JOURNAL OF VIROLOGY, Dec. 1995, p. 8070-8075
0022-538X/95/$04.00+0
Copyright © 1995, American Society for Microbiology

Vol. 69, No. 12

Characterization of a Neurologic Disease Induced by a
Polytropic Murine Retrovirus: Evidence for Differential
Targeting of Ecotropic and Polytropic Viruses in the Brain

JOHN L. PORTIS,* STEFANIE CZUB, SHELLY ROBERTSON,
FRANK McATEE, anxo BRUCE CHESEBRO

Laboratory of Persistent Viral Diseases, Rocky Mountain Laboratories, National Institute of Allergy
and Infectious Diseases, Hamilton, Montana 59840

Received 29 June 1995/Accepted 25 August 1995

A variety of ecotropic murine leukemia viruses cause neurodegenerative disease. We describe here the
clinical and histopathological features of a neurologic disease induced by a polytropic murine leukemia virus,
FMCF98. Clinical disease was dominated by hyperexcitability and ataxia, and the histopathology was char-
acterized primarily by astrocytosis and astrocytic degeneration. The viral envelope gene harbored the deter-
minants of neurovirulence, since the chimeric virus Fr98%, which contained the envelope gene of FMCF98 on
a background of the nonneurovirulent virus FB29, caused a similar disease. The disease caused by Fr98®
differed from that induced by the coisogenic neurovirulent ecotropic virus FrCas® in clinical presentation,
histopathology, and distribution of virus in the central nervous system. Since Fr98® contains a polytropic
envelope gene and FrCas® contains an ecotropic envelope gene, these phenotypic differences appeared to be
determined by envelope sequences and may reflect differences in virus receptor usage in the central nervous

system.

Several ecotropic murine retroviruses induce spongiform
neurodegenerative disease manifested clinically by tremor and
paralysis, usually of the hind limbs (26, 37). Included among
this group are two temperature-sensitive mutants of Moloney
murine leukemia virus (MuLV) (3, 37), a variant of Friend
MuLV (17, 19), and CasBr, a virus recovered from wild mice
(12). Mapping studies have indicated that the primary deter-
minants of neurovirulence reside within the respective enve-
lope genes (10, 24, 35). However, the role of the viral envelope
gene in disease pathogenesis is not understood.

These neurovirulent murine retroviruses have a number of
qualities in common. They all belong to the ecotropic host
range group, indicating that they use a common receptor to
infect the host cell. They all induce a form of neurodegenera-
tive disease which is manifested by tremulous paralysis (26),
noninflammatory spongiform degeneration (21, 25, 38), and
lesion distribution in motor nuclei as well as major sensori-
motor relay centers of the brain and spinal cord (4, 9, 38). The
distribution of virus within the central nervous system exhibits
both similarities and differences. For the temperature-sensitive
Moloney and wild-mouse CasBr isolates, viral gene products
have been detected in a wide variety of cell types both in
regions exhibiting neuronal cytopathology and in apparently
unaffected areas (1, 2, 20, 21). The infected cells include en-
dothelial cells and pericytes as well as neurons and glia, al-
though spongiform lesions appear associated primarily with
infection of microglial cells (2, 16, 21, 23). For the Friend
MuLV variant PVC211, the distribution of virus appears to be
quite different, having been identified only within the vascular
endothelial cells (17). The mechanism of neurodegeneration in
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each of these diseases seems to be indirect, since the neurons
exhibiting cytopathology appear not to be infected.

We have described a polytropic murine retrovirus, FMCF98
(formerly called F-MCF98D [7]), which also causes neurologic
disease (5) but enters the host cell by a receptor different from
that utilized by the ecotropic viruses (7, 29). We describe the
initial characterization of this disease, which exhibits unique
clinical, histopathological, and virologic features, all of which
are determined by the viral envelope gene.

Characterization of the clinical disease induced by FMCF98.
FMCF98 was originally isolated from the spleen of a BALB/c
mouse infected with Friend MuLV (7), and its characteristics
have been determined in vivo with virus biologically cloned by
limiting dilution (5). Using a previously described strategy
(34), the viral genome was molecularly cloned from uninte-
grated circular DNA at the unique Kpnl site in the R region
of the viral long terminal repeat. A clone, designated 18-4,
was transfected into NIH 3T3 cells, and, after spread of virus
throughout the culture, viral stocks were made from superna-
tant fluid. To test for pathogenicity in vivo, 10* focus-forming
units of virus (33) was inoculated intraperitoneally into neo-
natal IRW mice (27) =48 h after birth. The first signs of
neurologic disease consisted of hyperactivity with an accentu-
ated arousal response to noise. At this time some mice exhib-
ited a tendency to run off the edge of the table without hesi-
tation, suggesting a disturbance of the visual pathway. These
signs were followed by ataxia, which was manifested by falling
to either side when attempting to climb up the walls of the
cage. These signs appeared to be a consequence of imbalance;
however, some component of hind-limb weakness may also
have been present. During this period the mice continued to
groom themselves and their coats appeared smooth and shiny.
As ataxia became more severe, mice were found lying immo-
bile, often on their sides. When aroused, they were ambulatory
and able to use both forelimbs and hind limbs, but they had a
wobbly gait. When the animals were handled, a fine tremor was
noted. As the disease progressed, mice were found lying im-
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FIG. 1. Cumulative incidence of clinical disease as a function of time after inoculation. Neonatal IRW mice were inoculated with virus stocks of the biological clone
of FMCF98 (n = 38), the molecular FMCF98 clone 18-4 (n = 59), the chimeric virus Fr98F (n = 21), and the Friend MuLV parent of Fr98%, FB29 (n = 15). Mice
were considered clinically affected when they exhibited the first signs of clinical disease. Comparison of FB29 and Fr98F indicated that the 3’ pol and envelope genes
of FMCF98 harbored the neurovirulence determinant(s). Comparison of clone 18-4 with Fr98* indicated that nonenvelope sequences from FB29 accelerated the onset
of clinical disease. The genomes are represented by bars at the upper right. S, Sphl; C, Clal.

mobile and were unarousable. Prior to terminal stages of de-
hydration, the mice were euthanized.

For the biological clone of FMCF98, the incubation period
to onset of disease was relatively short (30 to 80 days) and the
incidence of disease was 100% (Fig. 1). In contrast, the induc-
tion of disease by the molecular clone 18-4 was inconsistent.
The first signs of clinical disease appeared 55 to 105 days
postinoculation (Fig. 1), and the incidence of disease over this
period rarely exceeded 40%. This difference in neuropathoge-
nicity of the biological and molecular clones has been observed
with CasBr as well (26, 27) and is likely a consequence of
sequence heterogeneity in the original biological isolate. In the
case of CasBr, we were able to dramatically accelerate the
disease by introducing its envelope gene (bounded on the 5’
side by an Sphl site and on the 3’ side by a Clal site) into the
genome of the nonneurovirulent Friend MuLV, strain FB29
(34). We therefore constructed a similar chimeric virus, Fr98F,
by introducing the Sphl-Clal fragment from FMCF98 into
FB29 (8).

Like its polytropic parent, Fr98E has a polytropic host range
and exhibits the viral interference pattern of a polytropic virus
(8). This virus induced a clinical picture which was indistin-
guishable from that caused by both the molecular and the
biological clones of FMCF98 (Fig. 1). The incubation period of
20 to 50 days for Fro8% was similar to that of the biological
clone of FMCF98 and much shorter than that of the molecular
clone 18-4. The incidence of disease induced by Fr98F over an
observation period of 100 days was 90 to 100%. FB29 did not
cause neurologic disease (Fig. 1) (27). These results indicate
that important determinants of neuropathogenicity are located
in the envelope gene of FMCF98. Disease acceleration by

FB29 sequences is consistent with the results of previous stud-
ies with the neurovirulent ecotropic virus CasBr (28) for which
we mapped the relevant FB29 sequences to a segment within
the 5’ leader sequence of the viral genome, immediately up-
stream of the start site of pr65%“¢, the precursor of the virion
core proteins.

Pathological features of the neurologic disease caused by
Fr98F. Since the disease induced by Fr98" was consistent and
predictable, pathological studies were carried out on 15 clini-
cally affected mice which had been neonatally inoculated (in-
traperitoneally) with this virus. Despite the rather dramatic
nature of the clinical disease, light-microscopic examination of
the brain and spinal cord revealed only subtle changes. These
consisted of isolated vacuoles most frequently observed in the
lateral cerebellar nucleus (dentate nucleus) (Fig. 2A). These
vacuoles were sometimes associated with increased numbers of
glial cells with dark staining and often elongated nuclei (Fig.
2A, arrow and inset), resembling activated microglial cells (30).
Vacuoles were observed primarily in the neuropil and did not
involve neuron cell bodies. Occasionally, vacuoles contained
eosinophilic amorphous material and sometimes also con-
tained a single nucleus resembling that of an astrocyte (Fig. 2B,
arrow). Sparse vacuoles were observed in white-matter tracts,
particularly the cerebellar peduncles (not shown) as well as
focally in the cerebellar cortex (Fig. 2C). Occasionally, vacu-
oles were also observed in the internal capsule in the more
rostral levels of the brain stem (not shown). However, other
than the finding of scattered vacuoles in the lateral cerebellar
nucleus, spongiform degeneration was an inconsistent finding
and required careful comparison with age-matched uninocu-
lated controls.
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FIG. 2. Lesions induced by Fr98F. Scattered vacuoles were consistently ob-
served in the lateral cerebellar nucleus (dentate nucleus), and, occasionally,
collections of glial cells resembling microglia were also observed (A, arrow and
inset). Vacuoles sometimes contained a nucleus which resembled that of an
astrocyte (B, arrow). Sparse vacuoles were also seen in the cerebellar cortex (C,
arrows). Paraffin sections were stained with hematoxylin and eosin as described
previously (9). Magnification, X100.

Associated with this rather mild vacuolar change was an
intense glial reaction characterized by high-level expression of
the astrocyte marker glial fibrillary acidic protein (GFAP) (Fig.
3B). Except for the peripheral glial limitans of the brain stem,
GFAP expression was essentially undetectable in uninoculated
controls (Fig. 3A) (11). It is particularly noteworthy that some
of the vacuoles contained amorphous material which stained
with the anti-GFAP antiserum (Fig. 3C and D, arrows). This
observation and the finding that some vacuoles contained as-
trocytic nuclei suggested that at least a component of the
vacuolar degeneration consisted of degenerating astrocytes.
Neither Luxol fast blue nor immunostaining for myelin basic
protein revealed evidence of demyelination in this disease.

J. VIROL.

Clinically affected mice which had been inoculated with the
biological clone of FMCF98 (five mice) and the molecular
clone 18-4 (six mice) were also examined histologically, and the
lesions were indistinguishable both in degree and in distribu-
tion from the lesions in Fr98F-inoculated mice.

The relationship between histopathology and the clinical
signs was difficult to assess in this disease. Ataxia, which was a
prominent clinical feature, was consistent with the observed
involvement of the cerebellar cortex and deep cerebellar nu-
clei. On the other hand, a more general sensory deficit, sug-
gested by the apparent visual disturbance in some mice, could
not be excluded. In general, there was a striking contrast be-
tween the severity of the clinical manifestations and the paucity
of vacuolar degeneration in this disease.

Virus localization in the brain. We examined the distribu-
tion of Fr98F using biotinylated anti-SU (gp70) monoclonal
antibody 720 (31), which reacts with Fr98" but not with endo-
genous viruses. Viral antigen was restricted to white-matter
tracts of the cerebellum and cerebellar peduncles (Fig. 4A),
internal capsule, and corpus callosum (not shown). The in-
fected cells were of two morphological types, endothelial cells
associated with small vessels (Fig. 4B, arrows) and cells with
highly ramified processes and compact cell bodies (Fig. 4C).
Occasionally, clusters of these cells resembling the cell clusters
in hematoxylin- and eosin-stained sections (Fig. 2A) were seen
(Fig. 4D). The location of these virus-positive cells in the white
matter identifies them as glial cells, although they were not
further characterized with cell-type-specific markers.

Contrasting the diseases caused by Fr98* and the neuro-
virulent ecotropic virus FrCas®. Fr98F is coisogenic with the
chimeric ecotropic virus FrCas® (8). Both viruses carry the
long terminal repeat and the gag and 5’ pol genes of FB29 but
differ in their 3’ pol and env genes (Fig. 5A). FrCas®, which
contains the env gene of CasBr, causes a paralytic disease
affecting both forelimbs and hind limbs with an incubation
period of only 15 to 16 days. Thus, the incubation period is
shorter than that of Fr98F, and the clinical disease is qualita-
tively different (paralysis versus ataxia). Unlike Fr98%, FrCas®
causes extensive spongiform degeneration in the spinal cord,
brain stem, and cerebral cortex (9, 21, 27). Both viruses induce
gliosis (9). Thus, the neurologic diseases induced by these two
viruses differ both kinetically and qualitatively, and these dif-
ferences appeared to be determined by their respective enve-
lope genes. It was therefore of interest to compare the infec-
tions of the brain by these two viruses.

Virus in the brain was quantified by Western blot (immuno-
blot) analysis (22). Whole brains were homogenized in 0.01 M
Tris-HCI-0.15 M NaCl-0.001 M EDTA containing 0.5% Non-
idet P-40. Insoluble material including nuclei was pelleted, and
the supernatant was boiled after addition of sodium dodecyl
sulfate and 2-mercaptoethanol (final concentrations, 2 and 5%,
respectively). Protein was separated in 9% polyacrylamide
gels, blotted onto Immobilon P membranes (Millipore), and
detected with rabbit anti-p30 antiserum and the ECL system
(Amersham) as previously described (9). Three clinically af-
fected mice were analyzed per group, 16 days postinoculation
for FrCas® and 22 days postinoculation for Fr98%. In both
groups abundant viral protein was detected, although there
was consistently three- to fourfold more p30 in the brains of
FrCas®-inoculated mice than in the brains of Fr98"-inoculated
mice (Fig. 5B).

FrCas® has been shown to infect a variety of cell types
throughout the brain including endothelial cells and pericytes
of the vasculature, glial cells in both grey matter and white
matter, and certain populations of neurons which divide post-
natally (21). Most of these cell types also appeared to be



FIG. 3. Reactive gliosis was a consistent observation with mice inoculated with Fr9&F. Shown here are paraffin sections of the lateral cerebellar nucleus stained for GFAP
as previously described (9). Although no staining was observed for the uninoculated control (A), abundant GFAP-positive astrocytes were noted for the infected mouse (B).
High-power views of the lateral cerebellar nucleus (C) and cerebellar white matter (D) stained for GFAP showed vacuoles containing GFAP-positive amorphous material
(arrows). Sections were lightly counterstained with Mayer’s hematoxylin and viewed by differential interference microscopy. Magnification, X200 (A and B) or X400 (C and D).

FIG. 4. Localization of viral antigen in an Fr98F-infected mouse. Frozen sections of cerebellar white matter were stained with biotinylated monoclonal antibody 720
(31) and horseradish peroxidase-avidin developed with substrate AEC as previously described (9). A low-power sagittal view of the cerebellum (A) revealed
virus-infected cells (darkly staining structures) in the white matter (arrow). The infected cells consisted of cells lining blood vessels (B, arrows) as well as highly arborized
glial elements (C, arrows). The infected glial cells were occasionally found in clusters (D). Sections were lightly counterstained with Mayer’s hematoxylin. For panels
B to D, differential interference microscopy was used. Magnification, X20 (A), X100 (B and C), or X300 (D).
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FIG. 5. Quantitative and qualitative differences between infections of the brain by FrCas® and Fr98. (A) Schematic of the structure of the ecotropic virus FrCas®
and the polytropic virus Fr98F, which differ only in sequences bounded by an Sphl (S) site in the 3’ pol gene and a Clal (C) site at the 3’ end of the env gene. (B) Western
blot analysis of p30 capsid protein expressed in brains of FrCas®- and Fr98F-inoculated mice 16 and 22 days postinoculation, respectively. Both mice exhibited severe
clinical signs of neurologic disease. The uninfected control was 18 days of age. The level of FrCas® p30 in the brain was consistently three- to fourfold higher than that
of Fr98E (three mice per group). (C to E) Frozen sections of the cerebellar cortices of mice neonatally inoculated with FrCas® (16 days postinoculation) or Fr98E (22
days postinoculation) or left uninoculated (18 days of age), respectively. Frozen cerebellar cortex sections were stained for viral envelope glycoprotein with a polyclonal
goat antiserum kindly provided by Roland Friedrich, Institute of Medical Virology, Giessen, Germany), followed by fluorescein isothiocyanate donkey anti-goat
immunoglobulin (ICN Biomedicals Inc.). Note the intense staining of the small, closely packed neurons in the granule layer (brackets) in the FrCasF-inoculated mouse
and the sparing of Purkinje neurons (arrowheads). In contrast, the small granule neurons in the Fr98%-inoculated mouse were not stained (D). However, other cells
in the granule layer (D, arrowheads), as well as vascular elements (upper right in panel D), were infected by Fr98E. Magnification, X 66.

infected by Fr98®. However, examination of the cerebellar
cortex revealed that Fr98F failed to infect granule neurons
(Fig. 5D), one of the populations of neurons which divide
postnatally and are extensively infected by FrCas® (9, 21) (Fig.
5C). For FrCasF the infection of granule neurons appears to be
an epiphenomenon, not directly involved in lesion induction
(23). Nevertheless, the difference in infection of granule neu-
rons by these two viruses demonstrates that the envelope gene
can influence virus targeting in the central nervous system.
Since FrCasF, an ecotropic virus, and Fr98F, a polytropic virus,
use different receptors to enter the host cell, it is likely that
these receptors are differentially expressed in some cell types
in the brain.

This polytropic MuLV-induced neurologic disease presents
two perplexing, though perhaps interrelated, questions: (i)
what is the nature of the insult which underlies the severe
clinical disease and (ii) what is the stimulus of the intense
astrocytosis? The former question is a familiar one in AIDS
dementia, in which there may be a paucity of virus-infected
cells in the brain (18, 36) and in which there is a lack of
reproducible pathological correlates of the often severe clinical
disease (15). This has suggested that neurotoxic or perhaps
gliotoxic products of virus-infected cells may, in part, be re-
sponsible for the clinical disease (14). In Fr98F-infected mice,
the most consistent pathological finding was an intense astro-
gliosis associated with focal astrocytic degeneration. Astrocy-
tosis is generally thought to occur in response to neuronal
injury (11). However, neuronal cytopathology, at least demon-
strable by standard histopathological techniques, appeared to

be minimal in this disease. Virus-infected cells were restricted
primarily to white-matter tracts, yet the gliosis was widespread
in both grey matter and white matter, suggesting that the
astrogliosis was induced by diffusible factors. Astrocytes are
known to be activated by cytokines such as interleukin-1 (13)
and interleukin-6 (32). Furthermore, overproduction of an in-
terleukin-6 transgene in the brain induced a neurologic disease
reminiscent both clinically and pathologically of the disease
described herein (6). It is, therefore, possible that both the
neuronal dysfunction and the astrogliosis in this disease may be
mediated by cytokines expressed in response to the virus in-
fection.
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