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Abstract
HIV-infected individuals who abuse opiates show a faster progression to AIDS and higher
incidence of encephalitis. The HIV-1 proteins Tat and gp120 have been shown to cause
neurodegenerative changes either in vitro or when injected or expressed in the CNS, and we have
shown that opiate drugs can exacerbate neurotoxic effects in the striatum through direct actions on
pharmacologically discrete subpopulations of μ-opioid receptor-expressing astroglia. Opiate co-
exposure also significantly enhances release of specific inflammatory mediators by astroglia from
the striatum, and we theorize that astroglial reactivity may underlie aspects of HIV
neuropathology. To determine whether astroglia from different regions of the central nervous
system have distinct, intrinsic responses to HIV-1 proteins and opiates, we used multiplex
suspension array analyses to define and compare the inflammatory signature of cytokines released
by murine astrocytes grown from cerebral cortex, cerebellum, and spinal cord. Results
demonstrate significant regional differences in baseline secretion patterns, and in responses to
viral proteins. Of importance for the disease process, astrocytes from all regions have very limited
inflammatory response to gp120 protein, as compared to Tat protein, either in the presence or
absence of morphine. Overall, the chemokine/cytokine release is higher from spinal cord and
cortical astroglia than from cerebellar astroglia, paralleling the relatively low incidence of HIV-
related neuropathology in the cerebellum.
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Introduction
Although astrocytes throughout the central nervous system (CNS) share many common
traits, individual cells can display marked phenotypic diversity, and this can differ among
brain regions, during maturation, and in a cell cycle-dependent manner. Heterogeneity has
been noted in normal astroglia both in vivo and in vitro, in terms of their morphology 1-3,
their production of various proteins, neuropeptides 4-7 and receptors 8-11, and in expression
of membrane transporters and channels 12-15. These differences in phenotype are reflected in
functional heterogeneity. For example, astroglia exhibit regionally specific
electrophysiological characteristics 2, 16-19, and differ in terms of their ability to form gap
junctions 6, promote neurogenesis 20, and to respond to immune stimulation 21, 22. It is still
debated whether differences among astroglia reflect actual subtypes within the population,
or if the heterogeneity is due instead to astroglial plasticity in response to environmental
factors. Clearly, astroglia within a particular brain region undergo phenotypic changes over
time, both during development and in response to environmental pressures. They also
respond to neuronal activity and injury 23, 24. Extrinsic factors that are introduced during
disease conditions such as hypoxia/ischemia 25, 26, traumatic injury 27, 28, and others 29, 30,
can also induce significant changes in astroglial structure and function. Demonstration of
plasticity does not, however, exclude the possibility that bona fide astroglial subtypes do
exist.

Many neuropathological conditions in the CNS have effects that are non-uniform. Some
regionally specific effects, such as in Parkinson's Disease, can be explained by degenerative
processes that target specific neuron sub-types. In other cases it is difficult to understand
why individual regions are more or less affected. Such is the case for the neuropathology
and dementia that accompany human immunodeficiency virus (HIV) encephalitis, which are
described as more frequently involving sub-cortical structures 31-33. In theory, microglia/
macrophages infected with HIV distribute throughout the CNS. Thus, both the direct toxic
effects of viral proteins, and the secondary effects due to activation of astroglia and
microglia/macrophages might be predicted to affect the CNS in a relatively homogeneous
fashion. We have focused on the question of glial activation, and whether there are intrinsic
differences in the inflammatory factors that glia from different regions produce when
exposed to HIV proteins. Previous work from our laboratory established that primary
astroglial cultures (<1.0% microglia) derived from the striatum showed a significant
upregulation of MCP-1/CCL-2, RANTES/CCL-5, IL-6 and TNFα when treated with HIV-1
Tat 34. This was further exacerbated by exposure to morphine, the bioactive derivative of
heroin. In the present paper, a multiplex approach is used to determine whether astrocytes
cultured from regions other than striatum release the same group of chemokines/cytokines
when they are exposed to Tat and gp-120, either alone or in combination with opiates. We
report that untreated astroglia cultured from cortex, cerebellum, and spinal cord, release
different amounts and combinations of chemokines/cytokines. Moreover, we show that the
regions have intrinsically different responses to HIV protein exposure. None of the regions
shows the synergistic effect between Tat and morphine that was previously observed in
striatum. These inherent differences may predispose particular regions of the CNS to HIV-
associated pathology.

Materials and Methods
All experimental protocols conformed to local Institutional Animal Care and Use Committee
(IACUC) and national (PHS) guidelines on the care and ethical use of animals. Experiments
were designed to minimize the number of experimental animals used and their discomfort.
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Cell Culture
Astrocytes from different regions were assessed to determine their responses to HIV
proteins exposure, either alone or in the context of co-exposure to opiates. Astroglia from
three CNS regions were cultured from 0-2 day postnatal ICR mice (Charles River Inc.,
Charles River, MA) using our established techniques 34. Briefly, the entire brain was
removed and separated into cerebellum and cerebral cortices. Other regions were removed
under a dissecting microscope. Spinal cord tissue was taken from the entire length of the
lumbar and thoracic cord. All regions were cultured separately, but using an identical
procedure. Tissue was diced into fine pieces in serum-free Dulbecco's Modified Eagle's
Medium (DMEM; Invitrogen-Gibco, Carlsbad, CA), then enzymatically dissociated (0.25%
trypsin, 10 μg/ml DNAse) and resuspended in medium containing 10% fetal bovine serum
(HyClone, Logan, UT). Tissue was triturated sequentially through 5 and 1 ml pipettes,
filtered through a nylon filter with 30 μm pores, centrifuged and resuspended in DMEM
containing 10% fetal bovine serum, 6 mg % glucose and antibiotics. Cells were grown to
70-80% confluence in 24 well plates before treatment with HIV proteins and opiates.
Cerebellar and cortical cultures reached this level of confluence within 1 week, while spinal
cord cultures grew more slowly and required 10-14 days. Cultures were routinely 96-98%
astrocytes as determined by immunostaining for glial fibrillary acidic protein, with <1%
microglia. We chose to establish cultures from neonatal rather than adult tissue for a number
of reasons. Astroglia harvested from adult tissue are much fewer in number, less viable in
culture, and the cultures contain more contaminating cells, including microglia and
endothelial cells, which also secrete chemokine/cytokines that might confuse the results. A
different concern relates to proliferation characteristics. In order to attain a “mature”
phenotype in culture (including mature astroglial markers and transporters), and irrespective
of initial brain region or age, cells must stop proliferating. Astroglia from adult tissues
proliferate rather slowly in culture, taking a much longer time to reach confluence than
neonatal preparations. Since astroglia tend to lose opioid receptors over time in culture 35,
the neonatal preparations have a more reliable population of opioid receptors at the time of
confluence.

Viral Protein and Opiate Treatments
Individual wells were treated with Tat1-86 (transactivator of transcription; IIIb strain;
ImmunoDiagnostics, Woburn, MA; 100 nM) and/or gp120 (glycoprotein 120; IIIb strain;
ImmunoDiagnostics; 500 pM) either alone or in combination with morphine sulphate (NIDA
Drug Supply System, Rockville, MD; 500 nM), and/or naloxone (NIDA Drug Supply
System; 1.5 μM) for 12 hours. Exposure times longer than 12 hrs increasingly result in
autocrine and paracrine secretory effects that complicate interpretation. The Tat protein is
produced in the E. coli expression system and purified by ion affinity and reverse phase
HPLC to >99% purity, as determined by SDS-PAGE and HPLC. Gp120 is produced in a
baculovirus expression system and purified by immune-affinity chromatography to >95%
purity as determined by SDS-PAGE. These concentrations of viral proteins have
consistently resulted in effects on cytokine output and/or neuron death in our previous
publications 34, 36, 37. They are within the range considered to be physiological and used in
cell culture studies by numerous other laboratories 38-43. The use of higher concentrations
might be criticized for causing non-specific or off-target effects. Immunoneutralized or
mutant Tat, and heat-inactivated gp120 have routinely been used to show specificity of the
viral proteins 34, 36, 37.

Bio-Plex Assay
In initial studies, simultaneous quantification of 23 cytokines and chemokines in culture
supernatants was performed with a mouse cytokine assay system (Bio-Plex; Bio-Rad,
Hercules, CA). The analytes included IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10,
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IL-12 (p40), IL-12(p70), IL-13, IL-17, Eotaxin, G-CSF, GM-CSF, IFN-γ, KC, MCP-1,
MIP1α, MIP-1β, RANTES, and TNF-α. We determined that half of these were not
consistently secreted in any treatment group, so subsequent assays were performed on a
subset of 12 that showed dynamic responses (Tables 1-3). Calibration curves were prepared
using sequential four-fold dilutions of recombinant cytokine standards. Samples were
measured and blank values were subtracted from all readings. All assays were carried out
directly in the 96-well microplate-format Bio-Plex assays (Bio-Rad) at room temperature
and protected from light according to manufacturer's directions. 50 μl of multiplex bead
working solution was added to the plate and removed by vacuum filtration. 100 μl of Bio-
Plex wash buffer was dispensed to each well and washed twice. Diluted samples or blanks
were incubated (30 min, room temperature) with continuous shaking at 300 rpm. Beads were
washed, incubated with detection antibody, and visualized with streptavidin-PE. The
fluorescence intensity of the beads was measured in a volume of 125 μl of Bio-Plex assay
buffer. Data analyses were performed with Bio-Plex Manager software, version 4.0, in
samples from n=5 independent cultures from each brain region. Protein levels were
measured in all samples using the bicinchoninic acid method (Pierce BCA Protein Assay
Kit; Thermo Scientific, Rockford, IL).

A small number of the original cortex (∼10.9%) and spinal cord (4.6%) samples had
readings that were above the maximum predictive values for the standard curve. Those
samples were diluted 1:1 and re-assessed on an additional array. In samples where
chemokine/cytokine levels were below the detectable limit of the standard curve, data were
replaced by the lowest value of the standard curve to avoid missing data points for ANOVA
analysis. The original and the diluted samples were then all transformed into data indicating
percent change values, and percent of control cytokine expression was used as the dependent
variable in all analyses. Note that this excludes the first analysis that looked at the basal
release (pg/ml) of individual chemokines/cytokines from untreated astrocytes (see Fig. 1).
Data were analyzed using multivariate analysis of variance (MANOVA) techniques (SPSS
2008, Version 16.0 for Windows, SPSS Inc.). Analyses were conducted using Tat (2 levels:
no, yes), gp120 (2 levels: no, yes), morphine (2 levels: no, yes), and brain region (3 levels:
spinal cord, cerebellum, cortex) as between subjects factors. If needed, post hoc test using
the Bonferroni correction factor were performed to further determine specific treatment
effects. An alpha level of p ≤ 0.05 was considered significant for all statistical tests used.
Data are expressed in figures, tables, and text, as mean (±S.E.M.).

Intracellular [Ca]2+

A ratiometric intracellular [Ca2+] assay was used to assess the activity of gp120 and
morphine preparations. Cortical astroglia were cultured as described above, in 96 well
plates. Cultures were treated at 24 hrs prior to assay with 5mM L-leucine methyl ester (final
concentration in serum-free medium) for 2 hours to reduce the number of microglia cells. At
80-90% confluence, the cells were loaded with 10μM fura-2/AM (Molecular Probes,
Eugene, OR; 45 min, 35°C) in Hank's Balanced Salt Solution with 10 mM HEPES buffer
(pH 7.2). After two washes, the cells were incubated for an additional 30 min at 35°C.
Ratiometric Ca2+ measurements were made at 340- and 380-nm excitation and 510-520 nm
emission wavelengths 44 using a fluorescent microplate NOVOstar reader with an integrated
injector (BMG Labtech, Durham, NC). Measurements were made before and after injection
of morphine (500 nM, final concentration) or gp120 (500pM, final concentration) into each
well. Data are reported as fura-2 ratio 340 / 380-nm and represent the mean (± SEM) of 6
samples per treatment group.
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Results
The exploratory analysis approach used in these studies was not intended to analyze levels
of individual chemokines/cytokines, but to evaluate the effect of region of origin, viral
protein, or morphine on overall chemokine/cytokine accumulation, and also to look for
significant interactive effects between these factors. The results identified significant,
regionally related differences, both in the basal pattern of chemokine and cytokine secretion
by astrocytes, and in the pattern of secretion in response to viral protein exposure. The
individual and interactive effects are presented in detail in the sections that follow.

Basal Release of Chemokines/Cytokines
Levels of chemokine/cytokine release from untreated cells varied depending on the region
from which astroglia were cultured (Fig. 1). Released chemokine/cytokine values were not
normalized to total protein levels since these were not significantly different between the
brain regions (cortex: 399.34 μg/ml ± 26.65; cerebellum: 455.16 μg/ml ± 33.19; spinal cord:
342.67 μg/ml ± 56.66). Almost all chemokines/cytokines assayed were detected in the
medium of untreated astrocytes from all regions. The exceptions were IL-9 in cortical glia,
and IFN-γ and TNFα in cerebellar glia, which were all below the limits of detection by the
Bio-Plex assay. However, as can be seen in Fig. 1, the basal levels released into the culture
medium varied tremendously. Statistical analysis (one-way MANOVA) showed a
significant brain region effect (F(24, 4) = 11.94, p ≤ 0.05), contributed by the following
chemokines/cytokines: 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). Whereas astroglia from
both cerebellum and spinal cord released equivalent levels of the analytes, both released
significantly higher levels of most analytes as compared to cortical glia, sometimes by
several orders of magnitude (see Fig. 1). Cortical astrocytes had extremely low overall titers
of baseline release, ranging between 1.39 pg/ml (TNF-α) and 346.01 pg/ml (eotaxin). Since
the conditioned medium was collected over a 12 hr period, the measurements reflect
collective secretion as well as any subsequent metabolism, and do not address whether
secretion occurred at different rates during that 12 hr period.

Effect of Brain Region on Chemokine/Cytokine Levels
Statistical analysis (4-way MANOVA [3 (cortex, cerebellum, spinal cord) × 2 (±Tat) × 2
(±gp120) × 2 (± morphine)] showed a significant brain region effect [F(24, 262) = 11.08, p
≤ 0.001], with significance for all chemokines/cytokines except for IL-1β (Fig. 2A and
Table 1). Post hoc analyses revealed significant higher expression of analytes in the cortex
compared to the cerebellum for all cytokines, except for IL1-β, IFN-γ, and KC (Fig. 2A).
The expression of IFN-γ, KC, MIP-1α (p ≤ .023), RANTES, and MCP-1 in spinal cord
astroglia was significantly higher compared to cerebellar astroglia (Fig. 2A). Further, the
expression of IFN-γ, TNF-α, IL-6, MIP-1α, eotaxin, MIP-1β, MCP-1, and IL-9 was
significantly higher in cortical astroglia compared to those from spinal cord (Fig. 2A).

Effects of Tat, gp120 and Morphine on Chemokine/Cytokine Levels
Exposure to HIV-1 Tat had a profound effect on the production of all chemokines/cytokines
by astroglia from all brain regions. The 4-way MANOVA showed a significant effect for Tat
treatment [F(12, 130) = 27.81, p ≤ 0.001], with significance for all chemokines/cytokines
(Fig. 2B, Table 1). In stark contrast to Tat, the MANOVA analysis showed no gp120 effect
on chemokine/cytokine release (data not shown). This general dichotomy in response of
astroglia to Tat and gp120 was true for all the CNS regions examined (Fig. 3). Results with
morphine mirrored those with gp120.
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Interactive Effects
Significant interactive effects were seen for the 4-way MANOVA only between brain region
and Tat [F(24, 262) = 8.42, p ≤ 0.001], with IL-1β being the only cytokine that did not
reveal significance (Fig. 2, C-E and Table 1). Separate 3-way MANOVAs for each brain
region [2 (±Tat) × 2 (±gp120) × 2 (±morphine)], indicated that Tat increased production
and/or accumulation of almost all chemokines/cytokines from all regions, the only
exceptions being TNFα and IFN-γ in the cerebellum (Fig. 3 and Table 2). However, the
scale of the increase in chemokine/cytokine levels due to Tat was not the same in all brain
regions. Post hoc analyses for the Brain Region × Tat interaction effect, using Bonferroni as
a correction factor, are indicated in Table 3. It is revealed that the greatest overall
accumulation of chemokines/cytokines was in astroglia from the cortex (see also Fig. 2C-E
and Table 3). Astroglia from the spinal cord had a slightly lower response overall, although
KC expression was higher in response to Tat for the spinal cord compared to any other
condition (Fig. 2C-E; Table 3). Astroglia from the cerebellum had a noticeably lower
response to Tat than those from spinal cord and cortex. There were no interactive effects
between Tat and morphine, Tat and gp120, gp120 and brain region, or gp120 and morphine.

Assessment of gp120 and Morphine Activity
At the concentrations used in our experiments, both morphine and gp120 are known to cause
an increase in intracellular [Ca2+] within neurons and glia 34, 45, 46. In order to rule out the
possibility that our results with gp120 and morphine reflected a lack of reagent activity, we
assessed the ability of both preparations to increase intracellular [Ca2+], using a standard
ratiometric fura-2 AM assay. As shown in Fig. 4, addition of either morphine (500 nM, final
concentration) or gp120 (500 pM, final concentration) to primary cortical astroglia that are
depleted of microglial cells caused a significant increase in the 340/380 ratio, indicative of
[Ca2+] elevation within the cells. The ratio was increased more quickly by morphine,
although the two treatments eventually resulted in similar fura-2 ratios over a 5 min period.

Discussion
An exploratory analysis approach was used to identify chemokines/cytokines released in
primary astrocyte cultures derived from different brain regions after exposure to Tat and/or
gp120, either alone or in combination with opiates. In contrast to earlier proteomic studies in
astroglia expressing an HIV-1 Tat construct 47, 48, our studies were designed to explore the
effects of Tat available in the extracellular environment, as would occur after release from
infected microglia in situ. We examined levels of released chemokine/cytokines since our
principle interest is in the potential modification of intercellular signaling by HIV proteins
and opiates. There was a basal release of chemokines/cytokines by untreated cells, which
makes it possible to extrapolate the percent levels of change in chemokine/cytokine release
in response to HIV proteins and morphine. Our studies were designed to reveal overall
trends for chemokine/cytokine release and accumulation under our conditions. Further
studies would be necessary to test more specific hypotheses concerning the responses of
individual analytes in any of the treatment groups.

Our data show that astroglia derived from several different CNS regions have significant
differences in basal chemokines/cytokine release. Neonatal tissue was used as a source
because cells have higher viability and proliferation rates, and cultures are much purer than
when adult-derived astroglia are used. All tissues were subjected to the same preparatory
manipulations, and cultures received the same care. Cultures were examined at the same
confluence, and protein measurements showed that protein content did not differ
significantly between cultures. All of this suggests that the differences observed have more
to do with the intrinsic capabilities and responses of cells from the different regions than
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with variables of the culture process. Basal accumulation overall during the 12 hr period was
significantly higher in cultures from both the spinal cord and cerebellum than the cortex,
where eotaxin had the highest titer of any analyte examined (346.01 pg/ml). For certain
analytes, the difference was profound. For example, IL-1β was virtually undetectable in
cortical cultures, yet averaged 13,000 pg/ml in untreated cerebellar cultures and 50,000 pg/
ml in untreated spinal cord cultures. The astroglia here were derived from early neonatal
brains in which glia are still developing, reinforcing the idea that astrocytes generated from
different dorso-ventral domains along the mouse central nervous system may have very
distinct characteristics 49.

Exposure to HIV-1 proteins Tat and gp120 cause regionally specific changes in the
accumulation of chemokines/cytokines. Astroglia had a much higher response to Tat than to
gp120 exposure. This was apparent statistically, where Tat effects, but not gp120 effects,
were observed on chemokine/cytokine output as compared to untreated astroglia (Figs. 2 and
3; Tables 1 and 2). Since our experiments were designed as an exploratory analysis to look
for general trends across several brain regions and treatment groups, studies focused on
individual chemokines/cytokines might reveal a significant gp120 effect that would be
overlooked in this type of analysis. However, the data clearly indicate that astroglia from
several regions are fundamentally more responsive to Tat exposure than to gp120 exposure.
Further analysis also showed a region-specific response to Tat exposure. There were greater
increases in chemokine/cytokine levels in cortex and spinal cord cultures, as compared with
those from cerebellum (Fig. 2 C-E). Might the different responses to Tat versus gp120, and
the regional differences in Tat response reflect regional differences in astroglial maturation?
This seems unlikely, since cerebellum is the latest of the three regions to mature in vivo, yet
similar cerebellar cultures have dynamic [Ca2+]i, MAPK, and TNFα secretory responses to
gp120 or Tat in other studies 50-52. Astroglia do not express the CD4-receptor, the major
binding partner for gp120-mediated viral entry, but it is not clear that CD4 is involved in
chemokine/cytokine responses. The strain of gp120 used in this study (IIIb) preferentially
uses the CXCR4 co-receptor for viral entry. Nor is it clear that CXCR4 or the CCR5 co-
receptor used by other HIV strains are critical for regulation of chemokine/cytokine release,
although subsets of astrocytes throughout the brain and in culture do express both co-
receptors 45, 53-57. The striking difference in astrocyte responses to Tat may reflect
interaction with and/or internalization by a number of different receptors that are expressed
on astroglia, including those for VEGF, NMDA, αvβ5 integrin, as well as the low-density
lipoprotein receptor-related protein and CXCR4 58-62. Portions of the Tat protein are also
able to directly penetrate cell membranes, and have been used to facilitate transmembrane
delivery of larger molecules into cells.

Our earlier studies with astroglia from a different region, the striatum, showed that
concurrent morphine exposure exacerbated the effect of HIV-1 Tat1-72 to release MCP-1,
MCP-5, RANTES, TNFα and IL-6 34, 37, 63. It was somewhat surprising that morphine co-
exposure in the present study did not have a similar effect. Since the morphine concentration
used here should saturate μ-opioid receptors (MOPr), and since the preparation was active,
as judged by its ability to elevate intracellular [Ca2+] (Fig. 4), the results indicate a regional
specificity in morphine-Tat interactions. Astroglia display a tremendous phenotypic and
pharmacologic diversity that is perhaps rivaled only by neurons, including heterogeneity in
μ, δ, and/or κ-opioid receptor expression among individual cells. However, our labs and
others have shown that opiate receptors are expressed on neonatal astroglia throughout the
CNS 64, 65, and that MOPr mRNA and/or immunoreactivity is detected on subpopulations of
astrocytes cultured from the regions that we examined 66-69. Thus, the lack of morphine-Tat
synergy on chemokine/cytokine release cannot be explained by a regional absence of MOPr.
One reason for working with neonatal preparations, which reach confluence within two
weeks, was to assure the presence of an adequate population of opioid receptors, which are
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known to be down-regulated on astroglia with time in culture 35. The overall density of
MOPr is relatively high in the striatum, perhaps contributing to greater morphine sensitivity
in striatal glia. Alternatively, MOPr-effector coupling, or convergent opioid-HIV pro-
inflammatory signaling pathways, may differ among astrocytes from different brain areas.
For example, the proportion of astroglia that display MOPr can differ significantly from the
percentage that show increases in [Ca2+]i in response to morphine or MOPr selective
agonists 66. This suggests the possibility of heterogeneous expression in Gαq G-protein
receptor coupling subunit availability/composition and/or other differences in MOPr
receptor-effector coupling among astrocytes from differing brain regions. The differences
between our previous findings in the striatum, and the brain regions examined in the present
report, are particularly interesting in light of the fact that the striatum is a region especially
vulnerable to the combined pathological effects of HIV and opiates.

Both the Tat and gp120 concentrations used in these studies have been used in previous
work by our lab and others 34, 36-43, and are in keeping with levels thought to reflect the
higher end of concentrations of viral proteins within the extracellular compartment.
However, those are difficult parameters to measure with certainty, and may not be the same
as levels measured in patient sera. The geometry and volume of extracellular space is highly
dynamic. Following excitotoxic injury, trauma, and/or gliosis in the CNS, the volume and
tortuosity of the extracellular space can decrease up to 10-fold, effectively concentrating
substances within this compartment 70, 71. Changes in volume also alter ion homeostasis,
and may affect the kinetics of receptor interactions and degradative reactions. Additionally,
it has been proposed that a brief, “hit and run” exposure to Tat may be all that is necessary
to set off toxic cascades or induce cytokine production within target cells 40, 72. If this is
true, then measuring the physiologically relevant level of Tat in the CNS may be even more
improbable.

Although our study is the first to describe regional heterogeneity in the secretory response of
astroglia to HIV proteins, regionally specific responses of astroglia to other inflammatory
stimuli have been observed 21, 22, 73. For example, cortical astroglia, as compared to
midbrain-derived astroglia, release more IL-2 and IL-1β in response to lipopolysaccharide
22, and IL-6 invokes different secretory responses from hippocampal, cortical, and cerebellar
astroglia 73. Astroglia in the brain have also been shown to respond in a regionally specific
manner to inflammatory diseases and disease models, including multiple sclerosis and EAE
30, 74, ischemia 26, 75, and epilepsy 76. It is intriguing that higher levels of chemokine/
cytokines are induced by Tat in astroglia from regions which are typically reported to be
more prone to HIV-associated neuropathology in HIV patients. Although HIV encephalitis
may occur in any part of the CNS, the basal ganglia are particularly targeted, and spinal cord
disease is one of the most disabling complications of neuroAIDS 77-79. The neocortex can
also be severely affected 80. Much less pathology is typically reported in cerebellar regions
77. This correlation leads us to speculate that higher titers of Tat-induced chemokine/
cytokines released by astroglia in the spinal cord, striatum and cortex may lead to greater
inflammation and damage in those regions. Our observations for HIV proteins thus represent
a specific, disease-relevant example of heterogeneity in astrocyte function that is based on
brain region. This functional variation may reflect underlying differences in astroglial
responses to HIV infection in the intact brain.
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Figure 1.
Basal levels (pg/ml) of individual chemokines/cytokines in medium from untreated
astroglial cultures from three different brain regions. All values are expressed as the mean ±
S.E.M. N=5 independent cultures from each brain region. Statistical analysis (one-way
MANOVA) revealed significant differences between the three brain regions for GM-CSF,
IFN-γ, RANTES, MCP-1, IL-9, and TNF-α; post hoc Bonferroni's test; *p ≤ 0.05, **p ≤
0.01, ***p ≤ 0.001.
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Figure 2.
Regional heterogeneity of cytokine secretion: Main effects and Brain Region × Tat
interactive effect. N=5 independent cultures from each brain region.
A. Significant brain region effects were observed for all cytokines, except for IL-1β (see
Table 1).
1Post hoc analyses revealed significantly higher expression of all analytes in cortical as
compared to cerebellar cultures (p < 0.001), except for IL1-β, IFN-γ, and KC.
2Post hoc analyses revealed significantly higher expression in spinal cord as compared to
cerebellar cultures for IFN-γ (p ≤ 0.001), KC (p ≤ 0.001), MIP-1α (p ≤ 0.023), RANTES (p
≤ 0.001), and MCP-1 (p ≤ 0.01).
3Post hoc analyses revealed significantly higher expression in cortical as compared to spinal
cord cultures for 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).
B. Significant Tat treatment effects were observed for all analytes (**TFN-α, p ≤ 0.01,
***all other cytokines, p ≤ 0.001; see Table 1). Tat treatment increased chemokine/cytokine
levels compared to control conditions.
C-E. A significant Brain Region × Tat interaction effect revealed significance [F(24, 262) =
8.42, p < .001], except for IFN-γ (see Table 1). Post hoc analyses for the Brain Region × Tat
interaction effect, using Bonferroni as a correction factor, are indicated in Table 3. The
largest effect of Tat was observed in the cortical cultures. Cerebellar cultures were least
affected.
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Figure 3.
Measurements of viral protein and opiate effects on 12 chemokine/cytokines in cultures
from each brain region. To accommodate the wide range of values for individual analytes,
three graphs (A-C) represent different levels of expression for each brain region. Statistical
analysis (3-way MANOVA) revealed significant Tat effects for each brain region. Table 2
gives the F values and significance level for each chemokine/cytokine. Figure 1 gives the
actual values (pg/ml) of individual chemokines/cytokines. M = morphine; Nal = naloxone.
Error bars represent S.E.M. N=5 independent cultures from each brain region.
1Significant Tat effect for all 12 chemokines/cytokines (see Table 2 for F values and
significance level)
2Significant Tat effect for all chemokines/cytokines, except for IFN-γ and TNF-α (see Table
2 for F values and significance level)
Cortex: Tat significantly increased expression of all 12 analytes. The Tat effect was not
altered by concurrent gp120 and/or morphine treatment. Significance values are given in
Table 2.
Cerebellum: Tat increased the expression of 10 out of 12 analytes. The exceptions were
IFN-γ and TNF-α, whose levels were unchanged. The Tat effect was not altered by
concurrent gp120 and/or morphine treatment. Significance values are given in Table 2.
Spinal Cord: Tat significantly increased expression of all 12 analytes. The Tat effect was not
altered by concurrent gp120 and/or morphine treatment. Significance values are given in
Table 2.
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Figure 4.
Analysis of [Ca2+]i activation in astrocytes after exposure to morphine or gp120. Cultures of
enriched primary astrocytes derived from cerebral cortex were grown to 80-90% confluence,
then loaded with 10μM fura-2/AM. Ratiometric Ca2+ measurements were made before (7.3
sec, 5 timepoints) and after (∼5 min) injection of morphine (500 nM, final concentration;
filled circles) or gp120 (500 pM, final concentration; filled squares). Results are reported as
the mean 340/380 ratio, and represent N = 6 samples per treatment group ± S.E.M. A two-
way mixed ANOVA [treatment and time] showed that either morphine or gp120
significantly increased (p ≤ 0.001 and p ≤ 0.05, respectively) the 340/380 ratio compared to
cells treated with vehicle (open circles). Morphine effects were noted immediately after
exposure and remained stable over the 5 min recording period, while gp120 effects reached
significance after 2 min.
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Table 1

F-values for Significant Effects in the 4-way MANOVAa Analysis on the Basal Release of Chemokines/
Cytokines.

Dependent Variable Brain Region Effect
F (2, 141)

Tat Treatment Effect
F (1, 41)

Brain region × Tat Treatment interaction
F (2, 141)

IL-1β 1.98 41.95*** 1.43

GM-CSF 18.44*** 126.00*** 19.55***

IFN-γ 15.05*** 18.56*** 4.45*

TNF- α 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***

*
p ≤ 0.05

**
p ≤ 0.01

***
p ≤ 0.001

a
MANOVA: [3 (brain region) × 2 (±Tat) × 2 (±gp120) × 2 (±morphine)] for the 12 chemokines/cytokines
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Table 2

Degrees of Freedom and F-values for the Tat Effectsa Conducted for Each of the Three Brain Regions: 3-way
MANOVAb Analysis on Percent Chemokine/Cytokine Levels.

Dependent Variable DF Cortex Cerebellum Spinal Cord

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

a
No other significant effects were revealed.

b
MANOVA: [2 (±Tat) × 2 (±Gp120) × 2 (±Morphine)] for the 12 chemokines/cytokines in each brain region.
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