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Chemokines may be important in the control of leu-
kocytosis in inflammatory disorders of the central
nervous system. We studied cerebral chemokine ex-
pression during the evolution of diverse neuroinflam-
matory disorders in transgenic mice with astrocyte
glial fibrillary acidic protein-targeted expression of
the cytokines IL-3, IL-6, or IFN-a and in mice with
experimental autoimmune encephalomyelitis. Dis-
tinct chemokine gene expression patterns were ob-
served in the different central nervous system inflam-
matory models that may determine the phenotype
and perhaps the functions of the leukocytes that traf-
fic into the brain. Notably, high expression of C10
and C10-related genes was found in the cerebellum
and spinal cord of GFAP-IL3 mice with inflammatory
demyelinating disease and in mice with experimental
autoimmune encephalomyelitis. In both these neu-
roinflammatory models, C10 RNA and protein ex-
pressing cells were predominantly macrophage/mi-
croglia and foamy macrophages present within
demyelinating lesions as well as in perivascular infil-
trates and meninges. Intracerebroventricular injec-
tion of recombinant C10 protein promoted the re-
cruitment of large numbers of Mac-11 cells and, to a
much lesser extent, CD41 lymphocytes into the me-
ninges, choroid plexus, ventricles, and parenchyma
of the brain. Thus, C10 is a prominent chemokine
expressed in the central nervous system in experi-
mental inflammatory demyelinating disease that, we
show, also acts as a potent chemotactic factor for the
migration of these leukocytes to the brain. (Am J
Pathol 1999, 154:1181–1191)

Leukocyte recruitment to and infiltration of the central
nervous system (CNS) is a central feature in the patho-
genesis of diverse inflammatory neurological disorders
ranging from bacterial and viral meningoencephalitis to

multiple sclerosis, HIV encephalopathy, cerebral malaria,
and cerebral ischemia. Understanding the mechanisms
responsible for regulating the CNS recruitment and traf-
ficking of these cells has been the subject of much inter-
est, which has been focused recently on the possible
involvement of chemoattractant cytokines, also called
chemokines.1,2 The chemokines are a broad family of
mediators that can be separated into four distinct sub-
families: a, b, g, and the recently identified d subfamily.3,4

Members of each subfamily possess a variation of a
conserved cysteine structural motif: CXC in the a sub-
family, CC in the b subfamily, C in the g subfamily, and
CX3C in the d subfamily, where X is the intervening amino
acid residue. In general, within each chemokine subfam-
ily the members show considerable homology in their
amino acid sequence and often possess overlapping
chemoattractant specificity. The a chemokines include
MIP-2, crg-2/IP-10, IL-8, and GRO-a-g and are known to
be chemotactic mainly for polymorphonuclear cells. The
b chemokines include C10, MCP-3, MIP-1b, TCA-3,
MCP-1, MIP-1a, and RANTES and are chemotactic prin-
cipally for monocytes and lymphocytes. The g and d
chemokine subfamilies are each currently represented
by only a single member, lymphotactin5 and human frac-
talkine3 or mouse neurotactin,4 respectively. Induction or
up-regulation in the CNS expression of a number of che-
mokines belonging to the a and b subfamilies has been
reported in viral6–8 and bacterial meningoencephalitis,9

in experimental autoimmune encephalomyelitis
(EAE),10–13 cerebral ischemia,14,15 and trauma.16

Clearly, the chemokine gene expression profile in dif-
ferent pathological states may influence the nature of the

Supported by U. S. Public Health Service grants MH 47680 and MH 50426
(to I. L. C.). V.C.A. was supported by Fondation Singer Polignac (Paris)
and is currently a postdoctoral fellow of the National Multiple Sclerosis
Society. S. L. is supported by a NATO Postdoctoral Fellowship. A. P. was
a postdoctoral fellow of the Deutsche Forschungsgmeinschaft (grant Pa
602/1–1).

Accepted for publication January 13, 1999.

Axel Pagenstecher’s current address: Department of Neuropathology,
University of Freiburg, Freiburg, Germany.

Address reprint requests to Dr. Iain L. Campbell, Department of Neu-
ropharmacology, CVN-9, The Scripps Research Institute, 10550 North
Torrey Pines Road, La Jolla, CA 92037. E-mail: icamp@scripps.edu.

American Journal of Pathology, Vol. 154, No. 4, April 1999

Copyright © American Society for Investigative Pathology

1181



leukocytes that traffic into the brain during inflammation.
Therefore, the objective of the current study was to com-
pare the regulation of chemokine gene expression in a
number of different models for CNS inflammation which
included EAE and recently developed transgenic mice
with astrocyte-targeted expression of the proinflamma-
tory cytokines IL-3,17 IL-6,18 or IFNa.19 These transgenic
mice develop distinct neuroinflammatory disorders20 and
are therefore useful tools for better understanding the role
of chemokines in leukocyte migration to the CNS. The
GFAP-IL6 mice exhibit diffuse inflammation in the brain
and have some perivascular mononuclear cell accumu-
lation, mainly with B lymphocytes, but little or no paren-
chymal leukocyte accumulation. These animals develop
progressive neurodegeneration and learning impair-
ment.18,21 The GFAP-IL3 mice develop, from approxi-
mately 5 months of age, a progressive motor disorder
due to a macrophage/microglial-mediated demyelinating
disease affecting predominantly the cerebellar and brain
stem regions.17 Finally, the GFAP-IFNa mice are charac-
terized by a diffuse inflammatory neurodegeneration with
meningitis and a lymphocytic encephalitis.19

Materials and Methods

Transgenic Animals

The development and characterization of the different
transgenic mice were described in detail previously.17–19

For the GFAP-IL6 mice, 4- to 6-month-old homozygous
animals of the G167 line were used that, at this age,
exhibit in the brain perivascular mononuclear cell accu-
mulation with mainly B lymphocytes. For the GFAP-IL3
mice, animals of the G3C2 line were used.17 To deter-
mine the degree of motor impairment, GFAP-IL3 or con-
trol mice were inspected visually by two individuals and
scored according to the following scale: 0, no abnormal-
ity; 1, slight gait disturbance; 2, slight gait disturbance
and tremor; 3, moderate gait disturbance, tremor, and
mild loss of balance; 4, severe gait disturbance, tremor,
and mild loss of balance; 5, severe gait disturbance,
tremor, and severe loss of balance. For the GFAP-IFNa
mice, 4- to 6-month-old animals of the GIFN39 line were
used. They are characterized by a diffuse inflammatory
neurodegeneration with meningitis and a lymphocytic en-
cephalitis.19 Transgenic and nontransgenic wild-type
control mice used in this study were maintained under
specific pathogen-free conditions in the closed breeding
colony of the Scripps Research Institute.

Induction of EAE

For the induction of EAE, adjuvant immunization was
performed with either bovine myelin basic protein (MBP)
or synthetic myelin oligodendrocyte glycoprotein (MOG)
peptides. For MBP-EAE, female SWR/J mice were ob-
tained from Jackson Laboratory (Bar Harbor, ME) and
used at 8–12 weeks of age. On day 0, each mouse
received subcutaneous injections of immunizing emul-
sion (200 ml) at two sites on the back over the hindlimbs.

The immunizing emulsion consisted of 200 mg of bovine
MBP (4 mg/ml in saline; Sigma, St. Louis, MO) and 500
mg heat-killed mycobacterium tuberculosis (10 mg/ml in
saline, H37RA, Difco, Detroit, MI) which were emulsified
in an equal volume (100 ml) incomplete Freund’s adjuvant
(Difco). On days 0 and 3, mice were also injected intra-
venously with phosphate buffered saline (PBS) (100 ml)
containing 200 ng pertussis toxin (Sigma). For MOG-EAE,
female C57BL6/J X SJL/J F1 mice were obtained from the
rodent breeding colony of the Scripps Research Institute
and used at 8–12 weeks of age. The immunization
schedule was the same as for MBP-EAE, with the excep-
tion that the MBP was replaced by 300 mg of MOG
peptides containing 150 mg of MOG35–56 (MEVGWYR-
SPFSRVVHLYRNGK) and 150 mg of MOG92–106

(DEGGGVTTCFFRDHSYQ). MOG35–56 produces active
EAE in mice of the H-2b MHC background,22 whereas
MOG92–106 is effective in the mice of the H-2s MHC
background.23 On days 0 and 2, mice also received 500
ng pertussis toxin intraperitoneally.

The severity of EAE symptoms was evaluated each
day and graded as follows: 1, tail weakness; 2, mild
paraparesis and/or ataxia of the hind limbs; 3, severe
paraparesis of the hind limbs; 4, moribund; 5, death due
to EAE. Approximately 50% of MBP-immunized animals
developed a monophasic disease course with EAE
symptoms appearing 14–20 days postimmunization. In
MOG-immunized animals, approximately 90% developed
a chronic relapsing-remitting disease course, with onset
of disease occurring at day 12–16 postimmunization.

RNA Isolation

Mice were killed and organs were immediately removed,
snap-frozen in liquid nitrogen, and stored at 280°C until
RNA preparation. Poly (A1) RNA was prepared accord-
ing to a previously described method.24 Total RNA was
isolated using Trizol reagent (Gibco, Gaithersburg, MD)
according to the manufacturer’s instructions.

RNase Protection Assay

For the RNase protection assay (RPA), the development
and characterization of the multiprobe set used to detect
the simultaneous expression of multiple chemokine RNA
transcripts was described previously.6 Briefly, the RPA
probe set included probes against the CXC chemokines
MIP-2 and crg-2/IP-10, the CC chemokines C10, TCA-3,
MCP-1, MCP-3, MIP-1a, MIP-1b, and RANTES, and the C
chemokine lymphotactin. For quantification, autoradio-
graphs were scanned (Scanjet 4C/T, Hewlett Packard,
San Jose, CA), individual band densities were measured
with NIH Image 1.57 software, and the raw data were
analyzed using Microsoft Excel.

In Situ Hybridization

Anesthetized mice were perfused transcardially with ice-
cold saline followed by 4% paraformaldehyde in PBS (pH
7.4). Brains and spinal cords were removed, postfixed in
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the same fixative overnight at 4°C, processed, and em-
bedded in paraffin. Sagittal sections (10 mm) were cut
onto polylysine-coated slides and used for in situ hybrid-
ization as described previously.25

The C10 riboprobe (315 bp) used for in situ hybridiza-
tion was synthesized using the same ribovector used in
the chemokine RPA described above. In addition to sec-
tions from control brain, the specificity of the probes was
confirmed by comparison with sections hybridized to
corresponding C10 sense probe. After the final PBS wash
and before dehydration in graded alcohol, some hybrid-
ized sections were immunostained for glial fibrillary
acidic protein (GFAP) diluted 1:2000 (DAKO, Carpinteria,
CA) to identify astrocytes or labeled with the lectin Rici-
nus communis agglutinin-I (RCA-I) diluted 1:500 (Sigma)
to identify cells of the macrophage lineage.26 Briefly, after
the final posthybridization wash, slides were transferred
to PBS containing 2% goat serum (for GFAP antibody) or
10% goat serum, 0.1% Triton-X100, 0.1% bovine serum
albumin (for the RCA-I lectin) for 1 hour at room temper-
ature to block nonspecific binding. Sections were incu-
bated overnight with the primary antibody or lectin and
then, after extensive washing, sections were incubated
with either anti-rabbit avidin-biotinylated horseradish per-
oxidase complex (ABC Kit, Vector, Burlingame, CA) used
according to the manufacturer’s instructions or with
streptavidin-peroxidase complex (Pierce, Rockford, IL)
diluted 1:500 in PBS. Staining reactions were performed
with 3,3 diaminobenzidine (Sigma) as substrate. After
dehydration through graded alcohol and air drying,
slides were dipped in Kodak NTB-2 emulsion, dried, and
stored in the dark for 2 weeks, after which time the slides
were developed, counterstained with Mayer’s hematoxy-
lin, and examined by dark- and bright-field microscopy.

Immunocytochemical Staining for C10

Mice were anesthetized and the brain and spinal cord
were removed and fixed overnight in Bouin’s solution.
Brains were processed, embedded in paraffin, and
10-mm sagittal sections were prepared. For C10 protein
detection, sections were deparaffinized, rehydrated in
graded alcohol, and rinsed in PBS. Endogenous peroxi-
dase was blocked for 20 minutes at room temperature in
methanol containing 3% H2O2. After a PBS wash, sec-
tions were blocked for 1 hour at room temperature in PBS
containing 10% rabbit serum and 0.05% Tween 20. The
sections were next incubated overnight at 4°C with a goat
polyclonal anti-murine C10 antibody (R&D Systems, Min-
neapolis, MN) that had been diluted 1:200 in blocking
buffer. The sections were then washed in PBS and incu-
bated with biotinylated anti-goat and avidin horseradish
peroxidase complex (ABC Kit, Vector, Burlingame, CA)
used according to the manufacturer’s instructions. Stain-
ing reactions were done with 3,3 diaminobenzidine (Sig-
ma) as substrate, the sections were finally counterstained
with Mayer’s hematoxylin, dehydrated through graded
alcohol, and air-dried. After coverslipping, the slides
were examined by bright-field microscopy. Controls for
specificity of the immunostaining included incubation of

the sections with a nonimmune goat serum as well as
omission of the primary antibody.

Intracerebroventricular (ICV) Injections and
Cellular Phenotypic Analysis

Adult C57BL6/J 3 SJL/J mice were anesthetized with
sodium pentobarbital (50 mg/kg) and placed in a stereo-
taxic apparatus. Body temperature was monitored and
maintained at 37.0 6 0.1°C by a feedback-regulated
heating pad. A small incision was made in the scalp, the
skull was exposed, and a 2 mm diameter trephine hole
was drilled in the cranium overlying the right lateral ven-
tricle. The dura was opened to prevent breakage of a
micropipette (tip broken to 50 mm) that was subsequently
lowered into the right lateral ventricle (coordinates rela-
tive to bregma: 0.5 mm P, 1.7 mm L, 2.0 mm V). One
microliter of recombinant C10 protein (0.5 mg/ml, R&D
Systems) diluted in PBS, 0.1% bovine serum albumin was
injected into the right lateral ventricle over a 1-minute
period with a PPM-2 Pneumatic Pump (Medical Systems
Corp., Greenvale, NY) set at a 1–3 p.s.i. pressure head.
In parallel, control mice were injected with 1 ml of vehicle
(PBS, 0.1% bovine serum albumin) alone. Five minutes
after injection of C10 or vehicle, the micropipette was
slowly removed, the hole in the cranium was filled with
bone wax, and the incision in the scalp was sutured
closed. The animal was removed from the stereotaxic
device and allowed to recover from anesthesia under a
warming lamp. After 24 hours, ICV-injected mice were
again anesthetized and perfused transcardially with ice-
cold saline. Brains were immediately removed, embed-
ded in tissue-Tek O.C.T. compound (Fisher, Plainfield,
NJ), and snap-frozen. Coronal sections (14 mm) were cut
on a cryomicrotome, air-dried, and stored at 270°C
pending immunophenotyping of the infiltrating cells.

For immunophenotyping, sections were brought to
room temperature, fixed in cold (220°C) methanol:ac-
etone (1:1) solution for 45 seconds, and blocked for 30
minutes at room temperature in PBS containing 2% rabbit
and goat serum. Sections were then incubated for 1 hour
at room temperature with rat monoclonal antibody to
Mac-1 (ATCC, TIB126, Rockville, MD), CD4 (L3T4,
Pharmingen, San Diego, CA), or CD8a (Ly-2, Pharmin-
gen) diluted in the blocking solution. After extensive
washing, sections were incubated with a biotinylated an-
ti-rat antibody followed by avidin-labeled horseradish
peroxidase (Sigma) both for 1 hour at room temperature,
then stained with 3,3 diaminobenzidine as substrate. Be-
fore mounting, sections were counterstained in Mayer’s
hematoxylin.

Results

Cerebral Chemokine Gene Expression in GFAP-
Cytokine Transgenic Mice

Chemokine gene expression was initially examined in
various regions of the CNS in the different GFAP-cytokine
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transgenic mice. In wildtype mice no detectable chemo-
kine RNA expression was found in any CNS region (Fig-
ure 1). In contrast, a specific pattern of chemokine gene
expression was observed in the various GFAP-cytokine
transgenic mice and in the different regions of the CNS.
In the cerebellum and spinal cord of GFAP-IL3 mice, high
levels of C10 and lower levels of MIP-1b and MCP-1
mRNAs were expressed. In addition to these chemo-
kines, high levels of multiple mRNA species at 90–100 bp
were also present. Subsequent analysis (not shown) us-
ing single RPA probes showed these multiple species
were protected fragments from the C10 probe and may
have corresponded to the reported27 highly homologous
C10-like gene-encoded transcripts or alternatively spliced
transcripts of the C10 gene. In the forebrain of the GFAP-IL3
mice no detectable chemokine gene expression was ob-
served.

In the GFAP-IFNa mice, the chemokine gene expres-
sion pattern was quite different from that of the GFAP-IL3
mice (Figure 1). In the cerebellum and forebrain of GFAP-
IFNa mice, high levels of crg-2/IP-10 and much lower
expression of RANTES and MCP-1 mRNA transcripts
were detectable. No detectable chemokine gene expres-
sion was observed in the spinal cord of GFAP-IFNa mice.
In the GFAP-IL6 mice, the chemokine gene expression
was observed predominantly in the cerebellum but, in
contrast to the GFAP-IL3 and GFAP-IFNa mice, only very
low expression of crg-2 and RANTES transcripts were
detectable.

Temporal and Disease-Associated Expression
of Chemokine Genes in the Cerebellum of
GFAP-IL3 Mice

Expression of the chemokine C10 in vivo has not been
reported previously. To further determine the relationship
of the expression of this chemokine gene to the develop-
ment of the neurological disease in the GFAP-IL3 mice,
we examined the cerebellum from mice of different ages

and with different levels of motor impairment (Figure 2).
Similar to the findings described above, high expression
of C10 and C10-related mRNA transcripts was found at 5
months of age, when the GFAP-IL3 mice presented with
motor symptoms (Figure 2A). In addition to C10, the other
chemokine genes, MIP-1b and MCP-1, were also ex-
pressed at higher levels in the brain of transgenic mice at
5 months of age. Densitometric quantitation revealed
increased levels of C10 mRNA transcripts were also de-
tectable very early in presymptomatic mice of 1–2 months
age before increasing progressively at 5–8 months of
age (Figure 2B). The relationship between the expression
of the C10 gene and the severity of motor disease was
assessed (Figure 2C). This analysis revealed a significant
correlation between the clinical score and the level of
C10 RNA found in the cerebellum of the GFAP-IL3 mice.

Chemokine Gene Expression in EAE

The finding of C10/C10-related gene expression in the
cerebellum of the GFAP-IL3 mice but not in the GFAP-
IFNa or GFAP-IL6 mice suggested a possible association
between these chemokines and inflammatory demyelina-
tion. To further establish the credibility of this notion, we
next examined chemokine gene expression in the EAE

Figure 1. Chemokine mRNA expression in GFAP-cytokine transgenic mice.
In this representative experiment, poly (A1) RNA was isolated from cerebel-
lum, forebrain, and spinal cord of wild-type or transgenic mice and 2 mg
analyzed by RNase protection assay as outlined in Materials and Methods.

Figure 2. Temporal and disease-associated expression of the C10 mRNA in
cerebellum of GFAP-IL3 transgenic mice. Brains were removed from trans-
genic mice at the ages shown and poly (A1) RNA isolated from the cerebel-
lum and analyzed by RPA as outlined in Materials and Methods (A). Quan-
titative analysis of C10 RNA levels shown in A revealed an age-dependent
progressive increase in the C10 gene expression (B). For the comparison of
C10 RNA levels with disease severity (C), linear regression analysis was
performed using Microsoft Excel software.
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model (Figure 3). In control animals little or no significant
expression of any chemokine gene was observed in the
spinal cord. In contrast, in the spinal cord of MOG-EAE
symptomatic mice there was overlapping expression of
several chemokine mRNA transcripts, including C10.
Other chemokine transcripts that were also expressed
included MIP-2, MCP-3, MIP-1b, MCP-1, Crg-2, MIP-1a,
and RANTES. Expression of the C10, MCP-1, MCP-3, and
Crg-2/IP-10 mRNAs was somewhat higher than for the
other chemokines. The chemokine gene expression pro-
file was also examined in spinal cord from presymptom-
atic mice and mice in the recovery phase of EAE. In
presymptomatic animals at the time point examined (day
10 postimmunization), a small but consistent increase in
transcripts corresponding to C10 and Crg-2/IP-10 was
observed. In mice in the recovery phase the chemokine
gene expression pattern was qualitatively similar to that
seen in the symptomatic phase, but was significantly
reduced. In symptomatic mice with MBP-EAE, the pattern
of chemokine gene expression was both qualitatively and
quantitatively similar to that observed in mice with MOG-
EAE (not shown).

Anatomical and Cellular Localization of C10
Gene Expression

The findings above indicated that expression of the che-
mokine C10 and related genes was most prominent in the
cerebellum and spinal cord of GFAP-IL3 and EAE mice.
We next examined by in situ hybridization the relationship
between the expression of C10 RNA to sites of pathology
in the brain and spinal cord. Using a C10 sense probe, no
hybridization was detected in the CNS of control, pre-
symptomatic, or symptomatic GFAP-IL3 mice or in mice
with MBP-EAE (data not shown). With a C10 antisense
probe, no hybridization was detected in brain or spinal
cord from control mice (Figure 4, A and B, top brain
sections). However, hybridization to C10 RNA was ob-

served in the cerebellum and brain stem of symptomatic
GFAP-IL3 mice (Figure 4A, arrows) and to focal areas in
the brain stem and spinal cord of mice with EAE (Figure
4B, arrows).

Microautoradiographic analysis of the hybridized sec-
tions revealed background level hybridization to speci-
mens from wild type mice (Figure 4, C and D). In contrast,
in the GFAP-IL3 transgenic mice, high expression of C10
RNA was observed in infiltrating mononuclear cells in the
white matter lesions in the cerebellum and in scattered
cells in the brain stem (data not shown). Expression of
C10 RNA transcripts was also seen in cells associated
with perivascular infiltrates, which were located at the
periphery surrounding the lymphocytes (Figure 4, E and
F). Similarly, in MBP-EAE, cells expressing C10 RNA
were identified as being predominantly infiltrating mono-
nuclear cells present in inflammatory foci in the spinal
cord and brain stem (Figure 4, G and H).

Double labeling experiments were performed to iden-
tify the specific cells responsible for C10 RNA expression
(Figure 5). In both MBP-EAE (Figure 5C) and GFAP-IL3
(Figure 5E) specimens, a significant number of RCA-1-
positive cells (arrows) were observed that coexpressed
C10 RNA and accounted for most of the detectable C10
RNA expression. In contrast, in MBP-EAE (Figure 5D) and
GFAP-IL3 (Figure 5F) specimens, GFAP-positive cells
were negative for C10 RNA expression. However, in
these same sections, hybridization of the C10 probe to
non-GFAP-labeled cells was conspicuous (arrows).
These experiments therefore revealed that macrophages
and possibly microglial cells were the major cell type
expressing the C10/C10-related RNA in the GFAP-IL3
transgenic mice and in EAE.

To determine whether C10 was expressed at the protein
level we performed immunostaining experiments using a
polyclonal antibody against C10 (Figure 6). No immuno-
staining for C10 protein was detectable on sections of brain
or spinal cord (Figure 6A) from control mice. However, in
mice with EAE, numerous C10-positive cells were identified
associated with inflammatory lesions (Figure 6B). Similarly,
in older (4 months) presymptomatic GFAP-IL3 mice without
white matter lesions, the C10 antibody stained a small num-
ber of cells present in the early perivascular infiltrates (Fig-
ure 6C). In symptomatic GFAP-IL3 mice, numerous cells
positive for C10 immunostaining were observed located at
the edges of perivascular cuffs (Figure 6F), at the brain
surfaces such as the meninges (Figure 6D), and lining the
cerebellar sulci. In addition, C10-immunopositive cells cor-
responding to foamy macrophages were numerous in the
inflammatory lesions in the white matter (Figure 6E). The
localization of the C10-immunopositive cells thus showed a
distribution similar to that of cells expressing the C10-asso-
ciated RNA detected by in situ hybridization (see above).

ICV Injection of C10 Promotes the CNS
Recruitment of Mac-11 Cells

To ascertain the functionality of C10 and particularly
whether this chemokine was a leukocyte chemoattractant
factor in the CNS, mice were injected ICV with recombi-

Figure 3. Chemokine mRNA expression in the brain of mice with MOG-EAE.
After adjuvant immunization with bovine MOG peptides, mice were killed at
day 10 (presymptomatic), between days 14 and 20 (symptomatic), or after
recovery (recovered). Total RNA was isolated from spinal cord of these
animals as well as controls and analyzed by RPA as outlined in Materials and
Methods.

Chemokine C10 and Inflammatory Demyelination 1185
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nant C10 protein. In vehicle-injected control mice, apart
from the area of the cannula track injury in the cortex, few
or no Mac-11 cells were observed in the ventricles, cho-
roid plexus, or meninges (Figure 7, A, C, and E). In
contrast, in mice injected with C10, large numbers of
Mac-11 cells were observed in the meninges (Figure 7B),
ventricular areas and in the CNS parenchyma adjacent to
these areas (Figure 7D), and in the choroid plexus (Fig-
ure 7F). Although less in number, there were also CD41

T lymphocytes and a few CD81 T lymphocytes in the
meninges and in the choroid plexus (not shown). These T
lymphocytes were rarely if at all observed in brain from
vehicle-injected mice.

Discussion

The chemokines are a broad family of host-derived, sol-
uble mediators that are assumed to play a key role in
recruit and traffic of leukocytes to the CNS during inflam-

matory responses in a variety of disease processes rang-
ing from viral6–8 and bacterial infection9 to autoimmune
disorders.10–13 In support of this, different chemokines
elicit cerebral leukocytosis following either their injection
into the brain28 or their chronic expression in the brain of
transgenic mice.29,30 Moreover, the central role of che-
mokines in the pathogenesis of EAE was further clarified
with the demonstration that neutralization of different che-
mokines such as MIP-1a31or Crg-2/IP-1032 produced a
marked attenuation in disease. Other than providing a
chemotactic signal for the recruitment of leukocytes to
the CNS, there is evidence2 that the expression of differ-
ent chemokine genes may vary in different neuroinflam-
matory states and may thereby directly determine the
nature of the leukocytes that traffic into the CNS during
inflammation. Here we showed that there are distinct
disease-related cerebral chemokine gene expression
profiles in a number of different models for CNS inflam-
mation, including recently developed transgenic mice

Figure 4. Anatomical and microanatomical local-
ization of C10 RNA in brain from GFAP-IL3 mice or
brain and spinal cord from mice with MBP-EAE.
Images from Cronex film (5 day exposure) of sag-
ittal sections (10 mm) from GFAP-IL3 transgenic
mice (A) or mice with EAE (B). The sections lo-
cated at the top in A and B represent tissue from
wild-type control mice. Sections were hybridized
with 35S-labeled antisense RNA probe to C10 RNA
as outlined in Materials and Methods. Areas of
probe hybridization are indicated by the arrows.
For microanatomical analysis, sections hybridized
with the 35S-labeled antisense probe to C10 RNA
were coated with photographic emulsion, devel-
oped after 1 week, and visualized using dark-field
(C, E, G) or bright-field (D, F, H) microscopy. No
hybridization was detected in brain or spinal cord
from control mice (C, D). In cerebellum from
GFAP-IL3 mice (E, F), intense hybridization signal
is shown surrounding a vascular lymphocytic cuff.
In EAE (G, H), hybridization signal was closely
associated with the infiltrating mononuclear cell
population in the spinal cord.
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with astrocyte-targeted expression of the proinflamma-
tory cytokines IL-3,17 IL-6,18 or IFN-a19 and the murine
model for autoimmune demyelinating disease, EAE. In
the symptomatic transgenic mice that exhibit distinct
neurological disorders,20 striking differences in the cere-
bral chemokine gene expression were observed with
dominance of specific chemokine genes. Thus, in GFAP-
IL3 mice, C10 and the C10-related chemokine gene ex-
pression was most prominent. Our data here, as dis-
cussed below, support a key role for C10 in the
recruitment of macrophage lineage cells to the CNS in

these mice. On the other hand, in the GFAP-IFNa mice,
the Crg-2/IP-10 gene was expressed at highest levels,
with more modest expression of the RANTES chemokine
gene. CNS-infiltrating cells in these transgenic mice con-
sist of predominantly CD41 and CD81 lymphocytes and
both these cell populations are known to respond to
chemotactic stimulation by Crg-2/IP-1033,34 or RAN-
TES.35 Finally, in GFAP-IL6 mice, which exhibit minimal
mononuclear cell infiltration in the brain, there was only
very low levels of expression of the Crg-2/IP-10 and RAN-
TES genes. At the other extreme from these transgenic

Figure 5. Cellular localization of C10 RNA expression in the spinal cord of control mice (A, B) or mice with MBP-EAE (C, D) or in the brain of GFAP-IL3 mice
(E, F). Double-labeling experiments used antisense riboprobe for C10 RNA and immunostaining for GFAP (to label astrocytes) or binding of RCA-1 lectin (to label
macrophage/microglia). In the GFAP-IL3 and EAE specimens numerous cells positive for C10 (arrows) colabeled with the RCA-1 lectin (C and E). In contrast,
no GFAP-positive cells (D and F) were observed that were also positive for C10. Hybridization of the C10 probe to non-GFAP-labeled cells was conspicuous
(arrows).
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models, EAE which is characterized by the presence in
the CNS of mixed infiltrates of immunoinflammatory
cells,36 was associated with the overlapping expression
of multiple chemokine genes. These findings in EAE con-
firmed previous reports10–13 documenting expression in
the CNS of a number of chemokine genes belonging to
both the a and b chemokine families. In all, our findings
make the important point that there are significant differ-
ences in the patterns and levels of chemokine gene
expression in different inflammatory states that may ulti-
mately determine the type and function of the leukocytes
that migrate to the CNS.

The novel finding of prominent C10 gene expression in
the CNS in the GFAP-IL3 transgenic model and in EAE
highlights a possible role for this chemokine in the patho-
genesis of CNS leukocytosis in inflammatory demyelinat-
ing disease processes. C10 belongs to the b chemokine
family and is closely related to the MIP-1 subfamily based
on amino acid sequence similarity.37 A b chemokine
gene cloned from macrophages, named MRP-1 (MIP-
related protein-1), is identical to C10.27 A high degree of
homology also exists between C10 and MRP-227 or
CCF1838 and MIP-1g.39 C10 and MRP-2 contain two
more cysteine residues than the other members of the b
chemokine family, suggesting that the tertiary structure
and function of these two chemokines may be distinct.
C10 was originally identified as a product of bone marrow
cells stimulated with either GM-CSF or IL-3.37 More re-
cent studies of the regulation of C10 gene expression
show that this differs somewhat from that of MIP-1a in
being strongly induced in mouse monocytes and neutro-
phils by the cytokines IL-3, IL-4, and GM-CSF, but not by
LPS or the proinflammatory cytokines IFN-g, IL-1a, and
TNF-a.40 Based on these findings it has been proposed
that C10 may be important in the development of humoral
and allergic responses.40 Our findings here document for

the first time the significant expression of the C10 and
C10-related genes in vivo in two different models of in-
flammatory demyelination and suggest a role for this
chemokine in the pathogenesis of these disorders. Con-
sistent with this, in the GFAP-IL3 transgenic mice there
was a significant correlation between the levels of C10
mRNA present in the cerebellum and the severity of
motor disease. In EAE and in the GFAP-IL3 transgenic
mice, C10 mRNA and protein expression were localized
to white matter lesions. In the GFAP-IL3 mice, increased
expression of the C10 and C10-related mRNAs were
detectable in the brain of young mice well before the
development of the inflammatory lesions, whereas in pre-
symptomatic mice C10 protein could be detected in
perivascular cells. Activation of perivascular cells with
increased expression of MHC class II molecules has
been reported previously in presymptomatic GFAP-IL3
mice.17 Although our data do not permit us to conclude
that the same perivascular cells express both the MHC
class II molecules and C10, it is clear that cells located in
this CNS compartment may play an important signaling
role for the subsequent recruitment of monocytes to the
brain in these animals.

CNS C10 expression in symptomatic mice from both
the GFAP-IL3 and EAE models was found to be closely
associated with infiltrating mononuclear cells present at
the brain surfaces (eg, meninges), in perivascular infil-
trates, and within the parenchymal white matter lesions.
Further dual labeling experiments in situ indicated that
cells of the macrophage lineage were primarily respon-
sible for C10 expression. The finding that cells of this
lineage are the major source of C10 expression in vivo in
these experimental models is consistent with in vitro stud-
ies showing that macrophages are a prodigious source of
C10 following treatment with GM-CSF, IL-3, or IL-4.40 In

Figure 6. Expression of C10 protein detected by immunohistochemistry. Sections from Bouin’s fixed tissues were immunostained using a goat polyclonal antibody
against the murine C10 protein as described in Materials and Methods. No staining was evident in spinal cord from control mice (A); however, numerous
immunostained cells are evident in an inflammatory lesion in spinal cord from a mouse with EAE (B). In presymptomatic GFAP-IL3 mice, cells immunostained
for C10 were localized to perivascular infiltrates (C). In symptomatic GFAP-IL3 mice, numerous cells positive for C10 were observed surrounding perivascular
lymphocytic cuffs (F) in the meninges (D) and within parenchymal white matter lesions (E).
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recent experiments we have found that recombinant mu-
rine IL-3 stimulates C10 gene expression in cultured mi-
croglia but not astrocytes (Asensio and Campbell, un-
published data). Therefore, in the GFAP-IL3 transgenic
mice the induction of C10 gene expression is likely due to
the direct action of the transgene encoded IL-3. On the
other hand, in EAE, it is less clear what signal(s) are
responsible for inducing C10 gene expression. One can-
didate might be IL-4, expression of which has been doc-
umented in the spinal cord during active EAE.41

Our finding of significant expression of C10 in the
inflammatory white matter lesions associated with the
development of EAE contrasts with those of Godiska et al,
who failed to detect C10 RNA transcripts in CNS tissue of
mice with active EAE.12 The explanation for these dispar-
ate findings is unknown but could reflect differences in
the EAE models used. Godiska and colleagues used a
passive transfer model in which MBP-reactive encepha-
litogenic T cells were injected into mice. This approach
differs considerably from the adjuvant-immunization pro-
tocol reported here. It is therefore conceivable that dif-
ferences also exist in the nature of the inflammatory pro-

cesses associated with the development of EAE after
different disease-inducing protocols. Our studies demon-
strate a role for C10 in the recruitment of macrophages to
the CNS (see below). In view of the absence of significant
C10 expression in the passive transfer EAE model, it
would be of interest to determine the relative number and
contribution of macrophage/microglial cells in the demy-
elinating disease process in these animals.

The current observations raise the issue of the function
of C10, which at the time of our studies remained an
enigma. Its homology to other members of the MIP-1
family suggests it may have similar chemoattractant
properties. In support of this, C10 has been shown to
promote the chemotaxis of human peripheral blood
mononuclear cells and peritoneal exudate cells in vitro,42

although the precise identity of the responding cells in
these studies was not defined. The finding that C10 was
expressed as the dominant chemokine in the brain of the
GFAP-IL3 mouse, in which the lesions are composed
almost entirely of macrophage/microglial cells, led us to
surmise that C10 may have a central role in the recruit-
ment and possibly in the function of these cells. The ICV

Figure 7. Mac-1-immunostained cryostat sections of brain from mice injected ICV with either vehicle (A, C, E) or C10 (B, D, F). Pronounced infiltration of the
meninges (B), subependymal plate and surrounding parenchyma (D), and the choroid plexus and lateral ventricle (F) was observed 24 hours after injection
of C10.
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injection of recombinant C10 protein allowed a direct
approach to study this possibility and provided convinc-
ing evidence that C10 can indeed effectively promote the
recruitment of cells of monocytic lineage to the CNS. This
action was quite potent with infiltrating cells not only
being disseminated throughout the ventricular and men-
ingeal compartments but also apparently migrating into
the parenchyma. In view of the histological difficulty to
distinguish between macrophage and microglia, it is also
possible that some of the Mac-1-positive cells accumu-
lating at these sites may have been microglia that mi-
grated from the parenchyma in response to the C10. The
findings suggest that C10, in common with some other
chemokines such as MCP-1,28 can, when injected into
the brain, overcome the putative intrinsic resistance of
the brain parenchyma to leukocyte migration. Our ICV
injection studies also make another point: that C10 was
chemotactic primarily for Mac-11 cells. Although CD41 T
lymphocytes were also present, their numbers were con-
siderably lower, suggesting their recruitment may be the
result of secondary influences. Further studies will be
necessary to establish the precise chemotactic signature
of C10 as well as to define whether this factor has func-
tions other than chemoattraction. However, our findings
here indicate that C10 is not only produced by macro-
phages but also acts on these cells and may therefore
serve as an autocrine regulator for macrophage chemo-
taxis.

In conclusion, the current study demonstrated distinct
chemokine gene expression profiles in various experi-
mental CNS disorders that display different immuno-
pathological features. The expression of specific chemo-
kines in these different inflammatory states may represent
a defining event in controlling the type of leukocyte that is
ultimately recruited to the brain. Our paper reports on a
number of novel observations that identify the chemokine
C10 as a potentially significant factor for the migration of
macrophages to sites of tissue inflammation. Specifically,
these findings (1) provide the first demonstration of the in
vivo expression of the chemokine C10 and its prominent
involvement with inflammatory demyelinating disease of
the CNS, (2) identify the macrophage microglia as a
major cellular source for C10 expression in vivo, (3) dem-
onstrate that C10 is expressed at the RNA and protein
level, and (4) document C10 functionality in vivo, showing
that this chemokine is not only produced by macro-
phages but also acts as a potent chemoattractant for
these cells to the CNS. Human b chemokines with close
homology to the murine C10 termed MIP-543 and leuko-
tactin-1,44 were recently reported and it will be of interest
to determine whether these or other related chemokines
are expressed in the brain in human inflammatory demy-
elinating disorders. In any case, macrophage/microglial
cells have increasingly assumed a central role as key
mediators of inflammatory demyelination in human neu-
rological disorders such as multiple sclerosis.45 There-
fore, macrophage acting chemokines such as C10 offer a
potential therapeutic target for the treatment of such dis-
orders, which could be tested in the animal models.
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