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Immunodeficiency Virus-1/gp120-Mediated Cerebellar
Granule Cell Death by Preventing gp120 Internalization
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The human immunodeficiency virus type 1 (HIV-1) envelope protein gp120 has been implicated in the pathogenesis of HIV-1 dementia.
Thus, inhibition of gp120 activity could reduce HIV toxicity in the brain. We have used primary cultures of rat cerebellar granule cells to
examine mechanisms whereby gp120 causes cell death and to characterize neuroprotective agents. gp120 induced a time- and
concentration-dependent apoptotic cell death, which was caspase-3-mediated but caspase-1 independent, and was totally blocked by the
irreversible caspase-3-like protease inhibitor N-acetyl-Asp-Glu-Val-Asp-chloromethylketone. Caspase-3 activation was observed only in
neurons that internalize gp120, indicating that internalization is key to gp120 toxicity. Because brain-derived neurotrophic factor (BDNF)
prevents caspase-3-mediated neuronal cell death, we examined whether BDNF could prevent gp120-mediated apoptosis. Preincubation
of neurons with BDNF before the addition of gp120 reduced caspase-3 activation, and consequently rescued 80% of neurons from
apoptosis. Most importantly, BDNF reduced the levels of CXC chemokine receptor-4 (CXCR4), a receptor that mediates HIV-1 gp120-
induced apoptosis. This effect correlated with the ability of BDNF to reduce gp120 internalization and apoptosis. Moreover, BDNF
blocked the neurotoxic effect of stromal-derived factor-1�, a natural ligand for CXCR4, further establishing a correlation between
neuroprotection and downregulation of CXCR4. We propose that BDNF may be a valid therapy to slow down the progression of HIV/
gp120-mediated neurotoxicity.
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Introduction
A large percentage of patients suffering from acquired immu-

nodeficiency syndrome (AIDS) develop human immunodefi-
ciency virus type 1 (HIV-1)-related cognitive-motor complex, a
neurological disease characterized by dementia, memory deficits,
and motor impairment (Brew et al., 1995; Price, 1996). These
behavioral symptoms appear to be the direct consequence of neu-
ronal cell loss, dendritic simplification, and decreased synaptic
density (Masliah et al., 1997). Several studies have indicated that
the viral envelope glycoprotein, gp120, which is shed from HIV-
infected macrophages during viral replication, may be the etio-
logical agent of neuronal loss observed in postmortem brains of
HIV-positive patients. Indeed, gp120 causes cell death in various
neuronal populations in vitro, including midbrain dopaminergic
neurons, hippocampal, cortical, and cerebellar granule neurons
(Lipton et al., 1991; Dawson et al., 1993; Savio and Levi, 1993;
Bennett et al., 1995; Meucci and Miller, 1996; Kaul and Lipton,

1999) as well as in vivo in rodent brains (Bagetta et al., 1996;
Bansal et al., 2000).

Little is known about the mechanisms whereby gp120 induces
neuronal cell death and related treatments to block this effect.
Recent evidence has shown that gp120-mediated cytotoxicity
may occur via apoptosis through interaction with the seven-
transmembrane domain chemokine receptor CXC chemokine
receptor-4 (CXCR4) (Davis et al., 1997; Herbein et al., 1998;
Hesselgesser et al., 1998; Klein et al., 1999; Kozak et al., 1999).
Several lines of independent investigations have shown that this
apoptotic cell death is triggered by activation of the proapoptotic
protease caspase-3. In fact, gp120 activates caspase-3 in human
embryonic kidney (Biard-Piechaczyk et al., 2000), endothelial
cells (Ullrich et al., 2000), and rat cerebellar granule cells (Bachis
et al., 2000). Moreover, in cerebrocortical cultures, inhibition of
caspase-3 prevents gp120-induced apoptosis (Garden et al.,
2002). These findings are important, considering that inhibitors
of caspase-3 activity can rescue neurons from the apoptotic cycle.
Neurotrophic factors are a class of such inhibitors. In particular,
brain-derived neurotrophic factor (BDNF), one member of the neu-
rotrophin family of multifunctional neurotrophic factors capable of
regulating neuronal development and survival (Reichardt, 2001),
has been shown to prevent ischemia and glutamate-mediated neu-
ronal apoptosis by inhibiting caspase-3 activation (Han et al., 2000;
Bachis et al., 2002). Thus, it seems conceivable that this trophic factor
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may prevent gp120-mediated apoptosis and therefore rescue neu-
rons from programmed cell death.

The aim of the present study was to investigate whether gp120
evokes caspase-3-dependent apoptotic cell death of postnatal
CNS neurons such as cerebellar granule cells, and if so, whether
BDNF rescues these neurons. We report a new neuroprotective
property of BDNF and the potential molecular and cellular
mechanisms of this effect.

Materials and Methods
Cell culture. Cerebellar granule cells were prepared from 8-d-old Sprague
Dawley rat pups (Taconic Farms, Germantown, NY) as described previ-
ously (Brandoli et al., 1998; Bachis et al., 2001). Briefly, neurons were
plated onto poly-L-lysine (1%)-precoated 100 mm plastic dishes at a
density of 2.5 � 10 6 cells/ml and grown in basal medium Eagle (Invitro-
gen, Grand Island, NY) containing 2 mM glutamine, 10% fetal calf serum,
25 mM KCl, 100 �g/ml gentamicin, and 10,000 U/ml penicillin–strepto-
mycin. Cells were maintained at 37°C in 5% CO2 and 95% O2. Cytosine
arabinoside (10 �M) was added 24 hr after cell plating to inhibit glial
proliferation. At the time of the experiments, these cultures were com-
posed of �96% neurons and �4% non-neuronal cells, such as astro-
cytes, oligodendrocytes, and endothelial cells. Compounds were added to
the cultures at 8 d in vitro. After the addition of gp120 or other com-
pounds, cultures were kept in the same medium until analysis of cell
viability. Sister cultures that received medium containing heat-
inactivated gp120 were used as a control.

Compounds and chemokines. Human recombinant BDNF, neuro-
trophin-3 (NT-3), and nerve growth factor (NGF) were all purchased
from Promega Biotechnologies (Madison, WI). gp120 (SF2 and IIIB
strains) and AMD3100 (AMD) were obtained from the National Insti-
tutes of Health AIDS Research and Reference Reagent Program. Stromal-
derived factor (SDF)-1�, was obtained from Sigma (St. Louis, MO) and
N-acetyl-Asp-Glu-Val-Asp-chloromethylketone (DEVDK) was pur-
chased from Calbiochem (La Jolla, CA).

Cell survival. The percentage of surviving neurons in the presence of
trophic factors and/or gp120 was estimated using the biochemical and
histological assays listed below.

MTT. The activity of mitochondrial dehydrogenases [3(4,5-dimethyl-
thiazol-2-yl)-2.5-diphenyltetrazolium bromide] (MTT) assay was used
to determine cell death/survival. This assay was carried out according to
the manufacturer’s specifications (MTT Kit I, Boehringer Mannheim,
Indianapolis, IN) as described previously (Bachis et al., 2001, 2002).

Hoechst 33342/propidium iodide. Cultures were incubated simulta-
neously with 5 �M Hoechst 33342 (staining healthy cells) and 5 �g/ml
propidium iodide (staining apoptotic and necrotic cells) (both from
Sigma) (Hoechst/PI), for 15 min in a water bath at 37°C. Reaction was
visualized with the Nikon (Tokyo, Japan) inverted fluorescent micro-
scope ECLIPSE TE300.

TUNEL. Apoptotic neurons were examined by in situ terminal deoxy-
nucleotidyl transferase-mediated biotinylated UTP nick end labeling
(TUNEL), and activated caspase-3 as described previously (Bachis at al.,
2001, 2002). In brief, neurons were plated onto 12 mm round, 1 mm
thick precoated glass coverslips. Cells were fixed with 4% paraformalde-
hyde, postfixed in 2:1 ethanol:acetic acid, washed, and equilibrated ac-
cording to the instructions of the manufacturer (ApopTag; Serological
Corporation, Norcross, GA). Neurons were then incubated with termi-
nal deoxynucleotidyl transferase enzyme in the presence of digoxigenin-
labeled deoxyNTP, followed by anti-digoxigenin (fluorescein conjugate)
antibody and mounted using Vectashield Mounting Medium with 4�,6�-
diamidino-2-phenylindole (DAPI) or propidium iodide (Vector Labo-
ratories, Burlingame, CA) as counterstaining. Reaction was visualized
with the ECLIPSE TE300 inverted fluorescent microscope.

Analysis of gp120 internalization by confocal microscopy. Cerebellar
granule cells were exposed to biotin-conjugated gp120 (bcgp120, IIIB
strain; Immunodiagnostics, Woburn, MA) for different times, washed,
and then fixed with 4% paraformaldehyde for 15 min. To determine
which cell type internalizes gp120, cultures were immunostained over-
night with cell-type-specific antibodies recognizing glial fibrillary acidic

protein (GFAP, 1:250 dilution) for astrocytes, myelin/oligodendrocyte
specific protein (1:100) for oligodendrocytes (all from Chemicon, Te-
mecula, CA), combined with NeuroTrace red fluorescent Nissl stain (1:
150; Molecular Probes, Eugene, OR) for 20 min at room temperature.
Cells were then incubated with 7-amino-4-methylcoumarin-3-acetic
acid secondary antibody (1:500 dilution; Vector Laboratories) to detect
GFAP or other markers of non-neuronal cells for 4 hr at 4°C. Bcgp120
was visualized by fluorescein–streptavidin (1:1000 dilution; Vector Lab-
oratories). In addition, cells were stained with an antibody against
microtubule-associated protein-2 (MAP-2; 1:500; Chemicon) to reveal
neuronal cell bodies and processes. Cells were then incubated with a
Texas-red-conjugated secondary antibody (Vector Laboratories), and
bcgp120 was visualized by fluorescein–streptavidin. Coverslips were then
mounted using Prolong antifade kit (Molecular Probes) or Vectashield
mounting medium with DAPI. Cells were imaged by confocal attofluor
ratio vision spinning disk confocal microscopy (ATTO Bioscience, Rock-
ville, MD) mounted on Olympus IX17 inverted microscope (Olympus
Optical, Tokyo, Japan), using a blue DAPI filter (excitation, 360 nm;
emission, 470 nm), a green FITC filter (excitation, 488 nm; emission, 530
nm), and a Texas red filter (excitation, 570 nm; emission, 645 nm).
Images were captured and analyzed using the MetaMorph Imaging Sys-
tem (Universal Imaging, Downingtown, PA).

Caspase-3 immunocytochemistry. For neurofilament and caspase-3
staining, cultures were fixed with 4% paraformaldehyde and incubated
overnight with an antibody against mouse 160 kDa neurofilament (1:
350; Sigma) and a cleaved-caspase-3 antibody (1:150 dilution; Cell Sig-
naling, Beverly, MA) for 48 hr at 4°C. Cells were washed and then incu-
bated with fluorescein and Texas red secondary antibodies. Coverslips
were then mounted using Vectashield mounting medium with DAPI.
For caspase-3 and gp120 internalization, neurons exposed to bcgp120
were incubated with a cleaved caspase-3 antibody followed by fluoresce-
in–streptavidin and Texas red secondary antibody to visualize gp120 and
caspase-3, respectively. Immunofluorescence was analyzed with a Nikon
(Tokyo, Japan) ECLIPSE TE300 inverted fluorescent microscope.
Optronics Magnafire software (Optronics, Goleta, CA) was used to ana-
lyze immunoreactive cells.

Caspase-3- and caspase-1-like activity. Neurons were plated onto 100
mm dishes. Caspase-3- and caspase-1-like activities were measured in
cell lysates using the caspase-3 and caspase-1 colorimetric assay protease
kits (Chemicon) following the manufacturer’s instructions. In brief, neu-
rons were lysed for 10 min in ice-cold lysis buffer, containing the follow-
ing: 150 mM NaCl, 20 mM Tris HCl, pH 7.2, 1% Triton X-100, and 1 mM

dithiothreitol. After removal of cellular debris by centrifugation, protein
levels in the lysates (cytosolic extract) were measured by the Bradford
Coomassie blue colorimetric assay (Bio-Rad, Hercules, CA) and equal-
ized accordingly to obtain 150 �g of cytosolic extract per sample. For
caspase-3, samples were incubated with 200 �M caspase-3 substrate
N-acetyl-Asp-Glu-Val-Asp-p-nitroanilide at 37°C for 2 hr. For
caspase-1, samples were incubated with 200 �M of caspase-1 substrate
Tyr-Val-Ala-Asp-p-nitroanilide at 37°C for 2 hr. Samples were analyzed
at 400 nm in a microtiter plate reader.

Western blot. Cerebellar granule cells were washed twice in phosphate
buffer, harvested in 50 mM Tris HCl, pH 7.0, and pelleted at 3000 � g.
Pellets were homogenized in the same buffer with a polytron, centrifuged
at 100,000 � g for 20 min, resuspended in 1 ml of Tris HCl, and stored at
�20°C. After removal of cellular debris by centrifugation, protein levels
in the lysates were measured by the Bradford colorimetric assay. Equal
amounts of proteins were loaded onto a 15% SDS-polyacrylamide gel.
Proteins were transferred on a nitrocellulose membrane and blocked
with Tris-buffered saline (TBS-T; 25 mM Tris and 1% Tween) containing
5% milk powder. Blots were incubated overnight with rabbit affinity-
purified polyclonal antibodies anti-CXCR4 or anti-CC-chemokine
receptor-5 (CCR5) (1:1000 dilution; Chemicon) in TBS-T plus 5% milk.
After several washes with TBS-T, blots were then incubated with the
secondary antibody, peroxidase-conjugated anti-rabbit IgG (dilution
1:10,000; Santa Cruz Biotechnology, Santa Cruz, CA). Immunoreactivity
was detected by enhanced chemiluminescence (Amersham Biosciences,
Arlington Heights, IL). The blot was stripped and reprobed with an
antibody against the 200 kDa form of neurofilament (1:1000; Chemicon)
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to demonstrate that an equal amount of proteins were present in
each lane.

Data analysis. Hoechst/PI-, TUNEL-, and caspase-3-positive cells were
counted in randomly selected fields using a 40� objective and Optronics
Magnafire software. Approximately 1500 nuclei were counted per con-
dition in each experiment, and experiments were repeated at least three
times. Because the number of TUNEL- or caspase-3-positive cells in
cultures exposed to medium alone (70 � 10) or heat-inactivated gp120
(72 � 9) was not significantly different, control cells were defined as
those exposed to heat-inactivated gp120. Data are expressed as a percent-
age of control (means � SEM). Statistical analysis was performed using
ANOVA and the Scheffé test for multiple comparisons. Semiquantitative
analysis of CXCR4, CCR5, and neurofilament immunoreactivity was
performed by Western blot analysis. Immunoreactive bands on the au-
toradiograph were scanned with a laser densitometer as described previ-
ously (Brandoli et al., 1998). The value of CXCR4/CCR5 immunoreac-
tivity was divided by that of neurofilament and expressed as a percentage
of control.

Results
gp120 causes neuronal cell death in the absence of glia
In the CNS, gp120 toxicity appears to depend predominantly on
the activation of microglia chemokine receptors rather than on a
direct effect on neurons (Kaul and Lipton, 1999; Bezzi et al.,
2001). To test this hypothesis we carried out time- and dose-
dependent studies of gp120 toxicity using primary cultures of
cerebellar granule cells from 8-d-old rat pups. This neuronal
preparation contains essentially neurons because it is grown in
the presence of cytosine arabinoside and glial cells are present
only as a contaminant (Brandoli et al., 1998; Bachis et al., 2001).
Neurons were exposed to control medium containing heat-
inactivated gp120 or to medium containing various concentra-

tions of gp120; then cell survival was measured by MTT assay,
Hoechst/PI staining and in situ TUNEL 24 hr later. gp120 evoked
a dose-dependent increase in MTT activity starting from a con-
centration of 200 pM (Fig. 1A). The increase in MTT activity
correlated with the increased number of TUNEL- and Hoechst/
PI-positive cells (Fig. 1A). To establish the temporal profile of
this effect, neurons were exposed to gp120 (5 nM) for various
times. gp120 induced a time-dependent decrease in cell viability
measured by all three assays starting at 12 hr and culminating at
48 hr (Fig. 1B). Thus, gp120 causes cell death even when cultures
contain few glial cells.

gp120 activates caspase-3
The concordance of cell death measured by both TUNEL and
MTT assays is remarkable, suggesting that the main form of cell
death evoked by gp120 is apoptosis. However, TUNEL alone may
not distinguish between necrosis and apoptosis. Thus, to confirm
apoptosis, we examined whether gp120 activates caspases. Expo-
sure of cerebellar granule cells to gp120 (5 nM) evoked a signifi-
cant increase in caspase-3-like activity within 3 hr, an effect that
peaked between 6 and 12 hr (Fig. 2A). Caspase-1 activity was not
affected at any time examined (Fig. 2A). Inhibition of caspase
activity with a relatively specific, irreversible caspase-3-like pro-
tease inhibitor, DEVDK (100 �M), prevented gp120-mediated
neuronal cell death (Fig. 2B). These data confirm that gp120-
mediated neurotoxicity involves a caspase-3-dependent
pathway.

gp120 is internalized primarily by neurons
In non-neuronal cells, internalization of gp120 has been shown
to be a prerequisite for its cytotoxic activity (Cefai et al., 1992;
Misse et al., 1999). However, primary cultures of cerebellar gran-

Figure 1. gp120 induces neuronal cell death. Cerebellar granule cells were exposed for 24 hr
to gp120 at the indicated doses ( A) or to 5 nM gp120 for the indicated times ( B). Control cells
were exposed to heat-inactivated gp120. Cell survival was analyzed by MTT and TUNEL assays,
and the number of dead cells was determined by Hoechst/PI staining. Neurons exposed to
medium alone or to inactivated gp120 showed a similar number of cell deaths (5%). *p � 0.05,
**p � 0.01, and ***p � 0.001 versus control (n � 12 each point).

Figure 2. Caspase-3 but not caspase-1 is induced by gp120. A, Cerebellar granule cells were
exposed to gp120 (5 nM) and then caspase-3 and caspase-1 activity were measured at the
indicated times. B, Neurons were exposed to DEVDK 5 min before gp120 and cell survival mea-
sured by counting Hoechst/PI-positive cells at the indicated times. *p � 0.05 and **p � 0.001
versus control (n � 9 each point).
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ule cells contain few non-neuronal cells. To examine whether
these non-neuronal components may mediate the neurotoxic ef-
fect of gp120, we first determined which cell type internalizes
gp120 by confocal microscopy. To better visualize gp120 inter-
nalization, cultures were exposed to biotin-conjugated gp120
(bcgp120, 5 nM) for 6 or 12 hr, fixed, and then incubated with
fluorescein–streptavidin to detect gp120 in combination with se-
lected markers for neuronal and non-neuronal cells. Analysis of
confocal images revealed that bcgp120 immunofluorescence was
associated with Nissl-positive neurons only (Fig. 3A). Indeed,
GFAP-positive cells, as well as other non-neuronal cells (data not
shown), were gp120-negative (Fig. 3A). To test whether neurons
internalize gp120, cell body and neuronal processes were visual-
ized using a MAP-2 antibody followed by fluorescein–streptavi-
din to detect gp120. Cell bodies (Fig. 3B) of MAP-2 positive cells
were also gp120-positive. Three-dimensional reconstruction of
confocal images revealed that gp120 positivity was inside of
MAP-2 positive cells, suggesting that this viral protein, in our
experimental conditions, is internalized by neurons.

Caspase-3 activation occurs in neurons internalizing gp120
To determine whether the neurotoxic effect of gp120 occurs in
cells that internalize this protein, we examined whether neurons
internalizing gp120 were also positive for activated caspase-3.
Cultures were exposed to inactivated bcgp120 (Fig. 4A) or
bcgp120 (Fig. 4B) for 6 hr, fixed, and analyzed for gp120 and
activated caspase-3. At least 80% of neurons exposed to gp120
were both gp120- and caspase-3-positive. To examine whether
internalization of gp120 is the cause or the effect of cell death,
cultures were exposed to bcgp120 for various times and then
double-labeled for gp120 and activated caspase-3. Neuronal in-
ternalization of gp120 started as early as 30 min and was statisti-
cally significant by 1 hr when no neurons were caspase-3-positive
(Fig. 4C). By 3 hr, internalization was observed in a greater num-
ber of neurons (�50%). At this time, at least 20% of neurons
were also caspase-3-positive (Fig. 4C). Thus, internalization of
gp120 occurs at least 1 hr before caspase-3 activation. Together,
the apoptotic evidence and internalization studies suggest that
granule cell neurons are the major target of gp120.

BDNF prevents gp120 neurotoxicity
BDNF is a neurotrophic factor that prevents caspase-3-mediated
apoptosis in cerebellar granule cells in vitro (Bachis et al., 2002)
and in the brain in vivo (Han et al., 2000). Therefore, we deter-
mined whether BDNF could prevent gp120-mediated apoptosis.
Cultures were exposed to BDNF (50 ng/ml) for 12 hr before the
addition of gp120 (5 nM) and then fixed 12 hr later for immuno-
histochemical detection of neurofilament and activated

Figure 3. gp120 is internalized by neurons. Confocal microscopic analysis of cerebellar gran-
ule cells exposed to bcgp120. A, Cultures were exposed to bcgp120 for 12 hr and then stained for
GPAF (blue) and Nissl (red). gp120 was visualized using fluorescein streptavidin (green). gp120
is only in Nissl-positive cells (20� magnification). B, Cerebellar granule cells were exposed to
bcgp120 for 3 hr. Cells were stained for MAP-2 (red). Coverslips were the mounted using DAPI
(blue). gp120 was visualized using fluorescein streptavidin (green). gp120 (yellow, overlay red
and green) is found primarily in the cytoplasm around the nucleus (60� magnification).

Figure 4. gp120 internalization precedes caspase-3 activation. Cerebellar granule cells were
exposed to inactivated gp120 ( A) or gp120 ( B) for 6 hr and then stained for gp120 (green) and
cleaved caspase-3 (blue). After that, Nissl staining was performed (red). Purple (overlay blue
and red) indicates caspase-3-positive neurons (20� magnification). C, Graphic representation
of the number of caspase-3- and gp120-positive cells. Cultures were exposed to gp120 for the
indicated times and then analyzed for cleaved-caspase-3 and gp120 immunoreactivity. The
images were captured and the number of gp120- and caspase-3 positive cells counted. The
percentage of caspase-3-positive neurons increases with time after exposure to gp120. *p �
0.05, **p � 0.01, and ***p � 0.001 versus control (n � 12 each time point).
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caspase-3. Activated caspase-3 was undetectable in control cells
(Fig. 5A) but was easily detected in at least 80% of neurons ex-
posed to gp120 (Fig. 5B). In cultures exposed to BDNF before
gp120, few neurons were positive for activated caspase-3 (Fig.
5C). To establish the temporal profile of the neuroprotective ef-
fect of BDNF, neurons were exposed to BDNF concomitantly or
several hours before gp120 and cell death was measured by
caspase-3 activation 6 hr later or by Hoechst/PI staining 24 hr
later. BDNF evoked a time-dependent reduction of gp120-
mediated caspase-3-like activity (Fig. 5D) as well as cell death
(Fig. 6). Maximal neuroprotection was obtained when BDNF was
added several hours before gp120. Indeed, pretreatment of neu-
rons with BDNF for 24 hr before gp120 abolished gp120-
mediated neurotoxicity (Figs. 5D, 6). Instead, when BDNF was
added concomitantly with gp120 or 3 hr before gp120, no neu-
roprotection was observed (Figs. 5D, 6). The effect of BDNF was
specific because neither NT-3 nor NGF prevented gp120-
mediated cell death (data not shown).

BDNF decreases gp120 internalization by decreasing CXCR4
receptor levels
BDNF may inhibit gp120 neurotoxicity by interacting with gp120
intracellular signal(s) or with the primary event of gp120 cellular
entry. Thus, we examined whether BDNF could reduce internal-
ization of gp120. Cerebellar granule cells were exposed to BDNF
for different times before the addition of bcgp120; internalization
and caspase-3 immunoreactivity were then determined 6 hr later.
In cells pretreated with BDNF, internalization of gp120 and
caspase-3 activity were drastically reduced (Fig. 7B) compared
with gp120-treated cells (Fig. 7A), supporting the hypothesis that
inhibition of gp120 internalization reduces apoptosis.

HIV-1, through gp120, binds to CD4 and to members of

the chemokine receptor family, such as
CXCR4 and CCR5, which act as co-
receptors and allow viral entry and, con-
sequently, the lethal infection of the
cells (Tarasova et al., 1998; Wang et al.,
1998; van der Meer et al., 2000). Thus,
we hypothesized that BDNF could re-
duce the synthesis of CXCR4, the recep-
tor involved in gp120-mediated apopto-
sis in various non-neuronal cells
(Herbein et al., 1998; Hesselgesser et al.,
1998; Klein et al., 1999; Kozak et al.,
1999; Biard-Piechaczyk et al., 2000). We
first examined the effect of BDNF on
CXCR4 because the gp120 SF2 and IIIB
strains of HIV-1 used in this study inter-
act preferentially with CXCR4 receptors
(Weissman et al., 1997). Western blot
analyses revealed that BDNF evoked a
time-dependent reduction of CXCR4
immunoreactivity beginning at 4 hr and
continuing at least up to 12 hr (Fig. 8).
Stripping and reprobing blots with an
antibody against the 200 kDa form of
neurofilament (NF) revealed no changes in
the levels of this protein (Fig. 8A), suggest-
ing that the effect of BDNF on CXCR4 is not
attributable to a generalized decrease of pro-
tein levels. Moreover, to further examine the
specificity of BDNF, we determined the
levels of CCR5 (Fig. 8). No changes were

observed in the levels of this receptor at any time examined. Thus,
BDNF appears to affect only CXCR4 expression.

CXCR4 antagonist AMD3100 inhibits gp120 neurotoxicity
The ability of BDNF to decrease CXCR4 levels and therefore
rescue neurons from gp120 toxicity suggests that agonists and
antagonists of this receptor should mimic and decrease gp120-
mediated cell death, respectively. This hypothesis was tested by
exposing neurons to SDF-1�, the natural ligand of CXCR4 (Rossi
and Zlotnik, 2000) alone or in combination with AMD, a specific
antagonist of CXCR4 (Donzella et al., 1998; Labrosse et al., 1998;
Lazarini et al., 2000). Cell death was measured 24 hr later using
Hoechst/PI staining. SDF-1� (50 nM) induced neuronal cell

Figure 6. BDNF inhibits gp120 neurotoxicity. Cultures were exposed to BDNF (50 ng/ml)
concomitantly (0) or before gp120 for the indicated times. Cell survival was measured by
Hoechst/PI staining 24 hr after gp120. *p � 0.05 and **p � 0.001 versus gp120 (n � 9 each
time point).

Figure 5. BDNF prevents gp120 activation of caspase-3. Cultures were exposed to inactivated gp120 for 6 hr ( A), gp120 for 6 hr
( B), or BDNF (50 ng/ml) 12 hr ( C) before gp120. Cells were then fixed and stained for cleaved caspase-3 (red) and neurofilament
(green). Cells were counterstained using DAPI (blue). Purple (overlay blue and red) indicates caspase-3 positive neurons. Scale bar,
35 �m. D, Cultures were exposed to BDNF concomitantly (0) or before gp120 for the indicated times. Caspase-3 activity was
measured in cell lysates 6 hr after gp120. *p � 0.05 and **p � 0.001 versus gp120 (n � 9 each time point).
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death that was quantitatively similar to gp120 (Fig. 9). AMD (5
nM), added 30 min before the addition of gp120 or SDF-1�,
prevented both gp120- and SDF-1�-mediated neuronal apopto-
sis (Fig. 9). No effect on cell viability was observed with AMD
alone (Fig. 9). Therefore, CXCR4 activation plays a crucial role in
the neurotoxic effect of gp120.

To further establish a correlation between CXCR4 and BDNF
neuroprotective effect, cultures were also incubated with BDNF
12 hr before SDF-1�. BDNF prevented SDF-1�-mediated neu-
rotoxicity (Fig. 9). Thus, by establishing a correlation between
ligand-induced cell death and antagonist-mediated cell survival,
our data also indicate that BDNF neuroprotective property in-
volves CXCR4 receptor downregulation.

Discussion
BDNF is a neurotrophic factor known to prevent and limit
neurotoxin- or lesion-induced neuropathological damage in se-
lected neuronal populations. For instance, BDNF enhances the
survival of cholinergic neurons of the basal forebrain after a fim-
bria fornix lesion (Koliatsos et al., 1994) and protects neurons of
the nigrostriatal pathway against the toxic properties of N-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine or 6-hydroxydopa-
mine (Hyman et al., 1991; Altar et al., 1992; Spina et al., 1992).
However, BDNF also prevents the cell death of cerebellar granule
cells against glutamate toxicity (Lindholm et al., 1993; Courtney
et al., 1997; Marini et al., 1998; Bachis et al., 2002). Here we report
that BDNF neurotrophic activity can be extended to neuropro-
tection against the HIV-1 envelope glycoprotein gp120, indi-
cating that this neurotrophin has a survival action on a broad
population of neurons and against a variety of potential neu-
rological insults.

Activation of caspase-mediated apoptosis is an event that
plays an important pathophysiological role in gp120-mediated
cell death in macrophages, T-cells, and human embryonic kidney
cells (Herbein et al., 1998; Biard-Piechaczyk et al., 2000). More
recently, apoptosis has been described for neurons exposed to
gp120 (Meucci et al., 2000; Bachis et al., 2000; Garden et al.,
2002). Initiator caspases, such as caspase-8 and caspase-9, but not
pro-inflammatory caspases, such as caspase-1 are induced by
gp120 (Biard-Piechaczyk et al., 2000; Garden et al., 2002). In this
study, we confirm that gp120 activates caspase-3 but not
caspase-1, also in cerebellar granule neurons. Moreover, BDNF
and DEVDK, two compounds with anti-caspase-3-like proper-
ties, prevented gp120-mediated neuronal cell death, further sug-

Figure 7. BDNF prevents gp120 internalization. Neurons were exposed to bcgp120 for
6 hr ( A) or BDNF for 12 hr ( B) before the addition of bcgp120. gp120 internalization
(green) and cleaved caspase-3 immunoreactivity (red) were determined 6 hr later. Cells
were counterstained using DAPI (blue). In BDNF-treated cultures the number of neurons
positive for caspase-3 (purple, overlay blue and red) and gp120 is drastically reduced.
Scale bar, 25 �m.

Figure 8. BDNF decreases CXCR4 levels. Neurons were exposed to BDNF for the indicated
times before the addition of gp120 and lysates prepared 6 hr later. A, Example of Western blot
analysis of CXCR4 and CCR5 immunoreactivity in control and BDNF-treated (12 hr) neurons. B,
Time course analysis of BDNF effect on CXCR4 and CCR5 levels. *p � 0.05, ** p � 0.01, and
***p � 0.001 (n � 6 per time point).

Figure 9. CXCR4 receptor mediates gp120-induced cell death. Cultures were exposed to
AMD 30 min before gp120 or SDF-1�. BDNF was added 12 hr before SDF-1�. Cell death was
measured 24 hr later by Hoechst/PI. #p � 0.001 versus control; *p � 0.001 versus gp120 or
SDF-1�’3b n � 9 each point.
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gesting the involvement of effector caspases such as caspase-3 in
gp120 neurotoxicity. However, the temporal profile of BDNF
neuroprotection is different from that of the caspase-3 inhibitor
DEVDK. Indeed, BDNF prevented gp120-mediated caspase-3
activation and cell death with a time delay of at least 6 hr, sug-
gesting a mechanism different from a direct inhibition of caspase
activity. Based on data showing a correlation between the ability
of BDNF to reduce both the internalization of gp120 into neu-
rons and the number of apoptotic cells, we propose that BDNF
may prevent gp120-mediated activation of caspase-3 by reducing
gp120 internalization.

The number of receptors present on the plasma membrane
regulates ligand responses. We have reported previously that
BDNF limits glutamate toxicity by downregulating the expres-
sion of NMDA-sensitive receptors (Brandoli et al., 1998) and
suggested that the neuroprotective properties of BDNF against
neurotoxicity are attributable in part to its ability to modulate
NMDA receptor function. Therefore, to gain insight into the
neuroprotective effect of BDNF against gp120, we tested the hy-
pothesis that this neurotrophin prevents gp120-mediated cell
death by downregulating the chemokine receptor CXCR4, a prin-
cipal co-receptor used by HIV to gain entry into target cells.
Moreover, CXCR4 has been shown to play a key role in mediating
gp120 cytotoxicity in immune cell types (Herbein et al., 1998)
and in neurons (Meucci et al., 2000), even in the absence of
cell-surface CD4 (Hesselgesser et al., 1998), a glycoprotein nec-
essary for HIV-1 entry into T-cells. We show that BDNF reduces
the levels of CXCR4 protein with a temporal profile that matches
its ability to prevent gp120-mediated cell death. This effect of
BDNF was specific because the levels of NF and CCR5 did not
change even after long-term exposure to the neurotrophin, sug-
gesting that the BDNF-mediated decrease in CXCR4 levels is not
attributable to a generalized inhibition of protein synthesis.
Therefore, we propose that the neuroprotective activity of BDNF
against gp120 may rely on its ability to decrease the availability of
CXCR4 receptor and, therefore, gp120 cellular entry and, conse-
quently, to reduce sensitivity of selected neuronal populations to
this viral glycoprotein. This mechanism may be the main molec-
ular event whereby BDNF reduces gp120 toxicity. However, ad-
ditional studies are needed to prove this hypothesis.

SDF-1� is the natural ligand for CXCR4. In non-neuronal
cells SDF-1� is as potent as gp120 in inducing CXCR4 responses,
including internalization (Tarasova et al., 1998). In cortical neu-
rons in culture, SDF-1� can induce cell death (Kaul and Lipton,
1999). Therefore, we used this ligand, alone or in combination
with AMD, a selective antagonist of CXCR4, to examine whether
CXCR4 underlies the toxic effect of gp120, and therefore, to fur-
ther strengthen the hypothesis that downregulation of this recep-
tor underlies the neuroprotective mechanism of BDNF. SDF-1�-
mediated cell death was quantitatively similar to that evoked by
gp120. Thus, activation of CXCR4 can lead to the cell death of
various neuronal populations. On the contrary, blockade of
CXCR4 prevents neuronal cell death. In fact, the toxic effect of
both SDF-1� and gp120 was prevented by AMD. It is important
to note that AMD does not interact with gp120 (Donzella et al.,
1998); therefore, this biological activity relies solely on its ability
to block gp120 binding to CXCR4. A similar “indirect antagonis-
tic” effect was obtained with BDNF. In fact, BDNF blocked the
neurotoxic effect of SDF-1�, although BDNF required a longer
temporal delay in comparison to AMD. Thus, potential thera-
peutic targets for HIV-1 neuropathogenesis could involve reduc-
ing CXCR4 activation by specific antagonists or decreasing
CXCR4 synthesis by neurotrophic factors.

Glutamate, through NMDA receptor activation, has been sug-
gested to play a major role in acute neurodegenerative processes
after gp120 (Lipton et al., 1991). Previously, we have established a
link between the neuroprotective activity of BDNF against gluta-
mate and its ability to reduce NMDA-receptor function in cere-
bellar granule cells (Brandoli et al., 1998). This correlation raises
the issue of whether the alteration in NMDA receptor seen after
BDNF also underlies the neuroprotective property of this neuro-
trophin against gp120. The data presented here dispute this as-
sumption. In fact, in these cultures, the caspase-3-dependent cell
death by both NMDA and glutamate (Bachis et al., 2001, 2002) is
temporally distinct from that of gp120. Indeed, gp120-mediated
toxicity requires a time frame considerably longer than that of
glutamate. Moreover, the NMDA-receptor antagonist MK-801,
or the cytokine interleukin-10, which we showed previously to
inhibit glutamate toxicity in these experimental conditions (Ba-
chis et al., 2001) failed to prevent gp120-mediated cell death (in
preparation). All these considerations support our hypothesis
that CXCR4, and not NMDA receptor, may be the primary target
of gp120 in mediating neuronal cell death.

In this study, we demonstrated that gp120-mediated apopto-
sis is caspase-3 dependent. This finding is therapeutically relevant
because increased caspase-3 immunoreactivity has been de-
scribed in the postmortem brain tissues of HIV-positive patients
(James et al., 1999) as well as in human fetal CNS cultures ex-
posed to gp120 (Zheng et al., 1999). Moreover, gp120 activation
of the caspase cascade contributes to neuronal cell death in cere-
brocortical cultures (Garden et al., 2002). Therefore, the intrinsic
ability of BDNF to reduce caspase-3 activation (Han et al., 2000;
Bachis et al., 2002) raises a legitimate hope that this molecule can
be used as a drug to limit HIV-1-mediated neurodegeneration.
Moreover, the ability of BDNF to affect ongoing modifications in
the terminal fields of BDNF-sensitive neurons, including syn-
apses, renders this neurotrophin particularly attractive as a ther-
apy for AIDS because axonal and synaptic pathology is com-
monly seen in AIDS patients (Masliah et al., 1997). It will be
important to determine whether BDNF also prevents neuronal
apoptosis in vivo.
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