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Chemokines are low molecular weight cytokines

which act as chemoattractants for infiltrating cells

bearing appropriate receptors (CCR) to sites of in-

flammation. It has been proposed that CCR2 on

monocytes is responsible for their recruitment into

the central nervous system (CNS) in experimental

autoimmune encephalomyelitis (EAE), a model for

multiple sclerosis, and two previous reports have de-

scribed resistance of CCR2�/� mice to EAE. The

present study examined three different mouse strains

with CCR2 deletions for susceptibility to EAE. Animals

were studied up to 4 months post-sensitization and

were examined by neuropathology, RNase protection

assay, in situ hybridization, and in vitro assays. All

three strains were found to be susceptible to EAE:

C57BL/6 � J129 and Balb c strains, 100%; and

C57BL/6, 67%. Unusual in CNS lesions of CCR2�/�

mice was an overabundance of neutrophils versus

monocytes in wild-type animals. An attempt of the

immune system to develop compensatory mecha-

nisms for the lack of CCR2 was evidenced by a corre-

sponding increase in mRNA for other chemokines

and CCR. Inasmuch as neutrophils replaced mono-

cytes and led to demyelination, our findings support

the concept that promiscuity of chemokines and CCR

was able to surmount the deletion of CCR2, still re-

sulting in full expression of this autoimmune disease.

(Am J Pathol 2003, 162:139–150)

Experimental autoimmune encephalomyelitis (EAE) is a T

cell-mediated inflammatory disease of the central ner-

vous system (CNS) that serves as an animal model for

multiple sclerosis (MS).1,2 The disease can be induced

by immunization with whole myelin or a variety of myelin

antigens, their peptides, or T cells responsive to these

antigens.3 During induction of EAE, T cells sensitized to

myelin antigens migrate across the blood-brain barrier

into surrounding white matter,4 re-encounter antigen and

become activated to produce soluble mediators, includ-

ing chemokines, for which there is compelling evidence

for roles in lesion pathogenesis.3 Chemokines are che-

moattractants produced under pathological conditions

by tissue elements and infiltrating leukocytes.5,6 Two

main groups of chemokines are recognized, �-chemo-

kines, having two adjacent cysteines (C-C chemokines),

and �-chemokines, with two cysteines separated by one

amino acid, C-X-C chemokines.7 Chemokines are in-

volved in leukocyte maturation, lymphocyte trafficking,

and renewal of circulating leukocytes.8 The molecular

regulation of leukocyte trafficking is complex and in-

volves not only interactions between adhesion molecules

and their receptors, but also between members of the

entire superfamily of chemokines.8 During EAE, involve-

ment and up-regulation of several C-C chemokines, in-

cluding macrophage inhibitory protein-1� (MIP-1�) and

macrophage chemoattractant protein-1 (MCP-1), is well

established.9 MCP-1 is associated with monocyte/mac-

rophage recruitment,10,11 and its target is the chemokine

receptor, CCR2, expressed by these cells.12

Previous studies have reported that disruption of che-

mokine receptors (CCR) may lead to impaired monocyte

function, including chemokine-directed chemotaxis,13,14

and that manipulation of CCR might result in resistance to

inflammatory disease. In the case of CCR2, recent com-

munications15,16 have reported that CCR2 knockout (ko)

mice are resistant to EAE and that CCR2 is a key sus-

ceptibility factor in this disease.15–17 Since we had ac-

cess to three separate mouse strains with CCR2 dele-

tions, we decided to extend a preliminary study on one

strain,18 to test further the susceptibility of CCR2�/� mice

to EAE. Study of these three different strains with CCR2

disruption has revealed all to be highly susceptible. In-
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terestingly, each strain displayed subtle differences, par-

ticularly in regard to the cellular make-up of the CNS

infiltrate while the process of demyelination was not dis-

rupted. As an approach toward mechanism, we have

investigated cytokine, chemokine, and CCR profiles and

found them to be in line with an increase in polymorpho-

nuclear leukocytes, the cell type predominating in

CCR2�/� EAE lesions. Therefore, CCR2 is not an all-

important determining factor in EAE and it appears that

multiple compensatory mechanisms exist in the expres-

sion of autoimmune demyelination.

Materials and Methods

Animals

Six- to eight-week-old wild-type (wt) and CCR2�/� mice

on a C57BL/6 � J129 (C57/J129) background, a C57BL/

6 � J129 background back-crossed � 8 onto C57BL/6

(C57BL/6), or a Balb c background (six back-crosses)

were used. With the exception of wt Balb c mice, all mice

were provided by W. Kuziel. Control wt female Balb c

mice were purchased from The Jackson Laboratory, Bar

Harbor, ME. CCR2�/� mice were generated by homolo-

gous recombination and all were bred under pathogen-

free conditions. In addition, 20 mice (10 CCR2�/�, 10 wt)

12- to 24-weeks of age, were tested for the susceptibility

of older animals to develop EAE. These animals were

studied for clinical susceptibility only. Animal care and

use was performed in accordance with National Institutes

of Health guidelines and mice were housed in an Amer-

ican Association for Accreditation of Laboratory Animal

Care (AAALAC) accredited facility. A total of 214 animals

was used; 60 C57/J129, 140 C57BL/6, and 14 Balb c.

Antigens and Antibodies

Myelin was prepared from guinea pig spinal cord (GPSC)

according to established procedures.19 An encephalito-

genic peptide corresponding to myelin oligodendrocyte

glycoprotein (MOG) residue aa35–55 (MOG35–55) was

synthesized by an in-house facility. Amino acid compo-

sition was verified by mass spectroscopy: purity was �

98%. Monoclonal antibodies (mAB) were used to CD4 T

cells (L3T4) and CD8a T cells (Lyt-2; both from BD

PharMingen, La Jolla, CA); to neutrophils (7/4), macro-

phages (F4/80), and B cells (CD19; Serotec, Kidlington,

Oxford, United Kingdom); and to IL-4 and IL-10 (BD

PharMingen). Polyclonal antibodies were used to IFN-�

and TNF-� (R&D Systems, Minneapolis, MN).

Sensitization for Active EAE and Assessment of

Clinical Signs

On day 0 (d 0) and day 7 post-immunization (p.i.) C57/

J129 and C57BL/6 mice were sensitized for active EAE

by subcutaneous (s.c.) injection (two sites, dorsal flank)

with a total of 600 �g of encephalitogenic MOG35–55

emulsified in incomplete Freund’s adjuvant (IFA; Difco,

Detroit, MI), containing 70 �g Mycobacterium tuberculo-

sis, H37Ra (Difco). On day 0 and day 2 p.i., each mouse

also received 500 ng pertussis toxin (PTX; List Biological

Laboratories, Campbell, CA) intravenously (i.v.), via a tail

vein. Balb c mice were sensitized for active EAE with 700

�g GPSC homogenate emulsified in IFA containing 35 �g

M. tuberculosis. 100 ng PTX was also given i.v. on day 0,

day 2, and day 7 p.i. Of the 12- to 24-week-old group, 10

(5 CCR2�/�, 5 wt) were sensitized as above and 10 (5

CCR2�/� and 5 wt) were sensitized according to the

technique of Izikson et al,16 with 100 �g MOG in com-

plete Freund’s adjuvant (CFA) and intraperitoneal admin-

istration of PTX, for comparison of methods of induction.

Animals were assessed daily for clinical signs and eval-

uated according to the following scale: grade 0, no ab-

normalities; grade 1, weak tail; grade 2, limp tail and

weakness in hind-limbs; grade 3, hind-limb paraparesis;

grade 4, tetraplegia; grade 5, moribund or death.

Histopathology and Immunohistochemistry

Light microscopy studies were performed on glutaralde-

hyde/osmium-fixed tissue from optic nerve, cerebrum,

cerebellum, and spinal cord. The tissue was dehydrated

and embedded in epoxy resin from which 1-�m sections

were cut and stained with toluidine blue. Inflammation,

demyelination, Wallerian degeneration (WD), and remy-

elination were scored on a scale of 0 to 5, as described

previously.20 Ultrastructural studies were conducted on

thin sections contrasted with lead and uranium salts,

carbon-coated, and scanned by electron microscopy

(EM) in a Hitachi HS600 (Tokyo, Japan).

For immunohistochemistry, blocks of phosphate-buff-

ered saline (PBS)-perfused lumbar spinal cord were

snap-frozen in liquid nitrogen. Cryostat sections (10-�m)

were fixed with cold acetone and methanol, and primary

antibodies were applied overnight at 4°C. For evaluation

of bound antibody, the Vectastain Elite kit (Vector, Bur-

lingame, CA), was used. 3�, 3� diaminobenzidine (KPL,

Gaithersburg, MD), served as the substrate for horserad-

ish peroxidase. Immunoreactive cells were counted in

spinal cord sections from six to eight different areas at �

10 and � 63 magnification.

RNase Protection Assay

Spinal cords were collected from mice in each group and

snap-frozen at different time-points after sensitization.

Total RNA was prepared using standard procedures.

RNA probes were used to detect chemokines and che-

mokine receptors, and cytokine mRNAs were generated

by in vitro transcription. RNase protection assays (RPAs)

were performed using RiboQuant template sets, mCK1,

mCK3b, and mCR5 (BD Pharmingen), in combination

with RPA II kit from Ambion (Austin, TX). Protected frag-

ments were visualized by autoradiography and quantified

by phosphoimaging the gels with a Storm 860 scanner

and Image QuaNT V3.01 software (Molecular Dynamics,

Sunnyvale, CA). For each sample, a ratio of the intensity

of the cytokine, chemokine, or chemokine receptor band
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was obtained using the value of the band for the house-

keeping genes, mL32 and GAPDH.

In Situ Hybridization

In situ hybridization (ISH) was performed on 10-�m frozen

sections using 300- to 500-bp PCR products of different

cytokines, chemokines, and chemokine receptors, la-

beled with digoxigenin by nick-translation (Roche, India-

napolis, IN), according to the manufacturer’s instructions.

PCR products representing the following mRNA se-

quences were applied: CCR1, bp 309–650; CCR2,

bp434–710; CCR5, bp706–1047; IL-8R, bp252–661;

RANTES, bp199–491; MCP-1, bp163–501; MCP-5,

bp78–378; MIP-1�, bp239–578; IL-8, bp118–651;

TNF-�, bp1083–1434; IFN-�, bp232–539; TGF-�,

bp1327–1579; and IL-4, bp128–407. Negative controls

for ISH consisted of hybridization solution without labeled

probe.

Cell Culture

C57BL/6 mice were sensitized s.c. with a total of 600 �g

MOG35–55/CFA on day 0 and day 7 p.i. On day 15 p.i.,

mice were anesthetized with ether and sampled, and

popliteal and axillary lymph nodes and spleen excised.

Single-cell suspensions from draining lymph nodes and

spleen were made and activated by culturing at 37°C in

7% CO2 in RPMI medium supplemented with 1% mouse

serum (Rockland, Gilbertsville, PA), 1 mmol/L glutamate,

1 mmol/L pyruvate, 100 units/ml penicillin, 100 �g/ml

streptomycin (all from Invitrogen; Grand Island, NY), 0.02

mmol/L �-mercaptoethanol (Sigma, St. Louis, MI), to

which were added different antigens, such as 30 �g/ml of

MOG35–55, 30 �g/ml MBP, 2.5 �g/ml concanavalin A

(ConA), and 500 ng/ml LPS (all from Sigma). To deter-

mine proliferation after 2 days, cells were treated with 25

�Ci 3H-thymidine (NEN Life Science Prod, Pittsburgh,

PA), for an additional 16 hours, before being harvested

and assessed for radioactivity.21

Statistical Analysis

Clinical and histological scores in all age groups were

compared with the Mann-Whitney rank sum test, using In-

stat (Graph Pad). Results were expressed as mean � SD.

Results

CCR2�/� Mice from All Three Strains Are

Susceptible to EAE

In both C57 strains (C57/J129 and C57BL/6), CCR2�/�

mice sensitized at 8 weeks of age developed clinical

signs of MOG peptide-induced EAE (Figures 1, A and B),

which were characterized by a delay in onset of 3 to 5

days and reduced clinical severity in comparison to wt

mice. In general, CCR2�/� mice developed a milder EAE,

between grade 2 (C57/J129) and grade 1.5 (C57BL/6),

versus 3.0 to 3.5 in wt mice. However, Balb c CCR2�/�

mice showed a more typical response (grade 3) (Figure

1C). As in both C57 strains, Balb c CCR2�/� mice dis-

played a delayed onset. Also noteworthy were differ-

ences in the course of disease; C57/J129 developed a

relapsing EAE while C57BL/6 and Balb c mice showed a

monophasic pattern. Significantly, 100% of 8-week-old

sensitized C57/J129 and Balb c CCR2�/� mice dis-

played clinical signs, whereas in C57BL/6 CCR2�/�

mice, the average incidence was 67%.

Of the 12- to 24-week-old sensitized groups, four of

five CCR2�/� mice from the group sensitized by the

Figure 1. CCR2�/� mice from all three strains were susceptible to EAE. A:
C57/J129; note the relapsing course of MOG35–55-induced EAE. B: C57/BL6;
note the monophasic course in mice immunized with MOG35–55. C: Balb c;
note monophasic course after immunization with guinea pig crude myelin.
Both C57 strains showed delayed onset and reduced severity while Balb c
displayed delayed onset with clinical scores comparable to wt mice. Clinical
scores were assessed daily after immunization on day 0. Mean values and SD
are indicated; P values refer to comparison between ko and wt mice.
*, P � 0.001; **, P � 0.01; ***, P � 0.05.
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present technique developed signs of EAE (grades 1 to

3) versus two of five wt (grades 1 to 2), while of these

sensitized according to Izikson et al,16 one of five

CCR2�/� (grade 1) and two of five wt (grade 2) devel-

oped disease.

EAE Lesions Differ among CCR2�/� Mice from

Different Strains

In C57/J129 mice (CCR2�/� and wt) sensitized at 8

weeks of age, spinal cord lesions typical of acute EAE

were seen (Figures 2A–D and Figure 3). However, wt

C57/J129 mice showed more severe pathology with

widespread WD and a monocyte-rich infiltrate (Figure

2D). In contrast, CNS lesions in C57/J129 CCR2�/� mice

revealed a striking overabundance of infiltrating neutro-

phils and a paucity of monocytes (Figure 2C). The lesion

in CCR2�/� mice was less destructive and fewer axons

showed damage. In C57BL/6 mice, comparable high

numbers of neutrophils in CNS infiltrates and a similar

degree of demyelination in both ko and wt (Figure 2,

G–J), were encountered. Similar to C57/J129 ko mice,

CCR2�/� C57BL/6 mice displayed less WD in compari-

son to wt mice (Figure 2, I–J).

Balb c wt mice with acute EAE displayed widespread

lesion activity with extensive cellular infiltration and de-

myelination (Figure 2L). CCR2�/� Balb c mice, on the

other hand, displayed small CNS lesions with only a few

infiltrating cells, comprised mainly of neutrophils (Figure

2K). Occasionally, in CCR2�/� animals, the CNS portion

of the PNS in the anterior root entry zone was also af-

fected. Also of interest in Balb c and C57/J129 CCR2�/�

mice was the appearance of lymph node-like high endo-

thelial venules in the CNS (Figure 2, C and K), indicative

of active trafficking and homing of lymphocytes, de-

scribed previously in EAE.4

In the remission phase, during which the most statisti-

cally significant (Mann-Whitney) differences were ob-

served, C57/J129 CCR2�/� mice displayed fewer demy-

elinated fibers and less WD than wt (Figure 3). Both C57

strains displayed less infiltration and WD in the CCR2�/�

groups. In Balb c CCR2�/�, there were similar degrees of

demyelination and remyelination and WD was less common

than in wt, but WD was more extensive. During the chronic

phase, except for some differences in the amount of WD,

both ko and wt mice from all strains was comparable. As in

MS,3 with time, the plaque area in EAE animals was largely

taken over by fibrous astrocytes and reactive microglia. This

phenomenon was seen in ko and wt animals from C57BL/6

and Balb c (not shown). The same plaques were devoid of

CNPase immunoreactivity due to depletion of oligodendro-

cytes and myelin and gliosis appeared more pronounced in

C57BL/6 than Balb c mice, perhaps a reflection of the

smaller CNS lesions in Balb c.

Process of Demyelination Is Intact in

CCR2�/� Mice

Ultrastructural study confirmed the predominance of neu-

trophils in EAE lesions in CCR2�/� C57/J129 mice. Neu-

trophils and some eosinophils were found in both the

leptomeningeal space and CNS compartment and were

seen to traverse into the CNS between subpial astrocytic

processes through gaps in the glia limitans (Figure 4A).

Occasionally, neutrophils were seen to flank nerve fibers

with attenuated degenerating myelin sheaths (Figure 4B).

Significantly, EM study showed the process of demyeli-

nation to be intact in CCR2�/� mice. As is well docu-

mented in mice and other species,3 disrupted myelin

formed an extracellular vesicular network around af-

fected axons, resulting in the formation of lamellar myelin

droplets (Figure 4C). These were then internalized by

macrophages following their attachment to clathrin-

coated pits on the macrophage surface (Figure 4D), de-

scribed in detail in EAE22 and MS.23 This process has

been shown to involve immunoglobulin whereby opso-

nized myelin droplets bind to Fc receptors expressed in

coated pits on the surface of macrophages (Figure 4B).24

This phenomenon, known as receptor-mediated phago-

cytosis of myelin, is peculiar to autoimmune demyelinat-

ing models and MS.3 Presumably, immunoglobulin me-

diation in the process of demyelination was not disrupted

by CCR2 deletion.

Cellular Composition of EAE Lesions Is Altered

in CCR2�/� Mice

Immunohistochemical study of EAE lesions in C57BL/6

mice also confirmed the predominance of neutrophils

compared to macrophages and T cells in both groups

(data not shown). Among T cell populations, CD4� lym-

phocytes were common in both CCR2�/� and wt mice.

However, the number of macrophages and CD4� T cells

were increased in CCR2�/� mice, while the number of

neutrophils was lower. Lesions in Balb c animals were

comparable in ko and wt mice. Although CCR2�/� Balb c

mice displayed lower numbers of neutrophils and F4/80�

macrophages, the numbers of CD4� and CD8� T cells

were comparable in ko and wt. However, CD8� cells

were generally a minor component of the T cell popula-

tion. CD19� B cells were rarely seen during the acute

phase of EAE, particularly in CCR2�/� C57BL/6 and Balb

c mice.

Figure 2. Typical acute EAE lesions in ko and wt. A–F: C57/J129 mice. Note that the inflammatory infiltrates are composed predominantly of neutrophils in
CCR2�/� mice (A and C) versus monocytes in wt animals (B and D). Axonal damage is apparent as ballooned and condensed nerve fibers (WD), seen mainly
in wt animals (B, D, F), and rarely in CCR2�/� (A, C, E). Arrows in C indicate high endothelial venules in ko animals. Demyelinated fibers were found in both
CCR2�/� and wt animals (arrows in E and F). A: Magnification, �250, B: Magnification, �250, C: Magnification, �625, D: Magnification, �625, E: Magnification,
�625, F: Magnification, �625. G–J: C57BL/6 mice displayed similar inflammatory infiltrates comprising neutrophils, more so in CCR2�/� (G, I), monocytes,
macrophages, and lymphocytes. More severe demyelination was observed in the spinal cord of wt mice (H, J). G: Magnification, �250, H: Magnification, �250,
I: Magnification, �625, J: Magnification, �625. K and L: Balb c CCR2�/� mice (K) mice displayed a preponderance of neutrophils, while wt lesions contained
more monocytes (L). Note the affected root entry zone at arrow in (K). K: Magnification, �625, L: Magnification, �625.
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Cytokine Expression Shows Minor Differences in

CCR2�/� Mice

Lumbar spinal cord lesions in C57BL/6 CCR2�/� mice

showed IFN-�, TNF-�, and IL-6 protein and mRNA ex-

pression to be marginally decreased (from wt values).

Infiltrating cells expressing anti-inflammatory cytokines,

like IL-4 and IL-10, were found scattered around CNS

blood vessels in both ko and wt mice. In Balb c CCR2�/�

mice with EAE, proinflammatory cytokines, such as IFN-�,

TNF-�, and IL-6, were slightly elevated at both protein

and mRNA levels, whereas IL-10 expression was lower.

However, anti-inflammatory IL-4 (protein and mRNA) and

TGF-� (mRNA), could not be detected in ko and wt

animals (not shown).

mRNA Expression of Chemokines/Chemokine

Receptors Differs in CCR2�/� Mice

RNA study using RPA in C57/J129 mice showed that in

CNS tissue, message for CCR2 and CCR5 was de-

creased in CCR2�/� mice, whereas the mRNA level of

CCR1 was comparable in ko and wt animals (Figure 5). In

addition, message levels of MIF and cytokines like

TGF-�, TNF-�, and IFN-� were also similar.

ISH of CNS tissue from C57BL/6 revealed a visible

increase in message for MCP-1, a ligand of CCR2, in

CCR2�/� mice versus wt (Figure 6, A and B). Unexpect-

edly, mRNA expression for CCR2 was seen in ko mice to

the same extent as wt C57BL/6 (Figure 6, C and D). This

can be explained from the nature of the probe (see Discus-

sion). However, expression of the CCR1-ligand, RANTES,

was similar in ko and wt, as was that of the CCR5-ligand,

MIP-1� (not shown). CCR1 and CCR5 mRNA-expression

was slightly lower in CCR2�/� C57BL/6 mice. Interestingly,

mRNA expression for IL-8, a chemokine involved in neutro-

phil recruitment, was elevated in CCR2�/� animals (Figure

6, E and F), perhaps contributing to the unusual neutrophil

population in the CNS. In general, lesions in Balb c

CCR2�/� mice displayed higher numbers of cells express-

ing mRNA for chemokine receptors and their ligands, like

CCR1/RANTES and CCR5/MIP-1� (Figure 6, G and H).

Moreover, loss of expression of CCR2 mRNA was reflected

by reduced message for MCP-5, a CCR2 ligand. In con-

Figure 3. Histopathological differences between CCR2�/� and wt mice with disease progression. A–C: Acute EAE. Balb c CCR2�/� mice revealed decreased
pathology compared to wt. D–F: Remission. CCR2�/� mice of both C57 strains displayed less pathology (D and E), which was less prominent in Balb c ko animals
(F). Interestingly, CCR2�/� mice with a C57/J129 background showed decreased axonal damage (D), in contrast to C57BL/6 (E) and Balb c CCR2 ko mice (F).
G–I. Chronic EAE. Balb c mice showed less pathology, but increased demyelination and WD in CCR2�/� mice (I), in contrast to both CCR2�/� from C57 strains
(G and H). Data represent average histological scores of three animals (C57 strains) or a single animal (Balb c), evaluated from semi-thin cross sections of lower
spinal cord (four levels, eight slides). *, � P � 0.001; **, P � 0.01; ***, P � 0.05
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Figure 4. Ultrastructure of CCR2�/� mice showed features typical of wt acute EAE. Section of lumbar spinal cord from a CCR2�/� C57/J129 mouse (clinical score
3), day 4 after disease onset, is depicted. A: Neutrophils are seen within the leptomeningial compartment and the CNS parenchyma. One neutrophil can be seen
traversing the glia limitans (arrows). Magnification, �4400. B: Demyelinated axons (lower right) are shown and one nerve fiber displays an attenuated sheath
(left center) flanked by two neutrophils. Elsewhere, macrophages contain myelin debris. Magnification, �5300. C: The process of demyelination in CCR2�/�

mice was intact. Disrupted myelin forms a myelin network around the demyelinated axon (center). Magnification, �1300. D: Uptake of myelin by a macrophage
occurs via its attachment to clathrin-coated pits (arrows) on the cell surface, a phenomenon known as receptor-mediated phagocytosis. Magnification, �2500.
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trast, transcripts for IL-8 receptor were increased in

CCR2�/� mice. Negative controls showed a lack of detect-

able signal (not shown).

Proliferative Response of Lymphocytes to

MOG35–55 Is Not Altered in CCR2�/� Mice

In vitro proliferation assays on primary mixed lymphocyte

cultures from ko and wt MOG35–55-primed C57BL/6 mice

showed no differences. Lymphocytes and splenocytes from

both groups displayed a high potential for MOG35–55-

specific proliferation, whereas the response to MBP, an

irrelevant myelin antigen, appeared inhibitory compared

to controls (no antigen applied to cell culture), and pro-

liferation indices of MOG35–55-specific lymphocyte pop-

ulations from different lymphoid organs, lymph node and

spleen, differed slightly (Table 1). Therefore, at the level of

lymphocyte responsiveness, no abnormalities were seen.

Discussion

Previous reports have concluded that mice lacking CCR2

are resistant to the induction of EAE16 or display much

reduced disease.15 The present study used three differ-

ent strains of mice with CCR2 deletions and has shown

mice from all three strains to be susceptible to EAE. Both

previous studies used mice older (12 to 16 weeks) than

the usual age for EAE induction (6 to 8 weeks).25 In

addition, procedures different from those usually used for

EAE were used by one group,16 ie, footpad injection of

MOG35–55 followed by intraperitoneal challenge with PTX,

versus s.c. immunization with MOG35–55 and i.v. PTX used

here and by others.26 A further critical parameter in the

induction of EAE is amount of antigen. One of the stud-

ies,16 used 100 �g MOG35–55, while the second used 200

�g MOG35–55, and the majority of studies, including the

present on MOG-EAE, used 300 �g MOG35–55 or

more.26–28 Interestingly, both previous studies reported

that protection from EAE within the CCR2�/� group was

not 100% (93%), and that EAE in diseased CCR2�/�

mice was characterized by delayed onset, the latter in

accord with our own observations, clearly showing that

these older animals displayed much reduced suscepti-

bility. In attempt to reconcile these differences from the

present results, we conducted a separate set of experi-

ments using CCR2�/� and wt mice from older age

groups (12 to 24 weeks), in which half were given the

present high dose of antigen (300 �g MOG35–55), and

half were given 100 �g MOG35–55 plus intraperitoneal

PTX.16 Animals were observed for 4 weeks. In view of the

results, which showed that 80% of older ko mice sensi-

tized by the present protocol developed EAE, while only

20% given the regimen of Izikson et al16 displayed dis-

ease, it seems therefore, that the previously reported

“resistance” to EAE in CCR2 ko mice may have been

related to age and method of disease induction, rather

than to gene deletion as claimed.

Chemokines are important mediators of inflammation,

influencing migration of immunocompetent cells into

damaged areas.9,29–31 T cell and monocyte infiltration

into the CNS are critical stages in the pathogenesis of

demyelinating disease, as has been demonstrated by

depletion studies.17 Chemokine production by T cells,

macrophages, and astrocytes has been shown to lead to

infiltration of inflammatory cells into the CNS parenchyma

during the acute phase of EAE.32 Thus, CCR2, a receptor

for C-C chemokines, is known to be a major regulator of

Figure 5. RPA quantification of chemokine/chemokine receptor/cytokine mRNA expression in CNS tissue of CCR2�/� and wt C57/J129 mice with acute EAE.
Intensity of the signal for protected bands was determined by phosphoimaging. Data are expressed as a ratio of the band of interest to the sum of signals for L32
and GAPDH. In ko animals, mRNA transcripts of CCR2 and CCR5 in CNS tissue were decreased (A). However, mRNA expression of MIF and cytokines, like IL-1,
TGF-�, IFN-�, and TNF-�, was comparable in CCR2�/� and wt mice (B).
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macrophage, monocyte, and T lymphocyte trafficking in

vivo.33 Our results have shown consistently that all

CCR2�/� groups from three different strains displayed

delayed onset of disease. Thus, lack of CCR2 probably

influences the function of C-C chemokines, like MCP-1,

which is known to be expressed at high levels during

early EAE, affecting migration of leukocytes into the tar-

get tissue.34,10 We conclude that CCR2 contributes to but

is not all-important for the initial recruitment of inflamma-

tory cells into the CNS. The lack of CCR2 in C57/J129

mice was related to delayed onset, reduction of disease

severity, and a failure of monocyte accumulation in the

CNS. Apparently, other immune cell types, like neutro-

phils, were able to assume the role of the “blinded”

monocyte. Neutrophils, which bear CCR1 and CXCR1

and CXCR2, are common but usually minor components

in CNS inflammation in C57 mouse strains.35 It is possible

that these neutrophils, entering a CNS infiltrate depleted

of monocytes in which neutrophil ligands are expressed

at higher levels, may be capable of accumulation in

Figure 6. ISH for mRNA expression for chemokine receptors and their ligands in CCR2�/� and wt revealed increased MCP-1 mRNA expression in lumbar spinal
cord of CCR2�/� (A) versus wt (B) C57BL/6 mice, while numbers of cells expressing CCR2 mRNA were comparable in both groups (C and D). The number of
IL-8-expressing cells was higher in CCR2�/� (E) compared to wt (F) mice. Balb c CCR2 �/� mice displayed a higher mRNA expression for CCR1 (G), compared
to corresponding wt mice (H). Magnification, �100; insets: magnification, �450.
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greater numbers, compensating for the lack of CCR2. ISH

analysis of CCR1, IL-8, and IL-8R showed an elevated

expression that may account for the increased neutrophil

recruitment. Interestingly, some CCR2�/� mice with EAE

also displayed an increased number of eosinophils, cells

known to be predominantly activated by C-C chemokines,

such as RANTES, MIP-1�, MCP-2/-3/-4, and eotaxin.35,36

In Balb c mice, neutrophils are normally common constitu-

ents of the infiltrate,37 and might not serve to substitute for

monocytes as much as may be the case in CCR2�/�

C57/J129 mice. Inasmuch as increased numbers of neutro-

phils correlate with disease severity in other autoimmune

diseases induced in CCR2�/� animals,14 neutrophil inva-

sion might be an event independent of the present inter-

rupted MCP-1/CCR2 interaction.

One explanation for our observation of susceptibility to

EAE in CCR2�/� mice may be that recruitment of leuko-

cytes into tissue is a multi-step process in which chemo-

kines participate but do not act alone.38 Chemokines

often act in concert with other chemokines and cytokines

to effect tissue infiltration,39 and in the present EAE lesion

we found expression of MCPs [chemoattractants for

monocytes and T lymphocytes10], MIPs [CD8� T cells40

and neutrophils41,42], and also IL-8 [neutrophils43]. The

latter chemokines, MIPs and IL-8, also contribute to the

balance between Th1- and Th2-type responses. In this

regard, it was reported that MIP-1� exposure up-regu-

lated IFN-� and skewed T cells in vitro toward a Th1-type

profile.34 In contrast, treatment with MCP-1 biased cells

toward a Th2 phenotype by up-regulating IL-4.34,44 Inter-

estingly, CCR2 deletion in a Leishmania paradigm also

caused a Th1 to Th2 shift, a phenomenon associated with

a neutrophil-rich infiltrate.45 Balb c mice, originally con-

sidered genetically resistant to EAE,46 tended to mount a

Th2-type immune response when challenged.47 Thus, in

Balb c, we expected the lack of CCR2 to have a greater

impact on the induction and overall course of EAE. This

was found not to be the case, since Balb c CCR2�/� mice

were as susceptible as wt animals. However, only a minor

influence of the lack of CCR2 on the Th1-type EAE in mice

with a C57 background might have been predicted, since

other chemokine receptors, like CCR1 and CCR5, also

prominent in Th1-type responses, remained intact. This

might suggest that not one, but several chemokine re-

ceptors cooperate during cellular infiltration, as previ-

ously suggested.48 CCR1 has been implicated else-

where in the selective recruitment of cells into

inflammatory lesions during the development of EAE.49

CCR1 has been identified on monocytes, neutrophils,

and eosinophils,50,51 as stated above, cell types over-

represented in CNS lesions in CCR2�/� C57/J129 mice

with EAE. Furthermore, CCR1 not only binds MIP-1�,

RANTES, MCP-2, and MCP-3 (the latter two being CCR2

ligands), with high affinity, but also MIP-1� and MCP-1

with lower affinity.52,53 This situation might be over-ridden

by an increased level of MCP-1 such as that detected

here in C57BL/6 CCR2�/� mice, perhaps due to lack of

CCR2 binding sites. It should be noted that CCR2 and

CCR1 share striking identity in amino acid sequence in

mice and humans.54 Previous studies have shown that

monocyte chemotaxis can be maximally inhibited in the

presence of neutralizing antibodies to both MCP-1 and

MIP-1�.55 Thus, inactivation of other chemokine recep-

tors may be required to prevent exacerbation of EAE in

the three strains investigated. The unexpected detection

of CCR2 message in CCR2�/� mice might be explained

by the ISH probe design, which contained a part of the

CCR2 gene which was not disrupted and was still tran-

scribed.33 However, translation into functional CCR2 pro-

tein was impaired.

Taken in concert, the deletion of the chemokine recep-

tor, CCR2, led to EAE with a different CNS infiltrate and

chemokine/CCR environment from that usually encoun-

tered in EAE and a modified disease course with lesions

in which the process of demyelination was not affected.

These findings further underscore the plasticity of the

immune system in situations where important molecules

are deleted.
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