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ABSTRACT 

 

Aberrant brain development in utero accompanied by fetal growth restriction 

(FGR) increases the risk of neurodevelopmental disorders in later life. However there are 

limited non-invasive biomarkers in the brain for the early identification of said 

neurodevelopmental disorders in an animal model of FGR. Guinea pig sows were fed 

either ad libitum (Control) or 70% of the control diet pre-pregnancy, increasing to 90% at 

mid-pregnancy (MNR) creating appropriately grown (AGA) Control and FGR-MNR 

neonates, respectively. Three to four weeks corrected post-natal age, neonates were 

imaged using magnetic resonance imaging (MRI) and spectroscopy (MRS) techniques, 

and were killed 48-72 hours later for histological analysis. FGR-MNR neonates had 

smaller brain weights, whole brain volume, hippocampal volume and lateral ventricle 

volume, which correlate to histological findings. While there is a reduction in the 

hippocampal volume, there are no differences in hippocampus metabolite ratios between 

the AGA-Control and FGR-MNR neonates. Interestingly, there was a reduction in the 

width of the stratum oriens and stratum radiatum in the hippocampus proper, as well as 

the width of the polymorphic layer in the dentate gyrus, with no changes in pyramidal 

and granule cell number in the FGR-MNR neonates compared to AGA-Control neonates. 

In conclusion, MNR in guinea pigs produces FGR neonates that display catch up growth 

and structural differences in the brains while no changes in the metabolite levels in the 

hippocampal region of the brain. Together these results involve MRI and MRS as reliable 

imaging tools to detect the presence of brain injury for the future use of biomarkers for 

neurodevelopmental disorders and potential therapeutic interventions in the neonate 

period. 
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1. Fetal Growth Restriction 

1.1.1 Fetal Growth Restriction Incidence and Classification 

Fetal growth restriction (FGR) occurs in up to 5-10% of all babies born in Canada and is 

defined clinically, and in research, as birth weight below the 3rd, 5th, or 10th percentile for 

gestational age (Lackman et al., 2001; Lausman et al., 2012). FGR infants are considered 

to be pathologically small, unlike babies born constitutionally small or small for 

gestational age (SGA), due their inability to attain his or her in utero growth potential. 

FGR increases the risk of fetal mortality, neonatal morbidity and mortality, and later life 

health issues, with risk proportional to the severity of FGR (Rossavik et al., 1996; Seeds 

& Peng, 1998; Doctor et al., 2001). Due to the severity and increased risk of health issues 

with FGR babies, an early and accurate follow-up of FGR babies is essential.  

 

FGR can be distinguished with the use of customized growth curves and Doppler 

velocimetry (Dubiel et al., 2000, 2003; Verburg et al., 2008). There are many resources 

available during pregnancy, and post-natally to assist in the determination of FGR. Pre-

natally, a fetal weight standard growth curve is used with the assistance of ultrasound to 

monitor the gestational growth of the fetus.  These growth curves are standardized to 

ensure accurate determination of FGR, SGA or appropriately grown fetuses and neonates. 

Such standardizations include maternal factors such as age, height, weight, and ethnicity 

to decrease confounding variables in the diagnosis and distinction of FGR (Arbuckle et 

al., 1993). Environmental and socioeconomic factors are also included in the growth 

curve analysis which include maternal habits such as smoking, drug use, and health status 

including nutritional intake (Arbuckle et al., 1993; Gardosi & Francis, 2009; Figueras & 

Gardosi, 2011). Post-natally, standard growth curves for growth of the neonate are 

continually monitored (de Jong et al., 1998). The customized growth curves compared to 

whole population growth curves increase the likelihood of determining an FGR born 

versus an SGA born offspring and can increase assessment of perinatal morbidities and 

mortalities in FGR born offspring (de Jong et al., 1998; Clausson et al., 2001; Figueras et 

al., 2007). 

 

There are other prognosticators of fetal growth used as adjuncts to fetal growth curves.  
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Fetal ultrasound allows for measuring body proportions like fetal length, weight, head 

circumference, and femur length, also known as fetal biometry, as all of these measures 

can be indicators of delayed or altered fetal growth in utero (Verburg et al., 2008). 

Amniotic fluid and placental ultrasound are used in conjunction with fetal biometry to 

further confirm FGR diagnosis (Youssef et al., 1993; Thame et al., 2004). Doppler 

assessment of the uterine artery and umbilical artery can also be used to further 

investigate whether a fetus is pathologically small or FGR, vs constitutionally small 

(Lausman et al., 2012). An abnormal Doppler of the uterine artery waveforms, in both the 

first and second trimester, refines the risk of FGR due to placental insufficiency (Martin 

et al., 2001; Papageorghiou et al., 2001). The umbilical artery Doppler waveform in FGR 

cases is usually found to be abnormal with increased resistance to flow, and in the 

extreme with either absent or reversed end-diastolic flow velocity, due to a mal-

developed terminal villous compartment (Krebs et al., 1996; Macara et al., 1996). Each 

of these measures has its own diagnostic value, however many abnormal measures are 

present in one case of FGR due to the many causes of FGR. 

 

1.1.2 Causes of Fetal Growth Restriction 

Normal fetal growth depends on the genetic potential of the fetus, the development and 

efficiency of the placenta, and the state of the maternal environment. Therefore the causes 

of FGR fall under three main categories: fetal, placental, and maternal. Fetal factors are 

the least common of the causes and can include various genetic factors, including fetal 

aneuploidy, congenital abnormalities, and infections such as cytomegalovirus (Demirci et 

al., 2015). Placental causes include idiopathic placental insufficiency, abnormal umbilical 

cord insertion, nuchal cord, placental infarcts, placenta previa, and multiple gestations 

(Pollack & Divon, 1992). In each case the placenta, the nutritional and oxygen bridge 

between mother and fetus during pregnancy, is improperly developed and therefore offers 

insufficient nutrients and oxygen required for proper development and growth (Keswani 

et al., 2015). Maternal causes of FGR include smoking, drug abuse, hypertension, and 

under- or malnourishment, which can then lead to improper placental development.  
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Maternal under-nutrition is a large problem in developing countries with limited food 

supply. However, under- and malnutrition are also issues in the developed world since 

many individuals experience food insecurity, consume food lacking specific 

macromolecules, as well as suffer from eating disorders (Tarasuk, 2001; Pike et al., 

2013). Undernourishment has specifically been shown to cause developmental changes in 

the structure and function of the placenta in both humans and rodent models, including 

the guinea pig (Sohlstrom et al., 1998; Aplin, 2000; Roberts et al., 2001a, 2001b). In 

humans, insufficient nutrient intake poses limitations to the placental metabolic and 

synthetic activity, which then interferes with the production of a functioning placenta 

with proper nutrient transport (Baschat, 2004).  

 

1.1.2.1 Placental Insufficiency 

The placenta is the interface between maternal and fetal compartments and it allows for 

proper delivery of oxygen and nutrients to the fetus. Placental development begins with 

the invasion and development of vascular connections and spiral arteries in the 

trophoblast, followed by formation of the maternal circulation and the intervillous space 

(Chaddha et al., 2004). The placenta then further develops the maternal microvillous and 

the fetal basal layer for nutrient and oxygen delivery. These steps of placental 

development require sufficient nutrients to undergo angiogenesis and tissue protein 

synthesis; if nutrients are not available, there will be a reduction in placental growth, 

alterations in placental structure development, and a smaller placental size by the end of 

gestation (Chaddha et al., 2004). Maintenance of placental transport is a highly energy 

intensive process such that the placenta consumes up to 40% of all oxygen and 70% of 

the glucose supplied by the mother to the placenta (Pardi et al., 2002). Therefore nutrient 

and oxygen delivery to the placenta must exceed the placental demand so that the fetus 

can then receive nutrients and oxygen.  

 

Proper blood flow across the placenta to the fetus is essential in the proper development 

of the fetus. Changes in vasculature, including abnormal trophoblastic invasion, and 

subsequent improper remodeling of the spiral arteries, are some of the changes that occur 

in placental insufficiency reducing umbilical venous blood flow suggesting a decrease in 
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fetal villous perfusion (Baschat, 2004; Chaddha et al., 2004; Brett et al., 2014). A 

subsequent decrease in umbilical artery end-diastolic velocity stimulates redistribution of 

blood flow in the fetal circulation (Baschat, 2004). Shunting of the umbilical venous 

blood to the heart, away from the liver elevates right ventricular afterload for preferential 

distribution of cardiac output to the heart and brain (Krebs et al., 1996; Pardi et al., 

2002). 

 

Deficient nutrient delivery such as a decrease in glucose, amino acids and fatty acids, can 

cause problems with placental metabolism and synthetic activity, which can then interfere 

with the endocrine feedback loops and active transport mechanisms responsible for 

nutrient delivery to the fetus and continued placenta development throughout gestation 

(Jansson & Persson, 1990; Jansson & Powell, 2007). All of the above defects can cause 

placental insufficiency such as reduced utero-placental blood flow, reduced placental 

size, and damage to placental structure; all responsible for the multisystem disorder of 

FGR. 

 

1.1.2.2 Maternal Undernourishment 

Maternal undernourishment plays a large role in the development of FGR. Early evidence 

of the effects of maternal undernourishment on newborn weight in humans occurred 

during the Dutch Famine. The famine occurred between the years of 1944 and 1945 but 

researchers also include 1946 cohorts as some of these women would have been exposed 

to the famine during pregnancy.  The results of this naturally occurring study of maternal 

undernourishment varied depending on the time of onset of famine. Experiencing the 

famine at the time of conception and the first trimester, the famine did not affect birth 

weight or length, but demonstrated an increase in placental weight, suggesting some sort 

of compensatory mechanism in the placenta has occurred to ensure adequate oxygen and 

nutrient delivery to the fetus throughout pregnancy (Lumey, 1998; Stein et al., 2004). If 

women were in their second or third trimester of pregnancy during the famine there were 

significant decreases in both birth weight and birth length, suggesting growth restriction 

occurred (Stein et al., 2004). In addition to the changes seen in birth weight and length, 

follow up studies have demonstrated an increased risk for metabolic syndrome, 
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cardiovascular disease, and neurodevelopmental disorders in these individuals exposed to 

the famine in utero (Ravelli et al., 1999; Roseboom et al., 2000; De Rooij et al., 2006; 

Geier & Geier, 2012). 

  

Growth restriction due to maternal undernourishment is very prominent in developing 

countries where there is upwards of 200 million children or 11% of all births that do not 

meet their genetic growth potential due to nutritional, socio-economic, and other health 

related factors that are associated with poverty (de Onis et al., 1998; Walker et al., 2007). 

Studies in these areas of the world have also demonstrated reductions in birth weight, and 

an increased prevalence of cognitive deficits, depression, and behavioral issues from the 

time of childhood to adulthood (Walker et al., 2007). 

 

As described above, maternal undernourishment produces growth-restricted offspring in 

humans and is a large contributor to fetal programming and later life disease outcomes. 

The placenta seems to be the modulator of nutrient and oxygen availability as it has been 

shown to compensate to the adverse maternal environments as described above, 

suggesting that it plays a great role in growth restriction in the maternal nutrient 

restriction (MNR) situation.  

 

1.1.3 FGR Morbidity and Mortality 

FGR is of much interest since there have been numerous studies published pertaining to 

the importance of a healthy in utero environment and the issues that can arise if the 

environment is suboptimal as discussed by the Developmental Origins of Health and 

Disease (DOHaD) (Haugen et al., 2014). Many perinatal and later life consequences of 

FGR have been researched and can occur due to FGR. Prematurity is a factor which can 

cause issues as infants born FGR are 2-3 times more likely to be delivered spontaneously 

pre-term as assessed using fetal growth standards (Lackman et al., 2001). In addition to 

the risk of prematurity, there are many other risks related to FGR. There is an increase in 

stillbirth associated with the severity of growth restriction and a 5-6 fold increased risk of 

perinatal death for both pre-term and full term fetuses with FGR (McIntyre et al., 1999; 

Lackman et al., 2001; Frøen et al., 2004).  There are also a number of short-term 
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morbidities that can occur with babies born FGR. Such morbidities include perinatal 

asphyxia, perinatal stroke, hypothermia, hypoglycemia, polycythemia and sepsis due to a 

compromised immune system (McIntyre et al., 1999; Doctor et al., 2001; Wu et al., 

2004).  

 

1.1.4 Fetal Programming 

Fetal programming is a process whereby an intrauterine insult has occurred that can have 

lasting or lifelong effects on the individual after birth (Lucas, 1994; Barker, 1998). This 

phenomenon has become known as the ‘Barker Hypothesis’ or DOHaD (Haugen et al., 

2014). Programming occurs during critical stages of development such as periods of rapid 

cell division that can lead to three different outcomes: 1) direct damage, such as early loss 

of a limb 2) induction, deletion, or impaired development of a somatic structure resulting 

from a stimulus or insult during a critical period or 3) physiological re-setting by an early 

stimulus or insult at a critical period with long term consequences for endocrine/ 

autocrine/ paracrine axes (Lucas, 1994).  

Maternal under nutrition, as described above, is one of the insults that drives fetal 

programming to alter the structure of the placenta, redistribute blood flow, and alter 

metabolism through an increase in catabolism, and through the endocrine system by 

changing insulin levels and insulin like growth factor (Barker, 1998). Although these 

changes in programming are essential for survival of the fetus, they can be detrimental in 

later life if the environment does not stay constant and can permanently alter the growth 

of the neonate and leave the individual at an increases risk of developing later life health 

issues. 

 

The idea of permanent fetal programming came about when it was first studied in babies 

of low birth weight who were seen to be hypertensive in adulthood and had an increased 

risk of developing cardiovascular disease (Osmond et al., 1993; Barker et al., 2005). 

Individuals born with low birth weight also had a higher risk of developing metabolic 

syndrome and type II diabetes, and becoming obese (Hales et al., 1991; Law et al., 1992; 

Forsen et al., 2000). More recently, maternal undernourishment has been positively 

correlated with adverse brain development, abnormal behavior, and later mental disorders 
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Each of these can be attributed to fetal programming and provides further evidence for 

the theory of DOHaD whereby an insult that occurred due to an adverse intrauterine 

environment has lasting and detrimental effects later on in life (Morgane et al., 2002; 

Rees & Harding, 2004; Geva et al., 2006a, 2006b; Morsing et al., 2011; Rees et al., 

2012; Abel et al., 2013; Kallankari et al., 2015; Starčević et al., 2016). This information 

is of increasing importance to determine the flow of events from a poor intrauterine 

environment and begins to elucidate ways to decrease brain developmental events later in 

life. 

 

1.1.5 FGR and Post-natal Growth 

Catch-up growth, or the rapid post-natal growth displayed by FGR infants, has been 

shown to be a large contributor to the morbidity and mortality of the FGR neonate. The 

phenomenon of catch-up growth was studied early on in humans by Albertsson-Wikland 

et al (1993) although no negative outcomes were discussed in the relation to the 

remarkable rates of growth displayed by both the infant males and females born small for 

gestational age (Albertsson-Wikland et al., 1993). More than 80% of infants born small 

for gestational age will catch up in growth within the first year of life (Karlberg & 

Albertsson-Wikland, 1995). However there are some instances such as in the 20% of 

SGA children that do not catch up by two years, of those, 50% will remain SGA 

throughout adulthood (Karlberg & Albertsson-Wikland, 1995). More recently, 

researchers have discovered the negative impacts that an accelerated post-natal growth 

could have on the morbidity and mortality of FGR infants. One study examined catch up 

growth after one year of age in babies who had restricted patterns of growth in utero, and 

found an increase in fat deposition at one year of age, although there were no changes in 

the metabolic profile at that time (Beltrand et al., 2009). Additionally, another study has 

shown in humans that individuals who are born growth restricted and displayed catch up 

growth by seven years of age such that they were at an average or above average weight 

at 7 years old, had high rates of death from coronary artery disease in later life (Eriksson 

et al., 1999). In sheep, low birth weight lambs had higher catch up growth in body weight 

than controls, with an increase in fat composition, while having smaller brain sizes after 

2.3 years suggesting catch up growth is associated with FGR and can lead to problems in 
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body mass index, but it may be independent of brain development (Louey et al., 2005). 

Rat pups born growth restricted but placed with a Control lactating dam showed 

increased catch-up growth rates but a reduction in their longevity demonstrating that 

growth restricted infants born into a post-natal environment with an abundance of 

nutrition availability have long term adverse consequences through increased growth 

(Hales & Ozanne, 2003). In contrast, rat pups born growth restricted that had slow post-

natal growth due to a nutrient restricted lactating dam displayed an increase in longevity 

(Hales & Ozanne, 2003). At a more mechanistic level, the effects of placental 

insufficiency leading to FGR linger as an abundance of insulin receptors in the skeletal 

muscle after birth as a fetal adaptive mechanism, which is beneficial in utero (Morrison et 

al., 2010). However this accelerates growth post-natally and puts the neonate at an 

increased risk for insulin resistance and visceral obesity as seen in young human adults 

who have been growth restricted at birth (Morrison et al., 2010). 

  

1.2 Animal Models of Fetal Growth Restriction 

1.2.1 Animal Studies of FGR with Placental Insufficiency 

Many clinical studies have examined the role of placental insufficiency as a contributor in 

the production of FGR. Aberrant placental vascularization and accompanying changes of 

umbilical and uterine artery blood flow are all factors that are related to placental 

insufficiency. Many animal models have been produced to further understand placental 

insufficiency and subsequently, FGR. These models produce placental insufficiency at a 

variety of different time points including pre-pregnancy, mid pregnancy, and late 

pregnancy, and through a variety of different methods. These methods are dependent on 

the animal model as well as the severity of placental insufficiency. Some of these 

methods include carunclectomy with the removal of endometrial tissue (caruncles) prior 

to pregnancy, hyperthermia environments from early pregnancy, placental embolization 

at mid-pregnancy, and uterine artery ligation/ablation at mid-gestation (Lafeber et al., 

1984; Harding et al., 1985; Murotsuki et al., 1997; Regnault et al., 1999). In sheep, all of 

these methods have been successful in producing FGR with decreased fetal weight, 

increased brain to fetal weight and brain to liver weight ratios, and increases in 

hypoxemia and hypoglycemia through alterations of placental blood flow thus decreasing 

the oxygen and nutrients available to the fetus (Robinson et al., 1979; Harding et al., 
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1985; Murotsuki et al., 1997; Regnault et al., 1999). In rats, uterine artery 

ligation/ablation has been used to produce FGR and also displays brain injury in the 

neonates through a decrease in early reflexes and a decrease performance in open field 

testing (Nusken et al., 2008; Black et al., 2015). Lastly, the ligation and ablation model 

has also been used in the guinea pig to produce FGR and this model also shows a 

reduction in fetal and birth weight with evidence of brain injury and later life changes in 

metabolism (Jones & Parer, 1983; Mallard et al., 2000; Turner & Trudinger, 2009). 

Although these methods are successful in producing FGR and the adverse conditions 

associated with FGR, there are still a number of drawbacks to each of these models. 

Specifically in relation to the ligation/ablation methods, increases in fetal demise and 

stillbirth occur which then decrease study numbers and the induction of FGR is 

inconsistent (Turner & Trudinger, 2009). In addition, this model induces placental 

insufficiency in an abrupt, invasive procedure, which does not accurately depict the 

human situation with the chronic insidious development of placental insufficiency. 

 

1.2.2 Animal Studies of FGR with Maternal Undernourishment 

The MNR model is another method for inducing FGR and studying the affects that an in 

utero insult has on fetal development, neonate morbidities and mortalities, and later life 

health outcomes. MNR alters placental development, which mimics placental 

insufficiency with a smaller placenta size and altered placental vascularization (Lumey, 

1998; Sohlstrom et al., 1998; Roberts et al., 2001a, 2001b). Maternal undernourishment 

can be implemented at many different time points such as pre-conception, the time of 

conception, mid gestation, late gestation, or throughout the entire pregnancy. In addition, 

the MNR model can have varying levels of restriction with different types of restriction, 

either global or protein restriction, and each can range from mild restriction allowing 

90% feed of what the ad libitum control group is eating, moderate restriction at 70% of 

what the ad libitum controls are eating, or severe restriction at ≤50% of what the ad 

libitum controls are eating.  

 

MNR can also be studied in varying animal models ranging from rodents, including mice 

and rats, to guinea pigs, and can even be studied in a larger animal model like sheep. 
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MNR at the time of the pre-implantation embryo in rats studied by Kwong and colleagues 

(2000) displayed a delay in cell proliferation in the blastocyst which then gave rise to a 

decreased birth weight, delayed post-natal growth, and later onset hypertension at the age 

of 12 weeks post natal. This study demonstrates that a maternal food restriction at the 

pre-implantation stage of the embryo can alter fetal growth and development and can 

have lasting effects post-natally (Kwong et al., 2000). Vieau and colleagues investigated 

the effects of a 50% MNR in the last week of gestation and during lactation in rats and 

noticed a decrease in hypothalamic-pituitary-adrenal axis function, an increase in 

glucocorticoids in the growth restricted neonates, as well as an increase in hyperactivity 

in the HPA axis in the adult rats (Vieau et al., 2007). A mouse model of FGR through 

moderate MNR impairs physical growth, and increases mental disabilities such as 

increased anxiety and a decrease in overall cognitive function (Akitake et al., 2015). A 

larger animal model of FGR in sheep found that the effects of a 50% reduction in food 

intake beginning in early gestation and continuing until mid-gestation caused a decrease 

in birth weight, cardiac ventricular hypertrophy, and an increased liver weight in the lamb 

neonates (Vonnahme, 2003). MNR has been used in many different animal models to 

produce FGR and is the in utero insult that will be used in this thesis using the guinea pig 

model. 

 

1.2.3 Guinea Pig Model of Maternal Nutrient Restriction (MNR) Induced FGR 

The guinea pig is an excellent model for the study of fetal development, as the guinea pig 

delivers precocious young after a relatively lengthy gestation of 67-68 days, so many 

critical developmental events occur in utero and can be easily delineated to the exact time 

period when they have occurred (Dobbing and Sand, 1970). The guinea pig MNR model 

of 70% food intake of the ad libitum controls, beginning pre-conception and continuing 

until mid-gestation, day 35, and then increasing to a 90% food restriction throughout the 

remainder of the study period has been shown to produce fetal growth restricted offspring 

and fetuses (Kind et al., 2003, 2005; Elias et al., 2016). The labyrinth placental structure 

of the guinea pig, as the main site of nutrient exchange, is more similar to the human 

placenta compared to other non-primate models and is affected by MNR to induce FGR. 

Maternal undernourishment in guinea pigs has been shown to cause reduced placental 
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weight at both mid-gestation and late-gestation with a reduced placental volume, as well 

as a reduction in labyrinth size in early gestation, compared to ad libitum-fed guinea pigs 

(Roberts et al., 2001a). Consequently, a 60% reduction in placental surface area occurs in 

an undernourished guinea pig at the end of gestation as a consequence of the reduction in 

surface density and the proportion of the placenta that is occupied by labyrinth (Roberts 

et al., 2001a). A positive correlation between fetal weight at the end of gestation and 

percent of placenta that was labyrinth was found in guinea pigs (Roberts et al., 2001a). 

The placenta has a pivotal role in the development and growth of the fetus in the guinea 

pig, and if altered by MNR the changes that arise in the placenta can cause FGR. 

 

MNR in the guinea pig produces asymmetrical growth restriction which is evident in the 

brain: liver weight ratios obtained and has also shown to cause increase fetal adiposity, an 

increase in plasma glucose with a decrease in glucose tolerance in addition to an increase 

in systolic blood pressure in later life (Kind et al., 2002, 2003, 2005; Elias et al., 2016).  

 

1.2.4 Guinea Pig Brain Development 

As guinea pigs are pre-natal brain developers over a long gestation, many critical neural 

developmental events and time points occur in utero which can be manipulated by 

creating an adverse intrauterine environment to produce altered brain development much 

like what occurs in human brain development as peri-natal brain developers (Dobbing & 

Sand, 1970; Piorkowska et al., 2014). At the time of birth, both humans and guinea pigs 

have peaked in neuronal development compared to other animal models, including 

rodents, cats and dogs, whose brain development continues in the post-natal environment 

due to their short gestations and altricial young (Lennon et al., 1980). Brain development 

for these animals will occur post-natally so many of the in utero insults will not affect 

brain development unless continued in the post-natal environment. 

 

The guinea pig brain at birth is much further developed than the human brain at the end 

of gestation. Prenatal brain development in guinea pigs allows them to have much more 

neural function at the time of birth due to their peak neurogenesis occurring in utero in 

many brain areas to provide them with more motor skills and cognitive regulatory 
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processes than the human at birth (Dobbing & Sand, 1970). Due to this peak in 

neurogenesis occurring relatively early in the guinea pig brain, the guinea pig at birth has 

been compared to the same cognitive state as a human toddler. Therefore, many of the 

essential developmental events occur in utero for the guinea pig, which makes then an 

ideal animal model for studying brain development after a poor in utero environment. 

 

1.3 FGR and the Brain 

1.3.1 FGR and Neuroanatomical Outcomes 

Injury to the brain can range throughout all structures however many FGR studies are 

interested in the hippocampus. The hippocampus may be one of the most vulnerable 

structures as it is almost entirely environmentally driven, as opposed to genetically 

driven, meaning the hippocampus is very vulnerable to an adverse in utero environment, 

and many of the cognitive deficits seen in FGR are brain tasks associated with the 

hippocampus (Lodygensky et al., 2008). The hippocampus is a structure in the brain that 

is involved in the learning and memory processes and function of the brain. It is 

composed of four different subfields including the i) the subicular complex, ii) the 

entorhinal cortex, iii) the hippocampus proper composed of the cornu ammonis (CA) and 

lastly iv) the dentate gyrus (DG) (Amaral & Witter, 1989) (see Figure 1). The CA areas 

of the hippocampus proper can then be divided further into layers including the stratum 

oriens, streatum pyramidal, stratum radiatum, stratum lacunosum, and stratum moleculare 

(Anderson et al., 2007). Each of these layers are composed of either cell types or fibers 

including pyramidal cells, granule cells, interneurons, and glial cells, axonal tracts, fibers, 

synapses, and dendritic trees. Similar to the CA in the hippocampus, the DG also has a 

layer arrangement and is composed of the polymorphic layer, the granule cell layer and 

the moleculare layer (Ribak et al., 1985). 

 



 

 14 

 

Figure 1: Modified schematic drawing of the neural circuitry of the rodent hippocampus. 

By Santiago Ramón y Cajal. Histologie du Systeme Nerveux de l'Homme et des 

Vertebretes, Vols. 1 and 2. A. Maloine. Paris. 1911. 

 

The neural connections and processes extended throughout the hippocampus are very 

extensive and take up a vast majority of the hippocampus. The majority of the 

hippocampal input is through the Perforant Pathway, which begins at the entorhinal 

cortex (EC) where it continues down a unidirectional circuit throughout the subfields of 

the hippocampus (Amaral & Witter, 1989; Anderson et al., 2007) (see Figure 1). 

Neuronal tracks from the entorhinal cortex feed into the excitatory DG granule cells, 

which project their mossy fibers into the CA3 pyramidal sub-area (Ribak et al., 1985; 

Anderson et al., 2007). The CA3 neurons then continue on to connect with the CA1 

pyramidal neurons making their connection in the stratum radiatum in the CA1 sub 

region (Anderson et al., 2007). These fibers then split to either exit into the subicular 

complex or back to the entorhinal cortex where they project to other areas of the brain via 

the hippocampus efferent fibers. 

Alterations in the development of the hippocampus and the morphometry associated with 

proper hippocampal development have been associated with fetal growth restriction and 

pre-maturity (Lodygensky et al., 2008). Specifically, a reduction in the grey matter 
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volume of the hippocampus and a positive correlation between birth weight and 

hippocampus volume were found through MRI in premature FGR infants (Lodygensky et 

al., 2008). In an animal model, a reduction in the overall size of the hippocampus and an 

increase in lateral ventricle area have been shown in FGR fetal guinea pigs histologically 

(Mallard et al., 1999, 2000). In addition, specific layers in the hippocampus proper, the 

stratum oriens, have been shown to be decreased in a ligation model of FGR in fetal 

guinea pigs suggesting that there is a decrease in pyramidal cell axonal projections or 

dendrites which could be related to the decrease in hippocampal volume (Mallard et al., 

1999). In the same model of uterine artery ligation in one week old guinea pig neonates, 

there was a reduction in pyramidal cell number and stratum oriens volume compared to 

the control animals (Mallard et al., 2000). The loss of even small numbers of specific 

classes of cells in the hippocampus, such as the CA1, CA4 and dentate gyrus significantly 

affects particular neural functions and increases the risk of developing 

neurodevelopmental disorders later in life in both growth restricted rat pups and guinea 

pigs (Mallard et al., 2000; Florian & Nunes, 2010). The tools to be able to accurately 

identify which FGR-born infants will develop neurobehavioural adversities later in life 

are being investigated with the use of brain biomarkers in a non-invasive and safe 

manner. 

 

1.3.2 FGR and Neurobehavioural Outcomes 

A number of developmental events occur in the brain of a fetus, which are energy 

requiring processes in order to develop properly. Initiation of myelination, axonal and 

dendritic growth, synaptogenesis, and proliferation of microglia and astrocytes are all 

examples of developmental events that can be disrupted or altered if nutrients and oxygen 

are not available, such as in a growth restricted fetus. The fetus has the capacity to adapt 

to an adverse environment by changing fetal blood flow distribution to shunt blood to the 

brain and other vital organs to maximize oxygen and nutrient delivery and minimize 

damage to the brain while shunting blood away from non-essential organs (Dubiel et al., 

2003; Poudel et al., 2015). This adaptation is known as ‘brain sparing’, which produces a 

larger head in relation to the body and a smaller liver, and thereby asymmetrical growth 

in an FGR fetus. The disturbances or insults to the brain accompanied with FGR may be 
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overt such as a reduction in brain structure size like the hippocampus, or occult such as a 

disruption in the connections between axonal tracks and synapses throughout the brain 

(Lodygensky et al., 2008).  

 

Studies included in the literature search below did not always specify whether study 

participants were SGA or FGR therefore both will be included in the below information. 

SGA and FGR have been shown to increase the risk of developing poor neurological 

outcomes and disorders later in life. Cognitive deficits can become apparent from a very 

early age in infants born SGA and FGR such as impaired cognitive skills, and a 

compromised memory (Fattal-Valevski et al., 2009; Løhaugen et al., 2013). Learning 

difficulties, and weakened reading and writing skills have been shown to be more 

prominent and frequent in infants born below the 3rd percentile suggesting a pathological 

growth restriction having the biggest impact on neurological outcomes (O’Keeffe et al., 

2003). Behavior is also involved in the developmental differences in children born small 

for gestational age in both school age children and adolescents including increased 

inattentiveness, and restlessness in classrooms (Parkinson et al., 1986; Pryor et al., 1995). 

In addition, birth weight has been positively correlated with IQ score in children. 

 

SES (socioeconomic status) can also play a role in the post-natal brain development, 

learning, and the level of cognition in young children. A higher SES results in 

improvement of children’s cognition compared to children born in a low SES area 

(Christensen et al., 2014). Therefore both the in utero environment and SES contribute to 

poor neurological outcomes of children born SGA and FGR.  

 

FGR not only increases the risk of cognitive deficits and poor neurological outcomes but 

also increases the risk of developing later neurodevelopmental disorders such as attention 

deficit hyperactive disorder, autism, cerebral palsy, and schizophrenia with risk directly 

proportional to the severity of FGR (Mallard et al., 1999; StrangKarlsson et al., 2008; 

Haglund & Källén, 2011; Abel et al., 2013; Dahlseng et al., 2014). 
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1.3.3 Magnetic Resonance Imaging and the Brain 

Magnetic Resonance Imaging (MRI) is a safe and reliable tool used to image and 

quantify the volume of many structures in the human anatomy, including the brain, at 

varying ages in both humans and animals (Woods, 2006). MRI has the capability of 

identifying macro- and microstructural changes of brain tissue in various physiological 

and pathological conditions. To accomplish this, MRI utilizes powerful magnetic fields to 

generate radiofrequency signals from hydrogen atoms throughout the body that can used 

to reconstruct an image (Rooney, 2003). The magnet, magnetic field gradients, and 

surface coil in the MRI machine capitalize on the relaxation and electromagnetic fields 

produced by the magnetized hydrogen atoms to produce different contrasts in the 

anatomy of interest (Rooney, 2003). A common type of MRI image contrast used in brain 

scans is a T2 weighted image, which displays liquids like cerebral spinal fluid and 

adipose rich white matter with high signal intensity. In comparison, the skull and grey 

matter in the brain of a T2 weighted image has lower signal intensity and are much darker 

on the T2 weighted MRI image. MRI is also used for morphometric measures of the 

various structures in the brain such as the hippocampus and lateral ventricles. These 

structures are easy to visualize due to their distinct boundaries and high contrast in MRI 

of the brain of humans, and many animal species including and guinea pigs.  Due to its 

non-invasive nature and high sensitivity, MRI has been used in both clinical and research 

settings to study many disease-like states including Alzheimer’s, Amyotrophic Lateral 

Sclerosis (ALS), cerebral palsy, autism, and schizophrenia. MRI has also been used to 

study the brain in infants born preterm and after perinatal asphyxia, and more recently, in 

FGR infants (Ellis et al., 1999; Bax et al., 2006; Desikan et al., 2009; Yoshida et al., 

2009). 

 

1.3.3.1 Neuroanatomical Correlates for MRI 

Neuroanatomical correlates to MRI can be used to gain additional information on the 

microstructural changes going on in the brain that may provide additional information 

that the MRI might not be able to obtain. Haematoxylin and Eosin (H&E) staining and 

Nissl stains have been used on brain sections to gain more neuroanatomical information 
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on the structural make up of the brain that can be seen with MRI, and the microstructural 

neuron arrangement that can add to the MRI information. The Nissl stain in particular 

stains the Nissl bodies in neural tissue, which are components of the rough endoplasmic 

reticulum, with the amount, form and distribution of Nissl components varying in 

different types of neurons and glial cells (Kiernan, 2010; Garman, 2011). Nissl substance 

can also bind to clusters of DNA and RNA in the nuclei, which can be most prominently 

viewed in the neuron nucleolus. One type of Nissl stain that is popularly used is the 

Cresyl violet stain, which gives the neurons a violet colour leaving the background tissue, 

unstained (Kiernan, 2010). This stain provides excellent visualization of brain cell types 

including neurons, astrocytes, and glial cells and vivid contrast in the brain especially 

between the grey matter and white matter, and for differentiating cell layers and regions 

of the hippocampus.  

 

Measurements of hippocampal layer width, grey matter and white matter width, cross-

sectional area of various regions of the brain are all measurements that are useful in the 

determination of the brain development, arrangement, and neural connections present in 

the brain. Studies have looked at the histology of the FGR guinea pig brain, although 

these studies did not relate these histological findings to MRI work (Mallard et al., 2000; 

Kim et al., 2014; Piorkowska et al., 2014). Therefore utilising both MRI and histological 

neuroanatomical correlates allows for more information to be obtained on the FGR brain 

in neonatal offspring. 

1.3.4 Magnetic Resonance Spectroscopy and the Brain 

Magnetic resonance spectroscopy (MRS) measures a spectrum of in vivo metabolites. 

MRS harnesses the same basic principles as MRI but uses a property known as chemical 

shift to distinguish different metabolites throughout the body.  Chemical shift describes 

the range of frequencies that are produced from the electron clouds surrounding the 

proton nuclei in a metabolite due to the chemical structure (Bluml & Panigrahy, 2013). 

Each metabolite in the brain has a different chemical structure; therefore each metabolite 

will all have a different chemical shift (Bluml & Panigrahy, 2013). Analyzing the 

chemical shift of each metabolite allows researchers to assign the metabolite name to 
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each peak that is produced from MRS at the different frequencies that are expressed as 

parts per million (ppm) (Bluml & Panigrahy, 2013). Although the present study will use 

H1 spectroscopy, there are other methods that can be used to measure metabolism such as 

P31 and C13 (Levine et al., 1992; Morris & Bachelard, 2003). 

 

The sensitivity of MRS to detect different metabolites depends on the strength of the MRI 

magnet that is being used. The lower the magnetic field strength, the more difficult it is to 

separate metabolite peaks as they have very similar shifts in the spectrum, however at 

higher magnetic fields it becomes much easier to separate the frequencies and therefore 

metabolites (Bluml & Panigrahy, 2013). MRS can be used throughout the body but has 

been used extensively in the brain. The spectrum in the brain usually visualized is 

composed of the lipid peak, creatine, choline, myo-inositol, N-acetyl aspartate (NAA), 

glutamate/glutamine, and lactate (Soares & Law, 2009).  

 

The lipid peak can be used to assess induction of apoptosis through the movement of CH3 

molecules in the neuronal tissue as the lipids breakdown from the neuron lipid bi-layer 

(Ahn et al., 2013).  

The creatine peak is composed of both creatine and phosphocreatine, which are involved 

in energy metabolism through the production of ATP (Soares & Law, 2009; Story et al., 

2011). Creatine is relatively stable within cells with no changes in levels throughout 

gestation and shortly thereafter, therefore creatine is commonly used as the denominator 

in the relative quantification of other metabolites (Soares & Law, 2009; Story et al., 

2011). One drawback of using creatine in the quantification of metabolites is the 

vulnerability of creatine to ischemia reperfusion as it is an energy source for the brain 

(Levine et al., 1992). Absolute concentrations of the metabolites can be used instead of 

creatine ratio quantification however the concentration of water per voxel is thought 

remain stable and uniform when calculating the absolute concentrations of the 

metabolites (Li et al., 2003; Jansen et al., 2006). For the purposes of this study, the levels 

of creatine were assumed to be stable therefore the concentrations of the metabolites are 

presented as a ratio over creatine. 
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Choline is comprised of signals from glycerophosphocholine, phosphocholine, and free 

choline. All of these are essential for membrane synthesis and degradation and are also 

intermediates for the synthesis of acetylcholine. Choline has been shown to decrease in 

the first 5 years of life due to myelination and the production of neuronal cell membranes 

while the levels of choline during fetal life are still under debate (Story et al., 2011). 

Myo-inositol (Myo) is a simple sugar that is absent from neurons. It is found in glial cells 

and almost exclusively in the astrocytes as an osmolyte or an astrocyte marker and has 

been known to be a breakdown product of myelin in the brain (Fisher & Agranoff, 1987). 

Glutamate and glutamine (Glx) are two metabolites that are always present together in the 

brain with the same chemical shift and therefore make it difficult to separate the peaks in 

their spectrum. Glutamate (Glu) is an excitatory neurotransmitter and is the most 

abundant neurotransmitter in the brain (van den Pol et al., 1990). Glutamine (Gln) is a 

precursor for glutamate and can be found in both glia cells and neurons as well as in the 

plasma (Pow & Crook, 1996). Glutamate can be made back into glutamine in the glial 

cell though an active process (Pow & Crook, 1996).  

NAA is a peak that is composed of both NAA and N-acetylaspartylglutamate (NAAG). 

The acetate of the molecule is used for myelin synthesis while the aspartate is mostly 

used for energy production and protein synthesis (Moffett et al., 2007). NAA is 

synthesized in neuronal mitochondria from acetyl coenzyme-A and aspartate by NAA 

transferases, which is dependant upon the energy state of the mitochondria (Moffett et al., 

2007). It is then transferred to the neuronal cytoplasm and is finally located in the 

oligodendrocyte to be broken down and used for cellular energy production (Bhakoo & 

Pearce, 2000). NAA has been shown to increase in the fetal brain with advancing 

gestation as more neurons develop and mature (Kreis et al., 2002). Researchers believe 

this increase may be due to the synaptic complexity, increased myelination, and the 

metabolic status and development of neuronal mitochondria (Kreis et al., 2002).  

To date, there have been limited studies aimed at using MRS to understand the 

metabolism of the brain in FGR. One study that looked at the brain of a FGR human fetus 
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found decreased levels of NAA/Cr and NAA/Cho ratios, suggesting that FGR brains, as 

classified by altered cerebral blood redistribution, have altered neuronal and 

mitochondrial metabolism (Story et al., 2011).  Similarly, in two other human FGR fetal 

MRS studies, researchers found a decrease in NAA/Cho ratios in the central brain area 

(Azpurua et al., 2008; Sanz-Cortes et al., 2015). Additionally in an animal model, lower 

levels of NAA in fetal rabbit brain cortex and hippocampal areas have been found, 

suggesting neuronal metabolic impairment (Simoes et al., 2015).  These studies 

demonstrate altered neuronal metabolism and integrity in the FGR fetal brain in both 

humans and in animal models. To our knowledge, there are few studies of human 

neonates born small for gestational age (SGA) using MRS, with the majority of them 

being in premature FGR infants. One study looked at one-year old children who were 

born SGA and observed a significant increase in both the NAA/Cr and Glutamate/Cr 

ratios in the prefrontal cortex. Similarly, in a study of FGR premature neonates, there was 

an increase in absolute NAA levels (Lazeyras et al., 2003; Roelants-Van Rijn et al., 

2004). The latter is very different finding from that in the fetal brains, which suggests that 

there are post-natal developmental changes that occur in human brains (Simões et al., 

2015). There are a limited number of studies in the field of MRS and FGR. Therefore, 

more research is required to explore abnormal brain development following an adverse in 

utero environment exposure in the neonate. 

1.3.3.1 Neuro-anatomic Correlates for MRS 

Metabolic correlates in histological tissue can be used to further investigate the molecular 

differences in the brain on a microscopic level. Different morphological stains can be 

used which can correlate to the metabolite values obtained by MRS, although this 

practise is not widely used. Nissl or H&E staining of the brain can provide morphological 

measures and cell number quantification for determining dendritic and axonal projections 

in the hippocampus, neuronal cell density, and arrangement, which could then correlate to 

the neuronal integrity as represented by NAA in MRS.   

1.4 Summary 

FGR is one of the leading causes of perinatal morbidity and mortality and increases the 

risk of developing later life health disorders. Although idiopathic placental insufficiency 
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is one of the major causes of FGR, MNR is still prevalent and produces alterations in the 

placenta that lead to decreased fetal growth and fetal programming as a compensatory 

mechanism. The adaptation to the adverse in utero environment through fetal 

programming attempts to allow for adequate fetal development, however brain 

development is altered despite ‘brain sparing’. 

 

The brain is a very complex organ and requires high amounts of oxygen and nutrients in 

order to develop properly, and subsequently function properly. Structural changes in the 

brain of an FGR born individual have been described in literature when an inadequate 

amount of nutrients and oxygen are present in the in utero environment. The 

hippocampus is of particular interest as this is one structure in the brain most vulnerable 

to environmental stimuli and the least influenced by genetics and is the brain structure 

involved in many neurodevelopmental disorders that FGR neonates are at an increased 

risk of developing. The need for accurate and non-invasive biomarkers to determine the 

risk of developing such neurodevelopmental disorders later in life is necessary. Although 

these structures have been studied histologically, there are limited studies in both humans 

and animal models of FGR, particularly after MNR, to use MRI as a safe and reliable 

method to image brain injury and developmental abnormalities as potential biomarkers 

for later neurodevelopmental disorders. Although the gross structural differences are 

important for the analysis of risk, the metabolic state of the brain is an essential 

component to how it may function. The ability to utilize both MRI and MRS in the brain 

of a growth restricted neonate will build biomarkers in a crucial time of brain 

developmental plasticity for the potential to intervene with therapeutic targets to prevent 

later neurodevelopmental disorders. We have therefore studied moderate MNR in guinea 

pigs and investigated the neonatal outcomes after being born fetal growth restricted 

including growth profiles, organ weights, and potential brain biomarkers as indicators for 

later neurodevelopmental disorders using a non-invasive imaging technique of MRI and 

MRS.  
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Chapter 2 

RATIONALE, OBJECTIVES AND HYPOTHESES 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.1 Rationale 
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Fetal growth restriction (FGR) occurs when a fetus does not reach their genetic growth 

potential, and is therefore pathologically small versus constitutionally small. FGR is one 

of the most common antenatal complications in developed countries contributing to 5-30 

times increased risk for fetal/neonatal morbidity and mortality compared to appropriately 

grown infants (Ghidini, 1996; Lackman et al., 2001). Depending on the type of morbidity 

or complications, FGR infants may become a large burden to the health care system as 

many FGR born infants end up in the neonatal intensive care unit and require a great deal 

of medical assistance and intervention. This health care burden continues throughout their 

lifespan as FGR born individuals could undergo catch up growth which puts them at an 

increased risk of developing later life adversities, more so than just FGR on its own, 

including cardiovascular disease, metabolic syndrome, type 2 diabetes and 

neurodevelopmental disorders (Hales et al., 1991; Law et al., 1992; Barker et al., 2005; 

Abel et al., 2013; Lui, Jing, Wang, Xiao-Feng, Yan, 2014).  

 

FGR has been studied extensively in the fetus in many animal models to gain a better 

understanding of the determination of FGR in utero and adaptive responses from the fetus 

to an adverse intrauterine environment. Models include uterine caruncletomy in sheep, 

uterine artery ligation/ablation in rats and guinea pigs and protein or nutrient restriction in 

rats and guinea pigs. Moderate Maternal Nutrient Restriction (MNR) in the guinea pig is 

a robust means of producing FGR in an animal model (Elias et al., 2016) that mimics 

human FGR, through a chronic and non-invasive insult throughout gestation, which more 

closely parallels the human situation with moderate to severe FGR (Jones & Parer, 1983). 

This model restricts maternal guinea pigs through a moderate global caloric restriction of 

70% of the ad libitum caloric intake pre-pregnant to mid-pregnancy increasing to 90% 

thereafter until the end of gestation producing asymmetrical FGR, analogous to human 

FGR. Additionally, the fetuses produced by this model are hypoglycemic and 

polycythemic (Elias et al., 2016). MNR in guinea pigs can alter the placental structure, 

through a decrease in placental and trophoblast size, and function through changes in the 

placental transporters and vessel invasion, which mimics placental insufficiency in 

humans (Jones & Parer, 1983; Jansson & Persson, 1990; Dwyer et al., 1992; Roberts et 

al., 2001). This model can also be used to study catch up growth as this is a phenomenon 
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that occurs frequently with FGR born individuals, and may play a role in the neonate 

organ development, although this has not been studied before (Kind et al., 2003, 2002). 

Additionally, brain development in the guinea pig occurs primarily in utero as they are 

pre-natal brain developers which is more similar to human brain development as they are 

peri-natal brain developers (Dobbing & Sands, 1970; Kolb, 1989; Kolb et al., 2000). The 

guinea pig model is more analogous to human brain development compared to other 

rodent models, such as rats and mice, that have post-natal brain development whereby the 

majority of the developmental events in utero would not be as representative in the 

offspring (Dobbing & Sands, 1970; Lennon et al., 1980). After such an insult as MNR, 

our lab has identified markers of hypoxia in the brains of FGR fetal brains, as well as in 

the liver, kidney, and placenta (unpublished data). Moderate MNR, in guinea pigs leading 

to FGR has been studied for both the fetal growth characteristics, and the later life 

adversities that are associated with FGR (Kind et al., 2003, 2005; Elias et al., 2016). 

Although the fetal and placental growth characteristics of the guinea pig after MNR have 

been well studied, there are limited studies that characterize post-natal development after 

FGR in the guinea pig and how the brain is affected after a nutrient restricted intrauterine 

environment. 

 

Numerous developmental events occur throughout gestation, including, but not limited to, 

the development of neurons and neural connection, glial cells, axonal maturation, 

myelination, and synaptic pruning, all of which require a significant amount of energy 

and oxygen (Kato et al., 1997; Hua & Smith, 2004). An inadequate in utero environment, 

such as maternal nutrient restriction or idiopathic placental insufficiency, leads to FGR 

and could lead to adverse development of these processes such as an increase in necrosis, 

or apoptosis leading to decreased neuron cell number, changes in dendritic and axonal 

growth, and altered brain metabolism leading to abnormal brain function. As such, FGR 

with maternal nutrient restriction could impair such energy dependent processes leading 

to altered brain development and potentially later brain developmental disorders. In 

addition to the extensive growth and development in the intrauterine environment, there 

is a vast amount of growth in an FGR born individual, commonly known as catch-up 

growth, which has the potential to negatively affect the neonate (Ong et al., 2000; Hales 
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& Ozanne, 2003; Beltrand et al., 2009; Fattal-Valevski et al., 2009).Although guinea pig 

animal studies focus on a poor intrauterine environment through MNR (Mallard et al., 

2000; Kind et al., 2002, 2003), many do not continue this adverse environment into the 

post-natal years of development which mimics the human situation of maternal nutrient 

restriction and the effect of nutrient restriction on milk production (Rasmussen, 1992). 

 

FGR increases the risk of developing cognitive impairments at school age and future 

difficulties in language memory and learning (Parkinson et al., 1986; O’Keeffe et al., 

2003; Tanis et al., 2012; Christensen et al., 2014). Additionally, the risk of developing 

later mental disorders such as attention deficit hyperactive disorder, autism, and 

schizophrenia intensifies with increasing severity of FGR (Walker & Marlow, 2008; 

Halliday, 2009; Indredavik et al., 2010). As these developmental disorders can occur 

after FGR, the brain structural abnormalities involved in these disorders, such as a 

decrease in hippocampal volume and an increase in lateral ventricle volume, and a 

decrease in grey matter volume are likely to be involved in FGR (Mallard et al., 1999; 

McAlonan et al., 2005; Yoshida et al., 2009). The need for better identification of 

children at risk of neurodevelopmental impairment early in neonatal life by targeting the 

brain structures known to be involved in neurodevelopmental disorders could assist in 

targeting those FGR-born who would benefit from specific interventions. 

Magnetic Resonance Imaging (MRI) is a safe and reliable tool used in many brain 

disorders including schizophrenia, Alzheimer’s and cerebral palsy (Hüppi et al., 1998; 

Tolsa et al., 2004; Bax et al., 2006; Desikan et al., 2009; Yoshida et al., 2009). 

Additionally, there has been an increased usage of MRI in perinatal asphyxia and pre-

term birth in brain by imaging the structures and metabolites in the brain to look at grey 

matter, white matter and the hippocampus and to examine the potential neurological 

outcomes of these children (Baenziger et al., 1993; Foster-Barber et al., 2001; L’Abee et 

al., 2005; Howard et al., 2006). As MRI has become increasingly popular for perinatal 

asphyxia and preterm birth, imaging for FGR has begun to emerge in the MRI field, 

although there are still few studies to date. MRI has the ability to image the entire brain to 

target specific brain structural abnormalities and can therefore be used in brains of FGR-

born individuals. Specific to MRI, growth restricted preterm infants have been imaged 
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using structural MRI, and show a decrease in hippocampus volume compared to controls 

(Lodygensky et al., 2008). This study provided insight into the hippocampus as a 

vulnerable target in the brain to adverse intrauterine environments and therefore will be 

studied in this thesis (Lodygensky et al., 2008). Additionally, one study in fetal FGR 

guinea pigs found a decrease in the hippocampus with an accompanied increase in lateral 

ventricle volume histologically, therefore these two structures may be related to each 

other in the overall brain development in FGR and should be compared to MRI through 

neuroanatomical correlates (Mallard et al., 1999) and will be studied in the present study. 

Magnetic resonance spectroscopy has also been used to study some aspects of FGR, 

including neuronal integrity through N-acetyl aspartate (NAA) in human fetuses although 

there is still little evidence in the neonate (Story et al., 2011; Sanz-Cortes et al., 2015; 

Simões et al., 2015) and in animal models and histological correlates associated with 

NAA, such as neuron counts. Using MRI-MRS in the neonate FGR brain in the guinea 

pig to identify potential brain biomarkers with further investigation into the histology of 

these brains would provide more insight into the developmental changes in an FGR brain 

with hopes of it being used in the development of potential therapeutic interventions and 

decrease later neurodevelopmental diseases in the future. 

 

2.2 Governing Hypothesis 

Magnetic resonance imaging and spectroscopy can identify the presence of brain 

developmental abnormalities and biomarkers in the structure and metabolism of growth 

restricted neonate guinea pigs. 

 

2.2.1 Specific Hypotheses 

1. Neonatal guinea pigs born growth restricted after moderate MNR will demonstrate 

post-natal catch-up growth compared to Appropriate for Gestational Age (AGA)-Control 

neonates with inter-organ differences in growth.  

2. These FGR-MNR neonates will have a reduced hippocampal volume and an increased 

lateral ventricle volume compared to the AGA-Control neonates, which will be detectable 
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using non-invasive MRI. These MRI findings will be consistent with comparable 

histological findings in the same brains. 

3. These FGR-MNR neonates will display altered metabolite levels in the hippocampus 

compared to the AGA-Control neonates, specifically a decrease in N-acetyl-aspartate 

(NAA) concentration indicating a decrease in neuronal integrity which will be detectable 

using non-invasive MRS. These MRS findings will be consistent with comparable 

histological findings in the same brains. 

 

2.3 Aims/ Research Objectives 

 
Aim 1: To characterize the neonate guinea pig growth patterns both whole body and 

organ specific of FGR offspring after in utero moderate MNR. 

 

Aim 2: To determine the presence and extent of structural brain injury that can be 

detected in growth restricted guinea pig neonates using noninvasive T2 MRI along with 

neuro-anatomic correlates as a means of predicting adverse neurodevelopmental 

outcomes.   

 

Aim 3: To determine the presence and extent of brain metabolite alterations that can be 

detected in growth restricted guinea pig neonates using noninvasive MRS along with 

neuro-metabolite correlates as a means of predicting adverse neurodevelopmental 

outcomes. 
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MATERNAL NUTIENT RESTRICTION IN GUINA PIGS AS AN ANIMAL MODEL 

FOR STUDYING GROWTH RESTRICTED NEONATAL OFFSPRING 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 49 

3.1 Introduction 

Fetal growth restriction (FGR) with infants small for their gestational age when born, is a 

major contributor to perinatal morbidity and mortality and for later adverse health 

outcomes, including cardiovascular disease, diabetes, and neurodevelopmental disability 

(Kramer et al., 1990; Pryor et al., 1995; Rossavik et al., 1996; Lackman et al., 2001a). 

This has led to the notion that the intrauterine environment during fetal life can 

“programme” the development of risk factors for these later adverse outcomes and an 

increasing number of human and animal based studies examining mechanisms underlying 

this relationship support this concept (Barker, 1998; Godfrey & Barker, 2000; Armitage 

et al., 2004; Fowden et al., 2006). Moreover, dietary conditions and feeding activity in 

the early post-natal period are likely to impact this relationship with FGR offspring 

showing acceleration of growth for their size, termed “catch-up” growth, at further risk 

for later health impairment as well as obesity (Colle et al., 1976; Eriksson et al., 1999; 

Beltrand et al., 2009).     

           Guinea pigs deliver precocial young after a relatively long pregnancy with many 

developmental events occurring during fetal life similar to that in humans (Carter, 2007). 

Accordingly, moderate maternal nutrient restriction (MNR) in guinea pigs at 70% of an 

ad libitum diet from 4 weeks pre-conception until mid-pregnancy increasing to 90% 

thereafter, has been utilized for inducing FGR and studying maternal, placental and fetal 

growth characteristics. We (Elias et al., 2016) and others (Roberts et al., 2001b; Kind et 

al., 2002, 2005) have shown that this experimental paradigm in guinea pigs leads to 

moderate to severe FGR with fetal weights decreased by 30 to 40% near term, and with 

aberrant placental development, asymmetrical growth, polycythemia, hypoglycemia, and 

evidence of chronic hypoxia in visceral tissues. These findings support the utility of this 

model for inducing FGR with many similarities to that in humans with moderate to 

severe growth restriction whether resulting from maternal undernourishment or placental 

insufficiency (Sohlstrom et al., 1998; Roberts et al., 2001; Kind et al., 2003, 2005).  

Moderate MNR as outlined also targets the insult pre-conception and throughout 

pregnancy (Elias et al., 2016) analogous to the human situation with moderate to severe 

FGR, where intrauterine deprivation is likely to be early in onset (Kramer et al., 1990; 

Pardi et al., 2002).    
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            Moderate MNR in guinea pigs has also been utilized for studying offspring 

outcomes, with hyperinsulinemia seen in FGR-MNR animals as postnatal young adults 

and suggestive of insulin resistance as seen in humans born growth restricted (Hales et 

al., 1991; Kind et al., 2003; De Blasio et al., 2007a). However, while fetal growth 

characteristics have been well described with moderate MNR in guinea pigs, there has 

been limited study of growth characteristics in FGR offspring and the impact on organ 

weights during the early neonatal period and through to adulthood. In the one study by 

Kind et al (2003), absolute growth rates and fractional growth rates were unchanged in 

FGR offspring for the first month post-natal after moderate MNR before and through 

pregnancy. However, only nine FGR animals were studied due to pregnancy losses and 

fractional growth rate was increased the smaller the birth weight in all offspring 

combined supporting the concept of “catch-up growth” in pups that were small at birth 

(Kind et al., 2002). We have therefore studied moderate MNR in guinea pigs and report 

on our pregnancy outcomes in animals delivering spontaneously near or at term, and the 

distribution of newborn weights and means for denoting FGR to further characterize the 

utility of this model. We have also determined the impact on absolute and fractional 

growth rates through the neonatal period and on select organ weights at neonatal 

necropsy, hypothesizing that MNR-FGR animals will show “catch-up growth” as often 

seen in human infants with growth restriction, but with organ-specific differences which 

might then have implications for later disease risk (Albertsson-Wikland et al., 1993; 

Eriksson et al., 1999; Hales & Ozanne, 2003; Beltrand et al., 2009).             

         

3.2 Material and Methods 

3.2.1 Animal Feeding, Breeding and Pregnancy 

A previously established model of moderate MNR in guinea pigs (Sohlstrom et 

al., 1998) was used with all experimental procedures approved by The University of 

Western Ontario Animal Use Subcommittee and followed the guidelines of the Canadian 

Council on Animal Care. The same guinea pigs were used for all three results chapters in 

this thesis and an over view of the general protocol can be referenced in Figure 1. 

Nulliparous female guinea pigs (Dunkin-Hartley, from Charles River Laboratories, 

Sherbrooke, Que, Canada) were housed in individual cages in a dedicated small animal 
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care facility with a 12 hour light/dark cycle and temperature at 25ºC. Animals were fed a 

guinea pig ration diet (Guinea Pig Diet 5025, LabDiet, St. Louis, MO) and after a two 

week period of acclimatization, daily food consumption was monitored and estrous 

cycles were tracked (Lilley et al., 1997). 

Thirty-nine guinea pig sows were randomly assigned to either a Control group fed 

ad libitum or an MNR group fed 70% of the average food intake per kilogram of body 

weight of the ad libitum fed animals as described by Sohlstrom et al (1998). After 2 

weeks of adaptation to respective feeding regimens, animals began the breeding cycle. A 

female found to be in estrous was placed in a cage with a male for 48-72 hours and 

removed when the vaginal membrane was again closed. Animal pregnancies were 

confirmed by ultrasound 14-21 days later with conception taken to be the day prior to 

membrane closure and thereby day zero of gestation. Animals that were not pregnant 

were rebred at their next estrous cycle. During the first 34 days of pregnancy, the MNR 

animals continued at 70% average food intake of the Control animals per kilogram body 

weight, and from 35 days onward this was increased to 90% average food intake of the 

Control animals per kilogram body weight. Throughout the experiment, daily food intake 

and body weight of the animals were monitored 3-4 times per week and the dietary intake 

of the MNR animals adjusted as needed to maintain their food intake at 70% or 90% of 

the average food intake per kilogram of body weight of the ad libitum fed animals.        

 

3.2.2 Pupping, Post-Natal Feeding and Growth Measurements 

             Sows were allowed to continue their pregnancies and deliver spontaneously near 

or at term which is normally at 67 – 68 day`s gestation in guinea pigs. The number of live 

born and demised newborns was noted with weights (g) obtained on all newborns and 

with body length from the tip of the nose to the rump (cm), and abdominal circumference 

(cm) additionally obtained on all live born pups. Newborns were considered to be 

appropriate for gestational age (AGA) if > 95 g and FGR if < 85 g, which was 

extrapolated from past fetal studies using moderate MNR (Elias et al., 2016). 

             Control and MNR sows remained on their respective diets until 15 days post-

natal to mimic the human situation where undernourished mothers are likely to remain 

undernourished through the lactation period (Brown et al., 1986; Emmett & Rogers, 
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1997). However, at this time MNR sows were placed on 100% of the average food intake 

per kilogram body weight of the ad libitum fed animals since pups were beginning to 

wean and were noted to be eating the mother`s food allocation. 

              Neonatal weights were measured every other day to minimize distress caused by 

animal handling. Absolute growth rates (g/day) were then calculated from birth to the end 

of week three post-natal as a measure of early neonatal growth up until weaning (Kind et 

al., 2002, 2003). Fractional growth rates (%/day) were additionally calculated as the 

absolute growth rate for 0 – 21 days divided by the weight at birth which may be a better 

reflection of the anabolic state in animals over this time period (Kind et al., 2002, 2003). 

3.2.3 Neonatal Necropsy and Tissue Collection     

              Neonatal necropsies were undertaken between 23 – 27 days corrected post-natal 

age so that post-conceptual age was comparable for all neonates at the time of necropsy. 

Only AGA newborns from Control group litters and FGR newborns from MNR group 

litters were subjected to neonatal necropsy with no more than 1-2 males and 1-2 females 

to a maximum of 3 offspring per litter utilized. Remaining animals meeting the AGA-

Control and FGR-MNR birth weight criteria were allowed to continue up to young 

adulthood for later study and will be reported on separately. Prior to necropsy, animals 

were weighed and then euthanized with 0.3 cc intra-peritoneal injection of Euthanol 

(sodium pentobarbital, MTC Pharmaceuticals, Cambridge, ON, Canada). Cardiac 

puncture was then carried out to obtain ~ 2 cc of blood in a heparinized syringe which 

was cold centrifuged with the plasma then stored at -80⁰ C for later analysis. This was 

followed by dissection and weighing of the brain, heart, liver, kidneys, pancreas and 

gonads, and extraction of skeletal muscle and peri-renal adipose tissue. These 

organs/tissues were similarly partitioned in all animals and immersion fixed in 4% 

paraformaldehyde and/or flash frozen in liquid nitrogen for later analysis.                  

 

3.2.4 Data Acquisition and Statistical Analysis 

             Litter size and weight were based on live born and demised newborns noted at 

birth. Overall Control and MNR growth characteristics included data from all Control 

sows and their live born newborns, and all MNR sows and their live born newborns, 

excluding data from animals that failed to conceive. Select AGA-Control and FGR-MNR 
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growth characteristics included data from all AGA-Control and FGR-MNR newborns 

who were live born and met the birth weight criteria noted, excepting organ weights 

which were limited to those offspring undergoing neonatal necropsy. Maternal and 

newborn/neonatal characteristic findings are presented as group means ± SEM. Overall 

Control and MNR population characteristics and select AGA-Control and FGR-MNR 

growth and necropsy characteristics were compared using unpaired Student`s t-test for 

group differences, analysis of variance for sex differences, and correlation analysis 

between FR and birth weight (Graphpad Software, San Diego, CA). For all analysis, 

statistical significance was assumed for p<0.05.           

       

3.3 Results 

3.3.1 Breeding and Pregnancy Outcomes 

            Of the thirty-nine guinea pig sows, 18 were bred under ad libitum feeding 

conditions and 21 under MNR feeding conditions assuming breeding and pregnancy 

outcomes would be more adverse for the MNR animals. Two or 11% of the animals bred 

under ad libitum feeding conditions and 4 or 19% of the animals bred under MNR 

feeding conditions failed to become pregnant despite up to four breeding attempts. The 

16 pregnant Control sows delivered at 67.9 ± 0.3 days gestation (range 67 to 71 days) 

with 44 live born and 9 newborn demises, which formed the overall Control population. 

The 17 pregnant MNR sows delivered a day earlier on average at 66.6 ± 0.4 days 

gestation (range 64 to 71 days) (p<.05) with 52 live born and 6 newborn demises which 

formed the overall MNR population.    

3.3.2 Maternal and Newborn Population Characteristics 

            The overall maternal and newborn population characteristics from all ad libitum 

fed control pregnancies and all MNR pregnancies are shown in Table 1. These data are 

presented for all newborns to indicate the population variance and justify the use of birth 

weight thresholds for categorizing AGA-Control and FGR-MNR cohorts as we have 

previously reported for fetal study in MNR guinea pigs (Elias et al., 2016). While 

maternal weights were not different at conception averaging ~ 830 g, at delivery MNR 

sows were 12% lighter at 1094 ± 18 g than Control sows at 1247 ± 41 g (p<.01). Food 

consumption for both animal groups increased through pregnancy as maternal weight 
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increased, with the actual food consumption of MNR sows at conception and at delivery, 

being 30  1 g and 38  1g, respectively, while Control sows consumed 39  2 and 50  6 

g respectively. While litter size did not differ between the two study groups averaging 3-

4, the combined newborn weight per litter was 21% less for the MNR animals at 271 ± 9 

g than that of the Control animals at 342 ± 28 g (p<0.05). This was due to newborn 

weights at delivery for all live born being 25% less in the MNR pregnancies at 79 ± 2 g 

than in the Control pregnancies at 105 ± 2 g (p<.001). The 44 live born Control newborns 

ranged in weight from 132 g to 80 g with the 50th and 10th percentiles being ~ 105 g and 

87 g, respectively, while the 52 live born MNR newborns ranged in weight from 126 g to 

58 g with the 50th and 10th percentiles being ~ 77 g and 62 g, respectively (Figure 2). 

Body lengths were also decreased in the live born MNR newborns by ~ 10% at 15.2 ± 0.2 

cm versus that of the Controls at 16.8 ± 0.2 cm (p<.001), but less than the decrease in 

body weights. As such, body weight/length as a measure of leaness was also decreased in 

the MNR newborns by 17% at 5.2 ± 0.1 g/cm versus that of the Control newborns at 6.3 

± 0.1 g/cm (p<0.001). Abdominal circumference as an additional measure of leaness was 

also decreased in the MNR newborns by ~ 8% at 9.9 ± 0.2 cm versus the Control 

newborns at 10.8 ± 0.2 cm (p<.001).      

            While MNR newborns were smaller than Control newborns on average, there was 

overlap in the population weight distributions as seen in Figure 1, since litter size, 

number of fetuses per uterine horn, and fetal position within the horn are also known to 

impact fetal growth (Detmer & Carter, 1992; Turner & Trudinger, 2000; Piorkowska et 

al., 2014). We therefore chose to establish a select cohort of AGA born offspring from 

the Control group pregnancies and a select cohort of FGR born offspring from the MNR 

group pregnancies for more in-depth comparative study of growth-related parameters. As 

noted, we used > 95 g and < 85 g as our thresholds for categorizing these respective 

cohorts at delivery which was close to the 20th and 10th percentiles for the population 

weight distribution of the live born Control newborns at ~ 97 g and 87 g. Accordingly, 37 

of 44 or 84% of all live born Control newborns were deemed to be AGA, while 41 of 52 

or 79% of all live born MNR newborns were deemed to FGR. While all newborn weights 

in MNR pregnancies were decreased 25% on average compared to Control pregnancies, 

FGR-MNR newborn weights were decreased by 32% at 74 ± 1g compared to that of the 
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AGA-Control newborns at 109 ± 1g (p<.001) (Table 1). Not surprisingly, body 

weight/length and abdominal circumference as measures of leaness were also decreased 

to a greater extent in the FGR-MNR newborns compared to the AGA-Controls by 22% at 

5.0 ± 0.1 g/cm versus 6.4 ± 0.1 g/cm, and by 12% at 9.6 ± 0.1cm versus 10.9 ± 0.1cm, 

respectively (both p<.001) (Table 1). After sexing live born animals, it was determined 

there were 19 Control males of whom 15 were AGA-Controls and 25 Control females of 

whom 22 were AGA-Controls; and 20 MNR males of whom 16 were FGR-MNR and 28 

MNR females of whom 21 were FGR-MNR, with 4 MNR offspring unsexed due to early 

post-natal demise. There were no sex differences evident for any of these maternal and 

newborn population characteristics as assessed using analysis of variance.     

3.3.3 Neonatal Growth Measurements  

            While all AGA-Control newborns survived out to 3 weeks for neonatal growth 

measurements, 4 of the FGR-MNR newborns succumbed during the first week post-natal 

precluding their study. Newborn and weekly neonatal weights for remaining offspring 

over the first three weeks post-natal along with associated growth rates are shown in 

Table 2. FGR-MNR newborn weights for these animals were again decreased by ~ 32% 

at 75 ± 1g compared to that of the AGA-Control newborns at 109 ± 1g (p<.001) and 

while both animal groups showed increased weight through week 1 post-natal, FGR-

MNR offspring continued to be ~ 32% smaller. However, by the end of week 2 post-natal 

FGR-MNR offspring were now only 26% smaller, and by week 3 post-natal this weight 

difference had narrowed to 21% with FGR-MNRs at 227 ± 4g versus the AGA-Controls 

at 289 ± 6g (p<.001). Absolute growth rates over the first 3 weeks post-natal were 

decreased in the FGR-MNR offspring at 7.3 ± 0.2 g/day compared to that of the AGA-

Controls at 8.6 ± 0.2 g/day (p<.001). However, fractional growth rates over this time 

period were increased in the FGR-MNR offspring compared to that of the AGA-Controls 

by 23% at 9.7 ± 0.2 %/day versus 7.9 ± 0.2 %/day (p<.001). Moreover, fractional growth 

rates showed a modest negative correlation to birth weights in the FGR-MNR offspring, r 

= -0.38 (p<.05), but not in the AGA-Control offspring, r = -0.16 (NS), as assessed using 

correlation analysis, shown in Figure 3. There were no sex differences evident for any of 

the neonatal growth rate measurements as assessed using analysis of variance excepting 

for absolute growth rates where males were found to have higher values independent of 
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the effect of MNR (p=.03), AGA-Control males vs females, 9.1 ± 0.5 g/day vs 8.2 ± 0.2 

g/day, and FGR-MNR males vs females, 7.4 ± 0.2 g/day vs 7.1 ± 0.2 g/day; and the week 

3 weights where males were again found to have higher values independent of the effect 

of MNR (p=.03), AGA-Control males vs females, 301 ± 11 g vs 280 ± 5 g, and FGR-

MNR males vs females, 233 ± 6 g vs 223 ± 6 g.     

3.3.4 Neonatal Necropsy Measurements         

            Eighteen AGA-Control offspring (8 males and 10 females) and 18 FGR-MNR 

offspring (9 males and 9 females) were selected for neonatal necropsy measurements. 

These animals were representative of the mean newborn and neonatal weights for their 

respective groups with birth weights and neonatal necropsy weights shown in Table 3. 

While birth weights in these FGR-MNR animals were decreased 35% compared to the 

AGA-Controls at 71 ± 2g versus 110 ± 2g (p<.001), at the time of neonatal necropsy ~ 25 

days later, FGR-MNR weights were only decreased by 16% at 259 ± 10g versus 309 ± 7g 

(p<.01). Mean organ weights obtained at necropsy were all decreased in the FGR-MNR 

neonates compared to that of the AGA-controls, but this was variable with brain weights 

decreased ~ 6% at 3.13 ± 0.05g versus 3.32 ± 0.05g (p<.05), heart weights decreased ~ 

24% at 1.46 ± 0.08g versus 1.91 ± 0.06g (p<.001), liver weights decreased ~ 10% at 11.6 

± 0.6g versus 13.0 ± 0.5g (NS), kidney weights decreased ~ 16% at 2.55 ± 0.09g versus 

3.03 ± 0.09g (p<.01), pancreas weights decreased ~ 28% at 0.57 ± 0.04g versus 0.79 ± 

0.06g (p<.01), testes weights decreased ~ 24% at 0.57 ± 0.04g versus 0.75 ± 0.06g 

(p<.05), and ovary weights decreased ~ 26% at 0.11 ± 0.01g versus 0.15 ± 0.01g (p<.05). 

Organ weights as a percentage of body weight were also assessed as a measure of 

individual organ size relative to that for the body with findings again variable. Whereas 

FGR-MNR brain/body weights were increased compared to the AGA-Controls by ~ 14% 

at 1.23 ± 0.05% versus 1.08 ± 0.03% (p<.05), liver/body weights and kidney/body 

weights remained little changed at ~ 4.3% and 1.0%, respectively, while heart/body 

weights were decreased by ~ 10% at 0.56 ± 0.01% versus 0.62 ± 0.02% (p<.05), as were 

pancreas/body weights by ~ 12% at 0.23 ± 0.02% versus 0.26 ± 0.02, although this was 

not significant due to population variance. There were no sex differences evident for any 

of the neonatal necropsy measurements as assessed using analysis of variance excepting 

for pancreatic weights where there was an interactive effect (p=.005), with the decrease in 
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FGR-MNR neonates from AGA-Controls, much more in females, 0.48 ± 0.05 g vs 0.91 ± 

0.11 g, than in males, 0.66 ± 0.06 g vs 0.67 ± 0.06.    

  

3.4 Discussion 

In the present study we have further characterized pregnancy and neonatal-e outcomes in 

guinea pigs subjected to moderate nutrient restriction prior to conception, throughout 

pregnancy, and continuing during the early post-natal period, as a useful model for 

studying FGR offspring with post-natal catch-up growth. Moderate MNR at 70% of the 

ad libitum diet beginning at least 30 days pre-pregnancy and increasing to 90% of the ad 

libitum intake at mid-pregnancy, resulted in a decrease in maternal weights by 15% on 

the last gestational day, and a decrease in maternal weight after giving birth, but with no 

differences between maternal weights at conception, similar to that found in the MNR 

fetal study (Elias et al., 2016). This pattern was also seen in a study conducted by Kind et 

al., (2003) who noted no differences between maternal weights at the time of mating, 

however they did note a 6% reduction in maternal weight at the time of delivery. 

Likewise, the actual decrease in food consumption at 23% and 32% in MNR sows at 

conception and pupping, respectively, was somewhat less than that reported by Roberts et 

al (2001) at 37% and 36% in their MNR sows which may be attributable to their smaller 

animals. Litter weight was decreased in the present study in the MNR group by 20% 

which is similar to findings by Kind et al (2003) who found a 31% decrease in litter 

weight in their MNR pups (Kind et al., 2003). Interestingly, the present study showed no 

changes in the litter number between the AGA-control and FGR-MNR groups, therefore 

litter number is not a confounding variable in this study however, it is a different result to 

what has been documented in other MNR guinea pig papers describing a decrease in the 

number of pups per litter in the MNR litter (Kind et al., 2002, 2003). These differences 

between studies could be attributed to the differences between the strain of guinea pig 

used and the differences in maternal weights prior to breeding (Sohlstrom et al., 1998; 

Roberts et al., 2001a).   

Time of pupping for the MNR sows was earlier than the Control sows at 66.6 days and 

67.9 days respectively, and of not is a finding similar to that of the human situation where 

the risk of pre-term birth is increased with FGR (Lackman et al., 2001). Birth weights 
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were decreased by 25% on average for all MNR pregnancies in the present study. This 

finding is different from previous studies where there was only a decrease in both weight 

between the male Control and MNR guinea pig neonates (Kind et al., 2003). This sex 

dependent difference in birth weights was shown by a dramatic decrease in MNR male 

birth weights compared to the Control males, while no differences between female MNR 

and Control birth weight, although the animal numbers in the study are less than those in 

the present study (Kind et al., 2003). In addition to birth weights to characterize FGR, 

birth weight to length is commonly used as a measure of leanness and asymmetrical 

growth in addition to the use of abdominal circumference; with the present study 

demonstrating a 17% decrease in the weight/length ratio and a 12% decrease in the 

abdominal circumference in the MNR pups. Similar findings have been shown in fetal 

MNR guinea pig studies (Kind et al., 2005; Elias et al., 2016), and in neonate MNR 

guinea pig studies (Kind et al., 2002, 2003), as well as human FGR studies whether 

derived from maternal undernourishment or idiopathic placental insufficiency (Kramer et 

al., 1990).  

To further study the post-natal population of neonates, we set a threshold of < 85g at birth 

for pups born from the MNR sows and >95g at birth for pups born from Control sows for 

categorizing the AGA-Control and FGR-MNR neonate cohorts. These thresholds are an 

extrapolation from previous fetal work that our lab (Piorkowska et al., 2014; Elias et al., 

2016) and others (Jansson & Persson, 1990) have used for categorizing AGA and FGR 

fetal weights at 60 days of gestation. In the present study, the cutoffs of 85g and 95g fell 

close to the 10th and 20th percentiles for the population weight distribution of the live born 

Control newborns at ~ 87g and 97g, respectively, further justifying their use. All 

newborns that met these weight criteria were studied for neonatal growth pattern analysis 

with representative animals additionally selected for study of neonate necropsy values. Of 

note, four FGR-MNR neonates succumbed to demise within the first two weeks of life. 

This pattern of neonatal mortality is described in sheep and in the human situation where 

FGR neonates are at an increased risk for neonatal mortality and morbidity (Lackman et 

al., 2001a; De Blasio et al., 2007b). 

From the time of birth, weights in the FGR-MNR group were decreased by ~ 32%, 

however at week 3, weights in the FGR-MNR group were only 21% less than the AGA-
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Control animals, indicating that some degree of post-natal catch up growth has occurred. 

FGR-MNR neonates displayed a decreased AGR over the first three weeks post-natal. A 

decreased AGR is not surprising as the MNR sows maintained their 90% intake of the ad 

libitum Control fed diet until day 14 post-natal suggesting that the AGR might be a result 

of changes to the MNR sows milk production and composition and how this can limit the 

post-natal growth of the FGR-MNR neonates (Brown et al., 1986; Grigor et al., 1987; 

Emmett & Rogers, 1997). Guinea pig studies that have allowed ad libitum food intake 

post-natally after a moderate MNR through pregnancy did not show a difference in the 

AGR between FGR born and Control neonates at three weeks of age demonstrating that 

the post-natal environment is a strong contributor to the post-natal growth, as is true in 

humans (Kind et al., 2002; Løhaugen et al., 2013; Christensen et al., 2014). Additionally, 

there was found to be a sex effect independent of MNR grouping suggesting that males 

were growing more than females. This finding is similar to the findings found in growth 

restricted sheep after caruncletomy whereby the males grew more per day than did the 

females independent of the experimental group (De Blasio et al., 2007b).  These findings 

are similar to the human situation where male FGR children from 5 years of age to 10 

years of age show an increased rate of catch up growth compared to the growth restricted 

females (Knops et al., 2005). Fractional growth rate has been known to be a parameter 

which better represents the anabolic state of the animal (Kind et al., 2002), and the 

present study suggests that the FGR-MNR neonates have a higher anabolic rate and are 

therefore building and growing more for their weight in comparison to the AGA-Control 

neonates (Kind et al., 2002; De Blasio et al., 2007b). This finding is different from that 

studied by Kind et al (2003) whereby there were no differences between the FGR 

neonates and the Control neonates (Kind et al., 2003). Of note, there is a spectrum of 

growth that is determined by birth weight as is shown through a correlational analysis 

between birth weights FR at birth suggesting that a smaller weight at birth has 

programmed the body to gain more weight for compensation through insulin 

programming, as described in human and animal literature (Colle et al., 1976; Desai et 

al., 2005; De Blasio et al., 2007a; Muhlhausler et al., 2009). Additionally, differences in 

feeding patterns as seen in FGR born sheep neonates as studied by De Blasio et al. (2007) 
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and may contribute to the extent of post-natal catch up growth seen in FGR-MNR 

neonates (De Blasio et al., 2007a). 

Weight and growth data are essential in FGR-MNR populations as studies indicate the 

rate of post-natal growth is programmed throughout gestation after placental 

insufficiency, and accelerated by the post-natal food availability.  Normalized growth of 

FGR born infants is beneficial for long term health and lifespan, although accelerated 

growth as described by “catch up” growth has been shown to decrease lifespan, increase 

adiposity, and alter insulin sensitivity, which have implications for obesity, 

cardiovascular disease, and type 2 diabetes in humans (Law et al., 1992; Hediger et al., 

1998; Ong et al., 2000; Beltrand et al., 2009). In both human and animal studies there has 

been an abundance of evidence showing an increase in fat deposition at varying ages of 

FGR born individuals. Sheep and guinea pig FGR offspring have an increased ability to 

consume nutrients in excess of lean tissue growth requirements, and increase adipose 

deposition, leading to an increase in post-natal growth (Greenwood et al., 1998; Kind et 

al., 2003, 2005; Louey et al., 2005; De Blasio et al., 2007a). The exact mechanisms of 

catch up growth in FGR infants have been increasingly studied in both humans and 

animal models. Programing in the growth restricted fetus, caused by placental 

insufficiency throughout the gestational period influences the degree of growth in the first 

six months of age due to an increase in insulin release (Colle et al., 1976). As insulin is 

an anabolic regulator of growth in infants, insulin and insulin receptors are involved in 

accelerated growth. Higher levels of insulin action and insulin receptors due to an early 

emergence of increased insulin sensitivity before insulin resistance to glucose 

metabolism, circulating amino acids and free fatty acids have been shown to negatively 

correlated with birth weight and contribute to the catch-up growth and early-onset 

visceral obesity in growth restricted sheep (De Blasio et al., 2007a; Muhlhausler et al., 

2009). Therefore there seems to be a relationship between the in utero programming of 

insulin and its contribution to adipose deposition, insulin sensitivity to glucose, amino 

acids, and free fatty acids which over a period of time will cause accelerated catch up 

growth as demonstrated by the present study, and could lead to an increased risk for 

cardiovascular disease, type 2 diabetes, and obesity. 
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The extent to which prenatal under nutrition and postnatal growth affects organ growth 

and development has been studied in this paper, and has not been previously studied in 

guinea pigs with moderate MNR.  At the time of necropsy, ~23-27 days corrected post-

natal age, the FGR-MNR population of animals displayed a 16% decrease in overall body 

weight, a 6% decrease in brain weight, and a 12% increase in the brain to body weight 

ratio. There were no differences in the liver weight, a 24% decrease in heart weight, a 

16% decrease in kidney weight, and no differences in pancreas weight compared to the 

AGA-Control neonate population. Ovary and Testes were both decreased in the FGR-

MNR neonates by 26% and 24%, respectively. 

The decrease in brain weight is of interest as moderate MNR studies completed on 

fetuses at 60 days gestation displayed an ~12% decrease in brain weight in the MNR 

compared to the Control fetuses, while only a 6% decrease in the present neonates (Kind 

et al., 2005; Elias et al., 2016). The difference in brain weight from the time of the fetus 

to the neonate, although at different study periods but with identical study protocols, 

suggests that there is post-natal catch-up growth occurring in the brain in these FGR-

MNR offspring, although these brains continued to be smaller. This could be due to the 

effects of blood shunting to the brain in utero that has continued post-natally, in addition 

to the post-natal environment, thereby contributing to increased substrate delivery and 

brain growth (Bellotti et al 2004, Haugen et al., 2005). 

The liver of the FGR-MNR neonates did not show any significant difference in weight 

compared to the AGA-Control neonates. However, when compared to the fetal liver 

values in earlier studies with moderate MNR there is a 40% decrease in liver weight in 

the FGR-MNR fetuses compared to AGA-Control fetuses (Kind et al., 2005; Elias et al., 

2016). This suggests that there is immense post-natal catch up growth in the liver in the 

first three to four weeks of post-natal life in these FGR-MNR neonates. This rapid 

increase in post-natal weight in the liver and thereby growth could be caused by an 

increase in glycogen deposition and lipid accumulation as seen with other guinea pig and 

rat models of FGR (Lafeber et al., 1984; Joshi et al., 2003) as well as an increase in blood 

supply to this organ causing increased nutrient availability, hepatic nutrient inter-

conversion, and subsequent growth (Haugen et al., 2005; Baschat & Harman, 2006).  
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The kidneys and heart of the FGR-MNR neonates are shown to both be decreased in size 

in comparison to the AGA-Control neonates, although the kidney/body ratio is 

unchanged, the heart/body ratio is decreased suggesting that the catch up growth for the 

kidney is similar to that of the body, while there is less catch up growth for the heart. This 

finding is quite different from that in the moderate MNR fetal study where the heart/body 

ratio was increased in the FGR-MNR fetus group compared the AGA-Control fetuses 

(Elias et al., 2016). This is an interesting finding as hypertension and cardiovascular 

disease are both later life disease risks of FGR and both the kidneys and heart are 

essential organs in the maintenance of blood pressure and body fluid volume (Osmond et 

al., 1993; Kind et al., 2002; Barker et al., 2005). The decrease in pancreas, size in the 

FGR-MNR neonate compared to the AGA-Control neonate may provide some evidence 

into the early origins of insulin resistance as there may be less alpha and beta cells 

present in the pancreas, leading to the smaller size, and loss of proper control of blood 

glucose homeostasis in FGR-born individuals, therefore causing diabetes (Hales et al., 

1991; Kind et al., 2003; De Rooij et al., 2006). Testes and ovary weights are significantly 

decreased in the FGR-NR offspring, which may contribute to increased risk for premature 

gonadal failure in FGR offspring as shown in animal and human studies (De Bruin et al., 

1998; Godfrey & Barker, 2000; Zambrano et al., 2005). 

 

3.5 Conclusion 

Moderate MNR in guinea pigs has been studied extensively in the fetus, placenta, and 

mother for modeling human FGR. The number of studies that focus on the neonate post-

natal age group after moderate MNR is limited and the present study has now added to 

the findings to further characterize the neonate model of FGR, the growth characteristics 

associated, and organ weight information and how these values related to other neonate 

findings and past fetal findings.  

This study highlights newborn outcomes after MNR in the guinea pig which is in 

conjunction with other studies (Kind et al., 2002, 2003). We confirm that FGR-MNR 

neonates are smaller and leaner at birth as is often seen in human infants with moderate 

growth restriction whether resulting from maternal undernourishment or placental 

insufficiency (Kramer et al., 1990; Lumey, 1998; Lackman et al., 2001b). We also 
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provide justification for using a neonate weight threshold for categorizing AGA-Control 

and FGR-MNR cohorts which both fall at the 10th and 20th percentiles of the Control 

population and decrease the coefficient of variation which could be driven by the position 

of the fetus in the uterine horn, and number of pups per litter. The impact of the post-natal 

environment on the growth of FGR born guinea pig neonates was studied and found to be 

different than other studies that provide an ad libitum diet to MNR sows after pupping 

although still reflects the phenomenon of accelerated catch up growth as seen in humans 

(Ong et al., 2000; Kind et al., 2002, 2003; Hales & Ozanne, 2003). This information, in 

conjunction with the other neonate organ weight differences, provides insight into the 

post-natal changes that occur after being born FGR. Differences in organ weights are 

representative of what is seen in placental insufficiency models and most human FGR 

cases, and provide follow up information to fetal FGR studies after MNR. This model can 

contribute to future study of possible indicators of the later life health issues that arise if 

born FGR and be a model for future interventions. 
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Table 1. Maternal and Newborn Population Characteristics 

Data presented as means ± SEM; * p <.05, ** p <.01, *** p <.001 vs 

corresponding Control group value analyzed using unpaired Student’s t-test; 

MNR = maternal nutrient restriction; AGA = appropriate for gestational age; FGR 

= fetal growth restriction; GA = gestational age.

 

Control 

(16 sows / 44 

live born) 

MNR 

(17 sows / 52 

live born) 

AGA-

Control 

(37 live 

born) 

FGR-MNR 

(41 live 

born) 

Maternal wt (g)     

 Conception 812±16 842±11   

 Delivery 1247±41 1094±18**   

Food (g/day)     

 Conception 38.52 301   

 Delivery 56.16 381   

Litter size 3.3±0.3 3.4±0.2   

Total litter wt (g) 342±28 271±9*   

Newborn wt (g) 105±2 79±2*** 109±1 74±1*** 

Body length (cm) 16.8±0.2 15.2±0.2*** 17.0±0.2 14.9±0.2*** 

Body wt/length 

(g/cm) 
6.3±0.1 5.2±0.1*** 6.4±0.1 5.0±0.1*** 

Abd circumference 

(cm) 
10.8±0.2 9.9±0.2*** 10.9±0.1 9.6±0.1*** 
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Table 2. Neonatal Growth Measurements 

 
AGA-Control 

(37 neonates) 

FGR-MNR 

(37 neonates) 

Newborn wt (g) 109±1 75±1*** 

Week 1 wt (g) 150±4 100±2*** 

Week 2 wt (g) 220±6 162±4*** 

Week 3 wt (g) 289±6 227±4*** 

AGR (g/day) 8.6±0.2 7.3±0.2*** 

FR (%/day) 7.9±0.2 9.7±0.2*** 

Data presented as means ± SEM; *** p < .001 vs corresponding AGA-Control 

group value analyzed using unpaired Student’s t-test; AGA = appropriate for 

gestational age; FGR = fetal growth restricted; MNR = maternal nutrient 

restricted; AGR = absolute growth rate; FR = fractional growth rate.  
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Table 3. Neonatal Necropsy Measurements 

 
AGA-Control 

(8 males/10 females) 

FGR-MNR 

(9 males/9 females) 

Newborn wt (g) 110±2 71±2*** 

Necropsy wt (g) 309±7 259±10** 

Brain wt (g) 3.32±0.05 3.13±0.05* 

Heart wt (g) 1.91±0.06 1.46±0.08*** 

Liver wt (g) 13.0±0.5 11.6±0.6 

Kidney wt (g) 3.03±0.09 2.55±0.09** 

Pancreas wt (g) 0.79±0.06 0.57±0.04** 

Testes wt (g) 0.75±0.06 0.57±0.04* 

Ovary wt (g) 0.15±0.01 0.11±0.01* 

Brain/body wt (%) 1.08±0.03 1.23±0.05* 

Heart/body wt (%) 0.62±0.02 0.56±0.01* 

Liver/body wt (%) 4.2±0.1 4.4±0.1 

Kidney/body wt (%) 0.98±0.02 0.99±0.03 

Pancreas/body wt (%)  0.26±0.02 0.23±0.02 

 

Data presented as means ± SEM; * p < .05, ** p < .01, *** p < .001 vs 

corresponding AGA-Control group value analyzed using unpaired Student’s t-

test; combined weights are shown for paired organs; AGA = appropriate for 

gestational age; FGR = fetal growth restricted; MNR = maternal nutrient 

restricted.   
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FIGURE LEGENDS 

 

1. Guinea Pig breeding, feeding and imaging protocol for the entirety of the 

study as adapted by Sohltrom et al., 1998. 

 

2. Scatter plot showing the fetal weights for all 44 liveborn Control neonates 

(open circles) and all 52 liveborn maternal nutrient restricted (MNR) 

neonates (open triangles) along with the 50th and 10th percentiles for each 

of these cohort populations. Additionally shown are the distribution of 

neonate weights for the select 37 AGA-Control neonates (closed circles, 

M=males, F=females) and 41 FGR-MNR neonates (closed triangles, 

M=males, F=females).   
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3. Fractional Growth Rate correlation with birth weight for the 41 FGR-MNR 

(left), and the 37 AGA-Control (right) neonates. FR= Fractional Growth 

Rate, r=Pearson coefficient. 
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Chapter 4 

MATERNAL NUTRIENT RESTRICTION IN GUINEA PIGS LEADING TO 

GROWTH RESTRICTED NEONATAL OFFSPRING: IMPACT ON T2 MAGNETIC 

RESONANCE IMAGING OF THE BRAIN AND NEUROANATOMICAL 

CORRELATES 
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Maternal Nutrient Restriction in Guinea Pigs Leading to Growth Restricted Neonatal 

Offspring: Impact on T2 Magnetic Resonance Imaging of the Brain and Neuroanatomical 

Correlates 

 

4.1 INTRODUCTION 

Fetal growth restriction (FGR) with infants small for their gestational age when born, is a 

major contributor to perinatal morbidity and mortality and for later adverse health 

outcomes. FGR is a known risk factor for neurological disorders later in life, which 

include schizophrenia, cerebral palsy, autism and attention deficit hyperactive disorder 

(StrangKarlsson et al., 2008; Haglund & Källén, 2011; Lui, Jing, Wang, Xiao-Feng, Yan, 

2014). The risk of developing these disorders is directly proportional to the severity and 

onset of FGR. Neurocognitive evaluations involving human neonates and young adults 

who were born growth restricted demonstrate poorer neurodevelopmental outcomes than 

those performed on non-growth restricted neonates (Fattal-Valevski et al., 2009; 

Løhaugen et al., 2013). This indicates the occurrence of an in utero adverse event with 

variable degrees of insult with lifelong consequences. The latter suggests structural and 

functional changes in FGR brains (Haugen et al., 2014).  

 

Guinea pigs deliver precocial young after a relatively long pregnancy with many 

developmental events occurring during fetal life similar to that in humans (Carter, 2007). 

Accordingly, moderate maternal nutrient restriction (MNR) in guinea pigs at 70% of an 

ad libitum diet from 4 weeks pre-conception until mid-pregnancy increasing to 90% 

thereafter, has been utilized for inducing FGR and studying maternal, placental and fetal 

growth characteristics. We (Elias et al., 2016) and others (Roberts et al., 2001a; Kind et 

al., 2005) have shown that this experimental paradigm in guinea pigs leads to moderate to 

severe FGR with fetal weights decreased by 30 to 40% near term, and with aberrant 

placental development, asymmetrical growth, polycythemia, hypoglycemia, and evidence 

of chronic hypoxia in visceral tissues. These findings support the utility of this model for 

inducing FGR with many similarities to that in humans with moderate to severe growth 

restriction whether resulting from maternal undernourishment or placental insufficiency 

(Sohlstrom et al., 1998; Roberts et al., 2001b; Kind et al., 2003, 2005).  Moderate MNR 
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as outlined also targets the insult pre-conception and throughout pregnancy analogous to 

the human situation with moderate to severe FGR, where intrauterine deprivation is likely 

to be early in onset (Kramer et al., 1990; Pardi et al., 2002; Elias et al., 2016).  

 

Safe and non-invasive technologies such as Magnetic Resonance Imaging (MRI) have 

been developed to better study the impact of an adverse, intrauterine environment as well 

as prematurity on the structure and function of the developing brain (Hüppi et al., 1998; 

Tolsa et al., 2004; Lodygensky et al., 2008). MRI can be used to study the anatomy in the 

brain, specifically the grey matter, white matter, and hippocampus, and to assist in the 

determination of potential future neurodevelopmental abnormalities. A reduction in 

hippocampus volume has been shown in premature, FGR human neonates (Lodygensky 

et al., 2008). Additionally, Tolsa et al. (2004) found a reduction in both total cerebral 

volume in preterm FGR neonates as compared to term appropriately grown human 

neonates.  

 

Previous histological research has shown a reduction in hippocampal volume, stratum 

oriens thickness, and the number of pyramidal neurons in hippocampal sections of one-

week old guinea pig neonates after a mid-pregnancy insult of uterine artery ligation 

causing FGR (Mallard et al., 2000). Similar findings, including decreases in hippocampal 

neuron cell numbers in the CA2, CA4 and Dentate Gyrus (DG), were discovered in 

growth restricted rat neonates at two weeks of age following maternal undernourishment 

(Florian & Nunes, 2010). Other growth restricted guinea pig fetal studies discovered a 

decrease in axon outreach, maturation and growth in the hippocampal layers, thus leading 

to a decrease in hippocampal volume and layer thickness with an accompanying increase 

in ventricle volume (Mallard et al., 1999, 2000). The hippocampus and lateral ventricle 

volume have been found to be involved in the brain structure of individuals and animal 

models of schizophrenia and autism, which are neurological disorders associated with 

FGR (Mallard et al., 1999; McAlonan et al., 2005; Yoshida et al., 2009; Haglund & 

Källén, 2011). Additional research regarding the impact of an adverse intrauterine 

environment on in utero brain development in growth restricted neonate guinea pigs after 
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MNR is needed to better understand the neuroanatomical correlates associated with FGR 

and later neurological disorders.  

 

The present study utilizes T2 weighted MRI in an MNR model to identify brain 

developmental abnormalities and biomarkers in the brain of growth restricted neonate 

guinea pigs and correlate these findings with the same brains through neuroanatomical 

histology study. We hypothesize a decrease in hippocampus volume and an increase in 

lateral ventricle volume to be present in the FGR-MNR guinea pig neonates on MRI as 

seen in the FGR human situation and neurodevelopmental disorders associated with FGR. 

 

4.2 MATERIALS AND METHODS 

 

4.2.1 The Animal Model 

A previously established model of moderate MNR in guinea pigs (Sohlstrom et al., 1998) 

was used with all experimental procedures approved by The University of Western 

Ontario Animal Use Subcommittee and followed the guidelines of the Canadian Council 

on Animal Care. Nulliparous female guinea pigs (Dunkin-Hartley, from Charles River 

Laboratories, Sherbrooke, Que, Canada) were housed in individual cages in a dedicated 

small animal care facility with a 12 hour light/dark cycle and temperature at 25ºC. 

Animals were fed a guinea pig ration diet (Guinea Pig Diet 5025, LabDiet, St. Louis, 

MO) and after a two week period of acclimatization, daily food consumption was 

monitored and estrous cycles were tracked (Lilley et al., 1997). The guinea pigs used in 

this Chapter are the same used for Chapter 3. 

 

Thirty-nine guinea pig sows were randomly assigned to either a Control group fed ad 

libitum or an MNR group fed 70% of the average food intake per kilogram of body 

weight of the ad libitum fed animals as described by Sohlstrom et al (1998). After 2 

weeks of adaptation to respective feeding regimens, animals began the breeding cycle. A 

female found to be in estrous was placed in a cage with a male for 48-72 hours and 

removed when the vaginal membrane was again closed. Animal pregnancies were 

confirmed by ultrasound 14-21 days later with conception taken to be the day prior to 

membrane closure and thereby day zero of gestation. Animals that were not pregnant 
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were rebred at their next estrous cycle. During the first 34 days of pregnancy, the MNR 

animals continued at 70% average food intake of the Control animals per kilogram body 

weight, and from 35 days onward this was increased to 90% average food intake of the 

Control animals per kilogram body weight. Throughout the experiment, daily food intake 

and body weight of the animals were monitored 3-4 times per week and the dietary intake 

of the MNR animals adjusted as needed to maintain their food intake at 70% or 90% of 

the average food intake per kilogram of body weight of the ad libitum fed animals.        

 

 Sows were allowed to continue their pregnancies and deliver spontaneously near or at 

term which is normally at 67 – 68 day`s gestation in guinea pigs. Newborns were 

considered to be appropriate for gestational age (AGA) if > 95 g and FGR if < 85 g, 

which was extrapolated from past fetal studies using moderate MNR (Elias et al., 2016). 

 

 Control and MNR sows remained on their respective diets until 15 days post-natal to 

mimic the human situation where undernourished mothers are likely to remain 

undernourished through the lactation period (Brown et al., 1986; Emmett & Rogers, 

1997). However, at this time MNR sows were placed on 100% of the average food intake 

per kilogram body weight of the ad libitum fed animals since pups were beginning to 

wean and were noted to be eating the mother`s food allocation. On post-natal day 21-25, 

one female and one male neonate from each AGA-Control and FGR-MNR litter 

underwent MRI studies. 

 

 4.2.2 Animal Handling 

Each animal was handled in the Animal Preparation Facility alongside the 9.4T magnet in 

the Robarts Imaging Facility by an animal technician. The guinea pig was initially 

anesthetized using 4% isofluorane, 1.5L/min oxygen in a chamber, and then was 

decreased for continued sedation at 1.8% through a nose cone for the duration of testing. 

The guinea pig was placed on a warm water pad to maintain core body temperature 

measured through a rectal thermometer throughout the MRI scan. Heart rate and oxygen 

saturation were all monitored through a foot monitor. After the scan was complete, the 
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guinea pig was taken out of the scanner, injected with 1cc saline and placed under a heat 

lamp for recovery. Animals were allowed to recover for 48-72 hours before necropsy. 

 

4.2.3 Neonate Imaging Protocol 

MRI scans were obtained at Western University in the Robarts Research Institute Centre 

for Metabolic Mapping. Scanning was performed on a 9.4 T magnet (9.4 Tesla Varian 

MR Systems) using a head surface radiofrequency (RF) coil. The protocol consisted of a 

T2 Weighted 2-Dimensional Fast Spin Echo (FSE) pulse sequence consisting of 51 

coronal slices with a 500 micron slice thickness, in plane resolution of 150x150 microns, 

repetition time (TR) of 6000 ms, and echo time (TE) of 75 ms with 8 averages overall. 

The total scan time for this protocol was 20 minutes. 

 

4.2.4 Imaging Analysis 

Analysis of the MRI stacked images consisted of one blinded observer completing the 

measurements of hippocampal and lateral ventricular volumes. For each MRI data set the 

hippocampal and ventricular volumes were quantified using ImageJ version 1.6 image 

analysis software, specifically using the region of interest (ROI) measurement tool for 

hippocampal volume, and the Connected Threshold Grower tool for the ventricular 

volume quantification. 

 

4.2.4.1 Hippocampal Volume Quantification 

Hippocampal tissue was defined as brain tissue arranged in the C-shaped horn displayed 

on a coronal brain section. All images were inspected to ensure the use of the scale of 

6.667 pixels/mm. Manual segmentation was completed on all images using the region of 

interest segmentation tool. This area was then multiplied by the image slice thickness 

(0.5mm) to calculate volume. 

4.2.4.2 Ventricular Volume Quantification 

Prior to image analysis and volume quantification, all raw images underwent a processing 

stage in order to increase the quality of the images by improving the contrast between 

tissues. Images were further standardized to a 16-bit type image dynamic and the distance 

between pixels was set at 1.00 pixel/mm to suit the software requirements. The 
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ventricular space included the lateral ventricle volumes and was defined as the higher 

brightness threshold on the T2 weighted image located continuously throughout the brain. 

 

4.2.5 Neonate Brain Histology for Neuroanatomical Correlates 

4.2.5.1 Tissue Processing and Embedding 

After neonate MRI, guinea pigs were allowed to recover fully for 48-72 hours after which 

they underwent a full necropsy. Brains were extracted from the skull after decapitation 

following an intra-peritoneal injection of Euthanol. The brain was sectioned at the 

cerebral peduncles and the rostral two thirds of the brain was placed in 4% 

paraformaldehyde for immersion fixation, three rinses of Phosphate Buffer Saline (PBS) 

over 72 hours, and 70% Ethanol for 2-3 weeks. The rostral two thirds of the brain was 

then dissected at the optic chiasm for further sectioning of the brain in the rostral section, 

optic chiasm and forward, and middle or hippocampal section from the cerebral 

peduncles to the optic chiasm. These two blocks were embedded in paraffin wax for 

histological analysis. 

 

4.2.5.2 Tissue Sectioning of Rostral and Hippocampal Block 

Both the rostral block and hippocampal block were sectioned for histological analysis. 

The rostral block was sectioned at 5um thickness for 2 sections with one corresponding to 

section 720, and a second corresponding to section 760 in the guinea pig brain atlas for 

ventricular cross sectional areas (Welker et al., 2010) (Figure 1).  

 

The hippocampal block was sectioned at 5um thickness for 3 sections corresponding to 

sections 800, 840 and 880 in the guinea pig brain atlas (Welker et al., 2010). All of the 

hippocampal slides were used for, hippocampal cross-sectional area, and lateral ventricle 

cross sectional area (Figure 2).  

 

4.2.5.3 Tissue Staining and Histological Analysis 

Nissl Stain of Guinea Pig Brain Tissues 

To visualize neurons and examine the morphology of the coronal brain sections, Nissl 

staining was performed on these paraffinized sections to stain the Nissl bodies using 
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0.1% cresyl violet (The British Drug Houses Ltd., Poole, England). All sections were first 

deparaffinized in two changes of xylene and sequentially hydrated in 100%, 95% and 

70% alcohol, followed by rinsing twice in double distilled water. The sections were 

immediately stained in 0.1% cresyl violet for 5 minutes, after which they were rinsed 

quickly in double distilled water and differentiated in 95% ethyl alcohol for 15 minutes. 

The sections were then dehydrated in 100% alcohol, cleared in xylene, and slides were 

mounted with permanent mounting medium.  

 

Each brain slide was scanned at 2.5x magnification on the Zeiss AxioImager Z1 

Brightfield microscope and captured with the Zen Pro 2012 software. Measurements of 

the brain regions were completed using Image-Pro Premier, v9.1 made by 

MediaCybernetics. 

 

4.2.7 Statistical Analysis 

Statistical analyses were performed using Graph Pad Prism. Data are presented as the 

mean ± the standard error of the mean (SEM). Hippocampal and whole brain volumes 

were statistically analyzed using a two-tailed Student t-test. Ventricular volumes were 

analyzed using a two-tailed Students t-test. All histological measures were compared 

between groups using a Students t-test. Histological data are presented as % Difference 

from Control as a composite measure of all data obtained from all 5-brain sections. 

Correlational analyses between measures were compared on an individual animal level, 

and a Pearson correlation coefficient was generated. Values for P<0.05 were considered 

statistically significant. 

 

4.3 RESULTS 

4.3.1 Population Characteristics 

Eighteen AGA-Control (8 males and 10 females) and 18 FGR-MNR (9 males and 9 

females) neonates were studied at the age of 21-25 days post-natal. FGR-MNR neonates 

were 30% smaller at birth compared to AGA-Control neonates, while at the time of MRI 

and necropsy 48-72 hrs later, body weights were only 15% smaller compared to AGA-

Control neenates (p<0.05). Brain weights at necropsy in the FGR-MNR group were 5% 
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smaller than the AGA-Control neonates with values of 3.13+/- 0.05 and 3.32+/- 0.05, 

respectively (p<0.05). There were no sex differences in the results shown. 

 

4.3.2 MRI Analysis 

Seventeen AGA-Control and 18 FGR-MNR neonates were included in the study for MRI 

analysis. One AGA-Control MRI could not be analyzed due to non-compatible file size 

and type for the software. 

 

FGR-MNR neonates who underwent MRI displayed a 6% decrease in whole brain 

volume with a value of 2614  30 mm3 for the FGR-MNR animals and 2787  30 mm3 

for the AGA-Control animals (p<0.05), as shown in Table 1. Brain volume was also 

positively correlated with birth weight with an R value of 0.55, p<0.001 as shown in 

Figure 1.  The brain weight, obtained 48-72 hours after MRI, and brain volume measures 

were positively correlated with an R value of 0.66, p<0.001 as shown in Figure 2. FGR-

MNR neonates had a 15% decrease in total hippocampal volume compared to the AGA-

Control neonates with values of 141.5  3.8 mm3 and 120.6  3.3 mm3 (p<0.05), as 

shown in Table 1, with a positive correlation of hippocampal volume to birth weight 

(r=0.5, p<0.05) as shown in Figure 1. The hippocampal volume to whole brain volume 

ratios showed a 9% decrease in the FGR-MNR neonates (p<0.05) (Table 1). 

 

Lateral ventricle volume was decreased in the FGR-MNR neonates by 28% compared to 

the AGA-Control neonates with values of 14.8  0.9 mm3 for the FGR-MNR group and 

20.7  1.4 mm3 for the AGA-Control neonates (p<0.05) (Table 1). Additionally, the 

lateral ventricle volume to whole brain volume ratio was decreased by 24% with values 

of 0.0059  0.001 for the FGR-MNR neonates and 0.0075  0.001 for the AGA-Controls 

(p<0.05), as shown in Table 1. There were no sex differences in the results shown. 

 

4.3.3 Neuro-anatomical Correlates 

The neuroanatomical correlates were analyzed at two levels in the rostral section of the 

brains and at three levels of the hippocampus section of the brains. . 
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Values obtained for all 5 brain levels were converted to a % change from Control and 

compiled to make a composite measure for each brain parameter to allow for comparison 

with the MRI neuro-anatomic measurements and are shown in Table 2. Results for this 

analysis were only available from 12 of the AGA-Control neonates and 9 of the FGR-

MNR neonates due to initial difficulty with sectioning the hippocampal blocks.  This 

compilation of data demonstrates a 14% decrease in hippocampus in the FGR-MNR 

neonates compared to AGA-Control neonates, as shown in Table 2. The lateral ventricle 

area was also reduced by 20% in the FGR-MNR neonates compared to the AGA-Controls 

(Table 2). There were no sex differences in the results shown. 

 

4.3.4 Correlation between Histology and MRI Analysis 

A correlation analysis was completed between the MRI hippocampal volumes and the 

composite hippocampal cross sectional areas measured histologically. Similarly the MRI 

lateral ventricle volumes were compared to the composite lateral ventricle cross sectional 

areas measured histologically. The hippocampal correlations had an R value of 0.44 with 

a p value of 0.06 as shown in Figure 5. The lateral ventricle correlations had an R value 

of 0.54 with a p value of 0.01 as shown in Figure 5. 

 

Additionally, a comparison of the coefficient of variation for the MRI measurements and 

the histology measurements was conducted. The coefficient of variation for the 

hippocampus MRI measures was 11% while the coefficient of variation for the 

hippocampus histology measures was 18%.  

 

4.4 Discussion 

Overall this study identified brain developmental abnormalities in the growth-restricted 

neonate with the use of MRI and confirms the findings through neuroanatomical 

correlates in histology. An overall decrease in whole brain volume, hippocampus volume, 

and lateral ventricle volume is evident in the growth-restricted neonate suggesting that 

there is some degree of brain developmental disparities between the AGA-Control and 

FGR-MNR neonates. One study conducted in human FGR and preterm infants at two 

weeks of life and at term showed a reduction in intracranial volume and cortical grey 

matter, and a less mature school in behavioural assessments in the FGR infants at term 
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(Tolsa et al., 2004).  This finding is similar to that of the present study as we noted a 

decrease whole brain volume, and provides insight into the functional and behavioural 

aspects of the FGR born individuals that our study did not complete. Of note, FGR-MNR 

neonates that have a much lower birth weight also have decreased hippocampus volume 

and whole brain volume as these values are positively correlated with birth weight, and 

this could be used for future reference to brain developmental abnormalities. One paper 

that studied FGR and the effect it has on a premature infant’s hippocampus demonstrated 

a reduction in MRI hippocampus volume and positively correlated hippocampus volume 

to birth weight (Lodygensky et al., 2008). Our results are very similar to those found in 

the Lodygensky et al. (2008) study and demonstrate the importance of birth weight as a 

factor for determining neonate brain development in addition to its importance in 

determining the risk of neonate morbidity and mortality (Lackman et al., 2001). Lateral 

ventricle volumes were decreased in the present study, which was different from that 

hypothesized. Although our results differed from our hypothesis, this study demonstrates 

new findings in relation to the model of maternal nutrient restriction in the neonate. One 

study conducted in premature FGR infants showed no differences in cerebral spinal fluid 

volume through MRI, which is a different finding than that seen in the present study  

(Tolsa et al, 2004). The use of MRI for FGR fetuses and neonates is a relatively new field 

that is growing in popularity and has proven its importance in the present study, as 

studies that utilize MRI as a measure of brain development in autism and schizophrenia 

have found similar findings to those in the present study (McAlonan et al., 2005; Yoshida 

et al., 2009; Haglund & Källén, 2011; Abel et al., 2013). Therefore more studies in this 

model are necessary to build on the results of the MRI findings in the present study to 

assist in the determination of biomarkers for later neuro-developmental disorders. 

 

Histological studies in the guinea pig neonate are sparse, however one study that 

investigates the hippocampus of an FGR neonate noted a decrease in hippocampus area, 

neuron number, stratum oriens area, and a decrease in white matter area in the cerebral 

cortex (Mallard et al., 2000). These findings are similar to those seen in the present study; 

however, the cause of FGR was by MNR, and not by uterine artery ligation in the 

Mallard et al. (2000) study, although both insults have shown to affect the placenta 
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resulting in an insult to the brain (Turner & Trudinger, 2009). Another study investigating 

the hippocampus and lateral ventricles in the brain by histology was completed in an 

FGR guinea pig fetus; the group noted a decrease in hippocampus area and an increase in 

the lateral ventricle volumes in the growth restricted fetuses (Mallard et al., 1999). 

Although the hippocampus volume is similar to that found in the present study, the lateral 

ventricle volume was opposite of the present study. One such explanation for the 

difference could be the insult to the fetus to produce FGR as the one in the present study 

was a chronic moderate MNR while the study cited created FGR by uterine artery 

ligation. Uterine artery ligation is an acute, surgical restriction of blood flow to the fetus, 

and therefore a much different onset of FGR, which could affect brain development 

differently than MNR and potentially alter lateral ventricle volume (Jones & Parer, 1983; 

Lafeber et al., 1984; Turner & Trudinger, 2009). Additionally, the age of the animal at 

study can also have an effect on the brain structure size, as one focused on the fetus while 

the preset study focused on the neonate (Mallard et al., 1999). The guinea pig brain at the 

time of fetal study has a much smaller weight, 2.39g (Elias et al., 2016), in comparison to 

the neonate guinea pig FGR brain at 3.13g, suggesting that there is post-natal brain 

growth in the growth restricted offspring which could account for the differences in 

lateral ventricle volume between the fetus and the neonate as the increase in overall brain 

tissue growth and development could fill lateral ventricle volume. Lastly, studies in FGR 

sheep have shown a decrease in hippocampus volume. To our knowledge, the present 

study is the first to positively correlate MRI structural findings to histological findings in 

a fetal growth restricted neonate guinea pig model. This paper provides insight into the 

use of MRI and the reliability of this tool for its future use into early detection of 

biomarkers to decrease later neurodevelopmental disorders. 

 

4.5 Conclusion 

In conclusion, MNR in guinea pigs leads to FGR neonates, with smaller brains compared 

to the age matched AGA-Controls despite a degree of “brain sparing”. These neonates 

have decreased hippocampus volume and hippocampal/brain volume ratios on MRI, 

indicating selective hippocampal vulnerability as a possible biomarker for later cognitive 

impairment. Contrary to our hypothesis, lateral ventricle volumes were variably 
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decreased relative to brain volumes, suggesting that other brain areas might be 

undergoing reactive increases in growth as additional markers for aberrant brain 

development in these FGR neonates, and more research is needed in this area. The 

histological study showed similar results compared to the MRI results indicating that 

MRI is a reliable method for obtaining brain anatomical data however, the variation seen 

in histology is much greater than that seen in MRI.  

 

In summary, MRI has the capability of discovering structural differences in the 

developing brain of a fetal growth restricted guinea pig neonate, and can accurately 

determine brain volume that reflects the neonate brain weight. This information is useful 

in the understanding and continued development of biomarkers in an animal model for 

predicting future neurodevelopmental disorders however, more research is needed in the 

guinea pig to determine the correlation between various biomarker findings and 

neurodevelopmental sequelae so that this imaging could be used in humans.  
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Table 1: MRI Brain region Volumetric Analysis 

Data presented as means ± SEM; n values were 17 and 18 for neonate AGA-Control and 

FGR- MNR brain volumetric analysis, respectively; AGA = appropriate for gestational 

age, FGR = fetal growth restricted, MNR = maternal nutrient restricted, mm3 = mm3, 

*p<.05, **p<.01, ***p<.001. 

 

 

  AGA-Control FGR-MNR 

Brain Region N=17 N=18 

   Brain Volume (mm3) 2787 ± 29.9  2614 ± 30.9 *** 

   Hippocampus Volume (mm3) 141.5 ± 3.7 120.8 ± 3.2 *** 

   Hippocampus/Brain Volume 0.051 ± 0.001 0.046 ± 0.001 * 

   Lateral Ventricle Volume (mm3) 20.7 ± 1.4 14.8 ± 0.9 ** 

   Lateral Ventricle/Brain Volume 0.0075± 0.001 0.0057 ± 0.001 ** 

 

Table 2: Histological Analysis of Neuroanatomical Correlates 

Data presented as % Difference of AGA-Control; n values as shown in Table for neonate 

AGA-Control and FGR- MNR neuro-anatomic analysis, respectively; AGA = appropriate 

for gestational age, FGR = fetal growth restricted, MNR = maternal nutrient restricted, 

*p<.05. 

 

  AGA-Control FGR-MNR 

Histological Composite Brain Region N=12 N=9 

   Hippocampus Cross-Sectional Area  100% 86% * 

   Lateral Ventricle Cross-Sectional Area  100% 80% * 
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Figure 1: Correlation analysis of 17 AGA-Control and 18 FGR-MNR neonates between 

brain volumes obtained by MRI and birth weight (Left) and Hippocampus volume and 

birth weight (Right). 

 

 

 

Figure 2: Correlation analysis of 17 AGA-Control and 18 FGR-MNR neonate brain 

weights obtained at necropsy and brain volumes obtained at MRI scan. 
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Figure 3: Representative image of rostral brain level, modified from Online Guinea Pig 

Brain Atlas (Welker et al., 2010) with labels corresponding to regions quantified for 

analysis. 
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Figure 4: Representative image of a hippocampal brain level, modified from Online 

Guinea Pig Brain Atlas (Welker et al., 2010) with labels corresponding to regions 

quantified for analysis. 
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Figure 5: Correlation of AGA-Control and FGR-MNR MRI data with histological data 

for both the hippocampus (Above) and lateral ventricle data (Below). MRI = Magnetic 

Resonance Imaging. 
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Chapter 5 

 

MATERNAL NUTRIENT RESTRICTION IN GUINEA PIGS LEADING TO 

GROWTH RESTRICTED NEONATAL OFFSPRING: IMPACT ON HIPPOCAMPUS 

MAGNETIC RESONANCE SPECTROSCOPY AND NEUROANATOMICAL 

CORRELATES 
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Maternal Nutrient Restriction in Guinea Pigs Leading to Growth Restricted Neonatal 

Offspring: Impact on Hippocampus Magnetic Resonance Spectroscopy and 

Neuroanatomical Correlates 

 

5.1 INTRODUCTION 

Fetal growth restriction (FGR) with infants small for their gestational age (SGA) when 

born is a major contributor to perinatal morbidity and mortality and for later adverse 

health outcomes. FGR increases the risk of neurological decline, cognitive deficits, as 

well as developing disorders such as autism, attention deficit hyperactive disorder, and 

schizophrenia (StrangKarlsson et al., 2008; Haglund & Källén, 2011; Lui, Jing, Wang, 

Xiao-Feng, Yan, 2014).  

 

Cognitive deficits, such as impaired cognitive skills and compromised memory, can 

become apparent at a very young age in infants born SGA (Geva et al., 2006a; Fattal-

Valevski et al., 2009; Løhaugen et al., 2013). Learning difficulties, decreased intelligence 

quotient, and weakened reading and writing skills have been shown to be more prominent 

and frequent in infants born below the 3rd percentile for weight (O’Keeffe et al., 2003; 

Morsing et al., 2011). In addition, SGA school children display increased inattentiveness 

and restlessness in the classroom (Parkinson et al., 1986; Pryor et al., 1995). These 

deficits can all persist until the age of adolescence and, more recently, have also been 

found to persevere into young adulthood (O’Keeffe et al., 2003; Geva et al., 2006a, 

2006b; Morsing et al., 2011; Løhaugen et al., 2013). These abnormalities have been 

associated with changes in specific neural networks and pathways involved in learning 

and memory such as the hippocampal-prefrontal network, parahippocampal complex and 

the striatum (Geva et al., 2006a, 2006b; Eichenbaum et al., 2007).  Although these 

behavioural changes are evident in children born FGR, there are few non-invasive 

technologies able to detect the presence and extent of brain injury that could later lead to 

cognitive deficits and neurodevelopmental disorders. 

 

Magnetic resonance imaging (MRI) and other techniques, such as magnetic resonance 

spectroscopy (MRS), are safe and reliable tools that have been used to further the 
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understanding of brain development and neurological disorders. MRI has been used in the 

study of FGR to determine structural changes in human and animal brains, with specific 

focus on the hippocampus and its reduction in size following preterm birth of growth-

restricted infants (Lodygensky et al., 2008). More recently, studies are using MRS in the 

brain by measuring specific brain metabolites to determine metabolic biomarkers in the 

FGR brain. Many metabolites can be measured using MRS which can help in the 

assessment of the in vivo metabolic state of the brain, which has been shown to be altered 

in FGR (Moxon-Lester et al., 2007). In the FGR fetal brain, decreased levels of N-acetyl 

aspartate (NAA)/Creatine (Cr) and decreased NAA/Choline (Cho) have been found, 

suggesting that FGR brains, as classified by altered cerebral blood redistribution, have 

altered neuronal integrity and mitochondrial metabolism (Azpurua et al., 2008; Story et 

al., 2011; Sanz-Cortes et al., 2015). To our knowledge, there are limited studies of human 

neonates born SGA using MRS with the majority of studies focusing on FGR preterm 

neonates. One-year old children born SGA had a significant increase in both the NAA/Cr 

and Glutamate/Cr ratios in the prefrontal cortex of the brain (Simões et al., 2015). 

Similarly, preterm FGR infants have increased absolute NAA levels in various areas of 

the brain (Lazeyras et al., 2003; Roelants-Van Rijn et al., 2004). The latter are very 

different finding from that in the fetal brains, which suggests that there are post-natal 

developmental events that occur in human brains that must be investigated further 

(Simões et al., 2015). There are a limited number of studies in the field of MRS and 

FGR; therefore, more research is required to explore the development of imaging 

biomarkers in the neonate for early diagnosis and monitoring of abnormal brain 

development following an adverse in utero environment exposure. 

 

In this report we aimed to provide an MRS study of a reliable, robust animal model of 

FGR using guinea pigs exposed to maternal nutrient restriction (MNR). MNR produces 

FGR in precocious offspring after a lengthy gestation of 68-70 days. This model has been 

widely studied and is considered a moderate nutrient restriction model whereby the 

nutrient restricted sows eat 70% of the ad libitum diet on a daily basis three weeks prior 

to conception and continues on throughout pregnancy until mid-pregnancy, 35 days, 

when the restriction is lifted to 90% of an ad libitum diet (Sohlstrom et al., 1998; Roberts 
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et al., 2001a, 2001b, Kind et al., 2002, 2003, 2005). MNR in guinea pigs has been shown 

to mimic placental insufficiency through a decrease in placental weight and a decrease in 

the nutrient and oxygen exchange surface area; both contributing to a decrease in 

placental function and a decrease in fetal weight (Jansson & Persson, 1990; Dwyer et al., 

1992; Roberts et al., 2001a, 2001b; Jansson & Powell, 2007).  

 

Our goal was to study brain metabolite differences in the hippocampus of FGR-born 

neonates as a means to generate more accurate biomarkers for FGR aberrant 

neurodevelopment. This study will provide more evidence of post-natal brain metabolism 

in guinea pigs born growth-restricted and determine neuro-metabolic correlates in the 

neonate FGR guinea pig brain on a histological level. We tested the hypothesis that the 

guinea pig neonate model of FGR after MNR would display differences in hippocampus 

metabolite levels in the neonate, post natal day 21-27; specifically a decrease in the 

NAA/Cr ratio, which could be used as a marker for neuronal density and integrity, thus 

correlating to neuro-metabolic correlates in histological tissue and potential later 

neurodevelopmental disorders. 

 

5.2 MATERIALS AND METHODS 

5.2.1 Animal Model 

A model, previously established by Sohlstrom and colleagues (1998), was used to 

produce moderate Maternal Nutrient Restriction (MNR) in nulliparous female guinea 

pigs (Dunkin-Hartley, from Charles River Laboratories, Sherbrooke, Que, Canada) 

(Sohlstrom et al., 1998). All experimental procedures were approved by the University of 

Western Ontario Animal Use Subcommittee and followed the guidelines of the Canadian 

Council on Animal Care. The guinea pig sows were housed in individual cages in a 

dedicated small animal care facility with daily monitoring of the 12 hour light/dark 

cycles, humidity at 40-60%, and a constant temperature of 19 degrees Celsius. Animals 

were fed a guinea pig ration diet (Guinea Pig Diet 5025, Lab Diet, St. Louis, MO) and 

after a two-week period of acclimatization to the facility, daily food consumption, weight, 

and estrous cycles were tracked. The guinea pigs used in this study are the same that were 

used for both Chapter 3 and 4. 
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Thirty-two guinea pig sows were randomly assigned to either a Control group or a 

Maternal Nutrient Restriction (MNR) Group. The control group were fed ad libitum 

while the MNR group were fed 70% of the average food intake per kilogram of body 

weight of the ad libitum fed animals as described by Sohlstrom et al (1998). After two 

weeks of their respected diets, the animals began the breeding cycle. A female found to 

be in estrous, indicated by an opening of the vaginal membrane, was placed in a cage 

with a male guinea pig (Dunkin-Hartley, from Charles River Laboratories, Sherbrooke, 

Que, Canada) for 48-72 hours or until the vaginal membrane was again closed.  Day 0 of 

gestation was recorded at the day that fell in the middle of the estrous opening cycle. 

Animal pregnancies were confirmed by external abdominal ultrasound at gestational days 

14-21. Animals that were not successful in the breeding attempt continued on their 

respected diets and were re-bred at their next estrous cycle opening. Sows that were 

successful and deemed pregnant continued on their diets until day 35 of gestation at 

which point the MNR animals food intake was increased to 90% average food intake of 

the control animals per kilogram body weight until spontaneous pupping. 

 

Neonates were considered to be Appropriate for Gestational Age (AGA) if their birth 

weight was >95 g and born from a Control sow and Fetal Growth Restricted (FGR) if <85 

g and born from a MNR sow. These criteria are extrapolations from past studies 

completed in fetuses (Elias et al., 2016). These weights are representative of the 20th 

percentile and 10th percentile, respectively, from our Control Population of neonates 

(Chapter 3). Any pups that were born on or at an earlier gestational age than 66 days 

(average 67-68 days) received a corrected post-natal age to ensure and appropriate age 

corresponding to the number of days since conception at the time of testing. Control sows 

remained on an ad libitum diet throughout the nursing period. The MNR sows remained 

on a diet consisting of 90% of the average food intake of the ad libitum-fed Control 

animals per kilogram of body weight per day. MNR sows were switched to eating 100% 

of the average food intake of the ad libitum-fed animals per kg per day at post-natal day 

15. 
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On corrected post-natal day 21-25, one female and one male neonate from each AGA-

Control and FGR-MNR litter underwent MRI studies. 

 

5.2.2 Animal Handling 

Each animal was handled in the Animal Preparation Facility at the University of Western 

Ontario alongside the 9.4T magnet MRI machine in the Robarts Imaging Facility by an 

animal technician. The guinea pig was initially anesthetized with a nose cone using 4% 

isofluorane and 1.5L oxygen in a chamber, followed by continued sedation at 1.8% 

isofluorane for the duration of the testing period. The guinea pig was placed on a warm 

water pad to maintain core body temperature, which was measured with a rectal 

thermometer throughout the MRI scan. Heart rate and oxygen saturation were all 

monitored with a foot monitor. After the scan was complete, the guinea pig was taken out 

of the scanner, injected with 1cc of saline and placed under a heat lamp for recovery. 

Animals were allowed to recover for 48-72 hours before necropsy. 

 

5.2.3 Imaging Protocol 

Animals underwent the MRI study on a 9.4T VARIAN magnet in the Robarts Imaging 

Facility in the Centre for Metabolic Mapping. The MRS imaging took place immediately 

after the anatomical imaging on the same animal. A head surface coil was placed over the 

guinea pig head to ensure all brain anatomy was included. The 3-dimensional voxel of 

interest had dimensions of 3x8x4mm3 and was placed with careful precision for each 

animal over the superior hippocampus to include Cornu ammonis (CA) 1, CA2, and the 

Dentate Gyrus (DG) as shown in Figure 1. This voxel also included the corpus callosum 

as the voxel spanned from the left to the right brain hemisphere. 

Localized voxel shimming was completed to obtain a relatively homogeneous magnet 

field. A VAPOUR pulse sequence was used remove the water signal, which was followed 

by a LASER single voxel pulse sequence, which was acquired over 128 averages, a 

repetition time (TR) of 4000ms and an echo time (TE) of 20ms (Kassem & Bartha, 2003).  

 

5.2.4 Spectrum Processing and Analysis 

Spectra were processed using fitMAN_SUITE Version 1.6 as developed by Bartha and 

colleagues (Bartha et al., 1999). A Hankel singular value decomposition (HSVD) manual 
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subtraction (of resonances between 4.1 and 5.1 parts per million) was used to decrease 

noise in the metabolic spectrum (van den Boogart et al., 1994). The area of the peak for 

each remaining metabolite was analyzed and calculated using a standard set of spectra as 

provided by fitMAN (Bartha et al., 1999). The peaks that were measured include: N-

acetylaspartate (NAA), Glutamate and Glutamine (Glu and Gln, respectively), Creatine 

(Cr), Choline-containing compounds (Cho), and Myo-Inositol (Myo), all with different 

parts per million (ppm) ranges as shown in Figure 1. To accurately measure the change in 

metabolites between groups, each metabolite was normalized to creatine by dividing each 

metabolite’s area under the spectrum by creatine’s area under the spectrum, due to its 

relative stability regardless of the metabolic state of the animal (Levine et al., 1992; Li et 

al., 2003; Jansen et al., 2006; Story et al., 2011; Simões et al., 2015). 

 

5.2.5 Neonate Brain Histology for Neuroanatomical Correlates 

5.2.5.1 Tissue Processing and Embedding 

After neonate MRI, guinea pigs were allowed to recover fully for 48-72 hours, after 

which they underwent a full necropsy. Prior to necropsy, animals were weighed and then 

euthanized with 0.3 cc intra-peritoneal injection of Euthanol (sodium pentobarbital, MTC 

Pharmaceuticals, Cambridge, ON, Canada). The brains were extracted and sectioned at 

the cerebral peduncles and the rostral two thirds of the brains were placed in 4% 

paraformaldehyde for immersion fixation for later histological study. The fixed brains 

then underwent three rinses of Phosphate Buffer Saline (PBS) over 72 hours, and were 

then stored in 70% Ethanol for 2-3 weeks. The rostral two thirds of the brains were then 

dissected at the optic chiasm to create the rostral brain section and middle or hippocampal 

section. These two blocks were embedded in paraffin wax for histological analysis. 

 

5.2.5.2 Tissue Sectioning of Hippocampal Block 

The hippocampal blocks were sectioned into five cuts at a 5um thickness. The sectioning 

occurred at level 880, a representative level of the Online Guinea Pig Atlas (Welker et 

al., 2010) found at the more caudal face of the block where much of the hippocampus is 

present. A 200um section was trimmed off the cutting surface of the block until the 
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representative guinea pig atlas level 840 was visible (Welker et al., 2010), and then 5 

sections per animal were sectioned.  

 

5.2.6 Tissue Staining and Histological Analysis 

5.2.6.1 Nissl Stain of Guinea Pig Brain Tissues 

To visualize neurons and examine the morphology of the coronal brain sections, Nissl 

staining was performed on paraffinized sections to stain the Nissl bodies using 0.1% 

cresyl violet (The British Drug Houses Ltd., Poole, England). All sections were first de-

paraffinized in two changes of xylene, and sequentially hydrated in 100%, 95% and 70% 

alcohol, followed by rinsing twice in double distilled water. The sections were 

immediately stained in 0.1% cresyl violet for 5 minutes, after which they were rinsed 

quickly in double distilled water and differentiated in 95% ethyl alcohol for 15 minutes. 

Next, the sections were dehydrated in 100% alcohol, cleared in xylene, and then the 

slides were mounted with permanent mounting medium.  

 

Each brain slide was scanned at 2.5x magnification on the Zeiss AxioImager Z1 

Brightfield microscope and captured with the Zen Pro 2012 software. Measurements of 

the hippocampal layer thickness were completed using Image-Pro Premier, v9.1 made by 

MediaCybernetics.  

Hippocampus neuron cell count was completed on both the pyramidal neuron layer and 

the granule cell layer of the dentate gyrus (DG). Four sequential images at a 

magnification of 20X were taken of the pyramidal cell layer of the CA1 in the 

hippocampus. Five sequential images at a magnification of 40X oil immersion were taken 

of the granule cell layer of the dentate gyrus. Each image was taken on the Zeiss 

AxioImaher Z1 Brightfield microscope and captured with the Zen Pro 2012 software.  

 

5.2.6.2 Hippocampal Layer Thickness Measurements 

Both the 840 level and the 880 level in the brains were analyzed for layer thickness 

differences. Ten AGA-Control and seven FGR-MNR brains were assessed at both levels 

for hippocampus layer thickness. The hippocampal proper layer thickness in the CA1 

region was measured as the CA1 neuronal projections rarely change lengths throughout 
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coronal sections the hippocampus (Anderson et al., 2007) and this is the area that would 

have been included in the MRS voxel placement. The stratum oriens, stratum pyramidal, 

stratum radiatum, and stratum lacunosum underwent width measurements, as shown in 

Figure 2. In the dentate gyrus, the moleculare layer widths were measured, as well as the 

granule layer widths, which all make up the ‘C’ or ‘cup’ shape of the dentate gyrus, as 

shown in Figure 2. In addition, the polymorphic layer, which is the brain tissue being 

encompassed by the dentate cup, was measured for width. Each layer on each side of the 

brain underwent 15 width measurements, which were then averaged together to make up 

the mean layer width for each guinea pig. No width measurements deviated further lateral 

than the CA1/CA3 border of the hippocampus proper. 

5.2.6.3 Hippocampus Neuronal Cell Count 

Both the 840 and 880 hippocampus layers were analyzed for the neuron cell count. 

Neuron cell counts were completed automatically on Image-Pro Premier, v9.1 made by 

MediaCybernetics, which identified neurons by the positively stained nucleolus with 

specific roundness and size parameters. Cell count analysis was displayed as number of 

neurons/mm2. Percent area stained was also calculated in the same regions as the cell 

count through a set threshold based on the intensity of staining, and was scored as a 

percentage stained based on the area of mm2. Total area in the location of interest (mm2) 

was measured by manually tracing the relevant cell layers to create a region of interest 

(ROI) on the 20X and 40X high power field images. The blue channel was pulled out of 

the black and white image to build an even black outline of the ROI, and a threshold was 

set to include everything from intensity 1-255 and to fill holes. This produced an area 

expressed as um2, which was then converted to mm2. 

 

5.2.7 Statistical Analysis 

Statistical analyses were performed using Graph Pad Prism. All data was presented as the 

mean  the standard error of the mean (SEM). Metabolite ratios were statistically 

analyzed using a two-tailed Student t-test.  Metabolite values with a coefficient of 

variation below 30% were accepted in the study. Hippocampus layer thickness and 

hippocampus neuron cell counts were all analyzed using a two-tailed student t-test for 
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comparison between AGA-Control and FGR-MNR neonates. P<0.05 was considered 

statistically significant. 

 

5.3 RESULTS 

5.3.1 Population Characteristics 

Eighteen AGA-Control and eighteen FGR-MNR neonates were studied at the age of 21-

25 days post-natal. FGR-MNR neonates were 28% smaller at birth compared to the 

AGA-Control neonates, while at the time of MRI were only 15% smaller compared to the 

AGA-Control neonates (p<0.05). At time of necropsy, 48-72 hours after MRI, the FGR-

MNR neonates were still 15% smaller than the AGA-Control population (p<0.05). Brain 

weights at necropsy in the FGR-MNR group were 5% smaller than the AGA-Control 

neonates with values of 3.13  0.04 g and 3.32  0.04 g, respectively (p<0.05). This was 

accompanied by a 15% reduction in hippocampus volume and a 6% reduction in 

hippocampus volume/brain volume ratio in the FGR-MNR neonates compared to the 

AGA-Control neonates. There were no sex differences in the results shown. 

 

5.3.2 Metabolite Analysis 

After shimming the magnet to obtain a uniform magnet field, 15 metabolites were 

identified on each spectrum. After setting a coefficient of variation below 30% and 

running statistical analysis, no metabolite levels were statistically different from each 

other between the FGR-MNR and AGA-Control neonate populations; NAA/Cr was not 

different between groups, nor were the Myo/Cr, Glu/Cr, or Choline/Cr ratios, as shown in 

Table 1. There were no sex differences in the results shown. 

 

5.3.3 Hippocampus Histology 

 
5.3.3.1 Hippocampus Layer Thickness  

At the 840 level of the brain of the hippocampus proper, as shown in Table 2, there was a 

16% decrease in the stratum oriens layer thickness of the CA1 region of the hippocampus 

proper for the FGR-MNR neonates. In the dentate gyrus area of the hippocampus, the 

FGR-MNR neonates have a 19% in the infra-moleculare layer thickness and a 19% 

decrease in the polymorphic layer thickness.  



 

 107 

At the level of 880 in the neonate brain tissues in the hippocampus proper, as shown in 

Table 2, there was a 16% decrease in stratum oriens width in the CA1 region of the 

hippocampus proper, and a 14% decrease in the stratum radiatum. In the dentate gyrus 

region, there is a significant decrease by 11% in the supra-moleculare layer, and a 16% 

decrease in the width of the polymorphic layer. There were no significant differences in 

widths of any of the densely populated cellular layers in either the hippocampus proper, 

composed of the pyramidal cell layers, nor in the dentate gyrus, composed of the granule 

cells layers, in either level of the hippocampus studied. There were no sex differences in 

the results shown. 

 

5.3.3.2 Hippocampus Cell Count 

At the level of 840 and 880 in the guinea pig brains, neurons were counted in both the 

CA1 and the DG of the hippocampus for 10 AGA-Control and 7 FGR-MNR neonates. At 

the level of 840 in the CA1, the FGR-MNR neonates had 3445  227.6 cells/mm2 while 

then AGA-Controls had 2937  297.4 cells/mm2, and there were no statistically 

significant differences between groups. As a percent area stained, the FGR-MNR neonate 

CA1 pyramidal cells stained 49  2 % of the ROI while the AGA-Control neonates had a 

percent area stained of 47  2% of the overall ROI. These values were not statistically 

different. In the DG at the level of 840, the FGR-MNR neonates had on average 5174  

222.7 cells/mm2 versus the AGA-Control neonates, which had 4283  319.6 cells/mm2, 

again with no statistical differences between the two groups. No statistical differences 

were found in the DG percent area stained between the FGR-MNR neonates and the 

AGA-Control neonates with values of 59 +/- 4% area stained and 51 +/- 5% area stained, 

respectively. There were no sex differences in the results shown. 

 

At the level of 880 in the brain in the CA1 region, there were no differences in the 

number of cells/mm2 between the FGR-MNR and AGA-Control neonates with values of 

3156  93.4 cells/mm2 and 3071  168.1 cells/mm2. Similarly, the percent area stained in 

the CA1 region between the FGR-MNR and AGA-Control neonates showed no statistical 

differences with values of 50  4% area stained and 52  3 % area stained, respectively. 
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In the dentate gyrus, there was a significant increase in the number of cells/mm2 in the 

FGR-MNR neonates with values of 4920  108.3 cell/mm2 compared to the AGA-

Control neonates that had on average 4030  249 cells/mm2. However, the percent area 

stained showed no significant differences between the neonates groups with the FGR-

MNR neonates having 52  2% area stained and the AGA-Control neonates have a DG 

with 50  3% area stained of neurons. There were no sex differences in the results shown. 

 

5.4 Discussion 

In this study, 36 interpretable spectra were obtained that identified many metabolites in 

the brain. There were no significant differences in brain metabolite levels between the 

AGA-Control and FGR-MNR neonate groups, which does not confirm our tested 

hypothesis. However, there was a significant decrease in stratum oriens polymorphic 

layer widths in the FGR-MNR neonate brains, while no differences were found in the 

dense neuron cell layer thicknesses. Upon further investigation into the cell body dense 

layers of the hippocampus, the CA1 and DG, there were no differences in the number of 

cells per mm2 or the % area stained at level 840 and 880 in the guinea pig brain, with the 

exception of the cells/mm2 in the DG. This suggests that there are few differences in 

neuron numbers in these regions of the hippocampus, further supporting the neonate 

MRS findings and hippocampus layer thickness findings. 

 

To our knowledge, this is the only FGR MNR neonate animal model used to study in vivo 

brain metabolite levels. The only other studies are in neonate humans, and the majority 

are in premature infants, and demonstrated a significant increase in NAA/Cr levels and 

absolute NAA levels (Lazeyras et al., 2003; Roelants-Van Rijn et al., 2004; Simões et al., 

2015). Human fetal FGR studies using MRS to measure brain metabolite levels showed a 

consistent decrease in NAA/Cr and NAA/Cho ratios in the FGR brains compared to 

appropriately grown Control fetuses (Azpurua et al., 2008; Story et al., 2011; Sanz-

Cortes et al., 2015). The present study demonstrates no differences between metabolite 

levels, specifically in NAA/Cr, suggesting that there is an increase in NAA/Cr levels 

from the age of the fetus to the neonate. This could be explained by an increase in growth 

and maturity from the growth-restricted fetal brain to the age of the neonate after a period 
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of post-natal growth. Kok et al. (2002) found that the NAA/Cr and NAA/Cho levels 

increased while the Cho/Cr ratio decreased with increasing gestational age in humans 

(Kok et al., 2002). Furthermore, Kreiss and colleagues (2002) examined an increase in 

NAA/Cr with increasing gestational age in humans, thus suggesting that there is constant 

growth and maturation of the fetal brain, which may be stalled or altered in a FGR brain 

as displayed by FGR fetal MRS studies (Kreis et al., 2002; Azpurua et al., 2008; Story et 

al., 2011).   

 

The present study did not find any changes in the NAA/Cr ratio between the AGA-

Control and the FGR-MNR neonates in the hippocampus, which suggests that there are 

no differences in neuronal density and integrity between groups. However, there is a 

reduction in the hippocampus volume as seen in the T2 weighted MRI imaging study in 

Chapter 4. Therefore, the organization of the hippocampus was investigated in the present 

study to determine the cause of volumetric differences. A decrease in the stratum oriens 

layer width at both levels of the hippocampus studied and a decrease in the infra-

moleculare layer and polymorphic layer widths in the dentate gyrus was found in the 

FGR-MNR brain compared to the AGA-Control neonate brains. Interestingly, there were 

no differences in the pyramidal and granule cell layer widths of the hippocampus. This 

suggests that there are reductions in neuronal processes in the FGR-MNR neonate with 

no differences in the neuronal number as the stratum oriens is composed of the apical 

dendrites and axons of the CA1 and CA3 pyramidal neurons (Anderson et al., 2007). This 

reduction in the stratum oriens width has also been shown in guinea pig FGR studies 

induced by uterine artery ligation/ablation studies, therefore this region seems to be 

vulnerable to FGR (Mallard et al., 1999, 2000). Fetal sheep have also shown a reduction 

in stratum oriens width after a reduction in placental blood flow for 7 days, suggesting 

this is a pathological change occurring in FGR (Rees et al., 1997).  

 

FGR studies report findings of decreased neuronal cell numbers in various areas of the 

brain, however the present study demonstrates no statistical differences in CA1 pyramidal 

cell number and DG granule cell number in FGR-MNR neonates. Such studies include 

those that focus on fetal sheep after in utero exposure to hypoxemia, and an intrauterine 
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artery ligation model of FGR in guinea pigs in post-natal brains (Rees et al., 1997; 

Mallard et al., 2000). Each of these studies showed a decrease in hippocampus cell 

number in the pyramidal neurons regardless of the age or FGR-model used (Rees et al., 

1997; Mallard et al., 2000). The post-natal guinea pig brain, as investigated by Mallard et 

al (2000), utilized a different model of FGR, compared to the present study, which could 

be accounting for the cell number differences. The uterine artery ligation/ablation model 

is much more invasive as it is a surgical intervention, and an abrupt change in oxygenated 

blood flow, compared to the chronic MNR model, which could acutely increase levels of 

hypoxemia in the FGR brain during development leading to an increase in hippocampal 

neuron apoptosis, and a decrease is neuron number (Mallard et al., 2000; Turner & 

Trudinger, 2009). Although there are differences between the present study and other 

studies of FGR, this is the only study that utilizes MRS, hippocampus layer thicknesses, 

and cell counts in an FGR-MNR neonate model to further understand the physiological 

and pathological outcomes in the brain to assist in the determination and use of 

biomarkers for detection of later neurodevelopmental disorders. 

 

5.5 Conclusion 

Although there are no differences in the metabolite levels or cell numbers between the 

FGR-MNR and AGA-Control neonates, inconsistent with our hypothesis, there are 

hippocampus layer width differences, which hold the dendrites and axonal projections of 

hippocampal neurons. These findings suggest dendrite growth disparities in the FGR-

MNR neonates and propose that the level of NAA in the neonate hippocampus is a good 

indication of neuronal number, growth, and integrity. The hippocampus organization and 

dendritic projection length may be restricted in regards to the neuron projections in FGR 

after MNR and can be a potential indicator of poor neurodevelopment and have 

implications to later neurodevelopmental disorders and cognitive ability regardless of the 

neuronal cell number present. More research is required to study neuron connections and 

synapses in the FGR-MNR neonate in order to identify and determine the presence and 

extent of hindered dendritic tree growth. It is also important to develop a longitudinal 

MRS study to assist in the understanding of metabolite levels over the intrauterine and 
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post-natal developmental periods to assist in the development of potential therapeutic 

targets that could decrease the risk of developing neurodevelopmental disorders. 
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Table 1: Hippocampus metabolite levels 

Data presented as means ± SEM; n values were 18 and 18 for neonate AGA-Control and 

FGR- MNR metabolite levels, respectively; AGA = appropriate for gestational age, FGR 

= fetal growth restricted, MNR = maternal nutrient restricted, NAA = N-acetyl aspartate, 

Cr = Creatine, Cho = Choline. 

    AGA-Control FGR-MNR 

Metabolite   N=18 N=18 

    NAA/Cr 

 

0.44 ± 0.01 0.44 ± 0.03 

    Cho/Cr 

 

0.41 ± 0.02 0.46 ± 0.03 

    Glutamate/Cr 

 

0.69 ± 0.03 0.74 ± 0.03 

    Myo-inositol/Cr 1.99 ± 0.08 1.96 ± 0.06 

        

 

 

 

 

 

 

 

 

Table 2: Hippocampus Layer Widths 

Data presented as means (um) ± SEM; * p < 0.05, ** p < 0.01, vs corresponding AGA-

Control group value; n values were 10 and 7 for neonate AGA-Control and FGR- MNR 

hippocampus layer widths, respectively; AGA = appropriate for gestational age, FGR = 

fetal growth restricted, MNR = maternal nutrient restricted.  
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Figure 1: In vivo proton nuclear magnetic resonance spectroscopy.  

(Above) T2 weighted image of GP brain with a highlighted hippocampal ROI for 

spectroscopy. Voxel dimensions are 3x8x4mm3 covering the majority of the 

hippocampus and corpus callosum. (Below) Spectrum acquired on the 9.4 Tesla magnet. 

Note the concise separations of the various high resolution peaks consisting of  Myo, 

Myo-inositol; Cho, choline; Cr, creatine; Glt, glutamate; and NAA, N- acetyl aspartate. 
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Figure 2: Representative bright-field microscope image (2.5X Objective lens) of 

Nissl stained guinea pig hippocampus at level 840 in brain. 
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Chapter 6 

GENERAL DISCUSSION 
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6.1 General Discussion 

 

The importance of a healthy intrauterine environment is a growing topic of interest as this 

milieu affects the growth and development of the fetus and can determine later life 

outcomes and potential diseases such as neurological disorders, cardiovascular disease, 

glucose intolerance, type II diabetes, and obesity due to fetal programming. Specific to 

neurodevelopmental disorders, FGR increases the risk of developing autism, attention 

deficit hyperactive disorder and schizophrenia. Although many factors contribute to fetal 

growth restriction (FGR), improper placental growth and therefore impaired nutritional 

transport to the fetus plays a major role in many human cases of FGR and continues to 

affect the neonate after birth. Although many animal models use techniques to induce 

placental insufficiency, this study was designed to further characterize how a nutrient 

restriction model would act as a more representative model of human FGR, and 

determine if there were any changes in brain structural and metabolic development in the 

neonate. 

Past studies of FGR in guinea pigs have provided a large body of evidence regarding the 

fetal outcomes after uterine artery ligation/ablation, however this type of placental 

insufficiency model is abrupt and invasive, and causes FGR by an acute arrest of blood 

flow to the placenta, which can be quite severe (Turner & Trudinger, 2009; Elias et al., 

2016). The MNR model is analogous to the human situation as maternal under nutrition is 

one of the most common maternal causes of FGR. Maternal nutrient restriction (MNR) in 

guinea pigs has been used in the past to study maternal, placental, and the fetal 

characteristics of FGR, and the associated later life changes in the young adult, post-natal 

day 90, although limited studies have demonstrated the neonate organ outcomes and post-

natal growth (Roberts et al., 2001a, 2001b, Kind et al., 2002, 2003). The present study 

further characterizes the neonate model of growth restriction after MNR, and is able to 

mimic post-natal growth as seen in the majority of human situations of FGR and catch up 

growth, as shown in Chapter 3. Additionally, this study provided justification for using a 

neonate weight threshold of >95 g for categorizing AGA-Control and <85 g for 

characterizing FGR-MNR cohorts. The organs affected in our FGR-MNR model are 
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related to those that are associated with FGR later life diseases so this model can be used 

to help elucidate the underpinnings of FGR disease processes associated with accelerated 

post-natal growth and fetal programming.  

The present study utilized MRI and MRS in the brain of a growth restricted neonate 

guinea pig to determine adverse brain development or injury biomarkers after being born 

growth restricted. Structural differences were found in the brains of the growth restricted 

neonates, with statistical decreases in overall brain volume, hippocampus volume, and 

lateral ventricle volume on MRI, which were also found in in the histological study. 

Although the lateral ventricles volumes were different from what was hypothesized, this 

information provides additional knowledge on the growth and development of the post-

natal neonate guinea pig. Additionally, the present study found a statistical decrease in 

the hippocampus volume to brain volume ratio suggesting that the hippocampus is a 

vulnerable brain structure to an adverse in utero environment such as MNR. Similar 

findings have been shown on MRI in the FGR preterm human neonate, whereby 

researchers have found a decrease in hippocampus volume and intracranial volume 

(Lodygensky et al., 2008; Tolsa et al., 2004). Although the present study does not focus 

on pre-term birth and FGR, it provides good evidence of a hippocampus biomarker that is 

present across different forms of growth restriction and can assist in the determination of 

essential biomarkers for FGR neuro-developmental disorders. Histologically, the 

hippocampi cross sectional was significantly reduced, similar to that investigated in FGR 

induced by uterine artery ligation in the fetus and the neonate (Mallard et al., 1999, 

2000). As the findings in the present study were correlated with the neuro-anatomical 

correlates, MRI was able to identify brain developmental abnormalities in the growth-

restricted neonate in comparison to the AGA-Controls.  

 

Metabolite levels in the hippocampus, specifically NAA, did not change between the 

FGR-MNR and AGA-Control and thus did not support our hypothesis, suggesting there 

are no differences in neuronal density and mitochondria function, even though there is a 

volumetric decrease in the hippocampus. As described in Chapter 5, the present study 

found no differences in hippocampus layer thickness in the cell soma layers, including 
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the pyramidal cell layer and the granule cell layers histologically, which supports the 

MRS findings. Although there were decreases in the non-cell dense layers of the stratum 

oriens, and stratum radiatum of the hippocampus proper, as well as decreases in the 

moleculare layer and polymorphic layer, which make up the dentate gyrus. A decrease in 

stratum oriens layer thickness has been shown in the guinea pig fetus after uterine artery 

ligation and in growth restricted sheep (Rees et al., 1997; Mallard et al., 1999), 

suggesting that there are pathological changes in this region, specific to FGR, that may be 

causing neurodevelopmental disorders. 

 

Together, the past and preset studies of moderate MNR as a model in guinea pigs support 

the utility of this model for inducing FGR in the neonate with many similarities to that of 

human FGR with regards to the growth patterns and organ weights displayed in Chapter 

3. This was the first time to date that the neonate FGR-MNR model has been used to 

study neonate post-natal and organ growth, and non-invasive magnetic resonance 

imaging and magnetic resonance spectroscopy techniques. The growth results are similar 

to that seen in the human situation and the MRI and MRS results display hippocampus 

findings in accordance with MRI studies of neurodevelopmental disorders such as autism 

and schizophrenia and provided further insight into the structural and metabolic changes 

seen after fetal programming and fetal growth restriction. 

 

6.2 Future Studies 

 

Based on the present findings, continued studies on the use of biomarkers in FGR are 

imperative in order to better understand the underlying factors associated with later life 

diseases, specifically neurodevelopmental disorders.  

Future studies should utilize the non-invasive imaging tools of MRI and MRS starting in 

the fetus and continue on to the age of the neonate in order to gather longitudinal data. 

This could provide a longitudinal aspect of brain structure morphology, and brain 

metabolites throughout the changing intrauterine and post-natal environments to further 

understand the brain developmental stages occurring in FGR.  
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In conjunction with non-invasive MRI, a more in depth histological study would be 

beneficial to determine microstructural changes in the FGR neonate guinea pig brains. 

Brain development, myelination, and synapse formation is a continuous process in the 

age of the fetus and neonate and require a high degree of energy and oxygen, which can 

be disrupted in a MNR model of FGR. All of these processes can be measured indirectly 

through antibody stains including, myelin basic protein, synaptophysin and synaptopoetin 

in both the fetus and the neonate. Glial cells in the brain are also a vital component to 

essential brain structure and function, therefore investigation into glial cells and 

morphology might be useful to complete the story of growth restricted brains, specifically 

in the hippocampus. 

 

Additionally, a follow up neurobehavioral would be of interest to understand how the 

findings from the present study affect the actual function, cognitive ability, and 

behavioural aspects of FGR after MNR in the animal model. Such studies can involve 

functional MRI studies, a Morris Water Maze test, an open field test, or a T-arm test, and 

have all been used for a variety of animal models to display neurobehavioural outcomes 

of the animals. The timing of neurobehavioural studies would be most beneficial in the 

age groups when neurodevelopmental disorder symptoms, such as those for autism, 

attention deficit hyperactive disorder and schizophrenia all start to present themselves 

(StrangKarlsson et al., 2008; Haglund & Källén, 2011; Lui, Jing, Wang, Xiao-Feng, Yan, 

2014). 

 

6.3 Conclusions 

In conclusion, this thesis was focused on determining the extent to which a MNR diet in 

utero would produce FGR offspring with specific interest in the brain to further 

investigate non-invasive brain imaging biomarkers and neuroanatomical correlates. The 

major findings of this study were: 

1. MNR leads to FGR offspring that display accelerated post-natal growth that has 

differential effects of specific organs, indicated by a high brain to body weight 

ratio, no changes in liver to body weight, and decreased heart to body weight ratio 

compared to AGA-Control neonates. 



 

 126 

2. FGR-MNR neonates have smaller brains, hippocampi, and lateral ventricles as 

seen with T2-weighted MRI and confirmed with neuroanatomical correlates. In 

addition, the FGR-MNR neonates have a reduced hippocampus/whole brain 

volume ratio suggesting that the hippocampus is a vulnerable brain structure to 

MNR and FGR. 

3. FGR-MNR neonates do not show alterations in hippocampus metabolite levels 

through MRS, however, histologically, there are decreases in the layers of the 

stratum oriens and polymorphic layer of the hippocampus, as well as no changes 

in neuron cell number in the hippocampus which supports our MRS findings and 

begin to explain the decrease in hippocampus volume seen in objective 2 that may 

be associated with neurodevelopmental disorders. 

These studies support MNR as a way to induce FGR in the newborn that mimics many 

neonatal growth events in the human situation. Furthermore, these studies provide insight 

into the use of MRI and MRS together as tools to build and obtain structural and 

metabolic biomarkers of FGR-born neonate guinea pigs for the use of potential biomarker 

identification in humans 
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