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PVC-211 murine leukemia virus (MuLV) is a neuropathogenic retrovirus that has undergone genetic
changes from its nonneuropathogenic parent, Friend MuLV, that allow it to efficiently infect rat brain capillary
endothelial cells (BCEC). To clarify the mechanism by which PVC-211 MuLV expression in BCEC induces
neurological disease, we examined virus-infected rats at various times during neurological disease progression
for vascular and inflammatory changes. As early as 2 weeks after virus infection and before any marked
appearance of spongiform neurodegeneration, we detected vessel leakage and an increase in size and number
of vessels in the areas of the brain that eventually become diseased. Consistent with these findings, the amount
of vascular endothelial growth factor (VEGF) increased in the brain as early as 1 to 2 weeks postinfection. Also
detected at this early disease stage was an increased level of macrophage inflammatory protein 1� (MIP-1�),
a cytokine involved in recruitment of microglia to the brain. This was followed at 3 weeks postinfection by a
marked accumulation of activated microglia in the spongiform areas of the brain accompanied by an increase
in tissue plasminogen activator, a product of microglia implicated in neurodegeneration. Pathological obser-
vations at the end stage of the disease included loss of neurons, decreased myelination, and mild muscle
atrophy. Treatment of PVC-211 MuLV-infected rats with clodronate-containing liposomes, which specifically
kill microglia, significantly blocked neurodegeneration. Together, these results suggest that PVC-211 MuLV
infection of BCEC results in the production of VEGF and MIP-1�, leading to the vascular changes and
microglial activation necessary to cause neurodegeneration.

PVC-211 murine leukemia virus (MuLV), a highly neuro-
pathogenic variant of the leukemia-inducing virus Friend
MuLV (F-MuLV), induces a rapid, age-dependent spongiform
neurodegenerative disease in rodents, resulting in paralysis
(24, 33). The primary target of PVC-211 MuLV infection
within the rat central nervous system (CNS) is brain capillary
endothelial cells (BCEC), which are resistant to F-MuLV in-
fection (19). Previous studies using chimeras between PVC-
211 MuLV and F-MuLV demonstrated that infection of BCEC
is a prerequisite for neurodegeneration induced by PVC-211
MuLV (32). Further studies attributed the ability of PVC-211
MuLV to efficiently infect BCEC to two amino acid changes in
the receptor binding domain of its envelope protein (31),
which creates a unique heparin binding domain that may allow
the virus to bind to proteoglycans on the surface of BCEC (22),
aiding infection of this difficult-to-infect cell type. These results
suggested that neurodegeneration caused by PVC-211 MuLV
is an indirect result of virus infection of blood vessels within
the CNS.

The spongiform vacuolation observed in PVC-211 MuLV-
infected brains is associated with oxidative damage (47), and
BCEC isolated from PVC-211 MuLV-infected rats produce
inducible nitric oxide synthase (iNOS) (23). However, iNOS

was not induced after in vitro infection of primary BCEC,
suggesting that expression of the virus in BCEC is insufficient
to activate iNOS. Activated microglia, which can be detected
in the brains of PVC-211 MuLV-infected rats (47), release
inflammatory molecules that are known mediators of iNOS
induction, and these molecules may stimulate BCEC to express
iNOS and other factors. Microglial activation is thought to play
a role in neuron death in a number of diseases (6, 26). Unlike
BCEC, microglia in PVC-211 MuLV-infected brains are not
infected with the virus, so the mechanism by which microglia
are activated is unclear. Since vascular damage has been shown
to lead to microglial activation (11), it is possible that PVC-211
MuLV infection of BCEC results in damaged vessels, causing
the activation of microglia. Although an earlier study failed to
detect enough vessel damage in the brains of PVC-211 MuLV-
infected rats to allow entry of horseradish peroxidase across
the blood-brain barrier (19), one cannot rule out the possibility
that the virus causes more subtle vessel damage that is still
sufficient to activate microglia.

In this study, we examined the brains of rats at various times
after infection with PVC-211 MuLV and found that vascular
and inflammatory changes, associated with elevation of the
endothelial cell growth factor VEGF and the inflammatory
chemokine MIP-1�, occur early in the course of the disease.
After spongiform neurodegeneration occurred, we detected
loss of neurons, demyelination, axonal degeneration, and mus-
cle atrophy as well as high levels of tissue plasminogen activa-
tor (tPA). Treatment of rats with clodronate-containing lipo-
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somes, which specifically kill macrophages and microglia,
blocked the development of PVC-211 MuLV-induced neuro-
degeneration.

MATERIALS AND METHODS

Virus and animals. Neuropathogenic PVC-211 MuLV and its nonneuropatho-
genic variant PVFe5 MuLV were grown in Rat-1 or NIH 3T3 fibroblasts in
Dulbecco’s minimal essential medium (DMEM) plus 10% fetal calf serum (FCS)
as previously described (31). Virus samples were collected after 24-h incubation
of cells with fresh medium and stored at �80°C until use. Pregnant Fisher 344
(F344) rats were obtained from the Small Animal Facility at the National Cancer
Institute—Frederick. Two-day-old F344 rats were inoculated intracranially (i.c.)
with 0.05 to 0.075 ml of supernatant from virus-producing cells or with medium.

Virus infection of primary BCEC. Primary rat BCEC were isolated, cultured,
and infected with virus as described previously (23). Briefly, cells were rinsed
three times in phosphate-buffered saline (PBS) to remove heparin and pre-
treated for 30 min with DMEM containing 10% FCS and 5 �g/ml of Polybrene.
This medium was replaced with virus and Polybrene. After 3 h of incubation,
virus was removed and replaced with endothelial cell medium (MEM with
D-valine [HyClone, Logan, UT], supplemented with 20% FCS, 1 mM MEM
nonessential amino acids, 1 mM vitamin solution, 50 �g/ml of endothelial mito-
gen [Biomedical Technology Inc., Stoughton, MA], and 16 U/ml of heparin).
Medium was changed as needed. Nine days after infection, medium was aspi-
rated and replaced with fresh medium, which was collected 24 h later for further
analysis.

Tissue sampling. Rats injected with PVC-211 MuLV or DMEM were eutha-
nized either with avertin (300 mg/kg intraperitoneally [i.p.]) or with CO2 at 7 and
14 days postinjection (dpi) or when paralyzed (21 to 24 dpi). The collection and
preparation of tissues depended upon the experiment to be performed. For
histological analysis and immunostaining, rats euthanized with avertin were per-
fused with 4% paraformaldehyde solution, and then brains were fixed in 10%
formaldehyde before being embedded in paraffin. In some cases, fresh brains
were collected from rats euthanized with CO2 and frozen in Tissue-Tek optimal-
cutting-temperature (OCT) embedding medium (Sakura Finetek, Torrance,
CA). For histological analysis, tissues were cut into 5- to 8-�m sections and kept
either at room temperature (RT) for paraffin sections or at �80°C for frozen
sections until used. For detection of RNA and protein, fresh tissues, including
cerebellum, brain stem, and cortex, as well as serum were collected from rats
euthanized with CO2. The tissues were cut into small pieces and snap-frozen in
liquid nitrogen. Tissues and serum were stored at �80°C until needed.

Histology and Immunofluorescence. For histological analysis, paraffin or fro-
zen sections were stained with hematoxylin and eosin (H&E). To identify neu-
rons, slides from paraffin sections of brains (two from each animal) were stained
in 1% cresyl violet (Sigma-Aldrich, St. Louis, MO) in formaldehyde. For the
cerebellum, all purple-blue-stained cells were counted under a magnification of
�20. For the brain stem, several different fields were counted (�20): two in the
medulla oblongata close to the fourth ventricle, one in the midbrain, and one in
the pons. For myelin and axon visualization, paraffin sections were stained with
luxol fast blue (Solvent Blue 38; Sigma-Aldrich). Slides were visualized under
light microscopy. For immunostaining to detect CD31 (PECAM-1) or ED-1,
frozen sections were fixed in 50% acetone and 50% methanol at �20°C for 30
min and then permeabilized in 0.3% Triton X–100 PBS for 10 min. After
incubation in 5% milk in PBS for 1 h at RT, the slides were incubated overnight
at 4°C with either mouse anti-CD31 (1:10, clone TLD-3A12; Pharmingen, San
Diego, CA) or mouse anti-ED1 (1:50, MCA341GA; Serotec, Raleigh, NC). The
next morning, the slides were washed with PBS and then incubated either with
biotinylated anti-mouse immunoglobulin G (IgG) and streptavidin coupled to
Alexa Fluor 546 (Molecular Probes, Eugene, OR) for anti-CD31 detection or
with goat anti-mouse IgG coupled to Alexa Fluor 488 (Molecular Probes) for
anti-ED-1 detection. Similar procedures were carried out for immunostaining to
detect MuLV gp70 and neuron-specific enolase (NSE) in paraffin sections.
Briefly, the sections were deparaffinized, rehydrated, and then microwaved up to
85°C in 10 mM sodium citrate, pH 6.5. For anti-MuLV gp70 staining, the slides
were incubated in 5% normal donkey serum in PBS and then stained with goat
anti-Rauscher MuLV gp70 (1 �g/ml; National Cancer Institute, Bethesda, MD)
overnight at RT. They were then incubated with donkey anti-goat IgG coupled
to Alexa Fluor 568 (Molecular Probes). For anti-NSE staining, the slides were
incubated in 2% normal goat serum in PBS and then stained with mouse anti-
human NSE (Dakocytomation, Carpinteria, CA) overnight at RT. They were
then incubated with goat anti-mouse IgG coupled to Alexa Fluor 488 (Molecular
Probes). After three washes in PBS, coverslips were applied to slides with Pro-

LongGold antifade reagent and DAPI (P36931; Invitrogen, Carlsbad, CA). All
immunostained sections were analyzed by fluorescence microscopy.

EB analysis. To determine vessel integrity, Evans blue (EB; Sigma-Aldrich)
was injected i.p. at a dose of 20 �l/10 g body weight based on a previous study
(27). In brief, rats were perfused with 0.5% formaldehyde after the EB injection.
Brains and livers were collected, dried, and extracted with formamide. The
amount of EB extracted was determined spectrophotometrically by absor-
bance at 610 nm, and the final amount of EB per milligram of dried tissue was
calculated. To detect EB in histological sections of brain tissue, the brain was
excised, frozen in OCT, and cut into 10-�m sections. Red EB fluorescence
was observed under a fluorescent microscope.

Labeling of vessels with lectin-FITC and calculation of vessel number and
size. Rats injected with PVC-211 MuLV or DMEM were euthanized with avertin
(300 mg/kg i.p.). Using a 26-gauge needle, a total of 100 �l lectin-FITC (fluo-
rescein isothiocyanate) (FL-1171, 1 �g/�l in PBS; Vector Laboratories, South-
field, MI) was slowly (2 min) injected into the left ventricles of the rats while the
heart was beating. The rats were then perfused with a 0.5% paraformaldehyde
solution for 5 to 10 min. Brains were collected and frozen in Tissue-Tek OCT
medium and then cut into 20-�m sections for immunofluorescence analysis. To
determine the number of vessels and vessel diameter, images were analyzed
using Image-Pro Plus v6.2 (Media Cybernetics, Bethesda, MD). Vessels were
segmented using color and morphological thresholds. The number of positive
pixels was counted to determine the vessel area. Vessel diameter was calculated
from the same vessel segmentation. Each vessel was divided into segments along
its length. The vessel diameter was measured for each segment, and the mean
vessel diameter was calculated.

Measurement of VEGF and other cytokine and chemokine proteins. The levels
of VEGF protein in brain tissues and in cell supernatants from in vitro-cultured
BCEC were determined with the Quantikine mouse VEGF immunoassay kit
(catalog no. MMV00; R&D Systems, Minneapolis, MN). The amount of VEGF
in tissues was normalized to the protein concentration of tissue lysate, while the
amount of VEGF in supernatants from in vitro-cultured BCEC was normalized
to the amount of protein recovered from lysates of the corresponding pellets.
Protein concentration was measured using a Bio-Rad protein assay (Bio-Rad
Laboratories, Hercules, CA). To screen for other cytokines and chemokines,
frozen brain tissues from control and virus-infected rats were homogenized in
PBS plus 1% bovine serum albumin and 0.1% sodium azide and simultaneously
screened for expression of 13 different cytokines and chemokines (see Results)
using an enzyme-linked immunosorbent assay (ELISA)-based bead multiplex
immunoassay (Biosource International, Camarillo, CA) in conjunction with a
Luminex 100 analyzer. The level of MIP-1� in serum was further determined
using a CCL3 immunoassay kit (catalog no. MMA00; R&D Systems). To detect
MIP-1� in brain tissue, frozen tissues were homogenized in PBS followed by a
standardized sandwich ELISA technique as previously described (1, 5) with the
following modifications. ELISA microplates (Maxisorp catalog no. 439454;
Nalge Nunc International, Rochester, NY) were coated with anti-mouse MIP-1�
capture antibody (catalog no. AF-450-NA; R&D Systems) at a dilution of 3
�g/ml in coating buffer (catalog no. 6245; Immunochemistry Technologies, LLC,
Bloomington, MN) overnight at RT. Biotinylated anti-mouse MIP-� (3.5 �g/ml;
catalog no. BAF450; R&D Systems) was used as a detection antibody. Equal
volumes of color reagents A and B were added, followed by the addition of stop
solution (catalog no. MMA00; R&D Systems) 30 min later. Recombinant mouse
MIP-1� (catalog no. 450-MA; R&D Systems) was used to generate the standard
curve from which the concentrations present in the samples were determined.
Optical density of each well at 450 nm was obtained using a microplate reader.

Measurement of VEGF and MIP-1� mRNA. Total RNA was isolated from
tissues using Trizol (Invitrogen) and 1 �g RNA was added to real-time PCRs, as
described previously (27). Quantitative real-time PCR amplification was per-
formed in triplicate with cDNA and primers in combination with SYBR green
(SYBR green 2� mix; Atila Biosystems, Palo Alto, CA) on a MyiQ single-color
real-time PCR machine (Bio-Rad). The following primer sets were used for
amplifications: for VEGF, 5�-CTGTACCTCCACCATGCCAA-3� (sense) and
5�-ATCGGGGTACTCCTGGAAG-3� (antisense); for MIP-1�, 5�-CTGCCCTT
GCTGTTCTTCTC-3� (sense) and 5�-CGGTTTCTCTTGGTCAGGAA-3� (an-
tisense). All PCR protocols included a 3-min polymerase activation step followed
by 45 cycles consisting of a 95°C denaturation step for 30 s, annealing at 60°C for
30 s, and an elongation step at 72°C for 30 s. A negative control without template
was included for each PCR analysis. Results were normalized according to the
average amount of the endogenous hypoxanthine guanine phosphoribosyl trans-
ferase gene using the primers 5�-GGCGAGATGAAAGGTTCTGCTA-3� (S)
and 5�-CACACTGGAGAATCAGGCAATG-3� (AS). Data were collected and
analyzed with the provided application software.
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Immune precipitation and Western blot analysis. For analysis of MuLV gp70
expression in cell supernatants from virus-infected BCEC, 2 ml of medium was
collected after 24 h and immunoprecipitated overnight at 4°C with 1 �g of goat
anti-RLV gp70 serum (National Cancer Institute, Bethesda, MD) and subse-
quently incubated with protein G (Millipore, Temecula, CA) for 1 h. After
centrifugation, the pellets were rinsed three times in lysis buffer (1% Triton
X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate in PBS) and
then resuspended in sodium dodecyl sulfate-polyacrylamide gel electrophoresis
sample buffer (Bio-Rad) containing reducing agent. Proteins were separated by
electrophoresis on an 8% Tris-glycine gel (Invitrogen) and then transferred to a
nitrocellulose membrane (Invitrogen). The membrane was then incubated with
anti-RLV gp70 serum as previously described (23). Bound antibody was detected
using peroxidase-labeled secondary antibody and an enhanced chemilumines-
cence system (GE Healthcare, Buckinghamshire, United Kingdom). For analysis
of MuLV gp70 and tPA levels in brain tissues, lysates were prepared by resus-
pending frozen tissues in lysis buffer (1% Triton X-100, 0.5% sodium deoxy-
cholate, 0.1% sodium dodecyl sulfate in PBS supplemented with a 1� protease
inhibitor cocktail set [Calbiochem, La Jolla, CA] and 5 mM sodium orthovana-
date). After homogenization on ice for 20 min, protein concentrations of the
clarified lysates were estimated using a Bio-Rad protein assay (Bio-Rad Labo-
ratories). Proteins were separated by electrophoresis on 10% Tris-glycine gels
(Invitrogen) under reducing (for MuLV gp70) or nonreducing (for tPA) condi-
tions and then transferred to nitrocellulose membranes (Invitrogen). The mem-
brane was then incubated with either anti-RLV gp70 serum, anti-tPA (IH6C5;
Innovative Research, Southfield, MI), or anti-�-tubulin (Sigma-Aldrich). Bound
antibodies were detected with peroxidase-labeled secondary antibodies and the
enhanced chemiluminescence system (GE Healthcare).

Preparation of liposomal encapsulated clodronate and depletion of microglia.
Multilamellar liposomes were prepared as previously described (15, 45). Phos-
phatidylcholine (86 mg; Sigma-Aldrich) and cholesterol (8 mg; Sigma-Aldrich)
were dissolved in 10 ml chloroform in a 500-ml round-bottom flask and then
dried in vacuo on a rotary evaporator to form a film. The film was dispersed by
gentle rotation in 10 ml of PBS or 10 ml PBS containing 1.73 g (0.6 M) dichlo-
romethylenediphosphonic acid disodium salt (clodronate, catalog no. D4434;
Sigma-Aldrich). The preparations were then kept in argon gas at RT for 2 h.
After sonication in a water bath at RT for 3 min, the preparations were kept in
argon gas at RT for another 2 h. The liposomes were centrifuged at 100,000 � g for
30 min and resuspended in 4 ml PBS. For depletion of microglia, newborn rats
received i.c. injections of clodronate-containing liposomes or PBS-containing
liposomes on days �1 (75 �l), 2 (100 �l), and 5 (100 �l) after injection of
PVC-211 MuLV.

Statistics. Student’s paired t test was employed for all experiments except for
those whose results are shown in Fig. 4C, where both the t test and the F test
were employed. P values less than 0.05 were considered statistically significant.
Curve fit analysis and correlation coefficients were determined with Kaleida-
graph software (Synergy Software, Reading, PA).

RESULTS

Morphologically abnormal and leaky vessels can be ob-
served in the diseased area of the brains of PVC-211 MuLV-
infected rats. Previous studies have shown that within the CNS,
PVC-211 MuLV is primarily expressed in BCEC (19) and that
BCEC tropism is essential for neuropathogenicity (32). To
determine whether vessels in PVC-211 MuLV-infected brains
had undergone any changes, we first carried out immunofluo-
rescence on brain sections with an antibody to CD31, which
identifies vessels. At 7 dpi, there were no detectable differences
between control and virus-infected vessels (data not shown),
but by 14 dpi (Fig. 1A), we could detect a large number of
vessels in the cerebellums and brain stems of PVC-211 MuLV-
infected rats that looked abnormal. This was further confirmed
by lectin perfusion to label all vessels (21) (Fig. 1B). Increased
numbers (P � 0.05) and sizes (P � 0.05) of vessels were
observed in the cerebellums and brain stems of rats infected
with PVC-211 MuLV compared to controls (Fig. 1C), suggest-
ing ongoing vessel remodeling. Interestingly, vessel changes
were particularly found in the regions of the brain that were

shown to be rich in spongiform neurodegeneration later in the
course of disease. Fewer vessel changes were observed at 24
dpi than at 14 dpi in brain sections from PVC-211 MuLV-
infected rats (data not shown).

To determine if the vessels from the brains of PVC-211
MuLV-infected rats were leaky like most remodeling vessels,
PVC-211 MuLV and control rats were injected with EB at
various time points after infection, and their whole brains and
livers were extracted with formamide and tested for the pres-
ence of EB. As shown in Fig. 2A, the brains of PVC-211
MuLV-infected rats had significantly increased amounts of EB
at 14 dpi compared with brains of control rats (P � 0.05). No
difference between virus-infected and control brains was found
at 7 dpi, and the difference at 24 dpi was not significant (P 	
0.05). No differences in EB levels were found at any time point
between virus-infected and control livers, a nondiseased organ.
The leaking EB in the brains from PVC-211 MuLV-infected
rats was confirmed by fluorescence analysis of the organs (Fig.
2B). These data suggest that the vessels in the diseased areas of
PVC-211 MuLV-infected rats are abnormal and leaky.

Increased VEGF was detected at 14 dpi in the cerebellums of
rats infected with PVC-211 MuLV in vivo as well as in BCEC
infected with PVC-211 MuLV in vitro. Since VEGF is known
to increase the permeability of blood vessels, we examined the
brains of PVC-211 MuLV infected rats for changes in VEGF
expression using a specific ELISA. As shown in Fig. 3A, the
cerebellums of PVC-211 MuLV-infected rats expressed almost
threefold-higher VEGF levels than those of controls at 14 dpi
(P � 0.05), with the levels returning to normal or below normal
at 24 dpi. No changes in VEGF levels were detected in non-
diseased areas of the brains, such as the cerebral cortex, or in
livers, which were nondiseased (data not shown). Furthermore,
real-time PCR analysis showed higher VEGF RNA expression
in the cerebellums from rats infected with PVC-211 MuLV
than those of controls at 14 dpi (Fig. 3B) (P � 0.05). Since
capillary vessels in the brain are the main targets of PVC-211
MuLV and the vessels are abnormal, we were interested in
determining whether the virus can directly activate VEGF in
primary BCEC after in vitro infection. We therefore infected
primary BCEC cultures with PVC-211 MuLV and after 10 days
analyzed the culture supernatants for expression of the viral
envelope protein and VEGF. As a control, we also infected
BCEC with a nonpathogenic variant of PVC-211 MuLV,
PVFe5, which grows to high titers in BCEC in vitro. The
supernatants from both PVC-211 MuLV- and PVFe5-infected
BCEC contained abundant viral gp70 envelope protein (Fig.
3C). Supernatants from PVC-211 MuLV-infected BCEC con-
tained more than twice as much VEGF as supernatants from
uninfected or PVFe5-infected BCEC (P � 0.05).

The chemokine MIP-1� is specifically elevated in the brains
and serum of rats infected 14 days earlier with PVC-211
MuLV, followed by robust microglial activation at 21 dpi and
an accumulation of tPA. Based on our observations of abnor-
mal vessels in the brains of PVC-211 MuLV-infected rats as
well as a previous report showing activation of microglia (47),
we sought to determine whether elevated levels of cytokines or
chemokines, in particular those secreted from endothelial cells
or microglia, are expressed in the brains of PVC-211 MuLV-
infected rats. Therefore, brain tissue (cerebellum and brain
stem) from virus-infected and control rats was simultaneously
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screened for 13 different cytokines and chemokines (MCP-1,
MIP-1�, interleukin 1� [IL-1�], IL-1�, IL-2, IL-4, IL-5, IL-6,
IL-10, IL-12p40, tumor necrosis factor alpha [TNF-�], gamma
interferon, and granulocyte-macrophage colony-stimulating
factor) by an ELISA-based bead multiplex assay using Lumi-
nex technology (data not shown). This preliminary screen in-
dicated that brain tissue from PVC-211 MuLV-infected rats
expressed elevated levels of only one of these factors early in

the course of disease: the proinflammatory chemokine MIP-
1�, which was higher in the cerebellums and brain stems of
PVC-211 MuLV-infected rats than in the controls at 14 dpi but
returned to normal by 21 dpi. To confirm the MIP-1� results,
a specific ELISA was carried out on serum from control and
virus-infected rats. As shown in Fig. 4A, high levels of MIP-1�
were clearly detected in the serum of PVC-211 MuLV-infected
rats compared with controls. Elevated levels of MIP-1� could

FIG. 1. Vascular changes found at 14 dpi in the diseased areas of the brains of rats infected with PVC-211 MuLV. Brain tissues from rats
injected as newborns 14 days previously with PVC-211 MuLV were compared with control rats injected with tissue culture medium. (A) Immu-
nofluorescence with anti-CD31 antibody was performed with brain sections from the cerebellum and brain stem. CD31 staining (red) indicates
larger numbers of vessels and increased vessel size in rats infected with PVC-211 MuLV compared to controls. Nuclei are counterstained with
DAPI (blue). Magnification, �20. (B) Lectin labeling (green) of vessels. magnification, �20. (C) The number of vessels in the cerebellum and brain
stem of lectin-stained control and PVC-211 MuLV-infected rats as well as the average diameter of each vessel was determined and plotted. Five
animals were used for each group, and each experiment was repeated twice. Results of a representative experiment are shown. Sections used for
CD-31 staining and lectin labeling were derived from different animals.
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be detected as early as 7 dpi, although the difference at that
time point was not significant (P 	 0.05). However, at 14 dpi,
a significant difference (P � 0.05) in the amount of MIP-1� in
the serum was detected between virus-infected rats and con-

trols. By 21 dpi, the levels of MIP-1� in the serum of PVC-211
MuLV-infected rats dropped to control levels. Elevated levels
of MIP-1� protein were also detected in the cerebellum and
brain stems from PVC-211 MuLV-infected rats compared with
control rats at 14 dpi (Fig. 4B), and this was confirmed at the
mRNA level by real-time PCR analysis (Fig. 4C).

Since MIP-1� is a monocyte/macrophage chemoattractant,
we examined brain tissue from rats infected with PVC-211
MuLV and confirmed activation of microglia by immunostain-
ing with anti-ED-1 antibody. We detected ED-1 by immuno-
fluorescence in the cerebellum and brain stem of PVC-211
MuLV-infected rats at 14 dpi (data not shown), but it was
markedly increased at 21 dpi (Fig. 4D). The brains of the
control rats were almost free of such staining. As shown in Fig.
4D, ED-1 staining of the cerebellum of PVC-211 MuLV-in-
fected rats occurred only in the cerebellum deep nuclei, where
the spongiform neurodegeneration occurs (as verified by the
H&E-stained sections), not in the granular layer or molecular
layer. ED-1 staining was detected throughout the brain stem
(data not shown), whose entire structure is usually affected by
spongiform neurodegeneration. These data suggest that in-
creased MIP-1� production in the brains of PVC-211 MuLV-

FIG. 2. Leakage of vessels was detected by EB in the brains of rats
infected 14 days previously with PVC-211 MuLV. EB was injected into
rats treated 7 to 24 days previously with PVC-211 MuLV or medium.
Three rats were used for each group, and each experiment was re-
peated two times, for a total of nine control and nine virus-infected
rats. (A) EB was extracted by formamide from whole brains and livers
and the levels measured as described in Materials and Methods. A
representative experiment is shown. Data are means 
 standard errors
of the means. (B) Sections of brain stem (a to c) or cerebellum (d)
from control rats (a) or PVC-211 MuLV-infected rats (b to d) 14 dpi
were examined for EB fluorescence (red) under a fluorescent micro-
scope. The samples used for panels b to d are from different PVC-211
MuLV-infected animals. BV, blood vessel. Nuclei are counterstained
with DAPI (blue). Magnification, �20.

FIG. 3. Increased VEGF protein and RNA were detected at 14 dpi
in the cerebellum of rats infected with PVC-211 MuLV in vivo as well
as in BCEC infected with PVC-211 MuLV in vitro. (A) Protein levels
of VEGF were measured by ELISA in tissues from the cerebellum of
rats infected with PVC-211 MuLV or medium. Three animals were
used for each group, and each experiment was repeated at least twice.
Results of a representative experiment are shown. (B) mRNA levels of
VEGF were measured by real-time PCR using cerebellum tissues from
rats injected 14 days previously with virus or medium. Three animals
were used for each group, and each experiment was repeated at least
twice. Results of a representative experiment are shown. HPRT, hy-
poxanthine guanine phosphoribosyl transferase. (C) Protein levels of
VEGF were measured by ELISA in supernatants from uninfected
BCEC or BCEC infected in vitro with either PVFe5 or PVC-211
MuLV. The presence of viral envelope protein (gp70) in supernatants
from BCEC was detected by immunoprecipitation and Western blot
analysis. In this experiment, the supernatants were collected at 10 days
after infection. The same experiments were repeated at least twice.
Results of a representative experiment are shown. All data are means 

standard errors of the means (P � 0.05).
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infected rats at 14 dpi may lead to the robust microglial acti-
vation at 21 dpi.

Activated microglia in the brain can produce the serine
protease tPA, which has been shown to mediate excitotoxin-
induced neuronal degeneration (43). To identify whether tPA
levels are elevated in the brains of rats infected with PVC-211
MuLV, Western blot analysis was performed with cerebellum
and brain stem tissues from virus-infected and control rats.
The protein level of tPA in the cerebellums of control rats was
highest at 14 dpi (when they were 16 days of age) (Fig. 4E, lane
3), began decreasing at 21 dpi (23 days of age) (lane 5), and
was low at 24 dpi (26 days of age) (lane 7), similar to the results
in a previous report (49). In the cerebellums from rats infected

with PVC-211 MuLV, tPA levels remained high from 14 dpi
(Fig. 4E, lane 4) through 21 dpi (lane 6) and 24 dpi (lane 8).
This analysis was carried out three separate times, and the
difference in tPA levels at 21 and 24 dpi between virus-infected
and control rats was consistently detected.

Loss of neurons, demyelination, axonal degeneration and
muscle atrophy can be detected in the late stages of the disease
induced by PVC-211 MuLV. Previous studies have described
the pathological phenotype of PVC-211 MuLV-induced dis-
ease as spongiform neurodegeneration occurring in the cere-
bellum, brain stem, and spinal cord (19). To better understand
the events responsible for this phenotype, we examined dis-
eased tissue from PVC-211 MuLV-infected rats specifically for

FIG. 4. Increased levels of MIP-1�, activated microglia, and tPA in rats infected with PVC-211 MuLV. (A) MIP-1� levels were detected by
ELISA in serum from PVC-211 MuLV-infected and control rats at 7, 14, and 21 dpi. (B) MIP-1� levels were detected by a standard sandwich
ELISA in brain tissue (cerebellum and brain stem) from PVC-211 MuLV-infected and control rats at 14 dpi. (C) mRNA levels of MIP-1� were
measured by real time PCR using brain tissue (cerebellum and brain stem) from PVC-211 MuLV-infected and control rats at 14 dpi. Three animals
were used for each group and each experiment was repeated at least twice. �, control; f, PVC-211 MuLV; HPRT, hypoxanthine guanine
phosphoribosyl transferase. Results of a representative experiment are shown. Data are means 
 standard errors of the means. (D) (Top) ED-1
staining (green) of cerebellum from control or PVC-211 MuLV-infected rats at 21 dpi to detect activated microglia. Nuclei are counterstained with
DAPI (blue). (Bottom) Similar sections stained with H&E to observe spongiform degeneration. Magnifications, �20. CDN, cerebellum deep
nuclei; GL, granular layer; ML, molecular layer. (E) Western blot analysis of the cerebellum of rats injected 7 to 24 days previously with PVC-211
MuLV or medium with antibodies against tPA or tubulin.

VOL. 83, 2009 VEGF, MIP-1�, AND MICROGLIA IN MuLV NEURODEGENERATION 4917



changes in neurons, myelin, axons, and muscle. Tissues were
examined at 7 and 14 dpi as well as when the animals became
paralyzed (21 or 24 dpi). No differences were found at the earlier
stages of disease (7 dpi), and subtle changes were detected at 14
dpi (data not shown), but obvious changes were observed at the
late stage of disease. When stained with cresyl violet, the cerebel-
lums and brain stems (Fig. 5A-C), as well as the spinal cords
(data not shown), of diseased areas of paralyzed PVC-211
MuLV-infected rats displayed fewer neurons than the same
regions of control rats (P � 0.05). These data were confirmed
by immunofluorescence staining with an antibody that specif-
ically detects neurons, anti-NSE (Fig. 5D), indicating that loss
of neurons occurred in PVC-211 MuLV-infected rats. Signals
between neurons and between neurons and muscle are con-

ducted through axons that are surrounded by myelin. To de-
termine whether myelin and axons are involved in the neuro-
logical disease, luxol fast blue staining to identify myelin
sheaths and axons was performed. Attenuated myelination was
found in the spongiform diseased areas of the brains of rats
infected with PVC-211 MuLV compared with controls. As
shown in Fig. 5E and F, myelin fibers were continuous in the
cerebellum and brain stem of control rats but were attenuated
and discontinuous in the sections from rats infected with PVC-
211 MuLV. Also, the posterior column in the spinal cord,
through which axons pass, was smaller in rats infected with
PVC-211 MuLV than in control rats (data not shown), sug-
gesting axon degeneration. Damage of lower motor neurons
can cause denervation in muscle (muscle atrophy), which oc-

FIG. 5. Loss of neurons, demyelination, and axonal degeneration detected in rats infected with PVC-211 MuLV at 21 dpi. Brain tissues from
paralyzed rats infected as newborns with PVC-211 MuLV were compared with tissues from control rats injected with tissue culture medium at 21
dpi. Data are representative of two experiments; three control and three virus-infected rats were examined in each experiment. (A and B) Cresyl
violet staining was carried out on sagittal sections of cerebellum and brain stem to identify neurons. Neurons (arrows) appear purple-blue when
stained with cresyl violet, as described in Materials and Methods. Magnifications, �20. (C) Neurons in CV stained sections of cerebellum or brain
stem were enumerated; data are means 
 standard errors of the means (P � 0.05). (D) Immunofluorescence with anti-NSE was assayed on sagittal
sections of cerebellum to identify neurons, which stain green (arrows). Nuclei are counterstained with DAPI (blue). Different animals were used
for CV and anti-NSE staining. Magnification, �20. (E and F) Luxol fast blue staining for myelin fibers (arrows) of brain sections from the
cerebellum and brain stem. Magnification, �20. (G) H&E staining of cross-sections of muscle from the lower extremities of the hind limb.
Representative muscle fibers are indicated by asterisks; arrows indicate the location of nuclei at the edge of or within muscle fibers. Magnification,
�10.
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curs only if the axon itself is damaged. To investigate changes
in muscle, we examined histologically the skeletal muscle of
the lower extremities of the hind limbs of rats. As shown in Fig.
5G, mild muscle atrophy was detected in paralyzed rats in-
fected with PVC-211 MuLV but not control rats. Homoge-
neously round muscle fibers with nuclei positioned along the
border of the fibers can be seen in the section from the control
rat. In contrast, sections from rats infected with PVC-211
MuLV displayed heterogeneous muscle fibers with various
sizes and containing nuclei positioned within the muscle fiber
(internal nuclei), characteristic of muscle atrophy.

Treatment of PVC-211 MuLV-infected rats with clodronate-
containing liposomes blocks microglial activation and causes
a significant reduction in neurodegeneration. In order to con-
firm the role of microglia in the neurodegeneration phenotype,
we depleted microglia via intracranial delivery of liposomally
encapsulated clodronate. This technique has been previously
shown to target only cells of the macrophage lineage (29, 46).
As shown in Table 1, all five of the PVC-211 MuLV-infected
rats that were treated with PBS-containing liposomes became
paralyzed by 27 dpi, while only one of four rats treated with
clodronate-containing liposomes became paralyzed (one of the
two rats with grade �� spongiform neurodegeneration). It
should be noted that two additional nonparalyzed rats died
prematurely (before 23 days of age) from side effects of the
clodronate-liposome treatment, which was not reported when
clodronate-containing liposomes were given to older rats (15,
38). Histological analysis with H&E staining showed that the
spongiform neurodegeneration in the nonparalyzed rats
treated with clodronate-containing liposomes was clearly re-
duced or even absent compared to controls (Fig. 6A). Immu-
nofluorescence staining with ED-1 antibody confirmed that the
cerebellum and brain stem of nonparalyzed rats that had been
injected with clodronate-containing liposomes had few or no
activated microglia compared with rats injected with PBS-lipo-
somes (Fig. 6B). Microglial depletion had no effect on the
expression of the virus in the brain tissues, since nonparalyzed
rats treated with clodronate-containing liposomes expressed as

much MuLV gp70 as rats treated with PBS-containing lipo-
somes (Fig. 6C). These data further support the importance of
microglial activation for the development of spongiform neu-
rodegeneration and paralysis induced by PVC-211 MuLV.

DISCUSSION

Although PVC-211 MuLV was shown many years ago to
induce spongiform neurodegeneration in rats (24), the precise
mechanism by which PVC-211 MuLV causes neurodegenera-
tion is unknown. In the present study, we demonstrate that as
early as 2 weeks after PVC-211 MuLV infection, vascular de-
fects can be detected in the areas of the brain that eventually
become diseased. This may be the result of increased produc-
tion of VEGF, which we detect in the cerebellum and brain
stem 1 to 2 weeks after virus infection and after in vitro infec-
tion of primary BCEC cultures with PVC-211 MuLV. Further-
more, we show that the brains and serum of rats injected 2
weeks previously with PVC-211 MuLV express high levels of
the chemokine MIP-1�. Late in the course of disease, when
animals are clearly paralyzed, the brains of PVC-211 MuLV-
infected rats show loss of neurons, demyelination, axonal de-
generation, and muscle atrophy, and brain tissues show ele-
vated levels of tPA, a product of activated microglia that has
been implicated in neurodegeneration. Finally, we demon-
strate that depletion of microglia from rat brains blocks spon-
giform neurodegeneration and paralysis induced by PVC-211
MuLV.

VEGF, whose role in vasculogenesis and angiogenesis is well
established, was originally discovered and characterized by its
ability to increase vascular permeability (40). VEGF has also
been shown to enhance permeability in brain vasculature (7,
10), and rats with VEGF infused into the neocortex showed
vascular changes similar to those seen in this study (7). The
vascular defects observed in the brains of rats infected with
PVC-211 MuLV, including increased numbers and sizes of
vessels as well as vessel leakage, correlate with the increased
level of VEGF detected in brain tissue at an early stage of the
disease. Furthermore, purified normal BCEC showed in-
creased VEGF after infection in vitro with PVC-211 MuLV,
suggesting that the elevated VEGF expression detected in the
diseased brains of virus-infected rats may derive at least in part
from PVC-211 MuLV-infected BCEC. Thus, the vascular de-
fects observed in PVC-211 MuLV-infected animals may be
directly caused by the increased VEGF. In addition to its effect
on vessel structure, VEGF may also play a role in the recruit-
ment and activation of microglia in the brains of PVC-211
MuLV-infected rats. Monocytes/macrophages express recep-
tors for VEGF (39). VEGF has been shown to be a monocyte/
macrophage attractant in vitro (18) and when infused into the
brains of rats can recruit and activate microglia (7). Further-
more, the vascular defects caused by VEGF, including leakage
of vessels, can induce matrix breakdown and loss of cell-cell
connection that can be a further stimulus for activation of
microglia (26). Hence, changes in VEGF levels and the sub-
sequent vascular defects found in the brains of PVC-211
MuLV-infected rats may be triggers for chemotaxis of micro-
glia to injured areas of the brain. It is unclear how PVC-211
MuLV infection of BCEC results in the elevated expression of
VEGF.

TABLE 1. Neurological disease in PVC-211 MuLV-infected rats
treated with clodronate-containing liposomesa

Liposomes

No. of rats with

Spongiform neurodegeneration severityb

Paralysis
� � �� ����

PBSc 3/3 5/5
Clodronated 1/4 1/4 2/4 1/4

a Newborn F344 rats were injected i.c. with PBS-containing or clodronate-
containing liposomes on day 1. On day 2, rats were injected with PVC-211 MuLV
i.c. On days 4 and 7, they were injected again with PBS-liposomes or clodronate-
liposomes. Beginning on day 23, they were evaluated for the presence of paral-
ysis, and on day 27, they were euthanized to determine the presence of spongi-
form neurodegeneration.

b Disease severity was determined by measuring the ratio of the area affected
by vacuolated lesions compared to the whole brain stem area. �, no detectable
pathology; �, spongiform lesions in less than one-quarter of the brainstem; ��,
spongiform lesions in less than one-half of the brainstem; ����, spongiform
lesions in more than three-quarters of the brainstem.

c A total of five rats were injected, and histological analysis was carried out on
three.

d A total of six rats were injected. Two died before 23 dpi without paralysis,
and histological analysis was carried out on the remaining four.
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Consistent with our observations, there is mounting evi-
dence from a number of models that cytokines and chemokines
released from hyperactivation of microglia are involved in neu-
ron damage (6, 7, 26), although different molecules may be
involved in different neurodegenerative diseases. For example,
in a rat model for acute stroke, increased MCP-1, IL-1�, and
CINC-1 were associated with activated microglia prior to neu-
ronal damage (8). Mice infected with the neurovirulent MuLV
FrCasE showed increased levels of MIP-1� and MIP-1� early
in the course of disease (3), while mice infected with the
neurovirulent polytropic MuLV Fr98 showed increased ex-
pression of TNF-�, TNF-�, IL-1�, MIP-1�, MIP-1�, MCP-1,
IP10, and RANTES (37). In our study, MIP-1� was elevated in

the brains of PVC-211 MuLV-infected rats. MIP-1� expres-
sion peaks earlier than the peak of activated microglia detected
by ED-1 staining, supporting the idea that MIP-1� may lead to
microglial invasion (3, 13, 35). Early expression of MIP-1� has
been implicated in the switch of recruited cells from polymor-
phonuclear monocytes to macrophages at the site of insult (13,
35). Thus, recruitment of microglia by MIP-1� might play a key
role in the development of neurodegeneration induced by
PVC-211 MuLV. This idea is consistent with a previous study
showing that deletion of the MIP-1� gene retards neurodegen-
eration in a mouse model (48).

Many different cytokines and chemokines can be secreted
from activated microglia, but among the 13 tested for in our

FIG. 6. Reduction in microglial activation and spongiform neurodegeneration in PVC-211 MuLV-infected rats treated with clodronate-
containing liposomes. For microglial depletion, newborn rats received i.c. injections of 75 to 100 �l clodronate-containing liposomes or PBS-
containing liposomes on days �1, 2, and 5 after injection of PVC-211 MuLV. (A) H&E staining was performed on brain tissues frozen in OCT
at 27 dpi of PVC-211 MuLV. Arrows indicate spongiform neurodegeneration. Magnification, �2. (B) Immunofluorescence with anti-ED-1 was
performed using frozen sections of cerebellum (top) and brain stems (bottom). ED-1 staining (green) indicates activated microglia. Nuclei are
counterstained with DAPI (blue). Magnification, �40. (C) Immunofluorescence with anti-MuLV gp70 was carried out to identify the envelope
protein of PVC-211 MuLV in brain tissues fixed in paraformaldehyde. Brain stems are shown, but similar results were obtained with cerebellums.
Staining with anti-MuLV gp70 (red) indicates envelope protein expression. Nuclei are counterstained with DAPI (blue). Magnification, �40.
Immunofluorescence data were confirmed by Western blot analysis for MuLV gp70 using brain stems from PVC-211 MuLV-infected rats injected
with PBS-containing liposomes (lanes 1 and 2) or clodronate-containing liposomes (lanes 3 and 4). Antitubulin was used as a loading control.
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preliminary screen, the only one that was clearly elevated in
the brains of PVC-211 MuLV-infected rats early in the course
of disease was MIP-1�. This result suggests that the production
of MIP-1� may be specifically influenced by VEGF. Interest-
ingly, both MIP-1� and VEGF have been found to be in-
creased after corneal damage (35), and MIP-1� has been
found to be elevated in some human (20) and animal (7)
models of neurological diseases related to vascular permeabil-
ity. Infusion of VEGF into the brains of adult rats results in the
specific upregulation of MIP-1� but not other chemokines,
such as MCP-1, RANTES, and GRO� (MIP-2�) (7). Also,
vascular damage induced in the cornea by chemical cauteriza-
tion not only activates VEGF but also specifically activates
MIP-1� and not inflammatory cytokines, such as TNF-� (35).
These data suggest that VEGF may directly or indirectly ini-
tiate a specific increase in MIP-1�. However, in our model we
cannot exclude other possibilities, including that PVC-211
MuLV infection of BCEC may produce other factors that
affect the production of MIP-1� and that this can further
stimulate microglia to produce more MIP-1�.

Although primary BCEC infected in vitro with PVC-211
MuLV produce elevated levels of VEGF, they do not produce
MIP-1� (data not shown), suggesting that other cells within the
CNS, such as microglia, are the source of this chemokine.
Microglia have been shown to contribute to a number of hu-
man neurodegenerative diseases, including Alzheimer’s, hu-
man immunodeficiency virus dementia, multiple sclerosis, and
others (6, 12, 26). However, the role of activated microglia in
retrovirus-induced animal models of neurodegeneration has
been controversial (16, 28). At least three lines of evidence
support the idea that microglia may be involved in the spon-
giform neurodegeneration induced by PVC-211 MuLV. First
of all, we and others (47) have detected a marked accumula-
tion of activated microglia (microgliosis) as early as 14 dpi in
the regions of PVC-211 MuLV-infected rats that are rich in
spongiform neurodegeneration at 21 dpi, suggesting that mi-
crogliosis might be a prerequisite for inducing spongiform neu-
rodegeneration. Second, MIP-1�, a chemokine originally re-
ported to be involved in macrophage recruitment (9, 30), is
increased at the early stage of PVC-211 MuLV-induced dis-
ease, beginning at 7 dpi and peaking at 14 dpi, and may recruit
macrophages and/or microglia to the brain. Finally, treatment
of PVC-211 MuLV-infected rats with clodronate-containing
liposomes, which specifically kill macrophages and microglia,
causes a significant inhibition of neurodegeneration and paral-
ysis. To ensure sufficient activation of microglia in our virus-
induced model of neurodegeneration, two possible phases may
need to be coordinated. At the early stage of PVC-211 MuLV-
induced disease, microglia may be activated by many factors,
such as exposure to viral antigens or increased VEGF and/or
leakage of vessels. The activated microglia may then be re-
cruited by chemokines (i.e., MIP-1�) to the areas of the brain
that eventually become diseased. Factors secreted from the
activated microglia at this time, such as NO, may cause some
neuron damage, but a certain concentration of neurotoxic fac-
tors may be needed to cause severe enough spongiform neu-
rodegeneration to result in paralysis. Additional neurotoxic
factors may come from the BCEC of PVC-211 MuLV-infected
rats, which have been shown to express high levels of iNOS
(23), leading to higher levels of NO. Late in the course of the

disease, additional numbers of microglia may be activated in
response to degeneration of neurons, producing even more
neurotoxic factors. The accumulation of high numbers of ac-
tivated microglia may further be responsible for the high level
of tPA, which has been shown to be associated with neuronal
degeneration (2, 42, 43), and this may result in progressively
advanced neurological disease in a short period of time.

In the present study, we have better defined the pathological
phenotype of neurodegeneration induced by PVC-211 MuLV
by demonstrating not only the loss of neurons but also de-
myelination, axonal degeneration, and muscle atrophy. These
changes may be triggered by a common factor, such as activa-
tion of microglia, and progress together. Alternatively, they
may be unlinked events. Which event is the most important for
the development of paralysis in our model is not known. De-
generation of axons is not likely the main cause of paralysis,
since the muscle atrophy observed in PVC-211 MuLV-infected
rats is very mild compared to that found in some other models
of neurodegeneration (44). Since demyelination can induce
paralysis in human multiple sclerosis (4, 17) and in animal
models (25), the severe demyelination observed in PVC-211
MuLV rats, combined with the loss of neurons, may be the
main cause of paralysis.

In summary, PVC-211 MuLV infects BCEC and alters
VEGF expression by an unknown pathway to initiate neuro-
logical disease. Although neurons may be directly damaged by
factors secreted from infected BCEC, such as NO, our results
demonstrate that neuronal damage requires activation of an
indirect pathway that involves microglial activation. Our stud-
ies using microglial depletion clearly demonstrate the impor-
tance of activated microglia in the development of PVC-211
MuLV-induced spongiform neurodegeneration. Since deplet-
ing microglia can have lethal side effects, we have initiated
studies to assess the effects of blocking MIP-1� and/or VEGF,
both of which appear to lead to activation of microglia. We are
also testing the effects of tPA inhibition on the severity of the
neurodegeneration induced by PVC-211 MuLV. Since VEGF,
chemokines, and tPA appear to be involved in many human
neurological diseases, including human immunodeficiency vi-
rus-associated dementia, multiple sclerosis, and stroke (14, 34,
36, 41), our studies with PVC-211 MuLV may provide useful
preclinical information about the efficacy of targeting these
molecules to treat neurodegenerative diseases.
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