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Human immunodeficiency virus (HIV)-1 Tat protein is
an important pathogenic factor in HIV-associated
neuropathogenesis. Despite recent progress, the mo-
lecular mechanisms underlying Tat neurotoxicity are
still not completely understood. However, few thera-
peutics have been developed to specifically target HIV
infection in the brain. Recent development of an in-
ducible brain-specific Tat transgenic mouse model
has made it possible to define the mechanisms of Tat
neurotoxicity and evaluate anti-neuroAIDS therapeu-
tic candidates in the context of a whole organism.
Herein, we demonstrate that administration of EGb
761, a standardized formulation of Ginkgo biloba ex-
tract, markedly protected Tat transgenic mice from
Tat-induced developmental retardation, inflamma-
tion, death, astrocytosis, and neuron loss. EGb 761
directly down-regulated glial fibrillary acidic protein
(GFAP) expression at both protein and mRNA levels.
This down-regulation was, at least in part, attribut-
able to direct effects of EGb 761 on the interactions of
the AP1 and NF-�B transcription factors with the
GFAP promoter. Most strikingly, Tat-induced neuro-
pathological phenotypes including macrophage/mi-
croglia activation, central nervous system infiltration
of T lymphocytes, and oxidative stress were signifi-
cantly alleviated in GFAP-null/Tat transgenic mice.
Taken together, these results provide the first evi-
dence to support the potential for clinical use of EGb
761 to treat HIV-associated neurological diseases. More-

over, these findings suggest for the first time that GFAP
activation is directly involved in Tat neurotoxicity, sup-
porting the notion that astrocyte activation or astrocy-
tosis may directly contribute to HIV-associated neuro-
logical disorders. (Am J Pathol 2007, 171:1923–1935; DOI:

10.2353/ajpath.2007.070333)

Human immunodeficiency virus type 1 (HIV-1) infects the
central nervous system, causing a variety of neuropathol-
ogies and neurobehavioral deficits. Common HIV-1 neu-
ropathologies include astrocytosis, multinuclear giant cell
formation, increased permeability of the blood-brain bar-
rier, and neuron loss.1 Memory loss, loss of motor control,
and cognitive deficiencies often ensue.2,3 A number of
studies have shown that HIV-1 Tat protein is an important
neuropathogenic factor that contributes to HIV-associ-
ated neurological diseases including dementia. The pro-
posed mechanisms for Tat neurotoxicity include direct
depolarization of neurons, increased levels of intracellu-
lar calcium, increased production/release of proinflam-
matory cytokines, increased infiltration of macrophages/
monocytes, activation of excitatory amino acid receptors,
and increased apoptosis.4 Despite the significant
progress made during the last few years, it is evident that
our understanding of the molecular mechanisms under-
lying Tat neurotoxicity is still rapidly evolving.

Currently, no therapeutics have been developed to spe-
cifically target HIV-associated neurological disorders. Since
introduction of highly active antiretroviral therapy in 1995,
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highly active antiretroviral therapy has dramatically im-
proved the outlook for HIV-positive patients. With increased
life expectancy, the prevalence of HIV-associated cognitive
and neurological impairment is actually rising despite highly
active antiretroviral therapy.5,6 A number of therapeutic
agents have been tried to target pathological sequelae of
HIV neurological infection, ranging from the pain associated
with peripheral neuropathology to neuron dysfunction and
death, but few have been approved for clinical use. Thus, it
is necessary to explore alternative strategies for treating
HIV-associated neurological diseases.

Herbal products account for a substantial portion of
the current interest in alternative treatments, and Ginkgo
biloba extract (EGb) figures prominently in this interest.
EGb possesses neuroprotective activity in animal models
of neurodegenerative diseases7 and ischemia.8 EGb has
been considered as a polyvalent therapeutic agent in the
treatment of disturbances of multifactorial origin, includ-
ing cerebral insufficiency,9 mild cognitive impairments in
elderly patients,10 Alzheimer’s disease, and vascular de-
mentia.11,12 Patients have displayed good tolerance for
EGb, with no verified adverse drug interactions.11 EGb
has become the most widely sold phytomedicine in Eu-
rope and 1 of the 10 best-selling herbal medications in
the United States.13 One of the proposed mechanisms for
the neuroprotective functions of EGb is that it protects
neurons from LRP ligands such as occur in �-amyloid
peptide-induced neurotoxicity.14,15 Our recent studies
suggest that interaction of HIV-1 Tat protein with LRP,
with resulting disruption of the normal metabolic balance
of LRP ligands, may contribute to AIDS-associated neu-
ropathology including dementia.16 These findings raise
the possibility of using EGb as an alternative strategy to
treat HIV-induced neurological disorders.

With recent development of a doxycycline (Dox)-in-
ducible and brain-targeted HIV-1 Tat transgenic mouse
model, we have shown that Tat expression in the brain
resulted in neuropathologies reminiscent of several hall-
marks noted in the brain of AIDS patients.17 The small
rodent model not only offers an opportunity to define
further the molecular mechanisms of Tat neurotoxicity but
also provides a platform to develop and validate thera-
peutic candidates targeted at HIV-associated neurologi-
cal diseases. Therefore, in the present study, we deter-
mined the effects of EGb 761 against Tat-induced
neurotoxicity in this unique neuroAIDS model.

Materials and Methods

Cell Cultures, Transfection, EGb 761 Treatment,
and Reporter Gene Assay

Human astrocytoma U373.MG cells were purchased from
the American Type Culture Collection (Manassas, VA).
U373.MG cells stably expressing HIV Tat protein (U373.Tat)
have been described elsewhere.18,19 These cells were
maintained in Dulbecco’s modified Eagle’s medium, sup-
plemented with 10% fetal bovine serum, 50 U/ml penicillin,
and 50 �g/ml streptomycin, in a 37°C, 5% CO2 incubator.
For transfection, cells were plated in a six-well plate at a

density of 3 � 105 cells/well, and the cells were then trans-
fected with a luciferase reporter plasmid using Lipo-
fectamine (Invitrogen, Carlsbad, CA). A CMV�Gal plasmid
(Clontech, Mountain View, CA) was included as a control to
normalize variations among transfections. Transfected cells
were then cultured for 2 days in the presence of EGb 761 at
0 to 200 �g/ml, or its purified components terpene bilob-
alide and ginkgolide B at equivalent composition percent-
ages (Ipsen Laboratories, Paris, France),20,21 and har-
vested for the luciferase reporter gene assay using a
luciferase assay system (Promega, Madison, WI). EGb 761
is extracted from green leaves of the Ginkgo biloba tree to a
formulation of 24% flavonoids, 6% terpenes (eg, ginkgol-
ides and bilobalide), 5 to 10% organic acids, and �0.5%
proanthocyanidins.22 A human glial fibrillary acidic protein
(GFAP) promoter-driven luciferase reporter plasmid was
obtained from Dr. Michael Brenner of the University of Ala-
bama at Birmingham, Birmingham, AL,23 and pNF�B-luc
and pAP1-luc reporter plasmids were purchased from
Clontech.

Animals and Treatments

The animals were housed in the Laboratory Animal Care
Center of Indiana University School of Medicine with a
12-hour light and 12-hour dark photoperiod. Water and
food were provided ad libitum. All animal procedures
were approved by the institutional biosafety committee.
Tat transgenic mice and GFAP-null mice were previously
generated.17,24 The GFAP-null mice used for these ex-
periments are congenic in a C57BL/6J background.
Combination GFAP-null/Tat mice were obtained by stan-
dard cross-breeding using a higher Tat-expressing line
Tg 271.17 Progeny carrying both the GFAP-null alleles
and Tat transgene were identified by PCR analysis of
genomic DNA, which was extracted from mouse tail clip-
pings (0.5 to 1 cm long) using the Wizard genomic DNA
isolation kit (Promega). For amplification of the GFAP-
Tet-on transgene, the primers 5�-GCTCCACCCCCTCAG-
GCTATTCAA-3� and 5�-TAAAGGGCAAAAGTGAGTATG-
GTG-3� were used, whereas the TRE-Tat86 transgene
was amplified with the primers 5�-GTCGAGCTCGGTAC-
CCGGGTC-3� and 5�-CGGGATCCCTATTCCTTCGGGC-
CTGT-3�. For the GFAP-null and wild-type alleles, the
primers were 5�-CGAGAACCGAGCTGGAGTCT-3�, 5�-
TGGGCAAGACTGGTCATCTA-3� and 5�-AAGCGCATGC
TCCAGACTGC-3�. Fifty ng of genomic DNA was used in
the PCR reactions, with a program of 1 cycle of 94°C for
3 minutes, 35 cycles of 94°C for 1 minute, 60°C for 1
minute, and 72°C for 1 minute, and 1 cycle of 72°C for 7
minutes for TRE-Tat and GFAP-tet-on transgene amplifi-
cation and a program of 1 cycle of 95°C for 3 minutes, 31
cycles of 95°C for 40 seconds, 61°C for 30 seconds, and
72°C for 2 minutes, and 1 cycle of 72°C for 5 minutes for
GFAP-null and wild-type allele amplification. The ex-
pected sizes of the amplified fragments for GFAP-tet-on
and TRE-Tat86 transgenes and GFAP-null and wild-type
GFAP allele were 467 bp, 424 bp, 80 bp, and 310 bp,
respectively. Mice at postnatal day 21 (P21) were given
Dox (Sigma, Louis, MO) once a day via intraperitoneal
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injection in a volume of 100 �l at a dosage of 80 mg/kg/
day for 7 days.17 In case of EGb 761 treatment, unless
stated otherwise, mice were given EGb 761 once a day
intraperitoneally for an additional 7 days at a dosage of
100 mg/kg/day, which has been widely used in similar
studies, or its purified components terpene bilobalide
and ginkgolide B at equivalent composition percentag-
es.25 All animals were assigned to each experimental
group in a random manner. Mice were monitored on a
daily basis for growth (weight) and survival. Mice were
sacrificed at the last day of the treatment, and the brains
were harvested and divided saggitally. The hemi-brain
was fixed at least 3 days in phosphate-buffered saline
(PBS)-buffered 4% paraformaldehyde and processed for
paraffin embedding. In all experiments, unless stated
otherwise, comparisons were made between mice
treated with Dox or vehicle control (water) and between
mice treated with EGb 761 or vehicle control (PBS).

Hematoxylin and Eosin (H&E) Staining
and Immunohistochemical Staining

To ensure objective assessments and reliability of results,
brain sections from mice to be compared in any given
experiment were processed in parallel and examined by
three independent individuals. H&E and immunohisto-
chemical staining were performed as previously de-
scribed.17 For immunohistochemical staining, 10-�m
paraffin sections were cut on a microtome and mounted
directly on glass slides. The sections were then deparaf-
finized in xylene and rehydrated and then stained using a
Vectastain ABC kit (Vector Laboratories, Burlingame, CA)
or a Dakocytomation ARK kit (for MAP-2 staining; DAKO,
Carpinteria, CA) according to the manufacturer’s instruc-
tions. The sources of antibodies were rabbit polyclonal
anti-GFAP (1:500) and rabbit anti-CD3 (1:600) from
DAKO, mouse anti-MAP-2 (1:100) from Santa Cruz Bio-
technologies (Santa Cruz, CA), rabbit anti-Iba-1 (1:1000)
from Wako Chemicals (Richmond, VA), and rabbit anti-
S100� (1:1000) from Swant Biotech (Bellinzona, Switzer-
land). Omission of the primary antibodies was included
as a control to evaluate nonspecific staining. Sections
were examined, and bright-field microscopic images
were captured with a Zeiss digital color camera mounted
on an Axiovert M200 microscope (Zeiss, Thornwood, NY)
using a �10 or �40 plan apochromat objective.

In Situ Apoptosis TUNEL Staining

Ten-�m paraffin brain sections were deparaffinized and
rehydrated. Apoptosis was evaluated with the terminal de-
oxynucleotidyl transferase (TdT)-mediated dUTP nick end-
labeling (TUNEL)-based TdT-FragEL DNA fragmentation
detection kit (EMD Biosciences, La Jolla, CA). Briefly,
deparaffinized sections were treated in 10 mmol/L of Tris-
HCl, pH 8.0, containing 20 �g/ml of proteinase K at room
temperature for 20 minutes, and in 3% H2O2 at room tem-
perature for 5 minutes. Sections were then equilibrated with
1� TdT buffer, and incubated with the TdT-labeling reaction
mixture at 37°C for 1.5 hours. The labeling reaction was

terminated by addition of the stop solution supplied in the kit
and incubated at room temperature for an additional 5
minutes. Sections were rinsed with TBS (20 mmol/L Tris-
HCl, pH 7.6, and 140 mmol/L NaCl) between steps. Finally,
apoptosis was visualized via incubation of the sections in 3,
3�-diaminobenzidine at room temperature for 15 minutes.
Counterstaining was performed in 0.3% methyl green solu-
tion after a thorough rinse with distilled water.

Western Blot Analysis and Semiquantitative
Reverse Transcriptase (RT)-PCR

For Western blot analysis, U373.MG cells or U373.Tat
cells were treated with EGb 761 at a concentration be-
tween 0 and 200 �g/ml for 3 days and then washed twice
to remove EGb 761 in ice-cold PBS, pelleted, and lysed
in RIPA buffer (150 mmol/L NaCl, 1.0% Nonidet P-40,
0.1% sodium dodecyl sulfate, 50 mmol/L Tris-HCl, pH
8.0). Protein concentration was determined using a DC
protein assay kit (Bio-Rad, Hercules, CA). Whole-cell ly-
sates of 25 �g of protein were electrophoretically sepa-
rated by 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and then electrotransferred to the Hy-
Bond-P membrane (Amersham, Piscataway, NJ). Pro-
teins on the membrane were detected with primary anti-
bodies and appropriate peroxidase-labeled secondary
antibodies followed by the ECL chemiluminescence re-
agents (Amersham). Anti-mouse-GFAP antibody and an-
ti-mouse �-actin antibody were both from Sigma. To de-
termine GFAP mRNA levels, total RNA was isolated using
the Trizol reagents (Invitrogen) according to the manu-
facturer’s instructions, and subjected to RT-PCR using a
Titan one-tube RT-PCR system kit (Boehringer Mann-
heim, Indianapolis, IN) with GFAP-specific primers (5�-
AAGCAGATGAAGCCACCCTG-3� and 5�-GTCTGCACG-
GGAATGGTGAT-3�). RT-PCR was performed on a PE
Thermocycler 9700 (PE Applied Biosystems, Foster City,
CA) with a program of 50°C for 30 minutes, 94°C for 3
minutes, followed by 25 cycles of 94°C for 1 minute, 52°C
for 1 minute and 68°C for 1 minute, and 1 cycle of 68°C
for 7 minutes. Mouse glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was included in the RT-PCR as a
loading control with GAPDH-specific primers (5�-CT-
CAGTGTAGCCCAGGATGC-3� and 5�-ACCACCATGGA-
GAAGGCTGG-3�). The sizes of RT-PCR products for GFAP
and GAPDH were 625 bp and 500 bp, respectively.

Electrophoretic Mobility Shift Assay

U373 cells were treated with EGb 761 at a concentration
between 0 and 200 �g/ml for 3 days and then washed
twice to remove EGb 761 before they were lysed in a
high-salt buffer containing 20 mmol/L HEPES, pH 7.5,
400 mmol/L KCl, 0.5 mmol/L EDTA, 0.1 mmol/L EGTA, 1
mmol/L dithiothreitol, 20% glycerol, 0.5 mmol/L phenylm-
ethyl sulfonyl fluoride, 2 �g/ml each of aprotinin, pepsta-
tin A, leupeptin, and soybean trypsin inhibitor, and 1%
Nonidet P-40, on ice for 30 minutes. The cell lysates were
centrifuged at 20,000 � g at 4°C for 5 minutes, and the
supernatants were saved as whole cell lysates for the
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electrophoretic mobility shift assay. Protein concentration
was determined using a DC protein assay kit (Bio-Rad).
Oligonucleotides containing respective AP1, AP2, NF-�B,
and CREB consensus binding sites were synthesized,
annealed, and end-labeled with �-32P-ATP using T4
polynucleotide kinase, and free �-32P-ATP was removed
by phenol:chloroform extraction and ethanol precipita-
tion. 32P-labeled oligonucleotides of 250,000 cpm were
then incubated with 300 ng of protein equivalent whole
cell lysates made from each set of EGb 761-treated cells
in a volume of 10 �l of binding buffer containing 4%
glycerol, 1 mmol/L MgCl2, 0.5 mmol/L EDTA, 0.5 mmol/L
dithiothreitol, 50 mmol/L NaCl, 10 mmol/L Tris-HCl, pH
7.5, and 50 �g/ml poly(dI-dC)�poly(dI-dC). The mixture
was incubated at room temperature for 20 minutes and
subjected to 6% native polyacrylamide gel electrophore-
sis. The gels were dried and exposed to X-ray film. The
consensus oligonucleotide sequences were 5�-CGCTT-
GATGAGTCAGCCGGAA-3� for AP1, 5�-GATCGAACTGA-
CCGCCCGCGGCCCGT-3� for AP2, 5�-AGTTGAGGGG-
ACTTTCCCAGGC-3� for NF-�B, and 5�-AGAGATTGCC-
TGACGTCAGAGAGCTAG-3� for CREB.

Immunofluorescence Staining

Primary murine astrocytes were isolated from 16.5- to 18-
day fetuses as described18,19 and maintained in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal
bovine serum, 50 U/ml penicillin, and 50 �g/ml streptomy-
cin in a 37°C, 5% CO2 incubator. The cells were cultured for
9 to 12 days in vitro and then plated in a 24-well plate at a
density of 5 � 104 cells/well and treated with EGb 761 at
indicated concentrations for 3 days. For immunofluores-
cence staining, the cells were washed with ice-cold PBS at
room temperature for 10 minutes and fixed with 4% para-
formaldehyde in PBS at room temperature for 30 minutes.
After permeabilization with 0.5% Triton X-100 in PBS at room
temperature for 30 minutes, the cells were blocked with
0.1% goat serum and 0.5% Triton X-100 in PBS at room
temperature for 2 hours. The cells were then incubated with
monoclonal anti-GFAP (1:50, Sigma) in blocking solution at
4°C overnight and then with phycoerythrin-conjugated goat
anti-mouse-IgG (1:200) in blocking solution at room temper-
ature for 1 hour. Extensive washes with PBS were per-
formed after each step. Omission of the primary antibody in
parallel staining was included as a control to ensure no
nonspecific staining.

Nitric Oxide (NO) Production in the Culture
Supernatant

Primary astrocytes were prepared as described above.
The cells were cultured for 9 to 12 days in vitro and then
plated in a 24-well plate at a density of 5 � 104 cells/well
and treated with Dox at 5 �g/ml for 3 days. Treatment with
the same pH distilled H2O was included as a control.
Culture supernatants were then collected and spun down
briefly to remove cell debris. Cleared supernatants were
saved for NO determination, and cells were lysed in RIPA
buffer for total protein determination. The NO level in the

supernatants was determined using a Griess assay.
Briefly, 50 �l of supernatants was mixed with 50 �l of 1%
sulfanilamide in a 96-well plate and incubated at room
temperature for 10 minutes in the dark. Then, 50 �l of
0.1% N-1-napthylethylenediamine dihydrochloride was
added to the mixture and continued to incubate at room
temperature in the dark for additional 10 minutes. Then,
the optical absorbance reading was taken at a wave-
length of 570 nm and expressed as a fraction of the total
cellular protein. A series of sodium nitrite dilutions were
included to ensure the readings were in the linear range
and to determine absolute NO levels.

Data Acquisition and Statistical Analysis

Protein and mRNA expression levels were determined us-
ing a densitometer, calculated on the basis of the loading
controls (�-actin for Western blot and GAPDH for RT-PCR),
and expressed as a relative value. Immunohistochemistry
and TUNEL-positive cell numbers were obtained using the
stereological technique. Briefly, positively stained cells were
counted on a systemically random sample of three sections
from at least 1 of every 10 saggital sections by three inde-
pendent individuals, using a view field of 100 � 100 �m (a
two-dimensional grid). The cell counting was performed on
at least three animals of each group, and three different
view fields were chosen randomly within the same micro-
anatomical brain regions of each section of the brain. Av-
erage values of cell counts were calculated from the pooled
data. To ensure the objectivity, all brain sections were
blinded for their genetic identity and treatments, and the
labels were opened only after the data acquisition was
complete. To quantitate GFAP immunoreactivity, digital im-
ages of immunostained sections were captured. Photo-
graphic and microscopic parameters were kept constant
for comparisons. Gray scale-inverted images were gener-
ated and analyzed using NIH Image J software as de-
scribed26 (also at http://rsb.info.nih.gov.ij). Briefly, at least
10 random fields of stained cells and adjacent fields con-
taining no stained cells (background) were selected and
assessed for gray values using this software, the differ-
ences of gray values between fields containing stained cells
and its adjacent background were calculated as a measure
of GFAP immunoreactivity. All values expressed as
means � SEM. Comparisons among groups were made
using two-tailed Student’s t-test. A P value of �0.05 was
considered statistically significant (*), and P � 0.001 highly
significant (**).

Results

EGb 761 Improves Development and Survival of
Tat Transgenic Mice

Tat expression in the brain results in impaired body
growth and premature death of Dox-inducible Tat trans-
genic mice.17 To investigate whether EGb 761 would
have neuroprotective effects on these Tat-induced phe-
notypes, we first injected mice intraperitoneally with Dox
for 7 days and then orally administrated EGb 761 for an
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additional 21 days at a dosage of 100 mg/kg/day.21,27

There were seven age-matched mice in each of four
experimental groups (Figure 1, A and B). Mouse survival
and growth were monitored on a daily basis. At the be-
ginning of EGb 761 treatment, Tat transgenic mice that
had been treated with Dox for 7 days manifested pro-
found and progressive growth retardation, as previously
reported,17 which readily distinguished them from non-
transgenic littermate controls (Figure 1A). Seven days of
exposure to Dox in these mice led to one death at 14
days, two more deaths by 21 days, two more deaths by
28 days, and the remaining two were cachetic when
sacrificed on day 37. In contrast, 7 days exposure of Dox
followed by EGb 761 treatment had only one death by 21
days and one additional death by 28 days (Figure 1B),
and the survivors in this group showed gains in body
weight (from 12.12 � 0.20 g to 17.45 � 0.65 g, n � 5, P �
0.001; Figure 1A). Wild-type C57BL/6 littermate controls
exhibited normal growth (from 14.25 � 0.31 g to 22.13 �
0.49 g, n � 7, P � 0.001) and survival during the period
of observation (Figure 1, A and B). There was no signif-
icant difference in body weight in the wild-type control
groups with and without EGb 761 (22.13 � 0.49 g versus
21.68 � 0.52 g, n � 7, P � 0.05).

EGb 761 Reduces Astrocytosis and Cell Death
in the Brains of Tat Transgenic Mice

To determine histological changes in the brains of Tat
transgenic mice in the presence or absence of EGb 761
administration, we harvested tissues at the end of each
treatment and performed hematoxylin and eosin (H&E)
staining. As we have previously shown,17 Tat transgenic
mice manifested both gross and histological evidence of
reactive astrocytosis, inflammation, edema, and brain at-
rophy in both cerebral cortex (Figure 2A) and hippocam-
pus (Figure 2B). In addition, thinning and disintegration of
the granule cell layer in the hippocampus were also
evident (Figure 2B). Notably, these pathological changes
were much less evident in the brains of Tat transgenic
mice treated with EGb 761. We then performed immuno-
histochemical staining of brain tissues for GFAP, a cellu-
lar marker for astrocytosis, and in situ apoptosis TUNEL

Figure 2. Effects of EGb 761 on Tat-induced pathologies. Brain tissues were
harvested from mice of each group from Figure 1, fixed in 4% PBS-buffered
paraformaldehyde, and embedded in paraffin. Saggital sections were pre-
pared and stained for H&E, GFAP, and TUNEL. Representative staining of
mice in each group was shown for cortex (A) and hippocampus (B), and all
sections were scored for GFAP-positive and TUNEL-positive cells separately
for cortex (C) and hippocampus (D).

Figure 1. Effects of EGb 761 on body growth and survival of Tat transgenic
mice. Wild-type and Tat transgenic mice (21 days of age) were injected
intraperitoneally with Dox (80 mg/kg/day) for 7 days followed by oral
administration of EGb 761 (100 mg/kg/day) for an additional 21 days. EGb
761 was dissolved in PBS, and PBS was included as the vehicle control.
Mouse body weight (A) and survival (B) were monitored on a weekly basis.
There were seven randomly assigned mice in each group at the beginning of
experiments. The body weight was presented for each individual mouse (A),
whereas the survival rate was presented for each group (B).
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staining for cell death. Consistent with the histological
observations, Tat expression markedly increased the
number of GFAP-expressing astrocytes in cortex (from
19.00 � 3.00 to 87.33 � 0.57, P � 0.001; Figure 2C) and
in hippocampus (from 76 � 25.50 to 200.66 � 70.43, P �
0.01; Figure 2D), whereas EGb 761 administration re-
duced the number of GFAP-expressing astrocytes in cor-
tex (from 87.33 � 0.57 to 38.66 � 22.03, P � 0.05; Figure
2C) and in hippocampus (from 200.66 � 70.43 to
95.57 � 43.41, P � 0.05; Figure 2D). Similarly, Tat ex-
pression markedly increased the number of TUNEL-pos-
itive neurons in cortex (from 0 to 93.25 � 19.76, P �
0.001; Figure 2C) and in hippocampus (from 0 to
162.75 � 30.28, P � 0.001; Figure 2D), whereas EGb 761
administration reduced the number of TUNEL-positive
neurons in cortex (from 93.25 � 19.76 to 17.50 � 14.52,
P � 0.001; Figure 2C) and in hippocampus (from
162.75 � 30.28 to 29.57 � 16.74, P � 0.001; Figure 2D).
These results showed that EGb 761 alleviated HIV-1 Tat
protein-induced pathologies including astrocytosis and
neuron death.

Direct Down-Modulation of GFAP Expression by
EGb 761

The markedly reduced GFAP expression observed in the
brain of EGb 761-treated Tat transgenic mice could result
from direct EGb 761 effects on GFAP expression in as-
trocytes or secondary effects from neuroprotective ef-
fects of EGb 761. To test whether EGb 761 would directly
affect GFAP expression, we first treated human astrocy-
toma U373.MG with EGb 761 and then determined GFAP
expression at both protein and mRNA levels. Treatment
with EGb 761 at concentrations from 0 to 200 �g/ml
revealed a dose-dependent reduction of GFAP at the
levels of both protein and mRNA (Figure 3A). EGb 761
had no cytotoxic or adverse effects on cell proliferation at

these concentrations, as determined by MTT assay and
thymidine incorporation, respectively (data not shown).
Similarly, GFAP protein and mRNA were also down-reg-
ulated by EGb 761 in Tat-expressing U373.MG cells
(U373.Tat) (Figure 3B), which have been shown to ex-
press higher levels of GFAP.19 To determine whether any
one of two available purified components of EGb 761,
terpene bilobalide (CP160) and ginkgolide B, is respon-
sible for GFAP down-regulation, we treated U373.MG
cells with each of them at concentrations corresponding
to those in EGb 761. The results showed that CP160
down-regulated GFAP expression at both mRNA and
protein levels in a similar manner (Figure 3C). Similar
effects were also obtained in Tat-expressing U373.MG
cells (Figure 3D). In contrast, ginkgolide B exhibited no
detectable effects on GFAP expression (data not shown).

To confirm further the effects of EGb 761 on GFAP
expression, we also treated primary murine astrocytes
with EGb 761 and performed immunofluorescence stain-
ing. Consistent with the results obtained from the astro-
cytoma cell lines, EGb 761 treatment down-regulated
GFAP expression in a dose-dependent manner without
detectable effects on cell survival (Figure 4A). Moreover,
we also treated wild-type C57BL/6 mice with and without
EGb 761 and compared GFAP expression levels be-
tween these two groups (Figure 4B). To determine quan-
titatively the GFAP expression level, we used NIH Image
J software and performed the gray-scale analysis of the
GFAP staining intensity (Figure 4C). Compared to the
PBS control, EGb 761 administration decreased the gray
values of GFAP immunoreactivity in cortex (from 29.77 �
16.45 to 15.00 � 11.45, P � 0.05; Figure 4C) and in
hippocampus (from 52.40 � 10.26 to 6.41 � 3.42, P �
0.001; Figure 4C). Taken together, these results demon-
strated that EGb 761 had direct down-modulatory effects
on GFAP gene expression.

Inhibition of GFAP Gene Transcription by
EGb 761

To determine the molecular mechanisms of EGb 761-
mediated down-regulated expression of GFAP, we took
advantage of a human GFAP promoter-driven firefly lu-
ciferase reporter plasmid. We transfected the GFAP-lu-
ciferase DNA into U373.MG cells and cultured the cells in
the presence of EGb 761 for 2 days. We then harvested
these cells for luciferase activity assay. EGb 761 treat-
ment showed a dose-dependent inhibition of GFAP-
driven luciferase expression (Figure 5A, open bar), which
was in agreement with the RT-PCR results obtained
above (Figure 3). These results further confirmed that the
EGb 761-mediated down-regulation of GFAP expression
occurred at the transcriptional level. Similar results were
obtained using primary astrocytes (Figure 5A, closed
bar). Genomatix software analysis of the GFAP promoter
revealed that four major transcription factors AP1, AP2,
NF-�B, and CREB could be major contributors to regula-
tion of GFAP expression in astrocytes. To investigate
which transcription factors were directly affected by EGb
761, we measured the binding affinity of these four tran-

Figure 3. Effects of EGb 761 on GFAP expression in astrocytoma cells.
Astrocytoma U373 cells (A and C) and its derivative Tat-expressing cells
(U373-Tat) (C and D) were treated with EGb 761 (A and B) or CP160 (C and
D) at indicated concentrations for 3 days and then harvested for total RNA
isolation and cell lysates. GFAP protein and mRNA were determined by
Western blot and RT-PCR, respectively. �-Actin and GAPDH were included
as controls. GFAP expression was quantitated by a densitometer and ex-
pressed in relation to each control (Rel.).
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scription factors to their cognate consensus DNA-binding
sites using an electrophoretic mobility shift assay. We
cultured U373.MG cells in the presence of EGb 761 for 3
days and then prepared whole cell lysates from these
cells for this assay. EGb 761 treatment at concentrations
between 0 and 200 �g/ml decreased the complex forma-
tion, shown as closed arrow in Figure 5B, between EGb

761-treated cell lysates and AP1 or NF-�B cognate DNA
sequence in a dose-dependent manner but had no de-
tectable effects on the binding of EGb 761-treated cell
lysates to AP2 or CREB cognate DNA sequence (Figure
5B). The binding specificity between each transcription
factor and its DNA-binding sequence was confirmed by
using unlabeled oligonucleotides for competition (data
not shown). To further corroborate these findings, we
transfected AP1- and NF-�B-dependent luciferase re-
porter gene plasmids into U373.MG cells, cultured the
cells in the presence of EGb 761, and determined the
luciferase activity. Similar to the results obtained from the
electrophoretic mobility shift assay, EGb 761 treatment
inhibited both AP1- and NF-�B-dependent luciferase
gene expression in a dose-dependent manner (Figure
5C). These results suggest that EGb 761-mediated
down-regulation of GFAP expression is likely attributable
to its negative effects on AP1 and NF-�B binding to their
respective DNA sites within the GFAP promoter.

Attenuation of Tat-Induced Neurotoxicity by
GFAP Gene Knockout

Tat expression alone is sufficient to up-regulate GFAP
expression in astrocytes.19 The above results showed
that EGb 761 was able to directly down-regulate GFAP
promoter activity and expression (Figures 3 to 5). There-
fore, EGb 761 protection against Tat-induced pathology
(Figures 1 and 2) could be attributable to the inhibitory
effects of EGb 761 on the GFAP promoter and subse-
quent decreased levels of GFAP protein. To determine
the role of GFAP expression in Tat-induced pathologies,
we bred GFAP-null mice with Tat transgenic mice (Tat) to

Figure 4. Effects of EGb 761 on GFAP expres-
sion in primary astrocytes and in the brain. A:
Primary murine astrocytes were isolated from
16.5-day-old fetuses of wild-type C57BL/6 mice,
treated with EGb 761 for 3 days, and immuno-
stained for GFAP expression (right column). The
bright field of these cells is shown in the left
column (BF), and GFAP staining is shown in the
right column (GFAP). Control staining in the
absence of anti-GFAP antibody is also included,
giving no nonspecific signal (data not shown).
B: C57BL/6 mice were treated with EGb 761 in
PBS (100 mg/kg/day) or vehicle alone for 7
days, and the brain was harvested and processed
for immunochemical staining for GFAP. The
grayscale analysis of GFAP immunoreactivity
was performed by a NIH Image J software and is
shown in C.

Figure 5. Regulation of GFAP transcription by EGb 761. U373 cells (A, open
bar) and murine primary astrocytes (A, closed bar) were transfected with the
GFAP promoter-driven luciferase reporter plasmid, or U373 cells were trans-
fected with AP1-dependent luciferase reporter plasmid (C, open bar) or
NF-�B-dependent luciferase reporter plasmid (C, closed bar) using Lipo-
fectamine. Transfected cells were treated with EGb 761 at concentrations as
indicated for 2 days, and harvested for luciferase activity assay. Untransfected
U373 cells were also treated with EGb 761 at concentrations as indicated for
2 days and harvested for whole cell lysates for electrophoretic mobility shift
assay (B) in the presence of 32P-labeled AP1, AP2, NF-�B, and CREB binding
site-containing oligonucleotides. Open arrow: unbound probe; closed ar-
row: protein-probe complex. FP: free 32P-labeled probe (no cell lysates
added).
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obtain GFAP-null/Tat mice. We then randomly divided the
mice into four groups for four treatment regimens: dis-
tilled water only (dW), Dox only, Dox followed by PBS
(Dox � PBS), and Dox followed by EGb 761 (Dox �
EGb). As controls, we included wild-type C57BL/6 (Wt),
Tat, and GFAP-null mice in these experiments (Table 1).
Body weight was monitored on a daily basis during the
entire period of treatment. Both Wt and GFAP-null mice
displayed no significant differences in body weight be-
tween dW treatment and Dox treatment, and there were
also no significant differences in body weight between
Dox � PBS and Dox � EGb (Figure 6A). As shown
previously (Figure 1A), Tat mice given Dox treatment
showed significantly less weight gain than those given
dW as a control (0.275 � 0.528 g versus 4.19 � 0.33 g,
P � 0.001; Figure 6A). However, Tat mice given contin-
ued treatment with EGb 761 had significantly higher
weight gain than those given PBS as a control (6.21 �
1.01 versus 2.23 � 1.23, P � 0.001). Moreover, the
weight gain of Tat mice treated with Dox � EGb ap-
peared to be similar to Wt (6.21 � 1.01 versus 7.03 �
1.70, P � 0.05), GFAP-null (6.21 � 1.01 versus 6.21 �
0.56, P � 0.05), and GFAP-null/Tat mice (6.21 � 1.01

versus 6.04 � 1.04, P � 0.05). In contrast, GFAP-null/Tat
mice also had less weight gain in Dox treatment than dW
control (1.56 � 0.24 versus 3.90 � 1.04, P � 0.05), but it
was significantly higher than Tat mice treated with Dox
(1.56 � 0.24 versus 0.275 � 0.528, P � 0.001). More-
over, GFAP-null/Tat mice treated with Dox followed by
PBS gained more weight than Tat mice with the same
treatment regimen (4.54 � 1.09 versus 2.23 � 1.23, P �
0.001). More importantly, there did not appear to be a
significant difference in weight gain between GFAP-null/
Tat mice treated with Dox � PBS and those given Dox �
EGb (4.53 � 1.09 versus 6.04 � 1.04, P � 0.05). In
addition, we also harvested brain tissues at the end of
each treatment regimen and processed them for H&E,
Iba-1, CD3, MAP-2, S100�, and TUNEL staining. In hip-
pocampus, Dox treatment of Tat mice resulted in thinning
and disintegration of the granule cell layer but had no
effect in Wt, GFAP-null, and GFAP-null/Tat mice (Figure
7). Tat mice treated with Dox � EGb showed significant
restoration of the granule cell layer structure (Figure 7).
Iba-1 staining showed that there were significant in-
creases in the number of Iba-1-positive cells in Tat mice
treated with Dox and Dox � PBS compared to all others
(Figure 6B). Moreover, Iba-1-positive cells in these two
groups exhibited more intense staining and morpho-
logical transformation from a ramified to an amoeboid
phenotype (Supplemental Figure 1A, see http://ajp.
amjpathol.org), both of which are typical characteristics of
activated macrophages/microglia. Furthermore, either
EGb 761 treatment or GFAP knockout (GFAP-null) con-
siderably inhibited activation of macrophages/microglia
induced by Tat expression, ie, decrease in the number of
Iba-1-positive cells (Figure 6B) and the staining intensity
and morphological change to the ramified phenotype
(Supplemental Figure 1A, see http://ajp.amjpathol.org).
Similarly, the CD3 staining showed that Tat expression
led to perivascular accumulation and infiltration of T lym-
phocytes in Tat mice treated with Dox and Dox � PBS,
whereas there were very few CD3-positive cells in all
others (Supplemental Figure 1, see http://ajp.amjpathol.
org). The results also showed that there was a significant
decrease of CD3-positive cells in EGb 761-treated mice
and GFAP knockout (GFAP-null) mice.

As shown previously,17 Dox treatment induced neuron
loss in the brains of Tat mice compared to dW treatment
(49.32 � 8.33 versus 83.60 � 5.77, P � 0.001; Figure
8A), as determined by MAP-2 staining (Supplemental
Figure 1C, see http://ajp.amjpathol.org). The number of
MAP-2-positive neurons in Tat mice treated with Dox �
PBS was even lower than Tat mice treated with Dox alone
(38.73 � 9.28 versus 83.60 � 5.77, P � 0.001; Figure
8A), suggesting that there were still secondary effects
from Tat expression even when Tat expression was dis-
continued in these mice. However, compared to Dox �
PBS treatment, Dox � EGb treatment resulted in a sig-
nificantly higher number of MAP-2-positive neurons in the
brain of Tat mice (88.00 � 25.36 versus 38.73 � 9.28,
P � 0.001; Figure 8A). Meanwhile, Wt, GFAP-null, and
GFAP-null/Tat mice showed no significant differences in
the number of MAP-2-positive neurons among different
treatments. Similarly, Dox treatment induced neuron ap-

Table 1. Experimental Groups and the Number of Animals

Treatment/
genotype dW* Dox* Dox � PBS† Dox � EGb†

Wt 3 6 4 6
Tat 3 8 5 6
GFAP-null 3 6 6 7
GFAP-null/Tat 6 6 6 6

*Animals were treated with dW or Dox (80 mg/kg/day) for 7 days.
†Animals were treated with Dox (80 mg/kg/day) for 7 days, followed

by PBS or EGb 761 (100 mg/kg/day) for an additional 7 days.

Figure 6. Effects of GFAP gene knockout on development of Tat transgenic
mice and activation of macrophages/microglia. Twenty-one-day-old mice of
C56BL/6 wild-type (Wt), Tat transgenic (Tat), GFAP-null, and GFAP-null/Tat
transgenic (GFAP-null/Tat) were treated with Dox only for 7 days (80 mg/
kg/day) (Dox), distilled water for 7 days (dW), Dox for 7 days followed by
EGb 761 (100 mg/kg/day) for 7 days (Dox � EGb), or Dox for 7 days
followed by PBS for 7 days (Dox � PBS). A: Body weight was monitored on
a daily basis and calculated for net weight changes at the end of each
treatment. At the end of each treatment, mouse brains were harvested and
processed for immunohistochemistry staining for Iba-1-positive cells. B: The
cell counting was performed within the hippocampal region of the brain
using stereology.

1930 Zou et al
AJP December 2007, Vol. 171, No. 6



optosis in the brains of Tat mice compared to dW treat-
ment (80.36 � 32.80 versus 3.4 � 5.63, P � 0.001; Figure
8B), as determined by TUNEL staining (Supplemental
Figure 1D, see http://ajp.amjpathol.org). In agreement
with the MAP-2 staining results, the number of TUNEL-
positive neurons in Tat mice treated with Dox � PBS was
much higher than dW treatment (162.75 � 30.28 versus
3.4 � 5.63, P � 0.001; Figure 8B). Compared to Dox �
PBS treatment, Dox � EGb treatment resulted in a sig-
nificantly lower number of TUNEL-positive neurons in the
brain of Tat mice (29.57 � 16.74 versus 162.75 � 30.28,
P � 0.001; Figure 8B). In contrast, little apoptosis was
detected in the brains of Wt, GFAP-null, and GFAP-null/
Tat mice under different treatment regimens. All these
observed pathological differences were not likely attrib-
utable to the differences in the number of astrocytes in
the brains of these four types of mice. As expected, we
indeed only detected a slightly increase of the number of

S100�-positive cells in the brain of Tat mice treated with
Dox and Dox � PBS but little differences in other mice
with different treatments (data not shown). Also, the im-
provement in these pathological phenotypes in GFAP-
null/Tat mice was not attributable to a decrease in Tat
expression because the results showed that Tat expres-
sion in these mice was even higher than Tat transgenic
mice (Figure 9A) and a higher Tat-expressing transgenic
line Tg 271 was used to generate these GFAP-null/Tat
transgenic mice.

One of the proposed mechanisms for EGb 761 neuro-
protective function is its anti-oxidative activity,28 and Tat
has been shown to alter the intracellular redox level.29–32

Thus, we next determined effects of Tat expression on
nitric oxide (NO) production in Tat transgenic mice using
primary astrocytes. We prepared astrocyte cultures from
wild-type and Tat transgenic mice and treated them with
Dox. We then collected the supernatants and measured

Figure 7. Effects of GFAP gene knockout on hippocampal morphology of Tat transgenic mice. At the end of each treatment described in Figure 6, mouse brains
were harvested and processed for H&E staining. Representative images were taken in the hippocampal region of the brain.
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the NO levels in these supernatants. The results con-
firmed that Tat expression in this model also led to in-
creased NO production (Figure 9B) and, as a result,
alteration of intracellular redox status.

Discussion

Neurotherapeutic Function of EGb 761 against
Tat Neurotoxicity

Neuroprotective functions of EGb 761 have been dem-
onstrated in experimental models and clinical studies of

neurological diseases including dementia. This study
demonstrated that EGb 761 had neurotherapeutic effects
against HIV-1 Tat-induced neuropathologies in the trans-
genic mouse model. EGb 761 administration after Dox
treatment improved development and survival of Tat
transgenic mice (Figures 1 and 6A). Consistent with
these findings, astrocytosis was markedly reduced
based on the number of GFAP-positive astrocytes (Figure
2) and the level of GFAP expression (Figure 4C), and
apoptosis was reduced as well (Figures 2 and 8B). The
mechanisms of EGb 761 neuroprotective effects are be-
lieved to be mediated via several of its properties, includ-
ing roles as an antioxidant, a free-radical scavenger, a
membrane stabilizer, and an inhibitor of platelet-activat-
ing factor (PAF).33,34 The flavonoids, the major compo-
nent of EGb 761, have been shown to be neuroprotective
through their potent antioxidant activity.29 Alteration of
intracellular redox has long been linked to HIV-associ-
ated dementia and/or Tat neurotoxicity.35,36 Thus, EGb
761 neuroprotective function against Tat neurotoxicity, at
least in part, is mediated by neutralizing Tat-induced
oxidative stress (Figure 9B). EGb 761 also has anti-in-
flammatory effects and protective actions against brain
damage through its terpenes and ginkgolides.37,38 The
ginkgolide B acts as an antagonist of PAF,37 a factor that
induces proinflammatory effects39 and is activated in the
HIV-infected brain.40 Besides the free radical theory, in-
flammation is noted in the brains of HIV-infected individ-
uals and of Tat transgenic mice.17,41 When we treated
mice with terpene bilobalide and ginkgolide B at equiv-
alent composition percentages as those present in EGb
761, only terpene bilobalide produced neuroprotective
effects (Figure 3, C and D; data not shown). Interestingly,
our results showed that EGb 761 treatment also greatly
alleviated inflammatory response induced by Tat expres-
sion, ie, reduced central nervous system infiltration of T
lymphocytes and macrophage/microglia activation (Fig-
ure 6B; and Supplemental Figure 1, A and B, see http://
ajp.amjpathol.org). Several studies have shown that fla-
vonoids of EGb 761 inhibit HIV-1 entry and replication.42–44

Taken together, all these studies raise the possibility of
using EGb 761 as an alternative medication for treating
HIV-induced neurological disorders. These results also con-
firm that inflammation and free radical production are likely
the main events leading to Tat neurotoxicity and HIV-asso-
ciated neuropathologies.

Regulation of GFAP Expression in Astrocytes by
EGb 761

GFAP is a type-III intermediate filament and was first
identified in astrocytes.45 The gene is highly conserved
throughout vertebrate evolution, suggesting that it plays a
critical function in the central nervous system. GFAP pro-
tein expression is developmentally regulated and is up-
regulated during the astrocytosis that occurs in response
to most brain injuries.46 These changes in protein levels
are controlled primarily through transcriptional regula-
tion.47,48 EGb 761 has been shown to alter expression of
a number of host genes.49 Recent cDNA microarray stud-

Figure 8. Effects of GFAP gene knockout on neuron survival and apoptosis
in hippocampus of Tat transgenic mice. At the end of each treatment de-
scribed in Figure 6, mouse brains were harvested and processed for MAP-2
(A) or TUNEL staining (B). The cell counting was performed within the
hippocampal region of the brain using stereology.

Figure 9. Tat expression in the brain of GFAP-null/Tat mice and its effects on
NO production. Total RNA was isolated from wild-type (Wt), GFAP knockout
(GFAP-null), Tat transgenic (Tat), and GFAP knockout/Tat transgenic (GFAP-
null/Tat) mice treated with (�) and without (�) Dox and assayed for Tat
mRNA level by RT-PCR. A: RT-PCR for GAPHD was included as a control. B:
For NO experiments, primary astrocytes were prepared and exposed to Dox
(5 �g/ml) for 3 days, and the culture supernatants were collected to deter-
mine NO production using a Griess assay. Distilled H2O with the same pH
was used as the control (�). The NO levels were normalized to the total
amount of the cellular protein.
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ies have revealed that EGb 761 modified the expression
of genes encoding growth factors, signaling and struc-
tural proteins, transcription factors, and metabolic en-
zymes.50,51 Our results showed that EGb 761 directly
down-regulated GFAP expression at both protein and
mRNA levels, and in astrocytoma cells, primary astro-
cytes in vitro, and in vivo (Figures 3 and 4). These findings
are of interest because previous studies of EGb 761
effects on GFAP immunoreactivity in astrocytes after
brain injury have been inconsistent. For instance, one
group found little change in GFAP expression in astro-
cytes exposed to EGb 761,52 whereas a more recent
study found inhibitory effects of EGb 761 on GFAP ex-
pression.53 The discrepancy between these studies may
be related to the dosage and the exposure time of EGb
761. We further found that GFAP down-regulation by EGb
761 occurred at the transcriptional level, using the GFAP
promoter-driven reporter gene assay (Figure 5A) and that
the down-regulation was likely attributable to negative
effects of EGb 761 on the activity of the transcription
factors AP1 and NF-�B (Figure 5, B and C). Consistent
with the antioxidant activity of EGb 761, AP1 and NK-�B
activities are known to be regulated by intracellular redox
levels.54,55 Moreover, inhibition of astroglial NF-�B activ-
ity has been associated with reduced inflammation and
improved functional recovery after spinal cord injury,56

whereas AP1 up-regulation is often noted in activated
astrocytes.46 Because both AP1 and NF-�B are important
regulators for expression of many cytokines and chemo-
kines, it is conceivable that reduced activities of these tran-
scription factors by EGb 761 and resulting decreased infil-
tration of inflammatory cells into the brain contribute to the
protective function of EGb 761 against Tat neurotoxicity.

Direct Involvement of GFAP Activation in Tat
Neurotoxicity

Tat expression alone is sufficient to up-regulate GFAP
expression in astrocytes in vitro and in vivo.17,19 Thus, the
finding that EGb 761 directly down-regulated GFAP tran-
scription prompted us to determine whether GFAP was
integral to Tat neurotoxicity. To our surprise, Tat expres-
sion in the brains of GFAP-null mice led to much less
developmental retardation, inflammation, astrocytosis,
and neuron apoptosis, and the effects of genetic deletion
of GFAP expression on Tat neurotoxicity were similar to
those of EGb 761 treatment (Figures 6 to 8). These find-
ings suggest that GFAP up-regulation is directly involved
in Tat neurotoxicity, even though EGb 761 protective
functions against Tat neurotoxicity could also reflect re-
duced Tat expression in the brain of inducible Tat trans-
genic mice.17 GFAP overexpression in GFAP transgenic
mice has been found to form cytoplasmic aggregates of
intermediate filaments that are identical to Rosenthal fi-
bers, the hallmark feature of Alexander disease and im-
paired development and premature death.57 A recent
microarray gene expression analysis on brains from
these GFAP overexpressing transgenics has revealed
that marked elevation of GFAP results in changes of gene
expression relating to stress responses, immune activa-

tion, and neuron survival.58 Our recent studies have
shown that Tat expression in astrocytes also directly af-
fects neuronal survival.19 Whether any of these genes are
involved in GFAP-mediated Tat neurotoxicity remains to
be determined. Moreover, serum or cerebrospinal fluid
GFAP has long been explored as a biomarker for a num-
ber of neurological diseases including stroke and multi-
ple sclerosis.59,60 Thus, GFAP could represent a new and
reliable biomarker for progression and treatment of HIV-
associated neuropathogenesis.

Astrocytosis as an Auxiliary Perpetrator for
Neurodegenerative Diseases

In higher vertebrates, astrocytes make up a substantial
proportion of the central nervous system. Under normal
conditions astrocytes are involved in maintenance of the
extracellular ionic environment and pH, uptake of extra-
cellular glutamate, maintenance of the blood-brain bar-
rier, and supply of neurons with metabolic substrates.61

After injury, either as a result of trauma, disease, genetic
disorders, or chemical insult, astrocytes become reactive
and respond in a typical manner, termed astrocytosis.62

Astrocytosis is characterized by rapid synthesis of GFAP
and is demonstrated by an increase in the protein level or
by immunostaining with GFAP antibody. Depending on
the in vivo insult, astrocytosis may either reduce or exac-
erbate damage to neural tissue. Reactive astrocytes re-
pair damaged neural tissues through release of neurotro-
phic factor and antioxidants and degradation of
extracellular deposits.63 In contrast, release of reactive
oxygen species, cytokines, nitric oxide, and proteases by
reactive astrocytes can contribute to neurodegenera-
tion.64–66 Identification of GFAP as a mediator of Tat
neurotoxicity in our present study supports the notion that
astrocytosis indeed provokes Tat neurotoxicity and HIV-
associated neuropathogenesis.

In conclusion, we report that EGb 761 has therapeutic
activity against Tat neurotoxicity. The anti-oxidant and
anti-inflammatory activities of EGb 761 may account for
its down-regulatory effects on GFAP expression, and the
protective functions of EGb 761 against Tat protein-in-
duced neurotoxicity.
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