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Infection of susceptible strains of mice with Daniel’s (DA) strains of Theiler’s murine encephalomyelitis
virus (DAV) results in virus persistence in the central nervous system (CNS) white matter and chronic
demyelination similar to that observed in multiple sclerosis. We investigated whether persistence is due to the
immune system more efficiently clearing DAV from gray than from white matter of the CNS. Severe combined
immunodeficient (SCID) and immunocompetent C.B-17 mice were infected with DAV to determine the kinetics,
temporal distribution, and tropism of the virus in CNS. In early disease (6 h to 7 days postinfection), DAV
replicated with similar kinetics in the brains and spinal cords of SCID and immunocompetent mice and in gray
and white matter. DAV RNA was localized within 48 h in CNS cells of all phenotypes, including neurons,
oligodendrocytes, astrocytes, and macrophages/microglia. In late disease (13 to 17 days postinfection), SCID
mice became moribund and permitted higher DAV replication in both gray and white matter. In contrast,
immunocompetent mice cleared virus from the gray matter but showed replication in the white matter of their
brains and spinal cords. Reconstitution of SCID mice with nonimmune splenocytes or anti-DAV antibodies
after establishment of infection demonstrated that both cellular and humoral immune responses decreased
virus from the gray matter; however, the cellular responses were more effective. SCID mice reconstituted with
splenocytes depleted of CD41 or CD81 T lymphocytes cleared virus from the gray matter but allowed
replication in the white matter. These studies demonstrate that both neurons and glia are infected early
following DAV infection but that virus persistence in the white matter is due to preferential clearance of virus
from the gray matter by the immune system.

Theiler’s murine encephalomyelitis viruses (TMEV) are nat-
ural enteric pathogens of mice, belonging to the Picornaviridae
family (51). TMEV strains are divided into two subgroups on
the basis of neurovirulence after intracerebral inoculation,
GDVII and TO (Theiler’s original) subgroups (23, 26, 27). The
GDVII subgroup (GDVII and FA strains) produce an acute
fatal panencephalomyelitis in mice of all genetic backgrounds
(26, 27). Clinically, these mice exhibit flaccid paralysis, cir-
cling, and respiratory failure before death. The TO sub-
group (Daniel’s [DA], BeAn, WW, and Yale strains) produce
a biphasic central nervous system (CNS) disease in susceptible
strains of mice characterized by acute encephalitis in the first
week, followed by a chronic demyelinating disease (23, 39).
The demyelinating disease serves as a model of multiple scle-
rosis in humans. In the chronic phase, TMEV persists in glial
cells and macrophages throughout the life of a mouse, result-
ing in progressive inflammatory myelin destruction in the white
matter of the spinal cord (23, 24). Mice with demyelination
show clinical signs of paresis, incontinence, spasticity, and pa-
ralysis. In resistant strains of mice, the TO subgroup produces
a mild acute encephalitis followed by complete clearance of the
virus and recovery within 3 weeks (39).

Demyelination occurs only if mice are persistently infected
and is due to both direct effects of the virus (45, 46, 54) and
immune response of the host (4, 43, 44). Despite extensive
studies, the mechanisms of TMEV persistence are not clearly
understood. Factors controlling persistence include the genet-

ics of the mouse (6, 36), the genetics of the virus (21, 50, 52,
54), virus cytotropism (3, 11, 20, 34), and immune responses
(40). In mice, the H-2D allele in the major histocompatibility
complex genes (10, 36) and another gene close to the gamma
interferon gene locus on chromosome 10 (6) control suscepti-
bility to persistent infection. Some studies have suggested that
the GDVII subgroup fails to persist because of lack of genetic
determinants of persistence (28, 50), or inability to infect glial
cells (26), but other studies have challenged these conclusions
(17, 42, 49).

Most studies of TO strains have suggested that a change in
tropism from neurons to glial cells, followed by restricted viral
RNA and protein synthesis (7, 8, 22), results in persistence of
virus in the white matter. This paradigm is based, in part, on
ultrastructural studies that demonstrated sequential infection
of neurons in the brain, neurons in the spinal cord, and finally
glial cells and macrophages in the white matter of the spinal
cord, where virus persists and causes chronic demyelination (3,
12, 13, 23). However, detailed in vivo studies to substantiate
this sequence of events have not been conducted. In vitro
studies have not been useful in resolving the question, because
TMEV strains lytically infect neuronal and glial cell cultures
with similar kinetics (18, 19, 31). A recent in vivo study indi-
cated that both TO and GDVII viruses infect glia and neurons
early, suggesting the possibility that the distinct tissue distri-
bution of virus during persistent infection may not be the result
of differential virus tropism (2). We propose that the effective
clearance of TO viruses from the gray matter, but not the white
matter, by the immune system is the reason for selective per-
sistence in the white matter. To test the hypothesis and detail
the pathogenetic sequence of TO virus infection in the CNS,
severe combined immunodeficient (SCID) and immunocom-
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petent C.B-17 mice and SCID mice reconstituted with nonim-
mune splenocytes or neutralizing antibodies were inoculated
intracerebrally with the DA virus (DAV) to determine the
kinetics, sequential distribution, tropism, and persistence of
the virus. The C.B-17 strain (H-2d haplotype) is susceptible to
TMEV persistence and demyelination (41).

MATERIALS AND METHODS

Mice. Four- to six-week-old C.B-17 and C.B-17-scid (hereafter referred to as
SCID) mice (H-2d haplotype) were purchased from Taconic Laboratory Animals
(Germantown, N.Y.). Mice were inoculated intracerebrally with 2 3 106 PFU of
DAV in a 10-ml volume. All mice were bred and maintained in the Mayo Clinic
Animal Facility. Handling of all animals conformed to the National Institutes of
Health and Mayo Clinic institutional guidelines.

Virus. The DA strain of TMEV was used. The virus was grown in BHK-21 cells
and titrated by plaque assay in L2 cells as described previously (38).

Reconstitution of SCID mice. All SCID mice were reconstituted with 3 3 107

splenic cells from BALB/c or C.B-17 mice as described previously (41). This dose
of cells was shown previously to protect SCID mice from fatal encephalitis (41).
There were two different protocols for reconstitution of SCID mice. In the first
protocol, mice were reconstituted by injection of splenocytes intravenously
through the tail vein and infected with DAV 3 to 5 h after reconstitution. Some
SCID mice were reconstituted with splenocytes depleted of CD41 or CD81 T
lymphocytes by negative selection with anti-CD41 (9) or anti-CD81 (48) anti-
bodies in the presence of complement (41). Based on the estimation that the
percentage of CD31 T lymphocytes in untreated BALB/c or C.B-17 splenocytes
was 33%, the numbers of monoclonal antibody- and complement-treated spleno-
cytes were adjusted to ensure that recipients received the same number of T cells
of the surviving subpopulation as that received by recipients of untreated spleno-
cytes. Mice reconstituted with CD4-depleted splenocytes also received weekly
injections of anti-CD4 GK 1.5 monoclonal antibody (14) to maintain efficient
depletion (41). The efficiencies of CD41 or CD81 T-lymphocyte depletion in
splenocytes were 94.9 and 97.6%, respectively, when the splenocytes were ana-
lyzed by flow cytometry (41). In the second protocol, SCID mice were reconsti-
tuted with total splenocytes at 3, 7, and 10 days after virus inoculation to examine
patterns of virus clearance in different regions of the CNS.

Treatment with anti-DAV antibody. SCID mice were treated with serum har-
vested from DAV-infected C57BL/6J mice (Jackson Laboratory, Bar Harbor,
Maine). The serum had a 50% DAV-neutralizing titer of 1:4,000. SCID mice
received 100 ml of serum intraperitoneally twice weekly beginning 3 days after
intracerebral DAV inoculation. Mice were sacrificed 17 days after infection and
24 h after the final antibody injection.

Frozen sections. Mice were sacrificed by ether overdosage. The brain was cut
into three coronal blocks to allow analysis of the structures of the forebrain,
midbrain, and hindbrain. Each brain tissue slide contained three sections from
the three regions, enabling detailed analysis of DAV infection in the cortex,
corpus callosum, thalamus, hypothalamus, striatum, cerebellum, and brain stem
for each animal. The entire spinal cord was cut into three or four blocks to allow
analysis of the cervical, thoracic, lumbar, and sacral regions. The spinal cord
blocks were then arranged into longitudinal sections such that one tissue slide
contained sections from all the blocks, providing a detailed representation of the
entire cord. The brain and spinal cord blocks were snap frozen in OCT embed-
ding compound (Miles Inc., Elkhart, Ind.) with isopentane in liquid nitrogen.
Sections 10-mm thick were cut with a Reichert-Jung Cryocut 1800 (Cambridge
Instruments, Heidelberg, Germany) for immunostaining and in situ hybridiza-
tion.

Viral plaque assay. Viral plaque assays were performed on brains and spinal
cords from immunocompetent and SCID mice as described previously (38).
Briefly, brains and spinal cords were collected separately and 10% (wt/vol)
homogenates were prepared in Dulbecco modified Eagle medium. The homog-
enates were sonicated three times for 20 s each and clarified by centrifugation.
All dilutions were plated in triplicate. Viral plaques were determined on L2 cells
and expressed as log10 PFU per gram of tissue. Virus titers were compared by
Student’s t test.

In situ hybridization. In situ hybridization for DAV RNA was carried out as
described previously (29). Briefly, sections fixed in cold phosphate buffer con-
taining 0.5% paraformaldehyde, 0.5% glutaraldehyde, 0.002% calcium chloride,
1.6% glucose, and 1% dimethyl sulfoxide were treated with 1 mg of proteinase K
in phosphate-buffered saline for 30 min at 37°C and in 0.1 M triethanolamine
containing acetic anhydride for 10 min at room temperature. Slides were prehy-
bridized in buffer containing deionized formamide, Denhardt’s solution, sodium
chloride, salmon sperm DNA, yeast total RNA, and yeast tRNA for 4 h at room
temperature before being hybridized with 35S-labeled 253- or 363-bp cDNA
probes corresponding to VP1 of DAV (32). The cDNA probes were obtained by
double digestion of the VP1 plasmid with KpnI and SalI restriction enzymes and
radiolabeling of the probe with between 0.5 3 108 to 0.8 3 108 cpm of a-35S-
dATP per mg of DNA by nick translation. Hybridization was carried out over-
night at 37°C followed by extensive washes in reducing buffer at 55°C. Air-dried
slides were immersed in NTB2 film emulsion (Eastmann Kodak) and exposed at
4°C for 1 to 3 days.

DAV RNA-positive cells in various regions of the brain (cerebral cortex,
corpus callosum, hippocampus, striatum, hypothalamus, cerebellum, and brain
stem) and spinal cord (gray and white matter) were counted by light microscopy
at a 3250 magnification. The respective CNS areas (in square millimeters) were
measured with the IBAS Image Analysis System (Kontron, Munich, Germany)
attached to an Axiophot microscope (Carl Zeiss, Inc., Thornwood, N.Y.) at a
350 magnification. The data were expressed as the numbers of DAV RNA-
positive cells per square millimeter. Statistical comparisons were done by un-
paired Student’s t test.

Immunohistochemical staining for DAV antigens. Brain and spinal cord fro-
zen sections were fixed in cold acetone and incubated with a polyclonal rabbit
anti-DAV serum which reacts with capsid proteins of DAV (37). The antigens
were detected by the avidin-biotin immunoperoxidase technique.

Simultaneous immunostaining and in situ hybridization. To identify the CNS
cells supporting DAV replication, we performed immunocytochemistry using cell
markers for oligodendrocytes, astrocytes, macrophages, and neurons followed by
in situ hybridization for DAV RNA. We used rabbit antibodies against myelin
basic protein (Dako Corp, Santa Barbara, Calif.) for oligodendrocytes, glial
fibrillary acidic protein (Dako) for astrocytes, and 200-kDa neurofilaments (Sig-
ma Chemical Co., St. Louis, Mo.) or neuron-specific enolase (Zymed Laborato-
ries, South San Francisco, Calif.) for neurons. Bandeiraea simplicifolia BS-1 lectin
(Sigma) and anti-Ia antibody (OX-6; Serotec, Oxford, England) were used to
identify microglia/macrophages. Following avidin-biotin immunoperoxidase de-
tection, sections were rinsed in distilled water and hybridized in situ for DAV
RNA as described above.

Culture and infection of mouse primary glial and neuronal cells. Neuronal
cells were obtained from telencephala of newborn BALB/c mice by enzymatic
dissociation (53). The cells were seeded on poly-DL-ornithine-coated chamber
slides. Neuron cultures contained approximately 55% neurons, 45% type II
astrocytes, and less than 1% oligodendrocytes and microglia/macrophages. Pri-
mary mixed glial cell cultures were prepared from newborn BALB/c mice as
described previously (1). Briefly, whole brains were dissociated, centrifuged, and
resuspended in culture medium. The cells were cultured for 10 to 14 days and

FIG. 1. Virus titers from brains and spinal cords of SCID and immunocom-
petent C.B-17 mice. (A) SCID mouse brain; (B) C.B-17 mouse brain; (C) SCID
mouse spinal cord; (D) C.B-17 mouse spinal cord. Mice were inoculated with 2 3
105 PFU of DAV, and plaque assays were performed on days 1, 2, 4, 7, and 13 p.i.
as described previously (38). The limit of detection of this plaque assay was 100
PFU of virus/ml.
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then seeded onto chamber slides. Glial cell cultures contained approximately
70% astrocytes, 20% microglia/macrophages, and 10% oligodendrocytes. Cham-
ber slides of both cultures were inoculated with 1 to 5 PFU of DAV per cell for
24 h, washed, fixed in cold acetone, and immunostained for viral antigens.

RESULTS

SCID mice have high virus titers and develop signs of acute
encephalomyelitis. DAV-infected SCID and immunocompe-
tent C.B-17 mice were observed daily for clinical disease. SCID
mice survived for 15 to 17 days and manifested two phases of
disease: early disease (6 h to 7 days postinfection [p.i.]), in
which mice were clinically normal, and late disease (13 to 17
days p.i.), in which clinical signs of encephalitis were evident
without demyelination. In contrast, immunocompetent C.B-17
mice did not show clinical signs of encephalitis but by 45 days
p.i. developed persistent DAV infection and chronic demyeli-
nation of the spinal cord white matter characterized by mild
neurologic signs of spasticity and hind limb paresis.

The kinetics of replication of the virus in the CNS were
determined for both SCID and immunocompetent C.B-17
mice. Three mice from each strain were sacrificed at 1, 2, 4, 7,
and 13 days p.i., and plaque assays were performed for the
brains and spinal cords separately. There was no difference in

virus titers at 1 to 4 days p.i. between SCID (Fig. 1A and C)
and immunocompetent (Fig. 1B and D) mice (P . 0.4). SCID
mice had 100- to 1,000-fold more virus than immunocompetent
C.B-17 mice at 13 days p.i. (P 5 0.004). Virus titers were also
higher in the brains than in the spinal cords of both SCID (P 5
0.004) and immunocompetent (P 5 0.0039) mice when all
sacrifice time points were compared.

DAV replicates early in both the gray and the white matter
of the brain. We confirmed that DAV can infect both neurons
and glial cells in vitro by infecting primary glial (mixed oligo-
dendrocytes, microglia, and astrocytes) and neuronal cultures
from neonatal BALB/c (H-2d haplotype) mice with DAV and
immunostaining for virus antigens (Table 1). BALB/c mice, a
strain from which the closely related congenic C.B-17 strain
was derived, were used in these experiments. Based on these in
vitro results that suggest that virus is inherently competent to
infect gray and white matter cells of the CNS, we tested
whether DAV replicates equally in neurons and glia in vivo or
whether it first replicates in neurons and then switches to glia
later as proposed previously (3, 20, 23). SCID and immuno-
competent C.B-17 mice were sacrificed 6 and 12 h and 1, 2, 4,
7, 13, and 17 days after infection. Six immunocompetent
C.B-17 mice were also sacrificed 45 days after infection (no
SCID mice survived to this time point). Frozen brain and
spinal cord sections were hybridized in situ with a DAV-spe-
cific probe (29), and the distribution of DAV RNA-positive
cells in various regions of the CNS was determined. Specificity
of the probe was demonstrated in sham (phosphate-buffered
saline)-inoculated age-matched SCID mice sacrificed 10 days
after inoculation when no hybridization was detected.

DAV replicated equally in gray and white matter of the
brains of SCID and immunocompetent mice during the early
period (6 h to 7 days p.i.) (Table 2). For example, the numbers
of virus-RNA-positive cells in the corpora callosa (white mat-
ter) and the pyramidal layers of hippocampi (gray matter) were
not statistically different (P . 0.91). In SCID mice, virus was
detected in the corpora callosa of 11 of 15 mice (73%) and in
the pyramidal layers of the hippocampi of 11 of 15 mice (73%)

TABLE 1. DAV infection in cultured glial and neuronal cellsa

Cells No. of
cells

No. of DAV-
positive cells

% Positive
cells Pb

Mixed glia 235 6 29 181 6 32 76 6 5
Neurons 190 6 22 146 6 18 77 6 4 0.88

a Primary glial or neuronal cells were cultured from neonatal BALB/c mice as
described in Materials and Methods. Cultures on chamber slides were infected
with DAV at 1 to 5 PFU/cell for 24 h. Slides were washed in phosphate-buffered
saline, fixed with cold acetone, and immunostained for DAV antigens by the
avidin-biotin immunoperoxidase technique. Cells from 3 to 5 chambers were
counted at a 3250 magnification with a light microscope. Data are mean num-
bers of cells 6 standard errors.

b Infectivity of neuronal cultures was compared with that of glial cultures by
unpaired Students’ t test.

TABLE 2. DAV-RNA-positive cells in the brains of immunocompetent C.B-17 and SCID micea

Mouse
strain Time p.i. No. of

mice

Mean no. of DAV-RNA-positive cellsb (range) in:

Cortices Corpora
callosa

Hippocampi
Striata Cerebella Brain

stemsPyramidal Molecular

SCID 6–24 h 7 0.8 (0–3) 34.2 (0–85) 29.9 (0–100) 3.1 (0–20) 0.3 (0–1) 0.3 (0–2) 0
C.B-17 6–24 h 6 2.5 (0–4.6) 42.3 (0–174) 47.7 (0–173) 4.8 (0–17) 5.3 (1–12) 5.6 (0–9) 0

SCID 48–96 h 4 3.3 (0–10.3) 49.2 (0–166) .50d 8.7 (0.9–19) 3.2 (1–6) 0 0
C.B-17 48–96 h 6 25.3 (0–77) .50d .50d 11 (0–33) 10.4 (2–26) 0.4 (0–2) 0.9 (0–4)

SCID 7 days 5 4.7 (0–15) 11 (0–49) 42.6 (0–152) 4.4 (0–11) 13.3 (1–32) 1.2 (0–6) 0.5 (0–2)
C.B-17 7 days 3 4.2 (3.2–6) 12.3 (0–34) 31.1 (0–75) 3.4 (0–10) 7.7 (6–11) 0.9 (0–3) 0.9 (0–3)

SCID 13 days 4 .50d 21.4 (6–120) .50d .50d 17.3 (7–30) 4.5 (0–17) 7.7 (5–10)
C.B-17 13 days 4 0 4.4 (0–10) 0 0 0 0 4.5 (0–13.6)

SCID 15–17 daysc 6 38.9 (9–60) 16 (6–45) .50d .50d 19.6 (5–44) 3.9 (1–10) 8.4 (2–30)
C.B-17 17 days 10 0 0.9 (0–7) 0 0 0 0 0.7 (0–1.8)

C.B-17 45 days 6 0 0 0 0 0 0 4.5 (0–23)

a In situ hybridization with a 35S-labeled probe corresponding to the VP1 region of DAV was carried out on frozen sections of mouse brains and spinal cords.
DAV-RNA-positive cells were counted by light microscopy, and the CNS areas were measured with a quantitative image analysis system.

b DAV-RNA-positive cells are presented as mean numbers of cells per square millimeter.
c SCID mice were moribund 15 to 17 days p.i.; thus, no animals were available for comparison to immunocompetent C.B-17 mice at 45 days p.i.
d The positive cells in the different areas of the brain in these sections were too numerous to count.
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between 6 h and 7 days p.i., whereas in immunocompetent
C.B-17 mice, virus was detected in the corpora callosa of 10 of
15 mice (66.7%) and in the pyramidal layers of the hippocampi
of 12 of 15 mice (80%). The primary sites of DAV replication
in the first 96 h of infection were in the hippocampus and
corpus callosum (Fig. 2A), but the virus spread rapidly to the
cerebral cortex (Fig. 2B), striatum, and brain stem. Virus rep-
licated in both the left and right horns of the hippocampus and
in the corpus callosum, eliminating the possibility that virus
localization in those regions was as a result of injection. An
exception was the dentate gyrus of the hippocampus and the
large Purkinje cells and neurons of the granular layer of the
cerebellum, in which virus-positive cells were rarely detected.

In late disease (13 to 17 days p.i.), DAV replicated to high
levels in all regions of the brain in SCID mice (Fig. 3A). In

contrast, virus was cleared from most of the brains of immu-
nocompetent mice (Fig. 3B), except the white matter of the
corpora callosa and brain stems (Table 2). These results con-
firmed the importance of B and T lymphocytes in virus clear-
ance from the brain and suggested that clearance is more
effective in the gray than in the white matter.

Virus replicates in CNS parenchymal cells of all phenotypes
during early infection. CNS cells supporting DAV replication
in early disease (1 to 7 days p.i.) were identified by simulta-
neous immunostaining of brain sections for CNS cell pheno-
types and hybridizing for DAV RNA. Fidelity of the colocal-
ization technique was confirmed by comparing the distribution
of double-positive cells (cell phenotype and virus RNA posi-
tive) with that of single-positive cells (viral RNA positive) in
serial sections. Typically, immunostaining reduced the sensi-

FIG. 2. TMEV replication in both the gray and white matter of the brain in early disease. DAV RNA was localized in frozen sections by hybridization with
35S-labeled probe corresponding to the VP1 region of DAV. Virus replication in the corpus callosum (cc) (white matter) and the hippocampus (h) (gray matter) 24 h
p.i. (A) and in the cerebral cortex (c) (gray matter) 4 days p.i. (B) of an immunocompetent mouse is shown. A similar pattern and levels of virus replication were
detected in SCID mice 24 h and 4 days after infection. Sections were counterstained lightly with Mayer’s hematoxylin. Magnification for both pictures, 3100.
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tivity of subsequent in situ hybridization. Even though the
numbers of DAV-RNA-positive cells were fewer in the dou-
ble-labeled than in the single-labeled sections, the distribution
patterns were the same. In both SCID and immunocompetent
C.B-17 mice, oligodendrocytes (Fig. 4A), astrocytes (Fig. 4B),
neurons (Fig. 4C), and macrophages/microglia (Fig. 4D) sup-
ported virus replication. Oligodendrocytes and astrocytes pos-
itive for DAV were detected in both the gray and the white
matter. More neurons and fewer macrophage/microglia sup-
ported DAV replication in SCID mice than in immunocom-
petent C.B-17 mice (Table 3). We concluded that DAV can
efficiently infect both neurons and glial cells in early disease.

Preferential clearance of virus from the gray matter of the
CNS. The spinal cord is the primary site of TMEV persistence
and chronic demyelinating disease. We detected virus-positive

cells in the spinal cords of only 2 of 12 immunocompetent
C.B-17 mice and in none of 11 SCID mice before day 4 p.i. The
virus was detected in cells of both gray and white matter of the
spinal cords of all mice at 7 days p.i. (Fig. 5). However, in late
disease (13 to 17 days p.i.) virus replication was higher in gray
than in white matter in SCID mice (Fig. 5A and 6A) whereas
it was predominantly in the white matter in immunocompetent
C.B-17 mice (Fig. 5B and 6B). In SCID mice 13 to 17 days p.i.,
the gray matter showed extensive neuronal necrosis whereas
the white matter had normal morphology. In immunocompe-
tent C.B-17 mice 17 and 45 days p.i., the white matter showed
extensive inflammatory infiltrates and widespread virus infec-
tion whereas neurons in the gray matter appeared morpholog-
ically normal. These data indicated that DAV preferentially
replicated in the gray matter in the absence of B and T lym-
phocytes but persisted in the white matter in the presence of a
competent immune system.

Both humoral and cellular immune responses are effective
in clearing DAV from gray matter. To examine immune-me-
diated clearance more specifically, we first infected SCID mice
with DAV and then at 3 days p.i. reconstituted them with
either splenocytes (n 5 5) or DAV-neutralizing antibodies
(n 5 3). The efficiencies of reconstitution and antibody treat-
ment were confirmed by quantitation of both total immuno-
globulin G (.400 mg/ml in splenocyte-reconstituted mice, ,10
mg/ml in antibody-treated mice, and ,10 ml/mg in unreconsti-
tuted SCID mice) and DAV-specific immunoglobulin G (high
levels in splenocyte- and anti-DAV antibody-reconstituted
mice and none in unreconstituted mice) in serum 17 days p.i.
Both the splenocyte-reconstituted and antibody-treated SCID
mice were protected from encephalitis and remained clinically
normal until they were sacrificed 17 days p.i. In the animals
reconstituted with splenocytes 3 days after infection, DAV
replication was 2- to 20-fold higher in the white matter than in
the gray matter of their spinal cords (Fig. 7), with the exception
of the level in one mouse which had similar amounts of virus-
positive cells in the gray and white matter. In the animals
treated with DAV-neutralizing antibodies, the levels of virus
replication were two- to fourfold higher in the white matter
than in the gray matter (Fig. 7). These results demonstrated
that both a cellular immune response (T lymphocytes) and
antibodies can decrease virus from the gray matter but that the
humoral response is less effective. SCID mice reconstituted
with splenocytes developed severe white matter demyelination.

As a control, SCID mice (n 5 3) were reconstituted at day
3 p.i. with 3 3 107 splenocytes derived from SCID mice. These
mice succumbed to acute encephalitis, with one dying at day
11 p.i. and the other two being sacrificed in a moribund state at
day 13 p.i. DAV RNA was localized predominantly in the gray
matter (mean of 33.2 virus-positive cells/mm2), whereas repli-
cation levels in the white matter were similar to those observed
in reconstituted mice (mean of 6.9 virus-positive cells/mm2).
DAV-infected mice reconstituted at 7 (n 5 5) and 10 (n 5 5)
days p.i. developed severe encephalitis and died 11 to 13 days
p.i. associated with high virus replication in the gray matter
(mean of 52 virus-positive cells/mm2). The levels of virus rep-
lication in the white matter of these late reconstituted mice
were similar to those observed in early reconstituted mice
(mean of 10.1 virus-positive cell/mm2) (Fig. 7).

Either CD4- or CD8-depleted splenocytes are effective in
clearing DAV from gray matter. To determine whether T-
lymphocyte subpopulations are critical for clearing DAV from
gray matter, we reconstituted SCID mice with total spleno-
cytes, CD4-depleted splenocytes, or CD8-depleted splenocytes
and injected them with DAV intracerebrally 3 to 5 h later.
Mice were sacrificed 17 to 21 days p.i., and the distribution of

FIG. 3. Clearance of TMEV from the gray matter of immunocompetent, but
not SCID, mice 17 days after infection. DAV RNA was localized in frozen
sections by hybridization with 35S-labeled probe corresponding to the VP1 region
of DAV. Sections of the cerebral cortices of a SCID mouse showing extensive
DAV replication (A) and of an immunocompetent mouse which cleared virus
(B) are shown. Sections were counterstained lightly with Mayer’s hematoxylin.
Magnification for both pictures, 381.
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the virus in the spinal cord white and gray matter was analyzed.
In SCID mice reconstituted with total splenocytes, DAV rep-
lication was detected exclusively in the white matter (mean of
7.5 virus-positive cells/mm2) but not in the gray matter (Fig. 6C
and 8). In mice reconstituted with CD4-depleted or CD8-
depleted splenocytes, virus was effectively cleared from the
gray matter (,1 virus-positive cell/mm2) but replicated in the
white matter to levels similar to those in mice reconstituted
with total splenocytes (means of 6.5 and 11.1 virus-positive/
mm2 for CD4- and CD8-depleted mice, respectively) (Fig. 8).
These data demonstrated that neither CD41 nor CD81 T
lymphocytes are individually required to effectively clear DAV
from the gray matter of the CNS, in agreement with the find-
ings with class II major histocompatibility complex- or b2-

FIG. 4. Colocalization of DAV RNA in cell phenotypes in SCID and immunocompetent mice in early disease (4 to 7 days p.i.). CNS cells were identified by
immunostaining of brain sections with anti-myelin basic protein for oligodendrocytes (A), anti-glial fibrillary acidic protein for astrocytes (B), anti-neuron-specific
enolase for neurons (C), and B. simplicifolia BS-1 lectin for microglia/macrophages (D). Immediately after immunostaining, slides were hybridized with 35S-labeled
probe for DAV. Brown-stained cells containing grains (arrows) are positive for the cell type and DAV RNA. Some cells were positive for cell markers but negative
for virus (arrowheads). Slides were counterstained lightly with Mayer’s hematoxylin. Magnification for all pictures, 33,400.

TABLE 3. CNS cells supporting DAV replication in early diseasea

Mouse
strain

No.
of cells
counted

No. of
mice

MBP-
positive

cells (%)

GFAP-
positive

cells (%)

NF-
positive

cells (%)

Ia-
positive

cells (%)

SCID 195 5 24.6 29.7 38.5 7.2
C.B-17 306 5 28.4 26.1 22.2 23.2

a Phenotype-specific antigens for CNS cells and DAV RNA were colocalized
by simultaneous immunostaining and in situ hybridization of frozen coronal
brain sections from mice infected with DAV for 4 to 7 days. We used the
following antibodies: anti-myelin basic protein (MBP) for oligodendrocytes, anti-
glial fibrillary acidic protein (GFAP) for astrocytes, antineurofilament (NF) for
neurons, and anti-Ia for macrophages/microglia. A 35S-labeled VP1 probe was
used to hybridize viral RNA. Cells positive for the cell marker (brown) and DAV
RNA (black grains) were counted at a 2503 oil objective with a light microscope.
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microglobulin-deficient mice which lack functional CD41 (16,
30) or CD81 (15, 33, 35) T lymphocytes, respectively. SCID
mice reconstituted with either CD4-depleted or CD8-depleted
splenocytes developed severe white matter demyelination.

Selective persistence is not the result of emergence of DAV
mutants with a predilection for the white matter. One possible
reason for the failure of the immune system to clear virus from
the white matter in late disease is that immunologic pressure
causes the emergence of DAV mutants specific for the white
matter. To test this hypothesis, we isolated DAV from the
spinal cords of immunocompetent C.B-17 mice infected for 21
days (virus is predominantly in the white matter at this stage)
and infected SCID mice with the white matter isolate. Spinal
cords were homogenized, sonicated, and clarified by centrifu-
gation before plaque assay to titrate the virus. Ten SCID mice
were infected with this DAV isolated from the spinal cords
without in vitro passaging (at a dose of 2.4 3 102 PFU in a
30-ml volume), and five mice were sacrificed at 7 and 17 days
p.i. The virus replicated in both the white and gray matter in
the brains and spinal cords of the SCID mice (data not shown),
indicating that there was no immunologic selection of viral
mutants in the CNS.

DAV persists predominantly in oligodendrocytes and astro-
cytes in the spinal cord white matter. There is controversy on
the types of CNS cells that support TMEV replication during
chronic demyelination. Some studies have reported that
TMEV persists predominantly in oligodendrocytes and astro-
cytes (3, 30), whereas others found viral antigen mostly in
macrophages (25, 47). To address this issue, we colocalized
antigens to identify cell phenotypes and DAV RNA in spinal
cord sections of demyelinated immunocompetent C.B-17 mice
45 days p.i. DAV RNA was localized in 65% of myelin basic
protein-positive cells (oligodendrocytes), 25.6% of glial fibril-
lary acidic protein-positive cells (astrocytes), and 9.3% of Ia-
positive cells (microglia/macrophages) but not in neurons.

DISCUSSION

A paradigm for the change in virus cytotropism based on the
sequential distribution of virus replication in the CNS has been
proposed previously (3, 5, 20, 23). This hypothesis attributes
TMEV persistence in the white matter to changed tropism
(from neurons to glial cells) accompanied by restricted viral
replication in the glial cells. However, in vitro (18, 19, 31) and
in vivo (7, 8, 54) studies have not supported such differential
tropisms in neurons and glia. For example, TMEV consistently
infects both neurons and glial cells with similar kinetics in vitro
(18). In addition, no differences in tropism have been observed
when a variant strain of TMEV that caused diminished late
disease was compared with the wild-type demyelinating TMEV
(54). In the present study, the first detailed analysis of the
sequential distribution and tropism of TMEV in the early
6-to-96-h p.i. stage, we found that DAV replicated in gray and
white matter to equal levels before the onset of critical virus-
specific immune responses. The kinetics of virus replication
were similar in early disease in SCID and immunocompetent
mice. Moreover, we observed similar levels of virus replication
in CNS cells of all phenotypes as early as 6 h after infection.
These findings demonstrate conclusively that DAV infects glia
early and argue against differential tropisms as the cause of
persistence in the white matter in susceptible strains of mice.
The results are in agreement with the results of a study (2) that
demonstrated early infection of glial cells by DAV but differ
from results of earlier ultrastructural studies (3, 12, 13, 23) that
demonstrated virus predominantly in neurons in early disease.
The reason for the differences can be attributed to the fact that
some of the earlier studies (3, 12, 23) analyzed virus distribu-
tion from day 7 p.i., at which time TMEV is predominantly in
the gray matter in the brain (Table 2), whereas others (3, 13)
analyzed the spinal cord, but not the brain, which is the site of
inoculation and, therefore, early virus replication.

We propose that the host immune system, which plays a
major part in TMEV-induced myelin destruction (4, 43, 44), is
more effective in clearing virus from the gray matter than the
white matter of the CNS. Although SCID mice replicated
DAV in both gray and white matter, virus was predominantly
in the gray matter of the brains and spinal cords in late disease
(13 to 17 days p.i.). In contrast, immunocompetent mice rep-
licated virus in both gray and white matter in early disease but
almost exclusively in the white matter in late disease. In addi-
tion, virus was cleared from most parts of the brain except the
white matter tracts of the brain stem. This result indicated that
in the absence of B and T lymphocytes, DAV preferentially
replicated in the gray matter but that the immune cells cleared
virus more effectively from gray than white matter. The recon-
stitution experiments confirmed that both cellular and humoral
immune responses can decrease DAV levels in the gray matter
but that T lymphocytes are critical in clearing the infection.

FIG. 5. More effective clearance of DAV from the gray matter than the white
matter by the immune system. The sequential distribution of DAV in the spinal
cords of SCID and immunocompetent mice following intracerebral inoculation
was analyzed with sections hybridized with 35S-labeled VP1 probe. DAV RNA-
positive cells were counted with a light microscope, and the area of white or gray
matter was measured with an image analysis system. DAV-RNA-positive cells
are presented as cells per square millimeter. Distributions in SCID mice indi-
cating predominant virus replication in the gray matter in late disease (A) and in
immunocompetent mice indicating predominant virus replication in the white
matter in late disease (B) are shown. In early disease, virus replication increased
in gray matter, peaking at 7 days p.i. in both strains.
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Neither CD41 nor CD81 T-lymphocyte subsets were individ-
ually required for clearance of virus from the gray matter, in
agreement with findings from knockout mice lacking func-
tional CD41 (16, 30) or CD81 (15, 33, 35) T lymphocytes.

The mechanism by which B and T lymphocytes preferen-
tially clear virus from the gray matter, thus allowing persistence
in the white matter, is not clear. Preferential clearance may be
a function of differences in the anatomies of the gray and white
matter of the spinal cord (i.e., vasculature and access of in-
flammatory cells to different regions of the CNS), or it may be

an evolutionary strategy to protect the irreplaceable gray mat-
ter neurons in the CNS. The finding that both DAV-neutral-
izing antibodies and lymphocytes can independently decrease
DAV in the gray matter indicates that the mechanism for the
preferential clearance applies to both humoral (antibodies)
and cellular immune responses. The fact that TMEV-induced
demyelination is characterized by extensive infiltration of in-
flammatory cells associated with foci of virus-positive cells (39)
suggests a sustained but unsuccessful attempt by the immune
system to clear virus-infected cells from the white matter. Fac-

FIG. 6. Selective DAV replication in the white matter of immunocompetent and spleen cell-reconstituted SCID mice as compared to that in SCID mice. Spinal cord
sections were hybridized with 35S-labeled probe for DAV. (A) SCID mouse infected for 17 days showing virus predominantly in the gray matter and not in the white
matter; (B) immunocompetent C.B-17 mouse infected for 17 days indicating virus predominantly in the white matter; (C) SCID mouse reconstituted with splenocytes
3 to 5 h before DAV inoculation and sacrificed 17 days later, showing virus replication exclusively in the white matter; (D) SCID mouse inoculated with phosphate-
buffered saline (17 days) showing absence of DAV RNA-positive cells in the spinal cord. wm, white matter; gm, gray matter. Slides were counterstained lightly with
Mayer’s hematoxylin. Magnification for all four pictures, 3100).
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tors such as restricted virus replication (7, 8) and ineffective
viral antigen presentation by glial cells may play roles in ren-
dering TMEV clearance ineffective in the white matter. For
example, B10 (H-2b-haplotype) mice are resistant to DAV
infection, clearing virus within 3 weeks. However, virus persis-
tence in the white matter occurs when total body irradiation is
administered prior to TMEV inoculation (40). More impor-

tantly, even after the immune system has fully recovered from
irradiation (by day 45 p.i.), these mice are unable to clear virus
from the spinal cord white matter (40), suggesting that alter-
ation in virus replication in glial cells causes infected cells to
evade clearance.

In the absence of the immune system, TMEV replicated
predominantly in the gray matter in late disease. One possible
mechanism of the selective persistence in the white matter of
immunocompetent mice is that immunologic pressure causes
the emergence of TMEV mutants with a predilection for the
white matter. We tested this hypothesis by infecting SCID mice
with DAV recovered directly from the spinal cords of immu-
nocompetent C.B-17 mice (no in vitro passage). The DAV
isolated from the spinal cords of these mice replicated in both
gray and white matter in the brains and spinal cords of SCID
mice. Therefore, there does not appear to be immune-medi-
ated selection of viral mutants with a predilection for the white
matter.

We also examined the CNS cell phenotypes supporting
TMEV persistence within the spinal cord white matter during
chronic demyelinating disease. A controversy on the types of
cells supporting TMEV replication during persistent infection
exists. Some studies (7, 8, 22, 34, 37) found virus persistence
primarily in oligodendrocytes and astrocytes, whereas others
(11, 25, 47) found TMEV predominantly in macrophages/mi-
croglia. Persistence of virus in oligodendrocytes suggested that
TMEV directly injures the myelin-producing cells to cause
primary demyelination. The direct viral cytolysis hypothesis is
supported by ultrastructural studies that localized TMEV an-
tigens within the inner and outer oligodendroglial loops which
connect directly with myelin sheaths (34, 37). Other studies
found virus persistence predominantly in macrophages, sug-
gesting a nonspecific bystander mechanism in myelin destruc-
tion (11, 25). Myelin damage, according to the bystander hy-
pothesis, is caused by cytokines and phagocytic cells recruited
to the infection site. In the present study, DAV persisted pre-
dominantly in oligodendrocytes, and to a lesser extent in as-
trocytes and macrophages, but not neurons. The discrepancy in
results of the studies examining cells supporting TMEV repli-
cation during persistence may be due to differences in virus
strains and the genetics of the host. Studies using the DAV and
BeAn strains of TMEV are under way in our laboratory to
address this issue.

In conclusion, this study indicates a pathogenetic sequence
following intracerebral inoculation with a TO strain of TMEV
in susceptible mice that begins with the virus infecting both the
gray (neurons) and white (glial cells) matter equally in the
brain. Subsequently, the virus is cleared by the immune system
from most of the brain, except the white matter tracts. In the
spinal cord, the virus infects the gray and white matter but is
completely cleared from the gray but not the white matter. In
the absence of the immune system, the virus replicates more in
the gray matter than in the white matter of the spinal cord. In
this paradigm, demyelination may be the consequence of a
sustained attempt by the immune system to clear DAV from
the white matter of the spinal cord.
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FIG. 7. Preferential clearance of DAV from the gray matter in SCID mice
reconstituted following virus infection. Distribution of DAV was analyzed in the
spinal cord gray and white matter of SCID mice reconstituted with splenocytes
or anti-DAV antibodies 3 days after infection. DAV-RNA-positive cells were
counted with a light microscope, and the areas of white or gray matter were
measured with an image analysis system. SCID mice reconstituted with spleno-
cytes at days 7 and 10 p.i. succumbed to acute encephalitis, becoming moribund
11 to 13 days p.i. (n 5 4) (late reconstitution), and replicated virus predominantly
in their gray matter. In contrast, splenocyte-reconstituted (n 5 5) or anti-DAV
antibody-treated (n 5 3) mice 3 days p.i. showed virus primarily in their white
matter.

FIG. 8. Levels of virus replication in the gray and white matter of the spinal
cords of SCID mice reconstituted with nonimmune splenocytes or splenocytes
depleted with anti-CD4 or anti-CD8 antibodies in the presence of complement.
Mice were reconstituted 3 to 5 h before intracerebral virus inoculation and
sacrificed 17 to 21 days later. Spinal cord sections were immunostained for DAV
antigens by an immunoperoxidase technique or hybridized in situ with a 35S-
labeled VP1 probe for DAV. Virus-positive cells were counted by light micros-
copy (magnification, 325), and the areas of white and gray matter were mea-
sured with an image analysis system. Data are means 6 standard errors of the
means.
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