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Abstract

Adverse intrauterine environments increase vulnerability to chronic diseases across the lifespan. 

The hypothalamic-pituitary-adrenal (HPA) axis, which integrates multiple neuronal signals and 

ultimately controls the response to stressors, may provide a final common pathway linking early 

adversity and adult disease. Both prenatal alcohol exposure (PAE) and prenatal stress (PS) induce 

a hyperresponsive HPA phenotype in adulthood. As glucocorticoids are pivotal for the normal 

development of many fetal tissues including the brain, we used animal models of PAE and PS to 

investigate possible mechanisms underlying fetal programming of glucocorticoid signaling in the 

placenta and fetal brain at gestation day (GD) 21. We found that both PAE and PS dams had 

higher corticosterone levels than control dams. However, 11β-hydroxysteroid dehydrogenase type 

2 (11β-HSD2) enzyme levels were increased in PAE and unchanged in PS placentae, although 

there were no differences in 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) levels. 

Moreover, only PAE fetuses showed decreased body weight and increased placental weight, and 

hence a lower fetal/placental weight ratio, a marker of placenta efficiency, compared to all other 

prenatal groups. Importantly, PAE and PS differentially altered corticosteroid receptor levels in 

placentae and brains. In the PS condition, maternal corticosterone was negatively correlated with 

both 11β-HSD1 and mineralocorticoid receptor (MR) proteins levels in male and female 

placentae, whereas in the PAE condition, there were trends for a positive correlation between 

maternal corticosterone and 11β-HSD1, regardless of sex, and a negative correlation between 

maternal alcohol intake and MR in male placentae. In fetal brains, sexually dimorphic changes in 

MR and glucocorticoid receptor (GR) levels, and the MR/GR ratio seen in C fetuses were absent 

in PAE and PS fetuses. In addition, PS but not PAE female fetuses had higher MR and lower GR 

expression levels in certain limbic areas compared to C female fetuses. Thus the similar adult HPA 
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hyperresponsive phenotype in PAE and PS animals likely occurs through differential effects on 

glucocorticoid signaling in the placenta and fetal brain.
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INTRODUCTION

In the last two decades, a Developmental Origins of Health and Disease (DOHaD) approach 

has begun to elucidate the links between adverse changes in the intrauterine or early 

postnatal environment (e.g., alcohol, undernutrition, stress) and the development of chronic 

diseases or disorders (e.g., cardiovascular disease, type II diabetes, mental health disorders) 

across the life span (Barker, 1995; Barker, 1998). For example, although the etiology of 

depression/anxiety disorders is not fully understood, it is generally accepted that the 

incidence of these mental health problems occurs in greater proportion among vulnerable 

populations that are exposed to adverse early life experiences, such as prenatal alcohol 

exposure (PAE) and prenatal stress (PS) (Maccari et al., 2003; Riley and McGee, 2005). 

This suggests the possibility that different early adverse insults may share some common 

mechanisms.

Fetal programming of the hypothalamic-pituitary-adrenal (HPA) axis, which integrates 

multiple neuronal signals and ultimately controls the hormonal response to stressors, may 

provide a final common pathway linking early adversity and adult diseases. The inability to 

respond appropriately to stress is a crucial determinant in later vulnerability to 

neuropsychiatric disorders (Nestler et al., 2002). Indeed, epidemiological, clinical, and basic 

animal studies have shown that both PAE and PS increase the risk of adverse 

neurodevelopmental outcomes including HPA hyperresponsiveness and vulnerability to 

mental health disorders (Maccari and Morley-Fletcher, 2007; Hellemans et al., 2010; 

Weinstock, 2015). These adverse outcomes may be due, at least partly, to increased 

fetoplacental glucocorticoid (cortisol in human; corticosterone [CORT] in rats) exposure, as 

studies in animal models have shown that PAE and PS both increase maternal plasma CORT 

levels (Weinberg and Bezio, 1987; Maccari et al., 2003), which could, in turn, impact the 

fetus.

As the interface between mother and fetus, the placenta is the key conduit of nutrient, 

hormone, and oxygen supply to the fetus. The placenta plays an essential role in modulating 

and filtering signals from the maternal milieu, and thus is critical to fetal development. 

Although glucocorticoids could potentially cross the fetoplacental barrier freely, levels of 

fetal glucocorticoid exposure are predominantly regulated by placental 11β-hydroxysteroid 

dehydrogenase (11β-HSD) enzymes. 11β-HSD type 2 (11β-HSD2) catalyzes the conversion 

of active CORT into inert 11-dehydrocorticosterone (cortisol into cortisone in humans). This 

enzyme functions as a physiological fetoplacental glucocorticoid barrier by protecting the 

fetus from overexposure to maternal glucocorticoids. On the other hand, 11β-HSD type 1 

(11β-HSD1) catalyzes conversion in the opposite direction, thus regenerating and 
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amplifying glucocorticoid action. In rodents, the expression of 11β-HSD1 increases starting 

at gestation day (GD) 16.5, which is thought to assist in organ maturation (Thompson et al., 

2002). Both 11β-HSD enzymes contribute to the intracellular “gating” of glucocorticoid 

action (Chapman et al., 2013), and thus play a critical role in glucocorticoid signaling in the 

placenta and determining the amount and timing of intrauterine glucocorticoid exposure.

Adverse intrauterine environments such as alcohol or stress exposure, and the concomitant 

increase of maternal glucocorticoids, are important signals for fetuses from the maternal 

milieu. While gating by the 11β-HSD2 enzymes provides a partial barrier at the 

fetoplacental interface, as noted, some glucocorticoids will in fact reach the fetus, critically 

impacting fetal brain development, including the development and activity of the HPA axis, 

with possible long-term behavioral and physiological effects (Seckl and Holmes, 2007). In 

the case of maternal alcohol consumption however, effects on the fetus are more complex 

than those of maternal stress. In addition to the effects of alcohol in activating the maternal 

HPA axis, and thus, indirectly affecting the fetal HPA axis, alcohol itself can cross the 

fetoplacental barrier and directly activate the fetal HPA axis, which is functional before 

birth. Thus, increased plasma and adrenal CORT levels observed in PAE neonates (Taylor et 

al., 1982; Weinberg, 1989) result from a combination of both direct and indirect effects of 

alcohol, and indeed, synergistic effects of alcohol and glucocorticoids on the fetus may exist. 

Of relevance, no studies, to our knowledge, have examined PAE or PS effects on placental 

11β-HSD1, and reports on the effects of both PAE and PS on placental 11β-HSD2 mRNA 

levels have been somewhat inconsistent. Decreased 11β-HSD2 expression levels have been 

reported in PAE and PS placentae in some studies (Mairesse et al., 2007; Rosenberg et al., 

2010; Liang et al., 2011; Pena et al., 2012). However, increased placental 11β-HSD2 

expression levels were reported in mouse models of glucocorticoid exposure starting at mid-

gestation, rat models of periconceptional alcohol exposure, and in pregnant women at term 

following inhaled glucocorticoid treatment (Clifton et al., 2006; Cuffe et al., 2012; 

Gardebjer et al., 2014). Furthermore, in one study that tested effects of PAE on both male 

and female placentae, 11β-HSD2 mRNA levels were decreased in female, but increased in 

male placentae (Wilcoxon et al., 2003). Thus it is not clear whether the effects of PAE and 

PS on the developing HPA axis occur through similar or different mechanisms, at least in 

terms of effects on 11β-HSD2 expression and subsequent, possibly sexually dimorphic 

effects, on the fetal brain.

The developing brain is particularly vulnerable to intrauterine adversity. Indeed, 

neurodevelopmental deficits induced by PAE and PS have been shown in human and animal 

studies (West et al., 1994; Maccari et al., 2003; Schneider et al., 2004; Riley and McGee, 

2005; Seckl, 2008). Importantly, the effects of PAE and PS on neurodevelopmental outcome 

may be sexually dimorphic. For example, sex differences in HPA responsiveness have been 

observed in animal models of both PAE and PS (Weinstock, 2007; Weinberg et al., 2008; 

Brunton and Russell, 2010; Hellemans et al., 2010).

The effects of glucocorticoids in the brain are largely dependent on the site of action and the 

relative expression levels of mineralocorticoid (MR) and glucocorticoid (GR) receptors, and 

the balance in functions mediated by MR and GR appears critical for neuronal excitability, 

stress responsiveness, and behavioral adaptation (De Kloet et al., 1998). The limbic brain 
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areas (medial prefrontal cortex (mPFC), hippocampus and amygdala), which are part of the 

stress-responsive neurocircuitry, are rich in MR and GR. To date, most of the studies 

investigating glucocorticoid signaling in the brain have been done in adult PAE and PS 

offspring. How PAE and PS affect the expression of corticosteroid receptors in key limbic 

brain areas during the fetal period, and whether these effects are sexually dimorphic, is 

largely unknown. Understanding the mechanisms underlying fetal programming of the HPA 

axis and how it is affected by early life adversity such as PAE and PS, may provide insights 

for both the development of clinical biomarkers during early development and for early 

intervention.

The present study utilizes animal models of PAE and PS to investigate possible mechanisms 

underlying fetal programming of glucocorticoid signaling in the placenta and fetal brain at 

GD 21 and determine whether these mechanisms are similar or different following PAE and 

PS. In light of the more complex effects of maternal alcohol consumption compared to those 

of maternal stress on fetal HPA activity, we tested the hypotheses that the similar adult HPA 

hyperresponsive phenotype in PAE and PS animals will likely occur: 1) through differential 

effects of these prenatal insults on glucocorticoid signaling in the placenta and fetal brain, 

and 2) in a sexually dimorphic manner.

EXPERIMENTAL PROCEDURES

Animals, Diets and Feeding

All animal use and care procedures were in accordance with the National Institutes of Health 

Guidelines for the Care and Use of Laboratory Animals, and were approved by the 

University of British Columbia Animal Care Committee.

Female (265 - 300 g, n = 50) and male (275 - 300 g, n = 18) Sprague-Dawley rats obtained 

from Charles River Laboratories (St. Constant, PQ, Canada) were pair-housed by sex for a 1 

- 2 week adaptation period prior to breeding. Temperature (~21 - 22°C) and lighting (12:12 h 

light/dark cycle, lights on at 0700 h) were controlled throughout all phases of the 

experiment.

On GD1, females were singly housed in polycarbonate cages (24 × 16 × 46 cm) with pine-

shaving bedding and randomly assigned to one of four treatment groups: 1) Ethanol (PAE), 

liquid ethanol diet (36 % ethanol-derived calories) and water, ad libitum (n = 8); 2) Pair-fed 

(PF), liquid control diet, with maltose-dextrin isocalorically substituted for ethanol, and 

intake matched to the amount consumed by a PAE partner (g/kg body weight/gestation d), 

and water ad libitum (n = 8); 3) Control (C): pelleted control diet and water, ad libitum (n = 

8); and 4) Prenatal stress (PS): pelleted control diet and water, ad libiturm (n = 9). PAE 

females were gradually introduced to the ethanol diet by providing 1/3 ethanol : 2/3 control 

diet on GD 1, 2/3 ethanol : 1/3 control diet on GD 2, and full ethanol diet on GD 3. The 

liquid diets were prepared by Dyets Inc., Bethlehem, PA, USA (Weinberg/Keiver high 

protein liquid diet – Experimental, #710324; Control, #710109). PAE and PF dams were 

provided with fresh liquid diet daily within 1.5 h prior to lights off to prevent a shift of the 

CORT circadian rhythms, which occurs in animals on a restricted feeding schedule, such as 

those in the PF group (Gallo and Weinberg 1981; Krieger, 1974). The previous night's bottle 
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was measured to determine the amount consumed. Experimental diets were continued 

through GD 21. The PS model involved a 10-day chronic mild stress paradigm applied to 

pregnant dams during GD 11-20 in a room separate from the colony room. Animals were 

exposed to two different stressors per day, one between 0800 h and 1200 h, and the second 

between 1300 h and 1600 h, with a minimum of two hours between the stressors. The order 

and type of stressor was randomized, but all animals received the same number of exposures 

to each stressor over the 10-day period. The stressors were designed to simulate mild, 

psychological stress and included: (1) space restriction: animals were housed for 12 h (19:00 

h to 07:00 h) with food and water in mouse cages with bedding; (2) wet bedding: animals 

were housed in their home cages with bedding moistened with 700 ml water for 1 h; (3) 30 

min restraint in polyvinyl chloride tubes (15 × 6 cm); (4) 1 h exposure to a soiled cage 

(bedding from a different animal); (5) 2 h cage tilt at a 30° angle; (6) 1 h exposure to a novel 

cage; and (7) wet cage: animals were put in an empty cage with 1 cm of room-temperature 

water for 30 min.

All pregnant dams were handled on GD 1, GD 7, and GD 14 for cage changing and 

weighing, but otherwise left undisturbed. In addition, PS dams were handled everyday 

during the 10-day chronic mild stress procedure.

Blood Sampling and Tissue Collection

All dams were terminated between 08:00 h and 11:00 h on GD 21. Each pregnant female 

was carried in her home cage from the colony room to an adjacent testing room where she 

was weighed and immediately decapitated. A midline abdominal incision was made, the 

uterine horns were exposed, and all the fetuses and their attached placentae were removed 

starting from the uterine body to the left uterine horn, followed by the right uterine horn. 

Fetuses and placentae were lightly wiped and then weighed. The brain and corresponding 

placenta from the first male fetus and first female fetus sampled were removed and snap 

frozen in liquid nitrogen and stored at − 80 °C until analysis. Fetal sex was determined by 

assessing anogenital distance; 4 experienced individuals participating in the tissue collection 

procedures independently observed and verified the assessment. Maternal serum was 

collected at the same time and stored at − 20 °C.

Brain Micropunch

Fetal brains and glass slides were acclimated to the Cryostat which was set to −10 °C for at 

least 2 hours. Sections were cut at 300 μm from the rostral end to the caudal end of the 

hippocampus (approximately at plate P0 Coronal 30; Ashwell and Paxinos, 2008). Two to 

three sections were placed on one slide, allowing sections to freeze mount to the slides. 

Slides were stored on dry ice. Harris Uni-Core disposable micro-punches (1.5mm, Sigma-

Aldrich, Oakville, Ontario Canada) were used to dissect out mPFC (pooled infralimbic and 

prelimbic areas on both sides), hippocampus (both sides), amygdala (both sides), and 

hypothalamus (both sides). Tissue was deposited into 2 ml sterile tubes and stored at − 80 °C 

until homogenization.
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Radioimmunoassays (RIA)

Blood samples were centrifuged at 2,200g for 10 min at 0 °C. Serum was transferred into 

600 μl Eppendorf tubes and stored at − 80 °C until assayed.

Corticosterone—Total serum corticosterone (bound plus free) levels were measured using 

the ImmuChem Corticosterone Double Antibody RIA kit from (Cat #. 07-120102, MP 

Biomedicals, Inc., Costa Mesa, CA, USA) with [125I] corticosterone as the tracer. The 

minimum detectable corticosterone concentration was 0.63 μg/dl and the intra- and inter-

assay coefficients of variation were 7.1 % and 7.2 % respectively.

Estradiol—Serum estradiol levels were measured using the ImmuChem Double Antibody 

17β-estradiol RIA kit (Cat #. 07- 138102, MP Biomedicals, Inc., Costa Mesa, CA, USA) 

with [125I] 17β-estradiol as the tracer. The lowest 17β-estradiol standard was 10 pg/ml, and 

the intra- and inter-assay coefficients of variation were 10.6 % and 11.9 % respectively.

Progesterone—Serum progesterone levels were measured using the ImmuChem Double 

Antibody progesterone RIA kit (Cat #. 07-170102, MP Biomedicals, Inc., Costa Mesa, CA, 

USA) with [125I] progesterone as the tracer. The lowest standard was 0.2 ng/ml, and the 

intra- and inter-assay coefficients of variation were 3.6 % and 6.7 % respectively.

Western Blot

Protein from fetal placentae and fetal brain areas (mPFC, hippocampus, amygdala and 

hypothalamus) was extracted in RIPA lysis buffer (0.1 % sodium dodecyl sulfate, 1.0 % 

IGEPAL (v/v), 0.5 % Sarkosyl (w/v), 150 mM NaCl, 50 mM Tris-base, pH = 8.0) containing 

protease inhibitor (Cat #. 04693116001, Roche, Indianapolis, IN, USA). Protein samples 

(placentae: 100 μg; brain areas: 20 μg) were electrophoresed on TGX 4-15 % gradient gels 

(BioRad, Hercules, CA, USA) and wet-transferred onto 0.45-mm nitrocellulose membranes 

(BioRad, Hercules, CA, USA). After blocking with Odyssey blocking buffer (Li-Cor 

Biotechnology, distributed by Mandel Scientific Co. Guelph. ON, CA), blotted membranes 

were incubated with primary antibodies overnight at 4 °C. For placental GR, the primary 

antibody was a rabbit polyclonal antibody, sc-1004, 1:500 (Santa Cruz Biotechnology, 

Dallas, TX, USA). For the fetal brain, however, Western Blot utilizing antibody sc-1004 

yielded only a faint 95 kDa band, due to the significantly lower GR protein expression in 

fetal compared to adult hippocampus, which was our positive control. Therefore, GR 

antibody, sc-8992, at a 1:100 concentration, was utilized for fetal brains. Both antibodies 

have been shown to react with rat GR protein and are widely used in studies measuring GR 

levels in rat models. Other primary antibodies included MR (1:2000; sc-11412), 11β-HSD1 

(1:200; sc-20175), 11β-HSD2 (1:200; sc-20176), and mouse monoclonal GAPDH antibody 

from Abcam (ab 9484, Abcam Inc, Toronto, ON, CA). After washing, a 1:10000 dilution in 

Odyssey buffer of the appropriate secondary antibody was applied to the membranes for 1 

hour at room temperature. Secondary antibodies were IRDye 800CW Goat anti-Mouse and 

IRDye 680RD Goat anti-Rabbit (Li-Cor Biotechnology, distributed by Mandel Scientific Co, 

Guelph. ON, CA). Membranes were scanned with the Odyssey CLx system (Li-Cor 

Biotechnology). Densitometric analysis was carried out using Image Studio (Li-Cor 

Biotechnology) to quantify the expression levels of the targeted protein relative to the 
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internal control protein GAPDH. Each gel contained a total of 8 samples: 1 sample from 

each prenatal treatment group and sex. A total of 6 gels were run for each area and protein of 

interest (ie. n = 6/prenatal treatment group/sex).

Statistical Analyses

Maternal hormone and body weight data were analyzed using one-way and repeated 

measures ANOVAs, respectively. Other data were analyzed using two-way ANOVAs with 

group (C, PF, PAE, PS) and/or sex (male and female) as between-subjects factors followed 

by Fisher's LSD post-hoc tests on significant main and interaction effects. To test our a priori 
hypotheses that PAE and PS would differentially affect glucocorticoid signaling in the 

placenta and fetal brain, planned comparisons using a Šidák correction for family-wise error 

(Cardinal and Aitken, 2006) were carried out to examine 1) group differences for PAE vs. 

PF or C, and PS vs. C overall or within each sex; 2) patterns of sex differences within each 

prenatal group. Because the Šidák correction accurately controls for family-wise α, an 

overall F test need not be significant in order to explore a priori differences between factors 

using planned comparisons (Cardinal and Aitken, 2006; Myers and Well, 2003)

Statistical significance was set at P < 0.05. P values between 0.05 and 0.10 were considered 

a statistical non-significant trend.

RESULTS

Pregnancy outcome and fetal development

Ethanol intake and blood ethanol levels—Ethanol intake of pregnant females was 

consistently high throughout gestation, averaging 14.62 ± 0.28, 18.42 ± 0.41, 17.08 ± 0.29 

g/kg body weight for weeks one, two and three of gestation, respectively, and resulting in 

blood ethanol levels of 143.13 ± 2.79 mg/dl measured 2 h after lights off on GD 15.

Maternal body weight—Analysis of % weight gain during gestation (weight relative to 

GD 1) indicated that while all dams gained weight, overall C dams gained significantly more 

weight than dams in the other 3 groups (Ps < 0.05; significant main effects of group [F(3,28) 

= 5.691; P < 0.005] and day [F(3,28) = 778.23; P < 0.001], and a group × day interaction 

[F(9,84) = 7.97; P < 0.001]; Table 1). PAE dams gained less weight than C dams from GD 7 

to GD 21 (Ps < 0.05). PF dams had lower weight gain than C dams on GD 7 and 14 (Ps < 

0.05); by GD 21, PF dams were intermediate to and not different in weight from all other 

groups. PS dams were similar in weight to C dams on GD 7, but weight gain then decreased 

such that by GD 21, they were similar to PAE dams (PS = PAE < C on GD 21, Ps < 0.05).

Fetal and placental weights—PAE fetuses had the lowest weights compared to fetuses 

in the other 3 groups (Ps < 0.05), whereas PS fetuses showed a non-significant trend for 

higher weights than C fetuses (P = 0.067; main effect of group [F(3,42) = 6.84; P < 0.01]; Fig 

1A). Not surprisingly, male fetuses weighed more than female fetuses (P < 0.01; main effect 

of sex [F(1,42) = 7.43; P < 0.01]; Fig 1A).

Placenta weight was higher in PAE fetuses than in fetuses of the other 3 groups (Ps < 0.01; 

main effect of group [F(3,42) = 6.92; P < 0.01]; Fig 1B). Concomitantly, the fetal/placenta 
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weight ratio, a marker of placental efficiency, was lower in PAE than in fetuses of the other 3 

groups (Ps < 0.01; main effects of group [F(3,42) = 14.07; P < 0.01]; Fig 1C).

Maternal hormone levels

Corticosterone (CORT) levels—CORT levels were elevated in both PAE and PS dams. 

PAE dams had higher CORT than both C and PF dams (Ps < 0.05), while PS dams had 

higher CORT than C (P < 0.05; main effect of group, F(3,24) = 3.62; P < 0.05; Fig 2A).

Progesterone and estradiol levels—For progesterone, There was a non-significant 

trend for group (F(3,24) = 2.54; P = 0.08; Fig 2B). By contrast, estradiol levels were lower in 

PAE compared to dams of the other 3 groups (Ps < 0.05; main effect of group, F(3,24) = 4.49; 

P < 0.05; Fig 2C), and PAE dams thus had a higher progesterone/estradiol ratio than all other 

dams (Ps < 0.05; main effect of group [F(3,24) = 5.52; P < 0.05]; Fig 2D).

11β-HSD1, 11β-HSD2, MR and GR protein levels and MR/GR ratio in the placenta

11β-HSD1—There were no group or sex differences in 11β-HSD1 enzyme levels in the 

placenta (Fig 3A). However, a significant negative correlation between maternal CORT 

levels and placental 11β-HSD1 protein levels was found in PS placentae (r = − 0.603, P < 

0.05, Fig 3D). Conversely, there was a non-significant trend for a positive correlation 

between maternal CORT and placental 11β-HSD1 protein levels in the PAE (r = 0.513, P = 

0.088) conditions (Fig 3C).

11β-HSD2—Overall, 11β-HSD2 protein levels were higher in PAE placentae compared to 

those of the other 3 groups (Ps < 0.05; significant main effect of group [F(3,42) = 5.37; P < 

0.01]; Fig 3B). There were no significant differences between male and female placentae.

MR and GR—There were no group or sex differences in placental MR (Fig 4A), or GR 

(Fig 4B) levels or the MR/GR ratio (Fig 4C). However, there was a significant negative 

correlation (r = − 0.822, P < 0.05) between maternal CORT levels and MR protein levels in 

PS male and female placentae (Fig 4E). As well, a non-significant trend for a negative 

correlation (r = − 0.722, P = 0.067) was found between levels of maternal alcohol 

consumption during gestation week 3 and MR protein levels in PAE male placentae (Fig 

4D).

MR and GR protein levels and MR/GR ratio in the fetal brain

Medial Prefrontal Cortex—There were no effects of group or sex for MR protein levels 

(Fig 5A). For GR, non-significant trends for a main effect of sex [F(1, 40) = 3.09; P = 0.087] 

and a group X sex interaction [F(3, 40) = 2.62; P = 0.064]) were explored by planned 

comparisons, as per our hypotheses. In the mPFC, only C fetuses showed a sex difference in 

GR levels (male < female, P < 0.05; Fig 6A). In addition, for female but not male fetuses, 

GR protein levels were lower in PS than C fetuses (Ps < 0.05; Fig 6A).

Hippocampus—Sex differences in MR protein levels were observed for the hippocampus 

in C fetuses (male > female, P < 0.05; significant Group X Sex interaction [F(3,37) = 2.92; P 

< 0.05]). A non-significant trend for sex differences in MR protein levels in PS occurred in a 
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direction opposite (female > male, P < 0.07) to that in C fetuses (Fig 5B). Furthermore, PS 

female fetuses had higher MR levels compared to C female fetuses (Ps < 0.05). There were 

no sex differences in MR expression for PAE fetuses. Analysis of GR showed no significant 

group or sex effects (Fig 6B). For the MR/GR ratio, however, there was a sex difference for 

C fetuses only (male > female, P < 0.05; main effect of sex [F(1,35) = 4.16; P < 0.05], data 

not shown).

Amygdala—Sex differences in MR levels were observed in the amygdala of C and PF but 

not PAE and PS fetuses (male > female, Ps < 0.05, main effect of Sex [F(1,32) = 5.31; P < 

0.05]; Group X Sex interaction [F(3,32) = 3.84; P < 0.05]; Fig 5C). In addition, PS female 

fetuses had higher amygdala MR protein levels than C female fetuses (Ps < 0.05). There 

were no group or sex effects for GR protein levels (Fig 6C) or the MR/GR ratio (data not 

shown) in the amygdala.

Hypothalamus—There were no group or sex differences for MR or GR protein levels or 

the MR/GR ratio in the hypothalamus (Fig 5D, 6D).

DISCUSSION

In light of the more complex effects of maternal alcohol consumption compared to maternal 

stress on fetal HPA activity, we tested the hypotheses that the similar adult HPA 

hyperresponsive phenotype in PAE and PS animals may occur through differential effects on 

glucocorticoid signaling in the maternal female and the fetus. Consistent with this, we found 

differential effects of PAE and PS on maternal endocrine function and glucocorticoid 

signaling in both the placenta and fetal brain. Both PAE and PS dams had higher 

corticosterone levels than controls. Despite this, 11β-HSD2 levels were increased in PAE 

and unchanged in PS placentae, suggesting that a possible increase in transplacental passage 

of active maternal glucocorticoids in PS, but more direct teratogenic effects of alcohol in 

PAE fetuses, may underlie the impact of these early life insults on the fetus. In addition, only 

PAE fetuses showed decreased body weight and increased placental weight, and hence a 

lower fetal/placental weight ratio (a marker of placenta efficiency) compared to all other 

prenatal treatment groups. Moreover, in the PS condition, maternal CORT was negatively 

correlated with both 11β-HSD1 and MR protein levels in male and female placentae, 

whereas in the PAE condition, there were trends for a positive correlation between maternal 

CORT and 11β-HSD1, regardless of fetal sex, and a negative correlation between maternal 

alcohol intake and MR in male placentae. In fetal brains, sexually dimorphic changes in MR 

and GR levels, and the MR/GR ratio seen in C fetuses were absent in PAE and PS fetuses. In 

addition, PS but not PAE female fetuses had higher MR and lower GR expression levels in 

certain limbic areas compared to C female fetuses (Table 2). Together, our findings suggest 

that although there are some similarities in the effects of PAE and PS, it is likely that these 

early life insults work through different glucocorticoid signaling mechanisms to program 

HPA activity in offspring.

The finding that control dams gained more weight than dams in all other groups is not 

surprising. Alcohol provides “empty calories,” i.e., calories without nutrients, and also 

affects food intake and nutrient absorption and utilization. Indeed, the food intake of PAE 
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dams was lower than that of controls. Together, these factors can account for the reduced 

weight gain of PAE dams. PF dams were fed a reduced ration, and thus they also gained less 

weight than C dams. PS dams experienced chronic mild stress starting at GD 11, which 

impacted their weight gain from GD 11-21. These findings are consistent with previous 

work in rodents showing that chronic mild stress reduces weight gain compared to that in 

their non-stressed counterparts (Paternain et al., 2012; Hellemans et al., 2008). Moreover, 

administration of CRH suppresses appetite and induces weight loss (Keck et al., 2005). 

Since both stress and alcohol consumption activate the maternal HPA axis, it is possible that 

increased hypothalamic corticotropin-releasing hormone (CRH) expression might contribute 

to the reduced weight gain in PS and PAE females (Hill et al., 2012)

Intrauterine growth retardation was found in PAE but not in PS fetuses. Although low birth 

weight is often considered an index of prenatal stress in humans, relatively few studies have 

shown significant reductions of birth weight following PS in rat models. This is likely due to 

the fact that the placenta of humans is unique in its ability to synthesize CRH, which could 

mediate some of the effects of maternal stress on fetal growth and neuronal development 

(Weinstock, 2005). The finding of increased placenta weight in the PAE group is also 

consistent with previous studies (Weinberg, 1985; Wilcoxon et al., 2003), and has been 

considered a compensatory response to protect the alcohol-exposed fetus. However, the 

fetal/placenta weight ratio, which is an index of placenta efficiency, was lowest in the PAE 

group, suggesting that the efficiency of nutrient and oxygen transport may be decreased, 

possibly due to direct toxic effect of alcohol on the placenta and/or through secondary 

effects of altered glucocorticoid signaling (Fowden and Forhead, 2015).

Maternal endocrine function was also affected by alcohol. Progesterone levels are known to 

be high throughout gestation and gradually decrease before parturition (Grota and Eik-Nes, 

1967), whereas estradiol levels are low throughout pregnancy and then increase sharply from 

approximately GD 18 to parturition (Shaikh, 1971). It has been suggested that changes in the 

ratio of circulating progesterone and estradiol at the end of pregnancy triggers the onset of 

parturition and the induction of maternal behavior (Moltz et al., 1970; Rosenblatt et al., 

1988). It is possible that the lower estradiol, and hence the higher progesterone/estradiol 

ratio seen in PAE compared to dams in the other treatment groups may contribute to the 

delayed parturition that often occurs with prenatal alcohol exposure. Indeed, we (Lan et al., 

2006; Weinberg 1985) and others (Bond 1982) have shown that alcohol intake delays 

parturition in animal models of PAE and in the past, alcohol drip has been used clinically to 

stop premature labor (Fuchs et al., 1967). Furthermore, in the rat, the first half of pregnancy 

is established and maintained by hormones released from the anterior pituitary and ovaries, 

but the placental hormones are the driving factors during the second half of pregnancy (Taya 

and Greenwald, 1981). Therefore, it is likely that the changes in maternal hormones in PAE 

dams in the present study reflect primarily an alteration in the placental endocrine function.

Interestingly, both alcohol consumption and stress during pregnancy increased maternal 

CORT levels. It has been shown that this elevated CORT is unbound and can cross the 

placenta to influence development of the fetal HPA axis, which is functional from around 

GD 15 (Aird et al., 1997). For example, maternal adrenalectomy was shown to abolish some 

of the effects of PAE or PS, such as body weight and HPA alterations (Redei et al., 1993; 

LAN et al. Page 10

Neuroscience. Author manuscript; available in PMC 2018 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tritt et al., 1993; Barbazanges et al., 1996). Furthermore, exogenous glucocorticoid 

exposure or inhibition of placental 11β-HSD2 mimics some of the effects of PS (Levitt et 

al., 1996; Welberg et al., 2000). Therefore glucocorticoids may be a candidate for mediating 

at least some of the effects of PAE and PS on HPA development (Cottrell and Seckl, 2009).

Under normal conditions, levels of 11β-HSD2 increase over the course of gestation to 

protect the fetus from increasing maternal CORT levels (Harris and Seckl, 2011). However, 

data from previous studies on the effects of both PAE and PS on placental 11β-HSD2 

mRNA levels have been somewhat inconsistent. Both decreased (Mairesse et al., 2007; 

Rosenberg et al., 2010; Liang et al., 2011; Pena et al., 2012) and increased (Clifton et al., 

2006; Cuffe et al., 2012; Gardebjer et al., 2014) 11β-HSD2 expression levels have been 

reported in PAE and PS placentae and one study reported decreased levels in female, but 

increased levels in male placentae (Wilcoxon et al., 2003). In the present study, we found 

that placental 11β-HSD2 protein levels were higher in PAE, and unchanged in PS compared 

to C dams. Differences in the animal models, timing and levels of alcohol exposure, as well 

as post-transcriptional events may account for these discrepant results. Our data suggest the 

possibility that the increased 11β-HSD2 levels in PAE placentae may be a compensatory 

adaption of placental function in response to increased maternal CORT in PAE dams, 

whereas the unchanged 11β-HSD2 levels in PS placentae may allow an increased 

transplacental passage of active maternal glucocorticoids. However, it should be noted that 

protein levels and catalytic activity of 11β-HSD2 do not always correlate (e.g. Katz et al., 

2010). Furthermore, it was reported that placental 11β-HSD2 activity positively correlated 

with pup birth weight, and negatively correlated with placental weight at term in rats 

(Benediktsson et al., 1993), suggesting the possibility that 11β-HSD2 catalytic activity may 

actually be decreased in PAE placentae in the present study. Furthermore, activity of 11β-

HSD2 is counterbalanced by the activity of 11β-HSD1, which increases at the end of 

gestation to facilitate the maturation of organ systems. The two enzymes work together to 

control the amount and timing of intrauterine glucocorticoid exposure and play a critical role 

in glucocorticoid signaling in the placenta (Thompson et al., 2002; Chapman et al., 2013). 

Although we did not find group or sex differences in 11β-HSD1, PAE fetuses showed a 

marginally positive correlation, whereas PS fetuses showed a significant negative correlation 

between maternal CORT and placental 11β-HSD1 protein levels. It has been reported that 

glucocorticoids themselves increase 11β-HSD1 expressions (Chapman et al., 2013). 

Together, our finding that 11β-HSD1 and 11β-HSD2 respond differentially to the elevated 

maternal CORT levels in PAE and PS fetuses further supports our hypothesis that these 

prenatal insults are mediated, at least partly, by different glucocorticoid signaling 

mechanisms.

Our finding that neither PAE nor PS altered placenta GR protein levels contrasts with 

previous findings in the literature, where both increased (Cuffe et al., 2012) and decreased 

(Shukla et al., 2011) GR levels have been reported. Of relevance to our PS model, increased 

GR mRNA levels were reported in the placentae of fetal male mice exposed to 

glucocorticoids during the second and third week of gestation (Cuffe et al., 2012), which 

would result in increased glucocorticoid signaling. While exposure to glucocorticoids could 

mimic effects of PS, timing and levels of exposure as well as species used differed between 

our study and that of Cuffe et al. By contrast, Shukla et al. (2011) used rat models very 
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similar to ours, and found decreased protein and mRNA levels of GR in the placentae of 

male and female PAE fetuses (Shukla et al., 2011). Of note, however, Shukla et al. used 

Harlan derived rats, and we used Charles River-derived rats, which are known to differ in 

stress system regulation and inflammatory responses (Turnbull and Rivier, 1999; Pecoraro et 

al., 2006). Thus vendor-based differences in rats in these two studies may have contributed 

to the different findings.

Although we did not find group or sex differences in placenta MR levels, we observed a 

negative correlation between maternal CORT and placenta MR protein levels in PS male and 

female fetuses, and a marginally negative correlation between maternal alcohol consumption 

and placenta MR protein levels in PAE male fetuses. Importantly, in addition to inactivating 

maternal CORT, 11β-HSD2 also protects the specificity of nonselective MR from CORT 

excess so that circulating mineralocorticoids (ie., aldosterone) can bind to MR in aldosterone 

target organs. It has been suggested that the placenta has properties closely resembling 

aldosterone target tissue in terms of its function in electrolyte and water transport (Stulc, 

1997). The present data are the first to identify MR protein levels in the rat placenta, 

although MR mRNA and protein have been found in human placentae (Condon et al., 1998; 

Hirasawa et al., 2000). Our data suggest the possibility that CORT negatively affects 

maternal-fetal electrolyte and water transport balance by downregulating placenta MR 

protein levels, and that alcohol may show a similar trend. For PAE dams, however, the 

upregulated 11β-HSD2 protein levels found may not only play a role in inactivating CORT, 

but also may enable more aldosterone to bind to placenta MR, which could partially 

attenuate at least some of alcohol's adverse effects.

Changes in MR and GR gene expression in the fetal brain can result in long-term changes in 

the expression of glucocorticoid-regulated genes that participate in the control of HPA 

activity. The balance between MR and GR determines the sensitivity and response of the 

brain to glucocorticoid signaling and stress in general (De Kloet et al., 1998). The fetal HPA 

axis is highly vulnerable to prenatal alcohol or stress, which can alter the MR/GR balance 

and the set point of HPA regulation (De Kloet et al., 1998, Ong et al, 2013). While we found 

that PS downregulated GR levels in the female mPFC, our micropunched samples contained 

a mix of ventral and dorsal mPFC regions, and thus we cannot predict the long-term net 

stimulatory/inhibitory influences of these mPFC alterations on the hypothalamus of PS 

animals. Future studies to localize these GR alterations in the mPFC are warranted. 

Moreover, although we did not measure fetal CORT levels in our study, previous studies 

have shown that basal CORT levels are lower or unchanged in PS compared to control 

fetuses on GD 21 (McCabe et al., 2001; Ward and Weisz, 1984; Mairesse et al., 2007). 

While GR is autologously regulated in adult tissues, such that GR is downregulated when 

glucocorticoid levels increase (Mueller and Bale, 2008; Brunton and Russell, 2010; Handa 

and Weiser, 2014), evidence suggests that this autologous regulation may not occur in fetal 

tissues, where HPA regulation is still developing (McCabe et al., 2001; Holloway et al., 

2001; Gupta et al., 2003). Again, further studies on the effects of PAE and PS on HPA 

development are warranted.

MR plays a role in the tonic modulation of CORT secretion and in stress resilience (ter 

Heegde, et al, 2015). We found that for PS female fetuses, MR levels were upregulated in 
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the amygdala and hippocampus, which is consistent with previous findings from guinea pig 

fetuses prenatally exposed to dexamethasone (McCabe et al., 2001). Fetal HPA function was 

previously shown to be attenuated by PS (Mairesse et al., 2007). The upregulation of MR in 

the limbic-HPA areas in the present study may be due to decreased feedback of plasma 

CORT in PS female fetuses at this stage of development, consistent with the attenuated HPA 

function reported in previous studies..

Interestingly, we also found that both PAE and PS attenuated the sexually dimorphic 

expression of MR, GR and the MR/GR ratio seen in C fetuses. The perinatal testosterone 

surge, which is fundamental for masculinization around GD 18-19, is suppressed in PAE and 

PS fetuses (McGivern et al., 1998; Ward et al., 2003). Fetal testosterone is known to act in a 

dose dependent manner to masculinize the fetal male brain (McEwen, 1981). The mPFC, 

hippocampus and amygdala are rich in estrogen and androgen receptors, and therefore, are 

highly sensitive to gonadal hormones (Shughrue et al., 1997; Williamson and Viau, 2007). It 

is possible that the organizational effects of androgen were attenuated in PAE, and altered in 

PS fetuses such that marginally opposite effects were observed. Interestingly, male offspring 

of rats prenatally exposed to alcohol or stress were reported to display atypical sexual 

behaviors, such as an increased potential for lordosis, which indicates a failure of 

masculinization in adulthood (Ward, 1972; Hard et al., 1984; Ward et al., 1994). It is 

possible that the altered MR and GR expression observed in PAE and PS fetuses sets the 

stage for further changes in HPA function and altered adrenal-gonadal interactions 

throughout development and into adulthood.

CONCLUSIONS

Results from the present study build on and expand our knowledge of the link between early 

life adversity and HPA axis dysregulation. Importantly, the data demonstrate that the effects 

of PAE and PS on HPA activity begin during gestation and continue to alter and reshape the 

axis into adulthood. Our data suggest that although PAE and PS induce a similar adult HPA 

hyperresponsive phenotype and increased vulnerability to mental health problems, 

glucocorticoid signaling in the placenta and stress-responsive neurocircuitry at GD 21 was 

differentially altered in PAE and PS, suggesting that programming of the HPA axis in PAE 

and PS animals likely occurs through different mechanisms. Our data provide an important 

basis for identifying biomarkers related to glucocorticoid signaling and have clinical 

implications for early prediction of adult physiological dysregulation and vulnerability to 

chronic diseases or disorders.
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Abbreviations

11β-HSD1 11β-hydroxysteroid dehydrogenase type 1

11β-HSD2 11β-hydroxysteroid dehydrogenase type 2

ANOVA analysis of variance

C control

CORT corticosterone

CRH corticotropin-releasing hormone

DOHaD Developmental Origins of Health and Disease

GD gestation day

GR glucocorticoid receptor

h hour

HPA hypothalamic-pituitary-adrenal

mPFC medial prefrontal cortex

MR mineralocorticoid receptor

PAE prenatal alcohol exposure

PF pair-fed

PS prenatal stress

RIA radioimmunoassay
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Highlights: Summary of changes in PAE and PS compared to Controls

➢ Both PAE and PS dams had higher corticosterone levels.

➢ 11β-HSD2 protein levels were increased in PAE and unchanged in PS 

placentae.

➢ PS female fetuses had higher MR protein levels in hippocampus and 

amygdala compared to C female fetuses.

➢ PS female fetuses had lower GR protein levels in mPFC compared to C 

female fetuses.

➢ Both PAE and PS attenuated the sexually dimorphic expression of MR, 

GR and the MR/GR ratio seen in C fetuses.
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Fig 1. 
Fetal body weight (A), placental weight (B) and fetal/placental weight ratio (C) in the male 

(left) and female (right) offspring from C, PF, PAE and PS groups on GD 21. (*) Denotes 

significant differences between sexes, P < 0.01; (#) Denotes significant differences from 

other prenatal treatment groups, Ps < 0.01.
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Fig 2. 
Maternal serum CORT (A), progesterone (B), estradiol (C) and progesterone/estradiol ratio 

(D) on GD 21. (#) Denotes significant differences from other prenatal treatment groups, Ps < 

0.05; (&) Denotes significant differences from the C group, P < 0.05.
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Fig 3. 
Placental 11β-HSD1 (A) and 11β-HSD2 (B) protein levels (relative to GAPDH) with 

representative Western Blots of respective target proteins (11β-HSD1 [37 kDa in red and 

11β-HSD 2 [40 kDa in red], and internal control GAPDH [36 kDa in green]) underneath 

each graph. (#) Denotes significant differences from other prenatal treatment groups, P < 

0.05. (C), A non-significant trend for a positive correlation between maternal CORT levels 

and placenta 11β-HSD1 protein levels in PAE male and female fetuses (P = 0.088). (D), A 

significant negative correlation between maternal CORT levels and placenta 11β-HSD1 

protein levels in PS male and female fetuses (P < 0.05).
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Fig 4. 
Placental MR (A), GR (B) protein levels (relative to GAPDH), and MR/GR ratio (C), with 

representative Western Blots of respective target proteins GR [95 kDa in red], MR [102 kDa 

in red], and internal control GAPDH [36 kDa in green]) underneath each graph. (D), A 

negative correlation (P = 0.067) that approached significance between maternal alcohol 

consumption during gestation week 3 and MR protein levels in male PAE fetuses. (E), A 

significant negative correlation (P < 0.05) between maternal CORT levels and MR protein 

levels in PS male and female fetuses.
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Fig 5. 
MR protein levels in the fetal brain areas: mPFC (A), hippocampus (B), amygdala (C), and 

hypothalamus (D) with representative Western Blots of MR (102 kDa in red) and internal 

control GAPDH (36 kDa in green) images. (*) Denotes significant differences between 

sexes, P < 0.05; (&) Denotes significant differences from the C group, P < 0.05.
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Fig 6. 
GR protein levels in the fetal brain areas: mPFC (A), hippocampus (B), amygdala (C), and 

hypothalamus (D) with representative Western Blots of GR (95 kDa in red) and internal 

control GAPDH band (36 kDa in green). (*) Denotes significant differences between sexes, 

P < 0.05; (&) Denotes significant differences from the C group, P < 0.05.
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Table 1

Percentage of body weight gain (%) during gestation in C, PF, PAE and PS dams

C PF PAE PS

GD 1 100.0±0.0 100.0±0.0 100.0±0.0 100.0±0.0

GD 7 113.0±1.6
106.5±0.9

a
106.5±0.5

a 114.9±1.0

GD 14 131.3±2.8
122.4±1.0

b
121.8±1.0

b 126.9±2.0

GD 21 166.3±5.2 156.8±1.6
150.5±1.9

c
147.5±2.8

c

Abbreviations: C, control; PF, pair-fed; PAE, prenatal alcohol exposure; PS, prenatal stress; GD, gestation day; Ps < 0.05.

a
PAE = PF < C = PS on GD 7

b
PAE = PF < C on GD 14

c
PAE = PS < C on GD 21
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Table 2

Summary of changes in PAE and PS compared to Controls

PAE PS

Fetal/placental wt ratio ↓ — 

Maternal CORT ↑ ↑ 

Maternal Progesterone/Estradiol ratio ↑ — 

Placenta 11-β HSD1 protein levels Trend for positive correlation with maternal 
CORT levels in placentae of male and female 

fetuses

Negative correlation with maternal CORT levels in 
placentae of male and female fetuses

Placenta 11-β HSD2 protein levels ↑ — 

Placenta MR protein levels Trend for negative correlation with maternal 
alcohol consumption in placentae of male 

fetuses

Negative correlation with maternal CORT levels in 
placentae of male and female fetuses

MR protein levels in hippocampus Absence of sexually dimorphic expression Absence of sexually dimorphic expression;
↑ in female fetuses

MR protein levels in amygdala Absence of sexually dimorphic expression Absence of sexually dimorphic expression;
↑ in female fetuses

GR protein levels in mPFC Absence of sexually dimorphic expression Absence of sexually dimorphic expression;
↓ in female fetuses

MR/GR ratio in hippocampus Absence of sexually dimorphic expression Absence of sexually dimorphic expression
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