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Figure 4.10 Representative immunoblots (top) of Grp78 (78kDa), Bax (23kDa), PARP1 
(89kDa), cleaved caspase-3 (17,19kDa) and -Actin (42kDa) from male and female AGA-
control and FGR-MNR animals. Density of immunoblots (bottom) normalized to -Actin 
and presented as the mean fold change  SEM for the male and female FGR-MNR fetuses 
(green bars, n=8) from that of the male and female AGA-control fetuses (blue bars, n=7). 
*p<0.05. 
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Figure 4.11 Bar chart of % area SYN-IR per HPF for the brain regions shown of AGA-
control (n=18) and FGR-MNR (n=18). Data presented as mean % area stained/HPF  
SEM. 
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4.4 DISCUSSION  

In the present study, we have examined markers of necrosis, apoptosis, ER 

stress, and synaptogenesis in fetal guinea pigs subjected to moderate MNR before and 

continuing throughout pregnancy as a model for inducing FGR with similarities to that 

seen in humans with maternal undernourishment and idiopathic placental insufficiency. 

As discussed in Chapter 3, and in other studies (C. T. Roberts, Sohlstrom, Kind, Earl, et 

al., 2001; Sohlstrom et al., 1998), moderate MNR at 70% of the control ad-libitum diet 

beginning 4 weeks pre-pregnancy and increasing to 90% of the control ad-libitum diet 

at mid-gestation, results in a decrease in fetal weights by 30-40% on average for all 

MNR pregnancies necropsied near term. Increased placental/fetal weight ratios are 

observed in these pregnancies, which parallels what is seen in human FGR pregnancies 

with maternal undernourishment and placental insufficiency, and likely indicates a 

degree of adaptive compensatory growth by the placenta in an effort to minimize FGR 

(Abrams & Newman, 1991; Kramer, 1987). These placental changes make it likely that 

the FGR-MNR fetuses are likely to be hypoxic and therefore at risk of increased 

oxidative and ER stress, a possible mechanism for altered growth and development. 

These fetuses also have a decrease in brain weights and markedly decreased liver 

weights, giving rise to an increased brain/liver weight ratio which is characteristic of 

asymmetrical fetal growth restriction (aFGR) (Lackman, Capewell, Richardson, et al., 

2001; Lafeber HN, Rolph TP, 1984;  a. J. Turner & Trudinger, 2009). Of note, aFGR is also 

seen in humans with placental insufficiency leading to growth restriction (W. Cox et al., 

1988; Economides & Nicolaides, 1989; Soothill et al., 1987).  

Development of the fetal brain requires the completion of several complex 

processes in order to develop in a complete and healthy manner. Adverse intrauterine 
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conditions may lead to prolonged episodes of lowered nutrients, including oxygen, and 

thus generate an unsuitable environment for the completion of necessary growth and 

development processes (Hochachka et al., 1996); this may result in a variety of 

consequences ranging from threshold effects on brain growth, to altered synapse 

formation and aberrant neuronal communication, all the way to alterations leading to 

cellular death in severe cases (Astrup, 1982). This is particularly true in perinatal brain 

developers such as humans, and guinea pigs as prenatal brain developers, as the most 

rapid phases of brain growth and development occur in the latter half of pregnancy 

(McIntosh et al., 1979), in these cases insults are occurring during critical time points in 

development and are significantly increasing the risk of potential derangements. The 

processes involved in brain growth and development are very dynamic with a very high 

energy demand. As such, FGR with oxygen and nutrient impairment may disrupt 

processes such as growth and synapse formation as energy demanding processes (Jiang 

& Schuman, 2002). Cellular death can occur in a physiological manner and likely also 

plays a central role during the fetal period of brain development that coincides with 

neuronal differentiation and synaptogenesis (Blaschke et al., 1996). Additionally, in 

cases of chronic hypoxia, reduced amino acid levels, and/or oxidative stress, it is 

possible to see an accumulation of misfolded or unfolded proteins in the ER, which if 

prolonged, can lead to the initiation of pro-apoptotic cascades (Koumenis et al., 2002; 

Marciniak & Ron, 2006; Szegezdi et al., 2006). 

The most pertinent finding in this study was the increase in TUNEL positive 

staining in the FGR-MNR cohort when compared to the AGA-control cohort and more so 

in males than females, although this was also evident in the AGA-control group. This 

finding likely points to a sexual dimorphism in the mechanism and degree of apoptotic 
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injury, a finding that is consistent with previous studies of apoptosis in neonatal 

cerebral ischemia (Renolleau et al., 2008). The study by Renolleau et al. suggested that 

males and females undergo apoptosis at different levels and via different mechanisms. 

It is suggested that males may be more vulnerable to oxidative stress leading to 

production of reactive oxygen species in the mitochondria, large mitochondrial 

permeability with a subsequent release of pro-apoptotic proteins, such as AIF, leading 

to activation of PARP1 and subsequent translocation of mitochondrial AIF into the 

nucleus for DNA cleavage, resulting in a caspase-independent cell death (Renolleau et 

al., 2008). Females however, have an estrogen microenvironment which upregulates 

levels of anti-apoptotic Bcl-2 and may in part preserve the stability of the mitochondrial 

membrane and reduce the release of pro-apoptotic proteins; however in situations 

where cellular death pathways are sufficiently activated, females undergo a caspase 

dependent cell death involving the release of cytochrome c and activation of caspase-3 

(Renolleau et al., 2008). This suggests there is a sexual dimorphism in apoptotic 

pathways and may implicate oxidative stress as a possible method by which damage is 

occurring in the fetal brain in the case of MNR induced FGR. The changes in apoptosis 

that were observed in our study were not accompanied by significant changes in the 

protein levels of pro-apoptotic factors such as Bax, PARP1, and cleaved casapse-3. This 

points to activity dependent changes in other apoptotic factors, such as AIF to explain 

the increases in apoptosis that are observed here.  

In general, this study investigated sub-areas of the hippocampus due to its role 

in memory and learning. In normal development, neurons of the dentate gyrus and 

areas CA1 and CA4 synapse with each other in the formation of a functional 

hippocampus (Berger, Song, Chan, & Marmarelis, 2010). Hippocampal neurons of the 



 117 

CA1 are thought to be more sensitive to hypoxic or ischemic insults (Bickler & Buck, 

1998; Maiti, Singh, Muthuraju, Veleri, & Ilavazhagan, 2007). Considering that MNR-FGR 

fetuses have previously been found to be hypoxic (Elias et al., 2013), our findings would 

be consistent with these studies as these more susceptible regions did have increased 

evidence of apoptosis 

 Processes with high energy demand have been found to be highly sensitive as 

they are the most likely to be shut down in order to conserve energy necessary for 

cellular integrity and survival (Hochachka et al., 1996; Jiang & Schuman, 2002; Zhao & 

Flavin, 2000). On the basis of this and previous studies in FGR guinea pigs (Piorkowska 

et al., 2014), we hypothesized that MNR leading to FGR would have threshold effects on 

brain development processes, such as synaptogenesis, and thus we would see 

differences in SYN IR as a marker of the total number of synapses. Therefore, our results 

were unexpected. The dissimilarity in our results compared to previous studies may 

indicate a difference in the result of the long-term chronic insult that manifests with 

MNR compared to the more abrupt, acute insult in models such as uterine artery 

ligation/ablation. The chronic nature of nutrient restriction begins to impact the animal 

very early on in gestation and thus may create a larger window of opportunity for 

adaptations in the fetus and/or placenta. These adaptations may include mechanisms 

such as antioxidant release and result in better outcomes compared to animal models 

undergoing a one-time invasive procedure at mid-gestation. Additionally, studies of 

cerebral ischemia have demonstrated a reproducible sequence of changes, with an 

upper ischemic flow threshold of synaptic transmission failure but the maintenance of 

energy levels and a lower ischemic flow threshold of membrane failure with the 

development of structural cell damage (Astrup, 1982). With this study in mind, it is 
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possible that animal models of uterine artery ligation/ablation are below the upper 

ischemic flow threshold and above the lower ischemic flow threshold, whereas the MNR 

model is above both the upper and lower ischemic flow threshold, and therefore does 

not yield synaptic transmission failure or large amounts of structural cell damage.  

 In summary, there were overall low levels of necrosis and apoptosis, but with 

significant increases in apoptosis in FGR-MNR animals compared to AGA-controls, as 

well as in males compared to females. The lack of necrotic changes indicates that the 

threshold for membrane failure with energy depletion has likely not been reached; 

these findings paired with the increases in apoptosis are consistent with previous 

studies which state that milder insults are more likely to impact immature neurons and 

result in apoptotic death, while more severe insults are likely to affect terminally 

differentiated neurons and result in death by necrosis (Scott & Hegyi, 1997; Yue et al., 

1997). The changes in apoptosis were however, not accompanied by any observable 

changes in protein markers of apoptosis or ER stress, which may indicate that other 

upstream pathways are responsible for the resultant apoptosis that is associated with 

MNR induced FGR. There was, unexpectedly, no changes in markers of synaptic 

numbers. Due to the constant state of nutrient restriction, it is likely that an adaptive 

response occurred in these animals at an earlier time point in gestation and therefore, 

by the time of the near-term necropsy, these FGR-MNR fetuses had better outcomes 

compared to those observed in previous studies with uterine artery ligation/ablation.  
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5.1 GENERAL DISCUSSION  

 It is now recognized that the condition of the intrauterine environment that 

supports the development of a fetus is a key determinant to the long term neurological 

health and cognitive capacity of that fetus. Several studies have demonstrated a link 

between low birth weight, suggestive of a sub-optimal intrauterine environment, and 

long-term adverse outcomes, including cardiovascular conditions, metabolic 

disabilities, cognitive deficits and neurological disorders. Conditions associated with 

fetal growth restriction (FGR) include common disorders such as cerebral palsy, 

attention deficit hyperactivity disorder, schizophrenia, epilepsy, and psychiatric 

hospitalization (M. Cannon et al., 2002; Halliday, 2009; Indredavik et al., 2010; 

Rodrigues et al., 2006; S. P. Walker et al., 2007b). The severity of the associated deficits 

and diseases correlates to the degree of FGR, often there is no recovery (Geva et al., 

2008; Indredavik et al., 2010; Isaacs et al., 2000; Synnes et al., 2010). As such, altered 

development of the brain during critical periods may result in permanent impairments 

from which there is currently no course for recovery. Although many factors contribute 

to the incidence of FGR, improper placental growth and therefore impaired nutritional 

transport to the fetus, plays a major role in many human cases of FGR. As such, this 

study was designed to further characterize how a model of maternal nutrient restriction 

(MNR) may act as a representative model of human FGR, and to investigate alterations 

in the growth and development of the brain that arise from FGR.  

 Previous studies have utilized moderate MNR in guinea pigs to model the 

maternal, placental and fetal growth characteristics of human FGR (Kind et al., 2003, 

2005; C. T. Roberts, Sohlstrom, Kind, Earl, et al., 2001; Sohlstrom et al., 1998). This 



 129 

study has further characterized the MNR guinea pig model via the addition of breeding 

success and pregnancy outcomes as outlined in Chapter 3. This study also demonstrated 

the utility of the MNR model to induce FGR, resulting in dramatically lower rates of fetal 

loss compared to those seen in uterine artery ligation/ablation models (Lafeber HN, 

Rolph TP, 1984;  a. J. Turner & Trudinger, 2009), however an increase in preterm 

delivery was reported, as is seen in human cases of FGR (Lackman, Capewell, 

Richardson, et al., 2001). This study has confirmed the findings of previous studies, 

which have stated that MNR guinea pig fetuses have increased placental/fetal weight 

ratios; a finding that is often observed in human cases of FGR (Belkacemi et al., 2010; K. 

Godfrey & Robinson, 1998; Kramer et al., 1990; Lackman, Capewell, Gagnon, et al., 2001; 

Lumey, 1998). This study provided validation for the use of a fetal weight threshold of 

80 g for categorizing average for gestational age (AGA)-control and FGR-MNR cohorts, 

with 80 g being representative for the 10th percentile in the control animals. A key 

finding within the FGR-MNR cohort, is that the fetuses displayed asymmetrical fetal 

growth restriction (aFGR) and were polycythemic and hypoglycemic, all of which are 

characteristic of moderate growth restriction during human pregnancy (Abrams & 

Newman, 1991; W. Cox et al., 1988; Economides & Nicolaides, 1989; Kramer, 1987; 

Kramer et al., 1990; Soothill et al., 1987). 

 Moderate MNR alters the vasculature and structure of the placenta (C. T. 

Roberts, Sohlstrom, Kind, Earl, et al., 2001; C. T. Roberts, Sohlstrom, Kind, Grant, et al., 

2001) and leads to reductions in blood and nutrient flow from maternal to fetal tissues, 

mimicking the human condition of placental insufficiency that often occurs in human 

FGR. This chronic insult has been shown to lead to a decrease in brain protein synthesis 

as a metabolic defense in hypoxia tolerant species, which was believed to have the 
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potential to impact brain development (Gagnon et al., 1997; Matthews, 2000). 

 The current study had the goal of investigating the consequences of MNR-

induced FGR in the fetal brain and looking to gain a better understanding of the 

mechanisms at play.  These fetuses have substantial “brain sparing”, as their brain 

weights are reduced, but not nearly to the same degree as other organs such as the liver. 

There is also no increase in necrotic cell injury, which indicates that the threshold for 

membrane failure with energy depletion has likely not been reached. Apoptotic indices 

were found to be very low in both AGA-control and FGR-MNR cohorts but a statistically 

significant increase was observed in FGR-MNR animals compared to AGA-control 

animals, primarily in hippocampal regions This finding is consistent with previous 

studies of developing brain cells exposed to hypoxic/ischemic conditions; these studies 

state that milder insults are more likely to impact immature neurons and result in 

apoptotic death, while more severe insults are likely to affect terminally differentiated 

neurons and result in death by necrosis (Scott & Hegyi, 1997; Yue et al., 1997). 

Additionally, TUNEL-positive cells were observed to be significantly higher in males 

compared to females, and this was true for both AGA-control and FGR-MNR cohorts, 

which likely points to a sex difference in the mechanism and degree of apoptotic injury; 

which is consistent with findings from Renolleau et al. The study by Renolleau 

postulated a mechanism of apoptosis by which males were undergoing a caspase-

independent cell death, via PARP1 initiating the translocation of apoptosis-inducing 

factor (AIF) to the nucleus for the induction of large scale DNA fragmentation (Daugas 

et al., 2000) and that this pathway was triggered by increases in oxidative stress. 

(Renolleau et al., 2008). These changes in apoptosis that were observed in our study 

were not accompanied by significant changes in the protein levels of pro-apoptotic 
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factors such as Bcl-2 associated X protein (Bax), poly ADP ribose polymerase 1 (PARP1), 

and cleaved casapse-3. This points to activity dependent changes in other apoptotic 

factors, such as AIF to explain the increases in apoptosis that are observed here.  

 Following investigations on necrosis and apoptosis, this study focused on 

determining if guinea pigs with MNR induced FGR exhibited changes in synaptogenesis. 

Synaptophysin (SYN) immunoreactivity was measured as a marker of the total number 

of synapses. No significant changes were observed in SYN immunoreactivity between 

AGA-control and FGR-MNR groups, which was unanticipated as a previous study 

measuring SYN immunoreactivity in FGR guinea pigs found significant decreases 

relative to fetuses of normal birth weight (Piorkowska et al., 2014). Synaptic formation 

and maturation are high-energy consuming processes and therefore the compromised 

supply of nutrients and oxygen observed in MNR induced FGR would be expected to 

result in reduced synapse formation and maturation. The maintenance of synaptic 

numbers possibly demonstrates the effectiveness of the brain-sparing response 

observed in aFGR fetuses in ensuring sufficient energy is preserved for the 

developmental processes occurring in the brain. Alternatively, it is possible that this 

may indicate a difference in the result of the long-term chronic insult observed in MNR 

compared to the abrupt/invasive nature of the insult in models such as uterine artery 

ligation/ablation. It is possible that the chronic nature of nutrient restriction begins to 

impact the animal early in gestation and as a result the placenta and/or fetus has a 

larger window of opportunity to adapt, with mechanisms such as increased release of 

antioxidants, and thus may yield better outcomes in comparison to animal models 

which involve a one-time invasive procedure performed at mid-gestation with less of an 

opportunity for adaptation and recovery. Additional studies of cerebral ischemia have 
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demonstrated a reproducible sequence of changes, with an upper ischemic flow 

threshold of synaptic transmission failure but the maintenance of energy levels and a 

lower ischemic flow threshold of membrane failure with the development of structural 

cell damage (Astrup, 1982). With this study in mind, it is possible that animal models of 

uterine artery ligation/ablation are below the upper ischemic flow threshold and above 

the lower ischemic flow threshold, whereas the MNR model is above both the upper and 

lower ischemic flow threshold, and therefore does not yield synaptic transmission 

failure or large amounts of structural cell damage.  

 This study as well as past studies of moderate MNR in guinea pigs support the 

utility of this model for the induction of FGR which parallels the condition of human 

FGR resulting from placental insufficiency or maternal undernourishment. This is the 

first study to date to investigate the impact of FGR in the brain of the MNR guinea pig 

model. This study has exhibited the merit of using a translatable chronic insult to induce 

growth restriction. The results provide insight into possible mechanisms by which MNR 

induced FGR is impacting the brain and also set the stage for future studies to further 

our understanding of the topic. 

 A major limitation of this study is that all investigations of the brain were carried 

out at a single time point in development. This raises the question of how certain 

markers, particularly apoptotic indices change over the course of development. 

Apoptosis is known have a physiological basis during fetal brain development that 

coincides with neuronal differentiation and synaptogenesis, therefore without 

measuring apoptosis across multiple time points we cannot know if the increase in 

apoptotic markers that we observe is a result of the MNR induced FGR, or an indicator 
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of a delayed developmental process. Additionally, the state of the caudal portion of the 

brain that was used for our Western Blots was less than ideal as the brains were 

damaged in the fast freezing process. This made it difficult to ensure which brain areas 

we were removing for our investigation and may have led to some of the high variability 

of our results here.  

 

5.2 FUTURE STUDIES 

 Based on the current findings, future studies should focus on additional markers 

that may provide more insight in regards to the mechanisms by which neurological 

changes are occurring.  Additionally, future studies should explore associated 

behavioural outcomes in the growth restricted MNR fetus. It would be worthwhile to 

further investigate markers of oxidative stress in the fetal guinea pig brain as they may 

elucidate more about mechanisms by which neurological changes are occurring. 

Examples of oxidative stress markers that can be investigated include the antioxidant 

glutathione, by-products of oxidative stress like malondialdehyde, and measures of DNA 

oxidative stress and cell damage like 8-hydroxyguanosine and 3-Nitrotyrosine.  

Defining behavioural` changes in animal models can be done using various 

psychological tests that may suggest changes in learning, memory, cognition, and 

behavior. Tests such as the Morris water maze, T-arm maze, open field test, and forced 

swim test could provide information regarding the extent to which cognitive changes 

are occurring and the extent to which these changes can be associated with MNR and 

thus FGR. Correlating these behavioural changes with the severity of FGR resulting from 

MNR may provide useful information into the most beneficial forms of therapy, 
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depending on the duration, type, and severity of insult occurring during gestation.  

 Previous animal models of placental insufficiency, such as those using uterine 

artery ligation, have demonstrated neurological changes in the FGR fetus. Since this 

study has demonstrated that MNR leads to FGR, with an inclination towards aFGR it 

would be a valuable use of resources to further investigate additional markers of 

neurological changes and at multiple time points in the life of the animal. Initiation of 

myelination, axonal and dendritic growth and the proliferation of microglia and 

astrocytes are all examples of processes occurring during development that can be 

impacted if oxygen and nutrient supply are insufficient during critical period of 

development (Kind et al., 2005). A previous study, performed in a uterine artery ligation 

model, demonstrated reduced synaptophysin (SYN) immunoreactivity (IR) (Piorkowska 

et al., 2014). It would be worthwhile to test further markers from Piorkowska’s study in 

the MNR model. Some of these markers include synaptopodin, which is found in 

dendritic spines of telencephalic neurons and is closely associated with the spine 

apparatus that plays a role in learning and memory  (Deller, Merten, Roth, Mundel, & 

Frotscher, 2000; Deller, Mundel, & Frotscher, 2000; Mundel et al., 1997) and myelin 

basic protein, which comprises 35% of the protein in they myelin sheath, and is often 

used as a marker of myelination (Back et al., 2001). It would be useful to conduct 

studies of these markers in addition to those investigated in this study, and to look at 

them at the fetal stage, at the neonatal stage, and at the adult stage in order to 

investigate how MNR induced FGR affects these markers throughout life.  

 An additional area of future research that could be investigated once there is a 

better understanding of the type of injury and developmental change that occurs in the 
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brain as a result of MNR induced FGR, would be to determine the presence and extent of 

structural brain injury that could be detected using noninvasive approaches, such as 

magnetic resonance imaging (MRI) in the developing neonate. These measures could be 

used as a means for determining structural biomarkers for FGR adverse 

neurodevelopmental outcomes that could be correlated to microstructural changes in 

the brain found via accompanying histological analyses.  

 

5.3 CONCLUSIONS  

 In conclusion, the focus of this thesis was on determining the relationship 

between MNR and the changes in fetal-placental growth, fetal-brain growth, 

neurodevelopment, and markers of cellular injury. The major findings of this study 

were: 

1) MNR leads to aFGR fetuses with high brain-to-liver weight ratios. 

2) Markers of necrosis do not change. 

3) Markers of apoptosis are significantly increased in FGR-MNR cohort relative 

to the AGA-control cohort, however they do remain at generally low levels.  

4) Markers of apoptosis are increased in males relative to females. This is true 

for both AGA-control and MNR-FGR cohorts. 

5) Markers of synapse formation do not change. 

These studies suggest that MNR induced FGR in fetal guinea pigs can have a significant 

role in future research. This model appropriately parallels the human condition as seen 

with placental insufficiency and under nutrition during pregnancy. These results 

suggest that there is a difference in the impact of MNR induced FGR on the brain 
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compared to more abrupt/invasive models such as uterine artery ligation with normal 

fetal growth then a sudden reduction in placental blood flow and a variable mismatch 

between metabolic needs and nutrient delivery. They also suggest that there may be 

differences in the incidence and mechanism of hypoxia-induced apoptosis in the brains 

of males and females.  
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