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Anxiety and stress-related disorders are highly prevalent and are characterized by excessive fear to threatening and non-
threatening stimuli. Moreover, there is a large sex bias in vulnerability to anxiety and stress-related disorders—women
make up a disproportionately larger number of affected individuals compared with men. Growing evidence suggests
that an impaired ability to suppress fear in the presence of safety signals may in part contribute to the development
and maintenance of many anxiety and stress-related disorders. However, the sex-dependent impact of stress on conditioned
inhibition of fear remains unclear. The present study investigated sex differences in the acquisition and recall of condi-
tioned inhibition in male and female mice with a focus on understanding how stress impacts fear suppression. In these ex-
periments, the training context served as the “fear” cue and an explicit tone served as the “safety” cue. Here, we found a
possible sex difference in the training requirements for safety learning, although this effect was not consistent across ex-
periments. Reductions in freezing to the safety cue in female mice were also not due to alternative fear behavior expression
such as darting. Next, using footshock as a stressor, we found that males were impaired in conditioned inhibition of freez-
ing when the stress was experienced before, but not after, conditioned inhibition training. Females were unaffected by foot-
shock stress when it was administered at either time. Extended conditioned inhibition training in males eliminated the
deficit produced by footshock stress. Finally, exposing male and female mice to swim stress impaired safety learning in
male mice only. Thus, we found sex x stress interactions in the learning of conditioned inhibition and sex-dependent
effects of stress modality. The present study adds to the growing literature on sex differences in safety learning, which
will be critical for developing sex-specific therapies for a variety of fear-related disorders that involve excessive fear

and/or impaired fear inhibition.

Most anxiety and trauma-related disorders involve some form of
associative learning. Pavlovian fear conditioning, therefore, has
been used widely to study the mechanisms of associative learning
and memory that form the basis for our understanding of specific
aversive conditioning, as well as anxiety and trauma-related neural
circuitry (Davis 2000; Maren 2008; Cain et al. 2012; Mahan and
Ressler 2012; Steiger et al. 2015; Goode and Maren 2018). In
Pavlovian fear conditioning, subjects are presented with a neutral
conditional stimulus (CS; e.g., a tone), which is paired with an
aversive unconditional stimulus (US; e.g., a footshock). After re-
peated pairings, the tone predicts a threat and elicits a fear response
when presented alone.

In addition to predicting threat in isolation, animals must dis-
criminate between predictors of threat and safety to flexibly re-
spond to varying environmental conditions to make appropriate
behavioral responses (e.g., freezing, fighting, and avoidance vs. so-
cial interaction, foraging, and reproduction). Most individuals of
several species, including humans, rodents, and nonhuman pri-
mates, successfully discriminate between predictors of threat and
safety in laboratory and nonlaboratory settings (Myers and Davis
2004; Winslow et al. 2008; Kazama et al. 2013). Recent studies sug-
gest that an inability to identify and appropriately respond to pre-
dictors of threat and safety contributes to the etiology of several
anxiety disorders including generalized anxiety disorder (GAD)
and panic disorder (PD), as well as post-traumatic stress disorder
(PTSD) (Lissek et al. 2009; Cooper et al. 2018). Similarly, the inabil-
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ity to suppress fear when safety and fear cues are presented simul-
taneously, a process known as conditioned inhibition, is also
implicated in anxiety and trauma-related disorders (Jovanovic
etal. 2012; Sijbrandij et al. 2013; Grasser and Jovanovic 2021). Tak-
en together, these clinical findings suggest that the impaired abil-
ity to suppress fear is a pathological biomarker of anxiety and
trauma-related disorders that could be a behavioral process to tar-
get for successful therapeutic intervention.

There are several laboratory methods for investigating condi-
tioned inhibition (Myers and Davis 2004; for review, see Christian-
son et al. 2012; Krueger and Sangha 2021). However, most, if not
all, involve a summation test where the fear cue (CS+) is presented
at the same time as a safety cue (CS—). This test assesses the ability
of animals to use the CS— to suppress fear in the presence of the
CS+. More complicated conditioning designs have been imple-
mented and are required to examine fear suppression in human
and nonhuman primates due to configural learning of compound
cues (Winslow et al. 2008; Jovanovic et al. 2012; van Rooij and
Jovanovic 2019), but have also been implemented successfully in
rodents (Myers and Davis 2004) and to examine discrimination
among fear, safety, and reward cues (Sangha et al. 2014, 2020;
Greiner et al. 2019).

Women are approximately twice as likely as men to be diag-
nosed with an anxiety or stress-related disorder (Kessler et al.

© 2022 Adkins et al.  This article is distributed exclusively by Cold Spring Harbor
Laboratory Press for the first 12 months after the full-issue publication date (see
http://learnmem.cshlp.org/site/misc/terms.xhtml). After 12 montbhs, itis available
under a Creative Commons License (Attribution-NonCommercial 4.0
International), as described at http://creativecommons.org/licenses/by-nc/4.0/.

Learning & Memory


mailto:aaron.jasnow@uscmed.sc.edu
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://learnmem.cshlp.org/site/misc/terms.xhtml
http://learnmem.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.learnmem.org/cgi/doi/10.1101/lm.053508.121
http://www.learnmem.org/cgi/doi/10.1101/lm.053508.121
http://www.learnmem.org/site/misc/terms.xhtml

Sex stress and conditioned inhibition

2005a; McLean et al. 2011). Research on sex differences in condi-
tioned inhibition is quite limited, but recent work has begun to ad-
dress this important gap in our understanding of critical learning
processes involved in anxiety and trauma-related disorders.
Findings within the literature, however, have not been consistent
across studies (Toufexis et al. 2007; Foilb et al. 2018; Day and
Stevenson 2019; Greiner et al. 2019; Day et al. 2020). Some studies
have found no sex difference in fear suppression. For instance, one
study found that male and female rats exhibit differences in fear
discrimination, with female rats displaying better discrimination
between CS+ and CS— cues, but there was no apparent sex differ-
ence during a summation test, suggesting no differences between
males and females in conditioned inhibition (Foilb et al. 2018).
Similarly, intact male and female rats were demonstrated to show
equivalent conditioned inhibition in an AX+/BX- conditional dis-
crimination procedure (Toufexis et al. 2007). Other studies, howev-
er, report sex differences in conditioned inhibition, with female
rodents performing worse compared with males. In preweanlings,
male rats showed conditioned inhibition in a taste aversion para-
digm, whereas females did not suppress aversive responses in the
presence of the safety cue (Aranda-Fernandez et al. 2016).
Greiner et al. (2019) found that male, but not female, rats success-
fully suppressed conditioned freezing in the presence of a safety
cue in a fear, safety, and reward discrimination task. Having a com-
prehensive understanding of how males and females learn to in-
hibit fear in the presence of safety cues is essential for gaining a
better understanding of why women have a higher prevalence
compared with men for anxiety disorders and PTSD (Kessler et al.
2005b, 2012; McLean et al. 2011). In addition, it is unclear how
the experience of stress impacts conditioned inhibition and, if
so, whether its effects are sex specific.

Stress x sex interactions have been reported consistently in
the literature across several species (for review, see Maeng and
Milad 2015). For example, stress facilitates learning of Pavlovian
eye blink responses in male rats, but impairs performance in fe-
males (Wood and Shors 1998). Witness stress has different effects
on some cardiovascular and behavioral responses in male and fe-
male rats (Finnell et al. 2017, 2018). In humans, sex x stress interac-
tions have also been observed across several studies involving
Pavlovian fear conditioning. Administration of cortisol or expo-
sure to a psychosocial stressor reduces skin conductance responses
to a CS+ in men, whereas it enhances responses in women (Merz
etal. 2010, 2013). Psychosocial stress also enhances subjective anx-
iety and salivary cortisol that is associated with enhanced discrim-
inative fear conditioning in men, whereas stress impairs
discriminative fear conditioning in females and is not related
to salivary cortisol levels (Jackson et al. 2006). Similar to impaired
discriminative fear conditioning in women, female rodents gener-
alize contextual fear responses more readily than male rodents,
suggesting that stress may impair female rodents’ ability to identify
and respond appropriately to fear and nonfear cues (Lynch et al.
2013, 2016; Keiser et al. 2017; AdKkins et al. 2019). Overall, these ef-
fects highlight a potential role for stress x sex interactions on con-
ditioned inhibition, indicating that females may display impaired
fear suppression in the presence of safety cues after stress exposure.

There were two aims for the current study: (1) to identify and
evaluate sex differences in conditioned inhibition between male
and female mice, and (2) to assess the impact of stress on the acqui-
sition and expression of conditioned inhibition by exposing male
and female mice to a stressor before or after conditioning. Because
female rodents generalized contextual fear responses more readily
than males (Lynch et al. 2013; Keiser et al. 2017), we hypothesized
that female mice would display less conditioned inhibition to a
safety cue compared with males under the same training condi-
tions. We also hypothesized that stress would have a greater impact
on conditioned inhibition in female mice compared with males.
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Results

Training conditions for acquisition of conditioned
inhibition in male and female mice

A total of 64 male and female B6S1 mice (see “Animals and
Housing Conditions” in the Materials and Methods for details) un-
derwent 3 d of training (conditioned inhibition or context alone),
during which each day mice were presented with five unsignaled
footshocks and six tones as safety cues (Fig. 1A) or they were pre-
sented with shocks alone to serve as context fear controls (Fig.
1B). Twenty-four hours after the final day of training, mice were
placed back into the training context and the percentage of
freezing was measured before and during the tone presentation
(Fig. 1A, day 4). There was a significant main effect of training
condition (F(1,60)=9.71, P=0.0028), a main effect of sex (F(1,60)=
7.34, P=0.0088), and a main effect of cue presentation (F( ¢0)=
4.81, P=0.0322) (Fig. 1C). There was also a significant sex x cue in-
teraction (F(1,60y=5.23, P=0.0257) and a significant training condi-
tion x sex x cue three-way interaction (F(,60)=5.39, P=0.0236).
Post-hoc analyses showed no significant difference between freez-
ing to the fear cue alone and freezing during the tone in males and
females in the context-only groups (P=0.99 males, P=0.99 fe-
males), suggesting that the tone did not serve as an external inhib-
itor or innately reduce freezing in this procedure. Males that
underwent conditioned inhibition training displayed significantly
less freezing during the tone presentation in the summation test
compared with pretone freezing, suggesting that the tone served
as a conditioned inhibitor (P=0.001). However, females showed
no reduction in freezing to tone during the summation test (P=
0.99) (Fig. 1C). This could suggest that the training conditions
used were not sufficient for female mice to acquire conditioned
inhibition.

We wondered whether female mice would successfully acquire
conditioned inhibition if we used a more extensive training proce-
dure. To test this hypothesis, 32 female mice were used in subse-
quent experiments. Female mice were presented with five
unsignaled footshocks and either six tones (standard training proce-
dure) or 10 tones (extensive training) during the 3-d training proce-
dure. Mice were tested for freezing to context and tone in a
summation test as described above. A two-way ANOVA showed
there was no main effect of training condition (six vs. 10 tones)
(F1,30=0.366; >0.05), but a main effect of tone presentation
(Fa1,30=7.50; P=0.0103) and a significant training condition x
tone presentation interaction (F(1 30)=8.65; P =0.0062) (Fig. 1D).
Post-hoc comparisons revealed that female mice that underwent
the standard conditioned inhibition training (six tones) did not sig-
nificantly suppress freezing to the tone during the summation test
(P=0.98). Mice that were trained with 10 presentations of the safety
cue, however, displayed reduced freezing to the tone during the
summation test (P=0.0007), suggesting they sufficiently learned
conditioned inhibition to the safety cue.

Female rats display an alternative behavioral expression of
fear in the form of darting (Gruene et al. 2015a,b). Although we ob-
served a significant reduction of freezing to the safety cue tone pre-
sentation in female mice that were trained with 10 presentations of
the safety cue, it is possible that they used an alternative strategy
for behavior expression of fear, such as darting. This could be incor-
rectly interpreted as fear suppression. To address this possibility,
behavior videos from the extended training experiment presented
in Figure 1D were extracted and analyzed for darting during the
tone presentation using ANY-maze (Stoelting Co.) behavioral
tracking software as described previously by Gruene et al.
(2015a). Darting behavior was also visually scored based on the
same description. We observed no instances of darting behavior
as described previously in rats (Gruene et al. 2015a), with average

Learning & Memory



Sex stress and conditioned inhibition

Day 2 Day 3
Training Training
| Conditioned Inhibition |

A Day 1
Training

Day 4
Summation Test

=

[ Pre-tone
I Tone

I 6 safety tones
[ 10 safety tones

Females

520,001 p=0.0007
100r , . m . I 1000 g o
g o = ® o e o ° ° °
R S o o o o g8 °
soF 1 H 7 o 80 .
2T $ é 8
Q
2 2 0
‘N 60 ‘S 60F 8 g
[} [ o
£ 2 o ||
< 40 < 40F l
20 20f 8
o
= R 0 8
Context Cl Context Cl Pre Tone Tone Pre Tone Tone
Male Female Standard Training ~ Extended Training

Figure 1. Training conditions for acquisition of conditioned inhibition in male and female mice. (4)
Schematic of conditioned inhibition procedure. Male and female mice underwent three consecutive
days of training. Mice received five unsignaled footshocks set to 0.5 mA. Mice were trained in a
context that contained a polka dot insert to the rear back wall, stainless steel grid shock floors, dim illu-
mination, and chambers that were cleaned with 70% ethanol. On the first day, following the shock treat-
ment, animals received six tones in the absence of footshocks. The following day, tones were displayed
prior to footshock training. On the third day, animals received footshocks with tone presentations after.
On day 4, animals were given a summation test to assess their context freezing and inhibition of fear in
the presence of the safety tone. (B) Schematic of contextual fear conditioning paradigm. Male and
female mice received three consecutive days of context fear conditioning. Five unsignaled footshocks
were presented in the context as described above. On the fourth day, animals underwent a summation
test where they were presented with the fear-eliciting context, followed by a novel tone. (C) Male mice
that received six-tone safety training froze significantly less compared with context-only males (P=
0.001) in the presence of the safety tone. A three-way ANOVA revealed a main effect of sex (P=
0.008) indicating that the six-tone training in males was sufficient to reduce freezing in the presence
of the tone, but this training was not sufficient for female conditioned inhibition. (D) Females displayed
significant conditioned inhibition (reduced freezing) when they were presented with 10 safety tones
during conditioned inhibition training (P=0.0007). Female mice did not display darting during the
tone presentation.

overall velocities in mice during tone presentation equaling 0.1
cm/sec and an average maximum velocity during the tone equal-
ing 1.5 cm/sec, which is far below the 23.5 cm/sec cutoff defined
previously (Gruene et al. 2015a) even accounting for differences
in rodent size. Therefore, we conclude that under these training
and testing conditions for conditioned inhibition, female mice
do not display darting as described previously in rats.
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Pretraining stress impairs acquisition
of conditioned inhibition in male but
not female mice when training is not
matched

Next, we wanted to assess the role of stress
on the ability of males and females to ac-
quire conditioned inhibition. To do this,
79 males and females were exposed to
footshock stress or context exposure
(nonstress controls) 24 h before undergo-
ing safety training. Briefly, mice were
placed into distinct fear conditioning
chambers and were immediately given
five 1-mA footshocks within 10 sec (Fig.
2A). Following the last footshock, mice
were removed and returned to their
home cage. Twenty-four hours later,
male and female mice underwent the
six- or 10-tone safety training procedure
described above, respectively. The differ-
ent number of safety cue presentations
between males and females was conduct-
ed so that equivalent conditioned inhibi-
tion was obtained in males and females as
outlined in our first experiment. Safety
training was conducted over three con-
secutive days, as before. On the final
day, mice were placed back into the train-
ing context for the summation test (Fig.
2A). A three-way ANOVA revealed a sig-
nificant main effect of cue presentation
(Fa1,75y=16.26, P=0.0001), but not of
sex (Fq,75=2.133; P=0.148) or stress
(F1,75)=2.293; P=0.134). These data sug-
gest that regardless of sex or stress condi-
tion, mice reduced freezing to the safety
tone compared with the fear context
alone (Fig. 2B). Results also revealed a sig-
nificant stress x cue interaction (F(,75)=
4.233; P=0.0431). This effect was likely
driven by increased freezing in stressed
males during the safety tone presenta-
tion, although it should be noted that
multiple comparisons did not find signif-
icant suppression in control males (P=
0.88) or control females (P=0.15). There
was, however, a significant reduction of
freezing in stressed females during the
summation test (P=0.01). Because foot-
shock was used as a stressor, we also ana-
lyzed the first 100-sec context exposure
before delivery of the first footshock dur-
ing conditioned inhibition training to
verify no context fear was expressed by
mice that were stressed prior to condi-
tioning. There was a main effect of stress
on freezing prior to training (F(1,65)=38.0;
p=0.006), but no main effect of sex

(F(1,65)=0.001; p=0.97) and no significant stress x sex interaction
(F1,65)=0.38; p=0.54). Although there is a significant difference
in freezing between stressed and control mice prior to condition-
ing, overall freezing for both groups was <8%, which is within base-
line freezing levels, suggesting that stressed mice did not develop
contextual fear to the conditioning inhibition training context
through generalization (Fig. 2B).
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Control

Footshock stress prior to safety training impairs males, but not females, in conditioned in-

Stress (FS)

Swim stress impairs acquisition

hibition. (A) Schematic of behavioral procedure. Immediate shock or a context pre-exposure was
given 1 d prior to conditioned inhibition training. Male and female mice were placed in a distinct
context that consisted of no background, IR lights, and stainless steel grid shock floors, and was
cleaned with 2% Quatricide. Mice that received immediate shock underwent five unsignaled footshocks
set to 1.0 mA within 10 sec. Immediately after the procedure, mice were returned to their home cage.
Conditioned inhibition training started the next day as previously described. Male mice received six or
10 safety tone presentation, whereas females received 10 safety tones. (B) Shock stress affected male but
not female mice in conditioned inhibition. Female mice that underwent shock stress showed a significant
reduction in tone freezing (P=0.01), indicating a lack of influence from stress on conditioned inhibition.
Male mice did not display a significant suppression of freezing in the presence of the safety tone. Shock
stress did not induce generalized context fear in either sex, as evidenced by baseline levels of freezing
prior to conditioning. (C) When male mice were training with 10 safety tone presentations, they
showed significant suppression of freezing to the safety tone during the summation test regardless of

of conditioned inhibition in males
but not females

In our previous experiment, we deter-
mined that footshock stress prior to train-
ing impaired conditioned inhibition in
male but not female mice (Fig. 2B). To
see whether these impairments general-
ized to other forms of stress, we used a
swim stress procedure for the following
experiment. On day 1, half of the mice
were exposed to the swim stress proce-

stress (P=0.049 control; P=0.007 stress).

In the experiment above, fear suppression in males was rela-
tively modest during the summation test. Thus, we next deter-
mined whether matching training in males to that of females
would reduce the apparent stress-induced impairments on condi-
tioned inhibition. The training procedure was identical to the pro-
cedure described, but mice were presented with 10 tones as the
safety cue during each training day. A two-way ANOVA found a sig-
nificant main effect of cue presentation (F(;,20)=17.61; P=0.0004),
but no main effect of stress (F1,209,=0.002, P=0.96) and no signifi-
cant stress x cue interaction (Fq,50)=1.71, P=0.21) (Fig. 2C). These
data suggest matching training in male mice to that of females can
overcome the effects of stress on acquisition of conditioned
inhibition.

Post-training stress does not impair the recall of
conditioned inhibition in male and female mice

To assess the effects of stress on conditioned inhibition if it is expe-
rienced after acquisition, 47 male and female mice received foot-

www.learnmem.org
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dure, in which they were placed in an

800-mL beaker (10 cm) of ~25°C water

for 5 min (Fig. 4A). Nonstressed control
mice remained in their home cage. On days 2-4, male and female
mice underwent conditioned inhibition training and then were
placed back in the training context for the summation test on
day 5. Independent t-tests revealed a significant difference in the
time spent mobile between males and females during the swim
stress procedure. Females spent significantly less time mobile dur-
ing the SS (f22)=3.04, P=0.006) (Fig. 4B). Mobility time has been
interpreted as a way of active coping during stress (Mitchell et al.
2018). Therefore, these data suggest that female mice spend less
time engaging in active coping behaviors during SS compared
with males. A three-way ANOVA determined there was a main ef-
fect of stress (F(y,52)=4.026, P=0.05), a main effect of cue presenta-
tion (F(1,52)=40.40, P<0.0001), and a stress x sex interaction (F(y,52)
=4.21, P=0.0452). Post-hoc analyses show that control male and
female mice exhibited reduced freezing in the presence of the safe-
ty cue (P=0.006, male; P=0.011, female), however, only females
displayed a significant reduction in freezing during the safety cue
compared with males (P=0.045) after swim stress despite display-
ing increased overall freezing to the fear and compound fear/safety
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fear in the presence of a safety tone.

cue (Fig. 4C). Together, these data suggest that swim stress im-
paired acquisition of conditioned inhibition in males but not fe-
males. Together with the results of the footshock stress
experiments, these data suggest that the modality of stress impacts
male and female mice differently and should be an important fac-
tor to consider when examining sex differences in conditioned in-
hibition. In the present experiments, females show increased
freezing in response to stress overall but can acquire conditioned
inhibition regardless of the stress modality. Males, however,
show impaired conditioned inhibition when exposed to swim
stress before training.

Discussion

The present experiments demonstrate a sex difference in condi-
tioned inhibition when using context as the “fear” cue and tone
as the “safety” cue. In the first experiment, females required
more presentations of the safety cue during training compared
with males to acquire the same level of conditioned inhibition dur-
ing the summation test (Fig. 1B). Females, however, did acquire
conditioned inhibition when we increased presentations of the
safety cue in an extended training procedure. However, this sex dif-
ference was not consistent across the experiments, mainly due to
males not acquiring sufficient conditioned inhibition to the six-
tone training procedure in subsequent experiments. Therefore, it
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Footshock stress following safety training does not impair conditioned inhibition in either
male or female mice. (A) Schematic of the behavioral procedure. Male and female mice were trained fol-
lowing the conditioned inhibition procedure as previously described. All mice were trained using 10
tones. After three consecutive days of training, mice underwent immediate shock as previously described
or received a brief context exposure. The following day, mice underwent a summation test. (B) Following
the 10-tone training, male mice that received shock stress following training showed a reduction in freez-
ing in the presence of the safety tone (P=0.0004), similar to context exposure controls (P=0.0004). This
effect was also seen with female shock stress (P<0.0001) and context exposure controls (P<0.0001).
Overall, the results suggest that once safety training is acquired, stress does not affect inhibition of
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that females were resistant to the effects
of footshock stress when the stress was ex-
perienced before (Fig. 2B) conditioned in-
hibition training. In contrast, males were
impaired when they were exposed to
footshock stress before conditioned inhi-
bition training (Fig. 2B). However, this
was likely due to relatively modest fear in-
hibition exhibited by males during com-
pound presentation of fear and safety
cues (see note above) (Fig. 2B). When
training conditions were matched to
those in females (10 presentations of the
safety cue), males were able to acquire
conditioned inhibition after the experi-
ence of footshock stress. Exposing male
and female mice to footshock stress after
training had no effect on the ability of ei-
ther sex to recall conditioned inhibition
(Fig. 3B). We next tested whether a differ-
ent stress modality would reveal a sex dif-
ference in the effects of stress on
conditioned inhibition. Exposing males
and females to swim stress revealed that
males, but not females, were impaired in
the acquisition of conditioned inhibi-
tion. Ultimately, these data suggest that
extended safety training can mitigate
the impact of stress in both sexes, but
that stress modality may interact with
sex and the type of learning to differen-
tially impact the ability of mice to sup-
press fear under appropriate conditions.
Decades of research have established
that males and females display separate
mechanisms (behaviorally and biologi-
cally) for various learning tasks, such as
fear learning, fear extinction, and fear generalization (for review,
see Frick et al. 2010, 2018; Hussain et al. 2014; Adkins et al.
2019). In addition, several reports demonstrate that males display
increased contextual fear learning compared with females (Maren
et al. 1994; Markus and Zecevic 1997; Gupta et al. 2001; Gresack
et al. 2009; Mizuno and Giese 2010). Others have reported female
rats to be less likely to use contextual cues to recall appetitive asso-
ciative learning and may rely more on other food-associated cues
for recall (Anderson and Petrovich 2015, 2018a,b). However, in
our context, only control females displayed slightly increased
freezing and less variability in responses compared with males
(Fig. 1C). The difference in our findings here versus the previous lit-
erature could be the result of repeated training sessions, species dif-
ferences, strain differences, or any combination. Alternatively,
females may be more sensitive to repeated context exposures, re-
sulting in enhanced fear responses when returned to the condi-
tioning context. Recent investigations have identified specific
neural mechanisms involved in conditioned inhibition and safety
learning using male rodents. Of note, the amygdala, medial pre-
frontal cortex, and ventral hippocampus have all been identified
as important loci controlling safety learning in males of multiple
species, including humans (Ostroff et al. 2010; Sangha et al.
2013, 2014; McDonald et al. 2018; Meyer et al. 2019). A few studies
have directly examined sex differences in safety learning, but the
results are inconsistent across groups. For instance, male and fe-
male rats exhibit differences in fear discrimination, with female
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fear suppression to the compound fear/
safety cue during the summation test
rather than matching training conditions
(Fig. 1). In the first experiment, we found
that males were able to learn conditioned
inhibition with fewer exposures to the
safety cue compared with females. How-
ever, in subsequent experiments that in-
tegrated stress exposure, we found fear
suppression even under control condi-
tions to be more modest than the first ex-
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p[=0_.0[1 p=0.045 periment. When matching training
*g g0 conditions in males and females, we did

i 8 not find a sex difference in fear suppres-
. g sion in response to footshock stress but
did find a sex difference when mice were
exposed to swim stress. Thus, the modal-
ity of stress could impact whether a sex
difference in safety learning is observed
in addition to the different strategies
males and females use to learn specific
tasks.

Apart from sex differences, several
studies have assessed brain regions and
neural mechanisms involved in safety

Control Stress (SST

Males

Figure 4. Swim stress prior to conditioned inhibition impairs males, but not females, in inhibition of
freezing. (A) Schematic of behavioral procedures used. Prior to undergoing safety training, male and
female mice underwent swim stress for 5 min or remained in their home cage. Twenty-four hours follow-
ing exposure to swim stress, mice underwent safety training using the 10-tone procedure. (B) Time spent
mobile was scored during the 5-min swim stress. Results showed that males spent more time mobile
compared with females (P=0.006). The results show that male mice are impaired in conditioned inhi-
bition if swim stress occurs prior to training, whereas females are not. However, during the swim
stress, male mice engage in more active coping mechanisms compared with females. (C) Male mice
that did not undergo swim stress showed a significant reduction in freezing during tone presentations
(P=0.006). However, males that were exposed to swim stress prior to safety training did not show a sig-
nificant reduction in freezing in the presence of the safety tone. Both control (P=0.01) and swim stress (P
=0.006) female mice showed a significant reduction in freezing during tone presentations.

rats displaying better discrimination between CS+ and CS— cues,
but no sex difference was observed during summation tests across
different types of conditioned inhibition procedures, suggesting
no differences between males and females in conditioned inhibi-
tion (Toufexis et al. 2007; Foilb et al. 2018; Clark et al. 2019). Other
studies, however, report that male rodents display greater fear sup-
pression during summation tests compared with females. For ex-
ample, in preweanling rats, only males showed suppression of
aversive responses in a taste aversion paradigm in the presence of
a safety cue (Aranda-Fernandez et al. 2016). In addition, exposure
to early life stress in rats produces greater fear responses to certain
and uncertain threat cues and increases alcohol consumption in fe-
males compared with males (Walker et al. 2018). Greiner et al.
(2019), found that male but not female rats successfully suppressed
conditioned freezing in the presence of a safety cue in a fear, safety,
and reward discrimination task. One explanation for the discrep-
ancies among the studies, the present study included, is that train-
ing protocols may have been too extensive to detect differences
between males and females. For example, Foilb et al.’s (2018) par-
adigm consisted of 4 d of training, each consisting of 15 presenta-
tions of the safety cue. Here, we found that females successfully
acquired conditioned inhibition after 3 d of training and 10 pre-
sentations of the safety cue. With the extended training procedure
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learning. This work has primarily been
conducted using male rodents. Not sur-
prisingly, the amygdala has emerged as
an important structure, which undergoes
specific activity and structural changes
during safety learning (Ostroff et al.
2010; Sangha et al. 2013). For instance,
specific subpopulations of basolateral
amygdala neurons change their firing
rates in responses to fear+safety cues
but not a fear cue alone (Sangha et al.
2013), suggesting that specific neurons
in the amygdala might drive fear suppres-
sion. Neurotoxic lesions of the ventral
hippocampus also impair safety learning,
implicating the hippocampus in fear suppression during condi-
tioned inhibition (McDonald et al. 2018). Additionally, ventral
hippocampal projections to the prelimbic cortex display increased
activity during presentation of a safety cue in human subjects,
supporting the role of the hippocampus in fear suppression and es-
tablishing a potential neural circuit involved in conditioned inhi-
bition (Meyer et al. 2019). Although these recent studies have
established mechanisms regulating conditioned inhibition,
much less is known about potential neural mechanisms contribut-
ing to the reported sex differences in conditioned inhibition. An
extensive c-fos activity study investigating cortical and subcortical
regions in male and female rats after fear discrimination identified
only the bed nucleus of the stria terminalis (BNST) as sexually
dimorphic in its expression of c-fos during fear discrimina-
tion. BNST fos expression was greater in male rats during discrim-
ination, and increased fos expression was correlated with reduced
freezing to the CS—, but only in females (Foilb et al. 2021). Thus,
BNST is a promising target for further investigation of sex differ-
ences in conditioned inhibition, and the available data suggest
that BNST activity may support fear suppression in females but
not males.

In addition to dissecting the specific neural circuits regulating
sex differences, it is also important to understand how stress may

Females
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impact learned safety. Here, we found that footshock stress admin-
istered before or after conditioned inhibition had little impact on
fear suppression during the summation test in males and females.
Previous work using the stress-enhanced fear learning (SEFL) mod-
el has generally shown enhanced fear responses, impaired fear ex-
tinction, and increased alcohol intake in rodents (Rau and
Fanselow 2009; Long and Fanselow 2012; Meyer et al. 2013). In
the present study, we did not observe increased freezing to the
training context when mice experienced shock before or after un-
dergoing conditioned inhibition training (Figs. 2, 3), but we did ob-
serve a relatively small increase in freezing after swim stress in
female mice only (Fig. 4C). We only observed an effect of footshock
stress in male mice when training conditions were not matched to
female mice; when they were matched, there was no deficit in con-
ditioned inhibition observed in either sex. Differences in the re-
sults between the present study and those using the SEFL
procedure could be due to the different shock protocols. SEFL in-
volves a more intense stress procedure, administering 15 shocks
over 90 min, whereas the present experiment administered five
shocks in 10 sec and was based on the immediate shock procedure
(Fanselow 1990; Rudy et al. 2002). A recent study also used the SEFL
protocol prior to safety training and found that it did not impair
conditioned inhibition, but did substantially impair fear extinc-
tion (Woon et al. 2020). Our data here are largely in accord with
those of others demonstrating prior stress does not impair condi-
tioned inhibition in male and female rodents.

Similar to SEFL, acute stress of other modalities enhances
Pavlovian fear conditioning in males but tends to impair it in fe-
males (e.g., Wood and Shors 1998; Shors et al. 2000; Wolf et al.
2001; Bangasser and Shors 2004, 2007; Waddell et al. 2008). Fe-
males’ response to acute stress are influenced by ovarian hor-
mones and estrus cycle stage; ovariectomized females do not
show cognitive impairments following acute stress (Wood et al.
2001). Additionally, females in proestrus (when estradiol is
high) display less conditioned responding after acute stress expo-
sure compared with females in diestrus (when estradiol is low)
(Shors et al. 1998). In the present experiment, we did not track
the estrus cycle in female mice, making it difficult to determine
whether changing ovarian hormones influence conditioned inhi-
bition. However, there was little adverse effect of stress on condi-
tioned inhibition in female mice observed in any of our
experiments, suggesting that ovarian hormones might not influ-
ence safety learning in using our procedure. However, exposure
to acute stress has been demonstrated to enhance estradiol in
females rodents (Shors et al. 1999). Therefore, it is possible that
footshock exposure elevated estradiol, which has potent
learning-enhancing effects (Frick et al. 2002, 2018; Fernandez
et al. 2008; Boulware et al. 2013; Fortress et al. 2013; Frick
20135), thereby enhancing discrimination between the fear cue
and safety cue during training despite the prior exposure to stress.
The learning-enhancing effects of estradiol, however, are not con-
sistent with the previous literature showing increased estradiol
and general impairments in fear conditioning procedures. In addi-
tion to footshock stress, we exposed male and female mice to
swim stress. The purpose of using swim stress was to use a stressor
that is a different modality from the unconditioned stimulus dur-
ing safety learning (footshock). When mice were exposed to swim
stress, we found only male mice were impaired in their ability to
acquire conditioned inhibition. This suggests that the modality
of the stress may interact with sex to impact fear suppression dur-
ing conditioned inhibition. Prior studies in rats have shown that
females displayed less immobility compared with males in a
single-trial forced swim test (Colom-Lapetina et al. 2019), indicat-
ing differences in coping strategies across sexes in rats. However,
these prior studies investigated swim stress following auditory
fear conditioning, which could alter coping strategies to favor
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more active responses in females compared with males following
fear conditioning. Here, we found that females spent significantly
less time mobile (more immobility) than males during the swim
stress (Fig. 4B), suggesting that females did not engage in active
coping equivalent to males, which could be indicative of a greater
stress response or different coping mechanisms. We did not exam-
ine climbing, head shakes, or diving behavior during the forced
swim test, which are also reported to be sex-dependent, with fe-
male rats displaying more of these behaviors (Colom-Lapetina
et al. 2019). Despite this effect, female mice were not impaired
in fear suppression during the summation test after swim stress ex-
posure, suggesting an overall resilience to the effects of stress on
safety learning. Regardless, the results of our study show that in
some cases and under certain stress conditions, no sex difference
in safety learning are apparent, whereas under other stress condi-
tions sex differences emerge.

The present study aimed to understand how male and female
mice acquire and retain conditioned inhibition and to assess the
impact of stress on learning this task. Our data provide novel
and relevant findings suggesting that females might require a
more extensive training protocol than males to learn safety cues
equivalently. However, we found that males, but not females,
were impaired at learning and retaining safety cues following foot-
shock stress and swim stress, but this sex difference is eliminated
when the training in males is matched to that of females.
Importantly, our data suggest that female mice are not sensitive
to different modalities of stress when assessing conditioned inhibi-
tion. The present study adds to the growing literature on sex differ-
ences in safety learning, which will be critical for developing
sex-specific therapies for a variety of fear-related disorders that in-
volve excessive fear and/or impaired fear inhibition.

Materials and Methods

Animals and housing conditions

All experiments used male and female F1 hybrid (B6S1) offspring
that were generated from crossing CS57BL/6] males and
129S1Svim]J females. Parent C57BL/6] males and 129S1Svim] fe-
males were purchased from Jackson Laboratories, and male and fe-
male offspring of these pairs were used for the present experiments.
We and others have used B6S1 mice routinely to examine mecha-
nisms of fear learning and memory (Wiltgen and Silva 2007; Wilt-
gen et al. 2010; Ortiz et al. 2019). All mice were generated from a
breeding colony in the Department of Psychological Sciences at
Kent State University. Mice were >8 wk before they were used for
experiments and were group-housed (two to five mice per cage)
with free access to food and water in a room maintained on a
12:12 light:dark cycle. All procedures were conducted in a facility
accredited by the Association for Assessment and Accreditation
of Laboratory Animal Care International, in accordance with the
National Institutes of Health guidelines, and with approval by
Kent State University Institutional Animal Care and Use Commit-
tee guidelines.

Conditioned inhibition

In all experiments, an A+/AB— procedure was used in which the
context served as the “fear” cue and an explicit tone served as
the “safety” cue (Ostroff et al. 2010) Conditioned inhibition train-
ing was performed in four identical conditioning chambers (7 in W
x 7 in D x 12 in H) containing two Plexiglas walls, two aluminum
side walls, and a stainless steel grid shock floor (Coulbourn
Instruments). The training context consisted of the conditioning
chamber with a polka dot insert attached to the rear Plexiglas
wall, dim illumination, and stainless steel grid floors that were
cleaned with 70% ethanol. For day 1 of conditioned inhibition
training, mice were placed in the training context and, after 120
sec, were delivered five footshocks (0.5 mA, 1 sec, and 182 ISI).
Three minutes (180 sec) after the last footshock, mice were
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presented with a safety cue (six presentations of 5 kHz, 75-dB tone,
30 sec, and 180 ITI). The tones were explicitly unpaired with the
shock to ensure a relationship between the tone and shock was
not made. One minute after the last tone, mice were removed
from the conditioning chamber. The entire training session lasted
30 min. On day 2 of training, safety tones were presented first with
3 min between the last tone and the first shock presentation. The
order of stimulus presentation on day 3 of training was the same
as day 1 (Fig. 1). For the first experiment, a separate group of
mice was trained in the absence of safety cue exposure to serve as
context fear controls (Fig. 1). Standard training to establish condi-
tioned inhibition consisted of three consecutive days of training,
with presentations of the footshocks and tones alternating on
each day. On day 4, mice were placed back in the training context
for a summation test. After 120 sec, mice were presented with two
presentations of the safety cue tone (30-sec and 180-sec ITI).
Context-only controls were also returned to the conditioning con-
text and received two presentations of a novel tone (same as condi-
tioned inhibition group: 30 sec, 5 kHz, 75 dB, and 180 ITI) 120 sec
later to establish that the tone alone did not serve as an external in-
hibitor and reduce freezing in the absence of conditioned inhibi-
tion. Freezing was measured to the context prior to and during
the tone using Actimetrics FreezeFrame 5 automated software
(Actimetrics). Successful conditioned inhibition occurred if freez-
ing was significantly reduced during the tone presentation (AB—)
compared with freezing to the context alone (A+). In a separate
and subsequent experiment, we conducted an extensive training
procedure consisting of 10 presentations of the safety cue (5 kHz,
75-dB tone, and 30-sec and 100-sec ITI) in the same design as above
during the 30-min training sessions. The extended training proce-
dure also consisted of three consecutive days of training, with pre-
sentations of the footshocks and tones alternating on each day. On
day 4, mice were placed back in the training context for a summa-
tion test. After 120 sec, mice were presented with safety cue tones
(30 sec and 182 ITI). Freezing was measured as described above. To
analyze darting behavior in female mice, FreezFrame 5 videos were
extracted, converted to .MOV files, and analyzed for velocity (cen-
timeters per second) during the safety cue tone presentation using
ANY-maze (Stoelting Co.) behavioral tracking software, with a
23.5-cm/sec cutoff deemed as darting as described previously
(Gruene et al. 2015a). The number of darts was also visually iden-
tified and scored by a blind observer as described previously
(Gruene et al. 2015a).

Footshock stress

Experiments 2 and 3 used a footshock as a stressor (FS). This proce-
dure was adapted from experiments demonstrating the “immedi-
ate shock deficit” in which rodents received footshocks
immediately after being placed in the conditioning chamber and
were removed immediately after cessation of the shocks. This pro-
cedure produces little freezing to the context in which the shocks
occurred when rodents are tested for fear memory, suggesting that
an association between the training context and aversive stimulus
does not occur (Fanselow 1990; Rudy et al. 2002). The advantage of
using this procedure is that it induces stress without the potential
confound of a competing context fear memory that could impact
the conditioned inhibition procedure. Immediate shock was pre-
sented in single session 1 d before training or 1 d after training
for conditioned inhibition and was conducted in conditioning
chambers and behavioral testing room different from those subse-
quently used for the conditioned inhibition procedure. Immediate
shock was performed in two identical conditioning chambers (12
in Wx12in D x 12 in H) containing two Plexiglas walls, two alumi-
num side walls, and a stainless steel grid shock floor (Coulbourn
Instruments). The context for immediate shock consisted of infra-
red lights (no visible light), grid floors, and no background, and was
cleaned with 2% Quatricide. Mice were placed in the context and
were immediately presented with five 1-mA shocks within 10 sec
(1-sec ISI). Immediately following the last shock, mice were re-
moved and taken back to their home cage. Twenty-four hours after
footshock stress, mice began training or were tested for condi-
tioned inhibition in the summation test.
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Swim stress

The swim stress (SS) procedure occurred in a single session 1 d be-
fore conditioned inhibition training and followed the protocol
used and described by Mitchell et al. (2018). Briefly, mice were
transferred from the animal colony to the procedure room at least
1 h prior to testing. Mice were then subjected to a 5-min swim
stress. One-thousand-milliliter beakers were filled with 800 mL
(10 cm) of ~25°C water and placed in an open field arena. A digital
camera was positioned directly above the acrylic top and used to re-
cord swimming behavior for offline scoring. Mobility was defined
as active leg movement beyond that required to prevent submer-
sion below the surface and was recorded and analyzed using
ANY-maze. After 5 min, mice were thoroughly dried using an ab-
sorbent laboratory pad and returned to their home cage.
Twenty-four hours later, mice underwent conditioned inhibition
training.

Statistical analyses

Freezing behavior was assessed using three-way ANOVA (sex x
training condition x cue) with sex and training condition (safety
vs. fear; stress vs. no stress) as between-subject variables and cue
(pretone vs. tone) as a within-subject variable. In some cases, two-
way ANOVA was used. Conditioned inhibition after swim stress
was analyzed using two-way ANOVA (sex x stress). For any signifi-
cant interactions, Tukey’s HSD or Sidak’s post-hoc tests were used
where appropriate.
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