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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
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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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