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Neurological dysfunction has been shown to be
associated with human immunodeficiency virus
(HIV) infection. The incidence ofthese abnormal-
ities is greater in HIV-infected children when
compared with adults, and the patterns of neu-
rological disease are also known to differfrom
those observed in the adult population. The rea-
sons for these diferences are unclear but are
most likely related to the immaturity ofthe host's
immune and central nervous systems at the time
of infection. This is thought to be particularly
truefor infants infected with HIVprenataly. To
examine these questions, the brains offetal rhe-
sus macaques that were infected with SIVmac251
at various time points in utero were examined.
Directfetal inoculations were performed on ges-
tational day (GD) 65 (n = 8; early second trimes-
ter), GD 110 (n = 4; early third trimester) andGD
130 (n = 2; mid third trimester), with harvest of
fetal tissues on GD 80, 100, 130, or 145. Eleven
sham controls were included with harvest at cor-
relative time points. Specimens were examined
by routine histology, immunohistochemistry,
and in situ hybridization to localize viral anti-
gens and SIV nucleic acid. Histologicaly, scat-
tered glial nodules, spongiosis, and mineraliza-
tion were found in the basal ganglia and deep
white matter in 4 of the 14fetuses (3 inoculated
on GD 65 and one on GD 110). Thesefetuses and

those without histological lesions had viral nu-
cleic acid and SIV antigen in the stroma of the
choroid plexus, meninges, and external granu-
lar layer ofthe cerebelum and in columns ofcells
in the cortical plate. In contrast to juvenile and
adult macaques, very few SIV-positive perivas-
cular mononuclear cells were present. These
findings suggest that SIV has a different distri-
bution in the brain offetal macaques after direct
infection when compared with adult or juvenile
animals. Furthermore, the results of these stud-
ies suggest that differences in neurological dis-
ease between pediatric and adult patients with
acquired immune deficiency syndrome are most
likely related to the time of infection. (Am J
Pathol 1996, 149:1097-1104)

Pediatric human immunodeficiency virus (HIV) infec-
tion is frequently associated with neurological symp-
toms such as a progressive or static loss of previ-
ously acquired developmental milestones.1 In
addition, brain growth has been shown to be im-
paired, with subsequent atrophy of the parenchyma
often found at autopsy.1 In contrast to the neurolog-
ical disease in adults, disease in infants is charac-
terized by a lower incidence of opportunistic infec-
tions, peripheral neuropathies, and vacuolar
myelopathy and by vessel-associated mineralization
primarily in the basal ganglia.1`3 The presence of
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multinucleated giant cells is characteristic of HIV
encephalitis in both adult and pediatric patients, al-
though it seems to be more frequent in adults than
young children.45 Although extensive studies have
been performed on the brains of adult patients with
acquired immune deficiency syndrome (AIDS), rela-
tively few studies have examined the distribution of
HIV in young patients. These studies have identified
lentiviral particles, HIV antigens, and nucleic acid in
the brain and spinal cord of the human fetus and
neonate, primarily in macrophages, microglia, and
multinucleated giant cells similar to the distribution of
HIV in adults.2'3'6-8 Unique to pediatric AIDS pa-
tients is the possibility of restricted infection of astro-
cytes suggested by two recent reports.9'10

The reasons for the differences in clinical course,
neuropathology, and viral distribution in the central
nervous system (CNS) when comparing adult and
pediatric AIDS patients are obscure. A likely expla-
nation is the timing of infection relative to the imma-
turity of the host's immune system and development
of the CNS. This may be particularly relevant for the
fetal CNS, which has varying levels of mitotic activity
throughout gestation, possibly providing a better
substrate for viral replication than during postnatal
life. More information about the effects of viral infec-
tion at different developmental stages of the CNS
and about the distribution of virus in the developing
CNS is needed to address these questions and de-
velop successful intervention strategies. To do so,
however, requires a suitable animal model.

Attempts to develop an animal model have utilized
the simian immunodeficiency virus (SIV), which is an
immunosuppressive lentivirus closely related to
HIV.11'12 To focus on issues related to fetal patho-
genesis, a direct in utero SIV inoculation monkey
model has been established and previously de-
scribed. 13'14 Using tissues from these studies, we
report here the localization of SIV in the developing
fetal brain as it relates to the length and timing of
infection.

Materials and Methods

Animals
To examine the effects of in utero SIV infection in the
developing fetal brain, 25 fetal rhesus macaques (14
infected and 11 noninfected) were examined. Meth-
ods for housing, direct fetal SIV inoculation (intraper-
itoneal via ultrasound guidance), in utero sono-
graphic monitoring, and hysterotomy have been
previously described.13'14 Briefly, the inoculum con-
sisted of 103 tissue culture infectious doses (TCID50)

of cell-free SlVmac251. This dose of SlVmac251 has
been shown to routinely induce infection and AIDS
by either the intravenous or mucosal routes in juve-
nile and adult macaques.15 Fetuses were directly
inoculated on gestational day (GD) 65 (n = 8; early
second trimester), GD 110 (n = 4; early third trimes-
ter), and GD 130 (n = 2; mid third trimester). Gesta-
tion in rhesus macaques is 165 ± 10 days. Age-
matched, mock-inoculated control fetuses (n = 11)
received saline only under the same conditions. A
variety of abnormalities were seen in 13 of the 14
fetuses infected with SIV including intrauterine
growth restriction, oligohydramnios, generalized
lymphadenopathy, and thymic atrophy. Detailed re-
sults of these studies and discussion of necropsy
findings have been reported previously13'14 and are
presented in Table 1.

Tissue Collection
At hysterotomy, blood was collected for viral cul-
ture and the fetuses were euthanized, as required,
by an overdose of sodium pentobarbital. Multiple
specimens were collected,13 and sections of ce-
rebrum, including parietal cortex and basal gan-
glia, cerebellum and choroid plexus, were imme-
diately snap-frozen in OCT compound (Miles
Scientific, Elkhart, IN) by immersion in liquid-nitro-
gen-cooled freon and stored at -700C. An adja-
cent block of tissue was fixed in 10% neutral buff-
ered formalin. Cryostat sections, 6 ,um thick, were
examined by immunohistochemistry for viral anti-
gen. Formalin-fixed tissues were embedded in
paraffin and sectioned at 6 ,um for routine his-
topathological examination and in situ hybridiza-
tion for SIV nucleic acids.

Virus Isolation
Infectious virus was isolated from peripheral blood of
each fetus by co-cultivation of 5 x 106 CEMX174
cells with at least 1 x 106 peripheral blood mononu-
clear cells as described previously.13'14'16 Cultures
were considered positive when culture supernatants
yielded 10 ng/ml or more of SIV p27 at two consec-
utive time points. All cultures were maintained for 8
weeks and tested for SIV p27 by enzyme immuno-
assay before being scored as virus negative.

Localization of S/V-Infected Cells by in Situ
Hybridization and Immunohistochemistry
Viral localization was performed by immunohisto-
chemistry for viral antigens and in situ hybridiza-
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Table 1. (lilical an1d Pathological Fiodioigs in SIV-In/fcted Fetuses Grouped by Gestatiooial Day! otf Inocildation"'

GD of GD of
inoculation necropsy Animal

80 923-0197
923-0593

100 923-0134

923-0206
923-0273

130 923-0136

923-0215

145 923-0228

130 923-0223

923-0246
145 923-0204

923-0663
145 923-0205

923-0625

Clinical and pathological
observations

NSL
Generalized lymphadenopathy
Generalized lymphadenopathy,

thymic atrophy, IUGR
IUGR, mild oligohydramnios
Generalized lymphadenopathy,

thymic atrophy, severe IUGR
IUGR

Generalized lymphadenopathy,
thymic atrophy, IUGR

Generalized lymphadenopathy,
emaciation, hemorrhage in
thymus, lymph nodes, and
liver

Mild IUGR, emaciation,
oligohydramnios

Emaciation
Emaciation, thymic atrophy

Fetal death at GD 138
Thymic atrophy
Emaciation

Neuropathology

NSL
NSL
Scattered glial nodules in the
cerebrum

NSL
NSL

Spongiosis, diffuse, mild, in the
cerebrum

NSL

Mineralization, multifocal with
gliosis and spongiosis, in the
cerebrum

NSL

NSL
Scattered glial nodules and

multifocal mineralization in the
cerebrum

NSL
NSL
NSL

IUGR, intrauterine growth restriction; NSL, no significant lesions.

tion for viral DNA and RNA. Two in situ hybridiza-
tion protocols were used. The first technique used
a DNA probe labeled with digoxigenin by random
priming and the second used radiolabeled RNA
probes. The DNA probe used was a combination
of two plasmids: 1) a subclone of p239SpE3',
which contains tat, rev, env, nef, and a small part of
the 3' long terminal repeat in pBS-, and 2)
p239SpSp5', which contains gag, pol, vif, vpx, vpr,

and the 5' long terminal repeat in pBS+.17 This
combination provides essentially the entire SIV-
mac239 genome. The probe was labeled with
digoxigenin-dUTP by random priming (Boehringer
Mannheim, Indianapolis, IN). Probe size and label-
ing were determined by electrophoresis, blotting,
and immunostaining of the DNA with anti-digoxi-
genin antibodies. Hybridization and detection pro-

cedures have been previously described 19.19 and
were performed under denaturing conditions to
detect both viral DNA and RNA. As a negative
control, sections were hybridized with plasmid
pUC19, which had been labeled with digoxigenin
at the same time as the probe. Tissues from age-

matched, mock-inoculated fetuses served as an

additional control.
To confirm the results obtained from this tech-

nique, selected paraffin blocks of brain were sent to
Dr. Cecil H. Fox (Molecular Histology, Gaithersburg,
MD) for in situ hybridization for SIV RNA as previously

described," using radiolabeled RNA probes syn-
thesized from five DNA templates, covering 90% of
the SIV genome, subcloned into pGEM4. Controls
consisted of matched tissues from mock-inoculated
fetuses and hybridizing sections with the sense

probe.
Sections were examined microscopically, and dif-

ferent brain regions were scored semiquantitatively
on a scale of 0 to 3+ as follows (Table 2): 0, no

positive cells; 1+, 1 to 4 positive cells per region,
2+, 5 to 10 positive cells per region, and 3+, >10
positive cells per region.
To localize viral antigen, snap-frozen tissues were

used in immunohistochemical procedures as previ-
ously described.1921 Briefly, tissue sections were

fixed in 2% paraformaldehyde for 10 minutes at 4°C
and immunostained using an avidin-biotin-horserad-
ish peroxidase complex (ABC) technique with diami-
nobenzidine as the chromogen. The primary anti-
bodies used were R1C7 (A. A. Minassian and M.
Popovic, National Institutes of Health, Bethesda, MD)
and Senv71.1 (C. Colignon and C. Thiriart, Smith-
Kline Beacham, Belgium), which recognize SIV p27
and gp-120, respectively. Negative controls included
serial sections processed identically using equiva-
lent concentrations of irrelevant primary antibodies
of the same isotype and matched tissues from mock-
inoculated fetuses.

65

110

130
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Table 2. Localization of SIV Nuicleic Acid in the CNS by in Situ Hybridization

GD of GD of
inoculation necropsy Animal

65 80 923-0197
923-0593

100 923-0134
923-0206
923-0273

130 923-0136
923-0215

145 923-0228
110 130 923-0223

923-0246
145 923-0204

923-0663
130 145 923-0205

923-0625

Cortical white Cortical Choroid
matter plate Basal ganglia Meninges plexus Cerebellum

+ (PV)+

0

0

+ (PV)

0
0
0
+
0
0
++

+

+
0
+
+
++

0
0
0
0
0
0
±

0
++
+
0
0
0
+

+ 0
+ 0
+ +
0 +
+ 0
0 0
++ +
+ +
0 +
0 +
0 0
0 +
++ 0
+ 0

NE
NE
0
0

+ (EGL)
NE
NE
NE
NE

+++ (EGL)
0
NE

++ (EGL)
0

Sections were examined microscopically, and different brain regions were subjectively quantified on a scale of 0 to 3+ as follows: 0, no
positive cells; 1+, 1 to 4 positive cells per region; 2+, 5 to 10 positive cells per region; 3+, >10 positive cells per region. EGL, external
granular layer of the cerebellum; PV, perivascular; NE, not examined.

Results mock-inoculated fetuses had any recognized lesions
in the CNS.

Neuropathology
Four of the fourteen fetal rhesus macaques inocu-
lated in utero had CNS lesions (Table 1). The lesions
were mild and consisted of scattered glial nodules,
spongiosis, and multifocal mineralization in the basal
ganglia and deep white matter (Figure 1). None of
the animals had multinucleated giant cells charac-
teristic of SIV encephalitis21 or perivascular cuffs,
which are commonly seen early in infection of juve-
nile macaques.2 -24 Three of these four macaques
with CNS lesions had been inoculated at GD 65 and
one at GD 110. All four of these animals had been
infected at least 35 days at the time of necropsy. No
correlation between neuropathology and GD of inoc-
ulation or length of infection was apparent. Neuropa-
thology, however, was only observed in the SIV-
inoculated macaques. None of the age-matched,

Figure 1. Mineralization (arrowheads), spongiosis, and gliosis in the
deep u)hite matter of the cerebral cortex in fetus 923-0228 collected at
GD 145. The animnal had been inoculated on GD 65. H&EFE maguiifi-
catioz, X 90

Viral Localization

All 14 SIV-inoculated fetuses had virus in the CNS
regardless of GD of inoculation, time after infection,
or presence of lesions in the CNS. Virus-positive
cells were present in the meninges, cortical white
matter, basal ganglia, stroma of the choroid plexus,
external granular layer of the cerebellum, and the
cortical plate (Table 2 and Figure 2). The cortical
white matter was the most common location in which
to find SIV-positive cells (10 of 14 animals) followed
closely by the meninges (8 of 14), cortical plate (8 of
14), and choroid plexus (7 of 14) and distantly by the
basal ganglia (4 of 14). The number of infected cells
detected was low with no more than 30 positive cells
seen in the brain of any animal. No significant differ-
ences were noted in the number or distribution of
virus-positive cells between any of the groups, al-
though fetuses harvested on GD 130 or later tended
to have more positive cells regardless of GD of in-
oculation.

Despite the apparent low level of infection, similar
numbers of infected cells were detected using either
nonradioactive in situ hybridization performed under
denaturing conditions, which detects both viral DNA
and RNA, or by in situ hybridization using radiola-
beled riboprobes, which detect only viral RNA.
Fewer positive cells were detected by immunohisto-
chemistry for viral antigen, although the distribution
within the CNS was identical to that seen by in situ
hybridization (Figure 2).

Cells positive for viral antigen or nucleic acid did
not appear to be associated with histological lesions.
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Figure 2. Localization of SIV in fetal brain by in situ hybridization (a, c, and e) and immunohistochemistry (b, d, and f). Vinrs-positive cells o'ere

present in the cortical plate (a and b), stroma of the choroid plexus (c and d), and the meninges and external granular layer of the cerebelltumn (e

and f) Note that virus-positive cells in the corticalplate appear to be uithin columns of cells (a and b). Hematoxcylin cousnterstain (b, d, atnd f ); H&E
counterstain (a, C, and e); magnification, X390

The cells lacked distinct morphological characteris-
tics making identification difficult. However, 8 of the
14 animals did have in situ hybridization-positive
cells arranged in radial columns within the cortical
plate (Figure 2, a and b, and Table 2). Based on

location, these cells were likely astrocytes or neu-

rons. Virus-positive cells were also found in the ex-

ternal granular layer of the cerebellum, which is its
primary germinative cell zone. However, positive
cells were absent in the ventricular and subventricu-
lar germinative zones that give rise to the cerebral
cortex. Infected cells were also surprisingly rare

around vessels (found in only two animals; Table 2

and Figure 3).

Discussion

This study clearly demonstrates that in utero infection
of fetal macaques results in persistent infection of the
fetal CNS. Infected cells could be detected as early
as 15 days after infection and were found in all
animals regardless of GD of inoculation. The pres-
ence of detectable viral DNA, RNA, and protein in-

dicates that the infection is productive.
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Figure 3. In situ hybridization for SIV demonstrating a single positive
cell adjacent to a vessel. A perivascular orientation for virus-positive
cells was observed in only 2 of the 14 infected fetuses. H&E; magnifi-
cation, x600.

Productive viral infection is also seen in the CNS of
juvenile and adult macaques within days of infec-
tion.22-24 However, beyond this similarity, many dif-
ferences were noted between infection of the CNS of
fetal versus adult and juvenile macaques. These dif-
ferences include the absence of typical histological
lesions such as perivascular cuffs and multinucle-
ated giant cells and a unique distribution of infected
cells21'24'25 in the infected fetal macaque. Of partic-
ular interest was the paucity of positive cells associ-
ated with vessels and the presence of infected cells
in the cortical plate of 8 of the 14 infected fetuses. In
juvenile and adult macaques infected with SIV, virus-
infected cells are commonly associated with vessels.
Most of the infected cells have been identified as

monocyte/macrophages,21'22 although infection of
brain capillary endothelial cells may also occur.26
This association of infected cells with cerebral mi-
crovasculature is thought to be a reflection of the
primary route of neuroinvasion by both SIV and HIV,
namely, transendothelial migration of infected mono-

cytes into the brain.26-29 The paucity of SIV-infected
cells associated with vessels in the brain of fetal
macaques suggests that the pathogenesis is differ-
ent during development. It is unlikely that these dif-
ferences are due to different routes of infection (in-
travenous in juveniles and adult macaques versus

intraperitoneal for fetal macaques) because similar
doses of SlVmac have been shown to result in AIDS
in juvenile and adult macaques inoculated by either
the intravenous or mucosal routes.15 Furthermore,
no significant differences in the distribution of SIV-
infected cells in the brain of juvenile or adult ma-

caques inoculated by either of these routes or by
direct intracerebral inoculation have been not-
ed.21-23.30 Thus, the differences in viral distribu-

tion in the CNS are most likely due to the immatu-
rity of the fetus.
The possibility that the pathogenesis of SIV infec-

tion of the CNS in utero differs from that in juvenile
and adult macaques is further supported by the
presence of SIV-positive cells in the cortical plate of
the infected fetuses. In adult or juvenile macaques,
virus-infected cells are rare in the cerebral cortex
except in those animals that have SIV encephalitis
with its characteristic multinucleated giant cells.21
Moreover, the location of SIV nucleic-acid-positive
cells in the cortex arranged in radial columns sug-
gests that the infected cells are neurons or astro-
cytes rather than monocyte/macrophages/micro-
glia.31'32 Although microglia can be found in the
cortical plate, they are more common in the ventric-
ular and subventricular germinative zones and me-
ninges33 (data not shown). Neither of these areas
demonstrated a bias in the distribution of SIV-posi-
tive cells. To determine the immunophenotype of the
infected cells, we performed double-label immuno-
histochemical techniques and combined in situ hy-
bridization and immunohistochemistry but were un-
successful in identifying double-labeled cells (data
not shown). Thus, the identity of the infected cells in
the cortical plate remains speculative.

Although infection of cell types other than mono-
cyte/macrophages in the CNS has been described,
these findings are controversial, particularly in adult
AIDS patients.34'35 In pediatric AIDS patients, how-
ever, there have been two independent reports sug-
gesting that astrocytes are infected.10'36 These find-
ings in children who may have been infected in utero
need to be considered in the context of CNS devel-
opment. During gestation, particularly the first and
second trimesters, cells of both glial and neural lin-
eage are mitotically active.31'32'37 The immaturity
and active replication of these cells increase both
the pool size of nucleotides that are needed for viral
DNA synthesis and the level of cellular factors that
are important for transcription of proviral DNA.38
Thus, these cells may be uniquely susceptible to
viral infection by SIV or HIV. This is in contrast to cells
of the adult nervous system, which are mitotically
inactive. These features may partially explain the
apparent differences in pathogenesis of HIV-associ-
ated neurological disease between pediatric and
adult AIDS patients, as well as the bimodal clinical
neurological course in HIV-infected infants. Based
on the rapid disease course observed in macaque
fetuses infected with SIV in utero,14 it seems likely
that infants with rapidly progressive neurological dis-
ease were infected prenatally. The majority of pedi-
atric AIDS patients with a slower disease course
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were likely infected intrapartum or postpartum when
the nervous and immune systems are more fully
developed.

In summary, we have shown that direct inoculation
of rhesus fetuses with SIV results in infection of the
fetal CNS and that the viral distribution is unique
compared with infection of older animals. This sug-
gests that the pathogenesis of SIV- and HIV-induced
neurological disease in young patients differs from
that observed in juveniles and adults. Furthermore,
the timing of infection of the immature host may
dramatically affect the subsequent disease course.
The ability to infect the fetus directly at specific ges-
tational periods provides a powerful tool to examine
these important issues.
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