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Abstract

Endocannabinoids [2-arachidonoylglycerol (2-AG) and N-arachidonoylethanolamine (AEA)],
endogenously produced arachidonate-based lipids, are anti-inflammatory physiological ligands for
two known cannabinoid receptors, CB1 and CB2, yet the molecular and cellular mechanisms
underlying their effects after brain injury are poorly defined. In the present study, we

hypothesize that traumatic brain injury (TBI)-induced loss of endocannabinoids exaggerates
neurovascular injury, compromises brain-cerebrospinal fluid (CSF) barriers (BCB) and causes
behavioral dysfunction. Preliminary analysis in human CSF and plasma indicates changes

in endocannabinoid levels. This encouraged us to investigate the levels of endocannabinoid-
metabolizing enzymes in a mouse model of controlled cortical impact (CCI). Reductions in
endocannabinoid (2-AG and AEA) levels in plasma were supported by higher expression of their
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respective metabolizing enzymes, monoacylglycerol lipase (MAGL), fatty acid amide hydrolase
(FAAH), and cyclooxygenase 2 (Cox-2) in the post-TBI mouse brain. Following increased
metabolism of endocannabinoids post-TBI, we observed increased expression of CB2R, non-
cannabinoid receptor Transient receptor potential vanilloid-1 (TRPV1), aquaporin 4 (AQP4),
ionized calcium binding adaptor molecule 1 (IBA1), glial fibrillary acidic protein (GFAP), and
acute reduction in cerebral blood flow (CBF). The BCB and pericontusional cortex showed altered
endocannabinoid expressions and reduction in ventricular volume. Finally, loss of motor functions
and induced anxiety behaviors were observed in these TBI mice. Taken together, our findings
suggest endocannabinoids and their metabolizing enzymes play an important role in the brain and
BCB integrity and highlight the need for more extensive studies on these mechanisms.

Keywords

Brain-CSF Barriers (BCB); Cerebral Blood Flow (CBF); Endocannabinoid system (ECS);
Monoacylglycerol lipase (MAGL); fatty acid amide hydrolase (FAAH); 2-arachidonyl glycerol
(2-AG); N-arachidonoylethanolamine (AEA); Choroid plexus (CP); Neurological deficits

1. Introduction

Traumatic brain injury (TBI) is a major health concern in terms of human disability, medical
expenses, and lost productivity.1=8 In addition to the immediate mechanical trauma at the
time of injury, secondary injury including cerebral edema, impaired cerebral blood flow
(CBF), neuronal cell death, blood-brain barrier (BBB), and brain-cerebrospinal fluid (CSF)
barrier (BCB) damage, develops within the hours and days after injury and leads to poor
neurological outcomes.2~12 Cellular necrosis temporally correlates with immune activation
and edema development after TB1.13-17 Under physiological conditions, production and
reabsorption of CSF in the ventricular system are in equilibrium. However, TBI-induced
inflammation in the ventricular system and restricted outflow of CSF contribute to post-TBI
edema, and are manifested by enlarged ventricles and increased intracranial pressure (ICP)
in the first few days and weeks after TBI118:19 The elevated ICP due to fluid retention in the
brain and BCB cavities can be lethal and needs to be reduced sooner.

The BCB consists of a single layer of cuboidal cells, which lines and surrounds vascular
choroid plexus (CP) in the four ventricles of brain. The CP is responsible for producing
(CSF), and is the principal constituent of the BCB and its continuation into the arachnoid
barrier in the meninges.2%-22 The apical epithelial cells hang in ventricles where they secrete
and monitor CSF composition.22 Additionally, CPs are comprised of pericytes, endothelial
cells, and harbor immune cells including microglia and astrocytes.23-25 CP and respective
ventricles are highly vulnerable to trauma-induced physical force and mechanical disruption,
which can immediately disintegrate the CP, can alter the composition and regulation of CSF,
and can lead to exaggerated edema. For example, the third ventricle (\V3) is vulnerable to
frontal impact, while the lateral ventricles (VL) are highly sensitive to lateral blows.26-28
Thus, altered ventricular system and elevated ICP post-TBI are physiologically disabling and
need to be taken care of immediately.18:19
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The endocannabinoid system (ECS) is comprised of two primary endocannabinoid receptors
(CB1R and CB2R), bioactive endocannabinoid ligands [2-arachidonoylglycerol (2-AG) and
N-arachidonoylethanolamine (AEA)] and their synthesizing/metabolizing enzymes that may
be manufactured by multiple cell types within the CNS.2%-32 The endocannabinoids balance
is maintained by their metabolizing enzymes — monoacylglycerol lipase (MAGL) and

fatty acid amide hydrolase (FAAH).31:32 The ECS influences a variety of physiological
systems that are dysregulated after TBI, including memory function, appetite, mood,

pain sensation, and immune activation.3%:33 We and others showed that activation of
non-psychoactive CB2R were recently implicated in improved cerebral perfusion via
reduction of neurovascular inflammation.2%:30:33-35 Thys, cannabinoids directly inhibit
inflammation, at least in part via activation of endocannabinoid receptors on immune and
non-immune cells.35-3% Enzymatic degradation of 2-AG and AEA leads to formation of
arachidonic acid (AA) with MAGL playing a rate-limiting role.35-37 The downstream
enzyme cyclooxygenase-2 (Cox-2) acts on AA and yields classic prostaglandins such as
PGD2, PGE2 etc. and thus, elevates inflammation after injury.35-37 Increasing scientific
effort has revealed the role of the ECS in cellular homeostasis in brain, however, roles

of endocannabinoids and its metabolizing enzymes in BCB and CP integrity post-TBI are
not fully evaluated. Therefore, we hypothesized that endocannabinoid system dysregulation
in the CP mediates neuroinflammation, and leads to progressive neurological deficits after
TBI. A translational research approach incorporating patient CSF and plasma was used

to elucidate the complex role of endocannabinoids metabolism in the development of
secondary neurovascular injury after TBI. Additionally, measurements of CBF, ventricular
volume, and behavioral outcomes were assessed to evaluate injury progression in mice after
TBI.

2. Methods
2.1 Patient CSF, dura and blood Collection

CSF was obtained from 8 consecutive adult TBI patients on 2—3 days of hospital admission
and 6 normal pressure hydrocephalus (NPH) patients requiring CSF diversion in the
Department of Neurosurgery at the Medical College of Georgia, Augusta University.

NPH patients served as an ideal control population for CSF as these patients exhibit
significant edema without a traumatic event. Blood from 7 TBI patients and 9 healthy
individuals (Control) served for plasma endocannabinoid analysis. In addition, discarded
dura were collected from hemicraniectomy procedure from seven TBI patients. Patient
specimens were collected from adults (age 17-83) without regard for age, race, gender,

or socioeconomic status. All studies were approved by The Institutional Review Board at
Augusta University (Formerly Georgia Regents University) [No. 1361000-1; 933254-8;
1344380-3]. All samples were de-identified and coded by the attending physician prior to
transport to the laboratory.

2.2 Animals

This study was conducted in accordance with the Guide for the Care and Use of Laboratory
Animals (NIH Publication No. 85-23) and was approved by the Committee on Animal Use
for Research and Education at Augusta University [No. 2021-1046 and 2017-0838]. Mixed
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sex CD1 or C57BI/6J mice (5-6 months old) were housed under a 12-h light/12-h dark cycle
at 23 + 1°C. Food and water were provided ad /ibitum.

2.3 Controlled cortical impact (CCl)

Mice were anesthetized with isoflurane (2%) and subjected to a sham injury or CCl as
detailed previously by our laboratory40-42, Mice were placed in a stereotaxic frame and

a 3.5-mm craniotomy was made in the right parietal bone midway between the lambda

and the bregma with the medial edge 1-mm lateral from the midline, leaving the dura
intact. Mice were impacted at 3 m/s with a 85 ms dwell time and 3 mm depression

using a 3 mm diameter convex tip (PinPoint PCI3000 Precision Cortical Impactor, Hatteras
Instruments, Cary, NC), mimicking a moderate to severe TBI. Craniotomy was sealed with
bone wax, skin incision was surgically sutured, and mice were returned into a clean warm
cage until recovered. Sham-operated mice received similar procedures but no impact. Body
temperature was maintained at 37°C using a small animal temperature controller throughout
all procedures (Kopf Instruments, Tujunga, CA, USA). Moderate to severe TBI had a
mortality rate of about 15%. Any TBI mouse that died before the terminal end-point in the
study was removed from the longitudinal analysis.

2.4 Behavioral tests

2.4.1 Habituation—For behavioral tasks, mice were habituated for thirty minutes in the
room and training/testing were done under identical lighting conditions at the same time
each day. All behavioral chambers were cleaned with 70% ethanol cleaning solution before
and after use.

2.4.2 Assessment of motor coordination by Rota-rod and narrow beam walk
—NMotor coordination was assessed using a rotarod (Stoelting Co., Wood Dale, IL). Mice
were trained to run on rotarod prior to injury, which started moving at a speed of 4 rpm and
accelerated to 30 rpm in 4 min. On test day, mice were tested on the rotarod for the length

of time each animal maintained balance while walking on top of the drum. Trials were ended
when the animal either fell off the rod or clung to the rod as it made one complete rotation.*3
Motor coordination also was evaluated on stationary narrow beam (6 mm wide and 1 m
long) over 3 consecutive days: 2 days of training prior to injury and 1 day of testing. The
time required to traverse the beam was quantified in addition to the number of foot faults.*4
Each mouse was tested three-times and the average was recorded. All behavioral analyses
were done blindly with regard to injury/sham control.

2.4.3 Open field and Novel object recognition test—Muice were tested in a square
box (40 cm x 40 cmx 40 cm) for 10 min and activities were recorded by camera.

The activities (time spent in center zone and latency to first entry to center zone) were
recorded and analyzed with the software “Ethovision XT” (Noldus Information Technology,
Asheville, NC, USA)*>. The results were presented as mean + SEM. The time point

studies for open field and Novel object recognition tests followed by MRI were performed
by Anymaze (Stoelting Co.) and were analyzed by Anymaze video tracking software as
described by Lu et al 46
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2.5. Laser speckle contrast imaging (LSCI)

Perimed LSCI was used to image cerebral perfusion and record CBF at days 1, 3 and 21
post-TBI/sham surgery. LSCI is a fast, calibrated and reliable technique that others and we
have been using to determine blood flow in the brain and other organs.3247-50 The brain
illuminated with laser light, backscatters light as an interference pattern of bright and dark
areas (called as speckle pattern). This pattern depends on blood cells movement, and the
level of change in this pattern because of blood flow/blood cells motion is quantified as the
local speckle contrast by the LSCI.

To calculate CBF, mouse was anesthetized, and a midline incision was made to expose the
skull. The skull then was cleaned with sterile phosphate-buffered saline (PBS) and non-toxic
silicone oil was applied to improve imaging quality. Body temperature was maintained at

37 £ 0.5°C. Cerebral perfusion was calculated in regions of interest (ROIs) located between
bregma and lambda in each hemisphere using a Perimed PSI system with a 70 mW built-in
laser diode for illumination and 1388 x 1038 pixels CCD camera installed 10 cm above

the skull (speed 19 Hz, and exposure time 6 ms). Acquired high-resolution images were
analyzed for changes in CBF (cerebral perfusion) using vendor supplied PIMSoft software
and presented as mean perfusion values.>!

2.6 Magnetic resonance imaging (MRI) acquisition and image processing

Naive mice underwent magnetic resonance imaging (MRI) examination at baseline to make
sure there is no underlying pathology. Same mice were reimaged again at 3 days and 24
days post-TBI. Each mouse was anesthetized with isoflurane inhalation (induction 3%;
maintenance 1.5-2.0%) in 100% O2 gas and secured within a stereotaxic frame within

the dedicated animal holder. Body temperature was maintained at 37°C by warm water
circulated in a heating cradle and respiration monitored during the procedure using a
physiological monitoring system (SAI, New Jersey, USA). Imaging was done on a 7T/20
small-bore animal scanner (Bruker Biospec, Ettlingen, Germany) at the Augusta University,
Augusta, Georgia. Two actively decoupled radio frequency (RF) coils were used: a volume
coil of 8.4 cm diameter used as the transmitter and a four-channel mouse phase array surface
coil as the receiver.

Data Acquisition and analysis: The full MRI battery scan time was approximately
1-hour and included weighted, scalar images and data for quantitative mapping as listed
below. Given the importance of timing between TBI and MRI measurements made at day
3, the scan order within the battery was identical across all animals and time points. Two-
dimensional multi-slice T2-weighted RARE images were collected with TE =35 ms and TR
= 5000 ms for visualization of T2-weighted contrast. For T2-mapping, a two-dimensional
multi-slice multi-echo images were collected with TE = 10/20/30/........... 150 ms and TR
= 3600ms. For T2 mapping, in house Matlab code were used to read in the multi-echo data
and to perform fitting of the Carr-Purcell Meibloom Gill (CPMG) equation to determine
T2 values at each voxel within the brain volume. Three-dimensional T1-weighted MDEFT
(TAW-MDEFT) MRI scans were acquired with TE/TR = 3.5/3000 ms and IR = 1100 ms.
T2 -weighted fluid attenuated inversion recovery (FLAIR) was collected using a 2D RARE
pulse sequence with TE =22 ms, TR = 10 s, and IR = 2500 ms. Three-dimensional T2*
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weighted MRI scans were collected using a multi-gradient echo pulse sequence with TE
= 3.5/7.5/10.5/14 ms and TR = 600 ms were collected and the maps averaged across all
echoes and visualized to determine the presence and conspicuity of blood products in the
parenchyma expected to result from micro hemorrhages. The resultant files were analyzed
for edema and ventricular volume with the help of NIH ImageJ software.

2.7. Tissue collection

At terminal time points, mice were deeply anesthetizing with isoflurane (5%). Deeply
anesthetized mice were perfused with 30 mL of ice-cold phosphate buffered saline, and
brains were carefully removed. A 3-mm coronal brain section centered on the contusion was
prepared using an acrylic brain matrix, and cerebral cortices were collected for analysis, as
detailed below. For histological and immunohistochemical analysis, brains were perfused
with 4% paraformaldehyde.

2.8. Immunostaining and Quantification

Coronal sections (5 pm thick) of mouse brains were obtained from the paraffin

embedded tissue blocks, deparaffinized with xylene and alcohol gradients and stained

with standardized procedure for immunostaining as reported previously>2. Deparaffinized
sections after standard preparatory procedures and antigen retrieval were incubated with
anti-CB2-AF488 (1:100; Bioss); anti-CB1-AF594(1:100; Bioss Inc.); anti-TRPV1-AF647
(1:100; Novus Biologicals); anti-lbal (1: 500; Abcam); anti-MAGL(1:100; Bioss Inc.); anti-
FAAH (1:100; Bioss Inc.); anti-Agp4 (1:100; Santacruz Biotech) and anti-GFAP (1:500;
Thermo Fisher) overnight at 4 ° C followed by incubation with an appropriate fluorescent
secondary antibody (1:500; Jackson Laboratories, Burlingame, CA) for 1 hour. The sections
were mounted with Vectamount permanent mounting media (Vector Laboratories, CA).
Dura was embedded in OCT and sectioned at 20 um thickness. Dura sections were stained
for Ibal, Agp4, FAAH, Cox-2 and MAGL. Images were captured by Thermo Fisher EVOS
M7000 inverted microscope and analyzed by NIH ImageJ software. The expressing cells
were quantified for mean fluorescent intensity (MFI) at five discrete areas of ipsilateral
cortex or CP in each group with the help of the imageJ software and repeated five times

to quantify the expression of proteins (magnification x 200). Briefly, the images were
converted into 16 bit images and threshold were set between 41 and 162 for all dura images.
For mice brain images, threshold was set between 39-196 (Ibal/Aqp4/GFAP), 31-196
(CB1/CB2/TRPV1) and 44-190 (Cox-2/[FAAH/MAGL). As a result stained area show as
white (255 value), while background becomes black (0 value).

2.9. Enzyme-Linked Immunoassay

Endocannabinoids (2-AG and AEA) levels in CSF or plasma were determined by
competitive inhibition enzyme immunoassay kits (Cat# CEO443Ge and CEO440Ge
respectively; Cloud-Clone Corp, Katy, Tx) as described by manufacturer. Prostaglandin
E2 (PGE2) content in CSF/plasma was determined by commercial competitive inhibition
enzyme immunoassay kit (cat#tKGE004B; R&D Systems, Minneapolis, MN).
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2.10. Preparative and analytical flow cytometry

Freshly collected dura tissue was sieved through a cell strainer, followed by centrifugation
(1,500 rpm, 5 min) to prepare single-cell suspensions. Cells were incubated with antibodies
against cannabinoid markers CB1, CB2 (Bioss Inc.), and TRPV1 (Novus Biologicals

Ltd.). Following a PBS wash, cells were fixed and permeabilized using a Fixation/
Permeabilization Concentrate (Biolegend, CA, USA), and then incubated with antibodies for
intracellular labeling of MAGL, FAAH (Purchased from Bioss Inc.), and Cox-2 (Abcam).
After a final wash, cells were analyzed using a 4-color flow cytometer (Acea 4-laser
NovoCyte Quanteon, Agilent technologies Inc., USA), and analyzed using FCSexpress™
software (De novo software, CA, USA), as described previously (Baban et al., 2005;

Baban et al., 2013). Isotype-matched controls were analyzed to set the appropriate gates

for each sample. For each marker, samples were analyzed in duplicate. To minimize false-
positive events, the number of double-positive events detected with the isotype controls was
subtracted from the number of double-positive cells stained with corresponding antibodies
(not isotype control), respectively. Cells expressing a specific marker were reported as a
percentage of the number of gated events.

2.11. Statistical Analysis

Two group comparisons were made using a two-tailed t-test followed by Mann-Whitney

U computation. Multi-group comparisons were made using a two-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test. Results were expressed as mean + SEM. Ap <
0.05 was considered to be statistically significant.

3. Results

3.1. TBI alters endocannabinoid tone in injured brain

Dura from hemicraniectomy of TBI patients showed presence of cannabinoid receptors
(CB1 and CB2) and non-cannabinoid receptors TRPV1 (Fig. 1A-B and supplementary Fig.
1). Among these three receptors, CB1 showed higher number of positive cells in dura (Fig.
1B). The dura cells showed expression of metabolizing enzymes such as FAAH, MAGL,
and Cox-2 (Fig. 1C-D and supplementary Fig. 1). MAGL showed higher intensity than the
other two enzymes in the dura. In agreement, TBI patient plasma had reduced levels of both
2-AG and AEA (Fig. 1E). Further, reduced amount of 2-AG was observed in human CSF
from TBI patient as compared to control NPH CSF (Fig. 1F; p<0.05). Subsequently, high
amount of PGE2, a terminal pro-inflammatory product of arachidonic acid metabolism was
measured in TBI patient plasma and CSF (p<0.01; Fig. 1E and F). However, elevated levels
of AEA (p<0.01) were observed in CSF from TBI patients, suggesting a compensatory
mechanism of maintaining endocannabinoid tone in the brain during the early period of
recovery.

We further analyzed cannabinoid receptor and metabolizing enzyme expression in the
post-traumatic brain of mice. The CP and cortex (Fig. 2 and 3) of TBI mice showed

high expression of CB1, CB2 and TRPV1 at day 3, while the pericontusional cortex had
significantly higher expression of CB1 at day 26 as compared to CB2 and TRPV1, which
returned to basal levels by day 26 post-TBI (Fig. 2 E-H). Similarly, we observed elevated
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MAGL, FAAH and Cox-2 activity in the mouse CP and cortex at 3 days, but not at 26

days post-TBI (Fig. 3). Among these three, Cox-2 was observed to be slightly elevated in
the post-TBI mouse brain compared to sham (Fig. 3E and H). Taken together, our data
shows that traumatic injury upregulates cannabinoid receptors and metabolizing enzymes
acutely which results in decreased endocannabinoids. Overall, these changes result in altered
cannabinoid tone in TBI victims. Our findings are consistent with previous reports showing
that the endocannabinoid system maintains normal physiology and cellular homeostasis of
the brain, and any alteration of this system either by disease or by activators/inhibitors may
worsen physiological and functional outcomes.>3-5°

3.2 Astrogliosis and increased Aqp4 expression mirror changes in the endocannabinoid
system in the TBI brain

TBI leads to persistent neuroinflammation, which is often expressed as increased and
persistent astrogliosis. The injured brain shows higher expressions of GFAP (a marker of
activated astrocyte) and Ibal (a marker of macrophage/microglia), which reveals extensive
damage to the sensory and motor cortex.>6-59 Besides neuroinflammtion, TBI leads to
edema characterized by increased expression of specific water channels Agp4 in the
hippocampal neurons.®0 Interestingly, dura from TBI patients also showed expression of
macrophage marker Ibal and relatively higher water channel Agp4 (Supplementary Fig.
2A and B). Similarly, TBI mice showed higher expressions of GFAP and Ibal along the
CP and near the contusion area (Fig. 4). The expression of Ibal remains elevated up

to day 26 in both the CP and cortex (Fig. 4A, C, F and H). Cortical GFAP expression
remained elevated at day 26 (Fig. 41 and J), but was reduced significantly around the CP

at day 26 post-TBI (Fig. 4D and E). However, Agp4 did not show a significant increase

in the pericontusional cortex (Fig. 4G), but showed elevated expression around the CP

at day 26 post-TBI (Fig. 4A and B). Our result is in agreement with a previous report
showing increased Agp4 post-TBI was in positive correlation with edema, astrogliosis and
neurological impairments.6 Changes in these injury markers mirror the alterations in CB
receptors and metabolizing enzymes (Fig. 2 and 3), and thus, indicate the importance of the
cannabinoid system in the brain pathology post-TBI. Previously, an increases in Aqp4 and
the astrogliosis marker vimentin was observed to be corresponding to increased CB2 in the
brain post-TBI61; while chronic deficiency of subcortical and perilesional endocannabinoids
mirrored increased astrogliosis and neuroinflammation after TBI.56 Thus astrogliosis and
AQP4 may be critical in influencing outcomes following TBI.

3.3. TBIlresults in reduced CBF and damaged ventricular system in mice

Previously we showed that TBI exerts prominent effects on the neurovascular system. As a
result of cortical impact, CBF drops down acutely.3>47 We have examined the CBF in the
mouse brain within the period of 1-21 days post-TBI. These TBI mice at all-time points
showed significant reductions in CBF as compared to controls (p<0.0001; Fig. 2A-B). TBI
mice showed maximum loss of CBF at days 1 and 3 with little recovery at 21 days post-TBI
(p<0.05; Fig. 5A-B). Our CBF data showed that neurovascular injury did not resolve even
after 3 weeks post-injury. In addition, we performed MRI scans on naive mice followed

by TBI until 24 days. MRI images revealed alterations in ventricular space and edematous
tissue at 3 days post-TBI, which sustained for more than 3 weeks (Fig. 5C-D). We observed
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higher edema at day 3, followed by day 24 post-TBI (Fig. 5C and D). Additionally,
ventricles showed the signs of volumetric reduction post-TBI. All ventricles showed reduced
volume at day 3 post-TBI as compared to naive mice (Fig. 5G—H). MRI scans revealed

the re-expansion of the third ventricles (V3) and cerebral aqueduct (AQ) to normal levels

at 24 days post-TBI. However, right lateral ventricle (Right VL) still showed significantly
reduced volume than naive (Fig. 5H), while the 41 ventricle (V4) showed further reductions
in volume (Fig. 5G). The contralateral VL (left VL) did not show any significant changes
(Fig. 5H). Our results are in agreement with previous reports showing CP and respective
ventricle vulnerability to traumatic injuries.18:19.26-28 TB| can severely affect the integrity
and functioning of ventricles and may add to increased edema, astrogliosis and inflammation
post-TBI 26-28,62-65

3.4. Behavior deficits correspond with changes in the ventricular system and edema in

TBI mice

Finally, those mice who were scanned on MRI for edema and ventricular volume post-TBlI,
were examined for motor-coordination deficits, anxiety behavior and cognitive impairment.
This ventricular alteration and edema was associated with serious motor and behavioral
dysfunction (Fig. 6A-E). TBI mice showed motor deficits on rotarod until day 28 post-TBI
(Fig. 6C), while grip and motor deficits on hanging wire (Fig. 6A) and stationary narrow
beam (NBM) were seen at day 3 post-TBI only (Fig. 6B). These TBI mice also showed
signs of anxiety in open field (Fig. 6D) and avoided the open center region in open field test.
However, these mice had reduced preference for novel object at day 28, but impairment was
not found to be statistically significant as compared to naive mice at day 28 post-TBI (Fig.
6E). Similarly, others and we have previously shown that TBI mice experience persistent
anxiety, motor, cognitive and coordination deficits.4”>° These behavioral deficits are
influenced by tissue loss®9, endocannabinoid tone32:66-69 and reduced CBF.3547 Although
our results show a strong connection between the alteration in the endocannabinoid system,
change in the ventricular system and behavioral deficits, a complementary effect of direct
mechanical damage to motor strip or elevated inflammation cannot be ruled out.

4. Discussion

TBI is a heterogeneous injury that may persist from a few days to months. Sustained
elevations in ICP typically peak within the first days after TBI, while the patient is in

the neuro-intensive care unit, and induces tissue hypoperfusion, brain herniation, and a
poor clinical prognosis.’%71 Unfortunately, efficacious treatment options to reduce mortality
and improve long-term outcomes following TBI are lacking and represent a major unmet
clinical need. Preventative measures reduce injury incidence and/or severity, yet one-third
of hospitalized TBI patients die from secondary pathological processes that develop during
supervised medical care (e.g. within the neurointensive care unit).>” In addition to the
immediate mechanical traumatic injury at the time of impact secondary injury such as
cerebral edema, impaired CBF, BBB damage, ischemic-hypoxia, and neuronal cell death
may develop within hours to days and contribute to patient’s poor outcomes.2~79-11.72,73
The data presented herein identify the role of endocannabinoid metabolism in the pathology
of TBI that possibly cause a coordinated secondary injury response and culminating in the
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development of neurological deficits. In this report, we demonstrated an important role for
the endocannabinoid system in the post-traumatic BCB. In particular, we found prominently
reduced 2-AG and AEA in plasma and CSF from TBI patients, mirrored with higher
expression of MAGL and FAAH in the BCB and cerebral cortex post-TBI. This reduction in
endocannabinoids corresponded with higher levels of PGE2 in plasma and CSF, and elevated
Cox-2 in the brain. We further showed that TBI resulted in persistent edema, reduced
ventricular volume, decreased cerebral perfusion, and impaired neurological outcomes.
Thus, combining all the present results, we suggest an important role for endocannabinoid
metabolism in injury progression post-TBI.

The endocannabinoid system is a pleiotropic signaling system involved in the multiple
aspects of mammalian physiology and pathology, and controls a wide variety of functions
of the normal body like the cardiovascular and neurological systems.”476 Although several
endogenous cannabinoids have been discovered’’-9; AEA8O and 2-AG®1-83 are the most
studied ones. 2-AG is three times more prevalent than AEA in the brain37:84, and has a
higher affinity for CB1 and CB2 receptors.85-87 Precursors of these endocannabinoids are
present in lipid membranes, which upon demand (typically by injury or by depolarization),
are liberated in one or two rapid enzymatic steps and released into the extracellular

space in contrast to classical neurotransmitters that are synthesized ahead of time and
stored in synaptic vesicles.31:32:88.89 previously, we have shown that CCl-induced injury
causes severe edema3®90 that possibly leads to disrupted vascular perfusion, while selective
activation of CB2 minimized edema, protected CBF, and reduced edema.3® In agreement
with this, we observed reduced levels of 2-AG, a endogenous ligand to this receptor in
CSF and plasma from patients with subsequent high levels of PGE2, an inflammatory
prostaglandin downstream to 2-AG in AA metabolism. Our data from human samples are
in agreement with the higher expression of MAGL observed in the injured mouse brain, a
principal metabolizing enzyme for 2-AG that becomes elevated in response to TBI.

2-AG is an important metabolic intermediate in lipid synthesis and also serves as a

major source of AA in prostaglandin synthesis3® and therefore plays an important role

in the inflammatory pathways. Distinct sets of enzymes, anabolising or catabolising
endocannabinoids, possess distinct anatomical distributions and regulate cannabinoid
receptor signaling. Metabolism of AEA occurs predominantly through FAAH91.92 in
intracellular membranes of postsynaptic neurons®? in the neocortex, cerebellar cortex,

and hippocampus®. Inactivation of 2-AG occurs primarily via MAGL?%% in presynaptic
axon terminals®3:95 in the region of the thalamus, hippocampus, cortex, and cerebellum.%®
However, FAAH remained highly active for 24-72 h and returned to basal level at 26 days
post-TBI. AEA, another endocannabinoid was elevated in the CSF, but was reduced in the
plasma from TBI patients. Increased level of AEA in the CSF may be attributed to reduction
in acute FAAH activity post-TBI. However, interactions of different immune cells and
ruptured BBB can not be ruled out as a cause of increased content of AEA. Although AA

is a downstream product of both 2-AG%” and AEA%.99 MAGL represents a rate-limiting
biosynthetic enzyme of highly bioactive brain lipid in this pathway and contributes to ~80%
eicosanoid in brain.36:100 Gjven that Cox-2 mediated 2-AG oxidation is considerable in

the CNS101.102 Cox-2 can also oxidize AEA to create prostaglandins such as PGE23!

and promote inflammatory events.36 PGE2 is produced primarily by immune cells during
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immune responses, and is dependent upon the activity of Cox-2.103.104 \We observed an
elevated levels of PGE2 in human plasma and CSF obtained during the acute period
post-trauma. This observation was in congruence with elevated Cox-2 in the mouse brain
post-TBI. Our result is in agreement with previous reports showing elevated PGE2105-107
and increased Cox-2 activity107.108 up to 7 days post TBI in animal models. Similarly,
activation of EP1 receptor by PGE2 mediates Cox-2-induced neurotoxicity.109-111 |n a
gastric inflammatory lesion model of Wistar rats, upregulation of Cox-2 was accompanied
by an increase in PGE2 levels, but not in prostaglandin D2 (PGD2) levels at 6 h and 7 days
post-lesion, suggesting PGE2 could be the main product of Cox-2 activation.112

Prolonged pericontusional inflammation is know to occur after TBI.1:47:56.113 Thijg
neuroinflammation involves infiltration of peripheral immune cells, and two types of
residential glial cells, astrocytes and microglia.>”->8 As a result of injury, the expressions of
reactive astrocytic marker GFAP28:114 and the microglial/macropahge marker Iba-1°8:115.116
increase in response to TBI, and is often expressed as astrogliosis. This higher expression

of GFAP (activated astrocyte markers) and Ibal, reveals extensive damage to the sensory
and motor cortex.%6-59 Similarly, we have observed increased expression of GFAP and Ibal
in mouse brain post-TBI. Reactive astrogliosis after TBI is a heterogeneous response that
depends and reflects the severity of brain injury and further add to neuroinflammation.>’-117
In addition, the water channel protein Agp4 was also found to be elevated until 26 days post-
TBI. Similarly, postmortem brains showed persistent increases in Aqp4 up to 30 days post-
TBI.118 This increase in Agp4 was concomittant to increased GFAP and Ibal expressions in
the TBI brain.118 In addition, a previous report showed that the increase in Aqp4 post-TBI
was positively correlated with severity of edema, astrogliosis and neurological impairments.
This increase in Agp4 and the astrogliosis marker vimentin further corresponded to
increased CB2 expression in the brain post-TBI.61 Further, previous analysis revealed
chronic deficiency of subcortical and perilesional endocananbinoids mirrored increased
astrogliosis and neuroinflammation in TBI.56 Therefore, observed astrogliosis in our model
could be a reflection of changes in the ECS post-TBI.

The CBF is tightly regulated by multiple processes such as endothelial, metabolic, neural,
and myogenic etc. under physiological conditions.30:74-76 However, inflammatory pathways
in certain central nervous system pathologies, like TBI, stroke, and vascular dementia
greatly affect cerebral blood perfusion.30:74-76 PGE2 derived largely from brain pyramidal
cells and from astrocytes to a lesser extent also mediates neurovascular coupling and
vasodilation under stimulated condition.11® In the present study, we demonstrated that TBI
reduced CBF drastically for up to 3 weeks. Our result is in agreement with previous
publications showing brain injuries such as TBI or brain hemorrhages caused reduction

in CBF.3547.48 Alterations in CBF post-TBI are tightly regulated by glial cells and

vascular interactions.120-121 Therefore, astrogliosis and inflammatory events may profoundly
affect CBF. In line with this, we have observed increased astrogliosis and inflammation

in the post-TBI brain, which corresponded to decreased CBF in the injured brain. All

major cell types such as, smooth muscle, endothelium, neurons, astrocytes, pericytes,
microglia, and leukocytes are involved in cerebrovascular regulation, and are capable

of synthesizing endocannabinoids and/or expressing the cannabinoid (CB1 and CB2)
receptors and the TRPV1 ion channel. Therefore, the endocannabinoid system may be
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important in the modulation and regulation of cerebral circulation under physiological and
pathophysiological conditions in a very complex manner. However, under stress conditions
(e.g., in conscious restrained animals or during hypoxia and hypercapnia) and in certain
cerebrovascular pathologies (e.g., subarachnoid hemorrhage, as well as traumatic and
ischemic brain injury), cannabinoid receptor activation was shown to induce a reduction of
the CBF, likely via inhibition of the electrical and/or metabolic activity of neurons.30:35.74-76

The brain consists of barriers such as -BBB and BCB. These barriers are important
components of brain function and immunity, while changes in these barriers in different
brain pathologies may cause chronic effects on the functionality of the brain.28.62-64 |

the present study, we demonstrated that mechanical trauma causes reduced ventricular
volume that leads to altered CSF and water movement, leading to edema. This compromised
barriers lead to the infiltration of peripheral immune cells and fluid into brain parenchyma.
Our results mirror the previous findings showing mechanical primary injury followed by
secondary injury cascade causes biochemical, molecular and inflammatory changes to the
BCB. Inflammation, due to accumulation and infiltration of immune cells leads to further
distruption of barrier function in the brain.28:64.65 Recently, Yasmin et al. reported that
disturbed CSF secretion or absorption by CP may lead to chronic ventricular alterations.83
The group followed MRI findings upto 6 months post fluid percussion injury and observed
that ventricular changes were not dependent on cortical lesions, but on CP iron load after
injury.53 Similarly, we observed elevated edema and reduced ventricular size at day 3

post- CCI. Edema remains significantly eleveated with necrosis at day 26, while ventricles
started expanding after initial reduction. However, V4 and right VL remains significantlty
reduced in volume as compared to naive mice. CPs are present in the lateral, 3" and 4t
ventricles and are comprised of a highly vascular core surrounded by secretary epithelial
cells which make up the BCB.28:62 The CPs, particularly those in V3 and VL, are highly
sensitive to mechanical cortical trauma, leading to altered fluid regulation and edema. As

a result of edema and increased ICP brain tissue suffers from irreversible damage.28:62
Further, elevated expressions of cannabinoid and non-cannabinoid receptors along with key
metabolozing enzymes such as MAGL, FAAH, and Cox-2 were observed in CP. Similarly,
expression of CB1 and FAAH was observed in epithelial cells of the CP. Further suggesting
that the presence of cannabinoid receptors and metabilizing enzymes in the CP may provide
evidence of their possible role in regulation of CSF production.122 Moreover, the CP acts
as a sink for endocannabinoids or other compounds such as delta9-Tetrahydrocannabinol
(delta9-THC) and regulates their distribution in the CSF and brain.123 The TBI mice
having altered ventricular shape and volume showed higher anxiety, reduced cognition

and loss of motor function. The mechanical injury to the motor cortex and subsequent
secondary injury by inflammation could have resulted directly in the observed motor-deficits
and anxiety behavior in these TBI mice. In agreement, we and others have previously
shown that TBI leads to persistent anxiety, motor, cognitive and coordination deficits.4-°
These behavioral deficits and poor functional outcomes are influenced by tissue loss>9120,
neuroinflammation347:53, prain barrier damagel24.125 endocannabinoid tone35:66-69 and
reduced CBF.3547.126

Research involving CP and cannabinoids is severly lacking. Most of the previous work has
focused on the regulation of the BBB by the cannabinoid system post-injury. Notably, the
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ECS has been found at the BBB. A previous study demonstrated cannabinoids decreased
BBB permeability and enhanced membrane integrity in different pathologies.12” A CB2
agonist was also shown to elevate BBB function in people living with HIV.128 Activation

of CB2 by agonists exert anti-inflammatory effects either by reducing gliosis'2%:130 or by
polarizing immune cells.3° Similarly, inhibition of 2-AG metabolism by MAGL in a mouse
model of BBB distruption by systemic administration of LPS and focal photothrombotic
ischemic insult, protected its functional homeostasis.?3! Presence of the ECS indicates its
important role in BCB integrity and functionality, and may need to be studied in detail.
Although the present study highlights the role of endocannabinoid metabolism in the
pathogenesis of TBI and chronic neurological deficits, our study has a few limitations.

The low number of CSF and plasma samples included in study may be regarded as a
limitation of the study. We investigated a murine CCI model of neurotrauma to mimic

the moderate to severe injury in humans and delineated the role of metabolizing enzymes
MAGL, FAAH, and Cox-2 in the propagation of injury post-TBI. However, the role of other
lipid metabolites like various N-acyl amide or glycerol or virodhamine can not be ignored.
Secondly, we measured PGE2 and endocannabinoid levels in plasma and CSF; however,
other prostaglandins such as PGD2 along with PGE2 may also play an important role in
TBI pathology. Examination of other prostaglandins in TBI could be extensive and was out
of the scope of the present manuscript; however, we plan to examine this in more detail

in a separate future study. Finally, we have followed the study up to 26 days (<1 month)
according to study design and resources. It would be interesting to examine the cannabinoid
system in the CP chronically up to 3 or 6 months, as TBI is regarded as one of the important
factors for neurodegeneration. Inspite of the limitations discussed here, the results from the
present study depict an important role for the ECS in brain injury and should be evaluated
further for potential use as a drug target. The availability of selective pharmacological
inhibitors for FAAH/MAGL has allowed the selective amplification of AEA and 2-AG
levels following brain injury as a key strategy to enhance endocannabinoid signaling and to
investigate their potential neuroprotective effects.

5. Conclusion

Several lines of evidence suggest a primary function of endocannabinoids, CB1/2, and
other components of the ECS in TBI and the degenerative processes. Various investigators
using a variety of pre-clinical models have discovered therapeutic intervention strategies
modulating the ECS. Furthermore, current approaches to the development of novel
therapeutic strategies for neuropathology have focused not only on their neuroprotective
properties but also on alleviating symptoms of the injury. These approaches are based

on the well-characterized role of cannabinoids that have the ability to control both anti-
inflammatory and neuroprotective functions. Our results suggest an important role for
cannabinoid receptors, ligands and enzymes in brain-barrier integrity and function. The
presence of potentially targetable cannabinoid and non-cannabinoid receptors and enzymes
makes the cannabinoid system a preferable target for the treatment of TBI pathology.
Promising classes of compounds, such as plant-derived or synthetic cannabinoids are of
great therapeutic interest in this regard. However, an improved and detailed characterization
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of the endocannabinoid system (ligands, enzymes, and receptor populations) will be
imperative to understanding its role in TBI pathology.
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Highlights
1. TBI leads to chronic vascular, ventricular, and neurological deficits.
Brain barriers are compromised after traumatic brain injury.

Compromised brain-CSF barrier (BCB) shows altered cannabinoid regulation.

& w N

Altered endocannabinoid system (ECS) reduces endocannabinoids (2-AG and
AEA).

5. Restoring cannabinoid homeostasis may promote neurological recovery after
TBI.
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Fig. 1: Presence of key molecules of the ECS in the dura samples from TBI patients and reduced
levels of endocannabinoids in human plasma and CSF.

Cannabinoid and non-cannabinoid receptors were studied by flow cytometry. A and B) Our
results showed the presence of cannabinoid receptors (CB1 and CB2) and non-cannabinoid
receptor TRPV1 in dura from TBI patients (n = 7). The dural tissue was stained for principal
cannabinoid metabolizing enzymes FAAH, MAGL and Cox-2 and mean fluorescent
intensity was determined (C and D). We observed active metabolizing enzymes in dura

(n = 5), suggesting a role for the ECS in brain barriers. The contents of 2-AG, AEA and
PGE2 in human plasma and CSF were analyzed with the help of competitive inhibition
enzyme immunoassays. Data are expressed as Log of concentrations. (E and F) Reduction
in 2-AG contents was observed in TBI patient plasma and CSF. We also observed (E) low
content of AEA in TBI patient plasma but, CSF from TBI victims showed a significant (F)
increase in AEA level as compared with that from NPH patients. NPH patients’ spinal tap
CSFs were used as controls. PGE2, an end product of endocannabinoid-arachidonic acid
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metabolism, acts as a pro-inflammatory mediator, was found to be elevated in both plasma
and CSF (n=6-9). Two groups were compared by Paired t-test followed by Mann-Whitney
test. Three groups were compared by One way ANOVA. Results were presented as mean *
SEM. Significance was ascertained as *p<0.05; **p<0.01 and ***p<0.001.
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Fig. 2: Expression of cannabinoid and non-cannabinoid receptors in the CP and cortex in the
post-traumatic mouse brain.
A-D) Fixed frozen mouse brain sections were analyzed by immunohistochemical analysis.

Brains were stained for cannabinoid receptors (CB1 and CB2) and non-cannabinoid receptor
TRPV1, and were analyzed for their expression up to 26 days post-TBI. CB1, CB2 and
TRPV1 showed higher expressions at 3 days and returned to a reduced level at day

26 post-injury (B-D). (E-G) CB2 and TRPV1 showed acute upregulation at day 3 and
returned to basal levels at day 26 post-TBI. However, CB1 was found to be high at day

3, but showed significantly increased expression in cortex at day 26 post-TBI (H). Groups
were compared by Two-Way ANOVA analysis with Tukey’s post-hoc comparison. Results
were calculated as mean fluorescent intensity (MFI) £ SEM. (n=5; ns= not significant;
***p<0.001; ****p<0.0001 vs. sham; Scale bar 125um).
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Fig. 3: The CP and pericontusional cortex are sites of acute endocannabinoid metabolism in the
TBI mice.
Mouse brain sections were stained for cannabinoid enzymes by immunohistochemistry

method. Endocannabinoid metabolizing enzymes FAAH, MAGL and Cox-2 showed higher
expressions at 3 days and returned to reduced levels at day 26 post-injury (A-D). As seen at
CP, the cortex also shows signs of acute metabolism of 2-AG and AEA as FAAH, MAGL
and Cox-2 were highly elevated at day 3 post-TBI with respect to sham (E-H), while only
cox-2 remained slightly elevated at day 26™ (E, H). Groups were compared by Two-Way
ANOVA analysis with Tukey’s post-hoc comparison. Results were calculated as mean
fluorescent intensity (MFI) £ SEM. (n=5; ns= not significant; ***p<0.001; ****p<0.0001
vs. sham; Scale bar 125um).

Exp Neurol. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahluwalia et al.

Page 27

A Agp4 Ibat Merged/Dapi E GFAP/Dapi
Sham_sd -- E
£
<
&
Sy g
G £
i £
,. £ o
o
o
Sham-26d
> D ¢ @
‘@s”@'"’ :ﬁe@*’»‘y’*
&
= "
4 £
o - | E
F Aqp4 Iba1 Merged/Dapi i -
Sham-3d
T
<
3
g
- ---
T
£
o
s
* ok ok k ©
Sham-26d
TBI-26d %
5

Fig. 4: Elevated injury markers in CP and cortex of TBI mice.
Frozen mouse brain sections were stained for (A-C) Agp4, Ibal and (D-E) GFAP. Water

channel Agp4 was significantly elevated in the CP at day 26 post-TBI, while macrophage/
microglia marker Ibaland activated astrocyte marker GFAP was elevated at day 3 post-TBI
as compared to respective sham. GFAP showed decreased expression in CP at day 26 while,
Ibal remained high at day 26 post-TBI (B-D). Sham mice showed basal expressions of

all markers. Traumatic cortex showed differential expressions of Agp4, Ibal and GFAP.
Water channel Agp4 was elevated as compared to sham but not significantly at day 3
post-TBI (F and G). Macrophage/microglia marker Ibal and activated astrocyte marker
GFAP were elevated at day 3 post-TBI as compared to respective sham (H and ). However,
GFAP sustained higher expression in cortex up to day 26 post-TBI (I and J). Sham mice
showed basal expression of all markers. Data were expressed as mean (MFI) + SEM (n=5).
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Groups were compared by Two-way ANOVA followed by Tukey’s post hoc test (*p<0.05;
**p<0.01; ***p<0.00; ****p<0.00011 vs. Sham; Scale bar 125um).
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Fig. 5: TBI induces tissue damage, edema and altered ventricular space.
CBF in sham or TBI mice were measured with the help of Perimed LSCI device, while

edema and ventricular volume were assessed by MRI. A) Mice were imaged for CBF at
day 1, day 3, and day 21 post-TBI or sham surgery using Perimed LSCI. Representative
images are provided following Sham or TBI (A). TBI mice showed significant reductions
in CBF which persisted up to 21 days post-injury (A, B). Cerebral perfusion was quantified
as mean perfusion value and data were presented as mean = SEM (n=6-10). C-H) Naive
C57BI/6 mice were imaged by MRI for basal edema and ventricular volume and were
introduced to CCI. These mice were rescanned on MRI again on day 3 and day 24 post-TBI
longitudinally (n=6). C-D) TBI mice showed higher edema at day 3 which reduced on day
24 post-TBI, but remained significant. Most brain ventricles (AQ, V3 and right VL) showed
reduction in volume at day 3 as compared to naive mice (E, F and H; n=6). However, 4t
ventricle (V4) and right VL remained significantly reduced even at day 24 post-TBI (G, H).
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Left hemispheric VL did not show any reduction in comparison to the basal level. Groups
were compared by Two-Way ANOVA analysis with Tukey’s post-hoc comparison. Results
were calculated as mean + SEM. ns= not significant; *p<0.05; **p<0.01; ***p<0.001;
****n<0.0001 vs. naive or sham.
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Fig. 6: TBI results in neurobehavioral deficits.
Finally, the same cohort of mice used in Fig. 5, were challenged by a battery of behavioral

tests after MRI and longitudinally compared up to day 28 post-TBI (A-E). Mice showed
lower grip strength (A) on hanging wire and motor incoordination on stationary beam (B) at
day 5 post-injury. (A) TBI mice showed lower scores and less ability to climb on the wire
than naive (baseline) scores. (B) These TBI mice took more time to cross a narrow beam
and had higher number of slips than naive ones. Further, these TBI mice were unable to
hold on to an accelerating rotarod and fell off earlier. These mice showed persistent motor
impairment on rotarod up to day 28 post-injury (C). At day 28, these mice were further
tested for anxiety in open field (D) and for novel object recognition ability (E). Data from
open field and novel object recognition test were analyzed by Anymaze software. (D) TBI
mice spent more time at the periphery than naive mice with a lower frequency of visits to the
center area, and exhibited higher anxiety than naive mice. Injured mice also showed reduced
preference to explore the novel object, discrimination differences in time spent and number
of visits were not observed as significant (E). Groups were compared by Two-Way ANOVA
analysis with Tukey’s post-hoc comparison. Results were calculated as mean = SEM (n=6).
ns= not significant; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 vs. naive.
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