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ABSTRACT 

Throughout the United States the rates of performed cesarean section (CS) have 

increased. The scientific community has observed an association between birth by cesarean and 

the offspring's increased weight at maturity (Masukume, 2019). Studies are being conducted to 

better understand the relationship between cesarean delivery and offspring metabolism 

(Kozhimannil, 2013; Kenkel, 2020). To test this potential connection, a diet intervention study 

has been used to test vaginal delivery (VD) vs CS birth subject’s weight gain using a prairie vole 

model. Vole diets were either supplemented with a high-fat alternative mixed chow (MC) or fed 

standard vole chow (VC) to induce weight gain. Through this study, we collected sucrose 

preference, home cage, food consumption data from both birth mode groups and diet conditions. 

At sacrifice, we collected measures of weight, length, and adipose tissue to analyze for post-

mortem body composition in adulthood of each group. CS voles gained more weight than VD 

voles, despite having lower food consumption and greater locomotive activity. Body 

composition analysis found that CS animals were longer and heavier than their VD counterparts. 

Additionally, CS animals were found to have a larger percent brown adipose tissue relative to 

body weight compared to VD counterparts. Future studies will target the variables contributing 

to this weight gain among CS offspring by examining factors like muscle mass, and total 

adiposity through advanced imaging data. Future studies will incorporate exogenous oxytocin 

administration to examine the impact of birth mode on body weight, metabolism, adiposity, and 

later life development to determine the possible mechanisms impacting the metabolic outcomes 

seen in this study.  
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 Chapter 1  

INTRODUCTION 

1.1   Cesarean Section 

1.1.1        History of Cesarean Section Use and Procedures   

Records of birth via cesarean section (CS) have been found in literature from many 

ancient societies across history. Cesarean Section was originally introduced as a procedure to 

retrieve the infant from a dead or dying mother post-mortem. The frequency of Cesarean Section 

increased with political and religious influence with the logic that a pregnant woman was 

forbidden burial until the child had been removed– and the two blessed and buried separately 

(NIH, 2013).  The term cesarean section has often been linked to the birth of Julius Caesar in 

ancient Rome which is apocryphal as Julius Caesar's mother is recorded to have survived 

childbirth dying many years later (Fadel et al., 2011). It is more likely that the term arose from 

the Roman legal code depicted in the Lex Regia passed in 715 BCE Lex Regis de lnferendo 

Mortus. The law forbade the “burial of a pregnant woman until the child had been removed from 

her abdomen, even when there was but little chance of its survival, so that the child and mother 

could be buried separately.” (Fadel et al., 2011). Regardless of the Cesarean section’s 

nomenclature or historical origins the procedure increased in frequency and precision with the 

medical developments of the 16th century and the mass printing of medical texts across Europe. 

With the medical advancements of the 19th and 20th century allowed for the improved survival 

of both the mother and child and by the beginning of the 20th century cesarean sections began to 

resemble what we would find in today's operating suites.   

1.1.2 Modern Cesarean Section   
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Until the 20th century most births occurred in the home under the care of midwives and 

family; doctors were only involved in the case of emergency (Scott et al., 2011). By the 1950s 

88% percent of births occurred in a hospital with a physician instead of at home with a midwife – 

this number continued to increase until 2017 where approximately 98.4% of births were done in 

hospital (MacDorman, 2011). Initially introduced as a life-saving practice cesarean procedures 

are now being used preemptively in the case of a challenging labor to save both mother and child 

(Jansen, 2013). 

As of 2015 cesarean sections (CS) account for one third of deliveries across the United 

States (Montoya-Williams et al., 2017). Internationally, a 2010 WHO report of CS rates in 137 

countries found a trend that within countries in Africa and Asia CS rates were approximately less 

than 10% and in countries like Brazil and Iran CS births represented nearly half of all births 

(World Health Organization Human Reproduction Programme, 2015). While CS procedures are 

usually medically necessary and frequently lifesaving, C-sections are considered a major surgical 

procedure and are associated with many health risks to mother and fetus, including cardiac arrest, 

hysterectomy for the mother, and maternal and fetal mortality (Liu et al., 2007). There is 

increasing evidence that children born via CS experience higher rates of adverse health outcomes 

later in life (Yuan et al., 2016). One of the most well-established associations between CS 

delivery and offspring development is increased weight later in life (Masukume et al., 2019). In 

2008, a North American study reported that children born by CS are 40% more likely to be 

overweight (Sogunle et al.,2019). Obesity is a condition characterized by excessive body fat that 

increases the risk of developing associated health problems. A recent meta-analysis that found 

CS delivery is associated with a 59% increase in the risk of developing obesity by 5 years of age 

(Keag et al., 2018). There is evidence of an association between delivery by CS and metabolic 
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outcomes, but it may be driven by undetermined confounding variables. Clarification is 

necessary to determine any harmful consequences of cesarean delivery on offspring health. 

1.2   Rodent Model 

Human clinical research is important but cannot often account for the many limitations 

and variables due to the complex and diverse lifestyle of human subjects. Human research in c-

sections is not able to control for conditions such as maternal obesity, overall parental health 

and gestational age (Masukume et al., 2018). However, animal models allow for total control 

during the study and operate on a more expedited timeline. The prairie vole model is a better 

choice than the traditional mice model in studying metabolism. Prairie voles are better suited to 

room temperature housing, cross fostering, and show an equivalence between the sexes. 

Rodents in general and prairie voles in particular are very energy efficient and are unlikely to 

develop obesity in a lab setting, thus it is necessary to administer a high fat diet to induce 

weight gain (Martin et al., 2010). The current study of cesarean section and its impact on 

metabolic outcomes consists of two facets of interest: high fat diet induced weight gain and the 

accumulation of visceral lipids.  

1.2.1 Body Composition  

The assessment of body fat and associated body composition is essential for the diagnosis 

of obesity (Hu et al., 2012). While it is challenging to make a claim of obesity in an animal 

model, it is easier to evaluate animals for the most characteristic factor of obesity, which is 

weight gain. Without a complex imaging technique, it is possible to use simple measures to 

indirectly measure weight and body composition in the evaluation of health in a rodent model. 

One method by which to calculate health is the Body Mass Index (BMI). The BMI calculation 

involves measures of weight and length to assess health relating to obesity. Recent studies have 
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found a positive correlation between BMI and carcass fat in rats (Novelli et al.,2007). This idea 

demonstrates a possible link between BMI and the measure of obesity and allows us to indirectly 

measure the health and body fat of a rodent model. The Lee’s index is another calculation used in 

animal models to assess body composition. The Lee’s index is an older method of calculation 

that does not correlate well with other standard measures of body composition (Rogers et 

al.,1980). Along both indirect calculations of body fat, the proportional weight of adipose tissue 

samples or ‘fat pads’ is widely recommended as a simple and direct estimate of body fat in 

normal or high-fat diet obesity induced rodent models. 

As depicted in Figure 1, smaller mammal species have two major types of adipose tissue: 

brown adipose (BAT) and white adipose tissue (WAT) (Almind et al., 2007). The white adipose 

tissue (WAT) is composed of two subcutaneous pads (anterior and posterior). WAT is more 

widely distributed throughout the body and stores excess energy as triglycerides. BAT is 

physiologically important due to its importance in metabolic regulation (Townsend et al., 2012). 

Not pictured in the figure are the several smaller intramuscular and retroperitoneal fat deposits 

that develop over time.  These two fat pads have been used as a representational sample to 

correlate to total adiposity of the animal in rodent models. A 2016 study examining the Body fat 

of rats of different age groups and nutritional states: assessment by micro-CT and skinfold 

thickness found a significant relationship between certain wet weights of adipose tissue samples 

and abdominal micro computed tomography (micro-CT) derived total adipose tissue mass in a 

rodent model (Tekus et al., 2016). This study and others demonstrated how the weight of certain 

adipose tissue samples can be used to assess whole body composition with relative accuracy.  
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Figure 1: Distribution of Fat pads in Prairie Vole: The 

anterior and posterior subcutaneous WAT pads are located 

between the scapulae and the dorsolumbar-gluteal region 

respectively. The BAT is distributed throughout the 

viscera with a localized fat pad in the interscapular region 

depicted to the left. 

 

 

 

 

1.3   The Diet Intervention  

There are several methods to induce weight gain in a rodent model. For this study a diet-

induced obesity procedure was used to investigate the Animal's weight gain in VD and CS 

offspring. In studies of both mice and rats, a positive correlation has been found between the 

level of fat in the diet and a voles’ fat content or body weight. To examine the obesogenic effect 

of CS on prairie vole, it is important to determine the effect of supplementing the voles’ diet with 

a High-Fat mouse chow alternative (MC) with the intention to induce weight gain.   

1.4   Sucrose Preferences 

Sucrose preference is associated traditionally with a test of appetite regulation. In this 

study the test of sucrose preference at weaning (baseline) and at adulthood examines the impact 

of CS offspring birth on preferential consumption of sucrose solution. Consumption behavior is 

an important variable when examining the differences between birth mode groups and diet 

groups. In rodent models, responsiveness to sucrose, but not fat, was an effective predictor of 
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weight and adiposity gain (Grinker et al., 1978). In a study from 2006, research in humans found 

that subjects contending with generalized obesity display a greater preference or ‘liking’ for 

sweet solutions compared to non-obese subjects (Bartoshuk et al, 2006). Numerous studies have 

not found a definitive role in sucrose preference to the susceptibility to obesity and the high fat 

diet. 

1.5   Rationale for Current Research 

In this study we examined the impact of birth mode on body weight, metabolism, 

adiposity, and later life development of the prairie vole (Microtus ochrogaster). This study 

compared prairie voles delivered by cesarean section (CS) to those delivered vaginally (VD) 

throughout development into adulthood. We tested these birth mode groups against two diet 

conditions: a standard chow (VC) and a mixed high-fat diet (MC). To study the impact of birth 

mode on metabolism, we tested several behavioral, nutritional, and physiological measures on 

both diet groups (MC and VC). 

The period of testing included measures of food consumption, sucrose preference, and 

home cage activity. Among these tests, we predicted that CS animals would have increased 

sucrose preference compared to their VD counterparts, due to the association between sucrose 

preference levels and appetite. We hypothesized that CS offspring would gain more weight than 

their VD counterparts and additionally consume greater quantities of food across both diet 

conditions. Our hypothesis was rationalized by the finding that CS delivery is associated with a 

59% increase in the risk of developing obesity by 5 years of age (Keag et al., 2018). We also 

predicted this weight gain would be associated with greater food intake by the CS group and 

decreased locomotor activity in the home cage. This total body weight gain was further evaluated 

by several factors –including total weight, length, mass of representational tissue samples, BMI 
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and Lee’s Index. We measured length to control for differences in body weight resulting from 

increased animal length. We hypothesized that CS delivery would be associated with higher BMI 

and higher Lee’s Index score. Associated with this hypothesis, we predicted to find greater mass 

of adipose tissue samples, proportional to the animal’s weight, in CS offspring in both BAT and 

WAT samples.   
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Chapter 2 

METHODS 

2.1 Animals 

98 prairie voles (20 litters) housed at the University of Delaware were used for this study. 

They were housed by sex (litter sizes ranging from 2-5) in polypropylene cages containing 

wooden shavings for bedding and various forms of enrichment activities. The housing facility is 

temperature and light controlled on a 12-hour light/dark cycle, starting from 7am to 7pm. 

All measurements and experimentation took place during the light cycle period. Breeding 

pairs that were used for this study were created in-house. These breeding pairs were not used in 

any previous experimentation and were evaluated for current level of health, such that they were 

not noticeably larger or smaller than colony average for approximate age. 

21 days after observed mating between the breeding pair, it is necessary to prepare for the 

birth procedure. When at least one dam within the cohort had been observed completing a 

spontaneous vaginal birth, another noticeably pregnant dam with no signs of delivery was 

selected for CS producer. Dams were selected for the CS procedure based on measurable weight 

gain (approximately 20g) or observable signs of pregnancy. For the CS procedure dams were 

anesthetized with 2% CO2 and cervical dislocated. Then an abdominal incision was made to 

expose the uterine horn. The fetuses were removed from the sac and cleaned from their 

membranes (Castillo-Ruiz at al., 2018). The pups were weighed immediately following birth. 

Any pups that weighed less than 2.5g were excluded from the study to avoid confounding study 

with any effects due to preterm birth. Each VD and CS litter with more than 5 pups was culled to 

5 during this stage of experimentation. Within 24 hours following vaginal birth, or directly 
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following CS procedure, all offspring were cross fostered to control for possible parental 

behavioral artifacts.  

Postnatal Day 0 (PND0) was designated at the date of spontaneous vaginal birth or 

procedural c section. Voles were immediately cross-fostered and later weaned at PND21. After 

weaning, voles were pseudo-randomly assigned to conditions of diet intervention and tested 

using the following measures: weekly weights, food consumption, sucrose preference and home 

cage behavioral monitoring. The timepoints of each test conducted are illustrated in Figure 2.  

 

Figure 2: Experimental timeline depicting the series of events and behavioral testing the animals 

underwent. 

 

During experimentation, food pellets and water bottles were given ad libitum according 

to the diet intervention assigned at weaning. All practices were approved by the University of 

Delaware Institutional Animal Care and Use Committee prior to the project’s beginning.  
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2.2 Weekly Weights  

All voles were weighed weekly from PND21 to PND75.  The scale used was calibrated 

monthly for accuracy to 0.01grams. Voles were weighed at the same time each day to reduce 

error introduced through the feeding protocol. 

2.3 Food - Diet Intervention 

       At weaning, both CS and VD voles were pseudo-randomly assigned to a diet condition 

(vole chow or mixed high fat diet chow) based on sex and birth mode.  Conditions were divided 

as evenly as possible by sex of litters in each condition. Vole chow condition (VC) contained 2% 

vegetable fat, 15% protein, 40–50% carbohydrates, and 15–25% fiber. The mixed high-fat diet 

(MC) contained approximately 50/50 vole and mouse chow (mouse chow makeup: 7% simple 

sugars, 3% fat, 50% polysaccharide, 15% protein (w/w), energy 3.5 kcal/g).  

2.3.1 Sucrose Preference  

Sucrose preference was tested at PND28 and PND63 over a 48-hour period. Animal 

cages were set up with a “two-bottle choice” procedure consisting of one bottle of 1% sucrose 

water solution and one bottle of filtered water (Figure 3). Both bottles were weighed at the start 

of the test and weighed 24-hours later. The position of the 1% sucrose bottle was 

counterbalanced across birth mode and diet intervention groups to 

control for location preference effects. 

Figure 3: Sucrose Preference Test Cage: with two-bottle preference set 

up depicting the water sipper bottle on the left and the 1% sucrose and 

water solution on the right.  

2.3.2 24-Hour Representative Food Consumption  
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       At PND70, a 24-hour food consumption test was performed in the home cage for both 

diet conditions. At 8am, all food pellets were weighed prior to distribution to the home cages. 

After 24 hours all food remaining in the cage was weighed. 

2.4 Home Cage Activity Monitoring  

 

At PND71, voles underwent a locomotive observation test for 2 hours in their home 

cages. Voles were observed by a remote camera suspended above the home cage. Home cage 

lids were replaced by transparent Plexiglas coverings with air holes to allow for continuous 

airflow. 

 2.5 Sacrifice and Tissue Collection  

 

At PND75, sacrifice was conducted under routine procedures approved by IACUC using 

4% isoflurane anesthesia, followed by cervical dislocation. Vole length and final body weight 

were recorded. Length of vole was measured from nose to base of tail. After cervical dislocation, 

necropsy was conducted to collect various tissues for analysis and preservation, including the 

brain, scapular brown adipose tissue, and anterior and posterior subcutaneous fat pads illustrated 

in Figure 2. All adipose tissue samples were weighed immediately following excision.  

2.6 Statistical Analysis  

For the food consumption measure, this measure was added to the study in the midst of 

data collection and had smaller sample sizes; therefore, there were not enough data points to 

https://d.docs.live.net/92dd2f61e3554d2c/Desktop/A.Starr%20Senior%20Thesis%20Draft%202%2004.25.22.docx#_msocom_10
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consider sex as a variable. Hence, food consumption was analyzed as a two-way ANOVA with 

birth mode (CS vs. VD) and diet (MC vs. VC). 

For the BAT, WAT, body length, and body weight measures, data were analyzed as a 

repeated measures linear mixed effect model with litter included as a random variable to account 

for similarity among siblings. 

One VD cage was excluded from analysis due to exceptional weight gain, >2 SDs above 

the study mean (and greater than any vole of comparable age in colony history). We also 

excluded 5 VD and 4 CS cages in the MC group as these voles were transferred to a separate 

pilot experiment. 
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Chapter 3  

RESULTS  

3.1 Weekly Weights  

In the high fat diet condition, at sexual maturity (PND45), CS animal body weights 

exceeded the average body weight of VD voles under the same diet condition. After PND45, the 

CS animal body weights dramatically increased and continued to increase in adulthood until 

sacrifice (PND75). 

 

Figure 4: Changes in body weight of CS and VD voles of high-fat diet (left) and standard vole 

chow fed (right) prairie voles over time. VD: vaginal delivery; CS: cesarean delivery. Shaded 

regions depict 95% confidence intervals.  
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 Sum Sq Mean Sq Num DF Den DF F value Pr (>F)  

Group 34.9 34.9 1 91.10 1.5749 0.2127012  

Age 24939.4 24939.4 1 661.23 1125.8964 <2.2e-16 *** 

Sex 262.6 262.6 1 32.79 11.8533 0.0015917 ** 

Diet 9.7 9.7 1 91.40 0.4390 0.5092836  

Group: Age 412.8 412.8 1 661.24 18.6364 1.824e-05 *** 

Group: Diet 18.8 18.8 1 91.65 0.8486 0.3593797  

Age: Diet 271.0 271.0 1 661.23 12.2323 0.0005011 *** 

Group: Age: Diet 80.9 80.9 1 661.24 3.6515 0.0564525 . 

Table 1: Type III Analysis of Variance Table with Satterthwaite’s Method for changes in body 

weight over time differentiated by birth mode and food condition.  

Significant Codes : 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’  

There were main effects of age (F (1,661.23) = 1125.89, p < 0.001) and sex (F (1,32.79) 

= 11.853, p = 0.002) on body weight. There were also interaction effects of birth mode X age 

(F(1,661.24) = 18.64, p < 0.001) and age X diet (F(1,66.23) = 12.23, p < 0.001), such that CS 

voles weighed more than VD counterparts as voles aged and the MC diet condition weighed 

more than the VC diet condition as voles aged (Table 1). Finally, there was also a trend toward a 

three-way interaction between age, birth mode, and diet, such that CS voles on the MC diet 

weighed the most as they aged (p = 0.056) (Figure 4). 

3.1.1 Length, Lee’s Index, and BMI at sacrifice   

In terms of body length, there was a main effect of diet (F (1,26.09) =5.141, p = 0.032) 

such that voles in the MC diet condition were slightly longer. There were also trends towards 

greater length in males (p = 0.051) and CS voles (p = 0.065) (Figure 5). When we considered 

length as a covariate in our analysis of body weight, we observed a trend toward an interaction 

between birth mode and length (p = 0.064). Visual analysis of the scatterplot of length by weight 
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revealed that CS voles had greater body weights, especially at relatively longer body lengths 

(Figure 5). 

 

Figure 5: Length of vole at sacrifice differentiated by birth mode and diet condition. * Denotes 

p<0.05. VD: vaginal delivery; CS: cesarean delivery; MC: mixed chow; VC: vole chow.   

 

Figure 6: Length of vole at sacrifice as a function of weight. CS voles displayed greater body 

weights, especially at longer body lengths. Shaded regions depict 95% confidence intervals.  
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Lee’s index and BMI were calculated as shown below: 

𝐿𝑒𝑒 𝐼𝑛𝑑𝑒𝑥 =
𝑏𝑜𝑑𝑦𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)1/3

𝑛𝑎𝑠𝑜−𝑎𝑛𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ (𝑚𝑚)
   𝐵𝑀𝐼 =  

𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

𝑙𝑒𝑛𝑔𝑡ℎ (𝑐𝑚)2
 

In terms of Lee’s index, we observed a main effect of sex (F (1,60) = 10.959, p = 0.002), 

such that males had greater scores than females (data not shown). In terms of BMI, we observed 

main effects of birth mode (F (1,60) = 5,7882, p = 0.019) and sex (F (1,60) = 20.934, p < 0.001) 

such that CS voles and males had greater BMI scores. However, post-hoc analyses did not reveal 

any significant differences in terms of birth mode between voles of the same sex (p > 0.05 for 

both comparisons; Figure 7). 

 

Figure 7:  Body Mass Index (BMI) of male and female voles differentiated by birth mode at 

sacrifice. CS voles and males had greater BMI scores compared to their counterparts. F: female, 

M: male, VD: vaginal delivery, CS: cesarean delivery.  

3.2 Adipose Tissue Weights  

Both BAT and WAT fat pads were considered as proportional to the animal’s body weight. 
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𝐹𝑃𝐴𝐷% =  
𝑓𝑎𝑡 𝑝𝑎𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

𝑎𝑛𝑖𝑚𝑎𝑙 𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
× 100 

In terms of BAT, there were significant main effects of birth mode (F (1,28.474) = 5.18, 

p = 0.030) and diet (F (1,4.2, p = 0.049)), such that CS voles and VC voles had greater BAT as a 

percentage of body weight than counterparts. There was also a trend toward greater BAT weights 

in males than in females (p = 0.077) (data not shown). Post-hoc analyses revealed that within the 

VC diet condition, CS voles had greater percent BAT than VD counterparts (p = 0.036), whereas 

within the MC condition, CS/VD voles were not different, likely owing to small sample sizes in 

the MC+VD group (Figure 8).  

 

Figure 8: Bilateral BAT weights of animals at sacrifice (PND75), differentiated by birth mode. 

Data is collapsed across diet conditions and sex. (* denotes p < 0.05. VD: vaginal delivery; CS: 

cesarean delivery.) 
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Figure 9: Bilateral WAT weights of animals at sacrifice, differentiated by birth mode and diet 

condition. Data is collapsed across sex. * Denotes p<0.05. VD: vaginal delivery; CS: cesarean 

delivery.    

In terms of WAT, there was a main effect of diet (F (1,30.982) = 4.630, p = 0.039) such 

that animals in the VC diet condition had greater WAT as a percentage of body weight than 

counterparts (Figure 9). 

3.3 Food Consumption  

In terms of food consumption, there was a significant main effect of birth mode (F (1,13) 

= 25.44, p = 0.0149), such that CS voles consumed less food than VD counterparts (Figure 10). 

Because of small sample sizes, we excluded sex as a variable when analyzing food consumption. 

In terms of food consumption, we observed a main effect of birth mode (F (1,25.437) = 7.857, p 

= 0.015), such that CS cages consumed less food per animal than VD counterparts. Because of 

small sample sizes, we elected to not run post-hoc analyses. 
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Figure 10: Food consumption per animal over a 24-hour period. Data shown is collapsed across 

diet condition groups. * Denotes p<0.05. VD: vaginal delivery; CS: cesarean delivery.  

3.4 Home Cage Activity  

In terms of locomotor activity in the home cage, there was a main effect of birth mode (F 

(1,9.55), p = 0.025), such that CS voles showed greater locomotor activity than VD counterparts. 

Post-hoc analyses revealed significantly greater locomotor activity in CS voles compared to VD 

within the MC diet condition (p < 0.001). Due to small sample sizes, we did not consider post-

hoc analysis for the VC diet condition (Figure 11). 
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Figure 11: Repeated Measures ANOVA for Home cage activity at PND70 differentiated by birth 

mode and diet condition. * Denotes p < 0.05. VD: vaginal delivery; CS: cesarean delivery; MC: 

mixed chow; VC: vole chow.   

3.5 Sucrose Preference  

Sucrose preference was determined by calculating the ratio of sucrose intake per total fluid 

intake. 

% 𝑃𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =  
𝑠𝑢𝑐𝑟𝑜𝑠𝑒 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑔)

𝑤𝑎𝑡𝑒𝑟 +  𝑠𝑢𝑐𝑟𝑜𝑠𝑒 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑔)
× 100 

  Several conditions, such as no drinking (when a litter does not drink either sucrose 

solution or water), over drinking (when the intake value of an animal is double that of the 

average for all voles in the study), or no determined preference (when an animal’s sucrose 

preference is <60%) were used as exclusion criteria for analysis (Liu et al., 2018). 5 cages from 
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the PND30 dataset and 8 cages from the PND60 dataset were excluded from analysis due these 

criteria.  

 

Figure 12: Repeated Measures ANOVA for sucrose preference at PND30 and PND70 

differentiated by birth mode. Condensed over sex and diet condition. VD: vaginal delivery; CS: 

cesarean delivery. 

We did not observe any significant difference between sucrose preference at PND30 and 

PND60 among diet conditions or birth mode groups. Only a single cage at a single time point 

showed <50% preference for sucrose, demonstrating that our voles overall preferred the sucrose 

solution over water. 
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Chapter 4  

4.1 DISCUSSION 

The results from this study on metabolism after different birth modes and diet conditions 

found significant differences in body weight, food consumption, and activity. Consistent with 

our predictions, CS offspring weighed more than their VD counterparts throughout development 

in both diet conditions (MC and VC). While gaining more weight across all groups, CS animals 

consumed less food over the single 24-hour testing period. CS animals also demonstrated greater 

home-cage locomotor activity than then their VD counterparts, most noticeably within the MC 

high-fat diet group during the single 2-hour testing period. All voles demonstrated a preference 

for the 1% sucrose solution, however there were no differences between groups. Post-mortem 

results indicate that CS animals had greater body weights especially at longer body lengths than 

VD animals. When calculating Body Mass Index (BMI), with the weights collected at sacrifice 

(PND75), CS animals in both diet groups had a larger score. The results from adipose tissue 

extractions used to reflect total adiposity were consistent with our predictions. In the VC diet 

condition, CS animals had a greater BAT as a percentage of body weight (%BAT) than VD 

counterparts. The WAT data as a percentage of body weight (%WAT) was inconsistent with our 

predictions, there was not a significant difference of %WAT among CS and VD groups. Among 

diet conditions, VC groups had a higher %WAT than the MC group. These findings demonstrate 

that birth mode plays an important role in the various anatomical and physiological systems 

associated with metabolism.  

The collected pattern of results supports the hypothesis that birth via c-section leads to a 

metabolic change. The primary outcome of this study was that CS animals gained more weight 
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than VD animals across both diet conditions and sexes; despite consuming less food and 

displaying increased locomotor activity. Thus, this difference in weight between groups cannot 

be attributed to inactivity or overeating and indicates alterations in metabolic processes. It is 

possible that this CS weight gain is due to increased muscle mass related to the observed 

increased locomotor activity, rather than the hypothesized adiposity. Furthermore, the findings of 

increased %BAT in CS animals suggest a change in thermoregulation. Especially in small 

mammals, thermoregulation is a large component of energy expenditure which would have 

implications for metabolism. Very few studies of CS in humans have directly measured body 

composition beyond body weight. While unexpected, our results may still concur with the CS 

phenotype in humans. 

4.1.1 Possible Mechanisms  

There are many physiological differences between vaginal delivery and elective cesarean 

section that could account for the results found in this study. There are birth hormones that, 

during labor, ‘surge’ through mother and fetus during vaginal delivery, including arginine 

vasopressin, estrogen, cortisol, progesterone, and oxytocin (Bridges,2015; Buckley,2015). 

Oxytocin is a reproductive hormone with many effects on the central nervous system and 

widespread activation of the parasympathetic nervous system.  In a perinatal setting, maternal 

oxytocin increases before the onset of labor to increase the efficiency of the birth and induce 

contractions during labor.  

Without the onset of labor, CS offspring are not exposed to the hormonal and 

inflammatory signals associated with birth hormones. A scheduled delivery via c-section reduces 

oxytocin release, including the maternal late-labor oxytocin surge and postpartum oxytocin 



Body Composition and Behavior 
 

31 
 

peaks. The absence of oxytocin at birth could potentially lead to enduring effects on offspring 

development (Buckley, 2015; Prevost, 2014). Oxytocin has a widespread impact on adiposity, 

appetite, and thermoregulation throughout development. Oxytocin production has metabolic 

implications, such as reducing body weight and increasing glucose homeostasis (Ding et al., 

2019).  

Other studies have concluded that the gut microbiome is a possible mechanism impacting 

the metabolism of CS offspring. Birth via cesarean does not expose offspring to maternal 

microflora located in the vaginal canal. The absence of this exposure is believed to result in the 

reshaping of the offspring’s microflora makeup and diversity (Biasucci et al., 2008). Some 

studies have found that altered microflora composition has been linked with the development of 

obesity, however there are ongoing debates surrounding the factors underlying this relationship 

(Nieuwdorp, 2014). Further research is needed to identify whether the absence of hormonal 

surge or microflora exposure at birth is the critical mechanism contributing to the differences 

seen between CS and VD offspring in this study.  

4.2 Limitations  

There are several limitations to this research. We have observed the interactional effects 

of CS and high-fat diet supplementation on weight gain, but none of our current measures are 

complete assessments of obesity. We collected representative fat pad measures and body weight 

data to analyze body composition. In future studies, micro-CT scans will be used to better 

analyze percent adiposity of overall animal composition, especially visceral adiposity. This may 

explain the lack of findings surrounding measures of body composition through calculations like 

Lee’s Index or BMI. Next, home cage monitoring behavioral tests should be improved in future 
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studies using passive monitors that do not impact nesting layout, food, and water access as well 

as allow us to record for longer periods of time.  

The most severe limitation of this study was the measurement of caloric intake during 

representative food consumption periods. It is possible to make assumptions about caloric intake 

regarding the mixed chow using the caloric makeup of vole and mouse chow. However, we 

cannot discern the ratio of mouse to vole chow consumed within the mixed diet or high-fat diet 

condition, as food was given ad libitum and measured as a mixture. In future studies it will be 

necessary to measure how much of each component of the mixed chow is being consumed to 

better understand the exact nutritional profile of the high-fat diet.  

4.2.1 Future Research  

Future research using a larger sample size within the home cage activity and food 

consumption is expected to further this exploration and provide valuable insights into the 

relationship between CS offspring and VD offspring in a high-fat diet condition. One essential 

addition to future studies of metabolism and birth mode under various diet conditions will be the 

assessment of animal preference. By understanding the levels of fiber, fat, and carbohydrates 

consumed, it will be possible to reach more informed conclusions regarding the impact of birth 

mode on dietary preferences.  

Future studies will explore the neuroendocrine pathways surrounding birth, this can be 

done by targeting the idea of hormone surge at birth and the impact of hormones. To investigate 

oxytocin as the main mechanism in the metabolic changes discussed, it is possible to inject CS 

offspring with exogenous oxytocin at birth to mimic the hormonal surge administered during 

vaginal delivery and mitigate the metabolic outcomes due to CS. Conversely, a future study that 

https://d.docs.live.net/92dd2f61e3554d2c/Desktop/A.Starr%20Senior%20Thesis%20Draft%202%2004.25.22.docx#_msocom_12
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tests the administration of an antagonist to VD offspring at birth may result in metabolic findings 

similar to CS offspring. With the addition of exogenous oxytocin and/or antagonist conditions, 

future studies may begin to more directly account for the hormonal changes during birth and 

record their effect on the metabolic factors explored in this paper (i.e., food composition, sucrose 

preference, body weights, adiposity, and home cage activity).  

In these future studies, measures of home cage activity and locomotion will be 

augmented with repeated measures of home cage activity throughout adulthood, including longer 

periods of observation and decreased disruption to litters. The use of subcutaneous passive 

monitors (“PIT” tags) implanted at maturity may provide insight into thermoregulation of CS 

and VD litters under natural conditions. Another addition to make for future studies will be the 

inclusion of more advanced body composition measures. In particular, a micro-CT analysis of all 

animals at adulthood would assess body composition by measuring total adiposity, including 

subcutaneous and visceral fat content. With the addition of these more advanced data collection 

measures, we will work to understand the mechanisms behind the results collected in this study.  

 4.3 Conclusion  

This experiment investigated metabolic changes associated with cesarean delivery. CS 

offspring were found to be more susceptible to increased weight gain than their VD counterparts, 

especially when both groups were given access to a high fat diet. This research lays the 

foundation on which to build an understanding of the metabolic implications of birth via 

cesarean section in an animal model. Future research will be done to elucidate the mechanisms 

involved in the relationship between metabolism and c-section. Given the widespread prevalence 

of c-sections and implication on metabolism, health and well-being.  
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