Prepuratioti of tnicrovil1~11r.s r?lcr?rhrar~c ve~icl~~.s. Microvillous 
membrane isolation was commenced as soon as possible after 
delivery, but always within 30 min. The chorionic plate was 
excised and a portion of the placenta (approximately 100 g) was 
homogenized, followed by Mg" precipitation and differential 
centrifugation (17). The resulting pellet of microvillous mem- 
brane was suspended in the appropriate buffer and repeatedly 
drawn through a 25-gauge needle to  vesiculate the membrane 
fragments ( 17). 

Protein content of the homogenate and of vesicles from each 
placenta was assayed (18). Alkaline phosphatase activity (a 
marker of the microvillous membrane) was measured according 
to the method of McComb and Bowers (19). NADH dehydro- 
genase (a marker of endoplasmic reticulum, 20) and succinate 
dehydrogenase (a marker of mitochondria, 2 1) wcre also meas- 
ured. An enrichment ratio, defined as activity in the vesicle 
suspension relative to that in the initial placental homogenatc. 
was calculated for the markers. Vesicle oricntation was estab- 
lished by calculating the change in alkaline phosphatase activity 
after vesicle disruption with 0.1 % saponin (1 7). 

Microvillous membrane vesicles were stored at  4°C before use. 
and all uptakes were performed within 48 h of their isolation. 
Some preparations were used to measure uptake of Na' and 
MeAIB, and others were used to measure uptake of one of these 
substrates only. 

Nu' ~rptakc. Sodium uptake into vesicles was performed at 
room temperature as previously described (I  7). The vesicles were 
reconstituted in 25 mM 2[N-morpholino]ethanesulfonic acid, 5 
mM Tris, 149 mM KCI, and 1 m M  NaCI, pH 5.6. Uptake of 
"Na+ was then initiated by the addition of 900 pL of extravesic- 
ular buffer ( I 8  m M  HEPES, 12 m M  Tris, 149 mM KCI, I mM 
NaCI, 2.5 pCi/mL "Na+, pH 7.6) with and without 0.5 mM 
amiloride [an inhibitor of the Na'/H' exchanger a t  this concen- 
tration (22)] to  200 p L  (2-4 mg of protein) of vesicles suspension. 
Thus, Na' uptake into the vesicles was studied in the presence 
of a n  outwardly directed proton gradient. The difference between 
proton gradient-stimulated "Na' uptake in the prescnce and 
absence of amiloride gives a measure of Na'/H' exchanger 
activity (15, 17). At timed intervals, 100-pL aliquots were re- 
moved and applied t o  an ion exchange column (23) to  separate 
extravesicular from intravesicular "Na+ and washed with cold 
(4°C) extravesicular buffer (minus the "Na'). The eluents from 
the columns (containing vesicles and their associated "Nat) were 
counted in a Packard 800C gamma counter (Packard Instrument 

Co., Downers Grove. IL). Counts associated with vesicles were 
correctcd for radiolabel not rctained by the columns in the 
absence of vesicle protein. Nonspecific binding of radiolabel. as 
opposed to uptakc, to  the membrane was established by incu- 
bating in the presence of 0.2% triton to  cleave the vesicles. The 
proportion of vesicle protein retained by the Dowex columns 
was measured by assaying the eluent for alkaline phosphatase 
and comparing this with the amount applied to the top of the 
column. 

111~/11B ilp~rikc. The MeAlB uptake was measured as prcvi- 
ously described (14) in the presence and absence of an inwardly 
directed Na' gradient into the vesiclcs. The Na'-dependent 
component of MeAIB transport (reflecting the Na'-dependent 
system A transporter) was taken as the difference in uptake under 
the two sets of conditions. The vesicles were suspended in 5 mM 
HEPES. 5 mM Tris-HCI, 290 mM sucrose (pH 7.4). and uptake 
was initiated by the addition of 20 pL of vesiclcs (approximately 
150 pg of protein) to  20 pL of extravesicular buffer (5 mM 
HEPES, 5 mM Tris. 145 mM NaCl or 145 mM KCI, 0.165 mM 
"C-MeAIB, pH 7.4). At timed intervals, vesicular uptake of 
MeAlB was stopped by the addition of 2 m L  of ice cold Krcbs 
Ringer phosphate buffer (KRP; 130 mM NaCI, 10 mM 
Na2HP0,, 4.2 mM KCI, 1.2 mM MgSO,, and 0.75 mM CaCI?, 
pH 7.4), and 1 m L  of the resulting solution was promptly 
removed and applied to a 0.45-pm Millipore filter, which had 
been presoaked in ice cold KRP, followed by washing with 10 
m L  of cold KRP. Membrane binding was quantified by incubat- 
ing vesicles in the prescnce of 0.2% triton. Counts wcre correctcd 
for radiolabel retained by the filters in the absence of vesicle 
protein. The Millipore filters wcre dissolved in 2 m L  of 2- 
cthoxyethanol, and counted in a Packard 1000CA liquid scintil- 
lation analyzer after addition of 12 mL of Optiphase 'HiSafe' I1 
scintillation fluid (Pharmacia, Milton Keynes, UK). 

T o  study its kinetics. Na'-dependent "'C-McAIB uptakc at 30 
s (taken to be initial rate: see Results) was measured as described 
above in the presence of a range of concentrations of MeAIB. 
Uptake was plotted against MeAIB concentration, the data were 
fitted to the Michaelis Menten equation by nonlinear regression 
(P-Fit. Biosoft, Cambridge. UK), and V,,,, and Km of the 
transporter were calculated. 

Radioisotopes were obtained from either Amersham (Ayles- 
bury, Bucks. UK) or New England Nuclear (Stevenage. Herts, 
UK), and chemicals from Sigma Chemicals (Poole, Dorsct. UK) 
or BDH (Liverpool, UK). 

Strilistics. All data are shown as nlcan + SEM. and 11 is the 
number of pregnancies studied. Statistical analysis was by paired 
or  unpaired t test or Fisher's exact test. as appropriate. with p < 
0.05 taken to be significant. 

Ellricril rip~~rovul. Ethical approval was obtained from the 
Central Manchester Health Authority Ethical Committee. 

RESULTS 

As expected, there was a significantly ( p  < 0.0001) lower birth 
weight in the SGA group (2.21 f 0.06 kg. tl = 14) compared 
with the AGA group of babies (3.38 + 0.07 kg, 11 = 18). Mean 
placental weights were also significantly ( p  < 0.0001) lower in 
the SGA group compared with the AGA group (443 + 27 and 
629 + 29 g. respectively). 

Alc~t,ihnrticpirritj~. Alkaline phosphatase was enriched in both 
the SGA and AGA vesicles. and there was no statistical difference 
between the two groups (Table 1). The other markers showed no 
enrichment in the vesicles. There was no difference, at the 5% 
level of significance, in the protein recovery in the SGA and 
AGA vesiclcs. Vesicle orientation was also not different between 
the two groups and suggested that the vesiclcs wcre "right side 
out" i.c. the it1 vivo extracellular facing domain was on the 
outside. 

Mean protein recovery was lower in the SGA vesiclcs com- 
pared with AGA vesicles. but the difference was not statistically 
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Table 1. Protein rc7covo:,*, t11ct110runr~ t~lrirkcr o l r ic l~ t~ la l t  rutio.~. 
~ t l d  ~ ~ c ~ ~ i ~ l c  o r i ~ t ~ t ~ i t i o t ~  (IIIL'NII + SEj1f) it1 SGA ~itlrl/tG.,i 

rc~siclc~s 

AGA SGA 

Protein recobcry (mg/g 
placenta) 

Alkaline phosphatase cnrich- 
ment 

Succinatc dehydrogcnasc 
enrichment 

NADH dchydrogcnasc 
enrichment 

Vesicle orientation (76 right 
side out) 

* Significantly greater than unity ( /  tcst). 

significant ( p  = 0.08) and was corrected for by normalizing 
uptake to  vesicle protein concentration. 

Nu+ ~rptukc. Equilibrium uptake of "Na' in the presence of 
0.2% triton, taken as reflecting binding to the membrane, was 
less than 4% in both AGA and SGA vesicles, implying that the 
majority of the Na' was entering an intravesicular space. Alkaline 
phosphatase activity in the eluent from the ion exchange columns 
compared with activity in that applied to the top of the column 
was not different between the two groups of vesicles (62.9 + 
4.5%, 11 = 5, and 68.6 + 6.576, 11 = 7, in AGA and SGA groups, 
respectively), and therefore calculated uptakes were not corrected 
for rCCOVCN. 

The uptake of "Na' in the presence of amiloride in placentas 
of AGA babies was significantly ( p  < 0.05) lower than in its 
absence at all time points up to and including 120 min (Fig. 1,.1). 

In paired experiments. uptake in the absence of amiloride. i.cl. 
total Na+ uptake. at 120 min (2.13 + 0.05 nmol/mg protein, 11 

= 3) was not different from that a t  24 h (2.01 + 0.05 nmol/mg 
protein, tl = 3). Therefore, "Na+ uptake at 120 min was taken 
to be at equilibrium. 

The "Na' uptake into vesicles from SGA babies (Fig. 111) was 
significantly ( p  < 0.05) lower in the presence of amiloride than 
in its absence up to and including 120 min. There was no 
difference by 24 h, suggesting that they had reached the same 
equilibrium. In paired experiments. the total Na' uptake, i.c. in 
the absence of amiloride, was not different between that at 120 
min ( 1.9 1 + 0.16 nmol/mg protein. 11 = 4) and that at 24 h ( 1.46 
f 0.28 nmol/mg protein, 11 = 4). There was no difference in the 
AGA and SGA vesicles with respect to  equilibrium uptake, 
showing that the two groups did not differ in terms of vesicle 
volume (calculated as 2.54 + 0.2 1 FL/rng protein for AGA and 
2.50 + 0.25 FL/mg protein for SGA vesicles). There was no 
significant difference in total Na' o r  amiloridc-insensitive or 
amiloride-sensitive Na' uptake between AGA and SGA vesicles 
at  any time point up to  and including 24 h. Amiloridc-sensitive 
Na+ uptake (i.c. difference in uptake in the prescnce and absence 
of amiloride) was linear up  to 1 min in both sets of vesicles. and 
uptake at 30 s was therefore used to calculate the initial rate of 
Na+ transport due to  the Na+/H' exchanger: there was no 
significant difference between the two groups of vesicles (Table 
2). 

,!fc~,4IB ~iptakc. Vesicle uptake of "C-MeAIB in the presence 
of 0.2% triton was less than 3% of total uptake at  120 min in 
vesicles from placentas of both the AGA and SGA babies (Figs. 
2A and B). 

The timc course of MeAIB uptake into AGA vesicles is shown 
in Figure 2;1. In the presence of an Na+ gradicnt into the vesicles, 
there was a significantly ( p  < 0.05) greater uptake of McAIB 
compared with that in the presence of a K' gradient. By 120 
min, there was no longer a significant difference between the 
two. 

In the SGA vesicles, the uptake of "C-MeAlB was again 
significantly ( p  < 0.05) greater in the presence of an Na+ gradient 

0 5 10 30 6 0 120 

Time (min) 

Time lminl 

Fig. I .  Timc course of uptake of Na+ (cspresscd in nmol/mg vcsicle 
protein) into vcsiclcs from placentas of AGA (:1) and SGA (11) babies. 
The uptakc in the absence (W) and presence of 0.5 m M  amiloride (0) 
and in the prcscncc of 0.2% triton (V) arc shown. Mean + SEM is shown 
esccpt whcrc error bars fa11 within the symbols. II = 6 or 7 for the AGA 
group and II = 7 or  9 for the SGA group. Not all time points were 
performed on  each vesicle preparation. 

Table 2. ltlitiril ratcJs c~/'rit~iilorirlr~-.sc~t~.sitirc~ Nu+ ~(ptukc~ citlrl 
h'ri'-cicpct~c/c~t~t ,Zfe.t I B  trmispor? itlto ~~c.sicIc~.s/iot~i plricrlr~tri.s of 

ilG,4 citlri SG,4 hrihirs (it 30 s (I)ICNII + S I 3 f )  

AGA SG A 

Amiloridc sensitive Na+ up- 0.88 + 0.13 0.57 + 0.10 
take (nmol/mg protein) (11 = 10) ( ) I =  11) 

Na'-dependent McAlB up- 0.038 ? 0.005 0.014 + 0.002* 
take (nmol/mg protein) (11 = 13) (11 = 10) 

* I? < 0.00 1 v.s AGA vesiclcs (i  test). 

into the vesicles than in the presence of a K'gradient throughout 
the time course shown in Figure 2B. However, by 24 h there was 
no such difference. Total MeAIB uptake (in the presence of an 
Na' gradient) was significantly lower in SGA vesicles at all timc 
points up to and including 120 min compared with that in AGA 
vesicles, although by 24 h (equilibrium) there was no difference. 

In both groups of vesicles. Na+-dependent MeAlB uptake was 
linear up  to I min and uptake at 30 s was taken to be the initial 
rate of uptake via the system A amino acid transporter. It was 
63% lower in the SGA vesicles compared with the AGA vesicles 
(Table 2). The Na+-independent MeAIB uptake (i.c. that in the 
prescnce of a K' gradicnt) was also lower at 30 s in SGA vesicles 



Time (min) 

Time ( rninl  
Fig. 2. Time course of uptake of MeAlR (exprcsscd in nmol/mg 

vesiclc protein) into AGA (:I) and SGA (II) vcsiclcs. Uptakes in thc 
presence ofan  Na+ gradient (W) and a K' gradient (0) and in the presence 
of 0.2% triton (V) are shown. Mean + SEM is shown except where error 
bars Fall within the symbol. 11 = 5 or  6 for the AGA group and 11 = 4 or 
5 for the SGA group. Not all time points were performed on each vcsicle 
preparation. 

(0.0051 2 0.0008 nmol/mg protein, ti = 10) than in vesicles 
from AGA babies (0.01 1 + 0.002 nmol/mg protein, tl = 13, p < 
0.05). 

The initial (30 s) Na+-dependent uptake of McAlB in AGA 
and SGA vesicles at  various external concentrations of MeAlB 
is shown in Figure 3. The Km for AGA vesicles (5.35 + 1.61 
mM, n = 4) was not significantly diffcrcnt (at the 5% level) from 
that in SGA vesicles (2.10 + 0.83 mM, tl = 5, p = 0.09). However, 
V,,, was significantly lower in the SGA vesicles (0.24 + 0.03 
nmol/mg protein/30 s, n = 5) than in AGA vesicles (0.64 f 0.09 
nmol/mg protein/30 s, tl = 4, p < 0.00 I). 

DISCUSSION 

Transcellular transport of an amino acid across the placenta 
requires that it crosses both the microvillous plasma membranc 
(maternal facing) and basal plasma membrane (fetal facing) of 
the syncytiotrophoblast. It is uncertain which, if either, of these 
two steps is rate limiting in net transport of amino acids to  the 
fetus. A number of transport systems for neutral amino acids 
have been reported in the human placenta as  characterized by 
the classification of Christensen (24). System A in the microvil- 
lous membranc (14) transports alaninc, glycine, proline, and 

0.0 , , , , I  m I 

0 1 2 3 4 5  10 15 2 0  
0 
I MeAlB concentration (mM) 

Fig. 3. Concentration dcpcndcnce of initial Na+-dcpendent hleA113 
uptakc into AGA (H) and SGA (@) vesicles. blcan + SEh.1 is shown 
except where the error bars Pall within the symbols. 11 = 4 for AGA and 
rr = 5 for SGA vesicles. 

threonine. as well as MeAIB. System L, which is Na' independ- 
ent, is found in the microvillous (14) and basal membranes (25). 
It preferentially transports Icucine, isolcucine, valine, phcnylal- 
anine, threonine, and alanine. System ASC, which is Na' de- 
pendent, transports alanine. scrine, and glutamine, and is present 
in the basal membrane of the syncytiotrophoblast (25. 26), but 
may not be in the microvillous membrane (14). There is also a 

system for taurine in the microvillous membranc (27), system 
N for histidine in the microvillous membrane (28). and system 
T for tyrosinc in both microvillous and basal membranes (29). 
In this study, \ve have focused on whether there is a specific 
alteration in the activity of the system A transporter in the 
microvillous membrane of placentas from womcn who gave birth 
to severely growth-retarded fctuses and in whom there \vas no 
obvious maternal o r  other fetal disease. 

We found that there wcrc no significant differences between 
the AGA and SGA microvillous membrane vesicles with rcspcct 
to  purity, protein recovery, vesicle orientation. o r  vesicle volume 
(as determined by equilibrium "Na' uptake), suggesting that 
therc were no gross general or systematic preparative differences 
between the two groups. By contrast, system A transporter activ- 
ity was markedly (63%) lower in SGA than in AGA vesicles. The 
Km and V,,, for the transporter found in the present study are 
different from those previously dcscribcd (14), but tliis may 
reflect differences in the isolation procedure and/or storage con- 
ditions (17, 30). Nevertheless V,,,, but not Km of the system A 
transporter was significantly lower in the SGA compared with 
the AGA vesicles. This difference implies that either the turnover 
of the system A transporter was rcduced in the microvillous 
membranes in the placentas of SGA babies o r  the number of 
active carrier protcins was reduced, but the afinity of the trans- 
porters was not different. An alternative possibility, that the Na+ 
conductances of the two sets of vesicles wcrc d i f i ren t  and that 
this generated a difference in vcsicle membrane potential driving 
electrogenic McAlB uptake, can probably be discounted because 
therc was no significant difference between the two groups in 
terms of the (most likely diffusional) amiloride-insensitive Na+ 
uptake. 

A potentially important observation was that the initial rate of 
McAlB uptakc by the Na+-independent route was also lower in 
the SGA vesicles. This route probably has two components, a 
diffusional (nonsaturable) component and a transport protein- 
mediated (saturable) component. Our current data d o  not allow 
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us to separate these, but it seems most likely that it is the latter 
that is different in SGA vesicles. This is based partly on the 
observation that diffusional (amiloridc-insensitive) Na+ uptake 
is unaltered and partly on the cordocentesis data. which show 
that the concentration of a wide range of amino acids is lower in 
umbilical vein plasma of SGA compared with AGA babies (9). 
suggesting the involvement of a variety of amino acid transport- 
ers. Clearly. the nature and activity of Na+-independent MeAlB 
uptake as \veil as that of other amino acid transporters in SGA. 
compared with AGA, vesiclcs requires further investigation. 

The absence of any significant difference in the initial rate of 
Na+ transport due to  the Na+/H+ cxchanger o r  the amiloride- 
insensitive Na+ uptake between the AGA and SGA vesiclcs 
suggests that the difference in the system A amino acid trans- 
porter is not due to a gencralized membrane transport defect. 
but rather to a specific change in amino acid handling. One 
possible explanation for the altered transportcr behavior in SGA 
vesicles could relate to the difference in lipid content between 
placentas from SGA and AGA babies (31). This could affect 
membrane fluidity and both carrier-mediated and non-camcr- 
mediated transport ofsubstrates, although from the present study 
amino acid transport would have to be particularly susceptible 
to this. 

This study was stimulated by a report that total, i.c. carrier- 
mediated plus diffusional, AIB uptake is lower in SGA compared 
with AGA vesicles ( 13). The data presented here are an important 
confirmation and extension of this earlier study because they 
demonstrate the following: I )  There is no difference in purity 
between isolated SGA and AGA vesiclcs (enrichment ratios arc 
not differcnt): 2 )  the lower amino acid uptake in the SGA vesicles 
is not due to a generalized dcfect affecting all transport proteins 
(Na+/H+ exchanger activity not different between SGA and AGA 
groups): and 3) a reduced system A amino acid transportcr 
activity (confirmed by using MeAIB and by demonstrating a 
difference in the Na+-dependent uptake) as well as a reduced 
Na+-independent MeAIB uptake is responsible for the lower total 
MeAlB uptake. with the difference in the former being due to 
an effect on the V,,, of the camcr. 

As discussed above, furthcr studies arc required to determine 
whether other amino acid transporters in both microvillous and 
basal membranes of the syncytiotrophoblast arc abnormal in 
placentas from SGA babies and. furthermore. whether defects 
such as that observed for the system A transportcr play an 
etiologic role in intrauterine growth retardation. 

A c . k t ~ o ~ c ~ l c ~ d , q ~ ? ~ o ~ ~ t .  The authors thank the staff of the Central 
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ABSTRACT
Understanding the physiological regulation of fetal growth is im-

portant, as normal variations in size at birth relate to differences in
neonatal and adult health. Although fetal growth directly reflects net
placental transfer, little is known about how normal fetal growth
relates to the transfer capabilities of the placental epithelium, the
syncytiotrophoblast. The Na1-dependent and Na1-independent up-
takes of methylaminoisobutyric acid (MeAIB) by vesicles prepared
from the syncytiotrophoblast microvillous plasma membrane give
measurements of system A neutral amino acid transporter activity
and diffusive permeability, respectively. In 62 normal pregnancies,
we related vesicle MeAIB uptakes to neonatal anthropometry.

Smaller babies with a lower abdominal circumference had higher
placental system A activity per mg membrane protein (P 5 0.004);
activity rose from 0.020 to 0.043 nmol/30 sec/mg protein as abdominal
circumference fell from 34.6 cm or more to 32.0 cm or less. Within the
normal range of fetal and placental size, this may reflect a tendency
toward compensatory up-regulation of the placental system A trans-
porter in smaller babies. Babies with a lower abdominal circumfer-
ence also had higher Na1-independent MeAIB uptakes (P 5 0.0005);
this could reflect important compositional changes in the microvillous
plasma membrane, leading in vivo to increased back-diffusion of
amino acids out of the syncytiotrophoblast. (J Clin Endocrinol Metab
83: 3320–3326, 1998)

UNDERSTANDING the influences that determine fetal
size and tissue composition at birth is important, as

these are major determinants of the baby’s subsequent health
in postnatal life. Infants who were either growth retarded or
macrosomic at birth are at increased risk of mortality and
morbidity during the neonatal period (1, 2), and follow-up
studies have shown that normal variations in weight, thin-
ness, and abdominal circumference at birth are associated
with differences in the rates of coronary heart disease, hy-
pertension, and noninsulin dependent diabetes in adult life
(3–7).

Fetal size and tissue composition at birth reflect the net
transfer of solute and water across the placenta during preg-
nancy, as this organ provides the major pathway for
materno-fetal exchange. The net transfer of small lipophilic
solutes, such as O2 and CO2, is primarily dependent on
uterine and umbilical blood flow (8), and impairment of the
uteroplacental and/or fetoplacental circulations is associated
with restricted fetal growth. For hydrophilic solutes, alter-
ations in materno-fetal exchange are determined by changes

in the forces driving transfer, such as electrochemical gra-
dients between plasma in maternal and fetal placental mi-
crovasculature, and by changes in the transporting epithe-
lium of the placenta, the syncytiotrophoblast. A variety of
mechanisms mediate solute transfer across the syncytiotro-
phoblast (8, 9); although few of these have been related to
fetal size, some information is available for one amino acid-
transporting mechanism.

Amino acid transfer across the syncytiotrophoblast is me-
diated by transcellular mechanisms using transport proteins
in its microvillous (maternal facing) and basal (fetal facing)
plasma membranes (8); each transport protein is specific for
a particular class of amino acid. The activity in the microvil-
lous plasma membrane of one of these, the system A trans-
porter, specific for short side-chain neutral amino acids, is
lower per mg membrane protein in placentas from growth-
retarded babies than in placentas from appropriately grown
babies (10, 11). Although this suggests a direct relationship
between system A transporter activity and fetal growth, sys-
tem A activity is also lower in the placentas of macrosomic
babies born to diabetic women than in placentas of appro-
priately grown babies from uncomplicated pregnancies (12).
Either or both of these findings may, however, have been
confounded by placental pathology at extremes of abnor-
mality. Consequently, here we examined the relationship
between the activity of the system A transporter in the syn-
cytiotrophoblast microvillous plasma membrane and an-
thropometric measurements of fetal size at birth in a group
of women with normal pregnancies. The vesicle technique
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used (11, 13) also gave a measure of the diffusive perme-
ability of the microvillous plasma membrane to the nonme-
tabolizable amino acid analog methylaminoisobutyric acid
(MeAIB), and this was also related to neonatal anthropometry.

Subjects and Methods

This study was approved by the local ethics committee. The subjects,
who gave informed consent, were drawn from a parallel study of fetal
growth rates among 562 white Caucasian women, aged 16 yr or older,
with singleton pregnancies and known menstrual dates who attended
the antenatal booking clinic at the Princess Anne Hospital (Southamp-
ton, UK) before 17 weeks gestation. This represented 93% of a group of
604 consecutive referrals who fulfilled the above entry criteria and
delivered within the district. Four infants were stillborn or died during
the neonatal period, 3 had major congenital abnormalities, and 15 were
delivered before 252 days (36 weeks) gestation, leaving 540 infants
without major congenital abnormalities born after 36 weeks gestation
who survived the neonatal period.

The women were visited by a trained research nurse in early preg-
nancy (median gestation, 14.7 weeks) and were interviewed again
around 28 weeks. They were asked about their menstrual and obstetric
histories and current smoking habits and were requested to ask their
family about their own birth weight. Body mass index was derived as
weight/height2, using the woman’s first recorded weight in pregnancy
and her height measured in the antenatal clinic. Social class was allo-
cated according to the current or last occupation of the baby’s father (14).

After delivery, the baby and trimmed placenta were weighed using
digital scales, and the baby’s crown-heel length and head, abdominal,
and mid-upper arm circumferences were measured as described for a
previous study (15). Tests of repeatability have shown that discrepancies
in measurements between fieldworkers were small in comparison with
the overall between-subject sd (15). The ponderal index (birth weight/
length3) and the ratio of head to abdominal circumference were derived
as measures of thinness and disproportion at birth. Duration of gestation
at birth was calculated from the woman’s menstrual dates (16) or from

early pregnancy ultrasound data (16) if this indicated that the menstrual
dates were unlikely to be correct.

Preparation of microvillous plasma membrane vesicles

The initial preparation of microvillous plasma membrane vesicles
took 6 h per placenta and had to commence soon after delivery; subjects
were therefore selected on the basis of having delivered in the morning.
The 62 women studied were shorter than other women in the cohort
(mean height, 1.62 vs. 1.64 m; P 5 0.05) as they included an excess
delivered by cesarean section (48% vs. 12%); otherwise, their character-
istics and those of their babies (Table 1), were similar to those of preg-
nancies from whom vesicles were not prepared.

The microvillous plasma membrane was isolated by methodology
previously reported (13). Briefly, placentas were trimmed of mem-
branes, and the chorionic plate was excised. A radial segment of the
placenta (78–190 g) was homogenized in buffer, followed by two cycles
of Mg21 precipitation and differential centrifugation; the resultant pellet
was suspended in intravesicular buffer and repeatedly passed through
a 25-gauge needle to vesiculate the membrane fragments (13). Protein
content was assayed using BSA as standard (17). Alkaline phosphatase
activity, a marker of microvillous plasma membrane purity, was mea-
sured at pH 9.8 using p-nitrophenyl phosphate as a substrate (18), and
the alkaline phosphatase enrichment factor was determined as the ratio
of (vesicle/homogenate) specific activity. Before MeAIB uptake mea-
surements, vesicles were stored for 1–6 days at 4 C or for up to 21 days
at 280 C.

Measurement of Na1-dependent and Na1-independent
MeAIB uptakes

MeAIB uptake into vesicles was measured at room temperature in the
presence and absence of an inwardly directed Na1 gradient, as previ-
ously described (11). As the system A transporter is Na1 dependent, its
activity can be measured as the initial rate of Na1-dependent MeAIB
uptake, as this is transported relatively specifically by system A (19).

TABLE 1. Characteristics of the 62 mothers, infants, and placental microvillous plasma membrane vesicle preparations

Subjects No. of subjects

Mothers
% Primiparous 39 24
% Smokers at 14 weeks gestation 23 14
% Smokers at 28 weeks gestation 21 13
Social classa

% I,II,IIIN 28 17
% IIIM 42 25
% IV,V 30 18

% delivered by cesarean section 48 30

Mean (SD) Total no. of subjects
Ht (m) 1.62 (0.07) 62
Body mass index in early pregnancy (kg/m2)b 25.7 (0.17) 62
Mother’s own birth wt (g)c 3226 (593) 53
Mother’s age (yr) 28.0 (4.3) 62

Infants
Gestation at delivery (days) 279.1 (10.8) 62
Placental wt (g) 576 (133) 62
Birth wt (g) 3395 (510) 62
Head circumferenceb (cm) 34.9 (1.2) 61
Lengthb (cm) 49.5 (2.0) 61
Abdominal circumferenceb (cm) 33.2 (1.8) 61
Arm circumferenceb (cm) 11.4 (0.9) 61
Head to abdominal circumference ratiob (%) 105.5 (3.8) 61
Ponderal indexb (kg/m3) 27.9 (2.4) 61

Vesicle MeAIB uptakes Median (IQR)
System A activity (nmol/30 szmg protein) 0.031 (0.014–0.042) 62
Na1-independent uptake (nmol/30 szmg protein) 0.015 (0.009–0.021) 62

a Social class could not be classified for two subjects.
b Mother’s birth weight unknown for nine subjects and neonatal anthropometry for one subject.
c Back-transformed geometric mean and geometric standard deviation.
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Uptake was initiated by the addition of vesicles (protein concentration,
10–22 mg/mL) to extravesicular buffer containing 145 mmol/L NaCl or
KCl (11) and was stopped at 30 sec (approximating to the initial rate) (11,
12) or at 24 h (equilibrium) (11, 12) by the addition of ice-cold stop buffer
(11). The resulting solution was applied to a 0.45-mm Millipore filter
(Millipore Corp., Bedford, MA) under vacuum and washed with ice-cold
stop buffer. Filters were dissolved in 2-ethoxyethanol and counted in an
LKB Wallac MiniBeta liquid scintillation counter after the addition of
Optiphase Hisafe II scintillation fluid (Wallac, Milton Keynes, UK).
Counts were corrected for counts retained on the filters in the absence
of protein. Radioisotopes were obtained from New England Nuclear
(Stevenage, UK), and chemicals were purchased from Sigma (Poole, UK)
or Merck (Lutterworth, UK).

Statistical analysis

We related MeAIB uptakes to the methodological variables and then
to the womens’ characteristics and neonatal anthropometry using the
tabulation of means, two-sample t tests, and linear regression treating
measurements as continuous variables. Measurements whose distribu-
tions were skewed were transformed by taking square roots or loga-
rithms to satisfy assumptions of normality inherent in the statistical
analyses. For clarity of presentation, back-transformed values are shown
in the tables. Adjustments for alkaline phosphatase enrichment and
room temperature were made by inclusion of the enrichment factor and
indicator variables for room temperature and the absence of a temper-
ature reading in multiple regression analyses.

Results

Measurements of alkaline phosphatase activity in mi-
crovillous plasma membrane vesicles showed satisfactory
enrichment in all 62 preparations (enrichment factor range,
10.5–37.7; median, 22.9-fold). The enrichment factor was not
related to placental weight or to any of the measures of fetal
size. As in our previous studies (11, 12), experiments mea-
suring vesicle MeAIB uptake at frequent intervals showed
that this was linear up to 30 sec; equilibrium uptake was
achieved by 24 h (data not shown).

Table 1 shows the characteristics of the 62 women and
infants together with the initial (30 sec) Na1-independent
MeAIB uptake (with K1 alone in the extravesicular buffer)
and system A activity (30 sec Na1-dependent MeAIB uptake
(uptake with Na1 in the extravesicular buffer minus that
with K1 alone)). Uptakes were positively skewed, and sta-
tistical analyses used square root transformed values. System
A activity was highly correlated with Na1-independent
MeAIB uptake (r 5 0.77; P , 0.001), reflecting a very strong
correlation between the MeAIB uptake in extravesicular buff-
ers containing Na1 and K1 (r 5 0.88; P , 0.001).

Effect of time delay, room temperature, and vesicle
enrichment and storage

The median delay between delivery of the placenta and the
start of vesicle preparation was 70 min (inter-quartile range,
47–86 min; range, 20–199 min) and was unrelated to alkaline
phosphatase enrichment or MeAIB uptakes. Ambient room
temperature was recorded for all except the first four prep-
arations; it ranged from 18–26 C and was not related to
alkaline phosphatase enrichment. System A activity and
Na1-independent MeAIB uptake rose with increasing room
temperature (P 5 0.04 and P 5 0.005 respectively); both also
rose with increasing alkaline phosphatase enrichment, par-
ticularly after taking account of room temperature (adjusted

P values of 0.05 and 0.0002 for system A activity and Na1-
independent MeAIB uptake, respectively; Table 2).

System A activity was similar in vesicles stored for 1–2
days at 4 C (n 5 45), for 3–6 days at 4 C (n 5 6), and for up
to 21 days at 280 C (n 5 11). Na1-independent MeAIB
uptake was unaffected by storage at 280 C, but did tend to
be higher in vesicles stored for longer at 4 C (0.020 vs. 0.014
nmol/30 sec/mg protein for those stored for 3–6 days and
1–2 days, respectively; P 5 0.06); adjustment for room tem-
perature and vesicle enrichment weakened this effect (P 5
0.15). Taking account of room temperature and vesicle en-
richment had little effect on the correlation between system
A activity and Na1-independent MeAIB uptake (partial r 5
0.74).

Maternal and neonatal characteristics

Although system A activity was not related to maternal
smoking or body mass index in early pregnancy, Na1-inde-
pendent MeAIB uptake was lower in women who smoked,
particularly in those who smoked at 28 weeks gestation;
independently of maternal smoking, Na1-independent
MeAIB uptake was also lower in women with a higher body
mass index in early pregnancy (Table 2). System A activity,
but not Na1-independent MeAIB uptake, tended to be lower
in vesicles prepared from the placentas of higher social class
women (P 5 0.14 and P 5 1.0, respectively). Taking account
of room temperature and vesicle enrichment had little effect
on the associations between Na1-independent MeAIB up-
take and maternal smoking and body mass index, but did
strengthen the association between system A activity and
social class (Table 2). Neither system A activity nor Na1-
independent MeAIB uptake was related to the woman’s par-
ity, height, own birth weight, age, or mode of delivery (vag-
inal vs. cesarean section; data not shown).

Of the 62 infants, 32 were boys and 30 were girls; birth
weight ranged from 2580–4820 g. The infant’s gender and
duration of gestation at delivery were not related to MeAIB
uptakes. Table 3 shows that both system A activity and
Na1-independent MeAIB uptake tended to increase with
decreasing placental weight and size at birth and with an
increasing ratio of head to abdominal circumference; uptakes
were not related to ponderal index. The strongest associa-
tions, before and after adjustment for room temperature and
vesicle enrichment, were with abdominal circumference; as
this fell from 34.6 cm or more to 32.0 cm or less, system A
activity rose from 0.020 to 0.043 nmol/30 sec/mg protein,
and Na1-independent MeAIB uptake rose from 0.012 to 0.019
(P 5 0.004 and P 5 0.0005, respectively, for linear trends
treating measurements as continuous variables and adjust-
ing for room temperature and vesicle enrichment). After
taking account of abdominal circumference, no additional
variance in system A activity or Na1-independent MeAIB
uptake was explained by other neonatal anthropometric
measurements. Regression analyses showed that these as-
sociations were independent of the vesicle storage condi-
tions, maternal height, and infant’s sex and duration of ges-
tation and were similar in women that had vaginal and
cesarean section deliveries. The magnitude and statistical
significance of the associations of Na1-independent MeAIB
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uptake with neonatal abdominal circumference and mater-
nal smoking and body mass index were little changed by
simultaneously taking all three variables into account.

Equilibrium MeAIB uptake

The median inter-quartile range equilibrium MeAIB up-
take (at 24 h in the presence of extravesicular Na1) was 1.35
(0.44–2.58) nmol/mg protein; values were transformed by
taking logarithms to satisfy assumptions of normality. Equi-
librium uptake was not related to room temperature or ves-
icle enrichment, but was higher in vesicles frozen before the
measurements (0.95 vs. 2.03 nmol/mg protein; P 5 0.02).
Equilibrium MeAIB uptake was not related to any of the
maternal, placental, or fetal variables, except for tending to
be higher in primiparous vs. multiparous pregnancies (P 5
0.05, unadjusted; P 5 0.1, adjusted for vesicle freezing) and
in lower weight placentas (P 5 0.006, unadjusted; P 5 0.01,
adjusted for vesicle freezing).

Discussion

To study how normal fetal growth relates to the transfer
capabilities of the maternal-facing microvillous plasma
membrane of the syncytiotrophoblast, we have related a
specific component of placental amino acid transport (system
A activity) to fetal size and proportions at birth in 62 normal
pregnancies. The vesicle technique used also provided mea-
surements of the Na1-independent uptake of MeAIB, which
is thought to give a measure of diffusive permeability to this

solute (see below). The placentas studied included an excess
from shorter women delivered by cesarean section. System
A activity and Na1-independent MeAIB uptake were not,
however, related to the woman’s height or mode of delivery,
and the associations that we found were independent of
height and mode of delivery. It seems unlikely that our
findings resulted from biases associated with selection of the
women.

Vesicle integrity, purity, and transporter activity

We studied placentas from women recruited in early preg-
nancy who often delivered within hours of each other and
had to accept a variable delay between delivery and the start
of vesicle preparation. Neither this delay nor the mode of
delivery was related to the alkaline phosphatase enrichment
(a measure of vesicle purity) or to MeAIB uptakes, and the
distributions of enrichment and MeAIB uptakes were similar
to those in previous reports (10–12). This suggests that the
activities measured are stable within the microvillous plasma
membrane. Although the effect of room temperature on
MeAIB uptakes indicates that our findings should be inter-
preted cautiously, adjustment for this variable tended to
strengthen the associations found. Correlations between
MeAIB uptakes and vesicle enrichment are to be expected
and emphasize the need to check this in comparisons of
MeAIB uptake rates (11, 12).

All activity data are normalized per mg membrane pro-
tein. Little is known about the quantitative relationship be-

TABLE 2. Placental system A activity and Na1-independent MeAIB uptake into microvillous plasma membrane vesicles according to
methodological effects and maternal characteristics

No. of
subjects

MeAIB uptakes (nmol/30 szmg protein)

System A activity P value Na1-independent MeAIB uptake P value

Methodological effects
Room temperature (°C)

18–21 9 0.017 0.010
22 18 0.022 0.014
23, 24 22 0.037 0.017
25, 26 9 0.042 0.005 0.017 0.04
Not recorded 4 0.027 0.015

Alkaline phosphatase enrichment factor
#20.0 12 0.019 0.009
223.0 21 0.030 0.015
226.0 14 0.031 0.015
.26.0 15 0.035 0.1, 0.05a 0.019 0.0008, 0.0002a

Maternal characteristics
Smoking at 14 weeks gestation

No 48 0.031 0.016
Yes 14 0.025 0.3, 0.9b 0.012 0.07, 0.17b

Smoking at 28 weeks gestation
No 49 0.031 0.016
Yes 13 0.024 0.3, 0.5b 0.011 0.04, 0.02b

Body mass index in early pregnancy (kg/m2)
#22.5 14 0.039 0.018
225.5 17 0.028 0.016
228.5 17 0.023 0.013
.28.5 14 0.029 0.2, 0.3b 0.012 0.04, 0.04b

Social class
I,II,IIIN 17 0.020 0.014
IIIM 25 0.036 0.016
IV,V 18 0.030 0.14, 0.03b 0.014 1.0, 0.4b

Overall medians (IQR); system A, 0.031 (0.014–0.042) nmol/30 szmg protein; Na1-independent MeAIB uptake, 0.015 (0.009–0.021) nmol/30
szmg protein. P values unadjusted and adjusted for room temperature(a) or room temperature and alkaline phosphatase enrichment(b) are shown.
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tween vesicle lipid, nontransporter protein, and transporter
protein contents, and the associations found could represent
differences in overall vesicle composition rather than in
transporter activity. The steep rise in system A activity with
increasing ambient temperature is, however, as expected for
a solute/transporter protein reaction; the shallower rise in
Na1-independent MeAIB uptake with increasing tempera-
ture is consistent with diffusion (20).

System A activity and maternal and
neonatal characteristics

Previous reports have suggested that maternal smoking
might affect Na1-dependent amino acid transport by the
placenta (21, 22). We found that system A activity was not
related to maternal smoking or to the woman’s parity, age,
height, or body mass index; this suggests that the effects of

these influences on fetal growth (23) are not mediated by
alterations in placental amino acid transporter activity. The
weak relation between lower social class and higher system
A activity could reflect the effects of maternal nutrition.

System A activity was inversely related to placental weight
and measures of size at birth, particularly neonatal abdom-
inal circumference. This is consistent with our observation
that system A activity is reduced in placentas from macro-
somic babies born to diabetic women (12), but it is opposite
that expected from the observation that system A activity is
lower in placentas from growth-retarded fetuses (10, 11).
Whereas placentas from growth-retarded fetuses are mor-
phologically grossly abnormal (24), those from well con-
trolled diabetic women appear to be relatively little affected
(25). We therefore postulate that the normal relationship
between system A activity per mg membrane protein (taken

TABLE 3. Placental system A activity and Na1-independent MeAIB uptake into microvillous plasma membrane vesicles according to
placental weight and the baby’s body size and proportions at birth

No. of
subjects

MeAIB uptakes (nmol/30 szmg protein)

System A activity P value Na1-independent
MeAIB uptake

P value

Placental wt (g)
#415 16 0.038 0.019
2480 15 0.025 0.013
2570 16 0.030 0.013
.570 15 0.025 0.13, 0.13a 0.013 0.05, 0.005a

Body size
Birth wt (g)

#3000 15 0.043 0.019
23350 16 0.022 0.013
23700 17 0.032 0.015
.3700 14 0.022 0.07, 0.02a 0.012 0.08, 0.002a

Head circumference (cm)
#34.0 16 0.041 0.019
235.0 15 0.024 0.013
236.0 17 0.023 0.012
.36.0 13 0.032 0.06, 0.04a 0.015 0.05, 0.01a

Length (cm)
#47.9 15 0.040 0.018
249.4 14 0.025 0.012
250.9 19 0.029 0.015
.50.9 13 0.024 0.07, 0.01a 0.013 0.16, 0.008a

Arm circumference (cm)
#10.8 15 0.041 0.020
211.4 18 0.021 0.012
212.0 13 0.039 0.017
.12.0 15 0.022 0.03, 0.01a 0.012 0.04, 0.003a

Abdominal circumference (cm)
#32.0 16 0.043 0.019
2,33.2 16 0.027 0.015
2,34.6 14 0.029 0.013
$34.6 15 0.020 0.02, 0.004a 0.012 0.02, 0.0005a

Body proportions
Head/abdominal circumference ratio (%)

#102.2 12 0.026 0.014
2104.9 15 0.023 0.012
2107.6 17 0.029 0.015
.107.6 17 0.039 0.09, 0.03a 0.018 0.10, 0.007a

Ponderal index (kg/m3)
#25.5 17 0.032 0.017
227.0 12 0.023 0.011
228.5 18 0.039 0.018
.28.5 14 0.022 0.6, 0.6a 0.011 0.3, 0.13a

P values by regression of continuous variables, unadjusted and adjusted(a) for room temperature and alkaline phosphatase enrichment factor
are shown.

3324 GODFREY ET AL. JCE & M • 1998
Vol 83 • No 9



to be equivalent to the number of transporters per unit mi-
crovillous plasma membrane) and fetal and placental sizes is
the inverse one, tending to keep the total number of trans-
porters per fetus and placenta approximately constant. In
fetal growth retardation, we propose that placental pathol-
ogy may lead to an abnormal reduction in transporter ac-
tivity per mg membrane protein that, combined with smaller
placental size, may compromise provision of the neutral
amino acids carried on system A, including glycine, alanine,
and serine. This might be particularly important, as maternal
intakes and endogenous production of glycine may not al-
ways be sufficient to meet the demand in pregnancy (26, 27).

Equilibrium uptake gives a measure of vesicle volume,
which, because of surface area/volume ratio considerations,
might influence transport activity measurements. The rela-
tion between equilibrium uptake and placental weight sug-
gests that changes in surface area/volume ratio may have
influenced the relations between system A activity and Na1-
independent MeAIB uptake and placental weight. Equilib-
rium uptake was not, however, related to fetal size at birth.

Na1-independent MeAIB uptake

Studies of syncytiotrophoblast plasma membranes sug-
gest that Na1-independent MeAIB uptake is either via a low
affinity Na1-independent transporter or by diffusion and is
not mediated by a transport protein (28, 29). The latter is
supported by observations that other inert hydrophilic sol-
utes of similar size or larger than MeAIB can diffuse across
the lipid bilayer of the microvillous plasma membrane (30)
and by the relatively shallow rise in Na1-independent
MeAIB uptake with increasing ambient temperature. In vivo,
a diffusional pathway would result in net efflux of amino
acid out of the syncytiotrophoblast, as intracellular concen-
trations are higher than those in maternal plasma (31).

Na1-independent MeAIB uptake was lower in women
who smoked and in those with a high body mass index.
These findings need replication in further studies, but could
reflect the effects of maternal smoking and fatness on the
profile and peroxidation of lipids in the microvillous plasma
membrane (32). Counter to expectations based on the lower
Na1-independent MeAIB uptake of vesicles from placentas
of growth-retarded babies (11), Na1-independent uptake
was inversely associated with fetal size at birth; the associ-
ations tended to be stronger than those for system A activity.

Physiological implications

Although our data cannot explain why system A activity
and Na1-independent MeAIB uptake are highly correlated
with each other and are both associated with neonatal ab-
dominal circumference, some speculation as to the possibil-
ities is instructive. 1) Changes in plasma membrane protein
content or lipid composition may be of importance, as our
measurements are normalized per mg membrane protein
(see above), and lipid composition can affect both transport
protein activity and solute diffusion (33). 2) A lower abdom-
inal circumference reflects a smaller fetal liver. This may
impair the metabolic activity of the fetus and lead to alter-
ations in placental composition and metabolism. Recent
studies in sheep have, for example, shown amino acid cycling

between the fetal liver and the placenta; transport of mater-
nal glycine by the placental system A transporter is supple-
mented by substantial glycine production in the placenta
from serine originating in the fetal liver, and a proportion of
the glycine from these two sources is then cycled back to
serine in the fetal liver (34). Babies with a small abdominal
circumference could increase placental system A activity as
an adaptation to impaired amino acid cycling by the fetal
liver. 3) There could be a direct biological connection be-
tween system A activity and the diffusional pathway rep-
resented by Na1-independent MeAIB uptake. For example,
a higher microvillous plasma membrane permeability in
smaller babies might increase back-diffusion of amino acids
from the syncytiotrophoblast to maternal blood, lowering
cytosolic amino acid concentrations and either reducing
transinhibition (35) or up-regulating expression of the
transporter.

Although it is energetically disadvantageous for the mi-
crovillous plasma membrane to have pathways for both ac-
tive uptake and diffusional loss of amino acid, the latter may
be an unavoidable property of the lipid bilayer. In vivo the
flux through each pathway will be influenced by the pre-
vailing electrochemical gradients, by the activity of the Na1

pump maintaining a Na1 gradient for amino acid uptake on
system A, and probably by hormonal effects (36). Although
insulin and insulin-like growth factor I acutely increase cy-
totrophoblast system A activity in vitro (37, 38), the effects of
these hormones cannot explain our findings, as their plasma
concentrations are lower in smaller fetuses (15, 39).

Control of the activity of transport moieties in the plasma
membranes of the syncytiotrophoblast requires much further
study. Our data suggest that such control together with com-
positional changes in the microvillous plasma membrane
could exert effects of fundamental importance in the phys-
iological regulation of fetal nutrient transfer, with conse-
quent short and long term effects on the fetus.
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Activity and Expression of the Na1/H1

Exchanger in the Microvillous Plasma Membrane
of the Syncytiotrophoblast in Relation to

Gestation and Small for Gestational Age Birth
JOHN L. HUGHES, IAN M. DOUGHTY, JOCELYN D. GLAZIER, THERESA L. POWELL,

THOMAS JANSSON, STEPHEN W. D’SOUZA, AND COLIN P. SIBLEY

Academic Unit of Child Health and School of Biological Sciences, University of Manchester, St. Mary’s
Hospital, Manchester, United Kingdom [J.L.H, I.M.D., J.D.G, S.W.D, C.P.S.]; Perinatal Center,

Department of Physiology and Pharmacology, Go¨teborg University, Sweden [T.L.P., T.J.]

The effect of gestational age, low birth weight, and umbilical
plasma pH on the activity and expression of the Na1/H1 ex-
changer in the microvillous plasma membrane (MVM) of the
placental syncytiotrophoblast was investigated. MVM were iso-
lated from placentas of fetuses delivered in the first and second
trimesters and from appropriately grown for gestational age
(AGA) and small for gestational age (SGA) babies born at term.
Na1/H1 exchange activity (amiloride-sensitive Na1 uptake) was
higher (p , 0.05) in second trimester and term AGA MVM
versusfirst trimester MVM (median [range]: 1.80 [1.01–3.03],
1.72 [1.16–3.15]versus1.48 [0.92–1.66] nmol/mg protein/30s,
respectively,n 5 6, 12, and 9). As regards exchanger isoforms,
Western blotting showed that NHE1 expression did not change
across gestation, but NHE2 and NHE3 expression were lower
(p , 0.01) in the first and second trimesters than in term AGA
MVM. There were no differences in Na1/H1 exchanger activity
or in NHE1–3 expression in term AGA MVMversusSGA (n 5
11) MVM. There was no correlation between exchanger activity

and umbilical artery or vein plasma pH, although with a rela-
tively small number of samples (n 5 12 and 15, respectively).
We conclude that there is differential regulation of the activity
and expression of Na1/H1 exchanger isoforms in the MVM over
the course of gestation in normal pregnancy; this is not affected
in pregnancies resulting in SGA babies at term.(Pediatr Res48:
652–659, 2000)

Abbreviations
SGA, small for gestational age
MVM, microvillous plasma membrane
BM, basal membrane
IUGR, intrauterine growth restricted
AGA, appropriately grown for gestational age
SGAD, small for gestational age babies with abnormal
systolic/diastolic ratios on umbilical Doppler ultrasound
assessment.

Fetal and neonatal acidemia are associated with intrapartum
hypoxia, a known risk factor for poor neurologic outcome of
affected babies (1). Fetal acidemia is more common in SGA
babies, especially those with compromised umbilical artery
blood flow (2, 3). The role of the placenta in regulating the pH
of the fetus is not fully understood. Undoubtedly, proton and
bicarbonate may be rapidly lost, or gained, across the placenta
in the form of carbon dioxide and water. Furthermore, the
placenta has a high paracellular permeability to hydrophilic
solutes including ions (4, 5) so that simple diffusion of proton

and bicarbonatevia this route might also be important. In
addition to this, Na1/H1 and Cl2/HCO3

2 exchangers have
been identified in the MVM and BM of the syncytiotrophoblast
(6–10), the transporting epithelium of the placenta. Although
these might be involved in the homeostasis of intracellular
syncytiotrophoblast pH, they also afford the possibility of a
transcellular mechanism of transplacental transfer, which
might contribute to fetal pH regulation. A role of the exchang-
ers in either of these processes would provide a mechanism for
acute, hormonal (e.g.epidermal growth factor, angiotensin II)
control of H1 transport, by analogy to other tissues (11).

The Na1/H1 exchanger is found in most cells and contrib-
utes to intracellular pH homeostasis and, depending on the
organ, transepithelial transport (11). Six different isoforms of
this transport protein, designated NHE, have now been cloned
and sequenced (11). Na1/H1 exchanger activity is present in
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both the MVM and BM of the syncytiotrophoblast (6) and a
preliminary report of Western blotting studies suggests that this
is contributed to by at least three of the NHE isoforms, NHE 1,
2, and 3 (12). The calculated molecular weights of NHE 1, 2,
and 3 are approximately 91,000, 91,000 and 93,000, respec-
tively (13); measured molecular weights of NHE 1 and 2 may
be greater due to glycosylation. NHE2 shares 48% amino acid
identity with NHE1, and NHE3 shares 40% identity with
NHE1 and NHE2 (13). NHE1 is widely expressed in many
tissues and is thought to be primarily involved in maintenance
of cytosolic pH and of cell volume. NHE2 and NHE3 are
expressed in fewer tissues; the former may have similar func-
tions to NHE1 whereas NHE3 may be primarily involved in
Na1 absorption by epithelia (13).

The activity of the Na1/H1 exchanger is significantly higher
in the MVM of the term placenta than that of the first trimester
placenta (14, 15). While this might reflect, at least partially, a
change in proton permeability of the MVM (14), it might also
be due to increased expression of one or more of the NHE
isoforms as gestation proceeds. Such a change, which has not
been investigated, could increase the capacity of the placenta to
deal with an acid load.

As noted above, there is evidence that the IUGR fetus has a
greater tendency to acidemia. Whether this is, in any way, a
result of lower Na1/H1 exchanger activity in the syncytiotro-
phoblast of placentas from IUGR babies, compared with that in
placentas from AGA fetuses, is currently uncertain. In one
study, we found no difference in the activity of the exchanger
in the MVM of placentas from term SGA babies, some of
whom may have been IUGR, compared with that in placentas
from term AGA babies (16). However, in a second study, we
did find a reduction in MVM Na1/H1 exchanger activity in
placentas of preterm IUGR babies (17). In neither of these
studies was NHE isoform expression measured.

The aim of this study was to characterize the effect of
gestation and of fetal birth weight on the activity of the MVM
Na1/H1 exchanger in relation to the expression of NHE 1–3 in
the MVM. We measured the activity of the Na1/H1 exchanger
and the expression of NHE 1–3 in the MVM, firstly, of
placentas from normal pregnancies delivered in the first and
second trimesters and at term and, secondly, of placentas from
term SGA babies. In addition, we examined whether a rela-
tionship exists between umbilical plasma pH immediately fol-
lowing delivery at term and activity of the MVM Na1/H1

exchanger.

METHODS

Tissue and blood collection.Local ethical committee ap-
proval for this study was obtained. All women were white with
no known preexisting disease or history of drug ingestion.
Placentas were collected after therapeutic abortions of first
trimester (8–11 wk completed gestation) and 12 second tri-
mester (14–16 wk completed gestation) fetuses. First trimester
placentas were pooled to provide sufficient material to prepare
vesicles, as described previously (14); 9 such preparations
were made for this study. Gestational age of abortion material
was determined by calculation from the last menstrual period

and confirmed by inspection of fetal parts and/or ultrasound
dating. Placentas were also collected from 12 AGA and 17
SGA infants after delivery at term (37–41 wk completed
gestation); these babies were delivered vaginally except for
four caesarean sections in the AGA group and two in the SGA
group. The gestational age of term infants was determined by
reference to ultrasound biometry of the biparietal diameter
between 17 and 20 wk completed gestation (18). The birth
weight centile of the infant was determined by reference to the
centile charts in use at St. Mary’s Hospital (19). The birth
weight of AGA infants was greater than the 25th centile and
less than the 90th for their gestation. SGA infants had birth
weights less than the 3rd centile for their gestation. For a set of
11 SGA babies, we had no information regarding umbilical
blood flow (“SGA group”), but a further set of 6 SGA infants
were followed antenatally and had serial assessments of um-
bilical arterial blood flow, using Doppler ultrasound (“SGAD
group”). The systolic/diastolic ratio was calculated and an
abnormal value was taken to be one above the 99th centile for
a given gestation (20). All the SGAD babies had such an
abnormal value in the week before delivery.

For term infants, umbilical arterial or venous blood pH was
measured by sampling, with a heparinized syringe, from a
double-clamped section of cord. The sample was taken from
the cord within 30 min of delivery and analyzed using a
Radiometer ABL blood gas analyzer (Radiometer, Copenha-
gen, Denmark). It has been shown previously that samples
taken in this way, within 30 min of delivery, show no deteri-
oration in pH (21).

Preparation of microvillous membrane vesicles.MVM
were isolated by a process of homogenization, Mg21 precipi-
tation, and differential centrifugation as described previously
(7, 14, 16, 17). Protein content of the placental homogenate and
vesicle suspension was determined using the method of Lowry
et al. (22) and protein recovery (mg protein/g placenta) was
determined for each preparation. Vesicle purity was deter-
mined by assaying the enrichment of alkaline phosphatase
activity (a marker of the MVM) (7). The MVM vesicles were
stored at 4°C before use. All uptake experiments (see below)
were performed within 48 h of delivery of the placenta.
Aliquots of MVM were stored at280°C and transported on
dry ice to Göteborg University, where the Western blotting
experiments were carried out.

Transport studies.The activity of the Na1/H1 exchanger
was measured at room temperature as described previously (7).
Briefly, the pellet was reconstituted in intravesicular buffer
(IVB: 25 mM 2[N-morpholino]ethanesulphonic acid, 5 mM
Tris, 149 mM KCl, 1 mM NaCl, pH 5.6). Uptake of22Na was
initiated by the addition of 40mL of vesicle suspension (at 10
mg/mL protein concentration for term samples and at 5 mg/mL
for first and second trimester samples) to 160mL of extrave-
sicular buffer (EVB: 18 mM HEPES, 12 mM Tris, 149 mM
KCl, 1 mM NaCl, 2.5mCi/mL 22Na, pH 7.6) with and without
0.5 mM amiloride. Aliquots were removed and applied to
cation exchange columns to separate intravesicular from ex-
travesicular22Na and washed with cold EVB (without22Na) to
elute the vesicles. The eluents from the columns (containing
vesicles and intravesicular22Na) were counted over a 5-min
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period in a Cobra II AutoGAMMA gamma counter (Canberra
Packard Ltd., Pangbourne, Berks, U.K.) using a window set
between 433 and 1417 keV. Counts were corrected for22Na
not retained by the columns in the absence of vesicles. The
proportion of vesicle protein contained within the columns was
determined by assaying the eluent for alkaline phosphatase
activity and comparing this with the activity in the samples
applied to the top of the ion exchange column. A correction
factor was then applied to the activity measure to account for
vesicles that were retained by the column. The difference
between the uptake of22Na stimulated by an outwardly di-
rected proton gradient in the presence of amiloride and that in
the absence of amiloride provided the estimate of Na1/H1

exchanger activity.
Western blotting.All procedures were carried out, at room

temperature unless otherwise specified, at Go¨teborg Univer-
sity. Vesicle preparations were diluted with sucrose buffer (250
mM sucrose, 10 mM HEPES, pH 7.4 at 4°C with Tris) to a
uniform concentration of 1.5 mg/mL. Sample buffer (2.7 M
urea, 1.7% SDS, 17 mM Tris HCl, pH 6.8, 0.04% bromophenol
blue, 150 mM DTT) was added to the vesicle solution. Vesicle
samples (10mg total protein) were loaded onto a 10% poly-
acrylamide gel in a Mini-PROTEAN II Electrophoresis System
(Bio-Rad Laboratories Ltd., Hemel Hempstead, Herts, U.K.).
Prestained molecular weight markers (Sigma Chemical Co.,
Poole, Dorset, U.K.) were run on each gel. Electrophoresis was
performed at a constant 200 mV in Tris/glycine electrophoresis
buffer (pH adjusted to 8.0 at 4°C) in 0.1% SDS. A Mini
Trans-Blot Electrophoretic Transfer Cell (Bio-Rad) was used
to transfer the proteins from the gel to a nitrocellulose mem-
brane (Hybond-ECL, Amersham, Pharmacia, Bucks, U.K.)
using transfer buffer (Tris/glycine plus methanol) at a constant
30mV over 16 h.

After transfer, the nitrocellulose membrane was immersed
and gently agitated for 1 h in ablocking solution of 5% fat-free
dried cow’s milk (Semper, Stockholm, Sweden) in PBS plus
0.1% TWEEN. The nitrocellulose membrane was then washed
in PBS/TWEEN for 15 min followed by two 5-min washes.
Na1/H1 exchanger was detected with NHE1 antibody diluted
1/1000 in PBS/TWEEN plus 0.05% thiomersal for 1 h. This
NHE1 antibody was kindly donated by Dr. J. Pouyssegur and
has been extensively characterized previously (23, 24). Nega-
tive control blots were immersed in PBS/TWEEN plus thio-
mersal, without primary antibody, for 1 h. Detection of primary
antibody was achieved with peroxidase-conjugated anti-rabbit
IgG at a dilution of 1:1000 in PBS/TWEEN plus thiomersal,
followed by enhanced chemiluminescence using ECL reagents
(Amersham, Pharmacia, Bucks, U.K.). To maximize the data
from each placental sample, the nitrocellulose membranes
were stripped of antibody by incubating in 2% SDS, 62.5 mM
Tris-HCl, pH 6.7, 100 mMb-mercaptoethanol at 60°C for 30
min with occasional agitation. The nitrocellulose membrane
was re-probed with NHE2 antibody and then stripped a second
time and re-probed with NHE3 antibody; conditions and dilu-
tions of primary and secondary antibody were as for NHE1.
The efficiency of the stripping was tested before new antibody
was applied. The NHE2 and NHE3 antibodies were both kind

gifts of Dr. M. Donowitz and have been characterized previ-
ously (25, 26).

NHE expression was determined by densitometry. Autora-
diographs were selected from a range of exposures based on
the range where signal density was related to protein concen-
tration. The image of the film was analyzed using IPlab Gel
(Signal Analytics, Vienna, VA, U.S.A.). The result of the
densitometry analysis of each lane was normalized against
control lanes common to each gel and this allowed semiquan-
titative analysis, comparing expression of NHE isoforms in
MVM from AGA, first trimester, and second trimester in one
study and in a separate study comparing expression in MVM
from AGA with that from SGA placentas.

Statistical analysis.Statistical analyses were performed us-
ing GraphPad Prism version 2.1 (GraphPad Software Inc., San
Diego, CA, U.S.A.). Parametric statistical tests (t test, paired or
unpaired, ANOVA followed by post tests as appropriate) were
used if,a priori, a normal distribution would be expected and
visual inspection of scatter plots did not suggest a non-normal
distribution. Otherwise, nonparametric statistical tests were
used (Wilcoxon signed rank test, Kruskal-Wallis test followed
by post tests as appropriate).

RESULTS

Clinical data for term placentas.As can be seen in Table 1,
the AGA, SGA, and SGAD groups did not differ in terms of
gestational age, parity, or maternal smoking habit. None of the
women had preeclampsia. As expected, birth weights and
placental weights were significantly lower in the SGA and
SGAD groups compared with the AGA groups.

Preparation of MVM vesicles.Protein recovery in MVM
vesicle preparations and alkaline phosphatase enrichments are
shown in Table 2. The MVM protein recovery from both first
trimester and second trimester placentas was significantly
lower than that from term AGA placentas, but the alkaline
phosphatase enrichment was similar for all groups.

22Na uptake. Initial experiments (not shown) confirmed
linearity of 22Na uptake into MVM vesicles up to 60 s.
Therefore, initial rate of uptake into vesicles was taken to be at
30 s and equilibrium uptake was taken to be 120 min, as in
previous work (7, 14, 17). The results are shown in Table 3.

Table 1. Clinical details of AGA, SGA, and SGAD groups

AGA
(n 5 12)

SGA
(n 5 11)

SGAD
(n 5 6)

Gestation at delivery
(weeksdays)

392 6 31 393 6 11 383 6 04

Parity 16 0.95 0.66 1.0 0.56 0.83
Maternal smoking

(no. of women)
4 8 4

Birth weight (g) 39506 318 26106 187‡ 26006 428‡
Placental weight (g) 5146 78 3966 44† 3986 55†
Umbilical artery pH 7.246 0.05 7.056 0.02 7.256 0.06

(n 5 6) (n 5 2) (n 5 4)
Umbilical vein pH 7.336 0.10 7.226 0.02 7.346 0.01

(n 5 10) (n 5 2) (n 5 3)

Data are mean6 SD.
* p , 0.05, †p , 0.01, ‡p , 0.001vsAGA (ANOVA and Dunn’s multiple

comparisons).
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Amiloride significantly inhibited22Na uptake at 30 s in all
groups (p , 0.05, Wilcoxon signed rank test). Total22Na 30-s
uptake, amiloride-sensitive 30-s uptake (Na1/H1 exchanger
activity) and equilibrium uptake by first trimester samples were
significantly less than that by second trimester or term AGA
samples (Table 3). In the presence of amiloride,22Na 30-s
uptake by first trimester samples was significantly less than that
by term AGA samples only.22Na uptake by second trimester
vesicles was not significantly different to that at term for any
variable. There was also no significant difference for any
uptake variable between term AGA, SGA, or SGAD groups
(Table 3).

As there were no significant differences between AGA,
SGA, and SGAD groups in terms of22Na uptake, we pooled
data for analysis of any linear relationship with umbilical
plasma pH. We found no significant correlation between either
total or amiloride-sensitive22Na uptake into MVM vesicles
and either umbilical venous (n 5 15) or arterial (n 5 12) blood
pH: the data for amiloride-sensitive22Na uptake is shown in
Figure 1.

NHE protein expression.Figures 2 and 3 show examples of
Western blots with antibodies to NHE1, NHE2, and NHE3.
Negative control blots (no primary antibody) showed no stain-
ing and are not shown. The NHE1 blots show major bands at
approximately 37 kD, 63 kD, 77 kD, and two closely related
bands at 93–97 kD. The latter corresponds to the glycosylated
molecular weight of NHE1 and was used for the densitometry
shown in Figure 4.

The NHE2 blots show three closely related bands at approx-
imately 79 kD (with a very faint band at 77 kD), 81 kD, and
97kD. The latter corresponds most closely to the glycosylated
molecular weight of NHE2 and was used for densitometry.

The NHE3 blots show a band at 37 kD and four closely
related bands at approximately 74 kD, 79 kD, 84 kD, and
95kD. The latter is consistent with the calculated molecular
weight of NHE3 (which is not known to be glycosylated) and
was used for densitometry.

Figure 4 shows the densitometric analysis of protein bands
from Western blots of the study groups. The SGA group was
composed of a combination of placentas from women with
abnormal end-diastolic frequencies in the umbilical artery and
those with normal blood flow. NHE1 expression did not

change across gestation nor did it vary significantly with birth
weight at term. Both NHE2 expression and NHE3 expression
were significantly lower in MVM from both first and second
trimester placentas compared with MVM from term AGA
placentas. There was no difference between first and second
trimester samples or between term AGA and term SGA sam-
ples.

DISCUSSION

The major aims of this study were to determine whether the
Na1/H1 exchanger activity in the microvillous plasma mem-
brane of the syncytiotrophoblast, and expression of Na1/H1

exchanger isoforms in the same membrane, change across the
whole of gestation in normal pregnancy, or in relation to birth
weight in term pregnancy.

MVM vesicles prepared from both the first trimester and
term tissues were similar in protein recovery and purity to
those from previous studies in this laboratory (14, 16, 27). The
recovery of MVM protein increased with gestation, consistent
with our previous reports of a difference between first trimester
and term (14, 27). This increase most likely reflects the in-
crease in the surface area of the microvillous plasma mem-
brane, which begins in the second trimester of pregnancy (28).
With regard to the uptake experiments, the initial rate (total and
amiloride-sensitive) and equilibrium uptakes followed a simi-
lar pattern to those in previous studies in this laboratory (7, 14,
16, 17), although the absolute values were somewhat higher in
the present study. With regard to the Western blots, the anti-
bodies used have been well characterized previously (23–26)
and all produced signals of the expected size. Apart from the
main bands, other smaller bands were also detected. The
identity of these is not known, but they are most likely repre-
sent degradation products or nonspecific binding (although the
control blot, in the absence of primary antibody, gave no
signals). These other bands did not affect our analysis as
densitometry taking all bands into account gave the same
relative quantitative data as did analysis of the selected single
band (data not shown).

This study provides the first evidence for amiloride-sensitive
Na1 uptake into MVM vesicles from second trimester placen-
tas and shows that both this and the amiloride-sensitive uptake
of Na1 by term AGA MVM is significantly different from that
by first trimester MVM. The data are consistent with previous
reports of higher Na1/H1 exchanger activity in the termversus
first trimester MVM (14, 15). Interpretation of the data is
somewhat complicated by the observation that equilibrium
uptake by the first trimester vesicles was also significantly
lower than that in second trimester and term MVM. The
possible explanations for this include a difference in protein
density in the MVM, a difference in the surface-to-volume
relationship for the MVM vesicles, or a difference in fixed
intravesicular charge causing a changed Gibbs-Donnan equi-
librium. In our previous study, we found that equilibrium Na1

uptake by first trimester MVM vesicles was also lower than
that at term, although this was not significant at the 5% level
(14). Furthermore, we have reported that equilibrium Cl2

uptake was higher in first trimester than term MVM (27).

Table 2. Protein recovery and alkaline phosphatase enrichment of
MVM preparations

Protein recovery (mg
vesicle protein/g

placental wet weight)

Alkaline
phosphatase
enrichment

First trimester (n 5 9) 0.086 0.02* 196 5
Second trimester (n 5 12) 0.156 0.08* 186 5
Term AGA (n 5 12) 0.316 0.09 176 2
SGA (n 5 11) 0.376 0.08 186 2
SGAD (n 5 6) 0.326 0.06 186 3

Alkaline phosphatase enrichment is calculated as the activity of the enzyme
in the vesicles divided by the activity of enzyme in initial placental homoge-
nate.

Data are shown as mean6 SD.
* p , 0.01 vs term AGA placentas (ANOVA with Dunn’s multiple com-

parisons).
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Together these data suggest an alteration in the fixed intrave-
sicular charge of the MVM, as gestation proceeds, being the
major explanation for the change in equilibrium ion uptake. If
this is true, then it may account for the change in amiloride-
insensitive (most likely diffusional) initial rate Na1 uptake
between first trimester and term MVM reported here, although
this is unlikely because of the chemical gradient still present at
30 s. Furthermore, a Donnan effect is unlikely to confound the
conclusion of an increased activity of the Na1/H1 exchanger
over gestation, as measured by amiloride-sensitive Na1 uptake
at initial rate.

The second trimester placentas studied were taken early in
that gestational period (14–16 wk) and there is only a relatively
small time period separating this from the first trimester tissue,
which was obtained at 8–11 wk. Hence, there appears to be a
rapid change in the Na1/H1 exchanging properties of the
MVM during this brief period. Early pregnancy appears to be
a key time of change of other properties of the MVM; for
example, we have shown that the membrane potential signifi-
cantly depolarizes between early and late first trimester (29).
We have postulated that such changes contribute to the ability
of the placenta to supply the fetus, whose growth rate accel-
erates in the second trimester (30). Interestingly, there is no
difference in expression of any of the three NHE isoforms
between first trimester and second trimester placenta. The
possible explanations for this are as follows:

1. There is a change in expression of one of the NHE isoforms
which was not studied.

2. Activity of one or more of the three NHE isoforms is greater
in the second trimester MVM compared with the first
trimester MVM due to an up-regulation through, for exam-
ple, phosphorylation or changes in membrane fluidity (31–
33).

3. The permeability of the MVM to protons significantly
decreases at this time and the results are explained by a
more rapid dissipation of the proton gradient across first
trimester MVM rather than a true difference in the Na1/H1

exchanger. In this regard, Mahendranet al. (14) did show
that the proton gradient dissipated more rapidly across first
trimster MVM vesicles compared with term MVM vesicles.

The similarity of Na1 uptake data between the second
trimester MVM and term MVM might suggest that from

Figure 1. Plots of umbilical artery pH (A) and umbilical vein pH (B) vs
amiloride-sensitive22Na uptake by MVM. Linear regression analysis showed
no significant correlation between the variables in either plot: for (A) r2 5 0.07
(n 5 12) and for (B) r2 5 0.031 (n 5 15).f 5 AGA group,E 5 SGA group,
* 5 SGAD group;1 indicates delivery by cesarean section.

Table 3. 22Na uptake into vesicles (nmol/mg protein)

1st
trimester
(n 5 9)

2nd
trimester
(n 5 6)

Term AGA
(n 5 12)

SGA
(n 5 11)

SGAD
(n 5 6)

30 s total uptake 1.76† 2.14 2.20 2.35 2.67
[1.40–1.98] [1.76–3.60] [1.50–3.55] [0.91–3.24] [1.35–4.30]

30 s uptake10.5 mM amiloride 0.29‡ 0.44 0.41 0.41 0.36
[0.10–0.50] [0.20–0.75] [0.34–0.64] [0.22–0.79] [0.31–0.39]

Amiloride-sensitive uptake 1.48* 1.80 1.72 1.98 2.34
[0.92–1.66] [1.01–3.03] [1.16–3.15] [0.38–2.82] [1.01–3.98]

Equilibrium uptake 2.68† 3.73 3.71 4.26 4.00
[1.60–2.90] [3.20–6.00] [2.80–4.70] [2.00–5.70] [2.70–5.40]

Amiloride-sensitive uptake5 [30 s total uptake]2 [30 s uptake1 0.5 mM amiloride].
Data expressed as median [range].
* p , 0.05, †p , 0.01vs 2nd trimester and term AGA; ‡p , 0.05vs term AGA only (Kruskal-Wallis with Dunnett’s multiple comparisons).
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14–16 wk gestation to term, the Na1/H1 exchanging proper-
ties of the MVM remain fairly constant. Interestingly, over this
period, although the expression of the NHE1 isoform does not
change, the expression of both the NHE2 and the NHE3
isoforms in the MVM increases. To understand the relationship
between the activity data and the NHE isoform expression
data, one needs to know the relative contributions of the
activities of the three NHE isoforms to total Na1/H1 exchange
across the MVM and also whether the activities of each
isoform change with gestation. Kulanthaivalet al. (6) have
suggested, using pharmacological techniques, that the NHE1
isoform is the predominant functioning isoform in Na1/H1

exchange across the MVM. The amiloride concentration used
in the present study would be sufficient to inhibit all three NHE

isoforms. Overall, the results suggest that there are complex
changes in both the activity and expression of Na1/H1 ex-
changer isoforms in the MVM over gestation that will require
further work to dissect.

The results of this study agree with those from the previous
study of Mahendranet al. (16) in suggesting that the MVM of
placentas of SGA infants born at term do not have reduced
Na1/H1 exchanger activity compared with that of AGA fe-
tuses. Furthermore, the present study shows that there are also
no changes in expression of NHE1, NHE2, or NHE3 isoforms;
these data are obviously important considering the complex
changes seen over gestation. Interestingly, we found here that
MVM vesicles prepared from placentas of term SGA fetuses
with increased systolic/diastolic ratios on umbilical venous

Figure 2. Western blots representative of those used to analyze NHE1–3
expression in MVM from first, second, and term AGA placentas. The numbers
across the top of each photograph indicate the lanes into which sample protein
was loaded. In each gel, molecular weight markers were loaded inlane 1; these
are not shown but are represented diagramatically, with their molecular
weights in kD.Lanes 2–4are loaded with 10mg of first trimester MVM,lane
5 with 10 mg of second trimester MVM,lane 6with 10 mg of MVM from a
24-wk placenta (not analyzed),lanes 7–10with 10mg of term AGA MVM. All
three blots are the same nitrocellulose membrane, which was stripped and
reprobed as described in “Results.” The arrow indicates the band that was
analyzed for the densitometric data shown in Figure 4.

Figure 3. Western blots representative of those used to analyze NHE1–3
expression in MVM from term AGA and SGA placentas. The numbers across
the top of each photograph indicate the lanes into which sample protein was
loaded. In each gel, molecular weight markers were loaded inlane 1; these are
not shown but are represented diagramatically, with their molecular weights in
kD. Lanes 2, 4, 6,and 8 are loaded with 10mg of MVM from term SGA
pregnancies,lanes 3, 5, 7,and 9 with 10 mg of MVM from term AGA
pregnancies. All three blots are the same nitrocellulose membrane, which was
stripped and reprobed as described in “Results.” The arrow indicates the band
that was analyzed for the densitometric data shown in Figure 4.
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Doppler velocimetry had similar amiloride-sensitive22Na up-
takes as those from placentas of both term AGA and other SGA
fetuses. This contrasts with the results of the study of Glazier
et al. (17), which reported reduced activity of the Na1/H1

exchanger in growth-restricted infants, born either preterm or
at term, compared with a similar group of AGA fetuses.
Glazieret al. (17) did use vesicles that were frozen and thawed
before the uptake studies and also showed a significantly lower
amiloride-sensitive uptake at 30 s than shown in this and other
previous studies from this laboratory on fresh vesicles (7, 14,
16, 17). Thus, this technical consideration might explain the
different results. However, a high proportion of the SGA

fetuses in the study of Glazieret al. (17) were delivered
preterm, because of concern that fetal health and viability was
compromised. Given that, in our present study, preterm deliv-
ery was not necessary, it may be that the infants were not as
severely compromised. Thus, we hypothesize that the activity
of the Na1/H1 exchanger in placental MVM is only affected in
true growth restriction. It should be remembered that our
classification of growth restriction for the purposes of this
study does allow a significant difference in system A amino
acid transporter activity in the MVM of SGA compared with
AGA infants to be demonstrated (16, 17, 34).

Our study here found no simple relationship between um-
bilical plasma pH and placental MVM Na1/H1 exchanger
activity. Some caution needs to be observed in interpreting
these data because of the relatively small number of samples
studied and because of the clinical variables. Nevertheless, a
lack of correlation could be because the exchanger has no role
in the homeostasis of fetal plasma pH, its primary function
being in regulation of intrasyncytiotrophoblast pH (15). How-
ever, we cannot rule out the possibility of acute effects of a
change in umbilical plasma pH on the exchangerin vivo, either
through a direct effect of an altered electrochemical gradient
for H1 across the syncytiotrophoblast plasma membranes, or
hormonally mediated, which does not lead to a permanent
change in activity measurable in the present study.

Finally, it should be remembered that we have only inves-
tigated the MVM in this study. BM Na1/H1 exchanger ex-
pression and activity undoubtedly contributes to the capacity of
the syncytiotrophoblast to deal with an acid load and also needs
to be investigated in relation to fetal growth and pH homeosta-
sis.

In conclusion, this study shows that there is differential
regulation of the activity and expression of Na1/H1 exchanger
isoforms in the microvillous plasma membrane of the placental
syncytiotrophoblast over the course of gestation in normal
pregnancy. There is no reduction in activity or expression of
the Na1/H1 exchanger in the MVM from placentas of term
SGA infants compared with those from term AGA fetuses.
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Regulation of syncytiotrophoblast intracellular pH is critical
to optimum enzymatic and transport functions of the pla-
centa. Previous studies of Na�/H� exchanger (NHE) activity in
the placenta from pregnancies complicated by intrauterine
growth restriction (IUGR) have produced conflicting results.
The possible role of altered placental pH regulation in the
development of acidosis in some fetuses subjected to IUGR
remains to be fully established. We investigated the activity
and protein expression of the NHE in syncytiotrophoblast
microvillous (MVM) plasma membranes isolated from pre-
term and term placentas obtained from uncomplicated and
IUGR pregnancies. Western blotting showed that the expres-
sion of NHE isoforms 1, 2, and 3 was approximately 10-fold
greater in MVM than in basal plasma membrane (BM). Immu-
nohistochemistry localized NHE-1 and NHE-2 to MVM and BM

and NHE-3 to the MVM, BM, and cytoplasm of the syncytiotro-
phoblast. NHE-1 expression in MVM from preterm IUGR pla-
centas was reduced by 55%, compared with gestational age-
matched controls (P < 0.05, n � 6 and n � 16, respectively),
whereas NHE-1 expression was unaltered in term IUGR pla-
centas (n � 8). The activity (amiloride-sensitive Na� uptake)
of NHE in MVM from IUGR preterm placentas was reduced by
48% (P < 0.05, n � 6). In contrast, MVM NHE activity was
unchanged in term IUGR (n � 7). Using Northern blotting, no
difference could be demonstrated in NHE-1 mRNA expression
between IUGR and control groups. The reduced activity and
expression of NHE in MVM of preterm IUGR placentas may
compromise placental function and may contribute to the de-
velopment of fetal acidosis in preterm IUGR fetuses. (J Clin
Endocrinol Metab 87: 5686–5694, 2002)

INTRAUTERINE GROWTH RESTRICTION (IUGR) is as-
sociated with a heterogenous group of conditions rang-

ing from fetal chromosomal aberrations to maternal malnu-
trition. IUGR is the second most important cause of perinatal
morbidity and mortality (1). Adverse effects, however, are
not limited to the perinatal period because IUGR is associ-
ated with sequelae such as permanent neurological damage
(2). Furthermore, during recent years, a pathophysiological
concept has emerged linking IUGR to increased suscepti-
bility to diseases in adult age such as hypertension, type 2
diabetes, and atherosclerosis (3).

The causes of IUGR are multifactorial and largely un-
known; however, altered placental transport has been im-
plicated (4). The placental transporting epithelium, the syn-
cytiotrophoblast, is polarized with an apical microvillous
(MVM) and basal plasma membrane (BM). These two plasma
membranes constitute the major barrier between mother and
fetus, and most nutrients and metabolites are actively or
passively transferred across them to and/or from the fetus.
Evidence for disturbed placental transport across these mem-
branes linked to IUGR is accumulating. For example, IUGR
is associated with reduced activity of the system A amino
acid transporter (5) and taurine transporter in MVM (6).

The placenta is also primarily responsible for elimination
of fetal acid equivalents of respiratory and metabolic origin.
Intrauterine sampling of fetal cord blood has shown that
growth-restricted fetuses are more prone to develop acidosis
in utero than normally grown fetuses (7). This most probably
contributes to the adverse outcome associated with IUGR.
Several major acid/base-regulating proteins have been dem-
onstrated in the placental syncytiotrophoblast. Two key
transporting proteins, the Na�/H� exchanger (NHE) (8) and
the Cl�/HCO3

� exchanger (9) are localized to the microvil-
lous plasma membrane.

The main functions of the NHE are maintenance of intra-
cellular pH, vectorial Na� transport, and cell volume regu-
lation. This family of proteins consists of at least six isoforms,
NHE 1–6, and catalyzes the extrusion of one H� per Na� ion
entering the cell down its electrochemical gradient. Although
NHE-1 is ubiquitously distributed (10), NHE 2–6 have a
more restricted pattern of expression (11, 12). NHE-1 serves
housekeeping functions in most cell types, whereas NHE-2
and -3 are epithelial isoforms, implicated in vectorial Na�
transport. By using Western blotting (13, 14), immunohisto-
chemistry (14), and molecular biology techniques (12, 15),
NHE isoforms have been shown to be present in the syncy-
tiotrophoblast plasma membranes of the human placenta.
Studies on freshly obtained placental villous fragments
loaded with a pH-sensitive dye demonstrated that inhibition
of NHE severely impaired recovery from an intracellular

Abbreviations: AGA, Appropriately grown for gestational age; BM,
basal membrane; MVM, microvillous membrane; NHE, sodium hydro-
gen exchanger; RT, reverse transcription; SSC, saline sodium citrate;
IUGR, intrauterine growth restriction.
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acid load both in first trimester and at term (16). Furthermore,
amiloride-dependent Na� uptake in the presence of a pH
gradient has also been demonstrated in isolated MVM ves-
icles (8, 17). These data suggest a role for NHE in regulating
intracellular pH, which is critical for proper functioning of
the enzymatic and transport functions in the placenta. These
observations also raise the possibility that syncytiotropho-
blast NHEs are involved in removal of acid equivalents from
the fetal compartment.

The activity of NHE in MVM from IUGR and control
placentas has been investigated previously, in term as well
as preterm preparations, and found to be either unaltered (5,
13) or reduced (18). In a study by Hughes et al. (13), it was
suggested that the discrepancy in these studies might be
attributed to the differing definitions for IUGR in each study.
The authors speculated that a reduction in NHE activity in
the MVM might be related to the severity of growth restric-
tion. The present study was designed to test this hypothesis.
We purified MVM and BM from placentas of uncomplicated
appropriately grown for gestational age (AGA) and IUGR
preterm and term pregnancies. We compared the expression
of NHE in MVM with that in BM isolated from the same
placenta. Protein expression of NHE 1–3 was analyzed by
Western blotting and immunohistochemistry. The activity of
NHE was measured using rapid filtration techniques, and
steady-state mRNA levels of NHE-1 were determined by
Northern blotting.

Materials and Methods
Tissue collection

Human placentas were obtained immediately after cesarean section
or vaginal delivery. The collection of placental tissue was approved by
the Committee for Research Ethics at Göteborg University. Gestational
age was determined by ultrasound evaluation at 16–18 wk gestation.
Potential IUGR cases were identified after ultrasound assessment of fetal
size. Following delivery, IUGR was defined as a birth weight 2 sd below
the mean birth weight for that gestational age using intrauterine growth
curves based on ultrasonographically estimated fetal weight (19). A
prerequisite for inclusion of IUGR samples was no other concurrent
disease of the mother, e.g. diabetes or preeclampsia, or known abuse of
drugs. Furthermore, most IUGR fetuses showed signs of fetal compro-
mise such as abnormal Doppler blood flow patterns in the umbilical
artery, acute delivery because of fetal distress, decreased CTG variabil-
ity, tachycardia, and oligohydramnios. Control placentas were matched
for gestational age, with no complications other than prematurity.

Preparation of membrane vesicles

MVM and BM vesicles were prepared as described previously (20).
All preparative steps were conducted on ice and the centrifugation steps
at 4 C. Briefly, placentas were immediately placed on ice after delivery
and vesicle preparation was started within 30 min. Placentas were dis-
sected and the chorionic plate, amniotic sac, and decidua were removed.
Approximately 100 g villous tissue was cut into small pieces and rinsed
with ice-cold physiological saline. Tissue was placed in buffer D [250 mm
sucrose, 0.7 �m pepstatin A, 1.1 �m leupeptin, 0.8 �m antipain, 80 nm
aprotinin, 10 mm HEPES-Tris (pH 7.4), at 4 C] and homogenized using
a polytron (Kinematika AG, Lucerne, Switzerland). The homogenate
was centrifuged twice at 10,000 � g for 15 min and the resulting su-
pernatant was centrifuged at 125,000 � g for 30 min. The pelleted crude
membrane fraction (postnuclear membrane fraction-P2), was resus-
pended in buffer D and 12 mm MgCl2 was added. The resulting sus-
pension was subjected to slow stirring on ice. Subsequently, the
suspension was centrifuged for 10 min at 2,500 � g. The supernatant,
which contained the MVM, was centrifuged for 30 min at 125,000 � g
and the pellet, containing the BM, was further purified by means of a

sucrose step gradient centrifugation. Finally, BM and MVM were cen-
trifuged at 125,000 � g for 30 min and resuspended in an appropriate
volume of buffer D to give a final protein concentration of 5–10 mg/ml.
Vesicles were aliquoted, snap frozen in liquid nitrogen, and stored at
�80 C until use. Experiments were also conducted on vesicles stored at
�4 C overnight after preparation.

Assessment of vesicle purity

Alkaline phosphatase, used here as an MVM marker, is highly abun-
dant in the syncytiotrophoblast microvillous membrane, whereas the
activity of this enzyme is low or absent in other cell membranes in the
human placenta (21). Alkaline phosphatase activity was measured ac-
cording to standard methods (22), and enzyme enrichments were cal-
culated as the activity in the MVM and BM fractions relative to homog-
enate activity. Adenylate cyclase is almost exclusively polarized to the
basal membrane surface of the syncytiotrophoblast cell (23). Therefore,
adenylate cyclase activity was used in this study as a BM marker, by
measuring forskolin-stimulated cAMP production (24). The cAMP was
measured using RIA (NEN Life Science Products, Boston, MA). Tissue
homogenates contain various factors of cytosolic origin that activate
adenylate cyclase (20). Therefore, the adenylate cyclase activity of the
postnuclear membrane fraction was used as the denominator in BM
enrichment calculations.

Isoform-specific antibodies

The polyclonal sera against NHE isoforms 1–3 used in this study were
kind gifts from Prof. M. Donovitz, Johns Hopkins University School
of Medicine, Baltimore, Maryland (NHE-2 and 3), and Prof. Jacques
Pouysségur, Institute of Signaling, Developmental Biology and Cancer
Research CNRS, Nice, France (NHE-1). The monoclonal antibody
against NHE-1 used for immunohistochemistry was purchased from
Becton Dickinson-Transduction Laboratories (Stockholm, Sweden).
Antibodies were carefully screened for specificity when developed (10,
25), and we also tested the antibodies using rat kidney homogenates as
a positive control and elimination of primary for control of nonspecific
binding of the secondary antibody.

Western blotting for NHE 1–3

Membrane proteins from MVM and BM were separated by SDS-
PAGE as follows. Vesicle suspension was thawed on ice and diluted with
buffer D to a protein concentration of 1.5 mg/ml. One volume of 3�
sample buffer [8 m urea, 170 mm SDS, 0.5 mm bromphenol blue, 455 mm
dithiotreitol, 50 mm Tris (pH 6.8), adjusted with HCl] was then added
to two volumes of this diluted vesicle suspension and mixed thoroughly.
Using the mini-Protean II electrophoresis system (Bio-Rad Laboratories,
Inc., Hemel Hempstead, Herts, UK), 10 �g vesicle protein were loaded
on a 7.5% polyacrylamide SDS gel, which was mounted into a holding
cassette surrounded and filled by electrophoresis buffer (25 mm Tris-
base, 192 mm glycine, and 3.5 mm SDS). Appropriate molecular weight
markers were also loaded. Electrophoresis was performed for 40 min at
200 V. Gels were thereafter equilibrated with transfer buffer [25 mm
Tris-base, 192 mm glycine, and 20% (vol/vol) methanol in deionized
water] by gentle agitation for 30 min. The gel was covered with a
nitrocellulose membrane (Hybond-ECL, Amersham International plc,
Buckinghamshire, UK) and was placed in a minitransblot electrophore-
sis transfer cell (Bio-Rad Laboratories, Inc.), covered with buffer, and
transferred overnight at 30 V. The membrane was then blocked for 1 h
in 5% Blotto buffer (0.1 m PBS, 0.1% Tween 20 vol/vol, and 5% nonfat
dry milk w/vol). After washing the membrane in PBS/Tween (0.1 m PBS
and 0.1% Tween 20) the primary antibody (diluted in PBS/Tween with
1.2 mm Thimerosal) was added at a dilution of 1:1000 and incubated for
1 h at room temperature. After washing in PBS/Tween, the secondary
antibody diluted 1:1000 and labeled with horseradish peroxidase was
added and allowed to incubate for 1 h, followed by rinsing in PBS/
Tween. The final detection was done using the ECL Western blot de-
tection system (Amersham International plc, Imaging Processing). Rel-
ative density of the bands was evaluated by densitometry, using
Imaging Processing lab gel (Signal Analytics Corp., Vienna, VA). Control
gels were run during identical conditions but with the primary antibody
omitted. No signal was detected from these blots. Three representative
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control samples were repeatedly run on every gel prepared for analysis. The
density measurements of these samples was averaged and used as an
equalization factor between gels. Once all densitometry values were cor-
rected, the mean of all term control (AGA) samples was determined; this
mean value was arbitrarily assigned a value of 1.0 to facilitate comparisons
between groups.

Immunohistochemistry for NHE 1–3

Tissue samples (�0.3 cm3) were rinsed in ice-cold physiological saline
and placed in a fixation solution containing zinc salts for 10 h (26). The
fixative consisted of a 0.1 m Tris buffer (pH 6.8), with 2.8 mm calcium
acetate, 23 mm zinc acetate, and 37 mm zinc chloride. Subsequently the
tissue was rinsed three times in ice-cold PBS and dehydrated through
a graded series of ethanol to xylene, embedded in paraffin, and sectioned
4 �m thick. Sections were floated on distilled water and mounted on pos-
itively charged slides (SuperFrost plus, Menzel-Gläser, Braunschweig,
Germany). Before experiment, slides were heated to 60 C for 20 min and
allowed to cool. Subsequently paraffin was removed in xylene, followed
by rehydration using a passage through graded ethanol and finally
deionized water. The slides were placed in a 10-mm citrate buffer, pH
6.0, and allowed to reach boiling temperature. Boiling was continued for
15 min, and thereafter the slides were allowed to cool for 60 min and
subsequently placed in 0.1 m PBS. The slides were blocked in 3.0%
normal horse serum and 2.5% nonfat dry milk in 0.1 m PBS (NHS-blotto)
for 30 min at room temperature. Endogenous peroxidases were inhibited
by placing slides in 0.3% hydrogen peroxide in PBS for 30 min. Tissues
were then incubated overnight at 4 C in a humidified chamber with a
monoclonal serum against NHE-1 diluted 1:400 and polyclonal anti-
bodies raised against NHE 2–3, diluted 1:100 in NHS-blotto. Mouse
ascites fluid and preimmune rabbit serum were used at similar dilution
as controls to determine the degree of nonspecific staining. A Vectastain
Elite ABC kit (Vector Laboratories, Inc., Burlingame, CA) was used to
detect the primary antibodies. In short, before addition of secondary
biotinylated antibody, slides were rinsed with three changes of PBS.
Secondary antibody was diluted in 0.1 m PBS and incubated for 60 min.
The secondary was rinsed off with three changes of PBS and ABC
reagent was added. Incubation time was 30 min at RT. Slides were finally
treated with 3,5-diaminobenzidine according to the glucose oxidase
method described by Shu et al. (27). After the appearance of black
reaction product, slides were washed in PBS, dehydrated in graded
ethanol, cleared in xylene, and mounted. Before the dehydration, slides
were counterstained using hematoxylin according to Gill’s formulation
(Vector Laboratories, Inc.)

NHE activity assay

The activity of the NHE in syncytiotrophoblast plasma membrane
vesicles was measured using a published protocol (17) with some mod-
ifications. The method is a rapid filtration technique performed at room
temperature. Briefly, the vesicles were allowed to thaw on ice. Using a
glass homogenizer, they were resuspended in acid-loading buffer, pH
5.6 (25 mm MES, 5 mm Tris, and 150 mm KCl) and allowed to equilibrate
over night at 4 C in centrifuge tubes. Vesicles were subsequently spun
down for 20 min at 50,000 � g. Thereafter they were resuspended in acid
loading buffer to a concentration of 6 mg protein/ml. Until further use
the vesicles were kept on ice. Immediately before assay, the vesicles were
allowed to reach room temperature. After mixing the vesicles, a volume
of 20 �l was withdrawn and mixed with 80 �l uptake buffer [18 mm
HEPES, 12 mm Tris, 150 mm KCl, 1.25 mm NaCl, and trace 22NaCl (pH
7.4)]. The initial extravesicular pH under these conditions was 7.2 and

uptake was allowed to continue for 45 sec at room temperature. There-
after total uptake was terminated by adding 2 ml ice-cold stop buffer [18
mm HEPES, 12 mm Tris, 150 mm KCl (pH 7.5)]. The vesicles were filtered
over nitrocellulose filters mesh size 0.45 mm (Millipore Corp., Bedford,
MA), using a vacuum manifold from the same manufacturer. The filter
was washed further with 3� 2 ml of stop solution. The filter was finally
transferred to a counting vial and counted in a gamma counter (Packard
Cobra Autogamma, Meriden, CT; model 5003). Uptake measurements
were performed in the presence and absence of 0.5 mm amiloride, an
inhibitor of NHE. Initial experiments were performed to determine an
incubation time that was on the linear phase of the uptake time course.
To correct for the degree of nonspecific binding of isotope to the filter,
vesicles were replaced by uptake buffer and filtered, and these values
were subtracted from the incubation values. The sodium uptake in the
presence of amiloride subtracted from the uptake without amiloride was
used as activity measurement for NHE.

RNA extraction and mRNA isolation

Following delivery, placental tissue was randomly sampled from the
trophoblast tissue and immediately placed in extraction solution RNA
stat 60 (Tel-Test, Friendswood, OH) and snap frozen in liquid nitrogen.
RNA was subsequently extracted according to the manufacturer’s in-
structions and dissolved in Rnase free water. The RNA was quantified
by absorbance measurement at 260 nm, and its integrity was assessed
by electrophoresis through a 1.2% agarose-formaldehyde gel. To extract
mRNA, poly-T labeled magnetic Dynabeads were used (DynAl AS,
Oslo, Norway). The extraction was performed according to the manu-
facturer’s instructions and the resulting mRNA was dissolved in 2 mm
EDTA buffer (pH 8).

NHE-1 cDNA probe development using RT-PCR

Total RNA from human kidney was obtained from CLONTECH
Laboratories, Inc. (Basingstoke, UK). Reverse transcription was carried
out using the Superscript II kit according to the instructions of the
manufacturer (BRl-Life Technologies, Inc., Täby, Sweden). The resulting
cDNA was used to generate an 818-nucleotide PCR product using prim-
ers specific for human NHE-1 GenBank accession no. S68616. The se-
quence for the forward primer was 5�ATCAAGGGTGTAGGCGAGAC
and the sequence for the reverse primer was 5�AGGGTGCTGATGAC-
GAAGGT. PCR of 30 cycles was performed at an annealing temperature
of 60 C and a Mg2� concentration of 1.5 mm. Taq-polymerase and 10�
PCR buffer was purchased from Sigma (St. Louis, MO). The resulting
product was electrophoresed on a 1.5% agarose-0.5 m Tris-borate EDTA
gel containing 0.5 mg/ml ethidium bromide. The bands were excised

TABLE 1. Selected clinical data from pregnancies included in the study

Preterm Term

AGA IUGR AGA IUGR

Gestational age (wk) 31.8 � 0.85 32.0 � 1.28 38.8 � 0.37 39.2 � 0.43
Birth weight (g) 1844 � 186 1192 � 173a 3569 � 215 2378 � 85.9a

Placental weight (g) 496 � 43.2 268 � 40.2a 708 � 51.4 431 � 25.7
No. 16 6 8 8

Means � SEM.
a P � 0.05 as compared with AGA groups.

TABLE 2. Alkaline phosphatase activities and enrichments

Preterm Term

Controls IUGR Control IUGR

No. 6 4 5 6
MVM 39.1 � 4.4 34.3 � 15 43.2 � 6.1 69.4 � 11.2
Homogenate 2.6 � 0.57 1.95 � 1.2 3.5 � 0.44 4.9 � 0.99
Enrichment (15.2) (17.5) (12.5) (14.2)

Values are given as mean � SE. Enrichment of marker enzyme
(within parentheses) was calculated as activity in MVM relative to
homogenate. MVM marker (alkaline phosphatase activity, nmol
PO4�sec�1�mg�1).

5688 J Clin Endocrinol Metab, December 2002, 87(12):5686–5694 Johansson et al. • Na�/H� Exchange in IUGR Placentas



and the DNA was extracted by use of a Qiaex II gel extraction kit
(QIAGEN, Chatsworth, CA) in accordance with the manufacturer’s in-
structions. The identity of the PCR product was confirmed by restriction
enzyme analysis and sequence analysis. The resulting DNA was quan-
tified and stored at �80 C in RNase-free water until further use.

Northern blotting for NHE-1

Two milligrams of mRNA per lane were suspended in 50% form-
amide and 15% formaldehyde and separated by electrophoresis through
a 1.2% agarose-formaldehyde gel. The RNA was blotted onto a nylon
membrane (Hybond XL, Amersham Pharmacia, Uppsala, Sweden) by
capillary transfer. Following transfer the RNA was cross-linked to the
membrane using an UV Stratalinker 1800 (Stratagene, La Jolla, CA). The
DNA probe for NHE-1 was generated by PCR as described above and
the 18 S DNA probe used for detection of a housekeeping RNA species
was purchased from Ambion, Inc. Prehybridization in 7 ml hybridiza-
tion buffer was performed for 60 min at 65 C (Rapid hyb buffer, Am-
ersham Pharmacia). The probes for NHE-1 and 18 S rRNA were labeled
with 32P-labeled dCTP using the ready prime II system (Amersham
Pharmacia) and added to the prehybridization solution according to the
manufacturer’s instructions. Hybridization was performed for 12 h.
Finally the blot was washed as follows: one wash using 2� saline sodium
citrate (SSC), 0.1% SDS at 65 C for 5 min, two washes using 0.3� SSC,
0.1% SDS at 65 C for 10 min each, and finally two washes using 0.1� SSC,
0.1% SDS at 65 C for 10 min each. The membrane was wrapped in plastic
film and exposed to Hyperfilm (Amersham Pharmacia) using an inten-
sifying screen. Exposure was allowed for 20 h at �80 C. Signal was
quantified using densitometry. Data are expressed as the ratio of NHE-1
signal to 18S signal for each sample loaded.

Data and statistical presentation

Data are given as mean and sem unless otherwise indicated. To
evaluate data statistically, t test and ANOVA were used and statistical
significance was at the P less than 0.05 level.

Results
Clinical data

Table 1 shows selected clinical characteristics of the pa-
tients included in this study. Birth weights and placental
weights were significantly lower in the IUGR samples, com-
pared with AGA samples in both the term and preterm
groups.

Purity of membrane vesicles

Alkaline phosphatase, the marker for MVM, activities for
placental homogenate and MVM are shown in Table 2. Al-
kaline phosphatase activity was enriched 15-fold and 18-fold
in the MVM fractions from preterm AGA and IUGR placen-
tas, respectively, and 13-fold and 14-fold in the MVM frac-
tions from term AGA and IUGR placentas, respectively. The
enrichment of alkaline phosphatase was not significantly
different between groups. For analysis of NHE isoform dis-
tribution in MVM and BM, a BM fraction was used that has

FIG. 1. A, Western blots of syncytiotrophoblast plasma membranes used for assessment of NHE isoforms 1–3 expression in MVM (M) and BM
(B). Protein was loaded 10 �g per lane. All antisera were polyclonal. The NHE 1–3 antibodies detected significant bands of 94, 97, and 97 kDa,
respectively. B, The densitometry analysis of Western blots probed for NHE-1, NHE-2, and NHE-3 in MVM and BM from normal term placentas.
�, MVM; f, BM. MVM values were normalized to the value of 1 and BM values adjusted accordingly. Data are shown as mean and SEM. n �
4 and *, P � 0.05. Paired t test.
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been characterized previously. Adenylate cyclase activity in
BM was enriched 29-fold, compared with the activity in the
P2 fraction.

Immunoblotting

Western blot analysis of term syncytiotrophoblast MVM
and BM demonstrated the presence of NHE isoforms 1–3 in
both MVM and BM. Representative Western blots are shown
in Fig. 1A. The relative expression of the NHE-1, NHE-2, and
NHE-3 isoforms in the BM was 11 � 3% (n � 4, P � 0.02),
6 � 1% (n � 4, P � 0.03), and 13 � 1% (n � 4, P � 0.01),
respectively, of that in MVM (Fig. 1B). Multiple bands for
NHE have been previously reported and appear to reflect
deglycosylated or partially glycosylated forms of the mature
protein (28). In our analysis we included all bands between
90 and 110 kDa. Figure 2A shows a representative blot used
for determining the expression of NHE-1 in MVM from AGA
and IUGR preterm and term placentas, and these experi-
ments are summarized in Fig. 2B. The NHE-1 expression in
MVM from IUGR preterm placentas was reduced by 55%,
compared with gestational age-matched AGA controls (P �
0.05, n � 6 for IUGR, n � 16 for AGA). In contrast, NHE-1

protein expression was unaltered in MVM from term IUGR
placentas, compared with AGA controls (n � 8). No rela-
tionship was found between mode of delivery and NHE-1
expression in either the AGA or IUGR groups. The expres-
sion of NHE-2 and NHE-3 protein was not significantly dif-
ferent in IUGR groups, compared with controls (data not
shown).

Immunohistochemistry

Using immunohistochemistry, NHE-1 and NHE-2 iso-
forms were identified in the MVM and BM of term syncy-
tiotrophoblast (Fig. 3, A and B). NHE-3 staining was detected
through the full thickness of the syncytiotrophoblast cyto-
plasm (Fig. 3C). No staining could be detected in the control
sections, (Fig. 3D).

NHE activity

In BM, no NHE activity could be demonstrated because
amiloride inhibitable uptake of Na� was not significantly
different from zero (data not shown). NHE activity in MVM
is shown in Fig. 4. The activity of preterm control and IUGR
vesicles were 1.55 � 0.16 nmol/mg protein per 45s (n � 6)
and 0.81 � 0.26 nmol/mg protein per 45s (n � 6), respec-
tively. This difference was statistically significant (P � 0.05,
ANOVA). In term placentas the activity of control MVM
(1.1 � 0.08 nmol/mg protein per 45s, n � 7) was similar to
that in IUGR MVM (1.02 � 0.15 nmol/mg protein per 45s,
n � 7). No significant difference was detected between the
preterm and term AGA groups using ANOVA. There was no
significant difference in NHE activity between cesarean (n �
8) and vaginal (n � 5) deliveries when the IUGR and AGA
term samples were pooled.

Northern blotting

The results of northern blotting using a PCR-generated
DNA probe against NHE-1 mRNA and 18S RNA are shown
in Fig. 5. The size of the NHE-1 mRNA detected was 4.5 kb,
agreeing well with that predicted from sequence data (15).
The results of hybridization with a probe against 18S RNA
gave the predicted size of 1.9 kb. Figure 5B shows the NHE-
1/18S densitometry ratio (mean � sem) obtained for IUGR
and AGA samples from preterm and term pregnancies. No
significant differences were found between groups by
ANOVA.

Discussion

In the present study, we demonstrate by Western blotting
that isoforms 1–3 of NHE are distributed primarily to the
MVM in placental syncytiotrophoblast and also to the BM at
lower abundance. We provide immunocytochemical evi-
dence for the distribution of NHE-1 and -2 to the MVM and
BM of the syncytiotrophoblast and of isoform 3 to the MVM,
BM, and cytoplasmic compartment. These findings are con-
sistent with our demonstration of functional NHE in MVM.
We further demonstrated that in MVM obtained from pre-
term IUGR pregnancies, the activity of the NHE is reduced,
compared with gestational age-matched AGA controls. This

FIG. 2. A, A representative Western blot showing MVM from preterm
AGA and IUGR placentas probed for NHE-1. TA, Term AGA; PI,
preterm IUGR; PA, preterm AGA. Protein was loaded 10 �g per well.
B, The results of the densitometry analysis of the Western blots. AGA
and IUGR samples from preterm and term preparations were ana-
lyzed. All data are expressed relative to term AGA MVM values,
which were normalized to a value of 1. Data are shown as mean and
SEM. *, P � 0.05. ANOVA.
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corresponds to a reduced NHE-1 protein expression in pre-
term IUGR MVM samples, compared with preterm AGA
controls. In a small number of samples, Northern blotting
showed no significant difference between IUGR and AGA
with regard to NHE-1 mRNA levels in term or preterm
groups. The lack of correlation between protein expression
and mRNA in this study might be due to the small sample

size in the Northern analysis. Other explanations for this
discrepancy include a posttranscriptional regulatory level of
control for NHE in the placenta. A recent study of NHE-1 in
the developing murine heart also found a discrepancy be-
tween RNA and protein expression with NHE-1 protein ex-
pression reaching a peak at 14 d after birth, but no significant
increase in NHE-1 promoter activity using a green fluores-

FIG. 3. Sections of zinc-fixed human full-term placenta stained with a monoclonal antibody to the NHE-1 (A) and polyclonal antibodies for
NHE-2 (B) and NHE-3 (C). Arrows indicate MVM, and arrowheads indicate BM. Also included is a control section in which antiserum was
replaced with preimmune serum of similar dilution (D). With the exception of NHE-3, all sections were counterstained with hematoxylin.
Magnification, �800. Scale bar, 20 �M.
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cent protein reporter could be detected (29). Mechanisms
behind these results are unclear at present.

To the best of our knowledge, this is the first study using
immunohistochemistry to describe the distribution of NHE-2
in placental tissue. Recently Pepe et al. (14) showed the dis-
tribution of NHE-1 and NHE-3 in primate placental tissue,
and our results are consistent with their findings. All three
isoforms are located in the MVM and BM of the placental
syncytiotrophoblast. NHE-3, however, also shows intense
staining in the cytoplasm. This is in agreement with studies
of other epithelia showing storage of this isoform in plasma
membrane vesicles called recycling endosomes (30, 31).
These endosomes are incorporated into the apical mem-
branes on demand and represent a dynamic and mobile pool
of NHE-3 in e.g. renal epithelium (30, 31). This also appears
to be the case in the human syncytiotrophoblast. The results
from immunocytochemistry were supported by Western
blotting of MVM and BM, where the presence of NHE 1–3
was detected not only in MVM but also in the BM, albeit at
approximately 10-fold lower expression than in MVM. How-
ever, we were unable to measure any NHE activity in the BM.
This is at odds with the NHE activity in BM described by
Kulanthievel et al. (8). Also, in Fig. 3A using immunohisto-
chemistry, we showed that NHE-1 is clearly located at both
the MVM and BM. Immunohistochemistry, however, is not
a quantitative method but rather a qualitative technique, and
the staining density therefore can not be used to compare the
expression of NHE-1 in MVM and BM. The low abundance
of NHE in our BM preparations, as detected by Western
blotting is probably the primary reason for not detecting
NHE activity in the BM fraction.

In other polarized transporting epithelia, such as the renal
and intestinal, a consistent pattern is observed with regard
to NHE isoform distribution. NHE-2 and NHE-3 are inserted
into the apical membranes, and NHE-1 is distributed to the
basolateral membrane (32). This asymmetrical distribution
dictates the function of NHE isoforms in these epithelia. The
basal localization of NHE-1 is thought to mainly regulate

intracellular pH, and the apical NHE-2 and -3 aid in vectorial
Na� transport (33). The placental syncytiotrophoblast dis-
plays a different pattern of polarization, with the greatest
abundance of all three isoforms localized to the MVM. The
significance of this unique polarization remains to be fully
determined. The high abundance of NHE isoforms in MVM
is consistent with protons being transported from the syn-
cytiotrophoblast into the maternal circulation for subsequent
elimination by the maternal kidney. Besides pH regulation of
the syncytiotrophoblast, placental NHE is likely to be in-
volved in vectorial Na� transport (34). The anion exchanger
is also more abundant in the MVM than in the BM (35) and
possibly acts in conjunction with NHE to perform vectorial
NaCl transport. Furthermore, these exchangers could be im-
portant for creating an acidic microenvironment in the vi-
cinity of the MVM. This is the case in the small intestine in
which the increased extracellular proton concentration en-

FIG. 4. NHE activity in placental MVM from term and preterm pla-
centas from AGA and IUGR fetuses. Activity was measured as amilo-
ride inhibitable 22Na uptake. Mean and SEM; *, P � 0.05 by ANOVA.

FIG. 5. A, Northern blot analysis of NHE-1 mRNA and 18S RNA from
term and preterm placentas. A, AGA; I, IUGR. Preterm samples are
on the left, and term samples on the right. The size of NHE-1 message
was 4.5 kb and the size of 18S RNA was 1.9 kb. B, The levels of NHE-1
message were normalized to the signal of 18S RNA, and the results
are shown as mean and SEM.
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hances the uphill transport of oligopeptides (36, 37). The
presence of cotransporters coupling the uptake of protons to
import of lactate (38), organic cations (39), and peptides (40)
have been described in placental MVM. The expression of
NHE in BM implies that the syncytiotrophoblast has the
capability to transport protons into the fetal compartment.
However, our data suggest that NHE activity in BM, if
present, is likely to be low. It is possible that NHE localized
in the fetal facing plasma membrane may be important for
optimal function of other transporters by establishing an
acidic microenvironment.

Having established the normal distribution of the NHE
isoforms in placental tissue, we compared MVM isolated
from AGA and IUGR pregnancies, both term and preterm
samples. Earlier studies have produced potentially divergent
results on this matter. In a study by Mahendran et al. (5), NHE
activity was not altered in MVM from term IUGR, compared
with term AGA. In a subsequent study by Glazier et al. (18)
in which IUGR samples were obtained primarily from pre-
term deliveries, a significant reduction in MVM NHE activity
in IUGR was found in comparison with gestational age-
matched AGA. In a more recent study by Hughes et al. (13)
in which term small-for-gestational-age and AGA samples
were studied, no differences in NHE activity or protein ex-
pression could be detected. These investigators suggested
that the conflicting results concerning NHE activity and ex-
pression in IUGR might stem from differences related to the
severity of growth restriction. The study of Glazier et al. (18)
used a stricter definition of IUGR, and the majority of their
samples were delivered preterm because of indications of
deteriorating fetal health and viability. We have examined
both preterm and term IUGR and found MVM NHE activity
and NHE-1 expression were down-regulated in the preterm
IUGR group, compared with age-matched controls. The fact
that preterm IUGR MVM, but not term IUGR MVM, show a
significant reduction in NHE might indicate that the two
groups are associated with different pathophysiological con-
ditions. In this study five of six preterm IUGR fetuses were
delivered by cesarean section because of overt signs of fetal
distress and compromise. The IUGR fetus delivered preterm
therefore appears to have a decreased capacity to maintain
basic homeostatic parameters. The term IUGR fetuses might
represent a subgroup of growth-restricted fetuses with less
severe growth restriction and/or better compensatory mech-
anisms that allow those pregnancies to progress to term. We
suggest that the current study using strict criteria in defining
IUGR combined with a spectrum of gestational ages is crucial
in assessing NHE activity and expression in IUGR. The ear-
lier studies of MVM NHE in IUGR can be rationalized by
defining two IUGR populations, one that is associated with
severe fetal compromise, reduction of placental pH regula-
tory capacity, and preterm delivery, and the other having less
pronounced complications, normal pH regulatory capacity,
and delivery at term.

At present, little is known about the function of NHE
isoforms 1–3 in the human placenta. Data in primary villous
samples (16), a choriocarcinoma cell line (41), and isolated
membrane vesicles (8, 17) suggest that NHE represents one
of the key mechanisms for intracellular pH regulation in the
syncytiotrophoblast. This study shows that NHE activity and

NHE-1 expression are reduced in MVM from preterm IUGR
placentas. A decreased capacity to clear the syncytiotropho-
blast of protons might adversely affect placental enzymatic
and transport functions. For example, the activity of the
amino acid transporter system A is highly sensitive to pH (42,
43). A reduction in NHE activity could lead to lower intra-
cellular pH, which may impair nutrient transport and other
placental functions. IUGR fetuses are prone to develop
chronic acidosis in utero (44). It is likely that several factors
contribute to this acidosis such as impaired placental blood
flow resulting in hypoxemia (7) and reduced fetal kidney
function (45). It is ultimately the placenta that is responsible
for removing acid equivalents from the fetal compartment,
either by transporting protons to the mother or bicarbonate
to the fetus. Although the mechanism involved remains to be
fully established, it is likely that transcellular transport of
protons across the syncytiotrophoblast plays a role in the
regulation of fetal pH. In such a transcellular transport route
for protons NHE in the microvillous plasma membrane of the
syncytiotrophoblast represents a key mechanism. We there-
fore speculate that the decreased MVM NHE protein expres-
sion and activity in preterm IUGR contributes to the devel-
opment of fetal acidosis.
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We investigated the polarization of -lactate transport in human syncytiotrophoblast by measuring uptake of [14C] -lactate by
both microvillous (maternal-facing; MVM) and basal (fetal-facing; BM) plasma membranes. [14C] -lactate uptake by MVM and
BM was stimulated in the presence of an inwardly directed H+ gradient, with a significantly higher uptake in MVM than in BM
at initial rate (15.4�2.3 vs 5.6�0.6 pmol/mg protein/20 sec). Stereospecific inhibition was observed in MVM, with a higher
affinity for -lactate compared with -lactate. In BM, there was no difference in the inhibition by these two stereoisomers.
Inhibition of lactate uptake in both MVM and BM by 4,4#-diisothiocyanatostilbene-2,2#-disulfonic acid (DIDS), an inhibitor of
monocarboxylate transporter (MCT) activity, indicated MCT-mediated mechanisms across both membranes. Kinetic modelling
supported a two-transporter model as the best fit for both MVM and BM, the Km of the major component being 6.21 m and
25.01 m in MVM and BM respectively. Western blotting and immunolocalization examining the distribution of MCT1 and
MCT4, showed that MCT expression was polarized, MCT1 being predominantly localized to BM and MCT4 showing greater
abundance on MVM. CD147, a chaperone protein for MCT1 and MCT4, was equally expressed by both membranes. These
studies demonstrate that the opposing plasma membranes of human syncytiotrophoblast are polarized with respect to both MCT
activity and expression.

� 2004 Elsevier Ltd. All rights reserved.Placenta (2004), 25, 496–504

INTRODUCTION

In many animals, and possibly in man, lactate acts as an
important metabolic fuel for fetal tissues such as heart, skeletal
muscle and brain [1], supplied by placental lactate production
or transfer [2]. In other circumstances, such as fetal growth
restriction due to placental insufficiency, the fetus may become
a net producer of lactate [3,4], and under these conditions the
fetomaternal flux of lactate will become important. It is
therefore essential to understand the mechanisms by which
lactate can be net transported across the exchange barrier of
the human placenta in either direction depending on physio-
logical requirements. This exchange barrier consists essentially
of the syncytiotrophoblast and the fetal capillary endothelium.
The syncytiotrophoblast is the transporting epithelium of the
placenta and has a maternal-facing, microvillous plasma mem-
brane (MVM) and a fetal-facing, basal plasma membrane
(BM). Vectorial transport across the syncytiotrophoblast will
be dependent on the relative transport properties of MVM
and BM.

Placental lactate transport by haemochorial placentae has
been investigated previously, using both animal and human

models, including placental perfusion studies and isolated
plasma membrane vesicles. Perfusion studies suggest that
lactate is transferred across the placenta by means of an
inhibitable, stereospecific (between - and -lactate) trans-
porter [5–7]. Isolated plasma membrane vesicle studies have
demonstrated uptake of radiolabelled -lactate across both
apical and basal plasma membranes of human and rat placenta,
that is stimulated by an inwardly directed H+ gradient indica-
tive of lactate/H+co-transport [8–12]. These studies have
further demonstrated that the stoichiometry of lactate/H+

co-transport is 1 : 1, that lactate transport can be competitively
inhibited by other monocarboxylates, and that it can be
trans-stimulated by both lactate and pyruvate.

These observations are consistent with the notion that
movement of lactate across both MVM and BM is mediated by
a carrier-dependent mechanism with similarities to the
lactate/H+ co-transporters found in other tissues [13,14].
However, the molecular identity of the placental lactate
transporter(s) has not been determined.

Recently a number of monocarboxylate transporters
(MCTs) have been identified and cloned that have the char-
acteristics of lactate/H+ co-transporters [14–16]. There are at
least nine members of the MCT family, the different MCT
isoforms being distinguished by their kinetics, substrate and
inhibitor specificity [14–17]. MCTs are widely distributed
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across a range of tissues, with each MCT isoform showing a
distinct tissue distribution, perhaps related to the metabolic
requirements of the tissue in which it is expressed [14–16].
Furthermore, some tissues express more than one MCT
isoform, even within the same cell type [14]. In this regard it is
worth noting that the human placenta, in common with other
tissues, shows multiple expression of MCT isoforms at mRNA
level, most notably MCT 1, 4, 5 and 6 [15]. However, at the
protein level, the expression and localization of MCT isoforms
in the syncytiotrophoblast of human placenta has not been
investigated. Moreover, recent studies have indicated that an
ancillary or chaperone glycoprotein, CD147, is important for
the translocation and/or correct localization of MCT1 and
MCT4 transporters to the plasma membrane, binding tightly
to MCT1 and MCT4 protein at this locus [18]. Whether there
is a similar association between syncytiotrophoblast MCT
isoforms and CD147 has not been examined, but such an
association is likely to influence MCT activity.

The purpose of this study was to test the hypothesis that
there is polarization of MCT activity and expression in the
syncytiotrophoblast of term human placenta. In order to do
this we: (1) Compared lactate transport systems in term
placental MVM and BM using a strategy that examined
transport rate, kinetics, stereoselectivity for - and -lactate
isomers, and inhibition by 4,4#-diisothiocyanatostilbene-2,2#-
disulfonic acid (DIDS), an inhibitor of MCT1 [14]. (2)
Examined, by Western blotting and immunolocalization,
whether MCT isoforms 1 and 4 are expressed by MVM and
BM of the syncytiotrophoblast, and therefore might be
involved in mediating placental lactate transport. (3) Exam-
ined, by Western blotting, the relative distribution of CD147
in syncytiotrophoblast plasma membranes.

MATERIALS AND METHODS

Chemicals

-[U-14C] Lactic acid (152 mCi/mmol) and [3H] dihydroal-
prenolol (DHA) (75 mCi/mmol) were purchased from
Amersham Biosciences UK Limited (Little Chalfont, Bucks,
UK). - and -lactic acid, avidin peroxidase and streptavidin
FITC were purchased from Sigma Chemical Co. (Poole,
Dorset, UK). DIDS was purchased from Molecular Probes
(Cambridge Biosciences, Cambridge, UK). MCT1 and MCT4
antibodies were kindly donated by Prof. A. Halestrap
(University of Bristol, UK). CD147 antibody was supplied by
Biogenesis Limited (Poole, Dorset, UK). Secondary antibodies
were from Dako Limited (Ely, Cambridgeshire, UK) and
Amersham Biosciences UK Limited. Protein block used in
immunohistochemistry was purchased from Dako Limited. All
other chemicals were of reagent grade.

Isolation of MVM and BM vesicles

Using a protocol agreed by the local ethics committee, placen-
tae from normal term pregnancies were collected within

30 min of delivery. MVM and BM vesicles were prepared as
described previously [19,20]. Membrane purity was assessed
by measuring the enrichment of alkaline phosphatase (MVM
marker) and DHA binding (BM marker), as described pre-
viously [19–21]. The protein concentration of membrane
fractions and placental homogenate was measured by the
method of Lowry et al. [22].

[14C] -lactate uptake measurements

Vesicles were suspended in intravesicular buffer (IVB; 18 m
HEPES, 12 m Tris, 300 m mannitol, pH 7.6) and stored at
4(C prior to use within 48 h. On the day of use vesicles were
diluted to a protein concentration of 10 mg/ml with IVB.
Timed uptakes of [14C] -lactate were carried out (at room
temperature, 22–26(C) in the presence or absence of an
inwardly directed H+ gradient.

Uptakes were initiated by addition of 20 µl vesicle suspen-
sion to 100 µl extravesicular buffer (18 m HEPES, 12 m
Tris, 300 m mannitol, pH 7.6, or 25 m MES, 5 m Tris,
300 m mannitol, pH 5.6) containing 5 µ [14C] -lactate. In
the latter case the resultant pH was 5.7. Uptakes were
terminated by addition of 2 ml of ice cold ‘stop’ solution
(18 m HEPES, 12 m Tris, 150 m KCl, pH 7.5) followed
by rapid filtration. Non-specific binding of radiolabel was
determined at equilibrium (180 min) following disruption of
vesicle integrity with 0.2 per cent Triton.

To study the inhibition and kinetics of lactate transport in
MVM and BM, uptakes of 5 µ [14C] -lactate was measured
in the presence of an inwardly directed H+ gradient at 20 sec
(taken to approximate to initial rate; see Results) in the
presence of DIDS (1 and 5 m), or a range of concentrations
of - or -lactate (5 µ to 120 m).

Western blotting

Western blots were prepared using paired MVM and BM
isolations from the same placenta. Samples to be probed with
MCT1 and MCT4 antibodies were prepared under reducing
conditions as described previously [23]. For CD147 blots,
samples were reduced in sample buffer (2.2  urea, 79 m
SDS, 11 per cent (v/v) glycerol, 16.5 µ bromophenol blue,
5 per cent �-mercaptoethanol, 70 m Tris–HCl, pH 6.8) by
heating at 95(C for 5 min. Following SDS–PAGE (7 per cent
gel) and electrotransfer on to nitrocellulose membrane, blots
were blocked with 3 per cent milk protein in Tris-buffered
saline/0.05 per cent Tween for 1 h. Membranes were probed
with 1 : 400 MCT1, 1 : 400 MCT4 or 1 : 200 CD147 anti-
bodies. Negative controls were prepared by omission of pri-
mary antibody. Immunoreactive species were detected with
horseradish peroxidase-conjugated goat anti-rabbit antibody
(1 : 2000, Dako) for MCT1 and MCT4 or sheep anti-mouse
antibody (1 : 1000, Amersham) for CD147, followed by
enhanced chemiluminescence.
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Signal intensity was analysed by densitometry (Biorad
GS700 Imaging Densitometer) using Molecular Analyst
software (Biorad).

Immunohistochemistry

Term placenta was collected within 30 min of delivery and
1cm sections were cut midway between the basal and chorionic
plates. Sections were then frozen in cooled isopentane and
stored at �80(C until further use. Sections (6 µm) were cut
on to 3 per cent aminopropyltriethoxysilane (APES) coated
slides [24].

Endogenous peroxidase activity was inhibited with 10 per
cent (v/v) hydrogen peroxide, and tissue cryosections were
incubated for 10 min in protein block prior to antibody
incubation (1 : 100, anti-MCT1 or anti-MCT4) at 4(C over-
night. Sections were incubated with the secondary antibody
(biotinylated swine anti-rabbit, 1 : 200) and streptavidin FITC
(1 : 50). Antibody binding sites were revealed by incubation
with 50 µl avidin peroxide solution (prepared as 1520 µl
0.125  Tris-buffered saline+80 µl avidin peroxide), pre-
viously shown to reduce background staining [25]. Slides were
washed and given a final staining with methyl green.

Statistical analysis

Data are presented as mean�, with n=the number of
placentae studied. Statistical analyses, by paired or unpaired
t-tests or by analysis of variance (ANOVA) and post hoc tests
as appropriate, were performed using Prism version 3.00
(Graphpad Software Inc.).

Kinetic modelling of -lactate competitive inhibition curves
was achieved by comparison to the Michaelis–Menten
equations with up to two saturable components with or
without a non-saturable diffusion component (SIMFIT ver-
sion 5.4; W.G. Bardsley, University of Manchester; http://
www.simfit.man.ac.uk). The SIMFIT computer package
supports curve fitting of data with discrimination of kinetically
distinct transporters by determination of the best-fit to the
Michaelis–Menten equation. The data were fitted using a
program within SIMFIT which assumes the kinetic transfor-
mation process is the same whether the substrate is radio-
labelled or not, so if the radiolabelled substrate concentration is
fixed ([hot]), the initial rate of uptake (y) will be proportional
to the concentration of unlabelled substrate ([cold]) added,
allowing isotope displacement kinetics to be modelled to the
following equation:

y�
d[hot]

dt
��

i�1

n Vmaxi
[hot]

Kmi
�[hot]�[cold]

�D[hot]

where i=1 to n, the number of independent and kinetically
distinct transporters, [hot]=specifed concentration of radio-
labelled substrate which is fixed, [cold]=concentration of

unlabelled substrate, Km=Michaelis constant, Vmax=maximal
velocity, and D=diffusion component.

The best fit to the data was determined by the F test,
comparing the closeness of fit (weighted sum of squares of the
variance) against the number of parameters in the model.

RESULTS

Membrane vesicle enrichments

Alkaline phosphatase enrichments were 24.1�1.9 and
0.96�0.15 in MVM (n=16) and BM (n=10) respectively, with
DHA binding enrichments of 26.4�1.5 in BM (n=10).

[14C] -Lactate uptake

Effect of inwardly directed H+ gradient. Uptake of [14C] -lactate
was examined in the presence or absence of an inwardly
directed H+ gradient (pHo 5.6, pHi 7.6). In both MVM and
BM, [14C] -lactate uptake was stimulated by the presence of
an inwardly directed H+ gradient, and demonstrated overshoot
above equilibrium (Figure 1A and B). Equilibrium uptake of
14C -lactate in the presence of 0.2 per cent Triton, to disrupt
membrane integrity, was 1.5 per cent and 7.0 per cent of that
under control conditions for MVM and BM respectively,
indicating that uptake was predominantly into an intravesicular
space.

Figure 1C shows that H+-driven [14C] -lactate uptake is
linear over the first 25 sec in both MVM and BM. However,
the magnitude of uptake, at the 20 sec time point (taken as
initial rate), is significantly higher in MVM than in BM
(15.4�2.3 vs 5.6�0.6 pmol/mg protein, n=10 and n=6
respectively, P<0.01, two tailed unpaired t-test). All
subsequent measurements were made at 20 sec.

Effect of - and -lactate. Both - and -lactate stereoisomers
inhibited uptake of 14C -lactate by MVM and BM in a
concentration dependent manner (Figure 2). However, in
MVM the inhibition curves were significantly different
(P<0.01, two way ANOVA) with a shift to the right in the
inhibition curve for -lactate, indicating that the transporter
had a lower affinity for this isomer (Figure 2A). This was
reflected in the significantly lower EC50 for -lactate
(1.67�1.31 m), compared to that for -lactate (7.98�
1.38 m, P<0.001, two tailed t-test). In contrast, there was no
difference between the inhibition curves for - and -lactate in
BM (Figure 2B).

Kinetic modelling, using non-linear regression analysis,
revealed the model of best fit for both MVM and BM was two
saturable transporters and no diffusional component, as
demonstrated in Figure 3. The kinetic characteristics
for each transport system were Km1=6.21�2.57 m,
Vmax1=11 273�2170 pmol/mg protein/20 sec and
Km2=0.19�0.01 m, Vmax2=342�213 pmol/mg protein/
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20 sec in MVM and Km1=25.01�5.15 m, Vmax1=26271�
3890 pmol/mg protein/20 sec and Km2=0.25�0.25 m,
Vmax2=69�80 pmol/mg protein/20 sec for BM (n=3 for all).

Effect of DIDS. Uptake of 14C -lactate could be significantly
inhibited by the addition of 5 m DIDS in both MVM and
BM (Table 1). In MVM, 1 m DIDS was also effective in
significantly inhibiting lactate uptake (P<0.01, two-tailed
unpaired t-test, n=5), but this concentration of DIDS had no
effect on lactate uptake by BM in a smaller study (n=2).

Western blotting

MCT1, MCT4 and CD147. Probing of Western blots with an
antibody to MCT1 revealed a single band at 42 kDa, the
intensity of which was consistently more pronounced in BM
than MVM in each of the four sets of membrane pairs isolated

Figure 1. Uptake of [14C] -lactate (5 µ) into (A) MVM or (B) BM vesicles
in the presence or absence of an inwardly directed H+ gradient (mean�,
(A) n=1–11, (B) n=4–5). j=inwardly directed H+ gradient (pHo 5.6, pHi 7.6).
B=no H+ gradient (pHo 7.6, pHi 7.6). *=uptake in presence of 0.2 per cent
triton. (C) shows linearity of uptake in both membranes over first 25 sec, and
the higher uptake in MVM (%, n=10) compared to BM (,, n=6) (15.4�2.3
vs 5.6�0.6 pmol/mg protein/20 sec, P<0.01, two tailed unpaired t-test).

Figure 2. Effects of unlabelled -lactate (j) and -lactate (:) (5 µ to
120 m) on [14C] -lactate (5 µ) uptake into (A) MVM or (B) BM, measured
at 20 sec. pHo 5.6, pHi 7.6 (mean�, (A) n=2 to 6, (B) n=3 to 4).
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from the same placenta (Figure 4A), reaching statistical sig-
nificance at the 8 per cent level (Figure 4D). Probing with
antibody to MCT4 revealed a single band at 44 kDa in all
lanes, but in contrast to the pattern observed for MCT1, signal
intensity was weaker in BM compared with MVM for each of
the paired plasma membrane isolations (Figure 4B), this
difference being significant between membranes (P<0.05,
Figure 4D). For CD147, however, a single band at 48 kDa was
readily detectable in all lanes, with comparable signal intensity
between MVM and BM (Figure 4C and D). In the absence of
primary antibody signal was abolished in all cases (data not

shown). The molecular mass for each of these proteins agrees
well with that previously determined by SDS–PAGE [18].

Immunolocalization

MCT1 and MCT4. Immunohistochemistry with MCT1 anti-
body demonstrated relatively intense staining of BM, with no
visible staining of MVM (Figure 5A). This contrasted with the
localization of MCT4 to both MVM and BM, with more
prevalent staining of MVM (Figure 5B). No staining was
detected in the absence of primary antibody (data not shown).

DISCUSSION

This study represents the first to directly compare not only
lactate transport, but also CD147 and MCT isoform expres-
sion, between MVM and BM of human syncytiotrophoblast.
Although previous studies have indicated that lactate transport
is mediated by a H+/lactate co-transporter in both human and
rat MVM and BM placental vesicles [8–12], the molecular
identity of the transporters involved has not been investigated.
Furthermore, the functional polarization of lactate transport by
MVM and BM of human placenta has not been directly
compared within the same study, other than with respect to the
effect of inhibitors [11]. In this report we present data in
support of our starting hypothesis, that there is polarized
activity and expression of lactate transport between these two
syncytiotrophoblast plasma membranes.

We have confirmed earlier studies showing that an inwardly
directed H+ gradient acts as a driving force for lactate
transport [8–12]. Both sets of vesicles demonstrated overshoot
above equilibrium values, indicating a transient intravesicular
accumulation of lactate above its concentration in the extra-
vesicular buffer and hence against a concentration gradient.
This overshoot of [14C] lactate uptake above equilibrium in the
presence of a H+ gradient, suggests the involvement of a
transport system, rather than being attributed solely to
diffusion.

The existence of carrier-mediated lactate transport in
MVM and BM of human placenta is supported further by
previous demonstrations of temperature dependence,

Figure 3. Kinetic modelling, using non-linear regression analysis, of one-site
(– – –) and two-site (—) binding components in (A) MVM and (B) BM. For
each of 3 MVM analysed a 2-site model was preferred, and this was also the
case in 2 of 3 BM preparations (F-test, P<0.05). Mean� is shown for (A)
n=2 to 6 and (B) n=3 to 4, with analysis for each transport model fitted to data
mean. For both MVM and BM, the correlation coefficient was improved in the
two-site model (r2=0.998 and 0.980 respectively).

Table 1. Effect of DIDS on [14C] -lactate (5 µ) uptake into
MVM and BM vesicles

[14C] -lactate uptake
(pmol/mg protein/20 sec)

MVM (n=7) BM (n=5)

Control 17.9�2.1 5.5�0.7
5 m DIDS 6.4�1.3** 4.2�0.3*

Mean�.
* P<0.05.
**P<0.01 vs control (two tailed paired t-test).
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trans-stimulation of lactate uptake by lactate/pyruvate, and
inhibition by SH-group modifying inhibitors such as
p-chloromercuriphenylsulphonic acid [8,10–12]. Our demon-
stration of inhibition of lactate uptake into MVM and BM by
DIDS, an inhibitor of MCT1 [14,16], adds support for the
presence of MCTs in these membranes. DIDS inhibition of
lactate uptake was more pronounced in MVM in agreement
with previous observations [11], although others report a lack
of inhibition by DIDS [8,10,12]. DIDS, however, is not a
specific inhibitor of MCT1 and other isoforms might be
affected [16], although data is lacking regarding the inhibitor
specificity for other MCT isoforms.

An amino acid change in the extracellular domain of MCT4
appears to render this isoform DIDS-resistant [17]. The
discordant observations of DIDS inhibition and the predomi-
nance of MCT4 in MVM, raises the possibility of mediation
by another, yet to be defined, MCT isoform. MCT2, another
DIDS-sensitive MCT isoform [17], seems an unlikely con-
tributor based on its lack of gene expression in placenta [15]. It
is worth noting that mRNA for MCT5 and MCT6 is also
abundant in human placenta [15], suggesting these isoforms
might serve as potential candidates, although it is not known
which cell type within placenta expresses these isoforms.
Additionally, tissue expression of these isoforms at the protein

level has yet to be confirmed and their properties characterized
[14,16].

In agreement with previous studies, we have demonstrated
that [14C] lactate uptake can be inhibited by both - and
-lactate stereoisomers in MVM and BM [8,11], although only
MVM demonstrated any stereoselectivity for these isomers.
This is the first report describing the stereospecificity of lactate
uptake by MVM, and these data are consistent with the
observation of - and -lactate stereospecificity in perfused
human placental cotyledon experiments [6,7]. The lack of
stereospecificity of lactate transport by placental BM accords
with observations of Inuyama et al. [11], but is surprising in
the light of other studies demonstrating that MCT isoforms 1
and 4 exhibit a markedly lower affinity for -lactate as
compared with -lactate in different cell types [13,17]. The
difference in the pattern of stereospecific inhibition of lactate
transport between MVM and BM does, however, support
the notion that lactate transport across these two plasma
membranes is different mechanistically.

This concept is further bolstered by the differing Km values
found for -lactate transport between MVM and BM. Our
evidence that two lactate transporters are functional in both
membranes, contrasts with previous studies which identified
only a single transporter by kinetic analysis [8,10–12], perhaps

Figure 4. Western blots for (A) MCT1, (B) MCT4 and (C) CD147 in four pairs of MVM (M1-M4) and BM (B1-B4), each pair of membranes isolated from
the same placenta. Protein loaded was 60 µg/lane in (A) and (B) and 50 µg/lane in (C). Exposure times were 35, 5 and 8 min for (A), (B) and (C) respectively.
(D) Densitometric analysis (mean+) of signal in blots (A), (B) and (C). #P<0.08, *P<0.05 vs BM (Student’s paired t-test).
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accounted for by the rather small number of -lactate concen-
trations applied to the analysis. At maternal and fetal plasma
lactate concentrations of about 1–3 m [26,27], the higher
affinity transporter will be saturated and the lower affinity
transporter will predominate in each membrane. The Km for
the lower affinity component, 6.2 and 25 m in MVM and BM
respectively, are of the same order as reported by others
[8,10–12]. Furthermore, both these values agree well with the
range of Km values reported for MCT isoforms (3.5–4.5 m
and 17–34 m) for MCT1 and MCT4 respectively [14,17,28].
We take the lower affinity component to represent MCT4 as
the Km value for this isoform is many times higher than that
for MCT1. A difference in the Km value for the same transport
mechanism between MVM and BM has been observed
previously [23,29].

A direct comparison of the two syncytiotrophoblast plasma
membranes shows that H+ gradient driven [14C] lactate uptake
in MVM is almost 3-fold higher at 20 sec than in BM. This
difference is unlikely to be accounted for by differences in H+

permeability between the two plasma membranes, as both
show comparable magnitude and timing of the overshoot
phenomenon, indicating maintenance of a H+ gradient across
these membranes. It is noteworthy that various transporters for
a variety of solutes collectively show a lower activity in BM
compared with MVM as measured in vitro [23,30–35]. This
suggests that the BM is likely to be rate-limiting in trans-
syncytiotrophoblast transport for a range of solutes including
lactate.

The existence of more than one functional MCT in human
placenta is supported by the demonstration of mRNA for

isoforms 1, 4, 5 and 6 in placental homogenate [15]. Our
Western blot and immunolocalization studies confirm that
MCT1 and MCT4 proteins are expressed in syncytiotropho-
blast and that there is polarized expression of placental MCT
isoforms. MCT1 is predominantly localized to BM and con-
versely MCT4 was found to be more abundant on MVM.
Co-expression of MCT1 and MCT4 isoforms is also found in
other tissues [14,36].

The mechanism by which polarization of MCT isoforms is
achieved is not known. In mammalian cell lines MCT1 and
MCT4, but not MCT2, are expressed in a close association
with CD147, an immunoglobulin-like plasma membrane
glycoprotein with a single transmembrane spanning domain
[18,37]. These studies have provided evidence for CD147
being an important chaperone protein, facilitating the traffick-
ing of MCT1 and MCT4 to appropriate plasma membrane
sites. It remains to be determined whether CD147 performs
such a role in the syncytiotrophoblast, but our identification of
CD147 protein expression in both MVM and BM would be
consistent with this notion. The lack of correlation between
CD147 and MCT1 or MCT4 expression may be accounted
for by the multiple functions of CD147, other than serving
as a MCT chaperone protein, including the induction of
extracellular matrix metalloproteinases and interaction with
integrins [38].

MCT1 is prevalent in tissues such as heart and red muscle,
which use lactate as a respiratory fuel, and hence this isoform
is considered to be important for lactate influx. The localiz-
ation of MCT1 predominantly to BM would accord with a role
in the supply of lactate as a fetal fuel or the removal of fetal

Figure 5. Immunohistochemistry of cryosections of human placenta with antibodies to (A) MCT1 and (B) MCT4. (A) MCT1 is localized predominantly to BM
whilst (B) MCT4 is apparent on both plasma membranes with more intense staining on MVM. Black arrows=BM, red arrows=MVM, s=syncytiotrophoblast,
vc=villous core, ivs=intervillous space. Scale bar=50 µm, same magnification for both (A) and (B).
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lactic acid depending on prevailing lactate concentrations. This
notion is supported by the observation that MCT1 can mediate
either lactate influx or efflux depending on the required
balance between oxidative metabolism and glycolysis [17].

MCT4 is strongly expressed in skeletal muscle and white
blood cells and the prominence of this isoform in tissues and
cells that are highly glycolytic, implies a role in rapid lactic acid
efflux [14,16]. The presence of MCT4 on MVM of the
syncytiotrophoblast would be consistent with a protective role,
facilitating lactate efflux, helping to maintain placental and
fetal pH in times of glycolytic stress. This predominant

distribution of a lower affinity MCT isoform to MVM might
also serve to regulate placental lactate production, balancing
clearance by a negative feedback loop, as has been proposed in
muscle [17], thereby preventing lactic acidosis in the fetal
circulation.

The specific roles of the MCT isoforms in the placenta
need further investigation in future studies. This will
be especially important for understanding pathological
conditions, such as intrauterine growth restriction, that
lead to a glycolytic stress for the fetus [39,40] and fetal
hyperlacticacidaemia [27,41].
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Placental Lactate Transporter Activity and
Expression in Intrauterine Growth Restriction

Paul Settle, MD, MRCPCH, Colin P. Sibley, PhD, Ian M. Doughty, PhD, FRCPCH,
Tracey Johnston, MD, MRCOG, Jocelyn D. Glazier, PhD, Theresa L. Powell, PhD,

Thomas Jansson, MD, PhD, and Stephen W. D'Souza, MBChB, PhD, FRCP, FRCPCH

OBJECTIVES: To compare lactate uptake in the microvillous plasma membrane (maternalfacing IMVMI)
in term and preterm placentas in intrauterine growth restriction (1UGR) and appropriate weight for
gestational age (A4GA) controls, and in the basal plasma membrane fetal facing fBA]) at term. In addition,
we examine the expression of monocarboxylate transporters (MuCT1 and MCT4).
METHODS: We measured 1'4C] L-lactate uptakes into vesicles prepared from MVM and BAI,
stimulated by an inwardly directed H+ gradient. MVCT expression was examined by Western blotting.
RESULTS: In term placentas, mean (± SE])14Cj L-lactate uptake into M VAII vesicles of the IUGR
(n = 6) and AGA In = 1 1) groups at initial rate was similar (1 5.4 2.3 versus 15. 0 ± l.1 pmol/?tng
protein/20 s). In preterm placentas, in IUGR (in = 3) and AGA (n = 3) groups, f'4Cj L-lactate uptake
into Al lVW was also not significantly different. In BaM vesiclesfrom term placentas, [14C L-lactate uptake
was significantly lower in IUGR (n - 5) than in AGA (n = 6) controls (3.6 ± 0.4 versus 5.6 ± 0.6
pmol/mg protein/20 s, P <. 05). aICT1 and MCT4 were expressed in BAI vesicles, but there was no

difference in expression between the IUGR and AGA groups.

CONCLUSIONS: Thesefindings suggest that in IUGR placental lactate transport capacity in the BAMI
is reduced, which may adversely affect placental lactate clearance. U Soc Gynecol Investig 2006; 13:
357-63) Copyright ©D 2006 by the Society for Gynecologic Investigation.

KEY WORDS: Human placenta, monocarboxylate, monocarboxylate transporter, SLC16,
intrauterine growth restriction.

intrauterine growth restriction (IUGR) occurs in 3% to
25% of births according to a meta-analysis of several stud-
ies,1 and is an important cause of perinatal morbidity and

mortality.2 The etiology of this pregnancy complication is
multifactorial, but recent evidence suggests that some cases are
associated with a clear placental phenotype) 1UGR may result
from inadequate implantation, with a resultant failure of tro-
phoblast invasion into maternal spiral arteries leading to a
reduction in placental blood flow.4 This reduced blood flow
was reported in Doppler ultrasound studies5 6 and implicated in
a lower flux across the placenta of small lipophilic molecules
such as 0, and CO2.7 However, this probably does not entirely
account for the reduction in fetal plasma glucose or amino acids
and the raised fetal plasma lactate concentrations associated with
IUGR, as hydrophilic solutes like these are not limited by blood
flow unless the reduction is severe.3'8-1 Transport across the
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placenta for these solutes is mediated by specific transporters in the
syncytiotrophoblast plasma membranes that play a crucial role in
the regulation of fetal growth.3"1

Lactate is an important metabolite in fetal tissues as it is used
or produced by most cells. Lactate supplied by placental pro-
duction or transfer is taken into fetal brain, heart, and skeletal
muscle, where it is used as an energy source. 14-4 IUGR may
be associated with hypoxia, when the fetus is a net producer of
lactate891 and the placenta becomes an important site for
lactate clearance from the fetal circulation.'6
The maternal and fetal circulations are separated by the

placental syncytiotrophoblast and fetal capillary endothelium.
The syncytiotrophoblast is a transporting epithelium with a
matemal facing microvillous plasma membrane (MVM) and a
fetal-facing basal plasma membrane (BM). Perfusion studies in
human placentas showed that lactate can be transferred by a
stereospecific transporter.17-19 Studies with isolated syncy-
tiotrophoblast plasma membrane vesicles prepared from rat and
human placentas showed that L-lactate uptake is stimulated by
an inwardly directed H+ gradient in either apical or basal
membranes.20-25 This carrier-dependent transport of lactate
has similarities with lactate/H+ cotransporters found in other
tissues,2027 including 1:1 stoichiometry, competitive inhibi-
tion by other monocarboxylates, and transtimulation by lactate
and pyruvate.

171 -5576/06/$32.00
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Several monocarboxylate transporters (MCTs; SLC1 6 gene
family) identified and cloned have the characteristics of H--/
lactate cotransporters.26-30 In human placenta, mRNAs for
MCT1, 3, 4, 5, 6, and 7 have been identified.27 Recently, we
reported that [14C] L-lactate uptake by MVM and BM in
human placenta was inhibited by the MCT inhibitor 4,4-
disocyanatostilbene-2,2'-disulfonic acid (DIDS), suggesting
MCT-mediated mechanisms across both membranes.2' West-
ern blotting and immunolocalization showed that MCT dis-
tribution was polarized, with MCT1 (human gene SLC1 6A 1)
being predominantly localised to BM while MCT4 (human
gene SLC16A3) showed greater abundance in MVM. CD147,
a chaperone protein for both MCT1 and MCT4, was equally
expressed by both plasma membranes."2
The purpose of this study was to test the hypothesis that

there is a reduction in H+/lactate cotransport in the syncy-
tiotrophoblast plasma membranes associated with IUGR as
compared with those from normal pregnancies that contributes
to fetal hyperlacticaemia. We therefore: (1) compared [14C]
L-lactate uptake in term and preterm placental MVM vesi-
cles of infants with IUGR and appropriate weight for
gestational age (AGA) controls; (2) compared [14C] L-lactate
uptake in term BM in the IUGR and AGA control groups;
and (3) determined that [14C1 L-lactate uptake was reduced in
BM of the IUGR group and examined the abundance of
MCT1 and MCT4 in BM by Western blotting in the IUGR
and AGA groups.

MATERIALS AND METHODS
Chemicals

L-[U-14C] lactic acid (152 mCi/mmol) and [3H] dihydroal-
prenolol (DHA) (75 mCi/mmol) were purchased from Am-
ersham Biosciences (Little Chalfont, Bucks, UK). MCT1 and
MCT4 antibody was kindly donated by Professor A. Halestrap
(University of Bristol, Bristol, UK). Goat anti-rabbit horserad-
ish peroxidase (HRP) secondary antibody was from Dako (Ely,
Cambridgeshire, UK). All other chemicals were of reagent
grade.

Selection of Placentas From Infants With
IUGR and AGA Controls

The local research ethical committee gave ethical approval and
placentas were obtained using an approved protocol. The
women attended antenatal clinics at St Mary's Hospital,
Manchester. In the IUGR group, there was reduced fetal
growth or evidence of placental insufficiency recorded in the
maternal case notes.4 Birth weight was below the 5th centile
on an individualized growth chart (including factors such as
matemal height, parity, age, and booking weight3l), or there
was reduced fetal growth velocity on serial ultrasound scans,
that supported the clinical diagnosis of IUGR. Placental insuf-
ficiency was associated with abnormal Doppler ultrasound
patterns32 or oligohydramnios. Control placentas were ob-
tained from pregnancies judged to be normal, as regular clinical
assessments recorded in the case notes showed no evidence of

fetal growth abnormality or any antenatal complication. These
infants were AGA with birthweights between the 10th and 90th
centiles according to national standards (Gairdner and Pearson
Growth Charts, Castlemead Publications, UK) and above the 5th
centile on the individualised growth chart.3l Placentas were
taken from term (38+ weeks gestational age) and preterm (24
to 37 weeks gestational age) newborn infants who had no
congenital abnormality on routine neonatal examination.

Isolation ofMVM and BM Vesicles
Placentas were collected within 30 minutes of delivery. MVM
and BM vesicles were prepared as described previously.33-35
Membrane purity was assessed by measuring the enrichment of
alkaline phosphatase (MVM marker) and DHA binding (BM
marker).3 Protein concentrations of membrane fractions
and placental homogenate were measured by the method of
Lowry et al.36

Additionally, BM was isolated from placentas in a subset of
infants born in Sweden. The BM vesicles were of comparable
purity to those from Manchester,37 were stored frozen, and
were sent to Manchester to study MCT1 and MCT4 expres-
sion in BM.

[14C] L-Lactate Uptake Measurements
Vesicles were suspended in intravesicular buffer (IVB; 18 mM
HEPES, 12 mM. Tris, 300 mM mannitol, pH 7.6) and stored
at 4C prior to use within 48 hours. On the day of use, vesicles
were diluted with IVB to a protein concentration of 10 mg/
mL. Timed uptakes of [1 4C] L-lactate were performed (at room
temperature) in the presence of an inwardly directed H+
gradient. Uptakes were initiated by addition of 20 ,uL vesicle
suspension to 100 kL extravesicular buffer (25 mM MES, 5
mM Tris, 300 mM mannitol, pH 5.6) containing 5 ,uM [14C]
L-lactate. The resultant pH in the latter case was 5.7. Uptakes
were terminated by addition of 2 mL of ice-cold "stop"
solution (18 mM HEPES, 12 mM Tris, 150 mM KCl, pH 7.5)
followed by rapid filtration. Nonspecific binding was deter-
mined at equilibrium (180 minutes) after vesicle integrity was
disrupted with 0.2% Triton. We confirmed in an earlier study
that this procedure gives a measure of H+/lactate transporter

2)
activity.-

Western Blotting
Western blots were prepared with 40 pg protein per lane using
BM isolations (placentas from term IUGR were alternated
with AGA controls). Samples were prepared under reducing
conditions as described previously.i"38 Following sodium do-
decyl sulfate polyacrylamide gel electropheresis (SDS-PAGE)
on a 7% gel and electrotransfer to nitrocellulose membrane,
blots were blocked with 3% milk protein in Tris-buffered
saline/0.05% Tween for 1 hour. Membranes were probed with
antibodies to MCT1 or MCT4 at 1:500 dilution. Primary
antibody was omitted in negative controls. Immunoreactive
species were detected with horseradish peroxidase-conjugated
goat anti-rabbit antibody (1:2000) followed by enhanced
chemiluminescence. Signal intensity was analysed by densi-
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Table 1. Study Group Characteristics, MVM Vesicles

AGA
controls IUGR

Term (37-42 weeks) infants (n = 11) (ni 6)
Birth weight (g) 3403 + 139 2570 + 75*
Gestational age (weeks) 39.0 + 0.5 38.7 + 0.3
Proportion female 8 (73%) 3 (50%)
LSCS 8 (73%) 4 (67%)
Alkaline phosphatase ennichment 23.2 + 1.7 26.0 ± 2.3

Pretenn (<37 weeks) infants (Ai = 4) (n - 3)
Birth weight (g) 1748 + 364 754 + 51*
Gestational age (weeks) 32.3 + 2.5 27.0 ± 1.0
Proportion female 2 (50%) 2 (67%)
LSCS 3 (75%) 3 (100%)
Alkaline phosphatase enrichment 22.0 + 2.7 25.3 ± 1-.5

Results are mean + SE. or numbels. LSCS = lower segment cesarean section; IUGR
intrauterine growth restriction; AGA = appropriate weight for gestational age.

Level of significance. IUGR versus AGA controls: * P <.01.

tometry (GS700 Imaging Densitometer, BioRad, Hemel
Hempsted, Herts, UK) using Molecular Analyst software
(BioRad).

Western blots were also carried out using BM from Sweden
as described above with 60 pug protein per lane with MCT1 or
MCT4 antibodies at 1:400 dilution.

Statistical Analysis
Data are presented as mean ± SE, with n = the number of
placentas studied. Statistical analyses by unpaired Student f test
were performed using Prism version 3.00 (Graphpad Software
Inc, San Diego, CA). P <.05 was considered statistically
signifacant.

RESULTS
Study Groups

For the first subset, the characteristics of IUGR infants and
AGA controls whose placentas were used for the preparation
ofMVM vesicles are shown in Table 1. Birth weights of all
infants (term or preterm) in the IUGR group were below the
5th centile on the individualized growth chart. In the term
IUGR group, there was one case of reduced fetal growth on
serial ultrasound scans, two cases with abnormal Doppler ve-
locimetry, and two cases with reduced amniotic fluid volume;
the remaining case was a small-for-gestational-age infant with
no alteration in fetal ultrasound scans, Doppler velocimetry, or

Table 2. Study Group Charactenistics, BM Vesicles

AGA
controls IUGR

Tenn (37-42 weeks) infants (ni = 6) (I 5)
Birth weight (g) 3451 + 15(0 2516 + 79*
Gestational age (weeks) 38.6 + 0.7 38.8 + 0.4
Proportion femalc 4 (67%) 4 (800)
LSCS 4 (67%) 4 (80%)
Alkaline phosphatase enrichment 1.22 0.2 0.7 + 0.1
DFIA binding enrichment 26.3 + 2.1 244.0 1.7

Results are ssecan + SE, or nuimbers.
Level of signsificance: IUGR versus AGA controls: * P) <(51.
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Figure 1. Uptake of 5 AiM [4C] L-lactate (nmean + SE) into (A)
MVM control (e) (tl = 11) and IUGR (D) (tl = 6), or (B) BM
control (U) (nt = 6) and IUGR (LI) (si = 5) vesicles over 25 seconds.
[14C]L-lactate uptakes in MVM vesicles in the AGA control and
IUGR groups were not significantly diffierent at 20 seconds. In BM
vesicles, ["4CIL-lactate uptakes in the AGA control and 1UGR groups
were significantly different (3.6 + 0.4 versus 5.6 + 0.6 pmol/nig
protein/20 s, mnean ± SEM, P <.05, tvo-tailed unpaired t test).

amniotic fluid volume. In the preterm group, there was one
case of abnormal Doppler recordings, one case of reduced
amniotic fluid volume, and one case with both abnormal
Doppler recordings and reduced amniotic fluid volume. The
indication for performing cesarean section was clinical concern
about fetal well-being.

For the second subset, the characteristics of IUGR infants
and AGA controls whose placentas were used for the prepa-
ration ofBM vesicles are shown in Table 2. Birth weights in
the IUGR group were below the 5th centile on an individu-
alized growth chart. The IUGR group contained one infant
who showed no fetal growth on serial ultrasound scans for 2
weeks prior to delivery and two infants who had reduced
amniotic fluid volume. The two remaining infants were small
for gestational age.
The third subset consisted of infants born in Sweden. The

infants were born at term, their birth weights in the IUGR
(n = 4) and AGA controls (n = 4) groups were 2156 ± 172 g
and 3415 ± 88 g, respectively (P = .0006).

Comparison of [14C] L-lactate Uptake
in Control and IUGR Groups

Alkaline phosphatase enrichments in the term or preterm
MVM vesicles were not significantly different between the
IUGR and AGA groups of vesicles (Table 1), indicating com-
parable purity. In BM vesicles, alkaline phosphatase enrich-
ment and DHA binding enrichment were not significantly
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Figure 2. (A) Western blots for MCT1 and MCT4 in BM fron AGA
control (C) and IUGR (I) groups. Samples were prepared from eight
separate placentas, 4 in C or I groups respectively, with tie sarne sample
order used for each blot. Loading = 40 jig protein per lane. Blots wvere

probed with primary antibodies to MCT1 or MCT4 (1:500). (1) Den-
sitometry ofMCT1 signal comparing AGA control and IUGR groups
(mean I SE) showed no significant difference (I' >.05).

controls (3.6 ± 0.4 versus 5.6 ± 0.6 pmol/mg protein/20 s,
respectively, P <.05).

Western Blotting
As [14C]L-lactate uptake by MVM in the IUGR and control
AGA groups was not statistically different, the expression of
MCT transporter protein was not examined in this membrane
but was confined to BM, which did demonstrate a difference
in lactate uptake. Probing Western blots of BM protein with
antibodies to MCT1 and MCT4 revealed bands at the molec-
ular weights expected for these proteins (Figure 2A). Signal
was abolished when primary antibody was omitted.

Densitometry studies on these blots showed no statistically
significant difference between MCT1 expression in IUGR and
control AGA groups (Figure 2B). In contrast to the relatively
consistent signal ofMCT1 in the control group, expression of
MCT1 in BM in the IUGR group was more variable (at 40
jig/lane protein loading). Three of the 4 BM samples in the
IUGR group had lower expression ofMCT1 compared with
four AGA controls, while the densitometry measurements
showed that MCT4 expression was similar to that in controls.
Therefore, Western blots were repeated, using an increased
protein loading of 60 fig per lane, on four comparable samples
ofBM from term placentas of infants with IUGR and AGA

different in these two groups, again indicating comparable
purity of the membranes (Table 2). ['4C]L-lactate uptakes were

performed at room temperature, which was similar for both
groups (24.1 to 25.3C).
We previously demonstrated H+ driven [14C]L-lactate in

the presence of an inwardly directed He gradient (pH, 5.6;
pH- 7.6) with an overshoot above equilibrium. Equilibrium
uptake of [14C]L-lactate in the presence of 0.2% Triton to
disrupt membrane integrity was 1.5% and 7.0% of that under
control conditions for MVM and BM, respectively; uptakes
were therefore predominantly into an intravesicular space.2

H+ driven [14C]L-lactate uptake was linear over the first 25
seconds in both MVM and BM.25 Therefore, [14CIL-lactate
uptakes into MVM and BM vesicles were compared in IUGR
and control AGA groups over this time period (Figure 1). The
20-second time point was taken to approximate the initial
uptake rate.

[14CT L-lactate uptake into MVM vesicles from term IUGR
(n = 6) and term AGA control (n = 11) placentas was not
significantly different (15.0 + 1.1 and 15.4 2.3 pmol/mg
protein/20 s respectively; Figure 1A). However, we consid-
ered the possibility that MVM lactate transport might only be
affected in more severe, preterm IUGR, as reported for the
Na +/H + exchanger.39 In a smaller group of pretern- infants,
there was also no significant difference in [14C]L-lactate up-

takes into MVM vesicles in placentas from IUGR infants (n =
3) and AGA controls (n = 4) (16.0 + 2.3 and 13.9 ± 4.4
pmol/mg protein/20 s, respectively).
By contrast, in BM vesicles (Figure 113), there was a signif-

icant reduction in 114C]L-lactate uptake by membranes of term
IUGR (n = 5) infants compared with term AGA (n = 6)

A
-MCT1

C-MT4

_ -e B-ACTIN

B 8

6

I'
I-

1

0f

Figure 3. (A) Westem blots for MCTI and MCT4, and P3-actin in
BM (donated by T. Jansson and T. Powell). Lanes contain samples
from AGA control (C) and IUGR (I) groups. Samples were prepared
froin eight separate placentas, four in C or I groups, respectively, with
the same sample order used for each blot. Loading = 60 jig protein
per lane. Densitonmetric analysis of 0-actin signal (mean + SE) in the
I (3.208 + )0.969) and C (3.692 + 0.521) groups was similar and
confirmed equal loading. Blots were probed with primary antibodies
to MCT1 or MC14 (1:400) or P-actin (1:1000, Sigma Chemicals
Ltd, Poole. Dorset, UK). Immimunoreactive signals of the predicted
sizes 42. 44, and 46 kd were detected for MCT1, MCT4, and B-actin.
respectively. (B) Densitometry results for MCI1 signals comparing
AGA control and 1UGR- gioups (me.an + SE) showed no significant
diffirence.
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controls from Sveden. The preparation of the BM and their
purity characteristics are comparable between both laborato-
ries.7 No significant difference was found in the expression
of MCT isoform between placentas from IUGR or AGA
control groups (Figure 3A and B). This was confirmed for
MCT1 using a different MCT1 antibody (1:400, Santa Cruz,
Santa Cruz, CA; data not shown). 1-Actin signal was detected
in each sample and confirmed equal loadings between groups.

DISCUSSION
This is the first study to compare directly H+/lactate cotrans-
porter activity and expression in the syncytiotrophoblast
plasma membranes of placentas from IUGR infants and AGA
controls. The data show a reduction in transporter activity in
the BM of placentas from IUGR infants but no significant
alteration in transporter activity in MVM (from either term or
preterm pregnancies) as compared with AGA controls. We
therefore provide evidence in support of our hypothesis that in
IUGR there is a reduction in H+/lactate cotransport activity
in the placental syncytiotrophoblast, but this is confined to the
BM. We found no significant difference in MCT1 and MCT4
expression in the BM between the two groups, suggesting that
post-translational regulation may be important or involvement
of another MCT isoform. However, the mechanisms that
regulate MCT expression and activity in the syncytiotropho-
blast remain to be identified.
We have reported previously that in the two syncytiotro-

phoblast plasma membranes of placentas from normal preg-
nancies, H+ gradient-driven r'4CIL-lactate uptake in MVM at
20 seconds was almost threefold higher than in BM.2' A similar
difference in [14C]L-lactate uptakes in the two plasma mem-
branes was observed in the present study. We have suggested
that the difference in lactate uptake between the two mem-
branes in placentas from normal pregnancies is unlikely to be
accounted for by differences in H+ permeability between these
membranes, as both showed comparable magnitude and timing
of the overshoot phenomenon with maintenance of a H+
gradient across the membranes.25 The composition and per-
meability of placental syncytiotrophoblast plasma membranes
in pregnancies complicated by IUGR have been investigated
and only minor changes in passive permeability and composi-
tion were reported: Powell et a140 therefore suggested that
changes in membrane fluidity or passive permeability do not
contribute to the development of IUGR. It is important to
note that the lower transporter activity in the BM as compared
with the MVM for lactate is in keeping with other studies for
a range of solutes measured in vitro.38-44 Thus, the BM could
be rate limiting in the transport oflactate between the placenta
and the fetus but whether the significantly greater reduction in
H+/lactate cotransport activity in IUGR is a primary event in
its pathophysiology or secondary to growth restriction remains
to be established. This observation adds to the growing list of
syncytiotrophoblast transporters for which alterations in IUGR
have been demonstrated).

Clinical methods for identifying IUGR are varied in the
literature. Those based on birth weight centiles have been

criticized on the grounds that they include a proportion of
normal small infants, or exclude infants who may be growth-
restricted as their birth weight centiles were within the normal
range.45 In selecting our IUGR group we therefore took into
account a number of factors that influence fetal growth in
addition to gestational age (individualized growth chart).3'
The finding of reduced fetal growth velocity on serial ultra-
sound scans is further confirmatory evidence of IUGR in two
infants in our study. Abnormal Doppler flow pattems in the
umbilical artery and reduced amniotic fluid volume were
shown to be good clinical indicators of IUGR and associated
reduction in blood flow.5,646 The presence of these clinical
indicators in the IUGR group may suggest that the infants
were at risk of fetal hypoxia, with raised umbilical arterial and
venous lactate concentrations.32 The study presented here ex-
tends these clinical observations by demonstrating a significant
reduction in the [r4C]L-lactate uptake in BM in the placentas of
IUGR infants compared with AGA controls. Our data therefore
suggest that a reduction in the trans-syncytiotrophoblast transport
of lactate may contribute to lactacidaemia in IUGR.
We could not detect a significant difference in MCT1 expres-

sion between BM from IUGR and AGA control pregnancies in
the face of marked variability. This variability ofMCT1 expres-
sion in theBM may have occurred for the following reasons. First,
the selection procedure used for the IUGR group may have
resulted in a group of infants whose physiologic status was not
uniformly altered by fetal growth restriction.47 Data on pH.
blood gases, and lactate concentrations in umbilical cord arte-
rial and venous blood were not available. The impact of these
parameters coupled with Doppler assessment of umbilical ar-
terial flow velocimetry in IUGR was shown to be clinically
significant in the selection of cases compromised by fetal
hypoxia.32 Second, it is possible that transporter activity could
be altered without changes in expression, as has recently been
reported for the taurine transporter system P3, by regulation
through processes such as phosphorylation.48 Third, there are
up to 14 members ofthe MCT (SLC16) family30,49'50 and it is
possible therefore that reduced expression of another MCT
isoform (that was not studied) is responsible for the reduced
transport activity in BM of placentas in IUGR infants.

In cells with high glycolytic activity such as white muscle
cells, activated lymphocytes, and tumor cells that export lac-
tate, the predominant monocarboxylate transporter is usually
MCT4.49"t' In cells with a high oxidative capacity such as
heart and skeletal muscle, which utilize lactate as an energy
source, there is a net influx of lactate and MCT1 predomi-
nates.49'-(1 The concentrations of lactate are higher in fetal
blood than in maternal blood and experiments in near term
sheep demonstrated that lactate is not excreted from the fetal
circulation into the placenta but rather released from the
placenta into the fetal circulation.' At this stage of gestation,
lactate is not an end product ofmetabolism but a fetal substrate.
Impaired fetal nutrient supply results in IUGR: growth-
restricted fetuses may be hypoxic and hypoglycemic with
elevated lactate concentrations, while insulin and insulin-like
growth factor-l concentrations are low.32 Furthermore, ex-
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periments in sheep showed that with a reduction in uterine
blood flow and fetal hypoxia the role of the placenta had
changed from being a source of lactate for the fetus to a site of
lactate clearance from the fetal circulation.'6
The lactate/H+ cotransporter in the human placental syn-

cytiotrophoblast BM may therefore facilitate the uptake of
lactate in the normal term fetus or counteract the accumulation
of fetal lactate and H+ during reduced placental blood flow
and fetal hypoxia. The decreased lactate transport activity in
the BM obtained from IUGR placentas as demonstrated in the
present study may contribute to fetal hyperlacticemia associ-
ated with this condition and impair the ability of the IUGR
fetus to tolerate the stress of labor. In future studies, the
relationships of MCTs, CD147, and H+/lactate cotransport in
the placental syncytiotrophoblast membranes to blood gases,
pH and lactate in IUGR and AGA infants may give Vs clues to
the etiology of IUGR and subsequent morbidity.
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Desforges, M., H. A. Lacey, J. D. Glazier, S. L. Greenwood,
K. J. Mynett, P. F. Speake, and C. P. Sibley. SNAT4 isoform of
system A amino acid transporter is expressed in human placenta. Am J
Physiol Cell Physiol 290: C305–C312, 2006. First published Septem-
ber 7, 2005; doi:10.1152/ajpcell.00258.2005.—The system A amino
acid transporter is encoded by three members of the Slc38 gene
family, giving rise to three subtypes: Na�-coupled neutral amino acid
transporter (SNAT)1, SNAT2, and SNAT4. SNAT2 is expressed
ubiquitously in mammalian tissues; SNAT1 is predominantly ex-
pressed in heart, brain, and placenta; and SNAT4 is reported to be
expressed solely by the liver. In the placenta, system A has an
essential role in the supply of neutral amino acids needed for fetal
growth. In the present study, we examined expression and localization
of SNAT1, SNAT2, and SNAT4 in human placenta during gestation.
Real-time quantitative PCR was used to examine steady-state levels of
system A subtype mRNA in early (6–10 wk) and late (10–13 wk)
first-trimester and full-term (38–40 wk) placentas. We detected
mRNA for all three isoforms from early gestation onward. There were
no differences in SNAT1 and SNAT2 mRNA expression with gesta-
tion. However, SNAT4 mRNA expression was significantly higher
early in the first trimester compared with the full-term placenta (P �
0.01). We next investigated SNAT4 protein expression in human
placenta. In contrast to the observation for gene expression, Western
blot analysis revealed that SNAT4 protein expression was signifi-
cantly higher at term compared with the first trimester (P � 0.05).
Immunohistochemistry and Western blot analysis showed that
SNAT4 is localized to the microvillous and basal plasma membranes
of the syncytiotrophoblast, suggesting a role for this isoform of system
A in amino acid transport across the placenta. This study therefore
provides the first evidence of SNAT4 mRNA and protein expression
in the human placenta, both at the first trimester and at full term.

SNAT1; SNAT2; gestational expression; syncytiotrophoblast

SYSTEM A IS A UBIQUITOUS Na�-dependent transporter that ac-
tively transports small, zwitterionic, neutral amino acids with
short, unbranched side chains such as alanine, serine, and
glutamine (24). It has a unique ability to transport N-methyl-
ated amino acids such as �-(methylamino)isobutyric acid
(MeAIB) (7). This nonmetabolized amino acid analog has been
used extensively to study system A in the placenta (21, 27, 37).

Recent data show that system A is encoded by three different
members of the SLC38 gene family (Slc38a1, Slc38a2, and
Slc38a4), giving rise to the three subtypes of this Na�-coupled
neutral amino acid transporter (SNAT): SNAT1, SNAT2, and
SNAT4 (previously referred to as ATA1, ATA2, and ATA3,
respectively) (31). SNAT1 was the first isoform to be cloned
from rat brain and initially was designated GlnT because of its

preference for glutamine as a substrate (49). Cloning of the
human homolog as well as SNAT2 and SNAT4 followed (18,
19, 44, 45, 50, 51). These previous studies showed the three
isoforms to be highly homologous: amino acid sequences for
SNAT1 and SNAT2 demonstrated 52% homology, and
SNAT4 was found to be 48% homologous to SNAT1 and 57%
homologous to SNAT2. Functionally, SNAT1 and SNAT2
operate via similar mechanisms (19, 50, 51). SNAT4 has a
lower substrate affinity for neutral amino acids than SNAT1
and SNAT2 (18, 45) and also interacts with cationic amino
acids in a Na�-independent manner such that it resembles
system y�L (18). Gene expression for the three system A
subtypes varies between tissues. Northern blot analysis has
shown that only Slc38a2 (SNAT2) is expressed ubiquitously in
mammalian tissues; therefore, this subtype is likely to repre-
sent the classic system A amino acid transporter (19, 44).
Slc38a1 (SNAT1) is expressed predominantly in the human
heart, brain, and placenta and may represent an important
subtype at these sites (50). Slc38a4 (SNAT4) has previously
been described to be uniquely expressed in the liver (18, 45).

The syncytiotrophoblast is the transporting epithelium of the
placenta. Maternofetal exchange of amino acids is mediated
largely by transporter systems in its microvillous plasma mem-
brane (MVM; maternal facing) and basal plasma membrane
(BM; fetal facing). Reduced system A activity was found in
MVM vesicles isolated from placentas in which the fetus had
shown intrauterine growth restriction (IUGR) (15, 23, 33).
Whether the altered activity of this transporter represents a
primary event in cases of IUGR or is secondary to the growth
restriction remains to be established. However, inhibition of
this transporter in animal models leads to fetal growth restric-
tion (10), suggesting that the reduced activity of system A in
placentas from IUGR pregnancies could be a cause rather than
an effect of this pathological condition.

In normal pregnancy, fetal body weight increases at a faster
rate than placental weight during the second half of pregnancy
(40, 47). An appropriate increase in the transport capacity of
the placenta is therefore required to support the rising nutrient
demands of the growing fetus. Indeed, there is a fourfold
increase in the activity of system A in MVM vesicles isolated
from term placentas compared with those isolated from first-
trimester placentas (32), although such a change was not
observed in whole placental villous fragments (11), which
comprise a heterogeneous mix of various cell types.

Since the identification of system A at the molecular level,
no investigation has addressed whether the expression of sys-
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tem A is gestationally regulated in the human placenta. In this
study, we used the sensitive method of real-time quantitative
PCR (QPCR) to detect and measure mRNA expression for
Slc38a1, Slc38a2, and Slc38a4 in first-trimester and term
placentas. Interestingly, we discovered that the placenta does
express Slc38a4, the liver-specific isoform of system A, and
that gene expression for this subtype was regulated gestation-
ally. Therefore, we determined protein expression for SNAT4
in first-trimester and term placentas using Western blot analy-
sis, and we investigated SNAT4 protein localization at these
stages of gestation using immunohistochemistry. Distribution
of SNAT4 to both the MVM and BM in term syncytiotropho-
blasts was confirmed using Western blot analysis.

MATERIALS AND METHODS

Tissue Acquisition

All tissue was obtained with written informed consent as approved
by the Local Research Ethics Committee. Term (38–40 wk) placentas
were collected after cesarean section or vaginal delivery from uncom-
plicated singleton pregnancies. First-trimester (6–13 wk) placentas
were obtained after elective medical or surgical termination of preg-
nancy. Gestational age was estimated from the date of last menstrual
period and confirmed using ultrasound dating.

mRNA Expression

Preparation of tissue for QPCR. Total RNA was extracted from
placental tissue, cytotrophoblast cells, and BeWo choriocarcinoma
cells and quantified as described previously (29). Cytotrophoblast and
BeWo cells were cultured and processed in our laboratory as de-
scribed previously (2, 8). All RNA samples (100 ng) were reverse
transcribed simultaneously to generate a cDNA template, ensuring
comparable reverse transcription efficiency.

Primers and probe design. Gene sequences for Slc38a1, Slc38a2,
and Slc38a4 were derived from GenBank. Primers and probes (Table
1) were designed for each of these sequences using Beacon Designer
software (Premier Biosoft International, Palo Alto, CA), and speci-
ficity was confirmed by performing Basic Local Alignment Search
Tool assessment. Primers and probes were synthesized by MWG-
Biotech (Ebersberg, Germany).

QPCR. Slc38a1, Slc38a2, and Slc38a4 mRNA expression was
quantified using specific TaqMan probes (MWG-Biotech) rather than
the nonspecific intercalating dye SYBR Green I because of the high
sequence homology between these three genes. Reactions were run in
triplicate, and 5-carboxy-x-rhodamine was used as a passive reference
dye. QPCR reactions were performed with 10 �l of cDNA using
Brilliant QPCR Master Mix (Stratagene, La Jolla, CA) as described
previously (29). For each gene, an amplification plot for all samples
was created, and this plot was used in conjunction with a standard
curve to quantify expression as described previously (29). Human
reference total RNA (Stratagene) was used as a standard curve
to quantify Slc38a1 and Slc38a2, whereas a liver RNA (Ambion,
Cambridge, UK) was used for Slc38a4. A small number of samples
were selected from the QPCR reaction, and the amplification products

were visualized using ethidium bromide staining after agarose gel
electrophoresis.

Statistical Analysis

QPCR data are presented as median values of percentage expres-
sion relative to a 40-wk placental sample, designated the calibrator,
which was included in each QPCR run to serve as an internal standard
as described previously (29). First-trimester data were split into two
groups, �10 wk (n � 23) and 10–13 wk (n � 12), to compare gene
expression before and after the onset of maternal blood flow to the
placenta at �10 wk (5). Expression in these groups was compared
with expression in the term group (n � 21). For the first-trimester
groups, no distinctions were made between the two modes of delivery
(medical terminations �10 wk, n � 18; medical terminations 10–13
wk, n � 5; surgical terminations �10 wk, n � 6; surgical terminations
10–13 wk, n � 6), because we have previously shown that different
modes of delivery do not affect mRNA expression for a range of
genes examined (29). The data were analyzed using a nonparametric
Kruskal-Wallis test, followed by Dunn’s post hoc test, with P � 0.05
considered significant using GraphPad software (San Diego, CA).

Protein Expression

Western blot analysis. Protein was extracted from first-trimester
(7–13 wk; n � 8) and term placental villous tissue homogenates
(38–40 wk; n � 8) as described previously (6). Total liver homoge-
nate (Sigma Aldrich, Dorset, UK) was used as the positive control
tissue for SNAT4, and BeWo choriocarcinoma cell homogenate was
used as the negative control because these cells do not express
Slc38a4 (25, 36). To compare expression in the MVM and BM of the
syncytiotrophoblast, paired samples from term placentas were pre-
pared as described previously (14, 16). Purity of MVM and BM
isolates had been determined previously by standard markers and
polarized expression of p-glycoprotein and plasma membrane Ca2�-
ATPase to MVM and BM, respectively (42). For all samples, includ-
ing the positive and negative controls, 30 �g of protein were mixed at
a ratio of 1:1 with loading buffer (22% glycerol, 139 mM Tris �HCl,
pH 6.8, 154 mM SDS, 4.4 M urea, 0.002% bromophenol blue, and
10% vol/vol 2-mercaptoethanol) and heat reduced for 5 min at 95°C.
PAGE was performed using 3% stacking gels and 7% resolving gels.
The proteins were then electrotransferred onto nitrocellulose mem-
brane, and antibody probing was performed as described previously
(6). A rabbit anti-SNAT4 affinity-purified polyclonal antibody was
used (1:100 dilution; 2 �g/ml). This antibody had been raised to the
amino acid sequence YGEVEDELLHAYSKV of human SNAT4
(Eurogentec, Seraing, Belgium). For a negative control, the purified
antigenic peptide was used in 15� excess to preabsorb antibody
overnight at 4°C. Primary and horseradish peroxidase-conjugated
secondary antibody incubations were performed for 1 h at room
temperature. Positive signals were detected using ECL, and the
density of immunoreactive species was assessed using a GS 700
Imaging Densitometer (Bio-Rad Laboratories, Hemel Hempstead,
UK) with Molecular Analyst software.

Statistical analysis. To correct for any differences between the two
blots used to compare gestations, SNAT4 expression in each sample
was normalized to expression in a term calibrator sample that had

Table 1. Gene-specific primer and probe sequences from 5�–3�

Gene Name Sense Primer Antisense Primer Probe GenBank Accession No.

Slc38a1 (SNAT1) GTGTATGCTTTACCCACCATTGC GCACGTTGTCATAGAATGTCAAGT TGTTTGCCACCCGTCAGTCCTGCC NM_030674
Slc38a2 (SNAT2) ACGAAACAATAAACACCACCTTAA AGATCAGAATTGGCACAGCATA ACAGCCAACAGCTCTTGTACCTGC NM_018976
Slc38a4 (SNAT4) TTGCCGCCCTCTTTGGTTAC GAGGACAATGGGCACAGTTAGT CCACAAGGACTGCCAGGCGAACCA NM_018018

SNAT, system A neutral amino acid transporter.
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been included on both blots. The data were analyzed using a non-
paired, two-tailed t-test and GraphPad software, and P � 0.05 was
considered significant.

Immunohistochemistry. Specimens of first-trimester (8–12 wk, n �
4) and term placentas (38–40 wk, n � 3) were immersion fixed in
ice-cold Zn2� fix (4) within 30 min of delivery, prepared for immu-
nohistochemistry, and treated as described previously (6). The local-
ization of SNAT4 was examined using the rabbit anti-SNAT4 anti-
body used for Western blot analysis (1:20 dilution; 10 �g/ml). For the
negative controls, the primary antibody was preabsorbed with anti-
genic peptide as described for Western blot analysis. Slides were
viewed under a Leitz Dialux 22 microscope using a �40 magnifica-
tion lens objective.

RESULTS

Slc38a1, Slc38a2, and Slc38a4 mRNA Expression
Over Gestation

The amplification product generated for each of the genes
examined was visualized as a single band of appropriate size
after agarose gel electrophoresis, confirming primer specificity
(Fig. 1). This finding was further confirmed by generation of a
single peak on the associated dissociation curve after QPCR
(data not shown). The shape of this curve was determined by
the size and nucleotide content of the amplicon, and therefore
a single peak represents a single product and confirms the
specificity of the primers. Figure 1 demonstrates that cytotro-
phoblast cells, first-trimester placental samples, and term pla-
cental samples express Slc38a1, Slc38a2, and Slc38a4 mRNA,
whereas BeWo cells express only Slc38a1 and Slc38a2
mRNA. Figure 2, A and B, shows that there were no significant
differences in mRNA expression of Slc38a1 and Slc38a2 from
6 to 9 wk and from 10 to 13 wk gestation or between these
gestation periods and full term. In contrast, Slc38a4 mRNA
expression was significantly higher (P � 0.01) at 6–9 wk
compared with term (Fig. 2C).

Fig. 1. Amplification products for Slc38a1 (A), Slc38a2 (B), and Slc38a4 (C)
visualized on an agarose gel. The samples include first-trimester placenta (F),
term placenta (T), BeWo choriocarcinoma cells (B), differentiated cytotropho-
blast cells (C), positive control tissue (�ve for Slc38a1 and Slc38a2 is heart
and for Slc38a4 is liver), negative control (	ve, no reverse transcriptase
enzyme), and a no template control (NTC). Slc38a1 and Slc38a2 mRNA
were expressed in all samples. Only BeWo cells lacked a signal for Slc38a4
mRNA.

Fig. 2. Box and whisker plots to show mRNA expression of Slc38a1 (A),
Slc38a2 (B), and Slc38a4 (C) in placental samples relative to the calibrator.
The 3 groups are early first trimester (6–9 wk; n � 23), late first trimester
(10–13 wk; n � 12), and term (38–40 wk; n � 21). The box denotes the
interval between the 25th and 75th percentiles, the whiskers represent the
range, and the line inside the box indicates the median. Three samples in the
10- to 13-wk group and 4 term samples were below the level of detection for
Slc38a4, but these samples did demonstrate amplification of Slc38a1 and
Slc38a2. These samples were therefore omitted when we calculated the
statistical significance of Slc38a4 expression during gestation. **P � 0.01,
�10 wk vs. term; Kruskal-Wallis test with Dunn’s post hoc test.
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SNAT4 Protein Expression Over Gestation

Figure 3A shows that an immunoreactive signal was ob-
served at �60 kDa in all placental samples. This immunore-
active signal comigrated with the signal observed in the liver,
which was included as a positive control. These data accord
well with the predicted size of 60 kDa for SNAT4. Preabsorp-
tion of the antibody with 15� peptide abolished this signal
(Fig. 3B), confirming antibody specificity for SNAT4. Figure
3C shows that no immunoreactive signal was detectable in the
BeWo sample, which was used as a negative control, further
confirming the specificity of this antibody. Densitometric anal-
ysis of the blots shown in Fig. 3A revealed that SNAT4 protein
expression was significantly higher (P � 0.05) at term than
during the first trimester (Fig. 3D), a finding that is also
visually apparent. To ensure that this finding was not attribut-
able to unequal protein loading, the same samples were probed
for 
-actin (Fig. 4A). Densitometric analysis revealed that the
expression of this housekeeping protein in first-trimester and
term samples was not significantly different (Fig. 4B), confirm-
ing equal protein loading.

SNAT4 Localization

Figure 5 shows representative images of immunohistochem-
ical staining for SNAT4 in first-trimester (Fig. 5A) and term
placental tissue (Fig. 5C). SNAT4 is localized to the syncy-
tiotrophoblast, with positive staining on MVM, BM, and the
stroma at both stages of gestation. There is also strong staining

in the fetal blood vessels that is more apparent in term tissue,
probably because vascularization of the tissue is much more
advanced at this stage of gestation. Negative control sections of
both first-trimester (Fig. 5B) and term tissue (Fig. 5D) lacked
detectable staining. SNAT4 expression in term MVM and BM
was confirmed using Western blot analysis (Fig. 6A). A single
60-kDa immunoreactive species was detected in both MVM
and BM, which was abolished by preabsorption of antibody
with excess antigenic peptide (Fig. 6B). Densitometric analysis
of immunoreactive signal revealed no significant difference
between SNAT4 expression in MVM and BM (data not
shown).

DISCUSSION

In the present study, we have demonstrated for the first time
mRNA and protein expression for the SNAT4 isoform of the
system A amino acid transporter in the human placenta.
SNAT4 previously was considered a liver-specific subtype of
system A because Northern blot analysis failed to detect
mRNA for this isoform in any other tissue, with the exception
of rat skeletal muscle (18, 45). The method of QPCR used in
the current study is, of course, more sensitive than Northern
blot analysis (13). Furthermore, we have shown that mRNA
expression for this subtype of system A is significantly higher
in early first-trimester villous tissue compared to term. This
observation might underlie the lack of positive signal observed
previously in term placenta (18). Expression of Slc38a4 RNA

Fig. 3. A: Western blot analysis of 8 first-
trimester (F) and 8 term placental samples
(T) probed for system A neutral amino acid
transporter 4 (SNAT4) using liver (L) as a
positive control. The term placental calibra-
tor is indicated by the asterisk on each blot.
After 10-min exposure, a single immunore-
active signal was observed in all lanes at the
expected size of �60 kDa. B: signal is abol-
ished by 15� peptide used as the negative
control. C: Western blot analysis of a term
placental sample (T) and a BeWo cell sam-
ple (B) probed for SNAT4. After overnight
exposure, there was no immunoreactive sig-
nal observed in the BeWo sample, whereas
the 60-kDa SNAT4 protein was detected in
term placenta. D: bar graph showing expres-
sion of SNAT4 protein in first-trimester and
term placenta samples relative to the calibra-
tor. Data are means � SE; n � 8 for each
group. *P � 0.05 vs. first trimester; 2-tailed,
unpaired t-test.
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also has been confirmed in rat placenta (35) and early gestation
mouse placenta (41) using Northern blot analysis, and it has
been reported in other mouse tissues analyzed using RT-PCR
(34). Using RT-PCR, the researchers who originally reported a
novel human amino acid transporter, hNAT3, assigned to the
system N family demonstrated high levels of RNA expression
in liver; lower levels in muscle, kidney, and pancreas; and trace
levels in heart and placenta (17). This transporter can now be
reclassified as SNAT4 on the basis of further characterization

of this isoform of system A. These observations demonstrate
that although expression of Slc38a4 mRNA is relatively high in
the liver, it is not uniquely expressed by this tissue and should
no longer be regarded as liver specific.

The mRNA data reveal considerable variability in the levels
of Slc38a1, Slc38a2, and Slc38a4 gene expression between
placentas within the same gestational groups. This phenome-
non has been reported previously and is thought to be due
partly to individual variability (genetic component) and partly

Fig. 4. A: Western blot of 8 first-trimester (F)
and 8 term placental samples (T) probed for

-actin. After 1-min exposure, a single immu-
noreactive signal was observed in all lanes at
the expected size of �45 kDa. B: densitomet-
ric analysis of 
-actin protein expression in
first-trimester and term placental samples.
Data are means � SE; n � 8 for each group.
P � ns; 2-tailed, unpaired t-test.

Fig. 5. Light microscopy of 12-wk gestation
first-trimester (A) and term placental tissue
(C) after staining for SNAT4. These repre-
sentative images were produced using �400
magnification of 4 first-trimester samples and
3 term samples. At both stages of gestation,
SNAT4 was localized to placental syncy-
tiotrophoblasts [long arrows with the mi-
crovillous membrane (M) outermost and
basal membrane (B) facing inward], fetal
stroma (FS), and fetal blood vessels (short
arrows). In negative control sections of both
first-trimester (B) and term tissue (D), no
staining was observed.
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to the heterogeneous cellular composition of the placenta (39).
Despite this variability, statistical analysis has revealed that
Slc38a4 mRNA expression is significantly higher in placentas
from the 6- to 10-wk gestation first-trimester group compared
with the term group. There is no difference, however, between
expression in the 6- to 10-wk gestation group and the 10- to
13-wk gestation first-trimester group, indicating that the de-
crease in Slc38a4 mRNA expression may take place after this
time.

The gestational regulation of Slc38a4 mRNA expression in
placenta prompted us to compare SNAT4 protein expression in
first-trimester and term tissue. The specificity of the SNAT4
antibody was confirmed by the absence of an immunoreactive
product in the BeWo choriocarcinoma cell line, which does not
express Slc38a4 mRNA (25, 36). These cells do express
Slc38a1 and Slc38a2 mRNA (25, 26, 36, 46), however, with
translation into protein confirmed for both SNAT1 and SNAT2
(26, 36). In contrast to the observation of a decrease in mRNA
expression for this subtype of system A with advancing ges-
tation, Western blot analysis revealed that protein expression
was significantly higher at term compared with the first trimes-
ter. These data add to the increasing body of evidence for
complex gestational changes in placental transporter expres-
sion and activity (1). A change in mRNA expression is not
necessarily paralleled by a similar change in protein expres-
sion, perhaps because of differences between regulation of
transcription, mRNA degradation, translation into protein, and
posttranscriptional processes. Each of these events and the rate
at which they occur may differ between cell types. In the
placenta, the relative proportion of syncytiotrophoblasts, cy-
totrophoblast cells, and endothelial cells changes quite mark-
edly during gestation. If variations in transcription and trans-
lation of SNAT4 in these different cell types exist, they could
account for the observations reported herein. For example,
immunohistochemical detection of SNAT4 shows strong stain-
ing in fetal blood vessels, which are widespread at term but
poorly developed during the first trimester.

The identification of SNAT4 in human placenta and its
localization to the transporting epithelium of this tissue, the
syncytiotrophoblast, raises the question of its functional im-
portance in amino acid transport from mother to fetus. The
broader substrate specificity of SNAT4 suggests that it could
mediate the Na�-independent transport of cationic amino acids
such as arginine (18) as well as the Na�-dependent transport of
neutral amino acids typical of system A. This broad specificity
complicates studies to identify definitively the contribution of

SNAT4 to system A activity. Furthermore, this subtype has a
low affinity for MeAIB, the system A-specific substrate (18).
Comprehensive vesicle studies in which many substrates are
used may provide insight into the role of SNAT4 but could
prove difficult to interpret, considering the overlap between the
different transporters and the substrates with which they inter-
act (22, 31). The lack of gestational change in system A
activity (measured as Na�-dependent 14C-MeAIB uptake) in
placental villous fragments from first-trimester and term hu-
man tissue (11) is surprising in view of the gestational increase
previously reported in MVM vesicles (32) and considering the
gestational changes in placental SNAT4 protein expression
demonstrated herein. Perhaps this phenomenon can be ex-
plained by the heterogeneous nature of villous fragments, the
variable distribution of the SNAT isoforms, and the relatively
low substrate specificity of SNAT4 for MeAIB. These issues
require further investigation.

It is likely that transport of amino acids by system A is
acutely regulated in vivo by various hormones and growth
factors as well as by substrate availability evidenced by in vitro
studies (21, 28, 43). Long-term regulation of system A by these
factors is mediated through changes in transcription and trans-
lation of the genes coding for system A. Research into this area
has already begun with respect to substrate regulation of
SNAT2 (12, 30), but much more work remains to be done.
Knocking out placenta-specific IGF-II (Igf2) in mice causes
placental growth restriction from embryonic day 12 (E12) and
fetal growth restriction from E19 (9). There is increased
maternofetal 14C-MeAIB transport per gram of placenta weight
in these mice at E16, consistent with maintained fetal growth
despite reduced placental size at this stage of gestation. This
observation is of interest because there is increased expression
of Slc38a4 mRNA in these placentas at E16, whereas expres-
sion of Slc38a1 and Slc38a2 remains unaltered (Constância M,
unpublished observations). The relationship between Slc38
mRNA, SNAT protein expression, and system A activity in the
placentas of these mice remains to be elucidated. However, the
selective increase in Slc38a4 gene expression in parallel with
the increased MeAIB transport suggests that this isoform
contributes to system A activity in the placenta.

In view of the current observations and other recent studies,
SNAT4 is probably expressed functionally in tissues other than
the liver and placenta, including muscle, kidney, pancreas, and
heart. SNAT4 in the liver is thought to provide the major route
for uptake of cationic amino acids such as arginine because this
tissue does not express any of the other high-affinity cationic

Fig. 6. Western blot analysis of 3 paired
microvillous plasma membrane (M) and basal
plasma membrane samples (B) prepared from
term placenta probed for SNAT4. A: after
overnight exposure, a single immunoreac-
tive signal was observed in all lanes at the
expected size of �60 kDa. B: signal was
abolished by 15� peptide used as negative
control.

Report

C310 SNAT4 EXPRESSION IN HUMAN PLACENTA

AJP-Cell Physiol • VOL 290 • JANUARY 2006 • www.ajpcell.org



amino acid transporters (38). To date, evidence exists for only
relatively low levels of CAT2 mRNA expression in liver, an
isoform of the low-affinity cationic amino acid transporter y�

(20). Lack of mRNA expression for the high-affinity cationic
amino acid transporter y�L in human muscle and heart (48)
also suggests an inverse relationship between SNAT4 and y�L
expression in these tissues, raising the possibility that SNAT4
may provide a route for cationic amino acid transport. There is
evidence for y�L expression and activity in the human pla-
centa (3, 48), and therefore the importance of SNAT4 in this
tissue in terms of cationic amino acid transport may not be as
great as in these other tissues. The present study makes it
important to determine the function of SNAT4 in the placenta
and to address its contribution to amino acid transport and fetal
growth.
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9. Constância M, Hemberger M, Hughes J, Dean W, Ferguson-Smith A,
Fundele R, Stewart F, Kelsey G, Fowden A, Sibley C, and Reik W.
Placental-specific IGF-II is a major modulator of placental and fetal
growth. Nature 417: 945–948, 2002.

10. Cramer S, Beveridge M, Kilberg M, and Novak D. Physiological
importance of system A-mediated amino acid transport to rat fetal devel-
opment. Am J Physiol Cell Physiol 282: C153–C160, 2002.

11. Ericsson A, Hamark B, Jansson N, Johansson BR, Powell TL, and
Jansson T. Hormonal regulation of glucose and system A amino acid
transport in first trimester placental villous fragments. Am J Physiol Regul
Integr Comp Physiol 288: R656–R662, 2005.

12. Gazzola RF, Sala R, Bussolati O, Visigalli R, Dall’Asta V, Ganapathy
V, and Gazzola GC. The adaptive regulation of amino acid transport

system A is associated to changes in ATA2 expression. FEBS Lett 490:
11–14, 2001.

13. Ginzinger DG. Gene quantification using real-time quantitative PCR: an
emerging technology hits the mainstream. Exp Hematol 30: 503–512,
2002.

14. Glazier J, Ayuk PT, Grey AM, and Sides K. Syncytiotrophoblast basal
plasma membrane isolation. Placenta 19: 443–444, 1998.

15. Glazier JD, Cetin I, Perugino G, Ronzoni S, Grey AM, Mahendran D,
Marconi AM, Pardi G, and Sibley CP. Association between the activity
of the system A amino acid transporter in the microvillous plasma
membrane of the human placenta and severity of fetal compromise in
intrauterine growth restriction. Pediatr Res 42: 514–519, 1997.

16. Glazier JD, Jones CJ, and Sibley CP. Purification and Na� uptake by
human placental microvillus membrane vesicles prepared by three differ-
ent methods. Biochim Biophys Acta 945: 127–134, 1988.

17. Gu S, Adan-Rice D, Leach RJ, and Jiang JX. A novel human amino
acid transporter, hNAT3: cDNA cloning, chromosomal mapping, genomic
structure, expression, and functional characterization. Genomics 74: 262–
272, 2001.

18. Hatanaka T, Huang W, Ling R, Prasad PD, Sugawara M, Leibach
FH, and Ganapathy V. Evidence for the transport of neutral as well as
cationic amino acids by ATA3, a novel and liver-specific subtype of amino
acid transport system A. Biochim Biophys Acta 1510: 10–17, 2001.

19. Hatanaka T, Huang W, Wang H, Sugawara M, Prasad PD, Leibach
FH, and Ganapathy V. Primary structure, functional characteristics and
tissue expression pattern of human ATA2, a subtype of amino acid
transport system A. Biochim Biophys Acta 1467: 1–6, 2000.

20. Hoshide R, Ikeda Y, Karashima S, Matsuura T, Komaki S, Kishino T,
Niikawa N, Endo F, and Matsuda I. Molecular cloning, tissue distribu-
tion, and chromosomal localization of human cationic amino acid trans-
porter 2 (HCAT2). Genomics 38: 174–178, 1996.

21. Jansson N, Greenwood SL, Johansson BR, Powell TL, and Jansson T.
Leptin stimulates the activity of the system A amino acid transporter in
human placental villous fragments. J Clin Endocrinol Metab 88: 1205–
1211, 2003.

22. Jansson T. Amino acid transporters in the human placenta. Pediatr Res
49: 141–147, 2001.

23. Jansson T, Ylven K, Wennergren M, and Powell TL. Glucose transport
and system A activity in syncytiotrophoblast microvillous and basal
plasma membranes in intrauterine growth restriction. Placenta 23: 392–
399, 2002.

24. Johnson LW and Smith CH. Neutral amino acid transport systems of
microvillous membrane of human placenta. Am J Physiol Cell Physiol
254: C773–C780, 1988.

25. Jones CR, Srinivas SR, Devoe LD, Ganapathy V, and Prasad PD.
Inhibition of system A amino acid transport activity by ethanol in BeWo
choriocarcinoma cells. Am J Obstet Gynecol 187: 209–216, 2002.

26. Jones HN, Ashworth CJ, Page KR, and McArdle HJ. Adaptive regu-
lation of amino acid transport system A in the human choriocarcinoma
BeWo cell line. J Physiol 555P: PC113, 2004.

27. Jozwik M, Teng C, Timmerman M, Chung M, Meschia G, and
Battaglia FC. Uptake and transport by the ovine placenta of neutral
nonmetabolizable amino acids with different transport system affinities.
Placenta 19: 531–538, 1998.

28. Karl P. Insulin-like growth factor-I stimulates amino acid uptake by the
cultured human placental trophoblast. J Cell Physiol 165: 83–88, 1995.

29. Lacey HA, Nolan T, Greenwood SL, Glazier JD, and Sibley CP.
Gestational profile of Na�/H� exchanger and Cl	/HCO3

	 anion exchanger
mRNA expression in placenta using real-time QPCR. Placenta 26: 93–98,
2005.

30. Ling R, Bridges CC, Sugawara M, Fujita T, Leibach FH, Prasad PD,
and Ganapathy V. Involvement of transporter recruitment as well as gene
expression in the substrate-induced adaptive regulation of amino acid
transport system A. Biochim Biophys Acta 1512: 15–21, 2001.

31. Mackenzie B and Erickson JD. Sodium-coupled neutral amino acid
(System N/A) transporters of the SLC38 gene family. Pflügers Arch 447:
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The SNAT4 isoform of the system A amino acid transporter
is functional in human placental microvillous plasma
membrane

M. Desforges, K. J. Mynett, R. L. Jones, S. L. Greenwood, M. Westwood, C. P. Sibley and J. D. Glazier

Maternal and Fetal Health Research Group, Research School of Clinical and Laboratory Sciences, University of Manchester, St Mary’s Hospital, Hathersage
Road, Manchester M13 0JH, UK

Placental system A activity is important for the supply of neutral amino acids needed for fetal
growth. There are three system A isoforms: SNAT1, SNAT2 and SNAT4, but the contribution of
each to system A-mediated transport is unknown. Here, we have used immunohistochemistry
to demonstrate that all three isoforms are present in the syncytiotrophoblast suggesting each
plays a role in amino acid transport across the placenta. We next tested the hypothesis that the
SNAT4 isoform is functional in microvillous plasma membrane vesicles (MVM) from normal
human placenta using a method which exploits the unique property of SNAT4 to transport both
cationic amino acids as well as the system A-specific substrate MeAIB. The data show that SNAT4
contribution to system A-specific amino acid transport across MVM is higher in first trimester
placenta compared to term (approx. 70% and 33%, respectively, P < 0.01). Further experiments
performed under more physiological conditions using intact placental villous fragments suggest
a contribution of SNAT4 to system A activity in first trimester placenta but minimal contribution
at term. In agreement, Western blotting revealed that SNAT4 protein expression is higher in first
trimester MVM compared to term (P < 0.05). This study provides the first evidence of SNAT4
activity in human placenta and demonstrates the contribution of SNAT4 to system A-mediated
transport decreases between first trimester and term: our data lead us to speculate that at later
stages of gestation SNAT1 and/or SNAT2 are more important for the supply of amino acids
required for normal fetal growth.

(Received 12 August 2008; accepted after revision 11 November 2008; first published online 17 November 2008)
Corresponding author M. Desforges: Maternal and Fetal Health Research Group, University of Manchester, St Mary’s
Hospital, Hathersage Road, Manchester M13 0JH, UK. Email: michelle.desforges@manchester.ac.uk

During intrauterine life an adequate supply of amino acids
from the maternal circulation is essential for normal fetal
growth and development. In humans the maternal and
fetal circulations are separated by a polarized epithelium
in the placenta known as the syncytiotrophoblast. Amino
acid transfer across the syncytiotrophoblast is mediated
by a number of transporters found in the maternal-facing
microvillous plasma membrane (MVM) and fetal-facing
basal plasma membrane (BM) (Moe, 1995; Jansson, 2001).
Each class of transporter is specific for a particular group
of amino acids and, based on competitive interactions
between amino acid substrates, at least 15 transport
systems for neutral, basic and acidic amino acids have
been identified in the syncytiotrophoblast analogous to
those described for other epithelia (Moe, 1995; Jansson,
2001).

System A is a Na+-dependent transporter that actively
transports small, zwitterionic, neutral amino acids
with short, unbranched side chains such as alanine,

serine, and glutamine (Johnson & Smith, 1988). It
can also transport N-methylated amino acids such as
α-(methylamino)isobutyric acid (MeAIB) (Christensen
et al. 1965). This non-metabolizable amino acid analogue
has been used extensively to study system A activity
in the placenta (Mahendran et al. 1993; Novak et al.
1996; Jozwik et al. 1998; Jansson et al. 2003). Reduced
system A activity has been demonstrated in MVM vesicles
isolated from placentas in which the fetus was growth
restricted (Dicke & Henderson, 1988; Mahendran et al.
1993; Glazier et al. 1997; Jansson et al. 2002). Whether
this represents a primary event in cases of intrauterine
growth restriction (IUGR) or is secondary to the growth
restriction is unknown. However, evidence from three
separate animal studies suggests reduced system A activity
may be a cause of, rather than merely be associated with,
altered fetal growth. Inhibition of system A in pregnant
rats leads to fetal growth restriction (Cramer et al. 2002);
in a mouse model of IUGR (Constancia et al. 2002) and
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also in a dietary model of IUGR in the rat (Jansson et al.
2006), fetal growth restriction is preceded by alterations
in placental system A activity.

Molecular characterization of system A has revealed
that there are three highly homologous protein sub-
types of this Na+-coupled neutral amino acid transporter
known as SNAT1, SNAT2, and SNAT4, which are encoded
by three members of the SLC38 gene family (SLC38A1,
SLC38A2, and SLC38A4, respectively) (Hediger et al.
2004; Mackenzie & Erickson, 2004). SLC38A2 is expressed
ubiquitously in mammalian tissues (Hatanaka et al. 2000;
Sugawara et al. 2000a) and expression of SLC38A1 has been
shown in various tissues including human placenta (Wang
et al. 2000; Desforges et al. 2006). Functionally, SNAT1 and
SNAT2 operate via similar mechanisms (Hatanaka et al.
2000; Wang et al. 2000; Yao et al. 2000). SNAT4 has a lower
substrate affinity for neutral amino acids and MeAIB than
SNAT1 and SNAT2 (Sugawara et al. 2000b; Hatanaka et al.
2001) and also has a unique ability amongst the other
system A isoforms to interact with cationic amino acids
in a Na+-independent manner (Hatanaka et al. 2001).
It was originally thought that SLC38A4/SNAT4 was a
liver-specific isoform (Hatanaka et al. 2001). However,
we have demonstrated expression in human placenta
(Desforges et al. 2006), and expression in rat (Novak et al.
2006) and mouse placenta (Mizuno et al. 2002; Smith et al.
2003) has also been documented.

The relative contribution of each SNAT isoform to total
placental system A activity is not known; indeed it is
not certain that all three isoforms are active. We have
previously shown that SNAT4 protein is localized to the
MVM in human placenta at first trimester and term
(Desforges et al. 2006), a location consistent with a role
in uptake of amino acids into the syncytiotrophoblast.
Our laboratory has also demonstrated SNAT2 protein
localization to the syncytiotrophoblast of term placenta
(Champion et al. 2004) but localization in first trimester
is unknown and SNAT1 localization has yet to be
investigated.

System A activity in human placental MVM increases
between first trimester and term (Mahendran et al. 1994)
coinciding with the increased fetal nutrient demand
as gestation advances and fetal growth rate accelerates.
Our previous investigations have shown SNAT4 protein
expression increases in placental homogenates (containing
a mixture of all placental cell types) between first trimester
and term (Desforges et al. 2006) suggesting amino acid
transport by this isoform could be particularly important
for maintaining normal fetal growth. Furthermore, in
a mouse model of IUGR which displays alterations
in placental structure and function similar to those
found in human IUGR (Sibley et al. 2004), altered
placental MeAIB transport is specifically associated with
altered Slc38a4 mRNA expression (Constancia et al.
2005).

In the current study we have used immuno-
histochemistry to compare localization of SNAT1, SNAT2
and SNAT4 in first trimester and term human placenta and
then examined any changes in the specific localization of
SNAT4 to the MVM between these two gestations using
Western blotting. We then performed experiments to test
the hypothesis that the SNAT4 isoform is functional in
normal human placenta and to estimate its contribution
to total system A activity both in the first trimester
and at term. Definitively identifying the contribution of
SNAT4 to total system A transport in placenta, which
expresses all three SNAT isoforms, is complicated by
their overlapping substrate specificities. Therefore our
initial experiments were performed using isolated MVM
vesicles which allowed optimization of experimental
conditions, outside the normal physiological range, to
measure SNAT4 activity. Our experimental approach was
to exploit the unique property of SNAT4 to transport
cationic amino acids as well as MeAIB by measuring
the arginine-inhibitable component of MeAIB uptake by
MVM vesicles. Subsequently, experiments were performed
using intact placental villous tissue fragments to examine
whether SNAT4 activity could be measured under more
physiological conditions in tissue from first trimester and
term pregnancy.

Methods

Chemicals

All chemicals were purchased from Sigma-Aldrich Co.
Ltd (Poole, UK) or VWR International (Lutterworth, UK)
unless otherwise stated.

Tissue acquisition and ethical approval

All tissue was obtained with written informed consent
as approved by the Central Manchester Research Ethics
Committee (REC Ref: 03/CM/031). Gestational age was
estimated from the date of last menstrual period and
confirmed by ultrasound dating. First trimester placentas
(6–13 weeks gestation) were obtained following elective
medical or surgical termination of pregnancy. Term
placentas (38–40 weeks gestation) were collected following
caesarean section or vaginal delivery from uncomplicated
singleton pregnancies.

Immunohistochemistry

Placental tissue samples from first trimester and term were
fixed in 10% neutral buffered formalin overnight at 4◦C
before thorough washing in Tris buffered saline (TBS)
and paraffin embedding. Sections of 5 μm were de-waxed
and rehydrated prior to antigen retrieval by microwaving
for 2 × 5 min at 800 W in 0.01 M citrate buffer (pH 6.0).
Non-specific staining was prevented by quenching
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endogenous perxoidase activity with 3% aqueous H2O2,
followed by a 30 min incubation with non-immune block
(10% normal swine serum, 2% normal human serum
(‘in-house’), 0.1% Tween-20 in TBS). Primary anti-
bodies (affinity-purified rabbit IgG) were custom-made
(Eurogentec: Seraing, Belgium) using the following amino
acid sequences of the human system A isoforms as anti-
gen: SNAT1 – VPEDDNISNDSNDFT (residues 18–32);
SNAT2 – SNLGKKKYETEFHPG (residues 55–69); SNAT4
– YGEVEDELLHAYSKV (residues 391–405). Antibodies
were diluted to 1 μg ml−1 in non-immune block and
applied to sections overnight at 4◦C. For negative controls,
and to ensure antibody specificity, primary antibodies
were preadsorbed with the appropriate purified antigenic
peptide (10× excess) overnight at 4◦C before applying to
serial sections at 1 μg ml−1. Following repeated washes
with TBS containing 0.6% Tween-20, antibody binding
was detected by sequential application of biotinylated
swine anti-rabbit IgG (Dako: Ely, UK; 1 : 200 dilution)
and avidin-peroxidase (20 ng ml−1), with the chromogen
diaminobenezidine, to produce a brown precipitate.
Sections were counterstained with Harris’ haematoxylin,
dehydrated and mounted with DPX.

Preparation of MVM vesicles

MVM vesicles were prepared using the method of Mg2+

precipitation and differential centrifugation as previously
described (Glazier et al. 1988; Mahendran et al. 1994) with
the modification that Mg2+ concentration was increased
to 12 mM for first trimester MVM. Once isolated, MVM
vesicles were suspended in intravesicular buffer (IVB:
30 mM KCl, 110 mM choline chloride, 20 mM mannitol,
6.5 mM Tris, and 13.5 mM Hepes, pH 7.4). MVM protein
concentration was determined by the method of Lowry
et al. (1951). Vesicle purity was assessed by measuring
enrichment of alkaline phosphatase activity as previously
described (Glazier et al. 1988; Mahendran et al. 1994).
Alkaline phosphatase enrichment factors (mean ± S.E.M.)
for first trimester and term MVM vesicles (n = 6 for both)
were 18 ± 2 and 19 ± 2, respectively. Statistical analysis
revealed no significant difference between the two groups
(P = 0.82, Mann–Whitney U-test). All vesicles intended
for activity experiments were stored at 4◦C prior to
measurement of amino acid uptake, performed within
48 h of isolation. MVM vesicles intended for Western Blot
analysis were stored at −80◦C.

Western blot analysis

In order to compare SNAT4 protein expression in
MVM from first trimester and term placenta, 30 μg
protein was mixed at a ratio of 1 : 1 with loading buffer
(22% glycerol, pH 6.8, 154 mM SDS, 4.4 M urea, 0.002%

bromophenol blue, and 10% v/v 2-mercaptoethanol,
139 mM Tris-HCl) and heat reduced for 5 min at 95◦C.
BeWo choriocarcinoma cell homogenate was included
as a negative control for SNAT4 expression as shown
previously (Desforges et al. 2006) in order to confirm
primary antibody specificity. Polyacrylamide gel electro-
phoresis was performed using 3% stacking gel and 10%
resolving gel. Proteins were then electrotransferred onto
nitrocellulose membrane. The membranes were blocked
for 1 h at room temperature with 5% dried skimmed
milk powder in phosphate-buffered saline (PBS; 172 mM

NaCl, 3.35 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4,
pH 7.4) and then washed for 3 × 5 min in PBS–0.1%
Tween-20 (PBS-T). A rabbit polyclonal to SNAT4 (Abcam:
Cambridge, UK) was used at a 1 : 300 dilution in
PBS-T. Primary and HRP-conjugated goat anti-rabbit
secondary antibody (Dako, Ely, UK; 1 : 2000 dilution in
PBS-T) incubations were carried out for 1 h at room
temperature. Immunoreactive signals were detected by
enhanced chemiluminescence (ECL). Following ECL, the
nitrocellulose membrane was reprobed for β-actin (mouse
anti-β-actin monoclonal, 1 : 1000 dilution) to confirm
equal protein loading.

Measurement of total system A activity
in MVM vesicles

MVM vesicles from first trimester and term placenta were
used at 5 μg ml−1 and 10 μg ml−1, respectively (diluted
in IVB). MVM vesicles were then incubated in 4 μm
valinomycin, a potassium ionophore, for 1 h at room
temperature as previously described (Ayuk et al. 2000)
before transport assays were performed. [14C]MeAIB
(0.4 mM, Perkin Elmer) uptake was measured at room
temperature (21–24◦C) following addition of 20 μl MVM
vesicles to 100 μl extravesicular buffer (EVB: 30 mM KCl,
110 mM NaCl, 20 mM mannitol, 14 mM Tris, 6 mM Hepes,
pH 8.5) by the method of rapid filtration (Mahendran
et al. 1993, 1994; Ayuk et al. 2000). Experimental
conditions were modified to promote system A activity;
EVB composition achieved an inwardly directed Na+

gradient of ∼90 mM across MVM plasma membranes
creating an optimal driving force for MeAIB transport
and an alkali pH of 8.5 was used to stimulate SNAT
activity (Hatanaka et al. 2001). [14C]MeAIB uptake in
the presence of 30 mM MeAIB was also measured and
considered to be non-system A mediated because at this
high concentration of substrate it is predicted that all
three SNAT isoforms would be saturated. The difference
between total [14C]MeAIB uptake and uptake in the
presence of 30 mM MeAIB was calculated to give a measure
of system A-specific uptake. Previous studies have shown
that [14C]MeAIB uptake by MVM after 30 s provides
a reasonable estimate of initial rate (Mahendran et al.
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1993; Kuruvilla et al. 1994; Glazier et al. 1997). Due to
the different experimental conditions used in the current
study, [14C]MeAIB uptakes over a 1 min time course were
performed to ensure measurement at initial rate had been
achieved (see Results).

Measurement of SNAT4-specific activity
in MVM vesicles

In conjunction with the system A activity experiments
described above, [14C]MeAIB uptake by MVM vesicles
was also performed in the presence of 10–30 mM arginine.
The arginine-inhibitable component of system A-specific
[14C]MeAIB uptake by MVM vesicles was taken as a
measure of SNAT4-mediated activity as this is the only
system A isoform which supports this cationic amino
acid as a substrate (Hatanaka et al. 2001). SNAT4 has
a relatively low affinity for MeAIB compared to the
other SNAT isoforms and therefore [14C]MeAIB was used
at a higher concentration (0.4 mM) than in previous
publications (0.165 mM; Mahendran et al. 1994; Glazier
et al. 1997) to ensure contribution to uptake by SNAT4.
These experiments, performed under non-physiological
conditions (i.e. pH 8.5, manipulated transmembrane Na+

gradient, and the use of supraphysiological concentrations
of arginine), were designed to confirm SNAT4 activity
in MVM and provide an estimate of its contribution to
system A transport.

Measurement of total system A activity in placental
villous fragments

Villous fragments represent a more physiologically
relevant model than isolated MVM vesicles because tissue
architecture, cell-to-cell interactions, and intracellular
signalling pathways remain intact, important for the
maintenance of the normal driving forces for amino acid
transport. Therefore, system A activity measurements
were also performed using this model. Placental villous
fragments were dissected from first trimester and term
placenta and rinsed in 1 : 3 mix of Dulbecco modified
Eagle medium (DMEM)/control Tyrode’s buffer (135 mM

NaCl, 5 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 10 mM

Hepes, 5.6 mM glucose, pH 7.4). Uptake of [14C]MeAIB
(10 μm) into villous fragments over 20 min was
carried out in control and Na+-free Tyrode’s buffer
(135 mM choline chloride replaced NaCl, pH 7.4) as pre-
viously described (Jansson et al. 2003; Ericsson et al.
2005; Greenwood & Sibley, 2006). The Na+-dependent
component of [14C]MeAIB uptake, representing system
A-specific uptake, was calculated by subtracting
[14C]MeAIB uptake in the absence of Na+ from uptake
in the presence of Na+. Fragment protein content (μg)
was determined using the method of Bradford (1976)

using a commercial kit (Bio-Rad Laboratories Ltd, Hemel
Hampstead, UK). Na+-dependent [14C]MeAIB uptake by
first trimester and term fragments is expressed per mg
fragment protein over 20 min, a time previously confirmed
to be at initial rate (Greenwood & Sibley, 2006).

Measurement of SNAT4-specific activity in placental
villous fragments

[14C]MeAIB uptake by first trimester and term fragments,
in both control and Na+-free conditions, was also
measured in the presence of 5 mM MeAIB. The
Na+-dependent component of uptake in each condition
was calculated and expressed per mg protein over
20 min. The transport function of SNAT1 and SNAT2
in human retinal pigment endothelial (HRPE) cells
is saturable with increasing concentrations of MeAIB
over the concentration range of 0.05–5 mM (Hatanaka
et al. 2000; Wang et al. 2000) whereas the K m of
SNAT4 for MeAIB is 6.7 mM. Therefore, any measurable
Na+-dependent [14C]MeAIB uptake by placental villous
fragments in the presence of 5 mM MeAIB was taken to be
that specifically mediated by SNAT4. These experiments,
performed at physiological pH in intact placental tissue,
were designed to provide an estimate of placental SNAT4
activity in vivo.

RT-PCR

In order to examine SLC38A4 mRNA expression
in other human tissues besides placenta we used
RT-PCR. RNA (100 ng) from various human tissues
including brain, stomach, lung, small intestine, heart,
kidney, liver (Ambion, Cambridge, UK) and placenta
(Stratagene), were reverse transcribed simultaneously
to generate cDNA, ensuring comparable reverse
transcription efficiency, and PCR was performed using
SLC38A4-specific primers (Desforges et al. 2006).
The thermal cycling conditions included an initial
denaturation step at 95◦C for 10 min, followed by 40
cycles of denaturation, annealing and amplification (95◦C
for 30 s, 58◦C for 1 min, 72◦C for 30 s). β-Actin mRNA
expression was also examined by PCR in the same samples
as previously described (Lacey et al. 2005) to confirm
cDNA integrity. SLC38A4 and β-actin amplification
products were visualized by ethidium bromide staining
following agarose gel electrophoresis.

Statistical analysis

Following Western blotting, the mean intensity of signal
for immunoreactive species was assessed using Image
J software. These data are presented as median and
interquartile range and any difference between expression
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in first trimester and term MVM was determined by a
Mann–Whitney U-test. Raw data of [14C]MeAIB uptake
by MVM vesicles over the 1 min time course are pre-
sented as mean ± S.E.M. Two-way ANOVA was used
to statistically analyse [14C]MeAIB uptake by MVM
vesicles in the presence of arginine over the 1 min time
course. The calculated data of system A-specific and
SNAT4-mediated [14C]MeAIB uptake by MVM vesicles
and villous fragments are presented as median and
interquartile range. Any difference in system A-specific
or SNAT4-mediated [14C]MeAIB uptake between first
trimester and term placenta was determined by a
Mann–Whitney U-test. All statistical analyses were made
using GraphPad Prism software and in all cases, P < 0.05
was considered significant.

Results

SNAT1, SNAT2 and SNAT4 localization in human
placenta

Figure 1 shows representative images from immuno-
histochemical analysis of SNAT1 (Fig. 1A–F), SNAT2
(Fig. 1G–L), and SNAT4 (Fig. 1M–R) localization in
first trimester (n = 7) and term (n = 6) placental tissue.
Immunostaining was predominantly localized to the
syncytiotrophoblast for all SNAT proteins. Cytoplasmic
staining was observed in all samples with heterogeneous
but intense MVM staining apparent for all three iso-
forms (Fig. 1A, G and M). In first trimester placenta,
the intensity of staining for SNAT1 was less in cyto-
trophoblasts than syncytiotrophoblast (Fig. 1A and B) but
the two cell types had similar levels of staining for SNAT2
(Fig. 1G and H) and SNAT4 (Fig. 1O). SNAT1 staining was
also detected in stromal Hofbauer cells and the vascular
endothelium of first trimester placenta (Fig. 1B and C),
whilst at term, this isoform of system A was exclusively
localized to syncytiotrophoblast (Fig. 1D and E). SNAT 2
and 4 were also present in endothelial cells in first trimester
placenta (Fig. 1H and N), with faint staining persisting in
larger intermediate and stem villous vessels at term (Fig. 1L
and Q). Subpopulations of stromal cells were positive
for SNAT2 and 4 at both stages of gestation (Fig. 1H , O
and Q). Spatial immunostaining patterns were consistent
in all samples examined, but considerable variation was
detected in staining intensity. Negative control sections
lacked detectable stain (Fig. 1F , I and R).

SNAT4 protein expression in first trimester
and term MVM

SNAT4 protein expression was compared in first trimester
and term MVM samples (n = 4 for each). Figure 2A shows
that a band representing protein with a molecular weight

corresponding to that of SNAT4 (∼70 kDa) was present
in all MVM samples. There was no detectable immuno-
reactive signal in the BeWo sample used as a negative
control, confirming antibody specificity. Densitometric
analysis of the blots shown in Fig. 2A revealed that
SNAT4 protein expression was higher in first trimester
MVM samples compared to term MVM (Fig. 2C),
which is also visually apparent. To ensure this was not
attributable to unequal protein loading, following ECL
the nitrocellulose membrane was reprobed for β-actin
(Fig. 2B). Densitometric analysis revealed there was no
significant difference in β-actin protein expression in first
trimester compared to term MVM samples (Fig. 2D),
confirming equal protein loading.

System A activity in first trimester and term
MVM vesicles

Total [14C]MeAIB uptake by first trimester and term MVM
vesicles was linear (P < 0.0001 for both, linear regression)
over 1 min (see control uptake in Fig. 3A and B) indicating
this measurement approximated to initial rate. Figure 3C
shows system A-specific [14C]MeAIB uptake (calculated by
subtracting uptake in the presence of 30 mM MeAIB from
control uptake) by term MVM vesicles was significantly
higher than uptake by first trimester vesicles at 30 s.

Arginine-inhibitable MeAIB uptake by MVM vesicles

[14C]MeAIB uptake by term MVM was inhibited by
20 mM and 30 mM arginine (Fig. 3B). Thirty millimolar
arginine had the most pronounced effect and, at this
concentration, also significantly inhibited [14C]MeAIB
uptake by first trimester MVM (Fig. 3A). In experiments
using term MVM vesicles, the effect of 40 mM and 50 mM

arginine were also investigated but these did not cause
any further inhibition of [14C]MeAIB uptake (data not
shown). Inhibition of [14C]MeAIB uptake by 30 mM

arginine was therefore used to calculate SNAT4-specific
activity in MVM vesicles. In order to ensure that the
inhibitory effect of 30 mM arginine was specific for
MeAIB uptake, and not due to a general effect on amino
acid uptake by MVM vesicles, we performed additional
experiments to investigate the effect of 30 mM arginine on
[3H]taurine uptake. Taurine is a specific substrate for the
Na+-dependent amino acid transporter system β which
is present in human placental MVM (Roos et al. 2004).
Thirty millimolar arginine did not inhibit [3H]taurine
uptake by MVM vesicles (data not shown) confirming
the inhibitory effect of 30 mM arginine was specific to
[14C]MeAIB uptake.
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Figure 1. Immunolocalization of SNAT1, SNAT2 and SNAT4 in first trimester and term placentas
Representative photomicrographs for SNAT1 in first trimester (A–C) and term placenta (D–E). Immunostaining is
predominantly in trophoblast cells (cytotrophoblast cells: CT and the syncytiotrophoblast: ST), with heterogeneous
intense staining on the microvillous membrane (MVM) (A and D). Additional staining was present in stromal
Hofbauer cells (asterisks) and vascular endothelium (V) in first trimester (B and C), but not term (E inset),
placenta. SNAT2 exhibited a similar immunostaining pattern in first trimester (G–I) and term (J–L) placenta, but
with endothelial staining present in vessels throughout pregnancy (H and L). Representative images for SNAT4
immunohistochemistry in first trimester (M–O) and term (P–R) placenta, illustrate a similar localization. Immuno-
staining is predominantly syncytial, with MVM staining more pronounced in first trimester (M) than term (P).
Negative controls are shown in F, I and R. Scale bars represent 50 μm; scale bar on image A refers to all images,
except image O.
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SNAT4-specific MeAIB uptake by MVM vesicles

The arginine-inhibitable component of system A-specific
[14C]MeAIB uptake, representing SNAT4-mediated trans-
port (mean ± S.E.M.), in first trimester and term vesicles
was 0.083 ± 0.014 and 0.06 ± 0.01 pmol (mg protein−1

(30 s)−1, respectively (P = 0.24, unpaired t test). Figure 3D
shows that when these data are expressed as a percentage
of system A-specific [14C]MeAIB uptake, the SNAT4
contribution to total system A activity was significantly
higher in first trimester MVM vesicles compared to term
vesicles under these experimental conditions.

MeAIB uptake by human placental villous fragments

Figure 4A shows that Na+-dependent [14C]MeAIB uptake,
representing system A-mediated transport, by term
placental villous fragments is significantly higher than
uptake by first trimester fragments. This increase could
not be attributed to differences in fragment size
(Greenwood & Sibley, 2006) as the protein content
of first trimester and term placental villous fragments
was comparable (mean ± S.E.M. = 501.8 ± 46.3 and
625.7 ± 45.6 μg, respectively, unpaired t test, P = 0.07).

SNAT4-specific MeAIB uptake by villous fragments

In the presence of 5 mM MeAIB, Na+-dependent
[14C]MeAIB uptake by term villous fragments was not
significantly different from zero (−1.1 ± 2.5 pmol (mg

Figure 2. SNAT4 expression in first trimester and term MVM
Western blot of 4 first trimester (F) and 4 term (T) MVM samples probed for A, SNAT4 and B, β-actin using
BeWo (B) as a negative control for SNAT4 expression. After 2 s exposure a single immunoreactive signal was
observed in all lanes at the expected size of ∼45 kDa for β-actin. After 5 min exposure a single immunoreactive
signal representing SNAT4 protein was observed in all MVM samples at ∼70 kDa. C and D, bar chart to show
densitometric analysis of SNAT4 (C) and β-actin (D) protein expression in first trimester and term MVM samples
(median and interquartile range, n = 4 for each group). ∗P < 0.05, Mann–Whitney U-test.

protein)−1 (20 min)−1, P = 0.38, Wilcoxon’s signed rank
test, n = 3) whereas Na+-dependent [14C]MeAIB uptake
by first trimester villous fragments in the presence of 5 mM

MeAIB was 43.9 ± 12.7 pmol (mg protein)−1 (20 min)−1

(Fig. 4B). These data suggest that, under physiological
conditions, there is a contribution of SNAT4 to system
A-mediated transport in first trimester placenta, whereas
in term placenta, SNAT4 activity is minimal.

SLC38A4 mRNA expression in human tissue

The amplification product generated following SLC38A4
PCR was visualized as a single band of appropriate size
(152 bp) following agarose gel electrophoresis (Fig. 5A).
The data reveal SLC38A4 mRNA is expressed in all
human tissues examined, including human placenta and
liver as positive controls (Desforges et al. 2006). The
amplification product generated following β-actin PCR
was also visualized on agarose gel (Fig. 5B) and confirmed
cDNA integrity in all samples.

Discussion

We have used immunohistochemical staining to
confirm all three SNAT isoforms are present in the
syncytiotrophoblast MVM of human placenta during first
trimester and at term suggesting each has the potential to
mediate amino acid transport from maternal blood in the
intervillous space, into the placenta, and towards the fetus.
We proceeded to design experiments to explore whether
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the SNAT4 isoform of system A is functional in human
placental MVM during first trimester and at term. This
study is the first to investigate the activity of a single SNAT
isoform in the placenta, or in any tissue, which expresses
all three system A isoforms.

Western blotting revealed higher SNAT4 protein
expression in first trimester MVM compared to term.
SNAT4 protein expression was also considerably variable
between term MVM samples. The emerging pattern of
SNAT4 expression and activity in human placenta across
gestation appears to be quite complex. We have pre-
viously shown SNAT4 protein expression is lower in
first trimester human placental homogenates, comprising
many cell types, compared to term (Desforges et al.
2006). However, our current Western blotting data suggest
that during first trimester a greater proportion of the

Figure 3. [14C]MeAIB uptake by MVM vesicles
A, the effect of arginine on [14C]MeAIB uptake by first trimester (FT) MVM and B, term MVM vesicles (n = 6
in each group). Data presented are mean ± S.E.M. and statistical analysis by 2-way ANOVA. Symbols shown are;
�, control; �, + 10 mM arginine; �, + 20 mM arginine; �, + 30 mM arginine; •, + 30 mM MeAIB. ∗∗P < 0.01,
∗∗∗∗P < 0.0001 versus control. [14C]MeAIB uptake in the presence of 30 mM MeAIB was significantly lower
than [14C]MeAIB uptake in all other conditions (P < 0.0001) and was considered non-system A-mediated due to
saturation of all isoforms by this high concentration of substrate. In all conditions [14C]MeAIB uptake significantly
increased with time (P < 0.0001). C, comparison of system A-mediated [14C]MeAIB uptake (calculated by sub-
tracting [14C]MeAIB uptake in the presence of 30 mM MeAIB from total [14C]MeAIB uptake) by FT and term MVM
after 30 s. Data presented are median and interquartile range, n = 6 in each group, ∗P < 0.05 (Mann–Whitney
U-test). D, arginine-inhibitable component of system A activity (expressed as a percentage of system A-mediated
[14C]MeAIB uptake) by FT and term MVM. Data presented are median and interquartile range, n = 6 in each
group, ∗∗ P < 0.01 (Mann–Whitney U-test).

SNAT4 protein pool is localized to the MVM. Consistent
with this observation, immunohistochemical detection
of SNAT4 shows strong staining in the cytoplasm of
the syncytiotrophoblast of term placental tissue whereas
in first trimester syncytiotrophoblast there is relatively
more MVM staining of the syncytiotrophoblast layer.
This accords with evidence from other cell types that
shows preformed SNAT proteins are stored in cyto-
plasmic compartments before translocation to the plasma
membrane takes place (Hundal et al. 1994; Ling et al.
2001; Hyde et al. 2002). As SNAT4 protein was also
localized to fetal blood vessels, which are widespread at
term but poorly developed during the first trimester, this
may contribute to the higher SNAT4 protein expression
previously observed in term placental homogenates
(Desforges et al. 2006).
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Figure 4. [14C] MeAIB uptake by placental villous fragments
A, Na+-dependent [14C]MeAIB uptake by first trimester (FT) and term placental villous fragments (n = 16 in
each group). These data represent system A-mediated transport of [14C]MeAIB and are presented as median and
interquartile range. System A activity is significantly higher at term compared to during first trimester (∗P < 0.05,
Mann–Whitney U-test). B, Na+-dependent [14C]MeAIB uptake by first trimester (n = 6) and term (n = 3) villous
fragments in the presence of 5 mM MeAIB, representing SNAT4-mediated activity. SNAT4-mediated activity is
significantly lower at term compared to during first trimester (∗P < 0.05, Mann–Whitney U-test).

Following consideration of the substrate specificity
and kinetic characteristics of SNAT4 we defined
SNAT4-mediated transport by MVM vesicles as
arginine-inhibitable [14C]MeAIB uptake. The strategy of
using the cationic amino acid arginine as a SNAT4 sub-
strate is confounded by its specificity also for the amino
acid transporter systems y+ and y+L which are active in
MVM of first trimester and term human placenta (Ayuk
et al. 2000). However these two cationic amino acid trans-
porter systems do not support MeAIB as a substrate
(Fei et al. 1995; Pfeiffer et al. 1999; Broer et al. 2000)
strengthening the rationale for using this competitive
inhibition approach. In the current study, experimental
conditions using MVM vesicles were designed to promote
MeAIB transport by SNAT4: the pH and the Na+ gradient
set across MVM vesicles were optimized to promote
neutral amino acid transport by SNAT4 (Hatanaka
et al. 2001). Furthermore, we used a relatively high
concentration of [14C]MeAIB (0.4 mM) compared to pre-
vious studies of system A activity in placenta (0.165 mM)
in order to achieve contribution to transport across MVM
by SNAT4. This was based on functional expression
studies of the cloned SNAT transporters in HRPE cells,
which demonstrate SNAT4 has a relatively low affinity
for MeAIB (K m = 6.7 mM) compared to the other SNAT

Figure 5. Amplification products for SLC38A4 (A)
and β-actin (B) PCR visualized on agarose gel using
a 50-bp ladder
The human tissue samples include: Br, brain; St,
stomach; Lu, lung; SI, small intestine; H, heart; Ki,
kidney; Pl, term placenta; Li, liver; –RT, negative control
(no reverse transcriptase enzyme); NTC, no template
control. SLC38A4 mRNA was expressed in all tissues.

isoforms (K m = 0.89 and 0.39 mM for SNAT1 and SNAT2,
respectively) (Hatanaka et al. 2000, 2001; Wang et al. 2000).

In agreement with previous observations (Mahendran
et al. 1994), and using a modified assay system, we have
shown that total system A activity in placental MVM is
higher at term than during first trimester. Consistent with
these observations, we have also demonstrated increased
placental system A activity between first trimester and
term using freshly isolated villous fragments. In contrast,
Ericsson et al. (2005) reported no significant difference in
Na+-dependent transport of MeAIB into villous fragments
between first trimester and term. The reason for these
differing observations could be related to the size of
fragments used (Greenwood & Sibley, 2006) or due to the
concurrency of our experiments in contrast to the Ericsson
et al. (2005) study, which compared first trimester data to
term data arising from an earlier study by Jansson et al.
(2003).

Despite there being increased total system A activity
in human placenta between first trimester and term, our
data demonstrate that SNAT4 activity in first trimester
MVM is comparable to in term MVM; however, the
contribution of SNAT4 to total system A activity is lower
in term MVM compared to first trimester. Collectively
these data indicate, firstly, that this broader specificity
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isoform has a particularly important role in delivering
amino acids to the fetus in early pregnancy, and secondly,
that the gestational increase in system A transporter
activity between first trimester and term is likely to be
mediated by up-regulation of SNAT1 and/or SNAT2. It
will therefore be important to determine the contribution
of these particular SNAT isoforms to system A transport
across MVM during normal pregnancy in order to further
understand the complex gestational changes associated
with this transporter.

MVM vesicles lack the intracellular regulatory
components present in intact placental tissue which
influence amino acid transporter activity. Therefore, in
vivo, the absolute contribution of SNAT4 to total system A
activity may be somewhat different from that suggested
by the vesicle data (i.e. approximately 70% in first
trimester compared to 33% at term). To address this
issue we performed experiments designed to measure
SNAT4 activity under more physiological conditions in
villous fragments from human placenta. Any measurable
Na+-dependent uptake of [14C]MeAIB (0.01 mM) in
the presence of 5 mM MeAIB was considered to be
SNAT4-mediated system A activity based on kinetic data
showing that SNAT1 and SNAT2 activity is saturable at this
concentration of MeAIB (Hatanaka et al. 2000; Wang et al.
2000). It is therefore interesting that there was measurable
Na+-dependent uptake of [14C]MeAIB by first trimester
villous fragments but not by term villous fragments in the
presence of 5 mM MeAIB. These data suggest there is little
or no SNAT4-mediated transport of neutral amino acids
in term placenta and higher SNAT4-mediated transport
in first trimester placenta, a trend which agrees well with
the MVM vesicle data. Expression of SNAT4 protein in
term MVM does suggest a functional role in amino acid
transport and therefore it is reasonable to speculate that
SNAT4 could mediate the transport of cationic, rather than
neutral, amino acids at term. Although this is a possibility,
our laboratory has previously demonstrated evidence for
only two transport systems for cationic amino acids in the
MVM of term human placenta, identified to be systems
y+ and y+L (Ayuk et al. 2000).

Numerous studies have shown there is reduced MVM
system A activity in pregnancies associated with IUGR
compared to normal pregnancy (Dicke & Henderson,
1988; Mahendran et al. 1993; Glazier et al. 1997; Jansson
et al. 2002). In a mouse model of IUGR which displays
alterations in placental structure and function that are
similar to those found in human IUGR (Sibley et al.
2004), reduced placental system A activity is specifically
associated with altered Slc38a4 expression (Constancia
et al. 2005). Furthermore, ablation of the major placental
promoter for Slc38a4 in mice is associated with fetal
growth restriction (G. Kelsey and M. Constância, personal
communication). These data suggest the SNAT4 isoform

of system A plays an important role in the provision
of amino acids for normal fetal growth in mice. In
mouse placenta Slc38a4 is imprinted, being paternally
expressed (Mizuno et al. 2002; Smith et al. 2003),
which further suggests a role in promoting fetal growth
(Coan et al. 2005; Fowden et al. 2006). It will therefore
be interesting to investigate placental SLC38A4/SNAT4
expression in human IUGR and measure SNAT4 activity
across MVM using the methods described in this study,
in conjunction with the fragment experiments also
described, to determine any differences from normal
pregnancy. One study has shown placental SLC38A1
and SLC38A2 mRNA expression in human IUGR is
comparable to that in normal pregnancies but the
authors did not investigate SLC38A4 expression (Malina
et al. 2005). As shown in the current study, there is
broad distribution of SNAT isoforms in human placenta
highlighting the importance of performing functional
assays in parallel to expression studies. Development of
isoform-specific knockdown protocols for each of the
three SNAT isoforms in cytotrophoblast cells and intact
placental tissue will greatly assist in defining the relative
contribution of each to placental system A activity over
gestation and in relation to fetal growth anomalies.

SLC38A4 mRNA is expressed in various tissues from
mouse (Mizuno et al. 2002) and also cattle (Zaitoun
& Khatib, 2006). In the current study we demonstrated
expression of SLC38A4 in various human tissues
previously shown to be devoid of SLC38A4 expression
(Hatanaka et al. 2001). These observations confirm this
isoform of system A should no longer be considered
liver-specific, and suggest it may be important for
the transport of amino acids required for metabolism
and protein synthesis in a variety of tissues. The
experimental approaches described in this study for
measuring SNAT4 activity could be applied to other
human tissues besides placenta. This would be useful for
identifying the involvement of SNAT4 in altered system
A activity associated with certain diseases. For example
in diabetes there is increased system A activity in the
liver (Handlogten & Kilberg, 1984; Rosenthal et al. 1985;
Schenerman & Kilberg, 1986), a key gluconeogenic organ.
As gluconeogenesis primarily involves the conversion
of amino acids and the recycling of glucose-derived
carbon skeletons to glucose (Felig, 1975), with alanine an
important glucose precursor, an altered system A activity
in the liver could impact on the rate of alanine-supported
gluconeogenesis and influence circulating glucose levels.
SLC38A2 and SLC38A4 mRNA expression is increased
in experimentally induced diabetic liver (Varoqui &
Erickson, 2002). It would therefore be interesting to
investigate whether the increased hepatic system A activity
in diabetes can be attributed to increased SNAT4 activity
using similar approaches to those described in this study.
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Synthetic glucocorticoids (GCs) are given to women with threatened preterm labour but their admin-
istration has been linked to reduced infant birthweight. The underlying mechanisms are unknown, but
impaired placental development and/or function has been implicated. The activity of the system A amino
acid transporter is decreased in placentas from pregnancies complicated by fetal growth restriction.
Whether GCs adversely affect placental amino acid transport is unknown. The objective of this study was
to determine the regulatory effects of GCs on system A transport using a human in vitro placental explant
model. Term explants (n¼ 7) were treated with dexamethasone (DEX 10�8 M or 10�6 M) or vehicle for
48 h. System A activity was measured by the uptake of 14C–N-methylated aminoisobutyric acid by
explants. Explants were also processed for electron microscopy (EM), immunohistochemistry, and qRT-
PCR. Lactate dehydrogenase (LDH), human chorionic gonadotropin (hCG) and human placental lactogen
(hPL) release into the culture medium was measured. DEX (10�6 M) stimulated system A activity
compared to vehicle (p< 0.05). System A transporter proteins were localized to the newly regenerating
syncytiotrophoblast layer, but mRNA levels were unchanged with DEX treatment. DEX did not adversely
affect explant viability as determined by reduced LDH release (p< 0.05). DEX treatment was associated
with morphological (accelerated apical microvilli formation, nuclear maturation, and increased cell
organelle number) and functional (elevated hCG secretion, increased 11b-HSD2 mRNA expression and
reduced cytotrophoblast proliferation (p< 0.05 for all)) markers of syncytiotrophoblast differentiation.
These findings suggest that DEX stimulates system A activity and promotes syncytiotrophoblast differ-
entiation and maturation.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Approximately 10% of all pregnancies are at risk of preterm
labour (PTL), hence, a substantial number of pregnant women
receive synthetic glucocorticoid (GC) treatment [1]. This practice
accelerates fetal organ maturation and decreases the risk of respi-
ratory distress syndrome and intraventricular hemorrhage, thus,
dramatically reducing neonatal morbidity and mortality [2,3]. GC
effects are maximally beneficial within 7 days of treatment [1].
However, past obstetrical practice included administering multiple
GC courses if the risk of PTL persisted beyond the 7 day period. The
NIH consensus no longer recommends repeat administration as
trials have demonstrated that increasing the number of GC courses
: þ1 416 978 4940.
ette).

All rights reserved.
leads to reductions in birthweight with no additional benefit to the
fetus [4,5]. Low birth weight is a serious risk factor known to
correlate with an increased risk of disease in adulthood, such as
hypertension, ischemic heart disease, and insulin resistance [6].
Thus, alterations in fetal development due to GC treatment may be
a contributor to long term fetal programming.

The adverse effects of GCs on fetal growth have been substan-
tiated by animal studies [7,8]. Although GCs may have direct effects
on the fetus and/or maternal metabolism, there is evidence that the
GC-induced reduction in birthweight is mediated by the placenta,
as infusion of betamethasone directly into the ovine fetus does not
result in growth restriction [9]. Studies in sheep and rats have
demonstrated that administration of synthetic GCs reduces not
only placental growth and development, with decreased placental
weight [9] and binucleate cell number [8], and increased placental
apoptosis [10], but also shows impaired endocrine function, with
reduced circulating levels of placental lactogen [8].
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The effects of antenatal GC treatment on human placental
function, in particular the transplacental transfer of nutrients from
maternal to fetal circulation, are currently unknown. The synthetic
GC triamcinolone downregulates expression of glucose trans-
porters GLUT1 and GLUT3 in isolated human trophoblast cells and
in the labyrinth of rat placenta [11]. This suggests that GCs may act
to reduce placental nutrient transfer which could have significant
implications for subsequent fetal growth and development.

The sodium-dependent system A transporter, located on both
microvillous and basal plasma membrane within syncytiotropho-
blast transports small neutral amino acids and uniquely, the non-
metabolized synthetic analogue N-methylated aminoisobutyric
acid (MeAIB), which is used as a specific substrate to assess system
A activity [12]. System A comprises three independent isoforms:
SNAT1, SNAT2 and SNAT4, encoded by genes Slc38a1, Slc38a2 and
Slc38a4, respectively [13]. Studies have consistently demonstrated
the critical importance of system A for normal fetal growth, as its
activity is reduced in pregnancies where the infant is small for
gestational age or growth restricted [14,15]. Using a rat model,
Cramer et al. [16] demonstrated that inhibition of system A directly
leads to decreased fetal weight, suggesting that reduced activity
may be a primary cause of fetal growth restriction rather than
a secondary outcome [16].

GCs can modulate amino acid transport, although the effects on
system A transport differ according to cell type. Dexamethasone
(DEX) treatment inhibits AIB uptake in freshly isolated rat hepa-
tocytes, but has opposing effects in rat hepatoma cell lines [17,18]
and human fibroblasts [19]. The aim of the current study was to
elucidate the regulatory actions of GCs on placental system A
activity in human pregnancy, with decreased amino acid transport
proposed as a potential mechanism for GC-induced growth
restriction. Previous studies investigating GC effects on placental
system A have utilized either isolated term cytotrophoblasts or the
BeWo cell line, and have demonstrated a stimulatory effect of acute
DEX (5 mM) or longer term cortisol (1 mM) exposure [20,21]. The
placental explant model provides a more physiological method,
retaining complex cellular relationships, to assess the effects of
chronic (48 h) GC exposure on placental system A in intact
placental villi [22]. We hypothesized that GCs would inhibit system
A activity, thereby adversely affecting placental function by
reducing nutrient transport.

2. Methods

2.1. Placental collection and tissue culture

General laboratory reagents were purchased from Sigma (Poole, Dorset, UK)
unless otherwise stated. Term placentas (n¼ 7) were collected within 30 min of
delivery from women with healthy pregnancies at St. Mary’s Hospital (Manchester,
UK). Written informed consent was obtained from all subjects and ethical approval
was obtained from the Central Manchester Research Ethics Committee. Biopsies of
villous tissue 1 cm3 in size were randomly taken and washed in culture medium
[CMRL-1066 (100 ml/L), NaHCO3 (2.2 mg/ml), streptomycin sulphate (100 mg/ml),
penicillin G (100 IU/ml), insulin (1 mg/ml), retinol acetate (1 mg/ml), L-glutamine
(100 mg/ml) and 5% fetal bovine serum (pH 7.2, Invitrogen Corporation, Paisley, UK)].
Explants (w5 mg) were dissected and cultured in individual Costar Netwells (Corn-
ing, Corning, NY) at 37 �C (21% O2, 5% CO2) as previously described [22]. Culture
medium was collected and replaced every 24 h across a 6 day period. Explants were
treated on days 4 and 5 of the culture period with vehicle (ethanol 0.01%), DEX 10�8 M
or DEX 10�6 M. DEX treatments were designed to span the range of concentrations
the placenta is exposed to following antenatal administration in vivo. The maximal
theoretical concentration of synthetic GC exposure in maternal plasma is 1.5–3 mM,
with betamethasone concentrations falling to 250 nM 1 h after treatment [23]. These
concentrations are also consistent with GC concentrations commonly used for in vitro
studies [24].

2.2. System A uptake activity assay

On day 6, placental explants were incubated for 10, 20 or 30 min in either Naþ-
containing or Naþ-free Tyrode’s buffer (NaCl replaced by an equimolar
concentration of choline chloride) containing 0.5 mCi/ml 14C-MeAIB (w8.5 mM) at
37 �C [25]. Following, the fragments were immersed in dH2O for 16–18 h at room
temperature (RT). The radioactive content of the water lysate was measured using
a b-counter. Naþ-dependent system A activity was calculated by subtracting uptake
in Naþ-free Tyrode’s from that in Naþ-containing Tyrode’s, with correction for
fragment protein content, measured using Bio-Rad protein assay (Bio-Rad Labora-
tories Ltd, Hertfordshire, UK).

2.3. Analysis of system A isoform mRNA expression

On day 6 of the culture period, RNA was extracted from a further group of
cultured explants using the Absolutely RNA Miniprep Kit (Stratagene, La Jolla, USA)
according to the manufacturer’s instructions. RNA integrity was verified with gel
electrophoresis.

cDNA was prepared from 1 mg of RNA in reaction mix containing Multiscribe
Reverse Transcriptase (50 U/mL), deoxynucleotide triphosphate mix, and random
(hexameric) primers (Applied Biosystems, Foster City, USA). Samples were incu-
bated at 25 �C for 10 min, 37 �C for 120 min and 85 �C for 5 min (DNA Engine DYAD;
MJ Research, Waltham, MA).

Quantitative reverse transcriptase PCR (qRT-PCR) reaction mix contained Plat-
inum Quantitative PCR SuperMix (Invitrogen, Burlington, ON, Canada), SYBR Green I
(0.0032% v/v, Molecular Probes, Invitrogen), 10 ml of cDNA (diluted 1:10), and sense
and antisense primers (300 pmol/ml) (Table 1).

PCR protocol included 40 cycles of denaturation for 30 s at 95 �C, 30 s at
a specific annealing temperature for each primer set (Table 1), and extension for 30 s
at 72 �C. A non-template-control (NTC) was included a negative control. qRT-PCR
was performed using Rotor Gene SG-3000 (Corbett Research, Montreal, Canada).
Samples were measured in duplicate and normalized to the housekeeping gene
TATA box binding protein (TBP) [30]. All PCRs were repeated in triplicate. A single
qRT-PCR amplification product of the correct size was obtained by melting curve
analysis and agarose gel electrophoresis for each gene product.

2.4. Immunohistochemistry (IHC) staining for system A protein isoforms

On day 6 of the culture period, a further group of placental explants, as well as,
uncultured first trimester and term explants were fixed, paraffin embedded and
6 mm sections cut. IHC was performed to localize SNAT isoforms as previously
described [31]. Primary and secondary antibody details are shown in Table 2.
Negative controls were performed by substitution of primary antibody with non-
immune rabbit IgG at a matching concentration or by preabsorption of primary
antibody with a 10-fold excess of antigenic peptide. Sections were observed using
a Leica DMRB microscope and images were captured using a HyperHAD Sony camera
at 40� original magnification.

2.5. Analysis of placental cell turnover and syncytial regeneration

2.5.1. Human chorionic gonadotropin (hCG), human placental lactogen (hPL) and
lactate dehydrogenase (LDH) quantification

hCG and hPL secretion into culture medium was assayed by ELISA (DRG Diagnostics,
Germany) according to the manufactures’ instructions. LDH release into culture
medium was quantified using the Cytotoxicity Detection kit (Roche Applied Science,
Indianapolis, USA) according to manufacturer’s instructions. A standard curve of L-lactic
dehydrogenase from rabbit muscle verified a linear relationship.

2.5.2. Immunohistochemistry
A similar protocol as described above was used to assess markers of placental

cell turnover and differentiation with antibodies specific for Ki67, M30, b-hCG, 11b-
HSD2, and syncytin (Table 2). Negative controls were obtained by incubation in non-
immunized mouse, rabbit or goat IgG at matching concentrations to the primary
antibody.

For quantitative immunohistochemical Ki67 analysis, 10 images were randomly
taken of slides from each placental sample (n¼ 7). The proportion of Ki67þ stained
cytotrophoblast nuclei out of the total nuclei present per image was calculated and
averaged per placenta per treatment.

2.5.3. QRT-PCR
An identical protocol to that described for system A gene expression studies was

used to quantify mRNA expression of syncytial markers (b-hCG, hPL, 11b-HSD2 and
syncytin). Primer details are shown in Table 1.

2.6. Electron microscopy (EM)

On day 6 of the culture period, a further group of explants were fixed and
embedded according to the following protocol [32]. A Reichert Ultracut microtome
was used to cut semi-thin sections (0.5 mm) and photographed using light micros-
copy. Blocks were sectioned at 70 nm with a diamond knife, mounted on copper
grids and stained with uranyl acetate and lead citrate. A Philips CM10 electron
microscope was used to observe the explants at an accelerating voltage of 80 kV.
High resolution digital images were captured using a Deben camera.



Table 1
qRT-PCR primer sequences and protocols.

Target Primer sequence (50–30): Forward (F), Reverse (R) Annealing temp. (�C) Size (bp) Reference GenBank accession no.

Slc38a1 F:GTGTATGCTTTACCCACCATTGC, R:GCACGTTGTCATAGAATGTCAAGT 64 187 [26] NM_030674
Slc38a2 F:ACGAAACAATAAACACCACCTTAA, R:AGATCAGAATTGGCACAGCATA 58 141 [26] NM_018976
Slc38a4 F:TTGCCGCCCTCTTTGGTTAC, R:GAGGACAATGGGCACAGTTAGT 58 152 [26] NM_018018
TBP F:CACGAACCACGGCACTGATT, R:TTTTCTTGCTGCCAGTCTGGAC 60 89 [27] NM_003194
b-hCG F:CTACTGCCCCACCATGACCC, R:TGGACTCGAAGCGCACATC 58 92 [28] NM_000737
hPL F:CATGACTCCCAGACCTCCTTC, R:TGCGGAGCAGCTCTAGATTGG 56 97 [28] NM_001317
11b-HSD2 F:AGTAGTTGCTGATGCGGA, R:CATGCAAGTGCTCGATGT 56 398 [29] NM_000196
Syncytin F:GAAGGCCCTTCATAACCAATGA, R:GATATTTGGCTAAGGAGGTGATGTC 60 83 [30] NM_014590
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2.7. Statistical analysis

Statistical analyses were performed using GraphPad software (San Diego, CA).
System A activity was analyzed using linear regression to assess differences in the rate
of MeAIB uptake between treatments. hCG, hPL, and LDH concentrations were log
transformed and analyzed using two-way repeated measure ANOVA with Tukey’s
post-test. Day 1 values were excluded for hCG secretion due to maternal blood
contamination. To account for inter-placental variability, fold change comparisons
were made from day 6 (day of activity measurement) compared to day 4 (initial day of
treatment) and analyzed using Friedman test with Dunn’s post-test. qRT-PCR mRNA
results were analyzed using Kruskal–Wallis with Dunn’s post-test. Ki67 staining
differences in response to DEX treatments were analyzed as fold change from vehicle
controls due to inter-placental variability using Wilcoxon Signed Rank test.

3. Results

3.1. Effect of DEX on system A activity

Naþ-dependent uptake of 14C-MeAIB by placental explants was
linear over 30 min and extrapolation of the linear regression
intercepted the x,y axis close to the origin, indicating measurement
of initial rate of activity of the system A transporter. DEX 10�6 M
treatment significantly increased Naþ-dependent 14C-MeAIB
placental uptake compared to vehicle (p< 0.05) and DEX 10�8 M
(p< 0.01) treatment. No significant difference was detected
between vehicle and the lower DEX treatment (10�8 M) (Fig. 1A).

3.2. Effect of DEX on system A isoform mRNA and
protein expression

No significant differences in Slc38a1, Slc38a2, and Slc38a4
mRNA expression were detected with DEX treatment compared to
vehicle (Fig. 1B–D). Cultured term placental explants undergo
a unique process by which the outer syncytial layer is shed and
underlying cytotrophoblasts differentiate and regenerate the
syncytial layer [22]. IHC demonstrated that all three SNAT isoforms
were specifically localized to the newly regenerating syncytio-
trophoblast layer, with no apparent differences in staining intensity
or distribution with DEX treatment (Fig. 1G). Negative controls
performed by peptide preabsorption or isotype antibody exhibited
no staining (Fig. 1E–G inset). Uncultured placental tissue, included
as a positive control for each isoform, demonstrated staining in
syncytiotrophoblast and underlying cytotrophoblast cells (data not
Table 2
Immunohistochemical primary and secondary antibody details.

Primary antibody Concentration (Source)

Anti-SNAT1 Rabbit polyclonal: 2 mg/ml (Eurogentec, Southampto
Anti-SNAT2 Rabbit polyclonal: 2.5 mg/ml (Eurogentec)
Anti-SNAT4 Rabbit polyclonal: 2 mg/ml (Eurogentec)
Ki67 Mouse monoclonal: 0.16 mg/ml (Dako, Ely, UK)
M30 Mouse monoclonal: 0.17 mg/ml (Roche, Indianapolis,
b-hCG Rabbit polyclonal: 4 mg/ml (Dako)
11b-HSD2 Sheep polyclonal: 9.6 mg/ml (gift M. Kilby/P. Stewart
Syncytin Goat polyclonal: 2 mg/ml (Santa Cruz, Heidelberg, Ge
shown) as previously reported [31]. Staining was also present in
stromal Hofbauer cells in cultured and uncultured placenta as
previously reported [31].
3.3. Effect of DEX on placental cell turnover and viability

To determine whether the effect of DEX on system A was
mediated through alterations in placental cell turnover or viability,
analyses of proliferation, apoptosis and necrosis were performed.

3.3.1. Proliferation
Intense nuclear immunostaining for Ki67 identified prolifer-

ating cytotrophoblast cells. Representative images are shown for
vehicle (Fig. 2A), DEX 10�8 M (Fig. 2B) and DEX 10�6 M (Fig. 2C)
treated explants. Negative controls exhibited no staining (Fig. 2D).
DEX 10�6 M significantly decreased cytotrophoblast proliferation
compared to vehicle control (p< 0.05), however no effect was
detected with DEX 10�8 M treatment (Fig. 2E).

3.3.2. Apoptosis
M30 immunostaining detected cleaved cytokeratin-18, a marker

of apoptosis. Cytoplasmic immunostaining detected apoptotic cyto-
trophoblasts and regions of apoptotic syncytiotrophoblast. Repre-
sentative images are shown for vehicle (Fig. 2F) and DEX 10�6 M
(Fig. 2G) treated explants. No differences were apparent between
treatments. Negative controls exhibited no staining (Fig. 2H).

3.3.3. Necrosis
LDH release from placental explants, a marker of necrosis,

decreased across the 6 day culture period in all treatment groups
(Fig. 2J). Compared to vehicle levels, DEX 10�6 M treatment
significantly reduced LDH secretion on day 6 (day of activity
measurement) as a fold change from day 4 (initial day of treatment)
(p< 0.05, Fig. 2K).
3.4. Effect of DEX on cytotrophoblast differentiation and
syncytial regeneration

To monitor syncytial shedding and regeneration, medium was
collected every 24 h across the 6 day culture period and assayed for
Secondary antibody- dilution

n, UK) Goat anti-rabbit IgG-1:200 (Vector, Burlington, ON)
Goat anti-rabbit IgG-1:200 (Vector)
Goat anti-rabbit IgG-1:200 (Vector)
Horse anti-mouse IgG-1:200 (Dako)

USA) Goat anti-mouse IgG-1:200 (Dako)
Goat anti-rabbit IgG-1:200 (Dako)

, Birmingham) Goat anti-rabbit IgG-1:200 (Dako)
rmany) Rabbit anti-goat IgG-1:200 (Dako)
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Fig. 1. Effect of DEX treatment on placental system A transport. (A) Naþ-dependent 14C-MeAIB uptake in term explants over 30 min [Mean� SEM, n¼ 7; p< 0.05, **p< 0.01]. (B–D)
mRNA expression of system A genes (B) Slc38a1, (C) Slc38a2 and (D) Slc38a4 relative to TATA box binding protein (TBP) expression. [Box and whisker plots; vehicle (n¼ 6), DEX
10�8 M (n¼ 5) and DEX 10�6 M (n¼ 7)]. (E–G) IHC staining demonstrates protein localization in cultured explants for: (E) SNAT1, (F) SNAT2 and (G) SNAT4. Insets show negative
control. [RG, regenerating layer; SH, shedding syncytiotrophoblast; ST, syncytiotrophoblast; scale bar¼ 5 mm].
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hCG secretion, a marker of syncytiotrophoblast endocrine function.
From day 1 to day 2, hCG secretion decreased due to shedding of
syncytiotrophoblast and loss of contaminating maternal blood. The
syncytiotrophoblast of both vehicle and DEX treated explants
regenerated, with significantly increased hCG levels by day 5 and 6
compared to day 2 (p< 0.05, Fig. 3A). Analysis of hCG secretion on
day 6 (day of activity measurement) as a fold change from day 4
(initial day of treatment) demonstrated a stimulatory effect of both
DEX treatments compared to vehicle (p< 0.05, Fig. 3B). This was
unrelated to changes in b-hCG mRNA expression (data not shown).
b-hCG was localized to the old shedding syncytial layer, with
staining also present in the newly regenerating layer in both vehicle
(Fig. 3C) and DEX (Fig. 3D) treated explants. Negative controls for
cultured explants exhibited no staining (Fig. 3D inset). Uncultured
term placental explants used as a positive control, exhibited b-hCG
staining in the syncytiotrophoblast (Fig. 3E). No significant differ-
ences in hPL secretion or mRNA expression occurred due to DEX
treatment (data not shown).

To investigate further the effect of DEX on syncytial differenti-
ation, analysis of mRNA expression and protein localization of
syncytiotrophoblast-specific factors, 11b-HSD2 and syncytin were
measured by qRT-PCR and IHC. DEX treatment (10�6 M) elevated
11b-HSD2 mRNA expression significantly compared to vehicle
(p< 0.05, Fig. 3F). In explants 11b-HSD2 protein was primarily
localized to the newly regenerating layer, with no apparent differ-
ences in staining intensity or localization with DEX treatment
(Fig. 3H and 3J). No staining was present in negative controls (Fig. 3J
inset). In uncultured term placenta, 11b-HSD2 was exclusively
localized to the syncytiotrophoblast layer (Fig. 3K). There was
a non-significant trend towards increased syncytin mRNA expres-
sion with DEX (p¼ 0.14, Fig. 3G). In uncultured placental explants,
syncytin protein was localized to the microvillous membrane in
first trimester (Fig. 3L) and term (Fig. 3M) placenta. However, very
little immunoreactive staining was present in term placental
explants or after DEX (10�6 M) treatment (Fig. 3N). Negative
controls exhibited no staining (Fig. 3N inset).

Electron microscopy was used to investigate differences in
placental explant morphology due to DEX treatment. In vehicle
treated explants, a new layer of mononuclear cytotrophoblast cells
was detected underlying the shedding syncytiotrophoblast. These
cells were in the early stages of syncytial regeneration, as illustrated
by organelle abundance and initial microvilli formation (Fig. 4A).
Placental explants treated with DEX 10�6 M possessed densely
distributed organelles, such as endoplasmic reticulum and secretory
droplets, and extensive microvilli formation (Fig. 4C). Despite areas
of fused syncytiotrophoblast present in only a minority of samples
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Fig. 2. Effect of DEX treatment on placental explant cell turnover. Nuclear Ki67 immunostaining for: (A) vehicle, (B) DEX 10�8 M, (C) DEX 10�6 M treated explants and
(D) representative negative control. (E) Proliferation index (number of Ki67þ cytotrophoblasts/total nuclear count) in DEX treated explants, presented as fold change from vehicle
controls (dashed line at 1.0 represents proliferative index in vehicle controls). [Medianþ IQR; *p< 0.05]. Immunohistochemical staining for M30 in (F) vehicle, (G) DEX 10�6 M
treated explants and (H) negative control. (J) Explant LDH release over the 6 day culture period. [Log transformed data as mean� SEM { Arrows indicate days of treatment}]. (K)
LDH secretion measured as fold change on day 6 (day of activity measurement) from day 4 (initial day of treatment). [Box and whisker plot, n¼ 7, *p< 0.05, scale bar¼ 50 mm.]
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on day 6, differences in nuclear maturation were evident. Vehicle
treated explants contained light, evenly coloured circular nuclei
(Fig. 4A), whereas DEX 10�6 M treatment exhibited features of
heightened maturation with highly irregularly shaped and baso-
philic nuclei with increased heterochromatin formation (Fig. 4C).
DEX 10�8 M treated explants exhibited a degree of syncytial differ-
entiation and microvilli formation that was intermediate compared
to vehicle and DEX 10�6 M treated explants (Fig. 4B).
4. Discussion

Contrary to our hypothesis, the present study demonstrates that
DEX (10�6 M) alters placental nutrient transfer capacity by stimu-
lating system A activity. This increase in activity was independent
of changes in mRNA expression and protein localization. GC
administration did not adversely affect explant viability as DEX
10�6 M treatment lowered LDH release and did not affect apoptosis
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Fig. 3. Effect of DEX treatment on syncytial regeneration. (A) hCG secretion profile over the 6 day culture period. [Log transformed data as mean� SEM, *p< 0.05 compared to day 2
{ arrows indicate days of treatment}]. (B) hCG secretion measured as fold change on day 6 (day of activity measurement) from day 4 (initial day of treatment). [Box and whisker
plots, *p< 0.05, **p< 0.01; n¼ 7]. Immunohistochemical localization of b-hCG in: (C) vehicle and (D) DEX 10�6 M treated explants (negative control in inset) and (E) uncultured
term placenta. mRNA expression of: (F) 11b-HSD2 and (G) syncytin relative to TATA box binding protein (TBP) expression. [Box and whisker plots; vehicle (n¼ 6), DEX 10�8 M
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rates. Moreover, DEX 10�6 M administration enhanced placental
explant differentiation, as demonstrated by morphological and
ultrastructural evidence, heightened syncytiotrophoblast endo-
crine function and elevated 11b-HSD2 mRNA expression. This
increased differentiation occurred at the expense of cytotropho-
blast proliferation.
The stimulatory effect of DEX 10�6 M on system A activity was in
the region of 30%. This increase in MeAIB uptake is consistent with
reported differences in system A activity between placentas from
normal pregnancies and those complicated by fetal growth
restriction (which range from 16 to 45 %) [15,33]. Lowered system A
activity in growth restricted pregnancies is thought to be



Fig. 4. Effect of DEX treatment on placental ultrastructure. Electron microscopy of (A) vehicle, (B) DEX 10�8 M and (C) DEX 10�6 M treated cultured placental explants. [MV,
microvilli; SH, shedding syncytiotrophoblast; scale bar as indicated].
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a significant contributor to reduced fetal growth; hence an upre-
gulation of the same magnitude by DEX treatment may be of
relevance. DEX 10�6 M treatment caused an average increase of
14C-MeAIB uptake of 20 pmol/mg/30 min into placental explants. If
these data are extrapolated from placental fragments to the intact
placenta, this could represent an increase in amino acid transport of
up to 576 mmol for a 600 g placenta per day. Increased system A
transport with GC administration is consistent with in vitro studies
using BeWo choriocarcinoma cells where 24 h treatment with 1 mM
cortisol stimulated system A activity [21]. Cortisol would be
unlikely to induce the same effect in placental explants, due to the
effects of the metabolizing enzyme 11b-HSD2 in syncytiotropho-
blast [34]. Synthetic GCs are poorly metabolized by 11b-HSD2 and
thus evade the normal protective mechanisms that reduce GC
effects on the placenta and fetus. Studies using 11b-HSD2�/� mice,
whereby the placenta is exposed to excess endogenous maternal
cortisol, demonstrate increased system A activity at E15 of gesta-
tion [35]. In human pregnancy, Verhaeghe et al. [36] have reported
elevated concentrations of amino acids (including system A
substrates glycine and alanine) in fetal blood within 48 h of
maternal GC administration, which may reflect elevated placental
system A activity [36]. Overall, both in vitro and in vivo findings
suggest that GCs have a stimulatory effect on placental system A
and promote uptake of amino acids from maternal to fetal
circulation.

Although DEX treatment stimulated system A activity after 48 h,
this increase may be due to an acute upregulation rather than
permanent alterations in the rate of placental transport. Increased
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system A activity with GC exposure occurred in 11b-HSD2�/� mice
at E15, however, there were no differences at E18. Therefore,
despite the reduced placental weight across gestation, the upre-
gulation in system A activity is only transient and may reflect
a placental attempt to increase nutrient transport [35]. A transient
effect of antenatal GCs on placental function has also been detected
in sheep treated with DEX on day 40 of gestation, with elevated
11b-HSD2 mRNA expression on day 50 which is not sustained to
term (140 days) [37].

The Cochrane systematic review by Roberts and Dalziel (2006)
examined 21 trials of antenatal GC treatment for threatened PTL
and reported no difference between mean birthweight within 48 h
of treatment [38]. However, when delivery occurred >7 days
following treatment, reductions in birthweight occurred. Approxi-
mately 70% of women who receive GCs do not deliver within 7 days,
and approximately 30% of those women deliver at term [5].
Therefore, fully understanding the physiological role of the system
A transporter, in relation to fetal growth, for women treated with
synthetic GCs must include investigation of both immediate and
longer term effects of GCs on the placenta.

The localization of SNAT isoforms to the newly regenerating
syncytiotrophoblast layer is a novel finding and identifies the
cellular layer responsible for system A transport. This suggests that,
despite the lack of complete syncytial fusion, the newly regener-
ating layer is functionally active, further validating the placental
explant model for the study of nutrient transfer in response to
chronic in vitro treatments.

Although changes to amino acid transporter expression was not
reported, maternal antenatal DEX treatment given to mice on E15–
E17 caused a downregulation of 1212 genes and an upregulation of
1382 genes in the murine placenta at E20 [39]. Although DEX has
been shown to be a potent regulator of gene expression in the
mouse, increased system A transport by high dose DEX treatment
in the current study was independent of effects on mRNA expres-
sion of system A transcripts. The lack of correlation between gene
expression and activity levels was not unexpected as disparity
between protein and gene expression of placental transporters has
been previously reported [31]. There was however, wide intra-
placental variability in system A isoform mRNA expression, thus we
cannot exclude an effect on mRNA expression with larger group
sizes. The SNAT antibodies are not suitable for western blotting
techniques, thus we were unable to assess GC effects on translation
quantitatively. Moreover, DEX may affect post-translational modi-
fications that regulate translocation of the SNAT proteins to the
microvillous membrane. The heightened differentiation in
response to DEX is also likely to contribute to the enhanced system
A activity, potentially through increasing microvillous membrane
maturation and surface area for transport.

The effect of DEX treatment on placental cell turnover and
morphology was investigated due to the potent actions of GCs
promoting cell differentiation [23]. In vitro GC treatment decreases
proliferation of the choriocarcinoma JEG-3 cells, whilst decreased
proliferation in vivo has also demonstrated in various animal
models, coincident with reduced placental weight following GC
administration [8,35,40]. The increased hCG secretion, an estab-
lished syncytiotrophoblast marker, by DEX treatment is consistent
with previous studies [41,42] and suggests that DEX enhances
cytotrophoblast differentiation, thus promoting regeneration of the
syncytiotrophoblast. The lack of effect of DEX treatment on hPL
secretion, a hormone suppressed by GC treatment in pregnant
sheep, is consistent with other human placental functional endo-
crine studies [8,43] and may reflect the lower degree of differen-
tiation of the regenerating syncytial layer at the time point studied.
Moreover, ultrastructural studies reveal concrete morphological
evidence to support our endocrine data and demonstrate
accelerated phenotypic differentiation with DEX treatment, with
some evidence of dose dependency. This gain in functional matu-
rity with DEX treatment is also supported by increased expression
of the protective barrier enzyme 11b-HSD2, which is exclusively
expressed by the syncytiotrophoblast in the uncultured placenta.
Its presence in the regenerating syncytiotrophoblast layer suggests
the newly formed layer is capable of maintaining syncytial barrier
functions, despite being predominantly mononucleated. The lack of
increase in syncytin expression, a syncytial protein that promotes
fusion, is consistent with the differentiation status of the explants
on day 6 of culture. We therefore provide endocrine, enzymatic and
morphological evidence demonstrating GC effects on promoting
placental differentiation.

Nutrient transport to the fetus is not only dependent on uptake
into the placenta but also on the delivery of nutrients to the fetus
via the feto-placental circulation. Although we did not examine
vasculature in our explant model, studies in 11b-HSD2�/� mice
demonstrated reduced placental vascularity and expression of
angiogenic growth factors [35]. In vitro, DEX treatment demon-
strated an acute vasodilatory effect with intact lobule placental
perfusion [44], whilst recent findings from our group suggest
longer term exposure results in enhanced constriction of chorionic
plate arteries [45]. Whether DEX treatment affects maternal blood
delivery to the placenta, another important determinant of nutrient
transport capacity, has not been examined.

Regulated cytotrophoblast proliferation and syncytial fusion is
essential for villous expansion and for maintaining syncytial
integrity throughout gestation. Interference with these processes
by preterm GC administration may have the potential to disrupt
placental growth and/or syncytial function. Although placental
explants in vitro provide an exaggerated model of syncytial turn-
over, these effects may be extrapolated to normal cell turnover
processes occurring in vivo. Most of the repair/regeneration in
reported explant models takes place over days 2–4 [22], while we
observe a delay to this process during our treatment period (days 4
and 5). Therefore, it is likely that the cellular kinetics during the
experimental period are slower, more closely resembling the syn-
cytiotrophoblast renewal of normal pregnancy. Moreover, DEX
effects on cell turnover are particularly relevant in pathological
pregnancies characterized by abnormal cell turnover, such as pre-
eclampsia or intrauterine growth restriction [46], in which GCs are
often administered due to iatrogenic preterm delivery.

This study is the first to examine the effects of the synthetic GC
DEX on system A uptake in human term placental explants. Our
findings suggest a stimulatory effect of DEX on placental system A
transporter activity. Moreover, DEX promotes syncytiotrophoblast
differentiation and maturation which may contribute to the
enhanced nutrient transfer capacity.
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Clinically, approximately 30% of women who receive synthetic glucocorticoids (sGC) for risk of
preterm labor carry to term. In vitro studies have shown that sGC acutely regulate the placental
system A amino acid transporter, but there are no comparable data in vivo. Hence, the objective
of our study was to examine the acute [embryonic day (E)15.5] and longer-term (E17.5 and E18.5)
consequences of midgestation antenatal sGC [dexamethasone (DEX); 0.1 mg/kg on E13.5 and
E14.5] on placental system A-mediated transfer in the mouse (measured in vivo as maternal-fetal
unidirectional 14C-methylaminoisobutyric acid transfer per gram of placenta). System A transfer
and Slc38a mRNA expression significantly increased from E12.5 to E18.5 (P � 0.05), corresponding
to increased fetal growth. DEX treatment had no acute effect at E15.5 or longer-term effect at
E17.5 but significantly decreased system A-mediated transfer before term (E18.5; P � 0.05) in
placentae of male and female fetuses. There was no effect of DEX on Slc38a gene expression.
Administration of DEX in this regime had no effect on birth weight. We conclude that sGC treat-
ment in midgestation leads to a substantial decrease in placental system A-mediated transport in
late gestation, suggesting that prenatal sGC therapy may lead to a reduction in availability of
neutral amino acids to the fetus if gestation persists to term. (Endocrinology 152: 3561–3570, 2011)

Administration of synthetic glucocorticoids (sGC) for
threatened preterm labor has become standard ob-

stetrical practice (1–3). Treatment with sGC promotes fe-
tal lung maturation and decreases the incidence of respi-
ratory distress syndrome in the neonate (1). Initially, it was
proposed that sGC therapy was maximally beneficial be-
tween 24 h and 7 d after treatment (4). This observation
led to the administration of repeat courses of sGC if the
risk of preterm delivery persisted after initial treatment.
Although sGC treatment has clear neonatal benefit, ex-
ogenous GC exposure may also adversely affect the
growth of the fetus (5–7). Controlled clinical trials have
shown that multiple courses of sGC treatment are associ-

ated with decreased fetal weight, height, and head circum-
ference (8). Birth weight within a healthy range is critical,
because deviations from the normal growth trajectory,
such as those that occur in fetal growth restriction and/or
macrosomia, predict a predisposition to hypertension,
glucose intolerance, and the metabolic syndrome in later
life (9). Furthermore, evidence from animal models indi-
cates that exposure to excess GC in utero can contribute
to the programming of disease in adulthood (3, 10–13).

Although the mechanisms of fetal growth restriction
remains to be elucidated, current evidence suggests that
changes in fetal development are mediated by alterations
in placental structure and/or function. In pregnant sheep,
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maternal, but not fetal, administration of sGC resulted in
fetal growth restriction (14). In sheep and mice, elevations
in maternal GC during pregnancy reduced fetal and pla-
cental growth, which was associated with altered placen-
tal nutrient transfer, gene expression, and endocrine sig-
naling (15–16).

One critical determinant of fetal growth is placental
amino acid transfer. The placental system A amino acid
transporter is composed of three functionally independent
protein/gene isoforms sodium-coupled neutral amino acid
transporter (SNAT)1/Slc38a1, SNAT2/Slc38a2, and
SNAT4/Slc38a4 (17–18), that transport small zwitteri-
onic neutral unbranched amino acids (19). System A ac-
tivity is reduced in conditions of fetal growth restriction
and in pregnancies of small for gestational aged infants
(20–22). In vitro experiments have shown that human
placental system A activity is increased by insulin-like
growth factors, leptin, and GC treatment (endogenous
and synthetic) and down-regulated by hypoxemia and nu-
trient deficiency (23–27). In vitro, sGC administration
(48-h treatment) resulted in a stimulatory effect on system
A activity in term placental villous explants in culture (27).
This increase in system A transfer was also associated with
a promotion of syncytial regeneration and differentiation.
This may represent an artifact of the culture model used
and thus may not reflect the effects of sGC on placental
function in vivo. There are no data concerning the acute
effects of sGC in vivo or the potential longer-term effects
of treatment. However, in 11�-hydroxysteroid dehydro-
genase type 2 knockout mice, placental system A activity
is differentially regulated at embryonic day (E)15 com-
pared with E18, suggesting a gestational-specific response
(16). In these mice, placental metabolism of maternal cor-
ticosterone is substantially reduced, which elevates the
level of endogenous GC across gestation. Because approx-
imately 70% of pregnant women who receive sGC for
threatened preterm labor do not deliver within 7 d and
greater than 30% carry to term (8), it is important to
investigate the longitudinal effects of sGC treatment on
placental system A transfer in vivo.

Male fetuses grow faster from the first trimester, tend to
weigh more, are longer, and have larger placentae com-
pared with female fetuses. Male fetuses also have in-
creased mortality rates and worse outcomes reported in
preterm labor (28, 29). Whether a sexual dimorphic func-
tion of placental nutrient transporters contributes to the
differences in male and female growth across gestation
and/or in cases of maternal sGC treatment has yet to be
determined. Hence, the objectives of the present study
were to 1) delineate changes in system A activity and iso-
form gene expression during the second half of murine
gestation, 2) determine the acute and longer-term effects

of exogenous sGC on system A, and 3) examine whether
these effects depend upon the sex of the fetus, because sex
differences are clearly emerging as being of importance in
the expression of key placental regulatory activities
(30–32).

Materials and Methods

Animal breeding and treatment
C57BL/6 mice (6–8 wk; Charles River, Germantown, NY)

were bred overnight, and the morning in which a vaginal plug
was found was designated E0.5. Litters with fewer than five were
excluded to avoid any small litter effects. As such, no significant
differences in litter size occurred in any experiment. All protocols
were approved by the Animal Care Committee at the University
of Toronto and in accordance with the Canadian Council for
Animal Care. Animals were fed ad libitum with standard rodent
chow during a 0700 h lights on and 1900 h lights off cycle. A
subset of mice was used to examine system A transport across
gestation and received no handling before tissue collection and
transplacental transfer assay. To determine any longitudinal ef-
fects of exogenous sGC, pregnant dams were injected sc with
either saline (control) or 0.1 mg/kg of dexamethasone (DEX)
(Vétoquinol N.-A., Inc., Lavaltrie, Québec, Canada) at midges-
tation on E13.5 and E14.5. This dose has been commonly used
in rodent models of antenatal sGC therapy (33, 34). Adminis-
tration at midgestation allows for the examination of acute and
chronic effects of sGC treatment on placental system A.

Tissue collection and system A-mediated
transplacental transfer assay

To characterize the developmental profile of system A-medi-
ated transplacental transfer in the murine placenta during the
second half of gestation, pregnant dams were examined at E12.5,
E15.5, and E18.5 (term �E19–E20; n � 6–8 dams per gesta-
tional age). To examine any potential timing effects of sGC treat-
ment on system A-mediated transfer, pregnant dams (n � 6–11
dams per treatment and gestational age) were examined 24 h
(E15.5; acute), 72 h (E17.5; longer term), and 96 h (E18.5; longer
term) after treatment.

System A-mediated transfer was determined using established
protocols (24, 35, 36). At each gestational time point, pregnant
dams were iv administered the specific system A substrate 14C-
N-methylated aminoisobutyric acid (MeAIB) (37) [3.5 �Ci (24),
NEC671; PerkinElmer, Inc., Boston, MA] in saline (100 �l). A
subset of mice (n � 4–6 dams per treatment and gestational age)
was used to examine placental permeability using the paracel-
lular diffusion marker 14C-mannitol [1.75 �Ci (35),
NEC377050UC; PerkinElmer, Inc.] in saline (100 �l). Animals
were anesthetized and euthanized by cardiac puncture, 4 min
after injection. Maternal blood was collected, and plasma was
separated by centrifugation at 10,000 rpm for 2 min at 4 C.
Whole concepti were dissected out from the maternal uterus.
Afterwards, fetal units (consisting of fetus, yolk sac, amniotic
sac, and amniotic fluid) were collected by removal of the pla-
cental from the whole conceptus. Fetal units for system A-me-
diated activity measurements were arbitrarily removed from var-
ious positions throughout the uterine horn to avoid any
positional effects on growth (38). In any experiment, half the
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litter (three to five fetal units) was weighed, and tissues were
collected for transplacental transfer assay. The remaining fetuses
(approximately three to five per litter) were removed from the
amniotic sac and collected to measure fetal weight. Placental
tissue was collected, weighed, frozen, and stored at �80 C. Fetal
tails were collected for DNA extraction needed for sex determi-
nation. A subset of dams (n � 4–5) was allowed to carry to term
(�E19.5). Mice were monitored from E19 to E20. Immediately
after delivery, neonates were removed and weighed.

Fetal units were homogenized in PBS. Homogenate (200 �l)
was added to SOLVABLE (1 ml; PerkinElmer, Inc.) along with
H2O2 (30%; 100 �l) and scintillation fluid (10 ml, Ultima-Gold;
PerkinElmer, Inc.). Radioactivity was measured using a Tri-Carb
�-Counter (PerkinElmer, Inc.) in both homogenates of fetal units
and maternal plasma, with a counting efficiency of more than or
equal to 94%. System A-mediated transplacental transfer was
calculated as a ratio of radioactivity present in the fetal unit
(disintegrations per minute) relative to maternal plasma (disin-
tegrations per minute) standardized per gram of placenta (36).

Sex determination
DNA was extracted and amplified using Sigma REDExtract-

N-AMP Tissue PCR kit (XNAT; Sigma Chemical Co., St. Louis,
MO) according to manufacturers’ instructions. PCR primer se-
quences for the male sex determining region Y were forward,
TCA TGA GAC TGC CAA CCA CAG and reverse, CAT GAC
CAC CAC CAC CAC CAA. Sex determining region Y gene prod-
uct was determined by visualization of a 441-bp band on a 1%
agarose gel (39).

Quantitative real-time PCR
Placentae from male and female fetuses (one to two arbitrarily

chosen per litter) were homogenized in TRIzol reagent (1 ml;
Invitrogen, Burlington, Ontario, Canada) and total RNA ex-
tracted as described in the manufacturer’s protocol. Contami-

nating genomic DNA was removed by treating RNA samples with
DNA-free deoxyribonuclease treatment (Ambion, Austin, TX).
RNA purity and concentration were assessed using spectrophoto-
metric analysis, and RNA integrity was verified using gel electro-
phoresis. RNA samples were combined to give a mean male and
female sampleper litter.RNAwasstoredat�80Cuntil furtheruse.

RNA was converted to cDNA using Multiscribe Reverse
Transcriptase (50 U/�l), deoxynucleotide triphosphate mix, and
random (hexameric) primers (Applied Biosystems, Foster City,
CA). Samples were incubated at 25 C for 10 min, 37 C for 120
min, and 85 C for 5 min using the C1000 Thermal Cycler (Bio-
Rad, Hercules, CA).

Real-time PCR was performed using the C1000 Thermal Cy-
cler and quantified using the CFX96 Real-Time System (Bio-
Rad). Samples were prepared using TaqMan Universal PCR
Master Mix (Applied Biosystems, Hammonton, NJ), primer-
probes sets for the following genes: GAPDH (lot no. 4352932E),
Slc38a1 (Mm00506391_m1), Slc38a2 (Mm00628416_m1),
Slc38a4 (Mm00459056_m1), TATA box binding protein (TBP)
(Mm00446971_m1) (Applied Biosystems), and cDNA template
(50 ng) using ratios according to manufactures instructions.
Data analysis was undertaken using CFX Manager Software
(Bio-Rad). For each primer probe set, a standard curve was gen-
erated by serial dilution of a pooled reference sample with a
minimum efficiency more than or equal to 90.0%. Samples were
run in triplicate. Relative mRNA expression was calculated as
gene of interest expression normalized [��c(t)] to reference gene
expression (GAPDH and TBP) (34, 40). GAPDH and TBP were
not differentially regulated across gestation or altered by DEX
treatment. For each plate, a nontemplate control (containing
H2O in place of template cDNA) and nonamplification control
(containing H2O in place of template RNA) was run to verify
amplification and RT specificity.

Morphometric analyses
An additional group of pregnant dams (n � 7–9) was treated

on E13.5 and E14.5 with either vehicle or
DEX as described above. On E18.5, placen-
tae were collected for morphometric anal-
yses. One male and one female placenta
closest to the mean litter placental weight
were used as a representative sample. Pla-
centae were hemisected along the midline
using the umbilical cord insertion as the cen-
tral reference. Tissue was fixed paraformal-
dehyde (4%; 24 h), then dehydrated and
processed into paraffin. Sections were pre-
pared from the full sagittal central plane of
the placenta and stained with hematoxylin
and eosin. Analysis was undertaken using
NDP.view NanoZoomer (Hamamatsu
Photonics K.K., Bridgewater Township,
NJ), by an operator blinded to treatment.
The total area of both the labyrinth and
junctional zone was measured. Final com-
parisons were made as a regional percentage
of the total placental area per section.

Corticosterone measurements
Maternal plasma was collected from

pregnant dams treated with either saline or
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FIG. 1. The ontogenic profile of placental system A-mediated transfer at E12.5, E15.5, and
E18.5 for placentae from male (black) and female (gray) fetuses. A, Placental system A-
mediated transfer. B, Fetal weight. C, Placental weight. No significant sex-specific differences
occurred. Data presented as mean � SEM; n values are denoted in bars. Letters that are
different represent significant differences between E (P � 0.05). 14C-MeAIB, 14C-N-
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DEX (E13.5 and E14.5) as stated above at E18.5 via cardiac
puncture (n � 10 vehicle and n � 8 DEX). A small sample (�15
�l) of fetal blood was collected from each fetus and blood from
each litter pooled. Corticosterone was measured using a RIA
(MP Biomedicals, Solon, OH) according to the manufacturers
instructions. The samples were analyzed in a single assay (in-
traassay variability �8%), where the lower limit of detection
was 25 ng/ml.

Statistical analysis
Statistical analysis was conducted using SPSS/WIN version

18.0 (SPSS, Inc., Chicago, IL). No significant intralitter variation
occurred; therefore, sex-matched siblings were averaged per lit-
ter. Two-way ANOVA was used to examine differences in trans-
port due to sex across gestation (ontogeny) or due to sGC treat-
ment across gestation on datasets that were normally distributed
with equal variances with Bonferroni post hoc analyses. Corti-
costerone and morphometric comparisons on E18.5 were con-
ducted using unpaired t test. Statistical outliers greater than two
SD from the mean were excluded from the analyses. Datasets that
failed to meet the required criteria were log transformed before
analyses. Significance was determined at P � 0.05, and values are
presented as mean � SEM.

Results

Ontogeny of system A
System A activity increased from E12.5 to E18.5 (P �

0.01), with no difference between placentae from male
and female fetuses (Fig. 1A). Fetal weight increased sig-
nificantly from E12.5 to E18.5 (P � 0.05), with no sig-
nificant differences between male and female fetuses at
any gestational age (Fig. 1B). Placental weight increased
significantly from E12.5 to E15.5 (P � 0.01), with no
further significant difference between E15.5 and E18.5.
There was a strong trend toward an effect of sex on pla-
cental weight irrespective of gestational age, with reduced
placental weight from pregnancies with a female fetus
compared with a male fetus (P � 0.0532) (Fig. 1C). Ma-
ternal weight increased significantly across gestation (P �
0.05) from E12.5 (26.88 � 0.35 g) to E15.5 (32.40 �
0.67 g) and E18.5 (37.17 � 0.86 g).

Consistent with increased activity across mid to late
gestation, mRNA expression of system A genes Slc38a1,
Slc38a2, and Slc38a4 increased from E12.5 to E18.5 (P �
0.05) relative to GAPDH and TBP reference gene expres-
sion (Fig. 2, A–C). No sex-specific difference in mRNA
expression occurred for any one of the system A isoforms.

The effects of antenatal DEX treatment on system
A activity and mRNA expression

DEX treatment did not significantly affect system A-
mediated transfer 24 or 72 h after treatment at E15.5 and
E17.5 in placentae from either male or female fetuses.
However, DEX significantly reduced system A-mediated

placental transfer transport just before term on E18.5 (Fig.
3, A and B). To determine the specificity of sGC treatment
on system A transfer, we examined the paracellular trans-
fer of 14C-mannitol per gram of placenta. 14C-mannitol
transfer increased from E15.5 to E18.5 in placentae from
male and female fetuses (P � 0.05). However, DEX did
not affect passive transfer in placentae from either sex at
E15.5 or E18.5 (Fig. 3, C and D).

Antenatal DEX treatment had no effect on the levels of
mRNA for Slc38a1, Slc38a2, or Slc38a4 at E15.5, E17.5
(data not shown), or E18.5 (Fig. 4, A–C) in placentae of
male or female fetuses despite the significant decrease in
system A-mediated transfer at E18.5.
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FIG. 2. The ontogenic profile of system A mRNA expression at E12.5,
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The effects of antenatal DEX treatment on fetal
and placental growth

DEX treatment did not affect fetal weight in utero for
either male or female fetuses between E15.5 and E18.5,
nor did it affect fetal birth weight at term (Fig. 5, A and B).
Antenatal DEX treatment did not significantly affect pla-
cental weight at E15.5 or E17.5. On E18.5, DEX did not
significantly affect placental weight with a male fetus (Fig.
5C), but it reduced placental weight with a female fetus at
E18.5 (P � 0.05) (Fig. 5D). Placental efficiency, measured
as the ratio of fetal weight to placental weight, was not
significantly affected by DEX treatment in males (Fig. 5E).
Female placental efficiency was not affected by DEX at
E15.5 or E17.5; however, the ratio of fetal to placental
weight was significantly increased before term at E18.5
after DEX treatment (Fig. 5F). DEX did not alter the rel-
ative proportion of either the labyrinth or junctional zone
in placentae giving rise to male or female fetuses on E18.5
(Table 1).

The effects of antenatal DEX treatment on
maternal and fetal plasma corticosterone

There was no difference in maternal or fetal plasma
corticosterone concentrations between the vehicle and
sGC-treated animals by E18.5 (Table 2).

Discussion

System A-mediated transfer and mRNA
expression increased between mid- and
late gestation in placentae from murine
pregnancies with either male or female
fetuses, consistent with increased fetal
growth during this period. Placental sys-
tem A-mediated transfer was differen-
tially affected by the timing of exposure
to maternal sGC treatment. Although
DEX given at midgestation did not have
any acute effects on system A-mediated
transfer, system A mRNA expression, fe-
tal weight, or placental weight, it signif-
icantly reduced system A transport be-
fore term (E18.5) in placentae giving rise
tobothmaleandfemale fetuses.DEXdid
not affect passive permeability or re-
gional fractions of the placenta, thus
demonstrating the specificity of effect on
system A. Changes in system A-mediated
transfer due to DEX treatment were not
mediated via alterations in system A
Slc38a1, Slc38a2, or Slc38a4 gene ex-
pression. Despite the effect of DEX on
system A, there was no effect on male or
female fetal weight across gestation or

weight at term. DEX treatment significantly reduced placen-
tal weight in females before term (E18.5) but did not signif-
icantlyaffectplacentalweight inmales.Alterations in system
A-mediated transfer cannot be attributed to chronic altera-
tions in endogenous GC levels, because DEX treatment
(E13.5 and E14.5) did not result in altered circulating levels
of fetal or maternal corticosterone at E18.5.

This is the first study to investigate the effects of ante-
natal sGC treatment on the placental system A trans-
porter, in vivo. Recently, it has been demonstrated that
initial rate system A activity is comparable in microvillous
membrane vesicles isolated from both human and mouse
placenta (41). We have demonstrated that system A-me-
diated transfer increases across gestation in the murine
placenta and follows a similar trend to the change in sys-
tem A activity in the human placenta across gestation:
system A activity measured in microvillous membrane at
term is significantly increased compared with first trimes-
ter (42). Therefore, both murine and human placental sys-
tem A activities increase across gestation, most likely to
meet the growing demands of the fetus.

In the present study, we have used a murine model to
examine the regulatory effects of sGC in vivo, without any
confounding effects of preterm labor or other pregnancy
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FIG. 3. The short- and longer-term effects of midgestation DEX (0.1 mg/kg administered on
E13.5 and E14.5) treatment on system A-mediated and paracellular transfer. System A-
mediated transfer from placentae of male (A) and female (B) fetuses. Placental paracellular
diffusional transfer from placentae of male (C) and female (D) fetuses. Vehicle treatment for
both sexes is designated in white, and DEX treatment is indicated in black (males) and gray
(females). Data presented as mean � SEM; n values are denoted in bars. An asterisk denotes
significant difference between DEX and vehicle treatment (P � 0.05). 14C-MeAIB, 14C-N-
methylated aminoisobutyric acid.
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complications on placental nutrient transport as would
occur in human pregnancies. In contrast to previous stud-
ies in human term placental explants, in which we have
shown that sGC stimulate the system A transporter after
48 h treatment in vitro (27), the present data demonstrate
a longer-term inhibition on system A activity levels in the
mouse. A possible reason for the contrast may reflect the
difference between model systems used. Investigation of
human placental explants in vitro requires a 7-d culture
period, during which the outer syncytiotrophoblast layer
is shed and regenerated before exogenous sGC can be ad-
ministered (43). Treatment with the sGC DEX not only
stimulated system A activity but also heightened syncy-
tialization of explants in a dose-dependent manner during
the culture period (27). Thus, the potent differentiating
actions of DEX also increased microvillous membrane for-
mation of the newly generated syncytial layer, which may
contribute to increased system A activity and transport
capacity within explants.

By examining sGC treatment in vivo using a murine
model, Baisden et al. (44) demonstrated that antenatal
DEX treatment (0.5 mg/kg) on E14.5–E16.5 down-regu-
lates 1212 genes and up-regulates 1382 genes in the mu-
rine placenta at term. Therefore, DEX treatment given in
an in vivo animal model may alter placental gene expres-
sion and indirectly contribute to longer-term changes in
nutrient transport. However, we were unable to detect
direct changes in any of the system A transporter isoforms
at the level of gene expression in either the in vitro studies
(human placental explants) (27) or the current in vivo
studies (mouse). It is not uncommon to report disconnect
between placental transporter activity, protein, and
mRNA expression for system A and other placental trans-
port systems (18, 34). System A may therefore be subject
to posttranscriptional/translational regulation. Because
sGC treatment did not chronically alter maternal hypo-
thalamic-pituitary-adrenal function, the mechanism of
decreased system A activity 96 h after exposure may be
mediated by long-term reductions in SNAT protein ex-
pression and/or protein recruitment to the microvillous
membrane. This aspect underlying sGC-induced changes
in placental transport warrants further investigation.

We have demonstrated that approximately 40–50%
reduction of system A transport did not affect fetal weight
outcome. Transport activity rates are reduced by 15–40%
in human microvillous membrane vesicles isolated from
both small for gestational aged infants as well as infants
that are pathologically growth restricted (20, 21). How-
ever, studies in rodent models demonstrate that reductions
in system A-mediated transfer in vivo precede fetal growth
restriction (26, 45). Thus, it is perhaps not surprising that
in our model, where system A-mediated transfer is only
decreased just before term, the fetus escapes an effect on
growth. Across gestation, system A activity follows a sim-
ilar trend to fetal weight, because both parameters signif-
icantly increase across the second half of gestation. The
largest increase in fetal growth occurs from E15.5 to E18.5
(�267% increase in fetal weight) compared with E18.5 to
term (�18% increase in fetal weight). Therefore, if reduc-
tions in system A-mediated transfer had occurred earlier in
gestation, it is quite possible that this would translate to
reductions in fetal growth. This study examines changes in
placental function after sGC treatment due to the impor-
tance of antenatal sGC therapy given to women for risk of
preterm labor. However, we also acknowledge that there
are limitations of using a mouse model. Gestation in a
mouse is relatively short (�19.5 d), and the definitive pla-
centa is only established at E12.5 (�64% of total gesta-
tional length) (46). As such, the developmental profile of
murine placental and fetal development cannot be mapped
directly to that of humans. We cannot examine sGC treat-
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FIG. 4. The effect of midgestation DEX (0.1 mg/kg administered on
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ment at an earlier time point to determine whether changes
in transport precede reductions in fetal weight, because the
administration of sGC earlier than E13.5 would target
early placental development rather than placental func-
tion. Currently, the National Institutes of Health recom-
mends a single course of antenatal corticosteroid treat-
ment as the standard of care for the management of the
patient presenting with apparent preterm labor (2). This
practice has been shown to decrease the rate of respiratory
distress syndrome immediately after treatment, and clin-
ical trials have demonstrated no effect of a single course of
sGC administration on fetal growth (47, 48). However, a
recent smaller study by Davis et al. (7) was the first to
examine longer-term exposure of sGC. In this study, a
single course of sGC treatment caused a reduction in fetal
length, weight, and head circumference in sGC-exposed
infants who carried to term. These reductions were not

related to fetal size before antenatal
midgestation treatment (7). A mouse
model has allowed for the investigation
of differences in placental system A nu-
trient transport across gestation based
on duration since sGC exposure.
Clearly, additional studies are required
to further map the effects of sGC expo-
sure over time after treatment.

In the present study, it is possible
that a single course sGC treatment may
cause a compensatory up-regulation of
other nutrient transport systems, which
could maintain fetal weight. Dose-de-
pendent increases in glucose trans-
porter (GLUT)1 and GLUT3 protein
expression occur before term in rats
given DEX (0.1–0.2 mg/kg) starting at
d 15 of gestation (49). In 11�-hydrox-
ysteroid dehydrogenase type 2 knock-
out mice, system A activity was initially
increased as E15, and fetal weight was
protected despite reduced placental
weight. It was only later in gestation on
E18 that a fall in fetal weight occurred
coincident with a decrease in placen-
tal glucose transport and GLUT3
mRNA expression and a return of sys-
tem A activity to control (16). There-
fore, it is possible that the placenta
up-regulates glucose transport in an
attempt to maintain fetal weight after
exposure to sGC.

Evidence from human populations,
as well as various animal models, has
consistently demonstrated that in utero

adaptations associated with altered growth rates can re-
sult in adverse health outcomes that persist into adult life
(9, 11, 15, 50). Smaller neonates are at greater risk of adult
hypertension, ischemic heart disease, and insulin resis-
tance, whereas being born large for gestational age in-
creases the incidence of obesity and metabolic syndrome in
adulthood (9). Although fetal weight can be used as one
parameter indicating increased risk of disease in adult-
hood, programming effects can occur despite a lack of
change in fetal weight with sGC treatment (51, 52). Dif-
ferential adaptations in placental transfer mechanisms
may alter fetal body composition that may persist long-
term and alter adult phenotype (40, 53). Whether the
mechanism of sGC-induced long-term programming,
with/or without changes to total fetal body weight, is me-
diated by in utero adaptations caused by altered placental
nutrient delivery warrants further investigation.
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FIG. 5. The effects of midgestation DEX (0.1 mg/kg administered on E13.5 and E14.5)
treatment on fetal weight (A and B) and placental weight (C and D). E and F, Placental
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that are different represent significant differences between E (P � 0.05).

Endocrinology, September 2011, 152(9):3561–3570 endo.endojournals.org 3567



When assessing placental function, most studies pool
data from placentae of both male and female fetuses. Al-
though this provides a representative measure, analyzing
data by this method may mask any opposing sex-depen-
dent effects that may be present. The present study is novel
in that it is one of the first to examine sex-specific differ-
ences in murine placental system A transport. Placentae
from both male and female fetuses exhibited similar rates
of transport during normal gestation and after antenatal
sGC treatment. Clifton and Murphy (31) suggest that
male and female fetuses exhibit differential mechanisms to
cope with adverse intrauterine environments. In adverse
uterine conditions, female fetuses reduce growth rate,
which confers a protective mechanism for any secondary
adversities (31). In contrast, male fetuses grow normally in
utero despite adversities, and the lack of compensation in
growth rates increases their susceptibility to altered envi-
ronmental factors (29, 32). Our data suggest that female
placentae may be more susceptible to reduced growth
when treated with a single course of sGC. As such, female
placentae exposed to midgestation sGC treatment have
significantly increased fetal to placental weight ratio,
which may predict an altered placental efficiency in the
female when exposed to sGC therapy.

Repeat courses of sGC reduce human and rodent pla-
cental growth in a dose-dependent manner (54, 55). In
rodent models, various dosing regimes have targeted pla-
cental growth with specific reductions in both the laby-
rinth and junctional zone. In rats, chronic DEX treatment
on d 13–22 (1 �g/ml) administered in drinking water
caused reductions in both the labyrinth and junctional
zones (56). We have demonstrated that although DEX
(0.1 mg/kg on E13.5 and E14.5) reduced female placental
weight at E18.5, these reductions were proportionally dis-
tributed to both the labyrinth (transport region) and junc-

tional zone (region of hormonal secretion). Because DEX
did not affect mannitol transfer (marker of flow-limited
diffusion) (22, 35), we can eliminate any profound alter-
ation on vascularity contributing to reduced 14C-N-meth-
ylated aminoisobutyric acid transport. Overall, this dem-
onstrates specificity for the DEX-induced reduction of
system A-mediated transfer per gram of placental tissue
before term at E18.5.

Currently, there is a significant increase in the number
of women who are exposed to sGC therapy for risk of
preterm labor who carry to term. In 2004, Polyakov et al.
(57) report approximately 11.2% of all pregnant women
received sGC, which was increased from 8.4% in 1998.
This increase in sGC exposure also includes a larger pro-
portion of women who received sGC yet delivered after 34
wk of gestation (57). If our data can be extrapolated to the
clinical situation, they would suggest that the system A
transporter is differentially regulated based on timing
from sGC exposure. There are no short-term regulatory
effects of midgestation sGC treatment. However, a sub-
stantial reduction in system A-mediated transport may
occur if pregnancy continues to term. Whether this is the
clinical case with antenatal therapy requires further inves-
tigation. The benefits of reduced neonatal morbidity and
mortality due to sGC therapy clearly outweigh the risks of
use. Our study does not suggest that antenatal sGC treat-
ment should not be administered but reinforces the need
for accurate diagnosis of preterm labor. Further under-
standing the molecular effects of antenatal corticosteroid
therapy at the level of the placenta will help maximize fetal
maturational benefit and minimize potential adverse
outcome.
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TABLE 2. Maternal and fetal plasma corticosterone
levels on E18.5

Vehicle DEX P value

Maternal plasma
(ng/ml)

823.5 � 69.24 736.8 � 153.7 P � 0.05
n � 8 n � 8

Fetal plasma
(ng/ml)

121.9 � 6.46 102.8 � 7.94 P � 0.05
n � 10 n � 6

Data presented as mean � SEM; n values denoted per group.

TABLE 1. Placental zone fractions (area/total area) on E18.5

Male Female

Vehicle (n � 9) DEX (n � 8) Vehicle (n � 8) DEX (n � 7) P value
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Data presented as mean � SEM; n values denoted per group.
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Abstract

Fetal macrosomia (FM) is a well-recognized complication
of diabetic pregnancy but it is not known whether placental
transport mechanisms are altered. We therefore studied the
activity of the system A amino acid transporter, the system
L amino acid transporter, and the Na+/H+ exchanger in
microvillous membrane vesicles from placentas of mac-
rosomic babies born to diabetic women (FM group), from
placentas of appropriately grown babies born to diabetic
women (appropriate for gestational age group) and from
placentas of appropriately grown babies of normal women
(control group). Sodium-dependent uptake of ["'C]-
methylaminoisobutyric acid at 30 s (initial rate, a measure
of system A activity) was 49% lower into FM vesicles than
into control vesicles (P < 0.02); this effect was due to a
decrease in Vmax of the transporter with no change in Km.
There was no significant difference in system A activity be-
tween the appropriate for gestational age group and control
or FM group. There was also no difference between system
L transporter or Na+/H+ exchanger activity between the
three groups. We conclude that the number of system A
transporters per milligram of membrane protein in the pla-
cental microvillous membrane is selectively reduced in dia-
betic pregnancies associated with FM. (J. Clin. Invest. 1994.
94:689-695.) Key words: placenta * transport proteins -

diabetes mellitus * growth disorders * fetus

Introduction

Excessive intrauterine growth leading to a large or macrosomic
fetus can have serious perinatal implications (1, 2). Where
fetal macrosomia (FM)' occurs, the net maternofetal transfer
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age; EVB, extravesicular buffer; FM, fetal macrosomia; MeAIB, meth-
ylaminoisobutyric acid; MVM, microvillous membrane.

of nutrients must be increased, but it is not known whether the
activity of specific placental transport proteins is altered.

Pregnancy complicated by diabetes mellitus is a well known
cause of FM (3, 4). The incidence of FM in pregnant diabetic
women remains high, despite improvements in their metabolic
control, and can complicate up to 40% of such pregnancies
(5). The reasons for excessive fetal growth occurring in these
pregnancies are not known. Pedersen (6) suggested that mater-
nal hyperglycemia leads to fetal hyperglycemia and hence fetal
hyperinsulinemia, which may then stimulate excessive intrauter-
ine growth. However, it is well known that some diabetic
women give birth to macrosomic babies despite satisfactory
glycemic control during their pregnancy (7). The Pedersen hy-
pothesis was later expanded to include other metabolic fuels
including amino acids (8). Amino acids are important to the
fetus, both as building blocks for tissue accretion and as a source
of fuel for fetal oxidative catabolism (9). However, the activity
of amino acid transporters, or indeed of other transporters, in
placentas of diabetic women with macrosomic babies has not
been investigated.

The transcellular movement of amino acids across the syn-
cytiotrophoblast, the main exchange barrier of the placenta, is
mediated by specific transporters present on both the maternal
facing microvillous plasma membrane (MVM) and the fetal
facing basal plasma membrane (10). The Na+ -dependent sys-
tem A transporter, present on both syncytiotrophoblast mem-
branes, mediates the transport of neutral amino acids with short,
polar, linear side chains. Its activity in the MVM is reduced
by 50-60% in pregnancies associated with intrauterine growth
retardation (11, 12). The primary aim of this study was there-
fore to investigate whether the activity of this transporter is also
altered in cases of FM arising from pregnancies complicated
by maternal diabetes. Vesicles prepared from the MVM were
used, and for comparison the activity of the Na+-independent
system L amino acid transporter was also investigated.

The human placental syncytiotrophoblast has been shown
to possess Na+/H+ exchanger activity, with that on the MVM
resembling the NHE-1 isoform, whereas the basal membrane
exchanger resembles the NHE-2 isoform ( 13). The NHE-1 iso-
form is postulated to be associated with "housekeeping" func-
tions such as cellular pH regulation (13). The second aim of
this study was therefore to determine whether there were any
changes in MVM Na+/H+ exchanger activity in diabetic preg-
nancies associated with FM, a clinical situation where the meta-
bolic requirements of both fetus and trophoblast are likely to
be altered.

To separate effects of diabetes alone from those due to
macrosomia, placentas from diabetic and nondiabetic women
giving birth to appropriately grown babies were studied in addi-
tion to those from diabetic women giving birth to macrosomic
babies.
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Methods

Patient selection
This study was approved by the Central Manchester Health Authority
Ethical Committee. Placentas from three groups of patients were studied.
One group was a control group of women who had normal pregnancies
and for whom there was no evidence to suggest undiagnosed diabetes.
The birth weights in this group ranged between the 3rd and 90th centiles
( 14). These women either had spontaneous vaginal deliveries (n = 11 )
or elective caesarean sections because of breech presentation or previous
caesarean section (n = 7) and were chosen to allow study of a control
vesicle preparation within 1-2 wk of that of a diabetic patient. A second
group consisted of women with diabetes or impaired glucose tolerance
(see below) giving birth, by vaginal delivery (n = 7), or elective (n
= 4) or emergency (n = 1) caesarean section, to babies of normal
birth weight (appropriate for gestational age [AGA] group). The birth
weights in this group ranged between the 10th and 97th centiles. Five
of these women had type 1 diabetes (three Hare and White [15] class
B, two class C), five had impaired glucose tolerance (16), and two had
gestational diabetes (16). The third group consisted of women with
diabetes or impaired glucose tolerance giving birth, by spontaneous
vaginal delivery (n = 5) or elective (n = 6) or emergency (n = 2)
caesarean section, to macrosomic babies defined as having birth weights
above the 97th centile (FM group). Seven of these women had type I
diabetes (one class A, one class B, four class C, one class D), and six

had impaired glucose tolerance. The estimated date of delivery in all
three groups was determined from the last menstrual period and was

confirmed by ultrasound scan performed at 16-18 wk, and all babies
were in a good condition at birth.

All the women with diabetes attended the combined obstetric/medi-
cal antenatal clinic for diabetic patients at St. Mary's Hospital and
performed self-monitoring of blood glucose, normally measuring their
capillary glucose concentrations four times daily, and glycated hemoglo-
bin (hemoglobin Al,) concentrations were measured every 4 wk.
Women with gestational impaired glucose tolerance or diabetes were

managed using dietary measures and insulin treatment was commenced
only if capillary glucose concentrations persistently exceeded 6 mmol/
liter. In the AGA group, 11 women received insulin, and 8 received
insulin in the FM group. For most patients in AGA and FM groups,
pregnancy was terminated at or near term (by amniotomy and oxytocin
infusion or by caesarean section) because of obstetric or medical indica-
tions (such as previous caesarean section, evolving fetal overgrowth,
and inadequate glycemic control); only one patient was allowed to pass
40 wk, labor being subsequently induced at 41 wk.

Vesicle preparation
Placentas were collected within 30 min of delivery. MVM vesicles
were prepared using a homogenization and Mg2" precipitation technique
exactly as described previously (12, 17). Vesicle suspensions were

stored at 4TC, and all uptake measurements were performed within 48
h of vesicle preparation.

Protein estimation was performed according to the method of Lowry
et al. (18) using bovine serum albumin as standard. Alkaline phospha-
tase activity, a marker of the MVM (19), was measured, at pH 9.8,
using p-nitrophenyl phosphate as a substrate (20). The vesicles were

also checked for contamination with intracellular organelles by assaying
for succinate dehydrogenase and NADH dehydrogenase activities as

mitochondrial and endoplasmic reticulum markers, respectively (21,
22). The orientation of the vesicles was investigated by measuring
alkaline phosphatase specific activity before and after permeabilizing
the vesicles with 0.1% saponin (17).

Uptake methods
['4C]MeAIB uptake. The activity of the system A amino acid transporter
in MVM vesicles was determined as described previously ( 12) by mea-

suring the room temperature uptake by the vesicles at various times of
["'C]methylaminoisobutyric acid (["'C]MeAIB; Amersham, Ayles-
bury, Bucks, UK), a nonmetabolizable amino acid analogue specific

for this system (23), in the presence of either an inwardly directed
Na' gradient or an inwardly directed K+ gradient. The activity of the
transporter, per milligram of membrane protein, was defined as the
difference in initial rate uptake between that in the presence of Na + and
that in the presence of K+ (i.e., Na+ -dependent uptake). Intravesicular
["C ]MeAIB was separated from extravesicular ["'C ]MeAIB using vac-
uum filtration with millipore filters, and binding of [ 'C]MeALB to
vesicle membranes was separately quantified by incubating vesicles in
the presence of 0.2% Triton and determining uptake at 2 h ( 12). Nonspe-
cific binding of radiolabel to the filters was determined by omitting
vesicle protein from some incubations and was corrected for in the
calculation of vesicle uptake. All determinations were performed in
duplicate. Once initial rate and equilibrium were established, full time
courses of uptake were not performed.

The Michaelis-Menten constants Vm.. and Km for the transporter
were measured in four preparations of control group MVM vesicles and
four preparations of FM group vesicles. As described previously (12),
uptake of ['4C]MeAIB was measured at 30 s (initial rate; see Results)
in the presence and absence ofNa + and at increasing total concentrations
of MeAIB from 0.16 to 20.17 mM, achieved by adding appropriate
amounts of nonradioactive MeAIB to the extravesicular buffer (EVB).
Na+ -dependent MeAIB uptake per milligram of membrane protein was
plotted against MeAIB concentration, and the data were fitted to the
Michaelis-Menten equation by nonlinear regression (P-Fit; Biosoft,
Cambridge, UK).

['4C]Leucine uptake. The activity of the MVM system L amino
acid transporter, which is Na+ independent (23, 24), was determined
by measuring the uptake into MVM vesicles of [14C] leucine, an amino
acid which is transported primarily by this system (10, 23), using a
method similar to that described by Kudo and colleagues (23) and
buffers as similar as possible to those used for measuring [14C]MeAIB
uptake (12), omitting Na+ from the EVB. MVM vesicles were sus-
pended in buffer A (290 mM sucrose, 5 mM Hepes, 5 mM Tris; titrated
to pH 7.4 with 11.6 M HCl) at a protein concentration of 20-25 mg/
ml, and uptake reactions were initiated by mixing 20 ,1 vesicle suspen-
sion with 20 ,.sl buffer B (145 mM KCl, 5 mM Hepes, 5 mM Tris;
titrated to pH 7.4 with 11.6M HCl after which 50 ,uCi/ml [L- '4C]leucine
[Amersham] was added) so that the final concentration of ['4C] leucine
was 20 ,uM. In each experiment, ['4C ] leucine uptake was also measured
in the presence of a vast excess of nonradioactive L-leucine to determine
that proportion of uptake not mediated by a transporter; 20 /II vesicle
protein was mixed with 20 1AI buffer C (240 mM sucrose, 50 mM
leucine, 5 mM Hepes, 5 mM Tris; titrated to pH 7.4 with 11.6 M HCl
and to which [L- "4C] leucine was added so that the final radioactive
leucine concentration was 20 ,M). In preliminary experiments we found
uptake of ['4C]leucine at room temperature to be too rapid to determine
initial rate activity, and all uptakes reported here were performed at
4°C. Reactions were terminated at the appropriate times by addition of
2 ml ice-cold Krebs-Ringer phosphate solution (130 mM NaCl, 10 mM
Na2HPO4, 4.2 mM KCl, 1.2 mM MgSO4, 0.75 mM CaCl2; titrated to
pH 7.4 with 11.6 M HCl). 1 ml of this suspension was applied immedi-
ately to a millipore filter (presoaked in ice-cold Krebs-Ringer phos-
phate) and washed with 10 ml ice-cold Krebs-Ringer phosphate. Filters
were placed in glass vials to which 2 ml 2-ethoxyethanol and 12 ml
Optiphase "HiSafe II" liquid scintillation fluid (Pharmacia, Milton
Keynes, UK) were added and counted in a liquid scintillation analyzer
(model 2000CA; Packard, Pangbourne, Berks, UK), as for ['4C]MeAIB
uptake measurements (12). Binding of [L-'4C]Ileucine to the mem-
branes was measured in the presence of 0.2% Triton, and nonspecific
binding to the filters was measured and corrected for as with ["4C]-
MeAIB uptake measurements.

Sodium uptake. Sodium uptake into MVM vesicles was measured
at room temperature using 22NaCl (Amersham) in the presence of an
outwardly directed H + gradient and either with or without the presence
of 0.5 mM amiloride in the EVB as described previously (12, 17).
The activity of the Na+/H+ exchanger was defined as the amiloride
inhibitable component. Ion-exchange columns were used to separate
extravesicular sodium-22, retained by the resin from intravesicular sodi-
um-22, which was collected as the eluent (17, 25). Radiolabel not
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Table I. Clinical Details of Groups

Control AGA FM

n 18 12 13
Age (yr) 26±1 28±2 30±2
Parity 1.3±0.3 1.3±0.4 2.5±1.0
Gestation (d) 276±2 272±2 268±2*
Birth weight (kg) 3.3±0.1 3.5±0.1 4.4±0.1t
Placental weightO (g) 559±25 568±52 671±28*

Values are mean±SE in control, AGA diabetic, and FM diabetic groups.
Numbers in each group are as indicated, except for § placental weights
where n = 12, 5, and 11 for control, AGA, and FM groups, respectively;
this lower number of determinations reflects deliveries later in the study
when systematically the umbilical cord was divided at the point of
insertion, blood clots were removed, and the placenta was dry blotted.
* P < 0.05 compared with control group; t P < 0.001 compared with
control and AGA groups; ANOVA with Scheffe.

retained by the columns was corrected for by replacing vesicle protein
with intravesicular buffer. To identify membrane-bound as opposed to
intravesicular sodium-22, some incubations were carried out in the pres-
ence of 0.2% Triton. As for ['4C]MeALB uptake, once initial rate and
equilibrium were established, full time courses of uptake were not per-
formed. To ensure that the percentage of vesicles recovered from the
columns did not differ between the groups, alkaline phosphatase specific
activity of the eluents was measured in separate experiments where
sodium-22 was omitted from the initial reaction mix and compared with
that of the vesicles applied to the columns.

Statistics
Data are presented as mean±SE, and statistical comparisons were made
using ANOVA followed by Scheffe's multiple comparisons procedure
or Student's unpaired t test as appropriate, n being the number of pla-
centas.

Results

Clinical characteristics of groups. Some clinical details of the
three groups are compared in Table I. As expected, birth weights
in the FM group were significantly higher than those in control
and AGA groups. Placental weights were significantly higher
in the FM as compared with the control group. Gestational age
at delivery was significantly lower in the FM as compared with
the control group, reflecting our practice of expediting delivery
when excessive fetal growth was suspected or if metabolic con-
trol had been judged inadequate. There was no significant differ-
ence between the AGA and FM groups in regard to metabolic
control at any stage of gestation; for example, at term, plasma
glucose concentration in the AGA and FM groups was 6.3+0.3
and 6.2+0.2 mmol/liter, respectively, and hemoglobin Alc was
identical in the two groups at 6.5+0.3% (the upper limit of
normal for our laboratory being 7%).

Vesicle characteristics. Enzyme enrichments relative to the
starting placental homogenate, vesicle orientation, and vesicle
protein recovery are shown in Table II. All three sets of vesicles
were highly enriched in alkaline phosphatase activity; the en-
richment of the AGA group was slightly, but significantly, lower
than that of the control group but was not different from the
FM group, nor was there a difference between the FM and
control groups. None of the sets of vesicles were enriched in
succinate dehydrogenase or NADH dehydrogenase activity. In
addition, vesicle orientation in the three groups was very simi-

Table II. Enzyme Enrichments, Vesicle Orientation, and Vesicle
Protein Recovery

Control AGA FM

ALK* 22±1 (18) 18±1* (12) 20±1 (13)
NADH* 0.39±0.17 (4) 0.32±0.09 (5) 0.31±0.11 (4)
SDH* 0.54±0.24 (3) 0.45±0.17 (5) 0.04±0.03 (5)
VO§ 99±1 (10) 98±1 (8) 98±1 (6)
VPRI 0.23±0.01 (17) 0.26±0.03 (7) 0.24±0.01 (13)

Values are mean±SE (n). * Enzyme enrichments are calculated as
vesicle enzyme specific activity relative to that for the starting placental
homogenate and are given for alkaline phosphatase (ALK), NADH dehy-
drogenase (NADH), and succinate dehydrogenase (SDH). § VO, vesicle
orientation calculated as the ratio of vesicle alkaline phosphatase activity
before and after addition of 1% saponin. I VPR, vesicle protein recov-
ery calculated as milligrams of MVM protein obtained per gram of
starting wet placental tissue. I P < 0.05 ANOVA with Scheffe as
compared with control group.

lar, as was vesicle protein recovery. These data indicate that
there was little difference between the three groups of vesicles
in terms of their basic characteristics.

['4C]MeAIB uptake by vesicles. The time courses of ['4C]-
MeAIB uptake by the vesicles are shown in Fig. 1. As found
previously ( 12), uptake was initially rapid, but equilibrium was
not finally achieved until 20-24 h, as reflected by the similarity
in uptakes at 20 and 24 h (data not shown). Binding of ['4C] -
MeAIB to the membranes, as measured after incubating the
vesicles in the presence of triton, was < 2% of equilibrium
uptake in all three groups (Fig. 1). There was a significant
difference between uptake in the presence of an Na+ gradient
to that in a K+ gradient at all time points up to 120 min. The
uptakes were linear over the first minute of the reaction so that,
for comparison purposes, measurements at 30 s were taken to
represent the initial rate. As shown in Table HI, the initial uptake
by the FM vesicles in the presence of an Na + gradient, but not
that in the presence of a K+ gradient, was significantly lower
than that into the control vesicles. Consequently, the calculated
initial rate of uptake due to the Na '-dependent system A trans-
porter (the difference between that in the presence of an Na+
gradient and that in the presence of a K+ gradient) was 49%
lower in the FM than in the control vesicles (Table Ill). Initial
uptakes of ['4C]MeAIB by the AGA vesicles were not signifi-
cantly different from those by the control or FM vesicles. Equi-
librium (24 h) uptakes were not significantly different between
any of the three groups (0.587+0.097 nmol/mg protein, n = 10;
0.483±0.185 nmol/mg protein, n = 3; 0.653±0.110 nmol/mg
protein, n = 9; control, AGA, and FM groups, respectively).

As control and FM groups showed a significant difference
in system A transporter activity, transporter kinetics were com-
pared between these two groups. Initial rate of Na+ -dependent
MeAIB uptake in four preparations each of control and FM
vesicles is plotted against MeAIB concentration in Fig. 2. Vm.,,
calculated from these plots, was significantly (P < 0.02) lower
in the FM group as compared with the control group (0.47±0.07
vs 0.96±0.13 nmol/mg protein per 30 s, respectively), but there
was no significant difference in Km (2.10+1.08 vs 1.44+0.80
mM, respectively).

['4C]Leucine uptake by vesicles. The early time course of
['4C] leucine uptake by the three groups of vesicles is shown
in Fig. 3. As can be seen, despite measurements being made at
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Figure 1. Time course of ['4C]MeAIB uptake by control, AGA, and
FM vesicles. Vesicles were suspended in buffer consisting of 290 mM
sucrose, 5 mM Hepes, and 5 mM Tris-HCl, pH 7.4, at a concentration
of 15 mg/ml. Uptakes were initiated at room temperature by adding
20 t1 of vesicle suspension to 20 jil of EVB consisting of 145 mM
NaCl (m) (or KCl, A), 5 mM Hepes, 5 mM Tris-HCl, pH 7.4, to which
15.7 ILCi/ml ['4C] MeAIB had been added, with the final concentration
of [t"C]MeAIB in the reaction being 0.165 mM. The reaction was
terminated at the intervals shown by adding 2 ml of ice-cold Krebs-
Ringer phosphate solution. 1 ml was filtered immediately through pre-
soaked millipore filters (0.45 ,km) and washed with 10 ml of Krebs-
Ringer phosphate solution. v represents uptake in the presence of 0.2%
Triton. Values shown are mean±SE for vesicle preparations from 9 to
15 placentas in the control group, 3 to 6 placentas in the AGA group,
and 7 to 13 placentas in the FM group. Error bars are not shown if
smaller than the symbol size.

4°C, uptake appeared to start to plateau at 5 s, but this was
similar for all three groups. ["C I Leucine uptake in the presence
of excess unlabeled leucine was < 10% of total uptake (Fig. 3
and Table IV), suggesting that the majority of uptake was via

Table III. Initial (30 s) Uptakes of ['4C]MeAIB by Vesicles

['4C]MeAIB uptake

Na' K+ "A"

nmol/mg protein per 30 s

Control (15) 0.084±0.010 0.019±0.003 0.065±0.009
AGA (6) 0.050±0.014 0.012±0.002 0.038±0.013
FM (13) 0.045±0.005* 0.012±0.001 0.033±0.004t

Values are mean±SE (n). Uptakes are shown for Na+ and K+ gradients
and also for that due specifically to the system A transporter ("A"),
calculated as the difference between the former two. * P < 0.01; t P
< 0.02 compared with control group; ANOVA with Scheffe.

the system L transporter. Binding of ["4C]leucine to the mem-
branes, as measured in the presence of triton, was < 7% of
equilibrium uptake in all three groups. 3-s uptake was taken as
giving an approximation of initial rate, and these data are shown
in Table IV for total, nonmediated (excess unlabeled leucine),
and system L (the difference between total and nonmediated)
mediated uptake. There was no difference in any of these vari-
ables between the three groups. Equilibrium (24 h; there was
no difference in uptake between 2- and 24-h measurements)
uptake was also not different between the three groups.

Na+ uptake by vesicles. The percentage of vesicles recov-
ered in the eluent from the ion-exchange columns was similar
in control (46±2%, n = 9), AGA (52±3%, n = 7), and FM
(48+2%, n = 7) groups.

The time courses for Na+ uptake by the vesicles are shown
in Fig. 4. As found previously ( 12, 17) in the absence of amilor-
ide, Na' uptake is initially rapid and is accompanied by an
overshoot at 5-10 min. This is followed by an efflux of Na+,
and equilibrium is reached by 2 h, as reflected by the similarity
in uptakes at 2 and 24 h (data not shown). Binding of sodium-
22 to the membranes, as measured in the presence of triton,
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Figure 2. Kinetics ofMeAIB uptake by control (-) andFM (A) vesicles.
Initial rate (30 s) uptake of MeAIB in the presence and absence of Na +
was measured, as in Fig. 1, over a range of MeAIB concentrations in
the EVB. Data were obtained from four placentas each in the two groups
shown. Na+-dependent uptake (the difference between that in the pres-
ence and that in the absence of Na+) has been plotted, as individual
data points (one at each concentration from each placenta) against
MeAIB concentration, and the data were fitted by nonlinear regression
to the Michaelis-Menten equation to allow calculation of Vl,, and Km.
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Table IV. Initial and Equilibrium Uptakes of [14C]Leucine at 40C

['4C]Leucine uptake (pmol/mg protein)

3 s 24h

Excess Excess
Total* leucine "L" Total leucine

C 3.88±0.34 0.26±0.13 3.62±0.31 41.9±8.2 21.2±0.7
AGA 4.14±0.52 0.30±0.13 3.84±0.57 48.9±20.7 20.6±1.7
FM 5.12±1.07 0.33±0.17 4.79±1.12 46.1±12.8 23.6±2.3
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Figure 3. Early time course of [ 4C ] leucine uptake by control, AGA,
and FM vesicles measured at 40C. Vesicles were suspended in buffer
A, consisting of 290 mM sucrose, 5 mM Hepes, 5 mM Tris-HCl,
pH 7.4, at a protein concentration of 20-25 mg/ml, and uptake
reactions were initiated by mixing 20 1I vesicle suspension with 20
ILI of buffer B consisting of 145 mM KCl, 5 mM Hepes, 5 mM Tris;
titrated to pH 7.4 with 11.6 M HCl after which 50 pCi/ml [L-
14C ]leucine was added so that the final concentration of ['4C]-
leucine was 20 MM. [ 14C] Leucine uptake was also measured in the
presence of a vast excess of nonradioactive L-leucine to determine
that proportion of uptake not mediated by a transporter; 20 ILI vesi-
cle protein was mixed with 20 41 buffer C (240 mM sucrose, 50
mM leucine, 5 mM Hepes, 5 mM Tris; titrated to pH 7.4 with 11.6
M HCO and to which [L- '4C] leucine was added so that the final
radioactive leucine concentration was 20 AM). The reaction was

terminated at the intervals shown by adding 2 ml of ice-cold Krebs-
Ringer phosphate solution. 1 ml was immediately filtered through
presoaked millipore filters (0.45 ym) and washed with 10 ml of
Krebs-Ringer phosphate solution. Values shown are mean±SE for
vesicle preparations from five to six placentas in the control group,

four placentas in the AGA group, and four to five placentas in the
FM group. * is total uptake data; A is uptake in the presence of
excess unlabeled leucine.

Values are mean±SE. C, control, n = 6; AGA, n = 4; FM n = 5.
* Total uptake of ['4C]leucine; Excess leucine is the uptake of ['4C]leu-
cine in the presence of 50 mM unlabeled leucine in the EVB, and "L"
is the difference between the two representing uptake by the system L
transporter.

was < 2% for all three groups (Fig. 4). Uptake in the presence
of amiloride was significantly lower than that in its absence at
all time points up to 60 min. Both total and amiloride-insensitive
Na+ uptakes were linear over the first minute. In addition, the
amiloride-sensitive Na' uptake (calculated as the difference
between that in the presence and absence of amiloride) was

also linear over the first minute. For comparison purposes, there-
fore, the uptake at 30 s was taken to represent an initial rate.
The initial and equilibrium uptakes are shown in Table V; there
were no significant differences between any of the groups.

Discussion

This study provides the first report on placental MVM trans-
porter activity in relation to fetal overgrowth and diabetes in
women. System A transporter activity was significantly and
markedly lower in the MVM from placentas of FM babies
from diabetic pregnancies as compared with MVM of control
pregnancies. The significantly lower V,,, but not Km of this
transporter in the FM group as compared with the control group

suggests that the number of transporters was reduced. Further-
more, the lack of difference in either system L or Na+/H+
exchanger activity between the three groups suggests that the
effect on system A is quite selective.

Less clear-cut is the effect of diabetes per se on system A
activity. We failed to find a significant difference in system A
transporter activity of MVM from placentas of AGA babies
from diabetic pregnancies as compared with control or as com-

pared with MVM from placentas of FM babies. Although this,
together with a previous report that there is no change in the
total uptake of aminoisobutyric acid by MVM from placentas
of diabetic pregnancies with normal fetal growth as compared
with normal pregnancies ( 11), suggests that reduced transporter
activity may be primarily related to macrosomia rather than
diabetes (especially as in the present study there was no differ-
ence in the glycemic control achieved in the two diabetic
groups). Clarification of this point awaits study of placentas of
macrosomic babies born to patients shown definitively not to
have diabetes or impaired glucose tolerance during pregnancy.

The placentas in the FM group were of a slightly but sig-
nificantly lower gestation than in the control group. Higher
Na'-dependent uptake of L-alanine by late gestation (37-38
wk) human placental MVM vesicles as compared with early
gestation (12-13 wk) MVM vesicles has been described (26).
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Figure 4. Time course of Na' uptake by control, AGA, and FM vesicles.
Vesicles were suspended in buffer consisting of 25 mM Mes, 5 mM
Tris, 149 mM KCI, and 1 mM NaCl (pH 5.6) at a concentration of
- 15 mg/eml. Uptake at room temperature was initiated by adding 200
tl of this suspension to 900 pl EVB consisting of 18 mM Hepes,
12 mM Tris, 149 mM KCI, and 1 mM NaCl (pH 7.6) to which 2.5
ACi/ml sodium-22 had been added, in the absence (m) and presence
(A) of 0.5 mM amiloride. Aliquots of 100 Al of this mix were applied,
at the intervals shown, to ion-exchange columns and washed with 2.5
ml of EVB. v represents uptake in the presence of 0.2% Triton. Values
shown are mean±SE for vesicle preparations from 9 to 12 placentas in
the control group, 7 to 8 placentas in the AGA group, and 6 to 10
placentas in the FM group. Error bars are not shown if less than the
symbol size.

However, it seems unlikely that there would be a large increase
in amino acid uptake in the last 3 wk of pregnancy. Indeed, we
were unable to demonstrate any correlation in any of the three
groups between the initial rates of uptake of ['4C] MeAIB and
the period of gestation (data not shown; the range of the period

Table V. Initial and Equilibrium Uptakes ofNa' by Vesicles

Na' uptake (nmol/mg protein)

30s 2h

Amiloride Na+/H' Amiloride
Total* (0.5 mM) exchanger Total* (0.5 mM)

C 1.01±0.12 0.17±0.01 0.84±0.11 2.20±0.14 1.95±0.16
AGA 1.21±0.24 0.12±0.03 1.09±0.23 2.04±0.26 1.67±0.22
FM 1.42±0.17 0.16±0.01 1.25±0.16 2.49±0.10 2.02±0.10

Values are mean±SE. C, control, n = 12; AGA, n = 8; FM, n = 10.
* Total uptake of Na' in the absence of amiloride; the uptake by the
Naf/H' exchanger is calculated as the difference between the total
uptake and the uptake in the presence of 0.5 mM amiloride.

of gestation was - 4 wk.). We therefore believe that the lower
system A activity in the FM group was not a result of gestational
differences per se.

As system A activity is reduced in MVM from placentas of
growth-retarded babies ( 11, 12), the finding here that it is simi-
larly reduced in FM was somewhat surprising, although in
streptozotocin-induced, mildly diabetic pregnant rats giving
birth to macrosomic fetuses, fetal plasma amino acids have
been shown to be reduced despite normal maternal concentra-
tions (27).

For the physiological significance of our data on the system
A transporter to be determined, a number of other factors need
to be taken into consideration. Transcellular amino acid net flux
across the placenta in vivo will be dependent on: (a) the activi-
ties and numbers of transporters in both the microvillous and
basal plasma membranes of -the syncytiotrophoblast and the
balance between maternofetal and fetomaternal flux; included
in this will be the surface area of plasma membrane; (b) mater-
nal and fetal plasma concentrations of amino acids; the impor-
tance of this will be dependent on the Km of transporters; (c)
for Na+-dependent electrogenic transfer, as occurs with the
system A transporter, membrane potential and any transplacen-
tal potential difference will be important (28); and (d) syncytio-
trophoblast amino acid metabolism (29).

Our kinetic data suggest that the system A transporter is
not saturated at physiological concentrations of its substrates.
Therefore, raised maternal plasma concentrations as may occur
in diabetes (30, 31 ) would be likely to increase flux of substrate
via the transporter opposing its apparent downregulation. Fur-
thermore, there is a hint that syncytiotrophoblast plasma mem-
brane surface area is increased in diabetes (32). However, noth-
ing is known about the electrophysiology of the human diabetic
placenta or of its amino acid metabolism.

Therefore, we currently have insufficient information to es-
tablish whether in vivo substrate flux via the system A trans-
porter in the MVM of the FM placenta in diabetes near term
reflects its lower in vitro activity per milligram of membrane
protein. However, it does seem more likely that the latter is an
adaptation to macrosomia, rather than it being important in its
genesis.

The placenta is rich in insulin receptors on the MVM (33).
The effects of diabetes on placental insulin receptors have been
variably reported as no change, decreased, and increased con-
centrations (34-36). The reports on insulin effects on placental
amino acid transport are also conflicting with some reporting
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no change (37) and others demonstrating stimulation of uptake
(38, 39). Therefore, it is not possible to determine the role of
insulin in the changes in transporter activity which we have
observed, although this does seem to be a likely mediator of
the effect.

In conclusion, this investigation has demonstrated that pla-
cental MVM system A transporter activity is selectively reduced
when diabetic pregnancy results in FM, probably due to a de-
crease in the number of transporters.
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L-Arginine Transport by the Microvillous Plasma
Membrane of the Syncytiotrophoblast from Human
Placenta in Relation to Nitric Oxide Production: Effects
of Gestation, Preeclampsia, and Intrauterine
Growth Restriction

P. T.-Y. AYUK, D. THEOPHANOUS, S. W. D’SOUZA, C. P. SIBLEY, AND J. D. GLAZIER
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(C.P.S.), University of Manchester, St. Mary’s Hospital, Manchester, United Kingdom M13 OJH

Nitric oxide (NO) is an important regulator of placental per-
fusion, and its production is dependent on the activity of sub-
strate (L-arginine) transporters. In the light of evidence for
altered NO production in the feto-placental unit in preeclamp-
sia and intrauterine growth restriction (IUGR), we investi-
gated gestational changes in human placental L-arginine
transport by systems y� and y�L in purified microvillous
plasma membrane vesicles. We also examined the effect of
preeclampsia and IUGR on the activity of these transport
systems and the relationship between transporter activity
and NO production (nitrate/nitrite concentrations) in the

feto-placental unit. Between first trimester and term, there
was a significant positive correlation between system y� ac-
tivity and gestational age (r � 0.36; P � 0.013; n � 47), but a
significant negative correlation between system y�L activity
and gestational age (r � �0.6; P < 0.0001; n � 47). The activity
of these transport systems was not altered in preeclampsia or
IUGR. In placentas from normal term pregnancies, there was
no correlation between the activity of microvillous plasma
membrane L-arginine transporters and nitrate/nitrite concen-
trations in umbilical venous plasma or placental homogenate.
(J Clin Endocrinol Metab 87: 747–751, 2002)

ADEQUATE UTERO-PLACENTAL and feto-placental
blood flow are essential for normal intrauterine

growth. There is substantial evidence that nitric oxide (NO)
production by the feto-placental unit plays an important role
in the regulation of placental bed vascular resistance (1) and
that this mechanism might be deranged in complications of
pregnancy such as intrauterine growth restriction (IUGR)
and preeclampsia (2–5). The mechanisms controlling NO
production in the normal placenta are poorly understood.
NO is produced from the amino acid l-arginine by NO
synthases. In endothelial cells (which express the constitutive
isoform of NO synthase) and inflammatory cells (which ex-
press the inducible isoform), NO synthesis has been shown
to be dependent on extracellular l-arginine and its transport
across the plasma membrane (6, 7). Alterations in placental
l-arginine transport may therefore contribute to the reported
changes in NO production by the feto-placental unit in
IUGR/preeclampsia (2, 3).

NO synthases are expressed in several cell types in the
human placenta, but endothelial NO synthase expression is
particularly high in the syncytiotrophoblast (8). This sync-
tiotrophoblast is also the transporting epithelium of the hu-
man placenta, with a variety of transport proteins in both its
microvillous (maternal facing) and basal (fetal facing) plasma
membranes. These transport systems will play a role in de-
livering nutrient to the fetus as well as in providing substrate

for syncytiotrophoblast metabolism (9). In pregnancies com-
plicated by IUGR, the activity of some, but not all, of these
transport systems has been shown to be altered compared
with that in normal pregnancies. For example, the activities
of the system A transporter (transports alanine and glycine),
taurine transporter, and leucine transporter in syncytiotro-
phoblast microvillous plasma membrane (MVM) vesicles
have all been reported to be significantly reduced compared
with normal (10–12). Lysine transport activity in the MVM,
which will probably use the same cationic amino acid trans-
port systems as arginine, was unaffected by IUGR (12). These
data suggest that alterations in syncytiotrophoblast transport
activity might be an important facet of pregnancy patholo-
gies. However, no previous study has directly addressed
arginine transport in placentas from women delivering IUGR
babies or examined any transport system in placentas from
preeclamptic patients without the complication of IUGR. In
terms of syncytiotrophoblast NO production, arginine might
be provided by transport from the maternal circulation
across the MVM or from the fetal circulation across the basal
membrane. Here we focus on the MVM and test the hypoth-
esis that l-arginine transport is altered in placentas from
preeclamptic patients compared with those from women
with normal pregnancies. We also studied a population of
women delivering IUGR babies, both for comparison to pre-
eclampsia and to the previous study of lysine transport in
this condition (12).

Cationic amino acid transport systems in MVM have been
well characterized (13, 14). Our recent study (14) of first

Abbreviations: IUGR, Intrauterine growth restriction; NO, nitric ox-
ide; MVM, microvillous plasma membrane.
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trimester and term MVM showed that l-arginine transport is
mediated by two systems: a high affinity, low capacity sys-
tem that was sensitive to inhibition by neutral amino acids
such as l-glutamine and l-leucine (system y�L), and a lower
affinity, higher capacity system that was insensitive to glu-
tamine inhibition (system y�). This study also showed dif-
ferences in activities between first trimester and term as well
as in the expression of one of the proteins, 4F2hc, associated
with system y�L activity (14). As preeclamptic patients and
those with IUGR babies are likely to deliver preterm, the
present investigation incorporated characterization of nor-
mal gestational changes in MVM system y� and system y�L
activities by examining placentas from first, second, and
third trimester pregnancies. Finally we examined in normal
pregnancy the relationship between the activity of MVM
l-arginine transporters and nitrate/nitrite concentrations in
the feto-placental unit.

Subjects and Methods

This study was approved by our local research ethics committee.
Informed consent was obtained for the use of placentas after termination
of pregnancy. To study the ontogeny of placental l-arginine transport,
placentas were obtained from first (8–11 wk) and second (12–16 wk)
trimester pregnancies after surgical termination of pregnancy for social
reasons (Clause C of the United Kingdom Abortion Act 1967). Placentas
from first trimester pregnancies were pooled to obtain more than 20 g
tissue over a period of less than 3 h in ice-cold mannitol buffer (300 mm
mannitol, 10 mm HEPES-Tris, and 1 mm MgSO4, pH 7.4). Placentas were
also obtained from third trimester pregnancies after spontaneous pre-
term labor without prolonged prelabor rupture of the fetal membranes
(�24 h) or after elective preterm cesarean section for nonobstetric in-
dications. Placentas were also collected as soon as possible after delivery
(within 30 min) from normal term pregnancies, from pregnancies com-
plicated by preeclampsia and IUGR, and from gestational age-matched
controls. Preeclampsia was defined as gestational proteinuric hyper-
tension, and patients were selected only when all of the following criteria
were met: nulliparity, normotensive (blood pressure, �140/90) and
nonproteinuric at the time of booking for antenatal care (� 20-wk ges-
tation), development of hypertension (blood pressure, �140/90 on at
least two occasions at least �4 h apart) at more than 20-wk gestation, iv
development of proteinuria (�300 mg urinary protein excretion over
24 h or �2� on reagent strip testing) at more than 20 wk gestation. IUGR
was identified by the presence of abnormal feto-placental perfusion as
determined by umbilical artery Doppler velocimetry.

MVM vesicles were prepared using the method of Mg2� precipitation
and differential centrifugation as described previously (10, 15). Vesicles
were suspended in intravesicular buffer (50 mm KCl, 50 mm choline
chloride, 100 mm mannitol, and 20 mm HEPES-Tris, pH 7.4). The protein
concentration in MVM was determined by the method of Lowry et al.
(16). Vesicle purity was determined by alkaline phosphatase enrichment
as described previously (15). Vesicles were stored overnight at 4 C, and
the uptake of [3H]arginine (0.2 �m; NEN Life Science Products) in
extravesicular buffer (50 mm NaCl, 50 mm KCl, 100 mm mannitol, and
20 mm HEPES-Tris, pH 7.4) was determined using the method of rapid
filtration (14). We found previously (14) that uptake via both system y�

and y�L increased linearly with time up to 60 sec. Therefore, here initial
rate of [3H]arginine uptake by MVM was determined by measuring
uptake at 15, 30, 45, and 60 sec and calculating the gradient of the uptake

vs. time plot using linear regression (PRISM 2.01, GraphPad Software,
Inc., San Diego, CA). Our previous study also showed that 10 mm
l-glutamine was sufficient to completely saturate system y�L (14).
Therefore, 10 mm l-glutamine was used to separate the transport ac-
tivities of system y� and y�L as follows: uptake in the presence of 10 mm
l-glutamine � system y� activity; total uptake � system y� activity �
system y�L activity.

Nitrate/nitrite concentrations were determined in placental homog-
enate (as a measure of placental NO production) and umbilical venous
plasma (as a measure of fetal NO production) after delivery at term using
the Griess reaction. Umbilical venous blood was collected from the cord
insertion in Li-heparin and plasma obtained after centrifugation at 3000
rpm (Beckman Coulter, Inc., Palo Alto, CA) for 10 min. Plasma samples
were snap-frozen and stored at �80 C. Placentas were then used to
prepare MVM as previously described (10, 14, 15). Fifty to 100 g placental
tissue were homogenized in 2.5� (wt/vol) mannitol buffer as part of the
procedure for MVM preparation. Five grams of this homogenate were
homogenized in 3 � (wt/vol) distilled water, aliquoted, snap-frozen in
liquid nitrogen, and stored at �80 C before further analysis. The protein
concentration in placental homogenate was determined by the method
of Lowry et al. (16). Nitrate/nitrite concentrations in umbilical venous
plasma and placental homogenate were determined using the nitrate/
nitrite colorimetric assay kit (Alexis Corp., Nottingham, UK) according
to the manufacturer’s instructions.

Data presentation and statistical analysis

Data are presented, when appropriate, as the mean � se, with n being
the number of placentas studied or, for first trimester studies, the num-
ber of pooled placental preparations. The relationship between the ac-
tivity of arginine transporters and gestational age was examined using
Pearson’s correlation coefficient. Arginine uptake by first trimester, sec-
ond trimester, and term MVM and by preeclamptic, IUGR, and control
MVM were analyzed using ANOVA. The relationship between MVM
arginine uptake and nitrate/nitrite concentrations in the feto-placental
unit was examined using Pearson’s correlation coefficient.

Results

MVM were prepared from first trimester (10 preparations
of pooled tissue), 12 - 41 wk gestation (n � 47, of which 27
were at term, 38–41 wk), preeclamptic (n � 10), IUGR (n �
8), and gestational age-matched control (n � 10) placentas.
There was no significant difference in MVM alkaline phos-
phatase enrichment in first trimester (19.6 � 1.3; n � 10),
second trimester (21.8 � 3.0; n � 8), and third trimester
(17.6 � 0.7; n � 39) placentas (P � 0.05, by ANOVA).

As shown in Table 1, the activity of system y�L was sig-
nificantly higher in first trimester compared with term MVM
(P � 0.0001) and in second trimester compared with term
MVM (P � 0.001), but was not significantly different between
first and second trimester MVM (P � 0.05). In contrast, sys-
tem y� activity was significantly lower in second trimester
compared with term MVM (P � 0.05), but was not signifi-
cantly different between first and second trimesters or be-
tween first trimester and term MVM (Table 1). Total MVM
[3H]arginine uptake showed a significant negative correla-
tion with gestational age (data not shown). When the activ-

TABLE 1. Initial rate of [3H]arginine uptake via systems y� and y�L in MVM from first trimester, second trimester, and term placentas

1st Trimester
(�12 wk; n � 10)

2nd Trimester
(12–16 wk; n � 8)

Term
(38–41 wk; n � 27) P (ANOVA)

System y� (pmol/mg
protein � min)

0.22 � 0.019 0.21 � 0.011 0.27 � 0.012 0.011

System y�L (pmol/
mg protein � min)

0.67 � 0.035 0.70 � 0.058 0.41 � 0.025 �0.0001

748 J Clin Endocrinol Metab, February 2002, 87(2):747–751 Ayuk et al. • Syncytiotrophoblast L-Arginine Transport



ities of the two transport systems were examined separately,
there was a significant negative correlation between system
y�L activity and gestational age (12–41 wk; r � �0.6; P �
0.0001; n � 47; Fig. 1A). On the other hand, there was a
significant positive correlation between system y� activity
and gestational age (12–41 wk; r � 0.36; P � 0.013; n � 47;
Fig. 2A). Between 34–41 wk gestation, there was a significant
fall in system y�L activity with gestational age (r � �0.59;
P � 0.0001; n � 37; Fig. 1B), whereas the activity of the system
y� transporter remained unchanged (r � �0.067; P � 0.69;
n � 37; Fig. 2B). The slope of the regression line describing
the relationship between system y�L activity and gestational
age between 34–41 wk (�0.04 � 0.009 pmol/mg
protein�min/wk) was almost 4 times the slope between
12–41 wk (�0.011 � 0.002 pmol/mg protein�min/wk). In all
placentas studied, there was a trend toward a negative as-
sociation between the activities of the two transport systems
(r � �0.24; P � 0.072; n � 57; data not shown).

Table 2 shows the mean gestation age at delivery, birth
weight, and placental weight for preeclamptic, IUGR, and
control pregnancies. Three women with IUGR pregnancies

also had preeclampsia, but were not included in the pre-
eclampsia group. In all pregnancies with preeclampsia, um-
bilical artery Doppler scans were normal (n � 5) or were not
performed (n � 5). MVM alkaline phosphatase enrichment
was not significantly different in preeclampsia (16.2 � 0.8),
IUGR (16.8 � 0.8), and controls (18.8 � 1.5; P � 0.05, by
ANOVA). There was no significant difference in gestational
age at delivery in the three groups. Birth weight was signif-
icantly lower in IUGR compared with control (P � 0.01) and
in IUGR compared with preeclampsia (P � 0.05) but was not
significantly different in preeclampsia and control pregnan-
cies. Placental weight was significantly lower in IUGR com-
pared with controls (P � 0.01), but was not significantly
different in IUGR and preeclampsia or in preeclampsia and
controls. The initial rate of [3H]arginine uptake by systems y�

and y�L was not significantly different in the three groups
(Fig. 3).

Placental homogenate and umbilical venous plasma ni-
trate/nitrite concentrations were determined in 27 placentas
at 38–41 wk gestation, with concurrent transport studies in
22 placentas. The mean gestational age at delivery was 39.4 �
0.25 wk, with a mean birth weight of 3310 � 86.7 g. The mean

FIG. 1. Relationship between MVM system y�L activity and gesta-
tion age. MVM vesicles were prepared from first, second, and third
trimester placentas, and the initial rate of [3H]arginine uptake by
system y�L (glutamine sensitive) was determined by the method of
rapid filtration. Data from first trimester placentas are shown for
comparison only and were not used in determination of the correlation
coefficient. Between 12–41 wk gestation, there was a significant neg-
ative correlation between system y�L activity and gestational age (r �
�0.6; P � 0.0001; n � 47; Fig. 1A). A significant negative correlation
was also observed at 34–41 wk gestation (r � �0.59; P � 0.0001; n �
37; Fig. 1B).

FIG. 2. Relationship between MVM system y� activity and gesta-
tional age. MVM vesicles were prepared from first, second, and third
trimester placentas, and the initial rate of [3H]arginine uptake by
system y� (glutamine insensitive) was determined by the method of
rapid filtration. Data from first trimester placentas are shown for
comparison only and were not used in determination of the correlation
coefficient. Between 12–41 wk gestation, there was a significant pos-
itive correlation between MVM system y� activity and gestational age
(r � 0.36; P � 0.013; n � 47; Fig. 2A). Between 34–41 wk gestation,
however, there was no significant relationship between system y�

activity and gestational age (P � 0.05; Fig. 2B).
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umbilical venous plasma nitrate/nitrite concentration was
21.7 � 4.9 �m (n � 27), with a mean placental homogenate
concentration of 1.64 � 0.18 nmol/mg protein (n � 27). The
mode of delivery (vaginal delivery or elective cesarean sec-
tion) did not significantly affect plasma or placental homog-
enate nitrate/nitrite concentrations. There was no significant
correlation between the activity of MVM l-arginine trans-
porters and nitrate/nitrite concentrations in umbilical ve-
nous plasma or placental homogenate (P � 0.05; data not
shown).

Discussion

This is the first study examining the gestational regulation
of human placental cationic amino acid transport. The data
are limited by the paucity of placentas from the 17- to 34-wk
gestation period. This is a consequence of ethical, legal and
medical limitations associated with late termination of preg-
nancies. The presence of infection or prolonged preterm rup-
ture of the fetal membranes meant that many placentas from
pregnancies delivered at less than 34 wk gestation could not
be used for this study. Some information on the gestational
regulation of MVM cationic amino acid transport, however,
may be deduced from an examination of the trends at earlier
and later gestation ages.

The observed gestational changes in MVM l-arginine
transporter activity should be considered in the context of the
kinetic properties of the transport systems and how these
impact on activity measurements using radioisotope tracer
studies. System y�L is a higher affinity, lower capacity sys-
tem, whereas system y� has a lower affinity, but a higher
capacity (14). At low substrate concentrations (as used in
these studies, 0.2 �m), the rate of uptake will be inversely
proportional to the Km. At substrate concentrations well
above the Km, however, the rate of uptake will be indepen-
dent of the Km and proportional to Vmax. In the in vitro model
used in this study, system y�L will make a disproportion-

ately higher contribution to tracer uptake compared with its
contribution to amino acid uptake in vivo. Furthermore, sys-
tem y�L will also interact with neutral amino acids such as
l-leucine and l-glutamine in vivo. The kinetic characteristics
of these transport systems therefore indicate that system y�

activity will be the predominant MVM cationic amino acid
transport activity in vivo. We therefore conclude that under
physiological conditions MVM cationic amino acid transport
increases between 12–41 wk gestation, and the critical period
of change is from 12–34 wk. This increase in addition to
structural adaptations in the placenta (17) should increase
cationic amino acid supply to the fetus. The physiological
significance of the marked gestational age-related fall in sys-
tem y�L activity remains to be determined. System y�L is an
amino acid exchanger (18) and mediates the exchange of
cationic amino acids for neutral amino acids plus Na�. The
direction of this exchange activity in placental MVM has not
been determined. The gestation age-related fall in system
y�L activity may therefore have an impact on the supply of
cationic or neutral amino acids. There is also evidence for the
intracellular compartmentalization of l-arginine metabolism
(7, 19), and thus the possibility exists that systems y� and
y�L may supply different compartments within the
syncytiotrophoblast.

The activity of l-arginine transport systems in MVM has
been examined in IUGR, preeclampsia, and gestational age-
matched controls. Pregnancies complicated by preeclampsia
were identified using a widely used definition of the syn-
drome. IUGR was defined by abnormalities of feto-placental
perfusion, as assessed by umbilical artery Dopplers with no
restriction on birth weight for gestational age. At term, birth
weight for gestation age has been demonstrated to be a poor
predictor of perinatal outcome (20). In addition, differences
of up to 823 g have been observed in the gestational age-
specific cut-off values used by various investigators to define
abnormal intrauterine growth (21). Some of these differences

TABLE 2. Gestation age at delivery, birth weight, and placental weight for IUGR, preeclamptic (PE) pregnancies, and gestation age-
matched controls

IUGR (n � 8) PE (n � 10) Control (n � 10) P (ANOVA)

Gestation age (wk) 32.1 � 1.2 34.1 � 1.1 34.3 � 0.9 �0.05
Birth wt (g) 1310 � 219a 2202 � 254 2586 � 217 0.003
Placental wt (g) 244 � 30b 415 � 56 547 � 53 0.002

a P � 0.01, IUGR vs. control; P � 0.05, IUGR vs. PE.
b P � 0.01, IUGR vs. control.

FIG. 3. MVM system y� and system y�L activity in IUGR (n � 8), preeclampsia (PE; n � 10), and gestational age-matched controls (n � 10).
MVM vesicles were prepared from placentas in pregnancies complicated by IUGR, PE and in gestational age-matched controls. The initial rate
of [3H]arginine uptake was determined in the presence and absence of 10 mM L-glutamine. There were no significant differences in the activity
of MVM arginine transporters in the three groups. Data are the mean � SEM.
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may be related to maternal ethnic background. Our sample
was drawn from a multiethnic population, and it was there-
fore inappropriate to apply an intrauterine growth normo-
gram derived from a population of which the sample studied
was not representative. This notwithstanding, the birth
weight of IUGR fetuses was significantly lower than that of
fetuses from pregnancies complicated by preeclampsia or
controls, with no significant difference in gestational age at
delivery.

In contrast to the activity of the system A transporter (10),
taurine transport (11), and leucine transport (12), there was
no significant difference in the activity of MVM l-arginine
transport systems y� and y�L in IUGR. These data are in
agreement with a recent report that l-lysine uptake by MVM
was not altered in IUGR (12). These data suggest that altered
NO production (nitrate/nitrite concentration) by the feto-
placental unit in IUGR (2) is not associated with an alteration
in MVM l-arginine uptake. In addition, our data add to the
growing body of evidence that defects in placental MVM
amino acid transport associated with IUGR are specific to
certain transport systems only. The activity of MVM cationic
amino acid transport systems was also unaltered in pre-
eclampsia. In this study birth weight was not significantly
different in preeclampsia compared with controls. With re-
spect to nutrient supply for fetal growth, therefore, it was not
surprising that no significant difference was observed in the
activity of cationic amino acid transport systems in MVM.
With respect to l-arginine supply for NO synthesis, these
data suggest that increased NO production (nitrate/nitrite
concentration) by the feto-placental unit in preeclampsia (3)
is not associated with increased MVM l-arginine uptake.
There is no net loss of nitrate/nitrite across the umbilical
circulation (22). We therefore used nitrate/nitrite concentra-
tions in placental homogenate as a measure of placental NO
production.

In placentas at term, we did not observe any association
between the activity of MVM l-arginine transporters and
nitrate/nitrite concentrations in umbilical venous plasma or
placental homogenate, consistent with the lack of effect of
IUGR or preeclampsia on these transporters. We cannot,
however, conclude that the gestational age-related change in
the activity of the system y� and y�L transporters in MVM
are unassociated with changes in NO production, as the
changes in transporter activity occurred before term. In the
light of these data, a full examination of the relationship
between the activity of MVM l-arginine transporters and NO
production would require a detailed study of placentas in the
12- to 37-wk period. The syncytiotrophoblast also serves the
vital function of transferring amino acids from the maternal
to the fetal compartment. The amino acid concentrations
within the syncytium will therefore depend on the rate of
uptake by MVM and the rate of exit via the basal plasma
membrane. An examination of l-arginine transport by pla-
cental basal plasma membrane vesicles in normal and com-
plicated pregnancy is therefore essential.

In summary, this study has characterized significant ges-
tation age-related changes in l-arginine transporter activity
in the MVM of the syncytiotrophoblast in normal pregnancy.

Neither IUGR nor preeclampsia affects this transporter ac-
tivity. Future studies need to address whether l-arginine
transport in the basal membrane of the syncytiotrophoblast
is affected by gestation or pregnancy pathology.
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PAUL T.-Y. AYUK, COLIN P. SIBLEY, PAUL DONNAI,
STEPHEN D’SOUZA, AND JOCELYN D. GLAZIER
Academic Unit of Child Health, University of Manchester and Department of
Obstetrics and Gynecology, St. Mary’s Hospital, Manchester M13 0JH, United Kingdom

Ayuk, Paul T.-Y., Colin P. Sibley, Paul Donnai, Ste-
phen D’Souza, and Jocelyn D. Glazier. Development and
polarization of cationic amino acid transporters and regula-
tors in the human placenta. Am J Physiol Cell Physiol 278:
C1162–C1171, 2000.—We have investigated L-arginine trans-
port systems in the human placental syncytiotrophoblast
across gestation using purified microvillous (MVM) and basal
(BM) plasma membrane vesicles. In MVM from first-
trimester and term placentas, L-arginine transport was by
systems y1 and y1L. In BM (term placentas), however, there
was evidence for system y1L only. The Michaelis constant of
system y1L was significantly lower (P , 0.05) in first-
trimester compared with term MVM and lower in term MVM
compared with BM (P , 0.05). There was no functional
evidence for system b01 in term MVM or BM. Cationic amino
acid transporter (CAT) 1, CAT 4, and 4F2hc were detected
using RT-PCR in placentas throughout gestation. rBAT was
not detected in term placentas. An ,85-kDa and an ,135-
kDa protein was detected by Western blotting in MVM under
reducing and nonreducing conditions, respectively, consistent
with the 4F2hc monomer and the 4F2hc-light chain dimer,
and their expression was significantly higher (P , 0.05) in
term compared with first-trimester MVM. These proteins
were not detected in BM despite functional evidence for
system y1L. These data suggest different roles for 4F2hc in
the development and polarization of cationic amino acid
transporters in the syncytiotrophoblast.

CAT 1; CAT 4; 4F2hc; rBAT; L-arginine; gestational change

THE ELUCIDATION OF the molecular basis of cationic
amino acid transport over the last decade has signifi-
cantly informed the understanding of the physiology
and pathophysiology of membrane transport. First the
murine ecotropic retroviral receptor ERR 1 was shown
to mediate cationic amino acid transport (26, 39), and
this protein [now described as cationic amino acid
transporter (CAT) 1], along with other isoforms, com-
prises the molecular basis of the ubiquitous cationic
amino acid transport system y1 (7, 24). Later, the
related glycoproteins 4F2hc (equivalent to the antigen
CD98; see Ref. 1) and rBAT (homologous to D2 or
NBAT; see Refs. 2 and 41) were shown to induce
cationic amino acid uptake on expression in Xenopus

oocytes. 4F2hc and rBAT are now thought to be regula-
tors of amino acid transport that require the presence
of light chain proteins to form the functional trans-
porter (14, 37, 40). Recently, proteins have been identi-
fied as the putative light chains, which form het-
erodimers with 4F2hc and mediate the transport of
cationic and some neutral amino acids (37). Derange-
ment in the glycoproteins or their associated light
chains may form the molecular basis of the transport
disorders lysinuric protein intolerance (4F2hc/system
y1L; see Ref. 37) and cystinuria (rBAT/system b01; see
Ref. 40). The study of cationic amino acid transport has
been given added impetus in recent years by the
discovery of the physiological and pathophysiological
roles of nitric oxide (32) and the dependence of cellular
nitric oxide synthesis on L-arginine transport (3, 8, 13).
This has raised the possibility of a coupling of cationic
amino acid transporters to nitric oxide synthase (31). In
the placenta, nitric oxide has been shown to be the most
important regulator of fetoplacental perfusion (4). In
addition, adequate placental amino acid transfer to the
fetus is vital for normal intrauterine development and
may be altered in complicated pregnancy (27, 29).

In the human placenta, the syncytiotrophoblast is
the transporting epithelium between maternal blood in
the intervillous space and fetal blood in the umbilical
capillaries. It comprises a microvillous (apical; MVM)
and a basal (BM) plasma membrane through which
solutes are transferred to effect materno-fetal ex-
change. It is becoming increasingly clear that there are
important changes in the expression and activity of
syncytiotrophoblast transporters over the course of
gestation (35). However, cationic amino acid (L-lysine)
transport has only been investigated in MVM and BM
vesicles prepared from term placentas (17–19). Further-
more, much of the characterization, which suggested
systems y1 and y1L in MVM and systems y1, y1L, and
b01 in BM, was undertaken before the recent and more
precise definition of the properties of cationic amino
acid transport systems (summarized in Table 1). Fi-
nally, the temporal (over gestation) and vectorial (MVM
vs. BM) relationship between cationic amino acid trans-
porter activity and the expression of CAT isoforms,
4F2hc, and rBAT has not been investigated in the
human placenta and has not been reported previously
in any human epithelium.

Here, we report 1) the characterization of cationic
amino acid (L-arginine) transport systems in term
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placental MVM and BM and first-trimester MVM using
the properties outlined in Table 1; 2) the expression of
mRNA for CAT 1, CAT 4, 4F2hc, and rBAT in first-
trimester, second-trimester, and term placentas using
RT-PCR, and 3) the expression of 4F2hc in MVM and
BM from term placentas and MVM from first-trimester
placentas. The data show significant differences in the
affinity of system y1L between first-trimester and term
MVM and between term MVM and BM. These differ-
ences are accompanied by significant differences in the
expression of 4F2hc in MVM across gestation and
between term MVM and BM.

MATERIALS AND METHODS

Vesicle Preparation

Placentas from normal term singleton pregnancies were
collected as soon as possible after delivery (within 30 min).
Placentas were also collected from pregnancies terminated
surgically for psychological reasons during the first trimester
(7–11 wk from last menstrual period) under Clause 2 of the
United Kingdom Abortion Act of 1967. The collection of
first-trimester placentas was approved by the Hospital Re-
search Ethics Committee, and written informed consent was
obtained. First-trimester tissue was collected on ice over a
period of up to 3 h, pooled to give a total of at least 20 g
starting material, and used to prepare MVM.

First-trimester and term MVM were prepared as described
previously (22, 29). Term placental BM were prepared by a
modification of the method of Kelley et al. (25) as recently
described (21). Purity of MVM and BM was determined by
measuring the enrichment for alkaline phosphatase activity
(a marker for MVM) and of dihydroalprenolol (DHA) binding
(a marker for BM) in the membrane fractions as described
(21, 22). The protein concentration in the membrane fractions
and placental homogenate was determined by the method of
Lowry et al. (28).

Transport Assays

Vesicles were suspended in intravesicular buffer (50 mM
KCl, 50 mM choline chloride, 100 mM mannitol, and 20 mM
HEPES·Tris, pH 7.4) and stored at 4°C. Transport assays
were performed within 24 h of vesicle isolation. Vesicles were
incubated in 4 µM valinomycin (Sigma) for 1 h at room
temperature before transport assays, which were performed
at room temperature (22–24°C).

Timed uptakes of [3H]arginine (0.2 µM, specific activity 1.0
mCi/ml; New England Nuclear) were performed in the pres-
ence or absence of Na1 using 100 µl extravesicular buffer

(EVB-Na1: 50 mM KCl, 50 mM NaCl, 100 mM mannitol, and
20 mM HEPES·Tris, pH 7.4; or EVB-K1: 100 mM KCl, 100
mM mannitol, and 20 mM HEPES·Tris, pH 7.4) containing
0.24 µM [3H]arginine. Uptake was initiated by the addition of
20 µl vesicle suspension (75–160 µg protein) and intravesicu-
lar [3H]arginine was separated by rapid filtration (17).

Strategy for the identification of transport systems. The
criteria outlined by Deves and Boyd (11; see Table 1) were
used to determine the contribution of different cationic amino
acid transport systems to the uptake of L-arginine.

TIME COURSE AND NA1 DEPENDENCE OF L-ARGININE UPTAKE.
[3H]arginine (0.2 µM) uptake was measured at various time
points (15, 30, 45, and 60 s; 2, 5, 10, 60, and 120 min) in the
presence and absence of Na1. [3H]arginine uptake in the
presence and absence of Na1 was compared using the paired
t-test.

DETERMINATION OF THE NUMBER OF TRANSPORT SYSTEMS,
MICHAELIS CONSTANT, AND MAXIMAL VELOCITY. Uptake of [3H]ar-
ginine (0.2 µM) was measured at 30 s (found in the time
course experiments to be on the linear part of the uptake
curve) in the presence of various concentrations of unlabeled
L-arginine (0.1 µM–20 mM). Data were analyzed using
computer models of the Michaelis-Menten equation with one
and two transport components (Graphpad Prism 2.01), and
the mean sum of the squares of the regression lines was
compared using the F-test. A two-transport-system model
was accepted only if the mean sum of squares of the regres-
sion line was significantly lower (P , 0.05) than that of the
one-system model. Otherwise, a one-transport-system model
was accepted. Kinetic characteristics [Michaelis constant
(Km) and maximal velocity (Vmax)] of the transport systems
and non-carrier-mediated uptake (CArg) were determined.
The affinity of transport systems (log Km) was compared using
the Student’s t-test.

IDENTIFICATION OF SYSTEM y1. System y1 is a lower-affinity
higher-capacity cationic amino acid transport system that
does not transport neutral amino acids such as glutamine
(Table 1). It was identified from the Km (determined above)
and from the observation of neutral amino acid (L-glutamine/
L-leucine; Table 1) insensitive [3H]arginine uptake. There-
fore, uptake of [3H]arginine (0.2 µM) was measured in the
presence of varying concentrations of unlabeled L-glutamine
or leucine. Data were analyzed using nonlinear regression
with a one-transport-system model. The component of [3H]ar-
ginine uptake that was insensitive to glutamine inhibition
(CGln) was determined and compared (Mann Whitney U-test)
with non-carrier-mediated [3H]arginine uptake (CArg deter-
mined above).

IDENTIFICATION OF SYSTEMS y1 L AND b01. Systems y1L and
b01 are higher-affinity cationic amino acid transport systems

Table 1. Distinguishing characteristics of cationic amino acid transport systems

System Km, µM
Na1

Dependence
L-Glutamine

Transport
L-Leucine
Transport

L-Cystine
Transport

NEM
Sensitivity

Related
cDNA

y1 70–245
(18, 26)

No (26, 39) No (26) No (26, 39)
Very weak interaction in the presence

of Na1 (10)

ND Yes (10) CAT 1 (7)

y1L 14 (10, 12) No (10, 42) Yes (10) Yes (10, 12, 42) high affinity, relatively
Na1 dependent

No (42) No (10) 4F2hc (1, 42)

b01 59 (2) No (2, 41, 42) Yes (42) Yes, high affinity, Na1 independent
(41, 42)

Yes (2, 41) ND rBAT/D2/NBAT
(2, 40, 42)

B01 140 (38) Yes (38) Yes (38) Yes (38) ND ND ND

Km, Michaelis constant; NEM, N-ethylmalaemide; CAT, cationic amino acid transporter. Km are for L-arginine or L-lysine (system y1L). Na1

dependence is with respect to cationic amino acid transport. Adapted from Deves and Boyd (11). ND, not determined. Nos. in parentheses are
reference nos.
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that also transport neutral amino acids such as L-glutamine
and L-leucine. Therefore, [3H]arginine uptake was measured
as described in IDENTIFICATION OF SYSTEM Y1. The presence of
glutamine/leucine-inhibitable [3H]arginine uptake was indica-
tive of the presence of transport systems y1L or b01.

DISTINCTION BETWEEN SYSTEMS y1L AND b01. Neutral amino
acid transport by system y1L is relatively Na1 dependent,
whereas transport by system b01 is Na1 independent (Table
1). System b01 transports L-cystine, whereas system y1L does
not (Table 1). Therefore, to distinguish between these two
transport systems, [3H]arginine (0.2 µM) uptake was mea-
sured at 30 s (initial rate) in the presence of varying concen-
trations of unlabeled L-glutamine in the presence (EVB-Na1)
and absence (EVB-K1) of Na1. Data were analyzed using
nonlinear regression with a one-transport-system model, and
the inhibition constant (Ki) of glutamine in the presence and
absence of Na1 was determined. An increase in the Ki of
glutamine when Na1 was replaced by K1 was positive identi-
fication of cationic amino acid transport system y1L. Similar
experiments were undertaken using L-leucine. The presence
of system b01 was positively tested for by determining L-
cystine inhibition of [3H]arginine uptake. [3H]arginine up-
take was measured at 30 s in the presence of varying
concentrations of L-cystine (cysteine at 0.1 µM–10 mM in the
presence of 10 mM diamide; see Ref. 20). The observation of
L-cystine-inhibitable [3H]arginine uptake would be indicative
of transport system b01. Ki values are presented as the mean
(95% confidence intervals).

In summary, transport system y1 was identified from the
Km and the observation of glutamine-insensitive [3H]arginine
uptake, and system y1L was identified from the Km and the
observation of glutamine/leucine-inhibitable [3H]arginine up-
take with an increase in Ki for glutamine/leucine when Na1

was replaced by K1. System b01 was identified by the Km, Na1

independence with respect to neutral amino acid transport,
and cystine sensitivity.

RT-PCR

RT-PCR was used to determine whether the cationic amino
acid transporters CAT 1 and CAT 4, and regulator proteins
4F2hc and rBAT, were expressed by the human placenta at
different gestations. One gram of villous placenta was homog-
enized in 10 ml of 4 M guanidinium thiocyanate buffer and
was stored at 280°C until required. RNA was extracted
according to the method of Chomczynski and Sacchi (6). RNA
intergrity was confirmed by the presence of discrete 28S and
18S ribosomal RNA bands on electrophoresis through a 1.2%
agarose/6.3% formaldehyde gel before the RT reaction.

Primers. Primers (20-mers) were designed from Genbank
sequences as follows: transport system y1, CAT 1/ERR 1
(Genbank accession no. X59155), 58 (1033)-ATCTGCTTCATC-
GCCTACTT-38, 58 (1548)-TCTCTGCCTCTGGTAAAAAC-38
and CAT 4 (Genbank accession no. AJ000730), 58 (226)-
ATGGTGGGCTCGGGTCTCTA-38, 58 (510)-TGCGGATGCT-
GTGGCTGAAC-38; transport system y1L, 4F2hc (Genbank
accession no. J03569), 58 (628)-CACAAGAACCAGAAG-
GATGA-38, 58 (1513)-ACTACCAGAAAACGCTCATT-38; trans-
port system b01, rBAT (Genbank accession no. L11696), 58
(786)-AAACCATTCCACCCAACAAC-38, 58 (1363)-CACCAAT-
CATCCAGTTAGGC-38.

These primers were gene specific, and there was minimal
primer dimer/hairpin formation. These primers would be
expected to generate cDNA fragments of 535 bp for CAT 1,
304 bp for CAT 4, 905 bp for 4F2hc, and 597 bp for rBAT. PCR
was performed over 30 cycles at an annealing temperature of
55°C for all primer pairs except CAT 4, in which case an
annealing temperature of 60°C was used. All cDNA samples

showed amplification for the b-actin gene (data not shown).
The identity of PCR products was confirmed by sequencing or
restriction enzyme digest.

Western blotting. MVM and BM were prepared as described
above and were diluted to a concentration of 0.67 mg/ml with
distilled water. Protein-SDS complexes were prepared by
adding 15 µl of membrane to 7.5 µl of reducing [8 M urea, 5%
SDS, 0.04% bromphenol blue, and 455 mM dithiothreitol
(DTT) in 50 mM Tris ·HCl, pH 6.9] or nonreducing (without
DTT) sample buffer. The samples (10 µg protein) were
subjected to SDS-PAGE on a 7% gel and were electrotrans-
ferred to nitrocellulose membranes (Amersham). The mem-
branes were blocked with 5% milk protein for 1 h followed by
incubation with goat anti-human CD98 polyclonal antibody
(1:400; Santa Cruz) for 1 h. Negative controls were prepared
by preincubating the antibody (1:400) with blocking peptide
(1:40; Santa Cruz) overnight at 4°C. Immunoreactive species
were detected with horseradish peroxidase-conjugated don-
key anti-goat antibody (1:1,000; Santa Cruz) using the
enhanced chemiluminescence detection system as per the
manufacturer’s protocol (Amersham). The density of immuno-
reactive species was assessed using a GS 700 Imaging
Densitometer (Bio-Rad) and molecular analyst 1.4 (Bio-Rad),
and alternate lanes (first trimester/term) were compared
using the paired Student’s t-test.

RESULTS

Membrane Purity

First-trimester and term MVM were enriched
(mean 6 SE) 19.6 6 1.3 (n 5 10)- and 17.6 6 0.7 (n 5
37)-fold for alkaline phosphatase activity, respectively
(P 5 0.19), whereas BM vesicles were enriched 1.6 6
0.2-fold for alkaline phosphatase activity and 37.7 6
3.7-fold (n 5 14) for DHA binding.

Time Course and Na1 Independence
of [3H]arginine Uptake

In all membrane fractions studied, [3H]arginine up-
take was saturable, linear to 60 s, and Na1 independent
(data not shown).

Number of Transport Systems and Km and Vmax

Figure 1 shows [3H]arginine (0.2 µM) uptake at 30 s
in the presence of varying concentrations of unlabeled
L-arginine in term placental MVM and BM (Fig. 1A)
and first-trimester MVM (Fig. 1B). In both MVM
fractions, the mean sum of squares of the regression
line with the two-transport-system model was signifi-
cantly lower than with the one-transport-system model
(P , 0.0001). The kinetic characteristics of the trans-
port systems are shown in Table 2. With respect to the
higher-affinity system in MVM, log Km1 in the first
trimester was significantly lower than log Km1 at term
(P , 0.05). Log Km2, Vmax1, and Vmax2 were not signifi-
cantly different between the first trimester and term.
In BM, however, the mean sums of squares of the
regression line with the two-transport-system model
were not significantly different from that with the
one-system model (P . 0.05). Data were therefore fitted
to a one-system model with kinetic characteristics as
shown in Table 2. The Km of the BM transport system
was significantly different from that of the term MVM

C1164 ARGININE TRANSPORT IN HUMAN PLACENTA

 on June 21, 2012
ajpcell.physiology.org

D
ow

nloaded from
 

http://ajpcell.physiology.org/


transport systems (P , 0.05). There was minimal
nonsaturable [3H]arginine uptake in all membrane
fractions: CArg 5 0.028 6 0.004 and 0.027 6 0.004
pmol·mg protein21 ·30 s21 for first-trimester and term
MVM and 0.029 6 0.003 pmol·mg protein21 ·30 s21 for

term BM, representing 3.3, 3.6, and 8.2% of total
uptake, respectively.

Identification of System y1

Figure 2 shows [3H]arginine uptake at 30 s in the
presence of varying concentrations of unlabeled L-
glutamine in MVM and BM from term placentas. Forty
percent of [3H]arginine uptake by MVM was insensitive
to glutamine inhibition. The noninhibitable component
(CGln 5 0.32 6 0.01 pmol·mg protein21 ·30 s21, n 5 4)
was significantly higher than non-carrier-mediated
[3H]arginine uptake (CArg 5 0.027 6 0.004 pmol·mg
protein21 ·30 s21, n 5 11, P , 0.0001). Similar data were
obtained from first-trimester MVM (Fig. 3). In BM,
however, there was a very small glutamine-insensitive
component (0.05 6 0.003 pmol·mg protein21 ·30 s21;
n 5 3) that was, nevertheless, significantly higher than
non-carrier-mediated uptake (0.029 6 0.003 pmol·mg
protein21 ·30 s21, n 5 5, P 5 0.001). In BM, glutamine-
insensitive carrier-mediated [3H]arginine uptake (CGln 2
CArg) represented 6.4% (cf. 40% in MVM) of total
uptake. Similar data were obtained using L-leucine
(data not shown).

Fig. 1. Kinetic characteristics of [3H]arginine transport systems in
term microvillous (MVM; j) and basal (BM; l) plasma membrane (A)
and first-trimester MVM (B). [3H]arginine (0.2 µM) uptake was
measured at 30 s in the presence of varying concentrations of
unlabeled L-arginine (0.1 µM–20 mM) in extravesicular buffer (EVB)-
Na1. Data were analyzed using nonlinear regression with a 1- and
2-transport-system model, and the mean sums of squares of the
regression lines were compared using the F-test. In first-trimester
(n 5 10) and term (n 5 11) MVM, there is evidence for 2 transport
systems (P , 0.0001). In BM, however, there is evidence for 1
transport system only (P 5 0.11). The kinetic characteristics of these
transport systems are shown in Table 2. Data are means 6 SE.

Table 2. Kinetic characteristics of placental MVM and BM cationic amino acid transport systems

n Km1, µM
Vmax1, pmol ·mg
protein21 ·30 s21 Km2, µM

Vmax2, pmol ·mg
protein21 ·30 s21

MVM
First trimester 10 4.5 (3.9–5.2)* 16.7 (13.9–19.4) 291 (130–653) 167.6 (58.4–276.8)
Term 11 7.6 (5.9–9.7) 20.3 (13.5–27.1) 224 (119–419) 228.5 (132.5–324.5)

Term BM 5 48.4 (42.7–55.0)* 79.2 (69.1–89.3)

Data are mean values with 95% confidence intervals in parentheses; n, no. of placentas. MVM, microvillous membrane; BM, basal plasma
membrane; Vmax, maximal velocity; 1 and 2, transport systems 1 and 2, respectively. [3H]arginine (0.2 µM) uptake was measured in the
presence of 0.1 µM–20 mM unlabeled L-arginine, and data were analyzed using nonlinear regression with a one- or two-transport-system
model. There was evidence for two transport systems (1 and 2) in MVM (first trimester and term) but only one transport system in BM. *P ,
0.05, unpaired Student’s t-test; first-trimester MVM and term BM vs. term MVM.

Fig. 2. L-Glutamine inhibition of [3H]arginine uptake by term MVM
(j) and BM (l). [3H]arginine (0.2 µM) uptake was measured at 30 s
in the presence of varying concentrations of L-glutamine (0.1 µM–20
mM). L-Glutamine-insensitive [3H]arginine uptake was 40 and 6.4%
of total uptake in MVM and BM, respectively, and was significantly
higher than nonsaturable [3H]arginine uptake (P , 0.0001 and P 5
0.001, respectively). Using the Michaelis constant (Km) for the high-
affinity system in MVM, the inhibition constant (Ki) for L-glutamine
was 115 and 470 µM for MVM and BM, respectively. Data are
means 6 SE for n 5 4 and 3 for MVM and BM, respectively.
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Distinction Between Systems y1L and b01

The effect of Na1 replacement (by K1) on glutamine
inhibition of [3H]arginine uptake by MVM (first trimes-
ter) and BM (term) is shown in Figs. 3 and 4, respec-
tively. In both membrane fractions, there was an in-
crease in Ki when Na1 was replaced by K1 from 100 µM
(75–132 µM) to 1,845 µM (1,477–2,305 µM, n 5 3) for
first-trimester MVM and from 240 µM (212–273 µM) to
2,732 µM (1,988–3,722 µM, n 5 3) for term BM. Similar
data were obtained from term MVM and also using
unlabeled L-leucine (data not shown).

L-Cystine (L-cysteine 1 10 mM diamide) did not
inhibit [3H]arginine uptake by term MVM or BM
(Fig. 5).

RT-PCR

RT-PCR using 4F2hc specific primers revealed a
cDNA product of 905 bp, as expected, in first-trimester,
second-trimester, and term placental tissue (Fig. 6A).
CAT 1 and CAT 4 were also uniformly expressed in
placental tissue from all gestational ages, with a cDNA
product of 535 and 304 bp, respectively, as expected for
the primers used (Fig. 6, B and D). rBAT expression
was evident in all first-trimester and some second-
trimester placental tissue but was uniformly absent in
all term placental tissue studied (Fig. 6C). Total RNA
from renal tissue was used as a positive control for
rBAT expression, and a 597-bp cDNA product was
observed as expected for these primers.

Western Blotting

Figure 7, A and B, shows the results of Western
blotting using anti-CD98 (4F2hc) antibody with term
placental MVM and BM under reducing (Fig. 7A) and
nonreducing (Fig. 7B) conditions. A specific ,85-kDa
band was observed under reducing conditions in MVM
but not in BM. Under nonreducing conditions, an
,135-kDa specific band was observed in MVM but not
in BM. The bands that were observed in BM persisted
when the primary antibody was preincubated with
blocking peptide and when protein electrophoresis was
performed under reducing and nonreducing conditions
(Fig. 7C), indicating that these bands represented
nonspecific antibody binding.

A specific ,85-kDa band was also observed in MVM
samples from first-trimester placentas under reducing
conditions (Fig. 8, A and B). The mean density of this
band in term MVM was 1.9 times that in first-trimester
MVM (P 5 0.037, n 5 4 each). Under nonreducing

Fig. 3. Na1 dependence of first-trimester MVM cationic amino acid
transport systems for neutral amino acid transport. [3H]arginine (0.2
µM) uptake was measured at 30 s in the presence of varying
concentrations of L-glutamine (10 µM–20 mM) in the presence (j)
and absence (l) of Na1. Ki were determined using the Km of the
high-affinity system. There was an increase in Ki for L-glutamine
when Na1 was replaced by K1: 100 µM (75–132 µM) to 1,845 µM
(1,477–2,305 µM). The extent of inhibition was however, not Na1

dependent. Data are means 6 SE, and Ki are mean values [95%
confidence interval (CI)] for n 5 3 placentas.

Fig. 4. Na1 dependence of BM cationic amino acid transporter for
neutral amino acid transport. [3H]arginine (0.2 µM) uptake was
measured at 30 s in the presence of varying concentrations of
L-glutamine (0.1 µM–20 mM) in the presence (j) and absence (l) of
Na1. There was an increase in Ki for L-glutamine when Na1 was
replaced by K1: 240 µM (212–273 µM) to 2,732 µM (1,988–3,722 µM).
Data are means 6 SE, and Ki are mean values (95% CI) for n 5 3
placentas.

Fig. 5. Cystine inhibition of [3H]arginine uptake by term MVM (l)
and BM (j). [3H]arginine (0.2 µM) uptake was measured at 30 s in
the presence of varying concentrations of L-cystine (0.1 µM–10 mM
L-cysteine in the presence of 10 mM diamide) in EVB-Na1. Cystine
did not inhibit [3H]arginine uptake in either MVM or BM. Data are
means 6 SE for n 5 3 placentas.
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conditions, multiple bands were observed in first-
trimester and term MVM; a predominant band was
observed at ,135 kDa, and at least two bands were
observed at $207 kDa (Fig. 9A). To determine the
specificity of these bands, the same term MVM sample
was run in all eight lanes, the membrane was bisected,
and one-half was used as a negative control (no primary
antibody, Fig. 9B). This confirms the specificity of the
two bands at ,135 and .207 kDa under nonreducing
conditions. An ,85-kDa band was not detected in any
MVM samples under nonreducing conditions. The mean
density of the ,135-kDa band in term MVM was 1.7
times that of first-trimester MVM (P 5 0.038, n 5 4
each).

DISCUSSION

In this study, we have characterized human placen-
tal cationic amino acid transport systems using kinetic
and substrate inhibition studies, RT-PCR, and Western
blotting. In MVM from first-trimester and term placen-
tas, we have evidence for two transport systems: a
higher-affinity, lower-capacity system and a lower-
affinity, higher-capacity system. The MVM data also
showed a neutral amino acid-sensitive and a neutral
amino acid-insensitive [3H]arginine transport system,
which is supportive of the two-transport-system model.
The neutral amino acid-sensitive component showed a
significant reduction in its affinity for neutral amino

Fig. 6. RT-PCR using primers specific for 4F2hc
(A), cationic amino acid transporter (CAT) 1 (B),
rBAT (C), and CAT 4 (D). Total RNA isolated from
first-trimester (1, n 5 7), second-trimester (2, n 5
5), and term (3, n 5 8) placentas. P, pooled RNA
from first-trimester, second-trimester, and term
placentas, kidney, and negative control. L, 100-bp
ladder. 4F2hc, CAT 1, and CAT 4 were expressed in
placentas from all gestational ages. An rBAT prod-
uct was detected in first-trimester and some second-
trimester placentas and in kidney but was not
detected in term placental samples.

C1167ARGININE TRANSPORT IN HUMAN PLACENTA

 on June 21, 2012
ajpcell.physiology.org

D
ow

nloaded from
 

http://ajpcell.physiology.org/


acids when Na1 was replaced by K1. The observations
that [3H]arginine uptake by MVM was Na1 indepen-
dent and was not inhibited by L-cystine indicated that
systems B01 and b01 were not expressed in MVM. On
these bases, we have identified the lower-affinity sys-
tem in MVM as system y1 and the higher-affinity
system as system y1L. This is the first characterization
of cationic amino acid transport systems in first-
trimester placental MVM. The conclusions on term
MVM are broadly similar to those of Furesz et al. (18).

In BM, we have kinetic evidence for one transport
system only. The observation of homogeneity using
kinetic studies was confirmed by substrate inhibition
studies. We observed that [3H]arginine uptake by BM
was almost totally inhibited by L-glutamine and L-
leucine, with the noninhibitable component represent-
ing only 6.4% of total carrier-mediated uptake. This
could represent a glutamine-insensitive transport sys-
tem undetectable by kinetic studies because of its
relatively small contribution to total uptake. Alterna-
tively, this could be indicative of slight contamination of
BM by MVM.

The [3H]arginine transport system in BM has a Km
that is higher than that for system y1L in MVM found
in this study and higher than that previously reported
for system y1L in the placenta (18) or other membranesFig. 7. Western blotting to determine the expression of 4F2hc in

MVM (M) and BM (B) from term placentas under reducing conditions
(A) and nonreducing conditions (B). An ,85-kDa and an ,135-kDa
specific band were detected in MVM under reducing and nonreducing
conditions, respectively, but were not detected in BM. The bands
observed in BM persisted when antibody was preabsorbed with
blocking peptide (C), and electrophoresis was performed under
reducing (R) and nonreducing (N) conditions.

Fig. 8. Western blotting to determine the expression of 4F2hc in
MVM from first-trimester (F) and term (T) placentas under reducing
conditions (A) and after preabsorption of antibody with blocking
peptide (B). A major ,85-kDa specific band was detected in all
samples, and expression was significantly higher in term MVM.

Fig. 9. Expression of 4F2hc in MVM from first-trimester (F) and
term (T) placentas under nonreducing conditions (A). To determine
the specificity of the bands observed, the same term MVM sample
was run in all 8 lanes, the membrane was bisected (arrow), and
one-half was used as a negative control (no primary antibody, B).
Arrowheads indicate 2 specific bands. The expression of the ,135-
kDa band (A) was significantly higher in term MVM.
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(12). However, the observation that the affinity of this
transport system for L-glutamine was significantly
reduced when Na1 was replaced by K1 and the failure
of cystine to inhibit [3H]arginine uptake led us to
identify this system as transport system y1L rather
than system b01.

Using RT-PCR, we have identified CAT 1, CAT 4,
4F2hc, and rBAT expression in first- and early second-
trimester placentas. In term placentas, we have identi-
fied CAT 1, CAT 4, and 4F2hc expression. We have,
however, not found evidence for rBAT expression in the
term human placenta, in agreement with a previous
study (15). This latter observation supports our designa-
tion of the BM transporter as system y1L rather than
system b01. Further work is required to localize the site
of rBAT expression in the placenta of early pregnancy.
CAT 4 mRNA has previously been shown to be ex-
pressed in placenta (36), and this study provides the
first demonstration that CAT 4 mRNA is expressed in
this tissue throughout gestation. The presence of sys-
tem y1 activity in MVM vesicles would suggest that
CAT 4 is localized to the MVM rather than the BM.

Earlier reports of cationic amino acid transport sys-
tems of the term human placenta identified the pres-
ence of transport systems y1, y1L, and b01 in purified
BM using radiolabeled L-lysine. In the first report,
Furesz et al. (17) identified systems y1 (system 1) and
system b01 (system 2) in BM. System y1 was identified
from kinetic studies (Km) and by the observation that
neutral amino acids (2 mM) inhibited [3H]lysine (20
µM) uptake in a relatively Na1-dependent manner.
System b01 (system 2) was isolated by using a lower
concentration of tracer (0.2 µM [3H]lysine) and by
saturating system 1 with 10 mM L-homoserine in the
presence of Na1. System 2 was found to be completely
sensitive to L-leucine and L-methionine inhibition. In
essence, therefore, both systems 1 and 2 in their study
could be completely inhibited by neutral amino acids in
the presence of Na1. This is precisely in line with our
observation that virtually all [3H]arginine uptake by
BM is sensitive to neutral amino acid (L-glutamine/L-
leucine) inhibition.

The conclusion of Furesz et al. (17) that system 1 in
their study was system y1 is not consistent with what is
now known about this transport system. In seminal
papers, Kim et al. (26) and Wang et al. (39) reported
that the murine ecotropic retrovirus receptor mediated
cationic amino acid transport; expression in Xenopus
oocytes resulted in increased L-arginine, L-lysine, and
L-ornithine uptake. The uptake of L-leucine, L-gluta-
mine, L-alanine, and L-phenylalanine was not in-
creased, even in the presence of Na1. Other studies
have shown that system y1 interacts only very weakly,
if at all, with L-leucine in the presence of Na1 (Ki for
inhibition of 1 µM lysine uptake 5 30.36 mM in
erythrocytes; see Ref. 10). The observation in the report
by Furesz et al. (17) that BM [3H]lysine uptake
was completely inhibited by L-leucine, L-alanine, and
L-phenylalanine is therefore not consistent with system
y1 activity. Their identification of system 2 as system
b01 was understandable, as system y1L had not been

discovered (12). Therefore, the data of Furesz et al. (17,
18) on L-lysine uptake by term BM are not inconsistent
with our own on L-arginine uptake. However, in the
light of more recent knowledge of the characteristics of
the different transport systems, as well as the PCR
data, the interpretation is that only system y1L is
present in BM.

With the use of Western blotting and an anti-CD98
(4F2hc) antibody, an ,85-kDa band was identified in
MVM under reducing conditions. An ,135-kDa band
was identified under nonreducing conditions, consis-
tent with earlier reports on 4F2hc and 4F2hc-light
chain dimer, respectively (23), with two putative light
chains (y1LAT-1 and y1LAT-2) identified that are
associated with 4F2hc by disulphide bonds and which
mediate system y1L amino acid transport (37). Because
other light chains complex with 4F2hc, it is also
possible that the ,135-kDa band represents additional
4F2hc-light chain complexes.

In addition to the previously reported ,135-kDa
heavy chain-light chain dimer, we also observed a
specific band at .207 kDa. To the best of our knowl-
edge, this is the first report of 4F2hc multimers with
this molecular weight. With the use of rat renal brush
border membranes and membranes from NBAT (ho-
mologous to rBAT)-injected oocytes under nonreducing
conditions and anti-NBAT antibodies (40), bands of 180
to .200 kDa were observed, and it was suggested that
these could represent NBAT dimers or higher NBAT
aggregates. In a more recent report, Torrents et al. (37)
observed an 85- and 169-kDa band from oocytes after
4F2hc and y1LAT-1 cRNA injection, [35S]methionine
labeling, and immunoprecipitation with anti-4F2hc
monoclonal antibody and electrophoresis. They sug-
gested that the 169-kDa band represented 4F2hc ho-
modimers. These data suggest that 4F2hc and NBAT
are capable of forming homodimers and heterodimers
and may form larger structures. The .207-kDa band
reported here may therefore represent higher 4F2hc
aggregates. Alternatively, it could represent associa-
tions between 4F2hc and other proteins mediating
different, non-transport-related activities such as cell
fusion (34) and integrin function (16). These proteins
would have to be .120 kDa in size, and to date no
protein of this size associated with 4F2hc by disulfide
bonds has been reported. Thus it is possible that 4F2hc
in the MVM serves additional functions other than
mediating amino acid transport.

We did not observe 4F2hc monomers in MVM under
nonreducing conditions, in contrast to the situation
with NBAT in the rat renal brush-border membrane,
where an 85-kDa band and a 135-kDa band were
observed under nonreducing conditions. The 85-kDa
band made up 50–85% of the total NBAT-containing
species (40). It has been suggested that 4F2hc is
expressed on the cell surface as a monomer on its own
and plays a role in the trafficking of the light chain to
the plasma membrane (33). Our failure to detect 4F2hc
monomers under nonreducing conditions suggests that
its role, or at least the stoichiometry of interaction with
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the light chain, may be different in the syncytiotropho-
blast.

In BM, we found that neither the ,85-kDa nor the
,135-kDa band was detected under reducing or nonre-
ducing conditions, granted that this may have been
limited by the sensitivity of Western blotting. However,
there is no doubt that 4F2hc is expressed at a much
lower level in BM compared with MVM. This contrasts
with the exclusive basolateral localization in other
epithelia such as the kidney and intestine (11). This
failure to detect 4F2hc despite the presence of kineti-
cally defined system y1L is a novel observation as far as
we are aware. Kinetic studies show that the Km for
system y1L is significantly higher in term BM com-
pared with MVM and in term MVM compared with
first-trimester MVM. These differences may be as a
result of 1) differences in light chain expression be-
tween first-trimester and term MVM and between term
MVM and BM and/or 2) differences in the heavy
chain-light chain stoichiometry. We observed that the
expression of the ,85-kDa 4F2hc monomer and the
,135-kDa 4F2hc heterodimer were significantly higher
in term compared with first-trimester MVM. There is
now strong evidence for the existence of multiple
putative light chains (30, 37) and evidence that differ-
ent light chains may be expressed in different tissues in
the same species (33). Further work is needed to
identify the native light chain(s) in the syncytiotropho-
blast and to examine their structural and functional
interaction with 4F2hc.

We conclude that human placental cationic amino
acid transport is by systems y1 and y1L in first-
trimester and term MVM and by system y1L only in
term BM. The lower affinity and higher capacity of
system y1 in addition to the favorable transmembrane
potential difference means that it will be the predomi-
nant system in MVM in vivo. However, system y1L,
being an amino acid exchanger, may generate higher
intracellular cationic amino acid concentrations (5). In
the light of evidence for the intracellular compartmen-
talization of L-arginine metabolism (8, 9), the roles of
systems y1 and y1L in supplying different intracellular
compartments require further investigation. We pro-
pose that the net materno-fetal transfer of cationic
amino acids across the human placenta is driven by the
Na1-dependent uptake of neutral amino acids in BM by
system y1L in exchange for cationic amino acid transfer
to the fetus. The observed differences in the expression
of 4F2hc in MVM across gestation, and between MVM
and BM at term, may in part account for the different
kinetic properties of system y1L in these membrane
fractions. The newly described .207 kDa 4F2hc aggre-
gates described here suggest that the 4F2hc-light chain
interaction may be more complex than previously
thought. The molecular basis and functional signifi-
cance of these multimers await sequencing of the
native light chain(s) in the syncytiotrophoblast.
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Cord blood levels of nitrate/nitrite, as a measure of nitric
oxide (NO), are generally increased in preeclampsia. As L-
arginine is the precursor for NO synthesis, we hypothesized
that L-arginine transport across the syncytiotrophoblast
basal plasma membrane (BM) of placentas from preeclamptic
patients is also increased. Glutamine-sensitive and -insensi-
tive [3H]L-arginine uptakes into BM vesicles were measured
and expressed as femtomoles per milligram of protein per
minute. Total L-arginine uptake was 418 � 15 (mean � SEM; n �
9) in BM from control placentas (CBM) and 495 � 27 (n � 7) in
BM from preeclamptic placentas (PE BM; P < 0.05, by two-
tailed t test). Glutamine insensitive (system y�) uptake was
45 � 3 (n � 6) in CBM, with a significantly higher uptake of 97 �

23 (n � 5) into PE BM (P < 0.05, by two-tailed t test). There was
no significant difference in glutamine-sensitive uptake be-
tween the two groups. The expression of mRNA for human
cationic amino acid transporter (hCAT) 1, 2, and 4 (system y�

genes) and 4F2hc (heavy chain of system y�L) was not differ-
ent in homogenates of whole placenta from the two groups.
Western blotting data showed that hCAT-1 protein expression
in PE BM was higher than that in CBM. These data suggest
increased activity of the BM system y� cationic amino acid
transporter in preeclampsia. If reflected in vivo, a similar
increase in transporter activity could alter the delivery of
L-arginine to syncytiotrophoblast eNOS. (J Clin Endocrinol
Metab 88: 4287–4292, 2003)

PREECLAMPSIA, CHARACTERIZED BY hypertension,
edema, and proteinuria, affects about 10% of all preg-

nancies (1). It is often associated with intrauterine growth
restriction, with impairment in blood flow to the uterine
circulation (2). Nitric oxide (NO), is an endogenous modu-
lator of vascular tone (3) and has been shown to modulate
fetoplacental and uteroplacental blood flow (4–6). In pre-
eclampsia there is good evidence that fetoplacental NO syn-
thase (NOS) activity and NO concentrations in the umbilical
circulation are altered. Some studies report decreased or
unchanged placental NOS activity (7–9) in preeclampsia.
However, both Lyall and colleagues (10) and Norris and
colleagues (11) found elevated nitrite/nitrate concentrations
in umbilical vein blood from preeclamptic patients compared
with that in similar samples from control patients. They
suggest that this is indicative of increased NO production in
the fetoplacental unit in preeclampsia, perhaps to increase
blood flow in this vascular bed and compensate for de-
creased uteroplacental blood flow. NO in the fetoplacental
circulation is most likely derived from endothelial NOS
(eNOS) activity, found predominantly in the syncytiotro-
phoblast, although eNOS also occurs in the fetal endothelium
of the placenta (5). Immunocytochemistry revealed increased
expression of eNOS in stem villous vessels and in the en-
dothelium of small vessels of the vasculature of placentas

from preeclamptic patients compared with control tissue,
and a significantly more basal distribution of eNOS within
the syncytiotrophoblast of these placentas (12, 13).

The substrate for NO production by eNOS is l-arginine
(14). Evidence from other cells suggests that extracellular
l-arginine and therefore transport of the amino acid across
the plasma membrane are rate limiting for eNOS activity (15),
possibly because of compartmentalization of the enzyme
(16). Uptake of extracellular l-arginine into the syncytiotro-
phoblast occurs across two plasma membranes: the microvil-
lous (MVM; maternal facing) and basal (BM; fetal facing)
plasma membranes. We have shown previously that there
are two cationic amino acid transporters in term syncytiotro-
phoblast, systems, y� and y�L (17). System y� only trans-
ports cationic amino acids such as l-arginine and l-lysine, is
electrogenic, and has a low affinity (17). System y� is the
product of the cationic amino acid transporter (CAT) family
of genes: human (h) CAT-1, -2, and -4 mRNA are expressed
by the placenta (18), although hCAT-4 may not be a func-
tioning transporter (19). The system y� transport system is
found predominantly in the MVM and, to a much lesser
extent, in BM (17). System y�L exchanges cationic amino
acids and neutral (leucine and glutamine) amino acids in the
presence of sodium; it is electroneutral and has a higher
affinity (17) than system y�. This transporter is found in both
the MVM and BM (17). System y�L is one of a family of
heterodimeric amino acid transporters made up of a heavy
chain 4F2hc and a light chain, y�LAT1 or y�LAT2 (20).
mRNA for 4F2hc, y�LAT1, and y�LAT2 is expressed by the
placenta (21).

Abbreviations: BM, Basal plasma membrane; CAT, cationic amino
acid transporter; CBM, BM from control placenta; eNOS, endothelial
NOS; EVB, extravesicular buffer; h, human; MVM, microvillous mem-
brane; NO, nitric oxide; NOS, NO synthase; PE, preeclamptic placenta;
qRT-PCR, quantitative RT-PCR; Vmax, maximum velocity.
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We hypothesized that l-arginine transport across the
plasma membranes of the syncytiotrophoblast and fetal cap-
illary endothelium is increased in preeclampsia and may
contribute to the increased NO production in the fetopla-
cental unit in this condition. We have recently reported that
the activities of systems y� and y�L in the MVM (17) are
unaffected by preeclampsia (22). Here, we have investigated
the uptake of [3H]l-arginine into vesicles isolated from the
BM of placentas from normal and preeclamptic pregnancies.
The results show that in vitro the system y� transporter is
more active in BM isolated from placentas of preeclamptic
patients than in control placentas. Real-time quantitative
PCR showed no difference in mRNA expression of hCAT-1,
-2, or -4 between the two groups of placenta. However, West-
ern blotting showed that hCAT-1 protein expression was
higher in the BM from preeclamptic placentas.

Materials and Methods
Chemicals

2-Ethoxyethanol, potassium chloride, potassium dihydrogen or-
thophosphate, sodium chloride, disodium orthophosphate, and sucrose
were purchased from Merck & Co. (Poole, UK). l-Arginine, choline
(chloride), HEPES (free acid), mannitol, polyoxyethylene sorbitan mono-
laurate (Tween 20), Tris[hydroxymethyl]amino methane) hydrochloride
(Tris-HCl), Tris[hydroxymethyl]amino methane (Tris-base), and vali-
nomycin were purchased from Sigma-Aldrich Corp. (Poole, UK). l-
Glutamine was purchased from ICN Biochemicals, Inc. (Baisingstoke,
UK); [3H]dihydroalprenolol (final concentration, 50 nm) and [3H]argi-
nine (final concentration, 0.20 �m) were purchased from NEN Life
Science Products (Hounslow, UK). Optiphase Hisafe2 liquid scintillation
fluid was obtained from Fisher Chemicals (Leicester, UK). Human pla-
cental cDNA was obtained from Clontech (BD Biosciences, Ox-
ford, UK).

BM vesicle preparation

Placental tissue was obtained from patients admitted to the Central
Delivery Unit at St. Mary’s Hospital (Manchester, UK). Informed con-
sent was obtained according to our local research ethical committee
guidelines. Placentas were collected from women who had had an un-
complicated pregnancy and from women whose pregnancy was com-
plicated by preeclampsia. Preeclampsia was defined as gestational pro-
teinuric hypertension, and patients were only selected when all of the
following criteria were met: 1) nulliparity, 2) normotensive (blood pres-
sure, 140/90 mm Hg) and nonproteinuric at the time of booking for
antenatal care (�20 wk gestation), 3) development of hypertension
(blood pressure, �140/90 mm Hg on at least two occasions, at least �4
h apart) at more than 20 wk gestation, and 4) development of proteinuria
(300 mg urinary protein excretion over 24 h or �2� on reagent strip
testing) at more than 20 wk gestation [based on definitions described
previously (23, 24)].

The method used for isolation of BM vesicles from human placental
syncytiotrophoblast was based on that described by Kelleyet al. (25) with
slight modifications (26) as described previously (17). Vesicle purity was
determined by measuring the enrichment of dihydroalprenolol binding,
a marker for BM (27), and the nonenrichment of alkaline phosphatase,
a marker for MVM (28), as described previously (26, 29). Enrichment was
expressed as the ratio of activity in the BM vesicles compared with that
in the whole tissue homogenate. The protein concentrations of BM and
placental homogenate were measured by the Lowry method (30).

[3H]L-Arginine uptake

BM vesicles were suspended in intravascular buffer (containing 50
mm KCl, 50 mm choline chloride, 100 mm mannitol, and 20 mm HEPES-
Tris, pH 7.4) and stored at 4 C until use, which was usually within 24 h
of isolation. Before uptakes, vesicles were diluted to 7.5 mg protein/ml

with intravascular buffer and incubated with 4 �m valinomycin for 60
min at room temperature (mean � sem, 23 � 0.4 C; n � 20).

Uptake of arginine across the BM may be by three possible routes (17).
Firstly, system y�L, previously reported to be the predominant route of
[3H]l-arginine uptake across BM (17), exchanges cationic amino acid for
neutral amino acid (31). The activity of this transporter can be measured
as [3H]l-arginine uptake, which is inhibitable by 10 mm glutamine (17).
Secondly, system y�, which only transports cationic amino acids, is
therefore measured as the glutamine-insensitive component of uptake
(17). The third remaining route is via a noncarrier-mediated component,
probably representing diffusion across the plasma membrane, demon-
strated as the component of [3H]l-arginine uptake not saturated by
excess unlabeled l-arginine. We previously showed that 20 mm arginine
saturates mediated [3H]l-arginine uptake (17).

To discriminate among these three possible routes of arginine trans-
port, uptakes of [3H]l-arginine (0.2 �m) were measured in the presence
and absence of 10 mm glutamine and in the presence and absence of 20
mm arginine in extravesicular buffers (EVB; containing 50 mm KCl, 50
mm NaCl, 100 mm mannitol, and 20 mm HEPES-Tris, pH 7.4). In a second
set of experiments [3H]l-arginine uptake was measured over a range of
unlabeled l-arginine concentrations over 60 sec to derive values of Km
and Vmax as described previously (22). All kinetic data were analyzed
using computer models of Michaelis-Menton equation (PRISM, version
3.0, GraphPad, Inc., San Diego, CA). The uptakes were normalized to
vesicle membrane protein and expressed as femtomoles per milligram
of protein. This protocol is identical to that recently reported in our study
of arginine uptake by MVM from normal and preeclamptic placentas
(22).

Real-time quantitative RT-PCR (qRT-PCR).

mRNA expression for hCAT-1, hCAT-2, hCAT-4, and 4F2hc was
determined by real-time qRT-PCR. RNA was isolated from homoge-
nates of placentas obtained from normal and preeclamptic pregnancies,
and the expression levels were determined using specific primers and
probes, exactly as described previously (32). The quantity of mRNA in
each sample was expressed as a proportion of expression of that mRNA
in human placental cDNA (Clontech, Palo Alto, CA), as described pre-
viously (32).

Western blotting

BM were prepared as described above, and protein (30 �g) was
subjected to SDS-PAGE under reducing conditions and probed for
4F2hc, the heavy chain subunit of system y�L, CD98 goat antihuman
polyclonal antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) as
described previously (17). For detection of hCAT-1, the samples were
prepared in a similar manner with 60 �g protein/lane. Membranes were
blocked with 5% milk protein in Tris-buffered saline/0.05% Tween for
1 h, followed by incubation with hCAT-1 rabbit polyclonal antibody
(1:1000; donated by S. I. Zharikov and E. R. Block, University of Florida,
Gainesville, FL) for 1 h at room temperature (33). Negative controls were
prepared by omission of primary antibody. Immunoreactive species for
4F2hc were detected with horseradish peroxidase-conjugated rabbit an-
tigoat (1:2000; DAKO, Ely, UK) and for hCAT-1 goat antirabbit (1:2000;
DAKO) antibodies by enhanced chemiluminescence (Amersham Phar-
macia Biotech, Arlington Heights, IL). The density of immunoreactive
species was assessed using a GS 700 imaging densitometer (Bio-Rad
Laboratories, Hercules, CA) with Molecular Analyst software (version
1.5), and lanes were compared by unpaired t test.

Statistics

Uptakes are expressed as the mean � sem; n is the number of pla-
centas. Statistical differences were tested using t test and were consid-
ered significant at P � 0.05.

Results

There was no difference in the gestational ages between
the two placental groups: 39 � 1 yr (n � 9; range, 37–41 yr)
and 39 � 1 yr (n � 7; range 35–39 yr) in control and pre-
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eclamptic groups, respectively. The babies from the pre-
eclamptic pregnancies were significantly smaller (3.05 � 0.2
kg; n � 7) than those from normal pregnancies (3.63 � 0.23
kg; n � 9; P � 0.05, by two-tailed t test).

The BM vesicle preparations exhibited no enrichment in
alkaline phosphatase [control, 0.94 � 0.14 (n � 9); preeclamp-
sia, 1.27 � 0.29 (n � 7)], with no significant difference be-
tween the groups. The BM vesicles were enriched for dihy-
droalprenolol binding (control, 23.3 � 2.1; preeclampsia,
30.2 � 7.4), with no significant difference between the
groups. These enrichments fall within the range reported
previously for BM vesicle preparations by us and others (25,
26, 34).

The total uptake of [3H]l-arginine was linear between 10
and 60 sec and was significantly inhibited by 10 mm glu-
tamine in both groups (P � 0.0001, by two-tailed t test; Fig.
1, only control uptakes shown). Extrapolation of the data to
time zero gave a significant intersect on the y-axis. However
there was no difference between the control (154 � 16) and
the preeclamptic (134 � 17; P � NS, by two-tailed t test)
group. Total uptake of [3H]l-arginine, determined as the
slope of uptakes over 10–60 sec was 418 � 15 fmol/mg
protein�min (n � 9) in BM vesicles from control placenta. In
BM vesicles isolated from placentas of preeclamptic women,
this was significantly elevated to 495 � 27 fmol/mg
protein�min (n � 7; P � 0.05, by two-tailed t test).

[3H]l-Arginine uptakes over a range of unlabeled l-argi-
nine concentrations was measured to enable calculation of
Michaelis-Menten constants, Km and Vmax (Fig. 2). Data were
fitted to a one-site model as analysis showed that this was a
better fit than a two site model. The Km was 36 � 3 and 43 �
10 �m in control and preeclamptic placental groups, respec-
tively, and the Vmax was 77 � 4 pmol/mg protein�min in
control (n � 6) compared with 88 � 24 pmol/mg protein�min
(n � 6) in the preeclamptic placental group. These values
were not significantly different.

To investigate the relative contributions of system y� and

y�L, experiments were performed where vesicles were in-
cubated with either glutamine (10 mm) or arginine (20 mm).
The uptakes in the presence and absence of glutamine were
then used to calculate a glutamine-sensitive component of
uptake (total minus that in 10 mm glutamine) and glutamine-
insensitive component (that in the presence of glutamine).
There was a difference in the glutamine-insensitive uptake
[Fig. 3; 89 � 4 fmol/mg protein�min (n � 6) in BM from
control placentas compared with 151 � 23 in BM from pre-
eclamptic placentas (n � 5); P � 0.05, by two-tailed t test].

This glutamine-insensitive component of [3H]l-arginine
uptake is comprised of two possible components: an argin-
ine-saturable component (system y�), and a component not
saturable with arginine (nontransporter-mediated uptake
via diffusion). To evaluate the contributions of these two
modes of uptake, [3H]l-arginine uptake was measured in the
presence and absence of 20 mm l-arginine. Uptake in the
presence of 20 mm arginine was not different between control
and preeclamptic vesicles [Fig. 3; 44 � 4 fmol/mg

FIG. 1. Initial rate of uptake of [3H]L-arginine into BM vesicles iso-
lated from placenta from normal pregnancies (n � 9). Uptakes were
performed in EVB containing 50 mM KCl, 50 mM NaCl, 100 mM
mannitol, and 20 mM HEPES-Tris, pH 7.4, in the absence (f) or
presence (F) of 10 mM glutamine. The slope of the uptakes in control
vesicles was 5.11 � 0.43 fmol/mg protein�sec in the absence of glu-
tamine (r2 � 0.97) and 0.88 � 0.11 fmol/mg protein�sec in the presence
of glutamine (r2 � 0.94).

FIG. 2. Kinetic determination of the uptake of [3H]L-arginine into BM
vesicles. Uptakes were performed in EVB containing 50 mM KCl, 50
mM NaCl, 100 mM mannitol, and 20 mM HEPES-Tris in the presence
of 0.2 �M to 20 mM arginine in control (n � 6; f) or preeclamptic (n �
6; F) BM vesicles.

FIG. 3. Uptake of [3H]L-arginine into BM vesicles isolated from pla-
centa from normal pregnancies (�) or from placenta from patients
with preeclampsia (f) in femtomoles per milligrams of protein per
minute (in parentheses is the number of placentas). To assess the
contribution of the transporters present in the BM of the placental
syncytiotrophoblast, uptakes were performed in the absence or pres-
ence of glutamine and arginine as described previously (12). *, P �
0.05, by t test.
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protein�min (n � 6) and 54 � 8 fmol/mg protein�min (n � 5),
respectively]. These values were subtracted from the
[3H]arginine uptakes in the presence of 10 mm glutamine to
give a glutamine-insensitive, arginine-saturable component,
assumed to be uptake via system y�. This was significantly
different between the two groups [45 � 3 fmol/mg
protein�min (n � 6) in controls and 97 � 23 fmol/mg
protein�min (n � 5) in preeclamptic vesicles; P � 0.05, by
two-tailed t test].

We proceeded from these uptake data to determine
whether there were any changes in mRNA expression of
transporters between the two groups. Data are expressed as
a ratio of that measured in placental reference tissue (mean �
sem; n � 6 in both groups). qRT-PCR analysis of 4F2hc
(1.30 � 0.27 in control compared with 0.81 � 0.11 in pre-
eclampsia) and hCAT-1 (0.47 � 0.09 in control compared
with 0.34 � 0.05 in preeclampsia), hCAT-2 (1.26 � 0.30 in
control compared with 0.91 � 0.19 in preeclampsia), and
hCAT-4 (0.62 � 0.19 in control compared with 0.69 � 0.25 in
preeclampsia) mRNA in whole placenta showed no signif-
icant difference between the two groups. Confidence in this
negative result stems from the following: 1) we isolated a
sufficient quantity of high quality RNA from these placentas
in which to detect a difference if there was one; 2) the spec-
ificity of the PCR was confirmed by visualization of the
products by agarose gel electrophoresis; and 3) we have used
this technique previously, with the same primers, probes,
and reaction conditions, to demonstrate significant effects of
similar clinical conditions on hCAT mRNA expression in
other cell types (32).

Western blotting with an antibody to 4F2hc under reduc-
ing conditions detects both the heavy chain and heavy-light
chain dimers of system y�L (17). We were previously unable
to detect 4F2hc in BM from placenta using 10 �g protein/lane
(17), and this was clarified here using a higher protein load-
ing (30 �g protein/lane). Immunoreactive bands were de-
tected at 85 and 135 kDa, respectively, in BM from both
control and preeclamptic placentas (Fig. 4). Signal was abol-
ished by preincubation of antibody with antigen. Densitom-
etry, measured as OD � area, showed no significant differ-
ences in the signal intensity between the groups for each
band (Fig. 5A).

Probing an identical Western blot, using the same BM
samples as for 4F2hc, with an antibody specific to hCAT1
revealed two bands, at 147 and 124 kDa. Signal was abolished
in the absence of primary antibody. Densitometry showed
that although there was no difference in the intensity of the
upper band between the two groups, that of the lower band
was significantly greater in the preeclamptic group com-
pared with the control group (Fig. 5B; P � 0.05, by unpaired
t test).

Discussion

In this study we investigated whether there are any dif-
ferences in the transport of l-arginine, the precursor of NO,
between BM of placentas from normal pregnancies com-
pared with BM of placentas from pregnancies complicated
by preeclampsia. We found that total l-arginine transporter
activity is higher in the BM from preeclamptic placentas
compared with those from control placentas. This is pre-

FIG. 4. Western blotting for 4F2hc (30 �g protein/lane; A) and
hCAT-1 (60 �g protein/lane; B) in BM from different term placentas.
C1–C3, Control; P1–P5, preeclampsia. A, An approximately 135-kDa
and an approximately 85-kDa specific band were detected in BM from
both control and preeclampsia placentas (exposure was 3 min, and the
signal was abolished by preabsorption of antibody with blocking pep-
tide). B, For hCAT-1 bands were detected at approximately 147 and
124 kDa in BM from both control and preeclampsia placentas (expo-
sure was 20 min, and the signal was abolished in the absence of
primary antibody).

FIG. 5. Densitometry analysis (mean � SEM) of expression of 4F2hc
(A) and hCAT-1 (B) in BM isolated from placentas from normal (n �
3) or preeclamptic (n � 5) pregnancies as shown in Fig. 4. There was
no significant difference between the expression of 4F2hc in the two
groups. The expression of the 124-kDa band of hCAT-1 in BM was
significantly higher in BM isolated from placentas from preeclamptic
(n � 5) compared with normal (n � 3) pregnancies. *, P � 0.05, by t
test.
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dominantly due to increased activity of a glutamine-insen-
sitive, arginine-sensitive activity, which we ascribe to system
y� (17, 22). This system y� activity in the BM is very low, as
measured by [3H]l-arginine uptake, in placentas from nor-
mal pregnancies (this study and Ref. 17) and is most likely
due predominantly to hCAT-1 expression (35).

The preeclamptic placentas we obtained in this study were
obtained at random from the delivery suite. By chance, they
were delivered relatively close to term, and there was no
significant difference in gestation compared with our control
group. The babies born to the preeclamptic mothers were
significantly lighter than those born to the women with nor-
mal pregnancies. Therefore, it is important to note that cat-
ionic amino acid transporter activity in BM of placentas from
women delivering intrauterine growth restriction babies in
the absence of preeclampsia is significantly lower than nor-
mal (36). Therefore, the increased activity observed here is
most likely related directly to preeclampsia.

The uptake data measured over 10–60 sec did not extrap-
olate to a zero intercept on the y-axis at time zero. This could
be due to binding of tracer to the plasma membrane or a very
rapid component of uptake. Further work is required to
distinguish between these two possibilities. The presence of
a rapid component of uptake would result in error in our
absolute kinetic measurements. However, there was no sig-
nificant difference in the y-intercept between the control and
preeclamptic group, and therefore we believe our observa-
tion of a difference in uptake activity over 10–60 sec is secure.

Despite the differences in uptake rate, we were unable to
determine a difference in Km or Vmax in l-arginine transport
between the two sets of BM (Fig. 4). This is most likely due
to the inability of our protocol to discriminate differences
related to the small component of [3H]l-arginine uptake that
is mediated by system y� in this in vitro system.

Our failure to detect differences in hCAT mRNA between
the two groups could suggest that the effect of preeclampsia
we observed on system y� activity reflects a difference in
posttranscriptional processing. This is consistent with the
observation of a difference in BM activity, but not MVM
activity (22). It is also consistent with our Western blotting
data, showing a significant increase in the expression of the
smaller of the hCAT-1 bands in the BM from the preeclamptic
group. This trend was specific to this hCAT-1 species, as the
higher molecular weight hCAT-1 band showed no difference
between groups. Furthermore, probing the same samples for
4F2hc revealed no difference in heavy or light chain expres-
sion between the two groups, consistent with a lack of dif-
ference in the system y�L transporter activity data. The mo-
lecular weights of the two bands of hCAT-1 observed here
are both larger than would be predicted by the amino acid
sequence of the core protein (67 kDa) (37). However, the
sequence suggests glycosylation sites (38), and larger glyco-
sylated species have been reported (37). Therefore, it is pos-
sible that the two bands we observed in the BM are differ-
entially glycosylated forms of the hCAT-1 protein. This
requires further investigation, as does the protein expression
of other hCAT isoforms.

In considering the physiological significance of our data,
it should be remembered that system y�L is a high affinity,
low capacity system, whereas system y� is low affinity, high

capacity. Therefore, at the concentrations of l-arginine
present in utero, the greater flux of this amino acid will be via
system y�. This flux of l-arginine on system y� will be driven
by the electrochemical gradient. l-Arginine concentrations
are likely to be higher in the syncytiotrophoblast cytosol (39)
than in the maternal or fetal plasma (40), tending to drive the
amino acid out of the syncytium across the MVM and BM.
However, for a cationic amino acid such as l-arginine, the
membrane potential across both membranes will also be an
important driving force; this has been measured as �22 mV
across the MVM (41) and, by extrapolation from knowledge
of the transtrophoblast potential difference (41), is likely to
be similar across the BM. We therefore consider it likely that
l-arginine normally moves into the syncytiotrophoblast
across MVM and BM on system y�. Consequently, the higher
system y� activity in the BM of preeclamptic placentas would
drive greater l-arginine flux in vivo into the syncytiotropho-
blast. This would be consistent with the observation of a
greater basal distribution of eNOS in preeclampsia (13).
However, there are clearly a number of untested assump-
tions in this speculation. Furthermore, any compartmental-
ization of the transporter and eNOS, as found in other cell
types (16), would mean that completely different driving
forces would pertain; this needs to be investigated. We have
proposed previously that the maternal-fetal flux of cationic
amino acids across the BM is driven by Na�-dependent up-
take of neutral amino acids in exchange for cationic amino
acids by system y�L (17). Net l-arginine flux across the BM
will depend on the balance of activity of the two cationic
amino acid transporters in vivo and again may be affected by
their cellular compartmentalization.

There are at least two possible mechanisms that could
explain the up-regulation of l-arginine transport activity in
the BM. Firstly, there are data from endothelial cells to sug-
gest that limited availability of l-arginine can up-regulate
system y� (42) and amino acid starvation has been reported
to increase CAT-1 mRNA 3-fold in FAO cells (43). Therefore,
increased syncytiotrophoblast eNOS activity or expression
and l-arginine utilization in preeclampsia (5) could directly
up-regulate system y� amino acid transporter activity. Sec-
ondly, preeclampsia has been likened to an inflammatory
response (44), and it is interesting to note that increased
system y� activity, but not system y�L activity, has been
found in lymphocytes stimulated with mitogens to model
infection (45). Both of these possible explanations deserve
further study, as does the mechanism by which the system
y� activity on the BM is up-regulated, whereas that on the
MVM is not. Finally, it is also of interest to note preliminary
data showing that placental microvascular endothelial cells
have reduced system y� activity in preeclampsia (46). This
suggests cell-specific transporter responses to preeclampsia
in the placenta.
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SUMMARY 

Physiological data indicate that both a transcellular and a paracellular pathway 
are available for transfer across the human placenta but the morphological corre- 
late of the latter is uncertain. We measured the permeability of the dually perfused 
human placental cotyledon to the predominantly cationic protein horseradish per- 
oxidase (MW 40 000), to the neutral polymer t4C-dextran (MW 50-70 000) 
and to the extracellular space marker creatinine (MW 113). Following fixation 
and cytochemistry, we used brighifeld microscopy to localize peroxidase reaction 
product within the same tissue. Steady state unidirectional maternofetal clearance 
(Kmf) for the peroxidase (0.90 +_ 0.27/zl/min/g, n = 9) was not significantly 
different from that for 14C-dextran (0.95 +_ 0.07 I~l/min/g, n = 3) suggesting 
that charge does not markedly influence peroxidase permeability. The Kmf for 
creatinine was 13.1 +_ 2.5/~l/min/g (n = 9); these permeability data are similar 
to those reported for the placenta in vivo. Microscopically, peroxidase reaction 
product was localized to the microvillous surface of the syncytiotrophoblast of most 
villi and to the trophoblastic basement membrane and connective tissue cells of the 
villous core in a few villi. The reaction product was also associated with fibrin- 
containing deposits attached to the villous core at sites of discontinuity of the 
syncytial epithelium. The staining pattern within the deposits was consistent 
with a diffusion gradient of the peroxidase. These fibrin-containing deposits at 
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discontinuities in the syncytiotrophoblast may provide one paracellular route for 
peroxidase diffusion from the intervillous space into the villous core. 

I N T R O D U C T I O N  

Physiological data indicate two routes of transfer across the placenta: a transcellular and a 
paracellular pathway (Sibley and Boyd, 1988; Schneider, 1991). The paracellular route is an 
extracellular, water-filled pathway through which hydrophilic solutes diffuse. Evidence for 
this route comes from studies in several species which show that the permeabilities of polar 
non-electrolytes are proportional to their diffusion coefficients in water (.for reviews see 
Sibley and Boyd, 1988; ~tulc, 1989). Studies in women have also shown this proportionality 
for the human placenta (Willis et al, 1986; Thornburg et al, 1988; Bain et al, 1988, 1990). 

Despite this physiological evidence the morphological correlate of the paracellular route 
remains uncertain (see ~tulc, 1989). In the human placenta the two cell layers forming the 
exchange barrier are the fetal endothelium and the syncytiotrophoblast. The former has 
lateral cell membranes forming an intercellular space (Leach and Firth, 1992), which may 
provide the paracellular route across this layer, but the latter is a syncytium with no obvious 
lateral cell membranes (Boyd and Hamilton, 1970). No studies in the human placenta 
simultaneously correlate permeability data with localization of tracers within the tissue. We 
used the dually perfused human placental cotyledon to correlate the maternal to fetal 
permeability of the protein horseradish peroxidase with the cytochemical localization of the 
peroxidase in the villi. We tested the hypothesis that sites of discontinuity in the syncytial 
epithelium provide one route for paracellular diffusion of hydrophilic solutes. 

METHODS 

Perfusion Technique  
Placentae were obtained from uncomplicated term pregnancies as soon as possible after 
vaginal delivery or caesarean section and rapidly transferred to the laboratory on ice. A single 
cotyledon was prepared for dual perfusion as previously described in detail (Schneider, 
Panigel and Dancis, 1972; Lear et al, 1989). Briefly, an intact area on the basal plate was 
selected and a branch of the umbilical artery and of the umbilical vein on the corresponding 
chorionic surface was cannulated. The arterial cannula was flushed with a perfusate of 
Earle's bicarbonate buffer containing 5.6 mM glucose, 0.5 mM dextran 70, MW 70 000- 
80 000 from Sigma plc (Poole, Dorset, UK) and 0.017 mM bovine serum albumin also from 
Sigma. This medium was equilibrated with 95 per cent 02/5 per cent CO2 and the pH 
adjusted to 7.4. The tissue was clamped between two perspex rings and the cotyledon 
transferred to a humidified cabinet maintained at 37~ Perfusion of the fetal circulation for 
15-20 min caused the corresponding area on the basal plate to become blanched allowing 
five polythene cannulae, attached to the maternal perfusion line, to be inserted into the 
appropriate intervillous space. Perfusion flow rates from the pump were 8 ml/min on the fetal 
side and 18 ml/min on the maternal side in initial experiments but were subsequently 
reduced to 6 ml/min and 14 ml/min on fetal and maternal sides respectively. There was no 
significant effect on the clearance data obtained at the two sets of flows but there was an 
improvement in the number of experiments in which 95 per cent recovery ofperfusate was 
obtained. Experiments with less than 95 per cent perfusate recovery were rejected. 
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After 15 min of dual perfusion the protein tracer horseradish peroxidase (Type II; Sigma) 
and creatinine (Aldrich Chemical Company Ltd, Gillingham, Dorset, UK), as a low 
molecular weight extracellular tracer, were added to the maternal reservoir at final concen- 
trations of 2.5 ~M and 4.4 mM, respectively. Perfusion was continued in open circuit for a 
further 40 min with 1 min samples of fetal venous effluent taken every 5 min. Maternal 
perfusion was then stopped and the fetal perfusion was continued at a rate of 2 ml/min for 
30 min with 2 per cent formaldehyde and 2.5 per cent glutaraldehyde in 0.1 M cacodylate 
buffer, pH 7.2. The fixed cotyledon was excised, weighed and multiple 3 mm 3 pieces 
removed and immersed in fixative for a further 1 h before washing three times in 0.2 M 
cacodylate/0.5 M sucrose buffer, pH 7.4. The fixed tissue was stored in this buffer at 4~ 
before further processing for microscopic examination. 

Fixation increases tissue wet weight and as placental permeability data is generally 
normalized to grams unfixed wet weight we used the following protocol to determine the 
unfixed wet weight of the perfused cotyledons in this study. A section of the fixed cotyledon 
and a similarly sized section ofunperfused tissue were weighed and dried to constant weight 
in an oven at 140~ The dried tissues were weighed and the wet weight/dry weight ratio for 
both the fixed and unfixed tissue calculated and used to estimate the total wet weight of the 
fixed tissue prior to fixation. 

In some experiments, oxygen and glucose consumptions by the perfused placentae were 
measured using methods previously described (Lear et al, 1989); glucose in samples was 
assayed using the glucose oxidase method in an automatic analyser. 

In a separate set of experiments 0.063/~Ci/ml of 14C-labelled dextran (molecular weight 
range 50 000-70 000, specific activity 0.81 mCi/g; Amersham Radiochemicals plc, Bucks, 
UK) was used as tracer in the maternal perfusate instead of peroxidase. The protocol 
described above was followed except the tissue was not fixed or processed for microscopy. 

Morphological Investigation 
The morphology of each fixed placenta was studied in two steps. Villous morphology of three 
areas of the perfused cotyledon (near to the chorionic plate, near to the basal plate and 
midway between them) was studied. Initially, several cubes of fixed tissue from the three 
areas were dehydrated, embedded in plastic, sectioned, and examined by brightfield 
microscopy in order to determine whether the morphology of the preparation justified 
further processing. Our criteria for acceptable morphology of the perfused villi were (i) a 
syncytiotrophoblast which had not lifted offthe basement membrane, (ii) rare intracytoplas- 
mic trophoblastic vacuolation and (iii) no signs of swelling or marked oedema. Data from the 
peroxidase perfused placentae not fulfilling these histologic requirements were not included 
in the quantitative analyses presented. If the criteria were met, other tissue specimens were 
further processed for cytochemical localization of the peroxidase. Aldehyde fixed tissue 
blocks were embedded in agar and 150/~m tissue sections were cut with a vibratome, 
incubated at room temperature for 30 min in 0.1M TRIS/HC1 pH 7.4 buffer containing 
0.5 mg/ml diaminobenzidine tetra HC1 (Sigma) and 0.006 per cent H202, washed in 0.1 M 
phosphate buffer and postflxed in 1 per cent phosphate-buffered osmium tetroxide for 2 h on 
ice. Finally the tissue was washed in the 0.1 M phosphate buffer and transferred in this buffer 
from Manchester, UK to St Louis, MO, USA. These specimens were dehydrated in a 
graded series of ethanols, embedded in Epon resin (Electron Microscopy Sciences, 
Warrenton, PA) and 2/~m sections of a minimum of five blocks from each of the three areas of 
the cotyledon sampled were exam. ined in an Olympus BH2 brightfield microscope equipped 
with an Olympus C53AD camera containing Kodacolor Gold 100 film (Eastman Kodak Co., 
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Rochester NY). Unstained sections were examined to localize the brown reaction product 
indicative of the peroxidase and adjacent sections were lightly stained with 1 per cent 
toluidine blue which allowed villous cellular components to be identified. 

Quantitative Analysis and Calculations 
Peroxidase concentrations added to the maternal perfusate and peroxidase concentrations 
present in the fetal vessel effluent were measured spectrophotometrically using the chromo- 
gen 2,2-azino-di-[3-ethyl]-benzthiazoline-6-sulphonic acid (Boehringer Mannheim) as 
previously described (Berhe et al, 1987). Creatinine concentrations in the same samples were 
also measured spectrophotometrically using Sigma Kit No. 555-A. 14C-dextran was 
measured in 0.4 ml aliquots ofperfusate in 4.0 ml scintillation fluid using a Packard 2000CA 
liquid scintillation counter. 

Fetal circulation effluent perfusate concentrations of all three tracers used were less than 
10 per cent compared to maternal perfusate concentrations and so a unidirectional 
maternofetal clearance (Kmf) could be calculated as follows: 

0 [ v ]  • 
Kmf = ~ #l /min/g placenta 

[A] x 

where Iv] is the concentration of tracer in fetal side effluent perfusate. 
[A] is the concentration of tracer in the maternal perfusate reservoir. 
Qis  the fetal side flow rate (/al/min). 
W is the wet weight of the perfused area. 

At steady state KmfiS equivalent to the permeability surface area product (PS) for the tracer in 
question (Sibley and Boyd, 1988). 

Data is presented as the mean + standard error in all cases with n being the number of 
perfused cotyledons. Statistical analysis was by the Student's t-test paired or unpaired as 
appropriate; a difference was considered significant when P < 0.05. 

RESULTS 

Characterizat ion of  the Perfused Cotyledons 
Glucose consumption and oxygen consumption by the perfused cotyledons was 
0.189 + 0.023 pmol/min/g placenta, n = 10, and 0.186 + 0.017 pmol/min/g placenta, 
n = 7, respectively. 

Greater than 95 per cent recovery ofperfusate was obtained from 22 perfused cotyledons 
in the peroxidase permeability study. Nine fulfilled the criteria for histological integrity but 
13 did not. Syncytiotrophoblastic vacuolation similar to that described by Kaufmann (1985) 
was the principal reason for rejection. 

Peroxidase Permeability Measurements 
Figure 1 shows Kmf values for peroxidase plotted against time from its addition to the 
maternal perfusate reservoir. The Kmf for peroxidase rapidly reached steady state as there 
was no significant difference between 5 and 10 rain values. The Kmf for creatinine at 10 min 
was significantly higher than that at 5 min but there was no difference between 10 and 15 min 
values, indicating steady state had been reached (Figure 1). 

The three cotyledons perfused with 14C-dextran were not examined histologically but the 
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Figure 1. Kmfvalues for horseradish peroxidase (n = 9), creatinine (n = 9) and 14C-dextran (n = 3) plotted against 
time from their addition to the maternal perfusate. Data is plotted as mean + s.e. �9 ereatinine; 12], peroxidase; 
T ,  14C-dextran. 

plot of Kmf against time was similar to that for peroxidase (Figure 1). At 40 min there was no 
significant difference between the Kmf values for the two tracers (0.90 + 0.27/~l/min/g for 
peroxidase compared to 0.95 + 0.07/~l/min/g for 14C-dextran). 

P e r o x i d a s e  C y t o c h e m i c a l  L o c a l i z a t i o n  
Brown reaction product localized peroxidase to the microvillous surface of most villi 
(Figure 2), confirming exposure to the maternal perfusate. Peroxidase reaction product was 
also localized to the villous core connective tissue [Figure 2(a),(b)] and the trophoblastic 
basement membrane [Figure 2Co)] of numerous villi. Villous core macrophages exhibited 
abundant peroxidase staining [Figure 2(b)]. Apart from the microvillous border, the 
syncytiotrophoblast cytoplasm and the fetal endothelium did not stain. Peroxidase reaction 
product was frequently associated with the partially epithelialized fibrinoid deposits attached 
to villi at sites of discontinuity in the syncytiotrophoblast [Figure 2(c)-(0]. At low magnifi- 
cation such deposits were frequently highlighted by brown staining [Figure 2(e)]. The 
cytochemical staining suggested a diffusion gradient in many deposits with the most 
peroxidase in the fibrinoid adjacent to the intervillous space, less in the trophoblastic 
basement membrane and least in the core connective tissue [Figure 2(c),(d)]. The tropho- 
blast basement membrane adjacent to the deposits was frequently outlined by brown reaction 
product [Figure 2(0] while the fibrinoid itself was attached to the basement membrane at 
discontinuities in the trophoblast layer on the surface of villi [arrow, Figure 2(0]. 
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There was no difference in the pattern of staining described above in blocks of tissue taken 
from the maternal, centre or chorionic regions of  the placenta. In a control experiment in 
which a cotyledon was perfused as normal but without peroxidase, no staining was seen in the 
placenta; the occasional red blood cell did stain (haemoglobin has peroxidase activity) 
demonstrating that the staining procedure in this experiment had been adequate for showing 
endogenous peroxidase activity in the placenta if it had existed. 

DISCUSSION 

This is the first study of maternal to fetal transfer in the perfused human placental cotyledon 
to combine quantitative measurements of tracer transfer with morphologic localization of the 
same tracer. The data suggest that one paracellular route of transfer for the peroxidase tracer 
studied was through discontinuities in the syncytiotrophoblast layer where fibrin-containing 
fibrinoid deposits were located. 

The conditions we used for perfusion allowed tissue oxygen consumption and glucose 
metabolism to continue within the same range described by others for this in vitro preparation 
(Challier, 1985). The rigorous criteria used to optimize the morphological integrity of the 
specimens used required exclusion of more than half of the peroxidase perfused placental 
specimens. However, this reassured us of the absence of non-specific damage to the cellular 
components comprising the placental barrier for peroxidase transfer. 

The Kmf values (equivalent to PS) for the peroxidase and creatinine tracers used in this 
study are plotted in Figure 3 against diffusion coefficient and are presented with in vivo 
permeability data reported by others for the human placenta. Our data agree well with the in 
vivo data reported by Bain et al (1990) but are lower than the in vivo data of Willis et al (1986) 
and Thornburg et al (1988). Previously reported permeability data for the perfused human 
placental cotyledon (IUsley et al, 1985; Schneider et al, 1985) are closer to the in vivo data of 
the latter groups. Overall, the differences among all of the studies are not large and are likely 
to be due to variations in methodologies. Dual perfusion of the human placenta certainly does 
not lead to the 10-100-fold increase in permeability which is found during perfusion of the 
guinea pig placenta (Hedley & Bradbury, 1980; Berhe et al, 1987). We conclude that 
perfusion of the human placental cotyledon with tracers detectable by the formation of 
peroxidase reaction products provide a viable model to study maternal to fetal paracellular 
transfer quantitatively and morphologically. 

The steady-state Kmf for the peroxidase was very close to the Kmf for the 14C-dextran, 
consistent with diffusion of both tracers through the same paracellular route. The diffusion 
coefficient in water at 37~ for the 14C-dextran used in this study can be estimated (from the 
data of Granath, 1958 and Laurent and Granath, 1967) to be approximately 5 • 10 -7 cm2/ 
sec compared to 8 • 10 -7 cmZ/sec for horseradish peroxidase (Berhe et al, 1987). 

Figure 2. Peroxidase cytochemical localization after perfusion oft.he tracer through the maternal circulation. The 
brown reaction product stained the microviUi of most villi but the staining of villous cores varied from intense 
staining of the connective tissue in some villi to little or no staining in other villi (a). Peroxidase was localized to 
isolated core cells in many villi (a, open arrow) but intense staining of multiple core macrophages was present in a few 
villi Co). The trophoblast basement membrane was often outlined by the peroxidase staining (b, arrows). Four 
fibrinoid deposits, partially epithelialized by trophoblast, are indicated by stars in Figures (c)-(0. The brown staining 
apparent in these deposits often suggested a peroxidase gradient was present within the fibrinoid. The site of 
attachment of the fibrinoid to the trophoblast basement membrane, at a discontinuity in the trophoblast layer, is 
indicated by the arrow in (t). Bars correspond to the following: (a)-(d), 5#m; (e), 10/~m; (t), 2/~m. 
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Figure3. Permeability surface area product (PS) plotted against diffusion coefficient in water at 37~ for a variety of 
tracers. * = data from this in vitro study; �9 = data from the in vivo studies ofBain et al (1990); �9 = data from the in 
vivo studies of Willis et al (1986) and Thornburg et al (1988). Mean _+ s.e. is shown. 

Physiologically, dextrans behave as if they are smaller molecules (i.e. larger diffusion 
coefficient), perhaps because they may unravel when passing through pores (Granger and 
Taylor, 1980). Therefore, the similar gmf values we found for the cationic horseradish 
peroxidase molecule and the neutral dextran molecule suggest that molecular charge is not 
an important determinant of the peroxidase permeability of the human placental villus. This 
is in contrast to the guinea-pig placenta where the Kmf for the cationic horseradish peroxidase 
continually rose with time and was significantly higher than the gmf for an anionic 
horseradish peroxidase isoform which rapidly reached steady state (Berhe et al, 1987). 

The cytochemical studies indicated one route for peroxidase transfer from the maternal to 
the fetal circulations was through discontinuities in the villous syncytiotrophoblast layer 
where fibrinoid was commonly present. Fox (1978) described the histology of these 
hypocellular deposits and called them fibrinoid necrosis. Moe and Jorgensen (1968) 
identified injury to the syncytiotrophoblast layer which contributed to the formation of the 
fibrinoid deposits. We associated these deposits with denudations in the syncytiotrophoblast 
layer and we identified the B beta fibrin II monomer within them, implicating active 
thrombolytic cleavage of fibrinogen during their formation (Nelson et al, 1990). The 
fibrinoid material was deposited on the trophoblast basement membrane and thereby 
provided a direct route from the intervillous space to the villous core. 

We never observed peroxidase reaction product in a fibrinoid deposit attached to a villous 
at a discontinuity in the syncytial trophoblast layer without also observing the peroxidase in 
the villous core. In such deposits, the gradient of peroxidase reaction product staining was 
greatest at the area of the deposit closest to the intervillous space with less intense staining of 
the adjacent villous core connective tissue. Tissue macrophages within the connective tissue 
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Figure4. Villus with a fibrinoid deposit (F) attached at a discontinuity in the ttophoblast. This micrograph illustrates 
the effect plane of section has on the localization ofperoxidase (from the maternal perfusate) after it enters the villous 
core through a fibrinoid deposit. The syncytial trophoblast is cytochemically stained for cytokeratin intermediate 
filaments. The  plane of section through the villus core indicated at 'a', would yield peroxidase staining in the villus 
core and the fibrinoid but no defect in the trophoblast layer would be apparent. A different section through the plane 
indicated by 'b'  would show peroxidase localized to both the fibrinoid and the villus core of an apparently intact villus. 
The fibrinoid with the trophoblast on its surface (star) would appear to be separate from the villus. A section through 
the plane indicated by 'c' would show the defect in the trdphoblast layer where we have previously illustrated the 
fibrin-containing fibrinoid attaches to the trophoblast basement membrane (Nelson et al, 1990). Bar is equivalent to 
5 ~m. 

were often prominently stained by the peroxidase reaction product suggesting that these cells 
may limit the amount of the protein transferred to the fetal circulation. The trophoblast 
basement membrane was strongly stained with peroxidase reaction product suggesting this 
structure also limits peroxidase entry into the villous core. The role of the basement 
membrane underlying renal glomerular cells in filtering proteins is well established (see 
Cotran and Rennke, 1983) and our observations suggest that the trophoblast basement 
membrane could have a similar role in the human placenta. 

We observed sections of villi where peroxidase staining of the trophoblast basement 
membrane or villous core was present but no area of denudation or fibrinoid deposition was 
apparent. This pattern could result from peroxidase transfer through the syncytiotrophoblast 
via other paracellular routes or from peroxidase diffusion under the syncytiotrophoblast or 
through the villous core after entry into an adjacent fibrinoid deposit that was out of the plane 
of section (Figure 4). We found no evidence for any other paracellular route through the 
syncytiotrophoblast with the limited resolution provided by our light microscopic localization 
of the peroxidase. Reaction product was limited to the microvillous border of the syncTtio- 
trophoblast and was not apparent in other areas of the trophoblast cytoplasm. King (1982) 
used ultrastructural peroxidase cytochemistry to study IgG uptake by placental villi in vitro 
and found no specific transfer of horseradish peroxidase in control incubations of villous 
fragments. Leach et al (1990) also used peroxidase cytochemistry to study IgG transfer by the 
perfused placental cotyledon. In control experiments with horseradish peroxidase, they 
found reaction product in vesicles and tubulo-vesicular bodies but only at the apical border of 
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the syncytiotr0phoblast. Therefore ,  these electron microscopic studies provided no evidence 
for a paracellular route for horseradish peroxidase transfer but neither examined the 
possibility of  transfer through the fibrinoid deposits. Moe  and Jorgensen (1968) used serial 
sectioning of  placental tissue to show that fibrinoid deposits apparently free in the intervillous 
space were actually attached to villi at discontinuities in the syncytial trophoblast.  This  
observation, together with the data presented here support  our hypothesis that peroxidase 
diffusion through fibrinoid deposits outside the plane of  section could lead to staining of  the 
villous core. Figure 4 illustrates how plane of  section through a villous with an associated 
fibrinoid deposit could influence the microscopic image observed. 

~tulc (1989) recently modelled the permeability of  the guinea-pig placenta in terms of  an 
infrequent but wide route through the syncytiotrophoblast in series with a more  common but 
narrow route through the fetal capillary endothelium. T h e  fibrinoid deposits at syncytial 
denudations together with the extracellular space provided by the interendothelial cell 
junctions of  fetal capillaries (Leach and Firth, 1992) could provide the morphological 
correlate for this model  in the human  placenta. However,  despite the strong evidence we 
obtained that the fibrinoid deposits at discontinuities in the syncytiotrophoblast form one 
paracellular route through this layer, we cannot yet determine if this is the only route nor can 
we speculate on its importance for fetal nutrition in utero. F u r t h e r  permeabili ty studies 
combining quantitative measurements  with morphological localization of  tracers will be 
necessary to extend our understanding in this regard. 
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Abstract

We investigated the mechanisms of alphafetoprotein (AFP)
transfer across the human placenta by correlating measure-
ments of AFP transfer with cytochemical localization of
AFP. Placental cotyledons were dually perfused in vitro with
either the fetal or maternal perfusate containing umbilical
cord plasma as a source ofAFP. Steady state AFP clearance,
corrected for release of endogenous AFP, was 0.973±0.292
,ul/min per gram in the fetal to maternal direction (n = 10),
signfficantly higher (P < 0.02) than that in the maternal
to fetal direction (n = 5; 0.022+0.013 ,ul/min per gram).
Clearance of a similarly sized protein, horseradish peroxi-
dase was also asymmetric but clearance of the small tracer
creatinine was not. Using a monoclonal antibody, we local-
ized AFP to fibrinoid deposits in regions of villi with discon-
tinuities of the syncytiotrophoblast, to cytotrophoblast cells
in these deposits, to syncytiotrophoblast on some villi, and
to trophoblast cells in the decidua. We conclude that AFP
transfer in the placenta is asymmetric and that there are

two available pathways for AFP transfer: (a) from the fetal
circulation into the villous core and across fibrinoid deposits
at discontinuities in the villous syncytiotrophoblast to enter
the maternal circulation; and (b) AFP present in the de-
cidua could enter vessels that traverse the basal plate. (J.
Clin. Invest. 1995. 96:2220-2226.) Key words: protein
transport * in vitro * placenta * fetus

Introduction

Measurement of the maternal serum alphafetoprotein
(MSAFP)' concentration in the second trimester is a common
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1. Abbreviations used in this paper. AFP, alphafetoprotein; HRP, horse-
radish peroxidase; MSAFP, maternal serum AFP; K, unidirectional
clearance.

component of pregnancy care. Elevated MSAFP levels were
originally used to screen for fetal neural tube defects. However,
recent data indicate that in the absence of fetal anomalies a high
MSAFP concentration in the mid-trimester is associated with
intrauterine growth retardation, preeclampsia, and increased
perinatal mortality ( 1). Increased fetal to maternal transfer of
alphafetoprotein (AFP) across the placenta due to increased
placental permeability is often implicated as an etiology for the
higher MSAFP level where there is no fetal anomaly. However,
this assumption has not been tested directly since the mecha-
nisms involved in AFP transfer in normal pregnancy are un-
known.

There are four anatomical barriers for proteins passing be-
tween the maternal and fetal circulations of the human placenta:
the syncytiotrophoblast which is bathed by maternal blood in
the intervillous space, the trophoblastic and capillary basement
membranes, and the fetal capillary endothelium. Gitlin (2) sug-
gested that placental transfer of APP is by diffusion. Both in
vivo and in vitro studies have shown that the permeability of
the human placenta to inert, hydrophilic tracers is proportional
to their coefficients of free diffusion in water (3-9) showing
that transfer by paracellular diffusion can occur for a molecule
such as AFP. The anatomical correlate for the paracellular route
of diffusion in the human placental villus is controversial since
the syncytiotrophoblast is a true syncytium. However, we re-
ported that discontinuities in the syncytiotrophoblast layer were
present on placental villi from uncomplicated pregnancies and
were associated with fibrin containing fibrinoid deposits (10).
This observation allowed us to identify these discontinuities as
one paracellular route for diffusion of hydrophilic molecules
from the maternal to fetal circulation.

The aim of the present study was to investigate the mecha-
nisms of AFP transfer across placental villi from uncomplicated
pregnancies. We correlated quantitative measurements of AFP
transfer between the fetal and maternal circulations in the dually
perfused human placental cotyledon with cytochemical localiza-
tion of AFP immunoreactivity in sections of perfused tissue.
This also allowed us to test the hypothesis that areas of syncytial
discontinuity on the villous surface provide one route for AFP
transfer between the fetal and maternal circulations.

As the data suggested that AFP clearance in the fetal to
maternal direction is greater than that in the maternal to fetal
direction, we also measured the fetal to maternal clearance of
the similarly sized (molecular radius 3-4 nm) protein horserad-
ish peroxidase (HRP). This allowed comparison to our previous
data on maternal to fetal HRP clearance (9) and determination
of whether the asymmetry in clearances was a phenomenon
affecting all macromolecules.

Methods
This study was approved by the Central Manchester Health Authority
Ethical Committee.
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The placentas from uncomplicated term pregnancies were obtained
after vaginal delivery (n = 16) or cesarean section (n = 9) from women
whose MSAFP concentrations were less than two multiples of the me-
dian when measured during the second trimester. Cotyledons (42.4±4.3
grams; mean±SEM) were perfused by the method of Schneider, Pani-
gel, and Dancis ( 11) as adapted in our laboratory (9). The intervillous
space and the fetal circulation were perfused at a mean rate of 14.1±0.1
and 5.6±0.1 ml/min, respectively; perfusate recovery for both the fetal
and maternal circulations was required to be > 95% of inflow volume
to proceed with the experimental protocol; in the experiments reported
here actual perfusate recovery was not significantly different from 100%.
Perfusate was initially Earle's bicarbonate buffer containing 5.6 mM
glucose, 0.5 mM dextran 70 (mol wt 70-80 kD; Sigma Chemical Co.,
Poole, United Kingdom) and 0.017 mM bovine serum albumin (Sigma
Chemical Co.), equilibrated with 95% 02/5% CO2 attaining a pH of
7.4 after gassing. Perfusion with this standard medium was continued
throughout the experimental period in three preparations. In the other
experiments, a 15-20-min period of dual perfusion with the medium
was followed by ongoing perfusion with fresh medium added to either
the maternal circulation (in experiments where maternal to fetal transfer
was measured) or fetal circulation (in experiments where fetal to mater-
nal transfer was measured). The fresh medium was Earle's bicarbonate
buffer containing 5.6 mM glucose, 4.4 mM creatinine (as a small molec-
ular weight extracellular tracer), and either 20 or 50% (vol/vol) umbili-
cal cord plasma, obtained from other placentas, as a source of AFP.
Perfusion was continued on the donor circulation with the medium
containing AFP in closed circuit for 40-60 min while the acceptor
circulation was perfused with the standard medium without creatinine
or AFP in open circuit. Samples of donor and acceptor circulation
perfusates were taken at 10- and 5-min intervals, respectively. At the
end of the transfer experiment, cotyledons were perfusion fixed through
the fetal circulation with a fixative of 2.0% formaldehyde (wt/vol) and
2.5% glutaraldehyde (vol/vol) in 0.1 M cacodylate buffer at pH 7.2.
The fixed cotyledon was excised, weighed, thinly sliced, immersed in
the same fixative for 1 h, and washed in three changes of 0.1 M cacodyl-
ate buffer with 0.25 M sucrose at pH 7.2. The fixed tissue was washed
in three changes of 0.1 M Tris hydrochloride buffer at pH 7.4 and stored
in this buffer at 4°C until processed for histologic examination.

In some experiments HRP (type II; Sigma Chemical Co.) was added
to the donor side perfusate containing cord plasma, as described above
to a final activity of 17,500 U/liter and in other experiments HRP was
added to the standard medium (i.e., without cord plasma) and perfused
through the donor side; these experiments were then continued as de-
scribed above.

Analysis ofperfusate samples. The AFP concentrations in perfusate
samples were measured by the RIA used for clinical samples at St.
Mary's Hospital (12). This RIA uses a well characterized antibody
which is unreactive with other serum proteins; the assay has a sensitivity
of 5 ng/ml and a coefficient of variation of < 10% at the analyte ranges
used. Because blood is incompletely removed from the fetal circulation
of perfused cotyledons (13), there was release of AFP endogenous to
the tissue. We measured this endogenous AFP output into the fetal and
maternal perfusates in the three preparations dually perfused with the
Earle's salt solution without added cord plasma. These data were used
to correct for release of endogenous AFP in experiments where AFP
was added to one of the perfusates, as detailed further in Results.

HRP was assayed as previously described (9, 14). During the course
of this study we found that effluent perfusate contained endogenous
peroxidase activity, most likely due to hemoglobin in the samples. How-
ever, in the absence of added HRP, the absorbance of perfusate samples
at 414 nm (a wavelength at which HRP at the concentrations used here
does not absorb) was linearly correlated (r2 = 0.99) with the endoge-
nous peroxidase activity. Therefore, in experiments with added HRP,
measurement of absorbance of perfusate effluent samples at 414 nm,
together with the standard curve (endogenous peroxidase activity versus
absorbance at 414 nm), allowed us to correct data for endogenous
peroxidase activity. In our previous study of maternal to fetal transfer
of HRP (9) we had not been aware of the endogenous peroxidase
activity so the clearances reported are therefore an overestimate of the

true maternal to fetal HRP clearance. However, we had stored frozen
all the samples from that study so that we were able to reanalyze them
and correct for the endogenous peroxidase activity.

Creatinine concentrations were measured using Sigma Kit No. 555-
A (Sigma Chemical Co.). Transfer of AFP, HRP, and creatinine was
calculated in terms of unidirectional clearance (K):

K = ([acceptor side].Q)/((donor side]-W) p1l/min per gram placenta

where Q is the measured flow rate in the acceptor circulation and W is
the wet weight of the perfused cotyledon before fixation (9, 15).

Data are mean±SEM. The Student's t test for paired or unpaired
data as appropriate was used for statistical analysis of normally distrib-
uted data. The Mann Whitney U test was used for analysis of data which
was not normally distributed. A probability of P < 0.05 was accepted
as significant.

Morphological investigations. The histologic evaluation of perfused
tissues was effected in two steps. The perfused tissue was examined
initially to verify the absence of tissue damage. Villous tissue was diced
into fragments about 2-3 mm3 in size, dehydrated in alcohol, cleared
in propylene oxide, and infiltrated in a propylene oxide/resin mixture
before embedding in Taab epoxy resin (Taab Laboratories Equipment
Ltd., Aldermaston, United Kingdom with polymerization at 600C for
72 h. Sections 0.5-Am thick were cut on a ultramicrotome (OMUHI;
Reichert Scientific Instruments, Buffalo, NY), mounted on glass slides,
and stained with 1% toluidine blue in 1% borax. Three blocks were
examined from each of the upper, middle, and basal areas of the perfused
cotyledons. Only those specimens showing minimal trophoblast vacuo-
lation and little artefactual disruption of the syncytiotrophoblast were
further processed. Clearance data from the tissue rejected by these crite-
ria were not included in the final analysis.

Tissues fulfilling the above morphological criteria were further pro-
cessed for cytochemical localization of AFP. 5-jsm sections of paraffin
embedded specimens were dewaxed in an organic solvent (Americlear;
American Scientific, McGaw Park, IL) and absolute ethanol, and endog-
enous peroxidase was quenched by immersion in 0.6% (vol/vol) metha-
nolic peroxide solution for 30 min. Slides were rehydrated in graded
ethanols and distilled water and placed in PBS at pH 7.4 for 10 min.
A monoclonal antibody to AFP (Clone AFP 1; Serotec Ltd., Kidlington,
United Kingdom) was diluted 1:1,000 (vol/vol) with PBS and applied
to sections for incubation in moisture chambers for 18 h at 40C. Slides
were developed using the avidin-biotin-peroxidase complex method
(16). A chromogenic precipitate was obtained by immersing sections
in 3,3 '-diaminobenzidine tetrahydrochloride (0.25 mg/ml with 0.003%
hydrogen peroxide; Sigma Chemical Co.) for up to 10 min and the
reaction product was enhanced by brief exposure to 0.125% osmium
tetroxide. Slides were counterstained in Harris' hematoxylin, dehy-
drated, and coverslipped in a synthetic mounting medium.

Negative controls were placental sections processed identically ex-
cept with substitution of anti-AFP antiserum by either nonimmune
mouse ascites fluid (as a protein-rich source) or McCoy's solution.
Staining sections of a human yolk sac germ cell tumor known to express
AFP immunoreactivity provided a positive control. Duplicate sets of
placental sections from each experiment were compared to these positive
and negative control slides by an observer blinded to the treatment
conditions. The presence or absence of AFP immunoreactivity was sys-
tematically evaluated in the syncytiotrophoblast, the endothelium and
connective tissue of the villous core, the fibrin containing fibrinoid
deposits, and the decidua, when the plane of section happened to include
this area of the cotyledon.

Results

General. 17 of 27 preparations used in clearance experiments
which fulfilled our perfusate recovery criteria also fulfilled our
morphological criteria. 5 of the 17 were used to study maternal
to fetal AFP clearances and one was used to measure maternal
to fetal HRP clearance. Of the remaining 11, 10 were used to
study fetal to maternal AFP clearances, six of which were also
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Figure 1. Endogenous AFP output. Cotyledons were perfused with
Earle's bicarbonate buffer containing 5.6 mM glucose, 0.5 mM dextran
70, and 0.017 mM BSA. AFP in maternal (A) and fetal (n) perfusates
was measured by RIA and calculated as a percentage of that in the
perfusate at time 0 (i.e., 15-20 min after the start of dual perfusion).
Mean±SEM, n = 3.

used to study fetal to maternal HRP clearances, and one experi-
ment was used to study fetal to maternal HRP clearance alone.
Creatinine clearances were measured simultaneously with those
of AFP.

After correction for tubing pressure, mean inflow pressure

at 40 min was 38±6 mmHg on the maternal side and 46±5
mmHg on the fetal side.

AFP, HRP, and creatinine clearances. Blood present in the
perfused cotyledons is incompletely removed (14), and thus,
we noted a continuous elution of AFP into the perfusates
throughout the perfusion time period studied when cord plasma
was not added to the perfusion medium. This release of endoge-
nous AFP is shown in Fig. 1, where AFP concentrations in
perfusate samples are illustrated as a percentage of the AFP
concentration in the perfusate measured at time zero (i.e., 15-
20 min after establishing dual perfusion of the fetal vasculature
and maternal intervillous space). Endogenous AFP release into
the fetal circulation was relatively constant over the time course

of the experiments whereas endogenous AFP release from the
maternal circulation slowly decreased. In each experiment
where AFP was to be added to either the maternal or fetal
perfusate, we measured the AFP concentration in the time zero

sample obtained before perfusion with the medium containing
cord plasma. This AFP concentration in the time zero perfusate
and the data shown in Fig. 1 was used to estimate the contribu-
tion of endogenous AFP to total AFP measured in each acceptor
circulation sample subsequently collected.

Clearance data for AFP are illustrated without correction
for endogenous AFP release in Fig. 2 a and with correction for
endogenous AFP release in Fig. 2 b. Donor and acceptor side
perfusate AFP concentrations at steady state (40 min; see be-
low) in experiments where fetal to maternal clearance was mea-

sured were 59.6±7.1 and 0.048±0.021 yg/ml, respectively,
and, in experiments where maternal to fetal clearance was mea-

sured, 65.1±9.1 and 0.085±0.045 pug/ml, respectively. Fetal to
maternal clearance increased significantly (P < 0.05, paired t
test) over the first 25 min and then reached a steady state; the
steady state clearance, K, at 40 min was 0.973±0.292 ,ul/min

1.5 b
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Figure 2. AFP clearance uncorrected (a) for release of endogenous
AFP into the perfusate and corrected (b) for endogenous AFP release.
Cotyledons were initially perfused with Earle's bicarbonate buffer con-

taining 5.6 mM glucose, 0.5 mM dextran 70, and 0.017 mM BSA. After
15-20 min of dual perfusion Earle's bicarbonate buffer containing 5.6
mM glucose, 4.4 mM creatinine, and either 20 or 50% (vol/vol) umbili-
cal cord plasma was perfused through the maternal circulation (in exper-

iments where maternal to fetal clearance was measured; *) or through
the fetal circulation (in experiments where fetal to maternal clearance
was measured; ,) while the standard perfusate without cord plasma was
maintained through the opposite circulation. AFP was measured in timed
samples using an RIA and clearance calculated. Mean±SEM; n = 5 for
maternal-fetal clearance and n = 10 for fetal-maternal clearance; * P
< 0.02 vs maternal-fetal clearance (Mann Whitney U test).

per gram placenta when corrected for endogenous AFP. In con-

trast, maternal to fetal AFP clearance showed minimal change
over the time course studied. When corrected for endogenous
AFP, maternal to fetal AFP clearance (K = 0.022±0.013 ,ul/
min per gram placenta) was not significantly different from zero

(Fig. 2 b). Fetal to maternal AFP clearance was significantly (P
< 0.02, Mann-Whitney U test) higher than maternal to fetal
AFP clearance at steady state (40 min) whether or not the
correction for endogenous AFP was made (Fig. 2).

Fetal to maternal HRP clearance, corrected for endogenous
peroxidase activity, was very similar to that for AFP in this
direction and, at steady state (40 min) was 0.783±0.232 ,u/
min per gram placenta (n = 7). For comparison we reanalyzed
samples from our previous study of maternal to fetal clearance
of HRP (9), so that endogenous peroxidase activity was cor-

rected for and added to these values data from one further
measurement of maternal to fetal HRP clearance, carried out as

part of the present study to ensure reproducibility. The maternal
to fetal HRP clearance calculated from these data was similar
to that for AFP in the same direction; at 40 min the mean

maternal to fetal HRP clearance was 0.103±0.056 [I/min per

2222 Brownbill et al.

125 -

CL
U- -100 -
<0
0 11

° 75 -0
._S.-050

0
r- 50 -

25 -

150 7

JL



040

30

2
130

0

01.0

Figure 3. Creatinine clearance. C
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Immunocytochemistry. M
peroxidase cytochemistry to
sections of villous tissue froi
munoreactivity was observe
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tissue cells, the trophoblast and capillary basement membranes,
and the fetal vessel endothelium showed no specific immunore-
activity for AFP (Fig. 4 F). The lumina of fetal vessels occa-
sionally contained peroxidase reaction product, either secondary
to endogenous AFP or to incompletely quenched peroxidase
activity of red blood cell hemoglobin.

Discussion

l lI l± This study is the first to directly investigate mechanisms of
AFP transfer across the human placenta from uncomplicated
pregnancies. The AFP clearance data show that the rate of AFP
transfer from the fetal to the maternal circulation across the
placental villus is faster than the AFP transfer rate from the

20 30 40 50 maternal to fetal circulation. This asymmetric clearance of AFP
contrasts with the clearance of the small hydrophilic molecule

Time (min) creatinine which was bidirectional and symmetrical. The cyto-

otyledons were initially perfused with chemical findings indicate that at least two anatomical pathways
ning 5.6 mM glucose, 0.5 mM dextran associated with the placenta are available for AFP entry into
5-20 minutes of dual perfusion Earle's the maternal circulation: the AFP leaving fetal vessels can pass
5 mM glucose, 4.4 mM creatinine, and through the villous core and across the fibrinoid deposits at sites
lical cord plasma was perfused through of discontinuity of the syncytiotrophoblast to enter the maternal
riments where maternal to fetal clear- circulation without passing through the cytoplasm of the syncyt-
gh the fetal circulation (in experiments iotrophoblast; the AFP present in the decidua basalis can access
e was measured; A) while the standard the maternal circulation by entering the vessels that traverse the
{as maintained through the opposite basal plate.
ured using a calorimetric assay and The clearance across the placenta due to paracellular diffu-
M; n = 5 for maternal-fetal clearance sion of an inert, hydrophilic, nonelectrolyte solute that is not
learance. limited by flow should be symmetrical (15). Creatinine is a

tracer with the listed characteristics and creatinine clearance in
this study was symmetrical. In contrast, the clearance of AFP

ificantly (P < 0.05; Mann Whitney was asymmetrical and predominantly unidirectional from fetal
CP in the fetal to maternal direction. to maternal circulations. The need to correct the clearance data
e significantly (paired t test) over for the endogenous AFP release may mask a small amount of
ntal perfusion and then reached a AFP transfer from maternal to fetal circulations and yet, what-
ntrast to AFP and HRP, there was ever the error in actual values, AFP clearance remains signifi-
r the maternal to fetal creatinine cantly higher for transfer from the fetal to maternal circulation,
min per gram placenta) compared compared to the transfer from the maternal to fetal compart-
inine clearance (K = 24.9±6.1 piL/ ment.

The asymmetrical clearance of AFP suggests that a more
le used a monoclonal antibody and complex mechanism exists for transfer of this protein than para-
localize AFP immunoreactivity in cellular diffusion. The most likely explanation for the asymme-
m the perfused cotyledons. No im- try is that the fetal to maternal clearance of AFP was higher
d in negative control sections of than predicted by a paracellular diffusion model because there
nouse ascites fluid, rich in proteins, was bulk flow of perfusate containing AFP from the fetal to the
substituted for the AFP antibody maternal circulation. The data showing that the clearance of
ttern of immunoreactivity for AFP HRP, a protein not normally handled by the placenta, is also
s in positive control sections of a asymmetric is consistent with this bulk flow hypothesis. A fetal
n to express AFP (Fig. 4 B). The to maternal hydrostatic pressure gradient would drive such bulk
nmunoreactive AFP was identical flow across the placental villous exchange area. Schneider and
with or without medium containing colleagues (17) have previously demonstrated this in experi-
AFP, although specimens perfused ments where, using the perfused human placental cotyledon,
ord serum did tend to have more increases in fetal venous pressure were shown to significantly
rix components of the fibrin-con- increase fetal to maternal clearance of a 70,000 MW dextran,
1 plate. Specific AFP immunoreac- but not that of their small extracellular tracer, L-glucose. Al-
ophoblast cells associated with fi- though direct measurement of hydrostatic pressures at the level
and in the decidua (Fig. 4, D and of exchange was not possible, the fetal arterial perfusion pres-
al plate of the perfused cotyledon sures were higher than those in the maternal intervillous space
ie tissue section. The AFP immuno- in our experiments. We calculate that only 0.054 ml/min of
ocalized to noncellular components perfusate would need to be filtered from the fetal to maternal
fibrinoid deposits (Fig. 4 F) and to direction to explain the asymmetry in AFP clearances, if we
)me, but not all, placental villi (Fig. assume negligible paracellular diffusion. Unfortunately, this ad-
*e matrix and associated connective ditional volume is too small to measure in our system, with our
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maternal perfusion inflow rate of 14.1 ml/min. Umbilical ve- cifically associate, may allow detection of AFP in this matrix
nous pressure is significantly higher than intervillous space pres- but not other matrices such as the villous core or basement
sure in vitro (18) suggesting that there is a fetal to maternal membrane.
hydrostatic pressure gradient which could drive bulk flow across An unexpected cytochemical finding suggests a second route
the placenta in situ. Stulc and Stulcova (19) provided direct for AFP entry into the maternal circulation in vivo. The AFP
evidence for fetal to maternal bulk flow in vivo across the rat localized within the decidua would have access to the maternal
placenta. Bulk flow would not affect creatinine clearance, or circulation if this protein molecule can cross into arteries or
that of other extracellular tracers of similar size such as L- veins that traverse the basal plate. The immunoreactive AFP in
glucose, across the human placenta because of the much higher the cytoplasm of trophoblast cells in the decidua could reflect
rate of paracellular diffusion for these small molecules. Trans- either synthesis or endocytosis of the protein. Synthesis of
cytosis in the fetal to maternal direction across the trophoblast alphafetoprotein is predominantly by yolk sac and liver during
layer offers an additional explanation for the higher fetal to fetal development (2), but Furth and Adinolfi (21) reported
maternal AFP clearance, but the immunolocalization of the AFP some AFP synthesis by placental tissue in vitro. Alternatively,
largely to the apical cytoplasm of the syncytiotrophoblast does the cytoplasmic immunoreactivity may relate to trophoblast en-
not suggest, but does not exclude, this route. docytosis of the AFP molecule, as described for other fetal cells

Fibrin containing fibrinoid deposits occur at discontinuities (22). Understanding whether the trophoblast either produces
in the syncytiotrophoblast as a common histologic feature of or endocytoses AFP is of particular interest in light of recent
villi from term human placentas (10, 20). The AFP immunore- data associating low maternal serum AFP levels with pregnan-
activity identified cytochemically in some, but not all, of the cies complicated with trisomic fetuses (23). The mere presence
deposits in sections of perfused tissue indicate that one available of AFP in the basal plate provides a source for maternal serum
route for paracellular transfer of AFP between the fetal and AFP elevations associated with placenta accreta (24), a patho-
maternal circulations is through the syncytiotrophoblast layer logical pregnancy condition associated with abnormal basal
at the discontinuities in the syncytium. The AFP immunoreac- plate anatomy.
tivity of cytotrophoblast in these deposits suggests that AFP The assumption that AFP passes from the fetal to maternal
uptake, if not synthesis, occurs in these cells and such uptake compartments via the amnion or the placenta is implicit in
might modify measured AFP clearance to a small degree. Many correlating AFP levels with clinical conditions in normal and
deposits did not exhibit immunoreactivity for AFP and no im- abnormal pregnancies (1). The mechanism for elevated mater-
munoreactivity for AFP was identified in capillary endothelium, nal serum AFP concentrations when abnormal fetal anatomy is
villous core connective tissue, or the basement membranes of present is well described, as this serum protein passes from the
trophoblast or capillaries. This contrasts with our study of ma- fetal circulation across surfaces without skin to enter amniotic
ternal to fetal clearance of horseradish peroxidase, a protein of fluid and ultimately the maternal circulation. However, the spe-
similar molecular weight to AFP, in the perfused cotyledon cific mechanisms for AFP transfer in pregnancies without anom-
model. Cytochemical localization of peroxidase in sections of alies have not been delineated. In such pregnancies elevated
perfused tissues included not only the fibrinoid deposits but also mid-trimester AFP concentrations have been associated with
the trophoblastic basement membrane and villous core macro- increased placental volume, abnormal basal plate anatomy,
phages (9). We are therefore uncertain how AFP exiting the chronic villitis, and placental infarction at term (24-26). Our
fetal circulation gains access to the fibrinoid deposits on the evaluation of AFP transfer in perfused human placental cotyle-
villous surface. The ability to detect AFP cytochemically is dons from uncomplicated pregnancy not only indicates that the
limited by the number of AFP molecules per unit area of tissue AFP can cross the placental villus, but also offers microscopic
section and the affinity of the monoclonal antibody for its AFP mechanisms to explain why enhanced AFP transfer occurs in
antigen, among other factors. Fibrinoid contains fibrin and many the presence of gross abnormalities of the placenta. We suggest
other serum proteins to which AFP molecules, perhaps nonspe- that the elevated MSAFP levels in some high risk pregnancies

Figure 4. Localization of AFP in sections of perfused placenta. C, D, and E are from specimens perfused without exogenous AFP in the perfusates
while A, F, G, and H are from specimens with exogenous AFP added to a perfusate. A monoclonal antibody to AFP and the avidin-biotin-peroxidase
technique were used to identify AFP immunoreactivity in tissues. (A) Negative control section of a placental villus processed for cytochemistry
but with substitution of nonimmune mouse ascites tumor fluid, rich in proteins, for the specific monoclonal anti-AFP antibody. No background
brown staining is present in the fibrinoid deposit (f ) located on the villous surface at the discontinuity (arrow) in the syncytiotrophoblast layer.
(B) Positive control section from a yolk sac germ cell tumor showing nests of cells with brown staining indicative of specific AFP immunoreactivity.
(C) Brown staining localizes AFP immunoreactivity to cytotrophoblasts enmeshed in a fibrinoid deposit (f ) and to syncytiotrophoblast on an
adjacent villus (arrow). The villous core shows no immunoreactivity. (D) AFP immunoreactivity is apparent as brown staining of trophoblast cells
present in this section of the decidua from the basal plate area of a cotyledon perfused without exogenous AFP in the perfusate. An adjacent section
to the one shown in D, is illustrated at higher magnification in E and shows two of the trophoblast cells with AFP immunoreactivity in the decidua.
(F and G) Lower (F) and higher (G) magnifications of sections of villi previously exposed to fetal perfusate containing AFP. Three fibrinoid
deposits (arrows) are present in F with AFP immunoreactivity localized in two of them (closed arrows) and one showing no brown staining (open
arrow). The largest fibrinoid deposit bracketed by arrows in the center of F is located at a junction of two villi where there is a discontinuity in
the surface layer of syncytiotrophoblast. The villous core connective tissue and fetal vessels do not show specific AFP immunoreactivity. A higher
magnification (G) of a fibrinoid deposit attached to a villus at a discontinuity in the syncytiotrophoblast layer shows the matrix of the deposit is
immunoreactive for AFP and an adjacent villus also has syncytiotrophoblast (open arrow) that is immunoreactive for AFP. The villous core shows
no specific immunoreactivity. (H) A villus with cytoplasmic immunoreactivity in the syncytiotrophoblast shows more staining in the apical cytoplasm
adjacent to the microvillous border (small arrow) compared to the basal cytoplasm (arrowhead) adjacent to the villous core. A-C, and G X 1,520;
D and F x600; E and H x3,800.
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may reflect increased damage to the syncytiotrophoblast of pla-
cental villi or abnormal disruption of vessels passing through
the basal plate. An increased number of discontinuities in the
syncytiotrophoblast would provide more surface area for fetal
to maternal AFP passage by either diffusion or filtration, and
ultimately higher maternal serum AFP concentration. The AFP
molecules in the decidua would have increased access to the
maternal circulation if the basal plate anatomy were disrupted,
especially if vessels passing through the area were involved.
The extent to which irreparable damage to trophoblast or basal
plate occurs would determine which pregnancies with elevated
mid-trimester AFP levels result in poor pregnancy outcome,
including perinatal loss, preeclampsia, or intrauterine growth
abnormalities. The capacity of the human placenta to repair
itself would explain why most pregnancies with elevated mid-
trimester AFP concentrations proceed to normal outcomes.

In summary our data show, firstly, that there is asymmetric
clearance of AFP across the perfused human placental cotyle-
don; such asymmetric transfer would be exaggerated in vivo by
the considerably higher concentration of AFP in fetal as com-
pared to maternal plasma (2). Secondly, one available route of
AFP transfer across the syncytiotrophoblast is across areas of
syncytial discontinuity in the villous surface. Finally our data
suggest that trophoblasts can alter AFP production and metabo-
lism either by synthesizing or endocytozing this protein.
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Brownbill, P., D. Mahendran, D. Owen, P. Swanson,
K. L. Thornburg, D. M. Nelson, and C. P. Sibley. Denuda-
tions as paracellular routes for alphafetoprotein and creati-
nine across the human syncytiotrophoblast. Am. J. Physiol.
Regulatory Integrative Comp. Physiol. 278: R677–R683,
2000.—We tested two hypotheses: 1) that fibrin-containing
fibrinoid-filled denudations of the syncytiotrophoblast may
provide a route for paracellular diffusion and 2) that placen-
tas from women who had elevated maternal serum alphafeto-
protein (MSAFP) in midgestation had raised permeability to
AFP and greater denudation than in normal pregnancy. We
measured AFP and creatinine clearance across term placen-
tal cotyledons from the above groups and used light micro-
scope morphometric analysis to determine the volume den-
sity of fibrin-containing fibrinoid deposits. There was no
significant difference between the two groups in terms of AFP
and creatinine clearance or volume density of fibrin-contain-
ing fibrinoid deposits. The combined data showed a signifi-
cant (P , 0.05) positive correlation between creatinine
clearance, but not AFP clearance, and volume density of
fibrin-containing fibrinoid. We conclude that syncytiotropho-
blast denudations, with associated fibrinoid, do provide a
route for diffusion of small hydrophilic solutes, but that other
anatomic features of the placenta are rate limiting for trans-
fer of AFP and similarly sized molecules.

maternal serum alphafetoprotein; placenta; fibrin-containing
fibrinoid

HYDROPHILIC SOLUTES, of sizes up to that of circulating
proteins such as alphafetoprotein (AFP; molecular mass
60 kDa), may diffuse across the placenta by way of
paracellular routes (1, 2, 11, 28, 30). This paracellular
diffusion makes a quantitatively important contribu-
tion to unidirectional transfer across the human pla-
centa (8, 25).

The exchange barrier of the human placenta in the
last two-thirds of pregnancy has two cell layers, the
syncytiotrophoblast and the fetal capillary endothe-
lium. The latter is a typical continuous endothelium;
the cells are separated by lateral intercellular spaces

through which hydrophilic solutes may diffuse, al-
though for molecules of the size of AFP such diffusion is
likely to be restricted (10). By contrast, the syncytiotro-
phoblast is a true syncytium, without obvious lateral
intercellular spaces. This has led to controversy regard-
ing the anatomic nature of the paracellular routes
across the syncytiotrophoblast. However, we have previ-
ously provided evidence that one such route could,
potentially, be formed by areas of syncytial denudation,
where fibrin-type fibrinoid is deposited (5, 11).

AFP is the major circulating protein of the fetus, with
concentrations in fetal plasma up to 104 times those in
maternal plasma (27). Maternal serum AFP (MSAFP)
is measured clinically as a screen for fetal anomalies
such as open neural tube defect, where the MSAFP is
elevated above normal. However, a small number of
pregnancies have elevated midtrimester MSAFP levels
in the absence of fetal malformation (21, 27). These
women have an increased risk of poor pregnancy out-
comes such as low birth weight (27). The elevated
MSAFP levels are postulated to arise from an increase
in the permeability of the placenta to AFP (3, 21).

In this study, we measured the clearance of AFP and
creatinine (a small, 113-Da hydrophilic solute) across
the in vitro-perfused human placental cotyledon and then
quantified syncytiotrophoblast-associated fibrinoid depos-
its by morphometric analysis of the same cotyledons. The
aim was to evaluate the relationship between maternofetal
transfer of these solutes and the number of syncytial
denudations containing fibrin-type fibrinoid. We tested
three hypotheses: 1) the permeability to hydrophilic sol-
utes (AFP and creatinine) of cotyledons from women who
had elevated midtrimester AFP would be higher than
those from women with normal midtrimester AFP levels,
2) the number of fibrin-containing fibrinoid deposits in the
cotyledons from the former group would be higher than
that in the cotyledons from the latter group, and 3) the
permeability of the cotyledons toAFP and creatinine would
be correlated with the number of fibrin-containing fibri-
noid deposits.

MATERIALS AND METHODS

This study was approved by the Central Manchester
Healthcare Trust Ethical Committee. Patients in the raised
AFP group were identified at between 14 and 19 wk gestation
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and recruited for collection of their placentas at the time of
delivery. Placentas were collected at term delivery from two
groups of women: one group had normal MSAFP [,2.0
multiples of the median (MOM)] and the other group were
those who had raised MSAFP (.2.0 MOM) when measured in
midtrimester.

Perfusion. Placental cotyledons were selected for perfusion
on the basis of the integrity of the decidual plate, which
increased the probability that fetal venous perfusate recovery
would be high. The method of perfusion was that described by
Schneider et al. (22) as adapted in our laboratory (5, 11).
Perfusion pumps were set to deliver perfusate to the mater-
nal intervillous space and fetal-side circulation at rates of
14.0 and 6.0 ml/min, respectively. The initial perfusate in
each circulation was Earle’s bicarbonate buffer containing (in
mM) 5.6 glucose, 0.5 dextran 70 (average molecular mass
60–90 kDa; Sigma Aldrich Chemical, Poole, UK), and 0.017
bovine serum albumin (Sigma Aldrich Chemical), equili-
brated with 95% O2-5% CO2, pH of 7.4. After equilibration, the
fetal-side circulation was replaced with perfusate without
albumin and dextran, but containing 50 mg/dl creatinine
(Sigma Aldrich Chemical) and 20% (vol/vol) pooled fetal
plasma as a source of AFP, as described previously (5). Our
acceptance criterion of fetal-side venous return flow being
.95% of the input flow was enforced throughout the whole of
each perfusion. Perfusion continued for 1 h, with the fetal-
side circulation in closed circuit and the maternal-side circu-
lation in open circuit. Samples of fetal reservoir and maternal-
side outflow perfusate samples were taken at 10- and 5-min
intervals, respectively.

Finally, cotyledons were perfusion fixed for 30 min on the
fetal side without a break in flow with a modified Karnovsky
fixative (14), excised, and weighed. Subsequent tissue process-
ing was as previously described (5), with a vertical cross
section of the entire cotyledon obtained for paraffin embed-
ding.

Analysis of perfusate samples. The AFP concentrations in
the perfusate samples were measured by the RIA technique
used for clinical samples at St. Mary’s Hospital (16). This RIA
uses a well-characterized antibody that is unreactive with
other serum proteins; the assay has a sensitivity of 2 ng/ml
and a coefficient of variation of ,10% at the analyte ranges
used. Because blood was incompletely removed from the
maternal circulation of the tissue, there was a release of AFP
endogenous to the tissue. In a separate study, endogenous
AFP output was measured in six placentas over a time course
of 40 min. A linear correlation was found to exist between the
time zero AFP concentration and the differential in AFP
output between zero and 40 min (r2 5 0.997, Fig. 1), and this
relationship was used to calculate the endogenous component
of AFP output at 40 min in samples from the experimental
cotyledons. A correction to the raw data was then made by
deducting this hypothetical endogenous value from the mea-
sured total AFP concentration for each cotyledon. This correc-
tion assumed that in the first minute of experimental time,
there was negligible transfer of exogenous AFP from the fetal
to the maternal circulation. There were no significant differ-
ences between the two groups of placentas in terms of
absolute calculated endogenous AFP output or in endogenous
output as a percent of total AFP in the perfusate samples
(data not shown). Creatinine concentrations were measured
using a diagnostic kit (Sigma Aldrich Chemical). Transfer of
AFP and creatinine was calculated in terms of unidirectional
fetomaternal clearance (Kf=m) (23)

Kf=m 5 [(maternal side) ·Q)/[(fetal side) ·W)

µl ·min21 ·g placenta21

where Q is the measured flow rate in the maternal circulation
and W is the wet weight of the perfused cotyledon corrected to
the prefixation value (11).

Tissue processing and morphometry. Tissue specimens in
plastic cassettes were stored in buffer and sent by express
mail to St. Louis, where they were embedded in paraffin.
Five-micrometer sections were processed for hematoxylin
and eosin staining and for peroxidase cytochemistry to local-
ize fibrin, as previously described (17). The tissue was sampled
as an entire cross section in the vertical plane. A marking pen
outlined a 10% perimeter around each section to avoid the
chorionic and basal plates and to exclude the artifactual edge
staining that sometimes occurs with cytochemistry. The
tissue section was further divided into six equal units, and
four micrographs were obtained randomly from each unit (24
micrographs total per section) by an observer blinded to the
clinical history and using an Olympus BH2 bright field
microscope (Olympus, New Hyde Park, NY), a 340 objective,
and Kodacolor Gold 100 film (Eastman Kodak, Rochester,
NY). A calibration grid was photographed with each micro-
graph set to verify final print magnifications (3625) among
micrographs from different placentas.

Figure 2 outlines the sampling cascade used in our analy-
sis. The principles of the morphometric techniques used were
as described by Elias and Hyde (12). Surface and volume
density estimations were carried out in a manner similar to
that described in previous placental studies (6) and involved
the superimposition of a grid of fine, regular, horizontal
straight lines onto the micrograph. Lines were 1 cm in length,
equivalent to 16 µm at full scale, with 1 cm spacing. This
provided 70 systematic sampling intersects and 140 points
per micrograph for analysis. All morphometric features were
recorded manually. Variability of measurement was mini-
mized by use of systematic scoring, which satisfied the
requirement for random sampling, and all classified objects
had an equal opportunity of being represented in the micro-
graph, as defined by the Nyquist criteria (29). The grid
intersects occurred at a density that did not exceed twice the
density of the smallest classified feature.

Statistical analysis. Data are presented as means 6 SE or
median with range, depending on whether they were nor-
mally distributed. Comparisons were made between groups
using the unpaired Student’s t-test or the Mann-Whitney U
test, taking P , 0.05 as denoting a significant difference.
Correlations between variables were made by linear regres-
sion analysis. To estimate the accuracy of our representation
of fibrin volume densities within cotyledons from women who

Fig. 1. Difference in endogenous alphafetoprotein (AFP) concentra-
tion in maternal-side output perfusate between time 0 and at 40 min
(D[AFP]t50, t540) plotted against absolute maternal-side perfusate
AFP concentration at time 0 ([AFP]t50). Data obtained from 6
placentas; linear regression line (r2 5 0.997, P , 0.001) is shown.
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had normal and raised MSAFP, a statistical analysis was
performed to monitor how closely sample size approached an
acceptable variance, by calculating variance from a running
mean (9). This statistical approach considered how incremen-
tal increases in the number of observations during the course
of the study affected the percentage variance from the previ-
ous summated average of the studied morphological feature
in the group. An acceptable number of observations was
achieved when subsequent increments in n consistently
produced a variability that fell within 5% of the previous
mean. A comparison of variance in fibrin volume density was
made with volume density of trophoblast as a reference
feature.

RESULTS

General features of studied pregnancies and perfused
placentas. Nine placentas were studied in each of the
normal and raised AFP groups. Clinical details of the
women who delivered the placentas are shown in Table
1. Other than midtrimester MSAFP levels, there were
no significant differences between the two groups.

The perfused cotyledons weighed 38.0 6 9.9 and
38.6 6 6.3 g (normal and raised MSAFP groups,
respectively, means 6 SE, n 5 9 for both groups).
Actual perfusion rates through the intervillous space
and fetal-side circulation were 14.1 6 0.1 and 6.1 6 0.1
ml/min (means 6 SE), respectively, in the normal
MSAFP group and 14.1 6 0.1 and 6.0 6 0.1 ml/min
(means 6 SE), respectively, in the raised MSAFP
group. Fetal-side arterial hydrostatic perfusion pres-
sures were 37 6 5 and 36 6 7 mmHg (means 6 SE) for
the normal and raised MSAFP groups, respectively,
and were not significantly different from each other
(P 5 0.84). Fetal-side perfusate recovery rates ranged
from 95 to 100% and were not different between the
normal and raised MSAFP groups.

AFP and creatinine clearance. Figure 3A shows the
steady-state AFP clearance for each studied cotyledon.

There was no significant difference in AFP clearance
between the normal and raised MSAFP groups; the
median (95% confidence interval) for the two groups
was 0.60 (0.14, 1.04) and 0.82 (20.18, 3.92) µl·min21·g21

placenta, respectively. However, two of the cotyledons
in the raised group had AFP clearance values that were
9 and 13 standard deviations higher than the combined

Fig. 2. Sampling cascade of resolvable
morphological features. Features ob-
served without magnification are shown
above dotted line, and features in bold
represent selection of tissue zone for
micrograph production, chosen from a
wide vertical plane of tissue. Features
occurring below dotted line represent
those resolvable at 3600 magnification,
from micrographs of tissue sections that
had been immunolocalized for b-fibrin
and counterstained with hematoxylin.
Bold features represented at 3600 mag-
nification explain categories for morpho-
metric analysis of surface (*) and vol-
ume density; elements included in each
category are listed at bottom.

Table 1. Clinical features of studied pregnancies

Normal MSAFP Group Raised MSAFP Group

Number of deliveries n59 (term) n59 (term)
MSAFP MOM

values
,2.0 (range: 0.64–

1.61)
.2.0 (range 2.04–

5.39)
Gestation at MSAFP

measurement
15–19 wk, 5 days 14 wk, 2 days to 18

wk, 6 days
Ethnicity

Caucasian n55 n57
Asian n53 n51
Afro-Caribbean n51 n51

Delivery method
Vaginal n57 n58
Cesarean section n52 n51

Birth weight, kg
(mean6SE)

3.45360.173* 3.03760.147*

Birth weight percen-
tiles

0 to 3rd n52
3rd to 10th n52
10th to 90th n58 n55
90th to 100th n51

Term is gestational age .38 wk. Derivation of maternal serum
alphafetoprotein multiples of the median (MSAFP MOM) values
involved a correction for maternal age, gestational age, and maternal
weight (20); there were no diabetic patients in either group. In
normal group, 1 Cesarean section was because of a breech fetus and 1
because of failure to progress with late fetal decelerations. In raised
group, Cesarean section was because of previous obstetric history.
*Not significantly different from each other (means6SE, P50.085).
Birth weight percentile charts used gave appropriate values for race,
sex, and gestational age at time of delivery (4, 13).
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mean of all others in both groups. There was no
significant correlation between the midtrimester
MSAFP values and the AFP clearances of the placentas
from the same pregnancies. The cotyledons that gave
the highest AFP clearances at term had midtrimester
MSAFP MOM values of 2.29 and 3.29, well within the
range of values encountered within this raised group
(range was 2.04–5.39). No such outliers were observed
in the normal group. Figure 3B shows that creatinine
clearances in the two groups were also not significantly
different: median (95% confidence interval) was 29.9
(17.7, 64.6) and 29.1 (19.5, 38.2) µl ·min21 ·g21 placenta
for the normal and raised MSAFP groups, respectively.
Notably there were no cotyledons for which clearance of
creatinine was more than two standard deviations
greater than the mean.

Morphometric data. The morphometric data are
shown in Table 2. The most striking result was the
observation that 7% of the surface density of the villi in
each group consists of fibrin-containing fibrinoid depos-
its. However, there was no significant difference in any
of the morphometric variables between the raised
MSAFP and normal MSAFP groups for either surface
or volume densities, and all values were within two
standard deviations of the mean.

The analysis of variance of the running mean for
syncytiotrophoblast-associated fibrin is shown in Fig.
4A. Only at n 5 8 did both variances begin to consis-

Fig. 3. Distributions of unidirectional fetomaternal AFP (A) and
creatinine (B) clearances in cotyledons from women who had raised
maternal serum AFP (MSAFP) levels (n 5 9) and normal MSAFP
levels (n 5 9) in midtrimester. Bars represent median for each group.
There were no significant differences (Mann-Whitney U test).

Table 2. Morphometric variables

Measurement Component
Normal
MSAFP

Raised
MSAFP

Surface density, % Fibrin & fibrin tro-
phoblast

6.9261.51 7.2060.73

Trophoblast 93.0861.51 92.8060.73
Volume density, % Fibrin 4.1860.89 6.0861.07

Trophoblast 11.5260.71 11.0160.55
Vessels 11.2661.11 12.6361.69
Intervillous space 35.5262.40 33.4361.98
Core (villous

stroma)
35.9362.53 35.8361.56

Data are shown as means 6 SE (n59 in both groups). There are no
significant differences.

Fig. 4. Data showing how sample size of cotyledons (n) approaches
an acceptable variance of 5% (dotted lines) of running mean (dashed
line) for morphometric analysis of fibrin (A) and trophoblast (B)
volume densities in groups of cotyledons from women who had raised
and normal MSAFP levels in midtrimester [n 5 1 wide tissue section
per cotyledon (j), n 5 24 micrographs per wide tissue section (l), n 5
140 point scores per micrograph].
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tently fall within acceptable margins of 5% of the
previous mean for fibrin. Figure 4B shows variance in
running mean for trophoblast volume density, and at
n 5 6 it can be seen that the mean began to stabilize
within acceptable limits (5% variance from the previ-
ous mean) and the variance was generally less at
greater n numbers. The n of nine in each of the normal
and raised MSAFP groups was therefore adequate to
minimize variance.

We took volume density of trophoblast-associated
fibrin as the most appropriate marker of zones of
syncytial denudation available for diffusion of hydro-
philic solutes and so correlated this with creatinine and
AFP clearance. As shown in Fig. 5A, there was no
significant correlation between AFP clearance and the
volume density of the deposits in either group or with
both groups combined. This remained the case when
the data from the two placentas with very high AFP

clearances were excluded from the analysis (data not
shown). However, as shown in Fig. 5B, there was a
positive correlation, significant at the 10% level, be-
tween creatinine clearance and volume density of fibrin
deposits in the normal MSAFP group, although not in
the raised MSAFP group. There was a positive correla-
tion significant at the 5% level when both groups of
data were combined.

DISCUSSION

In this study, we directly addressed three issues:
whether term placentas from women who had raised
midtrimester AFP levels have a greater permeability to
hydrophilic solutes than do those from women with
normal midtrimester MSAFP levels, whether there
would be more fibrin-containing fibrinoid deposits (as a
marker of syncytial denudations) in the former com-
pared with the latter group, and, finally, whether there
was any correlation between the clearance of the
hydrophilic solutes and the number of deposits.

The perfused human placental cotyledon seemed a
good experimental system with which to investigate
these issues. There is a risk that artificial perfusion
might increase placental permeability to hydrophilic
solutes. However, the clearances of such molecules
across cotyledons perfused in this laboratory are very
similar to those found for human placentas in vivo; this
comparison has been reported previously (11), and the
current data are consistent with it.

We found that there was no significant difference
between the two groups in AFP or creatinine clearance.
However, closer inspection of the data suggests that the
situation may be more complex than this. Two of the
cotyledons from the raised group had AFP clearance
values that were markedly higher than that seen in the
rest of this study or in our previous study (5). With the
exception of one of the pregnancies resulting in a small
neonate, below the third percentile for gestational age,
race, and sex, nothing else was remarkable about these
two cases, either in experimental outcome from perfu-
sion or in clinical features of the pregnancies and
babies. It is noteworthy that creatinine clearances for
these two cotyledons were well within the range of
values for the other cotyledons. The two placentas with
extraordinary AFP clearances might have arisen in the
raised MSAFP group by chance; permeability of the
normal human placenta to hydrophilic solutes has been
shown previously to have a wide range (30). Alterna-
tively, there may be a small subgroup of women with
raised MSAFP who do have placentas with elevated
permeability to the protein. A third possibility (bearing
in mind that each placenta is made up of many
cotyledons) is that just a proportion (2 of 9 or ,20%
based on our data) of cotyledons from the raised group
have abnormally high AFP permeabilities. This might
well be sufficient to result in significantly increased
total placental AFP transfer and the observed increase
in MSAFP. Discriminating between these possible expla-
nations for the high AFP clearances in two cotyledons
would be difficult, because of the considerable number
of placentas that would need to be perfused from both

Fig. 5. Correlations between volume density of fibrin-containing
fibrinoid deposits with unidirectional fetomaternal AFP (A) and
creatinine (B) clearances in perfused cotyledons from women who
had raised (n 5 9, dotted lines) and normal (n 5 9, dashed lines)
MSAFP in midtrimester and similar correlations in cotyledons of
combined groups (n 5 18, solid lines); linear regression analysis is as
shown.
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groups and the technical difficulty of perfusing more
than one cotyledon from each placenta. We conclude
from our present data that, overall, there is no increase
in the permeability to hydrophilic solutes of placentas
of women who have raised AFP levels in midtrimester
or that such an increase is not sustained to term.

When expressed in a comparable fashion, our morpho-
metric values compare well with previous estimates in
studies where the perfusion fixation method was em-
ployed (6, 7). Our fibrin volume densities are slightly
higher than those reported by others (19, 26). However,
this is likely to be explained by our use of peroxidase
immunocytochemistry to optimize localization of fibrin
deposition.

It is clear that variability in fibrin density between
cotyledons in both groups was high, compared with the
reference variance of trophoblast density. We estab-
lished that the number of placentas sampled in each
group to estimate the volume density of fibrin in this
study was sufficiently large to accurately represent the
mean population of fibrin within each group.

The proportion of syncytiotrophoblast associated with
fibrin-containing fibrinoid deposits as found here is
remarkable. The number of such deposits is actually an
underestimate of the number of denudations in the
syncytiotrophoblast, as not all of these become plugged
with fibrin. Therefore, our data imply that .7% of the
villous surface does not normally have the typical
syncytiotrophoblast layer, at least at term. As this layer
is the transporting epithelium of the placenta, it is
likely that the formation and reepithelialization of
fibrin-containing fibrinoid deposits could have impor-
tant effects on maternofetal exchange. There was,
however, no significant difference in the density of
these deposits between the raised and normal MSAFP
groups. Thus we accept the null hypothesis and con-
clude that syncytiotrophoblast denudations in term
placentas cannot explain the midtrimester AFP eleva-
tions observed in some pregnancies.

We reported previously that fetomaternal transfer of
AFP probably includes a bulk flow as well as a diffu-
sional component (5). Although such bulk flow might be
an artifact of the perfusion system, there is certainly
evidence that it could occur in vivo (see Ref. 5). Indeed,
a raised fetoplacental vascular tone might be an alter-
native explanation (to that of raised permeability) for
raised MSAFP, if this leads to increased fetal capillary
hydrostatic pressure and bulk flow from fetal to mater-
nal circulations.

The significant positive correlation between creati-
nine clearance and the volume density of fibrin-
containing fibrinoid deposits in the combined group
provides further direct evidence that syncytial denuda-
tions do form a paracellular route across the placenta,
independent of whether they are a route for higher AFP
transfer. The fact that there was no significant correla-
tion between AFP clearance and the volume density of
deposits suggests that the syncytial denudations per se
are not rate limiting for transfer of such large mol-
ecules. A difference in the rate-limiting site for transfer
of small solutes versus that for large solutes is consis-

tent with the data showing that creatinine clearances
were in the normal range in the two cotyledons with
abnormally high AFP clearances.

Stulc (24) reported previously a theoretical analysis
of the in vivo clearance of hydrophilic solutes across the
human placenta, consistent with the implication from
the data reported here that the paracellular pathways
are heterogenous and the different layers of the ex-
change barrier act in series to provide the measured
clearance data. There are a number of sites at which
AFP transfer might be limited. First, the fibrin-
containing fibrinoid forms a matrix that could itself
restrict transfer, i.e., the syncytial denudations contain-
ing these deposits may not be freely permeable to AFP
and similarly sized molecules. Second, the transtropho-
blast channels described previously in the human
syncytiotrophoblast (15) might be the rate-limiting
route of protein transfer across this layer. The base-
ment membrane underlying the syncytiotrophoblast
could restrict transfer of proteins, both on a size and
charge basis; such restriction by the basement mem-
brane of the renal glomerulus is well documented (18).
Finally, it is clear that the lateral intercellular spaces
between the fetal capillary endothelial cells would
restrict the transfer of AFP (10) and this may therefore
be the rate-limiting barrier for diffusion of such large
molecules. Further investigation, including new meth-
odologies, is required to dissect the contribution of each
of these structures to the paracellular permeability of
the human placenta to hydrophilic solutes across a
range of molecular sizes.

Perspectives

The permeability of the human placenta to hydro-
philic solutes is greater than that of any other species
(11). Over 70% of the unidirectional maternofetal trans-
fer of, for example, Ca21 and Cl2, across the perfused
human placental cotyledon takes place via paracellular
diffusion (8, 25). Knowledge concerning the nature of
the paracellular route and its regulation is therefore
essential to a full understanding of the mechanisms of
maternofetal exchange. The work here demonstrates
that denudations in the syncytiotrophoblast contribute
to the paracellular pathway but are probably not the
only anatomic feature that must be considered as of
importance in this regard.
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nonelectrolytes. We found that Kmf (~1. min. g placenta-‘) for 
all three tracers increased between days 15 and 22 (term is 23 
days). The increase was less for the largest tracer, [14C]inulin 
(3.5fold increase from 0.5 k 0.1 to 1.6 t 0.1 &min-lo g 
placenta-‘), than for the smaller tracers, [ 14C]mannitol (7-fold 
increase from 1.6 t 0.1 to 10.9 k 0.4 ~1. min-‘= g placenta-‘) 
and ‘Cr-labeled EDTA (9.5fold increase from 0.8 k 0.04 to 
7.6 t 0.7 ~1. min-’ . g placenta-l). These data suggest that whilst 
the overall permeability of the rat placenta increases during 
this period of pregnancy, restriction to the diffusion of large 
(~1.5 nm molecular radius) polar nonelectrolytes also increases. 

clearance measurements; polar nonelectrolytes; rat placenta 

ALTHOUGH a great deal of information is now available 
on the transfer properties of the term placenta in a 
variety of species, very little is known about earlier stages 
of gestation. The most comprehensive developmental 
study to date is that of Flexner and Gelhorn (7) who 
found that maternofetal Na+ flux per fetus increased 
with gestation in all the species studied until just before 
term when, in all except the pig, Na+ flux showed a 
sudden and marked decrease. These changes in Na+ flux 
as gestation proceeds could result from changes in either 
or both paracellular or transcellular routes of transfer 
across the placenta (15). In the hemochorial placenta, in 
which the trophoblast forms a syncytium, the anatomical 
basis for a paracellular route is uncertain. However, an 
observed relationship between the permeabilities to hy- 
drophilic solutes of the perfused rabbit (18), the in vivo 
human (1, 2, 19, ZO), guinea pig (S), and rat (13) placen- 
tas, and the diffusion coefficients of the solutes in water 
suggests that such a route exists and is sufficiently wide 
to allow the diffusion of medium-sized tracers (e.g. man- 
nitol, sucrose, Cr-EDTA) without restriction. 

The permeability of the guinea-pig placenta to hydro- 
philic solutes [morphine-3-P-D-glucuronide (11), inulin, 
and cyanocobalamin (lo)] has recently been shown to 
increase with increasing fetal weight. In the study of 
King Adams et al. (lo), although the permeabilities of 
both tracers increased as fetal weight increased, the rate 

of increase was greater for the smaller tracer (cyanoco- 
balamin) than for the larger one (inulin). These authors 
concluded that the increase in passive permeability with 
gestational age (fetal weight) is due to an increase in the 
surface area and/or a decrease in the thickness of the 
placental membrane. They further concluded that the 
increasing size discrimination of the barrier was most 
likely due to a decrease in the radius of the paracellular 
pathway. 

We have previously shown that the permeability of the 
rat placenta near term toward solutes presumed to cross 
by free or restricted diffusion is similar to that of the 
guinea-pig (13). In the present study we have investigated 
whether the rat placenta also shows similar changes in 
permeability in the last third of pregnancy by measuring 
the unidirectional maternofetal clearance of three polar 
nonelectrolytes ( [“Cl mannitol, %r-labeled EDTA, and 
[14C]inulin) at 15, 18, 21, and 22 days of gestation. 

METHODS 

Measurement of Unidirectional Maternofetal Clearance 

Protocol. Female Sprague-Dawley rats were mated 
overnight and checked each morning for vaginal plugs. 
The day that plugs were found was designated day 1 and 
rats were then used on either 15, 18, 21, or 22 days 
gestation (term in the rat is 23 days). The animals were 
anesthetized using 110 mg/kg ip sodium thiobutabarbital 
(Inactin, BYK Gulden, Hamburg, FRG) and cannulas 
were placed in the trachea, carotid artery, and jugular 
vein. The method used to determine unidirectional ma- 
ternofetal clearance was similar to that of Flexner et al. 
(6, 7), as used in this laboratory (13). Radiolabeled 
tracers were injected into the maternal circulation via 
the jugular vein cannula. Fetuses were removed and at 
least four maternal blood samples (0.5 ml from the ca- 
rotid cannula after removing dead space) taken at known 
times after administration of the tracer. 

The time of removal of fetuses depended on the tracer 
used and the stage of gestation. For measurement of 
unidirectional clearance it is critical that fetuses be taken 
before significant amounts of tracer are transferred, i.e., 
before flux from fetus to mother becomes quantitatively 
important (15). These times were determined for each 
tracer at each gestational age in a preliminary series of 
experiments. At 21 and 22 days, blood samples were 
taken from fetuses at several time points after adminis- 
tration of tracer to the maternal circulation (blood from 
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3 fetuses was pooled at each time point) and the time at 
which fetal plasma concentration reached at maximum 
12% of maternal plasma concentration (chosen as easily 
achievable for all tracers in the study) was established. 
Fetuses in subsequent experiments were then taken be- 
fore this time point. 

At 15 and 18 days gestation we were unable to collect 
fetal blood samples. In these cases, fetuses were taken at 
several time points after injection of tracer into the 
maternal circulation. Fetal radioactivity was then ana- 
lyzed (see below) and graphs of countsmin-’ l g fetus-‘, 
normalized to the prevailing maternal plasma radioiso- 
tope concentration, against time were plotted for each 
tracer. As described previously by Flexner and Pohl (6) 
normalized fetal radioisotope concentration was found 
to increase initially as a linear function of time but then 
more slowly, presumably as back flux became quantita- 
tively important. To ensure minimal back flux for each 
tracer, fetuses were taken at times chosen to lie on this 
linear region. These were 30 min or less at 15 days and 
20 min or less at 18 days. 

Treatment of tissue samples and isotope counting. The 
fetuses at all gestations, once removed, were weighed and 
then homogenized in a Waring blender for 20 s with 0.5 
N perchloric acid (HClO,). The volume of HC104 used 
depended on the stage of gestation; at 15 days, 1 ml of 
acid was used; at 18 days, 5 ml; at 21 days, 10 ml; and at 
22 days, 15 ml of acid were used. The homogenate was 
then centrifuged for 15 min at 3,000 rpm and the super- 
natant taken for radioactivity analysis, along with O.O5- 
ml samples of maternal plasma. 

Recovery of radioisotope from fetal tissues was 
checked for each tracer at each gestation by injecting a 
known amount of radioisotope into fetuses at each ges- 
tational age and then processing them according to the 
protocols outlined above. Recoveries varied from 70 t 
6% ([‘4C]mannitol at 21 days, n = 4) to 84 t 7% (Yr- 
EDTA at 18 days, n = 4), and the value for each tracer 
was used to correct the clearance values for experimental 
fetuses. 

All radiolabeled tracers were obtained from Amersham 
International. Clearances of radioisotope were studied 
either singly in each animal or in pairs. Duplicate 0.4-ml 
samples of the supernatant from fetal homogenates and 
O.O5-ml samples of maternal plasma were counted in 
either a Packard Autogamma 800 (gamma-emitting iso- 
topes) or a Packard Tricarb 2000CA (beta-emitting iso- 
topes) counter. Aquasol (New England Nuclear), a uni- 
versal liquid scintillation counting cocktail, was used as 
scintillant for beta-emitting isotopes; quench was cor- 
rected for using the external standards ratio. Counts for 
each radioisotope in pairs were determined by separate 
counting of gamma and beta emitters (!jlCr-EDTA and 
[“Cl mannitol; 51Cr-EDTA and [ 14C] inulin). 

Calculation of unidirectional maternofetal clearance. 
The unidirectional maternofetal clearance ( Kmf) was de- 
fined as: 

K 
N x 

mf = 

s 

x 

W Crn(t)dt 
0 

where NX is the total radioactivity accumulated by a fetus 
(corrected for recovery) taken at x minutes after injection 
of tracer into the maternal circulation, W is the wet 
weight of the placenta for that fetus, and ft Cm(t)dt is 
the time integral of radioactivity concentratic 
ternal plasma from 0 to x minutes. 

The Kmf value obtained for each tracer was 
malized to its diffusion coefficient in water 
K,JD, ratios were calculated. 

Statistics 
1 l 1 

To test the significance of any effects of gestation anu 
of any differences between the tracers a random design 
three way analysis of variance was used with data from 
placentas obtained from each adult rat nested within 
tracer by gestation. This model takes into account any 
possible differences between data obtained from each 
individual adult rat. Simple contrasts were used to com- 
pare pairs of tracers. The data are presented as means t 
SE, with n equal to the number of placentas or fetuses; 
at least three litters were studied for each data point. 

RESULTS 

Fetal and Placental Weight 

Table 1 shows the fetal and pl 
4 days of gestation studied. 

n in ma- 

also nor- 
D,), i.e., 

.acental weights on the 

Unidirectional Clearance Measurements 

The Kmf values for all tracers increased with gestation 
(Fig. I), [ 14C] mannitol increasing 7-fold,- 51Cr-E’DTA in- 
creasing 9.5-fold, and [14C]inulin increasing 3.5-fold. 

To analyze whether the Kmf values for the tracers were 
proportional to their molecular radii, as would be ex- 
pected if all were diffusing through wide (relative to 
molecular size) extracellular channels, we normalized to 
D,. Statistical analysis showed a significant effect of 
gestation and of tracer on KmJDw values (Tables 2 and 
3). Furthermore the K,flD, values for the smallest 
tracer, [ 14C] mannitol, were significantly different overall 
to those of the largest tracer used, [14C]inulin. 

DISCUSSION 

Errors in Unidirectional Clearance Measurements 

Errors were likely to have been introduced into our 
measurements of Kmf from several sources. Fetomaternal 
backflux would lead to an underestimate of Kmf, but we 
were particularly careful to reduce this to a minimum. 
The observation that there was no relationship between 

TABLE 1. Placental and fetal weights at various 
stages of gestation in the rat 

Stage, 
days n 

Placental 
Weight, g 

Fetal 
Weight, g 

15 274 0.162t0.020 0.163kO.002 
18 190 0.283kO.003 0.636t0.006 
21 230 0.438t0.005 3.453t0.020 
22 110 0.436t0.007 5.221t0.030 

Values are means t SE for n placentas or fetuses. 
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FIG. 1. I&f values for the three polar nonelectrolyte tracers plotted 
against stage of gestation. Values are means k SE; n = no. of placentas 
(in brackets). 

TABLE 2. Kmf/D, values for all tracers 
from 15 to 22 days gestation 

KJD,, cm/g placenta 

Tracer DW, 
cm2 s-’ X lo6 

Fetal age, days 

15 18 21 22 

[ 14C] Mannitol 

51Cr-EDTA 

[ 14C] Inulin 

9.9 2.6k0.2 8.6tl.O 13.9t0.7 18.3t0.7 
(20) (25) (18) (17) 

7.0 1.9tO.l 5.9t0.5 13.2t1.9 18.1t1.7 
(20) (34) (17) (25) 

2.6 3.0t0.6 5.1k0.6 10.9k1.9 10.420.6 
(21) (20) (19) (20) 

Values are means t SE; numbers in parentheses are number of 
placentas. D, is taken from Refs. 12, 14, and 18. 

TABLE 3. Data from statistical analysis of K&D, values 
using random-design three-way ANOVA 

Sum of Degrees of Mean F 
Squares Freedom Square 

Error 1 209 38 55 
Tracer effect 472 2 236 4.29 0.021 
Gestation effect 945 3 315 5.72 0.002 
Interaction (gestation with 168 6 28 0.51 0.8 

tracer) 
[ 14C] mannitol vs. 335 1 335 6.09 0.018 

[ 14C] inulin 

time of fetus removal and K,f measurements for any 
tracer (data not shown) suggests that backflux was in- 
deed minimal and also that measurements could be con- 
sidered to be in the steady state. Loss of radioisotope 
label was another possible source of error but was un- 
likely to have been important for the 14C-labeled tracers 
used here. It was difficult to devise a means of analyzing 
loss of radioisotope during tissue processing that was 
exactly equivalent to the experimental situation. How- 

0.5 1.0 1.5 

MOLECULAR RADIUS (nm) 

FIG. 2. KmJDw plotted, for each stage of gestation, against molecular 
radius (radii were taken from Refs. 9, 12, and 24.) Points are the 
observed values on day 15 (0), on day 18 (o), on day 21 (A), and on day 
22 (A). Lines were drawn using linear regression and have slopes (cm. 
g -’ l m-l) of 0.6 t 2.0 (SE) at 15 days, -2.3 & 2.0 at 18 days, -2.5 t 
0.3 at 21 days and -7.3 t 0.7 at 22 days. 

ever, the variation in the measured recoveries was small 
compared with the effect of gestation on K,f so that the 
data are at least internally consistent. 

Finally, effects of anesthesia on blood flow through the 
placenta might have led to error in our measurements 
compared with the unanaesthetized animal. Such effects 
of anesthetic on placental blood flow have not been 
investigated in the rat to our knowledge. However, alter- 
ations in blood flow are unlikely to have had significant 
effects on the clearances of the polar nonelectrolytes; 
blood flow through the maternal circulation of the pla- 
centa of the anaesthetized rat is reported to be 1.2 ml. 
min-l l g-l (3) at 22 days gestation, some 110 times greater 
than the clearance of the smallest tracer used here ([‘“Cl- 
mannitol: Fig. 1). 

Changes in Apparent Porosity of Placenta with Gestation 

There are clearly a number of changes affecting ma- 
ternofetal exchange that might occur in the placenta as 
gestation proceeds. These include changes in blood flow 
rate and pattern, increasing surface area of the tropho- 
blast membranes, and alterations in the width of the cell 
layers; none of these have been investigated in the rat, 
although the latter two changes have been well docu- 
mented in the guinea pig placenta (5). The polar non- 
electrolyte test tracers used in this study do not enter 
cells in significant quantities and their movement across 
the placenta is therefore limited to extracellular path- 
ways. The morphological nature of these pathways is not 
clear. In the fetal capillary wall, as in capillaries of other 
organs, the pathways are probably represented by the 
interendothelial cell spaces. In the trophoblast syncy- 
tium they are believed to be represented by “transtro- 
phoblastic channels” (9,16); tubular structures in troph- 
oblast cytosol communicating with both maternal and 
fetal extracellular spaces. For the sake of brevity the 
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extracellular transport pathways in the placenta will here 
be called pores. 

For the polar nonelectrolyte tracers, in the absence of 
flow limitation, K,f is exactly equivalent to the permea- 
bility surface area product (PS) as defined by Ficks first 
law of diffusion (4, 15). 

It follows from Ficks first law that if the pores were so 
wide that the interaction between them and the diffusing 
molecules were negligible, then values of PS would be 
directly proportional to the diffusion coefficients of the 
test molecules in water, D,. The ratio of PS and D, 
would be independent of the size of the molecules and a 
plot of PS/D, against the size of the diffusing molecules 
would be a horizontal line. The values of PS/D, (J&/ 
D,) of [ 14C] mannitol, %r-EDTA, and [ 14C]inulin at 15 
days gestation (Table 2 and Fig. 2) indicate that such are 
the properties of the placental barrier at this stage of 
pregnancy. 

Thus diffusion of these tracers across the placenta at 
day 15 is consistent with diffusion through pores too 
wide to discriminate the size of the test molecules. 

With advancing pregnancy, however, the values of PS/ 
D, become more and more dependent on the molecular 
radius: as molecular size increases PS/D, (KmJDw) de- 
creases (Table 2 and Fig. 2). This relationship is most 
pronounced in the oldest groups of placentas. As the 
actual PS (&) values increase with increasing gestation 
it seems that the permeability properties of the maturing 
rat placenta might be such that the pores become more 
numerous but narrower. This is identical to the conclu- 
sion arrived at by King Adams et al. (10) for the placenta 
of the guinea pig. However, for a multilayered organ like 
the placenta this is likely to be an over simplification of 
the real situation and other models, such as the one 
recently proposed by Stulc (l7), clearly require testing. 
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Glazier, J. D., D. E. Atkinson, K. L. Thornburg, 
P. T. Sharpe, D. Edwards, R. D. H. Boyd, and C. P. 
Sibley. Gestational changes in Ca2+ transport across rat pla- 
centa and mRNA for calbindingK and Ca2+-ATPase. Am. J. 
Physiol. 263 (Regulatory Integrative Comp. Physiol. 32): R930- 
R935, 1992.-The unidirectional maternofetal clearance (K,J 
of 45Ca was measured across the rat placenta over the last one- 
third of gestation. J& for 45Ca normalized to its diffusion co- 
efficient in water (K,&J increased 72-fold between days 15 
and 22 of gestation from 3.5 t 0.3 to 253.1 t 22.0 cm/g placenta, 
respectively. At 15 and 18 days of gestation, K,,lD, for 45Ca 
was similar to K,JD, for the paracellular marker [ 14C]manni- 
tol, but at 21 and 22 days of gestation, K,,lD, for 45Ca was 
significantly higher than K,JD, for [ 14C]mannitol, indicating 
that an additional route of transfer, other than diffusion, be- 
comes available to calcium during this period. Northern hybrid- 
ization analysis demonstrated that rat placental calbindingK- 
to-p-actin mRNA ratio increased 135-fold between 15 and 22 
days of gestation and was temporally associated with the ges- 
tational increase in K,JDw for 45Ca. In contrast, rat placental 
Ca2+-ATPase-to-P-actin mRNA ratio increased only two- to 
threefold over the same gestational period and did not mirror 
the gestational changes in calcium clearance. These trends sug- 
gest that the expression of placental calbindingK, but not Ca2+- 
ATPase, may be rate limiting to placental calcium transport in 
the rat. 
calcium clearance; calcium binding protein; calcium pump; 
pregnancy 

FETAL CALCIUM ACCRETION in the rat increases mark- 
edly over the last one-third of gestation (ll), reflecting 
an increased net transplacental flux of calcium. At term, 
placental calcium transport in the rat is by an active 
mechanism, with the maternofetal calcium flux almost 
equalling net flux (27). Active transport underlies the 
higher concentrations of total and free calcium in fetal 
plasma compared with maternal plasma in the rat as 
well as in other species (reviewed in Ref. 22). 

In the intestine, transcellular transport of calcium 
probably involves three steps (5): 1) passive Ca2+ entry 
into the enterocyte; 2) translocation of Ca2+ through its 
cytosol, probably bound to the calcium binding protein 
calbindingK; and 3) active extrusion of Ca2+ across the 
basolateral membrane. The presence of calbindingK in 
placenta (7) and the localization of Ca2+-ATPase at the 
fetal facing trophoblast membrane of human and rat 
placenta (3) lends support to the hypothesis that trans- 
placental Ca 2+ flux is mediated in a similar way (22). 

The calbindin gK of rat chorioallantoic placenta is 
identical to that from the rat intestine (19). This protein 
is also found in the rat yolk sac and uterus (20). The 
concentrations of calbindingK in all of these tissues show 
gestation-dependent changes, with placental levels in- 
creasing significantly over the last one-third of gesta- 

tion. However, any functional implication of this change 
for placental Ca 2+ transport has not been investigated. 
There has also been no investigation into any gesta- 
tional changes in Ca 2+-ATPase expression. 

In this study, our aim was to determine the temporal 
relationship between the unidirectional maternofetal 
clearance of calcium across the rat placenta over the last 
one-third of gestation and the expression of placental 
calbindin gK and Ca2+-ATPase. 

METHODS 

Measurement of Unidirectional Maternofetal Clearance 

Animals. Female Sprague-Dawley rats were mated overnight 
a.nd checked each morning for vaginal plugs. The day that plugs 
were found was designated as day 1 of gestation. 

Protocol. The method used to determine unidirectional 
maternofetal clearance (K,J was similar to that of Flexner and 
Pohl (16) and has been previously described (2, 21). Rats were 
studied on days 15, 18,21, and 22 of gestation (term is 23 days). 
The animals were anesthetized using I IO mg/kg intraperitoneal 
thiobutabarbital sodium (Inactin, BYK Gulden, Hamburg, 
FRG), and cannulas were placed in the trachea, carotid artery, 
and jugular vein. Radiolabeled tracers, either 45Ca or [‘“Cl- 
mannitol (Amersham International, Aylesbury, Bucks, UK), 
were injected into the maternal circulation via the jugular vein 
cannula. Fetuses were excised, and at least four maternal blood 
samples (0.5 ml from the carotid cannula after removing dead 
space) were subsequently taken at known times after adminis- 
tration of tracer. After removal, the fetuses were gently blotted, 
weighed, and the radioisotope content of these, and of the ma- 
ternal plasma samples, determined (2). Placentas were also care- 
fully blotted and weighed. 

For measurement of unidirectional clearance, it is critical 
that fetuses be taken before fetal plasma radioactivity becomes 
high enough for flux from fetus to mother to be quantitatively 
important (22). These times were determined for both tracers at 
each gestational age. At 15 and 18 days of gestation, it was not 
technically possible to collect fetal blood samples, so fetuses 
were taken at several time points after injection of tracer into 
the maternal circulation. Fetal radioactivity was then normal- 
ized to the prevailing maternal plasma radioactive concentra- 
tion and plotted against time for each tracer. Normalized fetal 
radioisotope concentration increased initially as a linear func- 
tion of time but then more slowly, presumably as backflux be- 
came quantitatively important. Fetuses were taken for analysis 
at times during which the plot was linear. 

At 21 and 22 days of gestation, blood samples were taken 
from fetuses at several time points after tracer administration to 
the maternal circulation (blood from 3 fetuses was pooled at 
each time point), and the time at which fetal plasma concen- 
tration reached at maximum 12% of maternal plasma con- 
centration was determined. Fetuses were subsequently excised 
before this time point. 

Recovery of radioisotope from fetal tissues was checked for 
both tracers at each gestation by injecting a known amount of 

R930 0363-6119/92 $2.00 Copyright 0 1992 the American Physiological Society 
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radioisotope into fetuses at each gestational age and then pro- 
cessing them as outlined above. Recoveries varied from 70 to 
83% for both tracers over the gestational period studied, and 
fetal radioactive content was corrected appropriately. 

K,f was calculated as follows 

Klnf = 
NC 

WJ;; Cm(t) dt 

where Nx is the total radioactivity accumulated by a fetus (cor- 
rected for recovery) taken at x min after injection of tracer into 
the maternal circulation, Wis the wet weight of the placenta for 
that fetus, and S; Cm(t) dt is the time integral of radioactivity 
concentration in maternal plasma from 0 to x min. 

The Kmf value obtained for each tracer was normalized to its 
diffusion coefficient in water (D,) to give Kmf/Dw. D, values 
used were 9.9 X 10s6 cm2/s for [14C]mannitol (26) and 10.6 X 
lOA6 cm2/s for 45Ca (1). 

The data for [14C]mannitol, obtained at the same time as that 
for 45Ca, have already been reported (2) but are included in this 
report for comparison purposes, as an example of a paracellular 
diffusion-limited marker (22). 

Statistics 

A three-way analysis of variance using a nested random de- 
sign model with data from placentas obtained from each adult 
rat nested within tracer by gestation was used to assess the 
statistical significance of differences between K,,lD, values. 
This model takes into account any possible differences between 
data obtained from each individual adult rat. The appropriate n 
value was the number of placentas; at least three litters were 
studied for each data point. Data are presented as means ~fr SE. 

Measurement of CalbindingK mRNA 
and Ca2+-ATPase mRNA Levels 

Tissue preparation and extraction of RNA. Rats, mated as 
described above, were taken on either 13, 15, 18, 21, or 22 days 
of gestation. The animals were anesthetized by ether inhalation, 
and the placentas were excised and immediately frozen in liquid 
nitrogen and stored at -80°C. 

Tissue was thawed at room temperature in guanidinium thio- 
cyanate buffer (4 M guanidinium thiocyanate, 0.5% sarkosyl, 
0.1% Antifoam A emulsion, 25 mM sodium citrate, pH 7, and 
0.1 M 2-mercaptoethanol), and total RNA was extracted as 
described by Chomczynski and Sacchi (9). The final RNA pellet 
was suspended in water, quantified by measuring the absor- 
bance at 260 nm, and stored at -80°C. 

Preparation of 32P-cDNA probes. A 460-bp cDNA for 
calbindingK was the generous gift of Dr. M. Thomasset (Institut 
National de la Sante et de la Recherche Medicale, Paris, 
France). This probe is complementary to a mRNA coding for 
the rat intestinal calbindingK (13). 

Ca2+-ATPase cDNA was the generous gift of Dr. E. Strehler 
(ETH, Zurich, Switzerland), coding for a human isoform of the 
calcium pump (29). The EcoR I-BaZ I fragment corresponding 
to positions 809-2,278 in the sequence of Verma et al. (29) was 
used as probe. 

,&Actin cDNA was used as a control to correct for variations 
in loading between samples. Initial studies suggested @actin 
was constitutively expressed in rat placenta based on the fol- 
lowing observations: equal loadings of rat placental RNA from 
13 to 22 days of gestation hybridized with @actin cDNA showed 
little variation in transcript abundance, and the use of an alter- 
native control probe, cDNA to cyclophilin, a protein which is 
constitutively expressed in other tissues, gave identical results 
to those obtained with @-actin. 

All probes were labeled with 32P bv random priming (15) and 

separated by chromatography on a Sephadex G-50 micro- 
column. 

RNA Northern Hybridization 

Total RNA was electrophoresed on 1.2% agarose gel under 
denaturing conditions (18) overnight (N 18 h) at 25 V in 1X 
3-(N-morpholino)propanesulfonic acid (MOPS) buffer (20 mM 
MOPS, 5 mM sodium acetate, and 1 mM Na,EDTA, pH 7.0). 
Total RNA was then transferred from the agarose gel to a nylon 
membrane (Hybond N; Amersham International) using 20x 
SSC (1X SSC is 0.15 M NaCl and 0.015 M sodium citrate) as 
described by Thomas (28). The nylon filters were exposed to 
ultraviolet illumination to fix RNA to the filters. 

Filters were prehybridized in buffer [50% formamide, 5~ 
SSC, 5~ Denhardt’s solution, 50 mM Na,HPO, (pH 6.8), 0.2% 
sodium dodecyl sulfate (SDS), 10% dextran sulfate, and 300 
pg/ml heat-denatured tRNA] for 18 h at 42°C. The hybridiza- 
tion buffer consisted of the above buffer except only 100 pg/ml 
tRNA was included plus 32P-cDNA probe. 

After hybridization (18 h at 42”(Z), the filters were washed 
twice at room temperature in 2~ SSC and 0.1% SDS for ~30 
min, followed by a final wash in the same solution at 60°C (65°C 
for P-actin) for 20 min. 

The blots were autoradiographed at -8OOC with Fuji RX100 
film for ~6 h. The autoradiograms were analyzed by spectroden- 
sitometry (Shimadzu Scientific Instruments, Kyoto, Japan), 
and transcript density peak area was quantified. 

Preliminary studies showed that under these conditions the 
hybridization signals were within the linear range of the film 
used. 

RESULTS 

Unidirectional Clearance Measurements 

The &/I&, value increased with gestation by 7- and 
72-fold for [ 14C] mannitol and 45Ca, respectively, between 
day 15 and day 22 of gestation (Fig. 1). The analysis of 
variance showed that the two tracers behaved differently 
over the period of gestation studied (P = 0.03, F = 3.45 
with 3 degrees of freedom). Further analysis, by simple 
contrasts, at individual times showed a significant differ- 
ence in I&/D, values for the two tracers at days 21 and 
22 (P = 0.002 and P = 0.02, respectively). This suggests 
that between days 18 and 21 of gestation an additional 
route of transfer, inaccessible to mannitol, becomes avail- 
able to calcium. 
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Fig. 1. Unidirectional maternofetal clearance normalized to diffusion 
coefficient in water (I&&&) values for 45Ca (A) and [14C]mannitol 
(m) over last one-third of gestation in the rat. Means t SE are shown 
(unless SE falls within size of symbol) with n (number of placentas) in 
Parentheses. 
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Fig. 2. Northern hybridization of rat placental 
RNA with 32P-cDNA probes. Single Northern blot 
probed with calbindinan (A) and /3-actin (B). Ges- 
tational age in days is given above each lane with 
70,45,15,5, and 7 fig total RNA/lane at 13,15,18, 
21, and 22 days gestation, respectively. Position of 
RNA size markers (in kb) (GIBCO, Uxbridge, Mid- 
dlesex, UK) is shown on right. Arrows indicate ma- 
jor RNA species at 0.6 kb (A) and 2.4 kb (B). Tran- 
script density peak area values (arbitrary units) are 
given beneath each lane. Data are representative 
of 4 independent analyses. 
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Gestational Changes in CalbindingK mRNA 
and Ca2+ATPase mRNA Levels 

Northern hybridization of rat placental RNA with 
calbindinsk cDNA revealed a single transcript of 0.6 kb at 
all gestational ages. It was necessary to load relatively 
more RNA at the earlier gestational ages to enable spec- 
trodensitometric quantitation from an autoradiograph of 
the same exposure, since the abundance of this transcript 
increased markedly with gestation (Fig. 2A). Reprobing 
with Ca2+-ATPase cDNA demonstrated a major tran- 
script of 5.5 kb at all gestational ages (Fig. 3). 

When RNA loadings were standardized to P-actin 
mRNA levels (Fig. 2B), a 135fold increase in placental 
calbindinsK-to-/3-actin mRNA ratio occurred between 15 
and 22 days of gestation. The increase in the abundance 
of the placental calbindinex transcript between days 15 
and 22 of gestation showed a close temporal relationship 

with the increase in maternofetal 45Ca clearance during 
this period (Fig 4). In contrast, Ca2+-ATPase-to-P-actin 
mRNA ratio in rat placenta increased only two- to three- 
fold over the same gestational period and did not parallel 
the increase in maternofetal 45Ca clearance (Fig. 4). 

DISCUSSION 

Gestational Changes in Placental Calcium Transport 

Over the last 7 days of gestation, the rat fetus accumu- 
lates >99% of its body calcium (11). The increase in fetal 
calcium accretion during this period closely matches the 
observed gestational increase in maternofetal calcium 
clearance (Fig. l), suggesting that the unidirectional 
maternofetal calcium flux becomes increasingly predom- 
inant and approaches net flux, with the fetomaternal flux 
being relatively small. This supports the earlier finding of 
Stulc and Stulcova (27) in the near-term rat placenta. 

Fig. 3. Northern hybridization of rat placental 
RNA with 32P-cDNA for Ca2+-ATPase. Same 
Northern blot as in Fig. 2 probed with cDNA for 
Ca2+-ATPase is shown. Gestational age in days is 
shown above each lane. Position of RNA size mark- 
ers (in kb) is shown on right. Arrow indicates major 
RNA species at 5.5 kb. Transcrint densitv neak area 
values (arbitrary units) are given beneath each lane. 
Data are representative of 4 independent analyses. 
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The induction of a higher maternofetal clearance of 
calcium across the rat pl .acenta between 
of gesta tion, relative to the paracellular 

1 8 and 21 days 
marke lr [ 14C] - 

mannitol, suggests an additional route of transfer is avail- 
able to calcium from this time, which coincides with the 
onset of rat fetal ossification (25). Because calcium is 
transported across the term rat placenta by an active 
mechanism (27), it is likely that this additional route is 
the transcellular pathway. 

The gestational increase in rat placental calcium trans- 
port could be attributable to an increase in the concen- 
tration, and/or the functional activity, of the transport 
proteins involved. The demonstration that mRNA for 
calbindingK increased concomitantly with J&J&, 
for 45Ca between days 15 and 22 of gestation (Fig. 4) 

in suggests this 
transplacental 

protein 
calcium 

tally involved is stoichiometri 
transport. 

Gestational Changes in CalbindingK mRNA Levels 

Previous studies using in situ hybridization have dem- 
onstrated the cytoplasmic localization of calbindingK 
mRNA in the syncytial cells of the rat trophoblast (30). 
The single calbindin gK transcript of 0.6 kb in rat placenta 
found here (Fig. 2A) is in agreement with previous obser- 
vations (12, 30). The increase in placental calbindingK 
mRNA levels over the last one-third of gestation (Fig. 4) 
is also in broad agreement with the earlier observations of 
de Maintenant et al. (12). 

In contrast to the marked gestational increase in pla- 
cental calbindingK concentration found in rat (7, 20) and 
mouse (8)) mRNA levels for calbindingK in the human 
placenta remain fairly constant throughout gestation (6). 
This different pattern in gestational expression of placen- 
tal calbindingK is probably related to the comparatively 
more acute fetal demand for calcium in rodents (11). 

The role of calbindingK in epithelial calcium transport 
is not fully understood, although it is present in highest 
con .centration in calcium transporting epithelia such as 
the intestine, kidney, yolk sac, and placenta (10) and is 
induced, perhaps hormonally, in rat uterus, yolk sac, and 
placenta at the same stage of gestation (20). 

The distribution of calbindingK in transporting epithe- 
lia has been suggested to imply a calcium buffering role 
(lo), or an ability to facilitate the diffusion of calcium 
through the cytosol of these epithelia (4,14). Perhaps the 

latter is more compatible with the dramatic increase in 
placental calbindingK transcription as placental calcium 
transport rises. 

Gestational Changes in Ca2+-ATPase mRNA Levels 

Northern analysis of rat placental RNA (Fig. 3) with a 
cDNA coding for a human isoform of the calcium pump 
(29) demonstrated, for the first time, the expression of 
this calcium pump isoform in rat placenta. To date, 
this is the only isoform that has been clearly identified 
in rat and human (23). The size of the rat placental cal- 
cium pump transcript, -5.5 kb (Fig. 3), agrees well with 
that found in other rat tissues (17) and in the human 
erythrocyte (24). 

Two calcium pump isoforms have so far been identified 
in the human erythrocyte, although the functional signif- 
icance of this remains uncertain (24). It has yet to be 
established if placenta also expresses more than one 
isoform. 

Localization of a high-affinity calcium pump to the 
innermost fetal facing membrane of the rat trophoblast 
and to the basal (fetal facing) membrane of human tro- 
phoblast using a monoclonal antibody raised against the 
human erythrocyte (3), and the demonstration that ATP- 
dependent calcium transport in isolated basal membranes 
from the human placenta is inhibited by this antibody 
(3), highlights the similarity between the placental and 
erythrocyte calcium pump and promotes the concept of a 
calcium transport role for this enzyme. 

However, the small (2- to 3-fold) increase in placental 
Ca2+-ATPase mRNA levels during E-22 days of gesta- 
tion in the face of the 72-fold rise in calcium clear- 
ance (Fig. 4) infers that the concentration of this protein 
is unlikely to be rate limiting to rat placental calcium 
transport. 
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Microvillous membrane potential (Em) in villi from first
trimester human placenta: comparison to Em at term

T. J. BIRDSEY, R. D. H. BOYD, C. P. SIBLEY, AND S. L. GREENWOOD
Department of Child Health and School of Biological Sciences, University of Manchester,
St. Mary’s Hospital, Manchester M13 OJH, and Department of Child Health,
St. George’s Medical School, London SW17 ORE, United Kingdom

Birdsey, T. J., R. D. H. Boyd, C. P. Sibley, and S. L.
Greenwood. Microvillous membrane potential (Em) in villi
from first trimester human placenta: comparison to Em at
term. Am. J. Physiol. 273 (Regulatory Integrative Comp.
Physiol. 42): R1519–R1528, 1997.—The microvillous mem-
brane (MVM) potential (Em) of first trimester human placen-
tal villi was measured and compared with that in villi from
term human placentas. The median Em in first trimester villi
(228 mV) was significantly more negative than that at term
(221 mV; P , 0.001). The median Em measured in villi from
early (weeks 6–11) first trimester (232 mV) was significantly
more negative than that in late (weeks 12 and 13) first
trimester villi (224 mV; P , 0.001). Elevating extracellular
KCl concentration induced a significant depolarization of Em
in both first trimester and term villi (P , 0.05 and P , 0.001,
respectively). The magnitude of this depolarization was
greater in first trimester than at term, indicating that the ion
conductance of the MVM changes with gestation. Exposure to
ouabain induced a significant depolarization of Em (3 mV: P ,
0.05) in first trimester villi but had little effect at term. These
results suggest that microvillous membrane electrophysiol-
ogy changes with placental development. An alteration in the
relative K1:Cl2 conductance of the MVM is likely to be a
major contributor to the change in the magnitude of Em.

potassium conductance

THE PLACENTA PLAYS a vital role in the transfer of
nutrients and ions between mother and fetus. The
major functional components of the human placenta
are the villi, which project into the intervillous space
where they are bathed in maternal blood. Each villous
tree is vascularized by a branch of the umbilical
vessels, which divide to form a capillary network/
plexus. Maternal blood in the intervillous space and
fetal blood in the umbilical capillaries are separated by
a multilayer barrier. The outermost maternal-facing
layer of this barrier is a continuous uninterrupted
sheet of syncytiotrophoblast, which extends over the
surface of all villous trees within the placenta, lining
the intervillous space (22). This syncytial layer is
thought to form the major barrier to transfer of ions
between mother and fetus.

As in all epithelia, the electrical potential difference
(PD), individually and in summation, across the micro-
villous (maternal facing) and basal (fetal facing) plasma
membranes of the syncytiotrophoblast (equivalent to
luminal and abluminal plasma membranes in most
other epithelia) are important determinants of the rate
and direction of the transport of ions and of processes
involving the net transfer of charge (e.g., sodium-linked
cotransport). With the use of microelectrode tech-
niques, a small (23 mV) fetal-side negative PD was

shown to exist across the syncytiotrophoblast of iso-
lated villi from human placenta at term (20). The PD
across the microvillous membrane (MVM) of the syncy-
tiotrophoblast (Em; inside negative) has also been mea-
sured directly in microelectrode studies. Carstensen et
al. (9) reported 91% of Em values measured in frag-
ments of villous tisue from term placenta to fall be-
tween 0 and 220 mV and 78% of Em values measured in
villous tissue from three immature (12–24 wk) placen-
tas to fall between 220 and 265 mV. Bara et al. (4)
found an Em of 229 mV in fragments of term human
placental tissue, and, in isolated mature intermediate
villi from term placentas, we recorded an Em of 222 mV
(20). Em has not been measured before 12 wk of
pregnancy.

Placental development and differentiation occurs
throughout gestation, and many consequent changes in
structure and function have been documented. For
example, dramatic changes in morphology of the hu-
man placental villus are observed as gestation
progresses (10), and there is also evidence of changes in
ion fluxes, from both in vivo (17) and in vitro (24)
studies. Changes in Em and the expression of ion
transport proteins are associated with cytotrophoblast
cell differentiation (11, 12, 21). Furthermore, the data
of Carstensen et al. (9) suggest that there might be a
change in Em from 12 wk to term.

The primary aim of this in vitro investigation was to
measure, for the first time, Em in villi isolated from first
trimester human placentas. Data were compared with
measurements made in term human placenta. We
found that the first trimester Em was significantly
hyperpolarized compared with that at term. Addition-
ally, we report data from experiments designed to
provide a basis for the future characterization of this
difference in Em. Some of the results have been pub-
lished in abstract form (6, 18, 19).

METHODS

Tissue Collection

Experiments were performed on villi isolated from human
placentas in the first trimester of pregnancy (weeks 6–13; as
determined from the date of the last menstrual period and the
appearance of the aborted material) and at term (weeks
38–41; as determined from the date of the last menstrual
period, usually confirmed by ultrasound scan). First trimes-
ter placental tissue was obtained from St. Mary’s Hospital
and another local clinic following surgical therapeutic abor-
tions performed for psychosocial reasons under Clause B of
the United Kingdom Abortion Act (1967). Term placental
tissue was collected from uncomplicated pregnancies deliv-
ered vaginally or by cesarean section at St. Mary’s Hospital.
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Samples (,1 cm3) of villous tissue were collected in N-2-
hydroxyethylpiperazine-N8-2-ethanesulfonic acid (HEPES)-
Earle’s medium [(in mM): 116 NaCl, 5.4 KCl, 1.8 CaCl2, 0.4
MgSO4, 1.0 NaH2PO4, 5.5 glucose, and 5.0 HEPES, pH 7.4
with NaOH] at ambient temperature and washed thoroughly.
The tissue was then transferred to an HCO3

2-Earle’s medium
[(in mM): 116 NaCl, 5.4 KCl, 1.8 CaCl2, 0.4 MgSO4, 1.0
NaH2PO4, 5.5 glucose, and 26 NaHCO3] gassed with 95%
O2-5% CO2 (to pH 7.4) and maintained at room temperature.

Measurement of Oxygen Consumption

For microelectrode measurements of Em, individual villi
were dissected from the placenta and mounted in vitro.
Before microelectrode studies were performed, the viability of
villi following the isolation procedure was assessed by measur-
ing oxygen consumption by fragments of villous tissue. The
method used was based on that described by Arkle et al. (3)
for the assessment of isolated pancreatic duct viability,
modified to accommodate the larger villous tissue samples.

O2 consumption by term placental villous fragments was
compared when the tissue was bathed in either HCO3

2-
Earle’s medium (composition as above) or an initially sterile
culture medium Dulbecco’s modified Eagle’s medium (DMEM)
containing HCO3

2, vitamins, amino acids, and salts (Life
Technologies, Paisley, UK). O2 consumption by term tissue
was found to be similar in DMEM and HCO3

2-Earle’s medium
(see RESULTS); thus O2 consumption by first trimester placen-
tal villi was determined in HCO3

2-Earle’s medium only.
Fragments of villous tissue (0.8–14.6 mg wet wt) were

dissected from first trimester or term placentas and main-
tained in 35-mm culture dishes (Life Technologies) containing
2 ml of the appropriate incubation medium, pregassed with
5% CO2 in air. One milliliter of incubation medium was placed
into a 2-ml glass incubation vial (with Tuf-Bond gas imper-
meant disk seals; Pierce and Warriner) whose maximum
volume was predetermined by weight. Two fragments of
villous tissue, each suspended in a small volume of medium
(10 µl), were transferred to an incubation vial, and the vial
was then filled to the brim with incubation medium and
sealed. Care was taken to seal the tube without introducing
air bubbles. The tissue was incubated in a water bath at 37°C
and shaken gently (to mix the medium) for 1.5–4 h. The
suspended fragments ‘‘fanned’’ out in the medium, thereby
exposing a large surface area of the syncytiotrophoblast for O2
diffusion. Blanks, prepared by addition of 2 3 10 µl of the
medium that bathed the villi in the 35-mm culture dish, were
incubated for the same period of time as the tissue samples.
After a minimum of 1.5 h, an incubation vial was removed
from the water bath, the cap loosened slightly to permit
withdrawal of fluid, and 0.75 ml of incubation medium was
rapidly aspirated using a 1-ml syringe with a large gauge
needle to puncture the Tuf-bond disk. The needle was quickly
removed, a few drops of medium expelled to waste, and the
sample was injected into the port of a blood gas analyzer
(Corning 158 pH/blood gas analyzer, Corning Medical Scien-
tific, Medfield, MA) to determine the PO2. The villous frag-
ments were kept in the remaining incubation medium in the
vial before determination of their wet weight. Wet (blotted)
weight was determined by transferring the tissue, inevitably
with a small volume of medium, to a filter paper (1 cm
diameter). The wet filter paper plus tissue was placed into a
35-mm culture dish, and the lid was replaced to minimize
evaporative losses. The culture dish, wet filter paper, and
tissue were weighed (A), the tissue was then removed with
fine forceps, and the dish and wet filter were reweighed (B).
The blotted weight of the tissue was given by A 2 B.

The PO2 of the pregassed (5% CO2 in air) incubation
medium, the blanks, and the samples were determined, and
the fall in PO2 of the medium (DPO2) due to the consumption of
O2 by the tissue was calculated as described by Arkle et al. (3)

Pregassed incubation medium PO2

2 (sample PO2 2 blank PO2)

The O2 consumption (in µmol ·min21 ·kg wet wt21) is given by

DPO2(mmHg) 3 solubility of O2

3 vial volume (ml)

specific volume of O2 3 incubation time (min)

3 tissue wet wt (mg)

where the solubility of O2 is 0.000031 mlO2·mlH2O21·mmHg21

and the specific volume of O2 is 1 µmol equivalent to 0.0224 ml.
Effect of cyanide and ouabain on O2 consumption. The

effects of cyanide (an inhibitor of aerobic metabolism) and
ouabain [an inhibitor of Na1-K1-adenosinetriphosphatase
(ATPase)] on O2 consumption by first trimester and term
villous fragments were investigated to confirm the presence
of aerobically respiring tissue and to compare the contri-
bution of Na1-K1-ATPase activity to O2 consumption,
respectively.

For each placenta, six control incubations (two villous
fragments in each incubation vial), six experimental incuba-
tions (two villous fragments in each vial containing incuba-
tion medium with either 3 mM cyanide or 0.1 mM ouabain),
and six time-matched blank incubations were performed. The
mean O2 consumption for control, experimental, and blank
incubations for each placenta was calculated, and the data
were expressed with n as the number of placentas.

Measurement of Em

Em was measured in villi isolated from first trimester and
term placentas using a previously described method (20).
Individual placental villi were isolated, placed in a thermo-
statically regulated heated tissue perfusion chamber (Intra-
cel, Royston, UK), and immobilized using glass suction pi-
pettes. The villi were continuously superfused (1.5 ml/min)
with HCO3

2-Earle’s medium and were maintained at 37°C
and left to equilibrate with the medium for a minimum of 10
min. In all experiments involving the measurement of Em, the
incubation media were gassed with 95% O2-5% CO2. The
perfusion chamber has a microenvironmental control that
allows a stream of gas (95% O2-5% CO2) to pass across the
surface of medium in the perfusion chamber, ensuring that
medium pH is maintained at 7.4. The bath was placed on the
stage of an inverting microscope (Nikon Diaphot), and the
electrical measurements were made using an AxoClamp 2B
amplifier (Axon Instruments).

Em was measured between a recording microelectrode (A)
positioned in the outermost layer of the tissue (syncytiotropho-
blast) and a similar electrode (B) placed in the bathing fluid.
Both electrodes were pulled from 1.2-mm (outer diameter)
boroscilicate glass with a filament (Clark Electromedical
Instruments, Reading, UK) using a horizontal puller (Brown
and Flaming model P-87, Sutter Instruments, Novato, CA).
These electrodes had resistances of 80–100 MV when filled
with 1.5 M KCl. A and B were in circuit with an Ag:AgCl
reference pellet (R) positioned directly in the bath fluid. Em
was given as

Em 5 (A 2 R) 2 (B 2 R)
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With both the bath and recording electrodes immersed in
HCO3

2-Earle’s medium, the baseline PD between bath and
recording electrodes was set at 0 mV. An impalement was
taken to be successful if the following criteria were met: 1) a
rapid voltage deflection from baseline occurred on impale-
ment, 2) maintenance of a stable Em at a value 62 mV of the
initial deflection for .1 min, and 3) return to 0 6 2 mV on
withdrawal of the electrode from the tissue.

Villus maturation and development is a dynamic process
that is ongoing throughout gestation. Until ,9 wk of gesta-
tion, the placenta is composed mainly of mesenchymal villi;
from 9 wk onward, mesenchymal villi are gradually trans-
formed into immature intermediate villi (the prevailing villus
type until the end of second trimester) and finally stem villi.
In the third trimester, mesenchymal villi are transformed
into mature intermediate villi, which give rise to terminal
villi (10). In first trimester, villi were randomly selected for
impalement (no specific villus type was isolated); thus the
most prevalent type is likely to have been selected. At term,
mature intermediate villi, which comprise the largest frac-
tion of the villus volume at this gestation with the exception
of terminal villi (10), were selected for impalement (20). After
measurement of Em, the villus was photographed at 340
and 3100 magnification (Nikon Diaphot microscope fitted
with Nikon F-601 camera).

Maximal human chorionic gonadotropin (hCG) secretion
occurs at approximately weeks 8–11 of gestation, with concen-
trations declining rapidly after week 11.5 (8). Because hCG
has been shown to affect placental membrane transport (13,
14), Em was compared before and after the peak secretion of
this hormone. First trimester Em data were therefore subdi-
vided into measurements made in early (weeks 6–11) and late
(weeks 12 and 13) first trimester placental villi.

Effect of ouabain on Em. The effect of ouabain on Em in villi
isolated from first trimester and term placentas was studied
to compare the relative contribution of the Na1-K1-ATPase to
Em at these two stages of gestation. These experiments were
performed with a continuous flow of fluid through the perfu-
sion chamber. A stable impalement was first achieved (as
described above); then, with the electrode still positioned in
the tissue, the inflow to the bath was exchanged for
HCO3

2-Earle’s medium containing either 0.1 or 1 mM oua-
bain. Em was measured for at least 1 min before addition of
ouabain and during a 10-min exposure to ouabain. The
electrode was then removed from the tissue, and the impale-
ment was considered acceptable if the potential difference
returned to 0 6 2 mV. In this way, each villus acted as its own
control, and data were paired.

The effect of KCl on Em. The change in Em in response to
elevating extracellular KCl concentrations was used to assess
the relative K1:Cl2 conductance of the MVM in villi from first
trimester and term placentas. In these experiments, the
isolated villus was equilibrated by superfusion with
HCO3

2-Earle’s medium at 37°C (as described in Measurement
of Em). The flow of fluid through the perfusion chamber was
then stopped, and a stable impalement (meeting criteria 1
and 2 above) was achieved. With the electrode still positioned
in the tissue, 1 ml of HCO3

2-Earle’s medium (at 37°C)
containing 50, 100, 200, or 400 mM KCl was rapidly injected
into the static bath, and the maximum change in Em was
noted (this was usually achieved within 1–2 min). The
injectate was diluted ,1:1 with the existing bath fluid, and a
sample of this bath fluid was collected to allow the final
extracellular K1 concentration to be measured by flame
photometry (Corning Flame Photometer, Corning Medical
Scientific, Medfield, MA). In some experiments, the electrode
was then removed from the tissue (n 5 6); in other experi-

ments, a recovery procedure was performed (n 5 18). For
these latter experiments, the flow of control HCO3

2-Earle’s
medium through the perfusion chamber was resumed follow-
ing collection of bath fluid for analysis. This allowed the
extracellular ion concentration and (assuming the electrode
was still in position within the tissue) Em to recover back
toward control values. Such a repolarization of Em was
achieved in every case. In these experiments, junction poten-
tials that might arise due to bath solution changes were
estimated as the PD [(A 2 R) 2 (B 2 R)] with the electrodes in
HCO3

2-Earle’s medium minus the PD when the bath fluid was
exchanged for the experimental medium. Using this two-
electrode arrangement, the junction potentials were less than
1 mV with all concentrations of KCl used, and the reported
values are therefore not corrected.

Chemicals

All reagents were analytic grade from standard suppliers.
Ouabain was purchased from Sigma (Poole, UK), and sodium
cyanide was from British Drug Houses (Poole, UK).

Statistics

A Kolmogorov-Smirnov goodness of fit test was performed
to determine whether data were normally distributed. Em
data were found to deviate from normality and are therefore
expressed as median values and statistical comparisons
between the distribution of Em values for first trimester
versus term and early versus late first trimester placentas
were made using a Mann-Whitney U-test.

Paired Student’s t-tests were used to analyze the effect of
ouabain and cyanide on O2 consumption and the effect of
ouabain on Em. Control data from first trimester and term
placentas were compared using an unpaired Student’s t-test.

Regression analyses were used to fit linear models to O2
uptake data obtained when incubating with HCO3

2-Earle’s
medium and DMEM and to the membrane depolarization
induced by increasing extracellular KCl concentration in first
trimester and term villi. The 95% confidence interval for the
difference between the slopes of the appropriate regression
lines was calculated to determine whether the slopes of the
regression lines differed significantly (2).

An analysis of variance was used to determine whether
increasing extracellular KCl concentration significantly al-
tered Em in first trimester and term villi. An analysis of
variance (using log change in KCl concentration as a covari-
ate) was also performed to compare the change of Em in
response to altering extracellular KCl concentration in first
trimester versus term villi.

RESULTS

Oxygen Consumption

O2 uptake. O2 uptake and consumption by placental
villi were measured to confirm their viability following
the isolation procedure. The initial PO2 of the incuba-
tion medium was 193 6 1 mmHg for DMEM and 183 6
3 mmHg for HCO3

2-Earle’s. The fall in PO2 in the
time-matched blank incubations was 0.0797 6 0.01
mmHg/min for DMEM, equivalent to an average O2
utilization of 0.22 nmol/min and 0.02 6 0.005 mmHg/
min for HCO3

2-Earle’s medium (equivalent to 0.05
nmol/min). This indicates that leakage of gas from the
incubation vial and/or consumption of O2 by aerobic
bacteria was insignificant. Figure 1 shows O2 uptake by
term placental villous fragments incubated with either
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DMEM or HCO3
2-Earle’s medium. These comparisons

were made using term placenta because this tissue was
more readily available than first trimester placenta. A
linear relationship between O2 uptake and duration of
incubation was observed with both incubation media.
The 95% confidence interval calculated for the differ-
ence between the slopes of the two regression lines
(20.022–0.112) indicates that O2 uptake by placental
villous fragments was similar in DMEM or HCO3

2-
Earle’s medium. This suggests that tissue metabolism
and thus viability were equally well maintained in both
incubation media. HCO3

2-Earle’s medium was subse-
quently used as the incubation medium for assessment
of O2 consumption by first trimester villous fragments
and as the control bathing solution in all the microelec-
trode studies.

O2 consumption and the effect of cyanide and oua-
bain. As shown in Fig. 2, A and B, O2 consumption by
first trimester villous fragments was significantly higher
than that of villous fragments from term placentas (P ,
0.001; unpaired Student’s t-test). A significant reduc-
tion in O2 consumption by first trimester (88%) and
term (92%) villi was observed in the presence of cyanide
(Fig. 2A). Exposure to ouabain (0.1 mM) reduced O2
consumption in first trimester placental villi by 22%
(Fig. 2B, P , 0.001; paired Student’s t-test). In contrast,
O2 consumption by villi from term placentas was un-
changed by exposure to ouabain.

Microelectrode Studies

Villi impaled. Examples of the placental villi impaled
during microelectrode studies are shown in Fig. 3.
Figure 3, A and B, shows a villus isolated from a first
trimester placenta (at 8 wk of gestation), magnified

340 and 3100, respectively. Figure 3, C and D, shows a
mature intermediate villus isolated from a term pla-
centa magnified 340 and 3100, respectively. There are
considerable differences in the size and morphology of
villi from the two different stages of gestation. The term
mature intermediate villus is smaller in diameter and
length, has several terminal villi projecting from its
surface, and, as shown clearly in Fig. 3D, is well
vascularized by fetal blood vessels. In contrast, first
trimester villi are more poorly vascularized, show
limited branching, and terminal villi are absent. These
characteristic features are common to first trimester
villi, in general, irrespective of villus type (10).

Em in first trimester and at term. We have previously
measured Em in 200 mature intermediate villi from

Fig. 1. Oxygen uptake by term placental villous fragments. O2
uptake by term placental villous fragments incubated in
HCO3

2-Earle’s medium (r; n 5 46, villous samples taken from 7
placentas) or Dulbecco’s modified Eagle’s medium (DMEM; s; n 5 53,
villous samples taken from 9 placentas). Regression analysis was
used to fit linear models to data obtained with both HCO3

2-Earle’s
medium [y 5 0.145(x) 2 2.865, r 5 0.6] and DMEM [y 5 0.100(x) 1
1.276, r 5 0.7]. The 95% confidence interval for the difference
between slopes of regression lines was 20.022–0.112. Because a zero
difference between slopes is near the middle of this confidence
interval, there is no evidence that the 2 population regression lines
have different slopes.

Fig. 2. Oxygen consumption by first trimester and term villous
fragments; effect of cyanide and ouabain. Values are means 6 SE; n 5
no. of placentas. A: O2 consumption before (solid bars) and after
exposure to 3 mM cyanide (open bars) in first trimester (n 5 11) and
term (n 5 5) villous fragments. ***P , 0.001 control vs. cyanide
(paired Student’s t-test). #P , 0.001 first trimester vs. term control O2
consumption (unpaired Student’s t-test). All fragments were incu-
bated in HCO3

2-Earle’s medium. B: O2 consumption before (solid bars)
and after exposure to 0.1 mM ouabain (open bars) in first trimester
(n 5 16) and term (n 5 8) placental villous fragments. ***P , 0.001
control vs. ouabain (paired Student’s t-test). #P , 0.001 first trimes-
ter vs. term control O2 consumption (unpaired Student’s t-test). All
fragments were incubated in HCO3

2-Earle’s medium.
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term human placenta (20). During the course of the
present study, another 27 such measurements were
made. The median value for our previous 200 measure-
ments was 222 mV, and the value for the additional 27
measurements was similar at 221.5 mV. We, therefore,
compared the control measurements of Em in first
trimester villi made in the present study with the total
pool (n 5 227) of measurements made at term.

The distributions of Em measured in villi from the
first trimester and at term are shown in Fig. 4, A and B,
respectively. These data were not normally distributed
(Kolmogorov-Smirnov goodness of fit test). The median
Em measured in first trimester placental villi (228 mV;
range 217 to 287 mV) was significantly more negative
than that measured at term (221 mV; range 212 to
260: P , 0.001; Mann-Whitney U-test). In the first
trimester villi, 34% of all Em values exceeded 235 mV;
in contrast, only 12% of measurements made in term
villi were more negative than this potential.

Em measurements made in villi from placentas at
6–11 and 12–13 wk of gestation are shown in Fig. 5, A

and B, respectively. These data do not follow a normal
distribution (Kolmogorov-Smirnov goodness of fit test).
The median Em in early first trimester (232 mV; range
217 to 287 mV) was significantly more negative than
in late first trimester villi (224 mV; range 218 to 250
mV: P , 0.001; Mann-Whitney t-test).

Factors contributing to the difference in Em between
first trimester and term villi. 1) ROLE OF NA1-K1-ATPASE
IN MAINTAINING EM. The contribution of the Na1-K1-
ATPase to Em was assessed directly by measuring Em
before and after exposure to ouabain. The effect of
ouabain on Em in villi isolated from first trimester and
term placentas is shown in Fig. 6. These data were
normally distributed (Kolmogorov-Smirnov goodness of
fit test). Furthermore, 0.1 and 1 mM ouabain induced
similar effects on Em, and the data have been pooled.
Exposure to ouabain resulted in a significant depolariza-
tion of Em (3 mV: P , 0.05; paired Student’s t-test) in
villi from first trimester placentas. This effect of oua-
bain (0.1 and 1 mM) was maximal within 3 min of
application, and, thereafter, no further change was

Fig. 3. Isolated villi from first trimes-
ter and term human placentas. A repre-
sentative first trimester placental vil-
lus (at 8 wk of gestation) used in this
study is shown magnified 340 (A) and
3100 (B). A term mature intermediate
villus is shown magnified 340 (C) and
magnified 3100 (D). The scale bar rep-
resents 250 µm at 340 magnification
and 100 µm at 3100 magnification.
Arrows indicate a terminal villus.
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observed up to 10 min. In contrast, ouabain had no
effect on Em in term villi.

2) EFFECT OF ELEVATING EXTRACELLULAR KCL CONCEN-
TRATION ON EM. The relationship between Em and extra-
cellular KCl concentration was assessed in villi from
first trimester and term placentas to estimate the
relative K1:Cl2 conductance of the MVM. In this study,
we measured the change in Em in response to elevating
KCl concentrations in the bathing solution. The results
of these experiments are presented in Fig. 7. On
inspection, three of the first trimester data points
(indicated by asterisks in Fig. 7) appeared to be outliers
from the sample population. When the ratio depolariza-
tion divided by change in KCl concentration was calcu-
lated for the other 21 first trimester data points, the
ratios of the three apparent outliers results were found
to lie more than 5 SDs away from the sample mean
(9.57 6 3.23, mean 6 SD). On this basis, these three

data points were excluded from further statistical
analyses.

Increasing K1 concentration in the bathing fluid (by
addition of KCl) depolarized the MVM of both first
trimester and term villi (P , 0.05 and P , 0.001,
respectively; analysis of variance). However, the degree
of depolarization induced by changing extracellular
KCl concentration was greater in villi from the first
trimester than in those from term (P , 0.001; analysis
of variance; because changing extracellular KCl concen-
trations also influences depolarization as shown above,
this variable was used as a covariate in this analysis).

Regression analysis was used to fit linear models of
depolarization with change in KCl concentration to
data from first trimester and term villi (Fig. 7). The
95% confidence interval calculated for the difference
between first trimester and term regression lines was
3.8 to 18.3. Zero does not lie near to the middle of this

Fig. 4. Distribution of membrane potential (Em) in isolated placental
villi from first trimester (weeks 6–13) and term. Distribution of Em in
villi isolated from first trimester (A; n 5 111 villi from 33 placentas)
and term (B; n 5 227 villi from 97 placentas) placentas. The median
Em differed significantly between first trimester (228 mV) and term
(221 mV) villi (P , 0.001, Mann-Whitney U-test).

Fig. 5. Distribution of Em in early (weeks 6–11) and late (weeks 12
and 13) first trimester placental villi. Distribution of Em in villi
isolated from early (A; n 5 66 villi from 22 placentas) and late (B; n 5
45 villi from 11 placentas) first trimester placentas. The median Em
differed significantly between early (232 mV) and late (224 mV) first
trimester villi (P , 0.001, Mann-Whitney U-test).

R1524 EM IN FIRST TRIMESTER AND TERM PLACENTAL VILLI

 on June 21, 2012
ajpregu.physiology.org

D
ow

nloaded from
 

http://ajpregu.physiology.org/


confidence interval, indicating that the slope of the
regression lines are different.

The increase in osmolality associated with addition
of KCl is unlikely to have affected Em because prelimi-
nary experiments showed that increasing extracellular
osmolality to the same extent by addition of raffinose,
sucrose, or mannitol had no significant effect on Em
(data not shown).

DISCUSSION

Oxygen Consumption

The present study is the first to use microelectrodes
to measure the electrical properties of first trimester
placental tissue. Before performing the electrophysi-
ological studies, we determined tissue viability follow-
ing collection by measuring the oxygen consumption
rate of first trimester and term villi. The rate of O2
consumption measured in term placental fragments in
our study (136 µmol·kg21 ·min21) is close to measure-
ments made by Leichtweiss et al. (27) and Edwards et
al. (17) in the in vitro perfused human placenta (156 6
0.06 and 186 6 0.02 µmol·kg21 ·min21, respectively).
However, higher rates of O2 consumption by the per-
fused human placental cotyledon have also been re-
ported (28). The rate at which the human placenta
consumes O2 in vivo is unknown. However, O2 consump-
tion by the perfused human placenta compares reason-
ably well with in vivo data from the cow, sheep, goat,
and mare (7).

An interesting observation revealed by the viability
studies was that villous tissue from first trimester
placenta consumed O2 at a faster rate than that from
term placenta (301 6 19 vs. 136 6 11 µmol·kg21 ·min21).
A decrease in the rate of placental O2 consumption
(measured in tissue slices in vitro) as gestation
progresses has been reported previously (30). Through-
out gestation, the placental dry-to-wet weight ratio
almost doubles. Thus the fraction of solid material
comprising the placenta per kilogram wet weight is
lower in first trimester than at term (30), and expres-
sion of O2 consumption data per gram wet weight is
likely to have underestimated the actual difference
between first trimester and term O2 consumption rates.
However, differences in the proportions of various cells
in the villus, such as fetal red cells, may have contrib-
uted to the measured difference in O2 consumption
between first trimester and term placentas. A signifi-
cant reduction in O2 consumption by both first trimes-
ter and term placental villi was observed in the pres-
ence of cyanide. This suggests that O2 consumption by
villous fragments from both gestational ages is depen-
dent on the presence of aerobically respiring tissue. In
summary, these experiments demonstrate that the
placental tissue used in this study had an active
metabolism and that tissue viability was similar to that
of the in vitro perfused human placenta. Exactly how
representative this is of in vivo metabolism has yet to
be established.

The rate of O2 consumption measured in the human
placenta in vitro is low in comparison with other
isolated epithelial tissues that have high rates of salt
and water secretion or absorption such as the pancreas
and kidney. Isolated human pancreatic ducts have been
shown to consume O2 at a rate of 1,013 µmol·kg wet
wt21 ·min21 (3). The value measured in human pancre-
atic duct was in turn similar to rates measured in
isolated rat pancreatic cells and whole rat pancreas (3).
Liver and kidney cells have been shown to consume O2
at a rate of ,2 µmol·g21 ·min21 (7), with the isolated

Fig. 6. Effect of ouabain on Em in villi isolated from first trimester
and term placentas. Control Em (solid bars) and Em after a 10-min
exposure to ouabain (open bars, 0.1 mM and 1 mM ouabain data
pooled) in first trimester (n 5 6 villi from 6 placentas) and term (n 5
18 villi from 17 placentas) villi. Control and experimental data are
paired. Values are means 6 SE.*P , 0.05 control vs. ouabain (paired
Student’s t-test).

Fig. 7. Effect of increasing extracellular K1 concentration on mem-
brane depolarization. Effect of increasing bath K1 concentration (by
addition of KCl to bathing fluid) on Em in first trimester (s; n 5 24
villi from 19 placentas) and term (r; n 5 22 villi from 8 placentas)
villi. Membrane depolarization (control Em 2 Em after exposure to
KCl) is plotted against change in bath K1 concentration (plotted on a
logarithmic scale). Three of the first trimester data points were found
to be outliers from the sample population (shown by *) and were
excluded from statistical analyses. Regression analysis was used to
fit linear models to first trimester [y 5 18.78(logx) 2 15.76, r 5 0.8,
n 5 21] and term [y 5 7.74(logx) 2 7.42, r 5 0.7, n 5 22] data. The
slopes of the regression lines for first trimester and term villi are
different (95% confidence interval for the difference between slopes
was 3.8–18.3).
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rabbit proximal tubule consuming 20–25 µmol O2·
min21 ·g protein21 (25). One of the main consumers of
O2-derived energy in most tissues is the Na1-K1-
ATPase. Activity of this transporter accounts for more
than 30% of the total energy requirement of most cells
(1). The observation that O2 utilization in first trimes-
ter placenta exceeds that of term therefore suggested
that Na1-K1-ATPase activity might be greater in early
than late gestation. We tested this hypothesis directly
by measuring O2 consumption by first trimester and
term tissue in the presence and absence of ouabain. The
experiments showed that activity of the Na1-K1-
ATPase accounted for ,22% of O2 consumed by first
trimester placenta in vitro, but very little of the term
tissue O2 consumption. These data suggest that, in
in vitro at least, this electrogenic transporter is signifi-
cantly more active in placental tissue during early
pregnancy than at term. The proportion of O2 consump-
tion inhibited by ouabain in placental tissue (a maxi-
mum of 22%) reported in the present study is, as with
total O2 consumption, low in comparison with other
tissues. For example, ,50% of total O2 utilization is
inhibitable by ouabain in the isolated rabbit proximal
tubule (25). The low ouabain-sensitive O2 consumption
rate observed in human placenta indicates that Na1-K1-
ATPase activity is low in this tissue. This has recently
been confirmed directly as has the difference in activity
between first trimester and term placentas (26).

Microelectrode Studies

Measurement of Em. The primary objective of this
study was to measure Em in villi from first trimester
human placenta and to compare this to the Em mea-
sured at term. The median Em measured in first
trimester placental villi was significantly more nega-
tive than that measured in term villi. This fall in Em
between early and late gestation is in agreement with
the findings of Carstensen et al. (9), who reported Em in
human placentas between weeks 12 and 24 to be higher
than that at term. In placentas from weeks 12 to 24 of
pregnancy, 78% of Em values were between 220 and
265 mV; at term, 91% of Em values were between 0 and
220 mV.

The Em was found to be significantly more negative in
early than in late first trimester placental villi. Em
values were compared before and after peak hCG
secretion by the placenta (8), and the differences in Em
suggest that there might be a link between hCG and
membrane electrogenesis. hCG has been demonstrated
to induce a 5-mV depolarization of Em in syncytialized
human cytotrophoblast cells in culture (14), which was
attributed to the activation of chloride currents, result-
ing in chloride efflux from the cell (13). It could be that
changes in Em and hCG concentrations are indepen-
dently associated with villus maturation (change in
villus type and differentiation of the syncytiotropho-
blast), which occurs throughout gestation. However, it
seems most likely that both villus development (change
in villus type from mesenchymal/immature intermedi-
ate in first trimester to mature intermediate/terminal

villi at term) and the endocrine milieu will influence the
characteristics of the MVM and lead to a change in Em.

The Em measured in placental villi by us and others is
relatively low compared with intracellular potentials in
other tissues (27). However, potentials of a similar
magnitude to those measured in human placenta have
been observed in some cells. A mean potential of 218
mV has been reported in human hepatocytes, values
ranging from 29 to 278 mV have been observed in rat
hepatocytes, and in perfused rat liver mean potentials
ranging from 233 to 255 mV have been recorded in
vivo and 225 to 245 mV in vitro (27). Also, membrane
potentials of 220 to 280 mV have been reported in
Lettré cells (5).

Assuming similar electrical gradients exist in vivo,
the effect of gestation on Em suggests that the electrical
driving force for movement of ions from maternal blood
into the syncytiotrophoblast across the MVM is differ-
ent at term compared with early gestation; the electri-
cal force favoring cation uptake will be diminished,
whereas the force favoring anion uptake will be en-
hanced.

Factors contributing to the difference in Em between
first trimester and term villi. In all cells, the major
factors determining the resting Em are the ionic perme-
ability of the plasma membrane and the activity of
electrogenic transporters (29). In most cells (e.g., nerve
and muscle), Em depends primarily on the K1 conduc-
tance of the membrane, such that Ek < Em and other ion
conductances and electrogenic transporters such as the
Na1-K1-ATPase make little or no contribution to the
resting Em (29). However, in some cells, the Na1-K1-
ATPase is an important contributor to resting Em. In
hepatocytes that have a low Em, of similar magnitude to
placental villi, the Na1-K1-ATPase was found to be a
major determinant of Em (27). Bashford and Pasternak
(5) demonstrated that at least 50% of the resting Em in
Lettré cells could be generated by the activity of
electrogenic Na1-K1-ATPase and the permeability of
the membrane to potassium ions was less important.
These authors also demonstrated the Em of human
peripheral T lymphocytes to be generated partially by
the ionic diffusion gradient and partially by electro-
genic pumps (5).

1) ROLE OF Na1-K1-ATPASE IN MAINTAINING EM. The
contribution of the Na1-K1-ATPase to Em in first trimes-
ter and term placental villi was assessed directly by
measuring Em before and after exposure to ouabain.
These experiments demonstrated that, although Na1-
K1-ATPase made little contribution to the Em in term
placenta, it did make a small (3 mV) but significant
contribution to first trimester villus Em. The lack of
effect of ouabain on term tissue is unlikely to reflect an
inability of ouabain to penetrate the tissue because the
syncytiotrophoblast is thinner at term than in first
trimester (22). That the contribution of the Na1-K1-
ATPase to Em was greater in first trimester than term
placental villi is in accordance with our observation
(based on O2 consumption rates) and that of others (26)
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that the activity of this transporter is higher in first
trimester than term placenta.

In contrast with our findings, Bara et al. (4) reported
that 0.1 mM ouabain has a small depolarizing effect on
term placental Em after a 10-min exposure. The reasons
for this discrepancy are not clear, although there are
methodological differences between the two studies.
Bara et al. (4) did not of course make any measure-
ments on tissue from earlier in gestation. Whatever the
reasons for the differences between the two studies, it is
clear from our data that, although electrogenicity of the
Na1-K1-ATPase does play a role in generation of Em in
first trimester placenta in vitro, this alone cannot fully
account for the difference in magnitude of Em between
first trimester and term villi, and other factors must
therefore be involved.

2) EFFECT OF ELEVATING EXTRACELLULAR KCl CONCENTRA-
TION ON EM. In most cells, as discussed above, the
conductance of the membrane to K1 is much greater
than to other ions, and Em reflects the concentration
ratio of K1 across the membrane.

Because the success rate of impaling placental villi
and sustaining an impalement during solution change
is very low, in the present study we decided to focus on
the possibility of there being differences in the relative
K1:Cl2 conductance of the MVM between first trimes-
ter and term by comparing the effects of addition of KCl
to the bath solution on Em in first trimester and term
villi. Increasing extracellular KCl concentration in this
way induced a significant depolarization of Em at both
gestations. In three villi from first trimester placentas,
the induced depolarization was greater than that ob-
served in the other 21 first trimester villi. The explana-
tion for this difference in magnitude of depolarization is
not clear; these three villi were isolated from three
different placentas (gestational ages 9, 10, and 11 wk),
and no clear difference in morphological appearance
was apparent. Interestingly, the slope of the linear
regression line fitted to these three data points
[17.46(logx)] was very similar to that fitted to the
remaining 21 data points [18.78(logx)], suggesting that
the ion conductance of the MVM was similar over
22–114 mM KCl in all first trimester villi, but that the
ion conductance was different in the three outliers over
the range 5–16 mM KCl. These outliers were excluded
from all further analyses. The magnitude of the depolar-
ization induced by increasing extracellular KCl concen-
trations was significantly greater in first trimester
than in term villi. Furthermore, the slopes of the
regression lines fitted to these data (Fig. 7) differed
significantly between first trimester and term, suggest-
ing differences in the ion conductance of the MVM at
the two gestations. The simplest explanation of these
data is that the K1 conductance of the MVM is greater
in the first trimester than at term.

However, as extracellular K1 concentrations were
elevated by addition of KCl, extracellular Cl2 concentra-
tion was also elevated in these experiments. Thus the
slopes of the two regression lines cannot be assumed to
represent the conductance of only K1 across the MVM,
but instead reflects the relative K1:Cl2 conductance of

this membrane. Under these circumstances, any hyper-
polarizing effect of elevating extracellular Cl2 would
tend to oppose the depolarizing effect of increasing
extracellular K1 concentration, and thus we are likely
to be underestimating the magnitude of the K1 conduc-
tance in the syncytiotrophoblast MVM. A Cl2 conduc-
tance has been demonstrated in this membrane at term
(20), but the ion channel(s) responsible have not been
identified. Whether chloride conductances in the placen-
tal MVM change during gestation remains to be deter-
mined with microelectrode experiments, but studies
using MVM vesicles prepared from human placenta
have shown that Cl2 conductance is similar in first
trimester and term (15). In both first trimester and
term villi, the net response to elevating extracellular
KCl concentration was a depolarization of Em, which
suggests that, as in most other tissues, the K1 conduc-
tance of both first trimester and term MVM exceeds
that for Cl2. Therefore, these data support the hypoth-
esis that the higher Em in the first trimester reflects a
relatively higher K1 conductance; the relative role of
K1:Cl2 in membrane electrogenesis at the different
stages of gestation could be determined in the future by
examining the effect of K1 and Cl2 channel blockers
and single ion substitutions on Em. However, microelec-
trode impalements of villi are technically difficult, and
direct study of K1 and Cl2 channels with patch-clamp
techniques may be the most productive approach to
reveal differences in K1 and Cl2 transport in first
trimester villi compared with term.

In summary, we report the first measurement of the
syncytiotrophoblast microvillous Em in first trimester
placental villi and find it to be more negative than at
term. A difference in the relative K1 conductance of the
MVM observed between first trimester and term villi is
most likely to be a major contributor to the difference in
the magnitude of Em.

Perspectives

The data reported here add to an increasing body of
evidence that there are marked alterations in the
transport physiology of the placenta over the course of
pregnancy. The demonstration that membrane poten-
tial changes highlights the need for investigation of
driving forces, as well as for, e.g., investigation of
changes in expression of transport proteins. We previ-
ously reported that the activity of the system A amino
acid transporter is lower in microvillous membrane
vesicles isolated from first trimester compared with
term placenta (28), but the more negative membrane
potential in early pregnancy would tend to drive a
greater amino acid influx on this Na1-dependent trans-
porter than that which occurs toward term. The resul-
tant effect of decreasing driving force but increasing
expression could be that, in vivo, influx of amino acid
across the microvillous membrane is kept constant.
The data here, showing that microvillous membrane
potential is different in early compared with late first
trimester, also raise the possibility that this is a key
time in the development of all aspects of placental
function. There is clearly a continuing need for more
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information on all aspects of placental transport physi-
ology in early pregnancy.
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The onset of maternal blood flow (10e12 weeks gestation) results in increased oxygenation of the placenta. We investigated

whether the expressions of NaC/HC exchanger (NHE) and Cl�/HCO3
� anion exchanger (AE), thought to have an important

role in maintaining intracellular pH of the syncytiotrophoblast and fetal pH homeostasis, are altered at the same time as this

increase in blood flow. Real-time quantitative PCR was used to examine steady state levels of NHE (NHE1, 2, 3) and AE (AE1, 2)

mRNA expression in early (6e9 weeks) and late (10e13 weeks) first trimester and full-term (38e40 weeks) placentas. b-Actin,
IF2B and GAPDH mRNA was also measured. None of the genes showed a significant difference in expression between the early

and late first trimester groups. However, NHE2 (p! 0:001) and GAPDH (p! 0:05) mRNA expression significantly increased 18-

and 3.7-fold between early first trimester and term. In conclusion, this study provides additional evidence that GAPDH is an

unsuitable housekeeping gene for normalization of transcript levels in placenta. The expression of NHE and AE in the villous

placenta is not altered concomitant with the onset of maternal blood flow. However, NHE2 transcripts appear to be gestationally

regulated, which may contribute to changes in NHE activity.

Placenta (2005), 26, 93e98 � 2004 Elsevier Ltd. All rights reserved.
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INTRODUCTION

The rate of fetal growth increases over gestation: it is slow in

first trimester, accelerates towards the end of second trimester

and is then maintained at a high rate to term [24]. The capacity

of the placenta to exchange solute and water must also increase

over gestation to meet these alterations in fetal growth rate.

Indeed we and others have shown that the expression and

activity of a number of transporter proteins in the syncytio-

trophoblast do change during the course of pregnancy [18,24].

These changes are likely to be regulated at transcriptional,

translational and/or post-translational loci. However, there is

currently little information on any of these events and in

particular how placental transporter mRNA expression is

related to gestation.

Syncytiotrophoblast acid/base balance is important to

maintain optimal solute transport rates across the placenta

and for fetal pH homeostasis. Two classes of proteins with

a role in pH regulation have so far been identified in the
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placenta, the NaC/HC exchangers (NHEs) and Cl�/HCO3
�

anion exchangers (AE) [2,7e11,14]. At least three of the eight

identified NHE isoforms, NHE1, NHE2 and NHE3, are

expressed by the placenta [13,16,20,21] and there is functional

evidence that NHE has a role in regulating syncytiotrophoblast

intracellular pH [22,26]. Interestingly we have reported

previously that NHE activity increases between first trimester

and term as does the protein expression of NHE2 and NHE3,

but not NHE1, in the microvillous plasma membrane (MVM)

of the syncytiotrophoblast [13,18]. The sodium-independent

AEs are also ubiquitously expressed proteins that work in

concert with the NHEs to affect transepithelial salt transport

and to regulate intracellular pH and cell volume by mediating

an electroneutral exchange of Cl� for HCO3
� across the

plasma membrane [1]. Of the four identified AE isoforms to

date, only AE1 protein signals have been identified in the

human placenta [9,21,23]. Doughty et al. [9] demonstrated

that the expression of this protein is similar in MVM from first

trimester and term placentas.

No study has yet addressed whether there are gestational

changes in placental NHE or AE transcript levels. Recent

evidence suggests that blood flow to the maternal side of the

placental exchange barrier in the intervillous space does not

� 2004 Elsevier Ltd. All rights reserved.
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begin until the 10th week of gestation [15] and is associated with

a rise in oxygen tension in the intervillous space. Furthermore it

has been suggested that at this time the placenta and fetus switch

from a histiotrophic form of nutrition to a hemotrophic type [4].

Here we investigate whether there are changes in the mRNA

expression of NHE and AE isoforms in the placenta over the

course of the first trimester and compare this to expression at

term. We tested the hypothesis that there are specific changes

associated with the time of onset of maternal blood flow to the

intervillous space at about 10 weeks. The study utilized

quantitative real-time PCR (QPCR) to detect and measure

mRNA expression for NHE1, NHE2, NHE3, AE1 and AE2 in

first trimester and term human placentas. Concurrently we

measured mRNA for three unrelated genes, b-actin, glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) and eukaryotic

translation initiation factor-2 (IF2B), often used as examples of

constitutively expressed ‘housekeeping’ genes.

METHODS

Tissue acquisition

All the tissues were obtained with informed consent as approved

by the Local Research Ethics Committee. Placentas at term

(38e40 weeks) were obtained following cesarean section or

vaginal delivery of women having uncomplicated singleton

pregnancies. First trimester placentas (6e13 weeks) were

obtained by medical or surgical elective termination of

pregnancy. Gestational age of all placentas was estimated from

date of last menstrual period and confirmed by ultrasound

dating. For term placentas three areas of villous tissue were

sampled at random, washed free of blood in phosphate buffered

saline and stored in 1.5 ml RNAlater (Ambion Inc., UK) at

�80 (C. First trimester villous placenta was dissected free from

membranes and similarly stored in RNAlater at �80 (C.

Total RNA extraction and quantification

Total RNA was extracted using Absolutely RNA (Stratagene,

La Jolla, USA) according to the manufacturer’s instructions.

Each sample comprising pooled total RNA from three random

areas of villous placenta (this number was shown in pre-

liminary experiments to adequately reflect the whole placenta)

was treated with DNase I to eliminate genomic DNA

contamination. Total RNA was quantified using Ribogreen

(Molecular Probes, Invitrogen, UK) and the MX4000

(Stratagene) according to the manufacturer’s instructions.

Integrity of total RNA was confirmed by visualization of

ribosomal band integrity by electrophoresis.

cDNA synthesis

A constant amount of total RNA (100 ng) was used for each

batch of reverse transcription (RT) reactions. To allow

adjustment for run-to-run variation, RNA from one 40-week

placental sample for which a large pool of total RNA was

available (and which was found in preliminary experiments to
express the gene of interest within the normal range of term

placentas) was taken through every complementary DNA

(cDNA) synthesis and subsequent QPCR analysis as a calibra-

tor sample. In addition, cDNA synthesis runs included RNA

from the normal calibrator sample and a no RT enzyme

control. First strand cDNA synthesis was performed using

random primers (300 ng) (Prostar Stratagene, La Jolla, USA)

and stored at �20 (C.

Primers and probe design

Sequences for all genes were derived from GenBank (Table 1).

All primer and probe sequences were designed using Beacon

Designer software (Premier Biosoft, Int., Palo Alto, CA, USA)

with reference to structural and Basic Local Alignment Search

Tool (BLAST) assessment. Primer and amplicon sequences

were subjected to a BLAST search to ensure gene specificity and

no amplification from related or other gene sequences. Primers

and probes were synthesised by MWG-Biotech, Germany.

Real-time quantitative PCR

NHE1, NHE2, NHE3, AE1, AE2, b-actin and GAPDH

mRNA was quantified using TaqMan probes [12]. All gene

specific probes were labelled at the 5# end with 6-carboxy-

fluorescein and quenched at the 3# end with 6-carboxy-

tetramethyl-rhodamine. Quantification of IF2B was performed

by intercalation of SYBR Green I. All reactions were run in

triplicate and 5-carboxy-x-rhodamine (ROX) was always

included as passive reference dye. QPCR reactions were

performed in either 25 ml or 30 ml volumes, depending on

primer concentrations, containing 1 ml cDNA using Stratagene

Brilliant QPCR mastermix. All samples were run in triplicate

for 40 cycles of PCR under the following conditions: initial

enzyme activation and template denaturation for 10 min at

95 (C followed by 30 s at 95 (C, 1 min annealing at 58 (C and

extension phase for 30 s at 72 (C.
For each gene transcript an amplification plot was created

for each sample plotting DRn (Rn is fluorescence emission

intensity of the reporter dye normalized to ROX and DRn is

the Rn of an unreacted sample minus the Rn value of the

reaction) vs the product cycle threshold (Ct). To quantify

expression sample Ct values were used to calculate initial input

amounts using a standard curve constructed from cDNA

generated from human reference RNA (1 mg/ml; Stratagene,
La Jolla, USA) ranging from 7.8 ng to 5 mg for determination

of assay efficiency and sample quantification. All assays were

validated on this serial dilution and only used for subsequent

sample analysis if efficiency was determined to be between 93

and 105%.

Statistical analysis

Data are presented as median values of percentage expression

relative to calibrator. First trimester data were split into two

groups !6e9 weeks (n ¼ 23) and 10e13 weeks (n ¼ 17) to

allow for the determination of any relationship with onset of
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Table 1. Gene specific primer sequence information

Gene name Primers GenBank� accession number

NHE1 F 5#-ATG ATG CGG AGC AAG GAG ACT-3# NM_003047
R 5#-GTC ACT GAG GCA GCG CTG TAT-3#
P 5#-TCT TCA CCC CCG CGC CCA T-3#

NHE2 F 5#-TGG AGG GCA TCG GAA CCT-3# NM_003048
R 5#-TCG CTG CTT CTC TTA AGG CTT CT-3#
P 5#-CCC AAA TCG GGC TTT CCG GCT TT-3#

AE1 F 5#-CTC TCT CAC CTC ACC TTC TGG-3# NM_000342
R 5#-GCA GGT CTA GGA GGA CAG TAC C-3#
P 5#-CCT CCT AGA GCT GCG TAG AGT CTT CAC CA-3#

AE2 F 5# GGC AGA GCC GGT GTT TGA T-3# NM_003040
R 5#-ACA CAG GCA TGG GCA TCT C-3#
P 5#-TGT ACT CGT CCA ACA CCC TCCC GCT T-3#

b-Actin F 5#-AGC CAC CCC ACT TCT CTC TAA G-3# X00351
R 5#-ACA CGA AAG CAA TGC TAT CAC CT-3#
P 5# CCA GTC CTC TCC CAA GTC CAC ACA-3#

GAPDH F 5#-GTG GTC TCC TCT GAC TTC AAC AG-3# J04038
R 5#-GTT GCT GTA GCC AAA TTC GTT GT-3#
P 5# TCT CCC CTC CTC ACA GTT GCC ATG TAG AT-3#

IF2B F 5#-TGG AGT TGG GAT GTG GAA GTG-3# NM_003908
R 5#-CTG CCG GGC CTG CTT AG-3#

F, forward; R, reverse; P, probe.
maternal blood flow and compared to the 38e40 week term

group (n ¼ 24). The data were analysed by nonparametric

KruskaleWallis test followed by a Dunn’s post hoc test with

a value of p! 0:05 considered significant using Graphpad

Software Inc (San Diego, USA).

RESULTS

Real-time QPCR gene profiling

There were no significant differences in mRNA expression

levels of any genes studied within the 6e9 and 10e13 week

first trimester groups in relation to the mode of placental

collection (medical termination 6e9 weeks n ¼ 17; 10e13

weeks n ¼ 8; surgical termination 6e9 weeks n ¼ 4; 10e13

weeks n ¼ 9, data not shown).

There were no significant differences in the mRNA levels of

NHE1, AE1, b-actin, AE2 or IF2B across gestation either

between 6e9 and 10e13 week groups or between these groups

and term (Figure 1). No signal was detectable for NHE3 despite

using four sets of QPCR NHE3 gene specific primers; NHE3

transcripts were detected in kidney cDNA used as a positive

control (data not shown). There was a significant increase in

NHE2 mRNA expression at 38e40 weeks compared to both

first trimester groups; it was 18-fold higher at term than at 6e9

weeks and 9-fold higher at term than the 10e13 week group

(Figure 1D). GAPDH mRNA expression was also increased at

38e40 weeks (3.7-fold) compared with 6e9 weeks (Figure 1F).

DISCUSSION

This study is the first to quantify gestational changes in placental

transporter mRNA expression. It complements previous work
addressing gestational changes in NHE and AE protein

expression and activity [9,13,18]. Mapping the mRNA

expression profile of proteins involved in the regulation of

syncytiotrophoblast pH during normal placentation adds to the

understanding of developmental regulation of placental gene

expression. This will aid studies examining differences in

placental gene expression between normal and aberrant

pathological conditions such as IUGR and pre-eclampsia.

QPCR data for genes of interest are often normalized to that

for ‘housekeeping’ genes studied in the same samples both to

allow for batch-to-batch variation in the reaction and to allow

for variation in mRNA amounts in relation to an experimental

paradigm [6]. An ideal housekeeping gene should be

constitutively expressed at the same level in all tissues at all

stages of development and should not be affected by

experimental treatment [5]. However, growing evidence has

shown that although housekeeping genes are constitutively

expressed, their rate of transcription is still influenced by

a number of factors such as proliferation, growth factors and

hypoxia, all of which are present during the development of

the placenta [17]. To address these issues in our study, RNA

samples were processed with rigorous quality control and the

amount added to each RT reaction was accurately measured

using the Ribogreen method. We measured three possible

constitutively expressed genes in each sample (b-actin,
GAPDH and IF2B) as well as the NHE and AE isoforms.

In addition every run included RNA from a single term

placenta which was used as a calibrator for run-to-run

variation. Our data show that GAPDH mRNA increases

between late first trimester and term samples. An effect of

gestation on expression of this gene has been reported recently

by another group [19]. GAPDH is therefore not an appropriate

http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
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Figure 1. Relative mRNA expression of (A) NHE1 (B) AE2 (C) AE1 (D) NHE2 (E) b-actin (F) GAPDH (G) IF2B genes in first trimester and term placental
tissue. Values are box and whiskers (box extends from the 25th to the 75th percentile, whiskers show range with a horizontal line at the median); **p! 0:05,
yp! 0:001 KruskaleWallis with Dunn’s post hoc test vs 6e9 and 10e13 week groups, respectively.
housekeeping gene for studies of placental gene expression in

relation to gestation. On the other hand our data show that

neither b-actin nor IF2B mRNA expression changes over

gestation and as such are useful candidates for experiments

where normalization is required.

There were no significant changes in NHE1, AE1 or AE2

mRNA levels either between early and late first trimester groups

or between first trimester and term. This is in broad agreement

with the studies of Hughes et al. [13] andDoughty et al. [9] who,
using Western blotting, showed that there was no change in

NHE1 or AE1 protein expression in MVM over gestation. By

contrast we found that NHE2 mRNA levels increased 18-fold

between term and early first trimester and

9-fold between term and late first trimester. Hughes and

colleagues [13] reported an increase inNHE2 protein expression

in MVM from 14e16 weeks gestation placentas as compared to

term with no difference between first and second trimester

placentas. Taken together these data suggest that transcription is
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an important locus of gestational regulation for NHE2 and that

there may be a gradual increase in its mRNA over early

pregnancy leading to the change in protein level expression

between second trimester and term. Mahendran et al. [18] and

Hughes et al. [13] reported that NHE activity in the MVM

increases over gestation. The relative contribution of the

different NHE isoforms to this activity at different stages of

gestation is not known. Furthermore from our studies, we are

unable to attribute the change inNHE2mRNA to any particular

cell types in the placenta. This study did not address which

specific cell types within placentas from first trimester and term

expressed the genes of interest as the RNA pool will comprise

that from all cell types. Although syncytiotrophoblast contrib-

utes to a large percentage of the placenta it is likely that some of

the mRNAwe quantified was from cells not directly involved in

maternofetal exchange and this needs to be borne in mind when

interpreting the data.

The gestational increases observed at mRNA and protein

level for NHE2 concomitant with increased NHE activity

suggest that this transporter may have particular functional

significance in the placenta in regard to syncytiotrophoblast

development and fetal growth. Knowledge of regulators of
expression of this and other transporter genes in the placenta

at all loci (transcriptional translational and post-transcrip-

tional) needs to be sought in future studies. The NHE

regulatory factors may be particularly important in this

regard [20,24].

Despite the use of several different sets of NHE3 primers no

signal for NHE3 transcript could be found in placental tissue

across gestation. Positive control kidney cDNA, however,

worked with all subsets of NHE3 gene specific primers used in

this work. Brant and colleagues [3] using Northern blotting

only detected term placental NHE3 mRNA after a 7-day

exposure. Such low expression would increase the likelihood of

interference from primers reacting non-specifically with

sequences in other genes and may explain our failure here to

detect NHE3 mRNA.

Finally we were not able to detect differences in expression

of any of the genes studied here between early and late first

trimester. There is therefore no evidence to support our

hypothesis that expression of these particular genes may be

altered in relation to the start of blood flow to the maternal side

of the placenta. It will be interesting to investigate whether any

other transporter genes show such a relationship.
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Restricted fetal growth is associated with postnatal mortality and
morbidity and may be directly related to alterations in the capacity
of the placenta to supply nutrients. We proposed previously that
imprinted genes can regulate nutrient supply by the placenta.
Here, we tested the hypothesis that the insulin-like growth factor
2 gene (Igf2) transcribed from the placental-specific promoter (P0)
regulates the development of the diffusional permeability prop-
erties of the mouse placenta. Using mice in which placental-specific
Igf2 had been deleted (P0), we measured the transfer in vivo of
three inert hydrophilic solutes of increasing size (14C-mannitol,
51CrEDTA, and 14C-inulin). At embryonic day 19, placental and fetal
weights in P0 conceptuses were reduced to 66% and 76%, respec-
tively, of wild type. In P0 mutants, the permeability�surface area
product for the tracers at this stage of development was 68% of
that of controls; this effect was independent of tracer size. Ste-
reological analysis of histological sections revealed the surface
area of the exchange barrier in the labyrinth of the mouse placenta
to be reduced and thickness increased in P0 fetuses compared to
wild type. As a result, the average theoretical diffusing capacity in
P0 knockout placentas was dramatically reduced to 40% of that of
wild-type placentas. These data show that placental Igf2 regulates
the development of the diffusional exchange characteristics of the
mouse placenta. This provides a mechanism for the role of im-
printed genes in controlling placental nutrient supply and fetal
growth. Altered placental Igf2 could be a cause of idiopathic
intrauterine growth restriction in the human.

Restricted fetal growth increases significantly the risk of
mortality, neurodevelopmental handicap, and other mor-

bidities in the neonatal period and in childhood (1, 2). Further-
more, small size at birth in human population studies is associ-
ated with increased risk of high blood pressure and abnormal
glucose tolerance in adulthood (3). These associations can be
reproduced in animal models of restricted in utero growth (4). A
full understanding of the control of fetal growth would therefore
make a significant impact on the burden of common diseases.

Fetal growth rate is determined by a number of factors,
including maternal environment and nutrition, hormonal milieu,
and maternal and paternal genotypes (5). Imprinted genes, those
expressed from either the maternal or paternal allele, have a
major influence on fetal growth. In particular, we proposed that
imprinted genes expressed in the placenta would have significant
roles in modulating nutrient supply to the fetus (6). The insulin-
like growth factor 2 gene (Igf2) is expressed from the paternal
allele and promotes fetal growth. Mouse fetuses in which the Igf2
gene has been completely deleted weigh �60% of wild-type
fetuses (7). There are several transcripts of the Igf2 gene arising
from the use of alternative promoters (P0, P1, P2, P3); one of
these, the P0 transcript, is expressed only in the labyrinthine cell
layers, which form the exchange barrier of the mouse placenta
(8, 9). We have shown recently that knockout of this P0 transcript

results in placental growth restriction, with mutants 68% of
wild-type weight and fetal growth restriction with mutants 69%
of wild type at birth (9). Remarkably, a large part of the
phenotypic effect of complete Igf2 deletion can therefore be
attributed to the lack of the placental transcript. Fetal growth
restriction in knockout mice in which placental-specific Igf2 has
been deleted (P0) is directly related to a decrease in the transfer
capacity of the placenta, because transfer of an inert hydrophilic
tracer 51CrEDTA was reduced per gram of placenta in mutants
as compared to wild type. One explanation for this is that the
diffusional permeability of the knockout placentas is reduced,
impairing the transfer capacity of the placentas even further than
would be expected from their reduced size.

Passive diffusion makes a quantitatively significant contribu-
tion to fluxes of all solutes across the placenta (10–12). In the
human, up to 50% of the unidirectional f lux of, for example, ions
is via diffusion (12), and therefore any decrease in the passive
permeability of the placenta to hydrophilic nutrients will have a
significant impact on total transfer capacity and therefore fetal
growth potential. Despite its importance in overall placental
transfer capacity, however, it is not known how placental per-
meability is regulated. Passive permeability may be measured by
using uncharged hydrophilic solutes, large enough for their
transfer to be relatively unaffected by blood flow and unable to
cross the placenta by any other mechanism. Fick’s law of
diffusion (see Methods) shows that regulation can theoretically
result from alterations in the surface area and�or thickness of the
exchange barrier. Additionally, a change in the width of the pore
through which diffusion of the solutes occurs, altering the degree
of steric hindrance, would also affect permeability (13). There-
fore, there could be differential effects on molecules that depend
on their size.

Here we test the hypothesis that labyrinthine Igf-II regulates
the development of the diffusional permeability properties of the
mouse placenta and ask which parameters of diffusion might be
affected. We analyzed the transfer across the P0 mutant placenta
of three inert hydrophilic solutes of increasing size (14C-
mannitol, 51CrEDTA, and 14C-inulin) and showed that perme-
ability is reduced in these animals. Stereology revealed a reduc-
tion in surface area and an increase in thickness of the exchange
barrier in the labyrinth; this finding is consistent with the
physiological measurements. Therefore, labyrinthine Igf2 ex-
pression regulates the development of the normal diffusional
exchange characteristics of the mouse placenta.

Abbreviations: Pn, Igf2 promoter n; P0, mice in which placental-specific Igf2 has been
deleted; En, embryonic day n; P�S, permeability�surface area product; IUGR, intrauterine
growth restriction.; Dw, diffusion coefficient in water at 37°C; IGF, insulin-like growth
factor.
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Methods
Mice. P0 mice (9) were maintained in a C57BL�6J genetic back-
ground. For this study, C57BL�6J female mice were bred with
heterozygous P0 males. Pregnant females were used at embryonic
day (E)16 and E19 (E was defined as the day of vaginal plug
detection). Mutant embryos were distinguished from wild types
with a Southern blotting-based assay, as shown (9).

Measurement of Permeability�Surface Area Product (P�S). In the
absence of an electrical gradient the rate of transfer of any solute
by diffusion (Jnet) is described by Fick’s law of diffusion (10):

Jnet �
ADw

l
(Cm�Cf) mol�time,

where A is the surface area of the exchange barrier, Dw is the
diffusion coefficient in water at 37°C for the solute in question
(inversely proportional to molecular size), l is the thickness of the
exchange barrier, and Cm and Cf are the mean concentrations of
the solute in the maternal and fetal plasma, respectively, across
the length of the exchange barrier. For uncharged hydrophilic
solutes for which transfer is relatively unaffected by blood flow
and which cannot cross the placenta by any other mechanism,
ADw

l
is equivalent to P�S with the units volume�time per gram of

placenta (12). P�S is calculated by rearrangement of Fick’s law
and by using data from experiments where Jnet and (Cm�Cf) are
measured. Determinations of Jnet and (Cm�Cf) are based usually
on methodology first described by Flexner et al. (14) and which
we have previously applied to the rat placenta (12, 15). Fetal
accumulation of a tracer is measured at times after its injection
into the maternal circulation when transfer is essentially unidi-
rectional, i.e., there is no backflux (15), and Cf in Fick’s equation
can be ignored. The amount accumulated by the fetus (equiva-
lent to the unidirectional maternofetal f lux) is divided by the
mean maternal plasma concentration over the course of the
experiment, per unit time and per gram of placenta.

In the experiments reported here, mice at E16 or E19 (term
is day 20�21) were anesthetized with fentanyl�f luanisone and
midazolam. A neck incision was made and the jugular vein
identified. A 100-�l bolus of saline containing 3.5 �Ci 14C-
mannitol (NEN NEC314; specific activity 53.7 mCi�mmol) or 70
�Ci 51CrEDTA (NEN NEZ147; specific activity 324.7 mCi�mg)
or 70 �Ci 14C-inulin-carboxyl (ICN; specific activity 2.4 mCi�g)
was then injected into the jugular vein via a short length of tubing
attached to a 27-gauge needle; in some experiments, 14C-
mannitol and 51CrEDTA were injected together into the same
animal. At times up to 4 min after injection of tracer (studies
showed there was insignificant tracer backflux at this time; data
not shown), laparotomy was performed, a sample of maternal
arterial blood taken, and mothers and fetuses killed. Fetuses and
placentas were removed and separately weighed and the former
then lysed overnight at 55°C in 2 ml (E16 fetuses) or 4 ml (E19
fetuses) of Biosol (National Diagnostics). Fractions of maternal
plasma and fetal samples were then added to scintillation liquid
(Bioscint, National Diagnostics) for � counting (Packard Tri-
Carb 1900) or to appropriate tubes for � counting (Packard
Cobra 5005). For those samples that contained both 51Cr and
14C, time was allowed for the former to decay before � counting.
Placental tissue was used for genotyping.

P�S for each tracer was calculated as:

P�S � Nx�(AUC0-x)W �l�min�1�gram�1 of placenta,

where Nx � counts in fetus taken at time x, when mother was
killed; (AUC0-x) � area under curve, from time 0 to time of

killing mother, derived from graph of maternal arterial counts vs.
time, where each time point is given by the single sample from
an individual mouse; W is the wet weight of the placenta.

Morphometry. Placentas from E19 mice (four litters; two wild
type and two P0 from each) were weighed, hemisected, and
corresponding halves fixed and embedded for generating paraf-
fin wax or resin sections. The wax blocks were exhaustively
sectioned at 7 �m. Measurements were carried out blind to
genotype. Absolute placental volume was determined by point
counting (see Fig. 3) on 10 systematic uniform random paraffin
sections (1.25 � objective magnification) and applying the
Cavalieri Principle, V(obj) � t�a(p)��P, in which V(obj) is the es-
timated placental volume, t is the mean thickness between the
sections (number of intervening sections multiplied by section
thickness), a(p) is the area associated with each point, and �P is
the sum of points falling on the sections (16). Tissue shrinkage
was assessed by measuring the diameter of 100 randomly selected
erythrocytes and comparing this value to that obtained from
fresh maternal erythrocytes (17). Placental volume was cor-
rected accordingly. Further point counting was done by using
�10 objective magnification to determine the absolute volume
of the labyrinth zone.

A corresponding 1-�m resin section was taken across the
center of each placenta perpendicular to the chorionic plate.
Twelve fields were randomly selected within the labyrinth zone
and viewed by using a �100 objective lens. For fetal capillary and
maternal blood space surface areas, a grid of cycloid arcs (see
Fig. 3) was used to count intersects with the different component
boundaries (18, 19). The harmonic mean labyrinth exchange
barrier (consisting of three trophoblast layers, basement mem-
brane, and fetal capillary endothelium, and sometimes called the
interhemal membrane) thickness was measured by using orthog-
onal intercept lengths: starting points were determined by
superimposed lines of random orientation (similar to those in
Fig. 3) that intersect the fetal boundary of the barrier (19, 20).
The shortest distance to the nearest maternal blood space
boundary was measured and the harmonic mean thickness then
calculated (19, 21). Tissue shrinkage for resin embedding was
found to be �2%, so no corrections were applied. The theoret-
ical diffusing capacity of the exchange barrier was determined by
multiplying the mean area of the fetal and maternal surfaces by
Krogh’s diffusion coefficient for oxygen (17.3 � 10�8

cm2�min�kPa) (22) and dividing the result by the harmonic mean
thickness.

Data Presentation and Statistical Analysis. Data were analyzed on
a litter and genotype basis and are presented as mean � SEM.
A single average P�S value for mutants and a single average P�S
value for wild types in each litter were calculated and the number
of litters used in the calculation of SEM. P�S data were statis-
tically analyzed by using Student’s t test (paired or unpaired as
appropriate) or by ANOVA. Morphometric variables were
analyzed by ANOVA followed by the Fisher Protected Least
Significant Difference post hoc test.

Results and Discussion
Placental and fetal weights for animals used in this study were
(mean � SEM): 0.074 � 0.006 g and 0.411 � 0.017 g, respec-
tively, for P0 (85 conceptuses from 23 litters); 0.103 � 0.008 g and
0.437 � 0.017 g, respectively, for wild type (90 conceptuses from
23 litters) at E16; 0.061 � 0.004 g and 0.947 � 0.033 g,
respectively, for P0 (95 conceptuses from 25 litters); and 0.092 �
0.005 g and 1.245 � 0.037 g, respectively, for wild type (89
conceptuses from 25 litters).

Systematic measurements of the permeability of the placenta
have been made in several species, including sheep, human, and
rat, but not in mouse. We therefore needed to establish the
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diffusional characteristics of the normal mouse placenta in vivo
to determine which parameters are altered in the P0 placentas.
Fig. 1 shows P�S values plotted against Dw for the three inert
hydrophilic tracers in wild-type fetuses at E16 and E19. P�S was
higher at E19 compared to E16. This was significant for the two
larger tracers (51CrEDTA and 14C-inulin) and was proportional
to the tracer size: 31-fold for 14C-inulin, 5-fold for 51CrEDTA,
and 1.8-fold for 14C-mannitol. From classic pore theory (13), if
all three tracers diffused across the exchange barrier (labyrinth
trophoblast, basement membrane, and fetal endothelial layers of
the mouse placenta) through extracellular water-filled channels
(or pores) much wider than the molecules themselves, so there
is no steric hindrance, then P�S normalized to Dw should be a
constant. As shown in Table 1 P�S�Dw was significantly different
between the three tracers at E16 and inversely related to size,
whereas there was no significant difference at E19. Together,
these data suggest that the permeability of the mouse placenta
to hydrophilic solutes increases during normal pregnancy due at
least partially to an increase in the radius of the extracellular
‘‘paracellular’’ diffusional pathway, therefore reducing restric-
tion to diffusion.

This work reports previously undescribed measurements of
P�S for the mouse placenta. Previous studies have shown that
hemochorial placentas such as the rat and human have P�S values
for hydrophilic tracers one or two orders of magnitude higher
than in epitheliochorial placentas such as the sheep (11). Our P�S
values reported here for the hemochorial mouse placenta are
higher but of the same order of magnitude as those for rat and
human (12). There are small differences in technique that might

account for the higher values here, such as the use of a maternal
plasma isotope decay curve based on single values from indi-
vidual mice rather than on multiple samples from the same
animal as used in the rat (15); the small size of the mouse
precluded the latter approach. However, the higher mouse P�S
values could also represent a real species difference, so that
passive diffusion makes an even greater contribution to placental
transfer capacity than in the human or rat.

We next compared P�S values in P0 animals with wild-type
animals for all three tracers at both gestations. As detailed in
Methods, placental weights in P0 animals were 72% and 66% of
wild type at E16 and E19, and fetal weights in mutants were 94%
and 76% of wild type at the two gestations. These measurements
are similar to those reported previously (9) with placental weight
significantly lower in the P0 group at both gestations (P � 0.001)
but fetal weight significantly lower only at E19. Deletion of the
placental-specific Igf-2 transcript resulted in a significantly re-
duced P�S for 14C-inulin at E16 and in a significant reduction for
all three tracers at E19 (Fig. 2). The P0 mice show a similar
increase in P�S over gestation as the wild-type mice. Further-
more, at E16, the difference in P�S�Dw values between the three
tracers in P0 mice is similar to that observed for wild-type mice
(Table 1). At E19, there is no difference in P�S�Dw values for P0
mice, again as seen in the wild-type animals. These data together
show that deletion of the P0 transcript results in a decreased
permeability of the mouse placenta to hydrophilic solutes, and
that this is due to a decrease in exchange barrier surface area or
an increase in its thickness rather than any change in the radius
of the paracellular diffusional pathway.

Stereological techniques were therefore used on histological
sections to assess the association between the reduction in weight
and P�S in the P0 knockout mice at E19 and possible changes in
placental morphology. The morphology of the mouse placenta
in wild-type and P0 animals is illustrated in Fig. 3. The absolute
volume estimate, determined using the Cavalieri principle, for
the P0 knockout placentas was 0.065 � 0.005 cm3, a reduction
in volume to 58% of wild-type littermates that averaged 0.112 �
0.007 cm3 (P � 0.001). The maternal surface area of the labyrinth
exchange barrier in the P0 placentas was 52% of that in wild type
(P � 0.001): 15.38 � 1.22 cm2 and 29.43 � 1.66 cm2, respectively.
For the fetal side-surface area, mutant placentas were reduced
to 48% of wild type (P � 0.001): 14.88 � 1.48 cm2 and 30.57 �
2.56 cm2, respectively. The harmonic mean thickness of the
labyrinth exchange barrier reported here emphasizes the pres-
ence of the thin areas of the exchange barrier that will contribute
most to passive diffusion. In P0 knockout placentas, the value
was 4.24 � 0.13 �m compared with 3.33 � 0.14 �m (P � 0.001)
in their wild-type littermates, an increase in thickness of the
mutant placentas to 128% of wild type.

The theoretical diffusing capacity of a membrane can be
estimated from the available surface area for exchange and the
distance (thickness) through which diffusible substances must
travel to reach the opposite side of a given exchange barrier. The
derived value does not equate with true placental diffusing
capacity, because it does not take into account such factors as
oxygen dissociation from the maternal erythrocytes, uptake by

Fig. 1. P�S for wild-type mice plotted against Dw for 14C-mannitol (n � 7
litters at E16 and 7 litters at E19), 51CrEDTA (n � 19 litters at E16 and 18 litters
at E19) and 14C-inulin (n � 7 litters at both gestations) at E16 (squares) and E19
(triangles). Data are shown as mean � SEM (obscured by symbol for some
points). **, P � 0.001 vs. respective E16 data (Student’s t test).

Table 1. P�S�Dw values (cm�g of placenta) for wild-type and placental-specific (P0) Igf2 knockout placentas

Dw (cm2�s � 106)

P�S�Dw, cm�g placenta

Wild type day 16 P0 day 16 Wild type day 19 P0 day 19

14C-mannitol 9.9 32.7 � 5.1 (7) 24.6 � 4.8 (7) 57.3 � 12.2 (6) 39.1 � 6.8 (6)
51CrEDTA 7.0 10.7 � 2.0* (19) 8.1 � 1.8* (19) 53.7 � 5.4 (18) 34.5 � 3.9 (18)
14C-inulin 2.6 2.5 � 0.3* (7) 1.4 � 0.2* (7) 77.8 � 14.9 (7) 55.7 � 12.6 (7)

Dw, see ref. 15. Mean � SEM is shown (number of litters). *, P � 0.001 vs. respective d16 mannitol (ANOVA followed by Bonferroni
t test).
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the fetal erythrocytes, and diffusion across the relevant plasma
interfaces (21, 23). Theoretical diffusing capacity also reflects
only structural parameters and so does not take into account
changes in blood flow. Nonetheless, it is useful for comparison
of the structural capabilities of exchange organs such as the
placenta. Average theoretical diffusing capacity in P0 knockout
placentas was 0.0063 � 0.0006 cm2�min�kPa, a dramatic reduc-
tion in capacity to 40% of wild-type littermates whose diffusing
capacity was 0.0158 � 0.0013 cm2�min�kPa (P � 0.0001).

The genetic, physiological, and morphometric techniques used
here have allowed us to show that the placental-specific tran-
script of Igf2 has a major role in the normal functional devel-
opment of the mouse placenta and therefore in determining fetal
size at birth. At E19, deletion of the P0 transcript resulted in a
decrease to 66% of normal placental weight and a further
decrease in permeability per gram of placenta to 68% of normal
(derived from the data in Table 1), resulting in a total decrease
in permeability of the mutant placenta to 45% of normal. These
data are in striking agreement with the decrease to 40% of wild

type, in theoretical diffusion capacity calculated from morpho-
metric data. Together, the data show that placental-specific Igf2
is required for the attainment of normal placental size and of
normal surface area and thickness of the labyrinthine layer
where solute exchange takes place in the mouse. Because the
decrease in placental permeability caused by deleting placental-
specific Igf2 will apply equally to both maternal–fetal and
fetal–maternal unidirectional f luxes, the overall effect on net
flux for any particular solute will depend on the electrochemical
gradient between maternal and fetal plasma. However, P0
fetuses are growth restricted at birth, demonstrating the impor-
tance of the decrease in placental diffusion capacity for the
ability of the fetus to accumulate nutrients and grow. We
conclude that maintenance of the normal diffusion capacity of
the placenta, through correct development of the surface area
and thickness of the exchange barrier, is a key mechanism by
which Igf2 controls fetal growth. How precisely the placental Igf2
transcript affects growth of the placenta and its exchange barrier
architecture remains to be determined in future studies, but for

Fig. 2. P�S for wild-type (wt) and P0 knockout mice. Note different scales of
axes. Data are shown as mean � SEM, n as shown in Table 1. *, P � 0.05; **,
P � 0.01; ***, P � 0.001 vs. respective wild-type group (paired Student’s t test
between wt and P0 groups at each gestation).

Fig. 3. Photomicrographs of a wild-type placenta (A) and a P0 knockout
placenta (B) selected to illustrate thin and thick examples of the exchange
barrier (between maternal blood space and fetal capillary). Also illustrated are
grids used in stereological analysis. (A) Cycloid arcs and a line grid have been
superimposed as used for the estimation of surface densities and harmonic
mean thickness respectively. (B) A grid of test points has been superimposed
as used for the estimation of volume fractions. MBS, maternal blood space; FC,
fetal capillary; T, trophoblast. (Bar � 10 �m.)
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the time being, our observations serve to emphasize further the
importance of imprinted genes for development in utero.

There have been no measurements of P�S for human placentas
from fetuses that suffer intrauterine growth restriction (IUGR).
The human placenta differs morphologically from that of the
mouse but is of the same hemochorial type (24). It is therefore
important to note that a reduction in placental volume and
surface area of the exchange barrier has been reported in cases
of IUGR (25, 26), proportionally similar to that found in the P0
placentas here. Although measurements of the harmonic mean
thickness of the exchange barrier are not available for the human
in IUGR, estimates based on the arithmetic mean thickness
indicate that the diffusing capacity is reduced by �50% in these
placentas (26). By analogy to our mice model, this would be a

significant cause of the placental restriction of fetal growth in
these cases. We propose that decreased expression and activity
of trophoblast-specific Igf2 is a major cause of this structural
defect and therefore of the decreased transfer capacity of the
placenta that leads to idiopathic IUGR. Such a conclusion is
consistent with recent data showing that low early-pregnancy
levels of pregnancy-associated plasma protein A, a protease
specific for IGF -binding proteins, are significantly associated
with risk of IUGR (27).

This study was supported by grants from the Biotechnology and Bio-
logical Sciences Research Council and Medical Research Council. M.C.
is a Babraham Career Progression Fellow. P.M.C. is funded by the
Anatomical Society.
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Disproportional effects of Igf2 knockout on placental
morphology and diffusional exchange characteristics
in the mouse
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Both complete knockout of the Igf2 gene (Igf2null+/−) and knockout of its placental specific
transcript alone (Igf2P0+/−) lead to fetal growth restriction in mice. However, in the Igf2null+/−

this growth restriction occurs concurrently in gestation with placental growth restriction,
whereas, placental growth restriction precedes fetal growth restriction in the Igf2P0+/− mouse.
Previous studies have shown that the Igf2P0+/− placenta has proportionate reductions in its
cellular compartments and its diffusional exchange characteristics. Yet, nothing is known about
the structural development or diffusional exchange characteristics of the Igf2null+/− mouse.
Hence, this study compares the structural properties (using stereology) and diffusional exchange
characteristics (using measurement of permeability–surface area product, P.S, of three inert
hydrophilic tracers) of the Igf2null+/− and the Igf2P0+/− placenta to identify the role of Igf2 in the
development of the labyrinthine exchange membrane and its functional consequences. Our data
show disproportionate effects of complete Igf2 ablation on the compartments of the placenta,
not seen when the placental-specific transcript alone is deleted. Furthermore, although the
theoretical diffusing capacity (calculated from the stereological data) of the Igf2null+/− placenta
was reduced relative to control, there was no effect of the complete knockout on permeability
surface area available for small hydrophilic tracers. This is in contrast to the Igf2P0+/− placenta,
where theoretical diffusion capacity and P.S values were reduced similarly. Total ablation of the
Igf2 gene from the fetoplacental unit in the mouse therefore results in a disproportionate growth
of placental compartments whereas, deleting the placental specific transcript of Igf2 alone results
in proportional placental growth restriction. Thus, placental phenotype depends on the degree
of Igf2 gene ablation and the interplay between placental and fetal Igf2 in the mouse.
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Intrauterine growth restriction (IUGR) is a major
complication of pregnancy. The perinatal mortality rate of
the IUGR fetus is 4–10 times higher than that of normally
grown babies (Chiswick, 1985) and approximately 5–10%
of all pregnancies complicated by IUGR will result in
stillbirth or neonatal death (McIntire et al. 1999; Thornton
et al. 2004). Furthermore, there is a strong inverse
correlation between size at birth and risk of adult-onset
disease including hypertension and type 2 diabetes
(Barker, 1994; Fowden et al. 2005; Hanson & Gluckman,
2008). In the Western world, where mothers generally have

an adequate diet, the principal cause of IUGR is placental
insufficiency, i.e. abnormal development of the placenta
leading to inadequate structural and functional capacity
to supply nutrients to the fetus (Fox, 1976; Fowden et al.
2006b). The causes of placental insufficiency are not
known but there is evidence for both environmental and
genetic effects

Genetically, the imprinted genes have been shown
to have an important role in regulating placental
development (Reik et al. 2003a; Coan et al. 2005a; Fowden
et al. 2006a). These genes are expressed selectively from
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either the paternal or the maternal allele and are believed
to have an important role in the allocation of maternal
resources to fetal growth (Constancia et al. 2002; Reik
et al. 2003a; Constancia et al. 2005). Consistent with
this hypothesis, most of the known imprinted genes are
expressed in the placenta, the main site of maternal–fetal
nutrient transfer (Reik et al. 2003b; Fowden et al. 2006a).
One of the first imprinted genes to be discovered, the
insulin-like growth factor 2 gene, Igf2, is known to have a
key role in regulating feto-placental development (Salmon
& Daughaday, 1957; DeChiara et al. 1990; Ferguson-Smith
et al. 1991; Baker et al. 1993; Ludwig et al. 1996; Louvi et al.
1997; Morrione et al. 1997; Murrell et al. 2001; Constancia
et al. 2002). Deletion of this gene leads to placental and
fetal growth restriction while, conversely, deletion of the
type II insulin-like growth factor clearance receptor is
associated with placentomegaly, putatively due to excess
circulating IGF-II (Ludwig et al. 1996). Similarly, over
expression of the Igf2 gene by imprint relaxation leads to
placental and fetal overgrowth (Eggenschwiler et al. 1997).
IGF-II enhances growth via paracrine and/or autocrine
actions, which stimulate cell proliferation and survival
(Morrione et al. 1997; Burns & Hassan, 2001; Carter et al.
2006).

The Igf2 gene has four fetal promoters that are expressed
in a tissue specific manner in the fetus and placenta. In the
labyrinthine zone of the mouse placenta, Igf2 is driven
from two different promoters; 10% of Igf2 transcripts in
the placenta derive from an upstream extra-embryonic
specific promoter (P0), expressed exclusively in the
labyrinthine trophoblast, whilst fetal promoters control
further expression of Igf2 in the trophoblast and fetal
endothelial cells (Redline et al. 1993; Constancia et al.
2000). In the junctional zone of the mouse placenta,
Igf2 is expressed from fetal promoters; firstly from the
spongiotrophoblasts and from E13 onwards from the
glycogen cells (Redline et al. 1993).

Two mouse models have been generated using deletions
of cell-type specific promoters to investigate the roles of
Igf2 in the placenta and fetus. Mice lacking the labyrinthine
trophoblast-specific Igf2P0 transcript (Igf2P0+/−) exhibit
placental and fetal IUGR, with the former preceding
the latter so that there is an increase in the fetal
to placental weight ratio shortly after mid-gestation
onwards (Constancia et al. 2002). These mutant placentas
were also found to have perturbed diffusional exchange
characteristics (as measured using inert hydrophilic tracers
which can only cross the placenta by passive diffusion),
which were related to alterations in placental morphology
(Sibley et al. 2004). Furthermore, the placenta increases
expression of Slc2a3 and Slc38a4 genes, enhancing glucose
and amino acid transfer, respectively, and manages to
maintain a normal growth trajectory until E16 (Sibley et al.
2004; Constancia et al. 2005). Despite these alterations in
placental transport capacity, the Igf2P0+/− placenta is still

limiting to fetal growth in late gestation as by term fetuses
are smaller than their wild-type littermates (Constancia
et al. 2005).

Complete ablation of Igf2 in the Igf2null+/− mouse
results in both fetal and placental growth restriction,
which occur concurrently and are more severe than
seen in the Igf2P0+/− mutant that continues to express
Igf2 in its fetal tissues (Constancia et al. 2005). The
complete Igf2null+/− placenta supported less fetus per
gram weight and, by the end of gestation, transferred
less methyl-aminoisobutyric acid (MeAIB) per gram of
placenta than its wild-type littermate in contrast to the
Igf2P0+/− placenta (Constancia et al. 2005). Moreover,
there is down-regulation of the gene expression of Slc38a2
and of certain other cationic and anionic amino acid trans-
porters in the Igf2null+/− mouse, whereas in the Igf2P0+/−

placenta there is an up-regulation of Slc38a4 in the
presence of fetal Igf2 (Matthews et al. 1999; Constancia
et al. 2005). Thus, fetal and placental Igf2 appear to play
an important role in regulating the relationship between
fetal and placental growth and placental capacity for
transport of nutrients by facilitated and active transport.
However, no published information on the morphology
or diffusional exchange characteristics of the Igf2null+/−

placenta is currently available. This is despite the fact that
deficiency in placental-specific expression of Igf2 has been
reported to proportionately affect both placental exchange
barrier morphology and passive diffusion and this is likely
to contribute to the growth restriction found close to term
(Sibley et al. 2004). This study therefore investigates the
interplay between fetal and placental Igf2 in controlling
placental development by comparing the structure and
diffusional exchange properties of the placenta in the
Igf2null+/− and Igf2P0+/− mouse during late gestation
when the effects of Igf2 are maximal.

Methods

Animals

All experiments were carried out in accordance with the
UK Home Office Animals (Scientific Procedures) Act
1986. Fetuses and placentas on a C57BL/6J background
were collected at E19 (embryonic day 1 (E1) = day of
plug). Wet weights of placentas and whole fetuses were
recorded. Igf2P0+/− mutant animals were distinguished
from wild-types with a Southern blotting-based assay
(Constancia et al. 2000). Paternal transmission of the
LacZDMR2– genotype (Murrell et al. 2001) was used to
produce Igf2null+/− placentas and fetuses. Animals were
identified by the previously published method (Murrell
et al. 2001). Details on the generation of the Igf2P0+/−

model and Igf2null+/− (LacZDMR2–) mice have been pre-
viously described (Constancia et al. 2000; Murrell et al.
2001).
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Measurement of permeability–surface area product
(P.S) of inert, hydrophilic solutes

As described in detail in Sibley et al. (2004) the diffusional
permeability of the placenta is usually described, based on
Fick’s law of diffusion, as the permeability–surface area
product (P.S) for a series of inert hydrophilic tracers of
increasing molecular size. The methodology for measuring
P.S is also described in detail elsewhere (Sibley et al.
2004). Briefly, unidirectional materno-fetal transfer of
non-metabolisable radioactive tracers was measured in
pregnant mice at E19 (Igf2null+/−, 30 litters; Igf2P0+/−,
37 litters). The mice were anaesthetized with an intra-
peritoneal injection of 400 μl of fentanyl fluanisone and
midazolam solutions in water (1 : 1 : 2 water, Janssen
Animal Health). A neck incision was made, and the jugular
vein was exposed. A 100 μl bolus of PBS either containing
1.295 × 104 Bq [14C]mannitol (NEN NEC314; specific
activity 1.98 MBq mmol−1) or 2.59 × 105 Bq 51Cr-labelled
EDTA (NEN NEZ147; specific activity 1201.4 MBq mg−1)
or 2.59 × 105 Bq [14C]inulin-carboxyl (ICN; specific
activity 8.88 MBq g−1) was then injected into the jugular
vein via a short length of tubing attached to a 27-gauge
needle. At times up to 6.5 min after injection of tracer,
a maternal blood sample was taken and the animals
were killed. Conceptuses were dissected out and killed
by decapitation. Fetuses were minced and lysed over-
night at 55◦C in 4 ml of Biosol (National Diagnostics,
Atlanta, GA, USA). Aliquots of the fetal lysates were then
added to appropriate tubes containing scintillation liquid
(Bioscint, National Diagnostics) for β counting (Packard
Tri-Carb, 1900, GMI Inc. USA). Placental tissue was used
for genotyping.

P.S for each tracer in μl min−1 (g of placenta)−1 was
calculated (Sibley et al. 2004) as:

P.S = Nx/(AUC0−x)W,

where Nx is counts in fetus taken at time x, when mother
was killed; (AUC0−x) is area under curve, from time 0 to
time of killing mother, derived from a graph of maternal
arterial counts versus time, where each time point is given
by the single sample from an individual mouse; W is
the wet weight of the placenta. For assessing membrane
porosity, P.S is normalized to the diffusion constant for
each tracer in water at 37◦C (Dw).

Stereological analysis of placental structure

Four litters of each genotype were collected at E19. Mice
were killed and fetuses and placentas dissected out. Fetuses
were decapitated and weighed. Placentas were weighed and
cut in half; one half was fixed in 4% glutaraldehyde, the
other was fixed in 4% paraformaldehyde and processed as
previously described (Coan et al. 2004). Two wild-types
and two mutant placentas from each litter were randomly

selected. Briefly, the paraformadehyde fixed half was
dehydrated, embedded in paraffin wax and completely
sectioned at 10 μm. The corresponding glutaraldehyde
fixed half was dehydrated and embedded in Spurr’s epoxy
resin and a 1 μm thick section cut near to the placental
midline. The Computer Assisted Stereological Toolbox
(CAST v2.0, Olympus) was employed to superimpose
count grids on random fields of view within systematic
random paraffin sections or resin sections. Volume and
surface densities were determined using superimposed
point grids, surface densities with cycloid arc grids,
total capillary length using a counting frame, mean
diameter from measured capillary cross sectional areas,
and harmonic mean thickness with orthogonal intercept
lengths. Volume and surface densities were converted to
absolute values by multiplying with the absolute volume
of the placenta and adjusted for shrinkage (Coan et al.
2004). Theoretical diffusion capacity was calculated from
mean surface area and thickness and using in this instance
Krogh’s constant for oxygen diffusion (Coan et al. 2004).

Statistical analyses

Differences between fetal and placental weights and
feto-placental weight ratios were assessed by ANOVA
followed by Fisher’s least significant difference post hoc
test. Comparison of P.S and P.S/Dw between tracers
within genotypes was assessed by ANOVA followed by
Fisher’s least significant difference post hoc test. Significant
differences between mutants and wild-type littermates
for individual tracer P.S and P.S/Dw values were assessed
by paired t test. Stereological data were assessed for
significant differences between mutants and wild-type
siblings, as well as Igf2P0+/− versus Igf2null+/−, using
ANOVA followed by Fisher’s least significant difference
post hoc test. Values are presented as means ± S.E.M.

Results

Fetal and placental weights of the Igf2 mutants at E19

Lack of Igf2 in the Igf2null+/− mice at E19 results in
significant fetal and placental growth restriction compared
to wild-type littermates (weights are 48% and 60%
of wild-type, respectively) (Table 1). Compared to its
wild-type counterpart, the Igf2null+/− placenta, at E19,
supports significantly fewer grams of fetus per gram of
placenta than its wild-type littermate (Table 1).

At E19, the Igf2P0+/− fetuses and placentas are growth
restricted compared to their wild-type littermates (76%
and 65% of wild-type, respectively). However, growth
restriction in Igf2P0+/− fetuses and placentas is less
severe than in Igf2null+/− mice (Table 1). Furthermore,
significantly more grams of fetus are produced per gram
of placenta in Igf2P0+/− mutants compared to their
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Table 1. Fetal and placental weights (mg) and feto-placental
weight ratio

Feto-placental
Fetus Placenta weight ratio

WT (Igf2null) 1224 ± 17 85 ± 2 14.9 ± 0.3
Igf2null+/− 595 ± 9∗ 51 ± 2∗ 12.2 ± 0.3∗

WT (Igf2P0) 1240 ± 13 91 ± 3 14.1 ± 0.3
Igf2P0+/− 949 ± 14∗ 60 ± 2∗ 15.9 ± 0.3∗

WT, wild-type. Mean values ± S.E.M.; significant differences
between mutant and wild-type littermate assessed by ANOVA
with Fisher’s protected least significant difference (PLSD) post
hoc test; ∗P < 0.005 to < 0.0001.

Figure 1. Permeability–surface area product (P.S) in relation to
placental weight for three different sized radiolabelled solutes
at E19 in Igf2 mutants
Bars represent the mean + S.E.M. P.S Igf2null+/− litters: mannitol, 7;
EDTA, 15, inulin, 8. Igf2P0+/− litters: mannitol, 6; EDTA, 23; inulin, 8.
Significant differences between mutant and wild-type littermate were
assessed by paired t test,∗P < 0.05 to < 0.0001.

wild-type littermates (Table 1). Fetal and placental weights
of both mutants and their respective wild-type littermates
are comparable to previously reported values (Constancia
et al. 2005).

Diffusional exchange properties of the Igf2 mutant
placentas

In order to evaluate the passive diffusion properties
of the Igf2P0+/− and Igf2null+/− placentas against
their respective wild-type littermates, P.S per gram
of placenta for inert tracers of increasing molecular
size ([14C]mannitol, 51Cr-EDTA, and [14C]inulin) was
measured.

In the Igf2null+/− animals, there was no difference
in P.S for [14C]mannitol or 51Cr-EDTA compared to
wild-type littermates at E19 (Fig. 1). P.S for [14C]inulin
was significantly lower at E19 in Igf2null+/− compared to
wild-type siblings.

In the Igf2P0+/− animals, P.S for [14C]mannitol tended
to be lower compared to their respective wild-type
littermates at E19 but this did not reach significance
(Fig. 1). P.S for both 51Cr-EDTA and [14C]inulin was
significantly lower in Igf2P0+/− versus wild-type sibling
animals at E19: these data for the P0 mice are similar to
those we have reported previously (Sibley et al. 2004).

P.S was normalized to Dw for each tracer to assess
potential differences in steric hindrance to diffusion of the
tracers within each genotype through extracellular water
filled channels (pores) (Stulc, 1989; Sibley et al. 2004).
There were no significant differences in P.S/Dw between
tracers for each genotype, for either mutants or wild-type
littermates (Table 2).

Placenta structure

Labyrinthine and junctional zone volumes in the
Igf2null+/− are reduced to 35% and 68% of wild-type,
respectively, by E19 (Table 3). When expressed as a
volume fraction, the labyrinthine zone is significantly
reduced such that in the Igf2null+/− it occupies only
40% of the placenta compared to 52% in the wild-type
littermate (Table 3). Furthermore, the junctional zone,
which occupies 29% in the wild-type littermate, accounts
for 38% in the Igf2null+/− placenta (Table 3).

In the Igf2P0+/−, labyrinthine and junctional
zone volumes are reduced to 53% and 56% of
wild-type, respectively (Table 3). Comparison between the
Igf2null+/− and Igf2P0+/− reveals that the Igf2null+/−

has a significantly smaller labyrinthine zone, both in
absolute terms and as a volume fraction (Table 3). Hence,
the Igf2P0+/− placenta, unlike the Igf2null+/− placenta,
is proportionately reduced with comparable volume
fractions of labyrinthine and junctional zones to those
of wild-type littermate placentas (Table 3).
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Table 2. P.S/Dw values (cm2 s−1 × 106) for the trophoblast membrane in the Igf2 mutant placentas

Dw WT (Igf2null) Igf2null+/− WT (Igf2P0) Igf2P0+/−

[14C]Mannitol 9.9 58.8 ± 11.4 68.7 ± 9.9 56.6 ± 11.9 38.7 ± 6.6
[14C]EDTA 7.0 54.8 ± 6.7 50.9 ± 7.1 51.3 ± 7.5 33.8 ± 5.4∗

[14C]Inulin 2.6 58.5 ± 10.2 44.6 ± 7.1∗ 79.5 ± 13 59.6 ± 10∗

Mean values ± S.E.M., significant differences between tracers for each genotype were assessed
by ANOVA with Fisher’s PLSD post hoc test P > 0.05. Significant differences between mutant and
respective wild-type sibling for each tracer were assessed by paired t test; ∗P < 0.02 to P < 0.0001.

Table 3. Stereological analysis of the Igf2 mutant placentas

WT (Igf2null) Igf2null+/− % WT WT (Igf2P0) Igf2P0+/− % WT

Volume (mm3)
Placenta 94 ± 8 43 ± 2∗† 46 116 ± 5 65 ± 4∗ 56
Labyrinthine zone 49 ± 6 17 ± 1∗† 35 60 ± 2 32 ± 2∗ 53
Junctional zone 25 ± 1 17 ± 3∗ 68 34 ± 2 19 ± 3∗ 56
Decidua 16 ± 1 11 ± 1∗ 69 17 ± 2 13 ± 1 76
FC 11 ± 2 3 ± 0.3∗† 27 15 ± 2 7 ± 1∗ 47
MBS 10 ± 1 3 ± 0.3∗† 30 10 ± 1 6 ± 1∗ 60
LT 29 ± 3 10 ± 1∗† 34 35 ± 1 19 ± 1∗ 54

Volume fraction (%)
Labyrinthine zone 52 ± 2 40 ± 2∗† — 52 ± 3 49 ± 9 —
Junctional zone 29 ± 2 38 ± 6∗ — 27 ± 3 29 ± 3 —
LT 52 ± 1 52 ± 1 — 50 ± 1 51 ± 1 —
MBS 26 ± 1 26 ± 1 — 24 ± 1 25 ± 1 —
FC 27 ± 1 26 ± 2 — 29 ± 2 27 ± 1 —

Surface area of the trophoblast membrane (cm2)
Fetal side 21 ± 3 6 ± 0.6∗† 29 30 ± 2 15 ± 2∗ 50
Maternal side 25 ± 4 7 ± 0.8∗† 28 30 ± 2 16 ± 2∗ 53

Total capillary length (m)
85 ± 5 22 ± 3∗† 26 73 ± 10 37 ± 3∗ 51

Mean capillary diameter (μm)
14.6 ± 0.7 14.9 ± 0.7 — 13.6 ± 0.4 13.9 ± 0.8 —

Harmonic mean membrane thickness (μm)
3.1 ± 0.16 3.73 ± 0.08∗† 120 3.31 ± 0.17 4.24 ± 0.13∗ 128

Theoretical diffusion capacity (mm2 min−1 kPa−1)
13.1 ± 2.1 3.08 ± 0.19∗† 24 15.9 ± 1.5 6.32 ± 0.51∗ 40

Abbreviations: FC, fetal capillaries; MBS, maternal blood spaces; LT, labyrinthine trophoblast; WT,
wild-type littermate. N = 4 litters all groups, mean values ± S.E.M., significant differences assessed
by paired t test between mutant and wild-type littermate ∗P < 0.05 to < 0.0001. Significant
differences assessed by unpaired t test between Igf2null+/− and Igf2P0+/− †P < 0.05 to < 0.001.

Labyrinthine zone architecture

The labyrinthine zone can be divided into several
components: trophoblast (syncytial and cellular), fetal
capillaries and maternal blood spaces. Alterations in
each of these components can have implications for
the function of the placenta and consequently fetal
development.

The Igf2null+/− labyrinthine zone at E19 contains
significantly less trophoblast, maternal blood spaces and
fetal capillary volumes compared to the labyrinthine
zone of its wild-type littermate (34%, 30% and 27% of

wild-type, respectively) (Table 3). Surface areas on both
the apical (maternal) side and basal (fetal) side are also
reduced compared to the wild-type sibling placenta (28%,
29% of wild-type, respectively) (Table 3). Furthermore,
total capillary length is significantly diminished to
30% compared with the length of capillaries in the
wild-type (Table 3). However, mean capillary diameter
in the Igf2null+/− placenta is similar to the wild-type
littermate placenta (Table 3). Despite reduction in most
physiologically relevant parameters, the harmonic mean
thickness of the interhemal membrane is increased
to 120% compared the wild-type littermate placenta
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(Table 3). Consequently, with a reduction in surface
area and an expansion in membrane thickness, the
theoretical diffusion capacity is considerably reduced in
the Igf2null+/− placenta to 24% of placentas expressing all
transcripts Igf2 (Table 3).

Absence of the labyrinthine trophoblast-specific
transcript Igf2P0 is also associated with a reduction in
trophoblast, maternal blood spaces and fetal capillary
volumes (54%, 60% and 47% of wild-type littermate
placenta, respectively) (Table 3). Apical and basal surface
areas of the interhemal membrane are also reduced
(50% and 53% of wild-type, respectively) (Table 3). Total
capillary length was reduced in the Igf2P0+/− placenta
to 51% of wild-type, whereas there was no change in
mean capillary diameter between genotypes (Table 3).
In contrast to decreases in various components, the
harmonic mean membrane thickness in the Igf2P0+/−

placenta was increased by 128% of wild-type (Table 3).
Hence, decreased surface area and increased membrane
thickness results in a lower theoretical diffusion capacity
in Igf2P0+/− placentas to 40% of that found in wild-type
littermates (Table 3). Surface areas, thickness and the
theoretical diffusion capacity are all comparable to the
results we previously reported for the Igf2P0+/− placenta
(Sibley et al. 2004).

Direct comparison between the Igf2null+/− and
Igf2P0+/− labyrinthine zones reveals that the Igf2null+/−

has significantly less volume of trophoblast, maternal
blood spaces and fetal capillaries (Table 3). However,
volume fractions of the same components are similar in
both genotypes (Table 3). Surface areas are significantly
reduced to 40% in the Igf2null+/− and capillary length
is reduced to 60% compared to the Igf2P0+/− (Table 3).
Moreover, harmonic mean thickness of the interhemal
membrane is significantly less (88% of Igf2P0+/−) in
the Igf2null+/− compared to the Igf2P0+/− (Table 3).
However, a favourable reduction in membrane thickness,
combined with an unfavourable smaller surface area of the
Igf2null+/− interhemal membrane results in a significant
reduction in theoretical diffusion capacity compared to
the Igf2P0+/− (49% of Igf2P0+/−) (Table 3).

Discussion

The results show that the growth, morphology and
diffusional characteristics of the mouse placenta depend
on Igf2 and differ in mice lacking all Igf2 transcripts
and those with deletion of the placental specific Igf2P0
transcript alone. In particular, it is development of the
labyrinthine zone of the placenta that appears most
sensitive to changes in Igf2 availability. The volume of
this zone was reduced in proportion to the other regions
in the placenta of the Igf2P0+/− mutant, whereas, it was
disproportionately reduced in the complete Igf2null+/−

placenta. The length of the capillaries, the thickness of

the interhemal membrane and the absolute volume and
surface area of trophoblast within the labyrinthine zone
also differed between the two Igf2 mutants. Similarly,
transplacental transfer of the three hydrophilic tracers
was affected differently in these two mutants compared to
their respective wild-type littermates. Placental phenotype
therefore depends on the degree of Igf2 gene ablation in
the mouse. These findings, together with our previous
studies, show that interplay between placental and fetal
Igf2 regulates placental morphology and transfer of
substances by simple diffusion, facilitated diffusion and
active transport (Sibley et al. 2004; Constancia et al. 2005).

In common with previous findings (Constancia et al.
2005), the current data on placental and fetal weights
show that, by the end of gestation, growth restriction is less
severe in the Igf P0+/− mutant than complete Igf2null+/−

and that the Igf2null+/− placenta is less efficient whilst the
Igf2P0+/− placenta is more efficient in terms of grams of
fetus produced per gram of placenta, than their respective
wild-type placentas. The data presented here indicate that
the decreased efficiency of the complete null placenta may
be partly due to the changes in placental morphology
and, in particular, to the disproportionate reduction in
the labyrinthine zone responsible for nutrient transfer to
the fetus in late gestation. However, increased placental
efficiency of the Igf2P0+/− placenta, at E19, cannot be
explained morphologically and probably reflects, in part,
the enhanced transfer of glucose observed previously in
these placentas. (Constancia et al. 2005). Futhermore, the
reduced passive permeability of the Igf2P0+/− placenta to
all solutes will lower backflux of small molecules down
their concentration gradient from the fetal to maternal
circulation. This will thus increase the net flux of amino
acids actively transported across the Igf2P0+/− placenta
towards the fetus and consequently contribute to fetal
tissue accretion and the increased fetal to placental weight
ratio of these mutants.

The labyrinthine zone of both Igf2 mutant placentas
is growth restricted. Igf2 deficiency may be leading to
elongation of the labyrinthine trophoblast cell cycle and
perturb the normal rate of proliferation, limiting growth
of the labyrinthine zone (Baker et al. 1993). Another
possibility may be that there is a higher turnover in the
labyrinthine zone of the mutants. Igf2 is a known survival
factor and ablation of this gene may lead to a tip in
the balance between proliferation and apoptosis in the
placenta (Burns & Hassan, 2001). However, structurally
there are also striking differences between the Igf2 mutant
placentas. The greater volume of labyrinthine zone in the
Igf2P0+/− placenta may be associated with Igf2 expressed
from the junctional zone. Furthermore, Igf2 from the
fetus or from fetal endothelium may also influence
labyrinthine trophoblast growth though there is currently
no published evidence of these specific interactions.
Interestingly, junctional zone volume in both mutants
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is similar suggesting that Igf2 expression, from
spongiotrophoblasts and glycogen cells, may not be
responsible for growth in this compartment. Thus in the
complete absence of Igf2, junctional zone growth is likely
to be modulated by various factors including Activin,
Cdkn1c, Egfr, Follistatin, Grb10, Nodal and Peg3 (Li &
Behringer, 1998; Rossant et al. 1998; Takahashi et al. 2000;
Hiby et al. 2001; Ma et al. 2001; Charalambous et al. 2003;
Candeloro & Zorn, 2007; Dackor et al. 2007). However, in
the wild-type situation, Igf2 transcribed from the Igf2P0
transcript may be providing growth stimulation to the
junctional zone. On the other hand, Igf2 could be acting
as a survival factor in order to maintain the balance
between apoptosis and proliferation in the junctional zone
(Waddell et al. 2000).

Labyrinthine zone architecture as well as growth
was affected by Igf2 deficiency and differently in the
two Igf2 mutants. Total fetal capillary volume, surface
area and length differ significantly between genotypes
and may well indicate that Igf2 plays an important
role in angiogenesis. Moreover it has been suggested
that IGF-II exerts angiogenic effects through binding
IGF2R (Herr et al. 2003). Igf2 deficiency also results
in dramatically diminished volumes and surface areas
concurrent with an increase in thickness of the interhemal
membrane. Deficiency in Igf2P0 alone results in a less
pronounced decrease in volumes and surface areas but
a greater interhemal membrane thickness than in the
total absence of Igf2. Therefore, Igf2 plays a critical role
in the development and increased sophistication of the
interhemal membrane’s architecture. One explanation
for the increased interhemal thickness in the Igf2P0+/−

placenta may be a by-product of fetal (from the endo-
thelium or from the fetus itself) or junctional zone
Igf2 which is compensating Igf2P0 transcription by
increasing labyrinthine zone growth and nutrient trans-
porter gene expression. The increase in membrane
thickness in the Igf2null+/− placenta may be connected to a
membrane maturation problem, whereby Igf2 could
promote the stretching and thinning of labyrinthine
trophoblast syncytial layers, and in its absence, the
syncytial layers are less stretched and so remain thicker.
This could be compounded by the growth restricted
Igf2null+/− with a potentially reduced fetal haematocrit
which may exhibit less shear stress to promote capillary
angiogenesis (Karimu & Burton, 1994; Resnick &
Gimbrone, 1995).

In common with previous observations (Sibley et al.
2004), the passive permeability of the Igf2P0+/− placenta
was significantly less for all three tracers than their
respective wild-type placenta. The actual P.S values
measured for the wild-type and mutant placentas of the
Igf2P0+/− mouse in the present study were similar to
those reported previously at E19 (Sibley et al. 2004).
In contrast to the Igf2P0+/− mutants, the P.S values of

the complete Igf2null+/− placenta, reported here for the
first time, were only reduced compared to wild-type for
inulin. The P.S values for mannitol and EDTA were similar
in the wild-type and complete Igf2null+/− placentas,
despite the even more severe reduction in labyrinthine
zone growth than seen in the Igf2P0+/− placenta at
E19. Indeed, the theoretical diffusion capacity of the two
mutant placentas calculated from their surface areas and
interhemal membrane thicknesses indicates that passive
diffusion across the complete Igf2null+/− placenta should
have been reduced to a greater extent than in the Igf2P0+/−

mutant placenta.
The explanation for the difference in passive diffusion

predicted by morphological and functional measurements
in the complete Igf2null+/− is not readily apparent but
three possibilities need to be considered. First, there
may be alterations in the absolute or relative blood flow
through either the maternal or fetal circulation of the
labyrinthine zone which alter the effective delivery of
the tracers to the fetus. This would be consistent with
the greater reduction in capillary length in the Igf2null+/−.
Furthermore, the reductions in the muscle volume and the
ratio of radius4/length of umbilical arteries of Igf2null+/−

fetuses suggest that blood volume flow may be reduced by
more than half in these mutants (Ahmad et al. 2005).
However, unidirectional transfer of hydrophilic tracers
such as those used here is not normally expected to be
altered by flow (Atkinson et al. 2006).

Secondly, a single measurement of interhemal
membrane thickness may underestimate the complexity of
the membrane as a diffusion barrier. There are three layers
of trophoblast in the interhemal membrane of the mouse
placenta. The outer layer is composed of mononucleate
labyrinthine giant cells that line the maternal blood
spaces, with two underlying layers of syncytiotrophoblast.
The outer layer is not complete, however, and large
perforations within the cells will allow maternal plasma
to percolate into the narrow and irregular intercellular
space between layers 1 and 2 (Coan et al. 2005b). The rate
of diffusion will therefore be influenced by the frequency
and dimensions of the perforations, and the width of
the intercellular space, all of which may vary between
the mutants. The two syncytial layers are linked by gap
junctions so functionally act as a single layer for diffusion
purposes. However, there is again a potentially variable
subsyncytial fluid-filled space between it and the basement
membrane, which could affect diffusion characteristics.
Further studies at the ultrastructural level, preferably of
tissues fixed by perfusion at physiological pressures, are
required to test whether differences in the microscopic
morphology of the interhemal membrane could account
for the results obtained.

Finally at an ultrastructural level, transfer of hydro-
philic tracers by diffusion across the syncytiotrophoblast
is presumed to take place through extracellular water
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filled channels or pores (Stulc, 1989). These pores have
never been morphologically identified unequivocally in
the trophoblast. Therefore, it could be that whilst changes
in trophoblast membrane surface area and interhemal
barrier thickness normally approximate to pore surface
area and length, this may not always be the case;
complete Igf2 ablation might have differential effects
on the trophoblast cell layer and paracellular diffusional
pathway, which result in a leakier placenta than would be
predicted from the morphological measurements alone.
By considering all the morphological, P.S and P.S/Dw

data, one could speculate that whilst the Igf2P0+/−

interhemal membrane has a reduced number of pores,
the Igf2null+/− interhemal membrane has a reduced
number of larger pores, which offer less steric hindrance
to the smaller tracer molecules. Consistent with this
suggestion, our preliminary observations at E16 suggest
that there is a small but significant increase in the inulin
P.S in the complete Igf2null+/− placenta in contrast to
the reduced inulin P.S values found previously in the
Igf2P0+/− placenta (Sibley et al. 2004). These potential
differences in pore size between mutants accord with the
other differential effects of total versus partial ablation of
the Igf2 gene on placental structure reported here.

Although there were no significant differences in
placental structure or function between the wild-types of
the two mutants, the current data hint at the possibility
that development of the wild-type placenta is affected
by the genotype of its neighbouring conceptus and/or the
total uteroplacental availability of IGF-II. If placental Igf2
contributes to the pool of maternal circulating IGF-II,
the mothers with Igf2null+/− placentas may have a lower
IGF-II concentration than those with Igf2P0+/− placentas
with consequences for resource allocation to growing
feto-placental units.

Many of the features of both Igf2 mutants have also
been reported in human cases of IUGR. An early study
on small-for-gestational-age (SGA) placentas found a
significant reduction in the total exchange surface area
despite being in the normal weight range (Teasdale, 1984).
Other, more recent, IUGR studies have reported fewer
arterial vessels per unit of stem villous, reduction in
fetoplacental perfusion, reduction in volume of inter-
villous space, villi and capillaries, a smaller exchange
surface area and thicker trophoblast epithelium (Jackson
et al. 1995; Mayhew et al. 2003). However, the extent to
which changes in Igf2 gene expression are linked to IUGR
in the human placenta remain unclear (Antonazzo et al.
2008).

In conclusion, total ablation of the Igf2 gene from
the fetoplacental unit in the mouse results in a
disproportionate growth of the structural compartments
of the placenta. These effects contrast to those of solely
deleting the placental-specific transcript of Igf2, where
there are proportionate effects on the compartments and

diffusional exchange characteristics, and an ability of the
placenta to increase its transport efficiency, leading to a less
severe growth restriction. Future studies are required to
elucidate the molecular networks by which IGF-II operates
to regulate composition of the placenta and development
of its exchange membrane.
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Imprinted genes in mammals are expressed from only one of the
parental chromosomes, and are crucial for placental develop-
ment and fetal growth1–4. The insulin-like growth factor II gene
(Igf2) is paternally expressed in the fetus and placenta5. Here we
show that deletion from the Igf2 gene of a transcript (P0)6,7

specifically expressed in the labyrinthine trophoblast of the
placenta leads to reduced growth of the placenta, followed several
days later by fetal growth restriction. The fetal to placental
weight ratio is thus increased in the absence of the P0 transcript.
We show that passive permeability for nutrients of the mutant
placenta is decreased, but that secondary active placental amino
acid transport is initially upregulated, compensating for the
decrease in passive permeability. Later the compensation fails
and fetal growth restriction ensues. Our study provides exper-
imental evidence for imprinted gene action in the placenta that
directly controls the supply of maternal nutrients to the fetus,
and supports the genetic conflict theory of imprinting8. We
propose that the Igf2 gene, and perhaps other imprinted genes,
control both the placental supply of, and the genetic demand for,
maternal nutrients to the mammalian fetus.

A substantial proportion of imprinted genes are involved in the
control of fetal growth and placental development1–4. Deletion of
the paternally expressed Igf2, Peg1/Mest, Peg3 or Ins1/Ins2 genes
results in intrauterine growth restriction5,9–11 (IUGR), whereas
deletion of the maternally expressed Igf2r or H19 genes, or over-
expression of the Igf2 gene, results in fetal overgrowth12–15. The
maternally expressed Mash2 gene is important for the development
of the spongiotrophoblast in the placenta16, and other imprinted
genes are involved in the organization and behaviour of placental
cell types17. The control of fetal growth by imprinted genes can be
exerted at the level of cell proliferation and apoptosis in the fetus18,19.
Because of their effects on placental structure and physiology,
imprinted genes could also control fetal growth by acting in the
placenta to influence the supply of maternal nutrients to the fetus18.
According to the genetic conflict hypothesis, paternally expressed
genes acting in the placenta are predicted to extract more resources
from the mother to enhance fetal growth, whereas maternally
expressed genes are predicted to restrain fetal growth to conserve
resources in the interest of the lifetime reproductive fitness of the
mother8. This principal hypothesis in imprinting has been imposs-
ible to test because the major growth-controlling genes mentioned
above are expressed both in the placenta and in the fetus. However, a
recent study using chimaeras with IGF-II-deficient cells in the

trophoectoderm showed some effects on fetal growth, suggesting
the possibility that placental IGF-II could be important for fetal
growth20.

We have previously described6 a new promoter (P0) in the mouse
Igf2 gene that leads to paternal expression of a transcript containing
the Igf2 coding exons 4–6 (P0 transcript) specifically in the
labyrinthine trophoblast cells of the placenta (Fig. 1a, b). This
provided a unique opportunity to reduce IGF-II action specifically
in the placenta. We abolished the P0 transcript in vivo by deleting a
5-kilobase (kb) region spanning exon u2 of the mature P0 messen-
ger RNA7 (Fig. 1a). Heterozygous placentae that inherited the P0
mutation from the paternal germ line (designatedþ/2) showed no
detectable P0 mRNA, when using an exon u2-specific probe
(Fig. 1b) or u1 probe (data not shown). The deletion thus has the
same effect as a P0 promoter deletion. The relative contribution of
the P0 transcript to overall levels of Igf2 transcripts in placenta was
evaluated by in situ hybridization with a full-length complementary
DNA probe that detects all Igf2 transcripts. A marked reduction in
Igf2 signal was observed specifically in the labyrinthine trophoblast
of the mutant placentae (Fig. 1c). Igf2 transcripts from other
promoters were expressed appropriately and at wild-type levels in
the mutant placentae and fetal tissues, and levels of IGF-II peptide in
the fetal circulation were unaltered (data not shown). The deletion
therefore eliminated specifically the P0 transcript.

Lack of the P0 transcript with paternal transmission of the
deletion resulted primarily in placental growth restriction. Placental
growth was impaired as early as embryonic day 12 (E12), when
the mean weight of mutant placentae was 76% of wild-type
placentae (average (in g) ^standard error: þ/þ, 0.030 ^ 0.001,
n ¼ 27; þ/2, 0.023 ^ 0.001, n ¼ 25; P , 0.001). The degree of
growth deficiency of mutant placentae was relatively constant
throughout mid- and late gestation (82%, 68% and 68% of wild-
type at E14, E16 and E19, respectively, P , 0.001) (Fig. 2a). Notably,
the degree and the time of onset of placental growth deficiency in P0
mutants was identical to that in Igf2 null mice which lack the IGF-II
peptide in all placental layers as well as in the fetus21 (our unpub-
lished observations). These findings show that the labyrinthine
trophoblast-specific P0 transcript is critical for sustaining normal
growth of the placenta.

Notably, mutant fetuses were growth-restricted only towards the
end of gestation (96% and 78% of wild type at E16 and E19,
respectively) (Fig. 2b). Consequently, the fetal to placental weight
ratio was significantly higher in the mutants compared with the wild
type throughout gestation (Fig. 2c). At birth, P0 mutant pups were
69% of normal birth weight. This was followed by post-natal ‘catch-
up’ growth, which was complete by three months of age (data not
shown).

The placental and fetal growth kinetics in the P0 mutants suggest
either that placental size becomes limiting for fetal growth only at
later stages of gestation, or that at earlier stages the smaller placenta
compensates by an increased efficiency of nutrient transfer. To
address these hypotheses we investigated placental structure and
transport capacity in mutant and wild-type mice.

Mutant placentae revealed the same morphological organization
as wild type, with no obvious differences in cell morphology.
Volume fraction determinations (that is, percentages of total pla-
cental volume) for decidua, spongiotrophoblast and labyrinthine
layers showed that all areas were proportionately smaller (data not
shown).

We measured unidirectional maternal–fetal transfer of 51Cr-
EDTA and the non-metabolizable amino acid analogue 14C-methyl-
aminoisobutyric acid (14C-MeAIB) as fetal accumulation of radio-
isotope at different time points after injection into the maternal
circulation. 51Cr-EDTA is an inert hydrophilic molecule that pro-
vides a measure of the passive permeability of the placenta to
hydrophilic solute22, whereas 14C-MeAIB is transported specifically
by the system A amino acid transporter in the placenta23 and was
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used as an indicator of secondary active transport capacity. These
measurements were made at E16, when the mutant placenta is
smaller but the fetus is still about the same size as wild type, and at
E19, when both are smaller than the wild type (Fig. 2).

At E16, 51Cr-EDTA fetal accumulation, per gram of mutant
placenta, was only 80% of that per gram of wild-type placenta
(P ¼ 0.052) (Fig. 3a). The 51Cr-EDTA fetal accumulation per gram
of mutant placenta was further reduced to 60% of the wild-type
level at E19 (P , 0.001) (Fig. 3a). This shows that at E16, and more
severely at E19, passive permeability of the placentae to hydrophilic
solute, per gram, was reduced in P0 mutants. Coupled to the
reduced total placental size, this defect would be predicted to
severely restrict fetal growth at both gestational ages. Indeed,
mutant fetuses received significantly less solute than wild-type
ones at both time points (Fig. 3b).

In contrast, mutant placentae transferred more 14C-MeAIB per
gram compared with wild-type counterparts at E16 (155%,
P , 0.001) (Fig. 3a). This shows that P0 mutant placentae actively
transferred the solute with greater efficiency. Thus at E16 the
mutant fetuses received the same actual amount of 14C-MeAIB as
wild type (consistent with their having the same body weight) (Fig.
3b). By E19 the increase in transfer per gram of placenta was much
reduced (116%, P , 0.05) (Fig. 3a), and this combined with the
smaller size of the placenta resulted in mutant fetuses receiving less
of the solute than wild-type littermates (74%, P , 0.001) (Fig. 3b).
Notably, this reduction was proportionate to the reduction in fetal
weight (78%, Fig. 2b). This suggests that at the earlier stage of
gestation, increased efficiency of secondary active transfer compen-
sated for reduced placental size and passive permeability. At the later
stage of gestation, the increase in efficiency of the P0 mutant

Figure 1 Characterization of the P0 mutation. a, Genomic structure of the mouse wild-

type Igf2 and knockout alleles. The peptide-coding region is in exons 4–6 (E4–E6, open

boxes). Promoters P1–P3 are transcribed in fetal and extra-embryonic tissues. The P0

transcript is placenta-specific6. All transcripts are spliced onto exon 4, leading to the same

peptide. A 5-kb BamHI (B) genomic fragment was replaced by a loxP site in the P0

knockout allele7. The deletion, which spans exon u2 and abolishes P0 transcription, is

1.5 kb and 2.1 kb distant from P0 and P1 transcription start sites, respectively. b, mRNA

in situ hybridization of sections from E12 wild-type (þ/þ) and P0 mutant (þ/2)

placentae, showing labyrinthine trophoblast-specific expression of the P0 transcript and

its absence in the knockout placenta. An exon u2-specific antisense riboprobe was used.

c, Relative contribution of the P0 transcript to overall Igf2 transcript levels in placenta by

mRNA in situ hybridization. E12 wild-type (þ/þ) and P0 mutant (þ/2) placentae were

hybridized with a full-length Igf2 cDNA antisense riboprobe (bright field view). Insets in

each panel are higher magnification images. Igf2 is expressed at a similar level in the

spongiotrophoblast (vertical bar in insets) and labyrinthine trophoblast in the wild-type

placenta (left panel). In the mutant P0 placenta (right panel), a marked reduction in

expression is observed in the labyrinthine trophoblast when compared with the

spongiotrophoblast (vertical bar in insets), due to the absence of the P0 transcript. Borders

between labyrinthine trophoblast and spongiotrophoblast, and spongiotrophoblast and

maternal decidua are shown as dashed lines. Dec, maternal decidua; Spt,

spongiotrophoblast; Lt, labyrinthine trophoblast. Scale bars: 500 mm (main images);

200 mm (inset).
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placentae is now insufficient to transfer enough amino acids to the
fetus to meet its requirements for growth and this, together with the
reduced passive permeability, results in fetal growth restriction.
Importantly, the system A transporter has been shown to be a
determinant of fetal growth24.

The absence of the P0 transcript of the Igf2 gene resulted in
considerable deficiency in growth of the placenta, which was as great

as with complete lack of placental IGF-II, suggesting that the P0
transcript is the principal determinant of action of this growth
factor in the placenta. This is perhaps surprising because the P0
transcript is estimated to constitute 10% of total Igf2 transcripts in
the placenta6; however, differential translatability of Igf2 transcripts
has been reported25,26. This reduction in growth was associated with
a decrease in passive permeability per gram of placenta. The
mechanisms underlying this decreased permeability are unknown
at present but may involve changes in placental exchange barrier
paracellular pore dimensions. In association with the decreased
permeability we found an increase in the fetal to placental weight
ratio and an increase in MeAIB transfer per gram of placenta. The
specific effector of the increased MeAIB transfer efficiency remains
to be elucidated. We also need to determine whether other tropho-
blast transport systems are affected. However, this genetic model has
demonstrated that upregulation of active transport may compen-
sate for decreased size and diffusional capacity of the placenta, and
that this mechanism is important in determining fetal growth rate.
Genetic manipulation of functional properties of the placenta may
also provide valuable models of ‘fetal programming’ of diabetes and
heart disease later on in life27,28.
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P , 0.001; E16,þ/þ ¼ 0.110 ^ 0.002,þ/2 ¼ 0.075 ^ 0.002, P , 0.001; E19,

þ/þ ¼ 0.113 ^ 0.002, þ/2 ¼ 0.077 ^ 0.002, P , 0.001. b, Fetal weights of P0

mutants (þ/2) and wild-type littermates (þ/þ) at the indicated gestational ages and at

birth. The data are from the same litters as in a. The data at birth were collected from 6

litters (16þ/2 and 24þ/þ). At E14 and E12 (not shown) no differences in fetal weight

were observed between P0 mutant and wild-type littermates. The degree of growth

deficiency of P0 mutants is shown as a percentage of normal fetal weight (% N). The

average weights (in g) ^standard error were: E14, þ/þ ¼ 0.150 ^ 0.004, þ/2 ¼

0.149 ^ 0.003, P . 0.05; E16, þ/þ ¼ 0.427 ^ 0.006, þ/2 ¼ 0.410 ^ 0.008,

P , 0.05; E19, þ/þ ¼ 1.138 ^ 0.015, þ/2 ¼ 0.886 ^ 0.015, P , 0.001; birth,

þ/þ ¼ 1.523 ^ 0.019, þ/2 ¼ 1.046 ^ 0.023, P , 0.001. c, Fetal to placental

weight ratios (F/P) were calculated for P0 mutant mice (þ/2) and wild-type littermates

(þ/þ). Fetal to placental ratio was significantly higher in mutants compared with the wild

type throughout gestation (1.20, 1.40 and 1.18 at E14, E16 and E19, respectively; triple

asterisk, P , 0.001). The average fetal to placental ratios ^ standard error were:

E14, þ/þ ¼ 1.682 ^ 0.042, þ/2 ¼ 2.043 ^ 0.040; E16, þ/þ ¼ 3.940 ^

0.076, þ/2 ¼ 5.521 ^ 0.095; E19, þ/þ ¼ 10.213 ^ 0.333,

þ/2 ¼ 12.021 ^ 0.325.

Figure 3 Placental transfer is altered in P0 mutants. a, Placental transfer of 51Cr-EDTA

and 14C-MeAIB in P0 and wild-type conceptuses. The fetal accumulation of radioisotope

is expressed relative to placental weight and plotted as a ratio of mutant to wild type at two

gestational ages (E16, E19). This gives a relative measure of placental transfer of these

solutes. 51Cr-EDTA ratio was lower than 1 at E16 (0.8) and E19 (0.60), indicating a

decrease in passive permeability of the P0 mutant placentae. In contrast, 14C-MeAIB ratio

was higher than 1 (E16, 1.55; E19, 1.16), showing that P0 placentae actively transferred

the solute with greater efficiency. b, The fetal accumulation of 51Cr-EDTA and 14C-MeAIB

is plotted as a ratio of mutant to wild-type (not expressed relative to fetal weight). This

gives an absolute measure of the amount received by the fetus of the solutes. 51Cr-EDTA

ratio was lower than 1 at E16 (0.55) and at E19 (0.39), indicating that the mutant fetuses

received less solute than wild type. 14C-MeAIB ratio is approximately 1 at E16 (1.08),

indicating that the upregulation of placental transport achieves the same amount of solute

in mutant fetuses as in wild type, but is reduced at E19 (0.74), showing that the active

transport at this stage no longer achieves the same amount of solute in the mutant fetuses

as in wild-type ones. The data for the placental transport capacity assays were collected

from 6 and 4 litters at E16 and E19, respectively (E16: þ/þ, n ¼ 25, þ/2, n ¼ 16;

E19: þ/þ, n ¼ 14, þ/2, n ¼ 18). Bars indicate 95% confidence limits. Asterisk,

P , 0.05; triple asterisk, P , 0.001.
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Deletion of a placental-specific imprinted transcript results in
fetal growth restriction, primarily through a decrease in total
nutrient transfer across the placenta. This example of a morpho-
logically normal but small placenta affecting fetal growth supports
the genetic conflict theory of imprinting8, in which a placental-
specific gene expressed from the paternal allele regulates the supply
of nutritional resources to the fetus. On the other hand, fetal
demand for nutrients is genetically regulated by the level of growth
factors such as INS, IGF-I and IGF-II. Increasing fetal size therefore
requires a higher level of demand (for example, higher fetal IGF-II)
as well as a higher level of supply (by increasing, for example,
placental surface area). Reduced fetal size can be the outcome of
reduced supply (as in the P0 mutant described here) or of reduced
demand (for example Igf1 knockout, which reduces fetal but not
placental size21). The mouse Igf2 gene is remarkable in combining
the control of both the supply and the genetic demand for maternal
nutrients in a single gene.
Note added in proof: We have repeated the 51Cr-EDTA measurements
at E16 in a larger experimental series (7 litters: 29þ/þ and 30þ/2)
and observed that the fetal accumulation, per gram of mutant
placenta, was 67% of that per gram of wild-type placenta
(P , 0.05). The decrease in passive permeability of the P0 placenta
is therefore significant at E16, as well as E19 as shown in Fig. 3a. A

Methods
Growth kinetic studies
Details on the generation of the P0 knockout allele are provided elsewhere7. The mutant P0
allele was bred into a C57BL/6J genetic background for analysis. For the growth kinetics
studies, pregnant females were dissected at various embryonic stages (embryonic day 1
(E1) was defined as the day of vaginal plug detection). Wet weights of placentae and whole
fetuses were recorded and mutant animals were distinguished from wild types with a
Southern blotting-based assay, as shown before7.

mRNA in situ hybridization
Placentae were fixed overnight at 0 8C in Serra’s fixative, dehydrated, and embedded in
paraffin wax according to standard protocols. Seven-micrometre sections were processed
and hybridized with UTP 35S-labelled RNA probes as described29. A 0.9-kb SacI genomic
fragment comprising the mouse exon u2 and a 1.2-kb full-length Igf2 mouse cDNA were
used to generate sense and antisense RNA probes. Igf2 transcript levels were determined by
northern blotting as previously described7, and IGF-II peptide in serum extracts was
measured by radio-immunoassay according to ref. 30, using an anti-human IGF-II rabbit
polyclonal antibody (Gropep).

Morphometric analysis
Placentae were dissected at E18 of gestation, fixed in Serra’s fixative and processed
for routine paraffin histology. Sections were incubated with a peroxidase-conjugated
lectin from Bandeiraea simplicifolia (BS-I B4, Sigma), and counterstained with
haematoxylin. Three sections at distances of 35–50 mm were analysed for each placenta,
providing a random sample of vertical sections. The volume fractions were determined by
point counting for decidua, spongiotrophoblast and labyrinthine trophoblast.
Morphometric analysis was carried out in three mutant and six wild-type placentae of the
same litter.

Analysis of unidirectional maternal–fetal transfer
Radiolabelled 51Cr-EDTA (25 mCi, NEN) and 14C-methyl-aminoisobutyric acid (MeAIB)
(3.5 mCi, NEN) in 100 ml phosphate buffered saline was injected into the jugular vein of
C57BL/6J female mice bred with heterozygous P0 males, at E16 and E19 of pregnancy.
Fetuses were killed at known times between 1 and 5 min after injection of radioisotopes (in
preliminary experiments we determined that there was minimal backflux of radioisotope
from fetus to mother up to 5 min). Fetuses and placentae were weighed and a small section
of tail removed for genotyping. For lysis of the fetus and placental tissue, the samples were
incubated overnight at 55 8C in Biosol (National Diagnostics). Fractions were then either
added to liquid scintillation fluid for b-counting or to appropriate tubes for g-counting.
Radioactive counts in each fetus were then used to calculate the amount of radioisotope
transferred per gram of placenta or per whole embryo. Average values for wild-type and
mutant fetuses within a litter were then calculated and expressed as a ratio of mutant to
wild type for that litter. These values could then be used to calculate a mean for all litters at
E16 and E19.

Statistical analysis
All data were analysed by means of two-way analyses of variance with ‘litters’ and
‘genotype’ as the two factors. For data representing radioactive counts, a logarithmic
transformation was carried out before analysis. The summaries were then presented as
ratios, together with 95% confidence limits. Data representing weights of the offspring
were analysed on the original scale.
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The mammalian fetus is unique in its dependence during gestation
on the supply of maternal nutrients through the placenta. Mater-
nal supply and fetal demand for nutrients need to be fine tuned for
healthy growth and development of the fetus along its genetic
trajectory. An altered balance between supply and demand can
lead to deviations from this trajectory with long-term conse-
quences for health. We have previously shown that in a knockout
lacking the imprinted placental-specific Igf2 transcript (P0), growth
of the placenta is compromised from early gestation but fetal
growth is normal until late gestation, suggesting functional adap-
tation of the placenta to meet the fetal demands. Here, we show
that placental transport of glucose and amino acids are increased
in the Igf2 P0�/� null and that this up-regulation of transport
occurs, at least in part, through increased expression of the
transporter genes Slc2a3 and Slc38a4, the imprinted member of the
System A amino acid transporter gene family. Decreasing fetal
demand genetically by removal of fetal Igf2 abolished up-regula-
tion of both transport systems and reduced placental System A
amino acid transport activity and expression of Slc38a2 in late
gestation. Our results provide direct evidence that the placenta can
respond to fetal demand signals through regulation of expression
of specific placental transport systems. Thus, crosstalk between an
imprinted growth demand gene (Igf2) and placental supply trans-
porter genes (Slc38a4, Slc38a2, and Slc2a3) may be a component of
the genetic control of nutrient supply and demand during mam-
malian development.

genomic imprinting � nutrient transporters

Imprinted genes in mammals are expressed from only one of the
parental chromosomes and are important regulators of placental

and fetal growth (1–5). According to the kinship theory, also known
as conflict theory, imprinting is thought to have evolved as a result
of a tug-of-war over the allocation of maternal resources to the
offspring (6–9). Paternal genomes maximize the extraction of
maternal resources for the benefit of offspring (at the expense of
offspring with different paternal genomes), whereas the interests
of the maternal genome are best served by allocating resources
equally among all her offspring (9). This theory predicts that a
substantial number of imprinted genes have growth-related func-
tions, with antagonistic properties: paternally expressed genes are
growth ‘‘promoters,’’ whereas maternally expressed genes are
growth ‘‘suppressors.’’ This prediction has been confirmed by a
number of studies, which demonstrate that a key function of
imprinting is the control of fetal growth (3–5, 9). The different
interests of parental genomes are played out in the placenta, at the
level of supply of resources, and in the fetus, at the level of the
demand for resources (4, 9). How imprinted genes control supply
of nutrients and the allocation of maternal resources through the
placenta remains, however, poorly understood (4, 9). Knock-outs of
several imprinted genes in mice affect the growth, thickness, and

organization of the placental tissues interposed between mother
and fetus (4, 5, 9, 10). Deletion of the paternally expressed genes
Igf2, Peg1, and Peg3 results in a smaller size of the placenta, whereas
the deletion of the maternally expressed genes H19, Igf2r, Cdkn1c,
Phlda2, and Grb10 all result in overgrowth of the placenta (3–5).

There are several different transcripts of the Igf2 gene in the
mouse, expressed from promoters P0–P3, which all code for
the IGF-II peptide (11). The P0 transcript is only expressed by the
placenta (11). We found that deletion of the P0 transcript has
profound effects on placental and fetal growth (12). In these mice,
where placental Igf2 mRNA expression is reduced but circulating
fetal IGF-II is normal, placental weight is reduced compared to the
wild type (wt) from embryonic day (E) 12 but fetal growth
continues normally until E16 (12). We also found that materno-
fetal transfer of 14C-methylaminoisobutyric acid (MeAIB), a non-
metabolizable amino acid analogue usually transported across the
placenta utilizing the System A amino acid transport system, was
increased per gram of placenta at E16 but that this increase was
blunted at E19 (12). Furthermore, the passive permeability of the
placentas from the Igf2 P0�/� knockout mice was reduced at E19
because of decreased surface area and increased thickness of the
exchange barrier (13). These data suggested that the growth of the
Igf2 P0�/� knockout fetus is initially retained, in the face of reduced
placental growth, by up-regulation of placental transporter activity
and that fetal growth restriction ensues late in gestation because of
a failure to maintain this up-regulation and the decreased perme-
ability. We proposed that IGF-II acts as a controller of nutrient
supply by affecting placental development and as a signal of fetal
demand (4).

Here, we test the hypothesis that Igf2 regulates the pivotal
balance between placental nutrient supply and fetal demand. We
compared mice lacking Igf2 expression only from the P0 promoter,
where fetal IGF-II production is normal, and mice lacking Igf2
produced from all promoters in which placental and fetal IGF-II
are both lacking. The activity and expression of key placental supply
genes, the System A amino acid transporter genes Slc38a1�SNAT1,
Slc38a2�SNAT2, and Slc38a4�SNAT4 and the glucose transporter
genes Slc2a1�GLUT1 and Slc2a3�GLUT3, were measured. The
data show that although placental growth is reduced when P0 only
or all Igf2 transcripts are deleted, it is only in the Igf2 P0�/� fetuses
in which fetal Igf2 expression is normal and nutrient demand is
maintained that placental transporter expression and activity is
up-regulated. By abolishing fetal IGF-II as a growth demand signal,
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the up-regulation of both transporter systems is also abolished.
These data are a direct demonstration that fetal growth demand can
regulate placental supply systems. The System A transporter genes
Slc38a4 and Slc38a2, and the glucose transporter Slc2a3, appear to
be a central link between placental supply and fetal demand. Cross
talk between the imprinted Igf2 demand signal itself or through
downstream signals and placental supply genes may play an impor-
tant role in coordinating mammalian growth.

Materials and Methods
Mice. The mice used in this study were from Igf2 P0 and Igf2 null
deletion lines derived as described in refs. 14 and 15. Both lines have
been bred into an inbred C57BL�6J line for �10 generations. All
experimental procedures were conducted under licenses issued by
the Home Office (U.K.) in accordance with the Animals (Scientific
Procedures) Act 1986 and local ethics committee. In all experi-
ments, the mutant alleles were transmitted by a heterozygous
father, giving the genotypes ���, (subsequently called Igf2 P0�/�

or Igf2 null�/�) and ��� (subsequently called wild-type �/�). The
mutation transmitted through the father disrupts expression from
the active paternal allele. Because of the imprinting regulation of
this locus, the maternal allele is silent.

Pregnant females were killed by cervical dislocation, and the
fetuses were dissected at E14, E16, and E19 into PBS (E1 was
defined as the day of vaginal plug detection). Wet weights are the
weights after removal of fluid from around the tissue with absor-
bent paper. Dry weights were obtained by freeze-drying under
vacuum (Edwards Modulyo) until a constant weight was obtained
(�36 h). Placental water content was determined by subtracting the
dry from the wet weights and expressed as percentage of wet
weights.

Genotyping. The transmission of the Igf2 null�/� allele was followed
by lacZ staining of yolk sac as described in ref. 15. Igf2 P0�/�

mutants were identified by PCR with DNA extracted from placen-
tal tissue. The primer pairs used to amplify a 740-bp fragment across
the 5-kb deletion were as follows: delF: 5�-TCCTGTACCTCCTA-
ACTACCAC-3�; delR: 5�-GAGCCAGAAGCAAACT-3�. A third
primer (5�-CAATCTGCTCCTGCCTG-3�) was used as a positive
control for the PCR reaction by amplifying a 495-bp fragment from
wild-type alleles. PCR conditions are available upon request.

Placental Transport Assays of Radiolabeled Solutes. Pregnant mice at
E16 or E19 (term is day 20) were anesthetized with an intra-
peritoneal injection of �0.4 ml of fentanyl�f luanisone and
midazolam solutions in water (1:1:2 water, Janseen Animal
Health). A neck incision was made, and the jugular vein was
exposed. A 100-�l bolus of PBS containing 3.5 �Ci (1 Ci � 37
GBq) MeAIB (NEN NEC-671; specific activity 50.5 mCi�mmol)
or 3.5 �Ci 14C-methyl-D-glucose (NEN NEC-377; specific activ-
ity 56.4 mCi�mmol) was then injected into the jugular vein via
a short length of tubing attached to a 27 gauge needle and
connected to a 1-ml syringe. At times up to 4 min after injection
of tracer, animals were killed and conceptuses were dissected by
hysterectomy. Fetuses were lysed overnight at 55°C in 2 ml (E16
fetuses) or 4 ml (E19 fetuses) of Biosol (National Diagnostics).
Fractions of fetal samples were then added to appropriate tubes
for � counting (Packard Tri-Carb 1900). Radioactive counts in
each fetus were then used to calculate the amount of radioiso-
tope transferred per gram of placenta or per gram of fetus.
Average values for wild-type and mutant fetuses within a litter
were then calculated and expressed as a ratio of mutant to
wild-type for that litter. These values could then be used to
calculate a mean for all litters at E16 and E19. The fetal
accumulation of radioisotope expressed relative to placental
weight and plotted as a ratio of mutant to wild-type gives a
relative measure of placental transfer of the solute. The fetal
accumulation of radioisotope expressed relative to fetal weight

gives a relative measure of the amount of solute received by the
fetus. The data for the placental transfer assays performed in Igf2
P0�/� mutants were collected from 11 litters at E16 (Igf2 P0�/�,
n � 36; wild-type�/�, n � 48) and 5 litters at E19 (Igf2 P0�/�, n �
19; wild-type�/�, n � 18) for 14C-glucose; from 6 litters at E16
(Igf2 P0�/�, n � 25; wild-type�/�, n � 16) and 4 litters at E19
(Igf2 P0�/�, n � 14; wild-type�/�, n � 18) for 14C-MeAIB. The
data for the Igf2 null�/� mutants were collected from 6 litters at
E16 (Igf2 null�/�, n � 19; wild-type�/�, n � 26) and 10 litters at
E19 (Igf2 null�/�, n � 48; wild-type�/�, n � 44) for 14C-glucose;
and from 10 litters at E16 (Igf2 null�/�, n � 36; wild-type�/�, n �
29) and 5 litters at E19 (Igf2 null�/�, n � 16; wild-type�/�, n �
21) for 14C-MeAIB.

mRNA Expression Studies of Nutrient Transporter Genes. mRNA
expression levels of nutrient transporter genes were analyzed by
Northern blotting at different gestational ages. RNAs were pre-
pared from whole placentas by using RNeasy kits (Qiagen). North-
ern blots were hybridized with RNA probes produced by in vitro
transcription from linearized plasmids of cloned PCR products as
described in ref. 16. The Slc38a1 probe was from 63–121 bases in
ENSMUST00000023937; the Slc38a2 probe was from 108–633
bases in NM�175121; the Slc38a4 probe that detects all transcripts
was from 200–900 bases in NM�027052; the Slc2a3 probe was from
776-1177 bases in NM�011401; and the Slc2a1 probe was from
354–934 bases in NM�011400. The hybridized blots were visualized
by phophorimaging (Fuji), and densitometry was performed by
using AIDA v.3.27 software.

Statistical Analysis. Differences in mRNA expression levels between
group’s means were evaluated by the two-tailed unpaired Student
t test. All other data were analyzed by means of two-way analyses
of variance with ‘‘litters’’ and ‘‘genotype’’ as the two factors. Data
are expressed as means � standard error of the mean (SE). For data
representing radioactive counts, a logarithmic transformation was
carried out before statistical analysis. The summary data from these
experiments were then presented as ratios, together with 95%
confidence limits.

Results
Placental and Fetal Growth in Igf2 P0�/� and Igf2 null�/� Mutants. Igf2
P0�/� mutant placentas are as growth-restricted as Igf2�/� null
placentas at E14 (Table 1). At later stages of gestation, the growth
deficiency is more severe in Igf2 null�/� than in Igf2 P0�/� placentas
(Table 1). Igf2 P0�/� and Igf2 null�/� placentas do not differ in
water content from their wild-type littermates, showing that the
reduction in weight is not due to a loss of water�fluid content (Table
1). As described previously, Igf2 P0�/� fetuses were lighter than
their wild-type littermates only after E16, whereas Igf2 null�/�

fetuses were growth-restricted from E12 onward (12). Conse-
quently, fetal�placental weight ratios were higher in Igf2 P0�/� than
wild-type fetuses, suggesting increased placental transport effi-
ciency in this mutant, but were unaffected in Igf2 null�/� fetuses at
E14 and significantly reduced at E19 compared to their wild-type
littermates (Table 1).

The Small P0�/� Placenta Up-Regulates Nutrient Supply to Meet Fetal
Growth Requirements. To address the hypothesis that the small Igf2
P0�/� placenta has increased nutrient transport efficiency to meet
the growth demands of the normally sized fetus, we investigated
transport capacity in Igf2 P0�/� and wild-type mice by using
unidirectional maternal-fetal transfer of 14C-glucose and 14C-
MeAIB at E16 and E19.

We found that glucose transport was significantly increased per
gram of placenta compared to the wild-types at both gestational
ages (Fig. 1A). At E16 and E19, Igf2 P0�/� placentas transferred
more 14C-glucose per gram compared with wild-type littermates
(158% and 132%, respectively; P � 0.05) (Fig. 1A). At both time
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points, accumulation of 14C-glucose per gram of fetus was the same
in Igf2 P0�/� fetuses as the wild-type, i.e., fetuses were receiving the
appropriate amount of the radioactive label for their size (Fig. 1A).
We then analyzed the placental expression of two main glucose
transporters, Slc2a1�GLUT1 and Slc2a3�GLUT3, at E16. We
found increased expression of Slc2a3 in Igf2 P0�/� placentas when
compared to wild-type controls (ratio P0�/��WT�/� � 1.3, P �
0.01; Fig. 2) but not Slc2a1 (Fig. 2). Thus, we hypothesize that the
enhanced transport of glucose is due, at least in part, to the
increased expression of the Slc2a3 gene.

We replicated our previous observations (12) that System A

amino acid transport activity was significantly increased per
gram of Igf2 P0�/� placentas compared to the wild-types in E16
(Fig. 1B). We now show that this increase in transfer per gram
of placenta is no longer observed near term (106%, P � 0.05).
This reduction, combined with the smaller size of the placenta,
resulted in Igf2 P0�/� fetuses receiving less of the solute per
gram of fetus than wild-type littermates at term (89%, P �
0.05) (Fig. 1B). The reduction in up-regulation of System A
activity from E16 to E19 (160% to 106%, respectively) cor-
relates with the reduction in fetal weight (from 96% to 75%,
respectively).

Table 1. Wet weight, fetal to placental wet weight ratios, and placental water content of lgf2 P0�/�, lgf2 null�/�, and wild-type�/�

conceptuses by comparing mutants with corresponding wild-type littermates in the same litters

Gestational
age Mouse strain n

Fetal wet
weight, g

Placental wet
weight, g

Fetal-to-placental
weight ratios

Placental water
content, % (n)

E14 lgf2 P0�/� 32 0.149 � 0.003 0.075 � 0.002 2.04 � 0.04 ND
Wild-type�/� 29 0.150 � 0.004 0.091 � 0.002 1.68 � 0.04 ND
(% of wild-type) 99 NS 82*** 121***
lgf2 null�/� 34 0.118 � 0.003 0.072 � 0.002 1.68 � 0.05 ND
Wild-type�/� 46 0.151 � 0.003 0.091 � 0.002 1.69 � 0.04 ND
(% of wild-type) 78*** 79*** 99 NS

E16 lgf2 P0�/� 111 0.414 � 0.004 0.075 � 0.002 5.71 � 0.07 83.3 � 1.1 (32)
Wild-type�/� 127 0.432 � 0.003 0.105 � 0.001 4.23 � 0.07 83.5 � 0.5 (32)
(% of wild-type) 96** 71*** 135***
lgf2 null�/� 80 0.286 � 0.004 0.065 � 0.001 4.50 � 0.08 83.2 � 0.6 (41)
Wild-type�/� 91 0.435 � 0.004 0.104 � 0.001 4.22 � 0.07 83.7 � 0.6 (33)
(% of wild-type) 66*** 63*** 107**

E19 lgf2 P0�/� 116 0.926 � 0.009 0.063 � 0.001 15.25 � 0.24 82.0 � 0.5 (22)
Wild-type�/� 117 1.228 � 0.009 0.095 � 0.001 13.46 � 0.22 82.5 � 0.4 (17)
(% of wild-type) 75*** 66*** 113***
lgf2 null�/� 116 0.571 � 0.008 0.051 � 0.001 11.60 � 0.16 80.9 � 1.1 (32)
Wild-type�/� 108 1.215 � 0.008 0.089 � 0.001 13.88 � 0.16 83.8 � 0.7 (33)
(% of wild-type) 47*** 57*** 84***

ND, not determined; **, P � 0.01; ***, P � 0.001; NS, not significant P � 0.05. Data is mean � SE.

Fig. 1. The effects of deletion of either the Igf2 P0 transcript from the labyrinthine trophoblast alone (A and B, Igf2 P0�/�) or the Igf2 gene from all feto-placental
tissues (C and D, Igf2 null�/�) on the placental transfer of 14C-glucose (A and C) and 14C-MeAIB (B and D), calculated as a ratio of mutant to wild-type transfer
expressed either per gram of placenta or per gram of fetus at two gestational ages (E16 and E19). Ratios �1 indicate increased transfer by the mutant placenta,
whereas ratios �1 indicate reduced transfer by the mutant placenta with respect to either placental or fetal weight. Bars indicate 95% confidence limits. *, P �
0.05; **, P � 0.01; ***, P � 0.001 significantly different from 1.
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We next investigated the mechanisms at the molecular level
responsible for the enhanced System A activity in Igf2 P0�/� mice.
We found that the placental expression of the imprinted System A
gene (Slc38a4), but not of the nonimprinted members of the System
A gene family (Slc38a1 and Slc38a2) (R.S. and G.K., unpublished
observations), closely paralleled the in vivo transport of 14C-
MeAIB. Increased RNA expression of the imprinted gene Slc38a4
was observed at E16 (1.6-fold increased expression of the 4-kb
transcript) compared to wild-type littermates (Fig. 3A), which

corresponds to an increase in 14C-MeAIB transport (Fig. 1B). At
E19, there was no increase in placental expression of Slc38a4 (Fig.
3A), consistent with the lack of up-regulation of 14C-MeAIB
transport observed at this stage of gestation (Fig. 1B). We hypoth-
esize that the enhanced amino acid transport is due, at least in part,
to the increased expression of the imprinted Slc38a4 gene.

Up-Regulation of Placental Nutrient Supply Depends on a Fetal
Demand Signal. If the increase in nutrient supply activity, per gram
of placenta, observed in the Igf2 P0�/� mice is a direct consequence
of an Igf2 deficiency in the labyrinthine trophoblast, this increase
should also occur in Igf2 null�/� mice that lack Igf2 in all placental
and fetal cell types. In fact, we found that Igf2 null�/� placentas,
unlike P0, do not transfer 14C-glucose (Fig. 1C) and 14C-MeAIB
(Fig. 1D) with greater efficiency when compared to wild-type
controls. Indeed, when fetal growth is normally at its maximum in
late gestation (Table 1), 14C-MeAIB transfer per gram of placenta
is greatly reduced in Igf2 null�/� placentas (Fig. 1D), although this
transfer is appropriate for the much smaller fetal body mass (Fig.
1D). This reduction in System A activity was associated with a
similar reduction in expression of the nonimprinted Slc38a2 gene,
with no effect on the Slc38a4 gene (Fig. 3B). We conclude that
adaptation of placental nutrient transfer occurs in response to fetal
nutrient demands for growth and involves interaction between the
Igf2 gene in feto-placental tissues and nutrient transporter genes in
the placenta.

Discussion
This study, using genetic models of altered growth, provides direct
evidence that the activity and expression of specific placental
nutrient transporters is modulated by the fetal nutrient demands for
growth. It also shows that the imprinted Igf2 gene has a key role in
this process. We have shown that, in mice that lack IGF-II,
specifically in the labyrinthine trophoblast, the small placenta

Fig. 2. Expression analysis of the glucose transporters Slc2a1 and Slc2a3 by
Northern blotting in Igf2 P0�/� placentas at E16. Graphs of the mean expres-
sion levels are shown with the wild-type levels normalized to 1, together with
representative Slc2a3 Northern blots of total RNA obtained from wild-type
(WT) and Igf2 P0�/� placentas (P0). Bars indicate SE. WT�/�, n � 12; P0�/�, n �
12 for Slc2a3; n � 7 for both groups for Slc2a1. **, P � 0.01.

Fig. 3. Expression analysis of System A amino acid transporter genes (Slc38a1, Slc38a2, and Slc38a4) by Northern blotting in Igf2 P0�/� (A) and Igf2 null�/� (B)
placentas compared to their wild-types (WT) at two gestational ages (E16 and E19, n � 7 for all WT and mutant groups). Graphs of mean expression levels are
shown with the wild-type levels normalized to 1 together with representative Northern blots of total RNA obtained from wild-type (WT) and mutant placentas
for Slc38a4 (A), at E16 and E19 and Slc38a2 (B), at E19, compared to Gapd loading. Bars indicate SE. ***, P � 0.001; **, P � 0.01 significantly different from the
value in the wild-type. Note increase in signal in the Igf2 P0�/� when compared to WT for the 4-kb transcript only at E16 but not E19.
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increases its transfer of glucose and amino acids to meet the
nutrient demands of the growing fetus in late gestation. These
mutant placentas express higher levels of glucose and amino acid
transporters encoded by the Slc2a3 and System A Slc38a4 genes and
have a greater efficiency measured as grams of fetus produced per
gram of placenta. In contrast, when we reduced the fetal demand
placed on the small placenta by deleting the Igf2 gene from all
feto-placental tissues, activity of the placental nutrient transport
systems was either at wild-type levels or reduced in late gestation
and was associated with a decrease in placental efficiency. These
findings provide a demonstration that the small placenta can
respond to the genetic drive for fetal growth by up-regulating its
efficiency and nutrient transport capacity.

The growth of the mouse placenta appears to depend on both the
paracrine and endocrine actions of IGF-II. In the Igf2 P0�/�

knockout, all placental layers are reduced proportionately (12, 13),
even though the P0 transcript is expressed only in the labyrinthine
trophoblast (12). Consequently, IGF-II-dependent growth of the
labyrinthine exchange surface may regulate growth of the placenta
as a whole. This effect on growth might be mediated directly by the
paracrine action of IGF-II or indirectly by other signals from the
labyrinthine placenta to the spongiotrophoblast. Our finding that
placental weight is reduced to the same extent in Igf2 P0�/� and
complete Igf2 nulls�/� up to E14 shows that local expression of the
P0 transcript is essential for normal placental development and that
the other Igf2 transcripts are not required to promote early pla-
cental growth. After E14, feto-placental expression of the other Igf2
transcripts may be involved in regulating placental growth, as
placental growth restriction was less severe in the Igf2 P0�/� than
complete Igf2 null�/�. At E16 and E19, the P0 placenta exposed to
normal fetal IGF-II concentrations was 14–24% heavier than the
placenta of complete Igf2 null with no circulating IGF-II. Similarly,
placental weight is reduced by 14% in chimeric embryos with
normal IGF-II expression in the placenta but IGF-II deficiency in
the fetal tissues (17). Conversely, when fetal IGF-II availability is
increased 10-fold by loss of Igf2 imprinting and deletion of the Igf2r
gene, which encodes the IGF-II clearance receptor, placental
weight is increased to a greater extent than fetal weight at term (18).
These observations suggest that, during the later stages of gestation,
placental growth can be stimulated by circulating IGF-II produced
by the fetal tissues.

Our previous study of the Igf2 P0�/� knockout demonstrated that
the increased efficiency of the Igf2 P0�/� placenta in supporting
fetal growth up to E16 was associated with up-regulation of amino
acid transport (12). However, it did not establish the molecular
mechanisms involved or provide an explanation for the increased
fetal to placental weight ratio at E19. In the current study, we show
that the increased efficiency of the Igf2 P0�/� placenta is due, in
part, to increased transfer of glucose per gram of placenta at both
E16 and E19 and identify potential molecular effectors of the
changes in placental glucose and amino acid transfer. Glucose is
transported across the placenta by facilitated diffusion down the
materno-fetal concentration gradient by using members of the
GLUT family of glucose transporters (19). The main glucose
transporters in the placenta are GLUT1 and GLUT3, which are
expressed from the Slc2a1 and Slc2a3 genes, respectively (20, 21).
In rodents, GLUT1 is found on all placental membranes, whereas
GLUT3 is localized specifically to the maternal facing surface of the
labyrinthine trophoblast (20, 21). During the period of late gesta-
tion when the rat fetus is growing most rapidly in absolute terms,
there is up-regulation of Slc2a3 expression and down-regulation of
Slc2a1 expression in the placenta (20, 21). In the current study, we
showed that the increased placental glucose transfer across the Igf2
P0�/� placenta was associated with up-regulation of placental
Slc2a3 expression. Taken together, these observations indicate that
the placental Slc2a3 gene may have an important role in meeting
the nutrient demands of the growing fetus during late gestation.
However, despite the continued up-regulation of glucose transfer,

fetal growth still declined toward term in the Igf2 P0�/� mutant.
Therefore, substrates other than glucose must make a significant
contribution to growth of the mouse fetus during late gestation.

In sheep, amino acids account for 50% of the carbon and virtually
all of the nitrogen required for fetal growth (22). In this and our
previous study of Igf2 P0�/� mutants, transplacental transfer of
MeAIB was increased in line with fetal growth requirements at E16
but not at later stages of gestation when the fetus was becoming
progressively more growth retarded. MeAIB is transferred across
the placenta by the sodium-dependent System A transporters,
which normally transport small neutral amino acids (23). In the
mouse, there are three System A transporters described so far,
SNAT1, SNAT2 and SNAT4, which have different amino acid
affinities and are encoded by the Slc38a1, Slc38a2, and Slc38a4
genes, respectively (23). In the current study, we found that, at E16,
the small Igf2 P0�/� placenta up-regulates the expression of the
imprinted Slc38a4 gene (16) but not the nonimprinted (R.S. and
G.K., unpublished observations) Slc38a1 or Slc38a2 genes. All
three genes are expressed abundantly in the labyrinthine and
spongiotrophoblast of the murine placenta (G. Konfortova and
G.K., unpublished observations). The mouse Slc38a4 gene is a
complex locus with four promoters (un1-un4), which are regulated
differentially by genomic imprinting and produce several transcripts
with different 5� and 3� untranslated regions (ref. 24; R.S. and G.K.,
unpublished observations). In the fetus, un1 and un3 transcripts are
predominantly expressed from the paternal allele, whereas un4 is
expressed predominantly from the maternal allele (R.S. and G.K.,
unpublished observations). In the placenta, imprinted transcripts
are exclusively of paternal origin (R.S. and G.K., unpublished
observations). By Northern blotting, two transcripts of 4 kb and 2
kb in size are detected. The distinct transcript lengths are likely to
result from alternate polyadenylation usage sites in the 3� UTR
region of the last exon, as described for the rat Slc38a4 gene (24).
All 5� UTRs splice onto the same exon 2 that contains the initiation
translation ATG, so that all transcript forms have the potential to
encode the same protein. Interestingly, only the longer transcript(s)
form (4 kb) of this gene was found to be up-regulated in the Igf2
P0�/� mutants. Whether this up-regulation reflects overexpression
of the active allele, loss of imprinting, or changes in mRNA stability
remains unknown. Neither is clear whether the increased MeAIB
transport is due solely to this transcript or involves other, uniden-
tified System A transporter genes. Up-regulation in Slc38a4 gene
expression was not observed in the Igf2 P0�/� placenta at E19.
Hence, changes in placental Slc38a4 expression and System A
activity occur in parallel and are similar in magnitude in this mutant.
This inability of the Igf2 P0�/� placenta to sustain up-regulation of
System A amino acid transport, may explain, in part, the growth
restriction of the Igf2 P0�/� mutant fetus during late gestation.
Certainly, competitive inhibition of System A transport in rats in
vivo during pregnancy leads to fetal growth retardation close to
term (25). Furthermore, when expression of the Slc38a4 un1
transcript that accounts for the major proportion of placental
SNAT4 protein is abolished by deletion of its promoter, birth weight
of the mutant mice is reduced by 20% (R.S. and G.K., unpublished
observations). In human studies, there is an inverse relationship
between the activity of the System A amino acid transporter in the
microvillous plasma membrane of the placenta and the size of the
baby at birth (26). This scenario, similar to that in the Igf2 P0�/�

mice, suggests that in the proportionately small placentas of small
normal babies, there is an up-regulation of the expression of the
System A amino acid transporter to maintain transfer capacity.
However, further studies are required to demonstrate whether
placental System A transport and the Slc38a4 gene, in particular,
are rate limiting to fetal growth in the Igf2 P0�/� mouse model.

Up-regulation of placental glucose and System A amino acid
transport was not seen in the complete Igf2 null�/� mice. Indeed,
14C-MeAIB transfer per gram of placenta and placental expression
of Slc38a2 were decreased at E19 in these mutants. Because the P0
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transcript is absent in the labyrinthine trophoblast of both Igf2
P0�/� and complete Igf2 nulls�/�, IGF-II derived from the P0
promoter is unlikely to suppress expression of the Slc38a4 and
Slc2a3 genes during normal development of the placenta. It is more
likely that the small Igf2 P0�/�-deficient placenta is responding to
nutrient demand signals produced by tissues still expressing IGF-II.
These fetal demand signals appear to stimulate placental growth
and up-regulate placental expression of the nutrient supply genes,
Slc38a4, Slc2a3 and, possibly, also Slc38a2. Over the gestational
ages at which we measured nutrient transfer, there is little Igf2 gene
expression in the junctional zone because spongiotrophoblast cells
no longer express IGF-II, and the numbers of IGF-II expressing
glycogen cells decline dramatically (27, 28; unpublished observa-
tions). In addition, because there is no evidence that IGF-II is
released from these cell types into the maternal arteries supplying
the labyrinthine trophoblast, up-regulation of the nutrient supply
genes is unlikely to be due to IGF-II derived from the junctional
zone of the placenta. Furthermore, we have not found any evidence
for up-regulation of Igf2 gene expression from the P1–P3 promoters
in the labyrinthine trophoblast after deletion of the P0 transcript
(data not shown). The nutrient demand signals, therefore, appear
to originate in the fetus. Certainly, when the drive for fetal growth
is reduced in the complete Igf2 null�/�, a smaller placental supply
of nutrients is required to support the nutrient demand of the lower
growth rate and placental System A activity and expression of
Slc38a2 are reduced accordingly. The nutrient transfer capacity of
the mouse placenta is regulated ultimately by the interplay between
Igf2 gene expression in the placenta and fetus.

There are several possible mechanisms that could signal the fetal
nutrient requirement to the placenta. The current study suggests
that circulating fetal IGF-II is a likely signal, at least, when the fetal
nutrient demand for growth exceeds the nutrient transport capacity
of the small Igf2-deficient placenta. Circulating IGF-II appears to
stimulate placental growth (see above), and there is evidence that
IGF-II increases glucose transport in human chorionic villi in vitro
(29). However, if IGF-II is acting as the fetal demand signal in the
Igf2 P0�/� mice, its influence on the placental Slc38a4 gene must
wane toward term as up-regulation of System A activity was not
maintained throughout late gestation. Because the increase in
glucose transport was sustained, facilitated and active transport
processes may be responding to different demand signals during
late gestation. Our observation that System A amino acid trans-
porter genes were expressed differentially in the placentas of Igf2

P0�/� and Igf2 null�/� mutants also suggests that fetal IGF-II is not
the only demand signal. Fetal nutrient requirements could be
signaled to the placenta by other fetally derived growth factors or
by fetally induced changes in the nutritional or endocrine environ-
ments of the mother. Alternatively, fetal stress hormones may act
as signals of nutrient insufficiency and alter placental nutrient
delivery in the Igf2 P0�/�, particularly during late gestation as fetal
growth begins to deviate from its early trajectory. Whatever the
specific signals involved, it is the mismatch between the supply and
the demand for nutrients generated by growing fetal tissue still
expressing IGF-II that up-regulates the nutrient supply genes in the
small IGF-II-deficient placenta. When there is no mismatch be-
tween supply and demand in the complete IGF-II null, nutrient
transport across the small IGF-II-deficient placenta is not up-
regulated. The role of fetal�circulating IGF-II as a demand signal
can be unequivocally demonstrated only with a fetal IGF-II con-
ditional knock-out.

The crosstalk between nutrient demand and supply genes that we
have identified here has important implications for the genetic
conflict theory and for placental physiology. Several studies have
suggested that the placenta has a considerable functional reserve
capacity, so that a reduction in placental size will not, unless
extreme, limit fetal growth (30, 31). Our work indicates that
increased placental efficiency can compensate for the loss of
placental mass and sustain fetal growth by up-regulating nutrient
transfer across the placenta. Because the placenta is the major
source of nutrients during intrauterine development, it is a primary
site for conflict between paternal and maternal genes in allocating
maternal resources to the fetus. The interaction between a pater-
nally expressed demand gene, Igf2, in the fetus and a paternally
expressed supply gene, Slc38a4, in the placenta observed in our
study is consistent with the concept that paternally inherited genes
maximize extraction of maternal resources and is evidence of two
paternally expressed genes acting cooperatively to influence allo-
cation of maternal nutrients. The mechanisms underlying this
interaction remain unknown but may involve signals downstream of
the yet-unidentified IGF-II receptor X in the placenta (32) and
specific promoter usage.
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Evidence is emerging that the ability of the placenta to supply
nutrients to the developing fetus adapts according to fetal demand.
To examine this adaptation further, we tested the hypothesis that
placental maternofetal transport of calcium adapts according to
fetal calcium requirements.We used amousemodel of fetal growth
restriction, the placental-specific Igf2 knockout (P0) mouse, shown
previously to transientlyadaptplacentalSystem-Aaminoacid trans-
porter activity relative to fetal growth. Fetal and placental weights
in P0 mice were reduced when compared with WT at both embry-
onic day 17 (E17) and E19. Ionized calcium concentration [Ca2+] was
significantly lower in P0 fetal blood compared with both WT and
maternal blood at E17 and E19, reflecting a reversal of the fetoma-
ternal [Ca2+] gradient. Fetal calcium content was reduced in P0mice
at E17 but not at E19. Unidirectionalmaternofetal calcium clearance
(CaKmf)wasnot different betweenWTandP0 at E17but increased in
P0 at E19. Expression of the intracellular calcium-binding protein
calbindin-D9K, previously shown to be rate-limiting for calcium
transport, was increased in P0 relative to WT placentas between
E17 and E19. These data show an increased placental transport of
calcium from E17 to E19 in P0 compared toWT.We suggest that this
is an adaptation in response to the reduced fetal calcium accumu-
lation earlier in gestation and speculate that the ability of the pla-
centa to adapt its supply capacity according to fetal demand may
stretch across other essential nutrients.

fetal growth restriction | calbindin | PMCA | pregnancy

Fetal growth restriction (FGR), the failure of a fetus to achieve
its genetic growth potential, significantly increases the risk of

infant mortality and morbidity (1): 5 to 10% of all pregnancies
complicated by FGR result in stillbirth (2, 3) and around 5%of the
survivors of FGR go on to develop cerebral palsy (3), with 8%
suffering some formof neurological impairment (3). Furthermore,
there is a now well-defined relationship between low birth weight
per se and increased risk of diseases in adulthood, such as hyper-
tension, type-2 diabetes (4), and osteoporosis (5).
The major pathway of nutrient transfer to the fetus is via the

placenta (reviewed in ref. 6). Therefore, the net flux of nutrients
across the placenta over an entire gestationmust be lower in a baby
of low birth weight when compared to a larger infant. Although a
reduced net flux might result from a number of factors, such as
poor maternal nutrition, and therefore reduced maternal plasma
concentration of specific solutes, the major cause of FGR in the
developed world is placental insufficiency (7). It is now clear that
all of the factors that determine the capacity of the placenta to
transfer nutrients, including blood flow, exchange of barrier
structure, and the activity of specific nutrient transporters, may be
abnormal inFGR (8–16).Recent data suggest (reviewed in ref. 17)
that of these placental changes, some are likely to be causative and
others to be adaptive to the growth restriction.

The concept that elements of placental function adapt to
maintain the supply of nutrients appropriate to the genetic
growth potential of the fetus, in the face of other placental
maldevelopments, is unique and largely unexplored. This idea
arises from the synthesis of separate observations in human and
mouse, focusing on the activity of the System A amino acid
transporter. The activity of this transporter (per milligram of
membrane protein) in vesicles isolated from the microvillous
(maternal facing) plasma membrane (MVM) of the syncytio-
trophoblast (transporting epithelium) of the human placenta,
was found to be inversely related to birth weight and size of the
baby across the range of normal birth weights and size (18). In
contrast, in MVM from placentas of FGR babies, activity was
significantly lower than that in MVM from placentas of normally
grown babies (13). An interpretation of these data are that there
is an up-regulation of System A activity per unit membrane in the
placentas of small normal babies, increasing placental transport
efficiency and maintaining fetal growth. Failure of such an
adaptive up-regulation of System A activity in FGR could be a
cause of the diminished fetal growth (13, 18).
Further studies have examined the activity of System A amino

acid transporter in mice, where the placental-specific transcript
(P0) of the insulin-like growth factor-2 (Igf2) gene has been
deleted. Although placentas from P0 knockout mice are smaller
than wild type (WT) mice from about embryonic day 12 (E12),
fetuses are not significantly smaller until aroundE18 (term isE20).
Maternofetal transfer of 14C-methylaminoisobutyric acid (a spe-
cific, nonmetabolisable amino acid substrate of System A),
measured in vivo, was significantly higher, per gram of placenta, in
the P0 knockouts when compared with WT, at E16 but not at E19
(9). Similarly, mRNA expression of the slc38a4 isoform of the
System A transporter gene was higher in the placentas of P0
knockout mice thanWT at E16 but not at E19 (8). These data are
consistent with human studies, suggesting that when placental
growth is restricted early in gestation, System A is up-regulated to
meet fetal nutrient demand, but this adaptation is not maintained
until term, contributing to the ensuing FGR. In a different
experimental paradigm, Coan et al. (19) used normal mice to
investigate whether the smallest placentas in a litter are more
efficient in supplying fetal nutrients than larger placentas. They
found morphological adaptations and increased System A amino
acid transporter activity and mRNA expression in the smallest
placentas, which were postulated to increase placental transport
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capacity and maintain normal fetal growth. Such functional
adaptations in these situations may well be modulated by the
prevailing endocrine environment of the fetus and the placenta,
driving the resultant increase in placental efficiency (20).
In human FGR, the activity of a number of different placental

solute transporters has now been investigated and compared with
that in normal pregnancy (17). Various changes in transporter
activities havebeenobserved inFGR: some lowered (e.g., SystemA,
as described above), some not changing (e.g., glucose transporter),
and interestingly one transporter, Ca2+ATPase, showing increased
activity in the basal (fetal facing) plasma membrane of the syncy-
tiotrophoblast. This observation that placental calcium transporter
activity is up-regulated in FGR led to our speculation that this is an
adaptive response, a conceptwehave investigated in this study using
the P0 mouse as a model of FGR.
Calcium transport across the placenta is an active process, with

fetal plasma ionized calcium concentration ([Ca2+]) being sig-
nificantly higher than maternal [Ca2+] at term (6). Transplacental
calcium transport is believed to have three components (6): influx
of calcium frommaternal blood into the trophoblast cytosol via the
transient receptor potential vanilloid 6 (TRPV6) channel, trans-
location across the cytosol on a binding protein (which in rodents is
thought to be calbindin-D9K), and active efflux out of the troph-
oblast into fetal-side placental extracellular fluid via plasma
membrane Ca2+ATPase (PMCA). In rodents, however, two
potential routes exist for maternofetal calcium transfer: (i) cal-
cium transport across the labyrinth trophoblast, considered to be
the predominant site of maternofetal exchange, and (ii) the
intraplacental yolk sac (IPYS). The IPYS is an exclusive structure
formed in rodent placenta by the invagination of the primitive yolk
sac into the chorioallantoic placenta (21). The high density of
calcium transporters, calcitropic hormones, and receptors in the
IPYS (21, 22) strongly implies that this structure plays an impor-
tant role in maternofetal calcium exchange and the provision of
calcium to the developing fetus (21).
We hypothesized that the increase in Ca2+ATPase activity in

FGR was a direct example of a placental adaptation, which could
serve to promote fetal calcium acquisition despite the small size
and malformation of the FGR placenta. This hypothesis has been
tested in the present study by exploiting the well-characterized
FGR phenotype of the P0 knockout mouse (hereafter referred to
as P0), a mouse model that allowed all aspects of placental cal-
cium transfer as well as fetal calcium accretion to be measured,
and which exhibits evidence of adaptation with respect to another
placental transport system, namely System A.
To investigate our hypothesis, we measured [Ca2+] in mater-

nal and fetal plasma, total fetal calcium accretion (as an estimate
of net placental calcium flux), and the unidirectional materno-
fetal clearance of 45CaCl2. In this study, all measurements were
carried out at both E17 and E19, the period over which mater-
nofetal calcium transport increases exponentially and skeletal
mineralization occurs, and comparisons were drawn between P0
fetuses and WT siblings in the same litter.

Results and Discussion
Placental and fetal weights and fetal:placental weight ratios for P0
andWTfetuses are shown inTable1.AtbothE17andE19, fetal and
placental weights were significantly reduced in P0 as compared to
their WT siblings (P < 0.001). Fetal:placental weight ratios were
significantly increased in P0 mice at both gestational ages (P <
0.001). This finding confirms previous observations that P0 mice
demonstrate growth restriction toward term following a significant
reduction in placental weight that, according to previous reports,
occurs earlier, at around E14 (8, 9). This chronology indicates pla-
cental insufficiency as the major cause of FGR in these mice.
[Ca2+] in fetal blood of WT and P0 fetuses at E17 and E19 is

shown in Fig. 1. At E17, fetal [Ca2+] in WT fetuses was not sig-
nificantly different from that in maternal blood (≈1.1 mmol/L)
indicating that a fetomaternal [Ca2+] gradient was not yet estab-
lished. However, at E19 fetal [Ca2+] was significantly higher than
maternal [Ca2+]. These data demonstrate that the fetomaternal
calcium gradient in these mice is established between E17 and
E19, and further suggest that active transplacental calcium-
transport mechanisms during this period begin to contribute sig-
nificantly to maternofetal calcium flux, consistent with other
studies in mice and rats (23–26). In contrast, fetal blood [Ca2+] in
P0 was significantly lower than WT and maternal blood at both
E17 and E19 (P < 0.05). This failure of P0 fetuses to achieve fetal
hypercalcemia relative to themother close to term could reflect an
increased removal of fetal plasma calcium to the fetal skeleton or,
alternatively, reduced net placental calcium transport.
To explore these possibilities, we measured fetal calcium con-

tent [as an estimate of net transplacental calcium flux (CaJnet)] (27)
andunidirectionalmaternofetal clearance of 45Ca (45CaKmf) across
the intact placenta. Fetal calcium content (mmol/g ash weight) of
WT and P0 fetuses at E17 and E19 is shown in Fig. 2. For ease of
comparison, data are expressed as a ratio of P0/WT. At E17, P0
fetal calcium content was lower compared to WT siblings in all
seven litters examined (P < 0.01). At E19, this difference was no
longer apparent with P0 andWT demonstrating comparable fetal
calcium content. In taking fetal calcium content as an estimate of
CaJnet (27), these data suggest that CaJnet in P0 fetuses had been
lower up toE17, as compared withWT fetuses, but by E19 this had
been normalized in P0 fetuses, implying that CaJnet in P0 fetuses
had been stimulated over the period of E17 to E19. CaJnet will
reflect the difference between unidirectional maternofetal (CaJmf)
and fetomaternal (CaJfm) calcium fluxes to and from the fetus (27),
which are often measured as respective unidirectional clearances
(23, 27). We have previously demonstrated that CaJmf approx-
imates to CaJnet at E18 inWTmouse fetuses and that CaKmf is more
than 70-times greater than the unidirectional fetomaternal clear-
ance of calcium (CaKfm) (23). We therefore examined whether the
increase in calcium accretion in P0 fetuses between E17 and E19
was attributable to a change in CaJmf, as measured by CaKmf (23,
27), using 45CaCl2 as tracer.
Fig. 3 shows 45CaKmf measured across the intact placenta and

expressed as a P0/WT ratio. At E17, there was no difference in

Table 1. Fetal and placental weights and fetal:placental weight (F:P) ratio in WT and Igf2 P0
promoter (P0) knockout mice at E17 and E19

E17 E19

WT P0 WT P0

Fetal weight (g) 0.60 ± 0.01 0.54 ± 0.01* 1.20 ± 0.02 0.93 ± 0.02*
Placental weight (g) 0.095 ± 0.001 0.066 ± 0.001* 0.094 ± 0.003 0.062 ± 0.002*
F:P ratio 6.4 ± 0.1 8.2 ± 0.2* 13.0 ± 0.4 15.2 ± 0.5*

Data are expressed as mean ± SEM of the average placental and fetal weights of WT and P0 fetuses from
within an individual litter, where n = 15 and 16 litters at E17 and E19, respectively.
*P < 0.001 vs. WT at same gestational age (paired t test).
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45CaKmf between genotypes. However, at E19 the P0/WT ratio of
45CaKmf was significantly above 1, indicative of an increased

45CaKmf
in P0 fetuses as compared with their WT siblings. This increased
45CaKmf is consistent with an adaptive response to the reduced fetal
calcium content at E17, acting to restore P0 fetal calcium content,
per gram of fetal ash, to a comparable level to WT at E19.
Finally, we examined whether these changes in placental calcium

flux are associated with changes in the expression of proteins
involved in transplacental calcium transfer. Fig. 4 shows the protein
expression of TRPV6, calbindin-D9K, and PMCA1 by Western
blotting. All proteins were observed at the predicted sizes, con-
sistent with previous observations (23). As would be predicted,
TRPV6 was highly expressed in the first plasma membrane barrier
to restrict solute transfer in mouse placenta: namely, the maternal-
facing plasma membrane of trophoblast layer II included here as a

positive control (lane mAM in Fig. 4A). Evidence suggests that this
plasma membrane shares functional homology with MVM of the
syncytiotrophoblast in human placenta (28). β-actin, used as a
loading control, demonstrated equal loading between groups. Pla-
cental TRPV6 expression, recently shown to be important in
maternofetal calcium transport (29), was not different between P0
andWTat either E17 or E19. In contrast, calbindin-D9K expression
was significantly lower in P0 placentas compared toWTat E17 (P<
0.01), with this trend observed in all eight litters. However, by E19
calbindin-D9K expression was comparable between the two geno-
types. This mirroring of the trend observed in the fetal calcium
content of P0 fetuses and the placental expression of calbindin-D9K
over days E17 to E19 lends further support for the concept that
calbindin-D9K expression is rate-limiting for fetal calcium acquis-
ition in rodents (23, 24, 30, 31).
PMCA1 expression was not different between P0 and WT at

either E17 or E19. However, in human placenta PMCA protein
expression and activity are not always correlated; in FGR increased
activity of thePMCAtransporters (measured in syncytiotrophoblast
basal-plasma membranes) was associated with a reduced protein
expression of PMCA (10). We are not able to address this issue
further in the present study, as there is currently no method to iso-
late the fetal-facing plasmamembrane from trophoblast layer III of
mouse placenta, likely to be analogous to the basal syncytio-
trophoblast plasmamembrane in human placenta, based onPMCA
localization to this plasma membrane in rodent placenta (32).
Our data show that total calcium accretion by P0 fetuses is lower

than that of corresponding WT siblings at E17. The reasons for this
diminished accretion are not clear at present. In considering calcium
fluxes, itwouldhavebeenpredicted thatCaJmf (as reflectedby

45CaKmf)
would have been lower across the placentas of P0 fetuses at E17.
However, at E17 we found that 45CaKmf was not different between P0
and WT fetuses, although calbindin-D9K expression was significantly
reduced in the placentas of P0 fetuses, entirely consistent with their
reduced fetal calcium content. This discordance between placental
calbindin-D9K expression and maternofetal calcium flux was surpris-
ing in the light of other evidence showing a good correspondence
between these variables under different situations (23, 24, 30). This
finding could relate to the gestational timing of our observations, as
there is a highly exponential gestational increase in CaJmf betweenE17
and E19 in rodents (23, 30). Although this gestational rise in CaJmf
shows a strong stoichiometric relationship with placental calbindin-
D9K expression (30), onset of the dynamic changes in CaJmf may have
alreadycommenced inP0,preceding themodulationof calbindin-D9K
expression. It would be interesting to investigate CaJmf in P0 fetuses
earlier in gestation, but this may not provide further elucidation,
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Fig. 2. Fetal calcium content in WT and P0 fetuses at E17 and E19. Each
symbol corresponds to fetal calcium content (measured as mmol per gram of
ash weight) expressed as a ratio of P0/WT within a single litter. Solid line
denotes median values for all of the litters shown at each gestational age.
Dotted line represents ratio of 1 (no difference between P0 and WT).
Absolute values expressed as mmol/g ash weight (median, interquartile
range) are as follows: E17 WT (1.51, 1.35–2.14), E17 P0 (1.39, 1.18–1.75), E19
WT (4.02, 3.90–4.44), and E19 P0 (4.01, 3.26–4.30). **, P < 0.01, Wilcoxon
signed-rank test.
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Fig. 3. Unidirectional maternofetal clearance of calcium (CaKmf) across
placentas of WT and P0 fetuses at E17 and E19. Each symbol corresponds to
CaKmf (μL/min per gram placenta) expressed as a ratio of P0/WT within a
single litter. Solid line denotes median values for all of the litters shown at
each gestational age. Dotted line represents ratio of 1 (no difference
between P0 and WT). Absolute values expressed as μL/min per gram placenta
(median, interquartile range) are as follows: E17 WT (103.8, 87.2–156.7), E17
P0 (102.0, 82.1–161.0), E19 WT (79.1, 20.4–169.7), and E19 P0 (105.1, 47.7–
239.8). **,P < 0.01, Wilcoxon signed-rank test.
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Fig. 1. Fetal [Ca2+] inWTandP0 fetuseswasmeasured inwhole fetal bloodat
E17 (A) and E19 (B). Dotted line denotesmean [Ca2+] inmaternal blood (n = 10
andn=12at E17andE19, respectively). Eachdot represents themeanof either
WTor P0within a single litter. n= 6 litters at E17, n= 7 litters at E19. *, P< 0.05,
Wilcoxon signed-rank test.
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bearing in mind that fetal skeletal mineralization occurs over the last
few days of gestation in rodents and placental calbindin-D9K expres-
sion is comparatively lowbeforeE15(30,33–36). It is alsopossible that
activity of PMCAwas increased in the placentas of P0 fetuses at E17,
but as alluded to above, direct investigation of this issue is not easily
accomplished.Anotherpossibility is thatCaJfm,which is verydifficult to
measure across the intact placenta in vivo, is higher in P0 than WT
fetuses during early gestation, thus reducing CaJnet. However, we have
previously measured CaKfm near term in the mouse, and this is less
than 1.4% of the magnitude of 45CaKmf (23), suggesting that this flux

would have to increase by at least an order ofmagnitude in P0mice
to cause a significant reduction in CaJnet, which seems unlikely.
Finally, lower calcium accretion in the P0 fetuses might reflect an
altered calcium flux across the choriovitelline (or yolk sac) placenta
early in gestation, before the chorioallantoic placenta forms [byE10
(37)]. This notion would accord with CaJmf being the predominant
flux across the visceral yolk sac of other species and approximating
to CaJnet (38). It should also be commented upon that although
placental calbindin-D9K expression is reduced in P0 at E17, the
cellular origin of this response is uncertain, with a relatively high
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Fig. 4. Protein expression of TRPV6, calbindin-D9K and PMCA1 in placentas of WT and P0 fetuses at E17 and E19. Representative blots show expression within
four paired litters. n = 8 litters at E17 and n = 6 litters at E19, except for calbindin-D9K at E19, where n = 8 litters. β-actin was used as a marker of equal loading
between samples and a single blot that has been stripped and reprobed for β-actin is shown. Arrows denote size of placental immunoreactive proteins.
Protein loading was as follows: TRPV6, 20 μg placental membrane; calbindin-D9K, 50 μg postnuclear supernatant at E17, 20 μg at E19; PMCA1, 40 μg placental
membrane. mAM and RB denote mouse placental apical membrane (derived from maternal facing-plasma membrane of syncytiotrophoblast layer II) and rat
brain, respectively, included as positive controls. Graphs show densitometry values for TRPV6 (A), calbindin-D9K (B), and PMCA1 (C) at both E17 and E19. Each
symbol corresponds to densitometry values expressed as a ratio of P0/WT within a single litter. Solid line denotes median values for all of the litters shown at
each gestational age. Dotted line represents ratio of 1 (no difference between P0 and WT). **, P < 0.01, Wilcoxon signed-rank test.
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abundance of both calbindin-D9K and PMCA within the mouse
IPYS, along with calcitropic hormomes and receptors, providing a
potential maternofetal calcium-transfer pathway in addition to
exchange across the labyrinth trophoblast (21, 22). Considering the
marked induction inplacental calbindin-D9Kexpression in the IPYS
toward term (39), one may suggest that any reduction in calbindin-
D9K expression within the IPYS of P0 placentas at E17 would have
significant effects on fetal calcium accretion. Certainly, the relative
contributions of the IPYS and labyrinthine trophoblasts toward this
reduced calbindin-D9K expression isworthy of further investigation.
Whatever the causes of the lower calciumaccretion atE17 in the

P0 fetuses, it is clear that around this time it is sensed in such a way
as to lead to a corrective response by the fetoplacental unit. Thus,
placental calcium transport adapts and responds with increased
relative calbindin-D9K expression and CaJmf, so that by E19, P0
fetal calcium content (mmol/g ash weight) is normal. Therefore,
despite themarked growth restriction of the P0 fetuses at bothE17
and E19 and a reduced placental mass, skeletal hypomineraliza-
tion of the P0 fetus at E17 is corrected by E19, and this is achieved
by a rise in CaJmf. Work from several species suggests that active
placental calcium transport is switched on, or up-regulated, near to
term, as bone mineral accretion begins (23, 25, 26, 40–43). The
capacity to raise CaJmf in P0 indicates that the functional integrity
of active calcium-transport mechanisms in P0 placentas is pre-
served. In the light of this finding, it is perhaps surprising that P0
fetuses remain hypocalcemic and fetal [Ca2+] does not rise
alongside that seen in WT fetuses to become hypercalcemic rela-
tive to the mother. This finding presumably follows from the
increased calcium uptake into the skeleton of P0 fetuses reflected
in their normal calcium content by E19.
It is noteworthy that the ontogeny of the adaptive response to

placental calcium transport in P0 fetuses shown here is the oppo-
site to the trend we have previously observed for System A amino
acid transport; this was higher thanWT at E16 and then decreased
toward term (9). These data accord with previous observations in
human placenta near term showing that Ca2+ATPase activity is
increased even when System A amino acid transporter activity
is decreased in FGR-affected pregnancies (10, 13). Interestingly,
in the mouse placenta there appears to be a gestational sequence
to the adaptive responses improving placental efficiency, with
morphological changes preceding those observed in amino acid
transporter activity (19). Together, these data highlight that the
molecularmechanisms involved in the placental adaptive response
are complex and temporally regulated. The fetal “demand” signals
to elicit these changes in placental function remain to be fully
elucidated, but are likely to bemultifactorial. As regards placental
calcium transport, the increasingly well-described role of para-
thyroid hormone-related peptide in regulating placental calcium
transport (23, 25, 26, 43) suggests one attractive candidate. This
finding again highlights the potential role of the IPYS in the reg-
ulation of placental calcium transport, as both the PTH/PTHrP
receptor and PTHrP are known to be highly expressed within the
IPYS (21).
In summary, this study provides direct evidence that the capacity

of theplacenta to supplyaparticular nutrient is adaptable in relation
to the fetal demand or requirement for that solute. Our data also
suggest, importantly, that therearenutrient-, andperhapsgestation-
specific signals operating between the fetus and placenta to enable
any particular adaptation. As has been recently pointed out by
others (19), a variable sequence of placental adaptations occurring
at different times in gestation will have marked affects on nutrient
delivery to the fetus and, ultimately, the composition of fetal tissues,
resulting in programming an individual’s homeostatic mechanisms
with metabolic consequences extending into adulthood. In this
context, and of particular relevance to this study, is the association
between birth weight and osteoporosis in adult life (5). Clearly, this
association between reduced bone-mineral content in later life and
low birth weight puts a high dependence on the placenta to provide

adequate calcium provision to the developing fetus. By elucidating
the gestational-specific changes in CaJmf and fetal calcium accretion
in this study, it is hoped that placental adaptations in calcium
transport in human FGR may begin to become better understood.
Understanding the link between placental phenotypes arising from
adaptations to altered fetal-growth trajectories may therefore be
crucially important.

Materials and Methods
Animals. Experiments were performed in accordance with the U.K. Animals
(Scientific Procedures) Act of 1986. Placental specific Igf2 (Delta U2 P0)
knockout mice, which had deletion of the U2 exon of the Igf2 gene, were
generated as previously described (44) and were a kind gift from W. Reik
(Babraham Institute, Cambridge, UK).

Wild-typeC57/BL femalemice (8–12weeks old) andmales heterozygous for
the P0 deletion (6 weeks to 8 months old) were mated and the first day of
gestation determined by the discovery of a copulation plug (term = 19–20
days). All animals were provided with nesting material and housed in cages
maintained under a constant 12-h light/dark cycle at 21 to 23 °C, with free
access to food (Beekay Rat andMouseDiet; Bantin &Kingman) and tapwater.

Genotyping. Fetuses were genotyped using genomic DNA extracted from
fetal tail tips (DNeasy, Qiagen). Igf2 P0+/− mutants were identified using a
primer pair to amplify a 740-bp fragment across the 5-kb deletion (sense, 5′-
TCCTGTACCTCCTAACTACCAC -3′; antisense, 5′-GAGCCAGAAGCAAACT -3′)
with a third primer amplifying a 495-bp fragment from the WT allele (5′-
CAATCTGCTCCTGCCTG-3′), as described previously (9).

Unidirectional Maternofetal Clearance of 45Ca Across the Intact Placenta (CaKmf).
CaKmf across the intact placenta was measured at E17 and E19 using an
adaptation of the method of Flexner and Pohl, as described previously (23).
Following infusion of 45Ca, exsanguination of the dam occurred between 1-
and 6-min postinfusion in accordance with previous studies (23). Fetuses
were rapidly collected and assessed for total radiolabel accumulation and
compared to a maternal plasma 45Ca disappearance curve (see below).

CaKmf was calculated as:

CaKmf ¼ Nx

W
Ð x
0CmðtÞdt

ðμL=min=g placentaÞ EQ1

Where, Nx = total radiolabel accumulation (dpm) by the fetus (corrected for
the fetal tail tip retained for genotyping) at xmin after injection of radiolabel
into thematernal vein,W = placental wet weight (g) and

Ð x
0CmðtÞdt = the time

integral of radioisotope concentration in maternal plasma (dpm × min)/μL
from 0 to xmin (taken from the maternal plasma 45Ca disappearance curve).

Maternal Plasma 45Ca Disappearance Curve Following Injection into the
Maternal Circulation. A maternal plasma 45Ca disappearance curve was con-
structed from dams at either E17 (n = 20) or E19 (n = 37) and fitted to a one-
phase exponential decay model (r2 > 0.5), as described previously (23).

Fetal Calcium Content. Calcium content of fetal ash was measured at E17 and
E19 by atomic absorption spectrophotometry (Solaar S-Series, Thermo Ele-
mental, Unicam Ltd.), as described previously (23). Tail tips were taken for
genotyping as described above.

Whole-Blood Ionized Ca2+ Concentration. Terminal blood samples, taken from
either mother or fetus at E17 and E19 from the carotid artery following
decapitation,wereanalyzedfor ionizedCa2+concentration (Bayer865Analyzer,
Siemens). Ionized Ca2+ measurements were corrected to pH 7.4. No correction
was made for concentration of plasma proteins within individual samples.

Western Blotting. Individual placentas harvested at E17 and E19 were
homogenized in buffer containing 300 mM mannitol, 12 mM hepes (pH 7.6),
and 1% protease inhibitor mixture (Sigma-Aldrich) for 30 s. The homogenate
was retained or centrifuged at 2,500 × g for 5 min at 4 °C (Sorvall Discovery
100SE; Kendro Laboratory Products). Aliquots of this postnuclear super-
natant were retained and the remaining postnuclear supernatant centri-
fuged at 100,000 × g for 30 min at 4 °C to obtain the membrane fraction.
Both fractions were analyzed for protein concentration (Bio-Rad Protein
Assay) and stored at −80 °C for further analysis.

Protein-SDS complexes were prepared with or without heat denaturation
(23) and SDS/PAGE performed followed by electrotransfer to nitrocellulose
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membranes (GE Healthcare). The antisera used were rabbit polyclonal anti-
human TRPV6 (1:200; Santa Cruz Biotechnology, Insight Biotechnology),
rabbit polyclonal anti-rat calbindin-D9K (1:1,000; SWANT), rabbit polyclonal
anti-human plasma membrane calcium ATPase isoform 1 (PMCA1, 1:500;
SWANT), and rabbit polyclonal anti-human β-actin (1:1,000; Abcam). Neg-
ative controls were prepared by omission of primary antibody. All gels used
were 7% acrylamide with the exception of calbindin-D9K, where a 15% gel
was used because of the relatively small size of the target protein. Immu-
noreactive species were detected with horseradish peroxidase-conjugated
secondary antibodies (1:2,000, Dako) using an enhanced chemiluminescence
detection system (GE Healthcare). Immunoreactive signal density was
measured by densitometry (Image J, National Institutes of Health) and all
signals fell within the linear range of detection.

Statistical Analysis. All data are presented as either mean ± SEM or as indi-
vidual dot plots per litter, where n = number of litters. For most parameters,
either a paired t test or Wilcoxon signed-rank test were used to test for
statistical differences between groups, dependent on normal distribution of
data. P < 0.05 was taken as the significance level.
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This review considers the hypothesis that adaptations in blood flow, exchange surface area and trans-
porter activity enable placental supply capacity to meet fetal demand and cause alterations in fetal
composition which result in life-long programming of homeostatic set points. We consider the
components of placental supply capacity and describe the predominant changes each of these could
impose on solute and water exchange across the placenta. We next consider the evidence that adapta-
tions in placental nutrient supply to meet the demands of fetal growth and development do occur.
Evidence from human and mouse studies suggests that adaptations occur in regulation of blood flow
through the fetoplacental circulation, in exchange barrier surface area and in transporter-mediated
processes for amino acids and calcium. Crucially there appear to be differences in the gestational timing
of these adaptations. Finally we suggest that each of these adaptations could have separate effects on the
composition of the fetus. These could affect physiological set points in different ways and so programme
the lifetime responses of the individual.

� 2010 Published by IFPA and Elsevier Ltd.
1. Introduction

The main purpose of this review is to advance the hypothesis
that the capacity of the placenta to supply nutrients can adapt, or is
modified, to meet the nutrient requirements of the fetus. In critical
periods of some pregnancies the flux of nutrients across the
placenta (e.g. in mol solute/g placenta/min) is insufficient to meet
the requirements of the fetus for growth and development. This
limits the ability of the fetus to achieve its growth potential. The
opposite can also occur - the flux of nutrients across the placenta
may exceed that actually needed by the fetus. If unchecked the
former situation leads to a failure of the fetus to achieve its genetic
growth potential, which if severe leads to the clinical situation of
fetal growth restriction (FGR) [1]. The latter situation leads to fetal
overgrowth or macrosomia, such as is often found when pregnant
women are diabetic or obese [2]. Both fetal undergrowth and
overgrowth can lead to disease sequelae, both in the neonatal
period and later in life, as has been well documented elsewhere [3].
Adaptation in placental supply capacity to more exactly match fetal
demand could be a homeostatic mechanism preventing fetal
undergrowth or overgrowth occurring more often than it actually
ax: þ44 0161 224 1013.
. Sibley).

IFPA and Elsevier Ltd.
does. However, as is reviewed below, there are many different
mechanisms by which placental supply capacity may be modified
and which do indeed appear to occur. The combined effect of each
of these modifications, in terms of increasing or decreasing total
nutrient net flux across the placenta, might be the same but the
proportional effects on the transfer of specific nutrients could be
quite different. This could result in altering the relative proportions
of the different constituents (fat, muscle, metabolite concentrations
in fluid compartments) of the delivered baby from what they
otherwise might have been – with effects on the programming of
homeostatic set points.

This review will consider how placental supply capacity might
be adapted and how the transfer of different solutes would be
differentially affected. It will review the evidence, from human and
mouse studies, that adaptation does indeed occur in response to
mismatches between the ability of the placenta to supply nutrients
and the fetal demand. Finally it will consider the implications of
such adaptations for long-term programming of the physiology of
the individual.
2. Placental supply capacity – mechanisms of exchange across
the placenta

The barrier between maternal and fetal circulations in the
human placenta consists of: (i) the syncytiotrophoblast,
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a multinucleated transporting epithelium which forms a complete
layer throughout pregnancy; (ii) a layer of mononucleate cyto-
trophoblast cells which are predominantly progenitor cells for the
syncytiotrophoblast and which seem to form a nearly complete
layer in early pregnancy but by mid-pregnancy onwards form
a discontinuous layer; (iii) connective tissue in the villous core and
the fetal capillary endothelium, a normal continuous endothelium
with lateral intercellular spaces which restrict the transfer of
molecules with a molecular radius of about 1.5 nm upwards [4]. The
syncytiotrophoblast is considered to be the main barrier and
regulator of solute exchange across the barrier [1].

There are four main mechanisms of transfer across the barrier.
Each of these will be utilized predominantly by different groups of
solutes, dependent on their physicochemical characteristics. Any of
the mechanisms may be altered to adapt the capacity of the
placenta to supply nutrients.

2.1. Bulk flow/solvent drag

Differences in hydrostatic and osmotic pressures between the
maternal and fetal microcirculations within the exchange barrier
will drive water transfer by bulk flow, dragging with it dissolved
solutes. These dissolved solutes will be filtered as they move
through the components of the barrier. Water movement may be
via paracellular channels [5] or across the plasma membranes. The
latter may be enhanced by the presence of aquaporins, integral
membrane proteins forming water ‘pores’ in the plasma membrane
[6]. Adaptations in the flux by bulk flow/solvent drag may poten-
tially occur by changes in the ratio of pre- and post-capillary
resistances (an example is discussed below) or in the dimensions of
the paracellular channel or membrane pores. Water flux will be
predominantly altered by such changes.

2.2. Diffusion

Diffusion of any molecule occurs in both directions across the
placental barrier. When there is a concentration gradient and/or, for
charged species, an electrical gradient, one of these fluxes is greater
than the other, so that there is a net flux in one direction. Net flux
(Jnet) of solute across the placenta for an uncharged molecule may
be described by an adaptation of Fick’s Law of Diffusion [1]:

Jnet ¼ ðAD=lÞ
�

Cm � Cf

�
mol=unit time

where A is the surface area of the barrier available for exchange, D is
the diffusion coefficient in water of the molecule (smaller mole-
cules will have larger D), l is the thickness of the exchange barrier
across which diffusion is occurring, Cm is the mean concentration of
the molecule in maternal plasma and Cf is the mean concentration
of solute in the fetal circulation.

Small, relatively hydrophobic molecules will diffuse rapidly
across the plasma membranes of the barrier, so that their flux is
dependent much more on the concentration gradient than on A or l.
Adaptations in blood flow on either side of the placenta will
therefore predominantly affect flux of molecules such as O2 and CO2

[1]. By contrast, hydrophilic molecules will not diffuse across
plasma membranes easily, their concentration gradients are
maintained and flux will be determined predominantly by barrier
surface area and thickness. The latter will include changes in the
length and diameter of paracellular, water-filled channels across
the syncytiotrophoblast (see [7] for discussion of evidence that
such channels exist). Adaptations which affect these dimensions of
the placental barrier will therefore predominantly affect flux of
molecules such as ions, glucose and amino acids. Evidence that
such adaptation does occur is discussed below.
2.3. Transporter protein mediated processes

Transporter proteins are integral membrane proteins which
catalyse transfer of solutes across plasma membranes at faster rates
than would occur by diffusion. Transporter proteins are a large and
diverse group of molecules which are generally characterised by
showing substrate specificity (i.e. one transporter or class of
transporter will predominantly transfer one substrate or class of
substrate e.g. amino acids), by having saturation kinetics (i.e.
raising the concentration of a substrate solute will not infinitely
increase the rate at which it is transferred on transporters) and by
being competitively inhibitable (i.e. two structurally similar mole-
cules will compete for transfer by a particular transporter protein).
Transporter proteins are found abundantly in the placenta in the
microvillous (maternal facing) and basal (fetal facing) plasma
membranes of the syncytiotrophoblast. A detailed description of
these may be found elsewhere [1]. Transporter proteins are highly
regulatable, in terms of both expression and activity, and there is
good evidence that such regulation does occur in the placenta. This
may enable adaptations designed to meet specific requirements of
the fetus for particular solutes; evidence of this is discussed in
detail below.

2.4. Endocytosis/exocytosis

Endocytosis is the process by which molecules become
entrapped in invaginations of the microvillous plasma membrane
of the syncytiotrophoblast, which eventually pinch off and form
vesicles within the cytosol. Such vesicles may move through the
intracellular compartment and, if they avoid fusion with lysosomes,
eventually fuse with the basal plasma membrane and undergo
exocytosis, releasing their contents into the fetal milieu. Evidence
suggests that immunoglobulin G (IgG) and other large proteins may
cross the placenta by this mechanism [8]. Specificity and the ability
to avoid lysosomal degradation during the endocytosis phase may
be afforded by the presence of receptors for IgG in the microvillous
plasma membrane invaginations and vesicles. As with transporter-
mediated processes, this may enable adaptations that are designed
to meet specific requirements of the fetus for particular solutes,
although there is no evidence of such adaptation as yet.

3. Evidence of adaptation of placental supply capacity to
meet fetal demand in the human

The first evidence from our laboratory of adaptation in human
placental transporter activity in relation to fetal demand came from
a study of System A amino acid transporter in microvillous plasma
membranes of placentas from babies across the range of normal
birthweights. We found that System A activity, per mg microvillous
membrane protein, was highest in the smallest babies [9]. This was
not what we expected as we had previously observed that System A
activity, per mg microvillous membrane protein, was reduced in
pregnancies affected by FGR [10]. This led us to postulate that in
small normal babies placental System A activity can be upregulated
to meet the demands of fetal growth and that one cause of FGR is
a failure of such upregulation.

There is now considerable published data from studies of
a variety of transporter activities in both the microvillous and basal
plasma membranes of the syncytiotrophoblast from pregnancies
affected by FGR. These data show that activities of some trans-
porters (measured per mg microvillous membrane protein), like
System A, are lower in membranes of placentas from FGR-affected
pregnancies as compared to those from AGA babies [11]. Activity of
at least one transporter, the Ca2þATPase, goes up [12]. Other
transporters, such as the GLUT 1 glucose transporter [13], do not
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change at all (see also Table 1 of [7]). This range of changes suggests
at least a degree of regulation with decreased activities contrib-
uting to the reduction of fetal growth and the increased Ca2þATPase
activity perhaps being an adaptation in response to fetal demand in
the face of decreased placental supply.

Interestingly, there is evidence that in normal pregnancy, the
activity of some placental transporters increases over the course of
gestation, e.g. System A [14], whilst that of others decreases, e.g.
Naþ/Hþ exchanger [14], perhaps reflecting adaptive responses to
different fetal demands on the placenta as it develops and grows.

Is there any evidence that other determinants of placental
supply capacity, other than transporter activity and expression, can
adapt? One piece of data to suggest that there may be some
regulation of blood flow in this way comes from a recently reported
study of vascular endothelial growth factor (VEGF) production from
the placenta, and its effects on its fetoplacental vasculature (Fig. 1).
Brownbill et al. [15] found that the secretion of free VEGF into the
fetoplacental circulation was lower in placentas from women
suffering from pre-eclampsia than in those from women having
normal pregnancies. However, as shown by the data in Fig. 1, while
free VEGF was reduced with pre-eclampsia, its vasodilatory effects
were greater. VEGF appears to be an important vasodilator of this
circulation [16] and these data could reflect an increased sensitivity
of the fetoplacental circulation to VEGF as an adaptive response to
its reduced production, maintaining the paracrine regulation.
However, caution needs to be observed in such an interpretation of
these in vitro data as the increased sensitivity of pre-eclamptic
placentas to VEGF only occurred at concentrations higher than
those of free VEGF found in umbilical cord sera. As discussed by
Brownbill et al. [15] a number of different factors will contribute to
the overall contractility of the fetoplacental circulation in both
health and disease.

Further support for the concept of adaptation in placental
supply capacity to meet fetal demand comes from analysis of the
relationship between placental and fetal weight. Heinonen et al.
[17] reported that at any given birth weight, placental weight of
small for gestational age (SGA) babies was significantly lower than
that of appropriately grown for gestational age babies. This
suggests that the placental transfer efficiency (grams of baby per
gram placenta) was actually greater in the SGA group. Furthermore,
Williams et al. [18] reported that the ratio of placental weight to
birth weight does not accurately reflect fetal growth in normal
pregnancy. This is consistent with the idea that several different
determinants of placental supply capacity are adapted to meet fetal
demand and that the mass of placental tissue per se is only one such
determinant.
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Fig. 1. (a) Free VEGF secretion into the fetoplacental circulation of dually perfused human
bar): production is significantly lower in the latter placentas. (b) The effect of VEGF on the
following pre-constriction with the thromboxane mimetic, from normal pregnancy (triangle
than the former. Data reproduced from [15], with permission, where further experimental
4. Evidence for adaptation of placental supply
capacity in the mouse

Further evidence for the hypothesis that placental supply
capacity adapts to meet fetal demand comes from mouse studies.
Knockout of the placental specific transcript (P0) of the insulin-like
growth factor 2 (Igf2) gene results in placental growth restriction at
embryonic day 12 (e12) onwards (term is e20) but fetal growth
restriction does not occur until around e18/e19 [19, 20]. This results
in the fetal:placental weight ratio at e16 being 50% higher in the P0
knockout conceptuses compared to wild type. When the mater-
nofetal transfer of 14C-methylaminoisobutyric acid (MeAIB,
a specific non-metabolizable substrate of System A) was measured
in vivo, it was also found to be 50% increased, per g placenta, in the
P0 placenta versus wild type. Interestingly, the same change was
reflected in a 50% increase in the expression of the Slc38a4 isoform
of the System A gene in the P0 knockout placentas [19, 20]. By
contrast to these e16 data, at e19, when the P0 pups as well as
placentas were growth restricted, all of these variables–fetal:pla-
cental weight ratio, 14C-MeAIB transfer and Slc38a4 mRNA–were
similar in P0 knockout and wild type conceptuses. These data
suggest that, as in the human study of Godfrey and colleagues [9],
System A activity in the placenta can be upregulated to increase
placental efficiency when the placental size per se is too low to
meet the demands of the normally growing fetus. Such a change
could also, at least partially, explain the human epidemiological
data of Heinonen et al. [17] and Williams et al. [18]. However, the
upregulation and increased efficiency does not appear to be
sustainable in the mouse knockout, so that fetal growth restriction
does finally ensue. As noted above, a failure to sustain placental
adaptation in supply capacity could result in FGR in human
pregnancy.

Coan et al. [21] prospectively investigated adaptation and
increases in placental efficiency in normal mice. They compared the
smallest and the largest placentas in normal mouse litters at e16
and e19. They found that there were increases in labyrinth zone
(exchange region of the mouse placenta) volume fraction and
increases in 14C-MeAIB transfer per g placenta in the smallest
placentas. They also found changes in gene expression–upregula-
tion of the Slc38a2 isoform of System A rather than of the Slc38a4
isoform–as found in the study described above. The authors spec-
ulated that these changes in labyrinth size and amino acid trans-
port capacity enabled the small placentas to maintain normal fetal
growth until term. Importantly, the morphological changes
occurred at an earlier stage of gestation (e16) than did the trans-
porter changes (e19), suggesting that the type of adaptation in
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placental phenotype enabling increased efficiency can alter as
pregnancy continues; we return to this concept and its implications
below.

The change in Ca2þATPase activity in the basal plasma
membrane of placentas from FGR pregnancies is the only increased
transporter activity found to date, and is perhaps the most evoca-
tive of the concept of adaptation. As the P0 knockout mouse
appeared to be, in many respects, a very good model of human FGR,
we decided to investigate whether there was any alteration in
calcium homeostasis in these conceptuses and whether there was
any evidence of adaptation in placental calcium supply capacity.
Our preliminary data ([22] and unpublished observations) show
that plasma ionized calcium concentration is lower in the P0
fetuses than in their control wild type littermates at both e17 and
e18. In fact the P0 fetuses apparently do not maintain the normal
fetal greater than maternal ionized plasma concentration gradient.
Furthermore, we found that fetal plasma calcium content (per g ash
weight) was significantly lower in P0 fetuses compared to wild type
at e17. However, there was no difference in calcium content at e19.
These data show that P0 conceptuses do indeed have an abnor-
mality in calcium homeostasis reminiscent of that found in human
FGR [23], especially at e17, but this is corrected, in terms of calcium
accumulation if not circulating calcium concentrations, by e19.

We next investigated potential alterations in calcium transport
across the placenta in relation to the altered homeostasis. Unidi-
rectional maternofetal clearance of 45Ca was found to be signifi-
cantly higher in the P0 conceptuses than wild type at e19 but not at
e17. Investigation of the expression of the three components of
calcium transport across the syncytiotrophoblast revealed that
there was no difference between P0 and wild type in the expression
of the TrpV6 channel, through which calcium diffuses into the
syncytiotrophoblast, or in expression of Ca2þATPase, which pumps
calcium out of the syncytiotrophoblast into the fetal circulation.
However, expression of calbindin-D9k which binds calcium and
shuttles it across the cell, was significantly lower in P0 placentas
than wild type at e17 but was not different at e19 (Dilworth and
Glazier, unpublished observations).

We interpret these data on calcium homeostasis in P0 knockout
conceptuses as follows. It appears that they do not accumulate as
much calcium in early to mid-pregnancy as do wild type concep-
tuses, as reflected in the calcium content of fetuses at e17 and the
reduced fetal plasma calcium concentration. We are not sure of the
reasons for this but it could reflect altered function of the chorio-
vitelline placenta, which is formed earlier in pregnancy than the
chorioallantoic placenta, and is known to be capable of trans-
porting calcium [24]. We postulate that at about e17 this failure of
calcium supply is signaled by the fetus to the placenta. This results
in increased maternofetal calcium transfer perhaps mediated
through the upregulation of calbindin-D9k, which is likely to be rate
limiting for placental calcium transport in the rodent [25]. This
adaptive upregulation of placental calcium transport results in fetal
calcium content, per g ash weight, being normalized by e19.

There are two other points to emphasize concerning these
observations. Firstly, in both human and mouse there is upregula-
tion of a component of the placental calcium transport mechanism
when fetal growth is restricted: in human this is Ca2þATPase
activity, in mouse it is calbindin-D9k. Secondly, it is interesting that
the apparent adaptation of placental calcium supply to fetal
demand for the cation occurs later in mouse gestation than does
the upregulation in amino acid transport which, as described
above, has occurred by e16 but which has returned close to normal
by e19 [19,20].

Putting all the evidence together we conclude that there is both
observational and experimental evidence that placental nutrient
supply capacity can be adapted in relation to fetal demand signals.
Further experimental evidence is now needed to examine this
hypothesis further. The nature of the signals is another important
question which now needs to be addressed, although some
preliminary data perhaps suggest a role for glucocorticoids [26]. It
should not be forgotten that the fetus itself can adapt to changes in
its environment (e.g. increasing haemoglobin concentrations in the
fetuses of sheep kept at high altitude [27]). How fetal adaptations
and placental adaptations work together or independently to
facilitate optimal fetal growth is a further interesting topic for
future investigation.

5. Implications for programming

The previous sections describe evidence for adaptation in three
components of placental supply capacity: blood flow, exchange
barrier surface area and transporter activity and expression. In the
future we need to try to build up data relating each of these to
placental weight and size e.g. determining the total amino acid
transporter activity in each placenta. From the consideration of
mechanisms of placental exchange it is apparent that changes in
blood flow will predominantly affect transfer of small hydrophobic
solutes such as the respiratory gases. Changes in exchange surface
area will have predominant effects on hydrophilic solutes such as
glucose and amino acids. Transporter activity adaptations will have
highly specific effects on transfer of particular solutes. The evidence
from the mouse studies is that adaptations in particular compo-
nents of supply capacity might occur at different stages of gestation.
If this is so then the timing of birth will have a crucial effect on
whether the fetus has been able to benefit from different compo-
nents in an improvement in the matching of placental supply to
fetal demand. Furthermore, we do not know whether each of these
adaptations occur in concert or whether, in some pregnancies, e.g.
only one component has had to be adapted to meet the needs of
a particular fetus. As has also been commented upon by others [21],
all of these effects will subtly and not so subtly alter the final
composition of a baby (fat versus lean, concentrations of metabo-
lites such as amino acids, glucose, calcium in body fluid compart-
ments, etc.). We postulate that such changes will alter homeostatic
set points with life-long effects on how the individual reacts to
changes in his or her environment. A considerable amount of work
is needed to test whether this is indeed one pathway of in utero
programming.
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Hayward CE, Greenwood SL, Sibley CP, Baker PN, Challis
JR, Jones RL. Effect of maternal age and growth on placental
nutrient transport: potential mechanisms for teenagers’ predispo-
sition to small-for-gestational-age birth? Am J Physiol Endocrinol
Metab 302: E233–E242, 2012. First published October 25, 2011;
doi:10.1152/ajpendo.00192.2011.—Teenagers have an increased
risk of delivering small-for-gestational-age (SGA) infants. Young
maternal age and continued skeletal growth have been implicated as
causal factors. In growing adolescent sheep, impaired placental de-
velopment and nutrient transfer cause reduced birth weight. In human
pregnancies, SGA is associated with reduced placental amino acid
transport. Maternal growth has no effect on placental morphology or
cell turnover, but growing teenagers have higher birth weight:
placental weight ratios than nongrowing teenagers. We hypothesized
that placental nutrient transporter activity would be affected by ma-
ternal age and/or growth status. Placentas from teenagers and adults
were collected. Teenagers were defined as growing or nongrowing
based on knee height measurements. System A amino acid transporter
activity was quantified as sodium-dependent uptake of [14C]methyl-
aminoisobutyric acid into placental fragments. Teenagers had lower
placental system A activity than adults (P � 0.05). In adults, placental
system A activity was lower in SGA infants than appropriate-for-
gestational-age (AGA) infants (P � 0.05). In teenagers, AGA and
SGA infants had lower placental system A activity than AGA infants
born to adults (P � 0.05). Placental system A activity was higher in
growing teenagers than in nongrowing teenagers (P � 0.001). Pla-
cental mRNA expression of system A transporter isoforms SLC38A1
and -2 was lower in teenagers than in adults (P � 0.05) but did not
differ between growing and nongrowing teenagers. There was no
difference in transporter protein expression/localization between co-
horts. Teenagers have inherently reduced placental transport, which
may underlie their susceptibility to delivering SGA infants. Growing
teenagers appear to overcome this susceptibility by stimulating the
activity, but not expression, of system A transporters.

amino acid transport; fetal growth; syncytiotrophoblast; adolescent
pregnancy

THE UK HAS THE HIGHEST INCIDENCE of teenage pregnancy in
Western Europe (50). Despite a tendency for the rate and
number of teenage pregnancies to decline over the last 10
years, 7% of all births in England and Wales in 2007 were to
teenagers (41). Previous studies have shown that teenagers are
susceptible to poor pregnancy outcomes, particularly for de-
livering low-birth weight, small-for-gestational-age (SGA), or

growth-restricted infants (4, 13, 16, 38). Biological immaturity
due to young maternal age and continued maternal growth have
been implicated as causal factors of teenagers’ susceptibility
(12–14, 40, 45). In support of this, growing adolescent sheep
delivered growth-restricted offspring (51). Importantly, a piv-
otal role for the placenta was defined in causing fetal growth
restriction (FGR), as impaired placental development resulted
in reduced placental weight and nutrient transfer to the fetus in
growing sheep (52, 53).

However, not all studies of pregnant human teenagers have
observed the same trends in pregnancy outcome (3, 27, 49).
Indeed, our recent prospective study of 500 pregnant teenagers
in the UK demonstrated that maternal growth was not detri-
mental to fetal growth in teenage pregnancies (29). In this
study, the About Teenage Eating (ATE) study, growing teen-
agers were not at a greater risk of SGA birth; instead, they
delivered infants with higher average birth weight and were
more likely to deliver LGA infants than nongrowing teenagers.
Nongrowing teenagers had an almost twofold increase in the
incidence of SGA infants compared with that expected in adult
pregnancies. The differences between the ATE study and
previously published studies were attributed to our use of
customized birth weight centiles in conjunction with a more
accurate assessment of maternal growth (14, 45, 46). Further-
more, there were significant differences in the demographic
and biophysical profiles of the study groups; the ATE study
participants were predominantly Caucasian, primiparous
17–18 year olds, reflecting the majority of the contemporary
pregnant teenage population (2).

Detailed morphometric analyses were used to assess the
impact of maternal age and growth status on the growth and
development of placentas collected from a subset of growing
and nongrowing teenagers in the ATE study (22). Unexpect-
edly, young maternal age and continued growth during preg-
nancy had no major effect on placental weight, morphometry,
or cell turnover and thus did not explain the susceptibility of
teenagers to SGA birth nor the differences in pregnancy out-
come between growing and nongrowing teenagers. However,
growing teenagers had significantly higher birth weight:placen-
tal weight ratios compared with nongrowing teenagers, sug-
gesting that growing teenagers have placentas that are more
efficient. One possible explanation is that maternal growth
promotes placental function, particularly nutrient transfer.
However, placental nutrient transfer has not been investigated
in human teenage pregnancies.

Normal fetal growth is dependent on an adequate supply of
amino acids, which provide 20–40% of the fetus’ energy and

Address for reprint requests and other correspondence: C. Hayward, Mater-
nal and Fetal Health Research Centre, St Mary’s Hospital, Research, 5th Floor,
Oxford Road, Manchester, M13 9WL UK (e-mail: Christina.Hayward
@manchester.ac.uk).

Am J Physiol Endocrinol Metab 302: E233–E242, 2012.
First published October 25, 2011; doi:10.1152/ajpendo.00192.2011.

0193-1849/12 Copyright © 2012 the American Physiological Societyhttp://www.ajpendo.org E233

 at T
he U

niversity of M
anchester Library on A

ugust 2, 2012
http://ajpendo.physiology.org/

D
ow

nloaded from
 

http://ajpendo.physiology.org/


biosynthetic requirements (10). One of the best-characterized
placental amino acid transporters is system A, a Na�-depen-
dent transporter, which comprises three different transporter
proteins: SNAT1, -2, and -4, encoded by SLC38A1, -2, and -4
genes (23). System A actively transfers small side-chain neu-
tral amino acids, e.g., alanine and glycine, and the nonmetabo-
lizable, synthetic methylaminoisobutyric acid (MeAIB) (5).
There is substantial evidence that placental system A activity is
important for normal fetal growth. Reduced system A activity
has been consistently demonstrated in placentas of human
pregnancies complicated by SGA or FGR (17, 21, 34), with the
degree of reduction corresponding to the severity of the FGR
(17). Interestingly, lower maternal prepregnancy upper arm
muscle area has recently been shown to be associated with
lower placental system A activity at term (33). This suggests
that there is a relationship between maternal body composition
and the activity of this amino acid transporter and provides
further evidence for regulation of placental transport by the
maternal endocrine/metabolic environment.

We hypothesized that placental amino acid transport activity
is reduced in teenage compared with adult pregnancies, and, on
the basis of the higher birth weight:placental weight ratio,
growing teenagers will have higher placental amino acid trans-
port than nongrowing teenagers. To test this hypothesis, the
aims of our study were to investigate whether 1) placental
transport is affected by maternal age, by comparing placental
system A activity between pregnant teenagers and adults; 2)
placental system A activity is influenced by maternal growth in
teenage pregnancy; and 3) confounding variables contribute to
effects observed in the first two aims.

METHODS

Ethical information. This study was approved by the Central
Manchester Research Ethics Committee (03/CM/32). Written in-
formed consent was obtained from all participants. All participants
were assessed for Gillick competency, a method used to determine
whether a child/young person has the ability to understand and
consent to the treatment/research study being proposed.

Participants and placental collection. Placentas were collected
following delivery (31 spontaneous vaginal deliveries and 2 Caesar-
ean sections) from a subset of pregnant teenagers (15–18 yr, n � 33)
participating in the ATE study (PIs Profs. P. N. Baker and L. Poston)
(2, 29). Only teenagers with singleton pregnancies were recruited to
the study; teenagers were excluded if they had preexisting medical or
obstetric disorders, multiple gestations, or a history of three or more
previous miscarriages. Through the ATE study, detailed sociodemo-
graphic and anthropometric data, including the assessment of maternal
skeletal growth by a change in knee height during pregnancy, were
obtained at two antenatal visits between 10 and 20 wk and 27 and 36
wk gestation. Growth data were normalized for a 90-day period
between the two visits. Growing teenagers were defined as those with
a gain in knee height of �2 mm/90 days, a threshold based on
measurements obtained from a nongrowing pregnant adult population
as described in our previous publication (29). Maternal height and
weight were measured and used to calculate the body mass index
(BMI) at booking. Teenagers were subdivided into underweight (BMI
�18.5), normal weight (18.5–24.9), overweight (25–29.9), and obese
(�30). Data from teenagers were recorded by research midwives onto
a secure internet-based database (MedSciNet, Stockholm, Sweden).

To make accurate comparisons between study groups, pregnancies
were also subdivided into those with SGA, appropriate-for-gestation-
al-age (AGA), and large-for-gestational-age (LGA) births based on
individualized birth weight centiles (IBC) calculated with Centile

Calculator Bulk 6.2.2 (www.gestation.net). This adjusts infant birth
weight for infant gender, gestational age, and maternal constitutional
factors, i.e., height, weight, ethnicity, and parity, therefore providing
a more accurate assessment of infant birth weight (15). SGA infants
were defined as below the 10th centile, AGA between the 10th and
90th centile, and LGA above the 90th centile. There were no cases of
preeclampsia reported in this population of teenagers.

Placentas were also obtained from a cohort of adults (20–39 yr,
n � 19), attending the same hospital during the same period, to serve
as a control group. The same exclusion criteria were applied as for
teenage pregnancies. Placentas from adults delivering SGA infants
were positively selected to ensure adequate comparison with the
teenage cohort.

Placental sampling and processing. Placentas were collected
within 30–60 min of delivery, and all experiments on fresh tissue
were completed within 4 h of delivery. From each placenta, four
samples of villous tissue (2–3 cm3) were dissected by selective
random sampling. Each sample was rinsed in phosphate-buffered
saline (PBS; GIBCO, Invitrogen, Paisley, UK) and then subdivided
for immunohistochemical (fixed and paraffin embedded), molecular
(treated with RNA Later; Ambion, Applied Biosciences, Huntingdon,
UK), and nutrient transport analyses [collected in DMEM, containing
1 g/l glucose (GIBCO, Invitrogen)/Tyrode’s buffer solution (ratio
1:1)] (24).

Analysis of placental system A activity. The activity of the system
A transporter was used as a marker of placental function and was
measured in placentas collected from 33 teenagers and 19 adults.
Maternal growth data were collected from 15 of these teenagers, who
were subdivided into growing (n � 6) and nongrowing (n � 9)
cohorts; the remainder failed to attend a second visit. Teenagers were
also grouped into those with AGA (n � 26), SGA (n � 6), and LGA
(n � 1) births. Of the 19 adults, there were 12 AGA, 6 SGA, and 1
LGA births. Power calculations based on previously reported differ-
ences in system A activity between placentas of AGA and SGA/FGR
pregnancies (34, 47) determined that samples sizes of four to six were
required to show a similar difference (50–60%) in system A activity
at 90% power at the 5% significance level. For this reason, placentas
from LGA pregnancies were excluded from the analyses. The demo-
graphic and biophysical profile of study participants assessed for
placental system A activity is shown in Table 1.

System A activity was quantified using the placental villous frag-
ment method (19, 24). In brief, individual villous fragments were
secured with cotton thread to each of three hooks supported on a
Perspex comb (Stopford Workshop, Manchester, UK), enabling mea-
surements to be made in triplicate. Fragments were immersed in
DMEM-Tyrode’s buffer solution (1:1) to preequilibrate for 20 min at
37°C. One set of triplicates was prewashed for 2 min in control
Tyrode’s (containing Na�) and the other set in Na�-free Tyrode’s
(containing choline chloride in place of NaCl), immediately prior to
incubation with tracer concentrations of the system A-specific sub-
strate [14C]MeAIB (0.5 �Ci/ml, 8.5–9.9 �M; PerkinElmer Life and
Analytical Sciences, Boston, MA) for 10, 20, and 30 min in either
control or Na�-free Tyrode’s. Fragment uptake was stopped by
vigorously washing the tissue in ice-cold Tyrode’s buffer (control or
Na�-free as appropriate). The tissue was lysed in dH2O for 18 h at
room temperature to release the [14C]MeAIB accumulated during the
experiment. Scintillation fluid was added to each water lysate and
counted for 5 min using a Tri-Carb 2100 TR Liquid Scintillation
Analyzer (Packard Bioscience, Berkshire, UK). Villous fragments
were transferred to 0.3 M NaOH and incubated at 37°C for 18 h until
fully lysed. The protein content of each fragment was determined
using a Bio-Rad protein assay (Bio-Rad Laboratories, Hertfordshire,
UK). The uptake of [14C]MeAIB was calculated as picomoles per
milligram of fragment protein. The average was taken of triplicates for
[14C]MeAIB uptake in control and Na�-free Tyrode’s buffer for each
time point. Na�-dependent accumulation of [14C]MeAIB was mea-
sured to represent system A activity in the microvillous membrane of
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the syncytiotrophoblast, by subtraction of uptake in Na�-free condi-
tions from that in control Tyrode’s buffer. The mean system A activity
was plotted against time.

Placental gene expression of system A transporters. Power calcu-
lations based on previous studies (48) indicated that a greater number
of samples was required for molecular analyses (7 per group required
to show a difference of 20% at 80% power at the 5% significance
level); thus, samples in which placental system A activity was mea-
sured were supplemented with 18 samples collected as part of the
ATE study. Placental mRNA expression of system A isoforms
SLC38A1, -2 and -4 was assessed in 28 teenagers participating in the
ATE study and 10 adults, using real-time reverse transcriptase-
quantitative polymerase chain reaction (RT-qPCR). Maternal growth
data were collected from 26 of the 28 teenagers, who were subdivided
into 13 growing and 13 nongrowing. Of the 28 teenagers, 9 delivered
SGA, 14 AGA, and 5 LGA infants. The adult cohort included 5 AGA
and 5 SGA pregnancies. There were no differences in the demo-
graphic and biophysical profiles of study participants assessed for
placental mRNA expression and those used for the transport studies.

Reverse transcription (RT) was performed on all RNA samples in
duplicate using the AffintyScript Multiple Temperature cDNA Syn-
thesis Kit (Agilent Technologies, Wokingham, UK) according to the
manufacturer’s instructions. Human reference RNAs (total human
reference, human placenta and human liver; Agilent) were reverse
transcribed to produce standards. Duplicate cDNA samples were
diluted 1:10 and assessed by qPCR for TATA box binding protein
(TBP) to verify the reproducibility of the RT reaction and were pooled
if percent coefficient of variance was �15%. The pooled samples
were used for subsequent qPCR reactions to amplify SLC38A1, -2,
and -4 and TBP genes.

cDNA samples were diluted 1:10 using a mastermix containing
Brilliant SYBR Green Master Mix (Agilent), reference dye ROX, and
specific primer pairs. The SLC38A1 (5=-GTGTATGCTTTACCCAC-
CATTGC-3= and 3=-GCACGTTGTCATAGAATGTCAAGT-5=),
SLC38A2 (5=ACGAAACAATAAACACCACCTTAA-3= and 3=-
AGATCAGAATTGGCACAGCATA-5=), SLC38A4 (5=-TTGCCGC-

CCTCTTTGGTTAC-3= and 3=-GAGGACAATGGGCACAGTTAGT-
5=), and TBP (5=-CACGAACCACGGCACTGATT-3= and 3=-TTTTCT-
TGCTGCCAGTCTGGAC-5=) primers were purchased from Invitrogen
and have been used previously (8, 31). Standards were serially diluted
and included in every run together with human placental reference RNA
(1:10) as a quality control (QC). All standards, samples, and QCs were
pipetted in duplicate, and qPCR runs were repeated using an MX3005P
thermal cycler for initial denaturation for 10 min at 95°C, 40 cycles of 30
s denaturation at 95°C, annealing at a primer-specific temperature (58°C
for SLC38A1, -2 and -4 and 60°C for TBP) for 1 min, and 1 min
amplification/extension at 72°C. Endpoint fluorescence values were mea-
sured at the end of each annealing and amplification stage of each cycle.
Values for unknown samples were extrapolated from the standard curve
(human reference, human placental reference, or human liver reference).
Melting curve analysis data were recorded and analyzed using MxPro-
Mx3005P QPCR Software (Agilent). Average values were calculated for
sample duplicates on the same plate, and mean expression values were
calculated from the average of both qPCR runs. Expression levels were
presented as ratios of the QC to minimize the variability between each
RT-qPCR reaction and were normalized to the housekeeping gene
TBP (37).

Placental protein expression of system A transporters. Immuno-
histochemistry for SNAT1 and SNAT2 was carried out to assess the
expression and distribution of system A isoforms in the placenta by
using antibodies that had been optimized previously (9). In brief,
placental tissue sections (5 �m) were dewaxed, rehydrated, and
microwaved for antigen retrieval in 0.01 M sodium citrate buffer (pH
6.0). Sections were incubated with 3% H2O2 to quench endogenous
peroxidase activity and then with nonimmune block: 10% swine
serum (Sigma-Aldrich) and 2% human serum (“in house”) in hi-salt
TBS containing 0.1% Tween 20 (Bio-Rad Laboratories, Hertford-
shire, UK) for 30 min at room temperature. Primary rabbit polyclonal
antibodies (SNAT1 or SNAT2, 2 �g/ml) were diluted in nonimmune
block and applied overnight at 4°C. Negative controls were performed
by preabsorption of the primary antibody with a fivefold excess of the
appropriate SNAT peptide. Antibody binding was detected by apply-
ing biotinylated swine anti-rabbit immunoglobulins (Dako, Ely, UK)
followed by avidin-peroxidase (5 �g/ml, Sigma). Diaminobenzidine
(DAB; SigmaFAST, Sigma-Aldrich) was the chromogen. Tissue sec-
tions were counterstained with Harris’s hematoxylin (Sigma-Aldrich),
dehydrated, and mounted.

SNAT1 and SNAT2 staining was assessed on two placental villous
tissue sections from 10 teenagers and 5 adults. The teenage cohort
comprised 5 growing and 5 nongrowing teenagers, all of whom
delivered AGA infants. All adults delivered AGA infants and were
included as a control group. A scoring system between 0 and 4 was
utilized to allow semiquantitative analysis of SNAT immunostaining
intensity in the placental syncytiotrophoblast, vessels, and stroma over
the whole tissue section, and the mean value for each tissue compart-
ment was calculated: 0, no staining; 1, minimal/patchy; 2, moderate
staining; 3, strong staining; and 4, very strong staining. Two indepen-
dent scorers were blinded to sample identity.

Statistical analysis. Data were processed for statistical analysis and
graphic presentation using GraphPad Prism 5 for Windows. Differ-
ences between subject demographic data were detected using �2,
Mann-Whitney U, and Kruskal-Wallis tests. The time course of
Na�-dependent [14C]MeAIB accumulation was analyzed by least
squares linear regression. Differences in the fragment protein content
were assessed using a Mann-Whitney U-test. Placental gene and
protein expression were analyzed using Mann-Whitney U and
Kruskal-Wallis tests. P � 0.05 was considered significant.

RESULTS

Impact of maternal age on placental system A activity. The
Na�-dependent uptake of [14C]MeAIB, taken as a measure of
placental system A activity, was linear over 10–30 min in

Table 1. Demographic and biophysical data for teenage and
adult cohorts assessed for placental system A activity

Category Growing Nongrowing Adults

n 6 9 19
Age, yr 17.4*** 17.3*** 29.0

(15.9–18.6) (16.1–18.8) (20.0–43.0)
Gynecological age, yr 5.1 5.4

(2.9–6.3) (3.1–7.5)
Primiparous, no. (%) 6 (100.0)** 9 (100.0)** 13 (68.4)
Smokers, no. (%) 4 (66.7)†††*** 2 (22.2) 3 (15.8)
BMI at booking, kg/m2 22.3 21.7 23.4

(19.8–36.9) (18.2–35.2) (15.9–34.7)
Underweight, no. (%) 0 (0.0)†††*** 3 (33.3)*** 3 (15.8)
Normal, no. (%) 4 (66.7) 4 (44.4) 11 (57.9)
Overweight, no. (%) 1 (16.7) 1 (11.1)* 4 (21.0)
Obese, no. (%) 1 (16.7)*** 1 (11.1)* 1 (5.3)
Knee height change, 3.7††† �0.02

mm/90 days (2.6–6.1) (�1.2–1.0)
SGA �10th centile, no. (%) 1 (16.7)** 1 (11.1)** 6 (31.5)
AGA 10th–90th centile, no. (%) 5 (83.3)* 8 (88.9)** 12 (63.2)
LGA �90th centile, no. (%) 0 (0.0)* 0 (0.0)* 1 (5.3)

Values are median (and range) unless otherwise stated. Of the 33
teenagers from whom placentas were collected, maternal growth data were
collected from 15 teenagers, subdivided into 6 growing and 9 nongrowing.
Gynecological age defined as no. of years since menarche. Parous teenagers
and adults had only one previous birth. BMI, body mass index; IBC,
individual birthweight centile; SGA, small-for-gestational-age; AGA, ap-
propriate-for-gestational-age; LGA, large-for-gestational-age. *P � 0.05,
**P � 0.01, ***P � 0.0001 teenagers vs. adults; †††P � 0.0001 growing vs.
nongrowing teenagers.
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placental fragments from all participants. To examine the
effect of maternal age on placental system A activity, primip-
arous teenagers and adults were compared. Teenagers had
significantly lower placental system A activity than adults (P �
0.016; Fig. 1A). This difference could not be attributed to
differences in the placental fragment protein content or differ-
ences in the uptake of [14C]MeAIB under Na�-free conditions
between the two cohorts (data not shown).

To determine whether lower placental system A activity in
teenagers than adults was related to differences in infant birth
weight between the two cohorts, activity was examined accord-
ing to birth weight category. As expected, lower system A
activity was measured in placentas from adults delivering SGA
compared with AGA infants (P � 0.026; Fig. 1B). However,
no difference was detected in placental system A activity
between teenagers delivering AGA and SGA infants (Fig. 1B).
In fact, in teenagers, levels of placental system A activity for
both AGA and SGA births were equivalent to those detected
for SGA births to adults, and were significantly lower than that
of AGA births to adults (P � 0.038; Fig. 1B). Placental system
A activity was not compared in LGA infants delivered to
teenagers and adults due to insufficient numbers.

Impact of maternal growth on placental system A activity.
The teenage cohort was subdivided into growing and nongrow-
ing cohorts. System A activity was significantly elevated in
placentas from growing compared with nongrowing teenagers

(P � 0.0002; Fig. 2). Placentas from the adult cohort were
included for comparison. Placentas from growing teenagers
exhibited system A activity equivalent to that of placentas from
adults. However, system A activity was significantly lower in
placentas from nongrowing teenagers compared with adults
(P � 0.002). These differences could not be attributed to
differences in the placental fragment protein content or differ-
ences in the uptake of [14C]MeAIB under Na�-free conditions
(data not shown).

Impact of confounding factors on placental variables. De-
spite our best efforts, there were some differences between the
adult and teenage populations studied; hence, further compar-
isons were made to rule out any effect of potential confounding
variables on the reduced placental system A activity in teen-
agers: 45.2% of teenagers smoked during pregnancy compared
with 15.8% of adults; however, placental system A activity was
unaffected by maternal smoking status in both teenagers
(Fig. 3A) and adults (data not shown). Placental system A
activity was also unaffected by infant gender in both cohorts
(teenagers: 24 males and 9 females; adults: 7 males and 12
females; data not shown). However, an effect of parity on
placental system A was observed in the adult cohort, with
significantly lower system A activity in placentas from parous
adults (one previous birth) compared with primiparous adults
(P � 0.009; Fig. 3B).

Our previous studies demonstrated that nongrowing teenag-
ers have a lower BMI at booking than growing teenagers (29);
hence, we assessed placental system A activity in relation to
low maternal BMI. Teenagers who were underweight had
lower placental system A activity than normal-weight teenag-
ers (P � 0.017; Fig. 3C). There were too few overweight and
obese teenagers to include in these assessments. In addition,
placental system A activity in relation to low maternal BMI in
the adult cohort was not examined due to insufficient numbers
of underweight adults.

Placental gene expression of placental system A transporters.
To explore the potential mechanisms underlying reduced placen-
tal transport in teenagers, mRNA expression of the system A
transporter isoforms was measured. There was a tendency for

Fig. 2. Impact of maternal growth on placental system A activity. Placental
system A activity was significantly elevated in placentas of growing teenagers
(n � 6) vs. nongrowing teenagers (n � 9). Nongrowing teenagers had
significantly lower placental system A activity vs. adults (n � 19). Placental
system A activity was comparable in the growing teenage and adult cohorts.
Values are means � SE. Least squares linear regression: ***P � 0.001
growing vs. nongrowing; **P � 0.01 nongrowing vs. adults.

Fig. 1. Impact of maternal age on placental system A activity. A: placental
system A activity was significantly lower in placentas of primiparous teenagers
(n � 31) vs. primiparous adults (n � 13). B: system A activity was signifi-
cantly reduced in placentas from adults delivering small-for-gestational-age
(SGA) infants (n � 6) vs. appropriate-for-gestational-age (AGA) infants (n �
12). There was no significant difference in system A activity in placentas of
AGA (n � 26) and SGA (n � 6) infants delivered to teenagers. Teenagers
delivering both AGA and SGA infants had comparable placental system A
activity to adults delivering SGA infants and significantly lower activity than
AGA infants delivered to adults. Values are means � SE. Least squares linear
regression: *P � 0.05 AGA vs. SGA in adults; and AGA (Teenagers) and
SGA (Teenagers) vs. AGA (Adults).
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lower SLC38A placental gene expression in teenage cohorts
(growing and nongrowing) compared with adults. This reached
significance for SLC38A1 for both growing (P � 0.05) and
nongrowing teenagers (P � 0.01; Fig. 4A) and for SLC38A2 for
growing teenagers (P � 0.05; Fig. 4B). Placental SLC38A4
mRNA expression was not significantly different between groups
(Fig. 4C). There were no differences in placental gene expression
between growing and nongrowing teenagers.

In both adult and teenage cohorts, SLC38A1 and -2 mRNA
expression was comparable in placentas from AGA and SGA
infants (Fig. 5, A–D). However, SLC38A4 mRNA expression
was significantly lower in adults delivering SGA compared
with AGA infants (P � 0.05; Fig. 5E). SLC38A4 expression
was significantly higher in LGA infants compared with SGA
and AGA infants in the teenage cohort (P � 0.05; Fig. 5F).
Placental mRNA expression of SLC38A1 (P � 0.01), -2 (P �

Fig. 4. Impact of maternal growth on placental system A transporter mRNA
expression. A: SLC38A1. B: SLC38A2. C: SLC38A4. Growing (n � 13) and
nongrowing (n � 13) teenagers had significantly lower placental SLC38A1
mRNA expression than adults (n � 10). Growing teenagers had significantly
lower placental SLC38A2 mRNA expression than adults. TBP, TATA box
binding protein. Box and whisker plots. Kruskal-Wallis test with Dunn’s post
hoc test: *P � 0.05, **P � 0.01.

Fig. 3. Impact of maternal smoking status, parity, and BMI on placental system
A activity. A: placental system A activity was unaffected by maternal smoking
in teenagers (15 smokers and 17 nonsmokers). B: primiparous adults (n � 13)
had significantly higher placental system A activity than parous adults (n � 6).
C: impact of maternal BMI at booking on placental system A activity in
teenagers (6 underweight and 20 normal weight). Na�-dependent [14C]MeAIB
uptake was significantly lower in placentas of underweight teenagers vs.
overweight teenagers. Values are means � SE. Least squares linear regression:
*P � 0.05.
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0.05), and -4 (P � 0.01) was significantly lower in AGA
infants delivered to teenagers compared with adults. SGA
infants delivered to teenagers had significantly lower placental
SLC38A1 expression than adults (P � 0.05). There was no
significant difference between SLC38A2 and -4 mRNA expres-
sion between placentas of SGA infants delivered to teenagers
and adults. There was no effect of smoking, maternal BMI or
infant gender on SLC38A gene expression (data not shown).

Placental protein expression of system A transporters
SNAT1 and SNAT2. SNAT1 and -2 immunostaining was ex-
tremely variable between placentas. SNAT1 (Fig. 6A) and -2
(Fig. 6B) were predominantly localized to the syncytiotropho-
blast but were also present in the stroma and in vascular
endothelial cells. There was no difference in the distribution or
intensity of immunostaining in the syncytiotrophoblast for
SNAT1 (Fig. 6D) and -2 (Fig. 6E) or in the other tissue

Fig. 5. Impact of infant birth weight on
placental system A transporter mRNA ex-
pression in adults and teenagers: A and
B: SLC38A1. C and D: SLC38A2. E and
F: SLC38A4. Placentas of SGA infants (n �
5) had significantly lower SLC38A4 mRNA
expression than AGA infants (n � 5) deliv-
ered to adults. In teenagers, large-for-gesta-
tional-age (LGA) infants (n � 5) had signif-
icantly higher placental SLC38A4 mRNA
expression than those of AGA (n � 14) and
SGA (n � 9) infants. AGA infants delivered
to teenagers had significantly lower placental
mRNA expression of SLC38A1, -2, and -4
than AGA infants delivered to adults. Pla-
centas of SGA infants delivered to teenagers
had significantly lower SLC38A1 mRNA ex-
pression than SGA infants delivered to
adults. Box and whisker plots. Kruskal-Wal-
lis with Dunn’s post hoc test: *P � 0.05
SGA vs. AGA in adults; LGA vs. SGA and
AGA in teenagers; �P � 0.05, ��P � 0.01
AGA (teenagers) vs. AGA (adults); ‡P �
0.05 SGA (teenagers) vs. SGA (adults).

Fig. 6. Localization of SNAT1 and SNAT2
proteins in teenage and adult placentas. Rep-
resentative images of SNAT1 (A) and
SNAT2 (B) immunostaining and negative
control (C). Scale bars, 50 �m. Semiquan-
titative analysis was used to assess SNAT1
(D) and SNAT2 (E) expression in the syn-
cytiotrophoblast of placentas of AGA in-
fants delivered to growing (n � 5) and
nongrowing (n � 5) teenagers vs. adults
(n � 5). Box and whisker plots.
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compartments (data not shown) between teenagers and adults
or between growing and nongrowing teenagers.

DISCUSSION

Teenagers are more susceptible to delivering SGA infants
than adults are, but the predisposing factors and underlying
mechanisms remain poorly understood. Studies that eliminated
confounding variables (such as ethnicity, marital status, ade-
quate antenatal care, smoking, multiparity, and educational
level) by examining cohorts of married, white, nonsmoking
teenagers with adequate antenatal care and age-appropriate
education confirmed the detrimental effect of young maternal
age on outcome (4, 13). These findings suggest that biological
susceptibility to SGA is related to young maternal age. These
data reported in the present study support this, showing lower
system A amino acid transporter activity (a well-characterized
biomarker of placental function) in teenagers compared with
adults. Furthermore, the growth status of teenagers appears to
be a key factor in this association, as growing teenagers have
higher system A activity than nongrowing teenagers. These
data, and our finding of lower placental system A in under-
weight teenagers, are consistent with those of Lewis et al. (33),
demonstrating that maternal body composition influences pla-
cental system A activity.

To exclude any complicating effects of maternal parity on
system A, only placentas from primiparous teenagers and
adults were compared. System A activity and SLC38A1 and -2
mRNA expression were significantly lower in placentas from
teenagers than those from adults. This relationship for lower
placental system A activity in teenage pregnancies was also
observed when placentas from AGA infants delivered to teen-
agers and adults were compared. Together, these data indicate
that placental amino acid transport is inherently lower in
teenagers, suggesting a potential mechanism for their suscep-
tibility to delivering SGA infants. However, in our study,
teenagers being able to produce AGA infants indicate that there
must be other mechanisms that compensate for this inherently
lower placental system A activity; this may include changes in
the activity of other amino acid transporters; however, further
research would be required to confirm this hypothesis.

In contrast to previous reports that implicate maternal
growth as an underlying causal factor of reduced infant birth
weight, our recent findings demonstrate that teenagers who
continue growing deliver higher birth weight infants than
teenagers who do not grow during pregnancy (29). These data
suggest that growing teenagers have comparable pregnancy
outcomes to those of adults, whereas nongrowing teenagers are
the more susceptible group for SGA birth. In the current study,
we demonstrated that system A amino acid transporter activity
is significantly higher in placentas from growing teenagers
compared with nongrowing teenagers and is equivalent to that
seen in adult pregnancies. This is consistent with our recent
finding that birth weight:placental weight ratios are higher in
growing teenagers, suggesting increased placental efficiency
(22). These data therefore strengthen and extend our findings
that, in the UK contemporary population studied, continued
maternal growth in teenage pregnancies is not detrimental to
fetal growth.

The significantly higher placental system A activity ob-
served in growing teenagers compared with nongrowing teen-

agers was independent of alterations in the mRNA or protein
expression of SNAT isoforms. Thus, increased system A ac-
tivity in growing teenagers does not appear to be due to
increased transcription or translation of the system A isoforms.
Moreover, the higher system A activity in growing teenagers
occurs despite lower placental gene expression than in adults
and indicates upregulation at the level of activity. This is
consistent with previous studies showing disconnection be-
tween system A activity and mRNA expression levels (1, 36).
The ATE study demonstrated that growing teenagers had
significantly higher plasma concentrations of leptin and IGF-I
at 28–32 wk compared with their nongrowing counterparts
(29). Leptin and IGF-I have been shown previously to stimu-
late system A activity (24, 30) and thus may play an important
role in promoting placental amino acid transfer in growing
teenagers. Future studies are required to investigate whether
these findings of higher system A transporter activity reflect
global changes in the activity of other placental nutrient trans-
porters.

The novel observation of impaired placental system A ac-
tivity in nongrowing teenagers is in accordance with their
susceptibility for delivering SGA infants, as observed in the
ATE study (29). In the ATE study, this was attributed, in part,
to nongrowing teenagers having lower nutritional status, as
indicated by lower booking BMI, gestational weight gain, red
cell folate concentrations, and lower dietary intake of a number
of key micronutrients for fetal growth, e.g., iron and calcium.
This suggested that the nongrowing cohort encompassed teen-
agers who were skeletally mature, together with those who
could not sustain their own growth due to poor nourishment
(29). The reduced placental amino acid transport in nongrow-
ing teenagers would further impact on fetal nutrient supply. We
also found that teenagers who were underweight at booking
had lower placental system A activity than those teenagers with
normal BMI. These data are in line with observations of lower
placental system A activity in undernourished rats (25, 35, 44)
and in women with lower upper arm muscle mass (33), and
they further support the hypothesis that low maternal nutri-
tional status contributes to reduced placental nutrient transport.

Interestingly, when underweight teenagers and adults were
excluded from the comparisons of primiparous teenagers and
adults, and AGA births in teenagers and adults, the difference
in placental system A activity between these groups becomes
smaller (and the P value increases to 0.06 in both cases; data
not shown). This supports the theory that poor nutritional status
may be a contributory factor to reduced placental amino acid
transport in teenage pregnancies. Nevertheless the influence of
maternal age in these comparisons cannot be completely ex-
cluded, particularly as pregnant teenagers are susceptible to
lower nutritional status and poor dietary quality (2, 32, 39).
This is consistent with pregnant adolescent sheep being more
susceptible to nutritional insult that adults (54).

In the current study, system A activity in placental fragments
was significantly lower from SGA infants delivered to adults.
This is consistent with studies in which system A activity was
assessed using microvillous membrane vesicles isolated from
the syncytiotrophoblast (17, 21, 34). However, system A ac-
tivity from AGA and SGA births in teenagers was comparable
to that measured in placentas from adults delivering SGA
infants. This may be a consequence of the relatively small
number of SGA births in the teenage cohort examined or the
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severity of the growth restriction. Within the SGA cohorts, five
of the six infants delivered to adults had IBCs (individualized
birth weight centiles) �5th centile compared with two of the
six infants delivered to teenagers, indicating that the infants
were less severely growth restricted in the teenage cohort. Our
data are consistent with previous studies that showed that
placental system A activity is associated with the severity of
the FGR (17).

There was no difference in placental mRNA expression of
SLC38A1 or -2 in women who delivered SGA infants com-
pared with those who had normal pregnancies. This is consis-
tent with observations by Malina et al. (36), who found no
difference in placental mRNA expression of SLC38A1 and -2
in women delivering SGA infants compared with those with
normal pregnancies, indicating that the reduced system A
activity is not caused by reduced transcription of transporter
isoforms (36). However, in adults, placentas of SGA infants
had significantly lower SLC38A4 mRNA expression than AGA
infants, consistent with reduced placental system A activity in
SGA infants. SNAT4 may therefore have an important role to
play in placental system A activity. Studies of the P0 knockout
mouse, which resulted in lower placental weight and FGR,
provided evidence that SLC38A4 is important in fetal growth,
as changes in expression closely match the changes in placental
system A activity (7). Additionally, gene ablation of SLC38A4
in mice has been associated with FGR (9). In human pregnan-
cies, the relative contribution of each SNAT isoform to system
A activity is unknown. However, recent studies have suggested
that SNAT4 may contribute more to system A activity in early
pregnancy than in late pregnancy, when SNAT1 and -2 appear
more important (9). Interestingly, teenagers delivering LGA
infants had significantly higher placental mRNA expression of
SLC38A4 than those delivering AGA and SGA infants. Previ-
ous studies have shown that fetal overgrowth in mice, induced
by a high-fat diet, is associated with an increased transplacental
transfer of amino acids (28). However, system A activity is
unaffected in microvillous membrane vesicles isolated from
placentas of human LGA pregnancies compared with those
isolated from normal pregnancies (26).

There were significant differences in the incidence of ma-
ternal smoking between the adults and teenagers studied. To
ensure that this potential influencing factor was not the cause of
reduced placental system A activity in teenagers, we subdi-
vided the participants for comparison. In contrast to previous in
vitro studies showing placental amino acid transport to be
reduced by nicotine (42, 43), we found that system A activity
and gene expression was unaffected by smoking in both teen-
agers and adults. The previous studies had used the placental
perfusion model and placental tissue slices to observe the
isolated effects of nicotine on system A activity at concentra-
tions higher (potentially up to 10-fold) than those expected in
vivo (6, 43). The majority of our teenagers reported smoking
fewer than 10 cigarettes a day, which was supported by
cotinine concentrations measured by the ATE study (2). In
addition, cigarette smoke contains over 4,000 components
other than nicotine, which may differentially affect placental
development and function (11).

Parity is a potential confounding factor on pregnancy out-
come, and, unexpectedly, in the current study, parous adults
had significantly lower placental system A activity than pri-
miparous adults. This is contrary to published observations in

a larger cohort of pregnant women showing that parity does not
affect placental system A activity (33) and is likely to be a
reflection of two of the six parous adults delivering SGA
infants. Alternatively, lower system A activity in parous
women may be related to more successful transformation of
uterine spiral arteries in second pregnancies, as these vessels
fail to return to their prepregnant state (18, 20). The resultant
increase in maternal perfusion of the placenta and nutrient
supply may thus mean that a lower rate of system A activity is
sufficient to achieve adequate nutrient transfer and optimal
fetal growth. This highlights the importance of collecting
demographic data and information of obstetric history when
recruiting patients for studies of placental development and
function.

In summary, this study supports the hypothesis that placental
nutrient transporter activity is affected by young maternal age
and growth status and confirms and extends our observations
that maternal growth in teenage pregnancies is not detrimental
to fetal growth. The opposite seems to be true; lack of growth
in teenagers, potentially due to poor nutritional status, can
impact placental function and increase the risk of SGA birth.
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The placenta is essential to nutrition before birth. Recent
work has shown that a range of clearly defined alterations can be
found in the placentas of infants with intrauterine growth restric-
tion (IUGR). In the mouse, a placental specific knockout of a
single imprinted gene, encoding IGF-2, results in one pattern of
alterations in placenta structure and function which leads to
IUGR. We speculate that the alterations in the human placenta
can also be grouped into patterns, or phenotypes, that are asso-
ciated with specific patterns of fetal growth. Identifying the
placental phenotypes of different fetal growth patterns will im-
prove the ability of clinicians to recognize high-risk patients, of
laboratory scientists to disentangle the complexities of IUGR,
and of public health teams to target interventions aimed at

ameliorating the long-term adverse effects of inadequate intra-
uterine growth. (Pediatr Res 58: 827–832, 2005)

Abbreviations
AGA, appropriate for gestational age
AGP, appropriate for genetic potential
BM, basal plasma membrane
IGF-2, insulin-like growth factor-2
IUGR, intrauterine growth restriction
MVM, microvillous plasma membrane
NHE, Na�/H� exchanger
SGP, small for genetic potential

The placenta is central to human development and in par-
ticular to fetal nutrition. However, research on this organ has
been limited because, with some exceptions (1), the placenta is
generally regarded as a passive sieve, or conduit, that does not
provide clinically relevant information about the condition of
the fetus. This view cannot be sustained in the light of recent
research that shows that the placenta can give specific indica-
tions about the degree of fetal compromise; that placental
nutrient transfer is altered if the fetus is smaller than expected,
i.e. in cases of IUGR, and that the placenta can actively
regulate the nature and extent of nutrient transfer to the fetus.

These observations are particularly important because of the
increasing recognition that growth in early life has implications
for health in later life. For example, the incidence of diabetes,
hypertension, and obesity (metabolic syndrome) and the risk of
ischemic heart disease are strongly related to growth before
birth (2,3). Furthermore, IUGR (which may be defined as the
failure of a fetus to reach its genetic growth potential) is
associated with poor outcome in the neonatal period, especially
among infants born prematurely (4,5). Reducing the adverse
effects of poor antenatal growth will be a central component of
attempts to improve the health status of future generations.
These efforts will benefit from a comprehensive understanding
of how the placenta behaves in IUGR.

In this review, we briefly describe alterations in morphology,
blood flow, and fetal oxygen delivery found in placentas from
human pregnancies complicated by IUGR. We proceed by
reviewing new data suggesting that human IUGR is a condition
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associated with specific alterations in placental nutrient trans-
porter expression and activity. Exciting recent work in mice
provides an elegant illustration of how placental gene expres-
sion, morphology, and nutrient transport can contribute to
delineating a distinct phenotype. Mouse studies also emphasize
the likely importance of imprinted genes in this regard. Some
alterations found in human placentas in pregnancies affected by
IUGR are analogous to those found in mice and are highly
likely to also represent elements of clinically relevant pheno-
types. Robust placental phenotyping would advance the ability
of the clinician to separate a pathologically IUGR baby from
one that is healthy but genetically small or to distinguish
between IUGR and other antenatal adversities such as in utero
infection. Furthermore, we note that research into the associ-
ations between poor growth and ill health has generally fo-
cused on organ systems damaged at the end of the disease
pathway, including the heart and brain. Since the pathway to
poor growth and ill health appears to start with the placenta in

many cases, placental phenotypes of IUGR will provide an
opportunity to focus research efforts on the causes of growth
restriction rather than the effects.

PLACENTAL MORPHOLOGY

In the human placenta, the primary barrier to maternal-fetal
exchange is the syncytiotrophoblast, a transporting epithelium
covering the placental villi which project into the maternal
blood of the intervillous space (Fig. 1). Villi contain capillary
networks derived from the fetal circulation. Recent studies of
placental morphology have demonstrated distinct abnormali-
ties of villi that could be associated with particular presenta-
tions of IUGR (6,7). For example, one abnormal pattern of
villous morphology (straight villi with a simple vascular net-
work and fewer interconnections than normal) is found in
severe, early-onset preeclampsia and is associated with altered
results on Doppler imaging of flow through the umbilical

Figure 1. Morphology of the villi and exchange barrier in the normal human placenta. (a) Cross section of the placenta in situ: maternal blood is supplied by
the spiral arteries and bathes the villi in the intervillous space. (b) A villous tree. The villi are the functional units of the placenta, covered in an epithelium called
the syncytiotrophoblast; the umbilical artery, running in the cord, supplies fetal blood to the fetoplacental capillary network investing the core of each villous
and draining into the umbilical vein. (c) An electron micrograph of the exchange barrier consisting of syncytiotrophoblast, the matrix of the villous core, and
the fetal capillary endothelium. The surface area of the exchange barrier is proportional to the number of villous buds and the degree of expansion provided by
the microvilli on the maternal facing plasma membrane of the syncytiotrophoblast. Diffusional transfer will be indirectly proportional to the thickness of the
barrier (double-headed arrow: corresponds to 3 �m). Transfer capacity will also be affected by the number and activity of transporter proteins (● ) in the
microvillous and basal plasma membranes. (Micrograph courtesy of Dr. C.J.P. Jones).
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arteries (discussed below) (8). A contrasting pattern of placen-
tal villous morphology (villi are more tortuous and have more
interconnections than normal) is not as frequently associated
with abnormal umbilical hemodynamics or severe preeclamp-
sia and is thought to reflect alterations in placental develop-
ment late in gestation (8). A more general morphologic obser-
vation in IUGR, important because of likely effects on
diffusional permeability of the placenta, is that the surface area
of the syncytiotrophoblast is reduced whereas the thickness of
the exchange barrier formed by the trophoblast and fetal
capillary endothelium is increased (9). Additionally, IUGR of
all types shows evidence of increased placental apoptosis (10),
reflecting altered cell turnover in the placenta, which could be
associated with the changes in the size and internal architecture
of the organ.

PLACENTAL BLOOD FLOW, OXYGEN, AND
NUTRIENT DELIVERY

Clinical studies of IUGR have included a long-standing
focus on blood flow through the maternal and fetal circulations
of the placenta. Doppler velocimetry analysis has shown re-
duced blood flow in both the uterine and umbilical arteries in
IUGR, and such measurements, particularly in regard to the
umbilical circulation, have made a significant contribution to
recent advances in the management of high-risk pregnancies
(11). In normal pregnancies, branches of the uterine arteries are
converted into low-resistance uteroplacental vessels. Alter-
ations in this process have been observed on placental bed
biopsies from IUGR pregnancies and are associated with evi-
dence of bilateral high-resistance flow velocity waveforms
with early diastolic notches at 24 weeks of gestation (11,12).
However, abnormal patterns of uterine artery Doppler signal
show poor sensitivity and specificity for adverse outcome (13).
Abnormal umbilical artery Doppler waveforms are thought to
reflect deranged placental impedance secondary to altered ves-
sel morphology in the villi (see above). Absent or reversed
end-diastolic flow velocity in the umbilical artery waveforms
shows a strong association with increased perinatal mortality
(11).

In utero cord blood sampling has demonstrated that IUGR is
associated with hypoxemia (14). Under normal circumstances,
oxygen diffuses readily across barriers and exchange is primar-
ily limited by the rate of supply to, and removal from, the
barrier, i.e. blood flow (15). However, in IUGR uterine venous
samples show significantly higher O2 content and lower coef-
ficients of uterine O2 extraction (16). This suggests, like the
Doppler studies, that impairment of the fetoplacental circula-
tion in the villi and consequent decrease in the ability of the
fetus to extract oxygen are of considerably greater importance
etiologically than changes in uterine blood flow. Furthermore,
in all cases of IUGR, fetuses have lower plasma concentrations
of amino acids than infants of normal size (17,18). The phys-
icochemical characteristics of these nutrients mean that their
rate of transfer is much slower than that of oxygen and is
limited much more by the exchange barrier itself than by blood
flow (15). Together, these data and the morphologic observa-
tions described above focus attention in IUGR on the devel-

opment of the capacity of the villi, and specifically the syncy-
tiotrophoblast, to supply nutrients to the fetus.

PLACENTAL TRANSPORT

An abundance of descriptive data, primarily obtained in
vitro, has recently accumulated describing changes in placental
transport capacity in pregnancies complicated by IUGR due to
alterations in activity of plasma membrane transporter proteins.
In humans and animal models, IUGR is typified by a decrease
in the activity of placental amino acid transporters. The System
A transporter (expressed by genes SLC38-A1, -A2 and, -A4) is
critical in mediating the uptake of neutral amino acids (glycine/
serine/alanine) across the syncytiotrophoblast maternal facing,
microvillous plasma membrane (MVM) (Fig. 1), the rate-
limiting step in transplacental amino acid transfer (19). Within
the normal range of birth weights, an inverse relationship
between birth weight and MVM System A activity has been
demonstrated (20). By contrast, MVM System A activity has
consistently been shown to be down-regulated in IUGR (21–
24). Furthermore, the most severe cases of IUGR, as assessed
by abnormal pulsatility index in the umbilical artery and
abnormal fetal heart rate tracings, are associated with the most
pronounced decreases in MVM System A activity (23). These
data suggest that reduced MVM System A activity is a robust
marker for IUGR. The transport of essential amino acids, such
as taurine (25), leucine, and lysine (26) has also been reported
to be decreased in the MVM and/or fetal facing, basal plasma
membrane (BM) isolated from IUGR placentas. These in vitro
findings are compatible with data on cord plasma amino acid
concentrations (17,18) and an in vivo study in pregnant women,
using stable isotopes, which showed that placental transfer of
the essential amino acids leucine and phenylalanine is reduced
in IUGR (27).

Transport of other solutes is also affected. The activity of
MVM lipoprotein lipase is critical in releasing free fatty acids
(FFA) incorporated in lipoproteins circulating in maternal
blood. Thus, lipoprotein lipase–mediated breakdown of li-
poproteins is the important first step in transplacental transfer
of FFA. MVM lipoprotein lipase activity is reduced in IUGR
(28), consistent with clinical studies showing lower fetal/
maternal ratios for long-chain polyunsaturated fatty acids in
IUGR (29). Placental ion transport is either correlated with
fetal growth or appears to be regulated in a compensatory
manner relative to fetal growth. Both Na�/K� ATPase and
Na�/H� exchanger (NHE) placental expression and activity
are down-regulated in human IUGR (23,30–32). These two
critical membrane transport systems are involved in pH regu-
lation, vectorial Na� transport and maintenance of the Na�

gradient that drives the transport of other vital nutrients such as
amino acids. Alterations in MVM NHE activity appear to be
related to the severity of IUGR: transporter activity is not
changed in less severe IUGR cases, primarily at term
(22,30,32). Some ions appear to be regulated quite differently.
BM Ca2� ATPase (or calcium pump) is up-regulated in cases
of IUGR, which may represent a compensatory activation of
the placental calcium transport system stimulated by fetal
demand (33).
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Placental transporters can be regulated by a variety of factors
that are likely to be clinically relevant. Hypoxia reduces the
expression and activity of System A amino acid transporter
(34) and increases the expression of glucose transporters in
cultured term human trophoblasts (35). The placenta itself may
participate in the regulation of transporters in an autocrine/
paracrine fashion. For example, leptin is produced in large
amounts by the syncytiotrophoblast (36), leptin receptors are
present in the syncytiotrophoblast plasma membranes, and
leptin stimulates System A activity in isolated villous frag-
ments in vitro (37). In addition, small-for-gestational age ba-
bies have low umbilical plasma leptin concentrations at birth
(38). Furthermore, insulin and the insulinlike growth factors
may affect placental nutrient transfer by increasing the activity
of the System A transporter (37,39). In human IUGR, umbil-
ical plasma concentrations of PTH-related peptide (PTHrp)
38–94 are elevated (33) and PTHrp 38–94 stimulates BM
Ca2� ATPase activity in vitro (40), providing one possible
mechanism underlying the increased activity of the calcium
pump in human IUGR (33).

It is important to note that some transporters do not show
altered activity in IUGR. For example, both the expression of
the glucose transporter GLUT1, per unit membrane area, and
the glucose transporter activity in MVM and BM, are un-
changed in IUGR (24,41). This indicates that the type of
alterations in transporter activity seen for System A are not
found for all transporters and are not a general reaction to
adversity. We can summarize these data by classifying alter-
ations to placental transporters in IUGR to three groups: (1)
nutrient transporters that are unaffected by IUGR, e.g. glucose;
(2) transporter activity that is decreased when fetal growth is
restricted e.g. System A, NHE; (3) changes in transport activity
potentially compensatory to reduced fetal and placental growth
e.g. Ca2�.

This classification reflects the data in relation to human
IUGR as reviewed above. There may be differences in other
species. For example, expression of a second glucose trans-
porter isoform, GLUT3, as well as GLUT1 may be important
in the sheep placenta (42). GLUT3 but not GLUT1 expression
is reduced in placentas from globally undernourished rat moth-
ers, in which the fetuses are growth restricted (43), whereas in
the same species both GLUT1 and GLUT3 are up-regulated in
dexamethasone-induced IUGR (44).

CAUSE AND EFFECT: HELP FROM THE MOUSE

Implicit in much of the above data is a difficulty inherent in
understanding the relationship between placental phenotypes
and IUGR: does the former cause or follow from the latter?
There are hints in the data described already that the placental
phenotypes in IUGR are a mixture of both scenarios. However,
recent work on a knockout mouse model in which the placen-
tal-specific transcript of the IGF-2 (Igf-2) gene was deleted
shows unequivocally that changes that create a placental phe-
notype, similar to a group of those found in human IUGR, can
precede a decline in fetal growth (45,46). In this mutant mouse,
placental weight is reduced as early as d 14 of pregnancy (term
is d 20 in this species, so this equates to about 28/40 weeks in

human), but fetal growth restriction is not found until about d
19 (45). The reasons for this delay in restriction to fetal growth
seem to be twofold (45,46): (1) initial up-regulation then
decline in System A activity in the mutant placentas and (2) an
increasingly marked reduction in the diffusional permeability
of the mutant placentas to hydrophilic molecules, apparently
arising from a decrease in placental trophoblast surface area
and an increase in exchange barrier thickness that is remark-
ably similar to that found in the human placenta in IUGR (9).

The Igf-2 gene is imprinted, expressed only from the pater-
nal allele. Approximately 60 imprinted genes have so far been
discovered, and all that have been examined appear to have a
role in controlling placental and fetal growth (47). Interestingly
these imprinted genes include hormonal regulators, such as
Igf-2, and transporters themselves: the System A SLC38–A4
gene has recently been shown to be expressed only from the
paternal allele (48,49). This suggests that examination of ex-
pression of imprinted genes could be an important component
of placental phenotyping.

CONCLUSIONS

These observations, accumulated essentially over the past
decade, have enabled us to describe a series of very specific
alterations to an organ that many perceive as homogeneous in
health and disease. This constellation of findings is particularly
striking given the multifactorial etiology of IUGR, difficulties
in distinguishing genetically small from growth restricted fe-
tuses, and differing experimental methodologies. Furthermore,
the information from the placenta-specific igf-2 knockout
mouse model of IUGR has shown how a combination of these
alterations can be related to altered expression of a single gene.
Thus, in mouse, a multifaceted placental phenotype resulting in
IUGR is related to a single gene deletion. This leads us to
speculate that defining similar phenotypes in humans (not
necessarily related to the IGF system) will help to disentangle
the complexities of IUGR. We propose that a rigorously de-
fined placental phenotype be taken as the starting point for
defining IUGR and other fetal growth patterns rather than vice
versa. This is represented diagrammatically in Figure 2. As
shown in Figure 2A, the fetus who is of normal size for
gestational age (AGA) and of normal size for its genetic
potential (AGP) is appropriately grown and has a placenta with
a normal phenotype (phenotype 1). An alternative explanation
for an AGA infant is that the infant is small for its genetic
potential (SGP). Hitherto, clinical examination has not allowed
these two possibilities to be distinguished reliably but in the
case illustrated (Fig. 2A), the AGA:SGP infant has a moder-
ately abnormal phenotype (e.g. decreased exchange surface
area, increased thickness, reduced expression/activity of amino
acid transporters [phenotype 2]). In Figure 2B, a situation is
depicted in which a small for gestational age infant may be
AGP or SGP. The SGA:SGP infant is likely to be identifiable
by an abnormal placental phenotype (phenotype 4 compared
with phenotype 3). Finally, as shown in Figure 2C, the IUGR
baby delivered prematurely due to severe fetal compromise has
a placental phenotype that is markedly abnormal (phenotype 6)
and different from the placental phenotypes associated with
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other causes of prematurity. As well as the general risks of
prematurity (phenotype 5), a premature infant with IUGR will
have specific risks derived from in utero malnutrition.

We suggest that infants with abnormal placental phenotypes
have a greater risk of neonatal mortality and morbidity and
possibly ischemic heart failure and diabetes in later life. Cur-
rently, the distinctions between infants who are AGP/SGP are
difficult, and we propose that clinical markers derived from
detailed placental phenotyping may aid the clinician in the
identification of babies at risk of short- and long-term conse-
quences. For example, in the mouse, a reduction in placental
size was an early indicator of IUGR (45,46) and in women, the
three-dimensional ultrasound measurement of placental vol-
ume in the second trimester correlates significantly with birth
weight (50,51). Placental volume measurements may therefore
provide one predictor of later decreases in fetal growth rate.
The predictive value of such clinically applicable measures is
likely to be improved when they are integrated with novel tests
for other placental phenotypes. Development of such novel
tests is the exciting prospect that can now be glimpsed. Possi-
bilities include measurement of transporter activity in the
fragments of MVM plasma membranes, which are shed into
maternal blood during every pregnancy (52) or the use of

positron emission tomography with suitable tracer substrates to
image placental transporter activity in utero: a suitable sub-
strate for System A ([N-methyl-11C]alpha-methylaminoisobu-
tyric acid) is now available (53). These specific diagnostic tests
are essential prerequisites for developing the currently nonex-
istent in utero therapies for fetal growth anomalies, which are
the ultimate goal. Placental phenotyping both in utero and after
delivery will provide more predictive information concerning
diseases in later life than the crude proxies of intrauterine
growth currently available.
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SYMPOS IUM REVIEW

Understanding placental nutrient transfer – why bother?
New biomarkers of fetal growth

C. P. Sibley

Maternal and Fetal Health Research Centre, Research School of Clinical and Laboratory Sciences, University of Manchester, Research Floor,
St Mary’s Hospital, Manchester M13 OJH, UK

The placenta, in general and the physiology of maternofetal nutrient transfer is under-researched
compared to other organs with epithelial transport function, as evidenced, for example, by
publication numbers. This report provides reasons why more researchers should become
involved in this topic. First, the syncytiotrophoblast, the transporting epithelium of the placenta,
though having many basic cell physiology properties similar to those of other transporting
epithelia, has several properties which are markedly different. Better information on these
might help fundamental understanding of how epithelia in general function as well as improving
knowledge of how the syncytiotrophoblast operates. Second, the synctiotrophoblast has a key
role in controlling fetal growth, not only by transporting nutrients and waste products of
metabolism but also because it increasingly appears to be one site, perhaps even the dominant
site, in which integration of, sometimes conflicting, signals between mother and fetus takes place.
Finally, better understanding of placental nutrient transfer and especially of how it is regulated
by maternal and fetal signals could provide better information on the placental phenotype in
fetal growth disorders – information which might contribute to providing better biomarkers
which the obstetrician could use to improve early diagnosis of these disorders.
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The title of this review is deliberately provocative. Its aim is
to entice more people to study the transport physiology of
the placenta. Considering the fundamental importance
of this organ for fetal growth and development, and
the impact this has on the health of an individual from
prenatal life through to old age (Godfrey & Barker,
2001), it is grossly under-researched. A PubMed search
on the word ‘placenta’ for the years 1998–2008 returns
18 024 publications; by comparison the return for ‘kidney’
is 164 943 papers. Delving deeper, search on ‘placenta’
and ‘transport’ gives 1172 papers, whereas ‘kidney’ and
‘transport’ gives 8655 papers.

So, why should anyone bother with studying trans-
port across the placenta? This review will provide an
answer on two grounds. (1) The syncytiotrophoblast, the
transporting epithelium of the placenta, though having

This review was presented at The Journal of Physiology Symposium on
Altered placental function as a cause of altered fetal growth, which took
place at the Annual Meeting of The Society for Gynecologic Investigation
at Glasgow, UK on 20 March 2009. It was commissioned by the Editorial
Board and reflects the views of the authors.

many basic cell physiology properties similar to those of
other transporting epithelia, also has several properties
which are markedly different. And yet it works well, as
most babies are born at the expected size and weight.
So the physiologist coming from other fields could
gain important insights into the fundamental nature of
epithelial transport by studying this unusual epithelium,
especially as it enables the study of primary human cells
(Clarson et al. 1996; Greenwood et al. 1996). Furthermore,
there are still important facets of syncytiotrophoblast
transport physiology which remain to be elucidated. (2)
In 1942 Flexner posed the question, ‘Does the placenta
behave like an inert membrane between the maternal
and fetal circulations, or does it contribute energy in the
transfer of material from mother to fetus, thereby
becoming a secretory organ?’ (Flexner & Gelhorn, 1942).
Work since then has clearly shown that the answer is
‘yes’: the placenta is in fact like both a secretory and
an absorptive organ. Not only are there an array of
transporter proteins, some active, some facilitative,
involved in transfer across the synctiotrophoblast, there
is good evidence that the activity and, in some

C© 2009 The Author. Journal compilation C© 2009 The Physiological Society DOI: 10.1113/jphysiol.2009.172403
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cases, expression of these are altered in relation to
fetal growth requirements. Furthermore the activity of
syncytiotrophoblast transport proteins seems to adapt in
relation to both maternal nutrient intake and the demands
of fetal growth for a supply of the appropriate nutrients.
Synctiotrophoblast increasingly appears to be one site,
perhaps even the dominant site, in which integration of,
sometimes conflicting, signals between mother and fetus
takes place. Understanding the ability of the placenta to
adapt to these signals may provide new tools for both
diagnosis and treatment of fetal under- and over-growth.

Therefore the intention of this report is not to
provide a comprehensive review of placental transport
(such recent reviews can be found elsewhere, e.g.
Atkinson et al. 2006; Jones et al. 2007), but firstly
to consider the syncytiotrophoblast as a transporting
epithelium and compare it to other epithelia, indicating
where important knowledge is lacking; secondly to
consider syncytiotrophoblast transport adaptability as a site
of integration of maternal and fetal signals influencing
nutrient supply; and finally to speculate on using the
information to diagnose the placental phenotype in fetal
growth disorders – information which might contribute
to providing better biomarkers of fetal growth. I focus
on the human placenta, referring only to other species
where these provide additional important information.
Space limits also exclude consideration of gaseous
transfer.

The syncytiotrophoblast as a transporting epithelium

Morphology. From late first trimester the syncytiotro-
phoblast has two properties unique amongst transport
epithelia: it is perfused by two blood streams, being
bathed directly with blood on its maternal face and via

Figure 1. Electron micrograph showing the key features of the
exchange barrier in the human placenta
Image kindly provided by Dr Carolyn Jones.

a capillary network on its fetal; and it is a true syncytium
with no lateral plasma membranes to separate the cytosol
associated with each nucleus. The syncytiotrophoblst does
have a microvillous, maternal facing, plasma membrane,
usually equated to the apical plasma membrane of other
epithelia, and its fetal facing plasma membrane is usually
taken as equivalent to a basal plasma membrane (Fig. 1).
This designation does not, however, appear to be a good
guide to the localization of transporter proteins (see
below).

Because it is a syncytium, there is an interesting
question as to whether the syncytiotrophoblast forms
effectively a single cell covering the whole of the villous
placenta. A dye injection study suggests that there is a
continuum of syncytiotrophoblast cytosol surrounding
the villous (Gaunt & Ockleford, 1986) and this poses
special problems for investigating the electrophysiology
of the syncytiotrophoblast, as discussed further below.

An electron micrograph of the exchange barrier of the
human placenta is shown in Fig. 1. It should be noted
that there is a continuous capillary endothelium on the
fetal side and that, whilst this is not considered further
here, it does make a significant contribution to the barrier
properties of the placenta, restricting the permeability to
molecules above the size of about 3.0 nm molecular radius
(Firth & Leach, 1996).

Passive permeability of the placenta to inert hydro-
philic solutes. The absence of lateral plasma membranes
from the human syncytiotrophoblast would suggest that
it might have a relatively low passive permeability. In
fact measurements of the unidirectional maternofetal
clearance of series of inert hydrophilic solutes (‘inert’
in this context meaning that the solutes are not
substrates for any transporter systems) of a range of sizes
suggest that the opposite is the case in the human. As
shown in Fig. 2, in vivo measurements find an inverse
correlation between clearance and molecular radii of these
solutes. Furthermore, there is a significant permeability to
proteins of the size of alphafetoprotein (AFP) and horse-
radish peroxidase (used as a tracer in electron microscopy
studies) (Edwards et al. 1993; Brownbill et al. 1995). These
data with regard to AFP are consistent with the fact that
it is synthesized only in the fetus but easily measurable in
maternal plasma (Brownbill et al. 2000).

Across species there does seem to be a relationship
between the number of cell layers in the placental
exchange barrier and permeability: the epitheliochorial
placenta of the sheep, which has four layers between the
fetal and maternal blood (fetal capillary endothelium,
chorionic epithelium, uterine epithelium and maternal
endothelium), is calculated to have a permeability at least
one order of magnitude less than that of the human (Boyd
et al. 1976). This does not appear to hold within species

C© 2009 The Author. Journal compilation C© 2009 The Physiological Society
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with haemochorial placentas (where, as in the human,
there is only fetal endothelium and trophoblast between
maternal and fetal blood). The hameotrichorial (three
trophoblast layers) rat placenta does have a slightly lower
permeability than the hameomonochorial human but
the hameotrichorial mouse placenta has a slightly higher
similar permeability (Fig. 2). Although these comparisons
may be complicated by the effects of blood flow (Schroder
et al. 1985) and water filtration (Faber, 1995), it is far
from clear how additional trophoblast layers contribute to
placental permeability.

The linear relationship found between clearance of
inert hydrophilic solutes across the human placenta and
their calculated aqueous diffusion coefficient implies the
presence of water filled channels or pores across the
syncytiotrophoblast sufficiently wide for there to be no
‘steric hindrance’ to their movement and enabling them
to by-pass the ‘cell’ membrane of the syncytiotrophoblast.
But how can this be, if the synctium is a single cell with
no obvious lateral intercellular spaces? This question has
vexed placental physiologists and morphologists for many
years and is still not clearly answered, although some
possible explanations have been provided.

In the guinea-pig placenta, which is haemeo-
monochorial and syncytial like the human, with a similar
permeability to the inert hydrophilic solutes, tubules
or bag-like structures in the syncytiotrophoblast can
be visualized under the electron microscope but only
if the placentas are fixed following imposition of a
significant hydrostatic pressure (Kaufmann et al. 1982).
Similar structures may also be visualized in the placenta
of the degu (Kertschanska et al. 1997). However, it
has not been possible to demonstrate whether these
structures really are channels which span the width of

Figure 2. Permeability–surface area product for placentas as
measured in vivo in the mouse, human and rat for three inert
hydrophilic tracers plotted against their diffusion coefficient in
water (Dw)
Data taken from Robinson et al. (1988); Bain
et al. (1990) and Sibley et al. (2004).

the syncytiotrophoblast. A different possible aqueous
pathway across human placenta might be through areas
of denudation of the syncytiotrophoblast which can be
observed frequently in all placentas (Edwards et al. 1993).
What causes these denudations is not certain but they may
arise from damage or from the localized apoptosis which
occurs in the syncytiotrophoblast (Nelson, 1996). They are
usually observed filled with fibrin-containing fibrinoid,
which may provide a foundation for re-syncytialisation of
the denudation by cytotrophoblast cells (Nelson, 1996).
Using the perfused human placental cotyledon we found
that AFP could be localized to such fibrin-containing
fibrinoid areas (Fig. 3), suggesting they could provide a
paracellular route (Brownbill et al. 1995). In a later study
we also found a correlation between the unidirectional
maternofetal clearance of creatinine across the perfused
placenta and a morphometric measurement of the volume
of fibrin-containing fibrinoid filled denudations, but
there was no such correlation between AFP clearance
and the denudations (Brownbill et al. 2000). The latter
result could arise from steric hindrance to the large
AFP molecule at the level of diffusion across the lateral
intercellular spaces in the fetal capillary endothelium.
Therefore, the denudations may provide a channel across
the human syncytiotrophoblast, but this is far from
proven. Furthermore, there is only evidence for the pre-
sence of denudations in the syncytiotrophoblast of villous
placentas (Nelson et al. 1997). However, the quantitatively
large flux of solutes by paracellular diffusion across
these placentas, and the importance of understanding
how electrochemical gradients are maintained across
the placental barrier in the face of such low resistance
pathways, makes this uncertainty one that needs to be
resolved.

Figure 3. Immunocytochemical staining of alphafetoprotein in a
fibin-containing fibrin deposit within a denuded area of
syncytiotrophoblast
Micrograph kindly provided by Dr D. Michael Nelson.
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Electrochemical gradients. A comprehensive review of
solute concentrations in maternal and fetal blood is
provided in Atkinson et al. (2006). Of particular note is
the number of nutrients, on which the fetus depends,
for which the fetal plasma concentration is higher
than the maternal plasma concentration. This suggests
a transport process requiring energy to pump against
the concentration gradient, or preferential binding to a
component of fetal blood, and/or, for ions, an electrical
potential gradient balancing the chemical potential. As
mentioned above, these gradients are maintained across
the placental exchange barrier despite its apparent high
permeability (low resistance).

The magnitude and polarity of the electrical potential
difference (PD) across the placental exchange barrier
has been a topic of much work and debate over many
years. It is known that in several species, including
possibly human, there is a PD between maternal plasma
or extracellular fluid and fetal plasma or extracellular
fluid (reviewed in Atkinson et al. 2006), and this has
recently been demonstrated again in the mouse (Dilworth
et al. 2008). However, there is uncertainty as to whether
this maternofetal PD is equivalent to a transplacental
PD, i.e. is generated in the exchange barrier of the
placenta. In women the maternofetal PD measured in
vivo was reported to be 0 mV at term (Mellor et al. 1969),
−2.7 ± 0.4 mV, fetus negative in mid-gestation (Stulc et al.
1978) and, as measured between the coelomic cavity and
mother, −8.7 ± 1 mV in first trimester (Ward et al. 1998).
The last two values especially are (bearing in mind vast
experimental differences and likely individual variation)
reasonably consistent with the value of −6 mV (range
−2.5 to −10 mV) found in the only direct measurement
of transplacental PD, using microelectrode techniques
on fragments of term placenta in vitro (Greenwood
et al. 1993) (Fig. 4). The latter study also reported
the trans-syncytiotrophoblast PD to be −3 mV (range
0 to −15 mV) (Greenwood et al. 1993). In similar

Figure 4. Diagram illustrating the polarity of the
syncytiotrophoblast in regard to localization of
Ca2+-ATPase, P-glycoprotein (P-gp) and
Na+/K+-ATPase
Also shown is the microvillous membrane potential
difference (Memb. PD) and trans-syncytiotrophoblast
(trans-syncyt.) PD. See text for references.

experiments the microvillous membrane PD (i.e. the
PD with just microvillous plasma membrane impaled by
microelectrode) was found to decrease from early first
trimester (median −32 mV) to late first trimester (median
−24 mV) with the term value being only slightly lower
than that (−21 mV) (Birdsey et al. 1997). These are all
low compared to intracellular PDs measured in other
epithelia. There is no reported measurement of PD across
the basal plasma membrane of the syncytiotrophoblast.
The technical challenge involved in making all of these
measurements cannot be underestimated but they badly
need to be verified or refuted by others so that ion transfer
across the placenta can be accurately modelled (it needs
to be remembered that a wide variety of transport
processes are affected by PD including those which are
clearly directly involved in fetal growth control, e.g.
the Na+-dependent transport of some amino acids, as
discussed later). In doing so more information will be
gleaned as to how a true syncytium can separate charge and
maintain resistance (and indeed if the syncytiotrophoblast
is electrically a true syncytium). The transporters and
membrane properties underlying these PD measurements
also need to be understood: the Na+/K+-ATPase appears
to make little contribution to PD and, whilst K+ and
Cl− conductances certainly do (Birdsey et al. 1997),
the channels involved have not been explored. Such
functional identification of specific channels has been
hampered by another technical challenge in working with
a syncytiotrophoblast: the impossibility of whole cell patch
clamp recording in a syncytium where capacitance is
several orders of magnitude greater than that in a single
cell.

Distribution of transporter proteins and polarity of
the syncytiotrophoblast. In general terms, vectorial
transport across an epithelium is usually enabled by
electrochemical gradients and/or by the localization of
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transporter proteins being polarized to either apical
or basolateral plasma membranes. Consequently, the
mechanisms by which transporter proteins are trafficked
to either apical or basolateral plasma membranes has
been the subject of much, ongoing, investigation in many
epithelia, not least because there is pathophysiology of
these processes in diseases (Tanos & Rodriguez-Boulan,
2008).

The syncytiotrophoblast is polarized in terms of both
transporters and localization of other proteins to micro-
villous and basal plasma membranes (examples shown
in Fig. 5). However, to my knowledge, there has been
no investigation of how this localization is effected and
certainly no consideration of whether this is an important
component of the pathophysiology of any of the placenta
related pregnancy diseases. It is, again, a particularly
interesting question to answer in a true synctium without
lateral plasma membranes, as in some epithelia proteins
are initially trafficked to one plasma membrane and
then redirected to the other via lateral movement
(Tanos & Rodriguez-Boulan, 2008): this does not seem
a possibility for the syncytiotrophoblast. The importance
of understanding trafficking in the syncytiotrophoblast
can be exemplified with regard to the sodium pump
(Na+/K+-ATPase). In most epithelia (a notable exception
being the choroid plexus) this transporter is localized to
the basolateral plasma membrane whereby it provides
the energy, through generation of a Na+ gradient, for
the vectorial transport of ions as well as contributing to
osmotic gradients for water transfer in the apical to baso-
lateral direction (Brown et al. 2004). It has now been clearly
demonstrated that the opposite localization is found in
the syncytiotrophoblast – there is more than twice as
much sodium pump activity on the microvillous plasma
membrane as on the basal plasma membrane (Johansson

Figure 5. Magnetic resonance image of a placenta
Image was acquired at 1.5 T from a woman at 36 weeks
gestation having a normal pregnancy. Image kindly
provided by Dr Caroline Wright and Dr David Morris.

et al. 2000). Furthermore, data show that this localization
is disrupted in idiopathic fetal growth restriction (FGR):
microvillous plasma membrane sodium pump expression
and activity is reduced in placentas from FGR babies as
compared to those from normally grown babies without
any effect on basal plasma membrane expression and
activity and without any change in overall sodium pump
mRNA expression (Johansson et al. 2003). This raises
the questions (1) how is this unusual polarity brought
about: other transporters are on the expected plasma
membrane of the syncytiotrophoblast by analogy with
other epithelia (e.g. P-glycoprotein, Ca2+-ATPase; Fisher
et al. 1987; Atkinson et al. 2003) (Fig. 5)? (2) How is net
flux of ions and water to the fetus brought about when
Na+ is likely being pumped in the opposite direction? (3)
What goes wrong with trafficking in FGR, and is it only
the sodium pump which is affected?

Most epithelia are either secretory or absorptive at any
one time; the syncytiotrophoblast has to subserve both
these functions simultaneously in dealing with nutrient
transfer to the fetus and waste product transfer back to the
mother. This, and the requirements of its own cellular
homeostasis, might result in the apparently unusual
polarity of this epithelium. It should also be remembered
that hormonal influences in vivo might alter the apparent
polarity as determined in vitro.

Syncytiotrophoblast transport adaptability to fetal
nutrient demand signals and integration
with maternal supply signals

Fetal growth restriction and placental transfer. The
placenta is central to normal fetal growth and it is
becoming increasingly apparent that pathophysiology of
placental function is a major cause of growth abnormalites,
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Table 1. Change in the activity of transporter proteins in syncytiotrophoblast microvillous (MVM) and basal (BM) plasma membranes
in fetal growth restriction

Transporter MVM Change BM Change Reference

System A (alanine/glycine) Decrease No change (Glazier et al. 1997; Jansson et al. 2002)
Leucine Decrease Decrease (Jansson et al. 1998)
Lysine No change Decrease (Jansson et al. 1998)
Na+-dependent taurine Decrease No change (Norberg et al. 1998; Roos et al. 2004)
Na+-independent taurine No change Decrease (Norberg et al. 1998)
GLUT1 (glucose) No change No change (Jansson et al. 1993; Jansson et al. 2001)
Na+/K+-ATPase Decrease No change (Johansson et al. 2003)
Ca2+ (ATP dependent) (not present) Increase (Strid et al. 2003)
Na+/H+ exchanger Decrease Activity not present (Glazier et al. 1997; Johansson et al. 2002)
Lipoprotein lipase (cf FFA transport) Decrease Not known (Magnusson et al. 2004)
H+/lactate transporter No change Decrease (Settle et al. 2006)

both FGR (failure of a fetus to achieve its genetic growth
potential) and macrosomia (where a fetus exceeds its
genetic growth potential). These are important issues
because FGR is associated with increased risk of antenatal
and neonatal death and other morbidities (Thornton
et al. 2004) and there is now a well documented
association between size at birth and a range of morbidities
experienced in adulthood (Godfrey & Barker, 2001).
Similarly the macrosomic baby is at great risk of birth
difficulties and of obesity in later life (Catalano &
Ehrenberg, 2006).

All aspects of placental physiology that have been
studied and which contribute to the capacity to exchange
nutrients and waste products between mother and fetus
are now known to be altered in relation to FGR. Both
uterine and umbilical artery blood flows are abnormal
in association with FGR as demonstrated with Doppler
ultrasound velocity measurements (Cohen-Overbeek et al.
1985). On the uterine side this is related to abnormal
trophoblast invasion of the spiral arteries in early
pregnancy (Pijnenborg et al. 2006) and on the umbilical
side is likely to be due to abnormalities in the architecture
and function of the fetoplacental vessels (Krebs et al.
1996; Mills et al. 2005). Although the permeability
of the placenta to inert hydrophilic solutes has not
been measured in FGR, the related structural variables
of exchange barrier surface area and thickness have
been shown to decrease and increase, respectively, in
this condition (Mayhew et al. 2004). Finally, there
is burdgeoning literature describing a wide variety of
changes in transporter expression and activity in both
the syncytiotrophoblast microvillous and basal plasma
membranes in association with FGR (Table 1).

Adaptability of syncytiotrophoblast transporter
expression and activity to fetal growth demand.
As shown in Table 1 the activity of some trans-
porters (measured per mg membrane protein) in the
syncytiotrophoblast goes down in relation to FGR, that
of at least one transporter goes up, and others do not

change at all. This range of changes suggests at least a
degree of regulation or adaptation in FGR which could
contribute to the disease or which could be responses to
maintained fetal demand in the face of decreased placental
supply. There is some epidemiological data to support
the concept of adaptation in placental supply capacity to
meet fetal demand. At any given birth weight, placental
weight of small for gestational age (SGA) babies was
found to be significantly lower than that of appropriately
grown for gestational age babies (Heinonen et al. 2001).
This suggests that the placental transfer efficiency (weight
of baby per weight of placenta) was actually greater in
the SGA group. Further evidence for adaptability comes
from a study of System A amino acid transporter in
microvillous plasma membranes of placentas from babies
across the range of normal birthweights; we found that
System A activity, per mg placental membrane protein,
was highest in the smallest babies (Godfrey et al. 1998).
This contrasts with the situation in frank FGR (Table 1)
and suggests that placental efficiency has been increased
by upregulating the activity of the transporter per unit
of placental membrane enabling fetal growth to continue
along the lower limit of the normal range.

Further evidence for this hypothesis comes from mouse
studies. Knockout of the placental specific transcript
(P0) of the insulin-like growth factor 2 gene (Igf-2)
results in placental growth restriction at e14 onwards
(term is e20), but fetal growth restriction does not
occur until around e18/e19 (Constancia et al. 2002,
2005). Consequently, the fetal : placental weight ratio
at e16 is 50% higher in the P0 knockout conceptuses
compared to wild-type. Importantly maternofetal
transfer of [14C]methylaminoisobutyric acid (MeAIB,
a specific non-metabolizable substrate of System A),
measured in vivo, was also 50% increased, per unit weight
of placenta, in the P0 versus wild-type and the same
change was reflected in an increased expression of the
Slc38a4 isoform of the System A gene in the P0 knockout
placentas (Constancia et al. 2002, 2005). At e19, when the

C© 2009 The Author. Journal compilation C© 2009 The Physiological Society



J Physiol 587.14 Placental nutrient transfer 3437

P0 pups as well as placentas were growth restricted, all of
these variables, fetal : placental weight ratio, [14C]MeAIB
transfer and Slc38a4 mRNA were similar in P0 knockout
and wild-type conceptuses. These data suggest that, as in
the human study, System A activity in the placenta can
be upregulated to increase placental efficiency when the
placental size per se is too low to meet the demands of the
normally growing fetus. However, this upregulation and
increased efficiency does not appear to be sustainable in
this mouse knockout, so that fetal growth restriction does
finally ensue.

Adaptation and increases in placental efficiency can also
be observed in normal mice. Coan and colleagues (2008)
compared the smallest and the largest placentas in mouse
litters at e16 and e19. They found that there were increases
in labyrinth zone (exchange region of the mouse placenta)
volume fraction and increases in [14C]MeAIB transfer per
unit weight of placenta, as well as gene expression changes
(interestingly including upregulation of the Slc38a2
isoform of System A rather than the Slc38a4 isoform as
found in the study described above), which enabled the
small placentas to maintain normal fetal growth until
term. Interestingly the morphological changes occurred
earlier (e16) than the transport changes (e19), suggesting
that the adaptation in placental phenotype enabling
increased efficiency can alter; this may well affect final
fetal body composition as the mix of solute transferred
following the morphological change will almost certainly
not be the same as that transferred following a change in
transporter activity (Coan et al. 2008).

These data taken together support the hypothesis that
the capacity of the placenta to supply nutrient can be
modulated, to some extent, by the demands of the fetus so
enabling it to maintain a normal growth trajectory. It could
be that in some cases it is a failure of this adaptation which
leads to FGR rather than defective exchange capability per
se. Understanding the adapted, and mal-adapted, placental
phenotype could be of major benefit in diagnosing the
fetus at risk of fatal growth restriction. Furthermore, if
we understood the nature of the signal between fetus
and placenta, then this might provide new therapeutic
strategies.

Relationship between syncytiotrophoblast transporter
expression and activity and maternal nutrition. Maternal
nutrition undoubtedly affects placental and fetal growth. A
recent series of studies on the rat from Jansson, Powell and
colleagues also suggests that placental transport function
might be modulated in relation to maternal diet. Rats fed
a low protein diet during pregnancy had placentas and
fetuses with the same weights as those fed an isocaloric,
control diet up until day 19 (term is day 21/22 in rat), but
which then showed growth restriction at day 21 (Jansson
et al. 2006). However, placental System A transport activity
was reduced at day 19 in response to the low protein diet,

i.e. preceding the growth restriction. This time course
of events suggests that it was the downregulation of the
transporter activity which was a key cause of the growth
restriction.

Ericsson et al. (2007) investigated the effects of hyper-
glycaemia in early and late pregnancy on placental and
fetal weights. They found that three bolus injections of
glucose in early pregnancy (but not when given later on)
resulted in a small increase in placental and fetal weights
at term, whereas six bolus injections in early pregnancy
resulted in no change in placental weight, a decrease in
placental System A transport and increased fetal weight at
term. These data are somewhat difficult to interpret but the
authors suggest that changes in maternal metabolism in
early pregnancy are sensed by the placenta which responds
to match maternal nutrient resources to the fetal growth
trajectory.

Feeding mice a high fat diet (32% energy from fat)
during pregnancy resulted in a 43% increase in fetal
weight, as compared to rats fed a control (11% energy from
fat) diet, accompanied by increased maternal adiposity,
increased maternal leptin plasma concentrations and
decreased adiponectin (Jones et al. 2009). Transplacental
transport of glucose and neutral amino acids was
increased, accompanied by increased expression of the
GLUT1 glucose transporter protein and of SNAT2. These
data suggest that a high fat diet causes fetal overgrowth, at
least partially through upregulation of placental transport
activity.

There are hints that the human placenta also
modulates transport in relation to maternal nutrition
and metabolism. Lewis and colleagues (2005) report
preliminary data showing that placental System A activity,
per mg membrane protein, is lower in women with
lower pre-pregnancy arm muscle area and, independently,
is lower in women who report strenuous exercise
pre-pregnancy. Furthermore, in a study of teenage
pregnancy it was found that System A activity in placental
fragments was higher in girls with a normal BMI versus
that in girls with a below average BMI in early pregnancy
(R. L. Jones, C. Hayward and S. L. Greenwood, personal
communication), consistent with the report of Lewis et al.
(2005).

The signals linking the maternal nutritional and
metabolic environment with placental transport may
be manyfold and include the metabolites themselves.
However, there are data to suggest, in particular, the
involvement of leptin, insulin-like growth factor binding
protein 1 and IGF-I REF. At the cellular level Roos
and colleagues (2009) have provided evidence that the
mammalian target of the rapamycin (mTOR) pathway in
the placenta may be a link between maternal nutritional
status, placental transport and fetal growth.

These studies all suggest a direct correlation between
maternal nutrition, placental transport and fetal growth:
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if a mother is undernourished, placental transport goes
down and fetal growth decreases. However, the previous
section reviewed the data showing that the fetus may
be able to upregulate, up to a point, placental transport
capacity so as to maintain the necessary nutrient supply to
meet its genetic growth potential. It will be important
to understand how these potential conflicts between
maternal nutrient supply and fetal growth demand are
integrated in the placenta. Epigenetic mechanisms are
likely to have a major role in this integration (Godfrey
et al. 2007).

Using the information – diagnosing the placental
phenotype in fetal growth disorders

As the importance of all facets of placental structure
and function in regulating growth has become clearer,
it has been hypothesized that placental phenotypes
(that is particular mixes of blood flow, structure, endo-
crine, transport and other functional variables) may
be used in early diagnosis of fetal growth disorders
and other placental related pregnancy diseases such as
pre-eclampsia (Sibley et al. 2005). Kingdom and colleagues
(Toal et al. 2007) have now begun to investigate this
possibility in a Placenta Clinic, where measurement, in
maternal plasma, of placental hormones and fetal products
such as alphafetoprotein, are combined with ultrasound
assessment of placental shape and size and ultrasound
Doppler measurement of uterine blood flow velocities to
provide an assessment of placental phenotype and, on this
basis, the risk of a poor pregnancy outcome. Better under-
standing of placental transport and the signals by which it
is linked to maternal nutrition and fetal growth demand
should provide additional or new biomarkers. This may
be enhanced further by techniques such as magnetic
resonance imaging providing a non-invasive assessment
of a range of the key structural and functional variables of
the placenta (Figure 6) associated with fetal growth and
other pregnancy disorders (Toal et al. 2007).

There are therefore very many excellent and exciting
reasons to continue to bother about placental transport:
come and join us!
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Placental insufficiency is a major cause of fetal growth restriction (FGR) and accumulating evidence
indicates several aspects of placental morphology are altered in this condition. MRI provides quantitative
indices that may be used in non-invasive assessment of the human placenta, such as relaxation time
measurements, T1 and T2. We hypothesised that placental relaxation times relate to alterations in
placental tissue morphology and hence may be useful in identifying the changes associated with FGR. We
report on the first phase of testing this hypothesis, in a study of women in normal pregnancy.
Aims: To assess relaxation time measurements in the placenta in normal pregnancy and correlate these
with gestational age and stereological analyses of placental morphology following delivery.
Methods: 30 women underwent MRI examination (1.5 T) between 20 and 41 weeks gestation. Placental
T1 and T2 measurements were acquired from a mid-depth placental region, co-localised to a structural
scan. Fixed, wax-embedded sections of these placentas collected at delivery were stained with hema-
toxylin/eosin and subjected to stereological analysis.
Results: Placental T1 and T2 show a significant negative correlation with gestation, (Pearson correlation
p¼ 0.01, 0.03 respectively). 17 placentas were analysed stereologically. In the group as a whole there was
no significant correlation between T1 and T2 and morphological features. However, in a subset of 7
pregnancies scanned within a week of delivery, a significant positive correlation was observed between
the fibrin volume density and the ratio of fibrin: villous volume densities and T2 (Spearman correlation
p¼ 0.02, 0.03 respectively).
Discussion: The correlations between placental T1 and T2 and gestation show that these variables are
clearly influenced by changes in placental structure. Fibrin might be a key component but further work is
needed to fully elucidate the major structural influences on placental T1 and T2.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Fetal growth restriction (FGR) is a serious complication of
pregnancy in which the fetus fails to reach its own genetically
determined growth potential. It is common, affecting 3e10% of all
first time births [1] and is linked to a third of all antepartum deaths
[2]. Placental insufficiency is a major cause of FGR and accumu-
lating evidence indicates that several aspects of placental structure
and function are specifically altered in this condition, including
gross morphology [3], villous morphology at a microscopic level
esearch Centre, University
65.
Wright).

All rights reserved.
[4], blood flow in the uteroplacental circulations and placental
transport mechanisms for nutrients and ions [5].

In clinical obstetrics, ultrasound biometry and Doppler ultra-
sound of the uterine and umbilical vessels are the main investiga-
tions available to diagnose and predict FGR. However, it may not
always be possible to differentiate the small but healthy fetus from
one affected by FGR. These difficulties particularly affect the large
heterogeneous groups of women with suspected FGR (on the basis
of biometric measurements, reduced amniotic fluid volumes,
abnormal uterine artery Dopplers or risk factors for FGR), all
undergoing intensive fetal surveillance or facing unnecessary
intervention, as prognosis for the fetus is difficult to predict and
a deterioration may only occur late in disease, if at all.

Doppler ultrasound of umbilical blood flow is an assessment of
only one aspect of placental function (and does not directly
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measure blood flow in the placental microcirculations, the site of
increased resistance [6e8]), whilst several other aspects of
placental structure and function are altered in FGR [5]. Various
morphological changes occur in placental tissue in associationwith
FGR. Gross placental lesions are detected occasionally and are
associated with poorer fetal outcomes and abnormal Doppler
waveforms [9,10]. However, there are oftenmore subtle alterations,
such as impoverished development of the villi [4] and changes in
placental exchange barrier surface area and thickness [4,11e13].
Such subtle changes are not directly detectable using routine
ultrasound, although altered vessel morphometry may in turn
influence umbilical Doppler waveforms [7]. The constellation of
specific morphological and physiological abnormalities in the
placenta has been proposed to represent a placental phenotype(s)
of FGR [5]. The development of tools to identify a placental FGR
phenotype in utero, may allow more rigorous definitions of the
condition, improve our ability to stratify disease and potentially
provide specific predictive tests.

Magnetic Resonance Imaging (MRI) provides a range of quan-
titative indices that may be used in non-invasive assessment of the
human placenta; these remain relatively unexplored in this tissue
and there is a need for further evaluation of their use as biomarkers
of pregnancy disease. At the gross morphology level, MRI has been
shown to detect changes in placental thickness and volume in FGR
as compared to normal pregnancy [14]. However, other MRI
markers may relate to fine tissue structure and function and
therefore be good candidates for more detailed in utero placental
assessment, with greater discrimination between placental
phenotypes. The major source of image contrast in MRI comes from
the variation in relaxation times between tissues. Relaxation times
are MRI measurements that reflect the rate of hydrogen nucleus
recovery following perturbation using a radiofrequency pulse in
the scanner. The relaxation times are determined by the molecular
environment of the hydrogen nuclei (the hydrogen nucleus is
a single positively charged proton) within the tissue. In biological
systems, water may be free in blood (or CSF) but is usually associ-
ated with large polysaccharides and proteins, which restrict proton
movement. Relaxation occurs by two independent processes,
referred to as longitudinal (spin-lattice) (T1) and transverse
(spinespin) (T2) relaxation, the rate of which depends upon the
interaction between protons and their surrounding environment.
The relaxation times T1 and T2 characterise these processes and
may be measured non-invasively in vivo. Different body tissues
have specific characteristic relaxation times, which reflect the
number of protons that are ‘free’ i.e. in solution, ‘bound’ i.e. closely
associated with macromolecules and those in an intermediate
situation, often termed ‘structured’. Theoretically, T1 will be
shortest in tissues with mainly ‘structured’ protons, longer when
‘free’ and longest when ‘bound’. T2 will be longest where protons
are ‘free’ in solution and shortest where bound to macromolecules
[15]. These parameters have been studied inmany clinical disorders
but, although generalisations can be made regarding their histo-
pathological correlates, it is not known specifically what changes in
the placenta influence relaxation. In studies examining other tissue
types, water content (related to vascular and inter-villous volumes
in the placenta) and membrane surface areas were found to be
important influences on relaxation times [16]. As yet, no study
investigating possible correlations between postnatal placental
villous morphology and quantitative relaxation times has been
conducted.

In this study we have examined relaxation time measurements
in the placenta in normal pregnancy and evaluated evidence for
correlations between these measurements and postnatal
morphology of the placenta using stereological techniques. Based
on the work described above in other tissues, indices relating to
blood and non-blood volumes of the placenta were examined as
potential structural correlates, as well as consideration of villous
and vascular surface areas. The fibrin content of the placenta was
also assessed; as a macromolecule, this may have an important
influence on relaxation times in the placenta and is related to
relaxation time values in other disease processes such as athero-
sclerosis and liver cirrhosis [17,18]. In previous MRI studies at lower
field strengths (0.5 T), a trend for shorter relaxation time
measurements, T1 and T2, was observed in pregnancies compli-
cated by pre-eclampsia and FGR [19]. We hypothesised that the
differences observed at 0.5 T in FGR placentas were related to
altered placental morphology and therefore that T1 and T2 may be
prognostic biomarkers of the abnormal placental structure associ-
ated with this condition, where there is high risk for adverse
pregnancy outcome. To begin testing of this hypothesis, we inves-
tigated placental relaxation times in normal pregnancies at the
increased field strength of 1.5 T, allowing improvements over the
0.5 T measurements in signal-to-noise ratio and spatial resolution.

2. Methods

2.1. Subjects

Ethical approval was obtained from the local NHS Research Ethics Commit-
teeand all women gave written informed consent. Womenwith normal pregnancies
between 20 and 42 weeks gestation were recruited. Participants included had
apparently uncomplicated pregnancies and subsequently delivered normal infants
at term without adverse outcomes. Exclusion criteria were co-existing maternal
systemic disease such as diabetes, renal disease or microvascular disease, multiple
pregnancies, fetal anomalies and antenatal complications including pre-eclampsia,
fetal growth restriction and pre-term delivery. Neonates with an individualised
birthweight ratio (IBR) less than the 5th centile, a surrogate for FGR [20,21], were
excluded.

2.2. MRI

Women underwent a single MRI examination including acquisition protocols for
placental structure and relaxation time measurements (T1 and T2). All scans were
carried out on a 1.5 T Philips Achieva scanner using a 5 channel phased array cardiac
coil positioned to optimise the signal from the placenta. The pregnant womenwere
positioned supine, using a foamwedge to support a left-lateral tilt (preventing vena
cava compression) and introduced feetfirst into the scanner, with their heads outside
the bore to reduce potential for claustrophobia. Although no evidence has demon-
strated any detrimental effects to the fetus as a result of MRI, in the interests of
adopting a cautious approach, “SofTone” imagingmagneticfield gradientswere used,
keeping gradient ramp speeds to below 50% of maximum to reduce noise exposure.
Furthermore, the specific absorption rate (SAR) was restricted to 2 W/kg tominimise
thermal effects. These restrictions represent hard limits on acquisition protocol
optimisation, which aimed to achieve measurements within reasonable time limits,
reducing issues of fetalmotionandmaximisingpatient comfort. All scanning sessions
were limited to a maximum of 40 min, which was well tolerated by the women.

Women first underwent a series of 3 localising images, for orientation, followed
by structural and relaxation time acquisitions, taking slices along the long axis of the
placenta and through the shortest axis, giving disc shape placental images. This
allowed whole placental coverage with the minimum number of slices. Structural
scans were carried out using an implementation of the single shot fast spin echo
sequence used routinely in fetal scanning; with a field of view of 384� 384 cm2,
matrix size 128� 128, 30 slices (interleaved), resolution 3� 3� 3 mm3 and half scan
(55%) to obtain the image in a single acquisition lasting 36 s. T1 and T2measurements
were acquiredwith whole placental coverage, co-localised with the structural scans.
T1 measurements were achieved using a 3D multiple flip angle fast field echo (FFE;
spoiled gradient echo) technique with angles 2, 10 & 20� with an acquisition time of
10 s for each volume [22]. T2 measurements, with the same geometry, were acquired
with a double echo spin echo sequence using echo times of 6.3 ms and 200 ms on
a slice by slice basis, repetition times 400 ms each echo, taking 4 s per slice.

T1 and T2 values were calculated by fitting the relevant signal intensity rela-
tionships to the signal intensities recorded using the acquisitions outlined above
using Matlab (The Mathworks). Relaxation times were recorded as median values
from the distribution of fits obtained from each voxel across a selected region of
interest (ROI).

The ROI was drawn as the largest placental region possible ensuring that the
outer borders were not crossed and typically encompassed between 500 and 1500
voxels. The ROI was marked on a scan slice passing at a mid-depth through the
placenta and was always first selected on the structural image, (where the placental
outline and cord insertion are most clearly seen) and then checked against the co-



Fig. 1. Structural scan through the placenta at 36 weeks showing placental ROI outline.

Fig. 2. Graph showing relaxation times plotted against gestational age at time of scan.
The linear regression lines for T1 and T2 are also shown.
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localised relaxation time scans and repositioned if affected by obvious artefact or
patient movement. Fig. 1 shows a typical structural image through the placenta with
the ROI selected.

2.3. Stereology

All stereological analyses were made in placentas collected from women
undergoing MRI using methods adopted from those reported by Mayhew [12,13].
Placental tissue samples were collected in 17 subjects delivered at term. Placentas
were collected postnatally within 30 min of delivery time. A random sampling
method was devised that would allow more in-depth analysis of placental
heterogeneity, matching regions of the placenta examined for morphology, with
corresponding regions on the MR scan i.e. a mid-depth MRI placental slice was
matched with a mid depth analysis of placental morphology. This alters the
reference volume for stereological calculations and therefore absolute values
concerning the whole placenta are not reported here. A transparent grid with pre-
numbered sampling windows at the intersections was placed with random
orientation over the placenta. Taking the placental cord insertion as the central
point, a circle was marked out with a diameter half that of the longest axis of the
placenta. Within this circle was marked as ‘central’ and outside this circle was
‘peripheral’. Full-depth columns of tissue were dissected by superimposing the
transparent grid over the placenta, bearing a systematic array of sampling windows
(4 cm apart). Using a random computer-generated number sequence, tissue
samples were taken from the placenta until a minimum of 3 windows overlying the
central region had been sampled. The ratio of central to peripheral windows
sampled using this method was generally 3:5. The resulting full depth tissue
samples were then dissected into a top (fetal facing), middle and bottom (maternal
facing) placental section (to allow analysis in relation to specific slices of the MR
images) and fixed in 10% buffered formalin. Only middle sections are considered in
this analysis, to correspond with the mid-depth level of the MRI scan plane. These
samples were diced and embedded with random orientation in paraffin wax blocks
and processed for histology.

Before imaging, cut sections (5 mm)weremounted onmicroscope slides, stained
with hematoxylin and eosin (H&E), and observed under a Leitz (Dialux 22) micro-
scope at a magnification of �250. Approximately 8 sections were investigated per
placenta. For image analysis, a Q-Imaging (Fast 1394) digital camera acquired images
from each sample. For each section, 5 fields were selected for imaging in a system-
atic fashion, moving around the section in system of partial turns of stage adjuster. In
total, approximately 40 high-power fields of view were analysed per placenta.

Images were acquired using Image-Pro Plus software (Version 6.3). Test point
counting was employed to obtain volume densities. Intersection counting using
a superimposed grid lattice was used to calculate surface area densities. Indices
calculated included villous volume density, fetal capillary volume density, fibrin
(inter-villous fibrin deposition) volume density, villous surface area density, capil-
lary surface area density. From this intervillous space (IVS) volume density (1 e

villous volume density), total blood volume density (IVS þ capillary volume
density), ratio of fibrin: villous volume densities, ratio of capillary: villous volume
densities and total surface area density (villous þ capillary surface area densities)
were calculated.

2.4. Statistics

The normality of the distribution of the median relaxation time and stereolog-
ical values across the subject group was tested using D’Agostino and Pearson
omnibus normality test: T1 and T2 results were normally distributed and therefore
analyses of their relationships with gestation were performed using parametric
tests. Not all stereological variables were normally distributed, therefore non-
parametric tests were used for all analyses involving stereological variables.
Test of correlations were consistently two-tailed. Linear regression analysis was
performed to define linear trends in the data. Graphpad Prism (Version 4.01) was
used for statistical analysis. No corrections were made for multiple statistical
comparisons.
3. Results

3.1. Relationship between placental relaxation times and gestation

30 women underwent a single MRI examination at a range of
gestations between 21.9 and 41.7 weeks (mean 32.9). Of the 30
women scanned, one scan was terminated before completing the
entire T1 sequence due to maternal claustrophobia, thus there were
29 remaining T1 results.

Fig. 2 shows the relationship between relaxation times and
gestational age at the time of scan. A significant negative correla-
tion was seen between both T1 and gestational age (Pearson’s
p¼ 0.01) and T2 and gestational age (Pearson’s p¼ 0.03). When
expressed as a linear regression, this showed a fall in T1 across
gestation of 20.2 ms/week (95% confidence interval �35.1
to �5.2 ms/week, intercept¼ 1684 ms, r2¼ 0.22, p¼ 0.01) and in T2
of 2.4 ms/week (95% confidence interval �5.6 to �0.3 ms/week,
interval intercept¼ 280 ms, r2¼ 0.16, p¼ 0.03). (Distribution of
data across gestation; weeks 20e23 þ 6, n¼ 1, mean T1 1407 ms,
mean T2 217ms; weeks 24e27þ 6, n¼ 7, mean T11170ms, mean T2
225ms; weeks 28e31þ6, n¼ 8, mean T11000ms, mean T2 195ms;
weeks 32e35 þ 6, n¼ 2, mean T1 935 ms, mean T2 198 ms; weeks
36e39 þ 6, n¼ 10, mean T1 904 ms, mean T2 194 ms; weeks
40e41 þ 6, n¼ 2, mean T1 1017 ms, T2¼163 ms.)

3.1.1. Correlations between placental stereological analyses and
relaxation times

From the 30 patients who were scanned, 17 placentas were
analysed stereologically following delivery. Failure to analyse
placentas was due to non-collection e.g. if the researcher was not
informed of delivery, the woman delivered elsewhere or the
researcher was not available. No significant correlations were
observed between relaxation times measured at time of scan and
placental stereological variables (Table 1).

As placentas were collected following term deliveries (between
37 and 42 weeks, mean age of delivery 39.8 weeks), often some
time after theMRI scan, and bearing inmind the change in T1 and T2
over gestation, three further analyses were performed. In the first,
a subgroup population who all had scans within a week of delivery



Table 1
Table of relaxation times and stereological variables. (Ratios of V¼ villous volume density, IVS¼ inter-villous space volume density, F¼ fibrin volume density, F/V- fibrin/
villous density, C¼ capillary density, C/V¼ capillary/villous density, TB¼ total blood volume density and SAV¼ villous surface area density mm2/mm3, SAC¼ capillary surface
area density mm2/mm3.)

Relaxation Time
(ms)

Stereological Variables

T1 T2 V IVS F F/V C C/V TB SAV SAC

945 195 0.75 0.250 0.096 0.128 0.029 0.038 0.279 249.8 645.0
1199 213 0.695 0.304 0.082 0.119 0.057 0.083 0.362 267.0 113.1
803 145 0.611 0.388 0.065 0.107 0.043 0.071 0.431 306.6 117.5
808 234 0.687 0.312 0.084 0.123 0.083 0.121 0.396 272.7 188.3
795 224 0.785 0.214 0.088 0.113 0.046 0.059 0.261 214.1 118.9
1407 217 0.675 0.324 0.040 0.060 0.030 0.044 0.354 245.6 761.4
725 142 0.639 0.360 0.066 0.103 0.040 0.062 0.440 261.0 100.0
1291 237 0.655 0.345 0.070 0.107 0.051 0.079 0.396 254.3 127.7
1100 175 0.669 0.330 0.106 0.158 0.046 0.069 0.377 229.8 111.5
675 187 0.721 0.279 0.088 0.122 0.048 0.067 0.327 252.3 108.1
1933 151 0.622 0.377 0.042 0.068 0.056 0.090 0.433 222.3 100.6
1276 242 0.722 0.277 0.080 0.110 0.041 0.049 0.313 183.4 558.3
959 215 0.680 0.319 0.059 0.088 0.030 0.044 0.349 150.2 703.4
955 201 0.688 0.311 0.05 0.072 0.05 0.072 0.361 228.5 904.7
573 181 0.707 0.293 0.022 0.031 0.056 0.080 0.349 194.3 849.4
998 155 0.731 0.268 0.043 0.058 0.068 0.093 0.336 238.2 158.8
900 240 0.615 0.384 0.065 0.106 0.087 0.141 0.471 195.8 122.0

Fig. 3. Graphs showing relationships between a) fibrin volume density and b) the
fibrin: villous volume densities ratio and relaxation times in the subgroup population
scanned within 1 week of delivery. Significant correlations were observed with T2 (a)
p¼ 0.02 and b) p¼ 0.03). Linear regression analysis demonstrated a linear trend
(plotted line) between T2 and fibrin volume density, r2¼ 0.57, p¼ 0.05, and the ratio of
fibrin: villous volume density, r2¼ 0.59, p¼ 0.04.
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were analysed. In this subgroup (n¼ 7, mean gestational age at scan
38.9 weeks, at delivery 39.1weeks), significant correlations were
observed between T2 relaxation time and the fibrin volume density
and fibrin: villous densities ratio (Spearman’s p¼ 0.02 and 0.03
respectively) (Fig. 3). In the second analysis, a subgroup of women
who were scanned within 2 weeks of delivery (n¼ 10, mean
gestational age at scan 38.9 weeks, at delivery 39.5weeks), were
analysed: no significant correlations between relaxation times and
stereological variables were observed. In the third analysis, the
linear regression model for the relationship between gestational
age and relaxation times (Fig. 2) was used to predict T1 and T2
values for each of the seventeenwomen (whose placentas had been
analysed stereologically) for the exact day of their delivery. Using
this method no significant correlations were found between T1 and
T2 values and placental stereological variables.
4. Discussion

The most important finding in this study is a clear correlation
and linear relationship between placental T1 and T2 measurements
at 1.5 T and gestational age. This relationship was previously
demonstrated at 0.5 T [19], but given the differences in imaging and
analysis methodologies, software and the effect of increased field
strength on relaxation and particularly on T1, the fact that this
relationship persists in our study adds considerably to its validity.
T1 and T2 relaxation times are shown to decrease by 20.2 ms and
2.4 ms per week of gestational 1.5 T respectively, giving a total fall
of in T1 of 400 ms and in T2 of 50 ms between 20 and 40 weeks. The
relationship supports the proposition that changes in placental
tissue structure or composition that occur with advancing gestation
significantly influence relaxation times. Of note, the gradient of
decline in T1 across gestation is twice that seen at 0.5 T [19], which
may be attributable to the increase in field strength and might also
support that the previously demonstrated differences in relaxation
times in pregnancies complicated by FGR and pre-eclampsia [19],
may be more readily observed at this field strength.

Our observations on gestational changes in placental T1 and T2
are similar to those seen at 0.5 T [19]. However, our study at 1.5 T
shows a sharper decline in T1 across gestation than was reported at
0.5 T. It is known that field strength strongly influences T1 [15] and
the trend for a steeper decline across gestation at 1.5 T than at 0.5 T
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(gradient 20.2 ms/week at 1.5 T and gradient 9.1 ms/week at 0.5 T)
suggests an enhanced ability to differentiate placentas with longer
or shorter relaxation times at the higher field strength. This addi-
tional differentiability may be important, as shorter relaxation
times have previously been associated with complicated pregnan-
cies [19].

The origin of the observed change in relaxation times with
advancing gestational age remains a matter for conjecture. In this
study, relaxation time values did not correlate with villous volume
densities or total blood volume densities, indicating that other
changes in morphology or function, rather than just increases in
solid or blood volumes, lead to the fall in T1 and T2 towards term.
Previous studies of placental morphology support that villous
densities do not change with gestational age, rather the total
volume of the villi increase, owing to hyperplastic growth of the
placenta [23]. The total volume of the maternal vascular bed
increases with gestational age [24], but if this was the major
influence on relaxation times then a rise rather than fall would be
seen, as the T1 and T2 of oxygenated maternal blood in vivo is
around the upper end of the placental values [25]. That other
changes in placental morphology may influence relaxation times,
rather than the balance of vascular and non-vascular volumes, is
supported by studies looking at MRI magnetisation transfer (an in-
vivo measure of bound protons to total protons) in the placenta
which demonstrated no changes in these values or in non-vascular:
total placental volume ratios assessed stereologically across
gestation [26]. Other studies have also supported the view that the
ratios of total volumes of blood and non-blood placental
compartments remain fairly static across gestation [27] and if so,
the fall in T1 and T2 observed across gestation must be due to other
changes within placental tissue, rather than blood volume alone.

All placentas included in the analysis were delivered at term
when large amounts of placental fibrin were likely to be present.
Fibrinoid volume has previously been shown to correlate positively
with inter-villous volume and villous surface area, but relative to
inter-villous volumes, increases significantly towards term [28].
Our data show a correlation between T2 and placental fibrin
deposition, but only when scan and delivery were within one week
of each other (Fig. 3). As all analysis groups has similar mean
gestational age at delivery, the correlations observed cannot be
explained by the presence of more or less fibrin in placentas of any
group and are more likely to reflect the importance of close timing
of MRI and stereology. These data suggest that fibrin content might
be one of the contributors to the fall in T2 over gestation, although it
is unlikely to be the sole determinant. Intuitively, a negative rather
than positive correlation between fibrin and relaxation times
would be expected as we might assume that the complex macro-
molecular structure of fibrin deposits would result in shorter
relaxation times. Fibrin may, however, be a surrogate marker for
awider change in tissue quality that is influencing T1 and T2. Villous
surface area may be a factor influencing relaxation times, (surface
area of the villi expands with advancing gestation [27,29,30]) but
we did not find a significant correlation between these variables. It
is likely that other factors not investigated here may also influence
relaxation times. Potential candidates include reduced blood
oxygenation (for example, deoxygenated blood generally has lower
T1 values [31]), variations in the fluid content of stromal channels in
the villi [32] or changes in the tissue hydration fraction; found to be
important in other tissues in animal studies [16].

In this study, women were scanned deliberately at a range of
gestations in order to assess the effect of gestational age on relax-
ation times. This caused difficulties in the analysis when relating
MRI findings to stereology, as the stereological variables were
always measured at delivery. There was a correlation between T2
and fibrin content when only those placentas delivered within one
week of scan were considered, but not when all delivered within
two weeks of scan were included, emphasising the importance of
taking gestational changes into account. We attempted to do this by
modelling the gestational changes in T1 and T2 and using the pre-
dicted values for day of delivery in correlations with stereological
values. For several indices, a tighter relationship was seen using this
approach but none reached significance at the 5% level. Although
a significant linear relationship was observed between relaxation
times and gestation, the broad confidence interval surrounding this
slopemay have hindered the linear regressionmodel as an accurate
predictor of T1 and T2 at delivery. In future studies we hope to scan
more women closer to term in order to closely assess the links
between MRI biomarkers and morphology, removing the influence
of gestation. In practical terms this can be problematic, as delivery
may be unpredictable, MR scanningmay be prevented due to size of
the gravid uterus or discomfort lying flat/still and women may also
be less amenable to participation in research in the last few days
before delivery.

Histological studies have demonstrated a range of differences in
placentas from FGR pregnancies including evidence of tissue
damage and repair, increased inter-villous fibrin deposition and
reduced villous volume, surface area and capillary surface area
[4,11e13]. Previous studies at 0.5 T demonstrated that in pregnan-
cies complicated by pre-eclampsia and FGR, relaxation times were
generally lower and frequently below the 90% confidence interval
for the healthy population. From the stereological data presented in
this current study it is unclear which morphological variables, if
any, directly influence placental relaxation times and therefore
whether a difference in relaxation times in FGR could be expected.
However, the clear correlation with both T1 and T2 and gestation at
scan supports the view that relaxation times may be important
biomarkers of placental tissue change and therefore may be useful
in detecting pathological conditions such as FGR. Further work to
test this hypothesis requires stereological measurements of the
placenta together with measurement of relaxation times and other
MRI variables closer to term. These structural measurements might
also be combinedwithMRI assessment of placental blood flow such
as those measured by Intra-Voxel Incoherent Motion and/or Arte-
rial Spin Labelling.
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Sildenafil Citrate Rescues Fetal Growth in the
Catechol-O-Methyl Transferase Knockout Mouse Model

Joanna L. Stanley, Irene J. Andersson, Rajan Poudel, Christian F. Rueda-Clausen, Colin P. Sibley,
Sandra T. Davidge, Philip N. Baker

Abstract—Preeclampsia and fetal growth restriction are responsible for the majority of maternal and perinatal morbidity
and mortality associated with complicated pregnancies. Although their etiologies are complex and multifactorial, both
are associated with increased uterine artery resistance. Sildenafil citrate is able to rescue the dysfunction observed ex
vivo in uterine arteries of women with preeclampsia. The ability of sildenafil citrate to increase uterine artery
vasodilation, thereby decreasing uterine artery resistance and, hence, ameliorated preeclampsia and fetal growth
restriction, was tested in a mouse model of preeclampsia, the catechol-O-methyl transferase knockout mouse
(COMT�/�). COMT�/� and C57BL/6J mice were treated (0.2 mg/mL in drinking water, n�6–12) from gestational day
12.5 to 18.5. Measures of pup growth, including body weight, crown/rump length, and abdominal circumference, were
reduced in COMT�/� mice; this was normalized after treatment with Sildenafil. COMT�/� mice also demonstrated
abnormal umbilical Doppler waveforms, including reverse arterial blood flow velocity. This was normalized after
treatment with Sildenafil. Abnormal uterine artery Doppler waveforms were not demonstrated in COMT�/� mice, although
ex vivo responses of uterine arteries to phenylephrine were increased; moreover, treatment with Sildenafil did improve ex vivo
sensitivity to an endothelium-dependent vasodilator. The data presented here demonstrate that Sildenafil can rescue pup
growth and improve abnormal umbilical Doppler waveforms, providing support for a potential new therapeutic strategy
targeting fetal growth restriction. (Hypertension. 2012;59:1021-1028.) ● Online Data Supplement

Key Words: preeclampsia � fetal growth restriction � mice � uterine artery � umbilical artery

Preeclampsia (PE) and fetal growth restriction (FGR) are
pregnancy-specific disorders that complicate �10% of all

pregnancies.1 Together they are responsible for the majority of
maternal and fetal morbidity and mortality associated with
complicated pregnancies.2,3 PE, characterized by the onset of
hypertension and proteinuria during pregnancy, is a leading
cause of maternal mortality.4,5 It is also associated with an
increased risk of stillbirth, sudden infant death, and FGR.1 FGR,
which is defined as a fetus that fails to reach its genetic growth
potential, may be observed in the presence or absence of PE. It
is associated with a greatly increased risk of perinatal mortality
and stillbirth6; smaller size at birth is also associated with
longer-term health consequences, such as an increased risk of
developing cardiovascular disease and/or metabolic syndrome
later in life.7 There are currently only limited treatment options
available for PE and none for FGR; an effective therapeutic
strategy would have major clinical significance.

The etiology of PE and FGR is complex and as yet poorly
understood; common to both conditions, however, is an
increase in uterine artery resistance.8 This leads to reduced

uteroplacental perfusion9,10; in turn, this may impact fetopla-
cental vascular development and result in increased resistance
in the umbilical circulation.11 In addition, hypoperfusion of
the placenta also causes an increase in the production of
reactive oxygen species, such as superoxide anions, which
may reduce vasodilation further because of the scavenging of
NO. It has been demonstrated previously that exposure of
placental arteries to reactive oxygen species, such as super-
oxide, increases contractility,12 suggesting that elevated oxi-
dative stress may play a role in mediating the pathophysiol-
ogy of PE and FGR. It is possible, therefore, that treatments
that increase uteroplacental perfusion may ameliorate the
symptoms of PE and rescue fetal growth.

The aim of this study was to test this hypothesis using a
mouse model, the catechol-O-methyltransferase knockout
mouse, referred to as COMT�/� throughout. COMT�/� mice
have been shown previously to exhibit a PE-like phenotype,
which includes hypertension near the end of pregnancy and
proteinuria.13

The treatment tested in this study was Sildenafil citrate, a
phosphodiesterase-5 (PDE5) inhibitor; PDE5 is a down-
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stream modulator of the vasodilator NO.14 NO plays a vital
role in mediating the cardiovascular adaptations that occur
during pregnancy.15 These adaptations include enhanced
vasodilation, which facilitates adequate fetoplacental perfu-
sion and is observed in both humans16 and mice.17 This
adaptation appears to be missing in arteries taken from
women with PE.16 In addition, impaired endothelium-
dependent vasodilation of myometrial arteries taken from
women with PE and FGR is improved, ex vivo, after PDE5
inhibition.18,19 There is, therefore, evidence that vasodilation
of the uterine circulation is impaired in PE and FGR, which
may be attributed in part to reduced NO-mediated vasodila-
tion. In addition, these studies suggest that PDE5 inhibition
by Sildenafil may be able to improve uterine artery vasodi-
lation, thus mediating improved uteroplacental perfusion and
increased fetal growth. Therefore, this study tested the hy-
pothesis that treatment of pregnant COMT�/� mice with
Sildenafil citrate will improve uteroplacental perfusion, ame-
liorate the PE-like symptoms, and improve fetal growth.

Methods
All of the protocols were approved by the University of Alberta
Health Sciences Animal Policy and Welfare Committee in accor-
dance with the Canadian Council on Animal Care and conformed to
the Guide for the Care and Use of Laboratory Animals (copyright
1996, National Academy of Science).

Animals and Treatments
Female COMT�/� (obtained under a material transfer agreement
from Prof J Gogos, Columbia University) and C57Bl6/J mice
(purchased from Jackson Laboratories) of 8 to 12 weeks of age were
mated nightly with males of corresponding genotype. The day a plug
was detected was denoted as gestational day (GD) 0.5. Sildenafil
citrate (0.2 mg/mL in drinking water; equivalent to 300 mg/d in a
70-kg human, adjusted for altered pharmacokinetics in the mouse20)
or normal drinking water was administered from GD 12.5, which is
when placental development is equivalent to the end of the first
trimester in the human and the time at which uteroplacental circu-
lation is fully open and functional, to GD 18.5 (term is GD 19.5). A
total of 6 treated and 6 untreated C57BL/6J mice were used and 12
treated and 12 untreated COMT�/� mice were used.

Blood Pressure and Proteinuria
Blood pressure was measured using the tail-cuff method (IITC Life
Science, Woodland Hills, CA). Before mating, mice were placed in
restraint tubes for 5 minutes on 3 consecutive days. Nonpregnant
blood pressure was then recorded using tail-cuff plethysmography.
Readings were also made at GDs 10.5 and 17.5.

Urine was collected at GD 18.5 and stored at �80°C. Samples
were then assayed to assess albumin concentration (AssayPro, St
Charles, MO), as well as creatinine concentration (Cayman Chemical
Company, Ann Arbor, MI).

Ultrasound Biomicroscopy
Uterine artery, umbilical artery, and vein blood flow velocities
were assessed at GDs 11.5 and 17.5 using an ultrasound biomi-
croscope (model Vevo 770, VisualSonics, Toronto, Ontario,
Canada). Both left and right uterine arteries and the umbilical
artery from �2 fetuses were assessed (please see the online-only
Data Supplement).

Fetal and Placental Measurements
Mice were culled on GD 18.5 and pups and placentas dissected out.
Pups from the right uterine horn were blotted and weighed and fetal
crown to rump length and abdominal circumference determined. The
gross anatomy of the pups was also examined. Placentas were blotted

dry, weighed, then dried at 40°C, and dry weight recorded. Uterine
arteries from the right horn were dissected clean in cold physiolog-
ical saline solution (in mmol/L: 10.000 HEPES, 142.000 NaCl, 4.700
KCl, 1.200 MgSO4, 1.600 CaCl2, 1.180 KH2PO4, 5.500 glucose,
0.034 EDTA; pH 7.4) and mounted on a wire myograph for
assessment of vascular function.

Ex Vivo Vascular Function
Uterine arteries were collected at GD 18.5. Four segments, taken
from the main loop uterine artery of each mouse, were used; vascular
function was investigated by determining vasoconstrictor responses
to phenylephrine, endothelium-dependent relaxation in response to
methacholine, and endothelium-independent relaxation to the NO
donor sodium nitroprusside (please see the online-only Data
Supplement).

Statistical Analysis
All of the normally distributed data are expressed as mean�SEM
and were compared using the Student t test or 2-way ANOVA that
included genotype and treatment as sources of variation followed by
Bonferroni post hoc test. A P value �0.05 was considered statisti-
cally significant. Sigmoidal curve fitting was performed on wire
myography concentration-response curve data using GraphPad
Prism 5.0 software; curves were then used to determine either EC50
or EC80 values.

Results
Blood Pressure and Proteinuria
Systolic blood pressure was significantly increased in
COMT�/� mice compared with C57BL/6J mice in nonpreg-
nant animals (127.4�2.8 versus 119.3�2.6 mmHg;
P�0.05). This increase was also observed at GD 10.5
(126.8�3.1 versus 118.1�2.2 mmHg; P�0.05). In untreated
mice, there was no difference in systolic blood pressure
between COMT�/� and C57BL/6J mice at GD 17.5, and
treatment with Sildenafil had no effect (please see Figure S1
in the online-only Data Supplement).

Proteinuria was assessed by calculating the albumin:crea-
tinine ratio at GD 18.5. There was a significant effect of
genotype on this measurement (Figure 1; P�0.01). The ratio
was significantly increased in COMT�/� mice treated with
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Figure 1. Proteinuria was significantly increased in catechol-
O-methyl transferase knockout mouse (COMT�/�) mice. There was
a significant effect of genotype on proteinuria, as assessed by
the albumin:creatinine ratio. There was no effect of treatment on
this measure. Mean�SEM, n�6 to 12; **P�0.01 (2-way
ANOVA), †P�0.05 vs untreated COMT�/� mice (Bonferroni post
hoc test). �, untreated; e, Sildenafil treated.
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Sildenafil compared with similarly treated C57BL/6J mice
(Figure 1; P�0.05). Treatment with Sildenafil had no effect
on proteinuria.

Fetal and Placental Measurements
Pup weight was significantly decreased in COMT�/� compared
with control C57BL/6J mice (Figure 2A; P�0.01). This was
highlighted further when pup weight was fitted to a Gaussian
distribution (Figure 2B). Treatment with Sildenafil signifi-
cantly increased pup weight in COMT�/� mice (Figure 2A;
P�0.05). Similarly, crown-to-rump length (Figure 2C) and
abdominal circumference (Figure 2D) were significantly
reduced in pups from COMT�/� mice compared with control
mice (P�0.01 and P�0.001, respectively). Again, treatment
with Sildenafil significantly increased both measurements
(P�0.05).

Placental wet and dry weight were significantly increased
in tissue from COMT�/� mice compared with controls
(P�0.01 and P�0.001, respectively; please see Figure S2A
and S2B, respectively); this was not altered after treatment
with Sildenafil. Pup weight:placenta weight ratio was signif-
icantly decreased in COMT�/� mice (Figure 3; P�0.001);
again, this was not altered by Sildenafil treatment. Pups from
mice treated with Sildenafil were examined for gross abnor-
malities; none were observed in either group.

Uterine and Umbilical Artery Blood Flow Velocity
The hemodynamic and waveform parameters, as observed at
GD 17.5, are detailed in the Table (please see the online Data

Supplement; details of parameters measured at GD 11.5 are
shown in Table S1). There were no significant differences in
uterine artery waveform parameters between C57BL/6J and
COMT�/� mice at either gestational age.

There were, however, significant changes in umbilical
artery blood flow velocity measurements. Minimum umbili-
cal artery velocity and, consequently, echographic markers of
peripheral vascular resistance, such as resistance index and
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Figure 2. Pup growth was significantly
reduced in catechol-O-methyl trans-
ferase knockout mouse (COMT�/�) mice;
this was normalized by Sildenafil treat-
ment. Body weight (A), crown-to-rump
length (C), and abdominal circumference
(D) were all reduced in pups from
COMT�/� vs C57BL/6J mice. All 3 mea-
sures of pup growth were increased after
treatment of COMT�/� mice with Silde-
nafil. Distribution of pup weight from
C57BL/6J and COMT�/� mice is shown
in B. Mean�SEM, n�6 to 12 litters;
*P�0.05, **P�0.01, ***P�0.001 (2-way
ANOVA), †P�0.05 vs untreated
COMT�/� mice (Bonferroni post hoc
test). �, untreated; e, Sildenafil treated.
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catechol-O-methyl transferase knockout mouse (COMT�/�)
mice. Pup weight:placenta weight ratio was decreased in
COMT�/� mice; this was not affected by Sildenafil treatment.
Mean�SEM, n�6 to 12 litters; ***P�0.001 (2-way ANOVA). �,
untreated; e, Sildenafil treated.
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pulsatility index were significantly increased in COMT�/�

mice at GD 11.5 (resistance index) and 17.5 (resistance index
and pulsatility index; P�0.05); interestingly, all of the
hemodynamic parameters were normalized after treatment
with Sildenafil (Figure 4A and 4B; P�0.05). In addition,
reverse umbilical artery blood flow velocity was noted in
COMT�/� mice at GD 17.5; again, this finding was not
present after treatment with Sildenafil (Figure 4C).

Ex Vivo Vascular Function
Uterine arteries from COMT�/� mice exhibited increased
maximal constriction in response to phenylephrine compared
with arteries from control C57BL/6J mice (Figure 5A;
P�0.05). After treatment with Sildenafil, maximal constric-
tion of uterine arteries from COMT�/� mice was normalized
to that of control mice (Figure 5B).

There were no differences in maximal relaxation or sensi-
tivity to methacholine in uterine arteries from COMT�/� and

C57BL/6J mice (Figure 5C). Treatment with Sildenafil in-
creased sensitivity to methacholine in arteries from both
groups of mice (Figure 5D; P�0.05), although there was no
difference in the maximal relaxation achieved. There were no
differences in relaxation in response to the NO donor sodium
nitroprusside between uterine arteries from C57BL/6J and
COMT�/� mice (data not shown).

Discussion
The data presented in this study demonstrate that treatment
with Sildenafil was able to rescue fetal growth in the
COMT�/� mouse model. Sildenafil therapy was associated
with enhanced uterine artery vasodilation and reduced pla-
cental resistance.

There has been limited investigation of Sildenafil as a
putative therapy for PE or FGR. A small, randomized,
controlled trial that investigated the ability of PDE5 inhibitors
to ameliorate the symptoms of PE did not demonstrate any

Table. Hemodynamic Parameters of Uterine and Umbilical Vasculature Evaluated by Ultrasound Biomicroscopy at Gestational Day 17.5

Hemodynamic Parameters

C57BL/6J COMT�/�

ANOVAUntreated (n�5) Sildenafil (n�5) Untreated (n�8) Sildenafil (n�7)

Mean SEM Mean SEM Mean SEM Mean SEM Int Geno Sild

Maternal temperature, °C 36.0 0.2 37.0 0.3 36.3 0.2 36.5 0.6

Maternal heart rate, bpm 566.4 20.8 520.8 17.7 531.6 15.4 531.4 13.3

Average fetal heart rate, bpm 231.6 5.6 199.4 6.0 181.8 14.7 228.6 7.7† *

Uterine artery

VTI, cm 4.55 0.34 5.73 0.61 5.46 0.32 5.06 0.33

Maximum velocity, mm/s 672.6 68.2 705.5 42.5 658.9 21.9 675.5 15.3

Mean velocity, mm/s 496.6 50.0 521.1 41.2 497.0 29.8 484.3 19.6

Minimum velocity, mm/s 232.5 47.0 356.9 48.6 319.0 15.4 290.4 30.8 *

Maximum gradient, mm Hg 1.88 0.36 2.02 0.25 1.98 0.24 1.83 0.08

Mean gradient, mm Hg 0.91 0.17 1.11 0.18 1.01 0.13 0.95 0.07

PI 0.90 0.04 0.69 0.10 0.70 0.06 0.81 0.10

RI 0.56 0.04 0.50 0.05 0.51 0.03 0.57 0.05

Umbilical artery

VTI, cm 1.62 0.14 1.75 0.06 1.54 0.07 1.52 0.09

Maximum velocity, mm/s 147.18 9.21 155.88 4.18 138.40 7.97 150.51 5.19

Mean velocity, mm/s 79.26 4.93 85.28 2.76 72.83 4.83 81.19 3.06

Minimum velocity, mm/s 19.67 1.23 15.03 0.82 1.66 6.34 15.58 1.63† * *

Maximum gradient, mm Hg 0.09 0.01 0.09 0.01 0.08 0.01 0.09 0.01

Mean gradient, mm Hg 0.03 0.00 0.03 0.00 0.02 0.00 0.03 0.00

PI 1.61 0.07 1.65 0.02 1.88 0.10 1.67 0.05 *

RI 0.87 0.03 0.90 0.02 0.98 0.04 0.90 0.03 *

Umbilical vein

VTI, cm 1.11 0.15 1.81 0.04† 1.64 0.12 1.47 0.13 * *

Maximum velocity, mm/s 60.51 7.08 74.76 3.27 64.80 5.04 69.46 5.68

Mean velocity, mm/s 45.69 5.91 60.46 3.00 49.48 3.98 54.16 4.21 *

Minimum velocity, mm/s 31.76 3.99 46.27 4.23† 32.49 3.06 44.94 3.74† *

Maximum gradient, mm Hg 0.016 0.004 0.022 0.002 0.018 0.003 0.020 0.004

Mean gradient, mm Hg 0.010 0.003 0.014 0.002 0.011 0.002 0.013 0.00

VTI indicates velocity-time integral of Doppler signal; PI, pulsatility index; RI, resistance index.
*P�0.05 when effect of genotype (Geno), administration of sildenafil (Sild) or their interaction (Int) was evaluated by 2-way ANOVA.
†P�0.05 vs animals with the same genotype receiving water after Bonferroni post hoc test.
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benefit21; however, plasma concentrations did not reach
therapeutic levels, and the study was discontinued before
recruitment of the planned sample size could be completed.
More recently, a controlled clinical trial in which women with
severe early onset FGR were offered Sildenafil therapy
reported that Sildenafil treatment was associated with an
increase in fetal abdominal circumference.22 The recent
development of animal models that display a PE- and/or
FGR-like phenotype provides a tool that allows a more
thorough investigation of the potential benefits of Sildenafil
therapy for these conditions.

The PE-like phenotype of the pregnant COMT�/�

mouse was first described by Kanasaki et al.13 They
observed a significant increase in systolic blood pressure
compared with wild-type controls at GD 17.5, as well as a
significant increase in proteinuria. Although aspects of the
PE-like phenotype were again demonstrated in this study,
the phenotype differed from that observed previously; an
increase in systolic blood pressure in mice was demon-
strated compared with C57BL/6J controls in nonpregnant
mice and at GD 10.5 (which was not observed in the
previous study). This increase, however, was no longer
present at GD 17.5. Systolic blood pressure was measured
using the tail-cuff method in both studies. Although this

technique is well described, the values obtained may be
more variable than those obtained using telemetry and may
partially explain the differing results observed in this
study. The data presented in this study for control (C57BL/
6J) mice, however, are comparable with those obtained
previously using telemetry.23 The increase in proteinuria
observed was similar in both studies. There was no effect
of Sildenafil on either systolic blood pressure or protein-
uria in COMT�/� mice. The lack of effect of Sildenafil on
systolic blood pressure was consistent with previous re-
ports in mice that have demonstrated that Sildenafil does
not affect blood pressure.24

A small but significant decrease in pup growth was
noted in this study in COMT�/� compared with C57BL/6J
mice; this again differs from the previous study13 but may
be attributed to the difference in gestational age at which
the measurements were made. Sildenafil significantly in-
creased all of the measures of pup growth used in
COMT�/� mice (weight, crown-to-rump length, and ab-
dominal circumference). The significant increase in pla-
cental weight observed in COMT�/� mice, along with a
decreased pup weight:placental weight ratio, suggests that
inadequate placental nutrient exchange capacity (“placen-
tal insufficiency”) may be one cause of the growth restric-
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Figure 4. Sildenafil normalized umbilical
artery blood flow velocity in the catechol-
O-methyl transferase knockout mouse
(COMT�/�). A, Umbilical artery minimum
velocity was significantly decreased and
(B) umbilical pulsatility index was
increased in COMT�/� mice; this was
normalized after treatment with Sildenafil.
C, Example umbilical artery and vein
Doppler waveforms from C57BL/6J and
COMT�/� mice, �Sildenafil. Reverse
end-diastolic flow was observed in
COMT�/� mice (arrow); this was not
seen in COMT�/� mice treated with
Sildenafil. Mean�SEM, n�5 to 8;
*P�0.05 (2-way ANOVA), †P�0.05 vs
untreated COMT�/� mice (Bonferroni
post hoc test). �, untreated; e, Sildenafil
treated.
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tion noted. This, unlike pup growth, however, was not
improved after treatment with Sildenafil.

A number of clinical studies have been performed to
determine the ability of both uterine and umbilical artery
Doppler indices to predict the development of both FGR
and PE. The significance of abnormal uterine artery
Doppler findings is somewhat contentious; changes such
as abnormal uterine artery flow waveform ratios, the
presence of a diastolic notch, or increased resistance or
pulsatility indices have all been associated with the devel-
opment of FGR but have a low-to-moderate predictive
value.25,26 In contrast, abnormal umbilical artery and vein
Doppler waveforms are associated with a greater risk of
FGR. Increased umbilical artery resistance is associated
with decreased birth weight, as well as increased placental
resistance27 and changes in tertiary stem villi vessel
morphometry.28 In addition, cases with more severe ab-
normalities, such as absent or reverse end-diastolic umbil-
ical artery flow, develop severe FGR and demonstrate
significant placental pathology, such as a reduction in
branching of terminal stem villi, which are vital for gas
exchange.29 Abnormal umbilical artery Doppler wave-
forms in cases of FGR are also associated with both
hemorrhagic and ischemic placental lesions.30 Abnormal-

ities of the umbilical vein Doppler waveform are observed
later than those in the umbilical artery and suggest a failure
of the fetal circulation to compensate, that is, fetal cardiac
dysfunction.31–33

The observations made in COMT�/� mice in this study,
including reverse flow and significantly reduced minimum
umbilical artery blood flow velocity, as well as abnormal-
ities in the umbilical vein Doppler waveform, suggest that
the growth restriction observed is associated with in-
creased resistance to flow in the fetoplacental circulation.
A previous study, in which the COMT�/� mouse was
identified as a model of PE, observed that placentas from
these mice demonstrated an increase in the antiangiogenic
factor soluble Fms-like tyrosine kinase 1.13 A reduction in
angiogenesis may be one mechanism by which placental
resistance is increased in this model. The normalization of
pup growth, consequent on Sildenafil therapy, was accom-
panied by increases in umbilical artery and vein blood
flow velocities, consistent with a reduction in placental
resistance.

Although changes in the uterine artery Doppler waveform,
such as an increased resistance index, are associated with
FGR, no such changes were observed in this study. In line
with this finding, ex vivo examination of uterine artery
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endothelial function demonstrated that endothelium-
dependent relaxation did not differ between C57BL/6J and
COMT�/� mice. Although maximal constriction responses to
phenylephrine were increased in uterine arteries of COMT�/�

mice, the pregnancy adaptation(s), which enables full relax-
ation of the murine uterine artery,17 was unaffected. Treat-
ment of both groups of mice with Sildenafil significantly
increased the sensitivity of the response to the endothelium-
dependent vasodilator methacholine. It should be acknowl-
edged that uterine loop arteries were examined in this study,
and that the site of resistance in this vascular bed is the branch
arteries. Kusinski et al,34 however, compared both the con-
tractile (in response to phenylephrine) and endothelium-
dependent vasodilator properties of uterine loop and branch
arteries from pregnant C57BL/6J mice and determined that
there were no significant differences in the maximum con-
tractile or relaxation response between the 2 types of vessel.
It is known that reduced uteroplacental perfusion is associ-
ated with abnormal fetoplacental vascular development and
increased resistance in the umbilical circulation27,30; in-
creased placental perfusion as a consequence of increased
uterine artery dilation may, therefore, have contributed to the
reduced placental resistance observed after treatment with
Sildenafil citrate.

Perspectives
Using the COMT�/� mouse model, it was demonstrated that
reduced pup growth was associated with abnormal umbilical
Doppler waveforms. In addition, it was found that both pup
growth and umbilical Doppler waveforms were normalized
after treatment with Sildenafil citrate; there is evidence that
the effects of Sildenafil were mediated by a reduction in
placental resistance. This important study provides crucial
evidence to support the further research and development of
a potential new therapy for FGR.
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Expanded Methods Section 
 
Ultrasound biomicroscopy 
Both uterine artery and umbilical artery and vein blood flow velocity was assessed at GD 
11.5 and 17.5 of gestation. Both left and right uterine artery, and the umbilical artery 
from at least two fetuses were assessed. Before the procedure, mice were anaesthetized 
with isoflurane (3%) in air. Maternal heart rate, respiratory rate and rectal temperature 
were continuously monitored and anesthetic concentration was adjusted (∼0.5 to 1.5%) to 
maintain a constant maternal heart rate of 550 ± 50 bpm and a respiratory rate of 120 ± 
20 cpm. Heating was adjusted to maintain rectal temperature between 36° and 38°C. Hair 
was removed from the abdomen by shaving followed by a chemical hair remover. Pre-
warmed gel was used as an ultrasound coupling medium. Mice were then imaged 
transcutaneously using an ultrasound biomicroscope (model Vevo 770, VisualSonics®, 
Toronto, ON, Canada) and a 30 MHz transducer operating at 100 frames/s, as previously 
described (35).  In Doppler mode, the high-pass filter was set at 6 Hz and the pulse 
repetition frequency was set between 4 and 48 kHz.  A 0.2 to 0.5 mm pulsed Doppler 
gate was used, and the angle between the Doppler beam and the vessel was <30°. Images 
were recorded for offline analysis. Doppler waveforms were obtained in both uterine 
arteries near the lateral-inferior margin of the utero-cervical junction close to the iliac 
artery on each side. Peak systolic velocity (PSV) and end diastolic velocity (EDV) were 
measured from at least 3 consecutive cardiac cycles that were not affected by motion 
caused by maternal breathing and the results were averaged. The pulsatility index (PI) 
and the resistive index (RI) were used as pulsed-wave Doppler measurements of 
downstream uterine and umbilical artery resistance and were calculated as PI=(PSV–
MDV)/MV and RI=(PSV–MDV)/PSV where PSV=peak systolic velocity, DV=minimum 
diastolic velocity, and MV=mean velocity (time averaged velocity); when MDV<0 a 
velocity of 0.1 mm/s was used for calculation of PI and RI. 
 
Ex vivo vascular function  
Four uterine arteries  segments were mounted  in a wire myograph  (610M, Danish 
Myo Technology, Aarhus, Denmark) using 25µm tungsten wire and warmed to 37ºC 
for 20 minutes before they were normalized according to standard procedures. The 
vessels were then stimulated with phenylephrine (Phe, 10µmol/L) twice, with a 15‐
minute wash  in‐between. Methacholine  (MCh, 10µmol/L) was added at  the end of 
the second Phe‐induced contraction to determine the integrity of the endothelium. 
A Phe dose‐response curve (0.1nmol/L to 10µmol/L in nine steps) was performed, 
followed by careful washing. The vessels were then pre‐constricted with Phe  (at the 
EC80  concentration  calculated  following  the  Phe  dose‐response  curve)  and  the 
endothelium‐dependent  relaxation  response  was  tested  by  a  cumulative  dose‐
response  curve  to MCh  (0.1  nmol/L  to  10  µmol/L  in  nine  steps).  Finally,  a  dose‐
response  curve  to  sodium  nitroprusside  (SNP,  0.1  nmol/L  to  10  µmol/L  in  eight 
steps)  was  performed  to  validate  endothelium‐independent  NO‐mediated  smooth 
muscle relaxation. All chemicals were obtained from Sigma (St Louis, MO, USA).  
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Results 
 
Table S1. Hemodynamic parameters of uterine and umbilical vasculature evaluated 
by ultrasound at gestational day 11.5. 
 

 C57BL/6J (n=5) COMT-/- (n=5) 
Hemodynamic 
Parameters Mean SEM Mean SEM 
Maternal temperature (°C) 36.58 0.17 36.68 0.16 
Maternal heart rate (bpm) 565.2 12.3 574 5.6 
Fetal heart rate (bpm) 161.8 3.5 161.8 4.2 
Uterine Artery     
VTI (cm) 2.618 0.20 2.866 0.31 
Max vel (mm/s) 382.9 26.44 422 30.38 
Mean vel (mm/s) 267.7 17.27 281 24.25 
Min vel (mm/s) 153.8 16.49 169.6 27.22 
Max gradient (mmHg) 0.598 0.08 0.706 0.10 
Mean gradient (mmHg) 0.29 0.03 0.35 0.06 
PI 0.85  0.06786 0.9207 0.073470.06 0.92 0.07 
RI 0.59 0.08 0.60 0.07 
Umbilical Artery     
VTI (cm) 1.046 0.12 0.952 0.19* 
Max vel (mm/s) 79.79 14.28 62.73 7.03 
Mean vel (mm/s) 41.93 6.85 46.96 12.69 
Min vel (mm/s) 11.17 3.52 2.558 1.093* 
Max gradient (mmHg) 0.024 0.006 0.02 0.004* 
Mean gradient (mmHg) 0.008 0.003 0.024 0.016 
PI 1.61 0.21 1.46 0.17 
RI 0.83 0.07 0.96 0.01* 
Umbilical Vein     
VTI (cm) 0.956 0.10 0.5125 0.12* 
Max vel (mm/s) 48.31 7.41 22.63 3.91 
Mean vel (mm/s) 30.7 4.4 16.72 1.5 
Min vel (mm/s) 13.37 3.9 5.435 1.3 
Max gradient (mmHg) 0.01 0.003 0 0 
Mean gradient (mmHg) 0.004 0.002 0 0 

 
VTI: Velocity-time integral of Doppler signal, PI: Pulsatility index, RI: Resistance index, 
*: p<0.05 vs C57BL/6J, Mann Whitney test. 
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Figure S1. Systolic blood pressure was not affected by genotype or treatment in late 
gestation. 
There was no difference in systolic blood pressure at GD 17.5 between C57BL/6J and 
COMT-/- mice. Treatment of both groups of mice with Sildenafil had no effect on systolic 
blood pressure. 
Mean ± SEM, n=6-25; two-way ANOVA. 
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Figure S2. Placental wet and dry weight was increased in COMT-/- mice 
Placental wet (A) and dry (B) weight was significantly increased in COMT-/- compared 
with C57BL/6J mice. This was not affected by treatment with Sildenafil. 
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Kusinski LC, Stanley JL, Dilworth MR, Hirt CJ, Andersson IJ,
Renshall LJ, Baker BC, Baker PN, Sibley CP, Wareing M, Glazier
JD. eNOS knockout mouse as a model of fetal growth restriction with an
impaired uterine artery function and placental transport phenotype. Am J
Physiol Regul Integr Comp Physiol 303: R86–R93, 2012. First published
May 2, 2012; doi:10.1152/ajpregu.00600.2011.—Fetal growth restric-
tion (FGR) is the inability of a fetus to reach its genetically predeter-
mined growth potential. In the absence of a genetic anomaly or
maternal undernutrition, FGR is attributable to “placental insuffi-
ciency”: inappropriate maternal/fetal blood flow, reduced nutrient
transport or morphological abnormalities of the placenta (e.g., altered
barrier thickness). It is not known whether these diverse factors act
singly, or in combination, having additive effects that may lead to
greater FGR severity. We suggest that multiplicity of such dysfunc-
tion might underlie the diverse FGR phenotypes seen in humans.
Pregnant endothelial nitric oxide synthase knockout (eNOS�/�) dams
exhibit dysregulated vascular adaptations to pregnancy, and eNOS�/�

fetuses of such dams display FGR. We investigated the hypothesis
that both altered vascular function and placental nutrient transport
contribute to the FGR phenotype. eNOS�/� dams were hypertensive
prior to and during pregnancy and at embryonic day (E) 18.5 were
proteinuric. Isolated uterine artery constriction was significantly in-
creased, and endothelium-dependent relaxation significantly reduced,
compared with wild-type (WT) mice. eNOS�/� fetal weight and
abdominal circumference were significantly reduced compared with
WT. Unidirectional maternofetal 14C-methylaminoisobutyric acid
(MeAIB) clearance and sodium-dependent 14C-MeAIB uptake into
mouse placental vesicles were both significantly lower in eNOS�/�

fetuses, indicating diminished placental nutrient transport. eNOS�/�

mouse placentas demonstrated increased hypoxia at E17.5, with
elevated superoxide compared with WT. We propose that aberrant
uterine artery reactivity in eNOS�/� mice promotes placental hypoxia
with free radical formation, reducing placental nutrient transport
capacity and fetal growth. We further postulate that this mouse model
demonstrates “uteroplacental hypoxia,” providing a new framework
for understanding the etiology of FGR in human pregnancy.

nitric oxide; pregnancy; placental insufficiency

FETAL GROWTH RESTRICTION (FGR) is defined as the inability of
a fetus to achieve its genetically predetermined growth poten-
tial and is associated with high levels of perinatal mortality and
morbidity (23). The main cause of FGR, in the absence of
maternal undernutrition or fetal genetic anomaly, is placental
insufficiency. The term placental insufficiency, denoting a

reduced ability of the placenta to exchange nutrients and waste
products between mother and fetus, was taken for many years
as being synonymous with reduced blood flow through the
uterine and/or fetoplacental circulations, arising from abnormal
vascular development (15) or dysregulation of uterine and/or
fetoplacental vessels (24). However, more recently, it has
become clear that placental insufficiency can additionally in-
volve physical abnormalities of the exchange barrier [e.g.,
decreased surface area and increased thickness (22)] and mo-
lecular abnormalities [e.g., reduced activity of key plasma
membrane nutrient transporters in the epithelium of the pla-
centa, the syncytiotrophoblast, such as the System A amino
acid transporter (35)]. This information led us to propose that
different placental phenotypes, or mixes of the abnormalities
described above, might lead to different patterns of fetal
growth (35).

In this study, we have investigated the placental phenotype
of the endothelial nitric oxide synthase (eNOS) knockout
mouse (hereafter referred to eNOS�/�), as a mouse model of
restricted fetal growth (9, 30, 39), with systemic vascular
dysfunction and hypertension that persists throughout preg-
nancy (10) but with no evidence of altered placental histology
(9). eNOS catalyzes the cellular conversion of arginine to nitric
oxide (NO), which acts as a potent vasodilator by causing the
relaxation of smooth muscle cells (25). During pregnancy, NO
plays an important role in maternal cardiovascular adaptations
and vasodilation of the systemic circulation, the increase in
uterine and fetoplacental blood flow, the maintenance of low
vascular resistance in the fetoplacental circulation, and the
modulation of myogenic tone in mesenteric and uterine arter-
ies; it is also proposed to be responsible for the reduced
peripheral resistance in pregnant women (1, 36, 40). eNOS�/�

dams have significantly reduced cardiac output in late gestation
(16) and have elevated blood pressure, both prior to and
throughout pregnancy, compared with wild-type (WT) controls
(10), consistent with the concept that eNOS activity is involved
in the regulation of blood pressure in the nonpregnant and
pregnant states (1, 12, 29, 33). On day 17 of pregnancy, the
placentas and fetuses of eNOS�/� mice are reported to be
about 10% lighter (9). However, the placentas of eNOS�/�

fetuses showed no histological abnormalities, leading Hefler et
al. (9) to postulate that the underlying cause of the FGR in the
absence of eNOS expression was reduced circulating NO
leading to abnormal regulation of uteroplacental and/or feto-
placental blood flow. However, the function of uteroplacental
or fetoplacental vessels was not investigated, and no changes in
circulating maternal NO metabolites were found to support this

Address for reprint requests and other correspondence: J. D. Glazier,
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hypothesis (9). Such a notion would, however, be consistent
with the evidence from human studies showing that NO does
have an important role in regulating blood flow through both
uterine and fetoplacental circulations (26, 27) and that such
regulation might be abnormal in FGR (24).

Bearing in mind the maternal cardiovascular abnormalities
observed in the pregnant eNOS�/� mouse, as well as the
evidence that NO appears to have a role in controlling vascular
tone in human placental vessels, the overarching aim of this
study was to test the hypothesis that FGR in the eNOS�/�

mouse was associated with impaired vascular function in
uteroplacental and/or umbilical circulations and that this leads
to allied changes in placental nutrient transport function. Pla-
cental system A amino acid transporter activity was selected as
a model nutrient transporter for study, as a reduction in its
activity has previously been shown to be associated with FGR
and related to its severity (8, 14). To address this hypothesis,
we carried out a multifaceted investigation in pregnant
eNOS�/� mice and performed the following investigations: 1)
measurement of maternal blood pressure and urine protein
excretion; 2) determination of the degree of FGR in eNOS�/�

mice by constructing fetal weight distribution curves similar to
those used in human pregnancy; 3) measurement of the reac-
tivity of uterine and umbilical vessels using wire myography;
4) assessment of whether placental transport capacity was
altered by measuring the expression and activity of the System
A amino acid transporter; and 5) investigation for evidence of
a potential mechanism linking aberrant uterine artery contrac-
tility with reduced System A activity, by measuring tissue
hypoxia and the generation of superoxide free radicals in
eNOS�/� placentas.

METHODS

Mice and Ethical Approval

Animal care and experimental procedures were performed in ac-
cordance with the UK Animals (Scientific Procedures) Act 1986.
eNOS�/� mice were obtained from Jackson Laboratories (strain
B6.129P2-Nos3tm1Unc/J). Homozygous eNOS�/� mice were mated,
and the presence of a copulation plug was denoted as day 0.5 of
pregnancy. C57/BL6J mice, the background strain, were used as WT
control mice for comparison. Animals had free access to food (Beekay
Rat and Mouse Diet; Bantin & Kingman) and water and were
maintained on a 12:12-h light-dark cycle at 21–23°C. All animals
were killed at either embryonic day 17.5 (E17.5) or E18.5 by Schedule
1 procedure in accordance with the UK Animals (Scientific Proce-
dures) Act 1986, and their tissues were harvested.

Genotyping

DNA was extracted from maternal and fetal tail tips using DNeasy
kit (Qiagen), and genotype was determined by a triplex PCR reaction
using the following primers F: 5=-ATT TCC TGT CCC CTG CCT
TC-3=; Mut: 5=-TGG CTA CCC GTG ATA TTG CT-3=; and WT:
5=-GGC CAG TCT CAG AGC CAT AC-3=. Genotyping of pregnant
eNOS�/� dams and randomly selected fetuses from each litter con-
firmed all animals were homozygous for deletion of the eNOS gene.

Maternal Blood Pressure and Heart Rate

Blood pressure and heart rate measurements in nonpregnant mice
and pregnant mice at E10.5 and E17.5 were made using a previously
validated tail-cuff system (IITC Life Science) (42).

Urine Albumin and Creatinine Concentration

Urine albumin concentration was measured at E18.5 using a mouse
albumin ELISA kit (AssayPro), and creatinine concentration was
measured by a creatinine assay kit (Cayman Chemical).

Fetal and Placental Measurements

Fetal and placental wet weights were taken after blotting following
laparotomy. Fetal anthropometric measurements—crown-rump
length (from top of head to start of the tail following the curve of the
spine), abdominal circumference (taken from where the umbilical
cord inserts), and head circumference (above the eyes and ears)—
were performed by a single observer using cotton thread.

Maternal Uterine and Umbilical Artery Function

Main loop uterine arteries were dissected from eNOS�/�, and WT
dams at E17.5 and wire myography were performed as described
previously (17). Constriction was measured using phenylephrine (PE;
10�10 to 10�5M) and in vessels preconstricted with PE, endothelium-
dependent relaxation was assessed with ACh (10�10 to 10�5M).
Myography was also performed on umbilical arteries, as previously
described (17), with the modification that vessels were preconstricted
to an EC80 of U46619.

System A Amino Acid Transporter Activity and Expression

System A activity in isolated mouse placental vesicles. Mouse
placental vesicles at E17.5 were prepared from the maternal facing
plasma membrane of syncytiotrophoblast layer II, and purity was
measured by enrichment of alkaline phosphatase, as described previ-
ously (18). Enrichment of alkaline phosphatase was not significantly
different between groups, confirming comparable membrane purity
(11.7 � 1.9 and 10.5 � 0.8 in eNOS�/� and WT, respectively; n �
6). System A activity was measured as the Na�-dependent uptake of
14C-MeAIB, as described previously (18).

Unidirectional maternofetal transfer of 14C-MeAIB. Pregnant mice
were anesthetized at E17.5 using an intraperitoneal injection of 0.3 ml
Hypnorm-water-midazolam (1:2:1), and surgical procedures were
performed as described previously (5). A 100-�l bolus of PBS
containing 14C-MeAIB (3.5 �Ci) was injected into the tail vein of the
dam, which was killed between 1 and 6 min postinjection. Unidirec-
tional maternofetal clearance (Kmf) of 14C-MeAIB was calculated as
described previously (5).

mRNA expression of system A transporter isoforms. Primers were
designed for the three genes encoding system A isoforms: Slc38a1,
Slc38a2, and Slc38a4 (Table 1). Placentas were harvested at E17.5,
RNA was extracted, and cDNA was generated, as described previ-
ously (4). mRNA expression was measured using real-time quantita-
tive PCR (qPCR) and quantified as described previously (4). All
amplicons were of predicted size, and gene identity was confirmed by
sequencing.

Placental Hypoxia and Free Radical Generation

Hypoxyprobe staining. Mice were treated at E17.5 with an intra-
peritoneal injection of pimonidazole (60 mg/kg Hypoxyprobe-1; Hy-
poxyprobe) 2 h prior to death. Placental tissue was harvested, fixed,
and processed as described previously (4). Five-micrometer sections
were incubated with Hypoxyprobe mouse IgG monoclonal antibody
1:100 (0.7 �g/ml) overnight at 4°C. Nonimmunized mouse IgG serum
replaced primary antibody in negative controls. A biotinylated F(ab=)2

fragment of rabbit anti-mouse IgG (Dako) was applied for 1 h at room
temperature (RT; 1:200). Following signal amplification for 30 min
with 100 �l ABC elite kit (Vector Laboratories), immunoreactivity
was detected with diaminobenzidine followed by counterstaining with
Mayer’s hematoxylin. For quantitative immunohistochemical analy-
sis, four sections from four placentas per litter were assessed for
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staining intensity. Staining intensity in the junctional and labyrinth
zones of the placenta was scored by three individuals blinded to
sample identity on a scale ranging from 0 (no stain) to 3 (intense
stain).

Superoxide and nitrotyrosine staining. For superoxide staining,
20-�m cryosections were taken of the midplacenta at E18.5, washed,
and incubated for 30 min at 37°C with Hanks balanced salt solution
(HBSS). Sections were then incubated with 20 �M dihydroethidium
(DHE; Sigma) for 30 min at 37°C. Samples were then washed with
HBSS. Superoxide was indicated by oxidative fluorescence of DHE.
For nitrotyrosine staining, 8-�m cryosections were incubated with
rabbit anti-nitrotyrosine antibody (1:125, 5.7 �g/ml; Millipore) for 1
h at RT. Following application of an Alexa Fluor goat anti-rabbit
secondary antibody (1:250) for 1 h at RT, immunofluorescent staining
intensity was measured.

Statistical Analysis

Data were analyzed using a Mann Whitney U-test, Student’s t-test,
and one- or two-way ANOVA with post hoc test as appropriate. Data
are presented with n representing individual fetuses and placentas or
the mean value calculated for an individual litter, as indicated in the
legends.

RESULTS

Maternal Blood Pressure and Urinary Protein Concentration

Systolic and diastolic blood pressures were significantly
higher in eNOS�/� mice both prior to, and during pregnancy
(Table 2). Heart rate was significantly lower in nonpregnant
eNOS�/� mice compared with WT controls, but this trend was
not maintained during pregnancy (Table 2). Heart rate in-
creased during pregnancy in eNOS�/� mice but decreased in
WT (P � 0.05, Kruskal-Wallis test). At E18.5, urinary albumin
concentration [mg/dl; median (quartiles)] was significantly

higher in eNOS�/� mice [4.28 (3.54, 6.30)] compared with
WT [0.93 (0.82, 1.82); P � 0.01, Mann Whitney U-test, n �
8 and 7 for eNOS�/� and WT, respectively] as was urinary the
albumin:creatinine ratio [0.68 (0.57, 1.3) and 0.20 (0.11, 0.29),
respectively; P � 0.05, Mann Whitney U-test].

Fetal and Placental Weight

Mean weight of eNOS�/� fetuses at E17.5 was �10% lower
than that of WT fetuses, while placental weight was not altered,
resulting in a significantly reduced fetal:placental weight ratio
(Table 3). To characterize the observed FGR in more detail,
fetal weight distribution curves were constructed for both
eNOS�/� and WT groups (Fig. 1). Fetal weight distribution of
eNOS�/� fetuses was shifted to the left (indicative of a lower
weight) and 32% of the eNOS�/� fetuses had a weight below
the 5th centile of the normal WT distribution. This reduction in
eNOS�/� fetal weight was associated with a significantly
reduced abdominal circumference, while head circumference
and crown-rump length were unaltered (Table 3).

Maternal Uterine and Umbilical Artery Vascular Function

At E17.5, PE induced a dose-dependent constriction in uterine
artery loops from both eNOS�/� and WT dams (Fig. 2A); con-
striction was significantly increased in arteries from eNOS�/�

mice at concentrations of 10�6 and 10�5M (P � 0.05; two-way
ANOVA). In preconstricted uterine arteries, ACh elicited en-
dothelium-dependent relaxation in uterine artery loops from
both eNOS�/� and WT dams, although this was significantly
attenuated in the vessels from eNOS�/� dams (Fig. 2B; P �
0.001; two-way ANOVA). Fetal umbilical artery constriction
in response to U46619 was comparable in eNOS�/� and WT
mice (Fig. 3A). Umbilical arteries preconstricted with U46619
at EC80 and then treated with incremental doses of the endo-
thelium-dependent vasodilators histamine and substance P (SP)

Table 1. Sequences (5=¡3=) and annealing temperatures for primers targeting system A transporters and the housekeeping
gene YWHAZ

Gene GenBank Accession No. Ta, °C Sense Primer Antisense Primer

Slc38a1 NM_134086 55 GAGCAAGTCTTCGGCACCAC CACCATCACCACCAACACTCG
Slc38a2 NM_175121 55 GCGTTGGCATTCAATAGC CGTTCATCATCCGTCTCC
Slc38a4 NM_027052 55 CAATAGAGAAGACGGAAGG GCTGTCCTGAATACTGTC
YWHAZ NM_011740 60 AGCAGGCAGAGCGATATG TCAGCACCTTCCGTCTTC

Ta, annealing temperature.

Table 2. Maternal systolic and diastolic blood pressure and
heart rate in nonpregnant and pregnant WT and eNOS�/�

mice at E10.5 and E17.5

WT eNOS�/�

SBP, mmHg NP 119.3 � 2.6 (25) 132.7 � 3.1** (20)
E10.5 118.1 � 2.2 (26) 132.6 � 3.3** (24)
E17.5 123.0 � 6.0 (8) 138.9 � 3.7* (11)

DBP, mmHg NP 76.9 � 3.9 (25) 92.3 � 4.7* (20)
E10.5 67.3 � 2.2 (26) 84.2 � 3.8** (24)
E17.5 79.9 � 7.6 (8) 97.9 � 4.8 (11)

HR, bpm NP 523 � 14 (25) 444 � 12** (20)
E10.5 498 � 14 (26) 472 � 12 (24)
E17.5 447 � 30 (8) 497 � 17 (11)

Data are presented as means � SE (n � number of dams in parentheses).
NP, nonpregnant; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic
blood pressure; WT, wild type; eNOS, endothelial nitric oxide synthase. *P �
0.05, **P � 0.01 eNOS�/� vs. WT (two-way ANOVA with Bonferroni post
hoc test).

Table 3. Fetal and placental weights, fetal:placental weight
ratio and fetal anthropometric measurements in WT and
eNOS�/� mice at E17.5

WT eNOS�/�

Fetal weight, g 0.88 � 0.01 (136) 0.79 � 0.01*** (242)
Placental weight, g 0.09 � 0.001 (136) 0.09 � 0.001 (242)
F:P ratio 10.23 � 0.19 (136) 9.08 � 0.14*** (242)
Crown rump length, mm 25.23 � 0.24 (43) 25.09 � 0.18 (56)
Abdominal circumference,

mm 24.70 � 0.30 (43) 23.23 � 0.30** (56)
Head circumference,

mm 23.37 � 0.22 (43) 23.00 � 0.26 (56)

Data are presented as means � SE (n � number of fetuses in parentheses).
F:P, fetal-to-placental weight. **P � 0.01, ***P � 0.0001 eNOS�/� vs. WT
(unpaired t-test).
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(Fig. 3, B and C), failed to elicit relaxation in either eNOS�/�

or WT vessels. In contrast, when NO donation was provided by
sodium nitroprusside (SNP; Fig. 3D), umbilical arteries of both
groups showed a similar dose-dependent response in endothe-
lial-independent relaxation.

System A Amino Acid Transporter Activity

Uptake of 14C-MeAIB into placental plasma membrane
vesicles was significantly higher in the presence of Na� com-
pared with the absence of Na� (P � 0.001, two-way ANOVA
with Bonferroni’s post hoc test). Na�-dependent uptake of
14C-MeAIB was linear over 15–60 s in both eNOS�/� and WT
placental vesicles (r2 � 0.94 and r2 � 0.95, respectively; Fig. 4A).
However, uptake into placental vesicles from eNOS�/� fetuses
was significantly lower than that into vesicles from WT fetuses
(P � 0.0001; F-test); at 60 s, System A activity in eNOS�/�

placentas was �27% of that in WT. To test whether this
marked reduction in placental System A activity in eNOS�/�

mice in vitro was mirrored by a reduced maternofetal transport
of 14C-MeAIB in vivo, we measured unidirectional maternofe-
tal transfer of 14C-MeAIB (14C-MeAIB Kmf; Fig. 4B). At
E17.5, Kmf for 14C-MeAIB in eNOS�/� mice was significantly
lower compared with WT (P � 0.05; Mann Whitney U-test),
mirroring the in vitro observations. Placental Slc38a1, Slc38a2,
and Slc38a4 mRNA expression showed no differences between
eNOS�/� and WT groups, nor was mRNA expression of the
reference gene YWHAZ altered. Relative to a placental calibra-
tor sample, mRNA expression [median (quartiles)] in

eNOS�/� (n � 9) and WT (n � 6) groups was 0.92 (0.64, 1.71)
and 0.85 (0.73, 1.19) for Slc38a1, 0.69 (0.50, 0.93) and 0.36
(0.21, 0.69) for Slc38a2, 1.08 (0.82, 1.61) and 0.87 (0.81, 1.05)
for Slc38a4, and 1.15 (0.78, 1.64) and 1.06 (1.00, 1.25) for
YWHAZ, respectively.

Hypoxia and the Generation of Superoxide Free Radicals in
the eNOS�/� Mouse Placenta

Figure 5 shows representative examples of immunostaining
detecting hypoxic adducts in the placentas of eNOS�/� and
WT mice following injection of Hypoxyprobe into the preg-
nant dams. All placentas exhibited immunoreactive product in
both the spongiotrophoblast of the junctional zone, as well as
the labyrinth. In all placentas, staining intensity in the spong-
iotrophoblast was consistently more intense than that in the
labyrinth (Fig. 5, A and B). Following quantitative assessment
of staining intensity, the spongiotrophoblast of eNOS�/� pla-
centas demonstrated significantly greater staining intensity
compared with WT placentas (P � 0.05, Mann Whitney
U-test; Fig. 5D). There was no difference in the intensity of
staining in the labyrinth between the groups (Fig. 5E). Immu-
noreactive specificity was confirmed by the absence of staining
in negative controls, where primary antibody was replaced by
nonimmune mouse serum (Fig. 5C). At E18.5, DHE immuno-
fluorescent staining intensity (detecting superoxide) was sig-
nificantly increased in eNOS�/� mice (126 � 15% intensity of
WT control, means � SE, n � 10 litters; P � 0.05 one-sample
t-test), indicative of oxidative stress. However, no differences in
nitrotyrosine staining (arbitrary values), as a permanent footprint
of peroxynitrite, were observed between groups (92 � 14 and
70 � 14 for eNOS�/� and WT, means � SE, n � 6 or 7; P �
0.05).

DISCUSSION

Several phenotypic features observed in eNOS�/� mice,
such as lower fetal weights (9, 30, 39), a prepregnancy hyper-
tension (2, 12, 29, 33) that was maintained throughout preg-
nancy (10), and an increase in heart rate over gestation (16),
agree well with previous observations. The increase in heart
rate may be invoked to try and compensate for the lower stroke
volume and cardiac output in eNOS�/� mice at late gestation,
arising from improper cardiovascular remodeling and adapta-
tions (16). We have also demonstrated that eNOS�/� mice at
E18.5 had proteinuria, contrasting with the observations of
others who did not observe any difference in urine protein
concentration but did report an increase in urine protein excre-
tion in eNOS�/� mice toward late pregnancy that was not

Fig. 1. Fetal weight distribution curves at embronic day 17.5 (E17.5). Mean
fetal weight of endothelial nitric oxide synthase �/� (eNOS�/�) mice (dashed
line, r2 � 0.79; n � 242 fetuses, 41 litters) was significantly lower than in
wild-type (WT) control mice (solid line, r2 � 0.97; n � 136 fetuses, 20 litters).
The vertical dashed line represents the 5th centile on the WT curve (725 mg),
revealing 32% of eNOS�/� fetuses fall below this.

Fig. 2. Maternal uterine arterial reactivity at E17.5.
Constriction of loop uterine arteries in response to phen-
ylephrine (PE; A) was significantly greater, and relax-
ation by ACh (B) was significantly lower, in eNOS�/�

mice (dashed line; n � 10 from 5 dams) compared with
WT controls (solid line; n � 8 from 4 dams). *P � 0.05,
**P � 0.001; two-way ANOVA with Bonferroni post
hoc test.
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observed in the C57BL6/J background strain (10). The hemo-
dynamic and metabolic characteristics of pregnant eNOS�/�

mice, with the existence of prepregnancy hypertension, deviate
from the classification of preeclampsia in human pregnancy of
“gestational hypertension that was not present prior to preg-
nancy coupled with proteinuria” (37), suggesting this model
might be better regarded as a model of human chronic hyper-
tension rather than preeclampsia.

This study, for the first time, has examined the vascular
reactivity of both uterine and umbilical arteries in eNOS�/�

mice, allowing differential effects of eNOS gene ablation on
the uteroplacental and fetoplacental circulations to be explored.
Our evidence of increased vasoconstriction to PE and reduced
relaxation to the endothelium-dependent vasodilator ACh of
eNOS�/� uterine arteries (Fig. 2) is consistent with previous
observations in different vascular beds of nonpregnant mice,
showing that deletion of eNOS resulted in enhanced PE-
induced constriction and reduced vasodilatory capacity to ACh
(3, 7, 12, 21). It is of interest that myometrial arterial reactivity

in human FGR mimics the responses observed here in uterine
arteries of eNOS�/� mice; myometrial vessels isolated from
human FGR pregnancies showed increased constriction (U46619
and arginine vasopressin) and reduced endothelium-dependent
relaxation (bradykinin) compared with controls (41).

In keeping with our previous findings (17), both histamine
and substance P, as endothelial-dependent agonists, were inef-
fective in eliciting vasodilation of umbilical arteries in both
WT and eNOS�/� mice (Fig. 3), showing that this lack of
response was unrelated to eNOS activity and NO production.
However, umbilical vessels from both groups demonstrated
vasodilation in response to donated NO following SNP treat-
ment, confirming NO signal transduction mechanisms were
intact. This phenomenon has been observed in human umbil-
ical arteries, with endothelium-dependent agonists that usually
elicit vascular relaxation having no effect on preconstricted
arteries (38). These results suggest that agonist-induced NO
release may not be an important regulator of fetoplacental
arterial tone in mice, and it is possible that, in common with the

Fig. 3. Umbilical arterial reactivity at E17.5. A: max-
imum constriction of umbilical arteries in response to
U46619 in eNOS�/� mice (Œ; n � 22 arteries from
seven litters) was similar to WT controls (�; n � 13
arteries from seven litters). Each data point represents
the mean constriction from two vessels from the same
animal. The horizontal line represents the median.
B–D: relaxation of umbilical arteries of eNOS�/�

mice (dashed line; n � 22 arteries from seven litters)
compared with WT controls (solid line; n � 13
arteries from seven litters). The endothelium-depen-
dent vasodilators histamine (B) and SP (C) did not
elicit relaxation in arteries preconstricted to U46619
(EC80) in either eNOS�/� or WT mice. Arteries from
both groups of mice showed a dose-dependent relax-
ation to the NO donor SNP; there was no significant
difference between eNOS�/� and WT mice (D).

Fig. 4. System A amino acid transporter activity at E17.5. A: System A activity (Na�-dependent 14C-MeAIB uptake) in placental vesicles of eNOS�/� (dashed
line; n � 6 vesicle isolates from 17 dams with 98 fetuses) mice compared with WT controls (solid line; n � 6 vesicle isolates from 19 dams with 144 fetuses).
Lines were fitted with least squares linear regression, and uptake was significantly lower in eNOS�/� mice at all time points (*P � 0.001; F test). B: unidirectional
maternofetal clearance of 14C-MeAIB (14C-MeAIB Kmf) across placentas of eNOS�/� (Œ; n � 10 litters with 59 placentas) and WT (�; n � 9 litters with 67
placentas) mice. Each data point corresponds to the mean value of 14C-MeAIB Kmf calculated for one litter. Horizontal line denotes the median. *P � 0.05; Mann
Whitney U-test.
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human fetoplacental vasculature, flow-induced NO release
might be more important (19). Collectively, our observations
point to dysfunctional regulation of the uteroplacental, rather
than the fetoplacental, circulation in eNOS�/� mice.

At E17.5, eNOS�/� fetuses displayed a significantly smaller
abdominal circumference (Table 3) in agreement with others
(32), with a significantly reduced trunk diameter of eNOS�/�

embryos detectable as early as day 8.5 of pregnancy (31).
However, in contrast with others, we did not observe a reduced
crown-rump length (9, 32) or head circumference (32). Over-
all, our data suggest the growth restriction of eNOS�/� fetuses
is asymmetric, with evidence of reduced placental efficiency,
as exemplified by the lower fetal:placental weight ratio (i.e.,
lower weight fetus produced per gram of placenta compared
with WT). These characteristics are similar to those seen in
human FGR (6).

One of the novel aspects of this study in eNOS�/� mice was
that placental amino acid transport was examined, allowing
mechanistic insights regarding whether nutrient transport was
altered in this model of FGR. This aspect was investigated in
vivo by measuring placental System A transporter activity as
the maternofetal clearance of 14C-MeAIB, a specific substrate
of system A. We demonstrated that in the placentas of
eNOS�/� fetuses, maternofetal clearance of 14C-MeAIB was

significantly reduced. This paralleled observations in vitro
where System A-mediated uptake of 14C-MeAIB into isolated
plasma membrane vesicles was also significantly reduced in
the placentas of eNOS�/� fetuses. As the vesicles were derived
from the maternal facing plasma membrane of syncytiotropho-
blast layer II of mouse placenta, this stands as a plausible
plasma membrane locus underpinning the aberrant system A
activity (18). Both approaches clearly demonstrated that the
placenta of eNOS�/� fetuses has reduced System A transporter
activity and a diminished ability to transport 14C-MeAIB as a
substrate to the fetus (Fig. 4). This phenomenon was not asso-
ciated with a change in expression of Slc38a1, Slc38a2, or
Slc38a4 genes, which encode for the three sodium-coupled neu-
tral amino acid transporter (SNAT) isoforms, SNAT1, SNAT2,
and SNAT4 that mediate system A activity, suggesting that the
reduced system A activity was attributable to posttranscriptional
regulation.

As System A is down-regulated by reduced oxygen concen-
tration in human placental cytotrophoblast cells (28), we ex-
plored the possibility that dysfunctional regulation of uterine
artery contractility in eNOS�/� mice leads to diminished
oxygen delivery and tissue hypoxia, contributing to the re-
duced System A activity. Using Hypoxyprobe, we found the
degree of hypoxia in the spongiotrophoblast of placentas from

Fig. 5. Immunohistochemical staining for placental hypoxia. Hypoxyprobe was used to localize hypoxic adducts by pimonidazole binding at E17.5 in WT control
(A) and eNOS�/� (B) mice (	40 magnification). C: negative control showed absence of immunoreactive staining. Assessment of Hypoxyprobe staining intensity
in the spongiotrophoblast (D) and labyrinth (E) in mouse placentas from WT (�; n � 16 placentas from four litters) compared with eNOS�/� (Œ; n � 20 placentas
from five litters). Staining intensity in the spongiotrophoblast layer was significantly higher in eNOS�/� mice compared with WT, but this trend was not observed
in the labyrinth. Horizontal line represents the median. *P � 0.05; Mann Whitney U-test. BS, maternal blood space; D, decidua; GC, giant cell; L, labyrinth;
Sp, spongiotrophoblast.
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eNOS�/� fetuses was relatively higher compared with WT.
However, there was no evidence of increased labyrinthine
hypoxia in eNOS�/� placentas (Fig. 5). We consistently ob-
served that the spongiotrophoblast was relatively hypoxic com-
pared with labyrinth in both groups. This maintenance of
relative hypoxia and oxygen gradients between neighboring
cellular layers is intriguing and accords well with previous
reports describing relatively low levels of oxygen in tropho-
blast giant cells, spongiotrophoblast, and glycogen cells of the
junctional zone compared with closely apposed cells or the
labyrinth (20, 43). The physiological significance of this is
incompletely understood but may relate to the sustainment of
endocrine and paracrine functions performed by cells compris-
ing the junctional zone (11). We cannot exclude the possibility
that regions of the labyrinth experienced a mild hypoxia, which
was not detectable within the threshold of sensitivity by this
approach (pimonidazole binds at oxygen tensions of �10
mmHg; 1.5% oxygen). A relative lack of labyrinthine hypoxia
in the eNOS�/� placenta might also reflect reduced fetal
extraction of oxygen by the growth-restricted fetus, as sug-
gested in human FGR (34). Nevertheless, our observation of
increased superoxide generation in the placenta of eNOS�/�

mice is certainly compatible with the notion of a hypoxic
period followed by reperfusion injury and subsequent in-
creased cellular oxygenation (13) related to abnormal uterine
vascular reactivity. Various cytotoxic events arise from the
cellular accumulation of superoxide, including lipid peroxida-
tion, protein denaturation, DNA oxidation, and perturbed in-
tracellular signaling (13). The reduced placental system A
activity observed here with both in vitro (vesicle uptake) and in
vivo (maternofetal clearance) approaches using MeAIB as a
substrate, suggests that the defect giving rise to this effect in
eNOS�/� mice was retained following plasma membrane iso-
lation. This implicates either an intrinsic change in the plasma
membrane of syncytiotrophoblast layer II that influences Sys-
tem A catalytic activity and/or that SNAT proteins have been
modified in some way that alters transporter activity. We
cannot distinguish between these possibilities, and this clearly
merits further investigation. However, it is noteworthy that the
magnitude of the reduction observed in System A activity in
vesicles from eNOS�/� mice in vitro (�73%) was markedly
greater than that observed in vivo, as measured by maternofetal
clearance (�21%). Direct comparison of these observations is
difficult given the disparate methodologies, but it is tempting to
speculate that endogenous intracellular and/or extracellular
factors present in vivo modulate system A activity further.

Perspectives and Significance

Two major observations are reported in this study; FGR in
eNOS�/� mice is associated with impaired uterine artery
function and diminished placental System A amino acid trans-
porter activity. These observations extend the characterization
of functional phenotype in eNOS�/� mice and also advance
knowledge regarding the mechanisms that underlie the etiology
of FGR in this model. Uterine arteries of eNOS�/� mice
exhibited greater vasoconstriction and impaired vasodilatory
capacity compared with WT, implicating dysregulation of the
uteroplacental circulation. This observation generated the pos-
tulate that altered uterine arterial reactivity leads to ischemia/
reperfusion events, evidenced by the increased placental hyp-

oxia and superoxide generated in eNOS�/� placentas. The
highly novel finding that placentas of eNOS�/� fetuses exhib-
ited impaired nutrient transporter capacity, as measured by
System A amino acid transporter activity, mirrors the trend
found in human FGR, where the reduction in placental System
A amino acid transporter activity is related to the severity of
FGR. Collectively, our data suggest a new framework for
understanding the etiological pathway linking maternal cardio-
vascular dysfunction to FGR: abnormal uterine arterial func-
tion reduces fetal growth predominantly by causing hypoxia
and free radical production in the placenta with effects on
placental nutrient transport capacity, rather than through re-
duced oxygen delivery to the fetus per se. Three different
models of human FGR have previously been proposed by
Kingdom and Kaufmann (15) based on phenotypes describing
placental villous development and placental and fetal oxygen-
ation. One of these models, uteroplacental hypoxia, is compat-
ible with the etiological pathway of FGR as proposed here for
the eNOS�/� mouse. This suggests that the eNOS�/� mouse
model might be usefully applied to characterizing a subpopu-
lation of women with heterogeneous disease, which is cur-
rently described by the single term of FGR. Using this and
other gene knockout mice could provide a novel framework to
explore different FGR aetiologies, thus providing an experi-
mental classification of the disease.
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