
Post-cocaine changes in regulator of G-protein signaling (RGS) 
proteins in the dorsal striatum: relevance for cocaine-seeking 
and protein kinase C-mediated phosphorylation

Jenna Bilodeau and Marek Schwendt
Psychology Department, University of Florida

Abstract

Persistent cocaine-induced neuroadaptations within the cortico-striatal circuitry might be related to 

elevated risk of relapse observed in human addicts even after months or years of drug-free 

abstinence. Identification of these neuroadaptations may lead development of novel, 

neurobiologically-based treatments of relapse. In the current study, 12 adult male Sprague-Dawley 

rats self-administered cocaine (or received yoked-saline) for 2 weeks followed by 3 weeks of 

home-cage abstinence. At this point, we analyzed expression of proteins involved in regulation of 

Gαi- and Gαq-protein signaling in the dorsal striatum (dSTR). Animals abstinent from chronic 

cocaine showed decreased expression of regulator of G-protein signaling 2 (RGS2) and RGS4, as 

well as upregulation of RGS9. These data, together with the increased ratio of Gαq-to-Gαi 

proteins indicated, ‘sensitized’ Gαq signaling in the dSTR of abstinent cocaine animals. To 

evaluate activation of Gαq signaling during relapse, another group of abstinent cocaine animals 

(and yoked saline controls, 22 rats together) was re-introduced to the cocaine context and PKC-

mediated phosphorylation in the dSTR was analyzed. Re-exposure to the cocaine context triggered 

cocaine seeking and increase in phosphorylation of cellular PKC substrates, including phospho-

ERK and phospho-CREB. In conclusion, this study demonstrates persistent dysregulation of RGS 

proteins in the dSTR of abstinent cocaine animals that may produce an imbalance in local Gαq-to-

Gαi signaling. This imbalance might be related to augmented PKC-mediated phosphorylation 

during relapse to cocaine-seeking. Future studies will address whether selective targeting of RGS 

proteins in the dSTR can be utilized to suppress PKC-mediated phosphorylation and relapse to 

cocaine-seeking.
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Cocaine self-administration followed by abstinence alters protein levels of G-proteins and negative 

regulators of G-protein signaling: RGS2/4 and 9 in the dorsal striatum. Re-exposure to cocaine 

context (relapse test) augments PKC-mediated phosphorylation in the same tissue. Possible 

imbalance in Gαq>Gαi signaling in the dorsal striatum might be related to relapse.
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INTRODUCTION

Cocaine addiction is a compulsive and chronically relapsing drug-taking disorder (O’Brien, 

2001). The risk of relapse remains high even after months or years of drug-free abstinence 

and represents a major challenge in successful treatment of drug addiction in humans 

(Mendelson and Mello, 1996). In animal studies, relapse can be modeled by reintroducing 

animals with a history of cocaine self-administration to the context previously associated 

with drug intake. Drug-associated context (with or without discrete cues) is then sufficient to 

trigger cocaine-seeking even after prolonged periods of drug-free abstinence, akin to relapse 

events in human addicts (for reviews see: Crombag et al., 2008, Marchant et al, 2015).

Neural circuitry recruited during relapse to drug-seeking depends on prior extinction training 

and on the type of cues available during relapse. Thus, cue-induced cocaine-seeking 

following extinction requires activation of the dorsomedial prefrontal cortex (dmPFC), 

nucleus accumbens (NAc) or the basolateral amygdala (BLA), while context-induced 

seeking following abstinence depends on activation of the dorsal striatum (dSTR; 

McLaughlin and See, 2003, Fuchs et al., and 2006). Specifically, pharmacological inhibition 

of the dSTR (by local infusion of baclofen+muscimol) attenuated context-induced cocaine-

seeking following a 2–3 week abstinence (Fuchs et al., 2006, See et al., 2007, Pacchioni et 

al., 2011). Under the same experimental conditions, neither PFC, BLA or NAc were found 

to be involved (Fuchs et al., 2006, See et al., 2007). The role of dSTR in context-induced 

cocaine-seeking after abstience is further supported by findings of pronounced neuronal 

activation, as judged indirectly by phosphorylation of ERK1/2 mitogen-activated protein 

kinase (Edwards et al., 2011) and induction of immediate early genes (Zavala et al., 2007, 

Hearing et al., 2008) observed in this region immediately after relapse; or directly by 
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functional imaging of dSTR during responding to cocaine-associated (contextual) cues 

(Volkow et al., 2006, Wong et al., 2006, Liu et al., 2013).

Few animal and human studies, that explored neural mechanisms in the dSTR regulating 

cocaine-seeking, highlighted the role of local dopamine or glutamate receptors 

(Vanderschuren et al., 2005, Wong et al., 2006, Belin and Everitt, 2008). However, the 

persistent character of cocaine-seeking and context-induced neural activation in the dSTR 

cannot be easily explained by changes in dopamine or glutamate receptor numbers in this 

brain region, as none of the post-cocaine changes detected persisted over prolonged periods 

of abstinence (Ben-Shahar et al., 2007, Knackstedt et al., 2014).

In the current study, we proposed to investigate one of the cellular mechanisms by which 

chronic cocaine could modify dopamine and glutamate receptor function without altering 

total receptor numbers, that is - dysregulation of receptor G-protein signaling. Indeed, at 

least two studies suggested that cocaine self-administration alters G-protein signaling of D2-

like dopamine receptors in the striatum that can be detected even after an extended drug-free 

period (Bowers et al., 2004, Frankowska et al., 2013). And further, Bowers et al. (2004) 

demonstrated that both post-cocaine changes in (ventral)striatal G-protein signaling and 

persistence of cocaine-seeking can be attributed to upregulation of an accessory protein to 

G-protein signaling, termed AGS3. Besides AGS3, a strong case can be made for the 

potential relationship between drug-seeking and another group of accessory proteins termed 

“regulators of G-protein signaling” (RGS). First, RGS proteins limit the duration and 

intensity of Gαi- and Gαq-coupled receptor signaling, including that of dopamine D2 

receptors and metabotropic glutamate receptor subtype 5 (mGlu5; Saugstad et al., 1998, 

Cabrera-Vera et al., 2004, Min et al., 2012, Schwendt et al., 2012). As such, RGS proteins in 

the striatum can mimic the action of D2 and mGlu5 antagonists that are known to suppress 

cocaine-seeking (e,g. see Khroyan et al., 2000, Gal and Gyertyan, 2006, Kumaresan et al., 

2009, Knackstedt et al., 2014). Second, several RGS proteins (such as RGS2, RGS4, and 

RGS9) are enriched in the striatum, when compared to other brain regions (e.g. see Gold et 

al., 1997, Grafstein-Dunn et al., 2001). Third, treatment with psychostimulants often leads to 

dynamic changes in RGS protein expression in the striatum (for review see: Chen and 

Hemby, 2014). And fourth, recent evidence indicates an association of functional RGS gene 

polymorphisms with addiction in humans (e.g. RGS4; Ho et al., 2010).

Taken together, the purpose of the current study was to investigate whether chronic cocaine 

produces lasting changes in the expression of proteins participating in receptor-mediated G-

protein signaling (G-proteins and RGS proteins) in the dSTR. And further, whether post-

cocaine dysregulation of these proteins coincides with augmented activation of downstream 

protein kinases in the dSTR during context-induced relapse to cocaine-seeking.

MATERIALS AND METHODS

Subjects

Adult male Sprague-Dawley rats (Charles River Laboratories, Raleigh, NC, USA) weighing 

275–300 g at the time of delivery were individually housed in a temperature- and humidity-

controlled vivarium on a reversed 12 h light-dark cycle. Rats received ad libitum water 
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throughout the study and 20–25 g of standard rat chow (Harlan, Indianapolis, IN, USA) 

daily until self-administration stabilized, at which time animals were given ad libitum access 

to chow. All animal procedures were approved by the Institutional Animal Care and Use 

Committee of the Medical University of South Carolina and were performed in accordance 

with the Guide for the Care and Use of Laboratory Animals. Experiment 1 used 12 rats; 

none were removed from the study. Experiment 2 used 22 rats, 2 of which were removed 

from the study due to a loss of catheter patency.

Drugs

Cocaine hydrochloride was obtained from the NIDA Controlled Substances Program 

(Research Triangle Institute, NC, USA). Cocaine was dissolved in saline (0.9% sodium 

chloride) to a final concentration of 4 mg/ml (0.25 mg/infusion).

Catheter surgery

Animals were surgically implanted with jugular vein catheters as described previously with 

few modifications (Knackstedt et al., 2014). Briefly, rats were anesthetized with a mixture of 

ketamine and xylazine (66 mg/kg and 1.33 mg/kg i.p.), followed by Equithesin (0.5 ml/kg 

i.p.). In addition, Ketorolac (2.0 mg/kg, i.p.) was given pre- and post-operatively as an 

analgesic. An antibiotic solution of cefazolin (10 mg/0.1 ml; Schein Pharmaceuticals, 

Florham Park, NJ) was given along with 0.1 ml 70 U/ml heparinized saline post-surgery and 

during recovery. During self-administration, rats received an infusion (0.1 ml) of 10 U/ml 

heparinized saline (Elkins-Sinn, Cherry Hill, NJ) before each session. After each session, 

catheters were flushed with cefazolin and 70 U/ml heparinized saline. Catheter patency was 

periodically verified with methohexital sodium (10 mg/ml i.v.; Eli Lilly, Indianapolis, IN, 

USA), a short-acting barbiturate that produces a rapid loss of muscle tone when 

administered intravenously.

Cocaine self-administration, abstinence and relapse procedures

Following at least 5 days of recovery from surgery, rats were randomly assigned to either 

cocaine or yoked-saline groups and underwent self-administration procedures using standard 

operant chambers (30 × 24 × 30 cm; Med Associates, St. Albans, VT) equipped with two 

retractable levers. Animals assigned to cocaine group received response- (active lever 

presses) contingent infusions of cocaine (0.25 mg/50μl infusion) on a FR1 schedule of 

reinforcement. Each infusion was followed by a 20-second ‘time-out’ period, during which 

no stimulus cues were presented. Presses on the inactive lever were not reinforced, but were 

recorded. Yoked-saline rats received infusions of saline contingent upon the cocaine 

infusions received by the animal in the paired chamber. Daily sessions (2 hr/day) continued 

until meeting the criterion of 10 or more infusions for 12 days. Following self-

administration, rats underwent 20 days of abstinence. During days 1–10 of abstinence, 

animals were handled daily for 5 min only. During days 11–20 of abstinence, animals were 

relocated into a mouse cage (alternate environment, Alt) for 2 hours daily. On day 21 of 

abstinence, animals were either euthanized (Experiment 1) or were placed into a self-

administration chamber (Experiment 2) for a 15 minute context-primed relapse test, during 

which levers were extended but presses did not produce drug or cues, or were placed for 15 

minutes in the alternative (Alt) environment. All animals in Experiment 2 were euthanized at 
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the end of the 15 minute context exposure. In both experiments, animals were euthanized by 

rapid decapitation, brains extracted, snap-frozen and stored at −80C until processed for 

immunoblotting analysis as described below.

Western Blotting

Frozen brains were trimmed in the cryostat to prepare 2-mm-thick coronal slices 

corresponding to coordinates +2.7 / +0.7 mm anterior to bregma in the rat brain atlas 

(Paxinos and Watson 2007). Dorsal striatal tissue was then bilaterally dissected from these 

sections using a 2.5 mm Harris Uni-Core micropuncher. Total tissue protein was extracted 

from dSTR, separated by SDS-PAGE and transferred onto polyvinylidene difluoride 

membranes. Membranes were blocked in 5% milk/Tris-buffered saline and probed overnight 

at 4°C with a primary antibody diluted in 5% milk/Tris-buffered saline containing 0.1% 

Tween 20. The following primary antibodies were used in this study: CREB (MAB5432), 

phospho-Ser133-CREB (06-519), Gq/11α (AB1643), pan-PKC (05-983), RGS4 (ABT17) - 

all from EMD Millipore (Billerica, MA); Gαi-1 (sc-391), Gαo (sc-387), PLCβ1 (sc-9050), 

RGS2 (sc-9103), - all from Santa Cruz Biotechnology (Santa Cruz, CA); phospho-Thr202/

Tyr204-ERK1/2 (9101s), ERK1/2 (9102), phospho-(Ser) PKC Substrate (2261) - all from 

Cell Signaling Technology (Danvers, MA), and RGS9-2 (Martemyanov et al., 2005). After 

the incubation with an appropriate HRP-conjugated secondary antiserum (Jackson Immuno 

Research, West Grove, PA), immunoreactive bands on the membranes were detected by ECL

+ chemiluminescence reagents on an X-ray film (GE Healthcare, Piscataway, NJ). For the 

PKC substrate antibody, the entire lane was scanned so that our assessment would be based 

on multiple substrates. Equal loading and transfer of proteins were confirmed by stripping 

and reprobing of the same membranes for calnexin (an intracellular protein that was not 

altered by any experimental treatment) or normalized to a protein pattern visualized by 

standard Coomassie stain. The integrated band density of each protein sample was measured 

using NIH Image J software (http://rsb.info.nih.gov/ij/). Occasionally a sample was excluded 

from densitometric analysis if high background or irregular band staining was observed in 

developed immunoblots.

Statistical analysis

Total cocaine intake received during self-administration (in Experiment 1 vs 2) and group 

differences in active and inactive lever presses during context-induced relapse test 

(Experiment 2) were analyzed by one-way ANOVA followed by Tukey’s post hoc test. 

Immunoblotting data, represented by integrated density of individual bands, were 

normalized for the density of calnexin immunoreactivity within the same sample, analyzed 

by independent sample t-tests (Experiment 1) or two-way ANOVA (Experiment 2) followed 

by Tukey’s post hoc tests, and expressed as the percentage of the yoked-saline controls. 

Sigma Stat (Systat Software, San Jose, CA) software was used for statistical analysis of all 

data. A value of p < 0.05 was considered statistically significant.
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RESULTS

Experiment 1: Protein levels of RGS and G proteins in the dSTR following cocaine self-
administration and 21 days of abstinence

Animals successfully acquired cocaine self-administration, receiving 28.3 ± 0.8 daily 

infusions on average, and their mean total cocaine intake over 12 days was 215.2 ± 31 mg/kg 

(Fig. 1A). Following self-administration, the animals underwent a period of drug-free 

abstinence. The animals were euthanized on the last day of abstinence (day 21) and total 

protein lysates were prepared from the dSTR and analyzed by immunoblotting. 

Representative images illustrating immunoblotting signals for the analyzed RGS and G-

proteins in the dSTR are displayed on Figure 1B. Quantitative analysis of immunoblotting 

data revealed that history of cocaine self-administration and abstinence downregulated 

protein levels of RGS2 (t(12)=2.34, p<0.05) and RGS4 (t(12) = 3.82, p<0.01), while 

upregulating RGS9 (t(11) = −2.48, p<0.05; Fig. 2C). On the other hand, cocaine did not 

significantly alter the levels of Gαq (t(11) = −1.54, n.s.) and Gαi (t(11)= 1.72, n.s.) proteins 

(Fig. 2C). There was also no significant effect of treatment on protein levels of Gαo, and on 

downstream Gαq targets: PLCβ1 and PKC in the dSTR (data not shown). As RGS proteins 

that limit Gαq (RGS2) and Gαq/Gαi (RGS4) signaling were decreased and RGS protein 

that selectively limits Gαi signaling (RGS9) was increased, a potential imbalance in Gαq/

Gαi signaling in the dSTR of Saline vs. Cocaine animals was investigated. Animals with a 

history of cocaine self-administration and abstinence showed increased Gαq/Gαi protein 

expression ratio (t(12) = −2.27, p<0.05) when compared to their saline counterparts (data not 

shown).

Experiment 2: Post-abstinence context-induced cocaine-seeking and PKC-mediated 
phosphorylation in the dSTR

Animals successfully acquired cocaine self-administration, receiving 28.1 ± 1.8 daily 

infusions on average, and their mean total cocaine intake over 12 days was 209.2 ± 16 mg/kg 

(Fig. 2A). This intake was not statistically different from the mean total intake in 

Experiment 1 (data not shown). After the completion of the self-administration regimen and 

21 days of abstinence, cocaine and yoked-saline animals were subdivided into two groups 

that were either exposed to the self-administration (SA) context or the alternative (Alt) 

context. There were no statistical differences in prior cocaine intake between Coc-SA and 

Coc-Alt animals (data not shown). On day 21 of abstinence, animals were either exposed to 

the self-administration chamber for the context-induced relapse test or placed in the 

alternative context. One-way ANOVA analysis of lever pressing revealed a main effect of 

condition (F(1,17) = 7.48, p<0.01; Fig. 2B). The mean (±SEM) number of active lever 

responses during the 15 minute test was significantly greater in cocaine-treated animals than 

yoked-saline rats (Coc-active vs. Sal-active; p<0.05). Inactive lever pressing during the test 

was not significantly different between cocaine and yoked-saline animals. Immediately after 

the end of test, animals were euthanized and dSTR tissue was processed for immunoblotting 

to analyze protein phosphorylation.

Changes in RGS and G-proteins characterized in Experiment 1 indicate the possibility of 

‘sensitized’ Gαq-mediated signaling in the dSTR of animals with prior cocaine experience. 
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One of the well-established consequences of Gαq signaling is activation of protein kinase C 

(PKC) followed by PKC-mediated phosphorylation of various cellular substrates. Therefore 

to assess whether cocaine animals show augmented Gαq signaling in the dSTR upon re-

exposure to cocaine context, overall PKC activity (PKC-mediated phosphorylation) was 

evaluated by immunoblotting, using antibody that selectively detects any Ser residues 

phosphorylated by PKC. Due to differences in signal intensity of bands detected by 

phospho-(Ser) PKC substrate antibody large-size (>100kDa kDa molecular weight, high-

kDa) and mid-size (<100kDa molecular weight, mid-kDa) PKC substrates were analyzed 

separately (Fig. 3A). No main effect of cocaine or the context on phosphorylation of mid-

kDa substrates was detected, however there was a significant cocaine x context interaction 

(F(1,18) = 4.91, p<0.05). Post-hoc analysis revealed that re-exposure to the cocaine context 

(Coc-SA animals) increased phosphorylation of mid-kDa PKC substrates when compared to 

cocaine animals that were never re-introduced to the cocaine-context (Coc-Alt; p<0.01), and 

also when compared to yoked-saline animals re-exposed to the self-administration chamber 

(Sal-SA; p<0.05; Fig. 3B). With regards to high-kDa PKC substrates, a main effect of 

cocaine (F(1,18) = 7.33, p<0.01) and cocaine x context interaction was detected (F(1,18) = 

6.50, p<0.05). Similarly to phosphorylation of mid-kDa substrates, exposure to the cocaine 

context increased phosphorylation of high-kDa PKC substrates in Coc-SA animals when 

compared to both Coc-Alt (p<0.01) and Sal-SA (p<0.01) animals (Fig. 3B). Next, we 

investigated phosphorylation of extracellular signal-regulated kinase (ERK1/2) and cAMP 

response element-binding protein (CREB, Fig. 3A), two known substrates of Gαq(RGS2/

RGS4)-to-PKC intracellular signaling pathway (Yan et al., 1997), that have also been 

implicated in persistent drug-seeking (e.g. (Lu et al., 2005, Hoffmann et al., 2012). Analysis 

of normalized phospho-ERK1/2 signal in the dSTR revealed a main effect of both cocaine 

(F(1,17) = 7.44, p< 0.05) and context (F(1,17) = 5.19, p<0.05), but no interaction. Post-hoc 

analysis revealed that re-exposure to the cocaine context increased phospho-ERK1/2 levels 

in Coc-SA when compared to (Coc-Alt; p<0.01) and (Sal-SA; p<0.01) animals (Fig. 3B). As 

CREB is one of the downstream targets of ERK1/2 activation, it was not surprising that we 

found an analogous upregulation of CREB phosphorylation by re-exposure to cocaine 

context in animals with a history of cocaine self-administration. Phospho-CREB analysis in 

the dSTR revealed a main effect of cocaine (F(1,17) = 4.63, p<0.05), though not the context 

(F(1,17) = 4.18, p=0.057), with post-hoc analysis showing upregulation of phospho-CREB 

levels in the dSTR of Coc-SA vs. Coc-Alt (p<0.05) and Sal-SA (p<0.05) animals (Fig. 3B). 

Total levels of ERK1/2 and CREB in the dSTR were not altered in any of the treatment 

groups (data not shown).

DISCUSSION

The present study describes downregulation of RGS2, RGS4 and upregulation of RGS9 

proteins in the dSTR of animals with a history of cocaine self-administration and 21 days of 

abstinence (Fig. 1). In addition, an increased ratio of Gαq-to-Gαi G-proteins was also 

detected in the dSTR. Next, a brief re-exposure to the cocaine-paired context following 21 

days of abstinence elicited robust drug-seeking behavior (Fig. 2) accompanied by 

generalized activation of PKC-mediated phosphorylation in the dSTR (Fig. 3), as well as 

induction of ERK1/2 and CREB phosphorylation in the same tissue (Fig. 4). The potential 
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significance of the RGS protein dysregulation in the dSTR in terms of cellular mechanisms 

mediating post-abstinence relapse to drug-seeking is discussed below.

Although the effects of psychostimulants on gene expression of several RGS proteins has 

been well documented, most of the studies describe dynamic and short-lived gene expression 

changes analogous to that of immediate early genes (for review see: Chen and Hemby, 

2014). However, only changes in gene/protein expression (in this case of RGS proteins) that 

outlast the acute withdrawal period are thought to be relevant for persistent cocaine-seeking 

and relapse. To our knowledge there are only two studies that evaluated RGS protein gene 

expression in the striatum following extended withdrawal from chronic psychostimulant 

administration. Using a non-contingent cocaine administration paradigm and 28 days of 

withdrawal, Eipper-Mains et al. (2013) found a decrease in RGS2 and RGS4 mRNA in 

mouse ventral striatum. Under conditions identical to the current study, we found a decrease 

in RGS4 mRNA levels in the dSTR following cocaine self-administration and 21 days of 

abstinence (Schwendt et al., 2007). In the current study, we extended these findings to 

include three RGS proteins enriched in the striatum: RGS2, RGS4 and RGS9, and measured 

their protein levels. The importance of measuring protein (and not just mRNA) is based on 

observations that the activity and abundance of RGS proteins depends on post-

transcriptional regulation that includes degradation (Davydov and Varshavsky, 2000, 

Posokhova et al., 2010), and post-translational modifications (Jones, 2004).

In general, RGS proteins limit the activity of Gαi- and Gαq-proteins, although different 

RGS proteins display a selective preference for Gαi vs. Gαq subtypes. As for RGS proteins 

studied here, RGS2 preferentially inhibits Gαq proteins, RGS4 inhibits both Gαq and Gαi 

proteins, and RGS9 selectively inhibits Gαi proteins (Hollinger and Hepler, 2002). 

Therefore a decrease in RGS2 and RGS4 coupled with an increase in RGS9, as observed 

here in the dSTR of animals abstinent from cocaine self-administration (Fig. 1), might 

produce an imbalance between Gαq and Gαi inhibition (Gαq being relatively less inhibited 

than Gαi). This effect is further amplified by an increased ratio of Gαq-to-Gαi protein 

expression also observed in this study. Next, we investigated whether this ‘sensitized’ Gαq 

signaling in the dSTR can be revealed as increased activation of downstream targets during 

relapse to cocaine-seeking. One of the well-characterized consequences of stimulating Gαq-

mediated signaling is activation of PKC (measured here as overall PKC-mediated 

phosphorylation of its cellular substrates). Increased activation of PKC detected in the dSTR 

after the relapse test (Fig. 3) is in agreement with disinhibited Gαq-mediated signaling and 

supports the role of the Gαq-PKC pathway in dSTR mechanisms mediating cocaine-seeking 

following abstinence. Though we did not address the identity of the PKC subtype involved, 

recent evidence suggests that the activation of the PKCγ subtype in the ventral striatum 

mediates the reinstatement of extinguished cocaine seeking (Schmidt et al., 2013 and 2015).

Next, we investigated phosphorylation of ERK1/2 and CREB kinases in the dSTR. ERK1/2 

is a mitogen-activated protein kinase phosphorylated upon activation of Gαq-(RGS2/

RGS4)-to-PKC signaling pathway (Yan et al., 1997, Anger et al., 2007), while CREB is a 

transcription factor (also) activated by ERK1/2-mediated signaling. In general, activation 

(phosphorylation) of striatal ERK1/2 and CREB is important for regulation of cocaine 

reward and cocaine-seeking (for review see: Zhai et al., 2008). Here we show a context-
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specific ERK and CREB phosphorylation in the dSTR of abstinent cocaine animals that 

occurred only upon exposure to the cocaine-paired context, but not in response to the 

neutral, alternate context (Fig. 4). Since increased ERK and CREB phosphorylation is 

followed by induction of immediate early gene expression (Girault et al., 2007), our data are 

in agreement with context-specific activation of immediate early genes in the dSTR 

observed following the post-abstinence relapse test (Hearing et al., 2008).

What remains to be determined is the identity of neurotransmitters and receptors in the 

dSTR that are involved in mediating relapse to cocaine-seeking after abstinence and PKC-

mediated phosphorylation. Previous studies in animals and human addicts highlighted the 

role of dopamine in the dSTR in cue-controlled cocaine-seeking or craving (Ito et al., 2002, 

Vanderschuren et al., 2005, Volkow et al., 2006, Wong et al. 2006). It has been proposed that 

emergence of cocaine-seeking habits is tied to the gradual recruitment of dSTR circuitry 

over the course of drug self-administration, and that this recruitment depends on serial 

dopamine connections between the ventral and the dorsal STR (Belin and Everitt, 2008). 

Indeed, relapse to cocaine-seeking following extended cocaine self-administration and 2 

week abstinence increased dopamine levels in the dSTR (Gabriele et al., 2012). In contrast 

to dopamine, the same study failed to detect changes in dSTR glutamate. Also, in our recent 

study, blockade of mGlu5 glutamate receptors in the dSTR had no effect on relapse to 

cocaine-seeking following 3 weeks of abstinence (Knackstedt et al., 2014). Although the 

role of dSTR glutamate in persistent cocaine-seeking cannot be completely ruled out (see: 

Vanderschuren et al., 2005), current evidence does not support the role of dSTR glutamate in 

relapse.

With regards to identity of receptors in the dSTR possibly involved in relapse, preliminary 

evidence supports the role of local D1 dopamine receptors in context-induced cocaine- (Dr. 

Ronald See, personal communication) and heroin-seeking (Bossert et al., 2009). Although 

D1 receptor–mediated effects typically depend on activation of Gαs-proteins, D1 receptors 

alone, or D1–D2 heterodimers can also activate Gαq-proteins (Rashid et al., 2007, Nishi et 

al., 2011). Importantly, recent evidence suggests that D1-to-Gαq signaling in the striatum 

can mediate behavioral effects of D1 receptor agonists (Medvedev et al., 2013). In relation 

to our findings, it is possible that downregulation of RGS2 or RGS4 disinhibits D1-toGαq 

(or D1/D2-to-Gαq) signaling, while upregulation of RGS9 attenuates D2-to-Gαi signaling 

(Cabrera-Vera et al., 2004) and that both of these events are related to ‘priming’ of dSTR to 

drug-associated cues (context) in abstinent cocaine animals.

It should be noted that contingency of delivered cocaine itself might have had an effect on 

post-cocaine changes in RGS and G-proteins observed in the current study. Indeed, 

response-contingent cocaine administration (self-administration group) was shown to 

produce distinct striatal neuroadaptations when compared to response-independent (yoked) 

delivery (e.g.: Stefanski et al., 2007, Frankowska et al., 2013, Pomierny-Chamiolo et al., 

2015). However this is not a generalized pattern, as in other instances the modality of 

cocaine exposure did not have effects on post-cocaine pattern of striatal gene/protein 

expression changes (e.g.: Graziella De Montis et al., 1998, Ziółkowska et el., 2006, Larson 

et al., 2010). For example, both passive cocaine administration (repeated injections; Yuferov 

et al., 2003, Eipper-Mains et al., 2013) and cocaine self-administration (Schwendt et al., 
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2007) decreased RGS4 mRNA levels in the dSTR. However, future studies on regulation of 

RGS proteins by cocaine will need to utilize experimental design that allows for comparison 

between pure pharmacological effects of cocaine vs. motivational aspects of cocaine- and 

reward-seeking (e.g. yoked-cocaine group, sucrose self-administering group).

In conclusion, the present study identified dysregulation of RGS2, RGS4 and RGS9 in the 

dSTR proteins of animals with a history of cocaine self-administration and abstinence that 

coincided with augmented PKC, ERK and CREB activation during post-abstinence relapse. 

Future studies will evaluate whether genetic or pharmacological manipulation of RGS 

proteins, aimed at the reversal of cocaine-induced changes, also display the ability to 

suppress relapse to drug-seeking. This is important as targeting RGS proteins could be used 

to reverse maladaptive plasticity and to develop new treatments for neuropsychiatric 

disorders (Gerber et al., 2016).
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Fig. 1. Changes in protein levels of RGS proteins and G-proteins in the dSTR of rats with history 
of cocaine self-administration and 21 days of abstinence
(A) Mean daily infusions (±SEM) during 12 days of cocaine self-administration. (B) 

Representative immunoblots of analyzed proteins as detected in the dSTR of cocaine and 

yoked-saline rats. (C) Quantitative analysis of RGS protein and G-protein levels in dSTR of 

cocaine and yoked-saline rats. Data represent the mean protein levels ±SEM expressed as a 

percentage of yoked-Sal controls (n = 6/group)* = p < 0.05, ** = p < 0.01 vs Sal.
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Fig. 2. Re-exposure to cocaine-paired context (15 min relapse test) following 21 days of 
abstinence elicits robust cocaine-seeking
(A) Mean daily infusions (±SEM) during 12 days of cocaine self-administration. (B) Re-

exposure to self-administration context for 15 minutes elicited robust drug-seeking behavior 

in cocaine animals when compared to their yoked-saline counterparts. Data represent the 

mean active and inactive lever presses ±SEM (n = 5–7/group). * = p < 0.05 Coc-active vs 

Sal-active.
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Fig. 3. Re-exposure to cocaine-paired context (15 min relapse test) following 3 weeks of 
abstinence induces phosphorylation of PKC substrates in the dSTR
(A) Representative immunoblots showing an overall pattern of PKC-mediated protein 

phosphorylation in the dSTR across treatment groups as detected by antibody recognizing 

phosphorylated substrates of the PKC kinase. Coomassie stain of the membrane confirms 

equal protein loading across samples. (B) Quantitative analysis large (high-kDa) and 

medium-size (mid-kDa) proteins phosphorylated by PKC in the dSTR of cocaine and yoked-

saline animals immediately after 15 minute exposure to self-administration or alternative 

context. Data represent the mean ±SEM of phosphorylated/total protein ratios expressed as a 

percentage of Sal controls. (n = 5–7/group). * * = p < 0.05, **= p < 0.01 Coc SA context vs 

Coc-Alt context, # = p < 0.05, ## = p < 0.01 Coc-SA context vs. Sal-SA context.
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Fig. 4. Re-exposure to cocaine-paired context (for 15 mins) following 3 weeks of abstinence 
induces phosphorylation of ERK1/2 and CREB in the dSTR
(A) Representative immunoblots of (phospho)-ERK and (phospho)-CREB signal in the 

dSTR across treatment groups. Coomassie stain of the membrane confirms equal protein 

loading across samples. Quantitative analysis of phospho-CREB (B) and phospho-ERK1/2 

(C) signal in the dSTR of cocaine and yoked-saline animals immediately after 15 minute 

exposure to self-administration or alternative context. Data represent the mean ±SEM of 

phosphorylated/total protein ratios expressed as a percentage of Sal controls (n = 5–7/

group). * = p < 0.05, **= p < 0.01 Coc-SA context vs Coc-Alt context, ## = p < 0.01 Coc-

SA context vs. Sal-SA context.
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