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SUMMARY—A high incidence of spontaneous
lower-limb paralysis occurred in a population
of wild mice (Mus musculus) which had a high
incidence of naturally occurring lymphoma
and elevated indigenous type-C virus activity.
Experimental transmission evidence indicated
that both the neurologic and lymphomatous
disorders almost certainly were caused by the
indigenous type-C virus. The virus appeared
to have a direct neurotropic effect on anterior
horn neurons in the lower spinal cord.—J Nati
Cancer Inst 51: 1243-1254, 1973.

WE RECENTLY DESCRIBED (/) a population of
wild mice that had a high prevalence of indigenous
type-C virus associated with a high incidence of
naturally occurring lymphomas during laboratory
observation of up to 12 months. We concurrently
observed a progressive lower-limb paresis in many
mice from this same population, both with and with-
out lymphoma. We now describe the principal
epidemiologic, clinicopathologic, and virologic find-
ings that characterize this neurologic disease. The data
presented here and in (2) strongly support an etiologic
role for the indigenous type-C virus in both the
neurologic and lymphomatous disorders of these mice.

MATERIALS AND METHODS

Collection and processing of mice—To study the natural
history of type-C and type-B RNA tumor viruses
indigenous to wild mice, we have trapped wild mice
in different geographic areas in and around Los Ange-
les County for several years (3—5). The mice discussed
here were trapped at a squab farm in an isolated rural
canyon (LC) about 5 miles from the Pacific Ocean in
Ventura County, California. The captured mice were
weighed, bled by retro-orbital puncture, and individ-
ually housed in facilities separate from the other
groups of wild mice under study. Sera were tested for
antibodies in either the hemagglutination-inhibition
or the complement-fixation (CF) test against 16
murine virus antigens. 7 Additional serum specimens
were collected when sick mice were killed.

A complete necropsy with microscopic study, in-
cluding study of the central nervous system, was done
on each mouse found ill or moribund. Selected tissues
were minced and diluted tenfold with Hanks’ balanced
salt solution (HBSS), then stored at —70° C until
they were inoculated by various routes into newborn
NIH Swiss and wild mice. Several naturally paralyzed
LC wild mice were also sent to another laboratory
(Microbiological Associates, Inc.) where independent
transmission studies were done. Sonicated aqueous
extracts (20%) of various fresh tissues (spleen, liver,
spinal cord, muscle, and brain) from the necropsied
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mice were tested for murine group-specific (gs) antigen
by CF; the antiserum was a 1:20 dilution of serum
pools from Fischer rats bearing Moloney sarcoma
virus (MSV)-induced tumor transplants. Sections of
particular tissues, including parts of the central
nervous system, were also prepared for light and
electron microscopy (EM) (6).

RESULTS
Epidemiologic Observations

The large-scale trapping of mice from this squab
farm began during October 1971. By February of
the next year, 2071 LC mice were under laboratory
surveillance and a few had hind leg paralysis. At the
end of 14 months of observation, 1141 (55.1%) of the
original 2071 mice in the colony had died or had been
killed because of illnesses such as paralysis or lym-
phoma (7). During this 14-month period, 183 (16.19,)
of the killed or dead mice had exhibited paralysis;
184 (16.19%) of them showed lymphoma. Twenty-six
(1.3%) had both paralysis and lymphoma.

The association between paralysis and lymphoma
was so striking that the relative risk of lymphoma in a
paralyzed wild mouse was approximately twelvefold
greater than in a nonparalyzed mouse from the same
colony. Despite this close association, the epidemio-
logic picture of the paralytic disease was somewhat
different from that of the lymphomas. The rate of
paralysis was similar in both sexes, whereas lym-
phomas occurred twice as frequently in female as in
male mice. The rate of paralysis was fairly constant
at about 19, per month of the surviving colony
until about 12 months; since then about 2% of the
colony has become paralyzed each month (text-fig. 1).
By contrast, the rate of lymphomas was low during
the first 6 months of observation and then increased.
Mice heavier (>>20.0 g) when trapped developed
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TEXT-FIGURE 1.—Cumulative monthly percentage of paralysis
and lymphoma in LC wild mice held in the laboratory for
14 months.

paralysis and lymphoma faster than did mice
weighing less (<{12.0 g) and thus presumably younger.

Clinical and Laboratory Findings

The most outstanding feature of this disease was
a progressive hind-leg paralysis. The earliest sign
was a slight-to-moderate tremor of 1 or both hind
limbs. The tremor spread to the trunk and head, but
rarely involved the upper limbs. The involved hind
limbs subsequently became weak and, eventually,
paralyzed; associated with this were atrophy of the
lower limbs and pelvic girdle (fig. 1), weight loss,
dehydration, ruffling of the hair and, terminally,
bowel and bladder incontinence. The illness lasted
10 days to 2 months before causing death.

Electromyelographs (by Dr. Walter Goodman and
Dr. Joseph Van Der Meulen) showed fibrillation
potentials along with high voltage long-duration
complexes (fasciculation) and sparsity of motor unit
potentials typical of lower motor neuron disease or
neuropathy affecting the hind limb and paraspinal
musculature.

The principal histopathologic findings in the
naturally paralyzed wild mice were seen in the
anterior horn areas of the lower spinal cord. Non-
specific vacuolar neuronal degeneration (fig. 2) was
accompanied by an unequivocal proliferation of
astroglial cells (fig. 3). Inflammatory infiltrates and
primary demyelination were absent. The brain,
brain stem, upper spinal cord, and sciatic nerves were
generally normal in gross and microscopic appearance.
The skeletal musculature from the paralyzed hind
limbs showed neurogenic atrophy (fig. 4). Apart
from lymphoma, histopathologic findings in the
visceral tissues of both paralyzed and nonparalyzed
LC wild mice were no different than the incidental
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histopathologic features in wild mice from the other
trapping areas ().

EM examination of naturally paralyzed wild
mice revealed type-C virus particles in 8 of 11 lower
spinal cord biopsy specimens and 3 of 3 from skeletal
musculature of the paralyzed hind leg. Type-C
virus particles were not seen in 12 specimens of
brain or 3 of sciatic nerve from naturally paralyzed
mice. In the lower spinal cord, numerous type-C
virus particles were noted in the extracellular spaces
and, less frequently, budding singly from the plasma
membrane of neurons (fig. 5) and oligodendroglial
cells. More commonly, neurons in the anterior
horns of the lower spinal cord contained within their
cytoplasm virus-like particles believed to be type-C
virus (see below). These particles budded into in-
tracellular vacuoles and cisterns of the rough endo-
plasmic reticulum (RER) (figs. 6-8). The vacuoles
were lined with smooth membranes from which many
virions were budding. Inside the vacuoles, some par-
ticles had bizarre shapes; membranous debris was
also present. Within neurons, virus particles also
budded in cylindrical configuration from the mem-
branes of the RER. Both budding and free particles
were in the cisterns of the RER, which were thereby
moderately dilated. In cross section, the free in-
tracisternal particles measured 80-90 nm in diameter
and showed a trilamellar structure with smooth
outer membrane and an electron-lucent core. Incom-
pletely formed particles, possibly nucleocapsid pre-
cursor material, were also seen occasionally within
the RER. Smooth-walled vacuoles without virus
particles were noted within neurons with or without
virus particles elsewhere in their cytoplasm. This
vacuolar change was more severe in those neurons
which did not show virus particles. Occasionally,
an increase in the extracellular space was apparent.
Other neurons were free of both virus particles and
vacuoles and appeared normal in fine structure,
Only neurons apparently contained the extensively
intracellular replicating particles. A few intracis-
ternal type-A particles were sometimes seen in
neurons in the brain and spinal cord which did not
contain the particles just described. Intracellular rep-
licating virus particles were usually not in the skeletal
musculature, although many type-C virus particles
were in the interstitium close to the sarcolemma.

Mouse antibody production (MAP) tests® (7) on
samples of brain and spinal cord extracts from 17
naturally paralyzed LC wild mice were negative.
Brain suspensions prepared from the same mice
were trypsin treated and tested for hemagglutination
of human O red blood cells with negative results.
Numerous tissue extracts of brain, spinal cord, and
viscera from naturally paralyzed wild mice were
inoculated into thioglycolate broth and onto blood
agar plates. There was no evidence of bacterial growth.
Attempts to isolate mycoplasma in mycoplasma broth
inoculated with dilutions of minced lung, liver, and
spleen, as well as middle ear and nasal washings,
were negative.

8 The MAP test detects induced antibodies against the same
16 murine virus antigens as listed in footnote 6.
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Brain, spinal cord, and visceral tissue suspensions
from the same 17 naturally paralyzed wild mice
were passaged 4-6 times in NIH Swiss mouse kidney
tissue cultures, Swiss mouse embryo cultures, and
C3H mouse liver clone NCPC-1469. Cytopathic
effects were apparent only in 1 cell culture. Mouse
cytomegalovirus (CMYV) was isolated in mouse
embryo tissue culture from 1 visceral organ specimen.

Serum from every recently trapped LC wild mouse
was negative for antibodies to the standard battery
of 16 murine viral antigens. Sera from 26 naturally
paralyzed wild mice, collected at necropsy, were
also negative against these antigens except for 4,
which were positive for antibody to MVM.

Type-C Virus Activity and Experimental Trans-
mission

Twenty percent extracts of spleen, brain, and
spinal cord tissue from age- and sex-matched, nat-
urally paralyzed and nonparalyzed LC mice with
and without concurrent lymphomas were assayed
for type-C virus gs antigen by CF and type-C particles
by EM. The gs antigen was detected in 999, of the
spleen extracts regardless of whether the mice died
of lymphoma, paralysis, or other causes (table 1).
The geometric mean titer of gs antigen in spleens
from lymphomatous mice (32.0) was higher than the
antigen titer in spleens from nontumorous mice,
paralyzed (12.7) or nonparalyzed (10.3). LC mice
with lymphomas show a higher incidence of type-G
virus gs antigen detectable by CF than do wild mice
with spontaneous lymphoma from other trapping
areas (I, 5). Tissue extracts of brain and spinal
cord from these lymphomatous but nonparalyzed
LC wild mice have gs antigen detectable by CF in
30-479;, tested (table 1).

Brain and spinal cord tissue extracts from non-
tumorous and nonparalyzed LC mice were, with 1
exception, without detectable CF gs antigen (table 1).
A few LC mice without tumors but with early paraly-
sis, i.e., clinical disease of <3 weeks duration, were
also lacking gs antigen in extracts of brain and spinal
cord, whereas 589, of the nontumorous LC mice
with advanced paralytic disease (3—-12 wk duration)
had detectable gs antigen in the spinal cord. A smaller
number of these mice (17%) also showed gs antigen
in the brain extracts. Detection of type-C virus by
EM in spinal cord biopsy specimens of LC mice

1245

with advanced paralysis correlated well with gs anti-
gen results.

Twenty percent tissue extracts of brain, spinal
cord, and liver-spleen from 3 naturally paralyzed
LC mice were separately pooled and passaged by the
intracerebral (ic) route into several litters of newborn
NIH Swiss and newborn wild mice (table 2). Of 33
NIH Swiss mice inoculated, 13 (39%) developed a
progressive hind-leg paralysis and 9 (27%) developed
lymphoma after. 4~-8 months of observation. Five
had both paralysis and lymphoma. Except for edema,
slight perivascular lymphoid cuffing, and gliosis
occasionally noted in the brain stem and upper spinal
cord, the clinical features and the intensity and
distribution of the neuropathologic lesions of this
induced disease in NIH Swiss mice were like those
in the naturally paralyzed LC wild mice. The lym-
phomas were of a diffuse, poorly differentiated
lymphocytic type similar in organ distribution and
histologic pattern to the naturally occurring lympho-
mas of the LC mice (7). Only 1 of the 46 inoculated
wild mice developed paralytic disease after 6 months;
another developed lymphoma after 9 months.

A second passage was made from filtered (440 nm)
and unfiltered extracts of various tissues taken from
1 of the NIH Swiss mice (XM-292) which had
developed hind-leg paralysis and lymphoma 4
months after inoculation with pooled spinal cord
extracts from the naturally paralyzed LC wild mice.
These extracts were inoculated ic into newborn
NIH Swiss and wild mice (table 3). Portions of the
same extracts were positive for type-C virus in
vitro by the XC plaque (8) assay and the CF test
for murine leukemia virus gs antigen (COMUL)
(9) on NIH Swiss embryo cells. Hind-leg paralysis
was induced within 2—7 months in 90 of 125 (72%)
inoculated NIH Swiss mice. Extracts, filtered or
unfiltered, from every tissue tested could induce the
paralysis. The shortest latent period (1-2 months)
and highest incidence of paralysis (97%) followed
inoculation of the liver-spleen extracts. Lymphoma
occurred after 46 months in 5 (4%) of the 125 NIH
Swiss mice, 2 of which also were paralyzed. These
lymphomatous mice had been inoculated with ex-
tracts of spinal cord, muscle, or lymph node. Paralysis
occurred after 3 months in 2 of 5 wild mice that had
been inoculated with filtered liver-spleen extracts.

TaBLE 1.—Type-C virus gs antigen expression in tissues of naturally paralyzed and nonparalyzed LC mice

Nonparalyzed \ Paralyzed
Nontumorous
Nontumorous Lymphomas Lymphoma
Early Late
disease disease
GS antigen (CF):
pleen. ... _____._.__ 31/31 30/30 9/10 24/24 3/3
. (100%) (100%) (90%) (100%) (100%)
Brain. . ... _____.__ 1/31 14/30 1/10 4/24 2/3
. (3%) (47 %) (10%) (17%) (67%)
Spinal cord______________ 1/30 9/30 0/10 14/24 3/3
(3%) (30%) (0%) (58%) (100%)
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TABLE 2.—Primary transmission in vivo of lower limb paralysis from naturally parelyzed wild mice to newborn wild and
NIH Swiss mice by ic inoculation

Number Number
Inoculum* Host Number Number of LPi with paral- LP with paral-
inoculatedt lymphomas ysis ysis +

lymphoma§
Brain._.____.._. NIH Swiss_ .. __.. 9 4 5-7 3 5 2
Wild mice |-______ 4 0 0 0
Spinal cord_.___. NIH Swiss_ . __._. 129 3 4-6 7 4-8 2
Wild mice_______. 22 1 9 1 6 0
Liver and spleen_ NIH Swiss______. 12 2 7-8 3 7-8 1
Wild mice_.______ 20 0 0 0
Total . . ... NIH Swiss_ ___.__ 33 9 13 5
Total . ______.____ Wild mice_.______. 46 1 1 0

*The inocula were 0.03 ml of an unfiltered 10% extract in HBSS of brain, spinal cord, or liver and spleen from a pool of 3 naturally paralyzed LC wild mice.

Each mouse was inoculated 1X ic within 24 hours of birth.
tIncludes mice surviving minimum of 4 months.
1LP =latent period in months.
§Included in the preceding columns.

|[From laboratory colonies of 3 trapping areas other than LC. Wild mice in these 3 laboratory colonies have shown no spontaneous lymphomas until at least
22 months under observation and no spontaneous paralysis for 8 years of observation ().
One mouse in this group had a mast cell tumor of the spleen without lymphoma.

In a separate laboratory (Microbiological Asso-
ciates, Inc.), 48 Swiss Webster mice were inoculated
ic as newborns with brain extracts from naturally
paralyzed LC wild mice (table 4). Seven days after
inoculation, the brains of 4 or 5 mice from each
inoculated group were harvested and pooled, and
extracts were blind-passaged into another litter of
newborn mice (P,); the remainder of the litter was
held and observed for disease (P;). After 4-7 months,
6 mice in P; and 5 mice in P, became paralyzed; in
addition, 1 mouse in P; had lymphoma after 6 months.
The only virus detected by MAP, tissue culture, and
serologic methods (data not shown) in the inocula or
tissues of the mice with induced paralytic disease was
type C.

DISCUSSION

The progressive lower motor neuron type of paral-
ysis we observed in a natural situation in this group
of wild mice has not been previously described. How-
ever, in 1962-65, Stansly (70) probably saw the same
type of hind-leg paralysis while passaging reticulum
cell sarcomas in BALB/c mice. His studies also sug-
gested that the paralytogenic and lymphomagenic
agents were the same. We have apparently redis-
covered this phenomenon as a spontaneous occur-
rence in a natural population of wild mice. In
addition, we reported (2) the experimental induction
of the identical paralytic disease together with an
occasional lymphoma in newborn wild and NIH
Swiss mice by inoculation of purified type-C virus
derived from cultured cells of a wild mouse embryo
from another trapping area. These combined studies
establish with virtual certainty that the type-C RNA
virus is the etiologic agent of both the paralysis and
lymphoma.

A combination of morphologic, serologic, and viro-
logic tests has failed to indicate infection with other
murine viruses capable of producing disease of the
central nervous system in mice (7, /7). In addition
to type-C virus, detected in all naturally and experi-

mentally paralyzed mice examined, the only other
murine viruses that could be detected were mouse
CMV, isolated from the visceral tissues of 1 naturally
paralyzed LC mouse, and MVM antibody, present
in a low percentage of paralyzed LC mice. However,
both CMV and MVM have commonly been found
in feral mice (7, 12) and are not known to produce
neurologic disease.

Certain neuromuscular disorders of inbred mice
generally show distinctly different clinical and patho-
logic findings from those observed in the LC wild
mice (13-16). The “wobbler” disease described by
Duchen et al. (16) is closest in clinical presentation
to our observations. However, the wobbler mouse is
characterized by weakness and ataxia of the forelimbs
and neuronal degeneration mainly in the brain stem
and cervical cord. In addition, wobbler disease occurs
in young mice and lasts up to and beyond 12 months.
No evidence of any virus has been detected by EM
or experimental transmission (77).

The clinical and pathologic features of this paralytic
disease, although not pathognomonic, are similar to
those described for the progressive motor unit atrophy
type of amyotrophic lateral sclerosis (ALS) in humans
(18) and the subacute spongiform encephalopathies
(19). The restriction of pathologic changes predomi-
nantly to the lower spinal cord distinguishes this
paralytic disease from the spongiform encepha-
lopathies. Another important difference, of course, is
the absence of reported type-C particles in EM
studies of the spongiform encephalopathies and
human ALS material. In the natural and experi-
mentally transmitted paralysis in mice, many typical
type-C virus particles are seen by EM in the extra-
cellular spaces of the spinal cord and, less frequently,
budding from the plasma membrane of neurons and
oligodendroglia. This correlates well with the detec-
tion of gs antigen by CF and recovery of infectious
type-C virus in vitro from the spinal cord extracts of
paralyzed mice (tables 1, 3, 4).
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TaBLE 4.—Transmission in vivo of lower-limb paralysis from naturally paralyzed wild mice to newborn Swiss-Websler mice
by 1c tnoculation

Number paralyzed

Inoculum * Host No. inoculated Type-C virus assay in brains and spinal cords of
experimentally paralyzed Swiss Webster mice
Passage LPt Passage LP
1 2 EM1 XC§ CF gs antigen§

Brain_____ Swiss Webster._. 1/4 7 0/5 7 + 55 ND|
Brain_____ Swiss Webster._. 1/4 7 4,7 4-7 + 5.2 -+
Brain_.___ Swiss Webster._.  2/59 7 1/9 6-7 -+ 5.1 +
Brain_.___ Swiss Webster-_..  2/5 5-7 0/9 7 + 4.8 +

* The inocula were 0.03 ml of a 10%, extract in HBSS of brain from 4 naturally paralyzed LC wild mice. Each was inoculated 1X ic within 24 hours of
birth. MAP tests on each inoculum were negative (studies done at Microbiological Associates).

tLP =Latent period in months.

}Performed by Doctor Vernon, Microbiological Asscciates.
§Performed on 1-4 paralytic mice from each inoculated group.
INot done.

fOne of these mice developed lymphoma without paralysis after 6 months.

Somewhat unusual, however, are the many particles
seen within the cytoplasm of anterior horn neurons
of the lower spinal cord. Type-C particles typically
replicate by budding from the plasma membrane of
infected cells into the extracellular space without
showing a cylindrical configuration. However, intra-
cellular type-C virus identical to the intraneuronal
particles with cylindrical budding into cisterns of
the endoplasmic reticulum has been described in
several different murine cell types [megakaryocytes
(20, 21), alveolar (22) and epididymal epithelial
cells (23), and myelomonocytic cells (24)] infected
in vivo with laboratory strains of mouse leukemia
virus. Moreover, intracytoplasmic vacuoles, like
those seen in the mouse neurons, which contain
membranous debris and shed from their lining
numerous type-C particles, some with aberrant
shape and size, have been described in murine (25,
26) and human (27) cells infected with mouse
leukemia and sarcoma viruses. Therefore, we believe
that the particles seen by EM within the cytoplasm
of anterior horn neurons also represent type-C virus.
The possibility that these intracellular particles
are not virions or are some other unidentified species
of virus seems remote but cannot be absolutely
excluded. More detailed neuropathologic fine-
structural studies on these mice will be reported
elsewhere (28, 29).

The pathogenesis of the paralytogenic disease
needs further clarification. The type-C virus appeared
to have a distinct neurotropic action, with multipli-
cation within and damage to anterior horn neurons.
In the original colony of LC wild mice, many embryos
were infected with type-C virus. In addition, further
exposure to type-C virus occurs via milk (6) during
nursing. Thus we assume that early in life almost
all these mice were infected and made relatively
tolerant to their type-C virus. The incubation period
before development of the neuropathologic disease
probably relates to degree of virus exposure in the
central nervous system, to genetic factors, and, per-
haps, to immunologic response. However, the lack
of leukocytic infiltrates suggests the absence of a

significant immune response. Genetically mutant
strains or unique envelope properties of “wild”
type-C virus may account for distinct subpopulations
of virus with specific neurotropic or oncogenic activity.
Additional factors such as sex and age must be
operating to account for the occurrence of lymphoma,
which showed a somewhat different epidemiologic
pattern. New cases of paralysis occurred at a similar
incidence rate in both sexes during the 14 months
of observation, but lymphomas predominated in
female mice and increased in incidence over time.
An understanding of the pathogenic mechanisms
responsible for the lower motor neuron disease of
these mice may have important implications in
understanding human neurologic diseases such as
ALS.
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Ficure 1.—Spontaneously paralyzed LC wild mouse with advanced atrophy of the lower-limb girdle and extremities.
Frcure 2.—Degeneration of anterior horn neurons from lower spinal cord. Central condensation of eosinophilic staining cytoplasm
is surrounded by tiny vacuoles (arrows). No inflammatory cells. Clear space around neurons is a shrinkage artifact. Hematoxylin

and eosin (H & E). X 500

Ficure 3.—Gliosis in the anterior horn area of lower spinal cord. Arrows indicate proliferating astroglial cells. H & E. X 500
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Ficure 4.—Neurogenic atrophy of skeletal musculature from paralyzed hind limb. Fascicles of atrophic muscle fibers are clearly dis-
tinguished from larger normal sized fibers. H & E. X 250

Figure 5.—Type-C virus budding from plasma membrane of neuron in lower spinal cord (arrow). Another type-C particle lies
within extracellular space. Uranyl acetate & lead citrate. X 78,000
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Figure 6.—Numerous virus particles bud into a smooth walled vacuole (outlined by arrows) in cytoplasm of neuron. Many such par-
ticles show aberrant configuration. Membranous profiles and membrane-bound dense material of questionable viral nature are
also within vacuole. Numerous cylindrical budding particles and precursor nucleocapsid-like material are in cisterns of RER (X).
Vacuoles (V) without virus particles are elsewhere in cytoplasm of same neuron (N). Uranyl acetate & lead citrate. X 24,300
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Figure 7.—Type-C virus particles replicating within cytoplasm of spinal cord neuron. Numerous cylindrical budding virions pro-
ject into the RER. Type-C virus particles also in the extracellular space (arrow). Adjacent oligodendroglial cell is free of virus.
Uranyl acetate & lead citrate. X 16,800
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Ficure 8.—Enclosed area of figure 7—numerous type-C virions with aberrant cylindrical budding configuration (arrow A) within
cisterns of RER. Where cut in cross section (arrozws B), particles show trilamellar structure characteristic of immature type-C
virus particles. Uranyl acetate & lead citrate. X 108,000

1254 GARDNER ET AL.





