
Integrative proteomic analysis of the nucleus accumbens in
rhesus monkeys following cocaine self-administration

NS Tannu1, LL Howell2,3, and SE Hemby1,4

1Department of Physiology and Pharmacology, Wake Forest University School of Medicine,
Winston-Salem, NC, USA
2Neuroscience Division, Yerkes National Primate Research Center, Emory University, Atlanta,
GA, USA
3Department of Psychiatry and Behavioral Sciences, Emory University School of Medicine,
Atlanta, GA, USA
4Department of Psychiatry and Behavioral Medicine, Wake Forest University School of Medicine,
Winston-Salem, NC, USA

Abstract
The reinforcing effects and long-term consequences of cocaine self-administration have been
associated with brain regions of the mesolimbic dopamine pathway, namely the nucleus
accumbens (NAc). Studies of cocaine-induced biochemical adaptations in rodent models have
advanced our knowledge; however, unbiased detailed assessments of intracellular alterations in the
primate brain are scarce, yet essential, to develop a comprehensive understanding of cocaine
addiction. To this end, two-dimensional difference in gel electrophoresis (2D-DIGE) was used to
compare changes in cytosolic protein abundance in the NAc between rhesus monkeys self-
administering cocaine and controls. Following image normalization, spots with significantly
differential image intensities (P < 0.05) were identified, excised, trypsin digested and analyzed by
matrix-assisted laser-desorption ionization time-of-flight time-of-flight (MALDI-TOF-TOF). In
total, 1098 spots were subjected to statistical analysis with 22 spots found to be differentially
abundant of which 18 proteins were positively identified by mass spectrometry. In addition,
approximately 1000 protein spots were constitutively expressed of which 21 proteins were
positively identified by mass spectrometry. Increased levels of proteins in the cocaine-exposed
monkeys include glial fibrillary acidic protein, syntaxin-binding protein 3, protein kinase C
isoform, adenylate kinase isoenzyme 5 and mitochondrial-related proteins, whereas decreased
levels of proteins included β-soluble N-ethylmaleimide-sensitive factor attachment protein and
neural and non-neural enolase. Using a complimentary proteomics approach, the differential
expression of phosphorylated proteins in the cytosolic fraction of these subjects was examined.
Two-dimensional gel electrophoresis (2DGE) was followed by gel staining with Pro-Q Diamond
phosphoprotein gel stain, enabling differentiation of approximately 150 phosphoprotein spots
between the groups. Following excision and trypsin digestions, MALDI-TOF-TOF was used to
confirm the identity of 15 cocaine-altered phosphoproteins. Significant increased levels were
detected for γ-aminobutyric acid type A receptor-associated protein 1, 14-3-3 γ-protein,
glutathione S-transferase and brain-type aldolase, whereas significant decreases were observed for
β-actin, Rab GDP-dissociation inhibitor, guanine deaminase, peroxiredoxin 2 isoform b and
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several mitochondrial proteins. Results from these studies indicate coordinated dysregulation of
proteins related to cell structure, signaling, metabolism and mitochondrial function. These data
extend and compliment previous studies of cocaine-induced biochemical alterations in human
post-mortem brain tissue, using an animal model that closely recapitulates the human condition
and provide new insight into the molecular basis of the disease and potential targets for
pharmacotherapeutic intervention.
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Introduction
Cocaine abuse remains a significant health concern in the United States and abroad.1,2

Approximately 2.4 million Americans, 12 years and older, currently use cocaine. This
represents approximately 0.97% of the population and a 20% increase in the number of users
since 2002.1 The propensity to use cocaine is influenced by both positive (euphoric,
pleasurable effects) and negative (withdrawal, depressed mood states and drug cravings)
consequences, including the development of neuroadaptive changes in specific brain
regions.3 Understanding the neurobiological mechanisms that contribute to cocaine abuse is
critical for developing new pharmacotherapies and matching clinical diagnoses with
appropriate treatment strategies.

The majority of research designed to understand the addictive properties of cocaine has
focused largely on the neural circuit that mediates motivational processes, the mesolimbic
dopamine pathway. Projections from the ventral tegmental area (VTA) to the nucleus
accumbens (NAc) comprise part of the mesolimbic dopamine pathway and have been
identified as a critical substrate in the reinforcing effects of cocaine in humans and animal
models. Indeed, cocaine has been shown to increase extracellular dopamine concentrations
within this pathway, an effect attributed to the drug’s abuse liability. Furthermore, there is
ample evidence that repeated cocaine use leads to biochemical adaptations in mesolimbic
brain regions and these adaptations appear to be relevant to the processes of sensitization,
craving, withdrawal and relapse.4 Studies in rodent models indicate cocaine-induced
biochemical alterations in regions associated with the mesolimbic pathway including
upregulation of the cyclic AMP (cAMP) pathway,5–8 activator protein 1 family
members9–11 and glutamate signaling.12–14

Genomics-based analyses, such as microarrays, have revealed novel mechanisms of drug-
induced neuronal and non-neuronal dysregulation in human postmortem brain tissue15,16

and rodent models.17–21 Although these studies have been highly informative in furthering
our understanding of drug-induced transcriptional regulation contributing to long-term
changes in cellular function, research determining coordinate changes in the expression of
multiple proteins following cocaine exposure has been scarce.22 To comprehend the intricate
neuroadaptive machinery implicated in the development and expression of cocaine abuse, it
is desirable to complement the global gene expression analyses with studies examining the
corresponding proteomes. Current understanding of stimulant-induced neurobiological
alterations (including expression and functional genomics/proteomics, epigenetic
modifications, and so on) is based predominantly on rodent models of human drug taking;
however, the direct determination of protein expression status and factors regulating protein
expression in primate brain has been lacking, yet it is essential for understanding the
consequential molecular pathology of cocaine addiction in humans.
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Recently, we interrogated a portion of the NAc proteome in individuals following cocaine
overdose using two-dimensional difference in gel electrophoresis (2D-DIGE) combined with
tandem mass spectrometry (MS/MS) analysis.23 The abundances of proteins from several
families were found to be significantly altered, including proteins belonging to cell structure,
synaptic plasticity/signal transduction, mitochondrial function and metabolic pathways.
Interestingly, several of the proteins were functionally associated with N-methyl-D-aspartate
(NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors,
previously shown to be increased in the VTA and NAc of cocaine overdose victims.16,24

In addition to assessing changes in the abundance of native proteins, changes in the
abundance of posttranslational modifications represent an important means of activation/
deactivation of various proteins and thereby significantly influencing cellular function.
Phosphorylation, the most prevalent covalent modification of proteins in eukaryotic cells,
affects approximately one-third of all proteins at any given time.25 Phosphorylation is
catalyzed by a variety of protein kinases including protein kinase A, one of the most well
studied in cocaine abuse,4 which phosphorylates serine and threonine residues on multiple
targets including cAMP response element-binding protein.26,27 Detecting changes in post-
translationally modified proteins in human postmortem tissue is difficult at best; however,
similar assessments in nonhuman primate models of cocaine abuse are possible and have the
advantage of recapitulating behavioral aspects of human drug intake and offering
neuroanatomical and biochemical similarities compared with other species used as
models.28

Historically, research examining the abundance of proteins and post-translational
modifications as a function of cocaine abuse has been restricted to the serial analysis of
individual proteins. With the advent of high-throughput separation and MS-based analysis
strategies, it is possible to provide a broad and unbiased coverage of the proteome to
delineate the multitude of neurobiological effects of abused drugs.22,29 In the present study,
the proteome and phosphoproteome of the NAc was examined following chronic cocaine
self-administration in rhesus monkeys. Proteins contained in the cytosolic fraction were
assessed by 2D-DIGE and a phospho-specific dye for native and phosphorylated proteins,
respectively. Proteins that were differentially expressed between the cocaine and control
groups were isolated and followed by de novo identification by matrix-assisted laser-
desorption ionization time-of-flight time-of-flight (MALDI-TOF-TOF) MS. These strategies
provide new insight into the neurobiological/neuropathological changes associated with
chronic intake and may yield novel targets for future drug development.

Materials and methods
Surgery and self-administration procedures

Eight male adult rhesus monkeys (Macaca mulatta) were singly housed with standard
enrichment, including social enrichment, human interaction, variety in diet and age
appropriate objects as dictated by the Animal Welfare Act and the Emory University Policy
for Environmental Enhancement. Each subject was fed Purina monkey chow (Ralston
Purina, St Louis, MO, USA), fruits and vegetables. Food and water were available ad
libitum. Animal care procedures strictly followed the National institutes of Health Guide for
the Care and Use of Laboratory Animals and were approved by the Institutional Animal
Care and Use Committee of Emory University and Wake Forest University Schools of
Medicine. Four monkeys were surgically prepared with chronically indwelling venous
catheters using procedures described previously. 30,31 Under appropriate anesthesia, either
isoflurane alone or ketamine in combination with diazepam, and under aseptic conditions,
one end of a silicone catheter was passed by way of a jugular or femoral vein to the level of
the right atrium and vena cava, respectively. The distal end of the catheter was passed under
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the skin and attached to a vascular access port (Access Technologies, Skokie, IL, USA),
which remained subcutaneous in the center of the back for easy access. The 0.25 ml unit was
accessed during testing with special right-angle Huber needles (Access Technologies) that
minimize damage to the port membrane and allow for repeated punctures over a year or
more. Catheters were flushed after daily test sessions with heparinized saline (0.9%). Daily
experimental sessions were conducted within a ventilated, sound-attenuating chamber with
each monkey seated in a standard primate chair of the type commercially available (Primate
Products, Redwood City, CA, USA). A panel equipped with a response lever and stimulus
lights was mounted on the front of the chair. The vascular access port was connected
through polyvinyl-chloride tubing to a motor-drive syringe located outside the test chamber
to yield a precise injection volume of 2.0 ml during drug self-administration experiments
with dose determined by the concentration of drug solution in the syringe. Experimental
procedures were controlled online by a microprocessor and electromechanical programming
systems, and data were monitored and recorded during daily sessions.

Four monkeys were trained to self-administer cocaine by pressing a response key while
seated in a primate chair. Responding was initiated using a 1-response fixed-ratio schedule
(FR 1) so that each response in the presence of a red light produced an intravenous drug
injection and the brief illumination of a white light followed by a timeout. The ratio value
was increased gradually as responding increased. When the schedule value reached FR 20,
drug injection no longer followed completion of each FR and, instead, was arranged to
follow an increasing number of FR components. Ultimately, the schedule was a second-
order schedule of FR 20 components with drug injection following the first component
completed after 10 min had elapsed (fixed-interval (FI) 600-s (FR 20:S)). A 2-s white light
was presented upon completion of each FR 20 component. Drug administration was
accompanied by a change in the stimulus light from red to white for 15 s, followed by a 1-
min timeout. Daily sessions consisted of five consecutive 10-min intervals. The unit dose of
cocaine remained constant at 0.1 mg kg−1 per injection. 30,32 Use of this second-order
procedure and limiting the daily session to approximately 1 h enabled the standardization of
total drug intake to 0.5 mg kg−1 per session.

In total, 18–24 h after the last drug self-administration studies, monkeys were anesthetized
with Telazol (4.0 mg kg−1; i.v.), administered intravenous heparin followed by an overdose
of intravenous sodium pentobarbital. This time point was selected to ensure that no cocaine
was present at the time of killing and to avoid any effects associated with cocaine
withdrawal. After the confirmed absence of brain stem reflexes was established, the
monkeys were transcardially perfused with ice-cold phosphate-buffered saline (PBS; pH
7.2–7.4), the brain was removed and placed in 4 °C PBS for 5 min. Brains were blocked
using a rhesus monkey brain matrix that allows 4 mm coronal blocks at various AP locations
(Electron Microscopy Sciences, Ft Washington, PA, USA). Tissue was frozen at −80 °C
within 40 min of necropsy and stored at −80 °C until further processing.

Protein isolation and fractionation
The NAc was dissected from the rostral pole to the beginning of the anterior commissure,
using the internal capsule and lateral ventricle as landmarks33 (Supplementary Figure). A
steel mortar and pestle chilled in dry ice were used to pulverize the frozen brain tissue into a
dry homogenate in the presence of liquid nitrogen. Tissue proteins were fractionated as
described previously.13,23,24,34 Fractionation enables the enrichment of low abundance
proteins in distinct cellular fractions compared to total cell/tissue homogenate and therefore
allows increased coverage of the analyzed proteome.

Cytosolic fractions from the NAc were evaluated in the present study to compliment and
extend similar analysis conducted in postmortem brain of human cocaine overdose
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victims.23 It is important to note that the membrane fraction was not included in the current
analysis primarily due to the limitations of 2DG for analyzing membrane proteins.35 Most
hydrophobic (membrane-bound) proteins are insoluble in nondetergent sample buffer used
for isoelectric focusing (IEF) and the ones which are soluble precipitate at their respective
isoelectric points (pI). Second, the pIs of hydrophobic proteins are generally alkaline and
even with the use of extended pH gradients, the proteins are difficult to resolve well at the
basic end. Liquid chromatography (LC)-MS methodologies can overcome issues of
hydrophobic membrane protein separation. Studies are currently underway in our lab
utilizing multidimensional liquid chromatographic separation along with MS to explore the
membrane proteome in these subjects.

Experiment 1: Differential native protein expression using 2D-DIGE
Cyanine dye labeling—Minimal labeling of the lysine residues was achieved by reaction
with cyanine dyes, as described previously.23,36,37 Briefly, a normalization (pooled) sample
was prepared by combining 50 μg from each sample. The labeling of 50 μg of protein
sample (each sample) was optimized by labeling with 200 pmol of appropriate dye
(suspended in > 99.5% pure dimethylformamide). On each gel, electrophoresis was carried
out on a pooled sample labeled with Cy2 and also individuals samples from the cocaine and
control groups labeled with either Cy3 or 5.

Two-dimensional polyacrylamide gel electrophoresis—Two-dimensional
polyacrylamide gel electrophoresis (2D-PAGE) was executed as described
previously.23,36,37 Aliquots of cytosolic proteins were diluted in 400 μl of rehydration buffer
and increased to a final volume of 450 μl with DeStreak rehydration buffer (GE Healthcare,
Piscataway, NJ, USA). Isoelectric focusing was performed using Immobiline DryStrips
(240×3×0.5 mm, pH 4–7 linear; GE Healthcare) on an Ettan IPGphor apparatus (GE
Healthcare).23,36,37

Gel image analysis—Image analysis was conducted as described previously,23,36,37

using a Typhoon 9400 scanner (GE Healthcare) to scan all gels at 100 μm resolution. The
photomultiplier tube was set to ensure maximum pixel intensity of 85 000–95 000 for all the
images in every gel. Image analysis was performed using DeCyder 5.01 software (GE
Healthcare). The Difference In-gel Analysis (DIA) mode of DeCyder was employed for
protein spot detection and also for normalization of cocaine and control gel images to the
pooled sample gel image. The photomultiplier tube was set to ensure maximum pixel
intensity of 85 000–95 000 for all the images in every gel. After spot detection, the
abundance changes are represented by the normalized volume ratio of cocaine or control to
the pooled sample. The following parameters were used for spot filtering; slope > 1.0, area <
350, peak height < 350 and volume < 100 000. The spots were authenticated manually for
all the gels. Spot maps from all the gels were first matched by manual landmarks and then in
automatic mode by DeCyder Biological Variation Analysis (BVA). Protein spot matches
were confirmed manually for all the gels. The average ratio and also the corresponding
student’s t-test value for each protein spot was calculated based on all gel images in the
DeCyder BVA mode.37 Selected spots were isolated using the Ettan Spot Handling
Workstation (GE Healthcare) and picked proteins were prepared for MS analysis as
described in the section below entitled in-gel trypsin digestion.

Experiment 2: Phosphoproteome gel staining and image analysis
Aliquots of cytosolic protein fractions were separated by 2D gels in the same manner as the
samples for experiment 1 and as described above in the subsection 2D-PAGE. Following,
gels were stained for proteins containing phosphorylated moieties according to the
instructions provided by the manufacturer (Molecular Probes, Eugene, OR, USA). Gels were
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fixed in 500 ml of 50% methanol and 10% trichloroacetic acid for 15 h and then sequentially
washed thrice with 500 ml distilled water for 15 min, followed by incubation with 500 ml
Pro-Q Diamond phospho-protein stain for 2 h in the dark. Gels were then destained with
20% acetonitrile, 50 mM sodium acetate (pH = 4) for 90 min and washed twice for 5 min
each in distilled water. All gels were scanned at 100 μm resolution of Typhoon 9400 scanner
(GE Healthcare), using the green laser (532 nm) for excitation and 610 nM band pass
emission filter for visualization of proteins with phospho-specific moieties. The photo-
multiplier tube was set to ensure maximum pixel intensity of 80 000–90 000 for all the gels.
ImageQuant V5.2 and DeCyder 5.01 (GE Healthcare) were used to remove extraneous areas
to the scanned gel images and for performing image analysis, respectively. Spots were
authenticated manually for all the gels during the differential in-gel analysis (DeCyder DIA).
Spot maps from all gels were analyzed by manually assigning landmarks and then by
automatic mode by DeCyder BVA, which enables the matching of multiple 2DGE gels for
comparison and statistical analysis of protein abundance changes. The protein spot matches
performed in the automatic mode were also confirmed manually for all the gels.37 To
visualize the proteome from this specific pH and mass range, gels were stained with Sypro
Ruby stain overnight. The excess stain was removed by 10% methanol and 6% glacial acetic
acid for 20 min. The gels were imaged and analyzed, in a similar fashion to the phospho-
protein stain using Typhoon 9400 scanner and DeCyder image analysis software,
respectively. Student’s t-test was used to determine differential abundance of the
phosphoproteins between groups. Individual protein spots from the 2D gels were excised
with 1.5 mm diameter gel cutter (The Gel Company, San Francisco, CA, USA).

In-gel trypsin digestion
The excised gel spots from experiments 1 and 2 were washed for 20 min, twice in 100 μl of
solution of 50 mM ammonium bicarbonate, 50% methanol (v/v) in distilled water and once
in 75% acetonitrile in distilled water for 30 min or until the gel plugs turned opaque.
Lyophilized trypsin (20 μg) (883 pmol; Promega, Madison, WI, USA) was reconstituted in 1
ml of 20 mM ammonium bicarbonate and incubated for 15 min at 37 °C. The gel fragments
were dried by vacuum centrifugation and then incubated overnight with 10 μl (200 ng) of
trypsin at 37 °C. The supernatant from trypsin digest was transferred to a low retention 96-
well plate. Peptides from the gel pieces were sequentially extracted twice in 100 μl of
extraction buffer (50% (v/v) acetonitrile, 0.1% (v/v) trifluoroacetic acid in distilled water).
The original tryptic supernatant and the supernatants from two sequential extractions were
combined and dried in a vacuum centrifuge. The dried peptides from each gel plug were
dissolved in 5 μl of 50% (v/v) acetonitrile, 0.1% trifluoroacetic acid in distilled water and
0.5 μl deposited on the stainless-steel MALDI target plate. After drying, the spot residue
was mixed with 0.5 μl of 5 mg ml−1 of α-cyano-4-hydroxy-cinnamic acid (Sigma-Aldrich,
St Louis, MO, USA) in 50% (v/v) acetonitrile, 0.1% trifluoroacetic acid in distilled
water.23,37

MALDI-TOF-TOF
Mass spectrometry analyses were performed using the Applied Biosystems 4700 Proteomics
Analyzer (MALDI-TOF-TOF; Foster City, CA, USA) in reflector mode for positive ion
detection. The laser wavelength and the repetition rate were 355 nm and 200 Hz,
respectively. All the MS spectra resulted from accumulation of at least 2000 laser shots. The
peak detection criteria used were: minimum S/N of 8, local noise window width mass/
charge (m/z) of 200 and minimum full-width half-maximum (bins) of 2.9. The mass spectra
were calibrated using the three trypsin auto digest products: fragment 100–107 ([M+H]+ =
842.51 Da), fragment 90–99 ([M+H]+ = 1045.556 Da) and fragment 50–69 ([M+H]+ =
2211.105 Da). A maximum of the 10 strongest precursor ions per sample were chosen for
MS/MS analysis. The following mono-isotopic precursor selection criteria were used for the
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MS/MS: minimum S/N filter of 10, excluding the most commonly observed peptide peaks
for trypsin and keratin, and excluding the precursors within 150 resolution. In the TOF1
stage, all ions were accelerated to 1 kV under conditions promoting metastable
fragmentation. The peak detection criteria used were: S/N of 8 and local noise window
width of 250 (m/z).23

Protein identification
The peak lists generated by the 4000 Series Explorer software (version 3.6) were submitted
to GPS Explorer (Applied Biosystems) to search against the National Center for
Biotechnology Information nonredundant for protein characterization using the limited M.
mulatta database.23,38 The following parameters were used: one allowed missed cleavage,
±50 p.p.m. for m/z error for MS and 0.1 Da (m/z) error for MS/MS, partial modification of
cysteine (carbamidomethyl-cysteine), methionine (oxidized) and phosphorylation of serine,
threonine and tyrosine. Peptide mass fingerprint (PMF) and MS/MS spectra were interpreted
with the MASCOT software (Matrix Science Ltd, London, UK).39,40 Database searches,
through MASCOT, using combined PMF and MS/MS datasets were performed through
GPS Explorer software. The criterion for identification was a MASCOT confidence interval
greater than 95%.

In order to reduce false-positive identification of proteins, an open access
(http://www.matrixscience.com/help/decoy_help.html) Perl script ‘decoy.pl.gz.’ was used to
randomize the database entries from the forward database (target database) and create a new
database (decoy database).41 Randomization, instead of reversal, of peptide sequence was
used to establish the decoy database as it is more suitable for PMF incorporated with the
MS/MS searches in the current study and also the fact that a reverse decoy database will
have at least half of the tryptic peptide mass values unchanged. The decoy database is
comprised of random sequences of the same length and has the same average amino-acid
composition as the forward database. As no matches are expected to be generated against the
decoy database, the number of matches found provides a good estimate of the number of
false positives present from the real database. The original search was repeated using
identical search parameters against the decoy database (randomized sequences).

De novo sequencing
The method for the de novo peptide sequencing for M. mulatta has been published recently
by our group and was adapted for the current study,42 using the PEAKS Studio 4.0
(Bioinformatics Solutions, Waterloo, ON, Canada) de novo sequencing software. One
potential obstacle to comprehensive assessment of protein alterations in rhesus monkey is
the relative paucity of available protein annotations for this species making it difficult to
identify proteins. The use of standard database search engines (for example, MASCOT) has
a limitation in that ‘broad species database’ searches are needed resulting in less than
optimal protein annotation. This limitation can be overcome in some respects using a de
novo sequencing strategy, in which partial or complete amino-acid sequence information is
obtained using either manual or automated de novo peptide sequence analysis using PEAKS
software. Briefly, when positive characterization was not obtained for all spectra, spectra
were subjected to PEAKS de novo analysis. The de novo sequencing parameters used were
as follows: parent- and fragment-mass error tolerance of 0.08 U; trypsin as the protease with
one maximum missed cleavage allowed; deconvolution of the charge state in the spectra to
generate a spectra in which each monoisotopic peak becomes singly charged; partial
modification of cysteine (carbamidomethyl-cysteine) and methionine (oxidized). The most
abundant peptide fragments ‘b- and y-ions’; the less abundant peptide fragments ‘a-ions’;
the neutral losses of water and ammonia for b- and y-ions; and also the immonium ions were
utilized to develop confident and complete peptide sequences de novo from MS/MS spectra.
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The sequences generated from each spectrum were used for protein identification by
sequence homology in the mammalian database using either the PEAKS or SPIDER
software (Software Protein Identifier). Protein identification was confirmed by protein mass
and pI accuracy.

Results
Behavioral data

Three of four subjects readily acquired drug self-administration during the first month of
training. The fourth subject required approximately 4 months establishing reliable drug self-
administration and drug intake was very erratic during this extended training period. Once
stable self-administration behavior was established, all subjects reliably received all
scheduled injections during daily sessions. Total drug intake for the group of four subjects
over the 18-month period was 37.9±4.6 mg kg−1. Previously, we have reported significant
alterations in ionotropic glutamate receptor subunits in the NAc from the subjects used in
the present study.24

2D-DIGE
Cytosolic fractions of NAc from CSA rhesus monkeys and controls were compared using
the DIGE proteomics strategy to determine differences in the abundance levels of proteins in
a pH range of 4–7 to elucidate the molecular mechanisms by which previous exposure to
cocaine alters the cytosolic proteome of NAc (Figure 1 and Table 1). The total numbers of
protein spots subjected to statistical analysis were 1098. The DeCyder image analysis of the
images representing CSA rhesus monkeys and control NAc cytosol proteome elucidated the
putative CSA-specific protein spots. Quantification of the individual protein spots revealed
that the vast majority of ~1000 gene products relegated to structural and housekeeping
functions were quantitatively similar. Image analysis (Figure 1) of fluorescently labeled
NAc cytosol lysates loaded on 2D gels identified differential distributions of 22 protein
spots (t-test: P < 0.05) characterized by 18 proteins in CSA rhesus monkeys (Figures 2 and
3). Notably, the expression of glial fibrillary acidic protein (GFAP, spot 26) was increased
significantly in human NAc cytosol after chronic cocaine exposure as shown in Figure 2.
Even though there have been many studies reporting the cocaine-induced alterations in gene
expression, this is the first follow-up study which utilizes a noncandidate approach to
decipher the involvement of novel proteins and pathways.

A number of proteins extracted from 2D gels were constitutively expressed in the control
and CSA groups and identified by MALDI-TOF-MS and -MS/MS. The proteins which were
constitutively expressed belonged to the following groups: inter- and intracellular signaling,
cell morphology, protein folding and stability, cell proliferation and apoptosis fully realizing
that such a classification is somewhat arbitrary as a number of proteins could be assigned to
more than one functional category. It should be noted that although some of the
differentially expressed proteins seen here are already known to be either directly or
indirectly involved in cocaine intake, a number of gene products (for example, syntaxin-
binding protein 3 (Figure 2)) with unprecedented involvement in cocaine intake were also
identified in the current study. The more conservative strategy of comparing results from the
decoy and target databases resulted in three false-positive protein identifications: actin,
cytoplasmic 2 (γ)—spots 291 and 320, and isocitrate dehydrogenase subunit-α,
mitochondrial precursor-spot 594. The proteins identified from the respective spots were not
included for subsequent analysis.
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Pro-Q diamond for staining phosphoproteins
The specificity, quantitative assessment and the linear dynamic range of the Pro-Q Diamond
staining for phosphoproteins has been rigorously established previously.43–47 The specificity
of Pro-Q Diamond was re-validated in the current study by examining the differential
staining of known phosphorylated and nonphosphorylated proteins. Standard proteins and
NAc cytosolic proteins from control and cocaine-treated monkeys were electrophoresed and
the gels stained with Pro-Q Diamond and Sypro-Ruby. The staining of specific proteins,
ovalbumin and β-casein, with documented phosphorylation sites was observed in the protein
standards stained with Pro-Q Diamond. As anticipated bovine serum albumin, avidin and
lysozyme were not stained by Pro-Q Diamond due to the lack of phosphorylation sites on
these proteins. Specific protein band staining from cocaine and control samples was also
observed with Pro-Q Diamond stain.

NAc phosphoproteomes in cytosolic fractions
To determine changes in protein phosphorylation in NAc with cocaine self-administration,
2D gels were stained with the Pro-Q Diamond. DeCyder software-based comparisons of gels
revealed that 123 and 152 spots were resolved in the control and cocaine groups,
respectively, and spots were consistently matched in at least three of four subjects in each
group. DeCyder-based image analysis was performed to quantify staining intensities of the
putative phosphoproteins. Representative cytosolic protein spots with significant differences
in phosphorylation abundance between control and cocaine groups are shown in the Figure
4. Targeted phosphoprotein spots were identified by MALDI-TOF-TOF (Tables 2 and 3).
Although the specificity of the Pro-Q Diamond for staining phosphoproteins has been
rigorously established, 43–47 a note of caution in the interpretation of these data. The
identification of a spot, stained with Pro-Q Diamond, as a phosphoprotein by MS may be
biased if an abundant protein (which may or may not be a phosphoprotein) co-migrates with
this particular spot.

Thirty-six proteins, matched in at least three of four subjects in each group, which were
identified by Pro-Q Diamond as phosphorylated proteins between control and cocaine
groups. The proteins were identified by MALDI-TOF MS and were corroborated by peptide
sequencing using MALDI-TOF-TOF for select peptides. For example, mu crystallin protein
was identified by MALDI-MS (Figure 5a) initially and confirmed by amino-acid sequence
analysis of its tryptic peptides by MALDI-MS/MS (Figures 5b and c), unequivocally
determining the protein’s identity.

The MS analysis of tryptic digest identified KIAA 1258 protein from protein spot 173 and a
BLAST search of the sequence returned guanine deaminase. The identification was
confirmed by the following returning parameters for the search: CD-length = 429 residues,
100.0% aligned score = 524 bits (1351), expect = 9e-150. The list of 34 phospho-proteins
identified by 2D-PAGE, MS and bioinformatics methods are presented in Table 2 along
with an elaboration of the protein identification parameters, MASCOT scores (independent
searches against target and decoy databases), spot intensity ratios of all the phospho-proteins
and the corresponding P-value. Of the 34 proteins identified by PMF, the identities of 15
proteins was further confirmed by MALDI-MS/MS. We have attempted to organize the
differentially expressed proteins into functional categories, fully realizing that such a
classification is somewhat arbitrary as proteins could be assigned to more than one
functional category. Comparison of results from the decoy and target databases resulted in
false-positive protein identification of γ-enolase (spot 180). As noted previously, such
proteins were excluded from subsequent analysis.
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Discussion
The present study was undertaken to interrogate the cytosolic proteome of the NAc in
primate brain as a function of cocaine intake. Previous studies in rodents and human
postmortem tissue have demonstrated that cocaine administration can involve transitory and
also enduring biochemical alterations in specific brain regions. Furthermore, these changes
may be the seat of persistent drug-seeking behavior, craving and also relapse.3,4 This is the
first study to provide an unbiased simultaneous assessment of multiple protein abundances
and also the post-translational modifications in an animal model of drug abuse and
compliments a previous study investigating the cytosolic proteome of the NAc in cocaine
overdose victims.23 The use of proteomic technology provides a unique format to query
native and post-translationally modified proteomes and determine the proteomic phenotype
of cocaine abuse in the primate brain. As in our previous study, subcellular fractionation
enabled the quantification of low abundance proteins that would not have been possible by
analysis of whole-cell protein homogenates. In the present study, DIGE analysis revealed
the differential expression of 18 polypeptides from several protein families including cell
structure, synaptic plasticity/signal transduction, metabolism and mitochondrial function.
Concurrent analysis of the phosphorylation modifications to the NAc cytosolic proteome of
the same subjects revealed significant alterations in complimentary proteins of the
aforementioned categories. Notwithstanding, the results of this study provide the first
proteomic analysis of chronic cocaine exposure in nonhuman primates and a significant
extension of our knowledge of the effects of cocaine in the primate brain.

Structural
The detected isoform of GFAP was significantly increased (53%) in monkeys self-
administering cocaine compared to controls. The data compliment a previous report from
this laboratory in which GFAP levels in the NAc of cocaine overdose victims were
increased on average 40 and 60% above controls levels,23,24 suggesting that such an effect
in humans is most likely attributable to the effects of cocaine exposure. GFAP is an
intermediate filament protein specific to mature astrocytes and elevated levels of this protein
are indicative of astrocytic activation or astrogliosis. Whereas astrocytic activation is known
to contribute to neuronal plasticity,48 several studies have suggested that astrocytes may
contribute to synaptic plasticity associated with abused drugs.49,50 For example, previous
studies have demonstrated elevated GFAP levels in the NAc, ventral tegmental area and
hippocampus following various withdrawal periods from cocaine.11,50,51 Alternatively,
elevated GFAP levels may reflect a compensatory response, such as stabilization of
astrocytic processes52,53 to the effects of cocaine administration. Acute and chronic cocaine
administration in mice resulted in increased GFAP immunoreactivity in the dentate gyrus
accompanied by changes in astrocyte proliferation and cell morphology.54 The biochemical
mechanisms involved in reactive astrocytic gliosis remain to be determined; however, one
possible means is activation of dopamine and glutamate receptors on astrocytes leading to
stimulation of adenylyl cyclase activity55 and subsequent phosphorylation of transcription
factors that bind to the cAMP response elements located on the GFAP promoter region.56

By means of this interaction between astrocytes and neurons,52,57 it is likely that astrocytic
cells actively contribute to long-term neuronal changes in response to psychostimulant
drugs. Whether these changes are indicative of neurotoxicity or neuroplasticity remains to be
determined; however, further understanding of the mechanisms involved in reactive
astrocytic gliosis may provide insight into whether such changes are associated with repair
and reversal of neuronal damage associated with cocaine abuse.

In addition to increased levels of GFAP, cocaine self-administration also resulted in reduced
phosphorylation states of neurofilament (NF) (light polypeptide 68 kDa; −3.57) and β-actin
(−2.08). The NF, neuron-specific intermediate filaments (L, M and H corresponding to 68,
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160 and 200 kDa) regulate neuronal plasticity by affecting the dynamics and function of
cytoskeletal elements such as microtubules and actin thereby regulating neurite outgrowth,
axonal caliber and transport. Studies have shown that NR1 and NF-L are colocalized and
NF-L appears to be involved in NMDA receptor anchoring and localization.58 More
recently, NF-L was demonstrated to increase NMDA receptor expression and prevent
NMDA receptor ubiquination.59 Although the role of phosphorylated NF-L on NMDA
receptor expression has not been studied, NF-L phosphorylation prevents subsequent NF
assembly and induces disassembly in existing NF-L formed filaments.60–62 Nixon and
Shiag63 suggest that in postmitotic cells, NF-L phosphorylation prevents polymerization
immediately after synthesis (that is increased turnover)—allowing proper integration of NF-
M and -H subunits. Therefore, decreased NF-L phosphorylation may be expected to increase
NF assembly and stabilize existing filaments—thereby stabilizing NF-L/NR1 interactions.
Such an effect would be parsimonious with our recent study demonstrating increased NR1
subunit protein levels in the NAc of cocaine overdose victims and in monkeys self-
administering cocaine and increased NR1 subunit phosphorylation in these monkeys as
well.24 The lack of detectable change in NF-H phosphorylation is not surprising given that
this isoform is the most extensively phosphorylated protein in brain.64 Nonetheless,
decreased phosphorylation of NF-L and its known interaction with NMDA receptors
provides a mechanism for increased membrane stabilization of NMDA receptors that we
have observed following chronic cocaine administration in the NAc of human and
nonhuman primate brain.24

Metabolism
Several metabolic proteins were identified as differentially expressed in the NAc following
cocaine self-administration subjects in the present study, of particular interest are the
proteins involved in the glycolytic pathway and those involved in oxidative regulation
(Table 1). Glucose is the principal source of energy for the brain and the oxidation of
glucose to pyruvic acid through the glycolytic pathway generates adenosinetriphosphate
(ATP) and nicotinamide adenine dinucleotide, sources of energy for cellular function and
culminates in the production of pyruvate, which is used in the citric acid cycle for aerobic
respiration. Brain-type aldolase C (ALDOC) is involved in the preparatory stage of
glycolysis converting fructose 1,6-biphosphate to glyceraldehyde-3 phosphate. Increased
levels of phospho-ALDOC observed in the present study suggest a means of enzyme
activation that would catalyze the above reaction to produce increased amounts of
glyceraldehyde-3 phosphate for the energy-yielding phase of the glycolytic pathway.
Interestingly, we found significant downregulation of two members of the enolase family,
the family of enzymes involved in the catalysis of phosphoglycerate to phosphoenolpyruvate
in the energy-yielding phase of the glycolytic pathway. Levels of γ-enolase, also known as
neuron-specific enolase (NSE) and α-enolase, ubiquitously expressed in cell cytoplasm,
were significantly decreased in the NAc—in contrast to previous findings in human cocaine
overdose victims.23 NSE forms homodimers or heterodimers with α-enolase. The reductions
in NSE and α-enolase levels may represent a compensatory mechanism to elevated ALDOC
to control glucose utilization in this brain region. These results support the results of a
previous study demonstrating decreased glucose utilization in the NAc of rhesus monkeys
self-administering cocaine65 and may provide a potential mechanism of this effect. Although
not statistically significant, the phosphorylation status of NSE was decreased 1.9-fold in the
same monkeys, further suggesting reduced glycolysis in this region following cocaine self-
administration.

The phosphorylation status of two proteins involved in oxidative metabolism and identified
as differentially expressed in the NAc of monkeys self-administering cocaine were PRDX2
(−3.37) and glutathione S-transferase pi (GSTP1, exclusively expressed in cocaine group).
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PRDX2 is a highly abundant cytosolic protein primarily involved in redox regulation, which
is accomplished by decreasing intracellular peroxides with reducing equivalents from the
thioredoxin system. PRDX2 is expressed in neurons, specifically those vulnerable to
oxidative stress,66 and functions as the primary regulator of H2O2 generated by cell surface
receptors,67 thereby protecting protein and lipids against oxidative stress68 and regulating
apoptosis through peroxide elimination. 69 Interestingly, cocaine administration in rodents
increases lipid peroxidation,70 and also the presence of reactive oxygen species in striatum
and frontal cortex71—both of which indicate the likelihood of H2O2 accumulation and
resultant oxidative stress. The present finding of decreased phosphorylation of PRDX2 β-
isoform in monkeys corroborates our previous report of decreased protein expression of the
PRDX2 α-isoform in the NAc of human cocaine overdose victims.23

Increased levels of phosphorylated GSTP1 isoform may compensate for the reduced
phosphorylation of PRDX2. GST activation is one of the principal mechanisms of cellular
detoxification catalyzing the conjugation of hydrophobic electrophilic compounds with
reduced glutathione and thereby countering the effect of reactive oxygen metabolites.72

Thus, increased phosphorylation of GSTP1 in the NAc of monkeys self-administering
cocaine may be a means of protecting cells against potential oxidative damage induced by
cocaine. These data compliment a recent study demonstrating increased frequency of a
splice variant of GSTP1, which confers increased enzymatic activity and is correlated with
cocaine dependence.73 Together, these results indicate that glutathione conjugation is likely
a predominant mechanism to attenuate oxidative stress in the NAc induced by cocaine.

Cell signaling
In the present study, four proteins were identified as significantly differentially expressed
following cocaine self-administration: β-soluble N-ethylmaleimide-sensitive factor (NSF)
attachment protein (β-SNAP; −2.12), syntaxin-binding protein 3 (+1.34), 14-3-3 protein ζ/Δ
(−1.31) and protein kinase C epsilon isoform (+1.32). β-SNAP is one of three soluble
SNAPs, the β-form of which is brain specific. 74 Targets of NSF-SNAP complexes include
SNAP receptors such as synaptobrevin 2, syntaxin, SNAP25, and so on. Disassembly of
SNARE complexes on the membrane surface is driven by an ATP-dependent process that
requires the NSF-SNAP complex.75 In addition to this more classical function, two
additional targets of NSF-SNAP include one in which targets bind directly to NSF (for
example, GluR2) and also targets which appear to be isoform specific such as the binding of
β-SNAP to synaptotagmin76 or α- and β-SNAP to Pick1 complexed with GluR2.77 The
interaction of β-SNAP with GluR2 is particularly intriguing given that previously we have
demonstrated increased GluR2 protein levels in membrane fractions from the NAc of
monkeys self-administering cocaine.24 Hanley et al.24 have proposed a model of NSF-
SNAP regulation of Pick1-AMPA receptor interactions in AMPA receptor cycling. GluR2
subunits that are bound to Pick1 are contained in a receptor pool in which low levels of α/β-
SNAP binding disassemble the GluR2/Pick1 complex rendering a portion of GluR2 subunits
available for anchoring to the membrane by ABP/GRIP and conversely; high levels of β-
SNAP inhibit the NSF-mediated disruption of GluR2/Pick1 interactions leading to
internalization of the receptor. Thus, the present findings of downregulation of β-SNAP
suggests reduced GluR2 endocytosis in the cocaine monkeys, which may lead to increased
levels of the GluR2 subunit at the membrane surface, as reported previously.24

These data are complimented by the identification of two proteins whose phosphorylation
status was altered following cocaine self-administration. γ-Aminobutyric-acid type A
(GABAA) receptor-associated protein-like 1 (GABARAPL1/GEC1) was recently identified
as a member of the protein family that includes GABARAP—sharing 87% identity and 96%
similarity. Like GABARAP, GEC1 binds tubulin and exhibits similar subcellular
localization.78 GABARAP and GEC1 are biochemical linkers between the GABAA receptor
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and microtubules and contribute to the intracellular trafficking and membrane insertion of
GABAA receptors thereby important in synaptic plasticity.78,79 Given the prevalence of
GABAergic synapses in the NAc and their role in the behavioral effects of cocaine, further
studies evaluating the mechanisms of GABAA subunit trafficking following cocaine
administration are warranted.

Rab proteins are a group of membrane-associated proteins that localize to discrete
subcellular compartments and are found in two conformations: bound to GTP in association
with membrane and bound to GDP in association with guanine-dissociation inhibitor (GDI).
Rab proteins exert their effects on the secretory pathway in which proteins bind Rab proteins
specifically in the GTP-bound state.80 In the current study, the phosphorylated form of Rab
GDIα was found to be decreased in NAc following cocaine self-administration. Rab GDIα is
found predominantly in neural and sensory tissues and acts as a general regulator of all Rab
small G proteins implicated in intracellular vesicle trafficking.81,82 Rab GDIα regulates the
GDP/GTP exchange reaction of most Rab proteins by inhibiting the dissociation of GDP and
the subsequent binding of GTP, implicated in neurotransmission.83 In addition, Rab GDIα
has an important in Rab3A recycling to suppress hyperexcitability through modulation of
presynaptic forms of plasticity in the hippocampus.84 In the NAc, increased phosphorylation
of Rab GDIα may serve as a compensatory mechanism to offset hyperexcitability induced
by ionotropic glutamate receptors and increased phosphorylation of NR1 following cocaine
self-administration in primates.24

Conclusion
In our continuing effort to understand the neurobiology of cocaine addiction, the current
study delineates a preliminary functional proteome of the NAc in rhesus monkeys following
chronic self-administration of cocaine and compliments a recent proteomic study of the NAc
in human cocaine overdose victims.23 The current study documents quantitative differences
in expression and differential phosphorylation of several proteins in the NAc following
cocaine self-administration including those involved in cytoskeleton structure, mitochondrial
function, energy metabolism and cell signaling. The use of a nonhuman primate model of
human cocaine intake to study proteomic alterations associated with long-term cocaine use
and abuse offers new perspectives on the associated neuropathology and may provide targets
for functional assessments in other models. Determination of the orchestrated changes in
proteins, related post-translational modifications and biochemical pathways altered by
chronic cocaine intake is essential for providing a comprehensive understanding of the
neuropathophysiology associated with drug abuse and necessary for the development of
novel pharmacotherapies targeting these proteins.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Two-dimensional difference in gel electrophoresis (2D-DIGE)-based comparison of control
and cocaine groups. A representative 2D-DIGE image of cytosolic proteins from the nucleus
accumbens (NAc) (a). Proteins were fractionated in the first dimension by a 4–7 linear pH
gradient (isoelectric points, pI) and in the second dimension by an 8–15% gradient SDS–
polyacrylamide gel electrophoresis (PAGE) gel (molecular weight, kDa). Areas of the gel
containing spots of interest are marked with boxes and shown separately for control (b–e)
and cocaine groups (b*, c*, d*, e*). The numbered protein spots correspond with numbers
in Figures 2 and 3, and Table 1.
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Figure 2.
Differentially expressed proteins between the control and cocaine groups. Each panel
depicts differentially expressed proteins as determined by two-dimensional difference in gel
electrophoresis (2D-DIGE). Panels show individual data from the control (CTRL: red
circles) and cocaine (COC: blue circles) groups and mean standardized log abundance of the
two groups (cross symbols with blue line) for differentially expressed proteins. A three-
dimensional image of each protein spot is provided from a representative control and COC
subject. All proteins shown are significantly different between the two groups (P < 0.05).
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Figure 3.
Differentially expressed proteins between the control and cocaine groups. Each panel
depicts differentially expressed proteins as determined by two-dimensional difference in gel
electrophoresis (2D-DIGE). Panels show individual data from the control (CTRL: red
circles) and cocaine (COC: blue circles) groups and mean standardized log abundance of the
two groups (cross symbols with blue line) for differentially expressed proteins. A three-
dimensional image of each protein spot is provided from a representative control and
cocaine subject. All proteins shown are significantly different between the two groups (P <
0.05).
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Figure 4.
Comparison of the phosphoproteins between control and cocaine groups. Representative gel
of spots visualized following Pro-Q Diamond staining identified as differentially abundant
between the two groups. Proteins were fractionated and electrophoresed by a linear 4–7 pH
gradient in first dimension and by 12.5% SDS–polyacrylamide gel electrophoresis (PAGE)
in second dimension. The identified protein name is followed by the spot number. The
numbered protein spots correspond with numbers in Tables 2 and 3.

Tannu et al. Page 22

Mol Psychiatry. Author manuscript; available in PMC 2012 February 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Mass spectrometry identification of mu crystallin. (a) Peptide mass fingerprint of mu
crystallin with peptides marked with ‘*’ matched by MASCOT search against the National
Center for Biotechnology Information (NCBI) primate database. The x and y axes show the
mass/charge (m/z) ratio and the % abundance of the tryptic peptide fragments, respectively.
(b) Matrix-assisted laserdesorption ionization time-of-flight tandem mass spectrometry
(MALDI-TOF-MS/MS) analysis of peptide fragment from mu crystallin with m/z of 1667.8
was sequenced as VPAFLSAAEVEEHLR. The corresponding y- and b-series ions and also
the immonium ions are shown. (c) A similar MALDI-TOF-MS/MS analysis of peptide
fragment with m/z 1042.5 was sequenced as LVTFYEDR.
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