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The murine coronavirus, mouse hepatitis virus, JHM strain, induces a retinal degenerative disease in adult BALB/c
mice. Coronavirus infections are highly species specific with virus exhibiting a strong tissue and cell specificity. In this
report we evaluated the cellular basis of JHM virus retinal tropism. Retinal cultures and retinal pigment epithelial
(RPE)~retinalmixed cell cultures were prepared from eyes obtained from Balb/c mice. The ability of JHM virus to infect
and replicate in these retinal cultures was evaluated by light microscopy, immunofluorescent staining, electron micros
copy, and virus isolation. Cytopathology was not observed and virus could not be detected in supernatant fluid in retinal
cultures. However, low levels of infectious virus could be detected within the cells for the first 4 days. This observation
suggested that cell "to-cell interactions may be critical since virus particles and virus antigens can be seen in vivowithin
the neural retina and the RPE. In contrast to the retinal cultures, retinal-RPE mixed cultures were supportive to JHM
virus replication. Syncytial cytopathology was observed for the first 4 days and virus was isolated from supernatant
fluids. By electron microscopy, virus was found intracellularly within vacuoles and extracellularly at the plasma rnem
brane. After Day 4, a persistent virus infection was established in which cells produced virus for 5 weeks without
cytopathic effects or cell death. Double-labetinq immunofluorescent studies of retinal-RvE mixed cultures showed that
the virus antigen was co "expressed with a Muller cell marker, glutamine synthetase. This cell is the most prominent
glial element in the retina. These studies demonstrate that JHM virus is capable of establishing a persistent virus
infection in mixed retinal (Muller)-RPE cell cultures. Moreover, these data suggest that cell-to-cell interactions influ
ence the establishment of coronavirus infections in the retina. ii:l1993 Academic Press, Inc.

INTRODUCTION

The murine coronavirus, mouse hepatitis virus
(MHV), JHM strain, induces a retinal degenerative dis
ease in adult BALB/c mice (Robbins et et., 1990, 1991,
1992; Hooks et et., 1991). The disease consists of an
acute phase lasting 2 to 8 days in which virus is de
tected within the retina and initial pathology is noted in
retinal pigment epithelial (RPE) and photoreceptor
layers. This is followed by a late phase lasting from 1 to
14 weeks where virus is not detected but retinal de
generative changes continue with reduction of photore
ceptor layer, loss of interphotoreceptor retinoid-bind
ing protein (IRBP), and retinal detachments. This model
provides evidence that viruses can indeed trigger reti
nal degenerative processes and may provide insight
into pathogenic mechanisms in retinal degenerative
diseases of man.

Our earlier studies demonstrate that JHM virus is ca
pable of entering the retina and replicating in selected
retinal cells. Immunocytochemical staining indicates
that virus replication occurs in the RPE cells at Day 3
postinoculation and in Muller-like cells throughout the
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neural retina at Days 4 to 7 postinoculation. Following
Day 7 virus antigen was absent. The drop in viral anti
gen expression was correlated with an elevation in
virus specific antibody (Robbins et aI., 1990).

Coronaviruses in general and the murine MHV, JHM
strain in particular, induce a number of intriguing patho
logic processes (Holmes, 1990; Kyuwa and Stahlman,
1990). Central nervous system involvement following
JHM virus infections can consist of acute infections or
chronic demyelinating disease. The acute infection is
associated with viral replication in selected cells while
chronic disease is associated with both virus replica
tion and immune reactivity (Kyuwa and Stohlman,
1990). Many of the steps involved in pathogenic pro
cesses in these infections have been elucidated by in
vitro studies (Lucas et al., 1977; Massa et et.. 1986;
Pasick and Dales, 1991). Some of the studies have
shown that virus pathogenesis has been associated
with infection of specific cell types, such as glial cells,
neurons, and oligodendrocytes. However, viral patho
genesis has also been associated with cell-to-cell in
teractions, release of cytokines, and state of differen
tiation of the cells (Pasick and Dales, 1991).

The in vivo interactions occurring in the retina are
complex and difficult to access. in order to study the
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cellular basis of JHM retinal tropism we established
primary cultures from mouse retinas and evaluated
various aspects of coronavirus replication. We ob
served that the coronavirus did not replicate in retinal
cultures alone. However, the virus did replicate in
mixed cultures derived from retinal and RPE cells. In
fact, a persistent virus infection was established in
these mixed cultures.

MATERIALS AND METHODS

Animals

BALB/c mice were obtained from Harlan Sprague
Dawley (Indianapolis, IN). Seven- to 10-day-old male
mice were used for isolation of retinal cells and RPE
cells.

Virus

MHV, strain JHM, was obtained from American Type
Culture Collection (ATCC) (Rockville, MD) and pas
saged 5 to 7 times in rat L2 cells (ATCC). Stock virus
was propagated in L2 cells, centrifuged at 100,000 9
for 2 hr, and the pellet was resuspended in Dulbecco's
minimal essential medium (DMEM) with 2% fetal bo
vine serum (FBS). Viral infectivity titrations were per
formed on L2 cells propagated in 96-well microtiter
plates. Infectivity was recorded as the induction of cpe
by serial 10-fold dilutions of the sample. Stock virus
infectivity was 105 5 TCID5c/0.l ml.

Primary cell cultures

Mice were sacrificed by asphyxiation above dry ice,
followed by cervical dislocation. Eyes were enucleated
and rinsed three times in PBS containing 160 Ilg/ml of
gentamicin. Eyes were then placed in growth medium,
consisting of DMEM supplemented with 20% FBSand
80 Ilg/ml gentamicin. Tissue culture medium and sup
plements were obtained from GIBCO (Grand Island,
NY). With the aid of a dissecting microscope (Zeiss,
Baltimore Instrument Co., Baltimore, MD), eyes were
opened by circumferential incision just below the ora
serrata, and the anterior segment and vitreous were
discarded. The retina was gently lifted off the eye-cup
and placed into one 35 X 1O-mm' dish with 0.5 ml of
DMEM. The tissue pieces from six to eight retinas
were cut into approximately 0.5-mm' pieces. The reti
nal cell explants were maintained with DMEM at 36' in
an atmosphere of 5% CO,.

RPE cells were obtained by a method previously de
scribed (Percopo et al., 1990). Briefly, the eye-cups
with the removed retinas were transferred to 0.025%
trypsin, dipped 20 times, washed with DMEM once,
and placed into one 35 x 10'-mm dish with DMEM.
With 200 III Eppendorf pipette tips, RPE cells were
gently scraped and blown off from Bruch's membrane.

This cell suspension was mixed in equal volumes with
the retinal cultures, incubated at 36' in an atmosphere
of 5% CO,. Cultures were refed with DMEM twice a
week.

Inoculation of retinal and retinal-RPE cultures

Retinal cultures after 15 and 30 days and retinal
RPE cultures after 15 and 30 days in cultures were
incubated with JHM virus at an input multiplicity of in
fection of 10. After a 2-hr incubation period at 36', the
inoculum was removed, and cultures were washed
three times in media and then refed with media con
taining 2% FBS. In orderto detect infectious virus in the
supernatant fluids, the supernatant fluids were re
moved and assayed on L2 cells. In order to detect in
fectious virus within the cells, an equivalent amount of
media was added to the cells. The cells were frozen
and thawed, resuspended, and assayed on L2 cells.

Antisera

Rabbit antisera (F88) prepared against gradient puri
fied, NP40 disrupted MHV (Strain A59) virions was
kindly provided by Dr. Kathryn Holmes (Uniformed Ser
vices University of the Health Sciences). Monoclonal
antibody specific for the MHV-JHM nucleocapsid pro
tein N was generously donated by Dr. Julian Leibowitz
(University of Texas, Houston, TX). Rabbit antiserum to
glutamine synthetase was generously donated by Dr.
Paul1. Linser (University of Florida) (Linser et a/., 1984).
This antibody reacts with Muller cells in the murine
retina. A monoclonal antibody (RPE 15)specific for reti
nal pigment epithelial cells and a monoclonal antibody
(PR6) specific for photoreceptor outer segments were
developed in this laboratory (Hooks et aI., 1989). A rab
bit polyclonal IgG (CappelI Labs, West Chester, PAl
and two irrelevant monoclonal antibodies, mouse anti
human CD3 (Leu 4, Becton-Dickinson, San Jose, CAl
and mouse IgG (Organon Tekniko Corp., West Ches
ter, PAl were used as controls.

Immunocytochemistry

Preliminary studies indicated that the retinal cultures
and the retinal-RPE mixed cultures could survive and
proliferate in 35 X 1O'-mm dishes. In contrast, cultures
initiated for staining on tissue culture chamber slides
did not survive and proliferate. Therefore, for immuno
cytochemical staining, the cell cultures in dishes were
removed with trypsin and then centrifuged onto slides
(Shandon Southern Instruments, Inc., Sewickley, PAl
and stored at -20'.

Immunofluorescent procedure. Slides were air-dried
and fixed in acetone for 4 min, then rehydrated in PBS
for 5 min, 3 times, and preincubated with normal goat
serum (1 :20) for 10 min (Detrick et al., 1988). Primary
antibodies were applied for 30 min in a humidified
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chamber. Slides were washed 3 times in PBS for 15
min followed by incubation with fluorescein-conju
gated goat anti-rabbit IgG for 30 min. Slides were
washed 3 times again, mounted, and viewed under a
fluorescent microscope.

/mmunoperoxidase procedure. Frozen sections
were fixed in acetone for 5 min, transferred to Tris-buf
fered saline (pH 7.6), and then immersed in 10% nor
mal goat serum (polyclonal sera)or horse serum (mono
clonal antibody) in buffer for 10 min (Detrick et el.,
1988). Primary antibodies were applied. After incuba
tion in a moist chamber at room temperature for 1 hr,
the slides were washed in Tris-buffered saline, and
then the secondary antibody, biotin-conjugated goat
anti-rabbit IgG (Organon Teknico Corp., West Chester,
PAl or horse anti-mouse IgG (Vector Laboratories) was
layered onto the slides. After 1 hr incubation in a moist
chamber, the slides were washed in Tris-buffered sa
line and then overlaid for 45 min with avidin-biotin
peroxidase complexes. The slides were washed again
in Tris-buffered saline and developed in 0.05% 3,3'
diamino benzidine tetrahydrochloride-0.1 % nickel sul
fate-O.Ol% hydrogen peroxide solution. They were
counterstained with methyl green (1 % in methanol),
dehydrated, cleared, and mounted as in routine pro
cessing.

Electron microscopy

The cell culture media was decanted, and the cells
were fixed in 2.5% glutaraldehyde in phosphate buffer
(pH 7.4) at 4°. After 20 min, the cells were gently
scraped with a rubber policeman and poured into a
polypropylene test tube and centrifuged into a pellet.
After a 2-hr incubation at 40, the fixative was removed
and the pellet was stored in 0.13 M sodium phosphate
buffer for up to 7 days at 40. The cells were fixed in
phosphate-buffered osmium tetroxide, dehydrated in
alcohol, and embedded in Spurr's medium. Ultra-thin
sections stained with uranyl acetate and lead citrate
were examined with a Zeiss electron microscope. Sam
ples were analyzed by JFE Enterprises (Brooke
ville, MD).

RESULTS

JHM virus replication in mouse retinal cultures

Primary retinal cell cultures from 7- to 10-day-old
Balb/c mice reached confluency approximately 30
days after plating. The cultures consisted of flat, elon
gated cells (Fig. 1). After 30 days in culture, approxi
mately 40% of the cells reacted with anti-glutamine
synthetase antibody in a immunofluorescence assay

demonstrating that many of these cells continued to
express a marker for Muller cells (Linser et al., 1984).

Mouse retinal cultures were incubated with JHM
virus at an input multiplicity of infection of 10. Cultures
were evaluated daily for development of cpe and both
supernatant fluids and cell suspensions were assayed
on L2 cells for infectious virus. As is seen in Fig. 1, the
cells did not develop any cytopathology. Moreover, in
fectious virus could not be detected in supernatant
fluids. In contrast, 10"'and 101.7 TCID,alO.l mlofvirus
could be isolated from the cell suspension on Days 2
and 3, respectively. By Day 4 only 10°" TCID,alO.l ml
was observed and no virus was isolated from the cells
after Day 4. These data demonstrate that low levels of
infectious virus could be detected only within the cells
shortly after virus inoculation. In addition, infectious
virus was not released from the cells and the virus did
not induce a cpe.

JHM virus replication in mouse retinal-RPE mixed
cultures

Our initial studies indicated that JHM virus did not
productively replicate in mouse retinal (Muller) cell cul
tures and the virus did not induce a cpe. Since JHM
virus is detected within the retina of mice infected in
vivo, we next wanted to determine if multiple cell types
may be required for viral replication. Primary retinal
cells mixed with primary RPE cells reached confluency
approximately 15 days after plating. The cultures con
sisted of both flat, elongated cells and epithelial cells in
approximately a 3:1 ratio (Fig. 2a). The primary RPE
cells were shown to react in an immunofluorescent
assay with monoclonal antibody specific for RPE cells.
The cells maintained their epithelial shape but lost the
epitope identified by the monoclonal antibody when
the cells were maintained in vitro. This has been ob
served for rat and human RPE cells which can be prop
agated in vitro in pure culture.

We observed that RPE cells incubated in the ab
sence of retina' cultures did not survive and proliferate.
This is in contrast to what we found when RPE cells
were isolated from 10-day-old rats (Percopo et a/.,
1990). It appears that the presence of retinal cells or
factors produced by retinal cells support the prolifera
tion of mouse RPE cells. Retinal-derived substances
have previously been shown to stimulate RPE cell
growth (Campochiaro and Glaser, 1968).

Mouse retinal-RPE cultures were incubated with
JHM virus at an input multiplicity of infection of 10.
Again, cultures were evaluated daily for the develop
ment of cpe and supernatant fluids were assayed for
infectious virus. Figure 3 illustrates a comparison of
JHM virus replication in retinal cultures with the viral
replication in retinal-RPE mixed cultures. As can be
seen, infectious virus was not isolated in supernatant
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FIG. 1. Retinal ce ll cu ltures . (a) Untreated cu ltu res . (b) Cultures inoculated w ith JHM virus and incubated for 3 days. No cy topa thic effect (CPE)
was observe d. Mag nification X 146.

fluids from the retinal infected cultures, whereas 10 4

TCID5J O.1 ml of JHM virus was isolated from the reti
nal-RPE mixed cultures .

Typical JHM virus cpe consi sting of cell fusion and
multinucleated syncytial formation was observed from
Days 1 to 4 following inoculation (Fig. 2b).This virus-in
duced cpe was most closely associated with the epi
thelial cells and appeared to involve approximately
20% of the culture by Day 2 (Fig. 4). After Day 4, virus
induced syncyti al formation was not observed.

These virus-infected retinal-RPE mixed cell cultures
continued to grow in the absence of virus cpe for the
next 63 days. During this time period, the cultures
maintained the appearance of both flat elongated reti
nal cells and epithelial cells. Infectious virus, ranging
from 10 1.7 to 104.25 TCID5J O.1 ml, was detected in the
supernatant fluids for the first 36 days after inocu lation
(Fig. 5). After Day 36, the virus could not be detected in
the supernatant fluids . Although high titers of virus
were consistently isolated from Days 1 to 36, cpe was
not observed after Day 4. Despite the lack of cytopa
thology in the retinal-RPE mixed cultures, the virus
continued to induce typical syncytial formation when
inoculated onto L2 cells. These studies indicate that
within the mixed retinal-RPE cell cultures, the JHM in-

duces a persistent virus infection in the absence of
cytopathology.

Coexpression of markers for muller cells and viral
antigen

Immunofluorescent and immunoperoxidase staining
for glutamine synthetase on frozen sect ions of whole
mouse retinas revealed staining patterns consistent
with Mull er cells staining as previously described
(Linser et al., 1984). Immunofluorescent staining for
reactivity to antibody for glutamine synthetase was
also evaluated on the retinal cell cultures . We found
that up to 40% of the retinal cells propagated in vitro
expressed the Muller cell marker, glutamin e synthe
tase.

In order to determine if the Muller cell populat ion
was permissive for JHM virus replication, we per
formed double-labeling experiments. Cultures were in
fected as previously described. Twenty-four hours
after virus inoculation of retinal-RPE mixed cultures,
the cells were removed from dishes with trypsin-ver
sene mixture and cytospin preparations were pre
pared. The monoclonal anti-viral antibody was tagged
with fluorescein isothiocyanate (green) and the rabbit
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FIG. 2. Retinal-RPE mixed cell cultures. (a) untreated cultures . (b) Cultures inoculated w ith JHM virus and incubated for 18 hr. Typical
virus-induced CPE consisti ng of multinucleated syncytial formation is seen. Magnifi cation x148.

anti-glutamine synthetase antibody was incubated
with a rhodamine (red)-tagged goat anti-rabbit anti
body. The slides were first viewed under light micros
copy . The field was then examined with a rhodamine
(red) filter and then with a fluorescein filter (green). By
double-exposure photography of this field, the cells
reacting with both fluorescein and rhodamine-conju
gated antibodies demonstrated a yellow-orange color.
As can be seen in Fig. 6. cells that contained the Muller
cell marker, glutamine synthetase. displayed JHMvirus
antigens. This finding suggests that the Muller cell is
susceptible to JHM infection . Occasionally. viral anti
gen expression was also seen in cells which did not
express the Muller cell marker. This indicates that ei
ther not all of the Muller cells in vitro express glutamine
synthetase or that a second population of cells is in
fected by JHM virus. We were unable to evaluate viral
infection of RPE cells because RPE cells propagated in
vitro quickly lose reactivity with the RPE cell monoclo
nal antibody .

Evaluation of infected cultures by
electronmicroscopy

JHM virus-infected L2 cells , 24 hr postinoculation
(pi), retinal cultures (48 hr pi), and the retinal-RPE

mixed cultures (48 hr and 14 days pi) were next evalu
ated by electron microscopy. Replication of the corona
viruses occurs entirely within the cytoplasm of the cell
(Holmes, 1990). In the L2-infected cell cultures, the
viral particles were clearly seen within the cytoplasm of
infected cells, accumulating within cytoplasmic vacu
oles (Fig. 7). The virus can acquire an outer membrane
by budding into cytoplasmic vacuoles . Numerous viral
particles could also be seen closely associated with
the outer surface of the plasma membrane .

In the retinal-RPE mixed cultures infected with JHM
virus for 48 hr, the viral particles could be seen within
the cytoplasm and again extracellularly along the outer
surface of the plasma membrane (Fig. 8). Coronavirus
release from the retinal-RPE mixed cultures is seen in
Fig. 8 (Dubois-Daleq et et., 1984). Coronaviruses have
the ability to be released from cells in the absence of
cell lysis. The virions migrate through the Golgi appara
tus and are then transported in smooth-walled vesicles
to the cell periphery. Fusion of the vesicles with plasma
membrane results in the release of numerous viral par
ticles into the supernatant fluid . As is seen in Fig. 9, a
large number of viral particles collect at the plasma
membrane of the infected cell. This has been observed
for coronaviruses. The viruses do not bud from the
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FIG. 5. JHM virus replication in retinal-RPE mixed cell cultures.
Supernatant fluids were removed from cultures prior to and at
various times after inoculation with JHM virus (input multiplicity of
10). Virus infectivity of supernatant fluids was assayed on L2 celis.

DISCUSSION

In this report we evaluated the cellular basis of JHM
retinal tropism. Earlier studies on the immunocyto
chemical analysis of JHM virus infection in vivo sug
gested that both RPE cells and Muller-like cells are
infected (Robbins et al., 1990, 1991). Electron micro
scopic evaluation of these infected eyes also estab
lishes the presence of coronavirus particles within RPE
cells and Muller cells (manuscript in preparation). In
this study we found that JHM virus does not induce a
highly productive infection in retinal cell cultures. How
ever, mixed retinal-RPE cell cultures were capable of
propagating virus associated with transient cytopathol
ogy. These data suggest that cell-to-cell interactions of
retinal-RPE cells can influence the establishment of
coronavirus infections in the retina. These studies also
demonstrate that JHM virus is capable of establishing a
persistent virus infection in the mixed retinal-RPE cell
cultures.

Coronavirus infections are highly species specific
with the virus exhibiting a strong tissue and cell speci
ficity (Holmes, 1990; Mcintosh, 1990). Limitation of
virus replication to select cell types can be associated
with genetic factors of the host and the virus. Our ear-

endoplasmic reticulum (Fig. 10). When extracellular
virus was seen, numerous particles were observed lin
ing the membrane of a necrotic cell.

In both the L2 and retinal-RPE mixed cultures, in
fectious virus was readily isolated from the superna
tant fluids and intracellular and extracellular viral parti
cles were readily observed by electron microscopy. In
contrast, virus particles were not detected in the retinal
infected cultures. This is consistent with the observa
tion that these cells were not permissive to an acute
infection with the release of infectious virus.
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FIG. 4. Cytopathic effect (ePE) in retinal-RPE mixed eel! cultures
inoculated with JHM virus. Cell cultures were inoculated with JHM
virus (input multiplicity of 10) and development of CPE was deter
mined by light microscopy evaluation. Virus infectivity for these cul
tures are reported in Fig. 5.

plasma membrane. They appear to absorb to it after
they are released from the infected cell.

The retinal-RPE mixed cultures infected for 14 days
did not display cpe but infectious virus was detected in
supernatant fluids. Electron microscopic evaluation of
these persistently infected cultures revealed some dif
ferences when compared to the acutely infected reti
nal-RPE mixed cultures (48 hr pi) or to the L2-infected
cultures (24 hr pi). In the acute infection, virus was
readily seen within numerous cytoplasmic vacuoles. In
contrast, in the persistent infection virus-filled vacuoles
were infrequently observed. When intracellular virus
was observed, it was noted closely associated with the

FIG. 3. Comparison of JHM virus replication in retinal and retinal
RPE mixed cultures. Supernatant fluids were removed from cultures
prior to and at 1 and 4 days after inoculation with JHM virus (input
multiplicity of 1O). Virus infectivity of supernatant fluids was assayed
on L2 cells.
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FIG. 6. Immunofluorescent analysis of JHM virus-infecte d retinal-RPE mixed cu ltures. (A) The ce ll cu ltures viewed under light micros copy. (B}
The same cell cultures incubated w ith anti-glut am ine synthe tase (Muller ce ll marke r) antibody tagged with rhod amine (red). (C) The same ce ll
cu ltures incubated w ith anti -JHM virus monoclonal antibody tagged with FITC (green). (D) By using doub le-exposu re photography wi th different
filter systems. cel ls reacting w ith both the rhodamine-tagged antibody and the fluoresce in-tagge d ant ibody now appea r yellow-orange in color.
Mag nific ation X296.

lier in vivo studies showed that JHM virus proteins are
clearly identified in RPE cells and throughout the retina.
Anti-virus antibody staining patterns in the retina mimic
the distribution of retinal Muller cells. Up to 40% of
retinal cultures (30 days in culture) expressed tile
Muller cell marker, glutam Ine synthetase . Surprisingly,
JHM virus did not replicate in these cultures, Since the
sequence of events in vivo consists of initial RPE cell
staining for viral antigen at Day 3 followed by retinal
Muller-like staining for viral antigen at Days 4-6, we
decided to see if mixed cultures would be permissive
to JHM virus replication. These rnixed cultures were
permissive for JHM replication. Double immunofluores
cent studies showed that cells positive for Muller cell
staining expressed viral antigen.

The Muller cell is considered the most prominent
glial element in the retina (Ripps and Witkovsky, 1985;
Hicks and Courto is, 1990). The cells transverse the
layers of the retina in a radial direction. Not only do
these cells provide structural support to the retina but
also they also contribute nutritive. ionic, and metabolic

functions. The data presented here indicate that JHM
virus can infect and replicate in Muller cells. The ability
of the coronavirus to replicate in this cell may provide
insight into some of the pathogenic processes occur
ring in the infected retina. In fact , we have recently
shown that there is a redistribution and reduct ion of
interphotorecept or retinoid-binding protein (IRBP) dur
ing ocular coronavirus infection (Hooks et el., 1991;
Robbins et et., 1992). This molecule serves the impor
tant function 01 transport ing retinoids between the
photoreceptor cells and the RPE cells. In the infected
eye, IRBP actually leaks through the retina leaving a
track which mimics the transversing distribution of a
Muller cell. We speculate that this effect could result
from virus-induced disruption of the adhering junctions
between photoreceptors and Muller cells. This alter
ation in Muller-photoreceptor cell junction s could re
sult in abnormalities in a variety of interphotorecep tor
matrix components that could lead to secondary patho
logic effects. For example, diminished concentration
and displacement of IRBP protein may disrupt retinal
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FIG. 7. JHM virus-infe cted L2 ce lls . Mature virions observed within intracellular vacuoles and at the plasma membrane surface at 24 hr
postinoculat ion. Magnificat ion X 54,DDO.
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FIG. 8. JHM virus-infected retinal-RPE mixed cell cultures . Mature virions are observed extracellu larly at 48 hr postinoculation. Magnif icat ion
X 67,500.
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FIG. 9. JHM virus-infected retinal- RPE mixed cell cultures. Mature virions observed within cellular vacuoles (arrow) and at the plasma
membrane at 48 hr postinoculat ion. Magnificat ion X33,750.



134 WANG. DETRICK, AND HOOKS

FIG. 10. JHM virus-infected retinal- RPE mixed cell cu ltures. Virions observed in the endoplasmic reticulum at 14 days postinoculation .
Magnif ication X54,OOO.
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transport. The resultant retinoid excess in the photore
ceptor can be toxic to this cell.

The retinal (Muller)-RPE mixed cultures were per
missive for the establishment of a persistent infection,
whereas retinal (Muller) cultures alone were not. Four
possibilities may explain why mixed cultures are per
missive for virus replication and they include the pres
ence of cellular receptors for the virus, the need for
cell-to-cell interactions, the need for more differen
tiated cells, and proteolytic activation of viral glycopro
teins. One Or a combination of these events may be
operative in establishing the susceptibility of our reti
nal-RPE mixed cultures.

Recent studies by Holmes and associates indicate
that the strong cell specificity of the virus can be asso
ciated with the cellular receptor which the virus uses
for attachment and penetration. The cellular receptor
for murine coronavirus A59 strain is a member of the
carcinoembryonic antigen family of glycoproteins in
the immunoglobulin superfamily (Dveksler et al., 1991).
Our retinal cultures may lack these virus receptors be
cause the virus does not replicate in these retinal cell
cultures. However, the virus does replicate in mixed
retinal-RPE cultures. This virus replication may also
reflect a need for cell-to-cell interactions and/or a re
quirement for more differentiated cell types. Recent
studies by Pasick and Dales (1991) indicate that two
cell types, neurons and early oligodendrocyte type 2
astrocyte lineage cells, and specific stages of differen
tiation may be necessary for productive JHM virus repli
cation. They discovered that the presence of soluble
mediators which synergistically block 0-2A cells from
differentiating into oligodendrocytes was correlated
with specific and reversible resistance to JHM virus in
fections. They suggest that permissiveness of the cells
for JHM virus is restricted to discrete developmental
stages. Similar conditions may exist in our culture sys
tem. The virus may replicate in RPE cells and then be
able to infect Muller cells in the retinal-RPE mixed cul
tures. Alternatively, the RPE cells, by cell-to-cell con
tact or by the production of soluble factors, may drive
the retinal cells to a more differentiated state which is
more susceptible to virus replication. In fact, we have
shown that a cytokine, interferon-v can help to drive
retinoblastoma cells to a more differentiated state
(Hooks et al., 1991; Detrick et al., 1992)

Finally, cell-to-cell interactions in our system may re
sult in proteolytic activation of viral glycoproteins
(Holmes, 1990). In order for bovine coronavirus (BCV)
to infect bovine brain or thyroid cells, the E2 glycopro
tein must be enzymatically cleaved (Storz and Kaluza,
1981). /n vivo, BCV replicates in the intestine, where
enzymes are readily available. RPE cells phagocytosis
could possibly result in cleavage of an inactive viral
glycoprotein to a biologically active form. In this way,

the RPE cell may be arming the virus for retinal infec
tions.

The studies reported here demonstrate that JHM
virus cannot only replicate in retinal-RPE mixed cul
tures but can also persist in these mixed cell cultures.
Following an initial 2- to 4-day period of viral replication
associated with cytopathology, the virus continues to
replicate in the absence of syncytial formation. This
persistent infection in retinal-RPE cultures is strikingly
similar to a report describing JHMvirus persistence in a
rat glial cell line (Lucas et al., 1977). The virus-induced
syncytia was present early in the infection of glial cells
and disappeared within 7 days. After this time, virus
was continually shed into the medium. Moreover, it
was noted that replication within the rat glial cells in
vitro mimics in vivo pathogenesis, i.e., JHM virus repli
cates in and kills oligodendroglia I cells inducing de
myelination. In contrast, the MHV-3 strain of the same
virus fails to replicate in the rat glial cells in vitro and in
vivo.

Coronaviruses can establish persistent infections in
vitro and in vivo. In the rodent system, additional MHV
strains have been shown to persist in various cell
types. The A59 strain persists in the 17 clone 1 cell line
of 3T3 cells and in primary glial cells, while MHV-3
strain persists in lymphoid cell lines, neuroblastoma
cell lines, and astrocytes (Stohlman and Weiner, 1978;
Lucus et a/., 1978; Holmes and Behnke, 1981; Lamon
tagne and Dupuy, 1984; Beushausen and Dales,
1985; Lavi et a/., 1987). The human coronavirus 229E
can establish a persistent infection in the human fetal
lung cell line (L132) (Chaloner-Larsson and Johnson
Lussenburg, 1981). The mechanisms of in vitro persis
tence are generally divided into four categories: the
production of interferon, interference by defective inter
fering particles, integration of viral genone, and genetic
mutation of the virus. Earlier studies on coronavirus
persistence have all implicated the genetic mutation of
the virus.

In vivo studies have shown that the murine corona
virus MHV (MHV-4 strain) can induce a chronic disease
characterized by paralysis and viral persistence
(Knobler et al., 1982; Lavi et a/., 1984; Fleming et a/.,
1987; Perlman and Ries, 1987; Buchmeier et al., 1988;
Perlman et a/., 1990). There is also some evidence for
viral persistence in human coronavirus infections. Hu
man coronavirus associated with upper respiratory
tract infections can be isolated from nasal washing for
up to 18 days (Manto, 1976). Another study demon
strated that human enteric coronavirus could be iso
lated for several months (Moore et al., 1977). Our pres
ent model of coronavirus-induced retinopathy does not
appear to be associated with viral persistence in vivo.
The virus can be easily isolated, detected by immuno
cytochemical staining, and observed by electron mi
croscopy for the first 6 to 7 days after inoculation. How-



136 WANG, DETRICK, AND HOOKS

ever, after this time period, none of the above tech
niques are able to detect the presence of the virus.
Nevertheless, the ability of JHM virus to induce an in
vitro persistent infection in retinal cultures suggests
that a similar mechanism may be operative in vivo. We
are presently evaluating different conditions and
various MHV strains for the production of a persistent
infection in vivo.

JHM virus is capable of inducing a retinopathy in the
mouse and the studies reported here clearly show that
this virus is capable of replicating in Muller cells in vitro.
However, one must be careful extrapolating these in
vitro studies to the situation in vivo. The in vitro situa
tion obviously lacks the varied growth factors, cyto
kines, and immune system which contribute to the
pathogenic processes involved in the retinal degenera
tive disease.

Studies from a number of disciplines are showing
that cell-to-cell interactions playa role in the survival,
proliferation, and differentiation of cell populations.
These influences have also been shown to be critical in
the establishment of JHM virus infections in primary rat
telencephalic cultures (Pasick and Dales, 1991). The
studies reported here support earlier observations indi
cating that cell-to-cell interactions can influence retinal
and RPE cell survival and proliferation (Campochiaro
and Glaser, 1968). Moreover, cell-to-cell interactions
can influence the establishment of JHMvirus infections
in retinal cultures. The maturation of the virus through
the cellular secretory apparatus in the Muller cell may
contribute to the pathogenic mechanisms observed in
coronavirus infections within the retina.

ACKNOWLEDGMENT

We thank Caroline Percopo 10r technical assistance.

REFERENCES

8EUSHAUSEN, S., and DALES, S. (1985), to vivo and in vitro models of
demyelinating disease. XI. Tropism and differentiation regulate the
infectious process of coronaviruses in primary explants of the rat
CNS. Virology 141, 89-101.

BueHMEIER. M. J.. DALZIEL. R. G.• and KOOLEN, M. J. M. (1988). Coro
navirus-induced eNS disease: A model for virus-induced demye
lination. J. Neuroimmunot. 20, 111-116.

CAMPOCHIARO, P. A., and GLASER, 8. M. (1968). A retina-derived stim
ulator(s) of retinal pigment epithelial cell and astrocyte prolifera
tion. Exp. Eye Res. 43, 449-457.

CHALONER-LARSSON, G., and JOHNSON-LuSSENBURG, C. M. (1981). Es
tablishment and maintenance of a persistent infection of L132
cells by human coronavirus strain 229E. Arch. Viral. 69, 117-129.

DETRICK, B., CHADER, G. J., RODRIGUES, M., KYRITSIS, A. P., CHAN,
C. C., and HOOKS, 1.J. (1988). Coexpression of neuronal, glial and
major histocompatibility complex class II antigens on retinoblas
toma cells. Cancer Res. 48, 1633-1641.

DETRICK, B., EVANS, C. H., CHADER, G. L. PERCOPO, C. M., and HOOKS,
J. J. (1991). Cytokine induced modulation of cellular proteins in
retinoblastoma: Analysis by flow cytometry. Invest. Ophtha!. Vis.
Sci. 32,1714-1722.

DUBOis-DALeo, M., HOLMES, K. V., and RENTIER, B. (19B4). "Assem
bly of Enveloped RNA Viruses," pp. 100-119. Springer-Verlag/
Wein, New York.

DVEKSL.ER, G. S., PENS1ERO, M. N., CARDELLICHIO, C. 8., WILLIAMS,
R. K., JIANG, G. S., HOLMES, K. V., and DIEFFENBACH, C. W. (1991).
Cloning of the mouse hepatitis virus (MHV) receptor: Expression in
human and hamster cell lines confers susceptibility to MHV. 1.
Viral. 65, 6881-6891.

FLEMING, J. 0., TROUSDALE, M. D., BRADBURY, r., STOHLMAN, S.A, and
WEINER, L. P. (1987). Experimental demyelination induced by co
ronavirus JHM (MHV-4): Molecular identlftcation of a viral deterrni
nant of paralytic disease. Microb. Pathogen. 3, 9-20.

HICKS, 0., and COURTOIS, Y. (1990). The growth and behavior of rat
retinal Muller cells in vitro. 1. An improved method for isolation and
culture. Exp. Eye Res. 51,119-129.

HOLMES, K. V., and BEHNKE, J. N. (1981). Evolution of a coronavirus
during persistent infection in vitro. Adv. Exp. Med. BioI. 142, 287
299.

HOLMES, K. V. (1990). Coronaviridae and their replication. In "Virol
ogy" (B. N. Fields, D. M. Knipe et aI., Eds.), 2nd ed., pp. 841-856.
Raven Press, New York.

HOOKS, l J., DETRICK, 8., PERCOPO, C., HAMEL, C., and SIRAGANIAN,
R. P. (1989). Development and characterization of monoclonal an
tibodies directed against the retina) pigment epithelial cell. Invest.
Ophthal. Vis. Sci. 30, 2106-2113.

HOOKS, J.1.,CHADER, G., EVANS, C. H., and DETRICK, B. (1990). Inter
feron-gamma enhances the expression of retinal S-antigen, a spe
cltlc neuronal cell marker. 1. Neurolmmunol. 26, 245-250.

HOOKS, J. J., ROBBINS, S. G., WIGGERT, B., CHADER, G. J., and DETRICK,
8. (1991). Can viruses trigger retinal degenerative processes. In
"Retinal Degenerations" (R. E. Anderson, J. G. Hollyfield, and
M. M. LaVail, Eds.). pp. 529-534. CRC Press, Boca Raton. FL.

KNOBLER, R. L., LAMPERT, P. W., and OLDSTONE, M. B. A (1982). Virus
persistence and recurring demyelination produced by a tempera
ture-sensitive mutant of MHV-4. Nature 298, 279-280.

KVUWA, S., and STOHLMAN, S. A. (1990l. Pathogenesis of a neurotro
pic murine coronavirus. strain JHM in the central nervous system
of mice. Semin. Viral. 1, 273-280.

LAMONTAGNE, L. M., and Dupuy, J. M. (1984). Persistent infection
with mouse hepatitis virus 3 in mouse lymphoid cell lines. Infect.
lrnmun. 44, 716-723.

LAVI, E., GILDEN, D. H., HIGHKIN, M. K., and WEISS, S. R. (1984). Per
sistence of mouse hepatitis virus A59 RNA in a slow virus demye
linating infection in mice as detected by in situ hybridization. J.
Viral. 51, 553-556.

LAVI, E., SUZUMURA, A, HIRAYAMA, M., HIGHKIN, M. K., DAMBACH,
D. M., SILBERBERG, D. H., and WEISS, S. R. (1987). Coronavirus
mouse hepatitis virus (MHV)-A59 causes a persistent. productive
infection in primary glia\ cell cultures. Microbial. Pathogen. 3, 79
85.

lINSER, P. r., SORRENTINO, M., and MOSCONA, A. A. (1984). Cellular
compartmentalization of carbonic anhydrase-C and glutamine syn
thetase in developing and mature mouse neural retina. Dev. Brain
Res. 13,65-71.

LUCAS, A, FUNTOFF, W., ANDERSON, R., PERCY, D., COULTER, M., and
DALES, S. (1977). In vivo and in vitro models of demyelinating dis
eases: Tropism of the JHM strain of murine hepatitis virus for cells
of glial origin. Ce1/12. 553-560.

LUCAS, A., COULTER, M., ANDERSON, R., DALES, S., and FUNTOFF, W.
(1978). In vivo and in vitro models of demyelinating diseases. II.
Persistence and host-regulated thermosensitivity in cells of neural
derivation infected with mouse hepatitis and measles viruses. Vi
rology 88,325-337.



CORONAVIRUS INFECTION IN THE RETINA 137

MASSA, P. T., WEGE, H., and TER MEULEN, V. (1986). Analysis of mu
rine hepatitis virus (JHM Strain) tropism toward Lewis rat glia cells
in Vitro. Lab. Invest. 55, 318-327.

McINTOSH, K. (1990). Ccrcnaviruses. In "Virology" (8. N. Fields.
D. H. Knipe et a!., Eds.), 2nd ed., pp. 857-864. Raven Press, New
York.

MONTO. A. S. (1989). Coronaviruses.ln "Viral Infections of Humans"
(A. S. Evans, Ed.), pp. 153-167. Plenum Press, New York.

MOORE, B., LEE, P" HEWISH, M., DIXON, B., and MUKHERJEE, T. (1977).
Coronaviruses in training centre for intellectually retarded. Lancet
1, 261.

PASICK, J. M. M., and DALES, S. (1991}.lnfection by coronavirusJHM
of rat neurons and oligodendrocyte-type-2 astrocyte lineage cells
during distinct developmental stages. 1. Virol. 65, 5013-5028.

PERCOPO, C., HOOKS, J. J., SHINOHARA, 1., CASPI, R, and DETRICK, B.
(1990). Cytokine-mediated activation of a neuronal retinal resident
cell provokes antigen presentation. 1. Immunol. 145, 4101-4107.

PERLMAN, S., and RIES, D. (1987). The astrocyte is a target cell in
mice persistently infected with mouse hepatitis virus, strain JHM.
Microb. Pathogen. 3, 309~314.

PERLMAN, S., JACOBSEN, G., OLSON, A L., and AFIFI, A. (1990).ldentifi-

cation of the spinal cord as a major site of persistence during
chronic infection with a murine coronavirus. Virology 174, 418
426.

RIPPS, H., and WITKOVSKY, P. (1985). Neuron-glia interactions in the
brain and retina. In "Progress in Retinal Research" (N. N. Osborne
and G. J. Chader, Eds.), pp. 181-219. Pergamon Press, Oxford.

ROBBINS, S. G., HAMEL, C. P., DETRICK, B., and HOOKS, J. J. (1990).
Murine coronavirus induces an acute and long-lasting disease of
the rettoa.Leo. Invest. 62, 417-426.

ROBBINS, S. G., DETRICK, B., and HOOKS, J. J. (1991). Ocular tropisms
of murine corcnavlrua (strain JHM) after inoculation by various
routes. Invest. Ophtha/mot. Vis. Sci. 32,1883-1893.

ROBBINS, S. G., WIGGERT, B., KuTIY, G., CHADER, G. J., DETRICK, B.,
and HOOKS, J. J. (1992). Redistribution and reduction of interpho
toreceptor retinoid-binding protein during ocular coronavirus in~

fection. Invest. Oontnetmot. Vis. Sci. 33, 60-67.
STOHLMAN, S. A, and WEINER, L. P. (1978). Stability of Neurotropic

mouse hepatitis virus OHM strain) during chronic infection of neu
roblastoma cells. Arch. Virol. 57, 53-61.

STORZ, J., ROTT, R., and KALUZA, G. (1981). Enhancement of plaque
formation and cell fusion of an enteropathogenic coronavirus by
trypsin treatment. Infect. Immun. 31, 1214~1222.


