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Abstract
HIV-1-infected brains are characterized by elevated depositions of amyloid beta (Aβ); however,
the interactions between Aβ and HIV-1 are poorly understood. In the present study, we
administered specific HIV-1 protein Tat into the cerebral vasculature of 50–52 week old double
transgenic (B6C3-Tg) mice that express a chimeric mouse/human amyloid precursor protein (Mo/
HuAPP695swe) and a mutant human presenilin 1 (PS1-dE9) and are characterized by increased
Aβ depositions in the brain. Exposure to Tat increased permeability across cerebral capillaries,
enhanced disruption of zonula occludens (ZO)-1 tight junction protein, and elevated brain
expression of matrix metalloproteinase-9 (MMP-9) in B6C3-Tg mice as compared to age-matched
littermate controls. These changes were associated with increased leukocyte attachment and their
transcapillary migration. The majority of Tat-induced effects were attenuated by treatment with a
specific Rho inhibitor, hydroxyfasudil. The results of animal experiments were reproduced in
cultured brain endothelial cells exposed to Aβ and/or Tat. The present data indicate that increased
brain levels of Aβ can enhance vascular toxicity and proinflammatory responses induced by
HIV-1 protein Tat.
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INTRODUCTION
The widely used combination antiretroviral therapy (cART) greatly improved the life span
of HIV-1-infected patients. This therapeutic success, along with an increased number of new
infections in older patients, accounts for a rapid growth of the population of older HIV-1-
infected patients. Indeed, approximately 24% of HIV-1-infected individuals in the United
States are 50 years of age or older (Centers for Disease Control and Prevention, 2007). It is
estimated that 50% of HIV-1-infected patients will be aged 50 or more by 2015 (Myers,
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2009). This emerging development in HIV-1 epidemic has significant consequences,
because the increased age of infected patients has a detrimental effect on the progress of
diseases, including the development of cognitive dysfunction and neurodegenerative
diseases (Brew, et al., 2009). For example, the risk of having HIV-1-associated dementia in
older patients was estimated to be more than 3 times that of the younger individuals
(Valcour, et al., 2004).

While there are no unique manifestations of HIV-1 infection in older individuals, the
development of specific symptom complexes, the occurrence of comorbidities, and the
development of AIDS are greatly enhanced with age (Kirk and Goetz, 2009). For example,
53% older, versus 37% younger, HIV-1-infected individuals develop AIDS within 12
months of the diagnosis or die within 12 months of developing AIDS. The risk of death is
estimated to be 1.5 fold as great, and the risk of developing AIDS is 1.3 fold as great, for
every 10 years of age (reviewed in Kirk and Goetz, 2009). Although older patients
demonstrate better adherence to therapy, they are more susceptible to the adverse effects of
cART (Ettenhofer, et al., 2009), especially when the therapy includes a protease inhibitor
which can affect lipid metabolism and cerebrovascular health (Hardy and Vance, 2009).
Overall, older HIV-1-infected patients have higher prevalence of hypertension,
hypertriglyceridemia, low body mass, and lipodystrophy than age-matched controls (Onen,
et al., 2010).

Several potential mechanisms have been proposed to explain the interaction between age
and the progression of HIV-1 infection in the brain. Among them, compelling evidence
indicates that HIV-1 can contribute to amyloid pathology in the brain. Exposure to HIV-1
can increase amyloid beta peptide (Aβ) levels (Achim, et al., 2009) by upregulation of its
formation (Aksenov, et al., 2010; Pulliam, 2009), deficient enzymatic degradation (Daily, et
al., 2006; Rempel and Pulliam, 2005), or transport mechanisms in brain endothelial cells that
favor Aβ accumulation in the brain (Andras, et al., 2010).

The involvement of the cerebrovascular system in HIV-1 brain infection and amyloid
pathology prompted us to focus the present study on the interactions of HIV-1 specific
protein Tat with Aβ at the blood-brain barrier (BBB) level. The major components of the
BBB are the brain endothelial cells that interact with astrocytes and pericytes along the
microvasculature. Brain endothelial cells are sealed together with tight junctions (TJs) to
form the physical barrier and protect the brain against the entry of blood-borne components,
including inflammatory cells (Abbott, et al., 2006). Our results demonstrate that
cerebrovascular toxicity of Tat is exacerbated in transgenic mice that accumulate amyloid in
the brain, resulting in increased disruption of TJ proteins.

MATERIAL AND METHODS
Animals, treatment factors, and surgical procedures

Studies were performed on aged 12 month old double transgenic mice (B6C3-Tg; Jackson
Laboratory, Bar Harbor, ME) that express a chimeric mouse/human amyloid precursor
protein (Mo/HuAPP695swe) and a mutant human presenilin 1 (PS1-dE9) and are
characterized by Aβ deposition in the brain (Hickman, et al., 2008). B6C3-Tg mice were
generated on the C57BL/6 background. Age-matched wild type littermates served as
controls in all experiments. In addition, young 3 month old C57BL/6 mice were used for
selected experiments.

Vessel microports were surgically placed to deliver Tat and other treatment factors into the
brain vasculature of the left hemisphere via the internal carotid artery (ICA) as described
earlier (Chen, et al., 2009). Tat was slowly injected as a bolus over 3 min. Specificity of Tat-
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mediated effects was controlled by treatment with heat-inactivated Tat (Tathi) prepared by
heating 25 μg Tat in PBS for 5 min in 100°C, followed by centrifugation of denaturated
protein for 30 min at 21,000 g. Endotoxins, including LPS, are not affected by these
conditions. In selected experiments, mice were injected i.p. with hydroxyfasudil
monohydrochloride (HF, 100 μM, a specific Rho-kinase inhibitor; Sigma, St. Louis, MO)
12 h before Tat administration.

Cranial windows were installed to observe leukocyte interactions with cerebral vessels.
Under anesthesia, the left parietal bone was exposed by a midline skin incision, followed by
a craniotomy (2.5 mm diameter) 2.5 mm posterior from the bregma and 2.5 mm lateral from
the midline. A glass coverslip was placed and sealed with dental cement over the exposed
brain tissue, which was suffused with artificial cerebrospinal fluid.

Assessments of amyloid plaques, BBB integrity, and TJ protein expression
Amyloid plaques were detected using Amyloid Stain, Congo Red staining kit (Sigma)
following the manufacturer’s instruction. Brain slices were rinsed, placed in Alkaline
Sodium Chloride Solution for 20 min and then stained with Alkaline Congo Red Solution
for 20 min. After three washes with absolute ethanol, the slices were cleared with xylene,
mounted, and observed under fluorescence microscope using Texas Red filter (Ex: 560 nm,
Em: 595 nm).

The BBB permeability was assessed using sodium fluorescein (2% in 100 μl PBS) as
described earlier (Chen, et al., 2009). Integrity of the brain microvasculature for large
molecules was visualized by using albumin solution labeled with fluorescein isothiocyanate
(FITC) (Sigma) (Chen, et al., 2009). The brains were sectioned into 20 μm slices and
imaged under a fluorescent microscope (excitation, 460–500 nm; emission, 510–560 nm).
Immunostaining and immunoblotting of ZO-1 and claudin-5 were performed as described
earlier (Pu, et al., 2005).

MMP-9 expression and gelatinase activity assays
Zymography was used to quantify MMP-9 activity in plasma as descried earlier (Huang, et
al., 2009) using pre-made reagents from Invitrogen (Carlsbad, CA). Gelatinase activity was
detected in situ in unfixed hippocampal cryostat sections using DQ-gelatin as substrate
(EnzChek Protease Assay; Molecular Probes, Eugene, OR). Briefly, DQ-gelatin (100 μg/ml)
was in water, applied on slices, and incubated overnight at 37°C. The slides were then fixed
with 4% paraformaldehyde, sealed with cover glass, and observed using a filter with
excitation at 460–500 nm and emission at 510–560 nm.

Protein expression of MMP-9 was assessed in brain tissue by Western blotting. Goat anti-
MMP-9 antibody (R&D Systems, Minneapolis, MN) was used as primary antibody.

Leukocyte attachment to the brain endothelium and visualization of macrophages in brain
parenchyma

Mice were injected with 50 μl rhodamine 6-G (Rho6-G) chloride in PBS solution (1 μg/100
μl). Rho6-G is a highly cell permeable dye and when administered i.v. is readily sequestered
by active mitochondria of leukocytes present in the blood stream. Erythrocytes do not
contain mitochondria and, therefore, do not take up the dye. Rho6-G was allowed to
circulate for 15 min and live images of stained leukocytes were visualized and recorded
using a high sensitivity CCD camera mounted on a confocal microscope with a filter for
Tex-Red. Images were recorded at 5 frames/s for 60 seconds.
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The presence of activated macrophages in brain parenchyma in relation to the cerebral
vessels was detected by immunofluorescence. The brain slices were stained with rabbit anti-
Factor VIII (1:1000 dilution, Invitrogen), followed by Tex-Red labeled secondary antibody
to detect the cerebral vessels. The slides were then counter-stained with anti-F4/80 antibody
labeled with FITC (1:500, Abcam, Cambridge, MA) to detect macrophages.

Cultures of human brain microvascular endothelial cells and in vitro treatment factors
Human brain microvascular endothelial cell line (HCMEC/D3 cells) (Weksler, et al., 2005)
was cultured as described earlier (Andras, et al., 2010; Zhong, et al., 2008). Aβ(1–40) was
purchased from Anaspec (San Jose, CA) and dissolved in sterile ultra pure water. Freshly
solubilized Aβ without preaggregation was used in the final concentration of 1 μM. HIV-
Tat(1–72) was produced as described by Ma and Nath (1997) and used at the final
concentration of 100 nM. The final concentrations of Aβ and Tat were based on dose-
response experiments reported earlier by our group (Andras, et al., 2008; Zhong, et al.,
2008). In selected experiments, HCMEC/D3 cells were pre-treated with HF (100 μM;
Sigma) 12 h prior to Tat and/or Aβ treatment.

Integrity of HCMEC/D3 monolayers, leukocyte attachment, and transendothelial migration
Endothelial permeability was assessed using FITC-dextran 20 (MW 20 kDa; 0.5 mg/ml,
Sigma) as described earlier (Andras, et al., 2005). Expression of TJ proteins ZO-1 and
claudin-5 was determined as described by Andras, et al. (2005). The adhesion of THP-1
cells (a human acute monocytic leukemia cell line) to HCMEC/D3 cells was assessed
according to the method of Braut-Boucher, et al. (1995).

For transendothelial migration measurements, HCMEC/D3 cells were cultured on the
Transwell inserts until reaching confluency. The cells were pre-treated with HF or vehicle
for 12 h, washed, and placed in the wells containing serum free endothelial basal medium
with added CCL-2 (50 ng/ml) as chemoattractant. Then, Tat and/or Aβ was added in the
concentrations of 100 nM and/or 1 μM, respectively. THP-1 cells were stained with calcein
AM (5 μM, for 15 min) and added in the amount of 2.5 × 105 on top of HCMEC/D3
monolayers for 2 h at 37°C. Thereafter, 400 μl aliquots from the lower compartments that
contained migrated leukocytes were transferred to new 12-well plates and lysed in 150 μl
4% TritonX-100. Florescence was measured as a marker of cell migration at 485 nm
excitation and 530 nm emission wavelengths.

Statistical analysis
One- or two-way ANOVA, followed by Newman-Keuls Multiple Comparison Test, was
used to compare mean responses among the treatments. Statistical probability of p < 0.05
was considered significant.

RESULTS
Tat-induced disruption of the BBB integrity is enhanced in aged B6C3-Tg mice

Alterations of brain microvasculature permeability were studied using our new delivery
technique, which allows Tat administration directly into the cerebral vessels, mimicking the
pathological setting (Chen, et al., 2009). In order to establish the time and dose-dependent
effects, the initial studies were performed using young (3 month old) wild type C57BL/6
mice. Tat at the dose of 5, 25, or 50 μg was administered for 3, 24, or 2 × 12 h, with
mannitol being used as a positive control (Figure 1A). BBB integrity was assessed using
sodium fluorescein as a low molecular weight tracer. Among different doses of Tat used at a
3 h exposure time, treatment with 25 and 50 μg Tat resulted in elevated BBB permeability.
However, disruption of the BBB integrity was more pronounced after a 24 h exposure time
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to Tat. Therefore, we used a 24 h exposure time to determine the effects of Tat on the BBB
permeability in aged (12 month old) wild type and B6C3-Tg mice. Injection with Tathi did
not affect BBB integrity.

Exposure to 50 μg Tat induced similar changes in the BBB permeability in young (3 month
old) and aged (12 month old) C57BL/6 mice (Figure 1B). However, Tat-induced effects
were markedly potentiated in aged B6C3-Tg mice as compared to either young or age-
matched wild type controls. Inhibition of RhoA inhibitor by HF (100 μM) effectively
protected against Tat-induced permeability changes.

Tat-induced leakage of cerebral microvessels was visualized by cardiac perfusion of FITC-
labeled albumin 24 h post Tat treatment (Figure 1C). Intact BBB is impermeable to albumin;
thus, FITC-albumin staining was restricted to cerebral vessels of vehicle-injected animals. In
contrast, Tat-injected hemispheres showed a diffuse distribution of fluorescence in the brain
parenchyma, indicating transcapillary leakage of FITC-albumin (Figure 1C, arrows). These
changes appeared to be most advanced in aged B6C3-Tg mice.

In order to visualize distribution of Aβ in relationship to cerebral vessels, aged (12 month
old) B6C3-Tg mice were perfused with FITC-albumin, followed by staining of the brain
sections with Congo Red to detect amyloid. As indicated in Figure 1D, advanced amyloid
plaques are surrounded by a diffused microvessel network with substantial capillary leakage,
indicating compromised BBB integrity.

Exposure to Tat alters TJ protein expression in young and older mice
The integrity of TJs of brain microvessels regulates the BBB permeability. In young wild
type mice, Tat administration (25 μg for 24 h) resulted in a significant decrease in ZO-1 and
claudin-5 expression (Figures 2A and B, respectively). Exposure to Tat (but not Tathi) also
markedly decreased the levels of TJ protein expression in aged mice; however, these effects
were similar to those in young mice. Inhibition of RhoA by pretreatment of mice with HF
was highly effective in protecting against Tat-induced disruption of TJ proteins in both
young and aged wild type mice. In aged B6C3-Tg mice, HF was ineffective in Tat-induced
downregulation of ZO-1 levels; however, it prevented Tat-mediated alteration of claudin-5
expression (Figures 2A and B, respectively).

Expression of ZO-1 and claudin-5 proteins was also visualized in cerebral vessels by
immunostaining. TJ proteins showed continuous and linear staining along the vessels in
control mice. In contrast, Tat administration disrupted this linear distribution and induced a
fragmented and discontinuous immunoreactivity pattern (Figures 2A and 2B, right panels).
These changes were similar in all types of mice evaluated in this study.

Tat-induced MMP-9 expression is potentiated in aged mice
Activity of MMPs, and in particular MMP-9, is another important element that regulates the
integrity of the BBB and permeability across the brain endothelium. Plasma MMP-9 activity
increased in young mice injected with Tat by ~50%. This effect was much more pronounced
in aged wild type and B6C3-Tg mice, in which administration of Tat resulted in an elevation
of MMP-9 activity by ~130%. Pretreatment with HF decreased Tat-induced plasma MMP-9
activity to control levels both in aged wild type and B6C3-Tg mice (Figure 3A). The effects
of Tathi on plasma MMP-9 activity were minimal and did not reach statistical significance.

The influence of Tat on MMP-9 expression and gelatinase activity were also evaluated by
Western blotting (Figure 3B) and in situ zymography (Figure 3C) in the brains of aged
B6C3-Tg mice and age-matched wild type controls. B6C3-Tg mice exhibited higher
baseline expression of MMP-9 as compared to wild type controls. Tat administration
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markedly increased MMP-9 protein levels in aged wild type controls but not in B6C3-Tg
mice as indicated by Western blotting (Figure 3B). However, Tat injection increased
gelatinase activity (originated from MMP-9 or MMP-2) in hippocampal sections of both
aged B6C3-Tg and corresponding wild type mice as visualized by in situ zymography
(Figure 3C).

Exposure to Tat induces leukocyte aggregation and attachment to the brain endothelium
Disruption of the BBB integrity and alterations of MMP activity are frequently associated
with increased transcapillary migration of leukocytes into the brain parenchyma.
Visualization of leukocyte attachment was performed in real time via cranial window. A 3 h
exposure to Tat induced aggregation of leukocytes in brain vessels that resulted in the
formation of temporary cell clusters apparently attached to the endothelium of brain vessels
(Figure 4A). Importantly, pretreatment of animals with HF protected against these effect.
Exposure to Tathi did not demonstrate visible impact on leukocyte attachment or
recruitment.

We also evaluated the interactions of monocytes with the capillary endothelium by staining
the brain sections for the presence of the F4/80 antigen (a marker of monocytes/
macrophages) and factor VIII (a marker of endothelial cells) (Figure 4B). Brains of aged
wild-type controls showed a minimal presence of F4/80-positive cells interacting with the
endothelium; however, Tat treatment markedly increased the presence of these cells in brain
parenchyma (Figure 4B, open arrows). In contrast to wild-type mice, aged B6C3-Tg mice
were characterized by an enhanced colocalization of F4/80-positive cells with brain
endothelium (Figure 4B, closed arrows). Injection with Tat to aged B6C3-Tg mice further
increased these interactions (Figure 4B, closed arrows) without any apparent increase in the
presence of F4/80-positive cells in brain parenchyma.

Aβ potentiates Tat-induced toxicity in brain endothelial cells
We hypothesized that elevated brain levels of Aβ in B6C3-Tg mice contribute to increased
cerebrovascular toxicity of Tat as compared to age-matched littermate controls. To address
this hypothesis, cultured brain endothelial cells (HCMEC/D3 cells) were exposed to Tat in
the presence or absence of Aβ and evaluated for monolayer integrity and TJ protein
expression (Figure 5). Exposure to Aβ induced a relatively mild increase in permeability
across the HCMEC/D3 monolayers, while these changes were more pronounced in cells
treated with Tat (100 nM) (Figure 5A). The most pronounced disruption of HCMEC/D3
integrity was observed in cells exposed to both Aβ and Tat. Interestingly, inhibition of the
RhoA signaling by HF significantly protected against Tat and Aβ-induced alterations of
endothelial permeability, mimicking the in vivo results obtained in aged B6C3-Tg mice.

In studies on TJ protein expression, treatment with Aβ or Tat alone induced a significant
decrease in ZO-1 and claudin-5 protein levels (Figure 5B). The most pronounced changes in
claudin-5 levels were observed in cultures exposed to both Aβ and Tat. Pretreatment of
HCMEC/D3 cells with HF did not alter the effects of Aβ and/or Tat on ZO-1; however, it
protected against alterations of claudin-5 levels, indicating specific mechanisms leading to
alterations of individual TJ protein expression.

Our experiments also involved evaluation of the effects of Aβ and Tat on adhesion of
monocytic THP-1 cells to the monolayers of brain endothelial cells (Figure 5C). While
treatment with Aβ did not affect adhesion of THP-1 cells, exposure to Tat (but not to Tathi)
markedly stimulated this effect. A combined treatment with Tat plus Aβ exerted similar
effects as Tat alone. Inhibition of RhoA kinase by HF was effective in protection against
Tat-mediated elevated adhesion of THP-1 cells, mimicking the in vivo effects. These effects
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were also reflected in studies on the influence of Tat and/or Aβ on transendothelial
migration of THP-1 cells (Figure 5D). In cell adhesion and transmigration assays, only
HCMEC/D3 cultures, and not THP-1 cells, were pre-treated with HF to ensure specific
endothelial cell responses.

DISCUSSION
The brain has been recognized as an immune privilege organ protected from the blood-borne
pathogenic factors by the BBB. The disrupted BBB results in dysfunctional metabolite and
exchange function, leakage of blood components into the brain parenchyma, and migration
of circulatory monocytes into the brain (Abbott, et al., 2006). Integrity of the BBB is also
markedly affected in aging (Finch, 2005; Kalaria, 2009) and HIV-1 infection (Banks, et al.,
2006). During HIV-1 infection, migrating monocytes carry virus into the brain to create
HIV-1 reservoirs in the CNS (Nottet, et al., 1996). Comorbidities, such as aging and brain
accumulation of Aβ, may additionally contribute to the alterations of the BBB integrity and
facilitate disease processes resulting in cell death and cognitive impairment (Farrall and
Wardlaw, 2009; Mattson and Magnus, 2006; Yankner, et al., 2008).

While Aβ deposits in the brain and Aβ plasma levels achieve high levels in Alzheimer’s
disease and are directly linked to the development of this disease, even normal aging is
associated with increased Aβ accumulation in the CNS. In addition, HIV-1-infected brains
are characterized by increased levels of Aβ (Achim, et al., 2009; Rempel and Pulliam,
2005). Therefore, to model the interaction between Aβ and HIV-1 in the cerebral vessels,
the present study was based on administration of Tat into the cerebral vasculature of 12
month old B6C3-Tg mice which are characterized by substantial accumulation of Aβ in the
brain.

HIV-1 Tat protein and Aβ peptide can induce several toxic effects in the cerebral
vasculature, including induction of oxidative stress, alterations of TJ integrity, and activation
of MMPs (Avraham, et al., 2004; Farkas and Luiten, 2001; Toborek, et al., 2003).
Circulatory Aβ has been shown to affect the integrity of cerebral vessels and induce BBB
dysfunction. In addition, Aβ is a proinflammatory agent that can upregulate numerous
chemokines and cytokines, influencing the transmigration of cells or the integrity of the
BBB (Zlokovic, 2008). Aβ can cross the BBB using a receptor for advanced glycation end
products (RAGE) as a transport system (Deane, et al., 2003). Elevated brain levels of Aβ
induce cerebral angiopathy and the BBB dysfunction (Thal, et al., 2008; Zipfel, et al., 2009).
Moreover, exposure to HIV-1 and Tat can also induce a plethora of vascular changes that
may result in alterations of the BBB integrity (Weis, et al., 1996). The BBB changes
described before a common use of antiretroviral therapy include an increase in the diameter
of cortical vessels, surface area density, and volume fractions. These changes were
associated with thinning of the basal lamina, a decreased immunoreactivity of collagen IV,
and loss of glycoproteins in the membrane of endothelial cells (Weis, et al., 1996).

Due to overlapping effects of Tat and Aβ on cerebral vasculature, we hypothesized that
these factors can cross-influence their toxic effects and thus contribute to the breakdown of
BBB integrity. The results of the present study revealed that younger and aged wild type
mice have similar baseline levels of BBB integrity as the aged mice with increased Aβ
deposits in the brain. Nevertheless, aged B6C3-Tg mice were more susceptible to the
cerebrovascular toxicity of Tat, suggesting that deposits of Aβ in the brain make these mice
more prone to BBB breakdown. These results are in line with clinical data that indicate
increased permeability across the BBB with increasing age. BBB permeability is also
increased in patients with either vascular or Alzheimer’s dementia as compared with age-
matched controls (Farrall and Wardlaw, 2009).
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An increase in MMP-9 expression and activity is one of the common changes in
neurodegenerative CNS disorders associated with the BBB breakdown (Yong, et al., 2001).
Indeed, MMP-9 levels are elevated both in Alzheimer’s disease (Rosenberg, 2009) and in
CNS infection by HIV-1 (Conant, et al., 1999). In our recent study, we reported that MMP-9
expression and activity are increased in HIV-1-exposed brain endothelial cells (Huang, et
al., 2009). The role of MMP-9 in disruption of the BBB integrity was supported by the
findings that inhibition of MMP-9 can protect against barrier dysfunction of the BBB and
reduce leukocyte attachment to the brain endothelium (Chrissobolis and Sobey, 2006; Slotta,
et al., 2006). Consistent with these reports, we observed in the present study that MMP-9
activity was increased in plasma in response to Tat treatment in young and, especially, in
aged mice. In addition, baseline activity of MMP-9 was elevated in the brains of B6C3-Tg
mice as compared to age-matched controls.

The role of Rho kinase in the cerebrovascular system has been recently recognized
(Chrissobolis and Sobey, 2006; Mueller, et al., 2005; Persidsky, et al., 2006; Zhong, et al.,
2009). The Rho signaling plays a critical role in maintaining the integrity of the BBB by the
regulation of the actin cytoskeleton, MMP induction, and modulation of TJ integrity
(Wennerberg, et al., 2005). In fact, RhoA and Rac1 were shown to regulate occludin
phosphorylation, stress fiber formation, and endothelial permeability (Hirase, et al., 2001;
Persidsky, et al., 2006). Our recent results also indicated that Tat-induced toxic effects on
brain endothelial cells are mediated, at least in part, by the Rho pathway and are linked to
lipid raft-associated processes (Zhong, et al., 2009; Zhong, et al., 2008). Therefore, we
employed a Rho inhibitor, hydroxyfasudil, to attenuate Aβ and Tat-induced cerebrovascular
toxicity. Treatment with HF was highly effective in protecting against Aβ and/or Tat-
induced alterations of endothelial integrity, MMP-9 upregulation, and leukocyte attachment.
These results are in agreement with the reports that Rho signaling can regulate TJ protein
expression by influencing tyrosine kinase activity, which then affects TJ protein
phosphorylation (Persidsky, et al., 2006; Ramirez, et al., 2008). In addition, Rho kinase can
regulate the BBB permeability via its effects on the cytoskeleton. For example, stimulation
of the RhoA/ROCK signaling sequences to the phosphorylated myosin-binding subunit of
myosin light chain (MLC) with the subsequent cross-linking of F-actin into stress fibers
(Persidsky, et al., 2006). To support the role of Rho kinase in regulation of TJ protein
expression, our study indicated that treatment with HF attenuated alterations of claudin-5
protein levels induced by co-treatment with Aβ and Tat in hCMEC/D3 cells. On the other
hand, treatment with HF was ineffective in protection against Aβ plus Tat-induced changes
in ZO-1 levels, illustrating differential regulation of expression of specific TJ proteins.
Indeed, claudin-5 is a transmembrane protein, while ZO-1 links transmembrane TJ proteins
to actin cytoskeleton.

The ultimate outcome of the disrupted BBB is increased leukocyte migration into the brain
parenchyma and the development of neuroinflammation. During HIV-1 infection, these
processes are believed to contribute to virus entry into the brain via infected leukocytes and
propagation of inflammatory responses. In the present study, Tat injection into the cerebral
vessels markedly increased interactions of leukocytes with cerebral vessels; the effects that
were consistent with earlier reports based on injections of Tat into the brain parenchyma
(Pu, et al., 2003). Several mechanisms can be responsible for these effects (Austin and
Combs, 2010), including stimulation of CCL-2 and adhesion molecules (Eugenin, et al.,
2006; Toborek, et al., 2003). CCL-2 is a potent chemokine involved in leukocyte
aggregation and transendothelial migration, which emerged as a critical proinflammatory
mediator in HIV-1 infection. Increased levels of CCL-2 in the spinal fluid are commonly
found in HIV-1 patients with CNS disease (Cinque, et al., 1998). Adhesion molecules, such
as intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1
(VCAM-1) are directly involved in leukocyte attachment to the vascular endothelium.
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Mechanistically, Tat is known to activate transcription factors, such as nuclear factor-κB
(NF-κB), which controls induction of expression of CCL-2 and adhesion molecules and thus
influences leukocyte attachment and their transendothelial migration. This proposed
mechanism is supported by the observations that pretreatment with HF protected against
Tat-induced leukocyte attachment both in vivo and in vitro. Indeed, the Rho signaling was
demonstrated to be involved in activation of NF-κB in response to several different stimuli
(Shimada and Rajagopalan, 2010).

In summary, our findings indicate that Aβ deposits in transgenic animals or treatment of
brain endothelial cells with exogenous Aβ can increase cerebrovascular toxicity of HIV-1
protein Tat. This effect was evident in the studies on the BBB permeability and alterations
of TJ expression. Treatment with HF attenuated several aspects of Aβ and Tat
cerebrovascular toxicity, indicating the importance of the Rho signaling pathway in
disruption of BBB integrity.
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Figure 1. Brain Aβ deposits potentiate Tat-induced disruption of the BBB integrity
(A) Young (3 month old) C57BL/6 mice were injected with the indicated doses of Tat (5,
25, 50 μg), vehicle (Veh) or bovine serum albumin (BSA) into the internal carotid artery
(ICA). The BBB integrity was evaluated 3 and 24 h post Tat administration by injecting 100
μl 2% sodium fluorescein (NaF) into the ICA. Fifteen minutes post NaF injection,
permeability across the BBB was calculated as the ratio of fluorescence in the brain tissue to
plasma. Mannitol (20% in PBS, 200 μl; 15 min exposure) was used as positive control. (B)
Tat-induced disruption of the BBB integrity was compared in aged (12 month old) B6C3-Tg
mice overexpressing Aβ, age-matched littermate wild type (wt) controls, and young (3
month old) wt C57BL/6 mice. Tat (25 μg) was administered as in (A) and heat-inactivated
Tat (Tathi) was used as negative control. Selected groups of mice were also injected with
hydroxyfasudil (HF; Rho inhibitor; 100 μM, i.p.) 12 h prior to Tat administration.
Permeability across the BBB was assessed as in (A). (C) Integrity of the cerebral
microvasculature as determined by leakage of FITC-albumin. Young and aged mice were
injected with 25 μg Tat as in (A). Twenty four hours later, the animals were perfused with
saline, followed by 4 ml 5% FITC-albumin. Control brains show normal staining pattern in
which fluorescence is retained within the cerebral vessels. In contrast, the staining is
diffused in the ipsilateral hemisphere of Tat-injected brains, indicating albumin leakage.
Images shown are the representative data from 4 experiments; the arrows indicate albumin
leakage. (D) A typical amyloid plaque in the brain of 12 month old B6C3-Tg mice. Vessel
integrity was evaluated as in (C). An advanced amyloid plaque is surrounded by a diffused
microvessel network with substantial capillary leakage (arrows), indicating compromised
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BBB integrity. Data in A and B are mean ±SEM, n= 4–10 in each group; *, p< 0.05; †, p<
0.01. The scale bar, 20 μm.
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Figure 2. Tat-induced alterations of tight junction (TJ) protein expression in young and aged
mice
Aged (12 month old) B6C3-Tg mice, age-matched littermate controls, and young (3 month
old) C57BL/6 mice were injected with Tat, Tathi, or hydroxyfasudil (HF) as in Figure 1.
Expression of ZO-1 (A) and claudin-5 (B) was analyzed 24 h post Tat administration by
Western blotting (left panels) and fluorescent microscopy (right panels). In immunostaining
studies, ZO-1 and claudin-5 revealed continuous and linear staining in the control mice. In
contrast, immunoreactivity of these TJ proteins was decreased and exhibited a dotted and
fragmented staining pattern in Tat-injected mice. Images were taken using a 40x lens and are
representative from 4 experiments. Data in (A) are mean ±SEM, n= 4–7 in each groups; *,
p< 0.05; †, p< 0.01.
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Figure 3. Tat-induced MMP-9 expression is potentiated in B6C3-Tg mice
Mice were injected with Tat, Tathi, or hydroxyfasudil (HF) as in Figure 1 and analyses were
performed 24 h post Tat injection. (A) Plasma MMP-9 activity was determined by
zymography. (B) Expression of MMP-9 protein in the brain tissue was assessed by Western
blotting. Data are mean ±SEM, n= 4–5; *, p< 0.05; †, p< 0.01. (C) In situ zymography was
performed to visualize gelatinase activity in the hippocampal sections of aged B6C3-Tg and
control mice. Images are representative from 4 experiments.
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Figure 4. Exposure to Tat induces leukocyte attachment to the brain endothelium and the
presence of inflammatory cells in brain parenchyma
(A) Young (3 month old) mice were operated to install cranial window, followed by
injection with Tat, Tathi, or hydroxyfasudil (HF), as in Figure 1. Circulatory leukocytes were
labeled with rhodamine 6G and the interaction of labeled leukocytes with cerebral vessels
was visualized 3 h post Tat injection via the cranial window under a confocal microscope.
Arrows indicate leukocytes attached to the brain endothelium. Images are representative
from 4 experiments. (B) Aged B6C3-Tg and age-matched wild type control mice were
exposed to Tat for 24 h as in Figure 1. Brain slices were stained for factor VIII (endothelial
cell marker, red staining) and for F4/80 antigen (macrophage marker, green staining). The
areas of colocalization of endothelial cells with macrophages are depicted in yellow.
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Figure 5. Aβ potentiates Tat-induced toxicity in brain endothelial cells
(A) Confluent HCMEC/D3 cells were serum deprived for 12 h, followed by treatment with
Tat (100 nM), Tathi, and/or Aβ (1 μM) for 24 h. Additional cultures were also exposed to
Rho inhibitor hydroxyfasudil (HF, 100 μM, pretreatment for 12 h). Then, permeability was
measured by transendothelial flux of FITC-dextran 20 kDa. (B) HCMEC/D3 cells were
treated as in (A), followed by determination of ZO-1 and claudin-5 protein levels by
Western blotting. (C) Confluent HCMEC/D3 cells were treated as in (A). Then, 1×104

fluorescently labeled THP-1 monocytic cells were added for 30 min to HCMEC/D3 cultures
and the attachment was assessed using a fluorescence plate reader. (D) Confluent HCMEC/
D3 cells cultured on Transwell inserts were treated as in (A). CCL-2 (50 ng/ml) was added
to the lower chamber of the Transwell system. THP-1 monocytic cells were added into the
upper chamber, and cell migration across HBMEC/D3 monolayers was measured 2 h later.
Data are mean ±SEM, n=5–7; *, p< 0.05; †, p< 0.01.
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