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Abstract

In order to effectively thwart predation, antipredator defensive behaviors must be matched to the current spatio-temporal
relationship to the predator. We have proposed a model where different defensive responses are organized along a predatory
imminence continuum (PIC). The PIC is a behavior system organized as a sequence of innately programmed behavioral
modes, each representing a different interaction with the predator or threat. Ranging from low threat to predator contact, the
PIC categorizes defense modes as pre-encounter, post-encounter, and circa-strike, corresponding to states of anxiety, fear,
and panic, respectively. This experiment examined if the same significant stressor caused overexpression of all defensive
responses along the PIC, including anxiety-like behavior, freezing, and panic-like responses. Female and male mice were
exposed to acute stress that consisted of a series of ten pseudorandomly presented unsignaled footshocks (or no shocks). Mice
were subsequently tested on a battery of tasks to assess stress effects on pre-encounter (anxiety-like), post-encounter (fear),
and circa-strike (panic-like) behaviors. Results revealed that following stress, mice exhibited increased anxiety-like behavior
shown through reduced average velocity within a modified open field. Furthermore, stressed mice showed increased fear
following a single footshock in a new context as well as an increase in reactivity to white noise in the original stress context,
with stressed mice exhibiting a more robust circa-strike-like response than controls. Therefore, significant stress exposure
influenced the defensive states of anxiety, fear, and panic across the predatory imminence continuum. This research could
therefore reveal how such responses become maladaptive following traumatic stress in humans.

Keywords Associative learning - Behavior systems - Fear conditioning - Nonassociative - Defensive behavior - Predatory
imminence continuum

Introduction

In a behavior systems approach, researchers take advantage
of the strengths of laboratory learning models with ethologi-
cal observations to define the organization of behavior that
reflects adaptive benefits to the animal (Domjan & Gutierrez,
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2019; Timberlake, 1994). Well-studied behavior systems
include both appetitive (food procurement and sexual behav-
ior) and aversive (defense) systems, which have opposing
basic rules in moving between system modes. In the defen-
sive behavior system, under conditions of threat such as
predation, an animal’s behavioral response becomes lim-
ited to adaptive species specific defense reactions (SSDRs;
Bolles, 1970). An influential model of SSDR selection well
conserved across species is the Predatory Imminence Con-
tinuum (PIC) theory (Fanselow & Lester, 1988; Perusini &
Fanselow, 2015). The PIC states that qualitatively distinct
defensive behaviors are matched to the spatial, temporal,
and psychological distance from physical contact with a life-
threatening situation. Each defense mode across the PIC has
a unique antecedent (causal) condition that engages a dis-
tinct set of behaviors. Increased risk of threat leads to modi-
fications in behavior in an effort to reduce the likelihood of
predation. For example, rodents freeze when they detect a
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predator but show a vigorous burst of activity to contact by
the predator. The three defense modes, pre-encounter, post-
encounter, and circa-strike, map well onto states of anxiety,
fear, and panic in both behavior and neural circuits in mam-
mals (Mobbs et al., 2009; Perusini & Fanselow, 2015).
Appropriate deployment of the Predatory Imminence
Continuum allows animals to adaptively match defensive
behavior to a particular threat, while protecting non-defensive
behavior to allow for foraging activities and other appeti-
tively motivated activities. However, prior experience with
significant threat or stressor exposure can alter an animal’s
future adaptation to threat and therefore shift their SSDR pat-
tern to increased defense-compromising behaviors satisfying
other needs. This is the basis of stress and trauma-related
disorders such as post-traumatic stress disorder (PTSD).
In some, significant trauma exposure can lead to elevated
defense states such as chronic hyperarousal and exagger-
ated reactivity to minor stressors and cues associated with
or generalized to the trauma (American Psychiatric Asso-
ciation, 2013). Animal models of stress-based fear learning
include the stress-enhanced fear learning (SEFL) protocol as
a model of PTSD (Perusini et al., 2016; Rau et al., 2005). In
this design, rodents in the stress condition are exposed to a
series of unpredictable, unsignaled footshocks (1 s/1 mA; 15
shocks for rats over 90 min, 10 shocks for mice over 60 min),
whereas controls are left undisturbed for the same amount
of time (Rajbhandari et al., 2018). Animals in both condi-
tions are later introduced to a novel context and receive a
single footshock, before returning to the home cage. When
tested for post-encounter defense (freezing behavior) in the
single-shock context, animals that have received the prior
stress exhibit robust and reliable exaggerated fear compared
to the non-stressed control group. Across various experi-
ments using the SEFL model, the initial significant stressor
exposure has effectively led to increased defensive pheno-
types including enhanced future fear learning (Perusini et al.,
2016; Poulos et al., 2015; Rajbhandari et al., 2018; Rau et al.,
2005), increased anxiety-like behavior in classical tasks such
as open field and elevated plus maze (Perusini et al., 2016),
exaggerated startle response (Perusini et al., 2016), and
even has modeled relevant comorbidities such as increased
voluntary alcohol consumption (Meyer et al., 2013). These
separate studies collectively show that a single significant
stress event alters an animal’s defensive state to enhanced and
exaggerated SSDRs across species, sexes, and the lifespan.
However, most research probing significant stress effects on
defensive state including pre-encounter, post-encounter, and
circa-strike-related behaviors take a between-state approach
to capture its effects on a single element in the continuum.
The present experiment sought to examine if exposure to
a prior stress event leads to overexpression of all defensive
responses along the PIC within-subject, including anxiety-
like behavior, freezing, and panic-like responses. Consistent
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with the SEFL model used in our lab (Rajbhandari et al.,
2018), following exposure to significant acute stress (or no
stress), mice were tested on a battery of tasks to assess stress
effects on pre-encounter (anxiety-like), post-encounter (fear),
and circa-strike (panic-like) behaviors, where testing for
each defense state occurred in order of increasing predatory
imminence (i.e., from potential danger to close contact). This
design provides a full picture of how the stress manipulation
affects defensive shifts across the PIC and addresses a gap in
the literature by linking shifts in defensive responding to prior
experience. Additionally, this approach adds to the field with
broad translational relevance for future mechanistic inves-
tigation of anxiety and stress-related disorders and reduces
the need for common between-state designs that investigate
anxiety-like, fear-like, and panic-like behaviors separately.

Methods
Subjects

Adult female and male C57BL/6J mice (Jackson Labs; n =
16, eight females, eight males) were individually housed
and maintained on a 12-h light/dark cycle with food and
water ad libitum. All experiments were performed during
the light phase of the light cycle. All animals were handled
~1 min/day for 4 days prior to the start of the experiments.
The experiment was conducted with approval from the Uni-
versity of California Los Angeles Institutional Care and Use
Committee (protocol #09-107).

Apparatus

Behavioral testing was conducted in MedAssociates fear-
conditioning chambers (30.5 X 24.2 x 21cm), controlled
by compatible VideoFreeze software (MedAssociates, St.
Albans, VT, USA). Contexts A and B differed on several
features including configuration of the chamber, physical
room location, transport method, grid floors, lighting condi-
tion, and odor. The experimental design is outlined in Fig. 1.

Stress manipulation

Mice were subjected to our significant stress protocol
adapted for mice based on our well-established stress-
enhanced fear learning model of fear sensitization (Perusini
et al., 2016; Rajbhandari et al., 2018; Rau et al., 2005). On
Day 1, mice were placed in a novel context chamber (Con-
text A) and after a 180-s baseline period were presented with
ten pseudorandom presentations of unsignaled 1 s/1.0 mA
footshocks over 1 h; no stress controls were placed in the
chamber for equivalent duration without shocks.



Learning & Behavior (2022) 50:339-348 341
Day 1 Day 2 Day 3-4 Day 5
Stress Manipulation Pre-encounter Post-encounter Circa-strike

Context A

()

Fig.1 Experimental design. Day 1, Stress manipulation: 10 or 0
unsignaled footshocks over 60 min in Context A. Day 2, Pre-encoun-
ter defense: Light gradient open field. Days 3-4, Post-encounter

Pre-encounter defense (anxiety)

Anxiety-like behavior was assessed on Day 2 using the
light gradient open field task (Godsil et al., 2005; Godsil
& Fanselow, 2004). Classical anxiety-like behaviors were
measured (locomotion, velocity, thigmotaxis), with the
addition of the sudden onset of a bright light at one end of
the rectangular arena that causes an activity response to the
change in environmental stimuli. The apparatus consisted of
a clear plastic rectangular open field (69 cm long X 34 cm
wide X 30 cm high) placed in the center of a small testing
room. A lamp was positioned outside each end of the arena,
facing down so as to not directly illuminate the inside of
the arena. LED bulbs were used to maintain temperature
during the light-on condition on the lit side of the arena. An
overhead camera recorded animal behavior throughout the
task onto a computer outside the testing room. Video was
analyzed using Ethovision software (Noldus; Leesburg, VA).
The open field was divided into four zones, where during the
light-on phase of the task, zone 1 was the brightest and clos-
est to the lamp, zone 4 was the darkest on the distal end from
the lamps, and zones 2 and 3 were of descending illumina-
tion along the gradient. The 12-min task was divided in three
phases. The mouse was placed in the center of the arena and
allowed to explore in the dark for the first 4 min. Then, the
lamps illuminated one side of the rectangular arena, creating
a gradient across the four zones. Mice explored during the
light-on phase for 4 min before the light turned off and the
animal explored for the remaining 4 min. Average velocity
and time spent in zones were analyzed across phases of the
12-min task. The light-on side was counterbalanced across
trials and conditions to eliminate any bias or side preference.
Anxiety-like behavior was measured by average velocity and
time spent in zones closest to and farthest from the light
during the light-on phase. Reduced velocity and more time
spent farthest from the light are interpreted as more pre-
encounter/anxiety-like behavior.

Context A

o/

W

defense: Single-shock fear conditioning and test in Context B. Day 5,
Circa-strike defense: Reactivity to white noise in Context A

Post-encounter defense (fear)

On Days 3—4, post-encounter defense was assessed and fol-
lowed our typical stress-enhanced fear learning procedure.
All groups were subjected to single-shock contextual fear
conditioning in a novel context (Context B) distinct from
the stress context (Context A). Mice were transported to
and placed in Context B and after a 180-s baseline period,
received a single 2 s/1 mA footshock, and removed from
the chamber 30 s later. Consistent with our SEFL protocol
in mice, we increase the duration of the single shock to 2 s
to reduce floor levels of fear conditioning for the no stress
groups (Rajbhandari et al., 2018). The next day, mice were
transported back to Context B and percent time freezing
was measured across an 8-min test. Freezing behavior was
scored using the VideoFreeze automated software (MedAs-
sociates, St. Albans, VT, USA). In this program, adjacent
frames are compared to assess amount of pixel change across
frames to produce an activity score. Freezing is scored by
a set threshold level manually calibrated to a highly trained
observer (MSF).

Circa-strike defense (panic)

The rodent circa-strike activity burst is characterized by
sudden and rapid flight and/or jumps in attempt to escape
contact with a predator (Fanselow & Lester, 1988). These
behaviors are readily observed in an already frightened
rodent when there is a sudden change in stimulus condi-
tion (Trott et al., submitted). Circa-strike defensive behavior
was assessed on Day 5 as reactivity to 75 dB white noise
in the stress context. We intentionally tested the mice in
the same stress context (Context A) rather than a neutral
context in order to assess a shift between pre-encounter
(cautious exploration) and post-encounter defense (freez-
ing) for the no-stress group, compared to the shift between
post-encounter (contextual freezing in the stress context) to
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circa-strike (activity burst) upon noise presentations. Mice
were transported back to the stress context (Context A) and
after 180 s were presented with 16 trials of 10 s/75 dB white
noise. Percent time freezing during the baseline period as
well as during the 10-s intervals preceding each noise trial
was measured.

Reactivity to noise was measured in three ways: peak
activity ratio (PAR), darting, and a velocity map. These
measures for circa-strike have been validated in other
studies from our lab and show strong support for nonas-
sociative, stimulus-elicited, flight-like circa-strike behavior
(PAR, darting, velocity analysis: Trott et al., submitted;
PAR: Fanselow et al., 2019). Changes in the magnitude of
response to noise and group differences between no stress
and stress conditions across metrics described below were
interpreted as effects of prior stress.

Peak activity ratio (PAR) We measured bursts of activity as a
ratio of the animal’s peak activity during a noise trial relative
to its peak activity during the same interval just prior to the
given trial. PAR was calculated using the raw Videofreeze
(MedAssociates) activity score, which compares the amount
of change in pixels between adjacent video frames collected
at 30 frames/s. We took the maximum activity score (i.e.,
the greatest degree of pixel change) during a designated
interval (10-s noise trial or pre-noise interval). PAR was
calculated as the maximum activity score (During Noise /
(During Noise +Pre Noise)), where During Noise = 10 s
Noise and Pre Noise = 10 s before that Noise trial. For this
measure, a value of 0.5 indicates there was no change in the
peak activity from before and during the noise trial. A PAR
approaching 1.0 indicates a vigorous burst of activity during
the noise trial that far exceeded its baseline.

Darting We also measured darting behavior as adapted from
Gruene et al. (2015). VideoFreeze video files were analyzed
with EthoVision XT (Noldus; Leesburg, VA, USA) to deter-
mine animal velocity across testing sessions in response to
stimulus presentation using a center-point tracking with
a velocity sampling rate of 3.75 Hz. Velocity data were
exported, organized, and imported to R (R Core Team) and
darts were detected using a custom R code with a minimum
velocity of 22.9 cm/s and a minimum interpeak interval of
0.8 s, with thresholds based on the 99.5th percentile baseline
velocity data from several prior experiments, and validated
with manual scoring of darts. Number of darts per noise
trial were transformed to be represented and analyzed as
dart rate (darts/min). PAR reflects the greatest amplitude
activity response, while darts reflect the frequency of large
movements.

Velocity map Additionally, we performed a microanalysis of
the magnitude of noise reactivity during the circa-strike test
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by binning velocity data into .533-s bins. Binned velocity
data were averaged across the early session (first four trials)
as well as the whole session (16 trials) surrounding each
trial (pre-stimulus period, Noise stimulus, post-stimulus)
to determine the temporal pattern of circa-strike reactivity
within and across white-noise presentations.

Data analysis

Behavioral data were analyzed in SPSS as a mixed-factors
ANOVA for stress condition and sex across time or trial.
When significant interactions were detected at p < 0.05,
contrasts for simple main effects were performed at each
timepoint.

Results
Stress manipulation

Percent time freezing during each pre-shock interval (10 s
prior to each shock trial) was analyzed by a mixed-factors
ANOVA for stress condition and sex across trials. A sig-
nificant stress x trial interaction was detected (F(9,108) =
16.673, p < 0.001). Stressed mice froze significantly more
than the no-stress group across trials 2—10, following the
first footshock (trial 2, p < 0.05; trials 3—10, p < 0.001).
Levels of freezing reached asymptotic levels for the stress
group (86-99% freezing trials 6—10) whereas the no-stress
group showed little to no freezing (6-13% trials 6-10), data
not shown. It should be noted that recorded levels of freezing
in the latter portion of the 1-h stress session for the no-stress
group are likely a reflection of sleeping or other inactiv-
ity rather than defensive freezing behavior. No other effects
were statistically significant.

Pre-encounter defense (Anxiety)

Average velocity (cm/s) in the open field was analyzed in
1-min bins across the 12-min task. A mixed-factors ANOVA
revealed a significant time x group effect (F(11,132) =
2.318, p = 0.012), and a main effect of sex (F(1,12) = 7.436,
p = 0.018). Post hoc comparisons for simple main effects
showed that stressed mice had reduced velocity during min
2 (t(14) = 2.091, p = 0.05), compared to the non-stressed
group, regardless of sex (Fig. 2a). The main effect of sex
showed that overall, females had higher velocity than males,
regardless of stress condition (Fig. 2b). No significant effects
were observed for time spent in zones across dark/light
phases of task.
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Fig.2 Pre-encounter defense: Light gradient open field. a A stress
X time interaction revealed that prior stress decreased exploration
velocity in the initial dark phase (*p = 0.015). b A main effect of sex
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Fig.3 Post-encounter defense: single shock fear conditioning.
a The stressed group showed reduced shock reactivity to the single
shock in context B (***p = 0.001). Open symbols represent females,
closed symbols represent males although there were no significant

Post-encounter defense (Fear)

All mice received single-shock contextual fear conditioning
in Context B, a novel context relative to the stress context.
No differences in freezing were detected during the base-
line period prior to the footshock, indicating no contextual
fear generalization to context B. Shock reactivity was ana-
lyzed by a two-way ANOVA for stress condition and sex as

(B) 100-
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revealed that female mice had higher velocity on average vs. males
(*p = 0.018), regardless of stress history (black squares = No stress;
red triangles = Stress)
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sex effects or interactions. b Prior stress increased freezing during
fear memory test the following day in context B; (**p = 0.003, main
effect Stress vs. No stress)

measured by the maximum motion index (largest activity
score during shock) for the single 2-s footshock in context
B, and revealed a significant main effect of stress (F(1,12)
= 21.346, p = 0.001), where stressed mice showed reduced
reactivity to the shock relative to the no-stress group.

The next day, mice were returned to Context B and tested
for freezing to the context associated with the single shock
across an 8 min test. When analyzed across 1 min time bins,
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a mixed-factors ANOVA revealed a significant effect of time
(F(7,84) = 4.448, p < 0.001), where freezing levels dynam-
ically changed across the 8 min (see Fig. 3b). There was
also a significant main effect of stress condition, where the
stressed group showed significantly higher levels of freezing
during the test compared to the no-stress group (F(1,12) =
14.465, p = 0.003).

Circa-strike defense (Panic) On day 5, all mice were
returned to Context A and received 16 presentations of 10
s/75 dB white noise across a 30-min session. During the
baseline period prior to the first trial of white noise, we
found a main effect of stress (F(1,12) = 36.128, p < 0.001),
where the stressed group exhibited significantly higher lev-
els of freezing in the stress context relative to the no stress
group (Fig. 4a). Additionally, we analyzed freezing behav-
ior across the session during the 10-s pre-noise interval for

each trial. While there was no significant change in freez-
ing for time across the session, we saw a significant main
effect of stress where the stress group had higher levels of
freezing relative to the no stress group (F(1,12) = 79.259,
p < 0.001), indicating stressed animals remained in post-
encounter defense across the session between white-noise
trials (Fig. 4b).

Circa-strike, or flight-like/panic-like behavior was meas-
ured in 3 ways (Peak Activity Ratio, Frequency of Dart-
ing and Velocity). For peak activity ratio (PAR) across
the white-noise trials a mixed-factors ANOVA for sex,
group, and trial revealed a significant main effect of group
(F(1,12) = 102.01, p < 0.001) and a main effect of sex
(F(1,12) =7.831, p = 0.016). Stressed animals showed sig-
nificantly higher PAR across the session of white-noise tri-
als compared to the non-stressed group, who showed little
change in reactivity to the noise (Fig. 4c). The significant

(A) o (B) (©)
-~ No Stress
80 AA inns -+~ Stress
o st T G| 1.00
i T + Ar 1/ 2
L= - 80 4 AN / s ¥ Ry
§ %0 F- g rf{/ {_}{\[ A\.\-J \ I & 015 "
L A | T > :
o 40 5 | = 0.50
w . & i3
o\o 20 o\° -Q 0.25+
| [gzz] :
o- ° L L L LB L L 0.00
No Stress Stress NESEEEALI/JIOLSES 1“&\"@’\""\"\‘*1\‘\\2‘
10s6c pre noise Interval
10- First 4 trials averaged 16 trials averaged
- -@- No Stress 20 20~
8 —~+ Stress — — NoSwess 405 noise S — NoS¥est 405 noise
§,s_‘ —— Strees §1s- — Stress
E‘O" ~10
§ 5 § 54
w 0
> > Mﬂk%___‘
, , . 0o Y v 0o y T
JIOLHEL x‘b\*)‘i‘q\\\\‘x\q{;\l\:;\%@ @Yr ,\#’ﬁ ‘«3’. y:: P &\’:
Trial 5 S 4 T
Q“o Qd'\ Q\b Q("}

Fig.4 Circa-strike defense: Reactivity to white noise in stress
context. a The stressed group showed increased baseline freezing
during the first three minutes in Context A (***p < 0.001). Open
symbols represent females, closed symbols represent males although
there were no significant sex effects or interactions. b Stress group
showed robust freezing in Context A between trials of 75 dB white
noise (¥**p < 0.001 Stress vs. No Stress). ¢ Prior stress increased
reactivity to trials of 75 dB white noise as measured by peak activ-
ity ratio. The no-stress group showed little reactivity to white noise.
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(***p < 0.001 Stress vs. No Stress.) d No differences between groups
for dart rate across noise trials. € Micro bins (0.533 s) velocity traces
for pre-stimulus, noise, and post-stimulus period averaged for the first
four trials. Prior stress reduced velocity during pre-stimulus period
and robustly increased peak velocity at onset of noise period. f Veloc-
ity traces averaged for all 16 trials of session. e, f Note similar pat-
terns for groups across stimulus periods and differences in magnitude
between early session (e) and whole session (f). The shaded area rep-
resents the 10-s noise period
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effect of sex shows that regardless of stress condition,
males showed a higher PAR than females overall (Online
Supplemental Material (OSM) Fig. S1).

For darting analysis, a mixed-factors ANOVA for
darts/min across the 16 trials of white noise revealed a
significant effect of trial F(15, 180) = 6.742, p < 0.001,
where all groups showed the greatest dart rate at the start
of the session that consistently decreased across the ses-
sion (Fig. 4d). No other effects were significant for darting
behavior.

A close look at velocity data during the circa-strike test
revealed robust differences in activity evoked by white noise.
Given that darting behavior was highest early in the session
(Fig. 4d), we analyzed velocity data averaged across the first
four trials of the noise session. A mixed-factors ANOVA
revealed a significant time x group interaction (F(75,900)
= 11.323, p < 0.001) where during the pre-stimulus period,
velocity was lower in the stress group compared to the no-
stress group, indicative of freezing behavior (pre-stimulus
time bins, p < 0.05 for stress vs. no stress). Then velocity
peaked during the first bins (first 2 s) of the noise period and
showed another smaller peak midway through the stimu-
lus then decreased to more stable levels (stress vs. no-stress
differences at noise stimulus bins 1-4, 11-13, and 17-18,
p < 0.05; Fig. 4e). The second peak midway through the
noise period in the stress group may reflect a second circa-
strike-like activity burst in a subset of the animals. We also
observed a significant time x sex interaction (F(75,900) =
1.501, p = 0.005), where females generally had higher veloc-
ity near the middle of the noise stimulus (~4 s) (see OSM
Fig. S1B).

When the 16 trials were averaged across the ses-
sion (Fig. 4f), a mixed-factors ANOVA revealed persis-
tent results with a significant time x group interaction
(F(75,900) = 11.8, p < 0.001) where the stressed group
again showed lower velocity throughout the averaged
pre-stimulus period (p < 0.05 for bins during pre-stim-
ulus period) and had an initial peak at the beginning and
towards the end of the noise stimulus (noise stimulus bins
1, 3—4 (first 2 s), as well as towards the end of the noise
stimulus at bins 12, 19, 21 (during ~6 and 9 s; see Fig. 4f).
We also found a significant time x sex interaction (F(75,
900) = 2.069, p < 0.001), showing a difference in veloc-
ity between males and females during the averaged noise
period consistent with the first four trials where females
had higher velocity around the middle of the noise trials
(~3—4 s; see OSM Fig. S10).

Peak velocity for the stressed group was greater (~15
cm/s) during the early session (first four trials) relative to
the average of all 16 trials (~6.3 cm/s), perhaps indicating
habituation of this response across trials.

Discussion

These data show that stress exposure influences defen-
sive behavior across the predatory imminence continuum
affecting the modes of pre-encounter, post-encounter, and
circa-strike. A significant stressor exposure of ten unsig-
naled footshocks led to increased anxiety-like behavior
in the light gradient open-field task, reduced response to
shock and increased freezing following single-shock fear
conditioning, and increased panic-like responses to 75
dB white noise when placed back in the stress context in
female and male mice.

This study is an extension to our stress-enhanced fear
learning (SEFL) model (Rajbhandari et al., 2018; Rau et al.,
2005) with an application to the predatory imminence con-
tinuum first described in the 1980s (Fanselow & Lester,
1988). According to the PIC, when an animal leaves its nest
to forage for food, predatory potential increases and the ani-
mal enters the pre-encounter defense mode. Pre-encounter
defense is characterized in part by cautious exploration,
stretched-approach postures, and reorganized meal patterns
by way of increased meal size and reduced time foraging
(Fanselow et al., 1988). It is possible that cautious explora-
tion is reflected by the reduced velocity of movement in the
open field of stressed mice. Behavioral assays of general
exploration in a novel environment are classical tests of anx-
iety-like behavior, reflecting pre-encounter defense. In the
current study we showed that prior stress resulted in reduced
velocity in the early phase of novel open-field exploration,
suggesting that stress increases the extent of pre-encounter
defense when placed in a novel environment.

In the same animals, following single mild-shock con-
textual fear conditioning, prior stress led to increased
duration of freezing behavior, the topographical behavior
representing post-encounter defense in rodents. We also
observed reduced shock reactivity to the single shock
in the stressed group compared to no stress, which may
reflect an analgesic response as a result of prior stress in a
heightened pre-encounter defense state (Fanselow, 1984b;
Lester & Fanselow, 1985). The change from slow velocity
exploration to freezing following administration of a foot-
shock reflects the switch in topographical behaviors from
pre- to post-encounter defense. In the case of post-encoun-
ter defense, the context where the single shock occurred
reflects the cue that signals an aversive encounter. This
finding is consistent with a recent paper by Hassien et al.
demonstrating that a prior footshock stressor supports both
associative and non-associative fear (Hassien et al., 2020)
as well as our SEFL model of fear sensitization (Perusini
et al., 2016; Poulos et al., 2015; Rajbhandari et al., 2018).

Finally, the same animals were returned to the initial
stress context and exposed to several brief presentations
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of 75 dB white noise. During the baseline period prior to
the first noise exposure, not surprisingly the stressed group
displayed robust freezing behavior compared to little
freezing in the no-stress group, indicative of post-encoun-
ter defense state, i.e., associative contextual fear from the
initial stressor experience. When exposed to trials of novel
white noise, freezing animals in the stress group displayed
vigorous bursts of activity including running, jumping,
or “darting” behavior, indicative of rapid defense mode
switching from post-encounter to circa-strike behavior.
This phenotype was measured in several ways. We devel-
oped an index called the peak activity ratio (PAR), which
reflects the sudden change in motion from just prior to the
stimulus onset to maximum motion during the noise pres-
entation for each trial (Fanselow et al., 2019). We found
that while the no-stress group showed a PAR that hovered
around 0.5 for the duration of the session, indicating no
change from baseline activity, the stressed group showed
robust elevation in PAR throughout the duration of the
session, indicating heightened reactivity to 75 dB white
noise in the stress context. However, the different levels
of pre-stimulus activity between the two stress conditions
likely reflect the different amounts of freezing between
the groups, which could possibly influence the detected
differences in PAR. We also measured the frequency of
darting behavior, a measure adapted from Gruene et al.
(2015). This measure applied a velocity threshold based
on multiple series of experiments in our lab under similar
conditions in mice (Trott et al., submitted). Under this
definition, we did not observe differences in the frequency
of darting behavior between stress and no-stress condi-
tions. The finding that stress had a greater impact on PAR
than Darts suggests that stress impacted the magnitude
more than the frequency of activity bursts.

Additional support for the hypothesis that stress affected
the magnitude of the noise-evoked activity burst comes from
the microanalysis of velocity across white noise trials. We
analyzed velocity across the pre-stimulus, noise, and post-
stimulus period across each trial in the circa-strike noise test
in bins of 0.533 s. This analysis revealed that while stressed
animals showed reduced velocity during the pre-stimulus
period across trials, they displayed robust and peak velocity
at the onset of the noise stimulus (within the first second)
that was greatest at the beginning of the session (first four
trials, Fig. 4e). These measures emphasize the transition in
defense-mode switching between post-encounter to circa-
strike upon a sudden stimulus change, that does not have
to be conditioned, or a painful stimulus (Fadok et al., 2017;
Fanselow, 1984a; Hersman et al., 2020). Regardless of the
influence that differences in freezing across trials had on
PAR effects, the velocity analysis adds a clear picture of
noise-evoked change in activity early (Fig. 4e) and across the
whole session (Fig. 4f), because unlike PAR it is an absolute
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measure of the response and is not taken relative to baseline,
as is PAR. Taken together, the current findings demonstrate a
novel approach to assessing how prior stress leads to a con-
sistent shift in defense mode transition from pre-encounter,
to post-encounter, to circa-strike in quantifiable behaviors.

This study used both female and male mice, and did
not find any significant sex X stress interactions. This sup-
ports the generalizability of the effects of prior stress on
PIC defense state shifts across the sexes. However, we do
acknowledge the small group sizes accounting for sex (n =
4/sex/condition) that may limit the detection of sex effects
and interactions, which will be a focus of future evaluation
in our model. Still, we did observe some main effects of sex
that were not dependent on stress history. In the light gradi-
ent open-field task for pre-encounter (anxiety-like behavior),
and during the noise stimulus period during the white noise
test for circa-strike, we saw increased velocity a few sec-
onds following the peak velocity burst in females relative to
males across averaged trials (yet males showed higher over-
all PARSs). The pre-encounter finding is not surprising given
that, in general, adult female rodents tend to ambulate more
than males (Archer, 1975; Valle & Bols, 1976). One study
on conditional fear behavior suggested that females display
increased rates of CS-elicited darting behavior (Gruene
et al., 2015), which may reflect a lowered threshold to tran-
sition from post-encounter to circa-strike when an animal
is in a heightened fearful state. However, non-associative
effects were not addressed in that study. Nonetheless, reports
from our lab and others ( Fanselow et al., 2019; Totty et al.,
2021; Trott et al., submitted) found no such sex differences
on these circa-strike-related behaviors. In fact, in the cur-
rent study we observed that male mice had an overall higher
PAR than females (Day 5), regardless of stress history. Other
studies from our lab in both rats and mice echo similarities
between sexes across these behavior systems and support
the generalizability of significant stress causing shifts across
defense modes.

An important aspect of behavior systems is that prior
learning has a profound impact on subsequent responses
to species-typical cues, such as in the Pavlovian modifica-
tion of sexual behavior (Domjan & Gutierrez, 2019). Using
the behavior systems framework, the substrate for learning
involves an integrated complex of behavior modes to achieve
a significant biological function (Domjan & Gutierrez,
2019). In both appetitive and defense systems, the ultimate
biological function is evolutionarily adaptive in survival and
species maintenance. In contrast to Timberlake’s view on the
structure of behavior systems (Timberlake, 1994), Domjan’s
approach on sexual behavior centers on characterizing learn-
ing systems (Domjan & Gutierrez, 2019). Prior to a learning
event, the organization of unconditional behavior systems
are organized in a hierarchical system of behavior modes.
For both food and mate seeking, these modes are organized
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as general search, focal search, and consummatory behavior,
where the organism’s goal is moving toward terminal modes.
The defense system is the opposite, organized as described
in the PIC, where antipredator behavior is directed at mov-
ing away from terminal modes (predator contact in circa-
strike). In both systems prior learning influences response
modes. Domjan’s body of work illustrates how Pavlovian
conditioning shapes the sexual behavior system as a result of
prior sexual experience (Akins et al., 1994; Burns & Dom-
jan, 2001; Domjan, 1994; Domjan & Gutierrez, 2019). The
current study supports this stance in the defense behavior
system where prior experience with stress creates an adap-
tation in response across defense modes that is context-
dependent as demonstrated in the circa-strike test, which
was conducted in the major stress context. This outcome has
also been shown in fish with prior predation experience in
increasing survival rates and fast-start swimming behavior
(Fu et al., 2019), which may reflect a circa-strike SSDR. The
behavior systems framework provides a platform to study
and organize how organisms acquire evolutionary adaptation
and promote survival.

While activation of the defense system is useful for sur-
vival in an acute life-threatening setting, there is notable
evidence that prior significant stress can come at a cost and
is the basis of stress and trauma-related disorders. Decades
of research on the behavioral and neurobiological effects of
significant stress have shared the ongoing collective goal to
better understand the underlying consequences of trauma-
related disorders (Battaglia & Ogliari, 2005; Cohen et al.,
2013; Goswami et al., 2013; Lister, 1990). Thus, while we
are not the first to show that significant acute stress affects
anxiety-like, fear, and panic-like behaviors in an animal
model, this is the first study to demonstrate how stress
causes a consistent shift across modes of defense within
subjects. Our approach, which addresses changes across the
topographically organized modes in the defense behavior
system, allows a comprehensive picture on how a primary
manipulation affects relative states of anxiety-like, fear, and
panic-like behaviors relevant to clinical mental health condi-
tions. While the behavior systems approach was developed,
primarily, to understand the rules by which animals adopt
specific behavioral topographies, it may also be useful in
advancing understanding of clinical states. For example,
Bouton et al. (2001) applied the predatory imminence con-
tinuum to anxiety disorders and suggested that post-encoun-
ter states may potentiate panic reactions. Here we saw that
panic responses only occurred in animals that were in a con-
text that had a strong association with shock.

The predatory imminence continuum defines the defen-
sive behavior system across organized topographical behav-
iors. The current study integrates features and concepts from
decades of research on behavior systems and learning theory
and proposes a novel and efficient approach to study the

behavioral and neurobiological consequences of significant
stress. Empirically, we showed consistent shifts in defense-
mode switching in a behavior protocol designed to assess
changes in defense response strategy across the PIC. Impor-
tantly, this system is highly conserved across species and
can provide a framework for studying human mental health
conditions that affect defensive states such as anxiety, fear,
and panic (Bouton et al., 2001; Mobbs et al., 2009; Perusini
& Fanselow, 2015). This research could therefore work to
reveal how such responses become maladaptive in human
clinical populations following traumatic stress, potentially
leading to a shift in defense state toward higher levels of
predatory imminence and greater defensive intensity.
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