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Neurobiology of Disease

Viral-Induced Spinal Motor Neuron Death Is
Non-Cell-Autonomous and Involves Glutamate
Excitotoxicity

Jessica Darman, ' Stephanie Backovic,"* Sonny Dike,! Nicholas ]J. Maragakis,' Chitra Krishnan,' Jeffrey D. Rothstein, >
David N. Irani, and Douglas A. Kerr'3

Departments of 'Neurology and 2Neurosciences, Johns Hopkins University School of Medicine, Baltimore, Maryland 21287, and Department of Molecular
Microbiology and Immunology, Johns Hopkins University Bloomberg School of Public Health, Baltimore, Maryland 21205

Neuroadapted Sindbis virus (NSV) is a neurotropic virus capable of inducing the death of spinal motor neurons in mice and rats. In this
study we investigated the mechanisms that underlie NSV-induced motor neuron death. We found that many degenerating spinal motor
neurons were not infected directly with NSV, suggesting that bystander cell death occurs. An excitotoxic mechanism was confirmed when
blockade of calcium-permeable AMPA receptors attenuated motor neuron death both in vitro and in vivo. Blockade of astroglial gluta-
mate reuptake potentiated NSV-induced motor neuron loss in vivo, suggesting that astrocyte-mediated removal of perisynaptic gluta-
mate is important in limiting NSV-induced excitotoxic injury. Astroglial glutamate transport was reduced markedly in the spinal cord
during NSV infection, in advance of motor neuron injury in susceptible mice. In contrast, we found 5.6-fold elevated glutamate uptake in
the spinal cords of mice resistant to NSV-induced paralysis. Likewise, minocycline markedly increased spinal cord glutamate transport
and protected mice from NSV-induced motor neuron death. These studies suggest that NSV infection triggers a cascade of events in the
spinal cord resulting in impaired astrocytic glutamate transport and excitotoxic injury of motor neurons mediated via calcium-
permeable AMPA receptors. Similar changes may occur in other motor neuron disorders such as amyotrophic lateral sclerosis or West

Nile Virus-induced poliomyelitis, suggesting a common tissue injury pathway.
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Introduction

Excess glutamate in the motor neuron synapse produces hyper-
excitation of both NMDA and AMPA-type glutamate receptors.
Motor neurons are particularly sensitive to AMPA-mediated glu-
tamate toxicity (Rothstein et al., 1993; Carriedo et al., 2000).
Some studies suggest that AMPA receptors present on motor
neurons mainly exclude the GluR2 subunit, thus rendering them
more Ca”—permeable (Van den Bosch and Robberecht, 2000;
Krampfl et al., 2001; Van den Bosch et al., 2002a). Insufficient
clearance of glutamate by astrocytes via their excitatory amino
acid transporters contributes to increased susceptibility of
postsynaptic neurons even to normal levels of glutamate (Roth-
stein et al.,, 1993, 1996; Ginsberg et al., 1995, 1996; Rao et al,,
2001b; Heath and Shaw, 2002; Howland et al., 2002; Dunlop et
al., 2003).
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Glutamate transporter-1 (GLT-1) is the dominant glutamate
transporter in most regions of the CNS, accounting for up to 95%
of glutamate transport (Rothstein et al., 1996; Tanaka et al.,
1997). The primary role of astroglial glutamate transporters is to
maintain a homeostatic level of extracellular glutamate (<1 um)
by binding and reabsorbing glutamate from the synaptic cleft (Ven-
tura and Harris, 1999; Anderson and Swanson, 2000; Chretien et al.,
2002; Heath and Shaw, 2002; Nedergaard et al., 2002). In several
disease states decreased astrocyte-mediated glutamate transport
contributes to neural injury (Rothstein et al., 1995; Masliah et al.,
1996; Belin et al., 1997; Dawson et al., 2000; Pitt et al., 2000; Rao
etal.,2001a,b; Howland etal., 2002; Ikematsu et al., 2002; Namura et
al.,, 2002; Warita et al., 2002; Dunlop et al., 2003).

Sindbis virus (SV) is a prototype member of the alphavirus
family that replicates in neurons of infected animals. Intracranial
infection of susceptible adult mice with a neuroadapted strain
(NSV) of Sindbis results in high rates of motor neuron death as
well as flaccid hindlimb paralysis or death (Jackson et al., 1987,
1988). Dying motor neurons assume a morphology characterized
by pale swollen cytoplasm and swollen organelles, and they do
not exhibit caspase-3 activation (Havert et al., 2000; Nargi-
Aizenman and Griffin, 2001). We recently demonstrated that
NSV-induced neuronal death in adult animals may occur via
bystander mechanisms and may be mediated via the activation of
AMPA receptors (Nargi-Aizenman et al., 2004).
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There are likely two mechanisms by which motor neurons die
in response to Sindbis virus: an intrinsic pathway in which in-
fected neurons die via direct infection and an extrinsic pathway in
which neurons die as a result of changes in the local environment.
In the current study we extend previous observations that pro-
pose the presence of bystander neuronal death (Nargi-Aizenman
etal., 2004), and we find that excitotoxic motor neuron injury is
a critical determinant of NSV pathogenesis. It is interesting that
related RNA viruses, most notably West Nile virus, have been
shown to induce a flaccid paralysis characterized by spinal motor
neuron death in animals (Kelley et al., 2003) and in a proportion
of human cases (Leis et al., 2002). It is possible, therefore, that
non-cell-autonomous excitotoxic death of motor neurons may
be triggered by a variety of infectious agents and that strategies
that target this process may be of therapeutic value.

Materials and Methods

Mice. C57BL/6 and BALB/cBy mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). Male animals between 5 and 6 weeks of
age were used in all of these studies. Mice were injected intracranially
with 1000 plaque-forming units (PFUs) of NSV. Hindlimb grip strength
was measured with a Chatillon CE digital force gauge (model DFIS 2).
Readings were taken in T-peak mode and measured in pounds of force.
Animals were supported by the examiner under their forelimbs, and their
hindlimbs were lowered to the grip bar until the animals attempted to
grasp the device. Animals then were moved away from the bar slowly, and
the force was measured as each animal exerted active force against this
movement. Each animal was given three trials per examining period and
was trained for 3 d before infection to minimize a learning effect. Read-
ings are expressed as an average of the percentage of the day 0 score for
each animal. Animals in the minocycline study were given daily intra-
peritoneal injections of either 50 mg/kg minocycline (M-9511; Sigma, St.
Louis, MO) or saline, beginning at the start of infection and continuing
through the time course.

Rats. Male Lewis and Sprague Dawley rats (Charles River, Wilmington,
MA) were used in these studies at 5-7 weeks of age. Cannulated Sprague
Dawley rats were obtained from Zivic Miller (SCA04.00; Zelienople, PA).
NSV was passaged into 3- to 4-week-old Lewis rats via serial intracranial
inoculation to generate a Sindbis strain (rat-adapted NSV, raNSV) that
causes paralysis in rats (Kerr et al., 2003). With the use of raNSV virtually
all rats develop some degree of paralysis, with <5% mortality from the
encephalomyelitis. Viral titer in the spinal cord reached a peak at 3—4 d
after infection (average titers, 1-2 X 10° PFU/gm tissue) and was cleared
in large part from these animals within 89 d.

Surgery. Cannulated Sprague Dawley rats were anesthetized with Aver-
tin, an incision was made behind the head, and the subarachnoid cannula
was connected to an Alzet pump (1007D; 0.5 ul/hr for 7 d; Alza Scientific
Products, Mountain View, CA). Pumps were filled with 100 ul of
pL-threo-B-hydroxy-aspartate (THA; 1.5 ug/ul; H-2775; Sigma),
1-naphthyl acetyl spermine (NASPM; 10 ug/ul; N-193; Sigma), or saline.
Animals were coded and housed individually. Then each rat was scored
for hindlimb grip strength by a blinded examiner on a daily basis.

Tissue preparation. At indicated time points the animals were anesthe-
tized and perfused transcardially with chilled PBS, followed by cold 4%
paraformaldehyde (PFA). Each lumbar spinal cord and associated nerve
roots were dissected en bloc. The sciatic nerve then was traced back to the
spinal cord to identify the L3—L5 spinal cord segments. Spinal columns
were postfixed in 4% PFA overnight; next the spinal cords were removed
and placed in either 1 X PBS or 30% sucrose before being frozen. Paraffin
and frozen sections were cut as 10-um-thick sections and mounted onto
glass slides. For protein assays the animals were perfused with chilled
PBS, and spinal cords were snap frozen on dry ice until further use.

Motor neuron culture. Motor neurons were cultured as previously de-
scribed (Vandenberghe et al., 1998). In brief, ventral spinal cords were
dissected from 14-d-old Wistar rat embryos in HBSS, cut into 1 mm
pieces, and digested in 0.05% trypsin in HBSS for 15 min at 37°C. A
motor neuron-enriched neuronal population was purified from ventral
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spinal cord by centrifugation on a 6.5% metrizamide cushion, followed
by immunopanning, using the 192 mouse IgG attached to an anti-mouse
antibody-coated dish. These motor neuron-enriched suspensions were
cultured on a glial feeder layer that had been preestablished on 18-mm-
round glass coverslips coated with poly-L-ornithine and laminin. L15
culture medium was supplemented with 0.2% sodium bicarbonate, 3.6
mg/ml glucose, 20 nm progesterone, 5 pg/ml insulin, 0.1 mM putrescine, 0.1
mg/ml conalbumin, 30 nm sodium selenite, 100 IU/ml penicillin, 100 pg/ml
streptomycin, and 2% horse serum. Cultures were kept in a 7% CO,-
humidified incubator at 37°C. Live—Dead kits (Molecular Probes, Eugene,
OR) were purchased and used per the manufacturer’s instructions.

Glia culture. Primary rat astrocytes were isolated from 2—4 d postnatal
rat pups. Cells were derived from the cortical region between bregma and
the occipital lobe, and tissues were treated similarly to the spinal tissue
described above. Glia were suspended in DMEM supplemented with
10% heat-inactivated horse serum, 4% glucose, 100 IU/ml penicillin, 100
pg/ml streptomycin. Cells were plated as follows: 200,000 cells on a 60
mm dish, 50,000 cells on a six-well plate, and 20,000 cells on a 12-well
plate. All plates were coated with collagen before being seeded with cells.

Infection of cultures. All cultures in this study were infected with either
NSV or NSV-green fluorescent protein (NSV-GFP) as indicated [at a mul-
tiplicity of infection (MOI) of 1 (1 PFU/cell)]. When treated with glutamate
receptor-blocking agents, media were replenished daily to maintain a steady
drug concentration. The following drugs were used in this study: 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX) used at a concentration of 25 um
(C-127; Sigma), Joro spider toxin (JST) used at 3 um (J-100; Sigma), and
1-(4-aminophenyl)-4-methyl-7,8-methylenedioxy-5H-2,3-benzodiazapine
(GYKI-52466) used at 25 um (G-119; Sigma).

Glutamate uptake assay. Glutamate uptake assays were performed with
slight modification to a previously published protocol (Sepkuty et al.,
2002). Briefly, lumbar spinal cord tissues were homogenized in buffer (10
mM Tris, pH 7.4, 5 mm EDTA, 1 mini-protease inhibitor tab from Roche
Diagnostics, Mannheim, Germany), clarified twice, resuspended in tis-
sue buffer (0.05 M Tris, 0.32 M sucrose, pH 7.4), and spun down; the
resulting pellet was resuspended in 250 ul of Na *-Krebs [containing (in
mu) 120 NaCl, 25 NaHCO;, 5 KCl, 2 CaCl,, 1 KH,PO,, 1 MgSO,, pH
7.4] with and without 500 um dihydrokainate (DHK). Duplicate samples
were generated in which Na™-free Krebs [containing (in mm) 120
choline-Cl, 25 Tris, 5 KCl, 2 CaCl,, 1 KH,PO,, 1 MgSO,, pH 7.4] was
used as the blanking control. Samples were incubated with *H-glutamate
for 4 min at 37°C and immediately transferred to ice. Samples were
adsorbed to filter paper and incubated in scintillation fluid overnight;
total counts per minute (cpm) were measured. The amount of labeled
glutamate bound by each sample (pmol/mg protein/min) was calculated
by using the total incorporated cpm and concentration of protein in each
sample. Tissue samples were processed in duplicate, and at least three
independent experiments were performed for each experimental condi-
tion. The amount of labeled glutamate present at each time point during
infection was divided by the glutamate levels present in uninfected sam-
ples to determine normalized glutamate transport at baseline.

Histology. Cryosectioned tissues were used for immunohistochemical
staining. Sections were blocked and stained in a solution of 1% normal
goat serum and 5% BSA in 1X PBS. The following primary antibodies
and stains were used at the following concentrations: Nissl red (1:100;
N-21482; Molecular Probes), glial fibrillary acidic protein (GFAP; 1:400
for MAB360 or 1:2000 for AB5804; Chemicon, Temecula, CA), GLT-1
(1:100) (Rothstein et al., 1994), propidium iodide (1 ug/ul; Sigma),
SMI-31 (1:10,000; Sternberger Monoclonal, Lutherville, MD), choline
acetyltransferase (1:2000; ChAT; Ab5042P; Chemicon), and nitroty-
rosine (1:1000; 05-233; Upstate Cell Signaling, Charlottesville, VA). Sec-
ondary antibodies were conjugated to Alexa Fluor 488 (green) or Alexa
Fluor 594 (red) and were used at a 1:100 dilution (Molecular Probes).

Western blot analysis. Tissues were sonicated in lysis buffer (10 mm
Tris, 1% SDS, 1 mm sodium orthovanadate, pH 7.6), and 5 ug of each
sample was run out in 12% acrylamide gels (BioExpress, Kaysville, UT).
Proteins were transferred to Immobilon-P transfer membranes (Milli-
pore, Bedford, MA) in 10% methanol transfer buffer. Freshly transferred
membranes were stained with Ponceau S solution (P-7170; Sigma) and
imaged to ensure equal loading. Membranes were rinsed in 1X PBS to
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remove Ponceau stain and then blocked in 5%
milk buffer and stained in 1% milk buffer by
using primary antibodies. Blots were developed
with the SuperSignal West Femto Maximum
Sensitivity Substrate (35095; Pierce, Rockford,
IL) and visualized with a Fuji Luminescent
Image Analyzer (LAS-1000plus camera; Fuji,
Tokyo, Japan). The intensity of each band was
determined by Image Gauge software (version
3.4). Protein expression in infected tissue was
normalized to levels in uninfected controls by
dividing measured band intensities. Because
viral infection variably alters the expression of
several housekeeping genes, making control
immunoblots [glyceraldehyde phosphate dehy-
drogenase (GAPDH) or actin] unreliable, Pon-
ceau S staining of immunoblots was performed
to ensure equal loading of lanes.

Quantitation of neuronal death in tissue sec-
tions. Serial sections were generated by collec-
tion of every 20th section through spinal cord
onto glass slides. One section in each series was
used for histologic analysis after staining with
hematoxylin and eosin. Motor neurons were
defined as cells present within the gray matter,
ventral to the central canal, and having a cell
body >25 um in diameter. Data are presented
as the mean * SE of the number of motor neu-
rons per section of spinal cord. Adjacent sec-
tions were examined for GFP fluorescence in
ventral gray neurons (indicative of infection
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with NSV-GFP), and colocalization to motor
neurons was achieved by staining with ChAT
antibodies.

For histologic correlation of various drug-
treated animals (see Figs. 3-5), sections were
prepared at day 7 after infection as above. Par-
affin sections then were generated through the
L3-L5 segments and stained with hematoxylin
and eosin. Motor neurons again were counted
if they were in the gray matter, ventral to the
central canal, and had a cell body >25 wm in

Figure 1. Evidence for bystander destruction of noninfected motor neuron cells during neuroadapted Sindbis virus infection.
(57BL/6 mice were infected with an NSV construct expressing GFP. A, B, Lumbar enlargement of an NSV-infected C57BL/6 mouse
at 2 d after infection. Infected cells are visible by the expression of GFP (green), while neurons are visualized with the Niss|
counterstain (red). G, D, Lumbar enlargement of an NSV-infected (57BL/6 mouse at 4 d after infection showing many abnormally
appearing neurons with swollen nuclei and intracellular vacuoles. None of these motor neurons exhibited immunoreactivity to
GFP or to NSV capsid proteins (data not shown), suggesting that these neurons have not been infected directly. £, Electron
micrograph of an infected lumbar enlargement at 4 d after infection. Long arrow denotes a synapse onto the cell body, confirming
its neuronal identity. Swollen cytoplasm and nucleoplasm are observed, along with dilated, disrupted mitochondria (short ar-
rows). F, ChAT staining (red) in an NSV-infected (green) lumbar enlargement at 4 d after infection. G, Quantitation of the percent-
age of motor neurons infected by GFP-expressing NSV (left axis) compared with the total number of motor neurons per section
(right axis in green). Infection status was determined both by GFP expression and immunoreactivity to NSV glycoproteins. Error

diameter. Data again are presented as the
mean * SE of the number of motor neurons
per section. In total, three to five animals were
analyzed per group, and motor neurons were counted by a blinded
examiner.

Statistical analysis. SPSS 11.0 (SPSS Science, Chicago, IL) was used for
all of the statistical analyses. Because of the nonparametric nature of the
data (as determined by tests of normality), nonparametric equivalent
tests of ANOVA and repeated measures ANOVA were used to increase
the robustness of the results. The Kruskal-Wallis test was performed to
analyze differences between groups at each time point, and Friedman’s
nonparametric repeated measures comparison was used to analyze dif-
ferences across time within a group. The Mann—Whitney U test was used
for the comparison of two independent samples. Significance was as-
sessed at the 0.05 level. These tests were used because they make no
assumptions about the distribution of the data, such as normality.

bars, p < 0.05.

Results

To investigate mechanisms of spinal motor neuron death after
NSV infection, we used a recombinant NSV virus encoding a GFP
construct (NSV-GFP), as described previously (Kerr et al., 2002,
2003). At 2 d after intracranial infection of C57BL/6 mice, virus
was detected by GFP fluorescence in large ventral neurons
(costained with Nissl red) in the lumbosacral enlargement of the
spinal cord (Fig. 1 A,B). These infected cells exhibited a normal
morphology. By 4 d after infection, however, most neurons

within the ventral region of the spinal cord exhibited abnormal
morphology, with swollen cytoplasmic and nuclear compart-
ments and intracellular vacuoles (Fig. 1C,D). Electron micro-
graphs of these motor neurons (Fig. 1 E, long arrow denotes syn-
apse onto cell body) exhibited pale cytoplasm and enlarged,
disrupted mitochondria (small arrows). This morphology resem-
bled excitotoxic injury in other studies (Ginsberg et al., 1999;
Krampfl et al., 2001; Van den Bosch et al., 2002b). Furthermore,
relatively few motor neurons in the lumbar spinal cord exhibited
GFP fluorescence (Fig. 1C,D) or SV immunoreactivity (data not
shown), suggesting either that these morphologically abnormal
neurons were not infected directly or that the cell death process
had catabolized proteins indicative of direct infection. Because
NSV capsid immunoreactivity is maintained even in cellular
remnants of infected cells (Jackson et al., 1987, 1988; Lewis et al.,
1999), the failure to detect NSV immunoreactivity suggests that
many of the dying motor neurons were not infected directly.
Quantitative examination of motor neuron infection within
the lumbar enlargement further supports the conclusion that by-
stander motor neuron death is occurring in vivo. When sections
simultaneously were examined histologically for the presence of
ChAT * immunoreactivity (red) and NSV infection (green), total
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(Fig. 2A). Although these infected motor
neurons initially exhibited a normal mor-
phology (Fig. 2A), all of these cells died
over time (Fig. 2B-D). Furthermore, we
could detect death of uninfected motor
neurons, often adjacent to infected motor
neurons, as defined by propidium iodide
uptake (Fig. 2 B). We did not find evidence
of caspase-3 activation or cytochrome ¢
translocation within these dying neurons
(data not shown). We did, however, find
that dying neurons as well as adjacent,
noninfected astrocytes accumulated reac-
tive oxygen species (ROS) as defined by
nitrotyrosine immunoreactivity (Fig. 2C).
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Therefore, motor neuron death in our cul-
ture model occurred among both infected
and noninfected cells and potentiated in-
jury of cocultured astrocytes.

To clarify the role of glutamate in NSV-
induced motor neuron death, we added
glutamate receptor antagonists to motor
neuron cultures. Infection of cultured
motor neurons in the presence of NMDA
receptor blockers did not alter cell survival
substantially, whereas AMPA receptor
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Figure2.

and infected motor neurons could be measured over time (Fig.
1F, 2 d after infection). The total number of motor neurons
remained constant at ~30 cells per section through day 3 of
infection but then began to decline thereafter (Fig. 1G, top line,
right-sided y-axis). When the percentage of infected motor neu-
rons was determined, the highest levels were found at days 2 and
3 after infection, followed by a decline thereafter. At no point
were >20% of motor neurons directly infected (Fig. 1G), yet
>75-90% of motor neurons are lost during disease (Kerr et al.,
2003). To exclude the possibility that ChAT staining was lost
within infected motor neurons, we performed a parallel study
that used a fluorescent Nissl compound (Nissl red, Molecular
Probes) and again found that only 20% of Nissl-stained cells also
exhibited GFP fluorescence (data not shown). Therefore, the in-
frequency of direct infection of motor neurons and the morpho-
logic appearance of noninfected motor neurons suggested that
NSV causes bystander motor neuron death in the spinal cord.
We next examined whether NSV could induce excitotoxic
death of motor neurons in vitro, using motor neuron-enriched
cocultures on astrocytes. In this system 60—70% of neurons ex-
hibited ChAT * immunoreactivity (data not shown). We found
that this coculture system recapitulated the in vivo tropism of
NSV for neurons, with no infection of the underlying astrocytes

40

Hours Post Infection

Bystander destruction of cultured spinal neurons by neuroadapted Sindbis virus. A, Infection of mixed spinal neurons
cultured on amonolayer of astrocytes with NSV-GFP (green) at 24 hrafter infection, counterstained with GFAP (red; 20X). Images
were deconvolved by Simple PCl software. B, At 24 hr after treatment with NSV-GFP, the cultures were treated with propidium
iodide (PI; red). Several cells are Pl-positive, yet only one is infected with NSV (green). C, Nitrotyrosine reactivity (red) indicates the
presence of reactive oxygen species. At 24 hr after NSV-GFP infection, the cultures were fixed with 4% paraformaldehyde and
stained with a nitrotyrosine-specific antibody. D, Mixed cultures were treated with NSV-GFP in the presence of AMPA-type
glutamate receptor blocking agents. At 48 hr after infection, those cultures treated with NSV-GFP alone revealed widespread
death of spinal neurons, whereas parallel cultures treated with CNQX or JST showed preservation of spinal neurons. £, Quantitation
of spinal motor neuron protection mediated by blockage of AMPA-type glutamate receptors. Survival of motor neurons treated
with NSV and any of the three AMPA blockers is greater than with NSV alone (*p << 0.01 at 48 and 72 hr after infection).

blockade caused significant protection from
NSV-induced cell death (Fig. 2D,E). Both
CNQX and JST, a specific blocker of GluR2-
negative (Ca’*-permeable) AMPA recep-
tors, produced enhanced motor neuron sur-
vival in our system. Photomicrographs
taken at 36 hr after infection showed preser-
vation of normal neuronal morphology in
the presence of AMPA receptor blockers
(Fig. 2D). Quantitation of neuronal survival
after NSV infection revealed significant pro-
tection by CNQX, JST, or GYKI-52466 (Fig.
2 E). With each of the three AMPA receptor
blockers the neuron survival was ~50% at
72 hr after infection, compared with 21% in infected control cultures
(p < 0.01 at 48 and 72 hr after infection). Virus titration assays
confirmed that AMPA blockade did not alter viral titers in culture
supernatants (data not shown). We conclude that NSV-induced
motor neuron death in vitro occurs in part by glutamate excitotox-
icity mediated via calcium-permeable AMPA receptors.

To confirm whether NSV-induced motor neuron death in-
volves glutamate excitotoxicity in vivo, we modulated extracellu-
lar glutamate levels in infected animals by blocking astrocyte-
mediated glutamate transport. We used 5- to 7-week-old rats
surgically implanted with cannulas extending into the lumbar
CSF space at approximately the T9 vertebral level. A pump deliv-
ery system was used to continually administer THA, a nonspecific
inhibitor of glutamate transporters, or a vehicle control at the
time of viral challenge. In each group of 7-10 animals the hind-
limb grip strength was measured daily in each animal by a blinded
examiner. Consistent with previous studies (Hirata et al., 1997),
we confirmed that THA administration alone did not induce
paralysis or motor neuron loss (Fig. 3A), probably because it is
transported like glutamate and acts in part to exchange with in-
tracellular glutamate. However, THA administration potentiated
NSV-induced hindlimb weakness (Fig. 3A) (p < 0.05 on days
6-9), and histologic analyses confirmed that this effect was asso-
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Figure 3. In vivo blockade of glutamate transporters and glutamate receptors alters NSV

pathogenesis in rats. Sprague Dawley rats with cannulas surgically implanted into their spinal
subarachnoid spaces were given NASPM, THA, or PBS at a rate of 0.5 wl/hr for 7 d by an Alzet
mini-osmotic pump. A, Hindlimb grip strength of cannulated rats given THA, a specific inhibitor
of the astrocyte glutamate transporter GLT-1, is not altered by the drug alone but contributes to
a more drastic reduction of grip strength after NSV challenge. B, THA infusion also resulted in
significantly increased motor neuron loss in NSV-infected rats when compared with saline-
infused controls. ¢, Hindlimb grip strength of NSV-infected rats administered NASPM, a syn-
thetic analog of JST (inhibitor of GIuR2, excluding AMPA receptors); when compared with
saline-infused controls, the NSV-infected rats did not develop any hindlimb weakness in re-
sponse to NSV infection. D, NASPM infusion also resulted in significant preservation of motor
neurons after NSV infection.

ciated with enhanced death of spinal motor neurons (Fig. 3B).
Quantitation of motor neurons in the lumbar enlargement at 1
week after infection showed ~50% motor neuron loss, consistent
with our previous studies (Kerr et al., 2003). There were signifi-
cantly fewer motor neurons present in NSV/THA-treated ani-
mals, compared with NSV/vehicle-treated animals (12.34 = 1.92
vs 21.30 £ 0.97 motor neurons per section; p < 0.05). We then
determined whether glutamate activation of calcium-permeable
AMPA receptors is important in NSV-induced motor neuron
death. Animals were treated with NASPM, an inhibitor of
calcium-permeable AMPA receptors, given intrathecally as in
previous experiments. As before, 7-10 animals were studied per
group in a blinded manner. The administration of NASPM vir-
tually eliminated NSV-induced paralysis (Fig. 3C) (p < 0.05 at
day 6) without altering viral replication or spread within the spi-
nal cord (data not shown). Histologic examination confirmed
that NASPM prevented motor neuron death that was induced by
NSV (Fig.3D) (20.93 * 1.84vs 28.37 £ 0.79; p < 0.05). Together,
we conclude that NSV-induced motor neuron death is poten-
tiated by glutamate excitotoxicity and is mediated via calcium-
permeable AMPA receptors in vivo.

Because blockage of glutamate transporter with the nonspe-
cific inhibitor THA exacerbated the outcome of NSV infection,
we investigated expression of the dominant astroglial glutamate
transporter GLT-1 during NSV infection. Infected C57BL/6 adult
mice developed a rapid and complete loss of hindlimb grip
strength beginning at 4 d after viral challenge (Fig. 4A). Immu-
nohistochemical analysis of spinal cord tissue at 2, 6, and 21 d
after infection revealed patchy loss of GLT-1 expression within
the lumbar gray matter by 4 d after infection (brown staining
corresponds to GLT-1 or GFAP immunoreactivity with blue he-
matoxylin counterstain) (Fig. 4 B). This focal reduction often was
associated with inflammatory infiltrates (Fig. 4 B, middle) or ar-
eas of prominent microglial activation (data not shown). Glial
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fibrillary acidic protein (GFAP) expression was altered minimally
in response to NSV infection (Fig. 4B, right), suggesting that
GLT-1 decline was a selective process and was not attributable to
astrocyte death. Indeed, by day 21 after infection no areas of focal
GLT-1 loss could be detected, suggesting that the earlier loss of
GLT-1 staining was attributable to a transient downregulation.
Immunoblots of spinal cord lysates confirmed the rapid decline
in GLT-1 expression within the lumbar enlargement (Fig. 4C).
Quantitation of triplicate immunoblots revealed a significant loss
of expression at 3 d after challenge and a continued decline over
the 7 d course of the experiment compared with either neurofila-
ment or GFAP as a control (Fig. 4D) (p = 0.05 at days 3-7).
Ponceau § staining of the membranes confirmed equal loading of
sample in all lanes (loading control, LC).

To determine whether reduced GLT-1 expression correlated
with reduced functional glial glutamate transport, we generated
membrane preparations from freshly isolated lumbar spinal
cords of mice at various points after NSV infection. We then
assessed the ability of these membrane preparations to transport
radioactive glutamate, using an assay that principally reflects
GLT-1 activity (Sepkuty et al., 2002). We confirmed the contri-
bution of GLT-1 in these assays by incubating parallel samples
with DHK, a specific antagonist of GLT-1. Relative glutamate
transport over the time course of the experiment is shown relative
to transport levels in uninfected control samples. In Figure 4E
and all subsequent figures, relative total glutamate transport is
depicted with black bars, whereas GLT-1-mediated transport
(transport sensitive to DHK) is depicted in gray bars. Absolute
values for total and DHK-sensitive transport are indicated above
the day 0 bars. Consistent with previous studies, ~65% of gluta-
mate transport was eliminated in the presence of DHK (Rothstein
et al., 1994). GLT-1-mediated glutamate transport was reduced
significantly by 2 d after NSV infection and continued to decline
thereafter ( p < 0.05). By day 6 after infection GLT-1-mediated
glutamate transport was only 25% that of baseline (Fig. 4E). This
reduction was even more pronounced than the downregulation
of GLT-1 protein levels, suggesting that mechanisms such as
blockade of GLT-1 trafficking to the membrane surface might
contribute to the reduction. Interestingly, because non-GLT-1-
mediated transport remains constant during infection (data not
shown), it is likely that other glutamate transporters present in
the membrane fraction (such as GLAST) are not altered signifi-
cantly in response to NSV infection. Therefore, GLT-1 protein
levels and GLT-1-mediated glutamate transport are reduced in
the spinal cord during NSV infection, and this reduction imme-
diately precedes the onset of motor neuron death.

BALB/cBy mice are uniquely resistant to NSV-induced hind-
limb paralysis (Thach et al., 2000). We investigated whether this
resistance might be related either to increased basal glutamate
transport or to sustained glutamate transport in response to NSV
infection. We found that hindlimb grip strength did not decline
over the time course of infection in these animals (Fig. 5A4) and
that there was no detectable loss of motor neurons in the spinal
cord after infection (Fig. 5B). When GLT-1 expression in lumbar
spinal cord lysates of NSV-infected BALB/c mice was examined,
protein levels did not decline over the course of infection (5C,D,
NSV). Additionally, baseline glutamate transport function was
approximately fivefold greater in uninfected BALB/cBy mice
compared with C57BL/6 mice (Fig. 5E) ( p < 0.05). Interestingly,
we did find that functional glutamate transport declined by day
6 d after infection in NSV-infected BALB/cBy mice (Fig. 5F),
suggesting that the elevated baseline transport provided a buffer
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NSV-infected C57BL/6 mice, compared
with NSV-infected mice treated with a ve-
hicle control (Fig. 6 B) (p < 0.05).
Lumbar spinal cord homogenates from
minocycline-treated and minocycline-
treated/NSV-infected C57BL/6 mice were
examined for GLT-1 expression by West-
ern blot, and no decline in GLT-1 immu-
noreactivity was found (Fig. 6C,D). Quan-
titation of triplicate immunoblots
revealed that minocycline-treated animals
had maintained a consistent GLT-1 ex-
pression pattern from days 2 to 6 after
NSV infection (p = 0.05 at days 2-6,
comparing NSV with NSV/mino). Finally,
glutamate uptake assays were performed

LC

: SRS, on spinal cord lysates from animals
Di.. E 1(23LT GFAP treate.d with. minqcycline alone (Fig. 6E)
“Insv o =T pr—p or minocycline with NSV challenge (Fig.
212 C578I NF E 0] @i 1= m;.us.n;‘ 6F). We found a significant increase in both
z 8 o8 i T C57BI total and GLT-1-mediated glutamate trans-
21 GFAP 5 - & port in minocycline-treated animals such
008 3 o g- that there was 10-fold greater transport by
& ) R 1 day 6 after treatment ( p < 0.05). Interest-
¥ *GLT1 g o2 ingly, in minocycline-treated, NSV-infected
04 e animals (Fig. 6F) there was no significant
o 1 2 3 4 5 6 7 8 0 2 4 6 change in glutamate transport over time, in-
Days post infection Days post infection dicating that the viral infection and minocy-
. i ) ) ) ) _ cline had opposite effects that canceled each

Figure 4.  Expression of the astrocyte glutamate transporter GLT-1 in the spinal cords of NSV-infected mice. A, C57BL/6 mice

develop paralysis in response to NSV. The decline in hindlimb grip strength correlates with the classic paralysis observed in the NSV
model of rodentinfection after NSV infection. B, Immunohistochemical detection of astrocyte glutamate transporter GLT-1 (brown
staining, left panels) as well as the astrocyte marker GFAP (brown staining, right panels) in the lumbar enlargement of NSV-
infected mice. The transient decrease in GLT-1 staining at day 6 after infection (DPI) is not correlated with a loss of GFAP immu-
noreactivity, implying a selective downregulation of GLT-1 expression. C, GLT-1 expression in lysates from lumbar and cervical
spinal cords of NSV-infected mice by Western blot analysis. The intensity of the GLT-1 band decreases over the time course in the

other. We suggest, therefore, that the protec-
tive effects of minocycline in preventing
NSV-induced paralysis may be attributable
to its ability to enhance glial glutamate trans-
port and to provide a buffer against excito-
toxic motor neuron death.

lumbarand, toa lesser degree, in cervical spinal cord lysates. GFAP and neurofilament (NF) protein immunoreactivity (SMI-31) was

relatively unchanged over this time course while Ponceau S staining of membranes confirmed equivalent loading of lanes (LC). D,
Quantitation of GLT-Timmunoreactivity by Western blots in spinal cord lysates of NSV-infected mice. As early as 3 d after infection,
the GLT-1 expression was reduced significantly compared with either GFAP or SMI-31 expression. Asterisks indicate that intensity
of GLT-2 is significantly different from GFAP at indicated time points (p << 0.05). £, Functional loss of GLT-1-mediated glutamate
uptake involved in NSV infection. Spinal cord homogenates were generated at various times after infection from the lumbar
region. Total and DHK-sensitive (GLT-1-mediated) glutamate transport was assessed with data normalized to uptake by unin-
fected, control samples. DHK-sensitive transport was decreased at days 2— 6 after infection (*p << 0.05) relative to day 0.

against excitotoxic motor neuron death and is one factor that
renders these mice resistant to NSV.

Finally, because several studies have demonstrated the ability
of minocycline to protect motor neurons in rodent models of
amyotrophic lateral sclerosis (ALS) (Van Den Bosch et al., 2002¢;
Zhuetal., 2002; Kriz et al., 2003; Zhang et al., 2003 ), we examined
whether minocycline could prevent NSV-induced motor neuron
death and whether protection correlated with preserved GLT-1
expression. Minocycline has been demonstrated to have neuro-
protective capacities that may relate to its inhibition of microglial
activation (Yrjanheikki et al., 1998; Tikka and Koistinaho, 2001),
immune effector cell activation (Brundula et al., 2002), or intra-
cellular mitochondrial cytochrome c release (Zhu et al., 2002).
When it was administered to C57BL/6 mice at the time of NSV
challenge, minocycline potently protected animals from the de-
velopment of hindlimb weakness (Fig. 6A) (p < 0.05 at days
2-10). Viral titration assays on spinal cord homogenates showed
that minocycline had no effect on the ability of NSV to replicate
or spread. Motor neurons were preserved in minocycline-treated,

Discussion

We investigated the mechanisms underly-
ing spinal motor neuron death occurring
as a result of infection with a neurono-
tropic alphavirus. Studies over a number
of years have confirmed that Sindbis virus
can induce intrinsic neuronal death (Jack-
son et al., 1987, 1988; Levine and Griffin,
1993; Griffin et al., 1994; Cheng et al,,
1996; Levine et al., 1996; J. Lewis et al., 1996; Nava et al., 1998; Jan
and Griffin, 1999; D. Lewis et al., 1999; Liang et al., 1999; Kerr et
al., 2002). Most of these studies were completed in newborn or
suckling mice and showed that SV induces apoptosis of infected
neurons. Indeed, the use of recombinant SV constructs express-
ing modulators of apoptotic cell death has clarified this intrinsic
neuronal apoptosis pathway (Cheng et al., 1996; Lewis et al.,
1996; Nava et al., 1998; Kerr et al., 2002). However, most strains
of SV are incapable of inducing neuronal apoptosis in adult ani-
mals and cause little or no morbidity. This may be attributable to
the fact that postmitotic neurons are less susceptible to apoptotic
triggers in adult animals after the developmental apoptotic ma-
chinery has been downregulated.

NSV, a highly neurovirulent derivative of SV, is capable of
inducing significant morbidity and mortality in adult mice and
rats and, unlike other SV strains, causes hindlimb paralysis with
widespread spinal motor neuron destruction. Because there is
evidence to suggest that excitotoxicity occurs in the Sindbis
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Figure 5.  GLT-1expression in a strain of mouse (BALB/cBy) resistant to NSV-induced paral-

ysis. A, Hindlimb grip strength measurements in BALB/cBy mice infected with NSV show that
these animals do not develop hindlimb weakness over the time course of NSV infection. B,
Motor neuron counts from the lumbar spinal cords of NSV-infected BALB/cBy mice at baseline
and day 6 after infection. ¢, Immunoblot analysis of GLT-1 expression and Ponceau S staining in
the BALB/c mouse. D, Quantitative analysis of triplicate immunoblots revealed preservation of
GLT-1 expression after NSV infection. £, Baseline levels of functional glutamate uptake in the
BALB/cBy mouse are significantly higher than in the C57BL/6 mouse. F, Functional glutamate
uptake declines by 6 d after infection in the BALB/cBy mice, although levels remain consistently
above those observed in the (57BL/6 mouse. Error bars: A, B, D, F, not significant (p > 0.05);
E,p < 0.05.

model (Nargi-Aizenman and Griffin, 2001; Nargi-Aizenman et
al., 2004), we investigated the mechanisms by which NSV infec-
tion triggers excitotoxicity in motor neurons. Our findings sug-
gest that direct NSV destruction of motor neurons may be sepa-
rable from other, simultaneously active motor neuron death
pathways. Specifically, we propose that NSV activates extrinsic,
non-cell-autonomous bystander death in addition to its direct
destruction of infected cells.

In support of such a bystander mechanism, we found that
relatively few motor neurons are infected directly by NSV and
that astroglial glutamate transport is a critical mediator of motor
neuron death. We found that inhibition of GLT-1-mediated
transport potentiated motor neuron death in response to NSV
infection. Additionally, blockage of calcium-permeable AMPA
receptors protected NSV-infected animals from motor neuron
death. The motor neuron loss observed with NASPM-treated,
NSV-infected animals is likely attributable either to persistent
excitotoxic death of motor neurons via activation of AMPA or
NMDA glutamate receptors or to intrinsic death of infected mo-
tor neurons. We propose, therefore, that virus-induced dysregu-
lation of astrocyte-mediated glutamate transport mediated by
GLT-1 allows excess glutamate to accumulate extracellularly in
the CNS. This excess synaptic glutamate is bound by calcium-
permeable glutamate receptors on postsynaptic motor neurons,
causing the excitotoxic destruction of that cell whether it harbors
the virus or not.

Several lines of evidence suggest that GLT-1-mediated gluta-
mate transport is important in protecting neurons from excito-
toxic death and that downregulation of its function increases
extracellular glutamate and predisposes susceptible neurons to
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Figure6. GLT-1expressionin minocycline-treated, NSV-infected C65BL/6 mice. A, Hindlimb
grip strength in NSV-infected mice is preserved with minocycline treatment. 8, Motor neurons
are protected in the lumbar spinal cord in NSV-infected minocycline-treated, NSV-infected
mice. G, Immunoblot analysis of GLT-1 expression in minocycline-treated, NSV-infected mice
reveals sustained GLT-1 expression with Ponceau S staining as a loading control (LC). D, Quan-
titative analysis of triplicate immunoblots shows a preservation of GLT-1 expression after NSV
infection in minocycline-treated mice. Asterisks indicate that the intensity of GLT-1 from
minocycline-treated, NSV-infected mice is significantly different from GLT-1in untreated, NSV-
infected mice at indicated time points (p << 0.05). £, Functional GLT-1-mediated glutamate
uptake is increased in the lumbar spinal cord of (57BL/6 mice treated with minocycline (*p <
0.05; DHK day 6 relative to day 0). F, In NSV-infected mice treated with minocycline, functional
glutamate uptake is unchanged over time, suggesting that minocycline and NSV have opposite
effects that cancel each other.

excitotoxic injury (Rosenberg and Aizenman, 1989; Bridges et al.,
1991; Rosenberg et al., 1992; Robinson et al., 1993; Rothstein et
al., 1993, 1996; Dugan et al., 1995; Tanaka et al., 1997). To inves-
tigate further the role of the GLT-1 transporter in the NSV model,
we examined GLT-1 expression longitudinally over time. We
found a transient decrease in GLT-1 expression that recovered by
3 weeks after infection, which did not correlate with a loss of
GFAP staining, implying that the loss of GLT-1 was not attribut-
able to a loss of astrocytes. Western blot analysis of spinal cord
lysates from days 0 to 7 showed that GLT-1 expression began to
decline by day 3 after infection and continued to decline over the
study time course. The immunohistochemical staining and the
Western blot analysis lead us to believe that there was a reduction
in the amount of GLT-1 protein present. Furthermore, down-
regulation of GLT-1 protein expression correlated with loss of
glutamate transport function, which diminished immediately be-
fore the development of motor neuron injury.

Because the BALB/cBy mouse is relatively resistant to NSV
infection, we investigated GLT-1 expression in these animals over
the course of infection. Interestingly, we found that baseline glu-
tamate transport correlated well with host susceptibility to NSV.
Specifically, C57BL/6 mice (baseline spinal glutamate transport,
77 pmol - mg ~' - min ') were more susceptible than Lewis rats
(200 pmol-mg '+ min ") that were more susceptible than
BALB/cBy mice (434 pmol-mg ™'+ min~'). We hypothesize
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that these marked differences prevent glutamate transport from
dropping below a critical limit in more resistant hosts, reducing
or preventing motor neuron injury. It is therefore possible that
the maintenance of a significantly higher level of GLT-1-
mediated glutamate transport in the BALB/cBy mouse contrib-
utes to the resistance of that strain to NSV-mediated motor neu-
ron loss.

The GLT-1 promoter region recently has been found to have a
nuclear factor-«B (NF-«B) binding site, suggesting that the ex-
pression of GLT-1 can be controlled at a transcriptional level by
secreted factors (Su et al., 2003). Indeed, some inflammatory
cytokines are known to have a downregulatory effect on gluta-
mate transport (Huang and O’Banion, 1998; Hensley et al.,
2003). Sindbis virus elicits a significant inflammatory cytokine
response in the CNS (Mokhtarian et al., 1989; Wesselingh et al.,
1994; Rowell and Griffin, 1999; Binder and Griffin, 2001), many
of which are known to activate the NF-kB pathway. Therefore, a
possible mechanism to explain the GLT-1 downregulation in the
lumbar spinal cords of NSV-infected animals may be that inflam-
matory factors, secreted either by endogenous microglial cells or
influxing leukocytes, alter astrocyte function. Currently, we are
investigating whether the immune response is regionally specific
and, therefore, may modulate glutamate transport differentially
in the brain and spinal cord.

The finding that minocycline protects mice from NSV-
induced motor neuron death and prevents the loss of GLT-1
expression and function is consistent with the hypothesis that
GLT-1 transport is an important mediator of motor neuron in-
jury. Most studies examining the neuroprotective effects of mi-
nocycline have demonstrated diminished microglial activation
and often reduced leukocyte recruitment (Tikka et al., 2001;
Brundula et al., 2002). Both peripheral leukocytes and endoge-
nous microglial cells migrate to the site of injury and function in
damage control and initiation of the immune response by the
secretion of factors such as chemokines, cytokines, and nitric
oxide (for review, see Ransohoff and Tani, 1998; Biber et al.,
2002). In the CNS the effect that these molecules have on neigh-
boring astrocytes may be to cause them to alter their glutamate-
regulating capacity. Our data, using minocycline, suggest that
inhibition of microglial activation may prevent this loss of astro-
cyte function, resulting in the enhanced protection of motor neu-
rons from excitotoxic death.

Dysregulation of glutamate transporters is likely to play an
important role in both acute and chronic neurological processes
via altered synaptic transmission and via the facilitation of
glutamate-mediated excitotoxicity. In ALS the loss of glutamate
transport, specifically excitatory amino acid transporter-2
(EAAT?2; the human homolog of GLT-1), may contribute to mo-
tor neuron degeneration (Rothstein et al., 1992, 1995; Lin et al.,
1998). Antisense knockdown or functional blockade of glutamate
transporters produces neurotoxicity and can model the loss of
motor neurons in ALS (Rothstein et al., 1993, 1996). In other
neurologic disorders, such as Alzheimer’s disease, Huntington’s
disease, stroke, traumatic brain injury, and multiple sclerosis, loss
of excitatory synapses and disruption of glutamate transport are
an early common finding (Masliah et al., 1996; Pitt et al., 2000)
(for review, see (Gegelashvili et al., 2001). Finally, West Nile virus
causes a syndrome in humans that is pathologically identical to
Sindbis in rodents. Our study of the mechanisms involved in
motor neuron loss during NSV infection likely will shed light on
therapeutic targets for such diseases.
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