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Abstract

Traumatic brain injury (TBI) is associated with psychiatric dysfunction—including pain, cognitive impairment, anxiety,
and increased alcohol use. We previously demonstrated that inhibiting endocannabinoid degradation post-TBI with
JZL 184 attenuates neuroinflammation and neuronal hyperexcitability at the site of injury and improves neurobehavioral
recovery. This study aimed to determine the effect of JZL184 on post-TBI behavioral changes related to psychiatric
dysfunction and post-TBI neuroadaptations in brain regions associated with these behaviors. We hypothesized that
JZL184 would attenuate post-TBI behavioral and neural changes in alcohol-drinking rats. Adult male Wistar rats were
trained to operantly self-administer alcohol before receiving lateral fluid percussion injury. Thirty minutes post-TBI, rats
received JZL184 (16 mg/kg, i.p.) or vehicle. Spatial memory (Y-maze), anxiety-like behavior (open field), alcohol mo-
tivation (progressive ratio responding), and mechanosensitivity (Von Frey) were measured 3—10 days post-injury, and
ventral striatum (VS) and central amygdala (CeA) tissue were collected for western blot analysis of phosphorylated
glutamate receptor subunit 1 (GluR1) and glucocorticoid receptor (GR). TBI impaired spatial memory, increased anxiety-
like behavior, and increased motivated alcohol drinking. JZL.184 prevented these changes. TBI also increased phos-
phorylated GluR1 and GR in the CeA (but not the VS) compared with sham controls. JZL.184 attenuated post-TBI GR
phosphorylation in the CeA. These findings suggest that TBI produces comorbid cognitive dysfunction, increased alcohol
motivation, and anxiety-like behavior, possibly related to amygdala dysfunction, and these changes are prevented by
systemic post-TBI endocannabinoid degradation inhibition. Thus, boosting endocannabinoid tone post-TBI may represent
a viable therapeutic strategy for TBI-related psychiatric comorbidities such as alcohol use disorder and anxiety.
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Introduction quences.” Even after the clinical symptoms dissipate, less obvious
changes persist at the cellular and molecular level including neu-
roinflammation and synaptic hyperexcitability.”® Because there is

TRAUMATIC BRAIN INJURY (TBI) is a major public health con-
no effective treatment for TBI, these less-obvious cellular and

cern in the United States, accounting for over 2.5 million

emergency department visits every year and over 50,000 deaths.’
Mild TBI (mTBI), or ‘“‘concussion,” is most common and may
result from falls, motor vehicle accidents, or contact sports such as
football or boxing, and as such this injury typically affects other-
wise healthy individuals.? Football players, for example, might
sustain multiple concussive or subconcussive hits over the course
of a single season.>*

mTBI is underreported due to the transient nature of clinical
symptoms such as unconsciousness and the false sense, particularly
in athletics, that the injury does not produce long-term conse-

molecular pathologies can contribute to the development of short-
and long-term behavioral changes such as pain, anxiety, and neu-
rodegenerative disease.”'*

Among the most detrimental behavioral changes post-TBI is the
tendency of patients to increase alcohol drinking. Former profes-
sional athletes with a history of concussions often increase drug and
alcohol use." Individuals with a history of high alcohol con-
sumption prior to sustaining a TBI are particularly susceptible to
developing alcohol use disorder post-TBI.'™'® Escalated alcohol
use following TBI can be especially problematic because excessive
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drinking is associated with poor executive function, memory im-
pairment, neuroinflammation, excitotoxicity, and increased long-
term risk for neurodegenerative disease.?>>* Thus, treatments that
can attenuate post-TBI psychopathologies are greatly needed, and
likewise a better understanding of the cellular and molecular
mechanisms contributing to such behavioral changes could inform
novel therapies for TBI.

There is mounting evidence that indicates a protective role of
cannabinoids in reducing inflammation and promoting synaptic
homeostasis following injury.?* The two main endocannabinoids
that are released in response to injury are 2-arachidonoyl glycerol
(2-AG) and N-arachidonoylethanolamine (anandamide, AEA).
These molecules are synthesized on demand and are rapidly broken
down by monoacylglycerol lipase (MAGL) and fatty acid amide
hydrolase (FAAH) respectively.”>? The experimental drug JZL184
is a potent and long-lasting irreversible MAGL inhibitor, with >80%
MAGL inhibition seen for 24 h following a single 16-mg/kg i.p.
injection in mice.”” We previously showed that a single JZL184
administration (16 mg/kg i.p. 30 min post-TBI) was sufficient to at-
tenuate increased neuroinflammation and neuronal hyperexcitability
at the site of injury as well as improve neurobehavioral and neuro-
logical severity scores up to 14 days after mTBI to the sensorimotor
cortex (SMC) in male rats.”®%?

Our results demonstrated an escalation in alcohol drinking fol-
lowing SMC-mTBI in rats trained to operantly self-administer al-
cohol.*® Whether mTBI produces behavioral changes related to
cognition, anxiety, or pain in alcohol-drinking rats is unknown.
Moreover, whether similar protective effects of JZL are observed in
terms of motivation for alcohol and associated behavioral co-
morbidities remains to be explored. Because the endocannabinoid
system buffers stress-related glucocorticoid signaling, we specu-
lated this would be an additional mechanism that needed to be
explored, particularly given the evidence supporting a potentiation
of central brain glucocorticoid signaling in alcohol dependence-
related behaviors.>'?

This study tested the hypothesis that mTBI to the SMC in
alcohol-drinking male Wistar rats would produce behavioral
changes including impaired spatial memory, increased anxiety-like
behavior, increased alcohol motivation, and mechanical hyper-
sensitivity. We further hypothesized that JZL.184 administration
post-TBI would improve behavioral outcomes. Finally, because
JZL administration was sufficient to attenuate cortical hyperexcit-
ability at the site of injury 10 days post-TBI, we examined whether
JZL administration attenuated subcortical excitatory and gluco-
corticoid system neuroadaptations in brain regions associated with
reward (ventral striatum; VS) and stress/anxiety/negative rein-
forcement (central amygdala; CeA).

Methods
Animals

Male Wistar rats (175-200 g; Charles River Laboratories, Wil-
mington, MA) were pair-housed in a temperature- and humidity-
controlled room with a 12-h light/dark cycle and ad libitum access
to food and water. All animal procedures and experiments were
approved by the Institutional Animal Care and Use Committee of
the Louisiana State University Health Sciences Center and were in
accordance with the guidelines of the National Institutes of Health.

Operant self-administration

Rats were allowed to acclimate to housing conditions for one
week before operant alcohol self-administration training, con-
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ducted as described previously.*® Briefly, rats were placed in op-
erant self-administration chambers 5 days/week in limited access
sessions of 30 min that began 6h into the dark cycle. Rats had
access to two levers (water vs. alcohol) on a fixed ratio (FR1)
schedule, in which one lever press resulted in delivery of 0.1 mL of
either water or 10% w/v ethanol. Once consistent baseline drinking
levels were achieved (i.e., three consecutive sessions during which
the variance of the number of alcohol lever presses was no more
than +20%), animals were counterbalanced into experimental
groups based on baseline alcohol drinking levels, calculated as
mean alcohol lever presses for the last five 30-min operant sessions.

Traumatic brain injury via lateral fluid percussion

Forty-eight hours after the last operant self-administration
training session, animals received a 5 mm in diameter craniotomy
above the left SMC (from bregma: AP: =2 mm, ML: =3 mm) before
undergoing TBI via lateral fluid percussion (Fluid Percussion In-
jury [FPI], Model 01-B, Custom Design and Fabrication, Virginia
Commonwealth University) as previously described.** Animals in
the sham group were anesthetized and received craniotomy but
were not subjected to TBI (surgical controls). Only animals with an
injury of at least 2 atm of pressure, which produces an mTBI, were
included for analysis. Following surgery, topical lidocaine was
applied to the incision site, and animals were allowed to recover in
their home cages for 48 h with ad libitum food and water prior to
resuming operant drinking post-TBIL.

MAGL inhibition

JZ1.184 (Item #13158, Cayman Chemical, Ann Arbor, MI) was
used to selectively inhibit MAGL, the enzyme that degrades 2-AG.
Systemic JZL 184 administration results in rapid and potent MAGL
inhibition, with maximal inhibition within 30 min resulting in a 7-
to 9-fold increase in brain 2-AG levels.?” JZL184 (16 mg/kg, i.p.) or
vehicle (1:1:18 solution of alcohol, emulphor, and saline) was ad-
ministered 30 min after TBI procedures. Behavioral testing re-
sumed 48 h after injection. To determine whether JZL.184 treatment
alone improves spatial memory, anxiety-like behavior, or me-
chanosensitivity, a separate cohort of non-drinking animals re-
ceived JZL184 (16 mg/kg, i.p.) or vehicle 30min after sham
procedures and then underwent behavioral testing.

Post-TBI operant drinking

Animals resumed 30-min limited access drinking sessions every
other day 48 h after TBI or sham procedures (days 2, 4, 6, and 8
post-TBI). To test for motivated alcohol drinking, animals com-
pleted a progressive ratio (PR) task 9 days post-TBI. In this task, the
work required to receive 0.1 mL of 10% w/v alcohol progressively
increases (i.e., initially one press delivers one reward of alcohol,
then two presses is required for one reward, then three presses for
one reward, etc.). The experimental session ends when the subject
fails to achieve an alcohol reward for 15 consecutive min. The
dependent measure is the breakpoint, defined as the value of the last
completed (reinforced) ratio. The breakpoint under a PR schedule
is considered to reflect the motivation of the animal to self-
administer a drug.>>3%

Post-TBI behavioral assessments

Animals underwent behavioral testing to assess spatial memory,
anxiety-like behavior, and mechanosensitivity on non-drinking
days post-TBI. These behavioral assessments were conducted at
least 24 h after the last alcohol self-administration session to min-
imize the effects of alcohol on behavioral measures.

Spatial memory was assessed 3 days post-TBI using the Y-maze
as previously described.* Novelty was guided by distinct spatial
cues set up around the testing room. The Y-maze had three arms
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(61x14x35cm) that extended from a central platform at a 120-
degree angle. Each rat was placed in the middle of the maze and
allowed to move freely in the three arms of the maze during a
10-min testing period. An arm entry was defined as the entry of four
paws into one arm. The sequence of the arm entries was recorded
using video tracking software (ANY-maze, Stoelting Co.). Alterna-
tion was defined as entry into each of the three different arms per
overlapping triplet set. The percentage of spontaneous alternation
was calculated as the ratio of the actual to possible alternations (de-
fined as the total number of arm entries minus 2) multiplied by 100:

alternation(%) = ([number of alternations]/

[total arm entries — 2]) * 100.

Data were analyzed via one-sample ¢ test against chance perfor-
mance (50% spontaneous alternation) using Prism 5 (GraphPad
Software).

Anxiety-like behavior was assessed 7 days post-TBI using the
open field test. Each animal had 5 min to explore a black open field.
A video camera mounted on the ceiling directly above the open field
box wirelessly transmitted video to a computer in the lab and re-
corded each test. Behavior was later scored by an observer blind to
the treatment. The amount of time each rat spent exploring the center
(defined by leaving the peripheral layer of boxes on the checkerboard
patterned floor) versus the periphery (the layer of boxes along the
wall) was quantified. Data are expressed as percent time in center
(seconds in center divided by 300). Decreased time spent in the
center of the open field is interpreted as anxiety-like behavior.

Mechanosensitivity testing was conducted once 24 h before TBI
(baseline) and again 10 days post-injury. Evaluation of paw with-
drawal thresholds was performed according to methods described
previously.*® Briefly, rats were acclimated for 15 min in elevated
cages with a wire mesh floor. A series of Von Frey filaments were
applied perpendicularly to the plantar surface of the hindpaw for
3sec. A sharp withdrawal of the hindpaw indicated a positive re-
sponse. The mechanical intensity of the stimulus was incrementally
increased until a positive response was obtained, then decreased until
a negative result was observed to determine a pattern of responses to
apply to the statistical method of Dixon.*! The 50% paw withdrawal
threshold was determined by the formula Xf + ko, where Xf=1last
Von Frey filament employed, k=Dixon value corresponding to re-
sponse pattern, and J =mean difference between stimuli. Baseline
mechanical nociceptive thresholds were similar to those reported for
the ages of rats employed in this study.*

Western blot analysis

Animals were sacrificed by decapitation under isoflurane anes-
thesia 2 weeks post-TBI, and brains were excised, flash frozen, and
analyzed as previously described.** Ventral striatum and central
amygdala punches were obtained from 0.5-mm frozen coronal
brain slices and homogenized by sonication in lysis buffer (320 mM
sucrose, 5 mM 4(2-hydroxyethyl)-1-piperazineethanesulfonic acid
[HEPES], 1 mM egtazic acid [EGTA], 1 mM ethylenediaminete-
traacetic acid [EDTA], and 1% sodium dodecyl sulphate [SDS],
with protease inhibitor cocktail and phosphatase inhibitor cocktails
IT and III diluted 1:100; Sigma, St. Louis, MO). Protein concen-
tration was determined by the Lowry method (Bio-Rad, Hercules,
CA), and 20-pg protein samples were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) on 4-15% gradi-
ent acrylamide gels before transfer to polyvinylidene difluoride
membranes (GE Healthcare, Piscataway, NJ). Membranes were
blocked then incubated in primary antibody overnight against
phosphorylated glutamate receptor subunit 1 at Ser845 (pGluR 1534,
diluted 1:1000 in 5% non-fat milk; Cell Signaling, Danvers, MA), or
phosphorylated glucocorticoid receptor at Ser211/232 (pGRS?!
[human]/pGR?>*? [rat], diluted 1:1000; Cell Signaling).
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Membranes were incubated with peroxidase-conjugated sec-
ondary antibody (1:10,000; Bio-Rad) for 1h at room temperature
and chemiluminescence was detected (SuperSignal West Pico;
Thermo Scientific, Rockford, IL). Blots were stripped for 20 min
(Restore; Thermo Scientific) and re-probed for total protein levels
of GluR1 (1:2500; Cell Signaling) and GR (1:1000; Thermo
Fisher). Immunoreactivity was quantified using ImageJ, and the
ratio of phosphoprotein to total protein for each sample was cal-
culated for statistical comparison.

Statistical analysis

All data are expressed as mean = standard error of the mean
(SEM). Statistical differences were determined by either Student’s ¢
test, one-sample ¢ test (for Y-maze), one-way analysis of variance
(ANOVA), or two-way repeated measures ANOVA (for Von Frey)
using GraphPad Prism 5.0 statistical software (Graphpad Software
Inc., LaJolla, CA), as indicated in each figure legend. Post hoc tests
for multiple comparisons were utilized when appropriate, as indi-
cated in the text. Statistical significance was set at p <0.05. Beha-
vioral studies were conducted (using n=8-10 animals per
experimental group), and western blot analysis was completed with
a subset of those experimental groups (n=4-6 per group).

Results

JZL 184 treatment improved spatial memory 3 days
after SMC-TBI

Three days post-TBI, all experimental groups were tested for
spatial memory in the Y-maze (Fig. 1). One-way ANOVA revealed
no significant difference between groups (F[2,27]=1.708, p>0.05).
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FIG. 1. Spontaneous alternation behavior in the Y-maze 3 days

post-TBI. All animals were tested in the Y-maze for spatial
memory 3 days post-TBI. Percent spontaneous alternations by
sham vehicle-treated animals (open bar), TBI vehicle-treated an-
imals (black bar), and TBI JZL184-treated animals (gray bar) are
shown. One-way ANOVA revealed no significant difference be-
tween groups. *p<0.01 for both sham-vehicle and TBI-JZL
groups compared with 50% alternation (random chance). Data
analyzed by one-sample ¢ test versus 50%, n=10/group. Data are
expressed as mean+ SEM. ANOVA, analysis of variance; SEM,
standard error of the mean; TBI, traumatic brain injury.
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In a one-sample 7 test against 50% (random chance), sham-vehicle
animals performed significantly better than 50% (t[9]=4.447,
p<0.01). There was no significant difference between the mean
performance of the TBI-vehicle animals and 50% (random chance)
(t[9]=2.085, p>0.05). However, TBI animals treated with JZL.184
performed significantly better than 50% (random chance), indi-
cating restored cognitive performance post-TBI (t[9]=5.308,
p<0.01).

To determine whether JZL184 treatment alone improves spatial
memory, a separate cohort of vehicle- or JZL-treated sham animals
was tested in the Y-maze 3 days post-sham procedure. Both sham-
vehicle and sham-JZL groups performed better than 50% (t[7]=7.345
and 8.867, respectively; p <0.001), and performance between the two
groups was not significantly different (unpaired 7 test: t[14] =0.7890,
p>0.05; data not shown).

JZ1 184 treatment attenuated anxiety-like behavior
7 days after SMC-TBI

One week post-TBI, all experimental groups were tested for
anxiety-like behavior using the open field test (Fig. 2). In this test,
an animal exhibiting greater anxiety-like behavior will spend less
time exploring the center of the box.** One-way ANOVA revealed
a significant difference between groups (F[2,27] =4.651, p <0.05).
Tukey’s test for multiple comparisons revealed that TBI-vehicle
animals spent significantly less time exploring the center when
compared with sham-vehicle animals (p <0.05), whereas TBI-JZL
animals’ percent time in the center was not significantly different
from that of sham-vehicle controls (p>0.05).
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FIG. 2. Anxiety-like behavior in the open field test 7 days post-
TBI. All animals were assessed in the open field test for anxiety-
like behavior 7 days post-TBI. Percent times in center spent by
sham-vehicle animals (open bar), TBI-vehicle animals (black bar),
and TBI-JZL184 animals (gray bar) are shown. *p <0.05 for TBI-
vehicle group compared with sham-vehicle group. Data analyzed
via one-way ANOVA with Tukey’s multiple comparisons test,
n=10/group. Data are expressed as mean*SEM. ANOVA,
analysis of variance; SEM, standard error of the mean; TBI,
traumatic brain injury.
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To determine whether JZL184 treatment alone reduces anxiety-
like behavior, a separate cohort of vehicle- or JZL-treated sham
animals was tested in the open field test 7 days post-sham proce-
dures. Two-tailed unpaired ¢ test revealed that percent time in the
center between the two groups was not significantly different
(t[14]1=1.373, p>0.05; data not shown) indicating a lack of effect
of JZL.184 alone on anxiety-like behavior.

JZL 184 treatment attenuated increased motivation
for alcohol 9 days after SMC-TBI

All animals were tested on a progressive ratio schedule to deter-
mine motivation for alcohol drinking 9 days post-TBI (Fig. 3). The
dependent measure was breakpoint, with higher values on the y-axis
indicating a greater motivation to drink alcohol. One-way ANOVA
revealed a significant difference in breakpoints across groups
(F[2,27]=4.237, p<0.05). Tukey’s test for multiple comparisons re-
vealed TBI-vehicle animals showed significantly more motivated
behavior for alcohol compared with sham-vehicle animals (p <0.05),
and that JZL successfully attenuated the TBI-induced increase in
breakpoint (p <0.05 TBI-JZL compared with TBI-vehicle).

Mechanical sensitivity is not significantly altered

10 days after SMC-TBI

Animals were tested for mechanical sensitivity 24 h before TBI
(baseline) and 10 days post-TBI using the Von Frey test (Fig. 4).
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FIG. 3. Breakpoint in a progressive ratio task measuring moti-
vated operant alcohol responding 9 days post-TBI. All animals
were tested for motivation to drink alcohol on a progressive ratio
schedule 9 days post-TBI. Number of lever presses for an alcohol
reward prior to termination of the session (breakpoint) by sham-
vehicle animals (open bar), TBI-vehicle animals (black bar), and
TBI-JZL184 animals (gray bar) are shown. *p<0.05 for TBI-
vehicle group compared with sham-vehicle group. #p <0.05 for
TBI-JZL184 group compared with TBI-vehicle group. Data ana-
lyzed via one-way ANOVA with Tukey’s multiple comparisons
test, n=10/group. Data are expressed as meant SEM. ANOVA,
analysis of variance; SEM, standard error of the mean; TBI,
traumatic brain injury.
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FIG. 4. Mechanical sensitivity in the Von Frey test 10 days post-
TBI. All animals were tested for mechanical sensitivity 24 h before
TBI (pre-TBI baseline) and 10 days post-TBI using the Von Frey
test. Hindpaw withdrawal thresholds (in grams) for sham-vehicle
animals (open circles), TBI-vehicle animals (black circles), and TBI-
JZ1.184 animals (gray circles) are shown. Data analyzed via two-way
repeated measures ANOVA, n=10/group. Data are expressed as
mean+ SEM. ANOVA, analysis of variance; SEM, standard error of
the mean; TBI, traumatic brain injury.

Two-way repeated-measures ANOVA revealed no interaction
(F[2,27]1=4.97, p>0.05) and no main effect of time (F[1,27]=0.49,
p>0.05) or treatment (F[2,27] =3.47, p>0.05).

To determine whether JZL 184 treatment alone affects mechan-
ical sensitivity, a separate cohort of vehicle- or JZL-treated sham
animals was tested in the Von Frey test 24 h before and 10 days
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post-sham procedures. Two-way repeated measures ANOVA re-
vealed no interaction (F[1,14]=3.50, p>0.05) and no main effect
of time (F[1,14]=6.91, p>0.05) or treatment (F[1,14]=4.66,
p>0.05; data not shown).

JZL 184 treatment attenuated post-SMC TBI
glucocorticoid signaling in the central amygdala

Western blot analysis of ventral striatum tissue revealed no
significant changes in pGIluR1 (F[2,14]=0.7588, p>0.05) or pGR
(F[2,14]=1.342, p>0.05). In contrast, one-way ANOVA analysis
of pGluR1 expression in the central amygdala revealed significant
changes (F[2,12] =19.66, p <0.01, Fig. 5). Tukey’s test for multiple
comparisons revealed that TBI-vehicle animals had increased
pGluR1%%*° when compared with sham-vehicle animals (p <0.01).
Tukey’s test also revealed that TBI-JZL animals had significantly
elevated pGluR1 levels as well when compared with sham-vehicle
controls (p<0.01), and these levels were not significantly de-
creased when compared with TBI-vehicle animals (p>0.05). In
comparison, one-way ANOVA of pGR expression in the central
amygdala revealed significant differences (F[2,12]=6.115,
p<0.05), and Tukey’s test for multiple comparisons revealed that
TBI-vehicle animals had increased pGR3**? when compared with
sham-vehicle animals (p <0.05) and that JZL successfully attenu-
ated the TBI-induced increase in pGR3**? (p<0.05 TBI-JZL
compared with TBI-vehicle).

Discussion

The results from this study show that mTBI to the SMC in al-
cohol self-administering rats concurrently increases anxiety-like
behavior and motivated alcohol drinking and may impair spatial
memory, modeling TBI-related psychiatric comorbidities reported
in the clinical literature.”*>*® Systemic JZL184 administration
30 min after injury prevented these post-TBI behavioral changes,
suggesting that enhanced endocannabinoid tone, specifically 2-AG
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FIG. 5. Phosphorylation of GluR1 and GR in the CeA 2 weeks post-TBI. A subset of animals was sacrificed after behavioral testing
(2 weeks post-TBI) for western blot analysis of phosphorylated GluR1 at Ser845 (pGluR1%%*%) and phosphorylated GR at Ser232
(pGRS232) in CeA tissue of sham-vehicle (open bars), TBI-vehicle (black bars), and TBI-JZL184 animals (gray bars). (A) Ratio of
pGIuR1%%* (o total GluR1 in the CeA. (B) Ratio of pGR5** to total GR in the CeA. *p<0.05 compared with sham-vehicle group.
#p <0.05 compared with TBI-vehicle group. Data in all panels analyzed by one-way ANOVA with Tukey’s multiple comparisons test,
n=4-6/group. Data in all panels are expressed as mean+ SEM. ANOVA, analysis of variance; CeA, central amygdala; GluR1,
glutamate receptor subunit 1; GR, glucocorticoid receptor; SEM, standard error of the mean; TBI, traumatic brain injury.
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levels, may be sufficient to prevent the development of TBI-
induced psychopathologies such as anxiety and increased alcohol
use. Additionally, a trend for a decrease in paw withdrawal
threshold in the TBI-vehicle group 10 days post-TBI when com-
pared with baseline that was not seen in the TBI-JZL group may
indicate TBI could produce some mechanical hypersensitivity that
may be reduced by JZL treatment following TBI, although further
testing at additional time-points post-TBI is required. Further, in the
same animals that exhibited behavioral changes, TBI also increased
levels of pGluR1%%* and pGRS?*? in the CeA, but not the VS,
suggesting that increased glutamatergic and glucocorticoid signaling
occurs subcortically in a brain area related to stress/anxiety/negative
reinforcement and, interestingly, not in a brain region thought to
mediate the initial, positive reinforcing effects of alcohol.

Although JZL.184 did not significantly attenuate the increased
levels of pGluR1 seen in the CeA after TBI, JZL treatment did
prevent the TBI-induced increase in pGR in the CeA, which may
highlight a role for GR signaling in the pathology and treatment of
TBIl-related anxiety and alcohol use. Together, these findings
demonstrate a model of TBI-related psychiatric comorbidities, in-
cluding increased motivation for alcohol drinking, and implicate
endocannabinoid-modulated glucocorticoid signaling in the CeA as
a potential therapeutic target for these long-lasting behavioral
changes.

Several pre-clinical studies have shown the important role of the
endocannabinoid system in regulating anxiety-like behavior in
rodents following auditory fear conditioning tasks.*’*® Studies in
either CB1 deficent mice or mice treated with a CB1 receptor an-
tagonist found that subjects with blunted endocannabinoid system
function exhibited greater anxiety-like behavior up to 10 days post-
fear conditioning.*”*® These studies are relevant to the present
work because Reger and colleagues showed that rats display in-
creased anxiety-like behavior in response to similar fear condi-
tioning tasks post-TBI, which are in line with our results
demonstrating a post-TBI increase in anxiety-like behavior in the
open field test.*” Some pre-clinical studies have attempted to ma-
nipulate the endocannabinoid system to treat anxiety-like behavior
as well. Administration of the CB1 agonist ACPA (5 ng/rat) into the
CeA of rats resulted in reduced anxiety-like behavior on the ele-
vated plus-maze.>®

Our results show that MAGL inhibition results in reduced TBI-
related anxiety-like behavior, and because JZL was not administered
intra-CeA but systemically (i.p.), our results show effectiveness in
targeting the endocannabinoid system for post-TBI anxiety-like be-
havior using a more clinically relevant route of administration. This
clinical relevance is important considering clinical studies show that
almost half of people who sustain mTBI exhibit anxiety-like behavior
up to a year post-injury, and anxiety is often comorbid with excessive
alcohol use in humans.®>'~>3

Although JZL treatment was effective in reducing anxiety-like
behavior, there was no statistical difference between TBI-JZL an-
imals and vehicle-treated TBI animals in terms of mechanical
sensitivity. These results are somewhat limited because we only
collected post-TBI mechanical sensitivity data at one time-point
(10 days post-TBI) and there did appear to be a trend toward a
decrease in paw withdrawal thresholds with TBI that may have
been prevented with JZL treatment. Measuring mechanical sensi-
tivity post-TBI is important because approximately 20% of patients
will develop chronic pain after TBI, a condition that is character-
ized as allodynia (hypersensitivity to otherwise innocuous stimu-
1i)."* Also, heavy drinking is associated with the development of
neuropathy that may further promote escalated drinking and the
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transition to alcohol use disorder (AUD).”® Moreover, there is pre-
clinical evidence that the endocannabinoid system may play a role
in antinociception. Hasanein and colleagues showed that bilateral
microinjection of the CB1 agonist WIN52,212-2 into the baso-
lateral amygdala (BLA) produced antinociceptive effects in the tail
flick assay, and that these effects were blocked by a CB1 antago-
nist.” Future studies are required to assess mechanical sensitivity
at different time-points post-TBI to further contribute to the field,
and potentially provide evidence that a more clinically relevant
route of treatment (i.p.) is effective in attenuating post-TBI me-
chanical hypersensitivity.

It is believed that one consequence of post-TBI anxiety and
chronic pain in humans is the tendency to increase alcohol drink-
ing.>'=33839 We showed that animals that received TBI in our
model demonstrated increased anxiety-like behavior and modest
(yet not significant) increased mechanical sensitivity that associ-
ated with increased motivation to drink alcohol as measured by the
progressive ratio task. The endocannabinoid system, in addition to
reducing anxiety-like behavior and allodynia (see above), can
control motivational behavior for drugs of abuse. The en-
docannabinoid degradation inhibitor phenylmethylsulphonyl fluo-
ride (PMSF, a FAAH inhibitor) administered i.p. significantly
reduces both drug priming- and cue-induced nicotine-seeking be-
havior in rats, and URB597 (FAAH inhibitor) administered i.p.
significantly attenuates both priming- and cue-induced cocaine-
seeking behavior in rats.%% In our model, we were able to show
that the MAGL inhibitor JZL.184 administered i.p. significantly
reduced the breakpoint for alcohol self-administration on the pro-
gressive ratio task following TBI in rats.

Although these results are in accordance with other studies
suggesting a beneficial role for endocannabinoid degradation in-
hibition in ameliorating drug-seeking behavior, our results extend
those observations to the context of TBI, demonstrating the efficacy
of a single dose of JZL184 administered 30 min post-TBI, inceasing
the clinical relevance of these findings. Previous studies demon-
strate the long-lasting inhibition of MAGL achieved by the dose of
the irreversible inhibitor JZL184 used in our studies (16 mg/kg).>’
Additional studies are warranted to determine the critical time
period post-TBI when endocannabinoid degradation is most ef-
fective in preventing or attenuating the neuropathological behav-
iors seen post-TBI.

We previously showed that mTBI to the SMC produced synaptic
hyperexcitability at the site of injury as measured by increased
pGluR1%%* and increased miniature excitatory post-synaptic
current (mEPSC) frequency and amplitude 10 days post-injury,
changes that were prevented by JZL184 administration.”® How-
ever, it is unclear how hyperexcitability in the SMC, a brain area
involved in controlling movement, would impact affective behav-
iors such as anxiety and alcohol motivation. We thus examined
subcortical areas involved in anxiety (CeA) and reward (VS) for
evidence of TBI-related hyperexcitability and discovered that
whereas no significant changes in pGluR1%%*° were seen in the VS,
elevated pGluR 1583 was seen in the CeA of TBI animals relative to
surgical controls.

In addition to mediating anxiety, the amygdala also mediates
learning that gives motivational salience to alcohol cues and un-
derlies craving. Thus, it is possible that TBI-induced hyperexcit-
ability in the CeA may give rise to the TBI-induced increases in
anxiety-like behavior and alcohol motivation seen in our mod-
¢1.57%% Indeed, altered amygdala glutamate homeostasis is asso-
ciated with anxiety-like behavior. Overall reduction in BLA
gamma-aminobutyric-acid (GABA)ergic tone (reduction in
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GABAa-dependent inhibitory post-synaptic currents or IPSCs) 30
days after controlled cortical impact (CCI) TBI in rats results in
amygdala hyperexcitability and the development of behavioral
abnormalities including anxiety-like behavior.°® Another study of
CCI TBI in C57BL/6J mice showed a significant increase in
spontaneous excitatory post-synaptic currents and membrane ex-
citability 3 months post-TBI in the lateral amygdala indicating a
persistent change in amygdala synaptic plasticity post-TBIL®’

Several mechanisms exist by which endocannabinoids may counter
hyperexcitability. For instance, recent evidence clearly demonstrates
the existence of endocannabinoid-mediated depolarization-induced
suppression of excitation (DSE) in cortical inputs to the lateral and
central amygdala.®®® The endocannabinoid system may also reduce
hyperexcitability through its suppression of inflammation, thus at-
tenuating hyperexcitability by improving glutamate recycling or
preventing pro-inflammatory cytokine release.”® Previous studies
from our group have shown attenuated neuroinflammation at the site
of injury in JZL184-treated TBI rats.>® Moreover, we have previously
reported attenuation of TBI-induced elevations in pGluR15%* at the
site of injury with JZL184 treatment, corresponding to changes in
SMC mEPSCs.?® However, results from this study did not show a
significant attenuation of pGluR15%*° in the CeA with JZL treatment.
Further investigation is needed, however, to determine the excitability
of the CeA in our model after JZL treatment, particularly at time-
points corresponding to changes in amygdala-related behaviors (days
7-9 post-injury), as well as excitability of other nuclei of the amygdala
with JZL treatment (i.e., BLA). Otherwise, these data might suggest
that increasing endocannabinoid tone with JZL. 184 may prevent the
development of TBI-related anxiety and enhanced alcohol motivation
through a mechanism independent of CeA hyperexcitability.

Our results did demonstratethat JZL treatment prevented the
significant increase in pGR5**? seen in the CeA of TBI-vehicle rats.
The stress response to TBI may involve significantly increased
exposure to glucocorticoids, which could explain the increase in
PGR seen in our TBI rats. This increase in amygdalar GR activity
could underlie the increases in anxiety-like behavior seen in our
TBI animals. A recent study has shown that rats pre-treated with
mifepristone, a GR antagonist, prior to social defeat stress followed
by mild weight-drop TBI demonstrated attenuated anxiety-like
behavior 9 days post-injury.”! Additionally, increases in pGR are
well-documented in the CeA of alcohol-dependent rats, and this
increase is associated with escalated alcohol drinking behavior that
can be reduced with GR antagonism.”” Thus, the attenuation of
TBI-induced pGR seen in the CeA with JZL treatment could be the
mechanism underlying the improvements in anxiety-like behavior
and motivated alcohol drinking seen in this study.

Despite our finding that CeA pGluR1 levels were not attenuated
with JZL treatment in the present study, it is not unlikely that the
changes in amygdalar GR phosphorylation are related to changes in
amygdala excitability. It is possible that post-TBI GR activity
sensitizes the amygdala to hyperexcitability, for instance by in-
creasing N-methyl-D-aspartate (NMDA) receptor expression in the
amygdala.”® Although our results present an apparent disconnect
between excitatory signaling and stress system in the CeA, it is
worth noting that most studies that examine amygdala hyperex-
citability following trauma or stress focus on the BLA. Future
studies are warranted to examine BLA changes in our model to
better understand the link between hyperexcitability and GR ac-
tivity. Importantly, our results do expand previous examinations of
post-TBI neuroadaptations to the CeA, suggesting that similar
changes in amygdalar glucocorticoid signaling occur after TBI as
they do in alcohol dependence. Moreover, our approach of treating
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after injury is clinically relevant in contrast to other studies that pre-
treat animals before TBI.”>"!

Overall, these results show that TBI produces comorbid cogni-
tive dysfunction, anxiety-like behavior, and increased alcohol
motivation in alcohol-drinking animals, and that these behaviors
are possibly related to TBI-induced amygdala dysfunction. Further,
these findings show that these TBI-related behaviors are prevented
by systemic post-TBI inhibition of endocannabinoid degradation,
highlighting an important role for MAGL inhibition as a potential
therapeutic target to improve post-TBI outcomes. Moreover, our
results point to GR signaling in the CeA as a possible additional
mechanism for these therapeutic effects. Future studies should
continue to evaluate the effectiveness of endocannabinoid system
modulation in providing benefits following TBI, and further in-
vestigation of amygdalar mechanisms underlying TBI-induced
behavioral changes could help identify treatments for TBI-related
psychiatric comorbidities such as AUD and anxiety.
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