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Abstract

The present study examined the role of ovarian steroids in contextual fear conditioning and hippocampal synaptic plasticity in female
rats. In experiment 1, adult female rats were ovariectomized and submitted to contextual fear conditioning, a procedure in which rats
received unsignaled footshock in a novel observation chamber; freezing behavior served as the measure of conditional fear.
Ovariectomized female rats froze at levels comparable to male rats, both of which froze significantly more than sham-operated female
rats. In experiment 2, estrogen replacement in ovariectomized female rats reduced fear conditioning to a level comparable to that of
sham-operated females in experiment 1. In experiment 3, the influence of estrogen on the induction of long-term potentiation (LTP) at
perforant path-dentate granule cell synapses in ovariectomized female rats was examined. Estrogen decreased both population spike LTP
and EPSP-spike potentiation at perforant path synapses. Taken together, these experiments indicate that ovarian steroids regulate both
sexually dimorphic behavior and hippocampal plasticity in a fear-conditioning paradigm.  2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction ditioning in which an unconditional stimulus (US, a
footshock) elicits freezing behavior (immobility except for

Fear is a psychological construct used to describe the breathing) in the context of US delivery. In this study,
various behavioral and physiological changes that take male rats exhibited significantly higher levels of contextual
place when an organism is faced with a threatening freezing than female rats. Interestingly, we also discovered
situation [16,23,35]. As with many behavioral systems a sex difference in perforant path-dentate granule cell
[10,12,51], fear-related behavior exhibits a prominent long-term potentiation (LTP) [37]. LTP is an enduring
sexual dimorphism in both rodents [7] and humans [31]. form of synaptic plasticity that has been posited to mediate
Recently, we reported a reliable sex difference in con- various forms of learning [41,45], including contextual fear
textual fear conditioning [43], a form of Pavlovian con- conditioning [25,39]. The positive correlation between

hippocampal synaptic plasticity and contextual fear con-
ditioning is consistent with the proposed role of the

1Published on the World Wide Web on 1 December 2000. hippocampus in contextual fear conditioning [5,40].
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understood. Recently, Anagnostaras et al. found that effects of ovariectomy on fear conditioning. Specifically,
castration in adult male rats did not affect the sex we predicted that estrogen administration prior to fear
difference in either fear conditioning or hippocampal LTP conditioning would attenuate the acquisition of contextual
[6]. In contrast, a role for ovarian steroids in fear con- fear.
ditioning has been suggested by a study indicating that In experiment 3, we used electrophysiological tech-
contextual fear conditioning in female rats varies across niques to characterize the influence of estrogen administra-
the estrous cycle [44]. Specifically, female rats in proestrus tion on the induction of perforant path-dentate gyrus long-
(when plasma levels of estrogen are high) exhibit reliably term potentiation (LTP) in ovariectomized female rats.
lower levels of conditional freezing compared to females Perforant path LTP has been reported to be sexually
in estrus (when plasma levels of estrogen are low). dimorphic [37,43] and it was therefore of interest to
Consistent with these results, it has been reported that examine the modulation of this form of synaptic plasticity
cycling female rats perform more poorly than ovariectom- by ovarian steroids.
ized female rats in an aversively motivated avoidance
learning task [19,24]. Moreover, a preliminary report

2.2. Subjects and surgery
indicates that exogenous estradiol administration in
ovariectomized female rats reduces contextual fear con-

Long–Evans rats were obtained from a commercial
ditioning [4]. These data suggest that ovarian steroids and

supplier (Harlan Sprague–Dawley, Indianapolis, IN). They
estrogen, in particular, may be important in regulating fear

were individually housed in metal cages located in the
conditioning in adult female rats.

vivarium and maintained on a 14:10 h light /dark cycle.
The possible role for ovarian steroids in contextual fear

Rats had unrestricted access to food and water and were
conditioning is interesting in the light of other work

handled daily for 4 days prior to surgery to acclimate the
implicating estrogen in the regulation of hippocampal

rats to the experimenter. Twenty-five female (150–174 g)
neuronal morphology [63–66] and synaptic plasticity

and 12 male (175–199 g) were used in experiment 1, 29
[14,17,26] in female rats. In the present experiments we

female (150–174 g) rats in experiment 2, and 33 female
examined the relationship between ovarian steroids and

rats (150–174 g) in experiment 3.
contextual fear conditioning. We conducted three experi-

In experiments 1–3, rats were anesthetized with methox-
ments to examine the hypothesis that estrogen exerts an

yfluorane and were bilaterally ovariectomized; sham-oper-
inhibitory influence on both contextual fear conditioning

ated males in experiment 1 underwent the same procedure,
and perforant path-granule cell LTP in adult female rats.

except that no tissue was removed. Three days after
Our results reveal an important role for estrogen in

ovariectomy, vaginal lavages were performed on the
modulating contextual fear conditioning and hippocampal

operated females for 10 days to screen for improperly
synaptic plasticity in adult female rats.

ovariectomized rats. The presence of cornified epithelial
cells in the vaginal smears was evaluated, and a conserva-
tive criterion was used for inclusion of animals in the

2. Materials and methods
experiments. Sham-operated females and sham-operated
males received mock swabs during the 10-day screening

2.1. Experimental strategy
period to equate for handling. Sham-operated (randomly
cycling) females were used as a control in this experiment

Three experiments were conducted. In experiment 1, the
to replicate the sex difference in fear conditioning ob-

effect of ovariectomy on contextual fear conditioning in
served by Maren et al., who also used randomly cycling

adult female rats was examined to test the hypothesis that
females and intact males [43].

ovarian steroids in female rats play a role in sexually
dimorphic fear conditioning. We compared three groups of
adult rats: (1) ovariectomized females, (2) sham-operated 2.3. Hormone administration
females, and (3) sham-operated males. The latter two
groups were included to replicate our previous report of In experiments 2 and 3, rats were administered two
sex differences in contextual fear conditioning [43]. If successive hormone treatments 48 h and 4 h before
ovarian steroids influence sex differences in the formation conditioning (experiment 2) or electrophysiological testing
of hippocampal-dependent memories then ovariectomized (experiment 3). This injection pattern was chosen to
(OVX) rats should show similar contextual fear con- recapitulate the hormonal pattern of normally cycling rats.
ditioning as the sham-operated male rats. The sham-oper- In experiment 2, the rats were divided into two treatment
ated females should show lower levels of conditional fear groups: (1) rats that received peanut oil for both injections
than that in the other groups. (‘oil’ group) and (2) rats that received estradiol benzoate

In experiment 2, we examined the effects of estrogen for both injections (‘estrogen’ group). The estradiol ad-
replacement on fear conditioning in OVX rats. We hypoth- ministration consisted of a 10-mg dose of estradiol ben-
esized that estrogen replacement would counteract the zoate (Sigma Chemical, St. Louis, MO) dissolved in 0.1
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ml of peanut oil and injected subcutaneously in the nape of post-HFS recording period. All of the data were analyzed
the neck. using analysis of variance (ANOVA), and post-hoc com-

parisons in the form of Fisher least significant difference
2.4. Electrophysiological procedures (LSD) tests were used for comparisons of means following

a significant omnibus F-test. All of the data are presented
Four hours after their final estrogen treatment, rats in as means6the standard errors of the means (S.E.M.s).

experiment 3 were anesthetized with sodium pentobarbital
(65 mg/kg, i.p.) and supplemented with pentobarbital 2.5. Behavioral apparatus and procedure
throughout the surgical procedure (0.05–0.15 ml) as
needed. After inducing surgical anesthesia, each rat was In experiments 1 and 2, eight identical observation
mounted on a stereotaxic frame (David Kopf Instruments, chambers (28321322 cm; Lafayette Instrument Co.,
Tujunga, CA). The scalp was exposed, the head was North Lafayette, IN) were used for both conditioning and
leveled (bregma and lambda were oriented in the same contextual fear testing. The chambers consisted of
horizontal plane), and small holes (1-mm diameter) were aluminum (side walls) and Plexiglas (rear wall, ceiling, and
drilled in the skull for placement of recording and stimula- hinged front door). The chambers were situated in chests
tion electrodes and a stainless-steel ground screw. The located in a brightly lit and isolated room. The floor of
recording electrodes consisted of an Epoxylite-coated each chamber consisted of 18 stainless steel rods (4 mm
stainless steel insect pin (size 00) with a 50-mm uninsu- diameter) spaced 1.5 cm apart (center to center). The rods
lated tip. The bipolar stimulating electrode consisted of were wired to a shock generator and scrambler (Lafayette
two Epoxylite-coated insect pins with 500-mm tips sepa- Instrument Co.) for the delivery of the footshock USs.
rated by 1 mm. The recording electrode was implanted in Each chamber rested on a load-cell platform and was
the dentate gyrus (3.3 mm posterior to bregma and 2.4 mm connected to a computer that monitored each animal’s
lateral to bregma) and the stimulating electrode was motor activity. The chambers were cleaned with 5%
implanted in the ipsilateral perforant path (8.1 mm poste- ammonium hydroxide solution, and stainless steel pans
rior to bregma, 4.4 mm lateral to bregma). The position of containing a thin film of the same solution were placed
the recording electrode was optimized by using the laminar underneath the grid floors before the rats were placed
profile of the perforant path-evoked field potentials as a inside. Ventilation fans in each chest supplied background
guide. Body temperature was maintained at 378C with a noise (70 dB, A scale).
heating pad. On the conditioning day, the rats were transported to the

Extracellular field potentials evoked by biphasic per- laboratory and placed in the conditioning chambers in
forant path stimulation (100-ms /cycle) were amplified squads of eight rats; the chamber positions were counter-
(gain5100), bandpass filtered (1 Hz–9 kHz), displayed on balanced for each squad and group. Three minutes after
an oscilloscope, digitized and written to a disk by a placement in the chambers, the rats received three foot-
computer (DataWave Technologies, Longmont, CO). The shocks (2 s, 1.0 mA) with 60-s intershock intervals. Sixty
perforant path-evoked field potentials in the dentate gyrus seconds following the final shock, the rats were returned to
consisted of a characteristic gradual positive-going field their home cages.
excitatory postsynaptic potential (EPSP) with a sharp Freezing was assessed on the conditioning day during
negative population spike (PS) superimposed on the rising the 60-s periods following each of the three footshocks
phase of the EPSP (see Fig. 3A). The population EPSP (i.e. immediate postshock freezing), and normalized by
reflects synaptic currents at perforant path-dentate granule subtracting pre-shock freezing [6]. The extinction test was
cell synapses in stratum moleculare, whereas the PS repeated for 4 consecutive days. In all cases, freezing was
reflects the synchronous action potential discharge of assessed using a computerized system as described by
granule cell bodies in stratum granulosum. Maren [38]. The freezing data were transformed to a

After a stable hilar field potential was maintained for 10 percentage of total observations, a probability estimate that
min, perforant path-evoked field potentials (stimulation allows for analysis with parametric statistics. These prob-
current, 140–625 mA, adjusted to elicit a 1-mV population ability estimates of freezing were analyzed using ANOVA.
spike) were sampled every 20 s during a 10-min period If a significant omnibus F-ratio was found, then post-hoc
before and a 60-min period after perforant path high- comparisons in the form of Fisher LSD tests were per-
frequency stimulation (HFS). HFS consisted of 10 pairs of formed. All data are presented as means6S.E.M.s.
400-Hz bursts (burst duration525 ms, 10 pulses per burst,
200 ms interburst interval) delivered at the same current
used for baseline recording. Each pair of bursts was 3. Results
separated by 10 s. Averages of the perforant path-evoked
field potentials were computed for each 10-min block of 3.1. Experiment 1: ovariectomy eliminates the sexual
the 70-min recording period. The percentage of change in dimorphism in contextual fear conditioning
the EPSP slope and the PS amplitude was measured from
the pre-HFS baseline and the last 10-min block of the One rat died during surgery and five rats were excluded
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due to incomplete ovariectomy, leaving the following main effect of day (F(3,84)537.3, P,0.0001) and a
group memberships: sham-males (n512), sham-females significant group3day interaction (F(6,84)53.0, P,0.05).
(n511), and ovariectomized females (n58). Freezing on Ovariectomized female rats extinguished at the same rate
the conditioning day was averaged across the three post- as males, and both of these groups extinguished more
shock periods and is shown in Fig. 1A. All groups slowly than sham-operated females.
exhibited immediate postshock freezing and the level of These data suggest that sham-operated female rats
postshock freezing was not different between the groups. exhibit a selective deficit in long-term memory for con-
This observation was confirmed in an ANOVA by a non- textual fear conditioning, insofar as their short-term mem-
significant main effect of group (F(2,28),1, P50.55). ory for contextual fear was intact on the conditioning day.
Thus, ovariectomy did not affect either the performance of Alternatively, it is possible that intact females exhibit more
the freezing response or the short-term memory for con- rapid extinction of an equally strong long-term memory.
textual fear conditioning. As discussed below, we favor the former interpretation in

Freezing to the context of the conditioning chamber the light of our previous results [6,43]. We did not examine
during the 8-min extinction tests conducted on 4 consecu- the relationship between estrous cyclicity in the intact
tive test days is shown in Fig. 1B. For clarity, the 8-min females and contextual fear conditioning [44]. However, as
means for each of the three groups are shown. All of the we have previously reported [43], intact female rats exhibit
groups exhibited robust conditional freezing on the first contextual freezing deficits (relative to males) when fear
day of extinction testing. However, the sham-operated conditioning and testing occur randomly with respect to
female group extinguished their fear more rapidly than the the estrous cycle.
sham-operated male and ovariectomized females. This The present data replicate and extend those of Maren et
effect is apparent on days 3 and 4. A two-way ANOVA al., who showed that male rats exhibit higher levels of
with factors of test day and group revealed a significant freezing than randomly cycling female rats after contextual

fear conditioning [43]. In Maren et al., however, the sex
difference in conditional freezing was detected during the
first 8-min extinction test [6,43], whereas it was not
apparent until the third extinction test in the present study.
It is likely that a ceiling effect contributed to this pattern of
results, insofar as conditional freezing during the first two
extinction tests was near asymptote. In addition to replicat-
ing previous studies [6,43], these data demonstrate that
circulating ovarian steroids regulate fear conditioning in
adult female rats. Indeed, ovarian steroids appear to exert
an inhibitory influence on contextual fear conditioning,
insofar as ovariectomy increased conditional freezing
during extinction testing. These data are consistent with
those from Markus and Zecevic, who showed that con-
textual fear conditioning in females varied across the
estrous cycle [44]. In this study, fear conditioning was
maximal during estrus, when estrogen levels are relatively
low. Therefore, it seems likely that ovariectomy facilitated
contextual fear conditioning in our experiments because it
eliminated the inhibitory effect of estrogen on this form of
learning. This hypothesis was tested in experiment 2.

3.2. Experiment 2: estrogen treatment attenuates
contextual fear conditioning in ovariectomized rats

Two rats died during surgery and 15 rats were excluded
due to incomplete ovariectomies leaving the following
group memberships: oil (n56) and estrogen (n56). Freez-

Fig. 1. (A) Mean (6S.E.M.) percentage of freezing on the conditioning ing on the conditioning day is shown in Fig. 2A. Both
day in female rats that received sham surgery (filled), female rats that groups of rats exhibited robust immediate postshock
were ovariectomized (open), and male rats (hatched). The values were freezing, and the level of freezing did not differ between
normalized to pre-shock freezing and averages across the three 1-min

the groups. This observation was confirmed in an ANOVApost-shock periods. (B) Mean (1S.E.M.) percentage of freezing collapsed
by a non-significant main effect of group (F(1,10),1,across the 8-min of the context extinction test over the 4 consecutive days

of testing for the groups described in (A). P50.96). Thus, estrogen treatment did not affect either the
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this group were tested in a hormonal state that was
different from that experienced during training. However,
this interpretation seems unlikely insofar as there is little
evidence that ovarian hormones yield state-dependent
effects in contextual fear conditioning [21].

The results from this experiment suggest that the low
levels of freezing in sham-operated female rats in experi-
ment 1 is due to the presence of circulating estrogen at the
time of conditioning. That is, estrogen replacement in
OVX females reestablishes, at least in part, the pattern of
conditioning observed in intact females. Collectively, these
data suggest that estrogen may be responsible for the
sexual dimorphism in contextual fear conditioning. This is
consistent with an earlier report [44]. The stronger con-
ditioning in intact female rats in experiment 1 compared to
estrogen-treated OVX rats in experiment 2 may be a
function of the estrous cycle stage of the intact females in
experiment 1. That is, the intact females in experiment 1
may have been conditioned at a stage of their estrous cycle
at which estrogen is relatively low. Alternatively, the large
dose of estradiol we used in experiment 2 may have
produced higher levels of circulating estrogen than those in
intact rats in experiment 1. Nonetheless, the groups are
generally comparable, with the exception of the greater
levels of freezing in intact females during the initial
extinction tests.

3.3. Experiment 3: estrogen treatment reducesFig. 2. Mean (6S.E.M.) percentage of freezing on the conditioning day
in ovariectomized female rats that received oil (filled) or estrogen (open). hippocampal long-term potentiation in ovariectomized
The values were normalized to pre-shock freezing and averages across the rats
three 1-min post-shock periods. (B) Mean (1S.E.M.) percentage of
freezing collapsed across the 8-min of the context extinction test over the

In experiment 3, perforant path synaptic transmission4 consecutive days of testing for the groups described in (A).
and plasticity was examined in anesthetized rats. Seven
rats were not tested due to incomplete ovariectomies, data
were not collected from four rats due to technical difficul-

performance of the freezing response or the short-term ties, and two rats were excluded based on electrophysio-
memory for contextual fear conditioning. logical criteria. This left groups consisting of 10 estrogen-

Extinction testing commenced 5 days after training. treated females and 10 oil-treated females. Estrogen treat-
Freezing to the context of the conditioning chamber during ment did not affect baseline synaptic transmission at
the 8-min extinction tests conducted across the test days is perforant path-dentate granule cell synapses (see Table 1;
shown in Fig. 2B. As in experiment 1, the 8-min means for
each of the three groups are shown. Ovariectomized rats
treated with estrogen prior to fear conditioning exhibited

Table 1
less fear conditioning than oil-treated controls. This ob- aBaseline measures of perforant path-evoked hilar field potentials
servation was confirmed by a significant main effect of

Measure Groupgroup (F(1,10)510.2, P,0.005) and a significant effect of
Oil-treated Estrogen-treatedday (F(3,30)53.8, P,0.05). Unlike experiment 1, the
(n510) (n510)difference in freezing behavior was evident during the first

EPSP slope (mV/ms) 2.0060.27 2.0660.34extinction test, and there was no difference in extinction
EPSP latency (ms) 1.8060.02 1.8360.03rate across the testing days (F(3,30),1, P50.51). These
PS amplitude (mV) 0.9860.13 1.0560.11data suggest that pre-training treatment with estrogen
PS latency (ms) 5.3060.07 5.3560.23

attenuates the acquisition of a long-term memory for FV amplitude (mV) 127612.8 140623.0
contextual fear conditioning, a finding that is consistent Stimulation current (mA) 422655.0 314654.9
with a recent report [4]. An alternative possibility is that a EPSP, excitatory postsynaptic potential; PS, population spike; FV, fiber
the reduced freezing in the estrogen-treated rats reflects a volley. See Fig. 3A for representative field potentials. All values represent
state-dependent generalization decrement. That is, rats in means6S.E.M.
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Fig. 3A). Specifically, there was no effect of estrogen (F(1,18)52.3, P50.15). In contrast, estrogen treatment
treatment on baseline EPSP slope, EPSP latency, PS significantly reduced the magnitude of PS LTP. This
amplitude, PS latency, or the presynaptic fiber volley observation was confirmed by a significant main effect of
(Fs,1, Ps.0.4). Moreover, the average stimulus current group in the ANOVA (F(1,18)55.4, P,0.05). EPSP/spike
required to evoke hilar field potentials did not significantly (E/S) LTP, which is the potentiation of the PS beyond
differ between the groups (Table 1). Normal baseline which would be expected by potentiation of the synaptic
synaptic transmission after estrogen administration has also EPSP [2], was also reduced in estrogen-treated females
been reported in area CA1 in vivo [14]. (data not shown, F(1,18)56.6, P,0.05). Thus, estrogen

In contrast to baseline synaptic transmission, estrogen treatment did not affect synaptic LTP in the dentate gyrus,
treatment influenced the induction of LTP in the dentate but did influence the potentiation of cell excitability
gyrus following high-frequency stimulation of the per- manifest by the population spike. This pattern of results is
forant path. Average waveforms from representative rats in different from that obtained in hippocampal area CA1,
the oil and estrogen groups are shown in Fig. 3A. The where estrogen treatment has been reported to facilitate
percentage of change of both the EPSP slope and PS LTP induction in vivo [14] and in vitro [26], although the
amplitude of hilar field potentials relative to the 10-min latter study was conducted using male brain tissue. In
baseline (pre-tetanus) recording is shown in Fig. 3B and C, agreement with our earlier results [6,43], these data reveal
respectively. The magnitude of EPSP LTP was similar in a positive correlation between hippocampal LTP and
the estrogen- and the oil-treated groups, and an ANOVA contextual fear conditioning. Low levels of conditional
revealed no significant difference between these groups freezing and reduced perforant path LTP were observed

Fig. 3. (A) Representative perforant path-evoked field potentials recorded from the dentate gyrus in anesthetized female rats. Waveforms represent an
average of 30 potentials (10 min) collected either before (dotted lines) or 50 min after (solid lines) high-frequency stimulation of the perforant path. Oil or
estrogen was administered 4 h prior to the induction of anesthesia. Long-term potentiation of the population spike (PS) was suppressed by estrogen
treatment. (B) Mean (6S.E.M.) percentage of change (relative to 10-min baseline) in EPSP slope for the 70-min recording period in ovariectomized female
rats that received oil treatment (filled circles) and ovariectomized female rats that received estrogen treatment (open circles). Perforant path HFS was
delivered at t50. (C) Mean (6S.E.M.) percentage of change (relative to 10-min baseline) in PS amplitude for the 70-min recording period.
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after estrogen treatment. These data are congruent with the [7,9]. For example, reduced freezing in the cycling female
hypothesis that perforant path LTP is important for con- rats in experiment 1 could be the result of an impact of
textual learning and memory. ovarian steroids on the performance of freezing behavior

during the extinction tests, rather than on learning and
memory per se. There are several reasons why the low

4. Discussion levels of freezing in intact females in experiment 1 are not
the result of a freezing performance problem. For example,

The present study examined the role of ovarian steroids intact females exhibited normal levels of immediate post-
in modulating sex differences in fear conditioning and shock freezing on the conditioning day, and also exhibited
hippocampal LTP. Ovariectomized (OVX) female rats normal and high levels of conditional freezing during their
exhibited levels of freezing that were similar to male rats first extinction test. Moreover, intact female rats exhibited
and significantly higher than that in intact female rats. normal and high levels of freezing to an auditory CS
Estrogen treatment in ovariectomized female rats reduced paired with footshock [43] (cf. Ref. [49]). Thus, it would
both contextual fear conditioning and hippocampal LTP. appear that intact female rats are capable of normal
Collectively, these data reveal a positive correlation be- freezing behavior under some conditions.
tween contextual fear conditioning and hippocampal LTP In experiment 2, it is possible that lower levels of
and suggest that circulating estrogen in female rats modu- freezing in estrogen-treated rats were due to reduced
lates both contextual fear conditioning and hippocampal footshock sensitivity. However, Drury and Gold found that
synaptic plasticity. estrogen increases footshock sensitivity in OVX rats [20].

The role for estrogen in modulating contextual fear Therefore, it is not likely that a decrease in US processing
conditioning complements a large body of studies indicat- accounted for the attenuation of fear conditioning in
ing that estrogen modulates other forms of hippocampus- estrogen-treated rats. Alternatively, a state-dependent
dependent learning, such as spatial learning and memory. generalization decrement from training (hormone present)
For example, male rodents typically outperform female to testing (hormone absent) may have accounted for the
rodents in several tasks that assess spatial learning such as poor performance of estrogen-treated rats. As described
the radial arm maze and Morris water maze [60]. A recent earlier, this explanation seems unlikely [21]. For example,
study found that ovariectomy in adult female rats elimi- the deficits in conditional freezing in female rats con-
nated the sex difference in Morris water maze perform- ditioned during proestrus are not state-dependent [44].
ance, and that estrogen replacement in OVX females Nonetheless, further experiments are required to determine
reinstated poor performance [27]. Spatial learning and whether the deficits in contextual fear conditioning associ-
memory are also regulated by the estrous cycle and tend to ated with estrogen treatment are state-dependent.
be poor in females in proestrus, which is associated with Considering all of the evidence, our data suggest that
high estrogen levels [54] (cf. Ref. [11]). Moreover, spatial fear conditioning deficits in cycling females and estrogen-
learning is seasonally regulated in female deer mice, and treated OVX females are associative in nature. These
tends to be poorer during the breeding season when deficits do not appear to reflect deficits in either encoding
females are cycling and estrogen levels are high [29]. A or retrieving fear memories, insofar as immediate post-
similar relationship between plasma estrogen levels and shock freezing (and freezing during the first extinction test
spatial learning has been demonstrated in female meadow in the case of intact females) is normal in these animals.
voles [28]. In addition to spatial learning, aversively Moreover, estradiol administration in ovariectomized
motivated avoidance behavior is also improved by ovariec- female rats produces selective impairments in contextual
tomy [19,24] and stress appears to impair Pavlovian fear conditioning; fear conditioning to auditory CSs is not
eyeblink conditioning in female rats through an activation- affected by estradiol administration [4]. Hence, it seems
al influence of estrogen [62]. In this latter case, however, more likely that poor performance in intact and estrogen-
estrogen in intact females has a beneficial effect on treated females reflects an impairment in consolidating a
learning. Thus, there appears to be convergent evidence long-term memory for contextual fear. We have proposed
from a number of different behavioral paradigms and that impaired induction of perforant path-granule cell LTP
species supporting a role for estrogen in the modulation of may contribute to this deficit in memory consolidation
hippocampus-dependent learning and memory. In many [43], insofar as the hippocampus has been posited to play a
cases, estrogen inhibits hippocampus-dependent learning role in the consolidation of long-term contextual fear
and memory in female rats [4], although there are recent memories [4]. Consistent with this view, we have found in
studies suggesting that estrogen can also facilitate memory the present study that estrogen treatment reduces the
under some conditions [46,62]. induction of perforant path LTP in vivo.

An important question is whether the deficits in fear The attenuation of perforant path LTP induction by
conditioning observed in intact, cycling female (experi- estrogen was not expected in the light of studies of
ment 1) and estrogen-treated females (experiment 2) are examining the influence of estrogen on synaptic transmis-
due to associative deficits, or the result of other factors sion and plasticity in hippocampal area CA1. In area CA1,
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for example, estrogen increases both NMDA receptor- fluences of gonadal hormones [61]. Indeed, it is likely that
mediated synaptic responses [26,68] and LTP induction gonadal steroids have an important role in the organization
[14,26] and female rats in proestrus exhibit greater CA1 of neural circuits underlying fear [9], and future studies
LTP [30,53]. The reasons for the different effects of should consider this mode of hormone action on sexual
estrogen on LTP in area CA1 and the dentate gyrus are not dimorphisms in fear conditioning and hippocampal synap-
known, although LTP in hippocampal area CA1 and the tic plasticity.
dentate gyrus are differentially influenced by a number of
factors [8,15,32,58,59]. Moreover, estrogen does not
modulate the morphology of dentate granule cell neurons Acknowledgements
as it does in area CA1 [67] and estrogen has opposite
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How might estrogen decrease population spike LTP in
the dentate gyrus? Perforant path-granule cell LTP has two
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