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TR1.3 is a Friend-related murine leukemia virus that has been shown to cause intracerebral hemorrhages
and neurologic disease due to infection and subsequent cytopathology of cerebral vessel endothelium. A
striking feature of this pathology is the formation of endothelial cell syncytia. The pathogenesis of this disease
has now been mapped to a single amino acid substitution of tryptophan to glycine in the variable region of the
envelope protein. This same mutation enabled TR1.3 to form syncytia and retard cell proliferation in vitro in
the SC-1 mouse embryoblast line but did not affect the pH dependence of viral entry. These results demonstrate
that subtle molecular changes in retroviral env genes can induce both syncytium formation and overt clinical
disease.

A prominent feature of degenerative cellular changes in-
duced by enveloped viruses is the formation of multinucleated
giant cells or syncytia. Syncytium formation occurs when the
outer membranes of two or more cells fuse together to form
one contiguous cell body. In the case of virally mediated fusion,
it is known that viral envelope proteins mediate this process,
presumably through interaction with viral envelope protein
receptors on an adjacent cell (27). The consequences of virally
induced syncytium formation are unclear. In some instances,
the ability to induce syncytium formation has been associated
with viral virulence. Recent studies have demonstrated that the
onset of AIDS after human immunodeficiency virus type 1
(HIV-1) infection correlates with the emergence of HIV-1
virions that are capable of inducing syncytia (7). Although the
role of syncytium formation in disease pathogenesis is still not
fully known, syncytium formation has been postulated to be an
important component of retrovirus-induced cell death (7, 30).
These observations have increased interest in the molecular
mechanisms of retrovirus-induced cell-to-cell fusion.
Murine retroviruses are useful tools for studying the molec-

ular and cellular factors that regulate retroviral pathogenesis
and, in particular, syncytium formation (11). Syncytium forma-
tion has been induced in vitro by murine leukemia viruses
(MuLV) in conjunction with protease or amphotericin B
treatment, and in certain transformed cell lines (4, 21, 30).
However, the relevance of these observations to cellular
pathology in vivo is unclear, as none of these viruses induce
syncytium formation in vivo. We describe here a retroviral
model of in vitro syncytium formation that accurately reflects
cellular pathology and disease in vivo.
TR1.3 MuLV is a Friend-related virus that has previously

been shown to induce syncytium formation of cerebral vessel
endothelial cells in vivo (18). TR1.3 is selectively tropic for
vessel endothelial cells and induces degenerative changes to
these cells within the brain. These cellular changes initiate a
cascade of pathologic processes that lead to intracerebral
hemorrhages, thrombosis, infarction, and central nervous sys-
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tem (CNS) disease (19). Although other neurovirulent and
nonneurovirulent MuLV have been reported to infect brain
capillary endothelial cells (CEC), none of these MuLV induce
pathologic changes in brain CEC (29).

Recombinant viruses and site-directed mutagenesis were
used in this study to elucidate the viral determinants that are
responsible for the unique pathogenicity of TR1.3 MuLV. In
addition, an in vitro model of pathogenesis was established to
determine both the mechanisms that regulate cell-to-cell fu-
sion and how these processes affect or initiate disease. Char-
acterization of this model revealed several similarities between
TR1.3 and HIV-1-induced syncytium formation and cytopa-
thology. These results demonstrate that the same genetic
determinants regulate both syncytium formation and disease
pathogenesis with TR1.3 and that these events are distinct
from the events of in vitro syncytium formation as previously
described for other murine retroviruses.

MATERUILS AND METHODS

Viruses and cells. Derivations of the molecular clones FB29
and TR1.3 and of recombinant viruses R3.5 and R4.3 have
been described previously (18). In brief, FB29 and TR1.3 are
one-long terminal repeat-permuted viral DNAs that were
cloned in the same orientation in the modified vector pUC19B.
Recombinant viruses R3.5 and R4.3 were constructed by
reciprocally exchanging the SphI-AscI fragments of FB29 and
TR1.3. All recombinant viruses used in this study were con-
structed by using standard molecular biology techniques (23).
All enzymes were obtained from New England Biolabs (Bev-
erly, Mass.). Recombinant viruses R1.9 and R2.8 were con-
structed by exchanging the SphI-ClaI fragments of FB29 and
TR1.3. Viruses R5.4 and R6.1 were created by exchanging the
SphI-ClaI fragments of the previously cloned R3.5 and R4.3
viruses. Viruses R9.4 and R10.3 were constructed by ligating
the BsaAI-ClaI and BstllO7I-ClaI fragments of TR1.3, respec-
tively, into the FB29 background digested with the correspond-
ing enzymes. Recombinant virus R11.1 was constructed by
ligating the BstllO7I-ClaI fragment of FB29 into the R9.4
background digested with the same enzymes. The structure of
each recombinant virus was verified by restriction enzyme
digestion analysis using sites unique to either FB29 or TR1.3.
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Viral DNA was propagated in Escherichia coli XL-1 Blue
(Stratagene, La Jolla, Calif.).

Site-directed mutants were created by using a two-step PCR
process as previously described, with Pft (Stratagene) for the
thermostabile polymerase and plasmid FB29 (10) as the tem-
plate. Outer primers used for the reaction were 5'-TATACC
GTCCTACTGACTACCC-3' (sense) and 5'-TTAGAGGTG
AGATTGTTGTC-3' (antisense). Mutagenic primers used in
this study were as follows: L201, 5'-CGGGACCTCATAATC
CCCTT-3' (sense) and 5'-AAGGGGATTATGAGGTCCCG-
3' (antisense); V801, 5'-AGCGGGAACATTGCAGGCTG-3'
(sense) and 5'-CAGCCTGCAATGTTCCCGCT-3' (anti-
sense); and W102G, 5'-AACACTGCC£iGGAACAGACT-3'
(sense) and 5'-AGTCTGTTCCCGGCAGTGTT-3' (anti-
sense) (introduced mutations are underlined). All PCRs con-
sisted of 2 min at 94°C, followed by 45 cycles of 94°C for 30 s,
60°C for 1 min, and 72°C for 2 min. PCR products were
digested with BsaAI and BstllO7I and ligated into the FB29
background, using the Double Geneclean procedure (Bio 101,
La Jolla, Calif.). The G102W mutant was created with the
same PCR strategy, using the L20I virus as the template and
the V801 mutagenic primers. This PCR product was ligated
into the TR1.3 background at the BsaAI and BstllO7I sites.
Introduced mutations, correct fragment orientation, and ab-
sence of unwanted mutations were confirmed by sequence
analysis of the entire BsaAI-BstllO7I fragment after ligation
into the FB29 or TR1.3 background, using a Sequenase
sequencing kit (United States Biochemical, Cleveland, Ohio).

Infectious virus was produced by gel isolation of the per-
muted viruses from pUC19B after digestion with HindIlI as
described previously (18). Virus was then circularized with T4
DNA ligase and transfected into the feral mouse embryoblast
cell line SC-1 (American Type Culture Collection, Rockville,
Md.), using a modified calcium phosphate transfection proce-
dure as described previously (28). After 10 days in culture,
supernatants were harvested and assayed for the presence of
reverse transcriptase (RT) (9). Viral supernatants were ali-
quoted and stored at -80°C. Viral titers were determined by a
modified XC cell plaque assay (22). SC-1 cells were grown in
minimal essential medium supplemented with 10% fetal calf
serum and 1% penicillin and streptomycin. Transfected SC-1
cells were photographed with Hoffman optics after 10 days in
culture.

Mice and inoculations. Virus-free pregnant female BALB/c
mice were obtained from Charles River (Wilmington, Mass.).
Mice were monitored daily for birth of litters. Newborn litters
were used within the first 24 h after birth for inoculations. Mice
were maintained on standard laboratory food and water ad
libitum. Neonates were injected intracerebrally with 0.03 ml of
viral supernatants within the first 24 h after birth. Control mice
were inoculated with an equal volume of supernatant from
mock-transfected SC-1 cells. Mice were monitored daily for
symptoms of tremor, seizure, and paralysis. Mice were inocu-
lated with equivalent amounts of virus as assessed by RT
activity and XC plaque assays, with titers ranging from 4 x 104
to 5 x 106 PFU/ml.

Antibodies and lectin. Purified polyclonal goat anti-Rau-
scher gp7O was obtained from the Biological Carcinogenesis
Branch of the National Cancer Institute (Bethesda, Md.).
Fluorescein-conjugated monoclonal rat anti-goat immuno-
globulin G was purchased from Fisher Scientific (Pittsburgh,
Pa.). Rhodamine-conjugated BS-1 lectin was purchased from
Sigma Chemical Co. (St. Louis, Mo.).
Immunohistochemical analyses. Frozen tissue sections were

prepared from brains of 2-week-old mice that had been
inoculated with virus or from brains of age-matched mock-

infected controls. Serial sections 6 jim thick were fixed with
methanol for 2 min at -20°C and then incubated with normal
sheep serum (2% in 20 mM sodium phosphate [pH 7.4]-150
mM sodium chloride [phosphate-buffered saline {PBS}]) for
20 min at 4°C. Sections were then incubated with primary
antibodies after which fluorescein- and rhodamine-conjugated
secondary reagents were added for 30 min at 4°C. Three
washes in PBS were performed on each section between
incubations. Goat anti-Rauscher gp7O antibody and fluoresce-
in-conjugated rat anti-goat immunoglobulin G were used at
final concentrations of 95 and 5,ug/ml, respectively. Rhodam-
ine-conjugated BS-1 lectin was used at a final concentration of
50 jig/ml. Sections were analyzed, and fluorescence intensity
was quantified with a Nikon Optiphot fluorescence micro-
scope.

Histopathological analyses. Tissue samples from brains
were taken from symptomatic mice that were inoculated with
neuropathogenic viruses or from age-matched infected con-
trols. Organs were fixed in formalin and embedded in paraffin,
and serial sections were prepared for hemotoxylin and eosin
staining.

Quantification of syncytia in SC-1 cell cultures. TR1.3-
transfected, FB29-transfected, and untransfected SC-1 cells
were seeded in T-75 flasks and grown to confluence. Percent-
ages of syncytia were calculated by dividing the total number of
syncytia by the number of counted fields. A total of 1,012 fields
were counted twice for each cell line, using a Lovins micro-
slide field finder (Teledyne Gurley, Troy, N.Y.).

[3H]thymidine incorporation assays. Incorporation assays
were performed as previously described (15). In brief, 5 x 102
cells were plated in 96-well flat-bottom plates and were pulsed
with [3H]thymidine (1,uCi per well) for 6 h after 24,48, 72, and
96 h in culture. Cells were harvested with a PHD harvester
(Cambridge Technology Inc., Cambridge, Mass.) and counted
in a liquid scintillation counter.

Effects of lysosomotropic agents on viral entry. SC-1 cul-
tures were plated in 24-well culture plates (104 cells per well)
and incubated overnight. The following morning, cultures were
placed on ice and incubated with 10-fold dilutions of TR1.3 or
FB29 viral supernatant for 1 to 2 h to allow virus binding to
SC-1 cells. Chloroquine (50 and 100 ,uM) or ammonium
chloride (50 and 100 mM) was then added to the wells, and the
cultures were incubated at 37°C for 3 to 12 h. In some
experiments, lysosomotropic agents were added to cultures
with virus at 4°C. Prewarmed medium was used in place of
lysosomotropic agents as a control in all experiments. After
various incubation times, cells were washed five times with
medium, refed fresh medium, and allowed to incubate at 37°C
for 36 h. Viral supernatants were harvested and used to
quantify infection by using the RT assay as described above.
TR1.3 and FB29 chronically infected cell lines were treated in
an identical manner to control for nonspecific protein inhibi-
tion by lysosomotropic agents. RT activity was quantified with
a Phosphorlmager (Molecular Dynamics, Sunnyvale Calif.).

Fusion assays. SC-1 cells transfected with TR1.3 and FB29
and untransfected SC-1 cells were seeded into six-well plates (5
X 104 cells per well) and allowed to attach overnight at 37°C
for 12 h. Medium was removed and replaced with medium
supplemented with 50 mM morpholineethanesulfonic acid
(MES) and 50 mM N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid (HEPES) adjusted to pH 5.0, 6.0, 7.0, or 8.0 with
HCI or NaOH. Cells were exposed to these conditions for 30 s,
1 min, 3 min, 5 min, 1 h, 6 h, or 12 h. After pH treatment,
uninfected SC-1 cells were overlaid, and syncytium formation
was assessed at 12, 24, and 36 h.
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FIG. 1. The SphI-ClaI fragment harbors the determinants for inducing CNS disease. Recombinant viral DNA genomes were constructed by
using TR1.3 MuLV and FB29 Friend MuLV as described in Materials and Methods. Infectious viruses derived from these DNA constructs were
used to inoculate neonatal BALB/c mice. Mice were monitored daily for symptoms of neurologic disease. Results are pooled from three separate
experiments. LTR, long terminal repeat; NA, not applicable.

RESULTS

The envelope gene of TR1.3 is responsible for neuropatho-
genicity and in vivo syncytium formation. Previous studies
using recombinant viruses constructed with the neuropatho-
genic TR1.3 and the nonneuropathogenic Friend MuLV, FB29
(25), demonstrated that the genetic determinants responsible
for inducing syncytium formation in vivo reside within a 3.0-kb
SphI-AscI fragment of TR1.3 that contained the 3' end ofpol
and the majority of the env gene (18). Additional recombinant
viruses were constructed to more precisely map these neuro-
pathogenic determinants. As seen in Fig. 1, the capacity of
TR1.3 to induce syncytia and subsequent CNS disease mapped
to the env gene. Initial recombinants were constructed by
reciprocal substitution of the env region to produce viruses
R1.9 and R2.8 and by reciprocal substitution of the U3 region
of the long terminal repeat to produce viruses R5.4 and R6.1.
Transfection of these viral DNAs produced infectious virus
within 10 to 14 days in tissue culture. Infectious virus could not
be produced from recombinant R6.1 or an identical, indepen-
dently derived clone, R6.2, despite repeated attempts. Infec-
tious virions of parental FB29 and TR1.3 and of recombinants
R1.9, R2.8, and R5.4 were then inoculated into neonatal
BALB/c mice. As shown in Fig. 1, only mice infected with
TR1.3 and R1.9 developed neurologic disease. Disease was
characterized by tremor, seizure activity, and eventually paral-
ysis at 11 to 13 days postinoculation. This was accompanied
by intracerebral hemorrhage, thrombosis, and infarction, iden-

tical to findings previously reported for the parental TR1.3
virus (19). As shown in Fig. 2A and B, the most distinctive
pathologic feature of mice infected with R1.9 was syncytium
formation of cerebral vessel endothelial cells. Pathologic
changes were not found in mice infected with R2.8 or R5.4
virus; however, the levels of viral protein expression in endo-
thelial cells appeared to be identical for all viruses. As shown
in Fig. 2C and D, the brains of R1.9- and R2.8-infected ani-
mals displayed levels of immunofluorescence staining equiva-
lent to that of the gp7O envelope protein, as quantified by
microfluorimetry. Double-fluorescence staining using anti-
gp7O antibody and BS-1, a lectin that recognizes murine
endothelium, confirmed that viral protein expression was

specific for vessel endothelial cells as previously described
(18).
A second panel of recombinant viruses was constructed to

further map the region of TR1.3 that confers the pathogenic
phenotype. The envelope gene of TR1.3 was first dissected into
a 600-bp BsaAI-BstllO7I fragment and a 1,400-bp BstllO7I-
ClaI fragment. As shown in Fig. 3, these fragments were cloned
individually and concurrently into the FB29 background to
yield viruses R9.4, R10.3, and Ri1.1. Infectious virus from
these plasmid DNA was used to inoculate neonatal BALB/c
mice. Mice infected with the R9.4 and R11.1 viruses developed
neurologic disease identical to that seen in TR1.3-infected
mice within 10 to 13 days postinoculation. In contrast, mice
infected with R10.3 did not exhibit any neurodegenerative
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FIG. 2. Neuropathogenic recombinant viruses infect and induce syncytium formation of brain endothelial cells in vivo. (A and B) Histologic
analysis of brains from symptomatic R1.9-infected BALB/c mice. Syncytia of small vessel endothelial cells are shown (arrows). (C and D)
Immunohistochemical analysis of anti-gp70 antibody binding. The staining of endothelial cells in brain sections from mice inoculated with R1.9
(C) and R2.8 (D) viruses is shown (arrows). Bars = 100 p.m.

symptoms. Histopathology and immunohistochemical analysis
confirmed that while each of these viruses displayed envelope
protein expression in vessel endothelium, syncytia of cerebral
vessel endothelia and other CNS pathology were seen only in
mice infected with recombinant viruses R9.4 and R11.1. These
data demonstrate that the molecular determinants that regu-
late syncytium formation and CNS disease reside within a
600-bp region in the 5' end of the envelope gene.
A point mutation within the envelope gene is responsible for

the syncytium formation of cerebral endothelial cells and CNS
disease. To further elucidate the mechanisms that mediate the

neuropathogenicity of TR1.3, the 600-bp BsaAI-BstllO7I frag-
ment of TR1.3 was sequenced and compared with the pub-
lished sequence of FB29 (20). As shown in Table 1, three
nucleotide differences that affected amino acid changes were
detected within this fragment. Site-directed mutagenesis was
performed at each of these sites within FB29 MuLV in an
attempt to convert the nonpathogenic phenotype to the neu-
rovirulent phenotype of TR1.3. Three mutants were generated
that produced single amino acid substitutions of leucine to
isoleucine, valine to isoleucine, and tryptophan to glycine at
position 20 of the leader peptide and positions 80 and 102 of
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FIG. 3. Neuropathogenicity resides within a 600-bp BsaAI-BstllO7I fragment of TR1.3 MuLV. Recombinant viruses were constructed by
ligating regions of the TR1.3 MuLV env gene into the FB29 background. Infectious virus produced from these DNA constructs was used for in
vivo experiments as described for Fig. 1. Results are pooled from three separate experiments. LTR, long terminal repeat.

the gp7O envelope protein, respectively. Infectious virus de-
rived from these mutants was inoculated into neonatal BALB/c
mice. As seen in Fig. 4, only mice infected with the mutant
W102G developed neurologic disease. Disease incidence,
symptoms, and CNS pathology were identical to those seen
with TR1.3-induced disease. Immunohistochemical analysis
indicated that mice infected with all three viruses displayed
equivalent levels of viral protein within vessel endothelial cells;
however, the presence of multinucleated endothelial giant cells
was detected only in W102G-inoculated mice. The reciprocal
point mutation of W102G, termed G102W, was constructed in
an attempt to abrogate the neuropathogenicity of TR1.3
MuLV. The G102W virus differed from the parental TR1.3
virus only at amino acid 102 of the envelope protein, contain-
ing a tryptophan-for-glycine substitution at this position. In-
fectious virus could not be produced from this molecular clone
or an identical independently derived clone, G102W.2, despite
repeated attempts.

In vivo syncytium formation and CNS disease correlate with
in vitro syncytium formation and reduced cellular prolifera-
tion. Viruses used throughout this study were propagated in
vitro on the wild mouse embryoblast cell line SC-1. SC-1 cells
are normally not permissive for syncytium formation by
MuLV. However, transfection of SC-1 cell cultures with the
neuropathogenic viruses TR1.3, R1.9, R9.4, R11.1, and
W102G resulted in a dramatic increase in the number of
multinucleated giant cells in vitro. Transfection with the non-
neuropathogenic viruses FB29, R2.8, R5.4, R10.3, L20I, and
V801 did not result in increased syncytium formation of SC-1
cell cultures. As shown in Fig. SA, SC-1 cells transfected with
the W102G virus formed multinucleated cells typically consist-
ing of 3 to 12 nuclei. As displayed in Fig. 5B, SC-1 cells
transfected with nonneuropathogenic virus (L201) or mock-
transfected controls showed no change in the level of multinu-
cleated cells. Multinucleated giant cells were occasionally
found in mock-transfected SC-1 cells at very low frequency.
The proportion of multinucleated giant cells found in SC-1 cell
cultures transfected with neuropathogenic virus was 74.0%
(Fig. SC). In comparison, the frequencies of syncytia observed
in mock-transfected SC-1 cells and those transfected with
nonneuropathogenic viruses were 0.7 and 0.6%, respectively.
The marked difference in SC-1 cell density shown in Fig. 5A

and B also suggested that the growth kinetics of SC-1 cells were

decreased upon transfection with neuropathogenic viruses.
This was directly investigated by measuring [3H]thymidine
incorporation of SC-1 cells that were seeded at the same
density and assayed at 24 to 96 h after transfection. As shown
in Fig. 5D, TR1.3-transfected SC-1 cells displayed decreased
[3H]thymidine incorporation compared with FB29-transfected
or mock-transfected cells. Slower growth and decreased [3H]
thymidine incorporation were observed in all cultures trans-
fected with neuropathogenic viruses used in this study. Cells
transfected with nonneuropathogenic viruses displayed growth
rates equal to those of mock-transfected controls.
TR1.3 and FB29 viral entry have identical pH requirements.

The capacity of many enveloped viruses to induce syncytium
formation at neutral pH has been correlated with a pH-
independent route of viral entry. The entry ofMuLV into SC-1
cells has been previously reported to be dependent on an acidic
endosomal pathway (3). The relationship between the mecha-
nisms of viral entry and syncytium formation utilized by the
pathogenic TR1.3 and the nonpathogenic FB29 MuLV was
investigated by comparing the pH requirements for these two
processes. SC-1 cells were exposed to TR1.3 and FB29 MuLV
in the presence of the lysosomotropic agent chloroquine or
ammonium chloride, and infection was detected by RT activity
after 36 h. These drugs were previously shown to block MuLV
entry into SC-1 cells by raising the pH of endosomes (3). The
data in Table 2 demonstrate that these reagents had equal
effects on the inhibition of both TR1.3 and FB29 entry into
SC-1 cells. SC-1 cells chronically infected with TR1.3 and FB29
were used as controls for nonselective inhibitory effects of

TABLE 1. Amino acid differences between TR1.3 and FB29
envelope proteins within the BsaAI-Bstl1O7I fragment

Amino acid Amino acid
no. TR1.3 FB29

20 Ile Leu
80 Ile Val
102 Gly Trp

a 20 represents the 20th amino acid of the 34-amino-acid leader peptide. 80
and 102 represent the 80th and 102nd amino acids, respectively, within the gp7O
envelope protein.

J. VIROL.
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FIG. 4. A tryptophan-to-glycine amino acid substitution is responsible for in vivo syncytium formation and CNS disease. Single point mutations
were introduced into FB29 Friend MuLV at the nucleotide bases shown above the 5' env region. These mutations resulted in amino acid
substitutions at position 20 of the leader peptide (L201) and positions 80 and 102 of the gp7O envelope protein (V801 and W102G, respectively).
A single point mutation was also created in the TR1.3 MuLV shown in the indicated region above the 5' env gene (G102W). Infectious virus was
produced from these DNA constructs and used for in vivo experiments as described for Fig. 1. Results are pooled from three separate experiments.
LTR, long terminal repeat; NA, not applicable.

these agents on the production of RT, such as decreased
protein synthesis. The data in Table 2 demonstrate that RT
production in these chronically infected cell lines was inhibited
only at 100 mM ammonium chloride.
The effect of pH on the ability of TR1.3 and FB29 to form

syncytia is also shown in Table 2. The number of multinucle-
ated giant cells in TR1.3- and FB29-infected cultures was not
affected by the pH of the culture medium over a range of pH
5.0 to 8.0. These results demonstrate that the pH fusion
requirements for TR1.3 viral entry and syncytium formation
are regulated by independent processes.

DISCUSSION

The capacity of TR1.3 MuLV to induce CNS disease and
syncytium formation has been mapped to a single point
mutation within the amino terminus of the envelope protein,
using recombinant viruses and site-directed mutagenesis.
Other MuLV have also been shown to harbor determinants of
neurologic disease within the 5' region of env (8, 14, 17, 26).
These MuLV infect brain CEC but induce spongiform enceph-
alopathies without pathologic changes to brain CEC. The role
of endothelial cells in mediating these spongiform changes
remains unclear. The neurovirulence of one MuLV, tsl, has
been mapped to a single amino acid substitution of isoleucine
for valine at amino acid 25 of the envelope precursor protein
gPr8Oenv (26). This mutation results in inefficient processing
and sequestration of gPr8Oenv within the endoplasmic reticu-
lum of primary cultures of astrocytes but not endothelial cells,
although both cell types are infected (24). The Friend MuLV
PVC-211 also causes a spongiform encephalopathy similar to
that caused by tsl, yet does not demonstrate inefficient pro-
cessing of the gPr8Oenv precursor protein (14). PVC-211 does
not infect astrocytes but selectively infects brain CEC without
inducing pathologic changes to these cells.

The pathogenesis of disease induced by TR1.3 is distinct
from that induced by other neuropathogenic MuLV. TR1.3
infection of endothelial cells appears to be directly linked to
the final process of CNS disease, since degenerative endothe-
lial cell changes were always associated with cerebral vascular
pathology following infection with TR1.3, R1.9, R9.4, R11.1,
and W102G viruses. Therefore, while it is likely that multiple
overlapping pathways account for the formation of MuLV-
dependent spongiform encephalopathies, TR1.3-associated
neurologic disease is caused by a single mechanism that
compromises the integrity of brain CEC.
The neuropathogenicity of TR1.3 directly correlated with

the ability to induce syncytia in vivo and in vitro. The mecha-
nism of TR1.3-induced syncytium formation is not fully known.
MuLV virions can, under some circumstances, induce syncy-
tium formation in vitro. Virus-mediated cell-to-cell fusion or
syncytium formation has been shown to occur by two methods:
a single virion can fuse two or more cells simultaneously
(fusion from without), or virally infected cells expressing
envelope proteins can fuse directly with each other (fusion
from within). Current theory suggests that syncytium forma-
tion is a consequence of a shift in the pH dependency of the
events involved in viral envelope-mediated fusion. Viruses that
fuse with cells at the plasma membrane utilize a pH-indepen-
dent mechanism. Syncytium formation by these viruses is not
affected by pH. Viruses that fuse with the cell membrane only
within an acidic endosome require a low pH for entry. These
viruses cannot induce cell to cell fusion until they encounter an
acidic environment, as has been shown for influenza and
Semliki Forest viruses (27).
Recent evidence suggests that the regulation of retroviral

fusion is more complex, as the correlation between syncytium
formation and a pH-independent route of viral entry is not
always observed. For example, Wilson et al. demonstrated that
a strain of Moloney MuLV was capable of inducing syncytia in

lr..
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FIG. 5. Neuropathogenic MuLV-induced syncytia and slowed growth of SC-1 cells. Neuropathogenicity in vivo was compared with cytopathicity
in vitro, using the SC-1 embryoblast cell line. (A and B) Photomicrographs of SC-1 cells transfected with neuropathogenic W102G (A) and
nonneuropathogenic L201 (B) viruses after 10 days in culture. Both cultures were initially seeded at 5 x 105 cells per ml. Bars = 100 p.m. (C)
Frequency of multinucleated giant cells in SC-1 cultures transfected with TR1.3, FB29, and no DNA. The level of syncytium formation was

quantified as described in Materials and Methods. Results are pooled from duplicate samples and represent the mean and the standard error of
the mean. (D) [3H]thymidine incorporation of SC-1 cells transfected with TR1.3, FB29, or no DNA was performed at 6-h intervals over the time
course shown. Results are pooled from triplicate samples. Each datum point represents the mean value ± the standard error of the mean.

a ras-transformed NIH 3T3 cell line at neutral pH but still
required a low-pH-dependent route of viral entry (30). In
addition, several lines of evidence suggest that HIV-1-medi-
ated viral entry and syncytium formation may utilize different
fusion mechanisms (12). The data presented here are in
agreement with these observations. TR1.3-induced syncytium
formation was not affected by pH; however, TR1.3 required
the same pH-dependent mechanism(s) of viral entry as the
non-syncytium-inducing FB29 MuLV. The results suggest that
the fusion pH requirements for TR1.3 viral entry versus

syncytium formation are distinct.
Battini et al. (6) have shown that the amino terminus of

envelope surface (SU) proteins contains two regions of vari-
ability, which they designated VRA and VRB. The VRA
region is the major determinant of receptor specificity. Our
sequence analysis demonstrates that the tryptophan-to-glycine

substitution that is responsible for the syncytium-inducing
phenotype of TR1.3 lies within the VRA segment of envelope.
Furthermore, this trytophan residue is highly conserved among
different molecular clones of Friend MuLV. In contrast, the
genetic determinants responsible for in vitro syncytium forma-
tion by other MuLV have been shown to reside within the
amino-terminal portion of the pl5E transmembrane (TM)
envelope protein (11). Syncytium formation by these MuLV
has never been correlated with virulence in vivo. It is possible
that fusion events are regulated by multiple mechanisms and
that fusion related to viral entry and nonpathologic syncytium
formation is affected by the TM envelope subunit, while fusion
related to pathologic syncytium formation is mediated by the
variable region of the SU envelope glycoprotein.
A similar situation has been demonstrated for HIV-induced

syncytium formation. The TM protein gp4l has been impli-
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TABLE 2. pH requirements for TR1.3 viral entry and syncytium formation are distincta

Viral entry
Syncytium formation assay

Virus Lysosomotropic % Inhibition of RT activit (mean + SE)
agent Acutely infected Chronically infected pH of medium Synctium formationb

TR1.3 Chloroquine, 50 ,uM 81 ± 1 OC 5.0 +
Chloroquine, 100 ,u.M 84 ± 5 OC 6.0 +
NH4Cl, 50 mM 89 ± 2 OC 7.0 +
NH4Cl, 100 mM 92 ± 2 89 ± 6 8.0 +

FB29 Chloroquine, 50 ,uM 84 ± 4 OC 5.0
Chloroquine, 100 ,uM 89 ± 4 OC 6.0
NH4Cl, 50 mM 91 ± 5 9 ± lc 7.0
NH4Cl, 100 mM 92 ± 4 28 ± 18 8.0

a Results are representative of six separate experiments.
b + and - denote syncytium formation greater than 50% and less than 1%, respectively, using the quantification criteria described in the legend to Fig. 5.
cResults are statistically significant by Student's t test (P < 0.001).

cated in HIV-induced fusion; however, sequence analysis of
virions isolated from HIV-1 infected patients demonstrate that
the syncytium-inducing versus non-syncytium-inducing pheno-
type is due to mutations within the hypervariable regions of the
SU protein, gpl20 (5). It is, therefore, possible that amino acid
changes within the variable regions of retroviral SU glycopro-
teins mediate syncytium formation that is a prelude to disease,
while TM proteins mediate fusion involved with viral entry, as
well as syncytium formation in vitro that may or may not be
related to disease.
The data presented here do not suggest a definitive mecha-

nism for how the tryptophan-to-glycine substitution in the gp70
SU protein enables virus-induced cell-cell fusion to occur.
Several models can be proposed on the basis of the current
literature. This amino acid change may create a proteolytic
cleavage site that enables cell surface proteases to alter the
gp7O molecular conformation and induce fusion. Alternatively,
this change may alter the affinity of envelope-receptor inter-
actions, thus allowing syncytium formation to occur by virtue of
prolonged exposure between membranes. This latter mecha-
nism has recently been shown to account for syncytium forma-
tion induced by a parainfluenza virus (16). These two mecha-
nisms are not mutually exclusive, and neither necessitates that
the route of viral entry be affected concomitant with the ability
to induce syncytia. These hypotheses may also explain the
selective degenerative effect of TR1.3 on brain endothelium.
Cerebral vascular endothelium is known to contain unique
enzymes that may cleave the viral envelope protein as a result
of the presence of a unique protease-sensitive site on TR1.3,
and/or the tight junctions that are present only in brain CEC
may allow prolonged exposure between two juxtaposed cells,
thus enabling the membranes to fuse. Studies are presently
under way to evaluate these processes in TR1.3 directed
fusion.
A decrease in cellular growth and [3H]thymidine incorpora-

tion was seen in SC-1 cultures transfected with neuropatho-
genic MuLV used in this study. Other retroviruses have also
shown similar kinds of cytopathic effect in vitro, including HIV
env-transfected cell lines (2). Decreased [3H]thymidine incor-
poration could be due to a decrease in cellular proliferation
and/or an increase in cell death, possibly due to syncytium
formation. Further studies are currently being performed to
assess the mechanisms and consequences of growth retarda-
tion induced by TR1.3.
The inability to produce infectious virus from recombinant

viral DNA of R6.1 and G102W is not unprecedented. Similar

results are reported for several retroviruses, including HIV-1
chimeric DNA (1). It is possible that lethal mutations were
inadvertently introduced into recombinant viral genomes dur-
ing the cloning process, thereby preventing the production of
mature virions. This explanation does not seem probable with
R6.1 and G102W because additional independently derived
and sequenced clones, R6.2 and G102W.2, also failed to
produce infectious virus. In addition, infectious virions were
produced from R2.8 and another previously reported recom-
binant virus, R4.3, that contained the env and U3 region of
FB29 in the TR1.3 background. These results suggest that
there are unique features within retroviral genomes that
cannot be substituted with homologous genomic regions.
These data also imply that genome-specific cis-acting regula-
tory motifs may be involved in MuLV transcriptional control,
since the U3 region contains consensus promoter/enhancer
elements for transcriptional binding factors (13). Further
recombinant viruses are presently being constructed to test this
hypothesis and gain insight into this perplexing issue.
The data presented in this study show that the env region of

TR1.3 MuLV is responsible for the cytopathic effects that lead
to CNS disease. This phenomenon is regulated by a single
amino acid substitution of tryptophan to glycine at position 102
in the variable region of the gp7O envelope protein. This
mutation does not, however, alter the pH dependence of viral
entry. Further analysis of TR1.3 MuLV provides a means to
address how genetic changes affect syncytium formation in a
pathophysiologic system and may ultimately reveal the molec-
ular pathways involved in retrovirus-induced cytopathology.
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