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Abstract: Prevalence of HIV-associated cognitive impairment is rising. Amyloid-beta (A-beta) plaque deposition in 
the brain may be a contributing factor as epidemiological data suggests significant numbers of long-term HIV 
survivors are at elevated risk of developing Alzheimer’s disease (AD). HIV-1 Tat-induced A-beta deposition, tau 
phosphorylation, and subsequent neuronal death could be risk factors for subsequent AD and/or HIV-related 
cognitive impairment. To mimic this clinical condition, we generated mice with HIV-1 Tat-induced AD-like 
pathology. We first performed a short-term Doxycycline (dox) dosing (54, 108, and 216 mg/kg/day) study in 
transgenic mice whose astrocytes express HIV-1 Tat via activation of a GFAP/dox-inducible promoter. After one 
week, mouse brains were examined histologically and the expression of Bcl-xL, Bax, and phospho-tau was 
investigated by Western blotting. We next cross-bred these mice with the PSAPP mouse model of AD. To simulate 
chronic Tat secretion over periods longer than one week, we used an optimized dose of 54 mg/kg/day on a bi-
weekly basis over three months; based on the initial dose ranging study in the Tat transgenic mice. This was 
followed by antisera detection of A-beta, and Western blot for phospho-tau, Bcl-xL, and Bax. Tat significantly 
induced neuron degeneration and tau phosphorylation in Tat transgenic mice, dox dependently (P<0.001) with 
the most robust effects at the 216 mg/kg/day dose. In the long term study, similar effects at the chronic 54 
mg/kg/day dose were observed in PSAPP/Tat mice induced with dox. These mice also showed significantly more 
A-beta deposition (P < 0.05), neurodegeneration, neuronal apoptotic signaling, and phospho-tau than PSAPP mice 
(P < 0.05). In conclusion, HIV-1 Tat significantly promotes AD-like pathology in PSAPP/Tat mice. This model may 
provide a framework in which to identify new mechanisms involved in cognitive impairment in the HIV infected 
population, and possible treatments. Additional works will be needed to fully characterize the mechanism(s) of 
HIV- induced amyloid deposition, and also to uncover viral mechanisms promoting AD-like pathology in general. 
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Introduction 
 
The natural history of HIV infection is changing. 
Advanced age will be an important moderator 
of clinical outcomes associated with the 
disease, particularly dementia. Historically 
there was not much need to consider age-
related neurodegenerative disorders, such 
Alzheimer’s disease (AD), as contributing to 
affective or cognitive disorders in HIV-infected 
patients, as infection existed virtually only in 

young adults [1]. This paradigm no longer 
holds true in the era of highly active 
antiretroviral therapy (HAART), raising new 
issues regarding the diagnosis and treatment 
of HIV-related neurocognitive disorders. Indeed 
it has been suggested this new course in the 
HAART era may also signify a phenomenon 
whereby HIV lowers the threshold (cerebral 
reserve hypothesis) for the clinical 
presentation of other neurodegenerative 
diseases such as AD expanding risk to 
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younger, middle-aged patients [1]. 
 
Because of long-term survival in the HIV-
infected population, the epidemic is extending 
into older age brackets and is commonly 
characterized by AD-like pathology. Currently, 
some 60,000 HIV-infected individuals are over 
the age of 50. The number of HIV+ patients 
over the age of 65 increased exponentially 
from some 1,000 to more than 10,000 in the 
past ten years [2-3]. Furthermore, it is 
predicted that 50% of prevalent AIDS cases in 
this country will fall into this older age group by 
2015. Several post-mortem studies have 
revealed a significant incidence of AD-like 
pathology in the HIV-infected brain including 
increased brain beta-amyloid (A-beta) 
deposition [4], increased extracellular amyloid 
plaques [5], and decreased cerebrospinal fluid 
(CSF) A-beta levels [6]. 
 
Particularly, the HIV-1 transactivator protein 
(Tat) has been implicated in this AD-like 
pathology through a variety of mechanisms. 
However the chronicity of neuropathologies in 
humans is uncertain due to the fact that all 
histological data comes from post-mortem 
samples. Using an in vitro system, we have 
recently shown HIV-1 Tat inhibits microglial 
phagocytosis of A-beta peptide in vitro and 
that this dysfunction is augmented by the pro- 
inflammatory cytokine, IFN-γ (interferon-
gamma) [7], and opposed by the natural 
STAT1 (signal transducer and activator of 
transcription-1) inhibitor from Green Tea, 
epigallocatechin-3-gallate (EGCG). To date, no 
in vivo model has been created to study HIV-1 
Tat-induced AD-like pathology. Such a model is 
necessary to generate both novel therapeutic 
targets and also a pharmacological screening 
platform. 
 
In an effort to generate such a model, we 
crossed transgenic PSAPP (APPswe, 
PSEN1dE9) mice [8] and HIV-1 Tat-transgenic 
mice (GT-tg mice). The latter demonstrates 
HIV-1 Tat expression from astrocytes under the 
control of both the astrocyte-specific glial 
fibrillary acidic protein (GFAP) promoter and a 
doxycycline (dox)-inducible promoter [9]. We 
found HIV-1 Tat significantly induced neuron 
degeneration and tau phosphorylation in Tat 
transgenic mice dox dependently (P<0.001). 
Compared to both PSAPP mice + dox, and/or 
PSAPP/Tat mice without dox, PSAPP/GT-tg 
mice + dox (54 mg/kg/day) showed 
significantly more A-beta deposition in brain 

regions examined (P<0.05). Western blot 
analysis confirmed these results indicating 
dox-induced PSAPP/Tat inducible mice 
demonstrated significantly more A-beta 
deposition quantitatively (P<0.05). Additionally 
PSAPP/Tat mice induced with dox displayed 
significantly more neurodegeneration, neuron 
apoptosis, and tau phosphorylation than either 
PSAPP mice + dox or PSAPP/GT-tg mice not 
induced with dox (P<0.05). 
 
Material and Methods 
 
Mice 
 
The creation and genotyping of the inducible 
and brain-targeted HIV-1 Tat transgenic (GT-tg) 
mice was previously described [9]. A founder 
pair of GT-tg mice was generously provided by 
Dr. Johnny He (Indiana University). Transgenic 
PSAPP (APPswe, PSEN1dE9) mice were 
obtained from the Jackson Laboratory. These 
animals were housed and maintained at the 
College of Medicine Animal Facility of the 
University of South Florida (USF) Health 
Sciences Center, and all experiments were in 
compliance with protocols approved by the 
USF Institutional Animal Care and Use 
Committee (IACUC). 
 
Short Term Dose Ranging Study in Tat- 
Transgenic Mice 
 
To express Tat for the initial dose-ranging 
study, a total of 18 GT-tg mice were used 
divided evenly between males and females 
and administered one of three doses of dox 
(Sigma, Louis, MO; 54, 108, or 116 mg 
dox/mg/day) in drinking water based on the 
previous works of Kim et al [9]. After 7 days 
mice were euthanized with overdose of 
isofluorane and transcardially perfused with 
ice-cold physiological saline containing heparin 
(10 U/ml). Brains were rapidly isolated and 
quartered using a mouse brain slicer 
(Muromachi Kikai, Tokyo, Japan). The 1st and 
2nd anterior quarters were homogenized for 
Western blot analysis and ELISA, and the 3rd 
and 4th posterior quarters were fixed in 4% 
paraformaldehyde in PBS at 4°C overnight 
and routinely processed for hematoxylin/eosin 
(H/E) staining as immunohistochemistry. 
Empty vehicle treatment was included as a 
control (data not shown). 
 
Long Term HIV-1 Tat Expression in PSAPP 
Mice 
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PSAPP mice with administered dox 
(PSAPP/dox) were compared to PSAPP/Tat 
mice without dox administration, and 
PSAPP/Tat mice administered with dox 
(PSAPP/Tat/Dox). The first two groups are both 
negative controls as little to no HIV-1 Tat 
expression occurs in the absence of dox. The 
third group, PSAPP/Tat/Dox, represents the 
novel model of HIV-1 Tat-induced, AD-like 
pathology. Twelve mice (6 males and females) 
at 10 months of age were used per group. The 
mice were divided evenly between males and 
females and administered this minimum dose 
of dox (54 mg/kg/day, every-other-week) in 
drinking water. In order to mimic a chronic 
secretion of Tat in the brain, as seen in clinical 
cases of HIV-1 infection, we chose to lower the 
dose of dox to 54 mg/kg , daily, on a biweekly 
basis (administered every other week) for 
three months based on our short term dose 
ranging study. We find that longer periods of 
Tat expression, at this lower dose, closely 
mimics the HAD-like damage seen in the 1 
week dose ranging study at the higher dox 
dose of 216 mg/kg/day. After three months 
mice were euthanized with overdose of 
isofluorane and transcardially perfused with 
ice-cold physiological saline containing heparin 
(10 U/ml). Brains were prepared for pathologic 
examination as above. 
 
Histological Examination 
 
Five coronal sections from each brain (10 µm 
thickness) were cut with a 150 m interval. 
Sections were routinely deparaffinized and 
hydrated in a graded series of ethanol before 
pre-blocking for 30 min at ambient 
temperature with serum-free protein block 
(Dako Cytomation, Carpinteria, CA). Nuclear 
pyknosis suggestive of chromatin 
condensation was examined by H&E stain. Ten 
micrometer sections were fixed with 4% 
paraformaldehyde in phosphate-buffered 
saline solution (PBS: 10 mM KH2PO4, 37 mM 
Na2HPO4, 87 mM NaCl, 53 mM KCl, pH 7.4) 
for 1 hr, washed with distilled water for 2 min, 
then incubated with Mayer’s hematoxylin 
(diluted 1:10) for 4 min at room temperature. 
The slices were then rinsed with EtOH for 2 
min, followed by a dH20 rinse for 2 min, 
covered with a 0.5% eosin solution for 5 min, 
and then rinsed twice with water. Sections 
were then examined under light microscopy. 

 
Immunohistochemistry 

Immunohistochemical staining was performed 
using anti-human A-beta antibody (clone 4G8; 
Sigma) in conjunction with the VectaStain Elite 
ABC kit (Vector Laboratories, Burlingame, CA) 
coupled with diaminobenzidine substrate. 
4G8-positive A-beta deposits were examined 
under bright field using an Olympus (Tokyo, 
Japan) BX-51 microscope. To study 
neurofibrillary tangle-like structures, 
conventional immunofluorescence staining 
using mouse PHF-1 monoclonal antibody, 
which recognizes the dually phosphorylated 
Ser396 and Ser404 epitope of tau peptides 
[10] was utilized. The PHF-1 antibody was 
kindly provided by Dr. Peter Davies (Albert 
Einstein College of Medicine; Bronx, NY). 
Incubation with PHF-1 antibody (1:60) took 
place overnight at 4ºC, followed by 1 hr at RT. 
One control section was processed identically 
except that the primary antibody was omitted 
from the incubation buffer. After rinsing, 
sections were incubated in the presence of 
Cy3-conjugated goat, anti-rabbit secondary 
antibody (1:200) or goat anti-mouse antibody 
(1:100) (Sigma; St. Louis, MO) for 3 hrs at 
room temperature. Sections were then 
thoroughly rinsed in PBS. For the same-section 
comparisons in this study, this step was 
immediately followed by the thioflavin-S 
staining procedure as previously described 
[11]. Sections were stained by 
immunohistochemistry for A-beta using 4G8 
monoclonal antibody. 
 
Western Blot Analysis and 
Immunoprecipitation 
 
Mouse brains were lysed in ice-cold lysis buffer 
(20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM 
EDTA, 1 mM EGTA, 1% v/v Triton X-100, 2.5 
mM sodium pyrophosphate, 1 mM α-
glycerolphosphate, 1 mM NaVO, 1 ug/ml 
leupeptin, 1 m PMSF), and an aliquot 
corresponding to 50 g of total protein was 
electrophoretically separated using 10% Tris-
gels. Electrophoresed proteins were then 
transferred to polyvinylidene difluoride 
membranes (Bio-Rad, Richmond, CA), washed 
in dH2O, and blocked for 2 hrs at room 
temperature in Tris-buffered saline (TBS; Bio-
Rad) containing 5% (w/v) nonfat dry milk. After 
blocking, membranes were hybridized for 2 hrs 
at room temperature with various primary 
antibodies. Membranes were then washed 3 x 
for 5 min each in dH2O and incubated for 1 hr 
at ambient temperature with the appropriate 
HRP-conjugated secondary antibody (1:1000; 
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Pierce Biotechnology, Rockford, IL). All 
antibodies were diluted in TBS containing 5% 
(w/v) nonfat dry milk. Blots were developed 
using the luminol reagent (Pierce 
Biotechnology). Densitometric analysis was 
done using a FluorS Multiimager with Quantity 
One software (Bio-Rad). Immunoprecipitation 
was performed for detection of phosphorylated 
Tau by incubating 200 µg of total protein of 
each sample with monoclonal antibody AT270 
(1:400; Pierce Biotechnology) or anti-phospho-
tau antibody that recognizes human 
phosphorylated tau at Ser199/202 overnight 
with gentle rocking at 4°C. Then 10 L of 50% 
protein A-Sepharose beads were added to the 
sample (1:10; Sigma) before gentle rocking for 
an additional 4 hrs at 4°C. After washes with 1 
x cell lysis buffer, samples were subjected to 
Western blot analysis as described above. 
Antibodies used for Western blot analysis 
included anti-Bcl-xL antibody (1:1,000, 
AnaSpec), anti-Bax antibody (1:1,000, 
AnaSpec), and anti-actin antibody (1:1,500 an 
internal reference control; Roche). 
 
ELISA 
 
Mouse brains were isolated under sterile 
conditions on ice and placed in ice-cold lysis 
buffer. Brains were then sonicated on ice for a 
total of 1.5 min (30 second sonification 
separated by 30 second rest period, cycled 
over three minutes), allowed to stand for 15 
min at 4°C, and centrifuged at 15,000 rpm for 
15 min. Total A (including A1–40, 42) species 
were detected by acid extraction of brain 
homogenates in 5 M guanidine buffer, 
followed by a 1:10 dilution in lysis buffer. 
Soluble total A-beta was directly detected in 
brain homogenates prepared with lysis buffer 
described above by a 1:4 or 1:10 dilution, 
respectively. A-beta was quantified in these 
samples using the total A-beta ELISA kits [11]. 
Total A-beta species were detected by acid 
extraction of brain homogenates according to 
our previous methods [11]. Data are 
expressed as pg/mg A1-x, mean ± SD. 
 
Image Analysis 
 
Quantitative image analysis (conventional "A 
burden" analysis) was performed for A 
immunohistochemistry in PSAPP mice 
receiving dox, and all PSAPP/Tat groups. 
Images were obtained using an Olympus BX-
51 microscope and digitized using an attached 
MagnaFire imaging system (Olympus). Briefly, 

images of five 5 µ sections (150 µ apart) 
through each anatomic region of interest 
(hippocampus or cortical areas) were 
captured, and a threshold optical density was 
obtained that discriminated staining from 
background. Manual editing of each field was 
used to eliminate artifacts. Data are reported 
as a percentage of immunolabeled area 
captured (positive pixels) divided by the full 
area captured (total pixels). Quantitative image 
analysis was performed by a single examiner 
(M.T.) blinded to sample identities. 
 
Statistical Analysis 
 
All data were normally distributed; therefore, in 
instances of single mean comparisons, 
Levene's test for equality of variances followed 
by t-test for independent samples was used to 
assess significance. To examine for gender 
differences, we employed analysis of variance 
(ANOVA) followed by pairwise comparison of 

the means using a post hoc Newman-Keuls 
test. In instances of multiple mean 
comparisons, analysis of variance was used, 
followed by post hoc comparison using 
Bonferonni's method. Alpha levels were set at 
0.05 for all analyses. The statistical package 
for the social sciences release 10.0.5 (SPSS 
Inc., Chicago, Illinois) was used for all data 
analysis. 
 
Results 
 
HIV-1 Tat Dose Dependently Increases 
Neuronal Damage and tau Phosphorylation in 
Tat Transgenic Mice (GT-tg) 
 
Administration of dox is positively associated 
with increased nuclear H&E staining, 
suggesting that HIV-1 Tat protein expression 
induces increased neurodegeneration (Figure 
1A). As an additional confirmatory measure, 
Western blotting analysis for the apoptotic 
repressor protein, Bcl-xL, shows that dox dose 
dependently decreases its ratio to actin 
(Figures 1B and 1C) (P<0.005). As shown in 
Figure 1D, tau phosphorylation was 
significantly and positively correlated with the 
dosage of dox administration. As a validation, 
we examined HIV-1 Tat expression in the mice 
after dox administration using Western blotting 
analysis and found that expression of HIV-1 
Tat protein occurred dox dependently (data not 
shown) as has also been demonstrated in 
previous studies [9]. In addition, a minimum 
dosage of dox, 54 mg/kg/day, was determined 
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Figure 1  Oral administration of dox results in increased neuronal damage and tau phosphorylation with 
decreased Bcl-xL expression dose dependently in GT-tg mice.  A. Mouse brain coronal frozen sections were 
stained with H&E. Left column indicates PSAPP mice receiving dox, middle column indicates PSAPP/Tat mice 
without dox and right column indicates PSAPP/Tat mice receiving dox.  B. Bcl-xL expression was analyzed by 
Western blotting analysis of the mouse brain homogenates with anti-Bcl-xL antibody.  C. Densitometry analysis 
shows the band density ratio of Bcl-xL to actin.  D. Western blot analysis by antibody AT270 (left) or Ser199/202 
(right) shows phosphorylated tau protein. 
 
 
for the following study where PSAPP and GT-tg 
transgenic mice were cross-bred and 
subjected to a long term study of brain HIV-1 
Tat secretion. Furthermore, these data suggest 

that dox-induced HIV-1 Tat expression 
significantly results in neurodegeneration in 
the mice. 
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Figure 2  PSAPP/Tat mice receiving oral dox show increased A-beta plaques compared to PSAPP mice. A. Mouse 
brain coronal frozen sections were stained with rabbit polyclonal anti-human A antibody. Left column indicates 
PSAPP mice receiving dox, middle column indicates PSAPP/Tat mice without dox and right column indicates 
PSAPP/Tat mice receiving dox. As indicated, the top panels are from the cingulate cortex (CC), the middle panels 
are from the hippocampus (H), and bottom panels are from the entorhinal cortex (EC).  B. Percentages of A 
antibody-immunoreactive A plaque (mean ± SD) were calculated by quantitative image analysis.  C. Soluble A1-
40, 42 (left) and insoluble A-beta1-40, 42 (right) prepared with 5 M guanidine were analyzed by ELISA. Data are 
presented as (pg/mg protein) of A1-40 or A1-42 separately. 
 
 
Oral Administration of Dox Increases A-beta 
Plaque Formation in PSAPP/Tat Mice 
 
Most interestingly, as determined by chronic 
dox administration, the PSAPP/Tat mice shows 
significantly increased A-beta deposits in the 
brain regions examined (Figure 2A) (P<0.05). 
Image analysis of micrographs from A-beta 
antibody stained sections reveals that plaque 
burdens are significantly increased in the 
cingulate cortex (CC), hippocampus (H), and 
entorhinal cortex (EC) by 47%, 55%, and 30%, 
respectively (Figure 2B). To verify the findings 

from these coronal sections we found dox-
induced HIV-1 Tat expression markedly 
increases both in soluble and insoluble forms 
of A-beta 1-40, 42 by ELISA (Figure 2C) 
(P<0.05). No significant differences in 
pathology were noted between males and 
females of each group (P>0.05). 
 
Oral Administration of Dox Increases tau 
Hyperphosphorylation and Neurodegeneration 
in PSAPP/Tat Mice 
 
Given that the induced HIV-1 Tat expression 
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Figure 3  PSAPP/Tat mice receiving oral dox show increased neuronal degeneration and tau-phosphorylation after 
oral administration of dox compared to PSAPP mice. Left column indicates PSAPP mice receiving dox, middle 
column indicates PSAPP/Tat mice without dox and right column indicates PSAPP/Tat mice receiving dox. Mouse 
brain coronal frozen sections were stained with H&E (A) or with phospho-tau antibody (AT270) (B).  
 
 
results in increased A-beta deposition, we 
wondered whether or not HIV-1 Tat could also 
contribute to other A-beta associated 
pathology. Since it has been shown that A-beta 
plaques and neuronal damage are associated 
with phosphorylated tau-immunoreactive 
structures in AD transgenic mice [12], we 
investigated neuronal injury (Figure 3A) and 

tau hyperphosphorylation (Figure 3B and 3D). 
Clearly, in the PSAPP/Tat mice receiving dox, 
significantly higher number of positive cortical 
neuronal cells for anti-phospho-tau antibody 
(AT270) was found. To further determine if tau 
hyperphosphorylation would be involved in this 
Tat-induced neuronal damage, we examined 
Bcl-xL and Bax expression in these mice using 
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Figure 3 (cont.)  PSAPP/Tat mice receiving oral dox show increased neuronal degeneration and tau-
phosphorylation after oral administration of dox compared to PSAPP mice. Mouse brain homogenates were 
prepared from these mice and subjected to Western blot analysis for Bcl-xL, Bax; and phosphor-Tau. Compared to 
PSAPP mice receiving dox or PSAPP/Tat mice without dox, PSAPP/Tat mice receiving dox demonstrate a 
significantly increased ratio of Bax to Bcl-xL (C)  as well as Tau protein (phospho-AT270) to actin ratio by 
densitometry analyses (D). 
 
 
Western blot. As shown in Figure 3C, the ratio 
of Bcl-xL to Bax was significantly decreased 
(P<0.001). No significant differences in 
pathology were noted between males and 
females of each group (P>0.05). Similar 
results were obtained in the same samples 
using Ser199/202 antibody (data not shown). 
 
Discussion 
 
HIV-infected patients are either aging with HIV 
infection or becoming newly infected at older 
ages. This, compounded by the amyloidogenic 
effects of Tat protein, and possibly the 
lipodystrophic effects of HAART medications 
seem to promote the AD-like pathology seen in 
some 50% of the HIV-1 infected population [4]. 
Given that this type of pathology may 
contribute to the neurobehavioral morbidity of 

HIV-1 infection, we created a mouse model of 
HIV-1 Tat-induced AD-like pathology by 
crossing PSAPP and HIV-1 Tat (GT-tg) 
transgenic mice. This effectively mimics age-
related changes in A-beta deposition [8] with 
superimposed brain targeted Tat expression in 
the PSAPP/Tat mouse model [9]. 
 
As expected in our initial dose ranging study in 
Tat transgenic mice, brain-targeted expression 
was sufficient to cause a dose dependent 
increase in neuronal degeneration (Figure 1A), 
and tau phosphorylation (Figure 1D) while 
causing a decrease in the anit-apoptotic 
protein, Bcl-xL (Figures 1B and 1C). The 
microtubule-associated protein tau is 
abundantly expressed in neurons, and is 
deposited in cells in an abnormally 
phosphorylated state as fibrillar lesions in 
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many neurodegenerative diseases, particularly 
AD. In neurons, the protein plays a crucial role 
in binding and stabilizing microtubules, and 
regulating axonal transport. Both are 
controlled by site-specific phosphorylations. 
There is growing evidence that disruption in 
the normal phosphorylation state of tau 
followed by conformational changes plays a 
key role in the pathogenic events that occur in 
AD [15]. HAD patients have been shown to 
have significantly increased total and 
phopshorylated-tau concentrations similar to 
AD [6]. Aberrant phosphorylation of tau protein 
might be responsible for the breakdown of 
microtubules in affected neurons classically 
seen in AD not only because the altered 
protein has greatly reduced microtubule-
promoting ability but also because it interacts 
with normal tau, making the latter unavailable 
for promotion of tubulin assembly into 
microtubules [15]. Past in vitro studies 
demonstrated HIV-1 Tat directly modulates 
polymerization of microtubules; a process 
which positively correlates with apoptosis. 
Thus the decrease in the anti-apoptotic Bcl-xL 
which positively correlated dose dependently 
with dox administration (and thus Tat 
expression) is in accord with previous studies. 
This effect of Tat on the self-association of 
tubulin may be of interest for studies on the 
mechanism of microtubule formation in the 
HIV-infected brain and could be used in the 
design of new agents aimed at protecting 
neuronal microtubules [16]. Furthermore 
Campbell and colleagues demonstrated this 
Tat-mediated effect on microtubules occurs 
without the full-length protein. Indeed peptides 
from its central glutamine-rich and basic 
regions are involved in Tat-mediated apoptosis 
[17]. 
 
Based on previous studies [18] as well as the 
dox dose-dependent decrease in Bcl-xL and 
increase in neurodegeneration, we 
hypothesize that HIV-1 Tat is able to induce 
apoptosis through both the release of 
cytochrome c, removal of the Bcl-xL 
suppression of Bax, and/or an increase in 
intracellular Ca2+ via the phospholipase C 
pathway [19]. First, it has previously been 
shown that Tat is able to directly trigger 
cytochrome c release, a central event in the 
mitochondrial apoptotic pathway. A recent 
study also implicates Ca2+ uptake into 
mitochondria in Tat-dependent toxicity [20]. 
Macho et al [21] show that, in lymphocyte 
cultures under low serum conditions, Tat 

accumulates at the mitochondria and 
positively correlates with disruption of the 
mitochondrial membrane potential [21]. This 
then leads to the release of pro-apoptotic 
factors such as cytochrome c. Regarding 
exitotoxic effects and Tat-mediated cell death, 
induction of the phospholipase c pathway by 
Tat confers a rapid increase in neuronal 
intracellular Ca2+ in primary neuron cultures, 
presumably causing phospholipase C and 
inositol phosphate-3 release, and a 
subsequent response via a plasma membrane 
glutamate receptor [19, 22]. 
 
In this novel PSAPP/GT-tg model of Tat-
induced AD-like pathology, amyloid burden, 
neurodegeneration, and apoptotic signaling 
were significantly enhanced by Tat expression. 
Moreover, superimposed Tat expression 
appears to over-ride gender differences seen 
in plaque loads between male and female 
PSAPP mice. Previous investigations [9] have 
shown that neurodegeneration and apoptosis 
are positively correlated with the level and 
spatial distribution of Tat mRNA and/or protein 
expression [9] and occurred only when dox is 
administered but not without dox, or in dox-
treated wild-type normal mice. Therefore, 
these findings did not result from an 
insertional mutation, or other unknown 
nonspecific effects. 
 
Several studies have focused on Tat-mediated 
induction of amyloidosis in vitro. We previously 
demonstrated Tat inhibits microglial uptake of 
A-beta1-42 peptide, a process that is enhanced 
by interferon-gamma (IFN-γ) and rescued by 
the STAT1 inhibitor (-)-epigallocatechin-3-
gallate (EGCG) [7]. It is hypothesized that 
reduced A-beta uptake occurs through IFN-γ 
mediated STAT1 activation, which promotes a 
phenotype switch from a phagocytic to an 
antigen presenting phenotype in microglia. 
Additionally, we showed that HIV-1 Tat 
significantly disrupts apolipoprotein-3 (Apo-E3) 
promoted microglial A-beta uptake [7]. As 
microglial are a primary means for A-beta 
removal from brain parenchyma, this process 
may be involved in the enhanced amyloid 
burden in the PSAPP/GT-tg model compared to 
the PSAPP model. Tat protein has also been 
shown to directly interact with the neuronal 
low density lipoprotein (LRP) receptor and thus 
inhibit the uptake of its ligands including 
apolipoprotein E4 (Apo-E4) and A peptide [23]. 
A similar inhibition of LRP may occur in 
microglia. Moreover Daily and colleagues [24] 
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have demonstrated that Tat competitively and 
reversibly inhibits the extracellular A-beta 
degrading enzyme, neprilysin. However it was 
also found that both Tat peptides and Tat 
protein were slowly hydrolyzed by neprilysin. 
Thus although the accumulation of Tat-derived 
proteolytic fragments may serve to inhibit 
neprilysin and increase amyloid beta peptide 
levels, one would suspect that there is also 
some level of compensatory destruction of Tat 
protein also, by neprilysin. Therefore the 
mechanisms involved in enhanced amyloid 
deposition mentioned above may be acting in 
concert in this model. 
 
Future studies using this model will be 
required to delineate the molecular steps most 
important in HIV-1 Tat-induced AD-like 
pathology including amyloid burden and tau 
phosphorylation. Combined with behavioral 
testing this should lay the foundation to isolate 
new mechanistic underpinnings and treatment 
targets. Additionally the model may simulate 
some prognostic implications for newly HIV-
infected patients in terms of brain pathology 
and future development of neurobehavioral 
deficits. 
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