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Abstract

activation, and cognitive function for 30 days post-injury.

predominant at 30 days post-TBI.

Background: Neuroinflammation is an important secondary mechanism that is a key mediator of the long-term
consequences of neuronal injury that occur in traumatic brain injury (TBI). Microglia are highly plastic cells with dual
roles in neuronal injury and recovery. Recent studies suggest that the chemokine fractalkine (CX3CL1, FKN) mediates
neural/microglial interactions via its sole receptor CX3CR1. CX3CL1/CX3CR1 signaling modulates microglia activation,
and depending upon the type and time of injury, either protects or exacerbates neurological diseases.

Methods: In this study, mice deficient in CX3CR1 were subjected to mild controlled cortical impact injury (CCl), a
model of TBI. We evaluated the effects of genetic deletion of CX3CR1 on histopathology, cell death/survival, microglia

Results: During the acute post-injury period (24 h—15 days), motor deficits, cell death, and neuronal cell loss were more
profound in injured wild-type than in CX3CR1~~ mice. In contrast, during the chronic period of 30 days post-TBl, injured
CX3CR1™~ mice exhibited greater cognitive dysfunction and increased neuronal death than wild-type mice.
The protective and deleterious effects of CX3CR1 were associated with changes in microglia phenotypes; during the
acute phase CX3CR1™~ mice showed a predominant anti-inflammatory M2 microglial response, with increased
expression of Ym1, CD206, and TGF(. In contrast, increased M1 phenotypic microglia markers, Marco, and CD68 were

Conclusion: Collectively, these novel data demonstrate a time-dependent role for CX3CL1/CX3CR1 signaling after TBI
and suggest that the acute and chronic responses to mild TBI are modulated in part by distinct microglia phenotypes.

Keywords: CX3CR1, TBI, Microglia, Cognitive function, Cytokines

Background
Traumatic brain injury (TBI) is a serious public health
problem in the United States. Mild TBI is rarely recog-
nized in a timely manner because symptoms often do
not manifest for some time after the injury. However,
the consequences of mild TBI can be long lasting. The
pathophysiology of TBI is complex, in part because mul-
tiple pathways are involved in the primary and secondary
injuries that result from the insult.

A consensus based on recent evidence considers neu-
roinflammation as an important secondary mechanism
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that plays a role in delaying injury after TBI [1-3]. Dysreg-
ulated and uncontrolled microglial activation may be a
key component of chronic neuroinflammatory processes.
Recent studies suggest that the chemokine fractalkine
(CX3CL1, FKN) mediates neural/microglial interactions
via its sole receptor CX3CR1. Indeed, deleting CX3CR1
[4] exacerbates microglial neurotoxicity induced by sys-
temic inflammation in rodent models of Parkinson’s dis-
ease and amyotrophic lateral sclerosis [5]. In addition,
CX3CR1™"~ microglia exacerbate cell-autonomous micro-
glial neurotoxicity induced by lipopolysaccharide (LPS),
suggesting that fractalkine signaling is important for limit-
ing microglia toxicity [5, 6]. CX3CL1 also protects against
excitotoxicity through the activation of the ERK1/2 and
PI3K/Akt pathways [7, 8]. However, the role of FKN/

© 2015 Febinger et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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CX3CR1 signaling in neurodegenerative disease is an in-
tricate and highly debated research topic that is becoming
even more complicated as new studies reveal seemingly
discordant results. It appears that FKN/CX3CR1 signaling
plays a direct role in neurodegeneration and/or neuropro-
tection depending upon the CNS insult. Both beneficial
and detrimental effects of CX3CR1 deficiency are associ-
ated with microglia activation [9-11]. Data from some
models of chronic neuronal injury suggest that CX3CR1 is
protective because the absence of this receptor increases
microglia activity and is associated with less favorable out-
come [8, 12—-16]. For instance, in a model of Alzheimer’s
disease (AD), CX3CR1-deficient microglia from mice
overexpressing hTau have increased hyperphosphorylated
tau and more toxicity, as has been observed in other
animal’s disease models [5, 17-20]. On the other hand, in
3x-Tg AD mice, which reproduces both Ap and tau path-
ologies, deleting CX3CR1 prevents neuronal loss and
microglial migration without affecting amyloid deposition
[21]. Finally, other reports indicate that CX3CR1 defi-
ciency attenuates amyloid deposition in AD mouse models
characterized by extensive plaque deposition [18, 22].

The complex CX3CL1/CX3CR1 signaling pathway is
further complicated by its functional role in acute injur-
ies. Results from some acute injury models suggest that
CX3CR1 is detrimental because its absence is associated
with a favorable outcome. For instance, in a model of
cerebral ischemia and spinal cord injury, CX3CR1™~~ mice
showed neuroprotection and improved functional recov-
ery [23-26]. These observations suggest that CX3CR1
may play different roles in neuronal injury depending on
the type of injury and on the post-injury time point
assessed (chronic vs acute). CX3CLI1 levels increase in the
cerebrospinal fluid and in the brain of patients with head
trauma, and increased CX3CL1/CX3CR1 is associated
with better clinical outcome [27, 28]. However, few pre-
clinical studies of TBI focus on the CX3CL1/CX3CR1 sys-
tem. Determining a role for CX3CL1/CX3CR1 signaling
in outcomes after mild TBI during the acute and chronic
phase is a goal of the present study.

We now know that the microglia assume diverse phe-
notypes in response to specific microenvironmental sig-
nals. Although there is a spectrum of different microglial
types, there are two major microglia phenotypes charac-
terized by a molecular signature of gene expression: the
“classical” inflammatory state (M1) and the “alternative”
activation state (M2). M1 microglia are generally consid-
ered pro-inflammatory whereas, M2 microglia are gener-
ally anti-inflammatory [29-34]. In the healthy young
brain, M1 and M2 microglia exist in a state of dynamic
equilibrium. Following an injury, there is a shift into an
M1 phenotype that exacerbates tissue injury or into an
M2 phenotype that promotes CNS repair, depending on
the local signals in the lesion’s microenvironment [35].
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In this study, we demonstrate that lack of CX3CL1/
CX3CR1 signaling in the brain leads to delayed neur-
onal damage and neurologic and cognitive impairment
after TBI that is associated with a switch in microglia
phenotype. Our data suggest a time-dependent effect
of CX3CR1 on modulating brain injury and suggests
a potential unique therapeutic window for treating
TBI neuroinflammation.

Materials and methods

Animals

All experiments were conducted in accordance with the
National Institute of Health Guide on Care and Use of La-
boratory Animals and were approved by the Institutional
Animal Care and Use Committee of the University of
Washington. CX3CR17~ (CX3CR1 SFP/SFP) mice were
obtained from The Jackson Laboratory (Bar Harbor,
Maine) and a colony established at the University of
Washington. A total of 180 3-month-old male CX3CR1 ™"~
and littermate CX3CR1*'* (wild-type) mice were used in
these experiments. Mice were group-housed in environ-
mentally controlled conditions (12:12 h light-to-dark cycle
at 21 + 1 °C) and provided with food and water ad libitum.
After surgery, animals were single-housed.

Traumatic brain injury

Adult mice were anesthetized with isoflurane (induced
at 4 %, maintained at 1.25-1.5 %) and placed in a stereo-
taxic frame equipped with a heating pad to maintain
body temperature. A midline incision was made, fascia
removed, and a 5-mm diameter craniotomy was made
over the left parietal cortex between the lambda and
bregma. The bone flap was removed and the integrity of
the underlying dura assessed. TBI was induced using a
controlled cortical impact (CCI) device (Leica Impact
One, Richmond, IL, USA) equipped with an electrically
driven 3-mm diameter metal piston controlled by a lin-
ear velocity displacement transducer. Impact velocity
was set at 5.0 m/s, with a dwell time of 100 ms, and a
depth of 0.5 mm from the dura. Previous studies have
reported that these parameters produce a mild injury
[36, 37]. A 5-mm disk created from a polystyrene weigh-
ing boat was glued to the skull over the craniotomy, and
the incision closed with sutures. Mice were kept on a
heating pad and allowed to recover until ambulatory be-
fore being returned to their home cages. Sham (unin-
jured control) animals received identical anesthesia and
craniotomy but were not subjected to CCI brain injury.

Tissue collection and processing

For immunohistochemistry studies, animals were anesthe-
tized with isofluorane and transcardially perfused with
ice-cold phosphate-buffered saline (PBS), followed by 4 %
paraformaldehyde in PBS. The brains were postfixed in
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4 % paraformaldehyde for 24 h, after which they were
transferred to a 30 % sucrose in PBS for at least 16 h
at 4 °C. Coronal sections of the left hemisphere were made
at 40 pum using a cryostat (Leica CM1950) and stored in
cryoprotectant at 4 °C. Animals used for protein as-
sessment were euthanatized by rapid decapitation.
Brain regions of interest were dissected and rapidly
frozen in liquid nitrogen before storage at -80 °C.
Subsequently, both the hippocampi and the sections
of cortex were homogenized using an electric tissue
homogenizer in 1:10 weight-to-volume ratio of ice-
cold RIPA buffer (Millipore; Billerica, MA, USA) contain-
ing protease inhibitors and EDTA (Pierce; Rockford, IL,
USA). Following homogenization, sample lysates were
centrifuged at 10,000xg at 4 °C for 15 min and the super-
natant collected.

Biochemical endpoints

Enzyme-linked immunosorbent assay (ELISA)

The total protein in each sample was determined using
the bicinchoninc acid method (BCA; Pierce Biotechnol-
ogy, Inc.).

Analysis of gene expression by qRT-PCR

Dissected cortex tissues from adult male mice were
stored at —80 °C, and total RNA was isolated with RNeasy
Lipid Tissue Mini Kit (QIAGEN, catalog # 74804) with on-
column DNase treatment (QIAGEN, catalog # 79254) ac-
cording to the manufacturer’s protocol. RNA quantity and
quality were determined using A260/A280 readings by a
NanoDrop (ThermoScientific) spectrophotometer. Reverse
transcription (RT) was performed using High Capacity
c¢DNA Reverse Transcription Kit Assay (Applied Biosys-
tems, catalog # 4368814) following the manufacturer’s
protocol. “No template” and “no RT” controls were in-
cluded in all assays.

RT-PCR was performed using the TagMan Gene Ex-
pression Assay (Applied Biosystems, catalog # 4331182)
according to the manufacturer’s instructions on a 7300
Real Time PCR System (Applied Biosystems). The follow-
ing TagMan probes were used: 1I-1p (Mm00434228 m]l),
Cd86 (MmO0444543_m1), Fcgrl (Mm0438874_ml),
Tgfbl (Mm01178820_m1), Argl (Mm00475988_ml),
Nos2 (iNOS), (Mm00440502_m1), and 18S (MmO03928
990_g1). Relative gene expression was calculated by 2744<T
method.

Immunohistochemistry

Except where indicated, staining was done on 40-pm free-
floating sections of a one-in-six series through the entire
hippocampus and cortex. Tissue was blocked in 10 % nor-
mal serum from the species in which the secondary anti-
body was raised, with the addition of 0.1 % Triton X-100.
Primary antibodies were diluted in 3 % normal serum with
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0.1 % Triton X-100, and tissue incubated overnight at
4 °C. Biotinylated secondary antibodies were diluted
in 3 % normal serum with 0.1 % Triton X-100 and
were incubated for 2 h at room temperature. Enzyme
detection was done using avidin-biotin substrate
(ABC kit, Vector Laboratories, Burlingame, CA, USA)
followed by color development in diaminobenzidine solu-
tion (Sigma-Aldrich, St. Louis, MO, USA). Antibodies and
dilutions were as follows: rat CD11b (Serotec, Raleigh, NC,
USA; 1:500); mouse CD68 (Serotec; 1:200); rabbit YM1
(Stem cell technology, Vancouver, BC, Canada; 1:400);
rat Marco (Serotec; 1:500); mouse NeuN (Millipore,
Temecula, CA, USA; 1:1000). After incubation for
24-48 h with appropriate primary and biotinylated
secondary antibodies, tissue was treated with Vectastain
ABC reagent (Vector Labs) and visualized with DAB reac-
tion (Sigma-Aldrich). Controls included omitting primary or
secondary antibodies.

Fluoro-Jade B staining

Fluoro-Jade B staining was performed according to
Kubova et al. [38]. Briefly, 40-pm coronal free-floating
sections were washed three times for 10 min with 0.1 M
phosphate buffer saline (PBS), mounted on glass slides,
and dried overnight at 37 °C. The sections were then in-
cubated in chloroform-ethanol (1:1) for 1 h. Next, tissue
was rehydrated in absolute ethanol (3 min), 70 % ethanol
(2 min), distilled water (2 min), incubated in 0.06 %
KMnO, for 15 min, rinsed in distilled water (2 min), and
incubated for 30 min in a solution containing 0.001 %
Fluoro-Jade B (Histo-Chem, Jefferson, AR, USA) and
0.1 % acetic acid. Sections were then rinsed in distilled
water, dehydrated in a series of xylene and coverslipped.

Stereological analysis

All cell counts were obtained using the Optical Frac-
tionator method of unbiased stereological counting tech-
niques [39]. An Olympus BX-51 microscope and the
Stereo Investigator software (MBF Bioscience, Colchester,
VT, USA) were used to obtain cell counts on sections sys-
tematically sampled throughout the entire hippocampus
and parietal cortex as described earlier [40]. Neuroana-
tomical borders of the hilus of the dentate gyrus were out-
lined, and counting was confined to these areas. The
virtual grid (175 x 175) and counting frame (100 x 100)
were optimized to count at least 200 cells per animal with
error coefficients less than 0.07. Outlines of the anatom-
ical structures were made using a 10x/0.45 objective, and
cell quantification was done with a 60x/1.40 objective.

Isolation of mononuclear cells and flow cytometry

Perfused brains were dissected from mice 15 and 30 days
post-TBI, mononuclear cells separated over discontinu-
ous 70/30 % percoll gradients as previously described
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[41, 42], and cellular pellets resuspended in cell staining
buffer (Biolegend, San Diego, CA, USA). Blood for single
stained controls was collected from the submandibular
vein and RBCs depleted by hypotonic lysis and washed
in staining buffer. Isolated cells were incubated on ice
for 5 min with anti-mouse CD16/CD32 (clone 2.4G2;
BD Pharmingen) to block Fc fragment receptor (FcR)s
and then incubated on ice for 30 min with a mix of
fluorochrome-conjugated anti-mouse Abs; CD45-APC-Cy7
or APC (Clone 30-F11, BD Pharmingen), CD11b-APC or
PerCP-Cy5.5 (Clone M1/70), CD11c-PeCy7 (Clone N418,
eBioscience), Ly6G-PE (Clone 1AS8, Biolegend), and I-A/I-
E-PerCP or Pacific Blue (Mouse MHC-II Clone M5/
114.15.2). After washes, cells were resuspended in 2 % para-
formaldehyde and analyzed in a LSR-II (BD Biosciences,
Franklin Lakes, NJ, USA). To quantify the proportion of
resident and infiltrating myeloid cells undergoing cell pro-
liferation, CNS mononuclear cells were stained first with
cell surface markers, fixed with 4 % PFA for 30 min and
then incubated at RT for 10 min in permeabilization buffer
(eBioscience). Cells were then stained with Ki67-V450
(Clone B56) in permeabilization buffer for 20 min, washed,
resuspended in 2 % PFA, and acquired on an LSR-II [43].

Behavioral analysis

Composite neuroscore

Evaluation of neuromotor impairment following CCI
was performed by using a 28-point composite neuro-
score. In brief, mice were evaluated by an investigator
blinded to the injury status (sham, TBI) of the animal.
Scoring for each animal ranged from 0 (severely im-
paired) to 4 (normal strength or function) for each of
the following modalities: (1) left and (2) right forelimb
flexion during suspension by the tail; (3) left and (4)
right hind limb flexion with the forelimbs remaining on
a flat surface as the hind limbs are lifted by the tail; (5)
ability to resist lateral pulsation to the left and (6) right;
and (7) ability to stand on an inclined plane in the left,
(8) right, and (9) vertical position. In addition, the ability
of mice to stand on an inclined plane for at least 5 s in
each of three directions (facing up, left, and right) was
determined. The angle was increased in 2.5° increments
starting at 40°; the maximal angle was noted and com-
pared with pre-injury (baseline) values. A score was then
assigned based on the decrease from baseline angle in
degrees, where 4=0° change, 3=25° change, 2=5°
change, 1="7.5° change, and 0=10" change or greater.
Each of the three directions was scored separately, after
which a mean was calculated, giving a maximum score
of 4 for the inclined plane. The scores for (7), (8), and
(9) were averaged, and a composite neurological motor
score (0-28) was calculated by summation of individual
test scores. Neuromotor function was assessed in both
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injured and sham-operated animals, and baseline compos-
ite neuromotor scores were calculated from values ob-
tained 24 h prior to injury.

Open-field and elevated plus maze

The open-field and elevated plus maze were used to de-
termine general activity levels and to measure anxiety-
like behavior. Animals were monitored under moderate
lighting for 15 min in a 40-cm” open field using video
tracking software (ANY-Maze, Stoelting, IL, USA). Gen-
eral activity was evaluated by determining the total of
distance traveled. Anxiety-like behavior was assessed
based on the pattern of exploration in the open field
(center versus periphery). Anxiety-like behavior was also
assessed using the elevated plus maze. Our elevated plus
maze consists of two well-lit open arms (35 c¢cm) facing
each other and two enclosed arms (30.5 cm) also facing
each other. Each arm is attached to a common center
platform (4.5 cm?), and the entire apparatus was ele-
vated 40 cm off the floor. The mice were placed in the
center platform and allowed to explore for 5 min. Video
tracking software (ANY-Maze) measured movement and
time spent in each section.

Rota-rod

Mice were tested for overall balance, motor coordin-
ation, and motor learning on an accelerating rota-rod
apparatus (Ugo Basile, Italy). The center rotor is a 3-cm
diameter cylinder, and rotation started at 4 rpm and ac-
celerated to 40 rpm within a 5-min period. Mice were
tested for the time spent on the rotor during each of
four trials with a 30-min inter-trial interval, and time to
fall off the rotor was the outcome measured.

Morris water maze

The Morris hidden platform water maze (MWM) con-
sisted of a circular pool (1.38 m diameter) filled with
room temperature water containing non-toxic opaque
paint with an escape platform (10 cm diameter) hidden
3 cm beneath the surface. Each mouse was placed in the
pool in a pseudorandom order and given 60 s to locate
the escape platform. When the mouse found the plat-
form, or if it failed to find the platform within 60 s, it
was placed on the platform and left for 30 s. Each mouse
was given four trials per day for 7 days with 1-h inter-
trial interval between trials. Sessions were recorded, and
the time to find the platform (escape latency), the total
distance traveled, and swim speed were determined by
video tracking software (ANY-Maze). After each session,
mice were towel-dried and placed in a cage on a heating
pad until dry, after which they were returned to their
home cage. On day 8 post-training, all mice were sub-
jected to one probe trial in which the platform was
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removed and each animal had 60 s to search the pool
for the platform.

Statistical analysis

Statistical analyses comparing two genotypes, two ma-
nipulations (sham and TBI), and two time points (15
and 30 days post-injury) were done using a one-way ana-
lysis of variance (ANOVA) or two-way ANOVA with
post hoc multiple comparison analysis (Tukey-Kramer
or Bonferroni post hoc test). Repeated measures ANOVA
followed by Bonferroni post hoc comparisons were used
to analyze rota-rod data. Flow cytometry data are pre-
sented as number of cells or percentage of specific cell
populations. Differences between groups were analyzed
using ANOVA or an unpaired ¢ test with GraphPad Prism
software (San Diego, CA, USA). P values are shown in the
data (*) when P < 0.05. Statistical analysis was done in the
GraphPad Prism software.

Results

Mild TBI impairs neuromotor function

Prior to surgery, there were no differences in composite
neuroscores between WT and CX3CR1”~ mice. The
brain-injured WT mice had lower composite neuroscores
at 24 h, 7, and 15 days post-surgery than sham WT mice
(Fig. 1). By 30 days post-surgery, composite neuroscores
for the brain-injured WT and sham WT mice did not dif-
fer, indicating recovery of neuromotor function. Compos-
ite neuroscores for the brain-injured WT mice were
significantly lower than those of brain-injured CX3CR1~/~
mice at 24 h post-injury but not at 7 or 15 days post-
injury. Composite neuroscores for the brain-injured
CX3CR17~ mice did not differ from those of sham
CX3CR17~ mice at any time point, indicating that
CX3CR1 deficiency is neuroprotective.

Mild TBI does not affect spontaneous locomotor activity
or cause excessive anxiety but impairs motor learning
and cognitive function
Separate groups of animals (n = 10/group) were evalu-
ated in open-field, elevated plus maze, rota-rod, and
Morris water maze 30 days post-TBL

To examine spontaneous locomotor activity in re-
sponse to a novel environment, all mice were tested in
the open-field behavioral task. The open-field task moni-
tors activity in a brightly lit, novel environment. Spon-
taneous locomotor activity was assessed as the total
amount of distance traveled in the chamber. In addition,
anxiety levels can be measured in the open-field task
through assessment of the distances traveled in the cen-
ter versus perimeter of the chamber. This task exploits
the natural tendency of mice to avoid open areas.

In the open-field task, there were no genotype differ-
ences in distance traveled. WT mice subjected to TBI
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Fig. 1 Composite neuroscore (mean + SEM). Evaluation of neuromotor
function and recovery over a 30-day period. At 24 h post-TBI, injured
WT mice (n = 3) demonstrated a significant decline in neuromotor
function compared with sham WT (n=4) and CX3CR1™~ injured
mice (n = 4; two-way ANOVA, F (1, 9) **p=0.001; **p=0.001). At 7 days
post-TBI, injured WT mice (n =5) continued to demonstrate significant
impairment than sham WT mice (n=5; two-way ANOVA,

F (1,15) *p=001). Injured CX3CR1™™ mice (n = 4) were not different
from the injured WT mice (p > 0.05). A significant impairment in motor
function performance was still present at 15 days post-injury in injured
WT mice (n=8) compared to sham WT mice (n = 8; two-way ANOVA,
F(1,15) **p=0.001)). Injured CX3CR1™~ mice (n=8) were not different
from the injured WT mice (n=8; p > 0.05). All injured mice (n=15)
recovered similarly at 30 days post-TBI. White bar = CX3CR1 sham WT.
Green bar = CX3CR1 sham KO. Red Bar = CX3CR1 WT-TBI. Blue
bar = CX3CR1 KO-TBI

- J

spent less time in the perimeter zone of the open-field
chamber than did CX3CR1~/ “-injured (TBI) mice (two-
way ANOVA **p = 0.01; Fig. 2a). A modest, yet statistically
significant difference in total distance traveled was re-
vealed between sham and TBI groups for both genotypes;
however, no difference was observed between WT-TBI
and CX3CR1™"~ TBI mice. No difference was revealed be-
tween genotypes and/or injury groups in the elevated plus
maze task (data not shown).

After open-field and elevated plus maze assessments,
the same mice were also tested for coordination and
motor skill acquisition using an accelerating rota-rod dur-
ing each of four trials per day on two consecutive days
(Fig. 2b). The amount of time an animal stays on the rota-
rod is an indicator of its general level of balance and co-
ordination. In general, mice improve their performance
over time with training, which is an indicator of motor
learning. Sham wild-type mice performed significantly bet-
ter than sham CX3CR1~~ mice, during the 2 days of
training (Fig. 2b), confirming our previous finding of
motor learning deficits in CX3CR1™"~ mice [40]. No differ-
ences were observed among injury groups during the first
day of training. On the second day of training (trials 5-8),
sham WT mice remained on the rotor for longer
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Fig. 2 Evaluation of behavioral analysis 30 days post-TBI. a In the open-field task, all mice traveled the same distance in the center zone compared to
the perimeter zone. CX3CR1 WT-TBI spent less time in the perimeter zone of the open-field chamber compared to CX3CR1 KO-TBI (two-way ANOVA
(F=3, 72, *p=0.01). Total distance traveled in the chamber was significantly different between CX3CR1 sham WT and CX3CR1 sham KO
mice. Two-way ANOVA (F=1, 36, **p = 0.001) and between shams and TBI groups two-way ANOVA (F=1, 36, **p = 0.001). CX3CR1 sham WT (n=10
white bar), CX3CR1 sham KO (n =10 green bar), CX3CR1T WT-TBI (n =10 red bar), and CX3CR1 KO-TBI (n = 10 blue bar) mice. b Rota-rod. CX3CR1 sham
WT mice performed significantly better than CX3CR1 sham KO mice, over the 2 days of training (repeated measures ANOVA, *p =0.5). No difference
between injured groups was observed in the learning ability in the rota-rod task during the first day of training. On the second day of training (trials
5-8), CX3CR1 sham WT mice learned the rota-rod task as demonstrated by their ability to remain on the rod for longer periods compared to CX3CR1
WT-TBI (**p =0.01). CX3CR1 KO-TBI mice showed a significantly worse performance than CX3CR1 WT-TBI wild-type (*p=0.5). Neither the
CX3CR1 KO-TBI nor the CX3CR1T WT-TBI mice showed significant improvement in motor coordination with training when compared to
sham WT. CX3CR1 sham WT (n=10; white open square). CX3CRT WT-TBI (n=10; red square). CX3CR1 sham KO (n=10; green square).
CX3CR1 KO-TBI (n=10; blue squares). c—e Morris water maze. ¢ Mean latency to escape from a pool to a hidden platform across training
days. All groups spent more time in learning to find the platform compared to sham WT. CX3CR1 sham WT (n = 8; white bar). CX3CR1 WT-TBI (h=9; red
square). CX3CR1 sham KO (n = 8; green square). CX3CR1 KO-TBI (n = 9; blue squares). d A probe test was performed on day 8 to determine the number of
pseudo platform crossings in the target quadrant. All TBI groups crossed less number of time the target quadrant zone when compared to CX3CR1 sham
WT. CX3CR1 KO-TBI mice crossed the target quadrant less number of time than CX3CR1 sham KO and CX3CR1 WT-TBI. e No difference was observed in
the average swim speed between groups. CX3CR1 sham WT (n = 8; white bar). CX3CR1 WT-TBI (n = 9; red square). CX3CR1 sham KO (n=8; green square).
CX3CR1 KO-TBI (n =9; blue squares). All data are presented as mean + SEM p < 0.01

periods. Injured CX3CR1”~ mice performed worse
than injured WT. However, the motor impairment of
injured CX3CR1™'~ mice was similar to that one observed
in sham CX3CR17", likely due to the baseline (floor) ef-
fect associated with CX3CR1 deficiency. Neither injured
CX3CR17~ mice nor injured WT mice significantly

improved motor coordination on the second day of train-
ing when compared to day 1 of training; (Fig. 2b; repeated
measures ANOVA, p < 0.0001).

Spatial learning was evaluated using the Morris water
maze (MWM) task as previously described [40]. As pre-
viously shown, the escape latency (time to find the
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platform) of sham CX3CR1™/~ mice during training was
longer than that of sham WT mice (Fig. 2c). All mice
subjected to TBI, irrespective of genotype, took longer
to find the platform during training as compared to
sham WT mice. During the probe trial (day 8), the num-
ber of target platform crossings was decreased in injured
mice irrespective of genotype as compared to sham WT
mice. Injured CX3CR1™~ mice performed worse than
injured WT and sham mice (Fig. 2d). A similar trend
was observed in the time that each group spent in the
platform zone (data not shown). There was no difference
in the average swim speed among groups (Fig. 2e).

TBIl-induced neuronal cell death and survival

We used Fluoro-Jade B and NeuN staining to determine
the impact of mild TBI on neuronal cell death and sur-
vival in the cortex during the transition from the acute
to chronic post-traumatic period, days 15 and 30 post-
TBI. Stereological analyses revealed increased numbers
of degenerating neurons (Fluoro-Jade B cells) in the
cortex of WT mice 15 days post-TBI as compared to
CX3CR1™"~ mice (Fig. 3a; two way ANOVA, p = 0.0001;
Bonferroni post hoc p=0.01). By 30 days post-injury,
however, the number of degenerating neurons in injured
CX3CR1™"~ mice was greater than in injured WT mice
(Fig. 3, p=0.001). Stereological quantification revealed
that the number of Fluoro-Jade B* cells in CX3CR1 ™/~ mice
increased from day 15 to 30 post-TBI, suggesting delayed
cell degeneration in these animals (CX3CR1™/~-TBI—15 vs
30 days, p <0.01). Microscope visualization did not reveal
any Fluoro-Jade B" cells in sham animals irrespective of

genotype (nd).
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Neuronal survival was determined by the stereological
quantification of NeuN" cells (Fig. 3b). At 15 days post-
TBI time point, we analyzed tissue from all groups of an-
imals (CX3CR1 sham KO, CX3CR1 sham WT, CX3CR1
KO-TBI, CX3CR1 WT-TBI). However, at 30 days, only tis-
sue from injured TBI animals was analyzed. Neuronal cell
loss was apparent after TBI in WT mice and CX3CR1™~
mice (Fig. 3b). In WT mice, there were fewer NeuN" cells
15 days post-TBI than at 30 days post-TBI In contrast,
there were more NeuN™ cells in CX3CR1 ™~ mice 15 days
post-TBI than at 30 days post-TBI, indicating neuronal cell
loss over time. Comparison of genotypes indicated signifi-
cant differences in numbers of NeuN" cells such that
there were more NeuN" cells in CX3CR1 ™~ mice 15 days
post-TBI and more NeuN" cells in WT mice 30 days post-
TBL Collectively, these data demonstrate that CX3CR1
exacerbates cell loss during the acute phase post-TBI
(number of neurons is greater in CX3CR1™~ mice 15 days
post-TBI than in WT mice) and protects cells during the
chronic phase post-TBI (number of neurons is less in
CX3CR1™"~ mice than WT mice 30 days post-TBI).

CX3CR1 deficiency correlates with increased microglial
proliferation and does not modulate the trafficking of
hematogenous myeloid cells to the brain after TBI
Because TBI involves infiltration of peripheral blood
monocytes into the brain [44], we first isolated mono-
nuclear cells from WT and CX3CR1™/~ mice at 15 or
30 days post-TBI and analyzed them with flow cytome-
try (Fig. 4a). Total brain mononuclear cells were counted
and compared among groups (Fig. 4b; Table 1). After
TBI in WT mice, there was an increase in overall

A Fluoro-Jade B* cells in cortex
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Fig. 3 Quantification of neuronal loss at 15 and 30 days post-TBI. Left panel (a): unbiased stereology quantification showed a significant decrease in the
number of Fluoro-Jade B cells in the ipsilateral cortex (F=1, 10; *p = 0.001) of CX3CR1 KO-TBI mice (n = 3; blue bar) at 15 days post-TBI, when compared
to CX3CR1 WT-TBI (n = 3; red bar). CX3CR1 sham WT (not detected), CX3CR1 sham KO (not detected). Fifteen days post-TBI, the decrease in the number
of Fluoro-Jade B* cells in CX3CR1 KO-TBI mice was associated with a significant increase in the number of NeuN" cells (right pane (b); n = 3) compared
to CX3CR1 WT-TBI (n = 3 **p =0.001). Thirty days post-TBI CX3CR1 KO mice showed increased number of Fluoro-Jade B* cells (n = 3; *p =0.01) which was
associated with decreased NeuN immunoreactivity (n = 5; **p = 0.001; mean + SE (*WT vs CX3CR17~+ 15 vs 30 days). CX3CR1 sham WT (white bar),
CX3CR1 sham KO (green bar), CX3CR1 WT-TBI (red bar), and CX3CR1 KO-TBI (blue bar). At 30 days, the number of NeuN* cells was not determined (nd).
Two-way ANOVA performed across genotype, treatment, and time point revealed a significant difference in the number of Fluoro-Jade and NeuN™ cells
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Fig. 4 Increased microglial reaction after TBI. CX3CR1™* (WT; white bar) and CX3CR17~ (KO, black bar) brain leukocytes were analyzed by flow
cytometry, and total cellularity, numbers of blood derived infiltrating cells, and CD4
increase in the overall cellularity was observed when comparing all groups at 15 days (*P < 0.05 comparing sham WT versus WT-TBI 15 days post-TB),
hematogenous population did not show statistical significance among injured WT and
KO mice. d-f There was a significant increase in microglial cell number at 15 days post-TBI in WT mice when compared to sham WT group. CX3CR1
KO-TBI group also showed a significant increase in microglia number when comparing 15 and 30 days post-TBI, although effects were also seen in the
sham-treated KO group. g-i Staining for Ki67 in representative sample of WT-TBI (g upper panel) and KO-TBI (g lower panel) groups and also presented
in histogram (h) with gray line showing the isotype controls, WT-TBI Ki67 intensity in blue line, and KO-TBI in red. Data were quantified (i) revealing that
in the absence of CX3CR1, microglial cells exhibit a higher proliferative capacity (*P < 0.05)

microglial cells were compared. a-c After TBI, a significant

cellularity 15 days post-TBI when compared to the
sham group (Fig. 4b, *P<0.05). CX3CR1-KO mice
showed a slight increase in overall cellularity at 15 days
post-TBI but not statistically significant from the sham

group. However, there were no significant differences
between injured WT and CX3CR1™/~ mice in the
CD45™€" hematogenous population (Fig. 4c), suggest-
ing that overall the contribution of blood-derived cells
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Table 1 Total microglia cell numbers in the brain tissue. Microglia cell numbers in sham WT, sham KO, WT-TBI, and KO-TBI at 15 and
30 days post-TBI as plotted in Fig. 4b. Total microglia cell numbers in the brain tissue. Microglia cell numbers in sham WT, sham KO,

WT-TBI, and KO-TBI at 15 and 30 days post-TBI as plotted in Fig. 4f

15 days 30 days
Sham WT Sham KO WT-TBI KO-TBI Sham WT Sham KO WT-TBI KO-TBI
Total cell numbers in the brain tissue after TBI (Fig. 4b)
Mean 390,777 984,242 1.581%10° 1.255%10° 1408 x 10° 1.697 x 10° 1617 x10° 1.986 x 10°
Standard error 90,972 120,144 389,298 254,594 302,104 222,274 301,655 137,642
n 6 6 6 6 8 7 9 8
Microglia cell numbers in the brain tissue after TBI (Fig. 4f)
Mean 216,305 377,880 468,937 471,776 487,667 885,237 701,797 862,206
Standard error 46,031 56,377 84,401 73,242 79,322 156,709 142,253 128,469
n 6 6 6 6 8 7 9 8

to the inflammatory process is not altered in CX3CR1™/~
mice. Further analysis of the CD45™" population was
performed using CD11b to identify all myeloid cells,
CD11c for dendritic cells (DCs), Ly6G to mark neutro-
phils, and CD3 to identify T cells. The results did not
reveal differences between sham and TBI groups in T cells
or infiltrating myeloid cells, including monocytes/macro-
phages (CD11b*CD11c’), myeloid derived DCs (CD11b
*CD11c"), conventional DCs (CD11b"CD11c"), or neu-
trophils (CD11b'Ly6G") (data not shown). Compari-
son of the CD45"°" microglia population between
WT (Fig. 4d) and CX3CR1~~ mice (Fig. 4e) reveals a
significant increase in both groups when compared to
sham controls at 15 and 30 days post-TBI (Fig. 4f).
Figure 4d—e shows representative plots, actual numbers
are shown on Fig. 4f; (Table 1). There is a significant ef-
fect of the sham procedure in the microglia response in
CX3CR1-KO mice that is particularly evident at day 30
and significant between the sham WT and sham KO
groups. We and others have evidence that the microglia
in these mice are more prone to activation in setting of
LPS injection, EAE, and MPTP challenge among other
models. However, TBI does have a slight effect toward
an increased number of microglia at day 30 although
not statistically significant. To assess differences in the
proliferation of the CNS-resident microglial population,
we performed flow cytometry on cells stained with the
proliferation marker Ki67 on sham controls and TBI-
induced WT mice (Fig. 4g) and CX3CR1”~ mice
(Fig. 4h) 30 days after injury (Fig. 4g—i). CX3CR1™"~
mice exhibited a higher proportion of Ki67+ microglia
(Fig. 4i) irrespective of injury. This result highlights the
importance of CX3CR1 in controlling microglial prolifera-
tion even under conditions of skull exposure without CCI
because microglial proliferation in naive (unmanipulated)
CX3CR1™~ mice is similar to that of WT mice [43].
Collectively, these results suggest that CX3CR1 plays an

important role in inhibiting the microglia reaction in this
model of TBI.

Impact of mild TBI on microglia phenotypes

To determine whether the protective and neurotoxic ef-
fects of CX3CR1 signaling following mild TBI were due
to activation of different microglia phenotypes, we quan-
tified microglia immunoreactivity in cortical sections ob-
tained from mice 15 and 30 days post-TBL. We first
analyzed CD11b, a marker common to all microglia phe-
notypes, and found there were more CD11b" cells in
CX3CR1”/" mice than in WT mice 15 days post-TBL By
30 days post-TBI, the number of CD11b" cells increased
to the same extent in WT and in CX3CR1~'~ mice (Fig. 5
a, b). We performed immunostaining for both sham
groups, CX3CR1 KO and WT. CD11b staining intensity
showed similar intensity in the cortex of KO and sham
WT animals, and it appeared to be lower compared to
TBI groups. Therefore, we did not perform stereological
analysis for sham animals.

Then, we immunostained cortical tissues for markers
associated with M2 microglial and M1 microglial activa-
tion phenotype and at 7, 15, and 30 days post-TBI (YM1
chitinase 3-like 3; CD206 mannose receptor; CD68
Marco). At 7 days post-TBI, the expression of the M2a
markers YM1 and CD206 increased in the cortex of
brain-injured CX3CR1™"~ mice, but not brain-injured WT
mice (Fig. 6a—h showing M2 expression in the cortex).
YM1 and CD206 were not detected in the brains of sham
animals of either genotype (Fig. 6d, h). No M2 markers
were detected at 15 or 30 days post-TBL. We then used
qRT-PCR to determine M2-TGF[-associated gene expres-
sion at 7 days post-TBL Sham CX3CR1~~ mice had de-
creased TGFP mRNA levels (p < 0.001) compared to sham
WT mice (Fig. 6i). Seven days post-TBI, TGF mRNA sig-
nificantly increased in injured CX3CR1~~ mice as com-
pared to sham CX3CR1”~ (p < 0.001). No difference was
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Fig. 5 Stereological quantification of CD11B" cells in the cortex at 15 and 30 days post-injury. a x10 magnification micrographs of CD11B staining in the
cortex in the vicinity of the lesion. Upper panel shows the staining's intensity in CX3CR1 sham WT and CX3CR1 WT-TBI at 15 and 30 days post-injury. Lower
panels show the staining’s intensity in CX3CR1 sham KO and CX3CR1 KO-TBI at 15 and 30 days post-injury. b The cortical expression of CD11b" cells was

significantly increased in CX3CR1 KO-TBI (n = 6) mice compared to CX3CR1 WT-TBI mice (n=5) at 15 days post-TBI (*p = 0.05). Two-way ANOVA revealed

that the number of CD11b™ cells increased in the cortex from day 15-30 post-TBI to the same extent in CX3CR1 WT-TBI and in CX3CR1 KO-TBI
mice (**p =0.001). Staining in sham animals was not determined (nd). CX3CR1 sham WT (white bar), CX3CR1 sham KO (green bar), CX3CR1
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observed between injured CX3CR1™~ and injured WT
mice. We also analyzed gene expression of iNOS and IL-
1P at 7 days post-TBI. Levels of mRNA for iNOS and IL-1
were significantly greater in sham CX3CR1™/~ mice than
sham WT mice (Fig. 6i, p <0.001). In contrast, iNOS and
IL-1 significantly decreased in injured CX3CR1™~'~ mice
compared to injured WT mice. Furthermore, iNOS and
IL-1 mRNA levels in injured CX3CR1™~ mice were sig-
nificantly decreased compared to sham CX3CR1™"~ mice
(see Table 2). Finally, we analyzed M1 and M2-associated
protein expression of IL-1p, IL-6, and IL-4, respectively, in
CX3CR17~ and WT mice at 15 days post-TBL Figure 7
shows that IL-1 and IL-6 increased in WT mice subjected
to TBI, whereas IL-4 increased in CX3CR1™~'~ mice. M1
marker Marco was analyzed at 30 days post-TBI, and M1
marker CD68 was analyzed at 15 and 30 days post-TBI
(Fig. 8). The time course and anatomical expression of
Marco was different between WT and CX3CR1™". In WT
mice, Marco was expressed in the hippocampus (but not
in the cortex) at 7, 15, and 30 days post-TBI, while in
CX3CR1™"~ mice, Marco expression was only evident
at 30 days post-TBI thus we only quantified Marco
at 30 days in hippocampus. Thirty days post-TBI,
Marco was highly expressed in injured CX3CR1™/~
mice (Fig. 8a—c). CD68, a specific marker of phago-
cytic microglia, was decreased at 15 days post-TBI in
CX3CR17”~ mice relative to WT mice, but by 30 days
post-injury, there were no significant differences be-
tween genotypes (Fig. 8d, e).

Discussion

Results of this study demonstrate for the first time that
CX3CR1 modulates responses to mild TBI in a time-
dependent manner. During the acute post-traumatic
period (24 h—15 days), neuronal cell loss is greater in the
brain-injured WT than in the brain-injured CX3CR1™"~
mice. In contrast, during the chronic phase (30 days
post-injury), lack of CX3CR1 exacerbates neuronal dam-
age. The acute post-TBI phase in CX3CR1™~~ mice is as-
sociated with a protective M2 microglia phenotype as
evidenced by upregulation of YM1 and CD206 and
increased TGEP, IL-4, and IL-10. Concurrently with the
M2 microglia phenotype during this acute post-traumatic
period, responses of CX3CR1~/~ mice to TBI include a re-
duction in M1 microglia phenotype markers, such as iNOS
and IL-1p. During the chronic post-injury phase, the brains
of injured CX3CR1~~ mice show a profound inflammatory
response compared to brains of injured WT mice. This
post-traumatic chronic response in mice lacking CX3CR1
is characterized by an inflammatory M1 microglia pheno-
type, as evidenced by upregulation of Marco, CD68, and
the inflammatory cytokines IL-1f and IL-6.

One interpretation for the decrease in TGFp and IL-4 in
the sham KO mice is that lack of CX3CR1 leads to a
decrease in the M2-type responses in favor of M1-type
responses (increased IL-1p). However, future work will be
necessary to test this interpretation and to determine if
the polarization of M1-type over M2 type responses is cell
autonomous or involves a paracrine signaling mechanism.
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Fig. 6 Immunostaining, stereological quantification, and gPCR analysis of M2 and M1 polarization markers in cortex at 7 days post-TBI. a—d YM1
shows a strong increase in staining in the CX3CR1 KO-TBI compared to CX3CR1 WT-TBI at 7 days post-injury. a Micrograph at x4 magnification
showing YM1 staining in the proximity of the lesion area in CX3CR1 KO-TBI mice. b Higher magnification (x10) of the area indicated by the red
arrow in (a). ¢ Higher magnification (x20) of the area in the proximity of the lesion of CX3CR1 WT-TBI and CX3CR1 KO-TBI showing in more detail
microglial YM1 morphology. d Unbiased stereology revealed a significant increase in the number of YM1 and CD206" cells (right panel) in the
cortex of CX3CR1 KO-TBI mice (n = 3) compared to CX3CR1 WT-TBI (n =4). e-h CD206 shows a strong increase in staining in the CX3CR1 KO-TBI
compared to CX3CR1 WT-TBI at 7 days post-injury. e Micrograph at x4 magnification showing CD206 staining in the proximity of the lesion area
in CX3CR1 KO-TBI mice. f Higher magnification (x10) of the area indicated by the red arrow in (a). g Higher magnification (x20) of the area in the
proximity of the lesion of CX3CR1T WT-TBI and CX3CR1 KO-TBI showing in more detail microglial CD206 morphology. h Unbiased stereology revealed a
significant increase in the number of CD206" cells in the cortex of CX3CR1 KO-TBI mice compared to CX3CR1 WT-TBI. YM1 and CD206
were not detected in sham mice (**p <0.001). i Relative mRNA levels of M2 marker TGFp were significantly lower in sham CX3CR1 sham
KO (n=5) compared to CX3CR1 sham WT (n = 5). Following TBI, the expression of TGF{3 significantly increased in CX3CR1 KO mice compared to sham
(n=5;**p < 0.001) but was not different compared to CX3CR1 WT-TBI (n = 5). M1 markers iNOS (middle panel) and IL-1B (right panel) were similar in
the cortex of CX3CR1 sham KO (n =5) compared to CX3CR1 sham WT (n = 5). Following injury, iNOS and IL-13 mRNA levels in CX3CR1 KO-TBI (n =5)
were significantly decreased compared to CX3CR1 WT-TBI (n=5). **p <0.001). CX3CR1 sham WT (white bar), CX3CR1 sham KO (green bar),
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Table 2 CT, ACT, and fold change. TGFf{3, iNOS, and IL-1(3 raw
numbers as plotted in Fig. 6g. Numbers are expressed as CT, ACT,
and fold change (means and standard deviations) normalized
against wild-type sham

Treatment Genotype Gene CT ACT Fold change
(mean+SD) (mean=SD) (mean +SD)

Sham WT TGFB 25368+031 12429+031 1.000+0.20
KO 257514023 12775+£026 0.782+0.14

TBI WT 25268 +003 12255+0.11 1.107+0.08
KO 25451+032 12451£033 1.154£0.06

Sham WT iNOS  29.156+0.11 16.558+0.11 1.000+ 0.07
KO 29.037+0.12 16450+0.14 1.080+0.11

TBI WT 28802+024 16335£029 1.187£0.13
KO 29.168 £ 0.06 16.654+0.08 0933 +0.09

Sham WT IL-13 28340+£101 16747+£099 1.000+ 0.60
KO 29.705+1.73 17109+ 1.72 1.521+£0.17

TBI WT 28903+093 16435£090 1.191£0.57
KO 29.259+080 16.715+080 0.968+0.51

The predominant M1 response in injured CX3CR1 ™/~
brain is associated with poorer performance in the Mor-
ris water maze. We previously demonstrated that lack of
CX3CR1 impairs motor and cognitive function [40]. We
now show that lack of CX3CR1 during the chronic
phase of mild brain injury exacerbates this already im-
paired cognitive function. However, it is important to
take in consideration that both RT-PCR and ELISA data
have been obtained from whole brain tissue, not from
extracted microglia; therefore, we cannot determine with
absolute certainty the cellular source of these signals.
Furthermore, it has to be noted that although the statis-
tical analysis indicated significant difference between
CX3CR1 WT-TBI and CX3CR1 KO-TBI in mRNA levels
for TGFP, iNOS, and IL1, the physiological significance
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of such changes may be questionable and bigger changes
may be observed at earlier time points.

Collectively, these observations demonstrate that
CX3CR1 is both neuroprotective and neurotoxic in
brain injury depending on the time post-injury. Im-
portantly, these findings suggest that antagonizing the
CX3CL1/CX3CR1 pathway during a critical period
after mild TBI may reprogram the brain inflammatory
environment from detrimental to beneficial, favoring
endogenous neuroprotective or neurorestorative mech-
anisms. Furthermore, results from this study provide
important new knowledge that is relevant to the differ-
ential roles of the CX3CL1/CX3CR1 pathway that have
been described in a number of pathologies.

Our findings are in agreement with several reports
demonstrating in other models that CX3CR1 drives in-
flammatory responses during the acute period following
CNS injury. For instance, in focal cerebral ischemia,
Dénes et al. [24] reported reduced damage to the blood-
brain barrier, which correlated with a protected pheno-
type, reduced ischemic volume, fewer apoptotic cells,
and better performance in the behavioral test of adhesive
tape removal. Similarly, CX3CR1~~ mice are protected
from the middle cerebral artery occlusion, with smaller
infarct size at early time points after injury, which is as-
sociated with an M2 microglial phenotype [26]. In a
model of spinal cord injury, CX3CR1~~ mice had more
favorable outcome 5 days post-injury, with neuroprotec-
tion and functional recovery, than WT control mice
[23]. The improved recovery after traumatic spinal cord
injury is associated with reduced recruitment of mono-
cytes/macrophages to the site of injury. Collectively,
these studies underscore a role for CX3CR1 signaling in
response to CNS injury and suggest that mechanisms by
which CX3CR1 promotes neuroprotection during the acute
phase of brain injury include a protective microglia pheno-
type and reduced monocyte/macrophage recruitment.
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Our data indicate that CD68, a specific marker of
phagocytic microglia, is decreased at 15 days post-
trauma in CX3CR1”~ mice and, in this present study,
tends to increase by 30 days post-injury. Although
microglial phagocytosis of dead or dying neurons can be
beneficial by preventing the release of pro-inflammatory
molecules, under some conditions, such as inflamma-
tion, microglia also phagocytize viable neurons, thus
contributing to cell death [45]. Intraventricular infusion
of mesenchymal stem cells after TBI induces early and
lasting acquisition of a protective M2 microglial pheno-
type that is associated with reduced CD68 immunoreac-
tivity [46]. Based on these observations, we hypothesize
that the reduced phagocytic activity in CX3CR1™'~ mice
could be beneficial to neurons and perhaps explain neu-
roprotection at 15 days post-trauma on these animals.
On the other hand, increased phagocytosis 30 days post-
TBI could be detrimental and increase neuronal death.
However, CD68 immunoreactivity may not necessarily
correlate with phagocytosis [47, 48]. For example, micro-
glia that are phagocytizing apoptotic cells in physio-
logical conditions in the hippocampus do not express
CD68 [47, 48]. Experiments to specifically address this
issue remain to be conducted. Nevertheless, our data
show that a transient protective M2 microglia phenotype
with decreased CD68 phagocytic activity manifests early
after mild TBI in CX3CR1 ™/~ mice.

The dramatic shift during the chronic phase of brain in-
jury in CX3CR1™~ mice limits the recruitment of M2
microglia and switches the balance toward the M1 pheno-
type, which contributes to excessive inflammatory re-
sponses and exacerbated neuronal damage. Although a
shift in microglia phenotype between the acute and
chronic phase of TBI has recently been reported [49], we
extend these observations by identifying CX3CR1 as a
possible regulator of this microglia/macrophage pheno-
type switch following mild TBI It is important to note
however, that the transition between M1 and M2 micro-
glia phenotypes is not all or none, and several intermedi-
ate microglia phenotypes with overlapping features have
been described during the shift between alternatively
activated phenotypes. Indeed, recently Morganti et al.
[50] using CX3CR1°*/* CCR2"*/* reporter mice have
demonstrated a broad spectrum of M1-M2 polarization
mRNA gene expression following TBI, with changes
occurring primarily during the first 48 h. Importantly,
they reported that there was not a clear delineation
of an exclusive M1, M2a, or M2c phenotype. Several
factors could explain differences between our study
and that of Morganti et al; ours is a model of mild
TBI model, and our M1 and M2 analysis was based
on both gene expression and immunohistochemical
assessment, whereas the Morganti study only reported
on gene expression.
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Although our data do not provide information as to
precisely how CX3CR1 dictates the recruitment of M1/
M2 microglia during acute or chronic stages of the dis-
ease, there likely are multiple mechanisms that regulate
the neuroprotective vs. neurotoxic effects of microglia
after mild TBI Relative expression of CX3CR1 defines
two phenotypically distinct monocyte subsets. Mono-
cytes of the Ly6C"M"/CX3CR1'" subset express CCR2, a
chemokine receptor that facilitates recruitment of in-
flammatory monocytes to the site of injury. Conversely,
monocytes of the subset Ly6C'*"/CX3CR1™&" are CCR2
deficient and are dependent on CX3CR1 for recruitment
[51-53]. CX3CR1" monocytes may differentiate from
Ly6Chigh monocytes in tissue and thus may not require
CX3CR1 for recruitment [54, 55]. These distinct mono-
cyte populations are associated with tissue pathology
and repair. For example, in a model of myocardial in-
farction, tissue repair requires recruitment of Ly6Chigh
and then Ly6C'®" monocytes [53]. Ly6C"8" monocytes
are proteolitic, degrade injured tissue, and give rise to
M1 macrophages in vivo [35, 56]. Other reports demon-
strate that the Ly6C'®"/CX3CR1"™" monocyte subset is
associated with beneficial effects as this population is
capable of tissue healing [53].

In experimental models of spinal cord injury and focal
cerebral ischemia, tissue damage is attenuated and func-
tion recovers earlier following injury in CX3CR1-deficient
mice, effects attributed to reduced recruitment and/or
activation of microglia/macrophages [23, 24, 57, 58]. Inhi-
biting CX3CR1 at early time points in a model of ischemic
brain injury protects neurological function and reduces
neuropathology by decreasing CD11b*/Ly6C'**/iNOS*
monocyte recruitment, microglia proliferation, and
leukocyte infiltration [58]. Similarly, Donnelly et al. [23]
showed that abolishing CX3CR1 reduces accumulation of
CD11b*/Ly6C'°¥/iNOS" monocytes, which confers neuro-
protection and promotes recovery of function at early
time points after spinal cord injury. These benefits are as-
sociated with suppressed inflammatory signaling in micro-
glia and microglia-derived macrophages.

In our model of mild focal TBI, we did not detect dif-
ferences in leukocyte infiltration from the periphery be-
tween wild-type and CX3CR1-deficient mice. Lack of
differences between CX3CRI1-deficient and wild-type
mice could be due to the post-TBI time point analyzed
and/or the mild TBI induced in this study. However,
based on these aforementioned observations and our
data, we hypothesize that after focal TBI, CX3CR1 plays
a fundamental role in dictating the timing of recruitment
of inflammatory monocyte populations relative to the
protective monocyte populations, which results in a det-
rimental and protective microglia phenotype, respect-
ively. Our results may reconcile data obtained from a
number of pathologies with respect to whether CX3CR1
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is protective or neurotoxic. Taken together, our data sug-
gest that CX3CR1 may be an ideal target for therapeutic
intervention in the acute post-traumatic period to delay
secondary brain damage.
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