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Dissociable contributions of the amygdala and
ventral hippocampus to stress-induced changes in
defensive behavior
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e Stress induces changes in both associative and non-
associative defensive behaviors

e Increases in stress sensitivity and anxiety-related behavior

are non-associative

e Basolateral amygdala (BLA) is required for heightened stress

sensitivity

e Ventral hippocampus (VHC) is required for increased anxiety-

related behavior
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In brief

Impacts of stressful life events are often
attributed to memories of stress-
associated cues. Pennington et al.
demonstrate that increased anxiety-
related behavior and sensitivity to novel
stressors resulting from a stressful life
event are independent of these
memories. They find that the amygdala
and hippocampus contribute differently
to these behaviors.
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SUMMARY

Stress can have profound consequences on mental health. While much is known about the neural circuits
supporting associative memories of stressful events, our understanding of the circuits underlying the non-
associative impacts of stress, such as heightened stress sensitivity and anxiety-related behavior, is limited.
Here, we demonstrate that the ventral hippocampus (VHC) and basolateral amygdala (BLA) support distinct
non-associative behavioral changes following stress. Inhibiting stress-induced protein synthesis in the BLA
blocked subsequent increases in stress sensitivity but not anxiety-related behaviors. Conversely, inhibiting
stress-induced protein synthesis in the vHC blocked subsequent increases in anxiety-related behavior but
not stress sensitivity. Inhibiting neuronal activity in the BLA and vHC during the assessment of stress sensi-
tivity or anxiety-related behavior recapitulated these structures’ dissociable contributions to defensive
behavior. Lastly, blocking the associative memory of a stressor had no impact on stress-induced changes
in anxiety-related behavior. These findings highlight that multiple memory systems support the long-lasting

effects of stress.

INTRODUCTION

Animals display evolutionarily conserved defensive responses in
immediate response to stressful and life-threatening events,
including changes in heart rate and respiration, stress hormone
release, and behavioral initiation of fight, flight, and freezing.1‘6
If sufficiently strong, stressful events can also instantiate persis-
tent changes in how animals interact with their environment.
Perhaps most extensively studied are associative fear re-
sponses, in which animals engage in defensive behaviors such
as freezing and/or flight when re-exposed to environmental
cues present at the time of the initial stressful experience.’’~'?
However, after severe stress, animals also display alterations
in foraging and exploration in uncertain environments® '3
(often referred to as anxiety-related behavior), as well as height-
ened responses to future stressful events.'*'” These long-last-
ing defensive behavioral changes are fundamental to anxiety dis-
orders, which include fear of stress-related cues, heightened
stress responses, and reduced environmental engagement,
and are frequently predated by the experience of severe
stress, 8"

It is often assumed that many of the defensive behavioral
changes observed in the aftermath of stress are fundamentally

associative in nature—animals could be responding to either
cues that were directly present at the time of stress or stimuli
resembling these cues to some degree (i.e., stimulus generaliza-
tion).??° For example, it is well documented that startle re-
sponses are potentiated by the presence of associative fear
cues,®'* suggesting that associative stimuli may drive height-
ened responses to aversive events after stress. Moreover, it is
possible that following stress, alterations in exploration in anxi-
ety-related behavior tests such as the elevated-plus maze could
be accounted for by shared features with the environment in
which the stressor took place. Lastly, several reports document
altered associative fear learning and generalization in humans
with anxiety disorders.?*#*%3357 |n light of these findings,
broad emphasis has been placed on associative learning pro-
cesses governing the lasting consequences of stress. However,
the explanatory reach of an associative framework has its limits.
Pre-weanling rodents incapable of forming associative fear
memories have nevertheless been found to display increased
anxiety-related behavior in adulthood, as well as heightened re-
sponses to subsequent aversive experiences.'® Moreover, ex-
tinguishing fear of stress-associated cues does not necessarily
mitigate sensitized responses to new stressors.'>***° These
findings highlight the persistence of some stress-induced
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behavioral phenotypes despite weak associative fear, indicating
a potential dissociation. As such, it could be the case that multi-
ple memory systems—associative and non-associative—sup-
port the enduring consequences of stress on defensive behavior.
However, a direct biological dissociation of such memory sys-
tems has remained elusive. If discovered, this would have broad
implications for the treatment of anxiety disorders, potentially
explaining why treatments focused on associative processes
are ineffective in some individuals.***

Here, we explore the contributions of stress-induced plasticity
within the ventral hippocampus (vHC) and basolateral amygdala
(BLA) to the enduring impacts of stress on associative and non-
associative defensive behaviors. Neuronal activity within both
the BLA and vHC is well known to regulate defensive behav-
iors.**° However, whether stress-induced plasticity within
these structures acts in concert to support a common defensive
behavioral process or whether they support distinct defensive
behavioral changes is unclear. Furthermore, a direct comparison
of these structures’ contribution to associative and non-associa-
tive defensive processes is lacking. We find that plasticity and
neuronal activity within the BLA and vHC support separate non-
associative defensive behavioral changes in response to stress
and that the interaction of these structures is not essential to
the expression of these same stress-induced defensive behav-
ioral changes. These findings demonstrate unique functions of
these structures and support the view that multiple memory cir-
cuits underlie stress-induced defensive behavioral changes.

RESULTS

Acute severe stress produces multiple lasting changes
in defensive behavior

We first sought to establish a behavioral protocol in which a sin-
gle acute stressor produces lasting changes in multiple defen-
sive behaviors, adapting a prior model that has been used exten-
sively in mice and rats'*'%°5°8 (Figure 1A). Animals were placed
in a distinct environment where they received 10 footshocks dur-
ing a 10-min period (Figure 1B, “trauma” [T]) or in the same envi-
ronment but did not receive footshocks (“no trauma” [NT]). A
week later, multiple defensive behaviors were assessed. To
assess associative fear, animals were returned to the trauma
environment (trauma recall). As expected, trauma-exposed ani-
mals spent a large amount of time freezing (Figure 1C; trauma:
Fi52 = 121.6, p < 0.001). In the light-dark box, an exploratory
test that captures rodents’ natural avoidance of well-lit places
and is sensitive to anxiolytics,”>®° trauma-exposed animals
showed increased anxiety-related behavior, reflected in more
time spent in the dark side of the light-dark box (Figure 1D;
trauma: F4 50 =19.7, p < 0.001). Lastly, we assessed the animals’
stress sensitivity by placing the animals in a novel environment,
in which they showed virtually no freezing at baseline (Figure 1E,
left; trauma: F4 50 = 2.6, p = 0.11). Aloud auditory startle stimulus
was then presented. When returned to this environment the next
day, trauma-exposed animals showed substantially more
freezing and evidence of stress sensitization (Figure 1E, right;
trauma: Fy 50 = 16.1, p < 0.001). Importantly, we demonstrate
that all of these defensive behavioral changes—in associative
fear, anxiety-related behavior, and stress sensitization—are pro-
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portional to the magnitude of the initial trauma (Figure S1). Addi-
tionally, although sex differences are common among anxiety
disorders,®"*® we found no behavioral differences between
male and female mice in the dependent variables examined (Fig-
ure S1). Lastly, although stress sensitization is often termed
stress-enhanced fear learning,'® learning curve analyses re-
vealed that enhanced learning likely reflects heightened sensi-
tivity to aversive stimuli as opposed to an enhanced learning
rate (Figure S2).

Next, as a preliminary means of addressing if these defensive
behaviors convey information about unique biobehavioral pro-
cesses, we correlated these phenotypes in a large group of
trauma-exposed animals (vehicle-treated control animals in
Figures 2F-2J), as high inter-phenotype correlations would sug-
gest shared biological origins. We found relatively small correla-
tions between behavioral tests, with large amounts of variance in
each being unexplained by the others (Figures 1F-1H; trauma
recall and light-dark: R?=0.04, p =0.19; trauma recall and novel
stressor: R = 0.19, p < 0.01; light-dark and novel stressor: R? =
0.13, p = 0.32). Though each of these measures is likely subject
to imperfect test-retest reliability, these findings nevertheless
suggest that these phenotypes may be independently governed.

Stress-induced protein synthesis in the BLA and vHC
produces distinct changes in non-associative defensive
behavior

In order to assess how stress-induced plasticity supports persis-
tent changes in defensive behavior, we utilized post-stress
administration of the protein synthesis inhibitor anisomycin, as
protein synthesis is known to support the consolidation of
many forms of memory and regulate synaptic plasticity.®*°°
Furthermore, because manipulations of protein synthesis can
be done after a learning experience, they provide a means of dis-
rupting the consolidation of a memory without altering its initial
encoding.

To validate that the emergence of the observed defensive
behavioral changes is indeed supported by stress-induced pro-
tein synthesis, we first assessed the effects of systemically admin-
istering anisomycin at various time points after trauma
(Figures 2B-2E). Animals underwent trauma and were given ani-
somycin either immediately after trauma (T: ani (Oh)) or 48 h later
(T: ani (48h)). Alternatively, animals underwent trauma but were in-
jected with vehicle (T: veh), or they were placed in the same envi-
ronment but did not receive trauma and were treated with vehicle
(NT: veh). During the initial trauma, groups receiving the trauma
did not differ in their level of freezing, indicating no pre-existing dif-
ferences existed between groups (Figure 2B; group: Fz 43 = 2.8,
p = 0.07; group x shock: Fag430 = 0.7, p = 0.78). A week later,
as expected, relative to no-trauma controls, trauma-exposed an-
imals treated with vehicle exhibited associative fear in the trauma
recall test (Figure 2C; to5 = 10.5, p < 0.001), increases in anxiety-
related behavior in the light dark-test (Figure 2D; ts3g = 4.8,
p < 0.001), and heightened fear of the novel stressor environment
(Figure 2E; tp97 = 4.1, p < 0.001). Anisomycin administration
immediately after trauma reduced all of these stress-induced
defensive behaviors relative to trauma-exposed animals given
vehicle (Figures 2C-2E; trauma recall: tys4 = 9.5, p < 0.001;
light-dark test: t36.1 = 2.8, p < 0.01; novel stressor: t336 = 3.4,
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Figure 1. Acute stress produces multiple lasting changes in defensive behavior

(A) Animals were exposed to an environment in which they received 10 footshocks (trauma [T]) or were placed in the same environment and received no foot-
shocks (no trauma [NT]). A week later, they were tested for associative fear of the trauma environment, anxiety-related behavior in the light-dark test, and their
response to a novel stressor in a new environment to assess stress sensitization.

(B) Trauma-exposed animals displayed high levels of post-shock freezing during the trauma.

(C) Trauma-exposed animals displayed strong associative fear of the trauma environment.

(D) Trauma-exposed animals displayed increased anxiety-related behavior in the light-dark test.

(E) Trauma-exposed animals did not differ in baseline levels of freezing when initially placed in the environment of the novel stressor (left) but displayed increased
fear of the novel stressor environment when returned to this environment the next day, evidence of stress sensitization (right).

(F) Correlation between trauma recall and anxiety-related behavior in light-dark test.

(G) Correlation between trauma recall and novel stressor response.

(H) Correlation between anxiety-related behavior in light-dark test and novel stressor response.

For (B)—(E), NT = 25 (13 female) and T = 31 (16 female) mice. For (F)-(H), T = 40 mice. *p < 0.05, **p < 0.01, and ***p < 0.001. Error bars reflect standard error of the
mean.

p < 0.01). However, anisomycin given 48 h after trauma did not  ders (Figures 2F-2J).”°""® Mice had indwelling cannulas im-
reduce defensive behaviors relative to trauma-exposed animals  planted above either the BLA or vHC (Figure 2J; see Figure S3
given vehicle (Figures 2C-2E; trauma recall: t133 = 0.1, p = 0.95;  for placement in all animals). After surgical recovery, animals
light-dark test: to47 = 0.2, p = 0.83; novel stressor: t;o = 0.7, then underwent trauma and immediately thereafter received
p = 0.49). Therefore, protein synthesis occurring just after trauma intracranial infusions of anisomycin or vehicle. Alternatively,
appears critical to the induction of the observed defensive they experienced no trauma and were treated with vehicle. Ani-
phenotypes. mals treated with vehicle in the BLA and vHC showed no behav-

Next, we assessed the impacts of targeting trauma-induced ioral differences and are collapsed here into a single group (Fig-
protein synthesis specifically in the BLA or vHC, regions previ- ure S3). Prior to vehicle/anisomycin treatment, no differences
ously linked to regulating defensive behaviors and anxiety disor- ~ were observed in freezing during the trauma session for animals
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Figure 2. Stress-induced protein synthesis in
the BLA and vHC supports distinct changes
in defensive behavior
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that underwent trauma (Figure 2F; group: F» 76 = 1.1, p = 0.33;
group x shock: Fug 760 = 0.5, p = 0.96). As anticipated, relative
to no-trauma controls, trauma-exposed animals treated with
vehicle exhibited a strong associative fear response (Figure 2G;
t407 = 11.5, p < 0.001), heightened anxiety-related behavior in
the light-dark test (Figure 2H; t47.5 = 5.5, p < 0.001), and height-
ened fear of the novel stressor (Figure 2I; t47.6 = 5.8, p < 0.001).
These behaviors were differentially affected by blocking trauma-
induced protein synthesis in the BLA and vHC. In the trauma
recall test, anisomycin in either the BLA or vHC was effective
at reducing associative freezing relative to trauma controls (Fig-
ure 2G; BLA: tsg9 = 8.2, p < 0.001; VHC: t44 = 4.2, p < 0.001),
though anisomycin in the BLA did so to a greater extent (Fig-
ure 2G; BLA-ani vs. vHC-ani: t3p5 = 2.4, p = 0.02). In the light-
dark test, anisomycin in the vHC greatly attenuated trauma-
induced increases in anxiety-related behavior (Figure 2H;
togo = 3.1, p < 0.01). However, anisomycin in the BLA was
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vehicle (veh). A week later, they were tested for
associative fear of the trauma environment, anxiety-
related behavior in the light-dark test, and their
response to a novel stressor in a new environment.
(B) No differences were observed between trauma-

Novel Stressor
(stress sensitization)

E exposed animals during the initial trauma.

(C) Anisomycin given systemically immediately after
trauma, but not 48 h later, reduced associative fear
of the trauma environment.

(D) Anisomycin given systemically immediately after
trauma, but not 48 h later, reduced anxiety-related
behavior in the light-dark test.

(E) Anisomycin given systemically immediately after
trauma, but not 48 h later, reduced stress sensiti-
zation.

(F) No differences were observed between trauma-
exposed animals during the initial trauma.

(G) Anisomycin in the BLA and vHC reduced asso-
ciative fear of the trauma environment.

(H) Anisomycin in the vHC, but not the BLA, reduced
anxiety-related behavior in the light-dark test.

(I) Anisomycin in the BLA, but not the vHC, reduced
stress sensitization.

(J) Example placement of cannula injectors in the
BLA and vHC for intracranial infusions.

For (B)—(E), anisomycin/vehicle was administered
systemically either immediately (Oh) or 48 h (48h)
after trauma. For (F)—(J), anisomycin/vehicle was
administered directly into either the BLA or vHC
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f § 5 5 (B-E), NT: veh = 17 (5 female), T: veh = 19 (5 female),

s & 5 T: ani (Oh) = 20 (5 female), and T: ani (Oh) = 10 (5
>

female) mice. For intracranial infusions (F-J), NT:
veh = 23, T: veh = 40, T: ani-BLA = 19, and T: ani-
VHC = 20 mice. Half of the vehicle-treated animals
had a cannula in the BLA and the other half in the
VHC. *p < 0.05, **p < 0.01, and ***p < 0.001. Error
bars reflect standard error of the mean. Statistics
are presented in the main text.

without effect (Figure 2H; t44.9 = 1.1, p = 0.28). Lastly, anisomycin
in the BLA was able to block the enhanced sensitivity to a novel
stressor, whereas anisomycin in the vHC was without effect (Fig-
ure 21; BLA: ts64 = 4.1, p < 0.001; VHC: t46 = 1.6, p = 0.12).
Notably, the dose of anisomycin used here was found to alter
memory consolidation and protein synthesis but not memory
expression, suggesting it did not acutely influence neuronal ac-
tivity (Figure S4). Moreover, although the dosing regimen used
was found to alter memory consolidation when given immedi-
ately after a learning event, it had no long-term deleterious im-
pacts on future learning, indicating that no permanent damage
was produced by anisomycin administration (Figure S4).

These findings highlight that while stress-induced protein syn-
thesis in the BLA is paramount for associative fear and height-
ened stress sensitivity, it is not necessary for alterations in anx-
iety-related behavior. Conversely, stress-induced protein
synthesis in the vHC is essential for increased anxiety-related
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behavior, and to a lesser extent associative fear, but not height-
ened stress sensitivity. Importantly, the finding that blockade of
protein synthesis in the BLA produced a profound impairment in
associative fear of the trauma environment but no detectable ef-
fect on the light-dark test further suggests a dissociation be-
tween anxiety-related behavior and associative fear. In the
same vein, the fact that blockade of protein synthesis in the
vHC reduced associative fear but did not alter stress sensitiza-
tion indicates that these phenotypes are also dissociable.

Neuronal activity in the BLA and vHC supports distinct
stress-induced defensive behaviors

The prior findings indicate that stress-induced protein synthesis
within the BLA and vHC supports the induction of distinct post-
stress defensive phenotypes. However, neuronal activity in both
regions could potentially still be necessary at a later time point to
express changes in stress sensitivity and anxiety-related
behavior. To evaluate this possibility, we next used a chemoge-
netic system’“ to inhibit either the BLA or vHC during testing of
associative memory recall, anxiety-related behavior, and stress
sensitization.

We first verified that administration of the agonist CNO-dihy-
drochloride (cno) was able to inhibit the neuronal activity of cells
expressing the HM4D receptor in the BLA/VHC. A pan-neuronal
virus expressing HM4D was infused into either the BLA or vHC
(Figure 3A). Recording from these neurons in slices approxi-
mately 1 month later, we found robust inhibition of HM4D-ex-
pressing cells when cno was applied to the bath (Figure 3B;
HM4D+ cells: pre-post: F4 10 =137, p <0.001, and pre-post x re-
gion: F4 10 = 0.4, p = 0.52; HM4D— cells: pre-post: F; 1 = 0.2,
p = 0.76).

We next tested whether neuronal activity within the BLA and
VHC is necessary for trauma memory recall (Figures 3C-3E). An-
imals expressing HM4D in either the BLA or vHC underwent
trauma (Figure 3D), and a week later, their associative recall of
the event was assessed—first during a drug-free, baseline test
and then after receiving an injection of saline (veh) or cno
(8 mg/kg, intraperitoneal [i.p.]). As expected, inhibition of either
the BLA or vHC reduced freezing levels relative to baseline (Fig-
ure 3E; cno: F4 14 =33.5,p <0.001; cno xregion: F1 14=3.2,p =
0.1), whereas vehicle-treated animals did not show altered
freezing levels (Figure 3E; veh: F4 12 = 2.8, p = 0.12; veh x region:
F1,14=2.2, p = 0.16). These findings mirror our protein synthesis
results and are consistent with prior results showing that the ac-
tivity of both the BLA and vHC is important for associative fear.”®

Then, to assess the contributions of BLA and vHC neural activ-
ity to the expression of enhanced anxiety-related behavior and
stress sensitivity after trauma, a virus expressing HM4D was
infused into the BLA/VHC, or a control virus expressing EGFP
was infused (Figure S5). Controls with EGFP in the BLA or vHC
were collapsed into a common control group (EGFP: BLA/VHC;
see Table S1 for comparisons of BLA/VHC controls). A month
later, all animals underwent the trauma procedure (Figure 3F).
Notably, no behavioral differences were observed during the
initial trauma, suggesting that expression of the receptor alone
had no effect on the acquisition or expression of conditioned
fear (Figure 3G; group: Fogs = 0.2, p = 0.82; group x shock:
F20,650 = 0.6, p = 0.84). Additionally, when animals were placed
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in the trauma environment a week later, drug-free, no group dif-
ferences in freezing were observed (Figure 3H; group: F2 65 =0.1,
p = 0.88). Consistent with our finding that stress-induced protein
synthesis in the vHC supports enhancements in anxiety-related
behavior, inhibition of the vHC produced a dramatic decrease
in time spent on the dark side in the light-dark test (Figure 3l;
to9.0 = 3.3, p < 0.01), whereas inhibition of the BLA was without
effect (Figure 3I; t458 = 0.4, p = 0.71). Conversely, in the test of
stress sensitization, animals in which the BLA was inhibited froze
less than controls (Figure 3J; t41.7 = 2.8, p < 0.01), whereas inhi-
bition of the vHC was without effect (Figure 3J; t404 = 0.7,
p = 0.52).

To confirm the reliability of these findings, utilizing a different
chemogenetic receptor,’® we replicated the findings that BLA
activity supports heightened stress sensitivity, whereas the
vHC supports heightened anxiety-related behavior, and both of
these structures support associative memory recall (Figure S6).
Moreover, to test whether our finding that the vHC selectively
contributes to anxiety-related behavior is generalizable, we
tested the impacts of inhibiting the BLA and vHC across anxi-
ety-related behavior tests (light-dark, elevated-plus maze, and
open field), as each test is likely to tap into slightly different
cognitive/behavioral processes. Although slight differences
were observed across tests and chemogenetic systems, we
broadly found that inhibiting the vHC, but not the BLA, was
able to reduce anxiety-related behavior (Figure S7).

In summary, inactivation of the BLA/VHC mirrored the effects
observed with protein synthesis inhibition, such that the BLA
supports heightened stress sensitivity and the vHC supports
enhanced anxiety-related behavior. Therefore, it appears that
at the levels of both protein synthesis and neuronal activity,
changes in stress sensitivity and anxiety-related behavior are
supported by different neural substrates.

Inhibiting reciprocal BLA-vHC connections fails to alter
stress sensitivity and anxiety-related behavior

Above, we have demonstrated that stress-induced protein syn-
thesis and subsequent neuronal activity within the BLA and
VvHC support distinct defensive behavioral changes. This is
incredibly surprising, given that the BLA and vHC share recip-
rocal monosynaptic connections,””~’ and prior reports indi-
cating these projections support at least some defensive behav-
iors in stress-naive animals.”®®' That said, both the BLA and
vHC contain output neurons that project to distinct downstream
structures,”” 7889782 and there is evidence that these projections
can contribute to different defensive processes.®’ Therefore, it
may be that stress-induced changes in anxiety-related behavior
and stress sensitivity are not dependent upon BLA-vHC connec-
tivity. To test this possibility, we used a retrograde viral approach
to selectively inhibit cells in the BLA that project to the vHC, or
vice versa. A cre-expressing retrograde adeno-associated virus
(AAV) was injected into either the BLA or vHC, and a cre-depen-
dent HMA4D virus or a control virus expressing only mCherry was
injected into the other structure (Figure 4A; animals with mCherry
in the BLA and vHC were collapsed into a single group; see
Table S1 for comparisons of BLA/VHC controls). A month later,
animals underwent the trauma protocol previously described,
and BLA-vHC projections were inhibited during the light-dark
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Figure 3. Neuronal activity in the BLA and
VHC supports distinct stress-induced defen-
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test as well as during the novel stressor (Figure 4B). As expected,
with both structures “online,” the groups did not differ in their
response to the initial trauma (Figure 4C; group: F230=0.1,p =
0.91; group x shock: Fxg 300 = 0.7, p = 0.74), nor did they differ
in the trauma recall test (Figure 4D; group: Fa30 = 1.9, p =
0.17). What is striking is that selective inhibition of either projec-
tion did not alter anxiety-related behavior in the light-dark test
(Figure 4E; group: F2 30 = 1.1, p = 0.35). Similarly, inhibiting either
projection did not alter the response to the novel stressor in the
test of stress sensitization (Figure 4F; group: Fo30 = 2.2, p =
0.13). Consequently, it appears that the reciprocal connections
between the BLA and vHC do not play a pivotal role in these spe-
cific stress-induced changes in defensive behavior.

DISCUSSION

Associative learning frameworks —in which cues present at the
time of a stressor come to drive behavior—have dominated
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how we study the impacts of stress on fear and anxiety disor-
ders. Consequently, immense gains have been made in our un-
derstanding of the biological basis of associative fear learning,
as well how these associations are extinguished. However, rela-
tively little attention has been paid to non-associative learning
processes governing stress-induced changes in defensive
behavior. Here, utilizing a combination of targeted protein syn-
thesis inhibition, chemogenetic inhibition, and projection-spe-
cific inhibition strategies, we demonstrate that the BLA and
vHC differentially contribute to stress-induced changes in defen-
sive behavior. Specifically, we find that although both structures
contribute to associative learning and recall about a stressful
event, they have dissociable contributions to non-associative
learning processes: the BLA supports heightened sensitivity to
subsequent aversive events, whereas the vHC supports in-
creases in anxiety-related behavior. These findings highlight
how associative and non-associative memories may be formed
for a single stressful experience and suggest that the BLA and
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Figure 4. Reciprocal BLA-vHC connections do not support stress-induced changes in anxiety-related behavior or stress sensitivity

(A) Projection-specific targeting of BLA cells projecting to the vVHC, or vice versa, was accomplished by infusing a cre-expressing retrograde virus into the
projection target structure and cre-dependent HM4D/control virus into the projection origin structure. EGFP-expressing virus was co-infused into the projection
target to confirm surgical placement.

(B) Animals underwent trauma and a week later were tested for associative fear of the trauma environment, anxiety-related behavior in the light-dark test, and their
response to a novel stressor in a new environment. BLA-vHC connections were inhibited via cno administration prior to the light-dark test, as well as prior to the
novel stressor.

(C) No group differences were observed during the initial trauma.

(D) No group differences were observed during the trauma recall test.

(E) No group differences were observed during the light-dark test of anxiety-related behavior.

(F) No group differences were observed during the novel stressor test for stress sensitization.

mCherry = 11, BLA—VvHC = 11, and vHC — BLA = 11 mice. *p < 0.05, **p < 0.01, and **p < 0.001. Error bars reflect standard error of the mean. Statistics are
presented in the main text.

behavior,”°-81-8°

VHC can participate in distinct brain networks to regulate defen-
sive behaviors.

A wealth of literature supports the notion that the BLA and vHC
regulate defensive behaviors.**">* In light of reciprocal connec-
tions between these structures,””®># it is often thought that
stress-induced plasticity within the BLA and vHC, as well as their
coordinated neuronal activity, subserves a common defensive
process (or processes). While evidence exists that the connec-
tivity of these structures plays an important role in defensive

our findings demonstrate that this is not always
the case.

First, stress-induced protein synthesis within the BLA was
found to be critical to subsequent enhancements in stress sensi-
tivity, whereas stress-induced protein synthesis within the vHC
had no bearing on this defensive phenotype. Conversely,
stress-induced protein synthesis within the vHC, but not the
BLA, was found to support heightened anxiety-related behav-
iors. Therefore, the fundamental structural plasticity that
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supports these behavioral changes appears to emerge from
distinct brain regions.

Second, it could be the case that neuronal activity within a
brain region is necessary to express a particular behavioral
change, even when plasticity in that region was not required
for that behavioral change to come about. For instance, plasticity
in an upstream region (e.g., the vHC) may result in subsequent
neural activity changes in a downstream region (e.g., the BLA),
which are, in turn, necessary for a given behavior (e.g., anxi-
ety-related behavior). Ruling out this possibility, we found that
suppressing neural activity within the BLA and vHC had doubly
dissociable impacts on the expression of these behavioral
changes. Inhibiting neural activity in the BLA was able to block
the heightened response to aversive stimuli observed after an
initial stressor, whereas inhibition of the vHC was without effect.
Similarly, inhibiting neural activity in the vHC was able to block
stress-induced changes in anxiety-related behavior, while inhibi-
tion of the BLA was without effect. Accordingly, at the levels of
both plasticity and neuronal activity, the BLA and vHC appear
to differentially regulate these behaviors.

The above findings are surprising, given the reciprocal mono-
synaptic connections between the BLA and vHC. In light of this,
we attempted to replicate the effects of BLA/VHC inhibition, this
time targeting only neurons in the BLA that project to the vHC or
only neurons in the vHC that project to the BLA. Consistent with
the hypothesis that the BLA and vHC regulate these behaviors
independently, inhibition of either projection was without effect.
Therefore, it seems that alternative projections emanating from
the BLA and vHC support these behavioral changes. In the
future, we hope to identify these targets, as well as the broader
brain networks supporting changes in stress sensitivity and anx-
iety-related behavior.

Regarding the lack of effect of inhibiting BLA-vHC connections,
it could be that polysynaptic connectivity between the BLA and
vHC might instead support changes in stress sensitivity and anxi-
ety-related behavior. Careful consideration of our experiments tar-
geting activity in the BLA and vHC with a pan-neuronal promoter
suggests otherwise. If polysynaptic connectivity between the
BLA and vHC were critical to stress sensitivity and anxiety-related
behavior, then inhibition of either structure would be expected to
disrupt both behaviors. However, this was not the case.

The dissociation of the contributions of the BLA and vHC to the
defensive behaviors studied here is not entirely without prece-
dent, although side-by-side comparisons of their functions are
limited. For instance, despite the large amount of literature on
the role of the BLA in associative fear learning,?'"#%%4.85789
several studies have reported that inhibition of the BLA is without
effect on exploratory anxiety-related behaviors,”®:°°-? although
discrepancies also exist.”® Additionally, a recent report found
that optogenetic stimulation of projections from the vHC to the
BLA do not regulate anxiety-related behavior.?’ This corrobo-
rates the hypothesis that the vHC regulates exploratory anxi-
ety-related behavior through its connections with other down-
stream structures, such as the hypothalamus®”°*° or medial
prefrontal cortex.*® While stimulation of BLA terminal fibers in
the VHC has been found to alter anxiety-related behavior,”®
this may reflect a general effect of exciting the vHC as opposed
to the natural role served by BLA to vHC efferents. Indeed, we
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were unable to alter anxiety-related behavior via chemogenetic
inhibition of vHC-projecting BLA neurons. Together, these re-
sults broadly suggest that the vHC may regulate exploratory anx-
iety-related behavior in a manner distinct from its connections
with the BLA.

Our findings also add to existing evidence that associative
and non-associative impacts of stress are biologically distinct.
Blockade of stress-induced protein synthesis in both the BLA
and vHC was able to impair the acquisition of associative fear
for the context of an initial stressor, and blockade of activity
within either structure was similarly able to impair associative
memory recall. Importantly, if the observed changes in anxi-
ety-related behavior and stress sensitivity were dependent
upon the associative memory of the stressor, then blocking
associative memory for the stressor should impair their
expression. However, manipulations of the BLA potently
reduced associative fear but did not affect increases in anxi-
ety-related behavior. Similarly, manipulations of the vHC
reduced associative fear but did not interfere with stress
sensitization. Additionally, it does not seem that these dis-
crepancies are a matter of thresholding (e.g., manipulations
of the BLA did not alter the associative memory enough to
alter anxiety-related behavior). Blockade of stress-induced
protein synthesis in the BLA was more effective at reducing
subsequent associative fear of the stressor context than
blockade of stress-induced protein synthesis in the vHC.
Nevertheless, blocking protein synthesis in the vHC reduced
subsequent anxiety-related behavior, whereas the same
manipulation in the BLA did not. Therefore, it seems that
each of these defensive phenotypes—associative memory,
heightened stress sensitivity, and anxiety-related behavior—
reflect distinct plasticity mechanisms.

Protein synthesis within the BLA was necessary for the acqui-
sition and expression of both heightened associative memories
of a stressful event and the heightened sensitivity to novel
stressors after prior stress. Furthermore, these two phenotypes
were correlated, albeit weakly. It may be argued that these
defensive phenotypes are one in the same. Prior evidence, as
well as data presented here, stands in opposition to this possibil-
ity. First, extinction of the associative memory for an initial
stressor has been found to leave the enhanced response to a
second stressor intact.’>*%%° Second, early-life stress at a
time point when rodents are not able to form associative mem-
ories nevertheless leaves animals with heightened responses
to subsequent stressors in adulthood. ' Third, pharmacological
blockade of NMDA receptors during an initial stressor, which
produces near-complete loss of the associative memory for
that event, does not reduce heightened responding to subse-
quent aversive events.'® Lastly, here we show that inactivation
of the BLA and vHC was able to equivalently impair trauma mem-
ory recall, but only inactivation of the BLA was able to alter the
heightened sensitivity to a novel stressor. Therefore, despite
both phenotypes’ dependence upon the BLA, associative mem-
ory for a stressor and the enhanced responding to subsequent
stress are dissociable. It could be that synapse- and
ensemble-specific plasticity within the amygdala supports the
associative memory for a specific stressor, whereas a broader
form of non-associative plasticity within the amygdala supports
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sensitized stress responses. Future studies will disentangle how
plasticity within the amygdala supports these two forms of
learning.

In closing, these results shed light on how stress-induced
plasticity within the BLA and vHC supports the formation of
defensive behavioral phenotypes relevant to neuropsychiatric
illness. Furthermore, they highlight just how distinct memories
of stressful events might be. Similar to the separate memory sys-
tems in the brain supporting episodic and procedural learning of
the same event, we find that different defensive behaviors
induced by stress are supported by distinct brain regions. This
has important clinical implications for the treatment of anxiety
disorders and other stress-associated mental health conditions.
First, it suggests that clinically targeting one stress-induced
defensive behavior, or the circuits that support that behavior,
may leave others wholly unaffected. Perhaps some of the exist-
ing gaps in treatment result from a failure to adequately target the
spectrum of defensive processes altered in these conditions.
Second, by understanding the relationship between specific
defensive behaviors and their biology, we may make greater
headway in the treatment of these conditions. For instance,
associative learning processes are more likely affected in some
mental health conditions (e.g., post-traumatic stress disorder
[PTSD]), while anxiety-related behaviors might be more affected
in others (e.g., generalized anxiety disorder), and these differ-
ences undoubtedly covary with different neuronal patterns.
Indeed, it is known that different anxiety disorders are not only
symptomatically different but are characterized by unique brain
activity patterns.”’ By understanding these inter-relationships,
we may more rapidly find the appropriate key to unlock the
door to recovery for stress-associated mental health conditions.

Limitations of the study

We have examined one of the most commonly utilized stressors
(contextual fear conditioning with high-intensity footshock) and
its lasting impacts on subsequent defensive behaviors. This
stressor was utilized because, unlike other commonly utilized
acute stressors (e.g., restraint, forced swim), it provides a robust
and reliable metric of associative fear that can be parametrically
manipulated. This gave us the ability to systematically study the
circuit mechanisms supporting associative vs. non-associative
impacts of stress. Additionally, the brief nature of this stressor
allowed us to readily intervene in the memory consolidation pro-
cess (as opposed to chronic stressors that have a more
protracted consolidation). Although future studies will be neces-
sary to determine how our results generalize to other forms of
stress, we hope these findings elevate the idea that the conse-
quences of stress can be supported by divergent plasticity pro-
cesses, as opposed to a monolith.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Polyclonal rabbit anti cFos Synaptic Systems 226 003

Goat anti rabbit Alexa Fluor 568 Invitrogen A-11036

Bacterial and virus strains

AAV5-hSyn-hM4Di-mCherry Armbruster et al., 20071 Addgene: 50475
AAV5-hSyn-eGFP Bryan Roth, MD, PhD Addgene: 50465
AAV5-hSyn-DIO-HM4Di-mCherry Armbruster et al., 20071 Addgene: 44362
AAV5-hSyn-DIO-mCherry Bryan Roth, MD, PhD Addgene: 50459
AAVrg-efia-Cre Fenno et al., 20142 Addgene: 55636
AAV8-hSyn-eGFP Bryan Roth, MD, PhD Addgene: 50465
AAV5-hSyn-PSAM4-GlyR-IRES-EGFP Magnus et al., 20197° Addgene: 119742
Chemicals, peptides, and recombinant proteins

Anisomycin from Streptomyces griseolus Millipore Sigma Millipore Sigma: A9789
CNO-dihydrochloride Tocris Tocris: 6329

uPSEM 817 tartrate Tocris Tocris: 6866

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory JAX: 000664

Software and algorithms

Med Associates Video Freeze Med Associates”® Med Associates: SOF-843
ezTrack Pennington et al., 2019'%° www.github.com/denisecailab/eztrack
Automated cell counting Zachary Pennington, PhD www.github.com/zachpenn/cellcounting

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All animals were adult C57BL/6J mice obtained from Jackson Laboratories, aged 2-6 months. A mix of male and female mice were
used to demonstrate the initial effects of stress on subsequent defensive behavior (Figure 1), as well as the systemic effects of protein
synthesis inhibition (Figure 2). Because no sex differences were observed, all other experiments were performed using males. Two
animals were excluded from behavioral analyses after they spent >95% time in the light in the light-dark test (Figure 1). All other ex-
clusions were due to inaccurate viral/cannula placement. Animals were housed in a temperature- and humidity-controlled vivarium
on a 12/12 light-dark cycle (lights on at 7 a.m.), and all handling and behavioral testing took place during the light phase. All exper-
imental procedures were approved by the Icahn School of Medicine at Mount Sinai’s IACUC.

METHOD DETAILS

Behavioral testing

For all experiments, animals were singly housed beginning 1 week prior to the start of behavioral testing and were handled by the
experimenters for approximately 1 min/day for 5 days during this time. When systemic injections were to be given, animals were addi-
tionally briefly habituated to restraint 2-3 times. Animals were habituated to being transported from the vivarium to the laboratory 2-3
times to mitigate transport serving as an associative cue.

Trauma and trauma recall

Animals were transported from the vivarium in their cages on a cart to the experimental testing room, which was well lit and had an air
filter providing ambient sound. Animals were then placed in a brightly lit experimental testing chamber with a grid floor (Med Asso-
ciates), scented with 5% Simple Green solution. During trauma, after a 5 min period of baseline exploration, animals received 10, 1 s,
1 mA, scrambled footshocks, with an inter-shock interval of 30 s. Animals were taken out of the testing chamber 30 s after the last
shock and returned to the vivarium in their home cage. For trauma recall sessions, animals were transported to the same experi-
mental testing chamber for an 8 min test session.
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Novel stressor and novel stressor recall

Animals were transported from the vivarium in P1000 pipet boxes and carried in a dark cardboard box to the experimental testing
room, which was dark except for a dim red light. Animals were then placed inside of a dark testing chamber (Med Associates)
with a flat plexiglass floor and a curved back wall. The chamber was scented with 1% acetic acid solution. After a 3 min baseline
period, animals were exposed to a single loud auditory stimulus (3 s, 130 dB white noise, 0 ms rise time) that was delivered by a
speaker attached to the wall. Animals were removed 10 s later and returned to the vivarium. For novel stressor recall sessions, an-
imals were transported to the same experimental testing chamber for an 8 min test session.

Exploratory anxiety-related tests

The light-dark test was conducted using two interconnected square compartments with an open top (each compartment measured
7.5inwidth x 11.25 in height), separated by a 1.5 in wide passageway that could be closed with an opaque sliding divider. One cham-
ber was made of all white acrylic, while the walls of the other were covered in matte black wallpaper and had a red acrylic floor. Over-
head lighting provided luminance of 50 lux on the light side. After a 1 min baseline period in which animals were confined to the dark
side, the central divider was raised and the animals could freely explore both sides of the light-dark box. The open field test was con-
ducted in a circular arena (19 in diameter; 10 in height) made of white acrylic. A circular field was utilized in order to avoid the need to
define arbitrary center/outer areas. Animals were placed along one wall and allowed to explore for 5 min. Luminance was approx-
imately 50 lux. For the elevated plus maze, each arm measured 2 3/8 in wide and 13.75 in long. The floor of the maze was made
of white acrylic, and the enclosed arms had black walls (8 in high). Luminance of the open arms was 25 lux. Animals were placed
at the end of a closed arm and then allowed to explore freely for 5 min. For all anxiety-related behavior tests, apparatus were cleaned
with 70% ethanol between test sessions and behavior was captured with an overhead webcam. These sessions were conducted in
an otherwise dark room with a fan providing ambient background noise.

Learning rate analysis

To examine differences in the acquisition of associative fear after trauma (Figure S2), animals experienced the same 10 footshock
trauma described above, or were placed in the same environment but received no shocks. The next day, mice were placed back
in the trauma context for an 8 min context test. Beginning the following day, all animals were placed in a novel environment and
received one weak shock per day across 7 days (Footshock = 2 s, 0.25 mA. 3 min baseline. Taken out 30 s after shock. Note that
this is the same environment across these 7 days). A low amplitude footshock was utilized because it is known to produce lower
asymptotic freezing levels.® Data is compared qualitatively to predictions from the Rescorla-Wager Model.?” In addition to looking
at the percentage of time spent freezing, we also examined how animals progressed toward asymptotic freezing levels. For each
animal, asymptote was defined by their average level of freezing across days 3-7. We then calculated freezing on each day as a
percent of asymptotic freezing. Lastly, we assessed shock reactivity evoked by the low intensity shock in the novel environment.
For each animal, average baseline motion prior to shock onset, as well as average motion during the shock, was ascertained across
the seven days of conditioning. Group differences in shock-induced motion were then assessed.

Behavior quantification

For analysis of freezing and motion in conditioning chambers, Med Associates Video Freeze software was used to analyze videos
acquired from a near infra-red camera located in the chamber.® For measuring distance traveled and time spent in regions of interest
in anxiety-related behavior tests, ezTrack was used.?®'%° With the exception of freezing during the trauma and novel stressor ses-
sion, all measures reflect the average across the entire session. For freezing during the trauma, time was binned into the 300 s base-
line and then 10 post-shock periods. Each post-shock period was 20 s in length and began 10 s after shock offset.

Surgery

For surgery, anesthesia was induced with 5% isoflurane and subsequently maintained at 1-2%. Body temperature was maintained
during surgery and recovery with a heating pad below the animal, and ophthalmic ointment was applied to lubricate the eyes. All sur-
geries followed aseptic surgical technique. For viral surgeries, 100-150 nL was infused into the BLA (AP: —1.4; ML: 3.3; DV: —5) or
VHC (AP: —3; ML: 3.2; DV: —4.5) at 2 nL/s via glass pipettes. For pan-neuronal HM4D experiments, either 100 nL of AAV5-hSyn-
HM4Di-mCherry (7 x 10" GC/mL; Addgene 50475) or AAV5-hSyn-eGFP (2.26 x 10'?; Addgene 50465) was infused. For projec-
tion-specific HM4D experiments, 150 nL containing a cocktail of AAVrg-efia-Cre (final concentration = 1.1 x 10'® GC/mL; Addgene
55636) and AAV8-hSyn-eGFP (final concentration = 3.8 x 10'2 GC/mL; Addgene 50465) were infused into the projection target struc-
ture. Additionally, 150 nL of AAV5-hSyn-DIO-HM4Di-mCherry (2.4 x 10'® GC/mL; Addgene 44362), or AAV5-hSyn-DIO-mCherry (7.3
x 10'2 GC/mL; Addgene 50459), was infused into the projection origin structure. For PSAM experiments, 100 nL of AAV5-hSyn-
PSAM4-GlyR-IRES-EGFP (2.4 x 10'® GC/mL; Addgene 119742) was infused. Alternatively, an equivalent volume of sterile PBS
was infused. 10 min was allowed for diffusion before removing the injector, irrigating the incision with saline, and suturing the incision
site. For cannulation surgeries, 26 gauge guide cannula (P1 Technologies; 8IC315GMNSPC) were implanted overlying the BLA (AP:
—1.4; ML: 3.2; DV: —3.5) or vHC (AP: —3; ML: 3.2; DV: —3), and affixed to the skull with dental cement and super glue. A skull screw
was also implanted during surgery to help secure the head cap (P1 Technologies; 00-96X1/16). After surgery, dummy cannula that
extended 1.5 mm below the guide cannula were inserted (P1 Technologies 8IC315DCMNSP). Following surgery, animals were given
20 mg/kg ampicillin and 5 mg/kg carprofen (s.c.) per day for 7 days and body weight and general disposition were monitored.
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Anisomycin experiments

For experiments in which anisomycin (Sigma A9789) was administered systemically, we utilized a dose of 150 mg/kg (10 mL/kg, s.c.),
consistent with prior literature.'®""'°> Because numerous waves of protein synthesis have been found to support memory consolida-
tion,®819%:19% e opted to administer anisomycin 3 times, once every 4 h. In line with prior reports, '°>'°° this should maintain approx-
imately 90% blockade of protein synthesis for 12 h. Control animals treated with vehicle were injected/infused at the same times as
animals receiving anisomycin (saline for systemic injections; PBS for intracranial injections). For experiments in which anisomycin
was administered intracranially, 33 gauge injectors (P1 Technologies; 8IC315IMNSPC) attached via PE-20 tubing (Instech) to a Har-
vard syringe pump (Harvard Apparatus, #55-2222) were utilized to infuse anisomycin (10 ng/nL) at a rate of 150 nL/min 300 nL of
anisomycin solution was administered per hemisphere in the vHC. 200 nL was administered per hemisphere in the BLA. Control an-
imals were infused with an equivalent volume of 1X PBS. Critically, we used a dose of anisomycin that was unable to affect memory
recall (Figure S4), but was nevertheless able to alter translation of the immediate-early gene cFos (Figure S4). Moreover, although the
dosing regimen used was found to alter memory consolidation when given immediately after a learning event, it had no long-term
deleterious impacts on future learning (Figure S4). Following infusions, injectors were left in place for 1 min before removal. Again,
anisomycin was infused 3 times, once every 4 h. Prior to testing, animals were habituated to handling such that infusions could
be done while mice were gently held by the experimenter. Additionally, all animals received a habituation infusion of 1X PBS 2-
3 days prior to the trauma day. Anisomycin was first dissolved in a small volume of 0.1 N HCL (90% PBS, 10% 1 N HCL), brought
near concentration with the addition of 1X PBS, and the pH was then normalized to 6-7 by the addition of 1 N NaOH.

HM4D experiments

For HM4D experiments, actuation of HM4D was achieved through intraperitoneal administration of 3 mg/kg cno-dihydrochloride
(Tocris), 30—40 min prior to behavior, at a volume of 10 mL/kg (dissolved in saline). For the study in which the effects of inhibiting
the vHC or BLA were assessed on multiple measures of exploratory anxiety-related behavior, each animal underwent each of these
tests twice, once with cno and once with vehicle, in a counterbalanced order. Tests occurred in a counterbalanced order, with the
constraint that each test (EPM, open field, light-dark) was experienced once before that test was repeated.

PSAM experiments

For PSAM experiments, actuation of PSAM4-GlyR was achieved through intraperitoneal administration of 1 mg/kg uPSEM-817-
tartrate (Tocris), 15-20 min prior to behavior, at a volume of 10 mL/kg (dissolved in saline). For the study in which the effects of in-
hibiting the vHC or BLA were assessed on multiple measures of exploratory anxiety-related behavior, each animal underwent each of
these tests twice, once with uPSEM and once with vehicle. Tests occurred in a fixed order across two weeks, with open-field on
Monday, EPM on Wednesday, and Light-Dark on Friday. However, drug order was counterbalanced, such that half the animals
that received uPSEM on the first open field test received saline on the first EPM, and so forth.

Histology

At the end of behavioral testing, animals that underwent surgical manipulation were deeply anesthetized, and their brains were then
extracted and placed in paraformaldehyde overnight at 4C. For animals with cannula implants, 100 nL of DAPI (0.5 mg/mL) was
infused prior to brain extraction, but after anesthesia, to mark cannula placement. The next day, brains were transferred to 30% su-
crose in 1X PBS and left at 4C to sink before being frozen and sectioned at 50 um on a cryostat. Tissue was then mounted on slides
and either cover-slipped using mounting media with DAPI (Vector Laboratories, #H-1200-10) for checking viral placement or cover-
slipped with non-fluorescent mounting media (Vector Laboratories, #H-1000-10) after a green nucleic acid stain. For green nucleic
acid staining, slides were submerged in 50 mM Sytox Green (diluted in 1X PBS from 5 mM. Thermo Fisher #S7020) for 10 min and
then washed 3x in 1X PBS. Tissue was then imaged on a Leica DM6 epifluorescent microscope. Viral expression and cannula place-
ment was evaluated using the mouse brain atlas of Franklin and Paxinos.'®’

EXx vivo electrophysiology

Acute coronal brain slices were prepared in slice cutting solution (20 mM NaCl, 3.5 mM KCI, 1.4mM NaH2PO4, 26 mM NaHCO3,
11 mM D-glucose, 175 mM sucrose, 1.3 mM MgCI2) at a thickness of 350 um. All recordings for BLA and vHC principal neurons
were performed with a MultiClamp 700B amplifier (Molecular Devices) in artificial cerebrospinal fluid solution (119 mM NaCl,
2.5 mM CaCl2, 2.5 mM KClI, 1.25 mM NaH2PO4, 2 mM MgS04, 26 mM NaHCO3, and 10 mM D-glucose, equilibrated with 95%
02 and 5% CO2 at pH 7.2-7.4)."%® Fluorescence signal was identified under a Nikon Eclipse FN1 microscope (Nikon Instrument
Inc.) using SOLA light engine (Lumencor). Cell-attached recordings were performed in voltage clamp mode. The baseline firing
rate was measured 10 min prior to bath application of clozapine N-oxide (CNO, 20 uM). The firing rate was then continuously
measured over 50 min of CNO application. Average firing rate during the last 10 min were then compared to the baseline firing
rate. Data was analyzed using Clampfit 10.7 software (Molecular Devices).

Immunohistochemistry and image analysis

Immunohistochemistry for cFos was performed on 50 um free-floating tissue sections. In brief, tissue was blocked for 1 hin a mixture
of 0.3% Triton X-100 and 3% normal goat serum in 1X PBS. Tissue was then incubated in a solution of primary antibody plus blocking

16 Cell Reports 43, 114871, November 26, 2024



Cell Reports ¢? CellP’ress

OPEN ACCESS

solution overnight (Synaptic Systems 226 003, polyclonal rabbit anti cFos, 1:2000), followed by incubation in secondary antibody for
~4 h (Invitrogen A-11036, goat-anti rabbit Alexa Fluor 568, 1:500). Tissue was washed 3 times, 10 min each, before and after incu-
bation in secondary. All steps were performed at room temperature with gentle shaking. Lastly, tissue was mounted on slides and
coverslipped using mounting media with DAPI.

Images were acquired at 10x on a Leica DM6B microscope, using identical exposure settings across animals. For each animal, 4-5
image tiles of the entire amygdala were collected.

c-Fos counts were performed in an automated manner utilizing custom in-house code (https://github.com/ZachPenn/
CellCounting). In brief, a median filter was applied to each image to remove granular noise, local fluctuations in background fluores-
cence were removed with a large Gaussian kernel, and a binary threshold was then applied to separate cells from background. A
watershed algorithm was implemented to separate adjacent cells and individual cell puncta were then counted. All parameters
were applied in an equivalent manner to all images and selected based upon concordance with a set of manually counted images.
Regions of interest were drawn and the number of cFos positive cells per unit area was determined.

QUANTIFICATION AND STATISTICAL ANALYSIS

All analyses were performed using RStudio. All data and statistical analysis are available at github.com/ZachPenn/2024_CellReports.
Group sizes are listed in each figure legend. Briefly, omnibus ANOVA were conducted using the package ezANOVA with type 3 de-
grees of freedom. The white adjustment was implemented to correct for heterogeneity of variance using heteroscedasticity corrected
standard errors (‘hc3’). For repeated measures ANOVA, the Greenhouse-Geisser correction was implemented when the assumption
of sphericity was not met. Post-hoc t-tests and planned comparisons did not assume equal variance between groups (Welch test).
Post-hoc t-tests were only conducted following main effects/interactions at omnibus significance, but omnibus tests are not reported
in the main text for the sake of clarity. Detailed statistics with omnibus results can be found in Table S1. Post-hoc tests and planned
comparisons were evaluated against a modified criterion calculated using the Dunn-Sidak method in order to keep family-wise type 1
error at 0.05. Criterion p values for significance can be found in Table S1. F and t values are rounded to the nearest tenth and hun-
dredth, respectively. Where F values were less than .1, F is listed as 0.
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