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Abstract
Gestational stress may have lasting deleterious effects on neuro-cognitive development of
offspring. Progesterone (P), and its 5α-reduced metabolites, dihydroprogesterone (DHP) and 5α-
pregnan-3α-ol-20-one (3α,5α-THP), maintain pregnancy, and can have effects on cognitive
performance and/or neuronal integrity. However, whether some of the deleterious effects of
gestational stress on cognitive and neural processes may be related to progestogen formation is not
known. Pregnant rat dams were exposed to a regimen of variable stressors (including forced swim,
restraint, fasting, social stress, and exposure to cold and light) on gestational days 17–21 or were
minimally-handled controls. Male and female offspring were cross-fostered to non-manipulated
dams and assessed for motor and cognitive performance between postnatal days 28 and 30.
Although the motor behavior of gestationally-stressed offspring did not differ significantly from
control offspring, their cognitive performance in an object recognition task was poorer.
Irrespective of sex, dendritic spine density was reduced in dorsal hippocampus of stress-exposed
offspring compared to control offspring. Formation of DHP was reduced in medial prefrontal
cortex (mPFC) and increased in hippocampus of stressed, compared to control offspring. Notably,
there were sex differences wherein estradiol in mPFC, as well as P and DHP in diencephalon,
were increased with stress among females but decreased with stress among males. These data
suggest that exposure to variable stress during gestation can perturb cognitive performance,
concomitant with dendrite development in hippocampus, and P’s 5α-reduction in hippocampus
and mPFC. Some sex differences in stress effects on progestogen formation may occur in
diencephalon.

Keywords
Allopregnanolone; dihydroprogesterone; object recognition; open field; prenatal stress; pregnancy;
progesterone

© 2011 Bentham Science Publishers Ltd.
*Address correspondence to this author at the Department of Psychology, The University at Albany-SUNY, Life Sciences Research
Building, 01058, 1400 Washington Avenue, Albany, NY 12222; Tel: (518) 591-8839; Fax: (518) 591-8848; cafrye@albany.edu.

DECLARATION OF INTEREST
The authors report no conflicts of interest. The authors alone are responsible for the content and writing of the paper.

NIH Public Access
Author Manuscript
Curr Top Med Chem. Author manuscript; available in PMC 2012 July 26.

Published in final edited form as:
Curr Top Med Chem. 2011 ; 11(13): 1706–1713.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



INTRODUCTION
Physical and psychological stressors experienced during pregnancy may contribute to poor
birth outcomes. In support, physical stressors during pregnancy, such as smoking, drug use,
low pre-pregnancy weight, and hospitalizations are associated with low birth-weight among
infants as are psychological stressors, such as problematic family relationships,
unemployment, and housing concerns [1]. Several prospective studies have demonstrated
that chronic stress, anxiety, and/or depression during pregnancy are associated with preterm
labor [2,3], which can put offspring at risk for neurological and behavioral aberrations [4,5],
as well as impairment of cognitive skills [6]. The mechanisms that underlie these effects are
not understood.

Brain regions, important for lexical decision making and performance in cognitive tasks,
such as the prefrontal cortex and hippocampus, may be important targets for detrimental
effects of stress. In rats, chronic exposure to unpredictable/variable stressors, increases
cytokine expression in prefrontal cortex and hippocampus [7,8], which can be
proinflammatory and associated with neurodegeneration. Administration of the cytokine,
interleukin-1β, during gestational days 17 to 21 of pregnancy, alters development of
locomotor and stress response in rats [9,10]. Notably, chronic activation of the stress axis is
associated with degeneration in the hippocampus, particularly, retraction of dendritic
processes in adult rats [11]. Similar degenerative effects in rats have been reported in
prefrontal cortex of gestationally-stressed offspring [12,13]. Thus, exposure to variable
stressors in gestation may have pervasive effects on morphology and/or function of brain
regions important for cognitive performance among offspring.

One mechanism that may underlie effects of gestational stressors on offspring is
perturbation of progestogen formation. Progestogens can act to dampen stress axis
responding; however, exposure to gestational stress in rats has been shown to alter the
homeostasis of these processes throughout life [14,15]. In support, acute perinatal stress, via
maternal separation and lithium chloride injection, can alter progestogen formation in
circulation and/or hippocampus, an important brain region involved in affective, cognitive,
and ictal behavior, well into adulthood [14]. Regulation of progesterone’s (P) 5α-reduced
metabolites, dihydroprogesterone (DHP) and 5α-pregnan-3α-ol-20-one (3α,5α-THP or
allopregnanolone), may be critical, particularly throughout pregnancy. In pregnant women,
plasma 3α,5α-THP levels rise throughout gestation, peak in the third trimester, and then
decline to luteal levels post-partum [16]. Similar decline in circulating 3α,5α-THP is
observed among rodents [17]. In rats, decline in 3α,5α-THP is observed to occur in cortex,
just prior to parturition [17]. We have recently observed that exposure to restraint during
gestation can reduce P’s metabolism to its 5α-reduced metabolites in medial prefrontal
cortex (mPFC) of pre-pubertal offspring concomitant with deleterious effects on cognitive
performance [18]. Thus, 5α-reduced progestogens may underlie important function in
limbic regions of the developing brain.

In order to assess the role that gestational exposure to physical and psychological stress can
have on neurodevelopment of offspring, pregnant rat dams were exposed to a variable stress
regimen in late gestation. On gestational days (GDs) 17–21, pregnant dams were exposed to
forced swim, restraint, fasting, light, cold exposure, and social stress. Exposure to such
stressors (including restraint, unpredictable, and/or variable stress regimen) has been shown
to enhance central inflammatory response to an immune challenge [8] and, in pregnant
dams, to perturb cognitive and motor performance of offspring [19–21]. As such,
gestationally-stressed offspring were assessed on a hippocampus- and prefrontal cortex-
dependent cognitive task in pre-puberty (between post-natal days 28–30). Dendritic spine
density was assessed via Golgi-Cox staining in mPFC, dorsal hippocampus, and
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hypothalamus (a control region important for stress response but not expected to mediate
cognitive task performance). Concentrations of progestogens (P, DHP, and 3α,5α-THP) and
estradiol (E2) were assessed in mPFC, hippocampus, and diencephalon. We hypothesized
that gestational stress would reduce task performance, dysregulate central progestogen
formation, and reduce dendritic spine density in hippocampus and/or mPFC compared to
minimal handling in gestation.

METHODS
Subjects, Housing, & Procedures

Housing—All rats were housed in polycarbonate cages (45 × 24 × 21 cm) in a
temperature-controlled room (21 ± 1° C) in our colony in the Laboratory Animal Care
Facility at The University at Albany-SUNY, Life Sciences Research Building (Albany, NY).
Rats were maintained on a 12/12 h reversed-light cycle (lights off at 08:00 h) with
continuous access to Purina Rat Chow and tap water. Dams were housed 3–4 per cage until
GD 21, whereupon they were single-housed. Their offspring were cross-fostered until
weaning and then group-housed (4–5 per cage) after weaning.

Dams—Female, timed-pregnant, Long-Evans rats (N=8), approximately 55 days old, were
obtained from Taconic Farms (Germantown, NY) and weighed daily. Dams were randomly
assigned to be exposed to a variable stress regimen (n=4) or to not be further manipulated
(n=4) from GDs 17 to 21. Control dams weighed 292 ± 13 g (mean ± SEM) on GD 17 and
had gained an average of 23 ± 3 g by GD 21. This did not significantly differ from dam
exposed to variables stressors that weighed 274 ± 28 g at GD 17 and gained an average of
20 ± 11 g by GD 21. While, not significantly different, control dams had more pups (13 ± 1)
on average than did variably-stressed dams (10 ± 1).

Variable Stress Regimen—From GDs 17–21, pregnant dams were exposed to an
unpredictable, variable stress paradigm. During this time, dams were exposed to (1) physical
restraint in a plexiglass restrainer under a 60-watt light for 1 h, (2) 15 min of forced swim
stress in room temperature water, (3) exposure to a cold environment (4 °C) for 6 h, (4)
overnight food deprivation, (5) lights on for 24 h, and (6) social stress induced by
overcrowded housing conditions during the dark phase of the light cycle per the schedule in
Table 1.

Cross-Fostering—To minimize the potential confounds arising from differences in
maternal-rearing between gestationally-stressed and control dams, litters were culled at the
time of birth and pups were cross-fostered to non-manipulated dams in our colony. Among
the 4 control dam litters, 3 females and 3 males were kept from each litter (with one
exception wherein 4 males were kept from one litter). Among the 4 gestationally-stressed
litters, 2 females and 3 males were kept from each litter (with one exceptions wherein 1
female and 4 males were kept from one litter). Although, the sex of pups was not
systematically-investigated, it was notable that there were fewer females born to the
gestationally-stressed dams, resulting in fewer observations in that group. We acknowledge
that utilizing more than one pup per litter can yield cohort effects; however, we did not find
statistically-significant differences between litters of the same experimental condition on
any behavioral or endocrine measure assessed.

Experimental Subjects—Juvenile male (n=13 gestationally-stressed; n=13 control) and
female (n=7 gestationally-stressed; n=12 control) offspring were weaned from foster-dams
at 21 days of age and housed 4–5 per cage until post-natal day 28–30, when their
performance in motor (open field) and cognitive (object recognition) tasks were assessed.
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Open Field
The open field is a white, opaque chamber (76 × 57 × 35 cm) with a 48-square grid floor (6
× 8 squares, 9.5 cm/side) that is illuminated by ceiling lights from above. Per previous
methods, rats were placed in the open field and the path of their exploration was recorded
for five-minutes. Performance in the open field was recorded and calculated via ANY-maze
(Stoelting Co., Wood Dale, IL) animal tracking software and utilized as an index of motor
behavior [22,23].

Object Recognition
The object recognition task is a working memory task that is primarily dependent on an
intact frontal cortex and, to a lesser extent, an intact hippocampus [24,25]. This task was
used as previously described [18,26,27]. Briefly, rats are placed in a white open field (76 ×
57 × 35 cm) containing two identical, spheric objects in adjacent corners (plastic toys in the
shape of oranges) with which they can interact for a 3 min training phase. After a 4 h
interval, one of the spheric objects is replaced with a cone-shaped, novel object (a blue
plastic toy in the shape of a buoy) and rats are assessed for interaction with the novel and
familiar objects in the open field again for a 3 min testing phase. A greater percentage of
time spent exploring the novel object as a function of the total amount of time spent
exploring both objects during testing [duration spent with novel object/(duration spent with
novel object + duration spent with familiar object) × 100] is considered an index of
enhanced cognitive performance in this task. All behavior in this task was collected and
recorded via ANY-maze animal tracking software (Stoelting Co., Wood Dale, IL).

Tissue Collection of Experimental Subjects
Immediately following behavioral testing, between 28 and 30 days of age, offspring were
euthanized via rapid decapitation. Whole brains were collected within 1 min of decapitation
and were rapidly frozen on dry ice. Brains were then stored at −80 °C for later assessment.
At the time of assay, brains were thawed on ice and divided in half along the midsagittal
plane. For each brain, half of the tissue was placed in Golgi-Cox staining medium (described
below) for later assessment of dendrite morphology. The remaining half of the brain had
mPFC, hippocampus, and diencephalon grossly dissected as previously described [18,28] for
radioimmunoassay of P, DHP, 3α,5α-THP, and E2.

Golgi-Cox Staining for Dendrite Morphology
Golgi-Cox staining medium consisted of 5 volumes of potassium dichromate (5% dissolved
in warm dH20), 5 volumes of mercuric chloride (5% dissolved in hot dH20), and 4 volumes
potassium chromate (5% dissolved in cold dH20) combined with 10 volumes of dH20.
Brains were incubated in the solution and placed in the dark for 14 days. Medium was
refreshed after the first 2 days. Tissues were hand-sliced at the level of the mPFC, dorsal
hippocampus, and hypothalamus. Sections were immersed in the following solutions, in the
order presented: dH20 for 1 min, ammonia for 5 min, increasing concentrations of ethanol
(50%, 70%, 90%) for 1 min each, 100% ethanol for 5 min, xylene for 5 min [29]. Golgi-
impregnated neurons that were isolated from surrounding neurons were selected for
microscopic assessment. Spine density (total number of spines on dendrite / length of
dendrite) was obtained from the longest dendrite at oil immersion 100× magnification. Five
dendrites were characterized per tissue, for 5 animals per experimental group (yielding 25
total observations per tissue, per experimental group). The mean of the 5 dendrites per
tissue, per animal, was used for statistical analysis.
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Radioimmunassay for Steroid Concentrations
Concentrations of central steroids were assessed modified from previously reported
methods, as described below [30–32].

Antibodies—P antibody (P#337 from Dr. G.D. Niswender, Colorado State University)
was used in a 1:30,000 dilution which typically binds between 30% and 50% of [3H] P.
DHP (X-947) and 3α,5α-THP antibodies (#921412-5, purchased from Dr. Robert Purdy,
Veterans Medical Affairs, La Jolla, CA) were used in a 1:5,000 dilution and typically bind
between 40 and 60% of [3H] 3α,5α-THP. E2 antibody (E#244, Dr. G.D. Niswender,
Colorado State University, Fort Collins, CO) was used in a 1:40,000 dilution which typically
binds between 40% and 60% of [3H] E2S.

Radioactive Probes—[3H] P (NET-208: specific activity=47.5 Ci/mmol), [3H] 3α,5α-
THP (used for DHP and 3α,5α-THP, NET-1047: specific activity=65.0 Ci/mmol), and [3H]
E2 (NET-317: specific activity=51.3 Ci/mmol) were purchased from Perkin Elmer (Boston,
MA).

Extraction of Steroids from Brain Tissues—P, DHP, 3α,5α-THP, and E2 were
extracted following homogenization with a glass/glass homogenizer in 50% MeOH, 1%
acetic acid. Tissues were centrifuged at 3,000 × g and the supernatant was chromatographed
on Sep-Pak C18 cartridges (Waters Corp., Milford, MA). Steroids were eluted with 50%
MeOH followed by 100% MeOH and lyophilized using a speed dryer. Samples were
reconstituted in 500 µl assay buffer.

Set-up and Incubation of Radioimmunoassays—The range of the standard curves
was 0–8000 pg for P, DHP, and 3α,5α-THP, and 0–1000 pg for E2. Standards were added
to assay buffer followed by addition of the appropriate antibody and [3H] steroid. Total
assay volumes were and 800 µl for P, 950 µl for DHP, 1250 µl for 3α,5α-THP, and 800 µl
for E2. All assays were incubated overnight at 4 °C.

Termination of Binding—Separation of bound and free steroid was accomplished by the
rapid addition of dextran-coated charcoal. Following incubation with charcoal, samples were
centrifuged at 3000 × g and the supernatant was decanted into a glass scintillation vial with
5 ml scintillation cocktail. Sample tube concentrations were calculated using the logit-log
method of [33], interpolation of the standards, and correction for recovery with Assay Zap
software (BioSoft, Cambridge, UK). The respective inter- and intra-assay reliability co-
efficients were: P = 0.10 and 0.11, DHP = 0.10 and 0.09, 3α,5α-THP = 0.10 and 0.11, and
E2 = 0.06 and 0.08.

Analyses
Behavioral and biochemical data were analyzed using two-way analyses of variance (sex X
dam condition) and were followed up with Fisher’s protected least significant differences
post-hoc tests to determine group differences. For dendritic spine density, two-way analyses
of variance (sex X dam condition) were conducted on the mean of 5 dendrites per tissue, per
animal among 5 animals per experimental group. When interactions were present, group
differences were determined using multiple one-way analyses of variance with α level
corrected for multiple comparisons. An α level of p ≤ 0.05 was used to determine statistical
significance in all analyses.
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RESULTS
Cognitive, but not Motor, Behavior of Pre-Pubertal Offspring is Influenced by Gestational
Stress

Gestational exposure to variable stressors significantly decreased cognitive performance of
male and female offspring. Offspring born to dams exposed to variable stressors on GDs 17–
21 spent a lower percentage [F(1,41) = 4.12, p < 0.05], Fig. (1, top) of time investigating the
novel object (0.6 ± 0.3 sec with novel vs. 0.5 ± 0.2 sec with familiar object) than did
offspring born to control dams (1.3 ± 0.3 sec with novel object vs. 0.6 ± 0.3 sec with
familiar object). Neither a main effect of sex [F(1,41) = 1.23, n.s.], nor a sex X stressor
interaction [F(1,41) = 0.80, n.s.] were observed on object recognition performance. No
differences in motor behavior of offspring were observed between sexes [F(1,41) = 0.02,
n.s.], gestational stress condition [F(1,41) = 0.03, n.s.], or the interaction of these factors
[F(1,41) = 1.19, n.s.] to account for performance on this cognitive task (Table 2).

Dendrite Morphology in Dorsal Hippocampus is Influenced by Gestational Stress Among
Pre-pubertal Offspring

Gestational exposure to variable stressors significantly decreased dendritic spine density of
male and female offspring. Dendritic spine density was significantly lower in dorsal
hippocampus of offspring that were gestationally-exposed to variable stressors compared to
control offspring [F(1,16) = 4.32, p = 0.05], Fig. (1, bottom). Neither a main effect of sex
[F(1,16) = 0.94, n.s.], nor a sex X stressor interaction [F(1,16) = 0.09, n.s.] were observed on
dendritic spine density in dorsal hippocampus. In mPFC, no differences in spine density
were observed between sexes [F(1,16) = 0.79, n.s.], stress conditions [F(1,16) = 0.06, n.s.],
or the interaction of these factors [F(1,16) = 0.14, n.s.] (Table 3). As well, in hypothalamus,
no differences in spine density were observed between sexes [F(1,16) = 1.56, n.s.], stress
conditions [F(1,16) = 0.15, n.s.], or the interaction of these factors [F(1,16) = 1.38, n.s.]
(Table 3).

Central Formation of Progestogens and E2 are Influenced by Gestational Stress and Sex
among Pre-pubertal Offspring

Gestational exposure to variable stressors significantly altered progestogen levels.
Gestationally-stressed offspring had significantly lower levels of DHP in mPFC [F(1,41) =
8.71, p < 0.05], but significantly increased DHP levels in hippocampus [F(1,41) = 13.63, p <
0.05]. No main effect of stressor on P [FmPFC(1,41) = 2.23, n.s.; FHippo(1,41) = 0.05, n.s.]
nor 3α,5α-THP [FmPFC(1,41) = 0.01, n.s.; FHippo(1,41) = 0.87, n.s.] were observed in these
regions (Table 4).

Variable stress-exposure and sex significantly interacted to influence E2 concentrations in
mPFC [F(1,41) = 5.78, p < 0.05], but not in other regions examined [FHippo(1,41) = 2.61,
n.s.; FDienceph(1,41) = 1.29, n.s.]. Gestationally-stressed females had a significant increase in
mPFC E2 levels compared to control female offspring, whereas, gestationally-stressed males
demonstrated significant decrease in E2 relative to controls. Variable stress was not observed
to alter E2 in any other region examined (Table 4). No sex X stressor interactions of DHP
[FmPFC (1,41) = 1.31, n.s.; FHippo(1,41) = 0.01, n.s.], P [FmPFC (1,41 = 3.49, n.s.;
FHippo(1,41) = 0.89, n.s.], nor 3α,5α-THP [FmPFC(1,41) = 0.78, n.s.; FHippo(1,41) = 2.72,
n.s.] were observed in mPFC or hippocampus (Table 4).

Variable stress-exposure and sex significantly interacted to influence P [F(1,41) = 5.83, p <
0.05] and DHP [F(1,41) = 6.43, p < 0.05] concentrations in diencephalon. Gestational
exposure to variable stress significantly increased P and DHP in females, but decreased P
and DHP in males compared to control offspring. No effects of sex [F(1,41) = 0.80, n.s.],
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stressor [F(1,41) = 0.20, n.s.], or their interaction [F(1,41) = 0.12, n.s.] were observed for
3α,5α-THP in diencephalon (Table 4).

As expected, there were sex differences in central concentrations of some steroids. 3α,5α-
THP was significantly greater in hippocampus of females compared to males [F(1,41) =
4.65, p < 0.05]. As well, females had significantly greater concentrations of E2 in all
observed regions, including hippocampus [F(1,41) = 42.57, p < 0.05] and diencephalon
[F(1,41) = 24.76, p < 0.05] (Table 4).

DISCUSSION
The hypothesis that gestational stress would reduce performance in the object recognition
task, dysregulate central progestogen formation, and reduce dendritic spine density was
upheld, albeit, some of these effects were brain region-specific. Irrespective of sex, offspring
that were gestationally-exposed to variable stressors performed more poorly on the object
recognition task, had dysregulated DHP formation in mPFC and hippocampus, and had
reduced dendritic spine density in dorsal hippocampus (but not mPFC or control
hypothalamus). Some sex-specific effects were observed wherein stress-exposure increased
E2 in mPFC, as well as P and DHP in diencephalon, among females, but decreased these
substrates in mPFC and hypothalamus among males. Thus, gestational exposure to variable
stressors produces decrements in cognitive performance, hippocampal integrity, and
progestogen regulation of hippocampus and prefrontal cortex among juvenile offspring.

The time at which stressors occurred in the present study, (GDs) 17–21, may be a
particularly vulnerable neuro-developmental period for offspring. Placental expression of
the 11β-hydroxysteroid dehydrogenase type 2 enzyme, which inactivates maternal
glucocorticoid, is reduced in this interval given that physical development of the fetus is
dependent on some glucocorticoid exposure [34]. Inhibition of 11β-hydroxysteroid
dehydrogenase increases early exposure of the gestating fetus to glucocorticoids and can
perturb anti-anxiety and cognitive performance of offspring [35,36]. Chronic stress during
this time may be detrimental [37–41] and the present investigation supports the notion that
unpredictable physical and psychological stressors during this period can have pervasive
effects on hippocampal morphology that last at least until pre-puberty. These effects may
persist throughout life, given previous findings that adult rat females (prenatal day 75) that
were gestationally-exposed to restraint stress have reduced granule cells in hippocampus
compared to non-stressed rats [42]. Notably, the aforementioned study yielded no evidence
for neurodegenerative effects in gestationally-stressed adult males which may suggest a role
for activational steroid effects associated with puberty and development. Indeed, the present
investigation reveals aberrations in 5α-reduction of P in mPFC and hippocampus. Females
may be more susceptible to sequelae associated with progestogen dysregulation given the
importance of progestogens for sexual and physical maturation throughout the female life-
cycle.

In females and males, progestogens have important trophic effects throughout development
as evidenced by poor in vitro fertilization outcomes when progestogen milieu is low or
aberrant [43–45] and improved pregnancy rates when P is administered [46]. Perinatal
stress, achieved by maternally-isolating pups within the first three weeks of life, is
associated with increased levels of glucocorticoid in plasma, and reduced levels of 3α,5α-
THP in hippocampus, at baseline or in response to stress [14,47]. As well, cognitive deficits
in water maze performance are observed in perinatally-stressed offspring compared to non-
stressed controls [48]. We have recently demonstrated that P turnover to its 5α-reduced
metabolites is reduced in mPFC of pre-pubertal females and males that were born to
gestationally-restrained dams compared to those born to non-stressed dams [18]. Notably,
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dams utilized in the current study were young adults and had not had prior pregnancies. This
may be considered an additional insult given that multiple prior pregnancies are associated
with reduced circulatory corticosterone during pregnancy and greater object recognition
performance among dams [26]. Herein, we find that DHP levels are reduced in mPFC of
gestationally-stressed offspring, whereas hippocampal DHP is increased compared to
controls. The object recognition task is dependent on both, an intact prefrontal cortex and
hippocampus and it is of interest that task performance was decreased while hippocampal P
turnover was increased. In sheep, central 5α-reduction has been found to be acutely
increased in response to a hypoxic insult [49] and pharmacologically blocking this
enhancement is associated with greater hippocampal degeneration in the asphyxiated brain
[50]. As such, acute elevations of P conversion to its metabolites may be a compensatory
mechanism in response to central insult and may explain the greater DHP formation
observed in the present study, concomitant with reduced dendritic spine density in
hippocampus.

It is notable, that there were no sex differences in functional effects or neural outcomes of
gestational stress. While, E2 in mPFC and P/DHP formation in diencephalon were elevated
among stress-exposed females compared to stress-exposed males, functional effects on
cognition were not readily observed. However, the present observations occurred in juvenile
rats, approaching the time of pubertal onset. Some of these effects may be organizing
differences or early activational effects of hormones that are sex-specific. Indeed, the
hypothalamus is contains sexually-dimorphic nuclei that are hormone sensitive. Given the
pre-pubertal ages of the subjects, greater activational influences of steroid hormones can be
expected to be minimized which may account for the lack of sex differences in behavior.
Among adult rats, exposure to 45 mins of thrice daily restraint from GDs 14–21 were found
to eliminate the male-typical advantage in the object recognition task, but, effects of stress
impairment on task performance were not globally-observed [51]. As such, the lack of sex
differences observed in the present study may reflect the lack of activational hormone
variation among the sexes at this age. It would be of interest to assess whether there are fetal
programming effects on litter size and sex ratio that influence later hormonal milieu. Future
investigations will aim to assess these endpoints.

The present investigation demonstrates that exposure to physical/psychological stressors in
late gestation (GDs 17–21) can perturb cognitive development of pre-pubertal offspring,
irrespective of sex. Exposure to variable and unpredictable stressors was associated with
decreased dendrite spine density in dorsal hippocampus and dysregulated progestogen
formation in mPFC and hippocampus. Commensurate with prior investigations, increased
5α-reduction in hippocampus may be indicative of fetal insult which may explain the
reduced dendritic spine density in hippocampus concomitant with poorer cognitive
performance. These effects may involve neurodegenerative actions of glucocorticoids on
hippocampus given that 3α,5α-THP can dampen stress responsivity. Progestogens have
been used as tocolytic therapeutics in pregnant women when preterm birth is a risk factor
[52–55]. In animal models, gestational 3α,5α-THP administration may ameliorate some
anxiety-related aberrations associated with prenatal stress [56]. Whether prenatal
administration of P’s 5α-reduced metabolites can ameliorate some of the cognitive and/or
neural degenerative sequelae of prenatal stress should be the subject of future investigation.
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Fig. (1).
Juvenile offspring (28–30 days of age) exposed to a variable stress regimen on gestational
days 17–21 (female n = 7, male n = 13) spent a significantly decreased percentage of time
(mean ± SEM) investigating a novel object in an object recognition task compared to control
offspring (female n = 12, male n = 13) that were exposed to minimal handling (top). As
well, dendritic spine density in dorsal hippocampus (mean of 5 dendrites per tissue, per
animal; mean ± SEM) was significantly reduced among gestationally-stressed, compared to
control, offspring had significantly reduced (bottom). * indicates significant main effect of
gestational stress, p ≤ 0.05. Neither, the main effect of sex, nor the stress X sex interaction,
were significant.
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Table 1
Variable Stressor Regimen for Dams

Depicts course of variable stressor regimen that pregnant rat dams were exposed to. Acute stressors were
administered in the morning (08:00 h), at mid-day (12:00 h), and in the evening (16:00 h).

Time of Day

Gestational Day AM Mid-day PM

17 Forced Swim – 15 min Restraint – 60 min Forced Swim – 15 min

18 Cold Exposure – 6 h Fast Overnight

19 Nothing Forced Swim – 15 min Light on During Dark Phase

20 Social Stress – 12 h

21 Restraint – 60 min Forced Swim – 15 min Restraint – 60 min
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Table 2
Exploration and Motor Behavior of Offspring

Depicts the amount of time spent exploring objects in the training phase of the object recognition task, as well
as motor behavior in an open field among juvenile rats (28–30 days of age) that were exposed to minimal
handling (control) or a variable stress regimen on days 17–20 of gestation.

Control Variable Stress

Females (n=12) Males (n=13) Females (n=7) Males (n=13)

Time Spent Exploring Training Objects (sec ± SEM) 2.3 ± 0.5 3.7 ± 0.5 4.6 ± 1.1 3.8 ± 0.7

Total Entries in an Open Field 220 ± 20 189 ± 27 188 ± 36 212 ± 19

*
indicates significant main effect of gestational stress, p < 0.05. Neither, the main effect of sex, nor the stress X sex interaction, were significant.
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Table 3
Dendrite Morphology of Offspring

Depicts dendritic spine density (mean of 5 dendrites per tissue, per animal) in medial prefrontal cortex and
hypothalamus of juvenile rats (28–30 days of age) that were exposed to minimal handling (control) or a
variable stress regimen on days 17–21 of gestation. Significant main effects of gestational stress or sex
conditions were not observed, nor was there an interaction.

Control Variable Stress

Females (n=5) Males (n=5) Females (n=5) Males (n=5)

Medial Prefrontal Cortex Dendritic Spine Density (mean ± SEM) 2.3 ± 0.3 2.2 ± 0.2 2.5 ± 0.4 2.1 ± 0.3

Hypothalamus Dendritic Spine Density (mean ± SEM) 2.5 ± <0.0 2.1 ± 0.1 2.3 ± 0.2 2.3 ± 0.2
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Table 4
Central Steroid Concentrations of Offspring

Depicts concentrations of progesterone, dihydroprogesterone, 3α,5α-THP, and estradiol in prefrontal cortex,
hippocampus, and diencephalon of juvenile rats (28–30 days of age) that were exposed to minimal handling
(control) or a variable stress regimen on days 17–21 of gestation.

Control Variable Stress

Females (n=12) Males (n=13) Females (n=7) Males (n=13)

Medial Prefrontal Cortex

Progesterone (ng/g ± SEM) 0.56 ± 0.07 0.57 ± 0.06 0.77 ± 0.06 0.54 ± 0.05

Dihydroprogesterone (ng/g ± SEM) 1.0 ± 0.2 1.2 ± 0.2 0.7 ± 0.2* 0.4 ± 0.1*

3α,5α-THP (ng/g ± SEM) 0.9 ± 0.3 1.5 ± 0.4 1.3 ± 0.9 1.0 ± 0.4

Estradiol (pg/g ± SEM)*** 0.09 ± 0.02 0.08 ± 0.01 0.13 ± 0.01^ 0.05 ± 0.01

Hippocampus

Progesterone (ng/g ± SEM) 0.56 ± 0.05 0.53 ± 0.04 0.61 ± 0.05 0.50 ± 0.03

Dihydroprogesterone (ng/g ± SEM) 0.4 ± 0.1 0.6 ± 0.2 1.1 ± 0.3* 1.4 ± 0.2*

3α,5α-THP (ng/g ± SEM) 1.5 ± 0.5 1.2 ± 0.4** 2.9 ± 1.2 0.9 ± 0.3**

Estradiol (pg/g ± SEM) 0.13 ± 0.01 0.05 ± 0.01** 0.16 ± 0.05 0.03 ± 0.01**

Diencephalon

Progesterone (ng/g ± SEM)*** 0.23 ± 0.01 0.27 ± 0.04 0.33 ± 0.03^ 0.22 ± 0.02

Dihydroprogesterone (ng/g ± SEM)*** 0.4 ± 0.1 0.9 ± 0.2 0.9 ± 0.2^ 0.6 ± 0.1^

3α,5α-THP (ng/g ± SEM) 0.7 ± 0.2 0.5 ± 0.2 0.7 ± 0.4 0.4 ± 0.2

Estradiol (pg/g ± SEM) 0.04 ± 0.01 0.02 ± <0.00** 0.05 ± 0.01 0.02 ± <0.00**

*
indicates significant main effect of gestational stress.

**
indicates significant main effect of sex.

***
indicates significant interaction between gestational stress and sex conditions

(^ denotes variable stress groups that significantly differ from respective controls when interactions are present), p ≤ 0.05.
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