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Simian immunodeficiency virus (SN), like the hu-
man immunodeficiency virus (HIV), is a lentivirus
that is both immunosuppressive and neurovirulent.
Rhesus macaques (Macaca mulatta) inoculated with
SIV often develop a giant cell encephalitis similar to
that seen in humans infected with HIV The authors
examined SIV expression by immunohistochemistry
and RNA in situ hybridization in the cerebrum, cere-
bellum, choroid plexus, and spinal cord from five
macaques with and two macaques withoutgiant cell
encephalitis. Selected portions of the central nervous
system (CNS) also were examined by electron micros-
copy. Simian immunodeficiency virus was detected
in the CNS of all seven monkeys whether or not they
hadgiant cell encephalitis. Both SIVantigen andRIVA
were present in all levels of the CNS examined. Mac-
rophage/giant cell lesions always contained viral
RNA and antigen and were the only sites where viral
particles were detected by electron microscopy. How-
ever, SN antigen and RNA also were commonly as-
sociated with small vessels, the choroid plexus, and
meninges; these were the only locations where virus
was detected in animals without giant cell encepha-
litis. Immunophenotyping showed that the cellular
infiltrates consisted primarily of monocytel
macrophages and occasional CD8-positive T cells.
Macrophages and T cells also were present in the
stroma of the choroid plexus and were intimately
associated with vessels in the CNS ofSIV-infected but
not uninfected macaques. Simian immunodeficiency
virus infection of the macaque CNS provides an ex-
cellent model for studying the pathogenesis, treat-
ment, and prevention of HIV-I -encephalitis. (Am J
Pathol 1991, 139:609-621)

Infection with human immunodeficiency virus type 1 (HIV-
1), the causative agent of acquired immune deficiency
syndrome (AIDS), often leads to neurologic disease. 1 2 At
autopsy, about 50% of AIDS patients have subacute en-
cephalitis (also called HIV-1-encephalitis or AIDS en-
cephalopathy), which is the most common form of neu-
rologic disease in AIDS patients.1', Histologically this
encephalitis is characterized by microglial nodules, mul-
tinucleated giant cells, white matter pallor, and gliosis. 7
In the spinal cord, a distinct pathologic process termed
vacuolar myelopathy is present in about 25% of AIDS
autopsies.8 Human immunodeficiency virus type 1 has
been demonstrated in the brain and spinal cord of AIDS
patients using a variety of techniques,>17 and some au-
thors18 report a direct correlation between the amount of
HIV-1 expression and extent of clinical and pathologic
disease, although this is controversial.6 Viral expression
in central nervous system (CNS) tissues has been local-
ized primarily to macrophages,11 -1 3,16,17,19 with less
convincing evidence of infrequent infection of astrocytes,
oligodendrogliocytes, endothelial cells, and possibly
neurons.13,19 The pathogenesis of AIDS-associated neu-
rologic disease, however, is not well understood. A rele-
vant animal model would help in elucidating the patho-
genesis of HIV-1-associated neurologic disease.

The simian immunodeficiency viruses (SIV) are the
closest known relatives of HIV-1 and HIV-2. They closely
parallel their human counterparts in genetic organization
and biologic properties.2>24 Similar to HIV, SIV has len-
tiviral morphology,2526 extraregulatory genes,21-24,27
uses the CD4 molecule as its cellular receptor,28 infects
CD4-positive monocyte/macrophages and lympho-
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cytes,28 3 and causes an acquired immune deficiency
syndrome in virtually all rhesus monkeys (Macaca mu-
latta) infected.25'2631 3 Neurologic disease is a com-
mon feature of simian AIDS in macaques infected with
SIV, as in humans infected with HIV-1.25,31,32,34.35 At nec-
ropsy, approximately 50% of rhesus macaques inocu-
lated with SIV from either rhesus macaques (SlVmac) or
sooty mangabeys (Cercocebus atys) (SIVsm) have a gi-
ant cell encephalitis characterized by multifocal, perivas-
cular aggregates of macrophages and multinucleated
giant cells that occur at all levels of the CNS. These ag-
gregates often extend into the adjacent parenchyma,
causing tissue destruction. The most common portion of
the CNS to be involved is the cerebral white matter. The
more diffuse involvement of the CNS in SIV infection, in-
cluding involvement of the cerebral cortex, and a lower
incidence of opportunistic infections, more closely re-
sembles HIV infection in the nervous system of infants
and children than in adult AIDS patients.35 The overall
genetic and biologic similarities between SIV and HIV,
however, both in vivo and in vitro, suggest that the SIV-
macaque model is suitable for studies of the mecha-
nisms of HIV-induced neurologic disease in humans.

To investigate the expression of SIV in the CNS, we
used immunohistochemistry and in situ hybridization to
localize viral antigen and RNA, respectively, in the brain
and spinal cord from five rhesus macaques with and two
without giant cell encephalitis. Selected portions of the
CNS from two animals also were examined by electron
microscopy (EM). The immunophenotype of the cellular
infiltrates in the CNS of these animals also was deter-
mined. We found that, in all animals, SIV was present in
macrophage/giant cell lesions. Virus also was commonly
associated with capillaries in the CNS of animals both
with and without neurologic lesions. The immunopheno-
type of the associated cellular infiltrate was predomi-
nantly monocyte/macrophage, with lesser numbers of
CD8-positive T cells.

Materials and Methods

Animals and Tissues

Seven rhesus macaques that had been inoculated with
SIV were selected for this study based on histologic eval-
uation of their central nervous systems (Table 1). Five
(16417, 21866, 21891, 22704, 23612) of the seven ani-
mals had a characteristic SIV-associated giant cell en-
cephalitis,31'34'35 with involvement of the spinal cord in
two animals (16417, 21866). This lesion was character-
ized by multifocal, perivascular infiltrates of mononuclear
cells and multinucleated giant cells, primarily in the white
matter. Two of the animals (16417, 21866) had clinical

neurologic signs and severe lesions with large areas of
tissue destruction. Four of the seven animals (16417,
21866, 22657, 22704) were inoculated with SIVsm ob-
tained from a captive sooty mangabey,36 and three
(21891, 21943, 23612) were inoculated with SlVmac pro-
vided by Dr. Ronald Desrosiers of the New England Re-
gional Primate Research Center.25'26 One animal in each
group (22657 and 21943) lacked histologic evidence of
giant cell encephalitis (Table 1). Only one of the seven
animals (22704) had a persistent humoral immune re-
sponse to SIV as determined by immunoblot.

All animals were killed when moribund with simian
AIDS, and sections of cerebrum (parietal cortex), cere-
bellum, choroid plexus, spinal cord (segments C4-5 and
L5-6) and spleen were collected and immediately snap
frozen in liquid nitrogen-cooled freon and stored at
-700C. An adjacent block of tissue was fixed in 10%
neutral buffered formalin. Adjacent cryostat sections, 6 ,u
thick, were examined by immunohistochemistry for viral
antigen and immunophenotype of cellular infiltrates. For-
malin-fixed tissues were embedded in paraffin, sectioned
at 6 ,u, and processed for in situ hybridization to detect
SIV RNA. Formalin-fixed tissues were not used for immu-
nohistochemistry because of poor antigen preservation.
Matched tissues from two rhesus monkeys from the type
D retrovirus-free and SIV-free colony at the California Re-
gional Primate Research Center (CRPRC) were collected
as uninfected controls. An additional control consisted of
matched tissues from an SIV-negative rhesus macaque
that died of immunosuppression subsequent to infection
with type D retrovirus serotype 1 (formerly SRV-1 ).37.38

Viral Inocula

Stocks of SlVsm and SlVmac for inoculation were pre-
pared as previously described.39'40 All animals were in-
oculated intravenously with 103 to 1 04 intravenous 100%
animal infectious doses, except for 21943, which was
inoculated via the urethral mucosa with 1 04 intrave-
nous animal infectious doses, three times over a 3-week
period.39 The disease resulting from intravenous or mu-
cosal inoculation with SlVmac or SIVsm is indistinguish-
able, except that mucosal inoculation requires a higher
dose and generally results in a more prolonged disease
course.39 In this group of animals, the time from inocula-
tion to death ranged from 96 to 384 days, with a mean of
165 days.

Isolation of SIV

Four of the seven animals were viremic within 10 days,
and all were viremic within 31 days after inoculation and
remained persistently viremic. Infectious SIV was isolated
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Table 1. Pathologic and Viral Status of SIV-infected Macaques Grouped by Inoculum

First SIV
Age* isolationt

Animal (months) (days)
Survivalt
(days) Necropsy findings Neuropathologic findings

SlVsm
16417 145 9 127 Giant cell pneumonia and

lymphadenitis; Intestinal
amyloidosis

21866 49 5 144 Giant cell pneumonia and gastritis;
Glomerulonephropathy;

22657 21 8 102 Gastroenterocolitis; CMV
pericholecystitis

22704 19 30 384 Giant cell pneumonia; adenoviral
pancreatitis; gastric
trichomoniasis

SlVmac
21891 43 29 127 Giant cell pneumonia;

Glomerulonephropathy
21943 41 31 176 Giant cell pneumonia, enteritis and

lymphadenitis;
glomerulonephropathy;
disseminated CMV

23612 11 5 96 Oral candidiasis; cryptosporidiosis,
bile ducts and intestine;
glomerulonephropathy; CMV
interstitial pneumonia

Controls
3382
20448
19276

NA
NA
NA

NA
NA
NA

NA
NA
NA

None
None
Enterocolitis, chronic with villous

atrophy; pulmonary acariasis

Severell giant cell encephalitis and
leukomyelitis; focal CMV
meningitis

Severe giant cell encephalitis and
mild giant cell myelitis

None

Moderate giant cell encephalitis

Moderate giant cell encephalitis,
CMV Peripheral neuritis

CMV meningitis, mild

Mild giant cell encephalitis

None
None
None

* Age at time of inoculation.
t Days after inoculation for initial

isolations.
isolation of SIV. Each virus-positive animal was persistently infected, as determined by multiple SIV

t Time from inoculation to euthanasia due to moribund condition.
11 Mild, moderate, and severe were defined as follows: mild, 1 to 10 giant cell lesions/section; moderate, 10 to 20 giant cell lesions/section;

Severe, more than 20 giant cell lesions/section and extensive tissue destruction. Both animals with severe encephalitis had clinical neurologic
signs before euthanasia.

¶ Spontaneously infected with type D retrovirus serotype 1. Time from initial viral isolation to euthanasia was 24 months.
CMV, cytomegalovirus; NA, not applicable.

from rhesus peripheral blood mononuclear cells as pre-
viously described.36'39

Electron Microscopy

Samples of cerebrum (parietal cortex) and spinal cord
collected at necropsy were fixed in Karnovsky fixative41
for examination by electron microscopy. Tissues were
postfixed in 1% osmium tetroxide, serially dehydrated for
infiltration, embedded in epoxy, and sectioned at 60 to 90
nm. Sections were stained with uranyl acetate and lead
citrate and examined in a Philips EM-400 electron micro-
scope.

Localization of Viral Antigen by
Immunohistochemistry

A monoclonal antibody (MAb) (IgG2a isotype) (HE3)
specific for the major core protein (p27) of SlVmac42 was

used in an avidin-biotinylated peroxidase complex tech-
nique with either 3-amino-9-ethylcarbazole or diamino-
benzidine as the chromogen.4344 This MAb cross-reacts
with p27 of SlVsm.42 Control procedures included omis-
sion of the primary antibody and substitution of an iso-
type-matched MAb of irrelevant specificity. Additional
controls included matched tissues from two normal un-
infected rhesus monkeys and one type D retrovirus-
infected rhesus monkey.

Immunophenotype of Cellular Infiltrates in
the CNS

The immunophenotype of the cellular infiltrates in the
CNS was determined by immunohistochemistry using
cell-specific monoclonal antibodies. T cells were identi-
fied using the pan T (CD2) MAb Ti 1 (Coulter Corpora-
tion, Hialeah, FL) and subsets identified with the CD8-
specific MAb Leu2a (Becton Dickinson, Mountain View,
CA) and the CD4-specific MAb 1 9Thy5D7.45 B cells and
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tissue macrophages were identified with B1 (CD20,
Coulter Corporation, Hialeah, FL) and EBM-11 (CD68,
Dako Corporation, Carpinteria, CA), respectively. These
cell-specific antibodies have previously been shown to
cross-react with rhesus determinants.468 In addition,
expression of major histocompatability complex (MHC)
class II antigens was examined using an MAb specific for
rhesus MHC 11, provided by Dr. Peter Moore.49

In Situ Hybridization

In situ hybridization was performed using a 35S-labeled
SIV DNA probe on formalin-fixed, paraffin-embedded tis-
sue sections by a modification of the procedure de-
scribed by Haase and co-workers.50 Radioactive probes
were produced with a specific activity of 1 x 108 cpm/pg
or greater by nick-translation of a 9-kb fragment of the
SlVmac genome (obtained from P. Sonigo, Institute Pas-
teur), consisting of the entire gag, pol, and env regions.22
This probe cross-reacts very well with the closely related
SIVsm.21 Controls included: 1) SIV-infected and unin-
fected cultured T-cells (HUT78); 2) matched tissues from
two uninfected rhesus monkeys and one type D retrovi-
rus-infected rhesus monkey; 3) pretreatment of sections
with RNase to demonstrate that hybridization was to
RNA; and 4) hybridization with a nick-translated probe
containing only the pSP64 plasmid vector.

Paraffin-embedded tissues were cut at 6-,u thickness
and placed on Histostik (Accurate Chemical and Scien-
tific Corp, Westbury, NY) coated glass slides. Slides were
deparaffinized, hydrated through graded alcohols, and
treated for 15 minutes at 37°C with proteinase K (1 ,ug/ml
in 50 mmol/I [millimolar] ethylenediaminetetra-acetic acid
[EDTA] and 100 mmol/l TRIS-HCI, pH 7.4), rinsed in
phosphate-buffered saline, placed in 0.2 mol/I (molar)
TRIS/0.1 mol/l glycine for 15 minutes, dehydrated, and air
dried. The hybridization solution contained 50% deion-
ized formamide, 10% dextran sulfate, 50 mmol/I

NaH2PO4, 0.6 mol/l NaCI, 0.5 mmol/l EDTA, 1 x Den-
hardt's solution, 75 ,ug/ml Escherichia coli tRNA, 100 ,ug/
ml salmon sperm DNA, and 20 mmol/I dithiothreitol (DTT).
35S-labeled DNA probe (containing the 9-kb fragment of
SIV DNA in the pSP64 plasmid vector, or pSP64 alone,
nick-translated to a specific activity of 1 x 108 cpm/,ug or
greater) was added at 1 x 106 cpm/20 ml of hybridiza-
tion solution. Before the addition of hybridization salts and
DTT, the mixture was heated at 950C for 10 minutes,
chilled on ice, and dispensed onto each specimen,
which then was placed in a humidification chamber to
hybridize overnight at 420C. After removal of coverslips
and washing with 50% deionized formamide/2 x stan-
dard saline citrate at 420C, followed by three washes with
2 x standard saline citrate at room temperature, the
slides were dehydrated in 70% and 95% ethanols con-
taining 0.3 mol/l ammonium acetate and air dried. Auto-
radiography was performed with NTB2 emulsion (East-
man Kodak, Rochester, NY) diluted 1:1 with 0.6 mol/I am-
monium acetate. The slides were exposed at 40C for 3 to
14 days, developed with Kodak D-1 9, and counter-
stained with hematoxylin.

Results

Localization of Viral Antigen

All seven of the SIV-infected animals had viral antigen
detected by immunohistochemistry in two or more levels
of the CNS, regardless of the presence or absence of
giant cell encephalitis (Table 2). Within the CNS, infiltrates
of macrophages and multinucleated giant cells were
consistently positive for SIV-p27 (Figure 1 a); however,
only approximately half of the giant cells in these lesions
stained for viral antigen. Such antigen-positive lesions
were present primarily in the white matter of the cerebral
hemispheres in all five animals with giant cell encephalitis
as well as in the cerebellum of four animals (16417,

Table 2. Tissue Localization of SIV p27 and SIV RNA in Rhesus Monkeys Infected with SIV

Rhesus monkey

With SIV encephalitis
16417
21866
21891
22704
23612

Without SIV encephalitis
21943
22657

NA, not available.

Result of immunohistochemistry for
SIV p27

Choroid Spinal
Cerebrum Cerebellum plexus cord

+
+
+
+
+

+

+

Result of in situ hybridization for
SIV RNA

Choroid Spinal
Spleen Cerebrum Cerebellum plexus cord

+ NA
+ +

+ NA

+ +

+ +

NA
NA
+

NA + NA
+ - +

+
_ +

+ NA
NA

+ + +

+ NA NA
+ + NA

+

+ +

+ +

+

+

+ + + +
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Figure 1. Immunohistochemical localization of SIV-p27 in the central nenrous systems of rhesus monkey's infected uwith simian immuno-
deficiency virus (SIV). Abundant viral antigen uwas present in cellular infiltrates of mononuclear cells and multinucleated giant cells (a).
Vessels associated with these lesions were often labeledfor SIV-p27 (arrou'heads). Other vessels not associated uOith cellular infiltrates u'ere also
positivefor SIV-p27 (b). In addition, some SIV-p27-positive cells uere identified in the brain parenchvnma in areas uithout any demonstrable
tissue damage (c). In the choroidpleAis scattered mononuclear cells uwerefound that uwere positivefor SIV (d). Magnification: a, x 125; b,
X300; C, X500; d, X300.

21866, 22704, 23612), and spinal cord of one animal
(16417). No differences in the distribution of viral antigen
in the CNS were noted between animals infected with
SlVmac and SlVsm.

Although the distribution of viral antigen paralleled that
of the infiltrates of mononuclear cells and multinucleated
giant cells, viral antigen was not limited to these infiltrates.
Viral antigen was commonly found associated with scat-
tered capillaries and small vessels in the brain, spinal
cord, meninges, and choroid plexus (Figure 1a, b). Less
commonly, viral antigen was associated with individual
cells or clusters of cells in these same tissues without any
apparent association with vessels (Figure 1 c). No stain-
ing was associated with any cell that morphologically ap-
peared to be of neural origin.

In animals with giant cell encephalitis, vessels in the
macrophage/giant cell lesions generally had staining ad-
jacent to or within vessel walls (Figure 1 a). In addition,
occasional vessels not associated with lesions were also
positive for viral antigen (Figure 1 b). In animals without
giant cell encephalitis (21943, 22657), viral antigen was
limited to individual cells or clusters of cells associated
with capillaries and small vessels in the parenchyma (pri-
marily white matter) and meninges. Morphologically it ap-

peared that viral antigen was associated with both endo-
thelial cells and mononuclear cells in and around vessel
walls and possibly perivascular microglia.

In the choroid plexus, viral antigen was detected in
mononuclear cells in the plexus stroma (Figure 1 d), but
not in choroid plexus epithelial cells. The four animals with
antigen in the choroid plexus (Table 2) included animals
with and without giant cell encephalitis. No multinucleat-
ed giant cells were present in the frozen sections of chor-
oid plexus. In adjacent blocks of tissue used for routine
histology and in situ hybridization, however, two animals
that were negative for viral antigen in the choroid plexus
(21866, 22704) had individual multinucleated giant cells
in the lateral ventricles, between fronds of the choroid
plexus (Figure 2b, see below).

Although the presence of macrophage/giant cell le-
sions was directly correlated with the presence of viral
antigen, the severity of the lesions was not predictive of
widespread viral antigen. Thus the one animal with viral
antigen detected in all sections of CNS examined
(23612) had the least extensive lesions of the five animals
with giant cell encephalitis.

Spleen from each of the animals was examined as a
positive control. All animals had viral antigen localized to
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Figure 2. Localization ofSIVRNA by in situ hybridization in the CNS ofSIV-infected rhesus monkeys. 7he macrophage/giant cell lesions in
the CNS were consistently positivefor SIVRIA as they werefor SIV-p27 (a). Scattered multinucleated giant cells had hybridization limited
to a single nucleus (b). This giant cell is present in the lateral ventricle of the brain between fronds of the choroid plexus. WAbile most
multinucleated giant cells hybridizedfor SIVRNA, many ofthem did not, as demonstrated by this giant cell in the brain ofan animal with
severe giant cell encephalitis (c). Viral RNA was also commonly associated with vessels (d), the meninges (e), and the stroma of the choroid
plexus (f). The localization ofSIV to vessels suggests that endothelial cells were infected or that virus-positive cells, such as macrophages or
lymphocytes, were adherent to the endothelium orpassing through the vessel wall. Magnification for alljfigures is X300, exceptfor f, which
is x450.

germinal centers in a dendritic staining pattern (data not
shown) consistent with the presence of viral antigen in or
on follicular dendritic cells.f0 No staining was detected in
matched tissues from two uninfected rhesus monkeys or
a type D retrovirus-infected rhesus monkey.

Localization of Viral Nucleic Acid

All seven animals had SIV nucleic acid identified in two or
more CNS tissues, including the two animals without neu-

rologic lesions (Table 2). The distribution of SIV RNA-
positive cells in the CNS detected by in situ hybridization
correlated extremely well with the results of immunohis-
tochemistry, but many more infected cells were identified
by in situ hybridization (Table 2 and Figure 2). The mac-
rophage/giant cell lesions in the CNS were consistently
positive by in situ hybridization (Figure 2a), with occa-
sional giant cells showing hybridization predominantly
over one or two nuclei (Figure 2b). In addition to the mac-
rophage/giant cell lesions in the brain and spinal cord,
SIV RNA was commonly associated with scattered small
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vessels throughout the CNS (Figure 2d), the meninges
(Figure 2e), and choroid plexus (Figure 2b, f). In vessels,
hybridization was present over mononuclear cells in the
vessel walls, in the perivascular space, and over cells
with the morphologic appearance of endothelial cells
(Figure 2d). In the choroid plexus, SIV RNA was detected
in individual mononuclear cells in the plexus stroma (Fig-
ure 2f) and in multinucleated giant cells (Figure 2b)
trapped between fronds of the choroid plexus. Unique to
in situ hybridization was localization of SIV to scattered
rod-shaped cells in the parenchyma that were morpho-
logically consistent with microglia, and to one perineu-
ronal cell consistent with a satellite cell (data not shown).
No labeling of neurons was detected in any animal.
Matched tissues from uninfected and type D retrovirus-
infected rhesus monkeys were uniformly negative. Pre-
treatment of SIV RNA-positive sections with RNase abol-
ished hybridization. The results of in situ hybridization
confirmed the localization of viral antigen and further
demonstrated the wide distribution of virus in the CNS of
macaques infected with SIV.

Ultrastructure

Electron microscopy was performed to determine
whether the localization of SIV antigen and RNA corre-
lated with productive infection. Morphologically, the cel-
lular infiltrates in brain and spinal cord consisted primarily
of vacuolated macrophages and multinucleated giant
cells with small numbers of lymphocytes. The cellular in-
filtrate was intimately associated with the basal lamina of
vessels, and many giant cells contained myelin inclu-
sions. Viral particles were only identified within or near
multinucleated giant cells, where they were generally
present in large numbers (Figure 3). Not all multinucleat-
ed giant cells contained viral particles. When viral parti-
cles were present, they were within vesicles of smooth
endoplasmic reticulum and small vacuoles. The particles
had conical-shaped cores with eccentric nucleoids char-
acteristic of lentiviruses.51 In addition, many immature
lentiviral particles and occasional budding particles were
present (Figure 3). Thus the ultrastructural localization of
viral particles was more limited than the distribution of
viral antigen and RNA.

Immunophenotype of Cellular Infiltrates in
the CNS

Immunohistochemistry with cell-specific monoclonal an-
tibodies was performed to determine the phenotype of
the cellular infiltrates in the CNS of the five animals with
giant cell encephalitis. Immunophenotypic characteriza-
tion of the infiltrates showed strong expression of rhesus

MHC 11 (Figure 4a); approximately 90% to 95% of the
cells (including the multinucleated cells) were monocyte/
macrophages expressing the CD68 antigen identified by
the MAb EBM-1 1 (Figure 4b). The remainder of the cells
were T cells expressing the CD2 (Ti 1) and CD8 (Leu 2a)
antigens (Figure 4c, d). No cells expressing CD4 or
CD20 (B1i) were detected within cellular infiltrates in the
brain.

Examination of the brain, spinal cord, and choroid
plexus with these cellular markers demonstrated that the
histologically discrete lesions were actually part of a
larger, more diffuse infiltrate of CD68-positive macro-
phages extending into the adjacent neuropil (Figure 4b).
In addition, numerous macrophages and lesser numbers
of CD2 and CD8-positive lymphocytes were intimately
associated with vessels (Figure 4d, e). Similar infiltrates
were present in the meninges and stroma of the choroid
plexus (Figure 4f). Rare B cells expressing B1 were iden-
tified in the stroma of the choroid plexus in two animals.
Examination of matched CNS tissues from the two unin-
fected control monkeys disclosed no detectable B cells
or T cells and only occasional perivascular macro-
phages.

Discussion

We have demonstrated SIV infection of the CNS in seven
of seven rhesus macaques infected with SIV whether or
not the animals had giant cell encephalitis. In animals
with giant cell encephalitis, virus was always present in
the discrete cellular infiltrates of macrophages and mul-
tinucleated giant cells, similar to earlier reports.52 Thus
there was a correlation between increasing numbers of
macrophage/giant cell lesions and increasing amounts
of viral antigen and nucleic acid. In addition to these dis-
crete lesions, however, SIV RNA and antigen were also
associated with the choroid plexus, meninges, and ves-
sels. The age and sex of the animals, viral inoculum (SIV-
mac or SlVsm), antibody response in the peripheral
blood, and length of survival had no apparent effect on
the the distribution or level of SIV expression in the CNS.
In animals without giant cell encephalitis, however, virus
was limited to the meninges and small vessels. No evi-
dence of infection of neural cells was detected in any
animal.

In vessels, viral RNA and antigen were present in the
vessel wall and in individual cells in the perivascular
space. These virus-positive vessels were scattered
throughout the CNS, in areas both with and without mac-
rophage/giant cell lesions. The localization of lentiviruses
to vessels in the CNS has previously been described in
HIV-1-infected humans and in goats infected with ca-
prine arthritis encephalitis virus (CAEV).13'1453 In both
CAEV-infected goats and SIV-infected rhesus monkeys,
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Figure 3. Electron micrograph ofa portion of a multinucleated giant cell in the CNS. Portion-s of several nuclei are present around the
margins of the micrograph. 7he giant cell contains manytviral particles u'ithin dilated endoplasmic reticulum and small vacuoles in the
upper half of the micrograph. MI'elin inclusions (arroubead) are also present. The insets sbou' a lentiv'iral bud (upper right) and a tpical
lentiviral particle with a conical core and eccentric nucleoid (lower right). All three electron micrographs arefrom the same giant cell. Bar
= 2pm; in insets, bar = 0.2p.m.

lentiviral transcripts were associated with vessels in non-
inflamed CNS. This suggests that lentiviral infection of
vessels plays a key role in the pathogenesis of lentiviral-
induced neurologic disease, as has been proposed in
HIV-1-encephalitis.13,14 The identity of the infected cells
is, however, uncertain. In the SIV-infected macaques, it
appeared that both endothelial cells and mononuclear
cells in the vessel wall and perivascular space were pos-
itive. Immunohistochemical studies of the cell types as-
sociated with the vessels disclosed numerous CD68-
positive monocyte/macrophages, with lesser numbers of
CD8-positive T cells. Many of these cells within the vessel
wall had flattened profiles that could easily be confused
with endothelial cells. The intimate association of mono-
nuclear cells with the basal lamina of vessels was seen
also by electron microscopy. Double-label immunoelec-
tron microscopy studies are needed to determine if both

mononuclear cells and endothelial cells are infected or if
what appears to be endothelial cell infection is actually
infected mononuclear cells in transit through the vessel
wall or possibly perivascular microglia.

The immunophenotype of the cells in the lesions was
identical to that described in HIV-infected humans' and
consisted primarily of macrophages and macrophage-
derived multinucleated giant cells with lesser numbers of
CD8-positive T cells. No CD4-positive T cells or B cells
were identified in the lesions. The predominance of T
cells of the CD8 phenotype raises the possibility that they
may be mediating the tissue destruction, as has been
proposed in HIV-infected humans55 and sheep with vi-
sna.56 In SIV-infected macaques with CNS lesions, we
also found substantial numbers of monocyte/
macrophages and CD8-positive T cells associated with
vessels in the CNS and in the stroma of the choroid
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Figure 4. Immunohistochemistri' ]br rhesus AIHC-II, macrophage, and lwimphcvnte markers revealed that the lesions in the CNS expressed
abundant class H antigen (a) and were composed predominant/i' of CD68-positiv'e monocvtenmacrophages (b) and multinucleated giant
cells. The latter photomicrograph (b) also shouws that mani' macrophages u'ere present in the parenlchi'ma around the discrete cellular
infiltrate. Lesser ntumbers of CD2-positiv'e (c) and CD8-positiv'e T cells (d) uwere present in lesions and around vessels. Manly CD68-positive
monocgtelmacrophages uwere inttimatell' associated u'ith vessels (e) in the CNS and were also presenwt in the stroma of the choroid plexus (f).
Magnification: a and d, x300; b, c, e, anid f, x 125.

plexus, locations where viral antigen and RNA were de-
tected. These data suggest that the primary routes of
CNS invasion by SIV are by vessels in the parenchyma
and choroid plexus, with parenchymal vessels playing
the major role because the majority of lesions in the CNS
are perivascular. Although the meninges also contained
many SIV-positive cells, it is less likely to be a major route
of entry into the CNS because the adjacent cortical gray
matter is rarely involved compared with cortical white
matter.

Although multinucleated giant cells are considered

the hallmark of HIV- and SIV-associated encephalitis, im-
munohistochemistry and in situ hybridization make it
clear that viral infection and replication is much more ex-
tensive, and can take place without induction of giant cell
syncytia. The converse also appears to be true, in that
only a portion of the multinucleated giant cells contain SIV
RNA, antigen, and particles. Considering that multinucle-
ated giant cells are the only cells in the CNS in which
lentiviral particles have been identified by electron mi-
croscopy, we assumed that, with the increased sensitivity
of immunohistochemistry and in situ hybridization, virtu-
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ally all of these cells would be intensely labeled for viral
RNA and antigen, respectively. What we found, however,
was a similar proportion of SIV negative giant cells by all
three techniques, and increasing numbers of SIV-positive
cells based on detecting particles, antigen, or RNA, in
that order. Thus it is difficult to attribute the apparent lack
of SIV in giant cells to the sensitivity of the techniques.

Alternatively SIV-negative giant cells may be associ-
ated with restricted viral expression at the transcriptional
level, as has been described for visna virus in the sheep
CNS.57 In visna, however, the restriction is at the level of
the monocyte, and little viral RNA or antigen is present. In
contrast, in the CNS of SIV-infected macaques, and
HIV-1 infected humans,12 there appears to be abundant
viral RNA and protein. These differences may be due to
the immune suppression induced by SIV and HIV-1 or
possibly the late stage of disease at which the samples
were collected. Other possible explanations for SIV RNA
and antigen-negative multinucleated giant cells include:
1) they are the result of infection by defective virions,
as has been shown in the monocytic cell line U-93758;
2) nucleases and proteases may cause the degradation
of viral RNA and protein; or 3) some of the giant cells
reflect a host response to SIV-induced tissue damage
rather than a direct effect of viral infection of macro-
phages.

Interestingly scattered multinucleated giant cells had
hybridization for SIV RNA limited to one or two nuclei. The
presence of only a few nuclei containing SIV RNA within
a giant cell has previously been described.59 This may
indicate CD4-gpl 20-mediated fusion of infected and un-
infected cells60'61 with limited diffusion of SIV RNA into
the cytoplasm. It also raises the question of the effect of
giant cell formation on SIV RNA processing.

The pathogenesis of neurologic disease associated
with HIV-1 is thought to involve the combined effects of
immune suppression and monocyte/macrophage infec-
tion in the brain with local activation of these cells and
release of cytokines.1 In addition, the production and ac-
cumulation of potentially toxic substances such as unin-
tegrated HIV-1 DNA, HIV-1-gp120, HIV-1 tat, and quino-
linic acid in the CNS also may play a role.62' This is also
likely to be true in SIV-infected macaques.

This study reaffirms the relevance of the SIV-macaque
model for studying AIDS in humans. The neurologic le-
sions, immunophenotype of the cells involved and distri-
bution of SIV in the CNS are very similar to those de-
scribed for HIV-1 -encephalitis, particularly as it occurs in
infants and children.35 The clinical signs associated with
the infection are, however, poorly described. Future work
will have to include careful neurobehavioral studies if this
deficiency of the model is to be addressed. Despite this
problem, the model holds great potential for performing
careful time-course studies, and the availability of patho-

genic and nonpathogenic molecular clones of SIV6768
will enable careful study of the viral determinants of neu-
ropathogenesis.
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