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Administration of A°-Tetrahydrocannabinol Following
Controlled Cortical Impact Restores
Hippocampal-Dependent Working Memory

and Locomotor Function

Shijie Song,"*” Xiaoyuan Kong,' Bangmei Wang,'? and Juan Sanchez-Ramos’

Abstract

Hypothesis: Administration of the phytocannabinoid A®-tetrahydrocannabinol (A°-THC) will enhance brain
repair and improve short-term spatial working memory in mice following controlled cortical impact (CCl) by
upregulating granulocyte colony-stimulating factor (G-CSF) and other neurotrophic factors (brain-derived neuro-
trophic factor [BDNF], glial-derived neurotrophic factor [GDNF]) in hippocampus (HP), cerebral cortex, and striatum.
Materials and Methods: C57BL/6) mice underwent CCl and were treated for 3 days with A>THC 3 mg/kg
intraperitoneally (i.p.). Short-term working memory was determined using the spontaneous alternations test dur-
ing exploratory behavior in a Y-maze. Locomotor function was measured as latency to fall from a rotating drum
(rotometry). These behaviors were recorded at baseline and 3, 7, and 14 days after CCl. Groups of mice were
euthanized at 7 and 14 days. Extent of microgliosis, astrocytosis, and G-CSF, BDNF, and GDNF expression
were measured at 7 and 14 days in cerebral cortex, striatum, and HP on the side of the trauma. Levels of the
most abundant endocannabinoid (2-arachidonoyl-glycerol [2-AG]) was also measured at these times.

Results: A°-THC-treated mice exhibited marked improvement in performance on the Y-maze indicating that
treatment with the phytocannabinoid could reverse the deficit in working memory caused by the CCl. A°-
THC-treated mice ran on the rotarod longer than vehicle-treated mice and recovered to normal rotarod perfor-
mance levels at 2 weeks. A°-THC-treated mice, compared with vehicle-treated animals, exhibited significant
upregulation of G-CSF as well as BDNF and GDNF in the cerebral cortex, striatum, and HP. Levels of 2-AG were
also increased in the A®-THC-treated mice.

Conclusion: Administration of the phytocannabinoid A’-THC promotes significant functional recovery from
traumatic brain injury (TBI) in the realms of working memory and locomotor function. This beneficial effect is
associated with upregulation of brain 2-AG, G-CSF, BDNF, and GDNF. The latter three neurotrophic factors
have been previously shown to mediate brain self-repair following TBI and stroke.

Keywords: controlled cortical impact; traumatic brain injury; neurotrophic factors; BDNF; GDNF; G-CSF;
endocannabinoid system; phytocannabinoids; working memory

Introduction

The endocannabinoid system (eCBS) plays a central
role in modulating neuronal activity and maintaining
homeostasis in health and disease."” Importantly, the
eCBS has been shown to mediate recovery from a spec-
trum of neurological injuries, including traumatic brain
injury (TBI).>* Administration of phytocannabinoids

(like Ag-tetrahydrocannabinol [A°-THC]) or agents
that increase levels of endogenous cannabinoid ligands,
can improve dysfunction of the blood-brain barrier, re-
duce lesion volume, decrease neuronal death, and im-
prove behavioral performance in rodent models of
TBL*° The endogenous cannabinoid system (eCS) com-
prises endogenous ligands N-arachidonoylethanolamine
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(AEA) and 2-arachidonoyl-glycerol (2-AG), cannabi-
noid receptors (CB1, CB2), as well as the proteins
that transport, synthesize, and degrade these ligands."*
There are other potential receptors (RPV1 and GPR55)
that mediate the eCB ligand effects.' CB1 receptors are
enriched in the nervous system but are also present in
peripheral tissues. In neurons, CB1 receptors are pri-
marily located on synaptic terminals, reflecting their
major role in modulating synaptic transmission al-
though they are also expressed at functionally impor-
tant levels on neuronal somata and dendrites.”> CB2
receptors are primarily expressed in cells of immune
origin, including microglia but may also be expressed
in neurons especially in pathological states.>” Micro-
glial CB2 receptor activation is considered to be pri-
marily anti-inflammatory.”

Numerous studies on experimental models of brain
toxicity, neuroinflammation, and trauma support the
notion that the eCBs are part of the brain’s compensa-
tory or repair mechanisms.” We have recently reported
that delivery of mild-to-moderate controlled cortical
impact (CCI) to mice resulted in downregulation of
CB1-R expression and upregulation of CB2-R in cor-
tex, striatum, and hippocampus.® These changes in ex-
pression of CB receptors were similar to those reported
in a weight drop mouse model of TBIL’ Moreover,
treatment of these mice with granulocyte colony-
stimulating factor (G-CSF), a hematopoietic cytokine
with neurotrophic effects, reversed the changes in CB1
and CB2 receptor expression and enhanced recovery
of locomotor function.®

Other researchers have reported that endogenous
G-CSF levels can be significantly increased by adminis-
tration of the phytocannabinoid A’-THC to normal
mice.” We have replicated this observation in mice
that had sustained CCL® These mice exhibited upregu-
lation of G-CSF expression in cerebral cortex, striatum,
and hippocampus (HP) at 3, 7, and 14 days after the
trauma. Administration of A*-THC for 3 days after
CCI resulted in significant recovery of motor function
and was associated with further upregulation of G-CSF
expression in brain.?®

Manipulation of the eCBS by using drugs that are
able to increase levels of the principal cannabinoids
AEA (anandamide) and 2-AG has been reported to en-
hance functional recovery from traumatic brain injury
(TBI) in mice.'”'" AEA is mainly hydrolyzed by the
fatty acid amide hydrolase (FAAH), whereas 2-AG is
degraded primarily by monoacylglycerol lipase (MAGL)
and to a lesser extent by alpha, beta-hydrolase domain
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6 (ABHD6).'* Treatment of mice with an inhibitor of
ABHDS to increase levels of 2-AG, or with an inhibi-
tor of FAAH to increase levels of AEA, has been
reported to reverse motor functional deficits, but also
to enhance recovery of hippocampal-dependent work-
ing memory.lo’

Earlier work in our laboratory has shown that G-CSF
treatment restored hippocampal-dependent spatial learn-
ing using a modified Morris Water Maze after TBI, but
we have not tested if A’-THC treatment would restore
hippocampal-dependent learning deficits. For the pres-
ent report, we opted to utilize the spontaneous alterna-
tion Y-maze as a measure of hippocampal-dependent
working memory because the Morris Water Maze is
better suited for studying spatial memory than it is
for working memory. For example, the inhibitor of
2-AG hydrolysis (WWL70) was reported to have little
to no effect on spatial learning and memory in the
Morris Water Maze test, but improved TBI-induced
deficits in working memory performance measured
with the spontaneous alternation Y-maze test.'"

The objectives for this study were: (1) to measure
loss of hippocampal-dependent working memory fol-
lowing CCI to the right cerebral frontal cortex, (2) to
test if a moderate dose of A’-THC administered for
3 days after CCI would reverse the working memory
deficit, and (3) to measure changes in concentrations
of 2-AG, levels of neurotrophic factors (BDNF, GDNF),
and of the hematopoietic/neurotrophic cytokine G-CSF
in HP (and other brain regions) 7 and 14 days after
injury.

Materials and Methods

Animals

This study was carried out in strict accordance with the
National Institutes of Health Guide for the care and
use of laboratory animals. The protocol was approved
by the Institutional Animal Care and Use Committee
of the University of South Florida. Adult, 3-month-
old, male C57BL/6] mice (25-30g) were housed in
standard laboratory cages and left undisturbed for
1 week after arrival at the animal facility. Animals
had ad libitum access to water and laboratory chow
and were maintained in a temperature- and humidity-
controlled room on a 12-h light/12-h dark cycle with
lights on at 7:00 AM. Groups of C57BL/6] mice (n=8
per group) sustained CCI to the right frontal cortex.
One group served as controls (sham surgery, no drugs).
The remaining six groups of mice were treated for
3 days after CCI with daily ip. injections of A’-THC
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(3 mg/kg) or vehicle for 3 days. The dose of A’-THC
(3 mg/kg) was chosen as the lowest dose capable of trig-
gering significant upregulation of GCSF in normal
C57BL mice." The first dose of A’-THC was adminis-
tered 18h after TBI, followed by dosing for two
more days. A schedule of three daily doses of A’-
THC after TBI was chosen to replicate the schedule fol-
lowed when treating mice with G-CSF, a protocol that
promoted recovery of motor and cognitive perfor-
mance 7 and 14 days after TBL'*'> An objective of
the study was to determine the extent of behavioral
recovery in a hippocampal-dependent memory task
(Y-maze) and in motor function (rotometry) in the
subacute period (3, 7, and 14 days after injury). No pa-
rameters of recovery were measured on day 1, although
prior reports from our laboratory did note a rapid
upregulation of hippocampal G-CSF expression at 6
and 12h following an acute stab wound (brief inser-
tion and withdrawal of needle to HP).'® Groups of
mice treated with vehicle and THC were euthanized
3, 7, and 14 days after CCI. Each brain was removed
after perfusion with heparinized saline and dissected
into three regions (cerebral cortex, corpus striatum, and
HP) for freezing for analyses of G-CSF, BDNF,
GDNEF, and 2-AG. Two brains from each group were
dissected and processed for immunohistology to assess
the extent of microgliosis (Ibal immunostaining) and
astrocytosis (GFAP immunostaining).

Y-maze data collection and analysis

The spontaneous alternation y-maze has been used to
assess short-term spatial working memory. This tests
spatial recognition memory at a rudimentary level
using the natural exploratory behavior of rodents.."”
Y-maze was purchased from Stoelting, catalog no.
60180), and the mouse version has dimensions 39.5 X
8.5x 13 cm. The three arms of the maze are intercon-
nected at an angle of 120°. Animals were habituated
to the room for at least 30 min before testing, without
the y-maze being visible. Animal behavior was tracked
using a video camera recording, which facilitated scor-
ing by two individuals blinded to experimental groups.
The three main outputs from the spontaneous alterna-
tion y-maze analysis are the number of alternations
and entries, as well as percent alternations. The number
of alternations was calculated based on the sequence
of arm entries. An alternation is defined as successive
entries into three arms, on overlapping triplet sets.
For example, entries into arms 1, 3, and 2 is considered
an alternation. Whereas entries into arms 1, 2, and 1
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would not be considered an alternation. Alternations
have been used to measure short-term spatial memory
in mice.'"® An arm entry is completed when the hind
paws of the mouse had been completely placed in the
arm. The number of entries per arm is a measurement
of activity and locomotion during the testing session
and has been used to calculate the percent alternations.
The percentage of alternation was calculated as the ratio
of total number of alternations divided by the number
of arms entered. The % alternations = total number of
alternations/number of arms entered x 100%.

Rotometry

The ability to run on a rotating drum (rotarod) was
used as a measure of motor balance and coordination
(Madel 47600 rotarod for mice; Ugo Basile, Gemonio,
Italy). Data were generated by averaging the scores
(total time spent on the rotating drum divided by
three trials) for each animal during training and testing
days. Each animal was placed in a neutral position on a
cylinder, the rod was rotated, with the speed acceler-
ated linearly from 4 to 40 rpm within 3 min, and the
time spent on the rotarod was recorded automatically.
For training, animals were given one trial before test-
ing. For testing, animals were given three trials, and
the average score on these three trials were used as the
individual rotarod score. After baseline performance
had been established, animals were randomly assigned
to receive vehicle (n=8) or THC treatment (n=38) fol-
lowing CCIL.

Surgery and CCl

Animals underwent an experimental TBI with a con-
trolled cortical impactor (Pittsburgh Precision Instru-
ments), as described previously."”” Animals initially
received buprenorphine (0.05mg/kg, s.c.) at the time
of anesthesia induction (with 125mg/kg ketamine,
12.5mg/kg xylazine). After deep anesthesia had been
achieved (verified by checking for pain reflexes), indi-
vidual animals were fixed in a stereotaxic frame
(David Kopf Instruments, Tujunga, CA). After expos-
ing the skull, craniectomy (~3 mm to accommodate
the impactor tip) was performed over the right fronto-
parietal cortex (0.5mm anteroposterior and 1.0 mm
mediolateral to bregma). All mice received a “mod-
erate” TBI. The pneumatically operated TBI device
(with a convex tip diameter of 2mm) impacts the
brain at a velocity of 6.0 m/sec, reaching a depth of
1.0mm below the dura mater layer and remains in
the brain for 150 msec. The impactor rod was angled
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at 158° to the vertical to maintain a perpendicular po-
sition in reference to the tangential plane of the brain
curvature at the impact surface. A linear variable dis-
placement transducer (Macrosensors, Pennsauken,
NJ) connected to the impactor measured velocity and
duration to verify consistency. Bone wax was used to
cover the region of craniectomy, and the skin incision
sutured thereafter. A computer-operated thermal blan-
ket pad and a rectal thermometer allowed maintenance
of body temperature within normal limits. All animals
were closely monitored until recovery from anesthesia
and over the next 3 days.

Drugs

A’-tetrahydrocannabinol was dissolved in 100% etha-
nol to a concentration of 6 mg/mL. In a second tube,
Kolliphor_ EL (synonym: Cremophor_ EL; Sigma-
Aldrich, St. Louis, MO) was mixed with sterile 0.9%
saline. The dissolved cannabinoid was then mixed
with the Cremophor/NaCl solution to a final ratio of
1:1:18 (cannabinoid/ethanol:Cremophor:saline). The
final concentration of each component in the injection
solutions was 0.3 mg/mL cannabinoid, 5% ethanol, 5%
Cremophor, and 0.81% NaCl. Mice were injected i.p.
with 3 mg/kg of of A’-THC daily for 3 days. Controls
received a vehicle consisting of 5% ethanol, 5% Cremo-
phor, and 0.81% NaCl i.p. daily for 3 days after CCI.
A’-THC was purchased from Sigma-Aldrich. This
dose of A’>-THC was chosen as the lowest dose capable
of triggering significant upregulation of GCSF in nor-
mal C57BL mice."

Mouse brain 2-AG, BDNF, GDNF, G-CSF

enzyme-linked immunosorbent assay

Regions of brain were dissected as described above,
and tissue was processed according to the protocol
for the Enzyme-Linked Immunosorbent Assay (ELISA)
Kit for mouse 2-AG (catalog no. CE0443Ge; Cloud-
Clone Corp., Katy, TX). BDNF, GDNF, and G-CSF
protein levels were measured by ELISA in brain tissue
and G-CSF was measured in blood as well.

Statistics

Data are expressed as mean + standard error of mean
(n=7-8 mice per data point). Prism 8 (GraphPad
Software, Inc., San Diego, CA) was used to perform
one-way or two-way analysis of variance, followed by
correction for multiple comparisons. p-Values <0.05
were considered statistically significant.
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Results

The effects of CCI on HP-dependent short-term spatial
working memory was assessed using the spontaneous
alternation Y-maze test."” CCI significantly impaired
working memory in vehicle-treated mice indicated by
marked decreases in percent alternations in entering
Y-maze arms during exploration at 3, 7, and 14 days
(p<0.05) (Fig. 1A). A>-THC treatment for 3 days after
CCI resulted in significantly improved working mem-
ory performance compared with vehicle-treated mice
indicated by increased percent alternations at all three
time points (p<0.05). Vehicle-treated mice never
recovered to baseline and performed worse than pre-
TBI baseline at 3, 7, and 14 days ( p<0.05). Perform-
ance by the THC-treated group was significantly better
than before surgery (or sham-surgery mice) on days 3
and 7, with best performance on day 7. By day 14, the
THC group was still improved but had fallen to a nor-
mal pre-injury level of performance. The slight decline
in performance from day 7 to 14 may be due to (1)
elimination of the drug from brain and/or (2) a result
of time-dependent intrinsic hippocampal repair/regen-
erative responses. Approximately 95% of the drug will
have been eliminated from brain after 4-5 half-lives or
about 10 h.*® We speculate that a sustained higher level
of performance on day 14 might have been achieved if
the A’-THC was given for 7-10 days. Curiously, the
Y-maze performances plotted against time in both
groups of mice appear to mirror each other in the de-
cline of performance from day 7 to 14, although the
vehicle-treated group performance always remained
well below pre-TBI performance. Intrinsic brain repair
and regenerative processes, especially the extent of hip-
pocampal neurogenesis, is the primary determinant of
performance over time in the Y-maze, a hippocampal-
dependent spatial memory task.

In addition to the impact of CCI on hippocampal-
dependent working memory, locomotor function was
significantly impaired as measured by the latency to
fall from a rotating drum. Vehicle-treated mice exhib-
ited shorter latency to fall, dropping from 164 sec pre-
TBI to 91.1sec on day 3 after CCI (Fig. 1B). These
vehicle-treated mice exhibited a gradual recovery of lo-
comotor performance but did not reach pre-TBI levels.
In contrast, A’-THC treatment for 3 days after CCI en-
hanced recovery over time and restoration of perfor-
mance reached pre-TBI baseline by day 14 (p<0.05).

With the significant restoration of working memory
on Y-maze testing, we examined changes in HP, a crit-
ical node in the neural network that mediates memory.
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FIG. 1. Behavioral effects of CCl. (A) Y-maze was used to assess short-term hippocampal-dependent

working memory. Following CCl, vehicle-treated mice (n=8) exhibited significant decreases in percent
spontaneous alternations compared with pre-TBI and sham surgery controls at each time point (*p <0.05).
Mice treated for 3 days with A°-THC exhibited significantly greater percent alternations than vehicle-treated
mice (n=38) at all time points, indicating improvement in working memory (**p <0.05). Performance by the
A°-THC group on days 3 and 7 was even better than in untreated controls and returned to pre-TBI level by
day 14. Vehicle-treated mice performed worse than pre-TBI baseline at all 3 days. Two-way ANOVA showed
treatment accounted for 37% of total variance (p<0.0001) and time accounted for 7% of total variance
(p=0.07). Sidak’s multiple comparisons test showed that the vehicle-treated mice performed significantly
worse than pre-TBI performance at each time point (*p <0.05). The A°-THC treatment group performed
significantly better than the vehicle treatment group at each time point (**p <0.05). (B) Rotometry: both the
A°-THC-treated group (n=8 mice) and vehicle-treated group (n=8 mice) were trained to run on a
rotometer before undergoing CCl. After CCl, treatment with A°-THC 3 mg/kg for 3 days resulted in a time-
dependent recovery of motor function. Two-way ANOVA testing showed that both treatment (THC vs.
vehicle) and time (days) after CCl contributed significantly to total variance (p <0.005). Sidak’s correction for
multiple comparisons revealed that THC significantly improved time on the rotometer compared with
vehicle treatment on day 3 and 14 (**p <0.05). Vehicle-treated mice also gradually improved performance
over time, but did not reach pre-TBI levels of performance. Sidak’s correction for multiple comparisons
showed performance in the vehicle-treated group remained significantly less compared with pre-TBI and
sham surgery controls (*p <0.05). A°-THC, Ag-tetrahydrocannabinol; ANOVA, analysis of variance; CCl,
controlled cortical impact; TBI, traumatic brain injury.

The HP is viewed as an area supporting declarative
long-term memory but it is also recruited during work-
ing memory,*' In an earlier report from our laboratory,
we had found that CCI to the right frontal cortex
resulted in increased microgliosis, astrocytosis, and up-
regulation of neurotrophic factor (BDNF and GDNF)
expression in HP and other brain regions.'* In the
present study, we have extended these observations
by observing the effects of THC treatment on these
parameters. A’-THC treatment for 3 days significantly
increased microgliosis in HP (Fig. 2A, B) compared
with vehicle-treated mice. To quantify the extent of
microgliosis, Ibal protein (marker of microglia) was

measured using ELISA (Fig. 2C). Vehicle-treated
mice exhibited increased hippocampal Ibal levels at
day 7 and 14. A°-THC-treated mice had significantly
greater levels of Ibal protein than vehicle-treated mice.
Hippocampal GDNF and BDNF protein levels were
significantly greater after A°-THC treatment compared
with vehicle-treated mice on days 7 and 14 (Fig. 2E, F).
G-GCSF protein was also elevated at days 7 and 14
compared with vehicle-treated mice (Fig. D).

CCI also triggered microgliosis and astrocytosis in
other brain regions on the side of the injury (Fig. 3).
Immunolabeling of microglia with antibodies to Ibal
and astrocytes with antibodies to GFAP is illustrated
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FIG. 2. Changes in HP after CCl. (A) Example of microglial activation in HP after CCl in vehicle-treated
mouse (day 7 after CCl). Immunostaining for Iba1, a marker of microglia shows a mild degree of
microgliosis in HP. (B) THC treatment for 3 days after CCl resulted in a significant increase in microgliosis in
HP. (C) THC-treated mice had significantly increased Iba1 protein expression at both 7 and 14 days after
CCl. Iba1 protein expression was also increased in the vehicle-treated mice compared with pre-TBIl and
sham surgery control groups. (D) Measurement of G-CSF protein in HP revealed a significant increase in
G-CSF expression compared with vehicle-treated animals on day 14. (E, F) Both GDNF and BDNF protein
expression were significantly increased in HP compared with vehicle-treated controls on days 7 and 14 after
CCl. Two-way ANOVA showed that treatment, but not time accounted for most of the total variance
(p<0.05). Sidak’s multiple comparisons test showed THC treatment was significantly different than vehicle
treatment at each time point (*p <0.05). BDNF, brain-derived neurotrophic factor; G-CSF, granulocyte
colony-stimulating factor; GDNF, glial-derived neurotrophic factor; HP, hippocampus.
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FIG. 3. Microgliosis and astrocytosis following CCl. (A) Example of striatal microgliosis in vehicle-treated mouse
on day 7. (B) Microgliosis is increased in the THC-treated mouse. Scale bar in lower left=50 M. (C) Astrocytes in
striatum in untreated control mouse. (D) Astrocytosis is increased in striatum in THC-treated mouse (day 7).
Scale bar=50 M. (E) Summary of Ibal protein expression in 3 brain regions at day 7 and 14 (CTX; HIP; STR; two-
way ANOVA shows that treatment but not time contributed to most of the total variance in each brain region;
p<0.05). (F) Summary of GFAP protein expression in 3 brain regions at day 7 and 14 (two-way ANOVA revealed
that both treatment and time contributed significantly to total variance in each brain region; p <0.05). Sidak’s
correction for multiple comparisons revealed that THC treatment compared with vehicle treatment increased
expression of both Iba1l and GFAP in all 3 brain regions on day 7 and 14 (*p <0.05). CTX, cortex; DAPI, nuclear
stain; GFAP, astrocytic cell marker; HIP, hippocampus; Iba1, marker of microglial cells; STR, striatum.

in a striatal section in vehicle-treated and A*-THC- 1Ibal and GFAP compared with vehicle-treated mice
treated mice (Fig. 3A-D). Ibal and GFAP protein, in all 3 regions at 7 and 14 days after CCI (Fig. 3E, F).
quantified with ELISA in 3 brain regions were signifi- In addition to the activation of microglia and astro-
cantly increased compared with pre-TBI control levels.  cytes, CCI markedly increased the neurotrophic factors
A°-THC-treated mice exhibited greater levels of both BDNF and GDNF in cerebral cortex, striatum, and HP



A®-THC ENHANCES RECOVERY OF WORKING MEMORY IN TBI

on days 7 and 14 (Fig. 4A, B). Treatment of mice with
A°-THC for 3 days after CCI significantly increased
levels of BDNF and GDNF compared with vehicle-
treated mice in the 3 brain regions on days 7 and 14
(p<0.05). The pleiotropic neurotrophic factor G-CSF
protein was not increased beyond pre-TBI levels in
the 3 brain regions on days 7 and 14 (Fig. 4C). How-
ever, A°-THC-treated mice exhibited a significant in-
crease in G-CSF expression in all 3 brain regions on
day 14 (p<0.05). The major endogenous cannabinoid
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2-AG was also found to be significantly upregulated by
A’-THC treatment on days 7 and 14 in the 3 brain
regions ( p<0.05) (Fig. 4D).

Discussion

Administration of the phytocannabinoid A’-THC fol-
lowing CCI promoted recovery of cognitive and loco-
motor function and significantly increased expression
of neurotrophic factors, BDNF, GDNF, and G-CSF in
HP, cerebral cortex, and striatum. The repair response
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FIG. 4. Regional brain changes in expression of neurotrophic factors BDNF, GDNF, G-CSF, and the
endocannabinoid 2-AG. CCl triggered increases in BDNF protein (A) and GDNF protein expression
(B) compared with normal control mice in the 3 brain regions on days 7 and 14. Treatment with THC

Brain Regions

further increased expression of BDNF and GDNF compared with vehicle-treated mice in all 3 brain regions
on days 7 and 14. (C) G-CSF protein was increased in all 3 brain regions in THC-treated mice compared with
vehicle-treated mice on day 14. The increase in G-CSF expression was observed on day 7 only in the cortex.
(D) Levels of 2-AG were significantly increased in all 3 brain regions in the THC-treated mice compared with
vehicle treatment. For each brain region in the four panels, two-way ANOVA revealed that both treatment
and time each contributed significantly to total variance in the specific neurotrophic factor and cannabinoid
2-AG; p<0.05. Sidak’s correction for multiple comparisons revealed that THC treatment compared with
vehicle treatment increased expression of BDNF, GDNF, and 2-AG in all 3 brain regions on day 7 and 14

(*p <0.05). In the case of G-CSF, the increase did not reach statistical significance on day 7 in HP and
striatum. 2-AG, 2-arachidonoyl-glycerol.
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to injury occurred on a substrate of significant micro-
gliosis (indicated by Ibal expression) and astrocytosis
(indicated by GFAP expression) in the 3 brain tissues
studied. A>-THC treatment further amplified micro-
gliosis, which is the common denominator and patho-
physiological hallmark of the inflammatory response to
various brain insults, including trauma. Acutely injured
neurons release a spectrum of factors, including gluta-
mate that activate an array of receptors expressed on
microglia.”? In turn, activated microglia modulate the
repair response by releasing a profile of inflammatory
and anti-inflammatory cytokines and growth factors,
including G-CSF, BDNF, and GDNE."'> Another
research team has previously reported that A°-THC
treatment of TBI in a mouse model results in further
upregulation of G-CSF expression by massive expan-
sion of a population of CD11b+Gr-1+ myeloid-
derived suppressor cells (MDSC) in the peritoneal
cavity and spleen.”” Induction of MDSC by A’-THC
was associated with a long-lasting increase in G-CSF
which, as previously described, mediates brain re-
pair.'*'> The beneficial effects of A°-THC appear to
be mediated in part by G-CSF, which is a powerful
immunomodulator that increases expression of anti-
inflammatory cytokines, while also dampening expres-
sion of proinflammatory cytokines.”> Taken all
together, A’-THC does not simply serve as an “anti-
inflammatory” agent, but balances the profile of
inflammatory and anti-inflammatory cytokines to pro-
mote repair and recovery of function.

These findings replicate recently published observa-
tions from our laboratory demonstrating the associa-
tion between recovery of locomotor function in a
mouse model of TBI and the upregulation of expres-
sion of neurotrophic factors.® The present report on
the beneficial effect of A’-THC treatment extends to
reversal of the deficit in short-term spatial working
memory caused by the trauma. A’-THC treatment
for 3 days after CCI resulted in significantly improved
working memory performance compared with vehicle-
treated mice indicated by increased percent alterna-
tions in the Y-maze test at all three time points.
Vehicle-treated mice never recovered to baseline and
performed worse than pre-TBI baseline at 3, 7, and
14 days (p<0.05).

The spontaneous alternation Y-maze test has been
used to assess short-term spatial working memory
using the natural exploratory behavior of rodents.."”
Similar to our findings reported in this study, treatment
of mice after TBI with an agent that increased levels of
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the endogenous cannabinoids AEA (anandamide) and
2-AG resulted in reversal of short-term memory defi-
cits.'” These authors assessed the mice with the same
Y-maze test protocol we employed to measure short-
term spatial working memory.

Past research in both humans and animals have
revealed that two brain areas, the HP and medial pre-
frontal cortex (mPFC), are essential for the encoding
and retrieval of episodic memories (see review in Jin
and Maren?*). Bidirectional interactions between the
HP and mPFC are also involved in working memory
in animals and humans. Working memory has been
characterized as a short-term repository for task-
relevant information that is critical for the successful
completion of complex tasks.*® For example, in a spa-
tial working memory task, animals must hold in mem-
ory the location of food rewards to navigate to those
locations after a delay. Disconnection of the HPC and
mPFC with asymmetrical lesions has been shown to
disrupt spatial working memory.***”

In the present report, CCI to the right frontal cortex
resulted in significant deficits in short-term spatial
working memory that was improved by administration
of the phytocannabinoid A’-THC for 3 days. When
compared with vehicle-treated animals, A°-THC-
treated mice exhibited significant reversal of the deficit
in spatial working memory. Improvement in working
memory was associated with upregulation of BDNF,
GDNEF, and G-CSF in cerebral cortex, striatum, and
HP. In addition, levels of the most abundant endocan-
nabinoid ligand, 2-AG, were increased in the A’-THC-
treated mice compared with controls.

Each of the upregulated neurotrophic factors and the
endocannabinoid 2-AG have been shown by us and
others to enhance brain repair after a variety of insults
ranging from stroke, neurotoxicity, and trauma. BDNF
acts on certain neurons, especially glutamatergic neu-
rons of the central nervous system to support survival
of existing neurons, and promoting growth and differ-
entiation of new neurons and synapses.”®* >’ High levels
of BDNF mRNA are found in pyramidal and gran-
ule cells of the HP and specific regions of the cerebral
cortex. In many neural circuits, synaptically released
BDNF is essential for structural and functional long-
term potentiation, two prototypical cellular models of
learning and memory formation.>' Hence it is possible
that the enhanced recovery of hippocampal-dependent
short-term working memory promoted by A’-THC
was facilitated by amplification of BDNF expression
in hippocampal-frontal cortical neural networks.
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GDNF is found in both the peripheral and central
nervous system (CNS) and is secreted by astrocytes, ol-
igodendrocytes, Schwann cells, and motor neurons.>
GDNF produced by activated microglia/macrophages
can promote repair of CNS injuries. After striatal me-
chanical injury and spinal cord injury, activated micro-
glia and macrophages express GDNF, thereby inducing
axonal sprouting and locomotor improvements.>

G-CSF has been identified as one of the many cyto-
kines that modulate the secondary response to trau-
matic brain injury (TBI).'*'® Evidence for the role of
G-CSF in the brain’s self-repair mechanism is growing.
“Stab” lesions of the HP made by insertion and removal
of an electrode or needle triggered an acute local rise
in G-CSF and other cytokines released at the sites of
insertion in frontal cortex and hippocampus.'® Hippo-
campal neurogenesis was stimulated by the focal injury
and was associated with upregulation of other neuro-
trophic factors as well as G-CSF.”* From these results
and the reports of others on the beneficial effects of
G-CSF in stroke and in neurodegenerative diseases, it
is clear that G-CSF plays an important role in the
brain’s repair response to injury.>>*

After injury to the mouse brain, the eCS is involved
in mediating brain repair.* We recently reported that
treatment of mice with agents that inhibit FAAH, or
treatment with direct CB1 and CB2 receptor agonists
for 3 days after CCI significantly increased levels of
the major eCS ligand, 2-AG, in cortex and striatum
compared with levels in vehicle-treated mice.® The
present report extends this observation to include treat-
ment with the phytocannabinoid A’-THC, which was
found to increase levels of 2-AG significantly in all 3
brain regions on day 7 and 14 after CCI. Others have
reported conflicting results regarding elevation of AEA
and 2-AG. After closed head injury (CHI) in mice,
the level of endogenous 2-AG was significantly elevated
in ipsilateral brain from 1 to 24h with elevations as
high as 10-fold.” Administration of synthetic 2-AG to
mice after CHI resulted in the reduction of brain
edema, better clinical recovery, reduced infarct volume,
and reduced hippocampal cell death compared with
controls.® However, concussive head trauma in rats
resulted in modest increases of AEA (anandamide) lev-
els in ipsilateral cortex, but no change in 2-AG levels.*'
These results were similar to those of another re-
searcher who reported a 1.5-fold increase of ananda-
mide levels at 3 days post-TBI in ipsilateral mouse
brain, and with no change in 2-AG levels.!° More
research will be required to determine whether species
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differences, the model used to elicit neurotrauma, and/
or other procedural considerations contribute to the
differential elevation of these eCBs.*> In any case, in-
creased brain levels of 2-AG, produced by inhibiting
its breakdown, are reported to mediate recovery of
working memory and fine motor function in a mouse
model of TBL"

The present report that exogenous administration
of A’>-THC significantly increased expression of 2-AG
was unexpected in the context of classical drug recep-
tor pharmacology. Typically, chronic activation of a
neurotransmitter receptor with an exogenous agonist
results in downregulation of the endogenous ligand
to maintain synaptic homeostasis. However, there are
reports consistent with our finding. Administration
of a synthetic CB receptor agonist JWH-018 resulted
in increased level of the endocannabinoids, AEA, and
2- (2-AG).” The increase of endocannabinoid levels
in response to JWH-018 could be inhibited by coad-
ministration of AM251, a CBI1 receptor antagonist.
Further analysis revealed that this was the result of sup-
pression of two hydrolases involved in endocannabi-
noid degradation (FAAH and MAGL).” There is also
evidence, although in an ex vivo placental model that
A’-THC treatment inhibits FAAH and increases the
biosynthetic enzyme for AEA resulting in increased
levels of AEA and 2-AG.*

Conclusions

Treatment of mice with A’-THC (3mg/kg ip. for
3 days) following CCI resulted in time-dependent re-
covery of short-term spatial working memory in the
spontaneous alternations Y-maze test and motor per-
formance on the rotarod. A’-THC -treated animals
exhibited significant increases in expression of the neu-
rotrophic factors BDNF, GDNF, and G-CSF in cerebral
cortex, striatum, and HP at 7 and 14 days after CCIL
Levels of the endocannabinoid ligand 2-AG was also
increased in all 3 brain regions. Recovery of both
short-term working memory and locomotor function
by A’-THC is associated with upregulation of the neu-
rotrophic factors, BDNF, GDNF, G-CSF, and with in-
creased levels of 2-AG. Further research is required
to elucidate the role of the eCS in mediating the recov-
ery from injury.
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