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Abstract—Although sex differences have been reported in
hippocampal-dependent learning and memory, including
contextual fear memories, the underlying molecular mecha-
nisms contributing to such differences are not well under-
stood. The present study examined the extent to which sex
differences in contextual fear conditioning are related to dif-
ferential activation of the extracellular signal-regulated ki-
nase/mitogen-activated protein kinase (ERK/MAPK), a pro-
tein kinase critically involved in memory formation. We first
show that male rats exhibit more long-term retention of con-
textual fear conditioning than female rats. During a tone test,
females spent more time freezing than males, although both
sexes exhibited robust retention of auditory fear learning.
Using Western blot analysis, we then show that phosphory-
lated ERK levels in ventral, but not dorsal, hippocampus are
higher in males than females, relative to same-sex controls,
60 minutes after fear conditioning. Post-conditioning in-
creases in ERK activation were observed in the amygdala in
both males and females, suggesting a selective effect of sex
on hippocampal ERK activation. Together, these findings
suggest that differential activation of the ERK signal trans-
duction pathway in male and female rats, particularly in the
ventral hippocampus, is associated with sex differences in
contextual fear. © 2009 IBRO. Published by Elsevier Ltd. All
rights reserved.
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The formation of memories involves the activation of pro-
tein kinase signaling cascades (Sweatt, 2004). One path-
way critical for learning and memory is the extracellular
signal-regulated kinase/mitogen-activated protein kinase
(ERK/MAPK) cascade (Adams and Sweatt, 2002). Learn-

ing in tasks such as fear conditioning, spatial water maze,
and object recognition is accompanied by increased ERK
activation (phosphorylation) in brain regions necessary for
learning and memory (Atkins et al., 1998; Blum et al.,
1999; Schafe et al., 2000; Kelly et al., 2003). Although both
contextual and auditory fear conditioning are amygdala-
dependent, the hippocampus is also involved in contextual
fear conditioning (Fanselow and LeDoux, 1999; Sanders et
al., 2003). Hippocampal lesions (Kim and Fanselow, 1992;
Phillips and LeDoux, 1992; Young et al., 1994) and infu-
sions of cholinergic antagonists, gamma-aminobutyric
acid (GABA) agonists, or N-methyl-D-aspartate (NMDA)
antagonists (Young et al., 1994; Bast et al., 2001; Wal-
lenstein and Vago, 2001) severely impair contextual fear
conditioning, while leaving auditory fear conditioning in-
tact. ERK activation in the whole hippocampus has been
observed in male rats 60 minutes after contextual fear
conditioning (Atkins et al., 1998). Blocking ERK activation,
by systemically administering an inhibitor of mitogen-acti-
vated protein kinase kinase (MEK, the kinase which directly
phosphorylates ERK), impairs long-term memory (LTM) for-
mation of contextual fear (Atkins et al., 1998; Selcher et al.,
1999). Further, intraventricular infusions of MEK inhibitors
selectively attenuate long-term, but not short-term, contextual
fear memory (Schafe et al., 1999; Barrientos et al., 2002).
These findings implicate hippocampal ERK activation in the
formation of long-term contextual fear memories.

Thus far, however, the involvement of the hippocampal
ERK pathway in fear conditioning has been studied solely
in male rodents, despite reports that gonadally intact males
acquire more contextual fear (as measured by % time
spent freezing) than gonadally intact females (Maren et al.,
1994; Anagnostaras et al., 1998; Lehmann et al., 1999;
Pryce et al., 1999; Gupta et al., 2001; Wiltgen et al., 2001;
Kudo et al., 2004). Several observations suggest that this
sex difference is not the result of differences in non-mne-
monic performance factors (such as activity level, expres-
sion of the fear response, or foot-shock sensitivity). For
example, Kosten et al. (2006) reported that intact male rats
acquire more contextual fear than intact females even
when using a measure of fear (ultrasonic vocalizations)
that is not dependent on activity. In terms of shock sensi-
tivity, although some studies have reported heightened
sensitivity in females (Beatty, 1979), this finding has not
been consistent (Podhorna et al., 2002). Furthermore, de-
spite the observations of reduced contextual freezing in
females compared to males, sex differences in the dura-
tion of post-shock freezing (measured during conditioning)
have not been reported (e.g.Gupta et al., 2001), suggest-
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ing that sex differences observed during context retention
tests are not likely due to differences in processing of or
sensitivity to the shock. Finally, several studies report that,
although females exhibit less contextual freezing than
males, they do not exhibit lower levels of auditory freezing
(Maren et al., 1994; Anagnostaras et al., 1998; Lehmann et
al., 1999). This finding also argues against non-mnemonic
factors (such as expression of the fear response or shock
sensitivity) accounting for the sex difference in contextual
fear.

The notion that sex differences in contextual fear
conditioning are mnemonic in nature is also supported
by sex differences in hippocampal dendritic and synaptic
morphology (Juraska et al., 1989; Madeira et al., 1991;
Parducz and Garcia-Segura, 1993), granule cell number
(Wimer and Wimer, 1985), and slice excitability (Smith et
al., 2002). One study reported increased hippocampal
phosphorylation of the transcription factor CAMP-response
element binding protein (CREB) in male, but not female,
rats following contextual fear conditioning (Kudo et al.,
2004). Because ERK activates CREB, similar sex differ-
ences may also be observed in hippocampal ERK activity.
Because fear conditioning occurs in a single session, al-
terations in ERK activation can easily be measured during
the post-training period when memory formation occurs,
thus allowing for identification of a potential mechanism by
which previous observations of sex differences in hippocam-
pal physiology and hippocampal-dependent memory forma-
tion arise.

The present study was designed to determine if sex
differences in the formation of contextual fear memories
are associated with sex differences in hippocampal ERK
activation. We chose to compare gonadally intact male rats
to gonadally intact female rats in order to aid in the com-
parison to previously published work (Maren et al., 1994;
Anagnostaras et al., 1998; Lehmann et al., 1999; Pryce et
al., 1999; Gupta et al., 2001; Wiltgen et al., 2001; Kudo et
al., 2004). Further, previous observations indicate that
there are no differences in contextual fear conditioning
between intact and ovariectomized female rats (Gupta et
al., 2001; Gresack and Frick, 2007), which suggests that
circulating gonadal hormones such as estrogens and pro-
gestins do not influence this type of memory in females. As
such, females in the present study were not ovariecto-
mized or lavaged (to ascertain stage of the estrous
cycle). In addition, when conditioning the rats, we used
a moderate training protocol (consisting of three shock
presentations, 0.5 mA, 1 s) that falls within the range of
weaker (one shock, 0.4 mA, 1 s; Maren et al., 1994) and
stronger (multiple presentations of longer, more intense
shocks "1.0 mA, 2 s; Anagnostaras et al., 1998) proto-
cols reporting sex differences in contextual fear. This
moderate training protocol was used because ERK ac-
tivation in contextual fear conditioning has previously
been established in intact males using similar parame-
ters (Selcher et al., 1999; Schafe et al., 2000). In the first
experiment, retention of contextual and tone fear was
measured by freezing in intact male and female rats
approximately 1 and 24 hours after conditioning. Then,

in the second experiment, we used Western blotting to
measure the magnitude of conditioning-induced ERK
activation in whole, dorsal, and ventral hippocampus in
both sexes. ERK activation was also measured in the
amygdala to investigate the regionally specific effects of
sex on fear conditioning-induced increases in ERK ac-
tivity.

EXPERIMENTAL PROCEDURES

Subjects

Naive male and female Long-Evans rats purchased from Harlan
(Indianapolis, IN, USA) at 10 weeks of age were individually
housed upon arrival. All rats were housed in a room with a 12-h
light/dark cycle (lights on at 07:00 h). Food and water were
available ad libitum for the duration of testing. Testing occurred
at approximately 11 weeks of age. The number of animals used
and their suffering was minimized in all experiments. All proce-
dures followed the guidelines of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, and were
approved by the Animal Care and Use Committee of Yale
University.

Behavioral procedures

Apparatus. For fear conditioning studies, training and test-
ing were carried out in four identical chambers (12-inch W#10-
inch D#12-inch H) each situated inside a sound attenuating box
(Model H10-24A, Coulbourn Instruments, Allentown, PA, USA).
Female rats were always run in chambers 1 and 2, whereas males
were always run in chambers 3 and 4. A house light (Coulbourn
Model H11-01R) illuminated the chamber during all conditioning
sessions. A shock floor (Model H10-11R-TC-Sf) consisting of 18
stainless steel rods was wired to an animal shocker for foot-shock
delivery. The floors were cleaned with 70% ethanol and the pans
were washed with water prior to all conditioning and testing
sessions.

Fear conditioning. The fear conditioning protocol was
adapted from previously published protocols (Schafe et al.,
1999; Selcher et al., 1999). A diagram outlining the fear con-
ditioning procedure is shown in Fig. 1A. Subjects were ran-
domly assigned to either a “Delay” group or an “Immediate
Shock” (“IS”) group. On the day of conditioning, all rats were
transported in their home cages from the colony room to a small
hallway located adjacent to the testing room. Rats in the Delay
group were placed in the conditioning chamber and, following
an acclimation period (170 s), were presented with a tone (20 s,
75 dB, 5 kHz) that coterminated with a foot shock (1 s, 0.5 mA).
A total of three tone–shock pairings were presented with an
inter-trial interval (ITI) of 100 s. When 20 s had elapsed after
each shock presentation, the post-shock freezing measure-
ment began and continued for 20 s. Rats were removed from
the chamber and returned to their home cage 40 s after the last
shock.

Subjects in the IS condition received three foot shocks (0.5
mA, 1 s duration, separated by 500 ms) immediately following
placement in the chamber. No tones were presented with the IS
protocol and subjects were removed from the chamber 240 s after
the final shock. Because the IS group was shocked immediately
upon entering the conditioning chamber, they should not have had
sufficient time to form a complete representation of the context
and associate it with the shock. Thus, one would expect to ob-
serve minimal durations of freezing during context retention tests.
This phenomenon, in which a very brief context exposure results
in minimal conditioned fear, is known as the IS deficit (Fanselow,
1986, 1990). The IS group was included in the study to provide a
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basis for comparing the level of context fear memory in the Delay
groups.

Shortly after conditioning, subjects were returned to the
chamber for tone (Delay group only) and context (Delay and IS
groups) retention tests designed to assess short-term memory
(STM). The tone test occurred 1 hour after conditioning. The
chambers were altered on several dimensions (tactile, odor, vi-
sual) in order to minimize generalization from the conditioning
context. Specifically, the grid floor was covered with a piece of
black Plexiglas. The Plexiglas was cleaned with peppermint soap
prior to being placed in the chamber. Additionally, the house light
was turned off for the duration of the tone retention test. Subjects
were presented with three tones (20 s each, 140 s ITI) and
freezing was scored during each tone presentation. Baseline
freezing during a 20 s period prior to the first tone presentation
was also measured to assay for generalization of fear. Subjects
were returned to their home cage immediately following the final
tone presentation. Thirty minutes after completing the tone test,
subjects were returned to the conditioning chamber for the context
test. The features of the chamber were identical to those used

during conditioning. Freezing was scored for a total of 1 min over
three trials (20 s/trial, 140 s ITI).

The next day, subjects were given a second context and tone
retention test to assess long-term memory (LTM). The context test
was given 24 hours after conditioning (i.e., 22.5 hours after the
context test on the previous day, Fig. 1A). The tone test was given
30 minutes after completion of the context test in order to coun-
terbalance the order of retention test presentation, as in Schafe et
al. (1999), and control for potential carryover effects. The protocol
for both tests was identical to those described above, with the
exception that the tone was presented 10 times during the tone
test. Performance during the tone test was assessed during the
first three tone presentations only in order to maintain consistency
with the STM test.

Behavioral data collection and analysis. All conditioned
stimulus (tone) and unconditioned stimulus (shock) presentations
were controlled by the Graphic State Notation Software (Allen-
town, PA, USA) and delivered via the Habitest Linc system (Coul-
bourn Model H02-08). The conditioned fear response, freezing,
was measured using an activity monitor mounted inside the fear
conditioning chamber. Freezing was defined as the absence of
any movement except that required for respiration. The activity
monitor relied upon emitted infrared technology to continuously
detect the subjects’ movement throughout testing. Activity counts
were automatically collected by the Graphic State program. The
raw data counts were exported and transformed into percent
freezing using the MATLAB (Natick, MA, USA) statistical program.

All data were analyzed with analysis of variance (ANOVA)
using the SuperAnova (Berkeley, CA, USA) statistical program.
Freezing during the acclimation (pre-shock) period of the condi-
tioning session was analyzed using a one-way ANOVA with Sex
as the independent variable. Freezing during the post-shock pe-
riod was analyzed using a one-between (Sex) and one-within
(Trial) repeated-measures ANOVA. During the context retention
tests, freezing was analyzed using a 2 (Sex)#2 (Condition: Im-
mediate Shock, Delay) ANOVA. Follow-up t-tests were used to
identify the source of significant interactions. For the tone reten-
tion tests, freezing prior to (Pre-tone) and during the tone presen-
tations were analyzed separately using a one-way (Sex) ANOVA.
Then, one-between (Sex) and one-within (Tone Exposure: Pre-
tone, Tone) repeated-measures ANOVA was used to compare
freezing in males and females prior to and during the tone
presentation.

Western blotting procedures

Using Western blotting procedures, sex differences in ERK acti-
vation were examined in new sets of male and female rats. De-
pending on the Western blotting study, subjects were assigned to
the Delay condition, or to IS, Naïve, or Tone control groups. Fear
conditioning in the Delay and IS groups occurred in the same
manner described above. Briefly, rats in the Delay group received
three tone-shock pairings (tone: 20 s, 75 dB, 5 kHz; shock: 1 s, 0.5
mA). When 20 s had elapsed after each shock presentation, the
post-shock freezing measurement began and it continued for 20 s.
Rats in the IS group received three shocks of the same duration
and intensity as those given to the Delay group immediately
following placement in the chamber. Rats in the Tone group were
exposed to three tones (identical to those presented to the Delay
group) but no shocks while in the chamber. The Tone group was
included to control for observed increases in ERK activity due to
tone presentation alone. Subjects assigned to the Naïve condition
were not placed in the fear conditioning chambers at any point
during conditioning. None of the subjects used in the Western
blotting study could be tested for short-term or long-term memory
retention because their use in the Western blot assay necessi-
tated that they be decapitated at various time points post-condi-

Fig. 1. (A) Timeline of context and tone tests following fear condition-
ing. Subjects in the Delay condition received three tone-shock pairings
during conditioning and were tested for short-term and long-term tone
and context retention at the time points indicated in the figure. Subjects
in the IS condition received three shock presentations immediately
following placement in the conditioning chamber. They were tested for
short-term and long-term context retention tests only at the time points
indicated in the figure. (B) Timeline of Western blotting assays follow-
ing fear conditioning. In the Delay and IS conditions, ERK activation in
the whole hippocampus was assayed 5 or 60 min after conditioning,
and ERK activation in the dorsal hippocampus, ventral hippocampus,
and amygdala were assayed 60 min after conditioning. ERK activation
in the ventral hippocampus was also assayed in a second IS group (IS
II) and a Tone group 60 min after conditioning.
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tioning. Fig. 1B illustrates the time points at which various brain
regions were collected after conditioning.

Sample preparation. Either 5 or 60 min after conditioning
(Fig. 1B), subjects were briefly sedated with CO2 and killed by
decapitation. The brains were immediately removed and placed
on ice. Depending on the experiment, the whole hippocampus,
dorsal hippocampus, ventral hippocampus, or amygdala was bi-
laterally dissected on ice. Whole hippocampus was first exposed
by removing the overlying cortex. For dorsal and ventral dissec-
tions, the whole hippocampus was scored with a surgical blade
and visually divided into dorsal and ventral sections (1/3 dorsal,
2/3 ventral). All samples were weighed and stored at "80 °C until
homogenization. For amygdala dissections, the entire brain was
blocked on dry ice, immediately frozen, and stored at "80 °C until
amygdala punches were collected. For punching, coronal sections
(400 !m) were first obtained using a sliding freezing microtome.
The amygdala was then localized and removed using a 0.5 mm
punch tool (Fine Science Tools, Foster City, CA, USA). Tissue
punches were confined to the lateral nucleus of the amygdala. All
punches were stored at "80 °C until homogenization. Hippocam-
pal and amygdala samples were homogenized in lysis buffer
(hippocampal tissue homogenized at 1:50 w/v; amygdala tissue
was homogenized in 200 !l of lysis buffer). Total protein amounts
in each sample were determined using a Bradford protein assay
(Bradford, 1976). Lysis and sample buffers were then added to
each homogenate to equate total protein amounts in all samples,
and all homogenates were boiled for 4 min prior to assay.

Western blotting. Samples from each individual rat were
run separately and were electrophoresed on a 10% SDS-poly-
acrylamide gel, transferred to a PVDF membrane (Immobilon-P;
Millipore, Burlington, MA, USA), and blocked in TTBS buffer con-
taining 5% low-fat dry milk. Western blots were incubated with
either an anti-phospho-p44/42 ERK/MAPK antibody (Thr202/
Tyr204) (1:2000; Cell Signaling Technology, Beverly, MA, USA) or
anti-total p44/42 ERK/MAPK antibody (1:1000; Cell Signaling
Technology). Blots were incubated with an antirabbit secondary
antibody conjugated to horseradish peroxidase (1:20,000; Cell
Signaling Technology) and developed using enhanced chemilu-
minescence (Pierce Biotechnology, Rockford, IL, USA). Densi-
tometry was conducted using Kodak 1 D 3.6 software (New Ha-
ven, CT, USA). When assessing changes in ERK activation, phos-
phorylated extracellular signal-regulated kinase (pERK) levels
were first normalized to total extracellular signal-regulated kinase
(tERK) levels. Normalized pERK levels in the IS conditions were
first expressed as an immunoreactivity percentage relative to
same-sex Naïve controls (100%). After determining that IS values
did not statistically differ from Naïve values (see Results below),
normalized pERK levels in the Delay conditions were expressed
as an immunoreactivity percentage relative to normalized same-
sex IS controls (100%).

Data analysis. Freezing in the Delay groups during the
acclimation period was analyzed using a one-way ANOVA with
Sex as the independent variable. Post-shock freezing was ana-
lyzed using a one between (Sex) and one within (Trial) repeated-
measures ANOVA. In analyzing the Western blot data, densitom-
etry was not conducted on p42 (ERK 2) and p44 (ERK 1) bands
which only partially appeared on the blot. Statistical outliers (de-
fined as two standard deviations above or below the mean nor-
malized pERK and/or tERK values) were also excluded from
analysis. In all hippocampal experiments, ERK immunoreactivity
in IS and Naïve groups was first compared using a 2 (Sex)#2
(Condition: IS, Naïve) ANOVA. When examining the extent to
which fear conditioning altered ERK expression, ERK immunore-
activity was analyzed using a 2 (Sex)#2 (Condition: Delay, IS)
ANOVA. t-Tests were used to identify the source of significant
interactions.

RESULTS

Sex differences in context and tone fear conditioning

In our first series of experiments, we examined whether
sex differences existed in the retention of fear learning.
We used a delay fear conditioning paradigm in which
rats received three pairings of tone and shock. Rats
were then tested for retention of contextual and tone
(auditory) fear memory at two time intervals: approxi-
mately 1 and 24 h later. Thus, we were able to examine
sex differences in context and tone fear shortly after fear
acquisition ($1 h) and following the consolidation of fear
learning ($24 h).

Mean percent freezing resulting from the fear-condi-
tioning experiment is depicted in Fig. 2. Males and females
did not differ in baseline freezing during the acclimation
period prior to the first shock presentation (Fig. 2A). Post-
shock freezing in both sexes increased across trials
(F(2,48)%8.39, P%0.007, Fig. 2A). The main effect of Sex
and the Trial#Sex interaction were not significant, suggest-
ing that both males and females were capable of processing
the shock and similarly acquired context fear conditioning.
Freezing during each tone presentation also significantly
increased across trials in both sexes (F(2,48)%39.09, P%
0.0001, Fig. 2B). Neither the main effect of Sex nor the
Trial#Sex interaction were significant, suggesting that
both sexes processed the tone similarly and were able to
form tone-shock associations. During the STM context test
($1 hour after conditioning), the Delay groups exhibited
significantly more freezing than the IS groups (F(1,42)%
20.37, P%0.0001, Fig. 2C). One of the main differences
between the Delay and IS groups was in the duration of
context exposure prior to the shock presentation. The
longer duration of freezing observed in the Delay group
compared to the IS group may be attributed to a difference
in context retention. Overall, the main effect of Sex was
also significant (F(1,42)%4.02, P%0.05), with males freez-
ing more than females. Inspection of Fig. 2C suggests that
the Delay males, in particular, exhibited more freezing than
the Delay females, although importantly, the Condition#
Sex interaction did not reach significance, (F(1,42)%3.47,
P%0.07). During the LTM context test ($24 hours after
conditioning), the main effect of Condition was significant
(F(1,42)%5.71, P%0.02), with the Delay group freezing
more than IS group (Fig. 2D). Although the main effect of
Sex was not significant, there was a significant Condition#
Sex interaction (F(1,42)%5.48, P%0.02). t-Tests indicated
that Delay males froze more than Delay females (t(24)%
2.51, P%0.02, Fig. 2C).

The mean percent freezing of the Delay groups prior to
and during tone presentations in the STM tone test is
shown in Fig. 2E. Males and females did not differ in the
percentage of time spent freezing prior to the first tone
presentation (pre-tone). Freezing during the tone presen-
tation was significantly higher in both sexes compared to
pre-tone freezing (F(1,24)%62.47, P%0.0001). Minimal
freezing observed during the pre-tone period suggests that
the tactile, visual, and odor changes made to the chamber
for the tone tests produced a reliable context shift and
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minimized generalization from the conditioning environ-
ment. As a result, freezing observed during the tone pre-
sentation can be attributed to the cue. Males and females
did not differ in percent freezing during the tone presenta-
tion (F(1,24)%2.39, P%0.14) (Fig. 2E). As observed during
the first test, there was no sex difference in baseline freez-
ing during the pre-tone period in the LTM tone test (Fig.
2F). Freezing increased significantly during the tone pre-
sentation when compared to pre-tone levels of freezing
(F(1,24)%49.34, P%0.0001), a finding which did not inter-

act with sex. However, during the tone presentation, per-
cent freezing was greater in females than males (F(1,24)%
4.26, P%0.05).

Hippocampal ERK activation after fear conditioning
is specific to ventral hippocampus and is higher in
males than in females

In our behavioral experiments, female rats exhibited a
significantly shorter duration of freezing during the LTM
context test compared to males. During the LTM tone

Fig. 2. (A) Mean percent freezing (&SEM) in the Delay groups during the acclimation (pre-shock) and post-shock periods following the three
tone-shock pairing trials. (B) Mean percent freezing (&SEM) during each tone presentation. (C, D) Mean percent freezing (&SEM) in the IS and
Delay groups for males and females during STM (C) and LTM (D) context tests, * P'0.05. (E, F) Mean percent freezing (&SEM) for the Delay
groups during the Pre-tone and Tone periods of the STM (E) and LTM (F) tone tests (Delay male, n%13; Delay female, n%13; IS male, n%10;
IS female, n%10).
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tests, although both sexes exhibited robust auditory fear
retention, percent freezing was significantly higher in fe-
males than males. The finding of intact and enhanced
auditory fear memory in the female rats suggests that their
reduced contextual freezing does not reflect a general
impairment in their ability to perform the freezing response
or an altered sensitivity to the shock, but rather, may
specifically reflect an impairment in context memory. Given
the well-established role of the hippocampus in context
fear learning (Kim and Fanselow, 1992; Wallenstein and
Vago, 2001; Sanders et al., 2003) and of ERK activation in
the formation of long-term contextual fear memories
(Schafe et al., 1999), we next examined ERK activation in
the hippocampus in male and female rats following fear
learning. We first examined training-induced ERK activa-
tion in the whole hippocampus, followed by a more selec-
tive analysis of the dorsal and ventral hippocampus. In all
hippocampal experiments, pERK levels in the IS control
groups did not differ from levels in the Naïve groups in both
sexes (Table 1), as suggested by the absence of signifi-
cant main effects of Sex and Condition, and the Sex#
Condition interactions. These findings suggest that the
handling associated with placement in the fear condition-
ing chambers and the shock presentations did not affect
baseline levels of ERK activation. Therefore, in all subse-
quent analyses, ERK activation (phosphorylation) in Delay
groups was compared to activation in the IS control
groups, thus allowing changes in ERK immunoreactivity in
the Delay groups to more clearly be viewed as a conse-
quence of the context-shock association.

ERK activation 5 min post-conditioning: whole hippo-
campus. Subjects assigned to the Delay or IS groups
were killed 5 min after fear conditioning, at which point
whole hippocampus was removed. This time point was
used to examine the immediate effects of conditioning on
ERK activation. Although using these subjects for Western
blot assays prevented their use in retention tests to mea-
sure fear memory, freezing during the acclimation (pre-
shock) and post-shock periods in the Delay groups were
recorded during the conditioning session (Fig. 3A). Males
and females did not differ in baseline freezing during the
acclimation period prior to the first shock presentation.
Although post-shock freezing appeared to increase across
trials, this change was not significant, F(2,46)%2.38,
P%0.10. Neither the main effect of Sex nor the Trial#Sex
interaction were significant, suggesting that both sexes

similarly processed the shock. The lack of a significant
main effect of Condition for both p42 (Fig. 3B, 3D) and p44
(Fig. 3C, 3D) isoforms suggests that fear conditioning did
not upregulate ERK phosphorylation 5 min after delay
training in males and females (relative to same-sex IS
controls). The main effect of Sex and the Condition#Sex
interaction were also not significant. Total p42 and p44
ERK levels were not significantly different between Delay
and IS groups in either sex (Table 2).

ERK activation 60 min post-conditioning: whole hippo-
campus. Given that ERK activation was not altered 5 min
after conditioning, ERK activation in the whole hippocam-
pus was examined in a new group of Delay and IS subjects
60 min after fear conditioning. This time point was chosen
because it coincides with the timing of learning-associated
alterations in hippocampal ERK activation, as significant
increases in hippocampal ERK activation following fear
conditioning have previously been observed in male ro-
dents 60 min after training (Atkins et al., 1998; Sananbe-
nesi et al., 2003). Males and females in the Delay groups
did not differ in baseline freezing during the acclimation
period prior to the first shock presentation (Fig. 4A). Post-
shock freezing increased across trials during conditioning
(F(2,52)%7.34, P%0.002) (Fig. 4A). Neither the main effect
of Sex nor the Trial#Sex interaction was significant for
freezing during the post-shock period. Although the anal-
ysis of post-shock freezing revealed no significant main
effects or interaction, it did appear from Fig. 4A as if
post-shock freezing was lower in females than in males. To
address this issue, we examined freezing during each tone
presentation to determine if this apparent difference could
be due to sex differences in reactivity to the shock, pro-
cessing of the tone stimulus, or formation of a tone-shock
association. A repeated-measures ANOVA was conducted
on tone freezing data for the three acquisition trials, which
revealed no significant main effects of Sex or Trial, and no
significant Sex#Trial interaction (Fig. 4B), suggesting that
both sexes processed the tone and shock similarly, and were
both able to form a tone-shock association.

The main effects of Condition and Sex and the
Condition#Sex interaction (Fig. 5A, 5B) were not signifi-
cant for the p42 (Condition: F(1,33)%1.16 P%0.29; Sex:
F(1,33)%1.83, P%0.19; Condition#Sex: F(1,33)%1.83,
P%0.19) and p44 (Condition: F(1,31)%1.26 P%0.27; Sex:
F(1,31)%4.05, P%0.06; Condition#Sex: F(1,33)%4.05,
P%0.06) isoforms, suggesting that training did not sex-

Table 1. Normalized hippocampal ERK phosphorylation (pERK) in the IS groups expressed as an immunoreactivity percentage relative to normalized
pERK in the naïve groups (100%)

% Immunoreactivity

Sex, Isoform Whole hip. 5 min Whole hip. 60 min Dorsal hip. 60 min Ventral hip. 60 min

Male, p42 118.4 (&21.5) 69.5 (&14.8) 83.8 (&9.1) 79.7 (&6.6)
Female, p42 96.1 (&19.3) 96.6 (&19.7) 94.3 (&15.8) 100.8 (&6.9)
Male, p44 96.7 (&13.9) 85.5 (&19.6) 84.5 (&11.3) 74.5 (&10.7)
Female, p44 101.0 (&40.4) 107.0 (&23.7) 112.2 (&21.9) 123.2 (&30.5)

ERK phosphorylation in the whole, dorsal, and ventral hippocampi of the IS groups did not differ from phosphorylation in the Naïve groups (100%)
at either time point for either isoform.
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selectively increase ERK phosphorylation. The lack of a
significant interaction may have been driven in part by
variability in the data, as inspection of Fig. 5A indicates a
2.2-fold increase in p42 % immunoreactivity in Delay
males (relative to IS males) and a 0.86-fold decrease in
Delay females (relative to IS females). For p44 activation,
a 2.2-fold increase was observed in Delay males and a
0.67-fold decrease was observed in Delay females. The
change in p44 ERK phosphorylation should be viewed with
caution as a significant Condition#Sex interaction was

observed for tERK (F(1,31)%4.79, P%0.04) (Table 2). Al-
though not statistically significant, follow-up t-tests re-
vealed a trend towards lower levels of tERK in Delay males
(P%0.08), but not females (P%0.28), relative to same-sex
IS controls. Thus, the possible sex-specific changes in
normalized p44 ERK phosphorylation in the Delay groups
may in part be due to changes in total protein kinase
levels. Significant main effects of Condition and Sex and
their interaction were not observed for total p42 ERK
immunoreactivity.

Fig. 3. (A) Mean (&SEM) percent freezing in Delay males and Delay females during the acclimation and post-shock periods following three
tone-shock pairing trials. (B, C) Mean (&SEM) percent pERK 2 (p42) (B) and pERK 1 (p44) (C) Immunoreactivity from whole hippocampal dissections
taken from rats in the IS (p42: males, n%8; females, n%6; p44: males, n%6; females, n%5) and Delay (p42: males, n%13; females, n%11; p44: males,
n%12; females, n%10) conditions killed 5 min after conditioning. (D) Representative pERK blots from IS and Delay conditions at 5 min after
conditioning.
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ERK activation 60 min post-conditioning: dorsal hippo-
campus. To determine if the variability in ERK activation
observed in the whole hippocampus 60 min after fear
conditioning could have been driven by activation in only a
portion of the hippocampus, phosphorylated protein kinase
levels were examined in dorsal and ventral hippocampal
regions in a new group of Delay and IS subjects. Delay and
IS subjects were conditioned, and both groups were killed
60 min after conditioning at which time the whole hip-
pocampus of each rat was dissected into dorsal and ven-
tral sections. Delay males and females did not differ in
baseline freezing during the acclimation period (Fig. 4C).
Post-shock freezing increased across trials during condi-

tioning (F(2,52)%6.14, P%0.004). Neither the main effect
of Sex nor the Trial#Sex interaction was significant for
freezing during the post-shock period. Similar to the rats
tested for analysis of the whole hippocampus, females
tested for dorsal and ventral hippocampus assays ap-
peared to exhibit somewhat less post-shock freezing than
males, despite the aforementioned statistics to the con-
trary. Therefore, we conducted the same repeated-mea-
sures ANOVA on freezing during each tone presentation
as described for rats collected for whole hippocampus
assays, and again found no significant main effects of Sex
and Trial, or significant Sex#Trial interaction (Fig. 4D).
These data indicate that, among rats tested for dorsal and

Table 2. tERK activation in the Delay conditions expressed as a percentage relative to IS controls (100%)

% Immunoreactivity

Sex, Isoform Whole hip. 5 min Whole hip. 60 min Dorsal hip. 60 min Ventral hip. 60 min Amygdala 60 min

Male, p42 99.0 (&8.9) 75.1 (&11.3) 100.4 (&9.0) 91.2 (&5.6) 64.7 (&6.6)*
Female, p42 111.4 (&9.7) 106.7 (&10.2) 103.3 (&9.9) 108.1 (&8.3) 84.5 (&9.5)
Male, p44 99.9 (&11.2) 74.5 (&9.3) 103.5 (&11.9) 79.9 (&9.1) 65.0 (&8.1)*
Female, p44 113.3 (&15.6) 112.5 (&5.6) 110.9 (&11.4) 120.7 (&13.1) 71.8 (&9.1)

* P'0.05, relative to same-sex IS controls (100%).

Fig. 4. Mean (&SEM) percent freezing during conditioning in Delay males and Delay females. Specifically, freezing was measured during the
acclimation period and during the post-shock periods following the three tone-shock pairing trials (A, C). Freezing was also measured during each tone
presentation (B, D). Rats were killed 60 min after conditioning, at which point whole hippocampus (A, B) or dorsal and ventral hippocampus (C, D) were
dissected for ERK analysis.
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ventral hippocampus ERK assays, there were no sex dif-
ferences in tone or shock processing or formation of a
tone-shock association.

Fear conditioning did not increase dorsal hippocampal
p42 (Fig. 5C, 5G) or p44 (Fig. 5D, 5G) ERK phosphoryla-
tion in either sex 60 min following conditioning. Accord-
ingly, the main effects of Condition and Sex and the
Condition#Sex interaction were not significant. Significant
changes in total p42 and p44 ERK levels were also not
observed (Table 2).

ERK activation 60 min post-conditioning: ventral hippo-
campus. Although not significant, ventral hippocampal
p42 ERK phosphorylation in the Delay groups was slightly
higher than in the IS groups, as indicated by the trend
towards a significant main effect of Condition (F(1,32)%
3.70, P%0.06) (Fig. 5E, 5G). Importantly, however, fear
conditioning particularly increased p42 ERK phosphoryla-
tion in males, but not females, as suggested by the signif-
icant main effect of Sex (F(1,32)%5.19, P%0.03) and the
Condition#Sex interaction (F(1,32)%5.19, P%0.03). t-Tests

Fig. 5. Means (&SEM) for percent pERK immunoreactivity in whole (A, B), dorsal (C, D), and ventral (E, F) hippocampal dissections taken from male
and female rats in the IS and Delay conditions killed 60 min after conditioning. pERK 2 (p42) immunoreactivity are presented in the left column (Whole:
IS males, n%5; Delay males, n%12; IS females, n%8; Delay females, n%12; Dorsal: IS males, n%7; Delay males, n%11; IS females, n%8; Delay
females, n%13; Ventral: IS males, n%7; Delay males, n%11; IS females, n%8; Delay females, n%10). pERK 1 (p44) immunoreactivity is presented in
the right column (Whole: IS males, n%6; Delay males, n%11; IS females, n%8; Delay females, n%10; Dorsal: IS males, n%7; Delay males, n%11; IS
females, n%8; Delay females, n%13; Ventral: IS males, n%7; Delay males, n%12; IS females, n%8; Delay females, n%10). (G) Representative whole,
dorsal, and ventral hippocampal pERK blots from IS and Delay conditions at 60 min after conditioning. * P%0.04.
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used to identify the source of the interaction revealed that
the percentage of pERK immunoreactivity was significantly
higher in Delay males relative to IS males (P%0.04). Sig-
nificant differences were not observed between the female
groups. This sex-specific upregulation in ERK phosphory-
lation was not due to changes in total protein kinase levels
(Table 2). A similar pattern of sex-specific upregulation of
pERK was observed when pERK was normalized to glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH, loading
control) (data not shown). Regarding p44 ERK phosphor-
ylation, the main effect of Condition was not significant
(F(1,33)%2.35, P%0.13), suggesting that ERK activation in
the ventral hippocampus did not differ between Delay and
IS groups 60 min following conditioning. However, as ob-
served with ventral hippocampal p42 ERK phosphoryla-
tion, the main effect of Sex (F(1,33)%6.07, P%0.02) and
the Condition#Sex interaction (F(1.33%6.07), P%0.02)
were significant, indicating a sex-specific effect of fear
conditioning on ERK activation. Delay males exhibited a
significant increase in p44 ERK phosphorylation relative
to IS males (P%0.04, Fig. 5F, 5G), whereas the two
female groups did not differ. The changes in normalized
p44 ERK phosphorylation in males, but not females,
were not due to changes in total protein kinase levels, as
significant differences were not observed in either sex
between the Delay and IS groups (Table 2). Further,
similar results were obtained when pERK was normal-
ized to GAPDH instead of tERK (data not shown).

Although the increase in ventral hippocampal ERK
activation observed in the male Delay condition may be
viewed as the result of the formation of a context-shock
association, an alternative possibility may be that in-
creases in pERK were a nonspecific result of the tone
presentation. To control for tone-induced changes in
ERK phosphorylation, a Tone only group was placed in
the fear conditioning chamber. This group received the
same protocol as those in the Delay group with the
exception that these rats were never exposed to foot
shocks. A second possibility may be that the significant
increase in pERK was due to the slightly longer duration
of time that the Delay group spent in the conditioning
chamber compared to the IS group. Specifically, the
delay fear conditioning protocol lasted approximately 9
min. Although the IS group was presented with the same
number, duration, and intensity of shocks (thus, control-
ling for nonspecific effects of foot shock alone on ERK
activation), the IS group spent approximately 4 min in
the chamber. Therefore, to control for changes in ERK
phosphorylation due to duration of time in the condition-
ing chamber, a second male IS group (termed IS II) was
placed in the chamber. Males in the IS II group received
the same protocol as the IS group, except that IS II
subjects remained in the box for an additional 5 min
following the last shock presentation. As a result, the
total time the IS II group spent in the conditioning cham-
ber was equal to the time spent by the Delay group in the
chamber. ERK phosphorylation in the ventral hippocam-
pus was measured 60 min after removal from the con-
ditioning chamber. The Tone and IS II protocols did not

significantly increase p42 (Fig. 6A, 6C) or p44 ERK
phosphorylation (Fig. 6B, 6C). Changes in tERK levels
were also not observed (data not shown). These data
further support the conclusion that the previously ob-
served increase in ventral hippocampal ERK activation
in Delay males was the result of the formation of the
context-shock association, rather than exposure to the
tone, shock, or context alone.

Fig. 6. Mean (&SEM) percent pERK 2 (p42) (A) and pERK 1 (p44) (B)
immunoreactivity in ventral hippocampal dissections taken from male
rats in the IS (p42, n%7; p44, n%7), IS II (p42, n%8; p44, n%8) and
Tone (p42, n%8; p44, n%7) conditions killed 60 min after conditioning.
For purposes of comparison, IS (white bar) and Delay (black bar)
groups are replotted from Fig. 4E (p42) and 4 F (p44). * P%0.04. (C)
Representative pERK blots from the IS, IS II, and Tone groups at 60
min after conditioning, with blots from IS and Delay groups shown for
comparison.
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ERK activation in the lateral amygdala after fear
conditioning is similar in males and females

The amygdala is critically involved in tone fear conditioning
(Phillips and LeDoux, 1992; Fendt and Fanselow, 1999;
LeDoux, 2000) and auditory fear conditioning has been
shown to lead to an increase in p42 ERK activation in the
lateral amygdala in male rats (Schafe et al., 2000). As
demonstrated above, both sexes exhibit robust freezing to
the tone one day after conditioning, with females freezing
more than males (Fig. 2E). In the present experiment, ERK

activation in male and female rats was measured in the
amygdala 60 min following fear conditioning. It was antic-
ipated that ERK activation in the amygdala would be sig-
nificantly increased in both Delay males and females rel-
ative to IS males and females and, potentially, that the
magnitude of increased ERK activation would be higher in
Delay females than Delay males.

Delay males and females did not differ in percent freez-
ing during acclimation to the chamber (Fig. 7A). Post-
shock freezing in the Delay groups increased across trials

Fig. 7. (A) Mean (&SEM) percent freezing in Delay males and Delay females during the acclimation and post-shock periods following the three
tone-shock pairing trials. (B, C) Mean (&SEM) percent pERK 2 (p42) (B) and pERK 1 (p44) (C) immunoreactivity from amygdala punches taken from
rats in the IS (p42: males, n%8; females, n%8; p44: males, n%8; females, n%8) and Delay (p42: males, n%10; females, n%8; p44: males, n%10;
females, n%8) conditions killed 60 min after conditioning. (D) Representative pERK blots from IS and Delay groups 60 min after conditioning.
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during conditioning (F(2,52)%12.60, P%0.0001). Neither
the main effect of Sex nor the Trial#Sex interaction was
significant for freezing during the post-shock period (Fig.
7A). In order to maintain consistency with the 60 min
hippocampal analyses, we also conducted a repeated-
measures ANOVA on tone freezing data for the three
acquisition trials. This analysis also revealed no significant
main effect of Sex or Trial, and no significant Sex#Trial
interaction (data not shown), suggesting that both sexes
processed the tone and shock similarly and were both able
to form a tone-shock association.

A significant main effect of Condition was observed in
p42 ERK activation (F(1,30)%4.76, P%0.04), as significant
increases in pERK in the Delay condition relative to IS
were observed regardless of sex (Fig. 7B, 7D). The main
effects of Sex and the Condition#Sex interaction were not
significant. Increases in ERK phosphorylation were not
due to increases in total protein kinase levels, although a
significant decrease in total p42 kinase levels was ob-
served in the male Delay group (Table 2). Although not
statistically significant, a moderate increase in p44 ERK
phosphorylation was observed in Delay males and females
(F(1,30)%3.51, P%0.07) (Fig. 7C). Neither the main effect
of Sex nor the Condition#Sex interaction was significant,
A significant decrease in total p44 kinase levels was again
observed among the male Delay group (Table 2).

DISCUSSION

The results of the present study indicated that male rats
exhibit more long-term retention of contextual fear condi-
tioning than female rats. During the LTM tone tests, al-
though both sexes exhibited robust auditory fear retention,
percent freezing was significantly higher in females than
males, suggesting that the reduced contextual freezing
observed among the females did not reflect a general
memory impairment or a sex-difference in non-mnemonic
performance factors. Additionally, we observed more ven-
tral hippocampal activation of the protein kinase ERK in
males than in females 60 min after fear conditioning, a time
point that coincides with memory-related molecular alter-
ations. The sex-specific increase in ventral hippocampal
ERK immunoreactivity was not due to shock or tone pre-
sentation alone or to duration of time in the conditioning
chamber, but rather, appeared specific to the formation of
contextual fear memories. Post-conditioning increases in
ERK activation were observed in the amygdala in both
sexes, suggesting a selective effect of sex on hippocam-
pal-mediated memory as indicated by our behavioral data.

Previous studies have shown that male rodents out-
perform female rodents in other hippocampal-dependent
tests including the Morris water (Beiko et al., 2004), and
radial arm (Gresack and Frick, 2003) mazes. Sex differ-
ences favoring males have also been reported in various
aspects of hippocampal physiology. Males have a larger
dentate gyrus–granule cell layer (DG-GCL) and CA1 re-
gion (Roof and Havens, 1992; Isgor and Sengelaub, 1998;
Tabibnia et al., 1999), more dendritic branching in dentate
and CA3 (Juraska, 1991; Isgor and Sengelaub, 2003), and

more mossy fiber synapses (Parducz and Garcia-Segura,
1993). The magnitude of long-term potentiation, the most
promising current cellular model of synaptic plasticity lead-
ing to memory formation, induced at perforant path syn-
apses in the DG is also greater in males than females
(Maren et al., 1994). Given that synaptic plasticity is
thought to underlie all new memories (Eichenbaum, 2002),
the above findings support the notion that sex differences
in the hippocampus contribute to mnemonic sex differ-
ences. Because the ERK pathway regulates plasticity-
associated gene expression and protein synthesis, the
present results extend the above findings by offering a
possible mechanism through which the aforementioned
sex differences in synaptic plasticity may arise, ultimately
resulting in a sex difference in memory formation. In sup-
port of this idea, Kudo et al. (2004) also report increased
hippocampal phosphorylation of the transcription factor
CREB (a downstream effector of ERK) in male, but not
female, rats following contextual fear conditioning. CREB
activates immediate early genes such as zif268 and in-
creases the transcription of synapsing 1, a marker of syn-
aptic growth and plasticity (Adams and Sweatt, 2002;
Fournier et al., 2009). Determining whether fear condition-
ing-induced sex differences in ERK activation result in sex
differences in synapsing-1 via differential CREB activation
will be an important avenue to investigate in future studies.

In the present study, increased ERK activation in the
hippocampus of males, but not females, was observed 60
min after fear conditioning, a finding that positively corre-
lates with the sex difference observed in the retention of
contextual fear. Neither sex exhibited elevated ERK activ-
ity in the hippocampus 5 min after conditioning, a finding
which could reflect the relatively modest acquisition of fear
conditioning (as reflected in the post-shock freezing values
across trials, Fig. 3A). Both sexes did, however, exhibit
significantly increased ERK activation in the amygdala 60
min after training, a result which likely reflects the fact that
both sexes exhibited robust retention of auditory fear learn-
ing (Fig. 2). The time course of hippocampal ERK activa-
tion in males agrees with other reports of increased ERK
activation in the whole hippocampus 60 min, but not im-
mediately (5 min or less), after fear conditioning (Atkins et
al., 1998; Sananbenesi et al., 2003; Runyan et al., 2004).
Using immunohistochemistry, however, upregulation of
pERK has been specifically observed in the CA1 subregion
immediately following fear conditioning in male mice, al-
though this is a transient effect whereby pERK levels re-
turn to baseline within 60 min (Trifilieff et al., 2006). A
biphasic change in ERK activation in males, with increases
observed at 5 and 60 min, has also been reported in the
amygdala following fear conditioning (Paul et al., 2006).
Thus, although learning consistently upregulates the ERK
pathway regardless of sex (as evidenced, for example, by
the amygdala findings in the present study), the time
course and pattern of fear conditioning–induced increases
in ERK activation may vary both within and between brain
structures required for fear conditioning.

One potential concern with the ERK activation ob-
served in the hippocampus at 60 minutes is that the post-
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shock freezing of females depicted in Fig. 4A and 4C
appears lower than that of males, despite the fact that
statistical analyses in both experiments did not indicate
any significant differences between the sexes. Lower post-
shock freezing in females could indicate that sex differ-
ences in ventral hippocampal ERK activation resulted from
a deficit not specifically associated with context condition-
ing. On the other hand, lower post-shock freezing in fe-
males could simply reflect the contextual fear deficit in
females, since post-shock freezing is a form of short-term
context memory. The tone freezing data illustrated in Fig.
4B and 4D support the latter interpretation, as both sexes
froze similarly to the tone during training. Although tone
freezing, as measured during acquisition, is confounded by
learning of the context-shock association, it can neverthe-
less provide important information about how the rats learn
to associate stimuli with shock. The fact that the sexes did
not differ in tone freezing suggests similar acquisition of a
tone-shock association, foot-shock sensitivity, and tone
stimulus processing in males and females, and supports
the conclusion that sex differences in ventral hippocam-
pal ERK activation are associated with differences in
contextual fear conditioning rather than a general mem-
ory impairment.

The increased hippocampal ERK activation in males,
but not females, was specific to ventral hippocampus. The
ventral hippocampus may be particularly involved in the
formation of contextual fear memories because of its an-
atomical connections with the amygdala. The importance
of the amygdala in both auditory and contextual fear con-
ditioning is well established (Phillips and LeDoux, 1992;
Fanselow and LeDoux, 1999; Huff and Rudy, 2004), as it is
thought to support the formation of shock representations
(Anagnostaras et al., 2001) and storage of auditory-shock
associations, as well as modulate context memories (Huff
and Rudy, 2004; Rudy et al., 2004). Interestingly, only the
ventral region of the hippocampus maintains direct recip-
rocal projections to the amygdala (Van Groen and Wyss,
1990; Pitkanen et al., 2000). In contrast, the dorsal hip-
pocampus receives inputs from the visual, auditory, and
somatosensory cortices via the entorhinal and perirhinal
cortices (Moser and Moser, 1998) and these inputs likely
contribute to the importance of the dorsal hippocampus to
spatial learning (Steffenach et al., 2005).

A greater involvement of ventral hippocampus in the
formation of long-term fear memories has previously been
implicated. Specifically, although ERK activation is in-
creased in the whole hippocampus following contextual
fear conditioning (Atkins et al., 1998), neither pre-training
(Sananbenesi et al., 2003; Ahi et al., 2004) nor post-
training (Giovannini et al., 2003) inhibition of ERK activa-
tion in the dorsal hippocampus impairs retention of con-
textual fear learning. These results imply that increased
ERK activation in whole hippocampus may be due primar-
ily to alterations in the ventral hippocampus, and the cur-
rent findings support this notion. Previous studies report
that post-training dorsal hippocampal inhibition of ERK
activation impairs spatial navigation memory in male rats,
and ERK activation during the post-training period is se-

lectively observed in dorsal, but not ventral, hippocampus
(Blum et al., 1999). Together, these findings suggest that
the involvement of hippocampal regions in memory forma-
tion may depend on the type of memory, with dorsal more
involved in spatial memory and ventral involved in context
representations related to fear memory. Numerous lesion
findings also support the preferential involvement of ven-
tral (Richmond et al., 1999; Bast et al., 2001; Zhang et al.,
2001; Trivedi and Coover, 2004; although seeMaren and
Holt, 2004), but not dorsal (Maren et al., 1997; Frankland et
al., 1998; Richmond et al., 1999; Rudy et al., 2002; Matus-
Amat et al., 2004; Trivedi and Coover, 2004; Wiltgen et al.,
2006) hippocampus in contextual fear and dorsal, but not
ventral, hippocampus in spatial memory (Moser et al., 1993;
Bannerman et al., 1999, 2002; Pothuizen et al., 2004).

Although correlational, the present results suggest that
sex differences in ventral hippocampal ERK activation are
involved in sex differences in contextual fear memory.
These findings lay the groundwork for future studies inves-
tigating factors responsible for differential ERK activation
in males and females. Many factors, including growth fac-
tors, calcium influx, and stimulation of dopaminergic, mus-
carinic, nicotinic, or serotonergic receptors activate the
ERK pathway (Adams and Sweatt, 2002). Interestingly, we
recently found that exogenous 17"-estradiol also activates
ERK (compared to vehicle-treated females), and this acti-
vation is necessary for estradiol to improve object memory
in female mice (Fernandez et al., 2008). As such, the
fluctuating estrogen and progestin levels that females, but
not males, are exposed to during the estrous cycle may
influence the extent to which ERK is activated following
learning, and have contributed to the sex differences in
ERK activation and memory retention observed in the
present study. This issue cannot be directly addressed by
the present data because estrous cycling was not moni-
tored in this study in order to prevent the stress associated
with vaginal lavage in females from influencing perfor-
mance in the conditioning task (see more on stress below).
However, we feel it is unlikely that cyclic hormone fluctu-
ations can primarily account for the results in the present
study for a couple of reasons. First, Fig. 2 indicates that
during all context and tone tests (and during the post-
shock freezing period), the variability observed among the
female rats was less than the variability observed in the
males. If estrous cycle stage was a significant factor af-
fecting behavior, then performance during the context and
tone tests should be considerably more variable in females
than in males. Second, if hormone fluctuations influenced
the ERK signaling cascade, then one would expect to see
increased variability in both ERK isoforms. For instance,
although normalized p44 immunoreactivity was consis-
tently more variable in females than in males (Table 1), this
was not the case for p42, suggesting that hormone fluctu-
ations likely did not contribute to the variability in p44
immunoreactivity. In addition, our previous work demon-
strates that p42 in the hippocampus is more sensitive than
p44 to the effects of exogenous estradiol (Fernandez et al.,
2008), which does not support the suggestion that variabil-
ity in p44 among females was primarily the result of the
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estrous cycle. Third, as is often seen in other hippocampal-
dependent tasks (e.g. Morris water maze; Frye, 1995;
Healy et al., 1999; Frick and Berger-Sweeney, 2001), pre-
vious evidence suggests that the effects of estrous cycling
on contextual fear conditioning are subtle and inconsistent.
For example, female rats in proestrus (high hormone lev-
els) reportedly exhibit less contextual freezing than fe-
males in estrus (low hormone levels) and to males (Markus
and Zecevic, 1997; Cushman et al., 2006), suggesting that
high circulating levels of estrogens impair female retention
of contextual fear. However, another study found no differ-
ences in contextual fear conditioning between intact and
ovariectomized female rats (Gupta et al., 2001), and we
recently confirmed this finding using a conditioning para-
digm identical to the one used in the present study (Gre-
sack and Frick, 2007). These two reports suggest no effect
of gonadal estrogens and progestins on contextual far
memory. Furthermore, estradiol replacement following
ovariectomy has either no effect (Morgan and Pfaff, 2001;
Day and Good, 2005) or improves (Jasnow et al., 2006)
contextual fear conditioning relative to ovariectomized fe-
males, which contradicts the aforementioned estrous cycle
findings. The inconsistencies in this literature highlight the
need to assess the effects of endogenous and exogenous
hormones on contextual fear conditioning, perhaps by di-
rectly comparing females in various stages of the estrous
cycle with ovariectomized females, estradiol-treated fe-
males, and males. Such studies would help to clarify
whether differences in sex-steroid hormone exposure at
the time of testing contribute to the correlative sex differ-
ences in ERK activation and fear conditioning established
in the present study.

Sex differences in hormone exposure during develop-
ment may provide an alternative explanation accounting
for the observed sex differences in ERK and context fear
conditioning in adulthood. For example, during the perina-
tal period, male rodents are exposed to higher levels of
estrogens than females, in part resulting from the aroma-
tization of testosterone to estrogens (MacLusky and Naf-
tolin, 1981; Rhoda et al., 1984). These differences in de-
velopmental estrogen exposure have lasting effects in
terms of “organizing” the structure and function of various
brain regions (Breedlove and Hampson, 2002). Organiza-
tional effects often result in long-term hippocampal alter-
ations that may account for sex differences in hippocam-
pal-dependent learning and memory in adulthood. For
example, prenatal administration of estradiol and testos-
terone, but not dihydrotestosterone (a form of testosterone
which cannot be converted to estradiol) masculinizes CA1
volume and neuronal soma size, and these changes are
consistent with male advantage in a spatial water maze
task in adulthood (Isgor and Sengelaub, 1998). Further,
Williams et al. (1990) have shown in adult rats that the
male advantage in spatial working memory tested using
the radial arm maze can be reversed if neonatal females
are treated with estradiol and neonatal males are gona-
dectomized. In addition, neonatally gonadectomized males
with bilateral estradiol implants in the hippocampus per-
form better on the radial arm maze in adulthood than

neonatally gonadectomized males receiving either no im-
plants or implants in the hypothalamus (Williams and
Meck, 1991, 1993), thus implicating the hippocampus as
an important site of estradiol’s action for the organization of
sex differences in spatial memory. The involvement of
developmental estradiol in the organization of sex differ-
ences in other tasks involving the hippocampus, such as
contextual fear conditioning, has not yet been investigated.
Studies investigating the effects of developmental hor-
mone exposure manipulation on sex differences in contex-
tual fear in adulthood would help clarify this issue.

Aside from sex-steroid hormones, sex differences in
the response to the shock stressor may also result in
differential levels of ERK activation and contribute to sex
differences in memory. For example, exposing rats to a
different acute shock stressor increases hippocampal
spine density in males, but decreases spine density in
females (Shors et al., 2001), an effect that is dependent on
NMDA receptor activation (Shors et al., 2004). Exposure to
the same stressor facilitates eye-blink conditioning in
males, but impairs eye-blink conditioning in females (Wood
et al., 2001). Because NMDA receptors activate the ERK
pathway, the sex-specific effects of stress on memory may
occur via sex differences in ERK activation. Many disor-
ders affecting cognition such as depression, anxiety, and
Alzheimer’s disease are more prevalent in women than
men (Mulnard et al., 2000; Altemus, 2006), and factors
such as stress exacerbate these conditions. Identifying
how factors such as estrogens and stress hormones either
independently or conjointly contribute to the sex-depen-
dent activation of the hippocampal ERK pathway following
learning could provide a useful means of identifying the
neural basis of sex differences in the prevalence of cogni-
tive disorders.

CONCLUSION

In conclusion, the present study demonstrates that male
rats exhibit greater retention of contextual fear memory
than females, a finding which correlates with sex differ-
ences in hippocampal ERK activation. Post-training ERK
activation in males, but not females, was observed in
ventral, but not dorsal, hippocampus, suggesting regional
involvement of the hippocampus in the formation of fear
memory. Together, the data indicate that sex differences in
activation of a signal transduction pathway may contribute
to mnemonic differences between males and females. De-
termining the extent to which molecular sex differences
account for sex differences in memory will help to identify
basic mechanisms underlying sex differences in cognition
and may lay the groundwork for future investigation of sex
differences in the etiology and treatment of cognitive-re-
lated mental disorders.

Acknowledgments—This research was supported by a Yale Uni-
versity Dissertation Fellowship and the Yale University, Depart-
ment of Psychology. We would like to thank Drs. Robert Astur,
Stephanie Fernandez, Lauren Harburger, Marcia Johnson, Mi-
chael Lewis, Frank Menniti, and Patricia Seymour for helpful
discussions and comments on earlier versions of this manuscript.

J. E. Gresack et al. / Neuroscience 159 (2009) 451–467464



REFERENCES
Adams JP, Sweatt JD (2002) Molecular psychology: roles for the ERK

MAP kinase cascade in memory. Annu Rev Pharmacol Toxicol
42:135–163.

Ahi J, Radulovic J, Spiess J (2004) The role of hippocampal signaling
cascades in consolidation of fear memory. Behav Brain Res
149:17–31.

Altemus M (2006) Sex differences in depression and anxiety disor-
ders: potential biological determinants. Horm Behav 50:534–538.

Anagnostaras SG, Gale GD, Fanselow MS (2001) Hippocampal and
contextual fear conditioning: recent controversies and advances.
Hippocampus 11:8–17.

Anagnostaras SG, Maren S, DeCola JP, Lane NI, Gale GD, Schlinger
BA, Fanselow MS (1998) Testicular hormones do not regulate
sexually dimorphic pavlovian fear conditioning or perforant-path
long-term potentiation in adult male rats. Behav Brain Res 92:1–9.

Atkins CM, Selcher JC, Petraitis JJ, Trzaskos JM, Sweatt JD (1998)
The MAP kinase cascade is required for mammalian associative
learning. Nat Neurosci 1:602–609.

Bannerman DM, Deacon RMJ, Offen S, Friswell J, Grubb M, Rawlins
JNP (2002) Double dissociation of function within the hippocam-
pus: spatial memory and hyponeophagia. Behav Neurosci 116:
884–901.

Bannerman DM, Yee BK, Good MA, Heupel MJ, Iversen SD, Rawlins
JNP (1999) Double dissociation of function within the hippocam-
pus: a comparison of dorsal, ventral, and complete hippocampal
cytotoxic lesions. Behav Neurosci 113:1170–1188.

Barrientos RM, O’Reilly RC, Rudy JW (2002) Memory for context is
impaired by injecting anisomycin into dorsal hippocampus follow-
ing context exploration. Behav Brain Res 134:299–306.

Bast T, Zhang WN, Feldon J (2001) The ventral hippocampus and fear
conditioning in rats: different anterograde amnesias of fear after
tetrodotoxin inactivation and infusion of the GABAA agonist mus-
cimol. Exp Brain Res 139:39–52.

Beatty WW (1979) Gonadal hormones and sex differences in nonre-
productive behaviors in rodents: organizational and activational
influences. Horm Behav 2:112–163.

Beiko J, Lander R, Hampson E, Boon F, Cain DP (2004) Contribution
of sex differences in the acute stress response to sex differences
in water maze performance in the rat. Behav Brain Res 151:
239–253.

Blum S, Moore AN, Adams F, Dash PK (1999) A mitogen-activated
protein kinase cascade in the CA1/CA2 subfield of the dorsal
hippocampus is essential for long-term spatial memory. J Neurosci
19:3535–3544.

Bradford MM (1976) A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of protein-
dye binding. Anal Biochem 72:248–254.

Breedlove SM, Hampson E (2002) Sexual differentiation in the brain
and behavior. In: Behavioral endocrinology (Becker JB, Breedlove
SM, Crews S, McCarthy MM, eds), pp. 75–114. Cambridge, MA:
MIT Press.

Cushman J, Madsen S, Fanselow M (2006) Impairment of hippocam-
pus-dependent learning and memory during diestrus in mice. Pro-
gram 266:12 Neuroscience Meeting Planner. Atlanta, GA: Society
for Neuroscience, Online.

Day M, Good M (2005) Ovariectomy-induced disruption of long-term
synaptic depression in the hippocampal CA1 region in vivo is
attenuated with chronic estrogen replacement. Neurobiol Learn
Mem 83:13–21.

Eichenbaum H (2002) Cognitive neuroscience of memory. New York,
NY: Oxford University Press.

Fanselow MS (1986) Associative vs. topographical accounts of the
immediate shock-freezing deficit in rats: implications for the re-
sponse selection rules governing species-specific defensive reac-
tions. Learn Motiv 17:16–39.

Fanselow MS (1990) Factors governing one-trial contextual condition-
ing. Anim Learn Behav 18:264–270.

Fanselow MS, LeDoux JE (1999) Why we think plasticity underlying
pavlovian fear conditioning occurs in the basolateral amygdala.
Neuron 23:229–232.

Fendt M, Fanselow MS (1999) The neuroanatomical and neurochem-
ical basis of conditioned fear. Neurosci Biobehav Rev 23:743–760.

Fernandez SM, Lewis MC, Pechenino AS, Harburger LL, Orr PT,
Gresack JE, Schafe GE, Frick KM (2008) Estradiol-induced en-
hancement of object memory consolidation involves hippocampal
extracellular signal-regulated kinase activation and membrane-
bound estrogen receptors. J Neurosci 28:8660–8667.

Fournier NM, Darnbrough AL, Wintink AJ, Kalynchuk LE (2009) Al-
tered synapsing I immunoreactivity and fear behavior in male and
female rats subjected to long-term amygdala kindling. Behav Brain
Res 196:106–115.

Frankland PW, Filipkowski RK, Cestari V, McDonald RJ, Silva AJ
(1998) The dorsal hippocampus is essential for context discrimi-
nation but not for contextual conditioning. Behav Neurosci 112:
863–874.

Frick KM, Berger-Sweeney J (2001) Spatial reference memory and
neocortical neurochemistry vary with the estrous cycle in C57BL/6
mice. Behav Neurosci 115:229–237.

Frye CA (1995) Estrous-associated decrements in a water maze task
are limited to acquisition. Physiol Behav 57:5–14.

Giovannini MG, Efoudebe M, Passani MB, Baldi E, Bucherelli C,
Giachi F, Corradetti R, Blandina P (2003) Improvement in fear
memory by histamine-elicited ERK2 activation in hippocampal CA3
cells. J Neurosci 23:9016–9023.

Gresack JE, Frick KM (2003) Male mice exhibit better spatial working
and reference memory than females in a water-escape radial arm
maze task. Brain Res 982:98–107.

Gresack JE, Frick KM (2007) The effects of sex-steroid hormones
during development and adulthood on sex differences in contex-
tual fear and object memories. Program 309:20 Neuroscience
Meeting Planner. San Diego CA: Society for Neuroscience. Online.

Gupta RR, Sen S, Diepenhorst LL, Rudick CN, Maren S (2001) Es-
trogen modulates sexually dimorphic contextual fear conditioning
and hippocampal long-term potentiation (LTP) in rats. Brain Res
888:356–365.

Healy SD, Braham SR, Braithwaite VA (1999) Spatial working memory
in rats: no differences between the sexes. Proc R Soc Lond
266:2303–2308.

Huff NC, Rudy JW (2004) The amygdala modulates hippocampus-
dependent context memory formation and stores cue-shock asso-
ciations. Behav Neurosci 118:53–62.

Isgor C, Sengelaub DR (1998) Prenatal gonadal steroids affect adult
spatial behavior CA1 and CA3 pyramidal cell morphology in rats.
Horm Behav 34:183–198.

Isgor C, Sengelaub DR (2003) Effects of neonatal gonadal steroids on
adult CA3 pyramidal neuron dendritic morphology and spatial
memory in rats. J Neurobiol 55:179–190.

Jasnow AM, Schulkin J, Pfaff DW (2006) Estrogen facilitates fear
conditioning and increases corticotropin-releasing hormone mRNA
expression in the central amygdala in female mice. Horm Behav
49:197–205.

Juraska JM, Fitch JM, Washburne DL (1989) The dendritic morphol-
ogy of pyramidal neurons in the rat hippocampal CA3 area. II.
Effects of gender and the environment. Brain Res 479:115–119.

Juraska JM (1991) Sex differences in “cognitive regions” of the rat
brain. Psychoneuroendocrinology 16:105–119.

Kelly A, Laroche S, Davis S (2003) Activation of mitogen-activated
protein kinase/extracellular signal-regulated kinase in hippocampal
circuitry is required for consolidation and reconsolidation of recog-
nition memory. J Neurosci 12:5354–5360.

Kim JJ, Fanselow MS (1992) Modality-specific retrograde amnesia of
fear. Science 256:675–677.

J. E. Gresack et al. / Neuroscience 159 (2009) 451–467 465



Kosten TA, Lee HJ, Kim JJ (2006) Early life stress impairs fear
conditioning in adult male and female rats. Brain Res 1087:142–
150.

Kudo K, Qiao C, Kanba S, Arita J (2004) A selective increase in
phosphorylation of cyclic AMP response element-binding protein in
hippocampal CA1 region of male, but not female, rats following
contextual fear conditioning and passive avoidance conditioning.
Brain Res 1024:233–243.

LeDoux JE (2000) Emotion circuits in the brain. Annu Rev Neurosci
23:155–184.

Lehmann J, Pryce CR, Bettschen D, Feldon J (1999) The maternal
separation paradigm and adult emotionality and cognition in male
and female Wistar rats. Pharmacol Biochem Behav 64:705–715.

MacLusky NJ, Naftolin F (1981) Sexual differentiation of the central
nervous system. Science 211:1294–1303.

Madeira MD, Sousa N, Paula-Barbosa MM (1991) Sexual dimorphism
in the mossy fiber synapses of the rat hippocampus. Exp Brain Res
87:537–545.

Maren S, Aharonov G, Fanselow MS (1997) Neurotoxic lesions of the
dorsal hippocampus and pavlovian fear conditioning in rats. Behav
Brain Res 88:261–274.

Maren S, De Oca B, Fanselow MS (1994) Sex differences in hip-
pocampal long-term potentiation (LTP) and pavlovian fear condi-
tioning in rats: positive correlation between LTP and contextual
learning. Brain Res 661:25–34.

Maren S, Holt WG (2004) Hippocampus and pavlovian fear condition-
ing in rats: muscimol infusions into the ventral, but not dorsal,
hippocampus impair the acquisition of conditional freezing to an
auditory conditional stimulus. Behav Neurosci 118:97–110.

Markus EJ, Zecevic M (1997) Sex differences and estrous cycle
changes in hippocampus-dependent fear conditioning. Psychobi-
ology 25:246–252.

Matus-Amat P, Higgins EA, Barrientos RM, Rudy JW (2004) The role
of the dorsal hippocampus in the acquisition and retrieval of con-
text memory representations. J Neurosci 24:2431–2439.

Morgan MA, Pfaff DW (2001) Effects of estrogen on activity and
fear-related behaviors in mice. Horm Behav 40:472–482.

Moser E, Moser M-B, Andersen P (1993) Spatial learning impairment
parallels the magnitude of dorsal hippocampal lesions, but is hardly
present following ventral lesions. J Neurosci 13:3916–3925.

Moser M-B, Moser EI (1998) Functional differentiation in the hip-
pocampus. Hippocampus 8:608–619.

Mulnard RA, Cotman CW, Kawas C, van Dyck CH, Sano M, Doody R,
Koss E, Pfeiffer E, Jin S, Gamst A, Grundman M, Thomas R, Thal
LJ (2000) Estrogen replacement therapy for treatment of mild to
moderate Alzheimer disease. JAMA 283:1007–1015.

Parducz A, Garcia-Segura LM (1993) Sexual differences in the syn-
aptic connectivity in the rat dentate gyrus. Neurosci Lett 161:
53–56.

Paul S, Olausson P, Venkitaramani DV, Ruchkina I, Moran TD, Tron-
son N, Mills E, Hakim S, Salter MW, Taylor JR, Lombroso PJ
(2006) The striatal-enriched protein tyrosine phosphatase gates
long-term potentiation and fear memory in the lateral amygdala.
Biol Psychiatry 61:1049–1061.

Phillips RG, LeDoux JE (1992) Differential contribution of amygdala
and hippocampus to tone and contextual fear conditioning. Behav
Neurosci 106:274–285.

Pitkanen A, Pikkarainen M, Nurminen N, Ylinen A (2000) Reciprocal
connections between the amygdala and the hippocampal forma-
tion, perirhinal cortex, and postrhinal cortex in rat: a review. Ann N
Y Acad Sci 911:369–391.

Podhorna J, McCabe S, Brown RE (2002) Male and female C57BL/6
mice respond differently to diazepam challenge in avoidance learn-
ing tasks. Pharmacol Biochem Behav 72:13–21.

Pothuizen HH, Zhang W, Jongen-Relo AL, Feldon J, Yee BK (2004)
Dissociation of function between the dorsal and the ventral hip-
pocampus in spatial learning abilities of the rat: a within-subject,

within-task comparison of reference and working spatial memory.
Eur J Neurosci 19:705–712.

Pryce CR, Lehmann J, Feldon J (1999) Effect of sex on fear condi-
tioning is similar for context and discrete CS in Wistar, Lewis and
Fischer rat strains. Pharmacol Biochem Behav 64:753–759.

Rhoda J, Corbier P, Roffi J (1984) Gonadal steroid concentration in
serum and hypothalamus of the rat at birth: aromatization of tes-
tosterone to 17 beta-estradiol. Endocrinology 114:1754–1760.

Richmond MA, Pouzet B, Veenman L, Feldon J, Yee BK, Rawlins JNP,
Bannerman DM (1999) Dissociating context and space within the
hippocampus: effects of complete, dorsal, and ventral excitotoxic
hippocampal lesions on conditioned freezing and spatial learning.
Behav Neurosci 114:1189–1203.

Roof RL, Havens MD (1992) Testosterone improves maze perfor-
mance and induces development of a male hippocampus in fe-
males. Brain Res 572:310–313.

Rudy JW, Barrientos RM, O’Reilly RC (2002) Hippocampal formation
supports conditioning to memory of a context. Behav Neurosci
116:530–538.

Rudy JW, Huff NC, Matus-Amat P (2004) Understanding contextual
fear conditioning: insights from a two-process model. Neurosci
Biobehav Rev 28:675–685.

Runyan JD, Moore AN, Dash PK (2004) A role for prefrontal cortex in
memory storage for trace fear conditioning. J Neurosci 11:1288–
1295.

Sananbenesi F, Fischer A, Schrick C, Spiess J, Radulovic J (2003)
Mitogen-activated protein kinase signaling in the hippocampus and
its modulation by corticotropin-releasing factor receptor 2: A pos-
sible link between stress and fear memory. J Neurosci 23:11436–
11443.

Sanders MJ, Wiltgen BJ, Fanselow MS (2003) The place of the hip-
pocampus in fear conditioning. Eur J Pharmacol 463:217–223.

Schafe GE, Atkins CM, Swank MW, Bauer EP, Sweatt JD, LeDoux JE
(2000) Activation of ERK/MAP kinase in the amygdala is required
for memory consolidation of pavlovian fear conditioning. J Neurosci
20:8177–8187.

Schafe GE, Nadel NV, Sullivan GM, Harris A, LeDoux JE (1999)
Memory consolidation for contextual and auditory fear conditioning
is dependent on protein synthesis, PKA and MAP kinase. Learn
Mem 6:97–110.

Selcher JC, Atkins CM, Trzaskos JM, Paylor R, Sweatt JD (1999) A
necessity for MAP kinase activation in mammalian spatial learning.
Learn Mem 6:478–490.

Shors TJ, Chua C, Falduto J (2001) Sex differences and opposite
effects of stress on dendritic spine density in the male versus
female hippocampus. J Neurosci 21:6292–6297.

Shors TJ, Falduto J, Leuner B (2004) The opposite effects of stress on
dendritic spines in male vs female rats are NMDA receptor-depen-
dent. Eur J Neurosci 19:145–150.

Smith MD, Jones LS, Wilson MA (2002) Sex differences in hippocam-
pal slice excitability: role of testosterone. Neuroscience 109:517–
530.

Steffenach MA, Witter M, Moser MB, Moser EI (2005) Spatial memory
in the rat requires the dorsolateral band of the entorhinal cortex.
Neuron 45:301–313.

Sweatt JD (2004) Mitogen-activated protein kinases in synaptic plas-
ticity and memory. Curr Opin Neurobiol 14:311–317.

Tabibnia G, Cooke BM, Breedlove SM (1999) Sex difference and
laterality in the volume of mouse dentate gyrus granule cell layer.
Brain Res 827:41–45.

Trifilieff P, Herry C, Vanhoutte P, Caboche J, Desmedt A, Riedel G,
Mons N, Micheau J (2006) Foreground contextual fear memory
consolidation requires two independent phases of hippocampal
ERK/CREB activation. Learn Mem 13:349–358.

Trivedi MA, Coover GD (2004) Lesions of the ventral hippocampus,
but not the dorsal hippocampus, impair conditioned fear expres-
sion and inhibitory avoidance on the elevated T-maze. Neurobiol
Learn Mem 81:172–184.

J. E. Gresack et al. / Neuroscience 159 (2009) 451–467466



van Groen T, Wyss JM (1990) Extrinsic projections from area CA1 of
the rat hippocampus: olfactory, cortical, subcortical, and bilateral
hippocampal projections. J Comp Neurol 302:515–528.

Wallenstein GV, Vago DR (2001) Intrahippocampal scopolamine im-
pairs both acquisition and consolidation of contextual fear condi-
tioning. Neurobiol Learn Mem 75:245–252.

Williams CL, Barnett AM, Meck WH (1990) Organizational effects of
early gonadal secretions on sexual differentiation in spatial mem-
ory. Behav Neurosci 104:84–97.

Williams CL, Meck WH (1991) The organizational effects of gonadal
steroids on sexually dimorphic spatial ability. Psychoneuroendocri-
nology 16:155–176.

Williams CL, Meck WH (1993) Organizational effects of gonadal
hormones induce qualitative differences in visuospatial navigation.
In: The development of sex differences and similarities in behavior
(Haug M et al., eds), pp 175–189. Dordrecht, The Netherlands:
Kluwer Academic.

Wiltgen BJ, Sanders MJ, Anagnostaras SG, Sage JR, Fanselow MS
(2006) Context fear learning in the absence of the hippocampus.
J Neurosci 26:5484–5491.

Wiltgen BJ, Sanders MJ, Behne NS, Fanselow MS (2001) Sex differ-
ences, context preexposure, and the immediate shock deficit in
pavlovian context conditioning with mice. Behav Neurosci 115:
26–32.

Wimer RE, Wimer CC (1985) Three sex dimorphisms in the granule
cell layer of the hippocampus in house mice. Brain Res 328:
105–109.

Wood GE, Beylin AV, Shors TJ (2001) The contribution of adrenal and
reproductive hormones to the opposing effects of stress on trace
conditioning in males versus females. Behav Neurosci 115:175–
187.

Young SJ, Bohenek DL, Fanselow MS (1994) NMDA processes me-
diate anterograde amnesia of contextual fear conditioning induced
by hippocampal damage: immunization against amnesia by con-
text preexposure. Behav Neurosci 108:19–29.

Zhang WN, Bast T, Feldon J (2001) The ventral hippocampus and fear
conditioning in rats: different anterograde amnesias of fear after
infusion of N-methyl-D-aspartate or its noncompetitive antagonist
MK-801 into the ventral hippocampus. Behav Brain Res 126:
159–174.

(Accepted 7 January 2009)
(Available online 10 January 2009)

J. E. Gresack et al. / Neuroscience 159 (2009) 451–467 467


