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Isolation and growth of a cytopathic agent
from multiple sclerosis brain tissue

Anthony R White, Nichole S Dutton, and Robert D Cook
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Although many studies support a role for viruses in multiple sclerosis (MS)
etiopathology, no speci�c agent has been consistently associated with signi�-
cant numbers of MS patients without concomitant detection in non-MS con-
trols. Previous studies have shown the presence of viral-like structures in MS
plaques, although the speci�city of these structures for MS has been questioned.
The present study describes the use of polyclonal antisera against feline and
human brain-derived cytopathic agents and immunoaf�nity chromatography
to purify and partially characterize possible virus-like structures from MS
brain tissue. Chromatography eluates from 4 MS brains contained pleomor-
phic particles up to 350 nm in diameter and tubular/�lamentous-like struc-
tures approximately 10–18 nm in thickness. Inoculation of primary rat glial
cell cultures with chromatography eluates from MS brain tissue resulted in
a reproducible pattern of cytopathic effects in the form of multinucleation in
cells identi�ed immunocytochemically as oligodendrocytes . Antisera raised
against the feline and MS-derived cytopathic agents were used to successfully
immunolabel infected oligodendrocyte-like cells and syncytia and to detect a
66,000 Mr protein on Western blots of inoculated cultures or concentrated MS
brain eluates. Similar structures, cytopathic effects (CPE) and protein expres-
sion were not observed in eluates from 5 control brains or in cultures inoc-
ulated with control brain eluates. These studies demonstrate that cytopathic,
virus-like structures can be isolated from MS brain tissue using antisera raised
against a cytopathic agent rescued from demyelinating brain lesions in cats.
The identity of this agent and its possible role in MS aetio-pathology remains
unknown. Journal of NeuroVirology (2002) 8, 111–121.
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Introduction

There is considerable epidemiological evidence that
multiple sclerosis may have a viral etiology and
there have been many reports on the presence or
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absence of viral agents in MS-associated tissues
(Prineas, 1972; Narang and Field, 1973; Raine 1975;
ter Meulen and Stephenson, 1983; Johnson, 1985;
Ehrlich et al, 1991; Allen and Brankin, 1993). Al-
though viral isolations have been performed from MS
tissues, these have not been reproducible and/or sim-
ilar agents have been isolated from non-MS tissues.
Paramyxoviruses or closely related agents have been
suggested as possible candidates if MS is of a viral
etiology. This is based on elevated titres of antibodies
to measles virus (MV) in sera and cerebrospinal �uid
(CSF) of MS patients (Norrby, 1978), the presence of
paramyxovirus-like inclusions in MS tissues (Narang
and Field, 1973; Tanaka et al, 1974, 1975; Pathak and
Webb, 1976; Prasad et al, 1977), and that known mor-
billiviruses are associated with demyelination in the
central nervous system (CNS) (Muller et al, 1995).
However, attempts to reproducibly demonstrate MV,
related paramyxoviruses, or viral nucleic acids in MS
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brain (Field et al, 1972) or other tissues (Kirk and
Hutchinson, 1978; Fraser et al, 1982; Goswami et al,
1984; Brankin et al, 1996) have been unsuccessful.

The highly sensitive and speci�c technique of po-
lymerase chain reaction (PCR) has also been applied
to MS tissues in an attempt to detect viral genomes
(Reddy et al, 1989; Buckle et al, 1992; Godec et al,
1992; Svenningsson, 1992; Brankin et al, 1996); how-
ever, no consistent and speci�c presence of viral nu-
cleic acids has been detected. More recently, stud-
ies have centered on a retrovirus repeatedly isolated
from MS patients (Perron et al, 1997; Komurian-
Pradel et al, 1999) and human herpes virus-6 (HHV-6)
protein and DNA expression in MS patients (Ablashi
et al, 1998; Albright et al, 1998; Bergstrom, 1999;
Campadelli-Fiume et al, 1999; Enbom et al, 1999).
These and other studies have added considerable em-
phasis to a viral trigger for MS (Kurtzke, 1993; Cook
et al, 1995; Souberbielle et al, 1995; Monteyne et al,
1998; Berti and Jacobson, 1999).

Ultrastructural analysis of feline brain material re-
vealed plaques of CNS demyelination, morpholog-
ically similar to lesions observed in MS brains, in
approximately 7% of the domestic cat population
(Cook, 1979; Cook and Wilcox, 1985). Glial cells in
the feline brain lesions contained inclusions bear-
ing 16–18 nm diameter tubules that resembled para-
myxovirus nucleocapsids. Cocultivation techniques
were applied to feline white matter explant cultures
and this resulted in the recovery of 3 cell-lines con-
taining mildly cytopathogenic viruses (Wilcox et al,
1984). The cell-lines, MV631, CCA147, and MV907,
expressed cytopathic effects in the form of syncytia
and inclusion bodies and EM studies revealed the
presence of 16–18-nm diameter paramyxoviral-like
tubules within cytoplasmic inclusions. These tubules
were cross-reactive with antisera to morbilliviruses
and inoculation of the feline viruses into mice in-
duced demyelination in some strains (Flower, 1988).

Immunocytochemical analysis of the cell-lines and
the feline and MS brain lesions using antisera to
the feline viral isolates revealed an antigenic re-
lationship between the paramyxoviral-like tubules
in cultured cell-inclusions and similar tubules in
feline and MS lesions (CLPs) (Cook et al, 1986).
Paramyxovirion-like particles, antigenically related
to the nucleocapsid-like structures, were also de-
tected in MS brain tissue and could be puri�ed by
immunoaf�nity chromatography using antisera to the
feline virus (Cook, February 1994, personal commu-
nication). Inoculation of the chromatography eluate
into CV1 cells resulted in expression of cytopathic
effects similar to those identi�ed in feline virus-
infected cells. These studies suggested a possible link
between the feline and MS lesions and associated
viral-like particles.

These data suggested that puri�cation of the
putative virus-like structures (tubular/�lamentous
and circular particles) may be possible using im-
munoaf�nity chromatography. This would allow

further examination of the nature of these structures
and their relationship to demyelination in MS and
feline brain. We report here on the immunoaf�n-
ity chromatographic isolation of pleomorphic par-
ticles and tubular/�lamentous structures from MS
(but not non-MS) brain tissue initially using antisera
to the cytopathic feline-derived agent, MV631, and
subsequently to a cytopathic MS brain-derived agent
(CV1/MS) (Cook et al, 1986). The chromatography
eluates from MS brain tissue induced a cytopathic
effect in cells identi�ed as oligodendrocytes when
added to primary glial cell cultures. These data sug-
gest that an oligodendrocytotrophic agent may exist
in MS plaques and could play a role in MS etiology.

Results

Electron microscopic analysis of immunoaf�nity
chromatography eluates
Immunoaf�nity chromatography was applied to MS
brain tissue using anti-MV631 (feline brain-derived
isolate) (Cook et al, 1986). Subsequently, antisera
to Vero cell cultures inoculated with an MS brain-
derived agent, CV1/MS, was used to purify particles
from additional MS brain samples. The antisera
has previously been used to immunostain possible
virus-like structures distinct from myelin degrada-
tion products in brain tissue of cats and MS patients
(Wilcox et al, 1984; Cook et al, 1986). Electron micro-
scopic examination of concentrated (ultracentrifu-
gated) af�nity chromatography eluates from MS brain
obtained using either anti-MV631 (or anti-CV1/MS)
antisera revealed the presence of pleomorphic (gen-
erally circular) structures ranging from about 100
to 350 nm in diameter and tubular/�lamentous
structures approximately 10 to 18 nm in diameter
(Figure 1A–D). These structures were observed by
EM in all eluates from four MS brain samples but
not in eluates from �ve control brains. Some por-
tions of the �lamentous structures revealed possible
cross-striations but this was not a consistent �nd-
ing (Figure 1A). The structures did not consistently
reveal any known virus-like morphology. However,
they did resemble particles labelled with anti-MV631
or anti-CV1/MS in feline and MS demyelinating brain
lesions (Cook and Wilcox, 1985; Cook et al, 1986).
This suggests that the structures are not likely to be
myelin degradation products (MDP) as MDPs were
unlabelled with the anti-MV631 or anti-CV1/MS an-
tibodies in MS lesions (Cook et al, 1986). In addi-
tion, similar structures were not isolated from, or de-
tected in, control brain tissue. Tubular/�lamentous
and circular structures were also isolated from non-
plaque MS brain tissue (data not shown). These data
demonstrate that it is possible to use immunoaf�n-
ity chromatography to isolate pleomorphic and tubu-
lar/�lamentous structures speci�cally from MS but
not control brain tissue. The possible viral nature of
these structures remains to be determined.
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Figure 1 Electron microscopic analysis of MS brain af�nity chromatography eluates. MS brain tissue was passed over Af�-gel columns
adsorbed with anti-MV631 as described in Methods and Materials. Each �gure is a representative micrograph from a separate MS brain
elution. (A) and (B) MS-derived pleomorphic particles revealing 10–13 nm diameter �lamentous structures (arrows). Possible cross-
striations are visible on the �laments in Figure A. (C) MS-derived pleomorphic particle revealing 10–18 nm diameter structures in
cross-section (arrowhead) and longitudinal view (arrow). (D) MS-derived 10–18 nm diameter �lamentous structures in longitudinal view
(arrowhead). No speci�c structures were identi�ed in control brain eluates. All particles were negatively stained with 3% PTA. Scale bars D
100 nm (A, C, and D) and 50 nm (B).

Inoculation of primary rat glial cell cultures
To determine if the MS brain eluates contained
demonstrable viral-like properties, primary rat glial
cell cultures were inoculated with either MS or
control brain eluates. The primary glial cultures
consisted of a bed layer of astrocytes over which
grew oligodendrocytes as described by McCarthy and
DeVellis (1980). The latter cells were initially iden-
ti�ed by morphology according to Kuhlmann-Krieg
et al (1988) and this was con�rmed by positive im-
munostaining for the oligodendrocyte-speci�c mark-
ers, CNPase and GalC (data not shown). Chromatog-
raphy eluates were applied to cultures at 4–7 days
in vitro as described in Methods and Materials and
cultures were �xed for immunocytochemistry after
6–14 days postinfection (p.i.).

Between 6 and 9 days p.i., there was clear evi-
dence of cytopathic effects (CPE) in the form of

multinucleated giant cells (syncytia) in MS eluate-
inoculated cultures (Figure 2). The level of CPE in-
creased to reach a peak at about 14 days p.i. After
this, the CPE was lost in parallel with the normal
death and detachment of oligodendrocyte-like cells
(data not shown). CPE was observed in cultures in-
fected with four separate MS brain eluates. No cul-
tures inoculated with three non-MS brain eluates or
uninoculated cultures revealed CPE at any stage.

Oligodendrocyte-like cells and syncytia revealed
immunolabelling with anti-MV631 and
anti-CV1/MS in cultures inoculated with MS
brain eluates
Immunocytochemical analysis of inoculated cul-
tures revealed clear immunostaining of syncytia
with antisera to the oligodendrocyte marker, CNPase
(Figure 2A) and GalC (data not shown). No staining
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Figure 2 (A) Light micrograph of a multinucleated cell in a
glial culture 9 days post inoculation (p.i.) with an MS brain
eluate. CNPase-associated peroxidase stain can be seen within
the cytoplasm of the multinucleated cell (arrowhead) as well as
in surrounding oligodendrocytes (arrow). The astrocytic bedlayer
has retracted to form a concentric void around the multinucleated
cell. (B) Light micrograph of a multinucleated cell in a glial
culture 14 days p.i. with an MS brain eluate. A positive staining
reaction with immunoperoxidase labelled anti-CV1/MS shows
possible inclusion bodies (arrowhead) within the cytoplasm of the

was seen in cultures incubated with HRP-labelled
secondary antibody alone. Additionally, immunola-
belling with anti-MV631 or anti-CV1/MS resulted in
speci�c staining of syncytia (Figure 2B) and cells with
the morphology of oligodendrocytes (Figure 2C). Ap-
proximately 69% of oligodendrocyte-like cells re-
vealed immunocytochemical stain for CV1/MS anti-
gen. No immunostaining of the underlying astrocytic
bedlayer was observed. Furthermore, no labelling of
any cell-type with antisera to MV631 or CV1/MS
was observed in any culture inoculated with non-MS
brain eluates or in uninoculated cultures. Immunocy-
tochemically labelled cells and CPE were observed in
cultures inoculated with four different MS brain elu-
ates but not with three non-MS eluates. Anti-MV631
and anti-CV1/MS-detectable antigen was passaged to
fresh uninoculated oligodendrocyte cultures using
freeze-thawed, homogenized CPE-positive cultures
or concentrated media taken from cultures show-
ing obvious CPE. Addition of freeze-thawed cultures
or media to fresh primary glial cultures resulted
in the appearance of oligodendrocyte-lik e cells im-
munopositive for MV631 and CV1/MS between 6 and
14 days p.i. MV631-immunopositive cells were iden-
ti�ed after two passages of freeze-thawed cultures.
Further passages were not attempted. Signi�cantly,
syncytia were not observed in these cultures sug-
gesting that the agent may be present as a persistent
non-permissive infection in some oligodendrocyte-
like cells. These data clearly indicate that a cyto-
pathic agent antigenically related to structures iden-
ti�ed in and puri�ed from feline and MS brain (but
not control brain) tissue can be grown in cells mor-
phologically and immunocytochemically identi�ed
as oligodendrocytes .

Electron microscopic analysis of concentrated
medium from cultures inoculated with MS-brain elu-
ates revealed the presence of pleomorphic parti-
cles resembling those seen in the MS brain eluates
(Figure 3A). The particles contained circular and �la-
mentous pro�les approximately 10 to 18 nm in diam-
eter. Ultrastructural analysis performed on sections
of inoculated glial cell cultures resulted in the de-
tection of cytoplasmic inclusions bearing circular or
�lamentous-like structures in oligodendrocyte-like
cells (cells containing microtubules but lacking in-
termediate �laments) (Figure 3B and C). Some cells
containing cytoplasmic inclusions were positively
labelled with antisera to CNPase (data not shown).
However, this was not a consistent �nding and may
have a been due to minimal penetration of CNPase an-
tisera into the cytoplasm as strong staining was often
seen adjacent to the plasma membrane. The �lamen-
tous structures were clearly seen in longitudinal sec-
tion and cross-section in oligodendrocyte-like cells

multinucleated cell. (C) Immunostaining of oligodendrocyte-like
cells with CV1/MS antisera 7 days p.i. (arrowheads). Underlying
bedlayer of astrocytes does not reveal immunostain. Cultures were
counterstained with haematoxylin. Scale bars D 25 ¹m.
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Figure 3 (A) Electron micrograph of a pleomorphic particle puri�ed from concentrated media of MS brain eluate-infected glial cultures.
The 10–18 nm diameter structures can be seen in cross section and longitudinal section (arrowhead). Similar structures were not identi�ed
in control media. Note the similarity to the particle shown in Figure 1C puri�ed from MS brain tissue. (B) Electron micrograph showing
10–18 nm tubular or �lamentous structures within the cytoplasm of an oligodendrocyte from a culture inoculated with an MS brain
eluate. The cytoplasm of many oligodendrocyte-like cells (cells containing microtubules but lacking intermediate �laments) contained
large numbers of circular inclusions consisting of coiled tubules or �laments (arrowheads). Similar structures were not identi�ed in
control cells. (C) Electron micrograph showing cytoplasmic inclusions (arrowhead) within the cytoplasm of an oligodendrocyte-like cell
from a culture inoculated with an MS brain eluate. The plasma membrane is indicated (arrow). Similar structures were not identi�ed in
control cells. Scale bars D 100 nm.

and were approximately 10 to 18 nm in diameter.
The structures resembled those observed in the MS
brain eluates and in MS brain tissue plaques (Cook
et al, 1986) but were not identi�ed in cells inocu-
lated with control brain eluates or in uninoculated
cultures. Although possible viral-like budding was
observed in some cells close to the inclusions, the
true nature of the structures could not be determined
as we were unable to consistently label the structures
with antisera to CV1/MS (data not shown).

SDS-PAGE and immunoblot analysis
SDS-PAGE and silver stain analysis of af�nity chro-
matography eluates revealed the presence of a 66,000
dalton (66 kDa) protein band in MS but not control
brain eluates (Figure 4A). Additional protein bands
were occasionally but not consistently observed. Im-
munoblotting of chromatography eluates with anti-

MV631 labelled a band at 66 kDa in all MS isolates
examined (four) but not in non-MS eluates (three).
Representative samples are shown in Figure 4B. The
protein band was detected with antisera to MV631
(Figure 4B) and anti-CV1/MS (data not shown).
Adsorption of the antisera using MS eluates could not
be performed due to the small amount of antigen ob-
tained in the elutions. Analysis of pooled MS eluate-
inoculated glial cell lysates also revealed the pres-
ence of a 66-kDa protein after immunoblotting with
anti-MV631 (Figure 4C). This band was not present in
uninoculated cultures or in cultures inoculated with
control brain eluates. No detection of proteins was
achieved with secondary antisera alone and no other
proteins speci�c to the MS- or feline agent-infected
cultures were consistently detected by immunoblot-
ting. This may have been due to a lack of sensitivity
using polyclonal antisera.
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Figure 4 SDS-PAGE and Western blot analysis of MS brain elu-
ates and inoculated glial cultures. (A) Proteins in MS and con-
trol brain eluates were separated by SDS-PAGE and visualized
by silver staining. Lane 1: control brain eluate; lanes 2–4: MS
brain eluates. A protein with a molecular weight of 66,000 daltons
(66 kDa) (arrow) is clearly shown in the three MS eluates. Addi-
tional proteins were identi�ed only in one MS eluate. No protein
bands are evident in the control brain eluate. (B) Proteins in MS
and control brain eluates were separated by SDS-PAGE, transferred
to nitrocellulose, and immunoblotted with anti-MV631. Lane 1:
control brain eluate; lanes 2–4: MS brain eluates. A 66-kDa pro-
tein band (arrow) was identi�ed in all MS brain eluates but not
in control brain eluates. A 160-kDa band was identi�ed only in
one MS eluate (lane 1). (C) Control or MS brain-inoculated glial
cultures were pooled and proteins extracted. Samples were sep-
arated on SDS-PAGE gels, transferred to nitrocellulose, and im-
munoblotted with anti-MV631. Lane 1: control cultures; lane 2:
MS brain inoculated cultures. A 66-kDa protein band (arrow) was
detected in the MS brain-inoculated glial cultures but not control
cultures.

Interestingly, immunoblotting with human sera as
the primary antibody resulted in detection of the
66-kDa protein band using both MS and non-MS con-
trol sera obtained from the Red Cross Blood Asso-
ciation (seven of each) (data not shown). This lack
of speci�city may be due to cross-reaction of vi-
ral antibodies to the 66-kDa protein in the general
population. This is supported by our observation that
polyclonal antisera to measles virus also detects the
66-kDa protein on Western blots. Alternatively, the
66-kDa protein may represent a ubiquitous antigen
that is associated with disease only in a small portion
of the population. However, our results do show
that a 66-kDa protein is present in MS but not con-
trol brain eluates puri�ed with antisera to the fe-
line cytopathic agent and that the protein cross-reacts
with antisera to another MS-derived cytopathic agent
(CV1/MS). The �ndings also show that a 66-kDa pro-
tein is synthesized de novo in glial cell cultures inoc-
ulated with MS- or feline-derived cytopathic agents
and that the protein is recognized by antisera in both
MS patients and the general population.

Discussion

The results of this study show that structures spe-
ci�c to MS brain tissue can be repeatedly isolated
with immunoaf�nity chromatography and antisera to
cytopathic agents derived from feline and MS brain
tissue. These structures induce consistent cytopathic
effects in cells identi�ed immunocytochemically as
oligodendrocytes in culture whereas control eluates
have no effect. Moreover, the MS brain eluates and
infected glial cells reveal the presence of detectable
protein antigen not found in control samples. The na-
ture of the cytopathic agent is unknown but, signif-
icantly, shows oligodendrocytotrophism in vitro. As
oligodendrocytes are the prime neuroglial cell-type
involved in MS pathology, the possible replication
of this agent in oligodendrocytes with the concom-
mitant induction of cytopathology suggests that the
agent could be related to the pathology of MS. To
con�rm this, however, similar isolation and cell cul-
ture inoculation studies will need to be performed
on a number of non-MS neurological and neuroin-
�ammatory control brain samples to determined the
speci�city of the cytopathic agent to MS patients.

The use of af�nity chromatography columns as a
method of attempted virus isolation does not appear
to have previously been applied to MS tissues. The
advantages over standard cocultivation viral rescue
techniques are that it does not require the use of
living MS brain tissue, can be used to isolate non-
replicative structures, and is less complicated by the
presence of unrelated viral �ora present in brain tis-
sue. There is, however, the problem of purifying a
range of cross-reactive agents, particularly when us-
ing polyclonal antisera. A signi�cant disadvantage
to the procedure is that harsh conditions (low pH
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NaCl or citrate buffer) are used to elute the antigen
from chromatography columns. The low pH buffer is
likely to destroy the infectivity of labile virus. In fact,
in the present study it was surprising that MS chro-
matography eluates prepared in this manner had the
ability to consistently induce cytopathology and de
novo protein replication in cultures despite the harsh
isolation procedure. The presence of de novo repli-
cation was con�rmed by passaging the agent to fresh
glial cell cultures. We hypothesize that the cytopathic
agent may have been obtained in the �rst fractions of
column eluate in which changes to the pH and salt
levels would be minimal. Subsequent fractions may
have contained non-infectious proteins. We did not,
however, examine individual fractions for infectiv-
ity and this raises the possibility that the cytopathic
agent may not be directly related to the structures
puri�ed from the MS plaques.

Previous agents have been rescued from MS brain
and peripheral tissues by traditional coculture tech-
niques; however, none of these agents have yet
been consistently isolated or linked to the etiology
of MS (Johnson, 1985; Allen and Brankin, 1993;
Souberbielle et al, 1995). A retrovirus (LM7) has re-
cently been isolated from a number of MS patients
and may play a role in MS (Perron et al, 1997;
Komurian-Pradel et al, 1999), however, this agent is
still being characterized and has not yet been puri�ed
from MS plaques. Additionally, HHV-6 has been im-
plicated in MS etiology (Ablashi et al, 1998; Albright
et al, 1998; Bergstrom, 1999; Campadelli-Fiume et al,
1999; Enbom et al, 1999) and, signi�cantly, can in-
duce cytopathic effects in oligodendrocytes (Albright
et al, 1998). It remains to be determined whether
HHV-6 has a causal role in MS pathology.

In the present study, MS-speci�c pleomorphic
structures and proteins were puri�ed from four con-
�rmed cases of MS but not from �ve non-MS brains
using antisera raised against feline (MV631) and
an MS brain-puri�ed cytopathic agent (CV1/MS)
(Wilcox et al, 1984; Cook et al, 1986). Following inoc-
ulation into glial cell cultures, the MS brain but not
control eluates induced syncytia and de novo syn-
thesis of protein antigenically related to the puri�ed
protein. These data indicate that a speci�c oligoden-
drocytopathic agent related to a feline-derived cyto-
pathic agent (Wilcox et al, 1984; Cook et al, 1986)
can be repeatedly isolated from MS brain tissue but
is not obtained from non-MS tissue. Our studies also
revealed that the MS-speci�c proteins can sometimes
be puri�ed from nonplaque-associated white mat-
ter in MS brain tissue (data not shown). This sug-
gests that the agent/protein is not only associated
with lesionous tissue and that the lack of puri�ca-
tion from non-MS brain tissue is not simply due to a
lack of plaques per se. Our studies at present have not
included the attempted isolation of the agent from
plaque tissue of other neurological disorders. It is
possible that the agent may be sequestered at the
lesionous site due to in�ammatory cell in�ltration.

Although isolation of the agent from nonplaque MS
tissue does not support this, it is possible that lym-
phocytic in�ltration has occurred in the non-plaque
tissue. The present study involved a preliminary
screening of MS and control brain tissue for puri�ca-
tion of a cytopathic, viral-like agent antigenically re-
lated to a feline-derived agent. Further analyses will
be required to determine if the agent and particular
ultrastructural variants are related to lymphocytic in-
�ltration or clinical course of the disease.

The EM morphology of the particles puri�ed from
MS brain tissue revealed the presence of pleomor-
phic and tubular/�lamentous structures suggesting
a possible viral nature. This was supported by the
cytopathic effects upon inoculation of glial cell
cultures. In addition, we have observed demyelinat-
ing lesions in some mice inoculated with the feline-
derived cytopathic agent (Flower, 1988) and have
detected putative RNA sequences with high homol-
ogy to the morbillivirus nucleocapsid gene in MS
brain eluates using PCR and degenerate primers (un-
published observations). However, these �ndings are
preliminary and require further analysis, particularly
of additional viral gene sequences, before conclusive
identi�cation of the cytopathic agent can be made.
In the present study, tubular/�lamentous structures
were identi�ed longitudinally and in cross-section
and showed some resemblance to viral-like nucleo-
capsid structures. However, an accurate viral classi-
�cation of the particles could not be made due to
the heterogeneity of the structures isolated (i.e., 10–
13-nm �laments with cross-striations in some eluates
compared to 16–18-nm plain �laments in others).
The reason for this is unknown but could represent
normal variation between isolates or artefactual dif-
ferences due to variations in the elution conditions.

Only one protein band was consistently detected
by SDS-PAGE and Western blotting. Although this
band (66 kDa) is similar in Mr to the nucleocapsid
protein (NP) of some paramyxoviruses (Diallo et al,
1987), the lack of other detectable proteins and the
lack of particles with consistent paramyxovirus-like
morphology in the eluates precludes conclusive iden-
ti�cation. Monoclonal antisera to a number of viral
proteins in conjunction with PCR may help to iden-
tify the agent.

It is interesting to note that tubular/�lamentous
structures similar to those described here have
been reported to occur in MS brain plaques. These
structures have been termed curved-linear pro�les
(Prineas, 1975), tubulo-reticular bodies (Mirra and
Takei, 1976), rod-shaped tubular structures (Kirk and
Hutchinson, 1978), and Wiebel-Palade bodies (Allen,
1981). However, similar structures have also been re-
ported in other neurological illnesses (Prineas, 1975;
Hayano et al, 1976; Hauw and Esourolle, 1977), in-
dicating a lack of speci�city to MS. Structures simi-
lar to the pleomorphic particles described here have
also been previously reported in MS brain tissue
(Pathak and Webb, 1976), but there is still debate on a
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viral origin of these structures (Kirk and Hutchinson,
1978; Kirk and Zhou, 1996). Although these struc-
tures are generally considered to be myelin degra-
dation products by morphology alone (Rodriguez
and Scheithauer, 1994), Cook et al (1986) demon-
strated that myelin products were differentially la-
belled (with GalC) compared to the pleomorphic and
tubular structures labelled with antisera to MV631
and CV1/MS. Our �ndings do suggest that at least
some of the structures isolated from MS plaques may
have an infectious and cytopathic nature in vitro. The
speci�city of this agent to MS lesions, however, re-
mains to be shown.

Perhaps the most important aspect of the cur-
rent study is that the eluates obtained from MS
brain tissue, but not those from non-MS tissue, were
able to repeatedly induce a cytopathic infection in
oligodendrocyte-like cells in vitro. As the oligoden-
drocyte is the myelinating cell-type in the CNS,
and MS is characterized by lesions of demyelina-
tion, it is interesting to speculate that the replica-
tion of a cytopathic agent (as reported in this study)
could be responsible for perturbations to oligoden-
droglial metabolism leading to demyelination. The
majority of oligodendrocytes infected in our cultures
did not die more rapidly than in controls but ap-
peared to harbor a persistent infection, sometimes
involving CPE. Moreover, when the agent was pas-
saged to fresh glial cultures, there was no evidence
of CPE, despite immunocytochemically detectable
MV631- and CV1/MS-related antigens in the oligo-
dendrocytes. These data suggest that the agent may
be defective in some aspect of maturation and there-
fore form a nonpermissive, persistent infection simi-
lar to that reported for viruses such as SSPE isolates.
Defective replication or maturation may also be re-
sponsible for the lack of consistently successful virus
rescue attempts from MS brain tissue (Mitchell et al,
1978; ter Meulen et al, 1972).

Interestingly, no reports of using glial cell cultures
or oligodendroglioma cell-lines in an attempt to res-
cue virus from MS brain have been reported. In our
hands, the agent does not replicate well in kidney
cells commonly used for viral rescue. The growth
is very slow compared to growth in oligodendro-
cytes (i.e., months versus days to get CPE and readily
detectable antigen). The oligodendrocytotrophism of
the agent described here may indicate that this cell-
type contains factors required for viral replication or
maturation. One such factor may be CNPase activ-
ity. This protein/enzyme is present at high levels in
oligodendrocytes and CNPase activity has been re-
ported in nucleocapsids derived from RNA viruses
such as Newcastle disease virus (Rosenbergova and
Pristasova, 1991). It remains to be seen whether the
agent described here also contains CNPase activity.

Conclusive identi�cation of the cytopathic agent
described here will depend upon PCR detection
and/or sequencing of a putative genome. Although
the �ndings presented here represent only a prelim-

inary study of MS versus normal control tissue, they
establish that a cytopathic agent can be consistently
and speci�cally isolated from MS brain tissue and
grown in oligodendrocytes in vitro. Full characteriza-
tion and the role of the agent in MS aetiology remains
to be determined.

Methods and materials

Af�nity chromatography was performed on brain tis-
sue from four cases of MS and �ve non-MS con-
trols. Brain samples were kindly supplied by Drs
B. Kakulas, Department of Neuropathology, Royal
Perth Hospital, Perth, Western Australia; C. Bernard,
Department of Neuroimmunology, La Trobe Uni-
versity, Melbourne, Victoria, Australia, and W. W.
Tortellotte, Veterans Administration Medical Centre,
Wadsworth, Los Angeles, California, USA. The brain
samples were derived from autopsy material and con-
�rmed as MS or non-MS (nonneurological illness) by
routine clinical and histopathological assessment at
the originating laboratory. Brain tissue was kept at
¡70±C prior to af�nity chromatographic studies for 1
to 7 years.

Immunoaf�nity chromatography
Antisera Isolation of the feline brain-associated

cytopathic agent (MV631) and antibody preparation
to this agent has been reported elsewhere (Wilcox
et al, 1984; Cook et al, 1986). Polyclonal rabbit
antisera to an MS viral isolate (CV1/MS) was pre-
pared in the same manner as the antisera to fe-
line isolates. Homogenates of Crandell feline kidney
cells (CRFK) or Vero cell cultures expressing cy-
topathic effects from MV631 or CV/1 agents were
inoculated into rabbits with Freund’s adjuvant for
polyclonal antibody preparation. Protein puri�ca-
tion from rabbit sera was carried out by ammonium
sulfate precipitation at pH 7.5, followed by dialy-
sis against 10 mM phosphate buffer (pH 7.5). The
IgG was further puri�ed on an Af�gel Protein-A
(BioRad) af�nity chromatography column, concen-
trated with polyethylene glycol (PEG), dialyzed
again, and examined electrophoretically for purity.
To remove nonspeci�c (noncytopathic agent) anti-
bodies, IgGs were incubated overnight (O/N) at 4±C
with methanol-�xed CRFK cells (kindly donated by
the Department of Agriculture, South Perth, Western
Australia) and cat liver powder (0.2 g per 1 mL
sera). The liver powder was removed by centrifu-
gation. The antisera was then �ltered through a
0.45-¹m Millipore �lter to remove remaining de-
bris. For immunoblotting and immunocytochemistry,
antisera were conjugated to horseradish peroxidase
(HRP). Antisera to MV631 was initially used to iso-
late putative virus-like structures from MS brain tis-
sue by af�nity chromatography (unpublished data).
These structures were inoculated into a kidney Vero
cell-line (CV1/MS) and used to raise polyclonal anti-
sera in rabbits (Cook et al, 1986). The antisera used in
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the present study are hence termed anti-MV631 (anti-
feline brain-derived agent) and anti-CV1/MS (anti-
MS brain-derived agent) (Cook et al, 1986).

Chromatography Af�-Gel 10 matrix (BioRad)
was used to purify structures bound to anti-MV631
or anti-CV1/MS from MS brain tissue. The matrix
was freshly prepared and constituted as per direc-
tions for each brain used. Puri�ed IgG (less than
30 mg/mL) (anti-MV631 or anti-CV1/MS) was ap-
plied to the gels overnight at 4±C. Excess IgG was
washed from the gel using binding buffer. Then 1 g
to 2 g of brain tissue was excised from macroscopi-
cally de�ned MS plaques or from control (non-MS)
brain tissue, was homogenized, and then sonicated
in phosphate-buffered saline (PBS) containing 1%
Tween 20. The sample was mixed with the af�nity
column in batch or �ow-through method followed
by washing with bicarbonate buffer. The virus-like
structures were eluted using citrate or NaCl buffer
at various pH (starting with pH 6.0 and sequentially
lowering the pH to 3.0). The column fractions were
added to pH neutral PBS and centrifuged at 69,000 £
g for 3.5 h. All experimental procedures were under-
taken in the electron microscope laboratory that had
not been used for other viral studies.

Electron microscopy of chromatography eluates
Concentrated (ultracentrifugated ) af�nity chromatog-
raphy eluates were applied to Formvar-coated cop-
per grids, stained with 3% phosphotungstic acid
(pH 7.5), air dried, and viewed with transmission
electron microscopy.

Primary rat glial cell cultures Rat glial cell cul-
tures were prepared from 1- to 2-day-old Wistar rat
pups. Rat brain tissue was dissociated using the
method of Labourdette et al (1979). The dissociated
cells were seeded onto poly-L-lysine-coated (Sigma,
Australia) 25-cm2 Costar (Edward Keller, Victoria,
Australia) tissue culture �asks at a density equivalent
to one brain per �ask in 10 mL of Dulbecco’s Modi�ed
Eagle’s Medium (DMEM) (Gibco, Australia) with 10%
fetal calf serum (FCS) and allowed to grow to con�u-
ency (4 to 5 days in vitro). Upon con�uency, the con-
centration of FCS (Gibco, Australia) was reduced to
5%. The cultures were maintained at 37±C with 5%
CO2. Media was changed twice weekly.

Inoculation of cultures Glial cell cultures were
inoculated with af�nity chromatography column elu-
ates from MS and non-MS brains (as described above)
4–7 days after plating. Other cultures remained
uninoculated. To inoculate, eluates were applied as
100 ¹L in 2 mL of fresh culture media for 2 h at
37±C, removed, original media returned, and cultures
maintained as described previously. Passaging of vi-
ral material to fresh cultures was achieved by concen-
trating media from infected cultures (as for column
eluates) and applying to cultures in the same manner
as for column eluates. At least four separate �asks
were inoculated with each eluate.

Immunocytochemistry Cultures, �xed with 2.5%
glutaraldehyde and 4% paraformaldehyde in phos-

phate buffer, were immunostained with a 1:50 di-
lution of polyclonal anti-MV631 or anti-CV1/MS
(pre-adsorbed to proteins from uninfected cell-
lines) (Cook et al, 1986). Separate cultures were
also incubated with antisera to the oligodendro-
cyte markers 20,30-cyclic nucleotide 30-phosphodi-
esterase (CNPase) (a generous gift from Dr. Terry J.
Sprinkle, Veterans Administration Medical Centre,
Wadsworth, Los Angeles, CA, USA) at 1:100 or galac-
tocerebroside (GalC) (Serotec, Australia) at 1:200.
These antibodies were used in either a direct tech-
nique in which the antibody had been conjugated
with horseradish peroxidase (HRP) (1:200) (as de-
scribed, Cook et al, 1986) or in an indirect technique
in which the unlabelled primary antibody was ap-
plied to the cultures followed by an HRP-labelled
goat anti-rabbit (GAR) antibody (Serotec, Australia).
The procedures have been described previously
(Cook et al, 1986). Cultures were counterstained
with haematoxylin for light microscopy. Semiquan-
titation of labelled cells was performed by counting
oligodendrocyte-like cells using light microscopy. At
least 1000 cells were counted per �ask (5 �asks) and
recorded as either immunostained or unstained.

Electron microscopy Cultures �xed in 2.5% glu-
taraldehyde were prepared for electron microscopy
as described by Wilcox et al (1984).

Immunoblotting Cultures were prepared for im-
munoblotting by scraping cells into 2 mL of cell
lysis buffer (Tris-NaCl-EDTA) with 1% Triton X-
100, pH 7.4, homogenized in a Dounce homogenizer
(20 strokes), followed by centrifugation at 3100 £ g
for 20 min. Protein concentration in the super-
natant was determined with a BioRad microprotein
assay and normalized protein levels (25 ¹g/lane)
were separated on 12% SDS-PAGE gels at 150 V
for 2 h and transferred to nitrocellulose membranes
(100 V for 1.5 h). MS and control af�nity chro-
matography eluates were prepared using identical
volumes of elution buffer per gram of tissue and
were concentrated in parallel with ultracentrifuga-
tion as before. As MS and control eluates con-
tained different amounts of protein, equal volumes
were applied to 12% SDS-PAGE gels. To ensure
that the lack of protein detection in control elu-
ates was not due to variations in the elution pro-
tocol, some control eluates were concentrated a
further 10-fold compared to MS eluates using mi-
croconcentrators (Centricon). However, no protein
was detected by silver stain or Western blot in
any control sample. For Western blots, membranes
were blocked overnight (4±C) in 3% BSA and im-
munoblotted with anti-MV631 or anti-CV1/MS at
1:100 in Tris-buffered saline (TBS), pH 7.4 (overnight
at 4±C). HRP-labelled goat anti-rabbit antisera was
applied at a dilution of 1:1000 for 2 h at room temper-
ature and membranes were incubated in 0.5 mg/mL
diaminobenzidine and 0.02% H2O2 in TBS. The
membranes were washed three times between each
step with TBST (TBS with 2% Tween 20).
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