1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biol Psychiatry. Author manuscript; available in PMC 2023 January 09.

-, HHS Public Access
«

Published in final edited form as:
Biol Psychiatry. 2022 November 01; 92(9): 739-749. doi:10.1016/j.biopsych.2022.05.012.

The Endocannabinoid 2-Arachidonoylglycerol Bidirectionally
Modulates Acute and Protracted Effects of Predator Odor
Exposure

Veronika Kondev,

Amanda Morgan,

Mustafa Najeed,

Nathan D. Winters,

Philip J. Kingsley,

Lawrence Marnett,

Sachin Patel

Vanderbilt Brain Institute (VK, MN), Vanderbilt University; Departments of Pharmacology (NDW,
PJK, LM), Biochemistry (PJK, LM), and Chemistry (PJK, LM), Vanderbilt University School of
Medicine, Nashville, Tennessee; and the Department of Psychiatry and Behavioral Sciences (AM,
SP), Northwestern University Feinberg School of Medicine, Chicago, Illinois.

Abstract

BACKGROUND: Stress-related disorders are among the most prevalent psychiatric disorders,
characterized by excess fear and enhanced avoidance of trauma triggers. Elucidating the
mechanisms regulating temporally distinct aspects of innate and conditioned fear responses
could facilitate novel therapeutic development for stress-related disorders. One potential target
that has recently emerged is the endocannabinoid system, which has been reported to mediate
the physiological response to stress and represents an important substrate underlying individual
differences in stress susceptibility.

METHODS: Here, we exposed male and female CD-1 mice to an innate predator stressor,
2MT (2-methyl-2-thiazoline), to investigate the ability of endocannabinoid signaling to modulate
temporally distinct innate and conditioned fear behaviors.

RESULTS: We found that 2MT exposure increased amygdala 2-AG (2-arachidonoylglycerol)
content and selectively increased excitability in central, but not basolateral, amygdala neurons.
We also found that pharmacological 2-AG augmentation during stress exposure exacerbated both
acute freezing responses and central amygdala hyperexcitability via cannabinoid receptor type 1-
and type 2—dependent mechanisms. Finally, 2-AG augmentation during stress exposure reduced
long-term contextual conditioned freezing, and 2-AG augmentation 24 hours after stress exposure
reduced conditioned avoidance behavior.
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CONCLUSIONS: Our findings demonstrate a bidirectional effect of 2-AG augmentation on
innate and conditioned fear behavior, with enhancement of 2-AG levels during stress promoting
innate fear responses but ultimately resulting in long-term conditioned fear reduction. These data
could reconcile contradictory data on the role of 2-AG in the regulation of innate and conditioned
fear-related behavioral responses.

Stress-related disorders, such as generalized anxiety disorder or posttraumatic stress disorder
(PTSD), are among the most prevalent mental health disorders in the world, estimated to
affect over 30% of adults in the United States (1,2). Symptoms of these disorders include
hyperarousal, excess fear, and enhanced avoidance, even in the absence of immediate threat
(3,4). Despite the prevalence of these mental health disorders, current pharmacotherapies

are met with heterogeneous outcomes, with a significant portion of patients failing to show
symptom improvement or protracted remission (5-9). To guide the development of novel
treatment strategies, preclinical studies aimed at elucidating novel signaling systems that
regulate distinct aspects of stress-related behavioral adaptations are critical.

The endogenous cannabinoid, or endocannabinoid (eCB), system has emerged as a
molecular target for the treatment of mood and stress-related disorders. The eCB system,
which consists of cannabinoid receptor type 1 (CB1R), its endogenous ligands AEA (N-
arachidonoylethanolamine; also called anandamide) and 2-AG (2-arachidonoylglycerol), and
their synthetic and degradative enzymes (10,11), is heavily implicated in the modulation

of stress responsivity and conditioned defensive behaviors (12-20). While pharmacological
augmentation of AEA signaling has been demonstrated to reduce anxiety-like behaviors in
response to acute and chronic stress and facilitate extinction of conditioned fear responses,
more recent data have also implicated 2-AG signaling in stress-response physiology and
anxiety-like responses (13,18,21-28). For example, genetic or pharmacological inhibition
of 2-AG synthesis increases anxiety-like behaviors and worsens behavioral consequences
of stress exposure (29-31). In parallel, inhibition of the primary 2-AG degradation enzyme
MAGL (monoacylglycerol lipase) has been shown to prevent the negative consequences

of stress, promote a stress-resilient phenotype, and reduce freezing to a trauma-associated
context (28,32—-41). However, the data surrounding the therapeutic potential of 2-AG
augmentation are mixed; some studies have reported that pharmacological inhibition or
genetic deletion of MAGL results in no effect or even anxiogenesis (27,42). Similarly,
enhanced levels of 2-AG have been found to increase conditioned freezing in some models
(43,44). These somewhat contradictory data may be partially due to environmental context
(low vs. high aversiveness), the interval between stress exposure and behavioral evaluation,
and the type of behavior being assessed (active vs. passive).

Here, we used an acute predator odor exposure paradigm to assess the effects of MAGL
inhibition on innate and conditioned fear behaviors. Exposure to predator odors or related
kairomone-derived compounds, such as 2MT (2-methyl-2-thiazoline), has been shown to
induce dose-dependent fear and stress responses, including freezing, avoidance of the
odor source, hypothermia, hypometabolism, and increases in corticosterone (45-52). Our
data shed new light on the multifaceted behavioral consequences of MAGL inhibition on
stress-induced behavioral adaptations and could have implications for ongoing therapeutic
development of MAGL inhibitors for stress-related psychiatric disorders.
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METHODS AND MATERIALS

Animals
Adult male and female outbred ICR (CD-1) mice were ordered from Envigo at a weight
of 30 to 44 g and given at least a 1-week acclimation period in the mouse facilities before
behavioral testing.

Drugs

All drugs were administered intraperitoneally (i.p.) 2 hours before initiation of behavioral
testing and were injected at the following doses: JZL184, 15 mg/kg (Cayman Chemical);
PF3845, 1 mg/kg (Cayman Chemical); DO34, 50 mg/kg (Glixx Laboratories, Inc.);
rimonabant, 1 mg/kg (Cayman Chemical); and AM630, 5 mg/kg (Cayman Chemical).

Odor Exposure and Context Testing

For odor exposure, 2MT (40 uL; Tokyo Chemical Industry), butyric acid (38.9 uL; Sigma-
Aldrich), or water was pipetted onto a black piece of filter paper taped to the corner of

an empty, novel cage. Behavior was recorded and analyzed for 10 minutes using Anymaze
behavioral tracking software. For context testing, mice were exposed to 2MT as outlined in
the figure legends and then tested for context fear retrieval in a novel cage with filter paper
taped to the corner.

eCB Analysis From Brain Tissue

eCBs and related lipids were analyzed in excised brain tissue by liquid chromatography—
tandem mass spectrometry analysis. Brain tissue was collected and processed as described in
the Supplement, and the resultant samples were analyzed as previously reported (53).

Slice Electrophysiology

Slice electrophysiology experiments were performed as previously described (34).

Statistical Analysis

Statistical analyses were performed as outlined in the figure legends.

Detailed methods and materials are provided in the Supplement, including a table of
statistical values (Table S1).

RESULTS
2MT Induced Freezing Behavior Is Associated With Enhanced Amygdala eCB Content

To examine the acute effects of 2MT on fear-related behaviors, we exposed male and female
CD-1 mice to 2MT- or water-blotted filter paper (Figure 1A). While 2MT had no effect on
total distance traveled (Figure 1B, C), 2MT induced an increase in canonical fear behaviors
including freezing time (Figure 1D, E), freezing frequency (Figure 1F), and avoidance of
the odor source (Figure 1G-J) in male and female mice (Figure S1). To confirm that these
behaviors were specific to predator odor analog, a separate cohort of mice was exposed to
the molar equivalent of the pungent odorant butyric acid (Figure S2A). Mice exposed to
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butyric acid showed no differences in distance traveled (Figure S2B), time spent freezing
(Figure S2C), total number of freezing episodes (Figure S2D), or avoidance (Figure S2E,
F) relative to water controls. These data support the notion that increases in freezing and
avoidance likely reflect increases in fear-like and defensive behaviors because they were
only observed in response to predator odor exposure.

Given the prominent role of eCB signaling in the regulation of stress-response physiology,
we next explored how 2MT affects eCB levels in relevant brain regions. It has been
consistently reported that acute and chronic stress exposure results in a short-term

increase in 2-AG levels, particularly in the amygdala (AMY) and prefrontal cortex (PFC)
(9,12,19,20). Conversely, stress exposure has been reported to reduce AEA levels in these
same regions (19,20,54-56). To assess how eCB levels are altered in these brain regions by
acute 2MT exposure, we exposed mice to water or 2MT and then immediately collected
tissue for liquid chromatography—tandem mass spectrometry analysis (Figure 2A). Within
the AMY, we found that 2MT exposure selectively increased levels of 2-AG but not AEA
compared with water exposure (Figure 2B-D). We also found no significant changes in

the breakdown product of both 2-AG and AEA, arachidonic acid (Figure 2E). To examine
the association between AMY eCB levels and the expression of stress coping behaviors,
simple linear regressions were performed in both male and female mice (Figure 2F-I). In
male mice, AMY 2-AG levels were positively correlated to freezing time but not avoidance
(Figure 2F, G); in contrast, AMY AEA levels were found to be positively correlated to
avoidance but not freezing (Figure 2H, 1). There were no significant associations between
AMY 2-AG or AEA and these fear behaviors in female mice (Figure 2F-1).

We further assessed 2MT-induced changes in eCB levels in the PFC and the periaqueductal
gray, two brain regions heavily implicated in stress responding (Figure S3). Within the PFC,
we found that 2MT decreased 2-AG levels (Figure S3B) but did not significantly alter AEA
or arachidonic acid levels (Figure S3C, D). However, PFC eCB content did not correlate
with either freezing or avoidance (Figure S3E-H). In the periaqueductal gray, we found no
significant changes in 2-AG, AEA, or arachidonic acid (Figure S3I-L) and no significant
association of these eCB levels with fear expression (Figure S3M-P). Ultimately, these data
demonstrate that 2MT exposure significantly increases 2-AG content in the AMY, and AMY
2-AG and AEA predict passive (freezing) and active (avoidance) fear responding in male
mice, respectively.

2-AG Augmentation Exacerbates 2MT-Induced Freezing

We next used behavioral pharmacology to examine the role of eCB signaling in regulating
2MT-induced fear behaviors. It has been proposed that stress-induced elevations in 2-AG
serve to counteract increases in avoidance behavior induced by previous stress exposure
(12,18,33); we thus hypothesized that augmenting 2-AG levels would also decrease fear
behaviors and avoidance during 2MT exposure. Increasing 2-AG levels with the MAGL
inhibitor JZL.184 (15 mg/kg i.p.), which has previously been shown to significantly
enhance brain 2-AG levels (33), increased the total time spent freezing during 2MT
exposure in both male and female mice (Figure 3A-D; Figure S4A-D). JZL184 did not
alter freezing behavior in mice exposed to water (Figure 3C), demonstrating that MAGL
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inhibition augments fear expression selectively during stress exposure. The effects of 2-AG
augmentation on defensive behaviors were specific to freezing, because MAGL inhibition
had no effect on odor avoidance (Figure 3E, F; Figure S4E, F).

To determine whether JZL 184 enhancement of 2MT-induced freezing was mediated by the
CB1R or CB2R, mice were coadministered JZL.184 with either the CB1R inverse agonist
rimonabant (1 mg/kg i.p.) (57) or the CB2R antagonist AM630 (5 mg/kg i.p.) (58,59)
(Figure 3G). Neither rimonabant nor AM360 affected any behavioral responses when given
alone in mice exposed to either water or 2MT (Figure S5), but both rimonabant and AM630
blocked the increase in freezing elicited by JZL.184 (Figure 3H, I). These experiments
demonstrate that activation of both the CB1R and CB2R is required for the behavioral
effects of JZL184.

Based on our data that elevating 2-AG levels increased 2MT-induced freezing, we next
tested whether we could decrease 2MT-induced freezing by decreasing 2-AG levels. Mice
were administered the 2-AG synthesis enzyme (diacylglycerol lipase) inhibitor DO34 (50
mg/kg i.p.) and exposed to water or 2MT (Figure S6A). DO34 had no significant effect

on freezing (Figure S6B-D) or avoidance (Figure S6E, F) in either water- or 2MT-exposed
animals, indicating that 2-AG levels cannot bidirectionally control innate fear responses to
acute 2MT exposure.

Finally, given that AMY AEA levels were positively correlated to 2MT-induced avoidance
behavior, we next examined whether pharmacological AEA augmentation would also
affect behavioral responses to 2MT. We increased levels of AEA by inhibiting the AEA
degradation enzyme fatty-acid amide hydrolase (Figure S7A). Increasing AEA levels with
the fatty-acid amide hydrolase inhibitor PF3845 (1 mg/kg i.p.) had no effect on freezing
(Figure S7B-D) or avoidance (Figure STE, F), demonstrating that although AMY AEA
content was correlated with the magnitude of avoidance behavior, facilitation of AEA
signaling does not affect 2MT-induced behavioral responses.

2MT-Induced Freezing Is Associated With Increased Central AMY Excitability

Given that 2MT induces changes in 2-AG levels in the AMY but not the PFC or
periaqueductal gray, we next assessed the effects of 2MT exposure on specific subnuclei

in the AMY. Here, mass spectrometry analysis of 2-AG content in the AMY could not
differentiate between distinct subnuclei; therefore, to investigate 2MT-induced changes in
specific AMY regions, electrophysiological recordings were performed. Within the AMY,
several subnuclei have been implicated in the regulation of fear-related behavior, including
the central AMY (CeA) and basolateral AMY (BLA) (60-62). Within the CeA, the lateral
subnucleus of the CeA (CeL) has been found to regulate defensive behaviors and appears
to be critical for innate fear responding (45,63,64). 2MT also induces upregulation of the
immediate early gene c-fos selectively in the CeA, and especially the CeL, but not the BLA
(45). Based on these reports, we hypothesized that 2MT would alter CeL neuronal activity
(Figure 4; Figures S8 and S9).

In the CeL, 2MT exposure resulted in an increase in cell excitability (Figure 4A, B).
Specifically, 2MT increased the number of action potentials (APs) fired in response to
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100-pA and 200-pA current injections (Figure 4C, D). We found a significant correlation
between the amount of time that mice spent freezing during 2MT exposure and CeL
excitability (Figure 4E). This enhanced excitability was associated with changes in AP firing
kinetics as the half-width of the first AP fired at 200 pA was decreased (Figure 4F, G); there
were no differences in afterhyperpolarization following this first AP or the amplitude or
latency of the first AP (Figure 4H-J). We also assessed spontaneous excitatory postsynaptic
currents (Figure SBA-C) and spontaneous inhibitory postsynaptic currents (Figure S8D,

E) after 2MT exposure and found no changes in the amplitude or the frequency of these
spontaneous events, suggesting that this 2MT-induced increase in intrinsic excitability was
not driven by changes in synaptic transmission. We also found a significant change in
passive membrane properties, because 2MT exposure decreased the membrane constant,
tau, with no significant effects on resting membrane potential, membrane resistance, or
capacitance (Figure 4K-N). 2MT-induced changes in excitability were absent in the BLA
(Figure S9A-E), and no effects on passive membrane properties (Figure S9F-I) or synaptic
transmission (Figure S9J-M) were detected in the BLA. Together, these data demonstrate
that 2MT causes an increase in CeL but not BLA intrinsic excitability and that these changes
predict freezing behavior, with greater CeL excitability associated with more freezing.

JZL184 Augments 2MT-Induced Increases in Lateral Subnucleus of the CeA Neuron
Excitability

Given that 2MT increases excitability of CeL neurons, which was positively correlated

with freezing, we hypothesized that 2-AG augmentation with JZL184, which exacerbates
2MT-induced freezing, would also augment 2MT-induced increases in CeL excitability.

To test this hypothesis, mice were administered JZL184 or vehicle in vivo prior to 2MT
exposure; slice electrophysiology experiments were then conducted to assess changes

in CeL excitability (Figure 5A). In vivo JZL184 administration augmented 2MT-driven
neuronal hyperexcitability in the CeL compared with vehicle-injected mice (Figure 5B-D).
JZ1.184 administration to water-exposed mice, which we showed to have no effect on
freezing, also had no effect on CeL excitability (Figure SI0A-D) or passive membrane
properties (Figure SI0E-H). We further compared CeL excitability in mice that received
injections of JZL184 with the CB1R antagonist rimonabant or the CB2R antagonist
AMGB30, both of which were shown to block JZL 184 augmentation of 2MT-induced freezing
behavior. Coadministration of JZL 184 with either rimonabant or AM630 prevents JZL184-
induced increases in CeL excitability (Figure 5B-D). However, we found no significant
changes between vehicle- and JZL184-injected mice in either AP firing kinetics (Figure 5E—
H) or passive membrane properties (Figure 51-L). Ultimately, these data further support the
CeL as a central locus associated with 2MT-induced freezing; these results also demonstrate
that in vivo 2-AG elevation can augment 2MT-induced increases in CeL excitability.

Administration of JZL184 Results in Mitigation of Contextual Fear Expression

A large volume of preclinical data indicates that 2-AG augmentation can reduce stress-
induced avoidance behavior and may have anxiolytic therapeutic potential (12,13,18,32,33).
Despite this, some recent reports have indicated that 2-AG augmentation can increase acute
fear behavior, including freezing (43,44). In an initial attempt to reconcile this apparent
discrepancy, we tested whether 2-AG augmentation could have differential effects depending
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on the time of treatment, type of freezing being examined (i.e., innate vs. conditioned), or
type of stress coping being assessed (i.e., active [avoidance] vs. passive [freezing]).

First, mice were administered JZL.184 prior to 2MT exposure and, 2 to 6 days later, were
tested for contextual fear expression by placing mice back into the cage environment
previously associated with 2MT exposure (Figure 6A). Mice that were given JZL.184
during 2MT exposure exhibited decreased freezing time and decreased number of freezing
episodes during context fear recall (Figure 6B—D) with no effect on avoidance (Figure 6E,
F). These data demonstrate that 2-AG augmentation, which we showed enhanced acute
innate freezing to 2MT, can also promote a long-term alleviation of contextually dependent
freezing behaviors several days later.

Furthermore, it has been shown that 2-AG augmentation can mitigate or alleviate stress
effects on anxiety-like behaviors (32,33,36-40). For example, JZL184 administered after
TMT exposure has been shown to decrease anxiety-like behavior in the elevated plus maze
(35,59); similarly, augmenting 2-AG levels after stress has also been shown to alleviate

the negative consequences of restraint stress in the light-dark box (33). To determine the
effects of MAGL inhibition after stress exposure on conditioned fear expression, we exposed
all mice to 2MT without drug treatment. Mice were administered vehicle or JZL 184 24
hours later and tested for contextually conditioned fear responses (Figure 6G). As expected,
2-AG augmentation after stress exposure decreased conditioned avoidance of the filter paper
(Figure 6H-M).

Taken together, these data indicate that while 2-AG elevation during predator odor

exposure increases innate freezing behaviors, subsequent conditioned freezing appears to be
significantly mitigated. Furthermore, 2-AG augmentation can reduce conditioned avoidance
behavior after 2MT exposure, consistent with established literature (28,41). These data
reveal a complex and multidimensional behavioral effect of MAGL inhibition on distinct
aspects of fear responses (innate vs. conditioned and freezing vs. avoidance), which are
dependent on the timing of MAGL inhibition relative to stress exposure.

DISCUSSION

Stress plays a prominent role in the development and exacerbation of most psychiatric
disorders, including major depression, general anxiety disorder, and PTSD. Elucidating the
mechanisms by which stress exposure can affect brain structure and function could reveal
novel approaches to mitigate the effects of stress on mental health outcomes. Over the
past decade, eCB signaling has emerged as a key neuro-modulatory system regulating
stress responsivity, and components of this system serve as ongoing targets for novel
therapeutics development (9,12,13). One such target is the 2-AG degradation enzyme
MAGL, which tightly regulates 2-AG signaling in the brain (11). Indeed, pharmacological
inhibition of MAGL elevates 2-AG levels and enhances 2-AG-mediated eCB signaling at
central synapses (33,40). Moreover, MAGL inhibition has been shown to reduce anxiety-
like behaviors and stress responses in preclinical models, while 2-AG depletion increases
anxiety-like and fear-related behaviors and physiological stress responses in rodents
(12,23,29-40,65). Despite these compelling data implicating 2-AG as an antistress and
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anxiolytic signaling system, some contradictory data demonstrating that MAGL inhibition
can enhance fear responding have been reported (27,28,41-44,66). Here, we shed light on

the multidimensional effects of MAGL inhibition on acute fear, which we suggest depends
on the timing of treatment relative to stress exposure and the imminence of threat.

We showed that 2MT exposure increases 2-AG levels in the AMY, an area heavily linked to
the processing of fear (60,62). Other forms of acute and chronic homotypic stress have also
been demonstrated to increase AMY 2-AG levels (18-20,54-56,67-72). We further show
that these AMY 2-AG levels positively correlate with passive fear coping (freezing) in male
mice, in line with previous results indicating that AMY 2-AG levels positively correlate
with anxiety-like behaviors (33). However, this correlation was absent in female mice,
suggesting potential sex differences in 2MT-induced mobilization of eCB signaling. While
other studies have reported sex-dependent effects of predator odor-induced eCB content in
different subnuclei of the AMY, our tissue collection procedure did not discriminate between
the BLA and the CeA (73). Future studies will need to be performed to explicitly examine
sex effects on predator odor eCB production and correlations with fear responding.

In our model of acute predator odor exposure, we demonstrate that 2-AG augmentation
increases innate freezing responses without overtly affecting avoidance behaviors. Increases
in freezing behavior to threat-predictive auditory cues and increased flight behavior

in response to robo-beetle exposure have also been reported with MAGL inhibition
(28,41,43,44,66). While published studies to date have examined the role of CB1R and
CB2R in MAGL inhibition effects on protracted avoidance behavior induced by stress, our
studies focused on the acute innate defensive responses induced by predator odor exposure
(33,59). We found that both CB1R and CB2R are required for the enhanced freezing
observed after MAGL inhibition during 2MT exposure. Previous studies have implicated
CBI1R, and to a lesser degree CB2R, in the anxiolytic effects of MAGL inhibition, but a role
for CB2R in the promotion of fear responses has not been demonstrated (33,59). In fact,
some previous studies have shown that CB2R activation or overexpression has anxiolytic
effects in mice (74-76). Future studies using convergent genetic and pharmacological
approaches will be required to confirm our observations and evaluate any potential
therapeutic implications of CB2R antagonists for stress-related disorders.

Our electrophysiological studies revealed a potential mechanism through which 2MT and
MAGL inhibition alter behavioral responding, specifically by increasing excitability of CeL
neurons. While both CeL and BLA subnuclei are involved in fear processing, our data is
consistent with previous reports implicating the CeL but not the BLA in the behavioral
responses to predator odor exposure (45). These effects were independent of changes in
synaptic transmission and could rely on changes in postsynaptic, voltage-gated potassium
channel expression or function (77-79). Furthermore, in vivo administration of JZL 184
augmented 2MT-incued increases in CeL excitability, which we show relies on CB1R and
CBZ2R activation, paralleling our behavior data. However, it remains to be determined how
2-AG augmentation alters cellular excitability. One potential mechanism relies on 2-AG’s
ability to inhibit A-type potassium channels, which in turn can increase the AP firing rate
(80); however, future studies will need to explicitly test this hypothesis. Furthermore, the
firing rate of CeL neurons was positively correlated with freezing behavior, suggesting the
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possibility that changes in CeL activity could underlie the increase in freezing observed
after MAGL inhibition during 2MT exposure. Use of in vivo neuronal activity modulation
approaches could be used to test this hypothesis.

While mice that are treated with the MAGL inhibitor JZL 184 during 2MT exposure

display enhanced freezing, we further demonstrate that MAGL inhibition can reduce

active or passive stress coping under conditions of moderate environmental aversiveness
depending on the timing of JZL 184 administration; enhancement of 2-AG signaling during
odor presentation results in long-term alleviation of passive conditioned fear expression
(freezing), but 2-AG enhancement after odor exposure reduces active conditioned stress
responding (avoidance). These divergent effects of JZL184 may rely on differential
activation of CB1R on glutamatergic versus GABAergic (gamma-aminobutyric acidergic)
neurons. For example, it has been shown that CB1R deletion selectively from glutamatergic
neurons results in more passive stress coping and enhanced freezing behavior, while deletion
from GABAergic neurons promotes active behaviors and decreased freezing (81). Thus,
during conditions of imminent threat when 2-AG levels are increased, such as during 2MT
presentation (Figure 2), further augmentation of 2-AG may result in activation of CB1R on
GABA neurons, promoting freezing. However, when 2-AG is augmented during periods of
moderate environmental aversiveness (context re-exposure), CB1R activity on glutamatergic
neurons may promote decreases in active coping behaviors, such as escape or avoidance,
consistent with a large volume of published work that MAGL inhibition can reduce basal
and stress-induced avoidance behaviors (22,24,27,32,33,35,37,40).

Mice that receive JZL 184 during odor presentation exhibit reduced contextual freezing
behavior when returned to the odor-paired context 2 to 6 days later. While the mechanisms
accounting for this phenomenon are not known, one intriguing possibility relates to

the ability of MAGL inhibition to prolong stress-induced corticosterone release (25,82).
Corticosterone augmentation after acute stress has been shown to reduce stress-induced
avoidance behavior (83). Thus, it is possible that MAGL inhibition—induced augmentation
of corticosterone release during stress may be required for reductions in freezing behavior
observed 2 to 6 days later. It also remains possible that 2-AG augmentation affects memory
acquisition and consolidation; numerous studies have demonstrated that activation of the
eCB system, either directly by CB1R agonism or indirectly through MAGL inhibition, can
impair learning and memory processes (84-89). Ultimately, future studies will be needed to
examine the mechanism for the long-term effects of 2-AG augmentation on contextual fear
expression.

Finally, we report that decreasing 2-AG levels via pharmacological inhibition of
diacylglycerol lipase was unable to affect acute fear responses to 2MT exposure. These

data are surprising given previous work demonstrating that diacylglycerol lipase inhibition
can increase fear and anxiety-like responses in rodents (29-31). The reasons for these results
are not clear at this time but could be an important area of future investigation.

In summary, our data provide advancing insight into the therapeutic potential of 2-AG
augmentation in the regulation of conditioned and unconditioned fear behaviors, with
MAGL inhibition promoting freezing behaviors during imminent threat but ultimately
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reducing conditioned passive and active fear behaviors when the threat is no longer present.
Mounting literature suggests that psychiatric disorders are associated with alterations in
eCB levels; for example, some studies have revealed that patients with PTSD have reduced
levels of circulating 2-AG (90,91). While speculative, our data combined with previous
work suggest that this deficiency (if associated with decreased brain 2-AG signaling) could
contribute to persistent avoidance and conditioned fear behaviors after trauma exposure and
that 2-AG augmentation after trauma could represent a novel approach to the treatment of
several dimensions of PTSD symptomology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
2MT induces freezing to and avoidance of the odor source. (A) Schematic of 2MT (n=

25) or H,0: (n=25) (no odor control) exposure. Two-way analysis of variance (B, D,

1, J) or unpaired ttest (C, E, F) performed and effects of interaction shown. (B) 2MT
decreases distance traveled during the beginning of the exposure test. (C) 2MT has no effect
on total distance traveled. (D) 2MT increases time spent freezing over duration of test. (E)
2MT increases the total time spent freezing during exposure. (F) 2MT increases freezing
frequency. (G) Schematic of the zones that the testing apparatus is divided into to assess
avoidance of the odor source. (H) Representative heat map of time spent in different zones
of mouse exposed to H,O (left) and 2MT (right). (1) 2MT-exposed mice spend significantly
less time in the odor zone and more time in the far zone, with no change in the middle zone.
(J) 2MT-exposed mice travel significantly less around the odor zone and more in the far
zone. *p < .05; **p< .01; ***p< .001; ****p < .0001. 2MT, 2-methyl-2-thiazoline; F, far
zone; M, middle zone; O, odor zone.
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Figure 2.

AMY 2-AG levels are increased by 2MT. (A) Experimental timeline for tissue collection
used for mass spectrometry. Unpaired, two-tailed ¢test (C—E) or simple linear regression
was performed in males and females (F-1). Circles correspond to males; triangles
correspond to females. (B) Schematic of AMY punches. (C) 2MT increases 2-AG levels

in the AMY (H,0: n=13; 2MT: n=18). (D) 2MT has no effect on AEA content in the
AMY (H,0: n=15; 2MT: n=15). (E) 2MT has no effect on AA content in AMY (H,0:
n=15; 2MT: n=17). (F) AMY 2-AG levels positively correlate to freezing time in male
mice but not female mice. (G) AMY 2-AG levels are not significantly associated with time
spent in the far zone during exposure in male or female mice. (H) AMY AEA levels are
not significantly correlated with time spent freezing in either male or female mice. (I) AMY
AEA levels significantly correlate with far zone time in male but not female mice. *p < .05;
*** < .001; ****p < .0001. 2-AG, 2-arachidonoylglycerol; 2MT, 2-methyl-2-thiazoline;
AA, arachidonic acid; AEA, N-arachidonoylethanolamine; AMY, amygdala.
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Figure 3.

2-AG augmentation with JZL184 enhances 2MT-induced freezing via CB1R and CB2R.
(A) Experimental timeline. Male (circles) and female (triangles) mice were administered
Veh (DMSO) or JZL184 (15 mg/kg) 2 hours before H,O or 2MT exposure (H,0, Veh:
n=20; Hy0, JZL184: n=21; 2MT, Veh: n= 39; 2MT, JZL184: n= 39). Two-way
analysis of variance, JZL184 effect (B-D, F), or one-way analysis of variance (H, I)
results shown above graphs. (B) JZL184 has significant effect on total distance traveled,
but post hoc analysis reveals no significance between Veh- or JZL184-injected mice.

(C) JZL184 significantly increases freezing in 2MT-exposed mice but not H,O-exposed
mice. (D) JZL184 has no effect on freezing frequency. (E) Schematic of far zone during
exposure. (F) JZL184 has no effect on time (left) or % distance (right) traveled in the
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far zone. (G) Experimental design for coadministration experiment (Veh: n=19; JZL184:
n=20; JZL184+rimonabant: n=20; JZL184+AM630: /7= 10). (H) JZL184 decreases
distance traveled; this effect is prevented by coadministration with rimonabant or AM630.
(1) Coadministration of JZL 184 with rimonabant or AM630 prevents JZL184-induced
increases in 2MT-driven freezing. *p < .05; **p < .01; ***p < .001; ****p < .0001.

2-AG, arachidonoylglycerol; 2MT, 2-methyl-2-thiazoline; CB1R, CB; receptor; CB2R, CB»
receptor; MAGL, monoacylglycerol lipase; \eh, vehicle.
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2MT enhances CeL intrinsic excitability. (A) Experimental timeline for slice
electrophysiology recordings in the CeL. Analysis by two-way analysis of variance 2MT
effect) (B), unpaired, two-tailed ftest (C, D; G-N), or linear regression (E) performed.
H,0: n=7; 2MT: n=17. (B) 2MT significantly enhances intrinsic excitability of the CeL.
(C) 2MT enhances the number of action potentials fired per 100 pA of injected current.

(D) 2MT increases the number of APs fired at 200-pA current injection. (E) Enhanced

CeL excitability is positively correlated to freezing behavior (circles are males, triangles are
females). (F) The first AP fired at 200-pA current step was used for analysis. Representative
image of analysis of half-width and afterhyperpolarization potential. (G) 2MT decreases the
half-width of the first AP fired. (H) 2MT has no effect on AHP. (1) 2MT has no effect
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on the amplitude of the first AP fired at 200-pA current step. (J) 2MT has no effect on

the latency of the first AP fired. (K-N) Passive membrane properties of CeL neurons. (K)
2MT has no effect on resting membrane potential (V(est). (L) 2MT significantly decreases
the membrane constant, tau. (M) 2MT has no effect on the membrane resistance (Rm). (N)
2MT has no effect on membrane capacitance (Cm). *p < .05. 2MT, 2-methyl-2-thiazoline;
AHP, afterhyperpolarization potential; AP, action potential; BLA, basolateral amygdala;
CeL, lateral subnucleus of the central amygdala.
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Figure 5.

JZ1.184 augments 2MT-induced increases in CeL excitability. (A) Experimental timeline.
Mice are injected with Veh (DMSO), JZL184, JZL184+rimonabant, or JZL184+AM630

2 hours before 2MT exposure. Analysis by two-way analysis of variance (drug x current
interaction effect shown) (B) or ordinary one-way analysis of variance (C-L) performed.
Veh: n=7,JZL184: n=17, J+R: n=5, J+A: n=5. (B) JZL184 increases CeL excitability
compared with mice administered Veh or coadministered JZL 184 with rimonabant or
AMG630. Significance shown compares JZL184-injected mice to Veh-injected mice. (C) In
vivo JZL 184 administration enhances excitability at 100-pA injection of current compared
with Veh-injected mice or mice coadministered JZL184 with rimonabant or AM630.

(D) Representative traces of action potential firing at 200-pA current injection (left).
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JZLL184 enhances excitability per 200-pA injection of current; this effect is blocked

by coadministration with rimonabant or AM630. (E) JZL184 has no effect on the half-
width of the first action potential fired at 200 pA compared with \eh-injected mice.
Coadministration of JZL184 with rimonabant or AM630 enhanced the half-width compared
with Veh- and JZL184-injected mice. (F) There is no significant effect of any drug on
afterhyperpolarization potential of the first action potential fired at 200 pA. (G) JZL184
administration does not have a significant effect on the amplitude of the first action
potential fired at 200 pA compared with Veh-injected mice. Coadministration of JZL184
and rimonabant decreases the amplitude. (H) There is no significant effect of any drug on
the latency of the first action potential fired at 200-pA current step. (I-L) Passive membrane
properties of CeL neurons. (1) Coadministration of JZL184 with rimonabant or AM630
decreased the resting membrane potential (Vest) cOmpared with JZL184 administration
alone. (J) There are no differences in the membrane constant (tau) of mice injected

with either drug. (K) Membrane resistance (Rm) is unaltered by drug administration.

(L) Capacitance (Cm) is not changed by drug injection. *p < .05; **p < .01; ***p<

.001; ****p < .0001. 2MT, 2-methyl-2-thiazoline; AHP, afterhyperpolarization potential;
Cel, lateral subnucleus of the central amygdala; J, JZL184; J+A, JZL184+AM630; J+R,
JZL184+rimonabant; V, vehicle; \eh, vehicle.
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Figure 6.

JZL.184 results in long-term alleviation of conditioned fear responses. (A) Timeline of
experiment. Mice received Veh or JZL184 injections 2 hours before 2MT exposure. Mice
were tested for contextual fear expression 2 to 6 days later (\Veh: n=18; JZL184: n=

17). Unpaired, two-tailed ¢test performed for all analyses. (B) JZL184 has no effect on
total distance traveled. (C) JZL184 during 2MT exposure decreases conditioned freezing.
(D) JZL184 decreases the total number of conditioned freezing episodes. (E) JZL184 has
no effect on time spent in the far zone. (F) JZL184 has no effect on % distance spent

in the far zone. (G) Schematic of experimental timeline. All mice were exposed to 2MT.
Mice were administered Veh or JZL184. One day later, they were tested for contextual fear
expression (Veh: n=9; JZL184: n=10). (H) JZL184 before context testing has no effect
on total distance traveled. (1) JZL184 has no effect on conditioned freezing during context
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test. (J) JZL184 does not alter the total number of freezing episodes. (K) Schematic of
zones and representative heat map of Veh-treated (left) and JZL184-treated (right) animal,
demonstrating that JZL.184 administration before context testing decreases conditioned
avoidance. (L) JZL184 decreases time spent in the far zone. (M) JZL184 decreases %
distance traveled in the far zone. *p < .05; **p < .01. 2MT, 2-methyl-2-thiazoline; Veh,
vehicle.
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