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Abstract 

Stress during the prenatal period increases the risk in the next generation for negative 

health outcomes, including cardio-metabolic dysfunction and psychiatric diseases.  To 

standardize prenatal exposure to stress hormone levels, we administered corticosterone 

(20 mg/kg s.c.) chronically (C-CORT) to pregnant mouse dams daily from gestational 

day 12-18.  We monitored physiological, neural, and behavioral endpoints in dams and 

their offspring at adolescence and adulthood.  Dams treated with C-CORT displayed 

increased anxiety-like behavior and altered maternal behavior, including increased time 

to retrieve pups and preference for male pup odor.  These behavioral changes were 

accompanied by increased circulating corticosterone and increased expression of 

mineralocorticoid receptors in perifornical area urocortin-3-expressing neurons.  In 

offspring, we identified age- and sex-specific differences: female adolescent mice 

exposed to prenatal C-CORT showed enhanced novel object recognition, while adult 

female offspring exposed to prenatal C-CORT showed increased immobility and 

reduced locomotion in an open-field arena.  Adult female offspring exposed to prenatal 

C-CORT also lacked female-typical elevation in basal circulating corticosterone levels 

and showed increased hippocampal expression of corticotropin-releasing factor 

receptor 1 (CRFR1) in the hippocampus.  Reciprocal cross-fostering normalized the 

effects of prenatal C-CORT exposure on adult female offspring open-field immobility, 

basal corticosterone, and hippocampal CRFR1 expression, but did not reverse 

hypoactivity.  Moreover, males prenatally treated with vehicle then reared by C-CORT-

treated dams exhibited greater anxiety-like behavior.  These findings strengthen the 

idea that both fetal programming and postnatal maternal environment contribute to sex-

specific neurobiological, endocrine, and behavioral outcomes in offspring. 
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Introduction 

 Maternal stress during pregnancy is widespread, with around 70.2% of U.S. 

mothers reporting experiencing at least 1 stressful life event the year before their 

infants’ births (1).  Prenatal maternal stress has been associated with increased risk of 

preterm birth, impaired fetal growth, and alterations in psychological and physical 

development of the child (2-6).  Long-term health consequences of prenatal stress in 

offspring include increased risk of cardiometabolic outcomes, such as cardiovascular 

disease and diabetes (7, 8).  Because prenatal stress occurs during periods of rapid 

fetal brain development, its effects on neural organization may contribute to persistent 

emotional, behavioral, and cognitive sequelae (4, 9-13). 

To study the neurobiological mechanisms underlying these long-lasting effects, 

researchers have developed animal models of prenatal stress.  Maternal gestational 

stressors, including chronic variable stress and restraint stress, have distinct sex- and 

age-dependent impacts on offspring outcomes such as hypothalamic-pituitary-adrenal 

(HPA) axis reactivity, immune or metabolic changes, and brain development, according 

to the severity of stress and the gestational window of exposure during which the 

stressor occurred (14-19).  Despite this heterogeneity, the data together support the 

notion that prenatal stress affects “fetal programming” (19, 20), leading to long-lasting 

effects on the offspring. 

 The mechanisms by which maternal stress contributes to fetal programming are 

not well understood.  A hyporesponsive HPA axis buffers maternal stress responses 

during pregnancy, and fetal exposure to maternal circulating glucocorticoids (cortisol in 

humans, corticosterone in rodents) is limited by placental expression of 11β-

hydroxysteroid dehydrogenase type 2 (Hsd11b2), an enzyme that converts maternal 
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glucocorticoids into inactive forms (21, 22).  Emerging evidence suggests that maternal 

glucocorticoids impact fetal development by altering gene expression in the placenta 

through suppression of Hsd11b2 activity, thereby allowing maternal glucocorticoids to 

reach the fetus, or through other genetic reprogramming of the placenta that affects 

fetal growth and development (19, 21, 23-27).  Whether the impact of maternal 

glucocorticoids on the fetus is direct or indirect, these studies agree that maternal 

glucocorticoids play a critical role in the persistent effects of prenatal stress on offspring.  

While prior research has predominantly focused on studying fetal reprogramming that 

occurs at the time of stress, evidence shows that prenatal stress also induces long-

lasting changes in dam physiology and behavior (28-32).  Altered maternal caregiving 

behavior, cognition, and stress responsivity after prenatal stress affects the postnatal 

environment in which the offspring are nursed and cared for (30-33).   

In the present study, we aimed to test the hypothesis that long-lasting behavioral 

and neurobiological changes in offspring prenatally exposed to elevated maternal 

glucocorticoids are mediated by maternal caregiving.  We used chronic corticosterone 

(C-CORT) administration in pregnant mice to gain experimental control over the level of 

elevated maternal glucocorticoids to which the fetus was exposed (34).  We focused on 

the last week of gestation (GD12-18) to capture the sensitive period for fetal 

hippocampal and cortical neurogenesis (35-38).  We find that prenatal C-CORT 

treatment affects maternal glucocorticoid secretion, maternal exploratory behavior, 

appetitive maternal caregiving, and expression of mineralocorticoid receptors in the 

maternal hypothalamus.  In offspring, we observe age- and sex-specific effects of 

prenatal C-CORT treatment such that females show enhanced novel object recognition 



5 

 

in adolescence and increased immobility in the open field test in adulthood.  This 

change in adult female behavior was associated with blunted corticosterone secretion 

and increased hippocampal expression of corticotropin-releasing factor receptor 1 

(CRFR1).  At the time points studied, male offspring were unaffected.    Cross-fostering 

normalized immobility behavior of adult female offspring exposed to prenatal C-CORT 

and rescued circulating corticosterone levels and expression of hippocampal CRFR1.  

Taken together, these results confirm that prenatal exposure to excessive maternal 

corticosterone leads to long-lasting behavioral changes in both the dam and offspring, 

and certain sex-specific effects of prenatal C-CORT exposure on neurobiology, 

physiology, and behavior of adult offspring are moderated by maternal care. 

Materials and Methods 

Animals   

Pregnant female (GD4) C57BL/6J mice, aged 8-10 weeks, were ordered from 

Jackson Laboratory (Bar Harbor, ME), were singly housed, and habituated to our facility 

for 7 days before experimental manipulation.  Mice were maintained in a temperature- 

and humidity-controlled room on a 12h:12h dark light cycle (10:30 am- 10:30 pm dark 

phase) with access to food and water ad libitum. Pups remained with the dam through 

weaning. Dams were randomly allocated to experimental groups. All experiments were 

performed according to the ARRIVE ethical guidelines and NIH guidelines and approved 

by the Albert Einstein College of Medicine Institutional Animal Care and Use Committee 

(protocol 20180110; 20180111; 00001386).  Dams were weighed every other day.  No 

pups were culled in this study.  Offspring were weaned from the experimental dams at 
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postnatal day 21 (PND 21) and separated by sex.  Offspring were randomly assigned to 

adolescent or adult groups for further testing (Fig. 1A). 

Prenatal Corticosterone Administration 

Corticosterone (CORT; Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 5% 

ethanol in sesame oil (Sigma-Aldrich, St. Louis, MO, USA) and administered at a dose 

of 20 mg/kg subcutaneously (s.c.) to the nape of the neck. Vehicle mice were injected 

with sesame oil at the same volume.  CORT dose was chosen based on our prior study 

(34). Injections began on gestation day 12 (GD12) and ended on GD18, for a total of 7 

injections (Fig. 1A). Injections were administered within 2 hours of the dark phase onset. 

Cross-fostering 

 Dams were treated with corticosterone or vehicle as described above.  Within 24 

hours of birth, pups were swapped between a C-CORT and vehicle dam with equivalent 

litter sizes. 

Serum Corticosterone Measurement  

Serum was isolated from whole blood collected on the day of sacrifice.  

Corticosterone was measured by EIA (IDS, Fountain Hills, AZ, USA) as previously 

described (34).  For complete details, see Supplemental Methods. 

Behavior Assays   

Experiments were conducted during the dark phase under dim red light.  Tests 

were recorded by Fly Capture cameras (Point Grey, Richmond, BC, Canada), and 
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behaviors were scored by an observer blinded to experimental conditions using 

Ethovision XT 13 or 18 (Noldus Information Technology, Leesburg, VA, USA).  

Appetitive Maternal Behavior   

Appetitive maternal behavior tests were conducted in the mouse’s home cage as 

previously described on postnatal day 10 (PND 10; Fig. 1A) (34, 39-42).  For complete 

details, see Supplemental Methods. 

Behavioral sequences analysis and Transition Probability Analysis  

 Behavioral sequences analysis and Transition Probability Analysis were 

conducted as previously described (34).  For complete details, see Supplemental 

Methods. 

Open-field exploration  

Mice were assessed for activity in a 45 cm × 45 cm open-field at 40 lux for 5 min 

as previously described (43).  See Supplemental Methods for more details.  

Odor preference test 

 Odor preference was assessed in the open-field arena, adapted from Zou et al. 

2015 (44). See Supplemental Methods for more information. 

Elevated plus maze 

 The elevated plus maze was conducted as previously described (45). See 

Supplemental Methods for more details. 

Novel object recognition test  
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 Novel object recognition training and testing were conducted in the open-field 

arena as previously described (46).  See Supplemental Methods for more information. 

Fluorescence In Situ Hybridization   

Fluorescence in situ hybridization (FISH) was performed as recommended by 

ACD Bio (Newark, CA, USA) using V2 RNAscope reagents.  Ucn3 (Cat No. 464861), 

MR (Nr3c2; Cat No. 456331), GR (Nr3c1; Cat No. 475261), and CRFR1 (Cat No. 

418011) probes were used per manufacturer’s instructions.  For further details, see 

Supplemental Methods. 

Image Analysis  

Images were exported from Zen Blue software after linear spectral unmixing.  For 

maternal brains, colocalization analysis was conducted as previously described (34), 

see Supplemental Methods for more details.  For offspring brains, mean fluorescence 

intensity was measured in the pyramidal cell layers of dentate gyrus (DG), CA1, and 

CA3 for each channel in FIJI (ImageJ, NIH).  For further details, see Supplemental 

Methods. 

Data Analysis and Statistics   

Data were analyzed in Graphpad Prism 10 with the investigator blinded to 

experimental condition. Sample sizes were selected based on previous experiments 

(34, 39, 41-43).  See Supplemental Methods for further details.  Outliers were 

identified by Grubb’s outlier test or ROUT.  P values reported as follows: * P<0.05 , ** 

P<0.01, *** P<0.001, **** P<0.0001. All data are expressed as mean ± SEM. 
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Results 

Chronic prenatal corticosterone has long-lasting effects on dam hormone 

secretion and exploratory behavior 

 In our initial experiments, we treated pregnant C57BL/6J mice with chronic 

corticosterone (C-CORT, 20mg/kg) (34) or vehicle (sesame oil) from GD12-GD18.  We 

examined appetitive maternal behavior, odor preference, and open-field exploration in 

dams; then, in separate cohorts, we examined offspring behaviors at both adolescent 

and adult time points (Fig. 1A, top). In dams, we tested open-field behavior on PND9, 

appetitive maternal behavior on PND10, odor preference on PND18, then after pup 

weaning (PND21), we sacrificed the dams (PND22) to collect brains and blood (Fig. 1A, 

bottom). Throughout the experiment, we monitored body weight, food intake, and fluid 

intake of the dams, and these measures were indistinguishable between groups (Fig. 

1B-D).  We found that C-CORT-treated dams spent less time in the center (Fig. 1E) and 

more time in the border (Fig. 1F) of an open-field arena.  This group difference was not 

attributable to changes in distance moved, velocity, or immobility in the open field (Fig. 

1G-I).  In a pilot study, we collected dam serum at GD18 and observed a significant 

reduction in circulating corticosterone in C-CORT-treated dams (Fig. 1J), consistent with 

our previous study (34).  However, at PND22, we observed a significant increase in 

circulating corticosterone in C-CORT-treated dams (Fig. 1K).  Altogether, these results 

suggest that chronic prenatal corticosterone treatment has a long-lasting effect on 

regulation of HPA axis responses and anxiety-like behavior without affecting fluid 

balance, food consumption, or overall activity levels. 
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Chronic prenatal corticosterone impacts appetitive maternal behavior and dam 

preference for male pup odor 

 On PND10, we examined appetitive maternal care by placing 2 newborn (P0-P1) 

pups from a different dam into the experimental dam’s undisturbed home cage (Fig. 1A, 

Methods).  We quantified behaviors for 10 minutes following the initial investigation of 

the pups (Supp. Fig. 1A).  Dams treated with prenatal C-CORT spent significantly more 

time retrieving pups compared to vehicle-treated dams (Fig. 2A).  However, latency to 

retrieve the 1st and 2nd pup was similar between groups (Supp. Fig. 1B-C), consistent 

with our observation that C-CORT-treated dams make more unsuccessful retrieval 

attempts than vehicle-treated dams (vehicle retrievals median 2, C-CORT retrievals 

median 3, **p<0.0078 Wilcoxon signed rank two-tailed t-test).  We also found that 

prenatal C-CORT-treated dams spent significantly more time investigating the pups and 

trended toward increased time spent grooming them (Fig. 2B-C).  No group differences 

were observed in the time spent in the nest (Fig. 2D), crouching over the pups, or 

rearing (Supp. Fig. 1D-E). 

 We next studied behavioral syntax shift, switching rate, LZC, and transition 

entropy, to study the impact of prenatal C-CORT on caregiving patterns.  Overall, we 

identified trends toward increased probabilities of shifts between crouching and pup 

grooming and between spending time in the nest and retrieving (Supp. Fig. 1F).  Both 

groups of dams showed significantly reduced switching rates (Fig. 2E) and LZC 

normalized (Fig. 2F) during the caregiving phase (time after retrieval of the 2nd pup 

marked by black bar in Supp. Fig. 1A).  This outcome is consistent with our previous 

study illustrating that the retrieval phase is characterized by flexible, dynamic behavior 
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sequences while the caregiving phase consists of more organized, stereotyped 

behavior patterns (34).  Behavior transition entropy was not affected by prenatal C-

CORT treatment (Fig. 2G).  Overall, these results suggest that prenatal C-CORT 

treatment affects appetitive maternal caregiving behaviors that primarily occur during 

the retrieval phase. 

 To assess sex-specific pup-directed behavior, we conducted an odor preference 

test in which a dam was simultaneously presented with 2 cotton swabs containing 

scents from foreign wild-type pups, one with male odor, one with female odor, in an 

open field arena (Fig. 2H).  We found that vehicle-treated dams spent similar duration in 

contact with both odors, while the C-CORT-treated dams spent significantly more time in 

contact with the male pup odor compared to the female pup odor (Fig. 2I).  This 

difference in contact time was not attributable to differences in distance moved in the 

arena (Fig. 2J).  This result suggests that effects of C-CORT on dam retrieval may be 

sex-specific, such that male pups are cared for preferentially. 

Chronic prenatal corticosterone treatment leads to lasting increases in the 

expression of corticosteroid receptors in hypothalamic Ucn3 neurons 

 Our previous studies suggested that activity of perifornical area (PeFA) Ucn3 

neurons in dams is impacted by perinatal stressors (34, 40). Here, we examined 

glucocorticoid receptor (GR; NR3C1) and mineralocorticoid receptor (MR; NR3C2) 

expression in dams with prenatal vehicle or C-CORT treatment at PND22 (Fig. 2K-L).  

We observed that prenatal C-CORT treatment significantly increased MR expression in 

the PeFA Ucn3 neurons (Fig. 2M-N).  We also observed a trend toward increased GR 

expression in Ucn3 neurons (Fig. 2O-P).  Together, these results show that PeFA Ucn3 
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neurons express corticosteroid receptors and adaptively respond to prenatal C-CORT 

treatment in dams by persistently increasing MR expression. 

Adolescent female offspring of C-CORT-treated dams show enhanced novel 

object recognition 

 To study the impact of prenatal C-CORT on the next generation, we examined 

behavior and circulating corticosterone levels in male and female offspring at both 

adolescent and adult life stages in separate cohorts.  In the adolescent cohorts, we 

studied open-field behavior at PND33, conducted novel object training and testing on 

PND34-35, and collected trunk blood at PND36 (Fig. 3A).  Male and female offspring 

from both treatment groups showed similar exploratory behaviors in the open-field 

arena (Fig. 3B-F).  In the novel object recognition task, very few mice showed a 

preference for the novel object, suggesting that the 24-hour interval between training 

and testing presented a challenging task for adolescents (Fig. 3G).  However, we 

observed increased investigation of the novel object in the female adolescent offspring 

of C-CORT-treated dams (Fig. 3G).  Together, these results suggest that prenatal C-

CORT-treatment affects cognitive abilities in adolescence in a sex-specific manner. 

Adult female offspring of C-CORT-treated dams show reduced exploratory 

behavior 

 In a separate offspring cohort, we studied the same behaviors in adulthood (Fig. 

3H).  We noticed a trend toward decreased exploration of the center of the open-field in 

adult female offspring of C-CORT-treated dams (Fig. 3I), with no changes in border 

exploration among groups (Fig. EJ).  We also observed increased immobility in adult 

female C-CORT offspring (Fig. 3K) accompanied by reduced distance moved (Fig. 3L) 
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and velocity (Fig. 3M).  Together, these results suggest that adult female C-CORT 

offspring show depressive-like behavior in the open field. 

 In adults, most mice showed a preference for the novel object (Fig. 3N), 

revealing that the 24-hour testing time point was easier for adult mice to learn compared 

to adolescents.  In adults, discrimination of the familiar vs. novel object was similar 

across both treatment groups and sexes (Fig. 3N).  These results show that the effect of 

prenatal C-CORT on cognitive abilities is both sex- and life-stage-specific. 

Cross-fostering normalizes the impact of prenatal C-CORT on adult female 

offspring immobility in the open field 

 To address whether the behavioral impacts of prenatal C-CORT in offspring were 

related to in utero C-CORT exposure or to subsequent maternal care, we performed a 

cross-fostering experiment in which pups from vehicle- or C-CORT-treated dams were 

swapped to a dam of the opposite treatment group within 24 hours of birth (Fig. 4A).  

We then examined behavior and collected brains and trunk blood from adult offspring of 

both sexes.  In cross-fostered adults, we observed indistinguishable time spent in the 

center of the open-field (Fig. 4B), but significantly increased time spent in the border in 

adult male offspring cross-fostered from vehicleC-CORT dams compared to female 

littermates (Fig. 4C).  We noted that cross-fostering normalized group differences in 

immobility in the adult female offspring (Fig. 4D).  However, both groups of females 

showed increased immobility compared to their male littermates (Fig. 4D).  With respect 

to velocity in the open-field, we observed that adult female offspring cross-fostered from 

C-CORTvehicle dams were significantly slower compared to their male littermates 

(Fig. 4E-F).  Adult female offspring cross-fostered from C-CORTvehicle dams also 



14 

 

showed significantly reduced distance traveled compared to both male littermates and 

females cross-fostered from vehicleC-CORT dams.   

In novel object recognition behavior, we identified no sex- or treatment-based 

differences (Fig. 4G).  To further examine exploratory behaviors, we tested cross-

fostered adults in the elevated plus maze.  We found no group/sex differences in time 

exploring the open arms (Fig. 4H).  We observed increased time spent in the closed 

arms in male offspring cross-fostered from vehicleC-CORT dams compared to female 

littermates (Fig. 4I), but no changes in immobility among group/sex in this assay (Fig. 

4J).   

Taken all together, important interactions among prenatal C-CORT exposure, 

maternal care, and offspring sex begin to emerge.  We find that cross-fostering 

normalized immobility differences in adult female offspring exposed to C-CORT 

prenatally, suggesting that maternal care may more strongly affect adult depression-like 

behavior relative to prenatal C-CORT exposure.  We additionally observe that male 

offspring cross-fostered from vehicleC-CORT dams show increased anxiogenic 

behavior in both the open field and elevated plus maze, suggesting that maternal care 

from C-CORT-treated dams leads to sex-specific effects in anxiety-related behavior.  

These results together reinforce the idea that maternal care in the postnatal period can 

have long-lasting sex-specific effects on offspring.  Importantly, however, not all effects 

of prenatal C-CORT treatment were reversed.  Adult female offspring transferred from 

C-CORT-treated to vehicle-treated dams continued to exhibit reduced velocity and 

distance traveled in the open field (Fig. 4E-F), suggesting that in utero C-CORT 
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exposure and postnatal maternal care exert distinct, sex-specific effects on exploratory 

behavior in adulthood. 

Cross-fostering normalizes sex-differences in circulating corticosterone and 

hippocampal CRFR1 expression 

 To study the impact of cross-fostering on neurobiology and physiology, we 

examined circulating corticosterone and hippocampal expression of corticotropin-

releasing factor receptor 1 (CRFR1).  We did not observe differences among sex/group 

in circulating corticosterone in adolescent offspring (Fig. 5A).  In adult offspring, we 

observed a significant increase in circulating corticosterone in adult females with 

prenatal vehicle treatment compared to male littermates (Fig. 5B), consistent with 

previous studies showing sex differences in circulating corticosterone in rodents under 

baseline conditions (47-49).  However, this sex difference was blunted in adult offspring 

with prenatal C-CORT exposure.  Cross-fostering normalized the differences in adult 

female circulating corticosterone levels (Fig. 5C), suggesting that maternal care from a 

C-CORT-treated dam suppresses the sex-specific increase in circulating corticosterone 

in adult females born to vehicle-treated dams. 

 We next examined the expression of CRFR1 in the dorsal hippocampus of male 

and female adult offspring from adult (Fig. 5D) and cross-fostered (Fig. 5E) cohorts.  We 

focused on the hippocampus because of its well-established roles in learning and 

memory, stress regulation, and affective behaviors (50-53), behavioral domains that 

were impacted in our previous experiments.  We focused on CRFR1 as a potential 

mediator of HPA axis feedback on the hippocampus, including in adults after prenatal 

stress exposure (54-57).  We observed a striking sex difference in the offspring of C-
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CORT-treated dams, with CRFR1 expression significantly upregulated in females 

compared to males in subregions of the dorsal hippocampus, particularly the CA1 (Fig. 

5F). This result suggests that the observed sex differences in open-field exploratory 

behavior could be mediated by hippocampal changes in CRFR1 expression. 

 We next examined how cross-fostering affected hippocampal CRFR1 expression.  

We discovered that cross-fostering normalized sex differences in CRFR1 across 

hippocampal subfields, including the CA1 (Fig. 5G).  This result suggests that the 

behavioral impact of cross-fostering may be in part attributable to normalization of 

hippocampal CRFR1 expression among sex/treatment groups. 

Discussion 

 Here, we show that chronic corticosterone treatment in mid-to-late gestation 

produces persistent changes that impact physiology, neurobiology, and behavior in both 

dams and their offspring from adolescence to adulthood.  In dams, we observed that 

prenatal C-CORT led to anxiogenic behavior, increased appetitive behavior toward 

pups, and biased the dam toward investigating male pup odor weeks after termination 

of C-CORT treatment.  These behavioral changes were accompanied by long-lasting 

elevation of maternal corticosterone levels and increased mineralocorticoid receptor 

expression in PeFA Ucn3 neurons.   

In offspring, we observed sex- and age-dependent changes in behavior and 

physiology.  Female offspring of C-CORT-treated dams showed enhanced novel object 

recognition in adolescence, while adult female offspring showed increased immobility 

and reduced locomotion speed and distance in the open field arena, suggestive of a 

depression-like phenotype.  These behavioral changes suggest that C-CORT treatment 
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prenatally affects the trajectory of brain development specifically in female offspring, 

such that brain areas related to cognition develop more rapidly compared to males, 

whereas brain areas regulating depression-related behavior may develop abnormally 

between adolescence and adulthood.  This altered development in females could be 

attributed to changes in dam caregiving, given that dams with prenatal C-CORT 

treatment prefer male pup odor and thus may spend more time investigating and 

retrieving male pups.  Additionally, females exposed to C-CORT prenatally did not show 

a female-typical elevation of corticosterone in adulthood, which could also influence 

depression-like behavior. 

Maternal care as a critical mediator of prenatal stress on specific offspring 

outcomes 

 Our cross-fostering results indicate that maternal care critically mediates the 

impact of prenatal exposure to C-CORT on behavior, circulating stress hormone, and 

hippocampal expression of CRFR1.  This work fits into a larger body of work showing 

that gestational stress alters maternal caregiving in rodents, which can persist through 

subsequent litters (28, 33, 58-60).  Studies have also shown that cross-fostering can 

overcome prenatal stress-induced behavioral changes in offspring, whether behavior 

differences were related to pre-conception (61) or gestational stress (62, 63).  In our 

study, we identified a potential mechanism for caregiving impacts on sex-specific 

behavior via increased preference for male pups in C-CORT-treated dams.   A prior 

study showed that mouse dams experience enhanced odor memory, which is 

compromised by gestational restraint stress potentially through altered olfactory bulb 
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neurogenesis (64). Our current results extend this growing body of work to include 

prenatal exposure to excess corticosterone in mice. 

Limitations of the current study and future directions 

We used cross-fostering to distinguish fetal programming versus 

postnatal/maternal environment effects of prenatal C-CORT treatment.  However, we 

did not include a control in which offspring were cross-fostered within the same 

maternal treatment groups, nor did we measure maternal caregiving in the cross-

fostering experiment.  A recent study demonstrated that cross-fostering can lead to 

differences in maternal care toward the pups (58, 63), so assessment of caregiving in 

the presence of cross-fostering is a key outcome measure for future studies.   

Several groups have used a similar prenatal corticosterone treatment to assess 

sex-specific effects on offspring outcomes, including adrenal development (65), allergic 

airway inflammation (66), hypotension (67), and renal adaptations (68).  One study 

suggests that prenatal corticosterone exposure alters placental gene expression in a 

sex-specific manner (69), highlighting a potential mechanism for prenatal C-CORT to 

influence fetal programming.  It would be interesting to examine placental and other 

offspring health outcomes in the context of cross-fostering to tease apart the extent to 

which these disparate impacts are mediated by fetal programming, postnatal 

environment, or interactions between them. 

In the maternal C-CORT treatment group, we also did not assess how much 

corticosterone may have been passed from the dam to the offspring during the 

postnatal period.  Prior studies have shown that prenatally stressed dams do not show 

differences in milk corticosterone levels at PND9, but this remains to be tested with 
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prenatal C-CORT treatment, particularly in light of the observed long-lasting changes in 

maternal corticosterone (Fig. 1K).   

Finally, in the present study, we did not perform a mechanistic assessment of 

either how MR expression in the hypothalamus may affect maternal caregiving or how 

CRFR1 expression in the hippocampus mediates behavioral effects of prenatal 

exposure to C-CORT.  A recent study highlighted the altered function of CRF pathways 

from the amygdala to the nucleus accumbens in mediating sex-specific effects of early 

life adversity, which fits with our observation of altered CRF receptor expression (70).  

Other prior studies have also illuminated other potential molecular targets of prenatal 

stress, such as epigenetic mechanisms in the hippocampus (71-74) as well as other 

brain areas including the cortex and amygdala (62, 75, 76), suggesting that future 

research on the prenatal C-CORT model could take an unbiased approach to identify 

additional underlying molecular mechanisms.   

Conclusions 

 Our work demonstrates that both fetal programming and postnatal maternal 

environment contribute to neurobiological, endocrine, and behavioral sequelae in 

offspring.  While placental changes may directly mediate some sex-specific changes, 

we illuminate the need to consider how postnatal caregiving may contribute to or 

exacerbate impacts on offspring. 
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Figures and Legends 

 

Figure 1.  Chronic prenatal corticosterone affects exploratory behavior and 

circulating corticosterone in dams.  A.  Overall behavior paradigm.  B. The weight of 

dams throughout the experiment is not affected by C-CORT treatment.  C.  Food 

consumed by dams throughout the experiment is not changed with C-CORT treatment.  

D.  Water consumption is not affected by C-CORT treatment.  E.  Time spent in the 
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center of an open field arena is reduced in dams treated with C-CORT (Mann-Whitney 

test, one-tailed, U=29, *p=0.0393).  F.  Time spent in the border of an open field arena is 

increased with C-CORT treatment (Mann-Whitney test, one-tailed, U=28, *p=0.0333).  

G.  Distance moved, H. Velocity, and I. Immobility in the open field arena is comparable 

between vehicle and C-CORT-treated dams.  J.  Circulating corticosterone decreased at 

the end of the treatment course on GD18 in C-CORT-treated dams (Welch’s t-test, one-

tailed, t=2.550, df=4.199, *p=0.0302).   K.  Circulating corticosterone increased at the 

time of pup weaning on PND 21 in C-CORT-treated dams (Unpaired t-test, two-tailed, 

t=2.469, df=28, *p=0.0199). 
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Figure 2.  Maternal care at PND10 is affected by prenatal C-CORT treatment.    A.  

Time spent retrieving is significantly increased in C-CORT-treated dams (Welch’s two-

tailed t-test *p=0.0117, t=2.748, df=21.99).  B.  Time spent investigating pups is 

significantly increased in C-CORT-treated dams (Welch’s one-tailed t-test *p=0.0461, 

t=1.761, df=21.90).  C. Time spent grooming pups trends toward an increase in C-

CORT-treated dams (Welch’s one-tailed t-test p=0.0514, t=1.719, df=17.95).  D.  We 

observed no group differences in time spent in the nest.  E.  We observed a significantly 

higher switching rate in dams of both groups during the retrieval phase (Two-way 

repeated measures ANOVA main effect of behavior phase F1,22=74.50 ****p<0.0001, 

Fisher’s post hoc test significant between retrieval and caregiving for vehicle 

****p<0.0001 and C-CORT-treated ****p<0.0001 dams). F. Normalized LZC revealed 

significantly higher behavioral complexity in dams of both groups during the retrieval 

phase (Two-way repeated measures ANOVA main effect of behavior phase F1,22=57.18 

****p<0.0001, Fisher’s post hoc test significant between retrieval and caregiving for 

vehicle ****p<0.0001 and C-CORT-treated ****p<0.0001 dams). G.  There were no 

significant differences in transition entropy between vehicle and C-CORT treated 

groups.  H.  Schematic of pup odor preference test.  I.  Snout contact time with female 

pup odor swab is reduced in C-CORT-treated dams compared both to C-CORT treated 

dam contact time with the male pup odor swab and vehicle-treated dam contact time 

with the female pup odor swab (Two-way repeated measures ANOVA main effect of 

group F1,18=4.563 *p=0.0467, main effect of odor F1,18=7.724, *p=0.0124, Fisher’s post-

hoc comparisons significant between vehicle and C-CORT female odor *p=0.0273 and 

C-CORT male vs. female pup odor *p=0.0220).  J.  Distance moved in the odor 

preference test were comparable between groups.  Representative images of 

fluorescence in situ hybridization in the perifornical area for Ucn3 (magenta), MR 

(green), and GR (orange) (DAPI, blue; scale bar 100 µm) in K.  vehicle-treated or L.  C-

CORT-treated dams.  M.  Percent colocalized Ucn3 and MR cells is increased with 

prenatal C-CORT (Welch’s two-tailed t-test t=3.363, df=9.250, **p=0.0080).  N.  

Proportional percentage of Ucn3+/MR+ neurons is increased in C-CORT-treated dams 

compared to vehicle-treated dams (two-sided Fisher’s exact test: vehicle n = 854 cells; 

C-CORT n = 749 cells; ****p = 0.0001; represented in bars).  O.  Percent colocalized 

Ucn3 and GR cells is not significantly different between groups.  P.  Proportional 

percentage of Ucn3+/GR+ neurons is increased in C-CORT-treated dams compared to 

vehicle-treated dams (two-sided Fisher’s exact test: vehicle n = 859 cells; C-

CORT n = 748 cells; ****p = 0.0001; represented in bars). 
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Supplemental Figure 1.  Additional maternal behavior measures.  A.  Ethograms 
depicting pup-directed behavior across the 10-minute trial are shown for (top) Vehicle- 
and (bottom) C-CORT-treated dams (each row is one mouse, black bar indicates 2nd 
pup retrieval).  Latency to retrieve the B. first or C. second pup is not different between 
groups.  We observed no group differences in D. crouching or E. rearing.  F.  Behavioral 
syntax shift comparing vehicle- and C-CORT-treated dams reveals no significant 
changes among nodes. 
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Figure 3.  Prenatal C-CORT treatment impacts female offspring behavior 

differentially in adolescence versus adulthood.  A.  Schematic of adolescent 

offspring behavior testing. B.  Adolescent offspring exploration of the center and C. 

border of an open field is similar among groups. D. Immobility, E. distance moved, and 

F. velocity in the open field arena are comparable among groups. G.  Discrimination of a 

novel object is increased in female offspring of prenatal C-CORT-treated dams (Two-

way ANOVA main effect of treatment F1,28=9.495, **p=0.0046, Fisher’s post hoc test 

significant between female offspring vehicle vs. C-CORT **p=0.0034).  H.  Schematic of 

adult offspring behavior testing.  I.  Time spent in the center of an open field arena 

trends toward a decrease in adult female offspring with prenatal C-CORT treatment 

(Two-way ANOVA Fisher’s post-hoc test between female adult offspring vehicle vs. C-

CORT p=0.0727).  J.  Time spent in the border of an open field is comparable among 

groups.  K.  Immobility in the open field arena is increased in adult female offspring with 

prenatal C-CORT treatment (Two-way ANOVA significant main effect of treatment 

F1,33=4.599, *p=0.0395, Fisher’s post-hoc test significant between female adult offspring 

vehicle vs. C-CORT *p=0.0131).  L.  Velocity in the open field arena is reduced in adult 

female offspring with prenatal C-CORT treatment (Two-way ANOVA significant main 

effect of treatment F1,30=5.650, *p=0.0240, Fisher’s post-hoc test significant between 

female adult offspring vehicle vs. C-CORT *p=0.0170).  M.  Distance moved in the open 

field arena is reduced in adult female offspring with prenatal C-CORT treatment (Two-

way ANOVA significant main effect of treatment F1,30=6.191, *p=0.0186, Fisher’s post-

hoc test significant between female adult offspring vehicle vs. C-CORT *p=0.0129).  N.  

Discrimination of a novel object is comparable among treatment groups. 
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Figure 4.  Cross-fostering offspring with prenatal C-CORT treatment normalizes 

open field immobility behavior in adult females.  A. Schematic of cross-fostering 

experiment.  B.  Time spent in the center of an open field arena is similar among 

groups.  C.  Time spent in the border of an open field arena is increased in male 

offspring of prenatal vehicle-treated dams cross-fostered to C-CORT dams compared to 

their female offspring counterparts (Two-way ANOVA main effect of sex × treatment 

interaction F1-37=6.007, *p=0.0191, Fisher’s post-hoc test significant between male and 

female vehicle-to-C-CORT cross-fostered offspring *p=0.0276).  D.  Time spent 

immobile in the open field was increased in female offspring compared to male offspring 

from both groups (Two-way ANOVA significant main effect of sex F1,35=20.55, 

****p=0.0001, Fisher’s post-hoc test significant between male vs. female vehicle-to-C-

CORT offspring *p=0.0229 and male vs. female C-CORT-to-vehicle offspring 

***p=0.0003). E.  Velocity is reduced in female offspring cross-fostered from C-CORT-

treated dams to vehicle-treated dams (Two-way ANOVA significant main effect of sex × 

treatment interaction F1,37=4.232, *p=0.0468, Fisher’s post-hoc test significant between 

male vs. female offspring of C-CORT-to-vehicle dams **p=0.0076).  F. Distance moved 

in the open field is reduced in female offspring cross-fostered from C-CORT-to-vehicle 

dams (Two-way ANOVA significant main effect of sex × treatment interaction 

F1,37=4.825, *p=0.0344, Fisher’s post-hoc test significant between male vs. female 

offspring of C-CORT-to-vehicle dams **p=0.0058 and between female cross-fostered 

groups *p=0.0461). G. Novel object discrimination is not distinguishable among cross-

fostered groups. H.  Time spent in the open arms of the elevated plus maze is not 

different among groups.  I.  Time spent in the closed arms of the elevated plus maze is 

significantly increased in male offspring of prenatal vehicle-treated dams cross-fostered 

to C-CORT dams compared to their female offspring counterparts (Two-way ANOVA 

main effect of sex F1-37=8.228, **p=0.0068, Fisher’s post-hoc test significant between 

male and female vehicle-to-C-CORT cross-fostered offspring *p=0.0362). J. Elevated 

plus maze immobility is comparable among groups. 
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Figure 5.  Cross-fostering offspring with prenatal C-CORT treatment normalizes 

sex-differences in circulating corticosterone and hippocampal CRFR1 

expression.  A.  Circulating corticosterone in adolescent offspring is comparable 

among groups.  B.  Circulating corticosterone in adults is increased in female offspring 

with prenatal vehicle treatment (Two-way ANOVA main effect of sex × treatment 

interaction F1,33=4.005 p=0.0536, Fisher’s post-hoc test significant male vs. female 

vehicle-treated offspring *p=0.0470).  C.  Cross-fostered adult offspring circulating 

corticosterone levels are comparable among groups.  Representative fluorescence in 

situ hybridization images of hippocampal CRFR1 expression (magenta) in D.  Adult C-

CORT-treated offspring male (left) and female (right) and E.  Adult C-CORT cross-

fostered to vehicle offspring male (left) and female (right) (DAPI, blue; scale bar 500 

µm).  F. Hippocampal CRFR1 expression is increased in females with prenatal C-CORT 

treatment (Two-way ANOVA main effect of sex F1,5=9.450 *p=0.0277, Tukey’s post-hoc 

test significant between male and female prenatal C-CORT-treated adult offspring 
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*p=0.0353).  G. Hippocampal CRFR1 expression is comparable among groups in cross-

fostered adult offspring. 
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