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SUMMARY

The endocannabinoid (eCB) system is a key modulator of glutamate release within limbic
neurocircuitry and thus heavily modulates stress responsivity and adaptation. The ventral
hippocampus (VHPC)-basolateral amygdala (BLA) circuit has been implicated in the expression of
negative affective states following stress exposure and is modulated by retrograde eCB signaling.
However, the mechanisms governing eCB release and the causal relationship between vHPC-BLA
eCB signaling and stress-induced behavioral adaptations are not known. Here, we utilized /in
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vivo optogenetic- and biosensor-based approaches to determine the temporal dynamics of activity-
dependent and stress-induced eCB release at vHPC-BLA synapses. Furthermore, we demonstrate
that genetic deletion of cannabinoid type-1 receptors selectively at vVHPC-BLA synapses decreases
active stress coping and exacerbates stress-induced avoidance and anhedonia phenotypes. These
data establish the /7 vivo determinants of eCB release at limbic synapses and demonstrate that
eCB signaling within vHPC-BLA circuitry serves to counteract adverse behavioral consequences
of stress.
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In brief

Kondev et al. define the /7 vivo determinants of endocannabinoid (eCB) release at ventral
hippocampus (VHPC)-basolateral amygdala (BLA) synapses. They also show that stress exposure
recruits eCB release at VHPC-BLA synapses, which serves to promote active coping during stress
and counteract the subsequent adverse behavioral consequences of stress exposure.

INTRODUCTION

Stress exposure confers risk for the development or exacerbation of psychiatric disorders:
from generalized anxiety and major depression to post-traumatic stress disorder (PTSD).1
Understanding stress-induced molecular-, cellular-, and circuit-level adaptations could
provide critical insight into how stress is translated into affective pathology and may

reveal novel therapeutic targets for the treatment of stress-related disorders. One of the
leading neuromodulatory signaling systems that has been identified as a prominent drug-
development candidate for stress-related psychiatric disorders is the endocannabinoid (eCB)
system.4-11

The eCB signaling system, consisting of the cannabinoid receptor type 1 (CB1R)
and endogenous ligands including 2-arachidonoylglycerol (2-AG), is a neuromodulatory
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lipid system heavily implicated in the modulation of the physiological stress response,
stress adaptability and susceptibility, and fear responding.12-14 As such, 2-AG signaling
specifically within key emotional processing regions, such as the amygdala, has been
identified as a critical substrate for mitigating negative affect and stress-induced increases
in anxiety-like behavior.15-18 Human and rodent studies have implicated activity of

the amygdala and its functionally connected region, the hippocampus, in fear learning
and stress-related pathological states, such as PTSD.19-29 The ventral portion of the
hippocampus (VHPC) provides strong input to the basolateral amygdala (BLA) that
undergoes robust activity-dependent eCB mobilization.19-30 Specifically, we have shown
that 2-AG-mediated suppression of vHPC-BLA synapses is associated with resilience to
stress-induced behavioral pathology,19 suggesting that 2-AG signaling at these synapses may
play an important role in mitigating the adverse consequences of stress exposure.

To directly test the hypothesis that 2-AG signaling at vHPC-BLA synapses confers a
protective role against the adverse effects of stress, we utilized a genetically encoded eCB
sensor, GRAB-eCB2.0, combined with optogenetics, mouse behavior, and circuit-specific
CBI1R deletion. Our data establish the /n vivotemporal dynamics and neuronal activity
determinants of 2-AG release at vVHPC-BLA synapses and demonstrate that selective
deletion of CB1R from this circuit increases passive coping responses to acute stress and
exacerbates subsequent avoidance- and anhedonia-like behaviors. These data suggest that
eCB signaling at VHPC-BLA synapses is recruited by stress in an activity-dependent manner
and serves to counteract the adverse behavioral consequences of stress exposure.

GRAB-eCB2.0 biosensor elucidates neural determinants of eCB release at vyHPC-BLA

synapses

To measure eCB release /in vivo in a circuit-specific manner, we virally delivered a

G protein-coupled receptor (GPCR)-based eCB biosensor (GRAB-eCB2.0 [AAV9-hSyn-
GRAB-eCB2.0]) into the vHPC.31 Mice were then ipsilaterally implanted with a fiber optic
probe directly above the BLA to measure BLA-dependent eCB production and subsequent
sensor activity at VHPC terminals (Figure S1A). Over long experimental time courses, we
observed photobleaching of the green fluorescence signal, which was corrected for post

hoc (Figure S1B). We found that activation of GRAB-eCB2.0 with the CB receptor agonist
CP55,940 (1 mg/kg) increased the fluorescent signal beginning ~20 min after intraperitoneal
(i.p.) injection (Figures SIC-S1E). Importantly, this effect was absent in control mice

that were injected with the eCB-insensitive mutant virus (GRAB-eCB2.0-mut [AAV9-hSyn-
GRABeCB2.0-mutant]) (Figures S1D and S1E). Following the peak fluorescence signal
(~45 min after CP55,940 injection), the CB1R inverse agonist rimonabant (10 mg/kg)

was injected. Rimonabant significantly reduced the area under the curve (AUC) in GRAB-
eCB2.0 mice but not in control, GRAB-eCB2.0-mut mice (Figures S1C, S1F, and S1G).
Together, these data confirm the ability to detect GRAB-eCB2.0 activity at vHPC-BLA
synapses.

2-AG is canonically produced by postsynaptic neurons in an activity-dependent manner by
diacylglycerol-lipase alpha (DAGLa) and activates presynaptic CB1 receptors to reduce
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neurotransmitter release probability.32-34 To test whether BLA activity could promote
2-AG production at BLA-vVHPC synapses, we combined /7 vivo optogenetics with fiber
photometry (Figure 1). A virus expressing the GRABeCB-2.0 was delivered to the vHPC,
and the red-shifted excitatory opsin Chrimson (AAV5-hSyn-Chrimson-TdT) was delivered
to the BLA; mice were then implanted with a fiber optic above the BLA (Figure 1A).

Red light (615nm) was pulsed at different frequencies to stimulate somatic BLA activity,
and we simultaneously recorded changes in green fluorescence to measure changes in
GRAB-eCB2.0 sensor activity at vHPC terminals in the BLA.

Using this approach, we found a frequency-dependent increase in GRAB-eCB2.0 signal
with a significant increase in the Zscore at 20 and 30 Hz BLA neuron stimulation
frequencies (Figures 1B and 1C). To confirm that this effect was driven by activity-
dependent BLA production of 2-AG, mice were pretreated with the DAGL inhibitor DO34
(50 mg/kg). The activity-dependent increase in fluorescence at 20 and 30 Hz was blocked
by pretreatment with DO34 (Figures 1D-1G). Within-subject comparison demonstrated that
D034 significantly decreased sensor activity following BLA stimulation (Figure 1H). To
further confirm activity-dependent release of 2-AG, we used JZL184 (20 mg/kg) to inhibit
the 2-AG degradation enzyme MAGL.8:35 JZ1.184 pretreatment significantly increased
activity-dependent sensor activity, evident as an increase in the AUC after both 20 and

30 Hz stimulations (Figures 11-1L). As expected, JZL184 also increased the decay time
constant tau and increased the half-life of the Zscore, providing further support for 2-AG
remaining in the synapse longer after MAGL inhibition (Figure 1M). Given that activation
of Gg-coupled GPCRs is a well-established trigger of 2-AG release, we next examined

this receptor-driven form of 2-AG release using chemogenetics via injection of AAV-Gg-
coupled DREADDs (AAV5-CaMKII-hM3Dg-mCherry) into the BLA (Figure S1H). £x
vivo, clozapine-N-oxide (CNO) application depolarized BLA neurons (Figure S11), while
/n vivo administration of CNO (5 mg/kg) resulted in an increase in GRABeCB-2.0 activity,
which was significantly reduced by pretreatment with DO34 (Figures S1J and S1K). These
data demonstrate that BLA neuronal firing as well as G4-coupled GPCR activity can drive
2-AG production and release, and they confirm 2-AG as the major activity-dependent eCB
ligand released at vHPC-BLA synapses under these conditions.

These data also suggest that stimulation of BLA neurons can trigger 2-AG production

and activation of endogenous CB1Rs on vHPC terminals; we directly tested this
hypothesis using ex vivo electrophysiology and optogenetics. Mice were injected with
channelrhodopsin (ChR2) (AAV5-CaMKII-ChR2(H134R)-EYFP-WPRE) into the BLA and
with Chrimson in the vHPC to allow us to distinctly modulate either BLA somatic or
vHPC terminal activity using ex vivo whole-cell electrophysiological recordings of BLA
pyramidal neurons (Figure 2N). Blue light stimulation evoked somatic ChR2 activity,
while red light stimulation induced monosynaptic vHPC-originating optically evoked
excitatory postsynaptic currents (0EPSCs) (Figure 1N). We replicated our /n vivo fiber
photometry stimulation paradigm ex vivoto analyze a modified form of depolarization-
induced suppression of excitation (DSE), a well-characterized form of 2-AG-mediated
short-term depression.32 Low blue light power activated BLA neurons (30 Hz, 20 s) and
produced ~70% depression of oEPSC amplitude at VHPC-BLA synapses (Figures 20-2Q).
Importantly, our optogenetic protocol did not induce any form of long-term depression
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or potentiation, evident as no significant change in the percentage of oEPSC amplitude
following 3 sequential stimulation events (Figures S1L-S1N). Furthermore, this form of
DSE was blocked by pharmacological DAGL inhibition with DO34 (2.5 uM) (Figures
20-2Q), confirming that our BLA stimulation at the same frequency that resulted in GRAB-
eCB2.0 signals /n vivo also induces 2-AG production and subsequent synaptic depression of
VHPC-BLA synapses.

Active stress coping promotes BLA activity and 2-AG release at vHPC-BLA synapses

Having gained insight into the neural activity determinants of GRAB-eCB2.0 activation at
VHPC-BLA synapses, we next evaluated how stressful stimuli may drive changes in BLA
activity and eCB production at vHPC-BLA synapses (Figure 2). First, using the calcium
indicator GCaMP7f (AAVrg-hSyn-jGCaMP7f-WPRE), we show that footshock delivery (2
s, 0.7 mA) promotes BLA neuron activity (Figures 2A-2D). A separate cohort of mice
expressed GRAB-eCB2.0 or GRAB-eCB2.0-mut in the vHPC, with a fiber optic implanted
above the BLA (Figures 2E-2H). Footshock promoted an increase in GRAB-eCB2.0 sensor
activity at vHPC terminals in the BLA, indicating stress-induced eCB release at vHPC-BLA
synapses (Figures 2F and 2H). Importantly, this increase in GRAB-eCB2.0 fluorescent
signal was absent in mice expressing GRAB-eCB2.0-mut (Figures 2G and 2H).

We confirmed this stress-induced increase in BLA activity and eCB release by exposing
mice to a restraint stress session (Figure S2A). Acute restraint stress had no significant effect
on overall BLA activity, and restraint stress-induced changes in overall fluorescence did
not differ between GRAB-eCB2.0- and GRAB-eCB2.0-mut-injected mice (Figures S2A—
S2E). We hypothesized that perhaps changes in BLA eCB signaling are related to active
bouts of coping behavior during stress rather than the stress exposure itself. To investigate
this, we assessed struggle behavior during restraint (Figure 21). Whole-body struggle
behavior elicited a significant increase in BLA activity, as well as an increase in GRAB-
eCB2.0 sensor activity, that was not present in GRAB-eCB2.0-mut mice (Figures 2J-2P).
We confirmed that changes in GRAB-eCB2.0-mut activity were due to eCB-independent
signaling by comparing stress-coping-induced changes in fluorescence to another eCB-
independent fluorophore, GFP (AAV5-CMV-PI-EGFP-WPRE) (Figure S2F). Indeed, we
observed that neither footshock nor struggle bouts during restraint increases fluorescence in
GFP- or GRAB-eCB2.0-mut-injected mice (Figures S2G-S2J).

To validate that this increase in eCB2.0 sensor activity was due to stress-induced 2-AG
release, we pretreated mice with the DAGL inhibitor DO34 (50 mg/kg) (Figure S2K).
Pharmacological inhibition of DAGL significantly attenuated both footshock- and struggle-
induced sensor activity, demonstrating that active struggle behavior and footshock exposure
elicit 2-AG production and release in the BLA (Figures S2L-S20). Given our optogenetic
data above indicating that increases in BLA neuron activity can drive 2-AG release at
VHPC-BLA synapses and the association between stress-induced increases in BLA activity
and 2-AG release, we hypothesized that neuronal activity contributes to stress-induced 2-AG
signaling. Supporting this notion, we found a significant lag in sensor activity compared
with somatic BLA activity (Figure S2P). We thus used inhibitory a Gi-DREADD (AAV5-
hSyn-nM4Di-mCherry) to decrease BLA activity during stress and to test whether BLA
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activity is necessary for eCB production (Figure S2Q). Chemogenetic BLA inhibition
significantly attenuated stress-induced increases in eCB2.0 sensor activity, evident as a
decrease in AUC following footshock and struggle behavior (Figures S2R-S2U). Given that
eCB sensor activity peaked between 2 and 5 s, we confirmed that BLA stimulation at a
frequency that was previously shown to induce 2-AG release (Figures 1B and 1C) could still
promote sensor activity at the same temporal scale as external stimuli; indeed, 5 s of BLA
stimulation at 30 Hz was sufficient to induce eCB sensor activity at vHPC-BLA synapses
(Figure S2V). These data ultimately demonstrate that active stress coping is associated with
enhanced BLA activity that can drive 2-AG release at vHPC-BLA synapses.

Deletion of vHPC-BLACBIR reduces active coping and worsens behavioral consequences

of stress

We have thus far demonstrated that stress promotes activity-dependent phasic 2-AG
signaling at vHPC-BLA synapses. We next wanted to establish the role for the endogenous
CB1R at vVHPC-BLA synapses in the regulation of stress-induced behavioral adaptations.
eCB signaling along VHPC-BLA synapses constrains activity of this circuit, and it has been
proposed that 2-AG signaling within the BLA serves to counteract the negative effects of
stress.819 We thus hypothesized that eCB signaling along vHPC-BLA circuitry facilitates
physiological stress-coping responses and prevents adverse behavioral effects of stress.

To test this hypothesis, we deleted CB1R from the vHPC-BLA circuit and assessed

changes in stress-coping and behavioral sequalae (Figure 3A). Combination injection

of retrograde Flp recombinase (rgAAV2-Efla-mCherry-IRES-FIpo) in the BLA and Flp-
dependent Cre (AAV5-CMV-fDIO-Cre-mNeonGreen-WPRE) in the vHPC of CB1Rf/fl
resulted in functional deletion of the CB1R specifically from BLA-projecting vHPC neurons
but not from nucleus accumbens (NAc)-projecting vVHPC neurons (Figure S3A). This
circuit-specific deletion was validated by electrophysiology, demonstrating a lack of CP55—
940-induced synaptic depression at VHPC-BLA, but not vHPC-NAc, synapses (Figures 3B—
3D and S3B-S3E).

We first examined changes in stress coping via assessment of struggling behavior during
restraint stress in vHPC-BLACBIR-KO (knockout) mice (Figures 3E and 3F). Selective

KO of the CB1R from vHPC-BLA synapses resulted in a decrease in the number of
whole-body struggle bouts during restraint exposure, as well as a decrease in the total time
spent struggling (Figures 3E and 3F). We confirmed this deficit in active stress coping

by testing mice in the tail suspension test (TST) and the forced swim test (FST); vHPC-
BLACBIR=KO mjce exhibited an increase in immobility in both measures, further suggesting
a deficit in active stress-coping behavior upon deletion of CB1R from the vHPC-BLA circuit
(Figures S3F and S3G). To confirm that this phenotype was not due to general changes in
locomotion, we exposed mice to open field testing and found no change in distance traveled
(Figure S3H).

Given that stress exposure can facilitate the development of innate avoidance and
anhedonia-like behaviors, we hypothesized that deletion of CB1R from vHPC-BLA
synapses would worsen the adverse behavioral consequences of stress exposure. Indeed,
VHPC-BLACBIR-KO mjce exhibited a robust decrease in sucrose preference following an
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acute footshock exposure, but not basally, relative to control mice (Figures 3G and 3H).
Importantly, there were no differences in total fluid consumption between groups (Figure
31). Mice were also tested in the repeated novelty-induced hypophagia (rNIH) test, which
is modulated by BLA 2-AG levels!® (Figure 3J). We found that deletion of the CB1R

from vHPC-BLA synapses had no effect on the latency to drink or the total consumption
of the Ensure reward across training or during basal NIH testing. However, exposure to

5 days of footshock stress significantly increased the latency to drink, and decreased the
consumption of, Ensure in vVHPC-BLACBIR=KO mjce relative to controls (Figures 3K—3N).
Together, these data suggest that deletion of CB1R within vHPC-BLA circuits exacerbates
stress-induced avoidance and anhedonia without affecting basal affective phenotypes.

We have previously demonstrated that BLA 2-AG signaling critically regulates susceptibility
to developing avoidance phenotypes in the rNIH test.1® We therefore used this rNIH
paradigm to explore whether vHPC-BLACBIR=KO mice exhibited enhanced stress
susceptibility (Figure 30).19 A stress-induced change in latency of greater than 120 s was
used to categorize mice as stress susceptible or resilient based on our previous work.1®
Importantly, we observed that vHPC-BLACBIR=KO promoted a significant increase in stress-
induced feeding latency following 5 days of footshock stress (Figure 3P). This ultimately
resulted in an increase in the proportion of stress-susceptible mice (Figure 3Q). These data
support a model whereby stress recruits 2-AG signaling at vVHPC-BLA synapses to promote
active stress-coping responses and to counteract the behavioral sequalae of stress exposure,
including anhedonia and avoidance.

To validate that these behavioral effects were not due to general vHPC CB1R deletion,

a separate cohort of CB1R/fl mice were injected with a virus expressing Cre (AAVS-
Efla-mCherry-IRES-Cre) or GFP (AAV5-CMV-PI-EGFP-WPRE) to delete CB1R from all
VHPC cells, including projection neurons (Figures S3H-S3L). Ex vivo electrophysiological
recordings of CP55,940-induced depression of vHPC-mediated oEPSCs in the NAc were
significantly attenuated following Cre injection (Figures S3J-S3L). We exposed vHPCCBIR
KO mice to the TST and the FST and observed no significant changes in active stress
coping (Figures S3M and S3N). We also assessed changes in stress-induced anhedonia and
avoidance via the SPT and rNIH. We found that global vHPCCBIR KO had no effect on
sucrose preference or general consumption (Figure S30). Furthermore, general vHPCCBIR
KO did not exhibit a change in the latency to drink Ensure or in the total consumption

of Ensure, either basally or following 5 days of footshock stress (Figures S3P-S3S). As
such, global vVHPCCBIR deletion also had no effect on the stress-induced change in feeding
latency, stress susceptibility, or general locomotion as measured during the open field

test (Figures S3T-S3V). These experiments confirm circuit specificity of vHPCCBIR-BLA-
deletion-mediated effects, suggesting that the collapse of eCB regulation of vHPC-BLA
promotes passive stress coping and negative affect following stress.

DISCUSSION

Activity within the amygdala and the vHPC (the anterior hippocampus in humans) has been
implicated in the pathogenesis of stress-related neuropsychiatric disorders, and preclinical
studies have confirmed that vHPC-amygdala circuits are critical for driving affective
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behavioral responses to stress.20-24:36-39 e have previously shown that vHPC afferents to
the amygdala express CB1 receptors and 2-AG-dependent retrograde synaptic suppression.19
Importantly, the magnitude of eCB synaptic suppression was greatest in mice that exhibited
resilience to adverse behavioral consequences of stress, suggesting that eCB signaling at
VHPC-BLA synapses could be actively recruited during stress exposure to dampen vHPC
afferent excitation and could serve to counteract the adverse behavioral consequences of
stress exposure. Here, we directly test these hypotheses using a combination of GPCR-based
biosensor recordings, pharmacology, and intersectional genetics and establish a causal

role for vHPC-BLA 2-AG-CB1 signaling in the regulation of stress-coping responses and
adverse behavioral consequences of stress exposure. These data provide circuit-specific
mechanistic insight into the regulation of stress adaptation and a critical role for eCB
signaling in the regulation of vHPC-BLA function.

We first utilized the GPCR-based biosensor to evaluate the /n vivo neural activity
determinants of eCB release at vVHPC-BLA synapses. Using a combination of optogenetics,
pharmacology, and GRAB-eCB2.0 fiber photometry, we found that neuronal stimulation

at 20-30 Hz resulted in robust retrograde release of 2-AG at vHPC-BLA synapses.
Importantly, postsynaptic stimulation at these frequencies resulted in the engagement of
endogenous CB1R at VHPC terminals, as revealed by our ex vivo electrophysiological
experiments demonstrating 2-AG-mediated synaptic depression after 30 Hz stimulation of
BLA neurons. Ultimately, these studies provide compelling evidence for activity-dependent
release of 2-AG within a defined neural circuit and provide a new insight into the neural
activity frequencies sufficient for in vivo 2-AG release. Indeed, photostimulation of BLA
neurons at 20 Hz during an auditory and visual cue that predicts water delivery has been
previously shown to promote approach behavior, suggesting that induction of these high-
frequency stimulation patterns could be important for modulating behavior and recruitment
of eCB signaling.40

Acute and repeated homotypic stress have been demonstrated to increase tissue levels of
2-AG in the amygdala, and it has been suggested that this increase serves as part of

the endogenous stress adaptation response.12:15.19:41.42 our data here refine the temporal
specificity for stress-induced elevations in BLA eCBs by revealing phasic increases in

eCB production and release at vVHPC-BLA synapses that closely parallel increases in BLA
activity. Specifically, eCB release was associated with increases in intracellular calcium

in BLA neurons and behavioral responses including fleeing/darting (to footshock) and
struggling (to restraint stress). Interestingly, GRAB-eCB2.0 responses to stress were blocked
by the DAGL inhibitor DO34, confirming 2-AG, rather than other ligands, as the primary
eCB released at VHPC-BLA synapses under these conditions. These data are consistent with
bulk tissue analyses, which demonstrate that stress decreases levels of AEA in the amygdala
and other limbic brain regions.2 Furthermore, reductions in neuronal activity using
DREADD-based approaches reduced stress-induced increases in GRAB-eCB2.0 signal,
supporting neuronal activity-dependent release of 2-AG in response to stress. These data
provide high-temporal-resolution analysis of 2-AG release within defined neural circuits
critical for stress reactivity and affective behavior and /n vivo activity-dependent 2-AG
release in response to salient environmental stimuli.
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A key question arises from our previous data demonstrating relatively enhanced DSE at
VHPC-BLA synapses in stress-resilient mice® and from our current data revealing 2-AG
release at vVHPC-BLA synapses in response to stress exposure: is 2-AG-CB1R signaling at
VHPC-BLA synapses causally linked to stress-induced behavioral reactivity and adaptation?
Our data address this question in two separate, but related, ways. First, we found that 2-AG
release occurred during bouts of active stress coping that were preceded by increases in BLA
neuron activity. Combined with previous data suggesting that BLA activity (or activity of

a subset of BLA output neurons) is associated with active behavioral responses to stress,*3
this suggests a possible scenario whereby increases in BLA activity drive 2-AG release

to dampen vHPC afferent excitation via activation of presynaptic CB1R. That deletion

of CB1R from vHPC-BLA terminals reduced active stress coping in a variety of assays
(restraint stress, TST, FST) suggests that vHPC inputs to the BLA promote passive stress
coping. This hypothesis is consistent with data demonstrating that vVHPC-BLA circuits are
critical for driving freezing responses to contextual threat.** How vHPC inputs to the BLA
selectively drive “passive” output circuits or inhibit “active” output circuits from the BLA
is not known but represents an important open question. Second, we found that deletion

of CB1R from vHPC-BLA synapses promotes anhedonia and avoidance selectively after
stress exposure and, more robustly, after repeated stress exposure. These data suggest

that 2-AG released within the synapse during stress exposure plays an important role in
buffering against subsequent adverse behavioral consequences of stress, consistent with
previous studies.>~1012 Taken together, these data indicate that 2-AG-CB1 signaling at
vHPC-BLA synapses plays an important role in regulating behavioral responses during and
after stress exposure and provides further support for the contention that 2-AG signaling
within defined limbic circuits is a critical mechanism buffering against the adverse effects of
stress exposure.

Our data and previous studies provide accumulating support for the notion that

impairments in 2-AG-CB1R signaling could contribute to the pathogenesis of stress-related
neuropsychiatric disorders. Indeed, recent identification of 2-AG signaling within BLA-PFC
circuits as a key mechanism regulating stress-induced avoidance behaviors suggests a widely
distributed role for 2-AG signaling within interconnected limbic nodes in the regulation

of stress reactivity and adaptation.18 These studies also provide support for the continued
investigation of pharmacological 2-AG augmentation strategies, including MAGL inhibitors,
for the treatment of stress-related neuropsychiatric disorders.

Limitations of the study

One limitation of the present work is the apparent discrepancy between optogenetic BLA
stimulation requirements for eCB release detection and physiological activity patterns of
BLA neurons. Specifically, while the BLA is comprised of pyramidal cells that basally fire
at low frequencies (<6 Hz), as well as interneuron populations that fire at higher frequencies
(10-30 Hz),% neuronal firing at 20-30 Hz was required for clear eCB detection using
optogenetic approaches. How does this relate to stress-induced increases in GRAB-eCB2.0
signal if it is unlikely that BLA pyramidal neurons fire at such frequencies? First, many
other factors contribute to eCB release beyond just cell firing that are not present during
isolated optogenetic stimulation. For example, activation of Gq4-coupled GPCRs facilitates
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eCB release, as we have shown here using a chemogenetic approach; it is possible that other
neurotransmitters and neuromodulators like acetyl-choline, serotonin, or neuropeptides are
released during stress and that these signals combined with lower levels of neuronal firing
are sufficient to release eCBs at these synapses. Indeed, stress increases GRAB-eCB2.0
signals demonstrating that eCBs are released, indicating that there are likely to be unknown
additional factors that align with neural firing to coordinate synaptic 2-AG release in vivo.
Future studies will be required to identify these factors.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources, reagents, and code
should be directed to and will be fulfilled by the Lead Contact, Sachin Patel
(sachin.patel@northwestern.edu).

Materials availability—All materials and code will be freely available upon request to the
lead contact upon completion of materials transfer agreement, if relevant.

Data and code availability

. Data reported in this paper will be shared by the lead contact upon request
. This paper does not contain original code
. Access to any additional information can be requested from the lead contact

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experiments were approved by the Vanderbilt University Institutional Animal Care and
Use Committees and were conducted in accordance with the National Institute of Health
guidelines for the Care and Use of Laboratory Animals. Adult C57BL/6J wild-type (Figures
1 and 2) or CB1R/ (Figure 3) mice were used as outlined in the figure legends. Mice
were housed on a 12-hourlight/12-h dark cycle with lights on at 6:00 h; food and water were
provided ad /ibitum. Mice that underwent surgery were 5-10 weeks old, and behavior was
assessed at least 5 weeks following viral injection.

Male and female CB1R/fl mice were bred in house on a homozygous x homozygous
breeding scheme, and littermate-matched controls were used for all behavioral experiments
in Figure 3. Mice were randomly assigned to treatment (i.e., CB1R KO [Cre; rgFIp x
fDI10O-Cre] or control [mCherry/GFP]).

Generation of Cnr1f¥/fiX mice—See.16

METHOD DETAILS

Surgeries—Muice were anesthetized with isoflurane and then transferred to the stereotax
(Kopf Instruments, Tujunga, CA) and kept under 3% isoflurane anesthesia. Mice were
injected with 10 mg/kg ketoprofen (AlliVet, St. Hialeah, FL) as an analgesic. The hair over
the incision site was shaved and the skin was prepped with alcohol and iodine. A midline
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sagittal incision was made to expose the skull; a hole was drilled bilaterally above the vHPC
(AP, =3.6; ML, £3.0; DV, —4.0) or BLA (AP: —-1.25, ML: £3.30, DV: —-5.00) and virus was
delivered using a motorized digital software (NeuroStar, Stoelting CO., Wood Dale, IL),

a 10uL microinjection syringe (Hamilton CO., Reno, NV), and a Micropump Controller
(World Precision Instruments, Sarasota, FL) at 0.1uL per minute. A local, topical anesthetic,
benzocaine (Medline Industries, Brentwood, TN) was applied to the incision area. After
surgery, post-operative treatment with ketoprofen was administered for at least 48 h, up to 72
h.

Ex vivo electrophysiology—Male and female wild-type (Figure 1) or CB1R™fl (Figure
3) mice were briefly anesthetized with isoflurane and transcardially perfused with ice-cold
oxygenated (95% v/v Oy, 5% v/v CO,) N-methyl-D-glucamine (NMDG) based ACSF46
comprised (in mM): 93 NMDG, 2.5 KCl, 1.2 NaH,POy, 30 NaHCO3, 20 HEPES, 25
glucose, 5 Na-ascorbate, 3 Na-pyruvate, 5 N-acetylcyctine, 0.5 CaCl,$4H,0 and 10
MgSO4$7H,0. The brain was quickly removed and 250 pm coronal slices containing the
BLA or NAc were cut using a vibratome (Leica Biosystems, model # VT1000S) in the
NMDG solution. Slices were incubated for 13-20 min at 32°C in oxygenated NMDG-ACSF
then stored at 24°C until recordings were performed in HEPES-based ACSF containing (in
mM): 92 NaCl, 2.5 KCI, 1.2 NaH,PO,4, 30 NaHCO3, 20 HEPES, 25 glucose, 5 ascorbate, 3
Na-pyruvate, 5 N-acetylcyctine, 2 CaCl,$4H,0 and 2 MgSO4$7H-0.

Recordings were performed in a submerged recording chamber during continuous perfusion
of oxygenated ACSF containing (in mM): 113 NaCl, 2.5 KCl, 1.2 MgS0,$7H20, 2.5
CaCl,$2H20, 1 NaH,PO4, 26 NaHCO3, 1 ascorbate, 3 Na-pyruvate and 20 glucose; at

a flow rate of 2.5-3 mL/min. Slices were visualized using a Nikon microscope (Eclipse
FN1, Nikon Instruments Inc., Melville, NY) equipped with differential interference contrast
microscopy. Whole-cell current clamp recordings were obtained under visual control using
a 40x objective. 2-6 MQ borosilicate glass pipettes were filled with (Figures 3 and S3),

a Cs* based internal solution (in mM): 120 CsOH, 120 D-gluconic acid, 2.8 NaCl, 20
HEPES, 5 TEA-CI, 2.5 Mg-ATP, 0.25 Na-GTP; or (Figure 1), a K*-gluconate internal
solution (in mM): 125 K+ -gluconate, 4 NaCl, 10 HEPES, 4 MgATP, 0.3 Na-GTP, and 10
Na-phosphocreatine.

Ex vivo optogenetics, “oDSE”—For electrophysiological recordings in Figure 1,

to confirm that BLA stimulation-induced 2-AG production can activate endogenous

CB1R at vVHPC-BLA synapses, wild-type mice were unilaterally injected with AAV5-
CaMKIlaChR2(H134R)-eYFP (300nL) into the BLA and AAV5-Syn-Chrimson-TdT
(450nL) into the vHPC. At least 4 weeks after virus expression, mice were sacrificed for
electrophysiological recordings in the BLA. Importantly, we showed that blue light (465nm)
selectively activated somatic BLA ChR2 (Figure 1N), while red light (615nm) activated
Chrimson at vHPC terminals to induce optically-evoked EPSCs (0EPSCs). Neurons were
held at -70mV; ChR2 was pulsed for 30Hz, at 20s to mimic our /n vivo BLA stimulation
paradigm (Figure 1). A baseline of 10 oEPSC (615nm; 1ms exposure time) were taken prior
to stimulation and data is plotted as an oEPSC amplitude normalized to the baseline period.
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To confirm that “oDSE” was 2-AG-dependent, slices were incubated in the DAGL inhibitor,
D034 (2.5uM) for at least 40min prior to oDSE recordings. DO34 was dissolved in DMSO.

Fiber photometry—For somatic recordings of BLA activity, AAVrg-hSyn-GCaMP7f
(300-400nL) was delivered unilaterally to the BLA. For assessment of eCB production
and release, AAV9-hSyn-GRABeCB2.0 (650nL) or the control, AAV9-hSyn-GRABeCB-
mut (650nL) was delivered unilaterally to the vHPC. At least 4 weeks following virus
expression, a 400uM mono fiberoptic cannula (Doric) was implanted above the BLA (DV:
-4.96). Mice were given at least one week to recover from fiber optic implantation before
undergoing behavioral testing. A 465nm LED (Lx465; Tucker Davis Technologies [TDT])
was used to detect GFP-dependent changes in fluorescence; a 415nm LED (Lx415; TDT)
was used as the isosbestic point. Light was emitted from the LEDs and passed through a
minicube (Doric), that connected to the fiber implant via a 0.57 NA fiber optic patch cord
(Doric). GFP-dependent changes in fluorescence were recorded by a real-time processor
(RZ10x; TDT).

To confirm fiber placement and virus expression, mice were perfused, and brains were
sectioned for histological verification of injection sites and fiber optic placement with a
fluorescent microscope (Axio Imager M2 epifluorescent microscope). To confirm functional
eCB2.0 sensor activity, mice were injected i.p. with the CB1R agonist, CP-55,940 (1
mg/kg; i.p.; dissolved in DMSO and injected at 1 pL/g bodyweight, or dissolved in

a saline:kollifor:ethanol solution prepared in a dilution of 18:1:1 and injected 10 uL/g
bodyweight); around 45min following CP-55,940 injection, mice were administered the
CBI1R inverse agonist, rimonabant (10 mg/kg; i.p.; dissolved in DMSO and injected at 1
uL/g bodyweight). Mice were excluded if there was no change in fluorescence following
injection, because this suggests that eCB2.0 sensor was not functional, if the fiber optic was
not above the BLA, or if there was no AAV-mediated fluorescence. A total of N =5 mice
were excluded based on these criteria.

BLA activity-dependent sensor activity—To assess activity-dependent, eCB
production, a virus expressing Chrimson (AAV5-hSyn-Chrimson-TdT) was delivered to the
BLA, and the eCB2.0 was delivered to the vHPC (Figure 1). A fiber optic was implanted
above the BLA. Chrimson was activated at various stimulation frequencies (1-30Hz) for
20s. To confirm activity-dependent 2-AG production, mice were pretreated with DO34 (50
mg/Kkg; i.p.; dissolved in 18:1:1 saline:kollifor:ethanol and injected at 10 uL/g bodyweight),
or JZL184 (20 mg/kg; i.p.; dissolved in DMSO and injected at 1 uL/g bodyweight) 2 h
before testing (Figure 1).

To confirm BLA-dependent 2-AG production, a separate cohort of mice were injected

with a virus that expresses the excitatory Gq-DREADD (Designer Receptor Exclusively
Activated by Designer Drugs) (AAV5-CaMKII-hM3Dg-mCherry) (Figure S1) or inhibitory
Gi-DREADD (AAV5-hSyn-hM4Di-mCherry) (Figure S2) in the BLA (300-400nL), and the
eCB2.0 sensor was delivered to the vHPC. As before, a fiber optic was implanted above the
BLA. Chemogenetic activation/inhibition of the BLA was induced by CNO injection (5-10
mg/Kkg; i.p.; dissolved in saline and injected at 10 uL/g bodyweight). Mice were tested 30min
post CNO-injection.
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Acute stress—Mice injected with eCB2.0/eCB-mut in the vHPC or GCaMP7f in the BLA
were exposed to an acute footshock stress. This consisted of 2-6 unpredictable 0.7mA
shocks (depending on specific experiment) using a MED Associated fear-conditioning
chamber (St. Albans, VT, USA). Onset of shock was synchronized to fear conditioning
software (FreezeFrame, acimetrics) via a TTL pulse or coded by hand. For restraint stress,
mice were restrained in custom made (Vanderbilt Machine Shop, Nashville, TN) restraint
tubes for 5-10 min.*’ Active struggle bouts were coded posthoc, by hand, by a blinded
experimenter (i.e., does not know what virus was injected). 1-5 struggle bouts were flagged
per mouse per session.

INTRSECT behavior—Littermate-matched homozygous male and female CB1R/fl mice
were bilaterally injected with 450 nL AAV5-CMV-fDIO-Cre-mNeonGreen or AAV5-CMV-
P1-eGFP-WPRE-bGH into the vHPC and 300 nL rAAV2-EFla-mCherry-IRES-Flp into the
BLA (Cohl); or 450 nL AAV5-CMV-fDIO-Cre-mNeonGreen into the vHPC and 300 nL
rAAV2-EFla-mCherry-IRES-FIp or mCherry control virus (rAAV2-CAG-tdTomato) into the
BLA (Coh2). These virus combinations were used to confirm that rgFlp had no effect on

its own, and to confirm that fDIO-Cre had no effect in the absence of rgFlp. There were no
differences between control mice of both cohorts, so they were pooled together. Mice were
allowed at least 5 weeks of recovery following virus surgery. Mice were singly housed for
all experiments below, except locomotor testing.

Struggle behavior during restraint stress—Muice were restrained for 4min, and
whole-body struggle behavior was quantified post-hoc, by 2 blinded experimenters. Struggle
behavior was scored if the struggle lasted at least 1s, and separate bouts of struggle behavior
was scored if there was at least 1s of immobility between bouts. The average between the
two experimenters was used as final quantification.

Tail suspension test—Mice were hung by the tail with tape to a force meter. Mice

were suspended for 6min, during which struggling behavior was measured through the force
meter. Immobility time was gathered and processed by Med Associates Inc. tail suspension
software, or by hand.

Forced swim test—Mice were placed in a 2L glass beaker filled with ~1.5L cold water.
Mice were placed in the beaker and immobility was assessed for 5min.

Sucrose preference test—SPT was performed similarly to previously described
testing.*8 Mice were habituated to two identical 50mL canonical tubes that were filled with
drinking water, for 24 h. One canonical tube was then replaced with 1.5% sucrose solution,
made fresh. Bottle locations were flipped after 12hrs to prevent preferential drinking based
on the side. Following a total of 24hrs with sucrose in the cage, the total consumption of
water and sucrose solution was measured by weighing the tubes.

Mice were then exposed to an acute stress exposure, where mice were exposed to six 0.7mA
foot shocks delivered 1 min apart using a MED Associates fear-conditioning chamber

(St. Albans, VT). Each shock coincided with the last 2 s of a 30 s auditory tone. After
footshock, mice were returned to their homecage with two identical 50mL canonical tubes
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(one containing water, and one containing 1.5% sucrose). Bottle locations were flipped after
12hrs. 24hrs after footshock, total consumption of water and sucrose solutions was measured
by weighing the tubes. Importantly, two empty cages were also given two canonical tubes
and the “drip” was measured after both 24hrs and 48hrs after the start of the initial test. This
was averaged and subtracted from the final weight. The sucrose preference was calculated as
(Aweight sucrose)/(Aweight sucrose + Aweight water) x 100%.

Locomotion—Mice were tested for deficits in locomaotion in an open-field arena (27.9 x
27.9 x 20.3 cm; MED-OFA-510; MED Associates, St. Albans, Vermont), contained within
a sound-attenuating chamber. Locomotion was monitored for 10min. Walls of the open-field
arena were made of clear plexiglass. Beam breaks from 16 infrared beams were recorded by
Activity Monitor v5.10 (MED Associates) to monitor activity.

Repeated novelty-induced hypophagia—rNIH was performed as previously
described.1® Briefly, mice were habituated to liquid vanilla Ensure (Abobott Laboratries,
Abbott Park, IL) in their home cages for 30 min per day for 4 days (“Training”). On test
day, mice were transferred to a novel, empty cage in a well-lit room and given access to
liquid vanilla Ensure for 30 min (“NIH Test”). The next week, mice underwent home-cage
“Training” for 2 consecutive days. After the 24 home-cage training, mice were exposed

to foot shock stress as previously described.1® This foot shock stress is a 7.5-min session
which consists of six 0.7mA foot shocks delivered 1 min apart using a MED Associates
fear-conditioning chamber (St. Albans, VT). Each shock coincided with the last 2 sof a 30 s
auditory tone. After stress exposure, mice were returned to their home cages. Approximately
24 h after foot shock, mice underwent novel-cage NIH testing (“1 FS NIH"). Mice were
exposed to five days of consecutive foot shock stress and returned back to their home-cages
after each foot shock session. 24 h after the 5t foot shock, mice underwent NIH testing (“5
FS NIH™). The stress-induced latency was calculated as the stress latency after 5 days of FS
(“5 FS NIH”) — latency on basal NIH Test (“Basal NIH Test”); if the stress-induced change
in latency was <120s, mice were classified as resilient, but if the stress-induced change in
latency was >120s, mice were classified as susceptible.1®

Ex vivo optogenetic Validation—To confirm that the CB1R was deleted selectively
from VHPC-BLA synapses, CB1R™/l mice were bilaterally injected with 450 nL. AAV5-
CMV-fDIO-Cre-mNeonGreen + AAV5-EF1a-DIO-ChR2(H134R)-eYFP-WPRE into the
VHPC (1:1 ratio), and 300 nL rAAV2-EFla-mCherry-IRES-Flp into the BLA (KO). Control
mice were injected with 450 nL AAV-GFP + ChR2 into vHPC, and 300 nL rAAV2-EFla-
mCherry-IRES-FIp into the BLA. Following at least 5 weeks of virus expression, mice were
sacrificed and slices of the BLA were obtained. vHPC-mediated oEPSCs were stimulated
for a baseline period of 3-5min; the CB1R agonist, CP-55,940 (10uM) was washed on, and
results are presented as oEPSC amplitude normalized to the baseline period.

To validate the CB1R-agonism still induced depression at other vHPC outputs, CB1Rfl/fl
mice were bilaterally injected with 450 nL. AAV5-CMV-fDIO-Cre-mNeonGreen + ChR2
into the vHPC (1:1 ratio), and 300 nL rAAV2-EFla-mCherry-IRES-Flp (KO) or rg-GFP
(GFP) into the BLA. Following virus expression, slices of the NAc were obtained and
vHPC-mediated oEPSCs were stimulated for a baseline period of 3-5min. The CB1R
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agonist, CP-55,940 (10uM) was washed on, and results are presented as oEPSC amplitude
normalized to the baseline period. In both experiments, CP-55,940 was dissolved in DMSO
and included in ACSF and holding/incubation chambers also containing 0.1-0.5 mg/mL
bovine serum albumin.

VHPCCBIR global KO behavior—Littermate-matched homozygous CB1R™/fl mice were
bilaterally injected with 650 nL AAV8-Efla-mCherry-IRES-Cre (AAV-Cre) or AAV5-CMV-
Pl-eGFP-WPRRE-bGH (AAV-GFP) into the vHPC. Mice were given at least 5 weeks
recovery post-virus injection, before behavioral testing. Mice were singly housed for NIH,
but not locomotor activity.

Locomotion—Mice were tested for deficits in locomotion as described above for
INTRSECT cohorts of mice.

Ex vivo optogenetic validation—To confirm that Cre-injection induced deletion of
vHPCCBIR cB1RM/ mice were bilaterally injected with 450 nL AAV5-Cre + AAV5-EFla-
DI0O-ChR2(H134R)-eYFP-WPRE into the vHPC (1:1 ratio). Following virus expression,
slices of the NAc were obtained and vHPC-mediated oEPSCs were stimulated for a baseline
period of 3-5min. The CB1R agonist, CP-55,940 (10uM) was washed on, and results are
presented as oEPSC amplitude normalized to the baseline period. In both experiments,
CP-55,940 was dissolved in DMSO and included in ACSF containing 0.1-0.5 mg/mL
bovine serum albumin.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical tests are reported in the figure legends. For analysis of 2 groups, an unpaired
or paired student’s t-test was performed. For analysis of two or more groups across two or
more treatments or time points, a two-way ANOVA with Holm-Sidak post hoc correction
was used. For all datasets, significance was defined by a p value of <0.05. The following

is used: *, p <0.05; **, p <0.01; ***p < 0.001. The ROUT outlier test was run on each
dataset individually; when multiple measures were taken from an identified outlier, measures
were treated independently, and the corresponding data point was removed from only from
that dataset.

Behavior—Behavior was analyzed as reported under individual method sections. For stress
susceptibility in Figures 30-3Q, a one-sided Chi squared test was performed, because

we have previously determined that dysfunctional 2-AG/CB1R signaling at vHPC-BLA
synapses is linked to enhanced susceptibility.1® Mice were excluded from behavioral
experiments if the viral injections were misplaced or if there was no viral expression.
Furthermore, mice were excluded if there was a technical issue during the behavioral
experiment (e.g., mouse fell out the EZM/EPM or there was a malfunction on the behavioral
hardware or software). All data presented as mean + SEM.

Electrophysiology—Electrophysiological data was initially analyzed using ClampFit
10.5 software (Molecular Devices, San Jose, California). Datasets were organized in
Microsoft Excel and then transferred to GraphPad Prism 6.0 for generation of graphs
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and statistical analyses. Mice were excluded from physiological experiments if there was
improper virus targeting or if there was no viral expression. Neurons were excluded from
physiological experiments for five reasons. 1: if the holding current dropped below -300 pA
at any time during the recording. 2: if the access resistance was >30 MQ. 3: if the access
resistance fluctuated by more than 20% throughout the recording. 4: The optogenetically-
evoked response was <100pA during baseline. 5: if the baseline responses were not stable.

Fiber photometry—Fiber photometry was analyzed using code modified

from TDT (https://www.tdt.com/docs/sdk/offline-data-analysis/offline-data-matlab/fiber-
photometry-epoch-averaging-example/) and thus does not report original code.

Traces are presented as AF/F, which was calculated via algorithm sourced from

Tom Davidson’s Github (https://github.com/tjd2002/tjd-shared-code/blob/master/matlab/
photometry/FP_normalize.m). This involved fitting the 415nm channel onto the 465nm
channel to detrend signal bleaching via the polyfit function. The Zscore is calculated as
the change in AF/F, using the seconds —3 to —1 before stimulus onset (0s) as the baseline
(Figures 1 and 2). The Zscore was used to account for between-subject variability in signal
magnitude.

For long-term recordings (Figure S1), we identified significant photobleaching of the
eCB2.0 sensor; as such, the fluorescent signal of each mouse was baseline corrected,
individually, using an exponential decay model. The first 20min of each recording were
used to obtain the k (rate) and y0 (for each recording) using the nonlin fit function in
PRISM. Exponential decay models were fitted over each recording to ensure proper plateau
values and confirm that the model predicted the photobleaching decay. Data that underwent
baseline correction is presented as AF/F*.

The change in the area under the curve (AUC) was calculated using the time before stimulus
onset (0) as baseline. The resulting AUC was calculated using the entirety of the recording
post-baseline (Figures 1 and 2) or during the time course depicted by the shaded region
(Figure S1).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BLA activity promotes eCB release at VHPC-BLA synapses
Active stress coping recruits VHPC-BLA eCB signaling

VHPC-BLA CB1 receptor deletion exacerbates stress-induced avoidance/
anhedonia
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Figure 1. BLA activity promotes increase in GRAB-eCB2.0 biosensor and endogenous CB1R
activation at vVHPC-BLA synapses

(A) A virus expressing GRAB-eCB-2.0 was delivered to the vHPC, and Chrimson was
delivered to the ipsilateral BLA. A fiber optic was implanted above the BLA. /n1 vivo
fiber photometry recordings were conducted to simultaneously record changes in GFP
fluorescence and stimulate BLA neurons (n = 7 male mice).

(B) Zscore of AF/F following 20 s of Chrimson stimulation at different frequencies.
(C) Average change in Zscore 5 s after stimulation (0-20 s) stops.

(D) Zscore of AF/F following BLA stimulation (20 Hz, 20 s) in naive mice or mice
pretreated with the DAGL inhibitor DO34.

(E) Quantification of area under the curve (AUC) from (D).

(F) Zscore of AF/F following BLA stimulation (30 Hz, 20 s) in naive mice or DO34-
pretreated mice.

(G) Quantification of AUC from (F).

(H) Within-subject comparison of data in (G).
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(1) Zscore of AF/F following BLA stimulation (20 Hz, 20 s) in naive mice or mice
pretreated with the MAGL inhibitor JZL.184.

(J) Quantification of AUC from (1).

(K) Zscore of AF/F following BLA stimulation (30 Hz, 20 s) in naive mice or mice
pretreated with the MAGL inhibitor JZL.184.

(L) Quantification of AUC from (K).

(M) Decay constant, tau, following JZL 184 pretreatment (top); half-life of Zscore (bottom).
(N) Schematic of electrophysiological experiments. AAV-ChR2 was delivered to the BLA,
and AAV-Chrimson was delivered to the vHPC. Electrophysiological recordings were
performed from BLA pyramidal neurons. Representative traces demonstrating that 465

nm light induces depolarization indicative of somatic ChR2, while 615 nm light induces
exclusively vHPC-BLA optically evoked excitatory postsynaptic currents (0EPSCs) with no
somatic current. Scale bar represents 200 ms and 200 pA. Each data point represents one cell
from 5 mice.

(O) Time course of percentage of oEPSC amplitude following stimulation of BLA neurons
(30 Hz, 20 s). Slices were incubated in vehicle or DO34 (2.5 pM).

(P) Representative traces of oEPSC amplitude in slices incubated in vehicle (top; scale bar
represents 25 ms and 100 pA) or DO34 (bottom; scale bar represents 25 ms and 200 pA).
(Q) Average percentage of o0EPSC depression following BLA stimulation.

Data were analyzed by one-way ANOVA (C), two-way ANOVA (E, G, J, and L), Student’s
paired two-tailed t test (H and M), or unpaired t test (Q). *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001. Error bars represent SEM.
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Figure 2. Footshock and active stress coping recruit BLA activity and eCB production
(A) Footshock stress diagram.

(B) Representative AF/F trace of mice injected with a virus expressing GCaMP7f (AAVrg-
hSyn-jGCaMP7f-WPRE) into the BLA and photometry recordings of somatic BLA activity
were conducted during footshock exposure (purple bars) (n = 6 male mice; scale bar
represents 0.1 AF/F and 50 ms).

(C) Zscore of AF/F following footshock in GCaMP7f-injected mice; baseline was -3 s to -1
s before footshock onset (O s).

(D) AUC of (C).

(E) Representative trace of AF/F during footshock (purple bars) in mice injected with a virus
expressing the GRAB-eCB2.0 (top) or eCB-mut (bottom). Scale bar represents 0.005 AF/F
and 50 ms.

(F) Zscore of AF/F following footshock in GRAB-eCB2.0 mice (n = 5 male mice).

(G) Zscore of AF/F following footshock in GRAB-eCB-mut mice (n = 3 male mice).

(H) Quantification of AUC following footshock in GRAB-eCB2.0 or GRAB-eCB-mut mice.
(1) Struggle behavior during restraint stress.

(J) Representative AF/F trace of mice injected with a virus expressing GCaMP7f into the
BLA and recording of BLA activity during struggle (blue bars). Scale bar represents 0.05
AF/F and 20 ms.

(K) Zscore of AF/F following struggle behavior in GCaMP7f mice (n = 4 male mice).

(L) AUC quantification from (K).

(M) Representative traces of AF/F during struggle behavior (blue bars) in GRAB-eCB2.0
(top) or GRAB-eCB-mut (bottom) mice. Scale bar represents 0.005 AF/F and 20 ms.

(N) Zscore of AF/F following struggle behavior in GRAB-eCB2.0 mice (n = 5 male mice).
(O) Zscore of AF/F following struggle behavior in GRAB-eCB-mut mice (n = 3 male mice).
(P) Quantification of AUC following struggle onset.

Data were analyzed via paired Student’s two-tailed t test (D and L) or two-way ANOVA (H
and P). *p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001. Error bars represent SEM.
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Figure 3. Deletion of VHPCCBIR_BLA decreases active stress coping, exacerbates stress-induced
anhedonia and avoidance, and increases stress susceptibility

(A) Schematic of experimental design and viral surgeries to selectively delete the CB1R
from vHPC-BLA circuit (KO) or control (GFP).

(B) Ex vivo electrophysiological recordings from BLA pyramidal neurons. Time course
of vHPC-mediated oEPSCs following bath application of CP55,940 (10 pM) (n = 3 male
mice/group).

(C) Representative traces before and after CP55,940 wash-on in control mice (GFP) and
VHPCCBIRKO_B| A mice (KO).

(D) Quantification of average percentage of oEPSC depression following CP55,940 wash-
on.

(E) Average number of struggle bouts during 4 min restraint stress exposure (n = 6 male and
female mice/group).

Total=15 Total=12
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(F) Quantification of total time spent struggling during restraint.

(G) Experimental timeline for sucrose preference test (SPT). Basal SPT was assessed 24

h after sucrose was provided. Mice were then exposed to an acute footshock exposure,
consisting of 6 shocks. 24 h after footshock, sucrose consumption was assessed again (FS +
SPT).

(H) Percentage of sucrose preference basally and after one acute footshock session (GFP: n
=13, KO: n = 10 basal and GFP: n = 8 and KO: n = 6 post-stress, male and female mice).
(1) Total consumption of liquid (water and sucrose solution).

(J) Experimental timeline for repeated novelty induced hypophagia (rNIH) testing (GFP: n =
15 and KO: n = 12 male and female mice).

(K) Latency to drink Ensure over time.

(L) Feeding latency during NIH after 5 days of footshock stress.

(M) Consumption of Ensure over time.

(N) Consumption during NIH after 5 days of footshock stress.

(O) Criteria used for determining stress-susceptible versus-resilient mice.

(P) Quantification of stress-induced change in latency, comparing latency after 5 days of
footshock with basal latency.

(Q) Proportion of susceptible versus resilient mice following vHPCCBIRKO_B| A

Data were analyzed via two-way ANOVA (D, H, I, K, and M), unpaired Student’s t test (E,
F, L, N, and P), or chi-squared test (Q) performed as analysis. *p < 0.05, **p < 0.01, ****p
< 0.0001. Error bars represent SEM.
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