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ts1 is a highly neuropathogenic and lymphocytopathic mutant of Moloney murine leukemia virus TB
(MoMuLV-TB). We previously reported that the primary neuropathogenic determinant of £s1 maps to a single
amino acid substitution, Val-25—Ile, in precursor envelope protein gPr80°**. This Val-25—Ile substitution
apparently renders gPr80°"" inefficient for transport from the endoplasmic reticulum to the Golgi apparatus.
These findings suggest that the cytopathic effect of #51 in neural cells might be due to the accumulation of gPr80°"”
in the endoplasmic reticulum. Since endothelial and glial cells are targets of #s1 infection in the central nervous
system, we established primary endothelial and astrocyte cultures to investigate the mechanism of cell killing
caused by #s1. A continuous cell line, TB, was used as a control. Our results showed that both ¢s1 and
MoMuLV-TB replicated and induced a cytopathic effect in astrocyte cultures, albeit to different degrees; £s1
appeared to be more lethal than MoMuLV-TB. On the other hand, £s1 and MoMuLV-TB infections of endothelial
or TB cells were not cytopathic. The cytopathic effect in infected astrocytes correlated with the inefficiency of
gPr80°™” transport and the intracellular accumulation of gPr80°*" as well as aberrant virus particles.

For the past several years, we have been studying the
pathogenesis of a progressive spongiform encephalomyelop-
athy induced in mice by #s1, a highly neuropathogenic and
lymphocytopathic mutant of Moloney murine leukemia virus
TB (MoMuLV-TB) (33, 40). To understand the molecular
and cellular events leading to the neurodegenerative disease
induced by #s1, our main goal has been to determine the
virus factor(s) responsible for disease induction and the
mechanism of specific cell killing by the virus.

We previously reported that the primary neuropathogenic
determinant of zs1 maps to a single amino acid substitution,
Val-25—1le, in precursor envelope protein gPr80°"* (29, 34).
Under restrictive growth conditions, the Val-25—Ile substi-
tution did not prevent the oligomerization of gPr80°**. How-
ever, the gPr80°"" oligomer was inefficient for transport from
the endoplasmic reticulum (ER) to the Golgi apparatus (15). It
has been hypothesized that the cytopathic effect (CPE) of zs1
in neural cells might be due at least in part to the accumulation
of the gPr80°"" oligomer in the ER (29, 40, 41). In in vivo
studies, we found that the viral titer in the central nervous
system (CNS) apparently correlates with the progression of
neurologic disorders and that the degenerative changes in the
CNS appear to be a direct consequence of virus replication
and the accumulation of viral protein (35, 43). In addition, we
recently showed by Western blot (immunoblot) analysis that
the CNS of ts1-infected mice exhibits increased accumulation
of gPr80°* (23). However, virus replication per se is not
sufficient to induce the overt hind limb paralysis observed in
tsl-infected mice. We further observed that for the virus to
induce full-fledged neurologic disease, two features are nec-
essary. First, the virus must possess the ability to invade and
replicate to a high titer in the CNS; second, the virus must
possess neurocytopathic characteristics (28, 34, 40). By his-
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topathological analysis, we observed that both neurovirulent
ts1 and nonneurovirulent wild-type MoMuLV-TB (WT) in-
duce similar lesions in corresponding areas of the CNS (43),
albeit that lesions in WT-infected mice are milder and no
neurologic symptoms develop. We also found that in the CNS
of zsl-infected mice, lesions in the form of intracellular
vacuolation, nuclear flocculation, and vesicular enlargement
of the ER and Golgi complex prior to breakdown of the cell
membrane and cellular disintegration occur in all cell types of
neuroectodermal origin, i.e., astrocytes, oligodendrocytes,
and neurons (27, 43), whereas no CPE is observed in micro-
glial cells and vascular endothelial cells, although the latter
apparently is the cell type among all the cell types in the CNS
that is most conspicuous in virus replication and production
(27). To correlate the genetically conferred properties of zs1
with its neurovirulence and to understand why certain cells,
such as endothelial cells, are not killed by viral infection,
whereas other cell types, such as astrocytes, demonstrate
cytopathic changes as a result of viral infection, we recently
established primary cell cultures of CNS endothelial cells and
astrocytes in our laboratory to investigate the specific inter-
action of zs1 and the WT with these cells. Our results,
presented in this report, showed that although #s1 produc-
tively replicated in primary endothelial cells and astrocytes as
well as in a continuous cell line, TB, it caused pathologic
changes in astrocytes only. High levels of viral expression
and inefficient transport of gPr80°*", resulting in the intracel-
lular accumulation of gPr80°"" as well as virus particles,
apparently correlated with the cytopathic alterations induced
by ts1 in astrocytes.

MATERIALS AND METHODS
Viruses and cell lines. The isolation and molecular cloning

of £s1 and its parental virus, MoMuLV-TB, were described
previously (37, 42). Viruses were propagated in TB cells, a
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thymus-bone marrow cell line derived from CFW/D mice,
and the viral titer was determined on 15F cells as previously
described (39). All cell lines were maintained in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 6%
fetal calf serum and 4% bovine serum.

Primary astrocyte and endothelial cell cultures. The mouse
subcortical diencephalon and brain stem were dissected
from 3- to 7-day-old FVB/N mice. The tissues were minced
in cold phosphate-buffered saline (PBS) on ice, triturated
through 100-pm-pore-size Nitex screens and then 50-pm-
pore-size sterile metal grids, and rinsed by centrifugation at
4°C for 7 min at 120 x g in PBS. The cells were suspended
in an equal volume of 0.5% collagenase-0.2% DNase (Sigma
Chemical Co., St. Louis, Mo.) and incubated with constant
agitation for 20 to 25 min at 37°C. The dissociated tissue
homogenate was washed twice with 2% Nu-serum (Collab-
orative Research, Inc., Bedford, Mass.) in PBS, placed on a
15% dextran-1% Nu-serum gradient in PBS, and spun at
4,000 x g for 20 min at 4°C to separate the astroglial cells (in
the supernatant) from the microvascular endothelial cells (in
the pellet). Cells from the supernatant and the pellet were
washed separately twice as described above, placed on a
30% Percoll-1% Nu-serum or a 45% Percoll-1% Nu-serum
gradient, and spun at 20,000 X g for 20 min at 10°C. Cells
from the supernatant of the 30% gradient were washed
twice, counted, and placed in gelatin-coated cell culture
wells at a density of 10* to 10° cells per cm? in DMEM
containing 20% Nu-serum, 1x BME vitamins (GIBCO,
Grand Island, N.Y.), 100 U of penicillin per ml, 0.1 mg of
streptomycin per ml, and 4 pg of amphotericin B (Sigma) per
ml. The cells developed into enriched astroglial cell cultures
after passage in vitro at 37°C in 5% CO,. Cells from the
supernatant of the 45% gradient were washed twice and
placed in fibronectin-coated cell culture wells at 1 x 10° to 5
x 10 cells per cm? in endothelial cell growth medium, which
contained DMEM; 20% Nu-serum; 150 mg of endothelial cell
growth supplement (Collaborative Research) per ml; 5 pg
each of insulin, transferrin, and selenium per ml; 4.4 U of
heparin per ml; 0.5 mM pyruvate; 200 mM glutamine (Sig-
ma); and BME vitamins and antibiotics as listed above. The
cells developed into endothelial cell cultures after several
passages.

Characterization of astrocytes and endothelial cells. The
cells were characterized by alkaline phosphatase analysis,
immunocytochemistry, immunoblotting, immunoprecipita-
tion, and fluorescence-activated cell sorting as previously
described (25). The antibodies used were anti-glial-fibrillary
acidic protein (GFAP), anti-actin (Sigma), anti-factor VIII
(Dako, Santa Barbara, Calif.), anti-neuronal enolase (a gift
from D. Schmeckel), and anti-galactocerebroside (a gift from
D. Silverberg). Bandeiraea simplicifolia isolectin B, (Sigma)
was also used as a marker for endothelial cells. Astrocytes
consistently by the fourth or fifth passage were >99% GFAP
positive, >99% actin positive, <0.2% galactocerebroside
positive, <0.1% neuronal enolase positive, and <0.1% fac-
tor VIII positive. By the fourth or fifth passage, endothelial
cells consistently were >70% factor VIII positive, >99%
actin positive, and 98% Griffonia simplicifolia positive. In
addition, in situ hybridization demonstrated unique labeling
of astrocytes with a GFAP probe (>99%) and of endothelial
cells with an alkaline phosphatase probe (>99%).

Infection of cells. Primary astrocyte and endothelial cell
cultures and TB cells were infected with the WT or #s1. Fifty
thousand cells were plated in 30-mm plastic tissue culture
dishes 20 h before infection. Cells were treated with 4 pg of
Polybrene per ml for 2 h and then infected at a multiplicity of
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infection of 1 with #s1 or the WT. After incubation for 45
min, the cells were washed and refed with fresh medium.
The cultures were maintained at 34.5°C (the permissive
temperature for #s1), and virus production and CPEs were
monitored for 5 days.

Radiolabeling of cell cultures and viruses, radioimmunopre-
cipitation, and SDS-PAGE. At 72 h postinfection (p.i.), ts1-
and WT-infected cells were metabolically labeled with both
[>*S]cysteine and [**S]methionine in cysteine- and methi-
onine-free medium for 6 h. After the cells were labeled, the
virus particles were harvested from clarified culture medium
by ultracentrifugation at 45,000 rpm for 90 min in a Beckman
TL-100 ultracentrifuge. The cell monolayers and virus pel-
lets were lysed with N-octyl-B-D-glucopyranoside (Sigma).
The virus and cell lysates were immunoprecipitated with 7 ul
of goat antiserum prepared against Triton-disrupted murine
leukemia virus (MuLV) (Microbiological Associates, Inc.,
Bethesda, Md.) and incubated for 1 h at 4°C. The immune
complexes were recovered on fixed Staphylococcus aureus
(Pansorbin cells) from Calbiochem-Behring, La Jolla, Calif.
Eluted immune complexes were subjected to sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
as described previously (29, 38).

The apparent molecular sizes (M,s) of the proteins were
determined by plotting log M, versus relative distance mi-
grated (26). The *C-labeled protein molecular size standards
used (Dupont, NEN Research Products, Boston, Mass.) had
M s of 97,400 (phosphorylase b), 69,000 (bovine serum
albumin), 46,000 (ovalbumin), 30,000 (carbonic anhydrase),
and 12,300 (cytochrome c).

Pulse-chase analysis of gPr80°" processing. Metabolic la-
beling, pulse-chase experiments, immunoprecipitation, and
SDS-PAGE were performed as described previously (29).
Goat antiserum prepared against Rauscher MuLV gp69/71
was obtained from Microbiological Associates. The inte-
grated optical density of protein bands was quantified with a
Millipore Bio Image system (Bio Image Products, Ann
Arbor, Mich.).

Confocal immunofluorescence microscopy. Astrocytes, en-
dothelial cells, and TB cells were grown on chamber slides
(Nunc, Inc., Naperville, Ill.) at 34.5°C at a low density so
that separate individual cells could be visualized. Unin-
fected and infected cells (2 to 3 days p.i.) were first fixed
in 3% paraformaldehyde in PBS for 3 min at room temper-
ature and then permeabilized in N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid (HEPES)-Triton X-100 buffer
(20 mM HEPES [pH 7.4], 300 mM sucrose, 50 mM NaCl, 3
mM MgCl,, 0.5% Triton X-100) for 3 min at room tempera-
ture. For indirect immunolabeling of viral env protein, cells
were first incubated with goat anti-gp70 diluted 1:300 in
PBS-2% bovine serum albumin (Sigma) (PBS-BSA) for 45
min at room temperature, then washed three times in PBS-
BSA, and finally incubated with fluorescein isothiocyanate-
conjugated anti-goat immunoglobulin G antibody (Sigma)
(diluted 1:100 in PBS-BSA) for 45 min at room temperature.
The cells were then washed an additional four or five times
in PBS-BSA and mounted in 0.2% p-phenylenediamine-
glycerol for confocal microscopy. The cells were visualized
with a Meridian ACAS 570 workstation (Meridian Instru-
ments, Okemos, Mich.) and photographed from the micro-
scope video monitor.

Transmission EM. At 72 h p.i., the cells were fixed with
4% glutaraldehyde in PBS for 2 h and postfixed in osmium
tetroxide for 1 h. The cells were then dehydrated in a graded
series of ethanol and propylene oxide and embedded in a
mixture of Epon 812 and Araldite 6005 resins (R. P. Cargille
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Laboratories, Inc.). Thin sections were stained with uranyl
acetate and lead citrate. Samples were examined with a
Philips electron microscope (EM).

RESULTS

CPEs induced by #s1 and the WT in primary astrocyte
cultures. Astrocyte cultures infected with zs1 or the WT were
maintained at 34.5°C and monitored for morphologic
changes for 5 days. Endothelial and TB cells infected with
ts1 and the WT were used as controls to test whether the
ability of these viruses to kill astrocytes in cultures was
specific for astrocytes.

Cytopathologic changes, such as cell lysis and syncytium
formation, first appeared in tsl-infected astrocytes at about
70 h p.i. and about 12 h later in WT-infected astrocytes. As
shown in Fig. 1, by day 4 p.i., a number of cells in both #s1-
and WT-infected primary astrocyte cultures had already
lysed, and some multinucleated syncytia had formed. How-
ever, the CPE in WT-infected astrocytes (Fig. 1B) was less
severe than that in zsl-infected astrocytes (Fig. 1C), with
fewer lysed cells and less syncytium formation. Although
multinucleated giant cells were observed in both zs1- and
WrT-infected astrocyte cultures, this morphologic change
was not the major CPE that we detected. The major CPE
that we observed in these cultures was cell lysis. No
cytopathologic changes were observed in the uninfected
primary astrocyte cultures (Fig. 1A) or in ts1- and WT-
infected endothelial and TB cells.

To assess the severity of the virus-induced CPE, we
determined the numbers of viable cells at specific times by
trypan blue exclusion. In several experiments, we consis-
tently observed fewer viable cells but more dead cells and
debris in #s1- and WT-infected primary astrocyte cultures
than in uninfected astrocyte cultures at all times. Figure 2
represents the average results from these experiments. Dur-
ing the first 2 days p.i., the growth curves of #s1- and
WrT-infected astrocytes were similar, and both cultures
showed retardation of growth. However, by day 3 p.i., when
the CPE had occurred, the number of viable zsl-infected
astrocytes was two to three times smaller than the number of
viable WT-infected astrocytes. The CPE persisted from day
3 p.i. through day S p.i., but not all cells experienced the
CPE. ts1-infected endothelial cells had a higher survival rate
than zs1-infected astrocytes (Fig. 2), although the initial rates
of cell growth for both cell types were unaffected by the
infection. No significant differences were observed between
the growth curves of zs1- and WT-infected and uninfected
endothelial cells. Infected or uninfected TB cells had similar
growth rates, and these cells grew faster than uninfected
astrocytes (Fig. 2). These results indicate that although ts1
and WT infections were not cytopathic in endothelial and TB
cells, both #s1 replication and WT replication in astrocytes
induced cytopathic changes with cell lysis, albeit to different
degrees, and zs1 apparently killed more cells than WT. In
addition to astrocytes isolated from FVB/N mice, we have
used astrocytes isolated from BALB/c mice and have ob-
served similar results (data not shown).

Virus replication. To test for a correlation between virus-
induced CPEs and efficiency of virus replication, we com-
pared zs1 and WT production in astrocyte, endothelial cell,
and TB cell cultures. The kinetics of £s1 and WT production
by astrocytes, endothelial cells, and TB cells were studied
p-i. with either #s1 or WT. As shown in Fig. 3, both #s1 and
WT replicated slightly better in astrocytes than in either TB
cells or endothelial cells. The replication of zs1 in astrocytes
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FIG. 1. CPEs in ts1- and WT-infected astrocytes. Cell cultures
were photographed 4 days p.i. (magnification, x40). (A) Uninfected
astrocytes. (B) WT-infected astrocytes. (C) tsl-infected astrocytes.

.

was initially slower than that of WT, but by day 3 p.i., when
the CPE was evident, #s1 production exceeded WT produc-
tion in infected astrocytes or ¢s1 production in infected TB or
endothelial cells. However, by day 5 p.i., virus production
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FIG. 2. Survival of cultured astrocytes after virus infection.
Primary astrocyte cultures were infected with #s1 or the WT at a
multiplicity of infection of 1. At the indicated times, viable cells in
ts1 (O)- and WT (A)-infected astrocyte cultures were counted in a
hemocytometer by trypan blue exclusion. Uninfected astrocytes
(O), ts1-infected TB cells (B), and tsl-infected endothelial cells ()
were used as controls. Data are means * standard deviations for at
least three experiments.

by tsl-infected astrocytes was very similar to that by WT-
infected astrocytes or zsl-infected endothelial cells.
Kinetics of gPr80°"" processing in infected astrocytes and
endothelial and TB cells. It was previously shown that zs1
was relatively inefficient in processing gPr80°*" to gp70 and
Prp15E (38) and that this phenotype was correlated with the
neuropathologic effects of zs1 (28, 29). To explore the
molecular basis for the cytopathic phenotype of sl in
astrocyte cultures, we compared the kinetics of processing
of gPr80°" in infected astrocytes with those in infected
endothelial and TB cells. For these experiments, infected
cells were radiolabeled for 10 min; this step was followed by
chase periods of 0, 2, 4, and 6 h. In several experiments, our
results consistently showed a higher level of synthesis but a
lower efficiency of processing of gPr80°*" in tsl-infected
astrocytes than in ¢sl-infected TB cells. Figures 4A and B
represent the results obtained from one of these experi-
ments. Densitometric scanning of the autoradiograms
showed that by the end of the 10-min labeling period, the
amount of gPr80°" in ts1-infected astrocytes was 12 times
higher than that in zsl-infected TB cells. This difference
increased to 28, 50, and 88 times after 2-, 4-, and 6-h chases,
respectively (compare the intensities of the protein bands in
Fig. 4A). Processing of gPr80°"" in tsl-infected astrocytes,
compared with that in tsl-infected TB cells, was very
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FIG. 3. Production of #s1 and the WT in cultured astrocytes,
endothelial cells, and TB cells. Fifty thousand cells were seeded into
30-mm plastic tissue culture dishes 20 h before infection. The cells
were treated with 4 pg of Polybrene per ml for 2 h and infected with
ts1 or the WT at a multiplicity of infection of 1. After 45 min of
absorption, the infected cells were washed, refed with fresh me-
dium, and incubated at 34.5°C. Supernatants were collected at the
indicated times, and the titers of the viruses were determined by the
15F cell assay (39). Symbols: A and O, WT and #sl titers in
astrocyte cultures, respectively; 0, ¢s1 titer in TB cells; @, £s1 titer
in endothelial cells. Data are means + standard deviations for at
least three experiments.

inefficient. By the end of a 6-h chase, more than 80% of
gPr80°"¥ remained intracellularly in zsl-infected astrocytes
(Fig. 4B). On the other hand, processing of gPr80°"" in
tsl-infected TB cells occurred very rapidly and efficiently, so
that by the end of a 2-h chase, more than 50% of gPr80°"" had
already been processed to gp70, and by the end of a 6-h
chase, only 10% of gPr80°" remained intracellularly (Fig.
4B).

A comparison of the kinetics of gPr80°" processing in ¢s1-
and WT-infected astrocytes (Fig. 4C and D) showed that the
processing of gPr80°" in the zs1-infected astrocytes was also
less efficient than that in the WT-infected astrocytes. After a
6-h chase, 65% of gPr80°"" remained intracellularly in #s1-
infected astrocytes, whereas in WT-infected astrocytes, only
22% remained intracellularly. A comparison of the kinetics
of gPr80°"" processing in tsl-infected astrocytes and endo-
thelial cells (Fig. 4C and E) showed that the processing of
gPr80°"" in ts1-infected astrocytes was also less efficient than
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FIG. 4. Pulse-chase analysis of the processing of gPr80°*" in ¢s1- and WT-infected cells. Astrocytes and endothelial and TB cell cultures
were infected with £s1 or WT as described in the legend to Fig. 3. Infected cells were incubated at 34.5°C. At 2 or 3 days p.i., the same number
of cells from each experiment was pulse-labeled for 10 min with both [3°S]cysteine and [**S]methionine, and a chase was done for 0, 2, 4, and
6 h. The radiolabeled cells were lysed, and samples of the lysates containing 10° cpm of 3°S were treated with anti-gp70 antiserum.
Immunoprecipitated proteins were separated by SDS-PAGE. The autoradiograms were scanned and processed by use of the Millipore Bio
Image system. (A, C, and E) Autoradiograms of gPr80°™ processing in zs1- or WT-infected cells. (B, D, and F) Kinetics of gPr80°* processing
as analyzed by densitometric scanning of the autoradiograms in A, C, and E, respectively. Symbols: O, tsl-infected astrocytes; O,
tsl-infected TB cells; @, zsl-infected endothelial cells; A, WT-infected astrocytes; A, WT-infected endothelial cells.

that in zs1-infected endothelial cells (see the decrease in the
gPr80°"* band intensity and the increase in the gp70 band
intensity with time after chase in #sl-infected endothelial
cells). Furthermore, the processing of ¢s1 gPr80°*” in endo-
thelial cells was also less efficient than the processing of WT
gPr80°"" in endothelial cells (Fig. 4E and F). Since CPEs
were observed in both zs1- and WT-infected astrocyte cul-
tures and not in infected endothelial and TB cells, it is
possible that the accumulation of gPr80°”" in astrocytes was
related to the CPE observed in these cells. In addition, since
the CPE in zs1-infected astrocytes was more severe than the
CPE observed in WT-infected astrocytes, the pulse-chase
studies provided additional evidence that the level of intra-
cellular accumulation of gPr80°” was correlated with the
severity of the CPE. Immunoprecipitation experiments were
also performed with uninfected astrocytes and endothelial
cells. We did not detect any immunoprecipitation of gPr80°™”
or gp70 in these cells.

Confocal immunofiuorescence microscopy. Since the pro-
teolytic processing of gPr80°”" occurs in the Golgi compart-
ment (18), it has been suggested that inefficient processing of
gPr80°" is due to a defect in its transport from the ER to the
Golgi compartment (15, 41). To obtain direct evidence for

the localization of env proteins in the cells, we conducted a
confocal immunofluorescence microscopic study of ¢sl-in-
fected astrocytes and endothelial and TB cells. The results
showed that in tsl-infected astrocytes, env proteins were
located mainly near the nucleus, and relatively fewer env
proteins were found on or near the cell surface (Fig. 5B). On
the other hand, in s1-infected endothelial cells, env proteins
were distributed throughout the cell (Fig. 5A). The distribu-
tion of env proteins in WT-infected astrocytes was similar to
that in #sl-infected astrocytes, albeit they were more dif-
fused, whereas the distribution of env proteins in WT-
infected endothelial cells was essentially the same as that in
tsl-infected endothelial cells (data not shown). These data
indicate that in astrocytes, gPr80°"" transport from the ER
was unable to keep pace with the rate of production and, as
a result, unprocessed gPr80°*" accumulated in the perinu-
clear region. In endothelial cells, the rates of production and
transport of gPr80°"" were more evenly balanced, and peri-
nuclear accumulation of gPr80°*" did not occur.

Analysis of extracellular viral proteins. To find out whether
the inefficient transport and processing of intracellular env
proteins in #s1- and WT-infected astrocytes could affect the
extracellular protein profiles of these viruses, we examined
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FIG. 5. Localization of viral envelope proteins in astrocytes and endothelial cells by confocal scanning microscopy. Fixed cells were
incubated first with goat anti-gp70 antiserum and then with fluorescein isothiocyanate-conjugated rabbit anti-goat antibodies as described in
Materials and Methods. Uninfected cells were similarly treated as controls. A microscopic field containing a single cell was selected and
scanned with an argon laser at an excitation wavelength of 488 nm (scan parameters were optimized for maximum detection of fluorescence
with minimum cellular photobleaching). The emitted fluorescence was detected without a barrier filter. Control cells (not shown) did not show
any significant fluorescence. Ten to 20 different fields were measured and showed a similar distribution of fluorescence. (A) tsl-infected
endothelial cell. (B) zs1-infected astrocyte. The color bar on the right shows the relative amount of fluorescence. A phase-control picture (not

shown) confirmed the cellular outline and location of the nucleus.

the amounts of envelope proteins and p30 incorporated into
the virions released from these cells. Quantitation of the
amounts of proteins incorporated into extracellular virions
by densitometric scanning of autoradiograms showed that
both #s1 and WT virions released from infected astrocytes
had similar amounts of p30, whereas the amounts of gp70
and p15E were about 40% lower in £s1 virions than in WT
virions (Fig. 6, lanes 1 and 2). At the same time, analyses of
the intracellular viral proteins (lanes 3 and 4) showed that
there was about 40% more gPr80°*" (but less gp70 and
Prpl5SE) in tsl-infected astrocytes than in WT-infected as-
trocytes. No differences were found in the amounts of viral
proteins of extracellular £s1 and WT virions produced from
infected TB cells (data not shown). These results confirm our
observation that the processing of gPr80°"" to gp70 and
PrplSE is less efficient in fsl-infected astrocytes than in
WrT-infected astrocytes and, as a result, relatively smaller
amounts of gp70 and p15E are incorporated into the released
ts1 virions.

Transmission EM. To determine the ultrastructural as-
pects of the virus-induced cytopathic changes in primary

astrocyte cultures, we processed infected cells for EM
examination 3 days p.i. Surprisingly, in both the £s1- and the
WrT-infected samples examined, only a few cells presented
typical type C virus budding from the plasma membrane
without other ultrastructural modifications. However, in
most cells, virus particles were seen in dilated cisternae of
the rough ER (RER) or in intracytoplasmic vacuoles (Fig.
7A). Channels of the RER were often filled with immature
virus particles with aberrant shapes and forming extended
tubular structures (Fig. 7B). The vacuoles contained pre-
dominantly mature particles, in a mixture of conventional
and pleomorphic virus particles. It is likely that the intracel-
lular accumulation of virus particles increased over time and
thus could have contributed to the CPE observed. Such cells
eventually lysed and released large numbers of virions into
the medium. This result was substantiated by our ultrastruc-
tural analysis, which revealed that the largest numbers of
extracellular virus particles were observed mixed with cel-
lular debris or associated with cytoplasmic vacuoles under-
going disruption by day 3 or 4 p.i. (data not shown). Since
the CPE in ts1-infected astrocytes was more severe than that
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FIG. 6. Characterization of proteins in extracellular virions and
cell lysates in astrocyte cultures infected with zs1 (lanes 1 and 3) and
WT (lanes 2 and 4). At 2 or 3 days p.i., the cells were metabolically
labeled with both [*S]cysteine and [**S]methionine for 6 h. Virus
particles from the culture medium were pelleted by ultracentrifuga-
tion. Virus pellets (lanes 1 and 2) and cell monolayers (lanes 3 and 4)
were compared, and samples of the lysates containing the same
amount of incorporated 3°S were treated with anti-gp70 antiserum.
Immunoprecipitated proteins were separated by SDS-PAGE. The
autoradiograms were scanned and processed by use of the Millipore
Bio Image system.

in WT-infected astrocytes (Fig. 1 and 2), one would expect
that more intracellular virus particles would be released by
cell lysis of tsl-infected astrocytes. This expectation may
also explain our observation that the increase in the viral
titer of ¢zs1-infected astrocyte cultures 3 or 4 days p.i. (Fig. 3)
could have been due to the release of intracellular virus
particles by cell lysis together with the release of virus from
the plasma membrane.

We have not specifically quantitated the numbers of
intracellular virus particles in zs1- and WT-infected astro-
cytes, but our overall impression is that the number of
intracellular particles was larger in zsl-infected astrocytes
than in WT-infected astrocytes. This finding could also
correlate with the more severe CPE observed in #s1- than in
WrT-infected astrocytes. No virus particles were found intra-
cellularly or extracellularly in uninfected astrocyte cultures.
To our knowledge, the activation of an endogenous virus by
site-specific integration of exogenous MuLV in cell cultures
has not been reported. Therefore, the intracellular particles
that we observed are most likely not due to the activation of
endogenous virus expression by zs1 or WT. Furthermore,
the virus obtained from zsl-infected astrocytes retained the
genotype as well as the phenotype of #s1 and was able to
induce neurologic disease when inoculated into FVB/N mice
(data not shown).

EM examination of zs1- and WT-infected endothelial and
TB cells revealed typical budding type C particles on the
plasma membrane (data not shown). However, in infected
endothelial cells, in addition to budding particles, virus
particles were also observed in intracytoplasmic vacuoles.
No intracellular particles were detected in infected TB cells.
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DISCUSSION

In this report, we presented evidence that the WT and its
neurovirulent mutant #s1 not only replicated productively in
primary astrocyte cultures but also directly induced CPEs in
these cells, albeit to different degrees, with zs1 killing more
cells than the WT. To our knowledge, this is the first
demonstration that replicating murine retroviruses can cause
pathologic changes in astrocytes in vitro. However, there
are several reports indicating that human immunodeficiency
virus (HIV) can also directly infect and replicate in cultured
astrocytes (2-5, 8, 9). Some of these reports described mild
morphologic changes in astrocytes after infection with HIV.
For instance, Dewhurst and coworkers (9) detected cyto-
plasmic swelling and an increased number of rounded cells in
highly HIV-positive glial cell lines. However, these cell lines
did not undergo lysis or syncytium formation. In addition, a
temporary cell growth retardation was reported for HIV-
infected human astrocytic cell lines (2, 4), but no CPE
developed. More recently, Volsky and coworkers (30)
showed for the first time strong evidence of HIV cytopatho-
genicity for astrocytes in vitro, characterized by the appear-
ance of large multinucleated syncytia and significant cytoly-
sis. They correlated the CPE with the high efficiency of HIV
replication in the CD4™ glial cell line H4/CD4. In addition to
HIV, feline immunodeficiency virus (FIV) has also been
shown to infect and kill primary feline astrocytes (10).

The data presented here and our previous data demon-
strate that zs1 and WT infection of other primary cell
cultures, e.g., endothelial cells and macrophages (36), and of
continuous cell lines, such as TB and NIH 3T3, is not
cytopathic. In the study presented here, we used these cell
lines as controls to investigate the mechanisms responsible
for the killing of astrocytes by #s1 and the WT.

The overall level of virus expression, as determined by
viral titers, and the amounts of gPr80°"" and intracellular
virus particles as well as viral env mRNA detected by in situ
hybridization (Szurek, et al., unpublished data) at day 3 p.i.
in zs1- and WT-infected astrocytes were higher than those in
infected endothelial and TB cells. The higher level of virus
expression in astrocytes, however, was not necessarily due
to a higher growth rate of these cells, because TB cells,
which had a higher growth rate (Fig. 2), expressed less virus
than astrocytes (Fig. 3). Most likely, the higher viral titers
obtained from zs1- and WT-infected astrocytes than from
ts1- and WT-infected endothelial and TB cells were due to
the large number of intracellular virus particles released into
the medium upon lysis of the astrocytes at day 3 or 4 p.i.

Our results also showed a correlation between the ineffi-
cient processing of gPr80°”V and the CPE. Processing of
gPr80°™ in tsl-infected astrocyte cultures was consistently
less efficient than that in zs1-infected endothelial cells or TB
cells (Fig. 4), in which no CPE was observed. The inefficient
processing of gPr80°"" in ts1-infected astrocytes was further
substantiated by the decrease in the amounts of gp70 and
p15E incorporated into the virions released (Fig. 6). Further-
more, zsl-infected astrocytes, which consistently showed a
more severe CPE, also showed a higher level of intracellular
accumulation of gPr80°"" than WT-infected astrocytes. Con-
focal immunofluorescence microscopy revealed that the env
proteins in zsl-infected astrocytes were mainly distributed
near the nuclei, while in zsl-infected endothelial and TB
cells, these proteins were distributed throughout the cells,
indicating that the slower rate of gPr80°"" processing in
astrocytes was most likely due to inadequate transport of the
protein from the ER. Using confocal immunofluorescence



FIG. 7. Intracellular accumulation of virus particles in #s1-infected astrocyte cultures. (A) Electron micrograph of an astrocyte containing
virus particles in cellular vacuoles (arrows) and the RER (arrowheads). Bar, 1 mm. (B) Higher-magnification micrograph of a cultured
astrocyte containing aberrant virus particles (white arrows) in the RER. Bar, 0.2 mm.
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microscopy, Crise and Rose (6) also showed retention of the
gpl60 complex in the ER of HIV type l-infected cells.
However, the mechanism responsible for retaining such
proteins in the ER is not clear. A recent report by Denning
et al. (7) showed that a single mutation in the cystic fibrosis
transmembrane conductance regulator rendered this protein
temperature sensitive in transport and, as a result, it was
unable to leave the ER upon synthesis at the restrictive
temperature. Interestingly, this temperature-sensitive trans-
port-defective mutant protein is most commonly associated
with cystic fibrosis. Although our previous studies demon-
strated that the transport and processing of gPr80°"” in
tsl-infected TB and NIH 3T3 cells are temperature depen-
dent (15, 29, 38), the inefficient transport and processing of
gPr80°™ in tsl-infected astrocyte cultures that we report
here is cell type dependent, since these experiments were
conducted at 34.5°C, the permissive temperature for zsl
replication. Other studies have also shown a strong cell type
dependence for gpl60 processing or transport in HIV type
l-infected cells (11, 32) or cell type-specific modifications of
the FIV envelope glycoprotein (22). The study by Poss and
co-workers (22) also showed that specific astrocyte killing by
FIV is related to a cell type-specific modification of the
envelope glycoprotein. Our findings that gPr80°*" transport
and processing were consistently less efficient in zs1-infected
astrocytes than in WT-infected astrocytes and that #s1-
infected astrocytes showed more CPEs than WT-infected
astrocytes further suggest that a direct link exists between
the degree of inefficiency of gPr80°"" transport and the
severity of the CPE. Our previous finding showed that a
single Val—lle substitution at position 25 in gPr80°"" is
responsible for the inefficient gPr80°"" transport of zs1 (29).
We suggested that at the restrictive temperature, the
Val—Ile substitution may lead to the improper folding of
gPr80°"*. The misfolded gPr80°" is not efficient for transport
from the ER to the Golgi apparatus and, as a result, a pool of
unprocessed gPr80°"" would remain in the ER (15, 40). It is
likely that because of a specific virus-astrocyte interaction,
the same mutation also causes the relatively less efficient
gPr80°" transport in tsl-infected astrocytes, even at the
permissive temperature.

High-level virus expression together with a rate-limiting
transport of gPr80°"" results in the intracellular accumulation
of gPr80°" in astrocytes. The accumulation of this viral
protein can damage the astrocytes by several mechanisms.
For example, the accumulation of gPr80°"” in the ER may
induce dilation of the ER, resulting in the formation of
cytoplasmic vacuoles, or it may physically obstruct the
transport of other cellular proteins (40). It is also possible
that the retention of viral env protein in the ER results in
complex formation between the env protein and cellular
proteins. Precursor envelope proteins of other retroviruses
have been shown to bind to host cell proteins in the ER. For
example, gp160 of HIV was reported to form a complex with
CD4 molecules, and these complexes were retained in the
ER, sometimes in close proximity to the nuclear pores (6, 16,
17). These complexes may disturb intracellular signaling or
transport of many molecules between the nucleus and the
cytoplasm. The intracellular accumulation of gPr80°"¥ may
also cause congestion of traffic, resulting in the retention of
other viral components. Our EM studies suggest that intra-
cellular aberrant virus formation may also play an important
role in astrocyte injury by zsl. It is quite possible that
intracellular virus formation in astrocytes is a result of the
accumulation of gPr80°"* and other viral components in
vacuoles and cisternae of the ER, where #s1 particles, a
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majority in an aberrant form, were found to bud and accu-
mulate. The intracellular accumulation of virus particles has
also been induced by 1-deoxynojirimycin in NIH 3T3 cells
infected with Friend mink cell focus-inducing MuLV (21).
1-Deoxynojirimycin inhibits some cellular glucosidases, re-
sulting in the intracellular accumulation of the precursor of
the envelope proteins and decreasing the level of gp70. We
also speculate that the assembly of #s1 in astrocytes is
different from that in other cell types and that it occurs at
both the intracellular and the plasma membranes. Intracel-
lular virus accumulation has been observed in HIV- and
lentivirus-infected macrophages and monocytes (1, 12-14,
19, 20), often accompanied by a CPE. It is possible that the
accumulation of intracellular virus particles is one of the
mechanisms involved in the damage of some cell types by
retroviruses.

In our in vitro findings reported in this paper and in our in
vivo findings (27), we have implicated that astrocytes may
play an important role in neuropathogenesis in zsl-infected
mice. However, it is also likely that the effect of #s1 on
astrocytes is not the only mechanism that is involved in
neurologic degeneration in ¢sl-infected mice. Our argument
that astrocytes may play a role in neuropathogenesis is based
on the following observations. First, in the CNS of #s1-
infected mice, cytopathologic changes in the form of cyto-
plasmic vacuolation have been consistently observed for
astrocytes, particularly perivascular and perineuronal astro-
cytes. Second, using immunohistochemistry and EM (27),
we were able to show that astrocytes are infected with #s1,
albeit virus expression in these cells occurs at a much lower
level than in de novo-infected astrocytes in primary cultures,
as reported in this paper. Third, we were recently able to
isolate astrocytes directly from tsl-infected mice (using
methods to isolate astrocytes similar to those reported in this
paper) and were able to show that they are infected with #s1
(unpublished data). Fourth, zs1 can infect a variety of cells,
including all cells from neuroectodermal origins and all cells
from lymphoid origins, and many other cell types, such as
macrophages, megakaryocytes, and acinar, endothelial,
ependymal, dendritic, and muscle cells, etc. Interestingly,
only cells from neuroectodermal origins and T cells, in
particular CD4* T cells, show CPEs. In two of these cell
types that we were able to establish in sustained primary cell
cultures, namely, astrocytes (this report) and T cells (unpub-
lished data), we were able to correlate inefficient gPr80°""
processing with cell killing.

Astrocytes, however, may also play an indirect role in
neuronal degeneration induced by #s1 in the CNS. Astro-
cytes have been shown to secrete cytokines, including tumor
necrosis factor alpha and transforming growth factor beta,
which are neurotoxic (24, 31). Infection and subsequent
damage of astrocytes by zs1 may stimulate abnormal astro-
cytic activities and the release of these neurotoxic factors.
Thus, zs1 infection of astrocytes may indirectly contribute to
neuronal degeneration. Studies are in progress in our labo-
ratory to determine whether infection of astrocytes by zs1
induces these cells to release transforming growth factor
beta and/or tumor necrosis factor alpha or other cytokines.
In addition, we are examining whether cytokines moderate
the neuronal degeneration induced by #s1.

We studied zs1-astrocyte interactions in primary cell cul-
tures to eliminate some of the complexities of in vivo studies
of the CNS. These complexities could be due to cellular
heterogeneity or to the various factors involved in cell-to-
cell interactions and communication. However, the results
of in vitro studies must be interpreted with caution, because
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the characteristics of astrocytes in cultures may not neces-
sarily reflect their intrinsic features in vivo. For example,
one major difference between in vivo and in vitro systems is
the lower rate of cell growth and metabolism in the former,
which may contribute to the much lower level of virus
expression. The relatively low level of virus expression in
astrocytes in vivo may also explain why astrocytes do not
undergo multinucleated giant cell formation during ¢s1 infec-
tion in the CNS. Furthermore, the lower level and slower
rate of virus expression also may explain why it takes much
longer for astrocytes to be killed by #s1 in infected mice than
in vitro.

In summary, the study reported here shows that the most
important characteristics of zs1 infection in primary astro-
cyte cultures are (i) cytopathogenicity of virus infection, (ii)
high levels of virus expression, (iii) inefficiency of gPr80°""
transport and processing, (iv) high concentrations of viral
env proteins near cell nuclei, and (v) intracellular accumu-
lation of aberrant virus particles. These characteristics may
be determined by the combined effects of the mutation in the
ts1 env gene and the specificity of astrocytes as a cell type.
It is possible that some of these characteristics are the result
of specific virus-astrocyte interactions that render the astro-
cytes selectively vulnerable to #s1 infection. This selective
vulnerability of astrocytes to viral infection is intensified in
the case of sl because of an intrinsic inefficiency in the
transport of the precursor of the envelope protein. We
believe that similar mechanisms may also be involved in the
damage of astrocytes by #s1 in vivo. For example, in vivo, as
in the in vitro studies reported here, ¢s1 replicates in both
astrocytes and endothelial cells but causes a CPE in astro-
cytes only (27). Furthermore, both zs1 and the WT cause
histologically similar lesions in corresponding areas of the
CNS, except that the WT lesions are less severe (43). This
phenomenon was also reflected in our in vitro studies, in
which we showed that the CPE in zsl-infected astrocytes is
more severe than that in WT-infected astrocytes. However,
the effect of #s1 on astrocytes may be only one of the
mechanisms of ¢s1 neuropathogenesis. Further studies both
in vivo and in vitro with astrocytes and other neural cells are
necessary to elucidate the mechanisms of CNS damage by
tsl.
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