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Of the individuals with human immunodeficiency virus type 1
(HIV-1) infection, 20–30% will develop the neurological compli-
cation of HIV-associated dementia (HAD). The mechanisms
underlying HAD are unknown; however, indirect immunologi-
cally mediated mechanisms are theorized to play a role. Re-
cently, the HIV-1 coat protein gp41 has been implicated as a
major mediator of HAD through induction of neurocytokines
and subsequent neuronal cell death. Using primary mixed cor-
tical cultures from neuronal nitric oxide synthase (NOS) null
(nNOS2/2) mice and immunological NOS null (iNOS2/2) mice,
we establish iNOS-derived NO as a major mediator of gp41
neurotoxicity. Neurotoxicity elicited by gp41 is markedly atten-
uated in iNOS2/2 cultures compared with wild-type and
nNOS2/2 cultures. The NOS inhibitor L-nitroarginine methyl
ester is neuroprotective in wild-type and nNOS2/2 cultures,
confirming the role of iNOS-derived NO in gp41 neurotoxicity.
Confirming that iNOS2/2 cultures lack iNOS, gp41 did not
induce iNOS in iNOS2/2 cultures, but it markedly induced iNOS

in wild-type and nNOS2/2 cultures. We elucidate the region of
gp41 that is critical for iNOS induction and neuronal cell death
by monitoring iNOS induction with overlapping peptides span-
ning gp41. We show that the N-terminal region of gp41, which
we designate as the neurotoxic domain, induces iNOS protein
activity and iNOS-dependent neurotoxicity at picomolar con-
centrations in a manner similar to recombinant gp41 protein.
Our experiments suggest that gp41 is eliciting the induction of
iNOS through potential cell surface receptors or binding sites
because the induction of iNOS is dose dependent and satura-
ble and occurs at physiologically relevant concentrations.
These data confirm that the induction of iNOS by gp41 and the
production of NO are primary mediators of neuronal damage
and identify a neurotoxic domain of gp41 that may play an
important role in HAD.
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The most common cause of neurological disease in young adults
in the United States today is human immunodeficiency virus type
1 (HIV-1) infection (Janssen et al., 1992). Among HIV-1-
infected children and adults, 20–30% will develop HIV-
associated dementia (HAD) during the course of their illness
(Navia et al., 1986; Price et al., 1988). The mechanisms by which
HIV-1 causes HAD are not known. However, indirect mecha-
nisms are most likely to be involved in the pathogenesis of HAD
(Wesselingh et al., 1993). There is increasing evidence that
HIV-1 infection in the brain is associated with significant neuro-
nal loss as well as loss and complexity of dendritic arborization,
loss of synaptic densities, and vacuolization of dendritic spines
(Everall et al., 1991; Masliah et al., 1992; Wiley et al., 1992).
Although neuronal damage occurs in HAD, it is not attributable

to direct infection by HIV-1. Localization of HIV-1 in the CNS
is almost exclusively in blood-derived macrophages, microglia,
and multinucleated giant cells (Wiley et al., 1986; Rosenblum,
1990; Watkins et al., 1990). A paradox seems to exist between the
small number of productively HIV-1-infected cells and the result-
ing HAD and pathological brain deficits. Recent studies indicate
that HIV-1-infected cells in the CNS are making pro-
inflammatory cytokines that induce a local immune or cytokine
reaction, ultimately leading to neuronal dysfunction and neuronal
cell death (Merrill and Chen, 1991). Colocalization studies show
expression of mRNA for pro-inflammatory cytokines such as
TNF-a and immunological nitric oxide synthase (iNOS) and for
macrophage inflammatory protein-1a (MIP-1a) and MIP-1b in
uninfected cells that are spatially localized near HIV-1-infected
cells (Nuovo and Alfieri, 1996; Seilhean et al., 1997).

Various viral proteins have been implicated as mediators of
neurodegeneration in HAD (Sabatier et al., 1991; Werner et al.,
1991; Dawson et al., 1993). A particularly attractive candidate
protein is the HIV-1 coat protein gp160. gp160 is cleaved by
intracellular proteases into gp120 and gp41 (Willey et al., 1988;
Haseltine, 1989; Earl et al., 1991), which remain noncovalently
associated. gp120 is soluble and can be shed from infected cells,
and it is thought to be quickly degraded by extracellular pro-
teases. gp41 is an integral membrane protein that remains in-
serted in the membrane of infected cells (Willey et al., 1988, 1996;
Bird et al., 1990). Early studies demonstrated the synergistic
activity of gp120 with glutamate that results in neurotoxicity
mediated by stimulation of NMDA receptor (Brenneman et al.,
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1988; Lipton et al., 1991) and subsequent activation of neuronal
nitric oxide synthase (nNOS) (Dawson et al., 1993). Although
gp120 may contribute to neurodegeneration in HAD, it is un-
likely to be the sole or primary insult in HAD because a number
of host and viral factors have been shown to modulate or con-
tribute to HAD. In addition, gp120 has not been detected in the
brains of individuals affected with HIV-1 (Hill et al., 1993;
Toggas et al., 1994; Adamson et al., 1996b). In contrast, gp41 is
readily detected in the brains of HIV-1-infected individuals
(Kure et al., 1990a,b; Dickson et al., 1993), and the levels of gp41
correlate with the severity and progression of HAD in adults
(Adamson et al., 1996b, 1998; Rostasy et al., 1998) and children
(Dickson et al., 1989). Recombinant gp41, in a manner identical
to vaccinia virus-expressed gp41 (Koka et al., 1995a,b), efficiently
induces the expression of pro-inflammatory cytokines, including
TNF-a, interleukin 1b (IL-1b), platelet-activating factor (PAF),
and iNOS, in both human and rodent cultures (Merrill et al.,
1992; Koka et al., 1995a,b), as well as IL-10 in human monocytes
(Barcova et al., 1998). gp41 is active in the mid-nanomolar range,
consistent with the levels that are readily detected in HIV-1-
infected brain tissue (Glass et al., 1995).

We recently observed a correlation between gp41 protein lev-
els, iNOS expression. and severity and rate of progression of
HAD (Adamson et al., 1996b, 1998). We showed that gp41
induces a cascade of events that is toxic to primary neuronal
cultures through NO-dependent mechanisms. In the present study
we examined the detailed mechanisms and structural determi-
nants regulating NO mediation of gp41 neurotoxicity.

MATERIALS AND METHODS
Cell cultures. For the murine culture experiments, primary cortical cul-
tures were prepared from gestational day 16 fetal wild-type, nNOS 2/2,
and iNOS 2/2 mice in a procedure modified from that described previ-
ously (Dawson et al., 1996). The genetic background of nNOS 2/2 and
iNOS 2/2 mice originated from crosses between 129/SVev and C57B6
parental strains. Wild-type cultures were obtained from both 129/SVev
and C57B6 mice. We did not observe any difference in the susceptibility
to gp41 toxicity in either 129/SVev or C57B6 wild-type mice (data not
shown). Thus, all data shown for wild-type mice are a mixture of data
from both 129/SVev and C57B6 mice. Briefly, the cortex was dissected
and the cells were dissociated by trituration in modified Eagle’s medium
(MEM), 20% horse serum, 25 mM glucose, and 2 mM L-glutamine after
a 30 min digestion in 0.027% trypsin/saline solution (Life Technologies,
Gaithersburg, MD). The cells were plated on 15 mm multiwell plates
coated with polyornithine. Cells were maintained in MEM, 10% horse
serum, 25 mM glucose, and 2 mM L-glutamine in an 8% CO2 humidified
37°C incubator. Cultures were treated on day 5 with 100 nM recombinant
HIV-1 gp41IIIB (amino acids 1 through 241; Intracel, Cambridge, MA),
examined, and harvested over a 7 d period. Peptides were added in the
presence or absence of L-nitro-arginine (N-Arg), L-nitroarginine methyl
ester (L-NAME), and/or L-arginine (L-Arg). This model was chosen
because it eliminates the use of mitotic inhibitors that may interfere with
the induction of cytokines and to allow the co-culture of neurons and glia
so that the neurons would not be receiving inappropriate signals from
mature glia that may interfere with the neuronal–glial signaling (Dawson
et al., 1993; Samdani et al., 1997). Mixed neuronal /glial rodent cultures
were similarly obtained and prepared from fetal rats at gestational day 16.
After 7 d of maturation, these cultures were exposed to one of each of the
peptide fragments (100 nM) spanning the entire extracellular domain of
HIV-1 gp41MN (National Institute of Allergy and Infectious Diseases
AIDS Research and Reference Reagent Program, Rockville, MD). On
the basis of our immunoblot data, the highly active peptide 4 and inactive
peptide 12 were subsequently used to assess the dose–response relation-
ship and time course of iNOS induction. The specificity of peptide 4 was
further assessed via the use of a purified peptide of the same forward and
backward sequence generated at the Johns Hopkins University Depart-
ment of Biological Chemistry Peptide Synthesis Laboratory.

Immunoblot analysis. For immunoblot analysis of iNOS, equivalent
amounts of cell lysate prepared from the murine and rodent culture cells

were separated on a 10% SDS-PAGE gel (Bio-Rad, Hercules, CA) in
Tris-glycine buffer under reducing conditions. After electrophoresis,
proteins were electroblotted onto nitrocellulose and incubated with anti-
macNOS antibody (1:500; Transduction Laboratories, Lexington, KY).
Immunoblots were developed by enhanced chemoluminescence (Kirkeg-
aard & Perry Laboratories, Gaithersburg, MD). For iNOS protein-
positive controls, rodent glial cultures stimulated with 100 ng/ml
lipopolysaccharide for 24 hr produced a robust signal on immunoblot at
130 kDa.

Neurotoxicity assessment. The cultured murine and rat cells were ex-
posed to recombinant gp41 and gp41 peptides as described previously
(Adamson et al., 1996b). Toxicity was assayed as described previously
(Gonzalez-Zulueta et al., 1998). Briefly, total and dead cells were
counted by computer-assisted microscopic examination after staining of
all nuclei with 1 mg/ml Hoescht 33342 and staining of dead cell nuclei
with 7 mM propidium iodide. Glial nuclei fluoresce at a different intensity
than neuronal nuclei and can be gated out. Percentage of cell death was
determined as the ratio of live to dead cells as compared with the
percentage of cell death in control wells to account for cell death
attributable to mechanical stimulation of the cultures. At least two
separate experiments using four separate wells were performed with a
minimum of 15,000–20,000 neurons counted per data point. We consider
this cell counting method to be the gold standard in determining cell
death. This method allows assessment of the majority of the culture well,
which eliminates potential observer bias (Gonzalez-Zulueta et al., 1998).

NOS activity assay. After culture media was removed from the cells,
100 ml of sample buffer (50 mM Tris-HCl, pH 7.4, 1 mM EGTA, and 1 mM
EDTA) was added to each well. Cells were homogenized in the wells,
collected, and centrifuged at 15,000 3 g at 4°C. The supernatant was then
incubated with excess [ 3H]arginine and 1 mM NADPH in the presence or
absence of 5 mM N-Arg and in the presence or absence of 1 mM CaCl2
for 15 min at room temperature. The reaction was stopped with 20 mM
HEPES, pH 5.5, plus 2 mM EDTA, and loaded into 5 inch chromatog-
raphy columns (Evergreen Scientific, Los Angeles, CA) containing an
anion exchange resin. Flow-through was collected and radioactivity was
counted. Reactions without CaCl2 detected only calcium-independent
NOS isoform (iNOS) activity, whereas reactions with CaCl2 allowed
calcium-dependent activity (nNOS and endothelial NOS) to be assessed.
Subtraction of the latter activity from the former revealed the true
amount of iNOS, calcium-independent activity. Reactions with N-Arg, a
competitive inhibitor of all NOS isoforms, revealed background radio-
activity in the assay.

RESULTS
Neuronal cultures from iNOS2/2 animals are resistant
to gp41 neurotoxicity
In primary cerebral cortical cultures from fetal rats, 100 nM gp41
kills 50–60% of neurons after 7 d of continuous treatment.
gp41-induced cell death is markedly reduced by NOS inhibitors
(Adamson et al., 1996b). To evaluate the source of NO generation
causing gp41 neurotoxicity, we examined gp41-mediated cell
death in primary neuronal cultures from wild-type mice versus
mice lacking the gene for nNOS (nNOS2/2) and mice lacking the
gene for iNOS (iNOS2/2). We showed previously that gp41 can
induce iNOS in rat neuronal cultures. In wild-type cortical cul-
tures gp41 begins to induce iNOS at approximately day 5 of
continuous exposure and through day 7 of treatment (Fig. 1A).
gp41 has no effect on astrocyte proliferation in these mixed
cultures (data not shown). Although we did not determine the cell
type in which iNOS is expressed, it is likely to be expressed in
both astrocytes and microglia. Accompanying the increase in
iNOS protein is gp41-mediated neurotoxicity that is blocked by
N-Arg, and its protective effect is reversed by the NOS substrate
L-Arg, as reported previously in rat cultures (Adamson et al.,
1996b). Typically 0–10% of neurons die in control-treated cul-
tures over the 7 d treatment period (data not shown). In addition,
the absolute number of neurons did not change significantly in
control-treated cultures. However, the non-neuronal cells approx-
imately double in both gp41 and control cultures because of the
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lack of mitotic inhibitors (data not shown). gp41 induces the
expression of iNOS in nNOS2/2 cultures in a manner that is
indistinguishable from that of wild-type animals (Fig. 1B). Cor-
tical cultures from nNOS2/2 mice are not protected against
gp41-mediated neurotoxicity. As in wild-type mice cultures,
N-Arg blocks gp41 neurotoxicity, and this protection is reversed
by excess substrate L-Arg (Fig. 1B). In cultures from iNOS2/2

mice, gp41 fails to induce the expression of iNOS as assessed by
Western blot analysis (Fig. 1C). The 50–60% cell death induced
by gp41 in wild-type and nNOS2/2 cultures is almost completely
abolished in iNOS2/2 cultures (Fig. 1C). Thus, iNOS-derived
NO is a major mediator and source of gp41-induced
neurotoxicity.

Epitope mapping of gp41 induction of iNOS
To identify the structural determinants and critical region of gp41
that are potentially responsible for the induction of iNOS, we
examined the ability of a number of overlapping peptides span-
ning the region of gp41 from the gp120/gp41 junction to the
transmembrane domain of gp41 (Fig. 2A). We show that a num-
ber of peptides are capable of inducing iNOS (Fig. 2B), including
peptides 2–4, 6–11, 13, and 15. Peptide 4 is the most potent
inducer of iNOS. Peptide 1, which is part of the fusion domain of
gp41, fails to induce iNOS as well as peptides 5, 12, 14, and 16
(Fig. 2B). Because a number of peptides spanning the entire
extracellular domain of gp41 were found to induce iNOS, we
conducted dose–response relationships for all of the active pep-

tides in an attempt to identify the most active region of gp41
capable of inducing iNOS (Table 1). Peptides 2–4 were found to
induce iNOS at a gp41 concentration of 1 pM, whereas all other
peptides failed to induce iNOS at this concentration. Based on
this set of data we have designated amino acids 530–559, which
are contained within peptides 2–4, as the neurotoxic domain of
gp41 (Fig. 3).

Characterization of the neurotoxic domain of gp41
Because peptide 4 was found to be the most potent inducer of
iNOS within the neurotoxic domain of gp41, we elected to further
study peptide 4-mediated induction of iNOS and its relationship
to gp41-mediated neurotoxicity. We first examined dose–re-
sponse relationships of peptide 4 induction of iNOS by Western
blot analysis and NOS catalytic activity as assessed by [3H]argi-
nine to [ 3H]citrulline conversion (Fig. 4). Peptide 4 maximally
induces iNOS at 100 nM, as assessed by Western blot analysis,
which parallels the induction of calcium-independent NOS cata-
lytic activity. Peptide 4 fails to influence calcium-dependent NOS
catalytic activity (data not shown). To control for possible non-
specific effects caused by possible contaminants in the peptide
synthesis, we also examined in more detail peptide 12, an inactive
peptide identified in our initial screen that was synthesized and
purified in a manner identical to peptide 4. Peptide 12 fails to
induce iNOS at a concentration ranging from 100 pM to 100 nM as
assessed by both Western blot analysis for iNOS and calcium-
independent NOS catalytic activity (Fig. 4B). Peptide 12 also fails

Figure 1. Neuronal cortical cultures from iNOS 2/2 mice are resistant to gp41 neurotoxicity. A, Wild-type mice cultures were exposed to 100 nM
recombinant gp41IIIB in the presence or absence of 500 mM L-NAME, a competitive NOS inhibitor, 6 5 mM L-Arg. Cell death was assayed by
microscopic examination with computer-assisted cell counting after staining of all nuclei with 1 mg/ml Hoescht 33342 and staining of dead cell nuclei
with 7 mM propidium iodide (Gonzalez-Zulueta et al., 1998). Percentage of cell death was assessed on days 3, 5, and 7 and was normalized to percentage
of cell death in untreated control cultures. The presence of iNOS protein in gp41-treated (41) and untreated control cultures was assessed on the same
days via immunoblot analysis. B, Neuronal NOS 2/2 cultures were similarly treated and assessed for percentage of cell death and the presence of iNOS
protein on days 3, 5, and 7. C, iNOS 2/2 cultures were similarly treated and assessed for percentage of cell death and the presence of iNOS protein on
days 3, 5, and 7. For all conditions, at least two separate experiments with four separate wells were performed, with a minimum of 15,000–20,000 neurons
counted per data point. Data are means 6 SEM for n $ 8 from at least two experiments. For each set of culture data, significance was determined by
a 3 3 3 ANOVA repeated measures, with differences between groups ascertained by Fisher’s PLSD ANOVA post hoc test. Wild-type (F 5 43.05) and
nNOS 2/2 (F 5 12.03) culture data: *p # 0.0001 for gp41 (Day 3) versus gp41 (Day 5), gp41 (Day 3) versus gp41 (Day 7 ); †p # 0.0001 for gp41 (Day 5)
versus gp41 1 L-NAME (Day 5), gp41 (Day 7 ) versus gp41 1 L-NAME (Day 7 ); ‡p # 0.0001 for gp41 1 L-NAME (Day 5) versus gp41 1 L-NAME
1 LArg (Day 5), gp41 1 L-NAME (Day 7 ) versus gp41 1 L-NAME 1 LArg (Day 7 ). iNOS 2/2 culture data: F 5 0.34 ( p 5 0.85).
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to influence calcium-dependent NOS catalytic activity (data not
shown). We next evaluated the time course of induction of iNOS
by peptide 4 (Fig. 4C). Peptide 4 begins to induce iNOS at day 3,
with maximal effects occurring at day 7 as assessed by Western
blot analysis. There is a slight delay in the induction of NOS
catalytic activity because NOS catalytic activity is not detected
until day 5 of peptide 4 treatment. NOS catalytic activity is
blocked by the NOS inhibitor L-NAME, and this inhibition of
NOS catalytic activity is reversed by excess substrate L-Arg. The
inactive peptide 12 fails to induce iNOS as assessed by Western
blot analysis and NOS catalytic activity at all days examined (Fig.
4D). The dose–response and time course relationships of iNOS
induction by peptide 4 closely parallel those as described previ-
ously for full-length recombinant gp41 (Adamson et al., 1996b).
To further assess the specificity of the induction of iNOS by
peptide 4, and to control for possible nonspecific effects such as
contaminants in the synthesis and purification of the peptides,
and to control for amino acid composition and charge, we ob-
tained peptide 4 from another peptide synthesis facility and also
synthesized it in the reverse direction. Peptide 4 from the alter-
native source potently induces iNOS in a manner identical to its
counterpart, and the reverse peptide fails to induce iNOS (Fig. 5).
Thus, the induction of iNOS by peptide 4 does not seem to be
attributable to nonspecific effects.

NOS inhibitors block neuronal cell death elicited by a
gp41 neurotoxic domain peptide
To establish the physiological relevance of the induction of iNOS
by peptide 4 in neuronal cultures, we examined the ability of
peptide 4 to cause neuronal killing in primary neuronal cultures.
Peptide 4 begins to kill neurons at day 5 of treatment, which is
consistent with the induction of NOS catalytic activity at this
same time point (Fig. 6). Peptide 4-mediated neurotoxicity occurs
through the full course of treatment, with maximal effects ob-
served on day 7. Neurotoxicity elicited by peptide 4 is blocked by
L-NAME, and the protective effect of L-NAME is reversed by
L-Arg (Fig. 6A). The inactive peptide 12 fails to elicit cell death
at day 1 through day 7 (Fig. 6B).

DISCUSSION
Our study using primary neuronal cultures from iNOS2/2 and
nNOS2/2 mice clarifies considerably the role of NO in gp41-
mediated neurotoxicity of cortical neurons. Previous studies have
implicated NO as a mediator of gp41 neurotoxicity based on the
neuroprotective properties of NOS inhibitors (Adamson et al.,
1996b). iNOS was believed to be the source of NO because gp41
potently induces the expression of iNOS (Adamson et al., 1996b).
Despite these data indicating NO and iNOS in gp41 neurotoxic-
ity, questions could be raised that these studies are based on the
use of drugs that may elicit nonspecific effects and that the
induction of iNOS is an epiphenomenon that is unrelated to
the toxicity of gp41. The use of mice lacking the gene for nNOS
and iNOS overcomes many of these problems. The pronounced
attenuation of gp41 neurotoxicity in iNOS2/2 cortical cultures
and the preservation of gp41 neurotoxicity in nNOS2/2 cortical
cultures establishes a major role for iNOS and NO in gp41
neurotoxicity. Our epitope mapping of gp41 induction suggests
that there may be a putative neurotoxic domain of gp41 that leads
to the induction of iNOS. Through dose–response relationships
we were able to identify a region of gp41 that is extremely potent

Figure 2. Epitope mapping of gp41 induction of iNOS reveals a number
of regions in the extracellular domain of gp41 capable of inducing iNOS.
A, A number of overlapping peptides (1–16) spanning the region of gp41
from the gp120/gp41 junction (slash seen to the lef t of peptide 1) to the
transmembrane domain (TMD) of gp41 were obtained. B, Rodent mixed
cortical cultures were exposed to 100 nM each peptide, harvested on day
7, and assessed for iNOS protein via immunoblot analysis. Positive con-
trols (PC) were obtained from rodent glial cultures stimulated with 100
ng/ml lipopolysaccharide.

Table 1. Induction of iNOS by gp41 peptide fragments

gp41
peptide 1 pM 10 pM 100 pM 1 nM 10 nM 100 nM

1 0 0 0 0 0 0
2 1 1 11 nd nd 11

3 1 1 11 nd nd 11

4 1 1 11 111 1111 11111

5 0 0 0 0 0 0
6 0 0 0 nd nd 111

7 0 1 11 nd nd 111

8 0 0 1 nd nd 11

9 0 0 0 nd nd 11

10 0 0 1 nd nd 11

11 0 0 0 nd nd 111

12 0 0 0 0 0 0
13 0 0 1 nd nd 1111

14 0 0 0 0 0 0
15 0 0 0 nd nd 11

16 0 0 0 0 0 0

Primary cortical cultures were exposed to overlapping peptides spanning the region
of gp41 from the gp120/gp41 junction to the transmembrane domain of gp41, and the
induction of iNOS was determined by Western blot analysis. Relative values for
induction of iNOS were determined by optical density scanning of the iNOS band.
0, No detectable iNOS protein; 1 to 1111 represent increasing intensity; nd, not
determined. Data represent duplicate experiments.
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in inducing iNOS in rodent cultures. This region of gp41 corre-
sponds to amino acids 530–559.

We cannot exclude the possibility that the protection against
gp41 in iNOS2/2 cortical cultures is caused by compensatory
processes attributable to the gene-targeting strategy. However, we
believe that the absence of gp41 toxicity truly reflects the absence
of iNOS and NO formation and is not caused by a general lack of
response to neurotoxic agents because the iNOS2/2 cortical cul-

tures are susceptible to glutamate-mediated excitotoxicity (our
unpublished observations). In addition, our results do not neces-
sarily exclude the role of other host factors, particularly cytokines
such as TNF-a, although TNF-a is likely to act upstream of iNOS
in the death cascade.

Recently the crystal structure of gp41 has been determined
(Chan et al., 1997). gp41, a trimer of molecules, has an a-helical
coiled coil structure with an extracellular amino terminus tip. The

Figure 3. Epitope mapping of gp41 induction of iNOS reveals a neurotoxic domain. Based on the dose–response relationships of induction of iNOS
protein, we have designated amino acids 530–559, which are contained within peptides 2 (amino acids 534–524), 3 (amino acids 543–533), and 4 (amino
acids 559–539), as the neurotoxic domain (F). This domain lies adjacent to the putative fusion peptide domain of gp41.

Figure 4. Active gp41 peptide 4 induces iNOS protein and activity. A, Rodent mixed cortical cultures were treated with 0.1, 1, 10, and 100 nM peptide
4 or peptide 12 (B) and assessed for NOS activity and protein on day 7 of exposure. C, Similar cultures were treated with 100 nM peptide 4 or peptide
12 (D) and assessed for NOS activity and protein each day for a 7 d period. Untreated control cultures (C) were also examined. Catalytic activity (cpm)
assessments are means 6 SEM for n $ 3 experiments. For each set of data, significance was determined by a one-way ANOVA with differences between
groups ascertained by Fisher’s PLSD ANOVA post hoc test. A, F 5 9.00, *p # 0.02. B, F 5 0.18, p 5 0.95. C, F 5 3.96, *p # 0.02. D, F 5 1.92, p 5 0.13.
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C-terminal a-helix packs antiparallel against the outside of the
coiled coil placing the amino and C termini near each other.
Based on our epitope mapping, the neurotoxic domain of gp41 is
located near the amino terminal fusion peptide at a site where the
gp41 would be in close contact with the cell surface. Our current
understanding of HIV-1 entry into target cells is that at least two
cell surface molecules are necessary (Zhang et al., 1996). HIV-1
viral strains use the CD4 receptor as the primary virus receptor
through high-affinity interactions with the gp120 viral envelope
protein. However, CD4 alone is not sufficient for viral entry. At
least one additional surface protein, a co-receptor, is required
(Alkhatib et al., 1996; Deng et al., 1996; Dragic et al., 1996).
Numerous co-receptors of the chemokine receptor family have
been identified, and these various receptors determine cell type-
specific tropisms for HIV-1 infection. A model of HIV-1 inter-
actions with CD4 and chemokine co-receptors is depicted in
Figure 7. The close proximity of the putative neurotoxic domain
of gp41 to the fusion peptide places it in an ideal position for
cell /cell interaction. Our experiments suggest that gp41 is elicit-
ing the induction of iNOS through potential cell surface receptors
or binding sites because the induction of iNOS by gp41 and its
neurotoxic domain peptides is dose dependent and saturable and
occurs at physiologically relevant concentrations. Consistent with
the notion that this putative neurotoxic domain is important for
gp41 interactions with cell surface receptors is the observation
that a peptide from this region is able to completely block HIV-
1-mediated fusion (Kliger et al., 1997).

Recent studies have reported that the C-terminal fusion do-
main of gp41 can create pores and thus elicit nonspecific toxicity.
Our observations that the fusion peptide region of gp41 is inac-
tive in inducing iNOS excludes the pore-forming region of gp41 as
mediating the induction of iNOS and subsequent cell death. The
induction of iNOS by recombinant gp41 as well as neurotoxic
domain peptides has been described in human mixed glial cul-
tures with a response identical to that observed in our rodent
cultures (Koka et al., 1995a,b). Furthermore, gp41 can induce
iNOS- and NO-dependent toxicity in human neural cell aggregate
cultures that develops over 7 d and peaks at day 14 of exposure (L.
Pulliam, personal communication). These findings suggest that
the mechanism by which gp41 stimulates iNOS and induces cell
death is similar in rodent and human tissue and that production
of NO from iNOS is toxic to human cells.

It is unlikely that glycosylation is required for biological activity
of gp41 because the four or five potential glycosylation sites on
gp41 are located more than 50 amino acids away from the region
we found to be critical in eliciting NO-dependent neurotoxicity.
Consistent with this notion is the observation that HIV-1-
mediated fusion does not require glycosylation of gp41 (Perrin et
al., 1998) and the previous observations that recombinant gp41

behaves in a manner identical to full-length glycosylated gp41 in
inducing pro-inflammatory cytokines and cell death (Koka et al.,
1995a,b).

Recently, we observed a correlation between gp41 levels and
severity and rate of progression of HAD (Adamson et al., 1996b,
1998). Our observations that gp41 can induce a cascade of events
that is toxic to neurons suggests that gp41 may play an important
role in the pathogenesis of HAD. Consistent with this notion is

Figure 5. Alternatively synthesized gp41 peptide 4 induces iNOS pro-
tein. Rodent mixed cortical cultures were treated with 100 nM peptide 4
(F, forward sequence) from a different peptide synthesis facility or a
reverse peptide 4 (B, backward sequence), harvested on day 7 of exposure
and assessed for iNOS protein via immunoblot analysis. Untreated con-
trol cultures (C) were also assessed. Positive controls (PC) were obtained
from rodent glial cultures stimulated with 100 ng/ml lipopolysaccharide.

Figure 6. NOS inhibitors block neuronal cell death elicited by a gp41
neurotoxic domain peptide. A, Rodent mixed cortical cultures were
treated with 100 nM peptide 4 in the presence or absence of 500 mM
L-NAME, a competitive NOS inhibitor, 6 5 mM L-Arg. Cell death was
assayed by microscopic examination with computer-assisted cell counting
after staining of all nuclei with 1 mg/ml Hoescht 33342 and staining of
dead cell nuclei with 7 mM propidium iodide (Gonzalez-Zulueta et al.,
1998). Percentage of cell death was assessed on each day for a 7 d period
and normalized to untreated control cultures. B, Similar cultures were
treated with 100 nM peptide 12 and similarly assayed for cell death over a
7 d period. For all conditions, at least three separate experiments with
four separate wells were performed, with a minimum of 15,000–20,000
neurons counted per data point. Data are means 6 SEM for n $ 3
experiments. For each set of data, significance was determined by
ANOVA repeated measures, with differences between groups ascertained
by Fisher’s PLSD ANOVA post hoc test. A, F 5 3.63, *p # 0.01 for
Peptide 4 (day 1) versus Peptide 4 (days 5, 6, 7 ); †p # 0.01 for Peptide 4
(day 5) versus Peptide 4 1 L-NAME (day 5), Peptide 4 (day 6 ) versus
Peptide 4 1 L-NAME (day 6 ), Peptide 4 (day 7 ) versus Peptide 4 1
L-NAME (day 7 ); ‡p # 0.01 for Peptide 4 1 L-NAME (day 5) versus
Peptide 4 1 L-NAME 1 L-Arg (day 5), Peptide 4 1 L-NAME (day 6 )
versus Peptide 4 1 L-NAME 1 L-Arg (day 6 ), Peptide 4 1 L-NAME
(day 7 ) versus Peptide 4 1 L-NAME 1 L-Arg (day 7 ).
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the observation that the localization of neuroinflammatory cyto-
kines is in close proximity to gp41-expressing cells (Nuovo and
Alfieri, 1996). In addition, markers of apoptosis in postmortem
studies of HAD and simian immunodeficiency virus (SIV)-
infected monkeys is in close proximity to gp41 expression (Ad-
amson et al., 1996a). The correlation of gp41 levels and severity
of HAD has been observed in HIV-1-infected children (Dickson
et al., 1989) and adults (Rostasy et al., 1998). In SIV-infected
macaques, neurological disease also correlates with gp41 expres-
sion (Zink et al., 1997).

The ability of NOS inhibitors and the importance of iNOS in
gp41 neurotoxicity and the correlation of gp41 levels with severity
and rate of progression of HAD suggest that inhibitors of iNOS
might have therapeutic potential in the treatment of HIV-1-
associated neurological illness. The identification of a neurotoxic
domain of gp41 may direct future studies toward identification of
cell surface receptors or binding sites and identification of poten-
tial therapeutic agents that may prevent this interaction and offer
therapeutic benefits.
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