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HIV infection of the central nervous system can result in neurologic
dysfunction with devastating consequences in AIDS patients.
NeuroAIDS is characterized by neuronal injury and loss, yet there
is no evidence that HIV can infect neurons. Here we show that the
HIV-encoded protein tat triggers formation of a macromolecular
complex involving the low-density lipoprotein receptor-related
protein (LRP), postsynaptic density protein-95 (PSD-95), N-methyl-
D-aspartic acid (NMDA) receptors, and neuronal nitric oxide syn-
thase (nNOS) at the neuronal plasma membrane, and that this
complex leads to apoptosis in neurons negative as well as positive
for NMDA receptors and also in astrocytes. Blockade of LRP-
mediated tat uptake, NMDA receptor activation, or neuronal nitric
oxide synthase significantly reduces ensuing neuronal apoptosis,
suggesting that formation of this complex is an early step in tat
toxicity. We also show that the inflammatory chemokine, CCL2,
protects against tat toxicity and inhibits formation of the complex.
These findings implicate the complex in HIV-induced neuronal
apoptosis and suggest therapeutic targets for intervention in the
pathogenesis of NeuroAIDS.

glutamate � dementia � HIV-1 � NeuroAIDS � excitotoxicity

HIV enters the CNS early after infection. Viral persistence
within the CNS can produce cognitive impairment, HIV

encephalitis, and, in some cases, dementia. NeuroAIDS is
characterized by neuronal damage and loss and cognitive and
motor deficits and can have devastating consequences in a
significant number of individuals with AIDS. As HIV-infected
individuals live longer on antiretroviral therapy, the prevalence
of cognitive impairment is increasing, and the study of the
pathogenesis of NeuroAIDS becomes even more critical (1, 2).

Although HIV infection of the CNS causes neuronal cell
damage and loss, the virus cannot directly infect neurons.
Rather, HIV-associated damage is thought to be due to an
indirect mechanism whereby virally infected, as well as unin-
fected, cells elaborate neurotoxins. Candidate toxins include
cytokines, glutamate, and virally encoded proteins such as the
HIV transactivator protein, tat (3). Tat potentiates glutamate-
induced excitotoxicity (4, 5) and promotes neuronal apoptosis
(6–8). Antagonists of the N-methyl-D-aspartic acid (NMDA)
receptor (NMDAR) protect against tat-induced apoptosis (5, 7),
implicating NMDARs in this process.

The low-density lipoprotein receptor-related protein (LRP) is
expressed by many cells in the CNS, including neurons and
astrocytes (9, 10). LRP is a receptor for at least 16 endogenous
ligands and also for the viral protein tat, and mediates uptake of
these ligands into endosomes in various cells, including neurons
(9). Tat and some other LRP ligands can activate NMDARs and
mediate calcium signaling in neurons (4, 11, 12). Tat, in contrast
to other LRP ligands, escapes from the endosomal/lysosomal
compartment (9) and, by mechanisms still poorly known, induces
apoptosis in both neurons and astrocytes.

This study was undertaken to examine mechanisms by which
tat promotes NMDAR-dependent apoptosis of neurons and
astrocytes. Postsynaptic density protein-95 (PSD-95) is a candi-
date factor, as a scaffolding protein that acts through its PDZ-
binding domains to interact with a number of postsynaptic
proteins (13) including NMDARs (14–16) and LRP (17). A
critical signaling protein downstream of NMDARs and impli-
cated in apoptosis is neuronal nitric oxide synthase (nNOS) (18).
Activation of nNOS depends on its association with PSD-95 and
NMDAR-mediated calcium influx (19). We show here that tat
treatment of cultures of human cells highly enriched in neurons
promotes the formation of a macromolecular complex involving
LRP, PSD-95, NMDARs, and nNOS, leading to the generation
of NO and subsequent apoptosis in NMDAR-negative as well as
-positive neurons and, although to a lesser extent, in astrocytes.
These findings implicate this complex in the pathogenesis of
NeuroAIDS.

CCL2 is elevated in the brain and cerebrospinal f luid of
HIV-positive individuals and in macaques with simian immu-
nodeficiency virus (SIV) encephalitis (20–23). CCL2 is a che-
moattractant for monocytes, inducing their entry into the CNS,
promoting inflammation, and thereby contributing to neuronal
and glial damage. However, elevated CCL2 levels in infected
macaques early in pathogenesis do not correlate well with
inflammatory damage (24), suggesting additional actions of this
chemokine. Consistent with this finding, we found that CCL2
protects against tat-induced apoptosis in vitro (7). Now we
demonstrate that CCL2 treatment of neuronal cultures inhibits
tat-mediated formation of the LRP–PSD–95–NMDAR–nNOS
complex, providing a mechanism for its neuroprotective prop-
erties.

Results
The LRP Receptor Is Essential for Tat-Induced Apoptosis in Cultures of
Human Neurons and Astrocytes. Addition of tat (10 ng/ml) to
human mixed cultures (60–80% neurons, 20–40% astrocytes)
resulted in extensive apoptosis by 24 h: �70% of neurons and
�20% of astrocytes were TUNEL positive (Fig. 1 B, C, and H
for neurons and Fig. 1 E, F, and I for astrocytes; see ref. 7).
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Similar data were obtained for Annexin-5 labeling [supporting
information (SI) Fig. 5]. Although only 25–35% of the neurons
were NMDAR positive (7), the NMDAR blockers MK801 (7)
and AP-5 (see Fig. 4 B and C, third and fourth bars from the left)
almost completely inhibited apoptosis in both neurons and
astrocytes (#, P � 0.005 vs. tat alone). These findings suggest
that NMDAR-positive neurons are crucial for initiating tat-
induced apoptosis. Although some NMDAR-positive cells be-
come apoptotic and most NMDAR-negative cells also die, we do
not know whether the relative mortality is the same for both
types of cell. Similarly, we do not understand the basis of the
limited mortality of astrocytes.

Internalization of tat by neurons is LRP-dependent (9) and
occurs within 1 h of tat treatment. However, it was not known
whether LRP is required for tat-induced apoptosis. The LRP
inhibitor protein, receptor-associated protein (RAP), is an
endoplasmic chaperone for LRP. When applied extracellularly,
RAP tightly binds to LRP, blocking uptake of LRP ligands,
including tat (9, 25). RAP added to cultures 15 min before tat
treatment resulted in a significant reduction in the number of
TUNEL-positive neurons and astrocytes compared with tat

treatment alone (Fig. 1 H and I; P � 0.05 at 12, 18, and 24 h).
Because LRP is subject to recycling as well as internalization and
degradation (25), we also tested multiple additions of RAP to
maintain an effective extracellular concentration over time.
When RAP was added 15 min before and 6 h after tat
(RAPX2�Tat, Fig. 1 D and G–I) or 15 min before and 6 and 12 h
after tat (RAPX3�Tat, Fig. 1 H and I), the number of TUNEL-
positive neurons was also reduced but not to a significantly
greater extent than with a single application. Treatment of
neuronal cultures with RAP alone did not affect basal apoptosis
(data not shown).

To determine whether LRP-mediated apoptosis was tat-
specific, cultures were treated with three other LRP ligands,
lactoferrin (50 units/ml), �2-macroglobulin (�2M, 500 nM), or
ApoE4 (200 nM), and TUNEL positivity was analyzed at 12 and
24 h. Only ApoE4 induced a significant increase in the number
of TUNEL-positive neurons and astrocytes over baseline but to a
significantly lower extent than that observed for tat (†, P � 0.001
vs. tat; see Table 1). These findings demonstrate that, of the LRP
ligands, tat is unique in its ability to induce high levels of
apoptosis in neurons and astrocytes, and that blocking of tat–
LRP interaction by RAP significantly reduces apoptosis, sug-
gesting that this interaction is required for tat-induced cell death
in both cell types.

Tat Induces the Formation of a Macromolecular Complex at the
Surface of Neurons. The observation that tat-induced apoptosis is
both NMDAR- and LRP-dependent is consistent with a physical
interaction between these two receptors. To examine this ques-
tion, we applied tat to mixed neuron and astrocyte cultures, and
because tat is found in the nucleus within 1 h (9), prepared cell
lysates at early time points after tat treatment (0–180 min); we
then performed coimmunoprecipitation (CoIP) experiments
with antibodies to NMDAR subunit 2A (NR2A) and LRP.
Reciprocal CoIPs for LRP and NR2A and Western blotting for
NR2A and LRP, respectively, demonstrated that LRP and
NMDAR interact in cells treated with tat (Fig. 2A). Significant
interaction between NR2A and LRP occurred at 10–45 min
after tat treatment (Fig. 2 A–C; *, P � 0.05). At later times the
amount of protein CoIP decreased, and by 180 min, it had
returned to near control levels (Fig. 2 A–C). The NR2B subunit
was not detected in the LRP immunoprecipitate (data not
shown).

PSD-95, a member of the MAGUK family, contains PDZ
domains that bind many proteins localized to the synaptic area
(26). Although PSD-95 can interact with NMDARs (14–16, 27)
and with LRP (17), the impact of tat on these interactions was
not known. Tat treatment markedly increased the association
between PSD-95 and NR2A (Fig. 2 D and E) and between
PSD-95 and LRP (Fig. 2 D and F), consistent with the possibility
that tat induces the formation of a complex involving LRP,
PSD-95, and NMDARs. Reciprocal CoIPs between NR2A/
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Fig. 1. LRP is necessary for tat-induced apoptosis. (A) Schematic illustrating
cocultures, with neurons growing on top of astrocytes; neurons were imaged
in a more superficial optical section. (B–D) Double staining for TUNEL (apo-
ptosis) and MAP-2 (neurons). (E–G) Staining for TUNEL and GFAP (astrocytes).
There was minimal apoptosis in untreated cultures (B and E), increased apo-
ptosis after 24 h of tat treatment (C and F), and reduced apoptosis when the
LRP inhibitor, RAP, was applied 15 min before and 6 h after tat (D and G). (H
and I) Percentage of TUNEL-positive cells after different durations of treat-
ment with tat alone (F) or with tat plus RAP. Control cells without treatment
did not show increased apoptosis (data not shown). Addition of RAP once (15
min before tat treatment, RAP, ■ ), twice (a second application 6 h after tat
treatment, RAPX2, Œ), or three times (at 6 and 12 h after tat treatment, RAPX3,
�) reduced tat-induced apoptosis in neurons and astrocytes (P � 0.05 for all
treatments vs. control, n � 7, no significant difference between RAP treat-
ments).

Table 1. LRP ligands other than tat do not induce high levels
of apoptosis after 24 h of treatment

Condition
Neuronal

apoptosis, %
Astrocyte

apoptosis, %

Control 2.8 � 1.4 1.6 � 0.4
Tat 61.2 � 9.7* 18.7 � 5.8*
Lactoferrin 3.2 � 0.23 1.5 � 0.6
�2 macroglobulin 1.8 � 0.8 1.1 � 0.7
ApoE4 7.8 � 1.7*† 3.3 � 0.9*†

Values represent mean � SD (n � 5). *, P � 0.005 compared with control
conditions. †, P � 0.001 compared with tat conditions.
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PSD-95 and LRP/PSD-95 showed similar levels of interaction
(data not shown).

Because the chemokine CCL2 protects neuronal cultures from
tat-induced apoptosis (7), we determined whether complex
formation was altered in the presence of CCL2. In CoIP
experiments, CCL2 and tat cotreatment resulted in significantly
less complex formation than did tat treatment alone (Fig. 2 A–F,

#, P � 0.05). Changes in complex formation were not due to
changes in the overall amount of protein because no differences
were detected in the total amount of LRP, PSD-95, or NMDAR
in lysates from control, tat, or CCL2 plus tat-treated cultures
(Fig. 2G and data not shown).

Confocal analyses of the neuronal surface (SI Fig. 6) con-
firmed the CoIP data. We counted pixels over neurons for NR1
and LRP fluorescence above a threshold value, as set by the
background fluorescence of isotype-matched nonspecific IgG
control, and determined the percentage of total NR1 pixels that
were LRP positive and the percentage of total LRP pixels that
were NR1 positive. In control conditions, only �30% of NR1
pixels were LRP positive, but the percentage more than doubled
after tat treatment (SI Fig. 6 B–G and M; *, P � 0.05 vs. control,
n � 5). Similarly, the percentage of LRP pixels with NR1
increased from �50% to �90% after tat treatment (SI Fig. 6
B–G and N; *, P � 0.05 vs. control, n � 5). We also found that
total LRP and NR1 labeling per neuron did not differ in control,
tat-treated, or CCL2 plus tat-treated cultures (SI Fig. 6O).
Colocalization of LRP and NR1 in CCL2 plus tat-treated
cultures was not significantly different from that in control
conditions (SI Fig. 6 H–J, M, and N; #, P � 0.05 vs. tat alone,
n � 5); thus, CCL2 prevented tat-induced association of LRP
and NR1. Treatment with CCL2 alone did not detectably alter
localization of either of the two proteins (data not shown). These
findings demonstrate that tat enhances colocalization of
NMDARs and LRP at the surface of neurons, an action that
could be mediated by the synaptic scaffolding protein PSD-95,
and that is blocked by the chemokine CCL2.

Tat Treatment Causes Activation of nNOS Through Association with
NMDARs. Apoptosis can be induced by nNOS activation and
subsequent nitric oxide (NO) production (28). In ischemic
models, activation of nNOS by calcium influx through NMDARs

Fig. 3. Tat treatment enhances interaction between NR2A and nNOS. (A)
NR2A was immunoprecipitated (IP) from lysates of control, untreated cultures
(time 0), or cultures treated with tat or tat plus CCL2 for 5, 10, 15, 30, 45, 60,
and 180 min, and precipitates were analyzed by Western blotting (WB) for
nNOS interaction. Total protein lysate was used as a loading control (Input). (B)
Densitometric analysis (n � 3) of nNOS abundance in the CoIP relative to input.
No or low interaction between NR2A and nNOS was found in control cells. Tat
treatment resulted in nNOS association with NR2A that was maximal between
30 and 60 min after tat treatment (*, P � 0.05 vs. control; #, P � 0.05 vs. 10–30
min tat treated). CCL2 cotreatment significantly inhibited tat-induced NR2A/
nNOS complex formation (&, P � 0.05 vs. tat alone).
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Fig. 2. NR2A and LRP form a complex after tat treatment, and PSD-95 may
mediate complex formation. (A) LRP or NR2A antibodies were used for im-
munoprecipitation (IP) from lysates of control (time 0) cultures or cultures
treated with tat or tat plus CCL2 for 5, 10, 15, 30, 45, 60, and 180 min. Samples
were analyzed by Western blotting (WB) with the antibody indicated; input
samples were used as loading controls. Human cortex lysate (Cortex) was used
as a positive control for NR2A and LRP. (B and C) Densitometric analysis of the
CoIP protein compared with the amount in the input (n � 5). Tat treatment
increased association of NR2A and LRP maximally at 10 – 45 min
(*, P � 0.05 vs. control). The association was largely blocked by CCL2 (#, P � 0.05
vs. tat alone). (D) PSD-95 was immunoprecipitated from lysates of control
cultures (time 0) or cultures treated with tat or tat plus CCL2 and analyzed by
WB with antibodies to NR2A and to LRP. (E and F) Quantification of these data
(n � 5). Tat treatment increased association of PSD-95 with LRP and with NR2A
(*, P � 0.05 vs. control). These effects were blocked by CCL2 (#, P � 0.05 vs. tat
treatment). (G) The total input protein was used as a loading control for each
IP (Input and data not shown).
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requires association of nNOS with PSD-95 and NMDARs (19,
29). In our CoIP experiments, tat treatment of cultures induced
association of nNOS and NR2A (Fig. 3; P � 0.05, n � 5), an
interaction that might be mediated through PSD-95. Maximal
association of nNOS and NR2A occurred between 30 and 60 min
(Fig. 3B; *, P � 0.05 vs. control; #, P � 0.05 vs. 10–30 min tat
treated; n � 5). Association was blocked by cotreatment with
CCL2 (Fig. 3 A and B; &, P � 0.05 vs. tat alone, n � 5).

Analysis of tangential confocal sections demonstrated that tat
treatment increased the percentage of NR1 pixels that were
nNOS positive from �15% to �45% and the percentage of
nNOS pixels that were NR1 positive from �70% to �90% (SI
Fig. 7 B–G and K; P � 0.05 vs. control for both parameters, n �
14). Tat induced an increase in colocalization of nNOS and NR1,
which was blocked by CCL2 (SI Fig. 7 H–L; #, P � 0.05 vs. tat
alone, n � 14). Tat increased the number of nNOS-positive pixels
(Fig. 7M; *, P � 0.05 vs. control). These data are in agreement
with the NR1/nNOS CoIP data (Fig. 3) and support the hypoth-
esis that tat leads to localization of nNOS to where it can be
activated by Ca2� influx through NMDARs.

Because tat likely leads to recruitment of nNOS to the
PSD-95/NMDAR complex (Fig. 3 and SI Fig. 7), we tested our
cultures for tat-induced NO generation. Addition of tat induced
NO generation in a time-dependent manner (Fig. 4A; *, P �
0.0001 vs. control). Tat increased the amount of NO in the
medium for as long as 24 h, the latest time point tested.
Tat-induced NO generation was completely blocked with the
nonselective NOS inhibitors, L-NAME (3 mM; Fig. 4A, P �
0.0001 vs. tat alone) or L-NMMA (3 mM; data not shown). The
addition of a highly selective inhibitor of nNOS, N�-propyl-L-
arginine (NPA; 3 mM) (30), with tat significantly reduced
tat-induced NO production (Fig. 4A; #, P � 0.0001 for tat plus
NPA vs. tat alone), but NO levels were still elevated relative to
controls (Fig. 4A; *, P � 0.0001 for tat plus NPA vs. control).
These results suggest that there was an additional source of NO,
most likely astrocytes, that was insensitive to nNOS-specific
inhibitors. However, tat treatment does not cause apoptosis in
pure cultures of astrocytes (7). The stimulus for astrocyte-
derived NO in these cultures must have come from the
NMDAR-positive neurons because the NMDA channel block-
ers, MK801 (Fig. 4A) or AP-5 (data not shown), reduced
tat-induced NO production to control levels. The addition of
CCL2 to tat-treated cultures also reduced NO levels to near
control values (Fig. 4A).

Tat-Induced Activation of nNOS Participates in Neuronal Apoptosis,
but Astrocyte Apoptosis Requires an Additional Source of NO. To
examine whether NO production is necessary for tat-induced
apoptosis in both neurons and astrocytes, cultures were treated
with tat in the absence or presence of the NOS enzyme inhib-
itors, L-NAME and L-NMMA. The addition of L-NAME with
tat to cultures resulted in complete block of the tat-induced
apoptosis in both neurons and astrocytes (Fig. 4 B and C, fifth
bar from left; P � 0.0001 vs. tat for both neurons and astrocytes,
not significant vs. control). Similar results were found with
L-NMMA treatment (data not shown). These findings strongly
suggest that NO production is necessary for tat-induced apo-
ptosis in both cell types. However, the highly selective inhibitor
of nNOS, NPA, added to cultures along with tat resulted in
marked reduction of apoptosis in neurons but not in astrocytes
(Fig. 4B, sixth bar from left; #, P � 0.0001 for tat plus NPA vs.
tat alone, tat plus NPA vs. control, n.s., n � 8; Fig. 4C; *, P �
0.05 vs. control; n.s. vs. tat, n � 6). This finding suggests that
although NMDAR-positive neurons contribute to the induction
of astrocyte apoptosis, as evidenced by the protective effect of
NMDAR blockers, a signal distinct from that resulting from
activation of nNOS is necessary for apoptosis in astrocytes. The
complete block of astrocyte apoptosis by L-NAME (fifth bar

from left as already noted) indicates that NO participates in
astrocyte apoptosis, although its source is not nNOS. This
alternative source may be from up-regulation of iNOS in astro-
cytes treated with tat (31), which sensitizes the cells to an
additional but unknown proapoptotic factor from NMDAR-
positive neurons that is necessary for astrocyte apoptosis. To
determine whether NO is sufficient to mediate apoptosis in our
cultures, cells were treated with the NO donor, SIN-1 (SIN, Fig.
4 B and C, rightmost bar). SIN-1 (which generated �2 � as much
NO as tat alone, not illustrated) caused apoptosis in neurons
(Fig. 4B) and astrocytes (Fig. 4C) to about the same extent as did
tat itself (determined after 24 h). These findings demonstrate
that nNOS activation by tat treatment in NMDA neurons and
subsequent NO production elicit extensive apoptosis in neurons;
and that an additional factor, possibly NO, that is not dependent
on nNOS is required for apoptosis of astrocytes.

Discussion
HIV infection of the CNS is characterized by neuronal injury and
loss despite the inability of HIV to infect neurons. Here we show
that treatment of mixed cultures of neurons and astrocytes with
the HIV protein, tat, induces the formation of a protein complex

Fig. 4. Tat induces NO production, primarily through nNOS activation,
resulting in neuron and astrocyte apoptosis. (A) Cultures were treated with tat
(F) or tat plus NPA (Œ), CCL2 (‹), MK801 (Š), or L-NAME (�). At different time
points, medium was collected and NO production was measured by the Griess
reaction. Tat treatment induced significant NO production over the untreated
condition (■ ; P � 0.001). MK801 or L-NAME abolished tat-induced production
of NO (P � 0.001 vs. tat alone). NPA or CCL2 reduced tat-induced production of
NO (P � 0.001) but not to basal levels, suggesting a source of NO in addition
to nNOS. The addition of MK801, L-NAME, NPA, or CCL2 alone did not change
basal NO production (data not shown). *, P � 0.001 vs. control; #, P � 0.001 for
a treatment compared with tat alone (n � 4). (B and C) Summary data of
apoptosis in neurons and astrocytes after 24-h treatment. Tat induced a high
percentage of apoptosis compared with control (first two bars on the left). The
NMDA blockers, MK801 and AP5, provided substantial protection (third and
fourth bars). The general NOS antagonist, L-NAME, blocked apoptosis in both
cell types. The nNOS-specific blocker, NPA, greatly inhibited neuronal apo-
ptosis with little effect on astrocyte apoptosis (sixth bar). The NO donor, SIN,
alone (seventh bar) induced almost as much apoptosis as tat [*, P � 0.001 vs.
control conditions and #, P � 0.001 compared with tat treatment (n � 6)]. (D)
Proposed mechanism of tat-induced apoptosis. Tat induces formation of a
macromolecular complex of LRP, PSD-95 [protein with three PDZ domains, an
SH3 and guanylyl kinase (GK)-like domain], NMDAR, and nNOS. The formation
of this complex generates proapoptotic signals, such as NO, that can be
transmitted to cells lacking NMDARs, resulting in extensive apoptosis.
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of LRP, PSD-95, NMDAR, and nNOS in the plasma membrane
of NMDAR-positive neurons. We further show that interaction
among these proteins is critical to activation of nNOS and
generation of NO, promoting apoptosis in two-thirds of the
neurons and one-quarter of the astrocytes (see model in Fig. 4D).
Addition of the inflammatory chemokine CCL2 inhibits forma-
tion of the macromolecular complex and protects both neurons
and astrocytes. This mechanism of tat toxicity shows how a
soluble factor, tat, released by HIV-infected cells can kill
neurons and suggests a mechanism by which tat induces cogni-
tive impairment in individuals with CNS infection. Our data also
emphasize an alternative, noninflammatory, neuroprotective
role for CCL2 during HIV neuropathogenesis.

Tat is a viral protein released from HIV-infected cells and
taken up by cells (3). Extracellular tat has been detected in the
brains of individuals with HIV dementia and encephalitis (32,
33) and is toxic to neurons (6–8). Because neurons are not
directly infected, tat-induced neuronal and astrocytic apoptosis
is an indirect mechanism by which CNS HIV infection leads to
neuronal and glial loss during the course of NeuroAIDS. Uptake
of tat by neurons is mediated primarily by LRP (9), indicating
that tat-induced apoptosis is a specific process involving partic-
ipation of cellular proteins. LRP and its ligands regulate diverse
effects including cytokine production and synaptic plasticity (25)
and are not usually associated with cell death. However, our data
indicate that LRP-mediated binding of tat is required for cell
death because the specific LRP blocker, RAP, prevented tat-
induced neuronal and astrocyte apoptosis. Unlike other LRP
ligands, tat escapes from the endosome/lysosome degradation
pathway and localizes to the nucleus, where it has been found to
alter transcription of some cellular genes (9). Nuclear localiza-
tion and tat transcriptional effects as well as the complex
formation described in this report may be contributing to
neuronal apoptosis. Although NMDA-negative neurons express
LRP (9) and presumably take up tat, its action is not sufficient
to trigger apoptosis because NMDA blockers protect all of the
neurons.

The role of NMDARs in tat-induced neurotoxicity has not
been well characterized. The data that MK801 and AP-5 almost
completely block tat-induced neuronal and astrocyte apoptosis,
although only 25–35% of the neurons in our cultures express
NMDARs, indicate that NMDARs play a key role in triggering
apoptotic signals that affect not only the NMDAR-expressing
cells but also are transmitted to other cells. NMDARs are one
of the major glutamate-activated ionotropic receptors in the
brain and are permeable to sodium, potassium, and calcium.
Compromised neuronal viability due to excessive NMDAR
activation has been described in several neurodegenerative
diseases (34, 35) including HIV dementia (36). We demonstrate
the contribution of activated NMDARs as part of the tat–LRP–
PSD-95–NMDAR–nNOS macromolecular complex to tat-
induced apoptosis, and identify NO as a major downstream
effector.

The interaction of PSD-95 with NMDARs results in increased
probability of NMDAR channel opening, delivery, and insertion
of new channels into the membrane, potentiated currents, and a
decreased internalization rate of NMDARs, (15), suggesting that
this interaction is critical to maintenance/enhancement of
NMDAR activity. Based on these observations, formation of the
LRP–PSD-95–NMDAR–nNOS macromolecular complex initi-
ated by tat might be expected to stabilize NMDARs on the cell
surface and/or potentiate currents through the NMDARs. This
could lead to greater signal generation by the NMDAR, includ-
ing those signals that become toxic to neighboring cells.

Because the majority of cells in this culture system do not
express NMDARs, and because we demonstrated that the
NMDAR-positive cells initiate the apoptotic process, there must
be a mechanism(s) to induce apoptosis in NMDAR-negative

neurons and astrocytes. Two possibilities are: (i) activation of
NMDARs resulting in calcium overload and calcium-dependent
release of second messengers, such as IP3, and ATP and gluta-
mate; and (ii) activation of nNOS, resulting in NO production
and release, and subsequent mitochondrial damage and second
messenger signaling. We found that tat treatment activates
nNOS and NO production in our human neuronal cultures. NO,
because of its diffusibility, is a good candidate for inducing
apoptosis in NMDAR-negative cells.

NO was generated in our cultures after tat treatment. Although
only approximately one-third of the neurons express NMDARs,
MK801 totally abolished NO production and blocked apoptosis in
neurons and astrocytes, further underscoring the importance of the
NMDAR-positive cells in generating the NO signal. The specific
nNOS inhibitor, NPA, reduced NO production and prevented
neuronal, but not astrocyte apoptosis, indicating that NO from
neurons is important for neuronal, but not astrocyte, cell death.
NPA also did not reduce NO production to basal levels in our
cultures, although more general NOS blockers did, suggesting that
there is an additional source of NO, likely iNOS from astrocytes
that has been shown to be induced by tat (31). We hypothesized that
iNOS activity is triggered at least in part by NMDAR-positive
neurons, as indicated by our MK801 experiments. Also in support
of a role for the NMDAR-positive neurons in tat-induced astrocyte
apoptosis, previously published data indicate that pure cultures of
astrocytes treated with tat do not undergo apoptosis (7). The
specific signals from the NMDAR-positive neurons to astrocytes
are not yet known. However, they require NMDAR activation but
not nNOS activation.

We established that tat induces NO production through
interaction and activation of nNOS by NMDARs and that this
NO is crucial for apoptosis in neurons. The activation of nNOS
in models of ischemia depends on the interactions among
NMDARs, PSD-95, and nNOS, as well as on Ca2� from
NMDAR activation (19). The exact mechanism of NO-induced
neuronal apoptosis in our system has not been determined. NO
activates the p38 apoptotic pathway in the context of glutamate-
induced neuronal apoptosis (37) and may be contributing to
apoptotic signaling in our system through this mechanism.
Alternatively, high NO production leads to the generation of free
radicals and mitochondrial damage (18), which also may be
occurring in response to tat.

Although nitric oxide is a necessary signal for tat-induced
apoptosis, it may not be the only signal, particularly at later time
points in the apoptotic process. For example, extracellular
glutamate could be playing a role. We previously demonstrated
that tat (12–24 h) causes release of glutamate (7). Thus, at later
time points, tat-induced glutamate release may also contribute
to calcium overload and excitotoxicity through overactivation of
NMDARs and other glutamate receptors mediated by high
levels of extracellular glutamate (7) and by dysregulation of
glutamate metabolism in astrocytes. However, these processes
must be initiated by NMDAR-positive neurons because blocking
NMDARs prevents tat-induced apoptosis in all cell types.

Studies suggest that CCL2 facilitates the progression of
NeuroAIDS by recruiting monocytes to the CNS (38), thus
increasing inflammation and providing cells for viral replication;
however, CCL2 levels do not always correlate with inflammation
(39, 40). We propose that CCL2 has an alternative role and is
neuroprotective during some stages of the disease. CCL2 pre-
vents tat-induced complex formation and thereby interferes with
the early events in tat-induced apoptosis and protects neurons
and astrocytes from tat toxicity. CCL2 may further interfere with
the apoptotic process through activating survival signaling cas-
cades and by regulating glutamate receptor trafficking, extra-
cellular levels of glutamate (7), and proapoptotic signaling.

The characterization of this tat-regulated protein complex in
NMDAR-positive neurons provides a mechanism for the early

3442 � www.pnas.org�cgi�doi�10.1073�pnas.0611699104 Eugenin et al.



steps of tat-induced apoptosis in neurons and astrocytes using
the synaptic machinery already expressed by CNS cells (see
model Fig. 4D). An understanding of the early mechanisms of tat
toxicity as well as the role for CCL2 as a mediator of neuro-
protection may lead to new interventional strategies to limit the
progression of NeuroAIDS.

Materials and Methods
Human fetal cortical tissue was used and cultured under a
protocol approved by the Albert Einstein College of Medicine
(41) (see SI Methods for details and sources of reagents). Tat
protein was expressed from the tat gene derived from the
HIV-BRU strain inserted into an Escherichia coli vector. Tat (10
ng/ml) was added to neurons in the absence or presence of CCL2
(100 ng/ml). Apoptosis was assayed by a TUNEL reaction kit
(Roche, Mannheim, Germany). Anti-GFAP and anti-MAP2
were used to identify astrocytes and neurons, respectively. Other
primary antibodies were anti-LRP, anti-NR1, anti-NR2A, anti-
nNOS, anti-PSD-95, and anti-Annexin-5.

Colocalization of proteins at the surface of neurons was
analyzed with confocal microscopy by counting the number of

pixels labeled for either or both of two proteins per unit of area
in superficial sections.

CoIP with an appropriate antibody was followed by PAN-
SORBIN, pelleting, and resuspension in sample buffer and
analysis by SDS/PAGE and Western blotting.

NO was detected by using a kit (Cayman Chemical, Ann
Arbor, MI) to detect the end products of NO production, nitrite,
and nitrate.

Differences were evaluated by nonparametric Kruscal–Wallis
analysis, a Bonferonni–Dunn multiple-comparison test, or a
two-tailed, paired t test.
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