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The intracellular development and RNA composition of Theiler's murine
encephalomyelitis virus (TMEV) isolates were determined by electron micros-
copy, sucrose gradient centrifugation, and RNase T, fingerprinting. Replication
of FA virus, a virulent strain of TMEV, was characterized by the appearance of
viral crystalline arrays in the cytoplasm of infected cells. In contrast, cells infected
with the less virulent isolates (WW, TO4, BeAn 8386, and Yale) showed no
crystalline arrays; instead, virions were found to be arranged between two layers
of membranes in the cytoplasm of infected cells. Analysis of the RNAs of TMEV
isolates showed that the RNAs were single-stranded molecules having sedimen-
tation coefficients of 35S. RNase T, fingerprinting of TMEV RNA revealed that
striking differences between the virulent and less virulent TMEYV isolates existed.
Moreover, base composition analysis of RNase T;-resistant oligonucleotides of
two TMEV isolates which represented the two subgroups indicated that there
were no substantial oligonucleotides common to both subgroups. Based on these
findings and the known difference in virulence, we suggest that the TMEV group

contains two genetically distinct subgroups of viruses.

Theiler’s murine encephalomyelitis viruses
(TMEV) are naturally occurring enteric patho-
gens of mice that belong to the Picornaviridae
family (13, 16, 17). All TMEV share a close
serological relationship; however, they can be
divided into two subgroups based on their be-
havior in vivo and in vitro (9).

One subgroup includes two highly virulent
viruses, GDVII and FA, which produce a fatal
encephalitis in mice after intracerebral inocula-
tion. The other subgroup includes DA, WW,
TO4, BeAn 8386, and Yale viruses, which are far
less virulent. After intracerebral inoculation
with the less virulent isolates, mice develop per-
sistent central nervous system infections. These
persistent infections result in mononuclear cell
infiltration of the leptomeninges and central ner-
vous system white matter and in primary de-
myelination (3, 8). Recently, it was demon-
strated ultrastructurally that the intracellular
organization at late stages of infection of proto-
types of the two TMEV subgroups differ mark-
edly: GDVII virus formed crystalline arrays
within the cell cytoplasm, and DA viruses did
not form such crystals but instead were aligned
between two membrane units (5).

In this study, we extended the ultrastructural
studies to five additional TMEYV isolates, and we

present data on the RNA compositions of all
seven isolates. The electron microscopic study
showed that the two TMEYV subgroups differed
in intracellular development. Analysis of TMEV
RNA revealed that the sedimentation coefficient
values of the viral RN As of both subgroups were
similar. However, the ribonuclease T, finger-
printing patterns of the two TMEV subgroups
were markedly different.

Based on differences in pathogenesis (8), in-
tracellular development, and oligonucleotide
composition of the two subgroups, we suggest
that the two subgroups of TMEYV are genetically
distinct groups of viruses.

MATERIALS AND METHODS

Cells. Baby hamster kidney cells (BHK-21) were
maintained in Dulbecco modified Eagle medium con-
taining 0.1 mM L-glutamine, 100 pug of streptomycin
per ml, 100 U of penicillin per ml, 25 mM MgCl,, and
10% fetal calf serum.

Viruses and virus assay. The GDVII, FA, DA,
WW, TO4, BeAn 8386, and Yale isolates of TMEV
were adapted for growth in tissue culture as previously
described (8, 12). All viral isolates were plaque puri-
fied. Viruses were passed two or more times in cells at
low multiplicities of infection to achieve higher virus
titers. Virus titers were determined by standard plaque
assay as previously described (11). The neurovirulence
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of all strains was tested before their use in the exper-
iments. It was confirmed that GDVII and FA isolates
were highly virulent for mice and induced a rapidly
fatal encephalitis after intracerebral inoculation. The
DA, WW, TO4, BeAn 8386, and Yale virus isolates
were less virulent and caused persistent demyelinating
central nervous system infections in injected mice.
Virus stocks used for testing the neurovirulence were
later used for electron microscopic studies and RNA
analyses. Neurovirulence and histopathology were de-
termined as previously described (3, 12).

Radiolabeling of virus. Monolayers of BHK-21
cells in petri dishes (150 mm) were washed with warm,
phosphate-free Dulbecco modified Eagle medium sup-
plemented with 3% dialyzed calf serum and were in-
cubated for 4 h at 37°C. After incubation, cultures
were infected with 1 ml of virus at a multiplicity of
infection of 10. [**P]phosphate, carrier-free (Nuclear
Research Center, Negev, Israel), was added to a final
concentration of 0.5 mCi/ml. Cells were incubated at
37°C and observed for cytopathic effect. To label virus
or cell RNA with [*H]uridine, we washed cultures with
warm Dulbecco modified Eagle medium, and 10 uCi of
[*Hluridine (19,300 mCi/mmol; Nuclear Research
Center) per ml was added.

Virus purification. Virus was purified from in-
fected cells by a modification of the procedure de-
scribed by Ziola and Scraba (18). Lysates from infected
monolayer cultures were disrupted by three cycles of
freezing and thawing and were clarified at 10,000 X g
at 4°C for 30 min in an RC2-B Sorvall centrifuge.
Trypsin (Sigma Chemical Co. St. Louis, Mo.) was
added to the supernatant (final enzyme concentration,
0.5 mg/ml), which was incubated at 37°C for 10 min,
sodium dodecyl sulfate was added to give a final con-
centration of 1%, and the mixture was incubated at
24°C for 30 min. Virus was sedimented in a Beckman
L5-50 ultracentrifuge at 85,000 X g at 24°C for 2 h in
a Beckman type 35 rotor. Pellets were suspended in
TNE buffer (10 mM Tris [pH 7.4], 100 mM NaCl, 1
mM EDTA) and sedimented through a discontinuous
sucrose gradient (10 ml of 30% and 10 ml of 15%) at
24°C for 20 h at 100,000 X g in an SW27 rotor. The
pellets were resuspended in TNE buffer, mixed with
an aqueous solution of Cs,SO, to give a final density
of 1.33 g/ml, and centrifuged at 100,000 X g at 4°C for
24 h in an SW50.1 rotor. Viral bands were aspirated
by puncturing the side of the tube with a syringe.

Preparation of viral RNA. RNA from purified
virions was extracted and purified according to the
method described by Kacian and Myers (7). The sed-
imentation coefficient of the viral RNA was deter-
mined in a 15 to 30% sucrose gradient in TNE buffer
containing 0.5% sodium dodecyl sulfate. The gradient
was centrifuged in an L5-50 Beckman ultracentrifuge
equipped with an SW27 rotor at 100,000 X g for 16 h
at 24°C. rRNA (18 and 28S) labeled with [*H]uridine
was used as a size marker. Peaks of 35S were removed,
and RNA was precipitated by the addition of two
volumes of absolute ethanol at —20°C overnight. RNA
was washed once with cold ethanol and stored in
ethanol at —20°C until it was used.

Replicative form (RF) RNA was isolated from
GDVII virus-infected cells 8 h postinfection when 50
to 60% of the cells were rounded. Isolation of RF RNA
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was carried out according to Nomoto et al. (14), with
the following modifications. DNase digestion was ex-
tended to 60 min at 37°C, the Sepharose 4B chroma-
tography step was omitted and, instead, the double-
stranded RNA was dialyzed against TEA buffer (0.1
M triethanolamine [Sigma Chemical Co.], 0.01 M
EDTA [pH 8.3]) for 20 h at 4°C and then kept frozen.

Electron microscopy. (i) Electron microscopy
of virus-infected cultures. Monolayers of BHK-21
cells grown in plastic flasks (75 cm®) were infected
with TMEV isolates at a multiplicity of infection of
approximately 50 as previously described (5). Infected
cultures were harvested at 2-h intervals between 0 and
18 h postinfection, fixed in 1% isotonic glutaraldehyde,
postfixed with osmium tetroxide in Millonig buffer
(pH 7.2), dehydrated with ethanol, and embedded in
epoxy resin (Epon 812). Thin sections were prepared
and stained with uranyl acetate and lead citrate and
were then examined in a Jeol 100CX electron micro-
scope equipped with a side-entry goniometer.

(ii) Electron microscopy of RNA. Single-
stranded viral RNA from 35S fractions was precipi-
tated with ethanol, dried, and dissolved in TEA buffer.
Ten microliters of RNA solution (1 to 3 pg/ml) was
mixed with 40 ul of a solution containing 0.1 M TEA
buffer, 5 M urea, and 80% formamide, pH 8.5. Ten
microliters of cytochrome ¢ solution (3 mg/ml) was
added, and 50 ul of the resulting substance was heated
to 50°C for 3 min, cooled to 4°C, and spread on cold
hypophase solution containing 1/100 TEA buffer.
Freshly coated collodion grids were used to pick the
RNA film. Grids were stained with uranyl acetate and
rotary shadowed with platinum. GDVII virus RF
RNA, isolated from virus-infected cells, was prepared
for electron microscopy according to Jacobson and
Spahr (6).

Fingerprinting of **P-labeled viral RNA. The
two-dimensional electrophoresis technique for finger-
printing RNA was performed in accordance with the
method of Billeter et al. (1, 2). The [**PJRNA samples
containing 100 ug of yeast RNA in a small volume of
water were lyophilized and digested with 8 ul (16 U) of
RNase T, (Sigma) in 20 mM Tris-hydrochloride (pH
7.5)-2 mM EDTA at 37°C for 30 min. The digested
samples were mixed with xylene cyanol FF and bro-
mophenol blue markers and applied to the first-di-
mension gel (200 by 400 by 2 mm), which consisted of
10% acrylamide, 6 M urea, and 0.025 M citric acid (pH
3.5). Electrophoresis was terminated when the xylene
cyanol FF dye had migrated 20 cm from the origin.
The second-dimension gel electrophoresis was termi-
nated when the bromophenol blue dye reached the 18-
cm mark. Autoradiography was performed with Afga-
Gavaert Curix RP-2 film.

Fingerprinting analysis. In some experiments,
oligonucleotides were further analyzed by elution from
the second-dimensional gel and complete digestion
with RNase A (1.5 ug/50 ug of RNA; Sigma), and the
digestion products were separated by electrophoresis
on Whatman DEAE paper at pH 3.5 as previously
described (1, 2). Products were identified by their
electrophoretic mobilities, and products containing
three or more A residues were eluted from DEAE
paper and subjected to complete digestion to nucleo-
side 2’,3’-monophosphates with a mixture of RNases
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A, Ty, and T; (1, 2). Yields of T, oligonucleotides were RESULTS

quantitated by counting Cerenkov radiation from gel

pieces suspended in 0.3 ml of water containing 60 ug of Infraceu“lar devel.opment of TMEV
yeast RNA per ml, and pieces of DEAE paper con- ?tralns- We h;we previously shown that .the
taining the nuclease products were counted in toluene-  intracytoplasmic development of GDVII virus
based scintillation fluid. differs from that of DA virus (5). Although well-

Fi1G. 1. (A through D) Series of electron micrographs of an FA virus-infected cell 7 h postinfection showing
the complex structure of the viral cyrstal by the tilting of the crystalline array at different angles. Bar = 0.5
um. (E through H) Series of electron micrographs of a WW virus-infected cell 10 h postinfection. The
micrographs display the tilting at different angles of viruses enclosed between the two membrane units. Heavy
arrows point out areas where both membranes are evident; thin arrows point out similar areas when these
areas were tilted. Bar = 0.2 um. The degrees of tilting are shown at the lower left sides of the pictures.
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developed crystalline arrays of virions were ob-
served in the cytoplasm of GDVII virus-infected
cells, in DA virus-infected cells, virions were
enclosed within two sheets of membranes. To
find out whether the intracellular development
of other TMEYV isolates follows this pattern, the
replication of five additional TMEVs in BHK-21
cells was examined by electron microscopy.
Cells infected with all isolates showed similar
morphological changes in the early stages of
infection (4 to 6 h). The nucleus became crescent
shaped and was displaced to the periphery of
the cell, the cytoplasm filled with foamy-like
vesicles, and “viroplasm” bodies appeared (4).
These changes were similar to those previously
described for GDVII and DA viruses (5) and are
typical for picornaviruses (4). However, the later
stages of FA virus infection differed markedly
from those of WW, TO4, BeAn, and Yale virus
infections. FA virus formed large crystalline ar-
rays of virions within the cytoplasm of infected
cells; these arrays were similar to those formed
by GDVII virus. Application of goniometer tilt-
ing to thin sections of viral crystalline arrays
provided new information about their struc-
tures. Figure 1A through D presents the tilting
at different angles of a thin section containing
viral crystalline arrays. It can be seen that the

THEILER’S VIRUSES 563
distances between the virions within the crystal
depend on the tilting plane, indicating that the
crystalline arrays of viruses have a complex,
three-dimensional structure.

In contrast, the intracytoplasmic development
of WW, TO4, BeAn, and Yale viruses resembled
that of DA virus. Assembled virus particles were
generally found to be arranged between two
membranes in the infected cell cytoplasm. Go-
niometer tilting of thin sections containing these
membranes provided evidence that the particles
were arranged in a single file between two layers
of membranes (Fig. 1E through H). When both
membranes enclosing the virions were seen, only
a single row of virions was observed (Fig. 1E and
F). When the section was tilted, a cluster of
virions was observed, and one or both mem-
branes disappeared (Fig. 1F through H).

Sedimentation coefficient values and ul-
trastructures. All TMEV isolates contain
RNA as their genetic material (Lorch and Fried-
mann, unpublished data). The sedimentation
coefficient values and morphologies of the RNAs
of representative isolates of the two TMEYV sub-
groups were determined. RNAs from [*H]Juri-
dine- and **P-labeled GDVII and DA virus iso-
lates were sized by sucrose velocity gradient
centrifugation, using 18 and 28S **P-labeled
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Fi1G. 2. Sucrose gradient centrifugation of GDVII virus RNA. Purified [**P]JRNA was centrifuged in a 15
to 30% (wt/wt) sucrose gradient prepared in TNE buffer containing 0.5% sodium dodecyl sulfate at 10,000 X
g for 16 h at 20°C. 18 and 28S rRNAs (isolated from BHK-21 cells) were used as size markers. [**PJRNA from
DA virus sedimented in a parallel identical gradient appears as an arrow marked DA below the main RNA
peak. RF RNA of GDVII virus, centrifuged in an identical gradient, appears as an arrow marked 20S RF
GDVII. Inset A, Electron micrograph of single-stranded RNA banding at the 35S peak position. Inset B,
Electron micrograph of GDVII virus RF RNA. (See text for details.) Bars = 0.5 um.
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RNA’s as sedimentation markers. Figure 2 sum-
marizes the results of such an experiment. The
sedimentation coefficient values of the RNAs of
GDVII and DA viruses were similar and were
calculated to be 35 £ 0.75S for GDVII virus and
34.8 = 0.7S for DA virus. These values are
similar to the sedimentation coefficient values
for RNAs of other picornaviruses.

RNAs from the 35S fractions of GDVII and
DA viruses were visualized in the electron mi-
croscope by a spreading technique (6) under
strong denaturing conditions. It was found that
these RNAs were linear, single-stranded mole-
cules (Fig. 2, inset A). Length measurements of
the single-stranded molecules gave a mean value
of 2.2 + 0.6 um. Since length measurements of
single-stranded RNA cannot be accurately esti-
mated from electron micrographs because of
intrastrand annealing, it was decided to measure
the length of TMEV RF RNA. Therefore, RF
RNA of GDVII virus was isolated from GDVII
virus-infected cells. Isolated double-stranded
RNA was sensitive to alkali and resistant to
DNase, and it reannealed at high efficiency with
GDVII single-strand RNA (Lorch and Fried-
mann, unpublished data). RF RNA banded in a
sucrose gradient at a position corresponding to
20S (Fig. 2). Electron microscopy revealed a
mean length of 2.6 + 0.3 um (Fig. 2, inset B).

RNase T, fingerprinting analysis of
TMEV RNA. The genomes of TMEV isolates
were analyzed by RNase T; fingerprinting.
Based on fingerprinting, the different isolates of
TMEV can be divided into two distinct sub-
groups (Fig. 3A through G). The electrophoretic
migrations of the oligonucleotides of GDVII and
FA viruses were similar, but they differed com-
pletely from the patterns of DA, WW, TO4,
BeAn, and Yale viruses, which resembled one
another. To determine if the two subgroups had
any oligonucleotides in common, representatives
of the two subgroups, DA and GDVII viruses,
were digested with RNase T, and electropho-
resed individually and together. Among the well-
separated oligonucleotides, only spot 75 partially
overlapped spot 16, and spot 71 partially over-
lapped spot 12 (Fig. 3H through K).

The compositions of RNase T,-resistant oli-
gonucleotides of representative viruses of the
two subgroups (WW and FA viruses) were de-
termined by digestion with RNase A. The results
(not shown) indicated that there were no sub-
stantial oligonucleotides common to these two
viruses.

Minor differences in the fingerprinting pat-
terns were seen within each subgroup. In the
first subgroup (GDVII and FA viruses), oligo-
nucleotides 85 and 86 migrated differently from
each other. DA virus had an additional spot

J. VIROL.

(23B), which did not appear consistently in the
fingerprint analysis. Several spots which had
submolar ratios appeared in the fingerprints,
although the RNA was extracted from purified
virions. At present, the origin of these oligonu-
cleotides is not known.

DISCUSSION

TMEV infection of mice is one of the few
available experimental animal models of virus-
induced demyelination of the central nervous
system (9, 10). Revealing the TMEV functions
that lead to the establishment of persistent in-
fection in this model is of considerable impor-
tance. We have studied the basic characteristics
of TMEV isolates.

The present study demonstrated that the dif-
ferences in intracellular development, shown
previously for GDVII and DA viruses, existed
also in the TMEYV isolates we tested. It can be
concluded that the virulent TMEYV isolates form
crystalline arrays in the cytoplasm of infected
cells. In contrast, the less virulent TMEV iso-
lates were arranged as a single file of virions (one
particle deep) between two membrane units in
the cytoplasm. The use of the tilting technique
on thin sections containing these membranes
provided proof of this unique structure.

The origin, function, and composition of these
membranes are not known at the present time.
There are, however, at least two possibilities:
the membranes are of cellular origin and may
represent, for example, the endoplasmic reticu-
lum, or the membranes may have been synthe-
sized or modified as a result of infection. If these
membrane structures appear in vivo, it will be
tempting to suggest that they play a role in the
pathogenesis of demyelinating disease.

It is interesting that in contrast to our results,
Powell et al. (15) have observed crystalline ar-
rays in DA virus-infected cells. The reason for
this is not clear. However, there are a few differ-
ences between the two stocks of DA virus which
we can point out: the virus preparation Powell
et al. used produced the biphasic disease when
inoculated into mice, was then passed only three
times in BHK-21 cells, and was not plaque pur-
ified. In contrast, our virus preparation was
passed many times in BHK-21 cells, was plaque
purified three times, and had lost the ability to
produce the acute phase by the time it was
inoculated into mice. Based on these differences,
we assume that the DA virus Powell et al. used
was not the same as our DA virus.

It was of particular interest to determine
whether the differences in biological behavior
and intracellular development between the two
TMEV subgroups resulted from minor or major
differences in genome composition. For this rea-
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son, the RNAs of seven TMEV were analyzed.
We found that the sedimentation coefficients of
all TMEV had similar values of approximately
35S. RNAs from representative virus isolates,
studied by electron microscopy, proved to be
single stranded molecules. In addition, RF RNA
isolated from GDVII virus-infected cells had a
mean length of 2.6 + 0.3 um. Based on the
sedimentation coefficient value of virion RNAs
and the lengths of 35S single-stranded and RF
RNAEs, it was possible to estimate the molecular
size of TMEV RNA as 2.6 X 10° to 2.9 x 10°
daltons.

The RNase T;-resistant oligonucleotide fin-
gerprint analyses of seven TMEV showed that
the fingerprints of FA and GDVII virus isolates
were similar but differed from those of DA, WW,
TO4, BeAn 8386, and Yale viruses. Thus, the
virulent and less virulent subgroups of TMEV
differed in their fingerprint patterns. It is inter-
esting that although the viruses of the TMEV
group were isolated independently and at differ-
ent places, the RNA fingerprints of each sub-
group were similar or identical. An additional
analysis of the base composition of oligonucleo-
tides eluted from the two-dimensional gels of
WW and FA virus RNAs revealed that all the
substantial oligonucleotides of these two isolates
were different. Furthermore, coelectrophoresis
of GDVII virus and DA virus RNase T-resistant
oligonucleotides showed that the oligonucleo-
tides of these viruses had different electropho-
retic mobilities. Taken together, these findings
indicate that although the well-separated oligo-
nucleotides of the RNA fingerprints represent
some 10 to 15% of the total RNA genome, the
two TMEV subgroups represent two different
genomes.

Based on the differences in virulence (10-12),
intracellular development, and RNA composi-
tion, we concluded that the TMEV group con-
tains two genetically distinct virus subgroups.
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