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Fear conditioning studies in rodents allow us to assess vulnerability factors which might underlie fear-based psychopathology

such as post-traumatic stress disorder (PTSD). Despite PTSD being more prevalent in females than males, very few fear con-

ditioning studies in rodents have tested females. Our study assessed fear conditioning and extinction in male and female rats

using both fear-potentiated startle and freezing behavior as measures. Rats were trained to fear cues that predicted the oc-

currence of shock and then subsequently exposed to an extinction training procedure where the cue was presented repeat-

edly in the absence of shock. Retention of the extinction memory was assessed the next day. Our results showed that females

exhibited less retention of fear extinction, but only when measured by fear-potentiated startle. Our results highlight the im-

portance of using multiple indices of fear behavior, particularly when comparing sexes on measures of extinction learning.

Not all individuals who experience trauma during their lifetime
will develop post-traumatic stress disorder (PTSD). One of the
greatest risk factors for developing this disorder is being female,
with the lifetime prevalence rate twice as high for women as it is
for men (Kessler et al. 1995; Kilpatrick et al. 2013). Fear condition-
ing studies in rodents allow us to study the behavioral and neural
mechanisms that may underlie PTSD (Parsons and Ressler 2013),
yet very few fear conditioning studies in rodents have used fe-
males as subjects (Lebron-Milad and Milad 2012). Despite the in-
creased prevalence of PTSD and other fear and anxiety-based
disorders in females, nonhuman animal studies testing for sex dif-
ferences in fear conditioning have largely failed to capture this
difference.

Fear conditioning studies typically use a procedure in which
a discrete cue (e.g., auditory stimulus) signals the occurrence of an
aversive stimulus, usually a brief shock. Under normal circum-
stances, animals learn to fear the discrete cue associated with
shock and will also learn to fear the context (i.e., place) in which
shock occurs. A handful of studies have directly compared ani-
mals of both sexes on tests of cued and contextual fear condition-
ing. Some of these reports have shown that while males and
females exhibit equivalent levels of fear conditioning to discrete
cues (Maren et al. 1994; Baran et al. 2009; Milad et al. 2009a;
Barker and Galea 2010; Gruene et al. 2015a; Fenton et al. 2016),
males often show evidence of better contextual conditioning
(Maren et al. 1994; Chang et al. 2009; Barker and Galea 2010).
Other studies have tested for sex differences in fear extinction
learning, a form of learning through which animals learn to in-
hibit responding to cues that once signaled an aversive event.
Over the last several years, the study of fear extinction has received
considerable attention (Milad and Quirk 2012) due in part to the
fact that humans with PTSD display impaired extinction (Milad
et al. 2009b; Norrholm et al. 2011). Recent findings in rodents
are mixed with regard to sex differences in fear extinction with
several studies reporting no difference between males and females
(Milad et al. 2009a; Rey et al. 2014; Gruene et al. 2015a), while
others have found that females show weaker fear extinction
(Baran et al. 2009, 2010; Matsuda et al. 2015; Fenton et al.
2016). Moreover, other studies have found that the retention of
extinction learning in female rats varies depending on estrus stage

such that rats exposed to extinction training while in proestrus
show better retention of extinction (Milad et al. 2009a; Rey
et al. 2014).

While the evidence is varied regarding sex differences in fear
conditioning and extinction, one shortcoming of the existing
work is that the majority of the previous studies in rodents have
used a single measure, freezing behavior, as an index of learning.
As others have noted (Dalla and Shors 2009), apparent sex differ-
ences in learning and memory, or lack thereof, might instead re-
flect differences in behavioral performance. In the case of
freezing behavior, differences in activity levels between males
and females might complicate the interpretation of experiments
which use inactivity as an index of fear. This issue is highlighted
by a recent observation that female rats exhibit an active condi-
tioned fear response (i.e., darting) that is not frequently seen in
males (Gruene et al. 2015b). To further characterize the effect of
sex on measures of fear conditioning and extinction, in the cur-
rent study we compared levels of fear conditioning and extinction
in males and females using both freezing behavior and fear-
potentiated startle as measures.

Results

In the first experiment (Fig. 1A), we trained female (N ¼ 14) and
male (N ¼ 14) Sprague-Dawley rats in a fear conditioning task dur-
ing which they received two pairings of a tone (4 kHz, 76 dB, 30
sec) and footshock (1.0 mA, 1.0 sec) delivered through the floor
of the testing chambers. For extinction training, all rats were
placed in a context which differed from the training context
and presented with 20 presentations of the tone in the absence
of shock. To test for the retention of extinction, rats were returned
to the extinction context 24 h later and given eight additional pre-
sentations of the tone in the absence of shock. Freezing behavior
was measured throughout all of the testing sessions. Figure 1B
shows the results of the experiment assessing fear conditioning
and extinction in male and female rats (Experiment 1). There
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was no difference in freezing behavior between groups during the
baseline (t(26) ¼ 21.573, P ¼ 0.132) or CS periods during condi-
tioning (t(26) ¼ 0.852, P ¼ 0.402). During extinction training,
males and females did not significantly differ in their baseline
freezing values, t(26) ¼ 20.385, P ¼ 0.703. To compare within-
session extinction between males and females on the extinction
training day, we computed a repeated-measures ANOVA with
time (five blocks of four CS trials) as a within-subjects factor and
sex as a between subjects factor. The results uncovered a signifi-
cant effect of time (F(1,26) ¼ 19.122, P , 0.001) indicating that
freezing decreased during the extinction training session. There
was no main effect of sex, F(1,26) ¼ 0.588, P ¼ 0.450, and no time
by sex interaction (F(2.902,26) ¼ 2.186, P ¼ 0.099; Greenhouse–
Geisser corrected). During extinction testing, males and females
did not significantly differ in their baseline freezing values,
t(26) ¼ 0.509, P ¼ 0.615. To compare extinction retention between
males and females, we computed a repeated-measures ANOVA
comparing freezing levels during the two blocks of four trials dur-
ing the extinction test. There was no main effect of block, but a

trend toward a decrement in freezing, F(1,26) ¼ 968.41, P ¼
0.063. There was no significant interaction between sex and block,
F(1,26) ¼ 268.08, P ¼ 0.317, and no main effect of sex, F(1,26) ¼

250.226, P ¼ 0.689. This suggests that males and females showed
similar levels of extinction retention. We also computed a fear re-
covery score by taking the average time spent freezing to the first
four CS trials of extinction testing, dividing it by the first four CS
trails of extinction training, and expressing it as a percentage.
Figure 1C shows the male and female fear recovery values. There
was no significant difference between male and female fear recov-
ery scores (t(26) ¼ 1.76, P ¼ 0.099).

Next, we tested a separate group of female and male rats on
fear conditioning and extinction using fear-potentiated startle
as the behavioral measure (Fig. 1D). Baseline acoustic startle was
assessed on two consecutive days prior to fear conditioning. A
t-test showed no difference between groups on baseline startle am-
plitude (t(29) ¼ 1.174, P ¼ 0.250). Rats were then trained with 10
pairings of a light (4-sec, �82 lux) that predicted shock (0.5 sec,
0.4 mA). To assess levels of fear prior to extinction training, rats

Figure 1. (A) Timeline of freezing behavior protocol for experiment 1. (B) Male and female freezing behavior during fear conditioning, extinction train-
ing, and extinction testing for experiment 1. BL indicates baseline freezing during the acclimation period prior to presentation of the CS. CS indicates the
average freezing to the two CS presentations during conditioning. Points during extinction training and testing are blocks of four CS trials. (C) Male and
female fear recovery scores derived from first four CS trials during testing divided by first four CS trials during training expressed as a percentage. (D)
Timeline of fear-potentiated startle protocol for experiment 2. (E) Fear-potentiated startle values in males and females during the preextinction and post-
extinction tests for experiment 2. Females showed poorer retention of extinction. ¥, denotes a significant sex × test session interaction. (F) Fear recovery
values in male and female rats for experiment 2. Females showed significantly more fear-potentiated startle indicating a disruption in the retention of
extinction. (∗) P , 0.05.
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were given a “preextinction” test 24 h after fear conditioning.
During the preextinction test, rats were exposed to startle trials,
some of which occurred in the presence of the light cue.
Fear-potentiated startle to the light was assessed by averaging star-
tle amplitudes in the presence of light and expressing it as a per-
centage of startle trials that occurred in the absence of light. The
next day, rats were given an extinction training session which in-
volved presenting the light cue 30 times in the absence of shock
(or the startle stimulus). To test for the retention of extinction,
rats were given a “post-extinction” test the following day which
was identical to the preextinction test. To determine whether
there was a difference between sexes on the initial learning
and expression of fear, we computed a t-test comparing percent
potentiation values during the preextinction test. This test
indicated no significant difference between male and female
rats during the preextinction test (t(29) ¼ 1.174, P ¼ 0.250). To
compare extinction retention between males and females, a re-
peated-measures ANOVA was used with session (preextinction
and post-extinction) as a within-subjects factor and sex as a be-
tween subjects factor. The results uncovered a significant effect
of session (F(1,29) ¼ 45.71, P , 0.001), indicating that fear levels
decreased from the pre- to post-extinction test session. There
was no main effect of sex (F(1,29) ¼ 0.06, P ¼ 0.811), however there
was a significant session by sex interaction (F(1,29) ¼ 4.44, P ¼
0.044). A t-test confirmed that female rats showed significantly
higher fear-potentiated startle during the post-extinction test
(t(29) ¼ 22.70, P ¼ 0.012)(Fig. 1E). Because the significant interac-
tion might have been partially driven by the small difference in
preextinction scores, we calculated a “fear recovery” score by di-
viding each rat’s post-extinction value by its preextinction score
and expressing it as a percentage. The results of a t-test on fear
recovery values revealed a significant difference such that
females showed more fear recovery than males (t(29) ¼ 22.70,
P ¼ 0.012)(Fig. 1F).

The results from the first set of findings suggest that sex dif-
ferences in fear extinction are revealed when fear-potentiated star-
tle is measured, but not when freezing behavior is assessed.
Alternatively, differences in the experimental protocol between
the fear-potentiated startle and freezing experiments including
the number of trials and intensity of the footshock during condi-
tioning, the presence of a pretest session prior to extinction train-

ing, and the number of extinction trials may have influenced our
findings. To test whether these factors dictated the presence of sex
difference in fear extinction, and not the measure of fear used, we
conducted two additional experiments.

First, we measured freezing behavior in male (N ¼ 10) rats
and female (N ¼ 10) rats exposed to auditory fear conditioning
using the same parameters as in the initial freezing experiment
(Fig. 2A). All animals were then exposed to pretest, extinction
training, and post-test sessions with the same number, duration,
and spacing of CS trials as those used in our fear-potentiated star-
tle experiment. T-tests revealed no difference in freezing behavior
between groups during the baseline (t(18) ¼ 0.941, P ¼ 0.359) or
CS periods during conditioning (t(18) ¼ 20.259, P ¼ 0.799). To
determine whether there was a difference between sexes in mem-
ory for fear conditioning, we computed t-tests comparing the av-
erage freezing values during the baseline period and 10 CS trials in
the preextinction test. These tests indicated no significant dif-
ference between male and female rats during the baseline period
(t(15) ¼ 20.232, P ¼ 0.819) or during the CS trials (t(18) ¼

0.736,P ¼ 0.471). To compare freezing levels during the extinc-
tion training session, we computed a repeated-measures ANOVA
with time (six blocks of five CS trials) as a within-subjects factor
and sex as a between subjects factor. Figure 2B shows the results
of this test, which indicated a significant effect of time on freezing
behavior such that freezing decreased throughout the session
(F(2.455,36.822) ¼ 19.674, P , 0.001). There was no significant
time by sex interaction (F(2.455,36.822) ¼ 2.177, P ¼ 0.118) and no
significant effect of sex (F(1,15) ¼ 3.19, P ¼ 0.094) (Greenhouse–
Geisser correction used for within-subjects effects). To compare
extinction retention between sexes, we computed a repeated-
measures ANOVA with session as a within-subjects factor and
sex as a between-subjects factor. The results uncovered a signifi-
cant effect of session, F(1,18) ¼ 23.138, P , 0.001, such that freez-
ing decreased from pre- to post-test. There was no effect of sex,
F(1,18) ¼ 0.760, P ¼ 0.395, and no session by sex interaction,
F(1,18) ¼ 0.057, P ¼ 0.814. We also performed a t-test on “fear re-
covery” scores (Fig. 2C), which yielded no significant difference
between males and females (t(18) ¼ 0.044, P ¼ 0.965).

Next, we conducted another experiment in which freezing
behavior was measured in male (N ¼ 8) rats and female (N ¼ 7)
rats using a conditioning protocol with the same number,

Figure 2. (A) Timeline of freezing behavior protocol for experiment 3. (B) Male and female freezing behavior during fear conditioning, preextinction
testing, extinction training, and post-extinction testing. BL indicates baseline freezing during the acclimation period prior to presentation of the CS. CS
indicates the average freezing to the two CS presentations during conditioning. Points during the pretest, extinction training, and post-test are blocks of
five CS trials. (C) Fear recovery values in male and female rats.
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duration, and intensity of shock as used in our fear-potentiated
startle experiments. After conditioning, the animals underwent
extinction training and testing as described above in experiment
1 (Fig. 3A). Figure 3B shows the results of the freezing behavior
during conditioning, pretest, extinction training, and post-test.
There was no difference in freezing behavior between groups dur-
ing the baseline period during conditioning (t(13) ¼ 21.797, P ¼
0.096), however males froze significantly more during the CS pe-
riod (t(13) ¼ 24.471, P ¼ 0.001). To further investigate this differ-
ence, we computed a repeated-measures ANOVA with blocks of
two trials as a within-subjects factor and sex as a between subjects
factor. We uncovered a significant effect of block, F(4,52) ¼ 24.021,
P , 0.001, such that freezing increased after block 1. We also
found a significant effect of sex, F(1,13) ¼ 19.994, P ¼ 0.001, such
that males froze more than females. However, there was no
block by sex interaction, F(4,52) ¼ 1.273, P ¼ 0.292, indicating
that their pattern of freezing did not differ between groups as a
function of time. During extinction training, males and females
did not significantly differ in their baseline freezing values,
t(13) ¼ 1.263, P ¼ 0.229. To compare freezing behavior on extinc-
tion training day, we computed a repeated-measures ANOVA

with time (five blocks of four CS trials) as a within-subjects factor
and sex as a between subjects factor. The results uncovered a
significant effect of time (F(2.177,28.297) ¼ 4.782, P ¼ 0.014;
Greenhouse–Geisser corrected) indicating that freezing decreased
during the extinction training session. There was no main effect
of sex, F(1,13) ¼ 1.440, P ¼ 0.251., and no time by sex interaction
(F(2.177,28.297) ¼ 0.357, P ¼ 0.720; Greenhouse–Geisser corrected).
During extinction testing, males and females did not significantly
differ in their baseline freezing values, t(13) ¼ 0.847, P ¼ 0.413. To
compare extinction retention between males and females, we
computed a repeated-measures ANOVA comparing freezing levels
during the two blocks of four trials during the extinction test.
There was no main effect of block (F(1,13) ¼ 114.375, P ¼ 0.390),
no significant interaction between sex and block (F(1,13) ¼

38.055, P ¼ 0.617), and no main effect of sex (F(1,13) ¼ 0.013,
P ¼ 0.910). We also computed fear recovery scores as mentioned
above (Fig. 3C), which showed no significant difference in fear re-
covery scores between males and females (t(13) ¼ 20.557, P ¼
0.587). Altogether, these data indicate that males and females
showed similar levels conditioning and extinction when freezing
was the dependent measure.

Figure 3. (A) Timeline of freezing behavior protocol in experiment 4a. (B) Male and female freezing behavior during fear conditioning, extinction train-
ing, and extinction testing for experiment 1. BL indicates baseline freezing during the acclimation period prior to presentation of the CS. Points during fear
conditioning indicate the average freezing to blocks of two CS–US trials. Points during extinction training and testing are blocks of four CS trials. (C) Male
and female fear recovery scores derived from first four CS trials during testing divided by first four CS trials during training expressed as a percentage. (D)
Timeline of fear-potentiated startle protocol in experiment 4b. (E) Fear-potentiated startle values in males and females during the preextinction and post-
extinction tests for experiment 4b. Females showed poorer retention of extinction. ¥, denotes a significant sex × test session interaction. (F) Fear recovery
values in male and female rats for experiment 4b. Females showed significantly more fear-potentiated startle indicating a disruption in the retention of
extinction. (∗) P , 0.05.
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Finally, we trained the same rats (N ¼ 15) used in the prior ex-
periment with 10 pairings of light and shock, as in the prior fear-
potentiated startle experiment (Fig. 3D). To determine whether
there was a difference between sexes in memory for fear condi-
tioning, we computed a t-test comparing percent potentiation
values during the preextinction test. This test indicated a signifi-
cant difference between male and female rats during the preex-
tinction test such that males had higher potentiation values
than females (t(13) ¼ 2.975,P ¼ 0.011). Figure 3E shows the preex-
tinction and post-extinction potentiation values for males and fe-
males. To compare extinction retention between males and
females, a repeated-measures ANOVA was used with session (pre-
extinction and post-extinction) as a within-subjects factor and sex
as a between subjects factor. The results uncovered a significant ef-
fect of session (F(1,13) ¼ 48.636, P , 0.001), indicating that fear
levels decreased from the pre- to post-extinction test session.
There was no main effect of sex (F(1,13) ¼ 3.459, P ¼ 0.086), how-
ever there was a significant session by sex interaction (F(1,13) ¼

20.628, P ¼ 0.001), with male rats showing a greater decrement
in potentiation values from pre- to post-test than female rats.
Because the significant interaction might have been partially driv-
en by the difference in preextinction scores, we calculated fear re-
covery scores using the same method as mentioned above. The
results of a t-test on fear recovery values revealed a significant dif-
ference such that females showed more fear recovery than males,
which is displayed in Figure 3F (t(13) ¼ 22.890, P ¼ 0.013).

Discussion

The current study tested for sex differences in fear acquisition and
extinction using both freezing behavior and fear-potentiated star-
tle as response measures. Our primary finding was that females
showed a deficit in the retention of extinction when measured
by fear-potentiated startle, but not freezing behavior. Important-
ly, this observation was consistent even when conditioning and
extinction was tested within the same animals using both mea-
sures of fear. When measuring freezing to a cue that had been
paired with shock, we found that male and female rats showed
comparable levels of freezing behavior during extinction training
and extinction testing. In one experiment, male rats froze more
during the conditioning session, although this difference was
not reflected in levels of freezing during subsequent test sessions.
It is possible that the increased number of trials and reduced shock
intensity made apparent a difference that is difficult to observe
with fewer trials. In the same experiment, rats were subsequently
put through conditioning and extinction procedures while mea-
suring fear-potentiated startle. Males showed higher levels of fear-
potentiated startle before extinction, which we did not observe in
our prior experiment. It is possible this difference was the result of
prior training and testing, however it is important to note that
even with the males showing more fear-potentiated startle before
extinction, the females still showed a deficit in the retention of ex-
tinction. Overall, our findings stress the importance of using mul-
tiple behavioral measures of fear learning, particularly when
comparing males and females.

If sex differences in fear extinction only emerge when mea-
suring certain responses, an important question to consider is
why fear-potentiated startle is sensitive to detecting this differ-
ence, while freezing behavior is not. The answer to this question
may lie with evidence that female and male rodents exhibit differ-
ent behavioral repertoires when presented with a threat. Several
studies have shown that females show superior performance
when active responses are measured whether it be classical eye-
blink conditioning (Wood and Shors 1998; Dalla et al. 2009), fear
conditioning (Gruene et al. 2015b), or avoidance tasks (Steenber-
gen et al. 1990; Dalla et al. 2008). Thus, it is possible that the ten-

dency for females to engage in more active fear responses obscures
reliable sex differences in conditioning and/or extinction when
freezing behavior is the only measure. The startle response likely
has an acute protective function, but it might also serve to facili-
tate escape and avoidance behavior. Thus, our observation that
females show poorer fear-potentiated startle might be related to
the tendency for females to engage in more active fear responses
than males.

If our findings reflect divergence in defensive response pat-
terns between sexes, an important next step will be to identify
the neurobiological correlates underlying this difference. The ma-
jority of fear responses are organized in the medial division of the
central nucleus of the amygdala which sends projections to vari-
ous anatomical regions that mediate behavioral expressions of
fear (Davis and Whalen 2001). While these projections have
been known for some time now, studies have begun to identify cir-
cuits within the central nucleus that govern whether active or pas-
sive fear responses are expressed (e.g., Gozzi et al. 2010). Other
recent work has identified specific cell types in the central nucleus
which favor the expression of passive fear behavior (i.e., freezing),
while other cell types drive the expression of active fear responses
(Yu et al. 2016; Fadok et al. 2017). It is tempting to speculate that
the balance of these mechanisms might be shifted in females such
that they are more likely to engage in active fear responses.

One shortcoming of the current study is that by measuring
conditioning and extinction in free cycling female rats, our exper-
iments were not able to assess the effect of estrus phase on fear
conditioning and extinction. Vaginal cytology was performed
on all females in the experiments, however small sample sizes pre-
cluded meaningful statistical analysis of these data. Prior studies
have reported that the stage of the estrous cycle during extinction
training can affect extinction of fear such that rats trained in pro-
estrus show better retention of extinction (Milad et al. 2009a),
likely as the result of high estrogen levels during this phase (Rey
et al. 2014; Graham and Daher 2016). Future studies will assess
the effect of estrus on conditioning and extinction using both
measures of fear we used here.

There are very few studies directly comparing males and fe-
males on fear-potentiated startle, and those that exist are conflict-
ing with respect to differences in the acquisition and expression of
fear-potentiated startle (de Jongh et al. 2005; Toufexis et al. 2005).
We did not observe a consistent difference between sexes in fear-
potentiated startle levels prior to extinction, however females
showed significantly higher levels of fear after extinction. To the
best of our knowledge, this is the first study comparing extinction
in males and females using fear-potentiated startle. Females have
twofold higher rates of PTSD, and PTSD is associated with impaired
extinction (Milad et al. 2009b; Glover et al. 2012), yet prior studies
of fear extinction in rodents have largely failed to detect a consis-
tent difference between sexes. While a combination of factors like-
ly explains the discrepant findings regarding sex differences in fear
extinction in previous studies, our data suggest the fact that most
prior work measured freezing behavior was a contributing factor.
Going forward studies which use measures like fear-potentiated
startle, which can also be studied in humans, might be advanta-
geous in translating studies in rodents to humans.

Materials and Methods

Subjects
Male and female Sprague-Dawley rats (Charles River Laboratories,
Raleigh, NC) �8–10 wk of age served as subjects. Rats were housed
in groups of two in plastic boxes with food and water available ad
libitum. Rats were kept in a colony room that was maintained on a
12-h light–dark cycle (lights on at 7 a.m.), and all behavioral pro-
cedures occurred during the rats’ light cycle. Each rat was handled

Sex and fear extinction
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for �5 min each day for 7 d prior to the start of the experiment.
Handling days 1–4 took place in the colony room and days 5–7
took place in the behavior laboratory. All procedures were ap-
proved by the Institutional Animal Care and Use Committee at
Stony Brook University.

Apparatus

Freezing behavior

All training and testing procedures took place in four identical
freezing chambers (32 × 26 × 21 cm) (Clever Systems) made of
Plexiglas and stainless steel and housed in sound-attenuating box-
es. During fear conditioning, a footshock was delivered through
the floor which was composed of stainless steel rods. Each cham-
ber was illuminated by a 28 V miniature white light bulb, and fans
mounted on the boxes provided background noise of �60 dB
(Context A). On extinction training and testing days, the context
was altered such that infrared LED lights illuminated the cham-
bers, painted metal inserts covered the floor and walls of the
chambers, and 5% acetic acid solution was used to clean the
chambers before each set of animals (Context B). Stimuli used dur-
ing the experiments were under the control of FreezeScan 1.0 soft-
ware (Clever Systems) on a Windows workstation computer.

Fear-potentiated startle

Four identical 40.64 × 40 × 49.53 cm (depth × width × height)
sound-attenuating cabinets were used (Startle Monitor II, Kinder
Scientific). During fear conditioning, rats were placed in four
26.67 × 20.96 × 15.9 cm (depth × width × height) identical Plex-
iglas and stainless steel cages. The floor of each cage was made of
stainless steel bars through which shock could be delivered. For
baseline startle, testing, and extinction training sessions, rats
were placed in restrainers of different size and shape and made
of material dissimilar from the cages used during conditioning.
The restrainers had a floor made of plastic and a rounded cover
composed of stainless steel rods. Both the startle and shock cages
sat on top of a load cell sensing platform on the floor of the cabi-
net. A single pulse calibrator by StartleMonitor II Version 8.15
(Kinder Scientific) interfaced to a PC reported the output in New-
tons (N). Startle amplitude was defined as the maximum N that
occurred during the first 500 msec after the onset of the white
noise burst. Startle responses were elicited by 50-msec 95-dB white
noise bursts delivered through high-frequency speakers mounted
in the ceiling inside the chambers �20 cm from the load cell sens-
ing platform. Background noise was �52 dB. Sound levels were
calibrated using with a sound level meter. The unconditioned
stimulus was a 0.5-sec 0.4-mA shock delivered through the floor
bars. Shocks were produced by DSCK Dual Programmable Shock-
ers (Kinder Scientific). The conditioned stimulus was a 4-sec light
�82 lux delivered through an LED light panel positioned on the
ceiling of the cabinets.

Behavioral procedures

Experiment 1: fear conditioning and extinction measured by freezing

behavior

Fear Conditioning: Rats were placed into context A and received
two pairings of an auditory conditioned stimulus (CS) with a foot-
shock unconditioned stimulus (UCS) following a 6-min acclima-
tion period. A 4kHz tone (30 sec/76 dB) served as the CS, while
a 1.0 sec/1 mA footshock served as the UCS. There was a 2-min in-
tertrial interval (ITI) between the two trials. Extinction Training and
Testing: Approximately 24 h after fear conditioning rats were
placed into context B and received 20 presentations (2-min ITI)
of the CS in the absence of shock following a 6-min acclimation
period. Extinction testing occurred about 24 h after extinction
training and was identical to the extinction training procedure
with the exception that only eight trials of the CS were presented

Experiment 2: fear conditioning and extinction measured by fear-potentiated

startle

Baseline startle: On two consecutive days rats were placed into the
startle chambers, and following a 5-min acclimation period, were
presented with 30 95 dB noise bursts with a 30-sec interstimulus
interval (ISI). Fear conditioning: The next day rats were placed in
the shock cages and presented with 10 light–footshock pairings
following a 5-min acclimation period. The CS was a 4 sec light
at �82 lux. The US was a 0.5-sec shock produced by a shock gen-
erator at a 0.4 mA intensity. The intertrial interval (ITI) was 4 min.
Preextinction test: To test for memory of fear conditioning before
extinction training, rats were returned to the startle chambers
the next day. After the 5-min acclimation period, they were pre-
sented with thirty 95 dB noise bursts (leader trials) in order to ha-
bituate the startle response before the testing trials occurred. Rats
were then presented with 40 additional noise bursts, 10 of which
occurred in the presence of the startle stimulus, and 30 that did
not. Extinction training: Rats were returned to the startle chambers
the next day and received thirty 4-sec presentation of the light CS
in the absence of shock (30-sec ITI). Post extinction test: The final
day, rats were returned to the startle chambers and the preextinc-
tion test procedure was repeated.

Experiment 3: fear conditioning and extinction measured by freezing behavior

Fear Conditioning: The fear conditioning procedure was identical
to that described in Experiment 1. Preextinction test: Approximate-
ly 24 h after fear conditioning rats were placed into context B and
received 10 presentations (90-sec ITI) of the CS in the absence of
shock following a 5-min acclimation period. Extinction Training:
Approximately 24 h after the preextinction test rats were placed
into context B and received 30 presentations (30-sec ITI) of the
CS in the absence of shock following a 5-min acclimation period.
Post extinction test: The final day, rats were returned to context B
and the preextinction test procedure was repeated.

Experiment 4: fear conditioning and extinction measured by freezing behavior

and fear-potentiated startle

Fear Conditioning: Rats were placed into context A and received ten
CS–UCS pairings (4-min ITI) following a 5-min acclimation peri-
od. A 4-kHz tone (30 sec/76 dB) served as the CS, which cotermi-
nated with a 0.5 sec 0.4-mA footshock UCS. Extinction Training and
Testing: Approximately 24 h after fear conditioning rats were
placed into context B and received 20 presentations (2-min ITI)
of the CS in the absence of shock following a 6-min acclimation
period. Extinction testing occurred �24 h after extinction train-
ing and was identical to the extinction training procedure with
the exception that only eighty trials of the CS were presented.
Fear-potentiated startle conditioning and extinction: Rats were ex-
posed to conditioning, extinction training, and testing as de-
scribed in Experiment 2.

Vaginal cytology
For all female rats in the experiment, vaginal smears were taken
each day during the handling procedure and during behavioral
testing. The smears were placed on slides, stained with cresyl vio-
let, and examined under a microscope to determine phases of the
estrous cycle. Phases were identified by the proportion of leuko-
cytes, nucleated, and cornified cells in each sample (Cora et al.
2015).

Data analysis

Freezing behavior

A live video recording captured the behavior of each rat. The
amount of movement was determined by calculating the
frame-by-frame changes in pixels using the FreezeScan 1.0 soft-
ware (Clever Systems). The principal investigator hand-scored pre-
liminary videos in order to set the computer scoring parameters
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that most closely matched hand-scoring methods to measure the
animals’ freezing behavior. The dependent variable used for the
analyses was the percentage of total time spent freezing during
the 30-sec tone and during the acclimation periods prior to pre-
sentation of the CS and/or UCS. To analyze within-session extinc-
tion, we averaged CS trials into 4 (Experiment 1) or 5 (Experiment
3) trials blocks during the extinction training session. To analyze
extinction retention, we computed freezing levels in two four-trial
blocks and used a repeated-measures ANOVA to test for changes in
freezing over time and between groups. We also calculated a fear
recovery score by taking the average of all eight CS trials during ex-
tinction testing, dividing it by the average of the first eight CS tri-
als during extinction training, and expressing it as a percentage.
These data were analyzed with Student’s t-test using SPSS.

Fear-potentiated startle

To quantify fear-potentiated startle during the preextinction and
post-extinction tests, the mean startle amplitude for each rat dur-
ing the 30 leader trials and 10 light test trials was determined and a
percent potentiation score was calculated by subtracting the
leader trials from the light-tone trials, dividing by the leader trials,
and multiplying by 100 (Walker and Davis 2002). We also calcu-
lated a fear recovery score by taking the average percent poten-
tiation of all 10 CS trials during the post-extinction test,
dividing it by the average of the 10 CS trials during the preextinc-
tion, and expressing it as a percentage. Data were analyzed using
repeated-measures ANOVA or Student’s t-test using SPSS.
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