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Fear extinction-based exposure therapy is the most common behavioral therapy for anxiety and trauma-related disorders,

but fear extinction memories are labile and fear tends to return even after successful extinction. The relapse of fear con-

tributes to the poor long-term efficacy of exposure therapy. A single session of voluntary exercise can enhance the acqui-

sition and consolidation of fear extinction in male rats, but the effects of exercise on relapse of fear after extinction are not

well understood. Here, we characterized the effects of 2 h of voluntary exercise during the consolidation phase of contextual

or auditory fear extinction learning on long-term fear extinction memory and renewal in adult, male and female, Long-

Evans rats. Results indicate that exercise enhances consolidation of fear extinction memory and reduces fear relapse

after extinction in a sex-dependent manner. These data suggest that brief bouts of exercise could be used as an augmentation

strategy for exposure therapy, even in previously sedentary subjects. Fear memories of discrete cues, rather than of con-

textual ones, may be most susceptible to exercise-augmented extinction, especially in males. Additionally, exercise seems to

have the biggest impact on fear relapse phenomena, even if fear extinction memories themselves are only minimally

enhanced.

Fear conditioning is an associative learning phenomenon dur-
ing which a previously innocuous cue (conditioned stimulus; CS)
comes to elicit an emotional fear response because of its associa-
tion with an aversive stimulus (unconditioned stimulus; US).
Mechanisms underlying fear conditioning are thought to go awry
in anxiety and trauma-related disorders (Elzinga and Bremner
2002). Fear extinction, the decay of a fear response to a CS follow-
ing repeated presentation of the fear-evoking CS in the absence of
the aversive US (Pavlov 1927), forms the basis of exposure therapy,
the behavioral therapy of choice for anxiety and trauma-related
disorders. Unfortunately, extinction memories are labile and sus-
ceptible to relapse phenomena such as renewal (Bouton 1988),
spontaneous recovery (Pavlov 1927), and reinstatement (Rescorla
and Heth 1975); which together contribute to the poor long-term
efficacy of exposure therapy (Boschen et al. 2009; Neumann and
Kitlertsirivatana 2010). Identification of novel means to render
fear extinctionmemories impervious to relapse is of utmost impor-
tance to mental health. One factor that enhances many learning
andmemory processes and could potentiallymodulate fear extinc-
tion is physical activity.

Despite the well-established benefits of chronic exercise on
cognition and learning processes (Cotman and Berchtold 2002;
Hillman et al. 2003, 2014; Cassilhas et al. 2015; Prakash et al.
2015), the lingering changes in the brain produced by habitual ex-
ercise are not sufficient to enhance fear extinction (Greenwood
et al. 2009). Moreover, maintenance of chronic exercise is essential
for use in a clinical setting, yet maintaining regular exercise is a
constant challenge and long-term exercise adherence rates are

low (Dishman 1982; Hogg et al. 2012; Zuckoff 2012) even when
initial motivation is high (Van Roie et al. 2015). In contrast to
weeks of repeated exercise, individuals may be more likely to ad-
here to a recommendation of a relatively few sessions of exercise.
A few acute bouts of exercise could bemore practical to implement
in clinical settings than repeated exercise. Even so, prior research
investigating the effects of a single, recent bout of exercise (acute
exercise) as a treatment for anxiety or trauma-related disorders is
limited. Investigating the effects of acute exercise within the con-
text of fear extinction learning and memory in an animal model
is an initial step toward utilization of acute exercise in a clinical
setting.

Fear extinction learning incorporates two critical phases: the
acquisition phase and the consolidation phase. During the acqui-
sition phase, the association between the fear-eliciting CS and
the lack of the predicted aversive event is initially encoded. Later,
during the consolidation phase, molecular processes take place in
the neural circuits responsible for forming the long-term memory
of fear extinction. Previous research investigating the effects of
chronic exercise on subsequent contextual (Greenwood et al.
2009) or auditory (Dubreucq et al. 2015) fear extinction report neg-
ative results, possibly due to the inability of prior chronic exercise
to target a distinct extinction learning phase. Exercise initiates a
plethora of physiological and neurobiological events; the timing
of which in relation to a specific phase of fear extinction learning
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could be critical for the ability of exercise to modulate fear
extinction.

There is evidence that acute exercise, within a small temporal
window in relation to fear extinction learning, can modulate later
fear extinction memory and relapse. Siette et al. (2014) reported
that previously sedentary male rats allowed 3 h of voluntary exer-
cise either immediately before or after contextual fear extinction
displayed improved retention of fear extinction memory when
tested the next day. However, if rats were allowed the same 3 h
of acute exercise 6 h after fear extinction, presumably after the con-
solidation phase, exercise had no effect on extinction memory re-
tention (Siette et al. 2014). A pilot study in humans revealed a
similar effect. Powers et al. (2015) allowed mostly female patients
suffering from post-traumatic stress disorder (PTSD) to engage in
moderate intensity treadmill exercise for 30min immediately prior
to each of 12 sessions of exposure therapy. Those patients who ex-
ercised prior to exposure therapy showed significant improvement
of PTSD symptoms immediately following the final therapeutic
session, relative to patients who had 90 min of exposure therapy
without exercise. Further, Mika et al. (2015) found that male rats
allowed to run in wheels during the acquisition of auditory fear ex-
tinction, relative to rats extinguished in locked wheels, demon-
strated reduced fear when reexposed to the CS 1 wk later in a
novel context.

Although prior data suggest that acute exercise can enhance
the acquisition or consolidation of fear extinction in such a way
as to reduce fear relapse, critical questions remain unanswered.
Siette et al. (2014) did not investigate the effects of acute exercise
on relapse of contextual fear conditioning following extinction,
and the experimental design used in Mika et al. (2015) did not al-
low the differentiation of the effects of acute exercise on auditory
fear extinctionmemory from its relapse. Further, none of these pre-
vious experiments have investigated the effects of voluntary wheel
running on fear extinction learning, memory, and relapse in fe-
male rats. This is a critical oversight, as females can have impaired
fear extinction depending on their estrus cycle phase (Milad et al.
2009) and, relative to males, have a higher incidence of anxiety
(McLean et al. 2011) and are more likely to develop PTSD
(Breslau et al. 1997). The goal of the current studies was to further
characterize effects of acute, voluntary exercise on consolidation
and relapse of contextual and auditory conditioned fear in both
males and cycling females. It is hypothesized that acute exercise
during the consolidation phase of fear extinction learning will en-
hance fear extinctionmemory and reduce later fear relapse in both
sexes.

Results

Experiment 1: exercise during consolidation of contextual

fear extinction improves long-term memory of fear

extinction in males
A timeline for the Experiment is shown in Figure 1A. Rats used
in experiment 1 ran equal amounts during the running familiari-
zation period regardless of subsequent exposure to fear extinction
(Fig. 2A). Rats exhibited low levels of freezing prior to the first US
during contextual fear conditioning (pre; Fig. 3A). Freezing levels
increased throughout US presentations (F(2,56) = 62.25, P < 0.0001)
and did not differ between rats subsequently assigned to immo-
bile wheels (Locked) or freely mobile (Mobile) conditions, nor be-
tween No Extinction (N = 10) and Extinction (N = 22; Fig. 3A).
There was an indication of a trend toward a positive correlation be-
tween average distance run during the wheel running familiariza-
tion period and freezing during fear conditioning (R = 0.299,
F(1,29) = 2.86; P = 0.1; Fig. 6A); an observation that would be consis-
tent with prior reports indicating that wheel running enhances

contextual fear conditioning (Van Hoomissen et al. 2004;
Burghardt et al. 2006; Greenwood et al. 2009; Kohman et al. 2012).

Freezing levels during the first fear extinction training session
did not differ between rats subsequently placed into Locked or
Mobile wheels (Fig. 3B), and distance run during the running fa-
miliarization period did not predict the amount of freezing during
the first extinction training session. Running distances during the
2 h following the first and subsequent fear extinction training ses-
sions are shown in Figure 2B. Exercise immediately following con-
textual fear extinction training had no effect on fear extinction
memory. Rats in Locked and Mobile conditions displayed similar
levels of freezing and within-session extinction (not shown) dur-
ing the second (Fig. 3C) and third (Fig. 3D) fear extinction training
sessions, which also served as fear extinction memory tests.
Distance run during the consolidation of the first and second con-
textual fear extinction sessionswas; however, negatively correlated
to freezing levels during the second and third fear extinctionmem-
ory tests (R = 0.60; F(1,9) = 5.07, P = 0.05; Fig. 6C).

Rats were again reexposed to Context A 1 wk after the third
fear extinction training session in order to determine whether
post-extinction wheel running facilitated long-term memory of
contextual fear extinction. Because freezing levels a week after
fear extinction training are modulated both by the strength of
the extinction memory and the spontaneous recovery of fear
(Bouton 1993; Ponnusamy et al. 2016), this memory test at Day
10 represented both a long-term extinction memory test and a
test of spontaneous recovery. However, freezing levels displayed
by all rats exposed to fear extinction training remained at low levels
during the extinction memory test at Day 10 (Fig. 3E), indicating
minimal spontaneous recovery. The lack of spontaneous recovery
could be due to rats receiving three sessions of fear extinction train-
ing, thus producing a strong fear extinction memory. Despite this,
rats that ran after fear extinction displayed significantly less fear
during the long-term extinction memory test than rats placed
into locked wheels after fear extinction (P < 0.05); further, this ef-
fect of exercise was dependent on exercise being contingent with
fear extinction (interaction between Exercise and Extinction:
F(1,28) = 6.47, P = 0.01; Fig. 3E). Rats that ran similar amounts (Fig.
2) but were not exposed to fear extinction (Mobile-No Ext), dis-
played levels of freezing greater than that expressed by rats exposed
to extinction (P < 0.05), and no different from Locked rats not ex-
posed to fear extinction (Locked-No Ext; Fig. 3E). These data indi-
cate that exercise during the consolidation of contextual fear
extinction facilitates retrieval of fear extinction memory at long-
term time points.

Experiment 2: exercise during consolidation of auditory

fear extinction improves fear extinction memory and

reduces fear renewal in males
Rats exhibited low levels of freezing prior to the first CS–US pairing
(pre; Fig. 4A). Freezing levels increased throughout conditioning
(F(3,111) = 58.20, P < 0.0001) and did not differ between rats subse-
quently assigned to Locked or Mobile conditions. Rats in
Experiment 2 ran distances similar to rats in Experiment 1 during
the running familiarization period (Fig. 2A). Interestingly, the av-
erage running distance during the wheel running familiarization
period negatively correlated with freezing levels during fear condi-
tioning (R =−0.48; F(1,36) = 10.699; P < 0.01; Fig. 6A). These data
suggest that unlike chronic wheel running which has been report-
ed to have no effect on the acquisition of auditory fear condition-
ing (Baruch et al. 2004), brief access to running wheels could
interfere with auditory fear conditioning learning. One wheel
did not record running distance during the wheel running famil-
iarization period, so this rat was omitted from this correlational
analysis.

Exercise and fear extinction
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All rats exhibited negligible amounts of freezing prior to the
first CS during Day 1 of auditory fear extinction training in
Context B, indicating that minimal fear transferred from the con-
ditioning Context A to the fear extinction Context B (not shown).
Freezing levels decreased across trials (F(5,185) = 147.12, P < 0.0001)
and did not differ between rats subsequently placed into Locked or
Mobile wheels (Fig. 4B). The average running distance during the
familiarization period negatively correlated with freezing levels
during thefirst four trials of the first fear extinction training session
(R =−0.34; F(1,36) = 4.60; P < 0.05; Fig. 6B), consistent with the neg-
ative relationship between running distance and the initial acqui-
sition of auditory fear conditioning (Fig. 6A).

Running distances during the 2 h following the auditory fear
extinction training sessions are shown in Figure 2B. Post-extinc-
tionwheel running facilitated fear extinctionmemory.When reex-
posed to the extinction Context B the evening following post-fear
extinction running, Mobile rats displayed significantly less freez-
ing than locked rats across the duration of the fear extinction train-
ing session, which also served as a fear extinction memory test
(F(1,37) = 6.10, P = 0.01; Fig. 4C). Locked and Mobile rats displayed
equivalent within-session extinction, as freezing levels decreased
over time in both groups (F(5,185) = 43.67; P < 0.0001; Fig. 4C).

Distance run after the first auditory fear extinction training session
did not predict levels of freezing during the second fear extinction
training session.

Figure 2. Running distances. Female rats in experiment 3 (Exp. 3) ran
more than male rats used in experiment 1 (Exp. 1) and experiment 2
(Exp. 2), both (A) during the running familiarization phase and (B)
during the 2 h running bouts after fear extinction training. Data displayed
represent mean ± SEM. Exp. 3 different from all other groups (***) P <
0.0001; Exp. 3 Day 2 different from Exp. 3 Day 1 (Φ) P < 0.01; Exp. 2
Day 2 different from Exp. 2 Day 1 (#) P < 0.01; Exp. 1 Extinction Day 2 dif-
ferent from Exp. 1 Extinction Day 1 (Ω) P < 0.01.

Figure 1. Experimental design. (A) All rats were placed into unlocked and locked wheels on alternating nights for four nights to equally familiarize rats
with mobile and locked running wheels. Three days following the last running opportunity, rats were exposed to contextual fear conditioning in Context A
by administering an unsignaled 1-sec, 0.8-mA footshock unconditioned stimulus (US) three times with a 1- min inter-trial interval (ITI). The following
evening, all rats were placed back into the familiar conditioning Context A for 15 min immediately followed by 2 h in either locked or mobile running
wheels. Contextual fear extinction followed by 2 h in locked or mobile wheels was repeated the following two evenings. One week following the last ex-
tinction trial, rats were placed into the conditioning Context A to assess long-term fear extinction memory. (B) All rats were placed into mobile and locked
wheels on alternating nights for four nights to equally familiarize rats with mobile and locked running wheels. Three days following the last running op-
portunity, rats were conditioned to fear a tone in Context A by coterminating a 10 sec, 80 dB tone conditioned stimulus (CS) with a 1-sec, 0.8-mA foot-
shock US four times with a 1-min ITI. The following evening, all rats were placed into a novel extinction Context B and exposed to the auditory CS 30 times
in the absence of the footshock US (1-min ITI). Immediately following fear extinction, rats were placed into either mobile or locked running wheels for 2
h. The fear extinction and running procedure was repeated the following evening, for a total of two nights of fear extinction following by either mobile or
locked conditions. The morning after the second fear extinction trial, half of the rats were placed into the familiar, extinction Context B and the other half
were placed into a novel Context C to test for fear renewal. (C). Experiment 2 was repeated with female rats with extinction consisting of 20 CS presen-
tations instead of the 30 CS presentations as in experiment 2. One week following the fear renewal test, rats were placed back into Context B to assess
long-term fear extinction memory.

Exercise and fear extinction
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Rats were again placed into their locked ormobilewheels for 2
h following the second fear extinction training session. Then, to
determine the effect of wheel running during consolidation of au-
ditory fear extinction on renewal of auditory conditioned fear, rats
were reexposed to the extinguished CS in either Context B (Same)
or a novel Context C (Different) the following day. Locked rats
displayed typical fear renewal, as Locked rats reexposed to the ex-
tinguished CS in a context different from where fear extinction
was learned exhibited more fear than Locked rats reexposed to
the CS in the same extinction context
(P < 0.05). Rats allowed to exercise during
the consolidation of auditory fear extinc-
tion; however, were protected from fear
renewal (interaction between Exercise
and Context: F(1,35) = 5.11, P < 0.05).
Distance run after the second fear extinc-
tion training session did not predict the
levels of freezing in either context during
the renewal test on Day 3.

Experiment 3: exercise during

consolidation of auditory fear

extinction fails to improve fear

extinction memory or reduce fear

renewal in females
Analyses of the freezing data during the
renewal test on Day 3 was consistent
with prior work (Lebron-Milad and
Milad 2012) suggesting that estrus phase
during fear extinction learning modu-
lates later retrieval of fear extinction.
Specifically, levels of freezing expressed
during the renewal test by rats that were
in metestrus and diestrus (Met&Di; n =
17) during initial fear extinction learning

on Extinction Day 1 differed from rats that were in proestrus and
estrus (Pro&E; n = 23) on ExtinctionDay 1. In contrast, estrus phase
during conditioning or renewal had no impact on freezing levels
during any behavioral test. Therefore, females were separated
into groups according to phase of the estrus cycle on the first day
of fear extinction training (Extinction Day 1). Photomicrographs
of vaginal cytology defining the estrus phases are shown in
Figure 5F–I.

Overall distance run on the secondwheel running familiariza-
tion day increased significantly from the first wheel familiarization
opportunity (main effect of time: F(1,105) = 54.297; P < 0.0001),
with female rats running significantly further than male rats
(main effect of experiment: F(3,105) = 17.456; P < 0.0001; Fig. 2A).
Unlike themales, the distance run during thewheel running famil-
iarization period did not predict levels of freezing during fear
conditioning in female rats. Rats exhibited low levels of fear prior
to the first CS–US pairing during conditioning (pre; Fig. 5A).
Freezing levels increased throughout CS–US pairings (F(3,108) =
45.63, P < 0.0001; Fig. 5A) for all rats regardless of subsequent estrus
cycle phase or subsequent wheel assignment.

Freezing levels in all groupswere negligible prior to thefirst CS
duringDay 1 of auditory fear extinction training inContext B (data
not shown). Freezing levels decreased across trials (F(4,144) = 76.28,
P < 0.0001; Fig. 5B) and did not differ between estrus phases or be-
tween rats subsequently placed into Locked or Mobile wheels. The
average running distance during wheel familiarization did not pre-
dict levels of freezing during the first fear extinction training
session.

Rats were placed into either locked or mobile wheels immedi-
ately following fear extinction. Post-fear extinction running dis-
tances did not differ between rats at different stages of the estrus
cycle, so running distances were averaged across all females
(Fig. 2B). Female rats ran significantly more than male rats during
the 2 h running opportunities following fear extinction (F(3,48) =
29.09; P < 0.0001). Additionally, female rats’ running distance
escalated across nights (P < 0.05), whereas the males maintained
running distances across subsequent post-extinction running op-
portunities (Fig. 2B). Despite the greater distances run by females,

Figure 3. Running after contextual fear extinction, but not running
alone, enhances long-term extinction memory. (A) Freezing levels in-
creased throughout US presentations during contextual fear conditioning
(three, 1-sec, 0.8-mA footshocks, 1-min ITI), regardless of subsequent
group assignments. (B) There was no significant difference in freezing
during the first fear extinction training session 1 d after conditioning
between rats subsequently placed in either locked (Locked) or mobile
(Mobile) running wheels. (C,D) Wheel running during the consolidation
of contextual fear extinction had no impact on fear extinction memory
during memory tests on Days 2 and 3. (E) Rats that ran after extinction ex-
hibited significantly less fear than those placed into locked wheels after ex-
tinction. Both Locked and Mobile rats that went through fear extinction
(Ext) froze significantly less than those that were not exposed to fear ex-
tinction (No Ext). Data displayed represent mean ± SEM; (*) P < 0.01.
(***) P < 0.0001.

Figure 4. Exercise enhances auditory fear extinction memory and blocks renewal in males. (A) Fear
increased throughout conditioning trials (four pairings of 10-sec, 80-dB, 2-kHz auditory CS coterminat-
ing with 1-sec, 0.8-mA footshock US) and was not different between rats subsequently assigned to
locked (Locked) or mobile (Mobile) wheel conditions. (B) Rats were placed into a novel extinction
context and exposed to 30 CS presentations (1-min ITI) in the absence of the US. Freezing decreased
throughout the extinction trials and did not differ between rats subsequently assigned to locked or
mobile conditions. (C) When reexposed to the CS in the extinction context, rats in the Mobile group
displayed significantly less fear behavior than those in the Locked group. (D) Locked rats placed into
a context different from that in which extinction was learned (Different) displayed typical fear
renewal. Rats placed into Mobile wheels after fear extinction were protected from fear renewal. Data dis-
played represent mean ± SEM; (*) P < 0.01.
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post-extinction wheel running did not facilitate auditory fear ex-
tinction memory in females. When reexposed to the auditory CS
in the extinctionContext B the evening following post-fear extinc-
tion running, freezing levels were similar between groups and all
rats demonstrated similar within-session extinction (F(4,144) =
8.91, P < 0.0001; Fig. 5C). Freezing within the first few trials of
the second fear extinction training session is considered extinction
memory retrieval (Bukalo et al. 2015; Do-Monte et al. 2015). Thus,
to verify that post-extinction running did not impact fear extinc-
tion memory, freezing during the first four trials of Extinction
Day 2 was analyzed separately. No differences between groups
were observed during the first four trials (data not shown).
Distance run after the first auditory fear extinction training session
did not predict levels of freezing during the second fear extinction
training session.

Rats in theMobile group were again allowed to run for 2 h fol-
lowing the second fear extinction training session. Then, to deter-
mine the effect of wheel running during consolidation of auditory
fear extinction on renewal of auditory conditioned fear, rats were
reexposed to the extinguished CS in either Context B (Same) or a
novel Context C (Different) the following day. Results are shown
in Figure 5D. Rats placed into the Different context the next day
displayed more freezing behavior than rats placed into the Same
context (F(1,32) = 14.40, P < 0.001), indicating renewal of fear in
the Different context. Rats in the Met&Di group displayed signifi-
cantly higher freezing levels compared with Pro&E rats (F(1,32) =
6.54, P = 0.01), regardless of context. Moreover, ANOVA revealed

an interaction between context and estrus phase (F(1,32) = 5.22, P
< 0.05), indicating that rats in the Met&Di group displayed signifi-
cantly more fear renewal than rats in the Pro&E group. Unlike
males, wheel running during the consolidation of auditory fear ex-
tinction had no effect on freezing levels during the renewal test in
females. Interestingly; though, the average running distance after
both extinction training sessions negatively correlated with freez-
ing levels in the Same context, but this association just missed sig-
nificance (R =−0.58, F(1,8) = 4.14, P = 0.07; Fig. 6D). No other
significant correlations between freezing and running distance
were found.

Rats were again reexposed to Context B 1 wk after the fear re-
newal test to determine if post-extinction wheel running facilitat-
ed long-term memory of auditory fear extinction. Neither context
on Day 3 of testing (Same vs. Different), phase of estrus cycle dur-
ing Day 1 of fear extinction training (Met&Di vs. Pro&E), nor
wheel running (Locked vs. Mobile) impacted freezing levels
when reexposed to the CS 1 wk later (Fig. 5E).

Discussion

Here we report the novel findings that a brief increase in physical
activity during the consolidation phase of fear extinction learning
can enhance fear extinction and render fear extinctionmemory re-
sistant to relapse. In males, wheel running during consolidation of
contextual fear extinction improved long-term memory of fear

Figure 5. Phase of estrus cycle, but not exercise, modulates fear renewal in female rats. Rats were grouped by phase of estrus cycle during fear extinction
learning (fear Extinction Day 1). (A) Fear increased throughout conditioning trials (four pairings of 10-sec, 80-dB, 2-kHz auditory CS coterminating with
1-sec, 0.8-mA footshock US), and was not different between rats subsequently assigned to locked (Locked) or mobile (Mobile) wheel conditions. (B) Rats
were placed into a novel extinction context and exposed to 20 CS presentations (1-min ITI) in the absence of the US. Freezing decreased throughout the
extinction trials and did not differ between rats in metestrus and diestrus (Met&Di) or proestrus and estrus (Pro&E) phases of the estrus cycle, or subse-
quently assigned to Locked or Mobile conditions. (C ) Freezing levels were similar between all groups and all rats demonstrated similar within-session ex-
tinction regardless of estrus phase or exercise condition. (D) Rats that were in Met&Di during fear Extinction Day 1 displayed typical fear renewal when
reexposed to the CS in a context different from where extinction was learned (Different). Rats that were in Pro&E during fear Extinction Day 1 were pro-
tected against the renewal of fear. (E) No differences between groups were observed when rats were reexposed to the CS in Context B 1 wk after the fear
renewal test. (F) Photomicrograph of vaginal cytology showing keratinized epithelial cells (white arrow) and leukocytes (black arrow) characteristic of met-
estrus. (G) Photomicrograph of vaginal cytology showing predominately leukocytes (white arrow) and nucleated epithelial cells (black arrow) with a
decrease in anucleated keratinized epithelial cells. (H) Photomicrograph of vaginal cytology showing small, round, often clumped mononucleated cells
(arrow) of relatively the same size. (I) Photomicrograph of vaginal cytology showing predominately anucleated keratinized epithelial cells. Data displayed
represent mean ± SEM; (**) P < 0.001.
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extinction, recall of which is influenced by spontaneous recovery.
Similarly, wheel running during the consolidation of auditory fear
extinction improved fear extinctionmemory and prevented the re-
newal of fear. In both cases, rats that ran the greatest distance dur-
ing the consolidation phase of fear extinction learning also tended
to have the strongest extinction memory. Exercise, however, only
improved fear extinction in males. In females, wheel running had
no impact on either fear extinction consolidation or renewal of
fear. However, females that ran the greatest distance during audito-
ry fear extinction consolidation did tend to have the strongest fear
extinctionmemory. Interestingly, females that learned fear extinc-
tion during proestrus and estrus phases of the estrus cyclewere pro-
tected against fear renewal. Alongwith prior data (Siette et al. 2014;
Mika et al. 2015; Powers et al. 2015), these results suggest that brief
exercise bouts could be used as an augmentation strategy for expo-
sure therapy, even in previously sedentary subjects. Fear memories
of discrete cues, rather than of contextual ones, may be most sus-
ceptible to exercise-augmented extinction, especially in males.
Moreover, exercise seems to have the biggest impact on fear relapse
phenomena, even if fear extinction memories themselves are only
minimally enhanced, as is the casewith contextual fear extinction.
Further research is warranted to determine the effectiveness of
exercise-augmentation of fear extinction in a clinical setting.

In experiment 1, post-extinction exercise only enhanced con-
solidation of contextual fear extinction when memory was as-
sessed 1 wk after the final extinction training session. This
observation differs from that of Siette et al. (2014), who observed
that Wistar rats allowed to run during consolidation of contextual
fear extinction had improved recall of fear extinction the next day.
One difference between our experiment and the Siette et al. (2014)
study is that rats in the current experiment had access to running

wheels for two active cycles prior to fear conditioning, whereas
the rats in the Siette et al. (2014) study were naïve to running
wheels. This prior brief access to running wheels may have made
the contextual fear memory more difficult to extinguish. Indeed,
only 2 d of wheel running increases BDNFmRNA in the hippocam-
pus (Neeper et al. 1995, 1996) and it is well established that wheel
running prior to conditioning enhances contextual fear condition-
ing (Van Hoomissen et al. 2004; Burghardt et al. 2006; Greenwood
et al. 2009; Kohman et al. 2012) and makes it more difficult to ex-
tinguish (Greenwood et al. 2009). Nevertheless, we did observe a
negative correlation between the distance run after extinction
training sessions 1 and 2 and freezing during the extinction mem-
ory tests on Days 2 and 3, as well as a significant improvement in
contextual fear extinction recall a week later. These observations
suggest that exercise can enhance the consolidation of contextual
fear extinction memory, even if the effect was not large enough to
be significantly different from locked controls during the initial
memory tests. That exercise enhances recall of contextual fear ex-
tinctionmemory aweek after the third fear extinction training ses-
sion is especially interesting, as fear expression at long-term
timepoints can be influenced by a number of factors in addition
to the strength of the fear extinction memory, including generali-
zation of the original fear memory (Wiltgen and Silva 2007), and
the spontaneous recovery of fear (Bouton 1993). Thus, our data
suggest that exercise during consolidation of contextual fear ex-
tinctionmay render fear extinctionmemory resistant to disruptive
effects that tend to increase conditioned fear responding over time,
even in the absence of improving short-term extinction memory,
per se. This effect of exercisemay be especially relevant to the long-
term efficacy of extinction-based exposure therapy.

Chronic wheel running begun after contextual fear condi-
tioning has been reported to reduce conditioned fear responding,
even in the absence of fear extinction (Akers et al. 2014; Ishikawa
et al. 2016). It was therefore important to determine whether the
reduction in freezing observed on Day 10 in rats that ran after con-
textual fear extinction was dependent on wheel running being
contingent with the consolidation of contextual fear extinction.
Mobile rats not exposed to fear extinction, but that ran an equiva-
lent time and distance to Mobile rats exposed to fear extinction,
displayed freezing behavior equal to Locked rats not exposed to
fear extinction (Fig. 3E), indicating that brief exercise sessions
did not themselves alter the later expression of conditioned freez-
ing. The reduction in freezing displayed by the Mobile rats on Day
10 is therefore dependent on exercise being contingent with the
consolidation of contextual fear extinction.

We have previously reported that wheel running during the
acquisition of auditory fear extinction reduces freezing to the CS
in a novel context 1 wk later (Mika et al. 2015). The design that
was used, however, rendered fear extinction memory indistin-
guishable from renewal and spontaneous recovery. Experiment 2
thus investigated whether exercise during the consolidation of au-
ditory fear extinction could both enhance fear extinction memory
and reduce fear renewal.We found that exercise during the consol-
idation phase of auditory fear extinction both enhances fear ex-
tinction memory and blocks fear renewal one day following fear
extinction. Rats that ran in the absence of extinction were exclud-
ed from this experiment because Experiment 1 revealed that brief
running bouts in the absence of fear extinction learning have no
effect on freezing (Fig. 4).

Interestingly, running distance during the wheel familiariza-
tion period prior to conditioningwas negatively correlated to freez-
ing during the acquisition of auditory conditioned fear (Fig. 6A).
Consistent with this observation, distance run during thewheel fa-
miliarization period was also negatively correlated to the strength
of the fear conditioning memory assessed by freezing during the
first four trials of the first fear extinction training session (Fig.

Figure 6. Correlations between running and freezing levels. (A) Average
running distance during running familiarization did not predict freezing
during contextual fear conditioning in experiment 1 (Exp. 1), but nega-
tively correlated with freezing during auditory fear conditioning in exper-
iment 2 (Exp. 2). (B) The average running distance during running
familiarization negatively correlated with freezing during the first four
tones of fear Extinction Day 1 in Exp. 2. (C ) There was a trend for the
average running distance following the auditory fear extinction sessions
to negatively correlate with freezing in the Same context during the fear
renewal test in females in experiment 3 (Exp. 3). (D) Average running dis-
tance after the first and second fear extinction training sessions negatively
correlated with average freezing levels during the second and third fear ex-
tinction training sessions (Exp. 1).
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6B). While short-term exercise has profound effects on the hippo-
campus (Neeper et al. 1995, 1996; Molteni et al. 2002), a structure
important for contextual fear conditioning (Rudy et al. 2002;
Matus-Amat et al. 2004; Chang and Liang 2016), less is known re-
garding exercise effects on the amygdala, a region critical for the
CS–US association formed during auditory fear conditioning
(Huff and Rudy 2004; Bergstrom2016).Moreover, the effects of ex-
ercise on auditory fear conditioning are not as well characterized as
contextual fear conditioning (Baruch et al. 2004; Falls et al. 2010).
To our knowledge, no prior researchhas investigated effects of only
a few days of wheel running on auditory fear conditioning.
Investigation of this question is warranted given the current
results.

Rats that ran after the first day of auditory fear extinction dis-
played significantly less fear during reexposure to the auditory CS
the following day. This is the first time, to our knowledge, that brief
exercise has been reported to improve the consolidation of audito-
ry fear extinction. Interestingly, the effect of exercise observed on
extinction training Day 2 was not observed again the next day in
the same context. Mobile rats did not freeze any less than Locked
rats when reexposed to the CS in the extinction Context B
(Same) during the fear renewal test onDay 3. This could be because
all rats had, by this time, been exposed to two prior fear extinction
training sessions, thus enabling Locked rats ample opportunity to
learn fear extinction in Context B and reducing the difference be-
tween Locked andMobile groups. Nevertheless, the fear extinction
memory strengthened by exercise was resistant to renewal. When
reexposed to the CS in an environment different from the extinc-
tion context, fear renewed in the rats placed into locked, but not
mobile, wheels after extinction (Fig. 4D).

It is difficult to determine whether post-extinction exercise
strengthens fear extinction memory consolidation or enables pro-
tection against memory disrupting effects. Conditioned freezing
measured 24 h following fear extinction is commonly used as an
index of fear extinction memory (Bukalo et al. 2015; Do-Monte
et al. 2015), despite the possibility that spontaneous recovery
could influence levels of freezing during the test. Nevertheless,
the biggest effects of exercisewere noted during long-termmemory
timepoints (Fig. 3E) or when fear renewal was promoted by reex-
posing rats to the extinguished CS in a new context (Fig. 4D). It
is therefore possible that exercise both enhances fear extinction
memory and renders the memory resistant to relapse phenomena.
Future work will be required to determine whether similar mecha-
nisms underlie these processes.

The mechanisms by which brief exercise could enhance fear
extinction are unknown, but could involve several factors sensitive
to brief exercise sessions, including increases in glucocorticoids,
endocannabinoids, glutamatergic, noradrenergic and/or dopami-
nergic signaling. Indeed, acute increases in each of these factors
can enhance fear extinction (for review, see Fitzgerald et al. 2014;
Myskiw et al. 2014; Singewald et al. 2015), although in some cases
the effects on fear relapse is not well established. The prefrontal
cortex (mPFC), particularly the infralimbic region, is well known
to be involved in fear extinction learning and memory
(Do-Monte et al. 2015;Giustino andMaren 2015), and it is possible
that exercise facilitates prefrontal mechanisms underlying extinc-
tion. Plasticity factors such as BDNF (Neeper et al. 1995) andmam-
malian target of rapamycin (Lloyd et al. 2017) are increased in the
mPFC following at least a few days of wheel running, although
whether a few hours of wheel running is enough to up-regulate
plasticity factors in the mPFC is unknown. If exercise enhances
fear extinction through mPFC mechanisms, one might expect
that the infralimbic region of the mPFC would be more active dur-
ing recall of fear extinction in exercising rats, as the infralimbic re-
gion is involved in fear extinction recall (Thompson et al. 2010;
Chang andMaren 2011) and has been reported to express high lev-

els of immediate early genes in rats with strong fear extinction
memory (Knapska and Maren 2009). Using cfosmRNA as a marker
of neural activation,Mika et al. (2015) found no evidence of poten-
tiated neural activity in the infralimbic region during recall of
relapse-resistant fear extinction memory in rats that exercised dur-
ing fear extinction acquisition, compared with locked-wheel con-
trols. However, enhanced fear extinction memory in rats that
exercised during fear extinction acquisition was associated with a
reduction in cfosmRNA in the prelimbic cortex, indicating that ex-
ercise could reduce the drive for fear initiated by the prelimbic re-
gion (Sierra-Mercado et al. 2011).

Mika et al. (2015) observed that the recall of relapse-resistant
fear extinction in rats that ran during fear extinction acquisition
was associated with potentiated activity of direct-pathway neu-
rons in the striatum. This activity was above that which would
be expected by locomotor activity or fear memory recall, suggest-
ing that it was the recall of the fear extinction memory and not
the reduction in freezing or fear response itself that was driving ac-
tivation of striatal direct-pathway neurons. These data suggest that
striatal direct-pathway neurons could be involved in the mecha-
nisms by which brief exercise facilities fear extinction learning
and reduces relapse. Although striatal direct-pathway neurons
are typically considered in the context of locomotor activity, re-
cent technical advances have revealed roles for these neurons in
emotional behavior (Kravitz and Kreitzer 2012; Lenz and Lobo
2013). Further research is required to determine how these neu-
rons could interact with other exercise signals and the canonical
fear circuitry.

Because exercise had a more robust effect on auditory fear ex-
tinction compared with contextual fear extinction, we used audi-
tory fear extinction to determine the effects of brief exercise on
fear extinction and relapse in females. Consistent with the litera-
ture (Kandasamy et al. 2016; Venezia et al. 2016), female rats ran
significantly more than male rats during both the familiarization
and post-extinction phases (Fig. 2). Despite this vigorous wheel
running, exercise neither enhanced the consolidation of auditory
fear extinction nor prevented fear renewal in females. These data
suggest that exercise might be amore useful strategy for augmenta-
tion of exposure therapy in males than in females.

It is well established that fear extinction learning andmemory
is dependent on the phase of the estrus/menstrual cycle in which
female rats and humans initially learn extinction (Milad et al.
2009; Daviu et al. 2014). Consistent with these prior data, we ob-
served that female rats that initially learned fear extinction in pro-
estrus and estrus, phases of the estrus cycle during which levels of
estradiol are highest, were protected against fear renewal (Fig. 5D).
Relatively high levels of estradiol during proestrus and estrus phas-
es could have contributed to this effect. Indeed, women with nat-
urally low or experimentally reduced estrogen have impaired fear
extinction (Zeidan et al. 2011;GrahamandMilad 2013), andmem-
ory deficits present when rats learn fear extinction during phases of
low estradiol can be prevented by preextinction estrogen receptor
agonist, or rescued by post-extinction estradiol (Chang et al.
2009; Zeidan et al. 2011). Activation of estrogen receptor ß in the
hippocampus 24 h prior to passive avoidance learning can increase
the generalization of the memory of the context in which passive
avoidance was learned to a neutral context (Lynch et al. 2014,
2016). It is possible that high estrogen levels during fear extinction
learning could similarly promote later generalization of the extinc-
tion memory, therefore, reducing the contextual dependency of
fear extinction. Given that no effects of exercise were observed in
females regardless of estrous phase in which females were tested,
it is likely that organizational effects of sex hormones underlie
the observed sex differences, rather than activational effects medi-
ated by the presence of sex hormones during adulthood. Future
studies should further investigate how organizational and
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activational effects of female sex hormonesmodulate the impact of
exercise on fear extinction learning and memory.

Collectively, the current data suggest that brief exercise ses-
sions could be a useful strategy to augment treatment for anxiety-
and trauma-related disorders to help prevent relapse. This set of ex-
periments further emphasizes the importance of investigating ma-
nipulations in females in addition to males, as we found that
exercise differentially impacts auditory fear extinction learning
and memory in male and female rats. These experiments expand
our knowledge of factors able to modulate fear extinction learning
and memory and provide building blocks upon which to further
characterize the mechanisms by which exercise modulates fear
extinction.

Materials and Methods

Subjects
Adult,male (N = 71, P∼ 54 on date of arrival) or female (N = 40, P∼
54 ondate of arrival) Long-Evans ratswere used for all experiments.
Animals were pair-housed in ventilated rat cages (45 W× 25.2 D ×
14.7 H cm) with ad libitum access to food (standard Rat Chow)
and water. The housing room was kept on a 12-h light–dark cycle
with lights on from 0700 to 1900 and temperature was main-
tained at 25°C. All procedures took place in the University of
Colorado Denver Auraria campus animal facility accredited by
the Association for Assessment and Accreditation of Laboratory
Animal Care. Animalswere allowed1wk to acclimate to their hous-
ing conditions before start of experimental manipulations. All rats
were gently handled once daily during the last 4 d of this acclima-
tion week. Care was taken to minimize pain and all protocols were
approved by the University of Colorado Denver Institutional
Animal Care and Use Committee.

Estrus cycle monitoring
After 1 wk of acclimation to the vivarium, vaginal lavages were
conducted every 24 h for five consecutive days in order to establish
cycle and habituate rats to lavage. Briefly, a sterile, blunt-tip eye-
dropper was used to flush the vagina with∼ 0.5 mL sterile filtered
0.2% PBS-Brij solution (Brij 35 Solution 30%; Sigma-Aldrich,
B4184) using the ventralmethod (Becker et al. 2005) to obtain vag-
inal epithelial cells. The fluid collected from lavageswas transferred
to a microscope slide and tissue was analyzed under bright-field at
400× (Olympus BX53). A single lavagewas again collected∼6 h pri-
or to fear extinction learning, immediately following the fear re-
newal test, and immediately following the long-term extinction
memory test to confirm phase of estrus cycle on these days.
Estrus cycle phase was determined by the morphology of the cells
collected during vaginal lavages as previously described (Cora et al.
2015). Briefly, proestrus consists of small, round, often clumped
mononucleated cells of relatively the same size (Fig. 5F), the estrus
phase is predominated by anucleated keratinized epithelial cells
(Fig. 5G), metestrus consists of anucleated keratinized epithelial
cells interspersedwith leukocytes (Fig. 5H), and diestrus is predom-
inated by leukocytes and nucleated epithelial cells with a decrease
in anucleated keratinized epithelial cells (Fig. 5I).

Wheel running
At the start of all experiments, rats were placed into preassigned
running wheels (1.1 m circumference; Lafayette Instruments) for
the duration of the dark (active) cycle for four consecutive nights.
On alternating nights, the wheels were rendered immobile so that,
in total, rats had two nights of voluntary running in mobile run-
ning wheels and two nights in immobile (locked) running wheels.
The purpose of this familiarization procedure was twofold: (1) to
ensure that both the mobile and locked-wheel environments
were equally familiar and (2) to increase running behavior after ex-
tinction, as in our experience rats lacking prior experience with a
running wheel run minimally. All wheel running activity was re-

corded with Activity Wheel Monitor software (Lafayette
Instruments).

Fear conditioning
Between 0800 and 1100, rats were placed into custom, rectangular
conditioning chambers (20′′ W×10′′ D× 12′′ H; Context A) with a
shock grid floor (Coulbourn Instruments) housed inside individual
sound-attenuating cabinets. Rats were transported to Context A in
their home cages. A fan located near the floor of the cabinets
provided ventilation and background noise and bright white lights
illuminated the chambers. For contextual fear conditioning
(Experiment 1), rats were allowed 5 min to explore the context, af-
ter which three footshock US (1 sec, 0.8 mA) were delivered with a
1-min ITI. For auditory fear conditioning (Experiments 2 and 3),
rats were allowed to explore the context for 3 min, followed by
four exposures to an auditory CS (10 sec, 80 dB, 2 kH), each coter-
minating with a 1-sec, 0.08-mA footshock US delivered on a 1 min
ITI. Auditory stimuli and footshocks were delivered through
Coulbourn tone generators and shock scramblers controlled via
Noldus EthoVision XT software through a custom interface. All
rats remained in the conditioning chamber for 1 min after the
last shock before being transported back to their home cages.
Chambers were cleaned with water between rats. Freezing behav-
ior, an innate fear response, was defined as the absence of all move-
ment except that required for respiration (Fanselow 1980) and was
used as the measure of fear in all behavior tests.

Fear extinction
Each fear extinction training session took place near the start of the
active (dark) cycle, to maximize running behavior of rats in the
Mobile group (Greenwood et al. 2011). Rats exposed to contextual
fear extinction (Experiment 1) were placed into context A for 15
min in the absence of the shock US. All transport, lighting, and
cleaning conditions were identical to fear conditioning. Rats ex-
posed to auditory fear extinction (Experiments 2 and 3) were
placed into a novel Context B that was either a custom Plexiglas
rectangular chamber (15′′ W×15′′ D× 20′′ H) with a textured floor
or a custom Plexiglas triangular chamber (15′′ sides × 20′′ H) with a
smooth floor. Rectangular and triangular Context B chambers
were counterbalanced so half the rats were exposed to fear extinc-
tion training in the rectangular chambers and the other half in the
triangular chambers. Context B was housed in the same
sound-attenuating cabinets used for conditioning, but all other
contextual features and discrete cues differed between contexts.
Rats were transported to the sound-attenuating chambers, which
included vanilla scent, in their assigned Context B custom
Plexiglas chamber. The fan within the chamber was turned off
and the room was dimly lit by a lamp outside of the sound-
attenuating chambers. Context B was cleaned with 10% ethanol
between rats. After a 3-min exploration period, the auditory CS
was administered 30 times (1-min ITI) in the absence of the foot-
shock US. Similar auditory extinction parameters have been used
previously in Long-Evans rats (Maren 2014).

Post-extinction wheel running
Immediately following contextual or auditory fear extinction, rats
were transferred to their familiar running wheels that were either
rendered immobile (Locked) or freely mobile (Mobile). Rats were
assigned to Locked or Mobile conditions based on freezing levels
during fear conditioning, such that freezing levels during condi-
tioning were balanced between wheel assignments. Rats were re-
turned to their home cages following 2 h of exposure to the
locked or mobile wheels. Rats in the “No Extinction” group were
placed in their assigned Locked or Mobile wheels for 2 h per night,
but were not exposed to fear extinction.

Fear renewal test
Between 0800 and 1100, rats exposed to auditory fear conditioning
and extinction were reexposed to the auditory CS in either the
same context used for extinction training (Context B; Same) or a
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novel Context C (Different). Rats were assigned to Same or
Different contexts based on freezing levels during fear extinction,
such that freezing levels during extinction were balanced between
groups. Rats assigned to the Different group were transported to
Context C in a novel inner Plexiglass chamber, so that rats extin-
guished in the square Plexiglass chamber were now placed into
the triangle, and vice versa. Context C consisted of a raspberry
scent, red box lights, a fan near the top of the behavior cabinets
was turned on, and chambers were cleaned with 1% acetic acid be-
tween tests. After a 3-min exploration period, the auditory CS was
presented four times (1-min ITI) in the absence of the footshock
US. Because fear renewal is the return of fear in contexts different
from where fear extinction was learned (Bouton and Ricker
1994), the difference in freezing between the Same and Different
contexts was considered fear renewal.

Procedures

Experiment 1: effects of acute exercise on extinction of contextual
fear conditioning
A timeline for the experiment is shown in Figure 1A. Prior to fear
conditioning, rats (N = 32 males) were exposed to the running
wheel familiarization procedure, so each rat spent two active cycles
in mobile, voluntary running wheels alternating with two active
cycles in the same locked running wheel. Three days following
the second running opportunity, rats underwent contextual fear
conditioning in Context A. During the following three evenings,
immediately prior to the dark (active) cycle, rats were reexposed
to Context A for 15 min in the absence of shock, in order to extin-
guish contextual fear. Each of the three, 15min extinction training
sessions was immediately followed by 2 h in familiar Locked (n =
11) or Mobile (n = 11) running wheels, so that rats in the Mobile
group ran in wheels during the consolidation phase of contextual
fear extinction. Rats were again exposed to Context A 1 wk follow-
ing the third contextual fear extinction training session in order to
assess the effects of post-extinction wheel running on long-term
extinction memory/spontaneous recovery of fear. An additional
cohort of rats were conditioned and placed into their assignedmo-
bile or locked runningwheels at the same time as the other rats, but
were not exposed to fear extinction training. This subset of Locked
(n = 5) orMobile (n = 5) rats was placed intoContext A on the dayof
the long-term extinctionmemory/spontaneous recovery test to as-
sess potential effects of running in the absence of fear extinction
training on subsequent freezing behavior.

Experiment 2: effects of acute exercise on extinction and renewal of auditory
conditioned fear in males
A timeline for the experiment is shown in Figure 1B. Three days fol-
lowing the second familiarization running opportunity, rats (N =
39 males) underwent auditory fear conditioning in Context
A. The following two evenings, immediately prior to the dark (ac-
tive) cycle, rats were exposed to auditory fear extinction training in
Context B immediately followed by placement for 2 h into their fa-
miliar Locked (n = 20) or Mobile (n = 19) running wheels, so that
rats assigned to the Mobile condition had the opportunity to run
during the fear extinction consolidation period. Themorning after
the second fear extinction training session, rats were again exposed
to the CS either in the extinction Context B (Locked Same n = 10;
Mobile Same n = 10) or in a novel Context C (Locked Different n
= 10; Mobile Different n = 9) to assess fear renewal.

Experiment 3: effects of acute exercise on extinction and renewal of auditory
fear conditioning in females
A timeline for the experiment is shown in Figure 1C. Experiment 2
was repeated except cycling females (n = 40 females) were used in-
stead of males. Since males and females have been reported to sim-
ilarly acquire auditory fear conditioning (Maren et al. 1994), female
rats in experiment 3 were administered the same number of CS–US
pairings during conditioning as male rats in experiment 2. Pilot

studies revealed that females displayed less freezing behavior dur-
ing fear extinction memory tests than males. Therefore, to help
avoid floor effects on freezing, females were exposed to 20 CS pre-
sentations during fear extinction training. A long-term fear extinc-
tion memory/spontaneous recovery test was added 1 wk after the
fear renewal test.

All behavioral tests were recorded with overhead cameras and
freezing was scored both by multiple experimenters blind to the
experimental conditions of the animals and by automated behav-
ioral analyses software (Noldus Ethovision XT) during both the CS
and the ITIs. Because regularly scheduled ITIs can become part of
the CS, and analyses indicated a lack of differential effects of exer-
cise on freezing during ITIs and CS, freezing during each CS and
subsequent ITI were combined and expressed as freezing during a
trial, as in prior work (Fitzgerald et al. 2015; Goode et al. 2015;
Mika et al. 2015).

Statistical analysis
Running distances were calculated using the Lafayette Instruments
Activity Wheel Monitor data management add-on for Microsoft
Excel, then total running distances were analyzed using ANOVA.
Percent time spent freezing was calculated by averaging freezing
data from individual experimenters blind to treatment condition
of the animals with immobility times obtained from Noldus
Ethovision XT. Preshock freezing for each test was averaged and
group differences were analyzed with ANOVA. Average freezing
across minutes during conditioning (Experiment 1) or across trials
during conditioning and extinction (Experiments 2 and 3) were
analyzed using repeated-measures ANOVA. Freezing scores within
each extinction session in Experiment 1 were averaged and group
differences compared using ANOVA. For renewal, freezing across
trials was averaged and compared using two-way ANOVA with
Exercise and Context conditions as factors. For long-term memo-
ry/spontaneous recovery tests, overall group means were analyzed
using ANOVA. Estrus phase was added as a factor in Experiment 3;
therefore, two-way repeated-measures ANOVAs (Exercise × Estrus
Phase) were used to analyze freezing during extinction days, and
a three-way ANOVA (Exercise × Context × Estrus Phase) was used
to compare group means during the renewal test. Simple regres-
sions were run to determine whether running distance during
the running familiarization phase or after fear extinction predicted
freezing levels during subsequent behavioral tests. Fisher’s least
significant differences post hoc analyses were performed when
appropriate. Group differences were considered different when
P≤ 0.05.
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