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ABSTRACT
Background:

Severe stress can produce multiple persistent changes in defensive behavior relevant to
psychiatric illness. While much is known about the circuits supporting stress-induced
associative fear, how stress-induced circuit plasticity supports non-associative changes in
defensive behavior remains unclear.

Methods:

Mice were exposed to an acute severe stressor, and subsequently, both associative
and non-associative defensive behavioral responses were assessed. A mixture of local
protein synthesis inhibition, pan-neuronal chemogenetic inhibition, and projection-specific
chemogenetic inhibition were utilized to isolate the roles of the basolateral amygdala (BLA)
and ventral hippocampus (VHC) to the induction and expression of associative and non-
associative defensive behavioral changes.

Results:

Stress-induced protein synthesis in the BLA was necessary for enhancements in stress
sensitivity but not enhancements in anxiety-related behaviors, whereas protein synthesis in the
vHC was necessary for enhancements in anxiety-related behavior but not enhancements in
stress sensitivity. Like protein synthesis, neuronal activity of the BLA and vHC were found to
differentially support the expression of these same defensive behaviors. Additionally,
projection-specific inhibition of BLA-vHC connections failed to alter these behaviors, indicating
that these defensive behaviors are regulated by distinct BLA and vHC circuits. Lastly,
contributions of the BLA and vHC to stress sensitivity and anxiety-related behavior were
independent of their contributions to associative fear.

Conclusions:

Stress-induced plasticity in the BLA and vHC were found to support dissociable non-
associative behavioral changes, with BLA supporting enhancements in stress sensitivity and
VHC supporting increased anxiety-related behavior. These findings demonstrate that
independent BLA and vHC circuits are critical for stress-induced defensive behaviors, and that

differential targeting of BLA and vHC circuits may be needed in disease treatment.
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INTRODUCTION

In immediate response to stressful and life-threatening events, animals display
evolutionarily conserved defensive responses, including changes in heart rate and respiration,
stress hormone release, as well as the behavioral initiation of fight, flight, and freezing . If
sufficiently strong, stressful events can also instantiate persistent changes in how animals
interact with their environment. Perhaps most extensively studied are associative fear
responses, in which animals engage in defensive behaviors such as freezing when re-exposed
to environmental cues present at the time of the initial stressful experience %712, However,
after severe stress, animals also display alterations in foraging and exploration in uncertain
environments (often referred to as anxiety-related behavior) 351314 as well as heightened
responses to future stressful events 417, These long-lasting defensive behavioral changes
are fundamental to anxiety disorders, which include fear of stress-related cues, heightened
stress responses, and reduced environmental engagement; and which are frequently predated
by the experience of severe stress 18-21,

It is often assumed that many of the defensive behavioral changes observed in the
aftermath of stress are fundamentally associative in nature — animals could either be
responding to cues that were directly present at the time of stress, or stimuli resembling these
cues to some degree (i.e., stimulus generalization) 2220, For example, it is well-documented
that startle responses are potentiated by the presence of associative fear cues 334,
suggesting that associative stimuli may drive heightened responses to aversive events after
stress. Moreover, it is possible that following stress, alterations in exploration in anxiety-
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 2324333537 |n light of these findings, broad emphasis has been placed on
associative learning processes 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 nevertheless display increased anxiety-related behavior
and heightened responses to subsequent aversive experiences in adulthood 4. Moreover,
extinguishing fear of stress-associated cues does not necessarily mitigate sensitized

responses to new stressors 15339 These findings highlight the persistence of some stress-
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induced behavioral phenotypes despite weak associative fear, indicating a potential
dissociation. As such, it could be the case that multiple memory systems — associative and
non-associative — support the enduring consequences of stress on defensive behavior.
However, a direct biological dissociation of such memory systems 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 40-42,

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 are well known to regulate defensive behaviors 43°°, However, whether stress-
induced plasticity within these structures act in concert to support a common defensive
behavioral process, or whether they support distinct defensive behavior changes, is unclear.
Furthermore, a direct comparison of these structures’ contribution to associative and non-
associative defensive processes is lacking. We find that plasticity and neuronal activity within
the BLA and vHC support separate non-associative defensive behavior changes in response

to stress.
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Methods
Please see the Supplement for detailed experimental procedures.

Animals:
Adult male and female C57BL/6J mice, aged 2-6 months, were used. Experimental

procedures were approved Mount Sinai’'s IACUC.

Behavioral testing:

Trauma and trauma recall: Animals were transported from the vivarium to the
experimental testing room and placed in a chamber consisting of unique auditory, olfactory,
visual, and spatial cues. During trauma, after a 5 min baseline period, animals received 10, 1
sec, 1 mA, scrambled foot-shocks, with an inter-shock interval of 30 sec. For trauma recall
sessions, animals were transported to the same chamber for an 8 min test session.

Novel stressor and novel stressor recall: Animals were transported from the vivarium to
a chamber with distinct cues from that of the trauma context. After a 3 min baseline period,
animals were exposed to a single loud auditory stimulus (3 sec, 130 dB white noise). For
novel stressor recall sessions, animals were transported to the same chamber for an 8 min
test.

Exploratory anxiety-related tests: All anxiety-related behavior tests (light-dark, EPM,

and open field) were 5 min in duration.

Surgery:

100-150 nL virus 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/sec. For pan-neuronal HM4D experiments, 100 nL of AAV5-hSyn-
HM4Di-mCherry (Addgene 50475) or AAV5-hSyn-eGFP (Addgene 50465) was infused. For
projection-specific HM4D experiments, 150 nL containing a cocktail of AAVrg-efla-Cre
(Addgene 55636) and AAV8-hSyn-eGFP (Addgene 50465) were infused into the projection
target structure. Additionally, 150 nL of AAV5-hSyn-DIO-HM4Di-mCherry (Addgene 44362) or
AAV5-hSyn-DIO-mCherry (Addgene 50459) was infused into the projection origin structure.
For cannulation surgeries, 26 gauge guide cannula (P1 Technologies; 8IC315GMNSPC) were

implanted overlying the BLA or vHC.
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Drugs:

Anisomycin (Sigma A9789) was administered systemically at a dose of 150 mg/kg (10
mL/kg, s.c.) 194102 Because numerous waves of protein synthesis can support memory
consolidation 68103104 we administered anisomycin 3 times, once every 4 hours. Control
animals received vehicle at the same times. Anisomycin (10 ng/nL) was infused intracranially
at a rate of 150 nL/min. 300 nL of anisomycin/vehicle was administered per hemisphere in the
vHC and 200 nL was administered per hemisphere in the BLA. CNO-dihydrochloride (3 mg/kg,

I.p., Tocris), was injected 30-40 minutes prior to behavior.
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RESULTS
Acute severe stress produces multiple lasting changes in defensive behavior.

We first established a behavioral protocol in which a single acute stressor produces
lasting changes in multiple defensive behaviors, adapting a prior model that has been used in
mice and rats 4155658 (Fig 1A). Animals were placed in a distinct environment where they
received 10 foot-shocks during a 10-min period (Fig 1B. ‘trauma’, T), or were placed in the
same environment but did not receive foot-shocks (‘no-trauma’, NT). A week later, multiple
defensive behaviors were assessed. To examine associative fear, animals were returned to
the trauma environment (trauma recall). As expected, trauma-exposed animals spent a large
amount of time freezing (Fig 1C). 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 (Fig 1D). Lastly, we assessed the animals’ stress sensitivity by
placing the animals in a novel environment, in which they showed very little initial freezing (Fig
1E, left panel), and presenting them with a loud auditory startle stimulus. When returned to
this environment the next day, trauma-exposed animals showed substantially more freezing,
evidence of stress sensitization (Fig 1E, right panel). Importantly, we demonstrate that all of
these defensive behavioral changes — in associative fear, anxiety-related behavior, and stress
sensitization — are proportional to the magnitude of the initial trauma (Fig S1). Additionally,
although sex-differences are common amongst anxiety disorders 12, we found no behavioral
differences in male and female mice on the dependent variables examined (Fig S1). Lastly,
although stress sensitization is often termed stress-enhanced fear learning *°, learning curve
analyses revealed that enhanced learning likely reflects heightened sensitivity to aversive
stimuli, as opposed to an enhanced learning rate (Fig S2).

Next, as a preliminary means of addressing if these defensive behaviors convey
information about unique biobehavioral processes, we correlated these phenotypes in a large
group of trauma-exposed animals (vehicle-treated control animals in Fig 2F-H), as high inter-
phenotype correlations would suggest shared biological origins. We found relatively small
correlations between behavioral tests, with large amounts of variance in each being

unexplained by the others (Fig 1F-H). Though each of these measures has imperfect test-
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retest reliability, these findings nevertheless suggest that these phenotypes may be
independently regulated.
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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 foot-shocks (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
(Trauma: F1,33=167.4, p<0.001).

C) Trauma-exposed animals displayed strong associative fear of the trauma environment
(Trauma: F152=121.6, p<0.001).

D) Trauma-exposed animals displayed increased anxiety-related behavior in the light-dark test
(Trauma: F152=19.7, p<0.001).

E) Trauma-exposed animals did not differ in baseline levels of freezing when initially placed in
the environment of the novel stressor (left. Trauma: F1,52=2.6, p=0.11), but displayed
increased fear of the novel stressor environment when returned to this environment the
next day, evidence of stress sensitization (right. Trauma: F1,52=16.1, p<0.001).

F) Correlation between trauma recall and anxiety-related behavior in light-dark test (R>=0.04,
p=0.19).

G) Correlation between trauma recall and novel stressor response (R?=0.19, p<0.01).

H) Correlation between anxiety-related behavior in light-dark test and novel stressor response
(R?=0.13, p=0.32).

For B-E, NT=25(13 female) and T=31(16 female) mice. For F-H, T=40 mice. p<.05 (*), p<0.01
(**), p<0.001 (***). Error bars reflect standard error of the mean.
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Stress-induced protein synthesis in the BLA and vHC produce distinct changes in non-
associative defensive behavior.

In order to assess how stress-induced plasticity supports persistent 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 synaptic plasticity 63-%°, Furthermore, because manipulations of protein synthesis
can be done after a learning experience, they provide a means of disrupting the consolidation
of an experience without altering its initial encoding, and also shed light on a translationally
relevant time period for trauma intervention.

To validate that the emergence of the observed defensive behavioral changes are
indeed supported by stress-induced protein synthesis, we first assessed the effects of
systemically administering anisomycin at various time points after trauma (Fig 2B-E). Animals
underwent trauma and were given anisomycin either immediately after trauma (T: ani (Oh)), 48
hours after trauma (T: ani (48h)), or underwent trauma but were injected with vehicle (T: veh).
Control mice were placed in the same environment but did not receive trauma and were
treated with vehicle (NT: veh). During the initial trauma, groups receiving trauma did not differ
in their level of freezing, indicating that there were no pre-existing group differences (Fig 2B).
A week later, trauma-exposed animals treated with vehicle exhibited associative fear in the
trauma recall test (Fig 2C), increases in anxiety-related behavior in the light dark-test (Fig 2D),
and heightened fear of the novel stressor environment (Fig 2E), relative to no-trauma controls.
Anisomycin administration immediately after trauma reduced all of these stress-induced
defensive behaviors relative to trauma-exposed animals given vehicle (Fig 2C-E). However,
anisomycin given 48 hours after trauma did not reduce defensive behaviors relative to trauma-
exposed animals given vehicle (Fig 2C-E). Therefore, protein synthesis occurring just after
trauma appears critical to the induction of the observed defensive phenotypes.

Next, we assessed the impacts of targeting trauma-induced protein synthesis
specifically in the BLA or vHC, regions previously linked to regulating defensive behaviors and
anxiety disorders (Fig 2F-J) 773, Mice had cannulas implanted above either the BLA or vHC
(Fig 2J. See Fig S3 for placement in all animals). Following surgical recovery, animals then
underwent trauma and immediately after received intracranial infusions of anisomycin or

vehicle. Alternatively, they experienced no trauma and were treated with vehicle. Animals
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treated with vehicle in the BLA and vHC showed no behavioral differences and are collapsed
here (Fig S4). Prior to vehicle/anisomycin treatment, no differences were observed in freezing
during the trauma session for animals that underwent trauma (Fig 2F). Additionally, as
anticipated, trauma-exposed animals treated with vehicle exhibited a strong associative
memory (Fig 2G), heightened anxiety-related behavior in the light-dark test (Fig 2H), and
heightened fear of the novel stressor (Fig 21), relative to no-trauma controls. 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 were effective at reducing
associative freezing relative to trauma controls, though the BLA appeared to contribute to a
more sizable degree (Fig 2G). In the light-dark test, anisomycin in the vHC greatly attenuated
trauma-induced increases in anxiety-related behavior (Fig 2H). However, anisomycin in the
BLA was without effect (Fig 2H). 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 21). 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 function (Fig S5). 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, indicating that no permanent damage was produced by
anisomycin administration (Fig S6).

These findings highlight that while stress-induced protein synthesis in the BLA is
paramount for associative fear and heightened stress sensitivity, it is not necessary for
alterations in anxiety-related behavior. Conversely, stress-induced protein synthesis in the
VHC is essential for increased anxiety-related behavior, and to a lesser extent associative fear
recall, but not heightened stress sensitivity. Importantly, the finding that blockade of protein
synthesis in the BLA had a profound impairment on associative fear for the trauma
environment but no detectable effect on the light-dark test further suggests a dissociation
between anxiety-related behavior and associative fear. Similarly, the fact that blockade of
protein synthesis in the vHC reduced associative fear but did not alter stress sensitization

indicate that these phenotypes are also dissociable.
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Figure 2: Stress-induced protein synthesis in the BLA and vHC support distinct
changes in non-associative defensive behavior.

A) After trauma (T) or no-trauma (NT), animals were administered 3 injections of anisomycin
(ani) or 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. For B-E, anisomycin/vehicle was administered systemically
either immediately (Oh) or 48 hours (48h) after trauma. For F-J, anisomycin/vehicle was
administered directly into either the BLA or vHC immediately after trauma.

B) No differences were observed between trauma-exposed animals during the initial trauma
(Group: F2,43=2.8, p=0.07; Group x Shock: F20,430=0.7, p=0.78).

C) Anisomycin given systemically immediately after trauma, but not 48 later, reduced
associative fear of the trauma environment (NT: veh vs T: veh, t2s=10.5, p<0.001; T: veh vs
T: ani (0h), t26.1=9.5, p<0.001; T: veh vs T: ani (48h), t13.3=0.1, p=0.95).

D) Anisomycin given systemically immediately after trauma, but not 48 later, reduced anxiety-
related behavior in the light-dark test (NT: veh vs T: veh, ts38=4.8, p<0.001. T:vehvs T:
ani (0Oh), t36.1=2.8, p<0.01 T: veh vs T: ani (48h), t24.7=0.2, p=0.83).

E) Anisomycin given systemically immediately after trauma, but not 48 later, reduced stress
sensitization (NT: veh vs T: veh, t29.7=4.1, p<0.001; T: veh vs T: ani (0Oh), t33.6=3.4, p<0.01;
T: veh vs T: ani (48h), t12=0.7, p=0.49).

F) No differences were observed between trauma-exposed animals during the initial trauma
(Group: F2,76=1.1, p=0.33; Group x Shock: F20,760=0.5, p=0.96).

G) Anisomycin in the BLA and vHC reduced associative fear of the trauma environment (NT:
veh vs T: veh, t40.7=11.5, p<0.001; T: veh vs T: ani-BLA, ts6.9=8.2, p<0.001; T: veh vs T: ani-
VHC, t24=4.2, p<0.001; T: ani-BLA vs T: ani-vHC: tz05=2.4, p=0.02).

H) Anisomycin in the vHC, but not the BLA, reduced anxiety-related behavior in the light-dark
test (NT: veh vs T: veh, t475=5.5, p<0.001; T: veh vs T: ani-BLA, ta4.9=1.1, p=0.28; T: veh vs
T: ani-vHC, t282=3.1, p<0.01).

1) Anisomycin in the BLA, but not the VHC, reduced stress sensitization relative to controls
(NT: veh vs T: veh, t476=5.8, p<0.001; T: veh vs T: ani-BLA, ts6.4=4.1, p<0.001; T: veh vs T:
ani-vHC, t46.2=1.6, p=0.12).

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

For systemic injections (B-E), NT: veh=17(5 female), T:veh=19(5 female), T:ani (0h)=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 vehicle-treated animals had
cannula in BLA and the other half in the vHC. P<.05 (*), p<0.01 (**), p<0.001 (***). Error bars
reflect standard error of the mean. Statistics in main text.
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Neuronal activity in the BLA and vHC support distinct stress-induced defensive
behaviors.

The prior findings indicate that stress-induced protein synthesis within the BLA and vHC
support 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
chemogenetic system 74 to inhibit 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-dihydrochloride (cno) was able
to inhibit 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 (Fig 3A). Recording
from these neurons in slice ~1 month later, we found robust inhibition of HM4D-expressing
cells when cno was applied to the bath (Fig 3B).

We next tested whether neuronal activity within the BLA and vHC are necessary for
trauma memory recall. Animals expressing HM4D in either the BLA or vHC underwent trauma
(Fig 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 (3 mg/kg,
i.p.). As expected, inhibition of either BLA or vHC reduced freezing levels relative to baseline
(Fig 3E); vehicle-treated animals did not show altered freezing levels (Fig 3E). These findings
mirror our protein synthesis results, and are consistent with prior reports that the activity of
both the BLA and vHC are important for associative fear’®.

Then, to assess the contributions of BLA and vHC neural activity 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.
Controls with eGFP in the BLA or vHC were collapsed into a common control group (eGFP:
BLA/VHC. See Supplementary Table 1 for comparisons of BLA/VHC controls). A month later,
all animals underwent the trauma procedure (Fig 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 freezing (Fig 3G). Additionally, when
placed drug-free in the trauma environment a week later, no group differences in freezing were

observed (Fig 3H). Consistent with our finding that stress-induced protein synthesis in the
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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 (Fig 3I), whereas
inhibition of the BLA was without effect (Fig 3I). Similarly, in the test of stress sensitization,
animals in which the BLA was inhibited froze less than controls (Fig 3J), whereas inhibition of
the vHC was without effect (Fig 3J).

To confirm the reliability of these findings, utilizing a different chemogenetic receptor
we replicated the finding that BLA activity supports heightened stress sensitivity, whereas the
VHC supports anxiety-related behavior, and both of these structures support associative
memory recall (Fig S8). Moreover, to test whether our finding that the vHC selectively
contributes to anxiety-related behavior are generalizable, we tested the impacts of inhibiting
the BLA and vHC across anxiety-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 (Fig
S9).

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 at both the level of protein
synthesis and neuronal activity that stress-induced changes in stress sensitivity and anxiety-

related behavior are supported by different neural substrates.
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Figure 3. Neuronal activity in the BLA and vHC support distinct stress-induced
defensive behaviors.

A) A pan-neuronal virus expressing the inhibitory chemogenetic receptor HM4D, or eGFP,
was infused in the BLA or vHC.

B) HM4D+ neurons, as well as neighboring HM4D- neurons, were recorded before and after
cno application. Application of cno dramatically reduced action potentials in HM4D+
neurons (HM4D+ cells — Pre-Post: F1,10=137, p<0.001; Pre-Post X Region: F1,10=0.4,
p=0.52; HM4D- cells — Pre-Post: F1,1= 0.2, p=0.76)

C) Animals underwent trauma and a week later were tested twice for their associative recall of
the traumatic event, first in a drug-free baseline test (bl), and second, after receiving an
injection of cno or saline (veh).

D) Animals with HM4D in the BLA and vHC did not differ during the initial trauma (Region:
F1,28=0.3, p=0.59; Region x Shock: F10,280=0.7, p=0.66).

E) Administration of cno reduced freezing in animals with HM4D in either the BLA or vHC
(cno: F1,14=33.5, p<0.001; cno X Region: F1,14=3.2, p=0.1; veh: F1,12=2.8, p=0.12; veh X
Region: F114=2.2, p=0.16).

F) Animals underwent trauma and 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. The BLA/VHC were inhibited via cno administration
prior to the light dark test, as well as prior to the novel stressor.

G) No group differences were observed during the initial trauma (Group: F2,65=0.2, p=0.82;
Group X Shock: F20,650=0.6, p=0.84).

H) No group differences were observed during the drug-free trauma recall test (Group:
F265=0.1, p=0.88).

) Inhibition of the vHC, but not the BLA, reduced anxiety-related behavior in the light-dark
test (eGFP vs HM4D: BLA, t458=0.4, p=0.71; eGFP vs HM4D: vHC, t29.2=3.3, p<0.01).

J) Inhibition of the BLA, but not the VHC, reduced freezing in the test of stress sensitization
(eGFP vs HM4D: BLA, t41.7=2.8, p<0.01; eGFP vs HM4D: vHC, t40.4=0.7, p=0.52).

For electrophysiological recordings in B, HM4D-=2, HM4D+: BLA=6, and HM4D+: vHC=7 cells.
For effects of inhibition on recall in C-E, BLA: veh=7, BLA: cno=7, vHC: veh=7, and vHC:
cno=9 mice. For effects of inhibition on light-dark and novel stressor in F-J, eGFP:
BLA/VHC=25, HM4D: BLA=24, and HM4D: vHC=19 mice. P<.05 (*), p<0.01 (**), p<0.001
(***). Error bars reflect standard error of the mean. Statistics in main text.
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Inhibiting reciprocal BLA-vHC connections fails to alter stress sensitivity and anxiety-
related behavior.

Above, we have demonstrated that stress-induced protein synthesis and subsequent
neuronal activity within the BLA and vHC support distinct defensive behavioral changes. This
is incredibly surprising given that the BLA and vHC share reciprocal monosynaptic connections
7779 "and prior reports indicating these projections support at least some defensive behaviors
in stress-naive animals 7°81. That said, both the BLA and vHC contain output neurons that
project to distinct downstream structures 77:7880-82 and there is evidence that these projections
can contribute to different defensive processes 8. Therefore, it may be that stress-induced
changes in anxiety-related behavior and stress sensitivity are not dependent upon BLA-vHC
connectivity. To directly 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 AAV
was injected into either the BLA or vHC, and a cre-dependent HM4D virus or a control virus
expressing only mCherry was injected into the other structure (Fig 4A. Animals with mCherry
in the BLA and vHC were collapsed into a single group. See Supplementary Table 1 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 test as well
as during the novel stressor (Fig 4B). As expected, with both structures ‘online’, groups did not
differ in their response to the initial trauma (Fig 4C), nor did they differ in the trauma recall test
(Fig 4D). Strikingly, selective inhibition of either projection did not alter anxiety-related
behavior in the light-dark test (Fig 4E). Similarly, inhibiting either projection did not alter the
response to the novel stressor in the test of stress sensitization (Fig 4E). Consequently, it
appears that the reciprocal connections between the BLA and vHC do not play a pivotal role in

these specific stress-induced changes in defensive behavior.
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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 vHC, or vice versa, was
accomplished by infusing a cre-expressing 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. The 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 (Group: F2,30=0.1, p=0.91,
Group x Shock: F20,300=0.7, p=0.74).

D) No group differences were observed during the trauma recall test (Group: F2,30=1.9,
p=0.17).

E) No group differences were observed during the light-dark test of anxiety-related behavior
(Group: F2,30=1.1, p=0.35).

F) No group differences were observed during the novel stressor test for stress sensitization
(Group: F2,30=2.2, p=0.13).

mCherry=11, BLA>VvHC=11, and VHC->BLA=11 mice. P<.05 (*), p<0.01 (**), p<0.001 (***).

Error bars reflect standard error of the mean. Statistics in main text.
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DISCUSSION

Associative learning frameworks — in which cues present at the time of a stressor come
to drive behavior — have dominated how we study the impacts of stress on fear and anxiety
disorders. Consequently, immense gains have been made in our understanding of the
biological basis of associative fear learning, as well how these associations are extinguished.
However, relatively little attention has been paid to non-associative learning processes
governing stress-induced changes in defensive behavior. Here, utilizing a combination of
targeted protein synthesis inhibition, chemogenetic inhibition, and projection-specific inhibition
strategies, we demonstrate that the BLA and vHC differentially contribute to stress-induced
changes in defensive 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 increases in anxiety-related behavior. These
findings highlight how both associative and non-associative memories may be formed for a
single stressful experience and suggest that independent circuitries support these memories.

A wealth of literature supports the notion that the BLA and vHC regulate defensive
behaviors 4354, In light of reciprocal connections between these structures 778384 it is often
thought that stress-induced plasticity within the BLA and vHC, as well as their coordinated
neuronal activity, subserve a common defensive process. While evidence exists that the
connectivity of these structures plays an important role in defensive behavior 7°-81.85 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 sensitivity, 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 behaviors. Therefore, the fundamental structural plasticity that 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 is not required for
that behavioral change to come about. Ruling out this possibility, we found that suppressing

neural activity within the BLA and vHC also had doubly dissociable impacts on the expression
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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, whereas inhibition of the BLA was without
effect. Accordingly, at both the level of plasticity and neuronal activity, the BLA and vHC
appear to differentially regulate these behaviors.

The above findings are surprising given the reciprocal monosynaptic connections
between the BLA and vHC. In light of this, we attempted to replicate the effects of BLA/VHC
inhibition, this time targeting only the neurons in the BLA that project to the vHC, or only the
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.

The dissociation of the contributions of the BLA and vHC to the defensive behaviors
studied here is not entirely without precedent, although side by side comparisons of their
functions are limited. For instance, despite the large literature on the role of the BLA in
associative fear learning 91143448689 several studies have reported that inhibition of the BLA is
without effect on exploratory anxiety-related behaviors 792092 although discrepancies exist .
Additionally, a recent report found that optogenetic stimulation of projections from the vHC to
the BLA do not regulate exploratory anxiety-related behavior 8. This corroborates the
hypothesis that vHC regulates exploratory-anxiety related behavior through its connections
with other down-stream structures such as the hypothalamus 89949 or medial prefrontal cortex
46, 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 were unable to alter anxiety-related behavior via
chemogenetic inhibition of vHC projecting BLA neurons. Together, these results broadly
suggest that the vHC may regulate exploratory anxiety-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 the BLA and

vHC were both able to impair the acquisition of associative fear for the context of the initial


https://doi.org/10.1101/2023.02.27.530077
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.27.530077; this version posted May 8, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

24

stressor, and blockade of activity within either structure was similarly able to impair associative
memory recall. Importantly, if the observed changes in anxiety-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 memory but did not affect increases in anxiety-related
behavior. Likewise, manipulations of the vHC reduced associative memory but did not
interfere with stress sensitization. Additionally, it does not seem that these discrepancies 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 recall, heightened stress sensitivity, and anxiety-related behavior — reflect distinct
plasticity mechanisms.

Protein synthesis within the BLA was necessary for the acquisition 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 possibility. First,
extinction of the associative memory for an initial stressor has been found to leave the
enhanced response to a second stressor intact 153839 Second, early life stress at a time point
when rodents are unable to form associative memories nevertheless leaves animals with
heightened responses to subsequent stressors in adulthood 4. Lastly, despite the finding
presented here that inactivation of the BLA and vHC were able to equivalently impair trauma
memory recall, 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
memory 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
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plasticity within the amygdala supports sensitized stress responses. Future studies will
disentangle how plasticity within the amygdala supports these two forms of learning.

In closing, these results shed new light on how stress-induced plasticity within the BLA
and vHC support the formation of defensive behavioral phenotypes relevant to
neuropsychiatric illness. Furthermore, they highlight just how distinct memories for stressful
events might be. Similar to the separate memory systems 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 existing 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., PTSD), while anxiety-related behaviors might be more
affected in others (e.g., generalized anxiety disorder), and these differences undoubtedly
covary with different neuronal patterns. Indeed, it is known that the different anxiety disorders
are not only symptomatically different, but 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.
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KEY RESOURCE TABLE

REAGENT or RESOURCE

SOURCE

| IDENTIFIER

Bacterial and virus strains

AAV5-hSyn-hM4Di-mCherry

Addgene: 50475

AAV5-hSyn-eGFP

Addgene: 50465

AAV5-hSyn-DIO-HM4Di-mCherry

Addgene: 44362

AAV5-hSyn-DIO-mCherry

Addgene: 50459

AAVrg-efla-Cre

Addgene: 55636

AAV8-hSyn-eGFP

Addgene: 50465

AAV5-hSyn-PSAM4-GlyR-IRES-EGFP

Magnus et al, 20197¢

Addgene: 119742

Antibodies

Polyclonal rabbit anti cFos

Synaptic Systems:
226 003

Goat anti rabbit Alexa Fluor 568

Invitrogen: A-11036

Chemicals, peptides, and recombinant proteins

Anisomycin from Streptomyces griseolus

Millipore Sigma

Millipore Sigma:

A9789
CNO-dihydrochloride Tocris Tocris: 6329
UuPSEM 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, 20191

www.github.com/den
isecailab/eztrack

Automated cell counting

www.github.com/zac
hpenn/cellcounting
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