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Neurobiology of Disease

Human Immunodeficiency Virus Type 1 gp120 Induces
Apoptosis in Human Primary Neurons through Redox-
Regulated Activation of Neutral Sphingomyelinase

Arundhati Jana and Kalipada Pahan

Section of Neuroscience, Department of Oral Biology, University of Nebraska Medical Center, Lincoln, Nebraska 68583

Human immunodeficiency virus type 1 (HIV-1) infection is known to cause disorders of the CNS, including HIV-associated dementia
(HAD). HIV-1 coat protein gp120 (glycoprotein 120) induces neuronal apoptosis and has been implicated in the pathogenesis of HAD.
However, the mechanism by which gp120 causes neuronal apoptosis is poorly understood. The present study underlines the importance
of gp120 in inducing the production of ceramide, an important inducer of apoptosis, in human primary neurons. gp120 induced the
activation of sphingomyelinases (primarily the neutral one) and the production of ceramide in primary neurons. Antisense knockdown
of neutral (NSMase) but not acidic (ASMase) sphingomyelinase markedly inhibited gp120-mediated apoptosis and cell death of primary
neurons, suggesting that the activation of NSMase but not ASMase plays an important role in gp120-mediated neuronal apoptosis.
Similarly, the HIV-1 regulatory protein Tat also induced neuronal cell death via NSMase. Furthermore, gp120-induced production of
ceramide was redox sensitive, because reactive oxygen species were involved in the activation of NSMase but not ASMase. gp120 coupled
CXCR4 (CXC chemokine receptor 4) to induce NADPH oxidase-mediated production of superoxide radicals in neurons, which was
involved in the activation of NSMase but not ASMase. These studies suggest that gp120 may induce neuronal apoptosis in the CNS of HAD

patients through the CXCR4 -NADPH oxidase-superoxide-NSMase- ceramide pathway.
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Introduction
Human immunodeficiency virus type 1 (HIV-1)-associated de-
mentia (HAD) refers to the severe form of neurological disabili-
ties that is observed in 20—30% of patients in the late stages of
acquired immunodeficiency syndrome (AIDS) (Kolson and
Gonzalez-Scarano, 2000). From a clinical standpoint, HAD is
characterized by neurologic impairments manifested by cogni-
tive, behavioral, and motor dysfunction (Wiley et al., 1986; Bag-
asra et al., 1996; Saha and Pahan, 2003). This steadily (or, in some
cases, abruptly) proceeds to severe global dementia and mute-
ness. Histopathologically, it is identified by infiltration of inflam-
matory cells into the CNS, gliosis, abnormalities of dendritic pro-
cesses, and neuronal apoptosis (Wiley et al., 1986; Bagasra et al.,
1996; Saha and Pahan, 2003). Without treatment, AIDS patients
usually die within 4 months of the onset of HAD, which is much
less than one-half of the survival expectancy of untreated AIDS
patients without HAD (Bindels et al., 1991).

Several studies have established HAD as a consequence of
HIV-1 infection of the brain rather than of an opportunistic
pathogen. However, the exact mechanism by which the virus
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causes this disorder is not completely understood. A number of
HIV-1 proteins have been shown to be released from HIV-1-
infected cells and/or to be present in the extracellular milieu in
the HIV-1-infected brain (Brew et al., 1995; Saha and Pahan,
2003). Some of these proteins have been shown to possess neu-
rotoxic properties (Lipton et al., 1991; Dawson et al., 1993; Ben-
nett et al., 1995; Liu et al., 2002). One such protein is gp120
(glycoprotein 120), the viral envelope glycoprotein, which is shed
from HIV-infected macrophages during viral replication. It has
been suggested that gp120 may be the etiological agent for the
observed neuronal loss in postmortem brains of HIV-positive
patients. Indeed, gp120 causes cell death in various neuronal
populations in vitro, including midbrain dopaminergic neurons,
hippocampal, cortical, and cerebellar granule neurons (Lipton et
al., 1991; Dawson et al., 1993; Bennett et al., 1995), as well as in
vivo in rodent brains (Bansal et al., 2000). However, the mecha-
nism by which gp120 leads to apoptosis and cell death in neurons
is essentially unknown.

Because ceramide, the lipid second-messenger molecule pro-
duced from the degradation of sphingomyelin by sphingomyeli-
nases (SMases), induces apoptosis and cell death in various cell
types, including glial and neuronal cells (Brugg et al., 1996; Han-
nun, 1996; Wiesner and Dawson, 1996; Singh et al., 1998; Ruvolo,
2003), we decided to investigate the effect of gp120 on the induc-
tion of ceramide production in neuronal cells. Here, we present
the evidence that gp120 induces the activation of sphingomyeli-
nases and the production of ceramide in human primary neu-
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rons. We also show that the activation of neutral (NSMase) but
not acidic (ASMase) sphingomyelinase plays the vital role in
gp120-mediated apoptosis of neurons and that CXCR4 (CXC
chemokine receptor 4)-coupled NADPH oxidase-mediated su-
peroxide production in neurons is responsible for gpl20-
induced activation of neutral sphingomyelinase.

Materials and Methods

Reagents. Neurobasal media and B27 supplement were purchased from
Invitrogen (San Diego, CA). HIV-1 coat protein gp120 (expressed in
Chinese hamster ovary cells; strain, HIV-1 MN) was obtained from US
Biological (Swampscott, MA). Recombinant human stromal-derived
factor-1a (SDF-1a) was purchased from R & D Systems (Minneapolis,
MN). HIV-1 gp120 monoclonal antibodies (mAbs) (2G12) capable of
neutralizing HIV-1 MN, HIV-1 Tat (86 amino acid protein produced in
Escherichia coli), HIV-1 Tat monoclonal antibodies (1D9), and
AMD3100 were obtained from National Institutes of Health AIDS Research
and Reference Program. Antibodies against p22phox, glial fibrillary acidic
protein (GFAP), and MAP-2 (microtubule-associated protein-2) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Phosphorothioate-labeled antisense and scrambled oligodeoxynucleo-
tides were synthesized in the DNA-synthesizing facility of Invitrogen.

Isolation of human primary neurons. Human primary neurons were
prepared as described previously (Zhang et al., 2002) with some modifi-
cations. All of the experimental protocols were reviewed and approved by
the Institutional Review Board (IRB number 224-01-FB) of the Univer-
sity of Nebraska Medical Center. Briefly, 11- to 17-week-old fetal brains
obtained from the Human Embryology Laboratory (University of Wash-
ington, Seattle, WA) were dissociated by trituration and trypsinization
(0.25% trypsin in PBS at 37°C for 15 min). The trypsin was inactivated
with 10% heat-inactivated FBS (Mediatech, Washington, DC). The dis-
sociated cells were filtered successively through 380 and 140 wm meshes
(Sigma, St. Louis, MO) and pelleted by centrifugation. The cell pellet was
washed once with PBS and once with Neurobasal media containing 2%
B27 and 1% antibiotic—antimycotic mixture (Sigma). In the first step,
neurons were enriched by allowing the cells (3 X 10%/ml) to adhere to
poly-p-lysine-coated plates or coverslips for 5 min. Nonadherent cells
were removed, and adherent cells (mostly neurons) were further treated
with 10 uM cytosine arabinoside (AraC) for 10 d to prevent proliferation
of dividing cells. More than 98% of this preparation was positive for
MAP-2, a marker for neurons.

Treatment of primary neurons. During treatment with gp120, cells were
incubated in Neurobasal medium containing 2% B27 supplement with-
out antioxidant (Invitrogen).

Assay of neutral and acidic sphingomyelinases. Activities of SMase(s)
were assayed as described previously (Liu et al., 1998). Briefly, after stim-
ulation, the cells were washed with PBS, harvested, and resuspended in
buffer A (100 mum Tris-HCI, 0.1% Triton X-100, 1 mm EDTA, and pro-
tease inhibitors, pH 7.4). The cell suspension was sonicated and centri-
fuged at 500 X g at 4°C for 5 min. The supernatant was used as the
enzyme source. For NSMase, the reaction mixture contained enzyme
preparation in 100 mum Tris-HCI, 5 nmol of [ '*C]sphingomyelin, 5 nmol
of phosphatidylserine, 5 mm DTT, 0.1% Triton X-100 (1.54 mm), and 5
mm MgCl,, pH 7.4, in a final volume of 100 ul. ASMase activity was
measured in a 100 pl reaction mixture consisting of enzyme preparation
in 100 mm sodium acetate, 5 nmol of [ '*C]sphingomyelin, and 0.1%
Triton X-100, pH 5.0. The enzyme reaction was initiated by the addition
of 50 ul of substrate and stopped by the addition of 1.5 ml of chloroform/
methanol (2:1, v/v) and 0.2 ml of water. After vortexing and phase sepa-
ration, aqueous phase was removed for counting.

Assay of superoxide production. Superoxide production was detected by
LumiMax Superoxide Anion Detection kit (Stratagene, La Jolla, CA)
following the protocol of the manufacturer. Briefly, 5 X 10> cells sus-
pended in 100 ul of superoxide anion (SOA) assay medium were added
to 100 ul of reagent mixture containing 0.2 mm luminol, 0.25 mMm en-
hancer, and 2 uMm of either native gp120 or boiled gp120 in SOA assay
medium. Light emission was recorded at regular intervals in a TD-20/20
Luminometer (Turner Designs, Sunnyvale, CA).
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Lipid extraction. Approximately 5 X 10° cells were exposed to gp120
for different periods of time, and lipids were extracted according to the
methods described previously (Pahan et al., 1998, 2000).

Quantification of ceramide levels by diacylglycerol kinase assay. Cer-
amide content was quantified using diacylglycerol (DAG) kinase as de-
scribed previously (Pahan et al., 1998, 2000). Briefly, dried lipids were
solubilized in 20 ul of an octyl B-p-glucoside—cardiolipin solution (7.5%
octyl B-p-glucoside and 5 mum cardiolipin in 1 mwm diethylenetriamine-
pentaacetic acid) by sonication in a sonicator bath. The reaction was then
performed in a final volume of 100 ul containing the 20 ul sample solu-
tion, 50 mm imidazole HCI, 50 mm NaCl, 12.5 mm MgCl,, 1 mm EGTA, 2
mu dithiothreitol, 6.6 ug of DAG kinase, and 1 mm [y- 32P]ATP (specific
activity of 1-5 X 10° cpm/nmol), pH 6.6, for 30 min at room tempera-
ture. The labeled ceramide-1-phosphate was resolved with a solvent sys-
tem consisting of methyl acetate/n-propanol/chloroform/ methanol/
0.25% KCl in water/acetic acid (100:100:100:40:36:2). A standard sample
of ceramide was phosphorylated under identical conditions and devel-
oped in parallel. Both standard and experimental samples had identical
Ry values (0.46). Quantification of ceramide-1-phosphate was per-
formed by autoradiography and densitometric scanning by a FluorChem
8800 Imaging System (Alpha Innotech, San Leandro, CA). Values are
expressed as either arbitrary units (absorbance) or percentage change.

Immunostaining of MAP-2, GFAP, and p22phox. Briefly, coverslips
containing 200-300 cells/mm* were fixed with 4% paraformaldehyde
for 20 min, followed by treatment with cold ethanol (—20°C) for 5 min
and two rinses in PBS. Samples were blocked with 3% BSA in PBS con-
taining Tween 20 (PBST) for 30 min and incubated in PBST containing
1% BSA and goat anti-p22phox (1:50), rabbit anti-GFAP (1:50), or goat
anti-MAP-2 (1:50). After three washes in PBST (15 min each), slides were
further incubated with Cy5 (Jackson ImmunoResearch, West Grove,
PA). For negative controls, a set of culture slides was incubated under
similar conditions without the primary antibodies. The samples were
mounted and observed under a Bio-Rad (Hercules, CA) MRC1024ES
confocal laser-scanning microscope.

Fragment end labeling of DNA. Fragmented DNA was detected in situ
by the terminal deoxynucleotidyl transferase (TdT)-mediated binding of
3’-OH ends of DNA fragments generated in response to apoptotic sig-
nals, using a commercially available kit (TdT FragEL) from Calbiochem
(LaJolla, CA). Briefly, coverslips were treated with 20 ug/ml proteinase K
for 15 min at room temperature and washed before TdT staining.

Cell viability measurement. Mitochondrial activity was measured with
the  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) assay (Sigma).

Lactate dehydrogenase measurement. The activity of lactate dehydroge-
nase (LDH) was measured using the direct spectrophotometric assay
using an assay kit from Sigma.

Results

HIV-1 gp120 leads to cell death and apoptosis in human
primary neurons

gp120 has been shown to induce apoptosis in different types of
neuronal cells (Lipton et al., 1991; Dawson et al., 1993; Bennett et
al., 1995). It can also induce neuronal apoptosis in the absence of
glia (Bachis etal., 2003). At first, we examined whether gp120 was
able to induce apoptosis and cell death in human primary neu-
rons. Cells were treated with 200 pm gp120 for 6 hr, followed by
analysis of apoptotic bodies by terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling
(TUNEL). It is apparent from Figure 1A that gp120 treatment
markedly induced TdT-mediated labeling of DNA fragments. In
the other set of experiments, cells were treated with gp120 for 18
hr, followed by immunostaining with antibodies against MAP-2.
We observed loss of neuronal processing and marked loss of
MAP-2 immunoreactivity after gp120 treatment (Fig. 1B). To
understand whether the effect of gp120 is specific, gp120 was
boiled for 5 min, and cells were treated with denatured gp120 for
18 hr. In contrast to the effect of native gp120 on MAP-2 immu-
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Figure1. gp120inducesapoptosisand cell death in human primary neurons. A, Coverslips containing human primary neurons

were incubated with 200 pm gp120 for 6 hr, followed by TdT-mediated end labeling of 3'-OH ends of DNA fragments. B, After 18

hr of treatment with 200 pm gp120, cells were immunostained with MAP-2.

noreactivity, denatured gp120 was unable to induce the loss of
neuronal processing and MAP-2 immunoreactivity (data not
shown).

HIV-1 gp120 induces the production of ceramide in human
primary neurons

Cells were treated with gp120, and the level of ceramide was
measured at different time periods using the DAG kinase assay.
We found that the production of ceramide in response to gp120
increased steadily from 30 min to 6 hr of incubation in human
primary neurons (Fig. 2A). Within 30 min of treatment, gp120
was able to induce an increase in the level of ceramide by approx-
imately threefold, and, with additional increase in duration of
treatment, the level of ceramide increased markedly (Fig. 2A).
Because DAG kinase phosphorylates both DAG and ceramide
using [y-**P]ATP as substrate, both lipids can be quantified in
the same assay. Although the DAG content was much higher than
the ceramide content, the level of DAG was unchanged at differ-
ent time points of stimulation, in contrast to a time-dependent
increase in the production of ceramide (Fig. 2 B).

HIV-1 gp120 induces the activation of sphingomyelinases in
human primary neurons

Five distinct sphingomyelinases have been identified based on
their pH optima, cellular localization, and cation depen-
dence (Hannun, 1996; Ruvolo, 2003). However, the neutral
membrane-bound Mg>*-independent sphingomyelinase and
the lysosomal acid pH-optimum sphingomyelinase have been the
best studied for their roles in ceramide generation (Hannun,
1996; Ruvolo, 2003). Because gp120 induced the generation of
ceramide, we investigated whether gp120 was capable of inducing
the activation of NSMase and ASMase. Marked induction of
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B NSMase activity was observed at 10 min of
treatment with gp120, with the maximum
induction (approximately fivefold) ob-
served at 1 hr (Fig. 2C). Although gp120
also induced the activation of ASMase
(Fig. 2D), the level of its induction was
much lower than that of NSMase (Fig. 2C).
To understand the optimum dose of gp120
for the activation of sphingomyelinases,
cells were treated with different doses of
gp120, and, after 1 hr of stimulation, activ-
ities of NSMase and ASMase were mea-
sured. It is evident from Figure 2, E and F,
that gp120 was able to induce the activa-
tion of NSMase and ASMase, even at 25
pM. However, maximum induction of NS-
Mase was observed at 200 pm or higher
concentration of gp120 (Fig. 2E). On the
other hand, maximum induction of
ASMase was observed at 100 pm or higher
concentration of gp120 (Fig. 2F). To
prove that gp120 but not any contami-
nant in the gpl20 preparation is in-
volved in the activation of SMase, we
investigated the effect of HIV-1 gp120
monoclonal antibodies (2G12) on
gp120-induced activation of NSMase.
Marked inhibition of gp120-induced ac-
tivation of NSMase in neurons by differ-
ent doses of gp120 monoclonal antibody
2G12 but not control (IgG1) mAb (Fig.
2G) suggests that the effect is caused by gp120.

Recently, glial activation has been attributed to be one of the
major causes of several neurodegenerative disorders, including
HAD (Bezzi et al., 2001; Saha and Pahan, 2003). Our human fetal
neuronal preparation contains essentially neurons, because these
cells were first selected based on differential attachment property
of neurons and glia on poly-D-lysine-coated surface and then
grown in the presence of AraC. However, a few glial cells (~2%)
are present as a contaminant. Although challenged in several
studies (Dawson et al., 1993; Bachis et al., 2003), it has been
proposed that gp120 toxicity depends predominantly on the ac-
tivation of microglia (Bezzi et al., 2001). After activation, micro-
glia is known to produce several proinflammatory cytokines, in-
cluding tumor necrosis factor-a (TNF-«) (Saha and Pahan,
2003). Because TNF-« is a prototype inducer of NSMase (Han-
nun, 1996), we were prompted to investigate whether TNF-« had
any role in gp120-induced neuronal activation of NSMase. How-
ever, neutralizing antibodies against human TNF-a (clone
28401; R & D Systems) capable of blocking TNF-a-induced acti-
vation of NSMase had no effect on gp120-induced activation of
NSMase in human primary neurons (data not shown), suggest-
ing that, in our experimental setup, glial activation does not play
a role in gp120-induced activation of NSMase in neurons. Fur-
thermore, these results also suggest that gp120 induces activation
of NSMase in neurons independent of TNF-c.

HIV-1 gp120 induces apoptosis and cell death in human
primary neurons through the activation of NSMase

Next, we decided to investigate the role of NSMase and ASMase
in gp120-mediated neuronal damage. Antisense oligonucleotides
provide an effective tool with which to investigate the in vivo
functions of different proteins in primary neurons. Using the
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Figure 2.  Effect of gp120 on the induction of ceramide production and the activation of
NSMase and ASMase in human primary neurons. Cells were incubated with 200 pm gp120 for
different time intervals. Lipids were extracted, and ceramide (A) and DAG (B) contents were
determined. Activities of NSMase ( () and ASMase (D) were assayed in total-cell extract. Cells
were treated with different concentrations of gp120 for 1 hr. Activities of NSMase (£) and
ASMase ( F) were assayed. G, Cells preincubated with anti-gp120 mAb (2G12) and control 1gG1
for 30 min were treated with 200 pm gp120. Activity of NSMase was assayed after 1 hr of treatment.
Control group served as 100%, and data from other groups were expressed as percentage of control.
Results are mean = SD of three different experiments. %p << 0.001 versus 0 hr.

method of Bloomfield and Giles (1992) and based on the trans-
lational initiation site, we selected different antisense (ASO) and
scrambled (ScO) oligonucleotide sequences against human
NSMase and ASMase and screened their efficacy to inhibit

Jana and Pahan ¢ gp120 Kills Neurons via Neutral Sphingomyelinase

gp120-induced activation of respective SMase in primary neu-
rons. After screening of several antisenses, we found the following
specific ASO and ScO against NSMase and ASMase: NSMase,
ASO, 5'-CAGCGAGCCCGTCCACCAGCC-3'; ScO, 5'-CACG-
CGTCCGACGCCGCACGA-3'; ASMase, ASO, 5'-GACATC-
TCGGAGCCGGGGCA-3"; ScO, 5'-GGAAACCCGGTTAGG-
CCCGG-3'.

As observed in Figure 3, A and B, ASO against NSMase mark-
edly inhibited gp120-induced activation of NSMase but not
ASMase. Similarly, ASO against ASMase inhibited gp120-
induced activation of ASMase but not NSMase. On the other
hand, respective scrambled oligonucleotides did not influence
the activation of either NSMase or ASMase in gp120-treated pri-
mary neurons (Fig. 3A,B). Next, we investigated the effect of
antisense knockdown of NSMase and/or ASMase on gp120-
induced neuronal apoptosis. Under the experimental condition
of ASO-ScO treatment, gp120 treatment resulted in a marked
increase in apoptosis (Fig. 3C,F). However, ASO but not ScO
against NSMase markedly blocked gp120-induced apoptosis of
primary neurons (Fig. 3C—F). On the other hand, ASO against
ASMase did not inhibit gp120-induced apoptosis (Fig. 3F). To
further confirm this observation, we examined gp120-induced
cell death in ASO- and ScO-treated neurons. Cell viability was
determined by the MTT metabolism assay. After 18 hr of treat-
ment, gp120 reduced cell viability, as evidenced by a decrease in
MTT metabolism (Fig. 3G). Interestingly, ASO against NSMase
but not ASMase effectively prevented gp120-induced loss of
MTT metabolism (Fig. 3G). Similarly, gp120 also induced an
increase in LDH release, and treatment of cells with ASO against
NSMase but not ASMase resulted in significant reduction in LDH
release (Fig. 3H ). On the other hand, ScO against NSMase had no
effect on gp120-induced loss of MTT metabolism (Fig. 3G) and
increase in LDH release (Fig. 3H). These studies suggest that
activation of NSMase but not ASMase plays the key role in gp120-
mediated neuronal apoptosis and cell death.

Does HIV-1 regulatory protein Tat also induce neuronal cell
death via NSMase?

We investigated whether, in a manner similar to gp120, another
neurotoxic HIV-1 protein such as Tat (Kolson and Gonzalez-
Scarano, 2000; Saha and Pahan, 2003) also induces cell death in
human primary neurons via NSMase. At first, we examined
whether recombinant Tat is capable of activating NSMase and/or
ASMase. As evident in Figure 4 A, Tat induced the activation of
NSMase at a different time period of stimulation. Inhibition of
Tat-induced activation of NSMase in neurons by HIV-1 Tat
monoclonal antibody 1D9 (data not shown) suggests that the
effect is caused by Tat but not any contaminant. In contrast to
gp120 (Fig. 2C), Tat was unable to induce activation of NSMase at
minute intervals; however, with an increase in the time of incu-
bation, Tat markedly induced the activation of NSMase (Fig. 4 A).
On the other hand, Tat was unable to induce the activation of
ASMase in neurons under the same condition (data not shown).
Next, we examined whether antisense knockdown of NSMase
was capable of preventing Tat-induced neuronal death. After 18
hr of treatment, Tat reduced cell viability, as evidenced by a de-
crease in MTT metabolism (Fig. 4 B). However, ASO but not ScO
against NSMase markedly prevented gp120-induced loss of MTT
metabolism (Fig. 4 B), suggesting that Tat also induces neuronal
cell death via NSMase.
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Figure 3.  Effect of antisense oligonucleotides against NSMase and ASMase on gp120-mediated cell death in human primary
neurons. Cells received 1 um of either ASO or ScO against NSMase and ASMase. After 48 hr of incubation, cells were treated with
200 pm gp120, and, after 1 hr of stimulation, activities of NSMase (A4) and ASMase (B) were measured. Coverslips containing
primary neurons were preincubated with T .m ASO or ScO against NSMase and ASMase for 40 hr, followed by stimulation with 200
pm gp120. Control cells received only vehicle (PBS). After 6 hr of stimulation, TUNEL (C, control; D, ASO; £, ScO) was performed.
TUNEL-positive (+ve) cells were counted manually in four differentimages of each of three coverslips by three blinded individuals
(F). Cells preincubated with 1 v ASO or ScO against NSMase and ASMase for 40 hr received 200 pm gp120. After 18 hr of
stimulation, cells were subjected to MTT reduction activity assay ( G), and culture medium was collected for LDH release assay (H).
Values obtained from the control group served as 100%, and data obtained in other groups were calculated as percentage of
control accordingly. Results are mean == SD of three different experiments. p << 0.001 versus gp120. ns, Not significant.
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Involvement of reactive oxygen species
in gp120-induced production of
ceramide and activation of NSMase in
human primary neurons

Next, we investigated mechanisms by
which gp120 induced the activation of
NSMase in neurons. Previous observa-
tions (Liu et al., 1998; Singh et al., 1998)
that reactive oxygen species (ROS) are in-
volved in cytokine-induced production of
ceramide and activation of NSMase
prompted us to investigate whether ROS
play a role in gp120-induced production
of ceramide and activation of NSMase in
neurons. We examined the effect of anti-
oxidants [N-acetylcysteine (NAC) and
diphenyliodonium (DPI)] on gp120-induced
production of ceramide and activation of
SMases. Interestingly, both NAC and DPI
dose dependently prevented gpl20-
induced generation of ceramide (Fig. 5A),
suggesting that gp120-induced ceramide
generation in neurons is redox sensitive.
Next, we investigated whether gp120-
induced activation of NSMase and/or AS-
Mase is redox sensitive. Although both
NAC and DPI inhibited gp120-induced
activation of NSMase (Fig. 5B), these two
antioxidants had no effect on the activa-
tion of ASMase (Fig. 5C), suggesting that
gp120-induced activation of NSMase but
not ASMase is redox sensitive.

Involvement of NADPH oxidase in
gp120-induced activation of NSMase in
human primary neurons

Next, we attempted to identify the ROS-
producing molecule that couples gp120 to
NSMase in neurons. Because NADPH ox-
idase is capable of producing ROS (super-
oxide radicals) in response to different
stimuli (Bokoch and Knaus, 2003), we in-
vestigated whether human primary neu-
rons expressed NADPH oxidase. Immu-
nofluorescence analysis in Figure 6A as
well as Western blot analysis in Figure 6 B
showed that control neurons abundantly
expressed p22phox, a subunit of NADPH
oxidase. Next, we were prompted to inves-
tigate whether human primary neurons
produce superoxide radicals in response to
gp120. Interestingly, treatment of primary
neurons with gpl20 resulted in time-
dependent release of superoxide (Fig. 6C).
The production of superoxide was ob-
served as early as 60 sec of stimulation,
peaked at 90 sec of stimulation, and de-
creased afterward. To confirm that
p22phox is responsible for gp120-induced
production of superoxide in neurons, we
used ASO against human p22phox. We se-
lected several antisenses and screened for
their efficacy to inhibit the protein expres-
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Figure 4.  Role of NSMase in Tat-mediated cell death in human primary neurons. 4, Cells
were incubated with 100 ng/ml Tat for different time intervals. Activity of NSMase was assayed
in total-cell extract. B, Cells received 1 pum of either ASO or Sc0 against NSMase. After 40 hr of
incubation, cells were treated with 100 ng/ml Tat, and, after 18 hr of treatment, cells were
subjected to MTT reduction activity assay. Values obtained from the control group (Cont) served
as 100%, and data obtained in other groups were calculated as percentage of control accord-
ingly. Results are mean = SD of three different experiments. “p << 0.001 versus Tat.

sion of p22phox by Western blot. Following ASO but not ScO
against p22phox effectively inhibited the expression of p22phox
in neurons (Fig. 6B): p22phox, ASO; 5'-CGCCAGCGCCT-
GCTCGTTGGC-3'; ScO,
5'-GGCCTTCCCGGTTAGCCCCGG-3'.

It is apparent from Figure 6C that ASO but not ScO against
human p22phox markedly inhibited gp120-induced production
of superoxide radicals, suggesting that gp120 induces the produc-
tion of superoxide through NADPH oxidase. Because gp120-
induced activation of NSMase is redox sensitive, we next exam-
ined whether p22phox is required for gp120-induced activation
of NSMase in neurons. Consistent with the inhibition of gp120-
induced activation of NSMase but not ASMase by DPI, ASO
against p22phox markedly inhibited gp120-induced activation of
NSMase (Fig. 6 D) but not ASMase (Fig. 6 E), suggesting that
gp120 induces the activation of NSMase through NADPH
oxidase.

Is NADPH oxidase involved in gp120-induced apoptosis and
cell death of human primary neurons?

Because gp120 induced neuronal cell death via NSMase (Fig. 3)
and p22phox was required for gpl20-induced activation of
NSMase (Fig. 6), we were prompted to investigate the effect of
p22phox knockdown on gp120-induced apoptosis and cell death
in human primary neurons. Treatment of neurons with gp120 led
to apoptosis (Fig. 7A) and cell death, as evidenced by loss of MTT
metabolism (Fig. 7B) and increase in LDH release (Fig. 7C).
However, ASO but not ScO against p22phox effectively pre-
vented gp120-induced apoptosis, loss of MTT metabolism, and

—

Figure5. Effects of NACand DPl on gp120-induced production of ceramide and activation of
sphingomyelinases in human primary neurons. Cells preincubated with different concentra-
tions of either NAC or DPI for 1 hr received 200 pm gp120. A, After 12 hr of incubation, level of
ceramide was measured. After 1 hr of incubation, activities of NSMase ( 8) and ASMase ( ) were
assayed. Values obtained from the control group served as 100%, and data obtained in other
groups were calculated as percentage of control accordingly. Results are mean == SD of three
different experiments. °p << 0.001 versus gp120. ns, Not significant.
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Figure 6.  Role of NADPH oxidase in gp120-induced activation of NSMase but not ASMase in human primary neurons. A, Cells
were immunostained with antibodies against p22phox. 8, Cells were incubated with 1 wum of either ASO or ScO against p22phox.
Control cells (Cont) received only vehicle (PBS). After 48 hr, the expression of p22phox was examined by Western blot. Briefly,
total-cell homogenates containing protease inhibitor mixture (Sigma) were electrophoresed in 14% SDS—polyacrylamide gel,
followed by transfer onto a nitrocellulose membrane and immunoblotting with polyclonal antibodies against human p22phox. (,
Cells were incubated with 1 wm either ASO or ScO against p22phox. Control cells received only vehicle (PBS). After 40 hr, cells were
stimulated with 200 pm gp120. At different second intervals, superoxide production was assayed in whole cells using the LumiMax
Superoxide Anion Detection kit (Stratagene). Results are the mean of two separate experiments. After 1 hr of stimulation of gp120,
activities of NSMase ( D) and ASMase ( £) were assayed. Values obtained from the control group served as 100%, and data obtained
inother groups were calculated as percentage of control accordingly. Results are mean == SD of three different experiments. “p <
0.001 versus gp120. ns, Not significant.
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release of LDH (Fig. 7). Similarly, DPT at 1
MM concentration also protected neurons
against gp120-induced apoptosis and cell
death (data not shown). These results sug-
gest that NADPH oxidase is involved in
gp120-induced neuronal cell death and
that gp120leads to neuronal apoptosis and
cell death via NADPH oxidase-mediated
activation of NSMase.

Do superoxide radicals induce the
activation of NSMase in human

primary neurons?

Because NADPH oxidase is involved in
gp120-mediated activation of NSMase, we
investigated whether superoxide radicals
alone were capable of activating NSMase
in neurons. Superoxide radicals were gen-
erated by exogenous addition of hypoxan-
thine and xanthine oxidase. Although ad-
dition of either hypoxanthine or xanthine
oxidase alone to neurons was unable to in-
duce the activation of NSMase (data not
shown), addition of both markedly in-
duced the activation of NSMase (Fig. 8).
An approximately fivefold increase in
NSMase activity was observed within 15
min of treatment with hypoxanthine and
xanthine oxidase (Fig. 8). However, the ac-
tivity of NSMase decreased afterward. On
the other hand, exogenous production of
superoxide radicals had no effect on the
activation of ASMase (data not shown).
These studies suggest that superoxide rad-
icals alone are sufficient to induce the ac-
tivation of NSMase but not ASMase. Next,
we investigated whether superoxide radi-
cals stimulate gp120-induced activation of
NSMase. As expected, marked stimulation
of gp120-induced activation of NSMase
was observed after 15 min of treatment
with hypoxanthine and xanthine oxidase
(Fig. 8), suggesting that superoxide radi-
cals are also capable of stimulating the in-
duction of NSMase.

Does gp120 couple CXCR4 for the
activation of NSMase in human

primary neurons?

Because gpl120 of different strains of
HIV-1, including MN, is known to trans-
duce intracellular signals via CXCR4, and
because neurons also express CXCR4
(Meucci etal., 1998; Doranz et al., 1999; Su
et al., 1999; van der Meer et al., 2000), we
investigated whether gp120 induced the
activation of NSMase via CXCR4. We used
AMD3100 to antagonize functions of
CXCR4. As observed in Figure 9A,
AMD3100 dose dependently inhibited
gp120-induced activation of NSMase.
More than 85% inhibition of gpl120-
induced activation of NSMase was ob-
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served at a concentration of 2 or 5 nM

AMD3100 (Fig. 9A4), suggesting that gp120 A 1000y @& B 1007 Cp*™
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death, as evidenced by loss of MTT metab- + + + + + +
olism (Fig. 9C) and increase in LDH re- e 5 e S5 a &

lease (Fig. 9D). However, ASO but not ScO
against NSMase effectively prevented
SDF-1a-induced loss of MTT metabolism
and release of LDH (Fig. 9C,D), suggesting
that coupling of CXCR4 alone also induces
neuronal cell death via NSMase. Because
NADPH oxidase-mediated superoxide re-
lease was involved in the activation of
NSMase, we were prompted to examine
further whether SDF-1« alone produces superoxide radicals in
human primary neurons. Interestingly, SDF-1« alone induced
the production of superoxide radicals in different minute inter-
vals (Fig. 9E), and DPI, a specific inhibitor of NADPH oxidase,
blocked SDF-1a-induced production of superoxide (Fig. 9E),
suggesting that coupling of CXCR4 alone produces superoxide
radicals via NADPH oxidase. Consistently, ASO but not ScO
against p22phox also saved neurons from SDF-1a-mediated loss
of MTT (Fig. 9C) and release of LDH (Fig. 9D), suggesting the
involvement of NADPH oxidase in SDF-1a-induced neuronal
cell death. Furthermore, gp120 was also unable to induce the pro-
duction of superoxide in AMD3100-treated neurons (Fig. 9F),
suggesting that gp120 produces superoxide radicals via CXCRA4.
Together, these studies suggest that gp120 induces neuronal cell
death via the CXCR4-NADPH oxidase-NSMase pathway.

Figure7.

Discussion

In HIV-1-infected brain, gp120 has been found in the extracellu-
lar milieu. Because of the facts that HIV-1 gp120 has been impli-
cated in the pathogenesis of HAD, that inhibition of gp120 activ-
ity could reduce the toxicity of HIV in the CNS, and that gp120 is
capable of causing neuronal cell death even in the absence of glia
(Lipton et al., 1991; Dawson et al., 1993; Bennett et al., 1995;
Bansal et al., 2000; Bachis et al., 2003), it is important to under-
stand the mechanisms by which gp120 induces apoptosis and cell
death in neurons. Ceramide, a lipid second-messenger molecule,
is a prototype inducer of apoptosis in various cell types, including
glial and neuronal cells (Brugg et al., 1996; Wiesner and Dawson,
1996). Once ceramide is generated, different molecules, such as
Bcl-2, SAPK (stress-activated protein kinase), PKB (protein ki-
nase B), and KSR (kinase suppressor of ras), become involved
downstream of ceramide in the apoptotic pathway (Hannun,
1996; Ruvolo, 2003). Here, we present evidence that gp120 in-
duces the activation of sphingomyelinases and the production of
ceramide in human primary neurons. First, gp120 induced the
production of ceramide in human primary neurons. Second,
gp120 markedly induced the activation of NSMase. On the other
hand, activity of ASMase increased marginally in response to
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Role of NADPH oxidase in gp120-induced apoptosis and cell death in human primary neurons. Cells were incubated
with 1 m of either ASO or Sc0 against p22phox. Control cells received only vehicle (PBS). After 40 hr, cells were stimulated with
200 pm gp120. After 6 hr of stimulation, TUNEL-positive (+ve) cells were counted manually in four different images of each of
three coverslips by three blinded individuals (A). After 18 hr of stimulation, cells were subjected to MTT reduction activity assay
(B),and culture medium was collected for LDH release assay ( (). Values obtained from the control group served as 100%, and data
obtained in other groups were calculated as percentage of control accordingly. Results are mean == SD of three different experi-
ments. “p << 0.001 versus gp120.
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Figure 8.  Superoxide radicals alone induce the activation of NSMase in human primary
neurons. Cells were treated with 200 pm gp120 in the presence or absence of hypoxanthine (5
um) and xanthine oxidase (0.5 mU/ml) (X plus XO0). At different minute intervals, activity of
NSMase was assayed. Values obtained from the control group served as 100%, and data ob-
tained in other groups were calculated as percentage of control accordingly. Results are
mean == SD of three different experiments.

o

gp120. Because gp120 induces neuronal cell death, we investi-
gated whether NSMase and/or ASMase are required for gp120-
mediated neuronal cell death. Interestingly, antisense knock-
down of NSMase but not ASMase protected neurons from
gp120-induced apoptosis and cell death, suggesting a key role of
NSMase but not ASMase in gp120-mediated neuronal damage.
Furthermore, our studies also suggest that the sphingomyelin
cycle may play an important role during neurodegeneration in
HAD brain. Consistently, a recent finding by Haughey et al.
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acid, and subsequent activation of NS-
Mase (Hannun, 1996). Although binding
of Fan to the NSMase-activating domain
of TNFR1 is required for the activation of
NSMase, binding of TRADD [TNFRI1-
associated death domain (DD) ] to the DD
of the same receptor induces the activation
of ASMase (Adam-Klages et al., 1996; Ru-
volo, 2003). In addition, proteases have
also been implicated in the pathway lead-
ing from TNF-« to the activation of
NSMase (Hannun, 1996; Ruvolo, 2003).
Previously, it has been found that the acti-
vation of NSMase but not ASMase in TNF-
a-stimulated cells is redox sensitive (Liu et
al., 1998). Here, we delineate that gp120
induces the activation of NSMase in pri-
mary neurons through NADPH oxidase-
sensitive superoxide production. First,
gp120 induced the production of superox-
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Figure9. Role of CXCR4 in gp120-induced activation of NSMase in human primary neurons. A, Cells incubated with different b558, which contains a putative NADPH

concentrations of AMD3100 for T hr were treated with 200 pm gp120. After 1 hr, activity of NSMase was assayed. B, Cells were
incubated with 100 ng/ml SDF-1cx for different time intervals, followed by assay of NSMase. C, D, Cells preincubated with 1 um
ASO or ScO against NSMase and p22phox for 40 hr received 100 ng/ml SDF-1cx. After 18 hr of stimulation, cells were subjected to

binding site, FAD, and two hemes
(Bokoch and Knaus, 2003). It possesses all

MTT reduction activity assay ( (), and culture medium was collected for LDH release assay (D). Values obtained from the control of the electron machinery required to
group served as 100%, and data obtained in other groups were calculated as percentage of control accordingly. Results are transfer two electrons from NADPH to
mean = SD of three different experiments. “p < 0.001 versus SDF-1cv. £, Cells preincubated with 2 um DPI for 1 hr were  two molecules of molecular oxygen. The
stimulated with 100 ng/ml SDF-1cx. £, Cells preincubated with different concentrations of AMD3100 were stimulated with 200pm ~ four cytosolic components are Rac-GTP
gp120. At different second intervals, superoxide production was assayed in whole cells. Values obtained from the control group  and ~ the = phosphoproteins  p47phox,
served as 100%, and data obtained in other groups were calculated as percentage of control accordingly. Results are the mean of p40phox, and p67phox. During the activa-

two separate experiments.

(2004) has shown that overproduction of ceramide may be in-
volved during neuronal death in HAD patients.

Since the discovery of the sphingomyelin cycle, several induc-
ers have been shown to be coupled to NSMase, including 1a,25-
dihydroxyvitamin D, radiation, antibody cross-linking, TNF-c,
IL-1B (interleukin-1B), Fas, nerve growth factor, brefeldin A,
and serum deprivation (Hannun, 1996; Ruvolo, 2003). The
mechanisms involved in the activation of NSMase in response to
TNF-o are becoming clear. For instance, TNF-a initiates the
pathway through TNF receptor 1 (TNFRI1) (55 kDa receptor)
leading to phospholipase A, activation, generation of arachidonic

tion of NADPH oxidase, all of the cytosolic

components are required for translocation
to the membrane and assemble with flavocytochrome b558 to en-
able the electron flow (Bokoch and Knaus, 2003).

Here, we have delineated a mechanism by which gp120 may
activate the NADPH oxidase-NSMase—cell death pathway in
neurons. Although virus binding to target cells occurs among the
HIV-1 gp120, the CD4 molecule, and the members of the che-
mokine family of receptors [including CXCR4 (Berger et al.,
1999)], gp120 can transduce signals in human neurons in a CD4-
independent manner (Hesselgesser et al., 1997). Because differ-
ent CNS cells (including neurons) express CXCR4 and because
gp120 has also been shown to interact with neurons via CXCR4
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(Hesselgesser et al., 1997; Meucci et al., 1998; van der Meer et al.,
2000), we were prompted to explore the possible involvement of
CXCR4 in gpl120-induced activation of the NADPH oxidase—
NSMase—cell death pathway in human primary neurons. First,
gpl20-induced activation of NSMase was prevented by
AMD?3100, an antagonist of CXCR4. Second, SDF-1a (an agonist
of CXCR4) alone induced the activation of NSMase. Recent stud-
ies suggest that a chemokine SDF-1a may contribute to neuronal
cell death during HAD (Rostasy et al., 2003). Therefore, it is
important to witness that antisense knockdown of NSMase pre-
vented SDF-la-induced neuronal cell death. Third, gp120-
induced production of superoxide radicals was inhibited by
AMD?3100, suggesting the involvement of CXCR4 in gp120-
induced production of superoxide radicals. Finally, SDF-l«a
alone induced the production of superoxide radicals in neurons,
and DPI (a specific inhibitor of NADPH oxidase) blocked SDF-
la-induced superoxide production. Together, these results dem-
onstrate that gpl120 couples CXCR4 to activate NSMase via
NADPH oxidase-mediated superoxide release.

In summary, we have demonstrated that gp120 induces neu-
ronal apoptosis through the NSMase—ceramide pathway and
that the activation of NSMase is regulated by CXCR4-coupled
NADPH oxidase-sensitive production of superoxide radicals. Al-
though the in vitro situation of human fetal neurons in culture
does not truly resemble the in vivo situation of neurons in the
brain of HAD patients, our results suggest that specific targeting
of NSMase may be an important therapeutic avenue to halt neu-
ronal damage in HAD and other neurodegenerative disorders. Al-
ternatively, the use of antioxidants and specific inhibitors of
NADPH oxidase may be also beneficial in restoring the cellular re-
dox and thus attenuating gpl20-mediated activation of the
NSMase—ceramide pathway in the degenerating CNS of HAD brain.
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