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ABSTRACT: Unperturbed fetal development is essential for future health of an individual. Previous 

studies have linked diseases of aging to harmful alterations that happen during fetal development. Given 

the significant long-term impact that intrauterine environment has on an individual’s life, it was 

hypothesized that maternal stress during pregnancy will have negative effects on the offspring’s 

prenatal and postnatal growth. To test this, twenty-eight female and seven male Wistar rats (Rattus 

norvegicus) were purchased and bred to produce 176 offspring. During pregnancy, dams were randomly 

divided into four groups (n=7, per group) and immobilization stress induced as follows; Group 1 (GW1): 

immobilization stress on days 1-7 of pregnancy, Group 2 (GW2): on days 8-14, Group 3 (GW3): on days 

15-21, Group 4 (Controls): left undisturbed. Maternal cortisol hormone, food intake, and weight gain 

were monitored during pregnancy.  Pups were raised under normal laboratory conditions and sacrificed 

at ages: 4, 8, 12, and 16 weeks to determine the effect of prenatal stress. At necropsy, the tibia was 

removed and processed for histology.  Differences among groups were determined by T-test or analysis 

of variance (ANOVA). Linear regression analysis was performed to establish the relationship between 

stress in utero and indicators of bone development in offspring. P values ≤ 0.05 were considered 

significant.  Cortisol hormone levels in controls were lower than those of stressed animals. Stressed dams 

consumed 12.5% less food per day compared to controls. Animals in GW1 and GW2 gained less weight 

during pregnancy but had larger litters than did GW3 or the control group. Offspring born to GW3 

were heavier compared to all other groups. GW3 offspring had a higher rate of bone formation. In 

conclusion, stress during pregnancy resulted in increased cortisol and reduced food intake in mothers, 

but faster growth and higher weight gain in offspring compared to controls.  

 

Key words: prenatal stress, elevated cortisol, offspring development 

 

 

 

 
Fetal development is important for ensuring the future 

health of an individual.  A number of studies have linked 

diseases of aging to harmful alterations that happen in 

critical periods during fetal development [1-3].  During 

pregnancy some women experience daily stress.  These 

stresses include depression, anxiety, anger, day-to-day 

challenges, sudden change of environment, social 

isolation, and pathological conditions [4-6].  The typical 

somatic response to these and other similar stressors is 

elevation of cortisol hormone.  Cortisol is known to cross 

the placenta and consequently influence various aspects 

of development in the human fetus [5]. The effects of 

elevated cortisol levels on the fetus may vary from 

defective development [7] to spontaneous abortion [8].  

Timing of the stress also plays a crucial role.  The 

outcomes are dependent on whether the mother was 

exposed to stress during the first, second or third trimester 

[6].  The first trimester is characterized by rapid organ 

development and therefore stress exposure in this period 

leads to widespread, global effects like cognitive 
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dysfunction, heart malformation, cataracts, deafness and 

genital and intestinal abnormalities.  In the second and 

third trimesters the organs mainly enlarge and undergo 

refinement.  Stress exposure in this period leads to low 

birth weight, skeletal abnormalities and hearing loss [6]. 

Psychological stress in mothers has been found to 

decrease the gestation period, which results in low birth 

weight [9].  For example, in 1994 when an earthquake of 

magnitude 6.8 struck the city of Northridge, California 

USA, women who were pregnant at this time delivered 

one week earlier on average [10].  On the other hand, after 

the September 11, 2001, terrorist attack in the United 

States, pregnant women who were present at or in close 

proximity to the World Trade Center gave birth to babies 

with low birth weight, suggesting their growth in utero 

had been affected [11].  In a different study, maternal 

perception of negative life events between 24 and 29 

weeks gestation was demonstrated to increase the risk of 

preterm birth [12]. 

One recently published study conducted a 10-month 

follow-up of behavioral reactivity to prenatal stress 

exposure and found it to persist throughout this period 

[13].  However these results were not consistent with 

those from an earlier study in which the most significant 

differences between infants born of stressed mother and 

those born of non-stressed mothers disappeared by the age 

of 4 to 5 months [14]. De Bruijin and colleagues 

(2009)[15] went further and tested cortisol levels of 

preschool children born of stressed and non-stressed 

mothers.  Children who were prenatally exposed to high 

cortisol levels had higher cortisol levels when compared 

to non-exposed children 

In animal studies, the effects of maternal stress have 

been shown to vary based on the type and intensity of 

stress applied, gender of the offspring, age, strain of the 

experimental subject used, the timing of stress relative to 

the critical developmental period of the organ under 

investigation and nature of the dependent variables 

evaluated [16].  Since most of these effects last for a long 

time, the results suggest that stress in utero may lead to a 

permanent change in gene expression, which results in 

permanent physiological effects to the individual.  A 

number of animal studies have demonstrated that most 

defects reported in offspring due to stress in utero occur 

when stress is induced during the last trimester of 

gestation.  This is the period when the gonads, 

reproductive tract, lymphoid organs, and the brain 

differentiate [16].  The results are contrary to the human 

studies reviewed in the previous section, in which more 

global defects are manifested in offspring when exposed 

to stress in utero in the first trimester, and lower birth 
weight associated in maternal stress in the third trimester. 

Given the significant long-term impact that 

intrauterine environment has on an individual’s life 

[1,3,17-19], it was hypothesized that maternal prenatal 

stress will have a negative effect on the offspring’s 

development, in part as a result of exposure of the fetus to 

high levels of cortisol. 

The objective of this study was to determine how the 

timing of the negative affects of prenatal stress, and 

presumably high cortisol levels in utero, impacts weight 

gain and bone development in the offspring.  The 

hypothesis tested was that environmentally induced stress 

on a pregnant female has significant negative impact on 

the general development of her offspring, and ultimately 

on the offspring’s weight gain and skeletal development, 

despite the offspring’s postnatal environment being 

stress-free.  This hypothesis was tested using data 

collected during a twelve-month experimental protocol on 

rats. 

 

MATERIALS AND METHODS 

 

Animal Experiments 

 

All animal experiments were approved by the University 

of California Berkeley, Institutional Animal Care and Use 

Committee (IACUC). The study was carried out using a 

total of 211 Wistar rats (Rattus norvegicus).  Twenty-eight 

females, sexually mature, 9-10 weeks old weighing 200-

250 grams, and 7 males, established breeders, weighing 

400-500 grams, were purchased from Charles River, 

Hollister, California, USA. The animals were allowed to 

acclimatize to the vivarium for one week prior to the start 

of experiments. The animals were bred to obtain 176 

offspring. 

 

Housing. The animals were housed in rat cages according 

to the guidelines developed by IACUC. The number of 

animals per cage was determined based on estimated 

weight at various ages to ensure the rats had adequate 

cage-floor space per animal.  The animal housing room 

was maintained under standard laboratory conditions with 

12-hour light/dark cycle, 22C temperature and 50% 

relative humidity. Rats were maintained on commercial 

rodent chow (Rodent Diet, Cat# 2918, Teklad, Madison, 

WI, USA) with 0.95% calcium and 0.67% phosphorus. 

 

Breeding of Animals for Timed Pregnancies. Before 

breeding, females were determined to be in estrus by 

behavioral observation.  The female was moved to a male 

cage and observed for an average of 10 to 15 minutes.  

Estrous females were left in the male cage for 24 hours. 

Conception was confirmed by monitoring weight gain.  

Pregnant females gain about 6 grams of weight per 24 

hours compared to 3 grams for non pregnant females.  
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Stress induction to pregnant mothers at various times of 

gestation. Pregnant rats were divided into four groups of 

7 rats each.   

Group 1 (GW1): immobilization stress on days 1-7 of 

pregnancy 

Group 2 (GW2): immobilization stress on days 8-14 

of pregnancy 

Group 3 (GW3): immobilization stress on days 15-21 

of pregnancy 

Group 4 (Controls): left undisturbed throughout their 

pregnancy 

Immobilization stress was administered in three, 45 

minutes sessions; 9am, 1pm and 5pm.  Stress was 

administered by placing the rats in standard rodent sized 

immobilization bags called DecapiCones (Braintree 

Scientific, Inc. Cat# DC200, Braintree, MA, USA) [20].  

The immobilization bags were modified as follows: 1) the 

tip was snipped to allow the rat’s snout to protrude; 2) in 

order to minimize hyperthermia small holes were punched 

on the sides of the bag to increase ventilation: 3) the wide 

end of the bag was twisted around the tail of the animal 

and securely taped to conform to the individual size of the 

animals. The rat in the bag was placed in an empty cage.  

Only their tails and snouts protruded from the bag, and 

they did not have access to either food or water during this 

time. The secured animals could not make any movements 

other than shuffling their paws.  They could not turn their 

heads to the side nor turn their bodies within the bags.  

However, they had sufficient room for their rib cage to 

expand with heavy breathing. 

The cages containing the restrained rats were placed 

in a well-lit fume hood to contain the unpleasant odors 

emitted by stressed rats.  The constant flow of air in the 

hood minimized hyperthermia during the procedure.  

During stress sessions, the animals were monitored every 

15 minutes, from the time they were placed in the 

DecapiCone bags until they were returned to their home 

cages.  Animals were examined for signs of strenuous 

breathing or body distortion into potentially painful or 

harmful positions.  At the end of the 45 minutes, the rat 

was removed from the bag, and returned to its home cage. 

Animals were observed for the following: 

chromodacryorrhea, reduced feed consumption or total 

failure to feed, difficulty in breathing, excessive weight 

loss, ruffled fur, lameness, bloody vaginal discharge or 

abortion.   

The pregnant females were weighed daily following 

each stress session, and every other day during the other 

two weeks of the pregnancy.  

 

Fecal matter sampling  

 

Fecal samples were collected from all 28 pregnant rats to 

determine whether or not the immobilization stress 

resulted in elevated cortisol levels. Fecal sampling was 

done on day 2 and 5 of pregnancy for GW1, day 9 and 12 

of pregnancy for GW2, day 15 and 18 of pregnancy for 

GW3, and on days 2, 5, 9, 12, 15, and 18 of pregnancy for 

the control group. On the days that cortisol levels were 

monitored, the monitoring was done multiple times over 

the course of 24 hours. Pregnant rats were housed alone 

on recycled paper bedding, (Tek-fresh, Cat# 7099, Harlan 

Laboratories, Madison Wisconsin, USA). To sample fecal 

matter, fresh bedding was provided every 4 hours (at 8am, 

12pm, 4pm, 8pm, and 12am).  Fecal samples were then 

taken from the soiled bedding and stored at -80C 

immediately after collection until analysis. 

 

Extraction of Fecal Corticosterone Metabolites (CMs) 

 

Each sample was put in an aluminum foil cup and dried in 

an oven at 60C for a minimum of 4 hours.  The time it 

took for each sample to dry varied, with some taking as 

long as 12 hours.  Each sample was then crushed and 

homogenized with a mortar and pestle.  An amount of 

0.1g of each sample was placed in a clean test tube and 

2ml of 80% methanol added.  The samples were then 

shaken 3 times for 30 seconds each, using a hand vortex.  

This was followed by centrifugation at a speed of 2500g 

for 15 minutes.  An amount of 0.5 ml of the supernatant 

was then transferred to a clean vial and evaporated under 

a gentle stream of nitrogen.  These samples were then 

assayed by 5-pregnanae-3, 11,21-triol-20-one 

enzyme immunoassay (EIA) [21-23]  

 

Monitoring food intake of the pregnant dams 

 

To determine whether immobilization stress had an effect 

on the caloric intake of the dams, the amount of food 

intake during the stress period was compared to the 

amount of food intake when the dams were not being 

stressed.  This was done by measuring the weight of food 

placed in the cage at the beginning of a 24-hour cycle and 

subtracting the weight of the food at the end of the 24 

hours every day during pregnancy. The cage floor was 

checked to ensure any spilled food pellets were collected 

and measured as well.  This procedure did not apply to the 

offspring. 

 

Rearing of the offspring 

 

The offspring were raised to various stages of maturity 

and then sacrificed to determine the effect of the prenatal 

stress. 

All of the 28 dams gave birth on day 21 or 22 of 
pregnancy, as is standard for rats.  The litter sizes ranged 

from 5 to 21 (Table 1).  Since a maximum of 8 pups was 

required per dam, culling was done for those mothers with 
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more than 8 pups soon after delivery to standardize the 

litter size.  This helped avoid excessive food competition 

among the offspring during the first three weeks of their 

life in which they mainly depend on breastfeeding for 

nutrition.  The pups were weaned at 3 weeks, the mothers 

sacrificed, and the weanling rats housed at 4 per cage.  At 

6 weeks of age, the pups were housed as adults in 

accordance with the guidelines developed by IACUC. 

 

 
Table 1. Number of pups born in each group (Mean±SD) 

 
Groups of mothers 

n=7 per group 

Mean±SD of litter size Range of litter size Minimum number of 

pups born 

Maximum number of 

pups born 

Control 11.14±3.98 9 6 15 

GWI 13.14±1.68 4 11 15 

GW2 13.86±1.77 5 11 16 

GW3 12.29±5.82 16 5 21 
 

GWI = gestation week 1; GW2 = gestation week 2; GW3 = gestation week 3 

 

Pups were raised under normal laboratory conditions 

with standard diets and sacrificed at predetermined ages: 

4 weeks, 8 weeks, 12 weeks, and 16 weeks.  There were 4 

main pup groups defined by whether and when the mother 

was subjected to immobilization stress or not. Within 

these 4 main pup groups there were four sub-groups 

consisting of 11 offspring sacrificed at each stage of the 

predetermined stages of development. 

 

Euthanasia and necrospy 

 

All animals were weighed before euthanasia. The rats 

were euthanized by CO2 inhalation. This was followed by 

bilateral thoracotomy for rats over 200 grams or cervical 

dislocation for rats less than 200 grams, as a secondary 

measure to ensure the animals were dead. The right tibia 

was excised and cleaned. The tibia was fixed in 10% 

phosphate buffered formalin at 4C for 24 hours then 

transferred to 70% ethanol for storage until processing 

[24]. All bones in solutions were stored at 4C. 

 

Bone Histomorphometry Measurements 

 

This section focused on the comparison between offspring 

of the control mothers and offspring of GW3 mothers.  

The decision to initially focus on GW3 offspring was 

informed by the fact that this is the week during which 

rats’ bones mineralize.  It was therefore hypothesized that 

maternal stress during this stage of pregnancy will have 

the greatest impact on the quality of the bone of the 

offspring.  

The right proximal tibia was dehydrated in graded 

concentration of ethanol and xylene and embedded 

undecalcified in methyl methacrylate. Longitudinal 

sections, 4-m thick, were obtained using a Leica RM 

2265 microtome (Leica Microsystems, Nussloch GmbH, 

Germany) and affixed to slides coated with a 2% gelatin 

solution. The 4-μm sections were stained with 

Tetrachrome, then counterstained with Von Kossa, and 

mounted with Permount. The stained sections were used 

to measure; a) trabecular total tissue area, b) trabecular 

bone area, c) trabecular bone perimeter, d) osteoblast 

surface, e) osteoid surface f) number of osteoclasts, g) 

erosion surface, h) the thickness of the upper zone of the 

growth plate (consisting of resting and proliferating 

chondrocytes),  and i) the thickness of the lower zone of 

the growth plate (consisting of the hypertrophic 

chondrocytes) using a light microscope (Nikon Eclipse 

E400, Nikon Instruments, Inc, Melville, NY, USA) at a 

magnification of x20. Bone histomorphometric analyses 

were performed in the growth plate and a region 

corresponding to secondary spongiosa, 1mm distal to the 

growth plate. Bone histomorphometry was performed 

using a semi-automatic image analysis Bioquant system 

(Bioquant Image Analysis, Nashville, TN, USA) linked to 

a microscope equipped with transmitted and fluorescent 

light (Nikon Eclipse E400, Epi-Fluorescence Microscope, 

Nikon Instruments, Inc, Melville, NY, USA) [25,26]. 

The bone measurements, units and terminology used 

in histomorphometric analysis were defined and derived 

according to the American Society for Bone and Mineral 

Research (ASBMR) guidelines for bone 

histomorphometry [27,28]. The growth plate 

measurements were defined and derived according to 

Howell and Dean (1992) [29].  
 

Statistical Analysis 
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The mean and standard deviation was calculated for all 

outcome variables.  The differences in the means of 

cortisol hormone level in the stressed groups and control 

group were analyzed using T-test. Differences among the 

four maternal groups for gestational weight gain were 

analyzed by analysis of variance (ANOVA). Differences 

were considered statistically significant at p-value ≤ 0.05 
and inter-group differences were determined by an F-test 

with the Tukey-Kramer Honestly Significant Difference 

test (JMP 8 Statistical Discovery. Cary, NC: SAS Institute 

Inc) as a post-hoc test for pair-wise comparisons.  

Bone histomorphometry data, was first analyzed 

using a two-sample t-test to compare the male and female 

differences in the total tissue area of all offspring at the 

ages of 4, 8, 12 and 16 weeks. The total tissue area was 

used as a proxy for size of the tibia in this study. This first 

analysis was mainly designed to test whether there was a 

size difference between the males and females.   

In the next step of analysis, the GW3 offspring were 

separated from control offspring and a two sample t-test 

used to compare the male and female differences in the 

total tissue area of the offspring at each age, that is, 4, 8, 

12 and 16 weeks. 

Subsequently, a statistical model that removes the 

male and female difference was used to isolate the stress 

effect.  Also, since the number of male and female pups 

from the GW3 mothers and control mothers was not 

equal, the sample size difference between males and 

females had to be removed in order to compare GW3 and 

Control offspring. 

To accomplish this, a linear regression model, which 

allowed the difference in mean outcome between GW3 

offspring and control offspring to vary with pups’ age was 

used. Wald test was used to check for how in utero stress 

during week three of gestation affected bone development 

in offspring at different ages (StataCoRP. 2009.  Stata; 

Release 11. Statistical software. College Station, TX: 

StataCorp LP).  

 

Equation 1 
 

 
 

In the equation, (yi) is the outcome variable, the bone 

histology measurements taken, and the predictor variables 

are as follows, sex of the pups (X1), whether the pups were 

born to GW3 mothers (X2), age of the pups (X3, X4, X5), 

whether the prenatal stress effect was different at different 

ages (X6, X7, X8), and the error term (i). 
If the difference in mean outcome for GW3 offspring 

and control offspring did not vary with pups’ age (p > 

0.10), stress effect was estimated with a model that 

controlled for pups’ sex and age. 

 

Equation 2 
 

 
 

All models adjusted standard errors for correlation 

between pups from the same litter using the Huber-White 

Sandwich estimator.   

These equations were developed based on the 

explanation of how to analyze correlated data 

(www.ats.ucla.edu/stat/stata/library/cpsu.htm) using the 

statistical program, Stata 11 (StataCoRP. 2009. Stata; 

Release 11. Statistical software. College Station, TX: 

StataCorp LP).  

This study design was such that each group had pups 

from the same litter, which are correlated.  To correctly 

analyze the data we had to take into account the 

correlation. P values ≤ 0.05 were considered significant.  

 

RESULTS  

 

RESULTS ON LIVE ANIMAL DATA 

 

Maternal weight gain from pregnancy day 1 to day 21 

 

Pregnant rats in GW1 and GW2 groups gained 

significantly less weight over the duration of the 

pregnancy than did those in GW3 or in the control group 

(Figure 1A). The results showed the mean weight gain of 

the control and GW3 mothers were not significantly 

different from each other.  The mean weight gain of GW1 

and GW2 mother groups were also not significantly 

different from each other (Figure 1A).  However the mean 

weight gain of the controls and GW3 mothers were 

significantly higher than the mean weight gain of the 

GW1 and GW2 mothers (p < 0.0001) (Figure 1B).  

 

Cortisol hormone level in dams during gestation period 

 

Cortisol hormone levels were used as a surrogate measure 

of stress [21-23]. In this study, cortisol hormone was 

quantified as micrograms per gram of feces (g/g) [21-

23].   

The mean cortisol hormone levels in GW1 mothers 

were significantly higher compared to those of control 

mothers in their first week of pregnancy (GW1 = 

3.72g/g, controls = 1.66g/g, difference = 2.06g/g; p = 

0.0007) (Figure 2A). 

http://www.ats.ucla.edu/stat/stata/library/cpsu.htm
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Figure 1. Maternal weight gain during pregnancy.  A. Comparison of maternal gestational weight gain in GW1, GW2, 

GW3 and Control mothers. The figure shows the results of one-way ANOVA of weight by maternal group. The side points 

of each diamond are connected by a horizontal line at the mean of each group. The top and bottom diamond points are the 

upper and lower 95% confidence points of each group. B. Comparison for all pairs of means of maternal gestational weight 

gain using Tukey-Kramer (HSD). The Tukey-Kramer (HSD) added comparison circles to the plot and statistically 

compared each pair of means. There is a circle for each group with a horizontal diameter that aligns with its group mean. 

Circles with the same color are not statistically different while those with different colors represent groups with statistically 

different means. 

 
 

The mean cortisol hormone levels in GW2 were also 

significantly higher compared to those of control mothers 

in their second week of pregnancy (GW2 = 3.34g/g, 

controls = 1.73g/g, difference = 1.62g/g; p = 0.0205) 

(Figure 2B).  However, the cortisol hormone level 

difference between the controls in week two and GW2 

was less compared to the hormone level difference 

between the controls in week one and GW1. Similarly, the 

mean cortisol hormone levels in GW3 mothers were 

significantly higher compared to those of control mothers 

in their third week of pregnancy (GW3 = 3.36g/g, 

controls = 2.38g/g, difference = 0.98g/g; p = 0.017) 

(Figure 2C).  However, the difference in cortisol hormone 

level between controls and GW3 was the least compared 

to the difference between controls and GW1 and the 

difference between controls and GW2. 

To further explore the apparent declining levels of 

difference in cortisol hormone levels between controls 

and stressed animals as the pregnancy advanced, the 

hormone levels for controls were plotted independently 

and found to increase significantly with the progression of 

the pregnancy (P = 0.0344) (Figure 2D).   

However results from a pair wise comparison of mean 

cortisol level in control rats during the first week, second 

week, and third week of pregnancy using the Tukey-

Kramer HSD test was not significant (p =  0.0960). A 

similar trend was also observed when cortisol hormone 
levels in stressed groups were compared (p = 0.8409). 

Therefore, since increase in cortisol hormone over the 

course of the pregnancy in controls did not represent a 

significant pattern, the cortisol levels measured for all 

three weeks of the control group were combined as one 

group for the next analysis. Also, since the stressed groups 

were not significantly different from each other, all three 

groups were combined as one for the next analysis.  

T- test results for the combined means for the control 

and stressed groups showed that cortisol level was 

significantly higher in the rats stressed during pregnancy 

compared to the control rats (controls = 2.12g/g, GW = 

3.46g/g, difference = 1.35 g/g, p = 0.0003) (Figure 3A). 

 

Food intake by the mothers during pregnancy 

 

The stressed animals consumed 3 grams (12.5%) less food 

per day compared to the controls (p < 0.005).  On the day 

before delivery all of the animals increased their food 

intake, almost doubling their norm (data on file). 

 

Litter size 

 

The number of pups born to females in GW1 and GW2 

groups was greater on average than for the controls or 

GW3 (Table 1).  However, there was much more variation 

in the number of pups born in the control and GW3 groups 

and much less variation in the number of pups born in 

GW1 and GW2 groups (Table 1). There was a positive 

correlation between maternal weight gained during 
pregnancy and the number of pups born (p = 0.0054) 

(Figures 3B). 
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Figure 2. Cortisol (stress) hormone levels in dams during pregnancy.  Cortisol hormone levels measured and 

quantified as micrograms per gram of feces (µg/g) in: A. Control mothers during pregnancy week 1 and GW1 

mothers; B. Control mothers during pregnancy week 2 and GW2 mothers; C. Control mothers during pregnancy 

week 3 and GW3 mothers; D. Control mothers from day 1 to 20 of gestation. 

 
 
 

Offspring weight gain  

 

Both male and female offspring born to GW3 mothers 

were heavier compared to all the other groups (Figures 3C 

and 3D respectively).  However, pair-wise comparison of 

the means in weight for each group using the Tuker-

Kramer HSD test showed no statistically significant 

difference for males (p = 0.33) or females (p = 0.9). 

 

 

RESULTS OF THE HISTOMORPHORMETRIC 

ANALYSIS OF THE OFFSPRING’S PROXIMAL 

TIBIA 

 

As mentioned in the methods, this section focuses on the 

comparison between offspring of the control mothers and 

offspring of GW3 mothers.  

Total tissue area 

 

The combined means for all the GW3 offspring and 

control offspring indicated that the total tissue area in the 

secondary spongiosa region in males was significantly 

larger compared to the females at age 8, 12 and 16 weeks 

(p < 0.001) (Table 2). 

In the next step of analysis where GW3 offspring 

were separated from control offspring. The means for 

GW3 offspring and control offspring indicated that in 

both groups, the males were significantly larger than the 

females at age 8, 12 and 16 weeks (p < 0.05)  (Table 2). 

From the above results, it is evident that total tissue 

area varies by sex, regardless of whether the pups were 

born to a GW3 mother or a control mother. Controlling 

for sex, there was no difference in mean total tissue area 

for GW3 offspring compared to control offspring at ages 

4, 8, 12 and 16 weeks (Table 3).   
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Table 2. Difference in means of total tissue area (T.Ar) between male and females offspring from GW3 mothers 

and control mothers.  

 

Age in weeks 4      8 12 16 
Difference in T.Ar between male 

and female offspring from both 

GW3 and Control mothers 

0.07 

(n=12) 

2.12*** 

(n=21) 

2.18*** 

(n=20) 

2.35*** 

(n=26) 

Difference in T.Ar between male 

and female in GW3 offspring 

0.46 

(n=7) 

2.05*** 

(n=13) 

2.89*** 

(n=8) 

2.65* 

(n=8) 

Difference in T.Ar between male 

and female Control offspring 

0.41 

(n=5) 

2.34* 

(n=8) 

1.61* 

(n=12) 

2.19** 

(n=18) 
 

T.Ar = tissue area; GW3 = gestation week 3; * = p < 0.05; ** =  p <  0.01; *** = p < 0.001 

 

 

 

 

The second linear regression analysis (using equation 

1) that examines how in utero stress during week three of 

gestation affected bone development showed that 

maternal prenatal stress did not affect total tissue area at 

different developmental stages, for GW3 offspring 

compared to the control offspring at age 4, 8, 12 and 16 

weeks (p = 0.7200). Therefore, the pattern of bone 

development in GW3 offspring and control offspring did 

not vary significantly (Figure 4A).  

 

Bone area 

 

Mean bone area was found to be significantly higher in 

the GW3 offspring compared to the control offspring at 

the age of 8 weeks (Table 3). Also, maternal prenatal 

stress did not affect bone area at different developmental 

stages, for GW3 offspring compared to the control 

offspring at ages 4, 8, 12 and 16 weeks (p = 0.3301). Even 

though the bone area was significantly higher in GW3 

offspring at the age of 8 weeks, the overall pattern of bone 

development in GW3 offspring and control offspring did 

not vary significantly (Figure 4B).  

A regression analysis on the ratio of bone area to total 

tissue area showed no significant difference in the way 

maternal prenatal stress affects the ratio at different 

developmental stages, for GW3 offspring compared to the 

control offspring at ages 4, 8, 12 and 16 weeks (p = 

0.4048).  

 

Bone perimeter 

 

Controlling for sex, there was no difference in mean bone 

perimeter for GW3 offspring compared to control 

offspring at age 4, 8, 12 and 16 weeks (Table 3).  

Maternal prenatal stress in GW3 did not affect bone 

perimeter at different developmental stages compared to 

the control offspring at age 4, 8, 12 and 16 weeks (p = 

0.7758).  Therefore, the pattern of bone development in 

GW3 offspring and control offspring did not vary 

significantly (Figure 4C).  

A regression analysis on the ratio of bone perimeter 

to total tissue area showed no significant difference in the 

way maternal prenatal stress affects the ratio at different 

developmental stages, for GW3 offspring compared to the 

control offspring at ages 4, 8, 12 and 16 weeks (p = 

0.0563).   

 

Osteoblast surface 

 

The GW3 offspring had a significantly higher osteoblast 

surface compared to the control offspring at the age of 12 

weeks (Table 3).  

There was a significant difference in the way 

maternal prenatal stress affected osteoblast surface at 

different developmental stages for GW3 offspring 

compared to the control offspring at age 4, 8, 12 and 16 

weeks (p = 0.0333).  Therefore, the patterns of bone 

formation in GW3 offspring and control offspring varied 

significantly (Figure 4D). 

A regression analysis on the ratio of osteoblast 

surface to bone perimeter showed a significant difference 

in the way maternal prenatal stress affects the ratio at 

different developmental stages for GW3 offspring 

compared to the control offspring at ages 4, 8, 12 and 16 

weeks (p = 0.0415).   
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Figure 3. Overall comparison of means of cortisol hormone levels between control and stressed mothers, Litter size and 

Offspring weight gain.  A. Overall comparison of means of cortisol hormone levels from all control mothers and all stressed 

mothers during pregnancy; B, Correlation between the number of pups bornand weight (in grams) gained by the mother during 

pregnancy; C, Mean weight (ingrams) of male offspring at age 4, 8, 12 and 16 weeks; D, Mean weight (in grams) of female 

offspring at age 4, 8, 12 and 16 weeks. 

 

Osteoid surface 

 

The mean osteoid surface was significantly higher in 

GW3 offspring compared to the control offspring at the 

ages of 8 weeks and 12 weeks (Table 3).  However 

maternal prenatal stress in GW3 was found to have no 

effect on osteoid surface at different developmental stages 

compared to the control offspring at age 4, 8, 12 and 16 

weeks (p = 0.1006). Even though the osteoid surface was 

significantly higher in GW3 offspring at the age of 8 

weeks and 12 weeks, the overall pattern of bone 

development in GW3 offspring and control offspring did 

not vary significantly (Figure 4E). A regression analysis 

on the ratio of osteoid surface to bone perimeter showed 

no significant difference in the way maternal prenatal 

stress affects the ratio at different developmental stages, 

for GW3 offspring compared to the control offspring at 

ages 4, 8, 12 and 16 weeks (p = 0.1399).   

 

Osteoclast number/erosion surface 
 

Controlling for sex, there was no difference in the number 

of osteoclasts per erosion surface for GW3 offspring 

compared to the control offspring at age of 4, 8, 12 and 16 

weeks (Table 3).   Maternal prenatal stress in GW3 did not 

affect the number of osteoclasts per erosion surface at 

different developmental stages compared to the control 

offspring at age 4, 8, 12 and 16 weeks (p = 0.1544).   

Therefore, the pattern of bone development in GW3 

offspring and control offspring did not vary significantly 

(Figure 4F).  

A regression analysis on the ratio of osteoclast 

number to bone perimeter showed no significant 

difference in the way maternal prenatal stress affects the 

ratio at different developmental stages, for GW3 offspring 

compared to the control offspring at ages 4, 8, 12 and 16 

weeks (p = 0.4288).   

 

Erosion surface 

 
Controlling for sex, there was no difference in mean bone 

surface for GW3 offspring as compared to control 

offspring at age 4, 8, 12 and 16 weeks (Table 3). Maternal 
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prenatal stress in GW3 did not affect the erosion surface 

at different developmental stages compared to the control 

offspring at age 4, 8, 12 and 16 weeks (p = 0.4142).   

Therefore, the pattern of bone development in GW3 

offspring and control offspring did not vary significantly 

(Figure 4G).  

A regression analysis on the ratio of erosion surface to 

bone perimeter showed no significant difference in the 

way maternal prenatal stress affects the ratio at different 

developmental stages, for GW3 offspring compared to the 

control offspring at ages 4, 8, 12 and 16 weeks (p = 

0.4288).   

 

Resting and proliferative chondrocyte zone of the 

growth plate 

 

The mean thickness of the proliferative zone of the growth 

plate in GW3 offspring was significantly smaller 

compared to the control offspring at the age of 4 weeks 

(Table 3).  

Maternal prenatal stress was shown to significantly 

reduce the size of the proliferative zone of the growth 

plate for GW3 offspring compared to the control offspring 

at the ages of 4, 8, 12 and 16 weeks (p = 0.0141).  The 

patterns of growth in the upper zone of the epiphyseal 

plate varied significantly between GW3 offspring and 

control offspring (Figure 4H).  

 

Hypertrophic chondrocyte zone of the growth plate 

 

Controlling for sex, there was no difference in the 

thickness of the hypertrophic zone of the growth plate for 

GW3 offspring compared to control offspring at age of 4, 

8, 12 and 16 weeks (Table 3).   

Maternal prenatal stress in GW3 did not affect the 

thickness of the hypertrophic zone of the growth plate for 

GW3 offspring compared to the control offspring at the 

ages of 4, 8, 12 and 16 weeks (p = 0.3149).  The pattern 

of growth in the lower zone of the epiphyseal plate did not 

vary significantly between GW3 offspring and control 

offspring (Figure 4I). 

 

DISCUSSION 

 

As pregnancy advanced, there was a general trend of 

incremental weight increase in the female due to fetal 

growth.  However there was a wide range of variation in 

the amount of maternal weight gained in this study that 

was likely dependent on the number of fetuses conceived, 

caloric intake, and the cortisol levels in the dams due to 

stress. The pregnant dams that were stressed during 
gestation week 1 and 2 gained significantly less weight 

compared to those stressed in week 3 or the controls.  This 

was consistent with previous studies in which prenatal 

stress was induced by glucocorticoid injection [30] and by 

immobilization [31].   

Results also show that stress induction resulted in 

significantly higher levels of cortisol hormone in stressed 

dams compared to the controls, a result also consistent 

with a previous study [31].  Given that cortisol crosses the 

placenta [32-34], it is plausible that it will alter the in 
utero environmental condition of the fetuses. While the 

mean cortisol hormone levels in the stressed mothers were 

significantly higher compared to those of controls, the 

average difference between the stressed groups and the 

controls reduced through time of gestation. Stressing the 

animals in gestation week 1 more significantly raised their 

cortisol hormone levels relative to the controls, but the 

difference declined during pregnancy.  When considering 

only the control group, we find that cortisol level 

increases throughout gestation even without the stress of 

immobilization.   

Cortisol concentration has been demonstrated to 

increase significantly during pregnancy in humans as well 

[35,36]. This can be attributed to production of 

corticotropin-releasing hormone (CRH) in the placenta, 

decidua, and fetal membranes [35], enlargement of 

maternal pituitary gland [37], and increased secretion of 

corticotropin by the pituitary gland [38].  An increase in 

estrogen hormone, which is necessary to support 

pregnancy and inhibit ovulation [39], also results in 

increased plasma cortisol.  This is because the elevated 

estrogen levels reduce cortisol catabolism by the liver 

[35].  These series of events during pregnancy lead to a 

steady rise in cortisol hormone that peaks in the third 

trimester [35].  The increase in placental glucocorticoids 

is essential for maturation of the fetal organ system, 

including the liver, lung, adrenal gland, and brain, in 

preparation for survival outside the uterine environment 

[40].  It also influences the timing and onset of delivery 

[40]. 

Therefore, a slight increase in cortisol levels during 

gestation is necessary for proper maturation of the organ 

system in the fetus before birth, as well as to the timing 

and onset of parturition [40].  However, excess cortisol 

(that may result from abnormal circumstances), has 

deleterious effects.  Such circumstances in humans 

include disease, under-nutrition and depression [41,42]. 

For lack of a better model to help us understand the long-

term effects of stress that goes beyond the normal 

pregnancy challenge in humans, laboratory animals like 

rats, sheep, mice and non-human primates have been 

subjected to conditions that intentionally raise their 

cortisol hormone levels during gestation, such as restraint, 

immobilization, forced swimming, forced treadmill 
exercise, noise stress, nutrient deficiency, electric shock 

and administration of CRH, reviewed in [43].  
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Figure 4. The changes in histomorphormetric measurements at age 4, 8, 12 and 16 weeks in GW3 offspring (dashed line) and 

control offspring (solid line).  A. Total tissue area (mm2); B. Bone area (mcm); C. Bone perimeter (mm); D. Osteoblast surface (mm); 

E, Osteoid surface (mm); F. Number of osteoclasts (N.Oc/mm); G, Eroded surface (mm); H. Upper zone of the growth plate (containing 

resting and proliferative cells) (mcm); I. Lower zone of the growth plate (containing hypertrophic cells) (mcm). 

 

 

 

Pregnancy alone also leads to increased food intake 

in rats [44] to meet the increasing nutritional needs of the 

growing fetuses.  In terms of caloric intake though, while 

there was a general trend of increase in food intake for the 

pregnant dams in our study, the animals undergoing stress 

consumed significantly less food compared to the 

controls. Previous studies in which pregnant rats were 

injected with cortisol daily also showed that there was 

significant reduction in daily food intake [45].  High 

levels of glucocorticoids have been shown to have a 

catabolic effect, which increases levels of amino acids, 

glucose, and lipids in plasma.  When the levels of these 

food molecules are high in plasma, the hunger signal in 

the brain is turned off [20,46]. The catabolic effect of 

glucocorticoids, as induced by the high cortisol level in 

stressed dams in this study, is assumed to have resulted in 

high circulating levels of plasma amino acids, glucose and 

lipids in plasma [20,46].  As a result, a stressed animals’ 

food intake reduces. An additional possible explanation 

for this phenomenon in the current study is that the 

stressed animals spent 1.25 hours a day without access to 

food (during immobilization) for one of the three weeks 

of their pregnancies, reducing the time of opportunity for 

feeding. 

Not surprisingly, a positive correlation was found 

between maternal weight gained during pregnancy and the 

number of pups born.  However, in contrast to this overall 

trend, the animals stressed in gestation week 1 and 

gestation week 2 had the highest average number of pups 

but gained the least amount of weight.  Even though birth 
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weights were not collected in this study, the weight data 

from the mothers during gestation showed that mothers 

with significantly higher cortisol levels (GW1 and GW2) 

had the lowest weight gain on average at the end of their 

gestation period and the largest average number of pups.  

We can therefore infer that pups born to GW1 and GW2 

mothers had lower birth weight compared to the controls.  

Since cortisol hormone levels in these two groups were 

significantly higher than those of the controls the impact 

of stress to the mother seems to have affected fetal 

development at this early stage, causing them to be 

smaller.  

Other studies report similar results.  For example, 

social stress during early pregnancy in hamsters resulted 

in dams giving birth to male pups that were smaller in size 

compared to the controls [47].  By injecting pregnant rats 

with cortisol hormone Megías and colleagues (1983)[45] 

noted a slight reduction in litter size and individual pup 

weight in hormone treated dams.  In human studies, 

maternal cortisol is known to cross the placenta and likely 

influence fetal development [32-34].  Elevated fetal 

cortisol levels, such as evident in fetuses of depressed 

mothers, result in delayed prenatal growth, prematurity, 

and low birth weight [48].  Excess cortisol alters the 

normal functioning of hypothalamo-pituitary-adrenal 

(HPA) axis, which may last for a lifetime [49].  

Studies in humans have demonstrated that stress 

activates the excessive release of cortisol hormone, which 

is known to inhibit bone growth and has been shown to be 

a risk factor for osteoporosis in pre-menopausal women 

[50,51]. Previous studies have also examined the effects 

of corticosteroids on growing bones of rat and mice by 

injecting pregnant mothers with cortisone acetate during 

the second and third week of gestation [52-55].  In each 

of these studies the experimental newborns had shorter 

and smaller long bones, thinner metaphyseal and 

diaphyseal trabeculae, and abnormal calcification 

compared to the controls.  All these differences were 

obvious during the first week after birth but by day 30 

postnatal no morphological differences were observed in 

different groups. 

In the current study, rather than injecting 

corticosteroids into the pregnant rats, a method that could 

prompt the body to produce higher levels of cortisol 

hormone itself, and therefore mimic the more natural way 

the mother’s body deals with stressful conditions during 

pregnancy was employed.  The offspring were also 

studied for a longer time postnatally, up to the age of 16 

weeks, which is a young adult age for rats.  This allowed 

for an analysis of bone growth after the apparent catch-up 

growth period of 30 days postnatal as suggested by 
previous studies [52-55].  As such, the analysis was done 

on pups that were 4 to 16 weeks old. Male rats are sexually 

mature at 12 weeks and classified as adults at 6 months.  

Female rats on the other hand are sexually mature at 5-6 

weeks and classified as adults at 5-6 moths.   

The novel observation of our study was that, given 

similar environmental conditions in postnatal life, 

offspring born to GW3 mothers and those born to control 

mothers followed different trajectories in postnatal 

development.  The GW3 offspring developed faster in 

terms of general body growth and bone growth compared 

to the control offspring.  More specifically in terms of 

bone development, GW3 offspring had a higher bone area 

and a potentially higher bone formation rate indicated by 

a higher number of osteoblasts at the age of 12 weeks, and 

a larger area of the osteoid surface at the ages of 8 and 12 

weeks.  Even though this was contrary to expectation, it 

implies that these pups were growing faster than the 

controls. This difference manifested by the age of 8 

weeks. 

In addition to bone mineralization rate, this study also 

found a differences in how the linear growth rate of bone 

between GW3 offspring and control offspring.  The upper 

zone of the growth plate, consisting of the resting and the 

proliferation cells, was significantly thicker in the control 

offspring at the age of 4 weeks compared to the GW3 

offspring.  The difference disappeared as soon as the 

animals reached the age of 8 weeks.  The thickness of the 

growth plate reduces drastically as the animals advance in 

age, which is expected because it eventually closes, 

marking the end of the appendicular bone growth period.  

The results suggest that the control animals had a more 

active linear growth phase at the younger stage compared 

to experimental animals.  In turn, this may indicate that in 

utero exposure to cortisol had a significant negative effect 

on the linear growth of the bone.  Previous studies have 

suggested that corticosteroids inhibit linear growth of 

bone due to disturbance in the growth plate [56] and 

disturbance in the formation of the collagen matrix [57-

60], the latter potentially mediated through reduction of 

osteoblastic activity.  Therefore, the results demonstrate 

that prenatal stress significantly affected the growth plate 

of the offspring.  Further investigation is required to 

understand how this may negatively affect adult skeletal 

size.  Since the GW3 mothers reduced food intake 

compared to the controls, nutrient restriction and exposure 

to high cortisol levels likely contributed to the observed 

outcomes in the GW3 offspring.  Having experienced a 

poor environment in utero the GW3 offspring may have 

undergone changes in their physiology and metabolism 

that would enable them to thrive in similar conditions 

during their postnatal life.  An example of such a 

programming shift could be a more efficient metabolism 

in order to maximize on the scarce nutritional resources 
available to them.  Such changes during this crucial 

developmental period have been demonstrated to be 
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permanent and perhaps provide an evolutionary 

advantage [61].   

However, if the offspring are born in an environment 

that is not as stressful as that experienced in utero, they 

encounter a mismatch from what their metabolism was 

programmed for.  This may predispose them to metabolic 

disorders like diabetes at a later stage in life [62].  This 

phenomenon is currently known as the Thrifty Phenotype 

Hypotheses and was first proposed by Hales and Barker 

in 1992 in regard to Type II diabetes[18].  Following a 

number of studies, they proposed that poor nutrition in 

utero and during early life of an infant negatively affect 

the function of Beta cells of the islet of Langerhans, 

leading to impaired glucose tolerance [18].  This is 

interpreted to be an adaptation in preparation for a poor 

nutritional environment in postnatal life, but instead it 

predisposes the individual to development of Type II 

diabetes later in life if the poor conditions are not realized 

[18]. 

The GW3 offspring in this study were raised in 

similar conditions to those of the control offspring.  Both 

groups had unlimited access to food and water, and were 

only handled twice a week when the cages were cleaned 

and food added to their feeding trays.  This was done to 

minimize the stress from handling as much as possible.  

Therefore, in the relatively stress-free and nutrient 

sufficient environment, the GW3 offspring thrived and 

eventually outperformed the control offspring.  They 

ended up having a higher average body weight, higher 

bone formation rate, and higher bone area.  It is important 

to note the limitations of this study that will shape the 

future directions for this research track. First, the 

offspring birth weight was not measured and neither was 

sex ratio determined before culling the pups. Second, the 

offspring daily food intake was not monitored. And third, 

cortisol levels in the pups were not monitored. These data 

were not collected in order to avoid extra handling of the 

pups that would induce further stress postnatally. The 

handling required to collect these data would have been a 

confounding factor because the main objective of the 

study was to determine the effects of prenatal stress. 

Overcoming the logistical hurdle of imposing 

confounding stress will be an important next step in 

teasing apart the biology of the phenomena observed here. 

In conclusion, this research demonstrated that the 

experience of stress during pregnancy in rats has negative 

consequences for both the mother and the offspring.  The 

caloric intake in the mother is reduced, potentially due to 

the excess cortisol that alters the hypothalamic control of 

food intake.  Whether or not this reduced food intake 

results in nutrient restriction remains to be determined, but 
it does leave the possibility that the offspring may have 

been nutrient-restricted in utero.  We do know from our 

data that the offspring were at least exposed to high levels 

of cortisol.  Whether both nutrient restriction and high 

cortisol levels of exposure, or just the cortisol exposure 

affected the offspring, these animals appear to be born 

with an altered metabolism that results in faster growth 

and higher weight gain compared to controls. The positive 

effect of this fast growth is that the offspring stressed in 

utero ended up with a higher bone area compared to the 

control. 
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