
Pertussis Toxin-Induced Reversible Encephalopathy Dependent on
Monocyte Chemoattractant Protein-1 Overexpression in Mice

DeRen Huang,1 Marie Tani,1 Jintang Wang,1 Yulong Han,1 Toby T. He,1 Jennifer Weaver,1 Israel F. Charo,3
Vincent K. Tuohy,2 Barrett J. Rollins,4 and Richard M. Ransohoff1

Departments of 1Neurosciences and 2Immunology, Lerner Research Institute, The Cleveland Clinic Foundation, Cleveland,
Ohio 44195, 3Gladstone Institute of Cardiovascular Disease and Department of Medicine, University of California San
Francisco, San Francisco, California 94143, and 4Department of Adult Oncology, Dana-Farber Cancer Institute, Harvard
Medical School, Boston, Massachusetts 02115

In this report we describe pertussis toxin-induced reversible
encephalopathy dependent on monocyte chemoattractant
protein-1 (MCP-1) overexpression (PREMO), a novel animal
model that exhibits features of human encephalopathic com-
plications of inflammatory disorders such as viral meningoen-
cephalitis and Lyme neuroborreliosis as well as the mild toxic
encephalopathy that commonly precedes relapses of multiple
sclerosis (MS). Overexpression of the mouse MCP-1 gene
product (classically termed JE) in astrocytes, the major physi-
ological CNS cellular source of MCP-1, failed to induce neuro-
logical impairment. Unexpectedly, transgenic (tg) mice overex-
pressing MCP-1 at a high level (MCP-1hi ) manifested transient,
severe encephalopathy with high mortality after injections of
pertussis toxin (PTx) plus complete Freund’s adjuvant (CFA).
Surviving mice showed markedly improved function and did not

relapse during a prolonged period of observation. Tg mice that
expressed lower levels of MCP-1 were affected minimally after
CFA/PTx injections, and tg expression of other chemokines
failed to elicit this disorder. The disorder was significantly milder
in mice lacking T-cells, which therefore play a deleterious role in
this encephalopathic process. Disruption of CC chemokine
receptor 2 (CCR2) abolished both CNS inflammation and en-
cephalopathy, identifying CCR2 as a relevant receptor for this
disorder. Proinflammatory and type 1 cytokines including
TNF-�, IL-1�, IFN-�, IL-2, RANTES, and IP-10 were elevated in
CNS tissues from mice with PREMO. These studies character-
ize a novel model of reversible inflammatory encephalopathy
that is dependent on both genetic and environmental factors.
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The product of the murine monocyte chemoattractant protein-1
(MCP-1) gene (also termed JE), was identified initially as a
monocyte-specific chemoattractant (Rollins, 1991, 1997), but it
also attracts and activates T-cells, dendritic cells, mast cells, and
basophils (Taub et al., 1996; Gunn et al., 1997; Siveke and Ha-
mann, 1998). Recent results indicated a role for MCP-1 in the
formation and evolution of both innate and adaptive immune
reactions. In particular, MCP-1 promotes T helper type 2 (Th2)
T-cell development by enhancing secretion of type 2 cytokines,
including interleuken-4 (IL-4), IL-5, and IL-10, and by antago-
nizing IL-12 secretion (Chensue et al., 1996; Karpus et al., 1997,
1998; Gu et al., 2000; Matsukawa et al., 2000). Administration of
MCP-1 in a murine lipopolysaccharide (LPS) endotoxemia
model was protective and reduced levels of cytokines such as
tumor necrosis factor (TNF) and IL-12 while increasing IL-10
(Zisman et al., 1997). Neutralizing antibodies to MCP-1 caused
enhanced mortality in mice with LPS-induced endotoxemia,
along with precisely complementary cytokine changes. These
results indicated that MCP-1, under defined circumstances,

drives a type 2 cytokine response or produces potent anti-
inflammatory effects. However, contrasting results also have been
obtained. For example, mice lacking MCP-1 exhibited decreased
severity of experimental autoimmune encephalomyelitis (EAE),
with diminished Th1 cytokine production in the CNS (Huang et
al., 2001). Therefore, the precise role of MCP-1 in the patho-
physiology of CNS inflammation remains uncertain. This ques-
tion is worthy of consideration, because high CNS levels of a
potential human orthologue to JE, MCP-1 [termed CC chemo-
kine ligand 2 (CCL2) in the systematic nomenclature], have been
documented in a large number of clinical neurological disorders,
including viral and bacterial meningoencephalitis, brain injury,
and HIV-associated dementia (Berman et al., 1996; Schmidtmay-
erova et al., 1996; Spanaus et al., 1997; Conant et al., 1998;
McManus et al., 1998).

One potential rationalization for differing roles of MCP-1 or
CCL2 in different contexts might involve tissue-specific che-
mokine receptor usage. Chemokines signal via high-affinity
G-protein-coupled receptors, of which �18 have been well
characterized in both humans and rodents (Murphy et al., 2000)
(http://cytokine.medic.kumamoto-u.ac.jp/CFC/CK/Chemokine.
html). Several chemokines bind productively to more than one
receptor, and individual receptors often recognize more than one
chemokine, indicating the functional versatility and potential for
redundancy in the chemokine system. Mice deficient for MCP-1
or its leukocyte receptor CC chemokine receptor 2 (CCR2)
exhibited significant phenotypic discrepancies in immune and
host defense responses (Boring et al., 1997; Gu et al., 1997, 2000;
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Kurihara et al., 1997; Warmington et al., 1999; Sato et al., 2000;
Kim et al., 2001). In part, these observations have been explained
by the presence of multiple ligands for CCR2, but the possibility
of alternative receptor(s) for MCP-1 (Luther and Cyster, 2001)
also has been raised. With the use of in vitro cultures it was shown
that rat astrocytes and arterial smooth muscle cells that do not
express CCR2 responded to MCP-1 (Heesen et al., 1996;
Schecter et al., 1997). Similar results have been reported in
studies of human and rat microglia (Cross and Woodroofe,
1999a,b). Therefore, it is plausible that CNS-specific effects of
MCP-1 could be transduced via a putative receptor on critical and
unique resident cells such as astrocytes, arterial smooth muscle
cells of the blood–brain barrier (BBB), or microglia.

Organ-specific effects of MCP-1 in the mammalian CNS are
also conceivable because of its distinctive anatomical features.
The CNS is sheltered from the cellular and molecular elements of
the bloodstream by a BBB composed of nonfenestrated endothe-
lial cells with tight junctions and a continuous basement mem-
brane densely invested with astrocytic processes. A myelin basic
protein (MBP) promoter element was used in previous experi-
ments to direct a transient burst of MCP-1 expression by oligo-
dendrocytes during postnatal weeks 2 and 3, corresponding to the
developmental schedule of CNS myelin protein production (Gow
et al., 1992; Fuentes et al., 1995). MBP-MCP-1 transgenic (tg)
mice developed prominent perivascular monocyte infiltrates of
the CNS without additional manipulation. This result indicated
that parenchymal CNS chemokine could signal to circulating cells
via an intact BBB. Intraperitoneal LPS hugely augmented the
leukocyte infiltrates. No adverse consequences of transgene ex-
pression or monocyte infiltration of the CNS were observed in
these studies (Fuentes et al., 1995).

These studies established that overexpression of MCP-1 in the
CNS mediates selective recruitment of monocytes (Fuentes et al.,
1995). However, astrocytes are the major cellular source of
MCP-1 and CCL2 during a wide spectrum of neurological disor-
ders and models, including CNS injury (Berman et al., 1996;
Glabinski et al., 1996); multiple sclerosis (MS) (McManus et al.,
1998) and EAE (Hulkower et al., 1993; Ransohoff et al., 1993);
infections (Spanaus et al., 1997), (Sprenger et al., 1996), virus-
associated neuropathologies (Conant et al., 1998; Sanders et al.,
1998), and cerebrovascular disorders (Gaetani et al., 1998). Given
the complex character of CNS inflammation and of MCP-1 itself,
uncertainty persists whether astrocyte-derived MCP-1 is protec-
tive or destructive. We addressed this question by placing a
MCP-1 transgene under control of a promoter fragment derived
from the gene encoding human glial fibrillary acidic protein
(GFAP), thereby targeting expression to CNS astrocytes (Bren-
ner et al., 1994; Chiang et al., 1996; Owens et al., 2001). Overex-
pression of MCP-1 in astrocytes mediated little leukocyte migra-
tion into the CNS in unmanipulated mice. Surprisingly, injection
with pertussis toxin (PTx) and complete Freund’s adjuvant
(CFA) led to intense leukocyte infiltration in one tg mouse line
(MCP-1hi), resulting in rapid-onset, transient encephalopathy
with elevated CNS levels of interferon-� (IFN-�) and IL-2. This
model disorder was designated pertussis toxin-induced reversible
encephalopathy dependent on monocyte chemoattractant
protein-1 overexpression (PREMO). Manifestations of PREMO
were absent in MCP-1hi tg mice lacking CCR2 (Boring et al.,
1997, 1998; Kurihara et al., 1997), identifying the relevant MCP-1
receptor for this model and suggesting that the disorder was
dependent on the action of MCP-1. The PREMO disease phe-
notype was attenuated significantly in MCP-1hi tg mice that were

deficient for recombination activation gene-1 (RAG-1) (Mom-
baerts et al., 1992), indicating a detrimental proinflammatory role
for T-cells. PREMO indicates that MCP-1 overexpression can
prime the CNS for macrophage-mediated inflammation and BBB
disruption, with dramatic deleterious effects on physiological
function. The PREMO model provides an opportunity to address
mechanisms of these effects. Furthermore, this model disorder
displays a polarized type 1 cytokine profile, supporting the hy-
pothesis that the specific character of a MCP-1-dependent in-
flammatory response is defined by the context in which it occurs.

MATERIALS AND METHODS
Generation of mice with astrocyte-targeted overexpression of MCP-1. The
transgene was constructed by cloning mouse MCP-1 gene under the
control of human GFAP promoter (see Fig. 1a). Microinjection of
isolated transgene fragment into SWXJ (H-2 q,s) eggs was performed by
following a standard procedure. SWXJ (H-2 q,s) mice were generated by
mating SWR/J (H-2 q) females with SJL/J (H-2 s) males at the Jackson
Laboratory (Bar Harbor, ME). Southern blot of tail DNA for fragments
of human GFAP gene was used to identify the tg founders (see Fig. 1b).
The detailed sequences of the primers used in PCR-based analyses of tail
DNA included hgfapf, 5�-TTC CTG GGC ACA GGC TGA ATA GAG-
3�, and hgfapr, 5�-ATT GAG CAG GGG GCT TGC ATT G-3�.

Mice. SWXJ (H-2 q,s) huGFAP-MCP-1 tg � mice were used to develop
huGFAP-MCP-1 tg � mice on SJL (H-2 s), SWR (H-2 q), SWXJ, and
SJL�C57BL/6 genetic backgrounds. Briefly, a SWXJ tg � male mouse
was mated with a SWXJ tg � female mouse. The offspring were examined
for the expression of the transgene (see above). The strain differentiation
of SJL, SWR, and SWXJ was performed with flow cytometry as de-
scribed below. Approximately 50% of offspring were tg �; 25, 50, and
25% were on SJL, SWXJ, and SWR backgrounds, respectively. An
MCP-1hi tg � male mouse on SJL background was mated to a CCR2
gene-deficient (CCR2 –/–) mouse on C57BL/6 (B6) background. The result-
ant offspring with genotypes of MCP-1 tg � mice heterozygous for CCR2
(MCP-1hi tg ��CCR2 –/�) and MCP-1hi tg ��CCR2 –/� were intercrossed
further to generate MCP-1hitg

��CCR2 –/–, MCP-1hitg
��CCR2 �/�, MCP-

1hitg
��CCR2 –/�, and CCR2 –/–, –/�, and �/� mice. MCP-1hi tg � mice that

were deficient for RAG1 (RAG1 –/–) on SJL�B6 background were
generated in a similar manner, and the B6-RAG-1 –/– mice were obtained
commercially from The Jackson Laboratory (Bar Harbor, ME). Primers
ccr2, 5�-GTG TGT GCA GGT TCC AAT GGA G-3�, and ccr2ko,
5�-GGA AGA CAA TAG CAG GCA TGC-3�, amplified the CCR2 null
allele, whereas primers ccr2 and ccr2wt, 5�-CCT TCA TCA AGC TCT
TGG-3�, amplified the CCR2 wild-type allele (see Fig. 2c). Primers
ragkof, 5�-CGC TAC CGG TGG ATG TGG AAT GTG-3�, and ragkor,
5�-ATG ACT GTG AAA GAG AAA CGA ACG-3�, amplified the
RAG1 mutant allele, whereas primers ragwtf, 5�-GAT CGA CGT GAA
GGC AGA TG-3�, and ragwtr, 5�-GTC TCT TCC TCT TGA GTC
CC-3�, amplified the wild-type RAG1 allele (see Fig. 2b). All of the
experimental groups included in the current studies were compared with
their corresponding littermate control mice. Animal experimental pro-
cedures were performed in accordance with National Institutes of Health
guidelines on animal care. All mice were maintained in pathogen-free
conditions in the animal facilities of The Cleveland Clinic Foundation.

Determination of MCP-1 levels in the circulation, CNS homogenates, and
astrocyte culture supernatants. Serum samples were collected by tail vein
puncture and kept at –80°C until assay. Serum MCP-1 levels were
examined with a commercially obtained ELISA kit (R & D Systems,
Minneapolis, MN). Concentrations of MCP-1 in CNS homogenates
were measured as previously described (Karpus et al., 1995, 1998).
Astrocytes were isolated from CNS tissues from mice at postnatal day 2
(P2) and cultured in RPMI 1640 with 10% fetal calf serum as described
previously (Han et al., 2001). Supernatants were collected and kept at
–80°C until assay.

Induction and monitoring of PREMO in huGFAP-MCP-1hi tg mice.
Mice 8–10 wk of age were injected intravenously with 500 ng of PTx
(Sigma-Aldrich, St. Louis, MO) and subcutaneously with 0.2 ml of CFA
(Invitrogen, San Diego, CA) containing 400 �g of Mycobacterium tuber-
culosis (Difco, Detroit, MI). At day 2 after induction the mice were
administered an intravenous injection of PTx to stimulate inflammatory
responses. All mice were weighed, examined, and graded daily in a
double-blinded manner by J. Wang and T. T. He. The score criteria were
as follows: 0, no disease; 1, hyporeactive or hyper-reactive to tactile
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stimuli, occasionally with seizures, usually accompanied by weight loss
(10–15%); 2, abnormal gait with diminished righting reflex, further
dehydrated with weight loss �15%; 3, single or bilateral hindlimb paresis,
with or without sphincter dysfunction; 4, stuporous and primarily mo-
tionless but responsive to stimuli; 5, death or moribund state so that
humane death is required. Subcutaneous hydration was given if
necessary.

RNA preparation and analysis of mRNA levels of chemokines, cytokines,
chemokine receptors by RNase protection assay. Mice were anesthetized
with isoflurane and perfused through the left ventricle with ice-cold PBS.
Tissues were harvested and immediately snap frozen in liquid nitrogen.
Samples were kept at –80°C until RNA extraction. Total RNA was
extracted with the use of Trizol reagent (Invitrogen) according to the
manufacturer’s instructions. Concentrations of RNA were determined by
ultraviolet spectroscopy at 260 nm. Levels of cytokines, chemokines, and
chemokine receptors were measured by RNase protection assay (RPA)
with template sets and in vitro transcription kits obtained from BD
PharMingen (San Diego, CA).

Cytokine mRNA quantitation by the use of real-time reverse transcriptase-
coupled PCR. CNS RNAs from huGFAP-MCP-1 tg � mice and their
non-tg littermate controls were prepared as above, and levels of specific
cytokine mRNAs were determined by using a LightCycler system (Roche
Molecular Biochemicals, Indianapolis, IN) with primers, amplification
parameters, and data analysis, as described previously (Huang et al.,
2001).

Histology. Brains and spinal cords were dissected rapidly after intra-
cardiac perfusion with ice-cold PBS, followed by 4.0% paraformaldehyde
solution. The 8-�m-thick paraffin sections or frozen sections were stained
with hematoxylin and eosin (H&E). Immunohistochemical staining for
mouse IgG in CNS tissue was performed by using biotinylated anti-
mouse IgG (H�L; Vector Laboratories, Burlingame, CA) and avidin–
biotin complex (ABC) system (Vector Laboratories), followed by incu-
bation with peroxidase substrate DAB (Vector Laboratories).

Flow cytometry. Single cells from the CNS tissues (brain plus spinal
cord) and peripheral blood mononuclear cells were isolated by following
the procedures described previously (Fife et al., 2000; Huang et al.,
2001). After blocking with CD16/CD32 Fc Block (BD PharMingen) in
fluorescence-activated cell-sorting (FACS) buffer, we stained the cells
for surface markers by using antibodies directly conjugated with fluoro-
chromes. Antibodies used in the current study were obtained from BD
PharMingen and were as follows: anti-CD4-FITC, anti-CD8-PE, anti-
MHC class II antigen IA s-PE (Clone 10-3.6), anti-IA q-FITC, anti-
CD45-Cy-chrome, and anti-TCR � chain-Cy. All antibodies were preti-
trated with mouse peripheral blood.

Statistical analyses. The Mann–Whitney U test was used to compare
levels of cytokine and chemokine expressions. Disease incidence in
different groups of mice was compared by the � 2 test. All p values were
two-tailed; a p value � 0.05 was considered significant.

RESULTS
Generation and characterization of mice
overexpressing MCP-1 in astrocytes
The murine MCP-1 gene was placed under control of the huG-
FAP promoter by molecular cloning in the huGFAP-MCP-1
plasmid. Microinjection of purified huGFAP-MCP-1 fusion gene
fragment into fertilized eggs of SWXJ (H-2q,s) mice resulted in
four tg founders, which were identified by Southern blot of tail
DNA by using 32P-labeled fragments of the huGFAP gene (Fig.
1b). Subsequently, a PCR-based genotyping protocol that used
tail DNA was established and shown to correspond perfectly with
the results obtained by Southern blotting. Three of four founders
transmitted the transgene to progeny, all of which expressed
transgene-directed mRNA and protein as confirmed by Northern
blot analysis (Fig. 1c) and ELISA of CNS lysates (Fig. 1d) and
supernatants of astrocyte cultures (Fig. 1e) from transgenic mouse
lines. These three lines of tg mice displayed different levels
(MCP-1hi, me, and low) of MCP-1 expression in the CNS as
well as in peripheral nerve, but not in other tissues (Fig. 1c).
Expression of the transgene in peripheral nerve (such as sciatic)
was expected, because GFAP is expressed by nonmyelinating

Schwann cells (Brenner et al., 1994). Levels of CNS MCP-1
expression in huGFAP-MCP-1hi tg mice were comparable with
those observed in CNS tissues from mice with EAE (Fig. 1f).
Aside from sparse inflammatory aggregates, MCP-1 tg mice
exhibited neither overt pathological changes in CNS (see below)
nor neurological impairment during 6 months of observation.
Although young adult GFAP-MCP-1 tg mice exhibited much less
spontaneous inflammation than MBP-MCP-1 animals, the lack of
spontaneous neurological symptoms and signs were compatible
with results reported previously for MBP-MCP-1 mice (Fuentes
et al., 1995).

PREMO in huGFAP-MCP-1hi tg mice
CCL2 plays an enigmatic role in the human disorder MS, being
reduced in the CSF during attacks but highly expressed in brain
lesions (McManus et al., 1998; Sorensen et al., 1999; Van Der
Voorn et al., 1999). To analyze the function of intracerebral
MCP-1 in EAE, we immunized huGFAP-MCP-1hi tg� mice and
littermate controls with antigen (PLP peptide 139–151) emulsi-
fied in CFA. Mice also received intravenous PTx at the time of
immunization and 48 hr after, as previously described (Huang et
al., 2001). Unexpectedly, all huGFAP-MCP-1hi tg� mice, but no
littermate controls, developed impressive neurological impair-
ment with high mortality 3–5 d after immunization. Surviving
mice recovered and subsequently exhibited severe EAE at a time
point typical of nontransgenic animals (our unpublished
observations).

In clinical disorders such as HIV-associated dementia, patients
harboring increased levels of CNS CCL2 are exposed to systemic
inflammatory stimuli, often with transient functional decompen-
sation (Conant et al., 1998). We considered the possibility that
neurological signs in huGFAP-MCP-1hi tg� mice with early onset
in �1 week after challenge represented encephalopathy, rather
than autoimmune demyelination. To address this possibility, we
challenged tg and wild-type littermate control mice with CFA/
PTx in the absence of peptide antigen (Figs. 2, 3). We observed
that huGFAP-MCP-1hi tg� mice challenged with PTx and CFA
exhibited signs of encephalopathy including stupor, seizure,
weight loss, sphincter dysfunction, jumping or rolling, and limb
weakness (Fig. 2) with onset at day 3–5 after induction and high
mortality rate (Fig. 3). Mice that survived PREMO recovered
gradually and significantly, exhibiting no relapses after the initial
attack during 60 d of observation (as shown in Fig. 3 for SWXJ
mice). We also investigated myelin antigen responses by using
spleen and lymph node cells from huGFAP-MCP-1hi tg� mice
with PREMO and found no significant antigen-specific recall
responses (our unpublished observations). The major residual
signs of PREMO were reduced body weight and slower righting
reflex compared with age-matched control mice.

These signs did not occur in littermate controls. Minimal signs
of PREMO were observed in two other lines of MCP-1 tg� mice,
huGFAP-MCP-1low and me (Fig. 3). Mice of identical SWXJ back-
ground strain that overexpressed MIP-1� (macrophage inflamma-
tory protein-1�) or GRO-� (growth-regulated oncogene-�) under
control of the huGFAP expression cassette did not exhibit
PREMO-like symptoms after receiving CFA/PTx (data not
shown). These findings suggested that the occurrence of PREMO
might be relatively specific for MCP-1 and required a threshold
level of CNS overexpression.
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PREMO caused by presence of the huGFAP-MCP-1
transgene was equally severe in several
mouse strains.
In subsequent experiments the huGFAP-MCP-1hi transgene was
placed on the background of varying strains, including SJL,
SWR, SWXJ, and SJL�B6. All mice that expressed the trans-
gene showed similar signs and disease course after exposure to
CFA/PTx. Regardless of background strain, disease incidence
was 100% in huGFAP-MCP-1hi tg� mice (Table 1). These results
were consistent with the hypothesis that the principal genetic
requirement for PREMO was high-level overexpression of
MCP-1 in the CNS.

Environmental requirements for PREMO
CFA and PTx, the adjuvants used for induction of murine EAE,
exert selective proinflammatory effects and mediate BBB disrup-
tion. We evaluated the requirements for PREMO by examining
the results of challenge with either CFA or PTx individually,
staphylococcal enterotoxin B (SEB), and LPS as well. Mice re-
ceiving injections of PTx without CFA displayed a milder disease
course with incidence of 96% (24 of 25), lower death rate, and

Figure 1. Establishment of transgenic mice overexpressing MCP-1 di-
rected by GFAP promoter. a, Construct of a human GFAP promoter
driving the expression of murine MCP-1. b, Southern blot demonstrating
samples of DNA that contain elements of human GFAP promoter. c,
Northern blot showing targeted MCP-1 gene expressions specifically in
tissue homogenates of brain, spinal cord, and sciatic nerve. Experiments
were performed as previously described in Huang et al. (2001). d, Differ-
ent levels of MCP-1 expressions in tissue homogenates of CNS from three
lines of MCP-1 transgenic mice, i.e., MCP-1hi , me , and low. MCP-1 levels
were measured according to Karpus et al. (1998). e, Compared with
astrocytes from nontransgenic littermate control mice, astrocytes from
MCP-1 tg � mice secreted significantly higher levels of MCP-1. Astrocytes
were obtained and cultured by following the protocol described previously
in Han et al. (2001). Levels of MCP-1 were determined via ELISA kits

Figure 2. PREMO in huGFAP-MCP-1hi tg � mice. Intravenous PTx
injections alone or in combination with subcutaneous CFA induced
PREMO in huGFAP-MCP-1hi tg �, but not in tg �, mice. Shown is
time-lapse photography 4 d after PTx/CFA injection revealing hunched
posture and lack of exploratory behavior in a tg � mouse compared with
the normal tg � mouse.

4

from R & D Systems. f, Comparable levels of MCP-1 expression in spinal
cords from MCP-1hi tg � non-EAE and tg � EAE mice. Lane 1, MCP-1
tg � wild-type mouse with EAE; lanes 2, 3, MCP-1hi tg � with EAE; lanes
4, 6, tg � naive mice; lanes 5, 7, MCP-1hi tg � with no challenge.
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shorter duration (data not shown). HuGFAP-MCP-1hi mice in-
jected with CFA alone (n � 12), staphylococcal enterotoxin B
(SEB; n � 9), or LPS (n � 8) showed no neurological signs. These
data suggested that PTx was required for the induction of
PREMO and that CFA could serve as a cofactor.

Histology and leukocyte infiltrates in the CNS of SWXJ
mice with PREMO
The CNS of huGFAP-MCP-1hi tg� mice exhibited rare, small
aggregates of mononuclear cells (Fig. 4a,b). The brains and spinal
cords of mice with PREMO contained numerous large mononu-
clear infiltrates (Fig. 4c,d). These infiltrates were primarily
perivascular, with modest invasion of the parenchyma. PREMO
tissues demonstrated extensive immunoglobulin deposition
throughout the CNS white matter and meninges (Fig. 4i,j). By
flow cytometric analysis the CNS infiltrates associated with
PREMO were composed of hematogenous monocytes and CD4�

and CD8� T-cells (Fig. 5a,c,e). Leukocytes in CNS tissues from
mice with PREMO expressed high levels of MHC class II mole-
cules (Fig. 5a). Few CD19� B cells were detected in CNS tissues
from huGFAP-MCP-1hi tg� mice with PREMO (data not
shown). The acute course of PREMO and the lack of CD19� cell
accumulation in PREMO CNS suggest that the massive deposi-

tion of IgG resulted from BBB disruption. In surviving mice with
functional restoration of the BBB the major CNS pathology was
perivascular inflammation (Fig. 5g,h). These observations indi-
cated that MCP-1 prepared the CNS for intense leukocyte infil-
tration accompanied by BBB disruption in response to challenge
with CFA/PTx.

Cytokine and chemokine expression in the CNS of
huGFAP-MCP-1hi mice with PREMO
The instructive role of MCP-1 toward T-cell cytokine expression
has appeared to be context-dependent. To address effects of
CNS-specific overexpression on inflammatory pathology, we ex-
amined the cytokine profile in tissues from mice with PREMO. In
addition to abundant expression of the MCP-1 transgene,
PREMO tissues contained significantly elevated levels of mRNA
encoding mediators of innate immunity like TNF-� and IL-1� as
well as T-cell cytokines such as the prototype type 1 mediator
IFN-� and IL-2. Levels of TNF-� showed a trend toward a
decrease in huGFAP-MCP-1hi tg� mice with PREMO ( p � 0.1)
(Fig. 6). We confirmed increased levels of IFN-� message and
protein in CNS tissues by real-time RT-PCR and ELISA (data
not shown). Consistent with a type 1 cytokine environment, we
also detected elevated levels of mRNA encoding RANTES/
CCL5 (Fig. 6) and interferon-�-inducible protein, 10 kDa (IP-10;
data not shown). Neither IL-4 nor IL-10 was detected in CNS
tissue from mice with PREMO (data not shown).

CC chemokine receptor 2 is essential for the induction
of PREMO in huGFAP-MCP-1hi mice
Initial characterization of PREMO suggested that high-level CNS
expression of MCP-1 along with specific environmental stimuli
from injections of PTx and CFA was required for disease expres-
sion. PREMO was unambiguous and severe in one tg line that
expressed the transgene at the highest level, leading to the hy-
pothesis that a threshold level of MCP-1 was required for disease
expression. However, there remained the unlikely possibility that
insertional mutagenesis could account for this phenotype. We
addressed directly whether MCP-1 was a major mediator of
PREMO by generating and analyzing huGFAP-MCP-1hi tg mice
lacking CCR2, the monocyte receptor for MCP-1. HuGFAP-
MCP-1hitg

��CCR2� mice (transgenic but lacking CCR2) exhib-
ited neither neurological impairment nor weight loss after injec-
tions with PTx plus CFA (Fig. 7, Table 2). Concurrent analysis of
littermate huGFAP-MCP-1hitg

��CCR2� excluded background
strain effects, because these mice developed PREMO equally as
severe as the index SWXJ strain. Flow cytometry (Fig. 5b) and
histologic examination of CNS tissue sections (data not shown)
demonstrated the absence of CNS inflammatory infiltrates in
huGFAP-MCP-1hitg

��CCR2� mice that received CFA/PTx.
These data indicated that the PREMO phenotype was associated
closely with biological functions exerted by MCP-1, although
participation of other MCPs (of which mice express three) and
alternative MCP-1 receptors may have played contributing roles.
Although additional proinflammatory cytokines (Fig. 6) well may
be involved in the current model, the complete abrogation of
PREMO in CCR2�/� mice demonstrated that CCR2 is the
principal MCP-1 receptor in PREMO and that action toward
other putative receptors on arterial smooth muscle cells or astro-
cytes is insufficient to cause this disorder.

Figure 3. High death rate and clinical course of PREMO in SWXJ
huGFAP-MCP-1hi tg � mice. a, Thirty-two of 56 SWXJ huGFAP-MCP-
1hi tg � mice died of PREMO within 2 wk after the onset of PREMO
compared with nil in their tg � littermate control mice; p � 0.01. b,
PREMO was induced in MCP-1hi mice, but not in MCP-1me and low tg �

and tg � mice. HuGFAP-MCP-1hi , me , and low tg � and tg � mice were
immunized with PTx and CFA, weighed, and scored daily for PREMO.
Shown are PREMO scores (mean 	 SD) of mice in each group; p � 0.01
compared between MCP-1hi tg � and others (MCP-1me and low tg � and
tg � mice). n � 56, 19, 31, and 45 in groups of MCP-1hi , me , and low tg �

and tg � mice, respectively.

Table 1. PREMO in huGFAP-MCP-1hi tg mice on different genetic
backgrounds

Strains MCP-1 tg

Number of mice

Tested With PREMO (%)

SJL � 28 28 (100)*
� 24 0 (0)

SWR � 23 23 (100)*
� 21 0 (0)

SWXJ � 56 56 (100)*
� 45 0 (0)

SJL�B6 � 46 46 (100)*
� 40 0 (0)

GFAP, Glial fibrillary acidic protein; MCP-1, monocyte chemoattractant protein 1;
tg, transgenic. *p � 0.01 compared with littermate tg� controls, respectively.
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PREMO in huGFAP-MCP-1hi tg� mice is inducible but
less severe in the absence of T-cells
The presence of T-cell-derived and type 1 cytokines in CNS
tissues of mice with PREMO raised the question of whether T-cells
might be implicated in disease pathogenesis. To address this issue,
we generated huGFAP-MCP-1hi tg� mice on RAG1–/– background
(huGFAP-MCP-1hitg

��RAG1�). Littermate control huGFAP-
MCP-1hitg

��RAG1� mice developed full-blown PREMO with
high mortality, whereas huGFAP-MCP-1hitg

��RAG1� mice ex-
hibited a diminished form of PREMO without mortality (0 of 31)
and significantly lower incidence (Table 2). HuGFAP-MCP-
1hitg

��RAG1� mice with PREMO recovered earlier and more
completely than did their littermate controls (Fig. 7). As ex-
pected, CNS infiltrates of huGFAP-MCP-1hitg

��RAG1� mice
with PREMO were devoid of both CD4� and CD8� T-cells (Fig.
5d,f). These results indicated that T-cells promoted the severity
of PREMO. However, T-cells were not essential for disease
occurrence, indicating that PREMO was an inflammatory reac-
tion dependent either on MCP-1-recruited monocytes or on the
action of MCP-1 toward resident CNS cells.

DISCUSSION
In this report we describe PREMO, a novel model disorder that
exhibits features of human encephalopathic inflammatory disor-
ders such as viral meningoencephalitis, Lyme neuroborreliosis,
neurological manifestations of Sjögren’s syndrome, and the mild
toxic encephalopathy that commonly precedes relapses of MS.
The essential components of PREMO may provide some insight
into the mechanisms that underlie the disorder. PREMO requires
the specific stimulus provided by PTx, markedly augmented by
CFA. CCR2-mediated monocyte responses are essential for
PREMO. T-cells play an auxiliary role in this disorder, which is
characterized by high intrathecal production of type 1 cytokines
and disruption of the BBB.

Three novel insights emerged from initial characterization of
PREMO. First, it was shown that MCP-1 expression primes the
CNS tissue for a deleterious inflammatory reaction that proceeds
in the absence of T-cell autoimmunity. This finding may be of
interest given that CCL2, a closely homologous human chemo-
kine, is highly expressed in clinical neuroinflammatory disorders.
Second, the critical role of CCR2 in PREMO demonstrates for
the first time that this receptor transduces the essential signals for
MCP-1-induced inflammation in the CNS. Although it remains

Figure 4. CNS inflammation and blood–
brain barrier disruption in huGFAP-
MCP-1hi tg � mice with PREMO. Al-
though minute infiltrate was found in
CNS from MCP-1hi tg � naive mice (a,
b, arrowhead), H&E staining showed
large amounts of infiltrates surrounding
blood vessels and in the parenchyma in
tissues from huGFAP-MCP-1hi tg �

mice injected with PTx and CFA in the
presence of CCR2 (c, d). Neither signif-
icant infiltrate nor perivascular inflam-
mation (arrows indicating vessels) was
observed in their huGFAP-MCP-1hi
tg � littermate control mice on CCR2
mutant background (e, f ). Mice recov-
ered from PREMO contained perivas-
cular infiltrates in the CNS ( g, h). Immunoperoxidase histochemistry revealed abundant extravasated IgG in the cerebellar white matter, meninges ( g,
i), and spinal cord (h, j) of huGFAP-MCP-1hi tg � mice ( g, h), but not tg � (i, j) mice, 4 d after receiving injections of PTx plus CFA. Note positive IgG
staining in peripheral nerve elements of the tg � control mouse at bottom lef t. a, c, e, g, Sections of brain stems, original � 100; b, d, f, h, sections of spinal
cords, original � 50; i, k, brain sections, original � 25; j, l, spinal cords, original � 100.

Figure 5. Flow cytometric analyses of CNS infiltrates in huGFAP-MCP-
1hi tg � mice with PREMO. Shown are high levels of MHC class II antigen
expression on numerous leukocytes (CD45 high) isolated from CNS tissues
of intracardially perfused MCP-1hitg

��CCR2 � mice with PREMO (a).
Disruption of CCR2 abolishes the influx of leukocytes in MCP-1hi tg �

mice with PREMO (b). CNS tissues from MCP-1hitg
��CCR2 � mice

injected with PTx plus CFA contained mainly CD45 low microglia, virtu-
ally the same as those from MCP-1 tg � mice injected with PTx plus CFA
(data not shown). Albeit with the lower prevalence and milder manifes-
tation (Fig. 7, Table 2), PREMO could be induced by injections of PTx
plus CFA in MCP-1hitg

��RAG1 � mice. Note the presence of CD45 high

leukocytes and the absence of both CD4 � (d) and CD8 � ( f) T-cells in
CNS tissues from MCP-1hitg

��RAG1 � mice with PREMO compared
with those in MCP-1hi tg ��RAG1 � CNS tissues (c, e). Flow cytometric
analyses of CNS cells from CNS tissues of huGFAP-MCP-1hi tg �-
untreated mice and their wild-type controls were akin to b.
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plausible that non-CCR2 receptors can mediate aspects of neu-
roinflammation, the dominant role clearly is played by the mono-
cyte receptor. Third, in the appropriate context MCP-1 directs a
type 1-biased inflammatory reaction. This observation indicates
that it might not be a useful generalization to consider MCP-1 as
a type 2 mediator. Rather, it appears likely that MCP-1 plays a
critical role at the interface of innate and adaptive immunity,
facilitating the development of both type 1 and type 2 responses.
In the case of the CNS it has been proposed that there is a
tissue-specific bias toward type 1 reactions, possibly because of
specific attributes of microglia as antigen-presenting cells (Kra-
kowski and Owens, 1997; Aloisi et al., 1999). Therefore, it is not
surprising that MCP-1-mediated inflammation in the CNS could
be expressed as a type 1 reaction.

Overexpression of cytokines in tg mice has proven to be an
incisive tool for investigating the pathogenesis of neurological
disorders. PREMO differs from other models of disease gener-
ated by targeting cytokine transgenes to the CNS. In previous
reports either TNF (Probert et al., 1995) or IL-3 (Chiang et al.,
1996) was overexpressed, producing demyelination and neurolog-
ical signs without further challenge. By contrast, PREMO re-
quired induction by systemic inflammation, and demyelination
was not characteristic of this disorder. Tg mice that produced

high levels of KC in the CNS (Tani et al., 1996) exhibited
spontaneous inflammatory infiltrates and delayed neurodegenera-
tive features.

A different murine model that encompassed both genetic and
environmental features used MBP-specific T-cell receptor (TCR)
transgenes. Mice housed in nonsterile conditions developed de-
myelination and typical EAE (Goverman et al., 1993). Interest-
ingly, injections of PTx also could provoke EAE in MBP-TCR tg
mice.

Aged mice that expressed IL-12 under control of the murine
GFAP promoter (GF-IL-12 mice) developed spontaneous in-
flammatory demyelination (Pagenstecher et al., 2000). Young
adult GF-IL-12 mice that were challenged with PTx/CFA devel-
oped mild neurological signs including ruffled fur, hunched pos-
ture, and general inanition (Lassmann et al., 2001). PTx/CFA-
challenged GF-IL-12 mice expressed high levels of type I
cytokines in the CNS, accompanied by abundant inflammatory
infiltrates. Neurological disease in young adult GF-IL-12 mice
most nearly resembles PREMO, differing primarily in its severity.
The high expression of type 1 cytokines in both disorders sup-
ports the hypothesis that these products are integral to the clinical
expression of encephalopathy.

The current studies, taken in the context of a previous report

Figure 6. Increased levels of proinflammatory and Th1 cytokines in CNS
tissues from huGFAP-MCP-1hi tg � mice with PREMO. a, RPA showing
cytokine expression in samples of CNS tissues from MCP-1hi tg � and
MCP-1hi tg � mice injected with PTx plus CFA. b, Quantitative analyses
of inflammatory cytokine expression. M, Marker; tg, transgenic; �, tg-
positive; �, tg-negative.

Figure 7. Failure of PREMO induction in huGFAP-MCP-1hi tg � mice
lacking CCR2 and attenuated PREMO in mice deficient for recombina-
tion activation gene 1 (RAG1). a, Compared with the high death rate (25
of 46, 54%) in SJL�B6 MCP-1hi tg � mice with intact CCR2, none of the
MCP-1hitg

��CCR2 � and MCP-1hitg
��RAG1 � mice injected with PTx

plus CFA died of PREMO; p � 0.01. b, SJL�B6 MCP-1hi tg � mice
developed PREMO similar to that in other strains, e.g., SWXJ (Fig. 4),
SWR, and SJL (data not shown). Although MCP-1hitg

��RAG1 � mice
exhibit an attenuated PREMO, MCP-1hitg

��CCR2 � mice were free from
PREMO. Shown are PREMO scores (mean 	 SD) in each group.
MCP-1hitg

��RAG1 � mice that remained healthy (18 of 31; see Table 2)
were excluded.

Table 2. PREMO in SJL�B6 huGFAP-MCP-1hi tg� mice in the
presence or absence of CCR2 or RAG1

CCR2 RAG1

Number of mice

Tested With PREMO (%)

� � 21 21 (100)
� � 32 0 (0)*
� � 25 25 (100)
� � 31 13 (42)*

GFAP, Glial fibrillary acidic protein; CCR, CC chemokine receptor; tg, transgenic.
*p � 0.01 compared with littermate controls with intact CCR2 and RAG1,
respectively.
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(Fuentes et al., 1995), show clearly that overexpression of MCP-1
in the CNS generates inflammatory pathology. In particular, CNS
inflammation was observed in DBA/2�C57BL/6 (D2B6) mice
that expressed MCP-1 under regulation of the MBP promoter
(Fuentes et al., 1995) as well as SJL/J�SWR (SWXJ) mice that
expressed MCP-1 under control of the GFAP promoter (the
present studies). Furthermore, systemic inflammatory challenge
augmented the pathology in both cases. These findings were
consistent in the two models. The details of spontaneous pathol-
ogy and stimulus-evoked pathology differed significantly between
the two models. These differences could have arisen from varia-
tions between the models, which were substantial. First, transgene
construction was different (using a cDNA in one case and the
complete gene in another). Second, MBP and GFAP direct very
different patterns of expression in regard to tempo, localization,
and magnitude. Further, GFAP expression is upregulated by
inflammation, whereas MBP is not. Finally, background genetic
strain may have played a role in the variable stimulus-evoked
inflammatory responses in the two models. As one example, LPS
induced a brisk inflammatory response in MBP-MCP-1 D2B6
mice but only a minimal and inconsistent reaction in huGFAP-
MCP-1 SWXJ transgenics. This difference may be explained by
the documented difference between the two mouse strains in LPS
sensitivity (Bohatschek et al., 2001).

Elevated levels of MCP-1 and CCL2 have been reported in
both clinical and model neurological disorders. In patients with
HIV-associated encephalitis and dementia (Schmidtmayerova et
al., 1996; Sanders et al., 1998) and viral and pyogenic meningitis,
impressively increased levels of CCL2 have been demonstrated
consistently (Lopez-Cortes et al., 1995; Sprenger et al., 1996;
Spanaus et al., 1997). Elevated expression of CCL2 has been
found in acute and chronic MS plaques (McManus et al., 1998;
Simpson et al., 1998), but reduced CCL2 CSF levels accompany
attacks of disease (Sorensen et al., 1999). In patients with herpes
simplex virus encephalitis, elevated CSF CCL2 correlates directly
with the subsequent loss of functional independence (Rosler et
al., 1998). MCP-1 is elevated rapidly and robustly in the CNS of
animals with acute EAE (Hulkower et al., 1993; Ransohoff et al.,
1993; Juedes et al., 2000) and in spontaneous attacks of chronic-
relapsing EAE (Glabinski et al., 1997). Expression of MCP-1
precedes the influx of inflammatory cells to sites of penetrating
mechanical (Berman et al., 1996; Glabinski et al., 1996, 1998) and
cryogenic (Grzybicki et al., 1998) injury to the brain. Expression
of MCP-1 occurs 6 hr after the onset of cerebral ischemia (Kim
et al., 1995) and persists for days (Wang et al., 1995; Gourmala et
al., 1997). Increased levels of MCP-1 expression are evident as
early as 1 hr after reperfusion in rats with transient forebrain
ischemia (Yoshimoto et al., 1997). Increased MCP-1 expression
also has been documented in lymphocytic choriomeningitis
(Asensio and Campbell, 1997) and in acute and chronic enceph-
alomyelitis caused by mouse hepatitis virus (MHV) (Lane et al.,
1998), mouse adenovirus-type 1 (Charles et al., 1999), and Thei-
ler’s murine encephalomyelitis virus (TMEV) (Ransohoff et al.,
2002). The near-universal induction of MCP-1 and CCL2 after
neurological insult suggests that this chemokine plays a central
role in the physiology of neuroinflammation.

PREMO in huGFAP-MCP-1hitg
� mice was typified by high

mortality and severe clinical manifestations. Moreover, PREMO
was induced successfully in several different mouse strains with-
out significant variation in severity or incidence. PREMO re-
quired induction with a systemic inflammatory challenge. Given
the anatomical isolation of the CNS behind the BBB and the fact

that leukocyte extravasation is a multistep process (Luster, 1998),
it is possible that naive, young huGFAP-MCP-1hitg

� mice
housed in a pathogen-free environment exhibited minimal CNS
leukocyte infiltrates and no neurological impairment. Elevated
levels of MCP-1 in the circulation (our unpublished data) could
desensitize or downregulate the corresponding receptor(s) on
leukocytes in the absence of systemic stimuli. PTx, which was
essential for the induction of PREMO, sensitizes the BBB to
disruption in the presence of inflammation (Linthicum et al.,
1982). However, BBB disruption alone was not sufficient to pro-
voke PREMO, because injections of CFA, which induces the leak
of serum proteins across the BBB, failed to mediate disease
(Rabchevsky et al., 1999). PTx enhances both Th1 and Th2
immune responses (Vistica et al., 1986; Ryan et al., 1998) and
delayed-type hypersensitivity responses (Sewell et al., 1983,
1984). The production of IFN-� (Sewell et al., 1986) is enhanced
in the presence of PTx, which also augments the expression of
costimulators such as B7-1 and B7-2 on antigen-presenting cells
and CD28 on T-cells (Ryan et al., 1998). PTx prevents the
induction of peripheral anergy in encephalitogenic T-cells
(Kamradt et al., 1991). Proinflammatory cytokines such as
TNF-� and IL-1� produced in CNS during PREMO are likely to
increase BBB permeability and stimulate the secretion of chemo-
kines by CNS parenchymal cells, thus amplifying the inflamma-
tory cascade (Huang et al., 2000).

HuGFAP-MCP-1hi tg� mice with PREMO displayed inflam-
matory responses typified by a type 1 proinflammatory cytokine
profile, suggesting that in this model MCP-1 may chemoattract
Th1 T-cells or direct T-cell polarization toward type 1 cytokine
production. Alternatively, murine CCL5, which was found at
significantly elevated levels in the CNS of huGFAP-MCP-1hi tg�

mice with PREMO (Fig. 7), might enhance the secretion of Th1
cytokines (Kim et al., 1998; Sin et al., 1999). HuGFAP-MCP-1hi

tg� mice lacking CCR2 were completely resistant to PREMO,
providing strong evidence that CCR2 plays a major role in this
model.

PREMO was attenuated significantly in MCP-1hi tg��RAG1�

mice, indicating that the functions of monocytes and T-cells in
this model of CNS inflammation were cooperative. Reduced
levels of IFN-� were reported previously in kidneys (Tesch et al.,
1999) and CNS (Huang et al., 2001) of MCP-1-null mice with
inflammatory or autoimmune pathologies. Taking those results
into consideration, our current data suggest that the instructive
role of MCP-1 in adaptive immunity is dependent on the specific
context of the inflammatory reaction. In summary, the PREMO
model provides a platform for dissection of mechanisms that
underlie MCP-1-associated encephalopathy and may uncover
novel strategies for ameliorating the impact of clinical neuroin-
flammatory disorders.
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