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1. Introduction 

The JHM strain of mouse hepatitis virus (MHV), a member 
of the Coronaviridae, was one of the earliest recognized neuro
tropic viruses. It was isolated from a paralytic mouse by F. S. 
Cheeveret al. in 1949 (1,2), and subsequently shown to cause 
encephalitis and demyelinating lesions upon intracerebral 
injection into mice (1,3-5). The virus has a predilection for oli
godendrocytes, causing primary demyelination with axonal 
sparing (3). The neuropathogenic properties of the virus in mice 
vary with the genetic background of the mouse strains and 
appear to be controlled by one or more host genes (6-8). Fur
thermore, several different strains of MHV have been isolated 
that differ markedly in their neuropathogenic properties. Thus, 
this system offers an experimental model in which both the host 
and viral genes influencing neuropathogenesis can be examined. 
Coronaviluses, particularly MHV, also exhibit several unique 
features of virion structure and replication strategy (9), which 
make the MHV model a particularly interesting system. This 
chapter will emphasize the role of viral genes and the molecular 
approaches to the problems of MHV neuropathogenesis. A 
recent review has examined the role of host responses in this 
system (10). 
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2. Virion Structure and Replication Strategy of MHV 

MHV is a member of the Coronaviridae, which infect many 
species of animals, causing a variety of diseases, including gas
trointestinal, respiratory, and neurological diseases. The viruses 
are enveloped and contain a single-stranded, positive-sensed, 
and nonsegmented RNA genome of 31 kilobases (11,12) (Fig. 1, 
Table 1). In virus-infected cells, the genomic RNA is expressed 
as seven to eight virus-specific mRNAs that form a nested-set 
structure with 31-coterminal ends (13). For the majority of the 
mRNAs, only the 51-unique region is utilized for translation (14). 
Thus, in general, each mRNA is functionally monocistronic, 
although structurally polycistronic. The protein products of 
the viral mRNAs are divided into two classes: structural proteins, 
which make up the virion particles, and nonstructural proteins, 
which probably participate in viral RNA synthesis and regula
tory functions. Among the viral structural proteins, three are 
glycoproteins that are associated with viral envelope. They are 
the 5, or spike, protein of 180 kDa; the M, or membrane protein 
of 23 kDa; and the HE, or hemagglutinin-esterase protein of 65 
kDa. The 5 protein forms the spikes on the virion surface, 
and is responsible for interacting with the receptors on the tar
get cells, inducing cell-to-cell fusion and eliciting neutralizing 
antibodies (15). The 5 protein is cleaved into two subunits, 51 
and 52. Its cleavage is probably carried out by cellular proteases 
(16). The M protein is a membrane protein that interacts with 
the internal nucleocapsid protein (17). In the infected cells, the 
M protein is localized in the Golgi apparatus adjacent to the 
perinuclear region (18,19), in contrast to the 5 protein, which 
can be detected on the cell surface. Treatment of the infected 
cells with tunicamycin inhibits the maturation of the 5 protein, 
but allows the formation of denuded virus particles without the 
5 protein (18,20); thus, the 5 protein is not necessary for virus 
maturation. The interaction between the M protein and the N 
protein-RNA complex may thus be the starting point of virus 
assembly. The third glycoprotein, HE, is present only in some 
strains of MHV, including one of the JHM strains (21-23). The HE 
protein appears to be an accessory protein, and not essential for 
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Fig. 1. Summary of genome structure of MHV. The genes encoding 
nonstructural proteins are designated by open boxes. The names in paren
theses are old terms for viral genes. 

viral replication. It is related to influenza C virus HA protein in 
terms of sequence and esterase activity (23,24), but its functional 
significance in MHV is still not clear. The final structural protein 
is N, the nucleocapsid protein. The N protein is a phosphopro
tein and interacts with the viral genomic RNA and mRNAs 
(17,25,26). 

Among the nonstructural proteins, the gene 1 products are 
probably synthesized as a polyprotein (11,27) and presumably 
encode the RNA-dependent RNA polymerase(s). This gene 
product has been shown to possess an autoprotease activity (28), 
which processes the polyprotein into multiple (at least five) func
tional subunits, as suggested by the complementation studies 
with temperature-sensitive mutants (29-31). The remaining 
nonstructural proteins, i.e., the products of genes 2, 4, and 5 (Fig. 1), 
are not very well understood. It appears that at least some of 
these proteins are not essential for virus replication (32,32A); 
however, their contribution to the biology of MHV is cur
rently unknown. 

Upon infection, genomic RNA is transcribed into full-length 
and/ or subgenomic negative-strand RNAs, which are, in turn, 
used for transcription of subgenomic mRNAs, probably by a 
unique mechanism of discontinuous transcription (9). The 
transcription of mRNA may be regulated by the leader RNA 
sequence present at the 5'-end of the genome according to this 
proposed transcription mechanism (33). Later in the infection, 
RNA synthesis switches from mRNA transcription to RNA rep
lication. The molecular mechanism of this switching is still not 
clear, but may involve the N protein. The progeny genomic RNA 
probably interacts first with the N protein, and then with viral 
glycoproteins to form a virus particle. The virion particles mature 
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by budding into the endoplasmic reticulum or Golgi (34), in 
contrast to most other enveloped RNA viruses. The virus par
ticle is released from the cells, probably by traveling through 
the Golgi complex. During the course of viral replication, the 
virus-infected cells undergo S protein-mediated cell-to-cell 
fusion, which is believed to aid in the cell-to-cell spread of virus. 

3. Neuropathogenicity of MHV 

The neuropathogenesis of MHV has been studied in both 
mice and rats. The manifestation of the disease depends on the 
route of infection, genetic background, and immune status of 
the host. The major symptoms and signs are encephalitis and/ 
or demyelination. Both intracerebral and intranasal inoculations 
result in similar diseases, although the lesions are manifested in 
different regions of the central nervous system (eNS) (3,5,35). 
The relative severity of the two components of the diseases, Le., 
encephalitis and demyelination, varies with the virus strain. 
Virus replication can be detected in neurons, oligodendrocytes, 
and astrocytes (3,36,37). The infection of neurons probably causes 
the hunchback appearance of the infected animals, and fre
quently results in death. The infection of the oligodendrocytes, 
in contrast, causes acute demyelination, resulting in hindleg 
paralysis. In general, wild-type MHV causes severe encephali
tis, whereas various natural variants or temperature-sensitive 
mutants isolated experimentally have attenuated virulence and 
also have reduced signs of encephalitis and increased demyeli
nation (21,38-40). 

It is worth noting that most of the neurotropic JHM viruses 
were obtained from the same source (5); however, their subse
quent passage histories have differed significantly. As a result, 
their genome structures also show some divergence. For exam
ple, the JHM strains used in the laboratories in Germany and 
Japan contain different degrees of deletions in the gene encod
ing the S protein (41,42). Thus, direct comparison of the neuro
pathogenicity of JHM strains in different laboratories must be 
viewed with caution. By the same token, another MHV strain, 
A59, also differs according to laboratory. Some strains appear to 
be highly neurotropic (35,39,43), whereas others are not. The 
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resistance of certain mouse strains to MHV infection appears to 
be controlled by a small number of host genes (6-8,44). Although 
the functions of these resistance genes are still not clear, they are 
expressed in glial cells, macrophages, and neurons in in vitro 
cultures derived from resistant mice (7,45,46). The susceptibility 
of different cell types to MHV infection may also be controlled 
by a few genes. Susceptibility genes may include genes encod
ing a virus receptor, the nature of which has been characterized, 
which is a glycoprotein belonging to carcinoembryonic antigen 
family (47,47a). The receptor protein is defective in the resistant 
mouse strain (47). 

Survivors of acute infection often exhibit subacute or chronic 
demyelination; however, virus has rarely been recovered late 
in infection. Viral antigens are most frequently demonstrated in 
astrocytes (3,5,37), even though the major histological finding is 
primary demyelination. It is possible that only part of the viral 
information is present in the infected cells, so that replication is 
suppressed during persistent viral infection. The genetic con
trol for the persistent MHV infection is currently unknown. 

4. Host Responses to MHV Infections 

The acute demyelination induced by MHV infection is 
believed to be a direct result of the cytocidal infection of oligoden
drocytes (3,48). However, MHV infections elicit specific 
immune responses, which may alter pathogenesis by providing 
protection during the acute phase of the disease, and also playa 
role in establishing chronic demyelination during persistent 
MHV infection. MHV infections also induce both Class 1 and 
Class 2 major histocompatibility antigens in tissue culture cells 
and in experimental animals (49-51). The induction of these 
molecules could alter the antigen presentation to the host 
immune system. The role of the immune response in MHV 
pathogenesis has been studied by passive transfer of both mono
clonal antibodies and immune cells and also by the use of immu
nosuppressive agents. The passive transfer of monoclonal 
antibodies specific for any of the four structural proteins (5, M, 
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N, and HE) protects mice from an otherwise lethal infection (52-
56, K. Yokomori, unpublished). The protective effects of some of 
the anti-S monoclonal antibodies could be attributed to their 
potential to neutralize virus, thus decreasing viral infection and 
spread. However, in most mice treated with these monoclonal 
antibodies, the overall growth of virus in the CNS was not 
reduced (52,56). Rather, there appears to be an inhibition of 
viral replication in neurons, and a concomitant enhancement of 
viral replication in oligodendrocytes, resulting in increased 
focal demyelination in the protected recipients. The mechanism 
by which these monoclonal antibodies alter the viral tropism 
for neurons, without affecting the ability of the virus to replicate 
in oligodendroglial cells, is not clear. 

Similar to the effect of passively transferred monoclonal anti
bodies, the adoptive transfer of virus-specific CD4 + delayed-type 
hypersensitivity-inducer T-cell clones also protects mice from 
lethal MHV infection (57,58). This protection also results from 
decreased neuronal infection with an increase in demyelination 
(59,60). The induction of a delayed-type hypersensitivity 
response to a heterologous antigen in the CNS was not protec
tive; nor did it result in increased demyelination, suggesting that 
the alteration in viral tropism observed during immune manipu
lation is mediated by a virus-specific component (58). 

Immunosuppression inhibits the clearance of virus, whereas 
the transfer of CD8+ T-cells enhances it (61,62). CD8+ cells can 
thus protect mice from lethal MHV infections (62,63). It has 
been shown that CD8+ cells are more abundant than CD4 + cells 
in the CNS following MHV infection (63a). Finally, recent data 
suggest that a virus-specific immune component may be criti
cal in the development of demyelination in MHV-infected hosts 
(63 b). 

These data indicate that the host response to MHV during 
viral replication in the CNS is critical to the outcome of the infec
tion. The immune response controls the clearance of virus, the 
viral tropism on the cellular level, and the development of 
demyelination, which is the major pathological hallmark of 
infection by this group of neurotropic viruses. 
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5. Role of Viral Genes in MHV Pathogenesis 

MHV strains differ in their neuropathogenicity in the same 
host, indicating that viral genetic makeup is a major determi
nant of pathogenicity. In contrast to picomaviruses, alphaviruses, 
and flaviviruses, no infectious MHV cDNA clones are available 
for molecular studies. Therefore, it is difficult to assess unequivo
cally the contributions of each viral gene to MHV pathogenesis. 
However, studies involving the isolation of temperature-sensi
tive mutants, various naturally occurring variants, variants 
selected with monoclonal antibodies, the derivation of RNA 
recombinant viruses, the expression of individual viral genes, 
the passive immunization with virus-specific monoclonal 
antibodies, and the isolation of the virus-specific T-cell clones 
have suggested the functions of individual viral genes. There 
are four viral structural proteins and more than four nonstruc
tural proteins. At the present time, very little information is avail
able concerning the nonstructural proteins; thus, the majority 
of the studies so far concentrated mainly on the roles of struc
tural proteins. 

5.1. The Spike (S) Protein 

Since the S protein is the outermost protein on the surface 
of virus particles, and is also present on the surface of the 
infected cells, it has been assumed that this protein plays a 
major role in the target cell selection and the subsequent patho
genesis of MHV. This hypothesis has been supported by the dem
onstration that monoclonal antibodies to the S protein can 
neutralize virus, select for variants with altered cellular tropism, 
prevent cell-to-cell fusion, and, when passively administered to 
mice, can prevent lethal infection. The role of this protein in 
viral pathogenesis has been directly demonstrated by using sev
eral different approaches. 

5.1.1. The Isolation of Neutralization-Escape 
Virus Variants Using Monoclonal Antibodies 

These variants were generally selected from natural virus 
populations. Most of the variants isolated independently in dif
ferent laboratories, using different neutralizing monoclonal anti-
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bodies, have markedly reduced neurovirulence as compared to 
the parental strain (56,6~7). In addition, surviving animals 
show increased demyelination with a concomitant reduction in 
encephalomyelitis. Since these neutralization-escape mutants 
were presumed to contain single amino acid substitutions, it was 
concluded that minor changes in the S protein had a significant 
impact on viral pathogenesis. One possible mechanism for this 
altered pathogenicity is that mutation in the S protein results in 
a change of the target cell specificity of the virus because of pos
sible differences in the viral receptors on different cell types. Thus, 
the virus would more readily infect oligodendrocytes than neu
rons. Although this interpretation is generally consistent with 
the pathological findings, which show that neurons are less 
affected by the variant viruses (64,67), there is no direct proof 
for this selective cellular tropism. It is also possible that the 
virus variants grow more slowly or produce less cytopathic 
changes (CPE) in the CNS, thus allowing the virus infection of 
oligodendrocytes to become more pronounced. A recent study 
has shown that some neutralization-escape variants produce less 
CPE and replicate to higher virus yield in certain neuronal cul
ture cells (68). These studies suggest that the S protein either 
directly or indirectly determines the target cell specificity of the 
virus. Interestingly, a double variant sequentially selected with 
two different monoclonal antibodies has further reduced 
neuropathogenicity, causing neither encephalitis nor demyeli
nation, without a significant alteration in viral growth within 
the CNS (66). An attractive hypothesis thus could be proposed 
that there are two separate domains on the S protein that deter
mine the specificity for neurons and for oligodendrocytes, respec
tively. Efforts to determine the mutation sites of these 
neutralization-escape mutants have been undertaken. Surpris
ingly, in one series of variants, mutations were found not to be 
single-base substitutions, but rather various deletions in the 
middle of the S protein (42). Similar deletions could be repro
ducibly obtained after serial virus passage in vitro (68), suggest
ing that this site is a hypervariable region, and is the site for the 
binding of these neutralizing monoclonal antibodies. Recent 
studies on a different series of neutralization-escape variants (67), 
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however, show a single-base substitution at a different site that 
is located near the C-tenninus of the S protein (67a). These vari
ants induce primarily demyelination with little or no evidence 
of encephalomyelitis (67), similar to the diseases caused by the 
variants containing deletions (42,68). Interestingly, the double 
variant selected with two monoclonal antibodies (66) contained, 
in addition, a deletion in the same site as that in the neutraliza
tion-escape variants characterized by Buchmeier's group (42, 
67 a). This double-mutant induces neither encephalitis nor demyeli
nation (66). The combined data from these two series of variants 
suggest that the predilection of virus for either oligodendrocytes 
or neurons is probably not determined by a single locus on the S 
protein. More likely, changes in regions of the spike protein that 
alter the secondary structure of the protein reduce the ability of 
the virus to infect neurons. As further changes are introduced 
into the S protein, the virus is further attenuated and its ability 
to infect oligodendrocytes is also reduced. 

5.1.2. Neurotropic Variants 
Isolated from the eNS of the Infected Animals 

Several laboratories have reported the isolation of virus from 
the brain or spinal cord of rats infected with the JHM strain of 
MHV (69,70). These isolates have different neuropathogenicity 
from that of the parental viruses. They tend to induce primarily 
demyelination in vivo, and have different growth properties in 
different cell lines (69). Interestingly, these variants contain 
alterations in the size of their spike proteins. In one series of stud
ies, the virus isolated from the spinal cord of infected rats had a 
smaller S protein (69); however, in another series, the variants 
contained a larger S protein (70). Furthermore, the virus with 
the larger S protein could be isolated in vitro by passaging the 
viruses in a neuronal cell line (71). These studies further suggest 
that variations in the S protein affect neuropathogenesis. The 
deletion in one of these neurotropic variant viruses has been 
mapped at the same location within the S protein determined 
for the neutralization-escape variants, further indicating that this 
domain is hypervariable and is important for viral pathogen
esis (71a). On the other hand, the increased size of the S protein 
in the other series of neurotropic variants (70) is curious. The 



Neuropathogenicity of MHV 329 

genomic sequence of the parent JHM virus used in that study 
has shown a deletion in the S protein, compared to the JHM 
strains used in other laboratories (41,42). Conceivably, the par
ent virus may be a mixed population; viral passages in the CNS 
of rats or cell cultures in vitro might have selected a parental 
virus without deletion. The paradoxical selection of a virus with
out a deletion in the S protein suggests that changes in the other 
genetic regions may also influence neuropathogenicity. In any 
case, these data are consistent with the region in the S protein 
being hypervariable and playing a significant role in viral 
neuropathogenicity. 

5.1.3. Plaque Morphology Variants 

A small-plaque mutant JHM strain (21) has been isolated 
after prolonged passages in DBT cells, an astrocytoma cell line. 
The parental virus used in this study also has a deletion in the 
same region in the S protein as demonstrated above (41). The 
small-plaque variant, JHM-2C, has an additional deletion next 
to this common deletion. This variant has reduced neuroviru
lence, infecting mainly glial cells and exhibiting little tropism 
for neurons (21). 

5.1.4. Recombinant Viruses 

MHV has been shown to undergo RNA recombination at a 
very high frequency. This phenomenon has been demonstrated 
both in vitro (72-74) and in the CNS of infected animals (75). 
This propensity to undergo high frequency RNA recombination 
is unique to MHV, and contributes another parameter in MHV 
pathogenesis. RNA recombination could also be used as a gen
etic tool to assess the roles and functions of different viral genes. 
This approach has been taken following the isolation of recom
binants between the JHM and A59 strains, which have different 
pathogenicities. Using a series of recombinant viruses, it was 
demonstrated that the neuropathogenicity of the viruses corre
lated best with the parental origin of the S protein (43), again 
suggesting that the gene encoding the S protein plays a domi
nant role in MHV neuropathogenesis. In another series of stud
ies, two selection markers, i.e., temperature sensitivity and 
monoclonal antibody neutralization, were used to select recom-
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binant viruses (76). Because of the properties of the tempera
ture-sensitive lesion and monoclonal antibodies used, all the 
recombinants isolated had crossover sites within the S protein 
gene; the N-terminal half of the S protein was derived from the 
JHM strain, whereas the C-terminal was from the A59 strain (76). 
All of these recombinants have reduced neuropathogenicity rela
tive to the parentalJHM virus. Since the crossover sites in these 
recombinants are located close to the 51-side of the hypervariable 
region (41), the neuropathogenic determinants for the JHM strain 
of MHV must be localized at the 31-side, including the 
hypervariable region, of the S protein. However, this localiza
tion of the neuropathogenic determinants must be interpreted 
with caution, since these recombinants had exchanged not only 
part of the S protein but also other genetic regions as well (76). 

Recombinants between A59 and JHM have also been used 
to map the domains of the viral proteins recognized by immune 
cells. Preliminary studies suggest that at least some cytotoxic 
and DTH-inducer T-cell clones recognize the amino terminal end 
of the S protein (unpublished observation). These data further 
indicate the importance of the S protein in MHV pathogenesis. 

5.1.5. Passive Immunization with Monoclonal Antibodies 
Specific for the S Proteins 
The passive transfer of the anti-S monoclonal antibodies can 

protect recipients from lethal MHV infection as long as the anti
bodies are administered before or immediately after virus infec
tion (52). Interestingly, protection was not the result of the 
blockade of viral infection in CNS, but rathe~ virus appears to 
replicate less efficiently in neurons. Thus, in the presence of anti
S monoclonal antibodies, the protected mice developed more 
severe demyelination than untreated mice. The mechanism for 
this curious effect is not clear. This observation is generally similar 
to the findings obtained with neutralization-escape variants. It 
is noteworthy that one of the neutralizing monoclonal antibod
ies did not offer any protection (52). Thus, the in vitro neutral
ization and in vivo protection can be dissociated. It is possible 
that the binding of monoclonal antibodies to certain sites on the 
S proteins alters the protein conformation, so that the S protein 
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cannot mediate the infection of neurons. This would prevent 
death and allow the growth of the viruses in oligodendrocytes, 
resulting in prominent demyelination. 

5.2. The Membrane (M) Protein 

The function of the M protein has not been clearly defined. 
It is possibly involved in virion assembly by interacting with 
the N protein or RNA; thus, any possible mutations in the M 
protein could potentially affect the growth and spread of virus. 
However, to date, no mutant viruses affecting the M protein have 
been isolated. The possible role of this protein in viral patho
genesis was inferred indirectly from passive immunization stud
ies: the administration of some M-specific monoclonal antibodies 
that do not neutralize virus protected mice from a lethal infection 
(53). This protection did not result in an alteration in the replica
tion of virus in the eNS. The ability of the anti-M monoclonal 
antibodies to fix complement also did not correlate with their 
protective effects in vivo. Since some of the anti-M monoclonal 
antibodies did not protect (53), this effect is specific for certain 
epitopes of the M protein. It is possible that the M protein might 
influence cellular immunity, thus contributing to viral patho
genesis. 

5.3. Hemagglutinin-Esterase (HE) Protein 

The HE protein is an integral part of the MHV virion (22,23); 
however, the failure to demonstrate its presence in all MHV 
strains was unexplained until recently. The gene for this protein 
and the mode of regulation of its expression have now been 
established (77). Among the MHV strains studied to date, only 
the neurotropic strain, JHM, and another strain, MHV-S, con
tain the intact gene. Other MHV strains contain either a dele
tion or a mutation in the gene, so that no functional HE protein 
can be translated (77a). Furthermore, even in the JHM strain, 
the expression of this protein is variable, depending on the 
sequence of the leader RNA at the 5'-end of the genome (77,78). 
Repeated passages of the JHM strain in vitro favors the genera
tion of the HE-producing virus (78). The finding that most of 
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the MHV strains contain a defective HE gene indicates that this 
protein is nonessential for replication. However, the fact that the 
neurotropic JHM strain retains this gene, despite evolutionary 
drift, suggests an evolutionary advantage for JHM in retain
ing this gene. 

Other than MHV, a few other coronaviruses, including 
bovine coronavirus (BCV) and human coronavirus strain OC43, 
also contain an HE protein (79,80). In the case ofBCV, some HE
specific monoclonal antibodies can neutralize virus (81), suggest
ing that the HE protein is essential for virus infection. However, 
in the case of MHY, no monoclonal antibodies have been found 
to neutralize virus. In addition, the HE protein of BCV contains 
both hemagglutinin and esterase activities (80,82). In the case of 
MHV, only an esterase activity could be demonstrated, although 
a weak hemadsorption activity was detected (82a). It has recently 
been shown that DFP, an inhibitor of the esterase activity, can 
inhibit the infectivity of BeV (82). This is also the case for MHV, 
which contains the HE protein (peter Palese, personal commu
nication); thus, esterase activity appears to be essential for MHV 
strains that contain the HE protein. Since esterase removes sialic 
acid from glycoproteins, it is likely that the viruses with the HE 
protein attach to cellular receptors containing sialic acid. How
ever, this cannot explain the infectivity of the viruses without an 
HE protein. This is a conceptual dilemma that needs to be resolved. 
Alternatively, HE protein might facilitate virus release from cer
tain cell types, e.g., neurons. This might explain the conserva
tion of the HE gene in the neurotropic JHM strain, compared 
to other more hepatotropic strains of MHV. The role of HE 
protein in MHV neuropathogenesis has been demonstrated 
in several ways. 

5.3.1. Comparison of the JHM Strains Containing 
Either Large or Small Amounts of HE Protein 

The JHM strain containing a large quantity of HE protein 
was derived by serial undiluted in vitro passages in astrocytoma 
cells of the original JHM virus, which contains a very minute 
amount of HE protein (78). The HE genes of these two strains 
are identical; the major difference is that the high expressing 
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virus (termed JHM[2]) contains two UCUAA repeats in the 
leader sequence at the 51-end of the genome, and the parental 
virus (termed JHM[3]) contains three UCUAA repeats (77,78). 
JHM(2) is much more neurovirulent than its parent, JHM(3) 
virus (K. Yokomori, unpublished observation). Furthermore, the 
neuropathology appears to differ between these two viruses. 
JHM(2) virus tends to infect neurons, resulting in gray matter 
lesions; in contrast, JHM(3) infects mainly glial cells in the white 
matter. JHM(2) also causes much more severe meningitis; 
thus, there is a clear difference in the distribution of the viral 
antigens in the CNS. This finding suggests that the presence 
of the HE protein alters the target cell specificity within the 
CNS, and that the HE protein plays an important role in MHV 
neuropathogenesis. 

5.3.2. Isolation of the Neurotropic Viruses 
with Deletions in the HE Protein 

In a series of studies, the JHM strain was inoculated intra
cerebrally into Wistar-Furthrats (69). The viruses recovered from 
the CNS, including brain and spinal cord, contain a deletion in 
the HE protein (71a). However, this deletion could not be corre
lated with the neuropathogenicity of these isolates. 

5.3.3. Adoptive Transfer 
of the HE-Specific Monoclonal Antibodies 

In a preliminary study, the adoptive transfer of the HE
specific monoclonal antibodies protected mice from lethal 
JHM infection (K. Yokomori, unpublished observation), 
although none of these antibodies neutralized virus. The mecha
nism of this protection is not yet clear; conceivably, it involves 
cellular immunity. 

5.4. The Nucleocapsid (N) Protein 

The N protein interacts with viral RNA, specifically with 
the 31-end of the leader RNA region (25,26); thus, it can con
ceivably regulate RNA synthesis and virus assembly. As a 
result, it may affect the rate of virus growth and spread, and, in 
turn, indirectly affect MHV pathogenesis. Its direct role in viral 



334 Lal and Stohlman 

neuropathogenesis is more difficult to assess. No mutants 
affecting the N protein synthesis have been reported. However, 
N-specific monoclonal antibodies have been shown to protect 
mice from lethal viral hepatitis when administered before viral 
infection (54,55; Stohlman, unpublished). As in the cases of the 
passive transfer of the monoclonal antibodies specific for the 
other structural proteins, the mechanism of this protective 
effect is not yet clear. Several recombinant viruses between 
MHV-2 and A59 strains of MHV in the N protein gene have 
been obtained (72); however, their pathogenicity in comparison 
with the parental viruses has not been studied. 

5.5. Nonstructural Proteins 

Four of the genes on the MHV RNA genome encode 
nonstructural proteins. Very little is known about the function 
of these nonstructural proteins or their role(s) in neuropatho
genicity. Gene 1 encodes an 800-kDa protein, which contains 
RNA polymerase consensus sequences (11); thus, this gene prod
uct is probably involved in RNA synthesis. This gene product 
also contains several protease domains, suggesting that it is proc
essed into multiple proteins (28). It is not clear whether any of 
these products are involved in functions other than RNA syn
thesis. Many temperature-sensitive mutants have been mapped 
in this region (29,30). In addition, many recombinant viruses with 
a crossover between the neurotropic JHM strain and the non
pathogenic A59 strain within gene 1 have been obtained (73, 
74,83). Some have been used for neuropathogenicity studies (43). 
The results show that the exchange of genetic sequences within 
gene 1 between these recombinant viruses does not appreciably 
affect the neuropathogenicity. Thus, the contribution of gene 1 
in viral neuropathogenicity appears to be relatively minor. 
In contrast, several temperature-sensitive mutants that have 
defects in RNA synthesis and, thus, may have a defect in gene 1, 
exhibit reduced encephalomyelitis with increased demy
elination (38,39). Some of these mutants infect oligodendrocytes 
but not neurons, in contrast to the wild-type viruses (36,38). It is 
not clear whether this is the direct result of the mutations in the 
gene 1 product, since the genetic defects of these mutants have 
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not been mapped. A revertant of the temperature-sensitive 
mutant regained the wild-type pathogenicity, suggesting the 
direct involvement of this gene product in viral neuropatho
genesis. The possible mechanism by which the lesions in gene 1 
alter the cellular tropism of viruses is not clear. 

The rest of the genes encoding nonstructural proteins, i.e., 
genes 2, 4, and 5, are even less well understood. The gene 2 prod
uct has been shown to share some sequence similarity with nucle
otide-binding proteins (24). However, a mutant lacking this gene 
has been obtained, indicating that this gene is not essential for 
viral replication (32). Recent data also suggest that genes 4 and 
5a are not essential for viral replication (32a). Again, the roles of 
these genes in viral neuropathogenesis have not been investi
gated. Judging from the studies on other viruses, such as influ
enza virus (84) and cytomegalovirus (85), the nonstructural 
proteins are likely to induce cytotoxic T-cells, and thus may con
tribute to viral pathogenesis. However, this possibility has yet 
to be demonstrated. 

5.6. Leader RNA 

The presence of the leader RNA is one of the unique fea
tures of the coronavirus RNA structure. The leader RNA plays 
an essential role in viral RNA synthesis (9,33). Variations in the 
sequence of the leader RNA affect the expression of certain viral 
genes, e.g., the HE gene (77). Thus, its role in viral neuropatho
genesis could be either direct or indirect. A direct effect could be 
related to its effects on the viral RNA synthesis, and thus, viral 
growth kinetics. For instance, the leader RNA of the A59 strain 
appears to be stronger than that of the JHM strain, as judged by 
the predominance of the recombinant viruses containing the A59 
leader sequence (83); therefore, any recombinant viruses con
taining the A59leader RNA have a growth advantage over the 
viruses containing the JHM leader RNA. This difference may 
affect the rate of virus spread in the eNS. However, a study of 
the neuropathogenicity of several recombinants containing dif
ferent leader RNA sequences suggested that the leader 
sequence at the 5'-end of the genome does not playa significant 
role in determining viral pathogenesis (43). Again, this conclu-
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sion must be qualified because of the difference in the genetic 
backgrounds of the recombinants. 

In an indirect way, the leader RNA sequence can regulate 
the expression of several genes, for instance, the HE gene and 
genes 4 and 5. This conclusion is best illustrated by the JHM 
viruses containing either two or three UCUAA repeats in the 
leader RNA which express different amounts of the HE gene 
(77,78). The studies described above suggest that differences in 
the amount of these proteins are likely to contribute to the dif
ferences in their neuropathogenicity. 

6. Genetic Variations of Viruses During eNS Infections 

Various variant viruses have been isolated from the eNS 
during MHV infections of mice or rats. The genetic changes 
include deletions in the genes encoding S proteins and HE pro
teins, and also point mutations in other parts of the genome. 
Some of these variants exhibit different neuropathogenicity from 
that of the parental viruses. The generation of these variants and 
other genetic mutants during in vivo infection is likely to playa 
significant role in the neuropathogenesis of MHV infections. 
Several genetic phenomena have been demonstrated to playa 
role in virus evolution during in vivo or in vitro passages of MHY. 

6.1. Base Substitutions 

RNA viruses undergo a high frequency of single base muta
tions because of the high error frequency of RNA synthesis (86). 
Although the mutation rate of coronaviruses has not been 
determined, it is likely to be of the same magnitude as other 
RNA viruses. For instance, the neurotropic JHM strain used in 
various laboratories was originally passaged in suckling mouse 
brain for six or seven times before it exhibited demyelination 
(4,5). These serial in vivo passages resulted in the altered 
neurotropism; it is likely that mutations in certain viral genes 
were responsible for this altered neurotropism. Indeed, two vari
ant viruses have been isolated from this pool of JHM viruses 
(40). These viruses, forming either large plaques (the "DL" vari-
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ant) or small plaques (the liDS" variant), induce different neuro
pathology in mice. The DL strain causes predominantly encepha
litis, whereas the DS strain is less neurovirulent for mice and 
causes lesions mainly in the white matter, resulting in demy
elination and hindleg paralysis of infected mice (87). Oligonucle
otide fingerprinting studies suggested that these two isolates 
differ in at least two separate studies (40); however, it is likely 
that multiple differences are present throughout the viral genome. 

6.2. Deletions in RNA Genome 

Because of the postulated mechanism of discontinuous RNA 
synthesis of coronaviruses (9,88), MHV RNA replication fre
quently results in deletion of portions of the genome. One of the 
frequently deleted sections is in the middle domain of the S pro
tein. This deletion has been found in numerous viruses isolated 
after either in vivo or in vitro passage (41,42). The discontinu
ous RNA synthesis mechanism could also result in changes of 
the leader sequences, particularly reduction in the number of 
UCUAA repeats at the 3'-end of the leader RNA (78). This 
repeat sequence is critical for the transcription of the mRNAs 
(77); thus, a change in this sequence results in an alteration in 
the expression of different viral genes. 

6.3. RNA Recombination 

MHV is unique among RNA viruses in that it can undergo 
RNA recombination at a very high frequency both in vitro and 
in infected animals. Under certain in vitro conditions, the recom
binant viruses outgrow the parental viruses and become the pre
dominant species (83). Although it is not known whether the 
recombinant virus could become the predominant neurotropic 
virus during in vivo passage, genetic recombination is likely to 
play an important role in virus evolution during eNS infection. 
It has previously been demonstrated with two DNA viruses, 
herpes simplex virus (89) and pseudorabies virus (90), that viru
lent virus can arise from recombination between two avirulent 
parental viruses. 
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6.4. The Defective-Interfering (DI) Viruses 

MHV generates defective-interfering (DI) RNA during in 
vitro passage (91). 50me of these RNAs are packaged into virus 
particles and some are not. In either case, the DI RNA can be 
passaged from generation to generation because of the high effi
ciency of DI RNA synthesis (92). The role of DI virus in MHV 
infection of the eN5 is not yet clear. Attempts to demonstrate DI 
RNA during persistent infection have also not been fruitful. Nev
ertheless, DI particles could conceivably playa role in either 
modulating or altering the neuropathogenicity or the main
tenance of viral persistence in vivo. 

7. Molecular Mechanisms of Viral Pathogenesis 

From the studies conducted so far, it is not possible to 
derive a complete picture of the molecular processes involved 
in MHV pathogenesis. Howeve~ it is possible to outline a gen
eral pathway. MHV infects animals through a portal organ, for 
example, the respiratory or gastrointestinal tract. VIrus travels 
from the portal organ to the eN5 by way of nerves or blood. 
The ability of virus to travel through nerves or blood and even
tually infect the target cells is likely dependent on the properties 
of the surface proteins (5, M, HE) of the virus particles, since 
these proteins provide the interaction between the virus and the 
cells. The susceptibility of target cells is dependent on the pres
ence of receptors for the virus. It is possible that different eN5 
cell types have different receptors, or modified forms of the same 
~eceptor. The receptors for neurons might have more stringent 
requirements; thus, any mutations or deletions in the 5 protein 
result in reduced viral infection of neurons. However, this 
mutated form of the 5 protein may still allow the virus to 
infect oligodendrocytes or other glial cells, which may express a 
receptor with a less stringent requirement. The HE protein may 
interact with the 5 protein in such a way that infection of the 
neurons is facilitated. Alternatively, the HE protein may allow 
the virus to enter the cells through a different receptor, which 
may be present on only a few cell types, such as neurons. The 
ability of virus to be spread from tissue to tissue is also likely to 
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be affected by the presence of the HE protein. This protein con
tains an esterase activity that can remove sialic acid, thus reduc
ing the ability of the virus to attach to the infected cells and to 
form clumps, as in the case of influenza viruses. Thus, virus 
release could be facilitated. 

Once the virus enters the cells, the rate of virus growth will 
be affected by the rate of RNA synthesis, which is, in turn, regu
lated at least partially by the leader RNA sequence. It is likely 
that the rate of virus growth would affect the speed at which the 
virus is spread from cell to cell and tissue to tissue. This will 
have significant effects on the outcome of virus infection, which 
is dependent on the balance between virus spread and the 
mounting of the host immune response: the slower the virus is 
produced, the more likely it will be countered by the immune 
response. Thus, the leader RNA could affect viral pathogenesis, 
not only through its effects on the expression of different viral 
genes, but also through its possible effects on the rate of viral 
RNA synthesis. Although the functions of MHV nonstructural 
proteins are not quite clear, they are likely to be involved in the 
regulation of virus RNA synthesis and other steps of viral 
growth. This is certainly the case for gene 1 product, which 
encodes RNA polymerase. Thus, this gene product clearly regu
lates the rate of virus growth. The viral Nand M proteins are 
probably involved in virion assembly, which is another critical 
step in the virus maturation process. Thus, these proteins can 
also regulate the rate of virus growth and spread and determine 
the fate of viral infections. 

The viral structural proteins and nonstructural proteins can 
conh'ibute to viral pathogenesis in another way, that is, the induc
tion of antibodies and cellular immune responses. Depending 
on the structure of these proteins, they might have different abili
ties to elicit antibodies or to induce cytotoxic T-cells, and thus 
alter the outcome of viral infections. The susceptibility or resis
tance of mouse strains may, in part, depend on the ability or 
inability of the animals to mount immune responses. According 
to this scenario, viral neuropathogenicity is the result of com
plex interactions among many viral and cellular genes. There is, 
therefore, no single viral gene that is solely responsible for the 



340 Lai and Stohlman 

neuropathology. This is a situation different from the retroviral 
oncogenes, which are responsible for cellular transformation. In 
the case of MHY, every viral gene product is probably involved 
in the process of viral replication, and, as a result, indirectly 
affects viral pathogenicity. The roles of cellular resistance genes 
may be to interfere with this process or facilitate a protective 
immune response. The role of each viral gene product in patho
genesis is summarized in Table 1. 

8. Conclusion 

MHV has long been used as a model system for studying 
virus-induced demyelination because of its association with 
natural paralytic infections in rodents. MHV is also unique in 
several aspects of viral biology and molecular biology. A variety 
of virus strains and mutants have been isolated, which differ in 
their neuropathogenicity. Furthermore, monoclonal antibodies 
are available as genetic tools to select variants and RNA recom
binants. Efforts to study MHV neuropathogenesis, however, have 
been hampered by the extremely large size of the viral genome. 
In the cases of other viruses, the most dramatic progress in 
understanding viral pathogenesis has come from the availabil
ity of infectious cDNA clones. This has not been possible for 
MHV because of the exceptionally large size (31 kb) of its geno
mic RNA. Howeve~ the complete sequence of this RNA genome 
is now available. Complete cDNA clones for all of the viral genes 
are also available for molecular studies. This will provide a 
genetic tool to complement the studies of host responses. Vrral 
pathogenesis is likely to be multifactorial: viral diseases are the 
results of interaction between a virus and its host. The molecu
lar tools now available should allow the study of these factors 
collectively. 
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