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Trauma- and stress-related disorders are among the most common types of mental
illness affecting the U.S. population. For many of these disorders, there is a striking
sex difference in lifetime prevalence; for instance, women are twice as likely as
men to be affected by posttraumatic stress disorder (PTSD). Gonadal steroids and
their metabolites have been implicated in sex differences in fear and anxiety. One
example, allopregnanolone (ALLO), is a neuroactive metabolite of progesterone that
allosterically enhances GABAA receptor activity and has anxiolytic effects. Like other
ovarian hormones, it not only occurs at different levels in males and females but also
fluctuates over the female reproductive cycle. One brain structure that may be involved in
neuroactive steroid regulation of fear and anxiety is the bed nucleus of the stria terminalis
(BNST). To explore this question, we examined the consequences of augmenting or
reducing ALLO activity in the BNST on the expression of Pavlovian fear conditioning in
rats. In Experiment 1, intra-BNST infusions of ALLO in male rats suppressed freezing
behavior (a fear response) to the conditioned context, but did not influence freezing to
a discrete tone conditioned stimulus (CS). In Experiment 2, intra-BNST infusion of either
finasteride (FIN), an inhibitor of ALLO synthesis, or 17-phenyl-(3α,5α)-androst-16-en-3-
ol, an ALLO antagonist, in female rats enhanced contextual freezing; neither treatment
affected freezing to the tone CS. These findings support a role for ALLO in modulating
contextual fear via the BNST and suggest that sex differences in fear and anxiety could
arise from differential steroid regulation of BNST function. The susceptibility of women to
disorders such as PTSD may be linked to cyclic declines in neuroactive steroid activity
within fear circuitry.
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Introduction

In the U.S., the lifetime prevalence of trauma- and stress-related disorders is 60% greater
for women compared to men (Kessler et al., 2005). Indeed, posttraumatic stress disorder
(PTSD) is twice as likely to occur in women. Sex differences in fear and anxiety have also
been reported in non-human species. One well-established behavioral paradigm that models
aspects of PTSD, Pavlovian fear conditioning, has revealed sex differences in rodents (Maren
et al., 1994; Markus and Zecevic, 1997; Aguilar et al., 2003; Kudo et al., 2004; Wiltgen
et al., 2001; Chang et al., 2009; Gresack et al., 2009; Barker and Galea, 2010; Daviu et al.,
2014) as well as in humans (Milad et al., 2006; Grillon, 2008; Lebrón-Milad et al., 2012).
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In this procedure, a neutral conditioned stimulus (CS, tone) that
has been paired with an aversive unconditioned stimulus (US,
footshock) comes to elicit conditioned fear responses, including
freezing, increases in acoustic startle, and changes in heart rate
and blood pressure (LeDoux, 2000; Maren, 2001; Fanselow and
Poulos, 2005). After fear conditioning, male and female rats show
a dramatic sex difference in levels of contextual freezing: females
express significantly lower levels of freezing in the conditioning
context compared to males (Maren et al., 1994; Markus and
Zecevic, 1997; Barker and Galea, 2010). Interestingly, males and
females exhibit similar levels of freezing during conditioning and
during the expression of fear to the discrete CS (Maren et al.,
1994; Markus and Zecevic, 1997; Barker and Galea, 2010).

One potential neural substrate for this sex difference in
contextual fear is the bed nucleus of the stria terminalis (BNST).
The BNST receives input from multiple limbic structures
involved in emotional processing and sends output directly to
the hub of the hypothalamic-pituitary-axis, the paraventricular
nucleus of the hypothalamus (Crestani et al., 2013). BNST
lesions or inactivation selectively impair freezing to shock-
associated contexts, but not auditory CSs (Hammack et al.,
2004; Sullivan et al., 2004; Resstel et al., 2008; Zimmerman
and Maren, 2011). In addition, BNST inactivation reduces
light- (Walker and Davis, 1997) and corticotropin-releasing
hormone (CRH)-enhanced (Lee and Davis, 1997) startle, two
forms of startle potentiation argued to reflect contextual fear.
BNST lesions also reduce fear to long-duration auditory CSs
that mimic the temporal properties of contextual stimuli
(Waddell et al., 2006). Moreover, recent optogenetic approaches
have shown that discrete neural circuits within the BNST
are involved in regulating responses to aversive contexts
(Jennings et al., 2013; Kim et al., 2013). Collectively, these
data suggest that the BNST is central for the expression
of conditional fear responses, including freezing, to aversive
contexts.

Given its role in reproductive (Claro et al., 1995; Liu et al.,
1997) and maternal (Numan and Numan, 1995, 1996) behaviors,
the BNST is a prime site for hormonal modulation. BNST
neurons have receptors for estrogen (Laflamme et al., 1998),
progesterone (Auger and De Vries, 2002), and androgens; levels
of estrogen and progesterone receptors are similar between
male and female rats whereas levels of androgen receptors are
greater in males (Roselli, 1991). Indeed, hormonal modulation
of BNST activity in fear conditioning has been implicated by
studies of intact cycling females and ovariectomized females
treated with gonadal steroids. For example, natural fluctuations
in ovarian steroids across the estrous cycle are associated
with differences in the expression of contextual fear such that
rats in proestrus, when progesterone and estradiol levels are
highest, show the lowest level of fear compared to males
and females in estrus (Markus and Zecevic, 1997). Moreover,
systemic administration of either progesterone or its neuroactive
metabolite, allopregnanolone (ALLO), impairs CRH-enhanced
increases in acoustic startle, a form of startle that is mediated by
the BNST (Toufexis et al., 2004). A potent allosteric potentiator
of GABAA receptors (Majewska et al., 1986), ALLO has been
linked to reduced anxiety in a variety of other behavioral

paradigms in which female rodents appear less anxious than
males (Frye et al., 2000; Hughes et al., 2004), including the
elevated plus maze (Bitran et al., 1991), the defensive burying test
(Picazo and Fernández-Guasti, 1995), the light/dark transition
test (Wieland et al., 1991), and the open field test (Wieland
et al., 1991). Although ALLO can be synthesized within the
gonads, adrenal glands, and brains of both male and female
rats, it is found in higher concentrations in female brains
and plasma (Corpéchot et al., 1993). In females, ALLO levels
in whole brain and plasma are 8- to 10-fold higher than in
males (Purdy et al., 1990; Corpéchot et al., 1993; Cheney et al.,
1995).

Collectively, this work suggests that ALLO may regulate fear
and anxiety by modulating neuronal activity in the BNST. To
explore this question, we assessed whether augmenting ALLO
activity in the BNST of male rats would decrease contextual
freezing (Experiment 1) and, conversely, whether reduction
of ALLO activity in the BNST of female rats would increase
contextual freezing (Experiment 2). Males received intra-BNST
infusions of ALLO whereas females received infusions of
either an ALLO synthesis inhibitor, finasteride (FIN; Finn
et al., 2006), or a selective antagonist, 17-phenyl-(3α,5α)-
androst-16-en-3-ol (17-PA; Mennerick et al., 2004; Kelley
et al., 2007). Importantly, this set of experiments examines
whether hypothesized sex differences in endogenous intra-
BNST ALLO (i.e., low endogenous ALLO activity in males
and high endogenous ALLO activity in females) contribute to
the contextual fear phenotype in each sex. We now show that
manipulations of ALLO activity within the BNST affect the
expression of contextual fear in both male and female rats,
a finding that supports neuroactive steroid modulation of the
BNST in fear and anxiety.

Materials and Methods

Animals
Male and female Long-Evans rats (200–224 g; Blue Spruce)
were obtained from a commercial supplier (Harlan Laboratories,
Indianapolis, IN, USA). At the time of arrival, rats were
individually housed in clear plastic cages; males and females were
kept in separate rooms. Lights were maintained on a 14:10 h
light:dark cycle (lights on at 7:00 A.M.) with access to food and
water ad libitum. Upon arrival, each rat was handled for 20 s each
day for five consecutive days to acclimate to the experimenter.
All experiments were carried out in accordance with guidelines
approved by the Institutional Animal Care and Use Committees
at Texas A&M University.

Behavioral Apparatus
All behavioral procedures occurred in eight identical observation
chambers (30 × 24 × 21 cm; Med Associates, St. Albans,
VT, USA) composed of aluminum sidewalls and Plexiglas
ceiling, rear wall, and front door. One sidewall contained a
speaker for CS delivery and the other contained an incandescent
house light. Chamber floors consisted of 19 stainless steel rods
(4 mm in diameter) spaced 1.5 cm apart (center to center)
for footshock US delivery. The rods were wired to a shock
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source and solid-state grid scrambler (Med Associates). Beneath
the rods was a removable stainless steel tray. In addition,
each chamber was positioned in a sound-attenuating cabinet
equipped with a ventilation fan to provide background noise
(65 dB).

The behavioral procedures were conducted in two distinct
contexts. For ‘‘context A’’ (conditioning and context test), the
chambers were cleaned with 1% acetic acid; the pans beneath
the floors were also rinsed in acetic acid. The house lights
(15 W) in the chambers were lit and the cabinet doors were
left open. White fluorescent room lights, the computer monitor,
and cabinet fans were on. Animals were transported to and
from the vivarium in white plastic boxes. For ‘‘context B’’ (tone
test), the chambers were cleaned with 1% ammonium hydroxide.
The house lights were turned off and the cabinet doors were
closed. Red fluorescent lights illuminated the room, the computer
monitor was turned off, and the cabinet fans were on. Animals
were transported to and from the vivarium in black plastic
boxes.

Locomotor activity was measured by recording the
displacement of the load cell platform located underneath
each chamber (Maren, 1998). Prior to the experiment, each load
cell amplifier was calibrated to a fixed chamber displacement
with the output of each amplifier set to a specific gain to detect
immobility. The output of the load cell amplifier was digitized
such that one observation every 200 ms for each rat was recorded
via the Threshold Activity software (Med Associates). Freezing
behavior was derived from the locomotor activity as previously
described (Maren, 1998).

Surgery
Male rats were anesthetized with ketamine (100 mg/kg
body weight; i.p.) and xylazine (10 mg/kg body weight;
i.p.) and treated with atropine sulfate (0.04 mg/kg body
weight, i.p.). Female rats were anesthetized with ketamine
(60 mg/kg body weight; i.p.) and xylazine (8 mg/kg body
weight; i.p.) and treated with atropine sulfate (0.04 mg/kg
body weight; i.p.). After shaving the top of the head, each
rat was secured in a stereotaxic apparatus (David Kopf
Instruments, Tujunga, CA, USA). The scalp was incised
and retracted. Head position was adjusted to align lambda
and bregma in the same horizontal plane. Small burr holes
(1 mm in diameter) were drilled bilaterally into the skull for
placement of guide cannulae (stainless steel, 26-gauge, 9 mm
below pedestal; Plastics One, Roanoke, VA, USA) directed
towards the BNST (0.0 mm AP and 2.7 mm ML relative
to bregma, −6.9 mm DV from dura at a 10◦ angle from
vertical towards the midline). In addition, three burr holes
were drilled for the placement of anchoring screws. After
implantation of guide cannulae, dental acrylic was applied
to affix the cannulae to the skull. After surgery, dummy
cannulae (33-gauge, 9 mm with 1-mm projection; Plastics
One) were inserted into the guide cannulae. Rats were allowed
to recover for 1 week before behavioral procedures. To
habituate the animals to the infusion procedures, rats were
individually transported in white 5-gal buckets lined with
bedding to the infusion room (within the vivarium) and received

dummy changes on two separate days during the recovery
period.

Vaginal Smears
Vaginal smears were obtained from all female rats for at least
eight consecutive days to ensure normal cycling; estrous cycle
phase was not used as a variable in the analysis due to sample
size. To track estrous cycle phase, vaginal smears were taken
daily with cotton swabs moistened with distilled water between
8:00 and 10:00 A.M. starting the day of surgery and continuing
throughout the behavioral procedures (allowing for at least 1 h
between smears and behavior). Cells were visualized under a light
microscope at 100× and characterized according to Goldman
et al. (2007). One rat with an irregular cycle was excluded from
the analysis.

Drugs
All drugs were prepared in a 30% (w/v) solution
of the complexing agent hydroxypropyl-β-cyclodextrin
(VEH; Sigma-Aldrich, St. Louis, MO, USA) in purified water.
Allopregnanolone or (3α,5α)-3-hydroxy-pregnan-20-one
(ALLO; R&D Systems, Minneapolis, MN, USA) was solubilized
in VEH (8 mg/ml). The 5α-reductase inhibitor commonly
known as finasteride, (5α,17β)-N-(1,1-dimethylethyl)-3-oxo-
4-azaandrost-1-ene-17-carboxamide (FIN; Sigma-Aldrich),
was solubilized in VEH (10 mg/ml). The steroid antagonist,
17-phenyl-(3α,5α)-androst-16-en-3-ol (17-PA; R&D Systems)
was solubilized in VEH (3.5 mg/ml). Infusions were made
with 10-µl Hamilton syringes mounted into an infusion pump
(KD Scientific, Hollistan, MA, USA) and connected to internal
cannulae (33-gauge, 9 mm with 1-mm projection; Plastics One)
with either polyethylene tubing (PE-20, Braintree Scientific,
Braintree, MA, USA) for VEH or polytetrafluoroethylene tubing
(PTFE; 28-gauge, SAI Infusion Technologies, Lake Villa, IL,
USA) for drugs. PTFE tubing was used to minimize drug loss
due to nonspecific binding.

Procedures

Experiment 1: Effects of ALLO on the Expression
of Contextual and Cued Fear in Male Rats
For the ALLO study, 31 male Long-Evans rats were housed and
cannulated as described above. On Day 1, rats were transported
to the laboratory and placed in the conditioning chambers
(context A) for training. After a 3-min baseline period, rats
were presented with five tone (CS; 10 s, 80 dB, 2 kHz)-shock
(US; 2 s, 1 mA) pairings in which the tone was immediately
followed by the shock. There was a 1-min inter-trial interval
(ITI) between each tone-shock pairing followed by a 1-min wait
period after the final shock. On Day 2, 24 h later, squads of
4 rats were transported to the infusion room in white 5-gal
buckets lined with bedding. Rats received bilateral intra-BNST
infusions (0.25 µl at 0.25 µl/min) of either VEH (n = 15) or
ALLO (2 µg/side; n = 16). The dosage and timing of ALLO
infusions were based on previous reports of behavioral effects
resulting from intracranial infusions (Bitran et al., 1991; Akwa
et al., 1999; Engin and Treit, 2007); BNST infusion volumes
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were based on previous work from our laboratory (Zimmerman
and Maren, 2011). After the 1-min infusion, internal cannulae
were left in place for 2 min to allow for drug diffusion and
then replaced with clean dummy cannulae. Context testing began
ten minutes after the start of infusions. Rats were placed in the
conditioning chambers (context A) for a 10-min context test
in which no tones or shocks were delivered. On Day 3, rats
were infused in the same manner with the same drug as on
Day 2 and, at 10 min after the start of infusions, were placed
in a novel context (context B) for a tone test. The tone test
consisted of a 3-min baseline period followed by four tone (CS;
10 s, 80 dB, 2 kHz) presentations with a 1-min ITI and a 1-min
wait period after the last tone. The conditioning and testing
procedures (including the order of context and tone tests) were
patterned after the experimental designs used in many of our
studies (Maren et al., 1997; Maren, 1998, 1999; Zimmerman and
Maren, 2011), including work revealing sex differences in the
expression of contextual fear (Maren et al., 1994).

Experiment 2: Effects of FIN and 17-PA on the
Expression of Contextual and Cued Fear in
Female Rats
Seventy-six female Long-Evans rats were housed and cannulated
as described above. On Day 1, rats were transported to the
laboratory, placed in the conditioning chambers (context A) and
trained in the samemanner as in Experiment 1. OnDay 2, squads
of 8 rats were transported to the infusion room in white 5-gal
buckets lined with bedding. Rats received bilateral intra-BNST
infusions (0.25 µl at 0.25 µl/min) of VEH, FIN (2.5 µg/side),
or 17-PA (0.875 µg/side). The doses of FIN and 17-PA were
based on previous reports (Frye and Vongher, 2001; Rhodes
and Frye, 2001; Frye and Walf, 2002; Walf et al., 2006; Kelley
et al., 2007; Svensson et al., 2013). After the 1-min infusion,
internal cannulae were left in place for 2 min to allow for
drug diffusion and then replaced with clean dummy cannulae.
Animals receiving FIN infusions (and a subset of VEH controls)
were returned to their home cages for 2 h prior to retrieval testing
to allow sufficient time for 5α-reductase inhibition (Rhodes
and Frye, 2001; Frye and Walf, 2002; Walf et al., 2006). Rats
in the 17-PA group (and a subset of VEH controls) were
tested 10 min after their infusions (Svensson et al., 2013). For
the context testing, rats were transported to the conditioning
chambers (context A) for a 10-min context test as described in
Experiment 1. On Day 3, rats were infused with the same drug
as on Day 2 and were transported to a novel context (context
B) for a tone test as described in Experiment 1. One rat from
the FIN group was excluded due to acyclicity and a squad of
rats (4 VEH and 4 17-PA) was excluded due to an equipment
malfunction. Data from VEH controls for the FIN and 17-PA
groups were collapsed for analysis as they did not differ. This
left group sizes of: VEH (n = 26), FIN (n = 15), and 17-PA
(n = 12).

Histology
After behavioral testing, all rats were overdosed with
pentobarbital (100 mg/kg) and transcardially perfused with
0.9% saline followed by 10% formalin. Brains were rapidly

dissected and post-fixed in 10% formalin for 24 h before transfer
to a 30% sucrose-formalin solution. Brains were sectioned at
40 µm on a cryostat at a constant temperature of −20◦C and
mounted on subbed slides with 70% ethanol. Sections were
stained with 0.25% thionin to visualize cannulae placements
within the BNST.

Data Analysis
In all experiments, the percentage of freezing behavior was
averaged across 1-min blocks in each behavioral session (the 10-s
CS periods were excluded from the analysis of the conditioning
and tone test sessions) and analyzed using analysis of variance
(ANOVA). We hypothesized that across the context tests,
ALLO would reduce freezing in males and FIN and 17-PA
would increase freezing in females. Therefore, a priori planned
comparisons using Fisher’s PLSD test were computed after
significant effects in the ANOVA. All data are represented as
means ± SEMs.

Results

Intra-BNST ALLO Infusion and Contextual Fear in
Male Rats
Histology
Of 31 male rats receiving cannulae, nine were excluded because
their cannulae were not centered in the BNST. This yielded the
following group sizes: VEH (n = 9) and ALLO (n = 13). As shown
in Figure 1A, the majority of cannula placements were centered
at 0.26 mm caudal to bregma, although placements both rostral
and caudal to that level were similarly represented.

Behavior
Acquisition of fear conditioning did not differ between male
groups assigned to receive infusions of VEH or ALLO
(Figure 2A). Levels of freezing were low (<10%) prior to
the start of training and increased across the five training
trials similarly for all animals. A repeated measures ANOVA
with a between-subjects variable of drug group (VEH or
ALLO) showed a significant main effect of trial number
(TRIAL) on the level of freezing expressed (F(5,100) = 18.0,
p < 0.0001) but neither the main effect of drug group
(F(1,20) = 1.88, p = 0.19) nor the interaction between
drug group and trial number (F(5,100) = 0.30, p = 0.91)
was found to be significant. Thus, all male rats acquired
conditioned fear at similar rates and levels prior to their drug
manipulations.

Intra-BNST ALLO infusions 10 min prior to testing resulted
in a decreased level of freezing to the conditioned context
for male rats (Figure 2B). A repeated measures ANOVA
with a between-subjects variable of drug group (VEH or
ALLO) showed that intra-BNST infusion of ALLO suppressed
freezing throughout the 10-min context test. The analysis
revealed significant main effects of drug group (F(1,20) = 5.22,
p < 0.05) and time (min 1–10; F(9,180) = 2.08, p < 0.05).
In addition, there was a significant interaction between
drug group and time (F(9,180) = 1.99, p < 0.05). Planned
comparisons (p < 0.05) of the average freezing during each
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FIGURE 1 | Schematic coronal sections showing cannula placements in
the bed nucleus of the stria terminalis (BNST). Cannula placements are
indicated for infusions of vehicle (VEH), allopregnanolone (ALLO), finasteride
(FIN), and 17-phenyl-(3α,5α)-androst-16-en-3-ol (17-PA). Representative
thionin-stained sections are shown below each set. (A) Infusion sites for VEH

(red circles) and ALLO (blue circles) in male rats with photomicrograph of a
representative section. (B) Infusion sites for VEH (red circles), FIN (blue circles),
and 17-PA (green circles) in female rats with photomicrograph of a
representative section. Coronal brain section images adapted from Swanson
(2003).

minute of the context test revealed that ALLO significantly
reduced freezing during minutes 2–5 and minute 7 of the test
(Figure 2B). These data indicate that acute ALLO administration
in the BNST suppressed the expression of contextual fear in
male rats.

By contrast, pre-test infusion of ALLO into the BNST did
not affect conditional freezing during the tone test (Figure 2C).
A repeated measures ANOVA with a between-subjects variable

of drug group (VEH or ALLO) and a within-subject variable
of trial number (TRIAL) revealed a main effect of trial
(F(4,80) = 16.9, p < 0.0001), but there was neither a significant
main effect of drug group (F(1,20) = 0.97, p = 0.34) nor an
interaction between drug group and trial (F(4,80) = 0.50, p = 0.73).
These data indicate that acute ALLO administration in the
BNST produces a selective reduction in contextual freezing in
male rats.
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FIGURE 2 | Conditioned freezing in male rats receiving pre-test
infusions of ALLO into the BNST. (A) Mean percentage of freezing (±SEM)
during the five-trial training session (data are shown with a 3-min pre-trial period
followed by five tone-shock pairings). Freezing was quantified before the first
conditioning trial (baseline, BL) and during the 1-min period after each

conditioning trial. (B) Mean percentage of freezing (±SEM) to context over
10 min 1 day after training. (C) Mean percentage of freezing (± SEM) to four
auditory conditioned stimulus (CS) presentations in a novel context 2 days after
training. Freezing was quantified before the first tone trial (baseline, BL) and
during the 1-min period after each tone trial. *p < 0.05 ALLO vs. VEH.

Intra-BNST Infusion of FIN or 17-PA and
Expression of Contextual Fear in Female Rats
Histology
Of the 67 cycling female rats, 14 were excluded because their
cannulae either missed the target or were not patent (resulting
in a unilateral infusion). This yielded the following group sizes:
VEH (n = 26), FIN (n = 15), and 17-PA (n = 12). As shown
in Figure 1B, the majority of cannula placements were centered
0.26 mm caudal to bregma although there were many placements
rostral and caudal to that level.

Behavior
Acquisition of fear conditioning did not differ between the
females assigned to receive VEH, FIN, or 17-PA (Figure 3A).
Levels of freezing were low prior to the start of training (<5%)
and increased across the five training trials similarly for all
animals. A repeated measures ANOVA with a between-subjects
variable of drug group (VEH, FIN, or 17-PA) and a within-
subject variable of trial (TRIAL) showed a main effect of trial
(F(5,250) = 24.7, p < 0.0001). There was neither a significant
main effect of group (F(2,50) = 0.31, p = 0.74) nor an interaction
between drug group and trial (F(10,250) = 0.98, p = 0.46). Thus,
female rats from all groups acquired conditioned fear at similar
rates and levels prior to their drug manipulations.

As shown in Figure 3B, intra-BNST infusions of either FIN
or 17-PA prior to testing (2 h or 10 min, respectively) modestly,
but significantly, increased levels of freezing to the conditioned
context in female rats. A repeated measures ANOVA with a
between-subjects variable of drug group (VEH, FIN, or 17-PA)
and a within-subject variable of time (min 1–10) revealed a
significant main effect of time (F(9,450) = 14.6, p < 0.0001) and
a significant group X time interaction (F(18,450) = 1.81, p< 0.05).
There was no significant main effect of drug group (F(2,50) = 1.36,
p = 0.27). Inspection of Figure 3B suggested that the significant
group X time interaction in the ANOVA was due to increases
in freezing produced by intra-BNST infusions of FIN and 17-PA
in the early minutes of the context test. This impression was

confirmed by planned comparisons (p< 0.05) of average freezing
during each minute of the context text. These comparisons
revealed that FIN increased freezing relative to VEH-treated rats
during the first 2min of the test; 17-PA increased freezing relative
to VEH controls in minutes 2–4 of the context test. These data
indicate that intra-BNST infusion of an ALLO synthesis inhibitor
(FIN) or an ALLO antagonist (17-PA) enhanced the expression
of contextual freezing in females.

As shown in Figure 3C, pre-test intra-BNST infusions of
either FIN or 17-PA did not affect freezing during the tone
test. A repeated measures ANOVA with a between-subjects
variable of drug group (VEH, FIN, or 17-PA) and a within-
subject variable of trial number (TRIAL) showed a main effect
of trial number (F(4,200) = 68.8, p < 0.0001). There was
neither a significant main effect of drug group (F(2,50) = 0.09,
p = 0.92) nor an interaction between drug group and trial number
(F(8,200) = 0.44, p = 0.90). These data reveal that intra-BNST
infusions of FIN or 17-PA produce a selective enhancement of
contextual freezing in female rats.

Discussion

The present results reveal that manipulations of ALLO activity
within the BNST modulate the expression of conditioned
contextual fear in rats. Consistent with our hypothesis,
endogenous ALLO activity in males and females appears to
contribute to the contextual fear phenotype in each sex. For
males, in which brain ALLO levels are relatively low, augmenting
BNST ALLO levels suppressed the expression of contextual
freezing. In contrast, for females, in which brain ALLO levels are
relatively high, reducing intra-BNSTALLO activity enhanced the
expression of contextual freezing. The effects we observed were
not likely due to nonspecific sensorimotor effects of the BNST
drug manipulations insofar as freezing to the auditory CS was
unaffected by all treatments. Together, our results suggest that
ALLO in the BNST may be a critical modulator of fear behavior
in both male and female rats.
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FIGURE 3 | Conditioned freezing in female rats receiving pre-test
infusions of either FIN or 17-PA into the BNST. (A) Mean percentage
of freezing (± SEM) for all females during the five-trial training session
(data are shown with a 3-min pre-trial period followed by five tone-shock
pairings). Freezing was quantified before the first conditioning trial
(baseline, BL) and during the 1-min period after each conditioning trial.

(B) Mean percentage of freezing (± SEM) to context over 10 min 1 day
after training. (C) Mean percentage of freezing (± SEM) to four auditory
CS presentations in a novel context 2 days after training. Freezing was
quantified before the first tone trial (baseline, BL) and during the 1-min
period after each tone trial. *p < 0.05 FIN vs. VEH, #p < 0.05 17-PA
vs. VEH.

By utilizing ALLO infusions into the brain, our findings
extend previous work linking circulating gonadal steroid levels
to contextual fear in female rats (Markus and Zecevic, 1997;
Toufexis et al., 2004). In these studies, intact female rats that were
conditioned and tested during proestrus, when progesterone
levels are high, exhibited lower levels of contextual freezing
compared to those trained and tested in other phases of
the estrous cycle (Markus and Zecevic, 1997). In addition,
ovariectomized female rats treated with systemic ALLO showed a
significant reduction in CRH-enhanced but not fear-potentiated
acoustic startle (Toufexis et al., 2004). The former is a test of
‘‘sustained’’ or contextual fear whereas the latter is a test of
‘‘phasic’’ or cued fear (Davis et al., 2010). Similar reductions
have been observed in ovariectomized females treated either
acutely or chronically with progesterone (Toufexis et al., 2004).
By contrast, systemic treatment of ovariectomized females with
medroxy-progesterone acetate, a synthetic steroid that binds to
the progesterone receptor but is not metabolized to ALLO, did
not affect levels of CRH-induced startle (Toufexis et al., 2004).
Altogether, these data suggest that the reduced levels of context-
dependent fear observed in females with elevated circulating
progesterone levels may be due to the actions of its metabolite,
ALLO, within the BNST.

Additional evidence supporting ALLO modulation of
contextual fear can be found in studies of socially isolated mice.
Male mice that have been socially isolated for three to four
weeks show elevated levels of context- but not cue-specific fear
(Pibiri et al., 2008). Interestingly, this change in conditioned fear
behavior coincides with decreases in ALLO and 5α-reductase
mRNA within components of the fear circuitry (medial
prefrontal cortex, hippocampus, and basolateral amygdala).
Group-housed mice showed similar increases in contextual
fear following pharmacological blockade of 5α-reductase. This
work lends support to the idea that reduced 5α-reductase
activity in fear circuits can contribute to reduced ALLO levels in
brain and concomitantly elevated contextual fear. We cannot,

however, exclude the possibility that the early effects of FIN on
contextual freezing in females may be due to reduced levels of the
GABAergic potentiators, (3α,5α,17β)-androstane-3, 17-diol (3α-
androstanediol) and (3α,5β)-3, 21-dihydroxypregnan-20-one
(tetrahydrodeoxycorticosterone or THDOC), as 5α-reductase
is involved in the synthesis of these compounds from
17-hydroxyandrostan-3-one (dihydrotestosterone or DHT)
and 11-deoxycorticosterone (deoxycorticosterone or DOC),
respectively (Reddy, 2010).

The results of the current study are consistent with the
widely held view that the BNST is critical for the expression
of contextual fear responses (Sullivan et al., 2004; Zimmerman
and Maren, 2011) and support a role for GABAergic synaptic
transmission therein. Previous work involving infusions of the
GABAergic agonist, muscimol, (Fendt et al., 2003) and a GABA
synthesis inhibitor (Sajdyk et al., 2008) has underscored the
importance of the inhibitory neurotransmitter in regulating fear
and anxiety via the BNST. Here we show for the first time
that ALLO modulation of GABAA receptors in the BNST may
be involved in the regulation of contextual fear. While its use
in behavioral paradigms is quite new, 17-PA has been well-
characterized by in vitro and in vivo studies for its selective
antagonism of ALLO action at GABAA receptors (Mennerick
et al., 2004; Kelley et al., 2007; Svensson et al., 2013). Although
its antagonism of 3α-androstanediol has not been examined,
17-PA has been shown to be ineffective against 5β-reduced
steroids, barbiturates, and benzodiazepines and only partially
effective against THDOC (Mennerick et al., 2004; Kelley et al.,
2007). Thus, the effects of the 5α-reductase inhibitor, FIN, on
contextual fear in females when considered in conjunction with
those of 17-PA provide support for locally available ALLO acting
at GABAA receptors within the BNST.

Recent human studies support links between ALLO, the
BNST, and dysfunctional anxiety. Decreased levels of ALLO in
CSF have been reported in premenopausal women diagnosed
with PTSD compared to healthy individuals although it was
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not known whether this deficiency was pre-existing (Rasmusson
et al., 2006). A context-specific role for the BNST in conditioned
fear may apply to humans. Imaging studies have shown that
nonhuman primates with trait anxious temperament have
increased resting metabolism in the BNST (Oler et al., 2009)
and that trait anxious human subjects exhibit exaggerated
activity in the BNST during threat monitoring (Somerville et al.,
2010), suggesting that ‘‘hypervigilant threat monitoring’’ (akin to
contextual fear) may be a BNST-dependent process.

Nonetheless, the rodent data present a paradox: female rats
with presumably higher levels of circulating ALLO exhibit
less contextual fear and extinguish their fear responses faster
than males, a pattern of results that seemingly contradicts that
observed in human females (Maren et al., 1994; Gupta et al.,
2001; Chang et al., 2009). Namely, although women cyclically
attain higher circulating levels of ALLO than men (Genazzani
et al., 1998), they exhibit a greater susceptibility to PTSD
(Kessler et al., 2005). One answer to this paradox may lie in
the relative propensity of males and females to extinguish fear
once it is acquired. For example, studies in both rats (Gupta
et al., 2001; Chang et al., 2009; Milad et al., 2009; Zeidan
et al., 2011) and humans (Milad et al., 2006, 2009, 2010) reveal
that low but not high estrogen levels in females retard the
extinction of conditioned fear below that observed in males.
Deficits in fear extinction are widely believed to contribute to
the maintenance of PTSD (Pitman et al., 2012; Maren et al.,
2013) and the regulation of fear extinction by gonadal steroids
may be critical to increasing the vulnerability of both female
rats and humans to persistent and pathological fear responding.
Although it is not known how progesterone and its metabolites
contribute to fear extinction, it is also possible that low levels
of ALLO produce a resistance to extinction that contributes
to enduring fear responses thought to underlie PTSD (Pinna,
2014). In socially isolated male mice, systemic administration
of ganaxolone, a synthetic analog of ALLO, has been shown to
facilitate extinction of contextual fear (Pinna and Rasmusson,
2014). Thus, cyclical variation in neuroactive steroid levels in

female rats and humans might promote vulnerabilities to fear
extinction, thereby contributing to disorders such as PTSD. It
should be noted that ganaxolone is currently in clinical trials for
treatment of PTSD1.

In summary, our findings suggest that ALLOwithin the BNST
modulates contextual fear in bothmale and female rats. Although
we cannot speak to the relative contribution of different ALLO
sources (peripheral vs. brain), immunolabeling studies have
shown high levels of cellular staining in the rat BNST by an
anti-ALLO antibody (Saalmann et al., 2007; Cook et al., 2014),
supporting the local availability of this progesterone metabolite.
As previously suggested by systemic administration, ALLO
promotes anxiolytic behavior in response to fear-conditioned
contexts and may account for sex differences observed in
contextual fear. In women, deficiencies or large variations in
circulating and brain ALLO over the reproductive cycle may
contribute to increased vulnerability for anxiety disorders such as
PTSD. Further work on the cellular and molecular mechanisms
of ALLO action in the BNST may yield insight on determinants
of susceptibility to anxiety disorders both within and across
genders and inform on potential avenues of pharmacological
intervention.

Author Contributions

NN and SM designed research, GMA and NN performed
research, GMA and NN analyzed data, NN, GMA, and SM wrote
the paper.

Acknowledgments

This work was supported by the College of Liberal Arts, Texas
A&M University (NN and SM) and the National Institutes of
Health (R01 MH065961 to SM). GMA was supported by a
Heep Graduate Fellowship. We thank Travis Goode and Jocelyn
Seemann for expert technical assistance.
1ClinicalTrials.gov Identifier NCT01339689.

References

Aguilar, R., Gil, L., Gray, J. A., Driscoll, P., Flint, J., Dawson, G. R., et al. (2003).
Fearfulness and sex in F2 Roman rats: males display more fear though both
sexes share the same fearfulness traits. Physiol. Behav. 78, 723–732. doi: 10.
1016/s0031-9384(03)00043-x

Akwa, Y., Purdy, R. H., Koob, G. F., and Britton, K. T. (1999). The amygdala
mediates the anxiolytic-like effect of the neurosteroid allopregnanolone in rat.
Behav. Brain Res. 106, 119–125. doi: 10.1016/s0166-4328(99)00101-1

Auger, C. J., and De Vries, G. J. (2002). Progestin receptor immunoreactivity
within steroid-responsive vasopressin-immunoreactive cells in the male and
female rat brain. J. Neuroendocrinol. 14, 561–567. doi: 10.1046/j.1365-2826.
2002.00809.x

Barker, J. M., and Galea, L. A. M. (2010). Males show stronger contextual
fear conditioning than females after context pre-exposure. Physiol. Behav. 99,
82–90. doi: 10.1016/j.physbeh.2009.10.014

Bitran, D., Hilvers, R. J., and Kellogg, C. K. (1991). Anxiolytic effects of 3α-
hydroxy-5α [β]-pregnan-20-one: endogenous metabolites of progesterone that
are active at the GABAA receptor. Brain Res. 561, 157–161. doi: 10.1016/0006-
8993(91)90761-J

Chang, Y.-J., Yang, C.-H., Liang, Y.-C., Yeh, C.-M., Huang, C.-C., and Hsu,
K.-S. (2009). Estrogen modulates sexually dimorphic contextual fear extinction
in rats through estrogen receptor β. Hippocampus 19, 1142–1150. doi: 10.
1002/hipo.20581

Cheney, D. L., Uzunov, D., Costa, E., and Guidotti, A. (1995). Gas
chromatographic-mass fragmentographic quantitation of 3α-hydroxy-5α-
pregnan-20-one (allopregnanolone) and its precursors in blood and brain of
adrenalectomized and castrated rats. J. Neurosci. 15, 4641–4650.

Claro, F., Segovia, S., Guilamón, A., and Del Abril, A. (1995). Lesions in the medial
posterior region of the BST impair sexual behavior in sexually experienced
and inexperienced male rats. Brain Res. Bull. 36, 1–10. doi: 10.1016/0361-
9230(94)00118-k

Cook, J. B., Dumitru, A.M. G., O’Buckley, T. K., andMorrow, A. L. (2014). Ethanol
administration produces divergent changes in GABAergic neuroactive steroid
immunohistochemistry in the rat brain. Alcohol. Clin. Exp. Res. 38, 90–99.
doi: 10.1111/acer.12223

Corpéchot, C., Young, J., Calvel, M., Wehrey, C., Veltz, J. N., Touyer, G.,
et al. (1993). Neurosteroids: 3α-hydroxy-5α-pregnan-20-one and its precursors
in the brain, plasma and steroidogenic glands of male and female rats.
Endocrinology 133, 1003–1009. doi: 10.1210/en.133.3.1003

Frontiers in Behavioral Neuroscience | www.frontiersin.org 8 August 2015 | Volume 9 | Article 205

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Nagaya et al. Allopregnanolone and fear

Crestani, C. C., Alves, F. H. F., Gomes, F. V., Resstel, L. B. M., Correa, F. M. A.,
and Herman, J. P. (2013). Mechanisms in the bed nucleus of the stria
terminalis involved in the control of autonomic and neuroendocrine functions:
a review. Curr. Neuropharmacol. 11, 141–159. doi: 10.2174/1570159x113110
20002

Davis, M., Walker, D. L., Miles, L., and Grillon, C. (2010). Phasic vs. sustained
fear in rats and humans: role of the extended amygdala in fear vs. anxiety.
Neuropsychopharmacology 35, 105–135. doi: 10.1038/npp.2009.109

Daviu, N., Andero, R., Armario, A., and Nadal, R. (2014). Sex differences in the
behavioural and hypothalamic-pituitary-adrenal response to contextual fear
conditioning in rats. Horm. Behav. 66, 713–723. doi: 10.1016/j.yhbeh.2014.09.
015

Engin, E., and Treit, D. (2007). The anxiolytic-like effects of allopregnanolone
vary as a function of intracerebral microinfusion site: the amygdala, medial
prefrontal cortex, or hippocampus. Behav. Pharmacol. 18, 461–470. doi: 10.
1097/fbp.0b013e3282d28f6f

Fanselow, M. S., and Poulos, A. M. (2005). The neuroscience of mammalian
associative learning. Annu. Rev. Psychol. 56, 207–234. doi: 10.1146/annurev.
psych.56.091103.070213

Fendt, M., Endres, T., and Apfelbach, R. (2003). Temporary inactivation of the bed
nucleus of the stria terminalis but not of the amygdala blocks freezing induced
by trimethylthiazoline, a component of fox feces. J. Neurosci. 23, 23–28.

Finn, D. A., Beadles-Bohling, A. S., Beckley, E. H., Ford, M. M., Gililland, K. R.,
Gorin-Meyer, R. E., et al. (2006). A new look at the 5α-reductase inhibitor
finasteride. CNS Drug Rev. 12, 53–76. doi: 10.1111/j.1527-3458.2006.00053.x

Frye, C. A., Petralia, S. M., and Rhodes, M. E. (2000). Estrous cycle and
sex differences in performance on anxiety tasks coincide with increases in
hippocampal progesterone and 3α,5α-THP. Pharmacol. Biochem. Behav. 67,
587–596. doi: 10.1016/s0091-3057(00)00392-0

Frye, C. A., and Vongher, J. M. (2001). Ventral tegmental area infusions
of inhibitors of the biosynthesis and metabolism of 3α,5α-THP attenuate
lordosis of hormone-primed and behavioural oestrous rats and hamsters.
J. Neuroendocrinol. 13, 1076–1086. doi: 10.1046/j.1365-2826.2001.00731.x

Frye, C. A., and Walf, A. A. (2002). Changes in progesterone metabolites in
the hippocampus can modulate open field and forced swim test behavior of
proestrous rats. Horm. Behav. 41, 306–315. doi: 10.1006/hbeh.2002.1763

Genazzani, A. R., Petraglia, F., Bernardi, F., Casarosa, E., Salvestroni, C., Tonetti,
A., et al. (1998). Circulating levels of allopregnanolone in humans: gender, age
and endocrine influences. J. Clin. Endocrinol. Metab. 83, 2099–2103. doi: 10.
1210/jc.83.6.2099

Goldman, J. M., Murr, A. S., and Cooper, R. L. (2007). The rodent estrous cycle:
characterization of vaginal cytology and its utility in toxicological studies. Birth
Defects Res. B Dev. Reprod. Toxicol. 80, 84–97. doi: 10.1002/bdrb.20106

Gresack, J. E., Schafe, G. E., Orr, P. T., and Frick, K. M. (2009). Sex differences
in contextual fear conditioning are associated with differential ventral
hippocampal extracellular signal-regulated kinase activation.Neuroscience 159,
451–467. doi: 10.1016/j.neuroscience.2009.01.009

Grillon, C. (2008). Greater sustained anxiety but not phasic fear in women
compared to men. Emotion 8, 410–413. doi: 10.1037/1528-3542.8.3.410

Gupta, R. R., Sen, S., Diepenhorst, L. L., Rudick, C. N., and Maren, S. (2001).
Estrogen modulates sexually dimorphic contextual fear conditioning and
hippocampal long-term potentiation (LTP) in rats. Brain Res. 888, 356–365.
doi: 10.1016/s0006-8993(00)03116-4

Hammack, S. E., Richey, K. J., Watkins, L. R., and Maier, S. F. (2004). Chemical
lesion of the bed nucleus of the stria terminalis blocks the behavioral
consequences of uncontrollable stress. Behav. Neurosci. 118, 443–448. doi: 10.
1037/0735-7044.118.2.443

Hughes, R. N., Desmond, C. S., and Fisher, L. C. E. (2004). Room novelty, sex,
scopolamine and their interactions as determinants of general activity and
rearing, and light-dark preferences in rats.Behav. Processes 67, 173–181. doi: 10.
1016/j.beproc.2004.03.021

Jennings, J. H., Sparta, D. R., Stamatakis, A. M., Ung, R. L., Pleil, K. E., Kash, T. L.,
et al. (2013). Distinct extended amygdala circuits for divergent motivational
states. Nature 496, 224–228. doi: 10.1038/nature12041

Kelley, S. P., Alan, J. K., O’Buckley, T. K., Mennerick, S., Krishnan, K., Covey, D. F.,
et al. (2007). Antagonism of neurosteroidmodulation of native γ -aminobutyric
acid receptors by (3α,5α)-17-phenylandrost-16-en-3-ol. Eur. J. Pharmacol. 572,
94–101. doi: 10.1016/j.ejphar.2007.06.028

Kessler, R. C., Berglund, P., Demler, O., Jin, R., Merikangas, K. R., and Walters,
E. E. (2005). Lifetime prevalence and age-of-onset distributions of DSM-
IV disorders in the National Comorbidity Survey Replication. Arch. Gen.
Psychiatry 62, 593–602. doi: 10.1001/archpsyc.62.6.593

Kim, S.-Y., Adhikari, A., Lee, S. Y., Marshel, J. H., Kim, C. K., Mallory, C. S., et al.
(2013). Diverging neural pathways assemble a behavioural state from separable
features in anxiety. Nature 496, 219–223. doi: 10.1038/nature12018

Kudo, K., Qiao, C.-X., Kanba, S., and Arita, J. (2004). A selective increase
in phosphorylation of cyclic AMP response element-binding protein in
hippocampal CA1 region of male, but not female, rats following contextual fear
and passive avoidance conditioning. Brain Res. 1024, 233–243. doi: 10.1016/j.
brainres.2004.08.007

Laflamme, N., Nappi, R. E., Drolet, G., Labrie, C., and Rivest, S. (1998).
Expression and neuropeptidergic characterization of estrogen receptors
(ERα and ERβ) throughout the rat brain: anatomical evidence of distinct
roles of each subtype. J. Neurobiol. 36, 357–378. doi: 10.1002/(sici)1097-
4695(19980905)36:3<357::aid-neu5>3.0.co;2-v

Lebrón-Milad, K., Abbs, B., Milad, M. R., Linnman, C., Rougemount-Bücking,
A., Zeidan, M. A., et al. (2012). Sex differences in the neurobiology of fear
conditioning and extinction: a preliminary fMRI study of shared sex differences
with stress-arousal circuitry. Biol. Mood Anxiety Disord. 2:7. doi: 10.1186/2045-
5380-2-7

LeDoux, J. E. (2000). Emotion circuits in the brain. Annu. Rev. Neurosci. 23,
155–184. doi: 10.1146/annurev.neuro.23.1.155

Lee, Y., and Davis, M. (1997). Role of the hippocampus, the bed nucleus of the
stria terminalis and the amygdala in the excitatory effect of corticotropin-
releasing hormone on the acoustic startle reflex. J. Neurosci. 17, 6434–
6446.

Liu, Y. C., Salamone, J. D., and Sachs, B. D. (1997). Lesions in medial preoptic area
and bed nucleus of stria terminalis: differential effects on copulatory behavior
and noncontact erection in male rats. J. Neurosci. 17, 5245–5253.

Majewska, M. D., Harrison, N. L., Schwartz, R. D., Barker, J. L., and Paul, S. M.
(1986). Steroid-hormone metabolites are barbiturate-like modulators of the
GABA receptor. Science 232, 1004–1007. doi: 10.1126/science.2422758

Maren, S. (1998). Overtraining does not mitigate contextual fear conditioning
deficits produced by neurotoxic lesions of the basolateral amygdala. J. Neurosci.
18, 3088–3097.

Maren, S. (1999). Neurotoxic basolateral amygdala lesions impair learning and
memory but not the performance of conditional fear in rats. J. Neurosci. 19,
8696–8703.

Maren, S. (2001). Neurobiology of Pavlovian fear conditioning. Annu. Rev.
Neurosci. 24, 897–931. doi: 10.1146/annurev.neuro.24.1.897

Maren, S., Aharonov, G., and Fanselow, M. S. (1997). Neurotoxic lesions of the
dorsal hippocampus and Pavlovian fear conditioning in rats. Behav. Brain Res.
88, 261–274. doi: 10.1016/s0166-4328(97)00088-0

Maren, S., De Oca, B., and Fanselow, M. S. (1994). Sex differences in hippocampal
long-term potentiation (LTP) and Pavlovian fear conditioning in rats: positive
correlation between LTP and contextual learning. Brain Res. 661, 25–34.
doi: 10.1016/0006-8993(94)91176-2

Maren, S., Phan, K. L., and Liberzon, I. (2013). The contextual brain: implications
for fear conditioning, extinction and psychopathology. Nat. Rev. Neurosci. 14,
417–428. doi: 10.1038/nrn3492

Markus, E. J., and Zecevic, M. (1997). Sex differences and estrous cycle changes in
hippocampus-dependent fear conditioning. Psychobiology 25, 246–252.

Mennerick, S., He, Y., Jiang, X., Manion, B. D., Wang, M., Shute, A., et al. (2004).
Selective antagonism of 5α-reduced neurosteroid effects at GABAA receptors.
Mol. Pharmacol. 65, 1191–1197. doi: 10.1124/mol.65.5.1191

Milad, M. R., Goldstein, J. M., Orr, S. P., Wedig, M. M., Klibanski, A., Pitman,
R. K., et al. (2006). Fear conditioning and extinction: influence of sex and
menstrual cycle in healthy humans. Behav. Neurosci. 120, 1196–1203. doi: 10.
1037/0735-7044.120.5.1196

Milad, M. R., Igoe, S. A., Lebrón-Milad, K., and Novales, J. E. (2009). Estrous
cycle phase and gonadal hormones influence conditioned fear extinction.
Neuroscience 164, 887–895. doi: 10.1016/j.neuroscience.2009.09.011

Milad, M. R., Zeidan, M. A., Contero, A., Pitman, R. K., Klibanski, A., Rauch, S. L.,
et al. (2010). The influence of gonadal hormones on conditioned fear extinction
in healthy humans. Neuroscience 168, 652–658. doi: 10.1016/j.neuroscience.
2010.04.030

Frontiers in Behavioral Neuroscience | www.frontiersin.org 9 August 2015 | Volume 9 | Article 205

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Nagaya et al. Allopregnanolone and fear

Numan, M., and Numan, M. J. (1995). Importance of pup-related sensory inputs
and maternal performance for the expression of Fos-like immunoreactivity
in the preoptic area and ventral bed nucleus of the stria terminalis of
postpartum rats. Behav. Neurosci. 109, 135–149. doi: 10.1037/0735-7044.
109.1.135

Numan, M., and Numan, M. (1996). A lesion and neuroanatomical tract-
tracing analysis of the role of the bed nucleus of the stria terminalis
in retrieval behavior and other aspects of maternal responsiveness in
rats. Dev. Psychobiol. 29, 23–51. doi: 10.1002/(sici)1098-2302(199601)29:
1<23::aid-dev2>3.3.co;2-i

Oler, J. A., Fox, A. S., Shelton, S. E., Christian, B. T., Murali, D., Oakes, T. R.,
et al. (2009). Serotonin transporter availability in the amygdala and bed
nucleus of the stria terminalis predicts anxious temperament and brain glucose
metabolic activity. J. Neurosci. 29, 9961–9966. doi: 10.1523/JNEUROSCI.0795-
09.2009

Pibiri, F., Nelson, M., Guidotti, A., Costa, E., and Pinna, G. (2008). Decreased
corticolimbic allopregnanolone expression during social isolation enhances
contextual fear: a model relevant for posttraumatic stress disorder. Proc. Natl.
Acad. Sci. U S A 105, 5567–5572. doi: 10.1073/pnas.0801853105

Picazo, O., and Fernández-Guasti, A. (1995). Anti-anxiety effects of progesterone
and some of its reduced metabolites: an evaluation using the burying behavior
test. Brain Res. 680, 135–141. doi: 10.1016/0006-8993(95)00254-n

Pinna, G. (2014). Targeting neurosteroidogenesis as therapy for PTSD. Front.
Pharmacol. 4:166. doi: 10.3389/fphar.2013.00166

Pinna, G., and Rasmusson, A. M. (2014). Ganaxolone improves behavioral deficits
in a mouse model of post-traumatic stress disorder. Front. Cell. Neurosci. 8:256.
doi: 10.3389/fncel.2014.00256

Pitman, R. K., Rasmusson, A. M., Koenen, K. C., Shin, L. M., Orr, S. P., Gilbertson,
M. W., et al. (2012). Biological studies of post-traumatic stress disorder. Nat.
Rev. Neurosci. 13, 769–787. doi: 10.1038/nrn3339

Purdy, R. H., Moore, P. H. Jr., Rao, P. N., Hagino, N., Yamaguchi, T., Schmidt,
P., et al. (1990). Radioimmunoassay of 3α-hydroxy-5α-pregnan-20-one in
rat and human plasma. Steroids 55, 290–296. doi: 10.1016/0039-128x(90)
90031-6

Rasmusson, A. M., Pinna, G., Paliwal, P., Weisman, D., Gottschalk, C., Charney,
D., et al. (2006). Decreased cerebrospinal fluid allopregnanolone levels in
womenwith posttraumatic stress disorder. Biol. Psychiatry 60, 704–713. doi: 10.
1016/j.biopsych.2006.03.026

Reddy, D. S. (2010). Neurosteroids: endogenous role in the human brain and
therapeutic potentials. Prog. Brain Res. 186, 113–137. doi: 10.1016/B978-0-444-
53630-3.00008-7

Resstel, L. B. M., Alves, F. H. F., Reis, D. G., Crestani, C. C., Corrêa, F. M. A.,
and Guimarães, F. S. (2008). Anxiolytic-like effects induced by acute reversible
inactivation of the bed nucleus of stria terminalis. Neuroscience 154, 869–876.
doi: 10.1016/j.neuroscience.2008.04.007

Rhodes, M. E., and Frye, C. A. (2001). Inhibiting progesterone metabolism in
the hippocampus of rats in behavioral estrus decreases anxiolytic behaviors
and enhances exploratory and antinociceptive behaviors. Cogn. Affect. Behav.
Neurosci. 1, 287–296. doi: 10.3758/cabn.1.3.287

Roselli, C. E. (1991). Sex differences in androgen receptors and aromatase activity
in microdissected regions of the rat brain. Endocrinology 128, 1310–1316.
doi: 10.1210/endo-128-3-1310

Saalmann, Y. B., Kirkcaldie, M. T. K., Waldron, S., and Calford, M. B. (2007).
Cellular distribution of the GABAA receptor-modulating 3α-hydroxy, 5α-
reduced pregnane steroids in the adult rat brain. J. Neuroendocrinol. 19,
272–284. doi: 10.1111/j.1365-2826.2006.01527.x

Sajdyk, T. J., Johnson, P. L., Fitz, S. D., and Shekhar, A. (2008). Chronic
inhibition of GABA synthesis in the bed nucleus of the stria terminalis

elicits anxiety-like behavior. J. Psychopharmacol. Oxford 22, 633–641. doi: 10.
1177/0269881107082902

Somerville, L. H., Whalen, P. J., and Kelley, W. M. (2010). Human bed nucleus of
the stria terminalis indexes hypervigilant threat monitoring. Biol. Psychiatry 68,
416–424. doi: 10.1016/j.biopsych.2010.04.002

Sullivan, G. M., Apergis, J., Bush, D. E. A., Johnson, L. R., Hou, M., and
LeDoux, J. E. (2004). Lesions in the bed nucleus of the stria terminalis disrupt
corticosterone and freezing responses elicited by a contextual but not by a
specific cue-conditioned fear stimulus. Neuroscience 128, 7–14. doi: 10.1016/j.
neuroscience.2004.06.015

Svensson, E., Persson, J., Fitzsimmons, B., and Yaksh, T. L. (2013). Intrathecal
neurosteroids and a neurosteroid antagonist: effects on inflammation-evoked
thermal hyperalgesia and tactile allodynia. Neurosci. Lett. 548, 27–32. doi: 10.
1016/j.neulet.2013.05.027

Swanson, L. W. (2003). Brain Maps: Structure of the Rat Brain. San Diego:
Academic Press.

Toufexis, D. J., Davis, C., Hammond, A., and Davis, M. (2004). Progesterone
attenuates corticotropin-releasing factor-enhanced but not fear-potentiated
startle via the activity of its neuroactive metabolite, allopregnanolone.
J. Neurosci. 24, 10280–10287. doi: 10.1523/jneurosci.1386-04.2004

Waddell, J., Morris, R. W., and Bouton, M. E. (2006). Effects of bed nucleus
of the stria terminalis lesions on conditioned anxiety: aversive conditioning
with long-duration conditional stimuli and reinstatement of extinguished fear.
Behav. Neurosci. 120, 324–336. doi: 10.1037/0735-7044.120.2.324

Walf, A., Sumida, K., and Frye, C. A. (2006). Inhibiting 5α-reductase in the
amygdala attenuates antianxiety and antidepressive behavior of naturally
receptive and hormone-primed ovariectomized rats. Psychopharmacology 186,
302–311. doi: 10.1007/s00213-005-0100-x

Walker, D. L., and Davis, M. (1997). Double dissociation between the involvement
of the bed nucleus of the stria terminalis and the central nucleus of the
amygdala in startle increases produced by conditioned versus unconditioned
fear. J. Neurosci. 17, 9375–9383.

Wieland, S., Lan, N. C., Mirasedeghi, S., and Gee, K. W. (1991). Anxiolytic
activity of the progesterone metabolite 5α-pregnan-3α-o1–20-one. Brain Res.
565, 263–268. doi: 10.1016/0006-8993(91)91658-n

Wiltgen, B. J., Sanders, M. J., Behne, N. S., and Fanselow, M. S. (2001).
Sex differences, context preexposure and the immediate shock deficit in
Pavlovian context conditioning with mice. Behav. Neurosci. 115, 26–32. doi: 10.
1037/0735-7044.115.1.26

Zeidan, M. A., Igoe, S. A., Linnman, C., Vitalo, A., Levine, J. B., Klibanski, A., et al.
(2011). Estradiol modulates medial prefrontal cortex and amygdala activity
during fear extinction in women and female rats. Biol. Psychiatry 70, 920–927.
doi: 10.1016/j.biopsych.2011.05.016

Zimmerman, J. M., and Maren, S. (2011). The bed nucleus of the stria terminalis
is required for the expression of contextual but not auditory freezing in rats
with basolateral amygdala lesions.Neurobiol. Learn. Mem. 95, 199–205. doi: 10.
1016/j.nlm.2010.11.002

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2015 Nagaya, Acca and Maren. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution and reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org 10 August 2015 | Volume 9 | Article 205

http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive

	Allopregnanolone in the bed nucleus of the stria terminalis modulates contextual fear in rats
	Introduction
	Materials and Methods
	Animals
	Behavioral Apparatus
	Surgery
	Vaginal Smears
	Drugs

	Procedures
	Experiment 1: Effects of ALLO on the Expression of Contextual and Cued Fear in Male Rats
	Experiment 2: Effects of FIN and 17-PA on the Expression of Contextual and Cued Fear in Female Rats
	Histology
	Data Analysis

	Results
	Intra-BNST ALLO Infusion and Contextual Fear in Male Rats
	Histology
	Behavior

	Intra-BNST Infusion of FIN or 17-PA and Expression of Contextual Fear in Female Rats
	Histology
	Behavior


	Discussion
	Author Contributions
	Acknowledgments
	References


