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CCR2 Deficiency Impairs Macrophage Infiltration
and Improves Cognitive Function after Traumatic Brain Injury
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Abstract

Traumatic brain injury (TBI) provokes inflammatory responses, including a dramatic rise in brain macrophages in the area of
injury. The pathway(s) responsible for macrophage infiltration of the traumatically injured brain and the effects of mac-
rophages on functional outcomes are not well understood. C-C-chemokine receptor 2 (CCR2) is known for directing
monocytes to inflamed tissues. To assess the role of macrophages and CCR2 in TBI, we determined outcomes in CCR2-
deficient (Ccr2™/7) mice in a controlled cortical impact model. We quantified brain myeloid cell numbers post-TBI by flow
cytometry and found that Ccr2™/~ mice had greatly reduced macrophage numbers (~80-90% reduction) early post-TBI,
compared with wild-type mice. Motor, locomotor, and cognitive outcomes were assessed. Lack of Ccr2 improved locomotor
activity with less hyperactivity in open field testing, but did not affect anxiety levels or motor coordination on the rotarod
three weeks after TBI. Importantly, Ccr2 ™~ mice demonstrated greater spatial learning and memory, compared with wild-
type mice eight weeks after TBI. Although there was no difference in the volume of tissue loss, Ccr2™’~ mice had
significantly increased neuronal density in the CA1-CA3 regions of the hippocampus after TBI, compared with wild-type
mice. These data demonstrate that Ccr2 directs the majority of macrophage homing to the brain early after TBI and indicates
that Ccr2 may facilitate harmful responses. Lack of Ccr2 improves functional recovery and neuronal survival. These results

suggest that therapeutic blockade of CCR2-dependent responses may improve outcomes following TBI.
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Introduction

TRAUMATIC BRAIN INJURY (TBI) is defined as head injury
caused by blunt or penetrating external physical trauma.'*
TBI is a worldwide problem and the leading cause of morbidity and
mortality among children and adolescents in the US.' Further, TBI
is the signature injury of the wars in Iraq and Afghanistan, where it
accounts for approximately 20% of major injuries.” Life-long
motor, cognitive, and psychosocial disabilities can result from TBI,
and recent studies suggest that the consequences of TBI may
worsen, rather than improve, over time.*® The long term conse-
quences of TBI due to sports injuries are increasingly being rec-
ognized as clinically significant.”

Following the primary mechanical injury to the brain, secondary
injuries can worsen brain damage both immediately and over a
period of years. Secondary injuries may reflect inflammation,
glutamate excitotoxicity, apoptosis, and diffuse axonal injury.' The
delay in secondary injury creates a window of opportunity for
treatment.® To date, however, there are no proven effective phar-

macological treatments for TBI in humans.’ Since multiple path-
ways are involved in damage to the brain, more than one agent may
be required to protect from injury, and several avenues for thera-
peutics should be explored.'>®

C-C-chemokine receptor 2 (CCR2) is a G-protein—coupled
surface receptor that is highly expressed on pro-inflammatory
monocytes in both humans and mice. In humans, it is expressed on
classically activated monocytes that resemble Ly6C™ monocytes in
mice.” CCR2 plays a critical role in recruiting peripheral mono-
cytes from the bone marrow to sites of inflamed tissues.” CCR2
expression is also observed on other immune cells, including ac-
tivated memory T cells, B cells, NK cells, basophils, and immature
dendritic cells."™"" In the CNS, under homeostatic and pathological
conditions, CCR2 expression is likely restricted to macrophages
and/or peripherally-derived leukocytes,'*'* although there is some
evidence suggesting that CCR2 also may be expressed on micro-
glia, astrocytes, and neuronal cells.'*"” Multiple ligands for CCR2
have been described. The most potent activator of CCR2 signaling
is CCL2, also known as monocyte chemotactic protein 1 (MCP-1),
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but CCR2 also binds to CCL7 (MCP-3), CCL8 (MCP-2), CCL12
(MCP-5), and CCL13 (MCP 4).>**

CCR2 contributes to immune defense against several pathogens.”
CCR?2 also promotes fracture healing and angiogenesis, and it re-
duces amyloid plaque formation in animal models for Alzheimer’s
disease, presumably due to beneficial functions of macrophages such
as phagocytosis of plaque material.'®~**> CCR2, however, plays a
harmful role in models of experimental autoimmune encephalitis
(EAE), arthritis, atherosclerosis, ischemia-reperfusion injury, mul-
tiple tumor models, pancreatic islet transplantation, experimental
diabetes, stroke, and cranial irradiation injury.”*~2

In humans, TBI induces in the cerebrospinal fluid a rapid and
significant rise in CCL2 protein, a ligand for CCR2, and CCL2
remains elevated for several days.>’ CCL2 upregulation also is de-
tected in mouse brain tissue after TBL.2~! Further, CCL2-deficient
mice have improved long-term neurological scores in simple motor
tasks following TBL.* Although it is promising that a deficiency in a
single chemokine ligand for CCR2 improves outcomes in TBI, other
CCR?2 ligands also are upregulated following murine TBI, including
CCL12, and these may partially compensate for the lack of CCL2.>"
Although the mechanism has yet to be defined, inhibition of CCL2
also has been observed to promote pro-inflammatory cytokine pro-
duction from astrocytes.?*** Taken together, these data suggest that
to maximize blockade of macrophage infiltration and inflammation,
it may be advantageous to target the receptor, CCR2, for which drugs
have recently been generated.*?

We therefore investigated TBI outcomes in CCR2-deficient
(Cer2™'7) mice, using a controlled cortical impact model of experi-
mental TBIL. Our study shows that CCR2 is required for 80-90% of
macrophage infiltration from the periphery in the first few days fol-
lowing TBI. We also demonstrate that Ccr2™/~ mice perform sig-
nificantly better in cognitive tests, including the open field test and
Morris water maze test. Finally, we show that Ccr2™~ mice have
reduced neuronal loss following TBI. These data are the first to show
in the context of TBI that CCR2 controls CD45™ CD11b* macrophage
infiltration from the periphery, and that a reduction in peripheral
macrophages is associated with improved long-term cognition. CCR2
may be a therapeutic target to improve outcomes following TBI.

Methods
Animals

Male animals that were 10-14 weeks of age were subjected to
TBI and used for flow cytometry studies. Animals that were 12-16
weeks of age were subjected to TBI for behavior and histology
studies. Ccr2™’~ mice backcrossed onto a C57BL/6 background
for nine generations®* were originally from Jackson Laboratories
(Bar Harbor, ME) and were bred in the AALAC-approved trans-
genic animal facility of the San Francisco VA Medical Center.
C57BL/6 mice were from the same source as the Cer2™’~ mice
(Jackson Laboratories) and housed in the same room at the San
Francisco VA Medical Center.

Surgery

Controlled cortical impact (CCI) surgery or sham surgery was
performed on anesthetized animals under a protocol approved by
the San Francisco VA Medical Center Animal Care Committee.
Briefly, bupivacaine was administered subcutaneously above the
skull. Under general anesthesia produced by isoflurane, an inci-
sion was made followed by a 2.5 mm circular craniectomy. TBI was
inflicted by a 2-mm circular, flat pneumatic piston traveling at
3m/s, penetrating 1.5mm, for 150ms (Amscien Instruments,
Richmond, VA, with extensive modifications by H&R Machine,
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Capay, CA). Target brain coordinates for the center of injury were
1.5 mm lateral, 2.3 mm posterior to the bregma point. Sham animals
received all surgical procedures without piston impact.

Brain and blood leukocyte isolation

Brain leukocytes were harvested similarly to previously pub-
lished methods.” % Briefly, following perfusion, brain tissues were
cut along the sagittal midline to separate the contralateral and ip-
silateral hemispheres. Tissues were pooled from two animals for
each sample. Tissue was mechanically disassociated through a
100 um nylon cell strainer (BD Biosciences, San Jose, CA) and
washed in ice-cold GKN buffer (8 g/L NaCl, 0.4 g/L. KCl, 1.41 g/L
Na,HPO,, 0.6 g/L NaH,PO,, and 2g/LL D(+) glucose, pH 7.4).
Cells were re-suspended in NOSE buffer (4 g/ MgCl,, 2.55 g/L
CaCl,, 3.73 g/L KCI, 8.95 g/L NaCl, pH 6-7) supplemented with
200 U/mL DNase I (Sigma-Aldrich, St. Louis, MO and 0.2 mg/mL
collagenase type I (Worthington, Lakewood, NJ) at 37°C in a CO,
incubator for 30 min with shaking every 5—10 min, and then washed
with GKN buffer. Leukocytes were separated on a discontinuous
isotonic Percoll (90% Percoll, 10% 1.5M NaCl, GE Biosciences,
Piscataway, NJ) gradient where cells were suspended in 20 mL of a
1.03 g/mL Percoll solution in GKN buffer, and underlayed with
10 mL of a Percoll solution of 1.095 g/mL in phosphate buffered
saline. Cells were spun at 900 g for 20 min with no brake. The buffy
layer was isolated for further study.

Flow cytometry and antibodies

Fc receptors were blocked with 10% rat serum (Sigma) and
cells were stained with fluorescent antibodies. Leukocyte analysis
used a combination of the following antibodies: anti-CD45 (clone
Ly5) allophycocyanin (eBioscience, San Diego, CA), anti-CD11b
(clone M1/70) PE (Invitrogen, Grand Island, NY), or PE-Cy5
(eBioscience), anti-Ly6G (clone 1A8) PE-Cy7 (BD Biosciences).
SYTOX Blue (Invitrogen) was used to gate out dead cells. Cells
were sorted on a FACSAria (BD Biosciences), and data were an-
alyzed by using FlowJo Software (Treestar, Ashland, OR, version
9.6). All data represent mean * standard error of the mean (SEM),
and animal group sizes for each day are as follows for wild-type
TBI mice: day 1 (n=14), day 4 (n=38), day 7 (n=4), day 14 (n=38).
Animal group sizes for Ccr2™'~ TBI mice are as follows: day 1
(n=5),day 4 (n=6),day 7 (n=5), day 14 (n=06). Sham group sizes
for all time points were two to four mice.

Histology, tissue volume assessment, and stereology

Brains were perfused with saline, followed by 3.7% formalde-
hyde. After a 2-h fixation period, brains were incubated in 30%
sucrose overnight and frozen in tissue-freezing medium (Sakura,
Inc., Torrance, CA). For F4/80 staining, 5-um sections were
quenched for endogenous peroxidases and blocked with strepta-
vidin and biotin (Vector Labs, Burlingame, CA), then immuno-
stained with an anti-F4/80 antibody diluted at 1:200 (Clone BM8,
eBioscience), followed by biotinylated rabbit anti-rat antibody
diluted at 1:100 (Vector Labs), and biotin was visualized by using
the Vectastain ABC elite kit (Vector Labs). Sections were coun-
terstained with hematoxylin. Three animals per group and at least
five sections per animal were analyzed. All sections were imaged
through use of an Olympus BX-51 microscope.

For assessment of tissue loss volume, nine weeks after surgery,
euthanized mice were perfused with saline, after which harvested
brains were fixed overnight, followed by a 30% sucrose overnight
incubation. Frozen tissues were sectioned as free-floating sections.
Mounted sections were counterstained with cresyl violet (FD
Neurotechnologies, Ellicott City, MD). Beginning approximately
1.82 mm posterior from the bregma point, cortical and hippocampal
areas were traced using Osteoll software (Bioquant, TN). For each
animal, 40-um thick sections (with each analyzed section equally
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spaced at 0.24 mm apart) that spanned across a total distance of
1 mm were analyzed. Contralateral (left hemisphere) and ipsilateral
(right hemisphere) substructure (cortex or hippocampus) volumes
were calculated using Cavalieri’s formula, volumezZAxISFxt,
where A is the area, Is is the inverse of the sampling fraction, and ¢
is section thickness. Volume of tissue loss for each substructure was
calculated by subtracting the right hemisphere substructure volume
from the left hemisphere substructure volume. Animal group sizes
for sham groups were five to six mice, for wild-type TBI group
(n=5), and for the Ccr2~/~ TBI group (n=9).

For CA volume assessment and stereological counting of neu-
rons, multiple 40-um thick sections (each equally spaced at
0.24 mm apart) near the lesion site encompassing the hippocampus
were assessed. For each section, the cumulative CA region (CA1-
CA3) was traced and the volume calculated by using Stereo-
Investigator software (MicroBrightField, Williston, VT). Cresyl
violet stained neurons in the traced region were counted by random
sampling under high power magnification (600X ) using Stereo-
Investigator software. Five animals per group were analyzed.

Behavioral studies

Three weeks after TBI, mice were assessed for motor coordination
and balance through use of rotarod tests.>”** Specifically, mice
(n=20 per group) were placed on a rotating rod that accelerated
Srpm every 15 sec with a maximum speed of 40 rpm, and the length
of time that the mouse remained on the rod (fall latency) was re-
corded and averaged for five consecutive trials with 5-min intervals
between trials. The trials were repeated on three separate days.

Following rotarod testing, basic locomotor activity and explor-
atory behavior were determined by the open field test.>’5404!
Individual mice (n=20 per group) were placed in a brightly lit,
square Plexiglas enclosure (40 x 40 inches) surrounded by automated
infrared photocells that interfaced with a computer (Hamilton &
Kinder) to record data. Beam breaks generated by movement were
monitored, allowing measurements of the number of basic move-
ments and total path length traveled during the exploration.*® For
analysis of the exploratory behavior, the arena was divided on a
zone map consisting of a center region and a peripheral region.
Time spent in the center versus peripheral zones was used as an
indicator of anxiety-like behavior. On each of three consecutive
days, open field activity was recorded for 10 min.

Spatial learning and memory were evaluated by using the Morris
water maze,>>37#! starting at eight weeks after TBI or sham sur-
gery. 49 Mice (n=12 per group) were trained to locate a plat-
form in opaque water in a circular pool (135 cm diameter) during
two successive daily sessions (three trials per session, 60 sec per
trial) with a 1-h intersession interval. The starting positions of the
animals were altered and counterbalanced to one of four pre-
determined quadrants to rule out spatial preference. During the
cued platform test on days 1 and 2, a submerged platform that was
marked by a visible flag mounted on the platform was placed in a
different quadrant in every session. On days 3 to 5, mice were then
trained to locate a hidden platform (no flag) where the platform
remained stationary. Latency, path length, swim speeds, and percent
time spent swimming in a zone near the walls of the maze (zone of
13.5cm from the maze wall), the latter of which is known as thig-
motaxis, were recorded and derived from the use of a video tracking
system (Noldus EthoVision, Noldus, Leesburg, VA). On the sixth
day, a one-minute probe trial during which the platform was re-
moved from the pool was performed to test memory retention.

Statistical analysis of behavior studies

Data were analyzed with Statview 5.0.1 software (SAS Institute
Inc, Cary, NC). and Prism software (GraphPad Software, Inc,
La Jolla, CA version 6.0). Data were expressed as mean+SEM
(some error bars were too small to be visible). For analyses of rotarod
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tests, open field tests, and the non-probe trial days of the Morris
water maze tests, statistical significance was evaluated by using a
two-way repeated measure analyses of variance (RANOVA). For
analysis of the percent of time spent in each quadrant during the
probe trial of the Morris water maze, three paired Student’s 7-tests
within each group were performed to determine statistical differ-
ences between the time spent in the target quadrant versus each
of the other quadrants, as previously analyzed.*****> For analysis
of crossing frequency and latency to first crossing of the platform
location during the probe trial, two-way analyses of variance
(ANOVA) was conducted. Post hoc paired comparisons using the
Bonferroni test were used when appropriate.

Statistical analysis of flow cytometry
and histological assessments

Two-way ANOVA for main effects of injury, genotype, and
interaction was conducted for each time point in our flow cyto-
metric analyses of macrophage and neutrophil numbers by using
Prism software. Repeated measures analysis was not conducted,
since separate groups of mice were sacrificed at each time point.
For statistical analysis of tissue loss volume, hippocampal volume,
and neuronal density, two-way ANOVA for main effects of injury,
genotype, and interaction was performed.

Results

The early recruitment of brain wound macrophages
post-TBI is dependent on CCR2

As part of the inflammatory cascade that occurs after TBI,
macrophages and neutrophils accumulate in the brain in humans
and rodents.***® To determine the role of CCR2 in monocyte re-
cruitment, we performed TBI in Ccr2™’~ mice and analyzed the
presence of macrophages in the brain. Immunohistochemistry for
F4/80 antigen, a marker on both macrophages and microglia, was
performed at day 4, a time point where we observed peak macro-
phage infiltration in this model.*® Four days after TBI, wild-type
mice showed a large increase in F4/80* cells in and around the area
of injury, and this response was markedly reduced in Ccr2™/~
mice, although a few F4/80 " cells were present (Fig. 1).

We quantified brain macrophages after TBI in Cer2™’~ mice
and wild-type mice by flow cytometry for leukocyte subsets,
comparing contralateral and ipsilateral brain hemispheres. By flow
cytometry, macrophages can be distinguished from microglia in
homeostatic and activated conditions by their level of CD45
staining.'>'*3* Macrophages are CD45™ CD11b" and microglia
are CD45'° CD11b". An antibody against Ly6G was also used to
analyze and gate out neutrophils, which are CD45™ CD11b*
Ly6G™, as described previously.*® The proportion and number of
macrophages in wild-type brains increased greatly in the ipsilateral
hemisphere 4 d after TBI, compared with the contralateral hemi-
sphere (Fig. 2A). In contrast, the infiltration of macrophages in
Cer2™’~ mice showed reduced proportions of macrophages par-
ticularly in the ipsilateral side (Fig. 2A).

Quantification of the absolute numbers of macrophages in each
brain hemisphere over time (days 1-14) was performed. Two-way
ANOVA for the main effects of TBI and genotype was conducted
for each time point at which mice were sacrificed. There was a
significant interaction effect for both day 1 and day 4 time points,
F(1,20)=12.4, p=0.002 and F(1,18)=15.5, p=0.001, respec-
tively, indicating that the effect of injury on mean macrophage
number was greater among wild-type mice than among Ccr2 ™"~
mice. Mean macrophage numbers were significantly higher among
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FIG.1. C-C-chemokine receptor 2-deficient (Ccr2 ™" ™) mice show reduced presence of F4/80 cells near the injury site after traumatic
brain injury (TBI). Brain sections from wild-type and Ccr2™'~ mice 4d after TBI were immunostained for F4/80 antigen (brown
staining), a marker on macrophages and microglia. Sections were counterstained with hematoxylin (purple). Areas of the contralateral
and ipsilateral cortex were imaged. Enlarged images of selected regions (boxed) are shown below. Arrows in insets point out F4/
80" cells. n=3 animals per group. Scale bars indicate 50 um. Color image is available online at www.liebertpub.com/neu

wild-type mice than among Cer2™"~ mice, F(1,20)=13.9, p=0.001
and F(1,18)=15.1, p=0.001, for day 1 and day 4, respectively.
Similarly, TBI mice had significantly higher mean macrophage
numbers than sham mice at those time points, F(1,20)=16.4,
p=0.0006 and F(1,18)=33.4, p<0.0001, for day 1 and day 4, re-
spectively. Main effects ANOVA for day 7 and day 14 revealed that
only TBI was associated with mean macrophage number at those time
points, F(1,9)=12.6, p=0.006 and F(1,14)=5.16, p=0.039, for day
7 and day 14, respectively. There was no effect of Ccr2 ™/~ genotype
nor was there an interaction effect between injury and genotype,
indicating that only TBI and not genotype had an effect on macro-
phage numbers at those later time points. In a model of experimental
autoimmune uveitis, lack of CCR2 led to a compensating increase in
neutrophil infiltration.”® In our model of TBI, neutrophil numbers
were unaffected by CCR2 deficiency as there was no main effect of
genotype nor interaction at any time point (Fig. 2C). Overall, these
data demonstrate that the early rapid rise in macrophages following
TBI is largely dependent on CCR2.

CCR2 does not affect recovery of gross motor function

Similar to deficits found in humans after TBI, mice after CCI TBI
demonstrate functional impairments as detected by the rotarod test,
open field tests, and a Morris water maze.”' ™ We used these be-
havioral tests to assess effects of CCR2 on the functional consequences
of TBI. We first tested motor ability and motor learning by using the
rotarod assay three weeks after TBI. Four groups of animals were
tested: 1) wild-type TBI; 2) Ccr2™'~ TBI; 3) wild-type sham; and 4)
Cer2™"~ sham. All four groups of mice improved their performance
over three days of repeated testing, showing motor learning during
training (day effect: F[2,152]=44.4, p<0.001). The TBI groups,
however, were impaired in their ability to stay on the rotating rod,
compared with the sham-operated groups (TBI effect: F[1,76]=13,
p<0.001; Fig. 3). CCR2 gene deletion did not affect the overall per-

formance on the rotarod (genotype effect: F[1,76]=2.4, p>0.12).
There was also no interaction between TBI and Ccr2 gene deletion
(p>0.9). Thus, in our model TBI impaired motor function but CCR2
deficiency did not alter outcomes of rotarod tests. The lack of effect on
motor function allowed us to test other behavioral changes with the
assurance that deficiencies would not reflect motor disabilities.

Ccr2='~ mice show improved locomotor
behavior after TBI

To examine the role of CCR2 in the long-term recovery of lo-
comotor behavior and anxiety after TBI, open field tests were
performed. Three weeks after TBI, animals demonstrated an in-
crease in locomotor activity levels, compared with sham controls.
Hyperactivity is a symptom described after TBI in both humans and
mice.>*3 In accord with this, wild-type mice showed significant
increases in path length, F(1,76)=31.9, p <0.0001 (Fig. 4A) and in
basic movement, F(1,76)=29.4, p <0.0001 (Fig. 4B). Deficiency in
CCR2 notably attenuated hyperactivity following TBI as assessed
both by path length, F(1,76)=19.8, p<0.0001; post-hoc analysis,
p<0.005, and basic movement, F(1,76)=18.9, p<0.01; post-hoc
analysis p<0.005 (Fig. 4B). Thus, by these measures, CCR2 de-
ficiency improved outcomes of locomotor activity after TBI.

Animals subjected to TBI have increased anxiety levels

Because the environment in the open field is new to the animal, it
concurrently evokes both anxiety and exploration; a decrease in time
spent in the center of the open field suggests an increase in anxi-
ety.>*>” TBI induced both wild-type and Cer2™’~ mice to spend
significantly less time exploring in the center zone of the open field,
compared with sham controls (wild-type: F[1,19]=28.5, p <0.0001;
Cer2™': F[1,19]=31.6, p<0.0001; Fig. 4C). Consistent with this,
TBI caused both genotypes of mice to spend significantly more time
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FIG. 2. Early macrophage infiltration is markedly reduced in Ccr2™’~ mice after traumatic brain injury (TBI). (A) Representative
flow cytometry plots of brain cell preparations isolated from contralateral and ipsilateral brain hemispheres 4 d after TBI. Gated cells
represent the proportion of CD45" CD11b*cells identified as macrophages in the brain cell preparation. Ly6G*CD45™CD11b*
granulocyte cells were excluded from these plots (n=6-8 animals per group). (B) Absolute number of brain macrophages following TBI
in contralateral and ipsilateral hemispheres in wild-type and Ccr2 ™~ mice sacrificed at 1, 4, 7, and 14 d after surgery (mean * standard
error of the mean) was assessed. Two-way ANOVA for main effects of genotype and TBI was conducted at each time point. The main
effect of genotype was significant at days 1 and 4, F(1,20)=13.9, **p=0.001, and F(1,18)=15.1,**p=0.001, respectively. The effect of
TBI on mean macrophage number was also significant at days 1 and 4, F(1,20)=16.4, p=0.0006, and F(1,18)=33.4, p<0.0001. A
significant interaction effect was found on days 1 and 4, F(1,20)=12.4, p=0.002, and F(1,19)=15.5, p=0.001), indicating the effect of
injury on mean macrophage number was greater among wild-type mice than among Ccr2 ™'~ mice. However, on days 7 and 14, there
were neither significant interaction effects nor main effects of genotype, although there were significant main effects of TBI,
F(1,9)=12.6, p=0.006, and F(1,14)=5.16, p=0.039, for day 7 and day 14, respectively). Group sizes for wild-type TBI groups in B and
C are as follows: day 1, n=14; day 4, n=8; day 7, n=4; and day 14, n=8). Group sizes for Ccr2~’~ TBI mice are: day 1, n=35; day 4,
n=06; day 7, n=5; day 14, n=6. Sham group sizes for all time points are 2 to 4. (C) Absolute number of neutrophils in the brain
following TBI in contralateral and ipsilateral hemispheres was assessed. Although significant effects of TBI were found on days 1 and 4,
F(1,18)=10.8, p=0.004, and F(1,18)=13.9, p=0.002, respectively, there were no significant effects of interaction or genotype at any
time point. Color image is available online at www.liebertpub.com/neu

exploring the peripheral zones that is, zones in the corners and zones  F[1,43]=133.3, p <0.0001; hidden: F[1,43]=24.3, p<0.0001; Fig.
adjacent to walls (wild-type: F[1,19]=28.5, p<0.0001; Ccr2™"":  5A). TBI groups also showed extended path lengths to find the cued
F[1,19]=31.5, p<0.0001; Fig. 4D). There was, however, no dif- or hidden platform (cued: F[1,43]=117.1, p<0.0001; hidden:
ference between wild-type and Ccr2™/~ mice in anxiety levels F[1,43]=15.8, p<0.0005; not shown), and TBI increased the to-
after TBI (center zone: F[1,114]=0.14, p>0.05; peripheral zones: tal distance of the animal (proximity) from the cued or hidden
F[1,114]=0.14, p>0.05; Fig. 4D). platform (cued: F[1,43]=85.6, p<0.0001, hidden: F[1,43]=22.9,
p<0.0001; Fig. 5C). TBI groups also exhibited characteristics of
thigmotaxic behavior as evidenced by spending significantly more
time swimming near the perimeter of the pool (cued: F[1,43]=13.7,
p<0.001, hidden: F[1,43]1=27.4, p<0.0001; Fig. 5D).

We assessed learning and memory by using Morris water maze In these tests, genetic deficiency in CCR2 improved spatial
tests eight weeks after TBI. All groups learned to locate a cued ora  learning post-TBI. During the hidden platform trials, Ccr2 ™~ mice
hidden platform as evidenced by progressively shortened latencies ~ demonstrated significantly improved latency times, post hoc:
to find the platform (cued: F[3,129]=61.6, p<0.0001; hidden: p<0.05 (Fig. 5A), and total distance to platform, post hoc, p <0.05
F[5,215]=8.9, p<0.0001; Fig. 5A). TBI groups exhibited pro- (Fig. 5C), compared with wild-type mice, after TBI. All groups of
longed latency times to locate the cued or hidden platform (cued:  mice had similar swim speeds during cued platform trials indicating

Ccr2=/~ mice have improved long-term spatial
memory and learning after TBI
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FIG. 3. Ccr2™”" and wild-type animals show similar motor

function deficiency in rotarod tests three weeks after TBI. Average
fall latencies during a 3-d rotarod test of wild-type and Ccr2™"~
mice after TBI or sham surgery * standard error of the mean (n=20/
group). All mice exhibited motor learning as evidenced by pro-
gressively increasing latency on the rod over 3d. Although TBI
induced impairment in the rotarod performance, compared with
sham controls (**#p<0.0001; Ccr2™’~, *p<0.05; wild-type,
*%p <0.01), there was no significant difference in latency between
the wild-type and Ccr2™"~ mice with TBI (post hoc test, p>0.2).

that the prolonged time of TBI mice and/or wild-type TBI mice to
find the platform following TBI did not reflect a decreased capac-
ity to swim (TBI effect: F[1,43]=2.5, p>0.1; genotype effect:
F[1,43]=3.2, p>0.08). Although wild-type mice after TBI showed
a modest decrease in average swim velocity during the hidden
platform trials, this difference did not achieve significance (TBI
effect: F[1,43]=3, p>0.05; genotype effect: F[1,43]=3.9, p>0.05).
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The impaired performance during the hidden platform trials by the
wild-type TBI mice, compared with Ccr2 ™~ TBI mice, is at least
partially attributable to their more pronounced thigmotaxic be-
havior (Fig. 5D), leading to unproductive searches and poor
learning in the wild-type TBI group (post hoc, p=0.053).

Genetic deficiency in CCR2 also improved spatial memory re-
tention following TBI, as determined by probe trial analysis (Fig.
SE-5G). For each group of mice during the probe trial, we assessed
their preference for searching in the target quadrant. The sham
control groups, and the Ccr2™/~ TBI mice group, all showed a
significant preference to search in the target quadrant, but the wild-
type TBI group failed to show a preference for the target quadrant.
The most stringent p-value of three student’s 7-test assessing dif-
ference from the time spent in the target quadrant within each group
is reported: wild-type sham, p<0.001; Ccr2™/~ sham, p<0.05;
wild-type TBI, p>0.3 (not significant); Ccr2~’~ TBI, p<0.01; Fig.
SE). One-way ANOVA between groups also demonstrated a sig-
nificant difference in time spent in the target quadrant during the
probe trial (p=0.0004). Consistent with their preference in search-
ing in the target quadrant during the probe trial, Cer2™~ TBI mice
also crossed the target platform location more frequently (p <0.05;
Fig. 5F) and earlier (latency of first occurrence, p <0.05; Fig. 5G),
compared with wild-type TBI mice. Thus, a deficiency in CCR2,
which greatly reduced the early macrophage response in TBI, also
improved spatial learning and memory after TBI. These findings
suggest that the CCR2-dependent inflammatory response is detri-
mental to long-term functional cognitive outcomes after TBL.

Lack of CCR2 does not affect tissue loss
or hippocampal volume after TBI

To assess the effects of CCR2 deficiency on gross lesion volume
after TBI, brain sections from Ccr2™’~ and wild-type mice nine

il

iy
|9,

S

2
day of testing

1 3

@
=]
=]

(sec)
o oo
RO
“w o

o
=
=]

total time in peripheral zones

1 2 3

day of testing

FIG. 4. Deficiency in CCR2 partially rescues traumatic brain injury (TBI)-induced hyperactivity in the novel open field test. The open
field test was performed over three consecutive days to test mice three weeks post-TBI (mean £ SEM, n=20/group). (A) TBI-induced a
hyperactive phenotype as shown by increased path length, compared with sham controls (***p <0.0001; post hoc test, **p <0.005).
Lack of CCR2 improved hyperactivity levels in TBI mice, and to a lesser degree in sham-operated mice, compared with wild-type mice
(post hoc test, **p<0.001). (B) TBI increased basic movement scores, compared with sham controls (***p<0.0001; post hoc test,
**p <0.005). CCR2 deficiency improved hyperactivity after TBI, compared with wild-type mice (**p <0.005). (C) TBI-induced anxiety
in mice as shown by reduced time spent in the center zone of the open field, compared with sham controls (****p <(.0001). CCR2
deficiency did not affect the time spent in the center zone after TBI, compared with wild-type TBI mice (p>0.05). (D) TBI-induced
anxiety in mice as shown by increased time spent in the peripheral zones of the open field (****p <0.0001). CCR2 deficiency did not

affect the time spent in the peripheral zones after TBI (p>0.05).
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FIG.5. Ccr2™’~ mice demonstrate improved spatial memory and learning following traumatic brain injury (TBI). The Morris water
maze was used to assess cognitive function eight weeks following TBI (n = 12/group). Animals were trained to locate a cued platform
for 2d (A-D, left column), and a hidden platform for 3d (A-D, right column). Cued platform graphs show statistical results for the
effect of TBI. Hidden platform graphs show statistical results for the effect of TBI and post-hoc analyses, and when a genotype effect
achieved significance in a repeated measure analyses of variance with post-hoc analyses. Mean + standard error of the mean is shown.
(A) TBI prolonged the time (latency) to reach the platform (**%p<0.001). For the hidden platform trials, the Cer2™’~ TBI group
performed better than the wild-type TBI group by finding the hidden platform quicker (post hoc test, *p <0.05). (B) Swim velocity for
all animal groups were statistically identical. (C) TBI increased the animals’ total distance from the platform during the trials
(**%p <0.001). For the hidden platform trials, the Ccr2™"~ TBI group performed better than the wild-type TBI group by being closer to
the hidden platform at all times (post hoc test, *p <0.05). (D) TBI induced thigmotaxic behavior as shown by increased time spent near
the perimeter during the platform search (**%p<0.001). For the hidden platform trials, the Ccr2™’~ TBI group showed decreased
thigmotaxic behavior, compared with the wild-type TBI group, as indicated by reduced time spent near the perimeter (post hoc test,
tp=0.05), indicating that Cer2™™ mice had improved spatial learning and more productive search strategies post-TBI, compared with
wild-type mice. (E) Ccr2™’~ mice had improved memory retention as assessed during a probe trial of the Morris water maze. The
percent of time spent searching in each quadrant of the pool is shown. Sham groups and the Ccr2~/~ TBI group preferentially searched
in the target quadrant, while the wild-type TBI group failed this test (most stringent student’s z-test result: wild-type sham,
*#%p <0.001;, Ccr2™’~ sham, *p<0.05; wild-type TBI, p>0.05; Ccr2™/~ TBI, **p<0.01). (F) TBI impaired memory retention as
assessed by the animals’ crossing frequency over the area of the target platform during a probe trial (***p <0.0001). Ccr2™/~ TBI mice
crossed the target platform area more frequently, compared with wild-type TBI mice (post hoc test, *p <0.05). (G) TBI delayed the first
encounter to the target platform position during the probe trial (**%p<0.0001). Ccr2™/~ TBI mice came across the target platform
location much sooner than wild-type TBI mice (post hoc test, *p <0.05).
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weeks post-TBI were stained with cresyl violet. Substructure
(cortex or hippocampus) areas were traced (Fig. 6A) in multiple
sections per brain, volumes were calculated, and differences in
volume between the contralateral (left) and ipsilateral (right) sub-
structures were used to estimate the extent of tissue loss. Two-way
ANOVA determined that TBI induced moderate tissue loss in the
cortical and hippocampal regions, F(1,21)=113.3, p<0.0001 and
F(1,21)=23.6, p<0.0001, respectively (Fig. 6B). No significant
difference in tissue loss could be detected between wild-type and
CCR2-deficient mice post-TBI (interaction and genotype effects,
p>0.05). Additionally, the collective CA region (CA1-CA3) was
traced in multiple sections in TBI groups and the volume was de-
termined (Fig. 6C and 6D). Although an effect of TBI was found,
F(1,16)=10.5, p=0.005, consistent with our analysis on tissue loss,
we did not detect a significant effect of CCR2 deficiency on hip-
pocampal CA region volume. Thus, tissue loss and hippocampal
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volume detected by standard methods did not correlate with
genotype-associated changes in cognitive function in our model.

CCR2 deficiency preserves neuronal density
in the hippocampus following TBI

Cer2™’ mice possessed improved memory function after TBI.
Because the hippocampus is critical for memory, we assessed
neuronal density in the residual hippocampus of the collective
CA1-CA3 regions adjacent to the lesion cavity in the same areas
used to determine CA volume in Figure 6C. The remaining neurons
were stereologically counted and compared with the corresponding
contralateral regions. In wild-type mice, an average of 57% loss in
neuronal density was seen on the ipsilateral side after TBI, com-
pared with contralateral neuronal counts (contralateral neuro-
nal density 1x 10™*£5x 10~° [mean = SEM]; ipsilateral neuronal
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FIG.6. Ccr2™’~ and wild-type mice have similar levels of tissue loss and hippocampal volume after traumatic brain injury (TBI). (A)
Brains from wild-type and Ccr2™~ animals nine weeks after sham or TBI surgery were sectioned and stained with cresyl violet.
Representative low-power images shown (20 x ) are from approximately 1.82 mm posterior from the bregma point. Contralateral (left)
and ipsilateral (right) cortical (pink dashed lines) and hippocampal areas (yellow dashed lines) were traced in multiple sections per
animal to estimate area. Area assessments were used to calculate the volume of each substructure (cortex or hippocampus). The tissue
loss per brain substructure was calculated as a difference in volume between left and right substructures. (B) Quantification of tissue loss
in sham and TBI animals of wild-type and Cer2™'~ mice. TBI animals demonstrated significant tissue loss in the cortex and hippo-
campus, F(1,21)=113.3, ****p<0.0001, and F(1, 21)=23.6, ****p<(0.0001, however, there was no genotype effect or interaction
effect. Lesion volume was calculated as (contralateral area — ipsilateral area) x 0.24 mm?>. Groups sizes for sham controls were n="5-6,
for wild-type TBI mice n=5, and for Cer2™’~ TBI mice n=9. (C) The volume of the collective CA (CA1-CA3) adjacent to the TBI
lesion in wild-type and Ccr2 ™~ mice was assessed nine weeks post-TBI (mean * standard error of the mean). Images are representative
cresyl violet stained brain sections of the hippocampus at approximately —2.30 mm posterior of the bregma. Yellow dashed lines
indicate the CA region. (D) Ccr2™’~ and wild-type mice have similar volumes of CA1-CA3 after TBI. TBI decreased the volume of the
CA region on the ipsilateral side, compared with the contralateral side, F(1,16)=10.5, **p=0.005, but there was no effect of genotype
or interaction (p>0.05). n=5 animals per group.
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TABLE 1. SUMMARY OF BEHAVIOR, TISSUE L0OsS, AND NEURONAL DENSITY OUTCOMES

Method Animal group sizes Outcomes

1 Rotarod n=20/group TBI impaired rotarod performance three weeks after injury. CCR2
deficiency had no effect on rotarod performance.

2 Open field n=20/group TBI induced hyperactivity and anxiety three weeks after injury.
CCR?2 deficiency partially rescued hyperactivity, but had no effect
on anxiety after TBI.

3 Morris water maze n=12/group TBI impaired spatial memory and learning eight weeks after injury.

CCR?2 deficiency improved spatial memory and learning after TBIL.

4 Volume of tissue loss n=>5/ wild type group

n=6 Ccr2”'~ sham animals
n=9 Ccr2~'~ TBI animals
5 CAI1-CA3 volume and n=5/group
stereological counting

of neuronal density

TBI resulted in tissue loss in the cortex and hippocampus of the
ipsilateral side. CCR2 deficiency had no effect on tissue loss.

TBI caused decreases in CA volume and neuronal density nine weeks
after TBI. CCR2 did not affect CA volume. However, CCR2
deficiency preserved neuronal density in the hippocampus after TBI.

TBI, traumatic brain injury; CCR2, C-C-chemokine receptor 2; Ccr2~'~, C-C-chemokine receptor 2—deficient.

density 43x107°£1.8x107>; Fig. 7). Remarkably, in Cer2™/~
mice, the neuronal density in the CA regions were comparable in
the ipsilateral and contralateral hemispheres (contralateral neuronal
density 1x10™*£5x 107, ipsilateral neuronal density 1x10™*+
1.1x1077; Fig. 7). Two-way ANOVA demonstrated a significant
interaction effect, F(1,16)=5.7, p=0.03. Both injury and genotype
effects were significant, F(1,16)=7.3, p=0.01 and F(1,16)=6.2,
p=0.02, respectively. These data indicate that injury had a greater
effect on neuronal density in wild-type mice than in Ccr2™/~ mice.
These data suggest that CCR2-dependent cells can significantly af-
fect and lead to a diminished number of surviving neurons during
secondary injury following TBI. A lack of CCR2 limits deficits in
neuronal density and improves function.

A summary of behavior, tissue volume, and neuronal density
assessments from this study is presented in Table 1.

Discussion

We demonstrate that CCR2 is required for the early rise in brain
macrophages following TBI. In behavior studies, lack of CCR2 does
not affect gross motor function, motor learning or balancing, as as-
sessed by swimming ability in the Morris water maze test or rotarod
testing. Lack of CCR2, however, significantly affects hyperactivity
levels and long-term cognitive function after TBI. Mice lacking
CCR2 show less hyperactivity in open field tests after TBI. More
importantly, Ccr2™’~ mice demonstrate improved spatial learning
and memory retention of learned spatial information associated with
increased neuronal density in the CA region of the hippocampus,
compared with wild-type animals, after TBI. Remarkably, in Ccr2 ™"~
mice the neuronal density in the ipsilateral TBI hippocampus (CA1-
CA3) was comparable to the contralateral side. Sustaining neuronal
numbers in the hippocampus may be one mechanism by which CCR2
deficiency improves memory function after TBI.

We did not detect a difference in the extent of tissue loss or
hippocampal volume (CA1-CA3 substructures) between wild-type
and Cer2™’~ mice nine weeks after TBI. This is in contrast to
Ccl2™’~ mice, in which lesion size was reduced four weeks after
TBI, but not earlier, by similar detection methods.?® This may re-
flect differences in the models of TBI that were used. In our model
of moderate CCI, a much greater severity of tissue damage is in-
duced by mechanical force, which would decrease the sensitivity to
detect small differences in loss of tissue. It is also possible that
tissue loss continues to be altered over time. Techniques with
greater sensitivity, such as in vivo imaging, might detect differences
in the volume of tissue loss over time.

Our findings are in accord with previous studies indicating that
CCR?2 is detrimental in other models of CNS injury, including
experimental autoimmune encephalitis, stroke, and cranial irradi-
ation,?>2#27:28:38:59 Oy studies also complement a previous report
showing that CCL2-deficient mice have improved function following
TBI, as assessed by a combined score for motor function, alertness
and behavior.” In addition, our studies show significant long-term
improvement in cognitive function after TBI in the absence of CCR2.
In contrast to our findings, others have shown a beneficial role for
CCR?2 in a model where CCR2-dependent macrophages were critical
for nerve regeneration following axotomy.® It is possible that CCR2
plays different roles depending on the site and mechanism of injury. A
greater understanding of the mechanisms, cellular subsets, timing,
and environmental cues should clarify our understanding of this
molecule and of the cells on which it is expressed.
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FIG.7. Ccr2™’" preserves neuronal density in the hippocampal
CA region after traumatic brain injury (TBI). Stereological as-
sessment of neuronal density in the hippocampal CA1-CA3 re-
gions adjacent to the TBIl-induced cavity in contralateral and
ipsilateral sides nine weeks after TBI was performed. CCR2-de-
ficient mice had preserved neuronal density in the ipsilateral side,
compared with wild-type mice after TBI. Two-way analysis of
variance results show a significant interaction (p=0.03). There
were significant effects of genotype and TBI on neuronal density,
F(1,16)=6.2, *p=0.02, and F(1,16)=7.3, p=0.01, respectively).
These data indicate that injury had a greater effect on wild-type
mice than Cer2™’™ mice. n=>5 animals per group.
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CCR?2 in the CNS has been demonstrated on macrophages and T
cells.'>'? Other studies, however, provide evidence of CCR2 ex-
pression in microglia,'*'” as well as in neuronal cells, including as
dorsal root ganglion neurons,?”® and neural precursor cells.'>1¢°!
Thus the response to TBI by glial and/or neuronal cells may be
altered in in Ccr2™/~ mice.

Prior studies of lung inflammation following nematode infesta-
tion have shown that macrophages, specifically M2 macrophages,
can expand without recruitment of peripheral blood monocytes.®*
In our studies, by the use of flow cytometry, we have shown that
CCR?2 is required for the rapid expansion of macrophages, arguing
that these cells are recruited from outside the CNS rather than
expanded from within. Macrophage infiltration of the TBI brain
from the periphery is consistent with studies in parabiotic mice,
which demonstrated that CNS-macrophages during inflammation
come from the periphery and are distinct from microglia.>*®*

We and others have shown that macrophages are a major com-
ponent of the inflammatory immune response to TBL>*#8:6465 The
macrophage inflammatory response can be beneficial to sterilize
wounds, to clear necrotic debris and to promote wound repair.®® In
some models of CNS injury, such as spinal cord injury, there is
evidence that macrophages suppress inflammation and are critical
for recovery.®” Similarly, in an EAE model, macrophages that
suppress inflammation through the production of IL-10 and TGFf
were beneficial.®® Other reports, however, indicate that macro-
phages are harmful in CNS injury, in which macrophages can ex-
tend neuronal cell death and impair recovery.?>+29:58:59.69.70

In vitro and in vivo studies have demonstrated that macrophages
can differentiate into at least two major subsets: classically activated
(M1) and alternatively activated (M2) mau:rophages.“"73 M2 mac-
rophages can be further subtyped into M2a (a for alternative), M2b,
and M2c subsets.”* M1 macrophages directly incite inflammation by
releasing inflammatory cytokines and reactive oxygen and nitrogen
species. In contrast, M2a and M2c macrophages, which both express
Arginase-1 (Argl) in the mouse, and M2b macrophages, which ex-
press 10, suppress inflammation and promote wound healing.66’74 In
vitro studies have demonstrated that M1 macrophages are neuro-
toxic, while M2 macrophages promote regenerative neuronal
growth.”” An in vivo study showed that injection of M2-polarized
cells could enrich cognitive function.”® However, macrophage po-
larization is not always completely dichotomous and multiple in vivo
studies demonstrate that macrophages may differentiate along a
spectrum of phenotypes.®¢67!7778

As assessed by histology, the presence of macrophages/micro-
glia early after TBI has been associated with the expression of
tumor necrosis factor, IL-6, and IL-1 129307980 ¢ onsistent with an
M1 phenotype. However, we previously demonstrated in our TBI
model that the early macrophage response involves at least two
major subsets of macrophages.*® By using a reporter mouse for
Argl expression, we showed that one day after TBI 20% of the
macrophage population expresses Argl. Gene expression profiling
of the Argl™ and Argl™ brain macrophage subsets following TBI
showed that each preferentially expresses a combination of M2a
and M1 genes, as well as their own unique profile of chemotaxis
genes. Thus, macrophage populations induced by TBI cannot
simply be categorized as M1 or M2 macrophages. Because CCR2 is
required for 90% of the macrophages recruited on day 1 after TBI,
both Argl™ and Argl™ brain macrophage subsets must be affected
at least partially by the absence of CCR2. It is nonetheless possible
that one subset of macrophages is harmful in TBI, while another is
protective. While our studies show that CCR2-dependent cells are
harmful in TBI, it is likely that further subsetting of macrophages
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could allow more precise removal of harmful macrophages and
enhancement of those that are beneficial.

A limitation to our study is that our Ccr2 ™~ and wild-type mice
were not littermates, although the Ccr2™/~ mice were completely
backcrossed to source-matched C57BL/6 mice for nine generations
and were housed in the same room and animal facility. However, our
demonstration that CCR2-deficient mice had greater neuronal den-
sity in subregions CA1-CA3 of the hippocampus compared with
wild-type post-TBI provides a rational explanation for the improved
cognitive function in Ccr2 ™/~ mice after TBL Our studies used mice
genetically deficient in CCR2, not mice in which CCR2 was con-
ditionally depleted, thus we cannot rule out that effects of CCR2
depletion on development may have altered responses to injury in-
directly. This should be addressed in future studies by blocking
CCR?2 at the time of injury.

As a therapeutic target, CCR2 has advantages over CCL2. First,
blocking CCR2 would interrupt monocyte recruitment by other
monocyte-recruiting chemokines that bind this receptor including
CCL7 and CCL12. CCL12 is transcriptionally upregulated to high
levels in brain tissue after TBI, in addition to ccL2.?! Second,
CCR2 has multiple binding sites for small molecule antagonists and
several investigational drugs have been generated to successfully
target this molecule.™

In summary, our studies demonstrate that CCR2 plays a critical
role in the recruitment of the majority of peripheral macrophages to
the lesion following TBI. Absence of CCR2 leads to improved
functional cognitive outcomes and preserved neuronal density fol-
lowing TBI, suggesting that CCR2-induced macrophage recruitment
following TBI is detrimental. These results suggest the possibility
that blockade of CCR2 may be an effective treatment to lead to
improvement in long-term cognitive functional outcomes post TBI.
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