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ABSTRACT 

 

RGS2 PROTEINS REGULATE DOPAMINE SIGNALING AND COCAINE  

SELF-ADMINISTRATION VIA DOPAMINE D2 AUTORECEPTORS 

Dissertation under the direction of  

Rong Chen, Ph.D., Assistant Professor, Physiology and Pharmacology  

 

 Dopamine (DA) is critically involved in the etiology of drug addiction. A key 

modulator of DAergic transmission is the dopamine D2 autoreceptor (D2AR), which 

couples to Gαi/o proteins to inhibit adenylyl cyclase activity. The D2ARs located on 

midbrain DAergic neurons modulate DA neuron firing as well as DA synthesis, release, 

and reuptake through a negative feedback mechanism.  Extensive preclinical evidence 

has consistently shown that chronic exposure to psychostimulants reduces D2AR 

function, which is associated with vulnerability to relapse. Newly emerged preclinical and 

clinical data indicate that low levels of D2AR expression and function are associated with 

enhanced drug reward. To date, there is a significant knowledge gap in understanding 

the cellular regulation of D2AR activity by drugs of abuse. 

Regulator of G protein signaling (RGS) proteins are negative modulators of G 

protein-coupled receptor signaling. When receptors are activated, RGS proteins bind 

directly to GTP-bound Gα subunits and accelerate the rate of GTP hydrolysis, rapidly 

terminating G-protein signaling. There are more than 20 subtypes of RGS proteins in the 

brain that are distributed in a brain region-and neuron type-dependent manner. 

However, it is unknown which RGS subtypes in DAergic neurons regulate D2AR activity. 

We previously reported that amphetamine (AMPH) self-administration reduces the ability 
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of D2AR to inhibit DA release in the nucleus accumbens (NAc). The reduced D2AR 

activity parallels increased membrane localization of RGS2 but not RGS4 or RGS8 in 

the VTA of rats. Moreover, AMPH self-administration increased RGS2 mRNA levels in 

the VTA 2-fold, the most pronounced increase compared to other RGS subtypes. Based 

on these data, I hypothesize that RGS2 may be a potential candidate for regulation of 

D2AR activity in DA neurons. To test this hypothesis, I used a cell culture model to 

delineate if there was a direct regulation of D2R (D2AR) activity by RGS2 proteins. Then 

this new mechanism was further investigated in rat DAergic neurons and behavioral 

models of drug abuse. 

Using neuroblastoma 2a cells stably expressing D2SR, the short form of D2R, 

we examined if RGS2 regulates D2SR activity by knocking down RGS2 expression via 

siRNAs or overexpressing dysfunctional RGS2 mutants. We found that knockdown of 

RGS2: a) Increased D2SR-mediated activation of Gα assessed by [35S]GTPγS binding; 

b) Reduced cAMP accumulation; c) Increased phosphorylation of extracellular signal-

regulated kinase; d) Inhibited D2R-stimulated internalization as measured by antibody 

feeding immunocytochemistry; and e) Prevented membrane dissociation of β-arrestin 

following prolonged D2SR stimulation as visualized by confocal microscopy. Using full-

length N-terminus (RGS2ΔN) and C-terminus (RGS2ΔC) truncation RGS2 mutants, we 

delineated that the N-terminus of RGS2 was required for inhibition of D2R-mediated G-

protein and downstream signaling and both N- and C-termini of RGS2 contributed to 

D2R-stimulated β-arrestin recruitment, likely in a G protein receptor-kinase 2-dependent 

manner.  

To test if RGS2 directly regulates D2AR activity in DA neurons, we infected VTA 

DA neurons of tyrosine hydroxylase-Cre rats with adeno-associated virus (AAV10)-

encoding RGS2ΔN mutant. We found that RGS2 indeed regulates D2AR activity in DA 
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neurons. Expression of RGS2ΔN increased the ability of D2AR to inhibit DA release in 

the NAc. Accordingly, the RGS2ΔN animals showed increased sensitivity to D2AR-

mediated inhibition of novelty-induced locomotor activity. The increased D2AR activity 

resulting from reduced RGS2 function is accompanied by increased DAT activity. As a 

consequence, RGS2 mutant animals were less sensitive to the locomotor stimulating 

effects of cocaine and elicited extracellular DA in the NAc. RGS2 inhibition of D2AR 

activity in VTA DAergic neurons mediates the reinforcing efficacy of cocaine and 

cocaine-primed reinstatement of drug-seeking without altering consumption or 

motivation to self-administer sucrose. Collectively, these studies show that RGS2 

regulates midbrain DA neurotransmission and addiction behavior by controlling D2AR 

function.  
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1. The Dopaminergic System 

Drug addiction is a chronic, relapsing disorder characterized by compulsive drug-

seeking, inability to control drug intake and appearance of affective disorders during 

withdrawal (Koob et al., 2016). Addiction remains challenging to treat with no effective 

FDA-approved medications. Dopamine (DA) has been classically associated with the 

reinforcing effects of drugs of abuse and dysfunctional DA signaling is implicated in 

vulnerability to addiction (Volkow et al., 2011). Long-term use of drugs, such as cocaine 

and amphetamine (AMPH), markedly reduces DA system function, altering the activity of 

DA D2 receptors (D2Rs) and dopamine transporters (DATs) (Volkow et al., 2007). This 

hypodopaminergic state elicited by chronic drug use is thought to contribute to 

compulsive and impulsive behavioral propensities for drugs.  

 

Dopaminergic Pathways  

The DA system consists of two primary pathways, mesocorticolimbic and 

nigrostriatal, which emanate from the midbrain and project to distinct brain regions 

(Dahlstroem et al., 1964; Luo et al., 2016). The mesocorticolimbic pathway, comprised of 

DA neurons from the ventral tegmental area (VTA) and projections to the nucleus 

accumbens (NAc), prefrontal cortex (PFC) and limbic system, critically regulates 

motivation, reward and aversion-related behavior (Adinoff, 2004). This pathway is most 

commonly associated with the reinforcing effects of drugs of abuse and is heavily 

implicated addiction (Di Chiara et al., 2007; Wise, 1996). The nigrostriatal pathway is 

comprised of DA neurons located in the substantia nigra (SN) and projections to the 

dorsal striatum (Albin et al., 1989). This pathway is integral in controlling voluntary motor 
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function and is implicated in neurological diseases such as Parkinson’s disease. 

 

Classification of Dopamine Receptors 

Extracellular DA binds to DA receptors to exert its many effects in the central 

nervous system (CNS) and peripheral organ systems. The DA receptors are classified 

into two major groups: D1-like (D1R and D5R) and D2-like receptors (D2R, D3R and 

D4R) (Missale et al., 1998), which display unique pharmacological properties. The D1-

like receptors couple to stimulatory G proteins (Gαs) resulting in downstream activation 

of adenylyl cyclase (AC) and production of cyclic adenosine monophosphate (cAMP) 

(Nishi et al., 2011). These receptors are located on non-DAergic neurons and their 

activation promotes neuron excitability via increased AMPA/NMDA receptor function, 

and calcium channel and sodium channel currents (Sidhu, 1998). D1-like receptor 

signaling is essential to synaptic plasticity including induction of long-term potentiation at 

excitatory inputs onto medium spiny neurons (MSNs) (Shen et al., 2008). The D2-like 

receptors couple to inhibitory Gαi/o proteins, resulting in downstream inhibition of AC 

and decrease cAMP production (Beaulieu et al., 2011; Ford, 2014; Sibley et al., 1993). 

As the focus of this thesis, D2Rs will be discussed in detail.  

 

2. The Dopamine D2 Receptor 

Structure 

The structure of D2R consists of seven transmembrane domains with an 

extracellular N-terminus and an intracellular C-terminus, which are characteristic of G 

protein-coupled receptors (GPCRs). Within the second and third intracellular loops, 

D2Rs contain consensus sites for phosphorylation by numerous kinases, including 
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cAMP-dependent protein kinase (protein kinase A), protein kinase C (PKC), and G 

protein receptor kinases (GRKs) (Elazar et al., 1991; Namkung et al., 2009; Namkung et 

al., 2004). Alternative splicing of the sixth exon of the Drd2 gene leads to the expression 

of short and long D2R isoforms (D2SR, short; D2LR, long). Because D2SR lacks 29 

amino acids in the third intracellular loop (Usiello et al., 2000), a region of the receptor 

critical to G protein binding, this splice variant displays Gα coupling and downstream 

signaling unique from the D2LR isoform (Montmayeur et al., 1991).  

 

Cellular and Anatomic Distribution 

Within the CNS, D2Rs are most abundantly expressed in the caudate putamen 

(CPu), NAc and olfactory tubercule, with notable expression in the VTA and SN 

(Gingrich et al., 1993). As depicted in Fig. 1, D2Rs can be classified as D2 autoreceptors 

(D2ARs), which are located on DAergic neurons, or D2 postsynaptic receptors (D2PRs), 

which are found on non-DAergic neurons (Beaulieu et al., 2011; Beckstead et al., 2004; 

Somatodendritic D2AR 
Presynaptic D2AR 
Postsynaptic D2PR 

Figure 1. Schematic illustrating the neuronal distribution and function of D2 
autoreceptors. D2 receptors can be classified as D2 autoreceptors (D2ARs; green and 
blue) or postsynaptic D2 receptors (D2PR; brown) based on their DAergic or non-DAergic 
neuronal localization, respectively. Presynaptic D2ARs regulate the release, uptake and 
synthesis of DA while somatodendritic D2ARs inhibit DA neuron firing. 
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De Mei et al., 2009; Missale et al., 1998). Somatodendritic D2ARs inhibit DA neuron 

excitability and firing rate, while presynaptic D2ARs inhibit DA synthesis, release, and 

reuptake. These functions of D2AR are discussed in detail in the “D2AR Regulation of 

Dopamine Transmission” section. Both D2R isoforms, D2SRs and D2LRs, are presumed 

to function as autoreceptors; however, D2SRs are predominantly expressed 

presynaptically whereas D2LRs are abundantly expressed postsynaptically (Gantz et al., 

2015; Usiello et al., 2000).  

 

D2R (D2AR) Signaling 

The D2R couples to inhibitory Gαi/o proteins, for signaling. The Gαi/o family of G 

proteins is characterized by their ability to inhibit AC and inactivation by pertussis toxin 

(PTX) (Civelli et al., 1991), which uncouples Gαi/o proteins from the receptor by ADP 

ribosylation of the subunits at a conserved carboxyl-terminal domain cysteine residue 

(Chen et al., 2001). The D2R couples to- and activates all subtypes of Gαi/o proteins 

(Gαi1, Gαi2, Gαi3 and Gαo), though with varying efficiency based on cell type 

(Ghahremani et al., 1999; Nickolls et al., 2004). To better understand D2R specificity of 

binding to Gαi/o subunits, PTX-insensitive mutants were developed, containing a 

carboxyl-terminus cysteine residue mutated to a serine or isoleucine residue, which 

prevents ADP-ribosylation (Clark et al., 2006). Utilizing PTX-insensitive Gαi/o subunit 

mutants, studies have reported that D2R-mediated inhibition of AC and forskolin-

stimulated cAMP accumulation is highly dependent upon Gαi2 proteins, in particular. By 

way of its G protein coupling, D2Rs elicit downstream signaling through a number of 

pathways (Fig. 2). Activation of D2Rs trigger Gαi2-mediated inhibition of AC, which 

decreases cAMP production and downstream signaling events, such as phosphorylation 

of DARP32 (Lindgren et al., 2003) and tyrosine hydroxylase (TH) (Lindgren et al., 2001). 
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Additionally, D2Rs can activate extracellular signal-regulated kinase (ERK) through 

either Gαi/o- or Gβγ-mediated signaling (Huang et al., 2013; Kim et al., 2004). Activation 

of D2Rs modulate intracellular calcium levels in a Gβγ subunit-dependent manner 

(Ghahremani et al., 1999; Missale et al., 1998). For instance, D2R-mediated Gβγ 

activation of the phospholipase C (PLC) pathway mobilizes intracellular calcium stores, 

leading to reduction in L-type currents in striatal medium spiny neurons (Hernandez-

Lopez et al., 2000).   

 

D2R (D2AR) Trafficking  

Following agonist stimulation, D2R signaling is terminated via desensitization and 

internalization (Kabbani et al., 2004). Prolonged D2R stimulation causes recruitment and 

activation of GRKs, which phosphorylate serine and threonine residues on D2R (Fig. 3A) 

to inhibit G protein-receptor coupling and recruit β-arrestin (Fig. 3B) (Attramadal et al., 

1992; Ferguson et al., 1996; Kang et al., 2014). β-arrestin2 directly binds to the third 

Figure 2. Schematic of D2R (D2AR)-mediated G protein signaling pathways. Upon 
activation, D2Rs activate Gαi/o proteins, which inhibit adenylyl cyclase (AC) activity and 
decrease cAMP accumulation. D2R stimulation also results in Gβγ subunit-mediated 
phosphorylation of extracellular signal-regulated kinase (ERK). 
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intracellular loop of D2R and acts as an adapter protein, linking D2R to endocytotic 

proteins such as activating protein 2 (AP-2) and clathrin (Fig. 3C) (Goodman et al., 

1996). Dynamin then pinches off the D2R-containing clathrin-coated vesicles from the 

plasma membrane of the cell (Fig. 3D), allowing for internalization of the receptor (Fig. 

3E) (Danino et al., 2001; Iwata et al., 1999). The internalization of D2LR and D2SR 

isoforms is differentially regulated, such that DA-stimulated internalization of D2SR 

occurs at a faster rate than D2LR in CHO cells (Itokawa et al., 1996).  

 

3. D2AR Regulation of Dopamine Transmission  

Dopamine Neuron Excitability  

Midbrain somatodendritic D2ARs inhibit DA neuron excitability and firing rates via 

Figure 3. Schematic of β-arrestin-mediated D2R (D2AR) internalization. Upon prolonged 
stimulation, G protein-receptor kinases (GRKs) are recruited to D2Rs (A). GRK-mediated 
phosphorylation promotes the recruitment and binding of β-arrestin to D2Rs (B). β-arrestin 
directly interacts with clathrin to form a complex of endocytotic proteins such as activating 
protein 2 (AP-2) with D2R. The clathrin-coated pit containing D2R and endocytotic protein 
complex is then released from the plasma membrane by dynamin (D) resulting in D2R 
endocytosis (E).  
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activation of hyperpolarizing potassium G protein-coupled inwardly rectifying potassium 

(GIRK) currents (Beckstead et al., 2004; Courtney et al., 2012). D2ARs directly couple to 

GIRK channels via Gβγ subunits (Pillai et al., 1998) and facilitate the opening of GIRK 

channels to increase membrane potassium conductance, thus inhibiting DAergic neuron 

firing (Beckstead et al., 2004; Kim et al., 1995; Lacey et al., 1987). Stimulation of D2ARs 

facilitates activation of GIRK channels at resting membrane potential, which leads to 

efflux of potassium and subsequent hyperpolarization of DA neurons (Ford, 2014). 

Previous studies have demonstrated that D2ARs specifically couple to GIRK2 channels, 

which are robustly expressed in in midbrain DA neurons (Beckstead et al., 2004; Kim et 

al., 1995; Lacey et al., 1987).  

 

Dopamine Release 

DA release at presynaptic terminals of DA neurons is tightly regulated by D2ARs, as 

DA release can be inhibited or enhanced by D2R agonists or antagonists, respectively 

(Kennedy et al., 1992; Stamford et al., 1991). Extracellular DA binds to and activates 

D2ARs to decrease the probability of DA release upon subsequent presynaptic 

stimulation. It is thought that D2AR-mediated inhibition of DA release occurs through two 

primary mechanisms: 1) Gβγ-mediated inhibition of voltage-gated calcium channels 

(Herlitze et al., 1996; Phillips et al., 2000) and 2) hyperpolarization of voltage-dependent 

potassium channels (Kv1 family) (Fulton et al., 2011; Martel et al. , 2011; Zhang et al., 

2012). Activation of presynaptic D2ARs stimulates Kv1 currents, which inhibits neuron 

excitability and probability of DA release (Benoit-Marand et al., 2001; Wolf et al., 1990). 

Notably, Kv1.1, Kv1.2 and Kv1.6 mRNA and protein are present in DA neuron terminals 

in the striatum of mice, and blockade of these subunits with subunit-specific toxins 

disinhibits D2AR-mediated inhibition of DA release (Fulton et al., 2011). Furthermore, 

blockade of Gβγ signaling abolishes D2AR-induced DA overflow and dampens the 
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potentiation of potassium channel conductance by the D2/D3R agonist quinpirole (Ford, 

2014; Fulton et al., 2011), suggesting that D2ARs-mediated Gβγ activation is essential 

to Kv1 channel function.   

 

Dopamine Reuptake 

Clearance of DA from the extracellular space is primarily determined by uptake via 

DATs (Ford et al., 2010). D2ARs, located at presynaptic terminals of midbrain DAergic 

neurons, physically and functionally interact with DAT to fine-tune synaptic DA 

homeostasis (Ford, 2014).The N-terminal region of DAT binds directly to the third 

intracellular loop of D2R (Lee et al., 2007) to allow for D2AR regulation of DAT function. 

This direct interaction between DAT and D2AR is a critical determinant of DAT activity, 

as disrupting the D2AR-DAT complex using a TAT-DATNT1-1 peptide, which abolishes the 

D2AR–DAT interaction, decreased DAT-mediated DA reuptake compared to treatment 

with a TAT control peptide in striatal synaptosomes of mice (Lee et al., 2007). D2ARs 

also increase the rate of DA uptake by increasing the plasma membrane expression of 

DAT (Mayfield et al., 2001; Schmitz et al., 2002; Wu et al., 2002). It has been shown that 

D2ARs control DAT surface trafficking by regulating PKC-dependent phosphorylation of 

DAT, such that D2AR-stimulated membrane insertion of DAT was abolished by PKCβ 

inhibition in N2A cells and mouse striatal synaptosomes (Chen et al., 2013). Therefore, 

potentiating the activity and surface expression of DAT are important mechanisms by 

which D2ARs negatively regulate DA transmission. 

 

Dopamine Synthesis 

An additional mechanism by which D2ARs regulate DA transmission is by inhibiting 

the activity of TH, the rate-limiting enzyme in DA synthesis (Wolf et al., 1990). TH activity 

is tightly regulated by phosphorylation (Lindgren et al., 2001). D2AR activation reduces 
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basal and forskolin-stimulated TH phosphorylation at Ser40 but not Ser19 or Ser31, 

suggesting D2ARs inhibit TH phosphorylation via decreasing AC activity (Anzalone et 

al., 2012; Lindgren et al., 2001). Downregulation of TH activity or expression results in 

reduction in the filling of DA vesicles and altered distribution and expression of vesicular 

monoamine transporter (VMAT) (Pothos et al., 1998; Truong et al., 2004). Importantly, 

quinpirole-stimulated phosphorylation of TH at Ser40 occurs in mice with either D2AR 

knockout in DA neurons or D2PR knockout in striatal GABA neurons (Anzalone et al., 

2012), highlighting that both D2ARs and D2PRs contribute to the regulation of DA 

synthesis in vivo.  

 

4. The Role of D2ARs in Drug Addiction 

 Previous studies have established an inverse relationship between postsynaptic 

D2 receptors (D2PR) expression and risk for abuse in drug addicts (Martinez et al., 

2004; Shumay et al., 2012; Volkow et al., 1990; Volkow et al., 1999), non-human 

primates (Nader et al., 2005; Nader et al., 2006), and rodents (Bailey et al., 2008; 

Maggos et al., 1998; Tsukada et al., 1996). However, accumulating evidence suggests a 

critical link between addiction behavior and D2AR function.   

D2ARs and Impulsivity 

A prominent behavioral phenotype observed in individuals with drug addiction, 

and an important contributor to relapse (Volkow et al., 2010), is a lack of self-control or 

impulsive behavior. Impulsivity is characterized as a predisposition toward rapid, 

unplanned reactions to stimuli with diminished regard to the negative consequences of 

these reactions (Moeller et al., 2001). A common metric used to measure impulsivity is 

the delay discounting task which assesses temporal discounting or the tendency to 
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select smaller, immediate rewards over larger, delayed rewards (Bickel et al., 2001; 

Green et al., 2004). In this task, high impulsivity is associated with more frequent choice 

for an immediate reward. Human patients addicted to cocaine (Garcia-Rodriguez et al., 

2013), methamphetamine (METH) (Hoffman et al., 2006), nicotine (Bickel et al., 1999), 

opioids (Kirby et al., 2004), and alcohol (Mitchell et al., Boettiger, 2005) consistently 

favor smaller immediate rewards over larger delayed rewards compared to healthy 

control subjects. Thus, delay discounting is a suitable model to assay trait impulsivity in 

addiction.  

DA signaling in the PFC is strongly implicated in impulsivity, as measured by 

delay discounting tasks. An increase in DA metabolite 3,4-dihydroxyphenylacetic acid in 

rat orbitofrontal cortex is observed during the delay discounting performance (Winstanley 

et al., 2006), suggesting that DA utilization occurs during decision making of delay 

discounting. In line with this notion, acute AMPH treatment in healthy control subjects 

deceases discounting of delayed reward when compared to placebo treatment (de Wit et 

al., 2002). Furthermore, individuals with high impulsivity display increased AMPH-

induced DA release in the striatum (Buckholtz et al., 2010). Thus, mesocorticolimbic DA 

transmission likely mediates impulsivity through distinct mechanisms.  

Dysregulation of D2AR expression and activity is implicated in impulsivity of 

drug-seeking and taking. Low midbrain D2AR availability is associated with the 

expression of impulsivity and drug craving in humans (Buckholtz et al., 2010), which is 

postulated to be due to diminished control of midbrain DAergic neuron excitability and 

terminal DA release. A recent study shows a causal, inverse relationship between 

midbrain D2AR levels and impulsivity (Bernosky-Smith et al., 2018). Drd2 knockdown in 

the VTA of rats via adeno-associated virus (AAV) encoding shRNAs against Drd2 

increased choice impulsivity for smaller, immediate rewards when compared to their 

11



corresponding control animals. 

 

D2ARs and Novelty-seeking 

Novelty seeking, or the tendency to desire novel stimuli and environments, is a 

valuable measure for predicting individual vulnerability to drug addiction (Piazza et al., 

1998). Studies in humans and rodents demonstrate that high novelty seeking predicts 

initiation of drug use and the transition to compulsive drug use (Cain et al., 2005; 

Cloninger, 1987; Flagel et al., 2014; Sutker et al., 1978). Novelty seeking is also a critical 

factor contributing to propensity to relapse (Ismael et al., 2014; Kahler et al., 2009; 

Meszaros et al., 1999; Zuckerman et al., 1979). In rodent models, high- or low-

responders are characterized based on novelty-induced locomotor activity. High-

responders exhibit a greater level and duration of locomotor activity compared to low-

responders and are predisposed to self-administer drugs of abuse including cocaine, 

AMPH, morphine and ethanol (Flagel et al., 2016; Marinelli et al., 2000; Nadal et al., 

2002; Piazza et al., 1998; Xigeng et al., 2004). 

Although the precise molecular mechanisms driving novelty-seeking behavior are 

not fully understood to date, D2AR-mediated DA transmission has been implicated. One 

study in humans reported that high novelty-seeking is associated with low availability of 

midbrain D2ARs/D3ARs assessed by PET imaging of the D2R/D3R antagonist 

[18F]fallypride binding (Zald et al., 2008). Furthermore, ex vivo autoradiography of 

[18F]fallypride binding in the midbrain of rats shows an inverse relationship between 

D2AR levels and level of responding in a novel environment (Tournier et al., 2013). 

Additionally, high basal firing and bursting activity of rat VTA DAergic neurons is 

associated with reduced D2AR availability in high novelty-responding animals (Marinelli 
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et al., 2000). Thus, midbrain D2ARs availability appears to be a reliable predictor for 

novelty-seeking behavior.  

Individual differences in striatal presynaptic D2AR activity likely contribute to 

elevated DA release in the striatum of high-responders. For instance, high-responding 

rats exhibit higher striatal basal DA levels, greater AMPH-induced DA release and are 

less sensitive to presynaptic D2AR-mediated inhibition of novelty-induced locomotor 

activity when compared to low-responding rats (Bradberry et al., 1991; Tournier et al., 

2013). Furthermore, intensity of novelty-seeking, drug craving or cognition deficit 

correlates with the amount of striatal DA release induced by AMPH in drug-naïve healthy 

humans (Leyton et al., 2002; Riccardi et al., 2006). This evidence suggests that high-

novelty responding is strongly associated with low levels and/or reduced activity of 

midbrain and striatal D2ARs that confers elevated DA signaling and promotes novelty-

seeking and propensity to drug-taking behavior. 

 

D2ARs and Drug Self-administration 

Low midbrain D2AR levels and activity are associated with increased sensitivity 

to the rewarding efficacy of cocaine. This enhanced response to cocaine is likely 

mediated by decreased D2AR activity and thus less controlled DA release. Conditional 

Drd2 autoreceptor knockout mice display increased sensitivity to cocaine-induced 

locomotor activity and conditioned place preference (Bello et al., 2011). These mice also 

acquire cocaine self-administration faster and show enhanced salience of cocaine- but 

not sucrose-paired cues without any alterations in total cocaine intake (Holroyd et al., 

2015). Furthermore, Drd2 knockdown in rat VTA via lentivirus-mediated shRNA delivery 

has been reported to dose-dependently increase self-administration of low-doses of 
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cocaine (Chen et al., 2018). However, the cocaine doses in the study by Holroyd et al. 

were on the descending limb of the cocaine dose-response curve used in the study of 

Chen et al. where there was no difference in cocaine self-administration between Drd2 

knockdown and scrambled siRNA control animals.  

Neuroadaptations in mesocorticolimbic DA signaling following chronic drug 

exposure contribute to relapse vulnerability or reinstatement of drug-seeking (Koob et 

al., 2010). For instance, inhibition of glutamatergic-mediated DAergic neuron activation 

in the VTA prevents cocaine reinstatement (Sun et al., 2005; Xue et al., 2011). Because 

D2ARs tightly regulate DA neuron activity, an alteration in D2AR activity could seemingly 

facilitate relapse. Intra-VTA administration of quinpirole was shown to dose-dependently 

decrease reinstatement of cocaine seeking in rats that was reversed by co-

administration of the D2R/D3R antagonist eticlopride (Xue et al., 2011). Chronic 

exposure to psychostimulants produces prolonged stimulation of D2ARs by DA, which 

results in a compensatory reduction in D2AR activity. This phenomenon augments DA 

neuron excitability and subsequent DA release, likely increasing the probability of 

relapse. Interestingly, the persistency of D2AR adaptation to chronic drug exposure 

occurs in a brain region- and function-dependent manner. The impaired capacity of 

presynaptic D2ARs to inhibit striatal DA release following chronic AMPH treatment is 

transient, lasting only 3-4 days (Wolf et al., 1993). However, AMPH treatment (5 mg/kg, 

i.p., 7 days) significantly reduces D2AR-mediated inhibition of DAergic neuron firing in 

the VTA of rats for as long as 8 days after last drug exposure (White et al., 1984).  

Drug-induced midbrain D2AR subsensitivity is likely the first step in a series of 

events that might produce persistent changes in VTA DA transmission. Because D2AR 

signal transduction occurs via are Gαi/o proteins, repeated drug exposure could 

attenuate the coupling strength between D2ARs and Gαi/o proteins. Using an antibody-
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capture [35S]GTPγS scintillation proximity assay, we previously demonstrated that AMPH 

self-administration diminishes D2R (mostly D2AR)-stimulated G-protein activation the 

VTA of rats (Calipari et al., 2014). Furthermore, augmented internalization may 

contribute to D2AR subsensitivity following chronic drug exposure. Although the 

necessary tools to measure D2AR internalization in vivo are lacking, cultured cell models 

have provided critical information that D2Rs undergo robust β-arrestin dependent 

internalization upon agonist stimulation (Kim et al., 2004; Lan et al., 2009; Namkung et 

al., 2009). Therefore, future studies are required to continue interrogating the molecular 

mechanisms by which drugs of abuse alter D2AR availability and function.  

 

5. Regulators of G protein Signaling (RGS) Proteins 

Termination of GPCR signaling is tightly regulated by intracellular signaling 

molecules across a wide temporal scale (Hepler, Berman, Gilman, & Kozasa, 1997; 

Kimple, Bosch, Giguere, & Siderovski, 2011). Although Gα subunits harbor intrinsic GTP 

hydrolysis activity, the spontaneous rate of this reaction is too slow to account for the 

physiological processes engendered by GPCR activation (Angleson et al., 1993; Vuong 

et al., 1991). Regulators of G-protein Signaling (RGS) proteins serve as the primary 

mechanism by which GTP is rapidly hydrolyzed from active Gα subunits and thereby act 

as principle short-term negative regulators of G protein signaling.  All RGS proteins 

contain a conserved 120 amino acid sequence, which constitutes the RGS domain that 

elicits GTPase-accelerating protein (GAP) activity on GTP-bound Gα subunits (Berman 

et al., 1998; Dohlman et al., 1997). Structurally, the RGS domain is composed of nine α-

helices folded into two small subdomains. The RGS domain consists of three highly 

conserved regions where the RGS protein can bind to G protein switch sites, allowing for 

inhibition of G protein-dependent signaling (Tesmer et al., 1997; Wieland et al., 2007).  
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The RGS domain exhibits strong affinity for the enzymatic transition state of Gα-GTP 

along its path of GTP hydrolysis. Once bound, RGS proteins stabilize the positioning of 

an essential glutamate residue within the intrinsic Gα catalytic region, thereby 

accelerating the rate of GTP hydrolysis to GDP (Kimple et al., 2011). Many studies have 

shown that mutations of these three regions of the RGS domain dramatically reduces 

RGS protein GAP activity (Kimple et al., 2011).  

 

Structural Classification of RGS Proteins 

There are 20 classical RGS proteins that are partitioned into subfamilies (R4, R7, 

R12, RZ) on the basis of sequence and protein domain homology. For instance, R12 

family subtypes such as RGS10 or RGS14 have more complex structural domains such 

as PDZ and GoLoco (Kehrl et al., 2002; Xie et al., 2007). Members of the RZ family 

exhibit a similar domain architecture, except that they each contain an N-terminal post-

cysteine segment that undergoes reversible palmitoylation. Members of other RGS 

subfamilies contain multi-domain structures capable of mediating protein-protein 

interactions with adaptor proteins or regulating G protein-independent signaling. For 

example, stable expression of R7 subfamily RGS proteins (i.e., RGS6, RGS7, RGS9, 

RGS11) requires an obligatory physical interaction with Gβ5 subunits via the N-terminal 

GGL (Gβ-like) domain (Chen et al., 2003; Snow et al., 1998). The simplest RGS protein 

subfamily is the R4 family (e.g., RGS2, RGS4, RGS21), which contains only a central 

RGS domain between the N- and C-termini (De Vries et al., 2000). Thus, presence and 

diversity of structural domains in RGS proteins serve a vast array of processes critical to 

canonical and non-canonical RGS protein function, including facilitation of RGS 

selectivity for specific GPCRs, protein-protein scaffolding and regulation of RGS protein 

trafficking (Xie et al., 2007).   
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RGS Proteins and GPCR Specificity 

RGS proteins can exhibit specificity for GPCRs on multiple levels. Foremost, the 

RGS domain displays Gα subunit specificity, albeit with varying degrees of promiscuity 

(Soundararajan et al., 2008). However, there are currently no identified RGS proteins 

capable of acting as a functional GAP on Gαs subunits (Zheng et al., 2001). 

Alternatively, RGS proteins can exhibit specificity for GPCRs via compatible amino acid 

sequences between the RGS protein and its cognate GPCR. For example, RGS12 

contains a PDZ binding domain that allows for selective GPCR interactions via direct 

physical association with GPCRs containing a C-terminal PDZ recognition motif 

(Martemyanov et al., 2003; Sambi et al., 2006). Additionally, RGS2 directly and 

selectively binds to the third intracellular loop of the M1 muscarinic acetylcholine 

receptor (M1 mAChR) via its N-terminal region, forming a stable heterotrimeric complex 

containing RGS2 and activated Gαq and M1 mAChR (Bernstein et al., 2004). Lastly, 

RGS proteins can exert specificity for GPCRs through differential and selective 

expression distributions across physiological systems and tissues. An example of this 

phenomenon includes the RGS9 splice variants RGS9-1 and RGS9-2. The RGS9-1 

isoform is exclusively expressed in rod and cone photoreceptors, where it serves as the 

critical GAP for rhodopsin (He et al., 1998), whereas RGS9-2 is almost exclusively 

expressed in the striatum, where it modulates neurotransmitter GPCR signaling 

(Mancuso et al., 2010). 

 

RGS Protein Expression in the CNS 
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Within the CNS, there are over 20 subtypes of mammalian RGS protein subtypes 

expressed, which are distributed in a brain region-dependent manner (Gold et al., 1997), 

suggesting that modulation of GPCR signaling by RGS proteins may be receptor-type 

and brain region-specific. For instance, in situ hybridization has determined that RGS2 is 

robustly expressed in the CA1-CA3 regions of the hippocampus, dorsal raphe and VTA 

(Grafstein-Dunn et al., 2001). Accumulating evidence suggests that chronic exposure to 

drugs of abuse influences the expression of many RGS proteins, thus altering GPCR 

signaling and behavioral responses to drugs (Traynor, 2010). For instance, chronic 

AMPH treatment increases RGS2, RGS3, RGS5 and RGS8 and decreases RGS9 

mRNA levels in the rat CPu (Burchett et al., 1999; Burchett et al., 1998).  

 

6. Regulator of G protein Signaling Protein 2 (RGS2) 

RGS2, a member of the R4-family of RGS proteins, contains a RGS domain that 

is flanked by an N-terminal domain and a C-terminal tail (Heximer et al., 2001). RGS2 

possesses intrinsic GAP activity for Gαq and Gαi/o subunits (Ingi et al., 1998, Heximer et 

al., 1997). Within the N-terminal domain of RGS2, an amphipathic α-helix and a 

hydrophobic motif facilitate targeting of the protein to the plasma membrane where 

GPCRs and G proteins reside (Heximer et al., 2001). The N-terminal domain of RGS2 

also binds other proteins, including select GPCRs and spinophilin, and directly inhibits 

specific AC isoforms (Bernstein et al., 2004; Ghil et al., 2014; Hague et al., 2005; Salim 

et al., 2004; Wang et al., 2005). RGS2 is expressed in brain regions associated with 

reward, motivation and learning like the striatum, cerebral cortex, hippocampus, thalamic 

nuclei and dorsal raphe nuclei (Gerber et al., 2016; Grafstein-Dunn et al., 2001) and has 

been implicated in the etiology of addiction, anxiety and other Alzheimer’s disease 
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(Hadar et al., 2016; Rorabaugh et al., 2018a; Rorabaugh et al., 2018b; Smoller et al., 

2008).  

 

Canonical Functions of RGS2  

RGS2 canonically terminates GPCR signaling through a GTPase-dependent 

mechanism. Although RGS2 proteins are known to have a higher affinity for Gαq than for 

Gαi/o in the purified protein system (Heximer et al., 1997; Nance, et al., 2013), RGS2 

proteins can also regulate the signaling of Gαi/o-coupled receptors in vivo (Ingi et al., 

1998). RGS2 proteins have been shown to couple to aluminum fluoride-activated Gαi/o 

proteins (e.g. Gαi2) in neuroblastoma 2a (N2A) cells assessed by immunoprecipitation 

(Luessen, et al., 2016). Importantly, RGS2 negatively modulates D2R-mediated Gαi/o 

signaling in N2A cells, as siRNA knockdown of RGS2 in N2A cells potentiated D2R-

stimulated Gαi/o protein activation and reduced cAMP accumulation compared to control 

cells. These findings provide a strong basis for interrogation into the role RGS2 in 

regulating D2AR activity in vivo, a central goal of this thesis project.  

RGS2 proteins can also inhibit GPCR-mediated G protein signaling in a GTPase-

independent manner by binding to the Gα subunit and antagonizing activation of 

downstream effectors (i.e. “effector antagonism”). RGS2-mediated effector antagonism 

has been demonstrated through the ability of RGS2 proteins to inhibit the activity of Gα 

subunits bound to hydrolysis-resistant GTPγS (Hepler et al., 1997). However, the 

specific mechanisms underlying effector antagonism by RGS2 are still being elucidated. 

One proposed mechanism underlying effector antagonism implicates direct interaction of 

RGS2 with GPCRs. For instance, the N-terminus of RGS2 binds directly to the third 

intracellular loop of the M1 muscarinic cholinergic receptor (M1 mAChR) to form a stable 
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heterotrimeric complex with both activated Gαq and the receptor in CHO-K1 cells 

(Bernstein et al., 2004). Deletion of the N terminus of RGS2 abolishes the effector 

antagonist activity of RGS2 but not its GAP activity toward Gαq following M1 mAChR 

stimulation, suggesting the direct interaction between RGS2 and M1 mAChR is a critical 

determinant of its effector antagonist activity. Future studies are required to determine 

the applicability of this mechanism to RGS2 regulation of other GPCRs.  

 

Non-canonical Functions of RGS2: Receptor Trafficking 

Though RGS proteins are classically associated with modulation of GPCR 

signaling through potentiation of GTPase activity or effector antagonism, recent studies 

suggest that RGS proteins may also fine-tune GPCR signaling by  modulating GPCR 

trafficking. For instance, RGS9 proteins negatively regulate mu opioid receptor and D2R, 

but not delta opioid receptor, internalization in PC12 and HEK293 cells, respectively 

(Celver et al., 2010; Psifogeorgou et al., 2007). Recent evidence indicates that RGS2 

positively regulates D2R internalization, such that siRNA knockdown of RGS2 in N2A 

cells abolishes quinpirole-induced D2SR internalization which is paralleled by persistent 

membrane localization of β-arrestin upon D2SR stimulation (Luessen et al., 2016). 

Although the mechanisms underlying RGS2 regulation of GPCR trafficking are not 

currently understood, one explanation could be that the GTPase activity of RGS2 may 

influence receptor phosphorylation and the ability of the receptor to bind to β-arrestin. 

Additionally, RGS2 may also alter phosphorylation of β-arrestin directly, which is a 

prerequisite for β-arrestin dissociation from the membrane following receptor stimulation 

(Alloway et al., 1999). This is an important question to address in the future because 

D2AR internalization is critical for receptor desensitization. 
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7. RGS2 and Addiction 

A number of RGS subtypes, including RGS2, RGS4 and RGS9-2, have been 

implicated in drug addiction. For instance, administration of AMPH, cocaine or METH 

has been shown to rapidly and robustly upregulate RGS2 mRNA levels in the striatum of 

rats, which persists with continued drug use (Burchett et al., 1998; Burchett et al., 1999). 

Evidence suggests that psychostimulant-induced increases in RGS2 mRNA may be 

linked to increased DA neurotransmission and DA receptor signaling. Notably, human 

and rat RGS2 genes contain cAMP-sensitive elements; therefore, alterations in D1R- or 

D2R-mediated G protein signaling and downstream effects on cAMP accumulation could 

contribute to increased RGS2 mRNA levels. In line with this hypothesis, D1R 

antagonists prevent AMPH-induced upregulation of RGS2 (Taymans et al., 2003). 

Further, activation of Gαi/o-coupled D2Rs leads to decreased RGS2 mRNA levels, 

whereas treatment with D2R antagonist haloperidol stimulate RGS2 mRNA expression 

which is additive to the effects of AMPH (Burchett et al., 1998; Taymans et al., 2003). 

Because RGS2 couples to and inhibits Gαi/o, but not Gαs, signaling, rapid upregulation 

of RGS2 mRNA levels in response to psychostimulant exposure would likely have 

significant consequences on D2R-mediated G protein signaling. Therefore, the ability of 

RGS2 to modulate D2R but not D1R signaling could contribute to altered balance 

between D1R and D2R signaling following chronic psychostimulant exposure. However, 

further studies are require to conclude if RGS2 may be able to indirectly regulate D1R 

signaling through GAP-independent processes such as direct inhibition of AC 

(Sinnarajah et al., 2001). Aside from the effects of psychostimulants, exposure to other 

drugs of abuse has been shown to alter RGS2 mRNA levels. For instance, chronic 

morphine administration reduces RGS2 mRNA levels in VTA DA neurons of mice 

(Labouebe et al., 2007); whereas precipitation of opioid withdrawal increases RGS2 
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mRNA levels in the locus ceruleus of rats (Gold et al., 2003). Additionally, chronic 

administration of γ‐hydroxybutyrate (GHB), which acts at GABAB receptors, reduces 

RGS2 mRNA expression in the VTA of mice (Labouebe et al., 2007). Notably, GHB‐

induced reductions in RGS2 mRNA in the VTA is accompanied by a loss of preference 

for GHB. Thus, rapid control of RGS2 expression by drug of abuse provides a potential 

feedback mechanism to fine-tune neurotransmitter signaling. Recent studies using 

RGS2 knockout mice have implicated RGS2 in acute behavioral effects of drugs of 

abuse. One study showed that RGS2 regulates the anxiolytic-and antidepressant-like 

effects of nicotine in mice (Rorabaugh et al., 2018). However, there is a significant 

knowledge gap of how RGS2 proteins contribute to addiction-related behavior, which we 

have aimed to address in this thesis project.  

8. Summary 

Although D2ARs are critically involved in the etiology of psychostimulant 

addiction and reduced D2AR function is associated with compulsive drug-taking and 

vulnerability to relapse, there is a significant knowledge gap in understanding the cellular 

regulation of D2AR activity by psychostimulants. We previously found that chronic 

AMPH self-administration increases RGS2 mRNA levels and membrane translocation of 

RGS2 proteins in parallel with reduced D2AR activity in VTA DA neurons of rats. Based 

on these data, the overall goal of this dissertation project was to determine if RGS2 

regulates D2AR activity in DA neurons.  
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1. Introduction 

Dysfunctional dopamine D2 receptors (D2Rs) are implicated in numerous neurological 

and psychiatric diseases. Agonists or antagonists of D2Rs have been used for the 

treatment of Parkinson’s disease and schizophrenia [see review in (Beaulieu and 

Gainetdinov, 2011)]. Thus, it is important to understand the regulation of D2R function.   

D2Rs are coupled to inhibitory Gαi/o proteins to produce intracellular signaling (Neve et 

al., 2004). Activation of Gαi/o proteins by D2R agonists promotes the exchange of GDP 

to GTP on the Gα subunit and subsequent dissociation of G proteins into Gα and Gβγ 

subunits, which act on various downstream effectors to produce differential cellular and 

behavioral responses. For example, the inhibitory Gαi/o subunit couples to adenylyl 

cyclase to inhibit cAMP production whereas the Gβγ subunit stimulates the MAPK 

signaling cascade. The extent and duration of D2R signaling is critically controlled by the 

family of regulators of G protein signaling (RGS) proteins that limit G protein activity 

(Masuho et al., 2013). All RGS proteins contain a RGS domain which binds directly to 

the activated Gα subunit to facilitate GTP hydrolysis, thus rapidly terminating G protein 

signaling and receptor responses (Hepler, 1999; Watson et al., 1996). There are more 

than 20 subtypes of RGS proteins that are distributed in a brain region- and neuron-

dependent manner (Gold et al., 1997; Hooks et al., 2008), suggesting that modulation of 

GPCR signaling by RGS proteins may be receptor-type and brain region-specific.   

The majority of D2Rs are localized on postsynaptic non-dopaminergic neurons in the 

striatum and play an important role in motor function [see review in (Beaulieu and 

Gainetdinov, 2011)]. Among the members of the RGS family, RGS4, RGS7 and RGS9 

are enriched in striatum (Mancuso et al., 2010; McGinty et al., 2008) and have been 

shown to directly regulate D2R signaling in heterologous expression systems. For 

example, RGS9 dose-dependently reduces dopamine-stimulated activation of Gαi/o 

35



proteins in HEK293 cells stably expressing D2Rs (Masuho et al., 2013). RGS4 

overexpression reduces the ability of quinpirole (a D2R/D3R agonist) to inhibit forskolin-

stimulated cAMP production in HEK293 cells (Min et al., 2012). Furthermore, there is 

compelling evidence that RGS9 controls striatal postsynaptic D2R activity and 

associated motor function (Kovoor et al., 2005; Rahman et al., 2003). In addition to their 

enriched expression in striatum, D2Rs are also present on the soma and dendrites of 

midbrain dopamine neurons (Sesack et al., 1994). These receptors serve as 

autoreceptors to provide negative feedback inhibition of dopamine transmission in the 

synapse (Bello et al., 2011; Mercuri et al., 1997). Compared to striatal postsynaptic 

D2Rs, the regulation of midbrain D2R signaling by RGS proteins has yet to be 

examined. Given the differential distribution patterns of RGS subtypes in the brain, it is 

likely that the function of midbrain D2Rs (autoreceptors) is regulated by RGS subtypes 

other than RGS9 proteins because RGS9 is not expressed in dopaminergic neurons 

(Mancuso et al., 2010). We and others have shown that RGS2 is highly expressed in the 

cell bodies of midbrain dopaminergic neurons where D2Rs (autoreceptors) are located 

(Calipari et al., 2014; Labouebe et al., 2007). However, the functional interaction 

between RGS2 and D2Rs in neuronal-like cell lines has yet to be investigated. Thus, 

one purpose of the present study was to examine whether RGS2 regulates D2R-

mediated G protein signaling in neuroblastoma 2a (N2A) cells. This study will provide the 

basis for future interrogation of the functional interaction between these two proteins in 

midbrain dopaminergic neurons. 

The rate of D2R internalization contributes to the duration and strength of receptor 

signaling in response to agonist stimulation. D2Rs undergo a complex process of 

internalization, which involves D2R phosphorylation and β-arrestin recruitment to the 

surface receptors. Upon binding to phosphorylated D2Rs, β-arrestin interacts with a set 
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of endocytic proteins, including clathrin and endocytic adaptor protein 2 (AP2), via a 

conserved motif in the C terminus tail to facilitate its dissociation from the membrane 

(Kim et al., 2001; Lan et al., 2009; Laporte et al., 2000; Namkung et al., 2009).  Recent 

evidence indicates that RGS proteins not only act as GTPase-activating proteins, but 

also play an important role in GPCR internalization. For instance, overexpression of 

RGS9 inhibits dopamine-induced D2R internalization in HEK293 cells (Celver et al., 

2010).  Thus, the second purpose of this study was to examine whether RGS2 regulated 

constitutive and agonist-stimulated D2R internalization. Because D2R internalization is 

primarily mediated by β-arrestin (Kim et al., 2001), we examined the effect of RGS2 

knockdown on β-arrestin-mediated D2R internalization. Here we report that RGS2 

negatively modulated D2R-mediated Gαi/o protein signaling. Moreover, RGS2 

knockdown prevents agonist-induced D2R internalization by disrupting β-arrestin 

dissociation from the membrane. The present study provides important new information 

on the functional interactions between RGS2 and D2Rs which may occur in midbrain 

dopaminergic neurons.  

 

2. Materials and Methods 

2.1. Chemicals and antibodies  

Geneticin and Lipofectamine 2000 were purchased from Life Technologies (Carlsbad, 

CA).  [3H] Raclopride and [35S] GTPγS were purchased from Perkin Elmer (Billerica, 

MA).  The Protease and Phosphatase Inhibitor Cocktails and all other chemicals were 

purchased from Sigma-Aldrich (St. Louis, MO), unless stated otherwise.  The protein 

A/G-beads and the HRP-conjugated secondary antibodies were purchased from Santa 
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Cruz Biotechnology, Inc (Santa Cruz, CA).   All fluorescent secondary antibodies were 

purchased from Invitrogen/ThermoFisher (Carlsbad, CA). 

 

2.2. Cell culture and transfection 

Parental N2A cells obtained from the American Type Culture Collection (Manassas, VA) 

were cultured in Opti-MEM media supplemented with 10% fetal growth serum and 1% 

penicillin/streptomycin.  N2A cells stably expressing D2Rs (N2A-D2R) were generated 

by transfecting cells with the short form of human D2R gene (Missouri S&T cDNA 

Resource Center) using lipofectamine 2000 (Invitrogen) and selected by geneticin (400 

μg/ml).  The expression of D2Rs was confirmed by the mRNA level and the saturation 

binding of the D2/D3 antagonist [3H] raclopride (Bmax = 1.64 pmole/mg protein).  For 

transient transfection, parental N2A cells were transfected with FLAG-D2Rs and all 

experiments were performed 48 hrs after transfection. 

 

2.3. Validation of a RGS2 antibody for Western blot and RGS2 protein knockdown via 

siRNA 

In order to detect the endogenous level of RGS2 protein, we verified the specificity of a 

commercially available RGS2 antibody (SAB1406388, Sigma-Aldrich).  N2A-D2R cells 

were transiently transfected with 3xHA RGS2 cDNA (Missouri S&T cDNA Resource 

Center) or empty pcDNA3.1 vector using lipofectamine 2000.  Cells were lysed 48 hours 

after transfection and the protein concentrations were determined using the BCA Protein 

Assay (Thermo Fisher Scientific).  Protein (20 μg) was loaded on 16% Tris-Glycine gels 

for SDS-polyacrylamide gel (SDS-PAGE) electrophoresis then was transferred to 

polyvinylidene difluoride membranes.  RGS2 proteins were probed by either a rabbit 
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anti-HA tag primary antibody (SAB4300603, Sigma-Aldrich) or a mouse anti-RGS2 

antibody (SAB1406388, Sigma-Aldrich) followed by goat anti-rabbit IgG HRP or goat 

anti-mouse IgG HRP. 

 

Using this validated antibody, we measured the efficiency of endogenous RGS2 protein 

knockdown via siRNA.  Briefly, N2A-D2R cells were transiently transfected with a mouse 

RGS2 siRNA (Mm01_00052882) or a corresponding scrambled siRNA obtained from 

Sigma-Aldrich. Cells were lysed in solubilization buffer containing 50 mM Tris-HCl (pH 

7.4), 150 mM NaCl and 1% Triton X-100.  Western blot was performed to determine 

RGS2 levels using mouse anti-RGS2 antibody (SAB1406388, Sigma-Aldrich).  After 

incubation with goat anti-mouse secondary, immunoreactive bands were revealed by 

enhanced chemiluminescent substrate onto X-ray films.  Densitometric analysis was 

conducted using ImageJ (NIH). RGS2 immunoreactive bands were normalized to β-actin 

(Santa Cruz Biotechnology) and expressed as relative to the control.  

 

2.4. Immunoprecipitation of the RGS2-Gαi2 complex 

It has been shown that treatment with aluminum fluoride (AlF4- ) can induce the active 

state conformation of Gα proteins. AlF4- binds to the γ phosphate binding site of the Gα 

subunit and interacts with GDP, thus mimicking the γ phosphate of GTP and causing the 

Gα protein to replicate its activated state (Traver et al., 2000; Vincent et al., 1998). We 

performed immunoprecipitation to examine whether RGS2 coupled to activated Gαi/o 

proteins in the presence of aluminum fluoride as described previously (Dulin et al., 1999; 

Tesmer et al., 1997). Briefly, N2A-D2R cells were lysed in lysis buffer (20mM HEPES, 

150 mM NaCl, 1% Triton-X, 2mM MgCl2, 1x protease and phosphatase inhibitors) in the 
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presence or absence of AlF4− (NaF 10 mM and AlCl3 100 µM) followed by 

immunoprecipitation with rabbit anti-Gαi2 antibody (Santa Cruz Biotechnology). 

Immunoprecipitates were then pulled down by protein A/G beads (Santa Cruz 

Biotechnology) and immunoblotted for mouse anti-Gαi2 and mouse anti-RGS2 

(SAB1406388, Sigma-Aldrich).  

 

2.5. Scintillation proximity assay for quinpirole-induced membrane [35S] GTPγS binding  

[35S] GTPγS binding to activated Gαi/o proteins was performed on membranes prepared 

from the control and RGS2 knockdown cells using the procedure previously described 

(Blume et al., 2015). Briefly, cells were homogenized in cold hypotonic buffer  (20 mM 

HEPES, pH 7.4, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM 

dithiothreitol and the Protease Inhibitor Cocktail) followed by centrifugation at 1,000 x g 

for 10 min at 4°C. Supernatants were collected and centrifuged at 40,000 x g for 1 hour 

at 4°C. The resulting pellet was resuspended in TME buffer (20 mM Tris, 5 mM MgCl2, 1 

mM Tris-EDTA, 1 mM DTT, pH 7.4). For [35S] GTPγS binding, membrane (5 µg) was 

added to the assay buffer (20 mM NaHepes, pH 7.4, 100 mM NaCl, 5 mM MgCl2, and 1 

mM dithiothreitol) containing 0.1 nM [35S] GTPγS, 10 μM GDP and quinpirole (1 nM-100 

μM) for 1 hr at 30°C.  The radioactivity was detected on a Top-Count scintillation counter 

(PerkinElmer). Non-specific binding was determined in the presence of 10 μM GTPγS 

and the basal level was in the absence of quinpirole. Specific GTPγS binding was 

determined by subtracting non-specific activity from the total binding.  Data were 

presented as fold over the baseline. Sigmoidal quinpirole dose-response curves were 

generated using three-parameter non-linear regression analysis.  The values for EC50 

and maximal responses (Emax) were extrapolated from the curves.   
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2.6. cAMP accumulation assay 

cAMP accumulation assay was performed using the LANCE Ultra cAMP competitive 

immunoassay kit (PerkinElmer, Waltham, MA). Briefly, N2A-D2R cells suspended in 

HBSS buffer (5 mM Hepes, 0.5mM IBMX and 0.1% BSA) were seeded onto 384-well 

white, opaque OptiPlates (Perkin Elmer). Forskolin (10 μM) and quinpirole (0.1 nM-1 

μM) were added to the wells and incubated at room temperature for 30 mins. Next, Eu-

cAMP tracer and ULight-anti-cAMP were added to the mixture which was then incubated 

for 1 hr at room temperature. Plates were read for TR-FRET signal using the Victor3 

plate reader (Perkin Elmer) with 340 nm wavelength excitation and 665 nm wavelength 

emission.  The cAMP standard curve was fitted as a sigmoidal 4PL (X, log(agonist)) 

equation in Prism (GraphPad Software) with the corresponding equation: Y = bottom + 

(top − bottom)/(1 + 10^[(LogEC50 − X) * Hill slope]). The true cAMP concentration in 

each sample was extrapolated from the cAMP standard curve with X representing log 

[cAMP] and Y representing TR-FRET signal emitted at 665 nm. Data were presented as 

percent of the maximal cAMP accumulation produced by stimulation with forskolin.  The 

values of IC50 were determined. 

 

2.7. ERK phosphorylation 

Cells were starved for 2 hrs before treatment with vehicle or quinpirole (1 μM) for 5, 10 

and 15 mins followed by solubilization in the buffer containing the Protease and 

Phosphatase Inhibitor Cocktail. Western blotting was performed to assess the level of 

phosphorylated ERK (pERK) by rabbit anti-pERK antibody (#9101, Cell Signaling) 

followed by secondary goat anti-rabbit IgG-HRP. Membranes were then stripped and 
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total ERK (tERK) was probed with mouse anti-ERK (#4696, Cell Signaling) followed by 

secondary goat anti-mouse IgG-HRP. The level of pERK was normalized to total ERK 

and represented as relative to its own vehicle treatment. 

 

2.8. Confocal microscopy on constitutive and stimulated-D2R internalization 

Surface and intracellular D2Rs were labeled with different fluorophores. The specificity 

of primary D2R antibodies was validated in parental N2A cells that do not express 

endogenous D2Rs. Fluorescent images were acquired with a Zeiss LSM 710 laser 

scanning confocal microscope. Confocal image planes were acquired with a 63X/NA 1.4 

PlanNeoFluor oil-immersion objective. Alexa 405, 488 and 594 were excited at 405 nm, 

408 nm and 594 nm with a diode, Argon and HeNe laser, respectively. Alexa 633 and 

647 signals were also excited at 633 nm with a HeNe laser. Fluorescent channels were 

acquired sequentially to prevent cross-excitation of laser signal and minimize bleed-

through. All images were acquired with identical settings for excitation intensity, detector 

sensitivity and pinhole to allow intensity comparison between samples. Images for 

analysis were obtained by taking a Z-axis stack of image planes (1024 X1024 pixels) 

with 0.2 µm steps encompassing the entire cell structure and combining image planes 

into a maximum intensity projection stack. Fluorescent intensity was quantitated for each 

channel using ImageJ software (NIH). All images were adjusted with Gaussian blur for 

presentation purposes only. Alexa 405 emission was pseudo colored as green upon 

acquisition for optimal presentation appearance.  At least three independent experiments 

were performed and 15-50 cells were analyzed for each group from every experiment.    

 

42



Constitutive D2R internalization was examined using a modified antibody feeding 

technique as described previously (Bartlett et al., 2005; Xiao et al., 2009).  Cells were 

blocked with 6% normal horse serum in phosphate-buffered saline (PBS) for 30 min at 

4°C and surface D2Rs were labeled with mouse anti-D2R (sc-5303, Santa Cruz) for 45 

min at 4°C.  Cells were then warmed up to 37°C for 5, 15, 30, 60 or 90 min to allow for 

constitutive internalization of surface D2Rs.  Cells were also pretreated with the D2R 

antagonist raclopride (1 μM) for 30 min to examine whether constitutive D2R 

internalization could be blocked by raclopride. Internalization was terminated by 

replacing the media with cold PBS.  The remaining primary antibody-bound surface 

D2Rs were incubated with rabbit anti-mouse Alexa 647 for quantitation of surface D2Rs 

that were not internalized.  Cells were fixed with 4% formaldehyde for 15 min and 

permeabilized with 0.1% Triton-X for 10 min. Internalized surface D2Rs bound with the 

primary D2R antibody were labeled with secondary antibody goat anti-mouse Alexa 405 

for quantitation of internalized D2Rs.  Constitutive D2R internalization was determined 

as the percent of D2R internalization by calculating the percent of fluorescent intensity of 

Alexa 647 (internalized) out of the total (Alexa 647 + Alexa 405) (total surface D2Rs 

before internalization).  Data were presented as relative to the level of D2R 

internalization in control cells after vehicle treatment.  

 

To examine the effect of RGS2 knockdown on quinpirole-stimulated D2R internalization, 

cells were treated with quinpirole (1 μM) for 5, 15, 30 or 60 min. The amount of 

internalized D2Rs was assessed using the same method as described for constitutive 

internalization. To evaluate if D2R internalization was dependent upon G protein 

activation, clathrin, or ERK activation, cells were incubated with or without pertussis toxin 

(PTX, 100 nM, overnight), a clathrin inhibitor (Concanavalin A, 250 μg/mL, 1 hr) or an 
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ERK inhibitor (PD0325901, 10 μM, 15 min) at 37°C prior to the treatment with either 

vehicle or quinpirole (1 μM, 30 min). Immunocytochemistry was performed to label the 

surface and the intracellular D2Rs as described for the constitutive D2R internalization. 

Data were presented as relative to the level of D2R internalization in control cells after 

vehicle treatment. 

 

2.9. β-arrestin translocation and fate 

2.9.1. Co-localization of β-arrestin and surface D2Rs.  

 N2A-D2R cells were treated with vehicle or quinpirole (1 μM, 5 or 30 min). Then 

surface D2Rs were labeled with a mouse anti-D2R antibody (sc-5303, Santa Cruz) at 

4°C followed by goat anti-mouse Alexa Fluor 594. Cells were fixed with 4% 

formaldehyde and permeabilized with 0.1% Triton-X. Cytoplasmic β-arrestin was 

subsequently labeled with rabbit anti-β-arrestin (ab2914, Abcam) followed by goat anti-

rabbit Alexa Fluor 405 antibodies. Colocalization between β-arrestin and surface D2Rs 

was quantified using Coloc2 software (FIJI) as previously described (Cleghorn et al., 

2015) and Pearson R correlation coefficients were generated for individual cells. 

Pearson R values were averaged across cells for each group and data were presented 

relative to the level of colocalization between β-arrestin and surface D2Rs in control cells 

with vehicle treatment.  

 

2.9.2. The post-endocytic fate of β-arrestin.  

 Briefly, N2A-D2R cells were stimulated with vehicle or quinpirole (1μM, 5 or 30 

min) followed by fixation, permeabilization and blocking with 6% horse serum in PBS. 
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Cytoplasmic β-arrestin and Rab5 (a marker for the early endosome), transferrin 

receptors (a marker for the recycling endosome) or LAMP1 (a marker for the late 

endosome) were probed with the following primary antibodies:  rabbit anti-β-arrestin 

(ab2914, Abcam), mouse anti-Rab5 (sc-46692, Santa Cruz), goat anti-Transferrin 

(ab166929, Abcam), and mouse anti-LAMP1 (sc-17768, Santa Cruz).  Then cells were 

incubated with rabbit anti-mouse Alexa 405, mouse anti-rabbit Alexa 555 and donkey 

anti-goat Alexa 633, respectively. Colocalization of β-arrestin with Rab5, transferrin 

receptors or LAMP1 was calculated using Coloc2 software (FIJI). Data are presented 

relative to the level of colocalization between β-arrestin and each endocytic marker in 

control cells with vehicle treatment.  

   

2.10. Statistical Analysis 

Graph Pad Prism 5 (La Jolla, CA, USA) was used for statistical analysis.  All data are 

presented as mean ± SEM.  A two-tailed unpaired Student’s t-test analysis was 

performed for comparisons between two groups.   A two-way analysis of variance 

(ANOVA) was used followed by Bonferroni post hoc analysis for multiple comparisons.   

A value of p≤0.05 was considered statistically significant.   

 

3. Results 

3.1. Validation of a RGS2 antibody and verification of RGS2 knockdown efficiency by 

Western blotting  

We verified the specificity of a commercially available RGS2 antibody.  Shown in Fig.1, 

3xHA-RGS2 proteins were detected by both a HA antibody and a RGS2 antibody in N2A 
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cells transfected with 3xHA-RGS2 cDNA.  The notable weak expression of the 

exogenous RGS2 proteins was likely due to the high level of endogenous RGS2 

proteins.  Using this validated antibody, we examined the knockdown efficiency of RGS2 

proteins by RGS2 siRNA.  There was a 60.9±1.2% (p<0.01) reduction in the level of 

endogenous RGS2 proteins in knockdown cells when compared to the control cells 

transfected with a corresponding scrambled siRNA (Fig. 2). 

 

3.2. Aluminum fluoride promoted the association of RGS2 with Gαi2 

 RGS proteins are known to interact with the high-affinity, activated state of Gα 

proteins. To test the interaction between RGS2 and activated Gαi/o proteins, cells were 

treated with or without aluminum fluoride, which can interact with GDP while bound to 

Gα and mimic the γ-phosphate of GTP.  Our previous study shows that midbrain D2Rs 

are primarily coupled to the Gαi2 subtype for receptor activation and signaling (Calipari 

et al., 2014). Thus, we investigated if RGS2 specifically interacted with the activated 

form of Gαi2 by performing immunoprecipitation. In the absence of AlF4-, there was no 

detectable amount of RGS2 that was immunoprecipitated by Gαi2. In contrast, the 

presence of AlF4- (AlCl3 and NaF) caused a significant coupling between RGS2 and 

Gαi2 (Fig. 3A), suggesting that RGS2 interacts with activated Gαi2 in N2A cells.  

 

3.3. RGS2 negatively modulated D2R-mediated G protein signaling 

To determine whether RGS2 regulates D2R-mediated G protein signaling, we first 

examined D2R-stimulated Gαi/o protein activation using [35S] GTPγS binding on 

membranes prepared from the control and RGS2 knockdown cells.   There was no 

difference in the basal binding between the two groups (control: 79.3±3.4 fmole/mg 
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protein; knockdown: 85.7±4.2 fmole/mg protein).  Moreover, quinpirole stimulated a 

dose-dependent increase in [35S] GTPγS binding in both control and RGS2 knockdown 

cells and was blocked by a D2R antagonist raclopride (1 μM).  However, the Emax value 

was significantly greater in RGS2 knockdown cells (5.54±0.33) than in control cells 

(3.47±0.31) (Fig. 3B; N=3, p<0.05).  There was no significant group difference in the 

values of EC50 (57.05±22.80 nM and 41.21±20.48 nM for control and knockdown cells, 

respectively).   

 

To determine the effect of RGS2 knockdown on downstream Gα-mediated signaling, we 

measured the ability of D2Rs to inhibit forskolin-stimulated cAMP accumulation.  There 

was no difference in forskolin-stimulated cAMP accumulation between control 

(4.90±0.89 nM) and RGS2 knockdown cells (5.01±0.77 nM).  However, the inhibition of 

cAMP accumulation by quinpirole was greater in RGS2 knockdown cells 

(IC50=0.89±0.02 nM) than in the controls (IC50=2.37±0.42 nM) (Fig 4A, N=5, p<0.05). 

 

Finally, we examined the effect of RGS2 knockdown on quinpirole-stimulated ERK 

phosphorylation.   There was no significant difference in the basal level of 

phosphorylated ERK between groups.  However, a two-way ANOVA revealed significant 

main effects of group, F(1,24) = 16.22, p<0.01; time, F(3,24) = 42.29, p<0.01; and 

interaction, F(3,24) = 4.50, p<0.05.  The overall phosphorylated ERK level was greater in 

RGS2 knockdown cells than in the control cells.  Bonferroni post hoc analysis revealed a 

significantly higher level of phosphorylated ERK after 5 min of quinpirole stimulation in 

RGS2 knockdown cells compared to control cells (Figs. 4B-C, N=4, p<0.01). 
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3.4. RGS2 knockdown slightly increased constitutive D2R internalization but markedly 

attenuated quinpirole-stimulated D2R internalization  

Constitutive D2R internalization was examined using a modified antibody feeding 

technique to directly label internalized D2Rs as illustrated in Fig. 5A. Data were 

expressed as a ratio of internalized D2Rs vs. the total surface D2Rs labeled prior to 

internalization. A two-way ANOVA indicated significant main effects of groups, F(1,530) 

= 13.13, p<0.01, and time, F(5,530) = 21.07, p<0.01. Constitutive internalization 

occurred in a time-dependent manner in both control and RGS2 knockdown cells (Figs. 

5B-5C; n=55-70 cells/group). RGS2 knockdown produced a modest but significant 

overall increase in constitutive D2R internalization when compared to the scrambled 

siRNA treated control cells (Fig. 5C). Further, D2R internalization was not altered by 

treatment with raclopride, suggesting that constitutive D2R internalization is ligand-

independent (Fig. 5C). 

 

Quinpirole-stimulated D2R internalization was measured by the procedure illustrated in 

Fig. 6A. A two-way ANOVA revealed that there was a significant main effect of group, 

F(1,499)=47.86, p<0.01, time, F(4,499) = 15.12, and interaction, F(4,499) = 5.119, 

p<0.01. RGS2 knockdown abolished quinpirole-stimulated D2R internalization. 

Bonferroni post hoc analysis revealed that quinpirole induced a time-dependent increase 

in D2R internalization in both control and RGS2 knockdown cells (Figs. 6B-C). For 

control cells, D2R internalization reached a steady state 30 min after quinpirole 

treatment when 61.7± 1.8% of the surface D2Rs internalized. In contrast, only 

16.34±1.6% of the surface D2Rs were internalized in RGS2 knockdown cells at this 

same time point. Notably, overnight pertussis toxin treatment (PTX, 100 nM) abolished 
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quinpirole-stimulated D2R internalization in control cells (Fig. 6D), suggesting that D2R 

internalization in N2A cells is dependent upon agonist-induced G protein activation.  

 

3.5. D2R internalization is clathrin- but not ERK-dependent 

D2R internalization has been shown to be clathrin-dependent in non-neuronal cell lines 

(e.g. HEK293 and COS-7) (Kabbani et al., 2004; Kim et al., 2001). To confirm that D2R 

internalization involves clathrin in N2A cells, we treated cells with the clathrin inhibitor, 

concanavalin A (ConA, 250 μg/mL, 1 hr) before quinpirole treatment (1 μM, 30 min). 

ConA blocked quinpirole-stimulated D2R internalization in control cells and had no effect 

in RGS2 knockdown cells (Fig. 6E). Moreover, pre-treatment with the dynamin inhibitor, 

dynasore, also blocked quinpirole-stimulated D2R internalization in control cells and did 

not alter quinpirole-stimulated D2R internalization in RGS2 knockdown cells (see S1 in 

Supplemental Materials), thus confirming that D2R internalization is also dynamin-

dependent. Furthermore, we assessed whether D2R internalization was dependent on 

ERK signaling. Pretreatment with an ERK inhibitor PD0325901 (10 μM, 15 min) had no 

effect on quinpirole-stimulated D2R internalization in both control and RGS2 knockdown 

cells (Fig. 6F), suggesting that the effect of RGS2 knockdown on D2R internalization is 

not mediated by downstream intracellular ERK signaling.    

 

3.6. RGS2 knockdown disrupted β-arrestin dissociation from the membrane 

Because D2R internalization is both clathrin- and β-arrestin-dependent, we further 

investigated whether disruption of D2R internalization by RGS2 knockdown was due to 

impaired translocation of β-arrestin. We examined quinpirole-stimulated β-arrestin 

translocation by quantitating the colocalization between β-arrestin and surface D2Rs. 
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There was no difference in the colocalization between β-arrestin and surface D2Rs at 

the basal state in control and RGS2 knockdown cells (Figs. 7A-B). However, a two-way 

ANOVA revealed a significant interaction, F(2,326)=11.04, p<0.01 and significant main 

effects of group, F(1,326)=16.05, p<0.01, and treatment time, F(2,326)=56.26,p<0.01. 

Short-term (5 min) quinpirole treatment increased colocalization by 25.2±2.1% and 

27.8±3.1% in control and RGS2 knockdown cells, respectively. Prolonged quinpirole 

treatment (30 min) caused a significant reduction (21.5±1.9%) in the colocalization in 

control cells whereas there was no change in RGS2 knockdown cells (Figs. 7A-B). We 

further performed segmentation quantification of β-arrestin translocation (see Fig. S2 in 

Supplemental Materials) and confirmed the observation that β-arrestin did not dissociate 

from the membrane after 30 min of quinpirole treatment in RGS2 knockdown cells.  

 

3.7. RGS2 knockdown inhibited translocation of β-arrestin to early and recycling 

endosomes  

 Immunocytochemistry was used to evaluate the post-endocytic fate of β-arrestin 

by determining the colocalization between β-arrestin and endosomal markers. 

Quinpirole-induced translocation of β-arrestin into early endosomes was examined by 

confocal microscopy analysis of β-arrestin and Rab5 colocalization. A two-way ANOVA 

showed a significant interaction, F(2,204)=5.220, p<0.01, and significant effects of 

group, F(1, 204)=12.03, p<0.01 and treatment time, F(2,204)=11.94, p<0.01. Bonferroni 

post hoc analysis revealed that β-arrestin and Rab5 colocalization increased in a time-

dependent manner following quinpirole stimulation in control cells (Figs. 7C-D, n=45-60 

cells/group, p<0.01) and no significant change was observed in RGS2 knockdown cells. 
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Next, the localization of β-arrestin in the recycling endosome was examined by the 

colocalization between β-arrestin and transferrin. A two-way ANOVA revealed a 

significant interaction, F(2,306)=6.921, p<0.01, and significant effects of group, F(1, 

306)=7.857, p<0.01 and treatment time, F(2,306)=7.272, p<0.01. Bonferroni post hoc 

analysis revealed that colocalization between β-arrestin and transferrin increased in a 

time-dependent manner after stimulation with quinpirole in control cells (Figs. 7E-F, 

n=45-60 cells/group, p<0.01) and there was no significant change in RGS2 knockdown 

cells. Moreover, quinpirole stimulation had no effect on β-arrestin and LAMP1 

colocalization in either control or RGS2 knockdown cells (see Fig. S3 in Supplemental 

Materials). Our observation of persistent association of β-arrestin and D2Rs was further 

confirmed by immunoprecipitation of FLAG-D2Rs and β-arrestin (see Fig. 4 in 

Supplemental Materials). Quinpirole (1μM, 30 min) caused an enhanced coupling 

between these two proteins in RGS2 knockdown cells compared to the vehicle 

treatment. However, the same treatment with quinpirole in the control cells did not 

induce any change in the coupling between D2R and arrestin.   

 

4. Discussion 

In the current study, we show for the first time that RGS2 negatively modulates D2R-

mediated Gαi/o protein signaling in neuroblastoma N2A cells. Moreover, RGS2 critically 

regulates agonist-stimulated D2R internalization.  RGS2 knockdown abolished 

quinpirole-stimulated D2R internalization and impaired β-arrestin dissociation from the 

membrane. These data suggest that RGS2 plays an integral role in modulation of both 

D2R activity and trafficking. 
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A significant finding of the present study is that RGS2 is a negative modulator of D2R-

mediated Gαi/o signaling.  It has been shown that D2R signaling can be mediated by 

several RGS proteins including RGS4, RGS7 and RGS9 (Druey and Kehrl, 1997; 

Masuho et al., 2013). The present study adds another member of the RGS family to the 

D2R signaling network. Here, we show that RGS2 interacts with activated Gαi2 proteins. 

RGS2 knockdown robustly enhanced quinpirole-stimulated Gαi/o protein activation, 

attenuated cAMP accumulation and increased ERK phosphorylation.   Our observation 

contrasts with a previous report that RGS2 overexpression had no influence on D2R-

mediated Gαi/o signaling in HEK293 cells (Min et al., 2012). This discrepancy is likely 

attributed to differences in cell lines (HEK293 vs. neuroblastoma N2A cells) and 

technical approaches (overexpression vs. knockdown) used in these experiments. A 

potential ceiling effect may contribute to no change in D2R signaling by RGS2 

overexpression in HEK293 cells. It is worth noting that RGS2 was initially shown to be a 

selective and potent negative regulator of Gαq signaling using purified Gα subunits and 

RGS proteins in a single-turnover GTPase assay (Heximer et al., 1997). However, 

recent evidence indicates that RGS2 can also regulate Gαi/o signaling in certain types of 

cultured cells and animal tissues. For example, RGS2 was identified as a primary 

terminator of β2-adrenergic receptor-mediated Gαi signaling (Chakir et al., 2011). Our 

study provides additional evidence of a non-Gαq linked receptor system that is regulated 

by RGS2 proteins in neuroblastoma N2A cells.  

 

  The second finding of the present study is that RGS2 regulates constitutive and 

stimulated D2R internalization. Emerging evidence indicates that RGS proteins, in 

addition to their GTPase acceleration activity, can regulate GPCR trafficking. For 

example, RGS4 overexpression in HEK293 cells attenuated agonist-induced 
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internalization of δ-opioid receptors (Leontiadis et al., 2009; Papakonstantinou et al., 

2015). RGS14 knockdown prevented agonist-induced reduction in surface µ-opioid 

receptors in mouse brain tissue (Rodriguez-Munoz et al., 2007). Moreover, RGS9 

overexpression in HEK293 cells blocked dopamine-induced reduction of surface D2Rs 

(Celver et al., 2010). These data suggest that RGS proteins may potentially act as a 

scaffold to regulate GPCR translocation between specific subcellular compartments. Our 

study also revealed a trafficking role of RGS2 in modulation of constitutive and 

quinpirole-stimulated D2R internalization in N2A cells. In control N2A cells, D2Rs 

undergo constitutive internalization with a maximal 30% of surface D2Rs internalized.  

Our observation is consistent with previous studies showing approximately 25% of 

surface D2Rs constitutively internalize after 30 minutes in HEK293 cells (Vickery and 

Von Zastrow, 1999; Kabbani et al., 2004). Blockade of D2Rs did not prevent constitutive 

D2R internalization, suggesting that constitutive D2R internalization does not depend on 

the intracellular signaling events. This observation is in agreement with the observation 

in HEK293 cells (Vickery and von Zastrow, 1999). RGS2 knockdown slightly increased 

constitutive D2R internalization but markedly reduced agonist-stimulated D2R 

internalization in N2A cells. Our finding is contradictory to a recent report showing that 

RGS2 overexpression in HEK293 cells had no effect on agonist-induced reduction of 

surface D2R levels (Min et al., 2012). A major difference in experimental approaches 

(knockdown vs. overexpression) may contribute to the disparate outcomes. When 

endogenous RGS2 proteins are abundantly expressed, overexpression may not be 

effective due to a potential ceiling effect.  As a matter of fact, overexpression of RGS2 

proteins in N2A cells did not alter D2R internalization in our hands, which is likely due to 

the high level of endogenous RGS2 expressed in N2A cells.    
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Lastly, our study suggests that RGS2 is critically involved in β-arrestin-mediated D2R 

internalization.  It is well established that agonist-induced D2R internalization is primarily 

mediated by β-arrestin. Upon G protein activation, D2Rs are phosphorylated by G 

protein-coupled receptor kinases, which are recruited by the released Gβγ subunit, 

allowing for binding of  β-arrestin to the receptor and subsequent internalization of the 

receptors into clathrin-coated vesicles (Beaulieu and Gainetdinov, 2011). Our data show 

that PTX pretreatment inhibits quinpirole-induced internalization, suggesting that D2R 

internalization in N2A cells is controlled by the canonical processes involving the G 

protein activation. This observation agrees with the report that disruption of D2R 

coupling to Gαi/o proteins by treatment with PTX completely abolishes agonist-induced 

D2R internalization in HEK293 cells (Celver et al., 2010). Moreover, D2R internalization 

requires recruitment of β-arrestin to the receptor, subsequent binding to endocytic 

proteins, such as clathrin and AP2, followed by dissociation from the membrane for 

internalization (Kim et al., 2001). In control N2A cells, we observed β-arrestin recruitment 

to and subsequent dissociation from the membrane following treatment with D2R agonist 

that is in agreement with the literature (Cho et al., 2010). However, it appears that RGS2 

knockdown does not compromise β-arrestin recruitment to the membrane but prevents 

its dissociation from the membrane after prolonged D2R stimulation. The persistent 

association of β-arrestin with surface D2Rs in RGS2 knockdown cells assessed by 

confocal microscopy was further confirmed by no change in the association between β-

arrestin and each marker for the early endosome (Rab5), the recycling endosomal 

(transferrin) or the lysosomes (LAMP1) across a time course of quinpirole treatment. In 

contrast, β-arrestin translocated to the early endosome and recycling endosome in a 

time-dependent manner in control N2A cells, which are in agreement with the reports 

that β-arrestin traffics from the membrane to the early endosome and recycling 

endosome after prolonged stimulation of various types of GPCRs (Tulipano et al., 2004; 
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Wagener et al., 2009). Lastly, our immunoprecipitation data provide additional evidence 

that β-arrestin and D2Rs are persistently associated in RGS2 knockdown cells after 

prolonged quinpirole stimulation although we are aware that one caveat of this approach 

is that it measures the association between β-arrestin and total D2Rs, not the surface 

D2Rs.  

 

Collectively, our data suggest that RGS2 is critical in regulation of agonist-induced β-

arrestin translocation. RGS2 knockdown impaired β-arrestin dissociation from the 

membrane after prolonged stimulation, which may explain the abolishment of agonist-

stimulated D2R internalization in the current study. One potential explanation for these 

observations is that RGS2 knockdown may attenuate D2R phosphorylation which could 

lead to a weak association between D2Rs and β-arrestin and subsequent disruption of 

D2R internalization. It has been shown that D2R phosphorylation is critical in β-arrestin 

recruitment and binding to the receptors (Cho et al., 2010).  Alternatively, RGS2 may 

directly interact with D2Rs and/or β-arrestin to regulate β-arrestin-mediated D2R 

internalization. It has been reported that RGS2 physically binds to α1-adrenergic and M1 

muscarinic receptors (Bernstein et al., 2004; Hague et al., 2005).  Additionally, β-arrestin 

was shown to bind directly to the DEP domain of RGS9 (Zheng et al., 2011), which is 

required for RGS9-mediated D2R internalization in HEK293 cells (Celver et al., 2010). 

Therefore, future studies are necessary to examine whether RGS2 directly interacts with 

β-arrestin and/or D2Rs to regulate D2R trafficking. Because RGS2 and dopamine D2 

receptors (autoreceptors) are co-expressed in the midbrain dopaminergic neurons 

(Calipari et al., 2014; Han et al., 2006), this study suggests a potential regulation of D2 

autoreceptors by RGS2 proteins in the brain.  
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Figure 1. 

Figure 1. Verification of a commercially available RGS2 antibody. N2A-D2R cells 

were transfected with RGS2 siRNA or corresponding scrambled siRNA. RGS2 protein 

levels were measured 48 hrs after transfection by Western blotting. (A) Representative 

Western blot for endogenous RGS2 protein level in control and RGS2 knockdown 

(RGS2KD) cells probed by mouse anti-RGS2 antibody (SAB1406388, Sigma-Aldrich). 

(B) Quantification of RGS2 protein levels. RGS2 siRNA knockdown significantly reduced

the endogenous RGS2 protein level when compared to scrambled siRNA treated control 

cells (**P<0.01 vs. control, N=3). 
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Figure 2. 

Figure 2. Verification of RGS2 protein knockdown via siRNA. N2A-D2R cells were 

transfected with RGS2 siRNA or corresponding scrambled siRNA. RGS2 protein levels 

were measured 48 hrs after transfection by Western blotting. (A) Representative 

Western blot for endogenous RGS2 protein level in control and RGS2 knockdown 

(RGS2KD) cells probed by mouse anti-RGS2 antibody (SAB1406388, Sigma-Aldrich). 

(B) Quantification of RGS2 protein levels. RGS2 siRNA knockdown significantly reduced

the endogenous RGS2 protein level when compared to scrambled siRNA treated control 

cells (**P<0.01 vs. control, N=3). 
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Figure 3. 

Figure 3. RGS2 interacts with activated Gαi proteins and modulates Gαi/o 

signaling. (A) Immunoprecipitation of activated Gαi2 and RGS2. Cells were lysed in 

Triton X-containing buffer (see Materials and Methods) in the presence or absence of 

AlF4− (NaF 10mM and AlCl3 100 μM) for 1 hr. Cell lysates were immunoprecipitated 

overnight with rabbit anti-Gαi2 antibody. Immunoprecipitates or whole cell lysates were 

immunoblotted with mouse anti-RGS2 and rabbit anti-Gαi2 antibodies. (B) RGS2 

knockdown increases quinpirole-stimulated [35S] GTPγS binding. Cell membranes (5 μg) 

were incubated with [35S] GTPγS (0.1 nM), GDP (10 μM) and quinpirole (1 nM – 10 μM) 

for 1 hr at 30°C. Non-specific binding was determined in the presence of cold GTPγS (10 

μM). Quinpirole stimulated a dose-dependent increase in [35S] GTPγS binding in both 

control and RGS2 knockdown (RGS2KD) cells. However, the Emax value was 

significantly greater in RGS2 knockdown cells (**P<0.01, N=3). There was no significant 

difference in the basal binding or the EC50 values between the two groups. 

Figure 4. 
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Figure 4. RGS2 knockdown increases quinpirole-stimulated cAMP accumulation 

and ERK phosphorylation. (A) Measurement of cAMP accumulation. Cells were 

harvested and cAMP accumulation was measured using the LANCE Ultra cAMP 

immunoassay kit as described in Materials and Methods. Control and RGS2 knockdown 

cells were stimulated with forskolin (10 μM) and increasing doses of quinpirole (0.1 nM-

10 μM) for 30 mins. The inhibition of cAMP accumulation by quinpirole was significantly 

greater in RGS2 knockdown cells (IC50=0.89±0.02 nM) compared to control cells 

(IC50=2.37±0.42 nM) (**P< 0.01, N=5). Data were presented as percent response of 

forskolin treatment. (B) Representative blots of phosphorylated ERK (pERK) and total 

ERK (tERK) for control and RGS2 knockdown (RGS2KD) cells. (C) Quantification of 

pERK and tERK levels. Quinpirole stimulated ERK phosphorylation in a time-dependent 

manner for both control and knockdown cells. However, the pERK level was significantly 

greater after 5 min of quinpirole stimulation in RGS2 knockdown cells compared to 

control cells (**P< 0.01, a two-way ANOVA with Bonferroni post hoc test, N=4). 
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Figure 5. 

Figure 5. RGS2 knockdown slightly enhances constitutive D2R internalization. (A) 

A schematic diagram of surface and intracellular D2R labeling for measurement of 

constitutive D2R internalization. Surface D2Rs were saturated with mouse anti-D2R. 

Then cells were warmed to 37°C to allow constitutive internalization for the indicated 

time points. At the end of each time point, remaining primary antibody-bound surface 

D2Rs that did not internalize were labeled with goat anti-mouse Alexa 647 (red). D2Rs 

that were internalized were identified by labeling with goat anti-mouse Alexa 405 (blue, 

pseudo-colored to green). (B) Representative confocal images of surface and 

internalized D2Rs in control and RGS2 knockdown (RGS2KD) cells. Scale bar, 10 μm. 

(C) Quantification of constitutive D2R internalization. Internalized D2Rs were

represented as percent of total D2Rs. Constitutive internalization occurred in a time-
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dependent manner in both control and RGS2 knockdown cells (P<0.01, a two-way 

ANOVA, n=55-70 cells/group). RGS2 knockdown produced a small but significant overall 

increase in constitutive D2R internalization when compared to control cells. Pre-

treatment with raclopride (1μM, 30 min) did not inhibit constitutive D2R internalization. 

Experiments were replicated three times. Data are expressed as relative to the vehicle 

treatment in the control cells. 
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Figure 6. 

Figure 6. RGS2 knockdown abolishes quinpirole-stimulated D2R internalization. 

(A) A schematic diagram of surface and intracellular D2R labeling for measurement of

quinpirole stimulated D2R internalization. Quinpirole-stimulated D2R internalization was 

measured by immunocytochemistry as described for constitutive D2R internalization and 

stimulated with quinpirole (1 μM) at 37°C for the indicated time points. Remaining 

primary antibody-bound surface D2Rs that did not internalize after quinpirole treatment 

were labeled with goat anti-mouse Alexa 647 (red) and internalized D2Rs were identified 

by labeling with goat anti-mouse Alexa 405 (blue, pseudo-colored to green). (B) 
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Representative confocal images of surface and internalized D2Rs in control and RGS2 

knockdown (RGS2KD) cells at various time points. Scale bar, 10 μm. (C) Quinpirole 

induced a time-dependent increase in D2R internalization in both control and RGS2 

knockdown cells (P<0.01, a two-way ANOVA, n=55-70 cells/group); however, D2R 

internalization in RGS2 knockdown cells was significantly inhibited at all the indicated 

time points (**P<0.01 vs. control, a two-way ANOVA with Bonferroni post hoc test). 

Moreover, D2R internalization induced by quinpirole treatment (1μM, 30 min, Q30) was 

abolished by pre-treatment with (D) pertussis toxin (PTX, 100 nM, overnight, n=40-60 

cells/group) or (E) a clathrin inhibitor Concanavalin A (ConA, 250 μg/mL, 1 hr, n=45-55 

cells/group). (F) Inhibition of ERK activation with an ERK inhibitor PD0325901 (PD, 1μM, 

30 min, n=45-60 cells/group) had no effect on D2R internalization. Experiments were 

replicated three times. Data are expressed as relative to their own vehicle treatment. 
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Figure 7. 

Figure 7. RGS2 knockdown impaired β-arrestin dissociation from the membrane. 

Surface D2Rs (red) and cytoplasmic β-arrestin (green) were labeled with different 

fluorophores. (A) Representative confocal images of surface D2Rs and β-arrestin in 

control and RGS2 knockdown (RGS2KD) cells after treatment with vehicle (Veh) or 

quinpirole (1 μM) for 5 min (Q5) or 30 min (Q30). Scale bars, 10 μm. (B) Quantification 
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of β-arrestin and surface D2R colocalization. β-arrestin colocalization with surface D2Rs 

significantly increased after 5 min quinpirole treatment in both control and RGS2 

knockdown cells (**P<0.01 vs. vehicle, a two-way ANOVA with Bonferroni post hoc test, 

n=50-55 cells/group). Prolonged quinpirole treatment (30 min) reduced colocalization 

between β-arrestin and surface D2Rs in control cells whereas β-arrestin and surface 

D2R colocalization remained persistently elevated in RGS2 knockdown cells (**P<0.01 

vs. vehicle, a two-way ANOVA with Bonferroni post hoc test). Experiments were 

replicated three times. Data are expressed as relative to the control. (C) Representative 

confocal images of β-arrestin (green) and Rab5 (red) in control and RGS2 knockdown 

cells after treatment with vehicle (Veh) or quinpirole (1 μM) for 5 min (Q5) or 30 min 

(Q30). Scale bars, 10 μm. (D) Quantification of β-arrestin and Rab5 colocalization. 

Quinpirole stimulated β-arrestin and Rab5 colocalization in a time-dependent manner in 

the control cells (** P<0.01 vs. vehicle, a two-way ANOVA with Bonferroni post hoc test, 

n=45-60 cells/group) but not in RGS2 knockdown cells. (E) Representative confocal 

images of β-arrestin (green) and transferrin (red) in the control and RGS2 knockdown 

cells after treatment with vehicle (Veh) or quinpirole (1 μM) for 5 min (Q5) or 30 min 

(Q30). Scale bars, 10 μm. (F) Quantification of β-arrestin and transferrin colocalization. 

Quinpirole stimulated β-arrestin and transferrin colocalization in a time-dependent 

manner in the control cells (** P<0.01 vs. vehicle, a two-way ANOVA with Bonferroni 

post hoc test, n=45-60 cells/group) but not in RGS2 knockdown cells. 
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Supplemental Materials 

Figure S1. Dynamin-dependent D2R internalization.  Quinpirole-stimulated D2R 

internalization was measured by immunocytochemistry as described in the Methods and 

Materials. D2R internalization induced by quinpirole treatment (1μM, 30 min, Q30) was 

abolished by incubation with a dynamin inhibitor (dynasore, 20 μM, 15 min) in RGS2 

knockdown cells (**P<0.01 vs. vehicle, a two-way ANOVA with Bonferroni post hoc 

analysis, n=50-60 cells/group). Experiments were replicated three times. Data are 

expressed as relative to their own vehicle treatment.  
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Figure S2. Segmentation quantification of quinpirole-induced β-arrestin plasma 

membrane translocation. N2A-D2R cells were treated with vehicle or quinpirole (1 μM, 5 

or 30 min). Surface D2Rs and cytosolic β-arrestin were fluorescently labeled as 

described in the Methods and Materials. (A) Schematic illustration of manual 

segmentation for quantitation of β-arrestin translocation towards and away from the 

membrane. The outer boundary of a N2A cell was manually outlined based on the 

localization of surface D2R staining (left, red). An inner boundary was drawn as a 

standardized 5 micron distance from the outer boundary. The outer sector was defined 

as the area between the outer and inner boundary while the inner sector was defined as 

the remaining cellular area towards the cell center beginning at the indicated inner 

boundary (right). β-arrestin translocation from the membrane to the cytoplasm was 

determined by the ratio of the outer to the inner sector intensity.  (B) Quantification of β-

arrestin translocation. β-arrestin movement to the membrane was calculated as a ratio of 

the outer sector versus the inner sector. β-arrestin translocate to the outer sector after 5 

min quinpirole treatment in both control and RGS2 knockdown cells. Extended quinpirole 

treatment (30 min) resulted in the removal of β-arrestin from the outer sector in control 

72



cells whereas it was persistently remained at the outer sector in RGS2 knockdown cells 

(**P<0.01 vs. control, a two-way ANOVA with Bonferroni post hoc analysis, n=45-56 

cells/group). Experiments were replicated three times and data are expressed as relative 

to the vehicle condition in control cells. 

Figure S3. The colocalization between β-arrestin and LAMP1. (A) Representative 

confocal images of β-arrestin and LAMP1 in control and RGS2 knockdown cells after 

treatment with vehicle (Veh) or quinpirole (1 μM) for 5 min (Q5) or 30 min (Q30). Cells 

were fixed and permeabilized. Then cytoplasmic β-arrestin and LAMP1 were labeled 
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with rabbit anti-β-arrestin (ab2914, Abcam) and mouse anti-LAMP1 (sc-20011, Santa 

Cruz). Cells were incubated with goat anti-rabbit Alexa Fluor 405 (blue, pseudo-colored 

to green) and rabbit anti-mouse Alexa Fluor 647. Colocalization of β-arrestin and LAMP1 

was quantified using Coloc2 software (FIJI). Scale bars, 10 μm. (B) Quantification of β-

arrestin and LAMP1 colocalization. Quinpirole treatment did not alter the colocalization 

between β-arrestin and LAMP1 in both control and RGS2 knockdown cells when 

compared to the vehicle treatment. Experiments were replicated three times. Data are 

presented relative to the level of colocalization between β-arrestin and LAMP1 in control 

cells with vehicle treatment. 

Figure S4. Immunoprecipitation assessment of the interaction between D2Rs and β-

arrestin.  N2A cells were transiently transfected with FLAG-D2R and RGS2 siRNA or 

scrambled siRNA.  Forty-eight hours after transfection, cells were treated with vehicle 

(Veh) or quinpirole (1 μM, 30 min, Q30).  Cells were lysed in buffer containing 50 mM 

HEPES, 1 mM EDTA, 1% Triton X-100, pH 7.4, 150 mM NaCl and the Protease Inhibitor 

Cocktail. D2Rs were immunoprecipitated by rabbit anti-FLAG (Sigma-Aldrich) followed 

by immunoblotting for β-arrestin (goat anti- β-arrestin, Abcam, ab31294) and D2Rs 

(Sigma-Aldrich, mouse anti-FLAG). Quinpirole treatment increased the association 

between D2Rs and β-arrestin in RGS2 knockdown cells but had no effect in the control 

cells (**P<0.01 vs. vehicle treatment, a two-way ANOVA with Bonferroni post hoc 
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analysis, N=5-6). The band intensities of β-arrestin were normalized by the 

corresponding band intensity of FLAG-D2Rs. Data are expressed relative to the vehicle 

treatment in the control cells. 
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Abstract: 

 The magnitude and duration of G protein-coupled receptor (GPCR) signaling is 

tightly controlled by Regulator of G protein Signaling (RGS) proteins. Canonically, RGS 

proteins act as GTPase-accelerating proteins (GAPs) on GTP-bound Gα subunits to 

terminate GPCR signaling. However, recent studies have revealed a number of non-

canonical roles of RGS proteins, including regulation of receptor trafficking and 

scaffolding signalosomes at the membrane. Previously, we reported that RGS2 

regulates the activity and trafficking of the short form of dopamine D2 receptors (D2SRs) 

in neuroblastoma 2a (N2A) cells. The present study aimed to further delineate the role of 

N- and C-termini of RGS2 protein in regulation of D2Rs. We found that D2R stimulation 

with quinpirole (1 µM; 5 mins) increased RGS2 membrane recruitment and decreased its 

accumulation in the nucleus, suggesting that RGS2 redistribution may be a prerequisite 

of RGS2 GTPase activity. In line with previous reports that the N-terminal region of 

RGS2 is essential to receptor-stimulated RGS2 membrane recruitment, we show for the 

first time that the RGS2 N-terminus is required for D2R-stimulated RGS2 recruitment, 

which was critical for RGS2 inhibition of D2R signaling in N2A cells, expanding the 

scope of N-terminus directed RGS2 recruitment to additional GPCRs and cellular 

environments. Interestingly, we found that RGS2 contributes to D2R-stimulated β-

arrestin recruitment, which likely occurs through regulation of GRK2 protein levels in 

N2A cells. This study provides important new information on the specific contributions of 

the N-and C-terminal regions of RGS2 in regulating D2R-mediated G protein signaling 

but also expands our current understanding of the interplay between RGS2 with β-

arrestin and GRK2 in N2A cells. 
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Introduction: 

Altered dopamine (DA) transmission is a hallmark of many neuropsychiatric 

disorders, including drug addiction and schizophrenia (1-3). Dopamine D2 receptors 

(D2Rs), which tightly regulate DA transmission, are implicated in the pathophysiology of 

these diseases (4, 5). Upon receptor stimulation, D2Rs couple to Gαi/o subunits to 

initiate a multitude of G protein-dependent signaling pathways, including inhibition of 

adenylyl cyclase (AC) and cyclic adenosine monophosphate (cAMP) production. The 

magnitude and duration of D2R signal transduction is tightly regulation by a variety of 

intracellular signaling molecules, including Regulator of G protein Signaling (RGS) 

proteins. Canonically, RGS proteins act as GTPase accelerating proteins (GAPs) on 

GTP-bound Gα subunits following GPCR activation, thus hastening the rate at which 

GPCR-mediated G protein signaling is terminated (6). Binding of RGS proteins to active 

Gα subunits can also interfere with effector binding to block downstream signaling (i.e. 

effector antagonism) (7, 8). Previously, we discovered that RGS2 negatively regulates 

D2R signaling in neuroblastoma (N2A) cells (9). However, questions remain about the 

mechanisms by which RGS2 regulates D2R function. 

Recent studies have focused on the notion that regulatory domains, such as the 

N-terminus, are key determinants of RGS2 function (10-12) and control RGS2 

subcellular distribution, receptor-stimulated plasma membrane recruitment and direct 

interactions with GPCRs (12-16). These contributions of the N-terminus domain of RGS2 

are critical to controlling RGS2-mediated effector antagonism of GPCR signaling and 

therefore could be implicated in RGS2 regulation of D2R signaling. Although RGS2 

proteins can regulate both Gαq and Gαi/o signaling (17, 18), the functional role of the N-

terminal region of RGS2 has only been studied within the context of Gαq-coupled GPCR 
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signaling, to date. Thus, the first goal of the present study was to determine the role of 

RGS2 N-terminus in regulating D2R-mediated Gαi/o signaling in N2A cells. 

D2R function is intricately regulated by intracellular proteins such as β-arrestin 

and G protein receptor kinases (GRKs), which facilitate receptor desensitization and 

internalization (19-21). Because RGS proteins interact with these signaling effectors 

(22), RGS2 regulation of D2R function may not be limited to inhibition of G protein-

mediated signal transduction but also achieved through β-arrestin and GRK-mediated 

mechanisms. We have previously shown that RGS2 plays a critical role in D2R-

mediated β-arrestin trafficking, specifically facilitating dissociation of β-arrestin from the 

membrane after prolonged D2R stimulation (9). Although the ability of RGS2 to regulate 

β-arrestin trafficking has important implications in regulating D2R function, the 

mechanisms underlying this phenomenon are unknown. Regulatory domains of RGS2, 

such as the N-terminus, play an important role in scaffolding RGS2 at the membrane 

(12), which is a critical site of interaction between D2R and β-arrestin. Therefore, the N-

terminus of RGS2 may be an important determinant of the ability of RGS2 to regulate 

D2R-mediated β-arrestin function. Thus, the second goal of the present study was to 

delineate the role of the RGS2 N-terminus in regulating D2R-stimulated β-arrestin 

trafficking in N2A cells. 

Here, we report that the N-terminus of RGS2 is essential to D2R-mediated RGS2 

plasma membrane recruitment, which is a prerequisite to RGS2 inhibition of D2R 

signaling. Additionally, it appears that the N-terminus of RGS2 serves as a nuclear 

retention signal in N2A cells, further indicating its role in governing subcellular 

localization of RGS2. Interestingly, we found that both the N-and C-terminal regions of 

RGS2 facilitate D2R-stimulated β-arrestin recruitment likely via GRK2-dependent 

mechanisms. In sum, this study provides important new information on the differential 
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contributions of the N- and C-terminal regions of RGS2 in regulating D2R-mediated G 

protein signaling and β-arrestin recruitment in N2A cells.  
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Materials and Methods:  

Chemicals and antibodies 

Puromycin and lipofectamine 2000 were purchased from Life Technologies (Carlsbad, 

CA). The Protease and Phosphatase Inhibitor Cocktails and all other chemicals were 

purchased from Sigma-Aldrich (St. Louis, MO), unless stated otherwise. The HRP-

conjugated secondary antibodies were purchased from Santa Cruz Biotechnology, Inc 

(Santa Cruz, CA). All fluorescent secondary antibodies were purchased from 

Invitrogen/ThermoFisher (Carlsbad, CA). 

 

Cell culture and transfection 

Parental N2A cells obtained from the American Type Culture Collection (Manassas, VA) 

were cultured in Opti-MEM media supplemented with 10% fetal growth serum and 1% 

penicillin/streptomycin. N2A cells stably expressing D2SRs (N2A-D2SR) were generated 

by transfecting cells with the short form of human D2R cDNA (Missouri S&T cDNA 

Resource Center) using lipofectamine 2000 (Invitrogen) and selected by geneticin (400 

μg/ml) as described in detail previously (9).  

 

Generation of CRISPR/Cas9 mediated RGS2 knockdown (N2A-RGS2KD) cell line 

An RGS2 knockdown N2A-D2SR cell line was generated using the CRISPR/Cas9 

genome editing system. All-in-one expression plasmids containing three alternative 

guide RNAs (gRNAs) were acquired from Genecopoeia (#MCP254664). An identical 

plasmid which did not encode gRNA was used as a control. Several clones were 

selected from each gRNA and single-cell-derived clones were expanded. After 

expansion, N2A-RGS2KD cells from each cloned population were subject to 
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fluorescence-activated cell sorting (FACS) to isolate cells with a high expression of 

mCherry. Briefly, cells suspended in ice cold PBS/10% fetal bovine serum and sorted 

using a FACS Aria cell sorter (BD Biosciences). Live cells were gated based on 

forward/side scatter and events in the top 3–4% of 594nm fluorescence were selected, 

cultured and expanded in medium containing puromycin. 

To measure the efficiency of RGS2 CRISPR-Cas9 knockdown, cells were lysed 

in solubilization buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl and 1% Triton 

X-100. Western blotting was performed to determine RGS2 levels using a previously 

validated mouse anti-RGS2 antibody (SAB1406388, Sigma-Aldrich)(9). After incubation 

with goat anti-mouse secondary, immunoreactive bands were revealed by 

chemiluminescent substrate. Densitometric analysis was conducted using ImageJ (NIH). 

RGS2 immunoreactive bands were normalized to β-actin which was probed by goat anti-

β-actin (1:1000, sc-1615), and expressed as relative to the control cells. 

 

Overexpression of RGS2ΔC and RGS2ΔN in N2A-RGS2KD cells  

For all transient transfection experiments, RGS2-CRISPR N2A cells were transfected 

with HA-tagged RGS2ΔN or RGS2ΔC cDNAs or control pcDNA and all experiments 

were performed 48 hr after transfection. Overexpression of HA-tagged RGS2ΔN or 

RGS2ΔC was verified using Western blotting. Briefly, cells were lysed 48 hr after 

transfection and the protein concentrations were determined using the BCA Protein 

Assay (Thermo Fisher Scientific). Protein (40 μg) was loaded on 16% Tris-Glycine gels 

for SDS-polyacrylamide gel (SDS-PAGE) electrophoresis then was transferred to 

polyvinylidene difluoride membranes. RGS2ΔC or RGS2ΔN proteins were probed by 

rabbit anti-HA tag primary antibody (SAB4300603, Sigma-Aldrich) and mouse anti-RGS2 

antibody (SAB1406388, Sigma-Aldrich) followed by goat anti-rabbit IgG HRP or goat 
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anti-mouse IgG HRP, respectively. HA and RGS2 immunoreactive bands were 

normalized to β-actin (Santa Cruz Biotechnology).  

 

ERK phosphorylation 

For quinpirole-stimulated experiments, basal levels of ERK phosphorylation were 

normalized by serum-starving control N2A-RGS2KD and RGS2ΔC cells for 1 hr and 

RGS2ΔN cells for 2 hrs before treatment with vehicle or quinpirole (1 μM) for 5, 10 and 

15 min. Cells were lysed in solubilization buffer containing the protease and 

phosphatase inhibitor cocktail. Western blotting was performed to assess the level of 

phosphorylated ERK (pERK) by rabbit anti-pERK antibody (#9101, Cell Signaling) 

followed by secondary goat anti-rabbit IgG-HRP. Membranes were then stripped and 

total ERK (tERK) was probed with mouse anti-ERK (#4696, Cell Signaling) followed by 

secondary goat anti-mouse IgG-HRP. The level of pERK was normalized to total ERK 

and represented as relative to its own vehicle treatment. 

 

Confocal microscopy  

Fluorescent images were acquired with Zeiss LSM 710 and 880 laser scanning confocal 

microscopes. Confocal image planes were acquired with a 63X/NA 1.4 PlanApo 

oilimmersion objective. Alexa 405, Alexa 555 and Alexa 647 signals were excited at 405 

nm, 561 nm and 633 nm with diode, DPSS and HeNe lasers, respectively. Fluorescent 

channels were acquired sequentially to prevent cross-excitation of laser signal and 

minimize bleed-through. All images were acquired with identical settings for excitation 

intensity, detector sensitivity and pinhole to allow intensity comparison between 

samples. Images for analysis were obtained by taking a Z-axis stack of image planes 

83



(1024 X1024 pixels) with 0.2 µm steps encompassing the entire cell structure. 

Fluorescent intensity was quantitated for each channel using ImageJ software (NIH). All 

images were adjusted with Gaussian blur for presentation purposes only. Alexa 405 

emission was pseudocolored as green upon acquisition for optimal presentation 

appearance. All experiments were performed independently at least four times. For each 

group, approximately 25-35 cells were selected for analysis from each experiment. 

 

RGS2ΔC and RGS2ΔN Nuclear Localization 

Briefly, N2A-RGS2KD cells expressing WT-RGS2, RGS2ΔC or RGS2ΔN were 

stimulated with vehicle or quinpirole (1µM; 5 or 15 min) followed by fixation, 

permeabilization and blocking with 6% normal horse serum in PBS. HA-tag was 

fluorescently labeled using an HA-tag DyLight 488 conjugated antibody (Columbia 

Biosciences; D8-1830). Coverslips were mounted using ProlongGold with DAPI and 

imaged via confocal microscope. Colocalization of HA-tag with DAPI was calculated 

using Coloc2 software (FIJI). Data are presented relative to the level of colocalization 

between HA-tag and DAPI after vehicle treatment. 

 

β-arrestin translocation  

Control, RGS2ΔC and RGS2ΔC cells were plated on glass coverslips and treated with 

vehicle or quinpirole (1 μM, 5 or 15 min). Coverslips were moved onto ice and labeled 

with Alexa 555-conjugated cholera toxin B (CTXB; membrane marker). Cells were fixed 

with 4% formaldehyde and permeabilized with 0.1% Triton-X. Cytoplasmic β-arrestin 

was subsequently labeled with rabbit anti-β-arrestin (ab2914, Abcam) followed by goat 

anti-rabbit Alexa Fluor 405 antibodies. Coverslips were mounted using ProlongGold 
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Antifade reagent (Invitrogen) and imaged using Zeiss LSM 880 laser scanning confocal 

microscope. Segmentation analysis of β-arrestin membrane translocation was performed 

as described previously (9). Briefly, the outer boundary of each cell was manually 

outlined based on the localization of CTXB staining. An inner boundary was drawn as a 

standardized 5 micron distance from the outer boundary. The outer sector was defined 

as the area between the outer and inner boundary while the inner sector was defined as 

the remaining cellular area towards the cell center beginning at the indicated inner 

boundary. β-arrestin translocation from the membrane to the cytoplasm was determined 

by the ratio of the outer to the inner sector intensity.   

 

Statistical analysis 

Graph Pad Prism 6 (La Jolla, CA, USA) was used for statistical analysis. All data are 

presented as mean ± SEM. A two-tailed Student's t-test analysis was performed for 

comparisons between two groups. A two-way analysis of variance (ANOVA) was used 

followed by Bonferroni post hoc analysis for multiple comparisons. A value of p ≤ 0.05 

was considered statistically significant. 

 
 

Results 

RGS2 N-terminus Regulates Subcellular Localization in N2A cells  

In order to determine whether the N- or C-terminus of RGS2 regulate subcellular 

distribution of RGS2, cells were transfected with HA-tagged full-length RGS2 (WT-

RGS2), RGS2ΔC or RGS2ΔN and the distribution of fluorescently labeled HA-tag was 

assessed using confocal microscopy. We found that WT-RGS2 and RGS2ΔC localized 

to the plasma membrane and cytoplasm with notable accumulation in the nuclear 
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compartment of N2A-RGS2KD cells (Fig. 1A). RGS2ΔN was distributed in the 

cytoplasm; however, to a lesser extent in the nucleus compared to WT-RGS2 and 

RGS2ΔC. To assess the extent of nuclear localization of WT-RGS2, RGS2ΔC or 

RGS2ΔN, co-localization between DAPI, a nuclear marker, and fluorescently labeled 

HA-tag was measured. A one-way ANOVA revealed a significant effect of group on co-

localization of HA-tag with DAPI, F (2,137) = 15.47, p<0.001. Bonferroni post hoc 

analysis confirmed that co-localization between DAPI and HA was significantly reduced 

in RGS2ΔN cells (Fig. 1B, p < 0.001). Further, HA-tagged RGS2ΔC co-localized to a 

greater extent with DAPI compared to WT-RGS2 (Fig. 1B, p < 0.01). These data suggest 

that the N-terminus of RGS2 mediates the subcellular localization of RGS2 in N2A-

RGS2KD cells.  

To study the role of RGS2 N- and C-terminus in D2R-mediated membrane 

recruitment of RGS2, N2A-RGS2KD cells were transfected with HA-tagged full-length 

RGS2 (WT-RGS2), RGS2ΔC or RGS2ΔN then stimulated with quinpirole (1µM, 5-15 

min) (Fig. 1C). Segmentation analysis of the redistribution of fluorescently labeled HA-

tag was performed as described previously (7, 15). This method has been used in 

previous studies to measure the translocation of fluorescently labeled proteins to the 

membrane (16, 17). Briefly, the outer boundary of each cell was defined by the 

localization of a fluorescently labeled membrane marker, cholera toxin B, and the inner 

boundary was marked as a standardized 2-micron distance from the outer boundary. 

Accordingly, the outer segment was calculated as the cellular area between the outer 

and inner boundaries and the remaining cellular area within the inner boundary was 

indexed as the inner segment.  A two-way ANOVA revealed a significant effect of 

treatment time, F (2,341) = 11.27, p < 0.001. Bonferroni post hoc analysis determined 

that WT-RGS2 and RGS2ΔC displayed similar patterns of translocation with significant 
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redistribution into the outer segment after 5 min of quinpirole stimulation (76.3 ± 17.3% 

and 67.6 ± 15.7%, respectively) (Fig. 1D). However, RGS2ΔN did not display any 

significant changes in segment redistribution at any time point of quinpirole stimulation 

(Fig. 1D).  

 

RGS2 N- and C-termini Differentially Regulate D2R-mediated Signaling 

To determine whether RGS2 regulates D2R-mediated G protein signaling, we 

examined the effect of overexpression of RGS2ΔC or RGS2ΔN on basal (Fig. 2A) and 

quinpirole-stimulated ERK phosphorylation (Fig. 2C). A one-way ANOVA revealed a 

significant effect of group on basal levels of phosphorylated ERK, F (2,9) = 4.68, p<0.05 

(Fig. 2B). Bonferroni post hoc analysis revealed that overexpression of RGS2ΔN 

resulted in a significant increase in basal levels of phosphorylated ERK compared to 

control N2A-RGS2KD cells (Fig. 2B, N=4, p<0.05). Alternatively, overexpression of 

RGS2ΔC did not alter basal phosphorylated ERK levels. Next, we measured the effect of 

overexpression of RGS2ΔC or RGS2ΔN on basal and quinpirole-stimulated ERK 

phosphorylation (Fig. 2C). A two-way ANOVA revealed significant main effects of group, 

F (2,50) = 21.03, p<0.001; time, F(4,50) = 12.59, p<0.001; and interaction, F(8,50) = 

2.26, p<0.05. Bonferroni post hoc analysis revealed a significantly higher level of 

phosphorylated ERK after 5 min and 10 min of quinpirole stimulation in RGS2ΔN cells 

compared to control cells (Fig. 2D, N=4, p<0.001). Further, phosphorylated ERK levels 

after 5 min of quinpirole stimulation were significantly reduced in RGS2ΔC cells 

compared to control cells (Fig. 2D, N=4, p < 0.05).  

 

RGS2 N- and C-termini Direct D2R-stimulated β-arrestin Membrane Translocation 
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Next, we investigated whether overexpression of RGS2ΔN or RGS2ΔC disrupted 

D2R-stimulated recruitment of β-arrestin to the membrane in N2A-RGS2KD cells (Fig. 

3A). The effect of overexpression of RGS2ΔN or RGS2ΔC on quinpirole-stimulated β-

arrestin translocation was examined by performing a segmentation analysis of the 

redistribution of fluorescently labeled β-arrestin2 as described previously (9, 23). A one-

way ANOVA showed a significant effect of group on the basal (no stimulation) level of β-

arrestin2 membrane localization, F (2,121) = 6.55, p<0.01 (Fig. 3B). Bonferroni post hoc 

analysis revealed that the baseline β-arrestin2 membrane localization was increased in 

the presence of RGS2ΔN compared to control N2A-RGS2KD cells (Fig. 3B, p<0.001). 

We also examined β-arrestin2 membrane recruitment upon D2R stimulation by 

quinpirole (1 µM; 5-15 mins). A two-way ANOVA revealed significant main effects of 

treatment time, F (2,324) = 18.59, p<0.01, and interaction, F (4,324) = 10.73, p<0.01. 

Bonferroni post hoc analysis showed that quinpirole stimulation in control cells 

significantly increased the redistribution of β-arrestin into the outer segment (50.5 ± 

7.2%) as early as 5 mins (Fig. 3C, p<0.01). Interestingly, overexpression of RGS2ΔC 

resulted in a significant delay and reduction in βarrestin redistribution into the outer 

segment, which did not occur until 15 mins of quinpirole stimulation (34.5 ± 4.2%). 

Additionally, quinpirole stimulation did not result in translocation of β-arrestin at any time 

point in RGS2ΔN cells (Fig. 3C). These findings indicate that the N- and C-termini of 

RGS2 are critical to D2R-induced β-arrestin membrane recruitment in N2A-RGS2KD 

cells.  

 

RGS2 N- and C-termini Differentially Regulate GRK2 Protein Turnover 

We examined the effect of RGS2ΔC or RGS2ΔN overexpression on GRK2 levels 

in N2A-RGS2KD cells (Fig. 4A). Data were normalized to the protein level of β-actin. A 
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one-way ANOVA revealed a significant effect of group on GRK2 protein level, F (2,9) = 

10.92, p < 0.01 (Fig. 4B). Bonferroni post hoc analysis confirmed that overexpression of 

RGS2ΔN resulted in a significant reduction in GRK2 protein level by 42.8 ± 12.7% 

compared to control N2A-RGS2KD cells (Fig. 4B, p < 0.01, N=4). Alternatively, 

overexpression of RGS2ΔC did not significantly alter GRK2 protein level compared to 

control cells (Fig. 4B, N=4, ns). These findings suggest that the N-terminus of RGS2 

may regulate GRK2 protein turnover in N2A-RGS2KD.  
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Discussion  

 Expanding upon our previous finding that RGS2 negatively modulates D2R 

signaling in N2A cells (9), the present study elucidates the functional roles of the C- and 

N-terminal regions of RGS2 in regulation of D2R signaling and β-arrestin trafficking in 

N2A cells. We provide evidence that the N-terminus of RGS2 plays a critical role in 

regulating subcellular localization and D2R-mediated membrane recruitment of RGS2, 

which was required for inhibition of D2R signaling. Interestingly, we found that the C- 

and N-termini of RGS2 controlled D2R-stimulated β-arrestin membrane recruitment likely 

via GRK2-dependent mechanisms. These findings expand the current understanding of 

how RGS2 regulates D2R function, encompassing both G protein and β-arrestin-

mediated effects. This knowledge is critical for understanding how D2R signaling is fine-

tuned by intracellular proteins in the brain, which has important implications for the role 

of D2Rs in neuropsychiatric diseases such as addiction.   

 The subcellular localization of RGS2 is a critical determinant of its function. In the 

present study, we found that RGS2 localized to the cytoplasm, nucleus and plasma 

membrane of N2A-RGS2KD cells, similar to what has been observed in HEK293, 3T3 

fibroblasts and L1/2 cells (12, 24). These findings are distinct from RGS2 localization in 

COS-7 cells which was shown to be exclusively nuclear (25), suggesting that subcellular 

distribution of RGS2 may be regulated in a cell type-specific manner. In the present 

study, we also observed that the N-terminus of RGS2 regulates its nuclear localization, 

such that deletion of the N-terminus of RGS2 reduced nuclear accumulation. This 

observation is in line with a previous report showing that the N-terminus of RGS2 directs 

nuclear accumulation in HEK293 cells (12), indicating that the role of the N-terminus of 

RGS2 in controlling nuclear retention may be conserved across multiple cell-types. 

Several groups have speculated about the mechanism underlying RGS2 nuclear 
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localization. Some evidence suggests that RGS2 contains a nuclear import signal within 

its RGS domain, which directs its nuclear accumulation (25). Alternatively, it has been 

shown that deletion of the N-terminal region of RGS2 is sufficient to reduce nuclear 

localization of RGS2, suggesting that RGS2 enters the nucleus by passive diffusion (12). 

Although the precise role of RGS2 nuclear localization is currently unclear, it is plausible 

that sequestration of RGS2 in the nucleus may serve as a mechanism to fine-tune the 

pool of RGS2 available to respond to stimuli. Additional studies are required to elucidate 

the functional implication of nuclear localization of RGS2 as well as explore the 

mechanisms by which RGS2 enters and exits the nucleus.  

 The ability of RGS2 to traffic between cellular compartments, such as the plasma 

membrane, has important implications on its interactions with signaling and other binding 

partners, thus regulating its function. Here, we determined that the N-terminal region of 

RGS2 is required for plasma membrane recruitment following D2R stimulation. Heximer 

et al., elegantly demonstrated that a constitutively activated form of Gαq caused RGS2 

to translocate to the plasma membrane in HEK293 cells (12), suggesting that Gαq 

subunit activity may be a critical determinant of RGS2 plasma membrane recruitment. 

Because D2Rs couple to Gαi/o subunits, our findings further suggest that Gαi/o subunit 

activity may also be a critical determinant of RGS2 plasma membrane recruitment. A 

previous study showed that expression of angiotensin II type 1 receptor (AT1R) or β2 

adrenergic receptor (β2AR) in HEK293 cells increased GFP-RGS2 plasma membrane 

localization; however, receptor stimulation with respective agonists, isoproterenol or 

angiotensin II, did not induced additional RGS2 membrane localization (26). This 

observation is in contrast with our present finding that D2R stimulation facilitated RGS2 

membrane recruitment. One potential explanation for this apparent discrepancy could be 

attributed to receptor-specific interactions with RGS2. Because RGS proteins selectively 
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target distinct receptor-G protein combinations to optimize their GAP activities toward Gα 

at the plasma membrane (27), unique interactions between D2R, Gαi/o proteins and 

RGS2 could facilitate D2R-mediated recruitment of RGS2 to the membrane that do not 

occur between β2AR or AT1R and RGS2. In the present study, we also noted that D2R-

stimulated RGS2 plasma membrane recruitment directly influenced RGS2 inhibition of 

D2R signaling. Deletion of the N-terminal region of RGS2, which prevented membrane 

recruitment, significantly enhanced D2R signaling compared to control cells, which 

expressed endogenous full-length RGS2. This finding deviates from a previous study 

showing that plasma membrane recruitment was not required for RGS2 to attenuate 

signaling of a constitutively active Gαq subunit in HEK293 cells (12). These differences 

could stem from varying methods used to measure RGS2 inhibition of G protein 

signaling (overexpression of a constitutively active Gαq versus receptor-stimulated 

activation of endogenous Gα subunits) which likely engage different mechanisms of 

RGS2-mediated inhibition and/or recruitment. Alternatively, RGS2 is able to directly bind 

to GPCRs via its N-terminal region and this interaction is essential to RGS2 inhibition of 

receptor signaling (15, 16). Therefore, we hypothesize that the N-terminus of RGS2 may 

directly interact with D2R and this physical interaction, which requires RGS2 membrane 

recruitment, is necessary for RGS2-mediated inhibition of D2R signaling. Future studies 

using GST pulldown assays and additional truncated mutant forms of RGS2 are required 

to test this hypothesis.  

D2R signaling is tightly regulated by receptor desensitization and internalization, 

which occur via a host of proteins including GRKs and β-arrestin (28). By directly 

coupling to GPCR-Gα protein complexes at the membrane, RGS proteins are 

juxtaposed with various components of this endocytic machinery, which may facilitate 

their direct or indirect interactions. In the current study, we found that overexpression of 
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RGS2ΔC delayed and reduced D2R-stimulated β-arrestin recruitment. D2R-stimulated 

β-arrestin recruitment is tightly regulated by GRK2, which is activated by Gβγ subunits to 

phosphorylate D2Rs (20, 29, 30). Because we found that deletion of the C-terminal 

region of RGS2 did not impair its ability to inhibit D2R signaling, it is likely that 

overexpression of RGS2ΔC decreased Gβγ activity, which would inhibit GRK2 

activation, subsequent D2R phosphorylation and in turn, impair the ability of β-arrestin to 

be recruited to D2R. Interestingly, we also found that deletion of the N-terminus of RGS2 

completely abolished D2R-stimulated β-arrestin membrane recruitment. Because D2R 

internalization relies on β-arrestin recruitment, it is likely that overexpression of RGS2ΔN 

impairs D2R internalization, which would serve as a secondary mechanism resulting in 

prolonged D2R signaling. It is plausible that augmented Gβγ signaling in the presence of 

RGS2ΔN could result in enhanced and persistent activation of GRK2 followed by a 

compensatory downregulation of GRK2 levels. This downregulation in GRK2 level, in 

turn, would impair β-arrestin recruitment to activated D2Rs. In line with this hypothesis, 

we found that GRK2 protein level was reduced in cells expressing RGS2ΔN compared 

to control cells. Previous work has shown that GPCR activation controls turnover of 

GRK2 protein levels. For instance, one group showed that prolonged activation of β2 

adrenergic receptors resulted in GRK2 degradation through an ubiquitin- and 

proteasome-dependent pathway (31). Furthermore, receptor-stimulated degradation of 

GRK2 can be reversed by inhibition of ERK signaling (32), which we found to be 

upregulated when RGS2ΔN was overexpressed. Alternatively, impaired recruitment of β-

arrestin following D2R stimulation could be driven by disruption of critical protein 

complex formation at the receptor. For instance, spinophilin, an actin-binding protein that 

modulates excitatory synaptic transmission, binds directly to the third intracellular loop of 

D2R where it competes with β-arrestin for D2R and inhibits receptor internalization (33, 

34). Interestingly, spinophilin has been shown to directly bind to the N-terminus of RGS2 
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and this interaction facilitates the ability of RGS2 to inhibit receptor signaling (35). 

Therefore, deletion of the N-terminal region of RGS2 could abrogate putative complex 

formation between spinophilin, D2R and RGS2, thus altering the ability of β-arrestin to 

interact with this functional complex. Future studies are required to elucidate the 

molecular determinants of impaired β-arrestin trafficking and GRK2 downregulation in 

the presence of RGS2ΔN and thus, expand our understanding of the complex 

interactions between RGS2, GRK2 and β-arrestin. 

The current findings provide evidence that D2R function is negatively regulated 

by RGS2 through multiple N-terminus-dependent mechanisms including canonical 

inhibition of G protein signaling and regulation of β-arrestin recruitment. Additionally, the 

present study implicates RGS2, for the first time, as a critical determinant of GRK2 

protein turnover in N2A cells, which expands our current understanding of the molecular 

mechanisms underlying RGS2 regulation of D2R function. Thus, delineating the 

contributions of the C- and N-terminal domains of RGS2 in regulation of D2R signaling 

provides important new information on the molecular mechanisms underlying the 

functional interaction between RGS2 and D2R.  
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Figures: 

Figure 1. RGS2 N-terminus is required for D2R-stimulated membrane translocation and 

directs nuclear retention of RGS2 in N2A cells (A) Representative fluorescent images of HA-

RGS2 (red), DAPI (blue) and co-localization (magenta) in N2A-D2R-RGS2KD cells 

overexpressing WT-RGS2, RGS2ΔC or RGS2ΔN. (B) Overexpression of RGS2ΔC increased 

HA-tag co-localization with DAPI while overexpression of RGS2ΔN decreased HA-tag co-

localization with DAPI compared to WT-RGS2 (N=45-49 cells/group, 5 replicates, **p < 0.01 vs. 

WT-RGS2, a one-way ANOVA followed by Bonferroni post hoc test). (C) Representative 

confocal images of HA-RGS2 localization in N2A-D2R-RGS2KD cells overexpressing WT-

RGS2, RGS2ΔC or RGS2ΔN which were stimulated with quinpirole (1 μM, 5 or 15 mins). Cells 

were fluorescently labeled with cholera toxin-B (CTXB; plasma membrane marker) and HA-tag 

and HA-RGS2 translocation was measured using segmentation analysis as described in the 

Methods and Materials. Scale bars, 10 μm. Briefly, the outer boundary of each cell was 

manually outlined based on the localization of CTXB staining. An inner boundary was defined as 
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a standardized 2-micron distance from the outer boundary. The outer sector was determined as 

the area between the outer and inner boundary while the inner sector was determined as the 

remaining cellular area towards the cell center starting at the indicated inner boundary. HA-

RGS2 translocation from the membrane to the cytoplasm was calculated as the ratio of the 

outer to the inner sector intensity. (D) Quantification of HA-RGS2 membrane localization. The 

level of HA-RGS2 membrane localization following 5 or 15 mins of quinpirole stimulation was 

reduced in cells overexpressing RGS2ΔN compared to WT-RGS2 or RGS2ΔC-expressing cells 

(N=36-44 cells/group, 4 replicates, *p< 0.05 vs. WT-RGS2, a two-way ANOVA followed by 

Bonferroni post hoc test). 
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Figure 2. RGS2 N-terminus negatively regulates D2R-stimulated phosphorylation of ERK. 

(A) Representative blots of phosphorylated ERK (pERK) and total ERK (tERK) for control,

RGS2ΔC and RGS2ΔN cells. (B) Quantification of basal pERK and tERK levels. pERK level 

was significantly increased in RGS2ΔN cells compared to control cells (* p< 0.05, one-way 

ANOVA with Bonferroni post hoc test, N=4). (C) Representative blots of quinpirole (1 µM) 

stimulated pERK land tERK for control, RGS2ΔC and RGS2ΔN cells. (D) Quinpirole stimulated 

ERK phosphorylation in a time-dependent manner for all groups. However, the pERK level was 

significantly greater after 5 and 10 mins of quinpirole stimulation in RGS2ΔN cells and 

significantly reduced after 5 mins of quinpirole stimulation in RGS2ΔC compared to control cells 

(*P< 0.05, a two-way ANOVA with Bonferroni post hoc test, N=4). 
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Figure 3. RGS2 N-terminus is required for D2R-stimulated β-arrestin recruitment. 

Control, RGS2ΔC and RGS2ΔN cells were treated with quinpirole (1 μM for 5 or 15 mins). 

Plasma membrane and cytosolic β-arrestin2 were fluorescently labeled as described under 

“Materials and Methods”. The outer boundary of each cell was manually outlined based on the 

localization of cholera toxin B (CTXB). An inner boundary was defined as a standardized 2-μm 

distance from the outer boundary. The outer sector was determined as the area between the 

outer and inner boundary, and the inner sector was determined as the remaining cellular area 

toward the cell center starting at the indicated inner boundary. β-Arrestin2 translocation from the 

membrane to the cytoplasm was calculated as the ratio of the outer to the inner sector intensity. 

(A) Representative confocal images of β-arrestin2 localization from control, RGS2ΔC and

RGS2ΔN cells. Scale bars, 10 μm. (B) Quantification of β-arrestin2 membrane localization. The 

basal level of β-arrestin2 membrane localization was significantly increased in RGS2ΔN cells 

compared to control cells (n = 35-40 cells/group, five replicates, **, p < 0.01 versus vehicle, a 

one-way ANOVA followed by Bonferroni post hoc test). (C) Quinpirole stimulation to control cells 

significantly increased the redistribution of β-arrestin2 into the outer segment as early as 5 min; 

however, quinpirole stimulation to RGS2ΔC cells did not increase β-arrestin2 redistribution into 
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the outer segment until 15 min (n = 35-40 cells/group, five replicates, **, p < 0.01 versus vehicle, 

a two-way ANOVA followed by Bonferroni post hoc test). Quinpirole stimulation did not increase 

β-arrestin2 redistribution into the outer segment at any time point in RGS2ΔN cells.  
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Figure 4. RGS2 N-terminus regulates GRK2 protein turnover. 

(A) Representative Western blots of GRK2 protein levels in control, RGS2ΔC and RGS2ΔN cell

lysates. (B) Quantification of GRK2 protein levels. GRK2 protein levels in RGS2ΔN cells were 

significantly reduced compared to control cells (N=4, ** p < 0.01, one-way ANOVA followed by 

Bonferroni post hoc test). GRK2 levels did not differ in RGS2ΔC cells compared to control cells. 
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Abstract: 

Dopamine D2 autoreceptors (D2ARs) located on midbrain dopamine (DA) neurons 

modulate DA neuron firing as well as DA synthesis, release, and reuptake through a negative-

feedback mechanism. Repeated exposure to drugs of abuse generally reduces the function of 

D2ARs, which in turn results in increased drug reward and intake. However, the cellular 

regulation of D2AR activity by drugs of abuse is poorly understood. The family of regulator of G 

protein signaling (RGS) proteins negatively modulate the signaling of many G protein-coupled 

receptors by accelerating GTP hydrolysis on GTP-bound Gα subunits, rapidly terminating G 

protein signaling. RGS2, a subtype of RGS proteins that is expressed in midbrain DAergic 

neurons, was shown previously to negatively modulate the short form of D2 receptor (D2SR)-

mediated G protein signaling in neuroblastoma 2a (N2A) cells. Using a full-length N-terminus 

truncation RGS2 mutant (RGS2ΔN), we found that the N-terminal region of the RGS2 protein 

was required for inhibition of D2SR signaling in N2A cells. Therefore, we postulate that RGS2 

may be a potential candidate for regulation of D2AR activity in DA neurons. 

In the present study, we test this hypothesis by infecting ventral tegmental area (VTA) 

DA neurons of (tyrosine hydroxylase) TH-Cre rats with adeno-associated virus (AAV10)-

encoding RGS2ΔN mutant. Using this model, we show that RGS2 regulates D2AR activity in 

DAergic neurons. We specifically found that reduced RGS2 activity in VTA DAergic neurons 

increased the ability of D2ARs to inhibit evoked DA release in the nucleus accumbens (NAc). 

Accordingly, the RGS2ΔN animals displayed increased sensitivity to D2AR-mediated inhibition 

of novelty-mediated locomotor activity. Furthermore, the potentiated D2AR activity resulting from 

reduced RGS2 function is accompanied by increased dopamine transporter (DAT) uptake 

activity and reduced cocaine potency at the DAT. Consequently, RGS2 mutant animals were 

less sensitive to the locomotor stimulating effects of cocaine and elicited extracellular DA in the 

NAc assessed by microdialysis. Importantly, RGS2 inhibition of D2AR activity in VTA DAergic 
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neurons mediates reinforcing efficacy of cocaine and cocaine-primed reinstatement of cocaine 

seeking without altering sucrose self-administration, suggesting that RGS2 inhibition of D2AR 

activity in DAergic neurons is a critical determinant of behavioral outcomes associated with 

addiction vulnerability. Collectively, the present study provides in vivo evidence that RGS2 

intricately regulates midbrain DA neurotransmission and drug-related behaviors by controlling 

D2AR activity.  
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Introduction: 

Dopamine (DA) plays a central role in the etiology of drug addiction (1-3). Dysregulation 

of midbrain DA transmission is associated with vulnerability to drug use (2, 4, 5). Dopamine D2 

autoreceptors (D2ARs), which couple to Gαi/o proteins to inhibit adenylyl cyclase (AC) and 

reduce cyclic adenosine monophosphate (cAMP) production (6), regulate DA transmission 

through a feedback mechanism at both somatodendritic areas and axon terminals of DAergic 

neurons. Somatodendritic midbrain D2ARs inhibit DA neuron excitability and firing rates via 

activation of hyperpolarizing potassium G-protein-coupled inwardly rectifying potassium (GIRK) 

currents (7, 8), while D2ARs located at presynaptic terminals negatively regulate DA 

transmission by inhibiting DA synthesis, release and reuptake (9-11). 

Although extensive preclinical and clinical evidence implicate low postsynaptic striatal 

D2R expression and availability in chronic drug use (12, 13), recent studies suggest that D2ARs 

also influence vulnerability to addiction. For instance, midbrain D2AR levels are inversely 

correlated with enhanced drug reward, trait impulsivity and DA release in rodents and humans 

(14, 15). This notion has been reiterated by studies using D2AR knockout mice, which display 

supersensitivity to the psychomotor effects of cocaine and enhanced vulnerability to self-

administer cocaine compared to wild-type littermates (14, 16). Chronic exposure to 

psychostimulants increases DA neuron excitability and DA release by dampening D2AR activity 

(17, 18). To date, how D2AR is regulated at the cellular level remains unknown.  

Previously, we showed that amphetamine (AMPH) self-administration (SA) disrupts rat 

midbrain D2R coupling to Gαi2 subunits (19). Thus, alterations in D2AR expression and/or 

function would greatly disrupt DA neuron activity and consequentially influence drug-related 

behavior. For most G protein-coupled receptors (GPCRs), termination of G protein signaling is 

accelerated by regulators of G protein signaling (RGS) proteins which facilitate GTP hydrolysis 

or the exchange of GTP for GDP on the Gα subunit (20). Within the central nervous system, 

107



there are over 20 subtypes of mammalian RGS proteins, which are expressed in a brain region-

dependent manner (21, 22). However, the in vivo function of many RGS proteins is largely 

unknown due to a lack of targeted subtype-specific tools. It is worth noting that RGS proteins 

are regulated by drugs of abuse. Administration of AMPH, cocaine or methamphetamine rapidly 

and robustly upregulates RGS2 mRNA levels in rat striatum (23, 24), while chronic morphine 

exposure reduces RGS2 mRNA levels in ventral tegmental area (VTA) DA neurons of mice 

(25). Compared to the other RGS subtypes, we found that mRNA levels of RGS2, which is 

expressed in DA neurons (19, 25), were most notably increased in rat VTA and nucleus 

accumbens (NAc) following chronic AMPH SA (26). Previously, we reported that RGS2 directly 

regulates D2R-mediated Gαi/o activation and downstream signaling in neuroblastoma 2a (N2A) 

cells stably expressing the short form of D2R (D2SR) (27). Furthermore, using a full-length N-

terminus truncation RGS2 mutant (RGS2ΔN), we recently found that the N-terminus of RGS2 is 

integral for inhibition of D2SR signaling in N2A cells. Additionally, repeated AMPH SA increases 

RGS2 activity (19), which could contribute to abolished D2R Gαi/o coupling and downstream 

impairment in D2R signaling. Therefore, RGS2 is a critical molecular target that could be 

implicated in dysregulated D2R signaling after psychostimulant use.  

In the present study, we provide in vivo evidence that RGS2 is a critical regulator of 

D2AR function in DAergic neurons by infecting VTA DA neurons of TH-Cre rats with AAV10-

encoding RGS2ΔN mutant. Using this model, we found that reduced RGS2 function potentiated 

D2AR-mediated inhibition of DA release in the NAc and increased the ability of D2ARs to inhibit 

novelty-mediated locomotor activity, without altering D1R-stimulated locomotor activity, 

suggesting that RGS2ΔN expression specifically augments presynaptic D2AR function. Here, 

we show that RGS2-mediated inhibition of D2AR activity regulates DA transmission by inhibiting 

dopamine transporter (DAT) reuptake of DA, which is a critical determinant of locomotor 

response and extracellular DA levels in the NAc following cocaine exposure. We further 
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implicate RGS2 in regulating D2AR-mediated drug-related behaviors. Together, the present 

study provides first time evidence that RGS2 plays a critical role regulating D2AR activity in 

DAergic neurons to control mesolimbic DA transmission and behavioral outcomes associated 

with addiction vulnerability.   

Results:  

Verification of RGS2ΔN Expression in Midbrain DAergic Neurons 

We injected a Cre-dependent AAV10 encoding HA-RGS2ΔN-mCherry unilaterally into 

the VTA of TH-Cre rats to restrict expression of RGS2ΔN to midbrain DAergic neurons. 

Immunofluorescence staining was performed 3 weeks post-injection to assess the co-

localization of mCherry or HA-tag with TH, a DAergic neuron marker. As shown in Fig. 1A, the 

fluorescent signals of mCherry (top) and HA (middle and bottom) were predominantly present in 

TH-positive VTA DAergic neurons, suggesting that the virus effectively infected DAergic 

neurons.  

Western blotting was performed using a previously validated RGS2 antibody (27) to 

measure expression of HA-RGS2ΔN-mCherry and determine the effects of HA-RGS2ΔN-

mCherry expression on endogenous RGS2 proteins levels in rat VTA (Fig. 1B). A strong 

immunoreactive band (~45 kDa) corresponding to HA-RGS2ΔN-mCherry was detected in 

samples from RGS2ΔN rats. An immunoreactive band (~24 kDa) that corresponded to 

endogenous RGS2 was detected in both control and RGS2ΔN rats. Quantitative analysis 

revealed that expression of RGS2ΔN significantly reduced endogenous RGS2 protein levels 

(~24 kDa band) by 53.8 ± 16.4 % compared to control rats (Fig. 1C, N=6, p < 0.001, Student’s t-

test). Competitive expression of RGS2ΔN resulting in reduced expression of endogenous RGS2 
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proteins would, therefore, result in reduced RGS2 function. 

RGS2ΔN Expression Increases the Ability of D2AR to Inhibit Evoked DA Release in the 

NAc 

Because RGS2ΔN expression increases D2AR activity in N2A cells (Chapter 3), we 

determined the effect of RGS2ΔN expression in DAergic neurons on D2AR activity. Using ex 

vivo fast-scan cyclic voltammetry, we measured the ability of D2ARs to inhibit evoked DA 

release in the NAc-containing brain slices in the presence of increasing concentrations of D2/D3 

receptor agonist quinpirole (0.01-1 µM). The maximal peak-height of single-pulse (750 μA, 5 

ms, monophasic) evoked DA release was determined for each quinpirole concentration and 

expressed as percent of evoked DA release in the absence of quinpirole (Fig. 2A). RGS2ΔN 

expression caused a notable leftward shift in quinpirole dose-response curve. The IC50 values 

of quinpirole for inhibition of DA release were 89.8 ± 21.0 nM and 14.3 ± 3.2 nM for control and 

RGS2ΔN rats, respectively (Fig. 2B). 

We further examined the effect of RGS2ΔN expression on D2AR activity in vivo. 

Quinpirole produces dose-dependent biphasic effects on novelty-induced locomotor activity (28, 

29). At low doses, quinpirole is presumed to preferentially activate D2ARs, which inhibits 

synaptic DA release and suppresses locomotor activity (30). Therefore, we measured D2AR-

mediated inhibition of locomotor activity in control and RGS2ΔN rats. Locomotor activity 

following an injection of quinpirole (0.01-0.1 mg/kg, s.c.) in an open-field was recorded and data 

were plotted as total locomotor activity in 20 mins. Control and RGS2ΔN-expressing rats did not 

differ in their locomotor response to the novel environment alone (Fig. 2C). However, quinpirole 

dose-dependently suppressed locomotor activity in both control and RGS2ΔN groups. A two-

way ANOVA revealed significant main effects of quinpirole dose, F (3,48) = 16.64, p< 0.001, 

and group, F (1,48) = 12.07, p< 0.001. Post hoc Bonferroni analysis indicated that RGS2ΔN rats 
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display significantly greater locomotor suppression in response to quinpirole (0.01 and 0.03 

mg/kg) compared to control rats (Fig. 2C, p < 0.01). To confirm that RGS2ΔN expression did not 

alter D1R function, we measured locomotor activity following an injection of D1R agonist, SKF-

81297 (0.3 or 3 mg/kg, s.c.), a dose range previously shown to stimulate locomotor activity in 

rats (31). The D1R-stimulated locomotor activity was comparable between control and RGS2ΔN 

rats (Supplemental Fig. 1), implying that the effects of RGSΔN expression were restricted 

presynaptically and D1R function was unaltered in these animals. These neurochemical and 

behavioral data suggest that attenuation of RGS2 function in VTA DA neurons enhances D2AR 

activity.  

 

RGS2ΔN Expression Decreases Evoked DA Release via Upregulation of Kv1.2 Channels 

in the NAc 

A notable effect by RGS2ΔN expression is the reduction in evoked DA release in the 

NAc. Shown in Fig. 3A-B, the maximal peak-height of single-pulse (750 μA, 5 ms, monophasic) 

evoked DA release ([DA]/p) was significantly reduced in RGS2ΔN rats (196.2 ± 35.1 [DA]/p) 

compared to control rats (485.3 ± 61.7 [DA]/p) (Fig. 3B, p < 0.001, Student’s t-test). It has been 

shown previously that D2AR inhibits DA release by increasing Kv1 voltage-gated potassium 

channel function. Among the Kv1 family, the Kv1.1, Kv1.2 and Kv1.6 mRNA and protein are 

present in mouse striatal DA axon terminals, and blockade of these subunits attenuates D2AR-

mediated inhibition of DA release (32). Thus, we hypothesized that the reduction in electrically 

evoked DA release in NAc slices RGS2ΔN expression could be caused by increased function 

and expression of Kv1.2 channels.  

To determine if reduced evoked DA release resulting from RGS2ΔN expression was due 

to increased Kv1.2 channel activity , NAc-containing slices were incubated with maurotoxin 
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(MTX), which is selective for blockade of Kv1.2 channels at 1-100 nM concentrations (33). Bath 

application of MTX (1-100 nM) dose-dependently increased the level of evoked DA release in 

the NAc from control and RGS2ΔN rats (Fig. 3C). A two-way ANOVA revealed a significant 

main effect of treatment, F (3,56) = 21.78, p< 0.001. Bonferroni post hoc analysis indicated that 

high doses of MTX (10 and 100 nM) significantly increased the level of DA release in control 

and RGS2ΔN rats (p < 0.05). However, RGS2ΔN rats displayed increased sensitivity to the 

effects of MTX treatment as application of 1 nM MTX significantly increased the level of DA 

release in RGS2ΔN rats compared to baseline (p < 0.05), whereas this dose had no effect in 

control rats. We further determined if increased Kv1.2 activity resulted from increased Kv1.2 

channel protein levels in the NAc using Western blotting. We found that Kv1.2 protein level was 

significantly increased by 80.5 ± 12.4% in the NAc of RGS2ΔN rats compared to control rats 

(Fig. 3D, Student’s t-test, p< 0.001). Together, these data suggest that the decreased level of 

electrically evoked DA release in the NAc of RGS2ΔN rats compared to control rats is mediated 

by increased Kv1.2 channel activity and expression.  

 

RGS2ΔN Expression Attenuates Cocaine-induced Locomotor Stimulation and 

Extracellular DA Accumulation in the NAc 

D2AR function is negatively correlated with locomotor response to psychostimulants 

such as cocaine (14, 16, 34). To assess the effect of RGS2ΔN expression on acute response to 

cocaine, locomotor activity was measured after a saline injection (i.p.) followed by single 

injection of cocaine (5 or 10 mg/kg, i.p.) (Fig. 4A) in control and RGS2ΔN rats. Control and 

RGS2ΔN rats did not differ in their locomotor response to a saline injection (Fig. 4B). Cocaine 

stimulated locomotor activity in both control and RGS2ΔN rats in a dose-dependent manner. A 

two-way ANOVA revealed significant main effects of treatment, F (2,38)= 14.14, p< 0.001,  

group, F (1,38)= 15.45, p < 0.001, and interaction, F (2,38)= 3.76, p < 0.05. Bonferroni post hoc 
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analysis indicated that cocaine-induced (5 and 10 mg/kg) locomotor activity was significantly 

reduced in RGS2ΔN rats compared to control rats (p < 0.01). 

To determine whether the reduced locomotor response to cocaine was associated with 

altered DA-elevating response to cocaine, we investigated the effects of RGS2ΔN expression 

on basal and cocaine-enhanced NAc DA levels in the NAc of control and RGS2ΔN rats using in 

vivo microdialysis. Expression of RGS2ΔN significantly attenuated the increase in extracellular 

DA levels in the NAc seen following injection of cocaine (5 or 10mg/kg, i.p.). The groups did not 

differ in the amount of DA measured in the stable baseline perfusates collected prior to drug 

challenge (Fig. 4C, N=6, Student’s t-test, ns). In control rats, cocaine produced a rapid, 

significant increase in extracellular DA, which peaked 20 mins post-injection and persisted for 

80 mins (5 mg/kg cocaine) or 100 mins (10 mg/kg cocaine) (Fig. 4D). The cocaine-induced 

increase in DA reached a maximum of 449.35 ± 61.45% (5 mg/kg cocaine) or 674.83 ± 78.73% 

(10 mg/kg cocaine) of baseline DA levels, which corresponded to 0.33 ± 0.06 (pmol/sample) 

and 0.59 ± 0.11 (pmol/sample) of DA. Alternatively, in rats expressing RGS2ΔN, the peak 

increase in extracellular DA produced by 5 or 10 mg/kg of cocaine was 261.55 ± 51.96% and 

467.99 ± 90.07% of baseline (Fig. 4D) and corresponded to 0.21 ± 0.06 (pmol/sample) and 0.35 

± 0.09 (pmol/sample) of DA, respectively (Fig. 4D, p < 0.01).  A two-way ANOVA revealed 

significant main effects of treatment, F (8,180) = 43.90, p< 0.001, group, F (3,180) = 28.72, p < 

0.001, and interaction, F (24,180) = 3.33, p < 0.001.  

 

RGS2ΔN Expression Increases DA Reuptake and Decreases the Ability of Cocaine to 

Block DA Reuptake in the NAc 

 Numerous studies have shown that D2AR activity regulates DAT function within the 

mesolimbic DA system (35, 36). For instance, intra-striatal administration of D2/D3R antagonist 

raclopride significantly reduced DAT uptake (35), indicating that D2ARs can modulate the 

113



activity of DAT. Because RGS2ΔN expression increased the intrinsic activity of D2ARs in VTA 

DAergic neurons, we assessed if DAT activity was changed. We performed [3H]DA uptake 

assay in the presence of various concentrations of unlabeled DA using synaptosomes prepared 

from rat NAc (Fig. 5A). We found that the maximal DA uptake velocity (Vmax) was significantly 

increased in RGS2ΔN rats (20.31 ± 3.64 pmols/mg/min) compared to control rats (8.27 ± 1.22 

pmols/mg/min) (Fig. 5B, N=6, p < 0.01, Student’s t-test). The values of DA binding affinity for 

DAT (Km) did not differ between the control (1.09 ± 0.33 µM) and RGS2ΔN rats (1.20 ± 0.22 

µM) (Fig. 5C). Because transport activity of DAT (Vmax) is tightly regulated by DAT expression 

level (37, 38), our findings that RGS2ΔN expression increased DA uptake in synaptosomes 

prompted us next to measure expression levels of DAT in NAc tissue (Fig. 5D). We found that 

total DAT protein levels were comparable in NAc tissue from control and RGS2ΔN rats (Fig. 5E, 

N=6, ns).  These findings suggest that reduced RGS2 activity in VTA DAergic neurons 

enhances DAT function, likely via upregulation in DAT surface expression.  

Previous studies have shown that D2ARs positively regulate DAT activity, which is 

associated with decreased potency of cocaine at inhibiting DA uptake (37, 39). Because we 

found that RGS2ΔN expression increased D2AR activity and transport activity of DAT (Vmax), 

we used [3H]DA uptake assays to determine if RGS2ΔN expression altered cocaine potency to 

block DA reuptake. [3H]DA uptake was measured in the presence of increasing doses of 

cocaine (1 nM-100 μM) in synaptosomes prepared from the NAc of control and RGS2ΔN rats 

(Fig. 5F). We found that the ability of cocaine to inhibit DA reuptake via DAT was significantly 

reduced in RGS2ΔN rats (IC50= 7.51 ± 0.32 µM) compared to control rats (IC50= 0.23 ± 0.02 

µM) (N=6, p < 0.01, Student’s t-test).  

 

RGS2ΔN Expression Reduces the Reinforcing Efficacy of Cocaine 
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We, along with others, have shown that D2ARs play a critical role in regulating cocaine 

self-administration (14, 16, 40, 41), which is heavily dictated by the reinforcing efficacy of 

cocaine. Because we found that RGS2ΔN expression augments D2AR activity, we next 

determined if the reinforcing effects of cocaine were altered by RGS2ΔN expression.  Here, we 

used a validated, within-session threshold procedure, which produces individual demand curves 

for cocaine in a single test session, to delineate the motivational and hedonic components of 

drug-taking (42-44). This procedure has been shown to predict multiple drug-seeking behaviors 

such as resistance to extinction, cue- and drug-induced reinstatement, and punished drug-

taking (42, 45), which are important predictors of addiction vulnerability. First, animals were 

trained to self-administer cocaine (0.75 mg/kg/infusion) under a FR1 schedule. There was no 

difference between the two groups for number of sessions until acquisition criteria was met (Fig. 

6B). Next, animals underwent the within-session threshold procedure in which economic 

demand for cocaine was measured in a 110-min session across increasing cocaine prices 

(responses per milligrams of cocaine) by successively decreasing cocaine doses in each 

consecutive 10-min bin as described previously (46, 47) (Fig 6C). Demand curves were 

generated for each animal, of which stable performance was achieved within 3-4 sessions, and 

baseline parameters, Pmax (demand or price at which maximal responding occurred) and Q0 

(cocaine consumption at low price) were extrapolated using behavioral economic analysis as 

described previously (43, 47). In RGS2ΔN rats, Pmax values were significantly decreased 

compared to control rats (Fig. 6D, p< 0.001, Student’s t-test), suggesting that RGS2ΔN 

expression reduces the reinforcing efficacy of cocaine. Further, Q0 was significantly increased in 

RGS2ΔN rats compared to control rats (Fig. 6E).  

 

RGS2ΔN Expression Reduces Cocaine- but not Cue-primed Reinstatement of Cocaine 

Seeking 
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 D2AR activity negatively regulates reinstatement of cocaine seeking in rats (48), a 

behavioral outcome of drug craving that is mediated by the reinforcing efficacy of cocaine (49, 

50). It is important to note that relapse of drug use in humans and reinstatement of drug seeking 

in rodents is often precipitated by a small priming dose of drug or encountering 

discrete/contextual cues previously paired with drug use, which are mediated by distinct neural 

mechanisms (42, 51-53). Therefore, in the present study we further delineated whether 

expression of RGS2ΔN altered cocaine- or cue-primed reinstatement of cocaine-seeking in 

animals extinguished from cocaine SA. Control and RGS2ΔN rats self-administered cocaine 

(0.5 mg/kg/inf) under an FR1 schedule of reinforcement until stable responding was achieved 

(less than 10% variability in active lever presses during a 2 hr session for at least three 

consecutive sessions). This dose of cocaine (0.5 mg/kg/inf) was selected because it produces a 

sufficient level of responding that would allow for reliable detection of extinction training (54, 55). 

Once stable responding was achieved, animals underwent daily extinction training sessions until 

responding was <15% of FR1 responding for cocaine as described previously (56). After 

extinguishing operant responding for the cocaine-associated cues, which occurred in a 

comparable number of sessions in both groups (Fig. 6F), subsets of rats (N = 8) were randomly 

assigned to be tested for cocaine- or cue-induced reinstatement of cocaine-seeking. A priming 

injection of cocaine (10 mg/kg, i.p) elicited responding on the cocaine-associated lever in control 

rats (Fig. 6G). However, RGS2ΔN expression significantly reduced cocaine-induced 

reinstatement of active lever responding (Fig. 6I, p < 0.001, Student’s t-test) compared to 

control rats. RGS2ΔN expression did not alter cue-induced reinstatement of cocaine-seeking 

compared to control rats (Fig. 6H). Groups did not differ in inactive lever pressing (Supplemental 

Fig. 2).  

 

RGS2ΔN Expression does not Alter Sucrose Self-administration  
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In a separate cohort of animals, we measured sucrose SA under FR and PR schedules 

of reinforcement to determine if RGS2ΔN expression altered consumption or the reinforcing 

effects of a natural reward, respectively (Fig. 7A). First, rats were trained to self-administer 

sucrose pellets under a FR1 schedule of reinforcement. There was no difference between the 

two groups for number of sessions until acquisition criteria was met (Fig. 7B). To measure the 

level of sucrose consumption, animals self-administered sucrose pellets under FR3 then FR5 

schedules of reinforcement. We found that the number of active lever presses were comparable 

in control and RGS2ΔN rats under both schedules of reinforcement (Fig. 7C). The number of 

inactive lever presses were comparable for both groups across all sessions. Reinforcement 

value of sucrose was measured under a PR schedule of reinforcement. The number of sucrose 

pellets received and breakpoints did not differ between control and RGS2ΔN rats (Fig. 7D), 

suggesting that RGS2ΔN expression does not alter the hedonic or motivational components of 

natural reward SA.   

Discussion: 

The current study implicates RGS2 as a critical regulator of cocaine self-administration 

by dynamically controlling D2AR function in midbrain DAergic neurons. We provide first time 

evidence that RGS2 negatively modulates D2AR activity, as measured by the ability of D2ARs 

to inhibit evoked DA release in the NAc and suppress novelty-mediated locomotor activity, a 

behavioral correlate of D2AR function. As D2AR-mediated inhibition of DA release at 

presynaptic terminals is tightly regulated by Kv1 channels, notably Kv1.2 subunits (32), we show 

that RGS2 promotes electrically evoked DA release at presynaptic terminals in the NAc by 

augmenting Kv1.2 subunit activity and expression. In line with evidence that D2AR activity 

negatively regulates locomotor response to cocaine and extracellular DA levels in the NAc (14, 

16, 34), RGS2-mediated inhibition of D2AR activity promotes locomotor stimulation by cocaine 
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which is paralleled by extracellular DA levels in the NAc.  Here, we show that RGS2 regulates 

DAT activity and potency of cocaine at DAT at presynaptic NAc terminals by controlling D2AR 

activity, bolstering the hypothesis that DAT function is augmented by D2AR. Lastly, RGS2 

positively regulates the reinforcing efficacy of cocaine and cocaine-primed reinstatement of drug 

seeking, both of which are promoted by D2AR activity and DAT function in midbrain DAergic 

neurons. Thus, RGS2 regulation of D2AR activity contributes to drug addiction vulnerability via 

multifaceted control of mesolimbic DA neurotransmission.  

Our results provide compelling evidence that RGS2 is a critical regulator of D2AR 

activity in midbrain DAergic neurons, such that a reduction in RGS2 activity potentiates D2AR-

mediated inhibition of evoked DA release in the NAc. Suppression of novelty-mediated 

locomotor activity by administration of low doses of quinpirole serves as a behavioral correlate 

of D2AR activity (57, 58). The ability of D2ARs to suppress novelty-mediated locomotor was 

enhanced when RGS2 activity was reduced in midbrain DAergic neurons, providing in vivo 

evidence that RGS2 negatively modulates D2AR function. Because postsynaptic D1Rs 

contribute to locomotor response (58-60), we confirmed that reduced RGS2 function did not 

result in compensatory alterations in D1R activity, as measured by the ability of D1Rs to 

stimulate locomotor activity (Supplemental Fig. 1). Although no previous reports demonstrate 

the ability of RGS2 to regulate D2AR receptor function in vivo, RGS2 regulation of D2R function 

has been examined in cultured cell models. Previously, we reported that RGS2 negatively 

modulates D2SR signaling in N2A cells (27); however, another study found that RGS2 did not 

exhibit inhibitory activity for D2R signaling in HEK293 cells (61). This apparent discrepancy 

likely stems from cell-type differences (HEK293 vs. N2A cells) and technical approaches 

(overexpression vs. knockdown) used in these experiments. It has been shown that RGS2 

mRNA levels are negatively regulated in the rat striatum by D2R activation (57), providing 

support for the putative role of RGS2 in fine-tuning D2R signaling in vivo. Overexpression of 
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RGS9-2 in rat NAc reduced locomotor responses to quinpirole (1 mg/kg, i.p.) (62), suggesting 

that D2R function can be regulated by other RGS protein subtypes in vivo.  Our present findings 

provide new physiological and behavioral evidence that RGS2 negatively regulates D2AR 

function in midbrain DAergic neurons.  

D2ARs control DA transmission by eliciting feedback inhibition of DA release via 

activation of Kv1 channels at presynaptic terminals. D2ARs couple to Kv1.2 channels, a 

member of the Kv1 channel family, in striatal tissue and facilitate Gβγ subunit-dependent Kv1.2 

currents in co-transfected cells (32). We discovered here that reduced RGS2 function and 

increased D2AR activity enhanced the ability of Kv1.2 channels to inhibit electrically evoked DA 

release and increased Kv1.2 protein levels in the NAc. This observation is in line with studies 

using Kv1.2 knockout mice which show attenuation of inhibition of stimulation-evoked DA 

overflow by quinpirole compared to wild-type mice (32). We postulate that compensatory 

upregulation of Kv1.2 expression may be due to putative reduction in DA neuron excitability 

caused by increased intrinsic activity of D2AR when RGS2 function is reduced. D2ARs 

modulate the membrane potential of DAergic neurons by eliciting hyperpolarization (10). 

Because membrane depolarization facilitates the transition from inactive to active conformation 

of Kv1.2 channels (63), it is plausible that a hyperpolarizing shift in membrane potential caused 

by increased D2AR activity would favor the inactive conformation of Kv1.2 channels. To this 

end, a compensatory upregulation of Kv1.2 expression may occur to overcome an imbalance 

favoring inactive state Kv1.2 channels.   

Locomotor response to cocaine is an important predictor of vulnerability to cocaine self-

administration (64, 65). D2AR activity mediates locomotor response to cocaine, such that the 

ability of cocaine to stimulate locomotor activity is enhanced in D2AR knockout mice compared 

to wild-type mice (14, 16). In the present study, we show that cocaine-induced locomotor 

stimulation was abolished when RGS2 function was reduced, bolstering the hypothesis that 
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D2AR activity negatively regulates locomotor response to cocaine. These findings are in 

agreement with additional studies supporting that D2AR function is negatively associated with 

acute locomotor response to cocaine (14, 34, 40). The level of extracellular DA after cocaine 

exposure is a critical determinant of the degree of locomotor stimulation (66). Here, we found 

that the level of extracellular DA elicited by cocaine in the NAc was blunted when RGS2 function 

was reduced, supporting the hypothesis that D2AR activity negatively regulates cocaine-

induced extracellular DA and resultant locomotor activity. Supporting this hypothesis, one study 

showed that concentrations of striatal extracellular DA following cocaine exposure were 

significantly higher in D2R-null mice compared to wild-type mice (67). 

Because extracellular DA levels are tightly regulated by DAT function and D2AR activity 

is a critical determinant of DAT function (10, 36, 68), we postulate that RGS2 inhibition of D2AR 

activity negatively regulates DAT function. The current study shows that reduced RGS2 function 

increased the maximal velocity of DA uptake (Vmax) compared to control rats, implicating DAT-

mediated reuptake as a functional consequence of heightened D2AR activity. These findings 

parallel a study using in vivo voltammetry that showed DA uptake (Vmax) is accelerated under 

conditions of increased D2AR activity in rat striatum (36). Similarly, blockade of D2ARs 

decreased Vmax for DA uptake at low (10-30 Hz) but not high (40-60 Hz) stimulus frequencies 

in rat CPu and NAc (69), suggesting a frequency-dependent role of D2ARs in regulating DAT 

activity.  However, DA uptake as measured by ex vivo brain slice voltammetry was unaltered in 

D2AR knockout mice compared to wild-type littermates (14). Discrepancy in these findings can 

likely be attributed to differences in model systems and experimental techniques employed to 

measure DAT function (in vivo vs. ex vivo voltammetry). The overall transport capacity of DAT is 

a function of its surface density, which can be increased by D2AR activation (70). Thus, we 

hypothesize that increased DAT surface expression may be a critical mechanism driving 

increased Vmax of DAT-mediated DA reuptake, as total DAT protein levels were not altered by 
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reduced RGS2 function in our current model. The ability of cocaine to block DAT-mediated 

reuptake of DA, which is a critical substrate of addiction-like behavior, is mediated by D2AR 

activity. In the present study, we found that RGS2 positively regulated the potency of cocaine at 

DAT in the NAc, indicating that increased D2AR function may underlie decreased cocaine 

potency at the DAT. This notion is supported by a previous study from McGinnis et al., which 

demonstrated that D2ARs negatively regulate cocaine potency in the NAc core of C57BL/6J 

mice (39). Cocaine potency at the DAT is correlated with reinforcing efficacy (71), thus 

decreased cocaine potency at DAT would reflect reduced reinforcing efficacy of cocaine. These 

data provide first-time evidence that RGS2 contributes to the regulation of cocaine potency at 

DAT by altering D2AR function, which has important implications in drug self-administration and 

vulnerability to addiction. 

D2AR activity has been associated with numerous experimental metrics of addiction-like 

behavior. Here, we demonstrate using behavioral economics that impaired RGS2 function in 

midbrain DAergic neurons significantly reduces demand elasticity for cocaine (Pmax). These 

findings are consistent with the proposal that D2AR function is inversely related to the 

reinforcing efficacy of cocaine. In the context of our procedure, the Pmax value is an 

assessment of demand elasticity, and may indicate motivation to consume cocaine. Virus-

mediated shRNA knockdown of D2R in the VTA of rats profoundly increased motivation for 

cocaine (i.e. increased progressive ratio (PR) breakpoint) (40); however, motivation for cocaine 

was unaltered in D2AR knockout mice compared to wild-type mice (16). Deviation in SA 

parameters (e.g. dose ratios, hold times and total cocaine exposure) or models (D2R 

knockdown versus D2AR knockout) implemented in these studies could contribute to these 

varied findings. The present study shows that impaired RGS2 function engenders reduced 

reinforcing efficacy of cocaine but does not alter the reinforcing effects of sucrose. Control and 

RGS2ΔN rats displayed comparable PR breakpoints for sucrose SA, suggesting that RGS2-
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mediated inhibition of D2AR activity does not mediate the reinforcing efficacy of natural rewards. 

It has been reported that knockdown of D2R in the VTA of rats increased motivation for sucrose 

under a PR schedule of reinforcement (40). In the case of this latter study, however, it is 

possible that animals were trained for operant SA for sucrose under different conditions as 

those used here. Additionally, their model results in knockdown of D2R expression in 

heterogeneous cell populations in the VTA, which differs, from our current approach which 

implements DAergic-specific expression of RGS2Δ to augment D2AR activity.  

Reinstated drug-seeking in animals extinguished from drug self-administration serves as 

a measure of drug craving and relapse (72). Following extinction of previously cocaine-

reinforced lever pressing, this operant behavior can be reinstated by a priming injection of 

cocaine or presentation of cues previously paired with drug infusion (73). D2Rs in the NAc play 

a role in reinstatement behavior (74-76), although the respective contributions of D2ARs and 

postsynaptic D2Rs have yet to be explored. In the present study, we show that cocaine-primed 

reinstatement of cocaine seeking was significantly reduced, while cue-induced reinstatement of 

cocaine seeking was unchanged, under conditions of impaired RGS2 function. Cocaine-elicited 

extracellular DA level in the NAc serves as an interoceptive cue to re-initiate reinstatement of 

drug-seeking (77). Thus, it is likely that the reduction in cocaine-induced reinstatement of drug 

seeking is mediated, in part, by enhanced D2AR-mediated inhibition of DA release when RGS2 

function is reduced. Impaired locomotor response to cocaine could contribute to the effects of 

RGS2 function on cocaine-primed reinstatement of drug seeking. However, in the absence of 

differences in inactive level responding observed during reinstatement sessions in control and 

RGS2ΔN rats (Supplemental Fig. 2), it is unlikely that reduced responding after the cocaine 

challenge is due simply to a decrease in locomotor activity but more likely attributed to reduced 

sensitivity to the rewarding efficacy of cocaine when RGS2 function is impaired.  
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Together, this study provides critical evidence that RGS2 negatively regulates D2AR 

activity in midbrain DAergic neurons to control mesolimbic DA transmission, highlighting RGS2 

is a critical determinant of D2AR-mediated behavioral outcomes associated with vulnerability to 

addiction. These findings extend the current understanding of cellular regulation of D2AR in 

addiction-related behaviors and demonstrates the feasibility of using RGS2 as a tool to 

intricately modulate D2AR activity in vivo.  

Methods 

Animals 

Heterozygous transgenic male and female rats expressing Cre recombinase under the control 

of the TH promotor (TH::Cre) rats were used for all experiments. Adult rats (300 – 325 g at the 

start of experiments) were maintained on a 12:12 h reverse light/ dark cycle (5:00 A.M. lights off; 

5:00 P.M. lights on) with food and water ad libitum. All animals were maintained according to the 

National Institutes of Health guidelines in Association for Assessment and Accreditation of 

Laboratory Animal Care accredited facilities. The experimental protocol was approved by the 

Institutional Animal Care and Use Committee at Wake Forest School of Medicine. 

Virus Microinjections  

Briefly, stereotaxic injections were performed on male and female rats under ketamine and 

xylazine (80 and 10 mg/kg body weight, respectively) anesthesia. Virus (control vector AAV10 

(1 x 1012 GC/mL) or AAV10-RGS2ΔN-3xHA-mCherry (1 x 1012 GC/mL) was bilaterally injected 

into the VTA (coordinates relative to bregma: AP -5.5, ML ±0.7,DV -7.7)(78) at a speed of 0.1 

µl/min using a Hamilton syringe (Sigma-Aldrich, St. Louis, MO, USA) equipped with a 30-gauge 

sharp-tipped needle. The needle was slowly removed after 10 mins to minimize the backflow. 

Locomotor Activity  
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Locomotor activity was measured using an open-field test conducted in Plexiglass chambers 

(41.5 cm x 41.5 cm x 30 cm). At the start of the test, animals were placed in the center of the 

chambers equipped with Omnitech Superflex Sensors (Omnitech Electronics, Inc.), which utilize 

arrays of infrared photodetectors located at regular intervals along each way of the chambers. 

The chamber walls were solid and contained within sound-attenuating boxes with 15-W light 

bulbs to illuminate the arena. Exploratory activity in this environment was measured for 60 min, 

and data were analyzed in five-minute time bins. Animals were assigned to group to measure 

the effect of quinpirole (0.01, 0.03 and 0.1 mg/kg, s.c.) or cocaine (5 and 10 mg/kg, i.p.) on 

locomotor activity.  

Self-Administration Surgery and Training  

Rats were anesthetized and implanted with chronic indwelling jugular catheters as previously 

described (41). Animals were singly housed, and all sessions took place in the home cage 

during the active/dark cycle (9:00 A.M. to 3:00 P.M.). After a 5 day recovery period, animals 

underwent a training paradigm during which each response on the active lever (fixed ratio; FR1) 

was reinforced with 0.75 mg/kg cocaine infusion, which was accompanied by illumination of a 

red stimulus light, and followed by a 20-s post-infusion timeout period. Responses on the 

inactive lever and responses during the timeout were recorded but had no programmed 

consequence. Training sessions were terminated after a maximum of 20 infusions or 2 hrs. 

Acquisition criteria was met when an animal responded for 20 injections for 2 consecutive days 

and a stable pattern of infusion intervals was present. 

Within-session Threshold Procedure  

The threshold procedure is a behavioral economics approach to evaluate individual differences 

in demand and reinforcing efficacy for cocaine. This procedure measures the extent to which 

price (i.e. lever presses/mg cocaine) influences drug consumption (i.e. demand) within a single 
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experimental session. As previously described (71, 79), the experimental paradigm generates a 

demand curve by giving rats access to a descending series of 11 unit doses of cocaine (421, 

237, 133, 75, 41, 24, 13, 7.5, 4.1, 2.4, and 1.3 µg/injection) available on an FR1 schedule of 

reinforcement. Each dose is available for 10 min, with each bin presented consecutively across 

the 110 min session. No post-infusion timeouts were applied but active-lever responses during 

the infusion had no consequence. Animals performed this procedure for 3 consecutive days, 

and responding was averaged to derive the values used. Completion of the procedure produces 

a within-session dose–response curve, depicted in Fig. 6C. Shifts in responding across the 

dose–response curve can be analyzed using behavioral economics principles, as described 

below.  

Behavioral economic analysis was implemented to determine the parameters of maximal 

price paid (Pmax) and consumption at a minimally constraining price (Q0)(46, 80). During the 

initial bins of the procedure, when the price (responses emitted to obtain 1 mg of cocaine) is 

low, the animal is able to obtain a preferred level of cocaine intake with minimal responding. 

Pmax is the price at which the animal no longer emits enough responses to maintain intake and 

consumption decreases. Q0 is a measure of the animals’ preferred level of cocaine 

consumption. This can be measured when the dose is high and cocaine is available at low 

effort, or a minimally constraining price. This preferred level of consumption is established in the 

early bins of the threshold procedure. Pmax and Q0 values were derived mathematically using a 

demand curve generated by curve-fitting individual animals’ intake using the following equation: 

log(Q)=log(Q0)+k*(e-α*Q0*C-1)(81, 82). Pmax was determined in the equation to be the unit 

price at which the first derivative point slope of the function = -1. The value k was set to 2 for all 

animals, whereas Q0 and α were estimated to achieve best fit (81, 83). Here, we reported 

standardized Pmax, which was derived by normalizing each animals’ Pmax value to their Q0. 

Extinction/Reinstatement Procedures 
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Following completion of the threshold procedure, rats self-administered cocaine (0.5 

mg/kg/infusion) under a FR1 schedule until stable responding was achieved (i.e., less than 10% 

variation in response rates over 3 consecutive days). During this phase, rats were limited to a 

maximum of 50 infusions per daily 2-hr SA session. After stable responding was established 

(<10% variability across at least 2 consecutive sessions), responding was extinguished during 

daily 2-hr sessions in which saline was substituted for cocaine and the light cue was not 

presented following an active lever response. Once responding was reduced by ≥ 85% for three 

consecutive days compared to the first day of extinction training, separate groups of animals 

were randomly assigned to be tested for response reinstatement induced by a non-contingent 

presentation of cocaine (10 mg/kg, i.p.) or a conditioned cue (light previously paired with 

cocaine SA). Responses on an inactive lever were also recorded during all sessions.  

Sucrose Self-Administration 

Rats were trained to self-administer sucrose pellets on a FR1 reinforcement schedule in daily 2 

hr sessions until an acquisition criterion of 50 sucrose pellets was consumed for 2 consecutive 

test days as previously reported (84). Each response on the active lever was reinforced with a 

sucrose pellet (45 mg), which was accompanied by illumination of a red stimulus light, and 

followed by a 20-s post-infusion timeout period. Following acquisition of sucrose SA, rats self-

administered sucrose under FR3 then FR5 schedules of reinforcement. After stable responding 

was established under FR3 and FR5 schedules (<10% variability across at least 2 consecutive 

sessions), the reinforcing value of sucrose was measured under a PR schedule of 

reinforcement, in which the response requirement was progressively increased after each 

obtained reward ((1, 2, 4, 6, 9, 12, 15, 20, 25, etc.) (85). A test session ended after the animal 

failed to obtain a reward within 1 hour. All operant behavior for sucrose was assessed in the 

same cohort of animals (N=12). During experimental testing, animals received ad libitum chow 

in the home cage. 
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Ex vivo Fast-scan Cyclic Voltammetry 

A separate cohort of male and female TH-Cre positive Long Evans rats were designated 

for characterization of D2AR regulation of presynaptic DA release using ex vivo fast-scan cyclic 

voltammetry in rat brain slices containing NAc as described previously (21) three weeks post-

virus microinfusion. Briefly, rats were anesthetized with isoflurane, euthanized by decapitation 

and brains were rapidly removed and transferred into pre-oxygenated (95% O2 / 5% CO2) 

artificial cerebral spinal fluid (aCSF) containing (in mM): NaCl (126), KCl (2.5), monobasic 

NaH2PO4 (1.2), CaCl2 (2.4), MgCl2 (1.2), NaHCO3 (25), dextrose (D-glucose) (11), and L-

ascorbic acid (0.4). Tissue was sectioned into 400 µm-thick coronal slices on a compresstome® 

VF-300vibrating microtome (Precisionary Instruments Inc., San Jose, CA). Brain slices were 

transferred to testing chambers containing oxygenated aCSF (32 °C) flowing at 1 mL/min. A 

carbon fiber microelectrode (100–200 μM length, 7 μM radius) and a bipolar stimulating 

electrode were placed into the core of the NAc. DA release was evoked by a single electrical 

pulse (750 μA, 5 ms, monophasic) applied to the tissue every 3 min. The extracellular DA level 

was recorded by applying a triangular waveform (−0.4 to +1.2 to −0.4 V vs Ag/AgCl, 400 μV/s). 

Once the extracellular DA level was stabilized, quinpirole was applied cumulatively to the brain 

slice to determine a dose–response curve (0.01–1 μM) to determine the effect of D2AR 

stimulation on inhibition DA release. Data were modeled using Michaelis–Menten kinetics to 

determine DA released. The quinpirole concentration–response curves were assessed by 

determining the peak height of DA release at each dose and expressed as a percentage of the 

pre-drug basal DA release. In a separate set of experiments, slices were incubated with MTX 

(1-100nM) and DA release was measured. The effect of Kv1.2 channel blockade on DA release 

was determined by measuring the peak height of DA release after each respective drug 

treatment and expressed as a percentage of the pre-drug basal DA release.  
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Recording electrodes were calibrated by recording responses (in electrical current; nA) 

to a known concentration of DA (3 μM) using a flow-injection system. This was used to convert 

an electrical current to a DA concentration. Demon Voltammetry and Analysis software (86) was 

used to analyze all data. 

In Vivo Microdialysis 

Under ketamine and xylazine (80 and 10 mg/kg body weight, respectively) anesthesia, rats were 

unilaterally implanted with stainless steel guide cannula (0.5mm diameter; AG-7.5; Amuza) for 

intracranial in vivo microdialysis. Target coordinates were calculated from a stereotaxic atlas 

(78) such that cannula tips were aimed 1.0 mm above the NAc (AP −1.5 mm from bregma, ML

±1.8 mm from midline, DV –5.5 mm from top of brain). Animals were allowed to recover for 48 

hrs. Microdialysis experiments were carried out by lowering an AZ-7.5 concentric microdialysis 

probe with 1mm projection (AZ-7.5-01; Amuza) into the NAc-implanted guide cannula and 

perfusing the probe with Ringer’s solution (in mM: NAcl 140.0, KCl 4.0, CaCl2 1.2, MgCl2 1.0) at 

a flow rate of 0.5 µL/min for 2 hrs then 1.0 µL/min for an additional 2 hrs to acclimate the probe 

and surrounding tissue. After 4hrs of acclimation, samples were collected every 15 mins 

manually into tubes containing (antioxidant info here). Samples were flash frozen on dry ice and 

stored at -80ºC until HPLC analysis. A total of eight baseline samples were collected followed 

by administration of cocaine (5 or 10 mg/kg, i.p.) or AMPH (1 or 3 mg/kg, i.p.) based on previous 

studies (87-91) or vehicle. An additional eight or twelve samples were collected every 15 

minutes for cocaine or AMPH challenge experiments, respectively. At the end of the experiment, 

animals were euthanized and guide cannulae placement was confirmed post-mortem with cresyl 

violet staining. 

Synaptosomal [3H]DA Reuptake Assay 
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Synaptosomal [3H]DA uptake was performed as described (92, 93) with minor modifications. 

Briefly, rat NAc tissue was dissected on ice and homogenized in 10 volumes of 0.32M sucrose. 

Homogenates were centrifuged at 800xg for 10 min and the supernatant was transferred to a 

fresh vial. The supernatant fraction was centrifuged at 15,000xg for 15 min. The P2 

synaptsome-containing pellet was resuspended in Krebs-Ringer buffer (KRB) with 10 mM 

glucose, 0.1 mM ascorbic acid, 0.1 mM pargyline and protease inhibitor cocktail. 

For [3H]DA experiments, synaptosomal fractions were incubated with 0-10µM DA and 15nM 

[3H]DA (75 μCi/kg; specific activity 50–55 mCi/mmol; PerkinElmer, Waltham, MA) at 37°C for 

5 mins. Uptake reactions were terminated by washing three times with ice-cold KRB and [3H] 

was measured via liquid scintillation counting. Non-specific uptake was determined in the 

presence of 1mM DA. For cocaine competition assays, 15nM [3H]DA and cocaine (1nM-100µM) 

were added to synaptosomes and experiments were performed as described above.  

Immunohistochemistry 

Perfused brains were cut at 40 μm thick and stored in in PBS until ready for processing. Brain 

slices were incubated in blocking buffer (10% normal goat serum, 0.1% Triton-X) for 2 hrs then 

primary antibodies: rabbit anti-mCherry (ab167453; Abcam) or rabbit anti-HA tag (ab9110, 

Abcam) and goat anti-TH (sc-25269; Santa Cruz) were added to slices and incubated at 4°°C 

on an orbital shaker overnight. mCherry or HA-tag and TH were visualized with goat anti-rabbit 

Alexa 594 (Invitrogen) and donkey anti-goat Alexa 488 (Invitrogen), respectively. After washing 

in PBS with 0.1% Triton-X, slices were mounted on glass slides using ProlongGold Antifade 

mounting reagent containing DAPI (Invitrogen).  

Western Blotting 

Western blotting was performed to measure the levels of DAT in total lysate from the NAc tissue 

of control and RGS2ΔN rats. Briefly, tissue was homogenized in RIPA buffer containing 25 mM 
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Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium 

deoxycholate, and 1% Triton X-100. Lysates were resolved by SDS-PAGE gel electrophoresis 

and transferred to nitrocellulose membrane. Membranes were immunoblotted with the following 

antibodies: rabbit anti-DAT (Millipore; AB2231). After incubation with goat anti-rabbit secondary 

antibody, bands were visualized using Chemiluminescence detection method (Pierce; #32106). 

Quantification of the bands was performed using ImageJ (NIH). The intensity of immunoreactive 

bands were normalized to that of β-actin goat anti-β-actin (1:1000, sc-1615) and expressed as 

relative to the control samples. 

Data Analysis and Statistics 

Data were analyzed using Prism 6 (Graphpad Software). All data are presented as mean ± 

SEM. A two-tailed Student’s t-test analysis was performed for comparisons between two 

groups. A two-way analysis of variance (ANOVA) was used followed by Bonferroni post hoc 

analysis for multiple comparisons.   A value of p < 0.05 was considered statistically significant.  
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Figures: 

Figure 1. Verification of Expression of RGS2ΔN in Midbrain DAergic Neurons. (A) 

Representative images of immunofluorescence staining for TH (green), mCherry (top; red) or 

HA tag (middle/bottom; red), and an overlay (yellow) of both markers in the VTA (left 

hemisphere) of a rat infected with AAV. HA and mCherry co-localize with TH in the VTA of 

RGS2ΔN rats. (B) Representative Western blot of RGS2 protein levels in VTA tissue from 

control and RGS2ΔN rats. Immunoreactive bands at ~24 kDa correspond to endogenous RGS2 

protein and ~45 kDa correspond to HA-RGS2ΔN-mCherry. (C) Quantification of endogenous 

RGS2 protein levels in VTA tissue from control and RGS2ΔN rats. RGS2ΔN expression 

significantly reduces endogenous RGS2 protein levels compared to control rats (N=6, ***, p < 

0.001 versus control, Student’s t-test). 
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Figure 2. RGS2ΔN Expression Increases D2AR-mediated Inhibition of DA Release in the 

NAc and Suppression of Novelty-mediated Locomotor Activity. (A) The ability of D2ARs to 

inhibit evoked DA release from the the NAc was dose-dependently increased in rats expressing 

RGS2ΔN in midbrain DA neurons as compared with control rats. (B) The IC50 of quinpirole-

induced inhibition of DA release in the NAc was significantly reduced in RGS2ΔN rats compared 

to control rats (N=6, **, p < 0.01 versus control, Student’s t-test). (C) Rats were injected with 

quinpirole (0.01, 0.03 or 0.1 mg/kg, s.c.) and locomotor activity was measured. Quinpirole dose-

dependently inhibited locomotor activity in both groups; however, the ability of quinpirole to 

inhibit locomotor activity was significantly greater in RGS2ΔN rats compared to control rats. 

Data are expressed as mean ± SEM. (N=6, **, p < 0.01 versus control, two-way ANOVA 

followed by Bonferroni post hoc analysis). 
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Figure 3. RGS2ΔN Expression Decreases Evoked DA Release via Upregulation of Kv1.2 

Channels in the NAc. (A) Representative DA traces showing evoked DA release over time as 

measured by voltammetry. (B) Evoked DA release in the NAc was blunted in rats expressing 

RGS2ΔN in midbrain DA neurons as compared with control rats. (N=6, **, p < 0.01 versus 

control, Student’s t-test).  (C) Effect of maurotoxin MTX (1-100 nM), evoked DA release in rat 

NAc relative to vehicle pre-treatment. (N=6, **, p < 0.01 versus control, one-way ANOVA 

followed by Bonferroni post hoc analysis). (D) Representative Western blots and quantification 

of Kv1.2 channel protein levels in NAc tissue from control and RGS2ΔN rats. Expression of 

RGS2ΔN in DA neurons significantly increased Kv1.2 channel protein levels in NAc compared 

to control rats (N=6, **, p < 0.01 versus control, Student’s t-test).  
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Figure 4. RGS2ΔN Expression Blunts the Effect of Cocaine on Locomotor Activity and 

Elevation of Extracellular DA Levels in NAc. (A) Comparison of cocaine-stimulated locomotor 

activity of control and RGS2ΔN rats. Activity was averaged during the first 30 min post-

treatment. Cocaine (5 and 10 mg/kg) significantly increased locomotor activity in control rats; 

however, neither dose significantly stimulated locomotor activity in RGS2ΔN rats. (N=8, **, p < 

0.01 versus control, two-way ANOVA followed by Bonferroni post hoc analysis). (B) Cocaine-

induced locomotor activity expressed in terms of distance (cm) after administration of saline (60 

min) and after administration of 5 or 10 mg/kg IP cocaine (60 min) for control and RGS2ΔN rats. 

Data points reported for each time bin every 5 min. (C) Baseline extracellular DA levels in NAc 

of control and RGS2ΔN rats measured by in vivo microdialysis. Extracellular DA levels in the 

NAc did not significantly differ between groups. (N=8, ns, Student’s t-test). (D) Effects of 

cocaine (5 or 10 mg/kg, i.p.) on extracellular DA concentrations in the NAc for successive 20 

min probe intervals. Concentrations are shown as percent of the mean of three pre-injection 
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baseline samples. The red arrow indicates the time of the cocaine injection. Expression of 

RGS2ΔN significantly attenuated the increase in extracellular DA levels in the NAc seen 

following injection of cocaine (5 or 10mg/kg) compared to control rats. (N=6, **, p < 0.01 versus 

control, two-way ANOVA followed by Bonferroni post hoc analysis). 
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Figure 5. RGS2ΔN Expression Increases DA Reuptake and Decreases the Potency of 

Cocaine at DAT. (A) [3H]DA uptake in synaptosomes from the NAc of control and RGS2ΔN 

rats. Data were fit to the Michaelis-Menton equation. (B) The Vmax of DA uptake in NAc tissue 

from RGS2ΔN rats was significantly greater than in control rats. (N=6, *, p < 0.05 versus control, 

Student’s t-test). (C) Km was not significantly altered. (D) Representative Western blots of DAT 

protein levels in NAc tissue from control and RGS2ΔN rats. (E) Quantification of DAT protein 

levels. Total DAT protein levels in the NAc do not significantly differ between groups (N=6, 

Student’s t-test). (F) Effect of cocaine on [3H]DA uptake in synaptosomes obtained from NAc of 

control and RGS2ΔN rats. The rate of [3H]DA uptake at each concentration of cocaine is 

expressed as a percentage of that observed for each group with only [3H]DA present in the 

assay. The ability of cocaine to block DA uptake is significantly reduced in RGS2ΔN rats 

compared to control rats. Data are expressed as mean ± SEM. (N=6, **, p < 0.01 versus control, 

two-way ANOVA followed by Bonferroni post hoc analysis). (E) Representative Western blots of 

DAT protein levels in NAc tissue from control and RGS2ΔN rats. (F) Quantification of DAT 

protein levels. Total DAT protein levels in the NAc do not significantly differ between groups 

(N=6, Student’s t-test). 
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Figure 6. RGS2ΔN Expression Significantly Reduces Motivation for Cocaine and 

Cocaine-primed Reinstatement of Cocaine Seeking. (A) Experimental timeline of cocaine 

self-administration procedures in control and RGS2ΔN rats. (B) Rats acquired cocaine self-

administration using a unit dose of 0.75 mg/kg/inf under an FR1 schedule of reinforcement until 

responding met the criteria of 20 lever presses for 2 consecutive sessions. No significant 

difference was detected between control and RGS2ΔN rats for the number of sessions until 

acquisition criteria was met. (C) Representative demand curve data from control and RGS2ΔN 

rats showing. (D) Quantification of the reinforcing efficacy of cocaine (Pmax) values derived 

from demand curves. Pmax is significantly decreased by expression of RGS2ΔN in mibrain 

DAergic neurons. (N=6, ***, p < 0.001 versus control, Student’s t-test) (E) Quantification of 

preferred level of cocaine consumption (Q0) values derived from demand curves. Q0 is not 

significantly altered by expression of RGS2ΔN. (H) During the extinction phase, cocaine was 

replaced with saline and daily 2 hr extinction sessions were conducted until responding was less 

than 10% of the response rate maintained by cocaine self-administration of 0.5 mg/kg/inf under 

a FR1 schedule of reinforcement. The number of sessions until extinction criteria was met did 
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not significantly differ between control and RGS2ΔN rats. (I) Cocaine-primed reinstatement of 

cocaine seeking. A priming injection of cocaine (10 mg/kg, i.p.) induced significantly impaired 

reinstatement of active lever responding in RGS2ΔN rats compared to control rats. (N=6, **, p < 

0.01 versus control, Student’s t-test) (J) Cue-primed reinstatement of cocaine seeking. 

Presentation of the cocaine-paired cues induced reinstatement of active lever responding in 

both groups.  
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Figure 7. RGS2ΔN Expression does not Alter Sucrose Self-administration. (A) 

Experimental timeline of sucrose SA procedures in control and RGS2ΔN rats. (B) Rats acquired 

sucrose SA under an FR1 schedule of reinforcement until responding met the criteria of 50 lever 

presses for 2 consecutive sessions. No significant difference was detected between control and 

RGS2ΔN rats for the number of sessions until acquisition criteria was met (N=6, ns). (C) The 

number of active lever presses rewards delivered did not differ between control or RGS2ΔN rats 

under FR3 or FR5 schedules of reinforcement (N=6, ns). The number of inactive lever presses 

were comparable for both groups across all sessions. (D) Breakpoints and number of sucrose 

pellets did not differ between control or RGS2ΔN rats under a PR schedule of reinforcement 

(N=6, ns). 
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Supplementary Figures: 

Supplemental Figure 1. D1R-stimulated locomotor activity is not altered by RGS2ΔN 

expression. D1R agonist, SKF-81297 (0.3 or 3 mg/kg, s.c.) dose-dependently increases 

locomotor activity in both groups to a comparable extent.  

Supplemental Figure 2. Inactive lever pressing does not differ between groups. Operant 

responses on an inactive lever was recorded during all self-administration sessions. The 

number of inactive lever responses in any phase of the self-administration paradigm were 

comparable between control and RGS2ΔN rats.  
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CHAPTER V 

CONCLUSIONS AND FUTURE DIRECTIONS 

DJL wrote this chapter and RC acted in an advisory and editorial capacity. 
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1. Summary of Findings

This thesis project investigates if and how regulator of G protein signaling 2 

(RGS2) regulates dopamine (DA) D2 autoreceptor (D2AR) function. The principal 

findings from these studies are: 1) RGS2 modulates DA D2 receptor (D2R)/D2AR 

function in vitro (Ch. 2&3) and in vivo (Ch. 4) and promotes β-arrestin-mediated D2R 

internalization (Ch. 2&3); 2) Increased D2AR activity in midbrain DAergic neurons via 

dampening RGS2 function increases dopamine transporter (DAT) activity (Ch. 4); and 3) 

Increased D2AR activity via dampening RGS2 function reduces the reinforcing efficacy 

of cocaine and cocaine-primed reinstatement of drug seeking without altering 

consumption or motivation to self-administer sucrose (Ch. 4). Collectively, these studies 

highlight RGS2 as a critical determinant of D2AR function and delineate a new cellular 

mechanism by which D2AR modulation of vulnerability to addiction-related behavior.  

2. RGS2 regulates D2R (D2AR) function in vitro and in vivo

D2R (D2AR)-mediated G protein Signaling 

D2AR coupling to Gαi/o proteins and downstream signaling is tightly regulated by 

RGS2 proteins, which act as GTPase-accelerating proteins (GAPs) on GTP-bound Gα 

subunits to terminate signaling. Although early work strongly suggested that RGS2 

primarily couples to- and inhibits Gαq signaling (Heximer et al., 2001), accumulating 

evidence shows that RGS2 also inhibits Gαi/o signaling (Ingi et al., 1998). We 

demonstrate for the first time that RGS2 negatively regulates D2AR-mediated G protein 

signaling and specifically show that RGS2 couples to aluminum fluoride-activated Gαi2 

proteins in N2A cells (Ch. 2&3). However, the ability of RGS2 to regulate Gαi/o signaling 

has yet to be studied in vivo. Thus, the present study provides critical evidence that 
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RGS2 negatively regulates D2AR function in VTA DAergic neurons (Ch. 4). D2AR-

mediated G protein signaling has important implications in the regulation of DA 

neurotransmission in vivo. A primary function of D2ARs is to regulate the exocytotic 

release of DA from axon terminals (Anzalone et al., 2012; Benoit-Marand et al., 2001; 

Phillips et al., 2002), which occurs by G protein βγ-mediated inhibition of voltage-gated 

calcium channels and hyperpolarization via voltage-dependent potassium channels, 

such as Kv1.2 (Cardozo et al., 1995; Fulton et al., 2011; Martel et al., 2011). Further 

bolstering the hypothesis that RGS2 regulates D2AR activity in vivo, we show that 

D2AR-mediated inhibition of DA release in the NAc and suppression of locomotor 

activity, a behavioral correlate of D2AR function, are enhanced when RGS2 function is 

reduced in VTA DAergic neurons (Ch. 4). These findings are important because RGS2 

regulation of D2AR-mediated G protein signaling is implicated in drug addiction. In fact, 

AMPH (AMPH) self-administration abolishes D2AR-Gαi2 coupling and increases RGS2 

mRNA levels and RGS2 protein membrane association (Calipari et al., 2014b; Sun et al., 

2015),  suggesting that drug-induced alterations in RGS2 expression and function likely 

have sizable consequences on D2AR mediated G protein signaling in DA neurons. 

 

D2R-mediated β-arrestin Trafficking 

Canonically, RGS2 regulates GPCR function by negatively regulating G protein 

signaling. However, we show for the first time that RGS2 regulates D2R-stimulated β-

arrestin translocation and D2R internalization (Ch. 2&3). Because D2R desensitization 

and subsequent internalization controls the duration and magnitude of D2R signaling, 

this observation provides strong evidence of a secondary approach by which RGS2 

controls D2R function. D2R internalization involves GRK-mediated phosphorylation 

followed by recruitment and direct binding of β-arrestin to the third intracellular loop of 
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D2R (Chen et al., 2017; Huang et al., 2013; Urs et al., 2014; Zheng et al., 2019). Thus, 

β-arrestin recruitment and dissociation from the plasma membrane following receptor 

stimulation have important implications in regulating D2R internalization. We show that 

RGS2 facilitates dissociation of β-arrestin from the membrane after prolonged D2R 

stimulation (Ch. 2) and implicate the N-terminal region of RGS2 as a critical determinant 

of D2R-mediated β-arrestin membrane recruitment (Ch 3). It is interesting to note that 

knockdown of RGS2 resulted in distinct effects on D2R-stimulated β-arrestin trafficking 

compared to deletion of the N-terminus of RGS2 (impaired dissociation versus 

recruitment).  We further found that deletion of the RGS2 N-terminus resulted in a 

reduction in GRK2 protein levels, delineating the putative role of RGS2 in regulating 

GRK2 turnover as a mechanism by which it controls β-arrestin translocation. Although it 

is not clear how RGS2 specifically alters GRK2 activity and expression to control D2R-

mediated β-arrestin trafficking, there is increasing appreciation for the functional 

contribution of auxiliary proteins in fine-tuning the intricate balance of GRK2, β-arrestin 

and D2R interactions. For example, spinophilin, a large (92kDa) scaffolding protein, 

antagonizes the ability of β-arrestin to induce receptor internalization and signaling 

(Wang et al., 2004). By blocking the association of GRK2 with receptor-Gβγ complexes, 

spinophilin impairs receptor phosphorylation, β-arrestin-receptor binding, receptor 

internalization, and the acceleration of MAPK activity following endocytosis. This study 

serves as an example of how spinophilin, which directly binds to the N-terminus of 

RGS2, could intricately alter the interaction between D2R-GRK2-β-arrestin, which would 

have significant consequences on β-arrestin translocation and D2R internalization.  

Emerging evidence suggests that β-arrestin recruitment to D2Rs may play a role 

in regulating locomotor activity. One recent study reports that viral overexpression of a 

D2R mutant, which recruits β-arrestin but lacks G protein activity, into ventral striatum 
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medium spiny neurons (MSNs) of D2R knockout mice restores basal locomotor activity 

and cocaine-induced locomotor activity (Rose et al., 2018). Although this study focuses 

on postsynaptic D2Rs, this study draws important conclusions that β-arrestin recruitment 

can drive locomotion in the absence of D2R-mediated G protein signaling. However, 

future studies are required to delineate the role of β-arrestin recruitment in specifically 

regulating D2AR function in DAergic neurons.  

Future Pursuit #1: Determine the role of RGS2 in regulating D2R and β-arrestin 

phosphorylation 

Based on our findings that RGS2 facilitates D2R-stimulated β-arrestin trafficking 

in N2A cells (Ch. 2&3), we hypothesize that RGS2 may regulate β-arrestin recruitment 

and dissociation from activated D2Rs by altering phosphorylation of D2R and β-arrestin, 

respectively. This hypothesis is supported by our observation that the N-terminus of 

RGS2 appears to regulate GRK2 turnover in N2A cells (Ch 3). This is an important 

finding because phosphorylation of D2R is tightly regulated by the expression level of 

GRK2. For instance, overexpression of GRK2 in the HEK293 cells enhances both 

phosphorylation and agonist-induced internalization of D2Rs (Ito et al., 1999; Namkung 

et al., 2009). Thus, we postulate that RGS2 fine-tunes GRK2 phosphorylation of D2R 

through a Gβγ-dependent mechanism. By facilitating GTP hydrolysis, RGS2 limits the 

duration of G protein signaling and availability of free Gβγ subunits, which bind to GRK2 

and stimulate GRK2-mediated phosphorylation of D2R. GRK2-mediated phosphorylation 

of D2R is an important prerequisite for β-arrestin recruitment and subsequent 

internalization of D2Rs (Cho et al., 2010). Any disruption in this series of events would 

impair D2R internalization, which we have shown to be positively regulated by RGS2 

(Ch. 2). Thus, RGS2 regulation of GRK2 activity and expression provides an additional 
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means by which RGS2 can control D2R function by altering GRK2-mediated 

phosphorylation and downstream trafficking events. 

Based on our observation that RGS2 facilitates dissociation of β-arrestin from the 

plasma membrane following D2R stimulation (Ch. 2), we postulate that RGS2 may 

regulate β-arrestin membrane dissociation by indirectly altering the phosphorylation of β-

arrestin. Phosphorylation of β-arrestin is key mechanism that drives its dissociation from 

the plasma membrane (Alloway et al., 1999). It has been previously shown that receptor 

activation of the ERK1/2 signaling pathway stimulates MEK-dependent β-arrestin2 

phosphorylation (Cassier et al., 2017), indicating that ERK1/2 activity tightly regulates 

the stoichiometry of β-arrestin phosphorylation. In line with this idea, RGS2 negatively 

regulates D2R signaling and notably inhibits D2R-stimulated ERK phosphorylation (Ch. 

2&3). Therefore, RGS2 regulation of D2R-stimulated phosphorylation of ERK could 

modulate β-arrestin phosphorylation and in turn, control β-arrestin dissociation from the 

membrane. Although it is not currently known how phosphorylation of β-arrestin 

promotes its dissociation from the membrane, it is plausible that phosphorylation of 

receptor-bound β-arrestin may trigger a conformational change or addition of negative 

charge that enables its release. Future studies are necessary to delineate the 

mechanisms by which RGS2 controls β-arrestin trafficking patterns in response to D2AR 

stimulation and determine if β-arrestin phosphorylation is a critical determinant of this 

regulation. 

 

Future Pursuit #2: Determine if RGS2 and D2R physically interact 

We hypothesize that a direct interaction between RGS2 and D2R is a critical 

mechanism driving RGS2 modulation of D2R signaling. A large body of evidence 

suggests that GPCRs and RGS proteins can form a physical complex to regulate G 

152



protein signaling (McCoy et al., 2009; Neitzel et al., 2006). However, the molecular and 

cellular factors directing selective RGS/GPCR coupling is poorly understood. The RGS2 

N-terminal domain appears to be vital for conferring receptor selectivity. Notably, the N-

terminus of RGS2 binds directly to muscarinic M1 acetylcholine receptors (M1 AChRs), 

α1 adrenergic receptors (α1ARs), protease activated receptor type 1 (PAR1) and 

cholecystokinin receptor, CCK2R, to exert its inhibitory effects on receptor signaling 

(Bernstein et al., 2004; Ghil et al., 2014; Hague et al., 2005; Tikhonova et al., 2006). 

Evidence from the present study suggests that RGS2 and D2AR may also directly 

interact, as stimulation of D2R resulted in recruitment of RGS2 to the plasma membrane 

but this effect was excluded in the absence of the N-terminal region of RGS2 (Ch 3). 

Because RGS2 is robustly expressed in midbrain DAergic neurons (Calipari et al., 

2014b; Labouebe et al., 2007), it is juxtaposed with D2ARs, further suggesting that a 

physical interaction is probable. Future studies are required to test the hypothesis that 

the N-terminus of RGS2 binds directly to the third intracellular loop of D2AR and further 

confirm that this physical interaction mediates RGS2 regulation of D2R function.  

 

3. RGS2 control of D2AR activity in midbrain DAergic neurons regulates DA 

transmission 

DAT and D2AR physically interact via the DAT amino-terminus and the third 

intracellular loop of the D2 receptor (Lee et al., 2007). Thus, this direct protein–protein 

interaction between D2AR and DAT plays a critical role in rapid and specific regulation 

(e.g. protein phosphorylation, co-trafficking) to dynamically mediate downstream 

signaling and DAergic neurotransmission. For instance, disrupting the D2AR-DAT 

complex using a TAT-DATNT1-1 peptide, which interferes with the D2AR–DAT interaction 

in neurons, decreased DAT-mediated DA reuptake compared to treatment with a TAT 
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control peptide in striatal synaptosomes of mice (Lee et al., 2007). In the present study, 

we found that RGS2-D2AR interaction regulates DAT function in two distinct ways by: 1) 

increasing Vmax of DAT-mediated DA uptake and 2) decreasing potency of cocaine at 

DAT in NAc synaptosomes (Ch. 4). These findings indicate that RGS2 regulation of 

D2AR function may be a critical factor in controlling DAT function in VTA DAergic 

neurons, which has important implications on DA transmission. These findings are 

significant because the functional interaction between D2AR and DAT is dysregulated by 

drugs of abuse. For instance, increased DA reuptake in rat NAc following repeated 

cocaine exposure is reversed by antagonism of D2ARs (Parsons et al., 1993), 

suggesting that cocaine-induced changes in DAT function are closely linked to D2AR 

function. Further, diminished midbrain D2AR binding and greater AMPH-induced DA 

release in the striatum predicted higher levels of trait impulsivity in humans (Buckholtz et 

al., 2010), corroborating the importance of the functional interaction between DAT and 

D2AR in addiction. Additionally, a critical relationship between Vmax and cocaine 

potency at DAT is implicated in the physiological and behavioral responses to chronic 

drug exposure such that decreased cocaine potency and increased Vmax are observed 

following 24 hr access to cocaine for 10 days (Mateo et al., 2005). Therefore, 

understanding the mechanisms by which RGS2 regulation of D2AR activity alters DAT 

function is critical to addiction-like behavior.  

Future Pursuit #3: Determine if RGS2 regulates DAT surface expression in VTA 

DAergic neurons  

De novo DAT protein synthesis occurs at a relatively slow rate; therefore, one of 

the primary mechanisms that is employed to regulate DAT function is redistribution of 

transporters to and from the cell surface (Gulley et al., 2003; Zahniser et al., 2004). 
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Because we found that DAT function was increased but total DAT levels were unaltered 

when RGS2 function was reduced in VTA DAergic neurons (Ch. 4), RGS2 inhibition of 

D2AR activity regulates DAT function by modulating DAT surface expression. Because 

D2ARs increase the rate of DA uptake by increasing the plasma membrane expression 

of DAT (Ford, 2014), our present findings strongly suggest that the availability of DAT on 

the cellular membrane is negatively regulated by RGS2. Previous reports have also 

shown that increased Vmax of DAT in cultured cells, engendered by increased DAT 

surface expression, is associated with decreased potency of cocaine at inhibiting DA 

uptake (Chen et al., 2007), which parallels our current in vivo findings (Ch. 4).  D2AR-

stimulated DAT trafficking also is facilitated by activation of ERK (Bolan et al., 2007; Lee 

et al., 2007). Thus, RGS2 regulation of D2AR activity and subsequent inhibition of ERK 

activation could mediate changes in DAT surface trafficking to fine-tune DAT function at 

the synapse.  

Additionally, the physiological relevance of drug-induced elevation in DAT 

surface expression has been demonstrated in non-human primate and human models of 

drug exposure. Chronic cocaine administration upregulates striatal DAT surface 

expression in rhesus monkeys and this effect persists after 30 days of abstinence from 

cocaine (Beveridge et al., 2009). Furthermore, increased DAT surface expression has 

also been shown in postmortem analyses of brain tissue from human cocaine addicts 

(Little et al., 1999) which is paralleled by increased [3H]DA uptake in synaptosomes 

prepared from this tissue compared to tissue from age‐matched cocaine‐naïve 

individuals (Mash et al., 2002). These studies provide strong, translational evidence for 

the robust ability of drugs of abuse to alter DAT function by augmenting transporter 

surface expression; thus, future studies investigating the role of RGS2 in regulating DAT 
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surface expression are critical for our understanding of the etiology of drug addiction.   

 

Future Pursuit #4: Determine if RGS2 modulates DAT phosphorylation 

Because phosphorylation can both drastically change the conformation of DAT 

and serve as a signaling marker, the phosphorylation state of the DAT has a profound 

influence on both the intrinsic activity and membrane trafficking and subcellular 

distribution (Mortensen et al., 2003). Based on our present finding that D2AR activity and 

DAT Vmax is RGS2 function is reduced (Ch. 4), it is plausible that RGS2 negatively 

regulates DAT surface expression in rat NAc via modulation of DAT phosphorylation. 

DAT can be phosphorylated by a number of protein kinases including protein kinase C 

(PKC), protein kinase A, phosphatidylinositol‐3‐kinase (PI3K), and MAPK (Foster et al., 

2008; Foster et al., 2006; Melikian, 2004; Vaughan, 2004). Of these kinases, the ability 

of PKC to phosphorylate DAT and regulate its plasma membrane trafficking has been 

most extensively studied. For example, it has been shown that PKC‐β is necessary for 

the rapid short‐term increase in surface DAT levels upon substrate exposure in N2A 

cells (Furman et al., 2009). D2AR activation is an important regulator of DAT 

phosphorylation and surface trafficking. Specifically, D2AR-stimulated membrane 

insertion of DAT was abolished by PKCβ inhibition in N2A cells and mouse striatal 

synaptosomes (Chen et al., 2013). Interestingly, we also observed decreased cocaine 

potency at DAT when RGS2 function was reduced in VTA DAergic neurons (Ch 4). It 

has been previously shown that cocaine potency is directly related to DAT 

phosphorylation (Challasivakanaka et al., 2017). This further suggests that augmentation 

of DAT phosphorylation may drive alterations in DAT function observed in the presence 

of cocaine, which would have significant consequences on DA transmission and 

addiction-like behavior. Importantly, drugs of abuse alter phosphorylation of DAT in vivo, 
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such that chronic cocaine self-administration followed by 3 weeks of drug abstinence 

increased phosphorylation of DAT in the rat CPu which was paralleled by increased DAT 

Vmax and no change in Km (Ramamoorthy et al., 2010). Thus, future studies 

determining the effects of RGS2 regulation of D2AR activity on DAT phosphorylation 

provide critical insight into a molecular mechanism involved in drug addiction.  

4. RGS2 regulation of D2AR activity modulates behavioral outcomes associated

with addiction vulnerability  

Acute versus chronic cocaine exposure 

The magnitude and duration of cocaine exposure is an important determinant of 

altered D2AR function and synaptic DA homeostasis. Acutely, cocaine results in 

blockade of DAT and a robust increase in extracellular DA levels and stimulation of 

D2ARs (Bello et al., 2011; Siciliano et al., 2015). Thus, D2ARs play a central role in 

regulating the reinforcing efficacy of cocaine. The present study focused primarily on 

characterizing the contribution of RGS2-D2AR interactions on the acute effects of 

cocaine, such as reinforcing efficacy (threshold model), acquisition, extinction and 

reinstatement of cocaine self-administration. The models of self-administration employed 

in the present study presumably do not alter neuroplasticity. These studies provide 

important information pertaining to the molecular and cellular mechanisms underlying 

the acute effects of cocaine in rodents and highlight a novel regulatory role of RGS2 and 

D2ARs in behaviors associated with vulnerability to drug addiction and relapse.    

Alternatively, chronic cocaine self-administration results in decreased intracellular 

and extracellular DA levels, decreased D2AR function and impaired ability of cocaine to 

block DAT (Siciliano et al., 2015).  Many of these alterations persist after significant 
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abstinence from cocaine, suggesting marked effects on neuroplasticity. For example, 

high-intake, 24 hr access cocaine self-administration for 10 days followed by extended 

withdrawal (7 days) resulted in increased motivation to self-administer cocaine as 

measured by a progressive ratio protocol (Mateo et al., 2005). In the same study, 

baseline extracellular DA concentrations and electrically-stimulate DA release in the NAc 

were significantly reduced while DA uptake was increased. Importantly, the ability of 

D2ARs to inhibit DA release in the NAc was significantly reduced. Based our current 

model and existing literature, we hypothesize that RGS2 expression and/or function may 

be increased in a chronic model of cocaine self-administration. Future studies are 

required to test this hypothesis. Because D2AR function is impaired and elimination of 

RGS2 increases D2AR signaling, it would be interesting to use our viral RGS2ΔN 

overexpression model developed in the present study to determine if reduction in RGS2 

activity would be able to reverse or mitigate the effects of chronic cocaine self-

administration on D2AR function.  

 

AMPH self-administration  

Cocaine and AMPH self-administration are regulated by divergent molecular 

mechanisms. Although the reinforcing properties of cocaine and AMPH and cocaine are 

similar (Richardson et al., 1996), the neurochemical adaptations that result from chronic 

administration of AMPH and cocaine differ (Calipari et al., 2014a; Ferris et al., 2011). 

This could be mediated, in part, by the divergent mechanisms of action of these drugs. 

In contrast to cocaine, which acts as a potent DAT blocker, AMPH is a DAT substrate (or 

“releaser”). AMPH slows DA uptake through competitive DAT inhibition and is 

transported across the plasma membrane as a DAT substrate. Once inside the cell, 

AMPH facilitates the collapse vesicular pH gradients, causing DA to flow out of the 
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vesicle and into the cytoplasm (Fleckenstein et al., 2007; Sulzer, 2011; Sulzer et al., 

1990).  AMPH causes reversal of the DA gradient of DAT such that DA is moved from 

the cytoplasm to the extracellular space, thus elevating synaptic DA levels and engaging 

D2ARs (Fleckenstein et al., 2007; Sulzer, 2011). Importantly, D2AR function is impaired 

by repeated exposure to AMPH. Specifically, five days of AMPH self-administration 

reduced the ability of D2 autoreceptors to inhibit DA release in the NAc and disrupts 

coupling between D2AR and Gαi2 (Calipari et al., 2014b). Furthermore, we know that 

this model of AMPH self-administration increases RGS2 expression and translocation to 

the membrane. In the present study, we found that overexpression of RGS2ΔN in 

midbrain DA neurons reduced the level of extracellular DA in the NAc after AMPH 

exposure compared to control animals (Fig. 1). Due to the disparate mechanism of 

action of AMPH compared to cocaine, RGS2 may differentially regulate the physiological 

and behavioral effects. Therefore, future studies are required to fully characterize the 

contribution of RGS2 expressed in midbrain DAergic neurons to the specific effects of 

AMPH, including physiological (e.g., DA efflux, DAT trafficking) and behavioral (e.g., 

locomotor activity and self-administration behaviors) phenomena.  
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Figure 1. RGS2ΔN expression attenuates extracellular DA levels in the NAc after 
amphetamine (AMPH). The red arrow indicates the time of the AMPH injection. 
Expression of RGS2ΔN significantly attenuated the increase in extracellular DA 
levels in the NAc seen following injection of AMPH (1or 3 mg/kg, i.p.) compared to 
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5. Additional Considerations

Consideration #1: RGS2 Modulation of DA Release by Kv1.2 Channels 

DA release at DAergic neuron terminals is regulated by voltage-sensitive potassium 

channels (Martel et al., 2011). Among the voltage-gated potassium channels, members 

of Kv1 subfamily, Kv1.1, Kv1.2, Kv1.6, are expressed on DAT-positive DAergic neuron 

axons in mice and regulate presynaptic D2AR activity (Fulton et al., 2011). Kv1.2 

subunits, which physically couple to D2ARs, facilitate D2AR-mediated inhibition of 

evoked DA release, implicating a specific role of Kv1.2 in regulation of D2AR-mediated 

DA transmission. In the present study, we show that, within midbrain DAergic neurons, 

RGS2 negative regulates electrically evoked DA release at presynaptic terminals in the 

NAc, which is paralleled by increased Kv1.2 expression and ability to inhibit DA release 

in the NAc (Ch. 4). Therefore, alterations in Kv1.2 and D2AR interactions via RGS2 

could have critical implications for DA homeostasis following drug exposure. 

Exposure to psychostimulants alters the expression and function of D2AR, RGS2 

and Kv1.2 subunits uniquely. For instance, repeated cocaine treatment (15 mg/kg, i.p., 5 

days) upregulates D-type potassium currents, which are tightly regulated by Kv1.2 

subunits (Kourrich et al., 2013; Shen et al., 2004) and alters the ability of Kv1.2 to couple 

to various receptors (Kourrich et al., 2013). Because intravenous (IV) cocaine self-

administration increases amplitude and frequency of spontaneous phasic DA release in 

the NAc of rodents (Aragona et al., 2008; Heien et al., 2005; Stuber et al., 2005; 

Wightman et al., 2007), changes in D2AR and Kv1.2 function after drug exposure could 

contribute to dysregulated DA release which could facilitate escalation of drug-taking.  It 

has been proposed that drug conditioned cues elicit DA release in the NAc and this 

occurrence critical for reinstatement of drug seeking (Stewart et al., 1984). Further, 

decreased DA release and levels of extracellular DA in the NAc may contribute to some 
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drug withdrawal symptoms (Rossetti et al., 1992). Therefore, it is imperative to further 

investigate the functional interaction between RGS2, D2AR and Kv1.2 in VTA DAergic 

neurons, which has important implications in addiction-like behavior. 

Consideration #2: Contributions of Other RGS Subtypes in Addiction 

RGS4 

RGS4 is another R4 family RGS subtype comprised of N- and C-terminal regions 

flanking the conserved RGS domain (Bansal et al., 2007). Similar to RGS2, RGS4 

proteins negatively regulate D2R function as RGS4 overexpression reduces the ability of 

quinpirole to inhibit forskolin-stimulated cAMP production in HEK293 cells (Min et al., 

2012). Furthermore, RGS4 is widely distributed and highly expressed in brain regions 

that are dense with DA neuron afferents such as the NAc and CPu (Erdely et al., 2004; 

Larminie et al., 2004). 

Considerable attention has been paid to RGS4 as a potential etiological factor for 

drug addiction. Although findings are more modest and less consistent than those seen 

with RGS2, RGS4 mRNA and proteins levels are generally increased in response to 

drugs of abuse (Befort et al., 2008; Bishop et al., 2002; Gold et al., 2003; Nakagawa et 

al., 2001; Taymans et al., 2003). For instance, morphine exposure significantly increases 

RGS2 protein levels in the NAc but downregulated in the LC of rats where RGS4 protein 

in primarily expressed in TH-positive neurons (Gold et al., 2003). The same study found 

that RGS4 mRNA was decreased in the occipital lobe after precipitated withdrawal. 

Because RGS4 negatively modulates opioid receptor signaling, morphine-induced 

increases in RGS4 levels will reduce Gαi/o‐mediated signaling further and could 

consequently contribute to the development of tolerance. Additional studies investigating 
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the effects of psychostimulants on RGS4 mRNA levels have shown mixed results. Acute 

cocaine exposure results in increased RGS4 mRNA levels in the NAc and decreased 

levels in the locus coeruleus of rats (Bishop et al., 2002). A paradigm of “binge” cocaine 

exposure significantly reduces RGS4 mRNA levels in the CPu of rats (Yuferov et al., 

2003). Further, RGS4 mRNA expression is decreased in the PFC and dorsolateral 

striatum after prolonged abstinence from cocaine that was self-administered or 

administered via a non-contingent binge paradigm (Schwendt et al., 2007). Interestingly, 

D2R agonists appear to regulate RGS4 mRNA levels opposite to that of RGS2. For 

instance, D2R stimulation increases RGS4 gene expression (Schwendt et al., 2006; 

Taymans et al., 2003). Therefore, cocaine-induced alterations in RGS4 expression may 

be, in part, a consequence of altered balance of D2AR function observed after drug 

exposure. Additionally, RGS4 mRNA levels are decreased by blockade of N‐methyl‐d‐

aspartate (NMDA) receptors (Psifogeorgou et al., 2007), suggesting a role of disrupted 

glutamatergic signaling in regulation of RGS4 expression, which is also dysregulated by 

drug use. These findings suggest that RGS4 may play a dynamic role in regulating DA 

transmission in drug addiction. Therefore, future experiments should be performed to 

specifically determine the role of RGS4 in regulating D2AR function in DA neurons and 

characterize the physiological and behavioral implications of this interaction in vivo.  

Consideration #3: RGS2 Regulation of Other GPCRs in Addiction 

Based on our current model implicating RGS2 expressed in midbrain DAergic 

neurons in regulating the physiological and behavioral effects of cocaine, we cannot 

exclude the possibility that RGS2 may also be regulating other GPCRs expressed in this 

population of neurons. Additional experiments are required to determine if manipulating 
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RGS2 expression in DA neurons alters the function of auxiliary GPCRs and determine 

the physiological and behavioral implications of these interactions.  

Group I mGlu receptors, mGlu1 (mGluR1) and mGlu5 (mGluR5), which 

pleiotropically couple to multiple signaling pathways including Gαq/11, are densely 

expressed in midbrain DA neurons (Davis et al., 1991; Testa et al., 1994). These 

receptors play a critical role in modulation of cocaine-induced plasticity (Bird et al., 2014; 

Yu et al., 2013). A recent study showed that cocaine decreases mGluR1 currents in 

DAergic neurons by activation of mGluR5 (Kramer et al., 2015). Repeated cocaine 

exposure decreases expression of mGluR5 in the striatum of rodents and humans 

(Ghasemzadeh et al., 2009; Knackstedt et al., 2010; Martinez et al., 2014). Moreover, 

acute and chronic cocaine self-administration impaired the effects of mGluR1/5 on cAMP 

responsive-element binding protein phosphorylation in the striatum, which correlated 

with mGluR1/5-mediated long-term depression (Hoffmann et al., 2017). These studies 

provide compelling evidence that mGluR1/5 are dynamically regulated by drugs of abuse 

and contribute to their physiological effects. Importantly, RGS2 negatively regulates 

mGluR1/5 function. Specifically, a previous study found that RGS2 alters the coupling of 

mGluR1 to M-type K+ and N-type Ca2+ channels in rat SCG neurons (Kammermeier et 

al., 1999). Thus, it is likely that RGS2 regulation of mGluR1/5 function could play a 

significant role in regulating various aspects of DA neuron function, such as neuron 

excitability. Based on the overlapping expression patterns of RGS2 and mGluR1/5 in 

addition to evidence of their functional interaction, it is plausible that RGS2-mediated 

regulation of mGlu1 receptor function in midbrain DAergic neurons may contribute to the 

physiological and behavioral effects of drugs of abuse, such as cocaine. Future studies 

delineating this relationship is necessary.  
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6. Conclusions

As summarized in Fig. 2, the work included in this dissertation identified RGS2 as 

a critical regulator of D2AR function in vitro and in vivo, which has important implications 

on midbrain DA neurotransmission. For the first time, we show that RGS2 mediates 

D2AR-mediated behavioral outcomes associated with addiction vulnerability. 

Collectively, these studies showing that RGS2 regulates midbrain DA neurotransmission 

and addiction behavior by controlling D2AR function provide important insight into the 

pathophysiology of psychostimulant addiction. 

Figure 2. Working Model of RGS2 Regulation of D2AR Function in Addiction. 
Schematic representation of the functional interaction between RGS2 and D2AR, 
highlighting critical proteins implicated in the functional consequences on DA 
neurotransmission and behavioral outcomes associated with addiction vulnerability. 
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Abstract 

Acute alcohol exposure alters the trafficking and function of many G protein–coupled 

receptors (GPCRs) that are associated with aberrant behavioral responses to alcohol. However, 

the molecular mechanisms underlying alcohol-induced changes in GPCR function remain 

unclear. β-arrestin is a key player involved in regulation of GPCR internalization and thus 

controls the magnitude and duration of GPCR signaling. Although β-arrestin levels are 

influenced by various drugs of abuse, the effect of alcohol exposure on β-arrestin expression 

and β-arrestin–mediated GPCR trafficking is poorly understood. Here, we found that acute 

ethanol exposure increases β-arrestin2 degradation via its increased ubiquitination in 

neuroblastoma-2a (N2A) cells and rat prefrontal cortex (PFC). β-arrestin2 ubiquitination was 

likely mediated by the E3 ligase mouse double minute 2 homolog (MDM2), indicated by an 

increased coupling between β-arrestin2 and MDM2 in response to acute ethanol exposure in 

both N2A cells and rat PFC homogenates. Importantly, ethanol-induced β-arrestin2 reduction 

was reversed by siRNA-mediated MDM2 knockdown or proteasome inhibition in N2A cells, 

suggesting β-arrestin2 degradation is mediated by MDM2 through the proteasomal pathway. 

Using serotonin 5-HT1A receptors (5-HT1ARs) as a model receptor system, we found that 

ethanol dose-dependently inhibits 5-HT1AR internalization and that MDM2 knockdown reverses 

this effect. Moreover, ethanol both reduced β-arrestin2 levels and delayed agonist-induced β-

arrestin2 recruitment to the membrane. We conclude that β-arrestin2 dysregulation by ethanol 

impairs 5-HT1AR trafficking. Our findings reveal a critical molecular mechanism underlying 

ethanol-induced alterations in GPCR internalization and implicate β-arrestin as a potential 

player mediating behavioral responses to acute alcohol exposure. 
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Introduction 

Acute alcohol exposure produces a wide range of behavioral and neurobiological effects, 

including feelings of euphoria, loss of coordination and cognitive impairment, which are thought 

to be key predictors of vulnerability to alcohol abuse in humans (1-3). This notion is further 

supported by a recent longitudinal study showing that individuals who exhibit higher sensitivity 

to the rewarding effect and lower sensitivity to the sedative effect of an initial acute alcohol 

exposure were more likely to develop symptoms of alcohol use disorders and escalate their 

alcohol consumption across time (4). Many aspects of behavioral responses to alcohol are 

mediated by various G protein-coupled receptors (GPCRs). For example, ethanol-induced 

locomotor stimulation is mediated by serotonin 5-HT1A receptors (5-HT1ARs) because treatment 

with 5-HT1AR agonist (8-OH-DPAT) reduced locomotor activity in response to an acute ethanol 

exposure (2.5 g/kg, i.p.) (5). Moreover, the sedative effect of ethanol is regulated by 

metabotropic glutamate receptor 5 (mGluR5) as genetic deletion of mGluR5 or treatment with a 

mGluR5 antagonist, 2-Methyl-6-(phenylethynyl)pyridine, increases the duration of loss of 

righting reflex in mice acutely exposed to ethanol (6). Thus, elucidating the molecular 

mechanisms underlying ethanol-induced neuroadaptations in GPCRs is important for identifying 

potential new targets that mediate aberrant behavioral responses to alcohol.  

β-arrestin is an important modulator of GPCR internalization. Upon GPCR activation, β-

arrestin is recruited to the receptor followed by uncoupling of the receptor from Gα-proteins and 

then a direct interaction with clathrin to induce receptor internalization. The rate and amplitude 

of GPCR internalization mediated by β-arrestin determine the duration and strength of GPCR 

signaling. Thus, a change in β-arrestin expression would alter receptor internalization, signaling, 

and receptor-mediated behavioral responses to ethanol. For instance, knockout of β-arrestin2 

increases [35S] GTPγS binding to cannabinoid type 1 receptors (CB1Rs) in the cortex which is 
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presumably due to increased CB1R protein levels on the plasma membrane (7). The level of 

CB1R is known to be positively associated with ethanol consumption and preference (8,9). The 

effect of acute or chronic ethanol exposure on β-arrestin expression is largely unknown with one 

exception. Chronic ethanol exposure was reported to increase β-arrestin mRNA and protein 

levels in the hippocampus and the striatum of alcohol-preferring rats after voluntary ethanol 

consumption (6% v/v, 21 days) compared to non-preferring rats (10). The route, duration and 

dose of ethanol exposure likely influence the effect of ethanol on β-arrestin expression. Thus, 

the first aim of the present study was to examine the effect of acute ethanol exposure on β-

arrestin expression using both cultured cells and rodent brains. 

When GPCRs are internalized upon stimulation, β-arrestin dissociates from the internalized 

receptors. The dissociated β-arrestin either recycles to the membrane to promote additional 

cycles of internalization or enters proteasomes or lysosomes for degradation (11,12). The 

endocytic fate of β-arrestin – recycling or degradation – is strongly controlled by post-

translational modifications such as ubiquitination (13). Ubiquitination involves the sequential 

action of three enzymes: ubiquitin-activating E1 enzyme, ubiquitin-carrying E2 enzyme and 

ubiquitin protein E3 ligase (14). When E3 ligases bind to their substrates, E2 enzymes are 

recruited to transfer ubiquitin molecules to the substrate (15). In various model systems, β-

arrestin is capable of coupling to several E3 ligases including mouse double minute2 (MDM2) 

and neural precursor cell expressed developmentally down-regulated protein 4 (NEDD4) (16-

18). For example, β-arrestin forms a complex with MDM2 in CHW cells, COS-7 cells and mouse 

brain lysate and this β-arrestin2-MDM2 interaction results in an increase in both basal and 

receptor-stimulated β-arrestin ubiquitination (16). However, ubiquitination is a reversible 

modification as linkages between ubiquitin and substrates are frequently hydrolyzed by 

deubiquitinating enzymes in order to maintain protein homeostasis and an available pool of free 

ubiquitin in the cell (19). E3 ligases can modify one or multiple lysine residues of a protein with 
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either a single ubiquitin molecule (mono-ubiquitination) or ubiquitin polymers (poly-

ubiquitination) (19). Emerging evidence suggests that poly-ubiquitination directs substrates to 

proteasomes for degradation whereas mono-ubiquitination is primarily involved in protein 

trafficking (15,20). It has been well-characterized that there is an increase in β-arrestin poly-

ubiquitination when receptors are stimulated. For instance, activation of the β2 adrenergic 

receptor in HEK293 and COS-7 cells increases β-arrestin poly-ubiquitination in a MDM2-

dependent manner (11,16). Additionally, treatment with antidepressants (e.g.- citalopram) for 3 

days or methamphetamine (10 μM) up to 24 hours enhances poly-ubiquitination of β-arrestin in 

C6 rat glioma and PC12 cells, respectively (21,22). These data suggest that β-arrestin 

ubiquitination can be induced by various stimuli. Ubiquitinated β-arrestins are predominantly de-

ubiquitinated and become available for subsequent recruitment to activated receptors; however, 

persistent ubiquitination of β-arrestin can lead to degradation (11,21). Disruption of β-arrestin 

ubiquitination homeostasis could dysregulate the post-endocytic fate of β-arrestin and 

subsequent degradation, which will impact GPCR trafficking and activity. Thus, the second aim 

of this study was to determine the effect of acute ethanol exposure on β-arrestin ubiquitination 

and degradation as a potential mechanism for altered β-arrestin expression. 

Acute ethanol exposure disrupts the trafficking of GPCRs in rodent brains and cultured 

neurons. For example, acute ethanol treatment (30 mM, 2 hrs) to rat hippocampal cultured 

neurons significantly increases GABAB receptor surface expression compared to the vehicle 

treatment (23). Moreover, acute ethanol administration (2.5 g/kg, p.o.) increases [3H] DAMGO 

binding to μ-opioid receptors in rat prefrontal cortex (PFC) (24). However, the molecular 

mechanisms underlying ethanol-induced alterations in GPCR trafficking remain unclear. 

Because β-arrestin plays an important role in regulating the trafficking of many GPCRs, a 

change in β-arrestin expression and/or recruitment by ethanol exposure would influence 

receptor trafficking. We used 5-HT1ARs as a receptor model system to determine the effect of 
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acute ethanol exposure on β-arrestin-mediated GPCR trafficking because the mechanism of 5-

HT1AR trafficking is well-characterized (25) and this receptor plays a role in mediating ethanol 

drinking behavior (26-28). This study showed for the first time that acute ethanol exposure 

increases proteasome-dependent β-arrestin2 degradation via MDM2 in both neuroblastoma 2a 

(N2A) cells and rat PFC. Furthermore, ethanol exposure abolished agonist-induced 5-HT1AR 

trafficking which is likely attributed to dysregulation of β-arrestin2 expression and activity. 

 

Results 

Validation of β-arrestin2 antibody  

We verified the specificity of a commercially available β-arrestin2 antibody in cells treated 

with β-arrestin2 siRNA. The protein levels of β-arrestin2 were assessed by Western blot and 

immunocytochemistry. Knockdown of β-arrestin2 via siRNA significantly reduced β-arrestin2 

protein level by 63.43 ± 9.40% when compared to the control cells transfected with a 

corresponding scrambled siRNA (Fig. S-1A, unpaired Student’s t-test, p<0.001). Additionally, β-

arrestin2 levels were also examined in knockdown and control cells by immunocytochemistry. 

There was a pronounced reduction of β-arrestin2 fluorescent intensity in β-arrestin2 siRNA-

treated cells when compared to the scrambled siRNA treatment (Fig. S-1B, unpaired Student’s 

t-test, p<0.01). 

 

Acute ethanol exposure reduces the total protein level of β-arrestin2 in N2A-5HT1AR cells 

and rat PFC  

 We examined the effect of acute ethanol exposure on β-arrestin1/2 expression in both 

N2A cells and rat PFC. In N2A cells, β-arrestin1/2 levels were determined following the 

treatment with ethanol (15-75 mM) or vehicle (media) for 18 hrs without withdrawal (Fig. 1A). 
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Data were normalized to the protein level of β-actin, which was not altered by ethanol treatment. 

A one-way ANOVA revealed a significant dose effect of ethanol on β-arrestin2 protein level, F 

(3,20) = 5.796, p<0.01. Bonferroni post hoc analysis showed that 30 and 75 mM ethanol 

treatment significantly reduced β-arrestin2 levels by 44.8 ± 2.0% and 60.3 ± 1.7%, respectively 

when compared to the vehicle treatment (Fig. 1A, p<0.01). The β-arrestin1 protein levels were 

not detectable in N2A cells with or without ethanol treatment. The reduced β-arrestin2 level was 

not due to toxicity induced by ethanol because the selected ethanol doses did not alter cell 

viability and membrane permeability measured by Trypan blue assay (Fig. S-2A) and 

immunocytochemistry, respectively (Fig. S-2B&C). 

A similar effect was observed in the PFC of rats acutely exposed to ethanol vapor for 12 hrs 

without withdrawal (Fig. 1B). Ethanol exposure significantly reduced β-arrestin2 protein level in 

the PFC by 32.4 ± 2.0% compared to the air exposure (Fig. 1B, unpaired Student’s t-test, 

p<0.05). However, β-arrestin1 protein levels did not significantly differ between ethanol- and air-

treated groups. 

Acute ethanol exposure increases ubiquitination of β-arrestin2 in N2A-5HT1AR cells and 

rat PFC  

We further examined if ethanol-induced reduction in β-arrestin2 levels was due to an 

increase in ubiquitination and subsequent degradation. First, immunocytochemistry was 

performed to measure the co-localization between fluorescently labeled β-arrestin2 (green) and 

ubiquitin (red) in N2A cells following 18 hrs of ethanol (15-75 mM) or vehicle (media) treatment 

(Fig. 2A). Co-localization was calculated as the number of spatially overlapped pixels (yellow) 

between β-arrestin2 (green) and ubiquitin (red) followed by conversion into a co-localization 

coefficient using FIJI software (NIH). A one-way ANOVA indicated a significant effect of ethanol 
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treatment on the co-localization between β-arrestin2 and ubiquitin, F (3,116) = 14.87, p<0.01. 

Bonferroni post hoc analysis revealed that 30 and 75 mM ethanol treatment significantly 

increased this co-localization by 87.6 ± 2.1% (30 mM) and 201.9 ± 7.5% (75 mM) when 

compared to the vehicle treatment (Fig. 2B, p<0.01)..   

We also performed immunoprecipitation assays as a complementary approach to 

immunocytochemistry to examine whether there was an increased coupling between ubiquitin 

and β-arrestin2 following ethanol exposure (30 mM; 18 hrs). First, in order to verify the 

specificity of the β-arrestin2 antibody used for immunoprecipitation, we immunoprecipitated β-

arrestin2 in the presence or absence of a custom-made β-arrestin2 blocking peptide in drug-

naïve N2A cells and rat PFC tissue. The blocking peptide completely eliminated signals 

produced by antibodies used to immunoblot for ubiquitin and β-arrestin2 from 

immunoprecipitated β-arrestin2 samples (Fig. 2C), suggesting the specificity of this β-arrestin2 

antibody for immunoprecipitation. Then, we used this antibody to immunoprecipitate β-arrestin2 

followed by immunoblotting for ubiquitin, which resulted in distinct mono-ubiquitination and poly-

ubiquitination signals (Fig. 2D). We selected the ~60 kDa band as mono-ubiquitinated β-

arrestin2 based on the presumed ~8kDa upward shift in the molecular weight of β-arrestin2 

caused by the addition of one ubiquitin chain. The poly-ubiquitination signal for β-arrestin2 

present at molecular weights >80 kDa was consistent with reports from the literature (22,29,30). 

In N2A cells, we found that ethanol treatment increased both mono-ubiquitination and poly-

ubiquitination of β-arrestin2 by 83.2 ± 1.7% and 83.6 ± 2.7%, respectively, compared to the 

vehicle treatment (Fig. 2E-F, unpaired Student’s t-test, p<0.01). 

Similar to our observation in N2A cells, immunoprecipitation of β-arrestin2 in rat PFC 

homogenates showed that ethanol exposure significantly increased mono-ubiquitination by 46.8 

± 1.5% and poly-ubiquitination of β-arrestin2 by 50.9 ± 2.2% compared to the air treatment (Fig. 

2I-K), unpaired Student’s t-test, p<0.05). Because the interaction between the protein substrate 
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and E3 ligases facilitates protein ubiquitination, we further assessed the strength of β-arrestin2 

coupling to MDM2 in response to ethanol exposure. Ethanol exposure increased the association 

of MDM2 with immunoprecipitated β-arrestin2 by 91.1 ± 2.2% and 32.6 ± 1.3% in N2A cells and 

rat PFC, respectively, when compared to their corresponding control treatments (Fig. 2G&L, 

unpaired Student’s t-test, p<0.05). In contrast, ethanol exposure had no effect on the 

association of immunoprecipitated β-arrestin2 with another E3 ligase, NEDD4, in either model 

system (Fig. 2H&M). It is also worth noting that the relative intensities of bands between mono- 

and poly-ubiquitinated β-arrestin2 in N2A cells were notably different from those in rat PFC 

tissues. This is likely attributed to differential expressions of various E2 and E3 ligases involved 

in ubiquitination of β-arrestin2 in each models. Additionally, bands located between mono- (~60 

kDa) and poly-ubiquitinated β-arrestin2 (>80 kDa) likely reflect a spectrum of different 

ubiquitination states (bi-, tri-, tetra-ubiquitination, etc.) on individual lysine residues as previously 

described (31). Because the role of these intermediate ubiquitination states is currently unclear, 

the present study focused on mono- and poly-ubiquitination of β-arrestin2.  

Acute ethanol exposure reduces β-arrestin2 protein expression via MDM2- mediated 

proteasomal degradation 

Because there was an increased association of β-arrestin2 with MDM2 following ethanol 

exposure, we further determined whether MDM2 was involved in ethanol-induced degradation 

of β-arrestin2. To this end, MDM2 was knocked down via siRNA in N2A-5HT1AR cells and β-

arrestin2 protein levels were measured after ethanol treatment (30-75 mM, 18 hrs) (Fig. 3B). 

MDM2 siRNA treatment reduced MDM2 protein level by 57.8 ± 1.4% (Fig. 3A, unpaired 

Student’s t-test, p< 0.05) when compared to scrambled siRNA treatment. Further, a two-way 

ANOVA revealed significant main effects of knockdown, F (1,24) = 18.24, p<0.01; ethanol 

exposure, F (2,24) = 7.70, p<0.01; and interaction, F (2,24) = 4.67, p<0.05. Bonferroni post hoc 

180



analysis showed that MDM2 knockdown completely blocked ethanol-induced β-arrestin2 

degradation when compared to scrambled siRNA treatment (Fig. 3B-C, p<0.05).  

Previous studies showed that ubiquitination primarily directs β-arrestin2 for proteasome-

dependent degradation in C6 glioma and PC12 cells (21,22). Therefore, we performed 

immunocytochemistry to examine the co-localization between fluorescently labeled β-arrestin2, 

ubiquitin and proteasome marker P19S in N2A-5HT1AR cells (Fig. 3D-F) following treatment with 

ethanol (30-75 mM, 18 hrs) or vehicle (media). Briefly, co-localization between β-arrestin2 

(green) and ubiquitin (red) was first determined as yellow overlapped pixels. Then the co-

localization of β-arrestin2, ubiquitin, and P19S was quantified as the spatial overlap between co-

localized pixels (yellow) and P19S (blue) which was represented by white overlapped pixels 

(Fig. 3D). A one-way ANOVA indicated a significant effect of ethanol exposure on ubiquitin, β-

arrestin2 and P19S co-localization, F (2,12) = 54.48, p<0.01. Bonferroni post hoc analysis 

showed that 30 and 75 mM ethanol treatment significantly increased the co-localization of β-

arrestin2, ubiquitin, and P19S by 44.5 ± 2.8% (30 mM) and 58.3 ± 2.5% (75 mM), respectively, 

when compared to the vehicle treatment (Fig. 3F, p<0.01). To test whether proteasome-

dependent degradation pathway is the primary mechanism for ethanol-induced β-arrestin2 

reduction, N2A-5HT1AR cells were treated with the proteasome inhibitor MG132 (5 μM) or 

vehicle (media) in the presence or absence of ethanol (30-75 mM; 18 hrs) followed by 

measurement of β-arrestin2 levels (Fig. 3G). A two-way ANOVA revealed significant main 

effects of ethanol exposure, F (2,24) = 19.64, p<0.01; proteasome inhibition, F (1,24) = 19.19, 

p<0.01; and interaction, F (2,24) = 9.70, p<0.01. Bonferroni post hoc analysis showed that 

MG132 treatment blocked β-arrestin2 degradation induced by ethanol exposure (30-75 mM) 

when compared to the vehicle treatment (Fig. 3H, p<0.01).  

To assess if acute ethanol exposure also directed β-arrestin2 into lysosomes for 

degradation, we measured the co-localization between fluorescently labeled β-arrestin2 and a 
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lysosome marker, LAMP1, following treatment with ethanol (30-75 mM, 18 hrs) or vehicle 

(media) (Fig. 3I). A one-way ANOVA showed a significant effect of ethanol exposure on the co-

localization between β-arrestin2 and LAMP1, F (2,102) = 4.87, p<0.01. Bonferroni post hoc 

analysis showed that only the high-dose ethanol treatment (75mM) produced a small but 

significant increase in the co-localization of β-arrestin2 with LAMP1 by 14.0 ± 2.6% (Fig. 3J, 

p<0.05). Collectively, these data suggest that acute ethanol exposure primarily directs β-

arrestin2 to undergo the proteasome-dependent degradation; however, a small pool of β-

arrestin2 can also be routed to lysosomes under specific conditions such as high doses of 

ethanol exposure. 

Acute ethanol exposure inhibits agonist–induced 5-HT1AR internalization 

Because β-arrestin regulates internalization of many GPCRs including 5-HT1AR (32,33), the 

functional consequence of ethanol-induced β-arrestin2 reduction on GPCR internalization was 

examined using 5-HT1AR as a receptor model system. The internalization of 5-HT1AR was 

measured by immunocytochemistry using an antibody feeding protocol described previously 

(34). We first assessed the kinetics of 8-OH-DPAT-stimulated 5-HT1AR internalization. It has 

been shown previously that 5-HT1AR internalization occurs in a clathrin- and β-arrestin-

dependent manner in LLC-PK1 cells (35). In N2A-5HT1AR cells, pre-treatment with dynasore or 

concanavalin A, inhibitors of dynamin- and clathrin-mediated internalization, respectively, 

completely inhibited internalization of the receptor (Fig. S-3), indicating that 5-HT1AR 

internalization is clathrin- and dynamin-dependent.  Next, the effect of ethanol treatment (15-75 

mM; 18 hrs) on 8-OH-DPAT-stimulated 5-HT1AR internalization was determined (Fig. 4A). A 

two-way ANOVA revealed significant main effects of ethanol treatment, F (3,577) = 79.36, 

p<0.01; time, F (4,577) = 311.7, p<0.01; and interaction, F (12,577) = 14.61, p<0.01. Although 

8-OH-DPAT treatment (1 μM) caused time-dependent 5-HT1AR internalization in both vehicle 

and ethanol-treated cells, Bonferroni post hoc analysis showed that treatment with 30 mM or 75 
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mM ethanol significantly inhibited 8-OH-DPAT-stimulated 5-HT1AR internalization at the 

indicated time points when compared to the vehicle treatment (Fig. 4B, p<0.01). Because there 

was an increase in MDM2 association with β-arrestin2 in response to acute ethanol exposure 

(Fig. 2), we examined whether dysregulated 5-HT1AR internalization was mediated by increased 

β-arrestin2 ubiquitination and degradation by knocking down MDM2. A two-way ANOVA 

revealed significant main effects of knockdown, F (1,214) = 11.62, p<0.01; ethanol treatment, F 

(2,214) = 18.66, p<0.01; and interaction, F (2,214) = 7.97, p<0.01. Bonferroni post hoc analysis 

showed that MDM2 siRNA knockdown abolished ethanol-induced attenuation of 5-HT1AR 

internalization (Fig. 4C, p<0.01), suggesting that MDM2-mediated degradation of β-arrestin2 

directly impacts 5-HT1AR internalization.  

Ethanol exposure reduces and delays recruitment of β-arrestin2 to the plasma membrane 

We also investigated whether ethanol-induced disruption of 5-HT1AR internalization resulted 

from a deficit in β-arrestin2 recruitment to the membrane. The effect of acute ethanol exposure 

(15-30mM; 18 hrs) on 8-OH-DPAT-stimulated β-arrestin2 translocation was examined by 

performing a segmentation analysis of the redistribution of fluorescently labeled β-arrestin2 as 

described previously (34) (Fig. 5A). This method is commonly used to measure the translocation 

of fluorescently labeled proteins to the membrane (36,37). Briefly, the outer boundary of each 

cell was defined by the localization of fluorescently labeled surface 5-HT1ARs and the inner 

boundary was marked as a standardized 2-micron distance from the outer boundary. 

Accordingly, the outer segment was calculated as the cellular area between the outer and inner 

boundaries and the remaining cellular area within the inner boundary was indexed as the inner 

segment. A one-way ANOVA showed a significant effect of ethanol treatment on the basal level 

of β-arrestin2 membrane localization, F (2,84) = 8.85, p<0.01. Bonferroni post hoc analysis 

revealed that the baseline β-arrestin2 membrane localization was reduced after ethanol 

treatment (30 mM) compared to the vehicle treatment (Fig. 5C, p<0.01). We also examined β-
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arrestin2 membrane recruitment upon 5-HT1AR stimulation by 8-OH-DPAT (1 µM). A two-way 

ANOVA revealed significant main effects of treatment time, F (3,336) =37.19, p<0.01, and 

interaction, F (6,336) =9.67, p<0.01. Bonferroni post hoc analysis showed that 8-OH-DPAT 

stimulation in vehicle-treated cells significantly increased the redistribution of β-arrestin2 into the 

outer segment (55 ± 3.2%) as early as 5 mins (Fig. 5D, p<0.01). However, 8-OH-DPAT 

stimulation in ethanol-treated cells (30 mM, 18 hrs) did not show a significant increase in β-

arrestin2 redistribution into the outer segment (31.7 ± 4.0%) until 15 min. Taken together, these 

findings indicate that acute ethanol exposure reduced and delayed 8-OH-DPAT-stimulated β-

arrestin2 membrane translocation, which likely explains the abolished agonist-induced 

internalization of 5-HT1AR following acute ethanol exposure.  

 

Discussion 

      In this study, we show for the first time that acute ethanol exposure reduced β-arrestin2 

expression level via MDM2-mediated ubiquitination and degradation. An important functional 

consequence of ethanol-induced dysregulation of β-arrestin2 was the abolished 5-HT1AR 

internalization stimulated by agonist, which was likely impacted by delayed and reduced β-

arrestin2 recruitment to the membrane upon 5-HT1AR stimulation.  

Drugs of abuse such as morphine, heroin, and methamphetamine modulate the expression 

of β-arrestin (22,38,39); however, there is very little knowledge about the effect of ethanol 

exposure on β-arrestin expression. In the present study, we observed a notable reduction in β-

arrestin2 levels in N2A-5HT1AR cells and rat PFC following acute ethanol exposure. β-arrestin 

degradation is regulated by ubiquitination, which occurs rapidly in response to various stimuli 

(13,21). Herein, acute ethanol exposure increases β-arrestin2 ubiquitination in both N2A-

5HT1AR cells and rat PFC evidenced by a marked increase in both mono- and poly-

ubiquitination of β-arrestin2. Previous reports have focused exclusively on poly-ubiquitination of 
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β-arrestin2 in response to stimulation of various types of receptors and other stimuli (16,29,30). 

Poly-ubiquitination is considered an important signal that directs proteins, such as β-arrestin, 

into proteasomes for degradation and can be induced by a diverse array of stimuli (15,40). For 

instance, chronic antidepressant treatment increases poly-ubiquitination of β-arrestin2 which 

facilitates P26S proteasome-dependent degradation of β-arrestin2 in C6 rat glioma cells (21). 

Furthermore, poly-ubiquitination and subsequent proteasome-dependent degradation of β-

arrestin occurs in response to acute methamphetamine treatment (1 µM, 5 mins) in PC-12 cells 

(22). In line with these observations, we found that ethanol exposure dose-dependently 

increased sorting of β-arrestin2 into proteasomes and inhibition of proteasome activity 

prevented ethanol-induced degradation of β-arrestin2, suggesting that ethanol degrades β-

arrestin2 via the proteasome-dependent pathway. Interestingly, we also observed increased co-

localization of β-arrestin2 with the lysosomal marker LAMP1 only with high-dose (75 mM) 

ethanol treatment in N2A-5HT1AR cells, suggesting that a subpopulation of β-arrestin2 can also 

be subject to lysosome-dependent degradation under specific conditions.  

β-arrestin is capable of coupling to several E3 ligases, including MDM2, for induction of β-

arrestin ubiquitination (16). We found that acute ethanol exposure increased the complex 

formation between β-arrestin2 and MDM2, but not NEDD4, in N2A-5HT1AR cells and rat PFC, 

suggesting a unique involvement of MDM2 in regulation of enhanced β-arrestin2 ubiquitination 

and subsequent degradation induced by ethanol exposure. This notion is further substantiated 

by our observation that knockdown of MDM2 prevented ethanol-induced degradation of β-

arrestin2 in N2A-5HT1AR cells. It has been reported that phosphorylation of MDM2 or its 

substrates can enhance their interaction (41). Exposure to drugs of abuse, such as morphine, 

has been shown to increases β-arrestin2 phosphorylation (42). Therefore, future studies are 

necessary to determine if ethanol exposure increases phosphorylation of β-arrestin2 and/or 
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MDM2, which could be a potential mechanism for the increased association between these two 

proteins. 

Given the important role of β-arrestin in regulating internalization of many GPCRs, the 

altered β-arrestin level by ethanol exposure would likely impact receptor internalization and 

function. In fact, we found that acute ethanol exposure blocked agonist-induced 5-HT1AR 

internalization in a dose-dependent manner. It has been shown that 5-HT1AR internalization 

requires β-arrestin as overexpression of a dominant negative β-arrestin mutant, V53D, 

attenuates 5-HT1AR internalization in HEK293 cells (32). Thus, the reduced β-arrestin level by 

ethanol exposure likely contributes to inhibition of 5-HT1AR internalization. Although it has been 

reported that 5-HT1AR internalization can increase or decrease following chronic ethanol 

exposure depending on ethanol dose, duration and length of withdrawal (43,44), this is the first 

observation of acute ethanol exposure which lead to inhibition of agonist-stimulated 5-HT1AR 

internalization. Because recruitment of β-arrestin to receptors is a critical step in receptor 

internalization, ethanol-induced disruption in β-arrestin recruitment could also account for 

decreased 5-HT1AR internalization. We found that ethanol treatment reduced and delayed β-

arrestin2 recruitment to the membrane upon 5-HT1AR stimulation. Both factors contribute to the 

abolished 5-HT1AR internalization induced by agonist stimulation. These data may underlie 

altered behavioral responses to ethanol mediated by receptors such as 5-HT1AR and mGluR5.  

The diminution of β-arrestin2 localization at the membrane is due to a reduction in the total 

β-arrestin2 levels induced by ethanol exposure. The delayed recruitment of β-arrestin2 may 

have resulted from enhanced mono-ubiquitination of β-arrestin2. Mono-ubiquitination disrupts 

protein trafficking through a number of distinct mechanisms, such as altering interactions 

between the substrate proteins and trafficking machinery or acting as a sorting signal to direct 

the movement of the substrate protein between different cellular compartments (45-48). For 

example, mono-ubiquitination delays the recruitment of Jen1, a monocarboxylate transporter, to 
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multivesicular bodies (47). Mono-ubiquitination was also shown to increase trafficking of the 

Gαs subunit into Rab5-positive endosomes (49). Therefore, identification of the mono-

ubiquitinated site and site-directed mutagenesis will help delineate the role of β-arrestin2 mono-

ubiquitination in regulation of β-arrestin2 trafficking. Additionally, it was reported that the 

expression level of β-arrestin regulates the rate and extent of β-arrestin recruitment to activated 

GPCRs. For instance, β2AR-stimulated β-arrestin2 recruitment is significantly greater and 

displays a biphasic pattern of recruitment (fast recruitment followed by slow recruitment) in 

HEK293 cells with high expression of β-arrestin2 compared to cells with low β-arrestin2 

expression (50). Therefore, reduced β-arrestin2 expression level after ethanol exposure may 

contribute to both delayed and reduced β-arrestin2 membrane recruitment in response to 5-

HT1AR stimulation. Lastly, there are other potential factors that may also be involved in β-

arrestin2 membrane translocation, including changes in levels of GPCRs and other endocytic 

proteins, such as G protein-coupled receptor kinases (GRKs) (33,51). However, we did not 

observe alterations in the total protein levels of HA-5HT1AR or GRK2 in N2A-5HT1ARs cells 

treated with ethanol (15-75 mM) when compared to the vehicle treatment (Fig. S-4). Further, 

receptor phosphorylation is an important regulator of β-arrestin membrane recruitment (52); 

therefore, future studies should focus on whether ethanol exposure alters phosphorylation of 5-

HT1AR.  

In summary, the present study provides first time evidence that acute ethanol exposure 

abolishes 5-HT1AR internalization through enhanced MDM2-dependent β-arrestin2 ubiquitination 

and proteasome-dependent degradation. These findings may be applicable to other GPCRs 

whose internalization is β-arrestin-dependent. These β-arrestin-mediated changes in GPCR 

activity may be relevant to behavioral desensitization and/or tolerance to ethanol exposure.  
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Experimental Procedures 

Animals 

Male Sprague Dawley rats (Envigo) were pair-housed and maintained on a 12:12 hrs 

light/dark cycle (lights on at 9 PM) with food and water ad libitum. Animals were approximately 

10-11 weeks of age (300-350 g) upon arrival. After 7 days of habituation, animals were exposed 

to ethanol or air as previously described (53,54). Briefly, animals were placed into air-tight, 

Plexiglas chambers (Triad Plastics) in their home cages and exposed to either ethanol vapor or 

room air during the light cycle for 12 hrs.  Ethanol vapor, produced by submerging an air stone 

in 95% ethanol, was mixed with room air and was pumped into the chambers at a rate of 16 

L/min. Ethanol levels were maintained at ∼35 mg/L within the chamber. All animals were 

euthanized immediately following 12 hrs of ethanol or air exposure. Blood ethanol 

concentrations (BECs) determined from the trunk blood were 242.3 ± 21.3 mg/dL at the time of 

sacrifice. BECs were determined using a standard, commercially available Ethyl Alcohol 

Enzymatic Assay Kit (Carolina Liquid Chemistries; #BL421). All animal care procedures were in 

accordance with the NIH Guide for the Care and Use of Laboratory Animals and approved by 

the Wake Forest Animal Care and Use Committee.  

 

Generation of N2A-5-HT1AR stable cell line 

Parental N2A cells (ATCC) were grown in Opti-MEM media supplemented with 10% fetal 

bovine serum, 100 units/ml penicillin and 100 μg/ml streptomycin. To generate a cell line stably 

expressing HA-5HT1AR, N2A cells were transfected with human 5-HT1AR cDNA with an HA-tag 

at the N-terminus (HA-5-HT1AR; Missouri S&T cDNA Resource Center) using lipofectamine 

2000 (Invitrogen) followed by an antibiotic selection with geneticin G418 (400 μg/ml). The 
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expression of HA-5-HT1ARs was confirmed by the mRNA level and the protein presence using 

quantitative polymerase chain reaction and immunocytochemistry, respectively.  

N2A-5HT1AR cells were subject to fluorescence-activated cell sorting (FACS) to isolate cells 

with a high expression of HA-tagged 5HT1AR. Briefly, cells suspended in ice cold phosphate 

buffered saline (PBS) containing 3% bovine serum albumin, at approximately 5×106 viable 

cells/mL, were incubated with HA-tag DyLight488 conjugated antibody (Columbia Biosciences; 

D8-1830) on ice for 1 hr. Then cells were washed 3 times by centrifugation at 400xg for 5 mins. 

Cells were resuspended in ice cold PBS/10% fetal bovine serum and sorted using a FACS Aria 

cell sorter (BD Biosciences). Live cells were gated based on forward/side scatter and events in 

the top 3–4% of 488nm fluorescence were selected, cultured and expanded in medium 

containing geneticin (400 μg/ml). 

Acute ethanol treatment to N2A-5-HT1AR cells 

N2A-5HT1AR cells were treated with ethanol (15, 30 or 75 mM) or vehicle (media) for 18 hrs.  

Ethanol-treated cell culture plates were placed in a closed but not sealed polystyrene box with 

an open dish containing the corresponding concentration of ethanol. As shown previously, this 

procedure results in stable ethanol levels for several days (55,56). The concentration of ethanol 

in the culture medium was determined using a colorimetric ethanol assay (Bioassay Systems; 

ECET100) which was performed at the end of the 18 hr treatment period. Under these growing 

conditions, the average reduction in ethanol concentration after 18 hrs for each dose of ethanol 

was 3.13 ± 0.85% compared to initial ethanol concentrations at the time of treatment (ns, p= 

0.24 vs. initial treatment, paired Student’s t-test, N=6).  

Validation of a β-arrestin2 antibody for Western blot and immunocytochemistry 

We verified the specificity of a commercially available β-arrestin2 antibody (LSBio; LS-

B15546) in cells treated with β-arrestin2 siRNA. N2A-5HT1AR cells were transiently transfected 
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with 5nM β-arrestin2 siRNA (Santa Cruz; sc-29743) or scrambled siRNA (Santa Cruz; sc-

37007). Cells were lysed 48 hrs after transfection and the protein concentrations were 

determined using BCA Protein Assay (Thermo Fisher Scientific). Protein (20 μg) was loaded on 

10% Tris-Glycine gels for SDS-polyacrylamide gel (SDS-PAGE) electrophoresis then was 

transferred to nitrocellulose membranes. β-arrestin2 proteins were probed with β-arrestin2 

antibody (LSBio; LS-B15546) followed by goat anti-rabbit IgG HRP (Santa Cruz Biotechnology; 

sc-2005). β-actin (Santa Cruz Biotechnology; sc-1616) was used as an internal control. Bands 

were visualized using Chemiluminescence detection method (Pierce; #32106). The intensity of 

β-arrestin2 immunoreactive bands were normalized to β-actin and expressed as relative to the 

scrambled siRNA control. 

Additionally, β-arrestin2 siRNA knockdown and scrambled siRNA-treated control cells 

were analyzed by immunocytochemistry. Cells were fixed with 4% formaldehyde for 15 mins 

and permeabilized with the blocking buffer containing 6% normal horse serum and 0.01% 

Triton-X for 10 mins. Then cells were incubated with the rabbit anti-βarrestin2 antibody (LS-

B15546) followed by goat anti-rabbit Alexa 488 antibody. Coverslips were mounted using 

ProlongGold Antifade reagent with DAPI (Invitrogen; P36931). Fluorescence was imaged by 

Zeiss LSM 880 confocal microscope. 

MDM2 protein knockdown via siRNA 

 N2A-5HT1AR cells were transiently transfected with a mouse MDM2 siRNA 

(Mm01_00139357) or a corresponding scrambled siRNA obtained from Sigma-Aldrich. Cells 

were lysed in solubilization buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl and 1% 

Triton X-100. Western blot was performed to determine MDM2 levels using mouse anti-MDM2 

antibody (Millipore; OP46) followed by a horse anti-mouse HRP-conjugated secondary antibody 

(Cell Signaling Technology, #7076). Bands were visualized using Chemiluminescence detection 

method (Pierce; #32106). Quantification of the bands was performed using ImageJ (NIH). 

190



MDM2 immunoreactive bands were normalized to β-actin (Santa Cruz Biotechnology) and 

expressed as relative to the scrambled siRNA control.  

Confocal microscopy 

Fluorescent images were acquired with Zeiss LSM 710 and 880 laser scanning confocal 

microscopes. Confocal image planes were acquired with a 63X/NA 1.4 PlanApo oil-immersion 

objective. Alexa 405, Alexa 555 and Alexa 647 signals were excited at 405 nm, 561 nm and 633 

nm with diode, DPSS and HeNe lasers, respectively. Fluorescent channels were acquired 

sequentially to prevent cross-excitation of laser signal and minimize bleed-through. All images 

were acquired with identical settings for excitation intensity, detector sensitivity and pinhole to 

allow intensity comparison between samples. Images for analysis were obtained by taking a Z-

axis stack of image planes (1024 X1024 pixels) with 0.2 µm steps encompassing the entire cell 

structure. Fluorescent intensity was quantitated for each channel using ImageJ software (NIH). 

All images were adjusted with Gaussian blur for presentation purposes only. Alexa 405 

emission was pseudocolored as green upon acquisition for optimal presentation appearance. All 

experiments were performed independently at least four times. For each group, approximately 

25-35 cells were selected for analysis from each experiment.

Immunocytochemistry 

Stimulated 5-HT1AR internalization following treatment with ethanol (15-75 mM) or vehicle 

(media) for 18 hrs in N2A-5HT1AR cells was measured using an antibody feeding technique as 

previously described  (34). N2A-5HT1AR cells were washed with PBS and blocked with 6% 

normal horse serum in PBS at 4°C for 30 min. Surface 5-HT1ARs were then labeled with mouse 

anti-HA tag (Sigma; H6958) for 45 mins at 4°C. Cells were warmed to 37°C and stimulated with 

8-OH-DPAT (1 µM) for 5, 15, 30, or 60 mins. Internalization was terminated by washing cells

with cold PBS and placing coverslips on ice. The remaining primary antibody-bound surface 5-
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HT1ARs were incubated with rabbit anti-mouse Alexa 647 to determine the pool of surface 5-

HT1ARs that were not internalized. Next, cells were fixed with 4% formaldehyde for 15 mins and 

permeabilized with 0.1% Triton-X for 10 mins. Internalized 5-HT1ARs bound with HA-tag primary 

antibody were labeled with goat anti-mouse Alexa 405 for quantification of internalized 5-

HT1ARs. Stimulated 5-HT1AR internalization was calculated as the percent fluorescent intensity 

of Alexa 405 (internalized 5-HT1ARs) of the total (Alexa 647+ Alexa 405) (total surface 5-HT1ARs 

before internalization). Data were presented as relative to the baseline level of 5-HT1AR 

internalization in vehicle-treated cells.  

We examined the co-localization of β-arrestin2, ubiquitin and the proteasome marker P19S. 

Briefly, cells were pre-treated with ethanol (15-75 mM) or vehicle (media) for 18 hrs then 

washed with cold PBS prior to fixation with 4% formaldehyde for 15 mins and permeabilized 

with 0.1% Triton-X in blocking buffer containing 6% normal horse serum for 10 mins. After 

blocking with 6% normal horse serum in PBS for 20 mins, cells were incubated with the 

following antibodies: rabbit anti-β-arrestin2 (LSBio; LS-B15546), sheep anti-ubiquitin (LSBio; 

LS-C76671) and goat anti-P19S (Novus Biologicals; NB100-1483) for 1 hr followed by 

incubation with secondary antibodies donkey anti-goat Alexa 633, donkey anti-sheep Alexa 555 

and goat anti-rabbit Alexa 405, respectively. All fluorescent secondary antibodies are from 

Invitrogen (Carlsbad, CA). Coverslips were mounted using ProlongGold mounting reagent 

(Invitrogen, P36930) and imaged via confocal microscope. Images were processed, and spatial 

overlap calculated using FIJI and Photoshop. To directly assess spatial overlap of these 

proteins, background was removed and variable intensity information from each image by 

thresholding. This method allows each pixel to provide binary information for the presence or 

absence of each protein and provide specific quantitation and display of positional overlap. The 

co-localization between β-arrestin2 (green) and ubiquitin (red) was first determined as yellow 

overlapped pixels. These co-localized pixels (yellow) were then isolated and triple co-

192



localization with P19S (blue) was determined as white overlapped pixels. Data were reported as 

a percentage of co-localization by overlapping pixel counts, Y/X+Y+Z, (ubiquitin:β-arrestin2 co-

localization with respect to P19S). 

Western blotting 

        β-arrestin levels were measured in N2A-5HT1AR cells and rat PFC tissue, and GRK2 and 

HA-tagged 5-HT1AR levels were measured in N2A-5HT1AR cells only. N2A-5HT1AR cells were 

lysed in solubilization buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl and 1% Triton X-100) and 

rat PFC tissue was homogenized in RIPA buffer containing 25 mM Tris-HCl, pH 7.4, 150 mM 

NaCl, 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium deoxycholate, and 1% Triton X-100. 

Lysates were resolved by SDS-PAGE gel electrophoresis and transferred to nitrocellulose 

membrane. Membranes were immunoblotted with rabbit anti-β-arrestin antibody (LSBio; LS-

B15546), mouse anti-GRK2 (Santa Cruz Biotechnology; sc-13143) or mouse anti-HA tag 

(GenScript, A01244) followed by a goat anti-rabbit horseradish peroxidase (HRP)-conjugated 

secondary antibody (Santa Cruz Biotechnology; sc-2005) or horse anti-mouse HRP-conjugated 

secondary antibody (Cell Signaling Technology, #7076), respectively. β-actin (Santa Cruz 

Biotechnology; sc-1616) was used as an internal control. Bands were visualized using 

Chemiluminescence detection method (Pierce; #32106). Quantification of the bands was 

performed using ImageJ (NIH). The intensity of β-arrestin immunoreactive bands were 

normalized to that of β-actin and expressed as relative to the control.  

To evaluate if ethanol-induced β-arrestin2 degradation was proteasome-dependent, cells 

were incubated with or without MG132 (5 μM), a proteasome inhibitor as shown previously (57), 

during treatment with ethanol (30-75mM) or vehicle for 18 hrs. Western blotting was performed 

to measure β-arrestin2 protein levels.   

Immunoprecipitation 
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To examine β-arrestin2 ubiquitination, N2A-5HT1AR cells and rat PFC tissue were 

solubilized in a lysis buffer containing 50mM NaCl, 50mM HEPES (pH 7.2), 10% glycerol, 1mM 

EGTA, 1mM EDTA, 10 mg/mL iodoacetamide, 1% Triton X-100 or RIPA buffer containing 25 

mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium 

deoxycholate, and 1% Triton X-100, respectively, supplemented with 10 mM N-ethyl maleimide 

for 1 hr on ice. Samples were incubated with rabbit anti-β-arrestin2 antibody (LSBio; LS-

B15546), conjugated with protein A/G beads (Santa Cruz Biotechnology) at 4°C overnight. 

Samples were washed and the immunoprecipitated proteins were eluted with the sample buffer 

containing dithiothreitol (DTT). The proteins were separated on a 10% SDS-polyacrylamide gel 

and transferred to nitrocellulose membranes for sequential Western blotting with mouse anti-

MDM2 (Millipore; OP46), mouse anti-ubiquitin (Santa Cruz; sc8017), then mouse anti-β-

arrestin2 (LSBio; LS-B6008). In an additional set of experiments, nitrocellulose membranes 

were cut according to molecular weight and Western blotted with rabbit anti-NEDD4 (Cell 

Signaling Technology; #3607S) and mouse anti-β-arrestin2 (LSBio; LS-B6008).  

To confirm the specificity of β-arrestin2 immunoprecipitation by rabbit anti-β-arrestin2 

antibody (LSBio; LS-B15546) in drug-naïve N2A cells and rat PFC tissue, a corresponding 

blocking peptide (GenScript: sequence: DDIVFEDFARLRLK) was used. Briefly, 

immunoprecipitation of β-arrestin2 was performed as described above in the presence or 

absence of the β-arrestin2 blocking peptide (10 ug). Immunoprecipitates and whole cell lysate 

were immunoblotted for mouse anti-ubiquitin (Santa Cruz; sc8017) and mouse anti-β-arrestin2 

(LSBio; LS-B6008). 

Statistical Analysis 

Graph Pad Prism 5 (La Jolla, CA, USA) was used for statistical analysis.  Data are 

presented as mean ± SEM.  A two-tailed unpaired t-test was used for MDM2 protein levels after 

siRNA knockdown. A one-way ANOVA followed by Bonferroni post hoc analysis was used for 
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determining β-arrestin protein level and ubiquitination. A two-way ANOVA followed by 

Bonferroni post hoc analysis for multiple comparisons was used for all other experiments. A 

value of p ≤ 0.05 was considered statistically significant. 
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Figures:  

 
 

Figure 1. Acute ethanol treatment reduces the total level of β-arrestin2 protein in N2A-5HT1AR 

cells and rat PFC. (A) Representative Western blots and quantification of β-arrestin2 protein 

levels in N2A-5HT1AR cells. Cells were acutely treated with ethanol (15-75 mM) or vehicle 

(Veh; media) for 18 hrs. The 30 and 75 mM ethanol treatment significantly reduced β-arrestin2 

protein levels in N2A-5HT1AR cells (N=6, **p < 0.01 vs. Veh, a one-way ANOVA followed by 

Bonferroni post hoc test). (B) Representative Western blots and quantification of β-arrestin1/2 

protein levels in rat PFC. Rats were acutely exposed to ethanol vapor (EtOH) or control (Air) for 

12 hrs followed by immediate sacrifice. Ethanol exposure significantly reduced β-arrestin2 

protein level in rat PFC (N=6, *p < 0.05 vs Air, unpaired Student’s t-test). 
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Figure 2. Acute ethanol exposure increases ubiquitination of β-arrestin2 in N2A-5HT1AR cells 

and rat PFC. (A) Representative raw and binary fluorescent images of β-arrestin2 (green), 

ubiquitin (red) and co-localization in N2A-5HT1AR cells treated with ethanol (15-75 mM) or Veh 

(media) for 18 hrs. (B) Ethanol exposure dose-dependently increased β-arrestin2 co-localization 

with ubiquitin (N=29-30 cells/group, 6 replicates, **p < 0.01 vs. Veh, a one-way ANOVA followed 

by Bonferroni post hoc test). (C) Validation of the rabbit anti-β-arrestin2 antibody (LSBio; LS-

B15546) was performed using a custom-made blocking peptide (GenScript; sequence 
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DDIVFEDFARLRLK). Immunoprecipitation was performed using lysates from drug naive N2A-

5HT1AR cells and rat PFC tissue in the presence and absence of the corresponding β-arrestin2 

blocking peptide (10 μg). Immunoprecipitates and N2A cell lysates were immunoblotted for 

mouse anti-ubiquitin (Santa Cruz; sc8017) and mouse anti-β-arrestin2 (LSBio; LS-B6008). β-

arrestin2 blocking peptide abolished immunoreactive bands detected in samples without the 

presence of this blocking peptide. (D) Representative blots for immunoprecipitated β-arrestin2, 

ubiquitin, and MDM2 from N2A-5HT1AR cell lysates. Cells were treated with ethanol (30 mM, 

18 hrs) or Veh (media) and cell lysates were immunoprecipitated overnight with rabbit anti-β-

arrestin2 antibody. Immunoprecipitates and cell lysates were immunoblotted with mouse anti-

ubiquitin, mouse anti-MDM2, rabbit anti-NEDD4 and mouse anti-β-arrestin2 antibodies. (E-H) 

Quantification of β-arrestin2 mono- and poly-ubiquitination, MDM2, and NEDD4 (N=5, **p < 0.01 

vs. Veh, unpaired Student’s t-test). (I) Representative blots for immunoprecipitated β-arrestin2, 

ubiquitin, and MDM2 in rat PFC lysates. Samples from ethanol (EtOH) and control (Air) exposed 

rats were immunoprecipitated with rabbit anti-β-arrestin2 overnight. Immunoprecipitates and 

tissue lysates were immunoblotted with the antibodies described above. (J-M) Quantification of 

immunoprecipitated β-arrestin2, ubiquitin, MDM2, and NEDD4 (N=5, *p < 0.05 vs. Veh, 

unpaired Student’s t-test).   
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Figure 3. Acute ethanol exposure reduces β-arrestin2 protein expression in an MDM2- and 

proteasome-dependent manner in N2A-5HT1AR cells. (A) Verification of MDM2 protein 

knockdown via siRNA. N2A-5HT1AR cells were transfected with MDM2 siRNA or a 

corresponding scramble siRNA. MDM2 protein levels were measured 48 hrs after transfection 

by Western blotting. MDM2 siRNA treatment significantly reduced the endogenous MDM2 

protein level when compared to scrambled siRNA treated control cells (N=5, **p< 0.01 vs. 

scramble, unpaired Student’s t-test). (B) Representative Western blot of β-arrestin2 protein level 

in scramble and MDM2 siRNA treated cells. N2A-5HT1AR cells were transfected with MDM2 

siRNA or a corresponding scramble siRNA then treated with ethanol (30-75mM) or Veh (media) 

199



for 18 hrs. Cell lysates were immunoblotted with rabbit anti-β-arrestin2 and goat anti-β-actin 

antibodies. (C) Quantification of β-arrestin2 levels in scramble and MDM2 siRNA treated cells. 

MDM2 knockdown prevented ethanol-induced degradation of β-arrestin2 (N=6, **p< 0.01 vs. 

Veh, a two-way ANOVA followed by Bonferroni post hoc test). (D) Schematic illustration of 

spatial overlap analysis for quantitation of ubiquitin, β-arrestin2, and P19S co-localization. Co-

localization between β-arrestin2 (green) and ubiquitin (red) was first determined as yellow 

overlapped pixels (left, middle). These co-localized pixels (yellow; left, bottom) were then 

isolated and triple co-localization with P19S (blue; right, top) was determined as white 

overlapped pixels (right, bottom). Data were reported as a percentage of co-localization by 

overlapping pixel counts, Y/X+Y+Z, (ubiquitin:β-arrestin2 co-localization with respect to P19S). 

(E) Representative confocal images of ubiquitin (red), β-arrestin2 (green) and P19S (blue) in

N2A-5HT1AR cells after acute treatment with ethanol (15-75 mM,18 hrs) or Veh (media). Scale 

bars, 10 μm. (F) Quantification of ubiquitin, β-arrestin2 and P19S co-localization. The co-

localization of the ubiquitin, β-arrestin2 and P19S significantly increased after ethanol treatment 

(30-75 mM) (N=25-28 cells/group, 5 replicates, **p< 0.01 vs. Veh, a one-way ANOVA followed 

by Bonferroni post hoc test). (G) A representative Western blot of β-arrestin2 levels in N2A-

5HT1AR incubated with or without MG132 (5 μM) during treatment with ethanol (30-75 mM, 18 

hrs) or Veh (media). (H) Quantification of β-arrestin2 protein levels. Treatment with MG132 

prevented acute ethanol-induced (30 and 75 mM) reduction in β-arrestin2 protein levels in N2A-

5HT1AR cells (N=5, **p < 0.01 vs. Veh, a two-way ANOVA followed by Bonferroni post hoc 

test).(I) Representative confocal images of LAMP1 (red) and β-arrestin2 (green) in N2A-

5HT1AR cells after acute treatment with ethanol (30-75 mM, 18 hrs) or Veh (media). Scale bars, 

10 μm. (J) Quantification of β-arrestin2 and LAMP1 co-localization. β-arrestin2 co-localization 

with LAMP1 significantly increased after a high dose ethanol treatment (75 mM) compared to 

vehicle treatment (N=35 cells/group, 5 replicates, *p< 0.05 vs. Veh, a one-way ANOVA followed 

by Bonferroni post hoc test). 
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Figure 4. Acute ethanol exposure inhibits agonist–induced 5-HT1AR internalization. N2A-

5HT1AR cells were acutely treated with ethanol (15-75 mM, 18 hrs) or Veh (media) followed by 

labeling the surface 5-HT1ARs with mouse anti-HA antibody. Then cells were warmed to 37°C 

and treated with 8-OH-DPAT (1 μM) for the indicated time points to induce internalization. At the 

end of each time point, remaining primary antibody-bound surface 5-HT1ARs that did not 

internalize were labeled with goat anti-mouse Alexa 647 (red). Internalized intracellular 5-

HT1ARs were identified by labeling with goat anti-mouse Alexa 405 (blue, pseudo-colored to 

green). (A) Representative confocal images of surface and internalized 5-HT1ARs from vehicle 

and ethanol treated cells (15-75 mM). Scale bar, 10 μm. (B) Quantification of 8-OH-DPAT-
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stimulated 5-HT1AR internalization. Internalized 5-HT1ARs were calculated as percent of their 

own total surface 5-HT1AR intensity. Receptor internalization occurred in a time-dependent 

manner in both vehicle and ethanol treated cells (N= 47-50 cells/group, 5 replicates, **p < 0.01 

vs. Veh, a two-way ANOVA followed by Bonferroni post hoc test). Ethanol treatment (30-75 mM) 

significantly inhibited 8-OH-DPAT-stimulated 5-HT1AR internalization compared to the vehicle 

treatment. Data are normalized and expressed relative to vehicle. (C) MDM2 siRNA knockdown 

blocked the inhibition of 5-HT1AR internalization after ethanol (30-75 mM, 18 hrs) or Veh 

(media) treatment (N= 35-38 cells/group, 6 replicates, **p < 0.01 vs. scramble, a two-way 

ANOVA followed by Bonferroni post hoc test). 
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Figure 5. Acute ethanol exposure reduces and delays recruitment of β-arrestin2 to the plasma 

membrane. N2A-5HT1AR cells were treated with ethanol (15-30 mM, 18 hrs) or Veh (media) 

followed by stimulation with 8-OH-DPAT (1 μM, 5, 15 or 30 mins). Surface 5-HT1ARs and 

cytosolic β-arrestin2 were fluorescently labeled as described in the Methods and Materials. (A) 

Schematic illustration of manual segmentation for quantitation of β-arrestin2 translocation 

towards and away from the membrane. The outer boundary of each cell was manually outlined 

based on the localization of surface 5-HT1AR staining (left, red). An inner boundary was defined 

as a standardized 2-micron distance from the outer boundary. The outer sector was determined 

as the area between the outer and inner boundary while the inner sector was determined as the 

remaining cellular area towards the cell center starting at the indicated inner boundary (right). β-

arrestin2 translocation from the membrane to the cytoplasm was calculated as the ratio of the 

outer to the inner sector intensity. (B) Representative confocal images of β-arrestin2 localization 
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from ethanol (15-30 mM) and Veh (media) treated cells. Scale bars, 10 μm. (C) Quantification of 

β-arrestin2 membrane localization. The level of β-arrestin2 membrane localization following 30 

mins of 8-OH-DPAT stimulation was reduced in cells treated with 30 mM ethanol compared to 

vehicle treatment (N=28-30 cells/group, 5 replicates, **p<0.01 vs. Veh, a one-way ANOVA 

followed by Bonferroni post hoc test). (D) Ethanol treatment (30 mM) delayed β-arrestin2 

membrane translocation. 8-OH-DPAT stimulation to control cells significantly increased the 

redistribution of β-arrestin2 into the outer segment as early as 5 mins; however, 8-OH-DPAT 

stimulation to ethanol-treated cells (30 mM, 18 hrs) did not increase β-arrestin2 redistribution 

into the outer segment until 15 mins (N=28-30 cells/group, 5 replicates, **p < 0.01 vs. Veh, a 

two-way ANOVA followed by Bonferroni post hoc test). 
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Supporting Information 

Materials Included: Figures S-1 through S-4 

Figure S-1. Verification of commercially available β-arrestin2 antibody. N2A-
5HT1AR cells were transfected with β-arrestin2 siRNA or corresponding scrambled 
siRNA.  β-arrestin2 levels were measured 48 hrs after transfection by Western blotting 
and immunocytochemistry. (A) Representative Western blot for endogenous β-arrestin2 
protein level in scrambled control and β-arrestin2 siRNA transfected cells probed by 
rabbit anti-βarrestin2 (LSBio; LS-B15546). β-arrestin2 siRNA knockdown significantly 
reduced the endogenous β-arrestin2 protein level when compared to scrambled siRNA 
treated control cells (N=5, *** p< 0.001 vs. control, unpaired Student’s t-test). (B) 
Representative images of immunocytochemistry staining for β-arrestin2. β-arrestin2 
knockdown and scrambled control cells were fixed with 4% formaldehyde and 
permeablized with 6% normal horse serum containing 0.01% Triton-X. Then cells were 
incubated with the rabbit anti-βarrestin2 antibody (LSBio; LS-B15546) followed by goat 
anti-rabbit Alexa 488 antibody. There was a significant reduction of β-arrestin2 staining 
intensity in β-arrestin2 siRNA-treated cells when compared to the scrambled control 
siRNA treatment (N=25-26 cells/group, ***p < 0.001 vs control, unpaired Student’s 
t-test)

A 
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Figure S-2. Acute ethanol exposure does not alter cell viability or membrane 
permeability. (A) N2A-5HT1AR cells were treated with ethanol (15-400 mM) or vehicle 
(Veh; media) for 18 hrs followed by a Trypan blue assay to measure cell viability. 
Treatment with ethanol concentrations <150 mM did not significantly alter cell viability 
compared to vehicle treatment (N=4, A one-way ANOVA). (B) Schematic diagram of 
experimental procedure using immunocytochemistry to measure the effects of acute 
ethanol treatment on membrane permeability. (C) Representative images for β-arrestin2 
staining as a measure of membrane permeability. No intracellular β-arrestin2 staining 
was detectable under the non-permeablized condition regardless of vehicle or ethanol 
exposure. This is in contrast to the visible β-arrestin2 staining under the permeablized 
condition. 
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Figure S-3. Agonist-stimulated 5-HT1AR internalization is clathrin- and dynamin-
dependent in N2A-5HT1AR cells. N2A-5HT1AR cells were pre-treated with the clathrin 
inhibitor, concanavalin A (ConA, 250 μg/mL, 1 hr) or dynamin inhibitor, dynasore (Dyn, 
20 μM, 15 mins) before 8-OH-DPAT treatment (1 μM, 30 mins). Stimulated 5-HT1AR 
internalization was measured by immunocytochemistry as described in Materials and 
Methods. 5-HT1AR internalization induced by 8-OH-DPAT treatment was abolished by 
pre-treatment with concanavalin A or dynasore. N=35-38 cells/group, 4 replicates, F 
(2,105) = 203.9, **p < 0.01 vs. 8-OH-DPAT, a one-way ANOVA followed by Bonferroni 
post hoc test. Data were normalized and expressed relative to the vehicle treatment. 
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Figure S-4. Acute ethanol exposure does not alter total HA-5HT1AR or GRK2 
protein levels in N2A-5HT1AR cells. N2A-5HT1AR cells were treated with ethanol (15-
75 mM) or vehicle (Veh; media) for 18 hrs. HA-5HT1AR and GRK2 protein levels were 
measured by Western blotting as described in Materials and Methods. Acute ethanol 
exposure did not significantly alter the protein levels of HA-5HT1AR or GRK2 at any 
indicated dose when compared to the vehicle treatment (N=4, a one-way ANOVA).  
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