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Crosstalk between G-protein signaling and glutamatergic 

transmission within the brain reward circuits is critical for 

long-term emotional effects (depression and anxiety), crav-

ings, and negative withdrawal symptoms associated with 

opioid addiction. A previous study showed that Regulator of 

G-protein signaling 4 (RGS4) may be implicated in opiate 

action in the nucleus accumbens (NAc). However, the mech-

anism of the NAc-specific RGS4 actions that induce the be-

havioral responses to opiates remains largely unknown. The 

present study used a short hairpin RNA (shRNA)-mediated 

knock-down of RGS4 in the NAc of the mouse brain to inves-

tigate the relationship between the activation of ionotropic 

glutamate receptors and RGS4 in the NAc during morphine 

reward. Additionally, the shRNA-mediated RGS4 knock-down 

was implemented in NAc/striatal primary-cultured neurons to 

investigate the role that striatal neurons have in the mor-

phine-induced activation of ionotropic glutamate receptors.  

The results of this study show that the NAc-specific knock-

down of RGS4 significantly increased the behaviors associat-

ed with morphine and did so by phosphorylation of the 

GluR1 (Ser831) and NR2A (Tyr1325) glutamate receptors in 

the NAc. Furthermore, the knock-down of RGS4 enhanced 

the phosphorylation of the GluR1 and NR2A glutamate re-

ceptors in the primary NAc/striatal neurons during spontane-

ous morphine withdrawal. These findings show a novel mo-

lecular mechanism of RGS4 in glutamatergic transmission 

that underlies the negative symptoms associated with mor-

phine administration. 
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INTRODUCTION 
 

Opioids, specifically μ-opioid receptor (MOR) agonists, are 

the gold standard for controlling severe pain; however, the 

cessation of chronic opioid treatment induces withdrawal 

syndromes characterized by physical symptoms and drug-

seeking behaviors (Chartoff et al., 2014). The nucleus ac-

cumbens (NAc) consisting of approximately 95% γ-
aminobutyric acid (GABA)ergic medium spiny neurons ex-

pressing dopamine D1 and D2 receptors receives extensive 

glutamatergic and dopaminergic inputs from several brain 

regions (Kim et al., 2016). The NAc may have a modulatory 

role in opiate reward and withdrawal (Garcia-Perez et al., 

2016). For example, intra-NAc injections of opioids have 

induced drug-seeking behaviors in animal models (Goeders 

et al., 1984; Liang et al., 2006), whereas intra-NAc injections 

of opioid receptor antagonists have induced physical with-

drawal symptoms in morphine-dependent animals (Jaw et 

al., 1994). Taken together, these findings suggest that both 

the reward and withdrawal states may be mediated by the 

action of morphine in the NAc. 

Morphine-activated MORs are distributed throughout the 

brain reward circuitry including the NAc and ventral tegmen-

tal area (VTA) and are G-protein-coupled receptors (GPCRs) 

linked to Gαi. While MORs inhibit cyclic adenosine mono-

phosphate (cAMP) production during acute morphine 

treatment, prolonged morphine exposure causes neuronal 

adaptations that ultimately result in a compensatory upregu-

lation of adenylyl cyclase function so that the cAMP levels 

reach approximately normal which is a phenomenon known 

as cAMP superactivation (Nestler, 2004). Precipitated mor-

phine withdrawal due to administration of naloxone, an 

opioid receptor antagonist, induces dramatic increases in 

cAMP levels in a morphine-dependent state (Copeland et al., 

1989). Thus, the upregulation of cAMP signaling is believed 

to contribute to the addictive features of morphine and re-

sults in a high rate of relapse due to withdrawal symptoms 

that are manifested by the continuance of drug-taking be-

haviors (Nestler, 2004). Additionally, chronic morphine 

treatment increases intracellular Ca
2+

 levels by the activation 

of MORs; these, in turn, activate diverse proteins, such as 

calcium-calmodulin kinase II (CaMKII) and cAMP response 

element-binding protein (CREB) which are thought to have 

important roles as molecular switches that modulate opioid 

reward and withdrawal (Liu et al., 2012; Valverde et al., 

2004). Thus, targeting these signaling pathways might be a 

reliable therapeutic approach that can ameliorate the nega-

tive consequences associated with chronic morphine treat-

ment (Liu et al., 2012). 

An increasing amount of evidence has shown that repeat-

ed psychostimulant exposure influences glutamatergic 

transmission in the brain reward circuitry (Popik and Ko-

lasiewicz, 1999; Popik and Wrobel, 2002). Under conditions 

of psychostimulant addiction, accumbal glutamate is 

thought to underlie the psychostimulant-induced neuronal 

plasticity that ultimately results in the manifestation of pro-

gressive negative behaviors including cravings and with-

drawal symptoms (Dobi et al., 2011). However, few studies 

have investigated opioid (e.g., morphine and heroin)-

induced changes in glutamatergic transmission in the NAc. 

Because the cellular and behavioral consequences of opioids 

often differ from those of psychostimulants, it is important 

to elucidate the changes in glutamatergic transmission un-

der the states of opioid reward and withdrawal. 

The regulators of the G-protein signaling (RGS) family 

have important roles in the modulation of GPCR-mediated 

signaling pathways through the interaction of G protein 

subunits with various effectors (Bilodeau and Schwendt, 

2016; Levitt et al., 2006). RGS4 is widely distributed through-

out brain regions such as the prefrontal cortex, hippocam-

pus, locus coeruleus, and striatum (Grillet et al., 2005). In 

particular, several studies have shown the modulatory func-

tion of RGS4 on various GPCRs including the muscarinic and 

dopamine receptors (Ding et al., 2006; Taymans et al., 2003) 

as well as on changes in accumbal RGS4 expression follow-

ing morphine treatment (Han et al., 2010). Furthermore, the 

involvement of RGS4 in morphine reward and tolerance has 

been implicated in conditioned place preference (CPP) tests 

and hot plate assays (Han et al., 2010). However, there is 

little evidence of the possible influence of the molecular 

mechanisms of RGS4 on morphine-induced behavioral con-

sequences. Thus, the present study used a NAc-specific 

knock-down model to examine the role of RGS4 in chronic 

morphine-induced reward. Additionally, in vivo and in vitro 

experiments were done with the RGS4 knock-down model 

to determine whether ionotropic glutamatergic transmission 

in the NAc is involved in morphine reward and withdrawal.  

 

MATERIALS AND METHODS 
 

Animals 
For the behavioral tests and molecular assays, 7-week old 

male C57BL/6J mice (21-23 g) were purchased from the 

Korea Institute of Science and Technology Animal Facility 

(KiSAF; Korea). For the in vitro experiments, pregnant fe-

male C57BL/6J mice were obtained on day 12 of gestation 

from a specific-pathogen-free colony at the Damul Experi-

mental Animal Center (Korea). All animals were housed in a 

room maintained at 23 C ± 2℃ with a relative humidity of 

50 ± 5% and artificial lighting from 08:00 to 20:00 and air 

changes every hour. The animals were provided tap water 

and commercial rodent chow (Samyang Feed; Korea) ad 
libitum. The Institutional Animal Care and Use Committee of 

the KIST approved all protocols used in this study (approval 

no. 2016-081). 

 

Lentivirus-mediated RGS4 knock-down 
psi-LVRU6GP RGS4 shRNA, which targets mouse RGS4 

mRNA (GenBank accession number NM_009062.3), and 

psi-LVRU6GP control shRNA, which does not target any 

specific mRNA, were purchased from GeneCopoeia (USA); 

these characteristics were established and confirmed by 

Genecopoeia. The lentivirus particles were produced by co-

transfection into HEK-293T cells with the Lenti-Pac HIV 

Packaging Mix (GeneCopoeia). Following transfection, the 

medium was collected and subjected to ultracentrifugation 

at 28,000 g for 90 min. with a SW28 rotor (Optima L-90K, 

Beckman Coulter; USA). The virus pellet was re-suspended 
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with phosphate-buffered saline (PBS) and immediately 

stored at -80℃. The concentrated virus titer was determined 

by infecting HEK-293T cells after a serial dilution with each 

lentivirus, and the enhanced green fluorescent protein 

(eGFP) expression of the infected cells was measured with 

flow cytometry 72 h after the injection; the titer was approx-

imately 1 × 10
9
 infectious units (IFU) per ml. 

 

Stereotaxic injections 
The stereotactic surgical procedures were performed while 

the animals were under ketamine (120 mg kg
-1

; Yuhan Co., 

Korea) and xylazine (0.6 mg kg
-1

; Bayer AG, Leverkusen, 

Germany) anesthesia. A total of 2 μl (1 × 10
9
 IFU/ml) of the 

lentiviral vectors were bilaterally injected into the NAc (an-

teroposterior +1.3, mediolateral ±0.9, and dorsoventral -3.7 

from bregma) at a rate of 0.1 μl/min. using a micro-infusion 

pump (New Era Pump Systems, Inc.; USA). At least 4 weeks 

of recovery were allowed prior to the behavioral and bio-

chemical assays. Following the behavioral procedures, the 

injection sites were confirmed using the expression of eGFP 

in coronal brain sections. Data from mice with mistargeted 

injections were excluded from the analyses. 

 

Reagents and antibodies 
Morphine hydrochloride was purchased from Myungmoon 

Pharm. Co., LTD (Korea). Rabbit polyclonal anti-RGS4 anti-

body (cat. No. PA5-22332) was purchased from Ther-

moFisher Scientific Inc. (USA). Rabbit polyclonal anti-

phospho-NR2A (Tyr1325; cat. No. ab16646) and polyclonal 

anti-NR2A antibody (cat. No. ab118587) were purchased 

from Abcam (USA). Rabbit monoclonal anti-phospho-GluR1 

(Ser831; cat. No. 04-823) and rabbit polyclonal anti-GluR1 

(cat. No. ABN241) were purchased from Millipore (USA). 

Rabbit monoclonal anti-phospho-CaMKII (Thr286; cat. No. 

12716) and rabbit polyclonal anti-CaMKII antibody (cat. No. 

3362), rabbit polyclonal anti-phospho-PKA-C (Thr197) anti-

body (cat. No. 4781) and rabbit polyclonal anti-PKA-C anti-

body (cat. No. 4782) were purchased from Cell Signaling 

Technology (USA). Monoclonal mouse anti-beta-actin was 

purchased from Sigma-Aldrich (USA). For the immunoblot 

procedures, horseradish peroxidase (HRP)-conjugated anti-

rabbit and anti-mouse IgG were obtained from Thermo 

Fisher Scientific, Inc. (USA). 

 

CPP test 
The standard CPP protocol was modified for the present 

study (Moron et al., 2010). Four weeks after the stereotaxic 

injection surgery, the mice were placed in the central cham-

ber (gray) of the CPP apparatus and allowed to explore three 

distinct chambers for 20 min. Mice showing a > 75% place 

preference for either of the two conditioning chambers 

(black and white) were excluded from the procedure. On 

the subsequent 5 days, the mice received intraperitoneal 

(i.p.) injections of morphine twice per day with a 6-h interval. 

On the first day of the conditioning session, the mice were 

injected with 15 mg/kg of morphine and confined to a ran-

domly assigned chamber (morphine-paired) for 30 min. 

After 6 h, the mice received a second injection of saline and 

were confined to the other chamber (saline-paired) for 30 

min. The injection order for the morphine and saline were 

reversed daily; however, the assigned chambers did not 

change during the conditioning session. The saline control 

groups were injected with saline twice per day and confined 

to a randomly assigned chamber for 30 min. during the 

conditioning sessions. On the test day, the mice were placed 

in the central gray chamber and allowed to freely explore the 

apparatus for 20 min. The time spent in each chamber was 

recorded for each mouse using EthoVision XT (Noldus; USA), 

and the difference between the time spent in the morphine-

paired chamber and the time spent in the saline-paired 

chamber on the test day was calculated. The mice were im-

mediately sacrificed using cervical dislocation after the CPP 

test, and the brains were frozen at -80℃ until the biochemi-

cal assays. 

 

Primary NAc/striatal culture and treatment 
The primary cell culture method used in in this study was 

performed as previously described (Kim et al., 2014). Briefly, 

striatal tissue samples were dissected from the pups of 

C57BL/6 mice at gestational days 17-18 and then prepared 

for culturing. Following dissection, the tissues were chopped 

and digested with 10 units/ml of papain (Worthington; USA) 

and 100 units/ml of DNase I (Roche; Switzerland) in dissocia-

tion buffer at 37℃ for 30 min, and the digested tissue was 

triturated with Neurobasal A medium (Invitrogen; USA). The 

cells were seeded at a density of 4 × 10
5
 cells/well on poly-D-

lysine hydrobromide (150 μg/ml; Sigma-Aldrich)-coated 24-

well plates (NUNC; Thermo Fisher Scientific); 1 h after plat-

ing, the Neurobasal A was replaced with a growth medium 

consisting of Neurobasal A, 1× B27 supplement (Invitrogen), 

100 units/ml of penicillin, 0.1 mg/ml of streptomycin, and 

0.5 mM of glutamine (Invitrogen). All cultures were kept at 

37℃ and 5% CO2, and the cultured neurons were trans-

duced with Lv-shRNA-eGFP and Lv-eGFP at a multiplicity of 

infection of 5 on 3 day in vitro (3 DIV). To evaluate the 

chronic effects of morphine, the neurons (9 DIV) were incu-

bated with 10 μM of morphine for 3 days. 

 

Western blot analysis 
Tissue sections (100-μm thick) were sliced from the frozen 

samples at -30℃ with a CM1950 cryostat (Leica Biosystems; 

Germany), and the NAc tissue was collected from the pre-

pared slices with a 16-gauge tissue punch. The samples 

were then separated using 10% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis and transferred to a poly-

vinylidene difluoride membrane; the membranes were 

blocked using a combination of 1% normal goat serum and 

1% bovine serum albumin (BSA). Next, the samples were 

incubated with the following primary antibodies in PBS with 

Tween-20 overnight at 4℃: rabbit anti-RGS4 (1:500 dilution), 

rabbit anti phospho-NR2A (1:1,000 dilution), rabbit anti 

phospho-GluR1, rabbit anti phospho-CaMKII (1: 1,000 dilu-

tion), rabbit anti-phospho-PKA-C (1:1,000 dilution), rabbit 

anti-NR2A (1:1,000 dilution), rabbit anti-GluR1 (1:1,000 

dilution), rabbit anti-CaMKII (1:1,000 dilution) and rabbit 

anti-PKA-C (1:1,000 dilution). After extensive washing and 

incubation with an HRP-conjugated anti-rabbit antibody 

(1:5,000 dilution; Thermo Fisher Scientific, Inc.), the signals 
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were visualized using a chemiluminescence kit (SuperSignal
®

 

West Pico or Femto; Thermo Fisher Scientific, Inc.) and read 

on a C-DiGit
®

Blot Scanner (LI-COR; USA). To normalize the 

signals, the membranes were reprobed with an antibody 

against β-actin (1: 5,000 dilution). The bands were quanti-

fied using the ImageJ software (National Institutes of Health 

[NIH]; USA). 

 

Real-time polymerase chain reaction 
RNA extraction and real-time PCR procedures were per-

formed as previously described by our research group (Kim 

et al., 2014). Total RNA was isolated from NAc tissue using 

the RNAeasy
®

 Lipid Tissue Mini kit (Qiagen; USA) according 

to the manufacturer’s instructions, and the concentrations of 

the RNA samples were determined by measuring the optical 

density with a NanoDrop ND-1000 spectrophotometer 

(Thermo Fisher Scientific, Inc). Next, first-strand complemen-

tary DNA (cDNA) was prepared using random primers 

(Takara Bio; Tokyo, Japan) with Superscript II reverse tran-

scriptase (Invitrogen) according to the manufacturer’s in-

structions, and the cDNA was diluted to 8 ng/μl with RNase-

free water. The primer sequences for RGS4 (NM_009062.3) 

were as follows: forward sequence (5’-3’), ATGAAACATCGG 

CTGGGGTT and reverse sequence (5’-3’), TTGAAAGCTGCC 

AGTCCACA. Real-time PCR amplifications were performed 

using TOPreal qPCR 2X PreMIX (Enzynomics; Daejeon, 

Korea) with a Stratagene MX3000P (Agilent Technologies; 

USA) according to the manufacturer’s instructions. The 

thermal cycling profile consisted of a pre-incubation step at 

94℃ for 10 min, followed by 45 cycles of denaturation at 

94℃ for 15 s, annealing at 55℃ for 30 s, and elongation at 

72℃ for 20 s. Additionally, a melting program was used to 

verify that only one product was amplified. The amplification 

curves from each real-time PCR reaction were generated 

within the software, and the threshold cycle values were 

determined; β-actin was used as a housekeeping gene for 

normalization to an internal control for each sample. All 

results are expressed as a mean fold change using the 2
-ΔΔ CT

 

method (Livak and Schmittgen, 2001). 
 

Statistical analysis 
All data are reported as the means ± standard error of the 

mean (SEM) and were analyzed with unpaired t-tests and 

one-way or two-way analysis of variance (ANOVA) tests. 

Next, Fisher’s least significant difference (LSD) post hoc tests 

for multiple comparisons were performed, and p values < 

0.05 were considered to indicate statistical significance. 

 

RESULTS 
 

RGS4 knock-down in the NAc increased 
morphine-induced behaviors 
To examine the influence of RGS4 on the rewarding effects 

of morphine in the NAc, lentivirus-expressing shRNA tagged 

with eGFP (Lv-shRNA-eGFP) targeting RGS4 and Lv-eGFP 

were injected into the bilateral NAc (Figs. 1A and 1B); the  
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Fig. 1. RGS4 controlled morphine-induced reward in the NAc. (A) Schematic representation of the shRNA-targeting RGS4 construct. (B) 

Injection target site in the mouse brain (NAc; red circle). (C) Representative photographs of eGFP expression in the NAc of mice injected 

with Lv-eGFP and Lv-shRNA-eGFP. (D) Representative immunoblots of RGS4 expression in the NAc of mice injected with Lv-eGFP and 

Lv-shRNA-eGFP. All data are expressed as means ± SEM; n = 6 for each group. (E) Schematic diagram of the schedule for the morphine 

CPP test. (F) Mice infected with Lv-shRNA-eGFP in the NAc showed an increased response to morphine (15 mg/kg, i.p.) in the CPP par-

adigm. All data are expressed as means ± SEM (n = 6 for each group). Data were analyzed with unpaired t-tests. *p < 0.05 vs. the Lv-

eGFP infected group.
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Fig. 2. RGS4 regulated the activation of glutamate

receptors in the NAc during the morphine-conditioned

place preference test. For the CPP paradigm, mice

were bilaterally injected with Lv-shRNA-eGFP and Lv-

eGFP and then morphine. Subsequently, the mice

were sacrificed, and the levels of glutamate recep-

tors, CaMKII and PKA-C phosphorylations were ex-

amined. (A-D) Representative images and bar

graphs of immunoblots for phospho-GluR1 (Ser831),

total-GluR1, phospho-NR2A (Tyr1325), total-NR2A,

phospho-CaMKII (Thr286), total-CaMKII, phospho-

PKA-C (Thr197), and total-PKA-C in the NAc (left to

right: control, morphine, Lv-shRNA-eGFP, and Lv-

shRNA-eGFP + morphine-treated groups). All data

are expressed as means ± SEM; n = 6 for each group

and were analyzed with a two-way ANOVA followed

by a Fisher’s LSD post hoc test. *p < 0.05 vs. vehicle-

treated control Lv-eGFP-infected group, **p < 0.01

vs. vehicle-treated control Lv-eGFP-infected group,

and ***p < 0.001 vs. vehicle-treated control Lv-

eGFP-infected group. #p < 0.05 vs. vehicle-treated

control Lv-shRNA-eGFP-infected group. 

infected area was confirmed 4 weeks after the injection 

based on the expression of eGFP (Fig. 1C). To assess the 

efficacy of the knock-down of RGS4 in the NAc, NAc tissues 

were collected, and protein levels were measured with 

Western blot analyses. The level of RGS4 expression in the 

NAc of mice injected with Lv-shRNA-eGFP was reduced by > 

60% compared to mice injected with Lv-eGFP (Fig. 1D). 

To assess whether the knock-down of RGS4 influenced 

morphine reward, the CPP paradigm was used (Fig. 1E). In 

the CPP test, mice injected with Lv-shRNA-eGFP exhibited 

an increased sensitivity to the rewarding effects of morphine 

relative to the mice injected with Lv-eGFP (Fig. 1F). Addi-

tionally, to examine the effects of the lentivirus infection in 

the NAc on locomotor changes that can affect behavior in 

the CPP paradigm, open field tests were performed. No 

significant changes in locomotion were detected in the mice 

injected with the Lv-shRNA-eGFP compared to the mice 

injected with the Lv-eGFP (Supplementary Fig. S1). Taken 

together, these findings suggest that RGS4 in the NAc is 

involved in the behaviors related to morphine reward. 

 

Morphine-induced activation of ionotropic glutamate 
receptors was enhanced by the knock-down of RGS4 in 
the NAc 
Several studies have shown that changes in ionotropic glu-

tamatergic transmission occur during prolonged MOR acti-

vation and that these changes are involved in the rewarding 

effects of morphine (Gonzalez et al., 1997; Martin et al., 

1999; Murray et al., 2007). Because there are questions 

regarding the changes in the time course of neuronal activity 

in the NAc after chronic morphine treatment, this study ex-

amined the expressions of c-fos (immediate early gene) in 

the NAc at 30 min., 2 h, and 24 h after 5 consecutive days of 

i.p. morphine injections. Nestler (2001) described that c-fos 

expression in the NAc reached the maximum point at 2 h 

after the injection of acute psychotic drugs, and that c-fos 

expression showed a delayed and gradually increasing pat-

tern which is correlated to negative behavioral symptoms 

such as dependence, tolerance, and withdrawal symptoms 

after treatment with chronic psychotic drugs. The present 

results show that the mRNA expressions of c-fos increased 

by approximately six-fold at 30 min. after the last morphine 

injection and that c-fos expression was maintained by ap-

proximately four-fold at 2 and 24 h after the last morphine 

injection (Supplementary Fig. S2). 

It was also hypothesized that the temporal changes in 

neuronal activity due to chronic morphine exposure might 

be strongly related to changes in ionotropic glutamatergic 

transmission. Because there is some evidence that c-fos is 

regulated by ionotropic glutamate receptors (Das et al., 

1997; Lerea et al., 1993), we examined the phosphorylation 

levels of ionotropic glutamate receptors GluR1 and NR2A as 

well as PKA and CaMKII, which are considered to be in-

volved with the signaling pathways of inotropic glutamate 

receptors, using Western blot analysis (Fig. 2). 

AMPA and NMDA glutamate receptors are regulated by 

the protein kinase C (PKC)/CaMKII signaling pathway 

(Boehm et al., 2006; Dias et al., 2012), and the phosphoryla-

tion levels of GluR1 at Ser831 and NR2A at Tyr1325 are 

known to be regulated by PKC and CaMKII, which increase
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the AMPA receptor function by changes in channel con-

ductance (Derkach et al., 1999; Ohnishi et al., 2011; Snyder 

et al., 2000). Thus, the activation of CaMKII in the NAc of 

mice injected with Lv-shRNA-eGFP and Lv-eGFP was as-

sessed after the morphine CPP post-test (Fig. 2). The present 

results show that chronic treatment with morphine during 

the CPP paradigm significantly increased the phosphoryla-

tion levels of GluR1 (Fig. 2A, F (1, 20) = 60.21, P < 0.0001), 

NR2A (Fig. 2B, F (1, 20) = 17.32, P = 0.0005), and CaMKII 

(Fig. 2C, F (1, 20) = 9.413, P = 0.0061) in the NAc com-

pared to the vehicle-treated controls. 

cAMP-dependent protein kinase A (PKA) signaling is con-

sidered to be one of the most important μ-opioid dependent 

signaling pathways (Ai et al., 1999; Shen et al., 2000). 

Therefore, we also tested whether chronic morphine treat-

ment induces phosphorylation of PKA-C in the NAc. Howev-

er, the phosphorylation of PKA-C was not changed after the 

morphine treatment (Fig. 2D). 

Additionally, the expression level of p-GluR1 in the Lv-

shRNA-eGFP + morphine group was significantly increased 

compared to those of the Lv-eGFP-infected control and Lv-

shRNA-eGFP-infected groups (Fig. 2A, F (1, 20) = 11.47, P = 

0.0029). The expression of p-NR2A (Fig. 2B, F (1, 20) = 

6.879, P = 0.0163) and p-CaMKII (Fig. 2C, F (1, 20) = 5.697, 

P = 0.0270) significantly increased in both the vehicle-

treated control group and the morphine-treated group in-

fected by Lv-shRNA-eGFP compared to the Lv-eGFP-infected 

control group. 

Although we found an increase of p-PKA-C (Thr197) in 

the Lv-shRNA-eGFP and Lv-shRNA-eGFP + morphine group, 

there was no change in the p-PKA-C in the NAc of mice 

injected with Lv-shRNA-eGFP compared to that in the NAc 

of mice injected with Lv-eGFP after chronic morphine treat-

ment during the CPP (Fig. 2D, F (1, 20) = 0.161, P = 0.6924). 

 

Chronic morphine treatment increased the activation of 
ionotropic glutamate receptors in primary NAc/striatal 
neurons 
To clarify the role of neuronal involvement in the activation 

of glutamate receptors after chronic morphine treatment, 

Western blot analyses were done to assess the protein ex-

pressions of RGS4, p-GluR1 (Ser831), GluR1, p-NR2A 

(Tyr1325), NR2A, p-PKA-C (Thr197), PKA-C, p-CaMKII 

(Thr286), and CaMKII in primary NAc/striatal neurons after 3 

days of treatment with morphine (10 μM). The expression 

level of RGS4 protein was significantly decreased after the 

morphine treatment (Figs. 3A and 3B, saline control group: 

1.00 ± 0.06, morphine treated group: 0.50 ± 0.04, fold 

change, Unpaired t-test, p < 0.01 vs. saline control group). 

The morphine treatment significantly increased the phos-

phorylation levels of GluR1 (Figs. 3A and 3C, saline control 

group: 1.00 ± 0.06, morphine treated group: 1.57 ± 0.14, 

fold change, Unpaired t-test, p < 0.05 vs. saline control 
group), NR2A (Figs. 3A and 3D, saline control group: 1.00 ± 

0.07, morphine treated group: 2.75 ± 0.33, fold change, 

Unpaired t-test, p < 0.01 vs. saline control group), and 

CaMKII (Figs. 3A and 3E, saline control group: 1.00 ± 0.05, 

morphine treated group: 2.55 ± 0.35, fold change, Unpaired 
t-test, p < 0.05 vs. saline control group). However, the phos-

phorylation level of PKA was significantly decreased (Figs. 3A 
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Fig. 3. Morphine induced the activation of ionotropic glutamate receptors in primary NAc/striatal neurons. To examine the effects of mor-

phine on glutamate receptors in NAc/striatal neurons, the neurons (9 DIV) were incubated with morphine (10 μM) for 3 days. (A) Rep-

resentative photographs of immunoblots for RGS4, phospho-GluR1 (Ser831), total-GluR1, phospho-NR2A (Tyr1325), total-NR2A, 

phospho-CaMKII (Thr286), total-CaMKII, phospho-PKA-C (Thr197), and total-PKA-C. (B-F) Bar graphs showing semi-quantitative anal-

yses of the phosphorylation levels of GluR1, NR2A, CaMKII, and PKA-C in NAc/striatal neurons after vehicle and morphine treatment. All 

data are expressed as means ± SEM; n = 6 for each group and were analyzed with unpaired t-tests. p < 0.05 vs. vehicle-treated control 

and **p < 0.01 vs. vehicle-treated control. 
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and 3F, saline control group: 1.00 ± 0.06, morphine treated 

group: 0.60 ± 0.02, fold change, Unpaired t-test, p < 0.05 vs. 
saline control group). 

 

RGS4 knock-down enhanced ionotropic glutamate 
receptor activation during chronic morphine treatment 
and withdrawal 
To investigate whether RGS4 might have a modulatory role 

during the activation of ionotropic glutamate receptors in 

primary NAc/striatal neurons, 3 DIV primary NAc/striatal 

neurons were transduced with Lv-shRNA-eGFP and Lv-eGFP. 

At 12 DIV, the neurons were assessed for transduction and 

knock-down efficiency; > 95% of the neurons expressed 

eGFP fluorescence, and there were significant decreases in 

the RGS4 protein and mRNA levels (71.12 ± 1.18% and 

68.97 ± 5.54%, respectively) after Lv-shRNA-eGFP infection 

of primary striatal/NAc neurons (Figs. 4A–4C). 

Next, the expression levels of p-GluR1 (Ser831), GluR1, p-

NR2A (Tyr1325), NR2A, p-PKA-C (Thr197), p-PKA-C, p-

CaMKII (Thr286) and CaMKII were assessed. There were 

significant increases in the phosphorylation levels of p-GluR1, 

p-NR-2A, and p-CaMKII in primary NAc/striatal neurons in-

fected with Lv-shRNA-eGFP relative to the levels in neurons 

infected with Lv-eGFP (Figs. 4D–4G). However, there was no 

change in the p-PKA-C (Thr197) expression between the Lv-

shRNA-eGFP and Lv-eGFP infected primary striatal/NAc neu-

rons (Fig. 4D and 4H). 

To better understand the effects of RGS4 on ionotropic 

glutamate receptors during chronic morphine treatment and 

withdrawal, Lv-shRNA-eGFP- and Lv-eGFP-infected primary 

NAc/striatal neurons were incubated with 10 μm of mor-

phine for 3 days beginning on 9 DIV followed by 1, 3, and 6 

h of spontaneous withdrawal. Next, the expression patterns 

of p-GluR1 (Ser831), GluR1, p-NR2A (Tyr1325), NR2A, p-

PKA-C (Thr197), PKA-C, p-CaMKII (Thr286) and CaMKII 

were examined at 0, 1, 3, and 6 h after morphine cessation. 

There were significant increases in the phosphorylation levels 

of GluR1 (F (1, 40) = 212.3, P < 0.0001), NR2A (F (1, 40) = 

159, P < 0.0001), and CaMKII (F (1, 40) = 93.55, P < 

0.0001) throughout the duration of the morphine with-

drawal in the Lv-shRNA-eGFP-infected group compared to 

the Lv-eGFP-infected group (Figs. 5A-5D). Expression of p-

PKA-C (The197) did not change (F (1, 40) = 0.2546, P = 

0.6166) between the Lv-shRNA-eGFP and Lv-eGFP infected 

neurons (Figs. 5A and 5E). 

 

DISCUSSION 
 

The findings of this study revealed the NAc/striatal neuron-

specific roles of RGS4 in morphine reward. Because previous 

evidence indicates that the RGS family is associated with a 

variety of psychiatric conditions including depression, schiz-

ophrenia, and drug addiction, it is important to clarify the 

function and cellular mechanisms of RGS proteins in specific 

signaling pathways and cell types (Lomazzi et al., 2008; Terzi 

et al., 2014). Many studies have reported on the modulatory 

role of RGS4 in response to psychostimulant treatment in 

the NAc and the dorsal striatal regions through GPCRs in-

cluding metabotropic glutamate receptor (mGluR5) and 

dopamine D1 and D2 receptors (Schwendt et al., 2006;
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Fig. 4. RGS4 regulated glutamate receptors in primary NAc/striatal neurons. At 3 DIV, neurons were infected with Lv-eGFP and Lv-

shRNA-eGFP, and the cells were collected on 12 DIV. (A) Representative photographs of Lv-eGFP (left panel) and Lv-shRNA-eGFP (right 

panel) expression levels in NAc/striatal neurons. (B and C) Bar graphs showing semi-quantitative analyses of the protein and mRNA 

expression levels of RGS4 in Lv-eGFP- and Lv-shRNA-eGFP-infected NAc/striatal neurons. (D) Representative photographs of immunob-

lots for phospho-GluR1 (Ser831), total-GluR1, phospho-NR2A (Tyr1325), total-NR2A, phospho-CaMKII (Thr286), total-CaMKII, and 

phospho-PKA-C (Thr197), and total-PKA-C. (E–G) Bar graphs showing semi-quantitative analyses of the phosphorylation levels of GluR1, 

NR2A, CaMKII, and PKA-C in the Lv-eGFP- and Lv-shRNA-eGFP-infected groups. All data are expressed as means ± SEM; n = 6 for each 

group, and were analyzed with unpaired t-tests. **p < 0.01 vs. Lv-eGFP-infected group and ***p < 0.001 vs. Lv-eGFP-infected group. 
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Fig. 5. RGS4 knock-down enhanced glutamate receptor activation after morphine withdrawal in primary NAc/striatal neurons. At 3 DIV, 

the neurons were infected with Lv-eGFP and Lv-shRNA-eGFP for 9 days. To test the effects of RGS4 on glutamate receptor activation 

during morphine withdrawal, the neurons were incubated with morphine (10 μM) for 3 days at 12 DIV, washed three times with 

growth medium, and cultured for the indicated time to induce spontaneous withdrawal. (A) Representative images of immunoblots for 

phospho-GluR1 (Ser831), total-GluR1, phospho-NR2A (Tyr1325), total-NR2A, phospho-CaMKII (Thr286), total-CaMKII, phospho-PKA-

C (Thr197), and total-PKA-C. (B-E) Bar graphs showing semi-quantitative analyses of the phosphorylation levels of GluR1, NR2A, 

CaMKII, and PKA after spontaneous morphine withdrawal (0, 1, 3, and 6 h) in the Lv-eGFP- and Lv-shRNA-eGFP-infected groups. All 

data are expressed as means ± SEM; n = 6 for each group and were analyzed with a two-way ANOVA followed by a Fisher’s LSD post 

hoc test. *p < 0.05 vs. Lv-eGFP-infected group, **p < 0.001 vs. Lv-eGFP-infected group at the same time points and ***p < 0.001 vs. 

Lv-eGFP-infected group at the same time points. ##p < 0.01 and ###p < 0.001 vs. 0 h after morphine treatment in Lv-shRNA-infected 

group. &&&p < 0.001 vs. 0 h after morphine treatment in Lv-eGFP-infected group. 

 

 

 

2007; 2012). However, the influence of RGS4 on the regula-

tion of ionotropic glutamatergic transmission through 

GPCRs during psychostimulant addiction has yet to be con-

sidered. Thus, this study used a NAc/striatal-selective knock-

down model to elucidate the influence of striatal RGS4 on 

ionotropic glutamate receptors during morphine reward. 

The findings of the behavioral tests in this study were sup-

ported by in vivo and in vitro biochemical assays which indi-

cated that RGS4 modulates the morphine-induced activation 

of glutamate receptors. 

The present results also indicate that RGS4 can modulate 

morphine reward. The NAc-specific RGS4 knock-down en-

hanced morphine CPP after 5 consecutive days of i.p. mor-

phine injections (15 mg/kg). These findings are similar to 

those of previous studies showing that the conditional dele-

tion of RGS4 with the Cre-lox system increases morphine 

CPP after a low-dose (3 mg/kg) morphine treatment (Han et 

al., 2010) and that other RGS genes, such as RGS9-2, in-

crease sensitivity to morphine reward (Gaspari et al., 2014). 

Interestingly, these two independent studies failed to identify 

the common molecular mechanisms underlying the identical 

behavioral consequences of chronic morphine treatment, 

which suggests the involvement of different signaling path-

ways for each RGS family. RGS4 is also involved in the re-

sponse to psychostimulants including morphine in a variety 

of brain regions (Bishop et al., 2002; Lomazzi et al., 2008; 

Schwendt et al., 2007; 2012). However, the cellular mecha-

nism of accumbal RGS4 contributing to the rewarding ef-

fects of morphine is not clear. Therefore, in this study, we 

investigated the possible cellular mechanisms of accumbal 

RGS4 in the morphine rewarding effect. 

The present findings indicate that one of the plausible 

mechanisms underlying the development of morphine re-

ward may be caused by glutamatergic transmission in the 

NAc. Even though numerous studies have examined chang-

es in glutamatergic transmission in the NAc after psychost-

imulant administration (Jedynak et al., 2016; Parsegian and 

See, 2014), little is known about the effects of chronic mor-

phine exposure on ionotropic glutamatergic transmission in 

the NAc. Thus, this study investigated whether morphine 

would change the action of ionotropic glutamate receptors 

in the NAc following the morphine CPP procedure and in 

primary NAc/striatal neurons. Using the CPP paradigm, this 

study found significant increases in the phosphorylation lev-

els of the AMPA receptor subunit GluR1 (Ser831) and 

NMDAR receptor subunit NR2A (Tyr1325) in the NAc after 

chronic morphine treatment. Additionally, the in vitro results 

confirmed the increases in the phosphorylation levels of 

GluR1 and NR2A after chronic morphine treatment. Taken 

together, these data suggest that chronic morphine treat-

ment increases glutamatergic transmission in the NAc and 

supports previous findings showing that morphine reward is 

altered by glutamate receptor inhibition (Gonzalez et al., 

1997; Trujillo and Akil, 1991). Moreover, Robbe et al. (2002) 

showed that morphine-dependent mice exhibit decreases in 

long-term depression (LTD) through (mGluR2/3) at glutama-

tergic synapses in the NAc supporting our data which show 

the involvement of glutamatergic transmission in the NAc in 
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morphine addiction. 

This study also identified an upregulation in the phosphor-

ylation of CaMKII after chronic morphine treatment was 

done both in vivo and in vitro, which suggests that the mor-

phine-induced activation of ionotropic glutamate receptors 

in the NAc may be closely linked with CaMKII signaling. Con-

sistent with these findings, previous evidence has shown 

that the inhibition of CaMKII in the NAc attenuates the rein-

statement of morphine reward (Liu et al., 2012). However, 

further research is necessary to elucidate the effects of the 

crosstalk between RGS4 and CaMKII signaling within brain 

reward circuits and to determine the critical factors that con-

trol RGS4 and inotropic glutamate receptors. Furthermore, 

the in vivo results show an unaltered expression of p-PKA-C, 

an active form of PKA, during the CPP paradigm, and the in 
vitro results show a decrease in the p-PKA-C expression after 

chronic morphine treatment, which suggests that the chron-

ic morphine-induced activation of glutamate receptors 

might not be dependent on PKA signaling, and a future 

study is needed for the complete understanding of the in-

volvement of PKA signaling in the RGS4 action in morphine 

reward. 

Previous studies have shown that glutamatergic transmis-

sion is associated with morphine withdrawal symptoms 

(Inoue et al., 2003; Manzoni and Williams, 1999). For ex-

ample, NR2A null knockout mice exhibit attenuated mor-

phine withdrawal symptoms (Inoue et al., 2003). In this 

study, primary NAc/striatal neurons infected with Lv-shRNA 

targeting RGS4 showed a significant increase in the phos-

phorylation levels of glutamate receptors and CaMKII signal-

ing during spontaneous morphine withdrawal compared to 

the Lv-eGFP-infected group. Thus, the in vitro findings of this 

study suggest that RGS4 modulates morphine-induced 

withdrawal through ionotropic glutamate receptors and 

CaMKII signaling. Interestingly, in the present study, the NAc 

of mice infected with Lv-shRNA showed increased phos-

phorylation of p-PKA-C in both the saline and morphine CPP 

groups. Conversely, the in vitro results showed that chronic 

morphine treatment and spontaneous morphine withdrawal 

significantly decreased the p-PKA-C expression, and the 

knock-down of RGS4 failed to alter the p-PKA-C expression 

of primary NAc/striatal cultured neurons in response to mor-

phine treatment. This discrepancy can be due to a lack of 

interaction with other brain regions for regulating the striatal 

PKA activity in a single primary culture system. In a future 

study, co-culture experiments with the hippocampus or pre-

frontal cortex are needed to elucidate whether the prefron-

tal cortex or hippocampus might be involved in the striatal 

PKA activity in response to chronic morphine treatment. 

In conclusion, the present findings confirmed that the 

NAc-specific RGS4 levels regulate morphine reward in mice. 

Furthermore, the molecular and biochemical approaches 

used in this study indicate that chronic morphine treatment 

and spontaneous withdrawal induced the activation of iono-

tropic glutamate receptors in the NAc and that this process 

was modulated by RGS4. These findings provide new in-

sights into the molecular mechanisms underlying negative 

morphine-induced symptoms. 

 

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org). 
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