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Human immunodeficiency virus type 1 (HIV-1) infection of the developing central nervous system results in
a dementing process in children, termed HIV-1-associated encephalopathy. Infection of astroglial elements of
the pediatric nervous system has been demonstrated and suggests that direct infection of some astrocytes may
contribute to the neurologic deficit. In this model, HIV-1 establishes a persistent state of infection in astrocytes,
which can be reactivated by the cytokines tumor necrosis factor alpha (TNF-ex) and interleukin 13 (IL-1p1). To
better understand the natural history of viral persistence in astroglial cells, we characterized infection at the
transcriptional level. The most abundant viral transcript during the establishment of persistence was the
subgenomic multiply spliced 2-kb message, similar to mononuclear cell models of HIV-1 latency. Following
reactivation with TNF-& or IL-11 the multiply spliced 2-kb message remained the most abundant viral
transcript, in contrast to infected mononuclear cells in which reactivation leads to the reemergence of the 9-
and 4-kb transcripts. Further characterization of the persistent 2-kb transcript by PCR amplification of in
vitro-synthesized viral cDNA showed that, in the absence of cytokine stimulation, the most abundant multiply
spliced transcripts were the Nef- and Rev-specific messages. However, following cytokine stimulation, double-
and triple-spliced Tat-, Rev-, and Nef-specific messages could be identified. Immunohistochemical staining
demonstrated that, during viral persistence, astrocytes expressed Nef protein but few or no viral structural
proteins. These results demonstrate that viral persistence in astrocytes at the transcriptional level is
fundamentally different from that seen in mononuclear cells and could account for the virtual absence of
astroglial expression of viral structural antigens in vivo.

Vertically transmitted human immunodeficiency virus type 1
(HIV-1) infection is now among the top five leading causes of
death in children <4 years of age (34). Of those children
infected with HIV-1, approximately one-third to two-thirds will
go on to develop manifestations of central nervous system
(CNS) dysfunction characterized by a loss of developmental
milestones involving both motor and cognitive systems (4, 18).
This constellation of neurologic signs and symptoms has been
termed pediatric AIDS encephalopathy, which has as its
parallel the dementia seen in adults infected with HIV-1 (32,
36). The pathogenesis of AIDS-related encephalopathy re-
mains elusive. The neuropathological hallmarks of HIV-1
infection of the CNS have been well described, consisting of
infiltrating macrophages, multinucleated giant cells, and reac-
tive microglial cells associated with widespread astrogliosis,
myelin pallor, and neuronal loss (31, 36, 44). While cells of the
mononuclear lineage have consistently been demonstrated to
express viral antigens and to harbor viral nucleic acids in the
nervous system, the number of infected cells is small relative to
the widespread neuropathology. To explain this discrepancy, it
has been proposed that the effects of mononuclear infection
indirectly lead to the parenchymal changes. This is supported
by data which demonstrate that infected monocytes can elab-
orate HIV-1 gene products and other cellular factors which are
neurotoxic (5, 9, 15, 20, 21, 25, 37).

Direct infection of the neuronal and astroglial elements of
the CNS has also been proposed to contribute to HIV-1-
associated dementia. An early description of pediatric HIV-1-
associated neuropathology demonstrated the presence of viral
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particles in astrocytes (17), suggesting that the immature
elements in the developing nervous system were susceptible to
HIV-1 infection during vertical transmission. In vitro infection
of human fetal astrocytes, as well as astrocytoma cell lines, has
subsequently been demonstrated (8, 10-12, 14, 49). HIV-1
establishes a persistent state of infection in astroglial cells,
which can be reactivated by the cytokines tumor necrosis factor
alpha (TNF-ox) and interleukin 11 (IL-1p) (49), an activation
mediated by the induction of NF-KB (47).
To better understand the mechanisms which may underlie

the establishment of persistent infection of astrocytes, we
examined the temporal appearance of HIV-1 mRNA in human
fetal astrocytes. We report that during the establishment of
persistence, at times of little or no p24 or gp4I expression, the
predominant viral transcript seen by Northern (RNA) hybrid-
ization was the subgenomic, multiply spliced 2-kb message.
Reactivation with TNF-ot or IL-I 1 resulted in a brief phase of
viral replication with expression of p24 and gp4l; however, the
multiply spliced message remained the most abundant viral
transcript. Using reverse transcriptase (RT)-PCR technology
to identify the subpopulations represented in the 2-kb tran-
scripts, we found that during periods of viral persistence the
most abundant regulatory transcripts were those which coded
for Nef and Rev (Nef- and Rev-specific transcripts) with a
predominance of the Nef-specific transcripts. In contrast,
following stimulation with TNF-ot or IL-11, doubly and triply
spliced Tat-, Rev-, and Nef-specific messages could be identi-
fied within 24 h. Immunohistochemical staining of astrocytes
persistently infected with HIV-1 further revealed expression of
Nef protein in these cells at times when little viral structural
protein could be detected.
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MATERIALS AND METHODS

Cell cultures from brain tissue. Cultures from human fetal
brain tissue were prepared as described previously (49). Brain
tissue was dissected from 9- to 14-week-old human fetuses,
mechanically disrupted by aspiration through a 19-gauge nee-

dle, washed in Eagle's minimum essential medium (E-MEM)
and plated into poly-D-lysine (0.1 mg/ml in distilled water)-
treated tissue culture flasks. Each brain specimen was plated
separately without pooling of tissues from fetuses of similar or

different gestational ages. Cultures were maintained and fed
every 3 to 4 days with E-MEM plus 10% fetal bovine serum. To
prepare pure cultures of astrocyte cells, the cultures were first
refed with serum-free medium and placed in an orbital shaker
(210 rpm) at 37°C for 2 h. Cells released from the cultures were
discarded while the adherent cells were refed with medium
with serum. For serial passage, cells were harvested with
0.025% trypsin and 0.005% EDTA, counted in an hemocytom-
eter, and plated at 106 in 100-mm-diameter plates. Following
two to four passages, the cultures were stained with an

antibody to glial acidic fibrillary protein (DAKO) to determine
the percentage of cells which were astrocytes. Only those
cultures which were 99% glial acidic fibrillary protein antibody
positive were used.

Transfection procedure. The calcium phosphate precipita-
tion technique was used for transfection. Five micrograms of
uncleaved plasmid DNA per plate was used. The DNA was
precipitated in HEPES (N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid [pH 7.1]) buffer (137 mM NaCl, 5 mM
KCl, 0.7 mM Na2HPO4, 6 mM dextrose, 21 mM HEPES) with
125 mM CaCl2 for the final concentration. The DNA in
HEPES buffer was kept at room temperature for 30 min for
precipitate formation. The cell cultures were washed in
HEPES buffer prior to addition of the DNA precipitate. The
HEPES-DNA precipitate was placed directly on the cells for
30 min at room temperature, and then the cells were refed with
E-MEM. Following a 4-h incubation at 37°C, the cells were

washed three times with E-MEM, shocked with 15% glycerol
in E-MEM for 45 s, and then washed three more times with
E-MEM.

Immunodetection assays. Cells were plated on glass cover-

slips, fixed in acetone and methanol for 10 min each at - 20°C,
and washed in phosphate-buffered saline (PBS [pH 7.1]). All
remaining incubations were performed at room temperature.
Endogenous peroxidase activity was quenched for 30 min in
3% hydrogen peroxide in methanol. The cells were then
blocked with 3% normal goat serum for 20 min, followed by
incubation with a primary antibody (either a mouse monoclo-
nal antibody to Nef protein diluted 1:250 [AIDS Research and
Reference Reagent Program, catalog no. 1123], a rabbit poly-
clonal antibody to glial acidic fibrillary protein [DAKO], or a

mouse monoclonal antibody to HIV-1 gp4l [Genetic Sys-
tems]). The incubation time for the glial acidic fibrillary
protein and gp4l antibodies was 1 h, while the Nef antibody
was incubated for 24 h. Cells were then washed in PBS and
incubated with either biotinylated anti-rabbit or anti-mouse
immunoglobulin G for 1 h. Following a wash in PBS, the cells
were incubated with peroxidase-conjugated streptavidin for 60
min. Color was then developed with a fresh solution of
diaminobenzidine tetrahydrochloride, resulting in a brown
precipitate. Slides were then washed, counterstained with
hematoxylin, dehydrated in graded alcohols, and mounted with
Permount (Fisher Scientific).

Cytokines. All cytokines used were either human recombi-
nants or were derived from a human cell source (Boehringer
Mannheim). Cytokines were stored in aliquots at - 20°C

following reconstitution in E-MEM with 10% fetal calf serum.
Aliquots were thawed only once. The concentrations of cyto-
kines used were as follows: TNF-u, 10 ng/ml; IL-11, 10 U/ml.

Cytoplasmic RNA extraction. Following transfection, cyto-
plasmic RNA was isolated from cells in 100-mm-diameter
tissue culture dishes (1 x 106 to 5 x 106 cells). Prior to this
procedure, all of the reagents were treated with 0.1% dieth-
ylpyrocarbonate to inhibit RNases. The cells were placed at
4°C for 30 to 60 min, washed and harvested by mechanical
scraping in cold 1 x PBS, and pelleted by centrifugation at
14,000 rpm for 30 s at 4°C. The cells were resuspended in 270
p.I of cold Iso-High (0.14 M NaCl, 10 mM Tris [pH 8.4], 1.5
mM MgCI2) and 30 [L of cold 5% Nonidet P-40 in H20. After
incubation on ice for 2 min, the nuclei were pelleted by
centrifugation at 14,000 rpm for 30 s at 4°C in an Eppendorf
microcentrifuge. The supernatant was extracted twice in phe-
nol-chloroform (1:1 ratio) and once in chloroform alone,
followed by precipitation of the RNA in 70% ethanol at
- 20°C. RNA was collected by centrifugation at 14,000 rpm,
resuspended in TES buffer (10 mM Tris [pH 7.5], 1 mM
EDTA, 0.05% sodium dodecyl sulfate [SDS]) and reprecipi-
tated in 1/10 volume of 3 M sodium acetate (pH 5.5) and 70%
ethanol at - 20°C for several hours. Following centrifugation
at 14,000 rpm, the RNA pellet was air dried and resuspended
in water.

Total RNA extraction. Total RNA was also extracted from
parallel cultures of transfected astrocyte cultures by a previ-
ously described protocol (54).

Northern hybridization. RNA extraction samples were ana-
lyzed by electrophoresis in 1 x MOPS buffer {0.02 M MOPS
(3-[N-morpholino]propanesulfonic acid), 0.005 M NaHAc,
0.001 M EDTA} on 1.0% horizontal agarose gels containing
0.62 M formaldehyde. Following electrophoresis, the gel was
rinsed once for 20 min with 0.05 N NaOH, followed by a
20-min wash in 20 x SSPE (3.0 M NaCl, 0.2 M NaH2PO4, 0.02
M EDTA-Na2). The remaining steps of the Northern transfer
and hybridization are identical to those of the Southern
transfer and hybridization described below. The probe used for
Northern hybridization was an 8,088-bp fragment of pNL4-3
(1) generated by endonuclease AvaI digestion and nick trans-
lation with a 32P-labeled dATP.
cDNA synthesis and PCR amplification. One microgram of

either total or cytoplasmic RNA was heated at 65°C for 5 min
and cooled on ice. First-strand synthesis of cDNA was carried
out in a total volume of 20 jlI consisting of 50 mM KCL, 10 mM
Tris-HCl, 5 mM MgCl2, 1 mM each deoxynucleoside triphos-
phate (dNTP), 20 U of RNase inhibitor (Perkin-Elmer), 50 U
of Moloney murine leukemia virus RT (Perkin-Elmer), 1 Kg of
template RNA, and 1 jig of an antisense oligonucleotide
primer. For reverse transcription of the multiply spliced
mRNAs, the oligonucleotide BamA located in exon 7 at the
BamHI site was used. The sequence and location of BamA
in pNL4-3 are 5'-GCTAAGGATCCGTTCACTAATCGAAT
GG-3' and nucleotides (nt) 8472 to 8448, respectively. For
reverse transcription of the gag region of the 9-kb viral
transcript, the oligonucleotide SK431 was used. The sequence
and location of SK431 in pNL4-3 are 5'-TGCTATGTCACT
TCCCCTTGGTTCTCT-3' and nt 1500 to 1474, respectively.
The reaction mixture was incubated at 45°C for 1 h, followed
by incubation at 95°C for 5 min. PCR amplification of the
single-stranded DNA was carried out by bringing the cDNA
reaction mixture up to a final volume of 100 pl consisting of 50
mM KCL, 10 mM Tris-HCl, 2 mM MgCl2, 0.2 mM each dNTP,
2.5 U of Ampli-taq DNA polymerase (Perkin-Elmer), and 1 Fg
of a sense primer. For amplification of the multiply spliced
transcripts, the oligonucleotide Bss, located in exon 1 at the
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BssHII site, was added. The sequence and location of Bss in
pNL4-3 are 5'-GGCTTlGCTGAAGCGCGCACGGCAAG
AGG-3' and nt 700 to 727, respectively. For amplification of
the gag region of the 9-kb transcript, the oligonucleotide
SK145 was used. The sequence and location of SK145 are
5'-AGTGGGGGGACATCAAGCAGCCATGCAAAT-3' and
nt 1359 to 1388, respectively. The reaction mixture was dena-
tured at 94°C for 1 min, primers were annealed at 55°C for 2
min, and primers were extended at 72°C for 3 min for a total of
40 cycles in a DNA thermal cycler (Perkin-Elmer Cetus). Ten
microliters of each PCR product was run on a 1.5% agarose
horizontal gel, stained with ethidium bromide, visualized with
UV light, and photographed.

Southern transfer and hybridization. To further ensure the
specificity of the PCR products, all reaction mixtures under-
went Southern blot transfer. The agarose gel was rinsed once
with distilled water and then denatured twice in 1 M NaCl-0.5
M NaOH for 15 min. This was followed by neutralization in 0.5
M Tris-1.5 M NaCl for 15 min, which was also done twice. The
DNA was transferred to a nylon filter by capillary action,
cross-linked by UV radiation (Stratalinker; Stratagene), and
prehybridized in 50% formamide-6 x SSPE (0.9 M NaCl, 0.06
M NaH2PO4, 0.006 M EDTA-Na2)-5 x Denhardt's solution-
0.5% SDS-100 ,ug of calf thymus DNA per ml at 42°C for 1 h.
The filter was hybridized in an identical solution which also
contained 106 dpm of a 32P-labeled nick-translated 8,088-bp
AvaI fragment of pNL4-3 per ml (1). The probe was allowed to
hybridize to the filter at 42°C for at least 16 h. The filter was
washed twice in 6 x SSPE-0.1% SDS for 30 min at room
temperature. This was followed by two washes in 1 x SSPE-
0.5% SDS for 30 min at 64°C and a final wash in 0.1 x
SSPE-0.5% SDS for 30 min at 64°C. The filter was dried and
used for autoradiography.

Following autoradiography, the filter was stripped of the
radiolabeled probe in 50% formamide-2x SSPE at 65°C for
90 min. The filter was then sequentially hybridized with the
following series of oligonucleotide probes (labeled with
[-y-32P]ATP with T4 polynucleotide kinase [New England
Biolabs]): oligonucleotide 2, located in exon 2 at nt 4962 to
4945, 5'-CTITCCAGAGGAGCTITG; oligonucleotide 3, lo-
cated in exon 3 at nt 5446 to 5429, 5'GATATTCACACCTAG
GAC; oligonucleotide 4 tat, located in the 5' portion of exon 4
at nt 5803 to 5780, 5'-CCTATTCTGCTATGTCGACACCCA-
3'; oligonucleotide 4a/b tat/rev, located in exon 4a/b at nt 5981
to 5959, 5'-TTCCTGCCATAGAGATGCC-3'; and oligonu-
cleotide 5 tat/revlnef, located in the 5' portion of exon 5 at nt
5997 to 5979, 5'-TCGCTGTCTCCGCTTCTTC-3'.
To detect the PCR products generated by primers SK145

and SK431, the internal oligonucleotide SK102 was used.
SK102 is located in the gag gene at nt 1396 to 1428 and has the
sequence 5'-GAGACCATCAATGAGGAAGCTGCAGAAT
GGGAT-3'.

RESULTS

Temporal characteristics of p24 production in pNL4-3-
transfected astrocyte cultures. We have previously described
the kinetics of p24 production in human fetal astrocytes
following transfection with the infectious molecular clone
pNL4-3 (1, 49). The brief productive phase of viral replication
seen immediately posttransfection is followed by a persistent
phase during which little p24 is produced. As seen in Fig. 1, the
application of the cytokine TNF-ot results in brief bursts of p24
production (similar results were found for IL-1). Furthermore,
in the current set of experiments, we found that the longer the
cells remain in a state of viral persistence, the more attenuated
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FIG. 1. Temporal characteristics of p24 production in pNL4-3-
transfected astrocyte cultures stimulated at different time points with
TNF-ot. Two separate cultures of human astrocytes were established
and transfected in parallel. The concentration of p24 protein in the
supernatant fluid was determined every 24 h by using an antigen-
capture enzyme-linked immunosorbent assay (ELISA [Coulter]). At
each time point, the culture medium was collected and replaced with
fresh medium. Each datum point represents the mean value of three
experiments. Cytokines were added to the medium only on the day
noted on the graph. At day 15, TNF was only added to one set of
cultures (El1). At day 27, TNF was added to both sets.

the effects of cytokine administration were. As seen in Fig. 1, if
TNF-ot is added to the cultures 2 weeks posttransfection, the
p24 levels rise to approximately 100 to 150 pg/ml from a
baseline of approximately 15 pg/ml. However, if TNF-ot is
added to the cultures 4 weeks posttransfection, the p24 levels
rise to a p24 level of approximately 50 pg/ml from a baseline of
<1 pg/ml. This phenomenon is independent of prior cytokine
stimulation and appears to be a function of time from initial
transfection.
As noted previously (49) and in a subsequent section of this

paper (see section on temporal characteristics of Tat-, Rev-,
and Nef-specific transcripts in astrocytes), supernatant from
cytokine-treated cultures was infectious, as demonstrated by
incubation of the supernatant with the CD4+ lymphoblastoid
cell line A3.01 (19).
Temporal characteristics of HIV-1 mRNA transcripts in

astrocytes. To better understand the mechanisms which under-
lie the establishment of viral persistence in astrocytes, we next
characterized the temporal characteristics of viral mRNA
production during the establishment of persistence and in
response to cytokine stimulation. As seen in Fig. 2, 2 days
posttransfection all three viral transcripts could be identified as
unspliced (9 kb), singly spliced (4 kb), and multiply spliced (2
kb), with the multiply spliced message being the most abun-
dant. By day 15, when p24 levels were approaching the
baseline, only the multiply spliced transcript was evident. The
addition of either IL-1 or TNF-ot on day 15 led to a marked
increase in the multiply spliced transcripts within 24 h. While
there was not a detectable increase in the unspliced or singly
spliced transcripts, there was a rise in the levels of p24 in the
culture supernatant (as seen in Fig. 1), suggesting that the
number of singly spliced or unspliced transcripts was below the
sensitivity levels of Northern blotting. Northern blots done 48
and 72 h after cytokine administration, at times of peak p24
production, were no different from the blot seen in Fig. 2.
By day 27 posttransfection, viral transcripts could not be
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FIG. 2. Temporal characteristics of HIV-1 mRNA transcripts in
astrocytes. RNA was purified at different time points from astrocytes
transfected with pNL4-3. RNA was extracted from cytokine-stimulated
astrocytes 24 h after the addition of either TNF-cx or IL-11 on day 15
or 27 posttransfection. Northern transfer and hybridization were done
as described in the text. The approximate sizes of the transcripts are
given on the left.

detected in astrocyte cultures which had had no prior cytokine
stimulation. Addition of either TNF-o. or IL-13 on day 27
posttransfection to astrocytes in a state of viral persistence
again led to the induction of the multiply spliced 2-kb message
within 24 h, although it was a significantly weaker signal than
that induced at day 16 posttransfection.

Northern hybridization blots with total RNA from trans-
fected cells were no different from hybridization with cytoplas-
mic RNA.

Given the absence of the 9- and 4-kb transcripts at times of
cytokine stimulation, a series of studies were done to deter-
mine whether the cytokine-induced rise in p24 levels in the cell
supernatant resulted from de novo synthesis of p24 from
nascent viral transcripts versus release of previously synthe-
sized p24 in the absence of viral transcripts. In the first set of
experiments, five parallel astrocyte cultures were established
and transfected and the p24 levels in the cell supernatant and
intracellularly were measured at different time points. As
summarized in Table 1, the presence or absence of p24 in the
supernatant was paralleled by the presence of absence of p24
intracellularly. At day 27, no intracellular or extracellular p24
was detectable. However, 24 h following cytokine stimulation,
p24 was again detectable in both the supernatant and intracel-
lularly, demonstrating that cytokine-induced rises in p24 re-
sulted from de novo synthesis of the core protein. The second
set of experiments attempted to identify the 9-kb viral tran-
script by a more sensitive method than Northern hybridization.
For this, we utilized an RT-PCR method in which RNA used
in the Northern hybridization was reverse transcribed with the
primer SK431 and then was PCR amplified with primers
SK145 and SK431. The primer set SK145 and SK431 amplified
a 142-bp fragment of the gag region of the 9-kb transcript, a
region which is spliced out of the 4- and 2-kb viral transcripts.
Following gel electrophoresis and Southern transfer, the PCR
products were hybridized with an end-labeled internal probe,
SK102. As summarized in Table 1, RT-PCR was able to detect

TABLE 1. Comparison of gag gene transcription and expression in
astrocytes at different time points posttransfection

p24 levels Presence of gag Presence of 9-kb

Dalys post- (pg4ml) Intracellular portion of 9-kb transcript as

transfection in cell p24 levels transcript as detected by
supernatant (pg/10' cells)" detected by Northern

RT-PCR" hybridization"
2 358 108 + +
15 42 <1 + -
16 + TNF' 146 28 + -
27 <1 <1 - -
28 + TNF 48 11 + -

" Intracellular p24 levels were determined as follows. Cells (10') were washed,
resuspenided in 1 ml of serum-free medium, and vortexed for 5 min. The cellular
debris was pelleted, and the supernatant was removed. The supernatant was
mixed with t).5 ml of 7t)% sorbitol and 0.5 ml of 1t)t)% fetal calf serum and
assayed for p24 antigen with anl antigen-capture ELISA (Coulter).

b +, present; -, not present.
' + TNF denotes administration of cytokines 24 h prior to the ELISA.

the 9-kb transcript at times when Northern hybridization could
not. Furthermore, the presence or absence of the 9-kb tran-
script as detected by RT-PCR paralleled the presence or
absence of p24 in the culture system. In total, these experi-
ments suggest that the cytokine-stimulated rise in p24 levels
results from the expression of nascent 9-kb transcripts.

Characterization of the viral 2-kb message. Given that the
2-kb transcript was by far the most abundant transcript seen in
viral persistence and with cytokine stimulation, we character-
ized the subpopulations of the multiply spliced transcripts by
utilizing a previously described RT-PCR method (42). This
method uses a set of primers in exon 1 (primer Bss) and exon
7 (primer BamA) to amplify all of the multiply spliced tran-
scripts simultaneously because these exons are present in all
HIV-1 viral transcripts. Because the same primer pair and
PCR mixture are used to identify all of the multiply spliced
transcripts, the messages can be qualitatively compared when a
probe is used to detect all of the regulatory transcripts. Given
the position of the primers, the expected sizes of the amplifi-
cation products from multiply spliced transcripts would be
between 190 and 600 bp, with the Tat-coding transcripts
producing the largest of the PCR products, Nef transcripts
producing the smallest products, and Rev transcripts produc-
ing intermediate-sized products. The extension step of the
cycling parameter was kept sufficiently short to prevent ampli-
fication of the unspliced or singly spliced transcripts. cDNA
was synthesized by RT and the antisense primer BamA,
followed by PCR amplification with the addition of sense
primer Bss. Amplification of the viral transcripts 2 days post-
transfection gave a complex pattern of bands when the PCR
products were run on a 1.5% agarose gel, transferred to a
nylon membrane, and hybridized with an 8-kb AvaI fragment
of pNL4-3. This fragment spans all of the exons of HIV-1 and
would be expected to hybridize to all multiply spliced mes-
sages. As seen in Fig. 3, amplification of RNA 2 days post-
transfection consistently gave a pattern of three sets of doublet
bands ranging in size from 200 bp to almost 600 bp. In the first
lane, 10 Ftl of the PCR mixture was loaded, while in the second
lane 20 Ill was loaded.
To identify the genomic regions present in the amplified

cDNAs, the membrane was sequentially hybridized to a series
of probes located in exons 2, 3, 4, 4a/b, and 5. Probe 4 tat
hybridizes to the 5' region of exon 4 upstream of the tat AUG.
As seen in Fig. 4, probe 4 tat hybridized to the three uppermost
cDNA bands, indicating that there are at least three different-
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to infect A3.01 cells, a CD4+ T-cell line (19). Fifteen days after
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cyte supernatant. Cytoplasmic RNA was extracted from 1
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FIG. 4. Sequential Southern hybridization of RT-PCR-amplified
2-kb messages with oligonucleotide probes to different exons. RT-PCR
amplification and Southern transfer were performed with RNA ex-
tracted from astrocytes 2 days posttransfection with pNL4-3. The filter
was then sequentially hybridized to a series of oligonucleotide probes
nested within exons 2 through 5. Beneath the exons of HIV-1 are
shown the relative positions of the oligonucleotide probes used to
identify the presence of the exons. The precise positions of the
oligonucleotides are given in the text.
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DAYS POST-TRANSFECTION

16 16 28 28
+ + + +

2 15 IL-i TNF-a 27 IL-i TNF-a
Northern

Blot

RT/PCR

15 16 16 27 28 28 A3.01
+ + + + Infected

IL-1 TNF IL-1 TNF With
NL4-3

FIG. 5. Temporal characteristics of Tat-, Rev-, and Nef-specific
transcripts in astrocytes. RNA previously extracted at different time
points for use in Northern hybridization (see Fig. I and the top of this
figure) was amplified with primers Bss and BamA in an RT-PCR
mixture and, following Southern transfer, was hybridized to oligonu-
cleotide probe 5 tat/rev/lnef, which is present in all Tat-, Rev-, and
Nef-encoding transcripts. RNA was also extracted from A3.0)1 cells 15
days following infcction with NL4-3. The results of RT-PCR of this
RNA and Southern hybridization to the AiwI fragment of pNL4-3 are
shown at the bottom right of this figure.

Figure 6a and b demonstrate the perinuclear staining pattern
of Nef protein in astrocytes. Figure 6c demonstrates the more
diffuse cytoplasmic staining pattern of gp4l.

DISCUSSION

The natural history of HIV-1 infection of human astrocytes
and astrocyte cell lines is typified by a persistent state of
infection in which few or no viral structural antigens are

expressed. In this series of experiments, we characterized the
infection at the transcriptional level to better understand the
viral mechanisms which mediate the establishment of viral
persistence in astroglial cells. Models of HIV-1 latency in
mononuclear cells and T cells have demonstrated that the viral
mRNA expressed in these cells consisted of singly and multiply
spliced RNA species, with little or no unspliced genomic RNA
during chronic infection (30, 35). In primary human fetal
astrocytes, a similar phenomenon is seen in which the predom-
inant viral transcript during the establishment of persistence is
multiply spliced. However, the astrocyte model is fundamen-

TABLE 2. Comparison of Nef and gp4l expression in astrocytes at
different time points posttransfection

No. of astrocytes positive for
Days expression by:

posttransfection
Nef stain gp4l stain

2 1 of 400 1 of 100
15 1 of 200 0
16 + TNFa 1 of 100 1 of 300
27 0 0
28 + TNF 1 of 400 1 of 1,000

"+ TNF denotes administration of cytokines 24 h prior to immunocytochem-
istry.

tally different from the mononuclear cell model in one impor-
tant regard; lipopolysaccharide stimulation of Ul cells results
in a marked increase in the amount of multiply spliced mRNA,
which is then followed by an increase in the amount of
unspliced RNA species (30, 35). While cytokine stimulation of
astrocytes leads to a clear increase in the amount of multiply
spliced mRNA, no detectable increase in the amount of
unspliced RNA is seen. This suggests that there is a critical
difference in the physiology of astrocytes which prevents the
accumulation of the unspliced HIV-1 viral transcript. This is of
particular interest given the recent observation by Constantou-
lakis et al. (13) that there are interferon-inducible proteins in
human cell types which bind to the responsive element,
inhibiting function and resulting in an accumulation of the
multiply spliced viral transcript. This would suggest that human
fetal astrocytes have a similar factor or mechanism which may
work at the level of the responsive element to give the mRNA
patterns seen in Fig. 2. Work is being initiated in our labora-
tory to investigate this possibility.
The subpopulations of the 2-kb message are strikingly

similar in both mononuclear cells and astrocytes in which
HIV-1 has established a state of persistence. In H9 cells and
peripheral blood monocyte-macrophages infected with HIV-1,
the predominant multiply spliced transcript was the one which
coded for Nef (23, 40). The Tat-specific mRNAs were the least
abundant, while the Rev transcripts were intermediate in
number. In the astrocyte model outlined, at times of persis-
tence when the multiply spliced messages were the majority of
the viral transcripts, the RT-PCR methodology found that the
Nef- and Rev-encoding transcripts were the most abundant,
with a predominance of the Nef-specific message, again similar
to the mononuclear and lymphocytic cells (23, 40). Interest-
ingly, Schwartz et al. (42) found that the transcripts for Rev
and Nef both have open reading frames for Nef. Given the
abundance of these transcripts and their increase during
cytokine stimulation of astrocytes, the ability to detect Nef
protein immunohistochemically is not surprising. The perinu-
clear location of Nef is consistent with findings from a persis-
tently infected glioma cell line (24).
Could Nef, in addition to cellular factors, play a role in the

establishment of a latent or persistent state of viral infection?
This point remains controversial. In mononuclear cells, Nef
was initially thought to be a negative regulator of viral expres-
sion at the level of the long terminal repeat. Similarly, in one
astrocytoma model of HIV-1 infection, Nef also demonstrated
a prominent suppression of the HIV long terminal repeat at

FIG. 6. Immunohistochemical identification of Nef protein and gp4l in astrocytes. Fig. 6a and b demonstrate the perinuclear localization of Nef
protein in astrocytes. This is in contrast to gp4l expression, which is more diffusely cytoplasmic as seen in panel c.
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the level of the negative regulatory element (8). However,
other investigators have observed no effect of Nef protein on
either gene expression or viral replication in mononuclear and
glial cell models (2, 22). Other functions attributed to the nef
gene product which support its role in the establishment of
viral persistence include (i) the ability to reduce cell surface
expression of gpl20 and CD4, presumably preventing the
cytopathic effect of cell fusion (41), and (ii) inhibition of
NF-KB induction, attenuating transcriptional upregulation at
the level of the long terminal repeat (33). Interestingly, in the
astrocyte model, we found an attenuation of expression of p24
and gp4l as well as that of the RNA transcripts over time. This
probably does not reflect cell death, since the number of
Nef-expressing cells remained relatively constant over time.
Instead, one could postulate that Nef expression downregu-
lated the long terminal repeat as well as blocked expression of
structural proteins in these cells. Whatever its role, the fact
that the Nef open reading frame is conserved in all primate
lentiviruses and in pathological tissue (6) suggests that this
protein plays a critical, and as yet undetermined, role in the
viral life cycle.
The abundance of the multiply spliced transcripts found in

astrocytes in vitro and their ability to code for Nef has
significance for the detection of HIV-1-infected astrocytes in
vivo. Studies to identify infected cells of the CNS in vivo
generally use methods that target the viral structural proteins
or genes coding for structural proteins. However, if the natural
history of HIV-1 infection of astrocytes in vivo is also one of
viral persistence in which the viral transcripts are restricted to
the multiply spliced species, then detection methodology
would have to be modified to reflect this. Specifically, immu-
nohistochemical detection of infected astrocytes would have to
target either Nef or Rev protein, since the structural and core
proteins would be almost nonexistent, given the lack of the
unspliced and singly spliced message in these cells. In situ
detection of infected astrocytes would also have to use a
nucleic acid probe which targets the exons present in the
multiply spliced transcripts, since these are the most abundant
viral nucleic acids. Probes which target exons or sequences
outside these transcripts will probably fail to hybridize to
infected astrocytes, again because the nonspliced or singly
spliced viral transcripts are so few in number. Furthermore, the
sensitivity of the probe would need to be maximized, given the
restricted nature of the infection. Both our laboratory and that
of Blumberg et al. (7) have taken this approach to identify
infected astrocytes in vivo. Using a 32P-labeled probe which
contains the exons found in the HIV-1 multiply spliced tran-
scripts and antibody to Nef protein, we were able to detect a
small number of astrocytes which harbored HIV-1 nucleic
acids in the subcortical white matter of 4 of 12 pediatric
patients with AIDS encephalopathy (48). Blumberg et al.,
using monospecific nef probes and an antibody to Nef protein,
also found evidence for HIV-1-infected astrocytes in postmor-
tem CNS tissue from pediatric AIDS patients (7). With the
advent of more sensitive detection techniques, such as in situ
PCR (3, 16), the extent of glial infection may be further
clarified.
The role infected astrocytes play in the pathogenesis of

AIDS-associated dementia is unknown. While Nef protein has
demonstrated functional similarities to scorpion peptides in its
ability to interact with K+ channels of chicken dorsal root
ganglia (55), it is unclear whether infection disrupts the normal
physiologic functions of astrocytes. Given the cytokine activa-
tion seen in vivo in the CNS of patients with AIDS encepha-
lopathy (50), astrocytes could act as low-level producers of
virion when exposed to these monokines, infecting surround-

ing tissue and infiltrating mononuclear cells. In addition to
infecting the parenchymal elements, virions produced by as-
troglial elements may be directly toxic to the neuronal constit-
uents. The uninfected, reactive astrocyte may also contribute
to the neuropathology of HIV by releasing TNF-o when
exposed to viral antigens (28). TNF-ox is toxic to oligodendro-
glial cells (39, 43) and could contribute to the myelin pallor
seen at autopsy. Reactive astrocytes in patients with AIDS
dementia also produce transforming growth factor ,3, which
may act as a chemoattractant for mononuclear cells into the
CNS, further aggravating the encephalitis caused by HIV (52).

Finally, it appears that the natural history of HIV-1 infection
of adult human astrocytes in vivo and in vitro may be different
than that of astrocytes of the developing nervous system. One
in vitro attempt to infect adult human astrocytes was unsuc-
cessful (45), while in vivo detection of infected adult astrocytes
has been inconsistent (38, 46, 53, 56). The immaturity of the
glial elements in utero, as well as the immaturity of the
pediatric immune system in the perinatal period, could in
theory make the developing CNS more susceptible to viral
invasion (26, 27) than the mature nervous system.
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