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ABSTRACT

Background: Human immunodeficiency virus type 1
(HIV-1) infection of the central nervous system (CNS)
can lead to severe impairments in cognition, behavior,
and motor skills. The mechanism(s) by which HIV-1
induces CNS disease are not well understood. Recent
evidence suggests that expression of inducible nitric ox-
ide synthase (iNOS) and nitric oxide (NO) may contrib-
ute to HIV-1-induced neurologic disease. We sought to
determine if these factors were present in the CNS of
rhesus monkeys with simian immunodeficiency virus
(SIV)-induced CNS disease.
Materials and Methods: Total NO production in cere-
bral spinal fluid (CSF) from infected monkeys was de-
termined by measuring nitrite (NO2- ) and nitrate
(NO3-) (stable NO degradation products) utilizing Greiss
reagents. In situ hybridization revealed iNOS, interfer-
on-y (IFNy), and interleukin 113 (IL-113) mRNA in the

brains of SIV-infected monkeys. Microglia were isolated
from animals infected with SIV. Following stimulation
with LPS, induction of iNOS mRNA in isolated microglia
was analyzed by reverse transcriptase-polymerase chain
reaction.
Results: Serial CSF samples from an SIV-infected mon-
key reveal increased levels of NO2-/NO3-. In situ hy-
bridization demonstrated iNOS, IFNy, and IL-13 mRNAs
in post-mortem brain tissue of SIV-infected monkeys.
Furthermore, stimulated microglia from an SIV-infected
monkey could produce iNOS niRNA.
Conclusions: The presence of iNOS in the brain and
NO2J/NO3 in the CSF indicates that NO is produced in
the CNS of SIV-infected monkeys. The data suggest that
iNOS and NO may be contributing to SIV-induced CNS
disease.

INTRODUCTION
Infection with human immunodeficiency virus
type 1 (HIV- 1) often leads to neurological disease
(1-3). Disease can occur in the absence of oppor-
tunistic infection, suggesting that the virus itself
and/or host response is the causative agent
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(1-3). Clinical manifestations of HIV infection of
the central nervous system (CNS) include deficits
in cognition, behavior, and movement which
collectively are referred to as the HIV-associated
cognitive/motor complex; approximately 20-30%
of acquired immunodeficiency syndrome (AIDS)
patients develop a severe form of cognitive dis-
order which is also known as the AIDS dementia
complex (ADC) (1-3). Although HIV encephali-
tis is frequently associated with ADC, there is no
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clear correlation between the development of
ADC or any other neurological impairment and
the severity of neuropathology (1-3). Moreover,
while viral infection of the brain occurs, there is
no clear link between viral load in the brain and
neuropathology (1-3). Thus, the etiology of HIV-
associated CNS disease remains a complex issue
about which very little is understood. The devel-
opment of a relevant animal model is imperative
in order to better understand the pathobiology of
HIV-induced CNS disease.

Simian immunodeficiency virus (SIV) is a

nonhuman primate lentivirus that is genetically
and biologically similar to HIV (for review, see

Ref. 4). Both HIV and SIV display a tropism for
CD4+ lymphocytes and cells of the monocyte/
macrophage lineage (4). Experimental infection
of SIV into rhesus monkeys results in an ac-

quired immunodeficiency syndrome that closely
parallels AIDS in HIV-1-infected humans (5).
Lymphadenopathy, opportunistic infections, and
a wasting disease are common clinical character-
istics of SIV-infected rhesus monkeys and HIV-
1-infected humans (4,5). Furthermore, monkeys
infected with SIV can develop CNS disease sim-
ilar to HIV- 1-associated neurologic disease in hu-
mans (6,7). Currently, the SIV/rhesus monkey
model represents one of the best animal models
available in which to study CNS disease in HIV-
1-infected humans (4,8).

We are interested in defining factors that
contribute to CNS disease in monkeys experi-
mentally infected with SIV. Within the brain,
HIV and SIV predominantly infect macrophage
and microglia (9-13). Recent studies indicate
that virally infected cells release a variety of fac-
tors including viral products such as gpl20
(14,15), and host factors such as cytokines (16-
18), arachidonic acid metabolites (16), and
quinolinic acid (19,20) that could contribute to
CNS disease. Another factor that is a potent neu-

rotoxin is nitric oxide (NO), a short-lived radical
generated through the action of nitric oxide syn-

thase (NOS) which converts L-arginine to L-cit-
rulline (15,21-23). In vivo and in vitro, NO de-
composes to the stable products nitrite (NO2-)
and nitrate (NO3-) (21). Due to the short half-
life of NO (on the order of seconds), NO2- and
N03- are often measured as an index for total
NO production (21). Three isoforms of NOS have
been identified in humans. Both neuronal con-

stitutive NOS (ncNOS type I) and endothelial
constitutive NOS (ecNOS type III) require cal-
cium and calmodulin for activity (22). These en-

zymes consitutively produce low levels of NO

that regulate everyday processes such as blood
pressure, peristalsis, and neurotransmission (22).

The inducible form of NOS (iNOS type II)
does not require calcium for activity (22). A va-
riety of human cell types such as monocyte/
macrophage, astrocytes, and hepatocytes express
iNOS. Transcription for this gene can be experi-
mentally initiated following treatment with lipo-
polysaccharide (LPS) and cytokines such as in-
terferon-y (IFNy), tumor necrosis factor a
(TNFa), and interleukin 1(3 (IL-113). iNOS activ-
ity produces high levels of NO thought to be
important for host defense against tumor cells
and wide variety of infectious agents including
bacteria, fungi, and viruses (24). Conversely,
high levels of NO can result in cell death and
tissue destruction (22,24). Potential sites of ac-
tion of NO on target cells include inhibition of
enzymes containing Fe-S groups (25), disruption
of signal transduction (22), and induction of ap-
optosis (26). One other potential toxic property
of NO is its ability to react with superoxide anion
(02-) to form peroxynitrite, which is directly
cytotoxic to cells by causing lipid peroxidation
and protein tyrosine nitration (27,28).

Recently, attention has been drawn to the
role of iNOS and NO as contributing factors in a
variety of human CNS diseases, including HIV-
1-associated neurologic disease (29-31). In this
study, we demonstrate that increased levels of
NO2 /N03 are present in the cerebrospinal
fluid (CSF) of SIV-infected animals. Further-
more, we have shown that iNOS mRNA, as well
as mRNA for the cytokines IFNy and IL- IO, are
expressed in the brains of SIV-infected monkeys.
In addition, we report that microglia, target cells
for SIV infection of the brain, can express iNOS
mRNA when stimulated with LPS. The presence
of these potentially neurotoxic products in the
brains of SIV-infected monkeys may provide
new insights into mechanisms by which SIV-
induced CNS disease occurs.

MATERIALS AND METHODS
Virus
Rhesus peripheral blood mononuclear cells
(PBMC)-amplified SIVmac25 1 stock virus, orig-
inally provided by R. Desrosier, New England
Primate Research Center, Harvard University,
and a previously described microglial-associated
SIV stock (32) were used for experimental infec-
tion of rhesus monkeys.
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Animals
Rhesus monkeys, free of type D simian retrovi-
ruses and herpes B virus, were obtained from an
isolated colony on Key Lois Island, FL, U.S.A.
(Charles River) and housed in an appropriate
containment facility. Animals were handled only
after being sedated by an intramuscular injection
of ketamine-HCL.

Experimental Infection
of Rhesus Monkeys
Monkey 185 was infected intravenously via the
saphenous vein with the previously described
microglial-associated SIV stock of virus (32),
while monkey 262 was infected with a separate
microglial-associated SIV stock. Monkey 188 was
infected intravenously with the uncloned SIV-
mac251 stock of virus. All animals were moni-
tored for the development of AIDS-associated
illness at which time they were sacrificed. His-
topathological examination of the brains of mon-
keys 185 and 188 revealed neuropathology char-
acteristic of SIV encephalitis, whereas monkey
262 had scattered macrophages and T cells in the
brain. SIV sequences could be polymerase chain
reaction-amplified from DNA prepared from mi-
croglia purified from these animals.

Cell Culture
Monkeys were euthanized by lethal anesthesia,
followed by intracardial perfusion with sterile
phosphate-buffered saline (PBS). Microglia were
obtained according to previously described
methods (32). A total of five million cells were
seeded into 15 X 60 mm culture dishes in a
volume of 2 ml. Cells were cultured in macro-
phage-serum free medium (M-SFM) (Gibco/
BRL, Grand Island, NY, U.S.A.) supplemented
with 10% Mac-Stim (MS) solution (Collabora-
tive Biomedical Products, Bedford, MA, U.S.A.),
which is enriched with macrophage colony-
stimulating factor and granulocyte/macrophage
colony-stimulating factor, for 5 days in a humid-
ified 37°C, 6% CO2 cell incubator. At the com-
pletion of the incubation period, the cells were
gently washed with pre-warmed (37°C) Hanks'
balanced salt solution (HBSS) to remove nonad-
herent cells. This resulted in a confluent mono-
layer of cells, of which >95% were microglia, as
determined by uptake of fluorescently labeled
acetylated low-density lipoprotein (Dil-Ac-LDL)
(Biomedical Technologies Inc., Stoughton, MA,

U.S.A.) (32). Fresh medium was added to the
monolayers every 3 days.

CSF N02-/NO3- Measurement

Serial CSF samples were collected from SIV-in-
fected monkeys (185 and 262) by tapping the
cisterna magna. Only blood-free CSF were used
for NO27/NO3- analysis by the protocol from the
Cayman Nitrite/Nirate Assay Kit (Alexis Corpo-
ration, San Diego, CA, U.S.A.). Briefly, the reac-
tion is a two-step process with the first step con-
verting N03 to NO2- using nitrate reductase
and the second step utilizing the Griess reagents
to chemically convert N02 into an azo com-
pound. Total NO2/NOf3 compounds are then
determined by spectrophotometric absorbance at
540 nm.

p27 Antigen Measurement

Plasma and CSF samples were collected from
monkeys (185 and 262) and stored at -700C
until analyzed. SIV p27 antigen was measured
using a commercial SIV p27 antigen capture en-
zyme-linked immunosorbent assay (ELISA) kit
according to manufacturers specifications (Coulter
Corporation, Hialeah, FL, U.S.A.).

Reverse Transcriptase-Polymerase Chain
Reaction Analysis
Microglia from monkey 262 were cultured with
or without LPS (100 ng/ml) for 24 hr at which
time total cellular RNA was prepared by guani-
dinium thiocyanate/phenol/chloroform extrac-
tion (33). cDNA from each cell population was
prepared with 1 ,ug of RNA as template using
Moloney murine leukemia virus reverse tran-
scriptase (Promega, Madison, WI, U.S.A.) and
random hexamer nucleotide primers (Promega)
(33). Fifty microliters total volume of cDNA was
prepared, of which 4 ,ul was polymerase chain
reaction (PCR) amplified in 50 ,ul reaction con-
taining 1.5 mM MgCl2, 0.2 mM each of the four
deoxynucleotide triphosphates, 0.5 U of Taq poly-
merase, and 0.7 ,uM each of primers specific for
human iNOS and mouse L32. The iNOS primers
correspond to nucleotides 212-232 (CTG TCC
TTG GAA ATT TCT GTT) and 699-680 (TGG
CCA GAT GTT CCT CTA TT) of the human hep-
atocyte iNOS. The mouse L32 primers were as
follows: 5'-GTG GGG CCC AAG ATC GTC AAA
AAG-3' and 5'-CAG TAC GTA AGA TT T GTT
GCA CAT-3'. RNA from rhesus monkey micro-
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glia and PMA-stimulated PBMC was used to gen-
erate cDNA in order to PCR amplify IL- 1,B and
IFN,y, respectively, by using primers based on the
human cDNA sequences. Oligonucleotide prim-
ers for IL- 1O amplification were purchased from
Clonetech Laboratories (Palo Alto, CA, U.S.A.).
Oligonucleotide primers for IFN'y amplification
were as follows: 5'-CTC GAA TTC TTA AUT CTC
TCG GAA ACG ATG-3' and 5'-GTG GGA TCC
TTG AAA CAG CAT CTG ACT CCT-3'. PCR am-
plification for all molecules was performed using
an automated DNA thermocycler (MJ Minicy-
cler) with the following profile: (Step 1) initial
denaturation at 95°C for 2 min, (Step 2) dena-
turation at 930C for 20 sec, (Step 3) annealing at
55°C for 30 sec, (Step 4) extension at 720C for 1
min 15 sec. Step 2 to Step 5 were repeated 38
times for a total of 39 cycles. A final extension at
750C for 5 min was performed. The amplified
products were analyzed on a 1.8% agarose gel
containing 0.5 gg/ml ethidium bromide and ex-
tracted using the Gene Clean II system (Bio 101,
Carlsbad, CA, U.S.A.) and cloned into the pCR-
Script SK (+) vector (Stratagene, San Diego, CA,
U.S.A.). Double-stranded plasmid clones were
sequenced by primer-directed dideoxy chain ter-
mination method with dye-labeled terminators
using the Prism Terminator Kit (Applied Biosys-
tems, Inc., Foster City, CA, U.S.A.) with DNA
Sequencer Model 373A (Applied Biosystems). To
eliminate PCR errors, the sequences of four in-
dividual clones were examined. iNOS nucleotide
and predicted amino acid sequences were ana-
lyzed using the MacVector Sequence Analysis
Program version 3.5 (Kodak Co., New Haven,
CT, U.S.A.).

Nucleotide Sequence Accession Number
The concensus sequence for the iNOS clone de-
scribed in this report has been filed with Gen-
bank under Accession No. U31907.

In Situ Hybridization
In situ hybridization of brain sections was per-
formed using fragments of the monkey cDNAs
for iNOS, IL- 113, and IFNy as a probe. Brain tissue
was fixed in 10% formaldehyde for 48 hr, then
suspended in 70% ethanol prior to processing in
paraffin blocks. Six micron-thick sections of
monkey brain were cut and floated onto Vecta-
bond (Vector Laboratories, Burlingame, CA,
U.S.A.) treated Superfrost slides (Fisher, Pitts-
burgh, PA, U.S.A.), dried overnight, and de-

waxed. The slides were submerged in 50 jig/ml
proteinase K (Fisher), in proteinase K buffer
(consisting of 500 mM NaCl, 10 mM Tris, pH 8.0,
5 mM EDTA) for 20 min, then washed twice in
0.5X SSC. The slides were prehybridized with
100 ,ul of 2X SSC, 50% formamide, 10% dextran
sulfate, IX Denhardt's solution and incubated at
46°C for 1 hr. 35S-labeled riboprobe (3 X 106
cpm) was added to the slides in a 50 ,lI volume
and hybridized overnight at 46°C. The slides
were washed twice in 2X SSC-1 mM EDTA, then
immersed in 20 ,ug/ml RNAse A in RNAse buffer
(500 mM NaCl, 10 mM Tris, pH 8.0) for 30 min
at room temperature. The slides were then
washed twice with 2X SSC- I mM EDTA at room
temperature; followed by two 1-hr incubations
with 0.2X SSC-1 mM EDTA at 420C, then
washed twice with 0.5X SSC at room tempera-
ture. The slides were dehydrated and dried.
Slides were dipped in a Kodak/N2B2 nuclear
emulsion at 420C and exposed at 40C for 2-to-4
weeks in a desiccator. Slides were developed and
fixed using Kodak D- 19 developer and fixer, and
counterstained with hematoxylin and eosin Y
solutions, dehydrated, and mounted. Slides hy-
bridized to control riboprobes remained negative.

RESULTS
N021/N03 Is Present in the CSF
of SIV-Infected Monkeys
Elevated levels of host factors such as cytokines,
quinolinic acid, and other potential neurotoxins
have been identified in the CSF of patients with
HIV-1-associated neurologic disease (34-36).
We examined CSF samples of monkeys experi-
mentally infected with SIV for the presence of
NO2/NO3 as an indicator of NO production in
the CNS of these animals. The data in Fig. IA
represent CSF NO2-/NO3- values of one such
monkey (185) who displayed SIV encephalitis at
necropsy (32). NO27/NO3 were not detected in
the CSF prior to infection. However, 7 days after
infection a sharp increase in CSF NO2U/NO3
levels occurred (up to 8 ,M), which then de-
creased to undetectable levels by Day 65 postin-
fection. As the animal grew progressively ill,
NO2 /NO3 levels increased until the maximum
concentration (10.7 ,uM) was recorded on the
day of sacrifice. The increase in NO27/NO3 in
the CSF did not parallel the detection of viral
antigen as only low levels of viral p27 antigen
were detected in the CSF early in infection,
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FIG. 1. Analysis of NO2-/NO3- and SW p27
antigen levels in serial CSF and plasma samples
following SIV infection
(A) CSF and (B) plasma samples were collected at
Days 0, 7, 14, 28, 65, 87, 128, and 155 postinfection
from monkey 185 and NO2-/NO3 and p27 levels
determined as described in Materials and Methods.
Each point represents a single sample.

which increased as the animal became ill
(Fig. 1A). Plasma NO2U/NO3 levels from this
monkey were higher than CSF NO2-/NO3- lev-
els prior to infection (Fig. IB). Plasma NO2/
NO3- levels declined following infection and pla-
teaued until the animal became ill, at which
point NO2/NO3 levels increased.

In contrast to the findings in the CSF, plasma
viral p27 antigen from monkey 185 spiked at
Day 14 postinfection, rapidly decreased, then

gradually rose again during the course of infec-
tion (Fig. iB). Serial CSF NO2 /NO3- values
were also recorded from monkey 262 who did
not display the multinucleate giant cells and micro-
glial nodules characteristic of SIV encephalitis upon
sacrifice. Low levels of NO2 /NO3 (0-1.7 ,tM)
were observed throughout the course of infection
until the terminal date, at which point NO2 /NO3-
levels were higher (12.1 ,uM) than detected in the
CSF of monkey 185. It is possible that NO could be
produced in the plasma and NO2 /NO3- could
diffuse into the CSF; however, this is unlikely due
to the difference in kinetics observed between CSF
and plasma NO2 /NO3 production. Furthermore,
NO27/NO3 anions are not thought to pass freely
through the blood-brain barrier (37). Finally, only
CSF samples free of blood were used for NO2-/
NO3- measurement, so it is unlikely that contam-
inating NO-producing PBMC were present within
the CSF. Thus, these data suggest that the presence
of NO2 /NO3 in the CSF of these monkeys re-
flects local NO production within the CNS.

Detection of iNOS, IFNy, and IL-l1,
by in Situ Hybridization
In situ hybridization was used to detect expres-
sion of iNOS mRNA in postmortem brain tissue
from SIV-infected monkeys. mRNA for iNOS was
found in the cerebral cortex of a monkey (188)
with SIV-encephalitis as well as a monkey that
did not display encephalitis at autopsy (monkey
262) (Fig. 2 A and B). Since IFNy and IL-113 may
contribute to iNOS expression in vivo, we also
examined tissue from the brain of monkey 188
for expression of these cytokines. Both IFN'y and
IL- 1 3 mRNA were demonstrated by in situ hy-
bridization to be present in the same brain tissue
in which iNOS mRNA was identified (Fig. 2 C
and D).

Expression of iNOS by Microglia
Treatment of human cells with LPS and/or cyto-
kines such as IFNy results in production of iNOS
mRNA (38-41). Furthermore, human macro-
phages as well as rodent glia cells produce
iNOS/NO in response to the HIV-1 env glycopro-
tein (15,30,42). Microglia from an SIV-infected
monkey (262) were examined for the ability to
express iNOS mRNA. Expression of iNOS was
analyzed following 24-hr exposure of microglia
to LPS by reverse transcriptase-polymerase chain
reaction (RT-PCR) analysis using human iNOS
specific primers. The expected PCR product was
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FIG. 2. IFNy, IL-113, and
iNOS are detected by in
situ hybridization in the
brains of SIV-infected
monkeys
In situ hybridization reveals
iNOS mRNA positive cells
both adjacent to inflamma-
tory lesions ([A] monkey
188: original magnification
25X) and in uninflamed
areas ([B] monkey 262:
original magnification 40X).
Examination for expressed
cytokines revealed positive
cells for IFNy ([C] monkey
188: magnification 40X)
and IL-lf3 ([D] monkey
188: magnification 40X).
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detected from LPS-treated microglia whereas no
product was detected from untreated microglia
(Fig. 3). Sequence analysis of the PCR product
revealed greater than 95% nucleotide and amino
acid similarity to human hepatic iNOS (Fig. 4).
There was no significant similarity to human
ncNOS or ecNOS. It is unlikely that contaminat-
ing PBMC were responsible for iNOS production
as the brain was perfused extensively prior to
isolation of microglia. These results demonstrate

that SIV-infected microglia can produce iNOS
mRNA following stimulation with LPS.

DISCUSSION
The production of NO by iNOS in the brain is
thought to represent an important component of
the host immune response as well as potentially
contribute to neuropathology. Rodents infected
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-RT
L32 iNOS primer

- LPS

FIG. 3. Microglia obtained from an SIV-in-
fected monkey produce iNOS following 24-hr
LPS stimulation
cDNA was made from total cellular RNA isolated
from microglia (monkey 262) stimulated with LPS
(+) or cultured in medium alone (-). PCR was per-
formed with primers specific for iNOS or L32. Sam-
ples to which reverse transcriptase was (+RT) or

was not (-RT) added are indicated. The expected
PCR product for iNOS was obtained in microglia
treated with LPS. The expected size PCR products for
L32 were obtained, and the data indicate that equal
amounts of cDNA were used for the PCR reaction.

with lymphocytic choriomeningitis virus (LCMV)
(43) and borna virus (44) expressed iNOS in the
brain which coincided with the development of
neuropathology. In humans, iNOS has been in-
directly identified by NADPH diaphorase staining
in regions of demylination in patients suffering
from multiple sclerosis (MS), suggesting a role
for NO in the pathogenesis of MS lesions (29).
Recently, expression of iNOS has been specu-

lated to have a role in HIV-1-induced neuropa-

thology (1,15,31). In support of this, iNOS
mRNA has been detected by RT-PCR in postmor-
tem brain tissue of a child with advanced HIV
encephalitis (30). We have demonstrated that an
increase in NO2 /NO3 levels is observed in the
CSF of monkeys with SIV-induced CNS disease.
iNOS, IFNy, and IL-1(3 mRNA were all observed
in the brains of SIV-infected monkeys by in situ
hybridization. Furthermore, LPS-stimulated mi-
croglia from an SIV-infected monkey produce
iNOS mRNA. These data suggest that iNOS and,
more specifically, NO is expressed in the brains of
SIV-infected monkeys and potentially contrib-
utes to SIV-induced CNS disease.

The increased levels of NO2 /NO3f in serial
CSF samples from SIV-infected monkeys suggest
that NO is produced locally within the CNS. A
recent study has reported that no significant in-
crease in average CSF levels of NO2U/NO3 were
observed in HIV-infected patients (37). However,
significant levels of NO2 /NO3- have been re-
ported to be present in the CSF of patients with
either bacterial or viral meningitis, suggesting
that NO may play a role in the pathogenesis of
this disease (36,37). A sharp increase in NO2/
NO3- levels in the CSF of monkey 185 was ob-
served 7 days following infection. Whether this
was in response to viral infection of the CNS is
unclear, as only low levels of SIV p27 protein
were present at this time. However, SIV is able to
infect the CNS of rhesus monkeys very early
following infection (45), thus the increased
NO2 /NO3 levels may reflect a response to
early viral infection of the brain. In support of
this, Bukrinsky et al. (30) have shown that HIV-
infected human macrophages produced peak
amounts of NO between 5 and 7 days postinfec-
tion. The time frame of these observations some-
what parallel the kinetics of NO2-/NO3- produc-
tion and would support early viral entry into the
CNS.

We have demonstrated iNOS mRNA in the
brains of monkeys infected with SIV by in situ
hybridization. However, the identity of the cell
type(s) responsible for iNOS expression in brain
tissue from SIV-infected monkeys is not known.
Monocyte/macrophage have been shown to be
the primary cell type responsible for iNOS pro-
duction in the brains of rats infected with borna
disease virus and mice infected with LCMV
(43,44). Human fetal astrocytes can be stimu-
lated for iNOS production following treatment
with IFNy and IL-1l3 (40). In fact, astrocytes
were thought to be responsible for production of
iNOS in demyelinating lesions of MS patients
(29). Thus, it is entirely possible that cells other
than microglia are responsible for iNOS expres-
sion in the brain of SIV-infected monkeys.

The cytokines IFNy and IL-1i, alone or in
combination with other factors, have been
shown to contribute to the stimulation of cul-
tured human monocyte/macrophage and astro-
cytes to produce iNOS (40,41). We have demon-
strated expression of IFNy and IL- I1 RNA in the
brain of a monkey with SIV-induced CNS dis-
ease. It is interesting to speculate that SIV infec-
tion of the CNS results in the expression of IFNy,
IL-1iB, and other cytokines, which, in turn, acti-
vates resident and/or inflammatory cells to pro-
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FIG. 4. Sequence of iNOS cDNA from LPS-stimulated microglia
The iNOS-specific PCR products were cloned and sequenced. The human hepatic iNOS sequence (39) was aligned
to the monkey iNOS sequence. The monkey microglia iNOS was 295% identical to nucleotide and amino acid se-

quence of human hepatic iNOS. Amino acids are shown in three-letter code, dots indicate homology to human
iNOS, while nucleotide differences are indicated by a letter, and amino acid differences are noted by the
three-letter code.
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T. E. Lane et al.: Cytokines and iNOS in CNS Infection by SIV 35

duce iNOS. The expression of iNOS would then
be able to contribute to the development of neu-
ropathology.

Mouse macrophage and microglia are capa-
ble of producing iNOS following exposure to var-
ious cytokines (24,46). Considerable evidence
now exists that human monocyte/macrophage
can be stimulated to produce iNOS (30,42).
However, human microglia do not appear to be
efficient in iNOS production following exposure
to IFNy and LPS (47). HIV-1-infected human
monocyte/macrophages have been shown to
produce iNOS and NO following LPS and TNFa
stimulation (30). Human hepatocytes, as well as
human lung epithelial cells, require exposure to
a combination of factors which include IFNy,
TNFa, IL- 13, and LPS in order to be stimulated to
produce iNOS (38,39). We have shown that mi-
croglia obtained from an SIV-infected monkey
can be stimulated with LPS to produce iNOS,
whereas unstimulated microglia do not express
iNOS. The effects of other factors such as IFNy,
IL-1,3, or TNFa on microglial iNOS production
have not been yet been examined, and this
would be of great interest in light of our obser-
vations that IFNy and IL- 113 are produced in the
brain during SIV infection.

High levels of NO may alter normal cell func-
tion by inhibiting enzyme function, inducing ap-
optosis (26), or disrupting signals for neurotrans-
mission (22). NO has also been shown to damage
and kill cultured neurons (15). We have also
determined that microglia from SIV-infected
monkeys produce superoxide anion (02-) (data
not shown). NO reacts with 02- to form the
peroxynitrite anion, which is relatively stable at
physiological pH, thus enabling this molecule to
diffuse over a wide tissue area (27). Cellular
targets for peroxynitrite include lipid peroxida-
tion, which is directly toxic to cells and nitration
of tyrosine residues which can disrupt signal
transduction (27,28). Thus, in addition to having
a direct toxic effect on cells, NO may indirectly
mediate a variety of other potentially neuro-
pathogenic mechanisms.

In addition to inducing iNOS, IFN'y may ac-
tivate cells of the CNS to produce other neuro-
toxic factors including TNFa, IL-2, and TGFJ3,
prostaglandins, and arachidonic acid metabolites
(16,17). Expression of IFNy may also influence
viral load in the brain of SIV-infected monkeys
(48). Elevated levels of IL-13 have been observed
in the brains of patients with HIV- 1-induced
CNS disease (17,49). Increased levels of IL-113
have been shown to kill oligodendrocytes and

destroy myelin (17). Furthermore, IL- If3 has
been shown to induce expression of other cyto-
kines such as TNFa and IL-6, as well as enhance
HIV-1 replication (17). Although the source of
IFN,y has not been investigated, we have previ-
ously identified the presence of CD8+-cytotoxic
T lymphocytes in the brains of SIV-infected mon-
keys with SIV-encephalitis (50). These cells rep-
resent a potential source of IFNy.

The demonstration that iNOS and NO2/
N03- are produced during the course of SIV
infection of the CNS suggests that NO could po-
tentially be contributing to SIV-induced CNS dis-
ease. However, NO is but one of many host fac-
tors produced that could lead to neurologic
disease. Further work with the SIV/rhesus mon-
key model may provide valuable insight into
identifying key events in the pathology leading
to HIV-l-associated CNS disease and ADC.
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