% NIH Public Access
z a2 & Author Manuscript

Published in final edited form as:
Neuroscience. 2009 December 15; 164(3): 887-895. doi:10.1016/j.neuroscience.2009.09.011.

Estrous cycle phase and gonadal hormones influence
conditioned fear extinction

Mohammed R Milad, PhD, Sarah A Igoe, BA, Kelimer Lebron-Milad, PhD, and Juan E Novales,
BA

Department of Psychiatry, Massachusetts General Hospital and Harvard Medical School,
Charlestown, MA

1duasnue Joyiny vd-HIN

Abstract

Gonadal hormones modulate fear acquisition, but less is known about the influence of gonadal
hormones on fear extinction. We assessed sex differences and the influence of gonadal hormone
fluctuations and exogenous manipulations of estrogen and progesterone on acquisition, extinction
learning and extinction recall in a 3-day auditory fear conditioning and extinction protocol.
Experiments were conducted on males and naturally cycling female rats. Regarding female rats,
significant differences in fear extinction were observed between subgroups of females, depending
on their phase of the estrous cycle. Extinction that took place during the proestrus (high estrogen/
progesterone) phase was more fully consolidated, as evidenced by low freezing during a recall test.
This suggests that estrogen and/or progesterone facilitate extinction. In support of this, injection of
both estrogen and progesterone prior to extinction learning in female rats during the metestrus phase
of the cycle (low estrogen/progesterone) facilitated extinction consolidation, and blockade of
estrogen and progesterone receptors during the proestrus phase impaired extinction consolidation.
When comparing male to female rats without consideration of the estrous cycle phase, no significant
sex differences were observed. When accounting for cycle phase in females, sex differences were
observed only during extinction recall. Female rats that underwent extinction during the metestrus
phase showed significantly higher freezing during the recall test relative to males. Collectively, these
data suggest that gonadal hormones influence extinction behavior possibly by influencing the
function of brain regions involved in the consolidation of fear extinction. Moreover, the elevated fear
observed in female relative to male rats during extinction recall suggests that gonadal hormones may
in part play a role in the higher prevalence of anxiety disorders in women.
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Introduction

Fear extinction is the gradual decrease of conditioned fear responses, such as freezing, to a
conditioned stimulus that was previously paired with an aversive unconditioned stimulus such
as a footshock. Evidence now points to the involvement of the amygdala, ventromedial
prefrontal cortex (vmPFC), and hippocampus in the learning and consolidation of conditioned
fear extinction in both rodents and humans (for reviews, see Quirk and Mueller 2008; Milad
et al. 2006b; Myers and Davis 2007; Bouton 2004). Most studies that examine fear extinction
have predominantly utilized male rodents and the human studies have averaged data from both
women and men. Sex differences in learning and memory have been reported in a variety of
behavioral paradigms including conditioned fear acquisition. Data from these studies indicate
that gonadal hormones influence the acquisition of fear conditioning (Maren et al. 1994; Gupta
et al. 2001; Wiltgen et al. 2001; Aguilar et al. 2003; Jasnow et al. 2006). Fewer studies have
focused on sex differences and the influence of gonadal hormones on fear extinction. Some
reports have shown that gonadal hormones facilitate the extinction of passive avoidance (Rivas-
Arancibia and Vazquez-Pereyra 1994), conditioned taste aversion (Yuan and Chambers
1999), and extinction of contextual fear (Chang et al. 2009). Thus, there is evidence to suggest
that gonadal hormones may influence or contribute to sex differences in conditioned fear
extinction and its recall.

It has been shown that the amygdala, vmPFC, and hippocampus are sexually dimorphic in
humans (Goldstein et al. 2001) and contain high levels of estrogen and progesterone receptors
in rodents (Pilgrim and Hutchison 1994; Ostlund et al. 2003). It has also been reported that the
function of these brain regions exhibits a different pattern of activation in response to emotional
stimuli in men and women, and that they are influenced by the phase of the menstrual cycle in
healthy women (Andreano and Cahill 2009; Cahill et al. 2004; Goldstein et al. 2005a;
Protopopescu et al. 2005). Moreover, the function of these brain regions appears to be deficient
in several anxiety disorders such as PTSD, and fear extinction is shown to be impaired in PTSD
(Rauch et al. 2006; Milad and Rauch 2007; Liberzon et al. 2003; Pitman et al. 2001; Milad et
al. 2008; Orr et al. 2000). Several epidemiological studies indicate that the prevalence of
anxiety disorders such as post-traumatic stress disorder (PTSD) is higher in women (Pigott
2003; Breslau et al. 1998; Kinrys and Wygant 2005). Collectively, these data raise an important
question that this study was designed to address: do gonadal hormones and fluctuations thereof
influence fear extinction?

Using a three-day auditory fear conditioning and extinction paradigm, we assessed extinction
learning and recall at different phases of the estrous cycle in naturally cycling female rats. We
focused on two specific phases of the estrous cycle: the proestrus and metestrus phases. The
former is characterized by elevated estrogen/progesterone levels while the latter is
characterized by low levels of these hormones. We then examined the influence of exogenous
administration of estrogen and/or progesterone in naturally cycling female rats during the
metestrus phase. Finally, we administered pharmacological agents to block estrogen or
progesterone receptors prior to extinction learning while rats were in the proestrus phase. Given
that it has recently been shown that estrogen facilitates extinction of context conditioning
(Chang et al. 2009) and that progesterone and its metabolites appear to have anxiolytic effects
(Akwa et al. 1999), we predicted that elevated levels of gonadal hormones would facilitate
extinction learning and recall.

Experimental Procedures

Subjects

Atotal of 22 male and 150 female Sprague Dawley rats (approximately 300 grams and 8 weeks
of age) were housed individually at the Massachusetts General Hospital Center for
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Comparative Medicine and handled for 5 minutes/day for 2 days following their arrival. Rats
were maintained on a 12h light/dark cycle and restricted to ~15g/day of laboratory rat chow,
with free access to water. They were transported to a holding room in our laboratory in the
morning and returned to the facility at the end of each day. The procedures were approved by
the Subcommittee on Research Animal Care of the Massachusetts General Hospital, in
compliance with National Institutes of Health guidelines.

Behavioral Apparatus

All experimental procedures were performed in Plexiglas chambers (Coulbourn Instruments,
Whitehall, Pennsylvania) of 25 x 29 x 29 cm inside sound-attenuated boxes (Med Associates,
Burlington, Vermont). Each contained a single overhead house light, video camera, and a
speaker mounted on the wall through which tone presentations were delivered. Each chamber
held a metal bar apparatus that, when pressed, would deliver food pellets (Bioserve,
Frenchtown, New Jersey) at a rate predetermined by a computer program (GraphicState 3.03,
Coulbourn Instruments, Whitehall, Pennsylvania), and floors consisting of stainless-steel bars
capable of delivering a mild electric shock. The conditioned stimulus (CS) was a 4kHz tone
with an intensity of 80 dB and a duration of 30s, during which an LED indicator light would
turn on (The LED light was only visible to the video camera recording the behavior of the rats).
The unconditioned stimulus (US) was a 0.6mA, 0.5s footshock that co-terminated with the
tone presentation during conditioning.

Behavioral Procedure

For approximately 10 days prior to the experiment, rats were trained to press a bar for food in
order to establish a consistent level of activity against which to measure freezing (Quirk
2002). Rats that failed to reach predetermined learning criteria at a variable interval averaging
60s were not included and did not undergo any phase of the experiment. For all female rats
included in the experiment, vaginal smears were taken daily to confirm that their estrous cycles
were proceeding normally, as previously described (Becker et al. 2005). Vaginal epithelial
cells were examined via microscope daily for at least 10 consecutive days; slides were dyed
using DipQuick counter stain kit (Jorgensen Laboratories, Loveland, Colorado). Various
randomly-selected samples were blindly re-examined by collaborators to ensure proper and
consistent readings. Swabs were performed between 8:00 and 10:00 A.M. to maintain
consistency, and rats were returned to their home cages for 60 minutes prior to the start of the
experimental procedure.

Experiment 1: influence of estrous cycle phase on conditioning, extinction learning, and
extinction recall

It is documented that the estrous cycle in female rats is a four-day cycle consisting of four
discernable phases: estrus, metestrus, diestrus, and proestrus (Becker et al. 2005). To assess
the influence of the estrous cycle on the different phases of the experiment, we focused on two
specific phases of the cycle: proestrus (Pro) and metestrus (Met). The former is characterized
by elevated estrogen and progesterone levels, whereas the latter is characterized by low
estrogen and progesterone levels (Becker et al. 2005). On Day 1, 56 female rats were placed
in the conditioning chambers, where they received 5 non-reinforced presentations of the tone
alone (Habituation) followed by 7 tone-footshock pairings (Conditioning) at an average inter-
trial interval of 3 minutes. Rats were immediately returned to their home cages following the
conditioning phase. On Day 2, rats were returned to the chambers and presented with 20 non-
reinforced tone trials (Extinction Learning), and on Day 3, they received 15 presentations of
the tone alone (Extinction Recall). All rats underwent all experimental phases in the same
chamber in which they had been trained to press the bar, and sessions were run 24 hours apart.
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Given that female rats normally fall in a different phase of the estrous cycle on a daily basis
(Becker et al. 2005), all female rats underwent the experimental procedures as described above
regardless of the phase of the estrous cycle. Upon completion of the experiments, post-hoc
separation of all female rats was conducted (determined by vaginal swabs) as follows: rats that
underwent conditioning while either in the proestrus (n=8) or metestrus phases (15), rats that
underwent extinction learning while in proestrus (10) or metestrus (11), and rats that underwent
extinction recall while in proestrus (7) or metestrus (11). Six rats did not fully progress to a
new phase of the cycle during the 24 hours between tests (but were otherwise cycling normally);
these rats were ultimately included in two of the aforementioned groups. All rats continued to
receive vaginal swabs for at least 3 days following the experiment to confirm normal cycling.

Experiment 2: influence of exogenous administration of hormones on extinction recall

For this experiment, the cycling patterns of a new group of 58 female rats were monitored and
the experiment was scheduled such that all rats underwent extinction learning during the
metestrus phase. To further investigate which natural hormone variations may modulate the
differences in fear behavior observed in experiment 2, 4 different groups of rats were treated
as follows: a group was administered estradiol (n=13, 15 ug/kg, Sigma-Aldrich, St. Louis, MO,
dissolved in saline), another progesterone (n=14, 4 mg/kg, Sigma-Aldrich, St. Louis, MO,
dissolved in saline), the third received a combination of estradiol and progesterone using the
same doses above (n=13), and the last group received vehicle (n= 18, saline). The volume of
injection was the same for all groups (0.1 ml); all administered subcutaneously (s.c.) 30 minutes
prior to extinction learning. On day 3, all groups underwent the extinction recall test.

Experiment 3: influence of hormone antagonists on extinction learning and recall

This experiment was implemented identically to experiment 2, but these 36 female rats
underwent extinction learning while in the proestrus phase. Thirty minutes prior to extinction
learning, rats received s.c. injections of either the progesterone antagonist Mifepristone (n=13,
30 mg/kg in propylene glycol, Sigma-Aldrich, St. Louis, MO), the nonselective estrogen
antagonist Fulvestrant (n=12, 30mg/kg in sesame oil, Sigma-Aldrich, St. Louis, MO) or vehicle
(n=11). All injection volumes were 0.1mL. On day 3, all groups underwent the extinction recall
test. It has been reported that the half-life for Mifepristone in rats is approximately 1 hour
(Heikinheimo et al. 1994) whereas the half-life for Fulvestrant is approximately 4 hours (Berry
et al. 1990). Thus, all tests conducted on day 3 where done in a drug-free state.

Experiment 4: male vs. female

This experiment was conducted to examine the potential differences between male and female
rats during all phases of the experiment. Twenty-two male rats underwent the same
conditioning and extinction protocol described above. A comparison across each phase of the
experiment was conducted between male rats vs. all naturally cycling female rats without any
pharmacological manipulations regardless of the cycle phase (rats from experiment 1). A post-
hoc comparison was then conducted between male rats vs. female rats that underwent
conditioning and extinction training at the metestrus and proestrus phases of the experiment
to assess whether estrous cycle phase may contribute to sex differences.

Behavioral Analysis

Freezing behavior — the absence of all movement apart from respiration — is a known fear
response in rats and was used as the measure of conditioned fear. Freezing during the tone
presentation was evaluated from digital videos using motion-sensing computer software
(FreezeScan, Clever Systems, Reston, Virginia), and time spent freezing was recorded as a
percentage of the total 30s duration of the tone. Freezing data were analyzed with repeated-
measures analysis of variance (ANOVA) or student t-test when appropriate using statistical
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analysis software (SPSS Inc., Chicago, Illinois.). Data are shown as means for all 5 trials of
habituation, the last 5 trials of conditioning (3-7), averaged in blocks of 5 trials during the entire
extinction learning phase, and the average of the first 5 trials during the extinction recall test.
Thus, all data shown represent blocks of 5 trials. Error bars represent standard error of the mean
(S.E).

Experiment 1: influence of estrous cycle phase on conditioning, extinction learning, and
extinction recall

Pro/Met during fear conditioning—Rats that underwent fear conditioning during the
proestrus phase (Pro_Cond group) were compared to those that underwent conditioning during
the metestrus phase (Met_Cond group). Student’s t-test conducted on the acquisition phase
and extinction recall phase revealed no significant difference in either phase (t22) = 1.20, p =
0.24, t(22) = 0.95, p = 0.35, for conditioning and extinction recall, respectively). Repeated
measures ANOVA conducted on the extinction learning phase revealed a significant main
effect of trial (F(3 63) = 20.32, p < 0.001), indicating intact extinction learning for both groups,
but no significant main effect of group (F g 21) = 0.99, p = 0.33), and no significant interaction
(F(3,63) = 0.64, p = 0.59) was observed. These data are shown in figure 1A.

Pro/Met during Extinction Learning—~Rats that underwent extinction learning while in
proestrus (Pro_Ext group) were compared with those that underwent extinction learning in
metestrus (Met_Ext group). On Day 1, Pro_Ext group showed significantly lower freezing
during the last 5 trials of the conditioning phase relative to Met_Ext group (t20) = 2.16, p =
0.04, figure 2B). On Day 2, ANOVA with repeated measures revealed significant main effects
of trial (F(357) = 23.12, p < 0.001), significant main effect of group (F(1,19) = 9.67, p = 0.006)
but no significant interaction (F(3 57y = 0.23, p = 0.87), showing that Pro_Ext group had
significantly lower freezing levels relative to Met_Ext group (figure 1B). The lack of significant
interaction between groups indicates that the rate of extinction learning is equivalent in both
groups. On day 3, the Pro_Ext group showed significantly lower freezing levels relative to the
Met_Ext group during the first 5 trials (to0) = 3.08, p = 0.005, see figure 1B).

To test if the difference between the Pro_Ext and Met_Ext groups during the extinction recall
was due to the between-group difference during fear acquisition, we used three different
analytical approaches. First, we measured percent fear recovery, which is calculated based on
the first 2 trials during extinction recall divided by the average of the first 2 trials during
extinction learning multiplied by 100. This measure has been frequently used to assess between
group differences during extinction recall test (for example, see Quirk et al. 2000; Lebron et
al. 2004; Milad and Quirk 2002), especially when there is a between-group difference during
fear conditioning. This measure revealed that Pro_Ext exhibited significantly lower % fear
recovery relative to Met_Ext group (41.8% and 75.4% for Pro_Ext and Met_EXxt, respectively,
p = 0.0034). Second, we artificially matched for fear acquisition levels between groups by
excluding those with especially high acquisition from the Met_Ext group (remaining n=8) and
those with especially low acquisition from the Pro_Ext group (remaining n=8). The difference
in freezing during extinction recall between these two sub-groups remained significant (t(ss)
=2.60, p=0.019, see inset in figure 1B). Third, we repeated the statistical analysis (for the entire
sample, i.e. no exclusions) co-varying for the acquisition levels in both groups. After co-
varying for the acquisition levels, the differences in recall remained statistically significant (p
< 0.05). Itis, therefore, unlikely that the significant between-group differences we observed
during extinction recall are due to pre-existing differences during fear acquisition.
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Pro/Met during Extinction Recall—Finally, rats that underwent extinction recall test in
the proestrus phase (Pro_Recall group) were compared with those that underwent extinction
recall test in the metestrus phase (Met_Recall group). Student’s t-test conducted on the
acquisition phase and extinction recall phase revealed no significant differences between
groups in these phases (t17) = 1.24, p = 0.23, t(17) = 0.82, p = 0.98, for fear acquisition and
extinction recall, respectively). Repeated measures ANOVA conducted on the extinction
learning phase revealed significant main effect of trial (F(3, 51) = 11.55, p < 0.001) but no
significant main effect of group (F(y, 17) = 0.25, p = 0.61) or interaction (F3, 51) = 0.39, p =
0.75) (data are shown in figure 1C).

Experiment 2: influence of exogenous administration of hormones on extinction recall

The following experiments were conducted to assess the effects of exogenous manipulations
of gonadal hormones on fear extinction. As described in the methods section, all female rats
underwent extinction learning during the metestrus phase of the cycle and received either
estradiol (E+Met group), progesterone (P+Met group), estradiol+progesterone (E&P+Met
group), or vehicle (Veh+Met group) 30 minutes prior to extinction learning. One-way ANOVA
conducted on the acquisition phase revealed no significant differences between groups during
fear conditioning (F(3 57y = 0.19, p = 0.90). Repeated-measures ANOVA conducted on the
extinction learning phase revealed a significant main effect of trial (F(3 162) = 39.81, p <0.001),
and a significant main effect of group (F3 54) =3.61, p = 0.019), but no significant interaction
(F(9,162) = 0.54, p = 0.84). Post-hoc comparisons revealed that the E&P+Met group exhibited
significantly lower freezing behavior during this phase relative to the Veh+Met group (p =
0.002), whereas freezing levels in the E+Met and P+Met groups did not statistically differ from
the Veh+Met group (p =0.16, and p = 0.13, for E+Met and P+Met, respectively). These results
suggest that while the groups did not differ in the rate at which they extinguished, rats receiving
both estrogen and progesterone, which would simulate a hormonal state of the proestrus phase,
show significantly less freezing during extinction learning. These results suggest a potential
anxiolytic effect when both estrogen and progesterone are used in combination. On Day 3, one-
way ANOVA revealed significant main effect of group (F(3 s7) = 4.19, p = 0.010). Post-hoc
analysis of the extinction recall test revealed that Veh+Met group exhibited significantly higher
freezing levels during this test compared to all remaining groups (p = 0.009, p = 0.013, and p
= 0.004, for E+Met, P+Met, and E&P+Met groups, respectively). These data are shown in
figure 2B.

Experiment 3: influence of hormone antagonists on extinction learning and recall

To corroborate the findings from experiments 1-2, we explored whether blocking estrogen or
progesterone receptors would produce the opposite effect of exogenous administration of
estrogen and progesterone. As described in the methods section, all female rats underwent
extinction learning phase during the proestrus phase of the cycle. Rats received either the non-
selective estrogen receptor antagonist fulvestrant (Fulv+Pro group), progesterone antagonist
mifepristone (Mif+Pro group), or vehicle (Veh+Pro group) 30 minutes prior to extinction
learning. One-way ANOVA conducted on the acquisition phase revealed no significant
differences between groups during fear conditioning (F(2,35) =2.01, p = 0.15). Repeated-
measures ANOVA conducted on the extinction learning phase revealed a significant main
effect of trial (F(g 99) = 17.38, p < 0.001), and a significant main effect of group (F (2 33) =3.75,
p = 0.034), but no significant interaction (F g9) = 1.18, p = 0.32). Post-hoc comparisons
revealed that the Mif+Pro group showed significantly higher freezing levels relative to the Veh
+Pro group (p = 0.014). Freezing levels in the Fulv+Pro group were not statistically significant
relative to the Veh+Pro (p = 0.055). These results suggest that while the groups did not differ
in the rate at which they extinguished, rats receiving the progesterone antagonist show
significantly more freezing during extinction learning compared to those receiving vehicle;
blockade of estrogen receptors at this phase showed a marginal effect. On Day 3, one-way
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ANOVA revealed significant main effect of group (F(2,33) = 3.36, p = 0.047) and post-hoc
analysis indicated that both Fulv+Pro and Mif+Pro groups showed higher levels of freezing
compared to Veh+Pro group (p = 0.029, and p = 0.033, for Fulv+Pro and Mif+Pro groups,
respectively). These data are shown in figure 2B.

Experiment 4: male vs. female

Female rats that underwent experiment 1 were grouped regardless of cycle phase and compared
to male rats that underwent the same experimental procedures. The male group exhibited higher
freezing levels relative to the female group but this difference was not statistically significant
(t7e) = 1.67, p = 0.095) (see figure 3a). On Day 2, Repeated measures ANOVA revealed a
significant main effect of trial (F(3 208) = 44.9, p < 0.0001), indicating significant extinction
learning within session for both groups. However, no significant main effect of group
(F(1,76) = 0.76, p=0.38) and no interaction (F 3 22g) =1.43, p= 0.24) were observed, indicating
that male and female groups did not significantly differ during the extinction learning phase.
On Day 3, there was no difference between male and female groups in extinction recall (t(7¢)
=0.82, p = 0.59). Thus, these data indicate a marginal increase in fear acquisition in the male
rats and lack of any significant differences between males and female groups during extinction
learning and recall. These data are shown in figure 3a.

To examine potential sex differences that may be due to cycle phase, we conducted post-hoc
analyses comparing freezing values in the male group (described above) during fear
conditioning to female rats that underwent conditioning during the proestrus (Pro_Cond group
from experiment 1) and to female rats that underwent fear conditioning during the metestrus
phase (Met_Cond group from experiment 1). These analyses revealed that the male group and
Met_Cond group showed similar levels of freezing, both of which were higher than those
exhibited by the Pro_Cond group. This difference, however, was not statistically significant
(one-way ANOVA, F(; 42) = 1.98, p = 0.15, see figure 3b).

To assess potential sex differences during extinction recall that might be due to cycle phase,
we conducted additional post-hoc analyses. In these analyses, we used the percent recovery
measure because this measure normalizes any differences in fear acquisition among groups.
Given that the most robust difference between females was observed when they were separated
by cycle phase during extinction learning (Pro_Ext and Met_EXxt groups, figure 1b), percent
recovery from these groups was compared to that obtained from the male group. To obtain a
sample size that was comparable to the male group, we included all vehicle-injected females
that underwent extinction learning during either proestrus or metestrus (experiments 2 and 3)
in these post-hoc analyses (their behavior did not differ from their counterparts in the Pro_Ext
and Met_Ext groups). One-way ANOVA of the percent fear recovery revealed a significant
main effect of group (F 2 67) = 6.96, p = 0.002). Post-hoc analysis showed that the male group
exhibited low fear recovery that was comparable to that exhibited by the Pro_Ext group (p =
0.362); the percent recovery for both of these groups was significantly lower than that exhibited
by the metestrus group (85.5% + 8.9) (p =0.01 for males vs. Met_Ext, and p=0.001 for Pro_Ext
vs. Met_EXxt, see figure 3c).

Discussion

The data gathered in the present study show that naturally cycling gonadal hormones influence
fear extinction in that elevated gonadal hormone levels during the proestrus phase appear to
facilitate extinction recall. This was further supported by 1) the fact that administration of
exogenous estrogen and progesterone prior to extinction learning on Day 2 facilitated
extinction recall tested on Day 3, and 2) the fact that blockade of estrogen and progesterone
receptors prior to extinction learning impaired extinction recall. Furthermore, no differences
were observed between male and female rats when not taking the cycle phase into
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consideration. However, after dividing the female rats based on the cycle phase, we observed
marginal yet not significant sex differences during fear acquisition. Interestingly, during
extinction recall, the fear recovery in female rats that underwent extinction learning during the
metestrus phase was significantly higher when compared to fear recovery in males. Fear
recovery in male rats and in females that underwent extinction learning during the proestrus
phases were comparable. To our knowledge, this is the first report to indicate that in naturally
cycling female rats, gonadal hormone variance during the estrous cycle modulates auditory
fear extinction recall.

The objective of administering estrogen and progesterone was to determine which of these two
hormones would modulate extinction learning and recall. Our data indicate that both estrogen
and progesterone appear to enhance extinction recall. Notably, the combined estrogen and
progesterone injections in the same animals seemed to have an additive effect, specifically
during extinction learning. The decreased fear expression during extinction learning when
elevated gonadal hormones are present is consistent with the reported anxiolytic effects of these
hormones (Lund et al. 2005; Hiroi and Neumaier 2006; Walf and Frye 2005). More importantly,
the facilitated extinction consolidation induced by gonadal hormones is consistent with recent
reports showing that estrogen administration facilitates extinction of contextually conditioned
fear (Chang etal. 2009) and memory formation in other tasks (Leuner etal. 2004). We speculate
that the facilitative effects of estrogen on fear extinction are mediated by the estrogen receptor
beta (ER-beta), as several studies have shown that the anxiolytic effects of estrogen are
mediated by the ER-beta (Toufexis et al. 2007; Lund et al. 2005; Tomihara et al. 2009). This
view is supported by a recent study showing that extinction of context conditioning was
facilitated through the activation of ER-beta in the hippocampus (Chang et al. 2009).

As for progesterone, its administration to ovarectomized rats facilitated contextual and cued
fear conditioning, and enhanced cognitive performance in a variety of other behavioral tasks
in mice (Frye and Walf 2008). Moreover, progesterone is metabolized into allopregnanolone
(Engin and Treit 2007) which appears to have anxiolytic effects that are mediated via the
amygdala, vmPFC, and hippocampus (Akwa et al. 1999; Engin and Treit 2007). In other tasks,
progesterone facilitates extinction of cocaine self administration (Jackson et al. 2006). We note
that the progesterone receptor antagonist used in the present study, mifepristone, also blocks
glucocorticoid receptors. Given that several studies have shown that glucocorticoids may be
involved in fear extinction (Yang et al. 2006; Gourley et al. 2009), it is possible that the impaired
extinction recall observed after mifepristone injections in the present study may be due to the
blockade of the glucocorticoid receptors. Nonetheless, our other experiments involving natural
hormone variations and exogenous progesterone administration show that progesterone is
indeed playing a role in facilitating extinction recall.

The mechanisms by which estrogen and progesterone modulate associative learning are not
entirely clear. High levels of gonadal hormone receptors are expressed in the vmPFC,
hippocampus and amygdala (Pilgrim and Hutchison 1994; Ostlund et al. 2003); all of these
brain regions have been implicated in fear extinction in both rodents and humans (Quirk and
Mueller 2008; Milad et al. 2006a). These receptors are expressed on inhibitory interneurons
in these brain regions, suggesting that activation of estrogen receptors may have a modulatory
role on the output of the vmPFC, amygdala, and hippocampus (Murphy et al. 1998; Blurton-
Jones and Tuszynski 2002). The interplay between gonadal hormones and neural activity has
been most extensively studied in the hippocampus (Shors et al. 2001). In this brain region,
estrogen enhances synaptogenesis and long-term potentiation (LTP) (McEwen 2002),
increases the formation of dendritic spines (Murphy et al. 1998; Good et al. 1999), increases
cell proliferation (Tanapat et al. 2005), and increases neural excitability (Foy et al. 1999;
Terasawaand Timiras 1968). GABA receptor agonists block the effects of estrogen on dendritic
spines (Segal and Murphy 2001). Thus, estrogen appears to reduce the inhibitory tone of
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GABAergic neurons. On the other hand, progesterone increases GABAergic inhibition and
reduces dendritic spines in the hippocampus (Segal and Murphy 2001; Woolley and McEwen
1993). It remains unclear as to whether or not similar mechanisms of action of these hormones
are also found in the amygdala and vmPFC, structures critical for fear acquisition and
extinction.

Sex differences in the acquisition of cued and contextual fear conditioning have been
demonstrated. The findings of these studies, however, are not entirely consistent, most likely
due to differences in experimental protocol, dose, and duration of hormonal manipulations.
Some studies have shown increased fear acquisition in male relative to female rats in a
contextual fear conditioning paradigm (Gupta et al. 2001; Wiltgen et al. 2001). Others,
however, reported no sex differences in contextual fear conditioning and reported enhanced
fear acquisition to cued conditioning in female relative to male rats (Wiltgen et al. 2005).
Maren et al.,(1994) observed sex differences during fear acquisition only during contextual
fear and not during cued fear conditioning. Thus, our results are consistent with reports
indicating lack of significant differences between male and female rats during cued fear
conditioning. The lack of any sex differences remained even when considering the estrous
cycle phase in females. Interestingly, sex differences emerged during extinction recall when
taking the cycle phase into account. Male rats exhibited intact extinction recall that was
comparable to female rats that underwent extinction learning while estrogen and progesterone
levels were elevated. On the other hand, female rats that underwent extinction learning while
estrogen and progestereon levels were low exhibited high freezing levels during this test. This
is somewhat surprising as male rats might be expected to be at similar hormonal levels to
metestrus rats.

The significantly elevated fear recovery in the Met_Ext group relative to male rats during
extinction recall test may have clinical implications. Epidemiological data suggest that the
prevalence of anxiety disorders is higher in women relative to men (Pigott 2003; Breslau et al.
1998; Kinrys and Wygant 2005). Thus, the differences in prevalence and symptoms between
women and men across the majority of anxiety disorders, point to brain-based differences in
processing emotional stimuli in men and women (Cahill 2003; Goldstein et al. 2005b). The
data gathered in the present study support this view and indicate that there may be an interaction
between natural variance, as well as artificial manipulation of gonadal hormones, and the brain
circuitry involved in fear inhibition (Protopopescu et al. 2005). Such interaction should be
further investigated, which could lead to hypotheses regarding how sex differences in anxiety
disorders might be influenced by gonadal hormones. The influence of gonadal hormones on
fear extinction in healthy humans has been shown in a preliminary study (Milad et al. 2006a).
Perhaps by concentrating exposure therapy at a particular phase of the cycle and/or
administration of estrogen/progesterone in conjunction with exposure therapy, this line of
research could help improve current treatments for anxiety disorders. It must be noted,
however, that the experimental evidence presented herein is based on rodent’s data with an
intact hormonal system. Speculations and translation of these findings into humans should be
considered with caution. This is especially important given that it remains unclear how
contraceptives (containing estrogen and progesterone) may influence the processes of fear
learning and extinction in women.
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Figure 1. Extinction recall is significantly facilitated when female rats undergo extinction learning
during the proestrus phase of the cycle (high estrogen and progesterone)

(A) Freezing for female rats that underwent conditioning training during either the metestrus
(Met) or proestrus (Pro) phases of the estrous cycle. (B) Freezing for female rats that underwent
extinction training during either the metestrus or proestrus phases of the estrous cycle. Note
the significant facilitation of extinction recall (day 3) in the proestrus group. B-Inset: freezing
for a sub-group of female rats after matching for acquisition levels. Significant difference in
extinction recall remained in these sub-groups. (C) Freezing for female rats that underwent
extinction recall during either the metestrus or proestrus phases of the estrous cycle. Habit =
habituation trials; Cond. = conditioning trials. Trials 3-7 of the conditioning trials are shown
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for this figure and all remaining figures. Data represent means averaged over 5 trials + S.E.M.
*p <.05 compared to controls, **p < .01. Proestrus = black symbols; metestrus = red symbols.
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Figure 2. Administration of estrogen and progesterone facilitated extinction recall whereas
blockade of estrogen or progesterone receptors impaired extinction recall

(A) Freezing levels for female rats receiving either: estradiol and progesterone (E&P+Met),
estradiol (E+Met), progesterone (P+Met), or vehicle (V+Met) groups. Females underwent the
extinction learning phase while in the metestrus (Met) phase. (B) Freezing levels shown for
female rats receiving Fulvestrant (Fulv+Pro), Mifepristone (Mif+Pro), or vehicle (Veh+Pro).
Females underwent the extinction learning phase while in the proestrus (Pro) phase. Note the
impaired extinction recall in both treated groups relative to vehicle injected females. Arrows
indicate s.c. injections, which occurred 30 minutes prior to extinction learning. Habit =
habituation trials; Cond. = conditioning trials. Data represent means averaged over 5 trials =
S.E.M. *p < .05 compared to controls.
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Figure 3. Comparison between males and females at various stages of the experiment

(A) No sex differences were observed between male and female rats at any phase of the
experiment. Habit = habituation trials; Cond. = conditioning trials. Data represent means
averaged over 5 trials = S.E.M. Males = white symbols; females = black symbols. (B) Freezing
values in the male rats during fear conditioning versus female rats that underwent conditioning
during the proestrus (Pro_cond) and metestrus (Met_cond) phases. No significant differences
were observed among all three groups in this test. (C) Percent recovery exhibited by male rats
during extinction recall versus female rats that underwent extinction learning either during the
proestrus (Pro_Ext) or metestrus (Met_Ext) phases. Male rats show low fear recovery that was
comparable to that shown by the Pro_Ext group, which was significantly lower than that
exhibited by the Met_Ext group. *p < .05
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