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ABSTRACT

Background: Studies of human immunodeficiency vi-
rus type 1 (HIV-1) associated dementia have shown neu-
ronal loss in discrete areas. The presence and mechanism
of neuronal death, however, has remained quite elusive.
One mechanism of cell death, apoptosis, has been clearly
demonstrated outside the central nervous system (CNS)
in HIV-1 infection but has not been firmly established
within the CNS. Therefore, we set out to ascertain
whether neuronal cell loss in simian immunodeficiency
virus (SIV) encephalitis, an animal model of HIV-1-as-
sociated dementia, is a result of apoptosis.

Materials and Methods: With the aid of an in situ
technique for identifying the 3'-OH ends of newly frag-
mented DNA characteristic of apoptosis, in conjunction
with specific detected morphological criteria via light
microscopy, we have examined encephalitic and nonen-
cephalitic brains of macaques infected with a neuroviru-
lent, neuroendotheliotropic strain of SIV to see if virus is

spatially associated with apoptosis of neurons and non-
neuronal cell types.

Results: We demonstrate the presence of DNA damage,
indicative of apoptosis, in neurons, endothelial cells, and
glial cells of the CNS of SIV-infected macaques. Further-
more, we observe an association between the localiza-
tion of cells with significant DNA fragmentation and
perivascular inflammatory cell infiltrates containing SIV-
infected macrophages and multinucleated giant cells.
Quantitative analysis reveals significantly more cells with
DNA fragmentation in the CNS of macaques infected
with neurovirulent, neuroendotheliotropic SIV strains as
compared with strictly lymphocyte-tropic SIV strains and
SIV negative controls.

Conclusions: Our findings of apoptosis in SIV-infected
CNS may potentially lead to a better understanding of
the AIDS dementia complex, ultimately providing a basis
for better treatments.

INTRODUCTION

Fifteen to twenty percent of adults with acquired
immunodeficiency syndrome (AIDS) disease due
to human immunodeficiency virus type 1
(HIV-1) infection develop progressive dementia
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(1,2). AIDS dementia occurs without the direct
infection of neurons or astrocytes by HIV-1. At-
tempts have been made to correlate structural
changes seen by routine neuropathology, such as
white matter pallor, breakdown of the blood-
brain barrier (BBB), microglial nodules, and
multinucleated giant cells, with AIDS dementia.
However, these pathologic studies do not provide
a satisfying explanation for the clinical observa-
tions (2-6).
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TABLE 1. Mean age, postmortem delay, and clinical outcome of SIV, 239 infection

Age Postmortem CNS Virus Health
Macaques n (years) Delay (hr) Isolation Status
SIV-positive, neurovirulent 3 4 1.5 Yes Low CD4 cts, pneumonia,
encephalitis
SIV-positive, non- 3 4 1.5 No Low CD4 cts, pneumonia,
neurovirulent no encephalitis
SIV-negative control 3 4 1.5 No Healthy

The HIV-1 virus frequently enters the central
nervous system (CNS) and primarily infects and
undergoes active replication in mononuclear
phagocytes, microglia, and multinucleated giant
cells (7,8). Even though HIV-1 does not directly
infect neurons, there is neuronal loss in the cor-
tex and retina in AIDS dementia. Thus, neuronal
cell injury and death probably occurs through
indirect mechanisms from the release of toxic
substances from adjacent HIV-infected cells (9).
The HIV-1 coat protein gp120, which is shed by
the virus, could contribute to cell death through
indirect activation of the n-methyl-p-aspartate
(NMDA) glutamate receptor or voltage-depen-
dent calcium channels (10). Previous in vitro
studies have suggested that prolonged NMDA
receptor activation may lead to neuronal apopto-
tic cell death (11). Neuronally derived nitric ox-
ide (NO) may contribute to gp120-induced cell
death, since inhibitors of NO synthase (NOS)
prevent neurotoxicity (12). The HIV-1 coat pro-
teins gpl60, gp120, and gp41 stimulate cultures
of astrocytes and microglia to produce tumor
necrosis factor a (TNFa), interleukin 18 (IL-1B),
and immunologic NOS (iNOS) (12-15). Acti-
vated macrophages and microglia also secrete
eicosanoids, oxygen free radicals, and platelet
activating factor (PAF), which may further con-
tribute to neuronal and astrocytic injury. Inter-
estingly, TNFa, PAF, and iNOS are uniquely el-
evated in the brain or cerebral spinal fluid of
patients with AIDS who have neurologic deficits
including dementia (Refs. 16 and 17, and B.
Wildemann, submitted). Thus, these pro-inflam-
matory cytokines probably initiate processes that
ultimately lead to the clinical manifestations of
AIDS dementia.

Despite the likelihood that pro-inflammatory
cytokines initiate neuronal and astrocytic injury
in AIDS dementia, the underlying molecular
mechanisms of cell death have yet to be clarified.

Using postmortem CNS tissue, recent studies
have provided evidence to suggest the existence
of DNA fragmentation in adult (18,19) and pe-
diatric (20) cases with HIV-1 encephalitis. These
studies may be confounded by significantly pro-
longed postmortem intervals (PMI) with artifac-
tual DNA fragmentation (D. C. Adamson, T. M.
Dawson, V. L. Dawson, unpublished observa-
tions). We utilize an AIDS dementia complex
(ADC) animal model in which we maintained
PMI below the critical threshold for artifactual
DNA fragmentation. We show striking amounts
of apoptosis, as indicated by terminal transferase
dUTP nicked end labeling (TUNEL) of DNA frag-
ments in neurons, astrocytes, microglia, oligo-
dendrocytes, and endothelial cells in an animal
model of ADC, the neurovirulent, neuroendo-
theliotropic simian immunodeficiency virus
(SIV)—infected rhesus macaques, and we suggest
that similar processes may occur in AIDS demen-
tia. Moreover, TUNEL-positive cells appear to be
a reliable marker for assessment of neuropatho-
logic changes that accompany SIV and perhaps
HIV-1 infection.

MATERIALS AND METHODS

SIV Strains, Macaques, and
Tissue Procurement

Nine SIV-seronegative juvenile rhesus macaques
obtained from the Johns Hopkins University
breeding colony were used for these studies. The
monkeys were sedated with ketamine followed
by halothane anesthesia. Six monkeys received
an intracerebral inoculation (100 wl into each
cerebral hemisphere) of a macrophage-tropic
strain of SIV, SIV/17E-Br, which had been iso-
lated from the brain of a macaque with severe
encephalitis (21,22) (see Table 1 for description
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of macaques). The animals were euthanized by
exsanguination after the development of clinical
signs of immunosuppression and/or neurological
disease (4-12 months after inoculation). CNS
tissue was harvested using sterile technique and
biohazard precautions, fixed in 10% formalin,
and processed for histology. CNS tissue was har-
vested from three uninfected juvenile macaques
and used as virus-negative controls.

In Situ Terminal Transferase dUTP Nicked
End Labeling Analysis

Whole brains from SIV-infected and uninfected
control macaques were embedded in agarose and
then cut into 0.5-cm transverse sections with a
deli-slicer and fixed in 10% buffered formalde-
hyde for 48 hr. After removing agarose, the tis-
sue was dehydrated through a graded series of
alcohols and embedded in paraffin. Four- to ten-
micron-thick microtome sections were cut and
mounted on alum- and gelatin-coated slides. Af-
ter having been deparaffinized by heating at
60°C for 30 min and washing twice in xylene for
a total of 10 min, sections were rehydrated
through a graded series of ethanol and double
distilled water (ddH,O).

The TUNEL technique was carried out as
previously described by Gavrieli et al. (23) with
some modifications. After a 5-min wash with 10
mM Tris-HCI (pH 8), sections were digested with
proteinase K (40 pg/ml) in 10 mM Tris-HCI (pH
8) for 15 min at room temperature (RT) and
washed (4 X 2 min) in ddH,0. Sections were
then preincubated for 15 min at RT in terminal
deoxynucleotidylexotransferase (TdT) buffer (30
mM Tris-HCl, pH 7.2/140 mM sodium cacody-
late/1 mM cobalt chloride), and incubated for 90
min at 37°C with 100 ul of TdT buffer with 0.5 ul
TdT/ul and 40 ul digoxigenin 11-dUTP in a moist
chamber. Preliminary experiments comparing
the use of biotin-conjugated dUTP to digoxige-
nin-conjugated dUTP in the TUNEL method
showed the later to be the superior reagent (data
not shown). After a 10-min ddH,0 wash, the
reaction was stopped by transferring the sections
to 2X SSC buffer (300 mM NaCl/30 mM sodium
citrate) for 15 min at RT. The sections were then
washed in phosphate-buffered saline (PBS) for 5
min, blocked with 2% bovine serum albumin
(BSA) in PBS for 20 min at RT, and washed again
for 2 min in ddH,0. Endogenous peroxidases
were inactivated by incubating the sections for 5
min in 3% H,0, at RT and then washed in PBS

(2 X 10 min). The sections were screened with
biotin conjugated anti-digoxin antibody (1:10000
in PBS supplemented with 0.1% bovine serum
albumin (BSA) and 0.1% Triton X-100 [Sigma
Immuno Chemicals, St. Louis, MO, U.S.A.])
12-16 hr at 4°C. After being washed twice with
PBS for a total of 10 min, the sections were
incubated for 30 min at 37°C in Vectastain extra-
avidin peroxidase standard solution (Vector Lab-
oratories, Burlingame, CA, U.S.A.). Following
three 5-min washes with PBS, the sections were
incubated in 0.1% biotinyl tyramide (NEN Re-
search Products, Boston, MA, U.S.A.) in PBS for
20 min at RT. Biotinyl tyramide precipitates ad-
ditional biotin-conjugated molecules onto the
original biotinylated antibody. The sections were
rinsed in PBS (3 X 10 min) and this was followed
by incubating in the extra-avidin peroxidase
standard solution for 30 min at 37°C. The sec-
tions were then washed in PBS (3 X 10 min),
stained 10-15 min at RT with Vector Laborato-
ries VIP as a substrate. After the developing re-
action was stopped with water, the sections were
counterstained with nuclear fast red (NFR) for 2
min, dehydrated through a series of graded eth-
anol, washed in xylene for 10 min, and finally
coverslipped in DPX Mountant (Fluka, Buchs,
Switzerland). Positive controls were incubated
with DNase I (1 pug/ml) in TdT buffer for 10 min
at RT before the incubation in biotinylated nu-
cleotides. Negative controls were performed by
omitting the TdT. DNase, TdT, and digoxigenin
11-dUTP were purchased from Boehringer Mann-
heim (Indianapolis, IN, U.S.A.).

Immunohistochemistry

Differential immunohistochemistry was used to
identify specific cell types. Briefly, sections (7- to
10-pm thick) from infected and uninfected ma-
caques were labeled with the TUNEL method. To
rid the TUNEL-labeled sections of remaining per-
oxidases, sections were thoroughly washed with
PBS and treated with 3% H,0, before immuno-
labeling. The sections were then washed in
ddH,0 and PBS (pH 7.4) for 5 min each. Sections
were blocked with 2% normal goat serum in PBS
for 20 min at RT in a humidity chamber. Various
primary antibodies were applied for 12-16 hr at
4°C. One set of experiments used monoclonal
antibody KK41 (a gift from Dr. Karen Kent) as
the primary antibody (1:10 diluted in PBS) to
identify SIV transmembrane glycoprotein. An-
other series of experiments used lectin histo-
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chemistry with RCA-1 antibody (1:200 diluted in
PBS) to identify macrophages, microglia, and en-
dothelial cells. Glial fibrillary acidic protein and
factor VIII antibodies (1:200 diluted in PBS) were
used to label astrocytes and endothelial cells,
respectively. After two 10-min washes with PBS,
sections were incubated in biotinylated goat an-
tibody (1:200 diluted in PBS) for 30 min at RT in
humidity chambers, and then washed again with
PBS (2 X 10 min). The sections were then incu-
bated with 2% H,0, in absolute methanol for 30
min at RT to inactivate endogenous peroxidases.
The sections were then dipped in PBS followed
by PBS X 20 min. The sections were subse-
quently incubated in extra-avidin peroxidase
standard solution for 30 min at 37°C, rinsed with
PBS (2 X 5 min) and stained 5-10 min with DAB
as a substrate. Sections were counterstained with
NFR, dehydrated, and mounted. Staining re-
peated without the primary antibodies revealed
no background nonspecific staining (data not
shown). Immunolabeling before TUNEL analysis
gave similar results (data not shown), further
supporting the specificity of the procedures.

Quantitation of Cell Numbers

TUNEL-positive cells were quantified using the
IPLab Spectrum analysis software by Signal Ana-
lytics Corporation. Three representative low-
power fields encompassing approximately 80%
of the entire section from three stained sections
from each control and experimental animal were
scanned with a Sony color video camera and
subsequently analyzed on a Macintosh PowerPC
8100/80AV computer. Using a micron?/pixel ra-
tio of 14.0625 for the IPLab software, data ob-
tained in pixels was converted to um? of label per
cm? of tissue scanned, entered onto an Excel
spreadsheet, and analyzed by the statistical pack-
ages StatView and SuperAnova. Only labeled ob-
jects with an area between 28.27 and 113.10
pum? were considered, corresponding to cells
with labeled nuclei of 6- to 12-um diameters.
Rare objects were labeled outside of these di-
mensions. For all quantitative data, significant
overall F values were obtained by using a one-
way, between-groups analysis of variance. Spe-
cific comparisons on all possible pairwise combi-
nations were made with Student’s ¢ test for
independent means. Significance was deter-
mined at p < 0.05.

RESULTS

Pathologic Characteristics of SIV-Infected
Rhesus Macaques

Microscopic examination of tissues from the six
inoculated macaques demonstrate that three an-
imals have typical SIV encephalitis, with glial
nodules, perivascular cuffing with macrophages
and multinucleated giant cells, and diffuse hy-
percellularity of the parenchyma. Immunohisto-
chemistry staining using antibody KK41, and in
situ hybridization for viral RNA are highly posi-
tive, indicating an abundance of viral gene prod-
ucts in the CNS. Cocultivation of brain homoge-
nates with susceptible CEMx174 cells results in
the formation of syncytia, confirming the pres-
ence of virus in the CNS of these three animals.

The other three macaques do not have any
lesions in the CNS. Immunohistochemistry stain-
ing and in situ hybridization on CNS tissues, and
coculture of brain homogenates with CEMx174
cells are all negative, indicating that neither virus
nor virus gene products are present in the CNS of
these animals (21).

TUNEL in Neurovirulent,
Neuroendotheliotropic SIV-Infected
Monkeys

In uninfected control monkeys TUNEL is rarely
identified in neurons and in oligodendrocytes
(Fig. 1A). The SIV-infected monkeys without
CNS lesions exhibit occasional TUNEL positive
neurons and astrocytes (Fig. 1B). In marked con-
trast, there is a striking number of TUNEL-posi-
tive cells in SIV-infected monkeys with SIV en-
cephalitis in all areas of the brain including gray
matter and white matter throughout the cortex
and subcortical structures (Fig. 1C). To ensure
the specificity of the labeling procedure, control
experiments performed on adjacent sections
demonstrate that TUNEL is always present fol-
lowing DNA fragmentation due to the exoge-
nous application of DNAse-1 enzyme. In addi-
tion, the elimination of terminal transferase from
the labeling procedures results in no TUNEL-
positive cells (data not shown).

Quantitation of TUNEL in
SIV-Infected Monkeys

We quantitated the number of TUNEL-positive
cells using a computer-assisted cell-counting de-
vice. There is a striking number of TUNEL-
positive cells in the SIV-infected monkeys with
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FIG. 1. Neurovirulent SIV produces a marked

increase in the number of TUNEL positive cells
in the macaque CNS

Low-power view of sagittal brain sections show rare
TUNEL-positive cells in the healthy macaque CNS
(A), a moderate increase in the number of TUNEL-
positive cells in the non-neurovirulent SIV-infected
macaque CNS (B), and a marked increase in the
number of TUNEL-positive cells in the neurovirulent
SIV-infected macaque CNS (C). TUNEL label appears
scattered throughout cortical and subcortical areas in
a random fashion. Scale bars = 100 um.

encephalitis compared with controls and SIV-
infected monkeys without encephalitis (Fig. 2).
Analysis of the individual 4.3-mm? images
counted on each section reveal a preponderance

of cells with nuclei approximately 6-9 um in
diameter, occasional cells with 10- to 12-um nu-
clei diameters and rare cells with larger dimen-
sions. These values show that in all three groups
the vast majority of CNS cells identified by
TUNEL are those with the smallest nuclear size,
which probably represent oligodendrocytes and
microglia (data not shown).

To determine whether we may have overes-
timated the number of apoptotic cells due to the
postmortem interval, we performed TUNEL anal-
ysis on serial sagittal sections of normal male rat
brains at postmortem intervals ranging from 0 to
24 hr. Our analysis indicates that TUNEL is
present only after 12 hr and, continues to in-
crease up to 24 hr postmortem interval (data not
shown). All macaque CNS tissue is fixed within
1.5 hr; thus a very small number of apoptotic
cells would be present strictly due to terminal
events.

Neurons, Glia, and Endothelial Cells
Are TUNEL Positive

The neurovirulent, neuroendotheliotropic SIV-
infected monkeys show neuropathological
changes that are similar to those observed in
humans with HIV encephalitis, including
multinucleated giant cells and microglial nod-
ules. Microglial nodules consistently show ex-
tensive TUNEL throughout the nodule (Fig. 3A).
In addition, there is associated TUNEL of neurons
and glia around the periphery of most microglial
nodules. We also observe an extensive amount
of TUNEL around blood vessels of all sizes
(Fig. 3B). TUNEL occurs in hypercellular areas of
perivascular cuffing suggestive of dying resident
perivascular macrophages or of blood-borne
macrophages invading the brain parenchyma.
Endothelial cells are frequently TUNEL positive,
and this finding suggests that the blood-brain
barrier may be compromised (24). Multinucle-
ated giant cells are frequently TUNEL positive
(Fig. 3 C and D). We frequently observe TUNEL-
positive cells around the periphery of multinu-
cleated giant cells (Fig. 3 C and D).

Astrocytes labeled with glial fibrillary acidic
protein (GFAP) antibody are frequently TUNEL
positive in monkeys infected with the neuroviru-
lent, neuroendotheliotropic SIV strain (Fig. 4A).
Rare cells displaying apoptotic bodies are occa-
sionally observed (Fig. 4B). Based on morpho-
logical criteria, the most abundant cell type ex-
hibiting TUNEL appears to be oligodendrocytes
(data not shown). Although an adequate bio-
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FIG. 2. Neurovirulent SIV infection results in a significant quantitative increase in TUNEL-positive

cells in the macaque CNS

Data from three images per section were analyzed on three different sections from each of three macaques in each
experimental group and averaged to yield the final results. The three images (each 4.3 mm?) analyzed represented
more than 80% of the total area per section. Data are reported as mean number of TUNEL-positive objects per
cm? + SEM (n = 3). Significant overall values were obtained using a one-way analysis of variance (ANOVA) be-
tween groups. Significance was determined by the Student'’s ¢ test for independent means; *» < 0.002.

chemical marker for oligodendrocytes in simian
CNS is not available, their peri-neuronal loca-
tion, abundance in white matter, and lack of
staining with antibodies to astrocytic, neuronal,
and microglial antigens make their identification
possible. Endothelial cells are frequently TUNEL
positive and were easily identified based on lo-
cation and structure (Fig. 4C). These cells have
flattened nuclei lining the lumen of both large
vessels and capillaries. Double labeling with fac-
tor VIII-related antigen confirms this observation
(Fig. 4D). Occasional microglia or macrophages
are also TUNEL positive as indicated by colocal-
ization of TUNEL with RCA-1 (Fig. 4E). Several
neurons are TUNEL positive, and they tend to
occur in isolation often adjacent to multinucle-
ated giant cells and/or microglial nodules.

SIV Antigen Colocalizes with
TUNEL-Positive Cells in the CNS

To ascertain the possible role of SIV infection in
DNA fragmentation, several sections from each

experimental group were labeled by TUNEL and
then screened with a monoclonal antibody to
SIV gp41 (25). The antibody produces a charac-
teristic predominantly cytoplasmic staining pat-
tern of SIV-infected cells. Double-labeled cells
are invariably seen in clusters, particularly amid
inflammatory foci, perivascular cuffing, and
multinucleated giant cells (Fig. 5). In virtually all
cases where TUNEL is observed, TUNEL-positive
cells are also SIV positive or are located in ex-
tremely close proximity to SIV positive cells
(Fig. 5).

DISCUSSION

In the present study, we demonstrate that
TUNEL-positive cells are strikingly prevalent in
the central nervous system of monkeys infected
with a neurovirulent, neuroendotheliotropic
strain of SIV. In contrast to previous reports,
which did not attempt to correlate the presence
of apoptotic CNS cells with dementia (19,26),
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FIG. 3. TUNEL-positive cells are seen in pathological hallmarks of SIV infection of the CNS

High-power view of macaque CNS infected with neurovirulent SIV shows TUNEL-positive cells amidst microglial
nodules (A). Note that occasional cells with morphological appearance of neurons are TUNEL positive (arrow).
Blood vessels are frequently TUNEL positive, usually in association with perivascular cuffing (B). Multinucleated
giant cells are usually TUNEL positive (D, closed arrow) or are found closely associated with other TUNEL-positive

cells (C and D, open arrows). Scale bars = 100 pum.

our results demonstrate a strong correlation be-
tween neuronal loss due to apoptosis and de-
mentia. TUNEL is present in a variety of cells,
including neurons, oligodendrocytes, microglia,
astrocytes, and endothelial cells. When SIV anti-
gen is present, we always observe TUNEL colo-
calized or in close proximity. The presence of SIV
antigen with TUNEL suggests a role for SIV in
initiating or mediating DNA fragmentation.
TUNEL is also frequently observed in or around
inflammatory foci, perivascular cuffing, multinu-
cleated giant cells, and microglial nodules.

The SIV infection in rhesus macaques is
probably the most valuable animal model to
study AIDS (27,28). SIV infection produces sim-
ilar pathologic and clinical changes as seen in
HIV-1 encephalitis (27). Like HIV, SIV is a mem-
ber of the lentivirus subfamily of retroviruses
and causes persistent infection after infecting
CD4" lymphocytes and cells of the macrophage

lineage. As in HIV-1 infection, there is a deple-
tion of this subset of T cells and marked immu-
nosuppression occurs, leading to opportunistic
infections and oncogenic syndromes. AIDS-like
disease in rhesus macaques can be induced with
viruses that are strictly lymphocyte-trophic;
however, observations in both HIV-1 and SIV
infections indicate that viruses with a tropism for
macrophages appear to cause CNS pathology
(27,29). HIV-1 and SIV have a similar overall
genomic organization, with minor differences in
the location of auxillary genes. Differences in
epitopes of gp41 and gp120 of these viruses are
thought to underlie the alterations in viral tro-
pism and cytopathicity. Monkeys infected with
the neurovirulent, neuroendotheliotropic SIV
strain exhibit behavioral and motor disturbances
reminiscent of patients with AIDS dementia
(30), and thus have become a useful animal
model for ADC. This SIV model of HIV dementia
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FIG. 4. Astrocytes, endothelial cells, microglia, and neurons are TUNEL positive in the SIV-infected

macaque CNS

GFAP immunostaining demonstrates TUNEL-positive astrocytes (A, closed arrow). TUNEL-positive cells that are
GFAP negative indicate the specificity of the double-labeling procedure (A and B, open arrows). Apoptotic bodies
also appear TUNEL positive (B, closed arrow). Cells with distinct morphological characteristics of endothelial cells
of the CNS vasculature (C) and neurons (F) demonstrate TUNEL reactivity. Factor VIII immunostaining demon-
strates TUNEL-positive (D, closed arrow) and TUNEL-negative (D, open arrow) endothelial cells. RCA-1 immuno-
staining demonstrates TUNEL-positive cells of the microglia/macrophage lineage (E). Scale bars = 40 um.

has the inherent advantage of optimization of
tissue procurement and preparation, variables
which are inherently difficult to optimize in hu-
man postmortem studies. Indeed, our TUNEL
analysis in human postmortem brain tissue from
patients dying with AIDS dementia was compli-
cated by false positive labeling due to postmor-
tem intervals of greater than 12 hr (data not
shown).

The main finding of our study is that DNA
fragmentation as indicated by TUNEL and mor-
phometry occurs in the CNS of neurovirulent,
neuroendotheliotropic SIV-infected monkeys.
Thus, DNA fragmentation is a reliable marker of

CNS cellular injury in SIV infection and probably
plays an important role in the clinical manifes-
tations of SIV and HIV-1 infection. DNA frag-
mentation occurs in all forms of cell death and
can be identified by TUNEL. However, the
TUNEL we observe in cells with apoptotic bodies,
condensed nuclei as well as the absence of in-
flammatory cells around a number of TUNEL-
positive cells and the frequent occurrence of
TUNEL-positive cells in isolation suggests that we
are observing apoptotic mechanisms. We cannot
exclude the possibility that necrosis is accounting
for some of the TUNEL we observe. The path-
ways to activation of apoptosis probably vary in
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FIG. 5. TUNEL positive cells are usually SIV-infected or in close proximity to SIV-infected cells

High-power view of neurovirulent SIV-infected macaque CNS show colocalization of TUNEL label and SIV antigen
(A-D, closed arrows) or close proximity of TUNEL labelled cells with SIV positive cells (B and D, open arrows).
TUNEL-labeled nuclei appear black, and SIV immunostaining appears light brown. TUNEL- and SIV-positive cells
are often seen in areas of hypercellularity (B). SIV antigen is occasionally detected in the absence of TUNEL indi-
cating the specificity of the double-labeling method. Scale bars are 20 um (A and B) and 50 um (C and D).

different cell types, but the mechanism of death
itself may occur via a final common pathway
resulting in the morphological changes observed
here. The signal for apoptosis may come from the
environment or from within the cell itself.
mRNA for TNFa and iNOS are markedly elevated
in patients with HIV dementia. Both TNFa and
NO can initiate apoptotic cell death in a variety of
cell types (31-34). Thus, both TNFa and NO
could serve as the initiators of the apoptosis.
Simian homologs of these factors could have
similar effects in SIV infection. Viral peptides,
such as gp120, can initiate apoptotic cell death as
seen by TUNEL in cortical cultures (35,36).

The finding of numerous endothelial cells
positive for TUNEL is of particular interest. Injury

of these cells may have been induced by external

factors such as cytokines, or may have been a
direct result of virus infection since neuroviru-

lent, neuroendotheliotropic strains of SIV repli-
cate in CNS endothelial cells both in vivo and in
vitro (24). The exact role of neuroendothelial
cells in the neuropathogenesis of SIV-induced
encephalitis or HIV-1 dementia is presently not
known. Given the critical function of these cells
in maintaining the BBB, in addition to permit-
ting additional virus and/or virus-infected cells to
enter the CNS, endothelial cell apoptosis would
be expected to reduce the integrity of the BBB.
Consistent with this notion is the compromise of
BBB integrity in SIV encephalitis as indicated by
loss of glucose transporter-1 staining (M. C. Zink
and J. E. Clements, preliminary observations).
Apoptotic endothelial cells have also been ob-
served in the CNS of patients with HIV-1 enceph-
alitis (D. Gabuzda, personal communication),
and thus apoptotic endothelial cells may contrib-
ute to the clinical signs of AIDS dementia.
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Because SIV has never convincingly been
shown to infect neurons, astrocytes, or oligoden-
drocytes, the finding of DNA fragmentation in
these cells in SIV-infected animals with enceph-
alitis but not infected animals without encepha-
litis suggests that soluble factors that induce or
contribute to cell death are produced by cells
during the inflammatory process. Apoptotic cells
tended to be seen near glial foci and perivascular
cuffs, sites with abundant macrophages and
other inflammatory cells. In particular, the find-
ing of potentially apoptotic neurons is consistent
with the neuronal loss which is a key feature of
advanced HIV dementia.

What do these findings imply for the patho-
physiology of AIDS? Recent studies support the
role of apoptosis in CD4 cell depletion in HIV-1
infection (37). Since the genomic structure of
SIV closely resembles HIV-1, and SIV-infected
monkeys have similar pathological and clinical
changes including neuropathology, it is conceiv-
able that DNA fragmentation is occurring in the
central nervous system of patients with HIV de-

HIV infected
Macrophages/Microglia

DNA
FRAGMENTS

gp 160 expression

gp41 expressed

Shed ep 120 on surface membrane

\

STIMULATES * iNOS
Astrocytes * TNF-alpha
Microglia —

Macrophages * IL-1beta

FIG. 6. Role of immunologic NOS (iNOS) in
CNS apoptosis of AIDS dementia

The principal cells of the CNS infected by HIV-1 are
those of the macrophage/microglia lineage. Infected
cells produce viral proteins including gp160 which
eventually get cleaved into gp120 and gp41 frag-
ments. gp41 remains membrane bound, whereas
gp120 is presumably released into the extracellular
milieu. These viral proteins stimulate astrocytes, mi-
croglia, and macrophages to secrete cytokines in-
cluding TNFa and IL-1. In addition to viral pro-
teins, these cytokines induce the expression of iNOS
in these cells, which results in the liberation of nitric
oxide (NO). In excessive amounts, NO becomes neu-
rotoxic, inducing cell death pathways including apop-
tosis.

mentia. The severity of HIV dementia and the
neuropathologic changes observed in SIV infec-
tion correlate with the viral load and number of
macrophages in the nervous system (38). These
macrophages are presenting SIV or HIV coat pro-
teins gp160, gp120, and gp41 to adjacent micro-
glia and astrocytes, which subsequently induces
the expression of TNFe, IL-18 and iNOS. The
liberation of TNFa and NO sets in motion both
necrotic and apoptotic mechanisms which can
fragment DNA (Fig. 6). Apoptosis has been rec-
ognized as a common host defense mechanism
against viral infection (39). Strategies aimed at
inhibiting apoptotic mechanisms in AIDS may be
of therapeutic value in the treatment of AIDS
dementia.
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