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Demyelination is the pathologic hallmark of the human immune-mediated neurologic disease multiple
sclerosis, which may be triggered or exacerbated by viral infections. Several experimental animal models have
been developed to study the mechanism of virus-induced demyelination, including coronavirus mouse hepatitis
virus (MHV) infection in mice. The envelope spike (S) glycoprotein of MHV contains determinants of prop-
erties essential for virus-host interactions. However, the molecular determinants of MHV-induced demyelina-
tion are still unknown. To investigate the mechanism of MHV-induced demyelination, we examined whether the
S gene of MHV contains determinants of demyelination and whether demyelination is linked to viral persis-
tence. Using targeted RNA recombination, we replaced the S gene of a demyelinating virus (MHV-A59) with the
S gene of a closely related, nondemyelinating virus (MHV-2). Recombinant viruses containing an S gene
derived from MHV-2 in an MHV-A59 background (Penn98-1 and Penn98-2) exhibited a persistence-positive,
demyelination-negative phenotype. Thus, determinants of demyelination map to the S gene of MHV. Further-
more, viral persistence is insufficient to induce demyelination, although it may be a prerequisite for the
development of demyelination.

Primary demyelination is a pathologic process in which my-
elin is destroyed, while neuronal axons remain relatively pre-
served. The demyelinating process can occur by either a direct
attack on oligodendrocytes, the cells that produce and main-
tain myelin, or an autoimmune attack against myelin compo-
nents, resulting in secondary destruction of oligodendrocytes.
The most prevalent primary demyelinating disease in humans
is multiple sclerosis (MS), which affects over a quarter of a
million individuals in the United States (2). The etiology and
pathogenesis of MS have long been investigated; however,
causation has not been proven. There is a consensus that the
process involves a T-cell-mediated autoimmune phenomenon
that may be triggered by one or more viral infections (1).
Several experimental animal models have been developed in
order to better understand the mechanism of demyelination.
Experimental autoimmune encephalomyelitis and several vi-
rus-induced experimental models, including coronavirus infec-
tion in mice (5), have been instrumental in providing insight
into the pathogenesis of demyelination.

Coronaviruses, members of the order Nidovirales, form a
group of enveloped single-stranded RNA viruses (22, 33, 36,
46). Many members of the nidoviruses, including coronaviruses
and arteriviruses, infect the central nervous system and provide
experimental animal model systems for neurologic diseases
(30). The A59 and JHM strains of the murine member of the
coronaviruses (mouse hepatitis virus [MHV]) produce demy-
elination in mice that mimics many of the pathologic features
of MS (12, 15, 26, 39, 42, 46, 47). Chronic MHV-induced
demyelination is immune mediated (11, 45), may be partially
T-cell dependent (8), and is associated with viral persistence
(25, 39) and concomitant enhancement of major histocompat-
ibility complex class I antigens and RNA (9, 31, 32, 43, 44).

However, many aspects of the mechanism of MHV-induced
demyelination are still unknown.

Various biologic properties of MHV are associated with the
viral envelope spike (S) glycoprotein (3, 4, 6, 10, 16, 35, 40).
However, demyelination determinants in MHV have never
been directly localized to any specific viral protein or gene.
Direct molecular analysis and mapping of biologic properties
to viral genes have been difficult because the large (31-kb)
MHV genome (23, 37) is still not available in the form of a
complete infectious clone amenable to genetic manipulation.
The recent development of the technique of targeted RNA
recombination is a useful tool for 39-end genomic manipula-
tions (38). This method is based on the high rate of recombi-
nation of a recipient virus (e.g., a temperature-sensitive [ts]
mutant of A59) coinfected with a transfected plasmid contain-
ing the 39 end of A59 and in which portions can be replaced
with parallel portions of other coronaviruses. The technique of
targeted recombination recently also became an important tool
for studies of MHV pathogenesis (27, 28, 34, 40). Thus, to
investigate whether the S gene has a significant role in con-
trolling demyelination, we replaced the S gene of a demyeli-
nating strain of MHV (MHV-A59) with the S gene of a non-
demyelinating, closely related strain of MHV using targeted
RNA recombination.

(This work was presented in part at the annual meeting of
the American Society for Virology, July 1999, Amherst, Mass.)

MATERIALS AND METHODS

Viruses and cells. The following viruses were used in this study: wild-type
MHV-A59 (26, 37); wild-type MHV-2 (14); and Alb4 (17), a ts mutant of
MHV-A59 containing an 87-nucleotide deletion in the spacer B region of the
nucleocapsid (N) gene. In a control virus (wtR13), described elsewhere (40), an
MHV-A59 S gene was reintroduced into the genome of MHV-A59. Penn97-1 is
a product of tissue culture recombination due to a dual infection with MHV-A59
and MHV-2 (J. Das Sarma et al., submitted for publication). Plaque-purified
stocks of all the viruses used in this study had titers of 107 to 108 PFU/ml. Viruses
were propagated and assayed in L2 and 17Cl-1 murine fibroblast cells at 37°C in
Dulbecco’s modified Eagle medium (GIBCO BRL, Gaithersburg, Md.) contain-
ing 10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin-strepto-
mycin in the presence of 5% CO2. Spinner cultures of L2 cells were maintained
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in Joklik’s modified Eagle medium with 10% FBS at densities of between 2 3 105

and 2 3 106 cells per ml.
Plasmids. The pGEM-T(a) vector was purchased from Promega, Madison,

Wis. The transcription vector pMH54 (obtained from Paul Masters) consists of
the extension of plasmid pFV1 (7, 19) to include the 39 1.1 kb of the hemagglu-
tinin-esterase (HE) gene. It contains the entire 39 end of the MHV-A59 genome
downstream to the HE gene. The S gene open reading frame (ORF) sequences
of pMH54 are identical to those of our wild-type strain MHV-A59. In addition,
silent nucleotide substitutions were made at codons 12 and 13 of the S gene,
generating an AvrII site. An SbfI site was created 11 bp downstream of the
termination codon of the S gene ORF (19). The AvrII and SbfI sites were useful
for introducing different S genes into the background of pMH54 (40).

To generate a plasmid containing the MHV-2 S gene, we first cloned the
MHV-2 S gene into the pGEM-T(a) vector. MHV-2 genomic RNA was extracted
from cytoplasmic RNA from infected L2 fibroblasts, and the 4,083-bp S gene was
amplified using two synthetic primers, SG1F and SG1R (Table 1). The SG1F
primer was used to introduce an AvrII restriction site immediately after the signal
sequence of the S gene. The SG1R primer was used to introduce an SbfI
restriction site 11 bp downstream of the stop codon in the S gene. The 4,083-bp
PCR fragment was gel purified, ligated into the pGEM-T(a) vector between the
T7 and SP6 RNA polymerase promoters, and then cloned. Restriction digestion
analysis of the insert was used to select positive clones, and cDNA sequencing
was used to verify the S gene insert. We then removed the MHV-2 S gene from
the pGEM-T(a) vector by digestion with AvrII and SbfI and gel purified and
subcloned it into the corresponding site in pMH54 following AvrII and SbfI
restriction site enzyme digestion, dephosphorylation, and gel purification of
pMH54. The new plasmid was named pMHV2. We sequenced the S gene
portion of it, in order to verify that it contained the exact sequence of the MHV-2
S gene.

Targeted RNA recombination. Targeted RNA recombination of the S gene
was carried out between the Alb4 virus and synthetic capped RNAs transcribed
from pMHV2 as previously described (34, 38). MHV-2 S gene recombinant
viruses were selected by antibody neutralization treatment for 2 h at room
temperature. The released viruses were treated with A2.1 and A2.3, anti-S
monoclonal antibodies (obtained from John Fleming) that are specific for the S
protein of MHV-A59. The antibody treatment neutralized the parent virus Alb4
and MHV-A59 but not MHV-2 or recombinant viruses containing the S gene
derived from MHV-2. Viruses were then identified by plaque assays based on the
selection of viruses with small plaques. MHV-2 produces syncytium-negative,
small plaques in L2 cell cultures at 37°C. Putative recombinant viruses were
identified by the presence of AvrII and SbfI restriction sites following digestion
analysis. Selected recombinants were plaque purified two more times, and viral
stocks were prepared in 17Cl-1 cells. The identity of the S gene of selected
recombinant viruses and the absence of mutations in the S gene were confirmed
by sequence analysis.

Genome sequencing. For sequencing of the MHV-2 S gene in the various
constructs, oligonucleotide primers were designed based on a recent sequence
analysis of the MHV-2 genome (Das Sarma et al., submitted). Reverse tran-
scriptase (RT) PCR amplification was carried out using cytoplasmic RNAs ex-
tracted from virus-infected L2 cell monolayers as templates. The oligonucleo-
tides listed in Table 1 were used for amplification as specified in each experiment.
Plasmid cDNAs and double-stranded PCR products were gel purified and ana-
lyzed by automated sequencing using the Taq dye terminator procedure from a
DyeDeoxy Terminator cycle sequencing kit (Applied Biosystems). The primers
used for amplification were also used for sequencing, and each fragment was
sequenced in both directions.

Infection of mice. All animal experiments used 4-week-old, virus-free C57BL/6
mice (Jackson Laboratories, Bar Harbor, Maine). Viruses were diluted into
phosphate-buffered saline (PBS) containing 0.75% bovine serum albumin. Mice
were anesthetized with methoxyflurane (Methofane; Pittman-Moore, Munde-
lein, Ill.). For intracerebral (i.c.) injection, 25 ml of diluted virus was injected into
the left cerebral hemisphere. Mock-infected controls were injected similarly with
an uninfected L2 cell lysate at a similar dilution.

Virulence and virus titers in mice. Virulence was assessed by calculating the
lethal dose that killed 50% of the mice (LD50). Mice were injected i.c. with serial

10-fold dilutions of viruses (five mice per dilution). Signs of disease or death were
monitored on a daily basis up to 21 days postinfection. LD50 values were calcu-
lated by the Reed-Muench method (41).

For measurement of virus titers in the liver and brain, mice were sacrificed at
selected times postinfection (1, 3, 5, 7, 9, and 11 days postinfection) and perfused
with 5 ml of sterile PBS. Brains and livers were removed aseptically and sepa-
rately placed directly into 1 ml of isotonic saline with 0.167% gelatin (gel saline).
All organs were stored at 280°C until virus titers were determined. Organs were
homogenized, and virus titers were determined by plaque assays on L2 cell
monolayers as previously described (26).

Histologic analysis. For analysis of organ pathology, mice were infected i.c.,
sacrificed at various times, and perfused with 5 ml of saline. Brains and livers
were removed. One half of the brain and a portion of the liver were fixed in 10%
phosphate-buffered formalin, and the rest of the brain and a portion of the liver
were used for the evaluation of virus titers. Formalin-fixed tissues were embed-
ded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E).
H&E-stained sections were used for pathological evaluation by light microscopy
(24, 26). Slides were coded and read in a blinded fashion.

For assessment of demyelination, mice were infected i.c. with 5 PFU per
mouse, with 10 mice per virus. At 30 days postinfection, infected mice underwent
perfusion with PBS, followed by perfusion with 10% phosphate-buffered forma-
lin. Brains and spinal cords were removed, and tissues were embedded in paraffin
and sectioned for staining with Luxol fast blue to detect plaques of demyelina-
tion. Demyelination was quantified by examining one spinal cord section (four
quadrants) from each of five or six levels of spinal cord for each mouse; thus,
approximately 200 quadrants were examined for each dose of virus. Slides were
coded and read in a blinded fashion (26, 35).

Immunohistochemical analysis. Formalin-fixed, paraffin-embedded tissue
samples were deparaffinized, rehydrated through graded alcohols, and perme-
abilized in 0.2% Triton X-100–PBS for 15 min. Tissue was then incubated with
the primary antibody (polyclonal rabbit anti-MHV; 1:100 dilution) at 37°C for
1 h, and isotype-matched negative controls were used at similar concentrations.
Tissue sections with each control antibody were used in each experiment. An
UltraProbe universal immunostaining kit (Biomeda Corp., Foster City, Calif.),
which uses an avidin-biotin complex with alkaline phosphatase as the marker
enzyme, was used in all experiments. The kit contains fast red-naphthol phos-
phate as the substrate-chromogen reagent. The kit was used with a MicroProbe
system (Fisher Scientific, Pittsburgh, Pa.) and with capillary gap technology as
previously described (13). Ten percent FBS was added to the secondary antibody
as a blocking reagent against nonspecific binding. The slides were covered with
Crystal/Mount (Biomeda).

Analysis of viral persistence. Four-week-old C57BL/6 mice were infected i.c.
with the following viruses: 1,000 PFU of MHV-A59, 1,000 PFU of MHV-2, 2,500
PFU of wtR13, 300 PFU of Penn97-1, 5 PFU of Penn98-1, and 5 PFU of
Penn98-2. The doses of 1,000 PFU of MHV-A59 (0.25 LD50) and 2,500 PFU of
wtR13 (0.36 LD50) were known to produce sufficient demyelination. The other
viruses were given at doses of 1 LD50 or higher to ascertain that substantial
pathology would be produced in the mice in the event that persistence was not
detected. Control mice were injected with uninfected cell lysate. Five mice per
virus per time point were analyzed independently, with similar results (see Fig. 6
for a representative experiment).

Mice were sacrificed by an overdose of methoxyflurane and perfused intrac-
ardially with diethyl pyrocarbonate-treated PBS at 5 days postinfection (peak of
acute infection) and at 30 days postinfection (peak of chronic demyelination).
Organs (liver, brain, and spinal cord) were removed, snap-frozen in liquid nitro-
gen, ground, and homogenized to a fine powder under liquid nitrogen. RNA was
isolated with an RNeasy Mini kit (Qiagen, Chatsworth, Calif.) and quantified by
optical density measurement at 260 nm. Equal amounts of total tissue RNA from
the samples were reverse transcribed with the SuperScript preamplification sys-
tem of the first-strand cDNA synthesis kit (GIBCO BRL), and amplification was
carried out by PCR. A pair of oligonucleotide primers, IZJ5 (59-GCTCCAAC
AGTTGGTGCC-39) and IZJ6 (59-ACGTAGGACCTTGCTAACTTC-39) was
designed for PCR amplification from the most conserved region of the N gene
and the 39 untranslated region. The reaction consisted of 3 min of denaturation
at 94°C, 1 min of denaturation at 94°C, 45 s of annealing at 55°C, and 2 min of

TABLE 1. Primers used for introducing restriction sites into the MHV-2 S gene and for recombinant virus genome sequencing

Primer Sequence (59339) Genome location (nucleotides)

SG1F CTCTTCCCTAGGGTATATTGGTG 30–52 (S gene of MHV-2)
SG1R CTTTCCTGCAGGGGCTGTGATAGTCAATCCTC 4077–4108 (39 end of S gene and 23 bp downstream of

the MHV-2 S gene stop codon)
IZJ5 GCTCCAACAGTTGGTGCC 952–696 (N gene of MHV-A59)
IZJ6 ACGTAGGACCTTGCTAACTTC 168–188 (39 untranslated region of MHV-A59)
FIJ79 GCGAATTATAGTGGTGGCACAC 944–966 (HE gene of MHV-A59)
MHV-2S1R GCACACAGGGGATTTTAGCTCTG 536–561 (S gene of MHV-2)
Penn11F AAGCAGCTGAGTGACATGACCC 3287–3308 (S gene of MHV-2)
RIJ84 CCATGCATCACTCACATGCC 26–45 (ORF 5a of MHV-A59)
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extension at 65°C. After 30 cycles, the final products were extended for 5 min at
72°C. The resulting amplified fragment of 601 bp was analyzed by 1.2% agarose
gel electrophoresis. A second RT-PCR was performed on each sample with a
second pair of N gene primers: M3 (59-CACATTAGAGTCATCTTCTA-39) and
M4 (59-GAAGTAGATAATGTAAGCGT-39) (18).

RESULTS

Selection of viruses with recombinant S genes. Targeted re-
combination was carried out between synthetic capped RNAs
transcribed from pMHV2 and the recipient virus Alb4, accord-
ing to the scheme depicted in Fig. 1. Recombinant viruses,
containing the MHV-2-derived S gene, were selected based on
the presence of small plaques and following neutralization by
the MHV-A59 S protein-specific monoclonal antibodies A2.1
and A2.3. The viruses were further plaque purified twice and
analyzed for the successful repair of the Alb4 deletion. RT-
PCR was carried out with primers IZJ5 and IZJ6 (Table 1),
which amplified a 602-nucleotide region surrounding the 87-
nucleotide N gene deletion of Alb4. The PCR-amplified prod-
uct derived from Alb4 was shorter than that derived from
wild-type MHV-A59; thus, recombinant viruses in which the
deletion was repaired had a fragment of the same length as
that amplified from wild-type virus MHV-A59 (Fig. 2A).
Small-plaque viruses with larger PCR fragments were putative
MHV-2 S gene recombinant viruses.

The putative recombinants were then screened for the pres-
ence of the AvrII and SbfI restriction sites. An 868-nucleotide
fragment surrounding the AvrII site was amplified from the
genomes of all the recombinant viruses, wild-type MHV-A59,
and Alb4 using primers FIJ79 and MHV-2S1R. The amplified
products were digested with AvrII, which produced two bands
of 366 and 502 bp in S recombinants but not in wild-type
MHV-A59 or Alb4 (Fig. 2B). Similarly, a 1,313-nucleotide
fragment surrounding the SbfI site was amplified using primers
Penn11F and RIJ84. Digestion with SbfI generated two frag-
ments (498 and 815 nucleotides) in S recombinants (Fig. 2C).

The S gene of recombinant viruses was sequenced using
three PCR-amplified overlapping DNA fragments. One frag-
ment was produced using primers FIJ79 and MHV-2S1R, a
second one was produced using primers SG1F and SG1R, and
the third was generated using primers Penn11F and RIJ84
(Table 1). The presence of the entire MHV-2 S gene with
flanking regions identical to those in MHV-A59 was verified in
two of the putative recombinant viruses, RC2 and RC4, which
were then designated Penn98-1 and Penn98-2.

Replication and pathogenesis of chimeric viruses. The vir-
ulence of the recombinant viruses compared to that of the
parental viruses was determined by LD50 experiments. LD50
experiments revealed that the virulence of both Penn98-1 and
Penn98-2 (LD50 of each, 5 PFU) was higher than that of both
parental viruses (LD50s of MHV-A59 and wtR13 [40], 4,000
and 6,800 PFU, respectively) but was closer to that of MHV-2
(LD50, 200 PFU). The Alb4 ts mutant virus was nonpathogenic
in mice. To analyze the pathogenesis of the new recombinant
viruses in mice, we injected mice i.c. with Penn98-1 (5 PFU 5
1 LD50), Penn98-2 (5 PFU 5 1 LD50), and wtR13 (2,500
PFU 5 0.36 LD50). Penn98-1 and Penn98-2 replicated effi-
ciently in both brain and liver (Fig. 3). Liver titers of these
viruses were higher than brain titers. The kinetics of replica-
tion were similar to those of MHV-2 (Das Sarma et al., sub-
mitted), suggesting that the S gene contains determinants of
virulence and hepatotropism.

Brain and liver sections from animals infected i.c. with wild-
type MHV-A59, wild-type MHV-2, wtR13, Penn98-1, and
Penn98-2 were stained with H&E and analyzed by light mi-
croscopy. Histopathologic studies revealed that Penn98-1 and
Penn98-2 produced acute meningoencephalitis similar to that
caused by MHV-A59. Brain pathology consisted of focal acute
encephalitis, characterized by inflammatory infiltrates of mono-
nuclear cells (predominantly lymphocytes), microglial pro-
liferation, microglial nodules, and neuronophagia. Areas of
involvement included the regions of the brain typically suscep-
tible to MHV-A59 infection (24). Liver pathology consisting
of moderate to severe hepatitis following Penn98-1 and Penn98-
2 infection was characterized by multiple foci of necrosis
throughout the liver. Each area of necrosis consisted of degen-
erating hepatocytes, polymorphonuclear and lymphocytic in-
flammatory infiltrates, and cellular debris. The extent and dis-
tribution of the hepatitis caused by 5 PFU each of Penn98-1
and Penn98-2 were similar to the hepatic changes produced by
1,000 PFU of MHV-2 and more severe than the changes pro-
duced by 5,000 PFU of MHV-A59.

Immunohistochemical analysis of viral antigen was done on
tissue sections obtained from mice during acute infection with
the recombinant viruses (Penn98-1 and Penn98-2), and the
results were compared to those for sections obtained from
mice infected with MHV-A59 and MHV-2. In MHV-A59-
infected mice, viral antigen was distributed in focal areas of the
brain parenchyma, concomitant with the distribution of inflam-
matory infiltrates, as previously described (24, 29). In MHV-

FIG. 1. Schematic diagram of targeted recombination performed in this study. Recombination occurred between Alb4 and a synthetic RNA transcribed from vector
pMHV2, in which the S gene of MHV-A59 was replaced with the S gene of MHV-2. Infection of Alb4 simultaneous with transfection with pMHV2 RNA resulted in
the generation of two recombinant viruses, Penn98-1 and Penn98-2, which contained the MHV-2 S gene flanked by MHV-A59 sequences (as confirmed by DNA
sequencing) and the inserted AvrII and SbfI restriction sites. Since both restriction sites derived from pMHV2 were present in the recombinant viruses, recombination
must have occurred 59 to the S gene. Black bars represent sequences derived from MHV-A59; white bars represent sequences derived from MHV-2; and gray bars
represent plasmid sequences. ntd, nucleotide; M, membrane protein gene.
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2-infected mice, viral antigen was detected in the meninges,
choroid plexus, and ependymal cells. No viral antigen was de-
tected in neurons, and the involvement of glial cells was min-
imal and restricted to the subependymal location. In Penn98-1-
and Penn98-2-infected mice, the distribution of viral antigen
was similar to that seen with MHV-A59 infection (Fig. 4).

Demyelination in mice infected with S gene recombinant
viruses. Previous studies revealed that i.c. infection of 4-week-
old mice with MHV-A59 produced chronic demyelination,
which could be best demonstrated in spinal cord sections at 30
days postinfection (26). Infection with MHV-2 did not produce
demyelination (Das Sarma et al., submitted). To test the effect
of the S gene on demyelination, we examined the ability of
recombinant viruses Penn98-1 and Penn98-2 to induce demy-
elination compared to that of wild-type recombinant wtR13
and wild-type MHV-A59 and MHV-2. Penn98-1 and Penn98-2
did not produce demyelination in any of the seven mice in-
jected with each virus. Like wild-type MHV-A59, wild-type
recombinant wtR13, containing an S gene derived from MHV-
A59, produced demyelination in 100% of the mice (five of five)
(Fig. 5). All three recombinant viruses (wtR13, Penn98-1, and
Penn98-2) were given at the same dose (5 PFU). The recom-
binant wtR13 produced larger demyelinating lesions when
given at 2,500 PFU than when given at 5 PFU, but with both
doses of virus, 100% of the mice were affected.

Viral persistence. In order to investigate whether differences
in the abilities of viruses to cause demyelination were associ-
ated with differences in viral persistence, we amplified viral
RNA from livers, brains, and spinal cords of mice infected with
demyelinating and nondemyelinating viruses. As shown in Fig.
6, during the acute phase of infection, PCR products of the
correct band size (601 bp), consistent with MHV RNA, were
detected at 5 days postinfection in all mice infected with each
of the viruses. Viral RNA was detected in all three anatomic
locations examined (liver, brain, and spinal cord). However, at
30 days postinfection, PCR products corresponding to viral
RNA were detected only in the MHV-A59-infected spinal
cords and not in the livers or brains of the same mice. No PCR
products were detected in the livers, brains, or spinal cords of
mice infected with MHV-2 or another nondemyelinating virus,
Penn97-1, or in organs of control uninfected mice. With a
second pair of primers, RT-PCR amplified a fragment of the
predicted size of 147 bp only in the sample of MHV-A59-
infected spinal cord and not in the liver or brain of the same
mouse. The spinal cord had the most abundant viral transcripts
during the chronic phase. This result is consistent with previous
reports suggesting that the spinal cord is the major site of viral
persistence during chronic infection with JHM and MHV-A59
(26, 39). Mice infected with the nondemyelinating viruses

FIG. 2. RT-PCR analysis of putative recombinant viruses (RC2 to RC16). Following characterization and sequencing of the S gene region, the putative recombinant
viruses RC2 and RC4 were later designated Penn98-1 and Penn98-2, respectively. (A) A 602-nucleotide region surrounding the Alb4 deletion was amplified with
primers IZJ5 and IZJ6 from the genomic RNAs of putative recombinants as well as Alb4 and wild-type MHV-A59. The faster electrophoretic mobility of Alb4
corresponds to the deletion in the N gene, which does not exist in MHV-A59 and which has been repaired in all of the putative recombinant viruses tested. Lane M,
size markers. (B) An 868-nucleotide fragment surrounding the AvrII restriction site was amplified from the genomes of putative recombinants, wild-type MHV-A59,
and Alb4 using primers FIJ79 and MHV-2S1R and was digested with AvrII prior to electrophoresis. Undigested Alb4 and MHV-A59 are in contrast to the digested
recombinant viruses, which contain the AvrII restriction site. (C) A 1,313-nucleotide fragment surrounding the SbfI restriction site was amplified from the genomes of
putative recombinant viruses, wild-type MHV-A59, and Alb4 using Penn11F and RIJ84 and was digested with SbfI prior to electrophoresis. The digestion of the
recombinant viruses with SbfI indicates the existence of this restriction site in all of the putative recombinant viruses, in contrast to Alb4 and MHV-A59, which do not
contain this restriction site.
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MHV-2 and Penn97-1 and uninfected controls had negative
results.

To study the effect of the S gene on viral persistence, we
studied infection of mice with the newly constructed recombi-
nant viruses Penn98-1 and Penn98-2. As a control, we used
wtR13, in which the S gene of MHV-A59 was reintroduced
into an MHV-A59 background. Following infection with
Penn98-1 and Penn98-2, viral RNA was detected in the livers
and brains of the mice during the acute phase and in the spinal
cords of the mice at 30 days postinfection. Similar RNA pat-
terns were found in mice infected with wtR13 and MHV-A59.
Thus, Penn-98-1 and Penn98-2 produced chronic persistent
infection of the spinal cord but did not produce demyelination.

DISCUSSION
Because of the lack of an infectious clone that could be

genetically manipulated, the examination of genomic control
of biologic properties of coronaviruses relied, until recently, on
indirect studies characterizing mutants, variants, and recombi-
nant viruses. Recently, the technique of targeted recombina-
tion created new opportunities for the investigation of genomic
determinants of biologic properties. Mutations in the 39 end
and even the exchange of complete genes became feasible.
One of the most significant biologic properties of coronavi-
ruses is the ability of some strains to persist and produce

chronic inflammatory demyelination, similar to that found in
MS. Information about the mechanism of this phenomenon
may be useful for understanding MS, since there is strong
epidemiological evidence that the immune-mediated pathol-
ogy in MS may be triggered or initiated by viral infections.
Thus, we began to explore the molecular determinants of de-
myelination in MHV-induced demyelination.

We produced two independently constructed recombinant
viruses containing an S gene derived from the nondemyelinat-
ing, nonpersistent virus MHV-2. The two viruses had identical
phenotypes and were able to produce encephalitis (like that
caused by MHV-A59) and hepatitis (like that caused by both
parental viruses) but were unable to produce demyelination
similar to that caused by MHV-2. In order to rule out any
possible effect of the procedure itself or mutation in the recip-
ient virus (Alb4) used for the recombination procedure on the
phenotype of the viruses, a control recombinant virus was used
in parallel. The control virus (wtR13), in which an MHV-A59
S gene was reintroduced into the genome of MHV-A59, was
selected using the same procedure as that used for the two
recombinant viruses with the MHV-2 S genes. Control virus
wtR13, as expected, had the same phenotype as wild-type
MHV-A59. The inability of the viruses with an MHV-2 S gene
to demyelinate suggests that the S gene may contain determi-

FIG. 3. Viral replication in the brains and livers of mice following i.c. injec-
tion with 5 PFU each of Penn98-1 and Penn98-2. Each time point represents the
mean titer for two or three mice. Titers are expressed as log10 PFU per gram of
tissue.

FIG. 4. Immunohistochemical detection of viral antigen in brain sections 5
days postinfection using rabbit anti-MHV polyclonal antibodies. (Top) Section
from a Penn98-1-infected brain showing antigen detection in numerous neurons
and glial cells in an area of acute encephalitis similar to that caused by MHV-
A59. (Bottom) Section from a Penn98-2-infected brain showing similar antigen
detection. Alkaline phosphatase was the marker enzyme; fast red-naphthol phos-
phate was the substrate-chromogen reagent; magnification, 3148.
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nants of demyelination which are independent of the molecu-
lar determinants of acute encephalitis and viral persistence.
Examining the phenotype of a recombinant virus with an S
gene derived from MHV-A59 in an MHV-2 background would
obviously further strengthen this statement. However, such re-
combination is not possible at the present time.

Penn98-1 and Penn98-2 both produce acute encephalitis,
unlike MHV-2, which does not cause encephalitis or demyeli-
nation. Encephalitis caused by these two viruses is associated
with a viral antigen distribution similar to that of MHV-A59, as
shown here by immunohistochemical studies. This result sug-
gests that although the pathologic process of encephalitis may
be a prerequisite for demyelination, it is not by itself sufficient
to induce demyelination, and additional determinants or fac-
tors are necessary for the induction of demyelination. This
observation also suggests that important determinants of en-
cephalitis exist outside of the S gene.

The biologic property of viral persistence is essentially the
failure of the immune system to clear virus from infected
organs, mainly the central nervous system. Viral persistence
has been demonstrated in infections with all of the neurotropic
demyelinating strains of MHV, including MHV-A59 and JHM
(15, 25, 39). In most cases, only viral RNA is detectable in the
chronic persistent state, but this finding may reflect only the
higher sensitivity of the methods used for the detection of viral
RNA than for the detection of infectious viral titers and viral
antigens. Viral persistence appears to be an important factor

and may even be a prerequisite for MHV-induced demyelina-
tion during chronic immune-mediated demyelination. How-
ever, MHV-induced demyelination during an acute infection
may involve a different mechanism, perhaps even a direct cy-
tolytic effect of the virus on oligodendrocytes. In the present
study, we found that MHV strains that do not persist, such as
MHV-2 and Penn97-1, also do not demyelinate. However,
the persistence-positive, demyelination-negative, phenotype of
Penn98-1 and Penn98-2 indicates for the first time that viral
persistence per se is insufficient to induce demyelination. How-
ever, viral persistence may be necessary for the development of
demyelination, perhaps by providing a continuous trigger for
immune-mediated myelin destruction. An alternative explana-
tion for the phenotype of Penn98-1 and Penn98-2 is that viral
persistence in mice infected with these viruses may occur in
neuronal cells of the gray matter, while persistence in MHV-
A59-infected mice occurs in the white matter. Additional fac-
tors independent of persistence may be necessary for the de-
velopment of demyelination in mice containing persistent
virus. Further studies in our laboratory are under way to de-
termine the nature of these additional factors and the precise
relationship between viral persistence and demyelination.

The exchange of the S gene between MHV-2 and MHV-A59
also produced a more virulent virus. A dose of 5 PFU was
sufficient to produce hepatitis and encephalitis to an extent
similar to or greater than that seen with 1,000 to 5,000 PFU of
wild-type parental viruses MHV-2 and MHV-A59. This finding

FIG. 5. Analysis of demyelination induced by recombinant viruses. Spinal cord sections were obtained from mice infected with different recombinant viruses and
sacrificed 30 days after infection; the sections were stained with Luxol fast blue for myelin. Infection with wtR13 at 2,500 PFU resulted in extensive demyelination.
Similar but smaller demyelinating lesions were seen in all mice infected with 5 PFU of wtR13. In contrast, all five mice infected with 5 PFU of Penn98-1 and all five
mice infected with 5 PFU of Penn98-2 showed normal spinal cords at multiple levels tested.
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also provides further support for the observation that molec-
ular determinants of MHV virulence are present within the S
gene (40). However, determinants outside the S gene may also
influence virulence. Certain interactions between different
parts of the viral genome (for instance, the S gene and parts of
gene 1) may account for the enhancement of viral virulence.
This observation also supports the idea that homologous RNA
recombination may be important for the evolution of more
virulent coronaviruses or RNA viruses in general, as previously
postulated (20, 21).

In conclusion, the present report provides direct evidence by
targeted RNA recombination that the S gene of MHV controls
certain molecular determinants of demyelination. Demyelina-
tion may depend on the integrity of other, non-S gene deter-
minants within the viral genome. The findings presented here
pave the way for further studies to investigate in more detail
the potential role of the viral envelope S glycoproteins in
autoimmunity and demyelination. These studies are potentially
relevant to other forms of demyelination, including MS.
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