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Temperature-sensitive (¢5) mutants of mouse hepatitis virus A59 (MHV-A59) are drastically attenuated in
their pathogenic properties. Intracerebral inoculation of mice with 10° PFU of mutant #5342 results in
prolonged infection of the central nervous system, whereas 100 PFU of wild-type virus are lethal (M. J. M.
Koolen, A. D. M. E. Osterhaus, G. van Steenis, M. C. Horzinek, and B. A. M. van der Zeijst, Virology
125:393-402, 1983). In the Sac(—) cell line #5342 grows as well at 37°C (the body temperature of mice) as at 31°C
(the permissive temperature). There is, however, a difference in primary cultures of mouse brain astrocytes.
After infection with #5342, astrocytes produced low levels of infectious virus (5.2 + 3.7%) compared with virus
yields after infection with wild-type virus. The fraction of wild-type virus- and ¢s342-infected cells was similar.
Electron microscopy showed in wild-type virus-infected cells abundant virions in smooth vesicles usually closely
associated with a well-developed Golgi apparatus. In mutant-infected cells no mature ¢s342 virus particles were
found. There was no difference between #5342 and wild-type virus regarding the intracellular virus-specific
RNAs. In ts342-infected cells the viral glycoproteins E2 and E1 were not detectable or were barely detectable.
Either the mRNAs for the glycoproteins are not translated or the proteins are rapidly broken down. Revertants
of ts342 were isolated. They grew as well as wild-type virus in astrocytes, indicating that (i) they apparently
produced sufficient amounts of E2 and E1, (ii) the fs defect itself rather than a second site mutation is
responsible for the defect in replication, and (iii) the #s defect acts in unison with host-cell factors. The

revertants also regained the lethal properties of wild-type virus.

Murine coronaviruses have been used to study virus-
induced chronic demyelinating disease (36). Most investiga-
tions have been carried out with the JHM strain of mouse
hepatitis virus (MHYV), isolated from mice with hind-leg
paralysis (4). JHM and other MHV strains occur endemi-
cally in mouse colonies, many of which have antibodies
against MHV (7, 27). The clinical picture varies from hepa-
titis and, in young mice, enteric infection to neurological
disease (36). Experimental infection with the original JHM
strain was found to cause demyelination (1).

Immunologically naive mice die from acute encephalomy-
elitis after infection with high virus doses of MHV, whereas
low doses do not infect all animals; this experimental prob-
lem has been overcome by the use of temperature-sensitive
(zs) mutants. Haspel et al. (10) have shown that high doses of
a particular mutant (¢s8) of MHV-JHM are not lethal but lead
to a high incidence of demyelination. This mutant differs
from wild-type virus in that it does not infect neurons but
only nonneuronal cells such as oligodendrocytes and
astrocytes (6, 14).

We chose strain A59 (MHV-A59) to study the interaction
of this virus with cells of the central nervous system.
MHV-AS9 was isolated from mice with hepatic disease (19);
at the moment it is undoubtedly the best-characterized
coronavirus (26, 28, 31, 33). Lavi et al. (17) demonstrated
that wild-type MHV-AS9 is also neurotropic after experi-
mental infection. Koolen et al. (15) showed that some ts
mutants of MHV-A59 no longer cause acute fatal encepha-
litis in mice but instead cause prolonged demyelinating
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disease. The mutants have been induced chemically, but
similar mutations might arise in nature, owing to the
hypermutability of RNA genomes (11).

One mutant (zs342) has been studied in more detail.
Demyelination was observed as early as 3 days after
intracerebral inoculation (M. J. M. Koolen, W. Wouda, J.
Calafat, M. C. Horzinek, and B. A. M. van der Zeijst,
submitted for publication). Surprisingly, in Sac(—) cells, a
permanent cell line, #5342 grew equally well at 37°C (the
body temperature of mice) and at 31°C (the permissive
temperature); the zs defect only became apparent between
37°C and the restrictive temperature (40°C). The aim of the
present study was to characterize in more depth the inter-
action between #5342 and cells of the nervous system. Since
primary brain cultures consisting of different types of brain
cells did not have one specific target cell for 15342 (M. J. M.
Koolen, J. Calafat, W. Wouda, M. F. van Berlo, M. C.
Horzinek, and B. A. M. van der Zeijst, submitted for
publication), we chose astrocytes as an initial approach.
Astrocytes play an important role in the functioning brain
and can be obtained in pure cultures (9).

MATERIALS AND METHODS

Cells and viruses. Mouse L cells obtained from F.
Lehmann-Grube, Hamburg, Federal Republic of Germany,
and Sac(—) cells, a Moloney sarcoma virus-transformed cell
line defective in virus production (37), were grown in
Dulbecco modified Eagle medium containing 10% fetal calf
serum and supplemented with 100 IU of penicillin per ml and
100 p.g of streptomycin per ml (DMEM-10% FCS).

Primary cultures of dissociated central nervous system
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old embryonal mouse brains. The same field was photographed
twice: (A) phase-contrast microscopy; (B) indirect immunofluores-
cence staining for glial fibrillary acidic protein.

cells were obtained from the cerebral hemispheres of ap-
proximately 14-day-old BALB/c mouse embryos. The sera
of the pregnant mice used (Centraal Proefdierenbedrijf,
TNO, Zeist, The Netherlands) were shown to be negative for
anti-MHYV antibodies both in a plaque reduction assay and in
an immunofluorescence assay (29). Brains of about eight
fetuses were rinsed in phosphate-buffered saline (PBS), and
meningeal material was removed. A cell suspension was
obtained by mechanical dissociation. About 10° cells were
suspended in DMEM-10% FCS supplemented with 10%
heat-inactivated horse serum and 80 IU of insulin per liter
and seeded on glass cover slips (18 by 18 mm) in 35-mm petri
dishes. Cultures were maintained at 37°C in a CO, incubator
at 100% humidity for 7 days. During this period, the cells
were refed twice the fresh medium. Virus stocks of MHV-
AS9 and 15342 were prepared as described previously
(15).

Virus was plaque titrated on L cells (15) with an overlay
containing 1.5% Bacto-Agar (Difco Laboratories, Detroit,
Mich.) in DMEM-1% FCS. Plaques were read after 1 day at
37°C or 2 days at 31°C.

Kinetics of virus growth. Sac(—) cells and brain cells,
grown on cover slips (10 by 10 mm) in 16-mm tissue culture
clusters were infected at a density of 4 x 10° cells with 50
PFU per cell in 0.1 ml of DMEM-3% FCS. After 1 h at 37°C,
the inoculum was removed and replaced by 1 ml of
DMEM-10% FCS after washing the cells twice with DMEM.
At 2 h postinfection (p.i.), the cells were washed again, and
fresh medium was added. Culture fluids were collected at
appropriate intervals, and infectious virus was assayed by
plaque titration.

Antisera and indirect immunofluorescence. Anti-MHV-A59
serum raised in a rabbit (25) or in mice (30) was used. Both
sera recognize the nucleocapsid protein and the two viral
glycoproteins, E1 and E2. Rabbit anti-glial fibrillary acidic
protein serum was a gift of M. C. Raff, University College
London, United Kingdom. For fluorescent-antibody stain-
ing, cover slip cultures were fixed in 5% acetic acid in
ethanol at —20°C for 10 min. After washing with PBS, the
cells were incubated for 30 min with the immunoglobulin G
(IgG) fraction from the rabbit anti-MHV-AS9 serum (1:30
dilution in PBS) or with anti-glial fibrillary acidic protein
serum (1:200), followed by extensive rinsing with PBS and a
further incubation for 30 min with fluorescein isothiocya-
nate-labeled sheep IgG directed against rabbit IgG (1:50)

ABORTIVE INFECTION OF MHV-A59 IN MOUSE ASTROCYTES 427

(Miles-Yeda Ltd., Rehovot, Israel). After washing in PBS,
the cover slips were mounted in PBS-glycerol (1:1).

Electron microscopy. Brain cells were grown in 35-mm
tissue culture dishes and infected as described above. At 26
h p.i. an equal volume of fixative (2.5% glutaraldehyde in 0.1
M cacodylate buffer, pH 7.2) was added to the medium.
After washing with cacodylate buffer, the cells were
postfixed for 1 h in 1% osmium tetroxide in the same buffer.
The monolayers were scraped off the dishes with a rubber
policeman, pelleted by centrifugation, dehydrated, and em-
bedded in a mixture of Epon and Araldite. Thin sections
were stained with uranyl acetate and lead hydroxide and
examined with a Philips EM 301 electron microscope.

Analysis of virus-specific proteins and RNAs in cells infected
with wild-type MHV-AS9 and #5342, Sac(—) and brain cells
grown on cover slips (20 by 20 mm) in 35-mm tissue culture
dishes were infected as described above. For protein label-
ing Sac(—) cells were labeled from 7 to 9 h p.i. and brain cells
were labeled from 22 to 24 h p.i. with 1 ml of methionine-
deficient minimal essential medium supplemented with 5%
FCS and 25 uCi of [*SImethionine (1,230 Ci/mmol; The
Radiochemical Centre, Amersham, United Kingdom). After
the labeling period, the cover slips were rinsed with cold
PBS, and the cells were lysed for 5 min in 0.15 ml of lysis
buffer (15). Lysates were centrifuged for S min at 10,000 X g
and then processed directly or stored at —70°C.

Virus-specific proteins were immunoprecipitated from
75-pl portions of the lysates with 10 ul of mouse anti-MHV-
A59 serum by previously described methods (15). To reduce
the aspecific background in immunoprecipitates of infected
brain cells, lysates were preincubated with 10 pl of
antigalactocerebroside serum and 200 ul of a 10% Staphylo-
coccus aureus suspension before virus-specific proteins
were immunoprecipitated. Samples were electrophoresed in
15% acrylamide-0.085% bisacrylamide gels (25). Proteins
were visualized by fluorography on preflashed Fuji RX film
at —70°C (16).

For RNA analysis, the cells were incubated in the pres-
ence of 1 ug of actinomycin D per ml starting 6 h p.i. for
Sac(—) cells or 15 h p.i. for brain cells. One hour later,
[*Hluridine (50 pCi/ml, 28 Ci/mmol; The Radiochemical
Centre) was added, and the cells were labeled until 9 or 22 h
p.i. for Sac(—) or brain cells, respectively. After this period,
they were washed, and RNA was isolated by phenol extrac-
tion as described previously (13). RNAs were glyoxal
denaturated and analyzed by electrophoresis in urea-
containing agarose gels (30).

Isolation of revertants of £s342. 15342 was plaque titrated at
40°C with an overlay containing 0.4% agarose (E. Merck
AG, Darmstadt, Federal Republic of Germany). Well-
isolated plaques were removed, diluted in 0.5 ml of
DMEM-3% FCS, and replaqued at both 31 and 40°C. One
isolate with similar titers at both temperatures was recloned,
and a stock was prepared. Two other revertants were
isolated and recloned by endpoint-dilution titration at 40°C.
Plaque titration of ts342 at 40 and 31°C gave a ratio of about
107>, compared with 1.5 to 8 for the revertants or wild-type
virus.

RESULTS

Primary brain cell cultures. The embryonal mouse brain
cell cultures reached confluency after about 7 days. Figure 1
shows that most of the cells in the cultures (80 to 90%) were
positive for glial fibrillary acidic protein, an astrocyte marker
(2). Some neurons could be demonstrated by Nissl staining,
and a few microglial-like cells filled with cell debris were
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observed. Oligodendrocytes could not be detected in these
cultures by staining with antigalactocerebroside serum.

Kinetics of virus growth and synthesis of viral antigens.
MHV-A59 and #5342 virus had similar single-cycle kinetics
of virus growth in Sac(—) cells at 37°C (Fig. 2A). Also, the
amount of viral antigen and the percentage of infected cells,
as detected by immunofluorescence, were similar in cells
infected with both virus strains. At 4 h p.i. viral antigen was
first observed; small syncytia appeared 2 h later. At 10 h p.i.
all the cells had fused.

In mouse brain cells the production of infectious wild-type
MHV-A39 and 15342 followed different kinetics (Fig. 2B). A
maximum virus yield of wild-type virus was obtained at 20 h
p.i. t5342 grew at a slower rate than wild-type virus, and final
virus titers were much lower. Although the astrocyte cul-
tures were infected at a multiplicity of infection of 50, the
fraction of antigen-containing cells was initially much
smaller than in Sac(—) cells. Apparently the astrocyte cul-
tures were more resistant to infection with both wild-type
virus and ts342. With increasing time after infection, all cells
eventually became antigen positive (Table 1). There was no
difference in the intracellular distribution of antigens in cells
injected with wild-type or mutant virus. The increase in
antigen-positive cells could be the result of multiple cycles of
replication of both viruses in astrocytes. Such an assumption
is supported by the kinetics of production of extracellular
virus (Fig. 2B).

The progeny yield of infectious 75342 varied somewhat
between experiments. It could be as low as 1.4% compared
with that of wild-type virus. The average of four experiments
was 5.2 = 3.7%. This residual yield was still temperature
sensitive and thus not due to revertants. It might be progeny
from the small fraction of other cell types present in the
cultures.

The low yield of infectious virus from ts342-infected
astrocytes, while viral antigens were distributed in the same
way and present in the same fraction as in wild type-infected
astrocytes, suggests that there is a defect in the maturation
of 5342 in astrocytes.

Electron microscopy of virus-infected mouse brain cells. In
wild-type virus-infected cells virus particles were abundant
(Fig. 3). Budding and free virions were detected in cisternae
of smooth membranes. Free virions resembling those seen in
vacuoles were also observed in the extracellular space. In all
virus particles the nucleocapsid was visible, consisting of
electron-dense granularlike material almost completely
filling the viral core (Fig. 3a) (20). Tubular bodies, as
described by David-Ferreira and Manaker (5), consisting of
smooth membrane were observed in the cytoplasm. In
ts342-infected cells no virus particles were seen. In some
cells, however, a system of cytoplasmic sheets of smooth
membranes was present along with spherical particles with a

TABLE 1. Fraction of primary mouse brain cells (astrocytes)
expressing viral antigens after infection with wild-type
MHV-AS9 or mutant #5342

% Positive cells”

hp.i.
Wild type ts342
8 b 1
16 10 5
24 75 40
32 99 95

“ Assayed by immunofluorescence with rabbit anti-MHV-AS59 serum.
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FIG. 2. Kinetics of virus growth in Sac(—) cells (A) and primary
mouse brain astrocytes (B) infected with wild-type MHV-A59 (O)
and 15342 (@). Cells were infected with 50 PFU per cell. At various
times p.i. samples of the culture fluid were taken in which infectious
virus was assayed by plaque titration at 31°C.

diameter of about 70 nm consisting of two concentric mem-
branes (Fig. 4). The core of these particles had no granular
like material resembling the nucleocapsid of MHV. These
particles did not resemble any known retroviruses (32), but it
cannot be excluded that they represent cross-sections of
tubular arrays of membranes. None of these structures, i.e.,
sheets of membranes and spherical particles, were found in
mock-infected cells.

Virus-specific intracellular protein synthesis. An explana-
tion for the defect in maturation of #5342 in mouse brain cells
would be a defect in the synthesis of one or more viral
proteins. Therefore, infected Sac(—) cells and mouse
astrocytes were labeled with [**S]methionine. Virus-specific
intracellular proteins were immunoprecipitated from in-
fected cells and analyzed by polyacrylamide gel electropho-
resis. In infected Sac(—) cells no difference in intracellular
virus-specific protein synthesis was observed between wild-
type virus and ts342. All virus-specific polypeptides were
labeled with [**S]methionine: gp150/E2; pp54/N and its deg-
radation products (23); gp26.5/El; gp25.5/E1; p24/El; and
p22, a minor virion protein (24) (Fig. 5).

Mouse brain cells infected with wild-type virus contained
the same set of virus-specific proteins as infected Sac(—)
cells when pulse-labeled between 16 and 30 h p.i. ts342-
infected astrocytes, however, lacked any detectable E2 and
p24/E1, while very little gp26.5/E1 and gp25.5/E1 were
observed. The results of the labeling between 22 and 24 h p.i.
are shown in Fig. 5. They suggest that the defect in virus
maturation in ts342-infected brain cells, as detected by
electron microscopy, is due to the absence or near absence
of the viral glycoproteins.

Virus-specific intracellular RNA synthesis. A lack of syn-
thesis of the viral glycoproteins could be due to the absence
of RNA 3 and RNA 6, encoding the E2 and E1 glycopro-
teins, respectively (25). Infected mouse brain cells were
labeled with [**H]uridine in the presence of actinomycin D
from 16 to 22 h p.i. The levels of virus-specific RNA
synthesis in wild-type (100%)- and 75342 (75%)-infected cells
were comparable. The RNAs were isolated and analyzed by
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FIG. 3. Wild-type virus-infected brain astrocytes 26 h p.i. (a) Budding and free virions are seen in vesicles (small arrows) associated with
the Golgi apparatus (g). Smooth-membrane vesicles containing virions and tubular structures (asterisks) are abundant; free virus (large
arrows) is found in the extracellular space. n, Nucleus. Inset: Higher magnification of the marked area showing virions with electron-dense
granular like material filling the viral core (arrows). (b) Tubular body (tb) and microtubules (small arrows) are shown in the cytoplasm. Virions
(large arrows) aré present in vacuoles. n, Nucleus. Inset: Higher magnification of the marked area showing the tubular body consisting of
smooth membranes (arrow). Bars: 0.5 pm and 0.1 pm (inset).
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FIG. 4. ts342-infected brain astrocytes 26 h p.i. A system of membrane sheets is shown in the cytoplasm (arrows) along with spherical
particles (asterisks). n, Nucleus. Inset: Higher magnification of the marked area showing the sheets consisting of smooth membrane (arrow)
and the particles consisting of an outer (1) and inner (2) membrane surrounding a core (3) devoid of electron-dense granularlike material.
Compare these particles with the virions of Fig. 3. Bars; 0.5 pm and 0.1 pm (inset).

agarose gel electrophoresis. No difference was observed
between the viral RNAs in wild-type virus- and ts342-
infected cells (Fig. 6).

Is the restricted growth of #5342 in astrocytes due to its s
defect or to a second site mutation? 75342 is an RNA™ mutant,
unable to synthesize virus-specific RNAs at 40°C in tissue
cultures cells. A priori it is not clear how such a mutation
would manifest itself in astrocytes by the selective disap-
pearance of the viral glycoproteins. Therefore, this effect
could well be due to another, non-ts mutation. Such lesions
can be expected to arise after chemical mutagenesis.

Three revertants of ts342 were isolated. The 26-h virus
yield of these revertants in astrocytes was determined. On
average it was comparable to that of wild-type virus and
65-fold higher than that of £s342. The pathogenic effects of all
three revertants were also determined on 4-week-old
BALB/c mice. After intracerebral infection with 100 PFU of
the revertants or wild-type virus, mice died within 6 days,
whereas groups of four mice inoculated with PBS or 100,000
PFU of #5342 survived.

DISCUSSION

Our results show that the reduced pathogenicity of 5342
correlates well with its restricted replication in astrocytes. It

is remarkable that the ts lesion in the viral genome leads to
a restricted MHV infection only in concordance with host-
cell factors contributed by the astrocyte. More experiments
are now needed to determine at the molecular level how
exactly the ts lesion of mutant #5342 causes reduced patho-
genicity and restricted replication in astrocytes. The results
of our electron microscopic and biochemical studies indicate
that there is a maturation defect, probably caused by a lack
of viral glycoproteins. MHV-AS9 acquires its envelope by
budding at membranes inside the cell, specifically the endo-
plasmic reticulum, rather than at the plasma membrane (5,
33). This site of budding is determined by the envelope
glycoprotein E1, which accumulates in internal membranes
after its synthesis and is only transported out of the cell as
part of virus. The other viral glycoprotein, E2, is, although
essential for infectivity, not needed for virus maturation (12,
24). Since mRNAs 3 and 6 coding for E2 and E1, respec-
tively, were present normally in ts342-infected astrocytes,
either one or both mRNAs are not functional or the glyco-
proteins are rapidly degraded. At this moment it is unclear
how a mutation causing a defect in RNA synthesis at 40°C
would lead to either of these possibilities.

We compared our data with those of others who have
studied the replication of viruses in cells of the central
nervous system to see whether we could detect a general
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pattern in the interaction between these cells and viruses.
This seems indeed to be the case. A selective lack of
synthesis of the M (matrix) protein causes restricted repli-
cation of measles and Sendai viruses (3, 8, 22). Also, the
replication of Sendai virus in rat glial cells is only restricted
at high temperature (22). In a nonproductive infection of
rubella virus in rat glial cells, two viral proteins are lacking
(23).

Regarding the s mutation in the viral genome and host-cell
factors acting in concert, the results of Lucas et al. (18) are
relevant. They described continuous cell lines of neural
origin persistently infected with strains of MHV or measles
virus. Virus replication in these cultures was thermosensi-
tive. Progeny virus, however, was thermostable when tested
in indicator cell lines. This means that a host-cell mecha-

FIG. 6. Analysis of virus-specific RNAs present in mouse brain
astrocytes infected with wild-type (wt) MHV-AS9 or 15342. Lysates
of actinomycin D-treated, [*H]uridine-labeled cells were phenol
extracted; the RNAs were ethanol precipitated and analyzed by
agarose gel electrophoresis. The virus-specific RNAs 1 to 7 are
indicated.
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nism(s) determines the eventual phenotype of the ts muta-
tion. The relevant host-cell functions can be modulated by
the level of cyclic AMP, but the results are confusing so far.
In measles virus- and rubella virus-infected neural cells,
restricted replication correlated with an increase and de-
crease in cyclic AMP level, respectively (21, 35).

Defective virus replication in cells of the nervous system
owing to a nonfunctional viral mRNA is not without prece-
dence. Carter et al. (3) have shown that replication of
measles virus in an SSPE cell line is the consequence of a
nonfunctional mRNA for the viral M protein.

Like others (5, 6, 34), we observed tubular structures and
tubular bodies in wild-type virus-infected cells. It seems that
MHYV is able to stimulate the differentiation of a cellular
system resulting in membrane proliferation. Although in
mutant-infected cells no mature virus particles were ob-
served, membrane proliferation in the form of sheets and
spherical particles was still found.
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