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Multiple sclerosis is an immune-mediated demyelinating disease of unknown etiology that presents with either a chronic-
progressive or relapsing-remitting clinical course. Theiler’s murine encephalomyelitis virus-induced demyelinating disease
(TMEV-IDD) and relapsing-remitting experimental autoimmune encephalomyelitis (R-EAE) in the SJL/J mouse are both
relevant murine CD41 T cell-mediated demyelinating models that recapitulate the multiple sclerosis disease phenotypes. To
determine the cellular and molecular basis for these observed differences in clinical course, we quantitatively analyzed the
temporal expression of pro- and antiinflammatory cytokine mRNA expression in the central nervous system (CNS) and the
phenotype of the inflammatory mononuclear infiltrates. TMEV-infected SJL/J mice expressed IFN-g, TNF-a, IL-10, and
IL-4 mRNA during the preclinical phase, and their levels continued to increase throughout the duration of the chronic-
progressive disease course. These data correlated with the continued presence of both CD41 T cells and F4/801 macrophages
within the CNS infiltrates. In contrast, SJL/J mice with PLP139 –151-induced R-EAE displayed a biphasic pattern of CNS
expression for the proinflammatory cytokines, IFN-g and TNF-a, with expression peaking at the height of the acute phase
and relapse(s). This pattern correlated with dynamic changes in the CD41 T cell and F4/801 macrophage populations during
relapsing-remitting disease progression. Interestingly, IL-4 message was undetectable until disease remission(s), demon-
strating its potential role in the intrinsic regulation of ongoing disease, whereas IL-10 was continuously expressed, arguing
against a regulatory role in either disease. These data suggest that the kinetics of cytokine expression together with the nature
of the persistent inflammatory infiltrates are major contributors to the differences in clinical course between TMEV-IDD and
R-EAE. The Journal of Immunology,1998, 161: 4437– 4446.

T heiler’s murine encephalomyelitis virus-induced demyeli-
nating disease (TMEV-IDD)3 and relapsing/remitting ex-
perimental autoimmune encephalomyelitis (R-EAE) are

two well-characterized CD41 T cell-mediated models of multiple
sclerosis (1, 2). Both diseases are characterized by an inflamma-
tory mononuclear cell infiltrate within the central nervous system
(CNS), resulting in demyelination and a subsequent ascending pa-
ralysis; however, each disease has a distinct clinical course in
SJL/J mice (3, 4). Intracerebral infection of the susceptible SJL/J
mouse with the BeAn strain of TMEV results in a chronic-pro-
gressive demyelinating disease, with the onset of clinical signs
approximately 30 to 35 days postinfection (PI) (3, 5). In contrast,
R-EAE induced by active immunization with the immunodomi-
nant epitope of PLP, PLP139–151(6), is characterized by an initial
acute phase, followed by a series of remissions and relapses (7).

Despite the differences in the clinical course of these diseases,
recent evidence suggests that the underlying immunopathologic
mechanisms in these two models are similar. We have reported
previously that in active PLP139–151-induced R-EAE, the acute
disease episode is mediated by T cells specific for the disease-
initiating PLP139–151epitope, whereas the first clinical relapse is
associated with reactivity to the non-cross-reacting PLP178–191

epitope, a process termed epitope spreading (8, 9). Recent data
indicate that epitope spreading may also contribute to the chronic
nature of TMEV-IDD. Available evidence indicates that myelin
damage is initiated by TMEV-specific CD41 T cells targeting
CNS-persistent virus Ag, while the chronic stage of the disease
involves CD41 myelin epitope-specific T cells primed via epitope
spreading (10).

It is well documented that CD41 Th1 cells and their proinflam-
matory cytokines are suspected to be important in the pathogenesis
of multiple sclerosis (11), and necessary for the induction of both
TMEV-IDD (12–17) and R-EAE (7, 18, 19). In contrast to the
inductive phase, there is conflicting information regarding the on-
going disease process and its regulation in both models. In R-EAE,
cytokines such as IL-4, IL-10, and TGF-b have been implicated in
disease resolution; however, these data are conflicting (20–22). In
the present study, we therefore sought to characterize the nature of
the persistent cellular infiltrate within the CNS in both TMEV-IDD
and R-EAE and attempt to correlate it with the temporal changes
in the pattern of cytokine expression and disease progression.

Using competitive quantitative PCR (CQ-PCR), we show that
during TMEV-IDD, the mRNA for IFN-g, TNF-a, IL-10, and IL-4
were first detectable before or coinciding with the onset of clinical
signs. These data correlated with immunohistochemical evidence
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from spinal cord sections that indicated both persistent macro-
phage and T cell infiltrates as disease and demyelination pro-
gressed. The cytokine profile and the nature of cellular infiltrate
were markedly different during the clinical course of R-EAE,
wherein the maximal expression of the proinflammatory cytokines
IFN-g and TNF-a correlated with the clinical peaks of the acute
phase and relapse(s). Unexpectedly, we did not find an association
of IL-10 with remission, as was previously described (21), but
rather found an increase in IL-4 message that was only detectable
in mice recovering from the acute phase/relapse or those in com-
plete remission. Most interestingly, these observed differences in
cytokine expression correlated with dramatic changes in both the
CD41 T cell and F4/801 macrophage populations within the CNS.
Collectively, these data indicate that the combination of the cel-
lular infiltrate and temporal cytokine expression within the CNS is
largely responsible for the observed differences in clinical course
of TMEV-IDD and R-EAE.

Materials and Methods
Mice

Female SJL/J mice, 6 to 7 wk old, were purchased from Harlan Labora-
tories (Indianapolis, IN). All mice were housed in the Northwestern animal
care facility (Chicago, IL) and maintained on standard laboratory chow and
water ad libitum. Severely paralyzed mice were afforded easier access to
food and water.

Peptides

PLP139–151(HSLGKWLGHPDKF) was purchased from Peptide Synthesis
Core Laboratories (University of North Carolina, Chapel Hill). Amino acid
composition was verified by laser desorption mass spectroscopy, and purity
(.98%) was assessed by HPLC.

Induction and clinical evaluation of R-EAE

Mice were immunized with 40mg PLP139–151in CFA. Clinical severity
was assessed daily and assigned a numerical grade of 0 to 5, as previously
described (7). The data are plotted as the mean clinical score for each group
of animals at the time of sacrifice. Each group of animals displayed clinical
signs representative of the entire population.

Induction and clinical evaluation of TMEV-IDD

Mice were anesthetized with methoxyflurane (Mallinckrodt Veterinary,
Mundelein, IL) and inoculated in the right cerebral hemisphere with 2.93
106 plaque-forming units of TMEV, strain BeAn 8386, in 30ml DMEM.
Mice were examined two to three times per week for the development of
chronic gait abnormalities and spastic paralysis indicative of demyelina-
tion, and assigned a clinical score of 0 to 6, as follows: 0, asymptomatic;
1, mild waddling gait; 2, severe waddling gait, intact righting reflex; 3,
severe waddling gait, spastic hind limb paralysis, impaired righting reflex;
4, severe waddling gait, spastic hind limb paralysis, impaired righting re-
flex, mild dehydration and/or malnutrition; 5, total hind limb paralysis,
severe dehydration and/or malnutrition; and 6, death. The data are plotted
as the mean clinical score for each group of animals at the time of sacrifice.
Each group of animals displayed clinical signs representative of the entire
population.

Isolation of RNA

At varying time points following induction of R-EAE or TMEV-IDD, mice
(two per time point) were anesthetized and perfused through the left ven-
tricle with 50 ml of PBS. Spinal cords were extruded by flushing the ver-
tebral canal with PBS and then rinsed in PBS. Tissues were forced through
a 100-mesh stainless steel screen to give a single cell suspension and pel-
leted by centrifugation (5003 g) for 5 min at 4°C. The pellets were re-
suspended vigorously in 16 ml 4 M guanidinium isothiocyanate/50 mM
Tris-Cl (pH 7.5)/25 mM EDTA (Life Technologies, Gaithersburg, MD),
and 1% 2-ME and 0.5%N-lauroylsarcosine (Sigma-Aldrich, St. Louis,
MO). Shearing of DNA was facilitated by forcing the resulting suspension
repeatedly through a 23-gauge needle. Total RNA was isolated by high-
speed gradient centrifugation (27,000 rpm) of 8 ml lysate through a 3 ml
5.7 M CsCl pad using a SW41 swinging bucket rotor for 20 h at 4°C. The
resulting RNA pellet was resuspended to a final concentration of 1mg/ml
with diethylpyrocarbonate-treated water and stored in aliquots at270°C.

First strand cDNA synthesis

First strand cDNA was generated from 2mg total RNA using Advan-
tage-RT Kit (Clontech, Palo Alto, CA) using 20 pmol oligo(dT) primer, per
the manufacturer’s provided protocol, in a total volume of 20ml. Following
first strand synthesis, each cDNA sample was brought to a final volume of
100 ml with distilled water.

CQ-PCR and densitometry

The PCR for all cytokines was performed with a previously described
cytokine polycompetitor plasmid (pLOC) (23). The amount of pLOC,
cDNA, and final MgCl2 concentration was determined empirically for each
cytokine tested. Additions of pLOC ranged from 10ml of a 0.5 ng/ml stock
(IL-4) to 10 ml of a 250 ng/ml stock (hypoxanthine phosphoribosyltrans-
ferase; HPRT) per each 50-ml PCR reaction. Final PCR conditions in-
cluded 50 mM KCl, 10 mM Tris-Cl (pH 8.3), 2.5 to 5 mM MgCl2, 2 mM
dNTPs, 100 pmols of each 59 and 39 gene-specific primer, 1 UTaq poly-
merase (Qiagen, Chatsworth, CA), and 5 to 10ml diluted cDNA. The
primers were synthesized by Life Technologies, and amplify both the com-
petitor plasmid and wild-type cDNA. Cycling conditions were 94°C, 40 s;
60°C, 20 s; and 72°C, 40 s, for a total of 30 cycles, linked to a final 72°C
extension program for 3 min and then to a final 4°C soak program. PCR
products were run on an ethidium bromide-containing 2% agarose gel and
illuminated using a UV light source, then photographed using Polaroid type
667 film. Gel images were then scanned into Adobe Photoshop using an
Epson ES 1200-C scanner and imported as TIFF files into Kodak 1D Dig-
ital Science for densitometry. The sum intensity and band area were de-
termined for each competitor/wild-type amplicon pair, and a ratio of wild-
type/competitor intensity was determined for all cytokines and adjusted to
each sample’s housekeeping gene, HPRT. Sum intensity values for each
wild-type amplicon were also adjusted for the difference in size to that of
the competitor band to account for increased ethidium bromide incorpo-
ration in the higher m.w. competitor band. Attomoles of target cDNA were
determined by multiplying the adjusted wild-type/competitor ratio with the
amount of pLOC added to each sample and then adjusted for the amount
of cDNA used in each PCR amplification.

Immunohistochemistry and quantitation of CD41 and F4/801

cells

For immunohistochemistry, two mice per time point were perfused with
PBS, as described in a previousMaterials and Methodssection. Spinal
cords were dissected out and flash frozen in O.C.T. compound (Fisher,
Itasca, IL). Random 6-mm sections from the lumbar region of the spinal
cord were cut and fixed in acetone. For CD4 staining, slides were incubated
with biotinylated anti-L3T4 (PharMingen, San Diego, CA), and for mac-
rophage staining, with biotinylated anti-F4/80 (Caltag, San Francisco, CA),
for 1 h at room temperature. All slides were then rinsed and processed
through a secondary incubation with avidin-biotin-peroxidase complex
(Vector Labs, Burlingame, CA). Color was developed using diaminoben-
zidine (DAB; Kirkegaard & Perry Laboratories, Gaithersburg, MD), coun-
terstained using contrast green, dehydrated, and mounted in Accu-
Mount-60 (Stephens Scientific, Riverdale, NJ). Following CD4 and F4/80
immunohistochemistry, for each time point, eight serial lumbar sections
were analyzed using a grid reticle viewfinder at3100 magnification. At
this magnification, each grid measures a 9-mm2 area, and represents ap-
proximately 5 to 7% of the total white matter. A total of twelve 9-mm2

areas was measured per cord representing an equal distribution between
ventral, dorsal, and both lateral regions. Gray matter was not analyzed
because neither R-EAE nor TMEV-IDD typically present with infiltration
into this region of the CNS. Data are presented in tabular form as the mean
number of positive cells6 the SEM for the entire 27-mm2 ventral, dorsal,
and lateral regions analyzed.

Results
TMEV-IDD and R-EAE display distinct clinical disease patterns
in SJL mice

SJL mice were monitored for the development of clinical signs of
demyelination following infection with TMEV and following
priming with PLP139–151/CFA (Fig. 1). Clinical signs in R-EAE
were first evident on day 13 postimmunization, and disease symp-
toms rapidly increased, peaking on day 14. Characteristic of
R-EAE, this acute phase was followed by a remission that lasted
through day 19 and the subsequent reappearance of a clinical
relapse that peaked approximately day 26 postimmunization
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(Fig. 1A). In contrast to R-EAE, the clinical progression of
TMEV-IDD proceeded along a much slower path. The initial
clinical impairment of a mild waddling gait was not apparent
until approximately 33 days PI in TMEV-infected animals.
Clinical signs then persisted in a chronic nature of an ascending
and spastic hind limb paralysis until the termination of the ex-
periment at 100 days PI (Fig. 1B).

Temporal immunohistochemical analysis of CNS mononuclear
infiltrates in TMEV-IDD and R-EAE

To better understand the observed differences in clinical course
between these two disease models, we quantitated the phenotypic
nature and localization of the CNS mononuclear infiltrates in situ
at varying times during the course of disease using immunohisto-
chemistry. Previous studies have demonstrated that CD41 T cells
are necessary for the induction of both TMEV-IDD (14, 15, 24)
and R-EAE (7, 19) in SJL mice. Our analysis was therefore aimed
at determining not only the nature and location of the initial infil-
trate at disease onset, but also its dynamics as disease progressed.

During the course of R-EAE, the CD41 T cell and F4/801

macrophage infiltrate displayed very dramatic changes. The
CD41 population was scarcely detectable (0.73–2.19 positive
cells/spinal cord region) during the preclinical phase at 5 to 6
days postimmunization (Fig. 2A), but increased by approxi-
mately 20-fold in all analyzed areas of white matter at the peak
of the acute phase of disease 3 days thereafter (Fig. 2B and
Table I). This increase in the number of CD41 cells correlated
with the rapid onset of clinical disease (Fig. 1A). As the mice
progressed into a spontaneous full remission approximately 18
days postimmunization, the CD41 T cell levels decreased dra-
matically to levels (1.21–5.86 positive cells/region) only
slightly greater than those seen during the preclinical phase
(Fig. 2C), but then dramatically increased (18.67– 41.83 posi-
tive cells/section) as the mice began to clinically relapse (Fig.
2D). It is interesting to note that as the clinical scores began to
decline as the mice entered remission (remitting), the number of
CD41 cells had already decreased significantly, despite main-
taining a clinical score of at least 1 (Table I). In addition, the
amount and pattern of the infiltrate were similar in both the
acute phase and the relapse, and were detectable to the same
degree in all spinal cord regions (ventral, lateral, and dorsal)
analyzed, indicating a widespread targeting of myelin destruc-
tion. The F4/801 macrophage population progressed in a sim-
ilar biphasic manner as compared with the CD41 T cells, peak-
ing at the height of the acute and relapsing clinical episodes.
However, the relative numbers of F4/801 cells were two- to

threefold increased over the numbers of CD41 T cells during
both the acute phase and the relapse (Fig. 3,A–D, and Table I).
The localization of the F4/801 macrophages in the CNS lesions
generally overlapped with the CD41 T cells. However, one un-
expected observation was that during the first relapse there were
significantly more F4/801 cells detected than during the acute
phase. The significance of this observation may relate to the
onset of epitope spreading of CD41 T cell responses to endog-
enous myelin epitopes and the subsequent induction of addi-
tional relapses.

Temporal immunohistochemical analysis of the expression of
CD41 and F4/801 cells in the spinal cords of TMEV-infected
animals revealed a remarkably different pattern. At day 49 PI, ap-
proximately 2 wk following the onset of clinical signs, high num-
bers of both CD41 T cells and F4/801 macrophages/microglia
were observed in the spinal cord infiltrates (Figs. 2E and 3E and
Table II). The numbers of CD41 T cells and F4/801 macrophages
increased by twofold by day 79 PI, and correlate with a corre-
sponding increase in disease severity (Fig. 1B). As disease pro-
gressed to day 104 PI, the numbers of CD41 T cells and F4/801

macrophages remained elevated, but had decreased slightly, most
likely as a result of dehydration due to severe paralysis. In contrast
to R-EAE, the localization of the infiltrate was not as widespread,
but rather restricted primarily to the ventral spinal cord region as
the infiltrates persisted at higher levels in this region. An increase
in CD41 and F4/801 cells was, however, detected in all sections
at various times during early disease progression. The significance
of this finding is not apparent, but may be related to the progres-
sion of a natural viral-induced demyelinating disease, wherein vi-
rus persists in CNS-resident macrophages/microglia versus an ex-
perimentally induced demyelinating model as in R-EAE.

Similar patterns in the number of infiltrating CD41 and F4/801

cells in R-EAE and TMEV-IDD at various stages of the disease
course, as determined by the immunohistochemical analysis
above, were confirmed by a flow-cytometric analysis of CNS
mononuclear cells isolated from the spinal cords of affected mice
on discontinuous Percoll gradients (data not shown). Additionally,
although CD81 T cell infiltrates were detectable in both R-EAE
and TMEV-IDD and their temporal changes in number mimicked
that of the CD41 T cell population, their percentages were signif-
icantly lower and their fluctuations were not as dramatic. Simi-
larly, the temporal changes in the B2201 population were not as
striking as those seen with the CD41 and macrophage populations,
as their total percentage never exceeded 2 to 5% of the total in-
filtrate in either model.

FIGURE 1. Comparison of clinical disease course between SJL mice with PLP139–151-induced R-EAE and TMEV-IDD. R-EAE (A) and TMEV-IDD
(B) were induced in SJL/J mice, and all animals were graded for clinical signs, as described inMaterials and Methods. Results are expressed as mean
clinical score of affected animals at the point of sacrifice versus days postimmunization/infection. Clinical scores depicted are representative of all animals
in each group, and disease incidence in both groups was 100%.
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Temporal analysis of Th1-dependent proinflammatory cytokine
mRNA in TMEV-IDD and R-EAE by CQ-PCR

The data to this point indicate that the clinical presentation and the
temporal changes in the inflammatory infiltrates in TMEV-IDD
and R-EAE differ dramatically, despite the presence of similar im-
mune populations in roughly the same ratios. We next sought to
determine whether the pattern of proinflammatory cytokine ex-
pression in the target organ of the CNS would provide additional
insight into the differences between these two demyelinating mod-
els. Total RNA was isolated from the spinal cords of SJL mice at
varying times after induction of R-EAE or TMEV-IDD, and sub-
jected to CQ-PCR to determine message levels for the proinflam-
matory cytokines IFN-g and TNF-a. Figure 4A shows a represen-
tative ethidium bromide-stained agarose gel profile of the CQ-PCR
for IFN-g, and TNF-a for both R-EAE and TMEV-IDD. In

CQ-PCR, the larger amplicon is that of the competitor, while the
lower band is that specifically amplified from target cDNA. The
concentration of competitor that was used was empirically deter-
mined and was different for each cytokine examined. Densitometry
analysis of the resulting amplified products from IFN-g and
TNF-a CQ-PCR yielded the quantitative data shown in Figure 5
for spinal cord mRNA levels for mice undergoing both R-EAE and
TMEV-IDD.

During the relapsing course of R-EAE, IFN-g and TNF-a mRNA
displayed a biphasic pattern of expression, with increased levels co-
inciding with increasing incidence of clinical severity at the day of
onset of initial clinical signs, and at the first relapse (Fig. 5A). Ex-
pression of IFN-g and TNF-a was not detectable during the preclin-
ical period (5 days postimmunization); however, the analysis of ad-
ditional time points 1 to 2 days before the onset of clinical signs

FIGURE 2. Immunohistochemical staining for CD41 T cells in the spinal cords of SJL mice with PLP139–151-induced R-EAE and TMEV-IDD. Spinal
cord sections from mice at various times after the induction of R-EAE (A, preclinical;B, peak of acute episode;C, remission;D, peak of primary relapse)
and after TMEV infection (E, day 49;F, day 79;G, day 104) were stained for expression of CD4 using anti-L3T4 and counterstained with contrast green.
Magnification is3100. Isotype-matched control Ab did not stain spinal cords from affected mice (data not shown).
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revealed detectable levels of both proinflammatory cytokines, de-
spite the fact that the animals were still asymptomatic (data not
shown). In contrast, IFN-g expression from TMEV-IDD-affected
mice was first detectable as early as day 14 PI, several weeks
before the onset of overt clinical signs (Fig. 5B). TNF-a expres-
sion lagged slightly behind, being first detectable at day 33 PI,
approximately coincident with the day of clinical disease onset.
Once induced, the levels of both cytokines continued to increase
throughout the chronic phase of disease (last time point examined,
day 103 PI). Similar to IFN-g and TNF-a, the expression pattern
of lymphotoxin-a paralleled the increases in disease severity dur-
ing both R-EAE and TMEV-IDD (data not shown). Overall, the
profile for the proinflammatory IFN-g and TNF-a again correlated
with the nature of the infiltrate and clinical course, being biphasic
in R-EAE and chronic-progressive in TMEV-IDD.

Temporal analysis of Th2-dependent antiinflammatory cytokine
mRNA expression in TMEV-IDD and R-EAE by CQ-PCR

Recent evidence suggests that the Th2 cytokines, IL-4 and/or IL-
10, may be involved in down-regulation of ongoing R-EAE (21,
22, 25, 26). Employing CQ-PCR, we determined the expression
pattern of IL-4 and IL-10 mRNA in the CNS during both R-EAE
and chronic TMEV-IDD. Representative ethidium bromide-
stained agarose gel profiles for both cytokines are shown in Figure
4B. Similar to the expression pattern of the proinflammatory cy-
tokines during TMEV-IDD, CQ-PCR analysis revealed that both
IL-4 and IL-10 were detectable before the onset of clinical signs,
14 to 26 days PI, and their expression continued throughout the
chronic-progressive disease course (Fig. 6B). Overall, in both
models, the amount of detectable Th2-derived cytokine mRNA
was approximately 10-fold lower than that observed for the proin-
flammatory cytokines. Given this data, it would appear that in the
TMEV model, the early and prolonged expression of Th2 cyto-
kines within the CNS is unable to down-regulate the Th1 response
thought to be responsible for demyelination and clinical disease.

The pattern of mRNA expression of IL-10 and IL-4 during R-
EAE was perhaps the most interesting (Fig. 6A). In contrast to a
previous report (21) using semiquantitative RT-PCR suggesting
that IL-10 may be involved in mediating disease remission in the
SJL mouse, our data indicate that IL-10 expression does not cor-
relate with the onset of remission. As in TMEV-IDD, IL-10 was
detectable at the time of disease onset and remained elevated
through the first remission and subsequent relapse. In contrast,
IL-4 expression was only detectable in animals remitting from the
acute clinical episode or in full remission from acute disease, sug-

gesting that expression of this cytokine may be an important in-
trinsic mechanism involved in mediating disease remission.

Previous reports have not quantitated the expression of the Th2
cytokines in the CNS of mice with R-EAE beyond the first remis-
sion. Given our interesting observations on the potential regulatory
role of IL-4, we wanted to determine whether pro- and antiinflam-
matory cytokine mRNA expression in the CNS or mice with R-
EAE would continue to flux as the animals progressed further in
the disease course. Therefore, we performed another R-EAE time
course and followed animals through the first relapse into a second
remission and a subsequent second relapse. Once again, the pattern
of IL-10 expression did not increase or decrease relative to the
disease state, whereas IL-4 was strictly correlated with disease
remission (Fig. 7), and expression of IFN-g and TNF-a correlated
with increases in clinical severity during the acute phase and first
and second relapses (not shown).

Discussion
In the present study, we quantitatively analyzed the temporal ex-
pression of pro- and antiinflammatory cytokine mRNA expression
in the CNS and assessed the number and anatomic location of
CD41 T cell and F4/801 macrophage/microglia within CNS in-
flammatory infiltrates of mice undergoing both R-EAE and
TMEV-IDD. The different clinical disease patterns of the R-EAE
and chronic-progressive TMEV-IDD suggested distinct underlying
mechanisms; however, the data revealed both striking similarities
and differences between the two models.

Immunohistochemical staining and quantitation of absolute cell
numbers from the spinal cords of affected mice revealed that, for both
models, the majority of the CNS cellular infiltrate was comprised of
CD41 T cells and F4/801 macrophages. Interestingly, the increases in
both of these populations correlated directly with increasing disease
severity in R-EAE and TMEV-IDD. These data related to the CD41

T cells are not surprising given previous reports of their essential role
in the induction of both R-EAE (7, 19) and TMEV-IDD (14, 15). Our
observations, however, further elaborate on the role of CD41 T cells.
The increased numbers of CD41 T cells at the peak of acute phase
and at the height of the first clinical relapse during R-EAE, as well as
their continued presence throughout the chronic phase of TMEV-
IDD, implicate them not only in disease induction, but also more
importantly, in disease progression. This observation is supported by
recent data from our lab demonstrating that PLP139–151, and subse-
quently PLP178–191-specific T cells, are responsible for mediating the
initial acute phase and first clinical relapse of R-EAE, respectively, a

Table I. Quantitation of CD41 T cells and F4/801 macrophages/microglia from the spinal cords of SJL/J mice with PLP139-151-induced R-EAE

Cell Populationa Disease Stage

Spinal Cord Region

Ventral Dorsal Lateral

CD4 Preclinical 2.196 0.48 1.136 0.32 0.736 0.21
Acute 36.606 1.59 19.946 1.75 24.036 1.91
Remitting 5.136 0.95 3.806 1.04 12.296 2.13
Remission 5.866 1.65 1.296 0.30 1.216 0.29b

Relapse 38.776 5.22 18.676 2.25 34.286 2.70c

F4/80 Preclinical 0.886 0.22 0.196 0.10 0.066 0.04
Acute 52.436 5.62 38.356 2.72 44.766 3.81
Remitting 7.006 0.99 1.566 0.65 0.666 0.27
Remission 4.506 1.19 1.256 0.44 3.566 0.99
Relapse 118.316 15.93c 80.386 14.39c 128.266 15.62c

a The numbers of CD41 T cells and F4/801 macrophages/microglia were quantitated from the spinal cords of SJL/J mice at various stages of R-EAE (two mice per time
point) as detailed inMaterials and Methods. Data are shown as the mean number of positive cells per each 27-mm2 ventral, dorsal, and lateral area6 SEM.

b No significant difference from preclinical value; all other values are significantly greater than preclinical levels (p , 0.05).
c Relapse values significantly greater than those at the peak of acute disease (p , 0.05).
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phenomenon termed epitope spreading (8, 27). In addition, we and
others have also previously demonstrated the importance of virus-
specific CD41 T cells in initiating myelin damage by targeting CNS-

persistent virus in TMEV-infected SJL/J mice (12, 13, 15–17, 28, 29).
In contrast, the chronic stage of TMEV-IDD also involves pathologic
damage mediated by myelin epitope-specific CD41 T cells that first

FIGURE 3. Immunohistochemical staining for F4/801 macrophages/microglia in the spinal cords of SJL mice with PLP139–151-induced R-EAE and
TMEV-IDD. Spinal cord sections from mice at various times after the induction of R-EAE (A, preclinical;B, peak of acute episode;C, remission;D, peak
of primary relapse) and after TMEV infection (E, day 49;F, day 79;G, day 104) were stained for expression of F4/80 using biotinylated anti-F4/80 and
counterstained with contrast green. Magnification is3100. Isotype-matched control Ab did not stain spinal cords from affected mice (data not shown).

Table II. Quantitation of CD41 T cells and F4/801 macrophages/microglia from the spinal cords of SJL/J mice with TMEV-IDD

Cell Populationa Day p.i.

Spinal Cord Region

Ventral Dorsal Lateral

CD4 49 25.886 3.57 1.136 0.55b 31.946 8.24
79 57.506 5.50 44.256 6.58 31.816 5.95

104 30.386 3.46 5.576 1.53 9.136 1.33

F4/80 49 20.636 2.59 2.006 0.68 42.196 10.18
79 121.756 6.49 78.886 8.61 90.006 5.61

104 102.506 3.88 37.756 16.39 31.386 8.20

a The numbers of CD41 T cells and F4/801 macrophages/microglia were quantitated from the spinal cords of SJL/J mice at various days p.i. with
TMEV (two mice per time point) as detailed inMaterials and Methods. Data are shown as the mean number of positive cells per each 27-mm2 ventral,
dorsal, and lateral area6 SEM.

b No significant difference from preclinical values shown in Table I; all other values are significantly greater than preclinical levels (p , 0.05).
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arise 2 to 3 wk after the onset of clinical signs of disease via epitope
spreading (10).

As stated previously, we also observed that increases in the F4/
801 macrophage population correlated with increasing disease se-
verity and with periods of expression of high levels of TNF-a
mRNA in the CNS. These results are consistent with previous
histologic evidence showing that activated macrophages/microglia
play a major role in myelin destruction in both disease models
(30), and that TNF-a expression is a sensitive marker for activated
macrophages (31). Interestingly, we also observed that the num-
bers of macrophages increased to two- to threefold the number of
CD41 T cells as clinical disease progressed during both R-EAE
and TMEV-IDD. This result is interesting and may point to a piv-

otal role of this population in the perpetuation of epitope spreading
and the resulting chronic demyelination. In this regard, we have
demonstrated recently that F4/801, I-As1 macrophages/microglia
isolated from the spinal cords of mice 90 days PI with TMEV
express high levels of B7 costimulatory molecules (56), and en-
dogenously activate both virus-specific and myelin epitope-spe-
cific Th1 cells in vitro in the absence of exogenously added Ag
(unpublished observation). Facilitation of epitope spreading by ac-
tivated macrophages may occur through continuing active phago-
cytosis of myelin debris and subsequent processing and presenta-
tion of self epitopes within CNS lesions, as well as by the
production of chemokines (e.g., MIP-1a and MCP-1), leading to
the recruitment of additional peripheral macrophages and T cells
(32, 33), and the production of proinflammatory cytokines (e.g.,
TNF-a, IFN-g, and IL-12) active in the recruitment (34) and/or
local activation (35) of myelin epitope-specific Th1 cells.

Currently, there is no cell surface molecule that can distinguish
between infiltrating peripheral macrophages and CNS resident mi-
croglia. Therefore, it is possible that our quantitation of F4/801

cell numbers includes activated microglia as an additional corre-
late of disease progression. Additionally, this pattern of increased
macrophages in the first relapse of R-EAE versus the acute phase
correlates well with published observations related to chemokine
production in R-EAE in the SJL mouse. We have shown that CNS
expression of MIP-1a correlated with acute disease development
(32, 33), whereas expression of MCP-1 did not. In contrast,
MCP-1 production in the CNS correlated with relapsing EAE de-
velopment (33). Moreover, anti-MIP-1a, but not anti-MCP-1, in-
hibited development of acute but not relapsing EAE, whereas anti-
MCP-1 significantly reduced the severity of relapsing EAE. This
expression pattern is consistent for a predominant role for MIP-1a
in inducing T cell infiltration into the CNS during disease initiation
and a more predominant role for MCP-1 in directing macrophage
infiltration during relapses.

Interestingly, in both models, the increases in the CD41 popu-
lation also paralleled increases in mRNA for both IFN-g and
TNF-a. These data correlate well with that of others who have
demonstrated previously the integral role of Th1 cells and proin-
flammatory cytokines during disease initiation for R-EAE and
TMEV-IDD (18, 36–39). Our data extend the role of the proin-
flammatory cytokines by demonstrating their importance in the
perpetuation of ongoing disease. Additionally, the message for
TNF-a exceeded that for IFN-g in both models and supports our

FIGURE 4. Representative time course profile of CQ-PCR for HPRT,
IFN-g, TNF-a, IL-4, and IL-10 from the spinal cords of SJL mice with
PLP139–151-induced R-EAE and TMEV-IDD. RNA was isolated from
pooled spinal cords (at least two mice per time point) of mice at varying
times after the induction of R-EAE and TMEV-IDD. CQ-PCR samples
were prepared as described inMaterials and Methods. Data shown are
scanned images of ethidium bromide-stained 2% agarose gels. The higher
m.w. band represents the polycompetitor plasmid (pLOC) DNA, while the
lower band is amplified from wild-type sample cDNA. For TMEV-IDD,
days PI are noted. The lane numbers for mice with R-EAE correspond to
1, preclinical; 2, day of onset;3, peak of acute phase;4, remitting; 5,
remission; and6, first relapse. Clinical scores for animals at each time point
are shown in Figure 1.

FIGURE 5. Competitive PCR quantitation of the temporal course of proinflammatory cytokine mRNA expression in the spinal cords of SJL mice with
PLP139–151-induced R-EAE (A) and TMEV-IDD (B). Spinal cord RNA (2mg) was isolated from affected mice and used as a template in CQ-PCR, as
described. Clinical scores for animals at each time point are shown in Figure 1. Each IFN-g PCR reaction contained 10ml 25 ng/ml pLOC and 5ml
wild-type template, and each TNF-a PCR reaction contained 10ml 50 ng/ml pLOC and 5ml wild-type template. Ethidium bromide-stained images were
scanned for densitometry (Kodak Digital 1D Science), and attomole amounts for each sample were calculated from obtained values, as described in
Materials and Methods.
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observations related to the absolute cell numbers within the infil-
trate. As discussed above, this proinflammatory cytokine is most
likely being produced by the infiltrating F4/801 macrophages (31),
but activated resident microglia and/or astrocytes within the CNS
may also contribute to its production (40, 41). The resulting in-
crease in the F4/801 population during the first relapse of R-EAE
also correlates with the observed increase in TNF-a mRNA in
comparison with levels achieved during acute disease. Interest-
ingly, recent reports have indicated that IFN-g (42, 43) and TNF-a
(38, 44, 45) are not necessary for the induction of R-EAE, whereas
the role of lymphotoxin-a is still in question (38). It is important
to note that all of these studies utilized knockouts on the C57BL/6
background, a strain that is genetically resistant to EAE induction
in the absence of treatment with pertussis toxin. Regardless, our
results indicate that in the SJL/J mouse the temporal appearance of
CD41 T cell and F4/801 macrophage populations, as well as the
expression kinetics of the proinflammatory cytokines IFN-g and
TNF-a are excellent predictors of the progression of the clinical
disease course of both R-EAE and TMEV-IDD.

In contrast to IFN-g and TNF-a, the expression of the Th2 cy-
tokines, IL-4 and IL-10, did not correlate with the peaks of clinical
severity. Several previous studies have suggested a role for IL-10

in R-EAE remission (21, 46). In contrast, our results, which em-
ployed three separate time course experiments, indicated no such
correlation, in that IL-10 mRNA was expressed preclinically and
increased as disease progressed in both R-EAE and chronic-pro-
gressive TMEV-IDD. The reasons for this discrepancy are unclear,
but may relate to the use of an myelin basic protein-adoptive trans-
fer system to induce R-EAE in one study (21) and the use of
mRNA from CNS inflammatory infiltrates in a Lewis rat EAE
model in the other (46). We felt it necessary to analyze mRNA
from the entire spinal cord since cytokines such as TNF-a and
IL-10 can also be produced by resident CNS populations such as
microglia and astrocytes, and could therefore contribute to the re-
sulting R-EAE or TMEV-IDD pathology (40, 41). Our data are
consistent with earlier reports in EAE demonstrating that admin-
istration of IL-10 failed to protect mice from the onset or progres-
sion of adoptive R-EAE (25) and in the NOD mouse, wherein
expression of transgene IL-10 in pancreaticb cells actually accel-
erated development of diabetes (47). Current experiments employ-
ing immunohistochemistry and in situ PCR are underway to de-
termine which cell population(s) within the CNS produces IL-10
during the course of autoimmune and virus-induced demyelination.

FIGURE 6. Competitive PCR quantitation of the temporal course of antiinflammatory cytokine mRNA expression in the spinal cords of SJL mice with
PLP139–151-induced R-EAE (A) and TMEV-IDD (B). Spinal cord RNA (2mg) was isolated from affected mice and used as a template in CQ-PCR, as
described. Clinical scores for animals at each time point are shown in Figure 1. Each IL-4 PCR reaction contained 10ml 0.5 ng/ml pLOC and 10ml
wild-type template, and each IL-10 PCR reaction contained 10ml 2.5 ng/ml pLOC and 10ml wild-type template. Ethidium bromide-stained images were
scanned for densitometry (Kodak Digital 1D Science), and attomole amounts for each sample were calculated from obtained values, as described in
Materials and Methods.

FIGURE 7. IL-4, but not IL-10, CNS mRNA expression correlates with the onset of remissions in R-EAE. R-EAE was induced in a large group of SJL
mice by immunization with PLP139–151/CFA, and affected animals were scored for clinical signs of demyelination through the second relapse, as previously
described (A). Spinal cord RNA (2mg) was isolated from affected mice and used as a template in CQ-PCR, as described previously (B). Each IL-4 PCR
reaction contained 10ml 0.5 ng/ml pLOC and 10ml wild-type template, and each IL-10 PCR reaction contained 10ml 2.5 ng/ml pLOC and 10ml wild-type
template. Ethidium bromide-stained images were scanned for densitometry (Kodak Digital 1D Science), and attomole amounts for each sample were
calculated from obtained values, as described inMaterials and Methods.
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The correlation of peak IL-4 mRNA expression during the first
and second remissions is perhaps our most intriguing finding and
further supports recent evidence for a role of this cytokine in
down-regulation of autoimmune diseases. IL-4 has been reported
to regulate EAE in a number of experimental settings, including
the natural recovery from disease in the Lewis rat (48), and as an
important mediator following tolerance induction by either oral
administration of Ag (49) or immunization with altered peptide
ligands (50). More recently, it has been reported that specific tar-
geting of IL-4-producing neuroantigen-specific T cell hybridomas
to the CNS led to the amelioration of R-EAE (22). Using similar
methodology, Mathisen et al. showed that neuroantigen-specific
Th2 clones producing constitutive IL-4 and transgene IL-10 could
decrease EAE severity (26). Further support for a potential down-
regulatory role of IL-4 has come from NOD mouse, in which it has
been shown recently that targeted expression of IL-4 within pan-
creatic b cells protected these normally susceptible NOD mice
from the onset of both insulitis and diabetes (51).

Our findings showing the biphasic expression of IL-4 mRNA
corresponding to disease remissions are the first demonstration that
IL-4 may play an important role in mediating the intrinsic regu-
lation in the PLP139–151-induced R-EAE system. It is important to
note, however, that in the SJL/J mouse, IL-4 mRNA expression
within the spinal cord does not always coincide with a decrease in
clinical severity. IL-4 expression in TMEV-IDD was detectable as
early as 14 days PI, several weeks before the onset of clinical
signs, and yet all TMEV-infected animals went onto develop a
chronic-progressive demyelinating disease. A similar pattern of IL-4
mRNA expression has also been observed in SJL/J mice infected with
the more virulent DA strain of TMEV (52). Given that TMEV persists
in macrophages/microglia within the CNS of infected SJL mice (53–
55), it is possible that a local environment is established that favors the
continued activation of Th1 responses, e.g., up-regulated IL-12, etc.,
in spite of the presence of Th2 cytokines.

Collectively, our findings support an important role for
CD41Th1 cells and F4/801 macrophages, as well as the associated
proinflammatory cytokines IFN-g and TNF-a as important medi-
ators not only of disease induction, but also of disease progression
during the distinct clinical courses of both R-EAE and chronic-
progressive TMEV-IDD. Our data also suggest a significant role
for IL-4, but not IL-10, in promoting R-EAE remission. Finally,
our data indicate that examination of the cytokine profile in the
target organ during the progression of autoimmune diseases may
provide insights into not only the underlying immunopathologic
mechanism(s), but also suggest possible therapeutic strategies
aimed at complementing the immune system’s intrinsic efforts to
down-regulate the autoimmune pathology.
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