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Abstract

Estrogens exert important actions on fear and anxiety-like behavior both in humans and non-human animals. Currently, the mechanisms

underlying estrogenic modulation of fear are not known. However, evidence suggests that estrogens may exert their influence on fear within

the amygdala. The purpose of the present study was to examine effects of estrogen on fear conditioning. Specifically, the present study

examined whether long-term estrogen treatment in ovariectomized female mice via Silastic capsule implantation would facilitate both

contextual and cued fear conditioning. In a separate set of experiments, we then examined whether estrogen treatment in ovariectomized

female mice would modulate corticotropin-releasing hormone (CRH) gene expression within the amygdala. Long-term estrogen treatment

facilitated both contextual and cued fear. Ovariectomized mice treated with estrogen froze significantly more to a context as well as to a

discrete auditory cue. In addition, estrogen treatment significantly increased CRH mRNA expression within the central nucleus of the

amygdala as measured by in situ hybridization and quantitative PCR. These data raise the possibility that estrogens could influence fear

responses in females through their actions in the amygdala.

D 2005 Elsevier Inc. All rights reserved.
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The amygdala and its afferent and efferent projections are

important for the acquisition and expression of conditioned

fear (LeDoux, 2000; Davis, 2000). Whereas the neural

circuitry underlying fear conditioning in mammals has been

well characterized, relatively little is known about the

actions of estrogens within the amygdala and how they

may modulate fear. Evidence suggests that changes in

circulating levels of estrogens are linked to alterations in

emotion as well as to the development of mental illness in

females (Campbell and Whitehead, 1977; Sichel et al.,

1995; Arpels, 1996; Sherwin, 1998). Both a-estrogen

receptor (ERa) and h-estrogen receptor (ERh) genes are

widely distributed throughout the amygdala in both rodents

and humans (Osterlund et al., 1998, 2000; Shughrue et al.,
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1998; Laflamme et al., 1998; Merchenthaler et al., 2004),

suggesting that this region is a likely site at which estrogens

exert their actions on fear.

Importantly, it is not known how activation of estrogen

receptors within the amygdala becomes translated into

changes in fear. One possibility is that the neuropeptide

corticotropin-releasing hormone (CRH) serves as an

intermediary between estrogens and alterations in fear. In

addition to its actions on the HPA axis (Koob, 1992;

Valentino and Van Bockstaele, 2002), CRH occupies extra-

hypothalamic nuclei throughout the central nervous system

and mediates behavioral, autonomic and immune

responses to stressors independent of the HPA axis (Brown

and Fisher, 1983; Koob et al., 1984; Eaves et al., 1985;

Britton et al., 1986; Dunn and Berridge, 1990; Pavcovich

and Valentino, 1997; Moreau et al., 1997; Jones et al.,

1998).
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The central amygdala is thought to coordinate several of

the actions of CRH on physiological and behavioral

responses to aversive stimuli. CRH mRNA and protein

levels are increased in the central amygdala following an

aversive training stimulus of a brief footshock (Makino et

al., 1999; Roozendaal et al., 2002). In addition, admin-

istration of CRH receptor antagonists, either intracerebro-

ventricularly or within discrete brain regions, blocks the

behavioral effects of exposure to a stressor and to

exogenously administered CRH (Menzaghi et al., 1994;

Fendt et al., 1997; Mansbach et al., 1997; Lee and Davis,

1997; Jasnow et al., 1999, 2004).

Interestingly, the human CRH gene contains half-

palindromic estrogen-responsive elements (ERE), through

which direct estrogenic transcriptional regulation has been

demonstrated, in vitro (Vamvakopoulos and Chrousos,

1993), and an indirect pathway has also been suggested

(Miller et al., 2004). CRH mRNA is also increased in the

ventral paraventricular nucleus (PVN) of female rats on the

day of proestrus when estrogen is at its peak (Bohler et al.,

1990). Taken together, these data suggest that CRH

regulates, in part, physiological and behavioral responses

to aversive stimuli, and that the central amygdala coor-

dinates many of these responses. Moreover, these data

suggest that the CRH gene is under direct transcriptional

regulation by estrogens, thereby providing a potential

mechanism within the brain through which estrogens

modulate emotional learning. If true, then exogenous

estrogen should facilitate fear learning as well as increase

CRH gene expression within the central nucleus of the

amygdala. The present study examined whether estrogen

treatment would facilitate fear learning in female mice as

well as modulate CRH gene transcription within the central

nucleus of the amygdala.
Materials and methods

Animals and housing conditions

In the fear conditioning experiments, adult female Swiss

Webster mice (Mus musculus) were obtained from Taconic

Farms. Animals were housed individually for 10 days prior

to behavioral testing in a temperature-controlled (20 T 2-C)
colony room on a 12:12-h light–dark cycle with lights off at

11:00 h. All animals were housed in Plexiglas cages (26.5

cm � 16 cm � 20 cm) with corn cob (Bed-O-Cob) bedding,

with wire mesh tops, and food and water were available ad

libitum. In the in situ hybridization and quantitative PCR

experiments, animals were group housed (5 animals/cage) in

the same colony room, and food and water were available ad

libitum. All procedures and protocols were approved by The

Rockefeller University Institutional Animal Care and Use

Committee (IACUC), and The Public Health Services

Policy on Humane Care and Use of Laboratory Animals

was strictly followed.
Behavioral apparatus

All training and testing occurred in a mouse test cage

(Coulbourn Instrument, Allentown, PA) located in a sound-

attenuating cabinet in an isolated testing room. The test

cage was constructed of modular aluminum panels (two

sidewalls) and Plexiglas (rear wall and front wall) with a

test cage shock floor for delivering the footshock uncon-

ditioned stimuli (US). Two speakers were mounted on one

of the modular side panels, one for delivering the tone

conditioned stimulus (CS) and one for delivering white

noise. An infrared activity monitor was mounted 7 in.

above the shock floor in order to monitor freezing

behavior. Freezing was only scored if the mouse was

immobile for at least 1 s. All behavioral training and

testing occurred in the dark period of the daily L–D cycle.

During all training sessions, a small light producing ¨32

lx illuminated the test cage and white noise (65 dB) was

presented throughout the procedure. A ventilation fan

provided air circulation and additional background noise.

The test cage was cleaned between each animal with 100%

ethanol during the training and contextual testing session

and cleaned with 1% acetic acid during the cued fear

testing session.

Effects of estrogens on contextual fear

Twenty animals were used in this experiment. Animals

were received from Taconic Farms ovariectomized and

were housed in a colony room for 1 week prior to

experimental manipulation. Animals were matched by

weight and assigned to 1 of 2 experimental conditions.

Animals in the first group were surgically implanted with a

Silastic capsule containing estradiol benzoate (EB) (Sigma),

whereas the second group received a Silastic capsule

containing vehicle control (sesame oil). Capsules consisted

of 2 mm long Silastic tubing (0.078 in ID � 0.125 in OD)

closed at both ends with medical grade silicone adhesive

(Dow Corning). EB was suspended in sesame oil at a

concentration of 1 Ag/Al and injected into the Silastic

capsule. This dose has previously been used by our lab to

investigate non-reproductive behaviors in mice and produ-

ces a proestrus level of circulating estrogen (Morgan and

Pfaff, 2001, 2002). Animals were housed individually for

10 days prior to behavioral testing. On the first day, mice

were introduced to the conditioning chamber and allowed

to explore for 5 min, then placed back their home cage and

immediately returned to the colony room. Twenty-four

hours later mice were placed in the same conditioning

chamber for 3 min and then received a single 1-s, 0.5-mA

shock. Sixty seconds later, animals were removed from the

conditioning chamber and placed back in their home cages

and immediately returned to the colony room. Twenty-four

hours after the conditioning procedure, animals were tested

for contextual fear in the same conditioning chamber under

the same conditions for 8 min. Freezing behavior was
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measured in 1-min epochs throughout the 8-min testing

session.

Effects of estrogens on cued fear

Forty animals were used for the cued fear experiment.

On the first day mice were introduced to the conditioning

chamber and allowed to explore for 5 min. Twenty-four

hours later animals were placed in the conditioning

chamber for 3 min and were then presented with three

30-s tones (75–80 dB) each coterminating with a 1-s,

0.5-mA footshock with an inter-tone interval of 60 s.

Twenty-four hours later, fear to the tone conditioned

stimulus was measured by placing the mice in a novel

environment that was different than the training cage and

presenting three 30-s tones (75–80 dB), 2 min and 30 s

after being placed in the test cage with a 100-s inter-tone

interval. During the cued fear test, the overhead light, as

well as the white noise, was turned off. Freezing was

scored during the tone presentation and during the

baseline period before presentation of the first tone as

described above.

Effects of estrogens on CRH gene expression in the CeA: in

situ hybridization

Animals (n = 16) were received from Taconic Farms

ovariectomized and housed in a colony room for 1 week

prior to experimental manipulation. The mice were matched

by weight and assigned to 1 of 2 experimental conditions.

The first group received a subcutaneous (s.c.) injection of

EB (5 Ag dissolved in 0.1 ml sesame oil), whereas the

second group received vehicle control (sesame oil). Twenty-

four hours after the first injection, the first group received an

s.c. injection of EB (10 Ag), whereas group 2 again received

vehicle control. Two hours after this final injection, animals

were killed; their brains were removed, rapidly frozen on

dry ice and stored at �80-C until sectioning. The brains

were cut into 12-Am sections with a cryostat at �20-C and

directly mounted onto electrostatically charged glass micro-

scope slides. Sections were processed and hybridized with

an 35S-labeled riboprobe to CRH mRNA as described

below.

To construct the CRH probe, total RNA was isolated

from an adult Swiss Webster mouse brain with Trizol

reagent (Invitrogen, San Diego, CA) according to the

manufacturer’s instructions. The RNA was then reverse

transcribed into single-stranded cDNA using SuperScript

Choice (Invitrogen, San Diego, CA). CRH-specific

primer pairs were designed based on the rat cDNA

sequence from GenBank (Accession no.NM_031019)

with the aid of DS Gene (Accelrys, San Diego). The primer

sequences were as follows: forward 5V-CAAGCTCAC-
AGCAACAGGAAACTG-3V, reverse 5V-CAACTGGG-

TGACTTCCATCTGCTT-3V. PCR amplification of the

cDNA yielded a single band of 373 bp corresponding to
nucleotides 695–1068 of rat CRH. The fragment was

purified and subsequently used for the generation of a

riboprobe to CRH mRNA. The template for the CRH

probe was constructed by ligating a T7 promoter site

directly to the PCR fragment with the aid of the

Lig’nScribe Kit (Ambion, Austin, TX). This procedure

was used for both the sense and antisense templates. The

T7 antisense and sense templates were used to prepare

cRNA probes labeled with 35S-UTP using the Maxiscript

(Ambion, Austin, TX) T7 in vitro transcription reagents.

The sections were processed according to the protocol

outlined in Simeone (1998). Briefly, slide mounted

sections were thawed and fixed in 4% paraformaldehyde

for 15 min. Sections were then processed with 0.25%

acetic anhydride in 0.1 M triethanolamine for 10 min and

washed 3 times in 2� SSC for 3 min and then 50%

formamide/2� SSC for 5 min. Prior to hybridization, the

sections were dehydrated in a graded series of ethanol

solutions (50%, 70%, 95%, 100%) and processed with

chloroform for 5 min. Sections were incubated in hybrid-

ization buffer (50% deionized formamide, 0.3 M NaCl, 20

mM Tris–HCl, pH 7.5, 5 mM EDTA, pH 8.0, 10%

dextran sulfate, 1� Denhardt’s solution and 1 mg/ml

tRNA) with 35S-labeled CRH antisense or sense cRNA

probes for 16 h at 55-C. After hybridization, the slides

were exposed to stringent washes, treated with RNase A,

dehydrated and subjected to autoradiography for 13 days.

Effects of estrogen on CRH expression in the amygdala:

quantitative real-time PCR

In order to more accurately determine estrogen’s effect

of CRH gene expression, another group of animals (n =

60) was used for Experiment 3. Animals were matched by

weight and assigned to 1 of 3 groups. The first group was

administered a single s.c. injection of EB (10 Ag) or

vehicle control (sesame oil) and killed 2 h later. The

second group also received a single s.c. injection of EB

(10 Ag) or vehicle control but were killed 24 h later. The

final group of animals was surgically implanted with a

Silastic capsule containing either EB or vehicle control, in

the same manner as in Experiment 1, and were killed 10

days later. In all groups, brains were rapidly removed,

frozen on dry ice and stored at �80-C until sample

collection. Brains were mounted in a cryostat and sliced to

the area of interest. A 1-mm diameter area encompassing

the central, as well as part of the lateral and basolateral

amygdala, was dissected out bilaterally using a stainless

steel punch tool, deposited into separate 1.5 ml micro-

centrifuge tubes at �20-C and then stored at �80-C until

RNA isolation. RNA was isolated using Trizol reagent

according to the manufacturer’s instructions (Invitrogen,

San Diego, CA) and purified using the Qiagen RNeasy

mini kit (Qiagen, Valencia, CA).

The total RNA isolated from mouse amygdala was

precisely assayed using the Agilent Bioanalyzer 2100
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(Agilent Technologies, Palo Alto, CA) and with a UV

spectrophotometer. Then, 400 ng of total RNA from each

sample was reverse transcribed using ABI Taqman reverse

transcription reagents (Applied Biosystems, Foster City,

CA) according to the manufacturer’s instructions. Briefly,

each reaction contained 400 ng total RNA, 1� reverse

transcription buffer, 5.5 mM MgCl2, 500 AM of each

dNTP, 2.5 AM oligo d(T)16, 0.4 U/Al RNase inhibitor and

1.25 U/Al Multiscribe Reverse Transcriptase. The cycling

conditions for the reverse transcription reaction were as

follows: 25-C for 10 min, 48-C for 30 min and 95-C for

5 min. Following thermal cycling all samples were diluted

with nuclease-free H2O, 1:15 cDNA: H2O and stored at

�20-C until assayed. The primers for quantitative PCR

were designed using PRIMER EXPRESSR software

(Applied Biosystems). The forward and reverse primers

were as follows: forward: 5V-GTTGAATTTCTTGCAA-
CCGGAG-3V; reverse: 5V-GACTTCTGTTGAGGTTCC-
CCAG-3V, yielding an amplicon of 101 bp. A standard

curve method was used to quantify cDNA levels during

quantitative PCR according to Bustin (2000, 2002). In

order to construct standard curves, mouse cDNA was PCR

amplified using the above primers which yielded a single

fragment of 101 bp corresponding to nucleotides 295–395

of rat CRH. The fragment was purified and subsequently

rapidly TA ligated into the PCRR2.1-TOPO plasmid

according to the manufacturer’s instructions (Invitrogen,

San Diego, CA). The resulting clone was re-analyzed for

size and presence of unique restrictions sites, and then

linearized. A standard calibration curve was then prepared

in which the cloned CRH sequence was present at 3.0 �
105–3.0 � 100 copies and then stored at �80-C until

assayed. Quantitative PCR was conducted on an ABI

Prism 7000 Sequence Detection System (Applied Bio-

systems) using SYBR green dye on the experimental

samples and the standard calibration curve, in triplicate on

a single 96-well plate for each group.
Fig. 1. Mean (TSEM) percent time freezing to a context during each minute of an 8

Silastic capsules containing either estradiol benzoate (EB) or vehicle. Mice were tr

later. Significant differences between groups are denoted by an asterisk (*) ( P <
Statistical analyses

In the fear conditioning experiments, freezing observa-

tions were transformed into a percentage of total time and

analyzed using a Mann–Whitney U test in the case of the

contextual fear and with a repeated measures analysis of

variance (ANOVA) with treatment as the between-subjects

factor and the response to the tone as the within-subjects

factor for the cued fear experiment. Main effects were

further analyzed with a Tukey–Kramer post hoc test.

Baseline freezing in the auditory fear experiment was

analyzed with a Student’s t test. Pre- and post-shock

freezing was also analyzed with a Student’s t test. For the

in situ hybridization experiment, optical density was

analyzed with the aid of MCID image analysis system

(Imaging Research, St. Catherine’s ON, Canada). For each

animal, the optical density obtained represented the average

of measurements taken from 2 to 3 sections from both the

left and right amygdala and analyzed using a Student’s t

test. For the qPCR experiments, an average was taken from

the triplicate reactions for each sample and analyzed using a

Student’s t test. For all statistical analyses, significance was

ascribed at P < 0.05.
Results

Estrogen treatment facilitates contextual fear

Figs. 1a and b show that there was a significant effect of

hormone treatment on freezing to the context (P < 0.05).

Specifically, EB-treated mice froze significantly more

during the 8-min testing session compared with vehicle-

treated mice. In addition, there were no differences in pre-

shock (t18 = 1.779, P > 0.05; Fig. 2a) and post-shock

freezing between EB-treated and vehicle-treated animals

(t18 = 0.530, P > 0.05; Fig. 2b).
-min test (a) and over the entire 8-min test (b) of female mice implanted with

ained with a single 0.5-mA shock and tested for freezing to the context 24 h

0.05).



Fig. 3. Mean (TSEM) percent time freezing during the baseline period and

during cue presentation. Mice froze significantly more during the

presentation of the tone conditioned stimulus (cue) compared with during

the baseline freezing period. EB treatment significantly increased freezing

to a tone conditioned stimulus compared with animals treated with vehicle

control. Significant differences are denoted by an asterisk (*).

Fig. 2. (a) Mean (TSEM) percent time freezing during the time period

preceding the footshock administration. There were no differences in pre-

shock freezing between EB-treated and vehicle-treated animals ( P > 0.05).

(b) Mean (TSEM) percent time freezing during the time period immediately

following footshock administration. There were no differences in post-

shock freezing between EB-treated and vehicle-treated animals ( P > 0.05).

Fig. 4. Film autoradiographs from an 35S-labeled probe revealed expression

of CRH mRNA in the central amygdala (CeA) and paraventricular nucleus

(PVN) (a). Ovariectomized (OVX) EB-treated mice displayed significantly

more CRH mRNA expression within the CeA compared with OVX vehicle-

treated mice (a, b). Animals were administered a subcutaneous injection of

5 Ag of EB and then 24 h later administered 10 Ag and killed 2 h after this

final injection. Significant differences are denoted by an asterisk (*).
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Estrogen treatment facilitates cued fear

There was no difference in baseline freezing between

EB-treated and vehicle-treated animals (t39 = 1.690, P >

0.05). There was a main effect of hormone treatment

(F(1,117) = 5.15, P < 0.05) and a main effect of tone

presentation (F(1,117) = 4.53, P < 0.05) on freezing, but no

significant interaction effect (F(1,117) = 0.11, P > 0.05).

Specifically, mice that were treated with EB froze signifi-

cantly more during the tone presentation than mice treated

with vehicle (Fig. 3).

Estrogen treatment increases CRH mRNA expression in the

central amygdala: in situ hybridization

Fig. 4a shows coronal sections through the amygdala

exposed to autoradiographic film. Sections treated with sense

probes did not have significant signal. There was a significant

effect of treatment on CRH mRNA expression in the central

nucleus of the amygdala (t14 = 4.67, P < 0.05). Specifically,

mice that were administered EB had significantly greater

CRH mRNA expression within the central amygdala

compared with vehicle-treated mice (Figs. 4a and b).
Although, it has been reported in previous studies, we did

not observe a significant increase in CRH gene expression in

the PVN of EB-treated animals compared with vehicle-

treated animals in the present study (data not shown).
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Estrogen treatment increases CRH mRNA expression in the

central amygdala: quantitative real-time PCR

The standard curve for the 2-h animals was r2 = 0.999;

for the 24-h animals was r2 = 0.981; and for the 10-day

animals was r2 = 0.998. The qPCR runs yielded a single

product as analyzed by a melting curve and by gel

electrophoresis (Fig. 5). In addition, qPCR on the no-RT

control samples did not amplify any product demonstrating

the absence of genomic DNA contamination. There was no

significant effect on CRH gene expression either 2 h after

EB treatment or after 10 days of capsule EB treatment (t16 =

0.079, P > 0.05, Fig. 6a; t17 = 1.67, P > 0.05, Fig. 6c,

respectively). In contrast, there was a significant effect on

CRH gene expression 24 h after EB treatment (t15 = 5.65, P <

0.05, Fig. 6b). Specifically, mice that were treated with EB

displayed greater levels of CRH mRNA compared with

vehicle-treated mice. Therefore, we have characterized the

CRH response to estrogen treatment within the amygdala by a

second approach as well, demonstrating that peak transcript

levels appear 24 h after EB treatment.
Discussion

The present data demonstrate that estrogen treatment

facilitates fear conditioning to both contextual and discrete

cues in female mice. Animals that received Silastic capsules

containing EB displayed significantly elevated freezing
Fig. 5. CRH gene expression was determined by quantitative PCR. The

resulting reaction was run on a 2% agarose gel to determine the size a

specificity of the amplicon. Representative electrophoretic lanes of the PCR

reaction produced a single amplicon that was approximately 100 bp, as

predicted. In addition, a dissociation analysis of the CRH PCR reaction

demonstrated that there was a single amplicon with a melting temperature

equivalent to that predicted by the PRIMER EXPRESS software. This

indicates that the fluorescent signal was used to quantify CRH amplification

and was due to a single, specific product. (DI/DT = change in fluorescence

intensity over the change in time).

Fig. 6. Mean (TSEM) of CRH mRNA levels in the amygdala from EB-

treated and vehicle-treated mice killed 2 h (a), 24 h (b) after treatment or

after 10 days of treatment with a Silastic capsule (c). 400 ng of total RNA

from amygdala was analyzed by quantitative real-time PCR using the

primers and reaction conditions as described above. mRNA copy numbers

were calculated from the CRH standard curve generated simultaneously.

CRH gene expression was then transformed into percent of control

(vehicle-treated mice) per 400 ng of total RNA. EB treatment significantly

increased CRH gene expression in the amygdala 24 h after treatment, but

not 2 h after treatment and not after 10 days of treatment compared with

vehicle-treated animals. Significant differences are denoted by an asterisk

(*).
during testing in response to a contextual as well as to a

tone cue compared with vehicle-treated animals. In addition,

the present data indicate that estrogen treatment modulates

CRH gene expression within the central nucleus of the

amygdala. Mice that received a subcutaneous injection of

EB displayed increased CRH mRNA expression in the
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central amygdala as measured by in situ hybridization and

qPCR. These data suggest that estrogens can modulate fear

conditioning in female mice as well as CRH gene

expression within the central amygdala, a region that is

important for fear conditioning.

The findings of the present study are consistent with a

number of previous reports that demonstrate the ability of

estrogens to modulate aversive learning. For instance,

elevated estrogen levels during proestrus are associated

with a facilitation of conditioned avoidance responses in a

two-way active avoidance task in rats (Sfikakis et al., 1978).

A recent report demonstrated that women at high estrogen

stages during the menstrual cycle display increased fear

recognition compared with women at low estrogen stages

(Pearson and Lewis, 2005). Likewise, estrogen treatment

facilitates trace eyeblink conditioning (Leuner et al., 2004),

retention of a passive avoidance task (Morgan and Pfaff,

2002) and freezing to a conditioned stimulus (Morgan and

Pfaff, 2001) in rats and mice. Thus, evidence suggests that

estrogens have a facilitative effect on various forms of

aversive learning. There are also reports, however, that

suggest estrogens have an inhibitory effect on aversive

learning. For instance, one report found estrogen-treated

female rats to have lower retention scores compared with

non-treated rats on a passive avoidance task (Gibbs et al.,

1998). Other studies have found high estrogen levels or

estrogen treatment to be associated with decreased con-

textual conditioning (Markus and Zecevic, 1997b; Gupta et

al., 2001), but found no differences in conditioning to a tone

(Markus and Zecevic, 1997a). The reasons behind these

discrepancies in the literature are not fully apparent.

One possible explanation for the results of the present

study is that the increased freezing observed in EB-treated

mice could be the result of either a performance deficit in

ovariectomized vehicle-treated mice or due to a modulation

of footshock sensitivity in EB-treated mice. It is unlikely

that the increased freezing observed in EB-treated mice was

simply due to a reduction of freezing in vehicle-treated mice

as the result of a performance deficit. Vehicle-treated mice

displayed normal levels of immediate post-shock freezing

on the conditioning day, and also exhibited normal condi-

tional freezing to the context and tone on the test day. In

addition, there was no significant difference in freezing prior

to administration of the footshock. This is consistent with

previous reports (Farr et al., 1995; Gupta et al., 2001;

Leuner et al., 2004). It is also unlikely that the increased

freezing observed in EB-treated mice in the present study

was due to an increase in footshock sensitivity. There was

no significant difference in immediate post-shock freezing

between EB-treated and vehicle-treated animals in the

present study. This is also consistent with several previous

reports (Farr et al., 1995; Gupta et al., 2001; Leuner et al.,

2004). However, some studies have demonstrated both

increased (Drury and Gold, 1978) and decreased (Frye and

Walf, 2004) footshock and pain sensitivity following estro-

gen treatment.
The present study demonstrated that CRH gene expres-

sion within the central nucleus of the amygdala is up-

regulated by EB treatment. Specifically, CRH gene expres-

sion was elevated 24 h after EB treatment, but not after 2 h

or chronic treatment. During the estrous cycle, females are

exposed to increasing levels of circulating estrogens,

reaching peak levels during proestrus. Theoretically, the

time course of the CRH gene expression response observed

in the present study could fit into the context of the natural

estrous cycle. With estrogens reaching peak levels on the

morning of proestrus, the absence of an early effect might

allow the female to engage in courtship behaviors. Follow-

ing this, the female would become much more conservative

and fearful after mating. Currently, it is not clear why CRH

gene expression was not increased following 10 days of EB

treatment.

It is well known that CRH, in part, regulates physio-

logical, behavioral and autonomic responses to stressors.

For example, the physiological and behavioral effects of

exogenous administration of CRH or its related peptides are

similar to exposure to a natural stressor (Brown et al., 1982;

Brown and Fisher, 1983; Koob et al., 1984; Sherman and

Kalin, 1987; Dunn and Berridge, 1990; Moreau et al., 1997;

Jones et al., 1998). Also, infusions of CRH antagonists

block the behavioral effects of exposure to stressors and to

exogenously administered CRH (Menzaghi et al., 1994;

Korte et al., 1994; Lundkvist et al., 1996; Fendt et al., 1997;

Martins et al., 1997; Mansbach et al., 1997). CRH is also

involved in learning and memory in both human and non-

human animals (Sahgal et al., 1983; Chen et al., 1992; Lee

et al., 1992; Behan et al., 1995; Radulovic et al., 1999;

Roozendaal et al., 2002). In sheep, estrogen treatment

increases CRH mRNA expression within the bed nucleus of

the stria terminalis (BNST), but not within the PVN (Broad

et al., 1995), similar to the effects demonstrated in the

present study.

Although not explicitly tested here, the results of the

present study raise the possibility that CRH within the CeA

may serve as an intermediary between estrogens and

alterations in fear. The design of the experiments, however,

does not allow us to conclude that there is a direct

mechanistic link between the two systems. Lee and Davis

(1997) hypothesized that stress activates CRH-containing

neurons within the CeA, which then release CRH within the

BNST, an area that contains robust levels of both CRH1 and

CRH2 receptors (Smagin and Dunn, 2000). In fact, CRH

levels have been reported to be increased in the CeA

following a footshock training stimulus (Roozendaal et al.,

2002), and most studies observe c-fos induction in the

lateral division of the CeA following exposure to a stressor

(Campeau et al., 1997) which is the division of the CeA that

sends CRH-containing afferents to the BNST (Sakanaka et

al., 1986). CRH-induced modulation of the BNST may then

activate projection nuclei, including those in the hypothal-

amus and brainstem, which might further modulate neuro-

endocrine and behavioral responses to stressors. The
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connection between the CeA and the BNST is just one

possible route. The CeA sends projections to a variety of

other brain areas involved in regulating changes in the

autonomic nervous system and behavior during states of

fear. For example, projections from the central nucleus of

the amygdala to the lateral hypothalamus influence auto-

nomic and blood pressure changes, whereas projections to

the periaqueductal grey influence freezing behavior

(LeDoux et al., 1988; Fanselow, 1991). In addition, direct

connections with the locus coeruleus regulate increased

vigilance and attention during times of stress and may be

responsible for release of norepinephrine (Van Bockstaele et

al., 1996; Van Bockstaele et al., 1998). CRH effects on

learning and memory have also been reported within the

basolateral amygdala. For example, local infusion of a CRH

antagonist reduces memory consolidation of an inhibitory

avoidance task (Roozendaal et al., 2002). It has been

suggested that the source of the CRH acting on the

basolateral amygdala originates in the CeA (Roozendaal et

al., 2002). It is possible that estrogens could modulate the

output of the CeA to multiple brain regions involved in

learning and memory, but whether this actually occurs is

currently unknown.

In summary, the data presented in this report along with

previous data provide evidence that estrogens can facilitate

fear learning. In addition, the present data demonstrate that

estrogens increase CRH mRNA expression within the CeA,

a region that is important for regulating fear responses.
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