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The strains of Theiler’s murine encephalomyelitis virus, a picornavirus, are divided into two groups accord-
ing to their neurovirulence after intracerebral inoculation. The highly virulent GDVII strain causes an acute,
fatal encephalomyelitis, whereas the DA strain causes a mild encephalomyelitis followed by a chronic inflam-
matory demyelinating disease associated with viral persistence. Studies with recombinant viruses showed that
the capsid plays the major role in determining these phenotypes. However, the molecular basis for the effect
of the capsid on neurovirulence is still unknown. In this paper, we describe a large difference in the patterns
of infection of primary neuron cultures by the GDVII and DA strains. Close to 90% of the neurons were infected
12 h after inoculation with the GDVII strain, and the cytopathic effect was complete 24 h postinoculation. In
contrast, with the DA strain, viral antigens were not detected in neurons until 24 h postinoculation. Infected
neurons accounted for only 2% of the total number of neurons, even 6 days after inoculation. No cytopathic
effect was visible, and the cultures could be kept for the same length of time as the noninfected controls.
Because the neurovirulence of the GDVII strain has been mapped to the capsid, we examined the role of the
capsid in this difference of phenotype. We showed, using recombinant viruses, that the capsid was indeed
responsible for the pattern of infection observed in vitro, most likely through its role in viral entry. Thus, the
levels of neurovirulence of the GDVII and DA strains correlate with their abilities to infect cultured neurons,
and this ability is controlled by the capsid.

Theiler’s murine encephalomyelitis virus (TMEV) is a pi-
cornavirus belonging to the cardiovirus subgroup (20–22).
Strains of TMEV fall into two groups according to the disease
they cause after intracerebral inoculation in mice. One group
(the GDVII and FA strains) causes a rapidly fatal encephalo-
myelitis (30). Strains of the second group (e.g., the DA, BeAn,
TO4, and WW strains) are attenuated and cause a biphasic
disease. The first phase is a mild encephalomyelitis; it is fol-
lowed by a chronic inflammatory and demyelinating disease of
the spinal cord. This late disease resembles multiple sclerosis
in humans (15). It is associated with the persistence of the
infection at the sites of the lesions, mainly in macrophages (16)
but also in oligodendrocytes (3).

Viral recombinants between the persistent DA or BeAn
strain and the virulent GDVII strain have been constructed by
several groups in order to map viral genes responsible for
persistence. These studies were based on the observation that
the GDVII strain was unable to persist in the central nervous
systems (CNS) of the rare survivors (14). Recent data from our
group, using attenuated GDVII mutants, confirm that the
GDVII strain does not have the ability to persist (unpublished
data). The data obtained with recombinant viruses by different
laboratories are, on the whole, consistent and show that the
capsid of the DA or BeAn strain contains the main determi-
nants of persistence (1, 19). Within the capsid, several amino
acids involved in viral persistence have been identified (13, 26,
27, 34). They are clustered in a small region at the surface of
the capsid (11, 17, 18), and therefore, they delimit a site, made
of loops from VP1 and VP2, which is critical for viral persis-
tence.

A virus which establishes a persistent infection must be at-

tenuated. The studies with recombinant viruses referred to
above demonstrated that attenuation is controlled mainly by
the capsid (1, 6, 10, 19, 32). Indeed, a chimeric GDVII virus
whose capsid had been replaced by that of strain DA or BeAn
was attenuated, whereas a chimeric DA or BeAn virus with a
GDVII capsid was virulent. It should be noted, however, that
the 59 noncoding and L regions of the genome of the GDVII
strain also contribute to its neurovirulence (5, 10, 23, 24, 29).
The mechanisms behind the neurovirulence of strain GDVII
and, in particular, the way in which the capsid determines this
phenotype have not been explored yet.

During the first days which follow intracerebral inoculation,
the DA and GDVII strains infect predominantly neurons of
the brain and the spinal cord. For example, Aubert and Brahic
compared the patterns of infection for the two strains in the
brains of SJL/J mice 4 or 5 days after inoculation (2). They
found that the GDVII strain infects approximately 10 times
more cells than the DA strain and that these cells are almost
exclusively neurons. They also observed that, besides neurons,
the DA strain infects a small number of astrocytes and mac-
rophages/microglial cells. In another study, Simas et al. found
that strain GDVII infects mainly neurons, but also some as-
trocytes, in the CNS of CBA and BALB/c mice (28). Impor-
tantly, both studies agreed on the fact that the large majority of
cells infected early on by either the GDVII or the DA strain
were neurons. Furthermore, these in vivo studies revealed that
the number of infected neurons was larger in the case of the
GDVII strain than in that of the DA strain. This could be due
to differences in the efficacy with which the viruses attach to
and enter neurons, differences in the viral yield per infected
neuron, or differences in the way the immune response of the
host controls the spread of the infection.

In this study, we analyzed the infection of primary cultures
of mouse neurons with the DA and GDVII strains and with
two viral recombinants between these strains. We report that
the GDVII strain infected and killed most of the neurons in
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the culture within 24 h, whereas the DA strain infected only a
minority of cells and did not lyse the culture. This observation
correlates with the respective levels of neurovirulence of these
strains in vivo. Furthermore, the difference of phenotype was
mapped to the viral capsid. Our results also suggest that the
control of the infection of neurons by the capsid may occur at
an early step of the viral cycle, i.e., binding to the receptor
and/or entry into the cell.

MATERIALS AND METHODS

Viruses. Recombinant viruses R2 and R3 have been described in a previous
publication (19). The DA, GDVII, R2, and R3 viruses were grown in baby
hamster kidney cells (BHK-21). The viruses used to infect neuron cultures were
partially purified as follows. Culture supernatants containing infectious virus
were treated with 1% (wt/vol) sodium dodecyl sulfate for 1 h at room temper-
ature. The mixture was then centrifuged at 150,000 3 g for 4 h at 21°C, and the
pellet was resuspended in 10 mM Tris (pH 7.4). The virus was purified further by
centrifugation through a 30% (wt/vol) sucrose cushion for 18 h at 90,000 3 g and
21°C. The viral pellet was resuspended in 10 mM Tris (pH 7.4), aliquoted, and
stored at 280°C. Infectivity was measured by a standard plaque assay on BHK-21
cell monolayers.

Neuron cultures. Spinal cords from 13- to 14-day-old embryos of BALB/c mice
were dissected. Tissues were kept in L15 medium (Gibco) supplemented with 3.6
mg of glucose/ml during all the steps of dissection and dissociation. Nerve cells
were first dissociated with trypsin (0.05% [wt/vol]) for 15 min at 37°C. After
inhibition of the trypsin with 10% (vol/vol) fetal calf serum (FCS) and low-speed
centrifugation, the cell pellet was resuspended in L15 medium containing 3.6 mg
of glucose/ml and 100 mg of DNase/ml. The cells were dissociated further by
gentle teasing in this DNase-containing medium. Finally, the cells were collected
by low-speed centrifugation through a cushion of 4% (wt/vol) bovine serum
albumin and resuspended in the medium described below. They were seeded in
24-well plates onto 12-mm glass coverslips coated with poly-DL-ornithine (6 mg/
ml) and laminin (3 mg/ml).

Neurons were cultivated in neurobasal medium (Gibco) supplemented with
B27 supplement (Gibco), 2% (vol/vol) FCS, 0.5 mM L-glutamine, 25 mM b-mer-
captoethanol, and 25 mM L-glutamate. After 24 h, the cultures were treated with
10 mg of 59-fluorodeoxyuridine (FUdR), an inhibitor of DNA synthesis in divid-
ing cells, per ml to prevent the overgrowth of nonneuronal cells. Uridine (25
mg/ml) was added to the medium at the same time. The treatment with FUdR
and uridine was continued throughout the experiment.

Infection of neuron cultures. Purified virions were diluted in neurobasal me-
dium and added to the medium of neurons which had been in culture for 7 days.
The inoculum was not removed because the cultures did not tolerate a change of
medium. Neuron cultures were infected at a multiplicity of infection (MOI) of 5
or 50 PFU per seeded cell, depending on the experiment. Since a large fraction
of the neurons that were seeded did not grow, this theoretical MOI was largely
underestimated. Therefore, neuron cultures were infected with a large excess of
virus.

Cell viability assay. Cell viability following infection with TMEV was mea-
sured by the Alamar blue assay (Interchim). This assay consists of an oxidoreduc-
tion indicator that changes color in response to chemical reduction of the growth
medium resulting from cell growth. At various times after inoculation, 1/10
volume of Alamar blue reagent was added to the medium of TMEV-inoculated
or noninoculated neuron cultures. The cultures were returned to the incubator
for 3 h. The absorbance of the medium was then measured, in triplicate, at
wavelengths of 570 and 600 nm. The results were expressed as the percent viable
cells in inoculated cultures, with the level of viable cells in noninoculated cultures
taken as 100%. As a control, the assay was performed on BHK-21 cells infected
with TMEV.

Immunofluorescence labeling. Immunostaining was done directly on cells
grown on glass coverslips. The cells were fixed with 4% (wt/vol) paraformalde-
hyde for 15 min at room temperature. They were permeabilized with 0.1%
(vol/vol) Triton X-100, and nonspecific binding sites were blocked by incubation
for 30 min with phosphate-buffered saline (PBS) containing 2% (vol/vol) FCS.
The first antibody was then added at the indicated dilution and allowed to bind
for 30 min. The primary antibodies used as neuron markers were as follows:
mouse monoclonal anti-MAP-2 (Sigma; dilution, 1:100), mouse monoclonal anti-
neurofilament 200 kDa (NF-200) (Sigma; dilution, 1:200), mouse monoclonal
anti-synaptophysin (Boehringer; dilution, 1:10) and rabbit anti-tau antiserum
(Sigma; dilution, 1:100). After a wash with PBS, the glass coverslips were treated
with the appropriate secondary antibodies. Except for the anti-tau staining, the
secondary antibody was an anti-mouse immunoglobulin G (IgG) coupled to
fluorescein isothiocyanate (Sanofi Diagnostics Pasteur; dilution, 1:100). For anti-
tau staining, the secondary antibody was a biotinylated anti-rabbit IgG (Vector;
dilution, 1:400). Incubation with this secondary antibody was followed by several
washes in PBS and staining with rhodamine avidin D (Vector; dilution, 1:400).
Contaminating astrocytes were detected by immunofluorescence labeling with 5
mg of a mouse monoclonal anti-glial fibrillary acidic protein (GFAP) antibody

(Boehringer Mannheim Biochemical)/ml followed by incubation with the anti-
mouse IgG coupled to fluorescein isothiocyanate.

TMEV-infected cells were detected with a rabbit hyperimmune serum which
binds to capsid antigens with high affinity (dilution, 1:300) (4). This serum, which
was raised against purified GDVII virions, recognizes GDVII and DA capsid
proteins with equal facility, as shown by Western blotting and immunocytochem-
istry. The primary antibody was detected with the biotinylated anti-rabbit IgG
antibody, and the rhodamine avidin D product described above was used for the
detection of the anti-tau antibody.

RESULTS

Description of neuron cultures. Single-cell suspensions ob-
tained from the spinal cords of mouse embryos were plated on
glass coverslips coated with poly-DL-ornithine and laminin. Cy-
toplasmic processes appeared in the cultures during the first
days in vitro (DIV), and a dense network had developed by 7
DIV (Fig. 1A). Neurons were identified in these cultures by
indirect immunofluorescence using antibodies directed against
the neuronal proteins MAP-2, tau, synaptophysin, and NF-200
(Fig. 1B). These antibodies were tested on control BHK-21
cells, and no staining was observed (data not shown). After 7
DIV, at least 90% of the cells were positive for MAP-2, tau,
and synaptophysin. At that time, there was no clear evidence of
axonal differentiation, i.e., MAP-2-negative and tau-positive
processes. The typical punctuated pattern of synaptophysin
immunoreactivity was observed throughout the cell body but
was much more abundant along processes, as described previ-
ously (7). Neuron cell bodies were frequently observed in large
aggregates, although many were isolated. Processes originated
from both isolated and clustered neurons. After 7 DIV, the
percentage of cells expressing NF-200 was still lower than that
of cells expressing MAP-2, tau, or synaptophysin. This percent-
age increased with time and reached at least 90% after 13 DIV.
A few cells in the cultures were astrocytes, as indicated by
GFAP-positive staining (data not shown), and a few cells which
could not be identified with the markers used were presumably
microglial cells or fibroblasts. The neurons could be main-
tained in culture for 2 weeks. All the experiments described in
this paper were performed on neurons cultured for 7 DIV.
Similar results were obtained with neurons cultured for 4 or 13
DIV (data not shown).

It is known that optimal differentiation of neurons can be
obtained after long-term culture on top of a feeder monolayer
of astrocytes. Our goal was to study specifically the interaction
of TMEV with neurons. Therefore, we chose not to use feeder
astrocytes. In spite of this, the expression of several neuronal
markers (MAP-2, tau, NF-200, and synaptophysin) in our cul-
tures indicated that the neurons had acquired a remarkable
level of differentiation.

Cell survival following inoculation with TMEV. Neurons
(7 DIV) were inoculated with the DA or the GDVII strain of
TMEV at an MOI greater than 5 PFU/cell (see Materials and
Methods for a discussion of the MOI used in these studies). No
cytopathic effect was observed in cultures inoculated with the
DA strain (Fig. 2A). These cultures could be maintained for as
long as 6 days postinoculation without showing cytopathic ef-
fect, compared to noninoculated controls. The same result was
obtained when the MOI was increased 10-fold. By contrast, the
cultures inoculated with the GDVII strain showed a dramatic
cytopathic effect during the first 24 or 36 h postinoculation
(Fig. 2B).

To confirm and quantify these observations, cell viability was
measured by the Alamar blue assay as described in Materials
and Methods. This assay incorporates a colorimetric growth
indicator based on the detection of metabolic activity. Results
are presented as levels of viable cells in inoculated wells, ex-
pressed as percentages of levels in noninoculated wells (taken
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as 100%). For example, a viable-neuron level of 96% 3 days
after inoculation with the DA strain means that there was no
significant difference between inoculated and noninoculated
cultures, although there was cell death in both cases, at similar
levels, due to the limited time of survival of neurons in culture.
The results of a representative experiment are reported in Fig.
3. The percent viable neurons was 27% 24 h after inoculation
with the GDVII strain, whereas it remained at about 95%
during the 4 days that followed inoculation with the DA strain
and dropped to 77% by day 6 after inoculation with this strain.
These findings clearly confirmed the drastic difference in

cell death caused by the DA and GDVII strains of TMEV in
mouse neurons cultured in vitro. As a control, the assay was
performed on infected BHK-21 cells. As expected, both viral
strains caused rapid cell death within 2 days postinoculation.

Permissiveness of cultured neurons for the DA and GDVII
strains of TMEV. The striking difference in neuron death ob-

FIG. 1. Neuron cultures. (A) Phase-contrast microscopy of neurons after 7
DIV. Bar, 10 mm. (B) Staining of the cultures with antibodies specific for neu-
ronal proteins (immunofluorescence, confocal microscopy). The immunostaining
for MAP-2, tau, and synaptophysin was done on cultures after 7 DIV, whereas
immunostaining for NF-200 was done after 13 DIV. At least 90% of the cells
were positive for these markers. Bars, 10 mm.

FIG. 2. Phase-contrast microscopy of neuron cultures inoculated with DA
virus, 4 days postinoculation (A) or GDVII virus, 36 h postinoculation (B). No
cytopathic effect was observed in the cultures inoculated with the DA virus,
whereas complete cytopathic effect occurred with the GDVII virus.

FIG. 3. Quantification of cell viability using the Alamar blue assay. Data are
expressed as percent viable cells in inoculated cultures relative to the level of
viable cells in noninoculated cultures (taken as 100%).
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served after infection with the GDVII and DA strains can be
explained in at least two ways. Either there is a major differ-
ence in the permissiveness of the neurons for the two viruses or
there is a drastic difference in the abilities of the viruses to
induce neuron death, regardless of the level of infection. There-
fore, we examined the extent of virus replication in the cul-
tures, using immunofluorescence labeling for TMEV capsid
antigens.

Infected cultures were fixed at different times after inocula-
tion, and infected cells were identified by immunofluorescence
staining as described in Materials and Methods. As mentioned
in Materials and Methods, the hyperimmune rabbit serum
used to detect capsid antigens recognized the GDVII and DA
strains with the same efficiency. Figure 4A shows representa-
tive fields examined both by phase-contrast microscopy and by
immunofluorescence. As early as 8 to 12 h after inoculation
with the GDVII strain, the majority of neurons contained viral
antigens. At that time, no infected neurons could be detected
in the cultures inoculated with the DA strain. Interestingly, the
few contaminating nonneuronal cells were positive in both the
DA- and GDVII-inoculated cultures (data not shown). From
24 h onward, rare infected neurons could be found in cultures
inoculated with the DA strain. An example of these cells is
shown in Fig. 4A. As a control, immunofluorescence was per-
formed on BHK-21 cells infected with the DA or GDVII
strain. As expected, there was no difference between the two
types of infected cultures (Fig. 4B).

TMEV antigen-positive neurons were quantitated at differ-
ent times after inoculation. This was done by counting total
neurons and antigen-positive neurons in approximately 20 ran-
domly chosen fields per slide (i.e., between 300 and 500 neu-
rons in total) (Table 1). DA virus-infected neurons repre-
sented approximately 2% of the total during 6 days after
inoculation. It was very difficult to obtain reliable quantitative
data for the GDVII strain because the cells began to die soon
after inoculation (12 h) and thus no longer adhered to the
coverslips. Nevertheless, more than 50% of the neurons were
positive at 8 h postinoculation, and nearly all were positive at
12 or 18 h postinoculation (Fig. 4A and Table 1).

In the cultures infected with the DA strain, 5 to 15% of the
cells, depending on the time postinoculation, were round cells
without processes which were positive for viral antigens (Table
1). These cells could not be identified from their morphology,
although they did not look like neurons. They might have been
the nonneuronal contaminating cells which were permissive for
the DA strain or dead infected neurons, or a mixture of both.

The capsid of TMEV determines its replication pattern in
neurons. The data reported above showed that the difference
in neurovirulence in vivo between the DA and GDVII viruses
correlated with the patterns of infection of neurons in culture.
By using recombinants between the DA or BeAn strain and the
GDVII strain, most of the difference in neurovirulence be-
tween these two groups of strains has been mapped to the cap-
sid (1, 6, 10, 19, 32). Thus, it was important to determine
whether the capsid also controlled the pattern of infection of
cultured neurons. For this purpose, we used the chimeric vi-
ruses R2 and R3, which have been described in a previous
publication (19). These viruses consist of GDVII and DA vi-
ruses in which the genes coding for the capsid and short re-
gions of the flanking L and 2A genes (92 and 85 nucleotides,
respectively) have been exchanged. The L protein fragment
bears eight differences in amino acids, and the 2A fragment
bears four. Virus R2 is a GDVII virus with a DA capsid. It is
fully attenuated and persists in the CNS of mice, whereas virus
R3, which is a DA virus with a GDVII capsid, is highly virulent
and does not persist in survivors (19). Neuron cultures were

infected with these recombinant viruses under the same con-
ditions as those described for the DA and GDVII viruses.
Virus R3 caused a cytopathic effect indistinguishable from that
caused by virus GDVII. No cytopathic effect was visible during
several days in the culture inoculated with virus R2, a result
similar to that described above for virus DA (Fig. 5). Further-
more, immunofluorescence staining for TMEV antigens gave
results almost identical to those described for the GDVII and
DA viruses (Fig. 6). Nearly all the neurons were infected with
virus R3 (GDVII capsid) 16 h after inoculation. At that time,
infected neurons were very rare—fewer than 1% of total neu-
rons—in the cultures inoculated with virus R2 (DA capsid).
The only minor difference observed between cultures infected
with the DA virus and those infected with virus R2 was that
whereas no infected neurons could be detected until 24 h after
inoculation with the DA strain, a few infected neurons (1%)
were observed 16 h after inoculation with virus R2.

DISCUSSION

The GDVII strain of TMEV is much more neurovirulent
than the DA strain. For example, the 50% lethal dose after
intracerebral inoculation is 0.7 PFU for the former and 106

PFU for the latter (14). The neurovirulence of strain GDVII is
encoded in the 59 noncoding region (6, 10, 23, 24), the L
protein (5), and the capsid. Studies with recombinant viruses
between the DA or BeAn strain and the GDVII strain showed
that the capsid contains the main determinants of neuroviru-
lence (1, 6, 9, 19, 25). Indeed, exchanging the capsids of the DA
(or BeAn) and GDVII viruses led to a large change in neuro-
virulence. Up to now, the molecular basis for the effect of the
capsid on neurovirulence had not been investigated. The cap-
sid could be responsible for differences of viral tropism, differ-
ences in the ability of the virus to cause cell death, or differ-
ences in the control of the infection by the immune responses
of the host. No major difference in the cell tropism has been
observed in vivo between the GDVII and DA or BeAn strains
during the early phase of infection. In all published studies,
neurons represent the large majority of infected cells, although
some infection of glial cells has been reported in the brains of
DA-infected SJL/J mice (2) and in the CNS of GDVII-infected
CBA and BALB/c mice (28). The main difference between the
brains of mice inoculated with the GDVII strain of TMEV and
those of mice inoculated with the DA strain is the number of
neurons which are infected. In a recent study, Aubert and
Brahic reported 10 times more infected neurons with the
GDVII strain than with the DA strain (2).

TABLE 1. Quantification of the number of infected neurons
detected by immunofluorescence labeling of viral antigensa

Time after
inocula-

tion
Virus

Total no.
of neurons

counted

No. (%) of
antigen-positive

neurons

No. (%) of
antigen-positive

round cellsb

18 h GDVII 154 136 (88)
DA 0 (0)

24 h DA 386 6 (1.5) 18 (4.7)
48 h DA 460 10 (2.1) 32 (6.9)
72 h DA 561 6 (1) 40 (7)
6 days DA 568 13 (2.2) 83 (14.6)

a An average of 20 fields per slide were chosen at random. Total neurons and
antigen-positive neurons were counted. At 18 h postinoculation, many neurons
have already been lysed by GDVII, which explains why fewer neurons could be
counted.

b As described in the text, antigen-positive round cells, with no morphological
characteristics of neurons, were observed in cultures infected with DA virus.

7216 JAROUSSE ET AL. J. VIROL.



In this paper, we report a large difference in the extent of
replication of the GDVII and DA strains in primary cultures of
mouse neurons. With the GDVII strain, close to 90% of the
neurons were infected 12 h postinoculation, whereas neurons
infected with the DA strain accounted for only 2% of all
neurons even several days postinoculation. Analysis with the
recombinant viruses R3 and R2 strongly suggests that the
genes coding for the capsid were responsible for the pattern of
infection of neurons in vitro, although we cannot formally
exclude a role of flanking fragments of the L and 2A genes.
Our findings were specific for neurons. Indeed, as shown in
Fig. 4B, inoculation of BHK-21 cells at a high MOI (5 or 10
PFU/cell) led to the infection of almost 100% of the cells with

both the GDVII and DA viruses. The same result was obtained
with the R2 and R3 viruses (data not shown).

We observed the same intensity of fluorescence in neurons
which were positive for viral capsid antigens, whether they
were infected with the GDVII, DA, R2, or R3 virus (Fig. 4 and
6). Furthermore, Aubert and Brahic found similar levels of
viral RNA in GDVII- and DA-infected neurons in vivo (2).
These observations suggest that, regardless of the viral strain,
viral RNA replication and translation proceeded with similar
efficiencies in neurons. This is consistent with the conclusion
that the capsid controls the pattern of infection in neurons,
since the main role of the capsid is the delivery of the viral
genome into the cytoplasm and not the regulation of transcrip-

FIG. 4. (A) Immunostaining for TMEV antigens and phase-contrast microscopy of the same fields of neurons. Neurons were inoculated with the GDVII or the DA
virus (confocal microscopy). hpi, hours postinfection. (B) Immunostaining for TMEV antigens of infected BHK-21 cells (confocal microscopy).
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tion and replication. Therefore, our data suggest that the con-
trol of neuron infection by the capsid occurs at an early stage
of the virus cycle, i.e., binding to a receptor and/or entry of the
virus in neurons. This conclusion is supported by structural

comparisons between the capsids of attenuated (DA and
BeAn) and virulent (GDVII) strains of TMEV (33). The main
structural variations between these two groups of strains are
located at sites that might influence the binding of the virus to

FIG. 5. Genetic map and phenotype of recombinant viruses R2 and R3. NC, noncoding region. The construction of the chimeric viruses and in vivo neurovirulence
studies are from McAllister et al. (19). Mice were inoculated intracerebrally with 104 PFU of attenuated (2) or highly neurovirulent (1) virus. The cytopathic effect
in neuron cultures (2, no visible cytopathic effect; 1, complete cytopathic effect) was determined by observation with phase-contrast microscopy.

FIG. 6. Immunostaining for TMEV antigens and phase-contrast microscopy of the same fields of neurons. Neurons were inoculated with virus R2 or R3 (confocal
microscopy).
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its cellular receptor. One can hypothesize that the DA (or
BeAn) and GDVII strains do not use the same receptor. Both
receptors might be present at the surfaces of BHK-21 cells,
explaining the fact that all the strains bind with similar degrees
of efficiency on these cells (8). By contrast, the receptor for the
DA strain, and not that for the GDVII strain, might be absent,
or poorly expressed, at the surfaces of neurons. Our results are
also congruent with the hypothesis of Zhou et al. (33). These
authors showed a difference in the interaction with sialyllactose
between the BeAn and GDVII viruses. This led them to pro-
pose that the binding of BeAn virus to sialic acid on non-
receptor surface proteins could trap the virus and thus slow
down its spread. By contrast, GDVII virus, which does not
interact with sialic acid, would bind to the protein component
of the functional receptor at a high rate.

Our data did not allow us to conclude whether the DA virus
is lytic for neurons in vitro. The proportion of infected neurons
remained very low and constant for several days. This could be
due to an equilibrium between lysis of infected neurons, pro-
duction of infectious viruses, and infection of new neurons.
Alternatively, the DA virus might not lyse neurons, and the few
infected neurons detected 6 days after inoculation might be the
same cells that were detected at day 1 postinoculation, i.e.,
persistently infected neurons. Lysis of neurons in mixed brain
cell cultures, or CNS organotypic cultures, following infection
with the DA or WW strain of TMEV has been described (12,
31). Nevertheless, in such mixed cell cultures, it is difficult to
distinguish between a direct effect of the virus on neurons and
an indirect toxic effect mediated by other types of cells which
are lysed by the infection. In our neuron cultures infected with
the DA virus for 6 days, approximately 15% of the cells were
antigen positive and could not be identified. These cells were
round and did not look like neurons. They may have repre-
sented dead neurons—assuming that several infectious cycles
occurred during the 6 days—and/or contaminating nonneuro-
nal infected cells. Even if they were dying neurons, the per-
centage of neurons infected by the DA strain would amount to
a maximum of 17%, as opposed to 90% for the GDVII strain.
It is worth mentioning again that no cytopathic effect could be
observed by phase-contrast microscopy with the DA strain,
whereas the entire culture was lysed by strain GDVII within
24 h. In conclusion, we could not determine if the DA virus
causes neuron death in vitro. On the other hand, there is
clearly neuronal destruction with neuronophagia in the brains
of mice infected with the DA virus. However, it is impossible to
distinguish between direct killing by the virus and killing due to
the surrounding inflammatory cells.

In summary, we report that the levels of neurovirulence of
the GDVII and DA strains of TMEV correlate with their
abilities to infect primary neurons in culture. We showed that
the viral capsid determines the ability to infect neurons. Our
results also suggest that the capsid affects an early stage of the
viral cycle, i.e., adsorption and/or entry of the virus in neurons.
We propose that our findings account for the enhanced neu-
rovirulence of the GDVII virus compared to that of the DA
virus. To our knowledge, we described in this article the first
tissue culture system which mimics the drastic difference ob-
served in vivo between the DA and GDVII strains. This system
makes it possible to study an important aspect of TMEV
pathogenesis at a molecular level.
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