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Abstract

Given the tremendous detriments of cocaine dependence, effective diagnosis and patient 

stratification are critical for successful intervention, yet difficult to achieve due to the largely 

unknown molecular mechanisms involved. To obtain new insights into cocaine dependence and 

withdrawal, we employed a reproducible, reliable and large-scale proteomics approach to 

investigate the striatal proteomes of rats (n=40, 10 per group) subjected to chronic cocaine 

exposure followed by either short-(WD1) or long-(WD22) term withdrawal. By implementing a 

surfactant-aided precipitation/on-pellet digestion procedure, a reproducible and sensitive nanoLC-

Orbitrap MS analysis, and an optimized ion-current-based MS1 quantification pipeline, >2,000 

non-redundant proteins were quantified confidently without missing data in any replicate. 

Although cocaine was cleared from the body, 129/37 altered proteins were observed in WD1/

WD22 that are implicated in several biological processes related closely to drug-induced 

neuroplasticity. Although many of these changes recapitulate the findings from independent 

studies reported over the last two decades, some novel insights were obtained and further validated 

by immunoassays. For example, significantly elevated striatal PKC activity persisted over the 22-

day cocaine withdrawal. Cofilin-1 activity was up-regulated in WD1 and down-regulated in 

WD22. These discoveries suggest potentially distinct structural plasticity after short- and long-

term cocaine withdrawal. In addition, this study provides compelling evidence that blood vessel 

narrowing, a long-known effect of cocaine use, occurred after long-term- but not short-term 
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withdrawal. In summary, this work developed a well-optimized paradigm for ion-current-based 

quantitative proteomics in brain tissues, and obtained novel insights into molecular alterations in 

the striatum following cocaine exposure and withdrawal.
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INTRODUCTION

Cocaine dependence is characterized by a maladaptive pattern of behaviors in which cocaine 

use is compulsive, and the psychological, social, and physical functioning of the individual 

is severely compromised1. Individuals with cocaine dependence usually suffer social 

incompetence (e.g. relationship failures, occupational inability, violation of legislation), and 

are at high risk of developing a number of fatal cardiovascular, pulmonary and 

immunological complications2–4. There are few effective pharmacotherapies against cocaine 

dependence, because of its complicated behavioral manifestations and poorly-understood 

changes in molecular pathways5. Accurate diagnosis of cocaine dependence is critical but 

difficult to perform, because few specific biomarkers have been developed6.

In the United States, lifetime prevalence of cocaine use is about 25 million1, with an 

estimation that as many as 17–20% of cocaine users will eventually develop cocaine 

dependence7. The mechanisms underlying the progression from occasional cocaine use to 

cocaine dependence are still insufficiently understood. One major hypothesis is that drug-

induced neuroplasticity and its interaction with individual differences and experiential 

factors is an important contributor8. Several studies in rodent models have demonstrated that 

neuroplasticity is manipulated by cocaine exposure, and that experimentally regulating 

neuroplasticity would alter or possibly eliminate the dependence-like symptoms induced by 

chronic cocaine exposure9, 10. These findings suggest the role that neuroplasticity plays in 

the development of cocaine dependence, but greater insight into the molecular basis of such 

neuroplasticity is required to support this hypothesis.
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Bouts of withdrawal (or abstinence) varying in length and context (e.g. with or without 

continued drug-cue exposure) are a common experiential feature shaping the behavioral 

adaptations underlying cocaine dependence and vulnerability to relapse. Elucidation of the 

molecular alterations occurring during withdrawal, and correlation of these changes with the 

lengths of withdrawal, have been a principal research focus over the last two decades, in the 

effort to understand cocaine dependence in general and to identify effective treatment 

strategies in specific11. Typically, hypothesis-driven strategies have been utilized to 

characterize the molecular and cellular adaptations associated with cocaine dependent 

behavior. However, the behavioral manifestations of cocaine dependence originate from an 

ensemble of numerous changes in molecules and their corresponding signaling pathways. 

Therefore, unbiased discovery-based approaches, such as proteomic profiling, hold the 

potential to provide not only unprecedented proteome-wide details of changes in proteins 

potentially involved in the etiology of drug addiction, but also for the identification of 

critical protein biomarkers that may facilitate the clinical stratification of individuals having 

a history of cocaine use12. However, this task is technically challenging to accomplish for 

several reasons.

First, given that behavioral manifestations of cocaine dependence are determined by 

numerous factors, the molecular presentation are guaranteed vary among different 

individuals. Therefore, inclusion of a large number of biological replicates (e.g. 10 animals 

per group) is desirable to enhance the quantitative reliability and statistical power of the 

results, and to alleviate the false-positive discovery of protein alterations that arise from 

biological variation. Great progress in the proteomic investigation of drug addiction has been 

made using either 2D-DIGE13, 14 or isotope-labeling approaches15. However, when 

quantitative values for individual biological replicates are desired among a cohort with large 

sample size, as in this study and many biomedical investigations, these techniques may still 

fall short due to the relatively limited multiplexing capacity.

Second, in order to reveal comprehensively the underlying mechanisms of cocaine 

dependence, an approach for accurate quantification of striatal proteins, especially low-

abundance regulatory proteins, is essential. However, this is difficult to achieve because of 

the high complexity and wide dynamic range of protein abundance in brain tissues16. 

Advances such as pre-fractionation by multi-dimensional chromatography has improved 

proteomic coverage remarkably 17, 18, but such strategies are impractical for the analysis of 

the larger numbers of biological replicates employed to improve quantitative reliability in 

the current study. Furthermore, the brain proteome contains a large proportion of membrane-

bound proteins, which are difficult to extract and analyze in a quantitative fashion using 

conventional proteomic approaches 19.

Finally, the extent of protein changes during cocaine withdrawal are likely to be subtle, even 

after just 24 hr of withdrawal, a time at which most bioactive metabolites of cocaine are 

eliminated biologically 20. As a result, accurate quantification of these changes can be 

difficult technically and liable to variations. A highly accurate and precise strategy is 

required so that confident quantification of proteins having the anticipated low-fold changes 

can be achieved. The determination of proteins that are altered significantly, but relatively 

low in fold change, is particularly liable to false-positive discoveries, which arise from both 
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biological and technical variation21, 22. False-positive discoveries convey misleading 

biological information and should be minimized. However, the false discovery of altered 

proteins remains underrepresented for MS-based quantitative proteomics23.

Here we address these challenges by employing a comprehensive, reproducible, and well-

controlled proteomics strategy, enabling 1) reliable proteomic comparisons involving a large 

number of biological replicates; 2) comprehensive characterization of the striatal proteome; 

3) accurate determination of low-magnitude protein changes with effective control of the 

false-positive biomarker discovery rate. This strategy includes an efficient sample 

preparation procedure that provides high and quantitative peptide recovery, an extensive and 

reproducible nanoLC-Orbitrap MS/MS analysis, and an experimental approach to select the 

optimal thresholds for determining significantly altered proteins. Using this strategy, we 

conducted a relatively large-scale investigation (n = 40 subjects in total) of the effects of 

cocaine withdrawal on the rat striatal proteome, a critical region of the basal ganglia system. 

The striatum was chosen as the target for investigation because it is likely to be closely 

associated in the aforementioned behavioral manifestations induced by cocaine exposure. 

Previous studies have demonstrated the enrichment of cocaine in the striatal area, suggesting 

that this region may be affected substantially by cocaine use24. The striatum also plays 

pivotal roles in the integration of cognitive learning and addiction, thus making it highly 

relevant to cocaine dependence25. We hypothesize that withdrawal from cocaine induces 

changes of proteomic patterns in the striatum, potentially accounting for the behavioral 

characteristics related to cocaine dependence. Moreover, because neurochemical changes 

described to date are fluid over the first month of withdrawal, proteomic changes were 

expected to reflect the length of withdrawal. Therefore, two different withdrawal periods 

were investigated: after 21 days of chronic cocaine treatment, the animals were subjected to 

a c short (1 day) or long (22 days) period of withdrawal. The selection of time points for 

sample collection was driven by the availability of the large body of neurochemical, 

biochemical, and behavioral literature that pertains to the first 3 weeks of withdrawal26. 

Significantly altered proteins and biological networks of interests were examined further by 

immunoassays.

MATERIALS & METHODS

Animal Experiments

Forty male Long-Evans (hooded) rats (Harlan Sprague Dawley, Indianapolis, IN) of 

approximately 200–225 g were housed as weight-matched pairs (+/− 5 g at initial pairing) in 

clear, free standing, polycarbonate cages (46 × 25 × 21 cm) filled with 1–2″ aspen 

hardwood shavings (Northeastern Products, New York, NY). Food (Teklad Rodent Diet 

2018, Harlan Teklad, Madison, WI) and tap water were accessible ad libitum. The colony 

room was maintained under a 14:10 light: dark cycle (lights on at 0600 h, EST) at 22° 

± 2 °C and 30–70% relative humidity. Rats were allowed 5–7 days to acclimate before 

cocaine administration began. All procedures were conducted in accordance with federal, 

state and institutional guidelines for the care and use of animal subjects and were approved 

by the University at Buffalo Institutional Animal Care and Use Committee. The animal 
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facilities were accredited by the Association for Assessment and Accreditation of 

Laboratory Animal Care, International.

Rats were administered cocaine or vehicle for 21 days and then sacrificed 1 d (WD1) or 22 d 

(WD22) after the last administration. All administrations were delivered in the home cage 

and co-housed pairs of rats received the same treatment. Cocaine was administered i.p. in the 

following escalating dose regimen: 5 mg/kg (day 1–2), 10 mg/kg (day 3–4), 15 mg/kg (day 

5–6), 20 mg/kg (day 7–17), and 30 mg/kg (day 18–21) in a volume of 2 mL/kg. Control rats 

received physiological saline (vehicle) daily at 2 mL/kg. Doses were administered between 

0700 and 2000 h EST in a random manner in order to avoid association of drug treatment 

with the time in a day, except on day 21, when injections were given between 1200 and 1400 

h EST (the same time at which rats would be sacrificed).

Sample Procurement & Preparation

Rats (n=10 per group) were sacrificed on day 22, 24 h after the last cocaine injection (WD1) 

or at the same time on day 43 with an additional 22 days of cocaine withdrawal (WD22). 

Striatal tissue was procured by free-hand dissection after decapitation, following the 

procedures described by Chiu et al27. The tissues were rapidly frozen in liquid nitrogen and 

stored at −80 °C until analysis.

For protein extraction, the striatal tissue was thawed at room temperature and dissolved in 

500 μL of ice-cold lysis buffer containing 50 mM Tris-FA, 150 mM NaCl, 0.5% sodium 

deoxycholate, 2% SDS, and 2% IGEPAL® CA-630 (pH 8.0; Sigma-Aldrich, St. Louis, MO). 

Protease inhibitor cocktail tablets and phosphatase inhibitor cocktail tablets (Roche Applied 

Science, Indianapolis, IN) were also added. Homogenization of the tissue/lysis buffer 

mixture was done by 5–10 cycles of homogenization (15,000 rpm, 5–10 s) and cooling (~20 

s) cycles using a Polytron homogenizer (Kinematica AG, Switzerland). The samples were 

then sonicated until the liquid became clear, and allowed to settle on ice for ~30 min. After 

centrifugation at 20,000 g at 4 °C for 1 hr, the supernatants were carefully transferred to 

individual Eppendorf tubes, and the protein concentrations were determined using a 

bicinchoninic acid assay (BCA) kit (Pierce Biotechnology, Inc., Rockford, IL).

Surfactant-Aided Precipitation/On-Pellet Digestion (SOD)

For each sample, 100 μg of extracted proteins was used according to protein concentrations 

determined by BCA. Proteins were reduced and alkylated with 3 mM tris(2-

carboxyl)phosphine (TCEP) and 20 mM iodoacetamide (IAM). Both steps were conducted 

with 30 min incubation in darkness at 37 °C with consistent oscillation in an Eppendorf 

Thermomixer (Eppendorf, Hauppauge, NY). Protein precipitation was performed afterward 

by stepwise addition of 9 volumes of ice-cold acetone and overnight incubation at −20 °C. 

The precipitated proteins were pelleted by centrifugation at 20,000 g at 4 °C for 30 min, and 

the supernatant portion containing undesirable components (e.g. detergents, phospholipids) 

was discarded. Protein pellets were then rinsed with 800 μL of ice-cold acetone/ddH2O 

mixture (85/15, v/v %) and air-dried for ~5 min.

For the digestion step, protein pellets were suspended with 80 μL of Tris-FA buffer and 

briefly sonicated. Trypsin from porcine pancreas (Sigma-Aldrich, St. Louis, MO) was 
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dissolved in 80 μL of Tris-FA buffer to a concentration of 0.25 μg/μL, and digestion was 

performed in a two-step procedure: 1) digestion-aided pellet dissolution: trypsin at an 

enzyme/substrate ratio of 1:40 (w/w) was added to the protein pellets, and the mixture was 

incubated at 37 °C for 6 hr with constant vortexing in an Eppendorf Thermomixer; 2) 

complete cleavage: a second aliquot of same amount of trypsin was added to the re-

dissolved and partially-cleaved proteins, and the mixture was incubated at 37 °C overnight 

(12–16 hr). Digestion was terminated by addition of 1μL formic acid (FA), followed by 

centrifugation at 20,000 g at 4 °C for 30 min to remove particulate impurities. The 

supernatants, containing tryptic peptides derived from 6 μg of protein, was analyzed by LC-

MS.

Long-Gradient Nano RPLC-Mass Spectrometry

A uniquely designed and optimized LC-MS/MS strategy with high efficiency and 

reproducibility was employed to separate and analyze peptides converted from proteins 

extracts. The nano RPLC system consisted of a Spark Endurance autosampler (Emmen, 

Holland) and an ultrahigh pressure Eksigent (Dublin, CA) Nano-2D Ultra capillary/nano LC 

system. To achieve comprehensive separation of the complex peptide mixture, a nano LC/

nanospray setup that featured low void volume and high chromatographic reproducibility 

was employed. Mobile phases A and B were 0.1% FA in 2% acetonitrile (ACN) and 0.1% 

FA in 88% ACN. Samples were loaded onto a large-ID trap (300 um ID × 1 cm, packed with 

Zorbax 3 m C18 material) with 1% B at a flow rate of 10 μl/min, and the trap was washed 

for 3 min before being brought in line with the nano LC flow path. The nano LC column 

was heated uniformly at 52 °C to improve chromatographic resolution and reproducibility. A 

series of nanoflow step gradients at a flow rate of 250 nL/min was utilized to back-flush the 

trapped samples onto the nano LC column (75 um ID × 100 cm, packed with Pepmap 3-m 

C18 material) for separation. A 7 hr shallow gradient was used to achieve extensive peptide 

separation. The optimized gradient profile was: 3 to 8% B over 15 min; 8 to 24% B over 215 

min; 24 to 38% B over 115 min; 38 to 63% B over 55 min; 63 to 97% B in 5 min, and finally 

isocratic at 97% B for 15 min.

For peptide detection, an LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific, 

San Jose, CA) was employed. Rinsing and conditioning of the nanospray needle was 

performed after every three runs by dripping 50% methanol on it, so that reproducibility of 

ionization efficiency could be maintained. The instrument was operated in the data-

dependent product ion mode. One scan cycle consisted of an MS1 survey scan (m/z 310–

2000) at a resolution of 60,000, followed by seven MS2 scans by CID activation mode to 

fragment the seven most abundant precursors in the survey scan. Because the use of high 

target value on Orbitrap allowed highly sensitive detection with little compromise of mass 

accuracy and resolution, the target value for MS1 was set to 8 × 106. Charge state screening 

was enabled to select precursor ions with 2–7 charges. Dynamic exclusion was enabled with 

the following settings: repeat count = 1; repeat duration = 30 s; exclusion list size = 500; and 

exclusion duration = 40 s. The activation time was 30 ms with an isolation width of 3 Da for 

ITMS; the normalized activation energy was 35%, and the activation q was 0.25. Ten 

samples from each group (WD1_Cocaine, WD1_Control, WD22_Cocaine, and 

WD22_Control) were analyzed in random order.
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Protein Identification & Quantification

Individual LC-MS/MS raw files were imported into SEQUEST-embedded Proteome 

Discover (version 1.4.1.14, Thermo Scientific) and searched against the Rattus Norvegicus 

UniProt-Swissprot/TrEMBL protein database (release of Feb 2015) with 34,164 protein 

entries. The searching parameters included: 15 ppm tolerance for precursor ion mass, 1.0 Da 

tolerance for fragment ion mass, maximally two missed cleavages permitted for fully tryptic 

peptides, carbamidomethylation of cysteine as the fixed modification, and oxidation of 

methionine as the dynamic modification. Post identification processing, protein grouping, 

and false discovery rate (FDR) control were accomplished by Scaffold (v4.3.2, Proteome 

Software Inc.)28 using a target-decoy search strategy with a concatenated database 

containing both forward and reverse sequences29. Corresponding filtering parameters 

included: 6 for minimal peptide length, 25 PPM for parent mass tolerance, 0.1 for DeltaCn, 

1.3, 1.7, 2.3 and 2.7 Xcorr thresholds for singly-, doubly-, triply- and quadruply-charged 

ions.

Chromatographic alignment and global intensity-based MS1 feature detection/extraction 

were performed using SIEVE (v2.1.377, Thermo Scientific)30. The 3 primary steps 

included: 1) chromatographic alignment among LC-MS/MS runs by applying the 

ChromAlign algorithm; quality control of LC-MS/MS runs was achieved by monitoring and 

benchmarking the alignment scores and base-peak-ion current intensity. 2) determination of 

quantitative “frames” based on m/z and retention time in the aligned collective dataset; only 

frames with high-quality AUC data (e.g. signal-to-noise ratio >10) were selected, in order to 

achieve reliable quantification. 3) Calculation of peptide ion intensities for each frame. The 

resulting .sdb files were incorporated with spectrum reports exported from Scaffold with the 

MS2 fragmentation scans associated with each frame using R scripts. Another R package 

developed in-house was utilized for the normalization of ion current intensities for each 

protein (by quantile ion intensities among individual runs) and the aggregation of sum ion 

intensities from “frame” levels to protein levels. The calculation of the protein expression 

ratio, as well as the evaluation of statistical significance with Student’s t test between 

experimental and control groups, were also conducted to determine the significantly altered 

proteins. Quantification by spectral counting was also performed and compared with our 

ion-current-based method. Protein quantitative values (unique spectral counts) based on 

spectral-counting was obtained from Scaffold using the same identification parameters as 

described above.

Experimental FDR Estimation &Control for Altered Proteins

In order to estimate and control the false-positives in significantly altered proteins arising 

from technical variability, an experimental approach was devised. Small portions of protein 

mixtures from all control (no drug) samples (n = 10) were pooled, and twenty identical 

aliquots of the pooled samples (containing 100 μg of extracted proteins) were prepared as 

the Experimental Null (EN) sample set. From the EN sample set, 10 randomly picked 

samples were designated as EN_Control and the other 10 were designated as EN_Cocaine. 

Tryptic digestion and LC-MS/MS analyses of the EN sample set followed the same protocol 

as for the WD1 and WD22 sample sets.
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Bioinformatics Analyses

Gene Ontology (Go) analysis was conducted using the Database for Annotation, 

Visualization and Integrated Discovery (DAVID) Bioinformatics Resources v6.7 (http://

david.abcc.ncifcrf.gov)31. Biological processes and cellular components assigned by the tool 

were manually examined and regrouped into respective categories. Protein-protein 

interaction network prediction and visualization were performed using the STRING 

database32.

Western Blot Analyses

Thirty μL of pooled protein samples for each group (WD1_Control, WD1_Cocaine, 

WD22_Control, WD22_Cocaine), as well as Prestained Protein Markers, Broad Range (Cell 

Signaling, Danvers, MA) were separated by SDS-PAGE using NuPAGE® Novex® 4–12% 

Bis-Tris Protein Gels (1.5mm, 15 well; Life Technologies, Grand Island, NY)., The 

separated proteins were electrophoretically transferred to nitrocellulose membranes using 

the iBlot system (Life Technologies) and incubated sequentially with blocking solutions 

(Life Technologies), primary antibodies, and secondary antibodies. The positive 

immunoreaction bands were detected by chemiluminescence using WesternBreeze kits (Life 

Technologies) and X-ray film (Thermo Scientific, San Jose, CA), and developed with a 

Kodak X-OMAT 2000A processor. Band intensities were quantified by Quantity One 

software (Bio-Rad) and normalized by comparing to β-actin, the expression of which 

displayed only minor fluctuations among the four experimental groups. The primary 

antibodies used in the study were: rabbit polyclonal anti-PKA C-alpha (1:1000, Cell 

Signaling Technology), rabbit polyclonal anti-Phospho-PKA C (Thr197) (1:500, Cell 

Signaling Technology), rabbit polyclonal anti-Phospho-(Ser/Thr) PKA Substrate (1:250, 

Cell Signaling Technology), mouse monoclonal anti-PKC (1:2000, Sigma Aldrich), rabbit 

polyclonal anti-Phospho-PKC (pan) (gamma Thr 514) (1:500, Cell Signaling Technology), 

rabbit polyclonal anti-Phospho-(Ser) PKC Substrate (1:1000, Cell Signaling Technology), 

rabbit monoclonal anti-Cofilin-1 (1:1000, Cell Signaling Technology), rabbit monoclonal 

anti-Phospho-Cofilin (Ser3) (1:200, Cell Signaling Technology), and mouse monoclonal 

anti-actin (1:5,000, Sigma Aldrich).

RESULTS & DISCUSSION

Consideration of Animal Models

In this study, we utilized a well-established cocaine withdrawal model, in which cocaine was 

administered in an experimenter-determined regimen. This model is easy to manipulate and 

monitor, and the desired endpoints are achieved within a short duration. A large number of 

studies have employed this well-characterized model successfully to represent cocaine 

withdrawal in animals26. We considered a second ubiquitous model for the development of 

cocaine dependence that is based upon self-administration, which takes into account of the 

“motives” of animals to intake drugs33. However, the self administration model is 

susceptible to large biological variability because individual animals may adopt different 

self-administration patterns, resulting in significant variations in the total amount of drug 

each animal administers. Therefore, we selected the experimenter-administration model to 

investigate the effects of short- and long-term cocaine withdrawal on the rat striatal 
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proteome under conditions in which individual and total doses were controlled in frequency 

and amount.

Large-Scale and Reproducible Ion-Current-Based MS1 Strategy for Profiling Rat Striatum

To investigate comprehensively how short- and long-term cocaine withdrawal modulates 

molecular networks in the striatum, a proteomics strategy enabling accurate and precise 

profiling of relatively small changes in protein abundance is highly desirable. Additionally, 

given the potential for significant inter-individual variation in this system, the capability of 

using larger numbers of biological replicates in a single experiment, and achieving 

quantification with low missing value rates is indispensable. Furthermore, evaluation of the 

false discovery rate for of altered proteins and its minimization addresses an important and 

under-appreciated problem for quantitative proteomics21. To this end, an ion-current-based 

MS1 approach developed in-house, shown in schematic form in Figure 1, was selected to 

fulfill the demands of this study34–37. Each step of the workflow was well controlled in 

order to achieve high quantitative accuracy and precision, low missing values rates, as well 

as reliable discovery of altered proteins in the striatal samples.

The sample preparation strategy was comprised of an effective protein extraction methods 

that utilized a strong detergent cocktail buffer and an exhaustive and reproducible SOD 

procedure38. This straightforward but highly efficient approach is superior to other prevalent 

sample preparation methods in terms of peptide recovery and reproducibility38. The mean 

peptide recovery achieved here was 88.0%, with a RSD of 9.1%, and day-to-day 

reproducibility was also excellent (data not shown). Such a high level of recovery and 

reproducibility provides a solid foundation for reliable LC-MS and quantitative analysis. 

The analysis strategy employed high-resolution and highly reproducible nanoLC separation 

(on a 1-meter-long column packed with small particles) coupled to an Orbitrap analyzer that 

was operated in an “overfilling” mode was utilized for exquisite separation and sensitive 

analysis of tryptic peptides derived from striatal proteins. The details and advantages of this 

unique strategy have been described in detail in several previous publications35, 39–42. A 

representative base peak chromatogram of high-resolution separation of the striatum digest 

is shown in Supplementary Figure S-1. Typically, the peptide elution window was > 330 

min, with an average peak width of < 30 s (FWHM) and a peak capacity of > 600. Such an 

extensive separation enabled in-depth investigation of the striatal proteome, especially for 

low-abundance regulatory proteins. We also assessed run-to-run reproducibility by 

performing 20 consecutive analyses of a pooled sample over a 6-day period. Fifteen 

representative peptides randomly selected within each 20-min segments of the elution 

window were used for the evaluation. The reproducibility for the 20 7-hr runs was excellent, 

as demonstrated by low variations in retention times and AUC (0.1–1.4% and 8.7–14.5%, 

respectively) of the 15 peptide sets (data not shown). The ion-current-based MS1 approach 

developed in our lab36, 39 was selected over the spectral counting method because of its 

better quantitative performance. Previously we have demonstrated that this ion-current-based 

MS1 method achieved better sensitivity, accuracy, and run-to-run reproducibility of protein 

quantification, with extremely low levels of missing values on either the peptide or protein 

level35, 36, 42, 43. To examine whether the ion-current-based method provides better 

quantification of the striatal proteome than the spectral counting method, we evaluated tboth 
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using the Experimental Null sample set (details in Materials & Methods). Representative 

data are shown in Figure 2. Figure 2a shows the correlation of ion peak areas and unique 

spectral counts for each protein of three randomly-selected pairs of replicate analyses from a 

pooled control sample. Each dot represents the quantitative value of a unique protein. 

Although the correlation (and thus the quantitative reproducibility) of high-abundance 

proteins are excellent for both methods, the ion-current-based approach achieved 

substantially better run-to-run reproducibility for the lower-abundance proteins (i.e., the data 

points having low quantitative values). In addition, we picked 7 housekeeping proteins, 

consisting of β-actin (ACTB) and 6 tubulins (TBBs), and examined the individual 

quantitative values among all 20 replicates (Figure 2b). Most proteins exhibited much lower 

quantitative variation with the ion-current-based method, confirming its superior quantitative 

precision.

Determination of the Optimal Cutoff Thresholds for Significantly Altered Proteins

With the optimized proteomic strategy described above, we were able to quantify 2,048 non-

redundant proteins in the striatum from all 40 animals, with an FDR of <0.2% for peptide 

identification (Supplementary Table S-1). At least two unique peptides were required for 

each quantifiable protein, and a very low level of missing quantitative values was achieved; 

<0.3% of all quantifiable proteins have missing value in any of the biological replicates, 

which enables reliable quantification and statistical analysis in all subjects.

We next sought to determine significantly altered proteins in both WD1 and WD22. Because 

biologically meaningful changes in protein abundance were expected to be small in the 

animal model system, reasonable cutoff thresholds that ensure reliable discovery of changed 

proteins, with a low false-positive rate, are extremely critical. Therefore, we employed an 

Experimental Null (EN) method, described recently by our lab37, which allows pragmatic 

estimation of False Altered-protein Discovery Rate (FADR) in the experiment. The EN 

sample set contains 20 aliquots of pooled control (non-dosed) animal samples randomly 

assigned into two groups that were compared with each other. Consequently, any 

significantly altered protein resulting from the comparison of the two EN groups is a false-

positive discovery arising from technical variability. Quantitative results for the EN dataset 

are shown in Supplementary Table S-2. The ratio of the number of altered proteins in the EN 

set vs. that in the experimental set is defined as the FADR. Cutoffs for protein expression 

ratios and p-values were optimized to obtain a low FADR while maximizing the sensitivity 

of discovery. Compared with several previous statistical approaches44, 45 that mostly target 

the “multiple testing problem”, the EN strategy evaluates variations of the overall analytical 

pipeline, thus affording a more comprehensive and accurate estimation of the FADR37. 

Moreover, the EN method not only enables the evaluation of the credibility of discovery, but 

also offers a quantitative index for determining ideal cutoff thresholds for significantly 

altered proteins. In the current study, the lowest FADR, 0.775% for WD1 and 2.70% for 

WD22, was obtained with a cutoff threshold of >25% change (protein ratio > 1.25 or < 0.8 

and p-value <0.05 between control and treatment groups). As a result, these were selected as 

the thresholds for significantly altered proteins. A volcano plot for the EN sample set and 

FADRs achieved under different cutoff thresholds are shown in Supplementary Figure S-2. 

The low FADR, at such a low cutoff ratio, demonstrates the excellent capability of the 
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quantitative method developed to detect small magnitude changes reliably, and was achieved 

by the highly reproducible sample preparation and LC-MS analysis, as well as the optimized 

data processing procedures36, 38, 43.

Under the optimized thresholds, a total of 129 and 37 proteins were altered significantly in 

WD1 and WD22 groups, respectively (Supplementary Table S-3 & S-4). The average fold 

changes of significantly altered proteins for WD1 and WD22 are 1.38 and 1.33 respectively 

(Supplementary Figure S-3). Interestingly, it was observed that short- and long-term 

withdrawals induced quite different protein changes. In WD1, 72.9% (94/129) of the 

differential proteins showed increased expression while in WD22 only 18.9% (7/37) of the 

differentially expressed proteins were up-regulated. Also, among the altered proteins 

discovered in the WD1 and WD22 groups, only 13 were in common. Although we did 

observe distinct proteome patterns with short- and long-term cocaine withdrawal, one 

important consideration is whether these statistically significant proteins are biologically 

meaningful, because the overall protein changes are relatively small. In fact, changes in 

brain proteome patterns, even under severe pathological conditions, are thought to be subtle, 

a notion that is supported by several previous studies. For example, more than 70 percent of 

cortex and cerebellum protein changes fell within 1.2–1.8 fold in a series of human prion 

diseases46. In another study, the average fold change of the 22 most significantly altered 

proteins (both up- and down-regulated) was 1.62 in the substantia nigra of Parkinson’s 

disease patients compared with neurologically intact controls47. In the current model, in 

which the major stimulant (i.e. cocaine) and its secondary metabolites have been cleared 

from the body for a comparatively long period of time, it is very likely that that the extent of 

protein changes are even smaller than observed in more extreme disease states. Therefore, 

we extrapolate that the statistically significant changes in protein levels are biological 

relevant in this cocaine withdrawal model.

Functional Annotation of Significantly Altered proteins

Using the DAVID bioinformatics tool, the total- and altered protein datasets were annotated 

with GO analysis. Among the 2048 quantified proteins, 1343 have entries with GO terms as 

dictated by DAVID. We examined the biological processes and cellular components for 

quantified and altered proteins (Figure 3). A wide range of biological processes closely 

associated the cellular responses to cocaine exposure and withdrawal were revealed, 

including signaling cascades, vesicle-mediated transport, oxidation/reduction, 

phosphorylation, cytoskeleton organization, synaptic transmission behavior, cell 

morphogenesis, apoptosis, glucose metabolism, protein folding, oxidative stress, and 

neurotransmitter metabolism. The details of proteins altered in each category are listed in 

Supplementary Table S-5. Most of these biological processes are associated with signal 

transduction, neurotransmission, and neuroplasticity, implicating the CNS-specific roles of 

these changes. These proteins are also from various subcellular localizations (Figure 3); 

notably, 41.70% (560/1343) of all proteins were derived from the membranous fractions (i.e. 

plasma and organelle membranes). This reflects the fact that a large proportion of proteins in 

cerebral tissues are membrane proteins, and results from the fact that our sample preparation 

procedures achieved excellent recovery of membrane proteins.
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We utilized the STRING database to construct protein-protein interaction networks for 

significantly altered proteins in WD1 and WD22. For WD1, several key “sub-networks”, 

highlighted by different colored circles, were identified (Supplementary Figure S-4). These 

include proteins involved in: 1) glucose metabolism and energy production (red); 2) calcium 

signaling and vesicle transport (orange); 3) neurotransmitter metabolism (yellow); 4) stress 

response (green); 5) 14-3-3 signaling (blue); 6) G-protein signaling, cAMP signaling and 

actin cytoskeleton (purple). The interaction network of WD22 is shown in Supplementary 

Figure S-5. Combining the results from both GO analysis and the STRING database, we 

identified a collection of proteins that are potentially relevant to the molecular alterations 

after short- and long-term cocaine withdrawal. These proteins were classified into a variety 

of functional categories as shown in Table 1. The majority of these proteins exhibited 

changed levels in WD1 and were normalized to baseline levels in WD22, which suggested 

that most acute molecular-level effects induced by cocaine exposure faded with prolonged 

cocaine withdrawal. By contrast, a few proteins were significantly dysregulated in WD22 

compared to age-matched controls, suggesting that molecular changes could be imprinted in 

a cocaine-addicted brain with long-term cocaine withdrawal. These results are consistent 

with a large number of previous reports, and support the likelihood that this proteomics 

profiling strategy has successfully recapitulated the altered proteome patterns that follow 

short and long periods of withdrawal from cocaine when many symptoms of cocaine 

dependence emerge.

The likely biological relevance of changes in several protein categories is as follows. First, 

significant up-regulation of heat shock proteins (HSPs) were observed in WD1. According 

to literature reports, chronic cocaine administration compromises normal dopamine 

transporter (DAT) functions, thus posing oxidative stress on CNS and leading to elevated 

HSP expression48. This has been observed in several mammalian CNS regions, including 

hippocampus48, prefrontal cortex49 and cerebellum50, and our results suggest that elevation 

of HSP expression also occurred in the striatum. Second, proteins involved in synaptic 

neurotransmission (e.g. neurotransmitter metabolism) were also subjected to dysregulation. 

The most noteworthy change was the significantly increased levels of the sodium-dependent 

DAT, which may suggest a compensatory response to the loss of striatal DAT function as a 

result of chronic cocaine exposure. Several other proteins involved in glutamate and GABA 

metabolism were also up-regulated in WD1. The increase in these proteins likely reflect 

intensified glutamatergic and GABAergic neurotransmission in the striatum, which are the 

predominant changes during and after the formation of cocaine dependence26, 51; striatum 

appears to be the primary hub orchestrating the interactions between these 

neurotransmission types52. Third, more than ten proteins involved in glucose metabolism 

also displayed differential expression in WD1. Several studies have reported that cocaine 

inhibits regional/global glucose metabolism in various mammalian subjects including human 

cocaine users53, non-human primates54, and rodents55. We hypothesize that the increased 

glucose metabolism proteins observed might serve to rescue the deterioration of energy 

production caused by chronic cocaine exposure.
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Novel Biological Implications Underlying Short- and Long-Term Cocaine Withdrawal

These studies revealed changes in protein abundance that are of potential significance for the 

investigation of molecular mechanisms underlying short- and long-term cocaine withdrawal. 

These changed proteins and their biological implications are described below.

Prolonged PKC Activation during Cocaine Withdrawal—Proteins involved in G 

protein signaling and Ca2+ signaling were significantly altered, mostly in WD1. These 

signaling pathways have been reported to be parts of the molecular machineries affecting 

neuroplasticity and inducing behavioral sensitization post chronic psychostimulant exposure. 

Alteration in G protein and Ca2+ signaling pathways could lead to the activation of two 

ubiquitous protein kinases – protein kinase A (PKA) and protein kinase C (PKC)56, which 

are regarded as important components in structural plasticity during psychostimulant 

exposure57. PKA and PKC were also found to contribute to the consolidation of stimulus-

reward association that affects critically the behaviors of rats under cocaine place 

conditioning58. Increased levels of adenylate cyclase (AC) type 5 and the protein kinase A 

(PKA) regulatory subunit were observed in WD1 but not in WD22. However, PKA catalytic 

subunit (PKA C), the key determinant of PKA activity, was not identified in the proteomics 

analysis. To explore whether PKA activity was altered, we performed Western blot analysis 

of total PKA C-α and phospho-PKA C in both WD1 and WD22. Surprisingly, there was no 

significantly change of either total PKA C-α or phospho-PKA C in both cocaine treated 

groups (WD1 and WD22), compared with their age-matched controls (Supplementary 

Figure S-6). Additionally, phospho-PKA substrate bands also showed no significant change 

in the WD1 or WD22 groups (data not shown). These results implied that PKA activity may 

not be changed significantly in rat striatum after repeated cocaine exposure and withdrawal, 

despite the fact that elevation of AC was observed. Although our results may appear 

contradictory with previous resulting finding that PKA activity in brain regions such as the 

nucleus accumbens (NAc) is activated after cocaine exposure and may orchestrate structural 

plasticity by subsequently activation of cAMP-responsive element binding protein (CREB)9, 

a recent study showed that consecutive injections of amphetamine or cocaine resulted in 

reduced accumbal PKA activity, whereas repeated cocaine treatment plus withdrawal did not 

alter dorsal striatal PKA activity59. Therefore, cocaine-induced alteration of PKA activity 

may depend upon the pattern of drug administration, the presence of withdrawal, and the 

specific brain regions.

PKC also plays a versatile role during cocaine exposure and withdrawal. For example, intact 

PKC is required for cocaine to inhibit dopamine release during acute cocaine exposure60, 

and DAT phosphorylation states and activity are also regulated by PKC61. Therefore, the 

expression and activity of total PKC, phospho-PKC, and phospho-PKC substrates were 

examined by Western blots. Although total PKC displayed no significant alterations at either 

time point, elevated phospho-PKC levels were observed in WD1 (1.67 ± 0.13) and persisted 

in WD22 (2.23 ± 0.30), compared to their respective controls (Figure 4a & 4b). In terms of 

phospho-PKC substrates, no significant changes was revealed in the WD1 group, but 

significant increases were observed in the WD22 group (Figure 4c), as is suggested by the 

higher intensity for almost all putative bands detected in the assay (Supplementary Figure 

S-7). The intensity of three representative bands in different molecular weight ranges are 
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also compared for the treated vs. control WD22 groups, and significantly higher levels of 

phosphorylation were observed in the cocaine withdrawal group (Band 1: 1.93 ± 0.16; Band 

2: 1.61 ± 0.19; Band 3: 2.10 ± 0.22; Figure 4d). These results correspond with the higher 

phospho-PKC levels in WD22. In agreement with these results, Li et al. demonstrated that 

inhibition of PKMzeta, an atyptical PKC isozyme, abolished the long-term drug reward 

memory in NAc62. Another study showed that the reversal of cocaine-induced behavioral 

sensitization correlated with the reversal of striatum-specific GABAergic system functions 

and PKC activity63. In summary, increased PKC, but not PKA, activity was detected in rat 

striatum with both short- or long-term cocaine withdrawal, indicating that striatal PKC may 

be activated persistently after chronic cocaine exposure, even when cocaine has been largely 

cleared from the system.

Altered Actin Cytoskeleton Reorganization during Cocaine Withdrawal—
Cytoskeleton reorganization allows morphological modifications of cellular and subcellular 

structures, and is the fundamental basis for structural plasticity64, 65. Dysregulated 

cytoskeleton protein levels have been reported after exposure to cocaine and other 

psychostimulants by previous studies66. From our results, fourteen proteins constituting or 

regulating all three types of cytoskeleton filaments (actin filaments, intermediate filaments 

(IF) and microtubules) underwent changes in expression, indicating active cytoskeleton 

reorganization in striatal neuronal cells after cocaine exposure and withdrawal. Actin 

filament and microtubule proteins were up-regulated in WD1, whereas IF proteins were 

down-regulated in WD1. These findings agree with an earlier study showing that IF levels 

were negatively regulated in the ventral tegmental area with chronic morphine or cocaine 

use67. Moreover, most of these proteins were normalized to baseline levels in WD22, with 

the sole exception of cofilin-1 (non-muscle form of cofilins), which was altered in both the 

WD1 and WD22 groups. As a member of the actin-binding proteins, which promote 

assembly and disassembly of actin filaments, cofilin-1 functions to convert actin filaments 

into monomers and increase actin turnover, thus facilitating the reshaping of the actin 

cytoskeleton68. In the CNS, cofilin-1 has been proposed to play an important role during 

drug-induced neuroplasticity by regulating the density and morphology of dendritic spines 

via actin cytoskeleton reorganization, and changes in expression and activity during cocaine 

stimulation69, 70.

Under this context, we examined both total cofilin-1 and phospho-cofilin-1 (i.e. the inactive 

cofilin-1 form) levels by Western blot. As shown in Figure 5, p-cofilin-1 levels were 

decreased significantly in WD1 (0.64 ± 0.13, p < 0.05) and increased in WD22 (1.95 ± 0.28, 

p < 0.05). This finding suggests reinforced cofilin-1 activity in WD1 and attenuated cofilin-1 

activity in WD22, from which it could be further deduced that actin turnover might be 

enhanced immediately after termination of chronic cocaine exposure (e.g. after 1 day 

withdrawal) and suppressed after extended cocaine withdrawal (e.g. 22 days). Previously, 

Dietz et al. discovered that repeated cocaine treatment was associated with significant 

decreases of p-cofilin via a Rac1-dependent signaling pathway in the NAc71. This report is 

consistent with our observation in WD1, wherein cofilin activity was up-regulated 

significantly. Toda et al. demonstrated sustained increases in actin cycling in dendritic spines 

of medium spiny neurons in the NAc with chronic cocaine exposure, accompanied by 
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alterations in p-cofilin and LIMK levels70. Interestingly, although that study found decreased 

NAc p-cofilin levels with 22-day withdrawal, we observed increased striatal p-cofilin levels 

after a similar length of cocaine withdrawal, thus suggesting location-specific changes in 

cytoskeleton turnover. In summary, our results suggest a more dynamic striatal actin 

cytoskeleton shortly after chronic cocaine exposure, as well a more static actin cytoskeleton 

after a considerably long period of cocaine withdrawal. These changes likely reflect the 

altered neuroplasticity during cocaine exposure and withdrawal.

Potential Vasoconstriction during Long-Term Cocaine Withdrawal—The results 

show that five red blood cell (RBC) and plasma proteins, including zero beta globin, 

hemoglobin, and albumin were differentially expressed (Figure 6). Interestingly, although 

they were elevated in WD1, all were decreased significantly in WD22. Because the animals 

were not perfused upon sacrifice to remove blood from the organs, it is reasonable to assume 

the abundance of blood proteins is proportional to the amount of blood, and therefore the 

vessel volumes, in the tissues. Therefore, the results suggest drastic fluctuations in vessel 

volumes after cocaine exposure and short- vs. long-term withdrawal. Vasodilation and 

vasoconstriction are regarded among the most prevalent side effects of chronic cocaine 

use72. In fact, cardiovascular and cerebrovascular complications such as myocardial 

ischemia and infarction73, atherosclerosis74, ischemic stroke75, and intracerebral 

hemorrhage76 are commonly diagnosed among chronic cocaine users, and cocaine-induced 

vasoconstriction may be an important contributing factor. However, the temporal features of 

the onset and development of vasoconstriction have not been elucidated previously. Here, the 

significant elevation of blood-related proteins in WD1 suggest the cocaine exposure may 

have caused temporary vasodilation. Conversely, the decrease in blood-related proteins in 

WD22 suggests vasoconstriction in the striatum after long-term withdrawal. Therefore, 

vasoconstrictive effects associated with chronic cocaine use represent the aftermath of 

prolonged withdrawal rather than prolonged exposure, given that the decrease of blood 

proteins were observed in WD22 but not in WD1.

CONCLUSION

In summary, an ion-current-based MS1 approach developed in-house enabled large-scale, 

quantitative proteomic profiling of the striatum in rats chronically exposed to cocaine and 

subjected to two distinct durations of cocaine withdrawal. The proteomic strategy was 

thoroughly optimized to achieve comprehensive, reproducible, and high-throughput analysis 

of striatal samples from 40 subjects. By identifying and applying optimal cutoff thresholds 

determined by our EN strategy, we confidently identified myriad significant changes in the 

abundance of cellular proteins associated with 1d and 22d of cocaine withdrawal. The nature 

of these protein changes suggest significant impact if cocaine exposure and withdrawal upon 

a wide range of biological processes, including signaling cascades, vesicle-mediated 

transport, oxidation reduction, phosphorylation, cytoskeleton organization, and synaptic 

transmission. The proteomic results, coupled with ancillary immunoassays, revealed 

interesting regulatory processes coordinated by protein kinase activities, as well as actin 

cytoskeleton reorganization. These observations may provide new insights into the cocaine-

seeking behaviors and neuroplasticity changes induced by short- and longer term cocaine 
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withdrawal. The temporal changes in protein levels and activities, in response to different 

lengths of cocaine withdrawal, appeared to corroborate with the behavioral features in this 

period. Additionally, the observed decline in blood proteins suggest the occurrence of 

vasoconstriction after long-term, but not short-term cocaine withdrawal, which may have 

importance for the clinical treatment of cocaine-induced cardiovascular complications. 

Studies to explore these correlations further are ongoing. Most importantly, this work 

demonstrated a proteomics pipeline that can be applied to the large-scale comparative 

investigation of brain tissues and other biological systems in which the investigation of many 

biological replicates in one set is desirable.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ADF actin depolymerization factor
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BBB blood-brain barrier
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CNS central nervous system
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IF intermediate filament

NAc nucleus accumbens

PKA protein kinase A

PKC protein kinase C

RBC red blood cell

SOD surfactant-aided precipitation/on-pellet digestion

TBB tubulin

TCEP tris(2-carboxyl)phosphine

TIC total ion current

WD1 1 day cocaine withdrawal

WD22 22 day cocaine withdrawal
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Figure 1. 
Schematic illustration of the overall proteomic strategy for the quantitative expression 

profiling of striatum tissues from rats with 21 d cocaine exposure and 1 d/22 d withdrawal 

versus age-matched saline controls (n = 10 per group, 40 in total). A well-controlled and 

optimized ion-current-based approach with excellent quantitative accuracy and 

reproducibility, as well as high capacity for biological replicates, was employed. FADR were 

estimated and controlled by the involvement of an experimental null (EN) sample set.
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Figure 2. Evaluation of analytical reproducibility by comparing our ion-current-based approach 
with the spectral counting one, by replicate analysis of the same pooled sample
a) Comparison of quantitative reproducibility between MS1 ion current and MS2 spectral 

counts, using three randomly-selected pairs from the 20 replicates in the EN sample set; b) 

Quantitative values of 7 common housekeeping proteins (ACTB, TBA1A, TBA1B, 

TBA4A,TBB2A,TBB3, TBB5) among the 20 technical replicates.
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Figure 3. 
Functional annotation (GO biological processes & cellular components) of the proteins 

quantified. Functional categories were picked manually from the results returned by DAVID. 

White bars refer to the total number of proteins in each category, whereas colored bars 

denote the fractions of significantly altered proteins.
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Figure 4. 
Western blot analysis of PKC expression and activity. a) Representative images from 

Western blot images of PKC and p-PKC in both WD1 and WD22; b) Quantitative analysis 

of PKC and p-PKC by densitometry; c) Western blot images of p-PKC substrates; three 

exemplary bands are shown by the red arrows; d) Quantitative analysis of the three p-PKC 

substrates bands in WD22 by densitometry. Together the results implicated elevated 

phosphorylation and activity of PKC with long-term cocaine withdrawal.
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Figure 5. 
Western blot analysis of cofilin-1 expression and activity. a) Western blot images in both 

WD1 and WD22; b) Quantitative analysis of Western blots by densitometry. Opposite trends 

of cofilin-1 phosphorylation were observed with 1d and 22d cocaine withdrawal.
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Figure 6. 
Significantly decreased levels of five RBC/plasma proteins with long-term cocaine 

withdrawal. a) Fold changes of five selected RBC/plasma proteins quantified in the 

proteomic study. The dashed line represents the baseline level of the protein, and statistical 

significance (p≤0.05) between experimental and control groups is denoted with an asterisk. 

b) A graphic illustration of the mechanism underlying altered levels of blood proteins during 

chronic cocaine use and cocaine withdrawal.
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