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Neuronal damage in human immunodeficiency virus type 1 (HIV-1) infection in the brain is thought to occur at least in part through
NMDA receptor (NMDAR) excitation initiated by soluble neurotoxins from HIV-infected brain macrophages. Furthermore, brain re-
gions enriched in NMDAR-2A (NR2A) and NMDAR-2B (NR2B) subunits, such as the hippocampus, are particularly vulnerable. Using
cultured rat hippocampal cells and HIV-1-infected human monocyte-derived macrophages (HIV/MDM), we examined the role of NR2A
and NR2B in HIV/MDM-induced hippocampal neuronal death. We used the primary HIV-1 strain Jago derived from the CSF of an
individual with HIV-associated dementia and that robustly replicates in MDM. We found the following: (1) hippocampal neuronal
susceptibility to HIV/MDM excitotoxins varies according to the developmental expression patterns of NR2A and NR2B; (2) NMDAR
activation by HIV/MDM results in neuronal calpain activation, which results in neuronal death; and (3) selective antagonists of homo-
meric NR2B/NR2B- and heteromeric NR2A/NR2B-containing NMDARs, as well as an inhibitor of calpain activity, afford neuroprotection
against HIV/MDM. These studies establish a clear link between macrophage HIV infection, neuronal NR2A and NR2B activation, and
calpain-mediated hippocampal neuronal death. They further suggest a dominant role for NR2A and NR2B in determining neuronal
susceptibility in HIV-infected brain. Antagonists of NR2A and NR2B subunits as well as inhibitors of calpain activation offer attractive
neuroprotective approaches against HIV in both developing and mature brain.
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Introduction
Infection of the brain with human immunodeficiency virus type
1 (HIV-1) is associated with neuronal dendritic damage, apopto-
sis, and necrosis, all of which are thought to result from release of
neurotoxins from HIV-infected macrophages (HIV/MDM) and
other activated glial cells (Dawson et al., 1993; Gelbard et al.,
1995; Petito and Roberts, 1995; Adamson et al., 1996; Kaul et al.,
2001). HIV-1 productively infects cells of the macrophage lineage
(macrophages and microglia) in vitro and in vivo (Wiley et al.,
1986; Cosenza et al., 2002; Fischer-Smith et al., 2004). This infec-
tion results in release of proinflammatory cytokines, chemokines,
and excitatory amino acids, which can kill and injure neurons

(Tardieu et al., 1992; Power et al., 1998; Chen et al., 2002). Brain
regions such as the hippocampus, basal ganglia, and forebrain,
which are susceptible to NMDAR-mediated excitotoxicity, are
particularly vulnerable in HIV infection as well (Masliah et al.,
1992; Petito et al., 2001; Archibald et al., 2004; Sa et al., 2004), and
in vitro neuronal death caused by HIV/MDM can be effectively
blocked by NMDA receptor (NMDAR) antagonists (Giulian et
al., 1990; Lipton, 1993; Kaul et al., 2001). These observations
suggest a role for NMDARs in the neurodegeneration induced by
HIV-1 infection, and they have prompted clinical HIV neuropro-
tection trials with NMDAR antagonists (Lipton, 2004; Yiannout-
sos et al., 2004).

Functional NMDARs are heteromeric assemblies of four sub-
units: two NR1 subunits and two NR2 subunits, of which there
are four types (NR2A, NR2B, NR2C, and NR2D) (Lynch and
Guttmann, 2002; Waxman and Lynch, 2005). NR1 subunits bind
glycine, whereas NR2 subunits bind glutamate and quinolinic
acid. Although all four NR2 subunits bind glutamate with equal
affinity, NR2A and NR2B trigger greater excitotoxicity than
NR2C and NR2D (for review, see Lynch and Guttmann, 2002;
Waxman and Lynch, 2005). Interestingly, brain regions enriched
in NMDAR composed of NR2A and NR2B subunits (hippocam-
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pus, basal ganglia, and forebrain) are com-
monly injured in excitotoxic insults (isch-
emia and epilepsy) and also in HIV-1
infection (Conti et al., 1999; Everall et al.,
1999; Heyes et al., 2001; Lynch and Gutt-
mann, 2002; Archibald et al., 2004; Sa et
al., 2004; Waxman and Lynch, 2005). Fur-
thermore, regions such as the cerebellum
that express relatively high levels of NR2C
and low levels of NR2B are commonly
spared in both (Lynch and Guttmann,
2002). These observations suggest a com-
mon pathway of neuronal death mediated
by NR2A and/or NR2B subunits in classic
excitotoxic brain injury as well as in HIV-1
infection. Accordingly, the development
of NR2A-selective (Liu et al., 2004) and
NR2B-selective (Lynch and Guttmann,
2001) antagonists has been driven by a
widespread interest in producing non-
toxic, selective NMDAR antagonists as
neuroprotectants against such brain injury
(Lipton, 2004).

We hypothesized that neurons express-
ing NR2A- and NR2B-containing recep-
tors would be particularly susceptible to
neurotoxicity induced by exposure to
HIV/MDM. Therefore, to define the role
of NR2A and NR2B in HIV/MDM-
induced neuronal death, we examined the
responses of developing cultured neonatal
rat hippocampal neurons to culture super-
natants from HIV/MDM. Embryonic rat
hippocampal neurons demonstrate tem-
porally varying expression of NR2A- and
NR2B-containing receptors and offer an
excellent model system for studying
NMDAR-mediated excitotoxicity. With
our system, we validated previous reports
of release of excitotoxins from MDM
through HIV-1 infection (Giulian et al.,
1990; Brew et al., 1995; Xiong et al., 2000).
We then demonstrated that hippocampal
neuronal susceptibility to HIV/MDM ex-
citotoxins is predicted by the appearance
of NR2A- and NR2B-containing NMDA
receptors. Finally, we found that such
NMDAR activation by HIV/MDM results
in neuronal calpain activation, which leads
to neuronal death. Because NR2A and
NR2B expression vary both developmen-
tally and regionally within the brain, our
observations suggest a significant role for
NR2A and NR2B in determining age-
related and regional neuronal susceptibil-
ity to HIV-induced damage in both the pe-
diatric and adult brain.

Materials and Methods
Chemicals and reagents. Glutamate, MK801 [(�)-5-methyl-10,11-
dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate], AP-5, ifen-
prodil, and Ro25– 6981 [R-( R, S)-�-(4-hydroxyphenyl)-�-methyl-4-
(phenylmethyl)-1-piperidine propranol] were purchased from Tocris

Cookson (Ellisville, MO). Proteinase-K, zinc, the calpain inhibitor
MDL28170 (carbobenzoxy-valinyl-phenylalaninal), and an anti-micro-
tubule associated protein-2 (MAP-2) monoclonal were from Sigma (St.
Louis, MO). Conantokin-G was purchased from Bachem (King of Prus-
sia, PA). An anti-NMDA receptor-1 monoclonal antibody (catalog
#556308) was purchased from BD Transduction Laboratories (Lexing-
ton, KY), and an anti-NMDA receptor 2A (catalog #07-632) antibody
was from Upstate Biotechnology (Lake Placid, NY). An anti-NMDA re-

Figure 1. Hippocampal neuronal susceptibility to neurotoxins produced by HIV-1-infected macrophages is age dependent.
Supernatants from mock-infected or HIV-Jago-infected macrophages were applied to rodent hippocampal neurons that had been
cultured for DIV 7, DIV 14, or DIV 21 on glass coverslips. Twenty-four hours later, cultures were stained for MAP-2 (A, red) and for
nuclei (Hoechst 33342; blue). Magnification for confocal micrographs is 400�. B, Neuronal survival as determined by counts of
MAP-2-reactive cells. Data represent the average � SD counts of multiple coverslips (n � 6; *p � 0.01 vs DIV 14 mock or DIV 21
mock, respectively).
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ceptor 2B antibody (catalog #718600; directed against the N-terminal
251 amino acids) was from Zymed (San Francisco, CA). Antibody A38,
which is directed against calpain-cleaved spectrin, was described previ-
ously (Roberts-Lewis et al., 1994) and was a generous gift from Dr. Rob-
ert Siman (University of Pennsylvania, Philadelphia, PA). An anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (sc-
20357) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA),
an anti-neurofilament polyclonal (NB300-135) was purchased from
Novus Biologicals (Littleton, CO), and an anti-�-tubulin III monoclonal
(MU177) was purchased from BioGenex (San Ramon, CA). NVP-
AAM077 [( R)-[( S)-1-(4-bromo-phenyl)-ethylamino]-(2,3-dioxo-
1,2,3,4-tetrahydro-quinoxalin-5-yl)-methyl]phosphonic acid] was a
kind gift from Dr. Yves Auberson at Novartis Institutes for BioMedical
Science (Basel, Switzerland). Efavirenz was provided by DuPont Phar-
maceuticals (Wilmington, DE).

Preparation of MDM and HIV infections. MDM were isolated from
primary blood mononuclear cells from healthy volunteers as described
previously (Chen et al., 2002). Cells were collected in accordance with
protocols approved by the University of Pennsylvania Committee on
Studies Involving Human Beings. Cells were cultured in six-well plates
(1.25 � 10 6 cells per well) for 7 d in macrophage media (DMEM with
10% fetal bovine serum, 10% horse serum, 1% penicillin/streptomycin,
and 1% nonessential amino acids) supplemented with macrophage col-
ony stimulating factor (100 U/ml). Macrophage media was changed on
day 7 in each well, inoculated with equivalent amounts of cell-free HIV-1
inoculum (100 ng of p24 per well), and incubated for 18 h. Cells were
washed twice with PBS and incubated in fresh macrophage media. Mac-
rophage supernatants were monitored for p24 antigen content by ELISA
(NEN, Boston, MA). In each case, HIV infection of macrophages was
confirmed by serial quantification of p24 antigen levels in the culture
supernatants over time. Supernatants were used for application to neu-
ronal cultures only when productive infection was confirmed (p24 values
were typically 100 – 400 pg/ml supernatant). In control macrophage cul-
tures, efavirenz, a non-nucleoside reverse transcriptase inhibitor that is
highly effective in suppressing HIV replication in cells of the macrophage
lineage, was added (20 nM) 1 h before HIV inoculation. Supernatants
from HIV/MDM and non-infected macrophages (mock/MDM) were
collected at selected time points after infection and stored at �80°C.

HIV-1 isolate Jago is a macrophage-tropic isolate derived from cell-
free CSF from a patient with confirmed HIV-associated dementia (Chen
et al., 2002). Stocks of Jago were prepared in primary T-lymphocytes
derived from the blood of healthy volunteers through the University of
Pennsylvania Center for AIDS Research Virology Core. As for other
macrophage-tropic HIV strains, Jago productively infects primary
T-lymphocytes and macrophages but not transformed T-cell lines (Chen
et al., 2002).

Preparation of primary neuronal cultures. Primary rat hippocampal
cultures were prepared from embryonic day 17 Sprague Dawley rat pups
as described previously (Wilcox et al., 1994). Cells were plated at a density
of 2 � 10 5 cells per 35 mm dish on glass coverslips precoated with
poly-L-lysine (Peninsula Laboratories, San Carlos, CA) and maintained
in neurobasal media with B27 supplement at 37°C, 5% CO2. Half of the
medium volume was replaced every 7 d, and cultures were used at 7, 14,
or 21 d in vitro (DIV).

Quantification of HIV-induced neurotoxicity. Neuronal cultures were
exposed to HIV/MDM and mock/MDM supernatants at a final dilution
of 1:10 for 24 h at 37°C, 5% CO2. Cultures were washed once with PBS
and fixed in 4% paraformaldehyde/4% sucrose in PBS for 1 h, followed
by permeabilizing in 100% methanol (10 min) and 0.2% Triton X-100/
PBS (10 min). Cultures were then washed twice with PBS, blocked with
10% goat serum in PBS (45 min at room temperature), and exposed to
anti-MAP-2 antibody (60 �M in 10% goat serum in PBS) for 1 h at room
temperature. After washing, a tetramethylrhodamine isothiocyanate-
conjugated goat anti-IgG secondary antibody (66 �M; 45 min at room
temperature) was used for detection of MAP-2 antibody binding. The
number of surviving MAP-2-labeled neurons was estimated by blinded
counting of all fields (�40 at 400�) in two adjacent vertical columns
through the center of each coverslip, proceeding from top3 bottom3
top. For each condition, five to six coverslips were counted from two or

more independent experiments, and the average � SE number of surviv-
ing neurons was determined.

Filtration, heat-inactivation, protease digestion, and glutamate pyruvate
transaminase treatment of HIV/MDM supernatants. MDM supernatants
were centrifuged through Centriplus filters (Millipore, Bedford, MA)
(molecular weight cutoffs 50, 10, or 3 kDa) for 2 h at 2800 � g, and
filtrates (�50, �10, or �3 kDa fractions) were collected. The portion of
supernatants retained by the filter (�3 kDa fraction) was resuspended in
a volume of macrophage medium equal to the filtrate volume. For heat
inactivation, supernatants were boiled for 10 min and cooled to 37°C
before testing for neurotoxicity. For protease digestion, supernatants
were filtered through a 3 kDa filter and then incubated with proteinase-K
(1 �g/ml) for 2 h at 37°C. The enzyme was removed from the superna-
tants by filtration through a 3 kDa filter. Glutamate was removed from
supernatants and from media spiked with glutamate by addition of glu-

Figure 2. MDM release excitotoxins during productive HIV-1 infection. HIV-1 infection of
MDM (indicated by supernatant p24 antigen content; y-axis) was blocked with the non-
nucleoside reverse transcriptase inhibitor efavirenz (A), and supernatants were added to DIV 21
hippocampal neurons (B). Control hippocampal cultures received mock-infected supernatants
with or without efavirenz. The number of surviving neurons was determined as in Figure 1B. The
NMDA receptor antagonist MK801 (10 �M) was added to hippocampal cultures 1 h before
addition of macrophage supernatants (**p � 0.01 vs HIV-Jago/efavirenz; #p � 0.01 vs HIV-
Jago plus MK801).
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tamate pyruvate transaminase (GPT) (100 �g/
ml; Sigma), pyridoxal-L-phosphate (100 �M),
and pyruvate (10 mM) for 1 h at 37°C.

Treatments with NMDA receptor antagonists
and calpain inhibitors. Stock solutions of
MK801, AP-5, ifenprodil, Ro25– 6981, and
Conantokin-G were made at 10 mM in water, zinc
was reconstituted at 5 mM in water, and NVP-
AAM077 was reconstituted at 5 mM in 1 equiva-
lent NaOH in water. Stocks of MDL28170 were
made at 100 mM in DMSO. MK801, ifenprodil,
Ro25–6981, and MDL28170 were used at a final
concentration of 10 �M, AP-5 was used at 100 �M,
Conantokin-G was used at 6 �M, and zinc and
NVP-AAM077 were used at 500 nM. NMDA re-
ceptor antagonists were added to cultures 1 h be-
fore the addition of MDM supernatants or
NMDA receptor agonists. Calpain antagonists
were added to cells incubated in HEPES-buffered
physiological salt solution for 1 h, and then HIV/
MDM or mock/MDM supernatants were applied
to the cultures with the antagonists present.

Western blotting. Cell cultures were washed
twice with cold PBS and lysed in ice-cold Lae-
mmli buffer (0.625 M Tris-HCl, pH 6.8, 2%
SDS, and 10% glycerol) containing a protease
inhibitor mixture (Sigma). Lysates were boiled
for 5 min, and equivalent amounts (20 �g) of
lysate were loaded onto 10% polyacrylamide
gels (7% when blotting with NMDA receptor
antibodies) and subjected to SDS-PAGE. Gels
were blotted on to Immunoblot polyvinylidene
difluoride membrane (Bio-Rad, Hercules, CA)
and blocked in PBS with 0.05% Tween-20
(PBS-Tween) and 5% nonfat milk for 1 h at
room temperature. Primary antibodies were in-
cubated overnight at 4°C in blocking solution.
All primary antibodies were used at 1:1000 with
the exception of antibody A38 (rabbit anti-
calpain cleaved spectrin), which was used at
1:10,000. Membranes were washed three times
with PBS-Tween and incubated in secondary
antibody conjugated to HRP (125 ng/ml; Cell
Signaling Technology, Beverly, MA) in PBS-
Tween with 5% nonfat milk for 1 h at room
temperature. Membranes were washed three
times with PBS-Tween, developed in LumiGLO
chemiluminescent substrate (Cell Signaling
Technology), and exposed to Basic Autorad
film. For densitometric analysis, films were
scanned into Adobe Photoshop (Adobe Sys-
tems, San Jose, CA), and a fixed cursor area
centered over each band was assessed for pixel
density, with normalization to GAPDH signal.

Results
Hippocampal neurons demonstrate
age-dependent susceptibility to
HIV-infected macrophages
To determine how a vulnerable neuronal cell type succumbs to
neurotoxicity from HIV-1-infected macrophages, we used a
model system of developing fetal rat hippocampal mixed
neuronal/glial cultures exposed to culture supernatants har-
vested from HIV/MDM. Because NR2B/NR2B- and NR2A/
NR2B-containing receptors predominate within the hippocam-
pus and because their expression varies with developmental age
(Monyer et al., 1994), we first determined the age-dependent
susceptibility of developing hippocampal neurons to HIV/MDM.

We infected macrophages with the macrophage-tropic, CNS-
derived HIV-1 strain Jago (Chen et al., 2002) and subsequently
exposed rodent hippocampal neuronal cultures of different ages
(DIV 7, DIV 14, and DIV 21) to the HIV/MDM culture superna-
tants (Fig. 1A). After 24 h, we stained the cultures for MAP-2
expression (Fig. 1A) and quantified the number of surviving neu-
rons (Fig. 1B). As shown in Figure 1, after exposure to HIV/
MDM (Jago) supernatants, DIV 7 neuronal cultures showed no
neuronal loss, whereas profound neuronal loss was observed at
DIV 14 and DIV 21 compared with cultures exposed to superna-

Figure 3. Glutamate is partially responsible for HIV/MDM neurotoxicity. Supernatants were filtered through membranes with
molecular weight cutoffs of 50 kDa (�50 kDa), 10 kDa (�10 kDa), and 3 kDa (�3 kDa) and assayed for neurotoxicity on DIV 21
hippocampal cultures (A). The neurotoxicity of factors larger than 3 kDa in the supernatants (�3 kDa) was determined by
resuspending the filter retentate in macrophage media in the same volume as the filtrate. B, Supernatants were exposed to
proteinase-K (1 �g/ml for 2 h at 37°C), and then treated supernatants were filtered through a 3 kDa filter before testing for
neurotoxicity on DIV 21 hippocampal cultures. C, Supernatants were boiled (10 min; 	H), cooled to 37°C, and tested for neuro-
toxicity on DIV 21 hippocampal cultures. Neither proteinase-K treatment nor boiling abrogated neurotoxicity (*p � 0.01 vs mock;
**p � 0.01 vs mock treated). D, The contribution of glutamate from HIV-Jago supernatants was assayed by enzymatic degrada-
tion of glutamate in supernatants by treatment with GPT. Control media was spiked with 100 �M glutamate alone. Control and
MDM supernatants (mock and HIV-Jago) were treated with GPT, added to DIV 21 hippocampal cultures (1:10 dilution for 24 h for
a final dilution of 10 �M glutamate), and followed by MAP-2 staining and cell counting (#p � 0.01 vs GPT treated).
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tants from mock-infected macrophages. Inhibition of HIV-1 rep-
lication in the macrophages with the non-nucleoside reverse
transcriptase inhibitor efavirenz (Fig. 2A) prevented the neuro-
toxicity (Fig. 2B), indicating that HIV-1 replication within the
macrophages is necessary for the release of neurotoxins. In addi-
tion, the NMDAR antagonist MK801 was protective (Fig. 2C),
confirming that NMDAR activation mediates this HIV/MDM
neurotoxicity.

Glutamate partially contributes to
HIV/MDM-induced neurotoxicity
Consistent with previous reports (Giulian et al., 1996) describing
the presence of low-molecular-weight excitotoxins in the HIV/
MDM supernatants, ultrafiltration (Fig. 3A, cutoff of 50, 10, or 3
kDa), proteinase-K treatment (Fig. 3B), and boiling of the mac-
rophage supernatants (Fig. 3C) before application to neuronal
cultures failed to abrogate the neurotoxicity. To address the pos-
sibility that glutamate released from the HIV/MDM was primar-
ily responsible for the toxicity (Jiang et al., 2001), we treated
supernatants with GPT, which lowers glutamate concentrations
through transamination of glutamate, before exposure to neu-
rons. As shown in Figure 3D, GPT treatment completely blocked
toxicity induced by 10 �M glutamate and showed significant but
partial protection against toxicity induced by HIV/MDM super-
natants. This suggests that HIV/MDM excitotoxins, including
glutamate, are the major source of HIV/MDM neurotoxicity.

Age-related hippocampal neuronal susceptibility to
HIV-infected macrophages is predicted by NMDAR-2B
and NMDAR-2A expression
Because hippocampal cultures demonstrate age-dependent sus-
ceptibility to HIV/MDM (Fig. 1) and because NMDAR subunit
expression and function vary with developmental age in hip-
pocampal neurons, we determined the ability of specific NMDAR
antagonists to block HIV/MDM neurotoxicity in hippocampal
neurons maintained in culture for various ages. As shown in
Figure 4, noncompetitive [MK801 (Fig. 4A)] and competitive
[AP-5 (Fig. 4B)] NMDAR antagonists each inhibited neurotox-
icity at DIV 14 and DIV 21 (n � 6; p � 0.01). Furthermore, when
examined by Western blotting (Fig. 4C), NMDAR expression was
barely detectable in DIV 7 cultures, whereas DIV 14 and DIV 21
cultures showed increasing expression of NMDAR subunits NR1,
NR2A, and NR2B. Specifically, expression of both NR2A and
NR2B subunits increased dramatically from DIV 7 through DIV
21, whereas NR1 expression increased dramatically between DIV
7 and DIV 14 but remained relatively constant between DIV 14
and DIV 21.

NMDAR-2B and NMDAR-2A antagonists protect
hippocampal neurons against HIV/MDM toxicity
We hypothesized that expression of functional NR2B/NR2B-
containing receptors would account for the susceptibility of DIV

Figure 4. Age-dependent susceptibility of developing hippocampal neurons to HIV/MDM
neurotoxicity is predicted by NMDA receptor expression. Hippocampal cultures were main-
tained for DIV 7, DIV 14, or DIV 21 and preincubated with the noncompetitive NMDA receptor
antagonist MK801 (10 �M; A) or the competitive NMDA receptor antagonist AP-5 (100 �M; B)
for 1 h before exposure to MDM supernatants. Cultures were incubated for 24 h and assayed for
the number of surviving neurons (*p � 0.01 same day HIV-Jago). C, Western blots for NMDA
receptor subunits (NR1, NR2A, and NR2B) and for �-tubulin III as a protein loading control.

Table 1. Subunit specificity of NMDA receptor antagonists

Antagonist Subunit bound NMDAR inhibited

Ifenprodil NR2B NR2B/2B
Ro25– 6981 NR2B NR2B/2B
Conantokin-G NR2B NR2B/2B, NR2A/2B
Zinc NR2A NR2A/2A
NVP-AAM077 NR2A NR2A/2B, NR2A/2A

NMDA receptor antagonists used in Figure 5. The NMDA receptor subunit to which each antagonist directly binds and
the NMDA receptor subunit combinations that are inhibited by each antagonist are listed (for review, see Waxman
and Lynch, 2005).�/.�
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14 neurons to HIV/MDM supernatants.
Furthermore, although NR2B was de-
tected at each age, NR2A appeared only
weakly by DIV 14 and more strongly at
DIV 21. We expected that NR2A- and
NR2B-selective antagonists (Table 1)
would differentially protect these neurons
at different times in culture. Using two
noncompetitive NR2B-selective antago-
nists, ifenprodil and Ro25– 6981 (Lynch
and Guttmann, 2001), we found that DIV
14 cultures were completely protected,
whereas DIV 21 cultures were only par-
tially protected (Fig. 5A,B). Although each
of these agents binds to the NR2B recep-
tor, each is effective only in inhibiting
NMDAR function in the context of NR2B/
NR2B homomeric associations and not
NR2A/NR2B heteromeric associations
(Chenard and Menniti, 1999; Lynch and
Guttmann, 2001). We therefore hypothe-
sized that DIV 21 neurons, which express
both NR2B/NR2B- and NR2A/NR2B-
containing receptors, would be fully pro-
tected only by agents that block both
NR2A- and NR2B-containing subtypes.
As expected, Conantokin-G, which blocks
both NR2B/NR2B- and NR2A/NR2B-
containing receptors (Klein et al., 2003),
afforded complete protection for DIV 14
as well as DIV 21 neurons (Fig. 5C). In
contrast, we found that zinc, a high-
affinity antagonist of NR2A/NR2A-
containing receptors, provided no protec-
tion at either age (Fig. 5D). Finally,
NVP-AAM077, which blocks both NR2A/
NR2A- and NR2A/NR2B-containing re-
ceptors (Liu et al., 2004), afforded no pro-
tection at DIV 14 and only partial
protection at DIV 21 (Fig. 5E). These find-
ings are summarized in Table 2. These ob-
servations strongly support the conclusion
that age-dependent susceptibility of hip-
pocampal neurons to HIV/MDM-induced
excitotoxicity is mediated by NR2B/
NR2B- and NR2A/NR2B-containing re-
ceptor subtypes, and that blockade of both
subtypes in mature neurons is essential
for effective neuroprotection against
HIV/MDM.

NMDAR activation by HIV/MDM
results in activation of calpains
One consequence of NMDAR activity is
the activation of calpains, which are
calcium-activated proteases that cleave cy-
toskeletal elements, such as spectrin, neu-
rofilament, and MAP-2 (Goll et al., 2003),
and functional elements, such as
NMDAR-2B (Guttmann et al., 2001; Simpkins et al., 2003). We
hypothesized that HIV/MDM supernatants would activate neu-
ronal calpains, and that inhibition of such activation would pre-
vent this neurotoxicity. As shown in Figure 6, exposure to HIV/

MDM supernatants resulted in a robust increase in calpain
activity in hippocampal cultures (fourfold) (Fig. 6A), as evi-
denced by detection of calpain-specific spectrin cleavage prod-
ucts. Furthermore, calpain activation was prevented by preincu-

Figure 5. NMDAR subtype 2B/2B- and 2A/2B- selective antagonists protect hippocampal neurons from HIV/MDM neurotoxicity.
Hippocampal cultures were preincubated for 1 h with subtype-specific NMDA receptor antagonists and then exposed to MDM superna-
tants for 24 h. The number of surviving neurons was assayed by counting of MAP-2-reactive cells (#p�0.05 vs same day HIV-Jago; *p�
0.01 vs same day HIV-Jago.) Hippocampal cultures were exposed to the NR2B noncompetitive antagonists ifenprodil (10 �M; A)
Ro25– 6981(10�M;B).C,Conantokin-G,acompetitiveNR2Bantagonistthat inhibits2B/2B-and2A/2B-containingNMDAreceptors,was
used at 6 �M. D, Zinc, a noncompetitive antagonist of NR2A at nanomolar concentrations, was used at 500 nM. E, NVP-AAM077, a
competitive NR2A antagonist that inhibits NMDARs containing 2A/2A or 2A/2B subunits, was used at 500 nM.
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bation of neurons with MK801 (Fig. 6A). Moreover, we detected
the characteristic spectrin-mediated NMDAR-2B cleavage pat-
tern (Fig. 6C, open arrow), which was also prevented by preincu-
bation with MK801. We confirmed that spectrin cleavage was the
result of calpain activation by blocking the production of the
cleavage product by preincubation of cells with the cell-
permeable calpain inhibitor MDL28170 (Fig. 6E,F). These re-
sults thus clearly link HIV/MDM-associated NMDAR activation
with neuronal calpain activation and subsequent cleavage of
calpain-specific targets.

Calpain activation contributes to HIV/MDM neurotoxicity
Activity of calpains is often associated with cell death models of
ischemia, spinal cord injury, and a range of neurodegenerative
diseases, such as Alzheimer’s disease and Huntington’s disease
(for review, see Goll et al., 2003). However, calpain inhibition is
not universally neuroprotective because other neurodegenerative
pathways can be activated in parallel with calpains (Ray et al.,
2003; Yamashima, 2004). To determine whether calpain activa-
tion leads to HIV/MDM-induced hippocampal neuronal death,
we determined the ability of the calpain inhibitor MDL28170 to
prevent HIV/MDM-induced neurotoxicity. Figure 7 demon-
strates a dose-dependent neuroprotective effect of MDL28170 up
through the concentration (10 �M) that we determined was ef-
fective in inhibiting calpain-mediated spectrin cleavage (Fig. 6).
These results clearly show that calpain activation mediates cell
death events downstream of NMDA receptor activation by expo-
sure to HIV/MDM supernatants.

Discussion
We have demonstrated that the susceptibility of developing hip-
pocampal neurons to HIV/MDM is determined by their expres-
sion of NMDAR-2A and NMDAR-2B subunits (NR2A and
NR2B, respectively), and that such toxicity is mediated at least in
part by calpain activation. Effective neuroprotection in vitro is
afforded by selective NR2A and NR2B antagonists and by inhib-
itors of calpain activation, and both receptor subtypes must be
considered in implementing NMDAR-associated neuroprotec-
tion strategies. The results suggest that these agents, when used
alone or in combination, could provide effective protection
against neurodegeneration induced by HIV-1 infection in vivo.
They further suggest that developmental and regional suscepti-
bility to HIV-induced damage might be primarily determined by
NMDAR subunit expression.

HIV infection of macrophages within the brain is thought to
be a critical factor in triggering events leading to neuronal dam-
age and death, and multiple studies in vitro and in vivo indicate
that excitotoxicity mediated by activation of macrophages plays a
major role (Brenneman et al., 1988; Heyes et al., 1989; Dreyer et
al., 1990; Giulian et al., 1990; Tardieu et al., 1992; Dawson et al.,

1993; Lipton, 1993; Brew et al., 1995; Nottet et al., 1996; Power et
al., 1998; Jiang et al., 2001; Kaul et al., 2001; Valle et al., 2004).
Some of these models use HIV-infected monocytes/macrophages
as a source of neurotoxins (Heyes et al., 1989; Giulian et al., 1990;
Tardieu et al., 1992; Power et al., 1998), whereas others use ap-
plication of recombinant proteins to neuronal cultures (Dreyer et
al., 1990; Dawson et al., 1993; Lipton, 1993; Kaul et al., 2001) to
model HIV/MDM neurotoxicity. In all, these studies have impli-
cated a number of HIV- and MDM-associated neurotoxins that
directly or indirectly activate neuronal NMDA receptors, includ-
ing glutamate, quinolinic acid, platelet activating factor, reactive
oxygen species, NTox, Tat, and gp120. Our studies confirm some
of these reports of low-molecular-weight heat- and protease-
resistant excitotoxins as major HIV/MDM-associated neurotox-
ins, which include glutamate (Fig. 3); however, our attempts to
identify products of the kynurenine metabolic pathway (quino-
linic acid) in macrophages as HIV/MDM excitotoxins (Brew et
al., 1995; Nottet et al., 1996) in our system thus far are inconclu-
sive (data not shown). Nonetheless, our NMDAR studies clearly
indicate that neuronal NR2A and NR2B subunit expression pat-
terns are a major determinant of hippocampal neuronal suscep-
tibility to HIV/MDM-associated excitotoxins.

It is well established that NMDA receptors play a significant
role in HIV-induced neurotoxicity in vitro (Dawson et al., 1993;
Lipton, 1993; Power et al., 1998; Chen et al., 2002). However, the
roles of NMDA receptors in vivo, and how NMDAR subtypes
relate to regional and developmental neuronal susceptibility, re-
main essentially unexplored. We hypothesized that specific neu-
ronal NMDAR subunit expression patterns would correlate with
susceptibility to HIV/MDM in a vulnerable neuronal subtype. To
address this question, we chose the rodent hippocampal culture
system because it represents a well characterized model for stud-
ies of NMDAR-mediated excitotoxicity, and because the hip-
pocampus is a region commonly damaged in HIV-infected brain.
Consistent with the demonstrably low level of NMDAR-2A and
NMDAR-2B subunit expression, DIV 7 hippocampal cultures
showed no neurotoxicity during exposure to HIV/MDM super-
natants, whereas marked toxicity was observed in DIV 14 and
DIV 21 cultures. By DIV 14, these cultures exhibited robust NR1
and NR2B expression, suggesting the likely expression of func-
tional NR2B/NR2B-homomeric receptors at this age. As pre-
dicted, we found that selective NR2B antagonists nearly com-
pletely protected DIV 14 cultures, thus confirming a role for the
NR2B subunit in HIV/MDM-induced neurotoxicity in develop-
ing hippocampal neurons. Interestingly, Xiong et al. (2003) dem-
onstrated that supernatants from HIV-infected macrophages
could activate inward ionic currents in Xenopus oocytes express-
ing recombinant NR1/NR2B NMDA receptors, which is consis-
tent with our observations of NR2B-mediated toxicity in DIV 14
cultures. Meeker et al. (2004) also demonstrated age-dependent
susceptibility of rat neocortical neurons to CSF collected from
HIV-infected individuals compared with CSF from HIV-
negative individuals, but the role of NMDAR activation was not
specifically addressed in that study.

Our observation that DIV 21 hippocampal neurons are only
partially protected by NR2B/NR2B-selective antagonists is most
straightforwardly explained by the appearance of NR2A subunits
by this time and the formation of functional NR2A/NR2B het-
eromeric receptors, which are not blocked by noncompetitive
NR2B antagonists. We found that the invertebrate neurotoxin
Conantokin-G, which blocks not only these heteromeric recep-
tors but also NR2B/NR2B-containing receptors (Klein et al.,
2003), completely protected the neurons at DIV 21. The recently

Table 2. Summary of neuroprotection by NMDA receptor subunit-specific
antagonists

Neuroprotection

Antagonist DIV 14 DIV 21

Ifenprodil ��� �
Ro25– 6981 ��� �
Conantokin-G ��� ���
Zinc � �
NVP-AAM077 � �

Neuroprotection against HIV/MDM by NMDA receptor antagonists was categorized as 75–100% protection
(���), 50 –75% protection (��), 25–50% neuroprotection (�), or 0 –25% protection (�) for DIV 14 or DIV
21 hippocampal neurons.
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developed NR2A antagonist NVP-
AAM077, which can block both NR2A/
NR2A- and NR2A/NR2B-containing re-
ceptors (Liu et al., 2004), was also partially
protective at DIV 21, consistent with our
hypothesis that blocking abnormal activa-
tion of both subtypes of NMDARs is nec-
essary for maximal neuroprotection
against HIV/MDM. To our knowledge,
this is the first demonstration of a neuro-
protective effect of a selective NR2A antag-
onist, which may be vital for neuroprotec-
tion in the adult brain.

Our findings suggest that it is critical to
consider the roles for both NR2A and
NR2B subunits in neurotoxicity in vivo,
because both contribute significantly to
functional NMDAR in adult brain. In the
developing brain, NR2B predominates
(Conti et al., 1999; Waxman and Lynch,
2005). Because HIV-associated neuronal
damage is particularly severe in the devel-
oping human brain and in adult brain re-
gions that are highly enriched in NR2B ex-
pression (hippocampus, striatum, and
frontal cortex), but not areas with little
NR2B expression (cerebellum) (Masliah et
al., 1992; Lynch and Guttmann, 2002;
Archibald et al., 2004; Sa et al., 2004), it is
interesting to speculate that such expres-
sion could at least partially account for se-
lective neuronal damage in HIV-infected
developing and mature brain.

One consequence of HIV/MDM-
induced NMDAR activation in our hip-
pocampal cultures is the activation of cal-
pains, which clearly contributes to the
observed neuronal death. Calpains are
known to be activated in a number of ex-
citotoxic insults, and inhibition of calpain
activation has been demonstrated to pro-
tect neurons against such insults (for re-
view, see Goll et al., 2003). We demon-
strated calpain-dependent cleavage of the
structural protein spectrin and of the
NR2B subunit, which has only recently
been defined as a target for calpain (Gutt-
mann et al., 2001; Simpkins et al., 2003).
Although the functional consequences of
NR2B cleavage by calpain are not yet de-
fined, calpain-cleaved NR2B-containing
receptors remain on the surface of the neu-
ron and might increase the susceptibility
of the cell to excitotoxic injury (D. R.
Lynch, unpublished observations). Inter-
estingly, protection by the calpain inhibi-
tor tested, MDL28170, was incomplete
(Fig. 7), and this level of neuroprotection
did not increase when we tested concen-
trations as high as 50 �M (data not shown), which is beyond the
concentrations typically used in cell protection studies (Simpkins
et al., 2003; Brundel et al., 2004). One possible explanation for the
incomplete protection by MDL28170 is that it only binds to cal-

pains after they have been bound and activated by calcium.
Therefore, downstream death pathways might be activated be-
fore calpain inhibition is accomplished. Alternatively,
MDL28170-resistant proteases such as caspases might also con-

Figure 6. HIV/MDM activate calpains in an NMDA-receptor-dependent manner in hippocampal neurons. Hippocampal cul-
tures were preincubated with MK801 (10 �M) for 1 h before exposure to MDM supernatants. Neurons were exposed to superna-
tants for 1 h and then lysed for Western blot analysis. Band intensity was determined by densitometry (right panels). A, Calpain
activity was determined by detection of a calpain-dependent cleavage product of spectrin (A, B). Samples were also analyzed for
another target of calpain cleavage, the NMDA receptor subunit NR2B (C, D). Two different exposure times (10 s and 2 min) are
depicted in C. The filled arrow corresponds to full-length NR2B, and the open arrow corresponds to the calpain-dependent
cleavage product of NR2B. Cultures were also preincubated with the calpain inhibitor MDL21870 (10 �M) before exposure to MDM
supernatants and then analyzed for calpain-cleaved spectrin (E, F ). B, D, and F represent densitometric analysis of blots.
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tribute significantly in this system (Ohagen et al., 1999; Garden et
al., 2002). In addition, calpain activation was only observed in
DIV 21 and DIV 14 cultures but not in DIV 7 cultures (data not
shown), which suggests that calpain activation by HIV/MDM is a
consequence of NMDA receptor activity in developing neurons.

Although it is clear that in vitro models of HIV-induced neu-
rodegeneration cannot recapitulate all of the critical cell– cell in-
teractions that determine neurotoxic effects of HIV replication in
vivo, our infection model is consistent with neuropathological
studies demonstrating HIV-associated neurodegeneration in
brain regions particularly susceptible to excitotoxicity in both
developing and adult brain. Whether the HIV-1 Jago strain is
markedly neurovirulent because of higher levels of HIV/MDM-
associated excitotoxins than other HIV-1 strains is of particular
interest, and this is undergoing investigation in our laboratory.
Our studies clearly suggest that neuronal NMDAR-2A and
NMDAR-2B subunits as well as neuronal calpains offer attractive
targets for neuroprotection against HIV infection in the brain.
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