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ABSTRACT The high incidence of neurological disorders
in patients afflicted with acquired immunodeficiency syn-
drome (AIDS) may result from human immunodeficiency
virus type 1 (HIV-1) induction of chemotactic signals and
cytokines within the brain by virus-encoded gene products.
Transforming growth factor f1 (TGF-p1) is an immunomodu-
lator and potent chemotactic molecule present at elevated
levels in HIV-1-infected patients, and its expression may thus
be induced by viral trans-activating proteins such as Tat. In
this report, a replication-defective herpes simplex virus
(HSV)-1 tat gene transfer vector, dSTat, was used to tran-
siently express HIV-1 Tat in glial cells in culture and following
intracerebral inoculation in mouse brain in order to directly
determine whether Tat can increase TGF-31 mRNA expres-
sion. dSTat infection of Vero cells transiently transfected by
a panel of HIV-1 long terminal repeat deletion mutants linked
to the bacterial chloramphenicol acetyltransferase reporter
gene demonstrated that vector-expressed Tat activated the
long terminal repeat in a trans-activation response element-
dependent fashion independent of the HSV-mediated induc-
tion of the HIV-1 enhancer, or NF-KB domain. Northern blot
analysis of human astrocytic glial U87-MG cells transfected
by dSTat vector DNA resulted in a substantial increase in
steady-state levels of TGF-P13 mRNA. Furthermore, intrace-
rebral inoculation of dSTat followed by Northern blot analysis
of whole mouse brain RNA revealed an increase in levels of
TGF-p1 mRNA similar to that observed in cultured glial cells
transfected by dSTat DNA. These results provided direct in
vivo evidence for the involvement of HIV-1 Tat in activation of
TGF-p1 gene expression in brain. Tat-mediated stimulation of
TGF-,1 expression suggests a novel pathway by which HIV-1
may alter the expression of cytokines in the central nervous
system, potentially contributing to the development of AIDS-
associated neurological disease.

Acquired immunodeficiency syndrome (AIDS)-related neu-
rodegenerative disorders occur in approximately one-half of
children and one-third of adults afflicted with the disease (1).
Deterioration of brain tissue, eventually leading to dysfunction
of cognition, dementia, or even paralysis occurs in the absence
of infection of neuronal tissue by the human immunodeficiency
virus type 1 (HIV-1), the etiologic agent of AIDS, and in the
absence of other malignancies or opportunistic infections (1,
2). Such discrepency between the severity of neurodegenera-
tion and the lack of detectable HIV-1 within neurons suggests
that virus- or host-derived diffusable factors may induce a
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pathologic process by altering the normal pattern of expression
of cellular genes.
The HIV-1 trans-activating protein Tat, a potent activator of

the viral long terminal repeat (LTR; refs. 3-5), influences the
expression of a number of cellular genes. Tat also stimulates
the growth of cell lines derived from Kaposi sarcoma lesions
in vitro (6), and transgenic mice expressing Tat develop dermal
lesions similar to Kaposi sarcoma (7). Tat released from
HIV-1-infected cells can enter uninfected neighboring cells in
which it can activate expression of cellular genes (8-11). In this
manner, Tat may play a role in stimulating expression of tumor
necrosis factor p (12), and through cytokine induction, it may
inhibit antigen-induced proliferation of lymphocytes (13). In
glioblastoma cells, Tat can also activate the expression of a
number of extracellular matrix proteins (14) and stimulate the
expression of heterologous genes linked to the transforming
growth factor 31 (TGF-31) promoter (11).

In this study, a replication-defective herpes simplex virus
(HSV)-1 Tat expression vector, dSTat, was engineered for tat
gene transfer to astroglial cells in culture and to mouse brain by
intracranial inoculation and evaluated for Tat-mediated activa-
tion of TGF-P1 gene expression both in vitro and in vivo. Tat
expression by dSTat was demonstrated by immunofluorescence
assays of cultured human astrocytic glial U87-MG cells infected
by the vector. Using a series of LTR-chloramphenicol acetyl-
transferase (CAT) deletion constructs in transfection-
infection assays, it was demonstrated that vector-expressed Tat
trans-activated the HIV-1 LTR in a trans-activation response
element (TAR)-dependent manner distinct from the HSV-
mediated stimulation of the HIV-1 LTR through the NF-KB
enhancer domain. Following transfection of dSTat viral DNA
into astrocytic glial U87-MG cells, TGF-31 mRNA production
was shown to be substantially elevated relative to transfection
of control HSV-1 vector DNA lacking the tat expression
cassette. This induction of TGF-31 gene expression was also
evident in vivo upon microinjection of dSTat into mouse brain.
Tat-mediated activation of TGF-31 expression in the central
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nervous system (CNS), and possibly that of other cytokines and
immunomodulatory molecules, may contribute to neuronal
damage in AIDS patients.

MATERIALS AND METHODS
Plasmids. pUCX1 is a pUC19-based plasmid containing the

3.5-kb HSV-1 BamHI P fragment that contains the thymidine
kinase (tk) gene. pJG100 (15) is a derivative of pUCX1, which
contains the 34-bp loxP recombination site of bacteriophage P1
inserted into the tk coding sequence of pUCX1. The loxP site
in pJG100 is present on a 364-bp NaeI-SnaBI DNA fragment
from pBS64 (16), which was cloned into the SnaBI site within
the tk coding sequence of pUCX1, thus inactivating the tk gene.
pSVTat contains the simian virus 40 (SV40) early promoter-
enhancer cloned upstream of the HIV-1 SF2 tat cDNA (7),
followed by the SV40 early poly(A) site. pSVTatlox (see Fig. 1)
contains the SV40 promoter-tat-poly(A) cassette of pSVTat
subcloned into the BamHI site of pJG116 (17), a loxP vector
carrying the E. coli lacZ gene driven by the human cytomegalo-
virus immediate-early promoter-enhancer. pCD23,
pCD23ATAR, pCD52, and pCD52ATAR have been described
previously (18). pAct-Tat contains the tat gene of HIV-1 under
the control of human 3-actin promoter (11, 18). pNL4-3 is a
previously described HIV-1 proviral DNA construct (19).

Cells. Vero cells were obtained from American Type Cul-
ture Collection (ATCC). E5 is a Vero-derived cell line stably
transfected with the HSV-1 ICP4 gene driven by its own
promoter (20) and was obtained from Neal DeLuca, University
of Pittsburgh. Vero and E5 cells were maintained in minimal
essential medium (MEM; GIBCO) supplemented with 10%
(vol/vol) fetal bovine serum. U87-MG, a cell line derived from
human glioblastoma, was obtained from ATCC, and was
maintained in Dulbecco's modified Eagle's medium supple-
mented with 10% fetal bovine serum. The cell line 5-10 is a
U87-MG-derived cell line stably transfected by the HIV-1 tat
gene under the control of the SV40 late promoter and has been
previously described (14). Primary human fetal glial cell
cultures were prepared by careful removal of brain meninges
from fresh brain tissue of 10- to 21-week-old abortive human
fetuses, followed by preparation of tissue as described (21).
Briefly, brain tissue was mechanically dissociated, and the
resulting cell suspension was plated at a density of 1 x 106 cells
per 60-mm dish and incubated for 4-5 days. The cells were
then washed to remove nonadherent cells, and supplied with
DMEM/10% fetal bovine serum. After 1 week, the culture
medium was removed and replaced with serum-free medium,
and cultures were placed on a shaker platform at 200 rpm at
37°C overnight to obtain purified cultures of astrocytes. Cells
detached from the culture were removed and discarded, and
the adherent astrocytic cells were washed and refed with fresh
DMEM/10% fetal bovine serum. To assess the purity of the
primary culture, cells were grown on glass chamber slides, fixed
with ice-cold methanol, and incubated with anti-GFAP anti-
body. The samples were then incubated with a fluorescein-
conjugated mouse anti-IgG secondary antibody and evaluated
for fluorescence. The results indicated that type 1 astrocytes
constituted the majority of the primary cell population. For
transfection assays, the cells were seeded at 5 x 105 cells per
60-mm dish.

Viruses. d120 is an ICP4 deletion mutant of HSV-1 strain
KOS (22) and was obtained from Neal DeLuca. dTKlox was
derived from d120 by marker transfer of a BamHI digest of
plasmid pJG100 into d120 viral DNA on E5 cells, followed by
selection of tk- viral progeny in the presence of 100 ,ug of araT
per ml (17). dSTat was constructed by Cre-lox recombination
of plasmid pSVTatlox into dTKlox viral DNA (17), followed by
transfection of E5 cells.

Immunofluorescence. U87-MG or 5-10 cells were seeded on
glass coverslips in 12-well tissue culture plates at 1 x 105 cells

per well. Sixteen to 24 h later, U87-MG cultures were infected
at a multiplicity of infection of 10.0 with either dSTat or
dTKlox, or they were mock-infected with growth medium
alone. Twelve to 15 h after infection of U87-MG cells, both
infected U87-MG cultures and uninfected 5-10 monolayers
were rinsed three times with PBS, fixed for 2 min in cold
(-20°C) acetone, air-dried, and blocked with 10% goat serum
in PBS for 1 h. Coverslips were incubated overnight with a
1:200 dilution of a polyclonal anti-Tat antibody (no. 705, AIDS
Research and Reference Reagent Program, Division of AIDS,
National Institute of Allergy and Infectious Diseases, National
Institutes of Health) at room temperature, followed by 1-h
incubations with a 1:1000 dilution ofbiotin-conjugated anti-rabbit
IgG secondary antibody (Amersham) and a 1:1000 dilution of
Texas Red-conjugated streptavidin (GIBCO/BRL). Immunore-
activities were visualized by fluorescence microscopy.

Transfections and CAT Assays. Plasmid and viral DNA
transfections were carried out by the calcium phosphate pre-
cipitation method as described (23). For CAT assays, at 24 h
after transfection of plasmids into subconfluent Vero mono-
layers in 60-mm dishes, the cells were either mock-infected or
infected with dTKlox or dSTat at multiplicity of infection of
10.0. Cell lysates were prepared 24 h after infection and were
processed for CAT activity as described (24) using equal
concentrations of protein from each lysate as determined by a
Bio-Rad protein assay kit. Percent conversion was calculated
by scanning the thin-layer chromatography plate using a
Radioimaging Analytic System (AMBIS).
RNA Extraction and Northern Analysis. Following trans-

fection, total cellular RNA from two 100-mm dishes was
prepared by the hot acid-phenol procedure (25). Poly(A)+
RNA was prepared using a poly(A)+ RNA purification kit
(Qiagen). For primary fetal glial cell cultures, 48 h following
transfection of 5 x 105 cells, total RNA was prepared and
analyzed by Northern blot. For detection of expression of
TGF-31 in mouse brain following injection with viral vectors,
3- to 4-month-old male Swiss Webster mice were intracere-
brally injected with a 23-gauge needle while under anesthesia
with avertin. Animals received 106 plaque forming units in 25
tLl of PBS alone, PBS with dSTat, or PBS with dTKlox, and
animals were killed 48 h after inoculation. Brain tissue was
then harvested for preparation of poly(A)+ RNA. Fifteen
micrograms of total RNA or 2.0 jg of poly(A)+ RNA was
subjected to electrophoresis in denaturing 1.2% formalde-
hyde/agarose gels, transferred to nylon membranes (Amer-
sham), and hybridized to 32P-dCTP labeled TGF-31 or glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) cDNA
probes prepared by random-primed labeling (26) using a
Boehringer Mannheim kit. Following autoradiography, RNA
levels were quantitated by densitometric scanning of Northern
blots, and levels of TGF-31 RNA were calculated after nor-
malization to GAPDH RNA levels.

RESULTS
Construction of a Replication-Defective HSV-1 Vector Ex-

pressing HIV-1 Tat. Using a cell-free Cre-lox recombination
system (15, 17), we recombined pSVTatlox, an HIV-1 SF2 tat
expression plasmid containing a bacteriophage P1 loxP recom-
bination sequence, into the genome of dTKlox, a replication-
defective HSV-1 vector derived from the ICP4 deletion mutant
d120 (ref. 22; Fig. 1). dTKlox contained a loxP site inserted into
the thymidine kinase (tk) gene of d120, thus making it mutant
in both ICP4 and tk, and a potential recipient of a variety of
loxP-containing shuttle plasmids (17). In addition to the SV40
early promoter-enhancer-driven tat expression cassette, pS-
VTatlox contained a lacZ reporter gene under transcriptional
control of the human cytomegalovirus immediate-early pro-
moter-enhancer (Fig. 1). Following Cre-mediated recombi-
nation of pSVTatlox into dTKlox DNA and transfection of
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FIG. 1. Schematic diagram of the viral vectors used in this study (not drawn to scale). dTKlox is a tk- derivative of the ICP4- HSV-1 mutant,
d120 (22), generated by marker transfer of a 364-bp plasmid fragment containing the 34-bp loxP recombination site of bacteriophage P1 (15, 17)
into the tk coding sequence of d120. dSTat was constructed by Cre-loxP recombination of plasmid pSVTatlox into dSTat viral DNA, followed by
transfection of ICP4-complementing E5 cells (20). UL and Us, unique long and short sequences of the HSV-1 genome, respectively, flanked by
inverted repeats; bla, P-lactamase; ori, plasmid origin of replication; IEP, immediate-early promoter; EP, early promoter; and EpA, early poly(A)
signal.

ICP4-complementing E5 cells, recombinant tk- viral progeny,
designated dSTat, were identified and plaque-purified based
on their blue plaque phenotype following overlay of the E5 cell
monolayer with Bluo-gal. The genomic structure of dSTat was
confirmed by Southern blot analysis of viral DNA (data not
shown). To examine the possibility that a wild-type, ICP4+
recombinant virus may have been generated by passaging
stocks of dSTat on E5 cells, or that Tat expressed by the dSTat
may allow the viral lytic cycle to proceed under nonpermissive
conditions, dSTat infection of noncomplementing Vero cells
was examined and compared to infection by dTKlox and the
parental d120 virus. No progeny virions were detected by
standard HSV plaque assays following infection of Vero cells
by any of the three viruses following high multiplicity of
infections (data not shown). These results confirmed that the
dSTat is totally compromised for replication in noncomple-
menting cells.

Efficacy of Tat expression by dSTat in Vitro. The ability of
dSTat to express Tat in cultured U87-MG cells was examined
by indirect immunofluorescence using an anti-Tat polyclonal
antibody (Fig. 2). Substantial expression of Tat protein was
observed in dSTat-infected U87-MG cells (Fig. 2A) and in
Tat-producing U87-MG derived 5-10 cells (ref. 14; Fig. 2D),
but not in dTKlox- or mock-infected U87-MG cells (Fig. 2 B
and C, respectively). These results indicated that dSTat is
capable of expressing Tat in cultured human astrocytic glial
cells at a level comparable to that detected in the same cell line
engineered to constitutively express Tat (14).

Expression of Functional Tat by dSTat in Vitro. To deter-
mine whether Tat expressed from dSTat was functional, a
transfection-infection assay was employed using a panel of
HIV-1 LTR deletions linked to the bacterial CAT reporter
gene (Fig. 3). Twenty-four hours after transient transfection of
Vero cells by the LTR-CAT plasmid constructs, monolayers
were either mock-infected or infected by the control vector
dTKlox or by dSTat, and levels of vector-mediated trans-
activation of the HIV-1 LTR were measured by CAT activity.
Because one or more immediate-early HSV-1 gene products

are capable of trans-activating the HIV-1 LTR through inter-
actions with the NF-KB enhancer domain of the LTR (27-34),
CAT assays were performed using an LTR deletion construct
containing the Tat-responsive TAR sequence but lacking the
HSV-stimulated NF-KB domain to determine whether vector-
expressed Tat, not an HSV-1 gene product, was responsible for

A B

C D

FIG. 2. Indirect immunofluorescence analysis of Tat expression in
dSTat-infected glial cells. U87-MG (A-C) or Tat+ 5-10 (D) cells were
plated at low density on glass coverslips, and 16-24 h later, U87-MG
monolayers were either mock-infected (C), or infected at multiplicity
of infection of 10.0 with (A) dSTat or (B) dTKlox. Twelve to 15 h after
infection, cells were prepared for indirect immunofluorescence using
an anti-Tat polyclonal antibody, a biotin-conjugated anti-rabbit IgG
secondary antibody, and Texas Red-conjugated streptavidin.
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FIG. 3. TAR-dependent trans-activation of the HIV-1 LTR by dSTat. (A) Diagram of LTR-CAT deletion constructs showing relevant
cis-elements (not drawn to scale). 5'-LTR sequences in pCD23 span from nucleotide -117 to around nucleotide +80 relative to the HIV-1
transcription start site, and contain the NF-KB and TAR elements. pCD23ATAR is a TAR-deleted mutant of pCD23 lacking nucleotides +24 to
+80; pCD52 is an NF-KB-deleted derivative ofpCD23 lacking nucleotides - 117 to -65; and pCD52ATAR is missing bothTAR and NF-KB domains.
NF-KB, twice-repeated 11-bp binding site for transcription factor NF-KB; Spl, GC-rich binding site for transcription factor Spl; TATA, putative
TATA box; and TAR, trans-activation response element. Numbering is relative to the transcription start site, which is designated +1. (B) CAT
assay analysis of the deletion constructs transiently transfected into Vero cells and infected at multiplicity of infection of 10.0 with the designated
viruses at 24 h after transfection. A representative experiment is shown.

stimulation of the HIV-1 LTR. Fig. 3A represents sequence
organization of the various LTR-CAT constructs used in this
experiment. dSTat-mediated trans-activation of the full-length
LTR in pCD23-transfected cells resulted in much higher CAT
activity than that produced by the control dTKlox infection
(Fig. 3B, compare lanes 5 and 9). Furthermore, following
transfection with either pCD23ATAR or pCD52, it became
evident that this enhanced level of CAT activity was dependent
on the presence of the TAR element and not the NF-KB
enhancer in the LTR-CAT construct (Fig. 3B, compare lanes
6 and 10, and lanes 7 and 11). As reported previously (28, 30,
33) and confirmed here, trans-activation of the HIV-1 LTR by
the HSV backbone of the dTKlox vector itself requires the
presence of the NF-KB domain and not the TAR sequence.
The presence of the TAR element led to an enhanced trans-
activation of the LTR by dSTat and not by dTKlox. These
results confirmed that dSTat expresses functional Tat capable
of trans-activating the HIV-1 LTR in a TAR-dependent
fashion.

Induction of TGF-,1 mRNA Expression in Glial Cells by
Tat. HIV-1 Tat, expressed from transient transfection of
Tat-producing plasmids or intact dSTat viral DNA, was ex-
amined for its effect on the expression of TGF-31 mRNA in
primary human fetal glial cultures or in an established human
glioblastoma cell line. Primary human fetal glial cells were
transfected with 15 ,tg of pNL4-3, an HIV-1 proviral DNA
construct (Fig. 4A, lane 2) or with 15 jig of control salmon
sperm DNA (Fig. 4A, lane 1). Total RNA prepared from
transfected cells was subjected to Northern blot analysis using
a 1.0-kb fragment of TGF-p1 cDNA as probe. The same blot

was rehybridized to a probe generated from a 1.3-kb fragment
of GAPDH cDNA to confirm that each well contained similar
amounts of RNA. A greater than 3-fold increase in TGF-/31
mRNA level was detected upon introduction of HIV-1 proviral
DNA into these cells. U87-MG human astrocytic glial cells
were transfected with 0, 4, 10, and 20 ,tg of a Tat producer
plasmid, pAct-Tat. Forty-eight hours after transfection, total
RNA was subjected to Northern blot analysis as described
above using TGF-/31 and GAPDH probes (Fig. 4B). A dose-
dependent pattern ofTGF-131 mRNA expression was observed
with increasing levels of Tat expression, showing the effect of
Tat expression on the transcription ofTGF-31. Transfection of
25.0 t,g of dSTat viral DNA into U87-MG cells also resulted
in an -4-fold increase in the level of TGF-/31 mRNA com-
pared to that obtained following transfection of control dT-
Klox viral DNA (Fig. 4C). The upregulation of TGF-31
mRNA by Tat expressed from dSTat thus paralleled that
observed using the Tat expression plasmid pAct-Tat and
confirmed our previous findings that link Tat expression to
enhanced CAT expression from TGF-j31 promoter-CAT con-
structs transfected into U87-MG cells (11).

Activation ofTGF-31 mRNA synthesis by dSTat in Vivo. To
determine the effect of Tat on levels of TGF-31 mRNA
expression in vivo, dSTat or the control dTKlox vector were
injected into the mouse brain. As can be seen in Fig. 5,
intracerebral injection of dSTat (lane 3) induced TGF-/31
mRNA levels in the mouse brain by -3-fold, compared with
injection of the control dTKlox vector (lane 2) or buffer alone
(lane 1). Furthermore, it appeared that this increase in steady-
state levels of TGF-f31 mRNA was indeed due to expression of
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FIG. 4. Effect of Tat on TGF-31 mRNA expression in glial cells.
(A) Total RNA from primary human fetal glial cells transfected with
control salmon sperm DNA (lane 1) or the HIV-1 proviral DNA
construct, pNL4-3 (lane 2). (B) Total RNA from U87-MG glial cells
transfected with 0, 4, 10, and 20 /g of the Tat expression plasmid,
pAct-Tat (lanes 1-4, respectively). (C) Poly(A)+ RNA from U87-MG
cells transfected with 25 ,g of the control dTKlox vector (lane 1) or
dSTat (lane 2). Fifteen micrograms of total RNA or 2.0 t/g of poly(A)+
RNA from each sample was fractionated by electrophoresis in 1.2%
agarose-formaldehyde gels, transferred to nylon membranes, and
hybridized to 32P-labeled cDNA probes. Upper, Northern blot probed
with a 1.0-kb fragment of a TGF-31 cDNA. Lower, same blot reprobed
with a 1.3-kb fragment of a GAPDH cDNA.

Tat from dSTat and not from any HSV-1 immediate-early gene
products expressed from the replication-defective vector's
backbone in vivo, as these same gene products are expected to
be expressed from the control dTKlox vector in vivo (Fig. 5,
lane 2). Of note, during the course of these studies (i.e., 48 h),
the injected animals showed no detectable signs of neurolog-
ical impairment. Furthermore, at autopsy no gross anatomical
abnormalities and no signs of inflammatory response were
observed.

DISCUSSION
Two HIV-1 proteins have been shown to exhibit neurotoxic
properties: the envelope glycoprotein gpl20 (35-37), and the
nonstructural regulatory protein Tat (38-40). gpl20 has been
reported to exert its neurotoxic properties by dramatically
raising intracellular neuronal Ca2+ concentrations and stimu-
lating NMDA excitatory amino acid receptors (35, 36). Chem-
ically synthesized Tat peptides have been shown to bind to rat
neuronal cell membranes, to depolarize cockroach giant in-
terneurons, and to be potent and lethal neurotoxic agents upon
interventricular injections in mice (38). Tat peptide-mediated
neurotoxicity has also been demonstrated by intrastriatal
injections of rats with synthetic Tat peptides from visna virus,
an HIV-related lentivirus (39). In that study, neurotoxic
effects, including loss of striatonigral neurons with microglial
cell infiltration and astrocytosis, were shown to be blocked by
NMDA receptor antagonists (39). More recently, micromolar
concentrations of recombinant Tat protein have been shown to
induce depolarization of young rat and adult human neurons
and to be toxic to cultured human fetal neurons through
activation ofnon-NMDA excitatory amino acid receptors (40).

In HIV-1 infection of the CNS, gpl20, and Tat may also
exert their neurotoxic effects through induction of immuno-
regulatory mediators and inflammatory cytokines with poten-
tially harmful activities such as interleukin (IL)-1 (41, 42),
tumor necrosis factor a (41, 43, 44), and TGF-P3 (11). Expres-
sion of IL-1 and tumor necrosis factor a may in turn activate
the synthesis of IL-6, prostaglandins, and TGF-13 (45), resulting in
a cytokine cascade and an autocrine feedback loop that could
perpetuate the neuronal damage and also activate HIV-1 repli-

GAPDH -_

1 2 3

FIG. 5. Effect of intracerebral dSTat injection on TGF-131 mRNA
expression in vivo. Swiss Webster mice at 3-4 months of age were
injected intracerebrally with 25 A,l of PBS alone (lane 1) or PBS
containing 106 plaque-forming units of control dTKlox (lane 2) or
dSTat (lane 3). Two micrograms of poly(A)+ RNA, isolated from
whole brain tissue, was subjected to Northern blot analysis using
TGF-B1 (Upper) or GAPDH (Lower) cDNA probes as described in
Fig. 4.

cation. Our earlier findings have shown the ability of HIV-1 Tat
to activate the expression of a number of cellular genes including
those encoding extracellular matrix proteins in Tat-producing
glioblastoma cells (14). In addition, Tat-mediated transcriptional
activation from the TGF-31 promoter has been demonstrated in
cultured glial cells (11). These data corroborate earlier observa-
tions that TGF-31 gene expression is enhanced among HIV-1-
positive individuals (46, 47). Although the importance of these
findings in the pathogenesis of AIDS CNS disease remains
unclear, it has been speculated that TGF-p3, a potent chemoat-
tractant, may act to recruit infected monocytes into the brain,
thereby perpetuating and enhancing CNS dysfunction (48). Ele-
vated levels of TGF-,1 could deregulate expression of other
cellular genes, including neurotoxic cytokines, and directly or
indirectly contribute to the clinical complications observed in
AIDS neuropathology.

In the present study we examined the effect of Tat intro-
duced into the murine CNS by intracerebral inoculation of a
recombinant, replication-defective HSV-1 Tat expression vec-
tor, dSTat, on expression of TGF-31, a candidate gene in-
volved in AIDS-related neurodegenerative disease. dSTat
expressed functional Tat protein in cells in that it (i) trans-
activated the HIV-1 LTR in a TAR-dependent manner in
cultured cells transfected with an HIV-1 LTR-CAT reporter
gene construct and (ii) upregulated transcription of the
TGF-381 gene both in cultured glial cells and in the mouse
brain. The SV40 early promoter-enhancer was used to drive
the expression of tat in the context of a replication-defective
HSV-1 vector. Although the SV40 promoter-enhancer could
not support long-term tat expression from dSTat in the mouse
brain beyond 2 days as determined by in situ hybridization
analysis of tat mRNA expressed in the injected hippocampus
(data not shown), the observed effect on TGF-P31 upregulation
was easily detectable at 2 days after intracerebral injection of
dSTat. This observation suggested that very minute quantities
of Tat are required to exert a physiological effect in vivo.
Recently we have stereotactically injected dSTat into the
hippocampus of rats and mice. Results of 5-bromo-4-chloro-
3-indolyl f-D-galactoside (X-gal) staining, immunohistochem-
istry using an anti-HSV polyclonal antibody, and in situ
hybridization to tat mRNA using an antisense tat riboprobe all
indicate that granule and pyramidal neurons of the dentate
gyrus of the hippocampus are infected by the vector. It would
be expected that Tat expressed in these neurons is either
upregulating TGF-/31 gene expression in the vector-infected

Medical Sciences: Rasty et al.



6078 Medical Sciences: Rasty et al.

neuronal cells itself, or secretion of Tat from the infected
neuron induces increased TGF-f31 expression in a neighboring
neuron or glial cell. We are currently attempting to assess the
identity of the cell type expressing high levels of TGF-131
message using in situ hybridization. The mechanism by which
Tat induces expression of TGF-31 in brain tissue remains to be
investigated. Results from previous transient transfection of
glial cells have demonstrated that activation of TGF-f31 pro-
moter activity by tat requires specific DNA sequences which
are located upstream of the transcription start site (11). Thus,
it appears that, at least in cell culture, tat exerts its stimulatory
action on TGF-31 through a TAR-independent pathway (18,
49, 50). The inability of Tat to directly bind to the DNA
responsive elements of TGF-31 has led us to speculate that an
intermediary cellular protein, perhaps with a binding activity,
is involved in this regulatory event. More recently we have
identified a GC/GA binding protein which exhibits affinity for
HIV-1 Tat protein (C. P. Krachmarov, L. L. Chepenik, S. M.
Barr, J. N. Brady, K.K., and E. M. Johnson, unpublished data).
Of particular interest is the notion that the Tat-responsive
element of TGF-31 contains the GC/GA motif. Development
of the in vivo model for studying TGF-31 expression will allow
us to launch a molecular approach to unravel the mechanism
involved in activation of TGF-f31 promoter in brain cells.
Future studies are intended to determine whether the normal
patterns of expression of other cytokine genes, including those
encoding tumor necrosis factor a, IL-1, IL-6, and granulocyte-
macrophage colony-stimulating factor are also altered as a
result of dSTat-mediated delivery of Tat into the mouse brain.
The results presented in this report point to the utility of
recombinant, replication-defective HSV-1 vectors for analysis
of the effects of short-term expression of diffusable HIV-1
gene products, such as Tat, on normal patterns of CNS gene
expression upon direct gene transfer to the mouse brain.
Generation of similar HSV-1 vectors capable of expressing
other HIV-1 gene products may provide experimental tools
useful in further exploring mechanisms by which expression of
HIV-1 gene products in the brain may alter normal CNS
physiology and lead to AIDS-associated neurological disease.
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