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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 CD4* 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 IFNy, TNF-e, 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 CO4cells and F4/80" macrophages
within the CNS infiltrates. In contrast, SJL/J mice with PLP 55 _;s7induced R-EAE displayed a biphasic pattern of CNS
expression for the proinflammatory cytokines, IFN-y and TNF-«, with expression peaking at the height of the acute phase
and relapse(s). This pattern correlated with dynamic changes in the CD4 T cell and F4/80" 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.

nating disease (TMEV-IDD)and relapsing/remitting ex- recent evidence suggests that the underlying immunopathologic

perimental autoimmune encephalomyelitis (R-EAE) aremechanisms in these two models are similar. We have reported
two well-characterized CD4T cell-mediated models of multiple previously that in active PLR,_,ssinduced R-EAE, the acute
sclerosis (1, 2). Both diseases are characterized by an inflammaisease episode is mediated by T cells specific for the disease-
tory mononuclear cell infiltrate within the central nervous systeminjtiating PLP, ., _, <, epitope, whereas the first clinical relapse is
(CNS), resulting in demyelination and a subsequent ascending parssociated with reactivity to the non-cross-reacting PLP,o,
ralysis; however, each disease has a distinct clinical course initope, a process termed epitope spreading (8, 9). Recent data
SJL/J mice (3, 4). Intracerebral infection of the susceptible SIL/Jygjcate that epitope spreading may also contribute to the chronic
mouse with the BeAn strain of TMEV results in a chronic-pro- napre of TMEV-IDD. Available evidence indicates that myelin
gressive demyelinating disease, with the onset of clinical S'gn%amage is initiated by TMEV-specific CDAT cells targeting
approximately 30 to 35 days postinfection (P1) (3, 5). In Contras’t'CNS-persistent virus Ag, while the chronic stage of the disease

R-EAE induced by active immunization with the immunodomi- . . . e . . .
. ) ) o involves CD4" myelin epitope-specific T cells primed via epitope
nant epitope of PLP, PLRy_,5,(6), is characterized by an initial preading (10) y priope-sp P pitop

acute phase, followed by a series of remissions and relapses (ﬁ' It is well documented that CD4Th1 cells and their proinflam-

matory cytokines are suspected to be important in the pathogenesis
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hypoxanthine phosphoribosyltransferase; MCP, monocyte-chemotactic protein; MIP. - T . .
macrophage-inflammatory protein; NOD, nonobese diabetic; PI, postinfection; PLP\,Nere first detectable before or coinciding with the onset of clinical

proteolipid protein; R-EAE, relapsing EAE. signs. These data correlated with immunohistochemical evidence

T heiler's murine encephalomyelitis virus-induced demyeli- Despite the differences in the clinical course of these diseases,
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from spinal cord sections that indicated both persistent macroFirst strand cDNA synthesis

phage and T cell i_nfiltrate_s as disease and demyelinaFio_n PrOsirst strand cDNA was generated fromdy total RNA using Advan-
gressed. The cytokine profile and the nature of cellular infiltrateage-RT Kit (Clontech, Palo Alto, CA) using 20 pmol oligo(dT) primer, per
were markedly different during the clinical course of R-EAE, the manufacturer’s provided protocol, in a total volume of20-ollowing
wherein the maximal expression of the proinflammatory cytokinedirst strand synthesis, each cDNA sample was brought to a final volume of
IFN-y and TNF« correlated with the clinical peaks of the acute 100#! with distilled water.

phase and relapse(s). Unexpectedly, we did not find an associatiqtQ-PCR and densitometry

of IL-10 with remission, as was previously described (21), bUtThe PCR for all cytokines was performed with a previously described
_rathgr found an increase in IL-4 message that was only de_tectab[%tokine polycompetitor plasmid (pLOC) (23). The amount of pLOC,
in mice recovering from the acute phase/relapse or those in compNA, and final MgC} concentration was determined empirically for each

plete remission. Most interestingly, these observed differences inytokine tested. Additions of pLOC ranged from @Dof a 0.5 ng/ml stock
cytokine expression correlated with dramatic changes in both th@L-4) to 10 ul of a 250 ng/ml stock (hypoxanthine phosphoribosyltrans-
CD4" T cell and F4/80 macrophage populations within the CNS. ferase; HPRT) per each 5d-PCR reaction. Final PCR conditions in-

. - L cluded 50 mM KCI, 10 mM Tris-Cl (pH 8.3), 2.5 to 5 mM MggI2 mM
Collectively, these data indicate that the combination of the celynTps 100 pmols of eacH &nd 3 é‘;ne_sp)eciﬁc primer, 1 L—?,gq poly-

lular infiltrate and temporal cytokine expression within the CNS ismerase (Qiagen, Chatsworth, CA), and 5 to d0diluted cDNA. The
largely responsible for the observed differences in clinical courseprimers were synthesized by Life Technologies, and amplify both the com-
of TMEV-IDD and R-EAE. 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
Materials and Methods products were run on an ethidium bromide-containing 2% agarose gel and
Mice illuminated using a UV light source, then photographed using Polaroid type
. 667 film. Gel images were then scanned into Adobe Photoshop using an
Female SJL/J mice, 6 to 7 wk old, were purchased from Harlan Laboragpson ES 1200-C scanner and imported as TIFF files into Kodak 1D Dig-
tories (Indianapolis, IN). All mice were housed in the Northwestern animaljia| Science for densitometry. The sum intensity and band area were de-
care facility (Chicago, IL) and maintained on standard laboratory chow andermined for each competitor/wild-type amplicon pair, and a ratio of wild-
water ad libitum. Severely paralyzed mice were afforded easier access {@pe/competitor intensity was determined for all cytokines and adjusted to
food and water. each sample’s housekeeping gene, HPRT. Sum intensity values for each
id wild-type amplicon were also adjusted for the difference in size to that of
Peptides the competitor band to account for increased ethidium bromide incorpo-
PLP,30_15:(HSLGKWLGHPDKF) was purchased from Peptide Synthesis ation in the higher m.w. competitor band. Attomoles of target cDNA were
Core Laboratories (University of North Carolina, Chapel Hill). Amino acid determined by multiplying the adjusted wild-type/competitor ratio with the

composition was verified by laser desorption mass spectroscopy, and purigmount of pLOC added to each sample and then adjusted for the amount
(>98%) was assessed by HPLC. of cDNA used in each PCR amplification.

Induction and clinical evaluation of R-EAE Immunohistochemistry and quantitation of CDand F4/80°

. . . . . - ) cells
Mice were immunized with 4Qug PLP,39_;5,in CFA. Clinical severity

was assessed daily and assigned a numerical grade of 0 to 5, as previouslgr immunohistochemistry, two mice per time point were perfused with
described (7). The data are plotted as the mean clinical score for each grolRBS, as described in a previodaterials and Methodsection. Spinal
of animals at the time of sacrifice. Each group of animals displayed clinicakcords were dissected out and flash frozen in O.C.T. compound (Fisher,

signs representative of the entire population. Itasca, IL). Random @m sections from the lumbar region of the spinal
) o . cord were cut and fixed in acetone. For CD4 staining, slides were incubated
Induction and clinical evaluation of TMEV-IDD 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 atroom temperature. All slides were then rinsed and processed
; . . : through a secondary incubation with avidin-biotin-peroxidase complex
10° plaque-forming units of TMEV, strain BeAn 8386, in 30 DMEM. ) : A

Mice were examined two to three times per week for the development o‘z\i/deirﬁteOEDL :g?'Kﬁﬁg'”{f;rgz ISQ)r CLZL?&\;V;?S? Vgg?ﬁgrsu&?g (,jv',%r;'"l%%ir_"
chronic gait abnormalities and spastic paralysis indicative of demyelina; ' 9 Y ! 9 !

tion, and assigned a clinical score of 0 to 6, as follows: 0, asymptomaticlerStamed using contrast green, dehydrated, and mounted in Accu-

1, mild waddling gait; 2, severe waddling gait, intact righting reflex; 3, Mount-60 (Stephens Scientific, Riverdale, NJ). Following CD4 and F4/80

: . TR S ) LY immunohistochemistry, for each time point, eight serial lumbar sections
severe waddling gait, spastic hind limb paralysis, impaired righting reflex; . . . gt o
4, severe waddling gait, spastic hind limb paralysis, impaired righting re—m?;emin?:?;izcﬁi;?'ngashg”r(ij dr?;'g;esm:\é\'f;ng%r 61120 ;r]‘gggf'?:ggg{f; .
flex, mild dehydration and/or malnutrition; 5, total hind limb paralysis, 9 ! g ' P p

. 0, H -
severe dehydration and/or malnutrition; and 6, death. The data are plott(ﬂox'mately 5 to 7% of the total white matter. A total of twelve 9-fam

o ! h Al was m r r cord representing an | distribution between
as the meancllnlcalscoreforeachgroupofanlmalsatthetlmeofsacrlflcea eas was measured per cord representing an equal distribution betwee

: : . : : - Ventral, dorsal, and both lateral regions. Gray matter was not analyzed
Eachlgr_oup of animals displayed clinical signs representative of the entlr%ecause neither R-EAE nor TMEV-IgDD typical?/y present with infiltratign
population.

into this region of the CNS. Data are presented in tabular form as the mean
Isolation of RNA number of positive cells: the SEM for the entire 27-mfrventral, dorsal,
and lateral regions analyzed.

Mice were anesthetized with methoxyflurane (Mallinckrodt Veterinary,
Mundelein, IL) and inoculated in the right cerebral hemisphere withx2.9

At varying time points following induction of R-EAE or TMEV-IDD, mice

(two per time point) were anesthetized and perfused through the left venRagylts
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 throug-IJ;MEV'ID_D and R-EAE display distinct clinical disease patterns
a 100-mesh stainless steel screen to give a single cell suspension and p#l-SJL mice

leted by centrifugation (50 g) for 5 min at 4°C. The pellets were re- ; ; . ;
suspended vigorously in 161n M guanidinium isothiocyanate/50 mM SJL mice were monitored for the development of clinical signs of

Tris-Cl (pH 7.5)/25 mM EDTA (Life Technologies, Gaithersburg, MD), demyelination following infection with TMEV and following
and 1% 2-ME and 0.5%\-lauroylsarcosine (Sigma-Aldrich, St. Louis, Priming with PLR z4_;5{CFA (Fig. 1). Clinical signs in R-EAE
MO). Shearing of DNA was facilitated by forcing the resulting suspensionwere first evident on day 13 postimmunization, and disease symp-
repeatedly through a 23-gauge needle. Total RNA was isolated by highggmg rapidly increased, peaking on day 14. Characteristic of

speed gradient centrifugation (27,000 rpm) of 8 ml lysate thncai@ ml . S
5.7 M CsCl pad using a SW41 swinging bucket rotor for 20 h at 4°C. TheR'EAE' this acute phase was followed by a remission that lasted

resulting RNA pellet was resuspended to a final concentrationaj/l through day 19 and the subsequent reappearance of a clinical
with diethylpyrocarbonate-treated water and stored in aliquots7°C. relapse that peaked approximately day 26 postimmunization
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FIGURE 1. Comparison of clinical disease course between SJL mice with BLRinduced R-EAE and TMEV-IDD. R-EAEA) and TMEV-IDD

(B) were induced in SJL/J mice, and all animals were graded for clinical signs, as descrideteiials and MethodsResults are expressed as mean
clinical score of affected animals at the point of sacrifice versus days postimmunization/infection. Clinical scores depicted are reprdsghtatinels

in each group, and disease incidence in both groups was 100%.

(Fig. 1A). In contrast to R-EAE, the clinical progression of threefold increased over the numbers of CD% cells during
TMEV-IDD proceeded along a much slower path. The initial both the acute phase and the relapse (FigA-3), and Table I).
clinical impairment of a mild waddling gait was not apparent The localization of the F4/80macrophages in the CNS lesions
until approximately 33 days Pl in TMEV-infected animals. generally overlapped with the CD4T cells. However, one un-
Clinical signs then persisted in a chronic nature of an ascendingxpected observation was that during the first relapse there were
and spastic hind limb paralysis until the termination of the ex-significantly more F4/80 cells detected than during the acute
periment at 100 days PI (FigB). phase. The significance of this observation may relate to the

. . . . onset of epitope spreading of CD4 cell responses to endog-
Temporal immunohistochemical analysis of CNS mononuclear priope sp 9 po! . 9
enous myelin epitopes and the subsequent induction of addi-

infiltrates in TMEV-IDD and R-EAE .
tional relapses.

To better understand the observed differences in clinical course Temporal immunohistochemical analysis of the expression of
between these two disease models, we quantitated the phenotyRitb4* and F4/80 cells in the spinal cords of TMEV-infected
nature and localization of the CNS mononuclear infiltrates in SitUanima|S revealed a remarkab|y different pattern_ At day 49 P|’ ap-
at varying times during the course of disease using immunohistoproximately 2 wk following the onset of clinical signs, high num-
chemistry. Previous stl_Jdles have demonstrated that'CDdells bers of both CD4 T cells and F4/80 macrophages/microglia
are necessary for the induction of both TMEV-IDD (14, 15, 24) yere observed in the spinal cord infiltrates (Figk.@hd & and
and R-EAE (7, 19) in SJL mice. Our analysis was therefore aimedrgp|e I). The numbers of CDAT cells and F4/80 macrophages
at determining not only the nature and location of the initial infil- ;- 1eased by twofold by day 79 PI, and correlate with a corre-
trate at disease onset, but also its dynamics as disease progres nding increase in disease seve;ity (FiB). 1As disease pro-
Du”nﬁ the _cc:c_LIJrse ode-I?AE,dthe Cljd4T ceII_ ancki] F4/80 Th gressed to day 104 PI, the numbers of CDR cells and F4/80
macrophage infiltrate displayed very dramatic changes. ?nacrophages remained elevated, but had decreased slightly, most

i . o
CD4™ population was scarcely detectable (0.73-2.19 pOSIt'velikely as a result of dehydration due to severe paralysis. In contrast

ceIIs/spmgI cord _reg!on) dgrmg the pr_ecllnlcal phase at 5 t.o 6to R-EAE, the localization of the infiltrate was not as widespread,
days postimmunization (Fig.A), but increased by approxi-

but rather restricted primarily to the ventral spinal cord region as

ga,:ﬁéy az(?ligld Ihnagg a;r;a(lj)g::szr%az:fsvviwr:teer;it;?r(?é;?mpealﬁhe infiltrates persisted at higher levels in this region. An increase
P y in CD4" and F4/80 cells was, however, detected in all sections

Table I). This increase in the number of CD4ells correlated . . . . . S
at various times during early disease progression. The significance

with the rapid onset of clinical disease (FigA)1 As the mice f this finding i i t but b lated to th
progressed into a spontaneous full remission approximately 18" this Tinding 1S not apparent, but may be related to the progres-

days postimmunization, the CD4T cell levels decreased dra- sion of a natural viral-induced demyelinating disease, wherein vi-
matically to levels (1.21-5.86 positive cells/region) only rus persists in CNS-resident macrophages/microglia versus an ex-

slightly greater than those seen during the preclinical phas@€rimentally induced demyelinating model as in R-EAE.

(Fig. 2C), but then dramatically increased (18.67—41.83 posi- Similar patterns in the number of infiltrating CD4nd F4/8.0

tive cells/section) as the mice began to clinically relapse (Figcells in R-EAE and TMEV-IDD at various stages of the disease
2D). It is interesting to note that as the clinical scores began t#oUrse, as determined by the immunohistochemical analysis
decline as the mice entered remission (remitting), the number oRPove, were confirmed by a flow-cytometric analysis of CNS
CD4" cells had already decreased significantly, despite mainmononuclear cells isolated from the spinal cords of affected mice
taining a clinical score of at least 1 (Table 1). In addition, the On discontinuous Percoll gradients (data not shown). Additionally,
amount and pattern of the infiltrate were similar in both the @though CD8 T cell infiltrates were detectable in both R-EAE
acute phase and the relapse, and were detectable to the sa@@d TMEV-IDD and their temporal changes in number mimicked
degree in all spinal cord regions (ventral, lateral, and dorsalfhat of the CD4 T cell population, their percentages were signif-
analyzed, indicating a widespread targeting of myelin destrucicantly lower and their fluctuations were not as dramatic. Simi-
tion. The F4/80 macrophage population progressed in a sim-larly, the temporal changes in the B22@opulation were not as
ilar biphasic manner as compared with the CDR cells, peak-  striking as those seen with the CD4nd macrophage populations,
ing at the height of the acute and relapsing clinical episodesas their total percentage never exceeded 2 to 5% of the total in-
However, the relative numbers of F4/8&ells were two- to filtrate in either model.



4440 CNS CYTOKINE EXPRESSION IN R-EAE AND TMEV-INDUCED DEMYELINATION

FIGURE 2. Immunohistochemical staining for CD4T cells in the spinal cords of SJL mice with PLR_,srinduced R-EAE and TMEV-IDD. Spinal

cord sections from mice at various times after the induction of R-EAB(eclinical;B, peak of acute episod€, remission;D, peak of primary relapse)

and after TMEV infection, day 49;F, day 79;G, day 104) were stained for expression of CD4 using anti-L3T4 and counterstained with contrast green.
Magnification isx100. Isotype-matched control Ab did not stain spinal cords from affected mice (data not shown).

Temporal analysis of Thl-dependent proinflammatory cytokine CQ-PCR, the larger amplicon is that of the competitor, while the
mRNA in TMEV-IDD and R-EAE by CQ-PCR lower band is that specifically amplified from target cDNA. The
The data to this point indicate that the clinical presentation and th§oncentration of competitor that was used was empirically deter-
temporal changes in the inflammatory infiltrates in TMEV-IDD mined and was different for each cytokine examined. Densitometry
and R-EAE differ dramatically, despite the presence of similar im-@nalysis of the resulting amplified products from IFNand
mune populations in roughly the same ratios. We next sought td NF-a CQ-PCR yielded the quantitative data shown in Figure 5
determine whether the pattern of proinflammatory cytokine ex-for spinal cord mRNA levels for mice undergoing both R-EAE and
pression in the target organ of the CNS would provide additionaill MEV-IDD.

insight into the differences between these two demyelinating mod- During the relapsing course of R-EAE, IFNand TNFe mRNA

els. Total RNA was isolated from the spinal cords of SIL mice atdisplayed a biphasic pattern of expression, with increased levels co-
varying times after induction of R-EAE or TMEV-IDD, and sub- inciding with increasing incidence of clinical severity at the day of
jected to CQ-PCR to determine message levels for the proinflamenset of initial clinical signs, and at the first relapse (Fig). Ex-
matory cytokines IFNy and TNFe. Figure 4A shows a represen- pression of IFNy and TNFe was not detectable during the preclin-
tative ethidium bromide-stained agarose gel profile of the CQ-PCRcal period (5 days postimmunization); however, the analysis of ad-
for IFN-y, and TNFe« for both R-EAE and TMEV-IDD. In  ditional time points 1 to 2 days before the onset of clinical signs
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Table I. Quantitation of CD4 T cells and F4/80 macrophages/microglia from the spinal cords of SJL/J mice with,B}.R rinduced R-EAE

Spinal Cord Region

Cell Populatioft Disease Stage Ventral Dorsal Lateral

CDh4 Preclinical 2.19+ 0.48 1.13+ 0.32 0.73=0.21
Acute 36.60*+ 1.59 19.94+ 1.75 24,03t 1.91
Remitting 5.13+ 0.95 3.80*= 1.04 12.29+ 2.13
Remission 5.86- 1.65 1.29+ 0.30 1.21+ 0.29
Relapse 38.7% 5.22 18.67+ 2.25 34.28+ 2.70°

F4/80 Preclinical 0.8& 0.22 0.19+ 0.10 0.06x 0.04
Acute 52.43+ 5.62 38.35+ 2.72 44.76+ 3.81
Remitting 7.00*+ 0.99 1.56*+ 0.65 0.66x 0.27
Remission 4.50- 1.19 1.25+0.44 3.56+ 0.99
Relapse 118.3* 15.93 80.38+ 14.3% 128.26+ 15.62

2The numbers of CD4 T cells and F4/80 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 itMaterials and MethodsData are shown as the mean number of positive cells per each 2&emtial, dorsal, and lateral area SEM.

No significant difference from preclinical value; all other values are significantly greater than preclinical lpvel§.05).

¢ Relapse values significantly greater than those at the peak of acute dipedase.@5).

revealed detectable levels of both proinflammatory cytokines, degesting that expression of this cytokine may be an important in-
spite the fact that the animals were still asymptomatic (data notrinsic mechanism involved in mediating disease remission.
shown). In contrast, IFN expression from TMEV-IDD-affected Previous reports have not quantitated the expression of the Th2
mice was first detectable as early as day 14 PI, several weeksytokines in the CNS of mice with R-EAE beyond the first remis-
before the onset of overt clinical signs (Fid3)5 TNF-a expres-  sion. Given our interesting observations on the potential regulatory
sion lagged slightly behind, being first detectable at day 33 Plyole of IL-4, we wanted to determine whether pro- and antiinflam-
approximately coincident with the day of clinical disease onsetmatory cytokine mRNA expression in the CNS or mice with R-
Once induced, the levels of both cytokines continued to increas&AE would continue to flux as the animals progressed further in
throughout the chronic phase of disease (last time point examinedhe disease course. Therefore, we performed another R-EAE time
day 103 PI). Similar to IFNy and TNF«, the expression pattern course and followed animals through the first relapse into a second
of lymphotoxin« paralleled the increases in disease severity dur+emission and a subsequent second relapse. Once again, the pattern
ing both R-EAE and TMEV-IDD (data not shown). Overall, the of IL-10 expression did not increase or decrease relative to the
profile for the proinflammatory IFN-and TNF« again correlated  disease state, whereas IL-4 was strictly correlated with disease
with the nature of the infiltrate and clinical course, being biphasicremission (Fig. 7), and expression of IFNand TNF« correlated

in R-EAE and chronic-progressive in TMEV-IDD. with increases in clinical severity during the acute phase and first

) - ~and second relapses (not shown).
Temporal analysis of Th2-dependent antiinflammatory cytokine

MRNA expression in TMEV-IDD and R-EAE by CQ-PCR
Discussion

Recent evidence suggests that the Th2 cytokines, IL-4 and/or IL=
10, may be involved in down-regulation of ongoing R-EAE (21, In the present study, we quantitatively analyzed the temporal ex-
22, 25, 26). Employing CQ-PCR, we determined the expressiompression of pro- and antiinflammatory cytokine mRNA expression
pattern of IL-4 and IL-10 mRNA in the CNS during both R-EAE in the CNS and assessed the number and anatomic location of
and chronic TMEV-IDD. Representative ethidium bromide- CD4" T cell and F4/80 macrophage/microglia within CNS in-
stained agarose gel profiles for both cytokines are shown in Figurlammatory infiltrates of mice undergoing both R-EAE and
4B. Similar to the expression pattern of the proinflammatory cy-TMEV-IDD. The different clinical disease patterns of the R-EAE
tokines during TMEV-IDD, CQ-PCR analysis revealed that bothand chronic-progressive TMEV-IDD suggested distinct underlying
IL-4 and IL-10 were detectable before the onset of clinical signs,mechanisms; however, the data revealed both striking similarities
14 to 26 days PI, and their expression continued throughout thand differences between the two models.
chronic-progressive disease course (Fi@).60verall, in both Immunohistochemical staining and quantitation of absolute cell
models, the amount of detectable Th2-derived cytokine mRNAnumbers from the spinal cords of affected mice revealed that, for both
was approximately 10-fold lower than that observed for the proin-models, the majority of the CNS cellular infiltrate was comprised of
flammatory cytokines. Given this data, it would appear that in theCD4" T cells and F4/80 macrophages. Interestingly, the increases in
TMEV model, the early and prolonged expression of Th2 cyto-both of these populations correlated directly with increasing disease
kines within the CNS is unable to down-regulate the Th1l responseeverity in R-EAE and TMEV-IDD. These data related to the CD4
thought to be responsible for demyelination and clinical disease.T cells are not surprising given previous reports of their essential role
The pattern of mMRNA expression of IL-10 and IL-4 during R- in the induction of both R-EAE (7, 19) and TMEV-IDD (14, 15). Our
EAE was perhaps the most interesting (Fid).6in contrast to a  observations, however, further elaborate on the role of CD4ells.
previous report (21) using semiquantitative RT-PCR suggestinghe increased numbers of CDA cells at the peak of acute phase
that IL-10 may be involved in mediating disease remission in theand at the height of the first clinical relapse during R-EAE, as well as
SJL mouse, our data indicate that IL-10 expression does not cotheir continued presence throughout the chronic phase of TMEV-
relate with the onset of remission. As in TMEV-IDD, IL-10 was IDD, implicate them not only in disease induction, but also more
detectable at the time of disease onset and remained elevat@dportantly, in disease progression. This observation is supported by
through the first remission and subsequent relapse. In contrastgecent data from our lab demonstrating that RlP, s, and subse-
IL-4 expression was only detectable in animals remitting from thequently PLR,5_;orSpecific T cells, are responsible for mediating the
acute clinical episode or in full remission from acute disease, suginitial acute phase and first clinical relapse of R-EAE, respectively, a
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FIGURE 3. Immunohistochemical staining for F4/80macrophages/microglia in the spinal cords of SJL mice with B4{.R-rinduced R-EAE and
TMEV-IDD. Spinal cord sections from mice at various times after the induction of R-Bapreclinical;B, peak of acute episod€, remissionD, peak
of primary relapse) and after TMEV infectiok,(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. Magnificatiorxis00. Isotype-matched control Ab did not stain spinal cords from affected mice (data not shown).

phenomenon termed epitope spreading (8, 27). In addition, we anplersistent virus in TMEV-infected SJL/J mice (12, 13, 15-17, 28, 29).
others have also previously demonstrated the importance of virudn contrast, the chronic stage of TMEV-IDD also involves pathologic
specific CD4 T cells in initiating myelin damage by targeting CNS- damage mediated by myelin epitope-specific CDHcells that first

Table Il. Quantitation of CD4 T cells and F4/80 macrophages/microglia from the spinal cords of SJL/J mice with TMEV-IDD

Spinal Cord Region

Cell Populatioft Day p.i. Ventral Dorsal Lateral
CD4 49 25.88+ 3.57 1.13+ 0.58° 31.94+ 8.24
79 57.50+ 5.50 44.25*+ 6.58 31.81* 5.95
104 30.38* 3.46 557+ 1.53 9.13+ 1.33
F4/80 49 20.63+ 2.59 2.00+ 0.68 42.19+ 10.18
79 121.75+ 6.49 78.88+ 8.61 90.00+ 5.61
104 102.50+ 3.88 37.75t 16.39 31.38+ 8.20

2The numbers of CD4 T cells and F4/80 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 Materials and MethodsData are shown as the mean number of positive cells per each Z#eminal,

dorsal, and lateral area SEM.
b No significant difference from preclinical values shown in Table I; all other values are significantly greater than preclinicalpleveds0g).



The Journal of Immunology 4443

A R-EAE TMEV otal role of this population in the perpetuation of epitope spreading
) D ssiicn and the resulting chronic demyellnast|+on. In this regardz we have
v B & A s 6 14 28 33 73 103 demonstrated recently that F47/801-A%" macrophages/microglia
pLOC isolated from the spinal cords of mice 90 days Pl with TMEV

E'"' express high levels of B7 costimulatory molecules (56), and en-

IFN-y -pLOC m aoc  dogenously activate both virus-specific and myelin epitope-spe-
Bed gk cific Thl cells in vitro in the absence of exogenously added Ag

— -pLOC (unpublished observation). Facilitation of epitope spreading by ac-

tivated macrophages may occur through continuing active phago-

B cytosis of myelin debris and subsequent processing and presenta-
tion of self epitopes within CNS lesions, as well as by the
Chinical Course Time Point Days post Infection production of chemokines (e.g., MIR¢land MCP-1), leading to
T 2 0§ 4 6 & 0 14 26 33 73 103 the recruitment of additional peripheral macrophages and T cells
- __""'i-. -pLOC —.ﬁm (32, 33), and the production of proinflammatory cytokines (e.g.,
! oo TNF-a, IFN-y, and IL-12) active in the recruitment (34) and/or
IL-10 m_ﬁm mit local activation (35) of myelin epitope-specific Thl cells.

o ] Currently, there is no cell surface molecule that can distinguish
IFF'(SUVRENA'F' . RIipdteiirge}ﬂ"fot'f’:‘:mcct’;’észp?rg'foféscg'gffr;?ée"';sht between infiltrating peripheral macrophages and CNS resident mi-
PLP13;_15{in d’uce d’ R-EAE and TMEV-IDD. RNA was isolated from croglia. Therefore, it is pqssnble that our quantltatlorlllof F2/80
pooled spinal cords (at least two mice per time point) of mice at varyingCeII numbers includes a,CtlvatEd .njlcroglla e}s an addltlorlal corre-
times after the induction of R-EAE and TMEV-IDD. CQ-PCR samples /ate of disease progression. Additionally, this pattern of increased
were prepared as described Nfaterials and MethodsData shown are macrophages in the first relapse of R-EAE versus the acute phase
scanned images of ethidium bromide-stained 2% agarose gels. The higheprrelates well with published observations related to chemokine
m.w. band represents the polycompetitor plasmid (pLOC) DNA, while theproduction in R-EAE in the SJL mouse. We have shown that CNS
lower band is amplified from wild-type sample cDNA. For TMEV-IDD, expression of MIP-& correlated with acute disease development
days PI are noted. The lane numbers for mice with R-EAE correspond tq32, 33), whereas expression of MCP-1 did not. In contrast,
1, preclinical; 2, day of onset3, peak of acute phase, remitting; 5, \cp-1 production in the CNS correlated with relapsing EAE de-
;teremfﬁ(l)c\);r,]?rr]]c;li,igzsrterilapse. Clinical scores for animals at each time po'mvelopment (33). Moreover, anti-MIPel 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
arise 2 to 3 wk after the onset of clinical signs of disease via epitop@xpression pattern is consistent for a predominant role for MiP-1
spreading (10). ininducing T cell infiltration into the CNS during disease initiation
As stated previously, we also observed that increases in the F4ihd a more predominant role for MCP-1 in directing macrophage
80" macrophage population correlated with increasing disease sénfiltration during relapses.
verity and with periods of expression of high levels of TNF- Interestingly, in both models, the increases in the Cpbpu-
mRNA in the CNS. These results are consistent with previoudation also paralleled increases in mRNA for both IFNand
histologic evidence showing that activated macrophages/microglidNF-«a. These data correlate well with that of others who have
play a major role in myelin destruction in both disease modelsdemonstrated previously the integral role of Thl cells and proin-
(30), and that TNFx expression is a sensitive marker for activated flammatory cytokines during disease initiation for R-EAE and
macrophages (31). Interestingly, we also observed that the numFMEV-IDD (18, 36—-39). Our data extend the role of the proin-
bers of macrophages increased to two- to threefold the number dfammatory cytokines by demonstrating their importance in the
CD4" T cells as clinical disease progressed during both R-EAEperpetuation of ongoing disease. Additionally, the message for
and TMEV-IDD. This result is interesting and may point to a piv- TNF-a exceeded that for IFN~in both models and supports our

R-EAE TMEV
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FIGURE 5. Competitive PCR quantitation of the temporal course of proinflammatory cytokine mRNA expression in the spinal cords of SJL mice with
PLP,35_;5rinduced R-EAE A) and TMEV-IDD (B). Spinal cord RNA (2ug) 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 RENR reaction contained 10l 25 ng/ml pLOC and 5ul

wild-type template, and each TN&PCR reaction contained 3@ 50 ng/ml pLOC and 5ul 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 describec
Materials and Methods
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FIGURE 6. Competitive PCR quantitation of the temporal course of antiinflammatory cytokine mRNA expression in the spinal cords of SJL mice with
PLP,54_;5rinduced R-EAE ) and TMEV-IDD (B). Spinal cord RNA (2ug) 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 contaih8d Ifty/ml pLOC and 1Qul

wild-type template, and each IL-10 PCR reaction containe@/1®5 ng/ml pLOC and 1Qul 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 describec
Materials and Methods

observations related to the absolute cell numbers within the infilin R-EAE remission (21, 46). In contrast, our results, which em-
trate. As discussed above, this proinflammatory cytokine is mosployed three separate time course experiments, indicated no such
likely being produced by the infiltrating F4/80macrophages (31), correlation, in that IL-10 mRNA was expressed preclinically and
but activated resident microglia and/or astrocytes within the CNSncreased as disease progressed in both R-EAE and chronic-pro-
may also contribute to its production (40, 41). The resulting in-gressive TMEV-IDD. The reasons for this discrepancy are unclear,
crease in the F4/80population during the first relapse of R-EAE [yt may relate to the use of an myelin basic protein-adoptive trans-
also correlates with the observed increase in TNFRNA in - fer system to induce R-EAE in one study (21) and the use of

comparison with levels achieved during acute disease. InteresfrNA from CNS inflammatory infiltrates in a Lewis rat EAE
ingly, recent reports have indicated th_at IF/M_42’ 43) and TNFa model in the other (46). We felt it necessary to analyze mRNA
(38, 44, 45) are not necessary for the induction of R-EAE,Wherea§rom the entire spinal cord since cytokines such as TN&Ad

the role of lymphotoxine is S.t'” |n.quest|on (38). It s important IL-10 can also be produced by resident CNS populations such as

to note that all of these studies utilized knockouts on the C57BL/6__. : .

background, a strain that is genetically resistant to EAE inductionmlcrogha and astrocytes, and could therefore contribute to the re-
' Iting R-EAE or TMEV-IDD pathology (40, 41). Our data are

in the absence of treatment with pertussis toxin. Regardless, og N ) . . . .
nsistent with earlier reports in EAE demonstrating that admin-

results indicate that in the SJL/J mouse the temporal appearance ¢ ) ) .
CD4" T cell and F4/80 macrophage populations, as well as the 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 kinetics of the proinflammatory cytokines IfNand § ‘ )
TNF-a are excellent predictors of the progression of the clinical€XPression of transgene IL-10 in pancregicells actually accel-
disease course of both R-EAE and TMEV-IDD. erated development of diabetes (47). Current experiments employ-
In contrast to IFNy and TNF«, the expression of the Th2 cy- ing immunohistochemistry and in situ PCR are underway to de-
tokines, IL-4 and IL-10, did not correlate with the peaks of clinical termine which cell population(s) within the CNS produces IL-10
severity. Several previous studies have suggested a role for IL-1during the course of autoimmune and virus-induced demyelination.
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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 PLR,_,5{CFA, and affected animals were scored for clinical signs of demyelination through the second relapse, as previously
described A). Spinal cord RNA (2ug) was isolated from affected mice and used as a template in CQ-PCR, as described preB)olsgH{ IL-4 PCR

reaction contained 1l 0.5 ng/ml pLOC and 1Qul wild-type template, and each IL-10 PCR reaction containe@lI05 ng/ml pLOC and 1Qul wild-type
template. Ethidium bromide-stained images were scanned for densitometry (Kodak Digital 1D Science), and attomole amounts for each sample we
calculated from obtained values, as describeMaterials and Methods
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and second remissions is perhaps our most intriguing finding and

further supports recent evidence for a role of this cytokine in g

down-regulation of autoimmune diseases. IL-4 has been reported

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 13.

been shown recently that targeted expression of IL-4 within pan-
creatic 8 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 theg

IL-4 may play an important role in mediating the intrinsic regu-
lation in the PLR;4_,5rinduced R-EAE system. It is important to
note, however, that in the SJL/J mouse, IL-4 mMRNA expression

within the spinal cord does not always coincide with a decrease if®

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

mMRNA expression has also been observed in SJL/J mice infected witk-

the more virulent DA strain of TMEV (52). Given that TMEV persists

in macrophages/microglia within the CNS of infected SJL mice (53-19.

55), itis possible that a local environment is established that favors the

continued activation of Thl responses, e.g., up-regulated IL-12, etcyqg.

in spite of the presence of Th2 cytokines.

Collectively, our findings support an important role for
CD4%Th1 cells and F4/80 macrophages, as well as the associatedp;

proinflammatory cytokines IFN-and TNF« 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- 22.

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 5,4
mechanism(s), but also suggest possible therapeutic strategies

aimed at complementing the immune system’s intrinsic efforts to
down-regulate the autoimmune pathology.

25.

References

1.

26.

Miller, S. D., and S. J. Gerety. 1990. Immunologic aspects of Theiler's murine
encephalomyelitis virus (TMEV)-induced demyelinating dise&min. Virol.
1:263

of T-cell mediated demyelinating diseastamunol. Today 15:356

. Lipton, H. L., and M. C. Dal Canto. 1979. Susceptibility of inbred mice to chronic
central nervous system infection by Theiler's murine encephalomyelitis virus.28.

Infect. Immun. 26:369

. Brown, A. M., and D. E. McFarlin. 1981. Relapsing experimental allergic en-

cephalomyelitis in the SJL/J moudeab. Invest. 45:278

. Lipton, H. L. 1980. Persistent Theiler's murine encephalomyelitis virus infection

in mice depends on plaque size.Gen. Virol. 46:169

. Kennedy, M. K., L. J. Tan, M. C. Dal Canto, V. K. Tuohy, Z. J. Lu, J. L. Trotter,

and S. D. Miller. 1990. Inhibition of murine relapsing experimental autoimmune

encephalomyelitis by immune tolerance to proteolipid protein and its encephali-30.

togenic peptides]. Immunol. 144:909

. McRae, B. L., M. K. Kennedy, L. J. Tan, M. C. Dal Canto, and S. D. Miller. 1992.

Induction of active and adoptive chronic-relapsing experimental autoimmune en-

cephalomyelitis (EAE) using an encephalitogenic epitope of proteolipid protein.31.

J. Neuroimmunol. 38:229

14.

27.
. Miller, S. D., and W. J. Karpus. 1994. The immunopathogenesis and regulation

4445

The correlation of peak IL-4 mMRNA expression during the first 8. McRae, B. L., C. L. Vanderlugt, M. C. Dal Canto, and S. D. Miller. 1995.

Functional evidence for epitope spreading in the relapsing pathology of EAE in
the SJL/J mousel. Exp. Med. 182:75

Vanderlugt, C. L., and S. D. Miller. 1996. Epitope spreadi@grr. Opin. Im-
munol. 8:831

to regulate EAE in a number of experimental settings, including'® Miler S: D C. L. vanderlugt, W. S. Begolka, W. Pao, R. L. Yauch,

K. L. Neville, Y. Katz-Levy, A. Carrizosa, and B. S. Kim. 1997. Persistent in-
fection with Theiler's virus leads to CNS autoimmunity via epitope spreading.
Nat. Med. 3:1133

11. Beck, J., P. Rondot, L. Catinot, E. Falcoff, H. Kirchner, and J. Wietzerbin. 1988.

Increased production of interferonand tumor necrosis factor precedes clinical
manifestation in multiple sclerosis: do cytokines trigger off exacerbatidwus®
Neurol. Scand. 78:318.

12. Miller, S. D., S. J. Gerety, M. K. Kennedy, J. D. Peterson, J. L. Trotter,

V. K. Tuohy, C. Waltenbaugh, M. C. Dal Canto, and H. L. Lipton. 1990. Class
ll-restricted T cell responses in Theiler's murine encephalomyelitis virus
(TMEV)-induced demyelinating disease. IIl. Failure of neuroantigen-specific im-
mune tolerance to affect the clinical course of demyelinatloNeuroimmunol.
26:9.

Miller, S. D., R. J. Clatch, D. C. Pevear, J. L. Trotter, and H. L. Lipton. 1987.
Class ll-restricted T cell responses in Theiler's murine encephalomyelitis virus
(TMEV)-induced demyelinating disease. I. Cross-specificity among TMEV sub-
strains and related picornaviruses, but not myelin protdirisamunol. 138:3776.
Welsh, C. J., P. Tonks, A. A. Nash, and W. F. Blakemore. 1987. The effect of
L3T4 T cell depletion on the pathogenesis of Theiler's murine encephalomyelitis
virus infection in CBA miceJ. Gen. Virol. 68:1659

Gerety, S. J., M. K. Rundell, M. C. Dal Canto, and S. D. Miller. 1994. Class
ll-restricted T cell responses in Theiler's murine encephalomyelitis virus
(TMEV)-induced demyelinating disease. VI. Potentiation of demyelination with
and characterization of an immunopathologic CD# cell line specific for an
immunodominant VP2 epitopd. Immunol. 152:919.

Karpus, W. J., J. G. Pope, J. D. Peterson, M. C. Dal Canto, and S. D. Miller. 1995.
Inhibition of Theiler's virus-mediated demyelination by peripheral immune tol-
erance inductionJ. Immunol. 155:947

Pope, J. G., W. J. Karpus, C. L. Vanderlugt, and S. D. Miller. 1996. Flow cy-
tometric and functional analyses of CNS-infiltrating cells in SJL/J mice with
Theiler's virus-induced demyelinating disease: evidence for a CD4ell-me-
diated pathologyJ. Immunol. 156:4050

McDonald, A. H., and R. H. Swanborg. 1988. Antigen-specific inhibition of
immune interferon production by suppressor cells of autoimmune encephalomy-
elitis. J. Immunol. 140:1132

Waldor, M. K., S. Sriram, R. Hardy, L. A. Herzenberg, L. Lanier, M. Lim, and
L. Steinman. 1985. Reversal of experimental allergic encephalomyelitis with
monoclonal antibody to a T-cell subset markscience 227:415

Racke, M. K., S. Dhib-Jalbut, B. Cannella, P. S. Albert, C. S. Raine, and
D. E. McFarlin. 1991. Prevention and treatment of chronic relapsing experimental
allergic encephalomyelitis by transforming growth facgdr-J. Immunol. 146:
3012

Kennedy, M. K., D. S. Torrance, K. S. Picha, and K. M. Mohler. 1992. Analysis
of cytokine mRNA expression in the central nervous system of mice with ex-
perimental autoimmune encephalomyelitis reveals that IL-10 mRNA expression
correlates with recoveryd. Immunol. 149:2496

Shaw, M. K., J. B. Lorens, A. Dhawan, R. DalCanto, H. Y. Tse, A. B. Tran,
C. Bonpane, S. L. Eswaran, S. Brocke, N. Sarvetnick, L. Steinman, G. P. Nolan,
and C. G. Fathman. 1997. Local delivery of interleukin 4 by retrovirus-transduced
T lymphocytes ameliorates experimental autoimmune encephalomy&IiEsp.
Med. 185:1711

Reiner, S. L., S. Zheng, D. B. Corry, and R. M. Locksley. 1994. Constructing
polycompetitor cDNAs for quantitative PCR. Immunol. Methods 173:133
Gerety, S. J., R. J. Clatch, H. L. Lipton, R. G. Goswami, M. K. Rundell, and
S. D. Miller. 1991. Class lI-restricted T cell responses in Theiler's murine en-
cephalomyelitis virus-induced demyelinating disease. IV. Identification of an im-
munodominant T cell determinant on the N-terminal end of the VP2 capsid pro-
tein in susceptible SJL/J micd. Immunol. 146:2401.

Cannella, B., Y. L. Gao, C. Brosnan, and C. S. Raine. 1996. IL-10 fails to ab-
rogate experimental autoimmune encephalomyelitidNeurosci. Res. 45:735
Mathisen, P. M., M. Yu, J. M. Johnson, J. A. Drazba, and V. K. Touhy. 1997.
Treatment of experimental autoimmune encephalomyelitis with genetically mod-
ified memory T cellsJ. Exp. Med. 186:159

Vanderlugt, C. L., N. J. Karandikar, D. J. Lenschow, M. C. Dal Canto,
J. A. Bluestone, and S. D. Miller. 1997. Treatment with intact anti-B7-1 mAb

during disease remission enhances epitope spreading and exacerbates relapses in

R-EAE. J. Neuroimmunol. 79:113

Gerety, S. J., W. J. Karpus, A. R. Cubbon, R. G. Goswami, M. K. Rundell,
J. D. Peterson, and S. D. Miller. 1994. Class ll-restricted T cell responses in
Theiler's murine encephalomyelitis virus (TMEV)-induced demyelinating dis-

ease. V. Mapping of a dominant immunopathologic VP2 T cell epitope in sus-
ceptible SJL/J micel. Immunol. 152:908.

29. Yauch, R. L., and B. S. Kim. 1994. A predominant viral epitope recognized by

T cells from the periphery and demyelinating lesions of SJL/J mice infected with
Theiler’s virus is located within VP1(233-244). Immunol. 153:4508

Dal Canto, M. C., R. W. Melvold, B. S. Kim, and S. D. Miller. 1995. Two models
of multiple sclerosis: experimental allergic encephalomyelitis (EAE) and Thei-
ler’'s murine encephalomyelitis virus (TMEV) infection—a pathological and im-
munological comparisorMicrosc. Res. Tech. 32:215

Ruddle, N. H. 1992. Tumor necrosis factor (TNJFand lymphotoxin (TNF8).
Curr. Opin. Immunol. 4:327



4446

CNS CYTOKINE EXPRESSION IN R-EAE AND TMEV-INDUCED DEMYELINATION

32. Karpus, W. J., N. W. Lukacs, B. L. McRae, R. M. Streiter, S. L. Kunkel, and 45. Liu, J., M. W. Marino, G. Wong, D. Grail, A. Dunn, J. Bettadapurs, A. J. Slavin,

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

S. D. Miller. 1995. An important role for the chemokine macrophage inflamma-
tory protein-1e in the pathogenesis of the T cell-mediated autoimmune disease,
experimental autoimmune encephalomyelifisimmunol. 155:5003

Karpus, W. J., and K. J. Kennedy. 1997. Mik-dnd MCP-1 differentially reg-
ulate acute and relapsing autoimmune encephalomyelitis as well as Th1/Th2 lym-
phoctye differentiationJ. Leukocyte Biol. 62:681

Simmons, R. D., and D. O. Willenborg. 1990. Direct injection of cytokines into
the spinal cord causes autoimmune encephalomyelitis-like inflammatidteu-

rol. Sci. 100:37

Hsieh, C. S., S. E. Macatonia, C. S. Tripp, S. F. Wolf, A. O. O'Garra, and
K. M. Murphy. 1993. Development of Th1 CD4T cells through IL-12 produced

by Listeria-induced macrophageScience 260:547

Ruddle, N. H., C. M. Bergman, K. M. McGrath, E. G. Lingenheld, M. L. Grunnet,
S. J. Padula, and R. B. Clark. 1990. An antibody to lymphotoxin and tumor

necrosis factor prevents transfer of experimental allergic encephalomyelitis#9-

J. Exp. Med. 172:1193
Powell, M. B., D. Mitchell, J. Lederman, J. Buckmeier, S. S. Zamvil, M. Graham,

N. H. Ruddle, and L. Steinman. 1990. Lymphotoxin and tumor necrosis factor- 50,

production by myelin basic protein-specific T cell clones correlates with encepha-
litogenicity. Int. Immunol. 2:539

Suen, W. E., C. M. Bergman, P. Hjelnistroand N. H. Ruddle. 1997. A critical
role for lymphotoxin in experimental allergic encephalomyelifis Exp. Med.
186:1233

Peterson, J. D., W. J. Karpus, R. J. Clatch, and S. D. Miller. 1993. Split tolerancé1-

of Thl and Th2 cells in tolerance to Theiler's murine encephalomyelitis virus.
Eur. J. Immunol. 23:46

Renno, T., M. Krakowski, C. Piccirillo, J. Y. Lin, and T. Owens. 1995. T&F-
expression by resident microglia and infiltrating leukocytes in the central nervous
system of mice with experimental allergic encephalomyelitis: regulation by Thl
cytokines.J. Immunol. 154:944.

Sierra, A., and N. Rubio. 1993. Theiler's murine encephalomyelitis virus induces
tumour necrosis factos-in murine astrocyte cell culturesmmunology 78:399

Ferber, I. A., S. Brocke, C. Taylor-Edwards, W. Ridgway, C. Dinisco, L. Stein- 54.

man, D. Dalton, and C. G. Fathman. 1996. Mice with a disrupted Jféne are
susceptible to the induction of experimental autoimmune encephalomyelitis
(EAE). J. Immunol. 156:5

Willenborg, D. O., S. Fordham, C. C. Bernard, W. B. Cowden, and
I. A. Ramshaw. 1996. IFN+plays a critical down-regulatory role in the induction
and effector phase of myelin oligodendrocyte glycoprotein-induced autoimmune
encephalomyelitisJ. Immunol. 157:3223
Frei, K., H. P. Eugster, M. Bopst, C. S. Constantinescu, E. Lavi, and A. Fontana.
1998. Tumor necrosis factarand lymphotoxinx are not required for induction

of acute experimental autoimmune encephalomyeliti€xp. Med. 185:2177

47.

48.

52.

53.

55.

L. Old, and C. C. A. Bernard. 1998. TNF is a potent anti-inflammatory cytokine
in autoimmune-mediated demyelinatiddat. Med. 4:78

46. Tanuma, N., T. Kojima, T. Shin, Y. Aikawa, T. Kohji, Y. Ishihara, and Y. Mat-

sumoto. 1997. Competitive PCR quantification of pro- and anti-inflammatory
cytokine mRNA in the central nervous system during autoimmune encephalo-
myelitis. J. Neuroimmunol. 73:197

Wogensen, L., M. S. Lee, and N. Sarvetnick. 1994. Production of interleukin 10
by islet cells accelerates immune-mediated destructiof oélls in nonobese
diabetic miceJ. Exp. Med. 179:1379

Karpus, W. J., K. E. Gould, and R. H. Swanborg. 1992. CBdppressor cells

of autoimmune encephalomyelitis respond to T cell receptor-associated determi-
nants on effector cells by interleukin-4 secreti@ur. J. Immunol. 22:1757

Chen, Y., V. K. Kuchroo, J. Inobe, D. A. Hafler, and H. L. Weiner. 1994. Reg-
ulatory T cell clones induced by oral tolerance: suppression of autoimmune en-
cephalomyelitisScience 265:1237

Brocke, S., K. Gijbels, M. Allegretta, |. Ferber, C. Piercy, T. Blankenstein,
R. Martin, U. Utz, N. Karin, D. Mitchell, T. Veromaa, A. Waisman, A. Gaur,

P. Conlon, N. Ling, P. J. Fairchild, D. C. Wraith, A. O'Garra, C. G. Fathman, and
L. Steinman. 1996. Treatment of experimental encephalomyelitis with a peptide
analogue of myelin basic proteiflature 379:343

Mueller, R. 1997. Mechanism underlying counterregulation of autoimmune dia-
betes by IL-4.Immunity 7:411

Sato, S., S. L. Reiner, M. A. Jensen, and R. P. Roos. 1997. Central nervous
system cytokine mRNA expression following Theiler's murine encephalomyelitis
virus infection.J. Neuroimmunol. 76:213

Clatch, R. J., S. D. Miller, R. Metzner, M. C. Dal Canto, and H. L. Lipton. 1990.
Monocytes/macrophages isolated from the mouse central nervous system contain
infectious Theiler's murine encephalomyelitis virus (TMEVj)rology 176:244
Lipton, H. L., G. Twaddle, and M. L. Jelachich. 1995. The predominant virus
antigen burden is present in macrophages in Theiler's murine encephalomyelitis
virus-induced demyelinating diseask.Virol. 69:2525

Rossi, C. P., M. Delcroix, I. Huitinga, A. McAllister, N. Van Rooijen,

E. Claassen, and M. Brahic. 1997. Role of macrophages during Theiler’s virus
infection. J. Virol. 71:3336

56. Pope, J. G., C. L. Vanderlugt, H. L. Lipton, S. M. Rahbe, and S. D. Miller. 1998.

Characterization of and functional antigen presentation by central nervous system
mononuclear cells from mice infected with Theiler's murine encephalomyelitis
virus. J. Virol. In press.



