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Mice infected with the neurotropic JHM strain of mouse hepatitis virus (MHV-JHM) develop a demyelinating encephalomy-
elitis several weeks after infection. Astrogliosis and infiltration of inflammatory cells are prominent findings in the brains
and spinal cords of infected mice. In this report, astrocytes in infected spinal cords were analyzed for expression of three
pleiotropic cytokines, TNF-e, IL-183, and IL-6; Type 2 nitric oxide synthase (iINOS); and MHC class | and Il antigen. The data
show that all three cytokines and iNOS are expressed by astrocytes in chronically infected spinal cords. These activated
astrocytes are localized to areas of virus infection and demyelination, although most of the astrocytes expressing these
proteins are not MHV-infected. MHC class | and Il antigen can be detected in these spinal cords as well, but not in cells
with the typical morphology of astrocytes. TNF-e, IL-6, and iINOS are also evident in the brains of mice with MHV-induced
acute encephalitis, but in marked contrast to the results obtained with the chronically infected mice, most of the cells
expressing these cytokines or iNOS had the morphology of macrophages or other mononuclear cells and very few appeared
to be astrocytes. Additionally, astrocytes and, most likely, oligodendrocytes are infected in the spinal cords of mice with
chronic demyelination. These results are consistent with a role for both viral infection of glial cells and high localized levels
of proinflammatory cytokines and nitric oxide in the demyelinating process in mice infected with MHV-JHM. They also show
that analogously to the human demyelinating disease, multiple sclerosis, astrocytes are a major cellular source for these

cytokines in mice with chronic, but not acute disease.

INTRODUCTION

The JHM strain of mouse hepatitis virus (MHV-JHM),
a member of the coronavirus family, causes acute en-
cephalomyelitis and acute and chronic demyelinating
diseases in susceptible strains of mice and rats (Kyuwa
and Stohlman, 1990). Infection with this virus results in
a persistent infection of the central nervous system (CNS)
and the disease process has some similarities with the
human disease multiple sclerosis (MS). Mice with exten-
sive amounts of demyelination are symptomatic, with
hindlimb paralysis the most common clinical sign of dis-
ease. The most prominent histological lesion observed
in the brains and spinal cords of infected animals is
primary demyelination, with relative sparing of axons. An
inflammatory infiltrate, consisting of T lymphocytes and
macrophages, is present in the vicinity of the demyelinat-
ing lesions. Astrocytosis is also commonly observed ad-
jacent to the lesions (Weiner, 1973).

Suckling C57BI/6 mice inoculated intranasally with
MHV-JHM invariably develop an acute, fatal encephalitis,
with death occurring 6-7 days postinoculation (p.i.). If
these infected mice are nursed by dams previously im-
munized to MHV-JHM, they are fully protected from the
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acute encephalitis, but a variable percentage (40—90%)
develop the chronic demyelinating disease described
above. In these mice, evidence of active virus infection
and inflammatory cell infiltration can be detected adja-
cent to areas of demyelination. Infectious virus can be
isolated from the CNS of mice with symptoms, but not
those which remain asymptomatic. Viral RNA and antigen
can be detected in most mice and are abundant in the
white matter of the spinal cord in animals with symptoms
and extensive amounts of demyelination (Perlman et al.,
1987). The chronic disease also develops in mice in-
fected with attenuated variants of MHV-JHM and in mice
protected by passive infusions of antiviral antibodies or
T cells (Haspel et al., 1978; Buchmeier et al., 1984; Dalziel
et al., 1986; Nakanaga et al., 1986; Stohlman et al., 1986,
1995a; Fleming et al., 1989; Korner et al., 1991; Yama-
guchi et al., 1991).

Viral lysis of oligodendrocytes is believed to be an
important component of MHV-induced acute demyelin-
ation, although an immune response to virus-infected
cells also appears to be involved in the pathogenic pro-
cess in these mice (Lampert et al., 1973; Weiner, 1973;
Wang et al., 1990). The pathogenesis of the chronic de-
myelinating disease is less well characterized. Many of
the infected cells in the brains of these mice with chronic
disease are astrocytes (Perlman and Ries, 1987). The
astrocytes present in these mice have the morphological
features of reactive cells, with intense immunohisto-
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chemical staining for glial fibrillary acidic protein (GFAP),
a marker specific for astrocytes. GFAP is upregulated in
other inflammatory processes as well (Hatten et al., 1991;
Eddleston and Mucke, 1993). Both cultured astrocytes
and oligodendrocytes are readily infected by MHV (Kno-
bler et al., 1981; Massa et al., 1986; Lavi et al., 1987; Van
Berlo et al., 1989; Pasick and Dales, 1991; Gilmore et al.,
1994). MHC class | antigen expression is increased in
astrocyte cultures infected for 3-5 days with MHV-JHM
or the mildly neurotropic A59 strain of MHV (MHV-A59)
(Suzumura et al., 1986; Joseph et al., 1990; Gilmore et
al., 1994), although in one of these studies, increased
expression could only be detected in MHV-A59-infected
cultures (Gilmore et al., 1994). The results of these stud-
ies suggest that astrocytes are activated by exposure
to MHV or to a cellular or viral protein secreted as a
consequence of the infection.

Astrocytes are in close contact with oligodendrocytes
and normal astrocyte function is required for the differen-
tiation, proliferation, and survival of oligodendrocytes
(Gard, 1993). In addition, cytokines, such as TNF-a, IL-
14, and IL-6, important components of the immune re-
sponse, are produced by astrocytes (Eddleston and
Mucke, 1993; Gard, 1993). Cultured oligodendrocytes are
susceptible to the toxic effects of tumor necrosis factor-
«a (TNF-a) secreted by reactive astrocytes (Selmaj and
Raine, 1988; Lieberman et al., 1989). TNF-a mRNA is
expressed at high levels in the brains of mice acutely
infected with MHV and experiments using immunosup-
pressed mice suggest that resident cells of the CNS,
such as microglia and astrocytes, are responsible for the
synthesis of this compound (Pearce et al., 1994). Acti-
vated astrocytes also express Type 2 nitric oxide syn-
thase (iNOS), an enzyme critical for the generation of
nitric oxide (Simmons and Murphy, 1992). Nitric oxide
has several biological functions and is considered an
important effector in the immune response to specific
pathogens. In addition, in vitro studies show that nitric
oxide is cytotoxic to oligodendrocytes (Merrill et al., 1993)
and thus may be involved in the demyelinating process.
Synthesis of INOS is induced by such cytokines as TNF-
a and IL-1 (Murphy et al., 1993).

Therefore, the activation of astrocytes, either by inacti-
vation of trophic function or by the secretion of toxic
compounds, could contribute to oligodendrocyte dys-
function and consequently, the demyelinating process.
With a few exceptions (Zheng et al., 1993; Campbell et
al., 1994; Nagano et al., 1994, Lipton and Gendelman,
1995), little is known about the cellular source of TNF-«;,
IL-14, IL-6, and nitric oxide in both acute and chronic viral
infections of the CNS. For the purpose of determining if
astrocytes were the source for these immunomodulatory
molecules in chronically infected mice, brains and spinal
cords harvested from mice with MHV-induced chronic
demyelination were assayed in situ for TNF-4, IL-13, and
IL-6, for INOS, and for MHC class | and Il antigen expres-

sion and the results were compared to similar measure-
ments made on acutely infected brains.

MATERIALS AND METHODS
Animals and virus

Pathogen-free 6-week-old C57BI/6 mice were pur-
chased from Jackson Laboratories (Bar Harbor, ME).
MHV-JHM, used in all studies, was grown and titered as
previously described (Perlman et al., 1987). To obtain
mice with hindlimb paralysis, suckling C57BI/6 mice
were inoculated intranasally with virus (5 X 10* PFU
MHV-JHM) at 10 days of age and were nursed by dams
immunized to MHV-JHM (Perlman et al., 1987). Under
these conditions, mice are protected from the acute en-
cephalitis, but a variable number develop a demyelinat-
ing encephalomyelitis characterized by hindlimb paraly-
sis several weeks p.i. A total of 10 chronically infected,
symptomatic mice were harvested at 16 to 45 days fol-
lowing intranasal inoculation of MHV-JHM. Animals were
euthanized with an overdose of Nembutal and perfused
with phosphate-buffered saline (PBS) via the left ventri-
cle. Spinal cords from these animals were frozen in Tis-
sue-Tek Il O.C.T. medium (Miles Laboratory, Elkhart, IN)
in acetone—dry ice and stored at —70° before sectioning.
Four mice with MHV-JHM-induced acute encephalitis
and two uninfected mice were also used in this study.

Antibodies

Rat anti-TNF-« (clone MP6-XT22) and anti-IL-6 (clone
MP5-20F3) antibodies were purchased from PharMingen
(San Diego, CA). Mouse anti-IL-13 antibody (Catalog No.
AB-406-NA) was purchased from R&D Systems, Inc.
(Minneapolis, MN). Rabbit anti-iNOS antibody was pur-
chased from Transduction Laboratories (Lexington, KY).
Mouse anti-I-A® (clone 25-9-17S) and anti-H-2K"/H-2D"
(clone 20-8-4) antibodies were provided by Dr. M. Dailey,
University of lowa. Rabbit anti-human GFAP antibody
was provided by Dr. L. Eng, Stanford University. Rat anti-
macrophage antibody (F4/80 CI: A3-1) was purchased
from Serotec Bioproducts for Science, Inc. (Indianapolis,
IN). A mouse monoclonal antibody raised against the N
protein of MHV-JHM (MAb 5B188.2) was provided by Dr.
M. Buchmeier, The Scripps Research Institute. Biotinyl-
ated or Texas Red-conjugated goat anti-rat, biotinylated
goat anti-mouse, and biotinylated or FITC-conjugated
goat anti-rabbit antibodies were purchased from Vector
Laboratories (Burlingame, CA). Biotinylated rabbit anti-
mouse IgG2a antibody was purchased from Zymed Labo-
ratories (South San Francisco, CA).

Immunocytochemistry

Frozen sections of brains and spinal cords of infected
and uninfected mice were analyzed by immunocyto-
chemistry for GFAP, F4/80, TNF-«, IL-6, IL-15, iNOS,
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MHV-JHM, and MHC class | and Il antigen as previously
described (Sun and Perlman, 1995). Sections were cut
on acryostat at 25—-30 ym and mounted on silane-treated
slides. Sections were then immediately fixed in 2.5-4%
paraformaldehyde in phosphate-lysine buffer (PLP) at 4°
for 30—45 min, washed with PBS, and treated with 5%
normal goat or rabbit serum depending upon the source
of the secondary antibodies. Sections were then incu-
bated with one of the following dilutions of primary anti-
body: GFAP (1:500), F4/80 (1:50), TNF-« (1:200), IL-158
(1:200), IL-6 (1:200), iNOS (1:100), I-A° (1:200), H-2K"/H-
2D" (1:200), or MHV-JHM (1:500) at 4° overnight. After
incubation with biotinylated secondary antibodies (1:200
dilution), sections were treated with Vectastain ABC (Vec-
tor Laboratory, Burlingame, CA) used according to the
manufacturer with 3,3’-diaminobenzidine (DAB) as the
final substrate. Finally, sections were dehydrated, cover-
slipped, and examined under the microscope. No label-
ing was observed if CNS tissue from uninfected animals
was processed with antibodies to MHV-JHM, TNF-q;, IL-
15, IL-6, or iNOS or if irrelevant antibodies were used as
the primary antibodies in experiments analyzing MHV-
infected CNS tissue. In agreement with previous results,
analysis of uninfected CNS tissue revealed low levels
of MHC class | antigen expression on endothelial and
meningeal cells and the presence of a few scattered
cells which lightly stained for MHC class Il antigen (Mat-
sumoto and Fujiwara, 1986; Vass et al., 1986; Yong and
Antel, 1992).

Double immunofluorescence assays

The expression of GFAP and either TNF-« or IL-6 was
assessed simultaneously on frozen sections of the spinal
cords using the same antibodies as described above.
FITC-conjugated goat anti-rabbit antibody was used to
detect GFAP and Texas Red-conjugated goat anti-rat an-
tibody to detect TNF-« or IL-6. Sections were pretreated
with 5% normal goat serum and then incubated in a mix-
ture of anti-GFAP (1:200) and either anti-TNF-« (1:50-100)
or anti-IL-6 (1:50-100) at 4° overnight or 2 hr at room
temperature. Sections were then incubated in a mixture
of secondary antibodies for 1 hr and washed with PBS.
Slides were mounted using Vectashield medium (Vector
Laboratories) prior to viewing with an Olympus BH-2 mi-
croscope with epifluorescence light excitation. No evi-
dence for spillover between the two fluorescent tags was
observed in control experiments. As negative controls,
sections from the same spinal cords were processed in
the absence of primary antibody. No labeling was ob-
served in these sections.

In situ hybridization

Longitudinal sections from the spinal cords of mice
with chronic demyelination and hindlimb paralysis were
analyzed for MHV-JHM by in situ hybridization using an

antisense riboprobe as previously described (Perlman et
al., 1988, 1990). Sections were counterstained with cresyl
violet following completion of the in situ hybridization.

Double-labeling immunocytochemistry and in situ
hybridization

In situ hybridization using an antisense riboprobe for
MHV RNA was combined with immunocytochemistry for
GFAP, TNF-«, and IL-6 as previously described (Sun and
Perlman, 1995). Briefly, coronal sections (25-30 um) from
the spinal cords of mice were cut with a cryostat and
placed on silane-treated slides. Sections were fixed with
2.5% PLP and processed for immunocytochemistry fol-
lowed by in situ hybridization as described above. Sam-
ples were then dipped in NTB-2 emulsion (Eastman Ko-
dak, Rochester, NY) for 2 weeks. After development,
slides were analyzed by light microscopy. The control
experiments included omitting the primary antibodies or
substituting an irrelevant antibody for the specific primary
antibody.

RESULTS

Expression of TNF-e, IL-18, IL-6, INOS, and MHC
class | and Il antigens within the brains and spinal
cords of mice with either chronic demyelination or
acute encephalitis

Suckling C57BI/6 mice infected intranasally with MHV-
JHM and nursed by dams immunized against the virus
develop a clinically evident, chronic demyelinating en-
cephalomyelitis 3-8 weeks after inoculation. Large, focal
areas of demyelination are evident in the spinal cords of
these mice and viral RNA and protein can be detected
in the vicinity of the histological changes (Castro et al.,
1994). Viral antigen was present in the anterior and lat-
eral parts of the white matter of the spinal cord, in
agreement with previous results (Perlman et al., 1990)
(Fig. 1A). Reactive astrocytes identified using an anti-
GFAP antibody (Fig. 1C) and macrophages/microglia
(Fig. 1D) were readily detected in the spinal cords of
these mice. Next, the spinal cords were examined for
expression of three pleiotropic inflammatory cytokines,
TNF-«, IL-15 and IL-6, previously shown to be produced
by activated astrocytes (Eddleston and Mucke, 1993).
TNF-« (Figs. 1B, 2E, and 2F), IL-143 (Fig. 1F), and IL-6
(Figs. 2C and 2D) could be identified in the gray and
white matter of the spinal cord, although significantly
more labeling was observed in the white matter. Exami-
nation of these sections at higher power showed that
most of the cells labeled for these cytokines had the
morphology of astrocytes (Figs. 1F, 2D, and 2F). These
sections were also probed for iINOS and, as shown in
Fig. 1E, this protein could be detected in cells with the
appearance of astrocytes. In general, these cells were
localized adjacent to demyelinating lesions although a
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FIG. 1. Distribution of MHV-JHM antigen, astrocytes, macrophages, TNF-«, and IL-1, iNOS, and MHC class | and Il antigens in the spinal cords
of C57B1/6 mice with chronic demyelination. Spinal cords were harvested from mice with hindlimb paralysis and analyzed using immunocytochemistry
as described under Materials and Methods. Shown in the figure are sections from mice harvested at 16, 21, 29, and 31 days p.i. (A and B) Low
power views of MHV-JHM-infected spinal cords showing presence of viral antigen (A) and TNF-« (B) in the white matter. (C) Distribution of reactive
astrocytes in the white matter identified using anti-GFAP antibody. (D) Distribution of macrophages in the white matter detected using MAb F4/80.
(E and F) Distribution of cells expressing iNOS (E) and IL-15 (F) in the white matter. (G and H) Distribution of MHC class | (G) and class Il (H)
antigen in the white matter of the spinal cord. Scale bar: A, B, 400 um; C, D, E, F, and H, 100 yum; G, 200 ym.

smaller number of these cells did not appear to be asso-
ciated with such lesions (illustrated for TNF-a in Fig.
3). Some cells with the morphology of macrophages/
microglia were also positive for TNF-«, IL-1, IL-6, and
iINOS although they did not appear to be an important
source of these immunomodulatory molecules in the

chronically infected mice. In the presence of irrelevant
antibody, no staining was observed and these cytokines
could not be detected in the spinal cords of uninfected
mice (data not shown).

In the next experiments, we proved that the cells which
expressed these inflammatory mediators and had the
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FIG. 2. Spatial relationship of MHV-JHM-infected cells to astrocytes expressing GFAP, IL-6, and TNF-« in the spinal cords of chronically infected
mice. Samples from a mouse which developed hindlimb paralysis at 29 days p.i. were processed initially for GFAP (A and B), IL-6 (C and D), and
TNF-« (E and F) using immunocytochemistry as described under Materials and Methods. MHV-JHM RNA was then assayed by in situ hybridization
(silver grains). (A, C, and E) Low-power views of infected spinal cords showing relationship of infected cells to those expressing GFAP, IL-6, and
TNF-a. Areas indicated by straight arrows in (A, C, and E) are shown at higher power in (B, D, and F). Viral mMRNA was detected in both white
(open arrows in B, and E) and gray (curved arrows in A and C) matter. An infected cell expressing TNF-« is indicated by a thin arrow in (F). Scale
bar: A, C, and E, 200 ym; B, D, and F, 50 pm.
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FIG. 3. Colocalization of astrocytes expressing TNF-a and demyelin-
ating lesions. The brain and spinal cord from a mouse with hindlimb
paralysis (29 days p.i.) was placed into Histochoice MB fixative (Am-
resco, Solon, OH) overnight prior to embedding in paraffin. Serial 15—
20 uM sections were cut and processed for staining with luxol fast
blue (A) or forimmunocytochemistry with TNF-« antibody (B). The same
area of demyelination is indicated in (A) with an arrowhead and in (B)
with an arrow. An extensive cellular infiltrate is apparent in the white
matter (A). Astrocytes expressing TNF-a are present adjacent to the
demyelinating lesion (B). Scale bar, 100 pm.

morphology of astrocytes were in fact positive for GFAP.
Two representative cytokines, TNF-« and IL-6, were ana-
lyzed, using a double immunofluorescence assay in
which cells were assayed simultaneously for these cyto-
kines and GFAP. As illustrated in Fig. 4, most of the cells
which expressed TNF-« or IL-6 also expressed GFAP,
showing that they were indeed astrocytes.

Cultured astrocytes have been shown to express MHC
class | molecules after infection with MHV (Suzumura et
al., 1986; Joseph et al., 1990; Gilmore et al., 1994) and
the results described above show that astrocytes are
involved in the host response to MHV-JHM. Expression
of MHC class I or Il antigen on the surface of astrocytes
would be consistent with a role for these cells in antigen
presentation within the infected CNS. To determine if
these molecules could be demonstrated on astrocytes,
sections from infected spinal cords were probed with
antibodies directed against H-2" class | (D® and K®) and

class Il (I-AP) molecules. As shown in Figs. 1G and 1H,
cells expressing MHC class | and Il antigen were easily
detected in infected spinal cords. However, the morphol-
ogy of these cells did not appear to be that of astrocytes
but, rather, suggested that the labeled cells were either
macrophages or microglia (compare with Fig. 1D). In ad-
dition, MHC class | antigen could be detected on endo-
thelial and meningeal cells (data not shown). These re-
sults suggest that if astrocytes with the morphology
shown in Fig. 1C express either MHC class | or Il antigen,
then the level of expression is significantly lower than
that present on other cells in the CNS of mice with demy-
elination.

Increased expression of TNF-a, IL-15, and IL-6 mRNA
has also been reported in mice with MHV-JHM-induced
acute encephalitis (Pearce et al., 1994). Since mice with
encephalitis die before virus spreads to the spinal cord,
the midbrain and the brainstem of mice with the acute
disease were assayed for GFAP and the three cytokines
described above. GFAP (Fig. 5A), TNF-a (Fig. 5B), and
IL-6 (Fig. 5C), but not IL-15 (data not shown), were readily
detected on these sections, with most of the cells posi-
tive for these molecules arranged in a perivascular distri-
bution, as shown in Figs. 5B and 5C for TNF-« and IL-6,
respectively. At present it is not known why IL-13 could
not be detected since IL-15 mRNA expression has been
shown to be upregulated in the brains of mice with acute
encephalitis (Pearce et al., 1994). Most of the cells ex-
pressing TNF-«, (Fig. 5B) or IL-6 (Fig. 5C) did not appear
to be astrocytes (Fig. 5A), but rather had the morphology
of macrophages or other mononuclear cells. Of interest,
the only cells expressing iNOS also were macrophage-
like (Gryzbicki et al., manuscript in preparation). In a few
cases, TNF-« or IL-6 could be detected in cells which
appeared to be astrocytes, but this was uncommon (Fig.
5D). This is in marked contrast to the results shown in
Figs. 1 and 2, in which the majority of cells expressing
the three cytokines were astrocytes.

Spatial relationship between reactive astrocytes and
MHV-infected cells in the spinal cords of mice with
chronic demyelination

Previously, it was shown that many of the virus-in-
fected cells in the brains of mice with chronic demyelin-
ation and hindlimb paralysis were astrocytes. From the
results described thus far, it was not possible to discern
whether the cells expressing the three cytokines were
in fact infected or what the spatial relationship was be-
tween these cells and those infected with MHV-JHM. To
answer these questions, sections were assayed sequen-
tially for GFAP, TNF-«, or IL-6 by immunohistochemistry
and for viral RNA by in situ hybridization as described
under Materials and Methods. Astrocytes labeled for
GFAP, TNF-«, and IL-6 were most apparent in the general
vicinity of infected cells (positive for MHV RNA) although
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FIG. 4. Colocalization of GFAP with TNF-a and IL-6 in the white matter of spinal cords harvested from mice with chronic demyelination. Sections
from the spinal cord of a mouse which developed hindlimb paralysis at 25 days p.i. were processed for double immunofluorescence labeling as
described under Materials and Methods. (A and B) Section simultaneously processed for GFAP (A) and TNF-« (B). (C and D) Section simultaneously
processed for GFAP (C) and IL-6 (D). Examples of doubly labeled cells are indicated by the open arrows. Arrowheads indicated cells labeled only

by anti-GFAP antibody but not TNF-« or IL-6. Scale bar, 100 pm.

fairly widespread expression of GFAP and the two cyto-
kines was observed even when viral RNA could be de-
tected only in focal accumulations (Figs. 2A, 2C, and 2E).
Some of the cells expressing TNF-a or IL-6 were also
infected with MHV-JHM (Fig. 2F). In general, however,
most of the activated astrocytes were uninfected (Figs.
2B, 2D, and 2F).

Although most MHV-infected cells were present in the
white matter, virus could, in some cases, be detected in
the gray matter of the spinal cord. Some of these infected
cells had the morphology of neurons. In these mice, TNF-
a and IL-6 could also be detected in astrocytes in the
gray matter (data not shown). This showed that activation
of astrocytes occurred in all regions of active virus infec-
tion and was not confined to the white matter.

Both astrocytes and oligodendrocytes are infected
in the white matter

In a previous report, the percentage of infected cells
which were astrocytes was quantified using a dual immu-
nohistochemistry—immunofluorescence assay. These
measurements were made on the brains of infected mice

(Perlman and Ries, 1987). To determine if the same per-
centage of infected cells in the spinal cord were
astrocytes as was reported previously for the brain, the
percentage of infected, GFAP-positive cells in the gray
and white matter of mice with chronic demyelination was
determined. For these analyses, approximately 2600
MHV-JHM-infected cells in the gray and white matter of
two spinal cords were examined. Of these, 211 cells
(14.9%) in the white matter and 210 cells (17.4%) in the
gray matter were positive for GFAP and therefore were
astrocytes. This percentage is lower than previously de-
termined in the analysis of chronically infected brains. In
those experiments, 39% of brain-derived MHV-positive
cells were astrocytes. Whether this reflects differences
between mice, between the brain and spinal cord, or
between the different methodologies used in the two
experiments is not known.

Infection of oligodendrocytes is an important part of the
pathogenic process in MHV-infected mice and with acute
demyelination (Lampert et al., 1973; Weiner, 1973; Powell
and Lampert, 1975). Therefore, experiments were per-
formed to determine if oligodendrocytes were similarly
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FIG. 5. Detection of TNF-« and IL-6 in the brains of mice with MHV-JHM-induced acute encephalitis. Six-week-old C57B1/6 mice were infected
intranasally with MHV-JHM and brains were harvested at 6 days p.i. when mice exhibited signs of severe encephalitis. Sections were processed
using immunocytochemistry as described under Materials and Methods. (A) GFAP-positive reactive astrocytes. (B—D) Detection of cells labeled for
TNF-a (B) and IL-6 (C and D). TNF-« (B) and IL-6 (C) positive cells were detected in a perivascular distribution (xindicates a blood vessel). The
majority of TNF-a- and IL-6-positive cells appear to be macrophages or other mononuclear cells (B—D). Occasional labeled cells with the morphology
of astrocytes were also identified (black arrow in D). Scale bar: A-C, 100 um; D, 50 pm.

infected in mice with the chronic demyelinating disease.
The percentage of infected cells which were oligodendro-
cytes was difficult to determine since we and others have
been unable to identify an antibody which consistently
labels this type of glia (Lipton et al., 1995). However, inter-
fascicular oligodendrocytes in the white matter are orga-
nized into regularly spaced stretches of cells lying in direct
contact with each other, forming rows in the longitudinal
axis of the cord. To determine if cells with this pattern were
labeled in the spinal cords of infected mice, longitudinal
sections were cut and analyzed for MHV-JHM by in situ
hybridization. The cellular architecture of the spinal cord
was disrupted as a consequence of the infectious pro-
cess, so long rows of cells were not apparent. However,
short rows of these cells could be identified and were
shown to be infected with MHV-JHM (Fig. 6). Assuming
that these cells were in fact oligodendrocytes, these re-
sults suggest that infection of oligodendrocytes s involved
in the pathogenic process in mice with chronic demyelin-
ation and hindlimb paralysis.

DISCUSSION

The demyelinating disease caused by MHV-JHM ap-
pears to be at least in part imnmune-mediated and various
immunomodulatory molecules are likely to be part of the
pathogenic process. The objective of this report was to
determine the extent to which astrocytes were the cellu-
lar source of these molecules. In this study, brains and
spinal cords harvested from mice with either acute en-
cephalitis or chronic demyelination were analyzed for the
expression of three pleiotropic cytokines, TNF-«, IL-15,
and IL-6, and the inducible isoform of NOS. TNF-«, IL-
15, IL-6, and nitric oxide were chosen for study because
they are pivotal in the host response to injury in the
CNS, have broad ranges of activity, and are produced
by cultured astrocytes (Hartung et al., 1992; Morganti-
Kossman et al., 1992; Simmons and Murphy, 1992). While
all three cytokines (with the exception of IL-15 in mice
with acute encephalitis) and iNOS were detected in the
CNS in both diseases, the predominant cell type labeled
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FIG. 6. Probable MHV-JHM infection of oligodendrocytes in mice with chronic demyelination. Longitudinal sections of a spinal cord harvested
from a mouse which developed hindlimb paralysis at 32 days p.i. were analyzed for viral RNA using in situ hybridization as described under
Materials and Methods. Samples were counterstained with cresyl violet. Viral RNA is indicated by the presence of silver grains. Uninfected
interfascicular oligodendrocytes are organized in a unique linear pattern (open arrows). Viral RNA colocalized with some of these cells (black

arrows). Scale bar, 100 ym.

for each protein differed between the two. Expression
by astrocytes was prominent only in mice with chronic
demyelination and activated astrocytes were located ad-
jacent to areas of virus infection and demyelination (Figs.
1-3). This labeling for cytokines or iNOS could represent
either de novo synthesis by astrocytes or production
elsewhere and subsequent uptake of these molecules
by astrocytes. We favor the former interpretation for two
reasons. First, astrocytes are the predominant cell la-
beled for all three cytokines and iNOS. If these molecules
were synthesized by other cells, these cells should also
be labeled in the sections. Second, iNOS is not secreted,
making it unlikely that the enzyme was produced by other
cells and taken up by astrocytes. In addition, expression
of all three cytokines and INOS has been well docu-
mented in experiments in which cultured astrocytes were
activated in vitro (Simmons and Murphy, 1992; Eddleston
and Mucke, 1993). Our data represent one of the few
examples in which apparent synthesis of all of these
cytokines and iNOS by astrocytes is documented in situ
and are consistent with the notion that this synthesis

is an important part of the inflammatory response and
demyelination in the CNS.

These results are in marked contrast to what is ob-
served in mice with acute encephalitis, in which TNF-«,
IL-6, and iINOS were primarily detected in cells with the
morphology of mononuclear cells. These cells were ob-
served to radiate from large blood vessels, consistent
with production by infiltrating, blood-derived cells (Fig.
5). Mononuclear cell perivascular infiltration is one of the
early pathological changes described in mice infected
with MHV-JHM (Weiner, 1973), and our results suggest
that these cells produce cytokines and iNOS as part
of the initial response to the virus. These results are
consistent with a recent study in which macrophages
and microglia were shown to produce TNF-a in mice
with experimental allergic encephalomyelitis (Renno et
al., 1995) as well as other reports showing that infiltrating
mononuclear cells but not resident CNS cells produced
iINOS in animals with virus-induced acute encephalitis
(Zheng et al., 1993; Campbell et al., 1994). Of note, in our
study, large numbers of macrophages/microglia were
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present in the CNS of mice with hindlimb paralysis, but
most of these cells did not express the three cytokines
or iNOS at levels comparable to what was observed in
acutely infected mice. Macrophages have been shown
to strip myelin sheaths off axons in MHV-JHM-infected
mice with extensive demyelination (Powell and Lampert,
1975). Therefore, it is possible that macrophages have
different roles in the acute and chronic infections.

The pathogenesis of demyelination induced by MHV-
JHM has similarities with the pathogenic process ob-
served in the brains of patients with MS. In both cases,
inflammatory infiltrates and astrogliosis are associated
with active lesions (Lee et al., 1990; Raine, 1994). TNF-
a and iNOS are expressed by astrocytes associated with
the lesions in both cases (Hofman et al., 1989; Selmaj et
al,, 1991; Bo et al.,, 1994a). TNF-« and IL-1, but not IL-6,
can be detected in the cerebrospinal fluid of patients
with MS and MHC class Il expression is upregulated in
the CNS of both diseased humans and mice (Hauser et
al,, 1990). In MS, MHC class Il is only rarely, if ever, seen
on reactive astrocytes (Bo et al., 1994b) and in our study,
no expression of either MHC class | or Il antigen could
be detected on cells with the typical morphology of
astrocytes (compare Figs. 1C, 1G, and 1H). A caveat to
our experiments is that astrocytes may express MHC
class | or Il molecules at physiological levels below the
level of detection of the immunohistochemical assay, al-
though expression of these molecules on other cell types
could clearly be detected. In a previous study, MHC class
| antigen expression was detected on astrocytes isolated
from the brains of 7- to 9-day-old mice infected with MHV-
A59 (Suzumura et al., 1986). Isolation of astrocytes from
older mice is more difficult and we do not know if
astrocytes removed from the brains of mice chronically
infected with MHV-JHM and analyzed immediately in cell
culture would also express MHC class | antigen. Our
data are consistent with a recent report in which the
constitutive expression of MHC class | antigen by
astrocytes was inhibited in cultures persistently infected
with MHV-JHM (Gilmore et al., 1994) and raise the possi-
bility that persistent infection with MHV-JHM in mice
leads to an active suppression rather than a lack of in-
duction of MHC antigen expression. Thus, these results
suggest that astrocytes have a role in the propagation
of the immunopathologic process in both the human and
murine diseases, but do not present antigen to lympho-
cytes and do not participate in the initiation of the im-
mune response.

TNF-«, IL-14, and IL-6 are all involved in the develop-
ment of a normal inflammatory response and protective
immunity. IL-14, considered an important mediator of in-
flammation in the CNS, functions at least in part by in-
creasing expression of ICAM-1 and thereby enhancing
adhesion of leukocytes to endothelial cells (Ken-Ichi et
al., 1990). TNF-a also helps mediate the inflammatory
response, partly by stimulating the synthesis of other

cytokines by many cell types and by increasing vascular
permeability and expression of adhesion molecules (Tra-
cey and Cerami, 1993). IL-6, among other functions, is
involved in the proliferation and differentiation of cyto-
toxic T cells (Akira et al., 1993). IL-1 and TNF-« induce
the synthesis of iINOS (Murphy et al,, 1993). While the
role of each cytokine in the pathogenic process and the
extent to which they affect the level and function of each
other is not well understood, maintenance of a chronic
inflammatory response likely requires the continued syn-
thesis of one or more of these cytokines. It is striking
that the source for these cytokines and iNOS shifted
from macrophages/microglia to a preponderance of
astrocytes as the MHV infection changed from an acute
to a chronic phase. Cytokine production by astrocytes
may be a general feature of chronic viral infections since
such production by astrocytes has also been docu-
mented at autopsy in patients with subacute sclerosing
panencephalitis (Nagano et al., 1994). The basis for the
predominant synthesis of cytokines by astrocytes and
not macrophages in chronically infected mice remains
to be determined. However, expression of TNF-a and
nitric oxide by astrocytes located adjacent to demyelinat-
ing lesions might contribute to the process of demyelin-
ation since both independently are toxic for oligodendro-
cytes (Selmaj and Raine, 1988; Merrill et al., 1993). No
data are available yet defining the precise role of either
TNF-a or nitric oxide in MHV-JHM-induced chronic demy-
elination, although, in a recent study, treatment with neu-
tralizing antibodies to TNF-« did not affect this process
in mice with MHV-induced acute demyelination (Stohl-
man et al., 1995b).

As in mice with acute demyelination (Lampert et al.,
1973; Powell and Lampert, 1975), oligodendrocytes ap-
pear to be infected in mice with chronic demyelination
and hindlimb paralysis (Fig. 6). Astrocytes are also in-
fected in the CNS of mice with chronic demyelination,
although they did not account for the majority of infected
cells in the brain (Perlman and Ries, 1987) or the white
or gray matter of the spinal cord. Whether the remainder
are macrophages, microglia or neurons is being investi-
gated at present.

These results are consistent with roles both for a direct
effect of MHV-JHM on the function of oligodendrocytes and
astrocytes and for immune-mediated destruction in the
chronic demyelinating disease. Astrocytes localized adja-
cent to areas of virus infection clearly produce cytokines
and iNOS which are important for the antiviral immune
response but are also likely to contribute to the pathogenic
process. Although these immunomodulatory molecules
have overlapping activities, use of transgenic mice deficient
in the production of one or more of them should allow
elucidation of their roles in MHV-induced demyelination.
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