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Abstract
Although there is evidence that estradiol has effects in women and in animal models to reduce anxiety and depressive behavior
and enhance performance in some cognitive tasks, this is not seen among all individuals. Given the interaction between
estradiol and hypothalamic–pituitary–adrenal function, we hypothesized that an individual’s prior exposure to stress may
mitigate some of the subsequent effects of estradiol. To address this, rats were exposed to gestational stress, or not, to
determine if stress exposure during development alters behavioral responses to estradiol in adulthood. If estradiol’s effects on
anxiety and cognitive behavior are modulated by prior stress experience, then gestationally-stressed rats administered estradiol
should have decreased anti-anxiety (open field, elevated plus maze) behavior and cognitive performance in the inhibitory
avoidance task. Offspring of dams that were exposed to restraint stress daily on gestational days 14–20, or no such
manipulation, were used as adults either intact in behavioral estrus (high estradiol) or diestrus (low estradiol), or
ovariectomized (OVX) with empty or estradiol-containing silastic implants. Rats were used for blood collection to determine
plasma corticosterone and estradiol concentrations, or were used for behavioral testing. Compared with rats in diestrus or
OVX and vehicle-replaced, rats in behavioral estrus and OVX rats with estradiol implants had higher estradiol concentrations,
entered more central squares in an open field, spent more time on the open arms of the plus maze, and had a longer latency to
crossover to the dark, shock-associated side of the inhibitory avoidance chamber. Gestational stress increased plasma
corticosterone but not estradiol levels, decreased plus maze open arm time in cycling rats, and decreased inhibitory avoidance
performance. Thus, estradiol and gestational stress can have opposite effects on anxiety and inhibitory avoidance
performance.

Keywords: Depression, cognition, learning, estrogen, hypothalamic–pituitary–adrenal axis

Introduction

Estradiol has a variety of functional effects to alter

mood and cognitive processes, but the nature of these

effects is not entirely clear. For instance, verbal

memory among surgically- or naturally-menopausal

women is enhanced by estradiol-based therapy (as

reviewed in Nappi et al. (1999); Janowsky (2002);

Sherwin (2003)), but similar improvements are not

observed in all studies when different estradiol

regimen or memory tasks are utilized (Hogervorst

et al. 1999, 2000; Linzmayer et al. 2001). A similar

pattern emerges for the effects of estradiol for mood.

Estradiol replacement to women enhances mood in

some, but not all, studies and some factors that may

influence these responses to estradiol for mood and

cognition are duration of hypogonadism, age, stage of

reproductive life, and psychiatric history (as reviewed

in Walf and Frye (2006a)). For instance, a major risk

factor for the development of depressive symptoms in

the three days following parturition is psychiatric

history, such as history of major depression, prior
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postpartum depression episodes, and/or premenstrual

syndrome (Bloch et al. 2006). A shorter depression

history among pre- or post-menopausal women

diagnosed with depression is associated with a

favorable response to estradiol-based therapy com-

pared to that seen in women with a longer depression

history (Klaiber et al. 1979). Thus, individual history

of mood and/or anxiety disorders may mitigate effects

of estradiol.

Some studies, utilizing animal models, have

investigated factors that mitigate estradiol’s anti-

anxiety and cognitive-enhancing effects. Rats in

behavioral estrus, with high endogenous levels of

estradiol, demonstrate more anti-anxiety and anti-

depressive behavior (Mora et al. 1996; Frye et al.

2000; Frye and Walf 2002) and better performance in

the inhibitory avoidance test, than do diestrous rats,

with low estradiol levels (Rhodes and Frye 2004).

Systemic estradiol administration to ovariectomized

(OVX) rats that produces behavioral estrus-like, but

not higher or lower levels of estradiol, increases anti-

anxiety behavior in the plus maze and open field, anti-

depressant-like behavior in the forced swim test, and

performance in the inhibitory avoidance task (Rach-

man et al. 1998; Frye and Rhodes 2002; Frye and Walf

2004a,b; Walf and Frye 2005a,b). However, exposure

to an acute stressor, such as restraint stress, can

attenuate anxiolytic and anti-depressant-like effects of

estradiol and increase plasma corticosterone levels

(Walf and Frye 2005a). Indeed, estradiol may have

different patterns of effects on hypothalamic–pitu-

itary–adrenal (HPA) axis function depending upon

the estradiol regimen utilized and level of the HPA axis

that is investigated (adrenal vs. pituitary vs. brain:

Figueiredo et al. (2002), (2003); Walf and Frye

(2006a,b)). For this reason, we were interested in

examining effects of a stressor that produces robust

and consistent effects on HPA axis function at the level

of the brain, pituitary and adrenals.

Stress during gestation, referred to as prenatal stress

(PNS), is an animal model of a mood disorder, such as

depression, which is characterized by dysregulation of

each level of the HPA axis. Gestational stress can

produce a persistent enhancement of stress respon-

siveness of offspring (Weinstock 2001; Kofman 2002;

Newport et al. 2002), but this is not observed in all

studies even when a behavioral effect of gestational

stress occurs (Szuran et al. 2000; Fujioka et al. 2001;

Cannizzaro et al. 2006; Richardson et al. 2006). When

gestational stress does alter HPA axis function,

compared with control animals there can be increased

corticotropin releasing factor expression (Ward et al.

2000; as reviewed in Weinstock (2005)), increased

adrenocorticotropin levels in response to acute stress

(Jezova et al. 2002), a phase shift in the circadian

rhythm of corticosterone secretion (Koehl et al.

1999), increased basal corticosterone levels (Peters

1982; Fride et al. 1986; Ward et al. 2000), and

increased levels, and/or duration, of corticosterone

secretion after stressor exposure (Peters 1982;

McCormick et al. 1995; Vallee et al. 1997), and

adrenal hypertrophy (as reviewed in Weinstock

(2005)). Gestational stress alters glucocorticoid and

mineralocorticoid receptor expression in the brain (as

reviewed in Weinstock (2005)). PNS rats also

demonstrate behavioral differences as adults. For

instance, behavioral inhibition, such as reduced

exploratory behavior, more freezing, and more anxiety

to novel situations is typical in PNS compared to non-

PNS rodents (Pohorecky and Roberts 1991; Poltyrev

et al. 1996; Vallee et al. 1997; Drago et al. 1999;

Morgan et al. 1999).

In the present study, the possibility that some of

estradiol’s effects for affective processing may be

modulated by individual stress history was investi-

gated using gestational stress. Female rat offspring

that were stressed during gestation or not were used

for blood collection, or were tested in behavioral estrus

or diestrus, or were OVX and administered vehicle or

estradiol. Rats from each condition were tested in the

open field and elevated plus maze, and then in the

inhibitory avoidance task the following week. We

hypothesized that: gestational stress would alter HPA

axis function and this would be modulated by

estradiol; female rats with higher estradiol levels,

produced by endogenous estrous cycle changes or

estradiol administration to OVX rats, would have

decreased anxiety behavior and increased cognitive

performance; and that gestational stress would

attenuate effects of estradiol.

Materials and methods

The animal procedures were approved by the

Institutional Animal Care and Use Committee at

SUNY Albany and performed in accordance with the

National Institute of Health Guide for the Care and

Use of Laboratory Animals (NIH Publications No. 80

23, revised 1978).

Animals and housing

Adult (55 þ days old), female Long–Evans rats

(n ¼ 199) were obtained from the breeding colony in

the Social Sciences Building at SUNY-Albany (original

stock from Taconic Farms, Germantown, NY). Rats

were group-housed (4–5 per cage) in polycarbonate

cages (45 £ 24 £ 21 cm) in a temperature-controlled

room (21 ^ 18C) in the Laboratory Animal Care

Facility. Rats were maintained on a 12/12 h reversed

light cycle (lights off at 8:00 am) with continuous access

to Purina Rat Chow and tap water ad libitum.

Induction of prenatal stress or control condition

The gestational stress induction protocol utilized was

similar to that previously employed (Frye and Orecki
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2002a,b; Frye and Wawrzycki 2003). Female rats

(n ¼ 60) were cycled through two normal, 4–5 day

estrous cycles and then mated. Pregnant rats were

randomly assigned to be restraint stressed for 45 min

daily (n ¼ 34, stress condition) or not stressed

(n ¼ 26, control condition) from gestational day 14–

20. Rats were restraint stressed under a single 60-W

light in a cylindrical plexiglas restrainer (15.25 cm

long £ 7.6 cm diameter). An experimenter monitored

rats during this time. Rats in the non-stressed, control

condition remained undisturbed in their home cages.

To control for possible litter effects, only 1–3 pups

from each litter in the gestational stress (n ¼ 34) or

control (n ¼ 26) conditions were utilized, and these

were distributed across experimental groups to

minimize cohort/litter effects. Cursory analyses did

not reveal differences in behavior of rats related to

litter/maternal origin.

Determination of behavioral estrus and diestrus condition

Adult female rats from the PNS and control litters

were cycled to determine behavioral estrus and

diestrus condition, as per previously published

methods (Frye and Walf 2002). Briefly, intact adult

female rats were vaginally-masked and placed in an

empty aquarium with a sexually-experienced male rat.

Behavioral estrus condition was determined when rats

displayed a typical lordosis response following

mounting by a male. Rats that were in behavioral

estrus 2 days prior and did not demonstrate lordosis in

response to male mounting were considered to be in

diestrus.

Ovariectomy and estrogen replacement

Adult female rats from PNS and control litters were

OVX under xylazine (12 mg/kg i.p.; Bayer Corp.,

Shawnee Mission, KS) and ketamine (80 mg/kg i.p.;

Fort Dodge Animal Health, Fort Dodge, IA)

anesthesia 1 week before behavioral testing. During

surgery, a cohort of rats was subcutaneously

implanted with a silastic capsule (1.57 mm inner

diameter, 3.18 mm outer diameter, 20 mm length)

containing crystalline 17b-estradiol (Steraloids, New-

port, RI).

Behavioral testing

As adults, behaviorally-tested rats were tested on two

occasions in the same stress and hormone condition.

During their first week of testing, rats were tested for

their exploratory and anxiety responses in the open

field and elevated plus maze. During week 2, rats were

trained and tested in the inhibitory avoidance task.

Behavioral tasks were not counterbalanced to mini-

mize the effects that inhibitory avoidance training

(i.e. exposure to the shock stimulus) would have on

behavior in the open field and elevated plus maze.

Testing took place in the dark-phase of the rats’

reversed light cycle. Rats in behavioral estrus or

diestrus were tested within an hour of determination

of cycle phase on both testing occasions. All OVX rats

were tested one week after OVX and vehicle treatment

or estradiol replacement in the open field and elevated

plus maze, and then tested the next week in the

inhibitory avoidance task.

Open field. Rats were placed in a brightly-lit open field

(76 £ 57 £ 35 cm) and observed for 5 min while the

number of central and peripheral squares entered was

recorded (Frye et al. 2000; Walf and Frye 2005a,b).

Central entries are considered an index of anti-anxiety

behavior.

Elevated plus maze. Testing in the elevated plus maze

was done using previously published methods (Frye

et al. 2000; Walf and Frye 2005a,b). The elevated plus

maze utilized was matte black with two open arms

(50 cm long £ 10 cm wide) and two closed arms (with

30 cm high walls) elevated 50 cm from the ground. The

time spent by rats in the closed or open arms of this maze

was recorded for 5 min with open arm duration

considered to be an index of anti-anxiety behavior.

Inhibitory avoidance. The inhibitory avoidance task

consisted of a two compartment, stainless steel

chamber divided in half by a guillotine door. One

compartment was painted white and brightly-lit from

above and the other was painted black and dark. First,

rats were habituated for 2 min on the white side of the

box. During training, rats were placed in the white side

for 1 min and then the door was lifted. Latency to

move to the dark side was recorded, with a maximum

latency of 20 min. When rats moved to the dark-side of

the chamber, the door was closed and a mild shock

(0.2 mA, 5 s duration) was administered to their feet.

During testing (4 h later) rats were placed in the white

chamber for 1 min, the door was lifted and the latency

to move to the dark side was recorded (maximum

latency was 5 min). A longer latency to crossover to

the dark, shock-associated side of the chamber

indicates improved performance in this task (Frye

and Rhodes 2002).

Blood collection

In a non-tested group of adult female rats from the

PNS or control litters, blood was collected from rats

immediately after removal from the home cage (basal)

during the early dark-phase (between 09:00–11:00 h)

of their light cycle. Blood was collected, following
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rapid decapitation, in chilled glass test tubes contain-

ing EDTA (saturated in saline; 10ml). Blood was then

centrifuged at 48C (3000g for 20 min) and plasma was

decanted into chilled eppendorf tubes and stored at

2808C.

Radioimmunoassay

Estradiol radioimmunoassay. Plasma estradiol

concentrations were determined with radio-

immunoassay according to previously published

methods (Frye and Bayon 1999; Walf and Frye

2005a). Briefly, estradiol was extracted twice with

ether by snap freezing. Ether was evaporated and

pellets were reconstituted in PBS (pH ¼ 7.4). The

standard curve was prepared in duplicate (12.5–

1000 pg/0.1 ml). Standards were added to PBS, with

estradiol antibody (Dr Niswender, #244, Colorado

State University, Fort Collins, CO), and [3H]

estradiol (NET-317, 51.3 ci/mmol; Perkin Elmer).

Assay tubes were incubated at room temperature for

50 min. Dextran-coated charcoal was used to separate

bound and free steroid after a 10 min incubation on ice

and centrifugation at 3000g for 10 min. Supernatant

was pipetted into a glass scintillation vial with

scintillation cocktail and counted using a Tri-Carb

2000CA liquid scintillation analyzer. Unknowns were

interpolated from the standard curve using assay zap,

a program for RIA analyses. The minimum detection

of this assay is 12.5 pg/tube. The inter- and intra-

assay coefficients of variance were 0.08 and 0.10,

respectively.

Corticosterone radioimmunoassay. Plasma corticosterone

was measured according to previously published

methods (Frye and Bayon 1999; Walf and Frye

2005a). Briefly, corticosterone was extracted from

plasma (sample volume of 5ml) by heating tubes at

608C for 30 min. Samples were incubated for 45 min at

room temperature with 3H CORT (NET 182: specific

activity ¼ 48.2 ci/mmol; Perkin Elmer) and a 1:20,000

dilution of antibody (Endocrine Sciences: #B3–163).

Dextran-coated charcoal was used to separate bound

and free following a 15 min incubation on ice and

centrifugation at 3000g for 10 min. Supernatant

was decanted into a glass scintillation vial with

scintillation cocktail and then counted using a

Tri–Carb 2000CA liquid scintillation analyzer.

Unknowns were interpolated from the standard curve

using assay zap. The minimum detection of this assay is

15 pg/tube. The inter- and intra-assay reliability

coefficients were 0.05 and 0.08, respectively.

Procedure

Adult rats (n ¼ 32) from PNS and control litters were

not behaviorally-tested and utilized for measurement

of plasma estradiol and/or corticosterone. For these

measures, there were non-stressed rats in behavioral

estrus (n ¼ 4) or diestrus (n ¼ 3) and gestationally-

stressed rats in behavioral estrus (n ¼ 3) or diestrus

(n ¼ 2) and non-stressed OVX rats administered

estradiol (n ¼ 6) or vehicle (n ¼ 4) and gestationally-

stressed OVX rats administered estradiol (n ¼ 4) or

vehicle (n ¼ 5).

Another group of rats from PNS and control litters

were behaviorally tested and left intact and used at

different estrous cycle stages (n ¼ 53) or OVX and

administered vehicle or estradiol (n ¼ 54). Non-

stressed intact rats were tested as behavioral estrous

(n ¼ 12) or diestrous (n ¼ 13) and gestationally-

stressed rats were tested as behavioral estrous

(n ¼ 14) or diestrous (n ¼ 14). Non-stressed OVX

rats were administered estradiol (n ¼ 12) or vehicle

(n ¼ 13) and gestationally-stressed OVX rats were

administered estradiol (n ¼ 14) or vehicle (n ¼ 15).

Statistical analyses

Two-way analyses of variance (ANOVAs) were used to

examine effects of hormone and gestational stress

condition on plasma estradiol and corticosterone

levels and behavior in the open field, elevated plus

maze, and inhibitory avoidance task. Separate

ANOVAs were used to determine effects of endogen-

ous fluctuations in, and exogenous administration of,

estradiol for these measures. ANOVAs were followed

by Fisher’s post hoc tests to determine differences

among groups, when appropriate. The a level for

statistical significance was P # 0.05.

Results

Plasma estradiol levels

As Table I indicates, rats in behavioral estrus had

significantly higher plasma estradiol concentrations

than did diestrous rats [F(1,8) ¼ 234.8, P , 0.01]. In

OVX rats, estradiol administration via silastic capsules

significantly increased plasma estradiol concentrations

compared to empty capsules [F(1,16) ¼ 8.5, P , 0.01].

Table I. Plasma concentrations (pg/ml; mean ^ SEM) of estradiol

in rats that were gestationally-stressed or not, and intact at different

stages of the estrous cycle, or OVX and administered estradiol or

vehicle via subcutaneous silastic capsules.

Hormone condition

Stress condition

No stress (control) Gestational stress

Behavioral estrous 33.2 ^ 1.5* 34.9 ^ 2.0*
Diestrous 10.6 ^ 2.8 12.9, 7.5†

OVX þ estradiol 36.7 ^ 12.2* 30.9 ^ 13.0*
OVX þ vehicle 8.0 ^ 0.5 7.5 ^ 1.5

*P # 0.05 compared to hormone condition respective control

group; † n ¼ 2.
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There was no difference in estradiol concentrations

between non-stressed and gestationally-stressed rats.

Plasma corticosterone levels

As Table II indicates, gestationally-stressed rats in

behavioral estrus did not have significantly higher

plasma corticosterone concentrations than did non-

stressed or gestationally-stressed diestrous rats.

Gestational stress significantly increased plasma corti-

costerone concentrations of OVX rats [F(1,16) ¼ 5.3,

P # 0.03], but there was no significant main effect of

estradiol administration.

Open field

Rats in behavioral estrus made significantly more total

[F(1,49) ¼ 8.7, P , 0.01; Table III] and central

[F(1,49) ¼ 4.0, P , 0.05; Figure 1, top] entries than

did diestrous rats. There was no main effect of

gestational stress for these measures in the open field.

Among OVX rats, estradiol significantly increased

total [F(1,50) ¼ 4.2, P , 0.05; Table III] and central

[F(1,50) ¼ 16.8, P , 0.01; Figure 1, bottom] entries

compared to vehicle. There was no effect of

gestational stress on central entries and no significant

interactions, but gestational stress decreased total

entries made in the open field [F(1,50) ¼ 6.3,

P , 0.02].

Elevated plus maze

Rats in behavioral estrus had increased open arm time

compared to diestrous rats [F(1,49) ¼ 34.4,

P , 0.01]. Gestationally-stressed rats had decreased

open arm time compared to non-stressed rats

[F(1,49) ¼ 6.9, P , 0.01]. The interaction of these

variables did not reach statistical significance

(Figure 2, top).

Estradiol significantly increased open arm time

among OVX rats compared to vehicle administration

[F(1,50) ¼ 35.8, P , 0.01] and there was no signifi-

cant effect of gestational stress or an interaction

between these variables (Figure 2, bottom).

Inhibitory avoidance

Rats in behavioral estrus performed better in this task

than did rats in diestrus [F(1,49) ¼ 4.7, P # 0.03].

Gestational stress significantly decreased inhibitory

avoidance crossover latencies [F(1,49) ¼ 3.9,

P # 0.05]. There was no significant interaction

(Figure 3, top).

Among OVX rats, estradiol significantly

increased open arm time compared to that seen with

vehicle administration [F(1,50) ¼ 4.7, P # 0.03].

Table II. Plasma concentrations (mg/dl; mean ^ SEM) of corticos-

terone in rats that were gestationally-stressed or not, and intact at

different stages of the estrous cycle or OVX and administered estradiol

or vehicle via subcutaneous silastic capsules.

Hormone condition

Stress condition

No stress (control) Gestational stress

Behavioral estrous 2.1 ^ 1.0 4.0 ^ 1.0

Diestrous 4.6 ^ 1.0 6.8, 3.4†

OVX þ estradiol 2.6 ^ 1.3 5.2 ^ 0.7*
OVX þ vehicle 4.3 ^ 1.1 6.5 ^ 0.7*

*P # 0.05 compared to non-stress control group; † n ¼ 2.

Table III. Total entries made in the open field (mean ^ SEM) in

rats that were gestationally-stressed or not, and intact in different

stages of the estrous cycle or OVX and administered estradiol or

vehicle via subcutaneous silastic capsules.

Hormone condition

Stress condition

No stress (control) Gestational stress

Behavioral estrous 202.4 ^ 12.9* 167.6 ^ 13.1*
Diestrous 151.5 ^ 14.5 132.7 ^ 16.8

OVX þ estradiol 146.7 ^ 9.5* 90.7 ^ 8.1*
þ

OVX þ vehicle 126.2 ^ 13.0 120.3 ^ 16.4

*P # 0.05 compared to respective hormone condition control

group; þP # 0.05 compared to non-stress control group
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Figure 1. The mean (^SEM) number of entries made into the

center squares of the open field by gestationally-stressed (PNS) and

non-stressed control rats that were in diestrous or behavioral estrous

(top) or OVX and administered vehicle or estradiol (E2; bottom).

*Above bar indicates significant increases compared to diestrous

(top) or vehicle-administration (bottom; P , 0.05).
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Gestationally-stressed rats had reduced crossover

latencies in the inhibitory avoidance task compared

to non-stressed controls [F(1,50) ¼ 25.0, P , 0.01].

There was no significant interaction (Figure 3,

bottom).

Discussion

The present results supported our hypothesis that

estradiol and gestational stress would produce

different effects on anxiety and cognitive behavior.

Estradiol, in physiological levels as were observed in

behavioral estrus rats or OVX rats administered

estradiol via subcutaneous silastic capsules, decreased

anxiety in the open field and elevated plus maze and

enhanced performance in the inhibitory avoidance

task. Although gestational stress did not alter estradiol

levels, increases in plasma corticosterone levels were

observed in OVX gestationally-stressed compared to

non-stressed rats. Gestational stress decreased open

arm time of intact, cycling rats and produced

performance deficits in cycling and OVX rats in the

inhibitory avoidance task. Thus, these data suggest

that estradiol has anti-anxiety and cognitive-enhan-

cing effects and stress exposure during gestation

produces alterations in HPA axis function, elevated

plus maze behavior, and performance deficits in the

inhibitory avoidance task.

The present data, showing that gestational stress

increases basal corticosterone levels in OVX rats,

confirm previous investigations on how stress during

development can produce alterations in neuroendo-

crine and behavioral responses in adulthood.

Although other studies have shown changes in levels

of progestins and prolactin with gestational stress,

there were no apparent differences in plasma estradiol

concentrations between PNS and control rats in the

present results, which suggests that the behavioral

differences observed may be more likely due to

changes in HPA axis function, particularly in OVX

rats that have a disrupted hypothalamic–pituitary–

gonadal axis (Kinsley and Bridges 1987; Kinsley et al.

1989; Frye and Walf 2004a,b). Female rodents may be

more sensitive to HPA axis changes and behavioral

disturbances produced by gestational stress and it
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arms of the elevated plus maze by gestationally-stressed (PNS) and

non-stressed control rats that were in diestrus or behavioral estrus

(top) or OVX and administered vehicle or estradiol (E2; bottom).

*Above bar indicates significant increases compared to diestrous
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Figure 3. The mean (^SEM) latency (seconds) to enter the dark,

shock-associated side of the inhibitory avoidance chamber of

gestationally-stressed (PNS) and non-stressed control rats that were

in diestrus or behavioral estrus (top) or OVX and administered

vehicle or estradiol (E2; bottom). *Above bar indicates significant

increases compared to diestrous (top) or vehicle-administration

(bottom; P , 0.05). *Above grouped bars indicates significant

difference from control rats (P , 0.05).
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is possible that estradiol modulates such effects.

However, we did not find significant interactions

between gestational stress and the estradiol milieu to

support this notion in the present study. In other

studies, compared to males, females exposed to

gestational stress have greater HPA axis reactivity

(Weinstock et al. 1992; McCormick et al. 1995; Koehl

et al. 1999; Szuran et al. 2000). Gestational stress

attenuates estradiol’s anti-depressant-like effects in

the forced swim test in OVX rats (Frye and Wawrzycki

2003) and socio-sexual behavior (Frye and Orecki

2002a,b). Latencies to withdraw paws from a heat

source in the hot-plate task, a measure of nociceptive

sensitivity, are decreased by gestational stress in

female, but not male, mice; this effect was abrogated

by OVX and restored by estradiol administration

(Sternberg 1999). Similar anti-anxiety effects have

been observed in non-stressed OVX rats administered

estradiol (Walf and Frye 2006a,b). However, in the

present study effects of gestational stress to alter

anxiety measures were only observed among intact,

cycling rats in the elevated plus maze. Thus, estradiol

can reduce anxiety behavior while gestational stress

produces a different pattern of effects, compared to

estradiol, for these measures.

Gestational stress can alter cognitive performance in

adulthood. In the present study, PNS rats had poorer

performance in the inhibitory avoidance task, as

indicated by decreased crossover latencies, compared

to non-stressed rats. Gestational stress produces

decrements in cognitive performance in the delayed

alternation, Morris water maze, and inhibitory

avoidance tasks compared to that observed in non-

stressed rodents (Lordi et al. 1997, 2000; Lemaire

et al. 2000). Higher endogenous estradiol levels or

administration of estradiol to OVX rodents improves

performance in these spatial and non-spatial tasks in

some but not all studies, and this may be related to

task demand (Chesler and Juraska 2000; Sandstrom

and Williams 2001; Galea et al. 2001, 2002; Frye and

Rhodes 2002; Holmes et al. 2002; Rhodes and Frye

2005). Indeed, performance in the inhibitory avoid-

ance task may reflect motor differences, which were

observed in the present study in cycling gestationally-

stressed rats for total open field entries, and/or greater

fear. Total entries made in the open field were also

increased in rats with higher estradiol level in the

present study. Estradiol has known effects to alter

motor behavior and this factor needs to be taken into

consideration when interpreting the present results.

There are sex differences in the effects of stress to

alter cognitive performance, suggesting that endogen-

ous estradiol may mitigate these effects. For instance,

acute stressor exposure in adulthood produces more

robust performance deficits among female rodents

than males (Wood and Shors 1998; Shors et al. 1998,

1999; Wood et al. 2001; Shors and Leuner 2003).

Chronic stress during adulthood facilitates learning

in female rats (Bowman et al. 2002; Luine 2002).

However, the present study did not reveal an

interaction between the effects of estradiol and

gestational stress for performance in the inhibitory

avoidance task. Studies that have utilized a single

restraint stress session in pregnant rats did not find

differences in cognitive tasks due to gestational stress

exposure (Vallee et al. 1997; Fujioka et al. 2001;

Meunier et al. 2004). Together, these data suggest

that there may be different effects of stress for

cognitive performance depending on timing of stressor

exposure.

Likely central targets for the observed neuroendo-

crine and behavioral responses are the amygdala and

hippocampus. The circuitry of the stress response

involves activation of both of these brain structures

(Herman et al. 2003), which are critical for inhibitory

avoidance performance (Izqueirdo and Medina 1993)

and regulate affective behavior. Estradiol infusion or

implants in the hippocampus or amygdala increase

open field central entries and plus maze open arm time

(Frye and Walf 2004a,b; Walf and Frye 2006a,b) and

increase crossover latencies in the inhibitory avoidance

task (Frye and Rhodes 2002). Stress during the last

week of gestation, as was utilized in this study, occurs

at a time when the limbic system is developing and

affective and cognitive behaviors may be particularly

altered (Weinstock 2001). Gestational stress alters the

adult hippocampus. Neurogenesis in the dentate gyrus

of gestationally-stressed rats is reduced compared to

non-stressed rats (Lemaire et al. 2000). Gestationally-

stressed female rats show more cell loss in the

hippocampus than do gestationally-stressed males or

non-stressed controls (Schmitz et al. 2002). Future

studies will investigate whether stress-induced

changes in the hippocampus and/or amygdala may

contribute to the behavioral effects observed with

these manipulations.

The present findings that estradiol has anti-anxiety

and cognitive-enhancing effects and gestational stress

can produce performance deficits in the inhibitory

avoidance task are intriguing, but there are some

limitations of these findings that should be considered.

First, only basal corticosterone levels in plasma were

measured in a small group of non-tested animals so

the effects of this prenatal manipulation and estradiol

status on other indices of HPA axis reactivity, such as

adrenocorticotropin and/or corticosteroid-binding

globulin levels, which also can be altered by estradiol,

in tested and non-tested rats is of interest (Young et al.

2001; Figueiredo et al. 2002; McCormick et al. 2002).

As well, direct manipulation of these other targets was

not examined. Estradiol may alter distribution of brain

glucocorticoid receptors (Patchev et al. 1995), which

are important for the expression of affective behavior

as revealed by knockout/knockin studies (Wei et al.

2004; Boyle et al. 2006). Second, other receptor

mechanisms by which estradiol influences affective
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and cognitive performance are also of interest.

Whether estradiol’s effects occur via actions at two

well-described isoforms of the estrogen receptor (ER),

ERa or ERb, which are expressed in different regions

of the brain, and may drive HPA axis function in

opposing ways, are not clear (Miller et al. 2004;

Suzuki and Handa 2004, 2005; Lund et al. 2005).

Administration of an ERb-specific ligand reduces

corticosterone levels in OVX rats following exposure

to the elevated plus maze (Lund et al. 2005) and ERb

may be the receptor target of estradiol’s effects to

reduce anxiety/depression (Walf and Frye 2006).

Indeed, a possibility to investigate in the future is that

stressor exposure, during gestation and/or later in life,

may alter expression of these potential receptor targets

of estradiol and therefore the functional response to

estradiol.

In summary, the present data suggest that estradiol

can reduce anxiety behavior and enhance cognitive

performance and that there are long-term neuroendo-

crine and behavioral consequences to stress exposure

during gestation. Rats in a hormonal milieu associated

with higher estradiol levels (behavioral estrous or OVX

and estradiol-replaced) had reduced anxiety behavior

in the open field and/or elevated plus maze and

improved performance in the inhibitory avoidance

task. Gestational stress increased plasma corticoster-

one levels in OVX rats, without producing changes in

plasma estradiol levels, decreased open arm time on

the plus maze in intact rats and decreased inhibitory

avoidance performance. Together, these data support

a role for estradiol and/or prior stress exposure to alter

affective behavior and cognitive performance.
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