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Abstract
Human immunodeficiency virus type 1 (HIV-1) primarily infects CD4+ T cells and cells of the
monocyte-macrophage lineage, resulting in immunodeficiency in an infected patient. Along with
this immune deficiency, HIV-1 has been linked to a number of neurological symptoms in the
absence of opportunistic infections or other co-morbidities, suggesting that HIV-1 is able to cross
the blood-brain barrier (BBB), enter the central nervous system (CNS), and cause neurocognitive
impairment. HIV-1-infected monocyte-macrophages traverse the BBB and enter the CNS
throughout the course of HIV-1 disease. Once in the brain, both free virus and virus-infected cells
are able to infect neighboring resident microglia and astrocytes and possibly other cell types.
HIV-1-infected cells in both the periphery and the CNS give rise to elevated levels of viral
proteins, including gp120, Tat, and Nef, and of host inflammatory mediators such as cytokines and
chemokines. It has been shown that the viral proteins may act alone or in concert with host
cytokines and chemokines, affecting the integrity of the BBB. The pathological end point of these
interactions may facilitate a positive feedback loop resulting in increased penetration of HIV into
the CNS. It is proposed in this review that the dysregulation of the BBB during and after
neuroinvasion is a critical component of the neuropathogenic process and that dysregulation of
this protective barrier is caused by a combination of viral and host factors including secreted viral
proteins, components of the inflammatory process, the aging process, therapeutics, and drug or
alcohol abuse.
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1. Introduction
Human immunodeficiency virus type-1 (HIV-1) infection is a global health concern, with
approximately 33 million individuals currently infected (Joint United Nations Programme
on HIV/AIDS (UNAIDS/World Health Organization), 2009). HIV-1 has demonstrated the
ability to cause adverse neurological complications within a subpopulation of those infected
with the virus. Two classifications of HIV-associated neurocognitive disease (HAND)
existed in the early stages of the HIV epidemic: HIV-associated dementia (HAD) and minor
cognitive motor disorder. Approximately 15% of individuals infected with HIV-1 developed
HAD, and approximately 30% to 60% of individuals developed less severe forms of HAND
(Gendelman, 2005; McArthur, 2004). With the introduction of highly active antiretroviral
therapy (HAART), survival rates associated with HIV-1 infection have improved (Joint
United Nations Programme on HIV/AIDS (UNAIDS/World Health Organization), 2009).
Although HAART therapy has increased survival (Graham et al., 1992; Hammer et al.,
1997), reduced viral loads (Li et al., 1998), increased CD4 cell counts (Hunt et al., 2003),
and reduced opportunistic infections (Chene et al., 1998) (Miller et al., 1999), one outcome
has not changed: HAND is still a serious concern (Sacktor et al., 2002). Although the
incidence of the most severe form of HAND, HAD, has decreased (McArthur, 2004), the
overall prevalence of HAND has not declined, potentially because patients with the more
mild forms of HAND, including asymptomatic neurocognitive impairment and mild
neurocognitive disorder are living longer with persistent impairment (Cysique et al., 2009;
McArthur, 2004; Nath et al., 2008).

Because of the more chronic nature of HIV/AIDS in the HAART era, the disease state is
becoming more the result of a chronic inflammatory state induced by the production of both
HIV-1 virions and viral proteins in the periphery and in the central nervous system (CNS).
The integrity of the BBB is compromised by the actions of the HIV-1 virions, viral proteins,
and host cytokines and chemokines from both sides of this barrier. This compromise results
in disruption and dysregulation of the normal function of the BBB, allowing more rapid and
greater entry of cell-free HIV-1 and HIV-1-infected cells into the CNS through a
combination of passage mechanisms. This review discusses the regulation of BBB
permeability within the context of HIV-1 disease progression with the goal of providing
more clarity with respect to the molecular mechanisms associated with HIV-1 neuroinvasion
and neuropathogenesis.

2. Structure and function of the normal BBB
The BBB has been defined as a critically important protective barrier that is involved in
providing essential biologic, physiologic, and immunologic separation between the CNS and
the periphery. To understand how HIV-1 affects the BBB, one needs first to understand the
molecular structure and regulation of its permeability. The barrier endothelium is composed
of brain microvascular endothelial cells (BMECs) (Fig. 1), a distinct form of endothelial cell
(Ivey et al., 2009). Underlying the BMECs is the basal lamina, followed by other cell types,
including astrocytes, pericytes, perivascular macrophages, parenchymal microglia, and
neurons, which are all involved in maintaining the microenvironment that preserves the
functionality of BMECs (Ivey et al., 2009). Altogether, this neurovascular unit is responsible
for the precise homeostasis between peripheral circulation and the CNS (Dore-Duffy et al.,
1990). Astrocytes play an essential role in supporting the endothelial cells biochemically,
involving physical interactions of astrocytic foot processes that cross the basal lamina and
come in contact with BMECs (Ivey et al., 2009). It has been accepted that astrocytes are
necessary for endothelial cell differentiation into BMECs. More recently, astrocytes have
also been shown to be required for maintaining the BMEC differentiation state (Hamm et
al., 2004). In fact, when BMECs were cocultured with astrocytes in vitro, removal of the
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astrocytes alone was sufficient to cause opening of tight junctions (TJs) and increased
permeability across the BMEC monolayer (Hamm et al., 2004). Though astrocytes are
sufficient to induce differentiation, pericytes also play a role in BMEC proliferation and
survival (Lai and Kuo, 2005). Pericytes are connective tissue cells that interact physically
with BMECs and neurons through cellular projections that cross the basal lamina and form
gap junctions (Lai and Kuo, 2005). Extracellular communication between pericytes and
astrocytes is thought to occur but is not yet well understood. Interestingly, recent studies
have shown pericytes to be susceptible to HIV-1 infection in vitro (Nakagawa and Toborek,
2011), though the full implications of this finding are not fully understood. Given that
pericytes play an important role in BBB function (for review see (Bonkowski et al., 2011)
and that loss of pericytes increases focal permeability (Bonkowski et al., 2011), the impact
of HIV-1 viral proteins and direct viral infection of these cells is an important area for future
research.

BMECs form an unfenestrated endothelium, which, in combination with intervening TJs and
the low number of intracellular vesicles under normal conditions, causes the BBB to have
selective permeability to peripheral proteins and other molecules (Lossinsky and Shivers,
2004; Lv et al., 2010; Stamatovic et al., 2008). Unlike other TJs, the TJs of the BBB provide
high transendothelial electrical resistance (TEER), further limiting pass-through of many
types of macromolecules (Butt et al., 1990). Therefore, to regulate the molecules able to
pass this barrier, multiple transporters are expressed on BMECs including the blood-to-brain
influx transport system, the brain-to-blood efflux transport system, and efflux pumps located
on the luminal membrane of BMECs, thereby creating a precisely regulated system of
permeability (Ueno et al., 2010). Through facilitated transport, secondary active transport,
saturable transport systems (Elali and Hermann, 2011), or adsorptive transcytosis (Herve et
al., 2008), molecules from peripheral circulation can gain entry into BMECs, including the
HIV-1 proteins Tat and gp120 (Banks et al., 1997; Banks et al., 2005) as discussed in more
detail below. Despite this fact, small lipophilic molecules that are able to diffuse across the
plasma membrane of BMECs may be substrates or partial substrates for primary active or
secondary active efflux transporters and, therefore, may not enter into or remain in the CNS,
making the BBB not completely impermeable, but highly selective in permeability (Ohtsuki
and Terasaki, 2007). Therefore, size and lipophilicity of a molecule alone are not enough to
guarantee passage into, or even exclusion from, the CNS. Disruption of these precisely
regulated processes controlling BBB permeability by factors including HIV-1 and its
proteins and drugs of abuse has an important impact on HIV-1 neuropathogenesis. The
majority of studies addressing this process have implicated TJ disruption in HIV-1-mediated
increased BBB permeability; for this reason, this review centers around this topic.
Investigation into the dysregulation of influx and efflux mechanisms throughout HIV-1
pathogenesis is an important area of future research because current HAART regimens do
not quench circulating levels of viral proteins and proinflammatory cytokine surges are
common throughout the course of HIV-1 disease pathogenesis in the HAART era.

TJs are made up of multiple proteins including the membrane proteins claudin, occludin, and
junctional adhesion molecules (Fig. 1). Claudins are tetraspan membrane proteins that are
important for the structure and function of TJs (Lal-Nag and Morin, 2009). The extracellular
loops of claudins on adjacent BMECs interact, acting as a sealant for the endothelium (Lal-
Nag and Morin, 2009). Although the importance of claudins has been shown through
numerous mutational analyses, the exact mechanism of claudin regulation is not known. It
has been shown, however, that under certain conditions claudins can be localized to the
cytoplasm, which is thought to involve phosphorylation (Lal-Nag and Morin, 2009).
Claudins have also been shown to be downregulated at a transcriptional and post-
transcriptional level by growth factors and cytokines in cells other than BMECs (Lal-Nag
and Morin, 2009). Studies concerning occludin regulation have focused mainly on tissue-
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specific analyses of dysregulation. However, phosphorylation of occludin can occur at
multiple sites, and the level of phosphorylation has been shown to affect the localization of
the protein (Dorfel et al., 2009). The complete functional role of this phosphorylation is not
yet understood, but phosphorylation at the C-terminus of either protein has been shown to
disrupt interactions with accessory proteins. Interestingly, Rho kinase has been shown to
directly phosphorylate the C-termini of claudin-5 and occludin preferentially in autopsied
brain tissue samples from patients diagnosed with HIV encephalitis (HIVE) (Yamamoto et
al., 2008). The mechanistic relationship between Rho kinase and HIVE is not yet fully
understood, but it is thought that the link is in the generation of reactive oxygen species
(ROS) (Yamamoto et al., 2008), which are discussed below. Therefore, it is important to
identify any additional kinases that may play a role during the course of HIVE.

Accessory proteins, such as zonula occludens (ZO)-1 and ZO-2, are other key components
of TJs that link other TJ proteins to the actin cytoskeleton (Fig. 1). The link to the actin
cytoskeleton, particularly through ZO-1, is essential for TJ formation. This fact was
demonstrated through studies that knocked down ZO-1 with siRNA, thereby demonstrating
defects in barrier permeability to large compounds; however, these defects were not
observed with knockdown of ZO-2 (Van Itallie et al., 2009). This observation demonstrates
that ZO-1 is necessary for both establishment and maintenance of TJs. The dysregulation of
TJ proteins is a direct mediator of increased BBB permeability and is important in the
context of HIV-1 infection because levels and localization of these proteins have been
disrupted in multiple studies of autopsied brain tissue samples derived from patients who
died of HIVE. The regulatory pathways linking HIV-1 pathogenesis and the functional
properties of TJ proteins have not been fully characterized and are an important area of
ongoing research. Proposed mechanisms associated with the dysregulation of the pathways
involved in this important pathogenic process are also explored in this review.

3. HIV-1 infection and monocytic chemotaxis across the BBB
The current model of CNS infection centers around infected circulating monocytes crossing
the BBB, carrying virus into the CNS early in infection, and continuing this process
throughout infection, particularly during late-stage disease. These changes can lead to an
enhancement of an activated monocyte subset that more readily invades tissues as evidenced
from increased numbers of monocytes and brain macrophages, without increased
proliferation of these populations, in the CNS of patients with HIVE (Fischer-Smith et al.,
2004; Glass et al., 1995). In addition, infected monocytes cross the BBB more readily than
uninfected monocytes (Persidsky et al., 1999). Infected monocytes that have crossed into the
CNS can then repopulate the resident macrophages. HIV-1 infection of macrophages is
thought to be a more productive infection than that in monocytes. Normally, the
repopulation of resident macrophages by monocytes from the periphery is a precisely
regulated process; however, the rate of this repopulation process can be enhanced by
inflammatory conditions (Persidsky et al., 1999). Additionally, normal repopulation does not
disturb the BBB; however, once the BBB is disrupted, the precise regulation of the process
is lost.

These circulating monocytes can be divided into two subsets based on expression of CD14
and CD16, with the CD14hi/CD16− monocytes being the most prevalent and CD14low/
CD16+ comprising 5% to 15% of circulating monocytes in a healthy individual
(Thieblemont et al., 1995). This CD14low/CD16+ population is larger in patients infected
with HIV-1, can expand to 40% of the monocyte population in the peripheral blood of
patients with acquired immunodeficiency syndrome (AIDS) (Thieblemont et al., 1995), and
correlates with elevated viremia and occurrence of HIVE (Fischer-Smith et al., 2001;
Pulliam et al., 1997; Thieblemont et al., 1995; Williams et al., 2002; Williams et al., 2005;

Strazza et al. Page 4

Brain Res. Author manuscript; available in PMC 2012 July 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Williams et al., 2001; Williams and Hickey, 2002). Therefore, expansion of the CD14low/
CD16+ subset is predictive of rapid disease progression and, likely, CNS involvement
(Burdo et al., 2010). This finding remains relevant in the era of HAART because monocytic
subset expansion may precede the development of early neurocognitive deficits. The
expanded population of CD14low/CD16+ monocytes in this population of individuals
infected with HIV-1 has an altered marker expression profile, having been shown to express
MAX.1, p150,95 and HLA-DR, which are typically associated with resident tissue
macrophages (Thieblemont et al., 1995). Additionally, cytokine production is altered in
these cells by constitutive expression of interleukin (IL)-1 and tumor necrosis factor alpha
(TNF-alpha) (Thieblemont et al., 1995). The altered marker profile and cytokine expression
pattern are particularly interesting because the CD14low/CD16+ monocytes in a healthy
individual do not share these traits. The expression of these cytokines and markers also
would allow these cells to potentially dysregulate the transport mechanism of the BBB,
including diapedesis, discussed below. In addition, CD14low/CD16+ monocytes are more
susceptible to HIV-1 infection and to the establishment of productive replication (Ellery et
al., 2007). The increased viral replication observed in CD14low/CD16+ monocytes could be
a result of the increased cytokine secretion having an autocrine effect, upregulating
transcription factors that bind and activate the HIV long terminal repeat. IL-1 is known to
activate nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kappaB), which
is a known transcriptional regulator of the long terminal repeat. Given the increased level of
infection, the monocytes homing to the BBB are likely harboring actively replicating virus.
The fact that infection in these cells is productive leads to a double assault on BBB integrity
in that these monocytes are likely secreting viral proteins in addition to proinflammatory
cytokines.

These circulating monocytes are repopulated by differentiating, proliferating hematopoietic
cell populations in the bone marrow. Hematopoietic stem cells residing in the bone marrow
are resistant to HIV-1 infection (Weichold et al., 1998). However, hematopoietic progenitor
cells, which are multipotent cells differentiated from HSCs, are susceptible (Folks et al.,
1988). Monocytic progenitor cells, which are a specific lineage of HPCs, likely become
infected as virus and/or virus-infected cells infiltrate the bone marrow (Carter et al., 2010).
Virus can enter the bone marrow as cell-associated virus in HIV-1-infected CD4+ T cells
and/or dendritic cells (Cavanagh et al., 2005). In addition, these infected monocytes may be
involved in the periodic delivery of virus back to the bone marrow during the course of
disease. Following infection, monocytic progenitor cells continue to differentiate and
proliferate, leaving the bone marrow, entering into circulation, and traveling throughout the
body carrying virus to many tissues including the brain (Carter et al., 2010). Acceleration of
the myeloid differentiation process, leading to increased monocyte trafficking out of the
bone marrow, is associated with increased trafficking into the brain and correlates with early
onset of AIDS and severe simian immunodeficiency virus encephalitis in rhesus macaques
(Burdo et al., 2010).

It is not known whether the increase in the CD14low/CD16+ monocyte subset is due to
increased production of these monocytes in the bone marrow or if the increase in this subset
is a result of enhanced differentiation of CD14hi/CD16− monocytes toward the CD14low/
CD16+ phenotype, although an acceleration of peripheral monocyte turnover is associated
with disease progression in simian immunodeficiency virus-infected macaques (Hasegawa et
al., 2009). A recent study of the kinetics of monocyte proliferation suggests that CD14low/
CD16+ monocytes differentiate from CD14hi/CD16− monocytes following migration out of
the bone marrow or that CD14low/CD16+ monocytes traffick out of the bone marrow at a
later time (Burdo et al., 2010). Increased generation of CD14low/CD16+ monocytes in the
bone marrow could be caused by HIV-1-induced changes in cytokine production, such as
the mentioned increase in IL-1 and TNF-alpha expression (Thieblemont et al., 1995) within

Strazza et al. Page 5

Brain Res. Author manuscript; available in PMC 2012 July 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the bone marrow that could influence hematopoiesis. This observation may suggest that the
phenotypic changes in the population, including altered cytokine secretion, precede
expansion.

The increase in circulating CD14low/CD16+ monocytes has been associated specifically with
the development of HAND. It is not fully understood why this occurs, but this monocytic
population is thought to migrate more effectively to the CNS than the normally predominant
CD14hi/CD16− subset of monocytes, as evidenced by increased numbers of CD14low/
CD16+ monocytes found in autopsied brain tissue samples from patients with HIVE
(Fischer-Smith et al., 2001). Additionally, global gene expression analysis of CD14+

monocytes isolated from HIV-1-infected individuals with high viral loads indicated a
significant increase in monocytes expressing CD16, CCR5, monocyte chemoattractant
protein (MCP)-1, and sialoadhesin, monocyte markers associated with migration and
chronic inflammation (Pulliam et al., 2004). This observation is important because the
interaction between circulating immune cells and BMECs mediated through cytokines,
chemokines, and adhesion molecules plays an important role in regulating diapedesis under
both normal and inflammatory conditions. It is currently accepted that immune cells use
both paracellular and transcellular diapedesis mechanisms to cross the BBB (Carman and
Springer, 2004; Carman, 2009; Engelhardt and Wolburg, 2004), and it has been proposed
that it is the carefully balanced regulation of these two processes that determines the
mechanism of entry. Paracellular diapedesis is regulated through the interaction of cell
surface molecules on leukocytes and BMECs and is enhanced through reciprocal activation
of these cell populations that upregulate these surface molecules (Ley et al., 2007;
Nourshargh et al., 2010). Immune surveillance of the CNS under normal, noninflammatory
conditions is greatly reduced compared to that in other tissues, such as lung and spleen,
owing to the limited expression of cell adhesion molecules (CAMs) on BMECs (Carrithers
et al., 2000; Raine et al., 1990). Passage is mediated by the activation of intracellular
pathways within BMECs that transiently upregulate surface expression of CAMs (Alvarez et
al., 2011; Bo et al., 1996; Cayrol et al., 2008; Sobel et al., 1990; Steffen et al., 1994). The
activation of BMECs can be a result of activated leukocyte binding or in response to
leukocyte-secreted activating cytokines, including IL-17, TNF-alpha, interferon-gamma,
IL-22, and IL-1beta (Alvarez et al., 2011; Bo et al., 1996; Cayrol et al., 2008; Sobel et al.,
1990; Steffen et al., 1994). Therefore, the extent of diapedesis is greatly influenced by the
activation state of both leukocytes and BMECs, and the increased recruitment of CD14+

monocytes expressing high levels of CD16, CCR5, MCP-1, and sialoadhesin (Pulliam et al.,
2004) in individuals infected with HIV will lead to enhanced BMEC activation, a possible
explanation for increased numbers of CD14low/CD16+ monocytes transmigrating into the
CNS (Fischer-Smith et al., 2001). After initial interaction of activated leukocytes with
BMECs, intracellular signaling cascades are triggered within the BMECs that relay back to
the engaged leukocytes, causing changes in surface adhesion molecules that allow firm
adhesion at high-avidity patches along the endothelium (Carman and Springer, 2003) and
control the slow-crawling movement of the leukocytes that delivers the cells to these patches
(Phillipson et al., 2006; Schenkel et al., 2004). The integrity of TJs is thought to influence
the efficiency of this process because T cells crawl over shorter distances along in vitro
cultured BMECs with disrupted TJs compared to BMEC monolayers with greater barrier
function (Steiner et al., 2011).

The BBB can also be activated through stimulation of BMECs by cytokines or other factors
not originating from leukocytes; in this situation, activated BMECs can in turn activate
circulating leukocytes. Chemokines upregulated on the surface of BMECs will interact with
receptors on circulating leukocytes, triggering integrin activation and strengthening
leukocyte adhesion (Ley et al., 2007). Expression levels of CXCL12 on BMECs and its
cognate receptor CXCR4 on circulating leukocytes mediate activation of infiltrating cells, as
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demonstrated in models of inflammatory disease (Holman et al., 2011; Krumbholz et al.,
2006; McCandless et al., 2006). This evidence has important implications for HIV due to the
role CXCR4 plays as a coreceptor in viral entry. Therefore, alterations in CXCR4 levels by
virus or viral proteins can influence the activation state of the BBB and the overall
regulation of diapedesis.

Cellular transmigration requires precisely regulated reversible disengagement of TJs;
intercellular CAM-1 (ICAM-1) has been well characterized to mediate TJ changes during
lymphocyte migration into the CNS (extensively reviewed in (Greenwood et al., 2011). It is
thought that individual CAMs play different roles in mediating diapedesis of specific
leukocyte populations, with vascular CAM-1 (VCAM-1) and platelet endothelial CAM-1
playing central roles in monocyte migration into the CNS (Floris et al., 2002; Graesser et al.,
2002; Muller et al., 1993). These CAMs also play important roles in returning BMECs to an
inactivated state following stimulation (Couty et al., 2007; Graesser et al., 2002; Muller et
al., 1993; Newman et al., 2001; Newman and Newman, 2003). Therefore, interruption of the
inactivation mechanisms is an alternative explanation for the increased migration observed
in HIV-infected individuals. Understanding the intricacies of regulation of transmigration
across the BBB, mechanisms of both activation and inactivation, sheds light on the
numerous targets for viral proteins to alter the process and disrupt peripheral-CNS
homeostasis.

The constitutive production of proinflammatory cytokines in the HIV disease state is likely
to play an important role in dysregulation of these processes because the constitutive
production of IL-1 and TNF-alpha at the BBB alters permeability (Farkas et al., 2006; Wong
et al., 2004). An experimental knockout of TNF-alpha in mice showed decreased BBB
leakage after treatment with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, which is known
to cause BBB leakage and increase TNF-alpha expression (Zhao et al., 2007). Cumulatively,
these observations point to the possibility that CD14low/CD16+ monocytes are more likely
to enter the CNS owing to their enhanced ability to increase passage through the BBB.
Another possible explanation for increased migration of this monocytic subset is increased
or constitutively high activation and expression levels of adhesion molecules on the
monocyte cell surface, causing increased interaction with and activation of BMECs, altering
the regulation of normal extravasation; investigation of this possibility is an important area
of future research concerning this monocytic subset.

4. HIV-1 proteins in peripheral circulation alter the integrity of the BBB
Changes in BBB permeability during HIV-1 infection are likely the result of multiple intra-
and intercellular events involving multiple cell types as well as both viral and host proteins.
In addition to a change in cytokine expression profiles, an actively infected cell will also
produce virions and secrete viral proteins. During acute HIV-1 infection, the BBB becomes
activated; however, the cause of this activation remains an unanswered question (MacLean
et al., 2004). More recently, it was shown using the simian immunodeficiency virus
macaque model that the presence of virions at the BBB is not necessarily sufficient for
activation; however, virus-infected mononuclear cells were consistently able to induce
activation (MacLean et al., 2004), which suggested that an element secreted from infected
cells is necessary for the effects on the BBB. Many studies have been performed to
investigate the affects of viral proteins such as Tat, Nef, and gp120 on the BBB, and
evidence collectively points to these proteins as necessary mediators in causing breakdown
of the BBB. Although the roles of these viral proteins in mediating neural degeneration have
been well characterized (for review see (Masliah et al., 1996), the focus of this review is on
their effects on the BBB. Tat and gp120 play roles in altering BBB integrity from the
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peripheral side as well as the CNS, whereas the role of Nef has been established primarily
through its presence in astrocytes after HIV-1 entry into the CNS.

4.1 Tat
The full-length HIV-1 Tat protein is a 101-amino acid protein with residues 1–72 encoded
by a first exon and residues 73–101 encoded by a second exon (Jeang et al., 1999). It should
be noted that, although an 86-amino acid form of Tat, which exists for a few laboratory-
passaged virus strains (e.g., LAI, HXB2, pNL4–3), has been frequently used and is
considered a full-length protein, this version actually represents a truncated protein. In fact,
more than 90% of the more than 100 independently characterized HIV-1 Tat proteins
maintain the 101- (and not the 86-) amino acid configuration (Myers et al., 1996). However,
the functions of cellular uptake (Vives et al., 1997), transactivation (Churcher et al., 1993),
neurotoxicity (Sabatier et al., 1991), and immune activation (Buonaguro et al., 1992; Li et
al., 2005) are all present within the first 72 amino acids encoded by the first exon. For this
reason, many studies use Tat1–72 protein encoded only from exon I or the truncated Tat1–86
protein rather than the 101-amino acid full-length protein. However, the functional
properties contained within the second Tat exon are being explored in more detail (Jeang et
al., 1999; Lopez-Huertas et al., 2010). Most relevant to the discussion posed in this review is
the fact that the second exon may contribute to viral infectivity and binding to cell surface
integrins (Barillari et al., 1999; Fiorelli et al., 1999; Smith et al., 2003). Two short motifs
have been identified in the C-terminus of Tat: the RGD (arg-gly-asp) motif, which is a
ligand for several integrins, and the highly conserved ESKKKVE motif, which may be
related to optimal HIV-1 replication in vivo (Neuveut et al., 2003; Smith et al., 2003).
Although the transactivation domain has been localized to Tat exon I, Tat exon II also plays
a role in NF-κB-dependent control of HIV-1 transcription in T cells, enhancing HIV-1
replication in T cells (Mahlknecht et al., 2008). In addition, studies have also shown a
requirement for the second coding exon of Tat in the optimal replication of macrophage-
tropic HIV-1 (Neuveut et al., 2003). Overall this points to a scenario where exon 2 of Tat
could contribute to BBB dysregulation through increased replication in cells in the periphery
causing increased levels of inflammatory cytokines, viral proteins, and virus, all of which as
described in this review impact the normal function of several mechanisms of the BBB.

The protein can also be secreted from infected cells. Because of its protein transfer domain,
it has been shown to be able to cross membranes of uninfected cells, inducing a number of
different effects depending on cell type (Ensoli et al., 1993; Magnuson et al., 1995). Tat
protein crosses the BBB at a rate comparable to passage of IL-1 and TNF- alpha, possibly
through a mechanism of adsorptive endocytosis (Banks et al., 2005). In addition to influx,
brain efflux of Tat was also observed, suggesting that Tat produced on either side of the
BBB can impact cellular function within the opposite compartment (Banks et al., 2005).

It has been observed that Tat decreased expression of occludin and ZO-1 in the TJs of the
BBB (two proteins essential for BBB functional integrity), following Tat injection into the
tail veins of C57BL/6 mice to model Tat secreted from circulating infected cells (Pu et al.,
2007). The mechanism of the decreased expression occurred through activation of
cyclooxygenase (COX)-2, an enzyme induced during inflammation, specifically in response
to TNF-alpha (Pu et al., 2007) and known to be elevated in patients infected with HIV-1.
The specific role of COX-2 in the mechanism of BBB disruption in response to Tat was
shown by treating mice with a protein product of COX-2 activity and observing a decrease
in expression of occludin and ZO-1 comparable to that with Tat treatment alone (Pu et al.,
2007). Following treatment of the mice with an inhibitor of COX-2, an attenuation in the
effects on occludin expression was observed, but ZO-1 protein levels were still decreased
(Pu et al., 2007), suggesting a limited role of COX-2 in the mechanism of BBB disruption in
response to Tat. These results corresponded with previous results showing that intracerebral
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injection of Tat caused an inflammatory response in the CNS with an increase in expression
of chemokines, proinflammatory cytokines, and adhesion molecules. The observed
decreases in occludin and ZO-1 also correlated with observations made in the autopsied
brain tissue samples from patients with HIVE (Dallasta et al., 1999), which highlighted the
importance of elucidating the mechanism connecting the increase in COX-2 to TJ protein
regulation.

Treatment with Tat also induces oxidative stress in a number of cell types, including
BMECs (Price et al., 2005; Price et al., 2006; Shiu et al., 2007), which is well known to
affect TJs (Plateel et al., 1995). Studies that exposed BMECs to alcohol found that
metabolism to ROS increased permeability of the BBB (Buonaguro et al., 1992; Li et al.,
2005) with activation of kinases and increased phosphorylation and degradation of multiple
TJ proteins, including occludin, claudin-5, and ZO-1 (Haorah et al., 2005). This finding
presents the possibility that Tat-induced changes in cellular oxidative processes mediate the
disruption of the BBB through a similar mechanism. Evidence for this mediation comes
from results demonstrating that Tat activates extracellular-signal-regulated kinase 1/2 and
leads to a decrease in ZO-1 mRNA levels in BMECs and that this effect is blocked by
addition of antioxidants (Pu et al., 2007). Additional studies are needed to identify the
mechanisms that mediate the role of ROS in TJ protein regulation. Given that much is
known about the cellular response to oxidative stress, studies will likely focus on narrowing
the field to factors influencing TJ proteins. Additionally, the possibility of an additive
impact of alcohol and Tat on the functional properties of the BBB in patients infected with
HIV-1 who abuse alcohol is an area that merits further investigation.

As indicated earlier, circulating monocytes in patients infected with HIV-1 often
constitutively express TNF-alpha, which has been shown to induce endothelial activation,
oxidative stress, and the activation of multiple proinflammatory factors, such as p38
mitogen-activated protein kinase, NF-kappaB, COX-2, and prostaglandin E2 (Wang et al.,
2008). Further investigation into the mechanisms associated with the impact of TNF-alpha
on endothelial cells has revealed the necessity for caveolin-1 (Wang et al., 2008), a
scaffolding protein that is a major component of caveolae and necessary for the formation of
caveolae in endothelial cells. Caveolae are specialized lipid rafts where many signaling
molecules localize, and they are especially abundant on endothelial cells. Proteins involved
in proinflammatory signal transduction, such as activators of the extracellular-signal-
regulated kinase pathway and inhibitor of kappaB, the upstream regulator of NF-kappaB,
and elements of the Ras signaling cascade are localized to caveolae. Tat activates Ras
signaling in BMECs and decreases the amount of occludin, ZO-1, and ZO-2 in caveolae
(Zhong et al., 2008). The Tat-induced decrease in these TJ proteins was abolished with loss
of caveolin-1 (Zhong et al., 2008). Importantly, these studies demonstrated a possible
synergy between Tat and host proinflammatory factors while both molecules are circulating
throughout HIV-1 infection, with respect to the downregulation of TJ proteins through
similar mechanisms ultimately leading to disruption of the BBB.

Tat has been shown to disrupt TJs, increasing the permeability of the barrier; it has also been
shown to be able to interact with astrocytes along the barrier. When astrocytes were treated
with Tat, matrix metalloproteinase (MMP)-9 mRNA and protein levels increased (Ju et al.,
2009). MMPs are zinc-dependent endopeptidases that function in cleavage of extracellular
matrix proteins. MMP regulation is achieved through a balance between the level of MMPs
and their inhibitors. Increased enzymatic activity of certain MMPs, including MMP-9, leads
to disruption of the BBB by degrading components such as laminin and type IV collagen
(Yong et al., 1998). The mechanism of upregulation of MMP-9 by Tat is mediated by NF-
kappaB and mitogen-activated protein kinase (Ju et al., 2009). TNF-alpha neutralization was
also inhibited in astrocytes treated with Tat, and the TNF-alpha accumulation was necessary
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for the upregulation of MMP-9 (Ju et al., 2009). This finding is particularly important given
the previously discussed constitutive expression of TNF-alpha. Taken together, these results
suggest that the effect of Tat on astrocytes is through a mechanism similar to that in
BMECs. Based on the multiple lines of evidence pointing to Tat activation of these
pathways, research studies have continued to define the critical steps involved in these
pathways.

Collectively, these results provide an outline of a basic framework of the many ways
through which Tat and host factors can lead to an increase in BBB permeability (Fig. 2A).
However, the results from these studies have raised the question as to whether the
concentration of Tat in circulation is high enough, even in microenvironments, to induce
these effects during the course of HIV disease. As indicated above, the migration of HIV-1-
infected monoctyes to the BBB increases during the course of HIV disease; additionally, Tat
acts as a chemoattractant for monocytes. Based on these observations, it has been proposed
that infected monocytes in circulation accumulate at the BBB and secrete Tat, thereby
recruiting more monocytes to the site possibly leading to increased Tat secretion if these
newly recruited monocytes are also productively infected. The question remaining centers
on whether there is sufficient Tat present at the BBB to induce changes in permeability.
Most of the previous studies have shown dose-dependent results with increasing
concentrations of Tat, including 5, 10, and 25 µg of Tat in 100 µL phosphate-buffered saline
(Pu et al., 2005), 2–100 nM (Zhong et al., 2008), or 500 ng/mL (Ju et al., 2009). These
results demonstrate that the impact of Tat is concentration dependent, but it remains
questionable whether the threshold concentration to achieve a biological affect in vitro is
reached in circulation during the course of a natural HIV-1 infection. In this regard,
experiments involving the injection of Tat into circulation through the mouse tail vein have
not yielded information concerning the concentration of Tat reaching the BBB, although
additional evidence has indicated that pathological concentrations of Tat in patients infected
with HIV-1 can reach the range of nanograms per milliliter of serum (Xiao et al., 2000).

4.2 gp120
HIV-1 gp120 is localized on the surface of the viral envelope as trimers of heterodimers
with gp41. It has been shown that gp120 plays a role in viral entry by binding both the CD4
receptor and CXCR4 or CCR5 coreceptor on the surface of a host cell. Damage to an
infected cell or shedding events can lead to the release of gp120 protein into circulation,
with subsequent detection in patient serum (Oh et al., 1992). Studies addressing the role of
gp120 in BBB breakdown often use systems that mimic free gp120 in circulation.
Circulating gp120 is able to cross the BBB through a lectin-like mechanism of inducing
adsorptive endocytosis (Banks et al., 1997; Banks et al., 1998). This specific mechanism of
passage results in direct access to neurons by gp120, a potent inducer of neurotoxicity, and
allows for interaction with BMECs, astrocytes, and glial cells. The implications of these
interactions are discussed below.

One model developed to examine the role of circulating gp120 on the BBB generated
transgenic mice that expressed and secreted HIV-1 gp120 protein leading to serum levels of
gp120 in a range comparable to levels measured in serum from patients infected with HIV-1
(Finco et al., 1997; Oh et al., 1992) to confirm gp120-induced functional impairment of the
BBB in vivo (Toneatto et al., 1999). BBB permeability to albumin was significantly greater
in brain samples from transgenic mice than from those of nontransgenic mice, evidenced by
extravasation of albumin around large and small vessels in transgenic mice brains (Toneatto
et al., 1999). ICAM-1 and VCAM-1 are adhesion proteins expressed on the surface of
activated endothelial cells and are involved in the recruitment and transendothelial migration
of lymphocytes and monocytes in peripheral circulation. Surface expression levels of
ICAM-1 and VCAM-1 were significantly higher in transgenic mice brain samples than in
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those of nontransgenic mice (Toneatto et al., 1999). Although these results demonstrated
that the BBB was activated and functionally impaired in gp120 transgenic mice, further
studies were performed to confirm that these results were caused by serum levels of gp120
rather than by some intrinsic property of the brain vessel endothelium of transgenic mice.
Brain endothelial cells cultured from either gp120 transgenic or nontransgenic brain
microvessels were each treated with serum from gp120 transgenic or nontransgenic mice
(Cioni and Annunziata, 2002). In brain endothelial cultures from both gp120 transgenic and
nontransgenic mice, a significant increase in permeability to albumin was observed
following exposure to serum from gp120 transgenic mice but not following exposure to
serum from nontransgenic mice (Cioni and Annunziata, 2002). Increased permeabilization
was completely blocked when serum was immunosorbed with gp120-specific monoclonal
antibody, confirming that it is the gp120 protein in the serum that was required to induce the
observed permeabilization (Cioni and Annunziata, 2002). The combination of in vitro and in
vivo studies using these gp120 transgenic mice provides convincing evidence that gp120
protein present in serum of patients infected with HIV-1 would likely affect BBB integrity
(Fig. 2B), and the possible mechanisms of this breakdown are an important point of future
investigation.

In addition to these studies, experiments utilizing cultured human BMECs treated with
gp120, from either CCR5- or CXCR4-utilizing viruses, allowed increased monocyte
migration through the BMEC monolayer (Kanmogne et al., 2007). The exposure of the
BMEC monolayer to CCR5 or CXCR4-utilizing gp120 resulted in a dose-dependent
decrease in TEER (Kanmogne et al., 2007). Probing into the mechanism behind this effect
revealed a role for myosin light chain kinase in increased permeability and for CCR5 and
CXCR4 in decreased TEER, leading to increased cell migration (Kanmogne et al., 2007).
Additionally, an increase in intracellular Ca2+ concentration and activation of protein kinase
C (suggested that the increase in permeability may be linked to TJ assembly (Kanmogne et
al., 2007) (Fig. 2B).

Finding that protein, but not mRNA, levels of ZO-1, ZO-2, and occludin were decreased
following gp120 treatment of cultured human BMECs led to the discovery that ZO-1 and
ZO-2 are targeted for proteasomal degradation as a result of treatment with gp120
(Kanmogne et al., 2005; Nakamuta et al., 2008). Protein levels of claudin-1 and -5 are
unaffected by gp120, but the loss of connection to the cytoskeleton with loss of ZO-1 was
enough to significantly decrease TJ function, thereby increasing BBB permeability and
decreasing TEER (Kanmogne et al., 2005; Nakamuta et al., 2008). Under normal cellular
conditions, ZO-1 has been shown to be linearly localized at the cell surface, along cell-cell
borders (Nakamuta et al., 2008). Treatment with gp120, in the presence of a proteasome
inhibitor, caused disruption of this characteristic distribution, with diffuse cytoplasmic
localization of ZO-1 protein and discontinuous cell surface expression (Nakamuta et al.,
2008). Inhibition of the proteasome prevented the decrease in protein levels following gp120
treatment (Nakamuta et al., 2008). Although this provided evidence that gp120 was inducing
proteasomal degradation of ZO-1, it did not explain the mechanism of induction. It is
possible that the cytoplasmic accumulation of ZO-1 was enough to cause proteasomal
targeting; however, it was also possible that, in addition to disrupting localization, gp120
also specifically activated ubiquitination of ZO-1 leading to proteasomal targeting.

Importantly, withdrawal of gp120 from the BMEC monolayer restored near basal levels of
TEER and permeability (Kanmogne et al., 2007). This observation was important because it
suggested that the BBB was able to recover function if serum levels of gp120 could be
controlled. As an extension of this observation, repair following exposure to and withdrawal
from other factors found to be high in serum of patients infected with HIV-1, particularly
those with neurocognitive symptoms, should be studied. Additionally, assessment of the
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protein levels of ZO-1 and ZO-2 in BMECs at different times after termination of gp120
exposure would provide insight into the recovery process.

As indicated previously, BMECs and TJs of the BBB are particularly sensitive to changes in
redox balance. As a protective measure, BMECs express high levels of active antioxidant
enzymes, such as glutathione peroxidase, glutathione reductase, and catalase, under normal
physiological conditions (Tayarani et al., 1987). A study using an immortalized endothelial
cell line from rat capillaries that were exposed to gp120 indicated the presence of decreased
levels of glutathione peroxidase and glutathione reductase following exposure (Price et al.,
2005). Significantly decreased levels of reduced glutathione were also observed with both
time and dose dependency (Price et al., 2005). Although the relevance of this rat capillary
cell line can be questioned, these results correlate with those from a more recent study using
human BMECs in a BBB model system. Treatment of this in vitro BBB model with gp120
resulted in a 25% increase in permeability to [3H]-inulin and a 34% increase in permeability
to propidium iodide, which has a smaller molecular mass (Shiu et al., 2007). Interestingly,
pretreatment with a CCR5-specific antibody reduced this increased permeability
significantly, indicating a role for CCR5 in this effect (Shiu et al., 2007). The role of ROS in
mediating this increase in permeability was suggested by treating cells with
diphenyleneiodonium to block superoxide production and observing a significantly reduced
increase in BMEC monolayer permeability induced by gp120 treatment (Shiu et al., 2007).
Cell viability assays were done, confirming that the increase in permeability was not the
result of BMEC death (Shiu et al., 2007).

5. Functional alteration of the BBB by drugs of abuse
A correlation has been identified between selected drugs of abuse and increased incidence of
HIVE and HAD. Introduction of these foreign substances into the host has been shown to
play a role in altering the neuroinvasive properties of HIV-1, most likely owing to disruption
of the BBB (Table 1). Cocaine abuse is associated with a higher incidence of HIVE and
HAD and has been shown to bind BMECs through the sigma receptor, resulting in decreased
TEER and increased transmigration of monocytes into the CNS (Fiala et al., 1998; Fiala et
al., 2005; Gan et al., 1998). As cocaine interacts with BMECs, the sigma receptor is
translocated to lipid rafts in the plasma membrane, and the platelet-derived growth factor-
beta receptor is phosphorylated, leading to upregulation of activated leukocyte CAM
(ALCAM) on the endothelial surface (Yao et al., 2011a; Yao et al., 2011b). This
upregulation of ALCAM has been observed in autopsied brain microvessel tissue samples
from cocaine abusers infected with HIV, and in vivo mouse studies correlated these
increases with increased monocyte adhesion and transmigration (Yao et al., 2011b). Surface
expression levels of ICAM-1 and VCAM-1 are also increased in vitro in response to cocaine
(Gan et al., 1999). In addition, cocaine upregulates gene expression of MT1-MMP (Nair et
al., 2004), a pro-MMP involved in MMP localization and activation (Kinoh et al., 1996),
implying increased degradation of the extracellular matrix and increased BBB permeability.
Translocation of the sigma receptor also induces upregulation of MCP-1 mRNA and protein
in microglia, which in turn increases monocyte migration across the BBB as shown in vitro
and in vivo (Yao et al., 2010; Yao et al., 2011b). Cocaine exposure also increases MCP-1
expression in infected monocytes and CCR2, the cognate receptor for MCP-1 (Dhillon et al.,
2008). Upregulation of platelet-derived growth factor-beta in BMECs plays an essential role
in mediating these cocaine-induced increases in BBB permeability (Yao et al., 2011a).
Understanding the mechanism of this upregulation is an important area of ongoing research.

It has also been suggested that cocaine administration causes acute hyperthermia, which has
been associated with disruption of the BBB; however, it is unknown if the hyperthermia is
caused by a direct or indirect effect (Sharma et al., 2009). Studies have suggested that one of
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the indirect mechanisms may involve increases in levels of serotonin or proinflammatory
cytokines (Sharma et al., 2009). Exposure of monocytes and BMECs in vitro to cocaine
caused increased secretion of TNF-alpha and IL-6 (Gan et al., 1999). In addition to these
specific modes of dysregulation, interendothelial gaps have been observed following
treatment of BMECs with cocaine (Fiala et al., 2005). It is important to note that, although
interendothelial gaps were observed following cocaine treatment of both BMECs and
coronary artery endothelial cells, the gaps were not observed in human aortic endothelial
cells or human umbilical vein endothelial cells (Fiala et al., 2005), indicating that the
mechanism of action is at least partially specific for the endothelial cells of the BBB,
BMECs. Pretreatment with a tyrosine kinase inhibitor blocked the formation of gaps,
suggesting a role for tyrosine kinases in gap formation (Fiala et al., 2005); however, the
details of this mechanism have not been established. Interestingly, a protein tyrosine
phosphatase was observed to be downregulated following acute and chronic cocaine
exposure (Fiala et al., 2005). Another study has linked cocaine treatment of BMECs with
damage to the stability of ZO-1 and reorganization of the cytoskeleton causing stress fiber
formation (Dhillon et al., 2008), another possible cause for gap formation and suggesting
increased TJ opening.

Combined exposure of BMECs in vitro to cocaine and Tat protein caused a decrease in
TEER values, an increase in FITC-dextran permeability, and an increase in monocyte
transmigration, all with effects greater than those observed with treatment with cocaine or
Tat alone (Gandhi et al., 2010). Interestingly, differences in interactions of cocaine with
clade B Tat and clade C Tat were observed, which can be correlated with recorded
differences in neuropathogenesis between the two clades (Gandhi et al., 2010).

In general, treatment of BMECs and macrophages with cocaine alters the transcriptional
profile of the cells, resulting in changes in cell metabolism, function, and structure (Fiala et
al., 2005). Specifically, following acute cocaine exposure, the downregulation of potassium
voltage-gated channel expression has been observed, leading to the disruption of endothelial
cell growth and integrity (Fiala et al., 2005). Additional genes are upregulated following
chronic cocaine exposure, defined as treatment over 24 hours, including colony-stimulating
factor 2 receptor and macrophage scavenger receptor 1, which can disrupt macrophage
growth and endocytic function (Fiala et al., 2005). The impact on BBB integrity and HIV-1
neuroinvasion following acute and chronic exposure to and withdrawal from cocaine
requires further investigation with the goal of elucidating the mechanistic cause of decreased
TEER and altered gene expression profiles.

Studies of cocaine administration in rats have demonstrated a dependence on dose and route
of administration. As mentioned previously, dose is an important factor to consider when
ensuring relevance in a human drug-abusing population. Consideration of the route of
administration is equally important. Breakdown of the BBB was observed most significantly
when cocaine was administered to rats by intracerebroventricular injection (Sharma et al.,
2009). Though this route of administration is likely not reflective of a natural system
exposure, administering a certain dose directly into the cerebral ventricles may approximate
the intravenous administration of a higher dose. When considering route and dose of
administration, it is important to take into account the concentration administered as well as
the approximate concentration expected to reach the proposed target area.

Treatment of BMECs with morphine also decreases TEER and enhances transendothelial
migration across the BBB (Mahajan et al., 2008). As mentioned, Tat decreases ZO-1 and
occludin expression in BMECs, and levels are further decreased by combined treatment with
morphine and Tat (Mahajan et al., 2008). As a result, combined treatment with Tat and
morphine additively decreased TEER. Interestingly, decreased levels of ZO-1 and occludin
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following treatment with morphine are statistically the same as levels following combined
treatment with morphine and Tat (Mahajan et al., 2008). This result suggests that an
individual abusing morphine will already have significantly increased BBB permeability at
the time of infection, allowing more rapid entry of virus into the CNS. An individual who
begins abusing morphine after being infected with HIV-1 will also potentially enhance the
process of viral entry into the CNS by enhancing the disruption of the BBB.

Morphine and Tat act synergistically to increase production of the proinflammatory
cytokines TNF-alpha and IL-8 (Mahajan et al., 2008). These studies show a dose-dependent
response to Tat and morphine, but the kinetics of the dose response relevant to the
pathogenic process during the course of HIV disease needs further consideration. The results
suggest that morphine acted together with Tat to promote increased BBB permeability and
provided a possible explanation for the increased risk of developing HIV-related
neurological complications in an individual abusing opiates.

Treatment of BMECs with methamphetamine (METH) disrupted BBB structure in a time-
and dose-dependent manner by decreasing claudin-5 and occludin protein levels, inducing
gap formation, and enhancing production of ROS (Ramirez et al., 2009). Treatment of mice
with gp120, Tat, or gp120 and Tat for 5 days followed by treatment with METH led to
increased oxidative stress in brain tissue, with the highest levels observed with triple
exposure (Banerjee et al., 2010). Increased oxidative stress was correlated with decreased TJ
protein levels and increased permeability of the BBB (Banerjee et al., 2010). Overall, these
alterations were prevented with treatment with an antioxidant (Banerjee et al., 2010;
Ramirez et al., 2009). It is well accepted that METH-induced hypermetabolism in the brain
leads to overproduction of ROS beyond levels that cells can naturally neutralize (Kiyatkin
and Sharma, 2009). These results suggest that METH-potentiated effects of gp120 and Tat
on BBB integrity may be mediated through ROS mechanisms. An important area for future
research will center on the exploration of the effects of combined treatment with METH,
Tat, and gp120 on the BBB to identify any additive or synergistic mechanisms of BBB
damage.

Hyperthermia, as previously discussed, can cause breakdown of the BBB. This effect is not
caused exclusively by cocaine administration; it has also been reported following
administration of METH (Kiyatkin and Sharma, 2009). The effects of hyperthermia on BBB
integrity were consistent with results reported for cocaine and were observed following
experiments that involved the administration of METH at varying temperatures (Kiyatkin
and Sharma, 2009).

These are just a few examples of the many external factors that may impact HIV-1
neuroinvasion. This area of research is important and will require further investigation to
facilitate the identification of new targets for neuroprotective therapies to counter the
detrimental effects of substance abuse during the course of HIV-1 disease. Specific concerns
with research in this area are concentration and duration of treatment and route of
administration. These conditions need to be kept consistent with naturally occurring values
in order for the research to be relevant to the natural history of the disease and more relevant
to development of treatment and prevention strategies.

6. HIV-1 proteins in the CNS alter BBB permeability
Throughout the course of HIV disease, penetration of the virus into the CNS likely occurs
periodically with subsequent replication and pathogenesis. Once virus is introduced into the
CNS, cells other than resident macrophages can be infected. Astrocytes have functional
CXCR4 and CCR5 coreceptors (Klein et al., 1999) and have been shown to be infected with
HIV-1. Infection of astrocytes is characterized by expression of Tat, high expression of Nef
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(Ranki et al., 1995), and increased secretion of proinflammatory cytokines, including TNF-
alpha and IL-6. Nef is a 27–35-kDa protein that is myristoylated at the N-terminus,
anchoring it to the host cell membrane; this localization is thought to be essential for proper
function of the protein (Kirchhoff et al., 2008). The established roles of Nef in viral
replication and pathogenicity have been reviewed (Kirchhoff et al., 2008).

Nef expression has been correlated with AIDS-associated dementia through evidence from
brain tissue samples derived from patients with AIDS who died with moderate to severe
dementia. Six of eight tissue samples stained positive for Nef, specifically in astrocytes
(Ranki et al., 1995). This finding was compared to only one of six patients with no clinical
signs of dementia having a similar Nef distribution pattern (Ranki et al., 1995). Additionally,
Nef expression in astrocytes was correlated with a higher level of activation, as measured by
elevated glial fibrillary acidic protein and CD88 surface expression (Kohleisen et al., 1999).
These correlations suggested a link between Nef and the functional breakdown of the BBB.
Defining the mechanisms associated with Nef activity in this regard is currently an
important area of research.

In response to HIV infection, astrocytes have also been shown to overexpress chemokines,
resulting in the recruitment of more monocytes to the site of infection. MCP-1/CCL2, a
potent chemotactic factor for monocytes (Gendelman et al., 2009), was overexpressed up to
80-fold in response to treatment with Tat (Pu et al., 2003). Astrocytes transfected with a
Nef-expressing vector secreted CCL2 in levels sufficient to induce monocyte migration
(Lehmann et al., 2006). Additional screening of these astrocyte supernatants revealed
increased protein levels of IL-8, IL-2, and TNF-alpha and decreased protein levels of
stromal cell-derived factor-1, IL-6, and IL-10 (Lehmann et al., 2006). Nef was also shown to
increase mRNA levels of CCL2 and IL-8, and all of these effects were dependent on
myristoylation of Nef (Lehmann et al., 2006). Myristoylation not only anchors Nef in the
cell membrane but allows for the protein to interact with calmodulin (Matsubara et al.,
2005). Blocking calmodulin in Nef-expressing astrocytes prevented any increase in CCL2
mRNA or protein (Lehmann et al., 2006). The mechanism behind Nef-induced increase in
CCL2 mRNA is not known. Its affect could be pre-or post-transcriptional, and the exact role
of calmodulin in this process has not been determined. Importantly, release of CCL2 by
astrocytes resulted in decreased TEER and decreased levels of occludin, claudin-5, ZO-1,
and ZO-2 proteins (Stamatovic et al., 2005), further breaking down TJs and increasing BBB
permeability (Fig. 2C), allowing for recruited monocytes to pass into the CNS with much
greater ease.

Infected astrocytes induce apoptosis of uninfected, neighboring astrocytes in a gap junction-
dependent manner (Eugenin and Berman, 2007). The mechanism of apoptotic induction is
unknown. It is an important mechanism to explore because the loss of uninfected astrocytes
may result in a nearly complete lack of normally functioning astrocytes, causing breakdown
of the biochemical environment necessary for BBB architectural and functional stability.
Overall, infection in astrocytes will lead to further loss of BBB function, bringing the system
closer to a stage of BBB damage beyond repair. At this point, passage into the CNS will be
unregulated, and intra-CNS damage will be further increased when combined with the
formation of a chemotactic gradient for monocytes. The monocytes entering the CNS may
either already be infected or may become infected during or after CNS entry, leading to an
increased level of neurocognitive dysfunction.

In addition to increased permeability due to TJ breakdown by viral proteins or drugs of
abuse, transcellular trafficking is also impacted by dysregulation of BMECs. As mentioned,
when small, lipophilic compounds diffuse into BMECs, there is an internal mechanism to
shuttle these compounds out, preventing entry into the CNS. It is possible that these
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mechanisms are also disrupted, leading to enhanced transcellular diapedesis. In this
situation, BMECs are either actively shuttling or passively allowing cells and proteins from
the periphery to cross into the CNS. Knowing this, additional research concerning the
mechanisms through which BMECs limit transcellular trafficking would be valuable with
regard to the processes of dysregulation and breakdown of the BBB.

7. Discussion
Although many factors relating to the process of HIV-1 neuroinvasion are still unknown, a
general framework of the mechanism has emerged (Fig. 3). The BBB is one of the major
reasons why neuroinvasion and intra-CNS HIV disease represent unique pathological
processes and do not always necessarily correlate with disease progression in the peripheral
blood or other end organs. In a healthy individual, the BBB is effective in preventing
uncontrolled entry of infectious agents, infected cells, and other abnormal physiological
elements into the CNS. It has become clear that dysregulation of the BBB, including TJ
disruption, is a key step in neuroinvasion. Initially, the BBB is most likely an effective
barrier with respect to viral penetration, but early virus-associated pathogenic events
facilitate some form of viral breach of the barrier. At this point, the BBB may be temporarily
dysregulated or partially disrupted, but normal repair mechanisms remain functional and
partially or completely reverse initial pathological damage. As disease progresses, peaks in
viral replication and viral protein production, and increased levels of inflammatory
cytokines impact the permeability of the BBB, providing free virus and virus-infected cells
an opportunity to enter the CNS. The cyclic nature of chronic infection, the control of virus
replication with antiretroviral therapy, and the resultant change in the production levels of
viral proteins and inflammatory cytokines provide intervals for repair of the BBB. However,
during late stage disease, when viral replication is consistently high and infection in the CNS
has also progressed, the BBB is continuously weakened beyond repair by pathological
events occurring on both sides of the BBB, and entry into the CNS becomes unregulated and
eventually irreversible.

This increase in BBB permeability facilitates entry into the CNS of virus and virus-infected
cells, specifically an enhanced subset of circulating CD14low/CD16+ monocytes. Once virus
has been introduced into the CNS, it begins to spread to resident cells, including astrocytes.
Infection of astrocytes is another key step in this process because astrocyte function is an
integral component of BBB stability. As astrocyte function is disrupted, the BBB becomes
further weakened, allowing more virus and virus-infected cells to cross the barrier.
Chemotactic factors are also secreted from infected astrocytes at an elevated level,
promoting recruitment of more monocytes to the site of infection.

The role of viral proteins in this breakdown is an important area of investigation. Early
evidence shows the impact not only of Tat but also of gp120 and Nef on BBB stability. Viral
protein gp120 has been linked to ROS generation in BMECs, and Nef protein has been
linked to influencing transcription of MMPs at the BBB. This finding brings to light the fact
that many of the proteins activated in BMECs by viral proteins play roles in other organ
systems during HIV-1 disease progression. Elevated levels of MMPs in the myocardium and
subsequently in the circulation are associated with an increased risk of heart disease, as is
HIV-1 infection itself. Few studies have been done that cross organ systems, but
investigators must remain conscious of the ubiquitous nature of HIV-1 infection. Many of
the factors that play a role in neuroinvasion are likely to play a role peripherally. These
connections must be identified as pathways are elucidated in order to develop additional
neuroprotective therapeutic strategies.
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Uncovering more precise components of the overall mechanisms associated with the
disruption of the BBB, initial neuroinvasion, further BBB breakdown, and recruitment to the
CNS is the key to fully understanding HIV-1 neuroinvasion and the development of new
therapeutic strategies. This review highlights the advancements that have been made in
identifying the players in the breakdown of the BBB; however, the connections between
these pathological components need further refinement. The pathological end points reached
involving TJ protein degradation or mislocalization of newly synthesized TJ proteins are
achieved based on the interactions of both host and viral proteins, but it has not yet been
determined if these end points are reached through the same or distinct mechanisms.
Uncovering these mechanisms will be important for identifying host and viral protein
synergies that may serve as targets for neuroprotective therapies. It must be determined
which factors trigger parallel pathways, thereby amplifying the same effect, and which
factors act on the same pathway. Specifically, do Tat and gp120 lead to TJ protein
degradation through the same or distinct mechanisms? Studies have yet to be done with Tat
and gp120 in combination using a BBB model or in vivo. Viral proteins are not likely to be
present on an individual basis in the serum of infected patients. Therefore, researchers
should move toward experimental approaches that use combinations. Interactions and
synergies among host factors, viral proteins, and drugs of abuse also require further
exploration. The mechanisms through which individual drugs of abuse degrade BBB
function may be distinct and/or more complex with intricate interconnected pathological
effects on the physiology and integrity of BBB with the combinatorial exposure to drugs and
viral proteins triggering alternative signaling cascades in BMECs. Defining the connections
between the already established pathway components will be the next critical step in
elucidating the pathological process of HIV-1 BBB neuroinvasion.

Finally, the introduction of HAART has resulted in significantly lower mortality rates,
culminating in an epidemic that increasingly affects older adults. It is estimated that by
2015, approximately half of those infected in the United States will be over the age of 50. As
such, it is of paramount importance to understand the risk factors associated with aging and
HIV-1 infection (Smith, 2006) including BBB deregulation and disruption. The combined
effects of aging and HIV-1 infection make the CNS extremely vulnerable. Changes in brain
structure (Ernst and Chang, 2004; Jernigan et al., 2005) and brain function (Larussa et al.,
2006; Valcour et al., 2004a) have been observed and are suggestive of neurocognitive
consequences of HIV infection in the older population. Data from the Hawaii Aging and
HIV Cohort have shown that the frequency of dementia among HIV-positive patients 50
years and older is approximately double that seen in HIV-positive patients between the ages
of 20 and 39 (Valcour et al., 2004a; Valcour et al., 2004b). Additionally, it was shown that,
after controlling for educational level, race, depression, substance abuse, viral load, CD4 T
cell count, and antiretroviral therapy status, the odds of having dementia are 3.26 times
greater for older HIV-positive adults compared to younger HIV-positive adults (Valcour and
Paul, 2006; Valcour et al., 2004b). Several potential mechanisms could explain the cognitive
decline seen in the older compared to the younger HIV-positive population. One mechanism
is the possible accompaniment of cardiovascular and cerebrovascular copathology that
occurs frequently within the aging HIV-positive population, especially when these patients
are on a HAART regimen that includes a protease inhibitor, which has been shown to
increase cholesterol and potentially compromise cardiovascular and cerebrovascular health
(Connor et al., 2000). The reduction in a patient’s CD4 T cell count may also play a role, as
could increased proliferation and activation of the macrophage population. Additionally, an
increase in inflammatory glial activation has been shown within the frontal white matter of
older HIV-positive patients beyond that seen in normal aging or in younger HIV-positive
patients (Ernst and Chang, 2004). Another potential risk factor is represented by the
expression of apolipoprotein E4. A relationship between apolipoprotein E4 and Alzheimer’s
disease and HIV-associated dementia has already been demonstrated (Valcour et al., 2004a).
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Current research also suggests a possible relationship between coinfection with hepatitis C
and increased neurocognitive deficits in aging HIV-positive adults. Lastly, immune failure
commonly occurs with both aging and HIV infection, though for different reasons. Common
immunologic perturbations in both HIV-infected individuals and aging adults include
inversion of the normal CD4:CD8 ratio, smaller numbers of naïve CD4 T cells, changes in
cytokine profiles including a decrease in IL-2 production accompanied by an increase in
interferon-gamma production, telomere shortening in CD4 and CD8 T cells, lower T-cell
proliferation potentially as a consequence of decreased IL-2 production, and increases in late
differentiated CD4 and CD8 T cells. The combined effects of HIV and aging on the immune
system may accelerate immune activation and immunosenescence (Appay and Sauce, 2008;
Cao et al., 2009; Gandhi et al., 2006; Kirk and Goetz, 2009). Given these observations, as
research elucidates BBB dysregulation due to HIV-1 infection and the HIV-1-infected
population ages, new models and mechanisms of action will need to be explored.

Abbreviations

AIDS acquired immunodeficiency syndrome
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TJ tight junction

TEER transendothelial electrical resistance
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Fig. 1. The physiologically normal blood-brain barrier (BBB)
The BBB is made up of specialized endothelial cells, brain microvascular endothelial cells
(BMECs), surrounded by astrocytes and pericytes, which are involved in the creation of the
biochemical environment. The BBB functions to separate peripheral circulation from the
central nervous system (CNS). The limited permeability of the barrier allows highly
regulated transport of cells and other substances into the CNS. It also separates the CNS
from peripheral immune surveillance. Circulating monocytes that gain entry into the CNS
develop into resident macrophages. The function of the BBB is established by the tight
junctions (TJs) between BMECs. TJ proteins include the transmembrane proteins claudin
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and occludin along with zonula occludens 1 (ZO-1) which connect the transmembrane
proteins to the cytoskeleton.

Strazza et al. Page 29

Brain Res. Author manuscript; available in PMC 2012 July 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. The effects of HIV proteins on BMECs
(A) Cellular responses to Tat resulting in increased blood-brain barrier (BBB) permeability.
Tat activates NF-kappaB and mitogen-activated protein kinase through an unknown
mechanism, thereby causing a decrease in TNF-alpha neutralization. The resulting
accumulation of TNF-alpha causes an increase in MMP-9, which can function locally or
may be secreted into the circulation. It is also possible that NF-kappaB and mitogen-
activated protein kinase activity directly causes the increase in MMP-9 levels, but the
mechanism is unknown. Active MMP-9 degrades laminin and type IV collagen, essential
components of the BBB. Tat has been observed to increase ROS within the cell, an effect
amplified in the presence of TNF-alpha and alcohol metabolism. ROS causes increased
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phosphorylation of occludin, claudin-5, and ZO-1 and causes a general decrease in tight
junction (TJ) mRNA and protein levels. Tat and TNF-alpha lead to the activation of COX-2
at caveolae in the cell membrane, leading to a decrease in protein levels of occludin and
ZO-1. Tat also activates Ras through an unknown mechanism requiring CAV-1, leading to a
decrease in protein levels of occludin, ZO-1, and ZO-2. Overall, occludin, claudin-5, ZO-1,
and ZO-2 are mislocalized in the cytoplasm, where they are likely degraded by the
proteasome. (B) As gp120 binds to either CXCR4 or CCR5, changes within the cell lead to
TJ dysfunction, a decrease in TEER, and an increase in BBB permeability. A resulting
increase in intracellular concentrations of Ca2+ and activation of protein kinase C and
myosin light chain kinase have been observed following gp120 binding. Surface levels of
ICAM-1 and VCAM-1 increase significantly, leading to an increase in recruitment and
transendothelial migration of lymphocytes and monocytes from the peripheral circulation.
Although protein levels of claudin-1 and -5 are unaffected by gp120, the proteins ZO-1,
ZO-2, and occludin are targeted to the proteasome for degradation. With loss of connection
to the cytoskeleton, claudin-1 and -5 are unable to maintain TJ function. An increase in
intracellular ROS is also observed as a result of decreased levels of glutathione peroxidase
and glutathione reductase following exposure to gp120. (C) HIV-1 infection of astrocytes is
characterized by expression of Tat, high levels of Nef, and increased secretion of
proinflammatory cytokines TNF-alpha and IL-6. Nef expression is associated with astrocyte
activation, as measured by increased CD88 surface expression and elevated glial fibrillary
acidic protein. Myristoylated Nef anchored to the cell membrane can interact with
calmodulin and has been associated with increased secretion of MCP-1/CCL2, a potent
monocyte chemoattractant. MCP-1/CCL2 secretion decreases protein levels of occludin,
claudin-5, ZO-1, and ZO-2 at the TJs. An increase in secretion of IL-2 and IL-8 has also
been observed, along with a decrease in secretion of stromal cell-derived factor-1 and IL-10.
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Fig. 3. Tipping point: A model of BBB dysregulation and loss of homeostasis
A) During acute infection, an initial viral entry event into the CNS occurs. This is believed
to be through entry of an infected cell of the monocyte-macrophage lineage. Throughout
chronic infection, increased generation of or differentiation to a specific monocyte subset,
CD14low/CD16+ that traffics preferentially to the BBB and constitutively secretes IL-1 and
TNF-alpha is observed in patients with HIV. Once at the BBB, infected cells secrete IL-1,
TNF-alpha, Tat, gp120 and other viral proteins causing altered TJ protein expression and
localization and BMEC activation leading to increased passage across the BBB. Crosstalk
between monocytes and BMECs in this inflammatory state leads to reciprocal activation of
the two cell types, allowing for diapedesis of, likely infected, monocytes. Tat and gp120 are
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able to enter BMECs through adsorptive endocytosis, altering TJ regulation and delaying TJ
closure, creating an opportunity for free virus and viral proteins to enter the CNS through
non-specific passage mechanisms. In addition, gap formation has been observed under these
conditions, however, the endothelium is able to repair. In the CNS, other cells including
astrocytes, pericytes, and perivascular macrophages can be infected and will further secrete
Tat, gp120, and proinflammatory cytokines leading to further BMEC activation.
Additionally, astrocytes will express high levels of Nef, and secrete MCP-1/CCL2, IL-2, 6,
and 8. This process greatly facilitates viral entry into the CNS. Additionally, Tat has been
shown to be chemotactic for monocytes, bringing more monocytes to the site of infection.
While homeostasis is strained, as long as the barrier is able to recover and repair balance can
be restored. This state of enhanced passage may correlate with early HAND development.
B) After prolonged exposure to viral proteins, proinflammatory cytokines, and infectious
virus, BBB dysregulation exceeds the threshold of what can be restored. Constant BMEC
activation leads to greatly increased monocyte firm adhesion and diapedesis, further
spreading infection throughout the CNS. High levels of Tat and gp120 entering BMECs
altering TJ protein expression and stability cause further delays in TJ closing, and there is
more leakiness in passage. Gap formation is also enhanced, pushing repair mechanisms to a
limit. Astrocyte death is also observed, often in cells neighboring those that are infected.
Disturbance of the homeostasis between the periphery and the CNS, along with peaks in
inflammatory cytokines, neurotoxic viral proteins, and infectious virions suggest a
correlation with the onset of more severe neurocognitive symptoms.
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Table 1

The effects of drugs of abuse on the BBB.

Cocaine Morphine Methamphetamine

TEER value Decrease (Fiala et al. 2005) Decrease (Mahajan et al. 2008) Decrease (Ramirez et al. 2005)

Barrier
permeability

Increase monocyte
transmigration and FITC-D

passage (Fiala et al. 1998; Fiala et al.
2005; Gan et al. 1999)

Increase PBMC
transmigration (Mahajan et al.

2008)
Increased Na-F passage

(Ramirez et al. 2005; Banerjee et al. 2010)

Cytokines and
Chemokines

Increase MCP-1 (Dhillon et al. 2008;
Yao et al. 2010), CCR2

(Dhillon et al. 2008), TNF-α,
IL-6 (Gan et al. 1999)

Increase TNF-α and IL-8
secretion

(Mahajan et al. 2008)
ND

Interendothelial
gap formation Increase (Fiala et al. 2005) ND Increase (Ramirez et al. 2009)

ZO-1 protein
stability Decrease (Dhillon et al. 2008) ND ND

TJ protein
expression ND

Decrease ZO-1 and
occludin (from RNA level)

(Mahajan et al. 2008)

Decrease ZO-1, claudin-5, and
occludin (Ramirez et al. 2005;

Banerjee et al. 2010)

ROS production ND ND Increase (Banerjee et al. 2010;
Kiyatkin and Sharma 2009)

Synergy Tat (Ghandi et al. 2010) Tat (Mahajan et al. 2008) Tat, gpl20
(Banerjee et al. 2010)

transendothelial electrical resistance (TEER), zonula occludens 1 (ZO-1), tight junctions (TJ), reactive oxygen species (ROS), tumor necrosis factor
α (TNF-α), sodium-fluorescein (Na-F), FITC-dextran (FITC-D)
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