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Progressive neuronal degeneration in brain regions
involved in learning and memory processes is a com-
mon occurrence in patients infected with human im-
munodeficiency virus type 1 (HIV-1). We now report
that levels of Par-4, a protein recently linked to neu-
ronal apoptosis in Alzheimer’s disease, are increased
in neurons in hippocampus of human patients with
HIV encephalitis and in monkeys infected with a chi-
meric strain of HIV-1 and simian immunodeficiency
virus. Par-4 levels increased rapidly in cultured hip-
pocampal neurons following exposure to the neuro-
toxic HIV-1 protein Tat, and treatment of the cultures
with a Par-4 antisense oligonucleotide protected the
neurons against Tat-induced apoptosis. Additional
findings show that Par-4 participates at an early stage
of Tat-induced neuronal apoptosis before caspase ac-
tivation, oxidative stress, and mitochondrial dysfunc-
tion. Our data suggest that Par-4 may be a mediator of
neuronal apoptosis in HIV encephalitis and that ther-
apeutic approaches targeting the Par-4 apoptotic cas-
cade may prove beneficial in preventing neuronal
degeneration and associated dementia in patients in-
fected with HIV-1. (Am J Pathol 1999, 155:39–46)

Many patients infected with human immunodeficiency
virus type 1 (HIV-1) develop progressive cognitive defi-
cits and histopathological alterations in the brain includ-
ing glial reactivity and neuronal loss in hippocampus and
frontal cortex.1–4 Although the cellular and molecular
mechanisms underlying this neurodegenerative process
are unknown, increasing data suggest roles for neuro-

toxic HIV-1 proteins. HIV-1 appears to infect primarily
nonneuronal cells in the brain, and it is therefore likely
that the virus exerts its neurodegenerative actions indi-
rectly.1,5,6 Several proteins produced from the HIV-1 ge-
nome, including the coat proteins gp120 and gp41 and
Tat, a 86–104 amino acid protein essential for viral rep-
lication, exhibit neurotoxic activities.7–11 Tat mRNA levels
are elevated in the brains of patients with HIV-1 infec-
tion12,13 and both gp4111 and Tat14 have been detected
in the brains of patients infected with HIV-1. Tat is known
to be actively released from HIV-1-infected cells into the
extracellular environment15 and is released from infected
microglial cells.16 Tat was also detected in the brains of
animals with encephalitis resulting from infection with a
chimeric strain of HIV and simian immunodeficiency virus
(SHIV).17 Tat can interact directly with the neuronal
plasma membrane and induce excitation18 and can in-
duce apoptosis of primary human and rodent cortical
neurons by a mechanism involving calcium influx and
mitochondrial dysfunction.19–21

Apoptosis is an active form of cell death characterized
by cell shrinkage, mitochondrial membrane depolariza-
tion, activation of proteases called caspases, and release
of factors from mitochondria that induce nuclear DNA
fragmentation.22 Neuronal apoptosis is suspected in sev-
eral different neurodegenerative conditions including Alz-
heimer’s disease23 and AIDS dementia.1,6 Although it has
been proposed that so-called killer proteins mediate ap-
optosis, the identification of such proteins has been dif-
ficult. Prostate apoptosis response-4 (Par-4) is a leucine
zipper- and death domain-containing protein whose ex-
pression increases in prostate cells undergoing apopto-
sis.24 Par-4 was recently shown to play a pivotal role in
apoptosis of cultured PC12 cells and primary hippocam-
pal neurons following trophic factor withdrawal and ex-
posure to oxidative insults.25 In addition, analyses of
postmortem brain tissue from Alzheimer’s patients re-
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vealed a striking increase in levels of Par-4 protein in
vulnerable neuronal populations.25 We now report that
Par-4 levels are dramatically increased in hippocampal
neurons from patients with HIV encephalitis and in mon-
keys infected with SHIV. Moreover, Tat induces Par-4
expression in rat hippocampal neurons in cell culture,
and Par-4 antisense treatment protects neurons against
Tat-induced cell death. These findings suggest that Par-4
may play an active role in the pathogenesis of AIDS
dementia.

Materials and Methods

Brain Tissue and Immunohistochemistry

Analyses in the present study were performed on paraffin
sections from the hippocampal formation of three pa-
tients with HIV encephalitis, two patients with no known
neurological illness, three rhesus macaques (designated
16A, 23A, and 44O) infected with a neurovirulent chi-
meric SHIV,26 and an uninfected monkey. The SHIV viral
strain contains the tat gene of HIV-1HX132. Each infected
monkey had encephalitis without any opportunistic infec-
tions in the nervous system; the neuropathological find-
ings and the mode of infection of animals 16A and 23A
have been reported previously.26 Monkeys were per-
fused with normal saline and the right half of the brain
was immediately immersion-fixed in formalin. Human hip-
pocampal tissue was immersion-fixed in formalin.

For immunostaining, brain sections were deparaf-
finized, incubated for 1 hour in the presence of blocking
serum (1% normal goat serum), and incubated overnight
at 4°C in the presence of primary antibody in phosphate-
buffered saline (PBS). Sections were then washed in PBS
and incubated for 1 hour in the presence of biotinylated
goat anti-rabbit secondary antibody (Vector Laborato-
ries, Burlingame, CA). Sections were washed in PBS and
further processed by sequential incubations in ABC re-
agent (avidin-peroxidase complex) and diaminobenzi-
dine tetrahyhdrochloride (Vector Laboratories) enhanced
with NiCl2 for detection of Par-4. Sections were counter-
stained with hematoxylin, examined, and photographed
under bright-field optics. The Par-4 antibody was a rabbit
polyclonal used at a 1:4000 dilution,25 and the Tat anti-
body was a rabbit polyclonal used at a dilution of 1:2000.
No staining was observed with either antibody when the
antibody was preadsorbed with the synthetic peptide
used as the immunogen.

Hippocampal Cell Cultures and Experimental
Treatments

Dissociated cell cultures of hippocampus were estab-
lished from 18-day Sprague-Dawley rat embryos as
described previously.21 Cells were plated in 35-mm di-
ameter plastic- or glass-bottomed dishes on a polyethyl-
eneimine substrate in 0.8 ml of medium consisting of

minimum essential medium with Earle’s salts supple-
mented 10% with heat-inactivated fetal bovine serum, 1
mmol/L L-glutamine, 1 mmol/L pyruvate, 20 mmol/L KCl,
and 26 mmol/L sodium bicarbonate (pH 7.2). Following
cell attachment, the culture medium was replaced with
Neurobasal Medium with B27 supplements (Gibco BRL,
Rockville, MD). Experiments were performed in 7- to
9-day-old cultures, a time period during which neurons
express glutamate receptors and are vulnerable to exci-
totoxic and metabolic insults.27 Recombinant Tat was
produced and purified as described previously.21,28

Briefly, the Tat gene encoding the first 72 amino acids of
HIV-1BRU (obtained from Dr. Richard Gaynor through the
AIDS repository at the National Institutes of Health) was
inserted into an Escherichia coli vector Pin Point Xa-2
(Promega, Madison, WI). Tat was expressed with a fusion
protein that was naturally biotinylated. Tat was purified on
a column of soft release avidin resin. Tat protein was
cleaved from the fusion protein using factor Xa and de-
salted on a PD10 column. The protein was .95% pure as
determined by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis followed by silver staining and con-
firmed by Western blot analysis. Par-4 antisense oligode-
oxynucleotide (59-ATAGCCGCCGGTCGCCATGTT-39)
and a scrambled control oligodeoxynucleotide (59-
CCGTGTCTGATCTTCGTGCGT-39) were prepared as 2
mmol/L stocks in sterile water. Immediately before exper-
imental treatment the culture maintenance medium was
replaced with Locke’s buffer (154 mmol/L NaCl, 5.6
mmol/L KCl, 2.3 mmol/L CaCl2, 1 mmol/L MgCl2, 3.6
mmol/L NaHCO3, 5 mmol/L glucose, 5 mmol/L HEPES;
pH 7.2).

Western Blot Analysis and Immunostaining of
Cultured Hippocampal Cells

The methods were essentially identical to those de-
scribed previously.25 For Western blot analysis, 50 mg of
solubilized proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (10% gel),
transferred to a nitrocellulose sheet, and incubated se-
quentially with Par-4 antibody (rabbit polyclonal25), HRP-
conjugated anti-rabbit secondary antibody, and chemi-
luminescence detection solution (Amersham, Arlington,
IL). For immunostaining, cells were fixed in 4% parafor-
maldehyde/PBS and membranes were permeabilized by
incubation in 0.2% Triton X-100 in PBS. Cells were then
incubated sequentially in blocking serum (1% normal
goat serum in PBS), Par-4 antibody, biotinylated goat
anti-rabbit secondary antibody, and fluorescein-conju-
gated avidin (Vector Laboratories). Images of Par-4 im-
munofluorescence were acquired using a confocal laser
scanning microscope, using the same laser intensity and
photodetector gain to permit quantitative comparisons of
relative levels of immunoreactivity in cells. The average
pixel intensity per cell body was determined using the
Imagespace software provided by the manufacturer
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(Molecular Probes, Eugene, OR). Between 15 and 25
neurons were analyzed per culture, and determinations
were made in at least 4 separate cultures per treatment
condition.

Quantification of Apoptosis

Apoptosis was assessed by counting cells with apoptotic
nuclei using methods described previously.21 Briefly, af-
ter experimental treatment, cells were fixed in 4% para-
formaldehyde and were then stained with the fluorescent
DNA-binding dye Hoechst 33342 (Molecular Probes).
Hoechst-stained cells were visualized under epifluores-
cence illumination (340-nm excitation and 510-nm barrier
filter) using a 403 oil immersion objective. The percent-
age of apoptotic cells (cells with condensed and frag-
mented DNA were considered apoptotic) in each culture
was determined. Two hundred cells per culture were
counted, and counts were made in at least 4 separate
cultures per treatment condition. Analyses were per-

formed without knowledge of the treatment history of the
cultures.

Measurements of Mitochondrial
Transmembrane Potential and Reactive
Oxygen Species

The dye rhodamine 123 (Molecular Probes) was used as
a measure of mitochondrial transmembrane potential us-
ing methods described previously.27 Briefly, cells were
incubated for 30 minutes in the presence of 10 mmol/L of
the dye and then washed in Locke’s solution. Confocal
laser scanning microscope images of cellular fluores-
cence were acquired with excitation at 488 nm and emis-
sion at 510 nm, and the average pixel intensity per cell
body was determined. The dye dihydrorhodamine 123
(DHR) enters mitochondria and fluoresces when oxidized
by reactive oxygen species (ROS) (principally peroxyni-
trite and hydroxyl radical) to the positively charged rho-

Figure 1. Presence of Tat immunoreactivity in neurons in the brains of SHIV-infected macaques and HIV
encephalitis patients. Formalin-fixed paraffin sections from the hippocampal formation of a SHIV-infected
macaque with encephalitis (A and B), an uninfected macaque (C), and a patient with HIV encephalitis (D)
were immunostained with Tat antibody (see Methods). Several Tat-immunoreactive cells are present in
perivascular cells (A, arrows) and in white matter (B, arrow) of the SHIV-infected macaque, whereas no
Tat-immunoreactive cells are present in the uninfected macaque (C). Tat immunoreactivity is prominent in
microglial nodules in the section from the AIDS dementia patient (D). Similar results were obtained in
analyses of sections from three HIV encephalitis patients, three SHIV-infected macaques, two human
control patients, and two uninfected monkeys.
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damine 123 derivative.29,30 After experimental treatment,
cells were loaded with 10 mmol/L DHR 123 for 30 minutes
at 37°C in a 5% CO2 incubator and washed with Locke’s
solution. Confocal laser scanning microscope images of
cellular fluorescence were acquired with excitation at 488
nm and emission at 510 nm, and the average pixel inten-
sity per cell body was determined and data analyzed as
described above for rhodamine 123 fluorescence.

Measurement of Caspase Activity

Caspase-3-like protease activity was assessed in individ-
ual cells by a method described previously,31 that used
DEVD-CHO, a pseudosubstrate and inhibitor of
caspase-3. At designated time points following exposure
of cultures to Tat, cells were exposed for 10 minutes to
Locke’s solution containing 0.01% digitonin. Cells were
then incubated for 20 minutes in the presence of 10
mg/ml DEVD-biotin (Calbiochem, San Diego, CA),
washed three times with PBS (2 ml/wash), and fixed for
30 minutes in a cold solution of 4% paraformaldehyde in

PBS. Cells were then incubated for 30 minutes in PBS
containing 5 mg/ml Oregon Green-streptavidin (Molecu-
lar Probes) and washed twice with PBS. Images of cel-
lular fluorescence, corresponding to conjugates of
activated caspase-3 with DEVD-biotin, were acquired us-
ing a confocal laser scanning microscope and levels
of fluorescence (average pixel intensity per cell) were
quantified.

Results and Discussion

Hippocampal tissue from three patients with HIV enceph-
alitis, two neurologically normal control human patients,
three SHIV-infected monkeys, and two control monkeys
were immunostained with Tat antibody. Tat-immunoreac-
tive cells were present in perivascular regions and white
matter of SHIV-infected monkeys, and scattered through-
out the hippocampus of each HIV encephalitis patient
(Figure 1). In contrast, no Tat-immunoreactive cells were
present in hippocampal tissue from control human or

Figure 2. Par-4 is present in neurons in the brains of monkeys infected with a chimeric strain of HIV and simian immunodeficiency virus and in patients with HIV
encephalitis. Formalin-fixed paraffin sections from the hippocampal formation of a SHIV-infected macaque with encephalitis (A), a patient with AIDS dementia
(B), and an uninfected macaque (C) were immunostained with Par-4 antibody (see Methods). Many Par-4-immunoreactive cells with neuronal morphology are
present in the tissue from the SHIV-infected monkey (black; this section was counterstained with hematoxylin) and the HIV encephalitis patient (this section was
not counterstained), whereas no Par-4-immunoreactive cells are present in the hippocampal tissue from the uninfected control monkey. These sections are
representative of results obtained in analyses of sections from three HIV encephalitis patients, three SHIV-infected macaques, two human control patients, and
two uninfected monkeys.
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monkey brains (Figure 1 and data not shown). Par-4-
immunoreactive neurons were observed in hippocampal
tissue from each SHIV-infected macaque (Figure 2A) and
each AIDS dementia patient (Figure 2B). Par-4 immuno-
reactivity was present in the cell bodies and neurites of
many neurons that appeared undamaged, as well as in
neurons with a dystrophic appearance. In addition, Par-
4-immunoreactive pyknotic neurons were also observed
(Figure 2A). No Par-4-immunoreactive cells were seen in
uninfected normal monkey brain tissue (Figure 2C), and
only rare, faintly stained Par-4-immunoreactive cells were
seen in hippocampal tissue from neurologically normal
control human patients (data not shown).

Recent findings suggest that Par-4 is a key mediator of
cell death in prostate cancer cells exposed to chemo-
therapeutic agents24 and in cultured neural cells sub-
jected to trophic factor withdrawal or exposed to oxida-
tive insults.25 The HIV-1 derived protein Tat can induce

apoptosis of cultured rat hippocampal neurons by a
mechanism involving increased levels of oxidative stress
and mitochondrial dysfunction.21 When cultured rat hip-
pocampal neurons were exposed to Tat, a rapid increase
in levels of Par-4 protein was observed by Western blot
analysis and semiquantitative analysis of immunostained
cells (Figure 3). Par-4 levels increased within 1 hour of
exposure to Tat and remained elevated through 5 hours
of exposure. Confocal images of Par-4 immunoreactivity
in hippocampal neurons indicated that Par-4 was distrib-
uted throughout the cytoplasm (Figure 3B). As docu-
mented in our previous studies,21 hippocampal neurons
underwent nuclear chromatin condensation and DNA
fragmentation within 12 hours of exposure to Tat (Figure
3D). To determine whether Par-4 played an active role in
the cell death process induced by Tat, we pretreated
cultures with a Par-4 antisense oligodeoxynucleotide un-
der conditions which we previously demonstrated to se-

Figure 3. Evidence that Par-4 mediates Tat-induced apoptosis of cultured hippocampal neurons. A: Hippocampal cultures were exposed for the indicated time
periods to 200 nmol/L Tat, and levels of Par-4 protein were assessed by Western blot analysis (50 mg protein/lane; see Methods). B: Confocal laser scanning
microscope images of Par-4 immunoreactivity in a hippocampal neuron in a vehicle-treated control culture (left) and a culture that had been exposed for 4 hours
to 200 nmol/L Tat (right). C: Cultures were exposed for the indicated time period to 200 nmol/L Tat, cells were immunostained with Par-4 antibody, and levels
of Par-4 immunoreactivity in neurons were measured by confocal microscope analysis (see Methods). Values are the mean and SE of determinations made in 4–6
cultures (15–25 neurons analyzed in each culture). D: Cultures were pretreated for 2 hours with 20 mmol/L Par-4 antisense (AS) or non-sense (NS)
oligonucleotides, and then exposed for 12 hours to vehicle or 200 nmol/L Tat. The percentage of neurons with apoptotic nuclei in each culture was quantified.
Values are the mean and SE of determinations made in 4 cultures. *P , 0.01 compared to control value. **P , 0.01 compared to value for cultures exposed to
Tat alone. Analysis of variance with Scheffé’s post hoc tests.
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lectively suppress Par-4 induction in hippocampal neu-
rons exposed to apoptotic insults.25 Par-4 antisense
treatment completely prevented Tat-induced apoptosis,
whereas the level of Tat-induced apoptosis was not
significantly affected in cultures pretreated with a con-
trol oligodeoxynucleotide with a scrambled sequence
(Figure 3D).

Because Par-4 protein levels increased rapidly in hip-
pocampal neurons exposed to Tat, and because
caspase activation, oxidative stress, and mitochondrial
dysfunction play important roles in intermediate stages of
Tat-induced apoptosis,21 we determined whether Par-4
played a role in these important steps in the apoptotic
cascade induced by Tat. Exposure of hippocampal neu-
rons to Tat resulted in an increase in levels of caspase
activity measured 6 hours later (Figure 4A). Pretreatment
of cultures with a Par-4 antisense oligonucleotide pre-
vented caspase activation, whereas a control oligonucle-
otide was ineffective (Figure 4A). Tat also induced an

increase in levels of DHR fluorescence (a measure of
mitochondrial ROS) within 6 hours of exposure, and pre-
treatment of cultures with Par-4 antisense oligonucleotide
significantly attenuated the mitochondrial ROS produc-
tion (Figure 4B). Tat caused an impairment of mitochon-
drial function, detected as a decrease in levels of rhoda-
mine 123 fluorescence, and Par-4 antisense treatment
prevented the loss of mitochondrial function (Figure 4, C
and D). Collectively, these data suggest that Par-4 acts
at an early stage of the apoptotic process before
caspase activation, mitochondrial dysfunction, and ROS
production.

Previous studies documented DNA damage and in-
creased expression of apoptosis-related genes in cere-
bral cortical tissue from AIDS dementia patients.32–34 Our
data provide additional evidence that neuronal apoptosis
occurs in HIV-1-infected patients and further suggest that
Par-4 serves as a critical link in the biochemical chain of
events leading to neuronal death in AIDS dementia. Es-

Figure 4. Evidence that Par-4 induction mediates Tat-induced caspase activation, oxidative stress, and mitochondrial dysfunction in cultured hippocampal
neurons. (A-C): Cultures were pretreated for 2 hours with 20 mmol/L Par-4 antisense (AS) or non-sense (NS) oligonucleotides and were then exposed for 6 hours
to vehicle or 200 nmol/L Tat. Levels of DEVD fluorescence (A, a measure of levels of activated caspase-3), DHR fluorescence (B, a measure of levels of oxidative
stress), and rhodamine 123 fluorescence (C, a measure of mitochondrial function) were quantified. Values are the mean and SE of determinations made in 4–6
cultures (15–25 neurons analyzed in each culture). *P , 0.01 compared to control value. **P , 0.01 compared to value for cultures exposed to Tat alone. Analysis
of variance with Scheffé’s post hoc tests. D: Confocal laser scanning microscope images of rhodamine 123 fluorescence in hippocampal neurons from an untreated
control culture, a culture exposed to 200 nmol/L Tat for 6 hours, and a culture preincubated for 2 hours with 20 mmol/L Par-4 antisense (AS) and then exposed
to 200 nmol/L Tat for 6 hours. Note that Tat caused a decrease in the level of rhodamine 123 fluorescence, and that Par-4 antisense largely prevented the effect
of Tat.

44 Kruman et al
AJP July 1999, Vol. 155, No. 1



sentially no Par-4-immunoreactive neurons were found in
hippocampal neurons from neurologically normal hu-
mans, monkeys, or rats. In contrast, numerous Par-4-
immunoreactive neurons and Tat-positive nonneuronal
cells were present in hippocampus from patients and
monkeys with HIV or SHIV encephalitis. Tat induced a
rapid increase in Par-4 protein levels in cultured hip-
pocampal neurons that occurred many hours before cell
death. A cause-effect relationship between Par-4 expres-
sion and neuronal death was suggested by our data
showing that Tat-induced apoptosis is prevented in hip-
pocampal neurons treated with Par-4 antisense DNA.

In a recent study we established an association be-
tween Par-4 expression and neuronal degeneration in
Alzheimer’s disease patients and showed that Par-4
plays a role in the apoptosis-inducing effects of amyloid
b-peptide and the pro-apoptotic effects of presenilin-1
mutations linked to early-onset familial Alzheimer’s dis-
ease.25 The dementia associated with both Alzheimer’s
disease and HIV encephalitis is believed to result from
synaptic degeneration and cell death. Although HIV en-
cephalitis and Alzheimer’s disease have distinct causes,
there appear to be several common features in the mech-
anisms leading to neuronal degeneration. Both Tat and
amyloid b-peptide promote excitotoxicity18,35 and can
induce neuronal apoptosis.21,23 Increased oxidative
stress and disruption of cellular calcium homeostasis
play central roles in the neurotoxic actions of both Tat and
amyloid b-peptide.21,35 Calcium influx24 and oxidative
stress25 appear to be important triggers for induction of
Par-4. Par-4 induction, in turn, appears to play a pivotal
role in effecting several key steps in the apoptotic cas-
cade including mitochondrial dysfunction and caspase
activation. Three major neurotoxic HIV-1 proteins have
been identified that may contribute to the neurodegen-
erative process in AIDS dementia. All three proteins
(gp120, Tat, and gp41) have been shown to promote
disruption of calcium homeostasis and oxidative stress in
neurons,1,6,7,9,10,21 and might thereby promote Par-4 in-
duction and neuronal apoptosis. Taken together with the
strong association between Par-4 expression and neuro-
nal degeneration in both Alzheimer’s disease and HIV-1
encephalitis, the data suggest that Par-4 serves as a
convergence point in the neurodegenerative process ini-
tiated by diverse environmental factors and genetic ab-
errancies. Thus, Par-4 appears to be a general (as op-
posed to a disease-specific) mediator of neuronal
apoptosis.

HIV encephalitis is rapidly becoming a major problem
in our society due to the increasing life expectancy of
symptomatic HIV-1-infected patients. As with other forms
of dementia, including Alzheimer’s disease, neuronal de-
generation and death are responsible for cognitive defi-
cits in AIDS dementia. Therapeutic approaches aimed at
protecting neurons against the neurotoxic actions of HIV-
1-derived proteins may therefore prove effective in pre-
venting or attenuating AIDS dementia. Based largely on
studies of the mechanisms whereby HIV-1-derived pro-
teins such as Tat and gp120 kill neurons, several classes
of therapeutic agents are being developed including glu-
tamate receptor antagonists, calcium channel blockers,

and antioxidants.1 Our data indicate that suppression of
Par-4 production can protect cultured hippocampal neu-
rons against Tat-induced apoptosis, suggesting that
Par-4 is a potential therapeutic target in patients infected
with HIV-1. A better understanding of the mechanisms that
induce Par-4 production and the steps in the apoptotic
cascade engaged by Par-4 may reveal new strategies for
the prevention and treatment of HIV encephalitis.
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