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Virus infection of neurons leads to different outcomes ranging from latent and noncytolytic infection to cell
death. Viruses kill neurons directly by inducing either apoptosis or necrosis or indirectly as a result of the host
immune response. Sindbis virus (SV) is an alphavirus that induces apoptotic cell death both in vitro and in
vivo. However, apoptotic changes are not always evident in neurons induced to die by alphavirus infection.
Time lapse imaging revealed that SV-infected primary cortical neurons exhibited both apoptotic and necrotic
morphological features and that uninfected neurons in the cultures also died. Antagonists of the N-methyl-n-
aspartate (NMDA) subtype of glutamate receptors protected neurons from SV-induced death without affecting
virus replication or SV-induced apoptotic cell death. These results provide evidence that SV infection activates
neurotoxic pathways that result in aberrant NMDA receptor stimulation and damage to infected and unin-

fected neurons.

Neuronal death is a tightly regulated process that is neces-
sary for proper development of the nervous system. However,
neuronal death that is inappropriate, either in timing or extent,
is also involved in production of disease associated with neu-
rodegeneration, stroke, and trauma (50). Similar to cell death
in other tissues, neuronal death can be characterized as either
apoptotic or necrotic. Apoptotic cell death, a caspase-depen-
dent programmed cell death, is important for the elimination
of unnecessary or potentially harmful cells and involves nu-
clear and cytoplasmic condensation, intranucleosomal DNA
cleavage, and blebbing of the cell into membrane-bound apo-
ptotic bodies. Necrotic, or lytic, cell death occurs following
intense cellular injury and is associated with swelling of the cell
body, increases in cellular volume, changes in plasma mem-
brane permeability, and release of cellular contents into the
extracellular space. The types of morphological changes that
occur during neuronal death depend on the developmental
state of the neuron and on the cell death stimulus (34, 50).

Sindbis virus (SV) is an enveloped, single-stranded, positive-
sense RNA alphavirus related to eastern, western, and Vene-
zuelan equine encephalitis viruses, important causes of acute
mosquito-borne encephalitis in the Americas (55). SV causes
fever, rash, and arthritis in humans but causes an age-depen-
dent encephalitis in mice and serves as a model for studying
viral encephalitis and neuronal damage caused by the enceph-
alitic alphaviruses (18). SV induces apoptotic cell death in vitro
and in vivo (35-37, 45, 60), but characteristic apoptotic changes
are not always evident in neurons induced to die by alphavirus
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infection (17, 19, 24, 51). As determined by caspase-3 activa-
tion, terminal deoxynucleotidyltransferase-mediated dUTP
nick end labeling positivity, and morphological changes, apo-
ptotic neurons are present in the hippocampi of infected ani-
mals (24; T. Kimura and D. E. Griffin, submitted for publica-
tion). However, swollen neurons without condensed apoptotic
nuclei can also be detected in this region, and SV-induced
motor neuron death does not appear to be apoptotic (24).
Therefore, the mechanism of SV-induced death appears to
differ according to the type and maturity of the infected neuron
(24, 30).

Neuronal excitotoxicity is mediated by excessive or pro-
longed activation of excitatory amino acid receptors and is
involved in the pathogeneses of ischemic brain injury, epilepsy,
and neurodegenerative diseases. Glutamate is an excitatory
amino acid neurotransmitter that triggers neuronal death when
it is present in excess quantities (11, 49). Excess glutamate
overstimulates a-amino-3-hydroxy-5-methyl-4-isoxazole propi-
onic acid (AMPA)-, kainate-, and N-methyl-p-aspartate
(NMDA)-type glutamate receptors, resulting in an influx of
Ca®", Na*, and Zn*" ions through channels gated by these
receptors. The resulting elevation in intracellular Ca®* acti-
vates phospholipases, oxidases, nitric oxide synthase, pro-
teases, and phosphatases and leads to lethal metabolic de-
rangements (references 34 and 47 and references therein). In
many types of mature neurons, glutamate-induced Ca®* influx
is mediated predominantly by NMDA receptors, and the treat-
ment of primary neuronal cultures with NMDA receptor an-
tagonists protects the cells from glutamate-induced death (10).
Furthermore, the ischemic release of glutamate can cause le-
thal excitation of surrounding neurons. Frequently, a mix of
both apoptotic and necrotic morphological changes follow
ischemic injury (34).

Excitotoxicity has been implicated in the pathogeneses of
some virus-induced diseases of the central nervous system.
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Lentivirus- and measles virus-induced central nervous system
damage may result, at least in part, from excitotoxic neuronal
death (4, 15, 16, 20, 39-41, 54, 57, 58). Interestingly, virus
antigen-negative apoptotic neurons can be detected following
alphavirus infection, suggesting that uninfected cells also die
during the infection process (2; Kimura and Griffin, submit-
ted). Using SV infection of primary cortical neurons as an in
vitro system of SV-induced neuronal death, the morphological
changes that occur in infected and uninfected neurons in the
same culture were examined. Treatment with NMDA receptor
antagonists revealed that the excitatory amino acid neurotrans-
mitter glutamate contributes to SV-induced neuronal death.

MATERIALS AND METHODS

Primary cortical-cell cultures. Primary cortical cells were prepared from ges-
tational day 18 Long-Evans rats as previously described (56). Briefly, the cortex
was dissected in Hanks balanced salt solution and digested in 10 U of papain
(Worthington Biochemical, Lakewood, N.J.)/ml in dissociation medium (80 mM
Na,S0,, 30 mM K,SO,, 6 mM MgCl,, 250 uM CaCl,, 1 mM HEPES, 20 mM
glucose, and 0.001% phenol red adjusted to pH 7.4 with 0.1 N NaOH). Disso-
ciated cortical cells were plated on poly-p-lysine- and laminin-coated 35-mm-
diameter glass-bottom dishes (MatTek Corporation, Ashland, Mass.) at 1.5 X
10° cells per dish in glutamine-free basal medium Eagle, 2 mM glutaMAX-I
supplement, 1% N-2 supplement, 10% fetal bovine serum, 5% horse serum, 100
U of penicillin/ml, and 100 pg of streptomycin (GIBCO, Grand Island, N.Y.)/ml
and maintained at 37°C in 5% CO,—95% room air for 5 days prior to use. Based
on morphology and immunohistochemical staining for F4/80 antigen (macro-
phages and microglia) and glial fibrillary acidic protein (astrocytes), >95% of the
cells were neuronal at the time of infection (D. Irani, unpublished data). Infec-
tion with recombinant SV expressing green fluorescent protein (SV-GFP) al-
lowed visualization of distinct cell types. Many cells had a pyramidal cell body, a
gradually tapering major apical dendrite that terminated in a branched tuft and
a number of basal dendrites typical of pyramidal neurons. Other neurons were
multipolar and had several equivalent primary branches (56).

Virus infection, viability assays, and time lapse imaging. SV-GFP was gener-
ated by cloning the cDNA encoding GFP (CLONTECH) into the SV clone
TE12Q genetically modified to contain a duplicate subgenomic mRNA promoter
and a unique BstEII cloning site downstream of the genes for the structural
proteins (9, 35). SV strain AR339 (referred to here as SV; American Type
Culture Collection, Manassas, Va.) and SV-GFP were produced and assayed by
plaque formation on BHK-21 cells. Cortical cells were infected at a multiplicity
of infection (MOI) of 5 with virus diluted in basal medium Eagle, 2 mM glu-
taMAX-I supplement, 0.5% fetal bovine serum, and N-2 supplement (infection
medium) or in infection medium containing either 300 pM D(—)-2-amino-5-
phosphonopentanoic acid (APV) (TOCRIS, Ballwin, Mo.), 3 pM MK-801 hy-
drogen maleate (Research Biochemicals International, Natick, Mass.), or 5 pM
tetrodotoxin (TTX) (Alexis Biochemicals, San Diego, Calif.). Control cells were
treated with appropriately diluted supernatant fluid from uninfected BHK cells.
After 1 h at 37°C, the medium was replaced with conditioned medium or con-
ditioned medium containing D-APV, MK-801, or TTX. Staurosporine (Sigma,
St. Louis, Mo.) was used at a concentration of 1.0 wM. Viability was assayed 24,
48, and 72 h postinfection (p.i.) by microscopic examination with computer-
assisted cell counting (IPLabSpectrum version 3.2) following staining of all nuclei
with 10 ug of Hoescht 33342/ml and staining of dead cell nuclei with 5 ug of
propidium iodide (PI)/ml in phosphate-buffered saline containing 25 mM glu-
cose. Digital imaging of Hoescht-stained nuclei was performed 24 and 48 h p.i.
Time lapse imaging was performed in a temperature-controlled environment 16
to 26 h p.i. with SV-GFP. PI (5 pg/ml) and a mineral oil overlay were added to
the culture media. Images for GFP and PI were acquired every 5 and 25 min,
respectively.

LDH and histone release assays. Cell death was assessed by measuring levels
of lactate dehydrogenase (LDH; Boehringer Mannheim, Indianapolis, Ind.) re-
leased into the culture supernatant. Cortical cells (1.5 X 10°) were infected at an
MOI of 5 and maintained for 24 or 48 h in 1.0 ml of infection medium or
infection medium with 300 uM APV. LDH activity was measured according to
the manufacturer’s instructions. Apoptotic cell death was assessed by measuring
cytoplasmic histone-associated DNA fragments (22, 28, 30). Uninfected, SV-
infected, APV-treated, or SV-infected and APV-treated cortical cells (1.5 X 10°)
were lysed 24 and 48 h p.i. The lysate was centrifuged at 200 X g for 10 min to
separate the cytoplasmic fraction from the cell nuclei. The presence of histone-
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FIG. 1. Cortical neurons are susceptible to SV-induced death. Cor-
tical cells were infected at an MOI of 5 with SV or SV-GFP. Viability
was assayed by PI exclusion. The results from four independent exper-
iments, each done in triplicate, are shown and are presented as the
mean percent viability = SD.

associated DNA fragments in cytoplasmic fractions was determined with anti-
bodies against both DNA and histone in a cell death detection enzyme-linked
immunosorbent assay (Boehringer Mannheim) according to the manufacturer’s
instructions. The results shown are from three independent experiments, each
done in triplicate, and are presented as the mean ratio of DNA-histone released
in infected wells to that released in uninfected wells (percent of control) = the
standard deviation (SD).

Calcium imaging. Measurement of the intracellular Ca®" concentration was
performed using the Ca®*-sensitive indicator fura-2 AM (Molecular Probes,
Eugene, Oreg.). At various times p.i., cells were loaded for 1 h with 5 uM fura-2
AM that had been sonicated for 30 s in conditioned cortical culture medium. The
cells were washed twice with a solution containing (in mM) NaCl, 140; KCl, 5;
CaCl,, 2; MgCl,, 0.8; HEPES, 10; and glucose, 10. Imaging was performed at
room temperature as previously described (29, 44). Fura-2 AM ratio imaging of
intracellular free Ca®>" was accomplished by measuring the background-cor-
rected fluorescence ratio at 340- and 380-nm excitation with a cooled charge-
coupled device camera system. A galvanometer-driven mirror assembly was used
to switch light from a 100-W mercury burner through two optical paths contain-
ing 340- and 380-nm excitation filters. The light was then recombined in a liquid
light guide coupled to the epifluorescence train of a Zeiss Axiovert 100 with an
40X 1.3-aperture oil immersion objective. Emission at 505 nm was passed
through a dichroic mirror and focused on the chip of a slow-scan cooled charge-
coupled device camera. Digitized images were acquired on disk using custom
software (kindly provided by David Linden, Johns Hopkins University). The
intracellular Ca®>" concentration per cell was derived from the ratio of the
average emission at 505 nm from both excitation wavelengths (340/380 ratio)
(21). For each timepoint, the intracellular Ca®* concentration was determined
for 120 to 200 cells, and the average concentration was plotted versus time.

RESULTS

SV infection is lethal for cortical neurons. SV infection is
rapidly lethal in freshly explanted dorsal root ganglion neu-
rons, whereas neurons differentiated for 6 weeks survive for
more than 2 weeks after infection (36). To determine if cul-
tured cortical neurons were susceptible to SV-induced death,
the viability of cortical neurons infected at an MOI of 5 was
determined by PI exclusion (Fig. 1). Cortical neurons died
rapidly after infection: by 72 h p.i., only 17% of the neurons
were viable. To visualize infected cells, a recombinant SV ex-
pressing GFP (SV-GFP) was constructed. The virulence of SV-
GFP in cortical neurons was equivalent to that of SV (Fig. 1).

SV induces both necrotic and apoptotic cell death in pri-
mary neuronal cultures. To determine the morphological
changes that occurred in SV-infected primary cortical neurons,
digital imaging of SV-GFP-infected cortical neurons was per-
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FIG. 2. SV infection induces apoptosis and lysis of cortical neurons. Cortical cells were infected at an MOI of 5 with SV-GFP. (A) Digital
images of Hoescht-stained nuclei of uninfected (a) and infected (b and c) cells. The nuclei of infected cells appear condensed and fragmented. (B)
Digital images of SV-GFP-infected cortical cells were acquired every 5 min. The arrow indicates an SV-infected cortical neuron that lysed during
the time interval shown. GFP, a small cytoplasmic protein, is released from the cell after loss of plasma membrane integrity. (C) Digital images
for PI were acquired every 25 min. PI (5 pg/ml) was included in the imaging medium. The cell indicated by the arrow is the same cell shown in
panel B and became PI positive and GFP negative in the 25-min interval shown. The arrowheads indicate cells adjacent to a lysed cell which became
PI positive.
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FIG. 3. SV-induced death of cortical neurons is ameliorated by
NMDA receptor antagonists. Cortical cells were infected at an MOI of
5 with SV with or without 300 uM APV or 3 M MK-801. Viability was
assayed by PI exclusion. The results from four independent experi-
ments, each done in triplicate, are shown and are presented as the
mean percent viability = SD (*, P = 0.0005 for APV + SV versus SV;
#, P = 0.004 for MK-801 + SV versus SV; +, P = 0.018 for APV +
SV versus SV by Student’s ¢ test).

formed 16 to 26 h p.i. By 24 h p.i., Hoescht staining revealed
condensed fragmented nuclei in approximately 5% of infected
neurons, suggesting that SV induced apoptotic cell death in
cortical neurons (Fig. 2A). The frequency with which apoptotic
nuclei were observed increased with the length of time after
infection (data not shown). Additionally, time lapse imaging
revealed that approximately 2% of the cortical neurons lysed
following infection with SV (Fig. 2B). Images for GFP were
digitally acquired at 5-min intervals and revealed that GFP, a
small cytoplasmic protein, disappeared from lysed cells. Imag-
ing for PI staining of nuclei, a marker of plasma membrane
integrity, was performed every 25 min (Fig. 2C). The inability
to exclude PI coincided with the loss of GFP detection, sug-
gesting that GFP leaked out of lysed cells after plasma mem-
brane integrity was lost. Infected as well as uninfected cells
adjacent to lysed cells often became PI positive immediately
following cell lysis (Fig. 2C). By 16 h p.i., 49% of neurons were
infected, as indicated by GFP positivity. During 8 h of imaging
(16 to 24 h p.i.), 4.5% of infected cells became PI positive. Of
the 51% of neurons that were GFP negative (i.e., uninfected),
7.1% became PI positive during these 8 h of imaging (data not
shown). Two percent of mock-infected cells became PI positive
during the same period. The viability in mock-infected cultures
at 24 h was 91%.

SV-induced death of cortical neurons is ameliorated by
NMDA receptor antagonists. To determine whether the death
of uninfected neurons resulted from the release of glutamate
and excitotoxic death mediated by Ca®* influx through NMDA
receptor-gated ion channels, infected cortical cells were
treated with either APV, a competitive NMDA receptor an-
tagonist, or MK-801, a noncompetitive NMDA receptor an-
tagonist (Fig. 3). Treatment of uninfected cortical cells with
NMDA receptor antagonists did not affect viability (control,
88.4%; APV, 94.3%; MK-801, 91.7%). Twenty-four hours p.i.,
cortical-cell viability was reduced to 56.0%. Treatment of in-
fected cells with either APV or MK-801 improved survival to
levels similar to that of the control (SV plus APV, 87.7%;
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FIG. 4. APV treatment of SV-infected cortical cells decreases cell
death without affecting DNA fragmentation. Cortical cells were in-
fected at an MOI of 5 with SV with or without 300 uM APV. (A) LDH
activity in the supernatant fluid 24 and 48 h p.i. The results from three
independent experiments, each done in triplicate, are shown and are
presented as the mean percent change in LDH release compared to
that of uninfected wells =+ standard error of the mean (#, P = 0.06 for
SV versus SV plus APV by Student’s ¢ test). (B) Apoptotic cell death
assessed by measuring cytoplasmic histone-associated DNA fragments
by enzyme-linked immunosorbent assay. Staurosporine was used at a
concentration of 1 pM for 24 h as a control for the induction of
apoptotic cell death. The results from three independent experiments,
each done in triplicate are shown. The percent of control was deter-
mined by dividing the absorbance reading from SV-infected cells by
the absorbance reading from mock-infected cells and multiplying this
ratio by 100. The results are presented as the mean percent of con-
trol = SD.

APV, 94.2%; SV plus MK-801, 82.6%; MK-801, 91.7%). APV
and MK-801-mediated protection of SV-infected cortical cells
was transient, and by 72 h p.i., the viabilities were similar (SV,
17.0%; SV plus APV, 18.3%; SV plus MK-801, 14.7%). APV
did not improve the viability of cortical neurons treated for
24 h with 1 wM staurosporine, a potent inducer of apoptotic
cell death (staurosporine, 49.3%; staurosporine plus APV,
46.1%). Thus, NMDA receptor blockade delayed SV-induced
death.

In vitro NMDA receptor blockade does not affect SV repli-
cation. To determine if NMDA receptor blockade improves
the survival of SV-infected cortical cells by inhibiting virus
replication, virus growth rates in the presence and absence of
APV were compared. NMDA receptor blockade did not alter
SV replication at either time point (24 h p.i., SV, 3.6 X 10% *
7.6 X 107 PFU/ml; SV plus APV, 82 X 10° = 1.9 x 10°
PFU/ml; 48 h p.i,, SV, 3.3 X 10% = 5.1 X 107 PFU/ml; SV plus
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APV, 3.6 X 10% = 2.0 X 10® PFU/ml). Additionally, MK-801
did not limit SV replication in vivo (J. L. Nargi-Aizenman,
unpublished results).

SV-induced neuronal death is not affected by treatment with
TTX. Primary cortical neurons are synaptically active (13, 14,
27), and toxic levels of the neurotransmitter glutamate can be
released from depolarized neurons. To determine if neuronal
death following SV infection resulted from the synaptic release
of glutamate, action potentials were blocked by treating in-
fected cells with the voltage-gated Na™ channel inhibitor TTX.
TTX treatment did not affect the viability of SV-infected cells
as assessed by PI exclusion (data not shown).

In vitro treatment of SV-infected cells with NMDA receptor
antagonists decreases cell death but does not affect apoptotic
cell death. To quantitate the protection conferred by NMDA
receptor blockade, LDH activity in the supernatant fluid of
SV-infected cell cultures was measured (Fig. 4A). LDH is a
stable cytoplasmic enzyme, and measurement of LDH release
was originally used to measure neuronal cell death occurring
via necrosis. However, because disintegration of late-stage ap-
optotic cells contributes to LDH release, this assay has also
been used to measure apoptosis in cortical-neuron cultures
(23, 31, 32, 38, 42). Therefore, quantitation of LDH release
reflects the total amount of cell death that occurs following SV
infection. APV treatment blocked 69% of LDH release 24 h
p.i. (P = 0.06). However, by 48 h p.i., NMDA receptor block-
ade no longer prevented cell death. Excitotoxic cell death can
be either apoptotic or necrotic depending on the intensity of
the injury and levels of intracellular Ca*" (34). To determine
whether NMDA receptor blockade affects SV-induced apopto-
tic cell death, cytoplasmic histone-associated DNA fragments
were measured (22, 28, 30) (Fig. 4B). During apoptotic cell
death, cellular DNA is cleaved into internucleosomal frag-
ments, and NMDA receptor blockade did not affect SV-in-
duced DNA fragmentation 24 or 48 h p.i. Thus, 24 h p.i., APV
improved the viability of infected cells without affecting apo-
ptotic cell death (Fig. 3 and 4).

SV infection increases intracellular calcium concentrations.
To determine if intracellular Ca®* concentrations increased
during SV infection, control and infected cells were loaded
with the Ca®*-sensitive indicator fura-2 AM and fluorescent
signals were acquired. By 22 h p.i.,, the average intracellular
Ca®" concentration was 131% that of the control, and by 50 h
p.i., it was 253% that of the control (Fig. 5).

DISCUSSION

Using primary cortical neurons as an in vitro model of SV
infection of neurons, we have shown that both apoptotic and
necrotic cell death occurred in infected neurons and that by-
stander death occurred in uninfected neurons. Glutamate ex-
citotoxicity was an important mediator of early virus-induced
neuronal death in these cultures. NMDA receptor antagonists
delayed virus-induced death without affecting virus growth but
did not prevent apoptotic cell death. Thus, neuronotropic vi-
ruses can induce neuronal cell death both directly and indi-
rectly and through more than one pathway.

SV was one of the first viruses shown to induce apoptosis in
infected cells (36), and subsequent studies have indicated that
SV induces apoptotic cell death both in vitro and in vivo
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FIG. 5. SV infection increases intracellular calcium concentrations.
At various times p.i., control and infected cells were loaded with the
Ca®"-sensitive indicator fura-2 AM and fluorescent images were ac-
quired. The results are presented as the average intracellular Ca®*
concentration per cell = the standard error of the mean (SEM) (x, P =
0.0006 for 22 versus 0 h; #*, P < 0.000006 for 50 versus 0 h by Student’s
t test). The SEMs at 16 and 22 h p.i. are too small to appear on a graph
at this scale.

(35-37, 45, 60). In continuous lines of proliferating cells, SV
triggers apoptosis at the cell membrane during the process of
virus fusion and entry (25, 26). Neuronal susceptibility to ap-
optosis is determined in part by neuronal maturity (36) and is
influenced by the levels of expression of cellular regulators of
the death process, the amount of virus initiating infection, and
the neurovirulence of the infecting virus (19). However, char-
acteristic apoptotic changes are not always detected in neurons
induced to die by alphavirus infection (17, 19, 24, 51). For
instance, the motor neurons of paralyzed SV-infected mice do
not exhibit apoptotic changes, although apoptotic neurons are
present in the hippocampi of the same mice (24). The reasons
for these site-specific differences are not clear, but such differ-
ences indicate that SV can induce neuronal death by more than
one pathway. Both apoptotic and necrotic changes have also
been detected in cells infected with Semliki Forest virus, po-
liovirus, human herpesvirus 7, and murine polyomavirus (1, 3,
17, 52). For polyomavirus-infected cells, necrotic death pre-
dominates early in infection, and apoptosis is detected only at
later time points (3). This is similar to our observations of
SV-infected primary cortical neurons, which had both apopto-
tic and necrotic changes. Therefore, even neurons from the
same region of the brain can respond in different ways to virus
infection. This may reflect an inherent heterogeneity in the
cortical-neuron population or differential virus exposure.
However, at least half of the dying neurons in our cortical-
cell cultures were not infected with SV. Bystander neuronal-
cell death occurs in other paradigms of neuronal injury. Neu-
rotoxic insults, such as ischemia or stroke, trigger excitotoxic
cell death that is rapidly necrotic in the most severely affected
areas, but apoptosis subsequently occurs in areas distal to the
ischemic focus (34). The severity of injury, neuronal maturity,
the availability of trophic support, and the concentration of
intracellular free Ca®* may, in part, determine which process
predominates (5, 34). As NMDA receptor blockade delayed
virus-induced death and reduced LDH release early after SV
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FIG. 6. Model of SV-induced glutamate release. SV infection decreases cellular Na*K"-ATPase activity, increases intracellular Na* concen-
trations, and causes membrane depolarization. The opening of voltage-dependent Ca** channels may allow entry of toxic levels of Ca*>* and induce
cellular lysis with direct release of glutamate. Excess glutamate activates glutamate receptors on neighboring neurons, leading to the excitotoxic
death of both infected and uninfected cells. Glutamate receptor blockade would protect both infected and uninfected cells from bystander death.

The open circles at cell membranes indicate SV-infected cells.

infection but did not affect SV-induced apoptotic cell death, it
is possible that NMDA receptor blockade prevented SV-in-
duced necrotic cell death. By 72 h p.i.,, APV and MK-801 no
longer conferred protection, suggesting that other cell death
pathways, such as overstimulation of the AMPA subtype of
glutamate receptors (8, 43, 46, 53, 63) or virus-induced cer-
amide release (25), contributed to SV-induced cell death in
vitro. These results provide evidence that SV infection acti-
vates neurotoxic pathways that result in aberrant NMDA re-
ceptor stimulation and neuronal damage.

The death of uninfected neurons and oligodendrocytes lo-
cated close to infected cells has been observed in the brains of
mice infected with dengue and Theiler’s viruses (12, 59). Re-
ovirus infection also induces apoptosis in both infected and
uninfected cells (48). Postulated mechanisms include the re-
lease of toxic factors, loss of trophic support from infected
connecting neurons, and binding of virus particles to cell sur-
face receptors. Our results suggest that glutamate-induced ex-
citotoxicity is an additional mechanism. SV induces apoptosis
at an early step of virus entry, so virus replication may not be
required to induce cell death (26), but release of glutamate
from necrotic SV-infected cells could cause excitotoxic damage
to adjacent neurons, regardless of their infection status. The
type of neuron death would depend on the amount of gluta-
mate released.

Toxic levels of glutamate can be synaptically released from
depolarized neurons. However, TTX treatment did not affect

the viability of SV-infected cells, suggesting that synaptic trans-
mission was not responsible for excess glutamate release. Al-
phavirus infection decreases cellular Na*K*-ATPase activity,
resulting in increased intracellular Na™ concentrations, mem-
brane depolarization, and opening of voltage-dependent ion
channels (7, 61, 62). Entry of toxic levels of Ca** through
voltage-gated Ca®" channels could cause cellular lysis with
release of glutamate and trigger cell death in adjacent neurons
regardless of their infection status (Fig. 6). Intracellular Ca*"
levels were elevated only late in infection. In contrast to that of
nonneuronal cells, neuronal apoptosis can be attenuated by
increasing intracellular Ca®" levels, suggesting that decreased
intracellular Ca** contributes to apoptotic neuronal death (6,
33). As both apoptotic and necrotic cell death pathways are
activated during in vitro SV infection, decreases in intracellular
Ca®" concentrations in apoptotic cells may have hindered de-
tection of increased Ca®* levels in necrotic neurons at all of
the time points studied. Since NMDA receptor blockade did
not affect apoptotic cell death, glutamate-induced excitotoxic
death of infected, as well as bystander, cells was most likely
necrotic. Excitotoxic death of uninfected cells represents a
novel mechanism by which neuronal loss occurs during SV
infection.
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