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We examined the role of tumor necrosis factor receptor
1 (TNFR1) in inflammation initiated by the adoptive
transfer of central nervous system (CNS)-specific Th1
cells in experimental autoimmune encephalomyelitis, a
murine model of multiple sclerosis. This adoptive trans-
fer paradigm eliminates the confounding effects of bac-
terial adjuvants in the analysis of inflammation. We
found that although T cells could reach the meninges
and perivascular space in the absence of TNFR1, recruit-
ment of other inflammatory cells from the blood was
dramatically reduced. The reduction in the recruitment
of CD11bhi cells correlated with a dramatic reduction in
the production of the chemokines CCL2 (MCP-1) and
CXLC2 (MIP-2) in TNFR1-deficient hosts. Bone marrow
chimera experiments demonstrated that TNF can be
effectively supplied by either the hematopoietic system
or the CNS, but the essential TNFR1-responsive cells
reside in the CNS. Previous work has demonstrated that
microglia produce CCL2, and here we demonstrate that
astrocytes and endothelial cells produced CXCL2 in the
early stages of inflammation. Therefore, productive in-
flammation results from a conversation, or mutually
responding signals, between the initiating T cells and
cells in the parenchyma of the spinal cord. (Am J Pathol
2006, 168:1200–1209; DOI: 10.2353/ajpath.2006.050332)

Experimental autoimmune encephalomyelitis (EAE) is an
autoimmune demyelinating disease of the central ner-
vous system (CNS). Because of similarities in clinical

symptoms and CNS histology,1–5 EAE serves as a model
for multiple sclerosis and can be induced in mice by
either immunization with myelin protein or peptides6 or by
adoptive transfer of myelin-specific Th1 CD4� T cells.7,8

As a result, inflammatory cells consisting mostly of CD4�

T lymphocytes and macrophages infiltrate the CNS lead-
ing to demyelination and neuronal damage.9

Tumor necrosis factor receptor 1 (TNFR1), also known
as the p55 kd TNF receptor, binds to two ligands, TNF
and lymphotoxin-�.10 The dominant signaling pathway
for TNFR1 promotes inflammation by up-regulating in-
flammatory cytokines, chemokines, and adhesion mole-
cules11–17 and also suppresses apoptosis by the induc-
tion of IAPs (inhibitors of apoptosis) through nuclear
factor (NF)-�B-dependent pathways.18 TNFR1 also has
the ability to induce apoptosis through a death domain in
its cytoplasmic region that initiates the FADD-dependent
extrinsic apoptotic pathway.19

Our previous experiments have demonstrated that
TNFR1 contributes to the pathogenesis of EAE mainly by
promoting CNS inflammation,20 and thereby, in the ab-
sence of TNFR1 expression, clinical disease is limited.
Through our adoptive transfer experiments we have
found a dramatic difference in the location of encephali-
togenic T cells within the CNS of wild-type (WT) versus
TNFR1-null mice. Although we observed equivalent num-
bers of T cells in the CNS of TNFR1-deficient mice com-
pared to WT mice, we found that the T cells in the TNFR1-
null animals were confined to the leptomeninges and
perivascular spaces of the spinal cord, whereas in the

Supported by the National Institutes of Health (grants AI45861 to J.H.R.
and NS045607 to R.S.K.), the National Multiple Sclerosis Society (grants
RG 3314 to J.H.R. and RG 3450 to R.S.K.), and Pfizer (J.H.R.).

Accepted for publication December 22, 2005.

Address reprint requests to John H. Russell, Dept. of Molecular Biology
and Pharmacology, Washington University School of Medicine, 660 S.
Euclid Ave., St. Louis, MO 63110. E-mail: jrussell@wustl.edu.

American Journal of Pathology, Vol. 168, No. 4, April 2006

Copyright © American Society for Investigative Pathology

DOI: 10.2353/ajpath.2006.050332

1200



WT animals an abundant number of inflammatory cells
were found within the CNS parenchyma.

A critical role for macrophages in EAE has been sup-
ported by a number of studies. Monocytes along with T
cells make up the majority of the inflammatory infiltrate
within CNS lesions, and histological evidence of lipid-
laden macrophages within multiple sclerosis and EAE
lesions has been described.4,5 In addition, it has been
demonstrated that depletion of peripheral macrophages
using dichloromethylene diphosphonate prevents EAE
and demyelination in rats and mice.21,22

In this report, we show that TNFR1 plays an important role
in the production of the chemokines CXCL2 and CCL2,
which are associated with inflammation and disease. Bone
marrow chimera experiments demonstrate that the critical
TNFR1-expressing cell(s) for induction of the inflammatory
response resides in host tissue, most likely cells within the
CNS. This TNFR1-dependent production of chemokines by
cells in the CNS appears to play an important role in the
initiation of early inflammation.

Materials and Methods

Animals

C57BL/6, congenic Thy1.1 mice (B6.PL-Thy1a/Cy), and
congenic CD45.1 mice (B6.SJL-PtprcaPep3b/BoyJ) were
purchased from Jackson Laboratories (Bar Harbor, ME).
Breeders of the congenic TNFR1-null mutation (B6.129-
Tnfrsf1atm/Mak) were purchased from the same source
and maintained by brother-sister matings in our colony.
All experiments were approved by the Animal Care Com-
mittee, and animals were housed in an Association for
Assessment and Accreditation of Laboratory Animal
Care-approved facility.

Bone Marrow Chimeras

Bone marrow was harvested from CD45.1 congenic and
TNFR1-null donor mice as follows. Femurs were isolated
and cut at both ends, and tibias were isolated and cut at
the patellar end. Bone marrow cells were flushed from the
open ends of the femur and tibia and purified with anti-
CD8 and anti-CD4 antibodies plus rabbit complement
followed by Ficoll 1.119 (Sigma, St. Louis, MO). Six- to
eight-week-old WT, CD45.1 congenic and TNFR1-null
mice were lethally irradiated (1000 R). Twenty-four hours
later, 2 � 106 bone marrow cells in 300 �l of Hanks’
balanced salt solution (HBSS) were injected intrave-
nously into the irradiated recipients.

Induction of EAE

For adoptive transfer, Thy1.1 congenic donor mice were
immunized subcutaneously with 50 �g of MOG35-55 peptide
(Sigma Genosys, Woodlands, TX) emulsified in Incomplete
Freund’s Adjuvant supplemented with 500 �g/ml of Myco-
bacterium tuberculosis. These mice did not receive pertussis
toxin. Spleens were removed from donor mice 14 days after
immunization and passed through sterile nylon cell strainers

to form single cell suspensions and passed over nylon wool
to enrich for T cells. Primary CD4� T cells were obtained by
negative selection of nylon wool-enriched T cells with anti-
CD8 and anti-J11d antibodies plus rabbit complement.23

Purified T cells were maintained in culture at a concentration
of 1 � 106 cells/ml with 5 � 106 cells/ml of irradiated
splenocytes, 10 �g/ml MOG35-55 peptide (Sigma Genosys),
10 U/ml IL-12, and 10 U/ml IL-2 for 7 days in 1.5 ml of
supplemented RPMI.23 Each week cells were purified with
Ficoll 1.077 (Sigma) and restimulated using the same con-
ditions as the first stimulation. On the fourth day after the
sixth stimulation, cells were harvested, washed, and resus-
pended in HBSS. Cells (5 � 106) in 300 �l of HBSS were
injected intravenously into sublethally irradiated (450 R) 6-
to 8-week-old recipients. For the bone marrow chimeras,
1 � 107 cells in 300 �l of HBSS were injected intravenously
into the chimeras 6 to 8 weeks after bone marrow transplant.
Mice were monitored daily for clinical signs and graded on
a scale of 0 to 5 as described previously24: 0.5, loss of the
ability to curl tip of tail; 1, limp tail; 2, hind limb weakness; 3,
paralysis of one hind limb; 4, paralysis of both hind limbs; 5,
death or moribund mice that were sacrificed.

Fluorescence-Activated Cell Sorting (FACS)
Analysis of CNS Cells

Cells were isolated from the brain and spinal cord based on
earlier protocols.25–27 Briefly, the brain and spinal cord were
removed after perfusion of the mouse with 30 ml of saline via
cardiac puncture of the left ventricle. Single cell suspen-
sions were prepared from brain and spinal cord by disper-
sion in 10 ml of cold HBSS supplemented with 0.05% col-
lagenase D (Sigma), 0.1 �g/ml TLCK trypsin inhibitor
(Sigma), 10 �g/ml DNase I (Sigma), and 10 mmol/L HEPES
(pH 7.4) using sterile nylon cell strainers. The resulting
suspension was gently mixed at room temperature for 1
hour followed by centrifugation at 500 � g for 10 minutes.
Pelleted material was resuspended in 70% Percoll (Phar-
macia Biotech, Piscataway, NJ) and additional 37% and
30% layers were added above the cells. Density gradients
were centrifuged for 30 minutes at 1200 � g. The debris
layer (30% Percoll) was removed and discarded. The re-
maining gradient was resuspended in 50 ml of HBSS and
centrifuged at 500 � g for 10 minutes. Pellets were resus-
pended in 1 ml of HBSS supplemented with 0.2% bovine
serum albumin (Sigma), 0.1% sodium azide (Sigma), and
15 mmol/L HEPES before antibody staining and flow cytom-
etry. The following antibodies were used: anti-CD11b-FITC,
anti-CD11b-APC, anti-CD45.1-PE, and anti-CD45.2-FITC
(BD PharMingen, San Diego, CA). All analyses were con-
ducted on a FACScan using CellQuest software (BD Bio-
sciences, San Jose, CA).

FACS Analysis of Splenocytes

Animals were sacrificed and the spleen was removed
and passed through sterile nylon cell strainers to form
single cell suspensions. Cells were resuspended in 1 ml
of HBSS supplemented with 0.2% bovine albumin serum,
0.1% sodium azide, and 15 mmol/L HEPES before anti-
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body staining and flow cytometry using anti-CD11b-APC,
anti-CD45.1-PE, and anti-CD45.2-FITC (BD PharMingen).
All analyses were conducted on a FACScan using
CellQuest software (BD Biosciences).

Immunohistochemistry

CNS tissues removed from mice perfused with saline
were embedded and frozen in OCT. Ten-�m sections
from the lumbar-sacral spinal cord were placed on Su-
perfrost Plus slides (Fisher Scientific Co., Pittsburgh, PA),
fixed in acetone for 5 minutes, immunostained for either
Thy1.1, CD11b, or GR-1 (antibodies purchased from BD
PharMingen) using the Tyramide signal amplification kit
(Perkin-Elmer Life Sciences, Boston, MA) according to
the manufacturer’s instructions, counterstained with
Hoechst 33258 (Polysciences, Warrington, PA), and
mounted in Fluoromount-G (Southern Biotechnology As-
soc., Birmingham, AL). Control sections stained with a rat
IgG isotype control antibody or no antibody were nega-
tive for Thy1.1, CD11b, and GR-1.

Immunohistochemistry for Chemokine Localization

Frozen sections were washed with phosphate-buffered
saline (PBS). All tissue sections were permeabilized with
0.1% Triton X-100 (Sigma) and nonspecific antibody was
blocked with 10% normal goat serum and 10% normal
donkey serum (Santa Cruz Biotechnology, Santa Cruz,
CA) for 1 hour at room temperature. Polyclonal antibodies
specific for CXCL2 (R&D Systems, Minneapolis, MN) or
monoclonal antibodies specific for glial fibrillary acidic
protein (GFAP) (Zymed, South San Francisco, CA),
CD11b (BD Pharmingen) or CD31 (PECAM-1) (BD
Pharmingen) were applied at 5 to 15 �g/ml in PBS con-
taining 10% donkey serum and 0.1% Triton X-100 over-
night at 4°C. Primary antibodies were detected with sec-
ondary donkey anti-goat or -mouse IgG conjugated to
Alexa 594 or Alexa 488 (Molecular Probes Inc., Eugene,
OR) for immunofluorescence and nuclei were counter-
stained with 4,6-diamidino-2-phenylindole (DAPI). Stain-
ing with hematoxylin and eosin (H&E) was performed on
paraffin sections from animals perfused with 10% para-
formaldehyde to facilitate morphological identification of
polymorphonuclear leukocytes.

RNA Isolation and Analysis

Sublethally irradiated (450 R) 6- to 8-week-old B6 WT and
TNFR1-null mice were injected intravenously with either
5 � 106 Th1-skewed Thy1.1 WT CD4� MOG-specific T
cells or PBS. On days 10 and 12 after T cell transfer, WT
and TNFR1-null mice were sacrificed and perfused with
diethyl pyrocarbonate-treated PBS. Spinal cords were
removed and homogenized with TRI Reagent (Molecular
Research Center, Cincinnati, OH). RNA isolation was per-
formed according to the manufacturer’s protocol pro-
vided with the TRI Reagent. Briefly, 1-bromo-3-chloro-
propane (Sigma) at 10% the volume of TRI Reagent was
added to the homogenized tissue. After centrifugation,

the upper aqueous phase was isolated and precipitated
with isopropyl alcohol. The RNA pellet was washed with
70% ethanol and resuspended in diethyl pyrocarbonate-
treated milli-Q water. Amplification of cDNA and the real-
time reverse transcriptase-polymerase chain reaction
(RT-PCR) assay was performed as a service by the
GeneChip Core Facility (Siteman Cancer Center, Barnes-
Jewish Hospital, Washington University School of Medi-
cine, St. Louis, MO) using the TaqMan MGB probe and
primer pairs that were purchased from Applied Biosys-
tems (ABI, Foster City, CA). Each assay was performed in
duplicate and there was agreement between duplicates
within one cycle. The average threshold cycle (Ct) was
used for our calculations. HPRT was used as the refer-
ence gene. The relative mRNA value for the target gene
was calculated as follows, taking into consideration the
doubling of product at every cycle:

CtHPRT � Cttarget � �Ct 2�Ct � relative mRNA

Chemokine in Situ Hybridization and
Immunohistochemistry

Tissue Preparation

Tissue was prepared as described for immunohisto-
chemistry after the animals were perfused with diethyl
pyrocarbonate-saline as described.

Probe Preparation

Total RNA from spinal cords of WT mice with EAE was
reverse-transcribed using oligo (dT)15 primers and
Stratascript reverse transcriptase (Stratagene, La Jolla,
CA). A 457-bp fragment of the CXCL2 cDNA (nucleotides
274 to 731, GenBank accession no. NM 009140) was
PCR-amplified using primers encoding internal XbaI and
KpnI sites: forward, 5�-AGTTTGTCTAGACCCTGAAGCC-
3�; reverse, 5�-ATGTAGCTGGTACCCAACTC-3�. The
CXCL2 cDNA fragment was sequenced for verification
and then cloned into a pGEM-4Z vector (Promega, Mad-
ison, WI), which contains SP6 and T7 promoters. DIG-
labeled probes were generated by in vitro transcription of
linearized plasmid using a DIG RNA labeling kit (Roche,
Indianapolis, IN). Sense and anti-sense digoxigenin-la-
beled riboprobes were synthesized using plasmid linear-
ized with EcoRI (sense) and XbaI (anti-sense) according
to the manufacturer’s instructions (Boehringer Mannheim,
Mannheim, Germany).

In Situ Hybridization

Frozen tissue sections were fixed in 4% paraformalde-
hyde in PBS for 20 minutes, washed in PBS, and then
digested with 20 �g/ml of proteinase K for 5 minutes at room
temperature. Sections were refixed in 4% paraformalde-
hyde and washed in PBS, and then in situ hybridization was
conducted for 20 hours at 65°C using DIG-labeled cRNA
probes in hybridization buffer (50% formamide, 5� stan-
dard saline citrate, 200 �g/ml yeast tRNA, 100 �g/ml hep-
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arin, 1 Denhardt’s, 0.1% Tween 20, 0.1% CHAPS, and 5
mmol/L ethylenediaminetetraacetic acid). The sections
were washed with 0.2� standard saline citrate, 0.1% Tween
20 at 65°C and then treated with blocking reagent (20%
sheep serum in buffer) and then anti-DIG antibody followed
by antibody detection according to the manufacturer’s pro-
tocol (Boehringer Mannheim).

Results

Absence of TNFR1 Expression in the CNS
Results in Inefficient Recruitment of Host
Inflammatory Cells

Our previous experiments with adoptively transferred
EAE demonstrated a dramatic difference in the location
of T cells within the CNS of WT versus TNFR1-null host
mice.20 On further investigation, our findings also re-
vealed a block in the recruitment of CD11bhi cells to the
TNFR1-null CNS but abundant CD11bhi cells in the WT
mice (Figure 1). Immunohistochemical analysis was per-
formed with a concentration of anti-CD11b (Mac-1) anti-
body that enhanced the visualization of cells with up-
regulated expression of CD11b (Figure 1B). The majority
of cells that make up this CD11bhi population in the
inflamed CNS are recruited monocytes from the periph-
ery and activated resident macrophage and microglia.
As for the TNFR1-null CNS, the CD11bhi cells were few in
number and restricted to the leptomeninges and outer
edges of the parenchyma (Figure 1C). This observation

was confirmed by flow cytometry. There are no CD11bhi

cells in naı̈ve animals (Figure 1D) and an increased per-
centage of CD11b-positive cells and increased CD11b
expression levels in the CNS of WT compared to TNFR1-
null mice (Figure 1, E and F). These findings indicate that
CD11bhi peripheral monocytes are efficiently recruited to
the WT CNS, but are less so to the TNFR1-null CNS.

TNF Can Be Effectively Produced by Either the
Hematopoietic System or the CNS

Adoptive transfer of WT T cells into WT or TNF-deficient
hosts demonstrate that the majority of the TNF necessary
for disease comes from the host rather than the infiltrating
T cell (Table 1). Reciprocal bone marrow chimeras sug-
gest that either the hematopoietic system or resident CNS
cells can provide sufficient TNF to initiate disease (Table
1). The fact that the TNF-null 3 TNF-null chimeras (ex-
periment 3) are not equivalent (some disease) to the
unmanipulated TNF-null host (experiment 1, no disease)
may be either an effect of irradiation or more likely is a
reflection of the fact that the transferred cells were more
effective in the chimera experiment. Only one WT host
died in the comparison between WT and TNF-null hosts
(experiment 1), whereas all three WT control hosts similar
to experiment 1 (not chimeras) died in experiment 3 (data
not shown). Thus the weaker disease in the TNF-null
chimeras could result from the production of higher levels
of lymphotoxin by the transferred cells in experiment 3.28

Figure 1. Recruitment of CD11b� cells to the CNS is attenuated in TNFR1-null mice. Th1-skewed Thy1.1 WT CD4� MOG-specific T cells (5 � 106) were injected
intravenously into sublethally irradiated (450 R) 6- to 8-week-old Thy1.2 B6 WT and TNFR1-null recipients. Frozen sections of lumbar-sacral spinal cord from naı̈ve
B6 (A); day 12 WT, clinical score � 2 (B); and day 12 TNFR1-null, clinical score � 0 (C) were immunostained for CD11b (green) and counterstained with DAPI
(blue). Flow cytometry for CD11b was also performed on cells isolated from the brain and spinal cord of similar, naı̈ve (M1 MFI � 140) (D); WT, clinical score �
2 (M1 MFI � 339) (E); and TNFR1, clinical score � 0 (M1 MFI � 187) (F), hosts day 12 after transfer. The solid histogram is staining with an isotype control
antibody and represents CD11bneg cells highlighted by the blue underscore on the x axis. CD11blo cells are highlighted by the red underscore and CD11bhi cells
highlighted by the green underscore. The MFIs were calculated for cells in the M1 gate. Original magnifications, �65.
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Crucial TNF-Responsive Cell(s) Are in the CNS

TNFR1 expression has been detected on various cells
within the CNS including endothelial cells, astrocytes,
microglia, and oligodendrocytes.29–31 Our data thus far
has suggested that there is a TNFR1-expressing cell that
controls trafficking of T cells into the CNS parenchyma20

and recruitment of CD11bhi cells to the CNS with subse-
quent development of clinical disease. Because many
inflammatory cells in the blood and lymphoid compart-
ments also express TNFR1, we sought to determine
whether the essential TNFR1-expressing cell(s) were of
hematogenous origin by performing reciprocal bone mar-
row chimera experiments.

To differentiate between the donor bone marrow cells
and the host cells, we used CD45 congenic mice.
CD45.1 bone marrow was used to reconstitute the bone
marrow of lethally irradiated CD45.2 WT and TNFR1-
null mice. In a reciprocal experiment, TNFR1-null bone
marrow was used to reconstitute the bone marrow of
lethally irradiated CD45.1 WT and CD45.2 TNFR1-null
mice. Six to eight weeks after reconstitution, blood
samples were stained for CD45 alleles and CD11b to
confirm complete reconstitution of this compartment in
those situations in which there was a difference in
CD45 alleles between the bone marrow and the host.
Staining of cells isolated from the CNS of representa-
tive animals confirmed earlier observations32–36 that
microglia (CD45lo/CD11b�) expressed the recipient
CD45 allele and perivascular macrophages (CD45hi/
CD11b�) expressed the CD45 allele of the bone mar-
row donor (data not shown).

We found that Th1 cells from WT animals could not
reconstitute disease in TNFR1-null hosts reconstituted
with WT bone marrow (Figure 2B). In contrast, they do
cause disease in bone marrow chimeras of TNFR1-null
bone marrow into WT hosts (Figure 2A). This suggests
that the important TNFR1-expressing cell for the initiation
of clinical symptoms in EAE resides in the CNS and not in
a cell of hematogenous origin, such as recruited or
perivascular macrophages.

CXCL2 and CCL2 Are Deficient in TNFR1-Null
CNS with Adoptively Transferred EAE

Inducible chemokines play an important role in the re-
cruitment of various immune cells and are likely candi-
dates for the TNFR1-dependent recruitment of CD11b�

cells observed above. Therefore we performed a prelim-
inary PCR screen on RNA isolated from the CNS of WT
and TNFR1-deficient hosts on day 10 after transfer of WT
Th1 cells. We included several chemokines such as KC
(CXCL3), RANTES (CCL5), IP-10 (CXCL10), MIP-1�
(CCL3), and MIP-1� (CCL4) that have previously been

Table 1. TNF Can Be Effectively Produced by Either the
Hematopoietic System or the CNS

Experiment Host*
% Incidence,

n†
Peak

disease‡

1 WT 100%, 7 3.8 � 0.7
TNF-null 0%, 7 0 � 0

2 WT3WT 100%, 5 4.1 � 2.0
WT3TNF-null 100%, 4 5.0 � 0

3 TNF-null3TNF-null 80%, 5 2.3 � 1.9
TNF-null3WT 100%, 5 5.0 � 0

*Thy1.1 anti-MOG35–55 Th1 cells (5 � 106) were transferred
intravenously into the indicated host mice. For the bone marrow
chimeras the convention is bone marrow 3 lethally irradiated recipient.
With the exception of the TNF-null 3 TNF-null chimera, the bone
marrow and recipients differed at CD45 alleles and chimerism was
confirmed as 100% by testing the CD45 allele of CD11b� cells in the
blood before adoptive transfer.

†The incidence of clinical signs and number of animal tested.
‡The mean peak disease score of animals that exhibited clinical

signs.

Figure 2. WT bone marrow does not reconstitute disease in TNFR1-null
animals. EAE was passively induced into bone marrow chimeras. A: TNFR1-
null bone marrow in lethally irradiated WT (n � 9, Œ), or TNFR1-null (n �
9, f) mice. B: TNFR1-null bone marrow in lethally irradiated WT (n � 9, Œ),
or TNFR1-null (n � 9, f). Th1-skewed Thy1.1 WT CD4� MOG-specific T
cells (1 � 107) were injected intravenously 6 to 8 weeks after bone marrow
transplantation. Clinical signs of disease were monitored daily and graded on
a scale of 0 to 5 as described previously.
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associated with EAE,37 but only CXCL2 and CCL2 dis-
played dramatic differences between WT and TNFR1-null
CNS (data not shown). CXCL2 is one of the major neu-
trophil chemotactic proteins,38 whereas CCL2 is one of
the major monocyte chemotactic proteins.39 To deter-
mine whether an absence of CXCL2 or CCL2 contributed
to the distinct composition of inflammatory cells within the
TNFR1-null CNS, we performed real-time RT-PCR on
RNA isolated from individual WT and TNFR1-null CNS on
days 1, 3, 5, 7, 10, and 12 after transfer (Figure 3, A and
B). We also analyzed spinal cord RNA from WT and
TNFR1-null mice (three each) on day 6 after transfer for
CXCL2 and CCL2 expression to allow a statistical com-
parison between groups early in the disease course. On
day 6, CXCL2 expression in WT was �100� higher (P �
0.001) than in TNFR1-null animals, which was essentially
at threshold levels. The average CCL2 expression in
these day 6 samples was eightfold higher in WT than in
TNFR1-null hosts, although this difference was not statis-
tically significant (P � 0.237) because one of the three
WT hosts remained at a normal TNFR1-null level. The
deficiency of CXCL2 and CCL2 expression in the TNFR1-
null CNS provides a molecular basis for defective recruit-

ment of inflammatory cells, especially of neutrophils, in
TNFR1-null hosts. The control RNA for these experiments
was isolated from the CNS of appropriate, sublethally
irradiated WT or TNFR1-null mice that had not received
adoptively transferred Th1 cells.

To identify the cells responsible for CXCL2 expression,
we examined CXCL2 mRNA and protein expression by in
situ hybridization and immunohistochemistry (Figure 4).
Th1 cells were adoptively transferred into WT and TNFR1-
null hosts and animals sacrificed 6 days later, just after
disease onset in the WT hosts. In situ hybridization (Figure
4, a–d) indicated that the major focus of CXCL2 produc-
tion was associated with an inflammatory lesion, although
there may also be expression in vessels in the paren-
chyma (punctuate staining pattern). Immunohistochem-
istry (Figure 4, f and g) revealed that the principal pro-
ducers of CXCL2 were CD11b� (macrophages in the
inflammatory infiltrate or activated microglia) and GFAP�

cells in the CNS (astrocytes), although there was some
indication of production in PECAM� (vascular endothe-
lium) structures in the region of the infiltrating leukocytes
(Figure 4h). Although there appears to be CXCL2 scat-
tered in the parenchyma by in situ hybridization, the only
immunoreactive material was associated with the white
matter infiltration.

GR1 Expression Is Abundant in the CNS of WT
but Absent in TNFR1-Null Mice and Precedes
T-Cell Entry into the CNS Parenchyma

To determine whether the lack of CXCL2 expression in
the TNFR1-null CNS translated into an absence of neu-
trophil recruitment, we immunostained spinal cord sec-
tions for GR1, a marker for granulocytes. Consistent with
our real-time RT-PCR findings, we observed an abun-
dance of GR1 expression in the WT CNS parenchyma but
a complete absence of GR1 expression in the TNFR1-null
CNS (Figure 5, A and B). Because GR1 expression is
high in both neutrophils and eosinophils, we also per-
formed H&E staining on similar spinal cord sections to
assess the prevalence of eosinophils versus neutrophils.
After examining several spinal cord lesions that were
positive for GR1 expression, we were able to identify
numerous neutrophils but eosinophils are exceedingly
rare (Figure 5, C and D), in accord with earlier reports.40

Subsequent experiments have not revealed differ-
ences in the number of GR1hi cells extracted from the
CNS of WT or TNFR1-null hosts as identified by flow
cytometry as neutrophils.41 Therefore, either the GR1�

cells identified by immunohistochemistry are a subset of
monocytes that are GR1 intermediate, or neutrophils can
be mobilized without CXCL2 but cannot localize to the
lesions. As discussed above another chemokine chemo-
tactic for neutrophils, CCL3, appears to increase qualita-
tively similarly in WT and TNFR1-null hosts. Our earlier
experiments have clearly demonstrated that FACS anal-
ysis cannot be used to infer anatomical localization.20,42

Clearly neutrophils are in the WT but not the TNFR1-null
lesions by H&E staining, but there are also fewer and
perhaps less activated monocytes in which could also be

Figure 3. Time course of relative mRNA levels of MCP-1 (A) and MIP-2 (B)
in the spinal cord of WT and TNFR1-null mice. Th1-skewed Thy1.1 WT CD4�

MOG-specific T cells (5 � 106) or PBS were injected intravenously into
sublethally irradiated (450 R) 6- to 8-week-old Thy1.2 B6 WT and TNFR1-null
recipients. On days 1, 3, 5, 7, 10, and 12 after transfer, total RNA was isolated
from spinal cords and mRNA transcripts were analyzed by quantitative
real-time RT-PCR. All samples were normalized to HPRT.
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reflected in an absence of GR1� cells in the TNFR1-null
hosts. It has not been possible to distinguish between
these possibilities by dual-staining techniques in
immunohistochemistry.

Discussion

Our adoptive transfer EAE model in TNFR1-deficient mice
has provided a unique tool for examining the inflamma-
tory response during EAE. Previously we have shown that
although both WT and TNFR1-null mice with adoptively
transferred EAE contain equivalent numbers of enceph-
alitogenic T cells in the CNS (as defined by flow cytom-
etry of extracted cells), the T cells are restrained from
entering the CNS parenchyma of TNFR1-deficient
mice.20 In this report we demonstrate a lack of recruited
CD11b� cells to the TNFR1-null CNS. Therefore, the
composition of inflammatory cells in the TNFR1-null CNS
is very unique in comparison to WT in which there is an
abundance of T cells and recruited CD11bhi cells in the
CNS parenchyma. As a result, TNFR1-null animals do not

exhibit clinical signs of EAE whereas WT animals display
severe and chronic debilitating disease.

With real-time RT-PCR we have shown that CXCL2 and
CCL2 expression are more abundant in the WT than in
the TNFR1-null CNS. These data are in agreement with
our findings that show a lack of neutrophils and dimin-
ished peripheral macrophage recruitment to the TNFR1-
null CNS. The association of CCL2 production with
TNFR1 provides a critical upstream signaling mechanism
for the previously described failure to recruit macrophage
in CCL2-deficient animals.43 This latter study also found
that cells in the CNS (vascular endothelium, astrocytes,
microglia) were important sources of CCL2, providing
additional evidence that the CNS plays an important role
in directing the inflammatory attack initiated by Th1 cells.

A study by Matejuk and colleagues44 made similar
associations between the induction of CCL2 and CXCL2
in adjuvant-induced EAE and the dependence of CCL2
and CXCL2 expression on TNF. This study examined the
production of these chemokines during the peak of dis-
ease and concluded that they were produced primarily

Figure 4. CXCL2 is produced by astrocytes and vascular endothelium of the CNS as well as CD11b� cells from the inflammatory infiltrate early in the disease
course. In situ hybridization analysis of spinal cord sections of irradiated WT (a, b, and d) and TNFR1-null (c) mice 6 days after transfer of 5 � 106 Thy 1.1 cells
using digoxigenin-labeled anti-sense (a–c) and sense (d) riboprobes. Clinical scores of animals are shown in parentheses. Immunohistochemical analyses of
CXCL2 (red) expression within CD11b- (green) (f), GFAP- (green) (g), and PECAM-expressing cells (green) (h). Nuclei have been counterstained with DAPI.
Arrowheads: Co-localization (yellow) of CXCL2- and CD11b- (f), GFAP- (g), and PECAM- (h) positive cells. Arrows: MIP-2-negative, PECAM-positive
endothelium. e: Control IgG does not demonstrate any specific staining. Analyses performed on sections from six animals, n � three mice per group. Original
magnifications, �350.
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by infiltrating MAC-1� cells, which would not be the cru-
cial TNFR1-dependent cells in the CNS identified by the
bone marrow chimeras. It is quite possible that at the
peak of disease, the MAC1� cells quantitatively produce
the most CXCL2. Because the recruitment of these cells
(CD11bhi) is also reduced in TNFR1-null hosts, this ex-
plains why the peak of the difference in TNFR1-depen-
dent CXCL2 expression is after the onset of disease. Our
data confirms the presence of CXCL2 in CD11b� cells
that are in the inflammatory infiltrate but demonstrate that
astrocytes and endothelial cells are also important
sources, which would be consistent with the observation
that the crucial TNFR1� cells identified by the bone mar-
row chimeras are not in the hematopoietic compartment.

Astrocytes have been shown to express TNFR1 and
inflammatory mediators such as chemotactic factors and
adhesion molecules.30,45–49 Luo and colleagues50 have
previously reported that astrocyte production of CCL2 in
response to RANTES is TNF-dependent. Therefore the
reduction in early CCL2 production in TNFR1-null hosts
could result from an astrocyte deficiency in TNFR1. In ad-
dition, we have previously demonstrated that astrocytes
express VCAM-1 in a TNFR1-dependent manner in vivo.20

Thus, astrocytes appear to play a critical role in directing the
acute inflammatory response by both recruiting inflam-
matory cells and providing a substrate to promote their
movement and retention in the parenchyma.

Our findings also suggest an important role for neutro-
phils in EAE. The role of neutrophils in EAE has not been
adequately addressed in the literature because they are
not associated with the lesions in multiple sclerosis pa-
tients. However, they have been associated with atypical
forms of EAE in a variety of models.51–54 Similarly, anti-
body depletion experiments have suggested their impor-
tance in the SJL model,55 although the depletions can be

complicated because both monocytes and polymorpho-
nuclear leukocytes appear to mature from GR1hi precur-
sors.56,57 One possible explanation for the paucity of
neutrophils observed in most forms of EAE and multiple
sclerosis is that the more typical dominance of mono-
cytes and lymphocytes normally associated with disease
is with more established lesions and neutrophils may play
a more important but transient role in the earliest stages
of disease initiation.

In contrast to these reports, one recent report sug-
gested that neutrophils may actually suppress inflamma-
tion.41 This was based on an analysis of the activity of
neutrophils isolated from actively induced lesions on a
variety of immunological activation assays in culture.
Given our general understanding of the proinflammatory
effects of neutrophils in vivo, these assays in culture may
not reflect the in vivo situation in terms of the cellular ratios
and activation states.

Neutrophils provide an immediate source of protein-
ases that can degrade the extracellular matrix and may
also contribute to myelin degradation or produce a vari-
ety of mediators that could affect axonal function.58,59

Our histological findings show that T-cell entry of the CNS
parenchyma is temporally close to the appearance of
neutrophils in the CNS. In the TNFR1-deficient CNS, we
demonstrate an overall lack of neutrophil recruitment and
T-cell entry into the CNS parenchyma. These findings
imply that neutrophils may help to directly break down the
blood brain barrier or participate in the recruitment of
other cells for inflammatory cell entry into the white
matter.

Our data indicate that the critical TNFR1-expressing
cells are in the CNS and not part of the blood or lymphoid
compartments. Previous reports have demonstrated that
perivascular macrophages are bone marrow-derived,

Figure 5. Recruitment of peripheral GR1� cells
to the CNS is blocked in TNFR1-null mice. Th1-
skewed Thy1.1 WT CD4� MOG-specific T cells
(5 � 106) were injected intravenously into sub-
lethally irradiated (450 R) 6- to 8-week-old
Thy1.2 B6 WT and TNFR1-null recipients. Fro-
zen sections of lumbar-sacral spinal cord from
day 6 WT, CS � 1.5 (A), and day 6 TNFR1-null,
CS � 0 (B) were immunostained for GR-1
(green) and counterstained with DAPI (blue). C
and D: H&E section of lumbar-sacral spinal cord
from day 7 WT, CS � 1, shows a focus of
inflammatory infiltrate (arrowhead) invading
the parenchyma, which contains many neutro-
phils (arrows). Original magnifications: �65
(A–C); and �260 (D).
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whereas microglia residing in the parenchyma, although
developmentally derived from a similar lineage, undergo
little turnover with the bone marrow compartment.32–36

As a whole, our data supports the following model for
CNS inflammation in initiating disease. Encephalitogenic
T cells gain access to the perivascular spaces of the CNS
producing RANTES, TNF, and lymphotoxin. The adoptive
transfer and bone marrow chimera experiments suggest
that the levels of TNF and lymphotoxin produced by the T
cells must be enhanced by their stimulation of TNF from
either cells derived from hematopoietic or CNS origins.
This is in contrast to earlier experiments in which hema-
topoietic cells were the required source of TNF.60 How-
ever, these experiments involved active induction, includ-
ing the use of adjuvants, that have been demonstrated to
obscure TNF effects on disease.61

Astrocytes, endothelial cells, and/or microglia in the
CNS respond to TNF by recruiting monocytes and poly-
morphonuclear leukocytes to the CNS. These recruited
cells may be a source of metalloproteases, additional
chemokines, TNF, or other mediators of acute pathogen-
esis. Degradation of the extracellular matrix in combina-
tion with up-regulation of VCAM-1 on astrocytes allows
further encephalitogenic T cells, polymorphonuclear leu-
kocytes, and macrophages into the CNS parenchyma.
Alternatively, recruited polymorphonuclear leukocytes
may also participate in the recruitment of monocytes
through the production of CCL2, also reportedly en-
hanced by TNF.62 The presence of this inflammatory
infiltrate in the parenchyma leads to clinical disease.

The expression of TNFR1 on oligodendrocytes and/or
neurons may also contribute to pathogenesis.63,64 How-
ever, our data suggests that the primary role of TNFR1 is
in the early events associated with inflammation and in-
vasion of the CNS parenchyma. This dominant role of
TNF in the initiation of disease rather than in disease
progression is in accord with other experiments65 and
may explain the anomalous findings of exacerbation of
established disease in patients.66 The data here provides
evidence that TNFR1-dependent chemokine production
by cells in the CNS is an important mechanism of T
cell-mediated inflammation.
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