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Infection by the human immunodeficiency virus (HIV) can result in debilitating neurological syndromes collectively known as HIV-
associated neurocognitive disorders. Although the HIV coat protein gp120 has been identified as a potent neurotoxin that enhances
NMDA receptor function, the exact mechanisms for this effect are not known. Here we provide evidence that gp120 activates two separate
signaling pathways that converge to enhance NMDA-evoked calcium flux by clustering NMDA receptors in modified membrane microdo-
mains. gp120 enlarged and stabilized the structure of lipid microdomains on dendrites by mechanisms that involved a redox-regulated
translocation of a sphingomyelin hydrolase (neutral sphingomyelinase-2) to the plasma membrane. A concurrent pathway was activated
that accelerated the forward traffic of NMDA receptors by a PKA-dependent phosphorylation of the NR1 C-terminal serine 897 (masks an
ER retention signal), followed by a PKC-dependent phosphorylation of serine 896 (important for surface expression). NMDA receptors
were preferentially targeted to synapses and clustered in modified membrane microdomains. In these conditions, NMDA receptors were
unable to laterally disperse and did not internalize, even in response to strong agonist induction. Focal NMDA-evoked calcium bursts
were enhanced by threefold in these regions. Inhibiting membrane modification or NR1 phosphorylation prevented gp120 from accel-
erating the surface localization of NMDA receptors. Disrupting the structure of membrane microdomains after gp120 treatments re-
stored the ability of NMDA receptors to disperse and internalize. These findings demonstrate that gp120 contributes to synaptic
dysfunction in the setting of HIV infection by interfering with NMDA receptor trafficking.

Introduction
Neurocognitive dysfunctions in patients infected with the human
immunodeficiency virus (HIV) have continued, despite the wide
spread use of combined antiretroviral therapies (CARTs) (Tozzi
et al., 2007; Cardenas et al., 2009). Moreover, the prevalence of
these symptoms, collectively known as HIV-associated neuro-
cognitive disorders (HANDs), appears to be increasing, perhaps
because of accelerated aging in subjects infected with HIV and
increased lifespan afforded by CARTs (Antinori et al., 2007;
Chang et al., 2008; Valcour et al., 2008; Achim et al., 2009; Brew et
al., 2009; Ances et al., 2010). Distinct from the neurocognitive
impairments observed before the advent of CARTs, frank de-
mentia or encephalitis are rarely seen in patients on stable
CARTs. However, milder forms of cognitive impairment fre-

quently occur, despite effective viral control (Simioni et al.,
2010). In subjects on stable CARTs, there is evidence of ongoing
brain volume loss, white matter injury, hippocampal involve-
ment, metabolic disturbances, synaptic pruning, and dendritic
damage that is not associated with treatment failure, viral load, or
CD4 counts (Gelman, 2007; Chang et al., 2008; McMurtray et al.,
2008; Pelle et al., 2008; Cardenas et al., 2009; Gongvatana et al., 2009;
Khanlou et al., 2009; Cohen et al., 2010; McArthur et al., 2010).
Together, these observations suggest that CART is not sufficient to
prevent neurocognitive damage and that the loss of nerve terminals
may be central to the pathogenesis of CART.

The HIV-1 coat protein gp120 is a potent neurotoxin that
induces synaptic damage through indirect and direct mecha-
nisms that enhance NMDA receptor activation. Numerous re-
ports have shown that HIV– gp120 upregulates NMDA receptor
activity by enhancing the release soluble factors from glia such as
arachidonic acid and proinflammatory cytokines (Lipton et al.,
1991; Ushijima et al., 1993; Corasaniti et al., 1995; Medina et al.,
1999; Catani et al., 2000; Geeraerts et al., 2006). Direct effects of
gp120 on neurons that enhance NMDA-evoked calcium flux
have also been described, although the mechanisms by which this
occurs are not currently understood. Several lines of evidence
suggest that a direct enhancement of NMDA receptor activity by
gp120 may involve modifications in the spatial location and focal
density of NMDA receptors. NMDA receptors can be induced to
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traffic in or out of lipid rafts with important implications for
signal transduction, synaptic plasticity, and cell survival (Fül-
lekrug and Simons, 2004; Haughey et al., 2004; Besshoh et al.,
2005; Bandaru et al., 2007, 2009; Wheeler et al., 2009; Delint-
Ramirez et al., 2010). HIV– gp120 increases the size and stabilizes
the structure of lipid rafts by increasing ceramide, a critical compo-
nent of lipid rafts (Haughey et al., 2004; Jana and Pahan, 2004).
Ceramide has been implicated in the regulation of synaptic activity
through modulation of receptor trafficking and surface expression
(Swartz, 2008; Day and Kenworthy, 2009; Owen et al., 2009; Stahe-
lin, 2009; Wheeler et al., 2009). In this study, we sought to determine
whether HIV– gp120 enhanced NMDA receptor activity by direct
actions on neurons that modify the biophysical properties of
membranes to perturb the surface expression and spatial location
of NMDA receptors.

Materials and Methods
Cell culture and experimental treatments. Hippocampal neuronal cul-
tures were prepared from embryonic day 18 Sprague Dawley rats using
methods that have been described previously (Haughey et al., 2004).
Hippocampi were isolated and trypsinized, and cells were dissociated by
gentle tituration in a calcium-free HBSS. Neurons were plated at a density of
150,000 cells/ml on 15-mm-diameter polyethylenimine-coated glass cover-
slips in Neurobasal media supplemented with B-27 and 1% antibiotic solu-
tion (104 U/ml penicillin G, 10 mg/ml streptomycin, and 25 �g/ml
amphotericin B) in 0.9% NaCl (Sigma). Three hours after plating, media was
replaced and thereafter supplemented with Neurobasal media containing
B-27 every 7 d. Immunofluorescent staining for MAP-2 (neurons) showed
that hippocampal cultures were �98% neurons; the remainder of cells were
predominantly GFAP-expressing astrocytes. Hippocampal cultures were
used between 14 and 21 d in vitro.

HIV-1 coat protein gp120IIIB was purchased
from Advanced Bioscience Laboratories. The
protein was aliquoted and stored at �80°C until
use and underwent a single free–thaw cycle for
each experiment. The chemokine receptor
CXCR4 was inhibited with the bicyclam deriva-
tive plerixafor hydrochloride AMD3100
(EMD4Biosciences). ER calcium release was in-
hibited with ryanodine (Tocris Bioscience) and
IP3 receptor-mediated calcium release with xes-
tospongin (Tocris Bioscience). Inhibitors of sph-
ingolipid metabolism included antagonists of
neutral sphingomyelinase-2 (nSMase2)
[GW4869 (N,N�-bis[4-(4,5-dihydro-1H-imi-
dazol-2-yl)phenyl]-3,3�-p-phenylene-bis-acryl-
amide dihydrochloride); EMD4Biosciences],
serine palmitoyl transferase (myriocin or ISP-1;
Sigma), and ceramide synthase (fumonisin B1;
EMD4Biosciences). PKA was inhibited with
KT5720 [(9S,10 R,12 R)-2,3,9,10,11,12-hexa-
hydro-10-hydroxy-9-methyl-1-oxo-9,12-epoxy-
1 H-diindolo[1,2,3-fg:3�,2�,1�-kl]pyrrolo[3,4-
i][1,6]benzodiazocine-10-carboxylicacid hexyl
ester] (Tocris Bioscience) and PKC with chel-
erythrine (Tocris Bioscience). Free radicals were
scavenged with trolox (Sigma). Lipid raft struc-
tures were disrupted by a graded removal of cho-
lesterol from membranes using �-cyclodextrin
(Sigma).

The pGIPZ lentiviral vector containing
shRNA for SMPD3 and a noncoding 29-mer
scrambled shRNA cassette were obtained from
Open Biosystems (catalog #RMM4431;
Thermo Fisher Scientific). The lentiviral vector
was cotransfected along with viral packaging
plasmids pMDG.2 [pCMV–VSV-G–poly(A)
and psPAX2 (pCMV–Gag–Pol); Addgene]

into the packaging cell line HEK293T. Virus containing supernatants
were collected at 24 and 48 h after transfection. Virus was concentrated
by ultracentrifugation at 90,000 � g for 3 h at 4°C, and viral pellets were
resuspended in 1.5 ml of sterile PBS overnight at 4°C. Viral titer was
determined as transducing units per milliliters, and aliquots were stored
at �80°C. Virus was used at a concentration of four to five viral particles
per cell. Target reduction was verified by qRT-PCR for message and by
immunofluorescent staining for protein expression.

Mitochondrial membrane potential. Mitochondrial membrane poten-
tial was determined in primary hippocampal cultures using JC-1
(5,5�6,6-tetrachloro-1,1�3,3�-tetraethylbenzimidazole carbocyanide io-
dide) dye (Invitrogen), according to the instructions of the manufac-
turer. Assays were performed 18 h after exposure to experimental agents.
JC-1 was incubated with cells for 15 min, and fluorescence was read using
a Spectramax M2 plate reader (Molecular Devices). Results were normal-
ized so that mean control values were equal to 100%.

Immunofluorescence and confocal microscopy. Labeling of surface lo-
cated NR1 was accomplished using previously published methods
(Washbourne et al., 2004; Wheeler et al., 2009). Hippocampal neurons
were exposed to gp120 (100 –250 pM) for 1– 6 h. Neurons were then
incubated for 30 min at 15°C with 5% CO2 with a mouse monoclonal
antibody against the NR1 subunit of the NMDA receptor that recognizes
an extracellular epitope located to the N-terminal amino acids 341–561
(R1JHL, 1:50; Affinity BioReagents). A cholera toxin subunit B (CTB)
conjugated to Alexa Fluor 555 (1 ng/ml; Invitrogen) that binds the gan-
glioside GM1 (a lipid raft marker) was added during the last 10 min of
incubation. We have previously demonstrated that CTB-555 colocalizes
with flotillin, a protein that is known to be located in lipid rafts, and
ceramide, a sphingolipid enriched in lipid rafts (Wheeler et al., 2009).
Cells were washed three times with ice-cold PBS and fixed with ice-cold
4% paraformaldehyde in PBS. Nonspecific binding was blocked with 5%
normal goat serum in TBS, followed by a 2 h incubation at room tem-

Figure 1. HIV– gp120 increases the size of lipid rafts. Primary hippocampal neurons were treated with gp120 (250 pM) for 6 h,
and lipid raft size was determined using a fluorescent probe conjugated to cholera toxin that binds the lipid raft enriched gangli-
oside GM1. A, Representative images showing that gp120 increased the size of lipid rafts on neurites (inset shows magnification of
the indicated neuritic branch). B, Quantitative analysis of lipid raft area showing that gp120-induced increases of lipid rafts size
were significantly reduced by a 30 min pretreatment with agents that blocked gp120 from interacting with the chemokine receptor
CXCR4 (AMD3100; 10 �M), sphingomyelin hydrolysis (GW4869; 20 �M), ceramide synthesis (fumonisin B1; 10 �M), de novo
ceramide synthesis (ISP-1; 10 �M), IP3-mediated calcium release (xestospongin; 10 �M), PKC (chelerythrine; 1 �M), or scavenging
free radicals (trolox; 20 �M). Inhibition of ryanodine receptors (ryanodine; 1 �M) or PKA (KT5720; 0.6 �M) did not prevent gp120
from increasing the size of lipid rafts. Lipid rafts were measured from a minimum of 21 primary neurites derived from three
separate experiments; each data point shows the area of a single lipid raft. C, RNA interference reduced protein levels of nSMase2
in primary hippocampal neurons as determined by quantitative immunofluorescence 48 h after shRNA. A nonsilencing control
shRNA lentiviral vector did not alter nSMase2 expression (n � 3). D, Reduction of nSMase2 expression by RNA interference reduced
basal lipid raft size and prevented gp120 from increasing the size of lipid rafts (n � 3). ***p � 0.001 compared with control.
###p � 0.001 compared with a noncoding scrambled shRNA. ANOVA with Tukey’s post hoc comparisons (B, D) or Student’s t test
(C). Cross bars in scatter plots indicate mean, and error bars (C) are SD.
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Figure 2. Translocation of neutral sphingomyelinase-2 to lipid rafts required IP3 calcium, mitochondrial depolarization, and protein kinase C. Primary hippocampal neurons were treated with
gp120 for 6 h before determinations of mitochondrial membrane potential and spatial location of nSMase2. A, HIV– gp120 (250 pM) significantly decreased mitochondrial membrane potential
within 1 h of exposure (n � 3 experiments conducted in duplicates). B, A 30 min pretreatment with inhibitors of IP3 (xestospongin; 10 �M) and PKC (chelerythrine; 1 �M), but not ryanodine-
sensitive calcium channels (ryanodine; 1 �M), or PKA (KT5720; 0.6 �M) preserved mitochondrial membranes from gp120-induced depolarization (n � 3 experiments conducted in duplicates). C,
Representative immunofluorescent images showing lipid rafts (identified as GM1-expressing domains), nSMase2, and the merged images (GM1 is red, nSMase2 is green, and colocalized regions
appear as yellow). Insets show higher magnifications of the indicated neurite. Arrows point to examples of colocalized fluorophores. D, Quantitative data showing that gp120 induced nSMase2 to
translocate into lipid rafts. Inhibition of IP3, PKC, and free radical scavenging 30 min before gp120 prevented translocation of nSMase2 to lipid rafts, whereas inhibition of ryanodine (Figure legend continues.)
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perature in TBS containing 2.5% normal goat serum with Alexa Fluor
488 (1:2000; Invitrogen). For standard immunofluorescence, cell were
fixed with ice-cold 4% paraformaldehyde in PBS, and membranes were
permeabilized by incubation for 20 min at room temperature in 0.1%
Triton X-100 in TBS and then incubated for 1 h in blocking solution
containing 2.5% normal goat serum and 2.5% normal horse serum in
PBS. Cells were incubated with primary antibodies overnight at 4°C that
included a mouse monoclonal NR1-CT (Millipore) and polyclonal anti-
bodies to NR1 phosphorylated on serine 890 (NR1S890), serine 896
(NR1S896), serine 897 (NR1S897) (each at 1:500; Millipore), and neutral
sphingomyelinase 2 (H-195 at 1:250; Santa Cruz Biotechnology). Cul-
tures were washed with TBS and incubated for 2 h at room temperature
with fluorescently tagged secondary antibodies (Alexa Fluor 633, 546, or
488; 1:1000 dilution; Invitrogen). In some experiments, cells were first
incubated for 10 min with a CTB conjugated with Alexa Fluor 555 (de-
scribed in the preceding paragraph) before fixation. Immunopositive
puncta on dendritic branches were imaged with a 100� objective lens
using a Carl Zeiss Axiovert 200 microscope equipped with an Orca CCD
camera and Improvision imaging software and by confocal microscopy
using a Carl Zeiss LSM 510 Meta imaging system.

Immunofluorescent quantification. Quantification of immunofluores-
cence was conducted using methods similar to those described previ-
ously (Wheeler et al., 2009). All images for quantification were taken with
identical settings under the same conditions. For each image, the thresh-
old was adjusted manually so that the immunolabeled regions corre-
sponded to puncta with intensities that were at least twofold above the
diffuse fluorescence on the dendritic branch. Image quantifications were
conducted on single-plane images through the brightest point, and cri-
teria for a positive identification were that the puncta must be clear and
distinguishable. Lipid raft size was determined by tracing the boarder of
each CTB-555-immunopositive region within a defined region of the
dendrite. The numbers of smpd3, NR1, NR1S890, NR1S896, and
NR1S897 were determined by counting the number of immunopositive
puncta in defined areas of neurites by an investigator blinded to the
experimental condition (D.P.). Quantifications were performed on den-
drites within 100 �m of the soma, and area was calculated for each region
of interest by tracing the outline of the dendrite. Calibrations of pixels to
square micrometers were accomplished with Open Lab software (Impro-
vision; PerkinElmer Life and Analytical Sciences). Each species of NR1 or
smpd3 were considered to be raft located if there was any pixel overlap
between CTB-555 and the secondary antibody Alexa Fluor 488. To ac-
count for treatment-induced increases in the size of lipid rafts, the num-
ber of colocalized puncta were normalized to the CTB-immunopositive
area for each experiment. A minimum of 21 dendrites in at least three
separate cultures were quantified for each experimental condition. We
confirmed the colocalization data for primary findings with a second
method of image quantification. In this method, the dendritic area was
defined as described above, and thresholds were set manually for each
image at 30% above background. The numbers of pixels with colocalized
fluorescence per square micrometers were determined using Volocity
software (Improvision; PerkinElmer Life and Analytical Sciences) and
expressed as a ratio to CTB-555 immunopositive pixels.

Detergent-resistant membrane raft isolation. Detergent-resistant mem-
brane rafts were isolated from primary neurons using ice-cold lysis buffer
(in mM: 25 Tris HCl, 140 NaCl, 1 EDTA, 1 PMSF, and 1 Na3VO4, pH 8.0)
containing 1.0% w/v CHAPS as the detergent. Lysates were sonicated and
incubated on ice for 30 min. After incubation, 333.3 �l from the total
homogenate was mixed with 666.7 �l of 60% OptiPrep in lysis buffer and

placed in a 5 ml ultracentrifuge tube. A 0 – 40% OptiPrep gradient was
formed by layering 1 ml of 35% OptiPrep in lysis buffer on top of the 1 ml
containing homogenate, followed by 30 and 25% (1 ml each), 20% (0.5
ml), and 0% OptiPrep. The gradient was centrifuged at 47,000 rpm for
18 h at 4°C in a Beckman Coulter MLS-50 swinging bucket rotor. A light
scattering band located at the 25–30% interface was identified, indicating
the presence of lipid rafts. Ten 0.5 ml fractions were collected from the
top of the ultracentrifuge tube, and proteins were analyzed by immuno-
blotting. Equal volumes of each fraction were resolved by 10% SDS-
PAGE and transferred to PVDF membranes (Bio-Rad). Nonspecific
binding sites were blocked with 5% (w/v) milk in Tris-buffered saline (in
mM: 25 Tris, 150 NaCl, and 2 KCl, pH 7.4) containing 0.1% Tween 20
(TBST). After blocking, blots were incubated overnight with the primary
polyclonal antibody Flotillin 1 (1:1000; Abcam) or monoclonal antibod-
ies NMDAR1 (1:500; BD Biosciences Pharmingen) and transferrin re-
ceptor (1:1000; Invitrogen). After washes with TBST, blots were
incubated for 3 h with the appropriate IgG HRP-linked antibody (1:1000;
Cell Signaling Technology) and developed by enhanced chemilumines-
cence. Image analysis was performed using a G:BOX Imaging system
(Syngene).

Calcium imaging. Cytosolic calcium levels ([Ca 2�]c) were measured
using the Ca 2�-specific fluorescent probe fura-2 AM. Rat hippocampal
neurons were incubated for 20 min with fura-2 AM (2 �M) at 37°C in
Neurobasal media containing B-27 supplement. Neurons were washed
with Locke’s buffer (in mM: 154 NaCl, 3.6 NaHCO3, 5.6 KCl, 1 MgCl2, 5
HEPES, 2.3 CaCl2, and 10 glucose, pH 7.4) to remove extracellular fura-2
and incubated at 37°C for an additional 10 min to allow complete de-
esterfication of the probe. Coverslips containing fura-2-loaded cells were
mounted in an RC-26 imaging chamber (Warner Instruments) and
maintained at 37°C (TC344B Automatic Temperature Controller; War-
ner Instruments). Neurons were perfused at the rate of 2 ml/min with
Locke’s buffer using a V8 channel controller (Warner Instruments).
Rapid switching from Locke’s buffer to NMDA (10 �M) plus glycine (100
nM) was accomplished by placing the perfusion tube and suction appa-
ratus close to the cells to be imaged (with a �0.05 cm gap) so that a thin
film of perfusate rapidly passed over the cells. Some experiments were
conducted in the presence of nifedipine (10 �M) to prevent depolarization-
induced activation of voltage-sensitive calcium channels. Cells were ex-
cited at 340 and 380 nm, and emission was recorded at 510 nm with
a video-based intracellular imaging system (Photon Technology)
equipped with a QuantEM 512sc electron-multiplying gain camera
(Photometrics). Images were acquired at the rate of 200 ms per image
pair from 10 –15 circular regions (1 �m in diameter) along dendritic
branches. The fluorescent intensities of ratio images were converted to
nanomolar [Ca 2�]c by curve fitting using reference standards as de-
scribed previously (Wheeler et al., 2009). In some experiments, cells were
fixed after calcium recordings and immunostained as described in the
section on immunofluorescence with CTB-555 and NR1. These images
were used for direct comparisons of focal NMDA-evoked calcium re-
sponses with the location of NR1 to lipid raft or non-raft microdomains.

Results
HIV– gp120 increases lipid raft size by mechanisms that
involve the sphingomyelin hydrolase nSMase2
In these studies, we used a strain of gp120 (gp120IIIB) that inter-
acts with the chemokine receptor CXCR4. Although CCR5
trophic strains of HIV are thought to be the predominant viral
species resident in brain (because of their ability to productively
infect microglia and macrophages), several lines of evidence sug-
gest that CXCR4 trophic strains of HIV play important roles in
the pathogenesis of HANDs. For instance, CXCR4 and dual
trophic strains of HIV have been isolated from brain, suggesting
that tropism rather than coreceptor usage may be critical for
brain infection (Gorry et al., 2001). Additionally, HIV-infected
monocytes containing CXCR4 trophic virus intermittently traffic
from the periphery into the CNS, and this traffic is enhanced
when T-cells become activated or the integrity of the blood– brain

4

(Figure legend continued.) receptors or PKA were without effect (drug concentrations were
the same as indicated for B). Data are the quantitative analysis of 21 neurites from three sepa-
rate experiments. E, A quantitative analysis of immunopositive puncta showing that gp120 or
gp120 plus drug treatments did not alter nSMase2 protein expression. F, Inhibiting nSMase2 translo-
cation by scavenging free radicals with trolox also prevented gp120 from increasing the size of lipid
rafts (data are average lipid raft size from a minimum of 21 neurites from 3 separate experiments).
*p�0.05, **p�0.01, ***p�0.001 compared with control. #p�0.05, ##p�0.01, ###p�0.001
compared with gp120. ANOVA with Tukey’s post hoc comparisons. Error bars indicate SD.

Xu et al. • HIV– gp120 Clustering of NMDA Receptors J. Neurosci., November 23, 2011 • 31(47):17074 –17090 • 17077



Figure 3. Increased lipid raft and surface localization of NR1 after exposure of hippocampal neurons to gp120. Primary hippocampal neurons were treated with gp120 (250 pM) for 6 h, and NR1
localization was determined by immunohistochemistry to detect total or surface-located NR1. (A) Quantitative analyses of total NR1 showing that gp120 induced a small but significant increase in
total NR1 (A) and a large increase in NR1 that was localized to lipid raft domains (B). Quantitative analysis of surface-located NR1 showing that gp120 increased surface expression of NR1 (C) with
prominent increases in surface NR1 that localized to lipid rafts (D). Data are the quantitative analysis of a minimum 21 neurites from 3 separate experiments. *p � 0.05, **p � 0.01, ***p � 0.001
compared with control. Student’s t tests. Error bars indicate SD. E, F, Representative images of primary hippocampal neurons immunopositive for total NR1, surface-located (Figure legend continues.)
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barrier is compromised by inflammation, drug abuse, or immune
reconstitution inflammatory syndrome (Liu et al., 2000; Miller et al.,
2004; Gray et al., 2005; El-Hage et al., 2006; Dhillon et al., 2008;
Fischer-Smith et al., 2008; Ramirez et al., 2009; Yao et al., 2011).

HIV– gp120 increases ceramide in neurons by mechanisms
that involve the sphingomyelin-catabolizing enzyme nSMase2
(Haughey et al., 2004; Jana and Pahan, 2004). Because ceramide is an
abundant and critical component of lipid rafts, we first determined
whether gp120 promoted the formation of these domains in the
dendrites of primary neurons. In initial dose and time course ex-
periments, we exposed hippocampal neurons to gp120 (100 –
500 pM) for up to 24 h and quantified the size of GM1-
immunopositive lipid platforms. We have shown previously that
GM1 localizes with the lipid raft markers ceramide and flotillin in
neurons (Wheeler et al., 2009). In initial dose and time course
experiments, we found that a 6 h exposure of neurons to HIV–
gp120 (250 pM) consistently increased the size of lipid platforms.
Shorter time points (2 min to 2 h) and lower doses of gp120 (50
and 100 pM) did not significantly increase the size of lipid plat-
forms within 6 h (data not shown). Therefore, a 250 pM dose of
gp120 and exposure time was used for all subsequent experi-
ments unless otherwise indicated. gp120 did not appreciably alter
the number of lipid rafts but increased the size of lipid rafts by
48.2 	 9.1%, from 56.4 	 9.2 to 83.5 	 21.1 nm 2 (Fig. 1A,B).
Inhibition of the chemokine receptor CXCR4 with the bicy-
clam derivative plerixafor hydrochloride (AMD3100) prevented
gp120 from increasing lipid raft size, consistent with known ac-
tions of this strain of gp120 to bind and activate CXCR4 (Toth et
al., 2004) (Fig. 1B). We next followed signaling downstream from
CXCR4 to identify the molecular mechanisms by which gp120

increased lipid platform size. gp120 bind-
ing to CXCR4 is known to promote ER
calcium release through a rapid hydrolysis
of phospholipase C to generate IP3 and
diacylglycerol (DAG). Both calcium and
DAG are cofactors for PKC activation
(Dreyer et al., 1990; Pandey and Bolsover,
2000; Höke et al., 2009). Therefore, we in-
hibited IP3-mediated calcium release or
PKC and found that gp120 was unable to
increase the size of lipid raft domains (Fig.
1B). Inhibition of ryanodine-sensitive ER
calcium release or PKA did not prevent
gp120 from increasing the size of lipid
rafts (Fig. 1B). These data suggest that
gp120 acted through CXCR4 to increase
lipid raft size by mechanisms that in-
volved IP3-mediated calcium release and
PKC.

HIV–gp120 increases ceramide by acti-
vating the sphingomyelin-hydrolyzing en-
zyme nSMase2 (Haughey et al., 2004; Jana
and Pahan, 2004). To determine
whether ceramide generation was re-
quired for gp120 to increase the size of

lipid rafts, we blocked hydrolytic, salvage, or de novo pathways of
ceramide generation before addition of gp120 to cultures. Inhi-
bition of nSMase2 (a hydrolytic pathway), serine palmitoyl
transferase (the rate-limiting enzyme in de novo ceramide syn-
thesis), and fumonisin B1 (an inhibitor of ceramide synthases in
the salvage pathway) each prevented gp120 from increasing the
size of lipid rafts (Fig. 1B), suggesting that multiple pathways of
ceramide generation become activated within 6 h of exposures to
gp120. We tested each of these antagonists in the absence of
gp120 and found that only inhibition of nSMase2 (with
GW4869) reduced the size of lipid rafts (data not shown), sug-
gesting that this enzyme is essential to maintain the basal struc-
ture of these membrane domains. We confirmed a central role for
nSMase2 in gp120-induced increases of lipid raft size using RNA
interference. A reduction in nSMase2 expression was validated by
qRT-PCR for message (0.88 	 0.026 at 24 h, 0.11 	 0.032 at 48 h,
and 0.16 	 0.024 at 48 h compared with controls) and by immu-
nofluorescence for protein (Fig. 1C; data shown are 48 h after
transfections). Lentiviral-delivered shRNA to block nSMase2 ex-
pression reduced the size of lipid rafts in the absence of gp120 and
prevented gp120 from increasing lipid raft size (Fig. 1D).

Increased lipid raft size involves redox-sensitive translocation
of nSMase2
Based on findings that gp120 increases cellular oxidation
(Corasaniti et al., 2000) and data that nSMase2 traffics to the
plasma membrane in response to oxidative stress (Levy et al.,
2006), we next determined whether oxidative stress contributed
to increased lipid raft size by promoting the translocation of
nSMase2. HIV– gp120 progressively decreased mitochondrial
membrane potential (over a time period of 6 h) by mechanisms
that involved IP3-mediated calcium release and PKC (Fig. 2A,B).
HIV– gp120 increased the fraction of nSMase2 that located to
lipid rafts from 4.4 	 0.7% in control neurons to 26.5 	 1.0% in
neurons exposed to gp120, with no apparent increase in total
nSMase2 (Fig. 2C–E). Inhibition of IP3-mediated calcium re-
lease, PKC, and scavenging free radicals prevented gp120 from
inducing the translocation of nSMase2 to the plasma membrane

4

(Figure legend continued.) NR1, lipid rafts (identified by GM1), and the merged images (NR1
is green, GM1 is red, and colocalized images appear yellow). Insets are magnifications of the
indicated neurites. Images show that, under control conditions, a small amount of total and
surface NR1 are located to lipid rafts. A 6 h treatment with gp120 increased the size of lipid rafts,
total NR1, and surface NR1. NR1 appeared to cluster in lipid rafts. Arrows point to examples of
total (E) and surface (F) NR1 that are localized to GM1.

Figure 4. HIV– gp120 promotes the localization of NR1 to lipid rafts. Primary hippocampal neurons were exposed to vehicle or
gp120 (250 pM) for 6 h, and the location of NR1 was determined by density centrifugation of detergent-extracted membranes. A,
Immunoblot showing that, in control conditions, NR1 was primarily located to more dense fractions that were also immunopositive
for transferrin, a glycoprotein known to be located outside of lipid rafts. B, After exposure to gp120, NR1 was prominently located
to more buoyant fractions that were also immunopositive for the lipid raft marker flotillin. The density location of transferrin was
not altered after gp120 treatments. Immunoblots are representative of three independent experiments with similar results.
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Figure 5. gp120 induces a sequential phosphorylation of serine residues 897 and 896 on NR1 to promote the forward traffic of NR1 to lipid raft structures. Primary hippocampal neurons were
treated with gp120 (250 pM) for 0 – 6 h, and the amount of NR1 with phosphorylations on serines 897 and 896 were determined by quantitative immunofluorescence. A, Phosphorylation of NR1 on
serine 897 (NR1S897) increased within 1 h and declined to basal levels within 4 h after gp120 exposures. Phosphorylation of NR1 on serine 896 (NR1S896) gradually increased within 2– 6 h after
exposure of neurons to gp120. B, A 6 h treatment with gp120 resulted in a large increase of NR1 phosphorylated on serine 896 that located to lipid rafts. C, gp120 increased the amount of NR1S896

that colocalized with PSD95. D, Examples of immunofluorescent images showing NR1 phosphorylated on serine 896, lipid rafts (identified by GM1), and the merged images (phosphorylated NR1S896

is green, GM1 is red, and colocalized images appear yellow) showing that a small fraction of NR1 with phosphorylation on serine 896 were located to lipid rafts in control (Figure legend continues.)
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or increasing lipid rafts size (Fig. 2D,F). The pharmacological
agents used in these experiments did not themselves alter the
cellular location of nSMase2 (data not shown). Together, these
data suggest that gp120 increased the size of lipid rafts by redox-
sensitive and PKC-dependent translocation of nSMase2 to the
plasma membrane.

gp120 increases the surface expression of and clustering of
NR1 into lipid rafts
Rapid and transient increases of ceramide mediated by nSMase2
can regulate the fusion and insertion of NMDA receptors with the
plasma membrane (Wheeler et al., 2009). Because gp120 pro-
motes a slow and sustained increase of ceramide (Haughey et al.,
2004; Jana and Pahan, 2004), we next determined whether this
pattern of ceramide accumulation modified the location and sur-
face expression of NMDA receptors. Using antibodies directed
against the NR1 subunit, we found that a 6 h treatment with
gp120 increased total NR1 by 25.9 	 2.23% and increased NR1
located to lipid rafts by 278.1 	 40.3% (Fig. 3A,B). In these
studies, the amount of NR1 that located to lipid rafts was normal-
ized to total raft area. These findings suggest that gp120 actively
promoted the localization of NR1 to lipid rafts and was not sim-
ply a function of increased lipid raft size. NR1 that was present in
lipid rafts appeared as clusters (two or more puncta with overlap-
ping pixels) and was more often punctate when located to non-
raft regions of the membrane (Fig. 3E). Because NR1 could have
been located at or below the cell surface in these experiments, we
next determined whether gp120 increased the surface expression
of NR1 using an antibody that recognizes the N terminal of NR1
and an immunochemical technique that selectively identifies
NR1 present at the outer surface of the plasma membrane (Wash-
bourne et al., 2004; Wheeler et al., 2009). In cultures exposed to
gp120, surface NR1 was increased by 52.1 	 15.4% (Fig. 3C), and
lipid-raft-located surface NR1 was increased by 175.2 	 12.7%,
after normalizing to total lipid raft area (Fig. 3D). Similar to total
NR1, these surface-located NR1 appeared as clusters when
localized to lipid rafts domains and punctate when located to
non-raft regions of the membrane (Fig. 3F ). These data dem-
onstrate that gp120 enhanced the forward traffic and surface
expression of NR1.

We further confirmed that gp120 promoted the lipid raft
localization of NR1 using biochemical methods to separate
detergent-soluble and detergent-resistant membranes from pri-
mary neuronal cultures followed by isolation on a density gradi-
ent. The tight packing of lipids in lipid rafts prevents detergent

incorporation into the membrane, and thus these regions are
resistant to detergent solubilization. Immunoblotting analysis of
the resulting fractions showed that in control cultures NR1 was
primarily located to more dense non-raft regions that were im-
munopositive for transferrin (a non-raft located protein), with
small amounts of NR1 located to the more buoyant lipid raft
fractions that were immunopositive for flotillin (a lipid-raft-
associated protein). After a 6 h exposure to gp120, the majority of
NR1 became located to lipid raft fractions, with smaller amounts
located to the non-raft fractions. HIV– gp120 did not alter the
location of transferrin (Fig. 4).

HIV– gp120 accelerates the forward traffic of NR1 by
enhancing the coordinated phosphorylation of two NR1
C-terminal serine residues
Phosphorylation of the NR1 C-terminal has been shown to reg-
ulate trafficking of NMDA receptors. In particular, phosphoryla-
tion of NR1 by PKA on serine 897 and PKC on serine 896
accelerated the forward traffic and surface expression of NMDA
receptors by suppressing an endoplasmic reticulum retention
signal (Agr–X–Arg motif) located on the NR1 C terminal. Based
on findings that gp120 enhances activity of both PKA and PKC
through differential G-protein subunit signaling (Gupta et al.,
1994; Zheng et al., 1999; Masci et al., 2003), we determined
whether gp120 accelerated the forward traffic of NR1 by enhanc-
ing the phosphorylation of C-terminal serines on NR1. HIV–
gp120 transiently increased phosphorylation of NR1 on serine
897 within 1 h after gp120 exposure (Fig. 5A). Phosphorylation of
serine 896 progressively increased between 4 and 6 h (Fig. 5A). In
cultures exposed to gp120 for 6 h, the amount of NR1 phosphor-
ylated on serine 896 that located to lipid rafts increased by
417.7 	 130.8% (normalized to account for increased lipid raft
area; Fig. 5B), suggesting that the majority of NR1 located to lipid
rafts was phosphorylated on serine 896. NR1 phosphorylated on
serine 896 was primarily localized with PSD95, suggesting a syn-
aptic targeting (Fig. 5C). NR1 serine 896 appeared as clusters
when located to lipid raft domains and punctate in appearance
when located to non-lipid raft regions of the membrane (Fig.
5D). We also observed that the size of clusters containing NR1
phosphorylated on serine 896 was increased after gp120 treat-
ment (Fig. 5D). To identify the kinases responsible for these
phosphorylations, we first inhibited PKC before exposure of neu-
rons to gp120 and found that phosphorylation of NR1 on serine
896 was inhibited but phosphorylation of NR1 on serine 897 was
unaffected. When we first inhibited PKA before exposure to
gp120, phosphorylation of NR1 on both serines 897 and 896 was
inhibited (data not shown). Either PKA or PKC inhibition was
sufficient to prevent gp120 from increasing NR1 surface expres-
sion (Fig. 5E). These data suggest that gp120 accelerated the for-
ward traffic and surface expression of NR1 by mechanisms that
include phosphorylations of NR1 on serine 897 and serine 896.

Lateral movement and endocytosis of NMDA receptors is
inhibited by stabilized lipid raft structures
The insertion and surface expression of NMDA receptors is
counterbalanced by constitutive and agonist-induced receptor
internalization. Therefore, we determined whether the stabiliza-
tion and enlargement of lipid rafts interfered with NR1 internal-
ization. Blocking the mechanisms that increased lipid raft size,
namely, IP3-mediated ER calcium release, nSMase2 and free rad-
ical scavenging also prevented the accumulation of NR1 phos-
phorylated on serine 896 in lipid rafts (Fig. 5F). Drugs used in
these experiments did not themselves alter the amount of NR1
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(Figure legend continued.) cultures. A 6 h exposure to gp120 increased NR1 with phosphor-
ylation on serine 896 that was prominently clustered into lipid raft domains. Insets show higher
magnifications of the indicated neurites. Arrows point to regions in which NR1S896 is colocalized
with GM1. E, A quantitative analysis of surface-located NR1 showing that inhibition of PKA
(KT5720; 0.6 �M) or PKC (chelerythrine; 1 �M) prevented gp120 from increasing NR1 surface
localization, suggesting that phosphorylations of serines 897 and 896 were important for sur-
face localization of NR1. F, A 30 min preincubation with drugs to block sphingomyelin hydrolysis
(GW4869; 20 �M), IP3-mediated calcium release, or a free radicals scavenger (trolox; 20 �M),
but not inhibitors of de novo ceramide synthesis (ISP-10 �M) or ryanodine receptors (ryanodine;
1 �M), prevented phosphorylated NR1S896 from accumulating in lipid rafts (these same agents
prevented gp120 from enlarging lipid rafts; see Fig. 1). G, Disrupting the structure of lipid rafts
with �-cyclodextrin (�-CD; 15 �M) after gp120-induced clustering of NR1S896 into lipid rafts
resulted in a dispersion of these receptor subunits. Data were derived from the quantitative
analyses of at least 21 neurites from three separate experiments. *p � 0.05, **p � 0.01,
***p � 0.001 compared with control, #p � 0.05, ##p � 0.01, ###p � 0.001 compared with
gp120. Student’s t tests. Error bars indicate SD.
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Figure 6. Phosphorylation of NR1 on serine 890 was unable to disperse NR1 clusters after gp120 treatment. Hippocampal neurons were treated with gp120 (250 pM) for up to 6 h, and the number
and location of phosphorylated NR1S890 was determined by quantitative immunohistochemistry. A, Phosphorylation of NR1S890 was increased between 4 and 6 h after exposures of neurons to
gp120. B, The number of phosphorylated NR1S890 that localized to lipid rafts significantly increased after 6 h of exposure to gp120. Disrupting lipid raft structure with �-cyclodextrin (�-CD; 15 �M;
this drug extracts cholesterol from plasma membranes) reversed gp120-induced increases of lipid raft size (C) and reversed the clustering of NR1S890 into lipid rafts (D). E, Representative
immunofluorescent images of hippocampal neurons showing NR1 phosphorylated on serine 890 (NR1S890), lipid rafts (identified by GM1), and the merged images (NR1S890 is green, GM1 is red,
and colocalized regions appear yellow). In control cultures, NR1phosphorylated on serine 890 were diffusely distributed along neurites with little localization to lipid rafts. After a 6 h treatment with
gp120, the number of NR1 phosphorylated on seine 890 increased and was often located in small clusters associated with lipid rafts. Arrows point to regions in which NR1S890 (Figure legend continues.)
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serine 896 located to lipid rafts in the experimental timeframe
(data not shown). Likewise, disrupting the structure of lipid rafts
with �-cyclodextrin after gp120 treatments reduced the amount
of NR1 phosphorylated on serine 896 that was located to lipid
rafts (Fig. 5G) and reduced the size of lipid rafts (data not shown),
suggesting that the enlargement and stabilization of these mem-
brane microdomains by gp120 sequestered NMDA receptors.

Additional evidence that stabilization of lipid rafts played a
role in sequestering NMDA receptors was provided by studying
the effects of gp120 on the phosphorylation of NR1 serine 890, a
modification important for the dispersal of NMDA receptor clus-
ters (Tingley et al., 1997). Within 6 h of gp120 treatment, the
phosphorylation of NR1 on serine 890 was increased by 61 	
4.0% (Fig. 6A), and localization to lipid rafts increased by 132.4 	
24.9% (normalized for increased raft area; Fig. 6B). In control
cultures, NR1 phosphorylated on serine 890 appeared punctate
in all regions of the membrane, consistent with a role in the
dispersal of NMDA receptor clusters (Fig. 6E). After gp120 treat-
ment, NR1 phosphorylated on serine 890 appeared as small clus-
ters in lipid platforms and was punctate in non-platform regions
of the membrane (Fig. 6E). Disrupting the structure of lipid rafts
with �-cyclodextrin after gp120 treatments reduced the size of
lipid platforms (Fig. 6C,E), and NR1 serine 890 no longer ap-
peared to be clustered (Fig. 6D,E).

We next determined whether the internalization of NMDA
receptors was perturbed after gp120 treatments. NMDA recep-
tors undergo agonist-induced internalization in response to
NMDA plus glycine (Nong et al., 2003), but at much slower rates
than AMPA receptors. In control conditions, 37.6 	 6.8% of

surface NR1 were internalized within 1 h after applications of
glycine plus NMDA. Pretreatment of neurons with gp120 re-
duced the agonist-induced internalization of NR1 to 6.52 	
2.3%. Disrupting the structure of lipid rafts with �-cyclodextrin
after gp120 treatments restored agonist-induced internalization
to 29.1 	 2.7% (Fig. 7A,B). �-Cyclodextran did not itself alter
the surface expression of NR1 (data not shown). These data sug-
gest that the stabilization and enlargement of lipid rafts prevented
the lateral dispersal and internalization of NMDA receptors.

NMDA receptor surface clustering enhances the amplitude of
focal NMDA-evoked calcium bursts
Calcium flux through NMDA receptors regulates numerous sig-
naling pathways from synaptic plasticity to apoptosis through
signals coded in temporal and spatial calcium bursts. Therefore,
we determined whether the sequestration of NMDA receptors
into lipid platforms after gp120 treatments altered NMDA-
evoked calcium bursts using a rapid imaging technology (200
ms/image pair) that focused on discrete microdomains (�1
�m 2). A brief application of NMDA/glycine evoked calcium
bursts with the majority (81.7 	 9.6%) of peak calcium spikes in
the 250 –500 nM range. None of the calcium spike amplitudes
were above 1000 nM, and few were above 500 nM (Fig. 8A, Table
1). A 6 h exposure to gp120 shifted the amplitude of calcium
spikes so that few (7.2 	 10.9%) were in the 250 –500 nM range.
The majority of calcium spike amplitudes were in the 500 –1000
nM (61.7 	 11.9%) and 1000 –2000 nM range (30.9 	 11.5%)
(Fig. 8B, Table, 1). Inhibition of CXCR4, IP3-sensitive calcium
release, PKC, PKA, or nSMase2, but not CCR5, ryanodine-
sensitive calcium release, or de novo ceramide synthesis, pre-
vented gp120 from increasing the amplitude of NMDA-evoked
calcium bursts (Fig. 8C–L, Table, 1). Drugs used in these experi-
ments did not significantly alter the amplitude of NMDA-evoked
calcium responses (data not shown). Inhibition of sodium chan-
nels or voltage-operated calcium channels did not alter the
amplitude of NMDA-evoked calcium bursts in control or gp120-
treated neurons (data not shown). Likewise, NMDA-evoked cal-
cium responses in Mg-free buffer were enhanced when neurons
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(Figure legend continued.) is localized to GM1. Disrupting the structure of lipid rafts with
�-cyclodextrin after a 6 h exposure to gp120 reduced the size of lipid rafts and redistributed NR1
phosphorylated on serine 890 along neurites. Arrows point to regions in which clusters of
NR1S890 are located to non-raft regions. Data were derived from the quantitative analyses of at
least 21 neurites from three separate experiments. **p � 0.01, ***p � 0.001 compared with
control. ###p � 0.001 compared with gp120. A, D, E, AVONA with Tukey’s post hoc comparisons.
B, C, Student’s t tests. Error bars indicate SD.

Figure 7. Agonist-induced internalization of NMDA receptors is inhibited after gp120 treatment by mechanisms that are dependent on the physical properties of lipid rafts. A, Representative
images showing surface-located NR1 on primary hippocampal neurons. Left column shows surface NR1 in control conditions, after a 6 h treatment with gp120 (250 pM) or a 30 min treatment with
�-cyclodextrin (�-CD; 15 �M). Right column shows surface NR1 after a 45 min exposure to NMDA (10 �M) plus glycine (100 nM) in control conditions, after a 6 h treatment with gp120, or after a 6 h
treatment with gp120 followed by a 30 min treatment with �-cyclodextrin. B, Quantitative data showing that a 45 min treatment with NMDA plus glycine reduced surface NR1 in control conditions.
A 6 h treatment with gp120 increased surface NR1 and prevented agonist-induced internalization of NR1. Disrupting the structure of lipid rafts with �-cyclodextrin after gp120 treatment restored
agonist-induced internalization of NR1. Data show the average number of NR1 standardized to neurite area derived from a minimum 21 neurites per condition. Error bars indicate SD. **p � 0.01,
***p � 0.001 compared with control. ###p � 0.001 compared with gp120 and ap � 0.001 compared with gp120 plus NMDA. ANOVA with Tukey’s post hoc comparisons.
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Figure 8. gp120 enhanced focal NMDA-evoked calcium bursts by promoting the forward traffic and surface clustering of NMDA receptors. Primary hippocampal neurons were loaded
with the ratiometric calcium-sensitive dye fura-2 AM, and images were acquired in microdomains located along neurites at the rate of five image pairs per second. Traces are
representative experiments showing calcium spikes in neuritic microdomains evoked by brief application of NMDA (10 �M) plus glycine (100 nM) in neurons pretreated for 6 h with vehicle
(A) or gp120 (B) (250 pM). In the remaining panels, cultures were treated with the indicated compounds for 30 min before gp120, except for RNA interference experiments in which shRNA
packaged into lentiviral vectors was applied 24 h before gp120. The treatments are as follows: C, 2D7 (1:200), an antibody that blocks agonist binding to CCR5; D, 12G5 (1:200), an
antibody that blocks agonist binding to CXCR4; E, GW4869 (20 �M), an inhibitor of nSMase2; F, ISP-1 (10 �M), an inhibitor of serine palmitoyl transferase; G, ryanodine (Ryr; 1 �M), a
modulator of ryanodine receptors; H, xestospongin (Xesto; 15 �M), an inhibitor of IP3 receptors; I, KT5720 (0.6 �M), an inhibitor of PKA; J, chelerythrine (Chet; 1 �M), an inhibitor of PKC;
K, shRNA directed to silence nSMase2 (smpd3). L, Summary data of average peak intracellular calcium increases evoked by NMDA plus glycine with the indicated pretreatments.
Quantitative data are the average 	 SD of 30 – 45 microdomains from each of four separate experiments. ***p � 0.001 compared with control; ###p � 0.001 compared with gp120.
ANOVA with Tukey’s post hoc comparisons.
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were pretreated with gp120 for 6 h, suggesting that the observed
effects were not attributable to a general membrane depolariza-
tion induced by gp120 (data not shown). Next, we directly deter-
mined the focal location of NMDA-evoked calcium responses in

relation to the raft versus non-raft location of NR1. In these ex-
periments, NMDA-evoked calcium responses were recorded
from focal dendritic regions, followed by fixation and immuno-
staining of cells to identify lipid rafts and NR1. After gp120 expo-

Figure 9. gp120 enhanced NMDA-evoked calcium bursts in membrane microdomains. Calcium measures were acquired at the rate of five image pairs per second in discrete regions (�1 �M
2)

located along dendrites of primary hippocampal neurons. A, In control conditions, brief applications of NMDA (10 �M) plus glycine (100 nM) evoked calcium bursts along dendritic branches.
Pseudocolor images show a snapshot of calcium concentrations at baseline and after a pulse of NMDA plus glycine. Increased color intensity represents increased calcium concentrations. Traces show
calcium concentrations for the indicated regions of the dendrite. B, Immunostaining of the same dendrite in A, showing GM1, NR1, and the merged images (GM1 is red, NR1 is green, and colocalized
regions appear yellow). Regions 1 and 2 of immunostained images correspond to the same regions of the calcium images. C, Pseudocolor images and associated traces depict baseline calcium
concentrations and NMDA-evoked increases of calcium for the indicated regions of interest. Pretreatment of neurons for 6 h with gp120 (250 pM) enhanced NMDA-evoked calcium bursts in select
regions of the membrane. D, Immunostaining of the same dendrite shown in C, demonstrating that NMDA-evoked calcium increases were enhanced in a membrane domain in which clusters of NR1
were located to GM1-immunopositive lipid rafts (region 1) but not in a membrane domain in which NR1 was located to a non-raft region (region 2). Results shown are representative of those
obtained from three independent experiments.

Table 1. HIV– gp120 shifted the frequency of NMDA-evoked calcium responses

1000 –2000 mM Ca 2� 500 –1000 mM Ca 2� 250 –500 mM Ca 2� 0 –250 mM Ca 2�

Control 0 17.75 	 9.17 81.70 	 9.61 0.55 	 1.21
gp120 30.90 	 11.54*** 61.73 	 11.92* 7.27 	 10.98*** 0.10 	 0.30

�-CCR5 � gp120 31.94 	 16.16*** 56.38 	 16.49 3.09 	 2.69*** 8.58 	 4.88
�-CXCR4 � gp120 4.70 	 6.28 ## 28.58 	 16.18 57.81 	 26.63 ## 8.91 	 6.08
GW4896 � gp120 0 ### 28.50 	 33.59 66.55 	 30.58 ### 4.95 	 12.13
ISP-1 � gp120 30.54 	 12.70*** 53.37 	 18.32 12.90 	 15.20*** 3.16 	 5.32
Ryanodine � gp120 30.46 	 14.59*** 59.77 	 25.01 4.27 	 4.67*** 5.49 	 13.45
Xestospongin � gp120 1.85 	 2.39 ### 39.28 	 23.59 47.55 	 25.74 # 10.42 	 11.32
KT5720 � gp120 30.54 	 12.70*** 53.36 	 18.32 12.92 	 15.02 3.16 	 5.31
Chelerythrine � gp120 0 ### 40.45 	 37.65 56.74 	 37.65 ## 2.81 	 6.88

Data show the percentage of NMDA-evoked calcium bursts in the indicated amplitude ranges. *p � 0.05, **p � 0.01, ***p � 0.001 compared with control. #p � 0.05, ##p � 0.01, ###p � 0.001 compared with gp120.
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sures, NMDA-evoked calcium responses were slightly enhanced
in non-raft regions of dendrites and were greatly potentiated in
regions in which clusters of NR1 located to lipid rafts (Fig. 9A–
D). These functional data are consistent with our molecular
and biochemical findings that show gp120 enhanced the for-
ward traffic, surface expression, and clustering of NMDA re-
ceptors that become sequestered in modified membrane
microdomains.

Discussion
Numerous viral and non-viral products are thought to contribute
to neuronal dysfunction and degeneration in the setting of HIV
infection (Mattson et al., 2005; Irish et al., 2009). The viral coat
protein gp120 is a potent neurotoxin with effects in the low pico-
molar range. In addition to binding CD4, different gp120 isolates
bind the chemokine receptors CXCR4 and CCR5. In the studies
reported here, we used a strain of gp120 that interacts with
CXCR4. Although both CXCR4 and CCR5 trophic strains of
gp120 cause neuronal damage, CXCR4 binding strains of gp120
are potent neurotoxins. CXCR4 – gp120 is toxic to neurons
through indirect actions on glia that increase the release of in-
flammatory cytokines (and other small molecules such as arachi-
donic acid) and by direct actions on neurons mediated through
CXCR4 (Dreyer and Lipton, 1995; Meucci and Miller, 1996;
Meucci et al., 1998; Catani et al., 2000; Pandey and Bolsover,
2000; Khan et al., 2004; Geeraerts et al., 2006; Ronaldson and
Bendayan, 2006). However, it is important to note that gp120
signaling through CXCR4 appears to be qualitatively different
compared with CXCL12 (a natural ligand for CXCR4). For in-
stance, CXCL12 has been shown to protect neurons from NMDA
toxicity through actions that involve inhibition of NR2B expres-
sion and reductions in NMDA-evoked calcium responses (Khan
et al., 2008; Nicolai et al., 2010). In contrast, HIV– gp120 is di-
rectly toxic to neurons by mechanisms that involve CXCR4 and
NMDA receptors (Wu et al., 1996; Hesselgesser et al., 1998;
Meucci et al., 1998; Kaul and Lipton, 1999). One potential expla-
nation for these differences is that these ligands differentially ac-
tivate CXCR4. There are a number of residues throughout

CXCR4 that are specifically involved in interactions with gp120
that do not play a role in CXCL12 binding or signaling (Choi et
al., 2005). Thus, it is not unexpected that downstream effects of
CXCR4 signaling are quite different when stimulated by gp120
compared with CXCL12.

Despite considerable evidence that NMDA receptors are
critical for gp120-induced neuronal damage (Lipton, 1992;
Corasaniti et al., 1995; Toggas et al., 1996; Meucci et al., 1998),
relatively little is known of the molecular mechanisms by which
gp120 enhances NMDA receptor activity. Our data describe a
detailed molecular mechanism in which gp120 directly interacts
with neurons to enhance surface expression of NMDA receptors.
We have identified three cooperative signaling pathways that
contribute to this effect. First, gp120 enlarges and stabilizes mem-
brane microdomains through actions that involve CXCR4, ER
calcium, and a redox-sensitive translocation of nSMase2 to the
plasma membrane. By catalyzing the hydrolysis of sphingomy-
elin to ceramide, nSMase2 facilitates the stabilization and en-
largement of membrane microdomains. Second, gp120 signaling
through PKA and PKC promotes phosphorylation of NR1
C-terminal serines 897 and 896. These modifications promote
the forward traffic and surface expression of NR1. Last, clusters of
NR1 become sequestered at synapses in enlarged membrane mi-
crodomains, in which the receptors appear to unable to (or slow
to) laterally disperse and internalize (Fig. 10).

Regulating the traffic of NMDA receptors is important for
synaptic plasticity (Rao and Craig, 1997; Quinlan et al., 1999;
Watt et al., 2000; Lan et al., 2001; Roche et al., 2001; Barria and
Malinow, 2002; Nong et al., 2003; Lavezzari et al., 2004; Scott et
al., 2004; Washbourne et al., 2004), and dysfunctions in NMDA
receptor trafficking are thought to contribute to synaptic dys-
function in numerous neurological and psychiatric disorders, in-
cluding schizophrenia, Alzheimer’s disease, and Parkinson’s
disease (Waldron et al., 2008; Bagetta et al., 2010; Kristiansen et
al., 2010). To this literature, we add evidence that, in the setting of
HIV infection, the forward traffic of NMDA receptors is en-

Figure 10. Summary of the mechanisms by which gp120 promotes forward trafficking and surface clustering of NMDA receptors in membrane microdomains. HIV– gp120 interacts with the
chemokine receptor CXCR4 to generate IP3 that triggers ER calcium release and perturbs mitochondrial function. The release of free radicals from mitochondria promotes the translocation of nSMase2
to the plasma membrane, where this enzyme converts sphingomyelin to ceramide. These alterations in membrane lipids increase the size and stabilize the structure of lipid rafts. Concurrently,
HIV– gp120 promotes the forward traffic of NMDA receptors by increased PKA- and PKC-dependent phosphorylation of NR1 C-terminal serines 897 (to promote ER release) and 896 (important for
surface expression). These surface-located receptors become clustered in enlarged and stabilized lipid rafts. As a result, NMDA-evoked calcium influx is enhanced in these membrane microdomains.
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hanced, and these receptors become clustered in stabilized mem-
brane microdomains.

NMDA receptors are tetramers that contain two NR1 sub-
units combined with NR2 (and NR3 in a small fraction of recep-
tors). There is considerable diversity in NR1 because of alternate
splicing of exons 5, 21, and 22, which result in at least eight
protein variants that are differentially regulated to control for-
ward trafficking (Horak and Wenthold, 2009). Exon 21 encodes
four phosphorylation sites on threonine 879 and serines 896, 897,
and 890. PKA phosphorylation of serine 897 and PKC phosphor-
ylation of serine 896 appear to be important for forward traffic,
surface location, and clustering of NR1, whereas phosphorylation
of serine 890 by PKC is important for dispersal of NR1 clusters
(Tingley et al., 1997; Scott et al., 2001, 2003). In this study, we
found that gp120 enhanced the phosphorylation of NR1 on ser-
ines 896, 897, and 890 in an ordered sequence. Phosphorylation
of NR1 on serine 897 by PKA was rapid and presumably masked
an ER retention signal. Phosphorylation of serine 896 by PKC
occurred more slowly, likely at or near the plasma to regulate
receptor insertion. Consistent with this data, PKA is known to
regulate the phosphorylation of multiple ER proteins (Bugrim,
1999; Zhou et al., 2002; Procino et al., 2003; O’Connell et al.,
2005), whereas PKC activation is associated with plasma mem-
brane location (Bi et al., 2001; Bécart et al., 2003; Botto et al.,
2007). HIV– gp120 can increase the activity of both PKA and
PKC (Gupta et al., 1994; Zheng et al., 1999; Masci et al., 2003),
and it would appear that both these activities are critical for the
effect of gp120 to enhance the forward traffic and surface local-
ization of NMDA receptors.

Protein location, scaffolding, and signal transduction are reg-
ulated in part through the dynamic modulation of membrane
microdomains. Ceramide-rich microdomains can coalesce into
larger platforms or disassemble into smaller components in the
timescale of seconds to minutes (Simons and Gerl, 2010). The
physical structure of membrane microdomains can be regulated
by ceramide metabolism with important implications for synap-
tic function, including synapse formation, neurotransmitter re-
lease, receptor trafficking, and plasticity (Ito and Horigome,
1995; Furukawa and Mattson, 1998; Furuya et al., 1998; Inokuchi
et al., 1998; Ping and Barrett, 1998; Brann et al., 1999; Coogan et
al., 1999; Yang, 2000; Fasano et al., 2003; Wheeler et al., 2009).
Our data suggest that ceramide generation by the sphingomyelin
hydrolase nSMase2 played important roles in regulating the size
and stability of membrane microdomains. Pharmacological in-
hibition or molecular knockdown of nSMase2 reduced the size of
membrane microdomains. HIV– gp120 increased the size of and
stabilized the structure of membrane microdomains by mecha-
nisms that involved nSMase2. There are several properties of
nSMase2 that suggest it is an important neuromodulator. nS-
Mase2 is widely expressed in the brain (Hofmann et al., 2000;
Aubin et al., 2005), with high expression in the hippocampus (see
smpd3 at http://mouse.brain-map.org). Pharmacological inhibi-
tion or genetic mutation of nSMase2 decreases brain ceramide
and impairs spatial and episodic-like memory in mice, suggesting
that nSMase2 is an important regulator of events related to mem-
ory (Tabatadze et al., 2010). nSMase2 is required for NGF-
induced neurite outgrowth and plays roles in some forms of
synaptic plasticity (Riboni et al., 1995; Brann et al., 2002). Exog-
enous additions of nSMase2 selectively enhanced population
spike amplitudes and fEPSP–postsynaptic potentiation of the
CA3–CA1 Schaeffer collateral synapse, and nSMase2 activity was
required for TNF�-induced increases of EPSCs (Wheeler et al.,
2009; Norman et al., 2010). These ceramide-induced enhance-

ments of excitatory currents were typically transient and often
followed by a sustained depression, likely as a result of endoge-
nous regulatory mechanisms that limit the biological effects of
this highly reactive lipid product (Furukawa and Mattson, 1998;
Coogan et al., 1999; Yang, 2000; Davis et al., 2006; Tabarean et al.,
2006). Indeed, exaggerated and prolonged elevations of ceramide
can favor the activation of apoptotic pathways and have been
associated with neurodegeneration (Haughey et al., 2004; Jana et
al., 2009; Ben-David and Futerman, 2010).

In the current study, we found that gp120 increased ceramide
over a timeframe of hours. This kinetic of ceramide generation in-
creased the size and stabilized the structure of lipid rafts for pro-
longed periods of time and was associated with the sequestration of
NMDA receptors into surface-located clusters. In addition to dys-
regulating the spatial and temporal features of NMDA-evoked cal-
cium flux, this perturbation in NMDA receptor traffic would have
important implications on associated signaling events. For in-
stance, a recent study found that lipid-raft-located NMDAR–
PSD95 complexes interacted with different signaling proteins
compared with complexes isolated from soluble (non-raft) frac-
tions. In particular, the amount of Src and Arc/Arg3.1 was greater
and SynGAP and CaMKII were reduced in lipid raft fraction
(Delint-Ramirez et al., 2010). These data suggest that, after gp120
stimulation, a stabilized lipid raft complex would promote sig-
naling through the Src signaling pathway. Consistent with these
observations, HIV and gp120 are known to increase the activity of
Src family tyrosine kinases and reduce CaMKII activity (Phipps et
al., 1996; Geeraerts et al., 2006; Gupta et al., 2010). Because many
components of signaling complexes are anchored to cellular
membranes, it is likely that the enlargement and stabilization of
membrane microdomains by gp120 interferes with numerous
signaling pathways that rely on shifts in membrane lipid compo-
sition to regulate signal switching. Thus, therapeutics to selec-
tively target enzymes involved in ceramide metabolism may
preserve neuronal function in the setting of HANDs and poten-
tially other neurodegenerative conditions.
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