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BALB/c mice develop a neurologic demyelinating disease after inoculation of
mouse hepatitis virus (MHV), strain A59, by the intracranial, but not by the
intraperitoneal route. To determine the mechanisms that prevent virus
spreading through the blood-brain barrier, we analyzed expression of MHVR,
a glycoprotein that serves as receptor for mouse hepatitis virus on endothelial
cells of cerebral blood vessels. Our results indicated that MHVR was strongly
expressed on the endoluminal pole of these cells. In addition, a direct virus
binding assay showed that mouse hepatitis virus was able to bind endothelial
cells via this receptor. Despite this expression of a functional viral receptor, in
normal mice infected with mouse hepatitis virus by the contra-peritoneal route,
no in vivo viral replication could be detected in endothelial cells from the brain,
contrasting with the equivalent cells from the liver. However, shortly after i.v.
administration of sodium dodecylsulfate detergent to the mice, virus infection
of some cerebral endothelial cells was detected in a few mice. As a consequence
of detergent treatment, virus infection was able to cross the blood-brain barrier.
These results suggest that the protective role of the blood-brain barrier against
spreading of mouse hepatitis virus A59 into the central nervous system is
determined by a speci®c restriction of viral entry into the endothelial cells of
cerebral origin.
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Introduction

Viral pathogenicity depends on the ability of
infectious agents to reach their cellular targets, then
to infect and either destroy or functionally impair
these cells. This double requirement is well
illustrated in the central nervous system (CNS): to
induce neurological lesions, a virus must be both
neurotropic and neurovirulent. For viruses present
in the general circulation, neurotropism often
implies that they can cross the blood-brain-barrier
(BBB). Accordingly, several studies have shown that
some viruses that were not able to induce
neuropathology by themselves when administered
in normal mice by a general route, triggered lesions
in the CNS when the BBB was concomitantly
breached mechanically, or by treatment with
lipopolysaccharide or detergent (Hase et al, 1990;

Kobiler et al, 1989; Lustig et al, 1992). On the other
hand, ability of a virus to disrupt the BBB, which
can result from infection of the brain endothelial
cells (Cosby and Brankin, 1995; Krakowka et al,
1987; Soilu-HaÈnninen et al, 1994; Zurbriggen and
Fujinami, 1988), may lead to dissemination of the
virus into the CNS. Therefore, a better under-
standing of the mechanisms by which the BBB
prevents the passage of viruses into the CNS could
improve our knowledge of viral neuropathogenicity.

Recent evidence points to human coronaviruses
as potential etiologic agents for multiple sclerosis
(Murray et al, 1992; Stewart et al, 1992; Talbot et al,
1996). The availability of an experimental model to
study the relationship between demyelinating
disease of the CNS and coronavirus infection, and
especially the mechanisms responsible for neuro-
tropism of these viruses, is therefore of prime
interest. Mouse hepatitis viruses (MHV) are cor-
onaviruses that trigger various murine diseases,
including hepatitis and alterations of the immune
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system, depending on the mouse and virus strains
used (reviewed in Wege et al, 1982). In the CNS,
infection with the JHM strain of MHV is followed by
acute, and often lethal encephalomyelitis. After
intracerebral inoculation, MHV strain A59 induces
in susceptible mice, such as BALB/c, a milder
transient demyelinating disease (Godfraind et al,
1989; Lavi et al, 1984). However, so far, no evidence
has been reported for a passage of this virus through
the BBB (Robb et al, 1979). The recent isolation of a
glycoprotein in the carcinoembryonic antigen
family, called MHVR or Bgp1a that serves as
receptor for MHV-A59 (Dveksler et al, 1991,
1993a, b) and the availability of antibodies reacting
with this molecule have led to a better under-
standing of the role of this receptor in MHV-A59-
induced pathology. The purposes of this study were
to further analyze the ef®ciency of the BBB in
preventing the spread of MHV-A59 from the
circulation into the CNS and to determine whether
this was related to the density of viral receptors
expressed on the cells constituting the BBB.

Results and Discussion

To determine the ability of the BBB to block
passage of MHV-A59 into the CNS, BALB/c mice
were infected either by the intracranial or the
intraperitoneal route. Tissue sections of the CNS
were prepared at different times after infection and
analyzed either by immunohistochemistry or by
electron microscopy for the presence of virally-
induced lesions. As shown in Table 1, most of the
mice that received MHV-A59 by the intracranial
route developed a neurological disease that was
characterized by demyelinating lesions. In contrast,
after intraperitoneal administration of the virus, no
CNS lesions could be detected in a total of 45 mice
from nine independent experiments, neither by
electron microscopy nor by immunohistochemistry.
This observation, which con®rms and extends
previous results published by others (Robb et al,
1979) suggests that the BBB ef®ciently prevents
MHV-A59 spreading from the general circulation
into the CNS.

Since infection of endothelial cells leads to
passage of other viruses than MHV-A59 through
the BBB (Cosby and Brankin, 1995; Krakowka et al,

1987; Soilu-HaÈnninen et al, 1994; Zurbriggen and
Fujinami, 1988), one could postulate that the
inability of MHV-A59 to cross the BBB could be
related to resistance of these cells to infection. We
examined by immunohistochemistry whether in-
fection of the endothelial cells of the brain followed
administration of the virus by the intraperitoneal
(i.p.) route. Tissues obtained at different times (3, 4,
5 and 6 days) after ip administration of large doses
of the virus (104 ± 106 TCID50) to BALB/c mice were
labeled with anti-S antibody. As shown in Figure
1b, no infected endothelial cells could be detected
in the CNS, at any time after infection. In contrast,
clear evidence of infection was obtained in en-
dothelial cells from the liver (Figure 1a). This
observation suggests that some characteristic of
BALB/c CNS endothelial cells allows them to
escape infection by MHV-A59 administered by the
ip route and therefore to prevent passage of this
virus into the brain.

The resistance of brain endothelial cells to
infection by MHV-A59 could be due to the absence
of suitable viral receptors expressed on these cells.
Therefore, we examined this hypothesis by immu-
nohistochemistry performed with anti-MHVR anti-
bodies as indicated previously (Godfraind et al,
1995b). As shown in Figure 2, MHVR was strongly
expressed in the brain only on endothelial cells.
The localization of MHVR on the apical pole of
these endothelial cells (Figure 2a), suggested that

Table 1 Prevention by the BBB of MHV-A59 spreading into the CNS

Route of virus Total number Number of mice with CNS lesions detectedb by
inoculation of micea Electron microscopy Immunohistochemistry

Intracranial
Intraperitoneal

4
18
27

3
0

ND

NDc

ND
0

aCumulative number from nine experiments. bLesions speci®c of MHV-A59-induced CNS disease were detected 14 days after
infection by electron microscopy, or 3 ± 5 days after infection by immunohistochemistry. cND: not done.

Figure 1 Infection of endothelial cells by MHV-A59. MHV-A59
was detected by immunohistochemistry with an anti-S antibody
in sections of the liver (a) and CNS (b) obtained 3 days after
infection of BALB/c mice. Infected liver endothelial cells (long
arrow) were observed, especially near foci of infected hepato-
cytes (large arrow). In contrast, no infected endothelial cells
could be detected in the CNS, even after biotinylated tyramine
enhancement of the labeling (b). Nuclei of uninfected cells are
shown (n). Magni®cation: a: 4206; b: 2706.
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this molecule could serve as a receptor for circulat-
ing MHV-A59 particles. This was tested by a virus
binding assay which indicated that endothelial cells
of neurologic origin were functionally as able to
bind MHV-A59 particles as were their counterparts
from the liver (Figure 3). In addition, complete
inhibition of MHV-A59 binding by treating tissues
with anti-MHVR Mab-CC1 showed that MVHR was
the only receptor for the virus on these endothelial
cells (Figure 3b). However, this does not indicate
what molecule on glial cells or neurons can serve as
a MHV receptor, since MHVR was not detected in
these cells. Thus, once MHV has entered into the
CNS, its spread to other cell types than brain
endothelial cells might require an additional MHV
receptor such as bCEA (Chen et al, 1995).

Our results suggest therefore that the BBB
prevents spreading of MHV-A59 into the CNS
because the virus cannot infect brain endothelial
cells that form this structure even though they
express the MHV receptor. That this resistance is
characteristic of the BBB endothelial cells is
indicated by the observation that the corresponding
cells in the liver, obtained from similar mice, can be
infected by MHV-A59. One could postulate that this
difference could be due to a higher viral concentra-
tion in the liver that results from the release of virus
from infected hepatocytes. However, the observa-
tion by Joseph et al (1995) that brain endothelial
cells are relatively resistant to in vitro infection by
MHV-3, whereas this virus easily replicates in liver
endothelial cells, suggests that an intrinsic resis-
tance to infection in cells forming the BBB prevents
in vivo virus entry and replication. Resistance of
cells expressing a virus receptor to infection by the
corresponding virus has also been reported for
several cell types in mice transgenic for the

poliovirus receptor (Ren and Racaniello, 1992).
This observation with MHV indicates that brain
endothelial cells have potent and speci®c mechan-
isms that allow them to ful®l their function as
barriers for passage of infectious agents between the
circulation and the CNS.

To determine whether this resistance of cerebral
endothelial cells to MHV-A59 infection resulted
from impairment of viral entry rather than from
inhibition of intracellular viral replication, mice
were treated with 3 ± 7 intravenous injections of
50 ng sodium dodecylsulfate (SDS) detergent 3 days
after infection with large doses of virus (105 to 107

TCID50). This treatment has been shown previously
to result in disruption of the BBB which allows a
¯avivirus to spread through this structure (Kobiler
et al, 1989). In animals injected i.p. with MHV-A59,

Figure 2 MHVR expression on CNS endothelial cells. Expression of MHVR was analyzed by immunohistochemistry with polyclonal
Ab-655 anti-MHVR antibody. CNS sections from normal BALB/c mice were labeled either with anti-MHVR antibody (a) or with buffer
followed by the secondary antibody (b). Endothelial cells expressing MHVR are shown (arrows). n=nuclei. Magni®cation: a, b: 4106;
a': 8206.

Figure 3 Binding of MHV-A59 to CNS endothelial cells.
Binding of MHV-A59 was analyzed as described in Materials
and methods on CNS sections from normal BALB/c mice (a).
Bound virions are shown on endothelial cells (arrow in a). MHV-
A59 binding was completely inhibited by competition with anti-
MHVR MAb-CC1 monoclonal antibody (b, arrow). Unlabeled
nuclei are shown (n). Magni®cation: 4506.
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but not treated with SDS, no MHV-A59 replication
was observed in the brain (data not shown). In
contrast, in about 10% of the MHV-infected mice
treated with SDS, from three independent experi-
ments, passage of MHV through the BBB into the
CNS was detected (Figure 4). Moreover, in all of
these animals MHV-A59 replication could be
detected in brain endothelial cells (Figure 4).
Depending on the CNS ®elds that were examined,
infection was observed in isolated endothelial cells
(Figure 4a), in small groups of cells including some
endothelial cells and one or a few glial cells (Figure
4b) or in larger foci involving both many endothelial
and glial cells (Figure 4c). These patterns indicated
a progressive spread of virus from the endothelial
cells into the brain tissue and strongly suggested
that infection of endothelial cells is a necessary step
for the successful passage of MHV-A59 through the
BBB. In addition, these results suggested that the
absence of endothelial cell infection in normal
BALB/c mice was not a consequence of inhibition
of virus replication, but was rather due to resistance
to virus entry that could be overcome by increased
cell membrane permeability after SDS treatment. In
this context, it is quite possible that effective virus
entry into other cells, such as liver endothelial cells
requires the expression of a co-receptor in addition
to Bgp1, like that reported for other viruses such as
HIV (Choe et al, 1996; Doranz et al, 1996; Feng et al,
1996). Interestingly, resistance of SJL/J cells to
MHV-A59 infection has been shown to depend on
prevention of virus entry since these mice express a
mutant MHVR, rather than to result from inability of
these cells to carry on virus replication (Dveksler et
al, 1993a; Yokomori and Lai, 1992).

MHV-A59 infection provides a useful model to
understand the diverse mechanisms triggered by
the interaction of a virus with cells expressing its
receptor and leading to various types of pathol-
ogies. Indeed, in mice infected with MHV-A59,
cellular expression of MHVR may lead to
different outcomes depending on the cell type
involved. Hepatocytes that express the receptor
are directly killed by the virus, leading to
hepatitis (Godfraind et al, 1995b). Indirect pathol-
ogy may also develop after infection of some cells
expressing MHVR. This seems to be the case in
the thymus, where involution resulting from
apoptosis of immature CD4+ CD8+ T cells, which
do not bear the receptor for MHV-A59, was
related to infection of thymic epithelial cells that
express this molecule (Godfraind et al, 1995a).
Alterations of cellular functions may also follow
interaction of cells expressing MHVR with MHV-
A59. In some mouse strains, infection triggers a
polyclonal B lymphocyte activation leading to
increase in concomitant IgG2a antibody responses
that are not directed against viral antigens and
that can include autoantibodies (Coutelier et al,
1991, 1988; Lardans et al, 1996). This immunos-
timulation involves a cascade of events such as
proliferation of B lymphocytes and secretion of
interleukin-12 by macrophages (Coutelier et al,
1995). Expression of MHVR has been found on
those two types of cells (Coutelier et al, 1994). On
the other hand, as shown here, some cells that
express MHVR such as brain endothelial cells are
resistant to infection with MHV-A59, whereas
other cells, although very similar, like the hepatic
endothelial cells are not. This contrasts with the

Figure 4 Passage of MHV-A59 through the BBB after SDS treatment. MHV-A59 infected cells were analyzed by immunohistochem-
istry with Ab-655 anti-S polyclonal antibody, enhanced by biotinylated thyramine treatment. CNS sections were obtained 6 days after
infection and 3 days after repeated SDS injections. MHV-A59 replication (arrows) was observed in scattered endothelial cells (a), in
endothelial cells adjacent to isolated infected glial cells (b) or in foci of infected endothelial and glial cells (c). No MHV-A59
replication was detected in endothelial cells of mice that were not treated with SDS. Magni®cation: a, b: 2706; c: 656.
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outcome of in vitro infection with a neurotropic
MHV strain, namely MHV-4, which easily repli-
cates in brain, but not in liver endothelial cells
(Joseph et al, 1995). Thus, in addition to virus
receptor expression, other factors may determine
the regulation of viral tropism.

Materials and methods

Mice and virus
Speci®c-pathogen free female BALB/c mice were
bred at the Ludwig Institute for Cancer Research by
Dr G Warnier, and used when 6 ± 8 week-old. Mice
were infected with approximately 104 ± 105 tissue
culture infectious doses (TCID50) of the MHV-A59
grown in NCTC 1469 cells, either by the intracranial
or the intraperitoneal route.

Immunohistochemistry
For virus labelling, tissues were ®xed in 4%
paraformaldehyde and processed for paraf®n em-
bedding. 5 mm sections were mounted on Superfrost
slides. Immunolabelling was performed as de-
scribed previously (Godfraind et al, 1995b) using a
polyclonal goat antibody directed against the spike
glycoprotein of MHV-A59, isolated from detergent-
disrupted virions (anti-S) (Sturman et al, 1980).
When indicated, enhancement of labelling was
obtained by the biotinylated tyramine method
described by others (Merz et al, 1995), using the
TSATM-Indirect kit, following the recommendations
of the manufacturer (DuPont NEN).

MHVR expression was examined by immunohis-
tochemistry performed as indicated previously
(Godfraind et al, 1995b). Brie¯y, tissues were ®xed
with paraformaldehyde, then incubated in increas-
ing concentrations of sucrose, following the method
of Tokuyasu (1973). Ultrathin frozen sections
(1 mm) were cut with a Reichert-Jung Ultracut E
microtome and transferred onto polylysine-coated
slides in drops of 2.3 M sucrose in PBS. Slides post-
®xed with 4% paraformaldehyde were incubated
with rabbit polyclonal Ab-655 or mouse monoclo-
nal MAb-CC1 anti-MHVR antibodies, followed by
biotinylated secondary antibodies, and streptavi-
din-peroxidase. Sections were lightly counter-
stained with Mayer's Haematoxylin. Polyclonal
rabbit anti-MHVR antibody (Ab-655) had been
obtained after immunization of New Zealand White
rabbits with immunoaf®nity puri®ed receptor from

Swiss Webster mouse liver (Dveksler et al, 1991).
Anti-receptor monoclonal antibody (MAb-CC1) had
been derived from SJL/J mice immunized with
protein extracted from BALB/c intestinal brush
border membranes (Dveksler et al, 1993b). This
antibody reacts with the N-terminal domain of
MHVR and blocks binding of MHV-A59 to MHVR
glycoproteins (Compton et al, 1992; Dveksler et al,
1993b).

Virus binding assay
Binding of virus to tissue sections was tested by a
direct virus binding assay described previously
(Godfraind et al, 1995b). Brie¯y, one micron
cryosections were incubated with supernatant
medium from cells infected with MHV-A59, or
with control TRIS solution containing 1% BSA.
After appropriate washing and post-®xation in
4% paraformaldehyde, sections were incubated
with goat anti-S antibody, followed sequentially
by peroxidase-conjugated rabbit anti-goat anti-
body, biotinylated anti-rabbit immunoglobulin
goat Fab fragment (Boehringer Mannheim), strep-
tavidin-peroxidase (Boehringer Mannheim), and
diaminobenzidine (Boehringer Mannheim). Sec-
tions were lightly counterstained with Mayer
Hemalun, dehydrated and mounted in Eukitt
medium.
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