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Inhibition of Murine Retrovirus-Induced Neurodegeneration
in the Spinal Cord by Explant Culture
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The neurovirulent chimeric mouse ecotropic retrovirus FrCasE causes a rapid neurodegenerative disease of
the central nervous system (CNS) characterized by the appearance of spongiform lesions in motor areas 10
days after neonatal inoculation. To study the details of the pathogenic process, we examined the ability of an
ex vivo spinal cord model to recapitulate disease. Organotypic spinal cord slice cultures were established from
IRW mice 7 days after neonatal inoculation. This corresponds to a time when virus expression in the CNS is
first detectable but spongiform changes have yet to evolve. Infectivity associated with these cultures peaked at
7 days in vitro and persisted at this level for 6 weeks. FrCasE infection of the spinal cord slices was primarily
found associated with microglial cells. Infection of neurons, astrocytes, oligodendroglia, and endothelial cells
was not observed; however, significant astrogliosis was found. Despite the presence of extensive microglial
infection in close association with spinal motor neurons in organotypic cultures, no virus-specific spongiform
degenerative changes were observed. These results suggest that removal of motor neurons from the developing
CNS, despite maintaining the local cytoarchitectural relationships, prevents the virus from eliciting its
pathological effects. Possible reasons for the interruption of lesion development are discussed.

Retrovirus infections of the central nervous system (CNS)
can cause neurological diseases in animals and humans. The
chimeric ecotropic murine retrovirus FrCasE causes a rapid
degeneration of the CNS characterized by a noninflammatory
spongiform encephalomyelopathy (27). Pathology is initially
detectable approximately at 10 days postinoculation (dpi) and
is extensive by 15 dpi. Spongiform lesions are observed primar-
ily in brain regions that control motor function, including the
ventral horns of the spinal cord, brain stem nuclei, deep cer-
ebellar nuclei, and the motor cortex (8, 22). The onset of
clinical disease is characterized by tremors and by hind limb
paralysis that begins 15 days after neonatal inoculation and
rapidly progresses to death.
Following intraperitoneal inoculation of neonates at postna-

tal day 0 (P0), the primary site of FrCasE infection is the spleen,
but virus is found in the brain associated with the vasculature
by 6 days postinfection. Virus then spreads to the brain paren-
chyma and is detected in microglial cells and neurons that
continue to divide during early postnatal development (8). The
neurons that degenerate are not infected, while virally infected
neurons do not exhibit cytopathological changes (22). How-
ever, FrCasE-infected microglia are in close proximity to de-
generating neuronal processes, suggesting that spongiform
lesions are an indirect consequence of microglial infection.
Retroviral infection of brain microglial cells has also been
implicated in the pathogenesis of neurological disease induced
by related murine retroviruses (3, 4, 15) as well as by human
immunodeficiency virus in AIDS-associated neurological dis-
eases (14, 20). Recently, it has been demonstrated that implan-
tation of FrCasE-infected microglia into developmentally re-
sistant mice results in the appearance of focal spongiosis (24).
To gain further insights into the molecular details of lesion

induction by neurovirulent murine retroviruses, we developed

an in vitro model using organotypic CNS slice cultures. Previ-
ous attempts to investigate this disease in dissociated embry-
onic motor neuron cultures were unsuccessful (1). The advan-
tages of organotypic slice cultures compared with dissociated
CNS cultures are that cellular heterogeneity and tissue cyto-
architecture are preserved and slices can remain viable for
several months (12). The anatomical and functional resem-
blance between slice cultures and in vivo tissue has proven
useful in several investigations into the mechanisms of neuro-
nal degeneration in amyotrophic lateral sclerosis (28), excito-
toxicity (34–36), ischemia/hypoxia (30), and hypoglycemia (33).
In the present study, organotypic spinal cord cultures were

used to analyze FrCasE infection and pathology and to relate
the findings obtained to FrCasE infection in vivo. FrCasE in-
fects microglia and brain capillary endothelial cells in the spi-
nal cord, and extensive spongiform lesions are found in this
region. The experimental approach used in this study was to
establish organotypic slice cultures (9, 12, 32) at P7 from either
uninfected inbred Rocky Mountain White (IRW) mice or mice
inoculated intraperitoneally at P0 with FrCasE. From 7 to 42
days in vitro (DIV), organotypic slice cultures were examined
for production of infectious virus, for identification of infected
cells, and for FrCasE-induced pathology. In the mouse CNS at
7 dpi FrCasE is primarily found in brain capillary endothelial
cells, while CNS lesions begin to appear at 10 dpi (8). These times
are equivalent to 0 and 3 DIV for slice cultures, respectively.
Viral spread in organotypic slice cultures. To determine the

level of FrCasE infection in slice cultures, viral infectivity in
spinal cord organotypic cultures was determined at 0, 7, 21,
and 42 DIV. Slice cultures were homogenized in Dulbecco’s
phosphate-buffered saline (50 ml per tissue slice), serial 10-fold
dilutions were made from each homogenate, and viral titers
were assayed on Mus dunni cells by a focal immunoassay as
described previously (7). At 0 DIV the slice cultures had a titer
of 102.3 focus-forming units per spinal cord slice. By 7 DIV
viral titers peaked at greater than 104.0 focus-forming units per* Corresponding author. Phone: (406) 363-9251. Fax: (406) 363-9204.
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slice, and they plateaued at this peak level until 42 DIV. These
results indicate that virus had spread in the CNS slice cultures
and that infection was persistent.
Identification of infected cells in slice cultures. To identify

virally infected cells in organotypic spinal cord cultures, we
used monoclonal antibody 667, which is specific for the FrCasE

viral envelope glycoprotein (25). FrCasE infection of microglia
has been reported to be a prominent feature in vivo, these cells
being particularly concentrated in regions that exhibit vacuolar
lesions (8, 22). The major cell type infected in spinal cord slices
had a very heterogeneous morphology (Fig. 1A, C, and E) and
colocalized with the macrophage cell surface marker Mac-1
(Fig. 1B) in 25 to 50% of the infected cells. The majority of
cells that expressed viral envelope protein but not the Mac-1

marker also had a cellular morphology consistent with micro-
glia. We observed widespread infection of both microglia hav-
ing an ameboid morphology (Fig. 1A and B) and microglia
having a ramified morphology (Fig. 1C and E). Since virus is
primarily associated with the vasculature at the time at which
slice cultures were established (8), these results support the
infectivity assays described above and indicate that virus had
spread to parenchymal microglial cells after explant.
For spinal cord cultures, attempts to colocalize FrCasE en-

velope protein (Fig. 1C and E) with cell-specific markers for
neurons (Fig. 1D; anti-neuron-specific enolase antiserum), as-
trocytes (Fig. 1F; anti-glial fibrillary acidic protein [GFAP]
antiserum), and oligodendroglia (data not shown) by using
anti-29, 39-cyclic nucleotide 39-phosphohydrolase antibody (kindly

FIG. 1. Identification of virally infected cells in spinal cord organotypic slice cultures. Immunofluorescent staining for viral envelope protein (anti-gp70) shown in
panels A, C, and E was performed by using monoclonal antibody 667 (25) followed by anti-mouse antibody conjugated with fluorescein (diluted 1:200; Vector,
Burlingame, Calif.). The identical cultures were simultaneously immunostained (cell markers) for Mac-1 microglial cell marker (monoclonal rat antibody from ATCC
TIB128) (B), neuron-specific enolase (rabbit polyclonal antibody from Biogenex, San Ramon, Calif.) (D), and glial fibrillary acidic protein (rabbit polyclonal antibody
from Dako, Minneapolis, Minn.) (F). Detection of cell-specific markers was performed by incubation with biotinylated secondary antibodies (1:200; Vector) directed
to either rabbit (D and F) or rat (B) primary antibodies followed by incubation with avidin D conjugated with rhodamine 600 (Vector). Bar in panel A, 10 mm; bars
in panels C and E, 30 mm.
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provided by Bruce Trapp, The Johns Hopkins University, Balti-
more,Md.) failed to show evidence of infection of these cell types.
Detection of viral infection in neurons, astrocytes, and oligoden-
droglia from the spinal cord tissue of FrCasE-infected mice also
has been unsuccessful (22).
GFAP-immunoreactive astrocytes formed an extensive net-

work of intertwined cell bodies and processes that ensheathed
the entire slice culture by 21 DIV (Fig. 1F). This cellular
morphology and this tissue distribution are characteristic of
activated astrocytes often observed after CNS injury but not
found in the normal CNS in vivo. The resistance of astrocytes
to FrCasE infection was surprising, since these cells undergo
proliferation in slice cultures (10, 19) and therefore should be
susceptible to infection by oncoretroviruses, which require cell
division to replicate (29). It is noteworthy that infection of
astrocytes also has not been observed in FrCasE-infected mice
(22). However, Lynch et al. have demonstrated that astrocytes
in primary mixed glial cultures are infected by FrCasE (21),
while other investigators using the neurovirulent ts1 Moloney
murine leukemia virus demonstrated infection of astrocyte-
enriched cultures (31). This apparent lack of permissiveness of
astrocytes residing in CNS tissue suggests that viral infection
and/or expression in astrocytes may be restricted by other cells
in the CNS, a situation maintained in slice cultures because of
preservation of tissue cytoarchitecture.
At 21 DIV we could not detect infection of endothelial cells

in spinal cord slice cultures by using antibodies to either factor
VIII-related antigen or Sca-1 as endothelial cell markers (data
not shown). This was a surprising result, since brain endothe-
lial cell infection is prominent in vivo (22) and should be
present when organotypic cultures are established at 7 dpi.
However, cells expressing endothelial markers at 21 DIV were
very sparse in spinal cord slices from either infected or unin-
fected mice, suggesting that the cultures may become depleted
of these cells as a function of time.
Absence of virus-specific spongiform lesions in slice cul-

tures. Once we established that FrCasE could replicate to high
levels in slice cultures and infect similar cells in vitro and in
vivo, we examined organotypic cultures for virus-induced spon-
giform change. In vivo, FrCasE infection had induced wide-
spread spongiform change in the ventral horns of the lumbar
spinal cord by 15 dpi (Fig. 2B). Examination of spinal cord slice
cultures revealed many large motor neurons in the ventral
horns (Fig. 2A), but we were unable to detect retrovirus-in-
duced spongiform lesions at 21 to 35 DIV (28 to 42 dpi).
Abnormalities in neuronal morphology were observed in spinal
cord cultures. For example, some neurons had eccentric nuclei
and shrunken perikarya. However, these changes were also
seen in uninfected cultures at the same frequency.
In view of the extensive nature of FrCasE infection found in

the slice cultures, we were surprised at the absence of lesions
related to motor neurons. The age of the spinal cord cultures
greatly exceeded the point at which lesions are observed in
vivo. For example, after 35 DIV (42 dpi) no pathology was
observed in the slice cultures, and yet in vivo, lesions, first
detectable at 10 dpi, are extensive by 15 dpi (8). In organotypic
slice cultures we found widespread infection of microglial cells,
and we therefore expected to observe retrovirus-induced pa-
thology, since it has been demonstrated that brain implanta-
tion of FrCasE-infected microglia results in focal spongiform
lesions (24). It is possible that even in the presence of infected
microglial cells the slice culture system insufficiently mimics
the CNS in vivo. For instance, one component of the in vivo
infection, brain capillary endothelial cells, was missing in the
slice cultures at 21 DIV. However, the induction of spongiform
lesions by implantation of FrCasE-infected microglial cells

(.98% purity) indicates that lesions can be induced in the
absence of endothelial cell infection.
The lack of pathology in vitro could be related to the devel-

opmental state of the CNS. Previous studies have demon-
strated that FrCasE-induced spongiform lesions and neurolog-
ical disease are dependent on postnatal development of the
CNS (23). Establishment of organotypic brain cultures on P7
could restrict or delay development of the CNS. An important
time for spinal motor neuron development is between P7 and
P14, when maturation is activity dependent and requires intact
descending and spinal segmental afferents (16, 17), both of
which are interrupted in spinal cord slice cultures. We believe
that this could be important for manifestation of lesions, since
several studies have demonstrated that deafferentation of a target
site results in attenuation of the neurotoxic effects of exogenously
applied kainic acid and quinolinic acid (5, 6, 18, 26).
Another host factor that may have prevented the formation

of spongiform lesions in FrCasE-infected spinal cord slice cul-
tures was the intense astrogliosis which occurred simulta-
neously with viral replication and spread to microglia. Injuries
to the CNS often lead to activation of astrocytes, which in-
creases their metabolic activity, including expression of GFAP.
Reactive astrocytes also upregulate their expression of cyto-
kines and trophic factors, some which are neuroprotective
(11). It has been reported that FrCasE infection of microglia in
association with a brain stab wound, which induced a focal
gliosis, also failed to induce spongiosis in vivo (24). The pos-
sibility that astrogliosis in the slice cultures may have been
neuroprotective is supported by the observation of astrocyte-
induced rescue of neurons from neurotoxic injury in vitro (13).
Currently, we are testing inhibitors of cell division in order to
block astrogliosis in organotypic slice cultures.
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FIG. 2. Morphology of FrCasE-infected CNS tissues. Spinal cord organotypic
slice cultures at 21 DIV (A) were prepared for light microscopy by using JB-4
embedding compound (Polysciences, Warrington, Pa.) and stained with Lee’s
methylene blue and basic fuchsin. The lack of spongiform lesions in the slice
cultures contrasts with the intense spongiform lesions observed in the spinal cord
of a mouse at 15 dpi (B) (hematoxylin and eosin staining).
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