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Abstract

A common treatment for anxiety disorders is chronic administration of selective serotonin
reuptake inhibitors (SSRIs) such as fluoxetine. Recent data suggest that SSRIs modulate fear
responses after conditioned fear extinction and that gonadal hormones influence fear extinction. In
this study we investigated the influence of sex and the estrous cycle on the effects of acute
(experiment 1) and chronic (experiment 2) fluoxetine treatment on fear extinction. In experiment
1, rats received tone-footshock pairings during day 1. On day 2, rats received either fluoxetine
(10mg/kg in 0.5mL) or vehicle prior to extinction learning. On day 3, extinction memory was
assessed during extinction recall. In experiment 2, rats were exposed to a similar behavioral
protocol, except that fluoxetine and vehicle were administered for 14 consecutives days after
conditioning (days 2-15). Extinction learning and extinction recall occurred on days 15 and 16,
respectively. Acute administration of fluoxetine increased fear responses equally in males and
females during extinction learning and extinction recall. Chronic administration of fluoxetine
reduced fear responses during extinction learning and extinction recall in female but not in male
rats and this effect seems to be modulated by the estrous cycle. The SSRI-induced reduction of
freezing during extinction learning and recall suggest a general anxiolytic effect of the drug
treatment rather than a specific effect on extinction learning per se. Our data show evidence of
sex-specific anxiolytic effects of 14-day treatment of fluoxetine while the acute anxiogenic effect
of SSRI seems independent of sex effects.
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Introduction

A common treatment for anxiety disorders such as posttraumatic stress disorder (PTSD) and
other anxiety and mood disorders such as depression is the administration of selective
serotonin inhibitors (SSRIs). While widely used, the mechanisms by which SSRIs facilitate
treatment and remission remain unclear. In the clinic, acute SSRI treatment is known to
exacerbate symptoms of anxiety [1] while chronic treatment is known to ameliorate the
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same symptoms [2]. Failure to extinguish conditioned fears has been reported to possibly
contribute to the etiology and/or maintenance of elevated fear across psychiatric disorders
such PTSD [3-5], OCD [6], and schizophrenia [7]. It has therefore been suggested that
chronic treatment of patients with anxiety disorders with SSRIs may facilitate fear extinction
[8, 9]. Interest and focus on testing this hypothesis is growing as evident by the emergence
of recent publications examining how SSRIs may facilitate fear inhibition and extinction.
These studies show that chronic administration of the SSRI fluoxetine decreases fear
responses during extinction learning [10] and after extinction learning [8, 9, 11]. In contrast,
a more recent study has shown that a 3-week treatment of SSRI citalopram impaired fear
extinction and a 9-day treatment had no effect on extinction [12].

In fear conditioning, chronic fluoxetine treatment before extinction learning prevented the
expression of fear responses after exposure to a sub-conditioning stressor [8, 9, 13] and
prevented the electrophysiological changes in the hippocampus that are normally induced by
fear conditioning [13]. In another study, chronic fluoxetine treatment decreased fear
responses during retention testing after extinction of contextual fear conditioning in the
129S1/Svimj (SI) inbred mouse strain [11], which are known to be deficient in extinction
learning. Furthermore, a recent study showed that chronic fluoxetine treatment combined
with extinction treatment attenuated spontaneous recovery and renewal suggesting erasure
of conditioned memory [10]. In healthy humans, it was recently shown that a two-week
treatment of Escitalopram had no effects of fear acquisition but facilitated extinction
learning [14].

Although there is sufficient evidence indicating that fluoxetine decreases fear responses after
extinction all of these studies have been conducted in males only, ignoring the influence of
sex and gonadal hormones on SSRIs and fear extinction. Sex hormones such as estrogen
have been shown to interact with SSRIs [15-17]. It is therefore possible that SSRIs may
differentially affect the expression of conditioned fear in males and females, but this
possibility has not been previously examined. Regarding fear extinction, we recently found
that women and female rats receiving extinction training during their high gonadal
hormones stages of their menstrual cycle (or estrous cycle in the rat) showed good recall of
extinction memory [18], suggesting that gonadal hormones may enhance consolidation of
extinction memory. Furthermore, our neuroimaging studies showed that in women high
levels of estrogen are associated with increased vmPFC, hippocampal and amygdala
activation during extinction recall suggesting that gonadal hormones modulate the function
of brain regions involved in fear extinction [19-21]. Therefore, in this study we investigate
the influence of sex and the estrous cycle phase on the effects of acute and chronic
administration of fluoxetine on fear extinction. Rats were exposed to a fear conditioning and
extinction protocol. Acute and chronic treatment with fluoxetine was administered prior to
extinction learning. Given that acute and chronic administration has been found to be
anxiogenic and anxiolytic, respectively [8, 22], we expected extinction learning to be
enhanced with chronic but not acute administration of fluoxetine. These effects were
expected particularly in female rats being exposed to extinction learning during the high
gonadal hormone stages (proestrus/estrus) of the estrous cycle.
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1. Methods

We used a total of 62 male and 98 female Sprague Dawley rats (approximately 300g and
250g for the males and females, respectively). Rats were housed individually at the
Massachusetts General Hospital Center for Comparative Medicine and handled for 5
minutes/day for 2 days. Rats were maintained on a 12h light/dark cycle and were provided
with free access to laboratory rat chow and water. They were transported to a holding room
in our laboratory and returned to the animal facility at the end of each day. The procedures
were approved by the Subcommittee on Research Animal Care (SRAC) of the
Massachusetts General Hospital, in compliance with National Institutes of Health
guidelines.

All apparatus and procedures were identical to those previously described (Milad 2009,
2010). Briefly, the conditioned stimulus (CS) was a 4kHz tone with an intensity of 80 dB
and duration of 30s, during which an LED indicator light would turn on. The unconditioned
stimulus (US) was a 0.6mA, 0.5s footshock that co-terminated with the tone presentation
during conditioning. All the phases of the experiments were conducted in the same context.

We conducted 2 experiments using the same behavioral protocols. During experiment 1 we
investigated the effect of acute administration of fluoxetine on fear extinction using male
and female rats. On Day 1, 24 male and 51 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 (ITI)
of 3 minutes. Rats were then returned to their home cages following the conditioning phase.
On Day 2, fluoxetine (10mg/kg, Sigma-Aldrich, St. Louis, MO, dissolved in saline) or
vehicle was administered (i.p.) to animals approximately 30 minutes before the
commencement of the extinction learning phase. The dose of the SSRI used herein was
determined base on previous studies [23, 24]. During extinction learning, 20 non-reinforced
tone trials with an ITI of 1.5 minutes were presented. On Day 3, the animals received 15
presentations of the tone alone (extinction recall).

In experiment 2 we investigated the effects of chronic administration of fluoxetine on fear
extinction on males and females. The experimental procedures were identical to those used
in experiment 1 except that rats were administered daily fluoxetine (10mg/mL) (n=12)
during 14 days (i.e. days 2-15) starting the day after conditioning. Fluoxetine was delivered
through drinking water. The rats in the control condition were administered with saline
(n=12), also in drinking water. On Days 15 and 16, rats underwent extinction learning and
extinction recall phases, respectively as in experiment 1.

Vaginal swabs and cycle phase assessment were conducted for at least 10 consecutive days
prior to each of the two experiments and also during the days of the experiment as
previously described [19, 25]. Female rats were classified according to the phase of the
estrous cycle during extinction learning. The estrous cycle consists of 4 different phases:
diestrus, proestrus, estrus and metestrus. The level of gonadal hormones varies through out
the different phases of the cycle (for reference see [26]). Higher level of gonadal hormones
occurs during proestrus and first half of estrus; while lower levels of gonadal hormones
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occurs during metestrus and first half of diestrus [26]. Our previous findings showed that
extinction recall was best in rats undergoing extinction learning during high level of gonadal
hormones and worst in rats during low levels of gonadal hormones [19]. Therefore, when
assessing the interactions between fluoxetine treatment and cycle phase, female rats were
divided into 2 groups: the proestrus/estrus group and the metestrus/diestrus group.

As noted, during experiment 1, rats were intraperitoneally injected with fluoxetine. In
experiment 2, however, fluoxetine was administered orally via drinking water because
chronic fluoxetine injections seemed to induce pain and abdominal tissue scaring after
repeated daily injections (our observations after initial pilot study). We used the absorption
fraction of fluoxetine (0.85) to alter the dose to 12mg/kg in order to account for the different
route of administration and the inherent difference in the drug metabolism. After fear
conditioning, rats were immediately returned to their home cages and allowed free access to
water for 4 hours, after which they were water deprived for 12 hours. For the next 14 days,
the rats were given a new preparation of medicated water daily, which they had free access
during the 24 hrs on each day. The amount of water consumed was monitored and recorded
daily. Thereafter, extinction learning and extinction recall tests occurred on days 15 and 16,
respectively.

Since the route of drug administration was different for both experiments we conducted an
additional control experiment to confirm that the data from both modes of administration are
comparable. Rats received acute administration of fluoxetine in drinking water prior to
extinction learning (12 females, 12 males). We used the same absorption fraction of
fluoxetine (0.85) and dose as describe above. The objective was to test whether we would be
able to obtain the acute anxiogenic effect with a single oral administration of fluoxetine. On
Day 1, the animals were habituated and conditioned, after which they were allowed free
access to regular drinking water. The animals were immediately returned to their home
cages following the conditioning phase and allowed free access to water for 4 hours, after
which they were water deprived for 12 hours before being provided with medicated drinking
water for the next 24 hours. Following this period, the animals were returned to the
chambers, where they underwent the extinction learning protocol. Then, animals were given
free access to regular drinking water. The extinction recall procedure was the same as in the
other experiments.

Upon completion of the experiments, post-hoc separation of all female rats was conducted
into groups that (based on vaginal swabs) underwent extinction learning while in proestrus/
estrus or metestrus/diestrus. As in our previous studies [19, 27], freezing behavior 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 System,
Reston, VA, USA), and time spent freezing was recorded as a percentage of the total 30s
duration of the tone. Repeated-measures analysis of variance [28] was used to analyze the
freezing data with the statistical analysis software (SPSS Inc., Chicago, IL, USA). Data are
shown as means of blocks of 5 trials. During extinction recall phase, we show and analyze
only the first 10 trials of this phase to focus our analyses on the extinction recall and initial
re-extinction parts of this training session. Error bars represent standard error of the mean
(SE).
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Data from experiment 1 showed that acute administration of fluoxetine induced higher
freezing during extinction learning with no effect during extinction recall (Fig 1a), relative
to vehicle and across both male and female rats. Repeated measures ANOVA revealed a
significant main effect of group [F (1, 73)= 4.15, p= 0.045], significant main effect of trial
[F (3, 219)= 15.71, p< 0.001] but no significant interaction [F (3, 219)= 1.35, p=0.26]
suggesting that acute fluoxetine administration induces an increase in fear expression during
extinction learning (an acute anxiogenic effect) without facilitating the rate of extinction
learning. In contrast to the acute treatment, chronic administration of fluoxetine prior to
extinction learning resulted in decreased freezing during extinction learning and during
extinction recall (when all male and female rats were combined) (Fig 1b). Repeated
measures ANOVA during extinction learning showed a significant main effect of group [F
(1, 68)=4.19, p= 0.04], a significant effect of trial [F (3, 204)= 126.18, p< 0.001, but no
significant interaction [F (2, 204)= 1.103, p= 0.35]. Repeated measures ANOVA for
extinction recall showed a significant main effect of group [F (1, 68)= 3.90, p=0.05], a
significant main effect of trial [F (1, 68)= 35, p< 0.001], but no significant interaction [F (1,
68)=97.78, p=0.24].

We next assessed potential sex differences in effects of both acute and chronic SSRI
treatment. In both males (Fig 2a) and females (Fig 2b) analyzed separately, acute fluoxetine
treatment resulted in modest elevation of freezing during extinction learning; this effect was
not statistically significant. Repeated measures ANOVA showed no significant effect of
group [males: F (1, 22)= 2.14, p=0.16; females: F (1,49)= 1.97, p=0.17], a significant effect
of trial [males: F (3,66)= 12.53, p<0.001; females: F (3,147)= 8.95, p< 0.001] and no
significant interaction [males: F (3, 66)= 0.30, p=0.83, females: F (3,147)= 1.44, p= 0.23.
During extinction recall, there was no significant group difference in freezing in either male
rats or female rats [males: F (1,22)= 0.88, p=0.36, females: F (1,49)= 1.06, p= 0.31].

In the chronic administration experiment, we observed a sex-specific effect (Fig 2c and 2d).
Chronic administration of fluoxetine induced a significant decrease in freezing during
extinction learning and extinction recall only in females (Fig 2d). Repeated measures
ANOVA during extinction learning and extinction recall showed a main effect of group
[extinction learning: F (1,45)= 6.2, p=0.02; recall: F (1,45)= 4.5, p=0.04], a significant effect
of trial [extinction learning: F (1,45)= 94.82, p<0.001; recall: F (1,45)= 18.72, p<0.001] and
no significant interaction [extinction learning: F (3,135)= 0.43, p= 0.73; recall: F (1,45)=
0.90, p= 0.35]. Thus, the anxiolytic effect of chronic fluoxetine treatment appears to be
specific to females.

Previous findings from our lab showed that naturally cycling rats in the proestrus phase of
the estrous cycle during extinction learning showed enhanced memory of extinction during
extinction recall relative to rats undergoing extinction learning while in the metestrus phase
[19, 20]. To examine the potential interaction between estrous cycle phase and the effects of
fluoxetine administration on fear extinction, data from female rats in experiment 1 and 2
were further divided and analyzed based on cycle phase. Since gonadal hormones are higher
during proestrus and first half of estrus and lower during metestrus and first half of diestrus,
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female rats were divided in 2 groups: proestrus/estrus group and metestrus/diestrus group.
For the acute treatment, there was no significant difference during extinction learning and
recall when comparing fluoxetine proestrus/estrus rats with vehicle proestrus/estrus rats (Fig
3a) and when comparing fluoxetine metestrus/diestrus with vehicle metestrus/diestrus rats
(Fig 3b). For the chronic treatment, freezing was significantly decreased during extinction
learning in metestrus/diestrus fluoxetine rats relative to metestrus/diestrus vehicle rats (Fig
3d). Repeated measures ANOVA showed a significant effect of group during extinction
learning [F (1,27)= 4.96, p=0.03] but not during extinction recall [F (1,27)= 2.79, p=0.11], a
significant effect of trial [extinction learning: F (3,81)= 54.38, p<0.001; recall: F (1,27)=
9.16, p=0.005] and no significant interaction [extinction learning: F (3,81)= 0.58, p=0.63;
recall: F (1,27)< 0.001, p=0.988]. No significant differences in freezing were observed
during extinction learning and recall in the proestrus/estrus fluoxetine rats relative to the
proestrus/estrus vehicle rats (Fig 3c). All together, these data suggest that chronic
administration of fluoxetine has sex-specific effects and that such effects appear to be
specific to low gonadal hormone phases of the estrous cycle.

Given that the route of fluoxetine administration differed between the acute (i.p.) and
chronic (oral), we conducted an additional control experiment in which we aimed to
examine if the freezing levels in i.p. injected animals during extinction learning would be
comparable to animals receiving a single oral dose of fluoxetine. Our results show that
indeed this is the case. There were no significant differences between the two groups [F
(1,49)=0.28, p=0.60].

3. Discussion

We investigated sex differences and the influence of the estrous cycle on the effects of acute
and chronic administrations of fluoxetine, an SSRI, during extinction of conditioned fear.
Our findings suggest that acute administration of fluoxetine enhances the expression of fear
responses during extinction learning. Albeit significant, this acute anxiogenic effect of
SSRIs on fear extinction appears small; this effect was no longer significant when the
number of animals was reduced in the male and female analysis (figure 2a,b). Chronic
administration of fluoxetine, on the other hand, decreased the expression of fear responses
during extinction learning and extinction recall. These anxiolytic effects were observed only
in female rats. Furthermore, the reduction in fear responses after chronic administration was
more pronounced when female rats underwent extinction learning during a low estrogen
phase (metestrus/diestrus). We therefore propose that gonadal hormones may modulate the
effect of SSRIs on fear extinction after chronic administration. It is important to note that the
effect of chronic administration of fluoxetine seems to reduce conditioned freezing in
general rather than a specific influence on extinction learning and its associated neural
plasticity.

In rodents, anxiogenic-like reactions has been shown with acute administration of fluoxetine
in different experimental models of anxiety [22, 29, 30]. In auditory fear conditioning, acute
administration of the SSRI citalopram prior to and after fear conditioning increases the
expression of fear responses and the formation of fear memory [23, 31] possibly via enhance
activation of 5-HT receptors [23, 32]. Ravinder et al. (2011) showed that acute fluoxetine
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treatment enhanced anxiety-like behavior in elevated plus maze possibly via enhancing
excitability of BLA neurons [33]. Regarding anxiolytic effects of SSRIs, recent rodents
studies showed that chronic administration of SSRIs decreases fear responses during
different experimental models of anxiety. For example, in fear conditioning, chronic
fluoxetine treatment before extinction learning prevented the reactivation of fear responses
after exposure to a sub-conditioning stressor [9, 13] and prevented the electrophysiological
changes in the hippocampus that are normally induced by fear conditioning [13]. In another
study, chronic fluoxetine treatment reduced fear responses after extinction of contextual fear
conditioning in an inbred mouse strain known to be deficient in extinction learning [11].
Furthermore, chronic fluoxetine treatment combined with extinction treatment attenuated
spontaneous recovery and renewal [10].

The significant SSRI-induced reduction in freezing was observed in female rats undergoing
extinction learning in the metestrus/diestrus phase of the cycle, when estrogen and
progesterone levels are low. We have previously shown that female rats that undergo
extinction learning during the metestrus phase exhibit impaired fear extinction learning
relative to female rats that undergo extinction learning during the proestrus phase of the
estrus cycle (when there are high levels of estradiol). Thus, chronic SSRI treatment reduced
fear expression during fear extinction only in female rats that exhibit exaggerated fear
during extinction learning, i.e. the metestrus/diestrus females. Along those lines, female rats
undergoing extinction during proestrus/estrus would not require extinction facilitation, and
therefore there may be a “floor effect” of SSRI treatment on extinction. In support of this
hypothesis, recent studies conducted in male rats reported SSRI facilitated extinction only in
strains of animals that exhibited deficient extinction learning [11]. It is important to note that
in contrast to the studies discussed above showing that chronic SSRIs treatment in males
decreases freezing responses, a recent study has in fact reported that extinction was impaired
with a longer treatment of SSRIs (3 weeks) [12]. Perhaps this conflicting evidence between
studies may be due to differences in the longevity of treatment, dose of the SSRI
administered, or the type of SSRI used. Another possibility for these differences may be due
the route of administration. However, this is unlikely given that our control experiment
indicate no differences in the findings when comparing the effects of acute injection of
fluoxetine with acute fluoxetine in drinking water. Regardless, however, the primary effects
of SSRIs we observed in our current study were noted in females and may be due to a role of
gonadal hormones in modulating the effects of fluoxetine. It would be interesting to
compare, in future studies, the effects of different SSRIs, and the duration of treatment (i.e.
2 weeks vs. 3 weeks) on fear extinction, in both males and females.

How could SSRIs and gonadal hormones interact to modulate fear extinction in females?
The answer to this question remains unclear. Recent studies suggest that gonadal hormones
influence the expression of fear responses in different paradigms suggesting that gonadal
hormones may modulate the formation and/or the expression of fear memories [21, 34]. For
example, during extinction of cued fear conditioning, female rats and women with high
levels of gonadal hormones showed low fear responses 24 hours after extinction learning
[25]. Donner and Honda [17] recently showed that systemic and local administration of the
estrogen receptor beta agonist enhances the expression of the rate-limiting enzyme for
serotonin, tryptophan-hydroxylase 2 (TPH2), in the dorsal raphe nuclei while inducing
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anxiolytic effects in open field and elevated plus mazes. Estrogen receptors are expressed in
the vmPFC [35], which is known to be critical for inhibiting fear responses during fear
extinction [36, 37]. Moreover, estrogen normally regulates the expression of serotonin
receptors 5-HT (1A) and serotonin turnover in the fear circuitry, including amygdala,
hippocampus and PFC [38, 39]. Recently it has been shown that the serotonin transporter (5-
HTT) is associated with deficits during extinction recall of conditioned fear [40]. All
together, these studies support the idea that estrogen and serotonin interactions may be
critical during fear extinction.

There are some important caveats to consider in the present study. First, the absence of an
effect of chronic SSRI treatment on the fear expression in rats tested during the proestrus/
estrus phase may be related to insufficient statistical power. Second, our study was
conducted using an AAA experimental design (no contextual manipulations) so that we can
compare our results from the current study to those previously collected by our group. It is
unclear if the same sex-specific effects of chronic SSRIs treatment on fear expression would
be observed with contextual manipulations of extinction learning (i.e. using an ABA
design). Future studies are needed to consider many factors related to the present findings.
Those factors include larger numbers of animals per group (for cycle phase), contextual
manipulations of conditioning and extinction, and manipulations of the duration of the
chronic treatment, route of administration and type of SSRI.

Our findings of acute and chronic fluoxetine treatment during fear extinction are consistent
with the anxiogenic and anxiolytic effects of SSRIs seen in patients with anxiety disorders
and depression [41-43]. In healthy subjects, acute SSRI treatment increases recognition of
fearful faces indicating an increase in the processing of anxiety-related stimuli [44]. In
another study, a single dose of SSRI citalopram increased fear potentiated startle in healthy
humans [45]. Epidemiological studies indicate that women have a higher prevalence [46, 47]
and higher symptom duration [48-50] for anxiety disorders and depression. However, all the
studies discussed above focus on males and ignore the possibility of sex differences in the
effects of SSRIs treatment on fear and anxiety. Such an understanding may help develop
sex-specific therapies, which will be more beneficial for women. For example,
understanding how SSRIs may interact with estrogens could help improve the efficacy of
current pharmacotherapy used to treat anxiety disorders in women.
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Figure 1. Effects of acute and chronic fluoxetine administration during fear extinction
A) Acute administration of fluoxetine prior to extinction learning increased freezing during

extinction learning but not during extinction recall. B) Chronic administration of fluoxetine
prior to extinction learning decreased freezing during extinction learning and extinction
recall. Acute vehicle rats (n=36), acute fluoxetine rats (n=39), chronic vehicle (n=32),
chronic fluoxetine rats (n=38). In this and all subsequent figures, data are shown in blocks of
5 trials. For the extinction recall phase, only the first 10 of 15 trials are shown (2 blocks of
trials).
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Figure 2. Influence of sex on the effects of acute and chronic administration of fluoxetine during

fear extinction

A and C) Acute or chronic administration of fluoxetine did not affect freezing during

extinction learning of extinction recall in male rats. B) Acute administration of fluoxetine
did not affect freezing during extinction learning in female rats while, D) Chronic
administration reduced freezing during extinction learning and extinction recall in female

rats. Acute male vehicle rats (n=12), acute males fluoxetine rats (n=12), acute female

vehicle rats (n=24), acute females fluoxetine rats (n=27), chronic male vehicle rats (n=9),
chronic males fluoxetine rats (n=14), chronic female vehicle rats (n=23), chronic females
fluoxetine rats (n=24).
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Figure 3. Influence of the estrous cycle on the effects of acute SSRI and chronic SSRI during fear
extinction

A and B) Acute administration of fluoxetine did not affect freezing during extinction
learning or extinction recall in the proestrus/estrus rats or in the metestrus/diestrus rats,
respectively. C) Chronic administration of fluoxetine did not affect freezing during
extinction learning or extinction recall in the proestrus/estrus rats, but D) reduced freezing
during extinction learning in the metestrus/diestrus rats. Acute proestrus/estrus vehicle rats
(n=14), acute proestrus/estrus fluoxetine rats (n=9), acute metestrus/diestrus vehicle rats
(n=10), acute metestrus/diestrus fluoxetine rats (n=18), chronic proestrus/estrus vehicle rats
(n=9), chronic proestrus/estrus fluoxetine rats (n=9), chronic metestrus/diestrus vehicle rats
(n=14), chronic metestrus/diestrus fluoxetine rats (n=15).
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