S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



CHAPTER 25

MOUSE HEPATITIS VIRUS
BIOLOGY AND EPIZOOTIOLOGY

Stephen W. Barthold

Section of Comparative Medicine
Yale University School of Medicine
New Haven, Connecticut

I. INTRODUCTION

Mouse hepatitis virus (MHV) is a highly contagious and
ubiquitous coronavirus of laboratory mice. It is present
among mice in many commercial breeding colonies and most
biomedical research institutions and has been documented in
laboratory mice throughout the world. Recognition of the
ubiquity of MHV is often not realized because of unfamil-
iarity with its biology, reliance on insensitive diagnostic
methods and the subtle effects of the virus. TIts subtle
effects should not be underestimated, however, since MHV has
been associated with a panoply of effects on mice and
research data derived from them. Considering the large
financial investment in biomedical research and that mice
represent the majority of animals used in such research, the
potential scientific and economic impact of this single
virus is enormous.

Since the original isolation of MHV in 1949 (1), a body
of literature representing nearly 350 citations has been
developed on the subject of MHV., The voluminous literature
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on MHV would not have been generated if MHV were simply a
pathogen of mice. Interest in MHV has evolved from a number
of different perspectives, including emphasis on MHV as a
model of viral hepatitis, viral encephalitis and demyelina-
ting disease, genetic mechanisms of host resistance to viral
infection, and the molecular biology of coronaviruses, using
MHV as a prototype. These have been the subjects of several
reviews (2-11).

On the one hand, the literature clearly illustrates the
complexity of MHV pathogenesis, Virus strain, passage
history, dose, route of inoculation, host genotype, age,
immune function and co-infection with other agents all
interact to determine the wultimate expression of MHV
disease. On the other hand, this complexity interferes with
a clear view of the biology of MHV as a natural pathogen of
mice. Many of these studies have emphasized different
aspects of MHV-host interactions, using artificial routes of
inoculation and analysis of only one or a few target organs
or effects. As a result, still relatively little is known
about the natural pathobiology of MHV in mice., Without such
information, the true significance of this agent cannot be
assessed and its effect under diverse experimental condi-
tions cannot be predicted. This review will discuss recent
updates in MHV pathobiology and incorporate past literature
in that discussion wherever possible.

II. PROPERTIES OF THE AGENT

Coronaviruses, including MHV, are enveloped viruses
containing single-stranded, non-segmented, infectious RNA
with positive (messenger) polarity. The molecular biology
of MHV will be discussed in Dr. Holmes' chapter and has been
reviewed elsewhere (3,10). Physical resistance properties
have also been reviewed (4). Coronaviruses infect many
species of birds and mammals, causing respiratory or enteric
infections in their hosts (Table 1). The relationship among
viruses of this family dis complex. They do not share a
common group antigen, yet many are antigenically and gene-
tically related (8,10,12). Although "MHV" is a singular
term, it refers to many named and unnamed strains of mouse
coronavirus (Table 2). Certain prototype strains have
served as standards for study of the MHV group, including
MHV-1,-2,-3,-A59,-JHM and -S. These strains have been used
in most experimental studies and as antigenic or genetic
standards for MHV serodiagnosis and comparison to new MHV
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Coronaviruses and Their Host Species (3)

Human respiratory, enteric coronaviruses man

Simian enteric coronaviruses
Infectious bronchitis virus

Bluecomb disease virus
Runde tick coronavirus

Transmissible gastroenteritis virus

nonhuman primates
chicken

turkey

tick?

pig

Hemagglutinating encephalomyelitis virus pig

Neonatal calf diarrhea virus

Ovine enteric coronavirus
Equine enteric coronavirus
Canine coronavirus

Feline infectious peritonitis virus

Feline enteric coronavirus

Rabbit coronavirus

Sialodacryoadenitis virus,
rat coronavirus

Mouse hepatitis virus

ox
sheep
horse
dog
cat
cat
rabbit

rat
mouse

MHV Strains and Isolates

MHV-1
MHV-2 [MHV(PRV)]
MHV-3
MHV-JHM [MHV-4]

MHV-A59

MHV-S

MHV(C3H)

EHF 120 [MHV-B]

H747

ANA

MHV-C [MHV-BALB/c]

MHV (Braunsteiner/Friend)
MHV (SR1)

MHV (SR2)

MHV-RI

MHV~(SR3)

MHV-(SR4)

Lethal intestinal virus
of infant mice (LIVIM)

MHV-S/CDC

MHV-D

MHV-Y

Diarrhea virus of
infant mice (DVIM)

Tettnang virus

MHV NuA

MHV Nu66

MHV-Kyoto
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isolates. All MHV strains or isolates share cross-reacting
antigens, but each strain also possesses strain-specific
antigenicity, with considerable overlap (6,12-15),
Similarly, while there is RNA and polypeptide homology
between MHV strains, there is also strain-related hetero-
geneity (16,17), This suggests ongoing "drift" or mutation
as a factor in the biology of MHV, Relatedness of one MHV
strain to another 1is not a useful means of predicting bio-
logical behavior., For example, MHV-S and MHV-JHM are rela-
tively unrelated genetically, yet induce similar patterns of
disease, Related strains such as MHV-S and MHV-S/CDC
produce different patterns of disease (14, 16-20). Further-
more, the behavior of a defined or named MHV strain depends
on its passage history and thus varies from laboratory to
laboratory. MHV also cross-reacts antigenically with
coronaviruses of the rat and some strains of coronavirus of
other species, including man (12,21-23). The biological
significance of these relationships has not been thoroughly
explored.

ITI., PATHOGENESIS

MHV produces disease in mice by 1lytic dinfection of
cells, although viral replication and exocytosis can take
place in the absence of cytolysis. In addition to cytol-
ysis, cell fusion is a hallmark of MHV, both in vivo and in
vitro, although it is not necessary for viral replication
(3,7). MHV pathogenesis is significantly influenced by both
virus and host factors. Virus factors include route of
inoculation, dose and virus strain (1, 24-27). Virus
strain-dependent features include virulence, primary pattern
of infection, secondary organotropism and cell tropism.
There is a full spectrum of virulence among different MHV
strains. Some MHV strains display only weak pathogenic
properties, even in athymic nude mice (18,26,28), while
other strains such as MHV-2 and MHV-3 are far more
pathogenic (24,29). Most naturally encountered MHV isolates
are only mildly pathogenic, requiring some other factor for
expression of clinical disease (3,6).

Like coronaviruses of other species, strains of MHV
cause infections of either the respiratory or enteric
systems (3,19,30,31). A respiratory pattern of infection is
typical of many MHV strains, including prototype strains
(MHV-1,-3,-A59,-JHM,-S) (19). Thus, much of our knowledge
about host resistance factors, such as age, genotype and
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lymphorecticular function, applies to this group of MHV
strains. These strains are most apt to cause illness
associated with hepatitis and encephalitis (3,19,30). Other
strains of MHV cause an enteric pattern of infection, with
lesions and disease referable to the intestine. Identified
enterotropic MHV  strains include LIVIM, MHV-D, DVIM,
MHV-S/CDC and MHV-Y (13,14,32-36). In contrast to res-
piratory MHV strains, very 1little is known about host
resistance factors to enteric MHV, Most of the MHV strains
listed in Table 2 have not been characterized as to their
primary pattern of infection, but it is clear that both
respiratory and enteric strains exist in contempory mouse
populations (19).

Selective organotropism is often stressed as an MHV
strain-related phenomenon, such as neurotropism of MHV-JHM
(37), hepatotropism of MHV-A59 (38), lymphocytotropism and
bone marrow tropism of MHV-3 (39,40). Such differences are
only relative, with considerable overlap between MHV strains
(19). Many of these differences are simply a reflection of
the emphasis an author places on a particular target organ.
Nevertheless, recent work is suggesting that selective cell
tropism can take place with specific MHV strains and that
host cell type can influence the outcome of MHV infection.
In primary central nervous system cell cultures, MHV strains
exhibit different cell tropism, cytopathic effects and viral
assembly, which may account for different patterns of
disease (10,41-48).

Understanding the pathogenesis of MHV is best approached
by catagorizing infections into the respiratory and enteric
patterns, which are determined by virus strain. Relative
differences in organo- and cell tropism exist between virus
strains in each of these catagories. Furthermore, host
factors play a significant role in severity of infection
within these basic themes., The following discussion will
detail what is known about the pathogenesis of respiratory
and enteric patterns of MHV infection with supporting
references for each pattern.

IV. RESPIRATORY PATTERN INFECTIONS

These MHV strains rely on upper respiratory mucosa as a
site of primary replication and excretion. In weanling or
adult outbred mice infected with low-virulence MHV (MHV-S),
infection 1is largely restricted to upper respiratory mucosa
(18,20). Secondary involvement of other organs can occur
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with more virulent MHV strains or in susceptible hosts, such
as neonates, adult susceptible genotypes and immunocom-—
promised hosts, including nude mice. Under these circum-
stances, there is dissemination to multiple organs in a
vascular distribution (19). Lungs are frequently infected
early in the course of disease, with antigen present in
vascular endothelium and alveolar septal cells (18,19,49).
This explains the frequency of pulmonary vascular syncytia
in infected athymic nude mice (50) and perivascular and
interstitial inflammatory changes in recovered mice
(3,18,49), Vascular endothelium in other organs is also
infected. In susceptible neonates, virtually any other
tissue can become focally infected with MHV, including
brain, spinal cord, ganglia, spleen, thymus, lymph nodes,
intestine, brown fat, bone marrow and mesothelium
(3,19,30,31). Respiratory-type MHV  strains are often
isolated from feces of susceptible hosts but not resistant
hosts in which infection is restricted to the upper
respiratory tract (3,6,18-20,51). Multinucleate syncytia of
enterocytes are also seen in susceptible hosts, including
nude mice (19,20,37,52) but lesions are inconsistently
present and minor compared to those caused by enterotropic
MOV strains (3,19,30,31). With respiratory strains of MHV,
transmission takes place among adult mouse populations in
the absence of intestinal excretion (3). Thus, although
intestinal infection may be present, it does not play a
major role in the replication strategy of respiratory MHV
strains,

Since brain is often infected with several strains of
MHV in susceptible hosts, neurotropism is not a particularly
unique feature of any single MHV strain, However, some MHV
strains (S and JHM) seem to possess the relatively unique
ability to extend directly from the nasal lining into the
olfactory tracts of the brain, even in older, resistant mice
(18-20,37,53). Within 48 hours after intranasal inocu-
lation, MHV-JHM causes meningitis and necrosis of mitral
cells in the olfactory bulbs, with extension into the
olfactory tracts, meninges, piriform cortex, septum
pelucidum, anterior commissure, and hippocampus within 120
hours. During this phase, both neurons and glia are
infected. At 144 hours, virus is present in the pons,
medulla and spinal cord and by 168 hours, severe demye-
lination 1is present, At this time, titers are diminishing
(53). A similar course of events probably occurs with MHV-S
(18,20). The demyelinating component has been shown to be
due to selective destruction of oligodendroglia (54-57) and
reportedly does not seem to occur with other encephalito-
genic strains of MHV, such as MHV-3 (41,47,58). Virus
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strain tropism for different nervous system cell types in
vitro correlates with disease phenotype (41-48). The
pattern of nervous system disease that occurs is also
dependent on host age, genotype as well as dose and route of
virus inoculation (45,57-59).

Duration of MHV infection is a subject of considerable
contention, The behavior of the virus under natural
conditions has created the impression that infections are
chronic and latent, since many experimental manipulations
such as  immunosuppression, tumor transplantation or
co—infection with other agents will precipitate acute
disease (3). It appears, however, that this impression is
created by the generally subclinical (but not latent) nature
of MHV infection and that experimental manipulations that
exacerbate disease are coincidentally applied during active
infection. An overwhelming body of literature with a number
of MHV strains clearly supports the concept of short-term
infection, from which the host £fully recovers within 2-3
weeks of infection (18,19,40,48,57,60-66). Aggressive
immunosuppression after the- acute phase of MHV infection
will not reactivate the virus, even when residual MHV
antigen and lesions remain in the brain (66,67). A smaller
number of reports exist, however, that uphold the hypothesis
of persistence. Mice of the semisusceptible C3H genotype
that survive intraperitoneal inoculation of virulent MHV-3
can have persistent infections, in which virus can be
recovered in low titer from liver, brain and lymphoid organs
for up to 42 days (68). Chronic brain infections have also
been established in mice following intracerebral inoculation
of MHV-3, intracerebral or intranasal inoculation of brain-
passaged MHV-JHM and selected temperature sensitive JHM
mutants (58, 69-71). However, others have shown neurotropic
MHV is eventually cleared from the brain (18,19,48,57,67).
These studies suggest that MHV can potentially cause chronic
persistent infections, particularly under artificial ex-
perimental conditions, but 1limited infections, without a
chronic carrier state, are the norm. An obvious exception
is the athymic nude mouse, which suffers from a wasting
syndrome due to chronic, persistent MHV infections., 1In
contrast to their heterozygous euthymic counterparts, which
recover within 2-3 weeks, homozygous athymic mice develop
increasingly high titers of virus in multiple organs, ulti-
mately dying from hepatitis or encephalitis, During the
early acute phase of infection, euthymic and athymic mice
have parallel titers and distribution of virus (28,60,
72,73).
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Persistent MHV infections incontestably take place in
vitro in cultured cells in the absence of immune surveil-
lance in the 1live mouse. This has been demonstrated re-
peatedly with a variety of mouse and rat cell types
(47,74-79). The addition of a low concentration of anti-
viral antibody to the culture medium was found to modulate
infection, producing a carrier state with intracytoplasmic
antigen, but no virus production or expression of viral
antigens on the cell surface. The carrier state continued
in the absence of antibody, and virus could not be rescued
by co-cultivation with susceptible cells., Virus could only
be recovered following fusion of persistently infected cells
to permissive cells with polyethylene glycol (78,79). The
significance of these observations for the mouse remain to
be determined.

Host-related factors in MHV pathogenesis have been
elucidated using several respiratory prototype MHV strains.
Mice 1less than 2-3 weeks of age are susceptible, regardless
of genotype (2,26,80-82). Other workers have suggested that
resistance to intracerebral JHM infection further evolves at
6-12 weeks of age (83,84). Genotype plays an important role
in expression of susceptibility and resistance to MHV in
adult mice (2,45,46,64,80,81,84-89). A simple 1list of
genetically susceptible and resistant mouse strains cannot
be generalized, since disease expression seems to be
dependent on interaction of host genotype with virus
strain. For example, adult C3H mice have been reported to
be resistant to MHV-2 (2,64,80,81,85,86,90,91), but
sisceptible to MHV-JHM and MHV-3. Similarly, A/J mice have
been reported to be resistant to MHV-3, but susceptible to
MHV-JHM (46,89).

Genetic expression of susceptibility in vivo often, but
not always, parallels intrinsic susceptibility of cultured
cells in vitro. This has been demonstrated with cultured

macrophages (2,45,46,64,80,81,84~-89) hepatocytes (92) and
neurons (46). Others report that spleen cells, but not
macrophages, reflect genetic susceptibility (93).
Resistance at the cellular level in vitro is also age
dependent, evolving at the same interval as in vivo
(2,80-82,94). Resistant cells adsorb virus, but may or may
not express limited antigen and tend not to release virus,
while susceptible cells express antigen and release repli-
cating virus (2,45,64,82,84,86,87,89,92). Again, virus
strain is dimportant in determining outcome of cell in-
fection. MHV-JHM productively infects both neuronal and
non-neuronal cells in vitro, while laboratory-created
temperature-sensitive mutants of JHM cause non-productive
infection of non-neuronal cells only, with expression of
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antigen without virus replication. On the other hand,
MHV-A59 selectively infects non-neuronal cells in a
productive fashion (41). Differences among various MHV

strains have been observed in their ability to productively
infect adherent cells (macrophages) from 1liver explant
cultures (88). Intrinsic susceptibility of cells in vitro
can be modified with lymphokines (90,91) and interferon
(82,96,97).

Lymphoreticular function in the whole animal also
influences the course of MHV infection, Agents that
interfere with or stimulate macrophage activity alter the
course of MHV infections (65,90,95,98-100). Interferon (IF)
plays a disputed role in MHV pathogenesis. Serum IF levels
are low in MHV-infected immature mice and elevated in adults
(82), but others have found that resistant mouse genotypes
may produce lower levels of IF than susceptible genotypes in
response to MHV infection (88,101). Others have found the
same degree of IF levels (93). Tissue IF levels have also
been variably correlated with resistance (88,102). It is
apparent that IF plays a role in the initial response of
mice to MHV (97), and becomes elevated in adult, susceptible
genotypes because of permissive infections, also resulting
in increased natural killer (NK) cell activity in some
mice. In resistant adults, virus titers, IF and NK cells
may all remain low (101). Immunosuppression by a variety of
means, including x-irradiation, neonatal thymectomy, anti-
lymphocyte serum, graft vs host reaction, cyclophosphamide
and corticosteroid treatments, renders resistant mice
susceptible to MHV. Immunosuppression, however, does not
modify intrinsic genetically determined resistance of cells
cultured in vitro or abrogate a secondary immune response to
virus challenge (62,64,94,103,104).

Cell-mediated immunity is crucial in recovery from MHV
infections. This fact is most evident in T cell deficient,
athymic nude mice, in which MHV titers initially parallel
their heterozygous euthymic counterparts, but continue to
rise as heterozygotes recover (73). Resistance can be
transferred to nude mice with unprimed spleen cells from
euthymic mice and abrogated by treatment of spleen cells
with anti-theta but not anti-IgG serum (105,106).
Similarly, resistance in neonatal mice can be transferred
with macrophages, T lymphocytes and macrophages, whole
spleen cells and macrophages, T lymphocytes and bone
marrow-derived cells with NK cell features (82,83,94,107).
T 1lymphocytes alone do not seem to be effective (62,83,94).
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Antibody does not confer intraperitoneal MHV challenge
resistance (62, 83,106), although vaccination does
(60,108). Only a single study has demonstrated delayed-type
hypersensitivity in MHV immunized mice (62).

It becomes apparent from this overview that MHV strains
interact at different levels with mice of different ages and
genotypes. Expression of susceptibility or resistance is
mediated first through the intrinsic ability of the target
cell to support or vrestrict MHV replication. This can be
further modified by IF and NK cells, among other factors.
Secondly, infection is restricted by a specific immune
response to the virus, resulting in susceptibility, atten-
uated disease or recovery. This is influenced by immuno-
suppressive regimens or impaired immune responsiveness.
Both intrinsic resistance and development of an effective
immune response are age and genotype dependent (29,62,64,84,
97,101,103,109). This is why susceptibility to MHV can be
predicted in genotypes that allow high-titer virus replica-
tion early in infection, prior to mounting an immune re-
sponse (62,64,97,109). It also explains the confusion over
whether genetic susceptibility or resistance are inherited
as one or two genes, recessive or dominant, H-2 haplotype
linked or wunlinked with different MHV strains, different
routes of inoculation and different mouse genotypes (2,45,
46,59,80,109).

The course of MHV infection is notoriously sensitive to
modification of  lymphoreticular function. Normally
resistant mice are rendered susceptible by x-irradiation,
cyclophosphamide, cortisone, neonatal thymectomy, anti-
lymphocyte serum and graft vs host reaction, among other
manipulations  (3). Co-infection with other infectious
agents also  potentiates MHV disease. Eperythrozoon
coccoides and K virus are normally minimally pathogenic, but
they exacerbate MHV in resistant hosts (104,110). Leuko-
viruses and even Schistosoma mansoni also enhance MHV
disease. These diversely related infectious agents have
been suggested to have a common mechanism by blocking IF
responsiveness of the host to MHV (111-113).

V. ENTERIC PATTERN INFECTIONS

Several enterotropic strains of MHV have been iden-
tified. Like other MHV strains, they can be differentiated
antigenically, but also share antigenic and genetic homology
with other members of the MHV group (13,14,17,34-36). The
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upper respiratory mucosa 1is often a target of enterotropic
MHV (19), but intestinal mucosa is the major target for
virus replication and excretion. Unlike respiratory MHV
strains that infect intestine only in highly susceptible
hosts, enterotropic MHV wuniversally infects intestine,
regardless of host age. In neonatal mice, epithelial
degeneration, necrosis and syncytia predominate, resulting
in erosions, ulceration and villus attenuation. Virus-
induced syncytia, or "balloon cells," are diagnostic. Intra-
cytoplasmic inclusions have also been described. Lesions
can be fully developed within 24-48 hours (32), but are
usually most severe at three to five days (14,19,33). In
surviving mice or mice exposed at older ages, there tends to
be less necrosis and more compensatory mucosal prolifera-
tion, or hyperplasia. Adult mice are also susceptible, but
usually have mild infections with only minor lesions (3,13,
14,31,32,34)., Lesions can be found anywhere from pylorus to
anus, but stomach is not involved. Distal small intestine,
cecum and ascending colon are preferential sites (3,13,14,
19,31-33). Dissemination beyond the intestine can also
occur, Some MHV strains are highly restricted to intestinal
mucosa and mesenteric lymph nodes, while others spread to
liver and other organs (3,13,14,19,31,32). MHV-D, 1like
MHV-JHM and -S, appears to share the ability of infecting
the olfactory bulbs of the brain (33). These differences in
behavior have not been carefully examined and may be either
virus strain or host related, The influence of host
genotype and immune response have not been well studied with
enterotropic MHV, However, clinical symptoms and lesions
associated with  intestinal protozoal infestations are
exacerbated by enterotropic MHV (3,31) and x-irradiation
exacerbates enterotropic MHV infection.

Duration of intestinal MHV infections is limited, with
no known carrier state beyond two weeks after exposure
(3,13,19,31,32). An exception is the athymic nude mouse,
which develops persistent infections of the intestinal and
nasal mucosa. Enteric mucosa tends to be segmentally hyper-
plastic with syncytia. Involvement of other organs is
minimal or absent. These mice suffer from progressive ema-
ciation, but 1lesions and distribution of lesions differ
markedly from the typical wasting syndrome caused by
respiratory MHV strains (3,31,114).
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VI. DIAGNOSIS

Clinical disease is usually absent or mild and lesions
are often restricted to the primary target organ (nose or
intestine), except in highly susceptible hosts. Disease and
lesions are most apt to be seen in naive mouse populations
experiencing an initial epizootic. Suckling, genetically
susceptible or immunologically compromised mice are the best
candidates for diagnostic evaluation. Suckling mice
naturally infected with respiratory MHV suffer moderate to
high mortality between 4-10 days of age. They may have
signs of encephalitis, but more often signs are non-
specific. Gross necropsy findings include multiple white
spots on the liver (30,51). Flaccid paralysis was described
in adult Swiss mice naturally infected with MHV-JHM (1), but
this is wuncommon. A variety of experimental manipulations
will exacerbate otherwise mild infections in resistant mice
(3). Enterotropic MHV strains tend to produce explosive
epizootics of diarrhea and high mortality among infants but
these signs may be absent in enzootically-infected
colonies. Necropsy findings include enteritis, usually in
the absence of 1liver lesions. Surviviors are often runted
and pot-bellied (3,14,19,31-34).

Histopathology is a wuseful means of confirming a
diagnosis of MHV, but only in susceptible mice during the
active phase of infection. In susceptible hosts, partic-
ularly neonates and athymic nude mice, MHV induces
multinucleate syncytia in multiple tissues, which are
‘pathognomonic for MHV. Syncytia are especially obvious in
enteric mucosa of mice infected with enterotropic MHV.
Histopathology details are given elsewhere (3,30,31). A
more definitive diagnosis can be made with the use of immuno-
histochemical techniques such as immunofluorescence and
immunoperoxidase. Formalin-fixed, paraffin-embedded tissues
can be wultilized for this purpose if subjected to prior
trypsinization. Antigen is very stable in formalin-fixed
tissue, allowing retrospective analysis of archival cases
(13,18,19,115). Electron microscopy can also be utilized.
MHV has characteristic coronavirus morphology and buds into
cisternae of endoplasmic reticulum. It can also produce
intracytoplasmic aggregates of viral products (3,13,31).

Virus recovery from actively infected tissues is dif-
ficult but can be accomplished using a variety of effective
cell 1lines, such as NCTC 1469, DBT, 17C1-1 or L929 cells.
These cell lines, however, may not be successful substrates
for some enterotropic MHV strains. Syncytium formation is
the hallmark MHV cytopathic effect. TIdentification of a
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suspect agent as an MHV strain can be accomplished by
immunocytochemistry. Reciprocal serum neutralization is
used as a means of characterizing the antigenic relatedness
of a new isolate to prototype MHV strains. However, because
of extensive and complex antigenic inter-relationships, this
method is not definitive for strain classification (13-15,

19,116).
Several serological assays can be used for detection of
antibody in MHV-recovered mice. The complement fixation

test was used extensively at one time, but is usually too
insensitive to detect seroconversion following natural
exposure (13,117-120). As mentioned above, serum neutral-
ization against prototype MHV strains grown in vitro can be
used, but it tends to be highly strain-specific. The
neutralizing profiles of sera from different mouse popu-
lations or from different MHV outbreaks within a population
can be compared to determine if the same or unrelated MHV
strains are involved (13-15). Hemagglutination inhibition
is used for detecting antibody to coronaviruses of other
species, but only one MHV isolate (DVIM) has been found to
possess a hemagglutinin (35,36). Two very sensitive and
specific assays for MHV antibody are an indirect
immunofluorescence assay (IFA), using MHV-infected cells and
an enzyme-linked immunosorbent assay (ELISA) (118-120).
Both offer the advantage of using multiple MHV strains simul-
taneously as antigens in order to cover a broad range of
reactivity to MHV serotypes. Under experimental conditions,
these two tests are nearly equally sensitive and both are
more sensitive than serum neutralization (120). Nude mice
are not good candidates for serology. Although they can
produce neutralizing antibody to MHV, titers are widely
variable and sometimes absent (60,141).

Morphological, immunohistochemical, virus recovery and
serological methods can be embellished with the use of
susceptible MHV hosts. For example, if MHV is suspected but
cannot be confirmed in a mouse population, athymic nude mice
can be placed in the animal room as sentinels. When these
mice become infected, lesions and antigen are easily
confirmed and virus is easier to isolate. Infant mouse
brain inoculation will amplify virus titers from suspect
tissues, allowing easier antigen detection or virus
recovery. Similarly, inoculation of cortisonized mice will
serve the same purpose. The mouse antibody production test
can also be effectively utilized. Inoculation of adult,
virus antibody free mice with suspect material will result
in seroconversion if MHV is present.
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VII. EPIZOOTIOLOGY

Under natural conditions, MHV is highly contagious and
is transmitted by the respiratory or oro-fecal routes.
Expression of overt disease requires immature, immuno-
compromised or genetically susceptible mice. Under ex-
perimental conditions, mice seroconvert by IFA or ELISA
between 7 to 14 days after inoculation (120). Under natural
conditions, seroconversion occurs in 100% of mice within two
weeks after introduction to an MHV-infected population,
underscoring the rapidity of exposure that takes place
(unpublished observations). Qutbreaks of clinical disease
among susceptible neonatal mice are also very rapid with
high morbidity (13,14). As already discussed, infections
last less than two weeks with seroconversion at the time of
recovery (18,120). Maintenance of infection in a mouse
population (enzootic infection) requires continual exposure
of new, susceptible mice, either through newly introduced
mice or breeding populations. In the absence of susceptible
mice, MHV will die out of a population.

Frequently, MHV-free mice are received into enzootically
infected mouse rooms. If they are neonatal mice, they
suffer high mortality (51). However, extramural mice are
usually weanlings or older, developing only subclinical
infections wupon exposure, but perpetuating the infectious
cycle, Use of these newly acquired exposed mice within the
first one to two weeks after arrival creates a high
potential for exacerbation of overt disease from subclinical
infection when experimentally immunosuppressed or otherwise
stressed., In enzootically infected populations, disease or
lesions are most apt to be encountered in weanlings, rather
than neonates, because neonates are protected by passive
immunity. Colostral IgG from dimmune dams is partially
protective under experimental conditions and seems to occur
naturally (14,122). Therefore, when MHV initially infects a
naive mouse population, neonatal mice suffer high mortality,
particularly with enterotropic MHV strains (13,14). Once
infection 1is enzootic, adult mice confer protection to
neonates, so the infection cycle is perpetuated among older
mice, when their passive immunity wanes.

Vertical transmission of MHV is possible, but unlikely
in the short time span of an acute infection relative to the
breeding 1life of a female mouse. Transplacental trans-
mission to fetuses has been shown in mice inoculated with
MHV-JHM intravenously, but depended upon stage of gestation
at the time of inoculation (123). Neither transplacental
transmission to fetuses nor vaginal transmission to newborns
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could be demonstrated in dams inoculated intraperitoneally
with MHV-3 (124). Thus, the potential is there, but it is
not a likely consideration,

One aspect of MHV epizootiology that is not well
understood is whether repeated infections can occur with the
same MHV strain or different MHV strains. Challenge
resistence to MHV has been accomplished by vaccination of
mice with denatured virus or surface peplomers, but not with
virus membrane or ribonucleoprotein subcomponents, sugges-
ting that the most immunogenic components of the virion are
virus-strain specific (60,108).

The host range of MHV has not been defined. Under
natural conditions, rats and mice develop serum antibody to
coronaviruses of the heterologous species but this is not
surprising because of the antigenic cross-activity of rat
and mouse coronaviruses (21,23)., Mice are experimentally
susceptible to rat sialodacryoadenitits virus (SDAV) (21).
Suckling mice infected with SDAV develop encephalitis, but
not hepatitis or enteritis. Weanling mice develop
interstitial pneumonia, with antigen din alveolar lining
cells (type 1 pneumocytes). In contrast, MHV infects
alveolar septal cells, but not 1lining cells in the mouse
(19). Suckling rats are susceptible to MHV by intranasal
inoculation, Lesions are restricted to the nasal mucosa and
antigen is present for only 2-3 days (125). Intracereberal
inoculation of rats with MHV-JHM causes encephalitis and
demyelination (9). In vitro growth characteristics of
viruses from these two species also differ. SDAV will grow
in primary rat kidney but not mouse cells and MHV will grow
in mouse but not rat cells (23,126). SDAV passaged through
infant mouse brain remains unable to grow in mouse cells in
vitro (126). It therefore appears that cross-species
infections are laboratory, rather than natural, phenomena.
The antigenic relatedness of MHV to coronaviruses of other
species, including man, has unexplored biological
significance.

VIIT. TIMPLICATIONS FOR RESEARCH

MHV has a long history of interference with research,
Most MHV strains were isolated and identified as inadvertant
contaminants that were exacerbated by experimental proto-
col., Subclinical MHV infections are potentiated by a
variety of experimental manipulations that modify immune or
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macrophage function (3)., Co-infections with other infect-
ious agents have been mentioned as potentiators of MHV
disease, Treatment of mice with urethane, methylformamide
(27), halothane (128), ferric salts (99) and necrogenic
yeast diets (130) also precipitate more severe MHV disease.
Transplantable  tumors, especially ascites and lymphore-
ticular tumors, can be contaminated or become contaminated
with MHV. Tumor transplantation can exacerbate MHV disease,
but MHV can also influence tumor kinetics. Abnormal tumor
invasion patterns, abnormal tumor passage intervals and
spontaneous regression of normally stable transplantable
tumor lines have all been observed (38,127,131-133).
MHV-infected, athymic nude mice will reject human tumor
xenografts (131-134). Growth of MHV in vitro is enhanced by
cell transformation, which may explain its intimate asso-
ciation with tumors (135). MHV can form pseudotypes with
murine leukemia virus in vitro, but whether this occurs in
vivo has not been determined (136). In addition to con-
taminating tumors, MHV can contaminate established cell
lines. Latent infections, without cytolysis, occur under
these circumstances and can interfere with growth of other
viruses, including MHV itself (47,74-79).

A number of direct effects of MHV on certain target
tissues have been described. Effects on the liver include
alteration of hepatic enzyme and other biochemical markers
(3,6), induction of alpha-fetoprotein (137) and increased
iron uptake (138). The mitotic response of liver to injury
is altered by MHV, Regeneration in response to partial
hepatectomy is delayed during acute MHV infection and the
mitotic index is markedly elevated during recovery (139),
which is also seen in natural infections (3,30). The
increased proliferative activity of 1liver and intestine
during or after MHV infection could potentially alter
response to chemical carcinogenesis (3). Bone marrow
infection is common with many MHV strains (19). Mice
develop anemia, thrombocytopenia and leukopenia (140) and
peripheral blood monocyte procoagulant activity can be
induced in MHV infections (141).

The ubiquity of MHV among laboratory mice creates a high
potential for contamination of other agents by MHV or con-
fusion with MHV when passed in mice. Examples are not hard
to find. Tettnang virus was an unclassified virus isolated
from ticks and man in Germany, Egypt and Czechoslovakia.
The agent was unrelated to a variety of other tick-born
arboviruses, and was eventually found to be MHV. Retro-
spective study revealed that there was a relationship among
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European and North African mouse colonies in which Tettnang
virus isolations were made. Passage of diagnostic material
through infant mice in MHV-enzootically infected colonies
was responsible for the problem (15). Other examples
include isolation of MHV when human encephalitis brain
biopsy material was passed in infant mice (142), confusion
over the human or mouse origin of coronaviruses isolated
from multiple sclerosis material passed in mice or mouse
tissue (143) and confusion over avian or mouse origin of
coronavirus isolated from Manx Shearwaters suffering from
puffinosis (144).

MHV has a number of effects on immunologic and non-
specific host responses to antigens. Following intra-
peritoneal injection of MHV-3, mice had a modified immune
response to sheep red blood cells. During acute infections,
if mice were infected prior to antigen exposure, immuno-
depression occurred, while simultaneous injection with MHV
and antigen resulted in immunostimulation. Chronic
immunodepression occurred in semisusceptible (C3H and A2G)
mice with chronic MHV infections (145). Although conditions
of this study were somewhat artificial, including route of
MHV  inoculation, they are being reinforced by ongoing
studies. Mice inoculated oronasally with MHV-JHOM and an
enterotropic MHV isolate display transient but significant
functional disturbances in T and B lymphocyte populations,
in mitogenesis assays with splenocytes from susceptible
(BALB/cByJ) but not resistant (SJL) genotypes (146). It
remains to be determined if these effects are due to direct
or indirect action of the virus on lymphoid tissue. MHV
certainly has the potential of direct action on lymphoid
organs (19,39). Pre-infection of mice with MHV, either
naturally or experimentally, alters the ability of normally
permissive respiratory tract tissues to support replication
of pneumonia virus of mice and also reduces susceptibility
of DBA/2J mice to Sendai virus (147). Regardless of the
mechanisms involved, these observations have broad impli-
cations for experimental virology and laboratory animal
science, since MHV-infected mice respond abnormally to
respiratory and possibly other viruses. MHV has been shown
to activate NK cells and alter the IF responsiveness of
infected mice (101,145). Macrophage function can be modi-
fied in a number of ways by MHV infection and effects have
been shown to continue in MHV-recovered mice (100,117,148,
149), Athymic nude mice infected with MHV develop a number
of immunological peculiarities. They develop cells with
T-cell markers (150,151) and have altered IgM and 1gG
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responses to sheep red blood cells, including a secondary
immune response (121,151), In addition, they are able to
reject tumor xenografts (131,134).

IX. PREVENTION AND CONTROL

Since MHV causes acute infections and because its
contagiousness results in almost simultaneous infection of
an entire population, it can be controlled like corona-
viruses of the rat by simply breaking the infectious cycle
(3. Cessation of breeding or quarantine without intro-
duction of new mice will achieve this objective. Selection
of seropositive breeding stock for re-establishment of a
breeding colony will ensure that mice are recovered from
infection. Judgement on the success of this approach must
be made only under conditions that prevent re-infection of
the population.

Prevention of infection is extremely difficult in
facilities receiving mice from outside sources at various
intervals. Such conditions can allow introduction of sub-
clinically  infected animals that can infect resident stock
or, conversely, perpetuation of the infectious cycle by
introduction of naive mice following exposure to infected
populations. Furthermore, MHV is so highly contagious that
it is very likely to re-contaminate mouse populations that
have become rid of the agent by re- derivation, re-popu-
lation or quarantine, particularly if identical husbandry
practices prevail. The best means of MHV control is pre-
venting its entry into a facility. This can be achieved by
purchase of mice from MHV-free sources and shipment in
filtered boxes. Also, transplantable tumors and other mouse
biological products must be MHV-free. Since most institu-
tions are unable to achieve this goal, MHV-free mice can be
maintained in  properly controlled barrier facilities,
plastic film isolators or filtered cage systems. Filter-top
cages offer a relatively inexpensive means of preventing MHV
infections, but handling and service of the cages must be
strictly aseptic (13,18,19,120).

Vaccination has been shown to effectively reduce
severity of challenge MHV infection, but not totally prevent
it (60,108). Since vaccination immunity is produced against
virus peplomeric antigens, it is 1likely to be strain-
specific (108). The number of antigenic MHV biotypes there-
fore makes vaccination impractical. Furthermore, MHV usual-
ly causes subclinical infections, particularly when the
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virus is enzootic in a colony. It is likely that vac-
cination will cause greater effects on the host than natural
infection. If exacerbation of MHV disease is a problem in

an experimental protocol, newly arrived mice can be allowed
to become infected and recover prior to use, or virus-—free
mice under appropriate preventive husbandry conditions can
be used.

X. FUTURE RESEARCH

A number of aspects of MHV biology are worthy of future
research pursuit. Rather than generating a list of such
topics, the author has attempted to indicate throughout the
text where deficiencies in knowledge exist, Since scien-
tific knowledge evolves best from a multi-disciplinary ap-
proach, it is hoped that scientists in various fields will
seek ways to better understand this agent from their own
perspectives,

REFERENCES

1. Cheever, F.S., Daniels, J.B., Pappenheimer, A.M., et
al. (1949). A murine virus (JHM) causing disseminated
encephalomyelitis with  extensive destruction of
myelin: I, Isolation and biological properties of
the virus. J. Exp. Med. 90: 181-94,

2. Bang, F.B. (1978). Genetics of resistance of animals
to viruses: I. Introduction and studies in mice.
Adv. Virus. Res. 23: 269-348.

3. Barthold S. (1986). Research complications and state
of knowledge of rodent coronaviruses, In: "Compli-
cations of Viral and Mycoplasmal Infections in Rodents
to Toxicology Research Testing." (Hamm, T.F., ed.).
Chapter 4, pp. 53-89, Washington, D.C., Hemisphere.

4, KXraft, L.M. (1982). Viral disease of the digestive
system. In: "The Mouse in Biomedical Research."
(Foster, H.L., Smith, J.D., and Fox, J.G., eds.), Vol.
ITI. New York, Academic Press, 159-91.

5. Lampert, P.W. (1978). Autoimmune and virus—induced
demyelinating diseases. A review. Amer. J. Pathol.
91: 176-208.



590

6.

7.

8.

9.

10.

11.

12.

13.

14,

15.

16.

17,

18.

19.

Stephen W. Barthold

Piazza, M. (1969). Experimental Viral Hepatitis.
Springfield: Charles C. Thomas.

Robb, J.A., Bond, C.W. (1980). Coronavirdae. In:
"Comprehensive Virology." (Fraenkel-Conrat, H. and
Wagner, R.R., eds.). Vol. 14, New York: Plenum Press,
193-247,

Siddell, S., Wege, H., TerMeulen, V. (1983). Review
article, The biology of coronaviruses., J. Gen.
Virol., 64: 761-76.

Sorensen, O., Coulter-Mackie, M., Percy, D., et al,
(1981). In vivo and in vitro models of demyelinating
diseases. Adv, Exp. Med. Biol. 142: 271-86.

Sturman, L.S., Holmes, K.V. (1983). The molecular
biology of coronaviruses, Adv. Virus Res. 28:
35-112.

Weiner, L.P., Stohlman, S.A. (1978). Viral models of
demyelination. Neurol. (NY) 28: 111-14,

Pederson, N.C., Ward, J,, Mengeling, W.L. (1978).
Antigenic relationship of the feline infectious
peritonitis virus to coronaviruses of other species.,
Archiv, Virol, 58: 45-53,

Barthold, S.W., Smith, A.L,, Lord. P.F.L., et al.
(1982). Epizootic coronaviral typhlocolitis in
suckling mice., Lab. Animal Sci. 32: 376-83.
Hierholzer, J.C., Broderson, J.R., Murphy, F.A,
(1979). New strain of mouse hepatitis virus as the
cause of lethal enteritis in dinfant mice. Infect,
Immun. 24: 508-22,

Smith, A.L., Casals, J., Main, A.J. (1983). Antigenic
characterization of Tettnang virus: complications
caused by passage of the virus in mice from a colony
enzootically infected with mouse hepatitis virus.
Amer, J. Trop., Med. Hyg. 32: 1172-6.

Cheley, S., Morris, V.L., Cupples, M.J., et al,
(1981). RNA and polypeptide homology among murine
coronaviruses., Virol., 115: 310-21.

Lai, M.M,, Fleming, J.0., Stohlman, S.A., et al.
(1983). Genetic heterogenicity of murine corona-
viruses, Archiv, Virol, 78: 167-75.

Barthold, S.W.,, Smith, A.L. (1983). Mouse hepatitis
virus S in weanling Swiss mice following intranasal
inoculation. Lab. Animal Sci. 33: 355-360.

Barthold, S.W., Smith, A.L. (1984). Mouse hepatitis
virus strain-related patterns of tissue tropism in
suckling mice. Archiv. Virol, 81: 103-112,




25. Mouse Hepatitis Virus: Biology and Epizootiology 591

20, Taguchi, F., Goto, Y., Aiuchi, M., et al. (1979).
Pathogenesis of mouse hepatitis virus infection. The
role of nasal epithelial cells as a primary target of
low-virulence virus, MHV-S. Microbiol. Immunol, 23:
249-62,

21. Bhatt, P,N., Jacoby, R.0.,, Jonas, A.M. (1977).
Respiratory infection in mice with sialodacryoadenitis

virus, a coronavirus of rats. Infect. Immun. 18:
823—7 3

22. Hasony, J.H., Macnaughton, M.R. (1982). Serological
relationships of the subcomponents of  human

coronavirus strain 229E and mouse hepatitis virus
strain 3. J. Gen. Virol. 58: 449-52,
23. Parker, J.C., Cross, S.S., Rowe, W.P. (1970). Rat

coronavirus (RCV): a prevalent, naturally occurring
pneumotropic virus of rats. Archiv. ges Virusforsch,
31: 293-302.

24. Hirano, N., Murakami, T., Taguchi, F. (1981),
Comparison of mouse hepatitis virus strains for
pathogenicity in weanling mice infected by various
routes. Archiv, Virol. 70: 60-73.

25. Hirano, N., Takenaka, S., Fujiwara, K. (1975).
Pathogenicity of mouse hepatitis virus for mice
depending upon host age and route of infection,
Japan, J. Exp. Med. 45: 285-92,

26, Taguchi, F,, Aiuchi, M., Fujiwara, K. (1977). Age-
dependent response of mice to a mouse hepatitis virus,
MHV-S. Japan. J. Exp. Med. 47: 109-15.

27. White, R.J. and Madin, S.H. (1964). Pathogenesis of
murine hepatitis. Route of infection and suscepti-
bility of the host. Amer. J. Vet. Res. 25: 1236-40.

28. Hirano, N., Tamura, T., Taguchi, F., et al. (1975).
Isolation of 1low virulent mouse hepatitis virus from
nude mice with wasting syndrome and hepatitis. Japan.
J. Exp. Med. 5: 429-32,

29, Taguchi, F., VYamada, A., Fujiwara, K. (1980).
Resistance to highly virulent mouse hepatitis virus
acquired by mice after low-virulence infection:
enhanced antiviral activity of macrophages. Infect.
Immun, 29: 42-9,

30. Barthold, S.W. (1985). Mouse hepatitis virus
infection, 1liver, mouse. In: "Monographs on
Pathology of Laboratory Animals, Digestive System."
(Jones, T.C., Mohr, U., and Hunt, R.D., eds.). pp.
134-159, Berlin: Springer-Verlag.



592 Stephen W. Barthold

31, Barthold, S.W. (1985). Mouse hepatitis virus
infection, intestine, mouse. In: "Monographs on
Pathology of Laboratory Animals, Digestive System."
(Jones, T.C., Mohr, U. and Hunt, R.D., eds), pp.
316-321, Berlin: Springer-Verlag.

32. Biggers, D.C., Kraft, L.M., Sprinz, H. (1964).
Lethal intestinal virus infection of mice (LIVIM). An
important new model for study of the response of the
intestinal mucosa to injury. Amer. J. Pathol. 45:
413-22.

33. 1Ishida, T., Fujiwara, K. (1979). Pathology of
diarrhea due to mouse hepatitis virus in the infant
mouse, Japan. J. Exp. Med. 49: 33-41,

34, 1shida, T., Taguchi, F., Lee Y-S. (1978). Isolation
of mouse hepatitis virus from infant mice with fatal
diarrhea. Lab., Animal Sci. 28: 269-76.

35. Sugiyama, XK., Amano, Y, (1980). Hemagglutination and
structural polypeptides of a new coronavirus asso-
ciated with diarrhea in infant mice. Archiv. Virol.
66: 95-105.

36. Sugiyama, K. and Amano, Y. (1981). Morphological and
biological properties of a new coronavirus associated

with diarrhea in infant mice. Archiv, Virol. 67:
241-51.

37. Bailey, 0.T., Pappenheimer, A.M., Cheever, F.S.
(1949). A murine virus (JHM) causing disseminated

encephaloymelitis with  extensive destruction of
myelin, II., Pathology. J. Exp. Med. 90: 195-221.

38. Manaker, R.A., Piczak, C.V., Miller A.A., et al.
(1961). A hepatitis virus complicating studies with
mouse leukemia. J. Nat. Cancer Inst, 27: 29-45.

39, Hirano, T., Ruebner, B.H. (1965). The effect of
murine hepatitis virus infection on lymphatic organs.
Lab., Invest., 14; 488-500.

40, Hunstein, W., Perings, E., Eggeling, B., et al.
(1969). Panmyelophthisis and viral hepatitis.
Experimental study with the MHV3 mouse hepatitis
virus. Acta. Haemat. 42: 366-46.

41, Dubois-Dalcq, M.E., Doller, E.W., Haspel, M.V., et al,
(1982). Cell tropism and expression of mouse
hepatitis viruses (MHV) in mouse spinal cord
cultures, Virol, 119: 317-31.

42. Dubois-Dalcq, M., Holmes, K., Doller, E., et al.
(1981). Cell tropism and expression of mouse
hepatitis viruses (MHV) in mouse spinal cord
cultures. J. Neuropathol. Exp. Neurol. 40: 329,



25. Mouse Hepatitis Virus: Biology and Epizootiology 593

43, Haspel, M.V., Lampert, P.W,, Oldstone, M.B.A. (1978).
Temperature-sensitive mutants of mouse hepatitis virus
produce a high incidence of demyelination. Proc. Nat.
Acad. Sci. USA, 75: 4033-6.

44, Knobler, R.L., Dubois-Dalcq, M., Haspel, et al.
(1981). Selective 1localization of wild-type and
mutant mouse hepatitis virus (JHM strain) antigens in
CNS tissue by fluorescence, light and electron
microscopy. J. Neuroimmunol, 1: 81-92,

45, Knobler, R.L., Haspel, M.V., Dubois-Dalcq, M., et al.
(1981). Host and virus factors associated with CNS
cellular tropism leading to encephalomyelitits or
demyelination induced by the JHM strain of mouse
hepatitis virus. Adv. Exp. Med. Biol. 142: 341-8.

46. Knobler, R.L., Haspel, M.V., Oldstone, M.B.A. (1981).

; Mouse hepatitis virus type 4 (JHM strain) induced
fatal central nervous system disease. I. Genetic
control and the murine neuron as the susceptible site
of disease. J. Exp. Med. 153: 832-43.

47, Lucas, A., Flintoff, W., Anderson, R., et al. (1977).
In vivo and in yvitro models of demyelinating

diseases: tropism of the JHM strain of murine
hepatitis virus for cells of glial origin. Cell 12:
553-60.

48. Robb, J.A., Bond, C.W., Leibowitz, J.L. (1979).
Pathogenic murine coronaviruses, III. Biological and
biochemical characterization of temperature-sensitive
mutants of JHMV. Virol. 94: 385-99.

49. Carthew, P., Sparrow, S. (1981). Murine corona-
viruses: the histopathology of disease induced by
intranasal inoculation. Rev. Vet. Sci. 30: 270-3.

50, Furuta, T., Goto, Y., Tamura, T., et al. (1979).
Pulmonary vascular lesions in nude mice persistently
infected with mouse hepatitis virus. Japan. J. Exp.
Med. 49: 423-8.

51. Rowe, W., Hartley, J., Capps, W. (1963). Mouse
hepatitis virus infection as a highly contagious,
prevalent, enteric infection in mice. Proc. Soc. Exp.
Biol. Med. 112: 161-5.

52. Ward, J.M., Collins, M.J., Parker, J.C. (1977).
Naturally occurring mouse hepatitis virus infection in
the nude mouse. Lab. Animal Sci. 27: 372-6.

53. Goto, N., Hirano, N., Aiuchi, M., et al. (1977).
Nasoencephalopathy of mice infected intranasally with
mouse hepatitis virus, JHM strain, Japan. J. Exp.
Med. 47: 59-70.



594 Stephen W. Barthold

54, Herndon, R.M., Price, D.L., Weiner, L.P. (1977).
Regeneration of oligodendroglia during recovery from
demyelinating disease. Science 195: 693-4.

55, Lampert, P.W., Sims, J.K., Kniazeff, A.L. (1973).
Mechanism of demyelination in JHM virus encephalo-
myelitis. Electron microscopic studies. Acta.
Neuropathol. (Berl.). 24: 76-85.

56, Powell, H., Lampert, P. (1975). Oligodendrocytes and
their myelin-plasma membrane connections in JHM mouse
hepatitis virus encephalomyelitis. Lab. Invest. 33:
440-5,

57. Weiner, L. (1973). Pathogenesis of demyelination
induced by a mouse hepatitis virus (JHM virus). Arch.
Neurol. 28: 298-303.

58. Virelizier, J.L., Dayan, A.D., Allison, A.C. (1975).
Neuropathological effects of persistent infection of
mice by mouse hepatitis virus. Infect. Immun. 12:
1127-40.

59, Stohlman, S.A., Frelinger, J.A. (1978). Resistance to
fatal central nervous system disease by mouse
hepatitis virus, strain JHM. I. Genetic analysis.
Immunogenetics 6: 277-81,

60. Fujiwara, X., Tamura, T., Taguchi, F., et al, (1977).
Wasting disease in nude mice infected with
facultatively virulent mouse hepatitis virus. In:
"Proc. Second Int. Workshop on Nude Mice." (Nomura,
T., Ohsawa, N., Tamaoki, N. and Fujiwara, R., eds.).
Tokyo: University of Tokyo Press, 53-60.

6l. Gallily, R., Warwick, A., Bang, F.A. (1964). Effect
of cortisone on genetic resistance to mouse hepatitis
virus in vivo and in vitro. Proc. Natl. Acad. Sci.
USA 51: 1158-64.

62, Le Prevost, C., Levy-Leblond, E., Virelizier, J., et
al. (1975). TImmunopathology of mouse hepatitis virus
type 3 infection. I. Role of humoral and cell-
mediated  immunity in resistance mechanisms. J.
Immunol. 114: 221-5.

63. Ruebner, B.H., Bramhall, J.L. (1960). Pathology of
experimental virus hepatitis in mice. Archiv. Pathol.
69: 190-8.

64, Sheets, P., Shah, KX.V., Bang, F.B. (1978). Mouse
hepatitis virus (MHV) dinfection in thymectomized C3H
mice. Proc. Soc. Exp. Biol. Med. 159: 34-8.

65. Tamura, T., KXai, C., Sakaguchi, A. (1979). The role
of macrophages in the early resistance to mouse
hepatitis virus infection in nude mice. Microbiol.
Immunol. 23: 965-74.




25. Mouse Hepatitis Virus: Biology and Epizootiology 595

66. Datta, D.V., Isselbacher, K.J. (1981). Effect of
corticosteroids on mouse hepatitis virus infection.
Gut 10: 522-9.

67. Stohlman, S.A., Weiner, L.P. (1981). Chronic central
nervous system demyelination in mice after JHM
infection. Neurol. 31: 38-44,

68. Le Prevost, C., Virelizier, J., Dupuy, J. (1975).
Immunopathology of mouse hepatitis virus type 3

infection. ITI. Clinical and virologic observation
of a persistent viral infection. J. Immunol, 115:
640-3.

69. Herndon, R., Griffin, D., McCormick, V., et al.
(1975). Mouse hepatitis virus-induced recurrent
demyelination. A preliminary report., Archiv, Neurol.
32: 32-5,

70. Knobler, R.L, Lampert, P.W., Oldstone, M.B.A. (1982).
Virus persistence and recurrent demyelination produced
by a temperature-sensitive mutant of mouse hepatitis
virus, Nature 298: 279-80.

7t. Knobler, R.L., Tunison, L.A., Lampert, P.W., et al.
(1982). Selected mutants of mouse hepatitis virus
type 4 (JHM strain) induce different CNS diseases.
Pathobiology of disease induced by wild type and
mutants ts 8 and ts 15 in BALB/c and SJL/J mice.
Amer. J. Pathol. 109: 157-68.

72. Ishida, T., Tamura, T., Uedak, et al. (1978).
Hepatosplenic myelosis in the nude mouse naturally
infected with mouse hepatitis virus, Japan. J. Vet.
Sci. 40: 739-43.

73. Tamura, T., Taguchi, F., Ueda, F., et al. (1977).
Persistent infection with mouse hepatitis virus of low
virulence in nude mice. Microbiol. Immunol., 21:
683-91.

74. Hirano, N., Goto, N., Makino, S., et al. (1981).
Persistent infection with mouse hepatitis virus, JHM
strain in DBT cell culture. In: "Biochemistry and
Biology of Coronaviruses." (ter Muelen, V., Siddel,
S., and Wege, H., eds.). Plenun, 301-8.

75. Lucas, A., Coulter, M., Anderson, R., et al. (1978).
In wvivo and in vitro models of demyelinating
diseases. 1I. Persistence and host-regulated thermo-
sensitivity in cells of neural derivation infected
with mouse hepatitis and measles viruses. Virol. 88:
325-37.

76. Mizzen, L. Cheley, S., Rao., M., et al. (1983).
Fusion resistance and decreased infectability as major
host cell determinants of coronaviruses persistence,
Virol. 128: 407-17.



596 Stephen W. Barthold

77. Sabesin, S.M. (1972). Isolation of a latent murine
hepatitis virus from cultured mouse liver cells. Am.
J. Gastroenterol. 58: 259-74.

78. Stohlman, S.A., Sakaguchi, A.Y., Weiner, L.P. (1979).
Characterization of the cold-sensitive murine
hepatitis virus mutants rescued from latently infected
cells by cell fusion. Virol. 98: 448-55,

79. Stohlman, S.A., Weiner, L.P. (1978)., Stability of
neurotropic mouse hepatitis virus (JHM strain) during
chronic dinfection of neuroblastoma cells. Archiv,
Virol. 57: 53-61.

80. Bang, F., Warwick, A. (1960). Mouse macrophages as
host cells for the mouse hepatitis virus and the
genetic basis for their susceptibility. Proc. Natl,
Acad. Sci. 46: 1065-75.

81. Gallily, R., Warwick, A., Bang, F.B. (1966). Ontogeny
of macrophage resistance to mouse hepatitis in vivo
and in vitro, J. Exp. Med. 125: 537-48.

82. Taguchi, F., Yamada, A., Fujiwara, K. (1979). Factors
involved in the age-dependent resistance of mice
infected with low virulence mouse hepatitis virus.
Archiv. Virol. 62: 333-40.

83. Stohlman, S.A., Frelinger, J.A., Weiner, L.P. (1980).
Resistance to fatal central nervous stystem disease by
mouse hepatitis virus, strain JHM.II. Adherent cell
mediated protection. J. Immunol. 124: 1733-9,

84, Stohlman, S.A., Woodward, J.G., Frelinger, J.A.
(1982). Macrophage antiviral activity: extrinsic
versus intrinsic activity. Infect. Immun. 36: 672-7,

85. Kantoch, M., Warwick, A., Bang, F.B. (1963). The
cellular nature of genetic susceptibility to a virus.
J. Exp. Med., 117: 781-98,

86. Shif, I., Bang, F.B. (1970). In vitro interaction of
mouse hepatitis virus and macrophages from genetically
resistant mice. I. Adsorption of virus and growth
curves, J. Exp. Med. 131: 843-50.

87. Stohlman, S.A., Frelinger, J.A, (1981). Macrophages
and resistance to JHM virus CNS infection. Adv. Exp.
Med. Biol. 142: 387-98,

88. Taguchi, F., Hirano, N., Kiuchi, Y., et al. (1976).
Response to mouse hepatitis virus among susceptible
mouse strains., Japan. J. Microbiol. 20: 293-302.

89. Virelizier, J., Allison, A.C. (1976). Correlation of
persistant mouse hepatitis virus (MHV-3) infection
with its effect on mouse macrophage cultures. Archiv.
Virol, 50: 279-85.



25. Mouse Hepatitis Virus: Biology and Epizootiology 597

90. Weiser, S.Y., Bang, F.B., (1977). Blocking of in vitro
and in vivo susceptibility to mouse hepatitis virus,
J. Exp. Med. 146: 1467-72.

91. Willenborg, D., Shah, K., Bang, F. (1973). Effect of
cyclophosphamide on the genetic resistance of C3H mice
to mouse hepatitis virus. Proc. Soc. Exp. Biol., Med.
142: 762-6.

92, Arnheiter, H., Baechi, T., Haller, O. (1982). Adult
mouse hepatocytes in primary monolayer culture express
genetic resistance to mouse hepatitis virus type 3.
J. Immunol. 129: 1275-81.

93. Yamada, A., Taguchi, F., Fujiwara, K. (1979). T
lymphocyte—-dependent difference in  susceptibility
between DDD and C3H mice to mouse hepatitis virus,
MHV-3, Japan. J. Exp. Med. 49: 413-21.

94, Levy-Leblond, E., Dupuy, J.M. (1977). Neonatal
susceptibility to MHV3 infection in mice. 1I. Transfer
of resistance. J. Immunol, 118: 1219-22,

95, Weiser, W., Bang, F.B. (1976). Macrophages genetic-
ally resistant to mouse hepatitis virus converted in
vitro to susceptible macrophages. J. Exp. Med. 143:
690-95.

96, Virelizier, J-L., Allison, A.C., DeMaeyer, E. (1977).
Production by mixed Ilymphocyte cultures of a type II
interferon able to protect macrophages against virus
infections. Infect. Immun. 17: 282-5.

97. Virelizier, J~L., Gresser, I. (1978). Role of
interferon in the pathogenesis of viral diseases of
mice as demonstrated by the use of anti-interferon
serum, V. Protective role in mouse hepatitis virus
type 3 infection of susceptible and resistance strains
of mice. J. Immunol. 120: 1616-9.

98. Lavelle, G., Starr, T. (1969). Relationship of
phagocytic  activity to  pathogenicity of mouse
hepatitis virus as affected by triolein and
cortisone. Brit. J. Exp. Pathol. 50: 475-9,

99, Warren, J., Mason, R., Barbosa, L., et al. (1968).
Increased susceptibility of murine hepatitis virus
infection by treatment with diron salts. Proc. Soc.
Exp. Biol. Med. 129: 637-42.

100. Williams, D.L., DilLuzio, N.R. (1980). Glucan-induced
modification of murine viral hepatitis. Science 208:
67-9.

101. Schindler, L., Engler, H., Kirchner, H. (1982).
Activation of natural killer cells and induction of
interferon after injection of mouse hepatitis virus
type 3 in mice. Infect. Immun. 35: 869-73.



598

102,

103.

104,

105.

106.

107,

108.

109.

110.

111.

112,

113.

Stephen W. Barthold

Lavelle, G.C., Starr, T.J. (1968). Interferon
response and age-related resistance of germfree mice
to mouse hepatitis virus. J. Reticuloendoth. Soc. 5:
422-36,

Lavelle, G.C., Bang, F,B. (1973). Differential growth
of MHV (PRI) and MHV (C3H) in genetically resistant
C3H mice rendered susceptible by Eperythrozoon
infection. Archiv, ges Virusforsch., 41: 175-84,
Dupuy, J., Levy-Leblond, E., LePrevost, C., (1975),
Immunopathology of mouse hepatitis virus type 3
infection. IT1. Effect of Jimmunosuppression in
resistant mice. J, Immunol, 114: 226-30.

Fujiwara, XK. Ohno, E., Kadowaki, Y., et al. (1978).
Modification de 1la reponse de la souris (nude) contre
le virus de 1l'hepatite murine par transfert des
cellules splenique heterozygotes., Comptes Rend. Soc.
Biol. 172: 814-8.

Kai, C., Tamura, T., Fujiwara, K. (1981). Effect of
immune heterozygous spleen cell transfer on resistance
to mouse hepatitis virus infection in nude mice,
Microbiol. Immunol., 25: 1011-8.

Tardieu, M., Hery, C., Dupuy, J.M. (1980). Neonatal
susceptibility to MHV3 infection in mice. II. Role
of natural effector marrow cells in transfer
resistance., J. Immunol, 124: 418-23.

Hasony, H.J., Macnaughton, M.R. (1981).. Antigenicity
of mouse hepatitis virus strain 3 subcomponents in C57
strain mice. Archiv. Virol. 69: 33-41.

Levy-Leblond, E., Oth, D., Dupuy, J.M. (1979).
Genetic study of mouse sensitivity to MHV3 infection:
influence of the H-2 complex. J. Immunol. 122:
1359-62.

Tisdale, W,A. Potentiating effects of K-virus on mouse
hepatitis virus (MHV-S) in weanling mice. Proc. Soc.
Exp. Biol, Med, 114: 774-7.

Chany, C., Robbe-Maridor, F. (1969). Enhancing effect
of the murine sarcoma virus (MSV) on the replication
of the mouse hepatitis virus (MHV) in vitro. Proc.
Soc, Exp, Biol. Med. 131: 30-5.

Gledhill, A.W. (1961). Enhancement of the patho-
genicity of mouse hepatitis virus (MHV1) by prior
infection of mice with certain leukemia agents. Brit.
J. Cancer 15: 531-8.

Warren, X.S., Rosenthal, M.S., Domingo, E.O. (1969).
Mouse hepatitis virus (MHV3) infection in chronic
murine schistosomiasis mansoni, Bull, NY Acad. Med.
45: 211-24,



25. Mouse Hepatitis Virus: Biology and Epizootiology 599

114. Barthold, S.W., Smith, A.L., Povar, M.L. (1985).
Enterotropic mouse hepatitis virus infection in nude
mice., Lab. Animal Sci. 35: 613-618.

115. Brownstein, D.G,, Barthold, S.W. (1982). Mouse
hepatitis immunofluorescence in formalin- or Bouin's-
fixed tissues wusing trypsin digestion. Lab. Animal
Sci., 32: 37-9.

116, Smith, A.L. (1986). Detection methods for rodent
viruses. In: "Complications of Viral and Mycoplasmal
Infections in Rodents to Toxicology Research and
Testing."  (Hamm, T.A., ed.). Chapter 6, pp. 123~142,
Washington, D.C,: Hemisphere.

117. Boorman, G.A., Luster, M.I., Dean J.H., et al.
(1982), Peritoneal and macrophage alterations caused
by naturally occurring mouse hepatitis virus. Amer.
J. Pathol, 106: 110-47.

118. Peters, R.L., Collins, M.J., Jr. (1983). The
enzyme-linked immunosorbent assay for mouse hepatitis
and rat coronaviruses. Lab, Animal 12: 18-25,

119. Peters, R.,L, Collins, M.J., O'Beirne, A.J., et al,
(1979). Enzyme-linked  immunosorbent assay for
detection of antibodies to murine hepatitis virus. J.
Clin, Microbiol. 10: 595-7.

120. Smith, A.L. (1983). An immunofluoresence test for
detection of serum antibody to rodent coronaviruses.
Lab. Animal Sci. 33: 157-160.

121. Tamura, T., Fujiwara, K. (1979). IgM and IgG response
to sheep red blood cells in mouse hepatitis virus-
infected nude mice. Microbiol. Immunol. 23: 177-83.

122, Ishida, T., Fujiwara, K. (1982), Maternally derived
immune resistance to fatal diarrhea in infant mice due
to mouse hepatitis virus, Japan. J. Exp. Med. 52:
231-5,

123. Katami, K., Taguchi, F., Nakayama, M., et al. (1978).
Vertical transmission of mouse Thepatitis virus
infection in mice. Japan. J. Exp. Med. 48: 481-90.

124, Piccinino, F., Galanti, B., Giusti, G. (1966). Lack
of transplacental transmissibility of MHV-3 virus.
Archiv., ges Virusforsch. 18: 327-32,

125, Taguchi, F., Yamada, A., Fujiwara, F. (1979). Asymp-
tomatic infection of mouse hepatitis virus in the
rat. Archiv. Virol. 59: 275-9,

126, Yamaguchi, R., Taguchi, F. Yamada, A., et al. (1982).
Pathogenicity of sialodacryoadenitis virus for rats
after brain passages in suckling mice. Japan. J. Exp.
Med. 52: 45-8.



600

127.

128,

129,

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Stephen W. Barthold

Braunsteiner, H., Friend, C. (1954). Viral hepatitis
associated with transplantable mouse leukemia. I.
Acute hepatic manifestations following treatment with
urethane or methylformamide, J. Exp. Med. 100:
665-77.

Moudgil, G.C. (1973). Influence of halothane on
mortality from murine hepatitis virus (MHV3). Brit.
J. Anaesth. 45: 1236,

Cacciatore, L. Antoniello, S., Valentino, B. et al.
(1972), Enzymatic activities of the first two steps
of liver HEME biosynthesis in experimental MHV-3 viral
hepatitis. Enzyme 13: 224-32.

Ruebner, B.H., Miyai, K. (1961). Effect of a
necrogenic yeast diet on viral hepatitis (MHV-3) in
mice. Proc. Soc. Exp. Biol, Med. 107: 437-9.

Akimaru, K., Stuhlmiller, G.M., Seigler, H.F. (1981).
Influence of mouse hepatitis virus on the growth of
human melanoma in the peritoneal cavity of the athymic
mouse, J. Surg. Oncol. 17: 327-39.

Fox, J.G., Murphy, J.C., Igras, V.E. (1977). Adverse
effects of mouse hepatitis virus on ascites myeloma
passage in the BALB/cJ mouse. Lab. Animal Sci. 27:
173-9.

Nelson, J. (1959). Emergence of hepatitis virus in
mice infected with ascites tumor. Proc. Soc. Exp.
Biol. Med. 102: 357-60.

Kyriazis, A.,P., DiPersio, L., Michael, J.G., et al.
(1979). Influence of the mouse hepatitis virus (MHV)
infection on the growth of human tumors in the athymic
mouse. Int, J. Cancer 23: 402-9,

Sturman, L.S., Takemoto, K.K. (1972). Enhanced growth
of a murine coronavirus in transformed mouse cells.
Infect., Immun. 6: 501-7.

Yoshikura, H., Taguchi, F. (1978). Mouse hepatitis
virus strain MHV-S: formation of pseudotypes with a
murine leukemia virus envelope. Intervirol., 10:
132-6.

Kiuchi, Y., Tamura, T., Fujiwara, K. (1974).
Detection of alpha fetoprotein in mice infected with
mouse hepatitis virus. Japan., J. Exp. Med. 44:
271-5.

Tiensiwakul, P,, Husain, S.S. (1979). Effect of mouse
hepatitis virus dinfection on iron retention in the
mouse liver., Brit. J. Exp. Pathol, 60: 161-6.
Carthew, P. (1981). Inhibition of the mitotic
response 1in regenerating mouse liver during viral
hepatitis. Infect. Immun. 33: 641-2.



25. Mouse Hepatitis Virus: Biology and Epizootiology 601

140, Piazza, M., Piccinio, F., Matano, F. (1965). Hema-
tological changes in viral (MHV-3) murine hepatitis.
Nature 205: 1034-5.

141, Levy, G.A,, Leibowitz, J.L., Edgington, T.S. (1981).
Induction of monocyte procoagulant activity by murine
hepatitis virus type 3 parallels disease suscepti-
bility in mice. J. Exp. Med. 154: 1150-63.

142, Bia, F.J., Thornton, G.F., Main A.J., et al. (1980).
Western equine encephalitis mimicking Herpes simplex
encephalitis. J. Am. Med. Assoc. 244: 367-9.

143, Gerdes, J.C., Klein, I, DeVald, B.L., et al., (1981).
Coronavirus isolates SK and SD from multiple sclerosis
patients are serologically related to murine
coronaviruses A59 and JHM and human coronavirus 0C43,
but not to human coronavirus 229E, J. Virol. 38:
231-8.

144, Nuttall, P.A,, Harrap, K.A. (1982), Isolation of a
coronavirus during studies on puffinosis, a disease of
the manx shear-water (Puffinus puffinus). Archiv,
Virol., 73: 1-13.

145, Virelizier, J-L., Virelizier, A-M., Allison, A.C.
(1976). The role of circulating interferon in the
modifications of immune responsiveness by mouse
hepatitis virus (MHV-3). J. Immunol. 117: 748-53.

146, Smith, A.L., Tattersall, P.J., Winograd, D.F., et al.
Immunomodulation by Mouse hepatitis virus, minute
virus of mice and Sendai virus is dependant upon virus
strain and host genotype, submitted.

147. Carrano, V., Barthold, S.W., Beck, D.L., et al,
(1984), Alteration of viral respiratory infections of
mice by prior infection with mouse hepatitis virus.
Lab. Animal Sci. 34: 573-6.

148. Gledhill, A.W., Bilbey, D.L.J., Niven, J.S.F. (1965).
Effect of certain murine pathogens on phagocytic
activity. Brit. J. Exp. Pathol. 46: 433-42,

149. Tamura, T., Sakaguchi, A., Kai, C., et al. (1980).
Enhanced phagocytic activity of macrophages in mouse
hepatitis virus-infected nude mice. Microbiol.
Immunol., 24: 243-7.

150. Scheid, M.P., Goldstein, G., Boyse, E.A. (1975).
Differentiation of T cells in nude mice. Science
190: 1211-3.

151. Tamura, T., Machii, K., Ueda, K. et al. (1978).
Modification of immune response in nude mice infected
with mouse hepatitis virus. Microbiol., Immunol. 22:
557-64.




