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ABSTRACT

Certain murine leukemia viruses (MLVs) are capable of inducing fatal progressive spongiform motor neuron disease in mice
that is largely mediated by viral Env glycoprotein expression within central nervous system (CNS) glia. While the etiologic mech-
anisms and the glial subtypes involved remain unresolved, infection of NG2 glia was recently observed to correlate spatially and
temporally with altered neuronal physiology and spongiogenesis. Since one role of NG2 cells is to serve as oligodendrocyte (OL)
progenitor cells (OPCs), we examined here whether their infection by neurovirulent (FrCasE) or nonneurovirulent (Fr57E) eco-
tropic MLVs influenced their viability and/or differentiation. Here, we demonstrate that OPCs, but not OLs, are major CNS tar-
gets of both FrCasE and Fr57E. We also show that MLV infection of neural progenitor cells (NPCs) in culture did not affect sur-
vival, proliferation, or OPC progenitor marker expression but suppressed certain glial differentiation markers. Assessment of
glial differentiation in vivo using transplanted transgenic NPCs showed that, while MLVs did not affect cellular engraftment or
survival, they did inhibit OL differentiation, irrespective of MLV neurovirulence. In addition, in chimeric brains, where FrCasE-
infected NPC transplants caused neurodegeneration, the transplanted NPCs proliferated. These results suggest that MLV infec-
tion is not directly cytotoxic to OPCs but rather acts to interfere with OL differentiation. Since both FrCasE and Fr57E viruses
restrict OL differentiation but only FrCasE induces overt neurodegeneration, restriction of OL maturation alone cannot account
for neuropathogenesis. Instead neurodegeneration may involve a two-hit scenario where interference with OPC differentiation
combined with glial Env-induced neuronal hyperexcitability precipitates disease.

IMPORTANCE

A variety of human and animal retroviruses are capable of causing central nervous system (CNS) neurodegeneration manifested
as motor and cognitive deficits. These retroviruses infect a variety of CNS cell types; however, the specific role each cell type plays
in neuropathogenesis remains to be established. The NG2 glia, whose CNS functions are only now emerging, are a newly appreci-
ated viral target in murine leukemia virus (MLV)-induced neurodegeneration. Since one role of NG2 glia is that of oligodendro-
cyte progenitor cells (OPCs), we investigated here whether their infection by the neurovirulent MLV FrCasE contributed to neu-
rodegeneration by affecting OPC viability and/or development. Our results show that both neurovirulent and nonneurovirulent
MLVs interfere with oligodendrocyte differentiation. Thus, NG2 glial infection could contribute to neurodegeneration by pre-
venting myelin formation and/or repair and by suspending OPCs in a state of persistent susceptibility to excitotoxic insult medi-
ated by neurovirulent virus effects on other glial subtypes.

Avariety of murine leukemia viruses (MLVs) are capable of
inducing noninflammatory neurodegeneration upon infec-

tion of the central nervous system (CNS) (1–3). Depending on the
virus, infected mice exhibit disease with variable incubation peri-
ods and clinical severity, initially manifesting as tremulous paral-
ysis that progresses to decerebrate rigidity with associated wasting,
which invariably leads to death (4, 5). Neurodegeneration is usu-
ally characterized by neuronal and glial vacuolation accompanied
by gliosis that resembles the neuropathology seen in the prion-
induced transmissible spongiform encephalopathies (6, 7). The
prototypic neurovirulent MLV (NV), CasBrE, was first isolated
from the brains of trapped wild mice and was shown by Gardner
and colleagues (1) to be transmissible to several laboratory strains
of mice. The primary neurovirulence determinants were mapped
to the env gene (5, 8), and it has been subsequently demonstrated
that Env is necessary and sufficient for neurodegeneration (9–11).
Importantly, only mice infected with NVs during the neonatal

period develop spongiform neurodegeneration, while mice in-
fected at later times do not develop neuropathology due to a fail-
ure of virus to enter and spread within the CNS (12, 13). MLV-
induced vacuolar changes are primarily observed in motor system
neurons (14–16), with lesions predominantly involving swollen
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postsynaptic terminals (14, 17). As pathology progresses, glial vac-
uolation and degeneration are also observed (15, 16, 18, 19).

MLVs infect many different CNS cell types, including postna-
tally proliferating neurons, neuroglia, microglia, and vascular en-
dothelial cells; however, the postmitotic neurons that undergo
degenerative changes appear refractory to infection. NVs and
nonneurovirulent MLVs (NNs) with the same host range show no
CNS cellular-tropism differences (14, 20–22), indicating that neu-
rodegeneration results from the expression of unique neuroviru-
lent Env conformers within one or more neuronal support cells.
The questions of which neural cells are important and how they
alter neuronal function remain largely unresolved.

Neurovirulent MLV infection of oligodendrocytes (OLs) has
been reported by multiple groups based on morphological (14–
16, 23–25) and immunological (19, 23) assessments; however, the
frequency of OL infection was low, and its association with spon-
giosis was limited (10). These findings were consistent with the
lack of overt white matter changes observed at the light micro-
scopic level; however, myelin splitting has been noted at the ultra-
structural level, raising the question of whether OL infection is
involved in precipitating disease (5, 23). Clase et al. reported that
glial cellular vacuolation characterized by watery cytoplasms but
morphologically normal nuclei (referred to as cytoplasmic efface-
ment [16]) primarily occurred within cells expressing Olig2 (19),
a transcription factor specifying OL fate in the postnatal mouse
(26). Because some morphologically normal Olig2� cells were ob-
served to express viral protein, it was suggested that virus infection
may lead directly to the cytoplasmic effacement of Olig2� cells
(19). Because Olig2 expression is found at multiple stages of OL
differentiation, it could not be determined whether cytoplasmic
effacement represented damage to mature or immature glia or
whether virus infection directly caused OL cytotoxicity.

OL progenitor cells (OPCs) proliferate and differentiate to-
ward OLs during the postnatal period, peaking in the second post-
natal week. One OPC marker, NG2, is a chondroitin sulfate pro-
teoglycan first described by Stallcup that has been used to define a
novel subpopulation of glia that exist in the adult and developing
brain (27, 28; reviewed in reference 29). The adult NG2 cells are
highly arborized cells distributed throughout the gray and white
matter and make up approximately 4% of all cells in the adult CNS
(30, 31). Given that NG2 cells can differentiate into oligodendro-
cytes from early brain development through adulthood (30, 32–
36), it has become accepted that NG2 cells serve as OPCs, even in
the adult brain (37). However, not all NG2 cells differentiate into
OLs, as large populations persist in gray and white matter areas, a
subset of which receive synaptic input from neurons (38, 39) or
interact with nodes of Ranvier (40). In response to this neuronal
input, these white and gray matter NG2 cells generate action po-
tentials (41), leading to the suggestion that the NG2 cells may be
involved in regulating neuronal circuits. These observations have
led to the recognition of NG2 cells as a unique glial element, also
referred to as synantocytes (42) or polydendrocytes (29, 43).

We have recently reported that NG2� cells are targets for neu-
rovirulent and nonneurovirulent viruses in the developing brain
(10, 44) and that NG2 cell infection by the neurovirulent virus
FrCasE is temporally and spatially associated with hyperactivity
and functional loss in neurons that fire action potentials after
hyperpolarization (i.e., rebound neurons) (44). However, the spe-
cific role NG2 cell infection plays in pathogenesis remains unclear,
as their infection with the neurovirulent amphotropic virus 4070A

was not sufficient to induce neuronal or glial pathology unless the
4070A virus tropism was expanded by ecotropic Env protein pseu-
dotyping (10). These findings suggested that OPC infection alone
is not sufficient to cause neurodegeneration but requires virus
expression in other or additional neural cell types to cause disease.
How infection of NG2 cells affects them directly and impacts the
development of CNS disease is not known.

To formally address whether MLV infection is selectively toxic
to OLs or OPCs, interferes with OL differentiation, and/or con-
tributes to spongiform neurodegeneration, we explored several
complementary in vivo, in vitro, and brain chimera approaches
where progenitor cell infection and differentiation could be read-
ily followed. Here, we show that NG2 cells/OPCs are major targets
of ecotropic MLVs, but we find virus sparingly expressed in ma-
ture oligodendrocytes. We find that NG2� Olig2� neural progen-
itor cells (NPCs) can be productively infected in culture by both
neurovirulent and nonneurovirulent MLVs (FrCasE and Fr57E,
respectively) without apparent cytotoxicity, despite evidence that
OPCs were dying in vivo. Furthermore, transplantation analysis of
ex vivo-infected NPCs showed that both FrCasE and Fr57E inter-
fered with their differentiation toward OLs but had no apparent
effect on NPC engraftment and persistence. Altogether, the pres-
ent study provides evidence that NG2 cells/OPCs are major targets
of ecotropic MLVs and that this infection interferes with their
differentiation toward oligodendrocytes, which in the face of on-
going excitotoxicity likely contributes to viral neuropathogenesis.

MATERIALS AND METHODS
Mice. All animal procedures were performed in accordance with the reg-
ulations of the Institutional Animal Care and Use Committee at the
Northeast Ohio Medical University and the guidelines of the National
Institutes of Health. The mouse strains employed included Inbred Rocky
Mountain White (IRW) mice; PLP-EGFP IRW mice, which express cyto-
plasmic enhanced green fluorescent protein (EGFP) from the myelin pro-
teolipid protein (PLP) promoter that identifies mature oligodendroglia;
and Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J mice (referred to as
mTmG mice here), a reporter strain of mice on the 129X1/SvJ back-
ground that constitutively expresses membrane-associated TdTomato
fluorescent protein (mTomato [mTom]) from the beta-actin pro-
moter in all cells (45). Mice of both sexes were used for virus infection
and generation of NPCs and as transplant recipients. Both IRW and
129X1/SvJ mice are highly susceptible to infection and neurodegen-
eration induced by neurovirulent ecotropic MLVs, while C57BL6 mice
are resistant to MLV neurodegeneration (references 5 and 46 and un-
published observations). Because the PLP-EGFP transgene was origi-
nally maintained in C57BL6 strain mice (47, 48), it was bred into the
IRW background for 10 generations prior to initiation of these exper-
iments. No differences were noted between IRW mice and PLP IRW
mice with regard to the onset or severity of FrCasE-induced disease
(unpublished observation). PLP IRW mice were not examined for
differences in susceptibility to Fr57E-induced leukemia or hemolytic
anemia.

Virus, virus infection, and virus titration. FrCasE and Fr57E virus
stocks were prepared in NIH 3T3 fibroblasts, yielding stocks of 1 � 106 to
2 � 106 focus-forming units (FFU) per ml of tissue culture medium (Dul-
becco’s modified Eagle’s medium [DMEM] supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, penicillin [50 IU/ml], and streptomy-
cin [50 �g/ml]). Virus infection of NPCs is outlined below. IRW and
PLP-EGFP IRW mice were inoculated intraperitoneally on the day of
birth (P0 [�24 h postparturition]) with 2 � 104 to 5 � 104 infectious
FrCasE (5) or Fr57E (49) virions or were not inoculated. Animals were
euthanized at various time points between 13 and 18 days postinfection
(dpi); serum was collected for virus titration analysis, and brains were

Li et al.

3386 jvi.asm.org April 2016 Volume 90 Number 7Journal of Virology

http://jvi.asm.org


collected for histological and immunohistochemical assessment. The
mice were examined for cellular virus expression and histological changes
between 13 and 18 dpi, a time frame within which vacuolar pathology is
well developed, viral protein levels peak, and clinical neurological disease
onset occurs in FrCasE-infected mice (50). Virus titers in serum and cul-
ture supernatants were determined using a virus titration assay carried out
on NIH 3T3 fibroblasts or dunni fibroblasts as described by Czub et al.
(12).

NPC culture. NPCs were isolated from P0-to-P2 PLP-EGFP IRW or
IRW � mTmG F1 cross mouse brains by using a Neural Tissue Dissoci-
ation kit (Papain) following the manufacturer’s instructions (Miltenyi
Biotec). Isolated neural cells were cultured as neural spheres (NPHs) in
DMEM–F-12 (Invitrogen) supplemented with B27 (Invitrogen, Gibco)
and 10 ng/ml epidermal growth factor (EGF) (Sigma). NPHs were disso-
ciated chemically by using the mouse NeuroCult Chemical Dissociation
kit (StemCell Technologies) and passed every 3 to 4 days. NPCs were
infected with FrCasE and Fr57E stocks made from NIH 3T3 cells. To
infect NPCs, we employed spinoculation on freshly dissociated cells (51).
Briefly, 2 ml of virus stock was spun in TC-6 plates (Nunc) for 2 h at
1,600 � g (4°C), and then NPCs, which were passed twice after initial
isolation and growth as NPHs, were seeded into the plate. The cells were
cultured at 37°C for 3 to 4 h, collected, washed once with phosphate-
buffered saline (PBS), and then cultured in EGF-containing NPH me-
dium.

Neural transplantation. For NPC transplantation studies, infected or
uninfected PLP-EGFP or mTmG NPCs were chemically dissociated,
washed with PBS once, and then resuspended in PBS containing 1%
trypan blue at a concentration of �4 � 104 to 5 � 104 viable cells per �l.
The NPC suspensions were injected at 3 positions bilaterally in the brain-
stem (total, 6; 1 �l each) from the midbrain to the medulla in neonatal
IRW mice, as previously reported (52, 53). The brains were collected and
analyzed 7 and 14 days posttransplantation (dpt). For transplantation
studies using mTomato-expressing NPCs, P0 mouse pups arising from
IRW � mTmG crosses (F1) were used for isolation, culture, infection, and
transplantation into recipient IRW mice.

NPC-transplanted and virus-infected experimental mice were ob-
served daily for overt signs of disease beginning at P10, a time at which
spongiform changes can first be detected within the CNS (50). Clinical
neurological signs, including unkempt fur, wasting (body weight less than
80% of age-matched, uninfected controls), kyphosis, tremor, hind- and
or forelimb adduction upon elevation by the tail, imbalance, and/or pa-
ralysis, were not observed until 15 to 16 dpi, consistent with previous
reports for the FrCasE virus (5).

Immunohistochemistry, fluorescence, and histology on cells and
tissues. To characterize virus infection and phenotypic changes in NPCs,
NPHs, or cells freshly dissociated from them, were seeded onto poly-D-
lysine-coated plates and cultured in DMEM–F-12–B27–EGF medium for
3 to 5 h at 37°C for cell attachment. The cells were fixed with 4% parafor-
maldehyde at room temperature (RT) for 10 min, washed with PBS, and
then permeabilized by incubation in PBS containing 0.1% Triton X-100 at
room temperature for another 10 min. After blocking with 3% bovine
serum albumin (BSA) at room temperature for 20 min, the cells were
incubated with the primary antibodies (see below) at the indicated con-
centrations at room temperature for 1 h and washed with PBS, followed by
incubation with fluorescent secondary antibodies for another hour. The
cells were washed, coverslipped, and viewed using an Olympus FV-300
confocal microscope.

To assess CNS viral infection and engraftment of NPCs, brains were
immersion fixed in 10% buffered formalin and either paraffin embedded
or sectioned on a vibratome. For histology or immunohistochemistry,
6-�m paraffin sections were collected, deparaffinized, and either sub-
jected to antigen retrieval before immunostaining or stained with hema-
toxylin and eosin. For counting transplanted cells expressing transgenic
fluorescent proteins (XFPs), fixed brains were cut into 50-�m sections
from the forebrain though the medulla, mounted on slides in PBS, and

then viewed by epifluorescence. Selected sections with XFP-positive cells
were also immunostained for Env protein expression and cell-type-spe-
cific markers. To accomplish the immunostaining, free-floating sections
were treated with 1% Triton X-100 at room temperature for 30 min and
then with avidin/biotin blocking reagent (Vector). Floating sections were
incubated with 3% BSA at room temperature for 30 min and then with the
primary antibodies at room temperature for 1 h, followed by biotinylated
antibodies at RT for 1 h and streptavidin Alexa Fluor 488 or 594 (1:1,000;
Invitrogen) at RT for 30 min. CasBrE Env staining with the mouse mono-
clonal antibody 697 was carried out by using a M.O.M. kit from Vector.

Paraffin-embedded sections were deparaffinized, rehydrated, and
then subjected to antigen retrieval in citrate buffer (10 mM sodium citrate,
0.05% Tween 20, pH. 6.0) with autoclaving at 110°C for 10 min (Napco
autoclave, model 8000-DSE). Double immunofluorescence staining on
paraffin-embedded sections was performed sequentially. The paraffin-
embedded sections were incubated with the primary antibodies and then
with Alexa Fluor secondary antibodies.

The primary antibodies used in the present study included rabbit anti-
NG2 proteoglycan (1:100; Chemincon), rabbit anti-PDGFR� (1:300;
Santa Cruz), rabbit anti-Olig2 (1:500; Chemicon), mouse anti-nestin (1:
500; Pharmingen), rabbit anti-Iba-1 (1:500; Wako), mouse anti-2=,3=-
cyclic nucleotide 3=-phosphodiesterase (CNPase) (1:500; Chemicon),
rabbit anti-carbonic anhydrase II (CAII) (1:4,000; Chemicon), mouse an-
ti-PLP (a generous gift from Bruce Trapp, Cleveland Clinic), mouse anti-
HuC/D (1:500; Invitrogen), rabbit anti-glial fibrillary acidic protein
(GFAP) (1:2,000; Dako), mouse anti-CasBrE Env monoclonal antibody
697 (54), and goat anti-Friend Env serum (1:5,000). The secondary anti-
bodies included anti-mouse, anti-rabbit, and anti-goat Alexa Fluor 555,
488, or 647 (1:1,000; Invitrogen), biotinylated donkey anti-goat IgG, bio-
tinylated donkey anti-rabbit IgG (1:500; Jackson Immunology Research),
and biotinylated goat anti-mouse IgG. Images were taken using an Olym-
pus FV-300 confocal microscope. Marker colocalization within individ-
ual cells was determined by superimposing z-stack images.

Analysis of EGFP� and mTomato� cells. The animals that received
retrovirus-infected and mock-infected PLP-EGFP NPCs or mTmG NPCs
were perfused with ice-cold PBS, 4% paraformaldehyde, and then the
brains were collected and immersion fixed in 4% paraformaldehyde at
4°C overnight and stored in PBS at 4°C. Coronal sections (50 �m) of
entire brains, beginning caudal to the vestibular nuclei up to the olfactory
bulb, were cut on a vibratome and stored in PBS at 4°C. EGFP- and
mTomato-positive cells in transplanted mice were counted by individuals
blinded to the infection status of the NPCs. Counting was performed
under low-power magnification (100 to 200�) using epifluorescence il-
lumination. For PLP-EGFP NPCs, myelinating and nonmyelinatying cells
were counted based on their morphology. EGFP� cells exhibiting multi-
ple parallel processes were counted as mature myelinating oligodendro-
cytes. All the other EGFP� cells were counted as nonmyelinating oligo-
dendrocytes. For brains transplanted with mTomato NPCs, cells were
characterized as possessing differentiated versus undifferentiated mor-
phologies. Differentiated cells included cells with more than 3 branched
cellular processes extending at least one cell body length from the soma.
Morphologies ranged from cells with dense fine processes and blood ves-
sel endfeet, to myelinating cells, to cells with long (�2 cell body lengths)
extensively branched processes consistent with NG2 cells. Undifferenti-
ated cells included cells with a rounded, amoeboid, amorphous, or bipolar
shape and cells with few extended processes.

Immunoblotting. To examine virus infection and expression of oli-
godendrocyte differentiation in cultured NPCs, control and MLV-in-
fected NPC spheres were lysed using 0.1% Triton X-100-containing lysis
buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.4, 1 mM MgCl2, 50 mM
Pefabloc, and 0.2 mM phenylmethylsulfonyl fluoride [PMSF]) (53) and
then centrifuged at 16,000 � g, 4°C for 5 min. The supernatants were
boiled in sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) sample buffer, and proteins were separated by 9% SDS-
PAGE, transferred onto polyvinylidene difluoride (PVDF) membranes,
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FIG 1 The neurovirulent and nonneurovirulent ecotropic viruses FrCasE and Fr57E, respectively, are expressed in NG2/OPCs, but not in mature OLs. Newborn
mice were infected intraperitoneally with FrCasE or Fr57E, and their brains were analyzed by confocal immunofluorescence microscopy for early and late
oligodendroglial markers and virus expression between 13 and 18 dpi. (A) Staining for the OPC marker NG2 (red) and FrCasE or Friend 57 virus Env protein
(green). The arrows indicate examples of the cellular colocalization of virus and NG2 in the brainstem. The frequency of Env� cells expressing NG2 was
quantitated and expressed as a percentage of the total number of Env� cells detected (FrCasE, n 	 916 cells from �3 brains; Fr57E, n 	 498 cells from �3 brains;
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and subjected to immunoblotting for Env protein, GFAP, and the oligo-
dendroglial markers CAII, PLP, and CNPase. The retroviral Envs were
detected by goat anti-Friend Env serum, which has cross-reactivity to
CasBrE Env. EGFP expression was detected by rabbit anti-EGFP (1:2,000;
Abcam) and 
-actin by a mouse anti-
-actin IgG (1:1,000; Sigma). The
membrane was blocked with 5% nonfat milk and then incubated over-
night with primary antibodies diluted in PBS containing 2% bovine serum
albumin. The blots were treated with species-specific secondary antibod-
ies coupled to horseradish peroxidase for 2 h, washed, and then developed
using chemiluminescent substrate (SuperSignal West Pico chemilumi-
nescent substrate; Pierce). Three separate NPH preparations were ana-
lyzed by immunoblotting, and representative examples are shown.

RESULTS
Neurovirulent and nonneurovirulent ecotropic MLVs effi-
ciently infect CNS OPCs, but viral expression in OLs is infre-
quent. We have recently reported that the neurovirulent and non-
neurovirulent ecotropic viruses FrCasE and Fr57E, respectively,
infect glial cells in the inferior colliculus (IC) that express the
chondroitin sulfate proteoglycan NG2, coincident with the alter-
ation of rebound neuron physiology and spongiogenesis in that
brain region (44). Because motor signs, such as tremor and paral-
ysis, are a prominent clinical feature of neurovirulent-MLV-in-
duced spongiosis, we extended our analysis here to include brains-
tem regions more directly involved in the loss of motor function. As
shown in Fig. 1A, colocalization of NG2 proteoglycan and CasBrE
and Fr57E Envs was observed to colocalize in ramified extravascular
cells in the pons, medulla, cerebellum, and thalamus when exam-
ined 14 to 16 dpi. NG2 cells accounted for 33.2% � 2.3% and
37.8% � 7.3% of Env� cells for FrCasE and Fr57E, respectively. In
addition, NG2 cell infection was observed in gray matter areas in
the cerebral cortex, striatum, and hippocampus, as well as in the
white matter of the corpus callosum, brain areas where spongi-
form pathology does not typically arise (50).

Since the majority of embryonic and adult NG2 cells express
Olig2, a basic helix-loop-helix transcription factor required for
oligodendrocyte specification (26), we examined whether FrCasE
and Fr57E Env expression colocalized with Olig2 in brainstem
sections. As shown in Fig. 1B, Env� Olig2� cells were readily ob-
served, with a frequency similar to that observed for Env� NG2�

cells. These findings are consistent with the idea that OPCs are
major targets of ecotropic MLVs with the potential to influence
neurodegeneration, based on the nature of the Env protein they
express.

To evaluate the extent to which ecotropic virus infection could be
detected in mature oligodendroglia, we examined infected brains-
tems for Env expression coincident with the expression of CAII. As
illustrated by the example in Fig. 1C and the quantitative assessment,
few Env� CAII� cells were observed in either FrCasE- or Fr57E-
infected animals sacrificed between 14 and 18 dpi. Interestingly, the
frequency of Env colocalization with CAII was significantly higher in

Fr57E- versus FrCasE-infected brainstems but was still quite low at
�3%. Whether this difference in virus-expressing OLs was reflective
of the ongoing neurodegeneration occurring in the FrCasE-infected
mice or instead represents differences in the capacities of the two
viruses to interfere with OPC differentiation could not be resolved by
this analysis, but we attempt to address it below.

As an independent means to examine virus expression in ma-
ture OLs, we examined cellular infection in transgenic mice that
express EGFP from the myelin proteolipid protein promoter
(PLP-EGFP mice). In these mice, migrating gray and white OLs
express high levels of EGFP (EFGP-high) (47). In addition, certain
brainstem neurons express much lower levels of EGFP (EGFP-
low), allowing the two EGFP populations to be distinguished from
one another (Fig. 2E to G) (55). Moreover, this differential expres-
sion facilitated a coincident morphological assessment of OLs and
vulnerable neurons. As indicated by the example in Fig. 1D, viral
Env and EGFP colocalization was not typically observed, and
when it was seen, it occurred only in EGFPhigh-expressing cells (as
defined above and illustrated in Fig. 2E to G). Unlike CAII and
Env colocalization, there was no significant difference in the fre-
quencies of Env colocalization with EGFP between FrCasE- and
Fr57E-infected brainstems. Importantly, there were no obvious
qualitative changes in the morphology of EGFPhigh-expressing
cells in mice infected with FrCasE versus mock- and Fr57E-in-
fected animals, consistent with previous reports assessing oligo-
dendroglial integrity associated with neurovirulent MLV infec-
tion of the CNS (16).

OPC infection by ecotropic MLVs in the brainstem is vari-
ably associated with spongiform neuropathology. To assess the
spatial relationship between virus-infected NG2 cells and spongi-
form neuropathology, paraffin sections from 14- to 16-dpi
FrCasE-infected mouse brainstems were subjected to double-label
immunohistochemical analysis for Env and NG2, combined with
differential interference contrast microscopy. As illustrated by the
examples taken from the pons shown in Fig. 2A and B, we ob-
served that the FrCasE-Env-expressing NG2 cells (black arrows)
were often associated with spongiosis (white arrows), with the
NG2 cell processes in close apposition to small vacuoles (white
arrowheads). However, within the same sections, we also observed
areas of spongiosis where Env expression in NG2 cells was not
obvious (Fig. 2C, white arrows) and areas without spongiosis but
with NG2 cell infection (Fig. 2D, black arrows), making it unclear
whether the infection of the NG2 cells by FrCasE was obligatory
for spongiogenesis or simply a coincidence. Rarely, NG2� Env�

cells could be observed to exhibit vacuolar changes characterized
by cytoplasmic effacement, but this was not a prominent feature.

Because it has been reported that OLs are a major target of the
toxicity mediated by MLVs (19), we extended our histological
examination to FrCasE-infected PLP-EGFP mice using confocal

P 	 0.35, not significant). (B) Staining for the OPC nuclear transcription factor Olig2 (red) and Env (green); the arrows indicate Env� Olig2-positive cells. The
graph (right) shows the frequency (expressed as a percentage) of Env� cells expressing Olig2 (FrCasE, n 	 409 cells from �4 brains; Fr57E, 697 cells from �3
brains; P 	 0.64, not significant). (C) Staining for the mature OL marker carbonic anhydrase II (red) and viral Envs (green), where no colocalization was noted,
indicative of the low frequency of Env� cells that also stained for CAII, as shown in the graph. Note that there was a significant difference (*, P � 0.05) between
the frequencies of detecting FrCasE Env and Fr57E (FrCasE, n 	 377 cells from �4 brains; Fr57E, n 	 1,416 cells from �5 brains; P 	 0.031; Student’s t test).
(D) Immunostaining for viral Envs (red) in PLP-EGFP brainstem sections, where mature OLs expressed high EGFP levels (green). As indicated by the examples
and in the graph, the detection frequency of EGFP expression in Env� cells was quite low and did not significantly differ between FrCasE and Fr57E (FrCasE, n 	
1,302 cells from �5 brains; Fr57E, n 	 1,107 cells from �5 brains; P 	 0.37). The error bars in the graphs represent standard deviations, and all data sets were
analyzed by Student’s t test. Scale bars, 20 �m.
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FIG 2 NG2/OPC infection by FrCasE is variably associated with spongiform neurodegeneration. (A to D) Representative examples of paraffin sections from the
brainstems of FrCasE mice at 15 dpi double immunostained for Env (purple) and NG2 (brown) and viewed using differential interference contrast (DIC) optics
to simultaneously visualize vacuolar changes without the need for a tissue counterstain. (A to C) Examples of NG2� Env� cells (black arrows) in close association
with both small (arrowhead) and large vacuoles. In addition, vacuolation is seen without clear association with NG2� Env� cells (white arrows). (D) NG2� Env�

cells can also be observed in brainstem regions without vacuolation. (E to G) Representative confocal examples from thick sections showing spongiform changes
in the brainstems of FrCasE-infected PLP-EGFP transgenic mice at 15 dpi. At the bottom is a table for interpreting the cell identities based on EGFP expression
(green) and Olig2 nuclear immunostaining (red). (E) Relationship of viral-Env-expressing cells (red) to appearance of cell body vacuolation in EGFPlow cells
(arrows) but not EGFPhigh cells (arrowhead). (F) Example of Olig2 immunostaining in a FrCasE-infected PLP-EGFP brainstem section showing that Olig2
expression (arrowheads) can be observed in EGFPhigh, EGFPlow, and EGFPneg cells. In addition, EGFPhigh cells were observed without Olig2 expression
(asterisks). Vacuolation (e.g., dotted circles) was rarely observed in EGFP� Olig2� cells (not shown), despite the common observation of vacuoles in cells
expressing low EGFP levels. (G) Cytoplasmic effacement (a subtype of vacuolar neurodegeneration) occurred predominantly in cells in which the remnant nuclei
expressed Olig2 (arrows) but without detectable EGFP. Scale bars, 20 �m.
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images from thick sections. Interestingly, when mice were exam-
ined between 14 and 16 dpi (n 	 6 brains), we found no evidence
for vacuolation of EGFPhigh-expressing cells (cf. Fig. 2E to G). In
contrast, it was commonplace to see cell body vacuolation in cells
that were EGFPlow in proximity to Env (red)-expressing cells (Fig.
2E, arrows). The EGFPlow cells in PLP-EGFP mice likely represent
brainstem neurons, as previously described for these mice (55).
We next examined the relationship of Olig2 expression to EGFP
expression and cellular vacuolation. As shown in Fig. 2F and G,
Olig2 was observed in EGFPhigh, EGFPlow, and EGFP-negative
(EGFPneg) cells, but not all EGFP� cells were positive for Olig2,
and only a subpopulation of Olig2� cells expressed EGFP. Thus,
the Olig2 and EGFP markers in PLP-EGFP mice identify overlap-
ping CNS cell populations, with Olig2 identifying OPCs and early
OLs and EGFPhigh identifying early and mature OLs. No apparent
differences in Olig2/EGFP colocalization were noted between
control (n 	 5; not shown), FrCasE-infected (n 	 6), and Fr57E-
infected (n 	 3; not shown) PLP-EGFP mice. Interestingly, in
FrCasE-infected PLP-EGFP mice, we failed to observe any EGF-
Plow Olig2� cells showing cytoplasmic vacuolation, while cells
showing severe cytoplasmic effacement were observed to be
Olig2� but EGFPneg (Fig. 2G). Whether these cells were EGFP�

OLs that lost EGFP expression or OPCs that never expressed
EGFP could not be determined without a means to trace individ-
ual cell fates.

FrCasE and Fr57E infection of NPCs in culture is not cyto-
toxic but can reduce expression of certain glial differentiation
markers in NPHs. We have previously shown that the condition-
ally immortalized neural stem cell (NSC) line C17.2 can be pro-
ductively infected by both neurovirulent and nonneurovirulent
viruses in culture without cytotoxic effects, either in vitro or after
their transplantation into developing neonates (reviewed in refer-
ence 56). However, C17.2 NSCs have been conditionally immor-
talized with v-myc, which could impact their susceptibility to neu-
rotoxic effects of MLVs. Therefore, to address the possibility that
MLV infection of NPCs may affect their viability or glial differen-
tiation potential, we infected NPCs derived from neonatal PLP-
EGFP mice with FrCasE and Fr57E under conditions where the
NPCs grew as NPHs. As suggested by the representative images of
immunostained NPHs in Fig. 3A, MLV exposure did not cause
any overt changes in sphere formation or cellular growth during
early NPH passages (�10). However, with late passages of
FrCasE- or Fr57E-infected NPHs, the cells exhibited slower
growth (that is, required less frequent passage) and the NPCs were
more prone to attach to the culture plates instead of growing as
spheres. Mock-infected NPCs showed continued growth as
spheres in suspension through at least 16 passages before growth
slowed and/or cell attachment became noticeable. Immunostain-
ing of spheres for viral-protein expression and stem cell and glial
progenitor cell markers did not show notable differences in ex-
pression (Fig. 3A); however, because antibody penetration into
fixed NPHs was inconsistent and the resolution of membrane pro-
tein expression in adjacent cells in NPHs was challenging, NPC
protein expression frequencies were determined by immuno-
staining single cells from dissociated NPHs after attachment to
polylysine-coated slides. The results, summarized in Fig. 3B,
showed that approximately 90% of the NPCs exposed to FrCasE
or Fr57E expressed detectable levels of Env protein. In addition,
immunostaining for the pan-neural stem cell marker nestin was
greater than 90%, and more than 95% of the cells expressed the

OPC markers NG2, Olig2, and PDGFR�. The frequency analyses
suggest that neither FrCasE or Fr57E infection qualitatively or
quantitatively affected NG2, Olig2, and PDGFR� expression,
which was confirmed by double immunolabeling of cells for the
OPC markers and Env. A small but statistically significant increase
in the percentage of cells expressing nestin was noted in FrCasE-
infected NPCs over mock-infected cells, but no differences were
noted between FrCasE- and Fr57E-infected NPCs or mock- and
Fr57E-infected NPCs.

Pedraza et al. have reported that some PLP-EGFP NPCs ex-
pressed EGFP in NPHs (57), a finding consistent with other stud-
ies suggesting that cells within NPHs can express markers of ma-
ture glia (cf. reference 58). As can be seen in Fig. 3A, expression of
EGFP in a subset of NPH cells was observed in both infected and
uninfected NPHs, with the frequency of positive cells varying
from one NPH to the next. In surveying the NPH populations in
total, EGFP fluorescence intensity appeared to be lower in
FrCasE- and Fr57E-infected than in mock-infected NPHs. Be-
cause EGFP fluorescence was variable between individual NPHs,
we assessed the effect of virus infection on EGFP expression semi-
quantitatively by Western blotting with antibody to EGFP. As
shown in Fig. 3C (left), EGFP protein levels were dramatically
decreased relative to actin when NPHs were infected by either
FrCasE or Fr57E. To examine whether the virus effect on PLP-
EGFP expression in NPCs was cell intrinsic or required cell-cell
interaction, NPHs were dissociated, plated on poly-D-lysine, and
evaluated for EGFP expression. Interestingly, regardless of
whether they were infected, dissociated NPCs showed much lower
EGFP fluorescence intensity with no clear difference between con-
trols and CasBrE Env- or Friend Env-positive cells (not shown),
suggesting that PLP-EGFP expression was dependent on cell-cell
contact or conditions unique to the NPHs. Analysis of attached
cells by Western blotting was not undertaken.

To test whether the decreased PLP-EGFP was unique to the
transgene or reflected changes occurring more broadly in other
OL-specific proteins, we examined the effects of MLV infection of
NPHs on CNPase, PLP, and CAII protein expression. These pro-
teins were not detectable by Western blotting in the same NPH
samples examined for EGFP, with or without virus infection.
However, Western blot analysis for GFAP, an intermediate fila-
ment protein marker expressed in most astrocytes and at low lev-
els in NPCs, showed dramatically reduced GFAP expression levels
with NPH infection (Fig. 3C). Interestingly, GFAP reduction was
greater for the neurovirulent virus, FrCasE, than for the nonneu-
rovirulent Fr57E. This finding suggests that GFAP reduction was a
direct result of NPC expression of the neurovirulent Env protein
encoded by FrCasE, since the virus is otherwise isogenic to Fr57E.

To assess whether infection of the primary NPCs was permis-
sive for virus replication, supernatants from mock- and MLV-
infected NPH cultures were tested for infectious virus after 2 to 5
NPH passages. Figure 3D shows that high titers of infectious
FrCasE and Fr57E virus were being produced by these cultures,
with no detectable virus production from mock-infected NPCs.

MLV infection restricts OL differentiation in the developing
brainstem. Our observation of abundant OPC infection but rare
infection of mature OLs has several possible explanations. First,
ecotropic MLVs may infect only OPCs that cannot differentiate
into OLs. Second, MLV infection may be toxic to OPCs that dif-
ferentiate into OLs. Third, MLV infection may suppress the mark-
ers we employed for OL assessment. Fourth, OL differentiation of
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OPCs could suppress virus/Env expression, and thus, we cannot
detect infection. Alternatively, MLV infection might interfere
with OL differentiation. To explore which, if any, of these possi-
bilities were operating, we employed an NPC-based brain chimera
strategy that would allow us to follow the fate of infected OPCs
within the developing brain. In the first set of experiments, NPCs
were isolated from PLP-EGFP mice infected ex vivo with FrCasE
or Fr57E as NPHs, and then dissociated NPHs were transplanted
into P0 mouse brainstems to follow NPC survival and differenti-

ation. Mice were screened for the presence of EGFP� cells at 7 and
14 dpt and characterized morphologically. Figure 4A shows exam-
ples of the EGFP� myelinating and nonmyelinating phenotypes
that were observed at both the early and late time points. Myeli-
nating cells were characterized by the presence of multiple parallel
myelinating processes (arrows), while the nonmyelinating cells
were characterized by arborized or spindle-shaped cells whose
processes were more restricted (arrowhead and inset). Quantita-
tive comparison of EGFP� cells in mock-, FrCasE-, and Fr57E-

FIG 3 Productive infection of primary NPCs by ecotropic MLVs does not affect neural-sphere formation or OPC marker expression but reduces markers of OL
and astrocyte differentiation. (A) Examples of NPHs derived from PLP-EGFP transgenic mice with and without infection with FrCasE or Fr57E virus. These
NPHs express low levels of EGFP (green) in a subpopulation of cells within the spheres. NPHs were immunostained for the neural stem cell marker nestin (red,
first column on left) or stained for the OPC marker NG2, Olig2, or PDGFR� (blue) and double stained for viral Env protein (red), and images were captured using
epifluorescence optics. Scale bar, 50 �m. No gross morphological or immunostaining differences were noted with virus infection, although the intensity of EGFP
staining in individual cells appeared lower in the MLV-infected NPHs (cf. panel C). (B) Quantitation of the percentages of cells in the NPH cultures expressing
viral Envs and the NPC and OPC markers, which were determined after dissociation of the NPHs into single cells to allow more accurate assessment of individual
cell expression. The only significant difference in marker expression frequency was a small increase in the percentage of cells expressing nestin with FrCasE- versus
mock-infected NPHs (*, P 	 0.044; ANOVA). (C) (Left) Nonmerged images of NPHs from panel A (far right column) showing EGFP expression (left; green) and
Env staining (right; red), indicative of reduced EGFP expression with virus infection. (Middle) Western blot comparison of FrCasE-, Fr57E-, and mock-infected
NPHs probed for MLV Env (top), EGFP (middle), and actin (bottom) showing a dramatic reduction in EGFP expression with MLV infection. (Right)
Immunoblotting of NPH extracts with antibody specific for the astrocyte-specific marker GFAP for protein equivalents from mock- and MLV-infected NPHs.
Apparent molecular masses are indicated by reference protein sizes listed in daltons. (D) Culture supernatants from NPHs taken after �5 passages in culture
produced infectious virus when assayed by virus titration assay. Titers are given in FFU/ml. The error bars in the graphs represent standard deviations. ND, not
detected. Data sets were analyzed by one-way ANOVA, with Tukey’s post hoc test for multiple comparisons.
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FIG 4 Ecotropic MLV infection interferes with the differentiation of OPCs into mature OLs. Ex vivo-infected PLP-EGFP NPHs were dissociated, and the cells
were transplanted into P0 IRW mouse brainstems that were subsequently assessed for EGFP-expressing cells at 7 and 14 dpt. (A) Representative epifluorescent
examples of EGFP� cells in 50-�m-thick sections with myelinating (arrows) and nonmyelinating (arrowhead and inset) morphologies that were readily observed
in mice receiving mock-infected NPCs but were less frequently observed in mice transplanted with MLV-infected NPCs (scale bars, 20 �m). (B) Quantitative
assessment of engrafted cells expressing EGFP at 7 and 14 dpt for total EGFP� cells, nonmyelinating EGFP� cells, and myelinating EGFP� cells. The error bars
in the graphs represent standard deviations. Statistical differences were determined by one-way ANOVA, with Tukey’s multiple-comparison test. *, 0.01 � P �
0.05; **, 0.001 � P � 0.01; ***, P � 0.001. Mock, n 	 7 brains; FrCasE, n 	 8 brains; Fr57E, n 	 7 brains. Note that the y axis scale varies for each graph.
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infected NPC-transplanted mice (Fig. 4B) indicated that FrCasE
and Fr57E infection significantly reduced the numbers of EGFP�

cells that could be detected at 7 and 14 dpt. The difference in
EGFP� cells with a myelinating phenotype was not significant
between mock and FrCasE infections at 7 dpt but was significant
between mock and Fr57Einfections. However, the difference in
the number of EGFP� myelinating cells was highly significant for
both FrCasE and Fr57E compared to mock infection when as-
sessed at 14 dpt, a developmental time when OL maturation dra-
matically increases. The numbers of nonmylinating EGFP� cells
were significantly lower than those of mock-infected cells for both
FrCasE and Fr57E transplants at both 7 and 14 dpt.

To assess transplanted cells for persistent virus expression
upon engraftment and differentiation, a small number of EGFP�

sections were immunostained for FrCasE and Fr57E viral Env pro-
tein colocalization with EGFP (Fig. 5A). In Fr57E-PLP-EGFP
NPC-transplanted brains, 14/136 EGFP� cells (2/12 myelinating
and 12/124 nonmyelinating) were weakly positive for Friend Env.
EGFP expression was noted to be very low in the Env� nonmyeli-
nating cells, consistent with an immature phenotype and/or EGFP
downregulation, as noted in the infected NPH cultures. In
FrCasE-PLP-EGFP NPC-inoculated brains, only 2/162 EGFP�

cells (1/85 myelinating and 1/77 nonmyelinating) were found to
express CasBrE Env, albeit weakly compared to other infected cells
in the same sections. The low apparent frequency of Env� EGFP�

cells parallels the results shown in Fig. 1 for Env expression in

mature OLs in wild-type and PLP-EGFP transgenic mouse brains.
These results suggest that transplanted cells with high MLV ex-
pression died, suppressed EGFP expression, or failed to differen-
tiate. Alternatively, MLV expression itself may have been sup-
pressed as the OPCs differentiated into OLs. Nonetheless, virus
expression from the transplanted NPCs resulted in virus spread
within the brain parenchyma (Fig. 5) and high circulating virus
titers (Fig. 5B) and induced spongiosis in mice transplanted with
FrCasE NPCs (not shown).

Ecotropic MLV-infected NPCs engraft, persist, and differen-
tiate in the developing brainstem. Given that the number of
EGFP� cells found in brains transplanted with FrCasE- and
Fr57E-infected PLP-EGFP NPCs was significantly lower than that
in mock-infected NPCs, it was not clear whether the transplanted
NPCs failed to survive, persisted as progenitors, or differentiated
into non-OL cell types. Therefore, to more directly follow the fate
of the transplanted progenitors with infection, NPCs were derived
from an F1 cross between IRW mice and mTmG transgenic mice.
All the cells in these mice constitutively express the membrane-
targeted tdTomato fluorescent protein (mTom) regardless of
their differentiation state (45). As shown in Fig. 6A, mice trans-
planted with infected and uninfected mTom NPCs showed that
both control and MLV-infected NPCs engrafted, migrated, and
persisted in the brainstems when examined at 7 and 14 dpt.

Quantitative assessment of mTom� NPC engraftment (Fig.
6B) indicated that there were no significant differences between

FIG 5 Brainstem transplantation of MLV-infected primary NPCs results in suppressed Env expression in cells differentiating into OLs but generates high
circulating virus titers. (A) Confocal images indicating the nature of immunostaining for viral Env (red) associated with engrafted FrCasE- and Fr57E-infected
PLP-EGFP NPCs expressing high levels of EGFP. Note that the myelinating processes, imaged perpendicular to the axons (top, bracket) for FrCasE, and along
their length for Fr57E, fail to show colocalization of Env and EGFP, while the cell bodies show barely detectable levels of Env expression (arrows). Note that other
CNS cells show readily detectable Env expression (red) for both viruses, suggesting that virus expression was cell type restricted. Scale bars, 10 �m. (B) Circulating
peripheral virus titers in recipient mice at 14 dpt of virus-infected NPCs, as determined by virus titration assay of the serum. Titers are given in FFU/ml. The error
bars indicate standard deviations. ND, not detected.
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control, FrCasE-infected, and Fr57E-infected NPCs at 7 dpt. In-
terestingly, we observed a substantial elevation in the number of
engrafted mTom� cells in FrCasE-infected NPC transplants com-
pared to controls or Fr57E-infected NPCs at 14 dpt but no differ-
ence between control and Fr57E-infected NPC transplants. No
evidence of abnormal cellular morphologies or vacuolation was
observed with or without virus infection, suggesting that FrCasE
or Fr57E was not overtly cytotoxic to NPCs in the in vivo setting.
The increase in mTom� cells observed with FrCasE-infected
NPCs at the 14-dpt time point suggests that the NPCs proliferated
after transplant. Because FrCasE NPCs disseminate virus and pre-
cipitate spongiosis, the simplest explanation for their expansion
was that they responded to the neurodegeneration that initiates
once the CNS has developed past P10 (59) rather than to prolifer-
ative effects of virus infection itself. While the assumption is that
the transplanted NPCs reflect processes occurring in endogenous
progenitor cells, more detailed testing will be required to confirm
that NG2 cell proliferation is a feature inherent in virus-induced
neurodegenerative diseases.

Morphologically, the mTom� cells appeared either as undif-
ferentiated, amorphous cells with few or limited processes (Fig.
6A, asterisks), similar to the nonmyelinating phenotypes shown
for PLP-EGFP NPCs, or assumed highly ramified morphologies,
consistent with the maturation of the NPCs into more mature glial
phenotypes. The complexity of the cellular processes was noted to
be more elaborate at 14 dpt versus 7 dpt, suggestive of ongoing
cellular differentiation. In particular, many cells were noted to
exhibit a very bushy or fibrous appearance with abrupt edges abut-
ting vascular elements characteristic of astrocytes with blood ves-
sel endfeet (Fig. 6A, arrowheads). Immunostaining of brainstem
sections from engrafted mice for GFAP suggested that many of
these mTom� cells were astrocytes (Fig. 6C and D). In transplants
of control NPCs, we also observed many mTom� cells with mor-
phologies consistent with myelinating oligodendroglia at 14 dpt
(Fig. 6A, arrows). In contrast, mTom� myelinating cells were
rarely detected in mice transplanted with ecotropic virus-infected
NPCs, consistent with the idea that ecotropic MLV infection in-
terferes with OPC differentiation into OLs. Interestingly, we did
not detect mTom� cells exhibiting vacuolar pathology in mice
transplanted with FrCasE-infected NPCs; however, we did not
assess the extent to which these cells integrated as NG2 cells estab-
lishing synaptic contacts with susceptible neuron populations.

To assess whether MLV infection influenced NPC differentia-
tion in a general way, the morphology of the engrafted cells for
each condition was quantified based on whether the cells pos-
sessed any of several differentiated phenotypes or appeared to be
undifferentiated (as described above). As shown in Fig. 6B, bot-
tom, no significant differences in the fractions of cells taking on a
differentiated phenotype were noted between control and FrCasE
NPCs at either 7 or 14 dpt, although there may be a trend toward
higher levels of differentiation with FrCasE infection. In contrast,
Fr57E NPC differentiation was significantly lower than that of
FrCasE NPCs at 7 dpt, which became a very highly significant
reduction in differentiation versus both FrCasE-infected and con-
trol NPCs by 14 dpt. Which glial population is specifically affected
by Fr57E and whether global interference with NPC differentia-
tion impacts why the virus fails to precipitate neurodegeneration
are provocative questions worthy of future analysis. Because
FrCasE and Fr57E NPCs were shown to be productively infected
in culture, the expectation was that these cells would continue to

express virus upon transplantation and infect adjacent host glia.
Thus, sections from brainstems transplanted with FrCasE and
Fr57E NPCs were immunostained for viral Env protein and com-
pared with mTom� transplanted NPCs at 14 dpt. As shown in Fig.
6D, Env expression was readily apparent in ramified and vascular
cells adjacent to the engrafted mTom� cells. Interestingly, we also
noted that Env expression in many of the engrafted mTom� cells
was often quite low, raising the possibility that viral expression
was suppressed in certain cells upon differentiation in vivo. Im-
munostaining for GFAP showed that astrocytes constitute at least
one mTom� cell type expressing different levels of Env, with ex-
pression most obvious in the perinuclear regions of the cells ex-
pressing low levels of Env.

DISCUSSION

In this report, we have examined the consequences of ecotropic
MLV infection of NG2 glial cells in order to understand their
potential to contribute to the spongiform neurodegeneration as-
sociated with various neuropathogenic viruses and abnormal pro-
teins. Our findings indicate that progenitor cells expressing the
OPC markers NG2 and Olig2 represent one-third of the viral tar-
gets in brain regions that undergo neural vacuolation. Because
mature OLs in these regions infrequently express detectable Env,
the possibility existed that virus infection was directly cytotoxic or
prevented OPC-to-OL differentiation. Conversely, OPC infection
followed by OL differentiation could have suppressed virus ex-
pression. In considering these possibilities, we confirmed the pre-
vious findings of Clase et al. (19), showing that the glial cells un-
dergoing cytoplasmic effacement expressed nuclear Olig2.
However, we were unable to identify Olig2� EGFPhigh cells show-
ing vacuolar changes in the PLP-EGFP mice infected with FrCasE.
These results suggest that glial degeneration occurs at a pre-OL
developmental stage, which likely corresponds to the long-term
NG2 glia. The vacuolated EFGPlow cells we routinely observed in
PLP-EGFP mice likely reflect degenerating brainstem neurons,
given the lack of Env or Olig2 expression and the previous report
by Miller et al. highlighting EGFPlow expression in medulla neu-
ron populations in PLP-EGFP transgenic mice (55). Nonetheless,
we cannot rule out the possibility that these cells could be FrCasE-
infected OLs with suppression of both EGFP and viral Env, since
we observed MLV suppression of EGFP in cultured PLP-EGFP
NPHs and barely detectable Env expression in the mice engrafted
with infected PLP NPCs.

By examining infection of NPCs ex vivo, we observed that nei-
ther FrCasE nor Fr57E was directly cytotoxic, but rather, both
acted to suppress a readout marker for OL differentiation, i.e.,
PLP-EGFP expression, as well as to suppress GFAP, a marker of
astrocyte differentiation. Interestingly, by examining cellular fate/
survival via the reintroduction of transgenic NPCs into the devel-
oping CNS, virus-associated NPC loss was not observed. In fact,
NPC numbers were significantly higher in FrCasE NPC-trans-
planted mice than in control and Fr57E NPCs at 14 dpt, consistent
with the idea that cellular proliferation occurred in response to
FrCasE-induced neurodegeneration, rather than to FrCasE infec-
tion of the NPCs. A rudimentary morphological assessment of
engrafted NPC transition to highly arborized cells indicated that
Fr57E, but not FrCasE, infection significantly interfered with this
process. Whether the more limited differentiation observed for
Fr57E NPCs impacts its neurovirulence is not known, but it is well
established that neurodegeneration requires CNS maturation be-
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FIG 6 Transplanted MLV-infected primary mTmG NPCs engraft, persist, differentiate into astrocytes, and facilitate virus spread to host cells. (A) Representative
examples of mTom� cells found within the brainstems of IRW mice at 7 and 14 dpt for mock-, FrCasE-, and Fr57E-infected NPCs exhibiting highly arborized
morphologies. At 14 dpt, mTom� cells with morphologies consistent with astrocytes (brackets) could be seen in animals receiving either infected or uninfected
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yond the first postnatal week (59). The idea that the CNS devel-
opmental requirement may involve the functional maturation of
infected glia is interesting; however, our experiments engrafting
PLP-EGFP-derived NPCs showed that both viruses interfered
with OL differentiation. Our studies also indicated that astrocyte
differentiation appeared to be unaffected by either FrCasE or
Fr57E, despite the in vitro finding that FrCasE most dramatically
suppressed GFAP expression in NPHs. This finding suggests that
the virus-suppressive effects on astrocyte marker expression were
countered by signals present within the developing CNS. How-
ever, because the analysis of astrocyte differentiation here was lim-
ited in scope, it is not yet known whether FrCasE and/or Fr57E
might have differentially affected astrocyte development and/or
physiology in ways relevant to neuropathogenesis, as suggested by
others (60–62). Nonetheless, we did observe that Env expression
in mTom� astrocytes varied between cells, raising the possibility
that virus expression could be suppressed with cellular differenti-
ation. Given that astrocyte virus expression associated with neu-
rodegeneration has only rarely been observed in animals infected
with CasBrE-related viruses (14, 20, 22), these findings suggest
that a complex interplay between virus and progenitor cell differ-
entiation occurs within the CNS and thus warrants a more com-
prehensive qualitative and quantitative assessment.

In this study, we observed that that both neurovirulent and
nonneurovirulent MLVs were similarly capable of inhibiting OL
differentiation, and thus, by itself, this activity cannot account for
differences in the induction of spongiform neurodegeneration.
Nevertheless, inhibition of OL differentiation might be a critical
factor contributing to disease when combined with Env-mediated
excitotoxic activities. For example, culture findings show that hu-
man endogenous retrovirus W (HERV-W) Env inhibits OPC ex-
pression of myelination proteins, and thus, it has been suggested
that HERV expression in humans could interfere with OPC remy-
elination in multiple sclerosis (63). Similarly, human immunode-
ficiency virus type 1 (HIV-1) and/or Env and Tat proteins have
been shown to inhibit NPC proliferation and neurogenesis (re-
viewed in reference 64), affect Olig2 expression in NPC cultures
(65), and bias NPCs toward an astrocytic fate in culture (65, 66).
Whether HIV interactions with NPCs contribute to HIV-associ-
ated white matter pallor has not yet been investigated. Moreover,
recent findings on sporadic amyotrophic lateral sclerosis (ALS)

indicate that HERV-K expression occurs at a high frequency in
ALS patient brain samples (67) and can induce motor neuron
degeneration in transgenic mice (68). In a related familial mutant
superoxide dismutase 1 (mSOD-1) ALS mouse model, motor
neuron degeneration was shown to be associated with loss of OL
neuronal support, demyelination, and OPC proliferation, but the
OPCs were incapable of differentiation and remyelination. Re-
moval of mSOD-1 from the OLs in these mice delayed disease
onset and prolonged survival (69). Thus, retroviral inhibition of
OPC differentiation may play an important role in neurodegen-
erative diseases, where demyelination is a prominent feature.

In considering how retroviral inhibition of OL differentiation
might influence OPC viability within the CNS, studies character-
izing the interactions between NG2 glia and neurons may be par-
ticularly instructive (70). Several groups have demonstrated that a
subpopulation of OPCs exists within the gray and white matter,
which receive excitatory and inhibitory inputs from axons that
elicit action potentials. The presence of excitatory neurotransmit-
ter receptors on these cells makes them particularly susceptible to
glutamate-mediated damage (41, 70). With the developmental
maturation of OPCs to OLs, cells downregulate expression of the
calcium-permeable ionotropic receptors, reducing their suscepti-
bility to excitotoxic insult (71). Given our recent report demon-
strating that FrCasE glial infection in the inferior colliculus causes
rebound neuron hyperexcitability, coincident infection of NG2
glia would be expected to suspend those cells in the OPC state,
rendering them persistently susceptible to excitoxic challenge.
This hypothesis could explain the appearance of OPC cytoplasmic
effacement with neurovirulent MLV infection noted here and pre-
viously (10, 14, 19). Thus, retrovirus-induced neurodegeneration
may minimally require the alteration of at least two glial popula-
tions, one that results in neuronal hyperexcitability and one that
interferes with OL differentiation and myelin repair. Although
the ecotropic MLVs examined here are noninflammatory in the
IRW mouse strain, it might be expected, in another strain
where innate immune sensing of virus expression is robust or
in animals with more fully developed acquired immune sys-
tems, that neuroinflammatory changes might constitute a third
level of insult contributing to abnormal neuropathogenesis,
highlighting the utility of the simple MLV models to differen-

NPCs. Note that many of these cells show endfeet contacts with blood vessels (arrowheads). Interestingly, mTom� cells with morphologies consistent with
myelinating OLs were readily observed in animals transplanted with mock-infected NPCs at 14 dpt (lower left , arrows) but were not observed in animals
transplanted with MLV-infected NPCs (cf. middle and right bottom panels). (B) Quantitative assessment of the total mTomato� cells at 7 and 14 dpt. The error
bars in the graphs represent standard deviations. No significant engraftment differences were noted between transplant groups at 7 dpt (mock, n 	 5 brains;
FrCasE, n 	 3 brains; Fr57E, n 	 5 brains; one-way ANOVA with Tukey’s multiple-comparison test). At 14 dpt, a highly significant difference (**, P � 0.01) was
noted between mice transplanted with FrCasE- and mock-infected NPCs and a very highly significant difference (***, P � 0.001) was noted for FrCasE- versus
Fr57E-infected NPCs (mock, n 	 6 brains; FrCasE, n 	 3 brains; Fr57E, n 	 6 brains; one-way ANOVA with Tukey’s multiple-comparison test). A significant
difference (P � 0.05) was found between FrCasE at 7 dpt and FrCasE at 14 dpt (not shown), consistent with the proliferation of FrCasE NPCs upon engraftment.
Note the different scales on the y axes for the two graphs. The lower graph shows quantitative analysis of mTom� cell morphologies at 7 and 14 dpt segregated
into differentiated (multiple branched process bearing) and undifferentiated (amorphous, amoeboid, with few processes; e.g., asterisk in panel A). This analysis
was done on the same cells counted in the upper graphs and was expressed as the fraction of differentiated cells found out of the total mTom� cells found in each
brain. One-way ANOVA with Tukey’s multiple-comparison test showed a significant difference between FrCasE and Fr57E NPCs at 7 dpt (*, P � 0.05) and very
highly significant differences (***, P � 0.001) between FrCasE- and Fr57E-infected and mock- and Fr57E-infected NPCs at 14 dpt. No differences were noted
between FrCasE- and mock-infected NPCs at either time point. (C) Representative example of a brainstem section from a mouse transplanted with FrCasE NPCs
at 14 dpt immunostained with antibody directed to GFAP (green). Note localization of GFAP (green; middle) within the processes (arrows) of the engrafted
mTom� cells (red; left) that appear yellow in the merged image (right). (D) Immunostaining for viral Env (green; top middle) and GFAP (white; bottom row)
in a FrCasE NPC brainstem section at 14 dpt. Note that certain mTom� cells (red) show abundant Env expression (brackets), appearing yellow in the merged
image (right), whereas other cells (arrows) have very little Env expression and appear largely red. Some of the Env� mTom� cells also express GFAP, consistent
with astrocyte expression of virus in vivo. Note also the mTom-negative cells that also express Env (arrowheads), indicative of virus spread to host glia and
endothelia. All images are single confocal planes. Scale bars, 20 �m.
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tiate these processes from one another to assess mechanisms of
neurodegeneration.
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