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SUMMARY
Preclinical and clinical studies implicate endocannabinoids (eCBs) in fear extinction, but the underlying neu-
ral circuit basis of these actions is unclear. Here, we employed in vivo optogenetics, eCB biosensor imaging,
ex vivo electrophysiology, and CRISPR-Cas9 gene editing in mice to examine whether basolateral amygdala
(BLA)-projecting medial prefrontal cortex (mPFC) neurons represent a neural substrate for the effects of
eCBs on extinction. We found that photoexcitation of mPFC axons in BLA during extinction mobilizes BLA
eCBs. eCB biosensor imaging showed that eCBs exhibit a dynamic stimulus-specific pattern of activity at
mPFC/BLA neurons that tracks extinction learning. Furthermore, using CRISPR-Cas9-mediated gene edit-
ing, we demonstrated that extinction memory formation involves eCB activity at cannabinoid CB1 receptors
expressed at vmPFC/BLA synapses. Our findings reveal the temporal characteristics and a neural circuit
basis of eCBs’ effects on fear extinction and inform efforts to target the eCB system as a therapeutic
approach in extinction-deficient neuropsychiatric disorders.
INTRODUCTION

Forming associations between environmental cues and danger

is an essential survival function enabling threat-related stimuli

to generate defensive responses. When these stimuli are subse-

quently encountered in the absence of coincident threat, condi-

tional defensive responding typically extinguishes, preventing

excess fear.1–3 A growing literature demonstrates that endocan-

nabinoids (eCBs) can promote extinction and thereby represent

a potential therapeutic target for extinction-deficient conditions,

including anxiety disorders and posttraumatic stress disorder

(PTSD).4–11 Yet, despite the enormous interest in the extinc-

tion-mediating effects of eCBs, the neural circuit substrates un-

derlying these actions remain unclear.

Prior work has shown that eCB levels are elevated after extinc-

tion in rodent basolateral nucleus of the amygdala (BLA),12,13 a

brain region that is under neuromodulatory control and is essen-

tial for fear extinction.14–16 Augmenting levels of the eCB, anan-
damide (AEA), in the rodent BLA by chronic antidepressant treat-

ment or intra-BLA delivery of a fatty acid amide hydrolase (FAAH)

inhibitor facilitates extinction and reverses the extinction-impair-

ing effects of AEA depletion.13,17,18 Along similar lines, adminis-

tration of cannabinoids or gene-related reductions in FAAH

expression that improve extinction and reduce anxiety in mice

and humans are associated with attenuated amygdala reactivity

to stressors and stronger connectivity withmedial prefrontal cor-

tex (mPFC).13,19–28

In parallel with these findings, there is growing cross-species

evidence implicating the mPFC/BLA pathway in fear extinc-

tion.29–33 Of particular note are recent studies showing that neu-

rons in rodent mPFC (particularly the ventromedial PFC

[vmPFC]/infralimbic cortex) instruct extinction memory forma-

tion34–37 via inputs to BLA29,38,39 and neighboring structures.40

The identification of the mPFC and its projections to BLA as a lo-

cus for extinction in turn relates to evidence that eCBs can alter

mPFC activity to affect fear and extinction.26–28,41
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These convergent lines of research suggest that eCBs affect

extinctionbymodulating the function of themPFC/BLApathway.

Here, we address this possibility using a combination of in vivoop-

togenetics, pharmacology, eCB biosensor imaging, and CRISPR-

Cas9-mediated gene editing. Our data provide novel evidence

that eCBs dynamically signal at mPFC/BLA neurons during

extinction and contribute to the formation of extinction memory.

These findings advance our understanding of the neural sub-

strates of extinction and inform ongoing efforts to therapeutically

targeting the eCB system as a means to facilitate extinction in

neuropsychiatric disorders characterized by deficient extinction.

RESULTS

Prefrontal-amygdala excitation facilitates fear
extinction and increases BLA eCBs
Webeganby askingwhether the behavioral effects of bilateral op-

togenetic photoexcitation of channelrhodopsin (ChR2)-express-

ingmPFC axons in BLAwere associatedwith coincident changes

in BLA eCBs. Male C57BL6/J mice (male C57BL6/J-background

mice were used throughout the study unless otherwise specified)

first underwent fear conditioning, which involved repeated pre-

sentations of a tone (conditioned stimulus, CS), each co-terminat-

ing with footshock (unconditioned stimulus, US).

Conditioning was followed, 1 day later, by 103CS-alone ‘‘par-

tial’’ extinction training, then extinction retrieval testing 1 day

(retrieval 1) and again 2 weeks (retrieval 2) later (Figures 1A and

1B). A partial extinction training procedure29,38,42 was employed

to enable detection of a hypothesized photoexcitation-induced

facilitation of extinction. During each CS presentation of extinc-

tion training, but not any other phase of testing, blue light was

shone (20 Hz, in 5-ms pulses) at mPFC axons in BLA. Replicating

prior findings using this procedure,29,38 we found that

mPFC/BLA photoexcitation produced lower freezing, relative

to non-excited YFP-expressing controls, on the light-free ret-

rieval tests (Figures 1C, 1D, and S1A; see Table S1 for a sum-

mary of the statistical results of all experiments).

We next tested whether the extinction-facilitating effects of

mPFC/BLA photoexcitation were associated with the mobiliza-

tion of eCBs in BLA. To do so, we conducted extinction training

plus mPFC/BLA photoexcitation and then sacrificed animals to

collect BLA tissue (and dorsal striatum for comparison) to mea-

sure eCB levels via liquid chromatography/tandem mass spec-

trometry.17 We found that animals receiving the combination of

extinction and photoexcitation had higher levels of AEA, but

not another major eCB, 2-arachidonoylglycerol (2-AG), in BLA

(but not dorsal striatum), as compared with extinction-tested

YFP-expressing controls (Figures 1E, 1F, and S1B).

These initial data show that optogenetically exciting mPFC

axons in BLA facilitates extinctionmemory formation and causes

a concomitant increase in BLA AEA levels.

Prefrontal-amygdala excitation facilitates extinction
through eCB-CB1R signaling
We next tested whether increased BLA eCBs following the com-

bination of extinction training and mPFC/BLA photoexcitation

functionally contribute to the extinction-facilitating effects of

photoexciting this neural pathway. To do so, we again performed
2 Neuron 111, 1–15, October 4, 2023
mPFC/BLA photoexcitation during partial extinction training,

but this time we simultaneously blocked CB1 receptor (CB1R)-

mediated eCB signaling by systemically administering animals

with a selective CB1R antagonist (SR141716A, Rimonabant)

prior to extinction training.

Using two-factor analysis of variance (ANOVA), we found a

significant interaction between drug treatment and opsin group

interaction term for freezing during extinction retrieval (F(1,37) =

4.742, p = 0.0359,hp
2 = 0.10). Follow-uppost hoccomparisons re-

vealed that vehicle-treated control animals receiving mPFC/BLA

excitation during extinction training had lower levels of freezing

on light-free extinction retrieval tests compared with vehicle-

treated YFP-expressing controls. By contrast, animals receiving

the combination of photoexcitation and SR141716A treatment

froze at levels that pairwise comparison showed were not statisti-

cally different from vehicle-treated YFP-expressing controls

(Figures 1G, 1H, and S1C).

These data show that the facilitation of extinction following

mPFC/BLA excitation depends upon eCB-CB1R signaling,

but do not localize this effect to BLA. We therefore repeated

the same optogenetic photoexcitation procedure but nowmicro-

infused SR141716A directly into BLA prior to extinction training.

We found that BLA-targeted CB1R antagonism was sufficient to

block the behavioral effects of mPFC/BLA excitation on light-

free extinction retrieval. This conclusion was statistically sup-

ported by a significant two-factor ANOVA drug treatment and

opsin group interaction term (F(1,40) = 4.511, p = 0.0399, hp
2 =

0.09) and by similar freezing values in the excited SR141716A-

treated and non-excited, vehicle-treated YFP groups—which

pairwise comparison confirmed were not significantly different

(Figures 1I, 1J, and S1D).

Together, these findings show that exciting mPFC axons in

BLA during extinction training mobilizes BLA eCBs, which in

turn promote extinction via CB1R-mediated signaling. It was

nonetheless noteworthy that although freezing levels on extinc-

tion retrieval were lower in the ChR2-photoexcited group that

was treated with vehicle than in the corresponding photoexcited

group treated with SR141716A, pairwise comparison showed

that this difference was not statistically significant. This was

true for both the intra-BLA and systemic antagonist experiments

and suggests that while blockade of eCB-CB1R signaling inter-

feres with the ability of mPFC/BLA excitation to facilitate extinc-

tion, it is not sufficient to fully ablate this effect. Themost parsimo-

nious reason for this is that optogenetic photoexcitation of this

pathway (particularly when using the ChR2 virus titer employed,

seeBukalo et al.29) engaged additional, eCB-independentmech-

anisms to promote extinction.

Dynamic prefrontal-amygdala eCB signaling during
extinction
Our data thus far show that BLA eCBs are mobilized by

mPFC/BLA excitation during extinction training and promote

the formation of extinction memory. These findings led us to

gain clearer insight into the temporal dynamics of eCB signaling

by employing a genetically encoded GPCR activation-based

eCB biosensor (GRABeCB2.0)
43 to measure eCBs at mPFC/BLA

neurons as animals underwent extinction. To do so, we virally

transfected mPFC neurons with GRABeCB2.0 and used in vivo
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Figure 1. Photoexcitation of mPFC/BLA neurons facilitates fear extinction through BLA eCBs

(A–C) Behavioral (A) and in vivo optogenetic (B) procedure for mPFC/BLA photoexcitation during partial (10-trial) extinction training (YFP n = 11/ChR2 n = 8).

Virus expression in mPFC and BLA (C).

(D) Freezing increased over conditioning trials (RM-ANOVA: F(1,13) = 63.960, p < 0.0001, hp
2 = 0.73) and decreased over extinction trial blocks (RM-ANOVA:

F(1,17 ) = 56.610, p < 0.0001, hp
2 = 0.34). Lower freezing in opsin groups on early extinction (first five trial blocks) vs extinction retrieval 1 (RM-ANOVA: F(1,17) =

5.683, p = 0.0291, hp
2 = 0.17) and on extinction retrieval 2 (RM-ANOVA: F(1,17) = 11.170, p = 0.0039, hp

2 = 0.28).

(E and F) Measurement of photoexcitation-related BLA eCB levels (AEA-YFP n = 15/AEA-ChR2 n = 15, AEA-YFP n = 15/AEA-ChR2 n = 14) (E). Higher AEA, not

2-AG (p > 0.05), levels in ChR2 versus YFP (unpaired t test: t(28) = 2.887, p = 0.0074, hp
2 = 0.23 (F).

(G and H) Systemic SR141716A (SR, CB1R antagonist) prior to combined extinction training/mPFC/BLA photoexcitation (YFP-Vehicle (Veh) n = 11/YFP-SR n =

9/ChR2-Veh n = 9/ChR2-SR n = 12) (G). Freezing increased over conditioning trials (RM-ANOVA: F(1,36) = 209.800, p < 0.0001, hp
2 = 0.75). Freezing decreased

over extinction trial blocks (RM-ANOVA: F(1,37) = 116.700, p < 0.0001, hp
2 = 0.37). Lower freezing in ChR2 versus YFP on extinction retrieval 1 (ANOVA opsin x

drug interaction: F(1,37) = 4.742, p = 0.0359, hp
2 = 0.10, Holm-�Sı́dák’s tests: YFP-Veh versus ChR2-Veh: p = 0.0488, all others p > 0.05) and retrieval 2 (ANOVA

opsin 3 drug interaction: F(1,37) = 2.054, p = 0.1602, hp
2 = 0.04, Holm-�Sı́dák’s tests: YFP-Veh versus ChR2-Veh: p = 0.0023, all others p > 0.05) (H).

(I and J) Intra-BLASR141716A prior to combined extinction training/mPFC/BLA photoexcitation (YFP-Veh n = 10/YFP-SR n = 8/ChR2 = Veh n = 15/ChR2-SR n =

11) (I). Freezing increased over conditioning trials (RM-ANOVA: F(1,40)=306.400, p < 0.0001, hp
2 = 0.77). Freezing decreased over extinction trial blocks

(RM-ANOVA: F(1,40) = 76.000, p < 0.0001, hp
2 = 0.28). Lower freezing in ChR2 versus YFP on extinction retrieval 1 (ANOVA opsin x drug interaction: F(1,40) =

4.511, p = 0.0399, hp
2 = 0.09, Holm-�Sı́dák’s tests: YFP-Veh versus ChR2-Veh: p = 0.0029, all others p > 0.05) and retrieval 2 (ANOVA opsin x drug interaction:

F(1,39) = 2.323, p = 0.1355, hp
2 = 0.05, Holm-�Sı́dák’s tests: YFP-Veh versus ChR2-Veh: p = 0.0417, all others p > 0.05) (J).

Data are represented as mean ± SEM. *p < 0.05. Table S1 reports full statistical results for all figures.
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fiber photometry to record the GRABeCB2.0 signal emitted at

mPFC inputs to BLA (Figures 2A–2C). The GRABeCB2.0 signal

was normalized to a simultaneously measured 405-nm fluores-

cence channel to evaluate motion-related artifacts.

We first sought to pharmacologically confirm the efficacy and

specificity of the GRABeCB2.0 sensor as a tool to readout eCBs at

mPFC input to BLA—as has been previously shown for cortical

inputs to the striatum, and for neurons in the substantia nigra,

hippocampus, and BLA.43–46 After expressing GRABeCB2.0 in

mPFC/BLA neurons, animals were systemically injected with

compounds that either directly activate CB1R (WIN 55,212–22)

or augment endogenous eCB levels via inhibition of eCB degra-

dation (JZL195, URB597). We observed that all three com-

pounds increased GRABeCB2.0 signal—albeit with differing ki-

netic profiles—and, importantly, found that in each case the

effects were blocked by administration of a selective CB1R

antagonist (SR141716A) (Figures S2A–S2D).

We next performed GRABeCB2.0 recordings as animals under-

went fear conditioning, full (50-trial) extinction training and

retrieval testing. During conditioning, GRABeCB2.0 signal was
increased in response to the US, but not the CS. Interestingly,

during extinction training, there was a modest decrease to the

CS (CS on period) that was particularly pronounced on late

(last 5-trial block) as compared with early (first 5-trial block)

extinction training trials (Figures 2D and 2E). Most strikingly,

we observed a robust increase in GRABeCB2.0 signal in the pe-

riods following CS presentation (CS off). Notably, we also found

that this CS off-related increase was attenuated on late, relative

to early, extinction training trials (Figures 2F, 2G, and S3P). When

we tested female mice, we found a similar pattern of eCB re-

sponses to the US during conditioning and, importantly, during

the extinction training CS off periods (i.e., higher GRABeCB2.0

signal on early as compared with late trials) (Figures 3A–3C).

These data demonstrate that extinction-related changes in

eCBs at mPFC/BLA neurons occur across sexes.

In control experiments, male animals that received unpaired

presentations of the CS and US during conditioning showed no

significant change inGRABeCB2.0 signal during extinction training

CS off periods (Figures 3D–3F). Stimulus-related eCB correlates

were also either absent or diminished in experiments in which
Neuron 111, 1–15, October 4, 2023 3



H I

F G

D

-

mPFC

BLA

GRAB
eCB2.0

473 nm

eCBs

PFC

BLA

Glu

CB1R

eCB sensor

CB

eeC

-

PFCCCCCCC

GFP

mPFC→BLA 
biosensor recording

Fear conditioning

Extinction retrieval 1

Extinction retrieval 2

Extinction training

USx3

CSx3C

CSx50C

CSx5C

CSx5C

Day 1

Day 2

Day 17

Day 3

Context A

Context B

Context B

Context B

Fear 
& Extinction

Fear renewal

2-3 hours later

CSx5

Context A

C

A B

fiber
tract

200 μm

BLA

GRABeCB2.0

500 μm

GRABeCB2.0

C

DAPI

DAPI

E

vmPFC
dmPFC

(legend on next page)

ll
Article

4 Neuron 111, 1–15, October 4, 2023

Please cite this article in press as: Gunduz-Cinar et al., A cortico-amygdala neural substrate for endocannabinoid modulation of fear extinction, Neuron
(2023), https://doi.org/10.1016/j.neuron.2023.06.023



ll
Article

Please cite this article in press as: Gunduz-Cinar et al., A cortico-amygdala neural substrate for endocannabinoid modulation of fear extinction, Neuron
(2023), https://doi.org/10.1016/j.neuron.2023.06.023
either the CS or US was omitted during fear conditioning in male

mice (Figures 3G–3L). These data suggest that eCB responses

observed during extinction CS off periods in conditioned animals

were a primarily a function of the learned association of the CS

with an aversive outcome. Lastly, we found that stimulus-related

eCB responses were absent in fear conditioned mice systemi-

cally administered the CB1R antagonist, SR141716A, prior to

extinction training (Figures S2E–S2I).

The finding that GRABeCB2.0 signal was increased during CS

off periods suggest that eCBs might signal at mPFC/BLA to

track the expectancy of shock-omission during extinction—

which is high early in extinction and low late in extinction. If so,

we reasoned that if eCB decreases over extinction training

reflect a learned expectation that the US will be omitted, then

this signal should be attenuated when fear levels are low during

post-training testing. Furthermore, because learned expectancy

of shock-omission is bound to the context in which extinction oc-

curs,47 a change in extinction context that results in renewal of

fear may result in shock-omission again being unexpected

and, as a result, the shock-omission-related GRABeCB2.0 signal

might increase in parallel. In line with these predictions, when

we tested animals for extinction retrieval and fear renewal on

the same day, we found that GRABeCB2.0 signal during shock-

omission was low on retrieval and high on renewal, as were cor-

responding freezing levels (Figures 2H, 2I, and S3E).

In sum, these findings show for the first time that BLA eCBs

dynamically signal at mPFC/BLA neurons during fear extinction

in a manner that parallels the learned expectancy of shock-

omission.

Prefrontal-amygdala eCBsignaling related tomovement
and feeding
Extinction-related learning and the behavioral readout of this

learning (i.e., freezing) change concurrently over the course of

extinction. This raises the question of whether eCB levels could

reflect movement, or its absence, during extinction, rather than

extinction learning per se. In this context, although we simulta-

neously measured fluorescence at 405 nm as a reference to

assess possible motion-related changes, this wavelength might

not be isosbestic for the GRABeCB2.0 sensor. However, arguing

against the possibility that extinction-related changes in the
Figure 2. Stimulus-related temporal patterning of eCBs at mPFC/BLA

(A–C) Behavior (A) and in vivo fiber photometry (B) procedure for mPFC/BLA G

BLA (C).

(D) Increased GRABeCB2.0 signal during conditioning US (paired t test for US versu

(E) Example photometry traces showing increased GRABeCB2.0 signal during ext

(F and G) Increased GRABeCB2.0 signal at CS off (not CS on, p > 0.05) during extinc

t(15) = 5.100, p = 0.0001, hp
2 = 0.63, paired t test for last 5-trial block (late extinct

related GRABeCB2.0 signal on late versus early extinction trials (RM-ANOVA eve

27.110, p < 0.0001, hp
2 = 0.37, interaction: F(1,30) = 1.700, p = 0.2023, hp

2 = 0.0

versus late-CS on: p = 0.0098, late-CS off versus early-CS off: p = 0.0212) (G).

(H and I) Increased GRABeCB2.0 signal at CS off (paired t test for CS off versus bas

CS on versus baseline: t(12) = 3.234, p = 0.0072, hp
2 = 0.47) periods during fear

GRABeCB2.0 signal on renewal versus retrieval 2 (RM-ANOVA event effect: F(1,26)

hp
2 = 0.31, interaction: F(1,26) = 4.204, p = 0.0505, hp

2 = 0.07, Holm-�Sı́dák’s te

retrieval-CS off: p = 0.0126) (I).

Data are represented asmean ± SEMpopulation average Z scores normalized to 5

and 2 s post-US during conditioning (D), and 30 s post-CS on and CS off for extinc

and #p < 0.05.
GRABeCB2.0 signal reflectedmovement, we found only amodest,

non-significant correlation across animals between GRABeCB2.0

signal and average levels of freezing during extinction training

(Figure S3C). Weak, non-significant correlations were also

evident when comparing the GRABeCB2.0 signal with freezing

during the CS on and CS off periods on each of the individual

50 extinction training trials (Figures S3D and S3E). In fact,

despite GRABeCB2.0 signal values being higher during the CS

off period on the first than last extinction training trial block,

average freezing levels during these two periods were similar

(both �25%). Lastly, when animals were allowed to freely

explore a neutral cage and we examined the relationship be-

tween the magnitude of GRABeCB2.0 signal and movement

speed, we again found no clear association between the two

measures (Figure S3F). Combined, these various analyses indi-

cate that extinction-related GRABeCB2.0 signal changes report

extinction-related learning rather than our behavioral measures

of the manifestation of this learning or general movement per se.

That there is no clear relationship between the GRABeCB2.0

signal and measures of movement does not of course preclude

the possibility that correlates of eCB signaling in themPFC/BLA

are only evident during extinction. Indeed, the possibility that

eCB correlates in this pathway would only occur during fear

extinction seems unlikely given the multiple functional roles of

the mPFC and BLA. In this context, although the aim of the cur-

rent study was not to broadly characterize the role of eCBs in this

pathway, we did obtain preliminary insight into the potential eCB

changes in the mPFC/BLA pathway by recording GRABeCB2.0

signal, via fiber photometry, as animals engaged in a non-aver-

sive behavioral task—consumption of a palatable food. We

found that food consumption was associated with an increase

in GRABeCB2.0 signal. Notably, these eCB responses were only

apparent when animals were in a fasted, but not sated, state

(Figures S3G–S3K), showing that the mPFC/BLA GRABeCB2.0

signal scales with the appetitiveness of food.

One interesting possibility raised by these findings is that

eCBs acting in this pathway could serve to both suppress

learned fear responses (via extinction) and enable foraging and

food consumption. In this way, eCBs would adaptively modify

the balance between two essential survival functions (predation

and starvation). Of further potential relevance here is prior
neurons during extinction

RABeCB2.0 biosensor recordings (n = 16 mice). Virus expression in mPFC and

s baseline: t(15) = 6.451, p < 0.0001, hp
2 = 0.74) (not CS p > 0.05) presentation.

inction training CS off periods.

tion training (paired t test for first 5-trial block (early extinction) versus baseline:

ion) versus baseline: t(15) = 3.754, p = 0.0019, hp
2 = 0.48) (F). Reduced CS off-

nt effect: F(1,30) = 8.524, p = 0.0066, hp
2 = 0.04, test-phase effect: F(1,30) =

2, Holm-�Sı́dák’s tests: early-CS off versus early-CS on: p = 0.0001, late-CS off

eline: t(12) = 5.085, p = 0.0003, hp
2 = 0.68), decreased at CS on (paired t test for

renewal, but not during extinction retrieval (p > 0.05) (H). Higher CS off-related

= 4.232, p = 0.0498, hp
2 = 0.03, test-phase effect: F(1,26) = 19.390, p = 0.0002,

sts: renewal-CS off versus renewal-CS on: p = 0.0003, renewal-CS off versus

-s pre-event baseline. Time-normalized AUC values correspond to 28 post-CS

tion training, retrieval, and renewal (F)–(I). ****p < 0.0001, ***p < 0.001, **p < 0.01,
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cross-species evidence that extinction and reward are encoded

by overlapping neural mechanisms, including in BLA, wherein

extinction-encoding BLA neurons respond to food in fasted

mice.48 This overlap in function aligns with the idea that extinc-

tion itself generates a rewarding state.49–51 As such, while the

current data remain preliminary, they may suggest mPFC/BLA

eCB activity might be another example of an overlapping neural

substrate for extinction and responding for reward.

eCB-CB1R signaling modulates prefrontal-amygdala
synaptic neurotransmission
A key feature of eCBs is their ability to suppress presynaptic

release of neurotransmitters,52–54 which, in the case of BLA-pro-

jecting mPFC principal neurons, is glutamate. However,

although our GRABeCB2.0 data suggest that extinction engages

eCB signaling at mPFC/BLA neurons, we have thus far not

directly shown that CB1Rs modulate glutamatergic neurotrans-

mission in this pathway. To address this question, we trans-

fected mPFC neurons, specifically those located in vmPFC

(because the vmPFC/BLA pathway is strongly implicated in

extinction29,38,39), with ChR2 and photoexcited their axons in

BLA (via 2-ms light pulses, 0.6–1.5 mW LED intensity) to record

optically evoked excitatory post-synaptic currents (oEPSCs) in

BLA neurons. We found that oEPSC paired-pulse ratio was

increased in the presence of a CB1R agonist, a synthetic canna-

binoid, (CP-55940) or selective inhibitors of either monoacylgly-

cerol lipase (MAGL) (JZL184) or FAAH (PF-3845) (Figures 4A–4D

and S4A–S4L). These are effects indicative of CB1R-mediated

suppression of glutamate release probability at mPFC/BLA

synapses. A secondary finding was that these effects were

evident irrespective of whether BLA neurons were positive for

Thy-1, a putative marker of extinction-mediating BLA neurons.55

Next, we asked whether evoking activity at vmPFC/BLA syn-

apses is sufficient to cause an increase in BLAeCBs andproduce

long-term depression (LTD) of glutamate release at mPFC/BLA

synapses. To do so, we again expressed ChR2 in vmPFC neu-

rons to enable photoexcitation-evoked glutamate release from

vmPFC axons in BLA. After establishing a stable baseline (under

2-ms light pulses, 1–3 mW LED intensity), vmPFC axons were

repeatedly photoexcited (via 5 trains of 30-s 50-Hz pulses, 30-s

inter-train interval, the same intensity as baseline) while recording

evoked responses in BLA neurons. We found that stimulation

significantly decreased EPSCs relative to pre-stimulation base-

line (i.e., produced LTD) in slices in which vehicle was applied.

By contrast, there was no significant decrease in EPSCs when

slices were incubated (for 30min) and bathed in the CB1R antag-

onist, SR141716A, during recordings (Figures 4E–4G). These

findings show that mPFC activity is in and of itself sufficient to

recruit eCBs and produce consequent CB1R-mediated suppres-

sion of glutamate release at vmPFC/BLA synapses.

To extend these findings, we employed an intersectional viral

strategy to selectively delete Cnr1 from vmPFC/BLA neurons

and then tested whether this caused loss of CB1R-mediated

modulationof glutamate release. Theapproachentailed express-

ing a retrograde FLPo-expressing virus into BLA and a Flp-FRT-

dependentCre-expressing virus into vmPFC (alongwithChR2) of

Cnr1-floxedmice.56 In a viral control group inwhichCnr1was not

deleted, application of the synthetic cannabinoid, CB1R agonist
6 Neuron 111, 1–15, October 4, 2023
CP-55940, reduced ChR2-mediated optically evoked (achieved

via 2-ms light pulses, 0.6–1.5 mW LED intensity) BLA neuronal

EPSCs, indicating inhibition of glutamate transmission. By

contrast, CP-55940 failed to prevent the effect of photoexcitation

on BLA EPSCs in Cnr1-deleted animals, confirming that CB1R

mediates the ability of CP-55940 to inhibit excitation-elicited syn-

aptic glutamate release (Figures 4H and 4I).

Together, these data provide convergent evidence that eCBs,

signaling via CB1R, modulate glutamatergic neurotransmission

at vmPFC/BLA synapses.

CRISPR-Cas9-engineered prefrontal-amygdala Cnr1
mutation impairs extinction
Thus far, our findings show that eCBs dynamically signal and

modulate neurotransmission in the mPFC/BLA pathway during

extinction, but they do not address the question of whether

behavior-related fluctuations in eCBs are causally relevant to

extinction. To address this question we engineered a single-viral

Staphylococcus aureus Cas9 (SaCas9)-guided CRISPR mRNA

Cnr1-loss-of-function viral construct57,58 and then used an inter-

sectional viral strategy to selectively express the construct in

mPFC/BLA neurons (Figures 5A, 5C, 5F, and 5H). Combining

BaseScope in situ hybridization with immunohistochemical

staining indicated a qualitative absence of Cnr1 transcripts in

Cre-expressing BLA-projecting vmPFC neurons of animals

expressing the CRISPR-Cas9 Cnr1 virus, relative to Cnr1 intact

virus controls (Figures 5B, 5C, S5C, and S5D).

We used the same intersectional strategy to express the

CRISPR-Cas9 virus in the BLA-projecting mPFC neurons of

(male and female) Rosa26fsTRAP mice59 and performed real-

time PCR on mRNA isolated from these neurons via translating

ribosome affinity purification (TRAP). This analysis indicated

significantly decreased Cnr1 levels in the somata of GFP-en-

riched purified, but not input (GFP-unbound S20 post-mitochon-

drial supernatant) RNA of BLA-projecting neurons in mPFC, rela-

tive to viral controls (Figures 5B and S5C). Conversely, Cnr1

levels in the somata of GFP-enriched neurons within BLA were

unaltered (Figure S5C).

While our assessment of Cnr1 mRNA levels provides a useful

metric for demonstrating mutagenesis occurred, it is not a direct

measure of total mutagenesis because CRISPR-Cas9 mutagen-

esis results in a reduction in mRNA through nonsense-mediated

decay and is not a direct measure of loss of protein function.

Therefore, we again intersectionally expressed the CRISPR-

Cas9 Cnr1 virus along with ChR2 in mPFC/BLA neurons and

performed in vitro slice electrophysiological recordings of light-

evoked (via 2-ms light pulses, 1–3 mW LED intensity) synaptic

responses in BLA. We found that the ability of CP-55940 to

suppress photoexcitation-generated EPSCs in BLA neurons

was significantly reduced in animals expressing the Cnr1 virus

(Cnr1 mutated) than in controls expression a control virus

(Cnr1 intact). These data confirm that CRISPR-Cas9 mutagen-

esis resulted in functional loss of CB1R-mediated inhibition of

glutamate release from mPFC/BLA synapses (Figure 5E).

On the basis of these results, we selectively expressed the

CRISPR-Cas9 virus in vmPFC/BLA neurons and examined the

consequences for behavior. We found that the vmPFC/BLACnr1

mutated animals exhibited similar freezing levels to Cnr1 intact



Figure 3. Extinction-related eCBs at mPFC/BLA neurons in females and non-conditioned males

(A–C) In females (n = 11 mice) freezing increased over conditioning trials (paired t test for trial 1 versus trial 3: t(10) = 5.369, p = 0.0003, hp
2 = 0.74) and decreased

from early (first trial block) to late (last trial block) extinction training (paired t test: t(10) = 4.006, p = 0.0025, hp
2 = 0.62). Lower freezing on retrieval versus early

extinction (paired t test: t(10) = 4.092, p = 0.0022, hp
2 = 0.63) (A). Increased GRABeCB2.0 signal during conditioning US presentation (paired t test for US versus

baseline: t(10) = 3.659, p = 0.0044, hp
2 = 0.57) (not CS p > 0.05) presentation (B) and during CS off periods on early (paired t test for CS off versus baseline: t(10) =

2.927, p = 0.0151, hp
2 = 0.46) (not late p > 0.05) extinction training (C).

(D–F) In unpaired conditioned males (n = 7 mice), freezing did not increase over conditioning trials (paired t test for trial 1 versus trial 3: t(6) = 2.443, p = 0.0503,

hp
2 = 0.50) and was low during extinction and retrieval (D). Increased GRABeCB2.0 signal during conditioning US presentation (paired t test for US versus baseline:

t(6) = 3.469, p = 0.0133, hp
2 = 0.67) (not CS p > 0.05) presentation (E) and no change on extinction trials (p < 0.05) (F).

(G–I) In CS-only conditionedmales (n = 7mice), freezing did not increase over conditioning trials (p < 0.05) and was low during extinction training and retrieval (G).

DecreasedGRABeCB2.0 signal during conditioning CS presentation (paired t test for CS versus baseline: t(6) = 0.311, p = 0.7663,hp
2 = 0.02) (not the US-equivalent

period, p > 0.05) (H) and showed no change during extinction training CS on (p > 0.05) or CS off periods (p > 0.05) (I).

(J–L) In US-only conditioned males (n = 6mice), freezing increased over conditioning trials (paired t test for trial 1 versus trial 3: t(5) = 3.503, p = 0.0172, hp
2 = 0.71)

and was low on extinction trials. (J) Decreased GRABeCB2.0 signal during conditioning US presentation (paired t test for US versus baseline: t(5) = 3.181, p =

0.0245, hp
2 = 0.67) (not CS-equivalent period, p > 0.05) (K) and CS off period during early (paired t test for CS off versus baseline t(5) = 3.183, p = 0.0245, hp

2 =

0.67) (not late, p > 0.05) extinction training (L).

Data are represented asmean ± SEMpopulation average Z scores normalized to 5-s pre-event baseline. Time-normalized AUC values correspond to 28 post-CS

and 2 s post-US during conditioning, and 30 s post-CS on and CS off for extinction training, retrieval, and renewal. ***p < 0.001, **p < 0.01, and *p < 0.05 with

multiple-comparison Bonferroni correction for extinction GRABeCB2.0 data.

(legend continued on next page)
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Figure 4. eCB-CB1R signaling modulates mPFC/BLA neurotransmission

(A–D) In vitro recordings of CP55-940 (CP, CB1R agonist, Veh n = 4 mice/22 cells, CP n = 4 mice/15 cells), JZL184 (JZL, MAGL inhibitor, Veh n = 3 mice/19 cells,

JZL n = 3 mice/14 cells), and PF-3845 (PF, FAAH inhibitor, Veh n = 5 mice/22 cells, PF n = 5 mice/18 cells) effects on ChR2-mediated optically evoked EPSCs at

vmPFC/BLA synapses (A). Higher oEPSC paired-pulse ratio (PPR) in slices incubated with CP (unpaired t test for CP versus Veh: t(35) = 3.344, p = 0.0020, hp
2 =

0.24) (B), JZL (unpaired t test for JZL versus veh: t(31) = 3.587, p = 0.0011, hp
2 = 0.29) (C) or PF (unpaired t test versus veh: t(38) = 2.389, p = 0.0220, hp

2 = 0.13) (D),

with example traces.

(E–G) In vitro recordings of SR141716A (SR, CB1R antagonist) effects on ChR2-mediated oEPSCs at mPFC/BLA synapses following vmPFC neuron high-

frequency stimulation (HFS) (n = 3 mice/6 cells Veh/n = 3 mice/6 cells SR) (E). Versus Veh, SR attenuated an HFS-induced decrease in oEPSCs, with example

traces (ANOVA drug x time interaction: F(35,385) = 1.764, p = 0.0058,hp
2 = 0.03) (F). Lower oEPSCPPR25–30min post-HFS in slices incubatedwith SR (unpaired

t test for SR versus Veh: t(10.97) = 2.214, p = 0.0489, hp
2 = 0.31) (G).

(H and I) In vitro recordings of effects of CP on ChR2-mediated oEPSCs at mPFC/BLA synapses following virus-mediated Cnr1 deletion from vmPFC/BLA

neurons (n = 3 mice/6 cells Veh/n = 3 mice/6 cells SR) (H). CP decreased oEPSCs in Cnr1 intact not deleted mice (ANOVA drug 3 time interaction: F(1,17) =

15.030, p = 0.0012, hp
2 = 0.20), with example traces (I).

Data are represented as mean ± SEM.***p < 0.001, **p < 0.01, and *p < 0.05.
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viral controls during conditioning and extinction training. Criti-

cally, however, freezing levels on extinction retrieval testing

were significantly higher in mutant animals than in Cnr1 intact

controls—an effect consistent with impaired extinction (Fig-

ure 5G). Freezing levelswere similar betweengroupson a second

extinction retrieval test performed 2 weeks later, which either in-

dicates that the extinction-impairing effects of the mutation were
8 Neuron 111, 1–15, October 4, 2023
transient and/or thatmore remoteextinctionmemories (whichare

meditated by different neural mechanisms than recent extinction

memory60–62) are relatively insensitive to loss of Cnr1 from

vmPFC/BLA neurons.

Additional behavioral testing showed that vmPFC/BLACnr1

mutated animals had heightened levels of anxiety-like behavior

in the light/dark exploration test (but not open field, elevated
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Figure 5. CRISPR-Cas9 Cnr1 deletion from vmPFC/BLA, not dmPFC/BLA, neurons impairs extinction

(A–C) Viral strategy for vmPFC/BLA CRISPR-Cas9 Cnr1 mutation in Rosa26fsTRAP mice (A). Less GFP-enriched purified RNA (not GFP-unbound input RNA)

expression in mutated versus intact (unpaired t test: t(11) = 2.543, p = 0.0273, hp
2 = 0.37, intact n = 6/mutated n = 7) (B). Example images from combined

BaseScope in situ hybridization and immunohistochemistry showing Cnr1 mRNA loss in Cre-expressing BLA-projecting vmPFC neurons in mutated (not

intact) (C).

(D and E) In vitro recordings of CP55-940 (CP, synthetic cannabinoid, CB1R agonist) on ChR2-mediated optically evoked EPSCs at vmPFC/BLA synapses

(D) showing lesser effect in mutated versus intact (ANOVA time 3 group: F(34,408 = 4.208, p < 0.0001, hp
2 = 0.07, n = 3 mice/6 cells intact/n = 3 mice/6 cells

mutated), with example traces (E).

(F and G) vmPFC/BLACnr1mutation (F). Freezing increased over conditioning trials (RM-ANOVA: F(1,18) = 279.100, p < 0.0001, hp
2 = 0.88) and decreased over

extinction trial blocks (RM-ANOVA: F(1,18) = 124.400, p < 0.0001, hp
2 = 0.74). Less freezing on extinction retrieval 1 in mutated versus intact (RM-ANOVA

F(1,18) = 6.338, p = 0.0215, hp
2 = 0.11) (intact n = 9, mutated n = 11) (G).

(H and I) dmPFC/BLA Cnr1 mutation (H). Freezing increased over conditioning trials (RM-ANOVA: F(1,13) = 87.360, p < 0.0001, hp
2 = 0.69), decreased over

extinction trial blocks (RM-ANOVA: F(1,13) = 45.370, p<0.0001,hp
2 = 0.58) andwas similar inmutated and intact across test-phases (intact n =7,mutated n=8) (I).

(J and K) Less light/dark test compartment time in vmPFC/BLA Cnr1 mutated (J) (unpaired t test: t(18) = 2.307, p = 0.0331, hp
2 = 0.23, intact n = 9/mutated

n = 11), not dmPFC/BLA Cnr1 mutated (intact n = 8/mutated n = 8) (K), versus intact.

(L andM) Less novel open field distancemoved (unpaired t test: t(14) = 2.467, p = 0.0272,hp
2 = 0.30, intact n = 8/mutated n = 8) in dmPFC/BLACnr1mutated (M),

not vmPFC/BLA Cnr1 mutated (L), versus intact.

Data are represented as mean ± SEM. ***p < 0.001 and *p < 0.05.
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plus-maze or marble burying tests) (Figures 5J, 5L, and S5F–

S5H) and ate less food (Figure S5E) under the same fasted con-

ditions in which we had observed elevated GRABeCB2.0 signal at

mPFC/BLA neurons. These data demonstrate that selective

loss of Cnr1 from vmPFC/BLA neurons is sufficient to impair

extinction memory formation and cause other behavioral alter-

ations including increased anxiety-like behavior and reduced

seeking of an appetitive stimulus, depending on its motivational

salience. Taken together with the results of our GRABeCB2.0

biosensor experiments, these findings further suggest eCB

signaling at mPFC/BLA neurons play a role in modulating a

range of behavioral states that extends beyond fear extinction.

In rats, projections of vmPFC and dmPFC neurons to the

BLA are anatomically distinguishable63 and BLA neurons acti-
vated by extinction are preferentially innervated by vmPFC

axons.64 Moreover, while earlier studies ascribe an extinc-

tion-facilitating role to the vmPFC/BLA pathway,19–21,33,38,39

the dmPFC (prelimbic/ventral anterior cingulate cortex) and

its projections to BLA is thought to be involved in the promo-

tion and discrimination of fear.65,66 Given this literature, it was

notable that when we tested the effects of the same manipu-

lation in dmPFC/BLA neurons, we found it had no conse-

quences for fear extinction or the other behaviors we tested

(with the exception of a decrease in open field exploration

(Figures 5H, 5I, 5K, 5M, and S5I–S5L). These data indicate

that the extinction-related consequences of mutating Cnr1 in

BLA-projecting neurons are specific to the vmPFC/BLA

pathway.
Neuron 111, 1–15, October 4, 2023 9
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These pathway-related differences were not related to lesser

Cnr1 mRNA expression in dmPFC/BLA (�95%), as compared

with vmPFC/BLA (�97%), neurons (Figure S5D); although

Cnr1 expression does not necessarily equate to the functional

ability of CB1R tomodulate transmitter release.67 Hence, it could

be that other factors, such as preferential innervation of BLA

extinction-activated neurons by vmPFC axons,64 explain the se-

lective extinction-mediating role of eCBs in the vmPFC/BLA

pathway. Resolving this question would be an interesting area

for future study.

DISCUSSION

The eCB system plays an important role in a range of neurobio-

logical and behavioral processes. Among these, there is growing

evidence that eCBs modulate fear extinction and that targeting

this system may be therapeutically tractable. However, the pre-

cise neural circuit basis of these actions has remained unclear. In

the current study, we use a range of complementary approaches

to identify the neural basis of eCB effects on fear extinction. We

demonstrate that optogenetic excitation of mPFC/BLA neurons

leads to the mobilization of eCBs and the facilitation of fear

extinction. Using a novel eCB biosensor we reveal that eCBs

at mPFC/BLA neurons change dynamically during extinction

as animals learn that the CS no longer predicts shock. Further-

more, we show that eCBs, via CB1R, suppress glutamate

release at vmPFC/BLA synapses and find that loss of CB1R

specifically from vmPFC/BLA neurons is sufficient to impair

extinction. Taken together, these findings provide a novel and

important advance in our understanding of the neural substrates

through which eCBs signal to modulate fear extinction.

We found that optogenetic excitation ofmPFC/BLA terminals

increases BLA eCB (AEA) levels and produces an associated

enhancement in extinction memory formation. This behavioral

effect could reflect a stimulation-induced augmentation of BLA

AEA production that enhances the extinction-instructive actions

of eCBs signaling at mPFC/BLA neurons. Relatedly, we found

that optogenetic vmPFC excitation increases glutamatergic

transmission at vmPFC/BLA synapses and that this effect is

suppressed by CB1R-mediated signaling at these synapses.

While prior studies suggest that fear extinction involves glutama-

tergic neurotransmission and associated synaptic plasticity in

cortico-amygdala circuits,14,32,68 the current data demonstrate

that eCBsmodulate the vmPFC/BLA pathway and show this ef-

fect is critical for extinction—as evidenced by CRISPR-Cas9-

mediated Cnr1 deletion from vmPFC/BLA neurons.

Another key novel finding came from our GRABeCB2.0 biosensor

recordings of eCBs. These recordings showed that eCBs at

mPFC/BLA neurons were increased, most prominently

during early, extinction CS off periods. Hence, eCBs signal at

mPFC/BLA neurons in relation to the two most salient events

encountered by the animal during extinction—presentation of

the shock-associatedCS and the omission of expected shock de-

livery when the CS is terminated—and do so in a manner that

changes over the course of extinction training. This finding gener-

ally echoes prior work suggesting that BLA eCBs potentiate the

emotional salienceof fear stimuli and relay this information via con-

nectionswithmPFC.41,69,70However, our dataadvance thisnotion
10 Neuron 111, 1–15, October 4, 2023
by showing that the stimulus-related temporal patterning of eCB

activity at mPFC/BLA neurons may be critical to extinction,

potentially by dynamically sculpting glutamatergic transmission

at mPFC/BLA synapses. Hence, high eCB activity could signal

unexpected shock-omission on early extinction CS off periods

through suppression of synaptic glutamate release and, addition-

ally, may disinhibit synaptic glutamate release when the CS is

repeatedly presented over extinction training in the absence

of shock.

Such a scheme would align with prior evidence that optoge-

netically exciting mPFC/BLA neurons specifically during CS

presentation facilitates extinction.29,38 More direct interrogation

of the model will require novel tools that allow for precise tempo-

ral control over eCB signaling at mPFC/BLA synapses during

CS on and off periods. Notwithstanding, our data generally fit

with observations in other experimental settings showing that

dynamic changes in eCB levels are associated with learning in

other brain circuits; for example, GRABeCB2.0-measured eCB ac-

tivity at substantia nigra dopamine (DA) neurons correlates with

motor-learning.46

Recent studies using in vivo single-unit and calcium photom-

etry recordings have posited that extinction-related increases

in medial ventral tegmental DA neuronal activity51,71 report an

extinction-mediating prediction error (see also Jo et al.,72 Luo

et al.,73 Badrinarayan et al.,74 and Yau and McNally75).

Shock-omission responses have also been observed in sub-

populations of mPFC76 and amygdala neurons.42 In the context

of these prior findings, the eCB dynamics we observed in

mPFC/BLA neurons during extinction CS off periods have fea-

tures characteristic of a prediction error, but it is currently un-

clear whether the dynamics represent a genuine prediction er-

ror rather than another phenomenon, such as relief at removal

of the threat cue.68 It should be borne in mind that the kinetics

of the GRABeCB2.0 changes are also noticeably slower than the

DA neuron calcium transients reported in the aforementioned

studies, and more similar to those measured at optogenetically

stimulated cortical input to the dorsal striatum.45 These slow re-

sponses likely reflect the time taken for eCB production,

release, and retrograde transport to mPFC terminals and do

not discount the possibility that eCBs and DA could functionally

interact during extinction as has been reported for other

processes.10,77,78

Earlier work has shown that pharmacologically blocking CB1R

in the BLA disrupts extinction.12 Here, using CRISPR-Cas9 gene

editing, we show that selective loss of Cnr1 from vmPFC/BLA

neurons impaired extinction memory formation as evidenced

on a retrieval test one day after extinction training whereas, by

contrast, Cnr1 deletion from dmPFC/BLA neurons was without

effect. However, vmPFC/BLA Cnr1 deletion did not impair

extinction memory on a second retrieval test conducted 2 weeks

later, which could indicate that the extinction-impairing effects of

the mutation were transient and/or that more remote extinction

memories are insensitive to loss of Cnr1 from vmPFC/BLA

neurons. Given the neural mechanisms maintaining extinction

memories are known to change as a function of the time since

extinction learning,60–62 neuromodulators other than eCBs and/

or neural pathways other than vmPFC/BLA may be greater

functional importance at later extinction retrieval time points.
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In this context, in addition to the effects of eCBs at

mPFC/BLA synapses we report in the current study, eCB-

CB1R signaling at cell types within BLA could also play a role

in extinction, including astrocytes79,80 and GABAergic interneu-

rons.81 In line with this idea, eCBs suppress GABA release in the

BLA4,17 (see Figure S4), and the loss of this modulatory action is

associated with decreased conditioned freezing and anxiety-like

behavior.82–86 Additionally, CB1Rs are expressed on BLA chole-

cystokinin-expressing interneurons which, when optogenetically

excited, promote extinction.87 Hence, CB1R-mediated signaling

at GABAergic interneurons might contribute to the extinction-

facilitating effects resulting from mobilization of BLA eCBs trig-

gered by mPFC input.

Further adding to the potential breadth of BLA eCB effects

on extinction is that multiple eCBs with divergent effects could

be involved. Whereas augmenting levels of AEA via either sys-

temic or intra-BLA administration of a FAAH inhibitor improves

extinction/decreases fear,13,84,88–90 systemic or BLA-specific

increases in 2-AG produced by a MAGL inhibitor increases

fear.84,91 We found that mPFC/BLA excitation during partial

extinction training increased BLA levels of AEA but not 2-AG,

and that GRABeCB2.0 signal at mPFC input to BLA were in-

creased in response to pharmacological AEA augmentation.

However, extinction per se associates with BLA increases

in both these eCBs in some, not all, studies12,13 and the

GRABeCB2.0 biosensor measures both AEA and 2-AG tran-

sients.43–45 Further studies utilizing novel approaches that are

able to dissociate the in vivo dynamics of AEA and 2-AG will

be required to parse the specific roles of these two eCBs to

fear extinction.

In conclusion, taken together, our findings suggest a novel

model in which engagement of mPFC/BLA neurons during

fear extinction mobilizes eCBs in BLA which, in turn, dynamically

report changes in learned expectancy of the CS-shock associa-

tion back to these neurons to support instantiation of extinction

memory. These findings provide an important advance in our un-

derstanding of the neural circuit mechanisms underlying the

extinction-facilitating effects of eCBs, with possible implications

for the development and application of eCB-targeting drugs for

extinction-deficient neuropsychiatric disorders.
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Antibodies

Chicken anti-green fluorescent

protein (GFP)

Abcam Cat#ab13970; RRID: AB_300798

Rat anti-tdTomato Kerafast Cat#EST203; RRID: AB_2732803

Guinea pig polyclonal anti-Cre

recombinase

Synaptic Systems Cat#257 004; RRID: AB_2782969

Goat anti-chicken Alexa Fluor 488 Thermo Fisher Scientific Cat#A11039; RRID: AB_2534096

Goat anti-rat Alex Fluor 555 Thermo Fisher Scientific Cat#A21434; RRID: AB_2535855

Goat anti-guinea pig IgG secondary

antibody

Vector laboratories Cat#BA-7000-1.5; RRID: AB_2336132

anti-GFP 19C8 TRAP purification

antibody

Memorial Sloan-Kettering Monoclonal

Antibody Facility

Cat#HtzGFP-19C8_as_BRS; RRID:

AB_2716737

anti-GFP 19F7 TRAP purification

antibody

Memorial Sloan-Kettering Monoclonal

Antibody Facility

Cat#HtzGFP-19F7_as_BRS; RRID:

AB_2716736

Bacterial and virus strains

rAAV5/CaMKII-hChR2(H134R)-eYFP University of North Carolina Vector Core N/A Custom preparation

AAV5-CaMKIIa-hChR2(H134R)-mCherry pAAV-CaMKIIa-hChR2(H134R)-EYFP was

a gift from Karl Deisseroth (Addgene viral

prep # 26969-AAV5; http://n2t.net/

addgene:26969; RRID:Addgene_26969);

PubMed 20473285

Addgene Cat# 26969-AAV5

rAAV5/CaMKII-eYFP University of North Carolina Vector Core N/A Custom preparation

AAV9-hSyn-eCB2.0 Vigene Cat#YL10070

AAV5-CaMKIIa-hChR2(H134R)-mCherry pAAV-CaMKIIa-hChR2(H134R)-mCherry

was a gift from Karl Deisseroth University of

North Carolina Vector Core, Addgene

pAAV-CaMKIIa-hChR2(H134R)-mCherry

was a gift from Karl Deisseroth (Addgene

viral prep # 26975-AAV5; http://n2t.net/

addgene:26975; RRID:Addgene_26975)

UNC Cat#AV7954;

Addgene viral prep # 26975-AAV5

AAVretro-EF1a-Flpo pAAV-EF1a-Flpo was a gift from Karl

Deisseroth (Addgene viral prep #

55637-AAVrg; http://n2t.net/

addgene:55637; RRID:Addgene_55637);

PubMed 24908100

Addgene Cat#55637-AAVrg

AAV5-EF1-DIO-hChR(H134R)-eYFP pAAV-Ef1a-dDIO hChR2(H134R)-EYFP

was a gift from Karl Deisseroth (Addgene

plasmid # 55640; http://n2t.net/

addgene:55640; RRID:Addgene_55640);

PubMed 24908100; Addgene; University of

North Carolina Vector Core,

PubMed 24908100

UNC Cat# AV43134;

Addgene Cat# 55640

AAV5-CMV-p2A-Frt-Cre-mcherry Vector Builder Cat#VB160808-1035zgm

pAAV- AAV1-CMV-Flex-SaCas9-

U6-sgCNR1

pAAV-FLEX-SaCas9-U6-sgRNA was a gift

from Larry Zweifel (Addgene plasmid #

124844; http://n2t.net/addgene:124844;

RRID:Addgene_124844) PubMed

32209486

Addgene Cat#124844
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AAVretro-mCherry-IRES-Cre pAAV-Ef1a-mCherry-IRES-Cre was a gift

from Karl Deisseroth (Addgene viral prep #

55632-AAVrg; http://n2t.net/

addgene:55632; RRID:Addgene_55632);

PubMed 24908100

Addgene Cat#55632

AAVretro-hSyn-Cre-P2A-dTomato pAAV-hSyn-Cre-P2A-dTomato was a gift

from Rylan Larsen (Addgene viral prep #

107738-AAVrg; http://n2t.net/

addgene:107738; RRID:Addgene_107738)

Addgene Cat# 107738-AAVrg

AAV5-EF1a-DIO-hChR2(H134R)-EYFP-

WPRE-HGHpA

pAAV-EF1a-double floxed-hChR2(H134R)-

EYFP-WPRE-HGHpA was a gift from Karl

Deisseroth (Addgene viral prep #

20298-AAV5; http://n2t.net/

addgene:20298; RRID:Addgene_20298)

Addgene Cat# 20298-AAV5

AAV1-CMV-Flex-SaCas9-U6-sgCNR1 Dr. Larry Zweifel, (University of Washington) N/A

AAV1-CMV-Flex-SaCas9-U6-sgRosa26 Dr. Larry Zweifel, (University of Washington) N/A

AAV1-Flex-EGFP-KASH Dr. Larry Zweifel, (University of Washington) N/A

Chemicals, peptides, and recombinant proteins

SR141716A (Rimonabant) - CB1R

antagonist

Tocris Cat#0923; CAS: 158681-13-1

WIN 55,212-22 – CB1R agonist Tocris Cat#1038; CAS: 131543-23-2

JZL195 - FAAH/MAGL inhibitor Tocris Cat#4715; CAS: 1210004-12-8

URB597 – FAAH inhibitor Tocris Cat#4612; CAS: 546141-08-6

CP-55,940 – CB1R agonist Tocris Cat#0949; CAS: 83002-04-4

PF-3845 – FAAH inhibitor Tocris Cat#4175; CAS: 1196109-52-0

JZL184 – MAGL inhibitor Tocris Cat#3836; CAS: 1101854-58-3

VECTASTAIN ABC Reagent Vector Laboratories Cat#PK-4007; RRID: AB_2336816

Critical commercial assays

Micro-RNA isolation Kit QIAGEN Sciences Inc Cat#74004

Iscript cDNA synthesis kit Bio-rad Cat#1708891

Mm_Cnr1_2_SG QuantiTect Primer Assay QIAGEN Sciences Inc Cat#QT01748831

Power SYBR Green PCR master mix Applied Biosystems Cat#4385612

QuantiTect Primer Assay QIAGEN Sciences Cat#249900

BaseScope RED v2 Assay Advanced Cell Diagnostics Cat#323900

2.5 LS Green Accessory Pack Advanced Cell Diagnostics Cat#322550

Experimental models: Organisms/strains

Mouse: C57BL/6J Jackson Laboratories JAX stock #000664

Mouse: B6.Cnr1-floxed Dr. Josephine Egan (National Institute of

Aging, Bethesda, MD, USA)

N/A

Mouse: B6.Tg(Thy1-EGFP)MJrs/J

(Thy1-EGFP)

Jackson Laboratories JAX stock #007788

Mouse: B6.129S4-Gt(ROSA)

26Sortm1(CAG-EGFP/Rpl10a,-birA)Wtp/J

(Rosa26fsTRAP)

Jackson Laboratories JAX stock #022367

Oligonucleotides

Primer for constructing CNR1 CRISPR-

Cas9 virus Forward:

CACCGAAGGCCTGCATCGGAGACTGC

Reverse:

AAACGCAGTCTCCGATGCAGGCCTTC

This paper N/A

Cnr1 Primer for CRISPR-Cas9 construct

PAGE Primer Forward:

TTCACTCCCGCAGTCTCCGAT

Reverse: GGGACTATCTTTGCGGTGGAA

ThermoFisher Scientific N/A
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Custom Cnr1 probe BA-Mm-Cnr1-1zz-

st-C1 for BaseScope

Advanced Cell Diagnostics N/A

Positive control probe BA-Mm-Ppib-1zz

for BaseScope

Advanced Cell Diagnostics N/A

Negative control probe BA-DapB-1zz

for BaseScope

Advanced Cell Diagnostics N/A

Software and algorithms

Video Freeze Monitor System MedAssociates https://www.med-associates.com/

product/video-fear-conditioning/; RRID:

SCR_014574

Ethovision XT Noldus https://www.noldus.com/ethovision-xt;

RRID: SCR_000441

MassHunter Workstation LC/QQQ

Acquisition

Agilent Technologies https://www.agilent.com/en-us/support/

software-informatics/b0600servicepack1;

RRID: SCR_013575

MassHunter Workstation Quantitative

Analysis

Agilent Technologies https://www.agilent.com/en-us/products/

software-informatics/masshunter-suite/

masshunter-quantitative-analysis; RRID:

SCR_015040

Mouse Genome Informatics Jackson Laboratory http://www.informatics.jax.org; RRID:

SCR_006460

UCSC Genome Browser Gateway UCSC https://genome.ucsc.edu/cgi-bin/

hgGateway; RRID: SCR_005780

CRISPOR Concordet and Haeussler, 201892 http://crispor.tefor.net/; RRID:

SCR_015935

Behavioral Observation Research

Interactive Software (BORIS)

Friard and Gamba, 201693 http://www.boris.unito.it/; RRID:

SCR_021509

MATLAB MathWorks https://www.mathworks.com;

RRID: SCR_001622

Prism 9 GraphPad http://www.graphpad.com;

RRID: SCR_002798

QuPath Bankhead et al., 201794 https://qupath.github.io/; RRID:

SCR_018257

Other

Bacon softies Bio-Serv Cat#F3580

MATLAB Code This paper https://doi.org/10.5281/zenodo.8047753
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Andrew

Holmes (Andrew.Holmes@nih.gov).

Materials availability
No new materials were generated in this manuscript.

Data and code availability
d The data reported in this paper will be shared by the lead contact upon reasonable request.

d This paper does not report original code. Existing code from the David Root lab (https://www.root-lab.org/code) was modified

for current analyses. The modified version of this code is deposited and publicly available at Zenodo. The associated DOI is

listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Subjects
Male and female C57BL/6J (JAX stock #000664), Tg(Thy1-EGFP)MJrs/J (Thy1-EGFP, JAX stock #007788), and male and female

B6.129S4-Gt(ROSA)26Sortm1(CAG-EGFP/Rpl10a,-birA)Wtp/J (Rosa26fsTRAP, JAX stock #022367) mice were obtained from The

Jackson Laboratory (Bar Harbor, ME, USA). Breeding pairs of C57BL/6J-background Cnr1-floxed were generously provided by

Dr. Josephine Egan (National Institute of Aging, Bethesda, MD, USA)95 and bred by intercrossing heterozygous mice. Homozygous

female Rosa26fsTRAP mice were crossed with male C57BL/6J mice and heterozygous offspring to produce mice from experiments.

Mice (8-12 weeks old) were housed two/cage in a temperature- and humidity-controlled vivarium under a 12h light/dark cycle (lights

on 0600 h, experiments conducted in the light phase), except following chronic fiber implantations – when theywere single-housed to

prevent cage-mates from damaging the implants by cage-mate allogrooming. Testing was conducted at least 4 weeks after surgery

to allow for recovery from surgical procedures and, where applicable, to allow for virus expression. Experimental procedures were

performed in accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals and approved by the

National Institute on Alcohol Abuse and Alcoholism Animal Care and Use Committees.

METHOD DETAILS

Stereotaxic surgery
Stereotaxic surgery for intracranial virus infusions and implantation of fluid cannulae and ferrules was performed using the

laboratory’s standard procedures for targeting mPFC and BLA, as described previously.38,96 For intracranial virus infusions and im-

plantation of fluid cannulae and ferrules, mice were placed in a stereotaxic frame after isoflurane anesthesia (David Kopf Instruments,

Tujunga, CA, USA). Viral constructs were bilaterally infused at a constant rate over 10 minutes using a 0.5 mL syringe (Neuros model

#7001 KH, Hamilton Robotics, Reno, NV, USA) connected to a SYS-Micro4 Controller (World Precision Instruments, Sarasota, FL,

USA), which was left in place for 5 minutes after the virus had been completely infused to ensure diffusion into the tissue.

The coordinates for vmPFC injections were +1.80 mm anteroposterior (AP), ±0.35 mmmediolateral (ML) and -2.73 mm dorsoven-

tral (DV) relative to bregma or +1.87 mm AP, ±1.40 mm ML and -2.84 mm DV at a 20� angle relative to bregma. The coordinates for

dmPFC injections were +1.95 mm AP, ±1.00 mm ML and -1.83 mm DV at a 20� angle relative to bregma. The coordinates for BLA

injections were -1.40 mm AP, -3.25 mm ML and -4.95 mm DV relative to bregma. Where required, during the same surgery, ferrules

(optogenetic experiments) (200 mm diameter, numerical aperture, 0.37, product #CFMLC12U, ThorLabs, Newton, NJ, USA),

dual opto-fluid cannulae (combined optogenetic/pharmacology experiments) (product #DiOFC-LG_P=6.5_320/430_5.0, Doric

Lenses, Quebec, Canada) or wide ferrules (biosensor experiments) (400 mm, 0.57 numerical aperture, product #MFC_400/

430-0.57-6mm_SM3-FLT, B280-4706-6, or MFC-400/430-0.66-6mm_SM3-FLT, B280-4653.6, Doric Lenses) were chronically im-

planted in BLA; either bilaterally (optogenetic and combined optogenetics/pharmacology experiments) or unilaterally, ipsilateral to

the virus injection (biosensor experiments), and affixed to the skull with dental cement.

Behavioral testing
Pavlovian cued fear conditioning and extinction

Mice underwent cued fear conditioning and extinction using previously described methods.17,38,96 Fear conditioning was conducted

on day 1 in a 303 253 25 cm operant chamber with metal walls and a metal rod floor (Context A). Chambers were cleaned between

mice with fragrance-free detergent and soap. The chamber was then scented with a solution of 79.5% water:19.5% ethanol:1% va-

nilla extract.

Following a 180-second baseline, mice received 3 pairings of a 30-second, 75-dB white noise cue (conditioned stimulus, CS) that

co-terminated with a 2-second 0.6-mA scrambled footshock (unconditioned stimulus, US). Each CS/US pairing was separated by a

60-90 second inter-trial interval (ITI). There was a 120-second stimulus-free period after the final pairing. The Med Associates Video

Freeze Monitor System controlled presentation of the CS and US (Med Associates, Inc., Fairfax, VT USA).

Extinction trainingwas conducted on day 2 in a 273 273 14 cmchamber with transparent walls and a floor coveredwithwood chips

(Context B) and scented between mice with a solution of 99%water:1% acetic acid. After a 180-second baseline, there were either 10

(partial extinctionprocedure, used to reveal photoexcitation effects in optogenetics experiments) or 50 (full extinctionprocedure, used in

all other experiments)CSpresentations.Extinction retrievalwas testedonday 3andagain onday 17 inContextBvia 5CSpresentations.

Fear renewal was tested on day 17 in Context A, 2h after extinction retrieval, via 5 CS presentations. On extinction training, retrieval and

renewal, eachCSwas separated by a 5-second ITI, except for the in vivo fiber photometry experiments, inwhich therewas a 30-second

ITI tobetter dissociate eCBactivity atCS-offset andonset. Throughout testing, freezing (definedas the absenceof any visiblemovement

other than respiration) was scored live or from video every 5-seconds by an experienced observer blind to experimental group.

Unpaired, no-US and no-CS conditioning

Unpaired conditioning (and subsequent extinction) was conducted as described above with the exception that the CS and US were

temporally separated (33-50 variable interval between CS offset and US during conditioning. no-US and no-CS conditioning (and

subsequent extinction) was conducted as described above with the exception that either the US or CS, respectively, was absent

during conditioning.
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Light/dark exploration test

Oneweek after day 17 extinction retrieval/renewal testing, CRISPR-Cas9Cnr1mutated and intact mice were tested on the light-dark

exploration test for anxiety-related behavior, based on previously described methods.97 The apparatus comprised an opaque black-

Plexiglas compartment (393 133 16 cm) with a 133 8 cm aperture at floor level that allowed access to a larger (393 393 35 cm)

white-walled square Plexiglas arena illuminated to�95 lux. Individual mice began a 15-minute test session by being gently placed at

the entrance facing the opaque shelter. Time spent in the light and dark compartments and the total distance traveled and average

movement velocity within the apparatus wasmeasured by the Ethovision video tracking system (Noldus Information Technology Inc.,

Leesburg, VA, USA).

Elevated plus-maze test

Approximately 1 week after the light/dark exploration test, CRISPR-Cas9 Cnr1mutated and intact mice were tested in the elevated

plus-maze, based on previously described methods.98 The apparatus (San Diego Instruments, San Diego, CA, USA), elevated to a

height of 38 cm above the floor and illuminated to �95 lux, comprised 2 open arms (30 x 5 cm, with a 0.5 cm raised lip around the

edge) and 2 closed arms (30 x 5, with a 15 cm wall around the edge), each extending from a common central platform (5 x 5 cm).

Individual mice began a 5-minute test session by being gently placed in the center square facing an open arm. Time spent in the

open and closed arms, and the total distance traveled and average movement velocity within the apparatus was measured by Etho-

vision (Noldus Information Technology Inc).

Novel open field test

Approximately 1 week after the elevated plus-maze test, CRISPR-Cas9 Cnr1mutated and intact mice were tested in the novel open

field test, using a previously described apparatus.99 The apparatus was a white opaque Plexiglas square arena (40 x 40 x 45 cm)

illuminated to �95 lux. Individual mice began a 10-minute test session by being gently placed in the center. Time spent in the 18

x 18 cm center square of the open field, and the total distance traveled and average movement velocity within the apparatus was

measured by Ethovision (Noldus Information Technology Inc).

Marble burying test

Approximately 1 week after the novel open field test, CRISPR-Cas9 Cnr1mutated and intact mice were tested in the marble burying

test. A clean cage was lined with an even floor of 5 cm fresh sawdust bedding. Twelve glass marbles (clear, 13 mm diameter, 3.7 g in

weight) were placed on top of the sawdust bedding and evenly distributed in a 4 X 3 array. Individual mice began a 30-minute test by

being gently placed in the right corner of the cage. The number of buried marbles (submerged in the bedding to least 2/3 of their

depth) was counted at the end of the test by an experimenter blind to experimental group. Marbles were cleaned with 70% ethanol

and dried between mice.

Food consumption assay

One week after day 17 extinction retrieval/renewal testing (eCB biosensor experiment) or one week after the marble buying test

(CRISPR-Cas9 Cnr1 mutation experiment), mice were tested on a food consumption assay, based on previously described

methods.100 The apparatus was a neutral cage (37 x 15.5 x 12.5 cm) containing a bottom part of a petri dish (35 X 10 mm). During

an initial habituation session, non-fastedmicewere individually placed in the cage for 10minutes and free over a further 10minutes to

eat small pieces of a highly palatable food, ‘bacon softies’ (Bio-Serv, Flemington, NJ, USA) placed in the petri dish. The following day,

the same procedure was repeated, and total food consumed was measured by weighing the petri dish before and after the session:

representing the sated state test. Immediately after the test, mice were food (not water) deprived for 24 hours until the procedure was

repeated: representing the fasted state test. Food consumption behavior was videorecorded and analyzed using Behavioral Obser-

vation Research Interactive Software (BORIS) software.93

In vivo optogenetics

To selectively optogenetically photoexcite mPFC axons in BLA, a viral construct containing the excitatory opsin, channelrhodopsin

(ChR2) (rAAV5/CaMKII-hChR2(H134R)-eYFP, University of North Carolina (UNC) Vector Core, Chapel Hill, NC, USA, custom prep-

aration, titer 1.131013 gc/mL), or the corresponding YFP-control construct (rAAV5/CaMKII-eYFP, UNC Vector Core, titer: 631012

gc/mL) was bilaterally injected (0.20–0.22 ml/hemisphere) into mPFC of C57BL6/J mice. Ferrules for optic fibers were chronically im-

planted, bilaterally, in BLA as previously described.29,38

Prior to behavioral testing, micewere handled for 2minutes/day for 5 days and then connected to the optic fiber cables in the home

cage for 40 minutes/day for 3 days. During each extinction training CS presentation, blue light (l = 473 nm) was shone (20 Hz, in

5-millisecond pulses) through the optic fibers using a laser (Opto Engine, Midvale, UT, USA), as previously described.38 Laser power

was calibrated before each test by measuring the power at the tip of the patch cord with a PM100D optical power meter and S120C

sensor (Thorlabs, Newton, NJ, USA) and multiplying the power value by the transmittance of the ferrule connection on each optic

fiber.101,102 Light was not shone during the extinction retrieval and renewal tests, but the optic fiber cables (a possible contextual

feature of extinction training) were attached.

eCB measurements via liquid chromatography/tandem mass spectrometry (LC/MS)

Following fear conditioning and fear retrieval/partial extinction training (to confirm fear memory formation), mice underwent optoge-

netic mPFC/BLA photoexcitation (as above) during a full extinction training session. Within 5 minutes of completing testing, mice

were sacrificed by cervical dislocation and decapitation. Brains were removed on ice and snap frozen. Dorsal striatum (DS) and

BLA dissected on dry ice using a 2-mm and 1-mm diameter micropunch, respectively and stored at -80�C until LC/MS. Tissues

were homogenized in 80-100 mL Tris (pH:8.0) buffer and protein concentrations determined using the Bradford assay, with BSA
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as a standard. Lipids were extracted andAEA and 2-AG levels quantified by LC/MS usingmultiple reactionsmonitoring, as previously

described.17

Briefly, the mass spectrometer was set for electrospray ionization operated in positive ion mode. The molecular ion and fragments

for each compound measured were as follows: m/z 352.3/66.1 and 352.3/91 for [2H4] AEA (CID-energy: 12V and 56V, respec-

tively), m/z 348.3/62.1 and 348.3/91 for AEA (CID-energy: 12V and 48V, respectively), and m/z 379.3/91 and 379.3/67.1

for 2-AG (CID-energy: 64V and 56V, respectively). Analytes were quantified using MassHunter Workstation LC/QQQ Acquisition

and MassHunter Workstation Quantitative Analysis (Agilent Technologies, Santa Clara, CA, USA). AEA and 2-AG levels were deter-

mined against standard curves and expressed as fmol/mg and pmol/mg of protein, respectively.

Combined in vivo optogenetics and pharmacology

In one experiment, optogenetic mPFC/BLA photoexcitation (procedure as described above) was combined with intraperitoneal in-

jection of 1.0 mg/kg (10 mL/kg injection volume) of the CB1R antagonist, SR141716A (Tocris Bioscience, Minneapolis, MN, USA,

catalogue #0923), or an equivalent volume of DMSO:Tween 80:saline (1:1:8) vehicle, 50 minutes prior to extinction training. In a sec-

ond experiment, optogenetic mPFC/BLA photoexcitation (as above) was combinedwith bilateral intra-BLAmicroinfusion of 2 mg/mL

SR141716A (0.5 ml/min infusion rate, over 2 minutes, then 3 minutes to allow diffusion), or an equivalent volume of DMSO:Tween

80:saline (1:1:8) vehicle, 30 minutes prior to extinction training.

Verification of virus, optic fiber, and cannula localization for optogenetics and pharmacology experiments

After completion of behavioral testing, mice were terminally overdosed with pentobarbital and transcardially perfused with ice cold

PBS followed by ice cold 4% paraformaldehyde in phosphate buffer. Brains were removed from the skull and were post-fixed over-

night at 4�C. Coronal sections (50-mm thick) were cut using a vibratome (Leica Biosystems, Buffalo Grove, IL, USA,model #VT1000S)

in 0.1 M phosphate buffer and/or stored in 2% sodium azide in PBS for later usage. Sections were mounted and coverslipped with

Vectashield HardSet mounting medium with 40,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA).

Sections were imaged using either a Zeiss confocal microscope (Carl Zeiss Microscopy, White Plains, NY, USA, model #LSM 700)

under Plan-Apochromat 20x/0.8 M27 objectives, an Olympus fluorescent microscope (Olympus, Center Valley, PA, USA, model

#BX41) under UPlanFL N 4x/0.13 or PlanApo N 2x/0.08 objective, or an Olympus slide scanning microscope (Olympus, Virtual Slide

Microscope system, model #VS120) under UPlanSApo 10x/0.40 or 40x/0.95 objectives. Mice adjudged to have inadequate or mis-

placed virus expression and/or ferrule/cannula placement were excluded from analysis.

In vivo fiber photometry measurement of GRABeCB2.0 biosensor activity

A viral construct containing the GRABeCB2.0 biosensor (AAV9-hSyn-eCB2.0, Vigene, Rockville, MD, catalogue #YL10070, titer 3.77 x

1013 gc/mL) was unilaterally injected (0.2 mL) into mPFC and optic fibers were chronically implanted, unilaterally (ipsilateral to the

mPFC injection), in BLA of male and female C57BL6/J mice. Prior to behavioral testing, mice were handled for 2 minutes/day for

5 days and then connected to the optic fiber cables in the home cage for 1 hour/day for 3 days. To record fluorescence from the

GRABeCB2.0 biosensor, a photometry system (Doric Lenses) used 2 continuous sinusoidally-modulated LEDs (Thorlabs) at 465 nm

(1017 Hz) and 405 nm (1017 Hz) as a light source to excite the sensor and an isosbestic autofluorescence signal, respectively, as

previously described.16 Light intensity at the tip of the patch cable (i.e., the interface of patch cable and fiber implant) was in the

50-100 mW range for each channel.

The LEDswere connected to amini cube (Doric Lenses) and each bandpasswas filtered before being coupled to a single large core

(400 mm), high NA (0.48) optical fiber patch cord (Doric Lenses). Emitted light was unilaterally projected through the same mini cube,

passed through a GFP emission bandpass filter (500-525 nm) and then focused onto a Newport Visible Femtowatt Photoreceiver

(Doric Lenses). A RZ5P Processor acquisition system (Tucker-Davis Technologies, Alachua, FL, USA), equipped with a real-time

signal processor controlled the LEDs and independently demodulated the fluorescence brightness due to 465 nm and 405 nm exci-

tation. Fluorescence data were analyzed by applying a least-squares linear fit to the 405 nm signal to align it to the 465 nm signal. The

resulting fitted 405 nm signal was then used to normalize the 465 nm signal as follows: DF= (465 nm signal � fitted 405 nm signal).

Signals were downsampled to �2 Hz for analysis.

Recordings during behavior. US, CS onset and CS offset related changes in GRABeCB2.0 activity were measured during fear con-

ditioning and extinction testing. Z-scores were calculated to compare DF values following each of these 3 events with the DF values

during a 5 second period immediately preceding each event (z= [DF-mean(DF(t= -5 to 0))]/std, where std is the standard deviation of

DF values during the pre-event period. Values for area under the curve (AUC) were calculated using MATLAB’s built-in ‘trapz’ func-

tion, which uses trapezoidal numerical integration to calculate the AUC (Z-score) between inputted x-values (time) on a graph of

z-score versus time. Time-normalized AUC values for the US (2 seconds post-US) during conditioning, CS onset (28 seconds –

i.e., excluding the final 2 seconds when the US was presented – post-CS onset) during conditioning, and CS onset and CS offset

(30 seconds post-CS onset or CS-offset) during extinction training, retrieval and renewal were compared to each event’s respective

(5-second) pre-event baseline.

Recordings during behavior and CB1R blockade. The same optogenetic procedure as described above was employed, with the

exception thatmice received injection (intraperitoneally, in a volume of 10mL/kg bodyweight) 5.0mg/kg of theCB1R inverse agonist/

antagonist, SR141716A (Tocris Bioscience catalogue #0923), or an equivalent volume of DMSO:Tween 80:saline (1:1:8) vehicle,

50 minutes prior to extinction training.

Recordings during drug challenge. To assess drug-related changes in GRABeCB2.0 biosensor activity, recordings were performed

in the home cage. After being connected to the cables, mice were given a 30-minute habituation period before the first drug was
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injected (intraperitoneally, in a volume of 10 mL/kg body weight). Separate groups of mice were used for each of the 7 challenge ex-

periments. The drug, dose and duration of the recordings were as follows: 1) vehicle DMSO:Tween 80:saline (1:1:8) recorded for

60 minutes post-injection, 2) 5.0 mg/kg of the CB1R inverse agonist/antagonist SR141716A recorded for 60 minutes post-injection,

3) 5.0 mg/kg of the CB1R agonist WIN 55,212-22 (Tocris Bioscience catalogue #1038) recorded for 60 minutes post-injection, 3) a

combination of 5.0 mg/kg SR141716A recorded for 30 minutes post-injection, then 5.0 mg/kg WIN 55,212-22 recorded for a further

60 minutes, 4) 20.0 mg/kg of the dual FAAH/MAGL inhibitor JZL195 (Tocris Bioscience catalogue #4715) recorded for 120 minutes

post-injection, 5) a combination of 5.0mg/kg SR141716A recorded for 30minutes post-injection, then 20mg/kg JZL195 recorded for

a further 120 minutes, 6) 3.0 mg/kg of the FAAH inhibitor URB597 (Tocris Bioscience catalogue #4612) recorded for 120 minutes

post-injection, 7) a combination of 5.0 mg/kg SR141716A recorded for 30 minutes post-injection, then 3.0 mg/kg URB597 recorded

for a further 100 minutes. DF values were Z-scored to (5 minute) pre-drug baseline and expressed in a timeseries and as AUC aver-

ages (averaged over the entire post-drug period).

GRABeCB2.0 virus expression and optic fiber localization. At the completion of testing, mice were terminally overdosed with pento-

barbital and transcardially perfused with ice cold PBS followed by ice cold 4% paraformaldehyde in phosphate buffer. Coronal sec-

tions (50-mm thick) were cut using a vibratome (Leica Biosystems) in 0.1 M phosphate buffer and/or stored in 2% sodium azide in

PBS. Sections were blocked for 2 hours in a blocking buffer containing PBS buffer solution, 0.3% Triton-X, 10% normal goat serum,

and 1% bovine serum albumin, then rinsed and incubated overnight at 4�C with a chicken anti-green fluorescent protein (GFP) anti-

body (Abcam, Cambridge, MA, USA,1:1K, catalogue #ab13970) in PBS containing 10% blocking buffer and 0.3% Triton X-100. The

next day, sections were rinse and incubated for 2 hours at room temperature in an Alexa 488 (goat anti-chicken, 1:1K, catalogue

#A11039, Life Technologies, Carlsbad, CA, USA) secondary antibody in the PBS containing 10% blocking buffer and 0.3% Triton

X-100 solution. The sections were then re-rinsed, mounted and coverslipped with Vectashield HardSet mounting media (Vector Lab-

oratories) ormowiol-basedmountingmedia (Polysciences Inc,Warrington, PA, USA, catalogue #17951). At the completion of testing,

coronal brain sections were prepared and imaged as described above (under Verification of virus, optic fiber, and cannula localization

for optogenetics and pharmacology experiments).

eCB activity/freezing and movement correlations. GRABeCB2.0 activity (AUC values) during extinction training were correlated

(using Pearson’s correlation coefficient) with corresponding freezing levels during 1) the entire-session (averaged, excluding the

180-second baseline period), 2) CS on (averaged over 50 trials) and 3) CS off (averaged over 50 trials). Additionally, GRABeCB2.0

activity (AUC values) during 10-minute exploration of a neutral (37 x 15.5 x 12.5 cm) bare cage were correlated (using Pearson’s

correlation coefficient) with Z-scored (to the entire session value) movement velocity (measured using the Ethovision video tracking

system, Noldus Information Technology Inc).

In vitro slice electrophysiology recordings of eCB-mediated responses

eCB drug effects. Thy1 mutant mice had a viral construct expressing ChR2 (AAV5-CaMKIIa-hChR2(H134R)-mCherry, UNC cata-

logue #AV7954, Addgene catalogue #26975, titer 1.6 x 1013 gc/ml) bilaterally injected into vmPFC (0.2 ml/hemisphere). At least

5 weeks later, mice were briefly anesthetized with isoflurane and transcardially perfused with ice-cold oxygenated (95% v/v O2,

5% v/v CO2) N-methyl-D-glucamine (NMDG) based ACSF103 comprised (in mM): 93 NMDG, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3,

20 HEPES, 25 glucose, 5 Na-ascorbate, 3 Na-pyruvate, 5 N-acetylcyctine, 0.5 CaCl2,4H2O and 10 MgSO4,7H2O. The brain was

quickly removed and 250 mm coronal slices containing BLA were cut using a vibratome (Leica Biosystems, model #VT1000S) in

the NMDG solution. Slices were incubated for 8-15 minutes at 32�C in oxygenated NMDG-ACSF then stored at 24�C until recordings

were performed in HEPES-based ACSF containing (in mM): 92 NaCl, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 5

ascorbate, 3 Na-pyruvate, 5 N-acetylcyctine, 2 CaCl2,4H2O and 2 MgSO4,7H2O.

Recordings were performed in a submerged recording chamber during continuous perfusion of oxygenated ACSF containing (in

mM): 113NaCl, 2.5 KCl, 1.2MgSO4,7H2O, 2.5 CaCl2,2H2O, 1 NaH2PO4, 26NaHCO3, 1 ascorbate, 3 Na-pyruvate and 20 glucose; at

a flow rate of 2.5 - 3 ml/minute. Slices were visualized using a Nikon microscope (Eclipse FN1, Nikon Instruments Inc., Melville, NY)

equipped with differential interference contrast microscopy. Whole-cell current clamp recordings were obtained under visual control

using a 40x objective. 2 - 6 MU borosilicate glass pipettes were filled with a Cs+ based internal solution (in mM): 120 CsOH, 120

D-gluconic acid, 2.8 NaCl, 20 HEPES, 5 TEA-Cl, 2.5 Mg-ATP, 0.25 Na-GTP. Optically-evoked responses were achieved by using

a Mightex 455 nm LED system (BLS-Series) (Mightex, Toronto, Ontario, Canada) to pulse light (2 milliseconds, 0.6-1.5 mW LED in-

tensity) through the 40x objective at 0.03-0.05 Hz.

Optically-evoked excitatory post-synaptic currents (oEPSCs) and feed-forward (FF) inhibitory post-synaptic currents (IPSCs) were

measured at -70mV and +10mV, respectively; paired-pulse ratio (PPR) was obtained in voltage-clamp with an inter-stimulus interval

of 50 milliseconds. Drug wash-on experiments were carried out after assessing at least six minutes of stable baseline recordings.

Vehicle, CP-55940 (10 mM in this experiment; 5 mM for CRISPR-Cas9 Cnr1 mutation experiment, Tocris Bioscience catalogue

#0949), PF-3845 (5 mM; Tocris Bioscience cataloguer #4175) or JZL184 (1 mM; Tocris Bioscience catalogue #3836) was then washed

on. Stock solutions of these drugs were prepared in DMSO, and final recording solutions contained 0.05% w/v Bovine Serum Albu-

min (BSA, Sigma-Aldrich, St. Louis, MO, USA).

Thy1+ and Thy1- were identified by the presence or absence of fluorophore expression. Input/output curves were generated by

increasing the intensity of the applied light pulses and the maximal oEPSC and oIPSC amplitude was used to compare the excit-

atory/inhibitory ratio. Optical stimulation as well as data collection was coordinated using pClamp 10 (Molecular Devices, San
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Jose, CA, USA). Cell electrical properties were monitored using a Molecular Devices 700B MultiClamp amplifier and Digidata 1440A

low-noise data acquisition digitizer. Responses were filtered at 2 kHz and digitized at 10 kHz.

High-frequency stimulation-induced long-term depression. C57BL/6J mice had a viral construct expressing ChR2 (AAV5-

CaMKIIa-hChR2(H134R)-mCherry, Addgene catalogue #26969, titer 131013 gc/ml) bilaterally injected into vmPFC (0.2 ml/hemi-

sphere). At least 5 weeks later, oEPSCs were recorded after establishing a stable baseline (under 2-millisecond light pulses, 1-3

mW LED intensity) prior to the high frequency stimulation of BLA principal neurons as described above. The LTD induction protocol

consisted of 5 trains of 50 Hz 2-millisecond light pulses, for 30 seconds, with a 30-second inter-train interval. Prior to recordings,

approximately half the slice were incubated and bathed in 10 mMof the CB1R antagonist, SR141716A (CaymanChemical, Ann Arbor,

MI, USA, catalogue #9000484) for at least 30 minutes. PPR was obtained in voltage-clamp with an inter-stimulus interval of 50 mil-

liseconds. The stimulation-related change in PPR (averaged overminutes 25-30 post-stimulation) was calculated as a percent of, and

compared to, a (5-minute) pre-stimulation baseline.

Intersectional-virus-mediated Cnr1 deletion

An intersectional virus approach was used to selectively delete Cnr1 from vmPFC/BLA neurons in Cnr1-floxed mice, based on pre-

viously described methods.56,104 Homozygous Cnr1-floxed mice and wild-type littermate controls had a retrogradely-traveling viral

construct expressing Flipase (AAVretro-EF1a-Flpo, Addgene catalogue #55637, titer 1.63 x 1013 gc/mL) bilaterally injected into BLA

(0.30 ml/hemisphere) and 2 constructs respectively expressing ChR2 (AAV5-EF1-DIO-hChR(H134R)-eYFP, UNC catalogue

#AV43134, Addgene catalogue #55640, titer 5.5 x 1012) and Cre recombinase in the presence of Flp (AAV5-CMV-p2A-Frt-Cre-

mcherry, Vector Builder, Chicago, IL catalogue #VB160808-1035zgm, titer 1.23 x 1012 gc/ml) bilaterally injected into vmPFC

(0.2 ml/hemisphere). At least 5 weeks later, oEPSCs were recorded from BLA principal neurons ipsilateral to the hemisphere where

injections were performed using the same recording parameters and CP-55940 (or vehicle) bath application described in In vitro slice

electrophysiology recordings of eCB-mediated responses (eCB drug effects).

CRISPR-Cas9-mediated Cnr1 mutation

A single-viral Staphylococcus aureus Cas9 (SaCas9)-guided CRISPR mRNA construct was engineered and packaged into an AAV,

based on previously described methods.57 Briefly, the 12 splice variants of the Cnr1 gene (Mouse Genome Informatics http://www.

informatics.jax.org/) were aligned to the mouse genomic sequence (UCSC Genome Browser Gateway https://genome.ucsc.edu/

cgi-bin/hgGateway) and the sequence corresponding to the common start site (exon 8) was queried using CRISPOR (http://crispor.

tefor.net/). A guide430basepairs downstreamof the start sitewas cloned intopAAV-AAV1-CMV-Flex-SaCas9-U6-sgCNR1 (Addgene

catalogue #124844) using the forward primer CACCGAAGGCCTGCATCGGAGACTGC and reverse primer AAACGCAGTC

TCCGATGCAGGCCTTC).

For behavioral experiments, we elected to use the CRISPR-Cas9 approach in C57BL6/J mice for this experiment, instead of an

intersectional Cre-Lox viral knockout strategy in Cnr1-floxed mutant mice, to ensure the same background strain was used for

behavioral testing throughout the study.105 To selectively mutate Cnr1 in vmPFC/BLA neurons or, in a separate experiment,

dmPFC/BLA neurons, mice received bilateral injection (0.3 ml/hemisphere) of a retrogradely-traveling viral construct expressing

Cre recombinase (AAVretro-mCherry-IRES-Cre, Addgene catalogue #55632, titer 8.0 10^12 gc/ml) into BLA, and either a Cre-

dependent CRISPR-Cas9 construct (AAV1-CMV-Flex-SaCas9-U6-sgCNR1, L. Zweifel, University of Washington, titer �1x10^12

gc/ml) or Cre-dependent control construct (AAV1-CMV-Flex-SaCas9-U6-sgRosa26, as described above, titer�1x10^12 gc/ml, titer

�1x10^12 gc/ml), together (8:1 ratio) into vmPFC or dmPFC (0.2 ml/hemisphere) of C57BL6/Jmice. To aid neuron visualization, with a

Cre-dependent neuron labeling construct (AAV1-Flex-EGFP-KASH, L. Zweifel, titer �5x10^12 gc/ml) was also injected into vmPFC

or dmPFC (0.2 ml/hemisphere). For validation of CRISPR-Cas9 mediated Cnr1 disruption, the intersectional virus strategy was

repeated in heterozygous female Rosa26fsTRAP mice, with the PFC injection volume increased (0.4 ml/hemisphere) to transfect

mPFC and increase the yield of transfected neurons for analysis.

Immunocytochemistry. To visualize of Cre recombinase and GFP, immunocytochemistry was performed at the completion of

behavioral testing, as described above under In vivo fiber photometrymeasurement of GRABeCB2.0 biosensor activity, with the excep-

tion that the primary antibodies used were chicken anti-GFP and rat anti-tdTomato (1:1000, catalogue #EST203, Kerafast, Boston,

MA, USA) and the secondary antibodies were Alexa 488 (goat anti-chicken, 1:1K, catalogue #A11039, Life Technologies, Carlsbad,

CA, USA) and Alexa 555 (goat anti-rat, 1:1K, catalogue #A21434, Life Technologies, Carlsbad, CA, USA).

TRAP and real-time PCR. Brain tissue fromRosa26fsTRAPmice was analyzed via cell type-specific mRNA purification by translating

ribosome affinity purification (TRAP), followed by real-time PCR. Mice were sacrificed via cervical dislocation and decapitation,

brains removed on ice, and washed in ice cold dissection buffer (13 HBSS, 2.5 mM HEPES-KOH (pH 7.3), 35 mM glucose, 4 mM

NaHCO3 and 100 mg/ml cycloheximide (added freshly) in RNase-free water). mPFC and BLA were dissected on ice using 1-mm

and 2 mm-diameter micropunches respectively, then washed in ice cold dissection buffer and stored at -80�C. Tissue was homog-

enized in ice cold homogenization buffer (20 mM HEPES KOH (pH 7.4), 150 mM KCl and 10 mMMgCl2 in RNase-free water with the

following freshly added: 100 mg/ml cycloheximide (Sigma-Aldrich, St Louis, MO, catalogue #C7698), EDTA-free protease inhibitors

(1tbl/10ml, Sigma-Aldrich, catalogue #11836170001), 0.5 mM DL-Dithiothreitol (DTT) (Sigma-Aldrich, catalogue #D9779), 2 ml/ml

RNasin� ribonuclease inhibitor (80U/ml, ProMega, Madison, WI, USA, catalogue #N2615) and SUPERasedIn� RNase inhibitor

40U/ml, Thermo Fisher Scientific, Waltham MA, USA, catalogue #AM2694) with 12 strokes of a motor driven Teflon-glass homoge-

nizer (Glas-Col Homogenizer) at �900 rpm on ice.
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Homogenized samples were centrifuged at 4�C for 10 min at 2,000g. The post-nuclear supernatant (S2) was mixed with 10% NP-

40 and 300 mM, 2-diheptanoyl-sn-glycero-3-phospho-choline (DHPC, 200 mg, Avanti Polar Lipids, Alabaster, AL, USA, catalogue

#850306P) incubated for 5 minutes on ice and centrifuged at 4�C for 15minutes at 17,000g to obtain post-mitochondrial supernatant

(S20). An aliquot of S20 material was used as input RNA to compare with the sample collected after enrichment of purified material

with GFP. For immunopurification, samples were incubatedwith the affinity matrix at 4�Cgentle end-over-endmixing in a tube rotator

overnight. The affinity matrix was prepared in advance following the protocol outlined previously.106 Briefly, Streptavidin MyOne T1

Dynabeads (300 ml per IP, Thermo Fisher Scientific, catalogue #65601) were washed twice on a magnetic rack with PBS and incu-

bated with biotinylated Protein L (120 mg, Thermo Fisher Scientific, catalogue #29997) for 35 minutes at room temperature. The Pro-

tein L loaded beads were blocked by 5X washes in PBS with 3% IgG-free and protease-free BSA (Jackson ImmunoResearch, West

Grove, PA, USA, catalogue #001000162).

Next, beads were resuspended in low salt buffer (20 mM HEPES KOH (pH 7.3), 150 mM KCl, 10 mMMgCl2, 1% (vol/vol) NP40) in

RNAase-free water with the following added freshly: 100 mg/ml cycloheximide and 0.5 mM DTT) and incubated with 50 mg of each

GFP antibodies 19C8 and 19F7 (clones Htz-GFP-19F7 and Htz-GFP-19C8, bioreactor supernatant purity, Memorial Sloan-Kettering

Monoclonal Antibody Facility, New York, NU, USA) at room temperature for 1 hour by gentle end-over-end mixing in a tube rotator.

The following day, beads were collected on the magnetic rack, whole fraction was saved, and beads were washed 4X with high salt

buffer (20mMHEPESKOH (pH 7.3), 350mMKCl, 10mMMgCl2 and 1% (vol/vol) NP-40 in RNase-freewater with the following freshly

added: 100 mg/ml cycloheximide and 0.5 mM DTT). After the final wash, RNA was eluted by adding 100 ml Lysis Buffer plus

2-mercaptoethanol (Sigma-Aldrich, catalogue #63689) and purified using the micro-RNA isolation Kit (QIAGEN Sciences Inc, Ger-

mantown, MD, USA, catalogue #74004) and instructions from the company. Reverse transcription was performed with 3 ng of

RNA using the Iscript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA, catalogue #1708891) and a C1000 thermal cycler (Bio-Rad).

Gene expression was quantified for the Cnr1 gene using the Mm_Cnr1_2_SG QuantiTect Primer Assay (QIAGEN Sciences Inc,

catalogue #QT01748831) and a custom Cnr1 primer for the CRISPR-Cas9 construct PAGE primers from Thermo Fisher Scientific

(Forward TTCACTCCCGCAGTCTCCGAT TM 63.29 % GC 57.14 and Reverse GGGACTATCTTTGCGGTGGAATM 63.29 % GC

52.38) and power SYBR Green PCR master mix (Applied Biosystems, Grand Island, NY, USA, catalogue #4385612) using a

StepOnePlus Real-Time PCR instrument (Applied Biosystems). Cycle threshold (CT) values normalized to the housekeeping gene,

glyceraldehyde 3-phosphate dehydrogenase (Gapdh) (QIAGEN Sciences Inc, catalogue #QT01658692) using the QuantiTect Primer

Assay (QIAGEN Sciences Inc).

BaseScope in situ hybridization. Brain tissue from C57BL6/J mice was examined via BaseScope in situ hybridization using the

BaseScope RED v2 Assay (Advanced Cell Diagnostics, Santa Ana, CA, USA), combined with the Immunohistochemistry Integrated

Co-Detection Workflow (Advanced Cell Diagnostics). Mice were sacrificed via cervical dislocation and decapitation, brains removed

and frozen in 2-methyl butane on dry ice and stored at -80�C. Coronal sections (16-um thick) were cut using a cryostat (Leica Bio-

systems,model #CM3050S) andmounted onto Super Frost Plus slides (Thermo Fisher Scientific, catalogue #12-550-15), then stored

at -80�C. Sections were then incubated in 4�C 10% neutral buffered formalin (Fisher Scientific, catalogue #245-684) for 20 minutes,

then dehydrated in an ethanol dilution series (50%, 70%, 100%) twice. Slides were air dried, and a hydrophobic barrier was drawn

around each section using an ImmEdge barrier pen (Vector Laboratories, Burlingame, CA, USA). Guinea pig polyclonal anti-Cre re-

combinase primary antibody (Synaptic Systems, catalogue #257 004, Gottingen, Germany) diluted with Co-Detection Antibody

Diluent (Advanced Cell Diagnostics, catalogue #323160) at a 1:500 dilution was applied to each section and incubated at 4�C
overnight.

The next day, sections were incubated in 10% NBF at room temperature for 30 minutes for post-primary fixation. After washing

with PBS-T (1XPBS with 0.1% Tween-20), RNAScope Protease IV solution (Advanced Cell Diagnostics, catalogue #322336) was

applied for 30 minutes at room temperature. Sections were then washed in distilled water and incubated with the customCnr1 probe

(Advanced Cell Diagnostics, BA-Mm-Cnr1-1zz-st-C1) (1014-1053 base pairs on NCBI reference sequence NM_007726.5) based on

the sgRNA for the CRISPR-Cas9 mutation or control probes (Advanced Cell Diagnostics, positive: BA-Mm-Ppib-1zz, negative: BA-

DapB-1zz) for 2 hours at 40�C in a HybEZ II hybridization oven (Advanced Cell Diagnostics). Sections were washed twice in 1x wash

buffer (Advanced Cell Diagnostics, catalogue #310091) after the probe incubation and each amplification step. Eight amplifiers

(Advanced Cell Diagnostics, catalogue #323910) were applied to each section: AMP1 at 40�C for 30 min, AMP2 at 40�C for 30 mi-

nutes, AMP3 at 40�C for 15minutes, AMP4 at 40�C for 30minutes, AMP5 at 40�C for 30minutes, AMP6 at 40�C for 15minutes, AMP7

at room temperature for 30 minutes, and AMP8 at room temperature for 15 minutes. BaseScope Fast RED A+B solution (Advanced

Cell Diagnostics, catalogue #323910) was prepared at a 60:1 ratio and applied at room temperature for 10 minutes. Sections were

rinsed with fresh tap water.

To block the tissues for immunohistochemistry, tissues were first washed with 1x wash buffer twice, then Co-Detection Blocker

(Advanced Cell Diagnostics, catalogue #323170) was applied for 15 minutes at 40�C. Sections were subsequently washed twice

with 1x wash buffer and once with 1x PBST. Goat Anti-guinea pig IgG secondary antibody (Vector laboratories, catalogue #BA-

7000-1.5) was dilutedwith the Co-Detection Antibody Diluent at a 1:200 ratio, and sectionswere incubated in the secondary antibody

solution for 45 minutes at room temperature. Sections were washed 2x with PBS-T, and VECTASTAIN ABC Reagent (Vector labo-

ratories, catalogue #PK-4007) was applied for 30 minutes at room temperature. The 2.5 LS Green Accessory Pack (Advanced Cell

Diagnostics, catalogue #322550) was used to detect Cre immunostaining. Green solution was mixed at a 1:50 ratio of Green-B to

Green-A, and tissues were incubated with the solution for 15 minutes at room temperature. Sections were then counterstained
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for 30 seconds at room temperature with 50%Hematoxylin I (Sigma-Aldrich, catalogue #GHS132), and blue reaction was induced by

0.02% Ammonia water (Sigma-Aldrich, catalogue #221228). Sections were dried at 60�C and coverslipped by dipping the slides in

fresh xylene with EcoMount (Biocare Medical, Pacheco, CA, USA, catalogue #EM897L). Slides were imaged using an Olympus slide

scanning microscope (model #VS120).

In vitro slice electrophysiology recordings. Selective deletion/mutation of Cnr1 from vmPFC projections to BLA in C57BL6/J mice

was achieved using an intersectional viral approach consisting of 3 sequential injections. First, retrograde viral construct coding for

Cre recombinase (AAVretro-hSyn-Cre-P2A-dTomato, Addgene catalogue #107738, titer 7.0 10^12 gc/ml) was unilaterally injected

(0.3 ml) into BLA (AP:-1.45, ML +3.4, DV -4.8). Second, either the Cre-dependent CRISPR-Cas9 or control construct as described

earlier was injected (0.2 ml) into the ipsilateral vmPFC (24� Angle AP +1.8, ML +0.4, DV -2.6) along with Cre-dependent ChR2

(0.2 ml) (AAV5-EF1a-DIO-hChR2(H134R)-EYFP-WPRE-HGHpA, Addgene catalogue #20298, titer 1 x 10^13). At least 5 weeks later,

oEPSCs were recorded from BLA principal neurons ipsilateral to the hemisphere where injections were performed using the same

recording parameters and CP-55940 (or vehicle) bath application described in In vitro slice electrophysiology recordings of eCB-

mediated responses (eCB drug effects).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using Prism (GraphPad, San Diego, CA, USA) and MATLAB (MathWorks, Natick, MA, USA) software. Group ef-

fects were analyzed using Student’s or Welch’s t-test or analysis of variance (ANOVA), depending on the number of independent

variables, followed by Holm-�Sı́dák’s post hoc tests or paired Student’s t-test, with Bonferroni correction applied in cases involving

multiple comparisons. Effect size was estimated using partial eta squared (hp
2). The threshold for statistical significance was set at

P<0.05 and subject to Bonferroni correction where indicated. Power analysis were performed to determine howmuch the groups are

different from each other. The measure of effect size hp
2 for ANOVA is calculated manually from the ratio of the sum of squares for

effect of variables and the total sum of squares. The statistical details of experiments can be found in Table S1.
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