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SUMMARY
Stress induces aversive memory overgeneralization, a hallmark of many psychiatric disorders. Memories are
encoded by a sparse ensemble of neurons active during an event (an engram ensemble). We examined the
molecular and circuit processesmediating stress-induced threat memory overgeneralization in mice. Stress,
acting via corticosterone, increased the density of engram ensembles supporting a threat memory in lateral
amygdala, and this engram ensemble was reactivated by both specific and non-specific retrieval cues
(generalized threat memory). Furthermore, we identified a critical role for endocannabinoids, acting retro-
gradely on parvalbumin-positive (PV+) lateral amygdala interneurons in the formation of a less-sparse
engram and memory generalization induced by stress. Glucocorticoid receptor antagonists, endocannabi-
noid synthesis inhibitors, increasing PV+ neuronal activity, and knocking down cannabinoid receptors in
lateral amygdala PV+ neurons restored threat memory specificity and a sparse engram in stressed mice.
These findings offer insights into stress-induced memory alterations, providing potential therapeutic ave-
nues for stress-related disorders.
INTRODUCTION

An animal foraging for food is attacked by a predator in a

particular location. As the location of the attack could be near

the predator’s den, it might benefit that foraging animal to avoid

that particular location, as well as any nearby, when foraging

the next day. However, it would be detrimental if the animal

were to stop foraging entirely. This vignette illustrates how a

specific memory helps animals make effective decisions, but

how overgeneralizing a specific memory might be disadvanta-

geous. Inappropriately overgeneralized threat memories, in

which there is a failure to discriminate dangerous from safe

stimuli, are a hallmark of several psychiatric disorders,
All rights are reserved, including those
including post-traumatic stress disorder (PTSD) and general-

ized anxiety disorder.1,2

Stress is defined as any stimulus that presents a challenge to

homeostasis and risks the well-being of an animal. Stress has

been implicated in the genesis of PTSD3,4 and induces threat

memory generalization.5,6 Therefore, understanding how stress

promotes threat memory generalization remains an important,

and unanswered, question.

Memories for events, including threatening events, are en-

coded by ensembles of principal neurons active during the

event, termed amemory trace or engram ensemble.7–10 Memory

retrieval is initiated by an appropriate external sensory cue that

was present at the time of the event or a relevant internal retrieval
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Figure 1. Threat memory generalization induced by acute RS and systemic corticosterone (CORT) administration

(A and B) (A) Threat discrimination paradigm: CS+ (7.5 kHz pips) but not CS� (2.8 kHz pure tone) paired with foot shock during training. Control mice showed

specific memory (CS+ freezing > CS� freezing), while mice restraint stressed (RS) for 30 min immediately before training showed generalized memory (CS+

freezing = CS� freezing) (ANOVA, tone 3 RS interaction, F[1,14] = 13.03, p < 0.01) (B) and higher generalization score (CS�/[CS� + CS+]) (F[1,14] = 26.94,

p < 0.0001).

(C and D) (C) Systemic injection of the corticosterone (CORT) synthesis inhibitor metyrapone (50 mg/kg, i.p.) but not vehicle (VEH) 30 min before RS restored

memory specificity in RSmice (RS3metyrapone3 tone interaction: F[1,26] = 4.86, p = 0.03) (D) and generalization score (RS3metyrapone interaction: F[1,26] =

5.79, p = 0.02).

(E and F) (E) Intra-lateral amygdala (LA) microinjection of glucocorticoid receptor antagonist RU486 (100 ng) but not vehicle (VEH) 30 min before RS restored

memory specificity in RS mice (RS 3 RU486, F[1,28] = 14.62, p < 0.0001) (F) and generalization score (F[1,28] = 12.67, p < 0.001).

(G) RS and CORT (3 mg/kg, i.p.) but not vehicle (VEH) before training increased plasma CORT levels relative to home cage (HC) control mice (F[4,38] = 22.11,

p < 0.0001) in both male (square) and female (circle) mice.

(legend continued on next page)
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cue reactivating neurons in the engram ensemble (‘‘engram

ensemble neurons’’).11–13 Consistent with computational the-

ories,14 an engram ensemble is sparsely encoded such that

not all excitatory neurons become part of any one engram

ensemble. In this way, the formation of a sparse engram

ensemble requires two potentially separable processes

(neuronal inclusion and neuronal exclusion15). First, excitatory

principal neurons are allocated to an engram ensemble through

a competitive process, with relatively more excitable neurons

tending to ‘‘win’’ the competition to be included as part of the

engram ensemble.16–21 Second, engram sparsity is maintained

by actively excluding ‘‘non-winning’’ less excitable neurons

from the engram ensemble.16,20–22

The overall size (number of excitatory member neurons23) and

corresponding sparsity of an engram ensemble in a given brain

region is remarkably constant across types of memory24–26

and independent of memory strength.22,27 However, the size of

an engram can be increased and sparsity correspondingly

decreased by disrupting the function of inhibitory neurons,

particularly parvalbumin-positive (PV+) neurons, during the

training event.16,20–23 For instance, disrupting PV+ neuronal

function in the CA1 region of the dorsal hippocampus during

contextual threat training induced a dense engram, likely by dis-

rupting the neuronal exclusion process of engram ensemble for-

mation.23 Moreover, these mice with a dense engram ensemble

showed a generalized, rather than a specific, threat memory.23

As stress induces threat memory generalization,28–30 and a

generalized memory may be supported by dense engram en-

sembles, we hypothesized that stress mediates threat memory

generalization by increasing the size of an engram ensemble

via an unknown mechanism.

Here, we used a variety of tools and found that stress, via the

recruitment of retrograde endocannabinoid (eCB) signaling at

inhibitory PV+ neurons, reduced the sparsity of the engram

ensemble. This occurred by disrupting the neuronal exclusion

process in a key brain region, the lateral nucleus of the

amygdala (LA). This denser LA engram ensemble supported a

generalized threat memory. Specific threat memory and a

sparse engram were restored in stressed mice by antagonizing

LA glucocorticoid receptors, inhibiting LA eCB synthesis,

increasing the activity of LA PV+ neurons, or knocking down

cannabinoid receptors specifically on LA PV+ neurons. These

effects were specific to PV+ neurons in the LA, as similar

manipulation of LA somatostatin-positive (SST+) neurons did

not restore memory specificity in stressed mice. The current

findings agree with previous data implicating eCBs in mediating

the effects of stress on rodent behavior, including enhancing

aversive memory consolidation.31,32 In addition, the current

findings provide a local circuit basis for these previous obser-

vations. The present data increase our understanding of how

stress, via eCBs, impacts memory at the circuit level and

may provide potential avenues for therapeutic interventions in

stress-related disorders.
(H and I) (H) Similar to RS, CORT (3 mg/kg, i.p.) induced threat memory generaliza

score (F[1,30] = 44.10, p < 0.0001). Data are presented as mean + SEM. *p < 0.0

See also Figure S1.
RESULTS

Acute stress increases threat memory generalization
To examine the effects of acute stress on threat memory gener-

alization, we restraint-stressed (RS) mice for 30 min before

training in a threat discrimination task in which one tone (CS+)

was paired with a foot shock, while another tone (CS�) was

not. Control mice (Ctrl) showed precise threat memory, exhibit-

ing high levels of defensive freezing to the CS+ but not the

CS� stimulus during the test. By contrast, RS mice froze at

equally high levels to the CS+ and CS� (Figures 1A and 1B),

failing to discriminate dangerous from safe stimuli, thus showing

threat memory generalization.

Acute stress induces changes throughout the body and brain,

including release of glucocorticoid hormones (cortisol in hu-

mans, corticosterone [CORT] in rodents) from the adrenal cortex

into circulation.33–35 Glucocorticoids are implicated in threat

memory consolidation.36–38 To investigate whether glucocorti-

coid signaling also played a critical role in the observed RS-

induced threat memory generalization, we systemically injected

RS and Ctrl mice with the glucocorticoid synthesis inhibitor me-

tyrapone (50 mg/kg, i.p.) 30 min before CS+-US training (imme-

diately before RS). Metyrapone restored threat memory speci-

ficity in RS mice while having no effect in Ctrl mice (Figures 1C

and 1D), indicating the involvement of glucocorticoids in RS-

induced threat memory generalization. Glucocorticoid receptors

are widely distributed throughout the brain34,39–41 and are partic-

ularly abundant in the LA, a brain region crucial for threat mem-

ory.42–45 We found that microinjecting a glucocorticoid receptor

antagonist (RU 486; mifepristone; 100 ng) directly into the LA

30 min before CS+-US threat training (immediately before RS)

similarly restored memory specificity in RS mice while having

no effect in Ctrl mice (Figures 1E and 1F), specifically implicating

LA glucocorticoid receptors in threat memory generalization.

We next examined whether RS before threat training

increased circulating levels of CORT. Consistent with previous

results,38 we observed increased plasma CORT levels in both

male and female threat-conditioned mice compared with

home-cage (HC) controls. Moreover, both RS and systemic in-

jection of CORT itself (3 mg/kg, i.p.) before threat conditioning

further increased plasma CORT levels to a similarly high level

(Figure 1G). Finally, we asked whether systemic injection of

CORT alone before threat conditioning would induce threat

memory generalization similar to RS. Because CORT has been

reported to induce an ‘‘inverted U-shaped’’ dose-response

curve on threat memory consolidation,46 we first assessed the

effects on threat generalization of a range of CORT doses (0.5–

10 mg/kg, i.p.) administered 30 min before training. CORT-

induced threat memory generalization in male and female mice

at doses ranging from 1–10 mg/kg, but the dose that induced

threat memory generalization most robustly and specifically

was 3 mg/kg (Figures 1H, 1I, and S1A). Importantly, this dose

of CORT-induced freezing in our threat memory generalization
tion (tone3 CORT, F[1,30] = 30.36, p < 0.0001) (I) and increased generalization

5, **p < 0.01, ***p < 0.001.
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test only to CS� stimuli that were close in perceptual space to

the CS+ stimulus (Figure S1B) and did not induce freezing if

the foot shock was omitted during training (Figure S1C), high-

lighting the specificity of this finding. As these data showed

that CORT is both necessary and sufficient for threat memory

generalization, we used systemic CORT (3 mg/kg, i.p.) injection

in further studies investigating the molecular and local circuits

mediating threat memory generalization.

Systemic CORT injection increases the overall size of
the LA engram ensemble, supporting a threat memory
Sparse neuronal engram ensembles are reported to support

specific memories, while less-sparse engram ensembles sup-

port more generalized memories.23 Therefore, we investigated

the effects of exogenous CORT injection on the size of the LA

engram ensemble formed by threat training and the reactivation

of this engram ensemble by both the CS+ andCS� stimuli during

memory testing. We visualized (1) the LA excitatory (principal)

neurons active during training (engram ensemble), (2) neurons

active during CS+ test (neurons active during specific memory

test), and (3) neurons active during CS� test (neurons active dur-

ing generalized memory test) in the same mouse using a triple

‘‘neuronal activity tagging’’ technique. Neurons active during

threat training were tagged using the targeted recombination in

active populations 2 (TRAP2) system47 to express TdTomato

(TdT) (Figures 2A–2C). Neurons active during the CS+ memory

test were tagged using the robust activity marker (RAM) sys-

tem48 to express GFP (Figures 2A–2C), while neurons active dur-

ing CS� test were visualized using an antibody against endoge-

nous cFos protein (Figures 2B and 2C).

During training, CORT increased the number of tagged

engram ensemble neurons (TdT+) relative to vehicle (VEH) (Fig-

ure 2D). By contrast, during the specific CS+ memory test,

administration of CORT before training did not change the num-

ber of active neurons (GFP+) (Figure 2E) or the high level of
Figure 2. Systemic CORT administration induces threat memory gene
(A) (Left) TRAP2 activity tagging system. Tdtomato (TdT) expressed in active neu

system. GFP expressed in active neurons after doxycycline (DOX) withdrawal.

(B and C) Experimental design to examine neurons active during training (TdT, red

25 mm. CORT (3 mg/kg, i.p.).

(D–H) (D) CORT increased number of active neurons during training relative to veh

active during CS+ test (F[1,14] = 1.35, p > 0.05) or (F) observed percent neurons

reactivation; RAM+ + TdT+|DAPI) (F[1,28] = 0.73, p > 0.05), which was higher tha

population levels of each marker (RAM+|DAPI3 TdT+|DAPI) in both CORT and V

(H) likelihood that a neuron active during training is also active during CS+ test ([

(I–M) (I) CORT increased number of neurons active during CS� test (F[1,14] = 7

localization of cFos+ and TdT+ neurons (CORT3 observed interaction: F[1,28] =

(L) likelihood that a neuron active during training is also active during CS� test (F[1,

also active during CS� test (t[1,14] = 31.47, p < 0.05).

(N) Viral vector (HSV-NpACY) to excite (ChR2, blue light, BL) and inhibit (NpHR3.0,

BL before training to excite NpACY+ neurons and bias their allocation and inclus

engram, NpACY+ neurons were inhibited with RL during CS+ test.

(O) NpACY expression in sparse population of excitatory neurons. Scale bar, 12

(P) During CS+ test, RL+ decreased freezing to a greater extent in VEH than CO

(Q) Schematic of neuronal allocation to engram ensemble with and without COR

highly excited neurons and exclusion of non-highly excited neurons). In both grou

freezing, suggesting engram inclusion process intact. However, CORT mice sh

process was disrupted as additional non-NpACY+ neurons were included in the e

See also Figure S1.
engram ensemble reactivation (neurons active at both training

and CS+ test compared with chance levels of two neurons being

active given their abundance in the overall population (observed:

[GFP+ + TdT+]/DAPI+3 100 vs. chance: [GFP+/DAPI+]3 [TdT+/

DAPI+] 3 100) (Figures 2F–2H). During the generalized CS�
memory test, though, VEHmice showed very few active neurons

(cFos+), low engram ensemble reactivation, and low reactivation

of the CS+ ensemble. However, CORT mice showed a

high number of active neurons during the CS� test, as well as

high reactivation of the training engram and CS+ ensembles

(Figures 2I–2M). This pattern of results was also observed in a

similar experiment in which the order of the different tagging

methods was varied (Figures S1D–S1G) but was not observed

in an experiment in which neurons were similarly tagged but

the foot shock omitted during training (Figures S1H–S1K).

Together, these findings indicate that the LA engram ensemble

formed in VEH-treated mice is sparse and reactivated specif-

ically by the CS+ but not the CS� stimulus, while the LA engram

ensemble formed in CORT-treated mice is larger (less sparse)

and reactivated by both the specific (CS+) and the non-specific

(CS�) retrieval cue. Importantly, similar to CORT, RS before

threat conditioning also increased the size of the LA engram

ensemble and the high level of engram ensemble reactivation

by the CS� retrieval cue (Figures S1L–S1O), showing similar ef-

fects between acute stress and systemic CORT administration at

the level of the LA engram.

To determine how CORT induced a larger LA engram

ensemble, we next examined whether CORT impacted the two

stages of engram ensemble formation (allocation and inclusion

of highly excited principal neurons and exclusion of less excited

principal neurons). To this end, we used an all-optical allocate-

and-silence approach to visualize and manipulate neurons in an

engram ensemble. This approach takes advantage of a viral vec-

tor (HSV-NpACY) to express both a blue light (BL)-sensitive excit-

atory opsin (ChR2(H134R)) and a red light (RL)-sensitive inhibitory
ralization by increasing the size of an LA engram ensemble
rons after 4-hydroxytamoxifen (4-OHT) treatment. (Right) RAM activity tagging

), CS+ test (GFP, green), and CS� test (cFos, gray) in same mouse. Scale bar,

icle (VEH) (F[1,14] = 5.95, p < 0.05) but had no effect on (E) number of neurons

active during training (engram ensemble) reactivated during CS+ test (engram

n chance colocalization probability for RAM+ and TdT+ neurons given overall

EH mice, or (G) fold-change in engram reactivation (F[1,14] = 0.74, p > 0.05), or

RAM +TdT+]/TdT+) (F[1,14] = 0.13, p > 0.05).

.18, p < 0.05), (J) engram reactivation as indicated by higher than chance co-

6.22, p < 0.05), (K) fold-change in engram reactivation (F[1,14] = 6.15, p < 0.05),

14] = 43.16, p < 0.001), (M) and likelihood that a neuron active during CS+ test is

red light, RL) same small population of LA excitatory neurons. All mice received

ion to engram ensemble. To test whether these neurons were allocated to the

0 mm.

RT mice (CORT 3 RL interaction, F[1,18] = 17.63, p < 0.001).

T to examine two processes of engram formation (allocation and inclusion of

ps, RL inhibition of NpACY+ neurons excited by BL before training decreased

owed higher freezing during RL inhibition, suggesting the engram exclusion

ngram. Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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opsin (eNpHR3.0) in the same random sparse population of prin-

cipal LA neurons.49,50 Mice expressing NpACYwere systemically

injected with CORT or VEH 30 min before training as above.

Immediately before training, we photostimulated NpACY+ neu-

rons with BL (ChR2) to increase the excitability and bias the allo-

cation of these NpACY+ neurons to the engram ensemble, sup-

porting the threat memory.23,51,52 To examine whether these

highly excited principal neurons were indeed allocated to the

engram ensemble, supporting this threat memory, we tested

memory retrieval both in the presence and absence of RL inhibi-

tion (eNpHR3.0) of NpACY+ neurons (Figures 2N and 2O).

In the memory test, silencing NpACY+ neurons robustly

decreased freezing to the CS+ in VEH mice (Figure 2P), showing

that this sparse population of NpACY+ neurons experimentally

excited before training became critical components of the

engram ensemble supporting the threat memory. In CORT

mice, silencing NpACY+ neurons also decreased CS+ freezing

but did so to a much smaller extent than in VEH mice. These re-

sults suggest that (1) NpACY+ neurons experimentally excited

before training did become part of the engram ensemble in

CORT-treated mice but that (2) additional non-experimentally

excited (NpACY�) neurons were also included in the engram

ensemble and supported freezing during RL inhibition of

NpACY+ neurons. This result is consistent with the above finding

that CORTmice showed a larger, less-sparse engram ensemble.

That inhibiting NpACY+ neurons in CORTmice produced amuch

smaller decrease in freezing than in VEH mice, and the larger

engram observed in CORT mice suggests that CORT disrupted

the second process of engram ensemble formation, that of

excluding non-winning neurons (Figure 2Q).

CORT decreases the activity of LA PV+ inhibitory
neurons during threat conditioning
PV+ neurons comprise roughly 17%–20% of all interneurons in

the LA and play a key role in maintaining the sparsity of an

engram ensemble by excluding non-winning neurons.16,20–23

To examine whether CORT induced a larger engram ensemble

by disrupting the activity of LA PV+ neurons during threat condi-

tioning, we used fiber photometry to assess LA PV+ neuronal ac-

tivity in PV-Cre mice expressing the genetically-encoded cal-

cium indicator GCaMP7f (Figures 3A and 3B). Foot shock

increased GCaMP7f fluorescence in PV+ neurons during training

in VEH mice, but this response was blunted in CORT mice

(Figures 3D–3F), indicating CORT indeed disrupted PV+

neuronal activity during training. In a separate group of mice ex-

pressing GCaMP7f in excitatory (ɑCaMKII+) LA neurons, foot

shock induced a greater increase in fluorescence in CORT

mice than VEH mice (Figures 3C and 3G–3I), indicating that

CORT increased the activity of excitatory principal neurons.

Similar findings were observed in single mice expressing two

different calcium indicators (GCaMP7f and RCaMP1a) in these

two neuronal populations (Figures S2A–S2H). Importantly,

CORT did not change the activity of either PV+ or ɑCaMKII+ neu-

rons in the absence of threat conditioning (Figures S2I–S2K).

Although SST+ neurons are the second most abundant type of

interneuron in the LA, comprising roughly 10%–15% of all inter-

neurons in the LA,53,54 CORT did not blunt the activity of SST+

neurons during training when we similarly expressed GCAMP7f
126 Cell 188, 121–140, January 9, 2025
in the LA of SST-Cre mice (Figure S7D). Together, these findings

are consistent with the hypothesis that during threat training,

CORT specifically decreased the activity of LA PV+ neurons,

inducing a consequent increase in activity of LA excitatory neu-

rons, resulting in a larger, less-sparse engram that supported a

generalized threat memory.

To determine the causal role of decreased LA PV+ neuronal

activity during training in mediating the effects of CORT on

generalized threat memory, we expressed either Gq- or Gi-

coupled designer receptor exclusively activated by designer

drugs (DREADD) receptors (hM3Dq and hM4Di, respectively) in

LA PV+ neurons of PV-Cre mice (Figures 3J and S3A). CORT

mice expressing the excitatory DREADD receptor (hM3Dq) and

injected with the DREADD ligand C21 before training showed

specific, rather than generalized, threat memory (Figures 3K

and S3B–S3D). Moreover, inhibiting the activity of PV+ neurons

during training (activation of hM4Di by C21) produced a general-

ized memory in VEH mice, similar to the effects normally

observed in CORTmice. This effect was specific to PV+ neurons

in the LA as activating hM3Dq in SST+ LA neurons did not affect

CORT-mediated threat memory generalization (Figures S3E–

S3G). Together, these results indicate CORT induces threat

memory generalization by inhibiting the activity of LA PV+ neu-

rons during training to enable a larger, less-sparse LA engram

ensemble that supports a generalized, rather than specific,

threat memory. Through what mechanism stress and systemic

CORT disrupt LA PV+ neuronal function during threat training,

though, is unclear.

Effects of stress on threat memory generalization are
mediated by eCBs in the LA
Based on the following lines of evidence, we next examined the

role of eCBs in stress-induced threat memory generalization.

First, eCBs, through their interaction with neuronal eCB CB1 re-

ceptors (CB1Rs), are known to mediate some of the effects of

stress on behavior, including memory processes.32,55,56 Sec-

ond, both CORT injection and acute stress induce a rapid

release of eCBs in many brain regions, including the amyg-

dala.57,58 Third, CB1Rs are localized on inhibitory interneu-

rons,59 where eCBs act as retrograde messengers to suppress

g-aminobutyric acid (GABA) release.60–62 Moreover, eCB

signaling has been shown to disrupt GABA release specifically

from PV+ neurons in, e.g., the zona incerta63 and dorsolateral

striatum.64 Therefore, although previous studies have focused

on the role of eCB signaling on cholecystokinin-expressing

(CCK+) interneurons in the more basal amygdala,60 here we

probed the role of eCBs in suppressing the activity of LA PV+

neurons in mediating the effects of CORT and stress on threat

memory generalization.

There are two principal eCB ligands, 2-arachidonoyl glycerol

(2-AG) and anandamide (AEA). We found that both levels of

2-AG and AEA in the amygdala were increased in CORT or RS

mice following threat conditioning compared with HC control

mice (Figures 4A, S4A, and S4B). We probed the contribution

of each eCB ligand to CORT-induced threat memory generaliza-

tion using a combination of pharmacological, viral, and CRISPR-

mediated knockdownmanipulations. First, to examine the role of

2-AG in CORT-induced threat memory generalization, we
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Figure 3. Systemic CORT administration induces threat memory generalization by decreasing LA PV+ neuron activity during training

(A–C) (A) Examining neuronal activity (GCaMP) during threat training via fiber photometry (B) in parvalbumin (PV+) neurons in PV-Cre mice or (C) in excitatory

(aCaMKII+) neurons in wild-type (WT) mice.

(D and G) Average fluorescence (Z score) from (D) PV+ and (G) excitatory neurons before and after foot shock.

(E and H) Heatmaps from individual mice.

(F and I) (F) CORT blunted increase in fluorescence (Df/f) before vs. after foot shock in PV+ neurons (CORT3 pre/post-shock, F[1,14] = 27.01, p < 0.0001) (I) but

potentiated increase in fluorescence in excitatory neurons (CORT 3 pre/post-shock, F[1,14] = 61.38, p < 0.0001).

(J and K) Activating LA PV+ neurons (hM3Dq + C21) during training restored memory specificity in CORT mice while inhibiting PV+ neurons (hM4Di + C21) during

training-induced threat memory generalization in VEH mice (virus 3 CORT 3 tone, F[2,43] = 3.22, p < 0.05). Data are presented as mean + SEM. *p < 0.05,

**p < 0.01, ***p < 0.001. CORT, corticosterone; LA, lateral amygdala; PV, parvalbumin.

See also Figures S2 and S3.

ll
Article
microinjected a drug to inhibit local 2-AG synthesis. 2-AG syn-

thesis critically depends on the enzyme diacylglycerol lipase a,

DAGLa.65–67 Therefore, we microinjected the diacylglycerol

lipase a inhibitor, DO34,67 effectively decreasing 2-AG levels in
the LA (Figure S4C), 15 min before administering VEH or CORT

and threat conditioning mice. DO34, especially at higher doses,

disrupted freezing to both CS+ and CS� in VEH and CORTmice

(Figures 4C and 4D), suggesting that although LA 2-AG may be
Cell 188, 121–140, January 9, 2025 127
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Figure 4. Restoring endocannabinoid AEA levels in the LA restores CORT-induced threat memory generalization

(A) CORT and RS increased LA AEA levels over HC controls (F[3,20] = 7.56, p < 0.0001).

(B) Examining role of LA endocannabinoid ligands, 2-AG (2-Arachidonoylglycerol) and AEA (anandamide), in mediating CORT-induced threat memory

generalization.

(legend continued on next page)
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important in threatmemory overall, 2-AG does not play a specific

role in CORT-induced threat memory generalization.

AEA synthesis depends on N-acyl phosphatidylethanolamine-

specific phospholipase D (NAPE-PLD).68 Therefore, we next

decreased AEA levels in the LA by microinjecting LEI-401,69 a

drug that inhibits NAPE-PLD, thereby decreasing AEA levels

(Figure S4C). LEI-401 restored memory specificity in CORT

mice; CORT mice froze at high levels to the CS+ but not to the

CS� (Figures 4E and 4F). Interestingly, LEI-401, microinjected

into the LA or administered systemically, did not affect overall

anxiety-like behavior as measured in the open field and elevated

plus maze, highlighting the specificity of the effect of LEI-401 on

threat memory generalization (Figures S4D–S4J).

Next, we asked whether increasing levels of AEA in the LA

alone would be sufficient to induce threat memory generalization

in VEH-treated mice. To functionally increase AEA levels in the

LA, we disrupted the function of FAAH (fatty acid amide hydro-

lase70), an enzyme critical for AEA degradation, by using either

a CRISPR-based knockdown of FAAH (AAV-SaCas9-sgFAAH71)

or microinjecting a drug that inhibits FAAH activity (URB59772)

(Figure S4C). Increasing LA AEA levels induced threat memory

generalization in VEH mice (Figures 4G–4I) without increasing

overall anxiety-like behavior as measured in the open field and

elevated plus maze (Figures S4K–S4M). By contrast, viral over-

expression of FAAH in excitatory neurons19,52 to functionally

decrease AEA levels in these neurons (HSV-FAAH-OE73), both

normalized the increase in LA AEA levels observed in CORT

mice after threat training (Figure S4B) and restored memory

specificity (Figures 4J and 4K). Together, these data indicate

that CORT-induced threat memory generalization is mediated

by increased AEA levels in the LA.

Cannabinoid CB1Rs are located on LA PV+ neurons
Cannabinoid receptors 1 (CB1Rs) are the most abundant

G-protein-coupled receptors in the brain59 and are highly ex-

pressed throughout different brain areas,74–76 including in the

LA.60 To assess whether CB1Rs are localized specifically on

PV+ neurons in the LA, we used single-molecule fluorescence

in situ hybridization (smFISH) for the gene encoding CB1Rs

(Cnr1) (Table S1). Consistent with previous reports,77,78 we

confirmed Cnr1 expression in several brain regions, including

the basal nucleus of the amygdala, cortex, CA1, CA2, CA3,
(C and D) (C) Inhibiting 2-AG synthesis with DO34 dose-dependently decreased

(dose 3 CORT: F[2,43] = 1.69, p > 0.05) and (D) did not restore CORT-induced t

700 mg: p > 0.05).

(E and F) (E) Inhibiting AEA synthesis with LEI-401 specifically decreased CS� f

(F) restored memory specificity in CORT mice (dose 3 CORT, F[3, 56] = 5.02, p

(G) Expression of a short-guide RNA AAV-sgFAAH in LA excitatory (aCaMKII+) ne

acid amide hydrolase (FAAH), visualized with antibody directed against HA tag (

(H) sgFAAH (but not sgFAAH-Ctrl) induced threat memory generalization in VEH

4.46, p < 0.05).

(I) URB597, to inhibit FAAH and increase AEA, increased threat memory general

(J) Vector overexpressing FAAH (FAAH-OE) to decrease AEA levels (or control ve

bar, 120 mm.

(K) FAAH overexpression but not control virus restored threat memory specific

presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. AEA, anandami

diacylglycerol lipase a; HC, home cage; TC, threat conditioned.

See also Figure S4.
and dentate gyrus subfields of the dorsal hippocampus, as

well as the LA (Figures 5A and 5B). Co-labeling of Cnr1 with

GAD2 and Pvalb mRNA in the LA showed that a subset of LA

Pvalb+ and GAD2+ neurons also expressed Cnr1, particularly

in the anterior region of the LA (Figures 5A and 5B).

Presynaptic CB1R activation reduces the probability of neuro-

transmitter release from many types of neurons.79,80 To deter-

mine whether CB1R activation similarly disrupts GABA release

from LA PV+ neurons, we examined the effects of the CB1R

agonist WIN55,212-2 (WIN55) on PV+ neuron synapses onto

LA principal neurons using ex vivo slice electrophysiology. We

selectively stimulated LA PV+ neurons in slices from PV-Cre

mice expressing the excitatory opsin ChRmine81 in PV+ neurons.

GABA release was assessed using paired-pulse ratio (PPR)

measurements from optical inhibitory postsynaptic potentials

(oIPSCs) elicited by two successive optogenetic pulses

(Figures 5C and 5D). In control slices (aCSF), PV+ synapses

showed a low PPR, indicating a high basal probability of GABA

release. By contrast, slices treated with the CB1R agonist

WIN55 showed elevated PPR, suggesting that CB1R activation

disrupted GABA release (Figure 5E). These results are consistent

with previous research showing CB1R activation decreases the

probability of neurotransmitter release82 and extends these find-

ings to include LA PV+ neurons. Although we did not measure

the effects of stress or CORT on PV+ IPSCs, previous research

shows reduced principal neuron inhibition following CORT treat-

ment in the basolateral complex of the amygdala.44

We next asked whether CORT increased eCB binding on LA

PV+ neurons during threat training by expressing the geneti-

cally-encoded eCB sensor GRAB_eCB2.083 in LA PV+ neurons

and using fiber photometry (Figures 5F–5H). We simultaneously

recorded the activity of LA hSyn+ neurons using a red calcium-

activity sensor, RCaMP1a. Similar to our previous findings,

CORT mice showed higher foot shock-induced RCaMP1a fluo-

rescence in LA excitatory neurons than VEH mice (Figure 5I).

Moreover, in the same mice, CORT also increased foot shock-

induced eCB binding on LA PV+ neurons above VEH levels (Fig-

ure 5J). The lag pattern of fluorescence cross-correlation

(Figures 5K and 5L) suggested that GRAB_eCB2.0 activity in

PV+ neurons occurred before (and perhaps mediated) the in-

crease in excitatory neuron activity. Importantly, this pattern of

lag cross-correlation was not observed in control mice similarly
overall freezing levels to CS+ and CS� similarly in both VEH and CORT mice

hreat memory generalization (F[2,43] = 3.78, p > 0.05, VEH-700 mg vs. CORT-

reezing in CORT mice (dose 3 CORT 3 tone, F[3,56] = 6.82, p < 0.001), and

< 0.01).

urons to increase AEA levels by knocking down the degradation enzyme fatty

green). DAPI, nuclei; dotted outline, LA boundary. Scale bar, 90 mm.

mice, similar to CORT mice with sgFAAH-Ctrl (tone 3 virus 3 CORT, F[2,56] =

ization in VEH mice (dose 3 treatment interaction: F[2,42] = 4.36, p < 0.05).

ctor). Expression in LA (red). DAPI, nuclei; dotted outline, LA boundary. Scale

ity in CORT mice (CORT 3 virus 3 tone, F[1,28] = 8.69, p < 0.01). Data are

de; LA, lateral amygdala; CORT, corticosterone; DO34, *; LEI-401, *; DAGLa,
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expressing a mutant form of the genetically-encoded eCB

sensor (GRAB_eCBmut) that does not change fluorescence

with eCB binding (Figures S5A–S5H) or in mice expressing

the functional GRAB sensor (GRAB_eCB2.0) in LA excitatory

neurons (Figures S5I–S5P). In additional control mice, we

observed CORT alone induced a mild increase in fluorescence

from the functional eCB reporter expressed in PV+ neurons

(Figures S5Q–S5S), as might be expected. Together, these

data are consistent with the interpretation that during threat con-

ditioning, CORT augments eCB release in the LA, perhaps from

excitatory neurons. eCBs may then retrogradely activate CB1Rs

on PV+ neuronal terminals, decreasing the release of GABA onto

LA principal neurons, leading to an increase in the size of the

engram ensemble and threat memory generalization. In support

of this hypothesis, we observed that decreasing AEA levels in LA

excitatory neurons (via FAAH overexpression) failed to restore

memory specificity in CORT mice when PV+ neurons were che-

mogenetically silenced (Figures S6A and S6B).

To directly assess whether CORT induced threat memory

generalization by increasing the binding of eCB to CB1Rs

on LA PV+ neurons, we developed a novel Cre-dependent

CRISPR-Cas9 strategy to knockdown CB1Rs specifically in LA

PV+ neurons. Our construct contained four Cre-dependent

sgRNAs (DIO-sgCB1RKD) directed against the Cnr1 gene to

knockdown CB1Rs in LA PV-Cre-expressing neurons (Fig-

ure 6A). A control construct consisted of a Cre-dependent

non-targeting sgRNA (DIO-sgCB1RCtrl). Both knockdown and

control vectors also expressed TdT. We validated this CB1R

knockdown construct using several approaches. First, we as-

sessed yellow fluorescent protein (YFP) expression from a

CB1R-YFP plasmid in HEK293 cells also expressing either the

knockdown or control virus along with Cas9 and iCre constructs

(Figure 6B). YFP expression was observed in cells expressing

the control virus but not in cells expressing the knockdown virus,

along with Cas9 and iCre constructs (Figure 6C). Second, we

examined postsynaptic spontaneous currents (sIPSC) in
Figure 5. eCBs retrogradely mediate CORT-induced threat memory ge

(A) Colocalization of Pvalb, GAD2, and Cnr1 mRNA in LA. Scale bar, 800 mm. Sc

(B) Graded colocalization of Cnr1 in Pvalb+ neurons across anterior/posterior (

posterior �1.94 to �2.30).

(C) Expression of excitatory opsin ChRmine in LA PV+ neurons (via AAV-DIO-Ch

optically evoked inhibitory postsynaptic currents (oIPSCs) on excitatory (Exc.) ne

(D) Example traces from excitatory neurons after two light pulses delivered in clos

attenuated compared with first light pulse (S1) (paired-pulse depression). In WIN

(E) PPR (S2/S1) of oIPSCs recorded from excitatory neurons was higher in WIN5

cells/mouse.

(F and G) (F) Strategy to examine endocannabinoid binding (GRAB_eCB2.0) in PV

threat conditioning (G) using dual-color fiber photometry.

(H) PV-Cre mice microinjected with AAV-DIO-GRAB_eCB2.0 (green) and AAV-hS

(I) (Left) CORT increased foot shock-induced RCaMP1a fluorescence in excita

p < 0.05).

(J) (Left) CORT increased foot shock-induced GRAB_eCB2.0 fluorescence in P

p < 0.0001).

(K) Example of GRAB_eCB2.0 (green), RCaMP1a (pink), and isosbestic (violet) tr

(L) (Left) Peak synchrony of cross-correlation between GRAB_eCB2.0 and RCaM

correlation of RCaMP signal occurred after GRAB_eCB2.0 signal (observed vs. s

was similar between VEH and CORT mice (main CORT effect: F[1,14] = 0.56, p >

CORT, corticosterone; eCB, endocannabinoids; LA, lateral amygdala; PV, parva

See also Figure S5.
ex vivo slices prepared from mice expressing the knockdown

or control construct in LA PV+ neurons with and without bath

application of the CB1R agonist WIN55 (Figures 6D and 6E).

WIN55 selectively reduced sIPSC frequency in slices expressing

the control but not the knockdown construct (Figures 6F,

S6C, and S6D). Third, expressing the knockdown construct in

LA PV+ neurons disrupted the decrease in GABA release

induced by the CB1R agonist following paired-pulse stimulation

(Figures S6E and S6F). Together, these results indicate our

knockdown construct decreased CB1R expression on LA PV+

neurons.

Having validated our knockdown construct, we askedwhether

knocking down CB1R in LA PV+ neurons was sufficient to

restore memory specificity and engram ensemble sparsity in

CORT mice. CORT mice expressing our CB1R knockdown

construct showed a specific memory (Figure 6G) and a sparse

engram (Figures 6H–6J), similar to VEH mice, whereas CORT

mice expressing the control construct continued to show gener-

alized threat memory and a larger engram (Figures 6G, 6J, and

6K). Moreover, although CORT mice with the control construct

showed aberrant engram reactivation to the generalized (CS�)

retrieval cue (as in Figure 2L), we found CORT mice expressing

our CB1R knockdown construct did not (Figures 6K and 6L).

Importantly, knocking down CB1Rs in LA PV+ neurons using

our construct was also sufficient to rescue the threat memory

generalization induced by RS (Figures 6M and S6G).

We conducted several control experiments to verify that

knocking down CB1Rs in LA PV+ neurons normalized threat

memory generalization induced by CORT or acute stress.

First, we replicated the normalization of threat memory

specificity in CORT mice using a different validated CRISPR

construct to knockdown CB1R expression84 in LA PV+ neurons

(Figures S6H and S6I). Second, we showed that this effect was

specific to PV+ neurons in the LA. Although SST+ interneurons

also express CB1Rs,78 we found that knocking down CB1Rs us-

ing our construct in SST-Cre mice did not normalize threat
neralization via CB1Rs on LA PV+ neurons

ale bar inlay, 80 mm.

AP) extent of LA (anterior; bregma �0.82 to �1.22; medial: �1.34 to �1.82;

Rmine in PV-Cre mice) used to examine GABA release in slices by recording

urons in presence and absence of CB1R agonist WIN55.

e succession. In control (aCSF) slices, response to the second light pulse (S2)

55 slices responses to first and second pulses roughly equal.

5-treated slices than control slices (F[1,3] = 10.89, p < 0.05). n = 4–5 mice, 2–5

+ neurons and activity (RCaMP1a) of excitatory neurons in same mouse during

yn-RCaMP1a (pink). Scale bar, 20 mm.

tory neurons and (right) higher peak fluorescence than VEH (F[1,14] = 7.67,

V+ neurons and (right) higher peak fluorescence than VEH (F[1,30] = 49.98,

ace showing GRAB_eCB2.0 peak occurs before RCaMP1a peak.

P1a signals for VEH and CORTmice. (Right) In both VEH and CORTmice, peak

crambled control main effect, F[1,14] = 156.2, p < 0.0001), but peak synchrony

0.05). Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

lbumin; VEH, vehicle.
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memory generalization in CORT mice (Figures S7A–S7L).

Together, these findings support a cascade model in which

acute stress, via CORT, increases AEA release from excitatory

neurons in the LA, which results in increased AEA binding on

CB1Rs on PV+ neurons, which decreases GABA release and

promotes the formation of a larger engram ensemble during

threat training (Figure 6N). This larger engram is reactivated by

both specific and non-specific retrieval cues, mediating threat

memory generalization.

Above, we found the effects of acute stress and CORT admin-

istration on threat memory generalization were largely restored

by disrupting either glucocorticoid signaling directly in the LA

or eCB binding on LA PV+ neurons. However, to be useful in

normalizing stress-induced threat memory generalization in hu-

mans, it would be important that the route of administration of

a treatment, ideally an FDA-approved treatment, be less inva-

sive. Therefore, we assessed the effects of systemically admin-

istering an FDA-approved glucocorticoid receptor antagonist

(RU486, 50 mg/kg, i.p.) or an AEA synthesis inhibitor (LEI-401,

30 mg/kg, i.p.) on restraint stress-induced threat memory gener-

alization in mice. Both treatments restored threat memory spec-

ificity in RS mice (Figures 7A–7D), highlighting the therapeutic

potential of this pathway.

DISCUSSION

Stress has previously been observed to induce the generaliza-

tion of threat/aversive memories,1 but the neurobiological pro-

cesses mediating this effect have been elusive. Here we used

a combination of tools to examine both the molecular and local

circuit processes mediating this observation. We found that

acute stress drives threat memory generalization at the level of

the engram ensemble in the LA. Acute stress, via increases in

CORT, promoted the release of the eCB AEA in the LA during
Figure 6. Knockdown of CB1R in LA PV+ neurons restores threat mem

(A) Cnr1 locus and constructs used to knockdown CB1R in a Cre-dependent man

(DIO-sgCR1RCtrl-TdT) expressed non-targeting sgRNA.

(B) Validation of DIO-sgCB1RKD-TdT in HEK293 cells expressing CB1R-eYFP (gre

DIO-sgCB1RCtrl-TdT (red).

(C) Quantification of CB1R-eYFP in sgCB1RKD-TdT+ expression in HEK293 cells w

decrease CB1R expression (F[3,44] = 72.24, p < 0.0001).

(D) sgCB1RKD-TdT (red) colocalized with PV (green) in LA. Scale bar, 50 mm.

(E) Functional validation of DIO-sgCB1RKD-TdT in PV+ neurons from LA slices. sIP

PV-Cre mice microinjected with sgCB1RCtrl or sgCB1RKD and Cas9.

(F) WIN55 decreased sIPSC frequency recorded from excitatory LA neurons in s

(G) CB1R knockdown in PV+ neurons (AAV-DIO-sgCB1RKD (but not AAV-DIO-s

CORT mice (CORT 3 virus 3 tone, F[1,28] = 12.92, p < 0.01).

(H) Examining whether CB1R knockdown restored CORT-induced larger, less-spa

Engram ensemble identified using AAV-RAM-GFP with mice removed from DOX

immunohistochemistry.

(I–L) (I) RAM-GFP + cFos expression in different groups. Scale bar, 50 mm. Kno

neurons active during training (RAM+) (CORT3 CB1R, F[1,28] = 7.02, p < 0.01), (K

5.54, p < 0.05), and (L) engram reactivation during CS� test (cFos+| RAM) (COR

(M) Similarly, knocking down CB1Rs in PV+ LA neurons restored memory specifi

(N) Summary of findings. During threat learning, stress increases AEA release from

release onto excitatory neurons. Rather than normally constraining the size of th

ensemble, resulting in generalized threat memory. Data are presented as mean +

corticosterone; RS, restraint stress; WIN55, WIN55,212-2.

See also Figure S6.
threat training. Increased AEA retrogradely binds to CB1Rs on

PV+ neurons, leading to a decrease in GABA release onto LA

principal neurons during threat conditioning. The decreased

GABAergic inhibition disrupts the process of neuronal exclusion

from an engram ensemble, resulting in the formation of a larger

and less-sparse engram ensemble. This larger ensemble is sub-

sequently reactivated by both specific and non-specific retrieval

cues, resulting in generalized threat memory (Figure 6N). Previ-

ous data show that increasing neuronal excitability of principal

LA neurons85 or disrupting the function of GABAergic neurons

in the amygdala86,87 induces threat memory generalization in

the absence of CORT. The present results agree with these pre-

vious findings and, moreover, extend these findings by identi-

fying an underlying molecular and circuit process.

Stress and memory generalization
The present findings add to the literature examining the role of

stress and/or glucocorticoids in modulating different types of

memory. It is generally accepted that stressful events are well

remembered. Rodent studies, using pharmacological and ge-

netic tools, show that under some circumstances stress and

administration of CORT facilitate and might even be indispens-

able for several types of robust learning and memory.4,36,38,88–92

Data from human research suggest that the more salient an

experience, the stronger the memory of this experience.93–98

Such robust memory retention may be highly adaptive but also

may incur a cost if these memories lose their specificity. Threat

memories formed under stressful circumstances can result in

overgeneralization to safe situations in the absence of predictive

threat cues,28,29,99 as might also occur with PTSD.3,100,101

Stress, particularly highly traumatic stress, is a necessary factor

in the development of PTSD, and stress-induced alterations in

memory processing may be an important contributor to the

onset and/or progression of this disorder.1,2
ory specificity and engram ensemble size in CORT mice

ner. Mixture of 4 sgRNAs used to make DIO-sgCB1RKD-TdT. Control construct

en). YFP decreased in Cas9+, iCre+ cells with DIO-sgCB1RKD-TdT (red) but not

ith or without Cas9 and iCre constructs showed necessity of all components to

SCs recorded from excitatory neurons with or without CB1R agonist WIN55 in

gCB1RCtrl but not sgCB1RKD mice (virus x WIN, F[1,26] = 4.54, p < 0.05).

gCB1RCtrl) + AAV-Cas9 in PV-Cre mice) restored threat memory specificity in

rse engram ensemble, and inappropriate engram reactivation during CS� test.

during training. Neurons active during CS� memory test identified with cFos

cking down CB1Rs in LA PV+ neurons in CORT mice restored (J) number of

) number of neurons active during CS� test (cFos+) (CORT3 CB1R, F[1,28] =

T 3 CB1R, F[1,28] = 8.10, p < 0.01).

city in RS mice (RS 3 KD 3 tone interaction: F[1,36] = 9.20, p < 0.01).

LA excitatory neurons, which bind to CB1R on PV+ neurons and inhibit GABA

e LA engram, decreased PV inhibition induces formation of larger LA engram

SEM. *p < 0.05, **p < 0.01, ***p < 0.001. CB1R, cannabinoid receptor 1; CORT,
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Figure 7. Systemically administering drugs that target glucocorticoid or AEA levels restores threat memory specificity in restraint-stressed

mice

(A and B) Systemically administering glucocorticoid receptor antagonist RU486 (40 mg/kg, i.p.) restored (A) threat memory specificity in RS mice (stress 3

RU486 3 tone interaction, F[1,27] = 10.31, p < 0.01), and (B) generalization score (F[1,27] = 13.14, p < 0.001).

(C and D) Systemically administering AEA synthesis inhibitor LEI-401 (30mg/kg, i.p.) restored (C) threat memory specificity in RSmice (stress3 LEI-4013 tone, F

[1,28] = 7.61, p < 0.01), and (D) generalization score (F[1,28] = 7.71, p < 0.01). Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. CORT,

corticosterone; RS, restraint stress.
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Although CORT exerts an inverted U-shaped dose-response

curve on memory consolidation,46 the present data are consis-

tent with several previous reports that CORT, in the present

dose range, enhances threat memory generalization.28,29

Here we showed that pre-treatment with a moderate dose of

CORT (3 mg/kg) induced threat memory generalization similar

to the effects we observed with RS. In the present results, we

observed that lower doses of CORT did not induce threat

memory generalization, suggesting sufficient levels of CORT

are required to induce threat memory generalization. These

findings are consistent with human data suggesting only trau-

matic events perceived as highly stressful become general-

ized. People with PTSD show overgeneralization of threat

memories characterized by an inability to inhibit threat re-

sponses in safe situations.102–105 Interestingly, our results

show that threat memory generalization occurs shortly after

training rather than requiring an incubation period as sug-

gested by some previous findings.106,107

eCBs and stress, anxiety, and threat
The current findings add to the rich literature on the role of

eCBs in many brain regions in modulating and mediating the

effects of stress on threat and anxiety, in addition to other

behavioral and physiological responses to stress.32,108,109

First, consistent with previous reports, we find that aversive

learning mobilizes eCB signaling in the amygdala,58 and

extend these findings by showing that this effect is augmented

by pre-exposure to systemic administration of CORT or stress.

These elevations in AEA signaling were found to augment ac-

tivity within excitatory principal neurons of the LA through

disinhibition of PV+ interneurons, thus resulting in a less-

sparse engram ensemble via decreased exclusion of non-win-

ning excitatory neurons. Recent human work has similarly

shown that threat conditioning can mobilize AEA and that the
134 Cell 188, 121–140, January 9, 2025
magnitude of AEA increases correlates with increased neural

activity in the amygdala during learning itself.110 As such, the

current data provide a cellular mechanism to explain how

elevated AEA during threat conditioning can increase neural

activity within the amygdala.

Second, we show that AEA signaling in the LA is a key medi-

ator of stress-induced threat memory generalization. This

builds on previous work showing that AEA signaling within

the amygdala contributes to the enhanced consolidation of

aversive memories that occurs following increased intensity of

the stressful stimulus,58,111 but extends this work by showing

that in addition to enhanced consolidation, AEA signaling in

the LA drives overgeneralization of threat memories by disrupt-

ing engram ensemble sparsity. These data are particularly

intriguing in light of recent human clinical work reporting

that high circulating AEA at the time of a traumatic event is

associated with increased risk of PTSD development.112 The

current data, in tandem with previously published work, provide

a potential mechanism for this finding by suggesting that

elevated AEA during trauma exposure may both facilitate hy-

per-consolidation and produce overgeneralization of the trau-

matic memory.

Engram ensemble sparsity
It has long been theorized that information is sparsely encoded in

the brain.113–116 This notion is backed by experimental findings

showing sparse population coding schemes in a number of spe-

cies, including Drosophila,117 song birds,118 primates,119 and ro-

dents.120 Various machine learning/AI models also use sparse

coding,121,122 suggesting this type of information coding is a

design principle across many systems. Sparse coding is thought

to increase storage capacity and resource efficiency of a

system, be robust to noise, and allow distinct memories to be

represented simultaneously with little interference (pattern
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separation).123–126 We therefore investigated whether the gener-

alized threatmemory observed following stresswasmediated by

disrupting the sparsity of an engram ensemble, supporting a

threat memory. Both computational theories and experimental

data indicate sparse coding in cortical networks is mediated

by inhibition.127–129 Consistent with this, here we show the

importance of LA PV+ inhibitory neurons in forming a sparse

engram ensemble and how disrupting the function of PV+ neu-

rons produced threat memory generalization. Although research

from many labs over the past decade has shown that different

types of memories are encoded in a sparse population of neu-

rons in an engram ensemble,7–9 how different environmental or

genetic manipulations impact the formation of an engram

ensemble and its subsequent accessibility to impact memory

is only beginning to be explored.

Limitations of the study
Here, we examined the effects of systemic injections of CORT or

acute RS on threat memory generalization and size of the

engram ensemble in LA of mice. Whether other types of acute

stressor or stressors applied more chronically induce similar

generalization of an aversive memory or a similar increase in

the size of the engram ensemble in the LA or other brain regions

is unknown. We also examined only aversive threat memories. It

would be interesting to examine whether stress similarly in-

creases the generalization of a rewarding or motivationally

neutral memory.

In conclusion, this study provides insights into how acute

stress induces threat memory generalization in mice at both

the molecular and circuit level. We show the critical involvement

of glucocorticoid signaling, retrograde eCB signaling, and

engram ensemble dynamics. These findings offer potential ave-

nues for therapeutic interventions aimed at ameliorating stress-

induced memory alterations and may have implications for

stress-related psychiatric conditions.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
Adult (> 10 weeks of age) male and female F1 hybrid (C57BL/6NTac x 129S6/SvEvTac) wild-type (WT) mice were used for all exper-

iments, unless specified otherwise. Mice were bred at the Hospital for Sick Children and group housed (4 per cage) on a 12 h light/

dark cycle with food and water available ad libitum at an ambient temperature of 22 ± 2�C. Behavioral experiments took place during

the light-phase. Cage mates of the same sex were randomly assigned to experimental groups. All procedures were conducted in

accordance with policies of the Hospital for Sick Children Animal Care and Use Committee and conformed to both Canadian Council

on Animal Care (CCAC) and National Institutes of Health (NIH) Guidelines on Care and Use of Laboratory Animals.

PV-Cre knockin driver transgenic mice (C57BL/6NTac; 129P2-Pvalbtm1(cre)Arbr/J; ‘‘PV-Cre mice’’) that express Cre recombinase in

PV+ neurons, without disrupting endogenous PV expression, were originally generated by Dr. Silvia Arber (FMI) and obtained from

Jackson Lab (JAX stock #017320). F1 hybrids used in experiments were obtained by crossing homozygous PV-Cre mice (C57BL/

6NTac background) with 129S6/SvEvTac mice. Husbandry procedures for this line were identical to those described for WT mice.

Targeted Recombination in Active Populationsmice (‘‘TRAP2’’mice; Jackson Labs, stock #030323), in which 4-hydroxy-tamoxifen

(4-OHT)-dependent-recombinase CreERT2 is expressed in an activity-dependent manner from the loci of the activity-dependent im-

mediate early gene cFos, were crossed with transgenic mice expressing a floxed-stop TdT cassette (AI14mice, Jackson Labs, stock
e2 Cell 188, 121–140.e1–e9, January 9, 2025
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#007914).47,136 In offspring expressing both transgenes (TRAP2 3 TdT mice), neurons in which cFos is induced shortly after 4-OHT

injection permanently express TdT.

METHOD DETAILS

Viruses
All viruses were made in-house.

HSV
We used replication-defective herpes simplex viruses (HSV) to manipulate sparse subsets of LA neurons. HSV is naturally neurotro-

phic and, following LA microinjection, transfects approximately 10-30% of principal (excitatory) neurons. Transgene expression

peaks 3-4 days after HSVmicroinjection.19 HSV titers were approximately 1.0 x 108 infectious units/ml. The following HSV constructs

were used:

HSV-NpACY

We used HSV-NpACY to bidirectionally manipulate the activity of sparse subsets of excitatory neurons. HSV-NpACY contains both

the blue-light (BL) sensitive excitatory opsin, channelrhodopsin-2 (ChR2-H134R) fused to enhanced yellow fluorescent protein

(eYFP), and the red-light (RL) sensitive inhibitory opsin, halorhodopsin 3.0 (NpHR3.0). These opsins are spectrally compatible, allow-

ing for neuronal excitation by ChR2 with BL (473 nm) and neuronal silencing by NpHR3.0 with RL (660 nm).51 Opsin genes were con-

nected in the viral vector using a 2A self-cleavage linker (p2A) and expression was driven by the endogenous HSV promoter IE4/5.

Distinct activation of ChR2 and NpHR3.0 has been indicated in hippocampal neurons.137 Moreover, there is minimal cross-talk be-

tween BL (488 nm), which increases, and RL (594 nm, 639 nm), which decreases the activity of neurons expressing this

construct.51,138,139

HSV-FAAH-TdT

FAAH (fatty acid amide hydrolase) hydrolyzes anandamide (AEA), such that FAAH overexpression would decrease AEA levels. HSV-

FAAH-TdT was used to overexpress FAAH in the LA, as previous.32 Expression of FAAH was driven by the IE4/5 promoter, and TdT

by the CMV promoter. A virus expressing TdT alone (HSV-p1005-TdT; HSV-TdT) was used as control.

AAV
Adeno-associated viruses (AAV) were used to label, manipulate, or record neuronal activity. Transgene expression peaks 3-4 weeks

after AAV microinjection and remains relatively stable for weeks. Mice were microinjected with AAV 21d before behavioral experi-

ments. AAVs (DJ serotype) were generated in HEK293T cells with the AAV-DJ Helper Free Packaging System (Cell Biolabs, In.,

cat# VPK-400-DJ) using the manufacturer-suggested protocol. Viral particles were purified using Virabind AAV Purification Kit

(Cell Biolabs, Inc., cat# VPK-140). AAV titers were approximately 1.0 x 1011 infectious units/ml. The following AAV constructs

were used:

AAV(DJ)-RAM-d2TTA::TRE-eGFP-WPREpA (AAV-RAM-GFP)

To tag highly active neurons during an experience, we used the RAM (Robust Activity Marking) viral system in which removal of doxy-

cycline (DOX) from the diet is the inducer.48 The RAMAAV viral vector tags active neurons (via a synthetic activity-regulated promoter,

PRAM, made up of minimal AP-1, Fos and Npas4 promoter sequences) in a temporally-specific fashion (via a doxycycline (DOX)-

dependent modified Tet-Off system, pAAV-RAM-d2TTA::TRE-EGFP-WPREpA). pAAV-RAM-d2TTA::TRE-eGFP-WPREpA was a

gift fromDr. Yingxi Lin (UT Southwestern)(Addgene plasmid # 84469; http://n2t.net/addgene:84469; RRID:Addgene_84469). Expres-

sion of GFP was prevented in the presence of DOX in the chow (40 mg/kg), but removal of DOX+ food opened the tagging window,

such that active neurons expressing AAV-RAM-GFP expressed GFP.

AAV(DJ)-CAG-FLEX-GCaMP7f-WPRE (AAV-FLEX-GCaMP7f)

To record calcium activity in PV+ neurons, we expressed AAV-FLEX-GCaMP7f in PV-Cre mice. pGP-AAV-CAG-FLEX-jGCaMP7f-

WPRE was a gift from Dr. Douglas Kim & GENIE Project (Addgene plasmid # 104496; http://n2t.net/addgene:104496;

RRID:Addgene 104496).

AAV(DJ)-CaMKIIa-jGCaMP7f (AAV-CaMKIIa-GCaMP7f)

To record calcium activity in excitatory neurons, we used a green fluorescent calcium sensor, GCaMP7f expressed under the

aCaMKII promoter. Inserts were obtained from pGP-AAV-syn-jGCaMP7f-WPRE (Addgene #104488) and cloned into pAAV-CaM-

KIIa, which was made from pAAV-CaMKIIa-hChR2(H134R)-eYFP (Addgene #26969) where ChR2(H134R) was removed.

AAV(DJ)-Syn-NES-jRCaMP1a-WPRE-SV40 (AAV-RCaMP1a)

To record calcium activity using a red fluorescent calcium sensor, RCaMP1 was expressed under the hSyn promoter. pAAV.Syn.

NES.jRCaMP1a.WPRE.SV40 was a gift from Dr. Douglas Kim & GENIE Project (Addgene plasmid #100848; http://n2t.net/

addgene:100848; RRID:Addgene_100848).131

AAV(DJ)-hSyn-DIO-hM4Di-mCherry (AAV-DIO-hM4Di), AAV(DJ)-hSyn-DIO-hM3Dq-mCherry (AAV-DIO-hM3Dq)

We used AAV-DIO-hM4Di to inhibit and AAV-DIO-hM3Dq to activate PV+ neurons in the LA in PV-Cre mice. As a control we used

AAV(DJ)-hSyn-DIO-mCherry (AAV-DIO-mCherry). All plasmids (pAAV-DIO-hM4Di, RRID:Addgene #44362, pAAV-DIO-hM3Dq,
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RRID:Addgene #4436; pAAV-DIO-mCherry, RRID:Addgene #50459) were gifts from Dr. Bryan Roth (UNC). Expression of hM4Di or

hM3Dq-mCherry in Cre+ neurons was driven by the hSyn promoter.

AAV(DJ)-CMV-FLEX-SaCas9-U6-sgFAAH (AAV-sgFAAH)

AAV-sgFAAH was used to knock down FAAH in LA neurons.71 Expression of SaCas9 and sgFAAH was driven by the U6

promoter in the presence of iCre. As a control, we expressed AAV(DJ)-CMV-FLEX-SaCas9-U6-sgFAAH-ctrl (AAV-sgFAAH-ctrl).

Expression of this virus was visualized by immunohistochemical staining of the HA-tagged protein. We detected the HA tag

exclusively in the LA neurons. pAAV-CMV-FLEX-SaCas9-U6-sgFAAH (Addgene plasmid # 209197; http://n2t.net/addgene:

209197; RRID:Addgene_209197) and pAAV-CMV-FLEX-SaCas9-U6-sgFAAH-ctrl were gifts from Dr. Larry Zweifel (UW).

AAV(DJ)-CaMKIIa-iCre (AAV-iCre)

iCre under the aCaMKII promoter was used to express the iCre recombinase in excitatory neurons to induce recombination between

LoxP sites of target constructs in a cell-type specific manner. Inserts were obtained from pAAV-CAG-iCre (Addgene #51904) and

cloned into pAAV-aCaMKII, which was made from pAAV-aCaMKII-hChR2(H134R)-eYFP (Addgene #26969) where ChR2 was

removed.

AAV(DJ)-EF1a-DIO-ChRmine-mScarlet-WPRE (AAV-EF1a-DIO-ChRmine)

ChRmine, a red-light sensitive excitatory opsin with large photocurrents and millisecond spike-timing fidelity,81 was expressed in

Cre+ neurons to optogenetically activate distinct neurons. pAAV-Ef1a-DIO-ChRmine-mScarlet-WPRE was a gift from Dr. Karl Dei-

sseroth (Stanford)(Addgene #130998).

AAV(DJ)-hSyn-GRAB_eCB2.0 (AAV-GRAB_eCB2.0)

We used a GRAB_eCB2.0 biosensor, a type of GPCR activation-based fluorescent sensor that is inserted in the plasmalemma

and preserves the binding site structure of the GPCRs from which they are derived. The GRAB_eCB2.0 biosensor allows lipid

eCBmessengers to be sensed in the same subcellular compartment where endogenous CB1Rs are expressed. This sensor changes

fluorescence when bound to eCB. AAV-GRAB-eCB2.0 was used in WT mice to assess eCB binding on neurons, or AAV(DJ)-hSyn-

DIO-GRAB_eCB2.0 (AAV-DIO-GRAB_eCB2.0) in PV-Cre mice to assess eCB binding on PV+ neurons.83 As a control, we used

AAV(DJ)-DIO-GRAB_eCBmut (AAV-DIO-GRAB_eCBmut) that expresses a mutated sensor that does not change fluorescence

upon eCB binding. Expression of (DIO-)GRAB-eCB2.0/mut in neurons was driven by the hSyn promoter. All plasmids (pAAV-GRAB_

eCB2.0, RRID:Addgene #164604; pAAV-DIO-GRAB_eCB2.0, RRID:Addgene # 164606; pAAV-DIO-GRAB_eCBmut, RRID: Addgene

#164607) were a gift from Dr. Yulong Li (Peking University).

AAV(DJ)-U6-DIO-sgCB1Rknockdown-CMV-TdT (AAV-DIO-sgCB1RKD)

To knock down the CB1R in a cell type specific manner, we developed four short guide (sg) CB1RKD constructs that were driven by

the U6 promoter in the presence of Cre recombinase. In combination with SpCas9 in PV-Cre mice, this mixture of sgCB1RKD

constructs knocked down the CB1 receptor in PV+ neurons. As a control, we expressed AAV(DJ)-U6-DIO-sgCB1Rcontrol-CMV-

TdT (AAV-DIO-sgCB1RCtrl), which contained a non-targeting sgRNA sequence.

AAV(DJ)-pMeCP2-SpCas9-spA (AAV-Cas9)

AAV-Cas9 expressed SpCas9 under the neuronal MeCP2 promoter. Combined with abovementioned sgCB1RKD, these constructs

form a ribonucleoprotein complex to knock down the expression of the CB1 receptor. This was a gift from Dr. Feng Zhang

(MIT)(Addgene plasmid # 60957; http://n2t.net/addgene:60957; RRID:Addgene_60957.134

AAV1-CMV-FLEX-SaCas9-U6-sgCNR1 (AAV-FLEX-sgCNR1-KD)

AAV-sgCNR1-KD was used to knock down Cnr1 in LA neurons.84 Expression of SaCas9 and sgCNRa-KD was driven by the U6 pro-

moter in the presence of iCre. As a control, we expressed AAV1-CMV-FLEX-SaCas9-U6-sgRosa26 (AAV-FLEX-sgRosa26-Ctrl).

Both AAV-FLEX-sgCNR1 and AAV-FLEX-sgRosa26-Ctrl were gifts from Dr. Larry Zweifel (UW) (RRID:Addgene_209196,

RRID:Addgene_159914).

Stress manipulations
Restraint stress

30min before threat training, mice were placed individually in a 50ml falcon tube with breathing holes for 30min. The falcon tube was

well ventilated but prevented mice from turning or ambulating, without exerting pressure on their bodies. Following exposure to re-

straint, mice were transferred to the threat conditioning chamber. Control mice remained in their home cage until threat conditioning.

CORT treatment

Mice received systemic CORT treatment (3 mg/kg, i.p.) or VEH 30 min before threat training.

Experimental design
Discriminative threat conditioning and testing

Threat conditioning experiments were divided into three phases. In the CS- exposure phase, mice were placed in a conditioning

chamber (Context A, rectangular chamber with a grid floor; Med Associates) and 2 min later presented a 30-sec auditory CS- (2.8

kHz, 82 dB, pure tone). 24 h later, mice were returned to the same conditioning chamber, and 2 min later, presented with a

30-sec auditory CS+ (7.5 kHz, 82 dB, pips) which co-terminated with a 2-sec foot shock (0.4 mA). Mice remained in the chamber

for an additional 30 sec before being returned to home-cage. To test specific and generalized memory, 24 h later, mice were place

in a novel context B (white, triangular chamber with white plastic floors, distinct from the conditioning chamber) and, after 2 min,
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presented with a 1 min CS- or CS+ (counterbalanced, 1-min inter-tone interval). Mouse behavior was recorded with overhead cam-

eras and FreezeFrame v.3.32 software (Actimetrics). Memory was assessed by measuring percent time spent freezing (cessation of

all movement except respiration140 during CS+ and CS- presentation via automated procedures or hand-scoring of videos (in opto-

genetic experiments). Videos were hand-scored by an experimenter blinded to the treatment of the mice. We observed no effects of

CS presentation order during the test, therefore, groups were averaged. A generalization score was computed for each mouse

(FreezingCS-/(FreezingCS+ + FreezingCS-).

For the sake of clarity, we did not present baseline (pre-CS) freezing scores for these experiments. Overall, mice showed low

freezing when placed in a novel context and, across experiments, we observed no difference between groups in baseline freezing.

Specific details for experiments deviating from the standard protocol are described below:

Plasma CORT assessment

To assess circulating plasma CORT levels after different manipulations, mice were anesthetized using isoflurane, quickly decapi-

tated, and trunk bloodwas collected 30min after threat training. 30min before threat training, mice were restraint stressed or injected

with CORT/VEH. An untrained, home cage control group was used to assess baseline plasma CORT levels.

Triple activity tag experiment

For the triple tag experiments in which we tagged the populations of neurons active during training, CS+ testing and CS- testing, we

used three tagging techniques (TRAP2 transgenic mice, AAV-RAM-GFP and cFos immunohistochemistry). TRAP2 transgenic mice

were crossed with TdT-reporter mice and microinjected with AAV-RAM-GFP. Mice were maintained on a DOX containing diet, to

prevent GFP expression from the RAM construct (see below for details). To tag the population of neurons active during training,

mice were administered 4-OHT (i.p.) immediately following threat training. Mice remained undisturbed for 72h to ensure sufficient

time for the induction of TdT to occur. To tag the population of neurons active during CS+ test, mice were removed from a DOX+

diet 24h before CS+ test. To tag the CS- active population, mice were given a CS- test, and 90 min later, mice perfused and cFos

visualized by immunohistochemistry.

Allocation of threat memory

HSV-NpACY expresses both a blue light-sensitive ChR2, an excitatory opsin, and a red light-sensitive NpHR3.0, an inhibitory opsin.

We excited the sparse population of NpACY+ neurons with blue light (BL+, 473 nm, 20 Hz, 5 msec pulses, 10 mW peak, 10% duty

cycle) for 30 sec before onset of the auditory CS in the training session, to bias the allocation of these neurons to the engram

ensemble. To examine whether these neurons were preferentially allocated to the engram ensemble supporting this thread memory,

we tested mice by delivering the CS twice, once in the presence of red light (RL+, 660 nm, 7 mW square pulse for the duration of the

CS) to silence NpACY+ neurons and once in the absence of red light (RL-) in a counterbalanced order. The laser (Laserglow, LRS-

0473) was connected to a split optic fiber (Precision Fiber Products) and was controlled by a waveform generator (Agilent Technol-

ogies, 33500B) to provide BL and RL stimulation.

Chemogenetic modulation of threat memory

1h before threat training, mice were systemically injected with the DREADD ligand C21 (or a vehicle control for Figures S3B–S3D) to

activate or inhibit DREADD-expressing neurons.

Intra-LA drug microinjection

To assess the effects of manipulating 2-AG or AEA levels in the LA, URB597, DO34 and LEI-401 were microinjected directly into the

LA before threat training (1 ml bilaterally). Control mice were microinjected with the same volume of a vehicle solution.

AEA and 2-AG measurements

AEA and 2-AG levels were measured in the amygdala in mice after threat training (with and without CORT) or mice taken directly from

the home cage (as a control). Micewere anesthetizedwith isoflurane 15min after training, quickly decapitated, and the amygdala was

dissected out, snap frozen on dry ice and stored at -80 �C until further analyses were conducted.

Fiber photometry recordings

For fiber photometry recordings, habituation, training and testing occurred as above, but mice were attached to an optic fiber during

all phases of the procedure.

Drug administration
Corticosterone (CORT)

To mimic aspects of the stress response, corticosterone (CORT) was systemically administered (i.p.) 30 min before threat condition-

ing. CORT (Sigma-Aldrich, St. Louis, MO, USA, cat# 27840) was dissolved in EtOH (16 mg/ml) and 20x diluted in saline and admin-

istered at a dose of 3 mg/kg body weight. Injection volume was 100 ml/10 g body weight. Control mice received an equal volume of

EtOH:saline (‘‘VEH’’).

Metyrapone

To inhibit the synthesis of glucocorticoids, metyrapone was systemically administered (i.p.) 30 min before restraint stress. Metyra-

pone (Bio-Connect, The Netherlands, cat# HY-B1232) was dissolved in polyethylene glycol (PEG) (50 mg/ml), and diluted in saline,

and 50 mg/kg (i/p.) was systemically administered. Control mice received an equal volume of PEG:saline.

RU486

RU486 was administered to investigate the involvement of glucocorticoid receptors in the behavioral effects of CORT. For systemic

injections, RU486 (Sigma-Aldrich, St. Louis, MO, USA, cat# M8046) was dissolved in 100% EtOH, 20x diluted in saline and 40mg/kg
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(i.p.) was systemically administered, 30 min before CORT injection or restraint stress. Control mice received an equal volume of

EtOH:saline. For LA microinjection, RU486 was dissolved in DMSO and then diluted 1:10 in saline. 100 ng RU486 was microinjected.

DO34

To inhibit the synthesis of 2-AG, DO34wasmicroinjected into the LA. A stock solutionwas prepared by dissolving DO34 in DMSOand

then diluted 1:1 in Tween-20 to a final concentration of 20 mM. Stock solution was further diluted in saline to the desired concentra-

tions (200-700 mg). DO34 was synthesized as previously reported.67

LEI-401

LEI-401was used to inhibit the synthesis of AEA. A stock solutionwas prepared by dissolving LEI-401 in DMSOand then diluted 1:1 in

Tween-20 to a final concentration of 20 mM. Stock solution was further diluted in saline to the desired concentrations. For systemic

injections, LEI-401 was injected at a dose of 30 mg/kg body weight. For LA microinjections, 0, 200, 400, 600 mg LEI-401 was micro-

injected bilaterally. LEI-401 was synthesized as previously reported.69

URB597

URB597 was used to inhibit the hydrolysis of AEA. For URB597 microinjection (20 ng, Cayman Chemical, Cedarlane, Burlington, ON,

Canada, cat# 10046), a stock solution was prepared by dissolving URB5979 in polyethylene glycol (PEG), and then diluted 1:1 in

Tween-90, URB597 or a vehicle (5% polyethylene glycol, 5% Tween-90, 90% saline) were microinjected into the LA 45 min before

training.

Doxycycline (DOX)

Doxycycline (DOX) chow (40 mg/kg, Bio-Serv, cat no. S4159) was provided ad libitum 24h before microinjection of AAV-RAM-GFP.

DOX+ food was replaced by standard chow 24h before the tagging event, and DOX food was replaced immediately after the

tagging event.

4-hydroxytamoxifen (4-OHT)

4-hydroxytamoxifen (4-OHT, 25 mg/kg, i.p., Toronto Research Chemicals, cat no. H954725) was injected immediately after threat

conditioning to induce recombination in TRAP2 mice. 4-OHT was first mixed with 100% ethanol (40 mg/ml) and vortexed vigorously.

The solution was then poured into a 50�C chamber, vortexing every 15 min for approximately 2h until fully dissolved. An equal part

Cremaphore was added to create a stock solution, which was mixed at a 1:1 ratio with PBS.

DREADD agonist 21 (C12)

C21 dihydrochloride (Tocris, cat# 6422) was prepared as a stock solution of 10 mg/ml in dH2O and stored at -20 �C. Stock solution

was later thawed and diluted 1:10 in PBS. Diluted C21was administered 1 h before threat training (1.0mg/kg, i.p.) to activate or inhibit

DREADD-expressing neurons.

Surgery
Mice were pre-treated with atropine sulfate (0.1 mg/kg, i.p.), anesthetized with isoflurane-oxygen mix (3 % isoflurane for initial

induction and 1-2.5 % through nose cone thereafter), and administered the analgesic meloxicam (4 mg/kg, s.c). Mice were

topically administered lidocaine around the incision site, and holes were drilled bilaterally above the LA (to target

AP -1.3 mm, ML ±3.4 mm, DV -4.7 mm relative to bregma for the LA). Viral vectors were slowly microinjected (HSV; 1.5 ml,

AAV; 0.5-1.5 ml, rate of 0.1 ml/min) via glass micropipettes connected to Hamilton syringes (10 ml) via polyethylene tubing.

Following microinjection, micropipettes were maintained in place for an additional 10 min to ensure viral diffusion. Bilateral op-

tical fibers, when required, were implanted at the same coordinates as used for the virus injection (for fiber photometry exper-

iments), or 0.5 mm above virus injection site (for optogenetic experiments). Optical fibers were constructed in-house by cutting

a fiber (15 mm long, 200 mm diameter, 0.39 numerical aperture, Thorlabs, FT200EMT, Newton, NJ), polishing the fiber, and fixing

it into a zirconia ferrule (1.25 mm, Thorlabs, CFLC230-10) with epoxy resin. Optical fibers were secured in place using screws

and dental cement.

Following both microinjections, mice were administered 0.9% saline (1.0 ml, s.c.) and placed in a clean cage on a heating pad to

recover.

For cannula experiments, mice were implanted with 31 G guide cannulae (HRS scientific, Canada) above the LA and secured to the

skull using screws and black dental cement. A dummy cannula extending 0.25 mm from the guide cannula (same length as the in-

ternal cannula used for microinjections) was inserted. Post-surgery procedures and care were the same as described above.

Histology
Perfusion and tissue preparation

Mice were perfused transcardially with chilled 1x PBS followed by 4% paraformaldehyde (PFA), fixed in PFA overnight at 4 �C, and
transferred to 30% sucrose solution for at least 24 h. Brains were sectioned coronally using a cryostat (Leica CM1850), and a 1:4

sampling fraction was used to obtain 4 sets of 50 mmsections. Sections for immunohistochemistry were stored in 0.1%NaN3 solution

until staining.

For all experiments involving virus microinjections, only mice showing strong bilateral expression (i.e., expression limited to the LA

and observable in a minimum of 3 brain sections) were included in statistical analyses. For experiments in which we microinjected

multiple viruses, only mice expressing both transgenes in the same region were included in the final data set. For optogenetic and

fiber photometry experiments, only mice with optic fibers placed correctly above the opsin-expressing region of interest were
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included in the final data set. For experiments in which we implanted cannula, correct placement was verified by ink injection and by

post-hoc identification of cannula tracks in brain slices.

Immunohistochemistry

Immunofluorescence staining was conducted as previously described.51 Free-floating sections were blocked with PBS containing

4%normal goat serum and 0.5%Triton-X for 1 h at RT. Afterwards, sections were incubated with primary antibodies in fresh blocking

solution: guinea pig anti-cFos (1:1000, Synaptic Systems, cat# 226 308), rabbit anti-cFos (1:1000, Synaptic Systems, cat# 226 008),

chicken anti-GFP (1:1000, Aves, cat# GFP-1010), goat anti-RFP (1:1000, Rockland Immunochemicals, cat #200-101-379), rabbit

anti-RFP (1:1000, Rockland Immunochemicals, cat #600-401-379), rabbit anti-PV (1:1000, Swant, cat# PV27), guinea pig-anti-PV

(1:1000, Swant, cat# GP72), mouse anti-HA-tag (1:100, BioShop, cat# TAG002) for 24 h at 4 �C. Sections were washed three times

for 5 min each with PBS containing 0.1% Tween-20 (PBS-T), then incubated with PBS-T containing secondary antibodies (1:500):

goat anti-rabbit Alexa Fluor 568 (Invitrogen, cat# A-11011), goat anti-chicken Alexa Fluor 488 (Invitrogen, cat# A-11008), goat

anti-guinea pig Alexa Fluor 647 (Invitrogen, cat# S-11226), goat anti-rabbit Alexa Fluor 647 (Invitrogen, cat# A-21245), goat anti-

guinea pig Alexa Fluor 568 (Invitrogen, cat# A-11075), or goat anti-mouse Alexa Fluor 488 (Invitrogent, cat# A-11122) for 2 h at

RT. Sections were washed with PBS, counterstained with DAPI (1:10000, ThermoFisher), mounted on gel-coated slides, and cover-

slipped with Vectashield mounting medium (MJS BioLynx Inc., cat#H-1000).

Imaging

Images were obtained using a confocal laser scanning microscope (LSM 710; Zeiss). For visualization of virus expression, images

were acquired with a 20x objective. For image quantification, z-stacks were acquired using a 40x objective (N.A. = 1.3; 10-40 slices

with a 1 mm step size). For all experiments involving quantification of the number of cells positive for immunofluorescence, all images

were acquired using identical imaging parameters (laser power, photomultiplier gain, pinhole, and detection filter settings) in a min-

imal number of imaging sessions (when possible, in one session). For each experiment, imaging parameters were set using a sample

section from a control mouse.

Quantification

For cell counting experiments, every fourth section was assessed for the marker(s) of interest. For each mouse, cells were counted

manually in Fiji (NIH) using at least 5 images from separate sections and averaged. cFos+, TRAP2+, RAM+ neurons were counted,

and counts were normalized against the number of DAPI+ cells in that LA. Chance of colocalization of population A and B was calcu-

lated as follows: Colocchance = (# neurons population A | DAPI) x (# neurons population B | DAPI) x 100%. The observed colocalization

was calculated as follows: Colocobserved = (# of neurons A+ + B+ | DAPI) x 100%. The fold change (observed/chance) was calculated

as follows: Colocobserved/Colocchance.

All experimenters were unaware of mouse treatment group.

Plasma CORT measurements
Trunk blood was centrifuged at 10.000 rpm for 20 min at 4 �C. Plasma was then stored at -20 �C until corticosterone analyses with an

ELISA kit (Cayman Chemical Co., AnnArbor, MI, cat# 501320) was conducted according to the manufacturer’s instructions. Samples

were tested in duplicate and diluted between 1:4 to 1:50 to ensure that corticosterone levels fit on the linear portion of the standard

curve. The detection limit of the assay was 8.2-5000 pg/ml at 80% binding. Measurements were performed by the Analytical Facility

for Bioactive Molecules, The Hospital for Sick Children, Toronto, Canada.

Fiber photometry
A fiber photometry system (FP3002; Neurophotometrics; San Diego, CA) was used to assess fluorescence in freely-behaving mice.

The 560 nm, 470 nm and 405 nm LEDs were used as light sources for illuminating RCaMP1a, GCaMP7f/GRAB_eCB2.0 and isosbes-

tic activities, respectively. The intensities of the source LEDs were set to obtain ± 50 mWpower at the tips of optical fibers. Alternating

pulses of 405 nm, 470 nm (and, if applicable, 560 nm) light were delivered at 60 (or 90) Hz, and time-locked to behavior using a

custom-built Arduino. Similarly to what has been done before,83,141,142 for all recordings, 405, 470 (and 560) signals were deinter-

leaved and background fluorescence was subtracted to obtain DF/F values, by using the following equation: (F470/560 - Fisosbestic)/

Fisosbestic. We applied a lowpass filter (0.005 Hz) and a highpass filter (2 Hz) to the photometry signal. The average DF/F values

per group were then calculated across all mice. The normalization against Fisosbestic corrects for differences in measured GCaMP

fluorescence due to fiber placement, virus expression, and motion. Each trace was z-scored around the shock onset to produce

a measure of fluorescence that is normalized to its own baseline.

For the RCaMP and GRAB_eCB signal, there is no isosbestic signal to which it can be normalized (as was the case for the GCaMP

recordings). Yet, RCaMP and GRAB_eCB signals were still corrected to the 405 nm channel to correct for changes in measured in-

tensity (due to movement artefacts or differences in virus expression).

Peak photometry transients for each mouse were detected using the scipy.find_peaks() function.

For the calculation of the lag cross correlation, DF/F values from the entire recording were shifted ± 100 frames. Correlations for

each shift were computed, and plotted as a function of their shift. Implicit in the Pearson correlation calculation is normalization to the

mean and standard deviation of both fluorescence traces, thus normalizing for differences in measured intensity between sessions

and mice.
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AEA and 2-AG measurement
Amygdala were dissected and stored at -80�C, and total protein, AEA and 2-AG content were measured according to.143 Brain

samples were subjected to a lipid extraction process, and the AEA and 2-AG content of the lipid extracts was determined using

isotope-dilution liquid chromatography-mass spectrometry. Samples were injected onto a Kinetex XB-C18 50 x 3.0 mm column

(Phenomenex, Torrance, CA) on an Agilent 1290 LC system coupled to a Sciex Q-Trap 5500mass spectrometer (AB Sciex, Concord,

ON, Canada) operated in positive mode. Data was collected and analysed using SCIEX Analyst v1.7. Measurements were performed

by the Analytical Facility for Bioactive Molecules, The Hospital for Sick Children, Toronto, Canada.

Single-molecule fluorescence in situ hybridization
HCR amplification-based smFISH was performed following previous protocols.135 HCR 3.0 probes were purchased from Molecular

Instruments for Pvalb, Cnr1, GAD2. All subsequent steps were performed under RNAse-free considerations and using buffers pre-

pared with DEPC-treated water.

Mice were perfused and tissue collected following similar protocols as above. Postfixed brains were cryopreserved in 30% su-

crose for 24h, embedded and frozen in OCT cryopreservation agent (Tissue-Tek), and coronal sections were collected at 18 mm

onto slides (VWR Superfrost Plus). Tissue sections were dried on coverslips for 2h at RT, and stored at -80�C until smFISH was

performed.

Coverslips were permeabilized in 70% ethanol ON at 4�C then dried before clearing with 4% SDS at RT for 30 min, 3x washes in

PBS, and 3x rinses in 70% ethanol. Primary probe hybridization was performed at 2 nM probe concentration in HCR hybridization

buffer (Molecular Instruments) at 37�Covernight. 3x washeswere performed in wash buffer (Molecular Instruments) at 37�C, followed

by 3x washes in 2x SSCT (0.1% Triton-X) at RT.

HCR hairpins were prepared by heating to 95 �C for 90 s, and allowed to cool to room temperature slowly over 30 min to form

metastable hairpins. Amplification solutions were prepared by mixing 2 mL of H1 and 2 mL of H2 hairpin in 100 mL of amplification

buffer for each sample (Molecular Instruments). Washed samples were pre-amplified in 100 mL of amplification buffer for 10 min,

and amplified in 100 mL of hairpin solution overnight at RT in the dark. Following amplification, samples were washed 3 x in 2X

SSC, stained with 1:10000 DAPI (ThermoFisher) for 10 min at RT, and mounted in Fluoromount G.

Electrophysiology
Brain slice preparation

Mice were deeply anesthetized with isoflurane, and the brain was rapidly extracted in ice-cold, dissection artificial cerebrospinal fluid

(ACSF; containing, in mM: 205 sucrose, 26 NaHCO3, 10 glucose, 3 KCl, 1.25 NaH-2PO4, 0.5 CaCl2, 5MgCl2), saturated with 95%O2 /

5%CO2. 300 mmcoronal slices containing the anterior LA were sectioned on a vibratome (Leica, VT1200S) and then placed in a hold-

ing chamber in standard ACSF (containing, in mM: 124 NaCl, 24 NaHCO3, 10 glucose, 3 KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2) satu-

rated with 95%O2 / 5%CO2. Slices were recovered initially at 33.0oC for 30 min then transferred to room temperature for a minimum

of 1.0 h before recording.

Whole-cell patch clamp recordings

Following the recovery period, slices were transferred into a submersion-style recording chamber, perfused constantly with

recording ACSF (28.0oC), saturated with 95% O2/ 5% CO2, at 3.0 mL/min. The recording ACSF contained NBQX (10 mM;

HelloBio, HB0443) to block AMPARs, thereby isolating inhibitory postsynaptic currents (IPSCs). Slices were visualized under a

40x water immersion objective on an upright microscope equipped with IR-DIC optics (Nikon). LA pyramidal neurons (PNs) were

identified based on soma morphology and action potential firing properties (see below). Whole-cell recordings were obtained using

borosilicate glass micropipettes with a tip resistance of 2.5 – 5 MU. The micropipettes were filled with an internal solution containing

the following (in mM): 120 K-gluconate, 10 Na2-phosphocreatine, 20 KCl, 10 HEPES, 0.5 EGTA, 4 Mg-ATP, 0.3 Na3-GTP, pH 7.2-7.3

(adjusted with KOH), 285-290mOsm/L. Analog signals were amplified with aMulticlamp 700B amplifier (Molecular Devices) and sub-

sequently digitized at 20 kHz via a BNC 2110 A/D board (National Instruments). Recordings were monitored online using WinLTP

software. Following break-in, a series of 100 ms current steps of increasing intensity (100, 150, 250, 300 pA) were delivered at a

10 s interval in current clamp mode to assess firing properties. Only cells which exhibited adapting trains of action potentials, char-

acteristic of PNs in the LA, were used for experiments. IPSCs were then recorded in voltage clamp mode. Cells were voltage-

clamped at -75 mV throughout the recording (no correction for liquid junction potential). A 5 mV test pulse was delivered to the

cell every 10 s to monitor series resistance (Rs). Recordings were discarded if Rs varied by more than 20% over the analyzed

recording period. For optically-evoked IPSCs (oIPSCs), light pulses (0.1 ms duration) were delivered through a 40X water immersion

objective (Nikon Fluor, 0.8 NA) centered on the soma of the recorded neuron. Light pulses were generated by a xenon lamp source

(Sutter, Lambda XL) coupled to the microscope via a liquid light guide and filtered through a FITC filter cube (Nikon). Spontaneous

IPSCs (sIPSCs) were recorded in the absence of any light stimulation for a 3 – 5 min period. oIPSC and sIPSC recordings were per-

formed on slices bathed in either standard ACSF (control) or in ACSF containing WIN55,212-2 (5 mM; Tocris, 1038).

Analysis

Analysis of oIPSCs and sIPSCs was performed using Clampfit (Molecular Devices, v10.7). Traces were first low-pass filtered at 2 kHz

using an 8-pole Bessel filter. For oIPSC analysis, a baseline period -590 to 0 ms prior to the first light pulse was subtracted from the

entire 10 s sweep on a sweep-by-sweep basis. oIPSC amplitude for both pulses was then measured from the baseline-subtracted
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sweeps, and the average PPR from 4 sweeps was quantified. sIPSCs were analyzed using template-matching to detect events. The

template and matching threshold were kept identical for all cells. Events were then individually manually accepted or rejected, with

the experimenter unaware of treatment condition.

HEK cells
HEK-293 cells were cultured in complete DMEMmedium, supplementedwith 10% (v/v) FBS, 100U/ml penicillin and 0.1mg/ml strep-

tomycin, and maintained at 37�C (95% O2, 5% CO2). Cells were grown in 24-well plates containing coverslips, and 24h after plating

cells, cell transfection was conducted with Lipofectamine 3000 (Thermofisher) according to the manufacturer’s protocols. 12h later,

1 ml virus was added to each well. After 36h, cells were fixed using PFA, imaged, and fluorophore expression was quantified.

QUANTIFICATION AND STATISTICAL ANALYSIS

No formal statistical tests were used to predetermine sample sizes, but sample sizes were similar to those reported in previous pub-

lications.22,23,51 Data were analyzed by t-test, one-, two- or three-way analysis of variance (ANOVA), with repeated measures when

appropriate. To analyze significant interactions ormain effects, ANOVAswere followed by Tukey or Sidak post-hoc comparisons. For

data in Figures 1A, 1B, and 1G–1I, sex was included as an independent variable, but as there was no main or interaction effect of sex

on the dependent variables, all subsequent data were analyzed without regarding sex as a factor. For experiments targeting specific

brain areas (with cannula or virus), mice were included in statistical analysis only if they showed bilateral hits in the LA (of virus and/or

optrode and/or cannula). No mice were excluded from statistical analysis, except when clear technical issues occurred (i.e. no pro-

tein/mRNA expression anywhere in the section). All data points in the graphs represent separate mice, except for Figure 6C, where

each datapoint represents one image containing >100 cells (max. 3 images per well), and Figures 6F and S6D, where recordings from

individual neurons were plotted (from 4-5 mice per group). Mice were pseudo-randomly assigned to all groups, to achieve roughly

equivalent group sizes. During data collection and quantification, experimenters were blinded to group assignment. The key findings

(memory generalization, increased engram size, role of PV+ neurons, and the rescue of memory generalization by CB1R KO in PV+

neurons) were replicated at least three times throughout the study, and different methods were used to provide converging evidence

for the role CB1R in stress-induced memory generalization. Statistical analyses were performed using Graphpad Prism (version

8.0.1) and significance was set at p < 0.05.
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Figure S1. Systemic CORT or acute RS increase threat memory generalization and induce a larger, less-sparse engram ensemble in the LA,

related to Figures 1 and 2

(A) Mice were trained in a threat discrimination paradigm in which a CS+ (7.5 kHz pips) but not the CS� (2.8 kHz pure tone) was paired with a foot shock. During

memory test, mice were re-exposed to the CS� and CS+, and time spent freezing measured. Increasing doses of CORT systemically injected 30 min before

training did not affect CS+ freezing at test, but higher doses of CORT (1–10mg/kg, i.p.) increased CS� freezing (CORT dose3 Tone: F[5,42] = 2.73, p < 0.05; CS+

vs. CS�: p > 0.05).

(legend continued on next page)
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(B) VEH mice showed high freezing to CS+ (2.8 kHz pure tone), but low freezing to CS� as well as other auditory stimuli during the test. By contrast, CORT mice

showed high CS+ freezing and also high freezing to CS� and other auditory stimuli that were perceptually close to the CS+ (7.5 kHz pips, 7.5–10 kHz swoops), but

not to more distinct auditory stimuli (25 kHz pure tone or white noise) (F[4,52] = 4.93, p < 0.01).

(C) In the absence of a foot shock during training, VEH and CORT mice do not show freezing to either CS+ or CS� at test (F[1,28] = 0.33, p > 0.05).

(D) Experiment to assess different activity tagging strategies in the LA. TRAP23TdT transgenic mice microinjected with AAV-RAM-GFP bilaterally in LA. Mice

administered VEH or CORT 30 min before training, and neurons active during the different experimental phases (training, CS+ test, CS� test) tagged using

different strategies (in a counterbalanced order). For TRAP23TdT tag, mice injected with 4-OHT immediately after the tagging event (and then left undisturbed for

subsequent 72 h). For the RAM-GFP tag, mice were removed fromDOX food (DOX�) for 24 h before tagging event, and were placed back on the DOX-containing

food (DOX+) immediately after event. For cFos tagging, mice were perfused 90 min after tagging event.

(E) With all tagging strategies, we observed an increase in the number of active cells after training in CORT mice (main CORT effect: F[1,36] = 21.66, p < 0.0001).

(F) Irrespective of tagging strategy or CORT treatment, no difference in number of active neurons after CS+ test (main CORT effect: F[1,42] = 0.54, p > 0.05).

(G) Irrespective of tagging strategy, CORT increased number of active neurons after CS� test (main CORT effect: F[1,42] = 24.59, p < 0.0001).

(H–K) (H) Experimental design to examine number of cFos+ neurons at different stages of above experiment but in mice that did not receive foot shock during

training. No difference in the number of cFos+ neurons between VEH and CORT mice (I) in home cage (t[13] = 1.27; p > 0.05), (J) after training (t[14] = 0.50,

p > 0.05), (K) or after CS+ exposure (t[12] = 0.67, p > 0.05).

(L–O) (L) Examining number of neurons active after training and CS� test in RSmice. Similar to CORT, RS increased number of (M) RAM-GFP+ (engram) neurons

following training (t[14] = 2.52, p < 0.05), (N) neurons activated by CS� test (t[14] = 2.16, p < 0.05, and (O) reactivation of the training engram by the CS� test to a

greater extent than in control (Ctrl) mice ([cFos+RAM]/RAM [%], t[14] = 2.35, p < 0.05).

CORT, corticosterone; CS, conditioned stimulus; DOX, doxycycline; HC, home cage; LA, lateral amygdala; RS, restraint stress; VEH, vehicle.
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Figure S2. CORT decreases PV+ neuronal activity but increases hSyn+ neuronal activity during threat conditioning as assessed by dual-

color fiber photometry, related to Figures 3A–3I

(A) (Left) PV-Cre mice microinjected with AAV-FLEX GCaMP7f and AAV-RCaMP1a to express the green and red genetically-encoded calcium indicators (GECIs)

in PV+ or hSyn+ neurons, respectively. (Right) Representative viral expression and fiber placement. Scale bars, 100 mm and 15 mm.

(B) Schematic of dual-color fiber photometry in LA.

(C) Averaged fiber photometry traces from PV+ neurons during training.

(D) Heatmaps from individual mice.

(E) VEH mice showed an increase in GCaMP signal (Df /f) before vs. after foot shock, while CORT mice showed blunted response after foot shock (and no

difference before shock) (Treatment 3 Pre/Post-Shock: F[1,14] = 9.90, p < 0.01) (similar to the data presented in Figures 3D–3F).

(F) Averaged fiber photometry traces from hSyn+ LA neurons before and after foot shock during training.

(G) Heatmaps from individual mice.

(H) CORT potentiated RCaMP signal after foot shock (but no difference before foot shock) (Treatment3 Pre/Post-Shock: F[1,14] = 6.77, p < 0.05) (similar to the

data presented in Figures 3G–3I).

(I–K) (I) Baseline recording of PV-GCaMP and hSyn-RCaMP before and after VEH and CORT injection (i.p.) showed no effect on PV-GCaMP (J) or hSyn-RCaMP

activity (K).

*p < 0.05, **p < 0.001, ***p < 0.001. CORT, corticosterone; LA, lateral amygdala; PV, parvalbumin; VEH, vehicle.
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Figure S3. CORT-induced threat memory generalization; critical involvement of LA PV+ but not SST+ neurons, related to Figures 3J and 3K

(A) Schematic and histology overview of LA viral targeting, corresponding to data presented in Figure 3K. Scale bar, 250 mm (left) and 100 mm (right).

(B) Experimental design. PV-Cre mice microinjected with AAV-DIO-hM3Dq in the LA administered hM3Dq agonist C21 (1 mg/kg, i.p.) or saline (sal) 60 min before

threat conditioning, and CORT or VEH 30 min before threat conditioning.

(C) CORT mice expressing hM3Dq in LA PV+ neurons treated with saline (rather than C21) showed threat memory generalization (high freezing to both CS+ and

CS�) (CORT3 Tone3C21 interaction test: F[1,35] = 11.56, p > 0.05). By contrast, CORTmice expressing hM3Dq in LA PV+ neurons treated with C21 to activate

PV+ neurons showed a specific threat memory (greater freezing to the CS+ than CS�).

(D) Generalization scores also showed that activation of PV+ neurons by administration of C21 restored threat memory specificity in CORT mice (CORT 3 C21

interaction: F[1,35] = 11.97, p < 0.001).

(E) Experimental design. SST-Cre mice microinjected with AAV-DIO-hM3Dq or AAV-DIO mCherry in the LA administered C21 (1 mg/kg, i.p.) and VEH/CORT

before threat conditioning.

(F and G) CORT-treated mice showed threat memory generalization, irrespective of hM3Dq expression or C21 administration (main CORT effect: F[1,27] = 12.40,

p < 0.001) (F), and a higher generalization score than VEH-treated mice (main CORT effect: F[1,27] = 11.28, p > 0.05) (G), indicating LA SST neurons not critically

involved in CORT-induced threat memory generalization.

*p < 0.05, **p < 0.001, ***p < 0.001. C21, compound 21; CORT, corticosterone; LA, lateral amygdala; PV, parvalbumin; SST, somatostatin; VEH, vehicle.
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Figure S4. Validation of eCB manipulations and their effects on anxiety-like behavior in mice treated with CORT or VEH, related to Figure 4

(A) Amygdala 2-AG levels increased after threat training in mice treated with CORT or RS compared with HC mice (F[3,20] = 3.971, p < 0.05).

(B) Viral overexpression of FAAH (to decrease AEA levels in excitatory neurons) or control virus (HSV-TdT) microinjected in the LA of WTmice. Threat conditioned

(TC) mice administered CORT showed increased amygdala AEA levels; restored by viral overexpression of FAAH (behavior 3 virus interaction: F[2,25] = 6.87,

p < 0.05).

(C) Verification of agents used to manipulate eCB ligands. Amygdala 2-AG and AEA levels after mice microinjected with different agents and threat conditioned

(TC). (Left) As expected, 2-AG synthesis inhibitor DO34 (200 mg) but not AEA synthesis inhibitor LEI-401 (400 mg) or AEA hydrolysis inhibitor URB597 (15 ng)

decreased 2-AG levels (F[3,18] = 3.84, p < 0.05). (Right) As expected, AEA synthesis inhibitor LEI-401 before threat training decreased AEA levels, and AEA

hydrolysis inhibitor URB597 increased AEA levels (F[3,18] = 16.24, p < 0.0001), while 2-AG synthesis inhibitor DO34 did not affect AEA levels.

(D) Mice were microinjected with LEI-401 (or a vehicle [VEH]) into LA, then systemically administered CORT (3 mg/kg, i.p.) or VEH and placed in the center of an

open field.

(E) Open field arena, with corners and center area highlighted.

(legend continued on next page)
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(F and G) (F) All groups spent similar times in corner of open field (VEH + VEH, CORT + VEH, VEH + LEI-401, CORT + LEI-401) (CORT 3 LEI interaction effect:

F[1,28] = 0.10, p > 0.05) and (G) center (CORT 3 LEI interaction effect: F[1,28] = 0.75, p > 0.05).

(H) Mice were systemically injected with LEI-401 (or VEH), followed by CORT (3 mg/kg, i.p.) (or VEH), and placed in open field. 1 week later, mice were treated

again, and placed in an elevated plus maze.

(I) All groups spent similar times in corners of open field (VEH + VEH, CORT + VEH, VEH + LEI-401, LEI-401 + CORT) (LEI 3 CORT interaction: F[1,28] = 0.08,

p > 0.05).

(J) CORT reduced time in open arms in elevated plus maze (main CORT effect: F[1,28] = 18.39, p < 0.001), but this was not affected by LEI-401 (LEI 3 CORT

interaction: F[1,28] = 0.22, p > 0.05).

(K) Mice systemically injected with URB597 (or VEH), followed by CORT (3 mg/kg, i.p.) (or VEH) injection, and placed in an open field. 1 week later, mice were

injected again and placed in an elevated plus maze.

(L) All groups showed similar time in corners of open field (URB597 3 CORT interaction: F[2,42] = 2.00, p > 0.05).

(M) CORT did not affect time in the open arms of elevated plusmaze (main CORT effect: F[1,42] = 3.88, p < 0.05), but time in open arms was increased by URB597

(main URB597 effect: F[2,42] = 8.41, p < 0.001).

*p < 0.05, **p < 0.001, ***p < 0.001. CORT, corticosterone; EPM, elevated plus maze; HC, home cage; OF, open field; RS, restraint stress; TC, threat conditioning;

VEH, vehicle.
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Figure S5. Control studies for GRAB-eCB sensors using fiber photometry, related to Figures 5F–5L
(A) (Left) PV-Cre mice were co-microinjected with control GRAB construct AAV-DIO-GRAB_eCBmut that does not change fluorescence with eCB binding, and

AAV-RCaMP1a for fiber photometry recordings. (Right) Schematic of dual-color fiber photometry experiment targeting the LA bilaterally.

(B and C) (B) In response to foot shock 3 during training, CORT mice showed larger increase in DF/F from jRCaMP1a than VEH mice, (C) as also indicated by a

higher RCaMP1a peak (F[1,8] = 32.72, p < 0.001).

(D and E) As expected, no change in fluorescence in CORT or VEHmice expressing control construct DIO-GRAB-eCBmut in PV+ neurons (F[1,8] = 0.34, p > 0.05).

(F) As expected, no cross-correlation between signals from DIO-GRAB_eCBmut and RCaMP1a in VEH or CORT mice.

(G andH) (G) No difference between correlation in VEH andCORTmice (F[1,8] = 1.21, p > 0.05), and (H) lag cross-correlationwas not different from 0 (VEH: F[1,5] =

0.002, p < 0.05; CORT: F[1,3] = 0.90, p > 0.05).

(I) WT mice were co-microinjected with AAV-hSyn-GRAB_eCB2.0 and AAV-hSyn-RCaMP1a for fiber photometry recordings.

(J) Example of GRAB eCB2.0 expression.

(K) In response to foot shock during training, CORT mice showed larger increase in DF/F from hSyn-RCaMP1a than VEH mice (F[1,16] = 35.40, p < 0.0001).

(L and M) (L) Increase in hSyn-GRAB_eCB fluorescence higher in CORT mice than VEH mice (M) and higher peak GRAB-eCB fluorescence in CORT mice

(F[1,16] = 15.68, p < 0.001).

(N and O) Cross-correlation between hSyn-GRAB_eCB2.0 and hSyn-RCaMP1a showed peak cross-correlation is similar in VEH and CORT mice (F[1,34] = 1.12,

p > 0.05).

(P) In both VEH andCORTmice, peak correlation occurred when the RCaMP1a signal precededGRAB_eCB signal (VEH: F[1,7] = 38.07, p < 0.001; CORT: F[1,9] =

15.29, p < 0.001).

(Q) Baseline recording of PV-GRAB_eCB2.0 with VEH and CORT injection.

(R and S) As expected, increase in baseline PV-GRAB-eCB2.0 binding after CORT injection (injection 3 CORT interaction: F[1,16] = 6.00, p < 0.05).

*p < 0.05, **p < 0.001, ***p < 0.001. CORT, corticosterone; eCB, endocannabinoids; LA, lateral amygdala; PV, parvalbumin; VEH, vehicle.
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Figure S6. Critical role for LA PV+ neurons and CB1 receptor activation in CORT-induced threat memory generalization, related to Figure 6

(A) PV-Cre mice microinjected with either AAV-DIO-mCherry or AAV-DIO-hM4Di and 18 days later with HSV-TdT or HSV-FAAH-OE-TdT and threat conditioned.

(B) Control mice (VEH injection, AAV-DIO-mCherry, HSV-TdT) showed specific threat memory (hM4Di3 FAAH3CORT3 Tone interaction effect: F[3,49] = 2.87,

p < 0.05, VEH-mCherry-TdT-CS+ vs. VEH mCherry-TdT-CS�: p < 0.05), but CORT mice and mice with hM4Di activation of PV+ neurons showed threat memory

(legend continued on next page)
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generalization. Expression of FAAH-OE prevented threat memory generalization in CORT mice, but not in CORT mice with hM4Di-induced silencing of PV+

neurons.

(C) AAV-DIO-sgCB1RCtrl or AAV-DIO-sgCB1RKD, and AAV-Cas9 were microinjected into LA of PV-Cre mice. In ex vivo brain slices, sIPSCs recorded from

excitatory neurons in presence or absence of CB1 receptor agonist WIN55.

(D) Cumulative sIPSC amplitude and average sIPSC amplitude were unaffected by any treatment (Virus 3 WIN55 interaction: F[1,6] = 1.65, p > 0.05).

(E) AAV-EF1a-DIO-ChRmine and AAV-Cas9, as well as AAV-DIO-sgCB1RCtrl or AAV-DIO-sgCB1RKD, microinjected in LA of PV-Cre mice. Electrophysiological

recordings conducted on excitatory neurons tomeasure the paired-pulse ratio (PPR) after PV+ neuron activation with optogenetic light pulse, in the presence and

absence of WIN55.

(F) In the absence of WIN55, oIPSCs exhibited paired-pulse depression. Paired-pulse depression was attenuated in the presence of WIN55 in sgCB1RCtrl mice

(Virus3WIN interaction: F[1,7] = 7.66, p < 0.05) (sgCB1RCtrl data is the same as presented in Figure 5E). In sgCB1RKDmice, oIPSC paired-pulse depressionwas

not attenuated 4 by WIN55, validating functional knock down of CB1 receptors.

(G) Schematic overview and typical example of viral targeting of LA using our AAV-DIO-sgCB1RCtrl/KD virus, corresponding to data presented in Figure 6G.

Scale bar, 250 mm.

(H) Different validated CRISPR construct that also knocked down CB1 receptors, AAV-FLEX-SaCas9-U6 sgControl and AAV-FLEX-SaCas9-U6-sgCB1R, mi-

croinjected into LA of PV-Cre mice, and 3 weeks later CORT and VEH mice were threat conditioned.

(I) Knocking down CB1 receptors in La PV+ neurons using these constructs restored CORT-induced memory generalization (CORT 3 Tone 3 KD inter-

action: F[1,28] = 6.53, p < 0.01).

*p < 0.05, **p < 0.001, ***p < 0.001. CB1, cannabinoid receptor 1; CORT, corticosterone; KD, knockdown; LA, lateral amygdala; PV, parvalbumin; VEH,

vehicle.
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Figure S7. No effect of knocking down CB1 receptors in LA SST+ neurons on CORT-induced threat memory generalization, related to

Figure 6

(A) Expression of AAV-DIO-sgCB1RCtrl or AAV-DIO-sgCB1RKD together with DIO GCaMP7f in LA SST+ neurons.

(B and C) CORT mice expressing either the knockdown (sgCB1RKD) or control (sgCB1RCtrl) construct showed threat memory generalization (CORT 3 KD 3

Tone interaction: F (1,28) = 0.52, p > 0.05). Scale bar, 200 mm.

(D–F) (D and E) Neither CORT, nor CB1R knock down in SST+ LA neurons affected the SST-GCaMP7f signal following foot shock during training, and (F) peak

amplitude after shock was similar between groups (CORT 3 KD interaction: F[1,27] = 0.35, p > 0.05).

(G–L) CORT andCB1R knockdown also did not affect the SST-GCaMP7f signal fromSST+ LA neurons following CS+ exposure (CORT3KD interaction: F[1,24] =

0.81, p > 0.05) (G–I) or following CS� exposure (CORT 3 KD interaction: F[1,24] = 1.55, p > 0.05) (J–L).

*p < 0.05, **p < 0.001. CB1, cannabinoid receptor 1; CORT, corticosterone; SST, somatostatin; VEH, vehicle.
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