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Abstract

The abuse of opiates such as morphine in synergy with HIV infection accelerates neurocognitive
impairments and neuropathology in the CNS of HIV infected subjects, collectively referred to as
HAND. To identify potential pathogenic markers associated with HIV and morphine in perturbing
the synaptic architecture, we performed quantitative mass spectrometry proteomics on purified
synaptosomes isolated from the caudate of two groups of rhesus macaques chronically infected
with SIV differing by one regimen- morphine treatment. The up regulation of heat shock 70 kDa
protein 5 in the SIV+morphine group points to increased cellular stress during SIVV/Morphine
interaction thus leading to CNS dysfunction.
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INTRODUCTION

Chronic HIV infection is frequently accompanied by different neuropathologies, known
collectively as HIV-associated neurocognitive disorders (HAND) which vary in severity and
include HIV-associated dementia (HAD) and HIV encephalitis (HIVE) (Crews et al, 2009;
Shapshak et al, 2011). A characteristic hallmark associated with these maladies includes
neuroinflammation and cognitive decline. The prevalence of HAND is becoming a major
concern given the aging population of individuals affected by HIV, who are already at risk
for age-related neurocognitive impairment and neurodegenerative diseases. Due to effective
management of HIV disease with the advent of combination antiretroviral therapy (CART),
there has been a significant increase in ageing of HIV-1-positive population in the United
States (Hellmuth et al, 2014). While the mortality has been greatly reduced, morbidity is still
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present affecting the quality of life. To further aggravate this aspect is the abuse of illegal
drugs by these individuals thus leading to comorbidity. Not only is HIV frequently
transmitted via drug use, drug abusers infected with HIV are also more likely to be affected
by HAND than infected non-users (Bokhari et al, 2011; Hollenbach et al, 2014).

There are compelling reasons to investigate HIV and opioid interactions and their role in
exacerbating neuropathogenesis as previous studies in HIV-infected opiate abusers
demonstrate severe neuropathology compared to infected non-drug users (Anthony et al,
2008; Bell et al, 2006; Bell et al, 1998). While detailed mechanisms elucidating the role of
morphine in exacerbating HAND is still under investigation, studies have documented
evidence for increased activity of glial cells such as microglia and astrocytes in the presence
of morphine and HIV proteins (Bruce-Keller et al, 2008; Turchan-Cholewo et al, 2009). In
addition, opioid-mediated injury in synergy with HIV infection has documented a role for p-
opioid receptor (MOR) in an in vitro model to further enhance morphine-Tat mediated
neurotoxicity (Turchan-Cholewo et al, 2008).

Despite these emerging mechanisms associated with HIV and morphine synergy in
exacerbating HAND, a significant gap exits in understanding neurodegeneration mediated
by these two entities at the synapse, a key structure involved in neurotransmission and
neuroplasticity. Thus, to ascertain changes in expression of synaptic proteins associated with
HIV and morphine, we isolated purified synaptosomes (isolated synapses containing the pre
and postsynaptic components) from the caudate nucleus of rhesus macaques that were
chronically infected with SIV and differing by one regimen, morphine treatment. We chose
the caudate nucleus, as it is a target of both HIV/SIV and morphine. Quantitative mass
spectrometry based proteomics identified several proteins to be differentially expressed
between the treatment groups. One potential lead identified was the heat shock 70 kDa
protein 5 (HSPADB) to be up regulated in the SIV+Morphine group. Further validation in vivo
and in vitro confirmed this finding suggesting a potential role for HSPA5 in SIVV/morphine
induced changes at the synapse.

MATERIAL AND METHODS

Ethics Statement

All animal protocols were approved by the local animal care committee (IACUC) at the
University of Kansas in accordance with the Guide for the Care and Use of Laboratory
Animals. All efforts were made to reduce suffering of the animals and included the use of
anesthetics ketamine and medetomidine at the time of necropsy.

Rhesus macaques, morphine treatment and SIV infection

A detailed regimen of morphine treatment, SIV infection and information on viral load and
other parameters has been described in our previous publication (Bokhari et al, 2011).
Briefly, 2- to 3-year-old, Indian rhesus macaques (Macaca mulatta) were randomly divided
into two groups: SIV only and morphine+SIV. For all animal studies, clinical grade
morphine was purchased from the University of Kansas Pharmacy. Morphine was
administered intramuscularly 4 times daily, at 6 hour intervals, at a dose of 3 mg/kg with a 1
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ml syringe (27.5 G needle). The macaques were gradually acclimated to morphine by
starting with 1mg/kg for one week and escalating to a final dose of 3 mg/kg in 1 mg/kg
increments per week. Morphine administration was maintained throughout the study to
avoid withdrawal effects. The SIV only group received saline injections at the same time
intervals. Post morphine and saline treatments, animals were infected with SIVmacR71/17E
(Raghavan et al, 1999) for 12 months. At necropsy, tissues were harvested following PBS
perfusion under lethal anesthesia.

Isolation of Synaptosomes

Purified caudate syanptosomes from the two groups of monkeys were isolated using a
discontinuous sucrose density gradient by differential centrifugation as described in our
previous studies (Pendyala et al, 2012a; Pendyala et al, 2014) and further subjected to
quantitative mass spectrometry based proteomics.

Quantitative Mass Spectrometry based Proteomics

We used the Isobaric Tag for Relative and Absolute Quantitation (iTRAQ) labeling as
described in our earlier study (Pendyala et al, 2012a) to identify differentially expressed
synaptic proteins between the two groups of monkeys. Briefly, 100 ug of purified
synaptosomal protein from each individual sample and the pool (equal amount of protein
obtained from synaptosomal fractions of all samples) was digested overnight with trypsin at
37°C. Digested peptide fraction from each sample was labeled separately using the iTRAQ
(Applied Biosystems, Foster City, CA) standard protocols for the 8-plex kit as per the
manufacturer’s instructions. Subsequently, all samples were combined and purified using a
Waters Oasis MCX cartridge (Waters, Milford, MA). Purified peptides were then subjected
to OFFGEL fractionation using the 3100 OFFGEL Fractionator (Agilent Technologies,
Santa Clara, CA) as per the manufacturer’s protocol. Using a 13-cm-long IPG gel strip with
a linear pH gradient ranging from 3-10 purified peptides were separated into 12 fractions
and subsequently concentrated by vacuum centrifugation. Each of these fractions was then
spotted onto a MALDI plate and further subjected to LC-MS/MS analysis.

Data Analysis

Cell culture

TOF MS and MS/MS spectra generated were analyzed using Protein Pilot v.2.0.1 software
that utilizes the Paragon scoring algorithm (Shilov et al, 2007) and the following search
parameters were included: iTRAQ 8plex (peptide labeled) sample type, iodoacetemide cys
alkylation, trypsin digest, biological modifications ID focus and thorough search effort. The
protein FASTA database used for protein searches was a concatenated “target-decoy”
version of Macaca subset of the NCBInr database (08312009).

SH-SY5Y neuroblastoma cells were cultured in DMEM/F12 (1:1) media containing 10%
FBS and penicillin/streptomycin (Invitrogen, Carlsbad, CA). For assessing RNA and protein
level expression by real time PCR and western blot analysis respectively, cells were plated
at a density of 2 X 10° per well onto a 6-well plate. Cells were allowed to adhere overnight
and were then subjected to treatment with either 50 ng/ml Tat or 0.1 uM morphine alone or
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in combination for 24 h. Post treatment, media was carefully removed, cells washed in ice-
cold phosphate buffered saline and were harvested for subsequent analysis by real-time PCR
or western blot analysis.

Real Time PCR

Total RNA from the basal ganglia of the rhesus macaques and SH-SY5Y neuroblastoma
cells was extracted with Total RNA was extracted with TRIzol reagent (Invitrogen)
according to the instructions of the manufacturer. The conditions for reverse transcription
(RT) and real-time PCR assays have been described previously (Yao et al, 2011). Real-Time
PCR primers for rhesus and human HSPAS (Forward - GGGCCCTGTCTTCTCAACAT,
Reverse - ACTTTCTGGACGGGCTTCAT) and B-actin (Forward —
CCAACCGCGAGAAGATGA, Reverse - CCAGAGGCGTACAGGGATAG) were
obtained from SA Biosciences and quantitative analyses of mMRNA were conducted using
ABI 7500 Fast Real-Time PCR system (Applied Biosystems). Amplifications were
performed for 40 cycles (denaturation, 30 s at 95° C; annealing, 1 min at 60° C). Relative
units (272ACT) were calculated and used here as a measure of MRNA expression.

Western blot analysis

10 ug each of caudate synaptosomal protein from the two monkey groups and SH-SY5Y cell
lysate from four groups were subjected to western blot analysis as described in our previous
publication (Pendyala et al, 2012b). To prevent any nonspecific antibody binding,
membranes were blocked in 5% nonfat dried milk for 1 h with constant shaking at room
temperature. Using antibodies HSPAS5 (1:2000, BD Transduction Laboratories, San Jose,
CA) and B-actin (1:5000, Santa Cruz Biotechnology, Santa Cruz, CA) membranes were
probed overnight at 4° C on an orbital shaker. The next day, blots were washed three times
in TBS-T followed by incubation in secondary antibody (1:5000 HRP conjugated anti
Rabbit, Santa Cruz Biotechnology, Santa Cruz, CA) with constant shaking at room
temperature for 1 h. The blots were further washed three times in TBS-T and developed
using the 1:1 solution of Super Signal West Pico Chemiluminescent Substrate and Luminol/
Enhancer (Thermo Fisher Scientific, Rockford, IL, USA). Band density from individual
samples was quantified using the NIH Image J software.

Statistics
Rhesus data represented is from all the animals used in the current study. For the in vitro
studies, data represented are from 6-8 independent experiments using the tests described in
the text and figure legends. Differences were considered significant at p<0.05 and respective
statistical tests were performed using Prism software (GraphPad Software Inc., San Diego,
CA).

RESULTS

To identify changes in the synaptic proteome of rhesus macaques chronically infected with
SIV and differing by morphine vs saline treatment, purified synaptosomes from the two
groups were subjected to a global quantitative mass spectrometry based proteomics.
Synaptosomes are subcellular membranous structures comprising of the complete
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presynaptic terminal including synaptic vesicles and mitochondria along with the post
synaptic membrane and are ideal model to understand changes occurring at the synapse
during a neurological manifestation. Given the biochemical preparation associated with their
isolation, a critical attribute is the purity that can be assessed using enzyme markers or can
be inspected morphologically under electron microscopy as described in our previous
publication (Pendyala et al, 2014) .

Using an iTRAQ-based approach coupled to LC-MALDI-TOF-MS/MS, purified
synaptosomes from the two groups of monkeys to global quantitative mass spectrometry
based proteomics (Fig 1) that identified a total of 810 proteins (Table S1). Since the
differences observed in this study were subtle yet significant, we employed a cutoff based on
the p-values at p<0.05. This criterion identified a total of ten proteins of which six were up
regulated and four down regulated in the SIV+Morphine treated group (Table 1). Among the
differentially expressed proteins, we found a member of the heat shock protein 70-kDa
family, HSPAGS (a.k.a. Grp78 or BiP) to be up regulated (+1.29 fold) in the SIV+Morphine

group.

The up regulation of HSPAS was intriguing given the central role of heat shock proteins in
proper protein folding and help protect cells from stress. Given the documented role of SIV
and morphine in increasing cellular stress (Perez-Casanova et al, 2008), this up regulation in
HSPADS expression especially at the synapse could potentially be associated with a
protective mechanism. Since high throughput ‘omics’ approaches generate a vast amount of
data sets, it is imperative to perform validation studies to confirm initial findings.
Accordingly, we validated our preliminary findings both from the in vivo specimens as well
as in vitro, the latter in the human neuroblastoma cell line SH-SY5Y.

We first validated the expression of HSPAS at the mRNA level. For in vivo validation we
isolated RNA from the basal ganglia of the two groups of monkeys as well as the untreated
control monkey group. RT-PCR analysis on the three groups showed an increasing trend in
expression of HSPADS, albeit not statistically significant, the highest expression level being in
the SIV+Morphine group (Fig 2A). In order to example both factors (the virus and morphine
as well as their synergy), we extended our analysis in vitro using the SH-SY5Y
neuroblastoma cell line. To mimic this synergy, we treated SH-SY5Y cells alone with 50
ng/ml Tat or 0.1 uM morphine and in combination of these two factors. Since both Tat and
morphine in high doses can induce cell death, we chose these concentrations based on the
minimal cell death observed with these concentrations based on our previous studies (Buch
et al, 2007; Gurwell et al, 2001; Hauser et al, 2009; Khurdayan et al, 2004). Compared to
the control group, a similar increasing trend in HSPAS mRNA expression was seen in the
Tat only and morphine only groups, while a significant increase was observed in the Tat and
morphine treated group (Fig 2B).

Since our study design was initiated to assess changes occurring at the level of the proteome,
we further extended our validation studies to examine change in HSPAS expression at the
protein level. Western blot analysis on the purified caudate synaptosomes showed an
increase in HSPAS expression in the SIV+Morphine group versus the SIV only group. This
increase in HSPAS expression was however not significant (Fig 3A). We then examined
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protein lysates from SH-SY5Y cells treated in the presence of Tat, morphine and
combination of Tat and morphine. Similar to the mMRNA changes, we saw a similar
increasing trend in HSPADS protein expression, the maximum being in the Tat and morphine
treated group compared to the controls (Fig 3B). Together these data imply that the up
regulation in HSPAS expression at the synapse could point to increased cellular stress during
SIV/morphine interaction and the ensuing downstream events eventually leading to CNS
dysfunction.

DISCUSSION

Drub abuse in HIV-infected subjects dependent on opiates are more vulnerable to serious
neurological complications such as increased cognitive deficits and neuropathology in
comparison to HIV-infected non-drug abusers (Anthony et al, 2008; Bell et al, 2006; Bell et
al, 1998; Bell et al, 1996; Chiesi et al, 1996; Goodkin et al, 1998; Hellmuth et al, 2014;
Nath et al, 2001). Also, earlier studies have elucidated the role of glial cells such as
astrocytes and microglial and their activation during HIV and morphine synergy (Bruce-
Keller et al, 2008; Turchan-Cholewo et al, 2009) to exacerbate HAND (Hauser et al, 2012;
Reddy et al, 2012; Tyor et al, 2012). A previous study using the non-human rhesus
macaques showed that morphine exposure increased the severity and rate of HIV disease
progression (Kumar et al, 2004). To lend support to this observation, an earlier study from
our lab reported that chronic treatment with morphine and SIV infection led to significant
increase in neuropathogenesis in rhesus macaques (Bokhari et al, 2011) thus providing
evidence that HIV in conjunction with morphine exacerbates HAND,

In the current study, we furthered our analysis to address how chronic SIV and morphine
synergy leads to alterations at the synapse that are key regulators of neurotransmission and
neuroplasticity. To gain such critical insights, we employed a global unbiased mass
spectrometry based proteomics approach using iTRAQ that offers the distinct advantages of
quantitation, and importantly multiplexing capability. iTRAQ analysis of purified
synaptosomes isolated from the caudate nucleus of the two groups of monkeys identified
several synaptic proteins between the two groups. Amongst the proteins that were
differentially expressed between the two groups, we focused on HSPA5, a member of the
heat shock protein 70 kDa family that was up regulated (+1.29 fold) in the SIVV+morphine
group which was further validated in vivo and in vitro. However, we do acknowledge that
this is a modest increase. A possible explanation for this could be that the up regulation of
HSPADS is an early phenomenon and that it tapers as the disease progresses.

HSPADS (a.k.a. GRP78 or BiP) is a protein belonging to the HSP70 family and is involved in
the folding and assembly of proteins in the endoplasmic reticulum (ER). Earlier studies have
documented evidence of increased ER stress in animal models studying the impact of drugs
of abuse in the brain. For example an earlier study employing a microarray approach found
that Hspab, along with several other members of the HSP70 family, to be up regulated in the
frontal cortex of rats chronically treated with morphine but subsequently reversed on
treatment with naloxone (Ammon et al, 2003). Similarly, Jayanthi et al. demonstrated an
increase in Hspa5 expression both at the mRNA and protein levels in the rat striatum post
treatment with methamphetamine. They further correlate their findings with increased
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neuronal apoptosis thus suggesting the involvement of ER stress in methamphetamine
mediated neurotoxicity in the CNS (Jayanthi et al, 2004). In another study adult male
Sprague-Dawley rats exposed to neurotoxic levels of amphetamines led to an increase in
Hspab mRNA levels in the striatum further lending support to the activation of ER stress in
amphetamine mediated CNS damage (Thomas et al, 2010).

During prolonged ER stress, the expression of chaperones would be activated, protein
translation would be attenuated thus activating ER-associated degradation and eventually
leading to apoptosis (Trusina et al, 2008). One such important protein is C/EBP homology
protein (CHOP), which is involved in ER stress-mediated cell apoptosis (Tagawa et al,
2008; Xu et al, 2010). Studies from our own lab have shown importance of ER stress in
modulating cocaine induced microglial toxicity (Costa et al, 2013). While we did not assess
the levels of HSPAS in that study, we did see an increase in CHOP expression. It is thus
plausible to hypothesize that cocaine could also have potentially resulted in an increased
expression of HSPAS. In a more recent study, we have demonstrated that human brain
microvascular endothelial cells exposed to Tat caused an increase in several ER stress
mediators including HSPAS expression (Ma et al, 2014). Such increase in expression of ER
stress mediators led to decreased cell viability and increased apoptosis evident by increase in
CHOP expression. The current study for the first time further lends distinct strength to the
role of ER stress during SIV and morphine synergy at the synapse implicating a role for
HSPAS in HAND. Given the significant role of synapse in regulating neurotransmission and
neuroplasticity, the subtle yet significant increase in HSPAS at the synapse could potentially
impact ER stress thus activating a cascade of cell death. This in addition to leading to
alterations in dynamics of neurotransmission may also exacerbate cognitive impairment in
HAND. Assessing the downstream mechanisms cf. signaling mechanism associated with the
up regulation of HSPADS at the synapse could well form the bases of future studies and can
be explored further both in vitro and in vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Overall experimental design used in this study. Purified caudate synaptosomes from the two

groups of rhesus macaques were iTRAQ labeled and subjected to LC-MS/MS analysis to
identify differentially expressed synaptic proteins.
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Figure 2.
(A) Real time PCR analysis showing an increase in HSPAS expression in the basal ganglia

of SIV+Morphine group compared to the SIV only and control groups (B). Increasing trend
in HSPAS expression in SH-SY5Y neuroblastoma cells treated alone with 50 ng Tat, 0.1 uM
or in combination of Tat and morphine for 24 h. in vitro data represented as Mean = SEM of
6 independent experiments. One-way ANOVA with Dunnett’s multiple comparison test was
used to determine the significance for both in vivo and in vitro data. *p<0.05 versus control.
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(A) Western blot analysis on rhesus caudate synaptosomes showing increased HSPAS
expression in the SIV+morphine group compared to SIV only group along with the bar
graph (bottom) showing the quantification. * Represents a rapid progressor that was
excluded from the analysis. (B) Representative western blot showing an increase in HSPA5
expression in the Tat+morphine treated group compared to the controls along with the bar
graph (bottom) showing the quantification. In vitro data represented as Mean + SEM of 6-8
independent experiments. Unpaired students t-test was used to determine the significance for
the in vivo data. For the in vitro data, a Oneway ANOVA with Dunnett’s multiple
comparison test was used to determine the significance.
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List of synaptic proteins differentially regulated between the two groups of monkeys. Unpaired student t-test

was used to determine the significance.

Protein identified Fold change | p-value
heat shock 70kDa protein A 5, +1.29 0.013
interleukin 1 receptor accessory protein-like 2 +1.19 0.027
lactate dehydrogenase A isoform 5 +1.28 0.028
Syntaxin-1B2 +1.17 0.043
phosphofructokinase, platelet, partial +1.34 0.047
adenylyl cyclase-associated protein +1.45 0.05
GABA(A) receptor-associated protein like 2 -1.23 0.02
oxoglutarate dehydrogenase-like isoform 1 -1.23 0.036
AU RNA-binding protein/enoyl-Coenzyme A hydratase isoform 2 | -1.21 0.038
Paralemmin -1.21 0.045
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