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The chemokine CX3CL1 and its receptor CX3CR1 are constitutively expressed in the nervous system. In this study, we used in vivo murine
models of permanent middle cerebral artery occlusion (pMCAO) to investigate the protective potential of CX3CL1. We report that
exogenous CX3CL1 reduced ischemia-induced cerebral infarct size, neurological deficits, and caspase-3 activation. CX3CL1-induced
neuroprotective effects were long lasting, being observed up to 50 d after pMCAO in rats. The neuroprotective action of CX3CL1 in
different models of brain injuries is mediated by its inhibitory activity on microglia and, in vitro, requires the activation of adenosine
receptor 1 (A1R). We show that, in the presence of the A1R antagonist 1,3-dipropyl-8-cyclopentylxanthine and in A1R �/� mice, the
neuroprotective effect of CX3CL1 on pMCAO was abolished, indicating the critical importance of the adenosine system in CX3CL1
protection also in vivo. In apparent contrast with the above reported data but in agreement with previous findings, cx3cl1 �/� and
cx3cr1 GFP/GFP mice, respectively, deficient in CX3CL1 or CX3CR1, had less severe brain injury on pMCAO, and the administration of
exogenous CX3CL1 increased brain damage in cx3cl1 �/� ischemic mice. We also report that CX3CL1 induced a different phagocytic
activity in wild type and cx3cl1�/� microglia in vitro during cotreatment with the medium conditioned by neurons damaged by oxygen-
glucose deprivation. Together, these data suggest that acute administration of CX3CL1 reduces ischemic damage via an adenosine-
dependent mechanism and that the absence of constitutive CX3CL1–CX3CR1 signaling changes the outcome of microglia-mediated
effects during CX3CL1 administration to ischemic brain.

Introduction
After transient brain ischemia and during excitotoxic insult, neu-
rons release soluble fractalkine/CX3CL1 (Chapman et al., 2000;
Tarozzo et al., 2002; Zhu et al., 2009), a chemokine whose specific
receptor CX3CR1 is expressed by microglia (Harrison et al.,
1998). CX3CL1 reduces microglia toxicity and, consequently,
neuronal damage both in vitro and in vivo models of neuropa-
thologies and brain inflammation (Zujovic et al., 2000; Mizuno et
al., 2003; Cardona et al., 2006; Bhaskar et al., 2010; Noda et al.,
2011; Pabon et al., 2011). However, in murine models of transient
cerebral ischemia and Alzheimer’s disease (AD), CX3CL1 is
reported to play opposite roles. In transient focal cerebral
ischemia, genetic deletion of cx3cl1 (cx3cl1�/� mice) reduced
post-ischemic brain injury (Soriano et al., 2002) and cx3cr1 de-

ficiency (cx3cr1GFP/GFP mice, in which the cx3cr1 gene was re-
placed by GFP) significantly reduced ischemic damage, IL-1�,
and TNF-� release (Dénes et al., 2008). In different genetic mod-
els of AD, cx3cr1 deficiency is associated with reduced �-amyloid
deposition and neuron loss (Fuhrmann et al., 2010; Lee et al.,
2010) but also with the enhanced microtubule-associated protein
tau phosphorylation (Bhaskar et al., 2010), suggesting opposite
effects at different phases of the disease. In both cases, the contri-
bution of CX3CL1 to disease progression was only evaluated on
transgenic mice. In vitro, CX3CL1 reduces neuronal death in-
duced by glutamate (Limatola et al., 2005) and exerts its neu-
rotrophic effect through microglia-derived protective factors,
including adenosine, with the activation of adenosine A1 recep-
tors (A1Rs) (Lauro et al., 2008, 2010).

Adenosine is an endogenous metabolite with several different
roles in the nervous system, from neurotransmission to neuro-
protection (Fredholm, 2007). Extracellular levels of adenosine
rise in response to brain injury induced by hypoxia, stroke,
trauma, and epileptic seizures, likely to counteract tissue damage,
primarily through the involvement of A1R, A2AR, and A3R
(Cunha, 2005).

In the present study, we investigated the neuroprotective role
of CX3CL1 in permanent cerebral ischemia, focusing on brain
infarct size, neurological deficits, and biochemical markers of cell
death and analyzing microglia phagocytic activity during expo-
sure to the medium conditioned by ischemic neurons in wild type
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(wt) and cx3cl1�/� mice. We confirmed that both cx3cr1GFP/GFP

and cx3cl1�/� mice had less severe ischemic lesions also in the
model of permanent ischemia and demonstrated that adminis-
tration of exogenous CX3CL1 is neuroprotective in in vivo mod-
els of permanent ischemia in wt mice and rats with mechanisms
similar to those described in vitro, requiring the activation of A1R.
Furthermore, we report that CX3CL1 differently modulated in
vitro the phagocytic activity and TNF-� release in wt and
cx3cl1�/� microglia exposed to a conditioned medium (CM) of
oxygen glucose-deprived (OGD) neuronal cultures. These data
suggest that, in the ischemic microenvironment of the brain, mi-
croglia response is greatly influenced by CX3CR1/CX3CL1 sig-
naling. This is the first demonstration of a neuroprotective
activity of exogenous CX3CL1 in in vivo ischemia.

Materials and Methods
Materials
Recombinant rat CX3CL1 (chemokine domain) was from Merck, hu-
man and mouse CX3CL1 (chemokine domain) from PeproTech and R &
D Systems, 1,3-dipropyl-8-cyclopentylxanthine (DPCPX) from Tocris
Bioscience, BCA protein assay kit from Pierce, chloral hydrate from
Carlo Erba, primary antibodies from Cell Signaling Technology, second-
ary antibodies from Dako, nitrocellulose paper and ECL from GE
Healthcare, red fluorescent FluoSpheres (1 �m diameter) from Invitro-
gen, ELISA kit for TNF-� and IL-1� from R & D Systems, and all other
reagents from Sigma-Aldrich.

Animals
Male Crl:CD (SD)BR rats (Charles River), A1R�/�, C57BL/6J (wt;
Charles River), cx3cl1�/� (Cook et al., 2001; kindly provided by Dr.
Richard M. Ransohoff, Cleveland, OH), and cx3cr1GFP/GFP knock-in (in
which the cx3cr1 gene was replaced by GFP; Jung et al., 2000; The Jackson
Laboratory) male mice were used. Procedures involving animals and
their care were in accordance with institutional guidelines that are in
compliance with national (decreto legislativo n.116, Gazzetta Ufficiale
suppl. 40; February 18, 1992) and international (EEC Council Directive
86/609, OJ L 358,1; December 12, 1987; National Institutes of Health
Guide for the Care and Use of Laboratory Animals, National Research
Council, 1996) laws and policies.

Permanent middle cerebral artery occlusion
Rats (250 –280 g, 7– 8 weeks) were anesthetized with chloral hydrate (400
mg/kg, i.p.), and surgery was done as described previously (Villa et al.,
2007). Briefly, the common carotid arteries (CCAs) were visualized, and
the right one was occluded. A hole adjacent and rostral to the right orbit
allowed visualization of the middle cerebral artery (MCA), which was
cauterized distal to the rhinal artery. To produce a penumbra around this
fixed MCA lesion, the contralateral CCA was occluded for 1 h using
traction with fine forceps. Sham-operated rats were operated the same
way, but the MCA and CCAs were not occluded. Mice (25–28 g, 11–12
weeks) were anesthetized with intraperitoneal Equitensine at 3.5 ml/kg
(39 mM pentobarbital, 256 mM chloral hydrate, 86 mM MgSO4, 10%
ethanol v/v, and 39.6% propyleneglycol v/v). The right MCA was perma-
nently occluded by electrocoagulation as described previously (Storini et
al., 2006). Both rats and mice were maintained at 37°C during surgery
and killed at different times after permanent middle cerebral artery oc-
clusion (pMCAO).

Drugs and administration protocols
CX3CL1 was dissolved in saline and intracerebroventricularly injected 20
min before pMCAO at 200 pmol/2 �l in rats (rat CX3CL1) and 70
pmol/2 �l in mice (human or mouse CX3CL1), similar to what was used
previously (Lyons et al., 2009). For dose–response experiments, rats re-
ceived 20 –200 pmol and mice 15–150 pmol of CX3CL1, in the same
volume of saline. Anesthetized animals were immobilized on a stereo-
taxic apparatus (David Kopf Instruments) and injected in the right cere-
bral ventricle (�0.9 mm anteroposterior, 1.5 mm lateral, 4 mm deep for
rats; 1 mm lateral and 3 mm deep for mice, according to the atlas of

Paxinos and Watson (1998). A constant rate of infusion (0.2 �l/min) was
maintained with a pump (KD Scientific). DPCPX (0.1 mg/kg; Phillis,
1995) and DMSO (vehicle, 0.5 ml/kg) were given intraperitoneally 30
min before CX3CL1 or saline in rats. Sham-operated animals received
only vehicles.

Neurological deficits
Rats were evaluated for neurological deficits using the foot-fault, Beder-
son’s, and De Ryck’s tests at different time points after induction of
ischemia, from 24 h to 28 d (Villa et al., 2007). The foot-fault test mea-
sures the animal’s ability to integrate motor responses. The rats were
placed on a grid of 0.3-cm-diameter metal rods 2 cm apart and were
observed for 2 min. With each weight-bearing step, the paw can fall or
slip between the wires, and this was recorded as a foot fault. The number
of foot faults for the paws contralateral and ipsilateral to the infarction
was recorded with the number of successful steps, and the foot-fault
index was calculated as the percentage of contralateral limb foot faults
per limb step minus the percentage of ipsilateral limb foot faults per limb
step. In the postural reflex test of Bederson, rats were scored as follows:
grade 5, normal; grade 4, moderate (forelimb flexion and no other ab-
normalities); grade 3, severe (reduced resistance to lateral push toward
the paretic side, and forelimb flexion); grade 2, severe (same behavior as
grade 3, with circling toward the paretic side when pulling the tail on the
table); grade 1, severe (same behavior as grade 2, with spontaneous cir-
cling); grade 0, no activity. De Ryck’s limb-placing test examines senso-
rimotor integration in limb placing responses to visual, vibrissae, tactile,
and proprioceptive stimuli. For each test, limb placing scores were as
follows: 0, no placing; 1, incomplete and/or delayed (�2 s); or 2, imme-
diate and complete placing. Each test was repeated for each paw up to 10
times, and, for each body side, the maximum limb placing score was 16.
All the experiments were run by a trained investigator blinded to the
experimental conditions.

Brain ischemic volume
Rats. To evaluate the extent of cell injury in the brain, rats were killed 24 h
after ischemia. The brains were removed and transferred to cold saline,
and 12 serial 1-mm-thick sections were cut through the entire brain. Six
alternate sections were stained with a solution of 1% (w/v) triphenyltet-
razolium chloride (TTC) in 154 mM NaCl for 30 min at 37°C, as de-
scribed previously (Villa et al., 2007). Injury was quantified blindly using
a computerized image analysis system (AIS software; Imaging Research).
The remaining six sections, divided into the right ischemic and left non-
ischemic hemisphere, were rapidly frozen on dry ice and stored at �80°C
for Western blotting analysis. Alternatively, 50 d after brain ischemia, rats
were evaluated for ischemic volume by structural magnetic resonance
imaging (MRI) analysis (see below).

Mice. Mice were deeply anesthetized with Equitensine and transcardi-
ally perfused with ice-cold PBS (20 ml), pH 7.4, and paraformaldehyde
(PFA; 4%, 50 ml) in PBS. The brains were carefully removed from the
skull and transferred in 4% PFA at 4°C overnight, then to 30% sucrose in
PBS at 4°C overnight for cryoprotection, frozen in isopentane at �45°C for 3
min, and then stored at �80°C until use. Twenty micrometer coronal brain
cryosections were cut serially at 320 �m intervals and stained with cresyl
violet. Infarct volumes were calculated by integration of the infarct areas on
each brain slice, as described previously (Storini et al., 2006).

MRI measurements
Rats were anesthetized with isoflurane (5% induction, 1% maintenance)
in a 2:1 mixture of N2O/O2. Stereotaxic ear bars were used to minimize
movements during the imaging procedure. Temperature was maintained
at 37°C by a feedback-controlled, water-circulated heating cradle. Imag-
ing was performed on a 7 T small-bore animal scanner (Bruker Biospec).
Two actively coupled radio frequency coils were used: a volume coil of 7.2
cm diameter used as transmitter and an anatomically shaped receive-
only surface coil array (2 � 2 array) as receiver. ParaVision 5.1 software
interface was used for data acquisition. A RARE T2-weighted sequence
allowed the acquisition of 42 coronal slices (700 �m thick), which cov-
ered the whole rat brain volume. The morphological images were ob-
tained with an in-plane resolution of 117 � 150 �m (matrix, 256 � 200;
FOV, 3 � 3 cm), repetition time (TR) of 5000 ms, effective echo time
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(TE) of 36 ms, and eight averages. Diffusion tensor imaging (DTI) data
were acquired using a DTI–EPI sequence. The brain coronal slices (1 mm
thickness) were acquired with a TR of 3000 ms and a TE of 35,632 ms.
Four averages were used to increase the signal-to-noise ratio. For diffu-
sion, encoding b factors of 0 (b0 image) and 800 s/mm 2 were used, and
diffusion-sensitizing gradients were applied along 19 isotropic directions
of three-dimensional space, resulting in an acquisition time of 15 min for
each rat. The in-plane image resolution was 214 � 214 �m (FOV of 3 �
3 cm with an acquisition matrix of 140 � 140). Volume measurements of
structural MRI images were obtained manually using custom-made soft-
ware. Regions of interest (ROIs) were manually chosen and drawn on the
images for quantitative comparison of the brain atrophy values. We stud-
ied the whole brain, the cortex, the hippocampus, the caudate–putamen,
and computed lesion volume. An operator, blind to the drug treatment,
performed the evaluation. Data from all the animals were averaged ROI
area � slice thickness and presented as mean � SE. The DTI was calcu-
lated using a freely available software (MedINRIA), and fractional an-
isotropy (FA) maps were generated. The orientation information was
visualized through directional encoded images (color coded maps),
which were generated by color coding the primary eigenvector (e1) di-
rection. The eigenvector corresponding to the largest eigenvalue is used
to define the color (x, y, and z components are mapped to the red– green–
blue channel). ROIs were manually chosen for quantitative comparison
of the DTI values. For each animal, the ROIs were chosen on FA maps,
and the anatomy was checked further on the set of images with no diffu-
sion gradient (b � 0) and on the color-coded images. The use of different
image contrasts provided by different DTI indices represented a repro-
ducible strategy in conducting ROI analysis consistently for all animals.
We also computed the apparent diffusion coefficient (ADC) maps: the
maps visually demonstrate changes in the area and corresponding MRI
parameter values of ischemia damaged tissue and the continuity of ipsi-
lateral ventricle expansion. The structure of the corpus callosum was
analyzed in two separate region, the genu of the corpus callosum and the
external capsula. Data from all the animals were averaged/ROI and pre-
sented as mean � SE. All the ROIs chosen were divided in two separate
ROIs: one for the ipsilateral hemisphere and one for the contralateral
hemisphere.

Western blot analysis
For protein extraction, the same half-slice for each brain was homoge-
nized in RIPA buffer in a glass Potter apparatus. The homogenate was
centrifuged at 15,000 � g for 15 min, the supernatant sonicated for 10 s,
and centrifuged again at 15,000 � g for 10 min. The same amount of
proteins (50 �g/sample) was loaded onto 7.5 or 12% SDS polyacrylamide
gel and electrophoretically transferred to nitrocellulose paper at 4°C for
2 h. Blots were then incubated for 1 h with 5% nonfat dry milk or 5% BSA
in Tris-buffered saline containing 0.2% Tween 20 to block nonspecific
binding sites and then incubated overnight at 4°C with specific primary
antibodies. After washing, membranes were incubated with HRP-
conjugated secondary antibodies, and the immunoreactivity was de-
tected by ECL. Densitometric analysis of immune reactive bands was
done with Chemi-Doc XRS, using the Quantity One software (Bio-Rad).

Cortical neuronal cultures and OGD experiments
Cortical neuronal cultures were prepared from the brain of newborn wt
mice. Cerebral cortices were chopped and digested in 20 U/ml papain for
40 min at 37°C. Cells (2.5 � 10 5 cells per well) were seeded on dishes
coated with poly-L-lysine (100 �g/ml) in basal medium Eagle supple-
mented with 1 mM sodium pyruvate, 30 mM glucose, 0.1% Mito serum
extender, 10% FBS, 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 10
mM HEPES-NaOH, pH 7.4. After 4 h, the medium was changed with
Neurobasal medium supplemented with 1 mM glutamine, 0.1% Mito
serum extender, 2.5% B27, 100 U/ml penicillin, and 0.1 mg/ml strepto-
mycin. After 2 d, AraC (5 �M) was added to avoid the growth of glial cells.
The percentage of neuronal cells obtained with this method is between 80
and 90%, as determined with �-tubulin III staining. After 10 –11 d, cells
were incubated in glucose-free Locke’s buffer (Lauro et al., 2008) for 2 h
at 37°C in a sealed humidified chamber (MIC-101; Billups-Rotenberg),
saturated with an atmosphere of 95% N2 and 5% CO2 (OGD) or in

standard Locke’s buffer and normoxia. Cells were then reincubated for
24 h in the original medium with normal O2 concentration. This CM was
then used for microglia treatment (see below), and cortical neurons were
analyzed for viability by cell count and MTT assay (Lauro et al., 2010) to
verify neuronal damage, ranging from 40 to 60%.

Figure 1. Permanent MCAO in cx3cr1GFP/GFP and cx3cl1�/� mice. Brain infarct volume is
reduced in both cx3cr1GFP/GFP and cx3cl1�/� mice during pMCAO (C) compared with wt mice.
The effect of CX3CL1 treatment on infarct brain volume in pMCAO wt, cx3cr1GFP/GFP, and
cx3cl1�/� mice is reported. Data are mean � SE; n � 5–18, indicated in brackets on top of
each column. Student’s t test: *p � 0.05 and **p � 0.01 versus C wt; #p � 0.05 and ##p � 0.01
versus C for corresponding genotype.

Figure 2. Phagocytic activity and TNF-� release of wt and cx3cl1�/� microglia. Phago-
cytic activity of wt and cx3cl1�/� microglia exposed to OGD-CM. a, Results expressed as
the percentage of phagocyting cells. b, Results expressed as the number of phagocyted
microspheres per cell as detailed in Materials and Methods. Data are the mean � SE, n �
6 –7 (total number of cells counted for each condition: 1350 for wt; 900 for cx3cl1�/�).
Student’s t test: **p � 0.01. c, TNF-� released in culture medium of microglia, expressed
as picograms per milliliter per milligram of total cell proteins. Data are the mean � SE,
n � 6 –14. Student’s t test: *p � 0.05.
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Phagocytosis and ELISAs
Pure (99%) cortical microglia, obtained from
wt or cx3cl�/� mice (Lauro et al., 2010), were
seeded on poly-L-lysine-treated 10 mm glass
coverslips (8 � 10 4 cells) or 12 mm wells
(2.5 � 10 5 cells), respectively, for phagocytosis
and ELISAs. After 24 h, medium was replaced
with CM from normoxia or OGD-treated cor-
tical cultures in the presence or absence of
CX3CL1 (100 nM). Medium was then analyzed
for cytokine release (ELISA), and the cells were
lysed for protein quantification. Alternatively,
after additional 24 h, medium was removed,
0.05% red fluorescent FluoSpheres were added
for 1 h in serum-free medium (0.1% BSA), and
nuclei were stained by Hoechst (1:1000, 30
min). Cells were washed three times with PBS
to remove nonphagocyted spheres, and cells
were fixed in 4% PFA for 15 min. Phagocytosis
was quantified counting both the number of
phagocyting cells (scoring as positive only cells
with at least three FluoSpheres; Labuzek et al.,
2010) and the number of red FluoSpheres per
cell in at least 10 random fields for coverslip
(594 nm, Axioscope 2; Carl Zeiss).

Statistical analysis
Data are shown as the means � SE. Vehicle-
and CX3CL1-treated animals were analyzed
using Student’s t test and the nonparametric
Mann–Whitney test for infarct volume and
neurological scores, respectively, and/or using
two-way ANOVA, followed by the Bonferroni’s
post hoc test to evaluate the interaction of intra-
peritoneal and intracerebroventricular treat-
ments, for long-term neurological deficits and for
MRI structural analysis. All other datasets were
analyzed for normality, followed by Student’s t
test and one-way ANOVA. The differences be-
tween groups of data were considered highly sig-
nificant with ***p � 0.001 and **p � 0.01 and
significant with *p � 0.05.

Results
pMCAO in wt, cx3cr1 GFP/GFP, and
cx3cl1�/� mice
To analyze possible differences in the
role of CX3CL1/CX3CR1 in transient
and permanent ischemia models, we
performed pMCAO on wt, cx3cr1GFP/GFP,
and cx3cl1�/� mice. In accordance with
previous studies (Soriano et al., 2002; Dènes
et al., 2008), the absence of CX3CL1 or
CX3CR1 significantly reduced infarct size
compared with wt mice [Fig. 1, *p � 0.05
and **p � 0.01 for control (C) groups of
different genotypes vs C wt], reinforcing
the hypothesis that the constitutive ab-
sence of CX3CL1/CX3CR1 signaling re-
sults in phenotypes protected against the
deleterious effects of both transient and
permanent ischemia. Because we have
demonstrated previously that exogenous
CX3CL1 is neuroprotective against exci-
totoxicity death models in vitro (Limatola et al., 2005), we now
investigated the effects of exogenous CX3CL1 in in vivo ischemia.
When CX3CL1 (70 pmol) was injected intracerebroventricularly

in wt mice shortly before pMCAO, there was a significant de-
crease in ischemic volume (Fig. 1, ##p � 0.01, CX3CL1 vs C). A
significant reduction of ischemic volume is observed already at 15
pmol, whereas higher doses (150 pmol) are less effective (data not

Figure 3. Effect of CX3CL1 on neurological deficits and ischemic brain volume after pMCAO in rats. a, Study paradigm. b, Results
of Bederson’s, De Ryck’s, and foot-fault tests in vehicle-treated (black circles) and CX3CL1-treated (white circles) rats. Dotted lines
indicate the maximal scores for sham rats. The foot-fault index for the six sham-operated rats was 4.1 � 1.4 at 24 h. All data are
mean � SE from seven rats for each experimental condition. Mann–Whitney U test: **p � 0.01, ***p � 0.001. c, Infarct volume
in vehicle- and CX3CL1-treated rats 24 h after pMCAO. Data are the mean � SE from six to seven rats for each condition. Student’s
t test: **p � 0.01. Representative images of the ischemic area (white) in TTC-stained coronal brain sections are shown at the top.

Figure 4. Long-term effects of CX3CL1 on ischemic brain. a, Study paradigm. b, Results of Bederson’s (top), De Ryck’s (middle), and
foot-fault (bottom) tests in vehicle-treated (black circles) and CX3CL1-treated (white circles) rats at different days after pMCAO (n�11). In
the foot-fault test, values for sham-operated rats were similar to those obtained at 24 h. c, Results of structural MRI data analysis of brain
lesions in ischemic rats treated with CX3CL1 and saline, 50 d after pMCAO. Volumes of cortex for ipsilateral (I) and contralateral (C) hemi-
spheres and total lesion volume are shown for vehicle- and CX3CL1-treated rats. Representative images of ischemic brains are shown for
vehicle- and CX3CL1-treated rats. d, DTI data analysis showing ADC of the ipsilateral and contralateral hemisphere of CX3CL1- and vehicle-
treated rats in cortex and external capsula. Representative ADC images are shown. All data are mean � SE from six rats for each experi-
mental condition. Two-way ANOVA followed by the Bonferroni’s post hoc test: *p � 0.05, **p � 0.01, ***p � 0.001.
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shown). In preliminary experiments, we also tested the efficacy of
mouse versus human CX3CL1 in neuroprotection, and, because
the two gave comparable results (data not shown) in all subse-
quent experiments, we used the human chemokine. We verified
the specificity of chemokine activity treating pMCAO cx3cr1GFP/GFP

mice with CX3CL1. Data obtained demonstrated that CX3CL1
was ineffective in these mice, thus confirming its specific ac-
tivity on CX3CR1 (Fig. 1). We then investigated the effect of
exogenous CX3CL1 treatment in cx3cl1�/� mice. The results,
reported in Figure 1 ( #p � 0.05, CX3CL1 vs C) prove that this
treatment exacerbates ischemic damage, thus demonstrating
that exogenous CX3CL1 induces opposite effects in wt vs
cx3cl1�/� mice.

Effects of CX3CL1 on wt and cx3cl1� /� microglia exposed to
the CM of OGD-damaged neurons
To analyze whether the different effects induced by CX3CL1
treatment in vivo could be explained with altered responses of
microglia to ischemic microenvironment in wt vs cx3cl1�/� mice,
primary cultured microglia were treated with the CM of nor-
moxia or OGD cortical cultures, stimulated or not with CX3CL1,
and analyzed for phagocytosis of microspheres in vitro. It is re-
ported that CX3CL1 reduces the phagocytic activity of microglia
(Lee et al., 2010). In our experimental conditions, we confirmed
these data on wt microglia exposed to OGD-CM, in which
CX3CL1 reduced the percentage of phagocyting cells and the
number of phagocyted FluoSpheres per cell (Fig. 2a,b, n � 6).
However, both these effects were lost in cx3cl1�/� microglia, in
which CX3CL1 treatment did not significantly change the phago-
cytic activity when considering either the percentage of phago-
cyting cells or the number of phagocyted FluoSpheres per cell
(Fig. 2a,b, n � 7).

No significant difference in the phagocytic activity was ob-
served during CX3CL1 treatment of microglia under normoxia
conditions (n � 7; data not shown). To gain insight into the
possible mechanisms leading to the above described altered
phagocytic activity, wt and cx3cl1�/� microglia were exposed to
OGD-CM and analyzed for cytokine production with the same
protocol used for phagocytosis assay (for details, see Materials
and Methods). Data reported in Figure 2c demonstrated that
CX3CL1 significantly reduced TNF-� release only in cx3cl1�/�

microglia, with no significant effects being observed in wt micro-
glia. No release of IL-1� was detected in these microglia cultures
(data not shown).

CX3CL1 reduces neurological deficits and ischemic infarct
size in rat brain after pMCAO
To better investigate the neuroprotective activity of exogenous
CX3CL1, we investigated the effect of intracerebroventricular ad-
ministration of CX3CL1 (200 pmol) in a rat model of permanent
cerebral ischemia, on neurological deficits and ischemic infarct
volume, with the experimental design illustrated in Figure 3a.
CX3CL1-injected rats had better functional outcomes compared
with vehicle-treated rats 23 h after ischemia in Bederson’s, De
Ryck’s, and foot-fault tests (Fig. 3b, n � 7). Brains were then
analyzed for ischemic volume at 24 h, a time point when the
maximum infarction is reported for MCA occlusion (Barone et
al., 1992). Figure 3c shows that the infarcted brain volumes in
CX3CL1- and vehicle-treated rats were significantly different
24 h after pMCAO (n � 7, p � 0.01). Sham-operated rats had no
signs of neurological deficits or cerebral injury (data not shown).
When lower doses of CX3CL1 were injected (20 pmol), minor

reductions of ischemic brain volume and neurological deficits
were observed (data not shown).

To investigate whether the protective effects of CX3CL1 were
long lasting, behavioral tests were repeated at different time
points, up to 28 d (as summarized in Fig. 4a). Figure 4b demon-
strates that improved performances in the three different tests
were maintained at 7, 14, and 28 d after the insult. Because infarct
volume measurements in rodents become inexact and influenced
by many confounding factors (tissue shrinkage, glial scarring, cell
infiltrates) at periods longer than 3 d after the ischemic insult, rats
were analyzed for brain damage by MRI. Structural MRI data
analysis revealed lesion volumes significantly reduced in
CX3CL1-treated rats at 50 d after pMCAO, with specific reduc-
tion localized in the cortical region (Fig. 4c, n � 6). DTI data
analysis also revealed a significant reduction of ADC, a marker of
vasogenic edema directly correlated with tissue damage (Sood et
al., 2009), in the cortex and the external capsula of the ipsilateral
hemisphere during CX3CL1 treatment (Fig. 4d), with no signif-
icant changes in other brain regions (data not shown). A signifi-
cant correlation was found between Bederson’s, De Ryck’s, and
foot-fault tests evaluated 28 d after pMCAO and the lesion vol-
ume by MRI (p � 0.05, p � 0.01, and p � 0.05, respectively). All

Figure 5. A1R inhibition or deficiency abolishes the neuroprotective effect of CX3CL1. a,
Results of Bederson’s, De Ryck’s, and foot-fault tests 24 h after pMCAO in vehicle- and CX3CL1-
treated rats, in the presence of DPCPX (n � 13). Dotted line indicates the maximal scores for
sham-operated rats. Results for each experimental group are obtained from two independent
sets of experiments. b, Infarct volume in vehicle- and CX3CL1-treated rats. Vehicle-treated
(black bars) and CX3CL1-treated (white bars) rats received DPCPX (n � 12). Data are mean �
SE. c, A1R-deficient mice are not protected by CX3CL1 during pMCAO. Data are the mean � SE
from four to five mice. Mann–Whitney U and Student’s t tests.
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these data demonstrate that exogenous
CX3CL1 has neuroprotective activities in
cerebral ischemia and that its effects are
durable.

CX3CL1-mediated neuroprotection
requires the activation of A1R in vivo
To investigate whether the neuroprotec-
tive effect of CX3CL1 in cerebral ischemia
was mediated by A1R, similarly to what we
described recently in vitro (Lauro et al.,
2008, 2010), the specific A1R antagonist
DPCPX or vehicle (DMSO) were injected
in rats before the ischemic insult. DPCPX
has demonstrated efficacy in reaching the
brain parenchyma and inhibiting A1R activ-
ity in the brain (Phillis, 1995). DPCPX abol-
ished the protective effects of CX3CL1 (as
shown Fig. 3) on both neurological deficits
(Fig. 5a, n � 13) and ischemic volume (Fig.
5b, n � 12). DMSO alone did not alter
CX3CL1-induced reduction of ischemia-
induced neurological deficits (data not
shown; n � 13, p � 0.001) and infarct size
(data not shown; n � 12, p � 0.01).

To further confirm the involvement of
A1R in CX3CL1-mediated neuroprotection, pMCAO experi-
ments were performed on A1R�/� mice. In contrast with what
observed in wt (Fig. 1), in A1R�/� mice, CX3CL1 was ineffective
in reducing brain ischemic volume during pMCAO (Fig. 5c, n �
4 –5), confirming A1R involvement in CX3CL1-mediated neuro-
protection also in vivo. Data in Figure 5c also demonstrated that
pMCAO in A1R�/� mice induced a damage similar to wt mice, in
accordance with previous findings (Olsson et al., 2004).

CX3CL1 inhibits pMCAO-induced caspase-3 activation
To see whether the neuroprotective effects of CX3CL1 involved
the inhibition of ischemia-induced caspase-3 activation, we ex-
amined the levels of active caspase-3 in the ipsilateral hemisphere
of ischemic rat brains by Western blotting. In the contralateral
non-ischemic hemisphere (data not shown) and in the ipsilateral
hemisphere of sham-operated rats (Fig. 6a), caspase-3 immuno-
reactivity was completely absent. During ischemia, caspase-3-
positive signal appeared in the ipsilateral hemisphere and was
significantly reduced in CX3CL1-treated rats (Fig. 6a, n � 7, p �
0.05). In contrast, in DPCPX-treated ischemic rats, the levels of
active caspase-3 did not change during CX3CL1 treatment (Fig.
6a). We also investigated the cleavage of poly(ADP-ribose) poly-
merase (PARP), a specific caspase-3 substrate, quantified from
the ratio of full-length PARP between the ipsilateral and con-
tralateral hemisphere in rats. CX3CL1 treatment significantly re-
duced ischemia-induced PARP cleavage (Fig. 6b, n � 18, p �
0.01), and, again, it was not effective in the presence of DPCPX
(Fig. 6b, n � 10). Representative blots are shown in Figure 6, a
and b, with total actin or AKT as control for equal protein load-
ing. Similar results for caspase-3 and PARP were obtained in
control experiments performed on rats not treated with DMSO
(n � 7; data not shown). These results show that CX3CL1 re-
duced ischemia-induced caspase activation and that DPCPX
abolished this effect, reinforcing the hypothesis of a role for A1R
in CX3CL1-mediated neuroprotective processes.

Discussion
In this study, we demonstrated that exogenous CX3CL1 has a
long-lasting neuroprotective action against permanent cerebral
ischemia in rodents. Previous studies on transient cerebral isch-
emia reported deleterious roles for the CX3CL1/CX3CR1 pair
compared with wt animals, and cx3cl1�/� mice had a significant
reduction of infarct lesion and a lower mortality (Soriano et al.,
2002). Moreover, cx3cr1GFP/GFP mice had smaller infarct lesion,
less blood– brain barrier damage, and fewer apoptotic cells and
infiltrating leukocytes in the ischemic hemisphere, as well as
lower expression of the proinflammatory cytokines IL-1� and
TNF-� (Dènes et al., 2008). We confirmed that both cx3cl1�/�

and cx3cr1GFP/GFP mice show less severe ischemic damage than wt
mice. We further demonstrated that the CX3CL1/CX3CR1 pair
has a detrimental role in cerebral ischemia in the absence of a
constitutive CX3CL1/CX3CR1 signaling, because exogenous
CX3CL1 increased brain damage in cx3cl1�/� ischemic mice.
However, we also demonstrated that, when CX3CL1 is given
exogenously to ischemic rats or wt mice, in which microglia ex-
hibited, throughout development, a normal constitutive CX3CR1-
mediated signaling, this chemokine exerts a protective role on the
ischemic lesion. The genuine neuroprotective effect of CX3CL1 is
corroborated by the long-lasting improvement in performances
obtained in different sensorimotor tasks and by the reduction of
ischemic volume, mainly in the cortical area, observed in
CX3CL1-treated rats by brain slice staining and structural MRI
analysis.

The basis for the different effect of CX3CL1 in wt versus
cx3cl1�/� mice is likely that the inflammatory microenvironment
induced by the ischemic insult is different in wt and cx3cl1�/�

mice. CX3CL1 has been reported to reduce microglia activation,
keeping these cells in an “off” state (Biber et al., 2007) and to
inhibit the release of inflammatory cytokines (Zujovic et al., 2000;
Mizuno et al., 2003; Cardona et al., 2006). In different experi-
mental conditions, there is evidence of both harmful and protec-
tive roles of microglia in stroke. After stroke, acute and prolonged
inflammatory response exacerbates neuronal injury, with micro-

Figure 6. CX3CL1-reduced activation of caspase 3 pathway during pMCAO is A1R dependent. Brain coronal sections from
ischemic rats treated as in Figure 3 were analyzed by Western blot. The same amount of proteins (50 �g) was analyzed for each
sample. a, Active form of caspase-3 (17–19 kDa) in the ipsilateral hemisphere of sham-operated (left) or pMCAO rats treated with
vehicle or CX3CL1 in the presence of DMSO (control, C; middle) in the presence of DPCPX (right). Results are reported as arbitrary
units (a.u.). The inset shows a representative blot: top, active form of caspase-3; bottom: actin, used to normalize signals. b, PARP
(116 kDa) in sham-operated (left) or treated rats in the presence or in the absence of DPCPX. Data are expressed as the ratio of
PARP in the ipsilateral (I) to the contralateral (C) hemisphere. The inset shows a representative blot. Top, Full-length form of PARP;
bottom, AKT, used to normalize signals. Bars indicate the mean � SE from 6 to 18 rats. Statistical differences are analyzed for each
experimental condition for CX3CL1 versus vehicle; *p � 0.05, **p � 0.01 using Student’s t test.
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glia activation contributing through the production of reactive
oxygen species, nitric oxide, and proinflammatory cytokines
(Block et al., 2007). Conversely, minocycline, an antibiotic com-
monly used to “inhibit” microglia activation, strongly attenuates
the damages induced by ischemia (Yrjänheikki et al., 1998), and
both exogenous and resident proliferating microglia exert neu-
roprotection in brain ischemia, probably through the production
of neurotrophic factors (Imai et al., 2007; Lalancette-Hébert et
al., 2007; Narantuya et al., 2010). This dual activity of microglia
might be explained by the different composition of the parenchy-
mal milieu generated in injuries of different entity or at different
stages of the pathology, which might have different effects on
microglia activation (Lai and Todd, 2008). We provide evidence
that, in OGD conditions in vitro, CX3CL1 deficiency changes the
phagocytic response of microglia during CX3CL1 stimulation.
We speculate that the CX3CL1-induced reduction of phagocytic
activity in wt microglia could be beneficial for neurons, thus
explaining the neuroprotective effects described in vivo and in
vitro. A relation between the reduced phagocytic activity of mi-
croglia and neuron rescue was reported recently in cultured
neurons exposed to the inflammatory stimuli lipoteichoic acid
and lipopolysaccharide (LPS) (Neher et al., 2011). In different
models of neuroinflammatory diseases, CX3CR1 deficiency
correlated with enhanced microglia phagocytosis (Lee et al.,
2010; Liu et al., 2010) and altered production of inflammatory
cytokines (Cardona et al., 2006; Dénes et al., 2008; Bhaskar et
al., 2010). In an in vitro models of excitotoxic damage,
CX3CL1 was, however, reported to induce neuroprotection,
increasing the clearance of neuronal debris, with an MFG-E8
(milk fat globule epidermal growth factor-8)-mediated mech-
anism (Noda et al., 2011). These differences might be ex-
plained by a different role played by microglia in different
phases of the degenerative processes.

We also report that, in OGD conditions, CX3CL1 treatment
of cx3cl1�/� microglia induces a significant reduction in TNF-�
release, whereas no effect was observed in wt microglia. Previous
studies reported that CX3CL1 reduces LPS-induced TNF-� re-
lease by microglia (Zujovic et al., 2000) and that the neuropro-
tective effect of CX3CL1 against inflammatory stimuli is
correlated with a reduced synthesis of IL-1� (Cardona et al.,
2006). A neuroprotective role has been described recently for
TNF-� in cerebral ischemia (Lambertsen et al., 2009), leading us
to hypothesize that the reduction in microglial TNF-� produc-
tion during CX3CL1 treatment in OGD conditions might help to
explain the increased cerebral damage observed in vivo in isch-
emic cx3cl1�/� mice. Even if we do not provide conclusive evi-
dence of the direct involvement of TNF-� in the neuroprotective
effect of CX3CL1 in our experimental systems, we speculate that
the different response elicited in wt versus cx3cl1�/� microglia
could explain the different effects on neuron viability. Together,
these data confirm that CX3CL1/CX3CR1 pair is one of the key
signaling involved in tuning microglia responses in different
neuropathologies.

The localization of CX3CR1 on microglia (Harrison et al.,
1998) and in vitro studies suggested that the neurotrophic action
of CX3CL1 is indirect, requiring soluble factors released by mi-
croglial cells (Lauro et al., 2008). Among these, adenosine plays a
role, being released from CX3CL1-stimulated microglia and act-
ing on A1R (Lauro et al., 2008, 2010). In this study, we found that,
in permanent ischemia, the neuroprotective effect of CX3CL1 is
lost in rats treated with DPCPX and in A1R�/� mice, suggesting
that the involvement of A1R in CX3CL1-induced neuroprotec-

tion is conserved from cellular to in vivo models. This agrees with
data indicating the importance of A1R activation in neuroprotec-
tion, reducing neuronal injury in vitro and in vivo and being
involved in mechanisms of ischemic preconditioning (Von Lu-
bitz et al., 1996; Nakamura et al., 2002). Acute A1R activation
reduces neuronal damage, whereas A1R antagonists potentiate
damage in neuronal cultures, brain slices, and animal models of
cerebral ischemia, epileptic models, and brain trauma (Olsson et
al., 2004; Cunha, 2005). However, data on the effects of A1R
antagonists on brain ischemia are not always unanimous:
DPCPX is reported not to modify ischemia-induced damage
(Yoshida et al., 2004; Wang et al., 2005; our data), whereas other
antagonists, such as 8-cyclopentyltheophylline, do (Olsson et al.,
2004). Furthermore, in both the present study and in a study of
global ischemia (Olsson et al., 2004), there was no effect of the
deletion of A1 receptors on cerebral damage. During brain isch-
emia, adenosine levels rise rapidly in the brain (Pearson et al.,
2006), providing an endogenous break on excitatory neurotrans-
mission that can provide neuroprotection in some experimental
systems (Johansson et al., 2001). CX3CL1 may conceivably con-
tribute to adenosine release in the ischemic brain, promoting
activation of neuroprotective pathways in an A1R-dependent
manner. The fact that the CX3CL1-induced reduction in damage
was eliminated in the A1R�/� mice although there was no differ-
ence between A1R�/� and wt mice in the absence of CX3CL1
indicates that the exogenous chemokine activates the adenosine
mechanism more powerfully or in different locations than does
ischemia per se. However, from these data, we cannot exclude the
possibility of peripheral effects of A1R inhibition, but given our
previous in vitro data on the A1R-dependency of the protective
effects of CX3CL1 on cultured neurons (Lauro et al., 2010), this is
not the most likely possibility.

Cell death induced by cerebral ischemia results in necrosis
within the ischemic core during the early phase of tissue degen-
eration and in apoptosis in the penumbra later (Dirnagl et al.,
1999). Caspase-3 is a final effector of apoptotic signaling and
appears to be activated in different experimental models of cere-
bral ischemia (Namura et al., 1998; Broughton et al., 2009). The
inhibition of caspase-dependent pathways in LPS-induced brain
inflammation has been correlated recently with microglia activa-
tion (Burguillos et al., 2011), thus suggesting that inhibiting
caspase activation in these cells might drive protection from neu-
roinflammation rather than direct inhibition of cell death. We
suggest that one possible mechanism of CX3CL1-mediated neu-
roprotection is inhibition of the caspase-3 activation and PARP
cleavage induced by ischemia, both events again blocked by
DPCPX. However, we cannot exclude that these effects are indirectly
caused by cytokines or other factors released during CX3CL1
administration.

In conclusion, this study provides evidence that CX3CL1 has
long-term neuroprotective properties in vivo, reducing neurolog-
ical deficits and infarct size related with cerebral ischemia, with
molecular mechanisms involving the inhibition of caspase-3
pathway and the activation of A1R. We also demonstrated that, in
the absence of a constitutive CX3CL1/CX3CR1 signaling, micro-
glial response to CX3CL1 during hypoxia is altered, likely ex-
plaining, at least in part, the opposite effects obtained with wt and
CX3CL1/CX3CR1-deficient mice. Additional investigations, also
involving studies of CX3CL1 administration subsequent to the
ischemic insult, will be needed to define the therapeutic potential
of CX3CL1 in human ischemic stroke.
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Zujovic V, Benavides J, Vigé X, Carter C, Taupin V (2000) Fractalkine mod-
ulates TNF-� secretion and neurotoxicity induced by microglial activa-
tion. Glia 29:305–315.

Cipriani et al. • CX3CL1 Protects against Cerebral Ischemia J. Neurosci., November 9, 2011 • 31(45):16327–16335 • 16335


