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HIV-1 infection predisposes the central nervous sys-
tem to damage by opportunistic infections and envi-
ronmental insults. Such maladaptive plasticity may
underlie the exaggerated comorbidity seen with HIV-1
infection and opioid abuse. Although morphine and
HIV-1 Tat synergize at high concentrations to increase
neuronal death in vitro, we questioned whether
chronic low Tat exposure in vivo might contribute to
the spectrum of neuropathology through sublethal
neuronal injury. We used a doxycycline-driven, in-
ducible, HIV-1 Tat transgenic mouse, in which striatal
neuron death was previously shown to be absent, to
examine effects of differential Tat expression, alone
and combined with morphine. Low constitutive Tat
expression caused neurodegeneration; higher lev-
els induced by 7 days of doxycycline significantly
reduced dendritic spine numbers. Moreover, Tat ex-
pression widely disrupted the endogenous opioid
system, altering pn and k, but not 8, opioid receptor
and proopiomelanocortin, proenkephalin, and prody-
norphin transcript levels in cortex, hippocampus,
and striatum. In addition to markedly reducing spine
density by itself, morphine amplified the effect of
higher levels of Tat on spines, and also potentiated
Tat-mediated dendritic pathology, thus contributing
to maladaptive neuroplasticity at multiple levels. The
dendritic pathology and reductions in spine density
suggest that sustained Tat = morphine exposure un-

derlie key aspects of chronic neurodegenerative
changes in neuroAIDS, which may contribute to the
exacerbated neurological impairment in HIV patients
who abuse opioids. (Am J Pathol 2010, 177:1397-1410;
DOI: 10.2353/ajpath.2010.090945)

Exposure to HIV results in neurodegenerative alterations
in the central nervous system (CNS) of a substantial
proportion of patients, even in the era of highly active
anti-retroviral therapy. Highly active anti-retroviral therapy
does not readily cross the blood—brain barrier, making
the CNS a safe-haven for infection, and permitting ongo-
ing degenerative changes even when viral titers are quite
low in the periphery.' ® There is considerable evidence,
both in patients and in experimental models, that co-
exposure to abused opiate drugs can hasten the onset
and worsen the outcome of HIV encephalitis and other
neurodegenerative changes.” "> A more limited number
of studies show that opioids increase viral loads, and
hasten disease progression and/or neuropathology in
simian immunodeficiency models,'®~'® although this has
been controversial %22 Our in vitro work has consistently
shown evidence for interactions between Tat or gp120
and morphine that accelerate neurodegeneration. These
interactive effects appear to be orchestrated by glial
cells,?® and likely involve synergistic upregulation of pro-
inflammatory chemokine/cytokine release and production
of reactive species.?*2¢

The present work was undertaken to extend previous
results suggesting that HIV-1 Tat exposure might disrupt
endogenous opioid and chemokine signaling. 2427 Addi-
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tionally, we tested for subtle neuropathological changes
that might be caused by HIV-1 Tat and opiate interactions
since neuron death (terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick-end labeling) was not ob-
served in our previous study.’* Wild-type and transgenic
mice expressing HIV-1 Tat, g5 regulated by a doxycy-
cline (DOX) inducible, glial fibrillary acidic protein (GFAP)
promoter were continuously treated with placebo, mor-
phine, and/or naltrexone (s.c. implants) = DOX for 2, 7, or
10 days. Tat protein was detected by both immunostain-
ing and western blotting in transgenic brain, and there
was evidence of constitutive promoter activity. Immuno-
precipitation was used to show the tendency of Tat, g
from both exogenous and endogenous sources to form
multimers. Tat induction = morphine caused sustained
elevations in monocyte chemotactic protein (MCP)-1
(CCL2), regulated on activation normal T cell expressed
and secreted (RANTES; CCL5), and interleukin (IL)-6
protein levels in the striatum, as previously shown in
vitro.?* Co-exposure to Tat and morphine induced several
parameters of injury assessed in Golgi-impregnated me-
dium spiny neurons, including reductions in spine den-
sity, increases in dendritic varicosities or “beading,” and
increased incidence of dendrite fragmentation. Co-expo-
sure to morphine significantly increased dendrite pathol-
ogy caused by Tat. We also found that Tat induction by
itself had profound effects on the expression of endoge-
nous u- and k-opioid neuropeptides and receptors. Our
results indicate that Tat intrinsically causes glial inflam-
mation and sublethal changes in neuron structure, and
further show that opiates exacerbate glial reactivity and
neuronal injury through interactions with Tat. Additionally,
and very importantly, Tat appears to alter endogenous
opioid signaling activity in unexpected ways that may
influence viral effects and interactions with exogenous
opiates.

Materials and Methods
HIV-1 Tat Transgenic Mouse Model

All studies used a transgenic mouse line in which HIV-1
Tat, g6 iS expressed in a brain-specific, inducible man-
ner. The generation of the line (Dr. Avindra Nath, The
Johns Hopkins Univ. and Dr. Ashok Chauhan, Univ.
South Carolina) has been detailed previously.’™® ™ A tet-
racycline (tet) “on” system was used for generation of
inducible constructs. HIV-1 Tat, g (IlIB) was cloned
downstream of a tet-responsive element (TRE) in the
pTREX vector (Clonetech, Mountain View, CA).2® By
crossing founders that express the TRE-Tat gene with
mice engineered to express a GFAP promoter-driven
reverse tetracycline transactivator, we obtained mice that
would express HIV-1 Tat,_g¢ in astroglia throughout the
brain when induced with doxycycline (DOX). Inducible
Tat transgenic mice express both the GFAP-reverse tet-
racycline transactivator and TRE-Tat genes, while control
Tat(—) mice express only the GFAP-reverse tetracycline
transactivator gene.

All animal procedures were approved by the Virginia
Commonwealth University Institutional Animal Care and
Use Committee. Adult, 2- to 6-month-old, male and fe-
male mice were kept on a 12 hours light/12 hours dark
cycle with free access to food and water. Mice were
randomly assigned to experimental groups. Some Tat(+)
and Tat(—) mice had standard mouse chow replaced
with a specially formulated chow containing 6 mg/g DOX
(Harlan, Indianapolis, IN) to induce Tat expression in the
Tat(+) mice and to evaluate any nonspecific actions of
DOX ingestion in the Tat(—) mice. DOX chow was admin-
istered for 2, 7, or 10 days in different experiments. A
previous study reported increased astrocyte activation as
well as elevations in caspase-3 after only 2-day DOX
exposure.’ In mice that also received morphine and/or
naltrexone, DOX feed was started the night before opiate
administration to allow blood levels of DOX to stabilize. In
the remainder of the manuscript, the DOX-exposed
Tat(+) and Tat(—) mice are referred to as Tat(+)°* and
Tat(—)P°% respectively.

Opiate Administration

Morphine administration was achieved by subscapular
implantation of continuous, time-release 25 mg pellets
(NIDA, Rockville, MD) under aseptic conditions and
isoflurane anesthesia as described.?® Although 25 mg
morphine pellets are reportedly depleted at a rate of 5
mg/day, steady-state concentrations of morphine are
measured in ng/ml and differ among tissues. For exam-
ple, 75 mg morphine pellets typically yield steady-state
levels of ~22 pg/ml of plasma in C3HeB mice, and much
of this includes conjugated morphine.*° Pellets without
morphine were implanted in controls. Naltrexone was
administered to mice via Alzet minipumps also implanted
subcutaneously into the subscapular region. Sixty mg/
100 wl naltrexone solubilized in 50% DMSO was used to
fill 1007D model pumps (0.5 ul/h release for up to 7
days). Pumps containing 50% DMSO in sterile saline
were used as controls. At 7 days after morphine and/or
naltrexone, or control implantation, animals were eu-
thanatized by perfusion with Zamboni's fixative (4% para-
formaldehyde, pH 7.4 supplemented with 0.15% picric
acid). Brains were removed, cryopreserved by serial ex-
posure to 10 and 20% sucrose, embedded in Tissue Tek
optimal cutting temperature compound (Sakura Finetek,
Torrance, CA), and stored at —80°C.

Enzyme-Linked Immunosorbent Assay

At 48 hours after treatment, mice were euthanized and
brain samples were placed in 2 ml of PBS with protease
inhibitors (Roche Diagnostics). An extract of striatum was
prepared by homogenization using a Precellys 24 Ho-
mogenizer (MO BIO Laboratories, Inc., Carlsbad, CA;
3 X 10 seconds). The homogenate was centrifuged at
12,000 rpm for 10 minutes at 4°C, after which the super-
natants were collected, aliquoted, and frozen at —80°C
until cytokine assays were performed. IL-6, CCL2/MCP-1
and CCL5/RANTES were measured in brain homoge-



Table 1. Sequences of Quantitative Real-Time PCR and RT-PCR Primers
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Gene Forward RT-PCR primer Reverse RT-PCR primer
B-Actin 5'-TGTGATGGTGGGAATGGGTCAG-3' 5'-TTTGAGTGTCACGCACGATTTCC-3’
CCL5/ RANTES 5'-CAGCTGCCCTCACCATCATCCTCA-3’ 5'-GCTGGTTTCTTGGGTTTGCTGTGC-3’
CCL2/ MCP-1 5'-GGGTCTTTGGGAATATAATGTGTA-3' 5'-AGCCCTGTGCCTCTTCTTCT-3’

IL-6 5'-TGGAAATTGGGGTAGGAAGGA-3' 5'-GTTGCCTTCTTGGGACTGATG-3’
Gene Forward quantitative real-time PCR primer Reverse quantitative real-time PCR primer
B-Actin 5'-CGTGAAAAGATGACCCAGATCATG-3' 5'-CGTCTCCGGAGTCCATCACAA-3’
DOPr 5'-AGTGACCCAACCCCGGGATGGT-3’ 5'-CTGCGCAGGCGCAGTAGCATGA-3’
MOPr 5'-CATGGCCCTCTATTCTATCGTGT-3’ 5'-CAGCGTGCTAGTGGCTAAGG-3'
KOPr 5'-GCATCAGGAACGTGGACCCATCA-3’ 5'-TGGTATTTGTGGTGGGCTTA-3'
PDYN 5'-CGTCCCATCAACCCCCTGATTT-3’ 5'-CCTTGCCACGGAGCCCAGAGA-3’
PENK 5'-CGCGGTTCCTGAGGCTTTGCA-3’ 5'-ATTCCAGTGTGCACGCCAGGAAA-3’
POMC 5'-CTGTTGCTGGCCCTCCTGCTTCA-3’ 5'-CCCGGATGCAAGCCAGCAGGTT-3’

nates using Quantikine ELISA kits (R&D Systems, Minne-
apolis, MN).

Immunohistochemistry for Tat

Seven different primary anti-HIV-1 Tat antibodies were
tested for their utility in detecting Tat on frozen sections,
including mouse monoclonal ANT0059 (Diatheva, Fano,
Italy), mouse monoclonals ab42359 and ab24778 (Ab-
cam, Cambridge, MA), chicken polyclonal ab5721 (Ab-
cam), chicken polyclonal XW-7254 (ProSci Inc., Poway,
CA), rabbit polyclonal ab43014 (Abcam), and rabbit
polyclonal ANTOO0O0 (Diatheva). The most consistent im-
munostaining was obtained with ab24778, and all further
immunostaining was done using that antibody. Ten-mi-
cron thick sections from Tat(—)P°* mice and Tat(+)P°*
mice were rehydrated in PBS buffer and incubated at
room temperature for 30 minutes in blocking solution (1%
goat serum and 1% Triton-X in PBS). Sections were in-
cubated with primary antibody (1:100) at 4°C overnight,
rinsed and incubated at room temperature in goat-anti-
mouse-lgG-Alexa 594 (Vector Laboratories, Burlingame,
CA; 2 hours) and exposed to Hoechst 33342 (5 minutes)
to visualize cell nuclei. Some sections were double-
stained for GFAP to assess co-localization of Tat immu-
nostaining with astroglial cells. In those cases, a primary
rabbit antibody to GFAP (1:500, Chemicon, Temecula,
CA) was applied simultaneously with the primary Tat
antibody, and visualization was with goat-anti-rabbit Al-
exa Fluor 488 (1:5000). To determine whether signals for
Tat and GFAP were co-localized, digital, z-stacked im-
ages were taken at the same settings in both Tat(+)P°*
and Tat(—)P°* tissue through the entire thickness of the
section, after which the images were processed using
deconvolution software (AutoQuant X, version X2.2.0;
Media Cybernetics, Bethesda, MD).

RNA Extraction and Quantitative Real-Time PCR

Mice were humanely euthanatized by cervical dislocation.
The cortex, striatum and hippocampus were rapidly dis-
sected, frozen in liquid nitrogen and stored at —80°C. Total
RNA was isolated using TRIzol reagent (Invitrogen). Total

RNA samples were treated with RNase-free DNase |, then
reverse transcribed using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA).

A quantitative real-time PCR assay for Tat expression
was conducted in a Corbett Rotor-Gene 6000 real time
PCR system (Quiagen, Valencia, CA). A total volume of
25 ul per PCR reaction was prepared using SYBR
GreenER gPCR Supermix (Invitrogen). PCR conditions
consisted of an initial hold at 50°C for 2 minutes and then
at 95°C for 10 minutes, followed by 40 amplification cy-
cles of 95°C for 5s, 55°C for 10s, 72°C for 20s. Real-time
data were collected during the extension step of each
cycle. Melting curve analyses were performed at the end
of the reaction between 62°C and 95°C to assess the
quality of final PCR products. The primers used (Table 1)
were designed to span junctions of exons and introns to
avoid amplification of contaminated DNA. The PCR prod-
ucts amplified by all primer pairs were validated by the
appearance of a single PCR product on a 1.5% agarose
gel using ethidium bromide staining. Quantitation of
mRNA expression was based on the comparative Ct
(2722%Y method.®" Relative expression of the target gene
was normalized to expression of an endogenous refer-
ence gene (B-actin). At least three independent quanti-
tative real-time PCR experiments were performed for
each sample. Fold changes were analyzed using the
least square differences analysis of variance (analysis of
variance) and results are presented as means *+ SEM.

Chemokine/cytokine mRNA levels were assessed by
semiquantitative RT-PCR. Total RNA was reversed tran-
scribed as described and amplified using appropriate
primers (Table 1). Products were separated by electro-
phoresis using a 1.5% agarose gel, stained with ethidium
bromide, visualized under UV light, and quantified using
a Kodak 440CF Image Station (Rochester, NY). B-actin
mRNA was used as an internal loading standard.

Immunoprecipitation and Western Blot

Whole brains from Tat(+)P°%, Tat(—)P°%, and Tat(+)
mice were homogenized in radioimmunoprecipitation as-
say (RIPA) buffer with protease inhibitors as described
for enzyme-linked immunosorbent assy. For immunopre-
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cipitation, 12 ug recombinant HIV-1 Tat,_gg (ImmunoDi-
agnostics, Inc., Woburn, MA) was mixed with 100 ul RIPA
buffer or mouse brain tissue extracts (200 pg protein)
and the mixtures were immunoprecipitated using 10 pg
anti-Tat antibody (ab24778) with 50 wl Dynabeads pro-
tein G (Invitrogen) per the manufacturer’s protocol. The
immunoprecipitated protein (IP) and flowthrough (FT) of
input after immunoprecipitation were heated at 70°C for
10 minutes in SDS loading buffer, then subjected to 4% to
20% SDS-polyacrylamide gel electrophoresis (Pierce)
and western blotting using anti-Tat antibody and appro-
priate secondary antibody conjugated with horseradish
peroxidase (1:2000, Pierce, Rockford, IL). The mem-
branes were detected using SuperSignal West Femto
Maximum Sensitivity Substrate (Pierce), and visualized
using a Kodak Image Station 440. Antibodies ab24778,
ab42359, and ANT0059 gave equivalent results. In addi-
tional experiments, western blotting without prior immuno-
precipitation was performed to determine whether Tat de-
tection was consistent among transgenic mice. In those
experiments, samples were further cleared by 10% SDS or
2-D buffer before immunoblotting as described above.
Staining for B-tubulin was used as a loading control. All
protein concentrations were determined by the bicincho-
ninic acid method using a commercial kit (Pierce).

Assessment of Dendlrite Pathology

Following 7-day exposure to DOX and/or opiates, tissues
were harvested and impregnated using a modified Golgi-
Kopsch procedure that randomly labels neurons and glia.®?
Briefly, mice were deeply anesthetized by halothane inha-
lation and euthanatized by intracardiac perfusion with 2%
potassium dichromate and 5% glutaraldehyde. Perfusion
fixation was conducted at room temperature, which di-
minishes artifactual dendritic beading.®® After perfusion,
whole forebrains were isolated and immersed in 2% po-
tassium dichromate and 5% glutaraldehyde (v/v) in the
dark at room temperature. The ratio of dichromate solu-
tion to tissue volume was =50:1. After 5 days, tissues
were rinsed in ultra-pure water three times, blotted dry
between rinses, and placed in an aqueous 0.75% silver
nitrate solution for 5 days in the dark (50:1 fluid to tissue
volume ratio). Intact forebrains were infiltrated with graded
sucrose solutions in 0.75% silver nitrate for 24 hour periods,
embedded in Tissue Tek, frozen on dry ice, and stored at
—80°C. Serial, 120-um frozen sections were cut in the coro-
nal plane, thaw-mounted on Fisher Superfrost-Plus micro-
scope slides, dehydrated through graded ethanols, cleared
in xylene and mounted in Permount (Fisher Scientific,
Waltham, MA). Nonmetallic handling devices were used in
all procedures. An individual who was unaware of the treat-
ment code quantified the slides.

We assessed both the number of dendritic spines
and the morphology of dendrites on medium spiny
neurons in the striatum. Each spine was then classified
as having either a mature morphology, or a thin, filop-
odia-like shape typical of incipient or immature spines.
The number of mature dendritic spines and/or filopodia
were counted on three to seven third-order dendrites,

recorded as the mean number of spines per 10 um
dendrite length, and averaged for each animal.
Changes in the mean spine density (number of spines
or filopodia/10 uwm) for total spines (mature spines +
filopodia) or filopodia alone were analyzed between
treatment groups.

Both qualitative and quantitative assessments of den-
drite morphology were also made. For purposes of quan-
tification, 20 medium spiny neurons were randomly se-
lected per animal (3 to 4 animals/group) and categorized
as having dendrites with an entirely normal morphology,
or having one or more dendrites that displayed aberrant
features, such as beading and fragmentation along prox-
imal and/or distal segments. Degenerative changes were
not uniform, and many individual spiny neurons ap-
peared to be unaffected. The proportion of neurons that
possessed one or more dendrites with “beaded” varicos-
ities was counted and reported as a percentage of total
neurons examined = SEM.

Statistical Analyses

Morphological data were compared statistically by anal-
ysis of variance followed by Duncan’s posthoc, multiple
comparisons testing using Statistica 8.0 (StatSoft, Tulsa,
OK). Non-parametric differences in chemokine expres-
sion were assessed using Kruskal-Wallis testing. Statisti-
cal differences in endogenous opioid peptide and recep-
tor mRNA expression data were assessed by a least
square means analysis of variance and Tukey-Kramer
posthoc testing (SAS Institute, Inc., Cary, NC). An « level
of P = 0.05 was considered significant; all data are
expressed as the mean = SEM.

Results

Detection of Tat Protein by Immunostaining and
Western Blotting

We tested seven different antibodies for their ability to
specifically detect Tat protein in Tat(+)?°* mice.
Tat(—)P9* sections were used as negative controls. As
Tat should be produced by astroglia in this transgenic
mouse, Tat localization was also examined with respect
to GFAP immunostaining. Most antibodies did not detect
specific Tat antigeniticity. However, antibody ab24778,
which also detected Tat on western blots, produced a
consistent, strong signal in Tat(+)P°* tissues. Tat immu-
nostaining was particularly co-localized in areas where
GFAP staining was abundant. Signal was found both
within GFAP™ cells and/or in surrounding tissue (Figure 1,
B and C), strongly inferring an exclusive astroglial origin.
By contrast, signal was not observed in Tat(—)P°* tissues
(Figure 1A). Z-stacked images taken through the thick-
ness of the tissue and examined after de-convolution,
showed definitive localization of fluorescent Tat immuno-
staining within individual astroglia (Figure 1, B and C).
There was also considerable signal that appeared to be
extracellular. This dual localization, both in and around
GFAP™ cells, is predicted since it is likely that either



Tat,_gg Or fragments thereof are released from cells. It
was expected that a substantial portion of Tat and
GFAP signals would not co-localize, because Tat and
GFAP are predicted to be located in different subcel-
lular compartments. While GFAP is associated with
intermediate filaments, Tat can be cytoplasmic, nuclear,
and also secreted. Tat staining was apparent in all brain
regions (two are shown in Figure 1, B and C), as expected
with a transgene driven by an astrocyte promoter.

Tat, g Was also detected by western blotting. In initial
experiments, three different anti-Tat antibodies detected
a strong band at approximately 22 kDa in blots of
Tat(+)P°* whole brain lysates (Figure 2A, lanes 1-3),
although the molecular weight of Tat,_g¢ is predicted to
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Figure 1. Immunohistochemistry for HIV-1
Tat, g, in 10 wm sections from Tat(—)P°* and
Tat(+)P°* mouse striatum using anti-Tat anti-
body ab24778. Doxycycline was administered
for ten days before perfusion. The three-color
images were created from multiple z-slices taken
through the thickness of the section, then decon-
volved and projected onto a single plane. Panels
labeled (A—C) show localization of Tat (red) in
comparison with GFAP (green), with Hoechst
staining (blue) of nuclei. In the smaller images to
the right of each labeled panel the individual red
and green channels are presented separately.
Panel (A) shows that there is abundant GFAP
signal in tissue from Tat(—)”°* mice, but that
Tat immunostaining is completely absent. In
comparison, panels (B and C) show abundant
immunostaining for Tat, g5 in tissue from a
Tat(+)P°* mouse. Large arrows in panels
(A—C) denote astroglial cell bodies. In (B) and
(C) the astroglial cell bodies are associated with
Tat immunostaining. Note that the Tat and GFAP
signals are completely colocalized in certain ar-
eas (arrowheads in B and ©), although in most
cases the signals are proximate to one another.
This pattern is predicted since Tat and GFAP
signals are located in different subcellular com-
partments. GFAP comprises intermediate fila-
ments while Tat may be cytoplasmic, nuclear, or
secreted. All panels are presented at the same
magnification, and were taken at the same ex-
posure settings. Panels (B and C) are taken from
the posterior amygdala (B) and striatum (C) of
a single Tat(+)P°* mouse to emphasize that
Tat is present throughout the brain. Scale
bars = 15 um.

be ~11kD. There was no Tat detection in lysates from
Tat(—)P°* mice, but a faint band was detected in the
Tat(+) mice that did not receive DOX treatment, suggest-
ing that the promoter is constitutively active at a low level
(Figure 2A, lanes 4,5). Since Tat reportedly has a strong
tendency both in vivo and in vitro to form stable multimers
that are resistant to reducing and/or denaturing condi-
tions,*37 we examined whether this was occurring in
our preparations. Western blotting of IP from a solution of
recombinant Tat, g5 showed strong bands at ~23 kDa
and 50 kDa, roughly the predicted weight of dimeric and
tetrameric forms of Tat, g (Figure 2B, lane 1). A fainter
band was detected at the predicted weight of the mono-
mer. In contrast, recovery of the monomer form appeared
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Figure 2. Detection of HIV-1 Tat, 44 protein by western blot before and after
immunoprecipitation. Panel (A) shows the results of western blots with anti-Tat
antibody ab24778 on whole brain lysates from Tat(+)”°* mice (lanes 1-3),
Tat(+) mice that did not receive DOX (lanes 4—5) and Tat(—) mice (lanes
6-7). Each lane represents lysate from a different mouse. For each Tat(+)P°*
mouse a relatively strong band is detected by this antibody at ~22 kDa (lanes
1-3). There is a very faint band at the same molecular weight in Tat(+) mice
even without DOX induction (lanes 4 and 5), suggesting constitutive (“leaky”™)
promoter activity that results in tonic, low levels of Tat production. We did not
detect a signal at any molecular weight in blots of lysate from Tat(—) mice, even
with long term exposure of the blots. Panel (B) shows the results of studies to
determine the propensity of HIV-1 Tat, g, to form oligomers. Twelve micro-
grams of recombinant HIV-1 Tat, g, (ImmunoDiagnostics, Inc.) was mixed with
RIPA buffer alone, or with 200 ug protein mouse brain tissue extracts in RIPA
buffer, and the mixtures were subjected to immunoprecipitation using anti-Tat
antibody (ab24778). Numbered lanes show the results of western blotting for the
IP (lanes 1-3) and FT (lanes 2—4) for corresponding samples. Lanes 1 & 4, IP
and FT of Tat, g4 mixed with RIPA buffer only; Lanes 2 and 5, IP and FT of
Tat,_g mixed with brain tissue extract of Tat(—) mouse; Lanes 3 and 6, IP and
FT of Tat,_g, mixed with brain tissue extract of Tat(+) transgenic mouse induced
with doxycycline. Arrows indicate Tat monomer, dimer and tetramer bands, as
labeled. A comparison of the corresponding IP and FT lanes for different
samples suggests efficient immunoprecipitation of Tat multimers, but not Tat
monomers. Recovery of the dimeric and tetrameric forms of Tat is noticeably
greater in all IP lanes than recovery of monomers; conversely, recovery of
monomers is greater in FT lanes. This is true even in lanes 1 and 4, which were
loaded with buffer + recombinant Tat and did not contain tissue samples,
suggesting the tendency of HIV-1 Tat to oligomerize, as noted by others.>* 7

to be greater in the FT lane (Figure 2B, lane 4). The same
pattern of greater recovery of multimeric forms of Tat was
observed in immunoprecipitate from samples containing
both recombinant Tat and tissue (Figure 2B, lanes 2-3,
5-6). Considering both IP and FT lanes, the overall den-
sity of the dimer and tetramer bands was far greater than
that of the monomer bands. The results of the immuno-
precipitation study strongly suggest the preferential ten-
dency of HIV-1 Tat,_g5 to form multimers under our con-
ditions. They also suggest that these Tat antibodies may
preferentially bind Tat multimers. Overall, the western blot
studies show that Tat can be detected in the brains of
Tat,_gg transgenic mice, and that while there is probably
a low level of constitutive promoter activity, DOX tremen-
dously enhances Tat expression.

Opiates and/or HIV-1 Tat Cause Increased
Expression of Pro-Inflammatory
Chemokine/Cytokines

Homogenates of Tat(—)P°%, Tat(+), and Tat(+)P°* stria-
tum were detected by ELISA after 48 hours of DOX treat-
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Figure 3. Effects of morphine exposure and Tat-induction with doxycycline
(DOX) for 48 hours on (A) CCL2/MCP-1, (B) CCL5/RANTES, and (C) IL-6 in
striatum as measured by ELISA. Significant effects of morphine and/or DOX
treatment were not seen in Tat(—) mice. In the Tat transgenic [Tat(+)] mice,
while neither Tat induction [Tat(+) DOX] nor morphine treatment (Morph)
alone enhanced CCL2/MCP-1 levels, the combination caused a synergistic in-
crease [Tat(+) DOX Morphl. In the case of both CCLS/RANTES and IL-6, Tat
induction [Tat(+) DOX] significantly elevated tissue levels, while co-exposure to
morphine [Tat(+) DOX Morph] had no synergistic effect. (72 = 5 mice per group;
*P < 0.05; analysis of variance and Duncan’s post hoc test versus all unmarked
groups).

ment. As shown in Figure 3, HIV-1 Tat induction by DOX
and/or co-exposure to morphine, significantly enhanced
expression of CCL5/RANTES, IL-6, and CCL2/MCP-1
within the striatum. Significant effects of morphine and/or
DOX treatment were not seen on any of the analytes in
Tat(—) mice. Both CCL5/RANTES and IL-6 were elevated
in Tat(+)P°* mice as compared with Tat(—)P°* controls,
while co-exposure to morphine had no synergistic effect.
In contrast, although CCL2/MCP-1 protein levels were not
increased in Tat(+) mice by DOX induction alone, the
combination of DOX and morphine caused a synergistic
increase (n = 5 mice per group). Results suggest that
exposure to Tat or Tat and morphine significantly en-
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Tat-induced changes in the endogenous opioid system: comparison of 3 brain

_regions
Striatum Cortex Hippocampus
mRNA  Tat(+) Tat(+)° Tat(+) Tat(+)"> Tat(+) Ta)*>  plasticity
MOP-r n.s. n.s. T y n.s. |
DOP-r n.s. n.s. n.s. n.s. n.s. n.s.
KOP-r d 0 0 il n.s. n.s.
POMC n.s. J n.s. n.s. n.s. n.s.
PENK ¥ n.s. n.s. n.s. \2 2
PDYN n.s. 3 0 n.s. 0 y
Tat and/or morphine-induced changes in tissue from striatum '
Tat(+) Tat(+)°°x Morphine Tast; n;::gc‘;ne

Inflammation MCP-1 n.s. n.s. n.s. Yes (1)

RANTES n.s. T n.s. No

IL-6 n.s. T n.s. No
Spine plasticity Spine density n.s. J 2 No

Filopodia density n.s. n.s. n.s. No Pathology
Dendrite pathology ~ Beading/fragmentation 0 0 n.s. Yes (1)

in dendrites of spiny

neurons

NS, not significant.

Tat(+) = Tat transgenic; Tat(+)P°* = Tat transgenic, induced with doxycycline.
*1 or | indicate significant increases or decreases in endogenous opioid receptors or peptides compared to levels in Tat(—)P tissue from the same

region.

1 or | indicate significant increases or decreases in chemokines/cytokine levels, spine plasticity, and dendrite pathology compared to Tat(—)P9%
controls. MOP-r, DOP-r, and KOP-r, respectively, refer to n, 8, and k opioid receptors; POMC, PENK, and PDYN, respectively, refer to the
proopiomelanocortin, proenkephalin, and prodynorphin endogenous opioid peptide mRNAs.

hance the accumulation of inflammatory chemokines and
cytokines in the striatum, and that the responses to Tat
and morphine are specific to individual analytes. These
results are summarized in Table 2.

Morphine and/or Tat-Induced Reduction in
Dendritic Spines

Effects of the Tat transgene = morphine on dendritic
spine density (spines/10 wm dendrite) were assessed in
Golgi-Kopsch impregnated medium spiny neurons (Fig-
ure 4A). Total spine density, not taking into account mor-
phological subtypes, was unaffected by low levels of Tat
expression from the leaky promoter, but was significantly
decreased in Tat(+) mice induced with DOX [P < 0.05 vs
both Tat(—) and uninduced Tat(+)]. Chronic treatment
with morphine alone significantly reduced total spine
density in both Tat(—) and Tat(+) mice (P < 0.05), and
this was reversed by naltrexone (P < 0.05). There was no
interactive effect of Tat and morphine on total spine den-
sity. We also examined Tat and morphine effects on the
subtype of dendritic spines with a filopodial morphology.
These represent a more immature stage of development,
and may reflect spines undergoing dynamic restructur-
ing. Interestingly, the only treatment that produced a
significant change in the density of filopodia was naltrex-
one administration, and this only occurred in Tat(+)P°*
mice receiving morphine. In this group, the overall spine
density was similar to all other groups, but the proportion
of filopodia was increased (Figure 4B).

Morphine and/or Tat-Induced Changes in
Dendrite Structure

Effects of the Tat transgene * morphine on dendrite
morphology were assessed in Golgi-Kopsch impreg-
nated medium spiny neurons. Normal axon and dendrite
morphology in spiny neurons is shown and described in
Figure 5, A-C, while pathological changes are depicted
and quantified in Figures 6, A-Y and 7, and Table 2.
Morphine exposure and Tat induction have differential
effects. Qualitatively, Tat(—) mice showed normal den-
dritic morphology (Figure 6, A-D) on proximal (Figure 6C)
and distal (third order; Figure 6D) segments of spiny
neuron dendrites. In Tat(+) mice that did not receive
DOX, about 25% of neurons had dendrites with aberrant
pathophysiological features (beading and fragmentation)
along proximal and distal segments (Figure 7). Chronic
Tat induction by DOX (7 days; Figure 6, 1-Q) did not
enhance the degenerative changes. The distal segments
of affected spiny neurons had a transitional morphology,
with dendrites that were denuded of spines and exhibit-
ing at least partial beading (Figure 6, N, O, and Q).
Degenerative changes were not uniform among individ-
ual neurons, with some appearing quite normal. The com-
bination of chronic morphine exposure and Tat induction
by DOX caused defects in dendrite morphology that were
qualitatively worse than with either treatment alone (Figure
6, R-Y), including severe beading and degeneration in
almost 50% of neurons (Figures 6W; 7). Even in cases of



1404  Fitting et al
AJP September 2010, Vol. 177, No. 3

Tat(+) B
127 M Filopodia
i 1 All Other Spines 7
] t
£ § § § *
= ¥ §
% 6
(]
£
Q4+
? i
0-
NS DS o © & &
FFITS S EFTS IS
N & < '3,\"\ P @o‘q \x\@
« \x\ «')}'
X
K2

10 pm

Figure 4. A: Effects of chronic opioid exposure and/or HIV-1 Tat transgene expression on dendritic spine density in striatal spiny neurons. Spine density was assessed
in Golgi-Kopsch impregnated neurons after seven days of morphine treatment and/or Tat induction. B: Note that filopodia (incipient spines) were considered
independently (black bars) as a subset of the total spines (black bars + gray bars). Significant decreases in total spine density were seen in the Tat+ mice following
induction with doxycycline [Tat(+) Dox] compared with un-induced Tat(+) or wild-type Tat(—) mice (*P < 0.05), while the density of dendritic spines was unaffected
by the Tat transgene alone [Tat(+)]. Chronic morphine treatment (Morph) significantly reduced the number of total spines in both Tat(—) and Tat(+) mice (*P < 0.05),
while the morphine-dependent spine losses in Tat(+) mice = DOX were antagonized by co-administering naltrexone (NTX) (*P < 0.05). Lastly, NTX alone caused
increased numbers of filopodia per unit length, but only in Tat(+) DOX mice (*P < 0.05 vs. all of the other groups; filopodia only); combined morphine exposure plus
Tat(+) induction with DOX = MD. Significance was assessed by analysis of variance with posthoc Duncan’s test.

severe dendritic pathology, axons were easily distinguished
from dendrites. Interestingly, co-exposure to morphine did
not enhance dendritic pathology in the uninduced Tat(+)
mice. Morphine effects were specific to opioid receptor
stimulation since they were reversed by naltrexone.

HIV-1 Tat Regulates Expression of Opioid
Peptides and Receptors

Quantitative real-time PCR analyses were conducted to
examine expression of mMRNAs for u, 8, and « opioid
receptors (MOPr, DOPr, and KOPr, respectively), as well
as the endogenous opioid peptide precursors proen-
kephalin (PENK), prodynorphin (PDYN), and proopiomel-

anocortin (POMC). The relative expression levels of these
genes in brain tissue taken from wild-type Tat(—), Tat(+),
and Tat(+)P°* mice are shown in Figure 8, A-F and
additionally summarized in Table 2. When cDNA from
whole brain was used as a template, there were no sig-
nificant differences between groups of mice, except for
increased KOPr mRNA in Tat(+)P°* mice (Figure 8C).
However, when mRNAs from individual CNS regions
were examined, several differences between the groups
were apparent. In the cerebral cortex, mRNAs for MOPr,
KOPr, and PDYN were significantly increased in Tat(+)
as compared with Tat(—) mice, even without Tat induc-
tion by DOX. This likely results from constitutive promoter
activity, and represents a response to chronic, low levels

Figure 5. Golgi-Kopsch impregnated striatal spiny neurons from Tat(—) mice (A=C) illustrate the morphology of normal spiny neurons. The image in (A) is a
montage, created to show both axons and dendrites which were originally in different planes of focus. The dendrites/cell body and axon were projected from
multiple z-slices (0.24 um each) using a deconvolution program (AutoQuant X, version X2.2.0). Note that the axons (arrowheads) (A, B) are much smaller in
diameter than dendrites (arrows) (A, ©), rarely branch, and maintain a uniform diameter after branching. In contrast, dendrites are much greater in diameter,
typically branch at acute angles, and display prominent spines; B and C are the same field shown at different levels of focus; scale bars = 10 um (A) and 15 um
(C). (B) is the same magnification as (C).



Tat and Opioids Cause Neuron Injury 1405
AJP September 2010, Vol. 177, No. 3

Tat(-)
Con

!B\‘ W T W
" e &

Tat(+)
Dox

Tat(+)
- Dox

Tat(+)
Dox
lorph

Tat(+) : 5 Tat(+)w
Dox . . Dox
Morph Morph

Figure 6. Morphine exposure and Tat induction have differential effects on dendritic pathology. Tat(—) mice show normal dendritic morphology and spine
distribution (A-D) on proximal (C) and distal (third order; D) segments of striatal neuron dendrites. Chronic morphine (Morph) exposure (seven days; E-H)
reduced spine density especially along more distal dendritic segments (F inset, H). By contrast, chronic Tat induction with doxycycline (Dox) (seven days; I-Q)
caused beading along the proximal and distal segments of many striatal neurons; the degenerative changes were non-uniform among individual neurons, with
some neurons appearing normal. Spine densities were markedly diminished in the distal segments of many neurons with Tat induction (J-Q), and presumed
transitional forms of partially beaded dendrites (M, N, O, Q) that were additionally denuded of spines were evident (M inset, N, O, Q). In combination, morphine
exposure and Tat induction cause severe deficits in spine numbers and defects in dendritic morphology (R=Y), including severe beading and degeneration (W),
qualitatively worse than with either treatment alone. Different z-plane images of some neurons were projected into a single 2-dimensional image using
deconvolution (AutoQuant) (C-H, T-U, X-Y) or extended focusing (Extended Focus Module, AxioVision, Zeiss) (A, B, K, M, R) software as described before';
scale bars = 20 um (A) and 10 um (B, C, J, K, M); (B, E, F, D, (C-D, G-H, N, O, Q, T, U, W-Y), (K, L) and (M, P, R, S, V) are the same magnification.

of Tat expression. KOPr mRNA levels were also en-
hanced, but only after DOX induction. In both the hip-
pocampus and striatum, opiate-related mRNAs were
more generally decreased. In the hippocampus, mRNA
for PENK was significantly lower in un-induced Tat(+) vs.
Tat(—) mice, while Tat induction by DOX caused a reduc-
tion in levels of MOPr and prodynorphin mRNAs. In the
striatum, KOPr and PENK were reduced in Tat(+) mice,
and similar effects on POMC and PDYN were observed
with DOX induction. Overall, the results suggest that
HIV-1 Tat exposure can regulate both opioid peptides
and receptors in the CNS, and that effects are region

specific. Since a relatively small proportion of neural cells
express opioid receptors or peptides in any brain region,
the changes measured in mRNA levels constitute much
larger changes within individual cells, and are likely to
underlie significant functional differences.

Discussion

Detection of Tat,_gg In Transgenic Mouse Brain

Tat protein has historically been difficult to detect in situ,
and in earlier studies we validated the brain-specific
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Figure 7. Effects of the Tat transgene * morphine on the morphology of
dendrites. Neurons in un-induced Tat(+) mice showed increased evidence
of beading and degeneration as compared with Tat(—) mice, and induction
by DOX did not increase degenerative changes [fP < 0.05 vs. Tat(—)).
Co-exposure to morphine caused a dramatic increase in dendrite pathology
in the DOX-induced Tat(+) mice [*P < 0.05], but not in the Tat(+) mice with
basal promoter activity. Morphine effects were reversed by naltrexone (NTX)
[P < 0.03]. Significance was assessed by analysis of variance with posthoc
Duncan’s test. Morph = morphine; DOX = doxycycline; MD = morphine
and DOX.

induction of Tat by DOX in these transgenic mice using
PCR ampilification from specific Tat primers. %438 |n the
present study, we screened multiple anti-Tat antibodies
for their ability to detect Tat by immunostaining and west-
ern blot. Although not all antibodies detected Tat, con-
sistent fluorescent immunolabeling in Tat(+)°°* mice
was obtained using Tat ab24778 (Abcam) (Figure 1).
Signal was apparent throughout the brain, as expected
since the transgene is driven by a GFAP promoter. The
signal intensity varied even within a given brain region,
possibly due to variable proportions of astroglia or
differential activation of the GFAP promoter. Multiple
z-slices taken through the thickness of the section were
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Figure 8. The effects of the HIV-1 Tat transgene on opioid receptor (A)
MOP-1, (B) DOP-r, (C) KOP-r and opioid peptide precursor, (D) proopio-
melanocortin (POMC), (E) proenkephalin (PENK), and (F) prodynorphin
(PDYN) mRNA expression in the striatum, cerebral cortex, and hippocampus
were assessed by quantitative real-time PCR at 48 hours (fold-change). The
Tat transgene [Tat(+)] and/or Tat induction with doxycycline [Tat(+) Dox]
caused widespread disruption to the opioid system compared with wild-type
[Tat(—)] mice; *P < 0.05, Tat(—) vs. Tat(+) DOX; TP < 0.05, Tat(—) vs.
Tat(+); P < 0.05, Tat(+) vs. Tat(+) + DOX (1 = 6 mice per group).

deconvolved and projected onto a single plane to
show the relationship between Tat and GFAP. Many
astroglial cell bodies in Tat(+)?°* mice were clearly
associated with abundant Tat immunostaining, either
within the cell or in the area surrounding the cell (Fig-
ure 1, B and C). Tat and GFAP signals were sometimes
completely co-localized. Since Tat and GFAP reside in
different subcellular compartments, and Tat is also
released from cells, this mixture of proximate and over-
lapping signals is quite reasonable. On western blots,
Tat, g was routinely detected as a ~22 kDa band
(Figure 2A), while the predicted molecular weight is 11
kDa. Although Tat has been reported to function as a
monomer,3°4° other reports suggest a strong ten-
dency to form stable multimers that are resistant to
strong reducing and/or denaturing conditions both in
vivo and in vitro,**37 and that may be functional.®”
Dimerization appears to stabilize Tat within cells,*" and
the suggestion has been made that release of dimers
may prevent degradation and enhance uptake by
neighboring cells.®® To ascertain whether Tat formed
multimers under our conditions, we performed western
blots on the immunoprecipitate and flowthrough for a
sample containing recombinant Tat. Strong bands
were detected at 22 kDa and 50 kDa for the immuno-
precipitate with a much fainter band at ~12 kDa. Con-
versely, the 12 kDa band was more pronounced in the
FT blot. This pattern indicates efficient recovery of Tat
dimers and tetramers, and less recovery of Tat mono-
mers. The density of the 22 kDa and 50 kDa bands were, in
aggregate, much stronger than those at 12 kDa, suggesting
that a considerable proportion of Tat, g5 Was oligomerized.
Similar results were obtained for samples where recombi-
nant Tat was added to brain tissue lysates. No additional
bands were detected in those samples, illustrating that
the specificity of the antibody was entirely related to
Tat,_gs. Overall, we interpret the immunostaining and
western blot results to show that Tat is produced in
these mice in association with astroglia as expected.
Further, Tat recovered from brain lysates is primarily in
the form of dimers or tetramers. We cannot say whether
Tat oligomers exist in the tissue, or whether oligomer
formation is a function of the recovery conditions. Im-
portantly, the constitutive promoter activity suggested
by the western blots explains previously documented
pathologies in Tat(+) mice that were not DOX-in-
duced, ' as well as changes in dendrite morphology
(Figure 7) and opioid tone (Figure 8) reported in the
present paper.

Structural Changes in Dendrites Induced by
HIV-1 Tat = Morphine

Using this Tat transgenic mouse model, we previously
found that Tat and morphine synergize in vivo to markedly
increase reactive astroglia and macrophages/microglia
(F4/80™" or Mac1™) in the striatum, even after only 2 days
of co-exposure.'* Although cleaved caspase-3 was ele-
vated in neurons after 2 days, there was no evidence of
neuron death (terminal deoxynucleotidy! transferase-me-



diated dUTP nick-end labeling) even after 10 days of
co-exposure. Since HIV-1 Tat and morphine clearly syn-
ergize to produce striatal neuron loss in culture, 22 we
hypothesized that neuron death in vivo might be delayed
given the different cellular environment. In that case, we
reasoned that there might be sublethal indications of
neurotoxicity, and thus examined medium spiny neurons
for structural alterations indicative of neuroplasticity
(changes in spine density), and for evidence of frank
degenerative changes (dendrite beading or fragmenta-
tion). Both our qualitative and quantitative assessments
show that: a) chronic exposure to either morphine or
HIV-1 Tat alone causes neuronal pathology; and, b) for
certain endpoints, combined exposure causes pathology
that is significantly more pronounced.

The magnitude of the response to Tat, as well as the
synergy between morphine and Tat, varied depending on
outcome measure. Even low levels of Tat expression from
the leaky promoter caused some pathology, as evi-
denced by dendritic beading (Figure 7). Other abnormal-
ities, such as changes in spine density, were not appar-
ent until Tat(+) mice were exposed to DOX (Figure 5),
suggesting that different thresholds of Tat exposure were
required for different aspects of the pathology. As shown
previously by others,**=%* chronic morphine treatment
significantly reduced total spine density, and this oc-
curred in both Tat(—) and Tat(+) mice (Figure 4). Co-
exposure to Tat and morphine failed to cause additional
reductions in spine density. One might interpret this as a
lack of morphine and Tat interaction, but alternatively,
there may be a limit to the spine loss that can occur
before a dendrite starts to degenerate, and both mor-
phine and Tat induction by themselves may maximally
reduce spine density. In contrast, morphine and Tat co-
exposure did enhance degenerative changes in dendrite
structure. There was significantly more dendritic beading
and fragmentation in striatal spiny neurons of Tat(+) mice
exposed to both DOX and morphine, than to either DOX
or morphine alone. The different responses of spines and
neurites to Tat and morphine suggest that the pathways
regulating their stability may be distinct. Overall, how-
ever, our findings that both spine loss and dendrite de-
generation can occur with Tat = opiate exposure infer an
enhanced potential for deficits in neural connectivity with
co-exposure. This suggests a mechanism for CNS func-
tional changes without obvious neuron loss.

Dendritic complexity underlies complex CNS function
and behavior.”® Prior evidence from other models sug-
gests that HIV and/or Tat, as well as opiates, can sepa-
rately induce dendrite pathology. Dendritic pruning and
selective postsynaptic damage have been reported with
HIV-1 or SIV infections in the CNS.*6~8 |n addition to viral
and cellular toxins associated with HIV,>4°%° endoge-
nous opioids,***" as well as opioid drugs such as mor-
phine and methadone,®275 can also shrink dendrites and
reduce the density of their spines.*3-5° Opioid drugs also
affect the plasticity of adult neurons.*?°¢ The finding that
co-exposure to Tat and morphine can significantly en-
hance degenerative change would predict enhanced
neurological deficits in co-exposed individuals, an obser-
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vation made in several studies of HIV patients who abuse
opiates.”®

How might Tat and morphine interact to potentiate
dendritic beading and degeneration? In the case of mor-
phine, the drug’s actions at MOPr converge with gluta-
matergic signals originating from AMPA receptors** and
MOPr-driven dynamin-dependent receptor internalization
is causal in spine reduction.**** The beading phenom-
enon has been described as a manifestation of excito-
toxic “dendrotoxicity,”®” and can be caused by a broad
range of insults that disrupt ion homeostasis and cellular
energetics by inhibiting ATP production.®® These include
nerve growth factor deprivation, inflammatory cytokine
exposure and glutamatergic, especially N-methyl-p-as-
partate, receptor overactivation.®85° Tat by itself is exci-
totoxic through diverse mechanisms, a number of which
also promote structural and functional defects in den-
drites.'2%° For example, Tat activates N-methyl-p-aspar-
tate receptors,®' and interrupts ATP production and mi-
tochondrial function.®? Mitochondrial dysfunction and
loss of cellular energetics underscore a broad-range of
excitotoxic insults that can be compartmentalized to den-
drites, as well as to axons, and even to specific syn-
apses.®®®* Tat also elevates platelet activating factor
release,®® which can potentiate the effect of otherwise
subtoxic concentrations of glutamate, resulting in local-
ized beading and elevations in caspase-3.°¢ Clearly,
morphine and Tat might synergize to adversely affect
neurite structure through numerous pathways, and those
affecting spine density may differ from those that con-
verge to cause degeneration. In the present study, Tat =
morphine elevated CCL2/MCP-1, CCL5/RANTES, and
IL-6 in vivo after 48 hours (Figure 3). This parallels our
previous findings in vitro®*?” and suggests enhanced
inflammatory tone may contribute to dendrite pathology.
From a therapeutic standpoint, it is important to recog-
nize that synaptic apoptosis and focal losses in dendritic
structure and function are not necessarily a prelude to
death and in fact may be reversible 6367769

The inducible HIV-1 Tat transgenic mouse appears to
be extremely relevant for examining the chronic effects of
Tat in HIV-1 neuropathogenesis. The sublethal structural
abnormalities observed over the time course of our stud-
ies may provide a model for earlier stages of HIV neuro-
pathology that are accompanied by moderate neurolog-
ical impairment, before the loss of neurons more typical
of advanced neuroAIDS. Our Tat transgenic mice display
a much less severe phenotype than a similar, but not
identical, model described previously.”® In that model, a
murine GFAP promoter was used to drive DOX-inducible,
brain-specific Tat expression. This resulted in fulminant
neuropathology, including astrocytosis, neuronal apopto-
sis, and neurite degeneration, as well as associated mo-
tor and cognitive disturbances, and premature death.
Our mice display much less severe neuropathology with-
out evidence of overt neuronal death even following 10
days of continuous Tat induction.’®' They have re-
mained on DOX chow for over 18 weeks with only modest
reductions in running wheel activity or weight loss.3® The
disparate levels of pathology in the two models are likely
due to intrinsic differences in Tat expression and/or deg-
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radation, possibly due to (i) differing genetic back-
grounds (C57 versus C3/C57); (ii) distinct GFAP promot-
ers (murine versus human); (iii) differences in transgene
integration into the host genome, including “position ef-
fects” or epigenetic consequences of surrounding host
genes [See”']; and (iv) the relatively high Tat gene copy
number in mice used in the previous study.”®

Chronic HIV-1 Tat Disrupts the Endogenous
Opioid System

Our results show that Tat exposure broadly impacts the
endogenous opioid system. The heterogeneous re-
sponse of individual receptors and peptides in our model
is likely shaped by multiple influences including: (i) intrin-
sic differences in opioid gene expression among brain
regions;”2 "2 (i) regional discrepancies in the innate host-
immune response to HIV-1 Tat; and (iii) differences in
GFAP expression/regulation among astrocytes driving
different levels of Tat production in each brain region. The
mechanisms by which Tat disrupts opioid peptide and
receptor MRNA expression are likely to be multifactorial.
Moreover, Tat-induced increases in inflammatory cytokines
can intrinsically affect expression of opioid peptides and
receptors in isolated astrocytes,”*"® leukocytes,””"® and
in macrophages/microglia.®>®" Importantly, such effects
may not be restricted to Tat since gp120 and intact
virions, can also alter opioid signaling through multiple
mechanisms.®2 Thus, the response of the opioid system
to HIV-1 infection is not restricted to a particular brain
region, peptide family or receptor. The opioid system
appears to be highly plastic and modifiable by HIV-1
infection during the course of the disease.

The endogenous opioid system is widely expressed
by CNS cells, including neurons and multiple glial
types,®3 8% as well as monocyte-derived macrophages
including microglia.?%#%~88 Altered opioid signaling has
been implicated in the etiology of neuropathic pain, neu-
rotrauma, and neuroimmune diseases including neu-
roAlDS,”9:82:87.89.90 \which prompted an exploration of the
consequences of Tat exposure on the opioid system. The
effects of Tat differed significantly between brain regions,
and individual opioid genes were differentially sensitive
to the level of Tat transgene expression (“low” constitutive
levels vs. “high” levels with DOX-induction), and/or the
duration of exposure to a particular level of expression
(acute [48 hours] vs. chronic “constitutive”). Chronic ex-
posure might involve adaptive responses that are absent
with acute increases in exposure levels. Since a relatively
small proportion of CNS cells express opioid receptors or
peptides in any brain region, the observed changes in
mRNA levels constitute much larger changes in individ-
ual cells, and likely have significant functional outcomes.
DOPr was the only transcript unchanged in any sample.
Prodynorphin gene and KOPr transcripts showed the
most pronounced responses. Most notably, KOPr mRNA
levels increased dramatically in the whole brain and ce-
rebral cortex, while declining in the striatum. Despite
findings to the contrary, it had been anticipated that
PENK levels might be increased since IL-18 has been

shown to increase PENK,®' and Tat exposure increases
release of IL-18 by astrocytes.®® Since PENK-derived
peptides can be anti-inflammatory and neuroprotec-
tive,239° reductions in PENK expression might be dele-
terious for the HIV-infected CNS.

Endogenous opioid peptides are tonically expressed
in the CNS throughout ontogeny and tend to inhibit den-
dritic growth and spine formation.>"°® This may partially
explain findings that exposure to the long-acting, MOPr,
DOPr, and KOPr opioid antagonist, naltrexone, by itself
increased the number of filopodia in morphine-exposed
Tat(+)P°* mice (Figure 4).224451 The increased filopo-
dial density (an indication of neuroplasticity) may reflect
novel Tat-opioid interactions occurring with altered en-
dogenous opioid tone. Components of the opioid system
can also oppose one another.®* For example, chronic nal-
trexone may block both neurotoxic actions of morphine at
MOPT, and more protective actions via DOPr and perhaps
KOPr, thereby revealing competing endogenous opioid-
HIV-1 Tat interactions that are otherwise masked.

The capacity of the brain to recover from diverse in-
sults is remarkable. Current evidence suggests that the
neurocognitive impairment with HAND is partially revers-
ible with aggressive highly active anti-retroviral therapy.
Since emerging evidence suggests that dendritic bead-
ing is reversible,*® the sublethal dendritic damage
caused by Tat, or to a lesser extent opioid exposure, may
not inevitably lead to neuron death. However, combina-
tions of sublethal insults, or increases in duration, prob-
ably make reversibility less likely. Considering that mor-
phine can collapse dendritic spines and restrict AMPA
receptor trafficking and function,** and that Tat activates
N-methyl-p-aspartate receptor 1,°" it is possible that mor-
phine decreases the excitotoxic threshold at glutamater-
gic inputs, resulting in their vulnerability to Tat. We pro-
pose that the adaptive plasticity of the striatum to either
chronic opioid abuse or HIV infection has serious conse-
quences, and limits the ability for adaptation to a subse-
quent insult. Thus, cumulative dendritic pruning and syn-
aptic culling resulting from chronic drug abuse and
sustained HIV-1 infection may eventually sufficiently dis-
tort even a highly adaptive system like the brain into an
irreversible, maladaptive state.
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