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Sex differences in the neurobiological mechanisms involved in fear conditioning and extinction have been suggested to con-

tribute to differential vulnerability for the development of posttraumatic stress disorder (PTSD) in women compared with

men. Reproductive hormones, such as estradiol, have been shown to facilitate fear conditioning and extinction learning and

may explain some of these differences. However, the effect of commonly used hormonal contraceptives on the neurobio-

logical mechanisms of fear conditioning and extinction is poorly understood. A laboratory study was conducted in trauma-

exposed men and women with and without full or partial PTSD to examine effects of sex and use of hormonal birth control

on fear conditioning, fear extinction learning, and extinction retention. Participants underwent fear conditioning with

stimuli that were paired (CS+) or unpaired (CS−) with shock. Extinction learning occurred 72 h later, and extinction reten-

tion was tested 1 wk after extinction. Women on hormonal contraceptives (HCs) demonstrated enhanced acquisition of fear

conditioning and enhanced extinction of fear as compared with women off hormonal birth control and men. While clinical

implications have yet to be determined, these results suggest that hormonal contraceptives may facilitate learning during

both fear acquisition and extinction. Understanding the impact of sex and hormones on fear conditioning and extinction

processes may lead to new insights into the pathophysiology of PTSD and result in advancements in treatment that may

vary by sex.

It is widely recognized that posttraumatic stress disorder (PTSD) is a
common consequence of trauma exposure, and women are at par-
ticularly high risk, with some but not all studiesfinding thatwomen
develop PTSD at twice the rate of men, despite greater trauma expo-
sure in men (Breslau et al. 1998; Tanielian et al. 2008). Although
somehave suggested that greater exposure to interpersonal violence
may contribute to higher rates of PTSD in women, other evidence
implicates sex differences in the neurobiological mechanisms that
are involved in fear conditioning and extinction. Enhanced fear
conditioning and diminished extinction of conditioned fear have
been associated with higher levels of endogenous estrogen in wom-
en, as well as the development and maintenance of PTSD in both
sexes (Orr et al. 2000; Milad et al. 2009b; Glover et al. 2012).
Furthermore, as one of the most empirically supported treatments
for PTSD is prolonged exposure therapy, which is largely based on
fear extinction principles and the success of extinction learning
(RothbaumandDavis 2003), a clear understanding of the individual
factors impacting fear conditioning and extinction is critical.

Although some of the studies examining sex differences in
fear conditioning are inconsistent (Guimaraes et al. 1991;
Zorawski et al. 2005; Milad et al. 2006), an increasing body of evi-
dence from rodent and human studies supports the existence of
sex differences in fear extinction learning and recall (Maren et al.
1994; Pryce et al. 1999; Milad et al. 2009a; Merz et al. 2013). One
possible explanation for the lack of consistent findings in the
fear conditioning literature may be related to potential floor effects
associated with subclinical impairment of nonclinical samples, as

most laboratory studies examining sex differences were conducted
in healthy humans. Another explanation that is gaining substan-
tial support is the impact of hormones that differ between the sex-
es, among individuals, and even within individuals across time
(Quirk and Mueller 2008; Lebron-Milad and Milad 2012; Arevalo
et al. 2015; Hwang et al. 2015; Herrera et al. 2017; Maeng et al.
2017; Antov and Stockhorst 2018).

The available literature indicates that estradiol, the primary
estrogen in women during the childbearing years, is also present
at overall lower concentrations in males and plays a large role in
the fear conditioning and extinction differences observed between
men and women (Gupta et al. 2001; Jasnow et al. 2006; Chang
et al. 2009; Milad et al. 2009a, 2010; Zeidan et al. 2011; Maddox
et al. 2018; Matsumoto et al. 2018; Carvalho et al. 2021). In both
sexes, estradiol plays a variety of important functions in the brain,
including the regulation of oxidative stress, inflammation, and
gene expression, as well as in cognitive functions such as learning
andmemory (Hammoud et al. 2020). Estrogen receptors are found
throughout brain regions that are important for fear conditioning
and extinction processes (e.g., the amygdala, ventromedial pre-
frontal cortex, and hippocampus), likely via enhancements to
learning and memory (Milad et al. 2008; Quirk and Mueller
2008; Lebron-Milad andMilad 2012). In women, as peripheral lev-
els of estradiol vary over the course of the menstrual cycle, so do
levels of estradiol in the brain (Arevalo et al. 2015). Estradiol has
been shown to enhance memory consolidation across stages of
fear conditioning, extinction, and retention (Lebron-Milad and
Milad 2012). Most relevant to learning in PTSD, women with
high levels of estradiol demonstrate enhanced memory formation
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in the presence of stress exposure (Herrera et al. 2017; Antov and
Stockhorst 2018). In animal and human models, higher estradiol
levels appear to facilitate acquisition of fear conditioning and ex-
tinction (Maeng et al. 2017). For example, women with high en-
dogenous estradiol levels have enhanced responses in fear
circuitry during fear conditioning, extinction, and recall as com-
pared withmen (Hwang et al. 2015). When phase of menstrual cy-
cle has been taken into account, differences have been observed in
conditioned fear responses and severity of PTSD symptoms.
Specifically, when women are in the midluteal phase of the men-
strual cycle (higher endogenous estradiol), they demonstrate a
stronger positive relationship between SCR during fear condition-
ing and PTSD symptoms than women in the early follicular phase
of menstruation (lower endogenous estradiol) (Carpenter et al.
2022). In the complimentary literature on the startle response, low-
estradiol women demonstrated reduced discrimination between
CS+ and CS− during fear conditioning and reduced inhibition of
fear-potentiated startle during extinction and extinction recall, in-
dicating less successful learning than their high-estradiol counter-
parts (Glover et al. 2012, 2013; Armbruster et al. 2018). This
literature suggests that higher levels of estradiol relate to enhanced
acquisition of associations between an unconditioned stimulus
(UCS) and a conditioned stimulus (CS) during fear conditioning
and enhanced extinction of this association during the extinction
phase due to greater memory consolidation.

A variety of factors can account for hormone differences in
women, includingmenstrual phase, age, and use of hormonal birth
control. Approximately 11%–20% of women aged 20–39 yr use oral
contraceptives (OCs) (Daniels and Abma 2020). Commonly used
OCs directly affect estradiol levels and hormonal fluctuation associ-
ated with the menstrual cycle. However, hormonal contraceptives
(HCs) have received little attention in the fear conditioning litera-
ture. At the time of writing, we were unable to locate studies exam-
ining the impact of other HCs on fear conditioning circuitry,
although these forms of birth control are increasingly popular
among women, and evidence suggests that a variety of HCs has im-
pacts onbrain structure, function, and cognitive processes (Brønnick
et al. 2020). Literature suggests that estradiol levels in women on
HCs are typically low, similar to those of women in the early follic-
ular phase of menstruation (Brynhildsen 2014). Although Hwang
et al. (2015) did not demonstrate an effect of HCs on fear condition-
ing,manyHCs contain ethinyl estradiol,which is synthetic estrogen
that binds to estrogen receptors at high levels. Further research is
needed to determine whether synthetic estrogen present in HCs im-
pacts fear conditioning and fear extinction and contributes to asso-
ciated sex differences, particularly in a highly sensitized population
such as those with PTSD. In the current study, differences in fear
conditioning, extinction, and retention were examined in women
on hormonal birth control and in the early follicular phase of the
menstrual cycle as compared with men to determine whether the
synthetic hormones present in HCs confer any enhancement to
these processes over and above women off of birth control with the-
oretically low levels of endogenous estradiol.

Fear conditioning is measured by assessing the differential
SCR to a conditioned stimulus (CS+) pairedwith an unconditioned
stimulus (shock; UCS) and a stimulus unpaired with a shock (CS−).
Greater acquisition of fear conditioning is evidenced by greater
SCR response to the CS+ when compared with the CS−. Fear ex-
tinction refers to repeated exposure to the CS in the absence of
the US, which results in diminishing reactivity to previously con-
ditioned stimuli due to an inhibitory neural link that is formed
(Myers and Davis 2007). Extinction is therefore operationalized
by reduced discrimination of responding to the CS+ and CS−
over time, and its retention is evidenced by a maintenance of
low differential SCR in response to presentation of CS+ and CS−
cues at follow-up.

In previous work, our group examined sex differences in skin
conductance responses to a fear conditioning paradigm in men
and women with PTSD (Inslicht et al. 2013). In that sample, wom-
en were premenopausal and underwent conditioning during the
follicular phase of the menstrual cycle. We found that women
had greater differential fear acquisition compared with men.
Other work has indicated that the effects of endogenous gonadal
hormones on fear extinction are moderated by PTSD diagnosis,
such that women with PTSD demonstrated impaired fear extinc-
tion during the midluteal phase of menstruation but not during
the early follicular phase (Pineles et al. 2016b). The current study
examines the effect of sex, HC use, and PTSD severity on fear con-
ditioning, fear extinction, and extinction retention in medically
healthy trauma-exposed premenopausal women on or off HCs
and age-matched men across a range of PTSD symptom severity.
We used a validated laboratory conditioning paradigm (Inslicht
et al. 2021) that occurred over several days in which fear acquisi-
tion was separated from extinction by 72 h to avoid influencing
consolidation of fear conditioning, and extinction retention was
evaluated 1 wk after the fear extinction session to provide a test
of durability of extinction over time.

Given evidence for impaired fear extinction in PTSD, we hy-
pothesized that participants high in PTSD (men and women com-
bined) would have decreased fear extinction learning and
extinction retention compared with those with low PTSD symp-
tom scores. As estradiol appears to enhance learning during stress
in women, we predicted that women on HCs would demonstrate
higher differential SCR during acquisition and lower differential
SCR during extinction and extinction retention than naturally cy-
cling women in the early follicular phase of menstruation and
men. Finally, we predicted a PTSD× sex interaction effect for
extinction learning and retention; women onHCswith high levels
of current PTSD would have enhanced acquisition but decreased
extinction learning and retention compared with women with
low levels of current PTSD and men.

Results

Sample characteristics
Means, standard deviations, and results of ANOVA and χ2 compar-
isons between men, women on HCs, and women off HCs for de-
mographics and clinical characteristics are presented in Table 1.
There were no significant differences between groups for age, eth-
nicity/race, highest level of education, PTSD symptom severity, or
use of psychiatric medications. CAPS scores ranged from 0 to 81.
Out of 81 participants, 42 met criteria for PTSD. Most participants
(70 out of 81) correctly identified the color that was pairedwith the
shock, indicating explicit awareness of the CS–UCS contingency;
there were no group differences. Although not significant, trend
level differences in age and education were observed between sex
groups (see Table 1). These variables were not found to be associat-
ed significantly with SCR nor were they found to significantly alter
the results presented below when included as a covariate in the
models of interest, and so they were not included in final reported
results.

Baseline skin conductance and shock levels
As presented in Table 1, mean shock level, mean prestimulus SCL
during habituation, and mean SC-orienting response during the
habituation phase did not differ between groups (Ps > 0.11), nor
were they associated with differential SCR (Ps > 0.22). Thus, differ-
ences between groups during extinction learning and retention are
not likely to be attributable to differences in shock level selected,
SC-orienting response magnitude, or baseline resting SCL.

Sex differences in fear extinction in PTSD
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Habituation and fear conditioning
Habituation and conditioning phases were first analyzed using a
group (men, women on HC, women off HC)×CS condition×
CAPS score × trials (five) random intercept model in order to test
the differential effects of group, condition, and PTSD severity on
SCR. These analyses were followed by a group (men, women on
HC, women off HC)× trials (five) ×CAPS score random intercept
mixed model with SCR difference score as the dependent variable
in order to test the impact of group and PTSD severity on the
change in SCRdifference score over trials. Thefirst CS+ andCS− tri-
als of conditioning were dropped from analyses because the UCS
presentation occurred at the offset of CS+, so no conditioning
could be observed until the second trial.

Although we did not expect group differences or PTSD effects
during habituation, we tested these effects to confirm that there
were no differences. For habituation,
there were no significant sex or PTSD ef-
fects or any significant interactions in-
volving these factors (all Ps > 0.25).
There was a significant CS condition× tri-
al effect (b=−0.04, CI −0.08 and −0.00, P
=0.05), such that SCR to CS+ decreased
significantly more than CS− over trials,
indicating successful habituation to the
CS stimuli.

Effects on mean SCR during acquisi-
tion were examined first (see Fig. 1).
During fear conditioning, there was a sig-
nificant effect of CS+ versus CS− [χ2(1) =
24.05, P<0.001], indicating successful ac-
quisition of fear responding. There were
no significant effects of PTSD severity or
its interaction with CS condition on SCR
(Ps > 0.25). There was no main effect of
sex or its interaction with CS condition
on SCR (Ps > 0.25).

Effects on change in differential
(SCR during CS− subtracted from SCR
duringCS+) over the course of acquisition

trials (slope) were examined second (see Fig. 2). Women off HCs
showed a lower differential SCRover the course of acquisition trials
as comparedwithwomen onHCs (b=−0.24, CI−0.41 and−0.09, P
=0.002) and men (b=−0.13, CI −0.26 and −0.005, P= 0.04), indi-
cating that women on HCs demonstrated enhanced acquisition
of the association between CS and UCS over the course of acquisi-
tion trials (b=0.14, CI 0.02 and 0.26, P=0.02).

Extinction learning effects
Extinction trials were analyzed using random intercept mixed
models similar to that for habituation and fear conditioning.
Effects on mean SCR during extinction learning were examined
first. Amain effect of CS condition on SCRover trialswas not found
[χ2(1) = 2.80, P=0.09] (see Fig. 1). There were no significant main

Table 1. Group differences in demographics, PTSD, and psychophysiology

Men (N=48) Women on OCs (N=13) Women off OCs (N=20) Contrasts

N (%) or mean (SD) F or χ2 P

Age 38.2 (8.9) 31.3 (7.0) 36.4 (9.4) 2.8 0.07
Education
Some HS/HS graduate/GED 8 (16.6%) 2 (15.4%) 3 (15%) 23.03 0.06
Some college 9 (18.8%) 0 (0%) 4 (20%)
AA/BA/BS 26 (54.1%) 4 (30.8%) 10 (50%)
Postgraduate education 5 (10.4%) 7 (53.8%) 3 (15%)

Ethnicity/race
Caucasian 26 (54.2%) 5 (38.5%) 7 (30%) 9.64 0.65
Black/African American 5 (10.4%) 0 (0%) 2 (15%)
Asian 9 (18.8%) 5 (38.5%) 5 (25%)
Hispanic 3 (6.3%) 2 (15.3%) 3 (15%)
Multiracial 3 (6.3%) 1 (7.7%) 1 (5%)
American Indian/Alaskan Native 2 (4.2%) 0 (0%) 2 (10%)

CAPS total score 27.7 (27.2) 29.3 (24.4) 26.6 (22.8) 0.04 0.96
Psychophysiology measures
UCS level (0.5–5 MA) 1.2 (1.3) 1.0 (0.6) 1.0 (1.1) 0.13 0.88
SC resting level 3.9 (2.9) 1.9 (2.6) 2.7 (2.7) 2.96 0.06
OR (SQRT US) 0.4 (0.4) 0.2 (0.2) 0.4 (0.33) 2.72 0.07

(CAPS) Clinical-administered PTSD scale, (UCS level) unconditioned stimulus level (the highest level of stimulation that participants self-selected to be “highly an-
noying but not painful”), (SC resting level) resting baseline skin conductance (mean SC level during 5-min rest period), (OR) orienting response (SC response
average to first presentation of the CS+ and CS− during the habituation phase). SC variables were square-root transformed prior to analysis (for a negative SCR,
the square-root of the absolute value was calculated and given a negative sign).

Figure 1. Differential SCR response across phases of the experiment. Mean skin conductance response
scores to CS+ and CS− for each trial during each phase of the experiment (acquisition, extinction, and
retention).

Sex differences in fear extinction in PTSD
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effects of PTSD severity (P=0.82) or its interaction with CS
condition on SCR (P=0.32). There was an effect of sex on SCR,
such that women off HCs demonstrated lower overall SCR than
men (z=−2.11, P=0.03). The interaction effect of sex and CS con-
dition on SCR was not found to be significant (P=0.65).

Effects on change in differential (SCR during CS− subtracted
from SCR during CS+) over the course of extinction trials (slope)
were examined second (see Fig. 2). There was a significant main
effect of sex on SCR difference score such that women on
HCs demonstrated amore negative slope over the course of extinc-
tion learning trials (b=−0.03, CI −0.06 and −0.00, P=0.05)
than men, indicating enhanced extinction learning. No differ-
ence between women off HCs and women on HCs (P=0.50) or
men (P=0.14) was observed.

Extinction retention effects
Extinction retention wasmeasured by the differential SCR (CS+ vs.
CS−) over the first four trials of the extinction retention phase and
analyzed using a sex group×CAPS score ×CS-type mixed model
with random intercepts. As shown in Figure 1, extinction learning
was retained, as evidenced by a lack of significant difference be-
tween CS conditions on SCR [χ2(1) = 0.82, P=0.36]. There was a
main effect of sex, such that women off HCs demonstrated lower
overall SCR than men (z=2.31, P=0.02). No other main effects
or interactions reached statistical significance.

Discussion

The results of this study offer support for the impact of synthetic
hormones on fear conditioning and fear extinction learning for
trauma-exposed women in the early follicular phase. In our sam-
ple, women on HCs demonstrated a more positive change in SCR
during fear conditioning, indicating that they learned the differen-
tial association between CS+ and CS− more quickly than women
off HCs in the early follicular phase of menstruation and men.
Additionally, women on HCs demonstrated a more negative
change in SCR during extinction, indicating that they acquired
the inhibitory association between CS+ and shock more quickly
than men, but not women off HCs. Given that women on birth

control and women in the early follicular
phase of menstruation are believed to
have similar levels of endogenous estradi-
ol, these data suggest that synthetic
hormones present in HCs offer enhance-
ments in the learning and extinction of
conditioned fear. As previous research
has been inconclusive as to the impact
of HCs on fear learning, these data offer
an important addition to the literature
and suggest that hormonal birth control
should be included as a consideration in
any future analysis of sex differences in
fear conditioning.

Studies of the effects of sex on fear
conditioning and extinction have been
historically mixed (for review, see Peyrot
et al. 2020), with somefinding differences
in SCR during fear conditioning between
male and female participants and others
finding no such difference. Current re-
sults, in combination with the existing
literature, suggest that these mixed find-
ings could be due in part to hormonal
fluctuations in women associated with
menstruation and phase of life, as women

with higher levels of estradiol demonstrate enhanced fear learning
when compared with low-estradiol women and men (for review,
see Stevens et al. 2018). Few studies of the role of HCs in fear con-
ditioning among women have been conducted, and to our knowl-
edge there is a paucity of data on the difference in fear learning
between women on HCs and women with low endogenous estra-
diol (i.e., in the early follicular phase ofmenstruation). Both groups
have been previously shown to have low endogenous estradiol
(Hwang et al. 2015), but women on HCs have higher levels of syn-
thetic estrogen. Our data suggest that the synthetic hormones
found in HCs have a significant impact on fear acquisition and ex-
tinction, with women on birth control showing faster and higher
elevations in overall levels of SCR during acquisition of fear learn-
ing as well as faster overall reduction in SCR during extinction
learning than early follicular phase women and men. These find-
ingsmirror previous findings associatedwith endogenous estradiol
in women during fear conditioning and extinction paradigms
(Arevalo et al. 2015; Herrera et al. 2017; Maeng et al. 2017; Antov
and Stockhorst 2018).

However, our findings contrast those of Graham and Milad
(2013), who found decreased extinction recall in women using
oral contraceptives compared with women with high levels of en-
dogenous estradiol, but no differences in fear acquisition and fear
extinction learning. However, one possible reason for these differ-
ences is that in the Graham and Milad (2013) study, women were
tested in a 2-d paradigm starting at∼5 d after the onset of menstru-
ation anddivided according to endogenous estradiol or oral contra-
ceptive usage, whereas the present study used amultiday paradigm
in whichwomen started the conditioning session earlier in the fol-
licular phase at days 1–3 after menses, when estradiol is known to
be lower, and extinction learning at days 4–7, and completed re-
tention at days 11–14 at the late follicular phase. A second differ-
ence is that their study included only healthy women, whereas
this sample included all trauma-exposed participants with varying
degrees of PTSD symptomatology. Both the follicular phase and
PTSD status have been associated with impaired fear inhibition
and greater difficulties differentiating fear from safety signals
(Glover et al. 2013). Our findings suggest that HCs may rescue
these possible impairments associated with the follicular phase
or in those with trauma exposure.

Figure 2. Differential SCR by sex and hormonal contraceptive status during acquisition and extinction.
The standardized regression coefficient, representing the change in differential SCR over trials, is present-
ed for each sex and hormonal contraceptive group for acquisition and extinction phases. Error bars rep-
resent 95% confidence intervals.

Sex differences in fear extinction in PTSD
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Fear extinction is believed to be a core mechanism of pro-
longed exposure therapy, an evidence-based treatment for PTSD
that sharesmany similarities with classic fear extinction paradigms
(Foa 2000). Although we did not find significant effects of PTSD or
an interaction with sex group on fear learning in this sample, the
implications for treatment of PTSD in women remain. These data
suggest that womenwith low endogenous estradiol may face great-
er challenges in extinction learning than their high-estradiol coun-
terparts. This is in line with previous work that suggests that
success of fear conditioning increases during menstruation phases
marked by high endogenous estrogen, which subsequently in-
creases PTSD symptoms (Nillni et al. 2015). Importantly, given
that the primary mechanism of this increase is learning and mem-
ory consolidation, fear extinction success increases during this pe-
riod as well (Nillni et al. 2015). In awhole-health approach to PTSD
treatment, it follows that monitoring the phase of menstruation,
or even providing estrogen as a pharmacological adjunct, may be
helpful in increasing the success of a treatment that is largely con-
tingent on the success of learning (Glover et al. 2015; Hammoud
et al. 2020).

Limitations
One consideration in the interpretation of the data presented is re-
liance on self-reporting for assessment of phase of menstruation
and HC status to make assumptions about the level of endogenous
estradiol of each of the sex groups. It is likely that variation in en-
dogenous estradiol exists within women in the early follicular
phase of menstruation as well as women on hormonal birth con-
trol. Furthermore, there is a possibility that errors in self-reporting
either phase of menstruation or adherence to hormonal birth con-
trol occurred. Tominimize this risk, female participants were ques-
tioned regarding the first day of their most recentmenstrual period
and average length of cycle or their birth control status at each
study visit, and these data were checked for consistency.

Additionally, among cycling women, only those who com-
pleted fear conditioning during the early follicular phase of men-
struation were included. This restricted our ability to compare
fear learning observed in our sample versus women with theoreti-
cally higher levels of endogenous estradiol at different phases of
themenstrual cycle. However, the selection of these groups was in-
tentional, as it allowed us to test the effect of birth control on fear
conditioning and extinction and to determinewhether women on
HCs differ from other theoretically low-estradiol female groups.
Future work should include women across phases of menstruation
and on and off birth control in order to further assess the impact of
endogenous and exogenous estrogen on fear learning inwomen. A
wealth of evidence suggests that estradiol plays a principal role in
supporting fear learning. However, other hormones, such as pro-
gesterone, may also contribute to fear learning and merit further
investigation. Findings related to progesterone have been limited
andmixed,with some studies reporting no significant effect of pro-
gesterone (Milad et al. 2010; Zeidan et al. 2011) and others finding
that progesterone levels impact fear learning (as assessed via pre-
pulse inhibition) in women with PTSD (Pineles et al. 2016a,b).
Additionally, the types of HCs used by the women in our sample
varied naturally. It is possible that different kinds of HCs have dif-
ferent impacts on hormones both in the periphery and in the brain
(Brønnick et al. 2020) and thus different impacts on fear condition-
ing and extinction learning; however, our sample was not well
powered to detect these effects if they exist. Future research evalu-
ating the impacts of different types of HCs on the hormonal and
neurobiological mechanisms supporting fear conditioning and ex-
tinction and confirming blood hormone levels to more directly as-
sess the role of individual estradiol level in fear conditioning and its

relationship to birth control use in a sample of trauma-exposed in-
dividuals would be informative.

Although we have found effects of sex and birth control on
differential SCR during fear conditioning and extinction in our
sample, the effects are relatively small and likely limited by a num-
ber of factors. First, we were unable to examine third-order interac-
tion effects of PTSD and sex group on differential SCR due to a
substantially larger sample size needed for adequate power to
detect potential effects. Additionally, the use of habituation trials
prior to acquisition may have impacted the robustness of fear
conditioning and the manipulation we were testing. Inclusion of
habituation trials in a psychophysiological study of fear condition-
ing is especially important, as anticipatory anxiety and orienting
responses to novel stimuli could confound the ability to detect
the associative learning specific to the CS+ association. Including
a habituation phase reduces a potential impact of anticipatory anx-
iety and the orienting response to the initial presentations of visual
stimuli on the fear conditioning phase. Indeed, the differential ef-
fect observed in this sample is similar to effects seen in other work
from our group (Inslicht et al. 2013, 2021).

Finally, an important question is whether groups may have
differed in UCR response as a result of some participants choosing
a lower level of shock during the UCS calibration procedure in
which participants self-selected a level that they experienced as
“highly annoying but not painful.” Women have been shown to
have a lower pain threshold and higher ratings of pain intensity
and unpleasantness to experimental pain tasks compared with
men (Fillingim et al. 2009); therefore, individualized shock level
is important for both detecting an effect and retaining partici-
pants. To examine the potential confound, we examined shock
level and determined that this did not differ significantly between
groups and fell within a limited range (Table 1). However, future
studies using standardized nonpainful stimuli such as sound or air-
puff would provide additional confirmation that differences in fear
conditioning and extinction are not affected by possible differ-
ences in pain sensitivity.

Overall, the current study suggests that hormonal birth con-
trol enhances fear conditioning and extinction learning in women
when compared with women in the follicular phase of menstrua-
tion. These data strongly suggest that birth control status should
be considered in future studies of fear learning and support a po-
tential role of estradiol in fear learning and extinction learning
rates. These data have implications for hormonal considerations
in evidence-based treatment of PTSD. Future work will seek to fur-
ther examine the hormonal millieu associated with birth control
use and phase of menstruation in the context of fear learning
and PTSD.

Materials and Methods

Participants
Medically healthymale and female (off birth control = 13, on birth
control = 20) individuals, aged 22–51 yr, were recruited for partici-
pation (N=81). Following informed consent, individuals were
evaluated for PTSD symptomatology using the CAPS-IV (Blake
et al. 1995) and screened for other current and lifetime axis I disor-
ders using the Structured Clinical Interview for DSM-IV Axis I
Disorders, Research Version, Non-Patient Edition (SCID-I/NP)
(First et al. 2002). Women were premenopausal as determined by
screening of participants for their history of menstrual bleeding
patterns and defined by consistent menstrual period in the past 3
mo with no change in regularity in the past 12 mo as recommend-
ed by the Stages of Reproductive Aging Workshop (Soules et al.
2001).

Individuals were excluded if they had current or recent trau-
ma in the previous 3mo or active suicidality ormet lifetime criteria
for schizophrenia, schizoaffective disorder, bipolar disorder,

Sex differences in fear extinction in PTSD
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obsessive-compulsive disorder, specific phobias, substance abuse or
dependence, or alcohol dependence within the previous 3 mo.
Individuals who met criteria for full lifetime PTSD as defined above
for any prior period but did not meet criteria for current partial or
full DSM-IV criteria for PTSDwere excluded from the control group.
Medical exclusions included a history of seizure disorders; neurolog-
ical disorder; mild, moderate, or severe traumatic brain injury (head
injury with loss of consciousness for >10min or ongoing symptoms
of TBI); current infectious illness; systemic illness affecting CNS
function; or medically unstable injuries. Participants who in the
2moprior to studyparticipation took psychotropicmedications, in-
cluding SSRIs, alpha- and beta-adrenergic agents, antipsychotics,
benzodiazepines, mood stabilizers, anticonvulsants, antihyperten-
sives, sympathomimetics, steroids, or anyother generalmedications
that could influence psychophysiology or hormone levels (other
than birth control), were excluded. Additional exclusions for wom-
en included markedly irregular menstrual periods, bilateral oopho-
rectomy, pregnancy, or lactation. We required that participants
not consume heavy amounts of alcohol (more than seven drinks
for women, >14 drinks for men) or use illicit drugs for 1 wk prior
to participation. On the days of testing, participants were asked to
abstain from caffeine, smoking, and eating for 1 h prior to the ses-
sion, and these variableswere assessed via self-reporting during their
study visit.

Measures

Clinical measures
The following scales were used:

(1) Background: Age, ethnicity, income, education, marital sta-
tus, and military service details (e.g., years of service, loca-
tion) were obtained.

(2) Health: Health-related variables included day of menstrual
cycle for cyclingwomen, smoking,medicationhistory, neu-
robehavioral screen for TBI, and body mass index (BMI:
weight in kilograms/[height in meters]2).

(3) Structured Clinical Interview for DSM-IV Axis I Disorders,
Research Version, Non-Patient Edition (SCID-I/NP) (First
et al. 2002): The SCID-I/NP is a structured diagnostic inter-
view protocol for the determination of DSM-IV diagnoses.
The SCID-I/NP was used to assess current comorbid psychi-
atric diagnoses and prior diagnoses.

(4) Clinician-administered PTSD scale (CAPS) (Blake et al.
1995): The CAPS provides information on current and life-
time PTSD symptoms and status, providing a diagnosis, fre-
quency, and intensity of symptoms.

Psychophysiological measures
Skin conductance level (SCL) was measured by Biopac MP150 for
Windows (Biopac Systems, Inc.) using a constant 0.5 V through
8-mm (sensor diameter) Ag/AgCl electrodes that were placed along
the hypothenar surface (the fleshy portion of the palm between
the wrist and little finger) of the participant’s nondominant
hand (Fowles et al. 1981). The SCL analog signal was acquired at
a sampling rate of 1 kHz, amplified, and digitized using the
Biopac system.

Procedures
Procedures occurred over four study visits. During the initial visit,
study procedures were fully explained, and written informed con-
sent was obtained for the University of California at San Francisco
Institutional Review Board.

Eligibility was determined by structured diagnostic interview
for psychiatric and medical history, and blood and urine samples
were collected to assess exclusionary conditions and use ofmedica-
tions or drugs as well as to test for pregnancy in women. Eligible

participants then set the shock level that would serve as the UCS
(at a level they found to be “highly annoying but not painful”)
in subsequent sessions to avoid any possible influence of initial
shock exposures on fear conditioning.

Upon determination of eligibility, participants were sched-
uled to complete the classical aversive conditioning paradigm
over three subsequent study visits. The first session for fear condi-
tioning was scheduled during the early follicular phase for women
(day 2 or 3 following the start of menses) and on a random day for
men. All sessions were scheduled between 1:00 p.m. and 4:00 p.m.
to minimize potential circadian effects.

Experimental paradigm testing fear conditioning
All psychophysiology testing sessions took place in a dedicated
psychophysiology laboratory. The experimental apparatus was lo-
cated in the adjoining roomandparticipantsweremonitored by an
unobtrusive video camera during the experiment. Procedures and
participant instructions, adapted from Orr et al. (2000) and previ-
ously described (Inslicht et al. 2013), were identical across sessions.
Electrodes for SCL recording and those for administering the UCS
were attached. Experimental stimuli were presented using
SuperLab 5.0 for Windows (Cedrus, Inc.). The conditioned stimuli
(CS+ [paired with the UCS] and CS− [not paired with the UCS])
were two different colored computer-generated 15.2-cm diameter
circles, randomly selected for each participant and presented for
8 sec on a 28.5-cm×21.5-cm monitor positioned 1 m in front of
the participant, with an intertrial interval of 20 sec ± 5 sec.

The UCS was a 500-msec electric pulse, which ranged from
0.5 to 5.0 mA, as previously determined by the participant to be
“highly annoying but not painful,” generated by a Biopac program-
mable stimulator module (STM100C) and delivered through elec-
trodes attached to the second and third fingers of the dominant
hand. Participants were told that they “may or may not receive
any electrical stimulation prior to each session,” including at the
fear conditioning, extinction learning, and retention sessions, in or-
der to elicit threat-enhanced conditions. Each session started with a
5-min baseline recording period, during which SCL was sampled at
1000 Hz.

Session 1: habituation and fear conditioning
During session 1 and following a 5-min baseline recording, partic-
ipants were presented with five of each of the colored circles (to be
CS+ and to be CS−) in the absence of the shock (UCS) and with no
more than two consecutive presentations of the same stimulus
type, constituting the habituation phase. This was followed by
the fear acquisition phase, in which each presentation of the CS+
was followed by a 500-msec shock and the CS– was not. The CS+
and CS− were each presented five times in random order.

Session 2: fear extinction
Participants were providedwith identical instructions and set up as
during fear conditioning. Following the 5-min baseline recording,
participants were presented with 10 nonreinforced presentations
each of the CS+ and CS−.

Session 3: extinction retention
One week following extinction, participants underwent an identi-
cal setup, instructions, and baseline recording. They were then
shown four nonreinforced presentations each of the CS+ and CS−.

Contingency awareness was determined after each session,
when participants were asked whether they could predict when
the shock would occur, to identify the color of the CS+, and to
rate their level of “annoyance” with the shock on a five-point
Likert-type scale. Upon completion of the final session, partici-
pants were debriefed, thanked, and reimbursed.
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Psychophysiological response scores
The SC response (SCR) scores for CS and UCS intervals were calcu-
lated as reported previously (Orr et al. 2000; Inslicht et al. 2013,
2021). The SCR score for each CS interval was calculated by sub-
tracting the mean SCL for the 2 sec preceding CS onset from the
peak during the 8-sec CS interval. The UCR was calculated by sub-
tracting the average SCL within 6–8 sec following CS onset, from
the maximum increase in SC level during the 0.5- to 6.5-sec inter-
val following CS offset (corresponding to the onset of the 0.5-sec
US). The SCR scores were normalized by sign-square-root transfor-
mation due to a skewed distribution.

Resting level skin conductance was mean SC during a 5-min
rest period.

Orienting response (OR) was SC response average to first CS+
and CS− during habituation.

Unconditioned response was averaged UR for CS+ trials dur-
ing the acquisition phase.

Differential SC responses were average CS interval response to
the CS+ trialsminus averaged CS interval response to the CS− trials
for habituation, fear conditioning, extinction, and retention
phases.

Statistical analyses
Hypotheses for aim 1 were tested using a random intercepts mixed
model analysis of differential SC responses (the primary dependent
measure) over trials during habituation, acquisition, extinction,
and retention phases of the experiment. Sex group and continuous
PTSD score were fixed factors, trials were within-subjects repeated
factors, and subject was a random factor. Hypothesis 1—that great-
er PTSD symptomatology is related to decreased fear extinction—
was tested by the PTSD effect during the extinction phase.
Hypothesis 2—that women on HCs will demonstrate greater fear
learning than women off HCs during the early follicular phase of
menstruation and men—was tested using planned contrasts for
sex group following the mixed model during the acquisition, ex-
tinction, and retention phases. Hypothesis 3—that PTSD severity
moderates the relationship between sex group and fear condition-
ing such that women off HCs with elevated PTSDwill demonstrate
the highest level of fear conditioning during acquisition and reten-
tion, as well as reduced extinction learning—was tested using the
sex group×PTSD interaction in the mixed model during acquisi-
tion, extinction, and retention phases.

Statistical analyses were conducted using linear mixed-effects
modeling in Stata 16 (https://www.stata.com). Separate analyses
were conducted for each phase; namely, fear conditioning, extinc-
tion learning, and extinction retention. The dependent measure
used in all analyses was the SCR difference score. Eleven outlier tri-
als, defined as z-scores greater than two standard deviations from
themean,werewinsorized (i.e., replacedwith ±2). Following visual
inspection of the standardized responses, two standard deviations
was chosen so as to balance the minimization of data loss with the
prevention of extreme outliers’ undue influence on results. Each
model included random intercepts for subjects and fixed effects
for group and trials (5, habituation; 5, conditioning; 10, extinction
learning; 4, extinction retention), and their interactions. Trials
were modeled in three ways: as a continuous fixed effect, as a con-
tinuous random effect (i.e., with subject-specific slopes), and as a
fixed categorical variable. The best-fitting model was selected on
the basis of likelihood tests or AIC fit criteria before conducting
any statistical inferences.
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