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Some murine leukemia viruses (MuLVs), among them Cas-Br-E and #s-1 MuLVs, are neurovirulent, induc-
ing spongiform myeloencephalopathy and hind limb paralysis in susceptible mice. It has been shown that the
env gene of these viruses harbors the determinant of neurovirulence. It appears that neuronal loss occurs by
an indirect mechanism, since the target motor neurons have not been found to be infected. However, the
pathogenesis of the disease remains unclear. Several lymphokines, cytokines, and other cellular effectors have
been found to be aberrantly expressed in the brains of infected mice, but whether these are required for the
development of the neurodegenerative lesions is not known. In an effort to identify the specific effectors which
are indeed required for the initiation and/or development of spongiform myeloencephalopathy, we inoculated
gene-deficient (knockout [KO]) mice with zs-1 MuLV. We show here that interleukin-6 (IL-6), inducible nitric
oxide synthetase (iNOS), ICE, Fas, Fas ligand (FasL), and TNF-R1 KO mice still develop signs of disease.
However, transgenic mice overexpressing Bcl-2 in neurons (NSE/Bcl-2) were largely protected from hind limb
paralysis and had less-severe spongiform lesions. These results indicate that motor neuron death occurs in this
disease at least in part by a Bcl-2-inhibitable pathway not requiring the ICE, iNOS, Fas/FasL, TNF-R1, and

IL-6 gene products.

A few murine leukemia viruses (MuLVs) (e.g., Cas-Br-E
and #s-1) are neurovirulent and induce spongiform myeloen-
cephalopathy, leading to hind limb paralysis in susceptible
mice (32-34, 91, 106, 109). Results with chimeric MuLV con-
structed with genes from parental virulent and avirulent
MuLVs have established that the envelope (env) gene of these
viruses harbors the major determinant of neurovirulence (23,
39, 75,77, 85, 89, 90, 92, 98) (reviewed in reference 91). In the
case of ts-1 MuLV, a single point mutation (Val — Ile) at
amino acid position 25 of the coding sequence of the env gene
distinguishes it from the parental Moloney MuLV strain from
which this #s mutant was derived (98). The important role of
the env gene in inducing this disease was also confirmed by
expressing the env gene of Cas-Br-E (59) and subsequently of
ts-1 (110) MuLV in transgenic (Tg) mice. These env Tg mice
developed typical spongiform lesions. #s-1 and Cas-Br-E
MuLVs replicate preferentially in microglial cells and to a
certain extent in endothelial cells (8, 9, 18, 36, 58, 72, 73, 93),
while a third neurovirulent MuLV, PVC-211, replicates mainly
in the brain capillary endothelial cells (42, 75). Although rep-
lication has been reported by one study to occur in motor
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neurons (95), this observation has not been confirmed by other
studies (36, 58, 72). Therefore, the motor neurons which de-
generate in these diseases do not appear to be infected by the
virus and are most likely affected indirectly (43, 49, 50, 52, 55).

The spongiform myeloencephalopathy induced by these vi-
ruses is most evident in the brain stem and in the lumbar spinal
cord. The lesions are characterized by vacuolation, neuronal
loss, astrogliosis, activation of microglial cells, and mild demy-
elination in the absence of an inflammatory reaction (4, 35, 81,
108, 112).

The pathogenesis of this MuLV-induced neurodegenerative
disease is not understood. The lesions are very similar to the
spongiform lesions induced by the prion agent in mice, but the
prion gene itself is dispensable for the development of spon-
giform lesions, as shown in mice deficient for the prion gene
inoculated with neurotropic MuLV (53). In addition, spongi-
form lesions have been observed in other neurodegenerative
diseases, such as Alzheimer’s and Parkinson’s disease, suggest-
ing that these spongiform neurodegenerative processes may
share common effectors.

We have postulated that the MuLV-induced central nervous
system (CNS) disease is receptor mediated because of the
important role of the env gene in inducing disease (49, 50, 52,
55, 85). Neurotoxins produced by infected microglial cells have
also been postulated to represent important mediators of neu-
rovirulence. In particular, MIP-1a, MIP-1B (5, 86), tumor ne-
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crosis factor alpha (TNF-a) (5, 14, 78, 86), interleukin-6 (IL-6)
(78), Fas/Fas ligand (FasL) (14), and, to a lesser extent, IL-1a
(86) and gamma interferon (86) have all been found to be
upregulated in the CNS of mice infected with neurovirulent
MulLV, although the upregulation of gamma interferon (5, 14)
and IL-6 (5, 14, 86) has not been confirmed by other studies.
Whether these changes in gene expression are causal in disease
development or whether they mainly represent the conse-
quences of the disease process remains unknown. To deter-
mine whether some of these molecules are indeed required for
the initiation and development of spongiform myeloencepha-
lopathy, we used an alternative genetic approach involving the
inoculation with neurovirulent MuLV of mice deficient
(knockout [KO]) for a selected gene (TNFR-1, IL-6, inducible
nitric oxide synthetase (iNOS), Fas, FasL, or ICE) or mice
overexpressing the antiapoptotic gene Bcl-2 in neurons
through transgenesis. We report here our results on the inoc-
ulation of #s-1 MuLV into these mutant mice.

MATERIALS AND METHODS

Virus. The ts-1 MuLV (76) was produced in NIH 3T3 cells. Tissue-culture
medium containing viruses was filtered through a 0.4-wm-pore-size nitrocellulose
filter (Millipore Corporation, Bedford, Mass.) prior to use. The virus was titered
at 33°C on NIH 3T3 by using the XC assay, essentially as described previously
(51). The virus (~1 X 10° infectious units/ml) was inoculated intraperitoneally to
newborn (<48-h-old) mice. The mice were observed twice a week for signs of
disease (abduction reflex, tremulousness, and spastic paralysis of the hind limbs).
The infectious virus load in serum and tissues was measured. For the determi-
nation of virus load in tissues, spleen, brain, or thymus was homogenized in 2 ml
of tissue culture medium and centrifuged at low speed (10,000 X g) and the
supernatant was used for an XC assay on NIH 3T3 cells, essentially as described
previously (24, 51). Titers were expressed as numbers of PFU per mg of tissue
proteins.

Mice. Mice deficient for the IL-6 (61), Fas (102), or FasL (71, 99) gene were
purchased from the Jackson Laboratory (Bar Harbor, Maine). Mice deficient for
the iNOS (103), ICE (64), or TNF-R1 (87) gene were obtained, respectively,
from Foo Y. Liew (Department of Immunology, University of Glasgow), Tara
Sesbadri (BASF Bioresearch Corp.), and Tak Mak (Amgen, University of To-
ronto, Canada). The NSE/Bcl2 (line 71) Tg mice (26, 74) were obtained from
Jean-Claude Martinou (Glaxo Institute for Molecular Biology, Geneva, Switzer-
land). All KO and Tg mice, except the Fas and FasL mutants (already on the
C3H background), were bred as heterozygotes on the C3H/HeN (Harland)
background for at least five generations before being inoculated. Heterozygote
KO males were bred with homozygote female mice to generate hetero- and
homozygote littermates. NSE/Bcl-2 Tg mice, heterozygote for the transgene,
were bred with normal CH3/HeN mice to generate Tg heterozygote mice and
non-Tg littermates, which were used as controls.

Preparation of CNS tissues and immunohistochemistry. The mice were im-
mersion fixed in 4% paraformaldehyde for 7 days with their skulls open. The
brains were then dissected and embedded in paraffin, as described previously (36,
58). The spinal columns were decalcified in 0.5 M EDTA for 20 to 30 days before
being embedded in paraffin. Immunocytochemistry with antibodies directed
against glial fibrillary acidic protein was performed as previously described (36,
58). Paraffin sections (5 pm) were cut and stained by the conventional hematox-
ylin and eosin staining method.

Probe preparation and in situ hybridization. Preparation of **S-labeled sense
and antisense riboprobes specific for the Moloney U3 long terminal repeat
(LTR) and glyceraldehyde phosphate dehydrogenase (GAPDH) was carried out
as previously described (46). In situ hybridization was carried out as described
previously for paraffin-embedded tissues (58).

Image analysis. Quantification of spongiform lesions was performed on digital
images of haematoxylin-and-eosin-stained sections of spinal cord and brain by
using Northern Eclipse 6.0 software (Empix Imaging). The sections were scanned
and color images were captured by using Zeiss Axiophot supported with North-
ern Eclipse. For each sagittal brain section, three images were acquired at 10X:
one from the anterior pons and two from the central brain stem (see Fig. 3C).
For each spinal cord, one section from the lumbar cord was evaluated. The cord
area anterior to the central canal was assessed at 10X quantification (2 to 8
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images/cord) for spongiform lesions and at 20X quantification (4 to 14 images/
cord) for neuron counts.

Spongiform lesions were quantitated in a semiautomated format in sagittal
sections of brain stem (three images per mouse; see Fig. 3C) and in the anterior
half of the white matter of spinal cord transections (anterior and lateral funiculi
to the level of the central canal; 2 to 8 images per mouse). Only vacuoles with
diameters of >10 wm and having a round to oblong shape [a shape factor of
>(.4, where shape factor = (4 - - area)+(perimeter®)] (Northern Eclipse ver-
sion 6.0 Empix software) were counted. Use of these criteria minimized the
inclusion of tissue-processing artifacts (e.g., fine vacuolation caused by solvent
extraction of lipids and tissue tears) and of small blood vessels in the analysis.
Large blood vessels were manually deleted from the images. Using the thresh-
olding capability of the Northern Eclipse software, the number of vacuoles/mm?,
the average diameter per vacuole {obtained by determining the equivalent circle
diameter, 2 - [\/ (area + )]}, the average area per vacuole, and the percent of
the total area assessed that was occupied by vacuoles were calculated. All quan-
titation was performed by an investigator who was blinded as to the transgene
status of the animals.

For quantitation of neurons, the total neurons in the gray matter of spinal cord
were counted manually. At the same time, the same gray matter area was
cropped and measured by Northern Eclipse. Then the total number of neurons
in each section and the number of total neurons per mm? were calculated. All
quantitation was performed blindly, with the examiner having no information
about the transgenic status of the mice.

Statistical analysis. All data, including the number of vacuoles per mm?, the
percentage of the total area occupied by vacuoles, the area per vacuole, the
diameter per vacuole, the total number of neurons from each section, and the
number of neurons per mm? from Tg and non-Tg groups were tabulated as
means * standard errors of the means (SEMs). Comparison between Tg and
non-Tg groups was performed by using an unpaired two-tailed Student’s ¢ test or
the Kaplan-Meir analysis with the log-rank posttest. Differences were considered
significant if P was <0.05. Except for the Kaplan-Meir analysis, statistical analysis
was done using SPSS 7.5 for Windows (SPSS Inc., Chicago, IlL.).

RESULTS

Design of the experiment. The mutant mice were first put on
a genetic background susceptible to #s-1 MuLV. We chose the
C3H/HeN background, since previous work has shown this
background to be suitable for studies of #s-1 MuLV-induced
neurodegenerative disease (76). Except for Fas and FasL mice,
all the mutant mice were backcrossed to C3H mice as het-
erozygotes for at least five generations. At the fifth generation,
heterozygote (+/—) and homozygote (—/—) mutant KO mice
were crossed together to generate two groups of heterozygote
and homozygote mutant mice which were inoculated intraperi-
toneally as newborns (<48-h-old) with zs-1 MuLV, essentially
as described previously (23, 54). The mice were monitored by
blinded observers for clinical signs of disease (tremulousness,
spasticity, and paralysis). They were sacrificed when they
showed clinical signs of paralysis or after 6 months for those
showing only minimal or no signs of disease. The majority (75
to 100%) of the inoculated heterozygote or non-Tg control
littermates of each mutant (IL-6, iNOS, ICE, TNF-R1, and
NSE/Bcl2) strain (n = 63) developed the characteristic hind
limb paralysis induced by this virus in normal C3H mice and in
other strains (107; Gravel, Kay, and Jolicoeur, unpublished
data), as expected. This was also the case for the inoculated
heterozygote Fas and FasL mutant mice (n = 24), but the
percentage of paralyzed mice was lower, possibly reflecting a
slightly different C3H background.

IL-6 appears to be dispensable for the development of spon-
giform lesions and hind limb paralysis induced by #s-1 MuLV.
Upregulation of IL-6 in the CNS has been documented in
several neurologic diseases, including experimental autoim-
mune encephalomyelitis (EAE) (84), multiple sclerosis (44),
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AIDS dementia complex (31), and Alzheimer’s disease (10).
Moreover, mice deficient in IL-6 are resistant to EAE (27).
Overexpression of IL-6 in the CNS of Tg mice was also re-
ported to induce severe neuropathological changes, such as
neurodegeneration and astrocytosis and vacuolation (13). In
addition, upregulation of IL-6 was found by some (78), but not
by all (5, 14, 86), investigators in the CNS of mice developing
spongiform disease following inoculation of the neurovirulent
MuLVs. In view of this controversy, we used the IL-6-deficient
mice to determine the role of this cytokine in the development
of MuLV-induced spongiform lesions. Both groups of IL-6™/~
and IL-6 '~ mice inoculated with #s-1 MuLV developed hind
limb paralysis with the same latency (Fig. 1A) and spongiform
lesions (Fig. 1B) to the same extent. These results indicate that
IL-6 is not necessary for the initiation and development of this
disease and that IL-6 deficiency is not protective against the
disease.

iNOS is not required for the development of spongiform
lesions and hind limb paralysis induced by #s-1 MuLV. Three
isoforms of nitric oxide synthetase, endothelial, constitutive,
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FIG. 1. Incidence of paralysis in IL-6 KO mice. (A) Newborn IL-
6"/~ or IL-67/ littermate mice were inoculated with £s-1 MuLV and
observed for the development of paralysis. (B) Pathological assessment
of the CNS of IL-6"/~ and IL-6 '/~ mice. Spongiosis developed com-
parably in both heterozygote (left) and homozygote (right) mice.

and inducible, are responsible for the production of nitric
oxide (79). Nitric oxide appears to have a dual role in the CNS,
being both neuroprotective and neurotoxic (15, 57, 94). It may
play a role in EAE or in rabies and Borna virus infection,
where its levels were reported to be elevated (45). It also
appears to mediate human immunodeficiency virus type 1 env
(22) and glutamate (21) neurotoxicity. The iNOS isoform is not
highly expressed in normal brain (60, 70) but can be activated
in response to pathological conditions (47, 96, 101), including
multiple sclerosis in humans (6) and 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine-induced Parkinson’s disease in mice (65).
This latter disease was prevented in mice deficient for the
iNOS gene (65). Interestingly, the spongiform lesions induced
by the neuropathogenic PVC-211 MuLV have been reported
to be associated with oxidative damage, reflected by elevated
levels of 3-nitrotyrosine immunoreactivity (105) and enhanced
expression of iNOS in brain capillary endothelial cells (48a),
the major CNS target cells infected by this virus.

To determine whether the iNOS gene is involved in the
development of the spongiform encephalopathy induced by
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FIG. 2. Incidence of paralysis in iNOS, ICE, Fas, FasL, and TNF-R1 KO mice. Heterozygote and homozygote newborn littermate mice from
each strain were inoculated with fs-1 MuLV and observed for the development of paralysis. (A) iNOS; (B) ICE; (C) Fas; (D) FasL; and

(E) TNF-RI.

ts-1 MuLV, iNOS™~ and iNOS ™/~ mutant mice were inocu-
lated with #s-1 MuLV and monitored for signs of disease. In
both groups, hind limb paralysis developed after a period of
comparative latency (Fig. 2A) and spongiform lesions of com-
parative severity were formed (data not shown). These results
suggest that iNOS is dispensable for the initiation and devel-
opment of this disease and that iNOS deficiency is not protec-
tive against the disease.

The neuronal cell death induced by #s-1 MuLV is not medi-
ated by ICE, Fas/FasL, or TNF-R1. The spongiform myeloen-
cephalopathy induced by the neurovirulent MuLVs involves
motor neuron loss (4, 12, 82, 88, 97). As in many other neu-
rodegenerative diseases (111), this neuronal cell death has
been reported to occur by apoptosis (14, 106). In addition, the
expression of TNF-a (5, 14, 78), Fas, and FasL (14) has been
reported to be upregulated in mice exhibiting MuLV-induced

CNS lesions. Similarly, the levels of IL-1a (86), but not those
of IL-1B (5, 14), were found to be elevated in the CNS of these
inoculated mice.

The two known receptors for TNF-a, TNF-R1 (p55) and
TNF-R2 (p75), are expressed in the CNS, but the function of
TNF-R2 in the brain is not well understood (100). TNF-R1
appears to be the major receptor regulating the apoptotic
action of TNF-« in various tissues as, in contrast to TNF-R2, it
contains an intracellular death domain involved in binding the
effectors required for this pathway (7, 16, 68).

Several experimental data point to the involvement of
TNF-« in neuronal cell death following various insults (69, 84,
100), including human immunodeficiency virus type 1 infection
(104). TNF-a itself, expressed in the CNS of Tg mice, leads to
oligodendrocyte apoptosis and myelin vacuolation in the ab-
sence of early immune cell infiltration (2), a process similar to
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the noninflammatory spongiform disease induced by the neu-
rovirulent MuLVs. Interestingly, this TNF-a-induced CNS dis-
ease of Tg mice was prevented in mice genetically deficient for
the TNF-R1 (p55) gene (2).

Both TNF-R1 and Fas are receptors of the large TNF death
receptor family (7, 11, 68). However, the role of the Fas/FasL
pathway in apoptosis associated with CNS diseases has not
been extensively studied. Enhanced Fas/FasL expression has
been reported in the CNS of patients with Alzheimer’s-type
dementia (80) or multiple sclerosis (25).

IL-1 has been shown to regulate the synthesis of nerve
growth factor in glial cells (66). In addition, the processing and
release of mature IL-1B is dependent on the activity of
caspase-1/ICE (64). Moreover, FasL-induced apoptosis is pre-
vented in caspase-1-deficient mice (62). Caspase-1 is involved
in apoptosis in the CNS (112). Mice in which caspase-1 is
deficient or inhibited are resistant to hypoxic-ischemic brain
damage (38, 67) and to EAE (30) and show a slower disease
progression in mouse models of Huntington’s disease (83) and
amyotrophic lateral sclerosis (29, 63).

In view of previously published results on the perturbation
of TNF-q, IL-1, and Fas/FasL in MuLV-induced spongiform
myeloencephalopathy and their roles in other CNS diseases, it
is conceivable that some of these pathways may be essential for
the appearance of MuLV-induced spongiform lesions. There-
fore, mice deficient in some of the genes involved in apoptosis
were inoculated with zs-1 MuLV.

The majority of ICE ~/~ (Fig. 2B), Fas™/~ (Fig. 20),
FasL ™/~ (Fig. 2D), and TNF-R1 /" (Fig. 2E) mutant mice and
their respective control heterozygote littermates developed
hind limb paralysis with comparable latencies and spongiform
lesions of comparable severity (data not shown) after inocula-
tion of #s-1 MuLV. The slightly longer latency of paralysis
observed in TNF-R17/~ mice and the somewhat higher per-
centage and slightly shorter latency of paralysis among the
ICE™/~ mutant mice may or may not be of biological signifi-
cance. Together, these results suggest that none of these gene
products is required for, nor is their absence highly protective
against, disease development.

Overexpression of Bcl-2 in neurons protects mice from #s-1
MuLV-induced hind limb paralysis. The Bcl-2 gene has been
shown to protect various cell types, including neurons, from
apoptosis induced by very distinct stimuli (3, 20, 26, 28, 56, 74,
113). Overexpression of Bcl-2 in neurons of NSE/Bcl-2 Tg mice
has indeed been shown to protect motor neurons from natu-
rally occurring cell death and from experimental ischemia (26,
74). Since motor neurons are the major neural cell population
lost in MuLV-induced spongiform disease (4, 12, 82, 88, 97),
we used these NSE/Bcl-2 Tg mice (line 71) to determine
whether this antiapoptotic molecule would affect the course of
the MuLV-induced spongiform encephalopathy.

Groups of NSE/Bcl-2 Tg mice and their non-Tg littermates
were inoculated with #s-1 MuLV and monitored for signs of
disease. As shown in Fig. 3A, most (15 out of 16) non-Tg C3H
littermates developed hind limb paralysis of a severity and after
a latency comparable to that of heterozygote C3H mice from
the other mutant groups. In contrast, hind limb paralysis was
observed in only 1 out of 16 Tg mice, and mild signs of neu-
rological disease (tremulousness and spasticity) were detected
in 7 out of 16 Tg mice. In all Tg mice where signs of mild (7 out
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of 16) or more severe (1 out of 16) clinical disease occurred,
the signs developed after a longer period of latency than in
non-Tg mice (Fig. 3A). Therefore, frank hind limb paralysis
was prevented in the majority (15 out of 16) of NSE/Bcl-2 Tg
mice challenged with the virus. A second experiment con-
ducted in a similar group of Tg and non-Tg mice but termi-
nated earlier showed essentially the same results (Fig. 3B).
These results clearly established a protective role for Bcl-2
against the clinical manifestations of the disease.

Consistent with this clinical picture, histopathological assess-
ment of the CNS of these mice revealed a reduction in both the
extent and the severity of the spongiform lesions (Fig. 3C
through E) and of astrogliosis (data not shown) in the brain
stem.

To determine whether the milder form of neurodegenera-
tive disease observed in NSE/Bcl-2 Tg mice may be related to
increased survival of motor neurons in these Tg mice, we
quantitated the motor neurons in the gray matter of the spinal
cord. This analysis revealed that these neurons appeared to be
more abundant in infected Tg (363 = 29 neurons/mm?) than in
non-Tg (280 = 45 neurons/mm?) (x = SEM) spinal cords,
suggesting that Tg neurons are protected from death induced
by this virus.

Although the expression of the NSE/Bcl-2 transgene was not
expected to have an effect on early virus replication in the
lymphoid system and on its dissemination in the CNS, we felt
it was important to rule out such a detrimental effect of this
transgene on virus replication. It has indeed been shown that
the kinetics of virus replication in the periphery early after
MuLV injection appears to determine the level of CNS infec-
tion and consequently the extent and severity of CNS spongi-
form lesions (17, 19). We therefore measured the extent of #s-1
MuLV infection in the blood, spleen, and CNS of adult and
young inoculated NSE/Bcl-2 Tg and non-Tg mice.

Using in situ hybridization with the U3 LTR-specific probe
(Fig. 4A), we found no significant differences in the numbers of
infected cells in the CNS of £s-1 MuLV-inoculated NSE/Bcl-2
Tg and non-Tg mice at the time of sacrifice (Fig. 4B). Neither
did we observe significant differences in the titers of the virus
measured in serum, spleen, thymus, and CNS of 6-day-old
NSE/Bcl-2 Tg mice versus the non-Tg littermate controls in-
oculated as newborns (Fig. 4C). Therefore, these results sug-
gested that the extent of early and late MuLV replication was
comparable in Tg and non-Tg mice.

DISCUSSION

The cellular and molecular mechanisms by which the spon-
giform CNS lesions develop and the lower motor neurons are
lost after infection of mice by a group of neuropathogenic
MuLVs are of considerable interest. The present study was
designed to determine whether some specific effectors whose
dysregulated expression has previously been found to be asso-
ciated with the presence of neurodegenerative changes and
more specifically of MuLV-induced spongiform lesions were
required for the development of MuLV-induced myeloen-
cephalopathy. We took a genetic approach and used several
gene-deficient (KO) mouse strains for this analysis. Our data
show that mice deficient in the IL-6, iNOS, ICE, Fas, FasL, or
TNF-R1 gene were still susceptible to #s-1 MuLV-induced
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FIG. 3. Incidence and extent of paralysis in NSE/Bcl-2 Tg mice. (A and B) Newborn Tg and non-Tg control littermates were inoculated with
ts-1 MuLV and observed for the development of paralysis. In Experiment 1 (A), the mice were observed for up to 6 months. Data are presented
as cumulative incidence (left) and Kaplan-Meir analysis (with log-rank posttest) (right) (P < 0.00001). (B) A second experiment (Experiment 2)
was carried out but was terminated at 2.5 months. For comparison, the data from Experiment 1 at 3 months were replotted. The numbers below
the groups represent the numbers of paralyzed mice out of the total numbers of mice under experimentation. (C through E) Quantitation of
spongiform lesions in the brain stems of #s-1 MuLV-inoculated NSE/Bcl-2 Tg and non-Tg mice. Three separate brain stem areas (C) exhibiting
spongiform changes were assessed for the total number of vacuoles per mm? of tissue surface area (D) and the percentage of tissue area occupied
by vacuoles (E). Note that both indices of disease demonstrated a statistically significant reduction in the extent of lesions in Tg mice: (D) non-Tg
(n =17),2188 = 17.6; Tg (n = 12), 131.8 = 15.4; (E) non-Tg (n = 7), 472 = 0.37; Tg (n = 12), 3.01 = 0.40 (means = SEMs).

spongiform myeloencephalopathy and hind limb paralysis.
These results clearly indicate that these effectors are not re-
quired for the initiation or the development and maintenance
of the disease. However, in view of possible compensatory gene
expression in KO mice, our results cannot necessarily be in-
terpreted as a lack of contribution of these genes to the devel-
opment of the disease when they are not deleted. The dispens-
able role of genes representing excellent candidates for
involvement in the development of spongiform lesions may
reflect their participation in secondary reactive changes which
are likely to occur in many neurodegenerative diseases. In fact,
our genetic data caution about establishing pathways of neu-
ropathogenesis based exclusively on patterns of gene expres-
sion.

Interestingly, constitutive Bcl-2 overexpression in motor
neurons of Tg mice was found to have a protective effect
against this spongiform £s-1 MuLV-induced disease, leading to
an improved clinical outcome (a lower incidence and generally
milder form of motor deficits). The brain stem and anterior
horn motor neurons have previously been reported to be lost in
these MuLV-induced neurodegenerative diseases (4, 12, 82,
88, 97). Motor neurons were targeted to express Bcl-2 in the
NSE/Bcl-2 Tg mice (26, 74) used in the present study, and

these neurons were previously found to be protected against
other insults (axotomy and ischemia) in these Tg mice (26, 74).
Therefore, it is likely that the clinical and histological protec-
tion observed in ts-1 MuLV-inoculated NSE/Bcl-2 Tg mice
reflects protection by Bcl-2 against motor neuron death. In
fact, we have documented that loss of anterior spinal cord
motor neurons is lessened in these MuLV-inoculated Tg mice
compared to that for their non-Tg littermates.

The protection observed in MuLV-infected Tg mice express-
ing Bcl-2 in motor neurons strongly suggests that these cells are
lost by a Bcl-2-inhibitable apoptotic pathway in this neurode-
generative disease. Indeed, Bcl-2 is one of the principal mol-
ecules able to protect cells against apoptosis (3, 20, 26, 28, 56,
74, 113). One hypothesis that could explain the beneficial role
of Tg Bcl-2 in this disease is downregulation of motor-neuron-
endogenous Bcl-2 RNA in the CNS of #s-1 MuLV-infected
mice.

The functions of Bcl-2 in cells are complex and not totally
elucidated (1, 37). Our data do not establish by which mech-
anism Bcl-2 protects against neurodegeneration. Since a major
site of Bcl-2 action is known to be at the mitochondrial mem-
brane (1, 37), our data suggest that mitochondrial damage may
be involved in this MuLV-induced motor neuron disease. Bcl-2
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may decrease the generation or increase the scavenging of
reactive oxygen species (41, 56) known to be increased in a
similar MuLV-induced neurodegenerative disease (105). Al-
ternatively, Bcl-2 may act on other cell organelles. Indeed,
Bcl-2 has been shown to protect some cells against apoptosis in
ways which are independent of the inhibition of reactive oxy-
gen species (48). Whatever the mechanism, our results with
NSE/Bcl-2 mice confirm and extend earlier reports claiming
that motor neurons die by apoptosis in #s-1 MuLV-infected
mice (14, 106). Our data also indicate that this motor neuron
apoptosis pathway does not require signals from Fas or
TNF-R1 (two receptors frequently implicated in apoptosis in-
duced in other cells by other stimuli) (7, 11, 68), since mice
deficient in Fas, FasL, or TNF-R1 were not protected from
development of spongiform lesions. The dispensable role of
Fas/FasL in this MuLV-induced neuronal apoptosis is consis-
tent with the protection against apoptosis observed with Bcl-2,
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FIG. 4. Assessment of virus replication in NSE/Bcl-2 Tg mice.
(A) In situ hybridization was performed with sense and antisense U3
LTR-specific probes on CNS brain stem sections of ts-1 MuLV-in-
fected adult mice at the time of sacrifice. Note that most infected cells
have the appearance of microglial cells, as reported previously.
(B) Quantitation of the number of zs-1 MuLV-infected cells from the
brain stems of Tg and non-Tg mice. Animals of the same groups as
those presented in Fig. 3D were studied. The number of MuLV-
infected cells per mm? of tissues exhibiting spongiform lesions was
counted. No statistically significant difference in the number of in-
fected cells was observed between Tg and non-Tg animals: non-Tg (n
=10),75.8 £ 7.8; Tg (n = 15), 93.6 = 7.1 (means = SEMs). (C) Quan-
titation of infectious #s-1 MuLV in CNS, spleen, thymus, and serum of
6-day-old NSE/Bcl-2 Tg and non-Tg mice infected as newborns (=36
h). PFUs are given as means + SEMs. No statistically significant
differences could be determined between any of the groups of tissues
analyzed (P > 0.05, as determined by Student’s ¢ test).

since it has been shown that the major Fas/FasL-induced ap-
optosis pathway cannot be inhibited by Bcl-2, at least in some
cells (1). ICE (caspase-1), another effector of some apoptotic
stimuli (40), is also dispensable for this motor neuron apopto-
sis, since ICE-deficient mice were not protected from MuLV-
induced neurodegeneration. These ICE (caspase-1) results are
also consistent with the dispensable role of Fas/FasL observed,
since FasL-induced apoptosis has been shown to be eliminated
in caspase-1-deficient mice (62). The lack of protection of
MuLV-infected ICE KO mice contrasts with the protection
observed against hypoxic-ischemic brain damage in mice whose
caspase-1 is deficient or inhibited (38, 67), suggesting that
pathways of neuronal cell death induced by ts-1 MuLV and
hypoxia or ischemia are not identical.

The identity of the effectors of apoptosis that lead to motor
neuron death following infection with neurovirulent MuLVs
remains to be determined. An equally important unresolved
question is how the env gene of these viruses, which harbors
the major determinant of neurovirulence (reviewed in refer-
ence 91), triggers this neuronal apoptotic pathway by an indi-
rect mechanism, i.e., without infecting these neurons.
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