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Transient renal ischemia induces both inflammatory
and fibrotic processes and is a major cause of acute
and chronic renal insufficiency. Study of ischemia-
reperfusion injury in gene-targeted mice has identi-
fied multiple factors responsible for inflammation,
whereas mechanisms underlying fibrosis remain
poorly defined. Here we demonstrate by both gene
inactivation and target protein blockade that a single
chemokine receptor subtype, the fractalkine receptor
CX3CR1, is able to reduce both inflammation and
fibrosis after ischemia-reperfusion injury in the
mouse, leading to partially preserved renal function
after injury. The mechanism involves selective effects
in the outer medulla, including reduced accumulation
of macrophages and reduced expression of the mac-
rophage and platelet-derived fibrogenic protein plate-
let-derived growth factor-B. CX3CR1 is the first che-
mokine receptor shown to contribute to fibrogenesis
in renal ischemia-reperfusion injury. (Am J Pathol
2006, 169:372–387; DOI: 10.2353/ajpath.2006.060043)

Acute ischemia of the kidney, a major cause of renal
failure, occurs most commonly in the setting of renal
artery stenosis, renal transplantation, and shock because
of hemorrhage or sepsis. Even when a kidney that has
been rendered ischemic regains normal perfusion,
pathological changes may persist and progress to
chronic functional insufficiency resulting in end-stage re-
nal disease.1 Although immunosuppressive drugs have
been highly successful in preventing acute kidney allo-
graft rejection, they have not had an impact on late graft
failure, which may result in part from early ischemic inju-
ry.2,3 Late allograft failure afflicts a growing number of
patients, fed by the large increase in patients living with
end-stage renal disease since the advent of hemodialy-
sis.4–6 Recently, chronic allograft nephropathy, charac-

terized by progressive renal dysfunction, interstitial in-
flammation and fibrosis, and vascular occlusion, has
been identified as the chief cause of late graft failure.7 All
other causes of ischemic renal disease are also charac-
terized by inflammation and fibrosis. Rodent models of
renal ischemia-reperfusion injury have been developed in
an effort to develop insights into pathogenesis at the
molecular level. Recent studies using such models have
succeeded in delineating many factors that are involved
in inflammation8; however, osteopontin is the only molec-
ular determinant of fibrosis identified to date.9

Transforming growth factor (TGF)-� and platelet-de-
rived growth factor (PDGF) are well-characterized factors
that promote fibrosis in many diseases and organs, in-
cluding the kidney.10,11 PDGF, which stimulates fibro-
blast proliferation and production of extracellular matrix,
is actually a family of four molecules, PDGF-A and -B and
the newly discovered PDGF-C and -D.12 PDGF-B has
been implicated in renal fibrosis based on the effects of
direct injection of the factor into rat kidney in vivo.13 Infil-
trating inflammatory cells are rich sources of these and
potentially other fibrogenic mediators.14 For this reason
we and others have focused on molecular mechanisms
responsible for inflammatory leukocyte trafficking to the
kidney after ischemia-reperfusion injury. Chemokines, a
major class of leukocyte chemoattractants, are particu-
larly relevant in this regard and have been implicated in
the pathogenesis of numerous fibrotic disorders; how-
ever, none has been linked to fibrosis resulting from renal
ischemia-reperfusion injury.7

In the present report we focus on the chemokine frac-
talkine (CX3CL1 in standard nomenclature) and its
7-transmembrane domain G protein-coupled receptor
CX3CR1. Fractalkine is the only known member of the
CX3C chemokine subclass, one of the four major struc-
tural divisions of the chemokine family. In addition to
functioning as a leukocyte chemoattractant, fractalkine is
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unusual in that it is also able to function as an adhesion
molecule. CX3CR1 is expressed on NK cells, monocytes,
T cells, mast cells, and platelets.15–18 Recently, patients
with systemic sclerosis were reported to have increased
serum levels of fractalkine and increased CX3CR1� mac-
rophages and T cells in fibrotic skin and lung.19 These
data have suggested that fractalkine/CX3CR1 may pro-
mote tissue fibrosis through inflammatory cell infiltration.
Here we test this hypothesis in a mouse model of isch-
emia-reperfusion injury of the kidney.

Materials and Methods

Animals

Male wild-type and CX3CR1�/� C57BL/6 mice were pur-
chased from Taconic (Germantown, NY). CX3CR1�/�

mice, generated as previously described,20 had been
backcrossed onto the C57BL/6 background for 10 gen-
erations and maintained under specific pathogen-free
housing conditions. No significant differences in growth
or weight were found between CX3CR1�/� and wild-type
C57BL/6 mice. All animals were used at 6 to 8 weeks of
age under the auspices of a protocol approved by the
National Institute of Allergy and Infectious Diseases Ani-
mal Care and Use Committee.

Renal Ischemia-Reperfusion Model

After general anesthesia was established with xylazine,
ketamine, and isoflurane, the left renal artery and vein of
CX3CR1�/� and wild-type control mice were exposed by
flank incision and clamped for 60 minutes. Kidneys that
did not completely recover after unclamping, as as-
sessed by restoration of normal color, were not used for
analysis. After releasing the clamp the flank incision was
closed in two layers with silk sutures. The animals re-
ceived warm saline instilled into the peritoneal cavity
during the procedure and were allowed to recover with
free access to food and water. Sham surgery was per-
formed in a similar manner, except that the renal vessels
were not clamped. To evaluate function of the injured
kidney, the uninjured kidney was removed on day 12 in a
subset of mice. Renal tissues were removed for patho-
logical examination 24 hours, 48 hours, 7 days, and 14
days after ischemia-reperfusion from 14 mice at each
time point. Blood samples were taken from the abdominal
aorta just before sacrifice to evaluate renal function. Pu-
rified polyclonal rabbit anti-CX3CR1 antibodies or control
rabbit IgG (Torrey Pines Biolabs, San Diego, CA) were
used to evaluate the therapeutic effects of CX3CR1
blockade in ischemia-reperfusion injury as described
previously.21 Seventy-five �l of anti-CX3CR1 antibodies
or control rabbit IgG at a concentration of 20 �g/ml were
injected intraperitoneally 1 day before or 1 day after
ischemic injury and each day thereafter for a total of 8 or
6 days, respectively. To evaluate effects of anti-CX3CR1
antibodies or control IgG on blood cell counts, we col-
lected whole blood 8 days after injection of the animals
(five per group). Effects of anti-CX3CR1 antibodies or

control IgG on complement were evaluated by serum
C5a concentration by enzyme-linked immunosorbent as-
say using rat anti-mouse complement component C5a
monoclonal antibody (clone 295103), goat biotinylated
anti-mouse complement component C5a antibody, and
recombinant mouse complement component C5a protein
(all from R&D Systems, Minneapolis, MN).

Platelet Labeling

Platelets were prepared and labeled for injection using a
previously described method with some modifica-
tions.22,23 Briefly, peripheral blood was drawn from anes-
thetized wild-type mice or CX3CR1-deficient mice by
cardiac puncture using citrate and disodium ethylenedia-
minetetraacetic acid as anti-coagulants. Fresh anti-coag-
ulated blood was centrifuged at 600 � g for 3 minutes,
and platelet-rich plasma was then collected. Centrifuga-
tion of the platelet-rich plasma at 1300 � g for 10 minutes
produced a platelet pellet. Platelets were labeled with
PKH26 red fluorescent cell linker mini kit (Sigma, St.
Louis, MO) using the method of Michelson and col-
leagues24 with minor modifications. Platelets were resus-
pended in Diluent C at 4 � 109/ml to which 10 �mol/L
prostaglandin I2 (PGI2) was added. An equal volume of
Diluent C containing freshly prepared 4 �mol/L PKH26
was added, and the suspension was mixed and incu-
bated for 8 minutes at room temperature with occasional
inversion. An equal volume of citrate-albumin PGE1 buffer
(11 mmol/L dextrose, 128 mmol/L NaCl, 4.3 mmol/L
NaH2PO4, 7.5 mmol/L Na2HPO4, 4.8 mmol/L trisodium
citrate, 2.4 mmol/L citric acid, 0.35% bovine serum albu-
min, 0.33 �mol/L PGE1, pH 6.5) was added. The mixture
was incubated for 1 minute and centrifuged. The pellet
was resuspended in 5 ml of citrate-albumin-PGE1 buffer,
incubated for 10 minutes, centrifuged, and resuspended
in Tyrode’s solution (Sigma) with 0.35% albumin and 3
U/ml apyrase at a platelet count of 2.0 � 109/ml. To
evaluate the role of CX3CR1 in the accumulation of plate-
lets in the injured kidney, 2 � 108 PKH26-labeled plate-
lets from wild-type mice or CX3CR1-deficient mice in a
total volume of 100 �l were injected in the tail vein of
wild-type mice just before ischemia-reperfusion injury.

Immunohistochemistry

One portion of the renal tissue was fixed in 10% buffered
formalin, embedded in paraffin, sectioned, and stained
with periodic acid-Schiff reagent, naphthol AS-D chloro-
acetate esterase, Gomori’s trichrome, or indicated anti-
bodies. Another portion of fresh renal tissue was embed-
ded in OCT compound (Sakura Finetek, Torrance, CA)
and snap-frozen on dry ice. Frozen sections were used to
detect PKH26-labeled platelets and for immunohisto-
chemistry using antibodies directed against CX3CR1 and
F4/80. Deparaffinized sections were treated with Target
river solution (DAKO, Carpinteria, CA) before staining of
fractalkine and �-smooth muscle actin (�-SMA), with 10
mmol/L Tris buffer and 1 mmol/L ethylenediaminetet-
raacetic acid for TGF-� staining, or with proteinase K
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(DAKO) for staining of PDGF-B. Endogenous peroxidase
activity and nonspecific binding in the sections was
blocked by peroxidase-blocking reagent (DAKO), biotin-
blocking system (DAKO) and protein block, serum-free
(DAKO). Sections were then incubated with the following
primary antibodies and conditions: goat anti-rat fracta-
lkine antiserum (R&D Systems), which cross-reacts with
mouse fractalkine, at 1 �g/ml overnight at 4°C; rabbit
anti-human PDGF-B antiserum (Calbiochem, San Diego,
CA), which cross-reacts with mouse PDGF-B,25 at 10
�g/ml for 2 hours at room temperature; rabbit anti-human
TGF-� antiserum (Abcam, Cambridge, MA), which cross-
reacts with mouse TGF-�, at 4 �g/ml for 2 hours at room
temperature; or rabbit anti-mouse CX3CR1 antiserum
(kind gift from Dr. T. Imai, Kyoto University) at 5 �g/ml for
2 hours at room temperature. Normal goat or rabbit IgG
was used as a negative control. Thereafter, the sections
were incubated with biotinylated secondary antibody, fol-
lowed by incubation with peroxidase-conjugated strepta-
vidin or the EnVision�/HRP kit (DAKO). For �-SMA, poly-
mer-immunocomplex methods were used. Briefly, a
mixture of diluted primary antibody, mouse �-SMA mono-
clonal antibody clone 1A4, 10 �g/ml (DAKO),26 and En-
Vision�/HRP for mouse were incubated at room temper-
ature for 60 minutes. After the incubation, normal mouse
serum was added, and the mixture was incubated for 60
minutes. Tissues were incubated with the final mixture at
room temperature for 60 minutes. Normal mouse IgG was
used as a negative control. After washing with phos-
phate-buffered saline containing 0.01% Tween, the sec-
tions were stained with 3,3�-diaminobenzidine solution
and then counterstained with hematoxylin. Tubular necro-
sis was quantitated in a blinded manner as the percent-
age of tubules in the outer medulla in which epithelial
necrosis or necrotic debris was observed in periodic
acid-Schiff-stained sections. Interstitial renal fibrosis was
quantitated as the area staining blue in sections stained
with Gomori’s trichrome. The area of tubular necrosis and
interstitial fibrosis in the outer medulla was evaluated by
NIH image and expressed as the percentage of total area
imaged. Infiltrating leukocytes were quantitated in the
outer medulla of the injured kidney, where cell migration
was maximal, and the data were expressed as leuko-
cytes/mm2 at magnification �320. Neutrophils were iden-
tified by naphthol AS-D chloroacetate esterase staining
(Sigma).27,28 T cells and macrophages were detected
immunohistochemically with rabbit anti-CD3 antibody
(DAKO)29 and rat anti-mouse F4/80 monoclonal antibody
(clone BM8; eBioscience, San Diego, CA), respectively.
Rabbit anti-CD3 antibody was detected by EnVision�

System (peroxidase) (DAKO), and rat anti-F4/80 antibody
was detected by biotinylated polyclonal rabbit anti-rat
immunoglobulin antibodies (DAKO) and the LSAB� sys-
tem (peroxidase) (DAKO). To identify F4/80 and CX3CR1
double-positive cells, the sections were first incubated for
2 hours at room temperature with rabbit anti-mouse
CX3CR1 antibody and then with Alexa Fluor 568-conju-
gated donkey anti-rabbit IgG (Molecular Probes, Eugene,
OR) at 20 �g/ml for 1 hour at room temperature. For
staining of F4/80, sections were incubated with rat anti-
mouse F4/80 monoclonal antibody. Subsequently, the

samples were incubated with Alexa Fluor-488-conju-
gated donkey anti-rat IgG (Molecular Probes) at 20 �g/ml
for 1 hour at room temperature. Alexa Fluor 568-labeled
CX3CR1-positive cells and Alexa Fluor 488-labeled
F4/80-positive cells were observed by fluorescent
microscopy.

Cytokine Quantitation

Tissue homogenates were used to determine TGF-�
and PDGF-B expression using murine Quantikine im-
munoassay kits (R&D Systems) following the manufac-
turer’s directions. All enzyme-linked immunosorbent
assay samples were run in duplicate. The amount of
TGF-� and PDGF-B was standardized by tissue weight.
Total RNA was extracted from the kidney using
RNAqueous kit (Ambion Inc., Austin, TX). RNA was
treated with deoxyribonuclease and purified with DNA-
free (Ambion, Inc.). The RNA was quantified by absor-
bance at 260 nm in a spectrophotometer (BioPhotom-
eter; Eppendorf AG, Hamburg Germany). cDNA was
reverse-transcribed from 1 �g of total RNA using a
RETROscript kit (Ambion, Inc.). Fractalkine and
CX3CR1 mRNA were detected by 28 cycles of poly-
merase chain reaction (PCR). PCR was found to be
linear between 20 and 35 cycles. �-actin was used as
internal standard (QuantumRNA �-actin internal stan-
dards, Ambion). The following primers were used for
fractalkine: forward (5�-TGGTCCAGAGCTGGCAATAA)
and reverse (5�-TGGCTTCCTCACTCTCAGGA).
Mouse/rat CX3CR1 PCR primer pair (R&D Systems)
was used to detect CX3CR1 expression. The mRNA
expression of cytokines, chemokines, chemokine re-
ceptors, and the housekeeping gene glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was analyzed
using an MPCR kit (Maxim Biotech, Inc., San Fran-
cisco, CA) according to the manufacturer’s protocol.
Images of UV-illuminated agarose gels were captured,
and the density of cDNA bands was analyzed using
NIH Image software. PCR was found to be linear be-
tween 24 and 36 cycles, and 33 cycles were chosen for
all results shown. Cytokine, chemokine, and chemo-
kine receptor mRNA levels were standardized by
GAPDH signals and are expressed relative to the levels
found in sham-operated mice.

Hydroxyproline Assay

Hydroxyproline content was measured as an index of
collagen accumulation in the injured kidney, as de-
scribed previously30 with some modification. Briefly, a
portion of the kidney was weighed, dried for 16 hours at
110°C, then hydrolyzed in 6 N HCl at 110°C for 12 hours.
Fifty-�l aliquots were added to 1 ml of a solution contain-
ing 1.4% chloramine T (Sigma), 10% n-propanol, and 0.5
mol/L sodium acetate, at pH 6.0. After 20 minutes of
incubation at room temperature, 1 ml of Erlich’s solution
(1 mol/L p-dimethylaminobenzaldehyde in 70% n-propa-
nol, 20% perchloric acid) was added, and the mixture
was incubated at 65°C for 15 minutes. Absorbance was
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measured at 550 nm, and the amount of hydroxyproline
was determined against a standard curve generated us-
ing known concentrations of reagent hydroxyproline
(Sigma), and expressed as the amount (�g) per mg of
kidney.

Serum Creatinine Assay

Serum creatinine was measured as a marker of renal
function. Blood was collected from each mouse at the
time of sacrifice and stored at �80°C until use. Creatinine

Figure 1. Fractalkine and CX3CR1 are expressed in kidney after ischemia-reperfusion injury. A–C: Fractalkine. D–G: CX3CR1. Representative and summary data
from PCR analysis of fractalkine mRNA expression is shown in A and B, respectively, and for CX3CR1 in D and E, respectively. �/�, CX3CR1 knockout mice;
�/�, wild-type C57BL/6 control mice; sham, sham-operated wild-type C57BL/6 mice tested 1 day after surgery. Summary data are expressed as fold-change,
defined as the fractalkine or CX3CR1 PCR signal divided by the corresponding �-actin signal normalized to the same ratio for sham-operated mice, and are the
mean � SEM from three independent experiments with four to five mice in each experiment. Representative results are shown for two mice per condition in A
and D. C, F, and G: Immunohistochemical localization of fractalkine and CX3CR1, respectively, in wild-type C57BL/6 mouse kidney 48 hours after surgery. Tissue
was counterstained with hematoxylin for each image in C and F. C: i, Sham-operated kidney stained with anti-fractalkine (arrow points to positively stained
endothelial cells); ii and iii, ischemia-reperfusion-injured kidney stained with anti-fractalkine and control IgG, respectively. F: i, Sham-operated kidney stained
with anti-fractalkine; ii and iii, ischemia-reperfusion-injured kidney stained with anti-CX3CR1 and control IgG, respectively. G: i and ii, Ischemia-reperfusion-
injured kidney stained with anti-F4/80 and anti-CX3CR1, respectively; iii, merged image of i and ii. Original magnifications, �320.
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concentration was measured by colorimetric microplate
assay (Oxford Biomedical Research, Oxford, MI).

Statistical Analysis

The mean and SE (SEM) were calculated on all of the
parameters determined in this study. Statistical analyses
were performed using unpaired Student’s t-test, Kruskal-
Wallis test, and analysis of variance test. P � 0.05 was
accepted as statistically significant.

Results

Fractalkine and CX3CR1 Expression in the
Kidney after Ischemia-Reperfusion Injury

Fractalkine mRNA was constitutively expressed under ho-
meostatic conditions in normal mouse kidney (data not
shown); however, as assessed by PCR analysis of total
kidney RNA, the level did not increase significantly in sham-
operated mice or with time after ischemia-reperfusion injury

Figure 3. Renal interstitial fibrosis caused by ischemia-reperfusion injury is dependent on CX3CR1. All analyses were performed in three independent experiments
with four to five animals in each experiment. A and B: Histopathological analysis. Trichrome-stained outer medulla from CX3CR1-deficient (A) and wild-type (B)
mice 14 days after injury. Images are from one representative animal of each genotype. C: Kinetics of fibrotic change: histochemical analysis. Fibrotic change was
quantitated in trichrome-stained sections of outer medulla under the conditions shown. Values are mean � SEM. D: Kinetics of fibrotic change: biochemical
analysis. Hydroxyproline content of the left kidney was quantitated for the conditions shown. Values are mean � SEM. �/�, CX3CR1 knockout mice; �/�,
wild-type control mice; sham, sham-operated wild-type mice tested 24 hours after surgery. *P � 0.05 comparing CX3CR1-deficient mice versus wild-type mice
at the same time point. Original magnifications, �320.

Figure 2. Kidney reaction to ischemia-reperfusion injury is dependent on CX3CR1: histopathological analysis of CX3CR1 knockout mice. Histopathological examination
was performed using periodic acid-Schiff-stained kidney. The outer medulla of the left kidney is shown for CX3CR1-deficient (A, C, E, G) and wild-type mice (B, D, F,
H, I) at the times after ischemia-reperfusion injury indicated to the left of each panel (A–H) or 24 hours after sham operation (I). J: Tubular necrosis after
ischemia-reperfusion injury is not regulated by CX3CR1. Periodic acid-Schiff-stained sections of the outer medulla were quantitated for necrosis under the conditions
shown. �/�, CX3CR1 knockout mice; �/�, wild-type control mice; sham, sham-operated wild-type mice tested 24 hours after surgery. Images represent one experiment
representative of three independent experiments with four to five animals in each experiment summarized in J. Original magnifications, �320.
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in either wild-type or CX3CR1-deficient mice (Figure 1, A
and B). Nevertheless the protein level, as assessed by
immunohistochemistry, and the spatial distribution did
change after injury (Figure 1C). Anti-fractal-kine immunore-
activity was detected mainly on endothelial cells throughout
the kidney in sham-operated mice (Figure 1C, i) but by 24
hours after ischemia-reperfusion was redistributed to the
outer medulla where it could also be detected in association
with infiltrating cells and tubular epithelial cells (Figure 1C,
ii). Increased expression persisted throughout the course of
experiment but began to wane by day 7 after injury (data not
shown). The difference between RNA and protein induction
in the model may reflect infiltration of inflammatory cells that
constitutively express fractalkine.

In contrast to fractalkine’s temporal and spatial pattern of
expression, constitutive expression of CX3CR1 mRNA was
extremely low in sham-operated mice but was markedly
increased after ischemia-reperfusion injury, peaking at �48
hour in wild-type mice and remaining high throughout the
2-week course of the experiment (Figure 1, D and E). The

increase in mRNA corresponded with an increase in anti-
CX3CR1 immunoreactivity of wild-type kidney subjected to
ischemia-reperfusion injury that was particularly intense in
the outer medulla. This co-localized with infiltrating cells,
which were mainly macrophages (Figure 1F) as demon-
strated by dual staining with anti-F4/80 and anti-CX3CR1
antibodies (Figure 1G). CX3CR1 was expressed by 86.7 �
1.5% of infiltrating macrophages. This suggested that
CX3CR1 might mediate macrophage trafficking to the kid-
ney and promote the inflammatory response after ischemia-
reperfusion injury. To test this we examined CX3CR1-defi-
cient mice in greater detail.

CX3CR1 Dependence of Macrophage Infiltration
and Fibrosis in the Kidney after Ischemia-
Reperfusion Injury

Like fractalkine and CX3CR1, severe acute tubular ne-
crosis was found consistently most intensely in the outer

Figure 4. �-SMA is induced during ischemia-reperfusion injury of the kidney in
a CX3CR1-dependent manner. A: Histopathological analysis of outer medulla. i:
CX3CR1-deficient mice stained with anti-�-SMA; ii and iii: wild-type mice
stained with anti-�-SMA and control IgG, respectively. B: Quantitation of his-
topathological data. �/�, CX3CR1 knockout mice; �/�, wild-type control mice;
sham, sham-operated wild-type mice tested 24 hours after surgery. Values are
mean � SEM and represent data from three independent experiments with four
to five animals in each experiment. *P � 0.05, comparing CX3CR1-deficient mice
versus wild-type mice. Original magnifications, �320.
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medulla of mouse kidney 24 to 48 hours after ischemia-
reperfusion injury (Figure 2, A–D). With time, tubular ep-
ithelial cells proliferated, and tubules were regenerated in
both wild-type and CX3CR1-deficient mice, as shown for
days 7 and 14 after injury in Figure 2, E–H. Little if any
evidence of acute tubular necrosis was detectable in the
kidneys of sham-operated mice at 24 hours after surgery
(Figure 2I). Quantitation of the area of acute tubular ne-
crosis failed to reveal a significant difference between
wild-type and CX3CR1-deficient mice at any time point
(Figure 2J).

Collagen fibers, which stain blue with trichrome, are
normally present at low levels in the renal interstitium and
did not increase in the first 48 hours after injury (Figure 3).
However, by day 7 large increases were observed in the
interstitium of the outer medulla, and this continued to
increase through day 14 after injury, the latest time point
tested. Unlike acute tubular necrosis, the extent of fibro-
sis in the outer medulla of the injured kidney was signif-
icantly diminished in CX3CR1-deficient mice compared
with wild-type mice (Figure 3, A–C). This was confirmed
independently and more quantitatively with assays for
hydroxyproline content, an index of collagen accumula-
tion in the interstitial space (Figure 3D), and �-SMA, a

marker of activated fibroblasts (Figure 4). �-SMA immu-
noreactivity, which localized with spindle-shaped cells in
the interstitium, was also mainly detected in the outer
medulla where fibrosis progressed most intensely. Both
of these factors were significantly increased in the late
phase of injury, eg, 7 and 14 days after reperfusion, but
to a significantly lower level in CX3CR1-deficient mice
compared to wild-type mice (Figures 3 and 4). In sham-
operated mouse kidney, �-SMA expression was detected
in the blood vessel wall (data not shown).

Although fibroblasts are the direct source of collagen
in fibrotic lesions, many of the fibrogenic mediators likely
to regulate this process come from inflammatory cells.
The number of neutrophils increased massively and rap-
idly after reperfusion, peaking at 31-fold over sham-op-
erated mice 24 hours after injury and then gradually
decreasing, but there was no significant difference be-
tween CX3CR1-deficient and wild-type mice at any time
point (Figure 5A), suggesting that this type of leukocyte
may not play a large role in coordinating the CX3CR1-
dependent fibrotic response. Lymphocytes also do not
appear to be playing a significant role because CD3�

cells were only a small fraction of total infiltrating cells and
because there was no significant difference between

Figure 5. CX3CR1 specifically regulates macrophage infiltration of the
outer medulla after renal ischemia-reperfusion injury. �/�, CX3CR1
knockout mice; �/�, wild-type control mice; sham, sham-operated wild-
type mice tested 24 hours after surgery. A–C: Quantitation of density of
indicated leukocyte subsets in tissue sections under the conditions shown.
Values are mean � SEM and are from three independent experiments with
four to five animals in each experiment. *P � 0.05 comparing CX3CR1-
deficient mice versus wild-type mice at the same time point. Original
magnifications, �320.
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CX3CR1-deficient and wild-type mice in the number of
these cells at any time point (Figure 5B). In contrast, large
numbers of F4/80� macrophages progressively infil-
trated the interstitial space throughout the 14-day course
of the experiment after reperfusion, resulting in a 35-fold
increase at day 14 relative to sham-operated mice, but
were �40% lower in CX3CR1-deficient mice on day 7
after reperfusion (Figure 5C).

We next investigated specific molecular mediators that
might contribute to CX3CR1-dependent fibrosis in renal
ischemia-reperfusion injury. TGF-� is a major fibrogenic
factor that is clearly relevant in this model because it was
significantly up-regulated after ischemia-reperfusion both
at the mRNA (Figure 6, A and B) and protein (Figure 6C)
levels; however, there was no significant difference in
expression in wild-type versus CX3CR1-deficient mice.
Immunohistological staining showed that although tubu-
lar epithelial cells were mainly positive for TGF-� in the
outer medulla at 24 hours after reperfusion (Figure 6D, i
and ii), infiltrating cells or interstitial spindle-shaped cells
were positive for TGF-� at 14 days after reperfusion (Fig-
ure 6D, iii and iv). These data also show that TGF-� from
infiltrating cells might play a role in interstitial fibrosis after
renal reperfusion in the later phase, but it appeared to
contribute mainly, if not exclusively, to CX3CR1-indepen-
dent fibrosis in the model.

PDGF-B, an important fibrogenic factor produced by
macrophages, platelets, and endothelial cells, was sig-
nificantly increased in the early phase of injury in wild-
type mice, peaking at approximately fourfold over sham-
operated mice at 48 hours after reperfusion (Figure 7).
PDGF-B was detected mainly in the outer medulla of the
injured kidney and at lower levels in CX3CR1-deficient
than wild-type mice through 48 hours after reperfusion
(Figure 7, A and B). Most impressively, levels were re-
duced by 100% and 80% at 24 and 48 hours after injury,
respectively, in CX3CR1�/� mice relative to wild-type
controls. When sections were analyzed at high magnifi-
cation, PDGF-B was observed to co-localize with some
tubular epithelial cells as well as with interstitial areas
associated with infiltrating cells and peritubular capillar-
ies, the latter possibly reflecting the presence of PDGF-
B-laden platelets (Figure 7A, iii). This suggested the pos-
sibility that platelets, which express CX3CR1 on the cell
surface and are a rich source of PDGF-B, might accumu-
late at lower levels in the outer medulla of CX3CR1 knock-
out mice compared with wild-type mice. In mice that
underwent ischemia-reperfusion injury, we did not detect
any fluorescently labeled platelets in the uninjured right
kidney (negative control), whereas we were able to dem-
onstrate accumulation of labeled platelets in the injured
left kidney (Figure 7C). However, we did not observe a
significant difference in platelet accumulation in the in-
jured kidney between wild-type and CX3CR1 knockout
mice in this regard (data not shown).

It is possible that reduced levels of macrophages and
fibrosis in the kidneys of CX3CR1 knockout mice undergo-
ing ischemia-reperfusion injury are not caused by direct
loss of CX3CR1 regulation of these processes but instead
result from skewed expression of another factor(s) whose
expression is dependent on CX3CR1. To begin to test this

possibility we performed a focused survey of mRNA expres-
sion levels for other chemokines and chemokine receptors
in CX3CR1 knockout mice. As expected many inflammatory
chemokines were up-regulated after injury, although the
kinetics of induction varied considerably. For example,
macrophage inflammatory protein (MIP)-1�(CCL3) peaked
24 hours after injury, monokine induced by interferon-�

Figure 6. TGF-� is induced during ischemia-reperfusion injury of the kidney
in a CX3CR1-independent manner. �/�, CX3CR1 knockout mice; �/�,
wild-type control mice; sham, sham-operated wild-type mice tested 24 hours
after surgery. A and B: TGF-� mRNA induction in kidney. A: Representative
reverse transcriptase-PCR results are shown for two animals per condition. B:
Summary mRNA induction data. Band intensity was quantitated by NIH
Image, normalized to GAPDH, and is presented as fold-change relative to
GAPDH-normalized TGF-� signal for sham-operated mice. C: TGF-� protein
induction in kidney. Data in B and C are presented as the mean � SEM from
three independent experiments with four to five mice in each experiment.
Differences comparing �/� and �/� were not statistically significant at any
time point for either RNA or protein analysis. D: Immunohistochemical
analysis of TGF-� expression in outer medulla of the kidney after ischemia-
reperfusion injury in wild-type mice. The injured kidney is shown 24 hours
(i, ii) and 14 days (iii, iv) after ischemia-reperfusion injury. Original mag-
nifications: �50 (i, iii); �320 (ii, iv).
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(MIG, or CXCL9) and monocyte chemoattractant protein
(MCP)-2 (CCL8) were significantly increased in the late
phase of injury, and MCP-1 (CCL2) was rapidly induced to
high levels that persisted throughout the 14-day period of
observation. However, there was no significant difference in
expression of any of these chemokines at any time point
between wild-type and CX3CR1-deficient mice (Figure 8, A
and B). Inflammatory chemokine receptors were also up-
regulated after ischemia-reperfusion injury (Figure 8C).
CCR1 and CXCR2 peaked in the early phase of the injury,
and CCR4 and CXCR3 increased significantly in the late
phase. Like its ligand MCP-1, CCR2 was induced early after
injury and persisted at high levels throughout the 14-day
period of observation. As with all of the chemokine receptor
ligands examined, there were no significant differences be-
tween wild-type mice and CX3CR1-deficient mice in ex-

pression of these chemokine receptors at the times moni-
tored after reperfusion. These results are consistent with a
model in which CX3CR1 directly mediates macrophage
infiltration and subsequent fibrotic processes after isch-
emia-reperfusion injury of the kidney.

CX3CR1-Neutralizing Antibody Reduces
Fibrosis in Ischemia-Reperfusion Injury of the
Kidney

To test this model directly, we injected mice intraperitoneally
with CX3CR1-neutralizing antibodies or control IgG 1 day
before or 1 day after ischemic injury and each day thereaf-
ter for a total of 8 or 6 days, respectively. Although antibody
injection may activate complement and reduce peripheral

Figure 7. PDGF-B is induced at an early stage after ischemia-reperfusion injury of the kidney in a CX3CR1-dependent manner. A: Immunohistochemical
analysis of PDGF-B expression in outer medulla of the kidney 48 hours after injury. Tissue was counterstained with hematoxylin. i and ii: Wild-type and
CX3CR1-deficient mouse kidney, respectively, stained with anti-PDGF-B. iii: Anti-PDGF-B-stained wild-type kidney. Arrow points to nonnucleated cells,
most likely red blood cells. B: Quantitation of PDGF-B protein levels in kidney by enzyme-linked immunosorbent assay. �/�, CX3CR1 knockout mice;
�/�, wild-type control mice; sham, sham-operated wild-type mice tested 24 hours after surgery. Values are mean � SEM of data from three independent
experiments with four to five animals in each experiment. *P � 0.05 comparing CX3CR1-deficient mice versus wild-type mice. C: Histological analysis of
platelet trafficking into injured kidney. Platelets were fluorescently labeled and infused intravenously immediately before injury as described in the
Materials and Methods. i and ii: Left kidney from wild-type mouse 48 hours after injury imaged by fluorescence (i) and combined fluorescence and
transmission light microscopy (merged image, ii). Arrows point to labeled platelets. iii: Right kidney from same wild-type mouse as in i and ii, imaged
by fluorescence microscopy. Original magnifications: �5 (A, i and ii); �320 [A (iii), C].
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white blood cell and platelet counts, we did not observe a
significant difference in these parameters in mice injected
with CX3CR1 neutralizing antibodies versus control rabbit
IgG after ischemia-reperfusion (C5a levels: 5.1 � 0.7 ng/ml

versus 5.0 � 0.9 ng/ml; total WBC: 4794 � 476/�l versus
5092 � 499/�l; monocytes: 246 � 20/�l versus 241 � 53/�l;
lymphocytes: 3719 � 4451/�l versus 4092 � 371/�l; plate-
lets: 1047 � 50 � 103/�l versus 985 � 36 � 103/�l).

Figure 8. Ischemia-reperfusion injury of the kidney induces renal expression of many chemokines and chemokine receptors in a CX3CR1-independent manner.
�/�, CX3CR1 knockout mice; �/�, wild-type control mice; sham, sham-operated wild-type mice tested 24 hours after surgery. RNA extracted from kidneys was
amplified by multiplex PCR. The band intensity was standardized by GAPDH, and shown as fold-change relative to sham-operated mice. A and C: Representative
results from multiplex PCR for the factors indicated to the right of each panel under the conditions shown. PC, positive control for each factor; NC, negative
control � PCR in the absence of cDNA. B and D: Quantitation of results from A and C, respectively. Values are the mean � SEM of data from three experiments
with four to five animals in each experiment.
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Figure 8—continued
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CX3CR1 neutralization resulted in significant and specific
reduction in the area of fibrosis after injury, measured either
by trichrome-stained collagen fibers or �-SMA-staining area
(Figure 9, A and B).

CX3CR1 neutralization before and after injury reduced
F4/80� cell recruitment to the outer medulla by 25% (P �
0.087 and 0.077, respectively), whereas genetic inacti-
vation of CX3CR1 reduced F4/80� cell recruitment to a
slightly greater extent (40%, P � 0.0013) (Figure 9C).
Thus both experimental approaches reduced recruitment
of these cells in the model. The small difference in mag-
nitude of the reduction that was achieved with these two
techniques may reflect incomplete receptor coverage by
the antibody relative to genetic ablation, which by defini-
tion affects 100% of receptors. The lack of statistical
significance for the neutralization experiments could in-
dicate a chance effect but more likely represents a power
issue, because the P values were quite close to the 0.05
cutoff.

Renal Function of the Injured Kidney Was
Significantly Diminished after Ischemia-
Reperfusion Injury

Renal function, measured as serum creatinine, de-
creased by �50% from baseline by 48 hours after injury
in both wild-type mice and CX3CR1-deficient mice (Fig-

ure 10). To test injured kidney function directly, we ana-
lyzed serum creatinine at day 14 after injury in mice that
underwent right nephrectomy at day 12 after injury. The
results showed an �400% increase in serum creatinine of

Figure 9. Neutralizing CX3CR1 antibodies attenuate renal fibrosis after
ischemia-reperfusion injury. Wild-type mice (�/�) were injected intraperi-
toneally 24 hours before or after ischemia-reperfusion injury (IR) and every
24 hours thereafter for a total of 8 or 6 days, respectively, with anti-CX3CR1
antibodies or control IgG. Uninjected wild-type and CX3CR1 knockout
mice underwent ischemia-reperfusion injury in parallel and a set of wild-
type mice underwent sham surgery, as indicated in the axis labels. The
following parameters were quantitated: area of fibrosis in trichrome-
stained sections (A), �-SMA-staining area (B), and density of anti-F4/80-
positive cells (C). All analyses were performed on the left kidney 7 days
after surgery. Values are the mean � SEM of data from three independent
experiments with four to five animals in each experiment. #P � 0.05
comparing neutralizing CX3CR1 antibody versus control IgG treatment.
*P � 0.05 comparing neutralizing CX3CR1 antibody-injected versus unin-
jected wild-type mice.

Figure 10. Renal ischemia-reperfusion injury results in impaired renal func-
tion through mechanisms partially dependent on CX3CR1. Serum creatinine
levels were measured at the indicated times after injury in wild-type and
CX3CR1-deficient mice. Right uninjured kidney of mice in nephrectomy
group was removed on day 12, and samples collected on day 14. Values are
the mean � SEM of data from three independent experiments with four to
five animals in each experiment. IR, ischemia-reperfusion; *P � 0.05 com-
paring injured CX3CR1-deficient mice versus sham-operated mice.
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injured wild-type mice relative to sham-operated wild-
type mice. Relative to this, in CX3CR1-deficient mice
creatinine was reduced by �25% at this time point
(Figure 10).

Discussion

In the present study, we have demonstrated a role for the
chemokine receptor CX3CR1 in the pathogenesis of renal
ischemia-reperfusion injury, based on both CX3CR1
blockade and gene inactivation experiments in a robust
mouse model of disease. Taken together, the data sup-
port further evaluation of CX3CR1 in the pathogenesis of
specific conditions associated with renal ischemia, such
as renal transplantation, renal arterial stenosis, or shock
because of hemorrhage or sepsis.

Our findings confirm previous work identifying acute
tubular necrosis and fibrosis as major pathological se-
quelae of injury in this model and demonstrate for the first
time that fibrosis (but not acute tubular necrosis) results
in part from CX3CR1-dependent processes. CX3CR1 is
the first chemokine receptor and only the second mole-
cule, with osteopontin, shown to have a major effect on
the fibrosis stage of pathogenesis in this model. On a
quantitative level, �40% of renal fibrosis 7 days after
injury could be attributed to CX3CR1 when assessed in
either CX3CR1�/� mice or mice injected with neutralizing
anti-CX3CR1 antibodies before injury. This resulted in
relatively preserved renal function on day 14 in the in-
jured kidney relative to wild-type mice. The mechanism
appears to involve in part CX3CR1-dependent accumu-
lation of infiltrating macrophages, which was also re-
duced by �40% by either CX3CR1 deletion or blockade.
Macrophages are thought to be important in this model
for the fibrotic response, acting through TGF-�.10,31–34

Although TGF-� expression was clearly induced in the
model and interstitial infiltrating cells expressed TGF-�,
we found no evidence that expression depended on
CX3CR1 function. Additional work will be needed to test
whether this result is a false negative, which might occur
if for example CX3CR1 affected regional localization of
TGF-�.

In contrast, CX3CR1 did regulate production of the
potent fibrogenic macrophage and platelet product
PDGF-B, one of the four known PDGF subtypes12 con-
sidered to be an important endogenous fibrogenic medi-
ator in renal disease, both for initiation and progression
stages. This pathological function of PDGF-B is thought
to result from dysregulation and exaggeration of its nor-
mal activity as a mitogenic and chemotactic factor for
fibroblasts, which is important in restorative processes
such as wound healing.35

These findings are consistent with expression of
CX3CR1 on platelets, monocytes, and macro-
phages,36,37 but its mechanism of action could differ on
these cell types. CX3CR1-dependent macrophage infil-
tration is most likely to involve the known adhesive and
chemotactic functions of CX3CR1. In addition, there is
precedent for a role for platelets in progression of isch-
emia-reperfusion injury, both in brain and in coronary

artery disease, by facilitating neutrophil infiltration in both
cases.38,39 We demonstrated in the present study that
platelets aggregated in the tubulointerstitial space of the
outer medulla and that the blood vessel lumen was pos-
itive for PDGF-B. Moreover, CX3CR1 on platelets has
been reported to regulate platelet adhesion to collagen
and fibrinogen.37 Nevertheless, we found no evidence
from adoptive transfer studies that CX3CR1 is required
for platelet infiltration in the kidney after injury in our
model (data not shown). If platelets are a significant
source of PDGF-B in the model, CX3CR1 could still reg-
ulate this at the level of PDGF-B release. This possibility is
supported by previous work indicating that CX3CR1 is
capable of regulating cell responses unrelated to cell
motility, such as neuronal apoptosis and perforin release
from cytotoxic T cells. Additional work will be needed to
test this hypothesis.

Our study also defined the spatial and temporal rela-
tionships among CX3CR1-dependent events in this
model. With regard to location, all of the molecular and
cellular changes that we monitored after injury, whether
they were dependent on CX3CR1 or not, co-localized
mainly in the outer medulla, which is consistent with
previously published descriptions of this model. At the
cellular level, F4/80� macrophages accounted for the
great majority of CX3CR1� cells in situ in the damaged
kidney. Geissmann and colleagues40 have described
two populations of mouse monocytes distinguished by
expression of CX3CR1. In this regard it appears that
ischemia-reperfusion injury of the kidney induces factors,
perhaps fractalkine itself, that may selectively recruit the
CX3CR1� subset.

With regard to temporal aspects of pathogenesis,
CX3CR1-dependent fibrosis was a late event (between 2
to 7 days after injury) that clearly followed induction of
fractalkine, CX3CR1, and PDGF-B in the outer medulla of
the kidney, consistent with a causal relationship. Interest-
ingly, fractalkine was constitutively expressed at low lev-
els throughout the kidney but after injury was selectively
up-regulated in the outer medulla, co-localizing with in-
flammatory and fibrotic changes. Up-regulation also ap-
peared to result from an expansion of the cell types
expressing fractalkine in the kidney from endothelial cells
in sham-operated mice to include infiltrating cells and
tubular epithelial cells after injury. Additional studies will
be needed to precisely define the cell types expressing
fractalkine in the model; however, the data are consistent
with its role in pathogenesis.

Injection of exogenous PDGF-B into rat has demon-
strated the importance of PDGF-B in renal tubulointersti-
tial cell proliferation and fibrosis.13 Peak accumulation of
type III collagen occurred at 5 to 7 days after PDGF-B
injection. These kinetics match favorably the kinetics we
observed in our model for both CX3CR1-dependent and
-independent PDGF-B expression and the evolution of
fibrosis. Moreover, differentiation of fibroblasts to myofi-
broblasts, as indicated by an increase in �-SMA, is a key
step of interstitial fibrosis.41,42 Consistent with this, the
�-SMA-positive area was diminished in CX3CR1-defi-
cient mice to the same degree as for fibrosis, �40% 7
and 14 days after reperfusion.
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Taken together, these results demonstrate a cascade
of CX3CR1-dependent and -independent molecular and
cellular events, involving TGF-�, PDGF-B, macrophages,
fibroblasts, and fibrosis, localized mainly to the fragile
outer medulla in this model. Molecular regulation of
CX3CR1-independent fibrosis is likely to be complex and
could include one or more chemokines and chemokine
receptors. As we showed in Figure 8, many chemokines
were rapidly induced to high levels, suggesting a role in
the acute neutrophil-mediated inflammatory phase of in-
jury. However, the kinetics of expression of several such
as Mig and MCP-2 and the receptors CCR4, CCR9, and
CXCR3 were delayed in the model suggesting that they
may be particularly good candidates for future studies
of additional chemokine regulation of renal interstitial
fibrosis.

Recently, chronic allograft nephropathy has been
identified as the major factor leading to long-term graft
loss after renal transplantation, and progressive tubulo-
interstitial fibrosis is characteristic of chronic allograft
nephropathy.43 Whether CX3CR1 affects outcome in re-
nal allograft transplantation and potentially other clinical
settings in which transient renal ischemia occurs is un-
known but could possibly be tested by gene association
studies of appropriate cohorts using the defective variant
of CX3CR1 known as M280, which has been reported to
be a risk factor in HIV/AIDS, adult macular degeneration,
and atherosclerosis in humans.44–46 Fractalkine/CX3CR1
has also been reported to play a protective role in certain
settings, eg, lipopolysaccharide or interferon-� challenge
in the central nervous system,47,48 and in a model of
cardiac allograft tolerance induced by donor-specific
blood transfusion.49 This serves as a safety caution for
attempts to develop CX3CR1 blocking agents.

In summary, our data show that CX3CR1 deletion or
blockade attenuates macrophage infiltration and early
PDGF-B expression as well as late-phase interstitial fibrosis
and renal dysfunction after ischemia-reperfusion injury in a
mouse model. These results identify both CX3CR1-depen-
dent and CX3CR1-independent mechanisms of pathogen-
esis in this model. The results further suggest that CX3CR1
and its cognate ligand, fractalkine, could play roles in the
molecular pathogenesis of interstitial fibrosis after renal
ischemia-reperfusion injury in humans. Further research is
needed to evaluate the clinical relevance of these findings
and the potential utility of CX3CR1 as a therapeutic target in
relevant clinical settings, particularly in renal transplantation
when the time of injury is precisely known and is under
exact medical control.
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