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Abstract
Background—Fear extinction is a laboratory model of fear inhibition and is the basis of
exposure therapy for anxiety disorders. Emerging evidence from naturally cycling female rodents
and women indicates that estrogens are necessary to the consolidation of fear extinction.
Hormonal contraceptives (HCs) inhibit estrogen production, yet their effects on fear extinction are
unknown.

Methods—We used a cross-species translational approach to investigate the impact of HCs and
estradiol supplementation on fear extinction in healthy women (n=76) and female rats (n=140).

Results—Women using HCs exhibited significantly poorer extinction recall compared to
naturally cycling women. The extinction impairment was also apparent in HC-treated female rats
and was associated with reduced serum estradiol levels. The impairment could be rescued in HC-
treated rats either by terminating HC treatment after fear learning or by systemic injection of
estrogen-receptor agonists prior to fear extinction, all of which restored serum estradiol levels.
Finally, a single administration of estradiol to naturally cycling women significantly enhanced
their ability to recall extinction memories.

Conclusions—Together, these findings suggest that HCs may impact women’s ability to inhibit
fear, but that this impairment is not permanent and could potentially be alleviated with estrogen
treatment.
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Pavlovian fear conditioning and extinction are frequently utilized in studies of emotion
regulation in rodents and humans. In such procedures a subject is presented a neutral
conditioned stimulus (CS, e.g., a tone) that is paired with an aversive unconditioned stimulus
(US, e.g., a mild shock), until the CS elicits conditioned fear responses independently of the
US. Fear can be extinguished by repeatedly presenting the CS in the absence of any
reinforcement. When presented the extinguished CS at a later time, the subject typically
exhibits long-term retention of the extinction memory, as indexed by low levels of fear
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responding. Fear conditioning and extinction have proved to be useful models with which to
investigate the mechanisms underlying associative memory formation(1). In addition,
exposure therapy, which is among the most commonly used psychological treatments for
anxiety disorders, was based on extinction(2).

Due to its theoretical and practical relevance, considerable progress in understanding the
mechanisms underlying fear extinction has been achieved in past decades(3). Despite this,
we know little about fear extinction in women. Most extinction research in humans has not
considered sex or hormonal status to be variables of interest and preclinical research has
predominantly used males as subjects. This omission is surprising as research has
demonstrated clear sex differences in the formation of associative and emotional memories,
as well as in the influence of stress on later learning and memory(4,5). Moreover, anxiety
disorders are twice as common in women than men(6). Sex differences in the prevalence of
anxiety do not emerge until after puberty(7), and may be partly due to activational effects of
gonadal hormones on fear extinction. In support of this, recent evidence in naturally cycling
rodents and women suggests that extinction is optimal during the high estrogen phase of the
estrous/menstrual cycle, but is reduced during the low estrogen phase(8,9,10,11). In
addition, estrogen agonists enhance, whereas estrogen antagonists impair, fear extinction in
rodents(8,9,11). Furthermore, naturally high levels of estradiol enhance the function of brain
regions involved in fear inhibition, such as the ventromedial prefrontal cortex(11).

The role of gonadal hormones in extinction has thus far been examined in naturally cycling
subjects, however around 80% of women use hormonal contraception at some point.
Combined hormonal contraceptives (HCs), which contain estrogen and progestin, inhibit
ovulation by decreasing ovarian production of estradiol and progesterone(12). As a result,
women using combined HCs have stable reductions in circulating estradiol, comparable to
or lower than levels in naturally cycling women during the follicular (low estradiol) phase of
the menstrual cycle(13,14). Given that elevated estradiol is associated with enhanced fear
extinction, we hypothesized that HCs may impair fear extinction memories in both women
and female rats. We also hypothesized that increasing estradiol levels, via termination of
HCs prior to extinction training or systemic estradiol administration at the time of extinction
training, would rescue HC-associated extinction impairments. Finally as a proof of concept,
we tested the effects of orally administered estradiol on fear extinction in naturally cycling
women low in estradiol. Our prediction was that this treatment would significantly facilitate
extinction memory consolidation.

Materials and Methods
Human Participants

In Experiment 1, we recruited a cohort of healthy women (N =13) using combined
monophasic HCs (Table S1) and contrasted their data to a previously studied cohort of
naturally cycling women who underwent the same experimental design while in a high (H-
EST) or low estradiol state (L-EST), as determined by serum analyses(11;see supplemental
section for details). In Experiment 5, we recruited a cohort of naturally cycling women (N =
31) to participate ~5 days after the onset of menstruation (early-follicular phase).

Participants (18–30 years old) were recruited through advertisement from the local
community, and were without neurologic, endocrinologic, or other medical conditions.
Participants were excluded for past or present Axis I mental disorders as determined by the
Structured Clinical Interview for DSM-IV. No participant reported to be using psychoactive
or other potentially confounding drugs or medications. Written informed consent was
obtained from all participants in accordance with the Partners Healthcare Human Research
Committee.
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Participants were administered a battery of psychiatric measures to assess personality traits,
mood, and anxiety (see Table S2 for outcomes). Where significant group differences arose,
analyses were repeated including these factors as covariates, and all results remained the
same.

Human Conditioning and Extinction Procedure
The fear conditioning and extinction procedures were identical to those previously described
(11;see Fig S1 and supplemental information for details). CSs were pictures of lamps, and
the US was a mild electric shock delivered to the right hand. On Day 1, subjects underwent
habituation (CS-alone presentations). The conditioning phase immediately followed, in
which the to-be extinguished light (CS+E) and the to-be unextinguished light (CS+U) were
each presented eight times with 62.5% partial reinforcement, while the light that was never
followed by shock (CS−) was intermixed in 16 trials. The extinction training phase consisted
of 16 CS+E and 16 CS-−trials presented in a new context. The extinction recall phase
included eight trials each of the CS+U and CS+E, intermixed with 16 CS− trials, with no US
presented, in the extinction context. The context images were presented for a total of 9s: 3s
with the CS off followed by 6s with the CS on. The mean intertrial interval was 15s. In
Experiment 1, conditioning and extinction training took place on Day 1, and extinction
recall on Day 2. In Experiment 5 the phases took place across three consecutive days, in
order to isolate any potential effects of estradiol administration to the extinction training
phase (see below).

Psychophysiologic Data Analysis
Skin conductance responses (SCRs) were measured as conditioned responses. Conditioning
strength was indexed as the average differential SCRs across conditioning trials (average
SCRs to the CS+ minus average SCRs to the CS−). Within-session extinction was assessed
by comparing average differential SCRs during conditioning to average differential SCRs
during the last two extinction trials on Day 1 (Exp 1), or by comparing average differential
SCRs during the first two extinction trials to the last two extinction trials on Day 2 (Exp 5).
Extinction recall was assessed by calculating the percent recovery of fear, controlling for
conditioning strength: each subject’s average SCRs during extinction recall were divided by
their largest SCR to the CS+ trials during conditioning. The product was multiplied by 100,
yielding a percent recovery of fear.

Estradiol Administration and Serological Measures
In Experiment 5 one dose of Femtrace (1.8mg, estrogen acetate tablets, Warner Chilcott) or
placebo was orally administered 30 min prior to extinction training on Day 2. Blood samples
were drawn at three time points: immediately before taking estradiol or placebo on Day 2
(T1); immediately after extinction training on Day 2 (T2) and 15 min prior to extinction
recall on Day 3 (T3; Fig 3A).

Animal Subjects
Female Sprague-Dawley rats (250–300g) were individually housed at the Massachusetts
General Hospital Center for Comparative Medicine in Charlestown, Massachusetts. They
were maintained on a 12-hour light/dark cycle, handled for 5 min/day for 3 days, and
habituated to the conditioning chambers for 30 min/day. Vaginal smears were conducted as
previously described(11). All procedures were approved by the Subcommittee on Research
Animal Care of Massachusetts General Hospital in compliance with National Institutes of
Health guidelines.
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Animal Apparatus and Procedures
Apparatus were identical to those previously described(11). The CS was a 30s 80db, 4kHz
tone. The US was a 0.5s 0.6mA footshock. Fear conditioning, extinction, and recall tests
were identical in all rat experiments.

Fear Conditioning—Rats underwent habituation (5 CS trials alone) followed by
conditioning (5 CS trials co-terminating with the US) on Day 5 in all experiments (after 4
days of HC or vehicle injections).

Extinction Training—24 hours after fear conditioning (or 4 days after fear conditioning in
Exp 3), rats underwent extinction training consisting of 30 non-reinforced CS trials.

Recall Test—24 hours after extinction training all rats were tested for extinction recall,
consisting of 3 non-reinforced CS trials.

Drug Administration
Hormonal Contraceptive—Rats were subcutaneously administered levonorgestrel, a
progestin commonly used in HCs, or vehicle once daily for 4 days prior to and during
conditioning, extinction, and recall. Levonorgestrel (Sigma) was reconstituted at a
concentration of 0.25mg/ml in distilled H20 containing DMSO (2:1). In Experiment 2, rats
were administered levonorgestrel in the doses of 100μg/kg of body weight and 500μg/kg of
body weight. In all subsequent experiments rats were administered the 500μg/kg dose.

Estrogen-Receptor Agonists—In Experiment 4 two groups of rats received
subcutaneous injections of the ERα agonist PPT (Tocris) or the ERβ agonist DPN (Sigma)
30 min prior to extinction. PPT and DPN were reconstituted at a concentration of 1.0mg/ml
in a sesame oil vehicle. Rats were administered vehicle (sesame oil), PPT, or DPN at a dose
of 1mg/kg of body weight. The doses and the timing of administration were based on our
previous findings demonstrating that these doses enhance extinction recall when
administered 30 mins prior to extinction training(11).

Serological Analysis
An experimentally-naïve group of rats were sacrificed and trunk blood was collected. Serum
was analyzed for estradiol levels using a commercially available ELISA kit according to the
manufacturer’s instructions (Calbiotech, Inc).

Behavioral Data Analysis
Freezing, defined as the absence of all movement other than that required for respiration,
was the conditioned fear response. Each rat was scored every 3s as freezing or not freezing.
A percentage score was calculated for each rat to determine the proportion of total
observations during the 30s trial scored as freezing. The data for each trial are presented for
conditioning and recall phases; the data for extinction training are presented as six blocks of
trials, each representing the average of 5 trials. The scorer was unaware of the condition of
the rats, and a sample of rats was cross-scored by a second scorer to determine inter-rater
reliability. The correlation between the scorers exceeded 0.9.

Statistical Analysis
Analysis of variance with repeated measures was used to analyze data across experimental
phases, and analysis of covariance was used to adjust for potentially confounding variables
when performing between group analyses in human experiments. Post-hoc comparisons
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used Tukey’s Honestly Significant Difference test, or independent-samples t-tests when
appropriate. Analyses used SPSS (Version 17.0, 2008; SPSS, Chicago, Illinois).

Results
Experiment 1: HCs impair fear extinction in healthy women

SCRs to conditioned and extinguished stimuli from women using HCs were compared to
naturally cycling women who were high (H-EST) or low (L-EST) in estradiol. No group
differences were observed across conditioning (F(2,44)=0.63,p=0.54). SCRs at the end of
extinction training were significantly less than those during conditioning
(F(1,42)=16.30,p<0.0001), with no effect of group (F(2,42)=0.79,p=0.47), nor phase-by-
group interaction (F(2,42)=0.44,p=0.65), suggesting that all women attained comparable
extinction on Day 1 (Fig 1A). The next day, however, there were group differences in the
percent recovery of fear at extinction recall (F(2,44)=4.67,p=0.015). Post-hoc analyses
confirmed that H-EST exhibited significantly less recovery of fear compared to both L-EST
(t(30)=2.42,p=0.02) and HC (t(27)=2.63,p=0.02) groups (Fig 1B). These data indicate that
HCs impair the consolidation or maintenance of extinction memories in healthy women,
without altering conditioning or acquisition of extinction.

Experiment 2: HCs impair fear extinction in female rats
We next assessed whether the effects of HCs on extinction are consistent across species by
treating adult female rats with a low (LEV-100) or high (LEV-500) dose of levonorgestrel or
vehicle (Fig 2A). Vehicle-treated rats remained naturally cycling and were divided into
proestrus (high estradiol; Veh-Pro) or metestrus (low estradiol; Veh-Met) groups depending
on their estrous cycle phase during extinction training. Comparing freezing responses during
conditioning, there was a significant effect of trial (F(4,124)=2.89,p<0.0001), and no
significant effect of group (F(1,31)=0.75,p=0.53), nor a significant trial-by-group interaction
(F(12,124)=1.01,p=0.44), suggesting that all groups acquired the fear comparably. Freezing
significantly reduced across extinction training (F(5,185)=46.29,p<0.0001). There was a
significant between-group effect (F(1,37)=3.30,p=0.03), due to LEV-500 rats freezing more
than Veh-Pro rats during blocks 1 (p=0.04) and 5 (p=0.01), suggesting that the high dose HC
may have caused enhanced consolidation of fear and/or resistance to extinction. Importantly,
all groups obtained comparable extinction by the last block of extinction training (smallest
p=0.645). During extinction recall, however, there were significant group differences
(F(1,37)=14.63,p<0.0001). Veh-Pro rats froze significantly less than all other groups (largest
p=0.045). HC treatment dose-dependently impaired extinction, as LEV-100 rats exhibited
significantly less freezing at test compared to both LEV-500 and Veh-Met rats (largest
p=0.03); whereas LEV-500 and Veh-Met groups exhibited comparable freezing (p=0.99).

Experiment 3: Termination of HC treatment after fear conditioning prevents impairments in
extinction recall in female rats

We next sought to determine on which phase of learning HCs exert their effects. Our
previous rodent studies demonstrated that estrous cycle phase during extinction training, but
not conditioning or recall, significantly impacts extinction recall(9). Thus, we hypothesized
that HCs may also exert their effects during extinction training. Alternatively, it is possible
that HCs alter the quality of the conditioning memory, rendering it resistant to extinction. To
distinguish between these possibilities two groups of rats received HC-treatment for four
days prior to and during fear conditioning. After fear conditioning, one group received
vehicle injections (HC/Veh), while the other group continued to receive HCs (HC/HC). Four
days later rats were extinguished and tested for extinction recall (Fig 2B).
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There was a significant effect of conditioning trial (F(4,60)=9.65,p<0.0001), and of
extinction block four days later (F(5,75)=36.45,p<0.0001). There were no overall effects of
group and no significant trial- or block-by-group interactions during conditioning or
extinction (ps>0.176), indicating that terminating HCs prior to extinction training had no
effect on extinction acquisition. During extinction recall, however, rats that had been taken
off HCs exhibited significantly less freezing compared to rats that remained on HCs
(t(15)=4.12,p=0.004). Thus, it is necessary for rats to be on HCs during extinction training
in order to induce a deficit in extinction recall. Furthermore, HC-treatment during fear
conditioning is not sufficient to impair extinction recall, so long as treatment is terminated
prior to extinction training.

Experiment 4: HC-induced extinction impairments can be rescued by systemic estrogen
agonists in female rats

We next assessed whether the extinction deficit caused by HCs could be rescued without
terminating HC treatment altogether. HCs reduce several hormones, including estradiol. If
the impairment in extinction recall is partly due to a reduction in available estradiol at the
time of extinction training, then increasing estradiol levels during extinction training should
reduce the impairment in recall. To test this, we administered HC-treated rats an ERα
agonist, an ERβ agonist, or vehicle, 30 min prior to extinction training, and compared these
groups to a non-HC (vehicle) control (Fig 2C). There was a significant effect of conditioning
trial (F(4,188)=26.115,p<0.0001), and extinction block (F(5,235)=75.47,p<0.0001). There
were no effects of group or significant trial- or block-by-group interactions at either time
point (ps>0.65), indicating that HC-treatment and estradiol supplementation had no effects
on within-session extinction. However, there were group differences during extinction recall
(F(1,47)=29.27,p<0.0001). HC-treated rats that received vehicle prior to extinction training
froze significantly more than all other groups (ps<0.0001); whereas HC-treated rats that
received the ERα or ER β agonist exhibited low and comparable levels of freezing to the
non-HC control group (smallest p=0.65). These data suggest that the HC-induced
impairments in extinction recall may be due to a reduction in estradiol binding to either the
alpha or beta ER.

We used two approaches to confirm that our manipulations in rats altered the estrous cycle
and estradiol levels. First, we examined vaginal cytology from rats in Exps 2–4. HC-
treatment disrupted the daily variation in epithelial cells that is typical in naturally cycling
rats, and led to a stable cytology comparable to that of rats in the metestrus stage, which
persisted throughout the duration of HC-treatment. Normal cycling restored by 4 days after
HC-termination (see Fig 3A caption for description of cell types). Second, we examined the
effects of our manipulations in Exps 2–4 on serum estradiol. A new group of
experimentally-naïve rats were sacrificed during the proestrus or metestrus phase of the
estrous cycle, or after 5 days of HC treatment. Two other HC-treated groups were sacrificed
1hr after injection of an ERα (HC/ERα) or ERβ (HC/ERβ) agonist. A third HC-treated
group was sacrificed after receiving vehicle treatment for 5 days (HC/switch). Thus,
estradiol levels for each group were obtained at a time point corresponding to the occurrence
of extinction training in Exps 2–4. Figure 3B presents estradiol levels as a percentage of
proestrus rats. There was a significant effect of group (F(5,29)=13.01,p<0.0001), due to
estradiol being significantly lower in HC and in metestrus groups compared to all other
groups (ps<0.045), the latter of which did not differ (p=0.49). These data demonstrate that
HCs reduce estradiol to a level comparable with metestrus, whereas removal from HCs or
treatment with estrogen agonists restores serum estradiol to a level comparable with
proestrus.
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Experiment 5: Estradiol prevents extinction impairments in naturally cycling women
The previous experiments raised the possibility that estradiol may prevent extinction
impairments in humans. In order to circumvent the difficulties of testing this in women on
HCs (in whom the effects of additional estradiol further to those in their HC are unknown),
and as a proof of concept, we addressed this question in a sample of healthy, naturally
cycling women in the early-follicular (low estradiol) menstrual cycle stage. Women in this
stage exhibit extinction impairments(11), similar to what we have observed in women on
HCs, and so provide a useful cohort in which to test the effects of estradiol on fear
extinction in humans.

Femtrace selectively enhanced serum estradiol during extinction training, as estradiol was
significantly greater in estradiol-treated women at T2 (immediately after extinction training;
p=0.006), but not at any other point (Fig 4B; p>0.09). Estradiol-treated women also had
significantly lower follicle-stimulating hormone than placebo-treated women at T3 prior to
extinction recall (p=0.002), but did not differ on this, or other hormone assays (progesterone,
luteinizing hormone, or thyroxin) at any other time (p>0.09; Table S3).

No group differences were observed during conditioning (t(29)=1.72;p=0.097), and SCRs
significantly declined across extinction training (F(1,29)=7.61,p=0.01), without any
significant effects of group (F(1,29)=0.20,p=0.66), nor a time-by-group interaction
(F(1,29)=0.025,p=0.88). This suggests that both groups recalled the fear memory and
extinguished it comparably on Day 2 (Fig 4C). On Day 3, however, estradiol-treated women
exhibited significantly less recovery of fear than placebo-treated women (t(29)=2.11,p=0.04)
(Fig 4D), suggesting that, similar to HC-treated rats in the previous experiment, estradiol
may have enhanced the consolidation of extinction.

Although this was a double-blind controlled study, to-be estradiol-treated women appeared
to show greater conditioning strength than to-be placebo-treated women, albeit this was a
non-significant trend (p=0.097). To ensure that the reduced recovery of fear observed in
estradiol-treated women was not due to this difference, we selected women from each group
to create two groups in which conditioning strength was identical (p=0.75). Using this
method, estradiol-treated women still exhibited significantly reduced recovery of fear
(p=0.02; Fig 4E).

Estradiol-treated women showed large variability in their response to Femtrace, as indexed
by the percent change in serum levels between T1 (pre-extinction) and T2 (post-extinction)
(range=23–1583%). We therefore divided estradiol-treated women into “responders” (>80%
change) and “non-responders” (<80% change) on the basis of a median split in percent
change in estradiol. There were no between-group differences in fear acquisition or within-
session extinction (ps>0.05), however responders exhibited significantly less recovery of
fear at recall than non-responders (t(13)=2.34,p=0.036) (responders=5.82%, non-
responders=20.24%). Importantly, hormonal levels did not differ between groups at any
point (p>0.05), suggesting that the magnitude of increase in estradiol may be more important
in augmenting extinction ability than is the overall level of estradiol during extinction
training.

Discussion
The present experiments demonstrated that although HCs had little or no effect on fear
conditioning and acquisition of extinction, they significantly impaired extinction recall. The
impairment was prevented in rats by terminating HCs or by administering ER agonists prior
to extinction training, and pre-extinction estradiol administration also prevented extinction
impairments in early-follicular women. HCs reduce ovarian hormones, and we found that
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manipulations that increased serum estradiol rescued HC-induced extinction deficits. It is
therefore likely that the reduction in estradiol caused by HCs may underlie the deficit in
extinction recall. Estradiol substantially impacts cell signaling, excitability, and morphology.
For example, estradiol enhances dendritic spine density and synaptogenesis in the
hippocampus(15), and the medial prefrontal cortex in rats and monkeys(16,17). Fear
extinction is associated with dendritic spine density alterations in the prefrontal cortex(18).
While the effects of HCs on spine density are unknown, ovariectomy, which immediately
reduces estradiol levels, causes gradual reductions in spine density (15). As such, the
extinction deficit observed in the present study may reflect a longer-term consequence of
HCs on spine density following persistent reductions in estradiol.

We reported that a single dose of estrogen administered 30 minutes prior to extinction
training rescued fear extinction in rats and women. This suggests that alterations in estrogen
must also have more rapid, potentially nongenomic physiological consequences that may
regulate the memory processes underlying fear extinction. Indeed, it has been determined
that induction of spinogenesis and synaptogenesis by estradiol can occur in rodents within
30 minutes of systemic administration(19,20). Moreover, estrogen causes rapid increases in
hippocampal NMDA receptor activation, brain-derived neurotrophic factor (BDNF),
phosphorylation of CREB via MAPK/ERK signaling, and enhances long-term
potentiation(21). Such nongenomic effects are most likely mediated by extranuclear
ERs(22). Critically, there is much overlap between the rapid physiological consequences of
estrogen and the molecular and cellular substrates of extinction(1). Therefore we speculate
that the observed deficits in extinction caused by HCs may be mediated by a down-
regulation of both the longer-term genomic and shorter-term nongenomic effects of
estradiol. Supporting this idea are reports that HCs reduce peripheral BDNF(13) modify
brain structure(14,23), and most notably, alter brain function during extinction learning(24).
The rescue of extinction deficits by estradiol, on the other hand, may be due to the more
rapid nongenomic consequences of estradiol on neuronal plasticity. Both of these
possibilities will need to be addressed in future research. We also note that HC-induced
changes in other hormones such as progesterone may contribute to the extinction deficit
observed in our study, given progesterone’s role in other types of learning and memory(5),
including fear extinction(9).

Some reports indicate that ERα and ERβ agonists have anxiogenic and anxiolytic effects on
state anxiety, respectively(25). Consistent with our previous findings(9,11), we did not
observe any effect of ER agonists on fear expression during extinction training, suggesting
that estradiol may enhance extinction by modulating memory processes rather than fear
expression. The non-selective facilitation of extinction by both agonists in HC-treated rats
was unexpected, as we and others have previously shown that agonists of ERβ, but not ERα,
facilitate extinction in naturally cycling and ovariectomized rats(8,9). There may be
differences in ER expression in naturally cycling and ovariectomized versus HC-treated
animals, which may in turn modulate their responsiveness to estradiol treatment. ER
expression fluctuates across the estrous cycle and is modified by ovariectomy and
administration of hormones(26). The effects of HCs on ERs remain uninvestigated.
Nevertheless, there are reasons to suspect that both ERα and ERβ may modulate fear
extinction as both receptors are involved in regulating neural plasticity underlying long-term
memory(21,22), and both are expressed within the neural circuitry that mediates fear
extinction(27,28,29).

Estrogen has been implicated in the pathophysiology of psychiatric disorders, including
depression and schizophrenia(30), with several studies noting a worsening of symptoms
during periods of low estradiol(27). Few studies have examined potential effects of estrogen
on anxiety disorders, and the neurobiological reason for women’s greater vulnerability to
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anxiety remains unknown. It could be speculated that women may be less likely to naturally
extinguish fearful memories, or further, may be less responsive to exposure therapy, when
estradiol levels are low. Consistent with this premise is the recent finding that women with
PTSD exhibited extinction deficits, along with greater symptom severity, only when
estradiol levels were low(31). Future studies should examine the possibility that systemic
estradiol might prevent extinction impairments, or enhance exposure-based therapies for
anxiety, in women. Lastly, this study highlights the importance of taking into consideration
HC use, and hormonal status in general, in women in clinical settings. In particular, our data
suggest the need for further investigations into the impact of HCs on emotion regulation and
therapeutic interventions for anxiety.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(A) Mean (±SEM) differential SCRs during conditioning (average across trials) and the end
of extinction training (average of last two trials) on Day 1 in Experiment 1. * = p<0.05;
cond. vs. end of ext. (B) Mean (±SEM) percent resovery of SCRs at extinction recall in
Experiment 1. Ns = 16 per group for H-EST and L-EST, N = 13 for HC users. * = p<0.05;
H-EST vs. L-EST, and HC.
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Fig. 2.
(A) Mean (±SEM) freezing responses across experimental phases in Experiment 2. Ns = 11
(Veh-Pro), 7 (Veh-Met), 12 (LEV-100), 12 (LEV-500). Day 2 * = p<0.05; LEV-500 vs.
Veh-Pro. Day 3 * = p<0.05; Veh-Pro vs. Veh-Met, LEV-100, and LEV-500; and LEV-100
vs. Veh-Met and LEV-500. (B) Mean (±SEM) freezing responses across experimental
phases in Experiment 3. Ns = 8–9 per group. Day 3 * = p<0.05, HC/Veh vs. HC/HC. (C)
Mean (±SEM) freezing responses across experimental phases in Experiment 4. Ns = 12–14/
group. Day 3 * = p<0.05; HC/Veh vs. Veh/Veh, HC/ERα, and HC/ERβ.
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Fig. 3.
(A) Representative vaginal cytology of a naturally cycling rat that received HC treatment for
5 days, and was then switched to vehicle treatment for another 5 days, during Experiment 3
(arrows denote cell types referred to in the following descriptions). A naturally cycling rat
progresses through different stages of the estrous cycle on a daily basis (row 1). Nucleated
epithelial cells characterize proestrus; cornified cells characterize estrus, leukocytes
characterize metestrus, and scant leukocytes along with some non-nucleated and nucleated
cells characterize diestrus. HC treatment (row 2) causes persistent metestrus-like cytology
(predominantly leukocytes, emerging on HC Days 2–5). Switching the rat from HC to
vehicle treatment (row 3) results in a gradual return to normal cycling. Note the reduction in
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leukocytes by Day 3, and the emergence of cytology consistent with diestrus and then
proestrus on Days 4 and 5, respectively. (B) Serum estradiol from naturally cycling rats (N =
5/group) sacrificed during proestrus (Pro) and metestrus (Met), and from HC-treated rats
sacrificed after 5 days of HC treatment (HC), 5 days of HC treatment and 1 hr after s.c.
injection of an ERα (HC/ERα) or ERβ (HC/ERβ) agonist, and 5 days of HC treatment
followed by a switch to vehicle treatment for another 5 days (HC/switch). Estradiol levels
are presented as a percentage of those obtained from rats during proestrus. * = p<0.05; HC
and Met vs. Pro, HC/ERα, HC/ERβ, and HC/switch.
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Fig. 4.
(A) Experimental protocol for Experiment 5. (B) Mean (±SEM) serum estradiol levels
during the different phases of the experiment. T2 * = p< 0.05; Placebo vs. Estradiol. (C)
Mean (±SEM) differential SCRs during conditioning, and differential SCRs during early and
late extinction. * = p<0.05; Early vs. Late Ext. (D) Mean (±SEM) percent recovery of SCRs
at extinction recall in Experiment 5 (Ns = 15–16/group). * = p<0.05; Placebo vs. Estradiol
(E) A selection of estradiol (N = 13) and placebo-treated (N = 10) women were matched for
conditioning strength. Estradiol-treated women exhibited significantly less percent recovery
of fear at extinction recall than placebo-treated women when matching for conditioning
strength. * = p< 0.05; Estradiol vs. Placebo.
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