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After traumatic brain injury (TBI), neurons surviving the initial insult can undergo chronic (secondary) degeneration via poorly under-
stood mechanisms, resulting in long-term cognitive impairment. Although a neuroinflammatory response is promptly activated after
TBI, it is unknown whether it has a significant role in chronic phases of TBI (�1 year after injury). Using a closed-head injury model of TBI
in mice, we showed by MRI scans that TBI caused substantial degeneration at the lesion site within a few weeks and these did not expand
significantly thereafter. However, chronic alterations in neurons were observed, with reduced dendritic spine density lasting �1 year
after injury. In parallel, we found a long-lasting inflammatory response throughout the entire brain. Deletion of one allele of CX3CR1, a
chemokine receptor, limited infiltration of peripheral immune cells and largely prevented the chronic degeneration of the injured brain
and provided a better functional recovery in female, but not male, mice. Therefore, targeting persistent neuroinflammation presents a
new therapeutic option to reduce chronic neurodegeneration.
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Introduction
Traumatic brain injury (TBI) accounts for one-third of all injury-
related deaths and has become a leading cause of disability in
children and young adults (Langlois et al., 2005; Thompson et al.,
2006). Individuals surviving severe brain trauma or repetitive
mild traumas such as concussions often show delayed chronic
brain degeneration affecting the entire brain. Despite the high
incidence and cost burden on society, there is little understanding

of the underlying mechanisms of chronic neurodegeneration af-
ter TBI and a lack of effective treatments (Olesen et al., 2012).

Neurodegeneration after TBI occurs both acutely and
chronically. During acute stages (a few days after injury), se-
verely damaged neurons die via necrosis and apoptosis (Rink
et al., 1995; Raghupathi, 2004). Excessive calcium influxes,
glutamate excitotoxicity, disruption of the blood– brain bar-
rier (BBB), vasogenic edema, and complex changes in local
cerebral blood flow also contribute to acute neuronal death
(Cortez et al., 1989; Bramlett and Dietrich, 2007). Neurode-
generation can continue long after TBI, perhaps throughout a
person’s remaining lifetime, albeit at a smaller scale compared
with the acute cell loss (Pierce et al., 1998; Bramlett and Di-
etrich, 2002). Recent studies identifying TBI as a risk factor for
the development of dementia and neuropsychiatric diseases
suggest the occurrence of long-term maladaptive changes in
the injured brain (Lye and Shores, 2000; Saulle and Green-
wald, 2012; Kamper et al., 2013). How neurons that survive
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Significance Statement

Traumatic brain injury (TBI) often causes chronic neurological problems including epilepsy, neuropsychiatric disorders, and
dementia through unknown mechanisms. Our study demonstrates that inflammatory cells invading the brain lead to secondary
brain damage. Sex-specific amelioration of chronic neuroinflammation rescues the brain degeneration and results in improved
motor functions. Therefore, this study pinpoints an effective therapeutic approach to preventing secondary complications after
TBI.
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the acute trauma are affected long after injury is not well
understood.

TBI also triggers a rapid inflammatory response involving
activated astrocytes and microglia (Kreutzberg, 1996; Chen
and Swanson, 2003; Ekmark-Lewén et al., 2013). In addition,
peripheral immune cells in the blood such as macrophages and
lymphocytes, which are normally excluded from the brain,
infiltrate into the injured brain tissue and potentially further
amplify the immune response. Neuroinflammation of the in-
jured brain can be both beneficial (reparative) and destructive
(contributing to disease) (Jeong et al., 2013). Human genetic
studies have demonstrated that inflammation-related micro-
glial genes such as TREM2 (Jonsson et al., 2013) and CD33
(Naj et al., 2011) are risk factors for Alzheimer’s disease (AD),
which suggests a possible causative relationship between in-
flammation and chronic neurodegeneration.

Microglia, the resident immune cells of the brain, have long
been thought to be main contributors to inflammation in chronic
brain diseases (Aguzzi et al., 2013). Recent studies have high-
lighted differences between microglia and macrophages: micro-
glia are derived from primitive erythromyeloid progenitors in the
yolk sac, whereas macrophages are derived from hematopoiesis
in the bone marrow (Salter and Beggs, 2014). In addition, it has
been shown that microglia and macrophages have different gene
expression signatures and functions (Butovsky et al., 2014; Prinz
and Priller, 2014). Therefore, it is possible that resident microglia
react differently in the injured brain compared with invading
macrophages and other blood-derived immune cells. In the
healthy brain, microglia play critical functions, such as monitor-
ing and controlling neuronal activity, spine pruning, regulating
apoptosis, and engulfing remnants of dead cells during CNS de-
velopment (Salter and Beggs, 2014). Microglia are also involved

Figure 1. CCI injury model and motor assessment of mice after CCI TBI. Shown are examples of mild (A) and moderate (B) brain injury induced by CCI impact (see Materials and Methods) as
assessed by T2-MRI. Arrowheads indicate edematous tissue, as defined by T2 signal. C, D, Brains of the same mice imaged in A and B fixed at �4 months after injury to confirm location and extent
of macroscopic tissue loss. E, Quantification of tissue edema volume as assessed by MRI acutely (4 h after injury) for mice with and without a skull fracture during the impact. There is a strong
correlation between the presence of skull fracture and tissue loss. Each data point represents one animal. n�5 and 6 mice for the mild and moderate groups, respectively. The mean values are shown
by the horizontal lines; ***p � 0.001 calculated by Student’s t test. F, G, IgG antibody labeled demonstrating the extent of the BBB leakage after the mild and moderate injuries, respectively. H–J,
Motor performance of mice with mild and moderate injury. H, Quantification of average latency to fall in the rotarod test for mild injury (blue dots) and moderate injury animals (red dots), before
the lesion (preinjury) and at the indicated times postinjury. n � 4 and 5 mice for the mild and moderate groups, respectively. I, Quantification of average foot slips in the balance beam test for mild
(blue dots) and moderate (red dots) injury. n � 5 and 4 mice for the mild and moderate groups, respectively. J, Quantification of total beam breaks in open field, a measure of horizontal activity, for
mild (blue dots) and moderate (red dots) injury. n � 5 and 4 mice for the mild and moderate groups, respectively. Each data point represents one animal. The mean values are shown by the
horizontal lines. *p � 0.05, **p � 0.01, ***p � 0.001 calculated by one-way ANOVA test with Tukey–Kramer post hoc test at the indicated time point compared with their preinjury performance.
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in vital roles in the diseased brain, including uptake and clearance
of amyloid plaques in AD, neurotrophin secretion, and clearance
of debris (Aguzzi et al., 2013; Parkhurst et al., 2013).

In this study using a closed-head mouse model of TBI, we
report that dendritic spine loss and neuroinflammation occur,
not only shortly after brain injury, but continue into chronic
stages of TBI and take place in widespread regions beyond the site
of acute trauma. Targeting the inflammatory response via dele-
tion of one allele of CX3CR1 reduced the infiltration of blood-
derived peripheral immune cells into the injured brain, protected
the brain from chronic degeneration, and improved the recovery
of motor functions in female mice. Therefore, long-term inflam-
mation is a critical component of chronic neurodegeneration and
thus targeting chronic neuroinflammation has potential for
treating the long-term effects of TBI.

Materials and Methods
Animals
In this study, we performed TBI on �3-month-old C57BL/6-GFP-M
(Feng et al., 2000) and C57BL/6-CX3CR1 (Jung et al., 2000) mice com-
pared with littermate wild-type controls. Males weighed 29.8 � 3.0 g
(n � 21 mice) and females 22.8 � 2.6 g (n � 17 mice). We used mixed-
sex mice (�1:1 ratio) in the experiments shown in Figures 1A–G, 2, 3, 4,
5, 6, 7, 8, and 9 and only females for the behavior tasks (Fig. 1H–J ) to
reduce the number of mice used in long-term behavior experiments. This

was done because the controlled cortical impact (CCI) model induced
more consistent lesions in female mice. All experimental animals were
handled in accordance with Institutional Animal Care and Use Commit-
tee regulations and were approved by the Genentech Institutional Ani-
mal Care and Use Committee. The mice were housed in ventilated
microisolator cages in a 12/12 h dark/light cycle. To reduce the usage of
animals, we used the minimum number of mice required to obtain bio-
logically meaningful data with the statistical tests that were used.

TBI
We performed TBI using a CCI device (TBI-0310 Impactor; Precision
Systems) under 3% isoflurane anesthesia. Briefly, the mouse was placed
under general anesthesia and then placed in a stereotaxic apparatus with
a temperature-controlled heating blanket to keep the body temperature
at �37°C. The incision area was shaved and aseptically prepped with an
appropriate disinfectant (e.g., betadine followed by alcohol wipe). Then,
a longitudinal incision of the skin was made between the occiput and
forehead and the periosteum underneath was scraped off to the temporal
crests. The right somatosensory cortex target area (interaural 2.5 mm and
bregma 0.5 mm) was identified using a stereotaxic apparatus and sagittal
and coronal sutures on the exposed skull were identified visually. The
injury was then applied using the apparatus with the following parame-
ters: impact speed: 3.5 m/s; impact duration: 350 ms; and impact depth:
2 mm. After the impact, the skin was closed with either silk suture (for
MRI animals) or metallic wound closure clips (for non-MRI animals)
and the animals were placed on a heating pad overnight for recovery.
Animals with and without skull fracture had moderate and mild lesions,

Figure 2. Long-term tissue degeneration on moderately injured mice by MRI. A, Serial T2 maps obtained with MRI from a representative mouse with moderate CCI TBI taken over 18 weeks. Blue
arrow indicates approximate site of CCI impact. The elevated T2 at 4 h and 1 d after injury (arrowheads) represents tissue edema. By 1 week, T2 hyperintensity has dissipated and the edematous
region is replaced by degenerating tissue (black signal, arrowhead at 1 week) starting from the lesioned area of the cortex and spreading toward inner brain structures including corpus callosum,
hippocampus, and thalamus. When the injury cavity reached the lateral ventricle, it was filled with CSF, seen as a homogenous white region of elevated T2 in MRI (arrowheads at 4, 8, and 18 weeks).
B, Top row, 3D rendering (top view) of the MRI scans from A is used to show the location and calculate the volume of tissue edema (yellow region) and tissue degeneration (red region) over time.
The normal appearing tissue in MRI is shown in green (spared tissue). Bottom row shows edematous (yellow) and lost tissue (red) only at higher magnification in coronal view. Note that much of
the edematous tissue (yellow) degenerated (red) over time. C, Volume quantification of edematous (yellow) and lost tissue (red). n � 5 mice. ***p � 0.001 calculated by one-way ANOVA test with
Tukey–Kramer post hoc test at the indicated time point for moderate injury compared with the 4 h time point after injury.
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respectively, which was confirmed with MRI. Approximately one-fifth of
the mice died shortly after the impact (within hours); these were consid-
ered as having severe injury and were excluded from the study. To reduce
stress and pain, analgesics (buprenorphine: 0.05– 0.1 mg/kg, SC) were
injected every 12 h up to 3 d. The animals were monitored for 5 d (at least
once per day) initially and twice a week afterward. We did not observe
any important adverse events.

Magnetic resonance imaging
Animal preparation. The animals were anesthetized using 3% isoflurane
and placed in a custom-built head holder with ear bars and a tooth bar.
During imaging, anesthesia was maintained using 1.5–2% isoflurane to
keep the respiration rate at �80 breaths/min. The rectal temperature was
monitored and maintained at 36.5–37.5°C using a feedback system with
warm air (SA Instruments).

MRI protocol. Experiments were performed on a 9.4 T/210 mm hori-
zontal imaging system (Agilent Technologies) using a 40-mm-inner-
diameter quadrature volume coil. The relaxation rate T2 was measured
using a 2D multiecho, multislice experiment with a field of view of 20 �
20 mm 2, 16 coronal slices of 0.8 mm thickness, matrix size of 64 � 64
(zero-filled to 128 � 128), repetition time (TR) of 3000 ms, echo time
(TE) of 10, 20, 30, 40, 50, 60, 70, and 80 ms, and 4 averages. For each
image pixel, T2 was calculated from the following equation:

S(TE) � S(0) exp ��
TE

T2�
Rotarod motor task
The rotarod task was performed as described previously (Hamm et al.,
1994) using an EZ-ROD instrument (Accuscan Instruments). Briefly, the

pretraining was 2–3 sessions of 4 trials each (5–10 min intervals) over 2–3
d. For the actual test, the mice underwent a single, fixed-speed warm-up
and three trials of the accelerating rotarod, with a maximum length of
360 s. Each mouse also had a 1 h rest between each accelerating trial.
Assessments were limited to once/week.

Balance beam motor task
The balance beam motor task was performed as described previously
(Luong et al., 2011). In brief, animals were placed on a beam to traverse
an 80 cm beam (11 mm diameter) on an upward incline to reach a dark,
enclosed escape box. After pretraining, they were given two trials with a
maximum latency of 180 s and the observer counted occurring foot slips.

Open field motor task
To assess general locomotor activity, the mice were placed individually in
a PAS open-field box (16 � 16 inches) from San Diego Instruments for
15 minutes. The horizontal distance covered by the mouse, the time it
spent in the periphery versus the center (a measure of anxiety), the num-
ber of rearings, and its speed of locomotion were detected automatically
as interruptions of infrared photobeams.

3D imaging of the entire brain
3D imaging of entire unsectioned brains of mice of either sex expressing
GFP in microglia was performed as described previously (Ertürk et al.,
2012a; Ertürk et al., 2012b). In brief, after perfusion, the mouse brains
were dissected and postfixed in 4% PFA overnight. Subsequently, brains
were cleared using the following protocol: 50% tetrahydrofuran (THF;
Sigma-Aldrich, 186562) for 2 h, 70% THF for 2 h, 80% for 2 h, 100% THF
for 2 h, 100% THF overnight, 100% THF for 2 h, and dibenzyl ether for
2 � 3 h or overnight. Tissue clearing rendered mouse brains transparent

Figure 3. Dendritic spine loss at acute and chronic stages after moderate CCI TBI. A–F, Representative images of dendritic spines from apical secondary branches of hippocampal CA1 pyramidal
neurons: unlesioned young mice (3-month-old age-matched controls for acute CCI TBI) (A), mice at 1 week after CCI TBI, ipsilateral (B), or contralateral (C), unlesioned old mice (1.5-year-old
age-matched controls for chronic CCI TBI) (D), and at 1.5 years after CCI TBI (E, F ). G, Quantification of dendritic spine density from the hippocampus of mice that were unlesioned or at indicated
time-points after CCI injury. Each data point represents average from one animal; n � 5, 6, 7, 4, 6, and 5 mice, respectively. les, Lesioned; unles, unlesioned; n.s., not significant. *p � 0.05 and
***p � 0.001 calculated by one-way ANOVA test with Tukey–Kramer post hoc test between indicated groups.
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within 1–2 d, but preserved the GFP signal of microglia. We also noted
that clearing caused tissue shrinkage, which was �20% for each dimen-
sion. After clearing, we used a light-sheet ultramicroscope (LaVision
Biotec) with two-side illumination to scan the entire cleared brains at
once (Dodt et al., 2007; Ertürk et al., 2014a) with a resolution of 4 � 4 �
3 �m for the x, y, z dimensions, respectively. A scan of the entire brain
with 2-side illumination took �60 min.

Tissue sectioning and immunohistochemistry (IHC)
After overnight postfixation, the brains were transferred into sucrose
gradients: 15% for 6 h and 30% for 2–3 d at 4°C. We then used a sliding
Leica microtome to section the brains at 50 �m in coronal orientation.
The tissue sections were collected into cryro-freezing medium (30% glyc-
erol � 30% ethylene glycol � 40% PBS).

For IHC, brain sections were stained in a free-floating way using 12-
well dishes. The tissue sections were washed twice times with PBS before
staining and incubated with blocking buffer (10% goat serum in PBS) for
2 h at room temperature. Primary antibody incubation was performed in
blocking buffer overnight at 4°C. After washing 3– 4 times with PBS, 4 h
of secondary antibody incubation was done at room temperature. Fi-
nally, after washing three to four times with PBS, tissue sections were
mounted onto glass imaging slides using Prolong Gold Antifade Reagent
(Invitrogen). We used the following antibodies in this study: anti-rabbit
GFAP (Dako) 1:1000, anti-rabbit Iba-1 (Wako) 1:1000, anti-rabbit
CX3CR1 1:250 (Abcam, ab8020), and Alexa Fluor-555 or Alexa Fluor-
568 anti-rabbit or anti-rat secondary (1:400).

Confocal microscopy and spine analysis
The 50 �m brain sections coming from the same anatomical region of the
brains were imaged using a 40� oil objective (numerical aperture 1.25)
on a Leica SP5 confocal or a Zeiss LSM880 with Airyscan. We quantified
spine density on the initial 50 �m of secondary branches of CA1 neurons.
The spine density shown in Figure 2 (defined as protrusions of length
between 0.5 and 2 �m) was measured blindly using ImageJ as described
previously (Ertürk et al., 2014b).

Flow cytometry
The flow cytometric analysis shown in Figure 8 was performed as de-
scribed previously (Liesz et al., 2011). In brief, brains were removed after
transcardial perfusion with saline and collected in DMEM � 10% FCS.
Mononuclear cells from the brain were isolated by incubating the sam-
ples in 2 ml of digestion mixture [DMEM � 10% FCS � 0.4% DNase 1
(#11284932001, Roche) � 3% collagenase D (#11088866001, Roche)]
for 10 min at 37°C and then dissociated mechanically. Cerebral mono-
nuclear cells were subsequently isolated using a 70% and 40% discontin-
uous Percoll gradient. To quantify the various cell populations, cells were
stained with the following monoclonal antibodies in accordance with the
manufacturer’s protocols: anti-CD3 FITC (17A2), anti-CD4 PerCP5.5
(RM4 –5), anti-CD8 PE (53– 6.7), anti-CD19 APC-eFlur 780 (eBisID3),
anti-CD45 eF450 (30-F11), anti-NK1.1 PE Cy7 (PK136), anti-F4/80
FITC (BM8), anti-CD11b PerCP5.5 (M1/70), anti-MHCII PE (NIMR-
4), anti-Ly6C APC (HK1.4), and anti-Ly6G PE Cy7 (RB6 – 8C5). Data
were acquired on a FACSVerse flow cytometer (BD Biosciences) and
analyzed using FACSuite software (BD Biosciences).

For flow cytometric analysis of results demonstrated in Figure 11, the
mice were perfused with 20 ml of PBS (at a speed of 3 ml/min) and brains
were dissected out immediately. After splitting brains into two hemi-
spheres, they were chopped with a razor blade 10 –20 times (on ice) and
transferred into safe-lock tubes (Eppendorf, 022363417), which were
freshly filled with 1.6 ml of Accutase solution (Millipore, SCR005). Sam-
ples were rotated in the cold room for 20 min and centrifuged at 4°C for
2 min at 300 � g. After discarding the supernatant, the pellets were
resuspended in 1.3 ml of Hibernate A buffer (Brainbits, HA-Lf) by trit-
urating using a 1 ml pipette (the tip slightly cut) �6 – 8 times, letting the
large pieces to settle down on ice and transferring 1 ml of supernatant
into a 50 ml of Falcon tube through a cell strainer (70 �m). This step was
repeated three to four times (with 800 �l of Hibernate A buffer) until the
supernatant was a clear solution. Small cellular debris were reduced by
density centrifugation through a three-density step gradient of Percoll
(Sigma-Aldrich, P1644). One milliliter of each solution was carefully
layered in a 15 ml Falcon tube, with the highest density solution on the
bottom (high-density solution: 3.426 ml of Hibernate A � 824.5 �l of
Percoll � 97.8 �l of 1 M NaCl; medium-density solution: 3.600 ml of
Hibernate A � 650.5 �l of Percoll � 76.5 �l of 1 M NaCl; low-density
solution: 3.770 ml of Hibernate A � 480.3 �l of Percoll � 59.5 �l of 1 M

NaCl). The filtered cell suspension was applied to the top of this gradient
and centrifuged at 430 � g for 3 min. The cloudy top layer (�2 ml)
containing debris was removed and discarded. Cells in the remaining
layers were pelleted by centrifugation at 550 � g for 5 min, resuspended
in 1 ml of Hibernate A, and incubated with 1:1000 DAPI (Biotium), 1:250
PE rat anti-mouse CD45 (BD Pharma, 553081), 1:250 APC rat anti-
mouse CD11b (BD Pharma, 553312) in a cold room for 30 min on a
rotator. After a washing step with Hibernate A buffer, the pellet was

Figure 4. Method of quantification of astrocyte and microglia density in brain sections.
ImageJ macros were written to measure cell density on immunohistochemistry sections of brain
in an automated and blinded fashion. Coronal brain sections were immunostained for GFAP or
Iba1, imaged by epifluorescence microscopy using the same acquisition parameters, and
stitched together into a composite whole section (A). The workflow of the macro is as follows: a
background subtraction to eliminate noise signal is applied to the original image and all indi-
vidual cells above the defined uniform threshold are identified and segmented (B). The number
of cells is then determined and a heat map is generated based on the density of the cells per
25 � 25 pixel squares (equivalent to 2123 �m 2) (C).
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resuspended in 1 ml of Hibernate A and transferred into FACS Falcon
tubes (BD Biosciences, 352235) prefilled with 3 ml of Hibernate A. Cells
were scanned with a FACSAria (BD Biosciences) and analyzed with
FlowJo software is not listed in the references. Please either add this
reference to the list or delete the citation from the text (TreeStar).

Image processing and statistical analysis
The individual images were made using Im-
ageJ. Images were cropped, resized (if neces-
sary) with Adobe Photoshop, and assembled to
figures using Canvas (ACD Systems). For MRI
and 3DISCO, segmentation on consecutive 2D
images and their 3D reconstructions were ob-
tained using Amira (Visage Imaging). All sta-
tistical analysis was performed with JMP (SAS
Institute). The quantifications were measured
by investigators blinded to the experimental
conditions using ImageJ.

Results
Chronic TBI induced by a
CCI instrument
To model TBI in mice, we used a CCI in-
strument, which allows the control of im-
pact force. We performed the injury on
mice with an intact skull, creating a so-
called closed head injury. This model is
more representative of human TBI than
open skull injury models, in which the
brain is exposed with a craniotomy
(Xiong et al., 2013). However, the severity
of injury induced is more variable in the
closed head injury model. Therefore, we
first optimized the injury severity to study
mice with a similar degree of injury. To
begin, we consistently used the following
parameters to induce CCI injury over the
somatosensory cortex of mice: impact
depth: 2 mm, impact speed: 3.5 m/s, and
impact duration: 350 ms. By examining
the mouse brains 4 h after injury with
MRI, we could group animals into two
different levels of injury severity: (1) mild
injury, which showed little or no edema-
tous tissue as measured by enhanced T2
signal (arrowhead in Fig. 1A; MRI quan-
tification of tissue edema is shown in
Fig. 1E), or (2) moderate injury, which
showed extensive edematous tissue (Fig.
1B,E). We noted a strong correlation be-
tween the incidence of a skull fracture (as
visually observed immediately after CCI
impact) and injury severity: whereas all
animals in moderate injury group had an
obvious skull fracture (broken and col-
lapsed), none of the animals in mild injury
group had any visible skull fracture (Fig.
1E). Assessment of fixed brains 18 weeks
after injury confirmed the absence of
gross tissue loss in mild lesions (Fig. 1C),
whereas moderate lesions resulted in ex-
tensive tissue loss around the site of CCI
impact (Fig. 1D). Finally, we assessed BBB
integrity using IgG immunostaining at
48 h after injury. We found that mildly
injured brains had a small amount of BBB

leakage confined to lesion site (Fig. 1F, arrowhead) and moder-
ately injured brains had much larger BBB leakage extending to
distal cortical and hippocampal regions (Fig. 1G, arrows). We
conclude that observation of the skull fracture immediately after

Figure 5. Microglia/macrophage density increases at distal brain regions from acute to chronic stages of TBI. Iba-1� cell
(microglia/macrophage) density and distribution were assessed in coronal brain sections by Iba-1 immunostaining. A–H, Repre-
sentative images in grayscale and heat map: unlesioned young mice (A, B), mice at 1 week after CCI TBI (C, D), unlesioned old mice
(E, F ), and at 1.5 years after CCI TBI (G, H ). I, Quantification of Iba-1� cell density (average of entire hemibrain) from mice that
were unlesioned or at indicated time points after CCI injury. Each dot represents one animal, n � 4, 6, 6, 3, 3, 6, 6, and 5 mice,
respectively; ***p � 0.001, *p � 0.05 calculated by one-way ANOVA test with Tukey–Kramer post hoc test between indicated
groups.
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injury is sufficient to sort animals into mild or moderate injury
severity groups.

As functional readouts, we measured the effect of CCI TBI on
various motor behavior tests (rotarod, balance beam, and mobil-
ity in open field). To this end, the mice were pretrained (before
TBI) in the motor task until they could perform the task consis-
tently. Their performance was tested a few days before the TBI
and at 5 additional times during the course of 8 weeks after injury
(Fig. 1H–J). In the rotarod test (the ability of mice to stay on a
rotating rod; see Materials and Methods), the mice with mild TBI
injury showed minor residual deficits (Fig. 1H, blue dots),
whereas mice with moderate injury exhibited severe deficits that
persisted for 8 weeks after injury (Fig. 1H, red dots). In the bal-
ance beam test (measured by number of foot slips during tra-
versal of the balance beam), moderately injured mice were
strongly affected but recovered partially over 8 weeks (Fig. 1I, red
dots), whereas no significant performance change was observed
in the mild injury group (Fig. 1I, blue dots). In the open-field test,

the moderate TBI mice showed marked diminution of movement
immediately after trauma (4 h after injury), but had largely re-
covered by 4 d after head injury, as measured by beam breaks
(Fig. 1J, red dots). Mildly injured mice did not show any signifi-
cant deficit in open-field testing (Fig. 1J, blue dots). Even mice
with moderate injury were able to move around and feed them-
selves shortly after CCI TBI.

Because there was observable long-term functional impair-
ment in the moderate injury group, we next aimed to understand
brain pathophysiology of moderately injured mice and underly-
ing causes leading to functional deficits over months in this
group.

MRI shows no gross degeneration chronically after TBI
To assess the time course of brain tissue damage longitudinally,
mice with moderate CCI injury were followed by T2 mapping
with MRI over several months (Fig. 2A). The injury was readily
detectable by 4 h after the impact in the form of widespread,

Figure 6. Chronic activation of microglia in the injured brain. Microglia cell count and activity and cerebral lymphocyte subpopulations were analyzed by flow cytometry in the acute (7 d after
injury) and chronic (4 months after injury) phase after TBI. Both hemispheres, ipsilateral (ipsi) and contralateral (contra), were investigated at the indicated time points after TBI and compared with
age-matched naive animals (acute and chronic control). A, Absolute cell counts of microglia (CD11b �CD45 low/int) were quantified per one hemisphere of the indicated group after gating for single
cells and excluding dead cells. B, Microglial activation was analyzed by expression of MHC class II molecules on microglia cells (MHCII). Data are presented as the percentage of MHCII high-expessing
cells of total CD11b �CD45 low/int microglia. Note that microglia activation persisted several months after injury. C, Absolute cell counts of total lymphocytes (CD45 highCD11b 	) were quantified per
hemisphere. n � 4 and 5 mice for the acute and chronic groups, respectively. ***p � 0.001, **p � 0.01 and *p � 0.05 calculated by one-way ANOVA test with Tukey–Kramer post hoc testing for
multiple comparisons. C–H, High-magnification confocal images of the microglia: unlesioned old mice (�1.5 years age) (C), mice at 1.5 years after CCI TBI, contralateral (D) or ipsilateral (E),
unlesioned young mice (3 months age) (F ), and mice at 1 week after CCI TBI, contralateral (G) or ipsilateral (H ). Iba-1� cells in unlesioned young mice have many long processes (F ). One week after
injury, microglia retract most of their processes and show enlargement of cell bodies (G). In chronic stages, most of the microglia/macrophages still show increased cell body size and fewer processes
(D, E) compared with unlesioned age-matched mice (C).
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diffuse elevated T2 signal, most likely marking edema in the brain
tissue (arrowheads at the 4 h and 1 d time point images in Fig. 2A
and yellow in representative 3D reconstruction in Fig. 2B). Quan-
tifications show that the elevated T2 (presumed acute edema)
persisted for �1 d, but had largely resolved by 1 week after injury
(Fig. 2C, yellow). In the same time frame (1 d to 1 week), the
edematous tissue at the site of injury began to degenerate (Fig. 2A,
arrowhead at 1 week time point; black signal in MRI image marks
the absence of tissue). At �4 weeks after injury, the tissue cavity
had typically expanded to include the ipsilateral corpus callosum,
hippocampus, and lateral ventricle and was filled with fluid (pre-
sumably CSF, which appears as a smaller, homogenous region of
elevated T2 in the MRI, indicated by arrowheads in the 4, 8, and
18 week images in Fig. 2A and represented by red volume in the
3D reconstruction in Fig. 2B). There was a consistent boundary
between the lesion cavity and spared brain tissue from 4 weeks
on, suggesting that the lesion cavity was stabilized by this time
and did not increase significantly in volume thereafter (quanti-
fied in Fig. 2C, red). Overall, these data show that gross tissue loss
in the moderate CCI TBI model occurred during the acute stage
(within initial weeks of injury).

Chronic neurodegeneration occurs at the subcellular level
Could there be neurodegeneration at a smaller scale that was not
detectable by MRI? To address this question, we quantified den-
dritic spine density in hippocampal CA1 neurons of GFP-M
mice, in which a subset of neurons express GFP under control of

the Thy-1 promoter (Feng et al., 2000). We found a �50% reduc-
tion in dendritic spine density acutely (1 week after injury) in the
ipsilateral hippocampus compared with unlesioned controls
(Fig. 3A,B, quantified in G). The ipsilateral loss of spines per-
sisted in animals that were 1–1.5 years after injury (Fig. 3E,G).
Surprisingly, although there was a slight but nonsignificant de-
crease in spine density in the contralateral hippocampus at 1 week
after injury, we observed a marked reduction at 1–1.5 years after
injury (Fig. 3A,C,D,F,G). These data reveal a loss of spines in the
contralateral hippocampus after TBI that is delayed relative to the
ipsilateral side and that persists beyond 1 year after TBI.

Widespread chronic neuroinflammation after TBI
Although previous reports have consistently demonstrated a role
of the neuroinflammatory response in the pathophysiology of
brain injury, including TBI (Perry et al., 2010; Ramlackhansingh
et al., 2011), the impact of neuroinflammatory mechanisms in
the chronic phase after acute brain injury are still elusive.

To assess temporal and spatial distribution of neuroinflam-
mation and astrogliosis, we immunostained inflammatory cells
and astrocytes and imaged coronal brain sections from the same
anatomical region at a resolution that allowed us to discriminate
individual glial cells. A total of 15–20 microscope images covering
the entire coronal section were stitched together (Fig. 4A). The
resulting images were analyzed in an automated and blinded
fashion, using a custom ImageJ macro that first performed a
background subtraction and then identified individual cells (Fig.

Figure 7. Increased astrocyte density in widespread brain regions in acute and chronic stages of TBI. GFAP� astrocyte density and distribution were assessed in coronal brain sections. A–H,
Representative images in grayscale and heat map: unlesioned young mice (A, B), mice at 1 week after CCI TBI (C, D), unlesioned old mice (E, F ) and at 1.5 years after CCI TBI (G, H ). I, Quantification
of GFAP� astrocyte density (average of entire hemibrain) from mice that were unlesioned or at indicated time points after CCI injury. Each dot represents one animal; n � 4, 5, 5, 5, 5, 5, 5, and 4
mice, respectively; mean values are indicated by horizontal lines. ***p � 0.001, *p � 0.05 calculated by one-way ANOVA test with Tukey–Kramer post hoc test between indicated groups. J–O,
High-magnification confocal images of the astrocytes: unlesioned young mice (3 months age) (J ), mice at 1 week after CCI TBI, contralateral (K ) or ipsilateral (L), unlesioned old mice (�1.5 years
age) (M ), and mice at 1.5 years after CCI TBI, contralateral (N ) or ipsilateral (O). Note that astrocytes in unlesioned young mice have a star-shaped morphology with long processes (J ). Acutely after
injury, cell bodies of astrocytes become enlarged (L). In chronic stages (�1 year after injury), most of the astrocytes preserve their increased volume (N, O) compared with unlesioned age-matched
mice (M ).
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4B) and quantified the average cell density
above the threshold in the entire ipsilat-
eral or contralateral side of the brain sec-
tion. Finally, it produced a heat map
representing cell density that enabled
quantitative analysis of cell counts per sec-
tion (Fig. 4C).

As reported previously (Kreutzberg,
1996; Jeong et al., 2013), we observed a
massive increase in Iba-1 signal intensity
(denoting microglia/macrophages) dur-
ing the acute stage (1 week after injury)
ipsilaterally, which then fell to intermedi-
ate levels at 1–1.5 years after injury (Fig.
5A–H, quantified in I). Conversely,
Iba-1� cells increased moderately on the
contralateral side at 1 week after injury,
but continued to rise from acute stage to
chronic stages (Fig. 5A–I). At 1–1.5 years
after injury, there was no significant dif-
ference in the Iba-1� cells on the ipsilat-
eral versus the contralateral side (Fig. 5I).
Therefore, whereas activated microglia/
macrophage numbers subsided with time
around the lesion site, they increased in
brain regions distant from the lesion. We
also noted an increase in microglia/mac-
rophage density (which did not reach sta-
tistical significance) in old mice (�1.5
years age) compared with young mice (3
months age) that was independent of TBI
(Fig. 5B,F,I). We obtained similar histo-
logical results using CD68, another
marker of myeloid cells including micro-
glia and macrophages (data not shown).
Using fluorescence-activated cell sorting
(FACS), we found that the number of microglia (CD11b�

CD45 low/int) actually did not alter significantly either acutely or
chronically after TBI, suggesting that the majority of the Iba-1�
cells were infiltrating macrophages (Fig. 6A). Importantly, the
fraction of MHC-II high (proinflammatory) microglia (CD11b�

CD45 low/int) was increased (Fig. 6B), demonstrating substantial
microglial activation both acutely and chronically after TBI de-
spite nearly unaltered absolute cell counts. High-magnification
confocal images of microglia/macrophages demonstrated an
amoeboid morphology (retracted processes) at chronic stages
compared with unlesioned animals (Fig. 6C–E) that was similar
to the activated microglia/macrophages observed in the acute
stage of TBI (Fig. 6F–H). We also found that astrogliosis, assessed
with the GFAP marker, persisted a remarkably long time (�1
year) after brain injury (Fig. 7). Overall, these data suggest the
presence of inflammatory cells in the injured brain months/years
after injury, which is indicative of chronic neuroinflammation.

Blocking immune cell infiltration rescues degeneration of the
injured brain in a sex-specific manner
TBI induces massive infiltration of blood-derived peripheral
immune cells into the brain acutely. Whether they are also
present in the chronic stage of TBI and contribute to neuro-
degeneration has not been explored. Using flow cytometry, we
found a significant elevation in the total number of lymphocytes
(CD45 highCD11b	) acutely (7 d after injury) (Fig. 8A), which
persisted chronically (4 months after injury). Analysis of lympho-

cyte subpopulations infiltrating the brain at different time points
after TBI revealed an increase in Thelper (CD3�CD4�) and NK
cells (NK1.1�CD3	) acutely, which subsided chronically (Fig.
8B). Overall, these data demonstrate that blood-borne peripheral
immune cells are a significant part of chronic neuroinflammation
after TBI.

To assess whether infiltration of the peripheral immune cells
is involved in chronic degeneration, we used CX3CR1-GFP mice,
in which CX3CR1 (fractalkine receptor), crucial for immune cell
recruitment through its ligand CX3CL1 (Luster et al., 2005), is
knocked out with a GFP insertion (Jung et al., 2000). Previous
reports demonstrated that heterozygous deletion of this gene
(CX3CR1�/	) is sufficient to cause behavioral deficits similar to
homozygous KOs (CX3CR1	/	) (Rogers et al., 2011; Sheridan
and Murphy, 2013). Using immunolabeling, we found an in-
crease in CX3CR1 after TBI acutely (2 d after injury) compared
with unlesioned controls, which persisted chronically (1.5 years
after injury) (Fig. 9A), suggesting that CX3CR1 might indeed be
involved in chronic neuroinflammation. Analyzing the brain tis-
sue, we found that CX3CR1�/	 male mice did not have protec-
tion compared with controls (Fig. 9B), whereas female mice had
significantly less degeneration of brain tissue compared with con-
trol mice at the 4 and 18 months postinjury times (Fig. 9C).
Whereas the lesion cavity extended from cortex into deeper brain
regions (including hippocampus and thalamic nuclei) in wild-
type controls (Fig. 9D–F), it was mostly restricted to the superfi-
cial cortex regions in the female CX3CR1�/	 mice after TBI (Fig.

Figure 8. Lymphocytes are persistently increased in the chronically injured brain. A, Absolute cell counts of total lymphocytes
(CD45 highCD11b 	) were quantified per hemisphere. Note that significantly increased lymphocyte counts still persist at 4 months
after TBI. B, Lymphocytes were further characterized to their main subpopulations of NK cells (NK1.1 �CD3 	), B cells (B220 �),
Thelper cells (CD3 �CD4 �), and Tcytotoxic cells (CD3 �CD8 �) after gating for single, live lymphocytes (CD45 �CD11b 	). Results are
presented as percentage of total lymphocytes of the respective treatment group. We observed a nonsignificant expansion in the
fraction of NK cells and Thelper cells acutely, which did not last into the chronic stage. n � 4 and 5 mice for acute and chronic groups,
respectively. **p � 0.01 and *p � 0.05 calculated by one-way ANOVA test with Tukey–Kramer post hoc testing for multiple
comparisons.
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9G–I). 3D imaging of entire brains after tissue clearing (Ertürk et
al., 2012a; Ertürk et al., 2012b) showed that, whereas the inner
brain structures were largely degenerated in mice with TBI (Fig.
9 J,K), they were preserved in CX3CR1�/	 females after TBI (Fig.
9L,M, white arrows mark preserved hippocampal structures)
similar to unlesioned CX3CR1�/	 mice (Fig. 9N,O). Next, we
investigated whether the CX3CR1�/	 mice with decreased tissue
degeneration had better functional recovery over months. Our
data again demonstrated a sex-dependent difference: female
CX3CR1�/	 mice recovered better on the rotarod test compared
with wild-type females (Fig. 10A), whereas the male CX3CR1�/	

mice did not perform better compared with wild-type males (Fig.
10B).

Finally, to assess whether there is indeed a change in the fre-
quency of peripheral immune cells in the brains of wild-type
verseus CX3CR1�/	 mice after TBI, we performed flow cytomet-
ric analysis of cerebral immune cells. At 1 year after injury, we
observed first that the frequency of macrophages was signifi-
cantly higher in both ipsilateral and contralateral sides than un-
lesioned controls; moreover, we detected a significant increase
in the frequency of lymphocytes on both the ipsilateral and
contralateral sides (Fig. 11A–D). Conversely, the percentage of
peripheral immune cell populations (macrophages and lym-

phocytes) in the injured CX3CR1 �/	 brain at 1 year after in-
jury (Fig. 11F–H ) was similar to age-matched unlesioned
CX3CR1 �/	 mice (Fig. 11 E, H ) or wild-type mice (Fig.
11 A, D), suggesting that TBI-induced infiltration of periph-
eral immune cells was significantly blocked in CX3CR1 �/	.
Altogether, the above findings demonstrate the presence of a
previously underrated chronic neuroinflammation that is me-
diated by infiltration of peripheral immune cells, as well as
microglia and astrocyte activation, and that is causally linked
to chronic brain degeneration after TBI.

Discussion
In the current study, we aimed to assess the degree of chronic
neurodegeneration and neuroinflammation after TBI and to de-
termine whether neuroinflammation contributes significantly to
chronic neurodegeneration after TBI. In a closed head CCI injury
model in mice, we found that the major loss of brain tissue (as
measured by MRI) took place within a few weeks after moderate
TBI and was largely localized to the brain region around the
impact site. In the subsequent months after injury, there ap-
peared to be no further major gross anatomical changes as de-
tected by MRI. Confocal microscopy, however, showed a
reduction in dendritic spine density in the contralateral hip-

Figure 9. Female CX3CR1 �/	 mice are protected from chronic degeneration after TBI. A, CX3CR1 immunostaining on unlesioned and lesioned brain tissues at acute and chronic stages. Note that
increased CX3CR1 levels acutely (yellow arrows) were kept in the chronic stage (yellow arrowheads). The lesion size quantifications on fixed brains from male CX3CR1 �/	 (B) and female
CX3CR1 �/	 (C) mice compared with wild-type controls at the indicated after injury times. D–I, Examples of fixed brains from female CX3CR1 �/	 and wild-type control mice at �1 year after injury
demonstrating the lesion size. J–O, Fixed brains from lesioned wild-type and lesioned and unlesioned CX3CR1 �/	 female mice were cleared and autofluorescence signal was imaged with a
light-sheet microscope to visualize gross brain anatomy. 3D reconstruction of a lesioned wild-type brain is shown in a surface-rendering view (J ) and a close-up view (K ) showing large lesion cavity
and degeneration of inner brain structures at the lesion site. 3D reconstruction of a lesioned CX3CR1 �/	 brain at 1 year after injury is shown in surface-rendering view (L) and with a corner-cut view
(M ) versus an unlesioned CX3CR1 �/	 brain is shown in surface rendering view (N ) and with a corner-cut (O) demonstrating inner brain structures. White arrowheads in M and O mark the
hippocampi that are preserved long after injury in lesioned CX3CR1 �/	 compared with unlesioned CX3CR1 �/	 mice. n � 7, 5, 4, and 5 mice for lesioned CX3CR1 �/	 at 4 months after injury,
aged-matched controls, lesioned CX3CR1 �/	 at 1 year after injury, and unlesioned aged-matched controls, respectively. ***p � 0.001 and *p � 0.05 Student’s t test between the groups at each
time line.
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pocampus in the chronic phase (�1 year
after injury), located far from the initial
impact. Consistent with a widespread,
long-term detrimental impact on the
brain, we observed an increase in gliosis
induced by microglia, macrophages, and
astrocytes that occurred mainly around
the lesion site during the acute stage, but
that had spread to distant brain regions at
�1 year after injury. These morphological
findings suggest that trauma induces
chronic neuroinflammation in the brain,
which not only does not fully recover near
the lesion, but also seems to spread over
time to brain regions distant from the im-
pact site. Heterozygous deletion of
CX3CR1 (a chemokine receptor involved
in immune cell recruitment) reduced the
number of infiltrating immune cells, res-
cued chronic degeneration of the injured
brain, and improved functional recovery
after TBI in a sex-specific way.

Spine degeneration after TBI
The majority of TBI cases in humans is
caused by a single impact to the head, of-
ten resulting from falls (�35%), motor
vehicle accidents (�17%), or being struck
by hard objects (�16%) (Langlois et al.,
2005; Rutland-Brown et al., 2006). Unlike
most TBI studies, which expose the brain
by removal of a piece of skull, we opted to use a closed skull model
for CCI TBI. Although a closed head injury model may increase
the variability of the severity of brain injury, it better mimics the
vast majority of human TBI cases. In addition, craniotomy itself
can cause additional stress to the brain, such as inflammation,
which can further complicate interpretation of the data. Here, we
tried to circumvent the variability of closed head CCI TBI by
selecting a group that suffered skull fracture and showed rela-
tively consistent damage to brain tissue (substantial acute brain
degeneration) and major acute functional deficits after the brain
trauma.

Tissue degeneration via necrotic and apoptotic cell death are
hallmarks of acute neurodegeneration after TBI (Keane et al.,
2001; Werner and Engelhard, 2007; Zhou et al., 2012). In the
following days to weeks after the initial trauma, acute complica-
tions are largely reduced by elimination of damaged cells and
cellular debris as well as repair of the BBB (Shlosberg et al., 2010).
In our moderate CCI TBI injury, a tissue cavity formed within
days of injury encompassing a region from the injured cortex and
hippocampus to the thalamus, consistent with previous studies
(Dietrich et al., 1994; Hicks et al., 1996; Hall et al., 2008). As
reported previously, TBI also caused a substantial spine loss
acutely 1 d after TBI (Winston et al., 2013) and 1 week after TBI
(Campbell et al., 2012). In the subsequent months, there was no
significant change in the lesion size by MRI, suggesting that large-
scale tissue loss was restricted to the acute stage in our injury
model. Surprisingly, however, we found a significant spine loss in
brain regions far away from the initial injury site a year after TBI.
Even mild TBI without noticeable tissue loss can lead to long-
term cognitive deficits in humans (Lipton et al., 2008) and in
animal models (Rubovitch et al., 2011). For example, neuropsy-
chiatric problems and posttraumatic epilepsy can arise months to

years after injury (Malt, 1988; Kharatishvili and Pitkänen, 2010;
Masel and DeWitt, 2010; Masel et al., 2012). Although an acute
injury naturally causes spine loss in stressed neurons around the
lesion, chronic spine reduction more than a year after injury in
distant brain regions was unexpected and is likely to be mediated
by different mechanisms than direct injury.

Recent studies suggest a role for microglia in the phagocy-
tosis and pruning of synapses and spines via complement sys-
tem in the developing brain (Stevens et al., 2007; Ricklin et al.,
2010; Paolicelli et al., 2011; Schafer et al., 2012; Stephan et al.,
2012; Kettenmann et al., 2013) and neurodegeneration in a
mouse model of AD (Hong et al., 2016). Therefore, it is pos-
sible that the broadly increased microglia and infiltrating mac-
rophage and lymphocyte density in the TBI brain could also be
contributing to the reduced spine density that we observed
bilaterally in the hippocampus. It will be important to identify
the exact subtype of immune cell and the underlying molecu-
lar mechanisms that are damaging healthy dendritic spines/
synapses. For example, Campbell et al. (2012) demonstrated
that calcineurin inhibition by FK506 can prevent the loss of
spines occurring 24 h after a lateral fluid percussion TBI.
However, whether FK506 has any effect on chronic spine de-
generation is unknown. We observed a substantial opening of
the BBB in our CCI model. It is also plausible that hemor-
rhages occurring due to BBB leakage contribute to secondary
neurodegeneration in TBI (Kurland et al., 2012).

TBI induces a persistent neuroinflammation
Upon brain injury, glia cells promptly become activated, pro-
liferate, and migrate to the lesioned area (Silver and Miller,
2004; Perry et al., 2010; Smith et al., 2013; Clarke and Barres,
2013). Whereas inflammatory cells, particularly resident mi-

Figure 10. Female CX3CR1 �/	 mice show better recovery on rotarod test. Fine motor performance of CX3CR1 �/	 and
wild-type control mice was assessed using rotarod test. Whereas CX3CR1 �/	 females showed significantly better recovery over
time compared with female controls (A), CX3CR1 �/	 males did not (B). *p � 0.05.
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croglia, with increased phagocytosis (clearing harmful debris)
and neurotrophin secretion are considered to be neuroprotec-
tive, inflammatory cells secreting excessive proinflammatory
cytokines (including TNF-� and IL-1), nitric oxide, and su-
peroxide free radicals are thought to be neurotoxic (Chao et
al., 1992; Banati et al., 1993; Satake et al., 2000; Allan and
Rothwell, 2001; Chan, 2001; Lourbopoulos et al., 2015). Inter-
estingly, acute inflammation can both block regeneration by
forming a glial scar and promote regeneration by clearing the
toxic debris, secreting neurotrophic factors and even enhanc-
ing neurogenesis (Ramlackhansingh et al., 2011; Kyritsis et al.,
2012). Our data demonstrate a state of pervasive and persis-
tent neuroinflammation after TBI beyond a year after injury.
We currently do not know how gliosis occurs in brain regions
distant from the lesion site. It is also possible that microglia
use axonal tracks including the corpus callosum for long-
distance migration or a local proliferation of immune cells, as
well as local infiltration of immune cells through compro-
mised BBB, occur in distant brain regions.

Reducing the inflammatory response limits degeneration in a
sex-specific way
The receptor for the chemokine fractalkine (CX3CR1), which
is expressed in peripheral immune cells including macro-
phages and lymphocytes (Imai et al., 1997; Mionnet et al.,
2010), is important for migration and infiltration of these cells
(Sheridan and Murphy, 2013). CX3CR1 is also expressed in
microglia and is critical for microglial function (Jung et al.,
2000). In CX3CR1 KOs, a significant neuroprotection has been
observed in spinal cord injury models acutely within a few

days/weeks of injury by restricting recruitment and activation
of peripheral macrophages (Donnelly et al., 2011). Various
studies also pointed out the neuroprotective effect of the im-
mune cell trafficking modulation, including TNF (Longhi et
al., 2013). However, whether a chronic manipulation of
CX3CR1 could affect neuroinflammation and associated neu-
rodegeneration long after injury (months to years after in-
jury), when the disease progression is evident in human
patients, was not known. In this study, we showed that sex-
specific heterozygous deletion of CX3CR1 limited the popula-
tions of infiltrating macrophages and lymphocytes, which was
associated with a large protection of the injured brain and
functional recovery of fine motor skills. It has been shown that
mice lacking CX3CR1 have reduced proinflammatory cyto-
kine and iNOS expression in microglia/macrophages after
CNS injury (Donnelly et al., 2011; Aguzzi et al., 2013). There-
fore, it is possible that CX3CR1 deficiency also contributes to
neuroprotection by reducing the secretion of potentially neu-
rotoxic proinflammatory cytokines (Dénes et al., 2008; Don-
nelly et al., 2011) in CNS-resident microglia in addition to
interfering with infiltration of circulating immune cells. Inter-
estingly, homozygous deletion of CX3CR1 dysregulates the
microglial response and results in more neurotoxicity in Par-
kinson’s disease and amyotrophic lateral sclerosis mouse
models (Cardona et al., 2006), suggesting that a complete lack
of CX3CR1 can aggravate neurodegeneration rather than be-
ing more neuroprotective.

Our study reveals the anatomic spread and remarkably endur-
ing presence of neuroinflammation and spine loss after brain
trauma. We believe that a chronic manipulation of inflammatory

Figure 11. Frequency of peripheral immune cells is reduced to unlesioned levels in the brains of CX3CR1 �/	 mice. Flow cytometry analysis of immune cells gated on CD45 � from unlesioned
old mice (A) versus lesioned mice analyzed chronically at 1 year after injury: shown is the ipsilateral brain hemisphere (B) and the contralateral brain hemisphere (C). D, Histograms indicating the
percentage of each cell population among CD45 � cells. n � 3 mice for unlesioned young and lesioned mice analyzed chronically. **p � 0.01 and *p � 0.05 calculated by one-way ANOVA test with
Tukey–Kramer post hoc test. Shown is the flow cytometry analysis of immune cells gated on CD45 � from unlesioned old CX3CR1 �/	 mice (E) versus lesioned CX3CR1 �/	 mice analyzed chronically
at 1 year after injury in the ipsilateral brain hemisphere (F ) and the contralateral brain hemisphere (G). Data from one representative experiment are shown. H, Histograms indicating the percentage
of each cell population among CD45 � cells. n � 3 mice for lesioned CX3CR1 �/	 mice analyzed chronically and unlesioned aged-matched controls. One-way ANOVA test with Tukey–Kramer post
hoc test did not show any significant difference between the groups.
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response, but not an acute manipulation alone such as via a
chemokine inhibitor, is more likely to result in long-lasting ther-
apeutic effects.
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