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REGIONAL HETEROGENEITY AND DIVERSITY OF
ASTROCYTES IN RESPONSE TO HIV-1 PROTEINS AND
MORPHINE
Abstract
HIV-infected individuals who abuse opiates have been found to have a higher
incidence and a faster progression of HIV encephalitis. Astrocytes, the major support
cells in the CNS, are known to play a critical role in the HIV neuropathy. Although
astrocytes tend not to be productively infected by the HIV-1 virus, dysregulation of their
pro- and anti- inflammatory cytokines/chemokines secretion is usually neurotoxic.
Glutamate transport in astrocytes is reported to be impaired as well, which result in
extrasynaptic excitatory neurotransmitter accumulation and over stimulation of
postsynaptic neurons. It is long known that astrocytes from different brain regions have
diverse responses to extracellular stimulants. However, few publications discuss the
regional heterogeneity of astrocytes in HIV infected central nervous system. Based on
the above information, we hypothesize that astroglia from different brain regions vary in
their responses to HIV proteins and the responses could be influenced by co-treatment of
morphine. To test this we cultured astrocytes from cerebral cortex, cerebellum and spinal
cord, treated them with HIV-1 proteins Tat and gp120 with or without morphine and
opioid receptor (mu, delta and kappa receptor) antagonist, naloxone. After 12-18 hours,
conditioned medium from each group was analyzed using a Bio-Plex array. Cells from
striatal cultures were harvested and lysed; proteins were extracted and evaluated with
Western blotting to see whether EAAT2 expression on astrocytes is changed. Results
showed that there were significant regional differences among three brain regions in
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cytokine/chemokine release, both in their basal secretion and in response to viral proteins.
Astrocytes from spinal cord and cerebellum had a significantly higher basal secretion
than those from cortical glia. All regions had increased cytokine/chemokine secretion
when treated with Tat. Astroglia from the cortex showed the highest overall accumulation
of cytokines/chemokines. Astroglia from the spinal cord had a slightly lower response
overall, although KC expression was highest than other two groups in response to HIV-1
proteins. Astroglia from the cerebellum had a noticeably low response to Tat compared
with those from spinal cord and cortex. However, concurrent morphine administration
did not have a synergistic effect. No significant change in cytokines/chemokines release
was seen when treated by gp120 with or without morphine. No significant change was
found in EAAT2 expression on astrocytes either. In conclusion, astrocytes from different
brain regions had different baseline secretion pattern and responses to viral protein. Tat
had a noticeable effect in inducing cytokines/chemokines production in astrocytes from
all brain regions, while limited change could be found with gp120 and morphine
treatments. No significant change was found in EAAT2 expression on astrocytes.

xi

Introduction
Although microglia are the main site of HIV productive infection in the CNS,
astrocytes are also significant in the neuropathology associated with HIV. Astrocytes
provide trophic metabolism and structural support for neurons. They also perform an
extremely important role in brain and in HIV infection with cytokines/chemokines
secretion to regulate leukocytes migration and proliferation. Astrocytes, contacting with
the endothelial cells by the endfeet processes, induce formation of the blood-brain barrier
(BBB). During brain inflammation, astrocytes get activated, proliferate and migrate to the
injured area, a process which is overall referred to as reactive gliosis. This response leads
to astrocyte dysfunction, including alteration in BBB permeability, which facilitates
monocyte/macrophage infiltration into CNS [Mucke and Eddleston, 1993], glutamate
transport dysregulation, aberrant cytokines/chemokines production and reduced ability of
astrocytes to support neuronal cells [Wang et al, 2003; El-Hage et al, 2005]. Therefore,
studying the effects of HIV-1 on astrocytes is important in understanding HIV-associated
neuropathology and therapeutic strategies.
Astrocytes are a originally described as a group of stellate shaped cells in the
central nervous system, acknowledged by Virchow at late 19th century and early 20th
century with the term of ‘Nervnkitt’ to account for ‘a connective substance formed in the
brain and spinal cord, in which the nervous system elements are embedded.’ [Kettenmann
et al, 1995].
1. Morphology and ultrastructure of astrocytes and astrocytes-related cells
in mammals
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Astrocytes are developed from the neuroectoderm of the neural tube. They were,
under light microscope, described by Cajal in 1913 [Kettenmann and Bruce, 2005] with
gold chloride sublimate staining technique, as cells which had stellate appearance and
numerous processes terminated on blood vessels and pia mater, containing subcellular
particles. Morphologically, astrocytes are further divided into two types: protoplasmic
astrocytes in gray matter, which have numerous short, thick and extensive branched
processes with spinous projections, and fibrous astrocytes in white matter, which have
elatively long, thin and straight processes with few branches [Fedoroff et al, 1986; Ross
et al, 2005].

Figure 1 Two types of astrocytes in central nervous system [Leichnetz, 2006]. There
are two types of astrocytes: protoplasmic astrocytes and fibrous astrocytes. As shown
above, (a) fibrous astrocytes, located in white matter, have long, straight processes,
sparsely branched. (b)Protoplasmic astrocytes, located in gray matter, have numerous
short and thick processes, with numerous spinous projections.
In the 1950s , astrocytes were identified under electronic microscope [Luse, 1956;
Farquhar and Hartmann, 1957] as cells with large and light nuclei, sparsely distributed
organelles, giving rise to a ’ watery cytoplasm’. There were glycogen particles and
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bundles of filaments in both fibrous and protoplasmic astrocytes. The filaments,
described as the most characteristic inclusions in the cytoplasm of astrocytes, are
intermediate filaments, 6-9 nm in diameter, compacted into bundles 1-2 µm in diameter
[Fedoroff et al, 1986]. The major component of the filaments is glial fibrillary acidic
protein (GFAP) [Eng et al., 1971], a 49 KD protein [Bignami et al, 1972].

Figure 2. Electron microscopy of astrcoytes [Leichnetz, 2006] (a) protoplasmic
astrocyte with glycogen granules and (b) fibrous astrocytes with glial filaments.
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In recent years, astrocytic cells can be visualized with immunocytochemical
markers such as glial fibrillary acidic protein (GFAP), a major component of intermediate
filaments, and S-100β or S 100 calcium binding protein β, which specifically expressed
in cytoplasm and nucleus of astrocytes [Kettenmann and Bruce, 2005] . The
immunoreactivities to the labels of astrocytes would change along with brain maturation
and differentiation [Kettenmann and Bruce, 2005]. For example, during CNS
development, vimentin and nestin are expressed in immature astroglial cells [Lendahl et
al., 1990; Colucci-Guyon et al, 1994]. As the cell matures, glial fibrillary acidic protein
(GFAP) expression increases [Liedtke et al, 1996] and vimentin and nestin expression
decreases [Zehner and Paterson, 1983]. GFAP then replaces vimentin and nestin, and
becomes a reliable marker for differentiated astrocytes [Eddleston and Muckle, 1993,
Eng and Ghirnikar, 1994].
After over 100 years of study, astrocytes are considered more and more important
in central nervous system (CNS) both physiologically and pathologically rather than just
simply occupy the spaces between neurons.
2. Astrocyte functions: the following sections will mainly focus on the roles of
astroglia in supporting neurons, neurotransmitter regulation and cytokines/chemokines
production in inflammation
2.1 Neuron Support:
Astrocytes are the major glial cell type in the central nervous system. They not
only physically support neurons, but also influence neuronal function through the release
of neurotropic factors, assist synaptic formation and maintenance, guide neuronal
development, regulate neurotransmitter metabolism, and contribute to the integrity of the
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blood-brain barrier [Bush et al. 1999; Rubin and Staddon 1999; Sofroniew et al. 1999;
Haydon 2000; Ullian et al. 2001]. They are the major source of extracellular matrix
(ECM) proteins, adhesion molecules and trophic factors, which are critical in regulating
neuron development, maturation and survival [Bernstein JJ et al, 1985; Gonzalez ML et
al, 1993]. Receptors for these guidance molecules are present on growth cones and the
filopodia of neurons. During interaction with ligands in the extracellular matrix (ECM),
they display variant effects such as attraction, repulsion, promoting or inhibition.
Therefore, neurites outgrowth during development or after injury depends on the balance
of these guidance cues [Powell and Geller, 1999; Ard et al, 1993].
2.2 Glutamate uptake, transport and regulation
Astrocytes play an important role in clearing up the extrasynaptic glutamate
neurotransmitter [Danbolt et al, 2001]. Their dysfunction is frequently involved in the
pathogenesis of many neurological disorders, such as amyotropic lateral sclerosis,
epilepsy, Alzheimer’s disease, as well as HIV associated dementia [Choi et al,1988;
Hansson et al, 2000; Maragakis and Rothstein, 2001].
Glutamate is known as the major excitatory neurotransmitter in the mammalian
CNS. It is implicated in complex neuronal activities such as learning and memory
acquisition [Mayer and Westbrook, 1987].Besides this, glutamate is also a nonessential
amino acid, important in cell metabolism. Glutamate has two types of receptors,
ionotropic glutamate receptors (iGluRs) and metabotropic glutamate receptors (mGluRs)
(Figure 2). iGluRs are ligand gated ion channels, on which, binding of glutamate induces
rapid influx of sodium and calcium ions into the postsynaptic neuron. N-methyl-Daspartate (NMDA), AMPA and kainate receptors are three subtypes of iGluRs. mGluRs
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are G-protein coupled receptors (GPCRs), through which, binding of glutamate activate
G proteins and subsequently activate or inhibit intracellular signaling pathways
[Rosemond et al., 2004]. mGluRs is classified into three groups, Group I mGluRs
(mGluRl, 5), Group II mGluRs (mGluR2, 3) and Group III mGluRs (mGluR4, 6, 7 and 8)
based on their difference on pharmacological properties [Pin and Acher, 2002]. Excessive
activation of glutamate receptors triggers uncontrolled intracellular signaling cascades
and results in neuronal excitotoxicity. Therefore, prompt removal of glutamate from
extracellular environment becomes crucial to neuron survival [Sheldon et al, 2007].
The high-affinity sodium-dependent glutamate transport was described in brain
tissue more than 20 years ago [Balcar et al, 1972; Logan et al, 1972]. The uptake system
also transports several glutamate analogues, such as aspartate. Transport of one glutamate
molecule is coupled to the cotransport of three sodium ions and one proton and to the
countertransport of one potassium ion [Kanner et al, 1987; Bouvier et al, 1992]. The
family of glutamate transporters located on the plasma membrane of neuronal and glial
cells throughout the CNS. They have five subtypes (EAAT1-5), according to their
different distribution and pharmacological properties; each subtype has 8 transmembrane
domains, with intracellular carboxyl and amino terminals (Table 1) [O'Shea, 2002].
Many studies suggested that glutamate uptake in astrocytes is highly affected by
neighboring cells or by diffusible factors. For example, direct exposure of astrocytes to
IL-1β, a key proinflammatory cytokine, markedly inhibits glutamate transport activity,
while IL-1 receptor antagonist was found to be able to reverse the decreased astrocytic
glutamate uptake [Ye and Sontheimer, 2002; Hu et al., 2000]. Its mechanism included
elevated production of NO and reactive oxygen species [Chao et al., 1995; Hu et al.,
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2000], therefore indicating that there exists a crosstalk between chemokine/cytokes
interaction and glutamate uptake in astrocytes. Volsky et al also found that glutamate
uptake was injured by HIV-1 protein gp120 by transcriptionally downmodulating EAAT2
transporter gene in human astrocytes and attenuate EAAT2 expression [Wang et al, 2003].
Given the fact that when treated with opiates and/or HIV-1 Tat, MCP-1, RANTES and
IL-6 were increasingly released from primary striatal astrocytes [El-Hage et al, 2005], we
were interested to investigate whether astroglial glutamate transporter expression in
astrocytes was also influenced by HIV-1 proteins.

a
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Figure 3: Schematic drawing of a glutamatergic synapse (a) Glutamate activates
several different types of glutamate receptors located on the post-synaptic neuron,
presynaptic terminal, and the surrounding astrocytes. For simplicity, receptors in this
drawing are only shown on the post-synaptic terminal. Glutamate in the synaptic space is
cleared by transporters that are located on the postsynaptic termini and on the glial
processes. EAAT3 and EAAT4 are primarily expressed on neurons, while EAAT1 and
EAAT2 are expressed on astrocytes. Transport of one glutamate molecule is coupled to
the cotransport of three sodium ions and one proton and to the countertransport of one
potassium ion. (b) The driving force for glutamate transport is consequently membrane
potential and the ion gradients, which are built up by Na+-K+ ATPase.
Table 1 EAAT subtypes, distribution and pharmacology
(Modified from O’Shea, 2002)
EAAT
subtypes

Major Cell
Type

CNS
distribution

Competitive Noninhibitor
competetive
inhibitor

EAAT1
(GLAST)

Glia;
Transiently in
a small
number of
neurons

Predominantly
cerebellar
Bergmann glia;
but also in glia
throughout CNS

L-CCG- III, TBOA
THA, PDC,
4MG,
MPDC,
SOS, T4HG

EAAT2
(GLT-1)

Exclusively in
glia

EAAT3
(EAAC1)

Neuron

Forebrain,
cerebellum and
spinal cord
Throughout
CNS

L-CCG- III,
THA, SOS,
T4HG
L-CCG- III,
THA, PDC,
MPDC,
SOS
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MPDC,TBOA,4
MG, DHKA,
3MG, KA
TBOA

EAAT4

Neuron

EAAT5

Neuron

Purkinje cell of
cerebellum
Rod
photoreceptor
and bipolar cells
of the retina

THA,
PDC,αAA

TBOA
TBOA, THA,
PDC

* L-CCG-III: (2S,3S,4R)-2-(carboxycyclopropyl)glycine; DHKA: l-dihydrokainate; KA: kainate; 3MG: (+/–)-threo-3methylglutamate; 4MG: (2S,4R)-4-methylglutamate; MPDC: l-antiendo-3,4-methanopyrrolidine dicarboxylate; PDC: l-transpyrrolidine-2,4-dicarboxylate; SOS: l-serine-O-sulphate; T4HG: l-threo-4-hydroxyglutamate; TBOA: dl-threo- β-benzyloxyaspartate;
THA: l(–)-threo- β-hydroxyaspartate.

2.3. Secretion of cytokines/chemokines and role in inflammation
Cytokines/chemokines were demonstrated to have important role in progression
of many inflammatory diseases in CNS including HIV-associated neuropathy [Clinque et
al, 1998; Corasaniti et al, 2001; Zhao et al, 2001]. Astrocytes are potentially important
contributors to inflammatory immune responses within the brain. Their functions include
antigen presentation, cytokines and chemokines production and secretion [Wisniewski et
al. 1989; Tyor et al. 1992; Wesselingh et al. 1993; Giulian et al. 1995; Conant et al. 1998].
Our study mainly focused on their dysfunction in cytokines/chemokines production when
exposed to HIV-1 protein with or without morphine and comparison of
cytokines/chemokines production among different brain areas.
Inflammation is a nonspecific biological response by the human body to any
agents that cause cell or tissue injury. These agents could be physical (i.e. laceration,
heat), caustic chemical (i.e. acid or alkali substances) or pathogenic (i.e. bacterium or
virus), which induce both local and systematic inflammatory reactions. Local reaction
begins with blood vessels dilation and increased vessel permeability. Leukocytes are
attracted and migrate through vessel wall to the damage area. Inflammatory response is
normally characterized by five signs: swelling or edema, redness, pain, heat and loss of
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function. The polymorphonuclear leukocytes and mononuclear cells (monocytes,
macrophages) are most important cells in phagocytizing pathogens and cleaning up
debris in the injured area. Inflammatory responses in brain tissue are very different from
other tissues in the body. The brain was once thought to be an immune privileged organ
in which the expression of MHC class II antigen is minimal [Matsumoto et al, 1986],
brain-blood barrier (BBB) prevents the passage of large molecules to immune cells from
blood into brain. Now this view has been updated by current studies. People recognize
that brain could not only receive signals from injured area but also exhibit an array of
inflammatory responses which are, however, still different in brain compared with other
parts of the body [Kreutzberg GW, 1996; Liu and Hong, 2003; Stret et al, 1999]. For
example, because of the existence of BBB, leukocyte recruitment after injury occurs
could be delayed, limitations of the skull makes brain edema potentially lethal.
Once stimulated during infection, microglia become activated and release proinflammatory cytokines, which in turn stimulates astrocytes to secrete a cascade of
additional cytokines/chemokines [Kreutzberg GW, 1996], which are significant
components in acute brain inflammation, in repairing damaged tissues, recruiting
leukocytes, and increasing capillary permeability. But in chronic infection, uncontrolled
and sustained cytokines/chemokines releasing is deleterious [Coussens and Werb, 2002].
Chemokines, named by merging of the term “chemotactic” and “cytokine”, are
essential in the inflammatory process in attracting leukocytes to injured tissue. To date,
over 40 chemokines have been identified. They are small proteins with molecular weights
around 8-10 KD. Most chemokines possess a unique structural domain consisting of four
conserved cysteines in N-terminal region [Fernandez and Lolis, 2002]. Chemokines are
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subdivided into four families based on the local sequence of N-terminal at the first two
cysteine residues. The four chemokine subfamilies are CXC or α-chemokines with one
amino acid between two cysteines, CC or β-chemokines with first two cysteines adjacent
to each other, CX3C or γ-chemokines with three amino acids between two cysteines and
C or δ-chemokines have only two cysteines at N-terminal [Luster, 1998;Rollin, 1997].
CXC and CC families are best characterized among all four families. In CXC family,
chemokine could be further divided into two groups, one containing a glutamic acidleucine-arginine (ELR) preceding CXC sequence near N-terminal and the other group
without such sequence. ELR chemokines could attract neutrophils, while those without
this sequence act on lymphocytes. Chemokines in CC family generally attract monocytes,
eosinophils, basophils and selectively lymphocytes [Luster, 1998; Rollin, 1997].
Chemokine receptors are designated as CXCR1-4 for CXC chemokine receptors, CCR18 for CC chemokine receptors, CX3CR1 for one CX3C chemokine receptor. They belong
to the family of 7-transmembrane spanning (7-TMS), G-protein-coupled cell surface
receptors (GPCR) (Table 2) [Luster, 1998; Rollin, 1997].
Cytokines are soluble proteins or glycoproteins, weighing between 8 to 30 KD,
produced by leukocytes and many other types of cells. Cytokines act as intercellular
signaling peptides through autocrine, paracrine, or endocrine modes of action. They
regulate immune defenses or inflammation responses including regulating lymphocytes
migration, proliferation and differentiation, developing and maintaining the inflammatory
and immune responses after activated by the stimuli such as injury and infection. Most
cytokines have the following four characteristics: pleiotropy (most cytokines are
multifunctional), redundancy (some cytokines share the same function), potency (most
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cytokines act in low concentration such as in the nanomolar or femtomolar range), and
act in cascades and networks. These properties enable them to amplify the immune
responses as well as inhibit overactivation, thus maintaining a balanced immune response
towards internal or external stimuli [Fitzgerald KA et al, 2001].
Table 2 Chemokine subfamilies and receptors
(modified from Luster, 1998; Rollin, 1997)

Astrocytes are one of the major sources of pro- and anti-inflammatory
cytokines/chemokines, including IL-1, IL-6, IL-10, GM-CSF, G-CSF, M-CSF, TNF-α,
and TGF-β, and important chemokines, such as RANTES, IL-8 and MCP-1 [Norris et al,
1994; Morganti-Kossmann et al, 1992; Park et al, 2009; Raivich et al, 1999]. The ability
to secrete cytokines/chemokines enable astrocytes to serve as integral contributors to
development of CNS immune responses. At the earliest stage of many types of infections
in the central nervous system, astrocytes detect and respond to pathogens by release proand anti-inflammatory cytokines, including IL-6, TNF-α etc [Minagar et al. 2002; Bailey
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et al. 2006]. The inflammatory response, although required for pathogen/antigen
clearance and damage repair, can also result in collateral damage to the delicate cells
present in the CNS such as neurons. For example, MCP-1 is mainly involved in
monocytes and lymphocytes recruiting, thus important in HIV encephalitis amplification;
IL-1β secreted by astrocytes induced calcium influx and triggered apoptosis cascades in
neurons [Yeh et al, 2000; Xiong et al, 1999; Kuang et al, 2009].Damage to these cells is
particularly devastating due to limited regenerative capability [Klegeris et al, 2007].
Therefore, cytokines/chemokines released from astrocytes is a good indicator of
inflammatory status of the HIV-infected brain.
2.4 Astrocytes exhibit regional heterogeneity and plasticity
Given the diverse function of the astrocytes and their significant roles both
physiologically and pathologically, it is becoming apparent that astrocytes need to modify
their characteristics as the environment changes around them throughout life under both
physiological and pathological conditions. For example, during neuronal migration and
maturation, the morphology of astrocytes changes remarkably. In the early development,
astrocytes elongate to form radial fibers, called radial glia, in order to guide immature
neurons to migration, while their long processes retract after neurons migrated to their
adult positions later during development [Culican et al,1990; Rakic, 1971,1985].
A number of morphologically distinct astrocytes classes have been identified in
adult CNS system: protoplasmic astrocytes in gray matter, fibrous astrocytes in the white
matter, and specialized astrocytes such as Bergmann cells in cerebellum, and Müller cells
in retina [Somjen 1988; Garcia-Marin et al. 2007; Kettenmann and Verkharatsky 2008].
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They are not only morphologically different, but astrocytes have diverse
characteristics as well. For example, astrocytes of the corpus callosum, a large subcortical
white matter region, express high GFAP levels, whereas GFAP expression in astrocytes
of cerebral cortex and striatum is comparatively lower and sporadic among cells [Bachoo
et al. 2004; Lein et al. 2007;Bignami et al. 1972; Ludwin et al. 1976]. EAAT2 is more
highly expressed in the hippocampal formation than in the cerebellum, whereas the
opposite pattern of expression is observed for EAAT1 (GLAST) [Lehre et al. 1995].
To explain the diversity of receptor expression in astrocytes, McCarthy and
coworkers did a series of experiments [Shao Y and McCarthy KD, 1994]. They
pretreated the primary astrocyte cultures from identical clone with carbachol, an
acetylcholine receptor agonist, 5 min per day for 3 days, found the loss of carbachol
response in term of loss of intercellular [Ca2+], while other ligands response (i.e.
norepinephrine) still remained. They excluded the possibility of receptor desensitization
since it occurred shortly after drug exposure. The delayed loss of response was also
unlike receptor down-regulation, which required continuous presence of drug. Instead,
they suggested that the external signals played an important role in regulation glial
responses. According to the results, they further indicate that during brain maturation,
some certain glial responses may be turned off by certain neurotransmitters released from
neurons [Shao Y and McCarthy KD, 1994].
Astroglial morphology could also be modulated by neurotransmitters. McCarthy’s
study suggested that norepinephrine can stimulate glial stellation through activation of βadrenergic receptors in the hypothalamus and pituitary gland, while glutamate at
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concentration from 50 to 500 μM can not only block, but also reverse, the isoproterenolinduced stellation [Shao Y and McCarthy KD, 1994].
Therefore, astrocytes can exhibit both morphological and functional plasticity as a
consequence of extrinsic signals from neurons and possibly other types of cells. The most
famous example of astrocyte plasticity is that which is acquired during inflammation or
after neuronal injury. During the early stages of brain injury, astrocytic intermediary
metabolism is impaired and protective astrocytic functions, such as glutamate uptake,
potassium buffering, or elimination of free radicals, become compromised [Andersson et
al., 2001], which is the result of the local environment alteration. During CNS
degenerative processes, local astrocytes proliferate, become hypertrophic and undergo
alteration in gene expression. This process is called reactive gliosis, driven by various
autocrine and paracrine factors secreted locally.
Since there are few articles in the literature discussing the regional heterogeneity
of astrocytes in HIV infected CNS, our study may be helpful in clarifying various HIVassociated neuropathologies in different brain region.
3. HIV-1 structure, proteins and associated HIV-associated dementia
pathology
Human immunodeficiency virus (HIV) belongs to the primate lentivirus genus of
the Retroviridae family. There are two species of HIV known to exist: HIV-1 and HIV-2.
HIV-1 is the virus that was initially discovered. It is more virulent, more infective, and is
the cause of the majority of HIV infections globally. There are 40 million people
worldwide currently infected with HIV-1 [Ances and Ellis, 2007]. The introduction of
highly active antiretroviral therapy (HAART) has greatly reduced mortality from HIV,
but since the drugs fail to get through brain blood barrier, brain becomes an important
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reservoir for virus. Thus the proportion of individuals with HIV neurocognitive
impairment—either with minor cognitive motor disorders (MCMD) or
neuropsychological impaired –actually has increased. Symptoms can result directly from
infection or indirectly by increasing susceptibility to opportunistic infections and HIVrelated malignancies. What was once an almost uniformly fatal illness is now a chronic
disease requiring long-term medical management [Bell et al, 2006; Brew 2004].
The structure of HIV-1 virus includes a lipid membrane envelope with gp120 on
its surfaced anchored by gp41, a cone-shaped capsid core comprising viral protein p24,
and two copies of single positive stranded RNA with attached reversed transcriptase.
Gp120 and Tat are two HIV-1 neurotoxic proteins. Gp120 is significant for virus entry
into host cells. Tat is not a virus structural protein but produced by infected cells, which
is essential in virus replication. Both of them are important in HIV-associated
neuropathy [DeVita et al, 1997] (Figure 4).
Tat, standing for ‘trans-activator of transcription’, is one of the first genes
produced after HIV integration. The 86 amino acids of Tat are encoded by 2 exons. The
first exon encodes amino acid 1-72, including proline-rich domain, cysteine-rich domain
and basic domain; the second exon encodes 73-86 amino acids, named RGD-containing
C-terminal domain. Tat is a potent transactivator of HIV-1. Actually, the first 72 amino
acid (Tat1-72) fully possess the transactivating ability. The cysteine-rich region serves as
metal-ligands, leading Tat to form a metal-linked dimer to resist proteolytic digestion and
therefore is essential for tat function [Garcia et al, 1988; Frankel et al, 1988]. The basic
domain is important for nuclear translocation and transactivation [Endo et al, 1989].
Although the 73-86 peptide sequence is not required in Tat transactivating function, the

16

RGD containing domain involves in binding Tat with avb3 and a5b1 integrins [Barillai et
al, 1993], which is one of the important ways for Tat to enter astrocytes. Therefore, we
used Tat1-86, in our study to trigger as much responses from astrocytes as possible. It can
be secreted by infected cells at significant level to the extracellular space and remain
intact and functional [Westendorp, et al, 1995]. After release, Tat proteins or peptides are
capable of entering cells in vitro. Liu suggested that a principal pathway for Tat to enter
neurons is through binding it with low-density lipoprotein receptor (LPR) on cell surface,
followed by interaction with heparan sulfate proteoglycan (HSPG) and translocation to
nuclei [Liu, et al, 2000]. Tat also directly bind to NMDA receptors on neurons, cause
calcium influx and induce neuron apoptosis [Li, et al 2008]. Astrocytes uptake Tat by
binding it to cell surface integrin αvβ5 [Vogel et al, 1993; Ma and Nath, 1997]. Tat can
penetrate through plasma membranes by forming membrane invagination that leads to
formation of micelles with Tat peptide enclosed. Ultimately Tat is released into
cytoplasm, when the basic domain of Tat interacts with heparin sulfate
glycosaminoglycan on cell surface [Vivès E et al, 1997]. This property of Tat enables it
to be used as media to deliver other proteins or proteins into cells [Wadia and Dowdy,
2005].
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Figure 4. Schematic drawing of HIV-1 structure: the structure of HIV-1 virus includes
a lipid membrane envelope with gp120 on its surfaced anchored by gp41, a cone-shaped
capsid core comprising viral protein p24, and two copies of single positive stranded RNA
with attached reversed transcriptase.
In vitro administration of Tat in primary neuron culture was found to cause
significant neuron losses [Li et al, 2008]. Bilateral intracerebral injection of Tat could
cause developmental problem in neonatal rats, such as delayed onset of developmental
sensory-motor reflex, deficits in eye opening and preattentive processes and spatial
memory impairments in adulthood rats [Fitting et al, 2008]. In vitro studies showed that
there are a variety of mechanisms, including increased [Ca2+] [Haughey et al. 1999],
mitochondrial dysfunction [Norman et al. 2007], or by potentiating excitatory amino acid
triggered calcium influx and mitochondria dysfunction via NMDA receptors [Haughey
NJ et al, 2001] in Tat associated neurotoxicity.
However, an equally important mechanism of Tat-mediated neurotoxicity may be
indirect effects mediated by astrocyte dysfunction such as dysregulation of
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cytokines/chemokines production. Tat exposure could remarkably increase astrocytes
production of IL-6, MCP-1, RANTES, which are significant components in brain
inflammation [El-Hage, et al, 2006, 2008].
Tat could modulate cytokine production from astrocytes mainly through the
lipopolysaccharide-induced NF-κB signaling pathway [Hua et al, 2002; Kim et al, 2005;
Quinones et al, 2008]. As shown in the following figure [El-Hage, et al, 2008], after
exposed to Tat, I kappa B kinase (IKK) complex in astrocytes phosphorylates IκB,
leading to its degradation. NF-κB, which is constitutively inhibited by its binding to IκB,
is subsequently released and translocated from the cytoplasm into the nucleus to induce
the expression of genes including TNF-α, IL-6 and IFN-β [El-Hage, et al, 2008].

Figure 5. NF-κB signaling pathway: After exposed to Tat, I kappa B kinase (IKK)
complex in astrocytes phosphorylates IκB, leading to its degradation. NF-κB, which is
constitutively inhibited by its binding to IκB, is subsequently released and translocated
from the cytoplasm into the nucleus to induce the expression of genes including TNF-α,
IL-6 etc.
Therefore, Tat not only directly causes neuronal death but also changes supportive
environment by altering astrocytes function.
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The HIV-1 coat protein gp120 is formed from the cleavage of gp160, leaving a
gp41 fragment and can be readily shed to become a soluble protein. When HIV-1 virus
infects target cells, such as T lymphocytes, monocytes, macrophages, the viral envelope
protein gp120 binds to CD4 receptor. The interaction induces gp120 conformational
change which exposes gp41, and V3 loop of gp120 to chemokine co-receptors. The
chemokine co-receptors include CCR5, CCR3 and CXCR4, depending on different HIV1 strains. T-tropic viruses infects T-cells via α-chemokine receptor CXCR4 and/or the βchemokine receptor CCR5. M-tropic viruses infects macrophages/microglia via CCR5
and CCR3, but the α -chemokine receptor CXCR4 may also be involved [He et al, 1997;
Oberlin et al, 1996; Ohagen et al, 1999].With the interaction between gp120, CD4
receptors and chemokine co-receptors, HIV-1 envelope protein fuses with target cell
membrane and allows virus capsid to enter the host cell.
Wang et al reported that primary human fetal astrocyte culture had both decrease
EAAT2 RNA and protein expression either exposed to HIV-1 or the coat protein gp120
[Wang et al 2003]. Recent studies showed that gp120 participates in HIV-induced
neurotoxicity. For example, several studies indicated that gp120 causes rodent neuronal
cell death in vitro by interference with vasoactive intestinal peptide (VIP), an endogenous
neurotropic substance [Brenneman et al, 1988]. Gp120 also mediated dendritic neurite
dystrophy in hippocampus and thus leading to behavioral and learning problems [Glowa
et al, 1992].
4. Drug abuse, opioid receptors and HIV infection in brain
In 1806, a German pharmacist named Friedrich Serturner isolated the first active
ingredient in opium and named it morphine after the Greek god of dreams, Morpheus.
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For centuries, opium derived from secretions of Papaver somniferum seedpods has been
utilized for analgesic purposes. Along with the increased use of morphine and derivatives
of opium for medical purposes, the abuse of opiate drugs has also increased. Naloxone,
antagonist to all opioid receptors, is now widely used clinically to counter the effects of
opioid overdose, and in scientific research to study the pharmacology characteristics of
morphine. There are three well characterized types of opioid receptors found in
peripheral and central nervous system, designated as ( µ opioid receptor, MOR; κ opioid
receptor, KOR and δ opioid receptor, DOR) (Table 3) [ taken from Watling, 1998].
Table 3 Opioid receptors
[Revised from Watling, 1998]
µ

δ1

δ2

κ

DOR

KOR

Name of cloned
receptor

MOR

Exogenous agonists

DPDPE
DADLE
(-)-TAN-67
β-Endorphin

[D-Ala2,Glu4]Deltorphin
DSLET
β-Endorphin

U-69593
CI977
U-50488

Endogenous agonists

DAMGO
Morphine
sufentanyl
β-Endorphin

Endogenous selective
agonists

Endomorphin-1
Endomorphin-2

[Leu5]-Enkephalin
[Met5]-Enkephalin

Dynorphin
A

Endogenous
antagonists

β-FNA
CTAP
CTOP
β-CAN
Naloxone
Naltrexone
Cyprodime

Naltriben
Naltrindole 5’isothiocyanate
Naltrindole
β-CAN
Naloxone
Naltrexone
Cyprodime

nor-BNI

Receptor selective
antagonists

[Leu5]Enkephalin
[Met5]Enkephalin
BNTX
DALCE
Naltrindole
ICI-174,864
β-CAN
Naloxone
Naltrexone
Cyprodime
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β-CAN
Naloxone
Naltrexone
Cyprodime

Intravenous drug users (lVDUs) have long been known to have a higher
incidence of bacterial and viral infections than non-IVDUs by sharing of contaminated
needles [Louria et al., 1967]. According to 2002 national HIV-1 prevalence survey,
almost 40% of the total number of individuals who are HIV-1 positive in the United
States contacted HIV through intravenous drug use [Center for Disease Control, National
HIV-1 [Prevalence Survey, 2002]. Therefore, individuals who are IVDUs are at
substantial risk for infection with HIV. The question thus exists whether drug abusers
differ from other risk groups in progression of HIV-related disorders.
Some US studies [Nath et al. 2001; Tyor and Middaugh 1999] and a very large
number of European cohort studies [Chiesi et al. 1996] both showed that HIV infected
drug users have a higher prevalence of cognitive disorders than other groups of HIV
infected individuals. Survival time after AIDS diagnosis was also shorter in HIV-Iinfected IVDUs, compared with non-drug users, indicating that opiate use exacerbated
the HIV infection [Friedman, et a1. 1997; Rothenberg, et al, 1987].
While it is clear that some of the accelerated progression to AIDS is due to
peripheral effects of opioids on the immune system [Carr et al., 1996; Nyland et al., 1998;
Sharp et al., 1998a; Wetzel et al., 2000; McCarthy et al., 2001], we have studied whether
there are interactions between HIV or viral proteins and abused opiates directly on the
cells of the CNS.
Morphine is the major metabolite of heroin in the CNS, It interacts with the
three major opioid receptors and preferentially activates MOR [Sawynok, 1986].
Astrocytes have been found to express all combinations of MOR, DOR, and KOR on
their surface [Eriksson et al., 1990; Stiene-Martin and Hauser, 1990; Hauser et al., 1996;
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Stiene-Martin et al., 1998;]. When primary striatum astrocyte cultures were exposed to
Tat and morphine, increased chemokines/chemokines (i.e. RANTES, IL-6, MCP-1) were
released compared with that treated with Tat alone. Morphine has a synergistic effect on
cytokines/chemokines release from striatal astrocytes, which could be prevented by μopioid receptor antagonist beta-funaltrexamine or by immunoneutralizing Tat (1-72) or
substituting a nontoxic, deletion mutant (Tat delta31-61) [El-Hage, et al 2005], which
indicated that the synergistic effect of morphine is mediated by μ-opioid receptor, but this
effect requires participation of toxic/functional Tat protein. Further studies suggested
that morphine is able to potentiate Tat-induced increases in [Ca2+]i at the site upstream of
the NF-κB signaling pathway and regulate the Tat-induced cytokine release from
astrocytes [El-Hage et al, 2008]
Based on the above information, we hypothesize that astroglia from different
brain regions vary in their responses to HIV proteins and the responses could be
influenced by co-treatment of morphine. We will further investigate whether EAAT2
expression on astrocytes is altered by exposure to viral protein with or without opiates.
Since astrocytes plays a key role in HIV related encephalitis, their regional heterogeneous
responses to HIV proteins could help to reveal that there are different susceptibility of
different regions in CNS in HIV-related neuropathology.

23

Materials and Methods
1. Cell Culture
Astrocytes isolated from different brain regions were cultured to investigate
cytokines/chemokines produced by them in response to HIV and/or morphine treatment.
0-2 day postnatal ICR mice (Charles River Inc., Charles River, MA) were used for
astrocyte culture with our established protocol [El-Hage et al. 2005]. We analyzed N=5
experiments. Each “n” consisted of cells from 2 pups and was sufficient for a 24-well
plate. Pups were decapitated, the entire brain was removed and meninges were peeled off.
Then we separated the cerebral cortex and cerebellum under a dissecting microscope.
Spinal cord tissue was taken from the entire length of the lumbar and thoracic cord. All
cultures from different regions were done separately using identical procedure.
Tissues were diced with the tip of scalpels into about 2x2 mm2fine pieces in serumfree Dulbecco’s Modified Eagle’s Medium (DMEM; Invitrogen-Gibco, Carlsbad, CA),
dissociated in a solution containing trypsin and DNAse, (0.25% trypsin, 10 µg/ml DNAse)
for 30 minutes at 37°C and centrifuged at 1000 rpm for 5 minutes in room temperature.
We removed the supernatant and resuspended the cells in DMEM with 10% defined fetal
bovine serum (HyClone, Logan, UT), 6% glucose and antibiotics. The tissue was
triturated 12-15 times with a 10 ml pipette to allow large pieces of tissue to settle, and
filtered top 4 ml through a 135 µm nylon filter. The remaining tissue were triturated with
a 5 ml pipette and filtered through 135 µm nylon filter. Filtrates were collected and
centrifuged at 1000 rpm for 5 minutes in room temperature. We then resuspended the
cells, triturated with 5 ml pipette and filter through a 45 µm nylon filter. Before seeding,
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cells were checked under microscope; cell counts were done to make sure that each well
was seeded the same cell density of 2x105 cells/cm2. Then cells were plated onto the
surface of a poly-L-lysine coated 24 well plate. Every plate was bathed with 1 mg/ml
poly-L-lysine for 3 hours to overnight, rinsed with sterile water at least 6 times and leave
in the sterile laminar flow hood until completely dry. Usually the plates were coated
within two week before cell culture.
It took primary astrocyte culture from striatum, cerebellum and cerebral cortex 7-10
days to reach confluent, while cells from spinal cord usually took 14 days to reach 98%
confluent and be ready to be used in the experiments.
2. Immunohistochemistry:
Immunohistochemistry was used to determine the primary cell culture composition.
Cells were fixed for 30 min with 4% paraformaldehyde at room temperature, and blocked
for an additional 30 min with 1.5% goat serum and 0.1% Triton x-100 in PBS (pH 7.4).
Cells were incubated in primary antibody mouse anti glia fibrillary acidic protein (GFAP)
(1:200, Millipore, Temecula, CA, USA) or rabbit anti Iba-1 (2 µg/ml Wako, Osaka, Japan)
for 24 hours at 4°C, followed by fluorochrome-conjugated secondary antibodies goat anti
mouse IgG Alexa 488 (1:500, Invitrogen, Carlsbad, CA, USA) or goat anti rabbit IgG
Alexa 594 (1:500, Invitrogen). After the final wash, the cells were mounted on glass
slides with ProLong™ Antifade mounting media containing DAPI (Sakura Finitek USA,
Torrence, CA) to stain nuclei. Non-specific staining was determined by omission of the
primary antibody from the immunostaining procedure, while double-staining procedures
were conducted sequentially and employed secondary antibodies from different species.
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Images of immunostained cells were acquired using a fluorescence microscope equipped
with a digital camera (Zeiss).
3. BCA Protein Assay
Protein standards were prepared with one albumin standard (BSA) ampule, which
was diluted into 9 vials. The 9 vials contained BSA with concentration ranged from 0
µg/ml to 2000 µg/ml. BSA standards and samples were placed in a 96 well plate. 200 µl
of BCA working reagent (prepared from 50 parts of BCA reagent A and 1 part of BCA
reagent B) was then adding to each well. After mixing thoroughly, the plate was covered
and incubated at 37°C for 30 minutes. After the plate was cooled to room temperature, it
was read at 562 nm on plate reader. Absorbance measurement of blank standard was
corrected by subtracting from each individual standard and unknown sample replicates.
Then standard curve was prepared by plotting the measurement for each corrected BSA
standard. With this standard curve, the protein concentrations of the samples could be
determined.
4. HIV-1 Protein and Opiate Treatments
There are 11 treatment groups in our experiment: control, Tat only, Tat + morphine,
Tat + morphine + Naloxone, gp120 only, gp120 + morphine, gp120 + morphine+
Naloxone, Tat + gp120, Tat + gp120 + morphine, Tat + gp120 + morphine + Naloxone
only, morphine only. Drug or HIV-1 proteins were administrated in accordance with our
previous studies [El-Hage et al. 2005, Singh et al. 2004, and El-Hage et al. 2006]. Tat186 (IIIB strain; ImmunoDiagnostics, Woburn, MA) is production from Escherichia coli
system, which is purified by reverse phase HPLC and ion affinity to purity over 99%.
Gp120 (IIIB strain; ImmunoDiagnostics) is a product from a baculovirus expression
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system and purified to over 95% by immune-affinity chromatography. Tat1-86 and gp120
were administrated at concentration of 100 nM and 500 pM respectively for 18 hours to
produce maximum effects on cytokine output but have less autocrine or paracrine
secretory effects that complicate interpretation.
5. Intracellular [Ca2+] assay
Activity of gp120 and the morphine preparations was evaluated with ratiometric
intracellular [Ca2+] assay. Cortical astroglia were cultured in 96 well plates. At 80-90%
confluence, the culture was incubated in 10μM fura-2/AM (Molecular Probes, Eugene,
OR) solution (diluted in Hank’s Balanced Salt Solution with 10mM Hepes buffer (pH 7.2)
for 45 min at 35°C). It was then washed twice and incubated for another 30 min at same
temperature. Ratiometric Ca2+ were measured at 340- and 380-nm excitation and 510520 nm emission wavelengths [Grynkiewicz et al. 1985] in the fluorescent microplate
NOVO Star reader equipped with an integrated injector (BMG Labtech, Durham, NC).
Measurements were done twice on 6 samples per treatment before and after morphine
(500 nM) or gp120 (500 pM) injection in each well. Data are presented as the mean of
fura-2 ratio 340 / 380-nm ± standard error of mean (SEM).
6. Bio-Plex Assays
Our analysis was performed on the following cytokines/chemokines: IL-1β, GMCSF, IL-9, IFN-γ, TNF-α, RANTES, KC, MIP-1α, MCP-1, Eotaxin and MIP-1β. In
initial experiments, 23 cytokines and chemokines were assayed including IL-1α, IL-1β,
IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 (p40), IL-12(p70), IL-13, IL-17, Eotaxin,
G-CSF, GM-CSF, IFN-γ, KC, MCP-1, MIP-1α, MIP-1β, RANTES, and TNF-α. But
nearly half of these cytokine are not observed consistently in any treatment group.
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Therefore, we picked the ones which showed dynamic response either in vehicle groups
or in treatment groups to continue the experiment.
Bio-Plex assay was performed with a mouse cytokine assay system (Bio-Plex;
Bio-Rad, Hercules, CA). Standard curves were prepared by sequentially four-fold diluted
recombinant cytokine standards. The assays were performed in the light-protected 96well microplate-format Bio-Plex assays (Bio-Rad) at room temperature. 50μl multiplex
bead working solution was first added to all wells and removed by vacuum filtration, and
then the wells were washed with 100μl of Bio-Plex wash buffer twice. After that, diluted
samples or blanks were shaked at 300 rpm in room temperature. 30 minutes later, beads
were washed with Bio-Plex wash buffer again, incubated with detection antibody and
streptavidin-PE respectively to detect and visualize fluorescence signals.
125 μl of Bio-Plex assay buffer was used to measure the fluorescence intensity of
the beads. Fluorescence measurement of blank standard was subtracted from each
individual standard and unknown sample to eliminate background. Then standard curve
was prepared by plotting the measurement for each corrected recombinant cytokine
standards. With this standard curve, protein concentration of samples could be
determined. Samples were measured and blank values were subtracted from all readings.
7. Western Blotting
To further investigate whether glutamate transport in astrocytes would be impaired
with morphine and/or HIV viral protein treatment, we did western blotting to assay the
expression of EAAT2 on primary striatal astrocyte culture. As stated above, primary
striatal astrocytes were cultured and treated with the same protocol as cells from other
brain region. 18 hours following HIV-1 proteins or morphine treatment, cells were

28

harvest and lysed in ice-cold RIPA buffer, which included 50mM NaCl, 1.0% IGEPAL®
CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50mM Tris, pH 8.0 with protease
inhibitor cocktail (Roche, Indianapolis, IN) . Cell lysates were resolved by SDS–PAGE
on 4-20% Criterion Precast Gels (Bio-Rad) and transferred onto a 0.2μm Amersham
Hybond™-P Hydrophobic polyvinylidene difluoride (PVDF) membrane (GE Healthcare).
The membranes were incubated in 5% (w/v) skim milk in T-TBS (0.1% Tween-20 in Tris
Buffered Saline) for 1 hour at room temperature (RT) and exposed to rabbit anti EAAT2
(1:1000, Abcam, Cambridge, MA, USA ) overnight at 4 °C. Membrane was washed in TTBS three times and for 15 minutes each time. Bound antibodies were detected by
appropriate horseradish peroxidase conjugated secondary antibodies anti rabbit IgG HRP
conjugated (1:1000, GE health). The membrane was washed in T-TBS again three times
and for 15 minutes each time, and then exposed to mouse anti-β-Actin-peroxidase
antibody (1:1000, Sigma) for 1 hour under room temperature. We used enhanced
chemiluminescence, detected and assayed the intensity of each band with Kodak Digital
Science 1D Image Analysis System (Eastman Kodak, Rochester, NY). Bands in each
group were normalized to β-actin then compared to the control of each group.
8. Statistics
Bio-Plex assay data were presented with Bio-Plex Manager software, version 4.0.
Since a few data of the original cortex (~10.9%) and spinal cord (~4.6%) samples had
readings out of the upper range, we diluted the samples from the above areas in 1:1 ratio
and analyze them again with the same procedure. As for the data below the lower limits,
they were replaced by the lowest detectable values to avoid the situation of missing data
points in the ANOVA analysis. Data concerning the basal release (pg/ml) of individual
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chemokines/cytokines from untreated astrocytes is presented as raw numbers, while data
of treated samples, both the original and the diluted values, are transformed as the
percentage of the control level of cytokine expression. Data were analyzed with
multivariate analysis of variance (MANOVA) techniques (SPSS 2008, Version 16.0 for
Windows, SPSS Inc.) to compare general trend of cytokines/chemokines across brain
regions, different treatment groups and brain region vs. HIV-1 proteins interaction.
Therefore, data were analyzed in three treatment group: Tat (2 levels: no, yes), gp120 (2
levels: no, yes), morphine (2 levels: no, yes), and three brain region group (3 levels:
spinal cord, cerebellum, cortex). Further post-hoc testing using the Bonferroni correction
factor was performed if there were significant ANOVA or MANOVA main effect to
determine specific treatment effects.
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Results
1. Astrocyte cultures: morphology and immunohistochemistry observation,
and protein assay
(1) Astrocyte culture:
Astrocytes were grown in medium containing 10% serum. Astrocytes from
different brain regions needed different lengths of time in the medium to become
confluent. It took 7-10 days to reach this level of confluence for cultures derived from
cerebellum and cortex, while 10-14 days were needed for cells from spinal cord.
(2) Morphology and Immunohistochemistry:
However, all cells seemed to have the same morphology when viewed by phase
microscopy. They are cells with an irregular round to oval shape, relatively light
cytoplasm, and numerous processes extended and attached to plates (Figure 6a). To
determine the culture purity, astrocytes were immunostained with antibodies against glial
fibrillary acidic protein (GFAP) (astrocyte marker) and Iba-1(microglia cell marker)
(Figure 6 b, c). Cultures derived from all of the regions contained more than 98%
astrocytes, with less than 1% microglia as determined (Figure 7a).
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Figure 6. Phase image and immunostaining of primary striatal astrocyte culture (a)
Phase image of primary striatal astrocyte culture; (b) Primary astrocytes were fixed and
immunostained with the astrocyte marker GFAP antibody (green), the microglia marker
Iba-1 antibody (red), and DAPI staining nuclei (blue) to evaluate the purity of the culture.
(c) microglial culture immunostained with an antibody to the microglia marker Iba-1
(red), and DAPI staining of nuclei (blue) to prove that the antibody we used works on
microglia cells.
(3) Protein assay:
Since our main purpose is to compare chemokines/cytokines released from
astrocytes of each brain region, it is important to know the number of cells in each culture.
Given the fact that astrocytes from each brain region are similar in basic feature and
morphology, protein concentration assay is a feasible and reliable way to achieve the
purpose. BCA protein assay was performed on confluent cultures from each brain region.
Although they took varied time to get confluent, the protein concentration at the end of
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the growth period was similar (Figure 7b), and this is significant for interpreting the
cytokines/chemokines assays because the possible difference of analytes thus comes from
inherent characteristics of astrocytes or HIV-1 proteins/ morphine treatment but not just a
different number of cells producing different amount of analytes.
a.
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Figure 7. Primary astrocyte culture purity and protein concentration: (a): Cultures
derived from all of the regions contained more than 98% astrocytes (GFAP), with less
than 1% microglia (Iba-1); (b). BCA protein assay showed that protein concentration of
astrocytes from different brain region was similar.
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(4) Intracellular [Ca2+] assay
To evaluate the biological activity of the prepared morphine and gp120,
intracellular [Ca2+] was measured with a standard ratiometric fura-2 AM assay. As shown
in Figure 8, morphine (500 nM) and gp120 (500 pM) administration induced a significant
increase in the 340/380 ratio, which indicated intracellular calcium elevation within cells.
Intracellular [Ca2+] increased more quickly in morphine-treated astroglial cultures than in
gp120 treated cultures, although the two treatments reached the similar fura-2 ratios after
5 minutes incubation.

Figure 8. Intracellular [Ca2+] measurement with a standard ratiometric fura-2/AM
assay. 80-90% confluent primary astrocytes were cultured in 96 well plates and loaded
with 10 µM fura-2/AM. Ratiometric Ca2+ was measured before and after morphine and
gp120 administration. Results were presented with mean of 340/380 ratio±SEM. The
two-way ANOVA (treatment and time) showed that both treatments (morphine and
gp120) have significant increased 340/380 ratio compared with vehicle group. N=6
independent samples from each treatment group.
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2. Basal Release of Chemokines/Cytokines
Cytokines/chemokines release from untreated (control) cells was analyzed using
Bio-Plex. Statistical analysis (one-way MANOVA) showed that primary cultured
astrocytes from all three brain regions secreted almost all of the 12 chemokines/cytokines
except IL-9 in the cortical glia, and IFN-γ and TNF-α from the cerebellar glia. These
were not detected by the Bio-Plex assay, and were either not secreted or were below the
limits of detection of this assay.
The regional heterogeneity of released chemokines/cytokines was also significant
(F (24, 4) = 11.94, p ≤ 0.05) according to one-way MANOVA analysis. GM-CSF (F(2,
12) = 5.77, p ≤ 0.05), INF-γ (F(2, 12) = 5.25, p ≤ 0.05), TNF-α (F(2, 12) = 12.65, p ≤
0.01), RANTES (F(2, 12) = 4.88, p ≤ 0.05), MCP-1 (F(2, 12) = 5.94, p ≤ 0.05), and IL-9
(F(2, 12) = 8.50, p ≤ 0.01) were the analytes contributing to the regional diversity of
cytokines/chemokines basal release. Astrocytes from cerebellum and spinal cord
released more analytes than those from cerebral cortex, while the cytokines/chemokines
levels were similar between cerebellum and spinal cord. (see Figure. 9).
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Figure 9. Basal release of cytokines/chemokines from astrocytes of cortex,
cerebellum and spinal cord. Five independent, primary astrocyte cultures from each
brain region were used. Statistical analysis (one-way MANOVA) and post-hoc
Bonferroni’s testing showed that GM-CSF, IFN-γ, RANTES, MCP-1, IL-9, and TNF-α
were significantly different among the three brain regions; *p ≤ 0.05, **p ≤ 0.01, ***p ≤
0.001. All data in the figure are expressed as the mean ±S.E.M
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3. Analysis of brain region- treatment interactive effects
(1) Brain region effects: All data were normalized as the percentage of basal
level of analytes within each brain region group. To investigate the effects of brain
regions on cytokines/chemokines release from astrocytes, data from all treatment groups
within the same brain region group were collected and compared among three brain
regions. 4-way MANOVA [3 (cortex, cerebellum, spinal cord) x 2 (±Tat) x 2 (±gp120) x
2 (± morphine)] showed that a significant brain region effect [F (24, 262) = 11.08, p ≤
0.001] existed for all chemokines/cytokines except IL-1β, IFN-γ, and KC (Figure. 10a).
Cortical astrocytes secrete higher levels of IFN-γ, TNF-α, IL-6, MIP-1α, Eotaxin, MIP-1β,
MCP-1, and IL-9 than cerebellum; spinal cord astrocytes secreted more IFN-γ, KC, MIP1α, RANTES, and MCP-1 than cerebellar astrocytes (Figure. 10a).

Figure 10. Regional heterogeneity of cytokines/chemokines secretion from
astrocytes treated with Tat. Five independent primary astrocyte cultures from each
brain region were used.
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a. Astrocytes from different brain regions secreted significantly different levels of
all analytes except IL-1β (see Table 4).
1
Post-hoc analysis of analytes between cortex and cerebellum revealed that
cortical astrocytes secreted significantly higher amounts of all analytes than those in
cerebellar cultures (p < 0.001), except for IL1-β, IFN-γ, and KC.
2
Post-hoc analysis of analytes between cerebellum and spinal cord revealed that
spinal cord astrocytes secreted significantly higher amounts of IFN-γ (p ≤ 0.001), KC (p
≤ 0.001), MIP-1α (p ≤ 0.023), RANTES (p ≤ 0.001), and MCP-1 (p ≤ 0.01) than those in
cerebellum cultures.
3
Post-hoc analysis of analytes between cortex and spinal cord revealed that
cortical astrocytes secreted significantly higher levels of IFN-γ (p ≤ 0.01), TFN-α (p ≤
0.001), IL-6 (p < .001), MIP-1α (p ≤ 0.001), eotaxin (p ≤ 0.001), MIP-1β (p ≤ 0.001),
MCP-1 (p ≤ 0.019), and IL-9 (p ≤ 0.001) than those in spinal cord cultures.
b. Astrocytes in Tat-treated groups secrete significantly higher levels of all
analytes than those in non-Tat treated groups (** p ≤ 0.01, ***p ≤ 0.001; Table 4).
c-e. 4-way MANOVA [3 (brain region) x 2 (±Tat) x 2 (±gp120) x 2 (±morphine)]
and post-hoc analysis using the Bonferroni correction factor showed that there was a
significant interactive effects between brain region and Tat [F(24, 262) = 8.42, p ≤ 0.001]
(Table 5),except IL-1β. Among three brain regions, cortical astroglia had the most
obvious response to Tat treatment, while cerebellar astrocytes had the least response to
Tat.
(2) Tat vs. gp120 vs. morphine effects
i. Tat effects.
As shown in Figure 10b, The 4-way MANOVA showed that primary astrocyte
cultures treated with Tat secreted significantly higher levels of chemokines/cytokines
except IL-1β compared with the non-Tat treated groups [F (12, 130) = 27.81, p ≤ 0.001]
(Figure. 10b, Table 4).
ii. Gp120 effects.
As shown in Figure 11a, cytokines/chemokines secreted from gp120 treated
astrocytes collected from all three brain region were not significantly different from
astrocytes in non-gp120-treated groups.
iii. Morphine effects.
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As shown in Figure 11b, cytokines/chemokines secreted from morphine treated
astrocytes collected from all three brain regions did not show a significant difference
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Figure 11. Cytokines/chemokines secreted from gp120 or morphine treated
astrocytes collected from all three brain region. (a) one-way MANOVA indicated that
cytokines/chemokines secreted from gp120-treated astrocytes collected from all three
brain regions were not significantly different from astrocytes in non-gp120-treated group
(n=5 for astrocytes from each brain region); (b) one-way MANOVA indicated that
cytokines/chemokines secreted from morphine-treated astrocytes collected from all three
brain regions were not significantly different from astrocytes in non-morphine-treated
groups (n=5 for astrocytes from each brain region)
4. Brain region x Tat Interactive Effects
4-way MANOVA [3 (brain region) x 2 (±Tat) x 2 (±gp120) x 2 (±morphine)]
analysis showed that astrocytes from different brain regions had a significantly different
response to Tat treatment [F (24, 262) = 8.42, p ≤ 0.001]. This was true for the release of
all cytokines/chemokines except IL-1β (Figure. 10 c-e and Table 5). Post-hoc Bonferroni
analysis (Table 6), further indicated that astroglia from the cortex had the highest release
of cytokines/chemokines in response to Tat (see also Figure. 10 c-e and Table 6).
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Astrocytes from spinal cord had a slightly lower response than those from cortex, except
that KC release from spinal cord astrocytes was the highest among all regional groups
(Figure. 10 c-e; Table 6). Cerebellar astroglia had the lowest response to Tat among
three brain regions, although their basally released amounts were quite high. However,
interactive effects between all other regional or treatment factors such as Tat and
morphine, Tat and gp120, gp120 and brain region, or gp120 and morphine, morphine and
brain region did not show a significant difference.
Table 4. F-values for 4-way MANOVA analysis on the chemokines/cytokines
released from primary astrocyte culture
Dependent
Variable

Brain Region
Main Effect
F (2, 141)
1.98

Tat Treatment
Main Effect
F (1, 141)
41.95***

GM-CSF

18.44***

126.00***

19.55***

IFN-γ

15.05***

18.56***

4.45*

9.31**

12.53**

9.13**

IL-6

16.66***

28.94***

15.57**

KC

9.15***

23.73***

9.14**

MIP-1α

42.85***

121.06***

33.15***

RANTES

11.10***

44.91***

10.97**

EOTAXIN

32.23***

116.71***

26.30***

MIP-1β

27.11***

68.27***

24.33***

MCP-1

22.00***

70.00***

20.38**

IL-9

50.98***

137.34***

43.56***

IL-1β

TNF- α

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001
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Brain region x Tat
Treatment interaction
F (2, 141)
1.43

Table 5. F-values for 3-way MANOVA analysis on chemokines/cytokines released
from Tat-treated
Dependent Variable

DF

Cortex

IL-1β

(1, 47)

103.27***

5.18*

29.64***

GM-CSF

(1, 47)

76.27***

40.83***

28.37***

IFN-γ

(1, 47)

65.17***

1.85

6.26*

TNF-α

(1, 47)

10.24**

0.36

12.38**

IL-6

(1, 47)

20.35***

19.22***

13.97**

KC

(1, 47)

42.12***

29.41***

12.66**

MIP-1α

(1, 47)

207.32***

25.48***

15.94***

RANTES

(1, 47)

50.98***

33.01***

13.03**

EOTAXIN

(1, 47)

57.30***

36.29***

65.63***

MIP-1β

(1, 47)

50.52***

15.44***

15.33***

MCP-1

(1, 47)

81.07***

31.73***

13.93**

IL-9

(1, 47)

111.06***

23.50***

21.68***

*p ≤ 0.05, **p ≤ 0.01, *** p ≤ 0.001
DF = degrees of freedom
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Cerebellum

Spinal Cord

Figure 12. Levels of 12 chemokines/cytokines expressed in each treatment group
from all three brain region. Analytes are divided into three groups to according to their
different range of values as shown in three graphs (a-c) for each brain region. Tat induced
significantly higher production of cytokines/chemokines in astrocytes from each brain
region, while morphine (alone), gp120 (alone) or morphine and gp120 co-treatment did
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not show statistically significant effects. M = morphine; Nal = naloxone. Values are
expressed as mean± S.E.M. n=5 independent cultures from each brain region.
1
Tat has significant effect for all 12 chemokines/cytokines (see Table 5 for F
values and significance level)
2
Tat has significant effect for all chemokines/cytokines, except for IFN-γ and
TNF-α (see Table 5 for F values and significance level)
Cortex: Tat significantly increased release of all 12 analytes. Co-treatment with
gp120 and/or morphine did not significantly alter this effect. Gp120 and/or morphine
treatment without Tat did not affect analyte release. Significance values are given in
Table 5.
Cerebellum: Tat significantly increased release of all 12 analytes except IFN-γ
and TNF-α. Co-treatment with gp120 and/or morphine did not significantly alter this
effect. Gp120 and/or morphine treatment without Tat does not have effect on analyte
release. Significance values are given in Table 5.
Spinal Cord: Tat significantly increased release of all 12 analytes. Co-treatment
with gp120 and/or morphine did not significantly alter this effect. Gp120 and/or
morphine treatment without Tat did not affect analyte release. Significance values are
given in Table 5.
Table 6. Post-Hoc Analysis for the Brain Region x Tat Interaction Effect on Percent
Cytokine/Chemokine Levels* Using the Bonferroni Correction Factor.
Cortex
Tat
IL-1β

Cortex
Cerebellum

GM-CSF

Spinal Cord
Cortex
Cerebellum

IL-9

Spinal Cord
Cortex
Cerebellum

IFN-γ

Spinal Cord
Cortex
Cerebellum

TNF-α

Spinal Cord
Cortex
Cerebellum

IL-6

Spinal Cord
Cortex
Cerebellum

KC

Spinal Cord
Cortex
Cerebellum

No Tat
Tat
No Tat
Tat
No Tat
No Tat
Tat
No Tat
Tat
No Tat
No Tat
Tat
No Tat
Tat
No Tat
No Tat
Tat
No Tat
Tat
No Tat
No Tat
Tat
No Tat
Tat
No Tat
No Tat
Tat
No Tat
Tat
No Tat
No Tat
Tat
No Tat

Cerebellum
No Tat
Tat

Spinal Cord
No Tat
Tat

X

p ≤ 0.001

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
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p ≤ 0.05

MIP-1α

Spinal Cord
Cortex
Cerebellum

RANTES

Spinal Cord
Cortex
Cerebellum

MCP-1

Spinal Cord
Cortex
Cerebellum

Eotaxin

Spinal Cord
Cortex
Cerebellum

MIP-1β

Spinal Cord
Cortex
Cerebellum
Spinal Cord

Tat
No Tat
No Tat
Tat
No Tat
Tat
No Tat
No Tat
Tat
No Tat
Tat
No Tat
No Tat
Tat
No Tat
Tat
No Tat
No Tat
Tat
No Tat
Tat
No Tat
No Tat
Tat
No Tat
Tat
No Tat

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

*Actual values (pg/ml) of individual chemokines/cytokines are given in Figure 8.

5. Evaluation of the effect of Tat, gp120, and opiates on EAAT2 expression
by striatal astrocytes
We confirmed that striatal astrocytes in all groups, including those treated with
Tat/gp120 and/or opiates, expressed glial glutamate transporter (EAAT2) (Figure 13).
With the current antibody (rabbit anti EAAT2, 1:1000, Abcam), we routinely detected
four bands of different molecular weight on all membranes. The bands were detected at
approximately 180KD, 65KD, 45KD, and 18KD. Similar bands existed when we used
another antibody: guinea pig anti-glial glutamate transporter (1:1000, Millipore).
Statistical analysis (ANOVA) showed that none of the treatments significantly affected
EAAT2 expression as compared to control (p>0.05). MANOVA analysis showed that
EAAT2 expression did not differ among treatment groups (p>0.05). Therefore, neither
HIV-1 protein nor opiate has a significant affect on levels of EAAT2 expression.
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Figure 13. Expression of the EAAT2 (glutamate transporter) in murine striatal
primary astrocytes in culture ( a) Western-blotting image of EAAT2 (glutamate
transporter) expression in murine striatal primary astrocytes in culture. N=5 independent
culture. 15μg total protein was loaded in each lane from different treatment groups, and
subjected to immunoblotting using antibodies to EAAT2 and β-actin as described in
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Materials and Methods. EAAT2 was expressed in every treatment group. The EAAT2
antibody detected four bands of different molecular weight, including bands at 180KD,
65KD, 45KD, and 18KD. C=control, T=Tat, M= morphine, G=gp120, N=naloxone,
antagonist of mu opioid receptor (b) The intensity of each band was measured using
Kodak Digital Science 1D Image Analysis System (Eastman Kodak, Rochester, NY).
Bands in each group were normalized to their controls and β-actin bands and then
graphed. All values are expressed as a percentage of control± S.D. ANOVA and
MANOVA analysis showed that EAAT2 expression did not differ among any group
(p>0.05).
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Discussion
Astrocyte dysfunction plays a key role in HIV associated neuropathy. Astrocytes
are known to be a significant source of pro- and anti- inflammatory
cytokines/chemokines in CNS [Norris et al, 1994; Morganti-Kossmann et al, 1992; Park
et al, 2009; Raivich et al, 1999]. They are essential in removal of extrasynaptic glutamate
and limiting neuronal excitotoxicity [Danbolt et al, 2001; Ye and Sontheimer, 1996; Hu
et al., 2000; Wang et al, 2003]. Since they are known to be highly diversified among
different brain regions [Shao Y and McCarthy KD, 1994; Somjen 1988; Garcia-Marin et
al. 2007; Kettenmann and Verkharatsky 2008], we cultured astrocytes from cerebellum,
cerebral cortex and spinal cord, treated them with HIV proteins Tat and/or gp120 with or
without morphine co-treatments to analyze whether the treatments affected
cytokines/chemokines secretion from astrocytes. We also investigated the expression of
EAAT2, the major astroglia glutamate transporter, in striatal astrocytes to evaluate
whether exposure to HIV-1 proteins with or without morphine would affect the
expression of EAAT2.
According to the previous work of our lab and other literature[Hahn et al, 2010; ElHage et al, 2008a; El-Hage et al, 2008b; Zhao et al, 2007; Bush et al, 2007; El-Hage et al,
2005; El-Hage et al, 2006; Khurdayan VK et al, 2004], we treated primary astrocyte
cultures with Tat1-86 at a concentration of 100 nM to optimally induce the production of
inflammatory factors [Bansal et al, 2000]. We chose 500 nM morphine in order to mimic
the situation that occurs in chronic drug abusers. Injection drug abusers are at high risk of
being infected with HIV through needle sharing, and have been shown in numerous
studies to have a higher incidence of HIV-associated neuropathology [Nath et al, 1999;
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Concha et al, 1997; Bouwman et al, 1998; Bell et al, 1998]. This population is the major
reason that we study the synergistic effect of morphine and HIV viral proteins on HIV
neuropathology. Morphine concentration in chronic drug abuser is 2.5-100-fold higher
than the acute therapeutic concentration (100 nM) [Lötsch et al, 1998; Wolff et al, 1996].
According to the previous article [Gurwell et al, 2001], morphine at concentration of 500
nM could both mimic morphine concentration in brains of drug abusers and have
maximum effects on cytokines/chemokines secretion from astrocytes. The 18-hour time
point was chosen according to the previous studies to get the most representative primary
response to the presence of viral proteins with or without opiates. After 24 hours,
cytokines/chemokines secreted extracellularly can feedback to alter the pattern of
cytokines/chemokines release from astrocytes, and this can mask the initial responses of
the cells [El-Hage et al, 2005].
1. Basal release of cytokines/chemokines in different brain regions
Our results showed that almost all 12 cytokines/chemokines analyzed could be
found in the supernatant of untreated astrocyte cultures derived from different brain
regions. This is consistent with many other studies [Achour and Pascual, 2010; Zhang et
al, 2010; Deverman and Patterson, 2009], indicating that cytokines and chemokines are
both constitutively secreted by cells of the brain, and may be involved in normal
physiologic functions such as neuronal development and differentiation. Neurons and
glial cells produce various types of cytokines/chemokines during brain development to
act both as neurotropic factors to promote cell survival and as signals to trigger apoptosis
and remove cells which fail to perform appropriate functions [Deverman and Patterson,
2009]. For example, during neural migration, gp130 family cytokines participate in
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maintaining and supporting the renewal of radial glial cells; RANTES can regulate
astrocyte proliferation in forebrain by inducing IFN-γ binding to receptors on astrocytes
in the first trimester [Bakhiet et al, 2001].
Since all of the experimental procedures, including primary astrocyte cultures,
Tat/gp120 and morphine treatment are done using the same protocol, the regional
heterogeneity in basal release of cytokines/chemokines most probably resulted from the
intrinsic properties of astrocytes from different brain regions. Although this is an in vitro
study, cells derived from different brain regions still have intrinsically diversified
characteristics. Although cells in our study were all cultured from 0-2 days postnatal mice
and seeded at the same cell density, astrocytes from cerebellum, cortex and striatum took
7-10 days to reach confluent, while those from spinal cord took about 14 days to be
confluent. According to Sturrock [Sturrock, 1976], there is a regional difference in
duration of astrocyte differentiation. For example, in mouse forebrain, astrocyte
differentiation takes about 10-15 days [Sturrock, 1974, 1976, 1980], whereas in spinal
cord the process is much shorter [Fedoroff et al, 1986]. Therefore, we speculate that
astrocytes from spinal cord may be more differentiated than those from the other three
regions when they were removed from brains.
Given their diverse intrinsic characteristics and somewhat different stages of
differentiation, it is not surprising that basal cytokines/chemokines release from
astrocytes derived from different brain regions is significantly different.
2. The effect of Tat to increase cytokines/chemokines production from
astrocytes
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Although the basal levels of chemokines/cytokines secreted by astroglia from
different regions are obviously different, some common findings could be reported
amongst the three regions we examined. Firstly, compared to the non-Tat treated group,
Tat exposure tremendously increased cytokines/chemokines secretion.
Previous work indicated that Tat modulated MCP-1, IL-6 and TNF-α production
from astrocytes mainly through NF-κB signaling pathway [El-Hage, et al 2005; Hua et al,
2002; Kim et al, 2005; Quinones et al, 2008]. NF-κB, an essential transcription factor, is
significant in regulating gene transcription for immune and inflammatory responses
[Baeuerle et al, 1996; Wang et al, 1998; Zhai et al, 2004]. The NF-κB family is
comprised of five members, RelA (p65), RelB, c-Rel, p105/p50, and p100/p52. They all
have the Rel homology domain, which can form dimmers and translocates to the nucleus.
When NF-κB is activated, IκB, bound to NF-κB and acts as an inhibitor, is ubiquitized
and degraded, which masks the nuclear localizing signals (NLS), and thus unbound NFκB translocates to nucleus and modulates the transcription of specific gene to regulate the
cytokines/chemokines secretion [Israël et al, 2000; Ghosh et al, 2002]. Tat can
phosphorylate IκB by activating the I kappa B kinase (IKK) complex in astrocytes,
leading to IκB degradation, and thus increasing the rate of p65/ NF-κB translocation to
nucleus and subsequently inducing the gene expression of TNF-α, IL-6 and MCP-1[ElHage et al, 2008]. Tat1-72 (100 nM) exposure significantly elevated intracellular calcium
in astrocytes within seconds and increased the release of inflammatory cytokines MCP-1,
RANTES, and IL-6. Chelating [Ca2+]i with BAPTA/AM prevented Tat induced p65/ NFκB translocation to nucleus and cytokine production, while artificially increase [Ca2+]i
exacerbated the cytokine release[El-Hage et al , 2008 ]. Some other pathways are also
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involved in Tat-induced cytokines/chemokines production. For example, Tat was also
found to activate MAPK signaling pathway by phosphorylating ERK1/2 and inducing
production of MCP-1, IL-8 and IP-10 (IFN-γ inducible protein). UO126, a highly potent
and specific ERK1/2 inhibitor, partially reduced MCP-1 secretion, totally aborted IL-8
production, but did not affect IP-10 mRNA, while SB202190, a p38 MAPK inhibitor,
suppressed the Tat-induced IP-10 production [Kutsch et al, 2000].
Besides that, cytokines could be induced by each other through a network of
signaling cascades. For example, CCL5/RANTES was involved in Tat-induced MCP-1
production in astroglia. In CCL5 (-/-) mice, glia cells were less likely activated by Tat
administration compared with wild type mice, and there was a significant decline in
CCL2/MCP-1 production [El-Hage et al, 2008]. The interaction among
cytokines/chemokines, however, makes our study on the induction effect of Tat or
morphine more complicated. That is why we choose the 18-hour time point, to minimize
the possibility for cytokines/chemokines to interact with each other.
Nath et al suggested that Tat induces cytokine production in astrocytes with a ‘hit
and run’ pattern. Exposure to Tat (100 ng/ml) for 5 minutes is sufficient to trigger a
maximal amount of IL-6 secretion from astrocytes [Nath et al, 1999], and the elevated IL6 level could last for a few hours even though Tat itself was degraded [Jones et al, 1998].
Since IL-6 production in astrocytes was NF-κB dependent, it could be that IL-6 itself or
other factors in this pathway activate the NF-κB pathway and form a positive feedback
loop between NF-κB and cytokines/chemokines [Lowenthal et al, 1989; Nath et al, 1999].
Consistent with other studies [El-Hage, 2006; El-Hage, 2008; Lowenthal et al,
1989], our studies showed that Tat induced significant responses in
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cytokines/chemokines release from astrocytes derived from different brain regions. It
further revealed that there were great regional differences in how astrocytes responded to
Tat. This may result from different calcium signaling and/or NF-κB signaling pathways
in astrocytes among different brain regions [Matyash et al, 2009]. The astroglial regional
heterogeneity in response to Tat may also be because Tat interacts with different
receptors or internalization-related proteins (i.e. low-density lipoprotein receptor-related
protein, NMDA, avβ5 integrin). These receptors or internalization-related proteins likely
have regional heterogeneity in term of their expression. Astrocytes are known to have
diverse responses to certain neurotransmitters because of their heterogeneity in receptor
expression among different brain regions [Matyash et al, 2009]. For example, when
treated with glutamate, Bergmann glia in cerebellum had a doubly rectifying AMPA
current mediated by AMPA receptors [Muller et al, 1992; Burnashev et al., 1992], while
a large population of astrocytes in the supraoptic nucleus of hippocampus do not respond
because they lack functional glutamate receptors [Schipke et al, 2001].
Interestingly, astrocytes in cortex with lower basal release had higher response to
Tat, and vice versa in cerebellum. We speculate that the total capability or reservoir to
produce cytokines/chemokines might be similar in astrocytes from cerebral cortex,
cerebellum and spinal cord. Since the basal release in cerebellum is already high, when
treated with Tat, astrocytes in cerebellum do not have as much reserve response as those
in cerebral cortex. Therefore, the Tat-induced cytokines/chemokines production could
also be affected by their physiological basal release.
3. HAD associated chemokines and cytokines
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In our result, all 12 analytes were elevated following Tat treatment. Being
consistent with previous studies [Clinque et al, 1998; Corasaniti et al, 2001; Zhao et al,
2001], cytokines, such as IL-1, IL-6, IL-10, GM-CSF, G-CSF, M-CSF, TNF-α, and TGFβ, and important chemokines, such as RANTES, IL-8, MCP-1 were important in
progression of HIV-associated neuropathy in enabling astrocytes to detect and respond to
pathogens [Minagar et al. 2002; Bailey et al. 2006].
For example, HIV-associated inflammation is sustained by virus replication in
monocytes, which are mainly recruited by monocytes chemoattractant protein-1 (MCP-1).
MCP-1 is a member of CC or β-chemokine family. CCL2 has been characterized as a
human homolog of MCP-1, based on its monocyte chemoattractant properties [Van
Coillie et al, 1999]. MCP-1/CCL2 could be secreted by a variety of cells including
endothelia, fibroblasts, microglia, astrocytes, monocytes, epithelial and smooth muscle
cells either constitutively or after inflammatory stimuli [Barna et al, 1994; Brown et al,
1992; Cushing et al, 1990; Standiford et al, 1991]. MCP-1/CCL2 is one of the wellstudied chemokines because of its important role in immune modulator functions, such as
attracting monocytes, and influencing macrophage migration [Rollin, 1996; Sarafi et al,
1997; Gendelman et al, 2008]. SIV-infected macaques with moderate-to –severe
encephalitis had significant higher CCL2 levels in CSF than in plasma as early as 28 days
after SIV infection through blood, which indicates that CCL2 could be a sensitive
diagnosis marker in SIV associated encephalitis [Zink et al, 2001]. CCL2 level in the
cerebrospinal fluid was significantly elevated in HIV-1 encephalitis patients and its level
in plasma correlated with virus load of HIV-1 infection.
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TNF-α and IL-1β are two pro-inflammatory cytokines, which play important roles
in neuronal injury and death in HIV-associated dementia. IL-1β is expressed by a wide
variety of cells such as monocytes, macrophages, astrocytes and lymphocytes. Studies
showed that, in brain tissue of HAD patients, the mRNA and protein expression of IL-1β
significantly increased, and lateral cerebral ventricle injection of gp120 enhanced IL-1β
expression in neocortex of rat [Corasaniti et al, 2001]. IL-1β activates astrocytes to
produce TNF-α and iNOS via the NF-κB signaling [Zhao et al, 2001].TNF-α itself could
also induce the production of iNOS in co-operation of IL-1β. iNOS leads to the
formation of NO, which is toxic to neurons, increases the BBB permeability and
facilitates monocyte and macrophage entry into brain [Chao et al, 1996; Nottet et al,
2005]. IL-1β potentiates NMDA receptor-mediated intracellular calcium increase [Yeh et
al, 2000] and induces the secretion of intercellular adhesion molecule 1 (ICAM-1),
vascular cell adhesion molecule 1(VCAM-1), and E-selectin by astrocytes and
endothelial cells to facilitate monocyte infiltration into CNS [Collins et al, 1995; Lee et al,
1998; Winkler and Beveniste, 1998]. IL-1β induced N-methyl-D-aspartic acid receptors
(NMDARs) activation on neurons resulted in Ca2+ influx and p38 MAPK activation,
mitochondrial Ca2+ overload and release of cytochrome C, free –radical generation and
reactive oxygen species, caspase activation and apoptosis [Yeh et al, 2000; Xiong et al,
1999;Kuang et al, 2009; Epstein, 1998].
The level of TNF-α was found to be elevated in the brain tissue of HAD patients.
Exposure to HIV-1 proteins in vitro caused elevated production of TNF-α [Tyor et la,
1992; Yeung et al, 1995]. Similar to IL-1β, TNF-α increase BBB permeability and
induced secretion of adhesive molecules to facilitate monocyte and macrophage
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migration [Collins et al, 1995; Lee et al, 1998; Winkler and Beveniste, 1998]. Wang et al
indicate that TNF-α was involved in glutamate uptake inhibition in CNS of HAD patients
by decreasing the expression of glutamate transporters, EAAT1 and EAAT2 [Wang et al,
2003].Together with its induction in L-cysteine release from macrophages and microglia
[Piani and Fontana, 1994], TNF-α caused accumulation of excessive excitatory amino
acid in the extracellular spaces and contributed to glutamate-induced excitotoxicity.
Furthermore, TNF-α altered astrocyte function by stimulating proliferation and
production of pro-inflammatory cytokines [Saha and Pahan, 2003], which would in turn
activate microglia cells to secrete more pro-inflammatory cytokines including TNF-α
itself, thus creating a vicious positive feedback cycle and enhancing the likelihood of
neuronal death. Therefore, dysfunction of cytokines/chemokines production in astrocytes
treated with HIV-1 protein can clearly contribute to HIV-1 induced neurotoxicity.
4. Effect of morphine co-treatment with HIV-1 proteins on
cytokines/chemokines production in astrocytes
As the major metabolite of heroin in brain, morphine is often used to study the
effect of opiate exposure in the CNS. Morphine alone is generally not considered to be
toxic to most neurons, but combined with HIV proteins, it can significantly exacerbate
their toxic effect [Gurwell et al, 2001].Interestingly, morphine displayed a paradoxical
neurotoxic or neuroprotective effect depending on cell types, opioid receptor types or
target tissues. In SH-SY5Y neuroblastoma cells, mu opioid receptor activation had
protective effect by activating antiapoptotic effectors downstream to PI-3-K-dependent
signaling pathway, while in neurons, administration of morphine and Tat could
significantly decrease their viability [Polakiewicz et al, 1998; Gurwell et al, 2001]. The
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heterogeneous effects of morphine are caused by the fact that opioid receptor molecular
signaling pathways are highly diversified depending on different cell types and target
tissues.
Morphine enhances the Tat induced pro-inflammation and anti-inflammation
cytokines/chemokines release from astrocytes derived from the striatum. In the previous
studies of our lab, it was found to synergistically exacerbate the release of MCP-1,
RANTES, TNF-α and IL-6 from striatal astrocytes treated with Tat1-72, and this effect
could be blocked by beta-funaltrexamine, a µ-opioid receptor antagonist. It did not occur
when a deletion mutant, nontoxic Tat∆31-61 was used instead of Tat1-72 [El-Hage et al 2005,
El-Hage et al 2006, El-Hage et al 2008]. This study indicated that the synergistic effect of
morphine and Tat to cytokines/chemokines production is MOR dependent. Previous
studies showed that opioid-induced calcium influx into cells occurs through several
pathways including voltage-dependent L-type calcium channel activation, and Ca2+dependent Ca2+ release from dantrolene-sensitive intracellular stores [Hauser et al, 1996].
Therefore, El-Hage et al suggested that opioids enhanced the effect of Tat in
cytokines/chemokines production in astrocytes by increasing intracellular calcium and
thus potentiating Ca2+-dependent NF-κB signaling pathway. Their hypothesis was proved
by an experiment showing that chelating [Ca2+]i with BAPTA/AM could block p65/ NFκB translocation into nucleus and the subsequent cytokines/chemokines release,
conversely bathing astrocytes in excess extracellular Ca2+ accelerated translocation of
p65/ NF-κB and leaded to more release of MCP-1, IL-6 and TNF-α [El-Hage et al 2008].
In our results, the effect of morphine to induce cytokines/chemokines release from
astrocytes was not significantly different from the non-morphine groups, which is
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consistent with the previous studies that activation of mu opioid receptor alone was not
sufficient to activate NF- κB signaling pathway [El-Hage et al, 2008]. However, our
results did not show this synergistic effect of morphine and Tat in cytokines/chemokines
release from primary astrocyte cultures of cerebral cortex, cerebellum and spinal cord. µopioid receptors are widely distributed throughout the brains, including cerebral cortex,
striatum, cerebellum and spinal cord [Watling, 1998]. In our study, exposing astrocytes
from cerebral cortex with 500 nM morphine remarkably increased [Ca2+]i 5 min after
exposure [Fitting et al, 2010]. Therefore, the current results could not be explained by the
lack of μ-opioid receptor expression.
Opioid receptors are regionally diversified among different brain regions. For
example, striatal astrocytes were found to express a higher density of MOPr than the
cultures derived from cerebellum and cerebral cortex [Steine-Martin, et al. 1998; Ruzicka
et al, 1995], which might be due to cell-cycle or developmental sensitive expression.
Astrocytes from different brain regions also exhibited different changes in [Ca2+]i in
response to µ opioid agonist, which might be associated with variability in G-proteinsignaling pathways [Eriksson et al., 1990, 1992; Piros et al., 1995]. Therefore, the failure
of raising [Ca2+]i to certain extent by morphine perhaps result in absence of change in
cytokines/chemokines production by astrocytes co-exposed to Tat and morphine in
culture. Regional difference in extent of attenuation of MOR-mediated G-protein activity
in astrocytes when chronically administrated with morphine among spinal cord, cerebral
cortex and striatum was also reported. This regional heterogeneity indicated that multiple
mechanisms may exist in regulating morphine-mediated effects among different CNS
regions [Sim-Selley et al, 2007]. The differences between present results and previous
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results from our laboratory [El-Hage et al. 2006; El-Hage, et al, 2008] most likely are due
to regionally specific responses of the astroglia. It is quite interesting that astroglia from
the striatum, which is extremely vulnerable to the effects of HIV-1, are also the only
astroglia thus far examined that appear to be sensitive to the synergistic effects of Tat and
morphine [El-Hage et al, 2008].
Our project was designed to explore the general trend of cytokines/chemokines
release across different brain regions and treatment groups. Therefore, the statistical
analysis could overlook a small but biologically significant change of individual
cytokine/chemokine release in the Tat and morphine co-treatment group. However, the
results clearly showed that the greatest effect on cytokines/chemokines release was due to
Tat alone, and not to Tat and morphine co-treatment.
5. Effect of gp120 on cytokines/chemokines production in astrocytes
HIV-1 enters CD4 positive cells (e.g., microglia, macrophages, T-lymphocytes)
when gp120 interacts with CD4 receptor, followed by the binding of gp120 and
chemokine receptors or HIV-1 co-receptors such as CXCR4 and CCR5. In central
nervous system, gp120 shed from HIV-1 infected microglia can directly interact with
CXCR4 and CCR5 on CD4-negative cells such as astrocytes or neurons [Persidsky and
Gendelman, 2003; Kaul et al., 2005]. Gp120 elevated NO production and the level of
malondialdehyde, a lipid peroxidation by-product and oxidative stress marker, but in the
meantime, suppressed intracellular glutathione (GSH), a factor critical in maintaining the
cellular redox balance. Thus, gp120 treatment increased oxidative stress in astrocytes
[Ronaldson and Bendayan, 2006].
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Studies demonstrated that HIV-1 gp120 is involved in inflammatory response
through cell surface chemokine receptors (e.g., CXCR4 and CCR5) [Wu et al., 1997;
Koller et al., 2002]. Different virus strains have different preferences for chemokine coreceptors, although the tropism is not absolute. T-tropic viruses that infect T-cells
preferentially utilize α-chemokine receptor CXCR4 while M-tropic viruses that infect
macrophages/microglia preferentially utilize CCR5 as a co-receptor [He et al, 1997;
Oberlin et al, 1996; Ohagen et al, 1999]. Different strains of gp120 have different effects
on proinflammatory cytokine and nitric oxide (NO) production. Glia cells treated with
gp120 IIIB (a T-tropic, R4 preferring strain) had a dose-dependent release of NO, TNF-α,
IL-6 , but no IL-1α and IL-1β; whereas, only IL-6 was increasingly released from
astrocytes exposed to gp120 SF2, a strain that in purported to be dual-tropic [Kong et al,
1996].
Types of chemokine receptor are closely associated with the effect of gp120 in
dysregulating astrocytes function and triggering neurotoxicity. Bathing the rat cerebral
cortex astrocytes with HIV-196ZM651 gp120 (1.0 nM), which is R5 tropic, and 3A9, the
anti-CCR5 antibody, did not produce any cytokines, while the same strain of gp120 and
anti-CXCR4 antibody co-treatment still triggered significant cytokines production from
astrocytes compared with the control group [Ronaldson and Bendayan, 2006]. Therefore,
CCR5 might be the major co-receptor to mediate Gp120-induced cytokines/chemokines
production from astrocytes.
Different chemokine receptors also mediated different neurotoxicity. Previous
literature suggested that gp120 from X4-preferring HIV-1 strains could not induce
neuronal death in CXCR4-deficient cerebrocortical neuronal cultures, while dual tropic
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gp120SF2 triggered even greater neurotoxicity in CCR5 knockout neuronal cultures
compared to wild-type or CXCR4-deficient neuronal cultures, which indicates that
CXCR4 mediated the primarily neurotoxic effect while CCR5 could be partly
neuroprotective depending on the HIV-1 strain [Kaul et al, 2005].
However, in our study, gp120 did not have a statistically significant main effect
on cytokines/chemokines production in astrocytes with or without opiates. Gp120
exposure on primary cerebral cortex astrocytes triggered significant intracellular calcium
elevation [Fitting et al, 2010], which indicated that the gp120 used in the study had
biological activity and that the astrocytes we cultured had HIV-1 co-receptors (e.g.
CXCR4, and /or CCR5) expressed on the cell surfaces as well. Therefore, the absence of
cytokines/chemokines secretion from astrocytes could not be explained as the problem of
gp120 bioactivity or that cells we used did not have receptors that interacted with the
gp120. Since we conducted an exploratory study, and examined our results for main
effects, it is possible that we would overlook a smaller but biologically significant effect
of gp120 on release of individual cytokine/chemokine.
Some of our results may be due to the strain (IIIB) of gp120 we used in the
experiment. Gp120 IIIB prefers to utilize the CXCR4 receptor [Kaul, M et al 2007].
Another study suggested that CCR5, not CXCR4, mediates increased production of
certain cytokine/chemokine in rat astrocytes as measured by ELISA [Ronaldson and
Bendayan, 2006]. But it is somewhat difficult to compare our studies due to different
experimental conditions, and due to the analytic methods employed. However, given that
our purpose was to compare among different brain regions and treatment groups, the
result clearly showed that gp120 IIIB did not have a main effect on cytokines/chemokines
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release from primary astrocyte cultures derived from any of the brain regions. Thus the
overwhelming cytokine/chemokine response was to Tat.
6. Effect of HIV-1 protein and/or morphine on EAAT2 expression in astrocytes
Because of their central role in regulating glutamate concentration in neuronal
synapses and preventing excitotoxicity, dysfunction in EAATs or dysregulation of their
expression could be involved in the pathological mechanism of many neuronal diseases.
In SIV-infected macaques, both EAAT1 and EAAT2 expression were decreased and
correlated with progression of disease; in the meantime, extracellular glutamate
concentration in the putamen was increased [Bossuet et al. 2004; Meisner et al, 2007].
EAATs are regulated in many ways. Since the transport of the glutamate molecule
is coupled with potassium, sodium and proton [Kanner et al, 1987; Bouvier et al, 1992],
the driving force for glutamate transport is membrane potential and the ion gradients,
which are built up by Na+-K+ ATPase. Therefore, factors that impair Na+-K+ ATPase
would possibly influence glutamate transport. For example, during brain hypoxia or
ischemia, lack of ATP slows the work of the Na+/K+ pump; accumulation of sodium
inside the cell and potassium outside the cell decreases the transmembrane gradients for
[Na+],[K+], which leads to depolarization of the cell membrane and eventually causes the
glutamate transporters to operate in reverse by releasing glutamate, instead of taking up
glutamate from extracellular spaces [Takahashi M et al, 1997; Rossi et al, 2000; Allen et
al, 2004; Grewer et al, 2008 ]. Deficient glutamate uptake or reverse transport thus
overstimulates glutamate receptors and leads to neural excitotoxicity [Choi, 1992; Choi et
al, 1990; Olney, 1990]. Gp120 was shown to accelerate Na+/H+ exchange, leading to
intracellular alkalinization and activation of pH-sensitive K+ permeability. These changes
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in turn inhibited glutamate uptake activity [Patton et al, 2000]. Several other studies
[Wang et al, 2003; Meisner et al, 2008] further proved that the expression of glutamate
transporter EAAT2 was reduced in human astrocytes exposed to HIV-1 or gp120.
Glutamate transporter-associated proteins (GTRAP) are other factors that
modulate glutamate transport activity. Increasing expression of GTRAP3-18 protein, the
EAAC1 associated protein and vitamin A responsive protein homologue of rats, caused
progressive decrease in glutamate transport specifically through EAAT3. This inhibition
was not caused by lowering EAAT3 expression on cell membranes or altered protein
trafficking, but by decreasing EAAT3 affinity to glutamate [Lin et al, 2001]. GTRAP41,
an actin binding protein and GTRAP48, interacting with Rho GTPase, could both
enhance glutamate transport by increasing Vmax and stabilizing EAAT4 expression on
cell membranes [Jackson et al, 2001].
EAATs are regulated through interaction between endogenous factors and protein
kinases, such as protein kinase C (PKC) [Lortet et al, 1999], protein kinase A (PKA)
[Lortet et al, 1999] and phosphatidylinositol 3-kinase (PI3K) [Zelenaia et al, 2000; Sims
et al, 2000]. For example, epidermal growth factor (EGF) could increase GLT-1 mRNA
transcription, protein expression translation and glutamate transport activity in cultured
astrocytes through PI3K activation, while platelet-derived growth factor (PDGF) induces
a translocation of EAAC1 from intracellular compartments to the cell surface [Zelenaia et
al, 2000; Sims et al, 2000]. Pituitary adenylate cyclase-activating polypeptide (PACAP),
a neuron-derived peptide, enhanced EAAT2 activity by activating PKA, and promoted
EAAT1 expression by activating both PKA and PKC pathways [Figiel and Engele, 2000].
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However, we did not see any significant change in EAAT2 expression on
astrocytes when treated with HIV-1 protein gp120/Tat and/or morphine. Compared with
other related studies [Wang et al, 2003], we used striatal astrocytes from mice of
postnatal 0-2 days, while astrocytes they used were derived from human fetal brain 14-19
weeks gestational age. We already know that glutamate transporters of different species
are very different, and the expression are under tremendous changes during development.
Therefore, it is possible that human embryonic glutamate transporters are more sensitive
to the HIV-1 protein [Shibata et al, 1997].
Since we did not evaluate the ability of our cells to handle a glutamate challenge,
it is still possible that although the level of EAAT2 expression in our studies did not show
a significant change, the transport function was impaired. To test this possibility would
require studies of glutamate uptake assay, in which the cell-associated radioactivity is
determined in cell lysates after incubated in L-[H]-glutamic acid solution for designated
time [Wang et al, 2003].
Microglia are another key player in EAAT2 expression. Microglia activation was
closely associated with dysfunction of EAAT2 in HIV-infected brain [Meisner et al,
2007]. Elevated glutamate levels in the CSF of macaques during simian
immunodeficiency virus (SIV)-infected animals were found to be related with the
increased production in macrophages and microglia [Koutsilieri et al. 1999]. Immune
activation was increased in SIV-infected asymptomatic rhesus monkeys and even higher
in AIDS animals, which negatively correlated with expression of EAAT1 and EAAT2
[Meisner et al, 2007]. Since our astrocyte culture was highly pure ( <1% microglia), the
lack of microglia activation could be a factor in the stability or our EAAT2 expression.
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The lacking of other resident CNS neuronal cells such as neurons, oligodendrocytes and
progenitor cells could also contribute. Since cross-talk among these resident cells is
physiologically and pathologically significant. For example, astrocytes could increase the
survival rate of neurons treated with lipopolysaccharide (LPS) compared with that in
isolated neuron cultures [Li et al, 2009]. Therefore, interactions among resident neuronal
cells in brain when infected with HIV-1 virus or proteins with our current in vitro
primary astrocytes culture could easily be overlooked. However, the highly pure isolated
astrocyte culture provides us an excellent model to investigate the role of astrocytes in
HIV-1 associated neuropathy, although we need to be very careful when relating our
conclusions to the HIV-infected CNS.

64

Reference
Achour SB, Pascual O. Glia: The many ways to modulate synaptic plasticity. Neurochem
Int. 2010 Mar 1.
Albin RL, Greenamyre JT. Alternative excitotoxic hypotheses. Neurology. 1992
Apr;42(4):733-8
Albini A, Benelli R, Giunciuglio D, Cai T, Mariani G, Ferrini S, Noonan DM.
Identification of a novel domain of HIV tat involved in monocyte chemotaxis. J Biol
Chem. 1998 Jun 26; 273(26):15895-900.
Allen NJ, Rossi DJ, Attwell D. Sequential release of GABA by exocytosis and reversed
uptake leads to neuronal swelling in simulated ischemia of hippocampal slices. J
Neurosci. 2004 Apr 14;24(15):3837-49.
Ances, B.M. and Ellis, R.J. Dementia and neurocognitive disorders due to HIV-1 infection.
Semin Neurol, 2007. 27(1): 86-92.
Andersson LM, Hagberg L, Fuchs D, Svennerholm B, Gisslén M Increased blood-brain
barrier permeability in neuro-asymptomatic HIV-1-infected individuals--correlation with
cerebrospinal fluid HIV-1 RNA and neopterin levels. J Neurovirol. 2001 Dec;7(6):542-7.
Ard MD, Schachner M, Rapp JT, Faissner A. Growth and degeneration of axons on
astrocyte surfaces: effects on extracellular matrix and on later axonal growth. Glia 1993;
9:248–259
Bachoo RM, Kim RS, Ligon KL, Maher EA, Brennan C, Billings N, Chan S, Li C,
Rowitch DH, Wong WH, DePinho RA. Molecular diversity of astrocytes with
implications for neurological disorders. Proc. Natl Acad. Sci. USA 2004; 101:8384–8389
Baeuerle PA, Baltimore D. NF-kB: Ten years later. Cell. 1996; 87:13–20.
Bailey SL, Carpentier PA, McMahon EJ, Begolka WS, Miller SD. Innate and adaptive
immune responses of the central nervous system. Crit Rev Immunol 2006;26(2): 149-88.
Bakhiet M, Tjernlund A, Mousa A, Gad A, Strömblad S, Kuziel WA, Seiger A, Andersson
J. RANTES promotes growth and survival of human first-trimester forebrain astrocytes.
Nat Cell Biol. 2001 Feb; 3(2):150-7..
Balcar VJ, Johnston GA. The structural specificity of the high affinity uptake of Lglutamate and L-aspartate by rat brain slices. J Neurochem. 1972 Nov;19(11):2657-66.
Bansal AK, Mactutus CF, Nath A, Maragos W, Hauser KF, Booze RM. Neurotoxicity of
HIV-1 proteins gp120 and Tat in the rat striatum. Brain Res. 2000 Oct 6; 879(1-2):42-9.
Barillari G, Gendelman R, Gallo RC, Ensoli B. The Tat protein of human
immunodeficiency virus type 1, a growth factor for AIDS Kaposi sarcoma and cytokineactivated vascular cells, induces adhesion of the same cell types by using integrin
receptors recognizing the RGD amino acid sequence. Proc Natl Acad Sci U S A. 1993
Sep 1;90(17):7941-5.
Barna BP, Pettay J, Barnett GH, Zhou P, Iwasaki K, Estes ML. Regulation of monocyte
chemoattractant protein-1 expression in adult human non-neoplastic astrocytes is

65

sensitive to tumor necrosis factor (TNF) or antibody to the 55-kDa TNF receptor. J
Neuroimmunol. 1994;50:101–107.
Beal MF. Does impairment of energy metabolism result in excitotoxic neuronal death in
neurodegenerative illnesses? Ann Neurol. 1992 Feb;31(2):119-30.
Bell J.E. Arango J, and Anthony I.C. Neurobiology of multiple insults: HIV-1-associated
brain disorders in those who use illicit drugs beneficial for CNS repair. Trends Neurosci
2006; 22(7): 295-9.
Bell JE, Brettle RP, Chiswick A, Simmonds P. HIV encephalitis, proviral load and
dementia in drug users and homosexuals with AIDS. Effect of neocortical involvement.
Brain 1998; 121:2043-52.
Benveniste EN. Cytokines: influence on glial cell gene expression and function. Chem
Immunol. 1997; 69:31-75. Review.
Bernstein JJ, Getz R, Jefferson M, Kelemen M Astrocytes secrete basal lamina after
hemisection of rat spinal cord. Brain Res 1985; 327:135–141
Bignami A, Dahl D. The development of Bergmann glia in mutant mice with cerebellar
malformations: reeler, staggerer and weaver. Immunofluorescence study with antibodies
to the glial fibrillary acidic protein. J Comp Neurol. 1974 May 15;155(2):219-29. .
Bignami A, Eng LF, Dahl D, Uyeda CT. Localization of the glial fibrillary acidic protein
in astrocytes by immunofluorescence. Brain Res. 1972 Aug 25;43(2):429-35.
Bignami A., Eng L. F., Dahl D. and Uyeda C. T. Localization of the glial fibrillary acidic
protein in astrocytes by immunofluorescence.Brain Res. 1972; 43, 429–435
Bouvier M, Szatkowski M, Amato A, Attwell D. The glial cell glutamate uptake carrier
countertransports pH-changing anions. Nature. 1992 Dec 3;360(6403):471-4.
Bouwman FH, Skolasky RL, Hes D, Selnes OA, Glass JD, Nance-Sproson TE, Royal W,
Dal Pan GJ, McArthur JC. Variable progression of HIV-associated dementia. Neurology
1998; 50:1814-20.
Brew BJ. Evidence for a change in AIDS dementia complex in the era of highly active
antiretroviral therapy and the possibility of new forms of AIDS dementia complex. AIDS
2004;18:S75-S78
Brown Z, Robson RL, Westwick J. Regulation and expression of chemokines: Potential
role in glomerulonephritis. J Leukocvte Biol. 1996;59:75–80.
Brownstein MJ. A brief history of opiates, opioid peptides, and opioid receptors.Proc Natl
Acad Sci USA 1993; 90(12):5391-5393.
Buch SK, Khurdayan VK, Lutz SE, Knapp PE, El-Hage N, Hauser KF. Glial-restricted
precursors: patterns of expression of opioid receptors and relationship to human
immunodeficiency virus-1 Tat and morphine susceptibility in vitro. Neuroscience. 2007
Jun 8;146(4):1546-54.
Bush TG, Puvanachandra M, Horner CH, Polito A, Ostenfeld T,Svendsen CN, Mucke L,
Johnson MH, Sofroniew MV.. Leukocyte infiltration, neuronal degeneration, and neurite

66

outgrowth after ablation of scar-forming, reactive astrocytes in adult transgenic mice.
Neuron 1999; 23:297–308.
Campbell K, Götz M . Radial glia: multi-purpose cells for vertebrate brain development.
Trends Neurosci. 2002; 25 (5): 235–8
Carr DJ, TJ Rogers and RJ Weber. The relevance of opioids and opioid receptors on
immunocompetence and immune homeostasis. Proc. Soc. Exp.Biol. Med. 1996; 213:
248-257.
Chao CC, Gekker G, Hu S, Sheng WS, Shark KB, Bu DF, Archer S, Bidlack JM, Peterson
PK. Kappa opioid receptors in human microglia downregulate human immunodeficiency
virus 1 expression. Proc Natl Acad Sci USA 1996; 93:8051-6.
Chao CC, Gekker G, Sheng WS, Hu S, Peterson PK.U50488 inhibits HIV-1 expression in
acutely infected monocyte-derived macrophages. Drug Alcohol Depend 2001; 62:149-54.
Chao CC, Hu S, Ehrlich L, Peterson PK Interleukin-1 and tumor necrosis factor-alpha
synergistically mediate neurotoxicity: involvement of nitric oxide and of N-methyl-Daspartate receptors Brain Behav Immun. 1995 Dec;9(4):355-65.
Chao CC, Hu S, Sheng WS, Bu D, Bukrinsky MI, Peterson PK. Cytokine-stimulated
astrocytes damage human neurons via a nitric oxide mechanism. Glia 1996;16:276–84.
Chao,C.C., Gekker,G., Hu,S., Kravitz,F., and Peterson, P.K. Kappa-opioid poentiation of
tumor necrosis facor-alpha-induced anti-HIV-1 activity in acutely infected human brain
cell cultures. Biochem. Pharmacol. 1998;56:397-3404
Chase J. The evolution of retinal vascularization in mammals. A comparison of vascular
and avascular retinae. Ophthalmology. 1982 Dec;89(12):1518-25.
Chen P, Mayne M, Power C, Nath A The Tat protein of HIV-1 induces tumor necrosis
factor-alpha production. Implications for HIV-1-associated neurological diseases. J Biol
Chem. 1997 Sep 5;272(36):22385-8.
Chensue SW, Warmington KS, Lukacs NW, Lincoln PM, Burdick MD, Strieter RM,
Kunkel SL. Monocyte chemotactic protein expression during schistosome egg granuloma
formation. Sequence of production, localization, contribution, and regulation. Am J
Pathol. 1995;146:130–138.
Chiesi A, Seebe AC, Dally LG, Floridia M, Rezza G, Vella S. AIDS dementia complex in
the Italian National AIDS Registr: temporal trands (1987-1993) and differential incidence
according to mode of transmission of HIV-1 infection. J Neurol Sci 1996;144:107-133
Choi DW, Rothman SM. The role of glutamate neurotoxicity in hypoxic-ischemic neuronal
death. Annu Rev Neurosci. 1990;13:171-82.
Choi DW. Excitotoxic cell death. J Neurobiol. 1992 Nov;23(9):1261-76.
Choi S, Kim JH, Roh E-J, Ko M-J, Jung J-E, et al. Nuclear Factor-kB activated by
capacitative Ca2+ entry enhances muscarinic receptor-mediated soluble amyloid
precursor protein (sAPPalpha) release in SH-SY5Y cells. J Biol Chem. 2006; 281:12722–
12728.

67

Cinque P, Vago L, Mengozzi M, Torri V, Ceresa D, Vicenzi E, Transidico P, Vagani A,
Sozzani S, Mantovani A, Lazzarin A, Poli G. Elevated cerebrospinal fluid levels of
monocyte chemotactic protein-1 correlate with HIV-1 encephalitis and local viral
replication. AIDS. 1998;12:1327–1332.
Collins T, Read MA, Neish AS, Whitley MZ, Thanos D, Maniatis T. Transcriptional
regulation of endothelial cell adhesion molecules: NF-kappa B and cytokine-inducible
enhancers. FASEB J 1995; 9:899–909.
Colucci-Guyon E, Portier MM, Dunia I, Paulin D, Pournin S, Babinet C. Mice lacking
vimentin develop and reproduce without an obvious phenotype. Cell. 1994 Nov 18;
79(4):679-94.
Conant K, Garzino-Demo A, Nath A, McArthur JC, Halliday W, et al. Induction of
monocyte chemoattractant protein-1 in HIV-1 Tat-stimulated astrocytes and elevation in
AIDS dementia. Proc Natl Acad Sci USA 1998; 95:3117-3121.
Concha M, Selnes OA, Vlahov D, et al. Comparison of neuropsychological performance
between AIDS-free injecting drug users and homosexual men. Neuroepidemiology 1997;
16:78-85.
Corasaniti MT, Turano P, Bilotta A, Malorni W, Stringaro AR, Nisticò R, Finazzi-Agró A,
Bagetta G. Evidence that increases of mitochondrial immunoreactive IL-1beta by HIV-1
gp120 implicate in situ cleavage of pro-IL-1beta in the neocortex of rat. J Neurochem.
2001 Aug; 78(3):611-8.
Coussens LM, Werb Z: Inflammation and cancer. Nature 2002; 420(6917):860-867.
Coyle JT, Puttfarcken P. Oxidative stress, glutamate, and neurodegenerative disorders.
Science. 1993 Oct 29; 262(5134):689-95.
Crowley LV An Introduction to Human Disease: Pathology and Pathophysiology
Correlations 8th edition Jones & Bartlett Publishers, 2009 Univ. of Minnesota,
Minneapolis.
Culican, S.M., Raumrind, N.L., Yamamoto, M., and Pearlman, A.1. Cortical radial glia:
Identification in tissue culture and evidence for their transformation to astrocytes. J.
Neurosci.1990; 10: 684-692
Cushing SD, Berliner JA, Valente AJ, Territo MC, Navab M, Parhami F, Gerrity R,
Schwartz CJ, Fogelman AM. Minimally modified low density lipoprotein induces
monocyte chemotactic protein 1 in human endothelial cells and smooth muscle cells.
Proc Natl Acad Sci USA. 1990; 87:5134–5138.
Danbolt, Glutamate uptake, Prog. Neurobiol.2001; 65:1–105.
Deverman BE, Patterson PH. Cytokines and CNS development. Neuron. 2009 Oct 15;
64(1):61-78.
DeVita VT, Hellman S, Rosenberg SA AIDS: etiology, diagnosis, treatment, and
prevention Lippincott Williams & Wilkins; 4th edition 1997; pp100-137
Donahoe RM and D Vlahov. Opiates as potential cofactors in progression of HIV-1
infections to AIDS. J. Neuroimmunol. 1998; 83:77-87.

68

Duan SM, Anderson CM, Stein BA, Swanson RA. Glutamate induces rapid upregulation
of astrocyte glutamate transport and cell-surface expression of GLAST. J. Neurosci. 1999;
19: 10193–200.
Eddleston M, Mucke L. Molecular profile of reactive astrocytes--implications for their role
in neurologic disease. Neuroscience. 1993 May; 54(1):15-3
El-Hage N, Bruce-Keller AJ, Knapp PE, Hauser KF. CCL5/RANTES gene deletion
attenuates opioid-induced increases in glial CCL2/MCP-1 immunoreactivity and
activation in HIV-1 Tat-exposed mice. J Neuroimmune Pharmacol. 2008 Dec; 3(4):27585.
El-Hage N, Bruce-Keller AJ, Yakovleva T, Bazov I, Bakalkin G, Knapp PE, Hauser KF.
Morphine exacerbates HIV-1 Tat-induced cytokine production in astrocytes through
convergent effects on [Ca(2+)](i), NF-kappaB trafficking and transcription. PLoS One.
2008; 3(12):e4093.
El-Hage N, Wu G, Wang J, Ambati J, Knapp PE, Reed JL, Bruce-Keller AJ, Hauser KF.
HIV-1 Tat and opiate-induced changes in astrocytes promote chemotaxis of microglia
through the expression of MCP-1 and alternative chemokines. Glia. 2006 Jan 15;
53(2):132-46.
El-Hage, N., Gurwell, J. A., Singh, I. N., Knapp, P. E., et al., Synergistic increases in
intracellular Ca2+, and the release of MCP-1, RANTES, and IL-6 by astrocytes treated
with opiates and HIV-1 Tat. Glia 2005, 50, 91-106
Endo S, Kubota S, Siomi H, Adachi A, Oroszlan S, Maki M, Hatanaka M. A region of
basic amino-acid cluster in HIV-1 Tat protein is essential for trans-acting activity and
nucleolar localization. Virus Genes. 1989 Nov; 3(2):99-110.
Eng LF, Ghirnikar RS. GFAP and astrogliosis. Brain Pathol. 1994 Jul; 4(3):229-37.
Eng LF, Vanderhaeghen JJ, Bignami A, Gerstl B. An acidic protein isolated from fibrous
astrocytes. Brain Res. 1971 May 7; 28(2):351-4.
Epstein LG. HIV neuropathogenesis and therapeutic strategies. Acta Paediatr Jpn. 1998
Apr; 40(2):107-11.
Eriksson PS, Carlsson B, Isaksson OG, Hansson E, Rönnbäck L.Altered amounts of Gprotein mRNA and cAMP accumulation after long-term opioid receptor stimulation of
neurons in primary culture from the rat cerebral cortex. Brain Res Mol Brain Res. 1992
Aug; 14(4):317-25.
Eriksson PS, Hansson E, Rönnbäck L Opiate receptors in neuronal primary cultures.
Neuropharmacology. 1990 Sep; 29(9):799-804.
Farquhar MG and Hartmann JF. Neuroglial structure and relationships as revealed by
electron microscopy. J. Neuropath. Exp. Neurol., 1957; 16: 18-39
Fedoroff S and Vernadakis A Astrocytes: Development, morphology and regional
specialization of Astrocytes. Volume 1 Academic Press, New York 1986; pp85

69

Fedoroff S and Vernadakis A Cellular Neurobiology: A Series Astrocytes: Dvelopment,
morphology, and regional specialization of Astrocytes. Volume 1. Academic Press. Inc
Orlando, Florida 1986 pp5-6
Fernandez EJ, Lolis E Structure, function, and inhibition of chemokines. Annu Rev
Pharmacol Toxicol 2002; 42: 469-499
Figiel M, Engele J. Pituitary adenylate cyclase-activating polypeptide (PACAP), a neuronderived peptide regulating glial glutamate transport and metabolism. J. Neurosci. 2000;
20: 3596–605
Fitting S, Booze RM, Mactutus CF. Neonatal intrahippocampal injection of the HIV-1
proteins gp120 and Tat: differential effects on behavior and the relationship to
stereological hippocampal measures. Brain Res 2008; 1232:139–154
Fitting S, Zou S, Chen W, Vo P, Hauser KF, Knapp PE. Regional heterogeneity and
diversity in cytokine and chemokine production by astroglia: differential responses to
HIV-1 Tat, gp120, and morphine revealed by multiplex analysis. J Proteome Res. 2010
Apr 5; 9(4):1795-804.
Fitzgerald KA, O'Neill LA, Gearing AJH and Callard RE. The cytokine facts book.
Academic Press San Diego, Ca, USA. Second edition 2001; pp2-3
Frankel AD, Chen L, Cotter RJ, Pabo CO. Dimerization of the tat protein from human
immunodeficiency virus: a cysteine-rich peptide mimics the normal metal-linked dimer
interface. Proc Natl Acad Sci USA. 1988 Sep; 85(17):6297-300.
Friedman,S.R., Neaigus,A., Jose,B., Curtis,R., Goldstein,M., Ildefonso,G., Rothenberg, R.
B., and Des Jarlais,D.C. Sociometric risk networks and risk for HIV infection. Am J.
Public Health 1997; 87, 1289-1896
Garcia JA, Harrich D, Pearson L, Mitsuyasu R, Gaynor RB. Functional domains required
for tat-induced transcriptional activation of the HIV-1 long terminal repeat. EMBO J.
1988 Oct; 7(10):3143-7
Garcia-Marin V., Garcia-Lopez P. and Freire M. Cajal's contributions to glia research.
Trends Neurosci. 2007; 30, 479–487
Gendelman HE, Ding S, Gong N, Liu J, Ramirez SH, Persidsky Y, Mosley RL, Wang T,
Volsky DJ, Xiong H. Monocyte chemotactic protein-1 regulates voltage-gated K+
channels and macrophage transmigration. J Neuroimmune Pharmacol. 2009 Mar;
4(1):47-59.
Germann WJ and Stanfield CL Principles of Human Physiology 2nd edition 2005 Pearson
Education, Inc San Francisco, CA pp263-300
Ghosh S, Karin M. Missing pieces in the NF-kB puzzle. Cell. 2002; 109:S81–S96.
Giulian, D., L. J. Haverkamp, et al. Senile plaques stimulate microglia to release a
neurotoxin found in Alzheimer brain. Neurochem Int 1995; 27(1): 119-37.
González MI, Ortega A. Regulation of high-affinity glutamate uptake activity in
Bergmann glia cells by glutamate. Brain Res. 2000; 866: 73–81

70

González MI, Robinson MB. Protein kinase C-dependent remodeling of glutamate
transporter function. Mol Interv. 2004 Feb; 4(1):48-58.
Gonzalez ML, Malemud CJ, Silver J. Role of astroglial extracellular matrix in the
formation of rat olfactory bulb glomeruli. Exp Neurol 1993; 123:91–105
Grewer C, Gameiro A, Zhang Z, Tao Z, Braams S, Rauen T. Glutamate forward and
reverse transport: from molecular mechanism to transporter-mediated release after
ischemia. IUBMB Life. 2008 Sep; 60(9):609-19.
Gurwell JA, Nath A, Sun Q, et al. Synergistic neurotoxicity of opioids and human
immunodeficiency virus-1 Tat protein in striatal neurons in vitro. Neuroscience 2001;
102:555-63.
Grynkiewicz, G., Poenie, M. and Tsien, R. Y. A new generation of Ca2+ indicators with
greatly improved fluorescence properties. J Biol Chem, 1985; 260: 3440- 3450.
Hahn YK, Vo P, Fitting S, Block ML, Hauser KF, Knapp PE. Beta-chemokine production
by neural and glial progenitor cells is enhanced by HIV-1 Tat: Effects on microglial
migration J Neurochem. 2010 Apr 9.
Handel TM, Domaille PJ. Heteronuclear (1H, 13C, 15N) NMR assignments and solution
structure of the monocyte chemoattractant protein-1 (MCP-1) dimer. Biochemistry. 1996;
35:6569–6584.
Hansson E, Muyderman H, Leonova J, Allansson L, Sinclair J, Blomstrand F, Thorlin T,
Nilsson M, Rönnbäck L. Astroglia and glutamate in physiology and pathology: aspects
on glutamate transport, glutamate-induced cell swelling and gap-junction communication.
Neurochem Int. 2000 Aug-Sep; 37(2-3):317-29.
Haughey NJ, Holden CP, Nath A, Geiger JD Involvement of inositol 1,4,5-trisphosphateregulated stores of intracellular calcium in calcium dysregulation and neuron cell death
caused by HIV-1 protein tat. J Neurochem 1999; 73:1363–1374
Haughey NJ, Nath A, Mattson MP, Slevin JT, Geiger JD HIV-1 Tat through
phosphorylation of NMDA receptors potentiates glutamate excitotoxicity. J Neurochem
2001;78:457–467
Hauser KF, Stiene-Martin A, Mattson MP, Elde RP, Ryan SE, Godleske CC.mu-Opioid
receptor-induced Ca2+ mobilization and astroglial development: morphine inhibits DNA
synthesis and stimulates cellular hypertrophy through a Ca(2+)-dependent mechanism.
Brain Res. 1996 May 13; 720(1-2):191-203.
Haydon PG. Neuroglial networks: neurons and glia talk to each other. Curr Biol 2000;
10:R712–R714
Hayman M, Arbuthnott G, Harkiss G, Brace H, Filippi P, Philippon V, Thomson D, Vigne
R, Wright A Neurotoxicity of peptide analogues of the transactivating protein tat from
Maedi-Visna virus and human immunodeficiency virus. Neuroscience 1993; 53:1–6
He J, Chen Y, Farzan M, Choe H, Ohagen A, Gartner S, Busciglio J, Yang X, Hofmann W,
Newman W, Mackay CR, Sodroski J, Gabuzda D. CCR3 and CCR5 are co-receptors for
HIV-1 infection of microglia. Nature. 1997;.385: 645-649.

71

Hu S, Sheng WS, Ehrlich LC, Peterson PK, Chao CC.Cytokine effects on glutamate
uptake by human astrocytes. Neuroimmunomodulation. 2000; 7(3):153-9.
Hua LL, Zhao ML, Cosenza M, Kim MO, Huang H, et al. Role of mitogen-activated
protein kinases in inducible nitric oxide synthase and TNFalpha expression in human
fetal astrocytes. J Neuroimmunol. 2002; 126:180–189.
Israël A. The IKK complex: an integrator of all signals that activate NF-kB? Trends in Cell
Biol. 2000; 10:129–133.
Jackson M, Song W, Liu M-Y et al. Modulation of the neuronal glutamate transporter
EAAT4 by two interacting proteins. Nature 2001; 410: 89–93.
Johnston JB, Zhang K, Silva C, Shalinsky DR, Conant K, Ni W, Corbett D, Yong VW,
Power C HIV-1 Tat neurotoxicity is prevented by matrix metalloproteinase inhibitors.
Ann Neurol 2001; 49:230–241
Jones M, Olafson K, Del Bigio MR, Peeling J, Nath A. Intraventricular injection of human
immunodeficiency virus type 1 (HIV-1) tat protein causes inflammation, gliosis,
apoptosis, and ventricular enlargement. J Neuropathol Exp Neurol. 1998 Jun; 57(6):56370.
Kanner BI, Schuldiner S. Mechanism of transport and storage of neurotransmitters. CRC
Crit Rev Biochem. 1987; 22(1):1-38.
Karpus WJ, Lukacs NW, Kennedy KJ, Smith WH, Hurst SD, Barrett TA. Differential CC
chemokine–induced enhancement of T helper cell cytokine production. J Immunol.
1997;158: 4129–4136.
Kaul, M, Ma, Q, Medders, K E, Desai, M K, Lipton, S A HIV-1 co-receptors CCR5 and
CXCR4 both mediate neuronal cell death but CCR5 paradoxically can also contribute to
protection Cell Death Differ 2007; 14:296–305.
Kettenmann H and Ransom BR Neuroglia 2nd Edition Oxford University Press, New York,
New York. pp1-16
Kettenmann H. and Verkhratsky A. Neuroglia: the 150 years after. Trends Neurosci.
2008;31:653–659.
Khurdayan VK, Buch S, El-Hage N, Lutz SE, Goebel SM, Singh IN, Knapp PE, TurchanCholewo J, Nath A, Hauser KF. Preferential vulnerability of astroglia and glial precursors
to combined opioid and HIV-1 Tat exposure in vitro. Eur J Neurosci. 2004
Jun;19(12):3171-82.
Kim JM, Oh YK, Lee JH, Im DY, Kim YJ, et al. Induction of proinflammatory mediators
requires activation of the TRAF, NIK, IKK and NF-kappa B signal transduction pathway
in astrocytes infected with Escherichia coli. Clin Exp Immunol. 2005; 140:450–160.
Klegeris A, McGeer EG, McGeer PL. Therapeutic approaches to inflammation in
neurodegenerative disease. Curr Opin Neurol. 2007 Jun; 20(3):351-7.
Kreutzberg GW: Microglia: a sensor for pathological events in the CNS. TrendsNeurosci
1996,19(8):312-318.

72

Kuang X, Scofield VL, Yan M, Stoica G, Liu N, Wong PK. Attenuation of oxidative
stress, inflammation and apoptosis by minocycline prevents retrovirus-induced
neurodegeneration in mice. Brain Res. 2009 Aug 25; 1286:174-84.
Kutsch O, Oh J, Nath A, Benveniste EN. Induction of the chemokines interleukin-8 and
IP-10 by human immunodeficiency virus type 1 tat in astrocytes. J Virol. 2000 Oct;
74(19):9214-21.
Lee SJ, Hou J, Benveniste EN. Transcriptional regulation of intercellular adhesion
molecule-1 in astrocytes involves NF-kappaB and C/EBP isoforms. J Neuroimmunol
1998; 92:196–207.
Lehre, L.M. Levy, O.P. Ottersen, J. Storm-Mathisen and N.C. Danbolt, Differential
expression of two glial glutamate transporters in the rat brain: quantitative and
immunocytochemical observations, J. Neurosci. 1995; 15:1835–1853.
Leichnetz GR Digital neuroanatomy: an interactive CD atlas with text. A John Wiley &
Sons, Inc., Publication 2006; pp21-33
Lein E. S., Hawrylycz M. J., Ao N. et al. Genome-wide atlas of gene expression in the
adult mouse brain. Nature 2007;445:168–176
Lendahl U, Zimmerman LB, McKay RD. CNS stem cells express a new class of
intermediate filament protein. Cell. 1990 Feb 23; 60(4):585-95.
Levitt P, Rakic P. Immunoperoxidase localization of glial fibrillary acidic protein in radial
glial cells and astrocytes of the developing rhesus monkey brain.J Comp Neurol. 1980
Oct 1; 193(3):815-40.
Li W, Huang Y, Reid R, Steiner J, Malpica-Llanos T, Darden TA, Shankar SK,
Mahadevan A, Satishchandra P, Nath A. NMDA receptor activation by HIV-Tat protein
is clade dependent. J Neurosci. 2008 Nov 19; 28(47):12190-8.
Li XZ, Bai LM, Yang YP, Luo WF, Hu WD, Chen JP, Mao CJ, Liu CF. Effects of IL-6
secreted from astrocytes on the survival of dopaminergic neurons in lipopolysaccharideinduced inflammation. Neurosci Res. 2009 Nov;65(3):252-8.
Liedtke W, Edelmann W, Bieri PL, Chiu FC, Cowan NJ, Kucherlapati R, Raine CS. GFAP
is necessary for the integrity of CNS white matter architecture and long-term
maintenance of myelination. Neuron. 1996 Oct;17(4):607-15.
Lilienbaum A, Israël A. From calcium to NF-kB signaling pathways in neurons. Mol Cell
Biol. 2003;23:2680–2698.
Lin CL, Orlov I, Ruggiero AM et al. Modulation of the neuronal glutamate transporter
EAAC1 by the interacting protein GTRAP3-18. Nature 2001; 410: 84–8.
Liu B, Hong JS: Role of microglia in inflammation-mediated neurodegenerative diseases:
mechanisms and strategies for therapeutic intervention. J Pharmacol Exp Ther
2003,304(l):l-7.
Liu Y, Jones M, Hingtgen CM, Bu G, Laribee N, Tanzi RE, Moir RD, Nath A, He
JJ.Uptake of HIV-1 tat protein mediated by low-density lipoprotein receptor-related

73

protein disrupts the neuronal metabolic balance of the receptor ligands. Nat Med. 2000
Dec;6(12):1380-7.
Liu Y, Liu H, Kim BO, Gattone VH, Li J, Nath A, Blum J, He JJ. CD4-independent
infection of astrocytes by human immunodeficiency virus type 1: requirement for the
human mannose receptor. J Virol. 2004 Jul;78(13):7288-9.
Logan WJ, Snyder SH. High affinity uptake systems for glycine, glutamic and aspaspartic
acids in synaptosomes of rat central nervous tissues. Brain Res. 1972 Jul 20;42(2):413-31.
Lortet S, Samuel D, Had-Aissouni L et al. Effects of PKA and PKC modulators on high
affinity glutamate uptake in primary neuronal cell cultures from rat cerebral cortex.
Neuropharmacology 1999; 38: 395–402
Lötsch J, Weiss M, Kobal G, Geisslinger G. Pharmacokinetics of morphine-6-glucuronide
and its formation from morphine after intravenous administration. Clin Pharmacol Ther.
1998 Jun;63(6):629-39.
Louria, D.B., Hensle, T., and Rose,J. The major medical complications of heroin addiction.
Ann Intern Med 1967;67: 1-22
Lowenthal JW, Ballard DW, Böhnlein E, Greene WC. Tumor necrosis factor alpha induces
proteins that bind specifically to kappa B-like enhancer elements and regulate interleukin
2 receptor alpha-chain gene expression in primary human T lymphocytes. Proc Natl Acad
Sci USA. 1989;86(7):2331-5
Ludwin S. K., Kosek J. C. and Eng L. F. The topographical distribution of S-100 and GFA
proteins in the adult rat brain: an immunohistochemical study using horseradish
peroxidase-labelledantibodies. J. Comp. Neurol. 1976;165:197–207
Luse SA. Electron microscopic observations of central nervous system. J. Biophys.
Biochem. Cytol., 1956; 2: 531-542
Luster AD, Chemokines-chemotactic cytokines that mediate inflammation. NEJM 1998
338:436-445
Ma M, Nath A. Molecular determinants for cellular uptake of Tat protein of human
immunodeficiency virus type 1 in brain cells. J Virol. 1997 Mar; 71(3):2495-9.
Maragakis NJ, Rothstein JD Mechanisms of Disease: astrocytes in neurodegenerative
disease.Nat Clin Pract Neurol. 2006 Dec;2(12):679-89.
Maragos WF, Tillman P, Jones M, Bruce-Keller AJ, Roth S, Bell JE, Nath A Neuronal
injury in hippocampus with human immunodeficiency virus transactivating protein, Tat.
Neuroscience 2003; 117:43–53
Matsumoto, Y., Hara, N., Tanaka, R. and Fujiwara, M., Immunohistochemical analysis of
the rat central nervous system during experimental allergic encephalomyelitis, with
special reference to Ia-positive cells with dendritic morphology. J. Immunol. 1986. 136:
3668-3676
Matyash V, Kettenmann H. Heterogeneity in astrocyte morphology and physiology. Brain
Res Rev. Brain Res Rev. 2010 May;63(1-2):2-10.

74

Mayer, M.L. and Westbrook, G.L. The physiology of excitatory amino acids in the
vertebrate central nervous system. Prog. Neurobiol.1987;28:197–276.
McCarthy L, M Wetzel, JK Sliker, TK Eisenstein and TJ Rogers Opioids, opioid receptors,
and the immune response. Drug Alcohol Depend.2001; 62:111-123.
McCormick DA. Neurotransmitter actions in the thalamus and cerebral cortex. J Clin
Neurophysiol. 1992 Apr;9(2):212-23.
Meisner F, Neuen-Jacob E, Sopper S, Schmidt M, Schlammes S, Scheller C, Vosswinkel D,
Ter Meulen V, Riederer P, Koutsilieri E. Disruption of excitatory amino acid transporters
in brains of SIV-infected rhesus macaques is associated with microglia activation. J
Neurochem. 2008 Jan;104(1):202-9.
Merkle FT, Tramontin AD, García-Verdugo JM, Alvarez-Buylla A. Radial glia give rise to
adult neural stem cells in the subventricular zone Proc. Natl. Acad. Sci. USA 2004;101
(50): 17528–32.
Minagar, A., P. Shapshak, et al. (2002). The role of macrophage/microglia and astrocytes
in the pathogenesis of three neurologic disorders: HIV-associated dementia, Alzheimer
disease, and multiple sclerosis. J Neurol Sci 2002;202(1-2): 13-23
Morganti-Kossmann MC, Kossmann T, Brandes ME, Mergenhagen SE, Wahl SM.
Autocrine and paracrine regulation of astrocyte function by transforming growth factor-β.
J Neuroimmunol 1992, 39, 163–174.
Moynagh PN. The interleukin-1 signalling pathway in astrocytes: a key contributor to
inflammation in the brain. J Anat. 2005 Sep; 207(3):265-9.
Mucke L, Eddleston M. Astrocytes in infectious and immune-mediated diseases of the
central nervous system FASEB J. 1993 Oct;7(13):1226-32.
Nath A, Hauser KF, Wojna V, Booze RM, Maragos W, Prendergast M, Cass W, Turchan
JT. Molecular basis for interactions of HIV and drugs of abuse. J Acquir Immune Defic
Syndr. 2002 Oct 1;31 Suppl 2:S62-9.
Nath A, Maragos W, Avison MJ, Schmitt FA, Berger JR Acceleration of HIV dementia
with methamphetamine and cocaine. J Neurovirol 2001;7:66–71
Noctor S, Flint A, Weissman T, Dammerman R, Kriegstein, A. "Neurons derived from
radial glial cells establish radial units in neocortex". Nature 2001; 409 (6821): 714–20.
Norman JP, Perry SW, Kasischke KA, Volsky DJ, Gelbard HA HIV-1 trans activator of
transcription protein elicits mitochondrial hyperpolarization and respiratory deficit, with
dysregulation of complex IV and nicotinamide adenine dinucleotide homeostasis in
cortical neurons. J Immunol 2007;178:869–876
Norris JG, Tang L-P, Sparacio SM, Benveniste EN. Signal transduction pathways
mediating astrocyte IL-6 induction by IL-1β and tumor necrosis factor-α. J Immunol
1994, 152, 841–850.
Nottet HS, Jett M, Flanagan CR, Zhai QH, Persidsky Y, Rizzino A, Bernton EW, Genis P,
Baldwin T, Schwartz J A regulatory role for astrocytes in HIV-1 encephalitis. An
overexpression of eicosanoids, platelet-activating factor, and tumor necrosis factor-alpha

75

by activated HIV-1-infected monocytes is attenuated by primary human astrocytes. J
Immunol. 1995;154(7):3567-81.
Nottet HS. The blood brain barrier: monocyte and viral entry into the brain. In: Gendelman
HE, Grant I, Everall IP, Lipton SA, Swindells S, . The Neurology of AIDS, 2nd edn.
Oxford, UK: Oxford University Press;2005 ;pp. 155–61
Nyland SB, S Specter, J Im-Sin and KE Ugen. Opiate effects on in vitro human retroviral
infection. Adv. Exp. Med. Biol. 1998;437:91-100.
Oberlin E, Amara A, Bachelerie F, Bessia C, Virelizier JL, Arenzana-Seisdedos F,
Schwartz O, Heard JM, Clark-Lewis I, Legler DF, Loetscher M, Baggiolini M, Moser B..
The CXC chemokine SDF-1 is the ligand for LESTR/fusin and prevents infection by Tcell-line-adapted HIV-1. Nature. 1996; 382: 833-835.
Ohagen A, Ghosh S, He J, Huang K, Chen Y, Yuan M, Osathanondh R, Gartner S, Shi B,
Shaw G, Gabuzda D. Apoptosis induced by infection of primary brain cultures with
diverse human immunodeficiency virus type 1 isolates: evidence for a role of the
envelope. Journal of Virology. 1999; 73: 897-906.
Olney JW. Excitotoxic amino acids and neuropsychiatric disorders. Annu Rev Pharmacol
Toxicol. 1990; 30:47-71.
O'Shea RD. Roles and regulation of glutamate transporters in the central nervous system.
Clin Exp Pharmacol Physiol. 2002 Nov;29(11):1018-23.
Park MH, Lee YK, Lee YH, Kim YB, Yun YW, Nam SY, Hwang SJ, Han SB, Kim SU,
Hong JT. Chemokines released from astrocytes promote chemokine receptor 5-mediated
neuronal cell differentiation. Exp Cell Res. 2009 Oct 1; 315(16):2715-26. Epub 2009 Jun
24.
Patton HK, Zhou ZH, Bubien JK, Benveniste EN, Benos DJ. gp120-induced alterations of
human astrocyte function: Na(+)/H(+) exchange, K(+) conductance, and glutamate flux.
Am J Physiol Cell Physiol. 2000 Sep;279(3):C700-8.
Piani D, Fontana A. Involvement of the cystine transport system xc- in the macrophageinduced glutamate-dependent cytotoxicity to neurons. J Immunol 1994; 152 :3578–85.
Pin JP, Acher F The metabotropic glutamate receptors: structure, activation mechanism
and pharmacology. Curr Drug Targets CNS Neurol Disord 2002;1: 297-317.
Piros ET, Prather PL, Loh HH, Law PY, Evans CJ, Hales TG.Ca2+ channel and adenylyl
cyclase modulation by cloned mu-opioid receptors in GH3 cells. Mol Pharmacol. 1995
May; 47(5):1041-9.
Pixley SK, de Vellis J. Transition between immature radial glia and mature astrocytes
studied with a monoclonal antibody to vimentin. Brain Res. 1984 Aug; 317(2):201-9.
Polakiewicz RD, Schieferl SM, Gingras AC, et al. mu-Opioid receptor activates signaling
pathways implicated in cell survival and translational control. J Biol Chem 1998;
273:23534-41.
Polyak SL The retina. 1941 Univ. of Chicago Press, Chicago, Illinois

76

Powell EM, Geller HM. Dissection of astrocyte-mediated cues in neuronal guidance and
process extension. Glia. 1999 Mar;26(1):73-83.
Quinones MP, Kalkonde Y, Estrada CA, Jimenez F, Ramirez R, et al. Role of astrocytes
and chemokine systems in acute TNFalpha induced demyelinating syndrome: CCR2dependent signals promote astrocyte activation and survival via NF-kappa B and Akt.
Mol Cell Neurosci. 2008;37:96–109.
Raivich G, Jones LL, Werner A, Blüthmann H, Doetschmann T, Kreutzberg GW.
Molecular signals for glial activation: pro- and anti-inflammatory cytokines in the injured
brain. Acta Neurochir Suppl. 1999; 73:21-30.
Rakic P. Mode of cell migration to the superficial layers of fetal monkey neocortex. J
Comp Neurol. 1972 May; 145(1):61-83.
Rakic P. Neuron-glia relationship during granule cell migration in developing cerebellar
cortex. A Golgi and electronmicroscopic study in Macacus Rhesus. J Comp Neurol. 1971
Mar; 141(3):283-312.
Rakic P. Guidance of neurons migrating to the fetal monkey neocortex. Brain Res. 1971(a)
Oct 29;33(2):471-6.
Rakic P. Neuron-glia relationship during granule cell migration in developing cerebellar
cortex. A Golgi and electronmicroscopic study in Macacus Rhesus. J Comp Neurol.
1971(b) Mar; 141(3):283-312.
Rogge L, Barberis-Maino L, Biffi M, Passini N, Presky DH, Gubler U, Sinigaglia F.
Selective expression of an interleukin-12 receptor component by human T helper 1 cells.
J Exp Med. 1997; 185:825–831.
Rollin BJ, Chemokines Blood 1997 90 (3):909-928
Ronaldson PT, Bendayan R. HIV-1 viral envelope glycoprotein gp120 triggers an
inflammatory response in cultured rat astrocytes and regulates the functional expression
of P-glycoprotein. Mol Pharmacol. 2006 Sep;70(3):1087-98.
Rosemond E, Wang M, Yao Y, Storjohann L, Stormann T, Johnson EC, Hampson DR
Molecular basis for the differential agonist affinities of group III metabotropic glutamate
receptors. Mol Pharmacol 2004; 66: 834-842.
Ross MH and Pawlina W Histology: a text and atlas with correlated cell and molecular
biology. 5th Edition Lippincott Wiliams& Wilkins 2006 pp334-335
Rossi DJ, Oshima T, Attwell D. Glutamate release in severe brain ischaemia is mainly by
reversed uptake. Nature. 2000 Jan 20; 403(6767):316-21.
Rothenberg R, Woelfel M, Stoneburner R, Milberg J, Parker R, Truman B Survival with
the acquired immunodeficiency syndrome. Experience with 5833 cases in New York
City.N Engl J Med. 1987 Nov 19; 317(21):1297-302.
Rubin LL, Staddon JM. 1999. The cell biology of the blood-brain barrier. Annu Rev
Neurosci 22:11–28.

77

Ruzicka BB, Fox CA, Thompson RC, Meng F, Watson SJ, Akil H. Primary astroglial
cultures derived from several rat brain regions differentially express mu, delta and kappa
opioid receptor mRNA. Brain Res Mol Brain Res. 1995 Dec 28; 34(2):209-20.
Sabatier JM, Vives E, Marbrouk K et al (1991) Evidence for neurotoxicity of tat from HIV.
J Virol 65:961–967
Saha RN, Pahan K. Tumor necrosis factor-alpha at the crossroads of neuronal life and
death during HIV-associated dementia. J Neurochem 2003; 86:1057–71.
Sánchez-Prieto J, González P. Occurrence of a large Ca2+-independent release of
glutamate during anoxia in isolated nerve terminals (synaptosomes). J Neurochem. 1988
Apr;50(4):1322-4.
Sawynok J. The therapeutic use of heroin: a review of the pharmacological literature. Can.
J. Physiol. Pharmacol. 1986; 64:1-6.
Schachner M, Hedley-Whyte ET, Hsu DW, Schoonmaker G, Bignami A. Ultrastructural
localization of glial fibrillary acidic protein in mouse cerebellum by immunoperoxidase
labeling J Cell Biol. 1977 Oct;75(1):67-73.
Schipke, C. Ohlemeyer, M. Matyash, C. Nolte, H. Kettenmann and F. Kirchhoff,
Astrocytes of the mouse neocortex express functional N-methyl-d-aspartate receptors,
FASEB J. 2001;15: 1270–1272.
Shao Y an d McCarthy KD Plasticity of Astrocytes Glia 1994;11:147-155
Sharp BM, G Gekker, MD Li, CC Chao and PK Peterson Delta-opioid suppression of
human immunodeficiency virus-1 expression in T cells (Jurkat). Biochem. Pharmacol.
1998a; 56, 289-292.
Sheldon AL, Robinson MB. The role of glutamate transporters in neurodegenerative
diseases and potential opportunities for intervention.Neurochem Int. 2007 Nov-Dec;
51(6-7):333-55.
Shibata T, Yamada K, Watanabe M, Ikenaka K, Wada K, Tanaka K, Inoue Y.Glutamate
transporter GLAST is expressed in the radial glia-astrocyte lineage of developing mouse
spinal cord. J Neurosci. 1997 Dec 1;17(23):9212-9
Sims KD, Straff DJ, Robinson MB. Platelet-derived growth factor rapidly increases
activity and cell surface expression of the EAAC1 subtype of glutamate transporter
through activation of phosphatidylinositol 3-kinase. J. Biol. Chem. 2000; 275: 5228–37
Sim-Selley LJ, Scoggins KL, Cassidy MP, Smith LA, Dewey WL, Smith FL, Selley DE.
Region-dependent attenuation of mu opioid receptor-mediated G-protein activation in
mouse CNS as a function of morphine tolerance. Br J Pharmacol. 2007 Aug;151(8):132433.
Singh, I. N., Goody, R. J., Dean, C., Ahmad, N. M., Lutz, S. E., Knapp, P. E., Nath, A. and
Hauser, K. F. Apoptotic death of striatal neurons induced by HIV-1 Tat and gp120:
differential involvement of caspase-3 and endonuclease G. J Neurovirol. 2004
Jun;10(3):141-51.

78

Sofroniew MV, Bush TG, Blumauer N, Kruger L, Mucke L, Johnson MH.. Geneticallytargeted and conditionally-regulated ablation of astroglial cells in the central, enteric and
peripheral nervous systems in adult transgenic mice. Brain Res (1999); 835:91–95.
Somjen G. G. Nervenkitt: notes on the history of the concept of neuroglia. GLIA 1988;1:
2–9.
Standiford TJ, Kunkel SL, Phan SH, Rollins BJ, Strieter RM. Alveolar macrophagederived cytokines induce monocyte chemoattractant protein-1 expression from human
pulmonary type II-like epithelial cells. J Biol Chem. 1991; 266:9912–9918.
Stiene-Martin A and KF Hauser Opioid-dependent growth of glial cultures: suppression of
astrocyte DNA synthesis by Met-enkephalin. Life Sci. 1990;46: 91-98.
Stiene-Martin, A., Zhou, R. and Hauser, K. F. Regional, developmental, and cell cycledependent differences in m, d and k-opioid receptor expression among cultured mouse
astrocytes. Glia 1998; 22: 249-259.
Streit WJ, Walter SA, Pennell NA: Reactive microgliosis. Prog Neurobiol 1999;57(6):563581.
Stuve O, Chabot S, Jung SS, Williams G, Yong VW. Chemokine-enhanced migration of
human peripheral blood mononuclear cells is antagonized by interferon beta-1b through
an effect on matrix metalloproteinase-9. J Neuroimmunol. 1997 Dec; 80(1-2):38-46.
Syková E. Extracellular space volume and geometry of the rat brain after ischemia and
central injury. Adv Neurol. 1997; 73:121-35.
Takahashi M, Billups B, Rossi D, Sarantis M, Hamann M, Attwell D. The role of
glutamate transporters in glutamate homeostasis in the brain. J Exp Biol. 1997 Jan;
200(Pt 2):401-9.
Taub DD, Sayers TJ, Carter CR, Ortaldo JR. Alpha and beta chemokines induce NK cell
migration and enhance NK-mediated cytolysis. J Immunol. 1995 Oct 15;155(8):3877-88
Tyor W, Middaugh LD Do alcohol and cocaine abuse alter the course of the HIVassociated dementia complex? J Leukoc Biol 1999; 65:475–481
Tyor WR, Glass JD, Friffin JW Cytokine expression in the brain during AIDS. Ann
Neurol 1992; 31:349-360
Tyor WR, Glass JD, Griffin JW, Becker PS, McArthur JC, Bezman L et al. Cytokine
expression in the brain during the acquired immunodeficiency syndrome. Ann Neurol
1992;31:349–60.
Ullian EM, Sapperstein SK, Christopherson KS, Barres BA. Control of synapse number by
glia. Science 2001; 291:657–661
Van Coillie E, Van Damme J, Opdenakker G. The MCP/eotaxin subfamily of CC
chemokines. Cytokine Growth Factor Rev. 1999; 10:61–86.
Vivès E, Brodin P, Lebleu B. A truncated HIV-1 Tat protein basic domain rapidly
translocates through the plasma membrane and accumulates in the cell nucleus. J Biol
Chem. 1997 Jun 20; 272(25):16010-7.

79

Vogel BE, Lee SJ, Hildebrand A, Craig W, Pierschbacher MD, Wong-Staal F, Ruoslahti E.
A novel integrin specificity exemplified by binding of the alpha v beta 5 integrin to the
basic domain of the HIV Tat protein and vitronectin. J Cell Biol. 1993 Apr;121(2):461-8.
Wadia JS, Dowdy SF. Transmembrane delivery of protein and peptide drugs by TATmediated transduction in the treatment of cancer. Adv Drug Deliv Rev. 2005 Feb
28;57(4):579-96.
Wang D, Baldwin AS. Activation of Nuclear Factor-κB-dependent transcription by tumor
necrosis factor-alpha is mediated through phosphorylation of RelA/p65 on serine 529. J
Biol Chem. 1998;273:29411–29416.
Wang Z, Pekarskaya O, Bencheikh M, Chao W, Gelbard HA, Ghorpade A, Rothstein JD,
Volsky DJ. Reduced expression of glutamate transporter EAAT2 and impaired glutamate
transport in human primary astrocytes exposed to HIV-1 or gp120. Virology. 2003 Jul
20;312(1):60-73.
Watling KJ. The RBI handbook of receptor classification and signal transduction.3rd
Edition. 1998 Sigma-RBI, Natick, MA. pp107
Wesselingh SL, Power C, Glass JD, Tyor WR, McArthur JC, Farber JM, Griffin JW,
Griffin DE. Intracerebral cytokine messenger RNA expression in acquired
immunodeficiency syndrome dementia. Ann Neurol 1993; 33(6): 576- 582.
Westendorp MO, Shatrov VA, Schulze-Osthoff K, Frank R, Kraft M, Los M, Krammer PH,
Dröge W, Lehmann V. HIV-1 Tat potentiates TNF-induced NF-kappa B activation and
cytotoxicity by altering the cellular redox state. EMBO J. 1995 Feb 1;14(3):546-54.
Westendorp MO, Frank R, Ochsenbauer C, Stricker K, Dhein J, Walczak H, Debatin KM,
Krammer PH. Sensitization of T cells to CD95-mediated apoptosis by HIV-1 Tat and
gp120. Nature 1995; 375(6531): 497-500
Wetzel MA, AD Steele, TK Eisenstein, MW Adler, EE Henderson and TJ Rogers. Muopioid induction of monocyte chemoattractant protein-1, RANTES, and IFN-gammainducible protein-10 expression in human peripheral blood mononuclear cells. J.
immunol.2000; 165:6519-6524.
Whetsell WO Jr, Shapira NA. Neuroexcitation, excitotoxicity and human neurological
disease. Lab Invest. 1993 Apr;68(4):372-87. Review.
Winkler MK, Beveniste EN. Transforming growth factor-beta inhibition of cytokineinduced vascular cell adhesion molecule-1 expression in human astrocytes. Glia
1998;22:171–9.
Wisniewski HM, Wegiel J, Wang KC, Kujawa M, Lach B.Ultrastructural studies of the
cells forming amyloid fibers in classical plaques. Can J Neurol Sci 1989;16(4 Suppl):
535-42.
Wolff T, Samuelsson H, Hedner T. Concentrations of morphine and morphine metabolites
in CSF and plasma during continuous subcutaneous morphine administration in cancer
pain patients. Pain. 1996 Dec;68(2-3):209-16.
Xiong H, Zeng YC, Zheng J, Thylin M, Gendelman HE. Soluble HIV-1 infected
macrophage secretory products mediate blockade of long-term potentiation: a mechanism
80

for cognitive dysfunction in HIV-1-associated dementia. J Neurovirol. 1999 Oct;
5(5):519-28
Ye ZC, Sontheimer H Modulation of glial glutamate transport through cell interactions
with the extracellular matrix..Int J Dev Neurosci. 2002 Jun-Aug;20(3-5):209-17.
Michael W. Yeh*, Marcus Kaul*, , Jialin Zheng , Hans S. L. M. Nottet§, Michael Thylin ,
Howard E. Gendelman and Stuart A. Lipton. Cytokine-stimulated, but not HIV-infected,
human monocyte-derived macrophages produce neurotoxic levels of 1-cysteine. J
Immunol 2000;164:4265–70.
Yeung MC, Pulliam L, Lau AS. The HIV envelope protein gp120 is toxic to human braincell cultures through the induction of interleukin-6 and tumor necrosis factor-alpha. AIDS
1995;9:137–43.
Yu, W H; Fraser P E "S100beta interaction with tau is promoted by zinc and inhibited by
hyperphosphorylation in Alzheimer's disease". J. Neurosci. 2001;21 (7): 2240–6
Zehner ZE, Paterson BM. Characterization of the chicken vimentin gene: single copy gene
producing multiple mRNAs. Proc Natl Acad Sci U S A. 1983 Feb; 80(4):911-5.
Zelenaia O, Schlag BD, Gochenauer GE et al. Epidermal growth factor receptor agonists
increase expression of glutamate transporter GLT-1 in astrocytes through pathways
dependent on phosphatidylinositol 3-kinase and transcription factor NF-kappa B. Mol.
Pharmacol. 2000; 57: 667–78.
Zhai Q, Luo Y, Zhang Y, Berman MA, Dorf ME. Low nuclear levels of nuclear factorkappa B are essential for KC self-induction in astrocytes: Requirements for shuttling and
phosphorylation. Glia. 2004;48:327–336.
Zhang Y, Zhang J, Navrazhina K, Argaw AT, Zameer A, Gurfein BT, Brosnan CF, John
GR. TGFbeta1 induces Jagged1 expression in astrocytes via ALK5 and Smad3 and
regulates the balance between oligodendrocyte progenitor proliferation and
differentiation. Glia. 2010 Jun; 58(8):964-74.
Zhao ML, Kim MO, Morgello S, Lee SC. Expression of inducible nitric oxide synthase,
interleukin-1 and caspase-1 in HIV-1 encephalitis. J Neuroimmunol 2001; 115:182–91.
Zhao T, Adams MH, Zou SP, El-Hage N, Hauser KF, Knapp PE. Silencing the PTEN gene
is protective against neuronal death induced by human immunodeficiency virus type 1
Tat. J Neurovirol. 2007 Apr; 13(2):97-106.
Ziak D., Chvatal A. and Sykova E., Glutamate-, kainate- and NMDA-evoked membrane
currents in identified glial cells in rat spinal cord slice, Physiol. Res. 1998; 47:365–375.
Zink MC, Coleman GD, Mankowski JL, Adams RJ, Tarwater PM, Fox K, Clements JE.
Increased macrophage chemoattractant protein-1 in cerebrospinal fluid precedes and
predicts simian immunodeficiency virus encephalitis. J Infect Dis. 2001 Oct
15;184(8):1015-21.

81

