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Abstract

 

Apoptosis plays a role in AIDS pathogenesis in the immune

system, but its role in HIV-1–induced neurological disease is

unknown. In this study, we examine apoptosis induced by

HIV-1 infection of the central nervous system (CNS) in an

in vitro model and in brain tissue from AIDS patients. HIV-1

infection of primary brain cultures induced apoptosis in

neurons and astrocytes in vitro as determined by terminal

deoxynucleotidyl transferase-mediated dUTP nick end la-

beling (TUNEL) and propidium iodide staining and by elec-

tron microscopy. Apoptosis was not significantly induced

until 1–2 wk after the time of peak virus production, sug-

gesting induction by soluble factors rather than by direct vi-

ral infection. Apoptosis of neurons and astrocytes was also

detected in brain tissue from 10/11 AIDS patients, including

5/5 patients with HIV-1 dementia and 4/5 nondemented pa-

tients. In addition, endothelial cell apoptosis was frequently

detected in the brain of AIDS patients and was confirmed

by electron microscopy. Most of the apoptotic cells were not

localized adjacent to HIV-1–infected cells, providing fur-

ther evidence for induction by soluble factors. In six

non-AIDS control patients with normal brain, apoptotic

cells were absent or limited to rare astrocytes. However,

TUNEL-positive neurons and astrocytes were frequently

detected in seven patients with Alzheimer’s disease or abun-

dant senile plaques. These studies suggest that apoptosis is a

mechanism of CNS injury in AIDS which is likely to be in-

duced by soluble factors. The apoptosis of endothelial cells

in the CNS raises the possibility that some of these factors

may be blood-derived. (

 

J. Clin. Invest.

 

 1996. 98:1979–1990.)
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Introduction

 

The human immunodeficiency virus type 1 (HIV-1) infects the
brain in the majority of adults and children with AIDS, causing
a spectrum of neurological and psychiatric symptoms in up to
20% of AIDS patients (1–4). These range from mild cognitive

impairment to HIV-1 dementia, a progressive dementing dis-
order which is frequently accompanied by behavioral and mo-
tor abnormalities (5). The major target cells for HIV-1 infec-
tion of the central nervous system (CNS)
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 are macrophages
and microglia (1, 6–9). Astrocytes and endothelial cells may
also harbor a low level of infection (8, 9, 10–13). The neuropa-
thology of HIV-1 infection includes brain atrophy, demyelina-
tion, reactive astrocytosis, microglial nodules, multinucleated
giant cells, and evidence of abnormal blood-brain-barrier per-
meability (3–5, 14–18). Neuronal loss, dendritic pathology, and
decreased synaptic density have also been documented (19–
22). Affected brain regions include the basal ganglia, subcorti-
cal white matter, and cerebral cortex (1, 4, 14, 15).

HIV-1 infection of the CNS occurs in asymptomatic HIV-
seropositive individuals (23). However, most HIV-infected in-
dividuals do not develop cognitive symptoms until many years
later after the onset of full-blown AIDS. The initial trigger(s)
which causes the emergence of clinical dementia in some pa-
tients is unknown. Neurons do not appear to be infected with
HIV-1, indicating that neuronal cell death is likely to be
caused by indirect mechanisms (24). Several factors have been
proposed to mediate HIV-1–induced neuronal injury. These
include soluble forms of the HIV-1 gp120 and Tat proteins,
which are toxic to neurons in vitro, and potentially neurotoxic
factors secreted by HIV-1–infected macrophages and micro-
glia, such as TNF-

 

a

 

, platelet activating factor, arachidonic acid
metabolites, free radicals, nitric oxide, and excitatory amino
acids (2, 4, 25–28). The mechanisms of HIV-1–induced brain
injury are likely to be complex, probably involving more than
one of these potentially neurotoxic factors and possibly other
yet unknown factors.

Apoptosis plays a role in AIDS pathogenesis in the im-
mune system (29), but its role in HIV-1 dementia is unknown.
Recent studies of autopsy brain tissue from AIDS patients
have demonstrated apoptosis of neurons, astrocytes, and possi-
bly other CNS cell types (30–32). Neuronal apoptosis occurs
during normal CNS development, but in the adult brain is only
associated with pathological conditions such as stroke and
Alzheimer’s disease.

In this study, we investigate the role of apoptosis in HIV-1–
induced neurological disease. We demonstrate that HIV-1 in-
fection of primary brain cultures induces apoptosis of neurons
and astrocytes in vitro. These findings are confirmed in brain
tissue from AIDS patients. Additionally, our in vivo studies
demonstrate endothelial cell apoptosis in the brain of AIDS
patients. Our studies provide in vitro and in vivo evidence that
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the apoptotic stimuli are likely to be soluble factors rather than
direct viral infection. Thus, apoptosis is a likely cause of CNS
injury leading to cognitive dysfunction in AIDS patients. The
in vitro model for HIV-1–induced neuronal apoptosis de-
scribed in this study may provide a novel opportunity to test
potential neuroprotective agents.

 

Methods

 

Reagents.

 

Reagents were obtained from the following sources: HIV-1
p24 ELISA (DuPont-NEN, Boston, MA); Cell Death Detection
ELISA, mouse anti-glial fibrillary acidic protein (GFAP), and pro-
teinase K (Boehringer Mannheim Biochemicals, Indianapolis, IN);
Apoptag kit (Oncor, Gaithersburg, MD); mouse anti-microtubule-
associated protein (MAP-2), rabbit anti-GFAP, mouse anti-fibronec-
tin, goat anti–mouse conjugated to FITC, and goat anti–rabbit conju-
gated to rhodamine (Sigma Chemical Co., St. Louis, MO); mouse
anti-CD68 (EBM 11), and rabbit anti-Tau (Dako Corp., Carpinteria,
CA); USA Ultra Streptavidin alkaline phosphatase detection system,
Tissue Unmasking Fluid, mouse anti-neurofilament, mouse anti-
GFAP, and mouse anti-factor VIII (Signet Laboratories, Dedham,
MA); rabbit anti-HIV-1 p24 (American BioTechnologies, Cam-
bridge, MA); rabbit anti-Nef (E. Zazopoulos, Boston, MA) (33);
metal enhanced diaminobenzidine (DAB) substrate kit (Pierce
Chemical Co., Rockford, IL); HIV-1 89.6 (NIH AIDS Research and
Reference Reagent Program, Rockville, MD) (34); and HIV-1 YU-
2.C (B. Hahn, G. Shaw, and S. Ghosh, Birmingham, AL) (35).

 

HIV-1 infection of human fetal brain cultures.

 

Human fetal brain
tissue was obtained from 13 to 18 wk gestation abortions performed
at Brigham and Women’s Hospital. The approved protocol for tissue
procurement was in compliance with institutional and federal regula-
tions. Human fetal brain cultures were prepared as previously de-
scribed (36). Briefly, the tissues were minced and incubated briefly
with 0.25% trypsin, dissociated by trituration, extensively washed,
and cultured on poly-lysine–coated glass coverslips in DME supple-
mented with 10% calf serum, penicillin, streptomycin, and L-glu-
tamine in a humidified 5% CO
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 atmosphere. Cultures at 10–20 d after
plating were infected by incubation with HIV-1 virus stock (100,000
reverse transcriptase units) or mock infected with the same volume of
control supernatant for 16 h at 37

 

8

 

C and washed twice before addi-
tion of fresh medium. Virus stocks were prepared by filtration
(0.45 

 

m

 

M) of clarified supernatants from infected CEM 

 

3 

 

174 cell
cultures (34) or from 293 cells transfected as described (35) and
stored at 

 

2

 

70

 

8

 

C. Control supernatants from uninfected CEMx174 or
293 cell cultures were similarly prepared and used for mock infec-
tions. A 50% medium change was performed every 4–7 d. Productive
HIV-1 infection was monitored by p24 ELISA or reverse tran-
scriptase assay of culture supernatants. For immunohistochemical
staining, cultures were fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 30 min, washed, and stored in PBS at 4

 

8

 

C.

 

Brain tissue.

 

Autopsy brain tissue was obtained from Brigham
and Women’s and New England Deaconess Hospitals. Postmortem
tissue was fixed in formalin and embedded in paraffin for routine his-
tology. Patients with opportunistic CNS infections, focal CNS lesions,
or anoxic/ischemic injury were excluded.

 

HIV-1 p24 ELISA and reverse transcriptase assays.

 

For p24 ELISA,
culture supernatants were clarified by centrifugation, adjusted to
0.5% Triton X-100, and stored at 

 

2

 

70

 

8

 

C. HIV-1 p24 ELISA was per-
formed according to the manufacturer’s protocol (DuPont-NEN).
Reverse transcriptase assays were performed on virion pellets ob-
tained from clarified culture supernatants as described (37). 

 

Detection of histone-associated DNA fragments by ELISA.

 

A sen-
sitive ELISA assay which detects cytoplasmic histone-associated
DNA fragments was performed according to the manufacturer’s pro-
tocol (Cell Death Detection ELISA; Boehringer Mannheim Bio-
chemicals). Cultured cells were harvested by incubation with 0.5 mM
EDTA in PBS for 5 min at room temperature, washed extensively,

and pelleted prior to lysis and isolation of the postnuclear cytosolic
fraction. 

 

Detection and quantitation of apoptotic nuclei by staining with

DNA-binding fluorescent dyes.

 

Apoptotic nuclear morphology was
detected by staining with 10 

 

m

 

g/ml propidium iodide or 1 

 

m

 

g/ml
Hoechst 33342 for 10 min at 37

 

8

 

C. For cultured cells, cells were har-
vested by incubation with 0.5 mM EDTA in PBS as described above,
washed extensively, and fixed in 4% paraformaldehyde prior to pro-
pidium iodide or Hoechst staining. For paraffin sections, slides were
deparaffinized in xylenes, rehydrated in graded ethanols, and washed
in PBS prior to propidium iodide staining. Stained nuclei were visual-
ized by fluorescence microscopy using a rhodamine or Hoechst wave-
length filter. The percentage of apoptotic cells was determined by
counting the number of nuclei with morphologic features character-
istic of apoptosis (chromatin condensation and nuclear fragmenta-
tion) in 300 cells using a 20

 

3 

 

objective. 

 

Terminal deoxynucleotidyl transferase-mediated dUTP nick end

labeling (TUNEL) staining.

 

Fragmented DNA was detected in situ
by the TUNEL method (38) using a commercially available kit ac-
cording to the manufacturer’s protocol (Apoptag, Oncor) followed
by metal-enhanced DAB color development (Pierce Chemical Co.).
For studies on cultured cells, cells were grown on poly-lysine–coated
coverslips and fixed in 4% paraformaldehyde in PBS-sucrose. For
studies on paraffin-embedded tissue sections, slides were deparaf-
finized, rehydrated in graded ethanols, pretreated with 20 

 

m

 

g/ml pro-
teinase K for 15 min at room temperature, and washed prior to
TUNEL staining. After TUNEL staining, sections were lightly coun-
terstained with cresyl violet or methyl green.

 

Quantitation of TUNEL staining.

 

For studies on cultured cells,
the percentage of TUNEL-positive cells was quantitated by counting
cells in 20 random microscope fields using a 20

 

3

 

 objective. For stud-
ies on paraffin sections, a semiquantitative scale was used to estimate
the degree of TUNEL staining in tissue sections counterstained with
cresyl violet or methyl green to distinguish TUNEL-positive and -neg-
ative cells. The entire tissue section was reviewed by two of the au-
thors (D.G. and U.D.) and the extent of TUNEL staining was esti-
mated and scored as follows: 0 

 

5

 

 negative; 1

 

1 5 

 

rare positive cells;
2

 

1

 

 

 

5

 

 up to 20 positive cells; 3

 

1

 

 

 

5

 

 

 

. 

 

20 positive cells. 

 

Immunohistochemistry combined with TUNEL staining.

 

TUNEL
staining was performed as described above. For cultured cells, immu-
nofluorescence staining was performed after TUNEL staining. The
primary antibodies were added overnight at 4

 

8

 

C (mouse anti-MAP-2,
-GFAP, or -CD68) or for 90 min at 37

 

8

 

C (rabbit anti-Tau, -GFAP,
-HIV-1 P24 or -HIV-1 Nef) and secondary antibodies were added for
30 to 60 min at 37

 

8

 

C. The coverslips were then washed and mounted
for immunofluorescence microscopy. For paraffin sections, immuno-
histochemical staining was performed after TUNEL staining and sub-
sequent pre-treatment of the slides with Tissue Unmasking Fluid
(Signet Laboratories) for 10 min at 90

 

8

 

C. The primary antibodies
(anti-neurofilament, -GFAP, -Factor VIII, -HIV-1 p24 or -HIV-1
Nef) were added for 30 min at room temperature and detected using
streptavidin alkaline-phosphatase and Fast Red color development
according to the manufacturer’s protocol USA-AIk Phos detection
system (Signet Laboratories). 

 

Electron microscopy.

 

Cultured cells were fixed in 4% parafor-
maldehyde as described for TUNEL staining and then fixed over-
night in 1.5% glutaraldehyde in 0.1 M cacodylate buffer pH 7.4 with
0.1% calcium chloride, postfixed with 1% OsO

 

4

 

, dehydrated, and em-
bedded into epon. Paraffin sections of autopsy brain tissue were de-
paraffinized, rehydrated, and stained by the TUNEL method as de-
scribed above prior to fixation in glutaraldehyde, postfixation in
OsO

 

4

 

, and embedding into epon on glass slides as described for cul-
tured cells. The slides were then placed into liquid nitrogen to sepa-
rate the embedded tissue from the slide prior to cutting ultrathin sec-
tions. Sections were contrasted with uranyl acetate and lead citrate
and examined by transmission electron microscopy.

 

Statistical analysis.

 

Data were analyzed by the Student’s 

 

t

 

 test and
are presented as the mean

 

6

 

SEM or mean

 

6

 

SD.
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Results

 

HIV-1 infection induces neuronal and astrocyte apoptosis in

vitro.

 

Primary human fetal brain cultures were used to deter-
mine the effects of HIV-1 infection on primary human neu-
rons. The preparation and maintenance of these cultures has

been previously described (36). These cultures contain a mix-
ture of astrocytes (70–90%), neurons (10–30%), microglial
cells (1–5%), and fibroblasts (1–5%) as determined by immu-
nofluorescence staining with cell-specific markers. The cul-
tures were infected with HIV-1 89.6, a syncytium-inducing
macrophagetropic isolate (34), and productive virus infection

Figure 1. Apoptosis induced by HIV-1 infection of primary human 
fetal brain cultures. Shown are HIV-1–infected (black) and mock in-
fected control (white) cultures at different time points after infection. 
Cultures were infected with HIV-1 89.6 (A–E) or HIV-1 YU-2.C (E). 
(A) Virus replication measured by p24 ELISA of culture superna-
tants (mean6SEM, n 5 3). (B) Detection of cytosolic histone-associ-
ated DNA fragments by ELISA (mean of duplicate samples). (C) 
Detection of apoptosis by propidium iodide staining and counting the 
percentage of cells with apoptotic nuclear morphology (arrows) in 
300 cells (mean6SD, n 5 2). **P , 0.01 by Student’s t test compared 
with mock-infected control cultures at day 31. Insert shows Hoechst 
dye 33342 staining of HIV-1–infected and mock infected control cul-
tures on day 30 after infection. (D) Quantitation of TUNEL-positive 
neurons by combined TUNEL staining and immunofluorescence 
staining with anti-MAP-2 (mean6SD, n 5 2). *P , 0.05 by Student’s 
t test compared with mock-infected control cultures at day 29. (E, 
left) Replication of HIV-1 89.6 (closed circles) and YU-2.C (closed tri-

angles) measured by RT assay of 0.5 ml of culture supernatant (mean6SD, n 5 2). (E, right) Detection of apoptosis by propidium iodide staining 
as in C (mean6SD, n 5 2). **P , 0.01 by Student’s t test compared with mock-infected control cultures at day 29. Results are representative of 
at least three independent experiments.
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was monitored by p24 ELISA of the culture supernatants (Fig.
1 

 

A

 

). Productive infection was detected at 7–29 d after the ini-
tiation of infection, reaching peak levels between days 7 and 21
(Fig. 1 

 

A

 

 and not shown). Double immunofluorescence stain-
ing with the macrophage/microglia marker anti-CD68 and
anti-HIV-1 p24 demonstrated that macrophages and micro-
glial cells were the only productively infected cell type (not
shown), consistent with previous studies (39, 40).

To determine whether HIV-1 infection of primary brain
cultures induces apoptosis, the cultures were infected with
HIV-1 and harvested at different time points after infection.
Apoptosis was compared in HIV-1–infected and mock in-
fected control cultures (Fig. 1, 

 

B–E

 

). An ELISA assay was
used to detect the release of histone-associated DNA frag-
ments into the cytoplasmic fraction in apoptotic cells. By this
method, apoptosis induced by infection with HIV-1 89.6 was
detected at days 29 and 45 after infection, but not at day 15
(Fig. 1 

 

B

 

). The induction of apoptosis in HIV-1–infected cul-
tures was confirmed by propidium iodide or Hoechst 33342
staining and counting the percentage of cells with apoptotic
nuclear morphology (Fig. 1 

 

C

 

) (

 

P

 

 

 

,

 

 0.01 by student’s 

 

t

 

 test). 
To detect apoptosis in HIV-1–infected primary brain cul-

tures in situ, TUNEL staining was performed in combination
with immunohistochemical staining using cell-specific mark-
ers. In initial experiments, the TUNEL staining method was

validated with COS-1 cells. Apoptosis was induced in COS-1
cell cultures by treatment with 1 

 

m

 

M staurosporine for 16 h,
conditions which produced an apoptotic DNA ladder and apop-
totic nuclear morphology, as detected by staining with propid-
ium iodide. Staurosporine-treated cells were TUNEL-positive,
while untreated control cells were negative (not shown). Fixed
COS-1 cells treated with DNase were also used as a positive
control. Staining in the absence of the terminal deoxynucleoti-
dyl transferase enzyme was used as a negative control. The
specificity of TUNEL staining was confirmed by staining with
propidium iodide, which confirmed a similar percentage of
cells with apoptotic nuclear morphology (Figs. 1, 

 

C

 

 and 

 

D

 

 and
not shown), and by electron microscopy (see Fig. 3).

To determine whether HIV-1 infection of primary brain
cultures induces apoptosis of neurons, combined TUNEL
staining and immunofluorescence staining with the neuron-
specific marker anti-MAP-2 was performed on days 14 and 29
after initiation of infection with HIV-1 89.6 (Figs. 1 

 

D

 

 and 2).
Quantitation of TUNEL-positive cells which were double
stained with anti-MAP-2 demonstrated that neuronal apopto-
sis was significantly induced by HIV-1 infection on day 29 after
infection (

 

P

 

 

 

,

 

 0.05 by Student’s 

 

t

 

 test), but not on day 14 (Fig.
1 

 

D

 

). The induction of neuronal apoptosis in HIV-1–infected
cultures was associated with degeneration of neuritic processes
and an overall reduction in MAP-2 staining (Fig. 2 

 

B

 

). In addi-

Figure 2. Apoptosis of
neurons and astrocytes in
HIV-1–infected primary hu-
man fetal brain cultures. Com-
bined TUNEL (right panels) 
and immunofluorescence (left 

panels) staining of mock in-
fected control (A) and HIV-1–
infected (B and C) cultures. Im-
munofluorescence staining was 
performed with anti–MAP-2 (A 
and B) or anti-GFAP (C).
Apoptotic neurons and astro-
cytes in HIV-1–infected cul-
tures (arrows). Cultures were 
fixed on day 29 after infection 
with HIV-1 89.6. A and B, 
3580; C, 3900.
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tion, combined TUNEL and immunofluorescence staining
with anti-GFAP demonstrated TUNEL-positive astrocytes in
HIV-1–infected cultures (Fig. 2 C). Quantitative analysis
showed that neuronal apoptosis was induced by 20-fold in
HIV-1–infected cultures relative to mock infected controls,
while astrocyte apoptosis was induced by 3-fold. In the HIV-1–
infected cultures, 40% of the TUNEL-positive cells were
neurons and 30% were astrocytes. The remaining TUNEL-
positive cells were not labeled with either anti–MAP-2 or
anti-GFAP, most likely representing cells in the late stages of
apoptotic degeneration. Electron microscopy demonstrated
ultrastructural features characteristic of apoptosis in HIV-1–
infected cultures and confirmed apoptotic nuclear morphology
in TUNEL-positive cells (Fig. 3).

The preceding experiments demonstrate that infection of
primary brain cultures by HIV-1 89.6 induces apoptosis in neu-
rons and astrocytes in vitro. To determine whether this pheno-
type is due to HIV-1 replication, the induction of apoptosis by

this isolate was compared to that of another HIV-1 isolate
which replicates inefficiently in this cell culture system (Fig. 1
E). HIV-1 YU-2.C is a derivative of YU-2, a non-syncytium-
inducing macrophagetropic isolate which was cloned directly
from human brain tissue (35), in which the vpu open reading
frame was restored. Primary brain cultures were infected with
equivalent amounts of HIV-1 89.6 or YU-2.C and virus repli-
cation was monitored. HIV-1 89.6 replicated to high levels, but
the replication of HIV-1 YU-2.C was very inefficient in this
cell culture system (Fig. 1 E, left). The induction of apoptosis
by HIV-1 infection was quantitated by propidium iodide stain-
ing and counting the percentage of cells with apoptotic nuclear
morphology (Fig. 1 E, right). Apoptosis was significantly in-
duced by infection with HIV-1 89.6 on day 29 after infection
(P , 0.01 by Student’s t test). In contrast, infection with HIV-1
YU-2.C caused only a minor increase in apoptosis which was
not statistically significant relative to mock infected control
cultures. These results suggest that HIV-1 isolates differ in

Figure 3. Electron microscopy of HIV-1–infected primary human fetal brain cultures. Nuclear abnormalities characteristic of apoptosis are 
shown in A–D. Cultures were fixed on day 28 after infection with HIV-1 89.6. (A) Apoptotic neuron. The condensed chromatin forming cres-
cents in apposition to the nuclear envelope is characteristic of the early stages of apoptosis. The large round nucleus occupying most of the 
perikaryon and the rounded membrane specialization resembling a synaptic cleft (arrow) are characteristic of neurons. 310,000. (B) Tunel-pos-
itive astrocyte (arrow) which demonstrates the condensed chromatin characteristic of apoptotic nuclei. TUNEL staining with DAB was per-
formed prior to electron microscopy. Normal astrocytes are shown on the left. The irregular nuclear contour and abundant bundles of intermedi-
ate filaments in the cytoplasm are characteristic of astrocytes. 34,800. (C and D) Condensed chromatin in apoptotic nuclei is shown in 
degenerating cells. C, 310,000; D, 35,800.
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their ability to induce apoptosis in primary brain cultures in
vitro due to differences in the efficiency of virus replication or
other determinants of viral pathogenicity.

The observation that apoptosis was not significantly in-
duced in primary brain cultures infected with HIV-1 89.6 until
1–2 wk after the time of peak virus production suggests that
apoptosis is likely to be induced by soluble factors acting at a
distance rather than by direct infection. To further examine
this possibility, combined TUNEL and immunofluorescence
staining with anti–MAP-2 and anti–HIV-1 p24 was performed
to determine whether the apoptotic cells were localized adja-
cent to HIV-1–infected macrophages and microglia. These ex-
periments showed that clusters of p24-positive microglia were
usually not localized adjacent to TUNEL-positive cells (Fig.
4). Similarly, most of the TUNEL-positive cells were not local-
ized adjacent to p24-positive cells (not shown). 

Detection of apoptosis in brain from AIDS patients. Com-
bined TUNEL and immunohistochemical staining was per-
formed to detect apoptosis in autopsy brain tissue from AIDS
patients and non-AIDS control patients. In initial experiments,
brain tissue from 13 AIDS patients, 1 HIV-seropositive symp-
tom-free individual, and 17 non-AIDS control patients was
examined. After excluding patients with histopathological evi-
dence of anoxic/ischemic encephalopathy, necrosis, or post-
mortem autolysis, tissue from 10 AIDS patients, 1 HIV-sero-
positive individual, and 13 non-AIDS control patients was
then used for further studies. The clinical and pathological

characteristics of the patients are described in Table I. The
non-AIDS control patients consisted of two groups: patients
with normal brain (n 5 6) and patients with Alzheimer’s dis-
ease or senile plaques (n 5 7). The mean age of the AIDS pa-
tients was 36 years (range, 27–48) and the mean age of the
non-AIDS normal control patients was 39 years (range, 0–64).
The mean age of the non-AIDS control patients with Alz-
heimer’s disease or senile plaques was 78 years (range, 69–89).
The mean postmortem intervals for the AIDS and non-AIDS
control patients were similar (13.6 vs. 13.9 h). Previous studies
have shown that postmortem intervals up to 70 h do not ap-
pear to have a significant effect on detection of apoptosis in
the brain by TUNEL staining (30–32). 

TUNEL staining of autopsy brain tissue was performed to
detect apoptosis in situ. Apoptotic cells were detected in cor-
tex and basal ganglia from 10/11 AIDS patients, but were ab-
sent or rare in normal control patients (Table I; Fig. 5, A and
B). To confirm that TUNEL staining specifically detected
apoptotic cells, adjacent brain tissue sections were stained with
propidium iodide or analyzed by electron microscopy to dem-
onstrate apoptotic nuclear morphology. Propidium iodide
staining showed chromatin condensation and nuclear fragmen-
tation (Fig. 5 C), which was confirmed by electron microscopy
(see Fig. 7). Apoptosis of cells with morphological characteris-
tics of neurons, astrocytes, and endothelial cells was detected
in 7/11, 10/11, and 10/11 AIDS patients, respectively, (Table I
and Fig. 5, D–F), and was confirmed by combined TUNEL
staining and immunostaining with the cell-specific markers
anti-neurofilament, anti-GFAP, and anti-Factor VIII (Fig. 6).
However, many TUNEL-positive cells were not double
stained with these cell-specific markers, probably representing
degenerating cells in the final stages of apoptosis or other cell
types such as microglia or oligodendrocytes. The density of
TUNEL-positive cells was non-uniform, and within a given pa-
tient there was variability in the number of apoptotic cells in
different brain regions (Table I). TUNEL-positive neurons
were detected more frequently in basal ganglia (4/5 sections)
than in cerebral cortex (5/13 sections) (Table I). TUNEL-posi-
tive astrocytes were most frequently detected in the white mat-
ter, particularly in areas of reactive gliosis, but were also de-
tected in basal ganglia and cerebral cortex (Table I and Fig. 5
and 6). Apoptosis of endothelial cells was detected in small
and medium-sized blood vessels scattered throughout the gray
and white matter (Table I and Figs. 5 and 6). Electron micros-
copy studies of brain tissue from two AIDS patients confirmed
ultrastructural features characteristic of apoptosis in TUNEL-
positive endothelial cells (Fig. 7). Apoptotic cells were de-
tected in 5/5 demented and 4/5 nondemented AIDS patients,
but were more abundant in the demented patients. Apoptosis
was detected in 7/7 patients with histopathologic evidence of
HIV-1 encephalitis and in 3/4 patients without HIV-1 enceph-
alitis. In normal control patients, TUNEL staining was absent
or limited to rare scattered astrocytes in the white matter (Ta-
ble I). However, apoptotic neurons and astrocytes were fre-
quently detected in 7/7 non-AIDS control patients with Alz-
heimer’s disease or abundant senile plaques in the hippocampus
and affected regions of cerebral cortex (Table I). 

The in vitro experiments indicated that most of the TUNEL-
positive cells in HIV-1–infected primary brain cultures were
not localized adjacent to HIV-1–infected cells. To determine
whether this also occurs in vivo, combined TUNEL and HIV-1
Nef immunostaining was performed on autopsy brain tissue

Figure 4. Combined TUNEL and HIV-1 p24 immunostaining of 
HIV-1–infected primary human fetal brain cultures. Cultures were 
fixed on day 30 after infection with HIV-1 89.6. Cluster of HIV-1–
infected microglia stained with anti-p24 (top) shows negative 
TUNEL staining (bottom). The same field is shown in both panels, 
but the planes of focus are different because the microglia layer (top) 
is on top of the astrocyte-neuron layer (bottom). 3800.
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from AIDS patients. HIV-1 Nef was detected in microglial
nodules, multinucleated giant cells, and perivascular macro-
phages in 6/10 AIDS patient brain tissue sections examined.
There was no significant association between the localization
of HIV-1 Nef-positive cells and TUNEL-positive cells (Fig. 8).
The HIV-1 Nef-positive cells were usually not localized adja-
cent to TUNEL-positive cells (Fig. 8 A). Similarly, most of the
TUNEL-positive cells were not localized adjacent to HIV-1
Nef-positive cells or to histopathologic lesions characteristic of
productive HIV-1 infection (Fig. 8 B). However, a small frac-
tion of the TUNEL-positive cells were occasionally detected
adjacent to foci of productive HIV-1 infection. Similar results
were obtained when TUNEL staining was combined with anti-
HIV-1 p24 immunostaining (not shown). 

Discussion

In this study, we demonstrate that apoptosis is induced by
HIV-1 infection of the CNS both in vitro and in vivo. This
study is the first demonstration that HIV-1 infection of pri-
mary human brain cultures induces apoptosis of neurons and
astrocytes in vitro. We also demonstrate apoptosis of neurons
and astrocytes in brain tissue from AIDS patients, consistent
with previous studies (30–32). Additionally, our in vivo studies
show that endothelial cell apoptosis occurs in small and me-
dium-sized blood vessels in the brain of AIDS patients, an ab-
normality which might disrupt the blood-brain-barrier (16, 17,
41). In contrast to previous studies (30, 31), TUNEL-positive
cells resembling microglia were infrequently detected in only

Table I. Detection of Apoptosis in Brain of AIDS and Control Patients

Patient
Age
(yr)

PMI
(h) Diagnosis Dementia Neuropathology

Brain
Region*

Apoptosis‡

Neuron Astrocyte Endothelial

1 28 2 AIDS 1 Severe HIVE BG(31) 11 31 21

2 47 17 AIDS NA Severe HIVE CTX(0) 31 11 21

3 33 21 AIDS 1 Mild HIVE CTX(21) 0 21 21

0 21 21

4 39 5 AIDS 1 Severe HIVE CTX(31) 31 31 31

5 35 11 AIDS 1 Severe HIVE CTX(0) 21 31 31

CTX(11) 11 11 21

BG(31) 31 21 21

6 27 8 AIDS 2 Mild HIVE CTX(0) 0 0 0

CTX(11) 0 0 21

BG(11) 11 11 11

7 31 19 AIDS 1 Mild HIVE CTX(11) 0 11 21

8 48 2 AIDS 2 Normal CTX(0) 0 0 0

9 35 5 AIDS 2 Normal BG(0) 0 11 0

CTX(0) 0 11 11

10 34 6 AIDS 2 Normal BG(0) 31 11 21

CTX(0) 0 31 21

11 29 54 HIV1,IVD 2 Normal CTX(0) 21 31 21

12 29 9 Normal 2 Normal CTX(0) 0 0 0

13 20 15 Normal 2 Normal CTX(0) 0 11 0

14 64 16 Normal 2 Normal CTX(0) 0 11 0

15 37 12 Breast CA 2 Normal CTX(0) 0 21 0

CTX(0) 0 0 0

16 44 6 Lymphoma 2 Normal BG(0) 0 11 0

17 0 35 Stillborn 2 Normal BS(0) 0 0 0

Infant

18 70 16 PE 2 Senile plaques CTX(11) 31 31 0

19 83 18 MI 2 Senile plaques, CTX(11) 31 31 0

NFT

20 78 5 MI 2 Severe AD CTX(31) 31 31 0

21 69 NA AD 1 Severe AD CTX(31) 31 31 0

22 73 13 AD 1 Severe AD CTX(31) 31 31 0

23 82 7 AD 1 Severe AD CTX(31) 31 31 0

24 89 15 AD 1 Severe AD CTX(31) 31 31 0

*Tissues were obtained at autopsy. Shown in parentheses is grading of HIVE (patients 1–11), senile plaques (patients 18 and 19), or AD (patients 20–

24) as 0 (negative), 11 (mild), 21 (moderate), or 31 (severe). ‡Apoptosis was detected by TUNEL staining of formalin-fixed paraffin sections. TUNEL

staining of each cell type was graded as 0 (absent), 11 (rare), 21 (, 20 cells per section), and 31 (. 20 cells per section). PMI, postmortem interval;

HIVE, HIV-1 encephalitis; BG, basal ganglia; NA, not available; CTX, cerebral cortex; HIV1, asymptomatic HIV-1-seropositive; IVD, intravenous

drug use; CA, carcinoma; BS, brainstem; PE, pulmonary embolus; NFT, neurofibrillary tangles; MI, myocardial infarction; AD, Alzheimer’s disease.
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Figure 5. Apoptosis in autopsy 
brain tissue from AIDS patients. (A 
and B) TUNEL staining of brain 
from a non-AIDS normal control 
patient (A) and AIDS patient with 
dementia (B). Note TUNEL-posi-
tive cells in B (arrows). 3550. (C) 
Propidium iodide staining of AIDS 
patient brain tissue demonstrates 
cells with apoptotic nuclear mor-
phology (arrows). 3400. (D, E, and 
F) TUNEL-positive neurons (D), 
astrocytes (E), and endothelial cells 
(F) in gray (D) and white (E and F) 
matter (arrows). Note that D and F 
also show TUNEL-positive glial 
cells. 3800.
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2/11 AIDS patients (B. Shi, U. DeGirolami, and D. Gabuzda,
unpublished data). These results suggest that apoptosis of neu-
rons, astrocytes, and endothelial cells is a likely mechanism of
CNS injury leading to cognitive dysfunction in AIDS patients.

Our studies provide in vitro and in vivo evidence that most
of the apoptosis induced by HIV-1 infection of the CNS does
not occur adjacent to HIV-1–infected macrophages and micro-
glia. Furthermore, apoptosis is not significantly induced by
HIV-1 infection of primary brain cultures until one to two
weeks after the time of peak virus production. Together, these
results suggest that the apoptotic stimuli are likely to be solu-
ble factors acting at a distance rather than direct viral infec-
tion. The finding that endothelial cell apoptosis occurs in the
brain of most AIDS patients raises the possibility that some of
these factors may be blood-derived. Several potential candi-
dates for the apoptotic stimuli in the brain of AIDS patients
have been suggested by previous studies. A soluble form of the
HIV-1 gp120 protein is neurotoxic in vitro (42) and has been
shown to induce neuronal apoptosis (43). The HIV-1 Tat pro-
tein, which is present in AIDS patient serum in a soluble form,
is another potential apoptotic stimulus with known neurotoxic
effects (27, 44). Another potential candidate is TNF-a, which
is elevated in the serum, CSF, and brain of AIDS patients, par-

ticularly since elevated TNF-a levels have been shown to cor-
relate with clinical dementia (4, 28). Further studies are re-
quired to determine whether one or more of these factors, or
other unknown factors, cause apoptosis and neuronal loss in
the brain of AIDS patients. It is possible that some of these
factors may not be unique to HIV-1 infection. For example,
previous studies have shown that Sindbis virus induces neu-
ronal apoptosis in the brain of infected mice (45). 

Our results suggest that endothelial cell apoptosis may con-
tribute to CNS injury in AIDS. Endothelial cell apoptosis in
vivo has been demonstrated to occur in acute lung injury, the
fibrotic skin diseases scleroderma and systemic sclerosis, or as
a complication of ionizing radiation (46–48), but to our knowl-
edge has not been shown in AIDS or other diseases. Previous
studies have demonstrated microvascular abnormalities in the
CNS and increased blood–brain barrier permeability in AIDS
patients (16, 17, 41). Our findings suggest that endothelial cell
apoptosis may contribute to these microvascular pathologies.
Further studies will determine whether endothelial cell apop-
tosis results in significant disruption of the blood–brain bar-
rier. Further studies are also required to determine whether
apoptosis of endothelial cells in the CNS of AIDS patients is
induced by soluble factors derived from the blood or by direct

Figure 6. Apoptosis of neurons, 
astrocytes, and endothelial cells 
in brain from AIDS patients 
demonstrated by double staining 
with cell-specific markers. Com-
bined TUNEL staining and im-
munostaining with the cell-spe-
cific markers anti-neurofilament 
(A), anti-GFAP (B), and anti-
Factor VIII (C) confirms apopto-
sis of neurons, astrocytes, and en-
dothelial cells, respectively
(arrows). Insert in C shows a 
TUNEL-positive Factor VIII-
positive endothelial cell (arrow) 
at higher magnification. A–C, 
31440; inset, 32800.
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HIV-1 infection at low levels which were not detected by the
methods used in this study. 

One puzzling aspect of HIV-1 dementia is the frequent lack
of correlation between the clinical deficit and the severity of
neuropathology. Previous studies have documented neuronal
loss in both demented and nondemented AIDS patients (19,
20). As many as 50% of AIDS patients with dementia do not
have histopathologic evidence of HIV-1 encephalitis, particu-
larly patients with milder symptoms (4, 7). Moreover, some pa-
tients with HIV-1 encephalitis do not have clinical dementia
(4, 7, 18). In this study, apoptosis was detected in the brain of
7/7 patients with HIV-1 encephalitis, with apoptotic cells more
frequent in the most severely affected brain regions. Apoptotic
cells were also detected in the brain of 3/4 patients without
HIV-1 encephalitis, but with lower frequency. Similarly, apop-
totic cells were more frequent in the brain of demented than
nondemented AIDS patients, but were detected in both. Thus,
apoptosis may account for the neuronal loss and cognitive dys-
function which has been documented in some patients with
minimal or no detectable neuropathology, since apoptosis is

Figure 7. Electron microscopy of brain tissue from AIDS patients. 
Ultrastructural features characteristic of apoptosis in endothelial 
cells. Deparaffinized sections of autopsy brain tissue from two pa-
tients (patients 1 and 4, Table I) were stained by the TUNEL method, 
fixed, postfixed, and embedded as described in the Methods. (A)
Apoptotic microvascular cell which demonstrates nuclear fragmenta-
tion into apoptotic bodies (arrow). 32,600. (B) Apoptotic bodies (ar-

rows) apposed to the intimal surface of a small blood vessel. 35,600. 
(C) Microvascular endothelial cell which demonstrates chromatin 
condensation characteristic of apoptotic nuclear morphology and de-
generating cytoplasm. 35,000. Note that the apoptotic nuclei and
apoptotic bodies shown in A–C are stained with DAB, indicating that 
they are TUNEL-positive.

Figure 8. Combined TUNEL and HIV-1 immunostaining of brain tis-
sue from AIDS patients. Combined TUNEL staining and immu-
nostaining with anti-HIV-1 Nef is shown in A and B. (A) Microglial 
nodule which demonstrates HIV-1 Nef immunostaining. HIV-1 Nef-
positive microglia and multinucleated giant cells are shown. Note the 
absence of significant TUNEL staining. (B) TUNEL-positive cells 
which are not associated with HIV-1 Nef immunostaining. 3260.
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not associated with inflammatory or necrotic lesions. These re-
sults and those of others (49) raise the possibility that apopto-
sis may be an early cause of neuronal loss in some AIDS pa-
tients prior to the onset of overt cognitive impairment. 

 The cell culture model for HIV-1–induced neuronal apop-
tosis described in this study is the first to directly demonstrate
neuronal apoptosis induced by HIV-1 infection in vitro. Poten-
tial applications of this in vitro model include studies on mo-
lecular mechanisms of HIV-1–induced CNS injury. Our stud-
ies suggest that macrophagetropic HIV-1 isolates may differ in
their ability to induce neuronal apoptosis in vitro. Whether
this phenotypic difference merely reflects the efficiency of vi-
rus replication in the CNS or results from other determinants
of viral pathogenicity remains to be determined. Previous
studies suggest that macrophage tropism is necessary for
HIV-1 infection of the CNS, but is not sufficient to cause de-
mentia (50). Thus, this cell culture model can be used to exper-
imentally address important questions such as the biological
properties of particular HIV-1 strains which cause clinical de-
mentia and the identification of viral or host factors which me-
diate CNS injury. This cell culture model may also provide a
new opportunity to test potential neuroprotective agents.
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