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Abstract
Macrophages exert divergent effects in the injured CNS causing either neurotoxicity or
regeneration. The mechanisms regulating these divergent functions are not understood but can be
attributed to the recruitment of distinct macrophage subsets and the activation of specific
intracellular signaling pathways. Here, we show that impaired signaling via the chemokine
receptor CX3CR1 promotes recovery after traumatic spinal cord injury (SCI) in mice. Deficient
CX3CR1 signaling in intraspinal microglia and monocyte-derived macrophages (MDMs)
attenuates their ability to synthesize and release inflammatory cytokines and oxidative metabolites.
Also, impaired CX3CR1 signaling abrogates the recruitment or maturation of MDMs with
presumed neurotoxic effects after SCI. Indeed, in wild-type mice, Ly6Clo/iNOS+/MHCII+/
CD11c− MDMs dominate the lesion site whereas CCR2+/Ly6Chi/MHCII−/CD11c+ monocytes
predominate in the injured spinal cord of CX3CR1-deficient mice. Replacement of wild-type
MDMs with those unable to signal via CX3CR1 resulted in anatomical and functional
improvements after SCI. Thus, blockade of CX3CR1 signaling represents a selective anti-
inflammatory therapy that is able to promote neuroprotection, in part by reducing inflammatory
signaling in microglia and MDMs and recruitment of a novel monocyte subset.
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Introduction
Clinical and experimental spinal cord injury (SCI) elicits an inflammatory response
comprised mostly of activated microglia and monocyte-derived macrophages (MDMs).
Within the lesion, these cells, collectively referred to as CNS macrophages, adopt unique
molecular phenotypes with divergent effects on neuron survival and axon growth (Kigerl et
al., 2009). The mechanisms controlling functional diversity in CNS macrophages are poorly
defined but undoubtedly include differential signaling via chemokines, cytokines and other
cues present in the lesion microenvironment.

In the healthy CNS, fractalkine (CX3CL1), a membrane-bound chemokine, is expressed by
neurons while its receptor (CX3CR1) is highly expressed on microglia (Harrison et al.,
1998; Mildner et al., 2007). The interaction between CX3CL1 and CX3CR1 is important for
maintenance of microglial function in health and disease (Zujovic et al., 2000; Mizuno et al.,
2003). CX3CL1 also is upregulated on activated endothelia (Fraticelli et al., 2001; Tarozzo
et al., 2002) where it acts as an adhesion molecule to regulate recruitment of circulating
leukocytes to sites of inflammation (Imai et al., 1997). Interestingly, CX3CL1 is not induced
in CNS vasculature during experimental autoimmune encephalomyelitis (EAE), suggesting
disease-specific regulation of CX3CL1/CX3CR1 signaling (Sunnemark et al., 2005). The
relative expression of CX3CR1 defines two distinct monocyte subsets in the blood
(Geissmann et al., 2003; Sunderkotter et al., 2004; Ancuta et al., 2006; Ancuta et al., 2009).
Thus, SCI-induced changes in CX3CL1 or CX3CR1 could influence how microglia and
MDMs affect recovery after SCI.

To date, the effects of manipulating CX3CR1 signaling after traumatic SCI have not been
evaluated. However, other model systems have shown that loss of signaling via this
chemokine receptor significantly impacts the onset and progression of neurological disease.
In experimental paradigms where microglia are the predominant CNS macrophages (e.g.,
Parkinson’s disease, ALS), deficient CX3CR1 signaling enhances their neurotoxic potential
(Cardona et al., 2006). In contrast, in stroke models, deficient CX3CR1 signaling reduces
infarct size and improves neurological function, in part through reducing neuroinflammation
(Soriano et al., 2002; Denes et al., 2008). In experimental models of autoimmune
inflammation, CX3CR1 deficiency exacerbates pathology and neurological dysfunction
(Huang et al., 2006), an effect related to impaired recruitment of NK cells.

Here we show that CX3CL1 and CX3CR1 are dynamically regulated after SCI. When
CX3CR1 signaling is abolished, neurological recovery is improved, spinal cord pathology is
reduced and the phenotype and function of microglia and monocytes is functionally altered
from that normally present after SCI. The present data show that loss of CX3CR1 signaling
attenuates the inflammatory and oxidative capacity of microglia and MDMs. Moreover, the
dynamics of monocyte recruitment and/or the differentiation of newly recruited monocyte
subsets are altered after SCI in CX3CR1-deficient mice. Collectively, these data identify
CX3CR1 as a putative therapeutic target for selectively reducing neurodestructive
inflammatory cascades after SCI.

Methods
CX3CR1-deficient mice

Breeding pairs of CX3CR1GFP/GFP mice were established from Dan Littman’s original
colony as described previously (Jung et al., 2000; Cardona et al., 2006). Knockouts were
generated by replacing the second exon of the CX3CR1 gene with the enhanced green
fluorescent protein (GFP) reporter gene (Jung et al., 2000). Throughout this document,
homozygous knockout mice are labeled as CX3CR1GFP/GFP. Mice were backcrossed to a
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C57BL/6 background for a minimum of ten generations. Wild-type C57BL/6 mice were
obtained from Taconic (Albany, NY).

Generation of chimeric mice
To minimize or eliminate the non-specific effects of irradiation on myeloid cell recruitment
into the uninjured spinal cord, preliminary dosing studies were completed. Briefly, wild-type
recipient mice were exposed to 5 Gy, 7.5 Gy or 10 Gy of x-irradiation after which they
received intravenous (i.v.) injections of 10×106 bone marrow cells obtained from actin-GFP
mice (Jackson labs). Recipients were maintained in sterile housing and received
prophylactic Ringer’s solution (s.c.) for 1 week and acidified water supplemented with
antibiotics (Baytril; 20 mg/L) for 1 month. Eight weeks later, the level of chimerism was
established by cytofluorometric analysis of circulating blood leukocytes and the number of
GFP+CD11b+ cells was quantified in longitudinal sections of the thoracic spinal cord. As
shown in Fig. 6, the 5 Gy dose caused minimal infiltration of GFP+ cells into the naive
spinal cord. This dose was used in subsequent experiments designed to test the effects of
CX3CR1 deletion on monocytes after SCI. Chimeras were prepared by subjecting 6–8 week
old wild-type mice to 5 Gy whole-body irradiation followed by i.v. injection of 10×106 bone
marrow cells harvested from wild-type or CX3CR1GFP/GFP donor mice.

Spinal Cord injury
All housing, surgical and postoperative care procedures were performed in accordance with
The Ohio State University Institutional Animal Care and Use Committee and have been
described previously (Jakeman et al., 2000; Kigerl et al., 2006). For SCI, 10–12 (14–16 for
chimeras) week-old male and female mice received a laminectomy at T9–10 under ketamine
(80 mg/kg, i.p.) and xylazine (40 mg/kg, i.p.) anesthesia followed by a moderate spinal cord
contusion at this level using either The Ohio State University electromechanical device (0.5
mm over 30 ms; Figs. 1&2) or the Infinite Horizons device (75 kdyn; Precision Systems and
Instrumentation, Lexington, KY; Figs. 3, 5–8). Sham controls received laminectomy only.
Postoperatively, mice received prophylactic antibiotics (1 mg/kg Gentacin, s.c.). To prevent
dehydration mice were injected with Ringer’s solution (s.c.). Bladders were voided
manually 2×/day for the duration of the study. Urine pH was monitored weekly and mice
were observed daily for signs of infection or abnormal wound healing at the site of surgery.
No signs of infection were evident in any mice.

Open field locomotor testing
Motor recovery was assessed using a standardized open field locomotor rating scale (the
Basso Mouse Scale, BMS) that was developed from operational definitions of hind limb
movement, paw placement, and coordination across four strains of mice recovering from
SCI (Basso et al., 2006). Prior to SCI, mice were acclimated to handling and to the testing
environment for two 10-minute sessions. SCI mice were scored at regular intervals for a
testing period of 4 min by a pair of raters blinded to genotype. Testing occurred at 0, 1, 5, 7,
10, and 14 dpi and then weekly until 42 dpi. BMS subscores were obtained for chimeras in
Fig. 6 (Basso et al., 2006).

Tissue processing
Mice designated for histology were anesthetized (as above) then perfused intracardially with
PBS (0.1 M, pH 7.4) followed by 4% paraformaldehyde in 0.1 M PBS. Perfused spinal
cords were removed and post-fixed for 2 hours then rinsed and stored overnight in 0.2 M
phosphate buffer (pH 7.4). Tissues were cryoprotected by immersion in 30% sucrose. Spinal
cord tissue blocks were prepared over a rostral-caudal extent of 1 cm centered on the injury
site and rapidly frozen in OCT compound. Transverse serial sections (10 µm) were cut
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through each block on a Microm cryostat (HM 505E), mounted on slides then stored at
−20°C before staining. To ensure uniformity of staining between groups, sections from
different genotypes were randomized onto slides. Mice designated for RNA analysis were
perfused with sterile PBS as above; tissues were rapidly dissected, snap-frozen in 2-
methylbutane then stored at −80°C until analyses were completed.

Spinal cord lesion analysis
To visualize intact myelin and distinguish it from gray matter and lesioned tissue, sections
were stained with eriochrome cyanine (EC) as described previously (Kigerl et al., 2006). To
calculate the area of spared myelin and lesion length, images of EC-stained sections were
digitized using a Zeiss Axioplan 2 Imaging microscope (Carl Zeiss) and an MCID Elite
image analysis system (Imaging Research; St. Catherines, Ontario, Canada). The total cross-
sectional area and the lesioned area were quantified at 0.2 mm intervals using either the
Cavalieri method (Fig. 2: (Howard and Reed, 1998)) or digital image analysis with the
MCID system (Fig. 6; similar to that reported previously for macrophage quantitation
(Donnelly et al., 2009)). Lesion length was determined by calculating the distance between
the rostral- and caudal-most sections devoid of visible lesion or abnormal tissue architecture.

Immunohistochemistry
Spinal cord sections were dried at room temperature for 1 hour then at 37°C for an
additional hour, followed by rinsing in 0.1 M PBS. Fluorescent (GFP+) detection of
CX3CR1 expression is facilitated by the transgenic approach described above (Jung et al.,
2000). For Iba-1 staining (to label all microglia and macrophages), blocking serum was
applied for 1 hour at room temperature then sections were overlaid overnight at 4°C with
anti-Iba-1 primary antibody (Wako; 1:1000). Antibody specificity has been previously
confirmed by Western blot and immunoprecipitation assays. The next day, slides were
rinsed in 0.1 M PBS and Alexa Fluor® 546 dye-conjugated goat anti-rabbit secondary
antibody was applied for 40 min at room temperature. For MBP/NF staining, a complex of
anti-NF primary antibody (Developmental Studies Hybridoma Bank; 1:500) and Alexa
Fluor® 546 dye-conjugated goat anti-mouse (1:500) secondary antibody was first incubated
for one hour at 37°C. This antibody complex was then mixed with normal mouse serum and
incubated for one hour at 37°C, followed by incubation on ice for an additional hour.
Blocking serum was applied for one hour at room temperature then sections were overlaid
overnight at 4°C with the antibody complex and also anti-MBP primary antibody (Aves;
1:500). The next day, slides were rinsed in 0.1 M PBS and Alexa Fluor® 633 dye-
conjugated goat anti-chicken secondary antibody was applied for 40 min at room
temperature. After rinsing, all slides were coverslipped with Immu-Mount (Thermo
Scientific). Fluorescent images were taken using an Olympus FluoView™ FV1000 laser
scanning confocal microscope (Olympus).

RNA isolation, reverse transcription and real-time PCR
Macrophages (5×105–6×106 cells), microglia (1×105–3×105 cells) or spinal cord tissue (5
mm centered at the impact site or at T9/10 for uninjured tissue) were homogenized in Trizol
(Invitrogen, Carlsbad, CA). RNA was isolated according to the manufacturer’s protocol then
treated with DNase I (1 µg/µl) to eliminate genomic DNA contamination (Invitrogen). 1–2
µg of DNase-treated RNA was primed with random hexamers (1 µM, Applied Biosystems,
Foster City, CA) and reverse transcribed using SuperScript II reverse transcriptase (Applied
Biosystems). Primer pairs were designed using ABI Prism Primer Express 2.0. Primer
sequence specificity was confirmed by performing BLAST analysis for highly similar
sequences against known sequence databases. Primer sequences included the following:
CX3CR1-F-5’-CAGCATCGACCGGTACCTT-3’, CX3CR1-R-5’-
GCTGCACTGTCCGGTTGTT-3’; CX3CL1-F-5’-CCGCGTTCTTCCATTTGTGT-3’,
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CX3CL1-R-5’-GCACATGATTTCGCATTTCG-3’; GAPDH-F-5’-
GCTTAAGAGACAGCCGCATCT-3’, GAPDH-R-5’-
CGACCTTCACCATTTTGTCTACA-3’; IGF1-F-5’-
TGACATGCCCAAGACTCAGAAG-3’, IGF1-R-5’-GCGGTGATGTGGCATTTTC-3’;
IL1b-F-5’-CAGGCTCCGAGATGAACAAC-3’, IL1b-R-5’-
GGTGGAGAGCTTTCAGCTCATAT-3’; IL6-F-5’-GCCTTCTTGGGACTGATGCT-3’,
IL6-R-5’-AGTCTCCTCTCCGGACTTGTG-3’; iNOS-F-5’-
CCCTTCAATGGTTGGTACATGG-3’, iNOS-R-5’-ACATTGATCTCCGTGACAGCC-3’;
TNFa-F-5’-GTGATCGGTCCCCAAAGG, and TNFa-R-5’
GGTCTGGGCCATAGAACTGATG. RNA profiles were analyzed using primers specific to
the gene of interest (above) and SYBR Green master mix (Applied Biosystems). All PCR
was performed using an Applied Biosystems 7300 system. Melting point analyses were
performed for each reaction to confirm single amplified products. Gene expression was
extrapolated from standard curves generated concurrently for each gene using a control
cDNA dilution series. Expression was normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) for each sample.

Flow cytometry
Mice designated for flow cytometry were anesthetized (as above) then perfused
intracardially with Kreb’s Ringer’s Buffer (KRB; 121 mM NaCl, 4.8 mM KCl, 1.2 mM
KH2PO4, 25 mM NaHCO3, 14 mM D-Glucose) containing 0.2% heparin. Whole spinal
cords were removed and placed in petri dishes containing KRB/BSA (KRB with 0.09%
BSA). The cords were then minced with a razor blade, then resuspended in a solution of
KRB/BSA with 0.03% Trypsin and incubated on a shaker (175 rpm) at 37°C for 30 min
(Figure 3.1). The cell suspensions were then incubated and triturated repeatedly with
different concentrations of trypsin inhibitor and DNAse I, type II until no solids were
visible. The cells were then resuspended in 70% Percoll in KRB, and underlaid into a tube
already containing KRB previously underlaid with 35% Percoll in KRB. Gradients were
then centrifuged at 1250 g for 20 min. Cells were harvested from the lower interface and
washed.

All cells isolated from spinal cord were stained. Briefly, cells were first incubated in
blocking solution (anti-CD16/32 antibody; eBioscience). Samples were then split into two
for staining. Panel 1 was stained with the following antibodies: V450™-conjugated anti-
CD11b (BD Biosciences), PerCP-Cy™5.5-conjugated anti-Ly6C (BD Biosciences) and anti-
CCR2 (Abcam) for 30 min. After washing, the samples were stained with APC-conjugated
anti-goat antibody (to label anti-CCR2) for 20 min. Panel 2 was stained with the following
antibodies: V450™-conjugated anti-CD11b (BD Biosciences), PerCP-Cy™5.5-conjugated
anti-Ly6C (BD Biosciences), PE-conjugated anti-MHCII (I-A/I-E; BD Biosciences) and
APC-conjugated anti-CD11c (BD Biosciences) for 30 min. Cells from both panels were then
fixed and permeabilized with BD Cytofix/Cytoperm™. Afterwards, cells were incubated in
normal mouse serum (eBioscience) for 15 min. Then cells in Panel 1 were stained with PE-
conjugated anti-iNOS antibody (Santa Cruz Biotechnology) for 30 min. In a separate set of
experiments, cells from injured spinal cord were stained with V450™-conjugated anti-
CD11b and APC-conjugated anti-CD45 (BD Biosciences) for 30 min.

After all staining was completed, cells were washed and analyzed using a FACSCanto II
flow cytometer and FACSDiva software (BD Biosciences). Subsequent data analyses were
completed using FlowJo software (version 9.2; Tree Star). CNS macrophages were gated
based on forward vs. side scatter and CD11b expression. Total numbers of CD11b+ events
were quantified from the total cell isolate from each spinal cord. iNOS, CD45 and Ly6C
expression were analyzed from the CD11b+ gate. For analysis of Ly6Chi and Ly6Clo

populations, iNOS, CCR2, MHC II and CD11c were analyzed from the Ly6Chi/lo gate.
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Isotype control antibodies (BD Biosciences) were matched for fluorochrome and used for
cursor placement.

Microglia and bone marrow-derived macrophage cultures
Primary cultures of microglia were prepared as described previously (McCarthy and de
Vellis, 1980; Le et al., 2001). Brains were harvested from P0–P3 wild-type and
CX3CR1GFP/GFP mice, minced in 0.25% trypsin/EDTA (Invitrogen) then incubated in
enzyme for 30 minutes at 37°C with occasional agitation. The enzyme reaction was halted
by adding media (RPMI + 10% FBS (Hyclone, Logan, UT) + 1% penicillin/streptomycin (P/
S; Invitrogen) and tissue was briefly triturated. Cellular material was allowed to settle and
supernatant was collected and passed through a 100 µm filter. This was repeated until tissue
was fully dissociated. The cell suspension was washed then resuspended and plated at a
density of 1–2 brains/T75 flask. Cultures were maintained for 14–21 days with media
changes at day 1 then every 3–4 days. To isolate microglia, flasks were shaken for 1–2 hours
at 37° C at 200 rpm. Detached cells were collected and re-plated. Cells were >99% positive
for CD11b as assessed by immunostaining.

Bone marrow-derived macrophages (BMDMs) from adult mice were obtained as described
previously (Longbrake et al., 2007) then were cultured in RPMI 1640 supplemented with
1% P/S, 1% HEPES, 0.001% β-mercaptoethanol, 10% FBS and 20% supernatant from M-
CSF secreting L929 cells for 6–10 days prior to use (sL929; gift from Caroline Whitacre; all
other reagents from Invitrogen).

The BV-2 cell line (gift from Jonathan Godbout) was derived from immortalized C57BL/6
microglia (Blasi et al., 1990). Cells were cultured in DMEM + 10% FBS, 1% P/S, 1%
GlutaMax, and 1% sodium pyruvate and split 2×/week (all reagents from Invitrogen).

One day prior to stimulation, microglia and BMDMs were re-plated in media appropriate to
the assay (RPMI + 10% FBS) then were acclimated overnight. LPS (100 ng/ml) or serum
(20%) was applied for 6 (RNA) or 24 hours (NO production) at 37° C. Serum was obtained
from naive C57BL/6 mice and the efficacy of the 20% dilution was defined empirically
based on iNOS mRNA induction in control microglia. In a subset of experiments, wild-type
BMDMs or microglia were activated in the presence of a neutralizing polyclonal anti-
CX3CR1 antibody (Torrey Pines Biolabs, Inc., NJ).

Nitric oxide assay
Nitric oxide (NO) production was assessed using the Griess reaction. BMDMs (5×105/well)
or BV-2 cells (3×105/well) were plated in a 24-well plate and allowed to adhere overnight.
Stimuli were then applied for 24 hours. After that time, 150 µl of supernatant was combined
with 130 µl of dH2O and 20 µl Griess reagent (Invitrogen), incubated at room temperature
for 30 min and read at 548 nm (SpectraMax 190, Molecular Devices, Sunnyvale, CA).
Absorbance readings were converted to nitrite concentrations based on a sodium nitrite
standard curve.

Western blotting
Spinal cord segments (5 mm centered at the impact site or at T9/10 for uninjured tissue) were
digested using T-PER™ Tissue Protein Extraction Reagent (Pierce) then protein
concentrations determined using Coomassie Plus™ Protein Assay Kit (Pierce). Samples (20
mg each) were diluted in NuPAGE™ LDS sample buffer and then separated on NuPAGE™
4–12% Bis-Tris gels (45 minutes at 200 V). Proteins were then transferred to a nitrocellulose
membrane for 90 minutes at 30 V. The membrane was blocked in 5% bovine serum albumin
and incubated with antibodies against either CX3CL1 (1:250, Torrey Pines TP233) or
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CX3CR1 (1:400, Abcam ab8021) overnight at 4°C. Detection of β-actin was done to assess
equal loading. HRP-conjugated secondary antibodies were then incubated with the
membrane for 1 hour at room temperature. Blots were developed using a chemiluminescent
HRP substrate kit (Pierce) and visualized on a Kodak Image Station 4000MM PRO. A total
of three western blots were performed using different animal tissue for each. Densitometric
analysis of CX3CL1 and CX3CR1 expression was done using the MCID Elite system
(InterFocus Imaging Ltd., England).

Statistics
Real time PCR data were analyzed by analysis of variance (ANOVA) followed by Dunnett’s
post test and/or unpaired t-tests as indicated in the figure legends. Behavioral data were
analyzed using repeated measures two-way ANOVA followed by Bonferroni’s post test, or
by unpaired t-tests as indicated. Recovery of coordination was assessed with a chi-squared
analysis. Immunohistochemical data were evaluated using unpaired t-tests. Flow cytometry
data were evaluated by two-way ANOVA followed by Bonferroni’s post test. Results were
considered statistically significant at p<0.05. All data points represent group mean ± SEM.

Results
CX3CL1 and CX3CR1 are regulated by SCI

Expression of CX3CL1 mRNA is reduced 1–7 days post-injury (dpi), returning to pre-injury
levels by 14 dpi (Fig. 1A). This acute decline corresponded with a loss of CX3CL1 protein
at 7 dpi (Fig. 1C&D). In contrast, expression of CX3CR1 mRNA increased, beginning at 3
dpi, reaching levels 8–11× higher than sham-injured mice by 7–28 dpi (Fig. 1B). Western
blots revealed dynamic regulation of the 50 and 55 kDa isoforms of CX3CR1 (Fig. 1C&D).
Both were reduced after SCI, but only the 50 kDa isoform remained below pre-injury levels
out to 42 dpi. Conversely, the 55 kDa isoform was reduced below the limits of detection
through 3 dpi then increased above pre-injury levels beginning at 7 dpi.

CX3CR1 deficiency is neuroprotective and promotes functional recovery after SCI
CX3CL1 and CX3CR1 exhibit a monogamous relationship (Imai et al., 1997). Therefore,
the functional significance of post-injury regulation of this ligand/receptor pair can be
inferred using mice deficient in either protein. We analyzed spontaneous motor recovery
after SCI in wild-type C57BL/6 mice and mice in which the enhanced green fluorescent
protein (GFP) gene was inserted into the coding region of Cx3cr1. Thus, signaling via
CX3CR1 is abolished in CX3CR1GFP/GFP mice and cells expressing the receptor are GFP+

(Jung et al., 2000).

Before injury, wild-type and CX3CR1GFP/GFP mice displayed identical patterns of
overground locomotion, and immediately after SCI mice in both groups were equally
impaired (Fig. 2A). However, by 5 dpi, recovery of hindlimb function improved in
CX3CR1GFP/GFP mice relative to wild-type mice. Functional improvements continued over
the ensuing weeks. Importantly, 62% of CX3CR1GFP/GFP mice reestablished forelimb/
hindlimb coordination (BMS score ≥ 6) by 28 dpi, while only 13% of wild-type mice
achieved this functional milestone (χ2 analysis; p=0.03). This difference was sustained at 35
dpi and was reduced slightly (62% vs. 25%) at 42 dpi. Improved recovery in
CX3CR1GFP/GFP mice was accompanied by a significant reduction in myelin and axon loss
at and beyond the site of injury (Fig. 2B–F).

CX3CR1 and accumulation of CNS macrophages after SCI
CX3CR1 deficiency could attenuate tissue damage and improve recovery of function by
reducing the recruitment and/or the activation of microglia and monocyte-derived
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macrophages (MDMs) (Lesnik et al., 2003; Nanki et al., 2004; Denes et al., 2008; Oh et al.,
2008). To test this hypothesis, macrophages were isolated from injured spinal cord of wild-
type and CX3CR1GFP/GFP mice then CD11b+ macrophages were quantified using flow
cytometry. Counter to our hypothesis, a modest but significant increase in CD11b+

macrophages was detected in the injured spinal cords of CX3CR1GFP/GFP mice (vs. wild-
type; Fig. 3A&B).

To determine if this was a result of enhanced microglial activation or increased monocyte
recruitment, CD45 expression was quantified on cells in the CD11b gate (Fig. 3C&D). The
relative expression of CD45 has been used to differentiate resident microglia (CD45lo) from
recruited monocytes (CD45hi) (Sedgwick et al., 1991). In naïve spinal cord of both
genotypes, CD45lo/CD11b+ cells (microglia) predominate. However, by 3 dpi, more CD45hi

cells accumulate in the spinal cord of CX3CR1GFP/GFP mice (Fig. 3C&D). Consistent with
previous reports, numbers of CD45hi cells decrease by 7–14 dpi in both groups (Stirling and
Yong, 2008; Saiwai et al., 2010), perhaps because monocyte recruitment is attenuated and
CD45 expression is reduced on microglia and MDMs within the lesion (Ponomarev et al.,
2011).

CX3CR1 deletion impairs inflammatory signaling in CNS macrophages
To determine if changes in MDM recruitment described above (Fig. 3) are associated with
changes in the expression of inflammatory mediators produced by activated macrophages
and microglia, real-time PCR was used to screen injured spinal cord homogenates for
differences in cytokine and iNOS mRNA. Consistent with previous reports from our lab and
others (Pineau and Lacroix, 2007; Lee et al., 2009), expression of a subset of inflammatory
cytokines (e.g., IL-6, IL-1β) and iNOS mRNA was increased after SCI, regardless of
genotype (data not shown). However, post-injury expression of IL-6 and iNOS mRNA was
markedly reduced in CX3CR1GFP/GFP mice (data not shown). To determine if deficient
CX3CR1 signaling in intraspinal macrophages could account for these mRNA expression
changes, a series of controlled in vitro experiments and ex vivo flow cytometry assays was
completed.

Microglia isolated from wild-type or CX3CR1GFP/GFP mice were stimulated with diluted
preparations of mouse serum. Serum stimulation is relevant in the context of SCI since
blood proteins that accumulate in the injured CNS parenchyma can elicit inflammatory
signaling (Sakurai et al., 1997; Okamura et al., 2001; Beg, 2002). As shown in Fig. 4A,
serum increased IL-6 and iNOS mRNA expression in wild-type but not CX3CR1GFP/GFP

microglia. There was minimal effect on the expression of IL-1β or TNF-α mRNA.

Next, we expanded our in vitro models to include bone marrow-derived macrophages
(BMDMs). MDMs that infiltrate the injured spinal cord are derived from the bone marrow
(Longbrake et al., 2007). Instead of using serum as a stimulus and mRNA expression as the
sole readout of activation, we stimulated cells with lipopolysaccharide (LPS), a canonical
inflammatory stimulus (Hoffmann et al., 1999), then measured release of nitrite, the
metabolite produced as a consequence of iNOS activation. As with primary microglia,
CX3CR1GFP/GFP BMDMs produced nitrite but significantly less than wild-type BMDMs
(Fig. 4B). To ensure that impaired inflammatory signaling in CX3CR1-deficient cells was
not caused by a functional defect that arises during development of the genetically modified
cells, nitrite production was measured from wild-type BMDMs and BV-2 microglia that
were stimulated in the presence of a neutralizing anti-CX3CR1 antibody. In both BMDMs
and BV-2 cells, the anti-CX3CR1 antibody reduced nitrite production in a concentration-
dependent manner (Fig. 4C&D).
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Finally, microglia and macrophages were isolated from injured spinal cords of wild-type and
CX3CR1GFP/GFP mice then iNOS+/CD11b+ cells were quantified using flow cytometry.
Using this approach, a biphasic increase of iNOS+ cells was observed after SCI in wild-type
mice, peaking initially at 1 dpi with a secondary increase evident at 7–14 dpi (Fig. 5). The
acute changes are presumably mediated by activated glia and perhaps early infiltrating
neutrophils while later changes correspond with the accumulation of MDMs (Stirling and
Yong, 2008; Saiwai et al., 2010). This biphasic response was noticeably absent from the
injured spinal cord of CX3CR1GFP/GFP mice. Numbers of iNOS+/CD11b+ cells peaked at
1dpi but cells with this phenotype fail to accumulate at later stages of recovery (> 7 dpi) in
CX3CR1GFP/GFP mice.

Loss of CX3CR1 signaling in monocyte-derived macrophages promotes recovery from SCI
Collectively, the above data indicate that serum and perhaps other lesion-derived factors
enhance inflammatory and oxidative functions in microglia and MDMs and that signaling
via CX3CR1 regulates these functions. Based on the current data and past work from our
group, we predicted that the neuroprotection and enhanced recovery of function observed
after SCI in CX3CR1GFP/GFP mice was primarily a result of altered function in MDMs.
Indeed, improved functional recovery becomes evident in CX3CR1GFP/GFP mice by 3 dpi
(Fig. 2), a time that coincides with an increase in intraspinal CX3CR1 expression (Fig. 1)
and accumulation of iNOS+/CD11b+ macrophages. Also, the onset of monocyte recruitment
occurs at 3 dpi (Popovich and Hickey, 2001). To test this hypothesis and differentiate
between the functional contributions of microglia and MDMs, we generated bone marrow
chimeric mice.

A dose-response study indicated that a single 5 Gy irradiation dose was optimal for our
experimental design. Indeed, > 90% chimerization of transplanted bone marrow cells was
observed 4 weeks post-transplantation with limited recruitment of bone-marrow cells into
the intact spinal cord (Fig. 6A–D). Next, bone marrow of C57BL/6 wild-type mice was
sublethally irradiated (5 Gy) then reconstituted with bone marrow cells from wild-type
(WT→WT) or CX3CR1GFP/GFP (GFP→WT) mice. Thus, any adverse (or priming) effects
of irradiation on the CNS are controlled for in both groups (Mildner et al., 2007) but
CX3CR1 signaling is impaired only in MDMs of GFP→WT mice. All mice received a SCI
8 weeks after reconstitution of irradiated bone marrow.

As shown in Fig. 6, patterns of spontaneous behavioral recovery were similar in SCI
WT→WT and GFP→WT mice for at least 2–3 weeks post-injury after which recovery was
significantly improved in GFP→WT mice. Corresponding with the improved recovery was
a significant increase in myelin and axon sparing at the impact site of GFP→WT mice.
Consistent with data in Fig. 3, deficient CX3CR1 signaling did not impair recruitment of
MDMs to the injury site; quantification of Iba-1+ macrophages was identical between
groups (data not shown). Moreover, the spatial distribution of MDMs was consistent with
our previous data in SCI rats showing preferential recruitment to the lesion epicenter with
fewer cells distributing within the lesion penumbra or spared white matter (Fig. 6J&K;
(Popovich and Hickey, 2001)). The kinetics of improved recovery in GFP→WT mice does
not coincide with those observed in CX3CR1GFP/GFP mice, suggesting that deficient
signaling in microglia imparts an additional neuroprotective benefit in these latter mice.
However, the anatomical and behavioral improvements with sustained MDM recruitment in
GFP→WT mice indicate that the onset of deleterious functions in monocytes after SCI is
dependent on CX3CR1 signaling.
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CX3CR1 deficiency alters the phenotype of MDMs that infiltrate the injured spinal cord
Reduced inflammatory signaling in CX3CR1GFP/GFP MDMs attenuates their neurotoxic
effects after SCI; however, the types of MDMs that are recruited to the injury site may also
be affected. Relative expression of CX3CR1 defines phenotypically-distinct monocyte
subsets: CCR2+/Ly6Chi/CX3CR1lo “inflammatory” monocytes and CCR2−/
Ly6CloCX3CR1hi “resident” monocytes (Geissmann et al., 2003; Nahrendorf et al., 2007).
Recently, it was shown that spontaneous recovery after SCI could be improved by boosting
the recruitment of Ly6Chi/CCR2+/CD11c+ (CX3CR1lo) monocytes (Shechter et al., 2009).
Although these monocytes were found to express high levels of Ly6C antigen, they were
designated as being “anti-inflammatory”.

Here, we used flow cytometry to determine the phenotype of monocytes recruited to the
injured spinal cord of wild-type and CX3CR1GFP/GFP mice. CNS macrophages isolated
from injured spinal cords were analyzed via 5-color flow cytometry. The relative expression
of iNOS, CCR2, MHCII and CD11c was quantified on CD11b+/Ly6Chi and CD11b+/Ly6Clo

macrophages (Figs. 7&8). Consistent with data in Fig. 5, the number and relative expression
of iNOS+ CNS macrophages increased after SCI in wild-type mice compared to
CX3CR1GFP/GFP mice, especially at 7–14 dpi in the CD11b+/Ly6Clo population (Fig. 8).
This latter population of cells was scarce in CX3CR1GFP/GFP mice and was replaced by the
recruitment of CCR2+ cells. Increased numbers of CCR2+ macrophages were found in both
the Ly6Chi and Ly6Clo macrophage subsets but, consistent with their predilection for
migrating to inflammatory sites, the relative expression of CCR2 was consistently higher on
Ly6Chi macrophages (compare MFI values in Figs. 7&8).

During the first week post-injury, CD11b+/Ly6Chi and CD11b+/Ly6Clo macrophages
express minimal MHC class II or CD11c, regardless of genotype (Fig. 7&8). By 14 dpi, the
number and relative expression of MHCII+ and CD11c+ macrophages were predictive of
genotype; cell number and the relative expression of MHCII increased on a per cell basis in
wild-type mice while the number of CD11c+ macrophages (and expression of this antigen)
increased in CX3CR1GFP/GFP mice during a similar time-course.

Thus, the MDM responses (> 3 dpi) of wild-type and CX3CR1GFP/GFP mice after SCI are
distinct; a CD11b+/Ly6Clo/iNOS+/MHCII+/CD11c− population dominates the injury site of
wild-type mice while CD11b+/CCR2+/Ly6Chi/MHCII−/CD11c+ cells predominate in spinal
cord of CX3CR1GFP/GFP mice. These latter macrophages also expressed some iNOS, albeit
at low levels compared to those found in wild-type mice.

Discussion
Spinal cord injury elicits a protracted macrophage response comprised of resident microglia
and monocyte-derived macrophages (MDMs). Injurious and repair functions have been
attributed to microglia and macrophages; however, the mechanisms that regulate these
opposing functions remain poorly defined.

Fractalkine (CX3CL1), a unique chemokine with profound effects on healthy and injured/
diseased tissues (Soriano et al., 2002; Lesnik et al., 2003; Nanki et al., 2004; Cardona et al.,
2006; Oh et al., 2008), is synthesized as a membrane-spanning adhesion molecule. In
healthy CNS, CX3CL1 is expressed by neurons while its receptor, CX3CR1, is expressed on
microglia (Harrison et al., 1998; Mildner et al., 2007). In the presence of TNF-α converting
enzyme (TACE, ADAM17) or disintegrin and metalloproteinase domain-containing protein
10 (ADAM10), membrane-bound CX3CL1 can be released by proteolysis (Garton et al.,
2001; Hundhausen et al., 2003). Soluble CX3CL1 acts as a conventional chemokine,
enhancing the recruitment and activation of CX3CR1-expressing leukocytes, mostly
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monocytes. Here we show that intraspinal CX3CL1 and CX3CR1 are dynamically regulated
after SCI and that abolishing CX3CR1 signaling confers neuroprotection and promotes
recovery of function. These benefits are associated with suppression of inflammatory
signaling in microglia and MDMs and reduced accumulation of Ly6Clo/iNOS+ monocytes.

After SCI, CX3CR1 signaling regulates two distinct phases of intraspinal inflammation. The
first phase occurs within 72 hours post-injury and is associated with a modest loss of
CX3CL1 and CX3CR1. These changes are likely to cause dysregulation of microglia
homeostasis with little or no effect on monocytes which are not recruited until ~3 dpi. The
delayed increase in CX3CR1 after 3 dpi represents the second phase and coincides with
monocyte entry into the lesion (Popovich and Hickey, 2001). In CX3CR1-deficient mice,
recovery of function is accelerated during this second phase, despite enhanced intraspinal
infiltration by monocytes (see Fig. 3), suggesting that the injurious effects of MDMs in
wild-type mice are controlled in part by CX3CR1.

In wild-type mice, despite a delayed increase in mRNA synthesis, CX3CL1 protein is
unchanged 1–6 weeks post-injury. This could be explained by enhanced proteolytic cleavage
of CX3CL1 from the membrane with immediate binding to CX3CR1 during the second
phase of intraspinal inflammation (Chapman et al., 2000; Garton et al., 2001). Thus,
measurable changes in soluble CX3CL1 would be transient and below the levels of detection
by western blot (Fig. 1C&D). Regardless, an increase in soluble CX3CL1 could potentiate
inflammatory signaling in CX3CR1-expressing microglia and macrophages resulting in the
enhanced release of toxic cytokines and oxidative metabolites. This would help explain why
deletion of CX3CL1 or CX3CR1 confers neuroprotection after experimental stroke (Soriano
et al., 2002; Denes et al., 2008) and, in the present study, SCI. Common to each of these
models is activation of macrophages via toll-like receptor 4 (TLR4). After an ischemic or
traumatic CNS injury, vascular damage is substantial and serum proteins and necrotic tissue
debris elicit inflammatory signaling in microglia and monocytes via TLR4 (Beg, 2002; Yang
et al., 2008; Ransohoff and Perry, 2009).

Activation via TLR4 is known to regulate CX3CL1 and CX3CR1 expression (Boddeke et
al., 1999; Pachot et al., 2008). Since activation of CX3CR1 can also increase NFκB-
dependent transcription (Ishida et al., 2008), signaling via this receptor could potentiate the
inflammatory effects of TLR4 activation while loss of CX3CR1 signaling would have the
opposite effect. This function of CX3CR1 signaling appears to extend beyond the CNS. In
accordance with our data, CX3CR1GFP/GFP macrophages produce less iNOS and
inflammatory cytokines than wild-type cells in models of septic peritonitis and acute colitis
(Ishida et al., 2008; Kostadinova et al., 2010).

A decrease in the number of CD11b+/Ly6Clo/iNOS+ macrophages after 7 dpi in CX3CR1-
deficient mice was associated with reduced neuropathology and enhanced functional
recovery, suggesting that in wild-type mice, these cells cause pathology or inhibit repair.
The deleterious effects of wild-type monocytes were confirmed using chimeric mice in
which wild-type monocytes were replaced with CX3CR1-deficient cells. Any confounding
effects of irradiation-induced priming were controlled for using wild-type chimeras (Ajami
et al., 2007; Mildner et al., 2007)). These data, when considered together with previous
reports describing enhanced recovery and reduced pathology in iNOS-deficient mice
(Isaksson et al., 2005; Genovese et al., 2006), indicate that CD11b+/Ly6Clo/iNOS+

macrophages are pathological effector cells after SCI.

In parallel with its ability to regulate intracellular signaling, the relative expression of
CX3CR1 dictates patterns of monocyte recruitment. Two subsets of circulating monocytes
with varying levels of surface CX3CR1 have been described (Geissmann et al., 2003;
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Sunderkotter et al., 2004; Nahrendorf et al., 2007). Ly6Chi/CX3CR1lo monocytes have a
short half-life and express CCR2, a chemokine receptor that facilitates recruitment to sites of
inflammation. Conversely, Ly6Clo/CX3CR1hi monocytes are CCR2−, have a comparatively
longer half-life, and are dependent on CX3CR1 for recruitment (Nahrendorf et al., 2007;
Combadiere et al., 2008). Whether these monocyte subsets are distinct cells or the same cells
at different stages of maturation is controversial (Geissmann et al., 2003; Sunderkotter et al.,
2004; Nahrendorf et al., 2007). What is agreed upon is that phenotypically distinct monocyte
populations are associated with tissue pathology and repair in various forms of disease (see
Robbins and Swirski, 2010).

In a model of myocardial infarction, effective wound resolution and tissue repair requires
sequential recruitment of Ly6Chi then Ly6Clo monocytes (Nahrendorf et al., 2007). Since
Ly6Chi monocytes have high proteolytic activity and degrade injured and intact tissues
(Sunderkotter et al., 2004; Zhu et al., 2007; Ancuta et al., 2009; King et al., 2009; Mildner et
al., 2009), we predicted that a bias in the recruitment of Ly6Chi (vs. Ly6Clo) monocytes
could contribute to lesion pathology and loss of function after SCI. Indeed, Ly6Chi

monocytes are thought to give rise to M1 macrophages in vivo (Lin et al., 2009) and recent
data indicate that intraspinal macrophages acquire a neurotoxic “classically-activated” M1
phenotype after SCI (Kigerl et al., 2009). Contrary to our original hypothesis, we find that a
novel Ly6Clo/iNOS+ monocyte population predominates at later stages of recovery in SCI
wild-type mice and that these cells are responsible for impaired recovery. This delayed
accumulation of Ly6Clo monocytes may be specific to SCI as Ly6Clo monocytes are
excluded from the CNS in models of autoimmune inflammation (EAE) and acute viral
encephalitis (Gaupp et al., 2003; Huang et al., 2006; King et al., 2009). This disparity
underscores the controversial nature of the role of CX3CR1 in monocyte recruitment and
also the potential for disease-specific regulation of monocyte phenotype.

Recently, impaired recruitment of CCR2+/Ly6Chi/CD11c+ monocytes was implicated as a
mechanism underlying poor recovery after SCI (Shechter et al., 2009). Injection of large
numbers of Ly6Chi monocytes into the circulation enhanced recovery after SCI. Also,
vaccination-enhanced recruitment of Ly6Chi monocytes after SCI improved recovery, an
effect that was abrogated by pre-injecting mice with anti-CCR2 depleting antibodies. Thus,
selective depletion of subsets of monocyte/macrophages may be developed as a therapy after
SCI. If CCR2+/Ly6Chi/CD11c+ monocytes have anti-inflammatory effects, it would be
unwise to deplete them (Lu et al., 2011). Fate-mapping studies are needed to determine if
these cells differentiate into CCR2−/Ly6Clo/CX3CR1hi/CD11c− monocytes and if so,
whether they maintain anti-inflammatory functions indefinitely (Sunderkotter et al., 2004;
Arnold et al., 2007). Although the monocytes that accumulate after SCI in CX3CR1GFP/GFP

mice are similar in phenotype to those described by Shechter et al., we do not know if they
have anti-inflammatory functions. Instead, their phenotype (CCR2+/Ly6Chi/MHCII−/
CD11c+) is reminiscent of immature myeloid precursor cells and expression of CX3CR1 has
been shown to be important for myeloid precursors to develop into mature monocytes
(Sunderkotter et al., 2004; Auffray et al., 2009). It will be interesting to see if prolongation
of an immature monocyte phenotype has neuroprotective effects in SCI and other
neuroinflammatory diseases.

There are human CD16+ and CD16− monocyte subsets that correspond with Ly6Chi and
Ly6Clo monocytes in mice (Geissmann et al., 2003; Urra et al., 2009). Low and high levels
of CX3CR1 also define these distinct monocyte populations, respectively. Accordingly, a
greater understanding of the role played by CX3CR1 in regulating post-SCI inflammation
will yield novel opportunities for therapeutic intervention. Because CX3CR1 signaling has
been implicated in the development of neuropathic pain, malignancies and progression of
inflammatory disease (e.g., atherosclerosis, rheumatoid arthritis), drugs that target CX3CR1
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signaling are under development (Davis et al., 2004; Inoue et al., 2005; Streit et al., 2005;
Charo and Ransohoff, 2006; Dorgham et al., 2009). These drugs should be tested in models
of CNS injury. It also will be useful to determine whether CX3CR1 polymorphisms affect
recovery after SCI in people. Data suggest that common variants of the cx3cr1 gene can lead
to blunted CX3CR1 signaling and confer resistance or alleviate pathology in cardiovascular
disease, age-related macular degeneration and brain cancer (Combadiere et al., 2007;
Rodero et al., 2008; Apostolakis et al., 2009). Perhaps prospective genetic analysis of
CX3CR1 could be of prognostic value in predicting functional recovery or the onset of
systemic inflammation and neuropathic pain after SCI (Gris et al., 2004; Gris et al., 2009;
Popovich and McTigue, 2009; Austin and Moalem-Taylor, 2010).
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Figure 1. Post-injury regulation of CX3CL1 and CX3CR1 mRNA and protein
Changes in CX3CL1 and CX3CR1 mRNA were quantified using real-time PCR (A&B,
respectively). Semi-quantitative analyses of CX3CL1 and CX3CR1 protein were performed
using Western blot (C; representative of n=3 blots). Densitometric analysis of protein
expression (D) revealed a decrease in CX3CL1 expression during the first 7 dpi. Similarly,
the 50 kDa isoform of CX3CR1 decreased slightly by 3 dpi then remained below levels in
sham-injured mice through 42 dpi. The 55 kDa CX3CR1 isoform was decreased below the
limits of detection through 3 dpi then increased by 7 dpi, returning toward baseline levels by
42 dpi. Data in A, B and D were analyzed via 1-way ANOVA with Dunnett’s post test. In D,
* indicates significance for CX3CL1 and ^ indicates significance for the 50 kDa CX3CR1.
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*,^ p<0.05, **,^^ p<0.01, ***p<0.001 vs. sham. Gene expression was normalized to
GAPDH; protein expression was normalized to β-actin then expressed relative to values
obtained in sham-injured mice. n=5 mice for mRNA analysis, n=3 mice for protein analysis.
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Figure 2. Locomotor function is improved and lesion pathology is reduced after SCI in
CX3CR1GFP/GFP mice
Overground locomotion (BMS score) was improved in CX3CR1GFP/GFP compared to wild-
type mice (A). CX3CR1GFP/GFP mice have more spared myelin at and nearby the site of
injury (B) and significantly shorter contusion lesions (C&D). Note the marked attenuation of
tissue pathology within 0.4 mm of the injury site in CX3CR1GFP/GFP mice (D).
Immunoflourescent double-labeling for myelin basic protein (MBP) and neurofilament
confirms the increased myelin and axon sparing in CX3CR1GFP/GFP mice (E&F). Inset in
(E) and (F) is zoomed image of white box shown. Data are average of two independent
studies using n=4–6 mice/genotype. Data were analyzed via repeated measures 2-way
ANOVA (A) and unpaired t-tests (B,C). * p<0.05, ** p<0.01, *** p<0.001 vs. wild-type.
Scale bar in (D), (E) & (F) is 100 µm.
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Figure 3. Intraspinal accumulation of monocyte-derived macrophages is increased in
CX3CR1GFP/GFP mice
All CNS macrophages (microglia+monocyte-derived macrophages; MDMs) were identified
by gating on CD11b+ events identified in forward vs. side scatter plots (FSC vs. SSC,
respectively). A) Representative contour plots (outliers removed for clarity) show CD11b+

populations in wild-type and CX3CR1GFP/GFP mice as a function of time post-injury (0
(naïve), 1, 3, 7, & 14 dpi). Horizontal lines indicate positive expression defined with isotype
controls. B) Quantification of plots in (A) reveal that the CNS macrophage response is
modestly increased in CX3CR1GFP/GFP mice, especially at later times post-injury when
MDMs are expected to infiltrate the spinal cord (significant main effect of time, p<0.0001
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and genotype, p=0.0286). C) Representative histograms show CD45 high (MDMs) and low
(microglia) populations from naïve and SCI wild-type and CX3CR1GFP/GFP. Relative
expression of CD45 was analyzed from the CD11b+ gate (one example is shown). Vertical
dotted lines indicate distinction between CD45 high and low expression. D) Entry of CD45hi

MDMs is maximal at 3 dpi and is greater in CX3CR1GFP/GFP mice (significant effect of
time, p<0.0001, and genotype, *p=0.0017). Data were analyzed by two-way ANOVA
followed by Bonferroni’s post-hoc test. n=3–4 mice/genotype/time.
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Figure 4. Impaired CX3CR1 signaling in CNS macrophages renders them less responsive to
inflammatory stimuli
(A) Mouse serum (20%) induces IL-6 and iNOS mRNA expression in wild-type but not
CX3CR1GFP/GFP primary microglia. (B) In response to LPS (100 ng/ml; 24 hour
stimulation), CX3CR1GFP/GFP bone-marrow derived macrophages (BMDMs) produce
significantly less nitrite oxide than wild-type BMDMs. (C&D) This effect was replicated in
wild-type primary BMDMs (C) and BV-2 microglia (D) treated with a neutralizing
CX3CR1 antibody. The inhibitory effects of the antibody could be titrated (2.5–10 µg/mL).
LPS-triggered nitrite release was unaffected by different concentrations of nonspecific IgG
indicating that the effects of the blocking antibody were specific to CX3CR1. Data are
representative of 2–3 independent experiments for each graph. Real-time PCR data were
obtained from duplicate or triplicate wells and mRNA expression was normalized to
GAPDH and to unstimulated controls (dashed line). Data were analyzed by unpaired t-tests
(A&B) or 1-way ANOVA followed by Bonferroni’s post test (C&D). * p<0.05, ** p<0.01,
*** p<0.001 compared to wild-type (A&B) or to LPS alone (C&D).
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Figure 5. Intraspinal macrophages in CX3CR1-deficient mice do not express iNOS
iNOS+ macrophages were identified by gating on CD11b+ events (CD11b vs. FSC). A)
Representative flow cytometry contour plots (outliers removed for clarity) show iNOS+

macrophages isolated from naïve and injured spinal cord of wild-type and CX3CR1GFP/GFP

mice. Mean numbers (events) of iNOS+ macrophages are shown in each plot. Horizontal
lines indicate positive expression defined with isotype controls. B) In both genotypes,
iNOS+ macrophages increased at 1 dpi then decreased at 3 dpi. At 7 & 14 dpi,
corresponding with the period immediately after maximal monocyte-derived macrophage
accumulation (see Fig. 3), the percentage of iNOS+ macrophages increased in wild-type but
not CX3CR1GFP/GFP mice. Significant main effects of time (p<0.0001) and genotype
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(p<0.0001) were noted as was a time x genotype interaction (p=0.0016). The difference in
iNOS expression between genotypes was significant at 14 dpi. Data were analyzed by two-
way ANOVA followed by Bonferroni’s post test. n=4 mice/genotype/time. *** p<0.001.
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Figure 6. Improved recovery of function with neuroprotection after SCI in bone marrow
chimeric mice with CX3CR1-deficient monocyte-derived macrophages
(A–C) Longitudinal thoracic spinal cord sections of uninjured actin-GFP→WT chimeric
mice reveal an effect of irradiation dose on accumulation of bone-marrow cells in spinal
cord. Nearly complete bone marrow chimerization (> 96%; data not shown) was achieved
with each dose (5, 7.5 and 10 Gy); however, minimal GFP+ cell infiltration was observed
into intact spinal cord with low-dose (5 Gy) irradiation (effect of dose was p = 0.0317; D).
An irradiation dose of 5 Gy was used subsequently to create CX3CR1GFP/GFP→WT
(GFP→WT) or wild-type→wild-type chimeras (WT→WT). After SCI, locomotor recovery
(BMS and BMS subscore) was improved in GFP→WT mice (effect of genotype was p =
0.0009 and p=0.0121, respectively; E, F). This was accompanied by increased sparing of
white matter at and nearby the impact site (effect of genotype was p = 0.0006; G). H, I)
Representative cross-sections of injured spinal cord at 42 dpi showing increased myelin
(MBP staining) and axonal (NF staining) sparing in GFP→WT vs. WT→WT chimeras.
Inset in (H) and (I) is zoomed image of white box shown. J) Representative cross-section of
injured spinal cord of GFP→WT chimera at 42 dpi showing that the majority of monocytes
(GFP+) accumulate within the core of the contusion lesion, especially in the axon-deficient
penumbra (box in J); minimal accumulation occurs in spared white matter. K) High
magnification of box shown in (J); arrows delineate interface between lesion core and
surrounding astroglial scar. Data were analyzed by two-way ANOVA followed by
Bonferroni’s post test. n=5–6 mice/genotype/time. * p<0.05. Scale bar in (C) & (K) is 20
µm; in (J) is 100 µm.
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Figure 7. Phenotype of CD11b+/Ly6Chi intraspinal macrophages after SCI
Ly6Chi macrophages were identified by gating on CD11b+ events (as in Fig. 5).
Subsequently, iNOS, CCR2, MHCII, & CD11c expression was analyzed within the Ly6Chi

gate (one example is shown). Representative histograms of post-injury iNOS, CCR2,
MHCII, & CD11c expression are shown for CX3CR1GFP/GFP (white) and wild-type
(shaded) mice. Mean fluorescent intensity is indicated within each representative histogram
for each genotype. Vertical lines indicate positive expression defined with isotype controls.
Quantification of the number of events in the Ly6Chi/CD11b+ gate is graphed below each
column. There was a non-significant trend for reduced numbers of iNOS+/Ly6Chi/CD11b+

macrophages but a significant increase (effect of genotype was p=0.0054) in numbers of
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CCR2+/Ly6Chi/CD11b+ macrophages in CX3CR1GFP/GFP mice. MHCII+/Ly6Chi/CD11b+

and CD11c+/Ly6Chi/CD11b+ macrophages were not significantly affected by CX3CR1
deletion. Data were analyzed by two-way ANOVA followed by Bonferroni’s post test. n=4
mice/genotype/time.
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Figure 8. Phenotype of CD11b+/Ly6Clo intraspinal macrophages after SCI
Ly6Clo macrophages were identified by gating on CD11b+ events (as in Fig. 5).
Subsequently, iNOS, CCR2, MHCII, & CD11c expression was analyzed within the Ly6Clo

gate (one example is shown). Representative histograms of post-injury iNOS, CCR2,
MHCII, & CD11c expression are shown for CX3CR1GFP/GFP (white) and wild-type
(shaded) mice. Mean fluorescent intensity is indicated within each representative histogram
for each genotype and significant differences are indicated with an asterisk(s). Vertical lines
indicate positive expression defined with isotype controls. Quantification of the number of
events in the Ly6Clo/CD11b+ gate is graphed below each column. Decreased numbers of
iNOS+/Ly6Clo/CD11b+ macrophages were found in CX3CR1-deficient mice (effect of
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genotype was p=0.0016). The interaction of time and genotype was also significant
(p=0.0057). Conversely, CCR2+/Ly6Clo/CD11b+ macrophages were significantly increased
in CX3CR1-deficient mice (effect of genotype was p=0.0006). MHCII+/Ly6Clo/CD11b+

macrophages were decreased in CX3CR1-deficient mice (effect of genotype was p=0.0133).
The interaction was also significant (p=0.0131). The effect of genotype alone on CD11c+/
Ly6Clo/CD11b+ macrophage numbers was not significant, but there was a significant
interaction (p=0.0473), suggesting that the onset of CD11c+ macrophage accumulation is a
late occurrence, but still altered by CX3CR1 deletion. Data were analyzed by two-way
ANOVA followed by Bonferroni’s post test. n=4 mice/genotype/time. ** p<0.01, ***
p<0.001.

Donnelly et al. Page 30

J Neurosci. Author manuscript; available in PMC 2012 January 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


