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ABSTRACT 
 
Regulators of G protein signaling (RGS) are multifunctional proteins expressed in peripheral and 

neuronal cells, playing critical roles in development, physiological processes, and pharmacological 

responses. RGS proteins primarily act as GTPase accelerators for activated Gα subunits of G-

protein coupled receptors (GPCRs), but they may also modulate signal transduction by several 

other mechanisms. Over the last two decades, preclinical work identified members of the RGS 

family with unique and critical roles in intracellular responses to drugs of abuse. New information 

has emerged on the mechanisms by which RGS proteins modulate the efficacy of opioid analgesics 

in a brain region- and agonist-selective fashion. There has also been progress in the understanding 

of the protein complexes and signal transduction pathways regulated by RGS proteins in addiction 

and analgesia circuits. In this review, we summarize findings on the mechanisms by which RGS 

proteins modulate functional responses to opioids in models of analgesia and addiction. We also 

discuss reports on the regulation and function of RGS proteins in models of psychostimulant 

addiction. Using information from preclinical studies performed over the last 20 years, we 

highlight the diverse mechanisms by which RGS protein complexes control plasticity in response 

to opioid and psychostimulant drug exposure; we further discuss how the understanding of these 

pathways may lead to new opportunities for therapeutic interventions in G protein pathways. 

 
 
Significance statement 
 
RGS proteins are signal transduction modulators, expressed widely in various tissues, including 

brain regions mediating addiction and analgesia. Evidence from preclinical work suggests that 

members of the RGS family act by unique mechanisms in specific brain regions to control drug-
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induced plasticity. This review highlights interesting findings on the regulation and function of 

RGS proteins in models of analgesia and addiction. 
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Introduction 
 
Regulators of G protein signaling (RGS) proteins are multifunctional signal transduction molecules 

playing dynamic roles in physiological processes such as cardiac function, responses to stress, and 

cognition (Senese, Rasenick, & Traynor, 2018; Squires, Montanez-Miranda, Pandya, Torres, & 

Hepler, 2018; Terzi, Stergiou, King, & Zachariou, 2009; Traynor & Neubig, 2005; Wieland, Lutz, & 

Chidiac, 2007). RGS proteins modulate dopamine, noradrenergic, serotonin, opioid, muscarinic, 

metabotropic glutamate, adenosine, and other G protein coupled receptors (GPCRs) in central and 

peripheral cells. Human studies link RGS proteins to pathological conditions including Parkinson’s 

disease (Dusonchet et al., 2014; Greenbaum et al., 2009), schizophrenia (Levitt, Ebert, Mirnics, 

Nimgaonkar, & Lewis, 2006; Rivero et al., 2013), hypertension (Chang, Qin, Zhao, & Liu, 2015; 

Kvehaugen et al., 2014), posttraumatic stress disorders (Amstadter et al., 2009), and pain (Smith et 

al., 2012). Members of the RGS family contain an RGS domain as well as other domains that control 

their enzymatic activity, protein interactions, stability, and cellular localization (Hepler, 1999; Neubig 

& Siderovski, 2002; Siderovski et al., 2002; Talbot et al., 2010). Binding of the RGS domain to 

activated Gα subunits enhances their GTPase activity and accelerates their return to the inactive Gα-

GDP state and termination of signaling (Berman, Wilkie, & Gilman, 1996; Hunt, Fields, Casey, & 

Peralta, 1996; Mukhopadhyay & Ross, 1999). Moreover, preclinical studies describe additional 

mechanisms by which members of the RGS family control the duration and direction of signal 

transduction. About half of the proteins categorized as RGS show significant GTPase activity, while 

several members of the RGS family may bind to activated Gα subunits to prevent activation of 
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effectors (Abramow-Newerly, Roy, Nunn, & Chidiac, 2006).  Additional functions attributed to RGS 

protein subtypes include direct interactions with GPCRs (Georgoussi et al., 2006; Langer et al., 2009), 

modulation of G protein-activated inwardly rectifying K+ (GIRK) channels (Labouebe et al., 2007; 

Zhou et al., 2012), and modulation of calcium channels (Clark, Harrison, Zhong, Neubig, & Traynor, 

2003; Mark et al. 2000; Richman et al., 2005). RGS proteins may act as scaffolds (Huang et al. 2014; 

Shu, Ramineni, & Hepler, 2010; Willard et al., 2007) and they may also control N-methyl-D-aspartate 

receptor (NMDA) function (Bouhamdan, Yan, Yan, Bannon, & Andrade, 2006; W. Liu et al., 2006), 

guanosine nucleotide dissociation (Mittal & Linder, 2004), mitosis, (Martin-McCaffrey et al., 2004) 

cytoskeletal processes, (Dave et al. 2009; Z. Liu, Chatterjee, & Fisher, 2002; Martin-McCaffrey et 

al., 2005; Nixon, Grenningloh, & Casey, 2002; Sivori et al., 2019) and cell proliferation (Chi et al., 

2017; Madrigal et al. 2017; Scherer, Cain, Kanai, Kaltenbronn, & Blumer, 2017; Tso et al., 2010; 

Vivot et al. 2016; Willard et al., 2007; Yang and Li 2007). Members of the RGS family may 

additionally regulate transcriptional pathways (Alqinyah et al., 2017; Feigin and Malbon 2007; 

Gaspari et al., 2018; Ikeda et al., 1998; Shimizu et al. 2003; Z. Liu & Fisher, 2004) and chromatin 

function (Alqinyah et al., 2017; Branch & Hepler, 2017; Z. Liu & Fisher, 2004; Mitsi et al., 2015). 

Figure 1 displays some of the key functions of RGS proteins. Overall, the 40 mammalian RGS 

proteins show distinct tissue distribution, cellular localization, and preference for Gα subunit and 

GPCR subtypes (Hepler, 1999; Hollinger & Hepler, 2002). 

 
Several members of the RGS family are expressed in brain circuits mediating drug addiction and 

analgesia (Gold, Ni, Dohlman, & Nestler, 1997). The rise in the incidence of addiction-related 

disorders (Skolnick and Volkow 2016; Volkow and Boyle 2018) and the need for safer, more 
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efficacious treatment for chronic pain call for a deeper understanding of the circuits and 

intracellular pathways mediating addiction, physical dependence, and analgesia. Over the last two 

decades, preclinical studies have utilized genetic tools along with brain biochemistry to understand 

the impact of RGS proteins on the modulation of GPCR responses in the brain. Such approaches 

have been used to globally or conditionally inactivate a specific RGS protein and to generate RGS 

insensitive Gα subunits (Clark et al., 2003; Lamberts et al., 2013). Studies from several research 

groups have documented the powerful role of RGS family members in the modulation of GPCR 

signaling in brain circuits mediating drug addiction and pain relief. There is also strong evidence 

that acute or chronic exposure to drugs of abuse triggers dynamic and unique changes in RGS 

protein expression; this results suggests critical roles of RGS family members in the rewarding 

and reinforcing actions of drugs of abuse as well as in processes controlling GPCR desensitization. 

This review will highlight preclinical evidence of the role of RGS family members in the actions 

of opioids and psychostimulants. 

 

RGS proteins modulate the actions of opioids  

Synthetic, semi-synthetic, and endogenous opioids activate the mu opioid receptor (MOR) to 

promote analgesia, addiction, sedation, and several other undesired effects (Le Merrer et al. 2009). 

Opioids have been prescribed for their treatment of acute, sub-acute, and chronic pain, but their 

prolonged use may lead to physical dependence and progression to addiction (Ehrlich et al. 2019; 

Raehal et al. 2011). Long-term use of morphine and other opioids for the management of chronic 

pain often leads to analgesic tolerance. This is a major concern in therapeutics as patients need 

significantly higher drug doses for pain relief and, as a consequence, are at higher risk for addiction 

or respiratory depression (Skolnick and Volkow 2016; Volkow et al. 2019). MORs are present in 
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the nucleus accumbens (NAc) and ventral tegmental area (VTA) which are part of the mesolimbic 

dopamine pathway, a circuit orchestrating reward, reinforcement, and pain perception (Serafini et 

al. 2020). Sudden cessation of opioid treatment leads to withdrawal, which is a result of aberrant 

activation of MOR and noradrenergic receptors in several brain regions (Burma et al. 2017; Kreek 

and Koob 1998; Weinshenker and Schroeder 2007). RGS proteins also control a number of other 

GPCRs implicated in opioid addiction, including monoamine and metabotropic glutamate 

receptors (Terzi et al. 2009). In the next segment, we will discuss findings from rodent models on 

how exposure to opioids affects the expression of RGS proteins in the brain, as well as findings 

on the functional role of specific RGS in opioid-induced behaviors. 

 
Role of RGS proteins in opioid analgesia 
 

MOR agonists such as morphine, oxycodone, and fentanyl have been used for the alleviation of 

acute and chronic pain (Busse et al., 2018; Klimas et al., 2019). Studies in the rodent brain have 

demonstrated that morphine and other opioids alter the association of certain RGS proteins with 

the MOR (Garzon, Rodriguez-Munoz, & Sanchez-Blazquez, 2005; Han et al., 2010; Psifogeorgou 

et al., 2011).  Evidence from several groups documents that opioids trigger brain region-specific 

changes in the expression of RGS proteins. Notably, some members of the RGS family, such as 

RGS9-2, operate in an agonist-dependent manner, whereas other proteins, such as RGSz1, act 

solely as negative modulators of MOR function. In the next section, we discuss in detail evidence 

on the role of specific RGS family members in the modulation of opioid actions.  

 
RGS9-2: RGS9-2, a member of the R7 subfamily, is enriched in the striatum (Rahman et al., 1999). 

It is found as part of multiprotein complexes containing the Gβ5 protein, the adaptor protein R7-

binding protein (R7BP) (Masuho, Xie, & Martemyanov, 2013; Muntean & Martemyanov, 2016), 
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and the scaffold spinophilin (Bonsi et al., 2019; Charlton et al., 2008). R7 subfamily members 

(RGS9-1, RGS9-2, RGS7, RGS6, and RGS11) bind to Gβ5 G protein through a G gamma-like 

(GGL) domain and this interaction is crucial for their stability and half-life (Chen et al., 2003; 

Sondek & Siderovski, 2001). In the brain, the interaction of R7 subfamily proteins with R7BP 

mediates their membrane localization (Masuho et al., 2013). Studies in striatal homogenates have 

revealed the potent role of RGS9-2 in MOR-agonist induced inhibition of cyclic adenosine 

monophosphate (cAMP) formation (Xie, Masuho, Brand, Dessauer, & Martemyanov, 2012). 

Research using genetically modified mice has demonstrated that RGS9-2 modulates the analgesic 

efficacy of opioids in an agonist-dependent mode. Specifically, behavioral analysis of RGS9 

knockout (RGS9KO) mice in the hot plate assay has revealed that RGS9-2 negatively controls the 

analgesic efficacy of morphine (Zachariou et al., 2003). In contrast, deletion of RGS9-2 decreases 

the analgesic efficacy of methadone and fentanyl in the hot plate test (Psifogeorgou et al., 2011). 

Moreover, genetic inactivation of RGS9 does not affect the efficacy of acute oxycodone in the hot 

plate assay (Gaspari et al., 2017). This agonist-biased phenotype results from unique complexes 

formed between RGS9-2 and Gα subunits in the striatum (Figure 2). Acute morphine treatment 

promotes the formation of complexes between RGS9-2, Gαi3 (and other Gαi subunits), Gβ5 (that 

stabilizes RGS9-2), and β-arrestin2 to eventually trigger inhibition of adenylyl cyclase (Figure 2A) 

(Psifogeorgou et al. 2011). In contrast, chronic morphine promotes the formation of complexes 

between RGS9-2, Gαq, and Gβ5 which prohibits actions on downstream effectors (Figure 2C) 

(Psifogeorgou et al. 2011). Notably, administration of either methadone or fentanyl favors the 

formation of complexes between RGS9-2, Gαq, and G protein-coupled receptor kinase 2 (GRK-

2) and the activation of phospholipase C (PLC) (Figure 2B) (Psifogeorgou et al., 2011). The above 
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studies described in Psifogeorgou et al., 2011 and  illustrated in Figure 2 assessed RGS9-2 

complexes at doses that produced maximum analgesia in the hot plate assay and at a time point 

(30 min) at which maximal analgesia was observed (Psifogeorgou et al. 2011). 

Notably, viral overexpression of RGS9-2 in the NAc attenuates the analgesic effects of morphine 

(Gaspari et al., 2014), suggesting a role of the brain reward pathway in the efficacy of opioid 

analgesics. Studies in rats using i.c.v administration of antisense oligodeoxynucleotides against 

RGS9 have also demonstrated increased antinociceptive potency of morphine and Ala2-MePhe4-

Glyol5-enkephalin (DAMGO) as well as prolonged duration of the analgesic response (Garzon, 

Rodriguez-Diaz, Lopez-Fando, & Sanchez-Blazquez, 2001). 

 
 

RGS7: RGS7 is present in several components of the reward pathway and shows wider overall 

distribution in the brain relative to RGS9-2. It is abundantly expressed in the locus coeruleus (LC), 

a noradrenergic nucleus with a prominent role in physical dependence, anxiety, and pain 

modulation (Gold et al., 2003; Gold et al., 1997). The functional role of RGS7 in opioid analgesia 

has been demonstrated using RGS7 knockout (RGS7KO) mice. Constitutive deletion of the RGS7 

gene increased morphine analgesia (Sutton et al., 2016). This phenotype involved RGS7 actions 

outside the striatum, as conditional deletion of RGS7 in striatal neurons did not affect the efficacy 

of morphine in the hot plate assay. There is no information on the role of RGS7 in analgesic 

responses to other opioids. 

RGS4: In vitro studies have demonstrated the role of the ubiquitin pathway in opioid-mediated 

actions and have provided evidence for crosstalk between opioid receptors and other GPCRs. 

Chronic treatment with either MOR or delta opioid receptor (DOR) agonists increases the 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 30, 2020 as DOI: 10.1124/mol.119.119206

 at A
SPE

T
 Journals on A

pril 20, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


  MOL Manuscript # 119206 

 11 

breakdown of RGS4 protein by the ubiquitin-proteasome pathway. This opioid-mediated reduction 

in RGS4 expression selectively increases DOR and muscarinic receptor subtype three (M3R) 

signaling (Q. Wang & Traynor, 2011). Similar to RGS9-2, RGS4 modulates responses to opioid 

analgesics in an agonist-dependent fashion. While knockout of the RGS4 gene does not affect the 

analgesic efficacy of morphine or the trajectory of morphine tolerance, prevention of RGS4 action 

decreases the analgesic efficacy of fentanyl and methadone in the hot plate assay. Several 

mechanisms may contribute to these agonist-dependent phenotypes, including the formation of 

GPCR dimers and the activation of distinct intracellular pathways. Co-immunoprecipitation assays 

have demonstrated that the abundance of RGS4-MOR complexes is decreased following fentanyl 

treatment and unaffected following morphine administration (Han et al., 2010). These findings 

further support the hypothesis that opioids trigger the formation of distinct MOR complexes with 

G proteins and other signal transduction components in the brain. It is also important to mention 

that pharmacological inhibition of RGS4 activity in certain brain regions may also modulate the 

antinociceptive actions of opioids. Recent studies have reported that microinjection of compound 

CCG-63802 in the ventrolateral periaqueductal gray (vlPAG) enhances the antinociceptive 

potency of morphine but has no effect on fentanyl’s actions in the same paradigm (Morgan et al. 

2020). While CCG-63802 is not a highly selective compound (Senese et al. 2020), these data 

suggest an agonist-dependent role of RGS4 in the modulation of opioid actions in the PAG. 

 

RGSz1: RGSz1 is expressed in low amounts throughout the brain (J. Wang et al., 1998). Past in 

vitro work has identified a potent negative modulatory role of RGSz1 in MOR functional responses 

(Ajit et al., 2007).  These studies have reported that RGSz1 may bind to Gαz or other inhibitory 

Gα subunits to negatively modulate pathways downstream of MOR, including cAMP and protein 
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kinase C (PKC) signaling. Our group demonstrated that prevention of RGSz1 action enhances the 

analgesic efficacy of opioids, such as morphine, methadone and fentanyl, in the hot plate assay 

(Gaspari et al., 2018). Thus, unlike RGS9-2 and RGS4 that act in an agonist-dependent manner, 

RGSz1 negatively regulates the analgesic efficacy of clinically prescribed opioid analgesics. 

 
 

RGS19: RGS19 (also known as Gα interacting protein (GAIP)) negatively modulates MOR 

signaling and regulates several other intracellular events  by forming complexes with GAIP-

interacting protein N-terminus (GIPN) and GAIP-interacting protein C terminus (GIPC). Chronic 

treatment of SH-SY5Y cells with either MOR or DOR agonists increases RGS19 and GIPC 

protein levels via the PKC/mitogen-activated protein kinase (MAPK) pathway, suggesting that 

these complexes may modulate the actions of several opioid receptors upon prolonged exposure 

to opioid analgesics (Q. Wang & Traynor, 2013). 

 

R7BP: R7BP is localized in several analgesia and addiction circuits including the dorsal striatum, 

the NAc, the LC, and the hippocampus. While R7 family proteins are regulated by morphine, the 

expression of R7BP remains unchanged after acute and chronic morphine administration. In the 

hot plate assay, R7BP knockout (R7BPKO) mice show a greater analgesic response to low 

morphine doses compared to their wild-type controls (Terzi, Cao, Agrimaki, Martemyanov, & 

Zachariou, 2012). Notably, knockout of R7BP affects the stability and expression of RGS9-2 in 

the striatum (Anderson et al. 2007).  
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RGS insensitive Gαo subunits: RGS-insensitive Gαo subunits were created by a point mutation 

of G184S at the interface binding to RGS domains (Clark et al. 2003). Initial studies using knock-

in mice expressing RGS-insensitive Gαo subunits have demonstrated that prevention of the 

interaction between RGS proteins and Gαo leads to enhanced endogenous opioid peptide activity 

(Lamberts et al. 2011). Using knock-in mice expressing RGS insensitive Gαo subunits, Lamberts 

et al. demonstrate that prevention of RGS modulation of Gαo enhances opioid supraspinal 

antinociception while it attenuates spinal antinociceptive responses of opioid analgesics such as 

morphine and methadone (Lamberts et al., 2013). GIRK channels have been shown to play a role 

in modulating morphine antinociception. Recent studies have demonstrated reduced MOR-GIRK 

coupling in the vlPAG and LC as well as decreased MOR activation by DAMGO and fentanyl in 

RGS-insensitive mice (McPherson et al. 2018). These experiments provide important insight on 

the consequences of loss of RGS modulation in Gαo signaling in responses to opioids. 

 

A Role of RGS proteins in analgesic tolerance 
 
Evidence from in vitro and in vivo studies highlights the potent and selective role of RGS proteins 

in MOR desensitization and in mechanisms that contribute to analgesic tolerance to opioids. In 

vitro work in C6 cells has shown that endogenous RGS proteins inhibit opioid-induced 

desensitization and MOR down-regulation, thereby controlling the actions of chronic agonist 

exposure (Clark, Neubig, & Traynor, 2004; Clark & Traynor, 2005).     

In accord with observations in models of analgesia, there is a brain region-specific role for RGS 

proteins in modulating analgesic tolerance. For example, RGS9-2 promotes morphine tolerance 

by actions in the NAc (Gaspari et al. 2014), while RGSz1 promotes morphine tolerance by actions 
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in the vlPAG (Gaspari et al. 2018). These two RGS proteins act not only on distinct anatomical 

sites but also by distinct mechanisms, since RGS9-2 negatively modulates cAMP signaling 

whereas RGSz1 controls the transcriptional activity of beta-catenin. What is more noteworthy is 

that certain RGS proteins can have differing actions on the development of tolerance based on the 

opioid administered. For example, recent work from our group shows that prevention of RGS9 

action delays the development of morphine tolerance, while it accelerates tolerance to oxycodone 

(Gaspari et al. 2017; Zachariou et al. 2003). Notably, studies using constitutive knockout mice 

suggest that RGS4 does not impact morphine tolerance (Han et al. 2010). Most behavioral studies 

on opioid tolerance focus on morphine as this drug promotes MOR desensitization and analgesic 

tolerance much faster than other clinically available opioids. However, it is still important to 

address the impact of RGS proteins in analgesic tolerance to other opioids.  

 
 
RGS9-2: Studies in striatal homogenates have documented that RGS9-2 controls cAMP signaling 

in response to dopamine or opioid receptor activation as well as sensitization and signaling kinetics 

of adenylyl cyclase 5 (Xie et al., 2012). In HEK237 cells, exposure to opioid results in the 

migration of RGS9-2 towards the cell membrane and increases the co-localization with MOR and 

ß-arrestin-2. In support of the hypothesis stating that delayed MOR internalization contributes to 

analgesic tolerance, overexpression of RGS9-2 delays MOR endocytosis in response to agonist 

treatment (Psifogeorgou et al., 2007). Earlier work has also demonstrated the dynamic and region-

specific regulation of R7 and RZ subfamily proteins as well as the role of Gβ5 and R7 proteins in 

opioid tolerance (Lopez-Fando, Rodriguez-Munoz, Sanchez-Blazquez, & Garzon, 2005; Sanchez-

Blazquez, Rodriguez-Diaz, Lopez-Fando, Rodriguez-Munoz, & Garzon, 2003). Consistent with 

findings on analgesic efficacy, RGS9-2 modulates opioid tolerance in an agonist-dependent 
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manner. RGS9KO or viral overexpression of a dominant-negative form of the protein in the NAc 

significantly delays analgesic tolerance to morphine (Gaspari et al., 2014; Zachariou et al., 2003). 

Conversely, overexpression of RGS9-2 in the NAc accelerates morphine tolerance, suggesting that 

maladaptive plasticity within the brain reward center is sufficient to decrease responsiveness to 

opioid analgesics (Gaspari et al., 2014). On the contrary, RGS9-2 actions protect from analgesic 

tolerance to oxycodone, as RGS9KO mice develop tolerance during time points at which their 

wildtype counterparts still respond to the drug. This phenotype has been observed in the hot plate 

assay and in models on neuropathic pain in which oxycodone was used to alleviate mechanical 

allodynia (Gaspari et al., 2017). 

 

RGS7: The role of RGS7 in analgesic tolerance to morphine was similar to that of RGS9-2. Sutton 

and colleagues used the hot plate assay to demonstrate that constitutive RGS7KO mice show 

delayed tolerance to morphine compared to their wildtype counterparts (Sutton et al., 2016). 

Striatal deletion of RGS7 was not sufficient to delay tolerance to morphine in the hot plate assay. 

Similar to the phenotypes observed in the analysis of RGS9KO and RGS4KO mice, RGS7KO 

mice exhibit a more severe naloxone precipitated withdrawal compared to the control wildtype 

mice (Sutton et al., 2016). This phenotype is likely related to RGS7 actions in the LC, as striatal 

knockout of RGS7 did not affect the severity of precipitated naloxone withdrawal. 

 

RGS4: In vitro studies using lentiviral delivery of shRNA to specifically downregulate RGS4 

protein in human neuroblastoma SH-SY5Y cells demonstrate that RGS4 differentially regulates 

MOR and DOR signaling. Indeed, while downregulation of RGS4 has no effect on forskolin-

stimulated cAMP accumulation and MAPK activity in response to MOR activation, it facilitates 

inhibition of cAMP accumulation and MAPK activity following treatment with DOR agonists (Q. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 30, 2020 as DOI: 10.1124/mol.119.119206

 at A
SPE

T
 Journals on A

pril 20, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


  MOL Manuscript # 119206 

 16 

Wang, Liu-Chen, & Traynor, 2009). In accord with these findings, RGS4 knockout (RGS4KO) 

does not affect morphine tolerance. In spite of the abundant expression of RGS4 in several 

analgesia circuits including the spinal cord, the LC, and other midbrain and thalamic structures, 

studies using a four-day hot plate assay show that knockout of RGS4 does not affect tolerance to 

morphine (Han et al. 2010). The impact of RGS4 in tolerance to other opioids used for pain 

management remains unknown. 

 

RGSz1: RGSz1 protein levels were downregulated in the mouse periaqueductal gray (PAG) 30 

minutes after acute morphine administration and upregulated following a 4-day administration 

regimen that leads to analgesic tolerance. A similar pattern of regulation was observed for the Gαz 

subunit (Gaspari et al., 2018). The levels of RGSz1 protein remain unaffected by morphine 

tolerance in the NAc, the dorsal striatum, and the thalamus, highlighting the regional specificity 

of RGSz1 actions. Using a five-day hot plate tolerance paradigm, we showed that constitutive 

inactivation of the RGSz1 gene delays the development of tolerance in both male and female mice. 

A similar role of RGSz1 in analgesic tolerance has been observed when morphine was used to 

alleviate thermal hypersensitivity in mice suffering from prolonged peripheral inflammation 

(Gaspari et al., 2018). RGSz1 actions in the ventrolateral PAG (vlPAG)  greatly contribute to this 

phenotype, as conditional downregulation of RGSz1 (by use of Cre expressing adeno-associated 

vectors and a floxed RGSz1 mouse line) is sufficient to delay morphine tolerance. By combining 

brain biochemistry, next generation RNA sequencing, and bioinformatic analysis, we found that 

RGSz1 in the mouse vlPAG promotes the development of morphine tolerance by antagonizing the 

transcriptional activity of β-catenin. β-catenin may promote the expression of genes necessary to 
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restore MOR signaling and synaptic maladaptations associated with analgesic tolerance. The 

nuclear translocation of β-catenin is controlled by cytoplasmic multi-protein complexes, which 

contain the protein Axin-2 (Huang & He, 2008). Axin-2 also contains an RGS domain and may 

bind to activated Gα subunits (Castellone, Teramoto, Williams, Druey, & Gutkind, 2005; Egger-

Adam & Katanaev, 2010; Gaspari et al., 2018; Stemmle, Fields, & Casey, 2006). Under states of 

tolerance, RGSz1 levels increase in the PAG as does the abundance of complexes between Gαz 

and MOR (Figure 3). Knockout of RGSz1 permits the association of Axin-2 with Gαz, an effect 

that leads to dissociation of the destruction complex and the translocation of β-catenin to the 

nucleus (Gaspari et al., 2018) (Figure 3). Future work will determine whether this mechanism is 

observed in other analgesia or addiction circuits and will further elucidate the role of RGSz1 and 

Gαz actions in MOR-expressing circuits. 

 

R7BP: The interacting partner of R7 RGS protein members, R7BP, mediates the docking of RGS 

proteins to the cell membrane (Muntean & Martemyanov, 2016). Inactivation of R7BP affects the 

function of both RGS7 and RGS9-2 in the striatum (Anderson, Lujan, & Martemyanov, 2009). 

Consistent with the observations on mice lacking the RGS9 or the RGS7 genes, R7BPKO mice 

show delayed development of morphine tolerance (Terzi et al., 2012). 

 

A Role of RGS proteins in opioid reward and addiction-related behaviors 
 
As mentioned earlier, several RGS proteins are expressed in the mesolimbic dopamine system, 

controlling functional responses of GPCRs mediating reward, motivation, habit formation, and 

impulsivity. Among them, RGS9-2, RGS7 and RGS4, have documented roles in the intracellular 

signaling of dopamine and opioid receptors, and have been the focus of many laboratories studying 
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drug addiction. Most of the information on the functional role of RGS family members on opioid 

addiction-related behaviors derives from rodent studies using local overexpression, constitutive 

and conditional gene knockdown approaches.  

 
RGS9-2: RGS9-2 complexes in the striatum are dynamically regulated by psychoactive drugs, 

antiparkinsonian agents, and pathological conditions (Gold et al., 2007; Rahman et al., 2003). 

Constitutive inactivation of the RGS9 gene results in a 10-fold increase in the rewarding sensitivity 

of morphine, as assessed by the place conditioning paradigm (Zachariou et al., 2003). Conversely, 

viral overexpression of RGS9-2 in the NAc decreases the rewarding efficacy of morphine (Gaspari 

et al., 2014). The agonist-dependent modulatory role of RGS9-2 reported in models of analgesia 

has also been observed in reward-assessing behaviors. Thus, RGS9KO mice are less sensitive to 

the rewarding effects of oxycodone in the conditioned place preference paradigm and they do not 

develop locomotor sensitization in response to repeated oxycodone treatment (Gaspari et al., 

2017). Moreover, RGS9-2 positively regulates the extinction and reinstatement of oxycodone 

place preference (Gaspari et al., 2017). RGS9-2 has a similar function under neuropathic pain 

states, as RGS9KO mice suffering from peripheral nerve injury show decreased sensitivity to the 

rewarding actions of oxycodone (Gaspari et al., 2017). 

 
RGS7: RGS7KO mice show increased sensitivity to the rewarding and reinforcing effects of 

morphine. These actions are mediated by striatal medium spiny neurons, as conditional 

inactivation of RGS7 in striatal neurons recapitulates this phenotype. RGS7KO mice also show 

enhanced locomotor activation in response to morphine treatment (Sutton et al., 2016). In accord 

with the findings from the analysis of RGS9KO and RGS7KO mice, R7BPKO mice show 
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increased sensitivity to the locomotor stimulating effects of morphine, as they respond to lower 

doses than those required to promote locomotion in their wildtype littermates (Terzi et al., 2012). 

 
 
RGSz1: RGSz1KO mice show decreased sensitivity to the rewarding effects of morphine in the 

conditioned place preference test compared to their wild type counterparts. Furthermore, RGSz1 

KO mice do not develop locomotor sensitization in response to repeated morphine treatment 

(Gaspari et al., 2018). We recently found that downregulation of RGSz1 in the vlPAG recapitulates 

the decreased morphine reward sensitivity phenotype, whereas downregulation of RGSz1 in the 

NAc does not affect the rewarding efficacy of morphine (Sakloth, Gaspari, Singh, Pryce, & 

Zachariou, 2019). Since RGSz1 contra-regulates the rewarding versus the analgesic efficacy of 

opioids, interventions in RGSz1 pathways activity may be applied to optimize the actions of 

opioids. 

 
 
RGS4: Global knockout or conditional knockdown of RGS4 in the adult mouse NAc leads to a 

small but significant increase in the rewarding efficacy morphine in the place preference paradigm 

(Han et al., 2010; Kim et al., 2018). Furthermore, RGS4KO mice show enhanced locomotor 

sensitization in response to morphine (Han et al., 2010). More recently, Kim et al. applied shRNA 

methodology to downregulate RGS4 in the mouse NAc in order to investigate the mechanisms by 

which RGS4 modulates responses to opioids. This work demonstrates that RGS4 modulates 

morphine reward by controlling the phosphorylation of ionotropic glutamate receptors in the NAc 

(Kim et al., 2018). 
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R7BP: The role of R7BP in modulating opioid rewarding actions has not been fully examined. 

Terzi and colleagues reported that knockout of R7BP enhances the locomotor sensitizing effects 

to morphine (Terzi et al. 2012), similar to what observed with RGS9 and RGS7 knockout mice. It 

will be interesting to investigate the regional effects of R7BP in the rewarding actions of synthetic 

opioids.  

 
 
A role of RGS proteins in opioid physical dependence 
 
There is a wealth of evidence on the regulation of RGS proteins in the brain by prolonged exposure 

to opioids. RGS2 and RGS4 are present in several brain regions implicated in physical dependence 

including the LC, the VTA, the prefrontal cortex, and the amygdala (Gold et al., 1997; Terzi et al., 

2009). Studies by Gold et al. in the LC of morphine-dependent rats have demonstrated that RGS2 

and RGS4 mRNA levels increased 2-3-fold at 6 hours following naloxone treatment, suggesting 

that these molecules control the aberrant firing of noradrenergic neurons upon precipitated opioid 

withdrawal. Notably, RGS3, 5, 7, 8 and 11 remain unchanged in the LC following chronic 

morphine administration (Gold et al., 2003). The levels of RGS4 protein are also increased 2-fold 

in the LC following chronic morphine treatment, and this effect may play a protective role against 

physical dependence (Gold et al., 2003). The analysis of RGS4KO mice supports the hypothesis 

that RGS4 negatively controls the firing of LC neurons, as RGS4KO mice show exacerbated signs 

of morphine withdrawal compared to their wildtype controls. Patch clamp recordings from slices 

of drug-naïve and morphine-dependent mice reveal that inactivation of the RGS4 gene increases 

the firing sensitivity of LC neurons only in morphine dependence states (Han et al., 2010). 

In addition to RGS4, the striatal enriched RGS9-2 also plays a prominent role in the modulation 

of physical dependence to morphine. Prevention of RGS9-2 action exacerbates behavioral and 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 30, 2020 as DOI: 10.1124/mol.119.119206

 at A
SPE

T
 Journals on A

pril 20, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


  MOL Manuscript # 119206 

 21 

biochemical manifestations of morphine withdrawal (Zachariou et al., 2003). Unexpectedly, while 

precipitated oxycodone withdrawal produces similar symptoms to those observed with morphine 

withdrawal, knockout of the RGS9 gene did not affect the severity of oxycodone withdrawal 

symptoms (Gaspari et al., 2017). Notably, knockout of R7BP has no effect on morphine 

withdrawal (Terzi et al. 2012). In an in vitro model of adenylyl cyclase super sensitization that 

corresponds to withdrawal in animals, cells expressing RGS insensitive Gαo subunits 

demonstrated increased super sensitivity to adenylyl cyclase (Clark et al. 2004). These differences 

further highlight the distinct intracellular pathways triggered by opioid analgesics with high abuse 

potential. Thus, patients carrying polymorphisms affecting specific signaling pathways may be 

more vulnerable to certain opioids. Interestingly, downregulation of RGSz1 in the mouse vlPAG 

did not affect symptoms of naloxone-precipitated withdrawal. This is important information, as 

inhibition of RGSz1 pathways may provide a way to enhance the analgesic efficacy of opioids 

without impacting physical dependence. (Gaspari et al., 2018). Table 1 summarizes the opioid-

related phenotypes associated with genetic interventions in the expression of RGS proteins. 

 

So far, only a subset of the RGS proteins expressed in nociceptive circuits have been investigated 

for their role in opioid actions. Based on evidence on the unique role RGS9-2, RGS7, RGSz1, and 

RGS4 in opioid  actions (Table 1) and the wide expression of MORs and RGS proteins in the 

spinal cord and brain subregions, it is essential to complete our understanding on how various 

members of the RGS family affect MOR signaling and desensitization. It will also be important to 

further characterize the RGS/Gα-protein complexes with MOR that are formed in response to acute 

and repeated opioid administration in central and in peripheral sites, and to determine the cell-type 

specificity of these events. For example, co-immunoprecipitation assays highlight changes in the 
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abundance of MOR complexes with both RGS9-2 and RGS4 in response to fentanyl 

administration; however, it is unknown if these events happen in parallel, if they occur in distinct 

cellular populations, or if they take place in dendritic versus somatic sites of the neurons. Such 

information will complement our knowledge on signal transduction events associated with short-

term versus prolonged exposure to opioids. Another gap in our knowledge involves the signal 

transduction triggered by opioids under states of chronic pain, major depression, and other chronic 

debilitating disorders. This knowledge will guide drug development efforts towards more targeted 

interventions for pain management. Most studies have focused on evaluating RGS’s roles in 

morphine actions and we still need a better understanding of how RGS proteins modulate the 

actions of commonly prescribed opioids, such as fentanyl, methadone and oxycodone, as well as 

the actions of highly abused drugs such as heroin. 

 

RGS proteins and psychostimulant actions.  

Similar to observations with opioids, addiction to psychostimulants has been a health burden 

worldwide (Degenhardt et al. 2014). Psychostimulants trigger an increase in monoamine levels in 

several brain circuits including the brain reward pathway. Changes in dopamine and other 

monoamine receptor activity in response to psychostimulant exposure contribute to maladaptive 

plasticity associated with addiction (Kreek et al. 2012). Over the years, a number of studies 

documented changes in RGS protein expression in models of psychostimulant addiction, whereas 

genetic mouse models reveal a powerful role of specific RGS protein members in sensitivity to 

psychostimulant-induced behaviors. 

 
In fact, psychostimulants may differentially regulate RGS transcripts depending on the brain 

region and the drug administration regimen. These studies indicate that members of the RGS 
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family primarily control the actions of psychostimulants by modulating functional responses to D1 

and D2 dopamine receptors in the striatum (Burchett, Bannon, & Granneman, 1999; Rahman et 

al., 2003; Stanwood, Parlaman, & Levitt, 2006). As psychostimulant addiction involves multiple 

circuits and neurochemical pathways, it is expected that RGS proteins affect several other GPCRs 

in addiction circuitry. In fact, evidence from rat models of addiction shows that RGS proteins also 

affect the actions of psychostimulants by modulating the activity of metabotropic glutamate  

receptor 5 (mGluR5) (Schwendt and McGinty 2007; Schwendt et al. 2012).   

 

Cocaine-induced changes in RGS expression 

Preclinical evidence from various laboratories highlights the dynamic regulation of RGS proteins 

in response to psychostimulant exposure. Studies in rodents using acute and chronic cocaine 

administration regimens reveal a treatment- and brain region- specific regulation of RGS family 

members. Members of the R4 family appear to show distinct and often opposite patterns of 

expression upon exposure to cocaine. Acute cocaine administration triggers an increase in RGS4 

mRNA levels in the NAc and in the dorsal central gray, as well as a reduction of RGS4 expression 

in the LC and in the reticulotegmental nucleus (Bishop et al. 2002). Similar to RGS4, RGS2 mRNA 

levels increase by two-fold in the rat striatum following acute administration of cocaine (Burchett 

et al., 1999). On the other hand, chronic cocaine intake leads to a reduction in RGS4 expression in 

the striatum. RGS4 expression levels were downregulated in the rat caudate putamen following 

binge cocaine administration (Yuferov et al., 2003). Later studies also documented that cocaine 

self-administration increased RGS4 protein levels in the striatum, and this effect was reversed 

when rats were exposed to the cocaine-paired environment (McGinty, Shi, Schwendt, Saylor, & 

Toda, 2008). Notably, chronic cocaine treatment followed by abstinence and then administration 
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of a challenge cocaine dose promotes the expression of RGS4 transcript in the LC and in the dorsal 

central gray; however, it decreases in RGS4 mRNA levels in the red nucleus and in the 

reticulotegmental nucleus (Bishop, Cullinan, Curran, & Gutstein, 2002). Cocaine abstinence in 

rodents leads to a reduction in RGS4 and RGS2 expression in the dorsal striatum (Bilodeau & 

Schwendt, 2016; Schwendt, Hearing, See, & McGinty, 2007). Cocaine withdrawal does not alter 

RGS4 or RGS7 levels in the amygdala, the frontal cortex, or the hypothalamic paraventricular 

nucleus of rats (Carrasco et al., 2003). Repeated exposure to cocaine has no effect on RGSz1 

transcript in the rat hypothalamic paraventricular nucleus (Carrasco et al., 2004). As expected, the 

striatal enriched RGS9-2 protein is highly implicated in processes mediating cocaine addiction. 

Repeated exposure to cocaine for 7 days produces a significant increase in RGS9-2 protein levels 

in the NAc (Rahman et al., 2003).  

 

A Role of RGS proteins in cocaine addiction-related behaviors 
 
Studies from several laboratories have addressed the functional role of RGS proteins in behavioral 

responses to cocaine. So far studies using genetically modified rodents have investigated the 

impact of RGS4, RGS2, RGS9-2, RGS12, and R7BP in behavioral responses to cocaine. RGS4KO 

mice show decreased sensitivity to the rewarding effects of cocaine in the place preference assay 

in a sex-dependent manner (Rorabaugh et al., 2018). The mechanism of RGS4 action involves 

modulation of D2-receptor signaling in the NAc and other regions in the reward pathway (Min et 

al., 2012; Rorabaugh et al., 2018). In contrast, RGS2 has no effect on the rewarding actions of 

cocaine.  

Knockout of RGS9 heightened the rewarding effects of cocaine, whereas overexpression of RGS9-

2 in the NAc diminished cocaine’s locomotor activating effects. These actions of RGS9-2 are, at 
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least in part, mediated through the dopamine D2 receptor subtype (Rahman et al., 2003). Indeed, 

expression of RGS9-2 in Xenopus oocytes accelerated the off kinetics of the D2 receptor-induced 

GIRK currents (Rahman et al., 2003). Dopamine signaling in the striatum is regulated by both 

RGS7 and RGS9, and by their binding to R7BP. Surprisingly, R7BPKO mice do not show any 

cocaine locomotor stimulation or locomotor sensitization phenotype, suggesting that RGS7 and 

RGS9-2 have distinct modulatory roles in the brain reward pathway (Anderson et al., 2010). 

 
Amphetamine-induced changes in RGS expression  

Studies using rat models of amphetamine intake reveal a brain region- and receptor subtype-

dependent pattern of RGS protein regulation. Notably, changes in RGS protein expression 

correlate with amphetamine intake. Single injections of amphetamine and methamphetamine 

increase RGS2 mRNA levels in the rat striatum by 4-fold, and these effects are prevented by 

pretreatment with the D1 antagonist SCH-23390 (Burchett et al. 1999). Five days of amphetamine 

self-administration promote RGS2 transcript expression in the midbrain, increase trafficking of 

RGS2 to the membrane, and disrupt the interaction between D2/D3 dopamine receptor subtypes 

and Gαi2 in the midbrain, ultimately leading to increased dopamine release (Calipari et al., 2014).  

In ovariectomized rats, administration of 17-ß-estradiol for two weeks enhances amphetamine-

induced place preference and increases the levels of RGS9-2 protein in the NAc shell (Silverman 

& Koenig, 2007). Furthermore, RGS9-2 levels are decreased in the striatum of amphetamine-

sensitized rats relative to their controls (Seeman, Ko, Jack, Greenstein, & Dean, 2007). 

In the NAc, RGS2 and RGS4 transcripts are upregulated after amphetamine self-administration 

and their levels are positively correlated with amphetamine intake. Furthermore, there is a 

reduction of RGS7 and RGS8 in the NAc, but there was no correlation with amphetamine intake 

(Sun, Calipari, Beveridge, Jones, & Chen, 2015). Studies by Sun et al. show distinct patterns of 
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RGS mRNA regulation in the rat VTA and NAc following amphetamine self-administration. 

Specifically, in the VTA, RGS2, RGS4, and RGS20 transcripts are upregulated whereas RGS9, 

RGS10, and RGS17 mRNA levels are downregulated. Furthermore, the changes in RGS2, RGS4, 

RGS10, and RGS20 mRNA levels in the VTA are positively correlated with amphetamine intake 

(Sun et al., 2015). 

Chronic amphetamine treatment followed by abstinence and then by an amphetamine challenge 

leads to a decrease in RGS4 protein levels in the dorsal striatum and in the NAc. Studies have 

additionally shown that RGS4 mRNA levels are downregulated in a time-dependent manner in rat 

forebrain regions following treatment with low doses of amphetamine (Schwendt, Gold, & 

McGinty, 2006). These actions of RGS4 involve interactions with the mGluR5 subtype in the 

striatum (Schwendt et al., 2007; Schwendt, Sigmon, & McGinty, 2012). Indeed, overexpression 

of RGS4 in the rat dorsal striatum, by use of Herpes Simplex virus-RGS4 (HSV-RGS4) viral 

vectors, augmented amphetamine-induced horizontal activity by modulating the activity of 

mGluR5 receptors. 

 

A Role of RGS proteins in amphetamine addiction-related behaviors 

There is limited information on the functional role of RGS proteins in amphetamine addiction. So 

far, there is evidence on the role of RGS9-2 and RGS12 in mediating amphetamine’s actions. 

RGS9-2 is a negative modulator of the locomotor activating effects of several psychostimulants, 

including amphetamine (Rahman et al., 2003). RGS9KO mice show increased locomotion in 

response to low doses of amphetamine compared to their wildtype littermates (Rahman et al., 

2003; Walker, Jarosz, Bouhamdan, & MacKenzie, 2015). Walker and colleagues suggest that this 

phenotype is more prominent in female RGS9KO mice, which show greater amphetamine-induced 

locomotion relative to male RGS9KO mice (Walker et al., 2015). 
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RGS12 also appears to play a unique role in the actions of psychostimulants as RGS12 knockout 

mice show decreased amphetamine and cocaine-mediated hyperlocomotion; however, they do not 

show any deficits in locomotor sensitization and place preference (Gross et al. 2018). These actions 

of RGS12 were found to involve regulation of the dopamine transporter in the ventral striatum. It 

will be interesting to determine if RGS12 plays a role in other addiction-related behaviors or in the 

development of psychostimulant dependence. 

 

In summary, evidence from multiple laboratories and addiction models highlights the highly 

specific and dynamic regulation of RGS protein/mRNA levels following exposure to cocaine or 

amphetamine. Furthermore, studies with constitutive knockout mice point to specific RGS 

subtypes as  factors that affect vulnerability to psychostimulant addiction. While it is speculated 

that the mechanism by which RGS proteins affect psychostimulant actions involves modulation of 

dopamine receptors in the striatum, additional receptors and intracellular pathways are likely 

involved. It will be essential to understand the role of RGS proteins in neuroanatomical circuits, 

cell types, and receptors associated with acute and repeated exposure to psychostimulants. It will 

also be important to delineate the functional role of additional RGS family members in 

psychostimulant addiction and to identify polymorphisms in patients suffering from drug abuse 

disorders.  

 
Future directions 
 
As highlighted in this review, RGS proteins have distinct and non-overlapping roles in addiction 

and analgesia. It will be important to understand how drugs of abuse modulate the expression and 

activity of RGS family members in a cell-type specific manner. Receptor signaling appears to 
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differ in somatic versus axonal or dendritic segments and it is possible that RGS proteins have 

neuronal compartment-specific roles. It will also be essential to dissect the neuronal circuits 

affected by changes in the activity of RGS proteins. Regarding strategies to optimize the actions 

of opioid analgesics, targeting selective RGS pathways provides a way for interventions in 

analgesia circuits without impacting the actions of opioids in addiction hubs. On the other hand, 

interventions in RGS protein activity in the brain reward center may provide novel drug addiction 

treatment avenues. Given the critical role of several members of the RGS family in analgesia and 

addiction-related behaviors, an important next milestone involves the application of genetic studies 

for the identification of polymorphisms associated with addiction vulnerability.  

These new insights from basic research complement our knowledge of the mechanisms underlying 

receptor signaling and desensitization, and they may guide pain and addiction therapeutics towards 

new targets. As indicated by findings discussed in this review, a therapeutic intervention may 

require inhibition or promotion of RGS function. While the developments of highly selective RGS 

inhibitors remains a challenge (Senese et al. 2020), novel technologies (shRNA, CRISPR) as well 

as detailed knowledge of the downstream pathways and protein complexes affected by RGS 

proteins may provide promising directions for therapeutic interventions. 

 

Authorship contributions:  FS, CP, FB and VZ collected literature, put together figures and tables 

and wrote the review. 
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Figure Legends 

 

Figure 1. The schematic lists some of the key functions of RGS proteins 

 

Figure 2. RGS9-2 forms distinct complexes in the striatum depending on the MOR agonist 

administered and the duration of treatment. (A) RGS9-2 complexes in the striatum following 

treatment with acute morphine. (B) RGS9-2 complexes in the striatum following treatment with 

methadone or fentanyl. (C) RGS9-2 complexes in the striatum following chronic morphine treatment 

(4 consecutive days). Figure summarizes findings from Psigfogeorgou et al, 2011. 

 

Figure 3. Schematic summarizing the role of RGSz1 in modulating Axin2-controlled β-catenin 

complexes in models of morphine tolerance. (A) Morphine tolerance promotes the association of 

Gαz with RGSz1 in the PAG of RGSz1 WT mice. Axin2 complexes (destruction complexes) prevent 

the nuclear translocation of β-catenin and the transcription of genes counteracting morphine 

tolerance. (B) Knockout of RGSz1 permits the formation of Axin2-Gαz complexes, the dissociation 

of destruction complexes and the translocation of β-catenin to the nucleus. Figure summarizes 

findings  from Gaspari et al, 2018.
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RGS 
Subtype Opioid Genetic 

Intervention 

Phenotype 
References Analgesia and 

Tolerance Reward Withdrawal 

RGS9-2 Morphine Constitutive KO 
Increased analgesia, 
Delayed tolerance 
(hot plate assay) 

Increased (CPP) 

Exacerbated 
naloxone 

precipitated 
withdrawal 

Zachariou 
et al., 2003 

RGS9-2 Morphine 
AAV-RGS9-2 

NAc 
overexpression 

Decreased analgesia, 
Accelerated tolerance 

(hot plate assay) 
Decreased (CPP) 

Ameliorated 
naloxone 

withdrawal 

Gaspari 
et al., 2014 

RGS9-2 Morphine 

AAV-
DEPlessRGS9-2 

NAc 
overexpression 

Delayed tolerance (hot 
plate assay) - 

Exacerbated 
naloxone 

precipitated 
withdrawal 

Gaspari 
et al., 2014 

RGS9-2 Methadone, 
Fentanyl Constitutive KO Decreased analgesia 

(hot plate assay) - - Psifogeorgou 
et al., 2011 

RGS9-2 Oxycodone Constitutive KO 

No change in analgesic 
efficacy, Accelerated 

tolerance  
(hot plate assay) 

Decreased (CPP) 

No effect on 
naloxone 

precipitated 
withdrawal 

Gaspari 
et al., 2017 

RGS7 Morphine Constitutive KO 
Increased analgesia, 
Delayed tolerance  
(hot plate assay) 

Increased (CPP) 

Exacerbated 
naloxone 

precipitated 
withdrawal 

Sutton et al., 
2016 

RGS7 Morphine Conditional 
striatal KD 

No change in analgesic 
efficacy or tolerance 

(hot plate assay) 
Increased (CPP) 

No effect on 
naloxone 

precipitated 
withdrawal 

Sutton et al., 
2016 

RGS4 Methadone, 
Fentanyl Constitutive KO Decreased analgesia 

(hot plate assay) - - Han et al., 
2010 

RGS4 Morphine 
Constitutive KO 
and conditional 

NAc KD 

No change in analgesic 
efficacy or tolerance 

(hot plate assay) 
Increased (CPP) 

Exacerbated 
naloxone 

precipitated 
withdrawal 

Han et al., 
2010 

RGS4 Fentanyl 
RGS4 antagonist 
CCG-63802 in 

vlPAG 

No change in analgesic 
efficacy  

(hot plate assay) 
- - Morgan 

et al., 2019 

RGS4 Morphine 
RGS4 antagonist 
CCG-63802 in 

vlPAG 

Increased analgesia (hot 
plate assay) - - Morgan 

et al., 2019 

RGSz1 Morphine Constitutive KO 
Increased analgesia, 
Delayed tolerance  
(hot plate assay) 

Decreased (CPP) 
  Gaspari 

et al., 2018 

RGSz1 Methadone, 
Fentanyl Constitutive KO Increased analgesia (hot 

plate assay) - - Gaspari 
et al., 2018 

RGSz1 Morphine Conditional 
vlPAG KD 

Delayed tolerance  
(hot plate assay) Decreased (CPP) 

No effect on 
naloxone 

precipitated 
withdrawal 

Gaspari 
et al., 2018 

R7BP Morphine Constitutive KO 
Increased analgesia, 
Delayed tolerance  
(hot plate assay) 

Increased 
locomotor 

sensitizing effects 

No effect on 
naloxone 

precipitated 
withdrawal 

Terzi et al., 
2012 

RGS-
insensitive 

Gαo 
Morphine Constitutive 

knock-in 

Increased analgesia 
(supraspinal, hot plate 

assay) 
-  Lamberts 

et al., 2013  

RGS-
insensitive 

Gαo 
Morphine Constitutive 

knock-in 
Decreased analgesia 

(spinal, tail-withdrawal) - - Lamberts et 
al., 2013 
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Table 1. Summary of reports on opioid behavioral phenotypes observed with different RGS 
mutant lines in models of analgesia and addiction  
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KEY FUNCTIONS OF RGS PROTEINS

Morphogenesis & differentiation | RGS2 | RGS4 | RGS6 | RGS7 |  RGS9-2 | RGS10 | RGS11 | RGS12 |

Direct binding to GPCRs | RGS2 | RGS4 | 

GTPase activators of Gα subunits About half of all RGS proteins display this function, with some RGSs serving as 
stronger activators than others.

Microtubule stability | RGS6 | RGS7 | RGS14 | RGSz1 |

Modulators of GIRK channels | RGS1 | RGS2 | RGS3 | RGS4 | RGS5 | RGS6 | RGS7 | RGS8 | RGS9-2 | RGS10 | RGS11 | 

Modulators of ß-catenin signaling | RGS19 | Axin | RGSz1 |

Scaffolding | RGS6 | RGS12 | RGS14 |

Controlling chromatin function | RGS6 | RGS9 | RGS10 | RGS14 | 

Cell proliferation | RGS16 | RGS17 | RGS19 |

Modulators of Calcium and Potassium channels | RGS2 | RGS3 | RGS4 | RGS12 | 

Guanosine nucleotide dissociation inhibitor | RGS14 | 

Modulators of NMDA receptors | RGS2 | RGS4 | 

Transcriptional pathway control | RGS6 | RGS10 | RGS12TS-S | FlbA | 
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