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Many patients infected with human immunodeficiency virus-1
(HIV-1) develop a syndrome of neurologic deterioration known
as HIV-associated dementia (HAD). Neurons are not produc-
tively infected by HIV-1; thus, the mechanism of HIV-induced
neuronal injury remains incompletely understood. Several in-
vestigators have observed evidence of neuronal injury, includ-
ing dendritic degeneration, and apoptosis in CNS tissue from
patients with HAD. Caspase enzymes, proteases associated
with the process of apoptosis, are synthesized as inactive
proenzymes and are activated in a proteolytic cascade after
exposure to apoptotic signals. Here we demonstrate that HAD
is associated with active caspase-3-like immunoreactivity that
is localized to the soma and dendrites of neurons in affected
regions of the human brain. Additionally, the cascade of
caspase activation was studied using an in vitro model of

HIV-induced neuronal apoptosis. Increased caspase-3 proteo-
lytic activity and mitochondrial release of cytochrome c were
observed in cerebrocortical cultures exposed to the HIV coat
protein gp120. Specific inhibitors of both the Fas/tumor necro-
sis factor-�/death receptor pathway and the mitochondrial
caspase pathway prevented gp120-induced neuronal apopto-
sis. Caspase inhibition also prevented the dendrite degenera-
tion observed in vivo in transgenic mice with CNS expression of
HIV/gp120. These findings suggest that pharmacologic inter-
ventions aimed at the caspase enzyme pathways may be ben-
eficial for the prevention or treatment of HAD.
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Approximately 20–40% of patients infected with human immu-
nodeficiency virus-1 (HIV-1) develop HIV-associated dementia
(HAD) (McArthur et al., 1993), a neurodegenerative syndrome
characterized by cognitive decline, personality change, and motor
deficits (Lipton and Gendelman, 1995). The neuropathology that
can be associated with HAD includes HIV encephalitis (HIVE)
with prominent microglial activation, neuronal loss, dendritic
simplification, and decreased synaptic density (Masliah et al.,
1996). Nuclear changes characteristic of apoptosis have been
observed in both neurons and non-neuronal cells (Adle-Biassette
et al., 1995; Gelbard et al., 1995; Petito and Roberts, 1995; Shi et
al., 1996). Neurons are not productively infected by HIV-1.
Hence, how HIV infection causes neuronal injury and apoptosis
is not completely understood (Kaul et al., 2001).

One proposed mechanism for HIV-related neuronal damage
involves release of viral proteins (Brenneman et al., 1988; Dreyer

et al., 1990; Adamson et al., 1996; New et al., 1997; Kruman et al.,
1998; Yeung et al., 1998; Huang et al., 2000; Patel et al., 2000;
Trillo-Pazos et al., 2000) from HIV-infected immune cells (mac-
rophages and microglia). Among the viral proteins studied, the
coat protein gp120 manifests neurotoxic effects in both primary
human CNS cultures (Yeung et al., 1995) and transgenic mice
(Toggas et al., 1994). HIV-1/gp120 binds to CD4 and to specific
chemokine receptors on immune cells. Many neurons and astro-
cytes also bear chemokine receptors (Hesselgesser et al., 1998;
Lavi et al., 1998; Meucci et al., 1998; Zheng et al., 1999). On
isolated neurons, HIV/gp120 may promote apoptosis directly
(Hesselgesser et al., 1998; Meucci et al., 1998; Zheng et al., 1999).
However, we showed previously that, in mixed neuronal–glial
cultures, the predominant neurotoxicity of HIV/gp120 depends
on the activation of microglial chemokine receptors rather than a
direct effect on neurons (Kaul and Lipton, 1999). Pathophysi-
ologically relevant (picomolar) concentrations of HIV/gp120 ac-
tivate macrophage–microglial cells (Giulian et al., 1993; Kaul and
Lipton, 1999) that subsequently release toxic products capable of
inducing apoptosis in neurons (Lipton and Gendelman, 1995).

In other systems, apoptosis is mediated by activation of
caspases, a family of proteases involved in signal transduction of
apoptotic stimuli and ordered cellular disassembly (Stennicke and
Salvesen, 2000). Caspases are synthesized as inactive proenzymes
and are activated by proteolytic cleavage. Multiple caspases may
activate one another in a sequential cascade manner. Caspase-3 is
a frequent downstream effector of the cascade (Stennicke and
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Salvesen, 2000) and is activated in several neurodegenerative
disorders (Namura et al., 1998; Hartmann et al., 2000; Su et al.,
2000). Active caspase-3 was detected by Western blot in human
fetal CNS cultures exposed to HIV/gp120 (Zheng et al., 1999),
but the specific cell population undergoing caspase activation was
not identified. Additionally, postmortem studies on the brains of
pediatric patients with HAD manifested an increase in neurons
immunoreactive for procaspase-3 (James et al., 1999). In that
study, however, the presence of active caspase-3 was not
examined.

We demonstrate here that neuronal active caspase-3-like im-
munoreactivity is significantly elevated in cerebrocortical neurons
from patients with HAD, as well as in cultured rodent neurons
exposed to HIV/gp120. Neurons exposed to HIV/gp120 undergo
activation of two upstream caspases, caspase-8 and caspase-9, and
inhibition of either pathway prevents neuronal apoptosis. Trans-
genic mice expressing the HIV/gp120 coat protein develop sev-
eral neuropathologic features associated with HAD, including
dendritic degeneration (Toggas et al., 1994). To determine
whether caspase enzymes mediate this dendritic injury, we
crossed HIV/gp120 transgenic mice with transgenic mice express-
ing a dominant interfering caspase enzyme (Friedlander et al.,
1997). Caspase inhibition in vivo prevents dendritic injury in
gp120 transgenic mice. Together, these findings suggest that
caspases play an important role in the pathogenesis of HAD.

MATERIALS AND METHODS
Human tissue. Cerebrocortical tissue from human subjects in a prospec-
tive study on HIV-related neurologic disease was collected at the time of
autopsy and fixed in formalin. Five patients had HIVE and dementia,
documented by neuropathologic examination and premorbid neuropsy-
chological testing, two patients were HIV-1 infected but had no evidence
of dementia on premorbid neuropsychological testing, and two additional
control patients were HIV-1 seronegative. For additional patient details,
please refer to Table 1.

Animals. Two separate lines of transgenic mice expressing HIV/gp120
under the control of the glial fibrillary acidic protein (GFAP) promoter
(obtained from Lennart Mucke, Gladstone Institute, University of Cal-
ifornia, San Francisco, San Francisco, CA) were crossed with mice
expressing a mutated (C285G) and proteolytically inactive form of
caspase-1 under the control of the neuron-specific enolase (NSE) pro-
moter. Transgenic expression of this mutant caspase-1 inhibits
interleukin-1� (IL-1�)- and trophic factor withdrawal-induced neuronal
death (Friedlander et al., 1997). However, the product of this mutant
caspase-1 transgene may well affect the activity of other caspases and
therefore may represent an interfering form (Ona et al., 1999). Mice
were housed in an approved animal facility with access to food and water
ad libitum. All of the progeny of each cross underwent tail biopsy at 3
weeks of age. The DNA extracted from tail biopsies was assayed for the

presence of the gp120 transgene or the caspase interfering transgene
(Casp-1/C285G) by PCR. The PCR product was assessed by the presence
of an appropriate molecular weight band on ethidium bromide-stained
agarose gels. The HIV/gp120 transgenic mice were maintained on a
hybrid strain background (C57BL/6 � SJL), and the C285G mice were
bred into a C57BL/6 strain background for more than five generations
before this cross. The F2 generation of these initial crosses were used to
establish breeding pairs between Casp-1/C285G and gp120 transgenic
heterozygotes. To avoid any possible impact of strain on the results of
these experiments, all of the animals used in this analysis were F3
progeny of established F2 breeding pairs. Genotype was confirmed by
repeat tail biopsy at the time the animal was killed.

Primary cerebrocortical cultures. Embryonic rat cerebrocortical cultures
were prepared as described previously (Kaul and Lipton, 1999; Budd et
al., 2000). Cultures containing neurons, astrocytes, and microglia were
incubated in 200 pM recombinant glycosylated HIVSF2gp120 (catalog
#386; National Institutes of Health AIDS Research and Reference
Reagent Program, Bethesda, MD). After a 24 hr exposure to gp120,
cultures were fixed, permeabilized, and stained with Hoechst dye 33342
(Sigma, St. Louis, MO). Apoptotic profiles were identified by the pres-
ence of a condensed nuclear morphology, and the ratio of apoptotic
nuclei to total nuclei was assessed. The nuclear changes associated with
apoptosis observed by the Hoechst staining pattern were confirmed with
the Fluorescent Apoptosis Detection System (Promega, Madison, WI).
To determine which cell types undergo apoptosis in response to gp120,
cultures were immunostained with cell type-specific antibodies recogniz-
ing GFAP for astrocytes (Sigma), OX-42 for microglia (Serotec, India-
napolis, IN), and microtubule-associated protein-2 (MAP-2) for neurons
(Sigma). There was no increase in apoptosis among astrocytes or micro-
glia, because gp120 causes only neuronal cell death in this culture system
(Kaul and Lipton, 1999).

Caspase activity assays. After gp120 exposure, cultures were lysed in
caspase assay lysis buffer (1% sucrose, 0.1% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate, 100 mM HEPES, and 2 mM di-
thiothreitol, pH 7.4). Lysates were assayed for caspase activity as de-
scribed previously (Budd et al., 2000). Results are expressed as
percentage of increase in arbitrary fluorescence units per milligram of
total protein (n � 3 for each time point).

Caspase inhibition. Three hours before the addition of gp120, a
pan-caspase inhibitor [50 �M N-benzyloxycarbonyl-Val-Ala-Asp-
fluoromethyl ketone (zVAD-fmk)] or a relatively specific caspase peptide
inhibitor was added [for caspase-3, 50 �M z-Asp-Glu-Val-Asp-
fluoromethyl ketone (DEVD-fmk); for caspase-8, 20 �M z-I le-
Glu(OMe)-Thr-Asp(OMe)-fluoromethyl ketone (IETD-fmk); for
caspase-9, 20 �M benzyloxycarbonyl-Leu-Glu(OMe)-His-Asp(OMe)-
fluoromethylketone (LEHD-fmk)]. Alternatively, an inactive fmk com-
pound [50 �M 2-Phe-Ala-fluoromethyl ketone (zFA-fmk)] was added as a
control (all peptides from Enzyme Systems Products, Livermore, CA).

Active caspase labeling. Cells containing the active form of caspase-3
were labeled with biotinylated acetyl-Asp-Glu-Val-Asp-1-aldehyde (Bi-
omol, Plymouth Meeting, PA) as described previously (Budd et al.,
2000). These results were confirmed by immunostaining with a specific
antibody recognizing active caspase-3 (1:1000; R & D Systems, Minne-
apolis, MN). Cells containing active caspase-8 were identified using

Table 1. Patient characteristics of cases evaluated for active caspase-3-like immunoreactivity

Case Cause of death Time to autopsy HIV status Neuropsych testing Neuropathology

1 Hepatic failure 4 hr HIV� Impaired HIVE
2 Pneumonia 24 hr HIV� Impaired HIVE
3 Pneumonia 24 hr HIV� Impaired HIVE
4 Hepatic failure 3 hr HIV� Impaired HIVE
5 Pneumonia 16 hr HIV� Impaired HIVE
6 Pneumonia 10 hr HIV� Normal None
7 Sepsis 14 hr HIV� Normal None
8 Fungal sepsis 24 hr HIV� Normal Fungal vasculitis
9 Hepatic failure 24 hr HIV� Not available Type II Alzheimer’s gliosis

10 Hepatic failure 7 hr HIV� Not available None

The age range was 33–55 years. There was no significant difference in mean age or time to autopsy between patients with HIVE and controls. The cause of death for each
HAD–HIVE case was also represented in the control group. HIV�, HIV positive; HIV�, HIV negative.
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SK440 antiserum recognizing only the active form of caspase 8 (1:1000;
gift from K. Kilkey, GlaxoSmithKline, King of Prussia, PA) (Velier et
al., 1999). Cells with active caspase-9 were immunostained with a poly-
clonal rabbit antiserum recognizing only the active form of caspase-9
(1:50; Cell Signaling Technology, Beverly, MA).

TNF-� inhibition. Interaction between TNF-� and its receptor was
inhibited with 1 �g/ml neutralizing antibody to TNF-� (R & D Systems),
added before addition of gp120. Control cultures received 1 �g/ml
nonspecific IgG. Cultures were fixed 24 hr after exposure to gp120, and
apoptotic nuclei were scored.

Cytochrome c assay. Cytochrome c release was assessed as described
previously (Budd et al., 2000). Cultures exposed to gp120 for 0, 3, or 12
hr were lysed, and the cytoplasmic and mitochondrial fractions were
separated by ultracentrifugation. Cytochrome c was immunoprecipitated
from the cytoplasmic fraction and identified on Western blot.

Immunostaining. Human CNS tissue was embedded in paraffin, sec-
tioned, and mounted on glass slides. After deparaffinization and rehy-
dration, cerebrocortical sections were immunostained with affinity-
purified polyclonal rabbit IgG directed specifically against the active
form of caspase-3 (1:1000; R & D Systems). The active caspase-3 anti-
body used in these studies was reported previously to detect apoptotic
neurons in fixed human brain and colocalized with markers of DNA
degradation (Nitsch et al., 2000). Signal amplification was obtained using
the ABC Elite detection kit (Vector Laboratories, Burlingame, CA).
Controls using preimmune rabbit IgG and preabsorption of the antibody
with an abundance of the immunogenic peptide demonstrated no evi-
dence of background immunoreactivity. Mice were killed at 12 months of
age by anesthetic overdose and transcardially perfused with normal
saline. The forebrain was immediately dissected from the cranium and
immersed in 4% paraformaldehyde. After fixation for 48 hr, 30-�m-thick
vibratome sections were cut and stored at �20°C in cryoprotective media
(30% glycerol and 30% ethyleneglycol in phosphate buffer). Dendrites
were identified by immunofluorescent labeling with a monoclonal anti-
body directed against MAP-2 (Roche Products, Hertforshire, UK) at
1:500 dilution and Alexa 488-conjugated anti-mouse IgG at 1:200 dilution
(Molecular Probes, Eugene, OR). Immunolabeled sections were
mounted on glass slides and covered with a Corning 1.5 cover glass using
ProLong antifade mounting media (Molecular Probes).

Quantitative deconvolution microscopy. The volume of neuropil in ce-
rebrocortical tissue sections occupied by MAP-2-positive immunofluo-
rescent processes was measured using quantitative deconvolution micros-
copy (SlideBook Software; Intelligent Imaging Innovations, Denver,
CO). Using a 63� oil immersion lens and a constant exposure time, 2 �M
image stacks (z step size of 0.1 �M) were obtained from 10 randomly
selected regions of cerebrocortical neuropil per animal. The image stacks
were subjected to constrained iterative deconvolution using a point
spread function obtained from a fluorescent bead 0.2 �m in diameter.
Regions occupied by neuronal cell bodies were removed from the anal-
ysis. Fluorescent voxels were identified by threshold segmentation. The
volume of neuropil occupied by MAP-2-labeled processes was calculated
as the ratio of fluorescent to total voxels from the middle (best focus)
planes of each image stack. Image stack acquisition, threshold segmen-
tation, and volume calculations were performed by an observer blinded
to genotype.

Data analysis. Human tissue samples were examined and scored for
caspase-3 immunoreactivity by an observer blinded to the HIV status
and neuropsychological test scores for each case. In cerebrocortical
culture experiments, Hoechst-labeled nuclei were counted in 10 ran-
domly selected fields using a 40� objective with a 1.6� optivar or a 63�
objective. Approximately 1000 nuclei were counted per condition in each
experiment. To determine the percentage of apoptotic cells attributable
to a specific treatment, the mean percentage of apoptotic nuclei in
control (untreated) cultures was subtracted. Similarly, to determine the
percentage of neurons containing the active form of caspase-3 attribut-
able to a specific treatment, the small percentage of active caspase-3-
positive neurons in control cultures was subtracted. For each figure, the
minimum number of cultures used in each experimental condition was
n � 3. Statistical analysis was performed using an ANOVA and Fisher’s
PLSD post hoc test on StatView 5.0 software (SAS Institute, Cary, NC).

RESULTS
Caspase-3 activity in HAD
To examine neuronal caspase-3 activation in the brains of patients
with HIV-related neurodegeneration, immunohistochemistry

was performed on cerebrocortical tissue sections with an affinity-
purified rabbit antiserum that recognizes only the active form of
caspase-3 (Fig. 1) (see Materials and Methods). Five patients with
HIVE and documented premorbid cognitive impairment
(HIVE–HAD) were compared with a control group containing
two HIV-negative individuals and three HIV-positive cases with
no evidence for HIVE or cognitive decline. Details on the HIV
status, cognitive impairment, cause of death, and time to autopsy
for each patient included in the study are reported in Table 1.
Sections from HIVE–HAD patients contained numerous cortical
neurons decorated with active caspase-3 immunoreactivity (Fig.
1A,B). The majority of labeled neurons manifest a punctate
cytoplasmic and dendritic distribution of immunoreactivity for
active caspase-3 (Fig. 1B). Nuclear localization of active
caspase-3 and morphologic changes associated with apoptosis
were infrequently observed in cortical neurons from this popula-
tion. The predominantly cytoplasmic pattern of immunoreactiv-
ity suggests that active caspase-3 is present before the morpho-
logical features of apoptosis, as has also been demonstrated
recently in other neurodegenerative disorders using additional
antibodies directed against active caspase-3 (Hartmann et al.,
2000; Su et al., 2000). Tissue from nondemented HIV-infected
patients and uninfected control subjects showed scant immuno-
logic evidence of active caspase-3 in neurons (Fig. 1C,D). Anti-

Figure 1. Caspase-3 is activated in cerebrocortical neurons from patients
with HAD and HIVE. Low (A)- and high (B)-power micrographs of
cortical sections from patients with HIVE manifested diffuse active
caspase-3 immunoreactivity in cortical neurons. The majority of active
caspase-3-positive neurons displayed punctate immunoreactivity in the
cell body and proximal dendrites. Some secondary dendrites were also
labeled (arrows). Low ( C)- and high (D)-power micrographs of cortical
tissue from an HIV-negative patient demonstrate that cerebrocortical
neurons from HIV-negative control subjects (as well as from HIV-
positive patients with no premorbid evidence of cognitive impairment;
data not shown) have scant or no active caspase-3 immunoreactivity.
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active caspase-3-positive neurons were counted in 10 randomly
selected 40� fields by an observer blinded to clinical status. We
found a significant increase in the mean number of active
caspase-3 immunolabeled cortical neurons per 40� field (6.0 �
0.5 vs 1.0 � 0.5; p � 0.0001) in cases of symptomatic HIVE
compared with controls.

HIV/gp120 induces caspase-mediated
neuronal apoptosis
To determine whether gp120 promotes activation of caspase
enzymes, we exposed rat cerebrocortical cultures to HIV/gp120
(200 pM). We chose to use recombinant HIV/gp120 from the SF2
strain of the virus because this gp120 preparation is purified from
a mammalian cell expression system allowing appropriate post-
translational modifications and preventing contamination with
bacterial proteins. It has been the most extensively used gp120 in
previous in vitro studies and is the gp120 amino acid sequence
used to generate gp120 transgenic mice (Toggas et al., 1994).

Caspase activity in cerebrocortical cultures was assessed by
fluorogenic substrate assay at several time points after HIV/gp120
exposure (Fig. 2A). A significant increase in caspase-3-like activ-
ity was observed within 18 hr of gp120 exposure. Competitive
inhibition of caspase activity with a peptide inhibitor of all
caspases (zVAD-fmk) or a relatively specific caspase-3 inhibitor
(DEVD-fmk) prevented gp120-induced apoptosis (Fig. 2B). To
determine whether active caspase-3 was present specifically in
neurons, cultures were double labeled with anti-active caspase-3
and anti-MAP-2 (Fig. 2C). HIV/gp120 resulted in a significant
increase in the percentage of neurons containing active caspase-3
(Fig. 2D). Together, these data demonstrate that gp120 causes
caspase-3-mediated neuronal apoptosis in vitro. This finding sup-
ports the hypothesis that active caspase-3 in postmortem brains of
patients with symptomatic HIVE maybe secondary to HIV-
mediated induction of caspases.

HIV/gp120-induced neuronal apoptosis involves death
receptor-mediated caspase activation
The death receptor-mediated caspase cascade is associated with
signaling through cell surface receptors coupled to caspase-8
activity, whereas the mitochondrial-mediated pathway results in
activation of caspase-9 activity. Eventually, either cascade leads
to activation of effector caspase-3. The death receptor pathway is
triggered by activation of the TNF-� receptor (TNFR) family.
Ligand binding to TNFR family members results in clustering
into a trimeric receptor complex. Through defined protein inter-
actions, receptor clustering brings multiple copies of caspase-8
into close proximity, allowing its auto-activation by self-cleavage
(Imai et al., 1999; Salvesen and Dixit, 1999). Activated microglia
release a variety of proapoptotic inflammatory cytokines (Lipton
and Gendelman, 1995), including TNF-�. TNF-� has been re-
ported to contribute to apoptosis in human neuronal cell lines
and primary neuronal cultures (Talley et al., 1995; Pulliam et al.,
1998). Furthermore, brain and CSF from HAD patients manifest
increased mRNA and protein for TNF-� and its receptors (Sippy
et al., 1995). Thus, we hypothesized that death receptor-mediated
caspase activation may participate in gp120-induced neuronal
apoptosis.

To determine whether TNF-� and the death receptor pathway
are involved in gp120-induced neuronal apoptosis, we used a
specific TNF-� neutralizing antibody to prevent signaling
through TNFRs and a specific caspase-8 inhibitor, respectively.
TNF-� neutralizing antibody (1 �g/ml) prevented gp120-induced
neuronal apoptosis in mixed neuronal–glial cerebrocortical cul-
tures (Fig. 3A). We also found that neuronal caspase-3 activation
and apoptosis secondary to gp120 exposure were prevented by a
3 hr preincubation with IETD-fmk, a relatively specific inhibitor
of caspase-8 (Fig. 3B,C).

TNFRs are expressed in multiple cell types in the brain,

Figure 2. Cultured rat cerebrocortical cells ex-
posed to HIV/gp120 manifest caspase-3 activity
and undergo caspase-dependent neuronal apopto-
sis. A, Caspase-3-like activity (DEVD cleavage)
was significantly increased over control cultures
after 18–24 hr exposure to 200 pM gp120 (*p �
0.01; n � 3). B, Exposure to gp120 produced a
statistically significant increase in apoptosis that
was prevented by zVAD-fmk or DEVD-fmk but
not by zFA-fmk (n � 9 from 3 independent exper-
iments). C, A number of neurons identified with
anti-MAP-2 (red) also contained active caspase-3
( green; arrows). D, The percentage of MAP-2-
positive neurons labeled with active caspase-3
greatly increased in cultures exposed to gp120 for
24 hr (*p � 0.001; n � 6 from 2 independent
experiments).
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including neurons and glia, and are upregulated by inflammatory
stimuli, including TNF-� (Nadeau and Rivest, 1999). To deter-
mine whether gp120 activates caspase-8 specifically in neurons,
cultures were colabeled with anti-active caspase-8 and anti-
MAP-2. After a 6–18 hr exposure to gp120, numerous MAP-2-
positive neurons were immunoreactive for active caspase-8 (Fig.
3D). Active caspase-8 immunoreactivity was observed in neuro-
nal cytoplasm and nuclei. In contrast, active caspase-8 immuno-
reactivity did not colocalize with microglial-specific markers
(data not shown). These results support a role for the death
receptor-mediated caspase cascade in gp120-induced neuronal
apoptosis.

HIV/gp120-induced neuronal apoptosis involves
caspase-9 activation
Apoptosis mediated by caspase-9 activity is stimulated by eleva-
tion in intracellular Ca2� and is associated with excitotoxic
(glutamate-like) insults to neurons (Budd et al., 2000). Excito-
toxic stimulation of the NMDA subtype of glutamate receptor
leads to elevated [Ca2�]i, increased reactive oxygen species, and
release of mitochondrial cytochrome c into the cytoplasm (Lu-
etjens et al., 2000). Cytoplasmic cytochrome c is a required
cofactor for caspase-9 activity (Stennicke and Salvesen, 2000).
HIV-infected or immune-stimulated macrophages release quino-
linate and other excitotoxic substances that overstimulate the
NMDA receptor (Giulian et al., 1990, 1996). Elevated CSF
quinolinate is associated with CNS pathology and dementia dur-

ing HIV infection (Heyes et al., 1991). Additionally, in response
to gp120 exposure, macrophage–microglial cells release large
amounts of L-cysteine (Yeh et al., 2000), which can also exces-
sively activate NMDA receptors (Olney et al., 1990). Previous
work has shown that blockade of NMDA receptors inhibits
gp120-induced neuronal injury and death in vitro (Lipton, 1992)
and in vivo in gp120 transgenic mice (Toggas et al., 1996). More-
over, the mitochondrial caspase cascade is activated in cerebro-
cortical cultures treated with mild excitotoxic concentrations of
NMDA (Budd et al., 2000). Therefore, we hypothesized that
gp120-induced neuronal apoptosis may also involve the mito-
chondrial caspase pathway.

To begin to directly investigate whether the mitochondrial
apoptotic cascade also has a role in HIV-induced neuronal injury,
the presence of cytoplasmic cytochrome c in cerebrocortical
cultures exposed to gp120 was assessed. We found that cyto-
chrome c was released from mitochondria 3–12 hr after gp120
exposure (Fig. 4A). Additionally, inhibition of caspase-9 activity
with the relatively specific inhibitor 20 �M LEHD-fmk blocked
activation of downstream neuronal caspase-3 and resulting apo-
ptosis after a 24 hr exposure to gp120 (Fig. 4B,C). Caspase-9
activity in gp120-exposed neurons was confirmed by immunoflu-
orescence labeling with an antibody that recognizes only the
active form of caspase-9 (Fig. 4D). Together, these findings
strongly suggest that acute gp120-induced neuronal apoptosis
also involves stimulation of the mitochondrial caspase cascade.

Figure 3. The caspase-8 pathway is in-
volved in HIV/gp120-induced neuronal
apoptosis. A, Neutralizing antibody to
TNF-� prevented gp120-induced apo-
ptosis (*p � 0.001; n � 6 from 2 inde-
pendent experiments). B, C, Specific in-
hibition of caspase-8 also prevented
caspase-3 activation (*p � 0.02; n � 6
from 2 independent experiments) and
apoptosis (*p � 0.001; n � 6 from 2
independent experiments) induced by
exposure to gp120 for 24 hr. D,
Caspase-8 was activated in neurons af-
ter exposure to gp120. Cultured neu-
rons exposed to gp120 for 6 hr were
fixed and double immunostained with
anti-MAP-2 ( green) antibody and anti-
active caspase-8 (red; arrows).
Caspase-8 was observed in the nuclei
(red) and cytoplasm ( yellow) of MAP-
2-labeled neurons.
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Caspase inhibition prevents dendritic damage in HIV/
gp120 transgenic mice
The degree of cortical neuronal apoptosis observed at any one
time is not well correlated with the severity of HAD (Adle-
Biassette et al., 1999), but chronic dendritic injury is strongly
correlated (Masliah et al., 1997). One reason for this may relate to
the fact that apoptotic cells are quickly cleared by phagocytes in
vivo, unlike the situation in vitro. In this regard, transgenic mice
expressing HIV/gp120 develop a pattern of synaptic and dendritic
injury similar to the neuropathology of HAD.

Previous work has shown that Casp-1/C285G transgenic mice
develop normally, with no obvious neurologic phenotype, but are
resistant to CNS injury induced by ischemia, trauma, oxidative
injury, or mutant huntingtin protein (Friedlander et al., 1997;
Fink et al., 1999; Ona et al., 1999; Andreassen et al., 2000; Li et
al., 2000). Expression of the Casp-1/C285G transgene is directed
predominantly to neurons by the NSE promoter, suggesting that
the neuroprotection observed in these mice most likely occurs via
intraneuronal caspase inhibition.

To produce a mouse model system in which to test the hypoth-
esis that caspase enzymes may mediate the chronic dendritic
injury observed in HAD, we crossed gp120 transgenic mice with
Casp-1/C285G transgenic mice. Cortical dendritic volume was
assessed by quantitative deconvolution microscopy from the F3
progeny of these crosses at 12 months of age (Fig. 5A) (see
Materials and Methods). HIV/gp120 transgenic mice manifested
a 25% reduction in dendritic volume ( p � 0.0001) compared with
wild-type littermates. In contrast, cortical dendritic volumes in
mice containing the Casp-1/C285G transgene or bigenic for both
the Casp-1/C285G and gp120 transgenes were not significantly

different from wild type. A second line of gp120 transgenic mice
generated using a more restricted region of the GFAP promoter
to direct expression revealed nearly identical results (data not
shown). These findings demonstrate that inhibition of neuronal
caspase activity prevented dendritic injury in this mouse model
of HAD.

Intraventricular administration of HIV/gp120 causes accumu-
lation of mature IL-1� in rat brain mitochondria (Corasaniti et

Figure 4. The mitochondrial caspase
cascade is activated in cerebrocortical
cultures exposed to HIV/gp120, and
caspase-9 inhibition prevents gp120-
induced apoptosis. A, Cerebrocortical
cultures exposed to gp120 released cy-
tochrome c (cyto. c) into the cyto-
plasm after 3–12 hr. B, C, Preincuba-
tion with a specific inhibitor of
caspase-9 prevented gp120-induced
neuronal caspase-3 activation (*p �
0.005; n � 6 from 2 independent ex-
periments) and neuronal apoptosis
(*p � 0.001; n � 6 from 2 indepen-
dent experiments). D, Caspase-9 ac-
tivity (red; arrows) was observed in
the nuclei of neurons (MAP-2 posi-
tive; green) after 6 hr exposure to
HIV/gp120.

Figure 5. Caspase inhibition prevents dendritic injury in gp120 trans-
genic mice. The volume of cortical neuropil occupied by MAP-2-labeled
processes was reduced in animals expressing the HIV/gp120 transgene.
Coexpression of the Casp-1/C285G and gp120 transgenes resulted in
cortical dendritic volumes that did not differ significantly from wild-type
mice or Casp-1/C285G transgenic mice alone (*p � 0.0001; n � 5 per
genotype).
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al., 2001). The C285G transgene is capable of suppressing mature
IL-1� production in brain but may also suppress the activity of
additional caspases (Friedlander et al., 1997; Ona et al., 1999).
Thus, it is possible that the suppression of dendritic injury in
these animal is attributable to specific inhibition of caspase-1 or
blockade of mature IL-1� production. To further address this
possibility, mixed cerebrocortical cultures from rat and mice were
incubated with the specific caspase-1 inhibitor 2-Tyr-Val-Ala-
Asp-fluoromethyl ketone (YVAD) before HIV/gp120 exposure.
No protective effect of YVAD on HIV/gp120-induced neuronal
apoptosis was observed in mixed cerebrocortical cultures from
either species (data not shown). This finding suggests that the
ability of the C285G transgene to prevent dendritic injury may be
mediated by caspases other than caspase-1.

DISCUSSION
The work presented here demonstrates that HIV disease in the
human brain is associated with an increase in neuronal immuno-
reactivity for the active form of caspase-3. Numerous cerebrocor-
tical neurons examined in affected regions of human brain from
patients with HIVE and a history of cognitive impairment (in
contrast to both HIV-positive and HIV-negative controls) were
immunoreactive for active caspase-3. Moreover, we predomi-
nantly found a diffuse pattern of immunoreactivity in neuronal
cell bodies and processes, whereas active caspase-3 in neuronal
nuclei was rarely observed. Using a different polyclonal antibody
against active caspase-3, two groups reported recently a similar
pattern of active caspase-3 immunoreactivity without features of
apoptosis in other neurodegenerative diseases, i.e., in cortical
neurons from cases of frontotemporal dementia (Su et al., 2000),
and in nigral neurons from patients with Parkinson’s disease
(Hartmann et al., 2000). These findings argue that active
caspase-3 antibodies can recognize damaged cell bodies and
processes in the absence of apoptotic changes in the nucleus.
Additionally, microinjection of active caspase-3 into cultured
human neurons resulted in only 20% of the neurons undergoing
apoptosis (Zhang et al., 2000). Taken in conjunction with our new
findings, these reports suggest that caspase-3 may participate in
the neuronal response to injury without necessarily initiating an
irreversible apoptotic cascade. Moreover, conformationally active
caspase-3 has been localized to the neuronal cytoplasm acutely
after NMDA exposure, �12 hr before accumulation of nuclear
caspase-3 and induction of the apoptotic cascade (Tenneti and
Lipton, 2000). The findings support the notion that caspases may
play a role in structural changes of synaptic plasticity and den-
dritic degeneration even in the absence of apoptosis. Nonetheless,
caspases are not invariably associated with damage to neuronal
processes. For example, caspase inhibition failed to prevent neu-
rite loss from neuroblastoma cells exposed to oxidative stress
(von Coelln et al., 2001), and caspase activation was not detected
in injured axons, even when it was present in the dying somata
(Finn et al., 2000).

Interestingly, neuronal apoptosis per se in HIV-positive brains
correlates with evidence of axonal damage and markers of mi-
croglial activation but is not closely related to the presence of
dementia (Adle-Biassette et al., 1999). In contrast, loss of synaptic
structure and dendritic damage are the neuropathological find-
ings most closely correlated with cognitive decline during HIV
infection (Masliah et al., 1997; Everall et al., 1999). In the gp120
transgenic mouse model of HAD, neuronal loss occurs in a
population of large cortical neurons �100 �m2 in area. However,
more striking is the degree of dendritic injury observed in these

mice (Toggas et al., 1994, 1996), suggesting that the pathology
induced by gp120 exposure alone closely resembles the relevant
pathology observed in patients with HAD. If caspase activity
contributes to synaptic or dendritic damage in HAD, then inhi-
bition of the specific caspases involved in that process could be an
important therapeutic target for the prevention of HAD. Along
these lines, we show here that transgenic neuronal expression of
a dominant negative caspase prevents the dendritic injury ob-
served in gp120 transgenic mice.

The caspase inhibitory transgene used in this experiment is a
mutant form of caspase-1. Caspase-1, a member of the cytokine
regulatory subfamily of caspases, is involved in the proteolytic
processing of IL-1�. Thus, it is possible that the effect of the
C258G transgene may be secondary to the lack of mature IL-1�
production by neurons and subsequent suppression of microglial
or astrocytic activation. However, overexpression of the C258G
transgene may result in the generation of proteolytically inactive
heterodimeric caspases, thereby decreasing the enzymatic func-
tion of multiple caspase family members. In addition, caspase-1
inhibition alone failed to prevent HIV/gp120-induced neuronal
apoptosis in vitro. Thus, we favor the hypothesis that nonspecific
intraneuronal caspase inhibition resulting from the expression of
the C258G transgene prevented gp120-induced dendritic degen-
eration in vivo.

To determine the upstream pathways that promote activation
of caspase-3 in neurons under these conditions, we studied the
death receptor-mediated and mitochondrially mediated apoptotic
cascades in an in vitro model of HIV-induced neuronal injury.
This model system uses gp120 from the SF2 strain of HIV-1,
which uses the CXCR4 class of chemokine receptor as a cofactor
for viral entry and is generally considered a T-cell tropic strain.
HIV strains isolated from patients with HAD and capable of
infecting microglia are often M (macrophage)-tropic, interacting
with the CCR5 class of chemokine receptor; however, CXCR4
(termed X4)-preferring virus may be more neurovirulent based
on its ability to cause neuronal apoptosis in human cerebrocorti-
cal cultures according to recent studies (Ohagen et al., 1999).
Although the HIVSF2 strain is not associated with macrophage
tropism, it is clear that the gp120 from this strain is quite capable
of causing neuronal apoptosis (Kaul and Lipton, 1999). Cell-type
tropism of this strain is further complicated by the fact that
HIVSF2 is clearly T-tropic in vitro but can also use CCR5 as a
coreceptor for viral entry (Cheng-Mayer et al., 1997; Hung et al.,
1999), a characteristic usually associated with dual-tropic strains.
Furthermore, much of the toxicity of shed gp120 may be second-
ary to interaction with chemokine receptors, and gp120 from
other T-tropic strains also induces neuronal apoptosis (Bezzi et
al., 2001). After exposure to gp120SF2, we found that activation of
both caspase-8 and caspase-9 contributes to neuronal apoptosis.

We reported previously that neutralizing antibody to TNF-�
prevented the release of L-cysteine from gp120-activated mac-
rophage–microglial cells. In addition, recent reports demonstrate
that TNF-� also promotes glutamate release from astrocytes
(Bezzi et al., 2001). Therefore, the neuroprotective effect of anti-
TNF-� observed here may in part be secondary to its role in
preventing release of compounds such as L-cysteine and glutamate
from non-neuronal cells that secondarily activate the mitochon-
drial caspase cascade in neurons via NMDA receptor stimulation
(Fig. 6) (Bezzi et al., 2001). However, immunocytochemical data
(Fig. 3D) demonstrate that caspase-8 is activated within neurons.
Additionally, differentiated NT-2 (human neuroblastoma) cells
undergo caspase-8 activation after exposure to HIV/gp120 (Patel
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et al., 2000). These findings suggest a specific role for the death
receptor-induced caspase pathway within neurons after exposure
to HIV/gp120 but do not rule out the possibility that caspase
inhibition may also alter the microglial response to gp120 expo-
sure. The mitochondrial caspase pathway was also implicated in
our system because gp120 exposure led to the release of cyto-
chrome c from mitochondria. Moreover, the findings that gp120-
induced neuronal apoptosis was associated with immunocyto-
chemical evidence for neuronal caspase-9 activation and that
caspase-9 inhibition prevented gp120-induced neuronal apoptosis
also support a role for the mitochondrial caspase pathway in this
process.

The cascade of caspase activation after exposure to HIV/gp120
likely represents one important component of the pathway to
neuronal injury in HAD. The finding that gp120 transgenic mice
manifest neuropathology similar to that observed in patients with
HAD (Toggas et al., 1994) suggests that gp120 toxicity alone may
be sufficient to explain a major portion of the neuronal injury.
However, other HIV proteins, such as Vpr, Nef, and Tat, may
also initiate the apoptotic signal transduction cascade in neurons
and non-neuronal cells (Adamson et al., 1996; Kruman et al.,
1998; New et al., 1998; Bartz and Emerman, 1999; Piller et al.,
1999; Liu et al., 2000; Trillo-Pazos et al., 2000). Nonetheless,
these other proteins appear to trigger apoptotic cell death in vitro
only at much higher concentrations than that required for gp120-
induced neuronal apoptosis. The in vivo concentration of any
shed HIV protein (including gp120) in the setting of HAD is not
definitively known. Therefore, additional work is needed to de-
termine the relationship of neurotoxicity in vitro to our under-
standing of the pathogenesis of HAD.

A schematic representation of caspase activation in HIV/
gp120-induced neuronal apoptosis is illustrated in Figure 6. Pre-

vious studies have shown that macrophage–microglial cells ex-
posed to HIV or recombinant gp120 release TNF-� and
excitotoxins (Lipton and Gendelman, 1995; Kaul et al., 2001).
The present study demonstrates that exposing rat cerebrocortical
cultures to HIV/gp120 promotes specific caspase activities, in-
cluding caspase-8, caspase-9, and caspase-3, associated with stim-
ulation by cytokines or excitatory amino acids. The proapoptotic
protein bid is a substrate for caspase-8 and may serve as a link
between the death receptor and mitochondrial caspase pathways
(Li et al., 1998; Luo et al., 1998). However, the relationship
between caspase-8, bid, and cytochrome c release has yet to be
demonstrated specifically in neurons. Recently, caspase-8 proteo-
lytic cleavage and bid truncation were detected in hippocampal
tissue after a large excitotoxic stimulus (Henshall et al., 2001), but
these were not specifically localized to the neuronal population.

The data presented here provide support for the theory that
synergy between the upstream caspase pathways may have an
important role in gp120-induced neuronal apoptosis. Inhibition of
either caspase-8 or caspase-9 prevented activation of caspase-3
and resulting neuronal apoptosis after 24 hr of gp120 exposure.
Together, the data reported here support an important function
for caspase enzymes in HIV-related neuronal injury and apopto-
sis. Our results also suggest potential treatment targets for the
prevention of HIV-induced neuronal injury, such as caspase
inhibitors or compounds that inhibit the interaction between
TNF-� and its receptor.
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