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A B S T R A C T   

Numerous findings confirm that the metabotropic glutamate receptors (mGluRs) are involved in the conditioned 
place preference (CPP) induced by morphine. Here we focused on the role of mGluR5 in the nucleus accumbens 
(NAc) as a main site of glutamate action on the rewarding effects of morphine. Firstly, we investigated the effects 
of intra-NAc administrating mGluR5 antagonist 3-((2-Methyl-1,3-thiazol-4-yl) ethynyl) pyridine hydrochloride 
(MTEP; 1, 3, and 10 μg/μl saline) on the extinction and the reinstatement phase of morphine CPP. Moreover, to 
determine the downstream signaling cascades of mGluR5 in morphine CPP, the protein levels of stromal inter
action molecules (STIM1 and 2) in the NAc and hippocampus (HPC) were measured by western blotting. The 
behavioral data indicated that the mGluR5 blockade by MTEP at the high doses of 3 and 10 μg facilitated the 
extinction of morphine-induced CPP and attenuated the reinstatement to morphine in extinguished rats. Mo
lecular results showed that the morphine led to increased levels of STIM proteins in the HPC and increased the 
level of STIM1 without affecting STIM2 in the NAc. Furthermore, intra-NAc microinjection of MTEP (10 μg) in 
the reinstatement phase decreased STIM1 in the NAc and HPC and reduced the STIM2 in the HPC. Collectively, 
our data show that morphine could facilitate brain reward function in part by increasing glutamate-mediated 
transmission through activation of mGluR5 and modulation of STIM proteins. Therefore, these results high
light the therapeutic potential of mGluR5 antagonists in morphine use disorder.   

1. Introduction 

Morphine is a category of opioids that bind to mu-opioid receptors 
and induce euphoria (Ademikanra et al., 2023). This state is an incentive 
for repeated use of morphine, which can cause morphine use disorder 
(MUD) (Listos et al., 2019). Morphine increases glutamate transmission 
in key regions of reward circuitry such as the nucleus accumbens (NAc) 
(Hearing et al., 2018) and hippocampus (HPC) (Portugal et al., 2014), 
which are thought to mediate the reinforcing effects of morphine (Liu 
et al., 2021). 

Preliminary evidence suggests that glutamate contributes to 
morphine-related memory formation (Heinsbroek et al., 2021). 

Glutamate is the main excitatory neurotransmitter in reward circuitry, 
and its actions are regulated by ionotropic and metabotropic glutamate 
receptors (mGluRs) (Willard et al., 2013). mGluRs are group C G-protein 
coupled receptors (GPCR), and the eight subtypes of mGluRs are cate
gorized into three groups on the basis of their intracellular signaling 
pathways. Group I mGluRs (mGluR1/5) are coupled to the Gαq protein. 
Whereas groups II (mGluR2/3) and III (mGluR4, 6, 7, and 8) are coupled 
to the Gαi protein (Mozafari et al., 2023). Numerous findings confirm 
that the mGluRs such as mGluR2/3 (Baharlouei et al., 2018), mGluR4 
(Ebrahimi et al., 2021), mGluR5 (Roohi et al., 2014), mGluR 7 
(Vatankhah et al., 2018), and mGluR8 (Kahvandi et al., 2020) are 
involved in the conditioned place preference (CPP) induced by 
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morphine. 
Several animal studies using either the self-administration (SA) or 

the CPP paradigm have revealed the importance of mGluR5 in processes 
underlying substance use disorder (SUDs). The first study by Chiamulera 
et al. showed that mice lacking mGluR5 do not self-administer cocaine 
and that the mGluR5 antagonist 2-Methyl-6-(phenylethynyl) pyridine 
hydrochloride (MPEP) reduces cocaine SA (Chiamulera et al., 2001). 
Subsequently, MPEP was shown to decrease the rewarding effects of 
morphine (Aoki et al., 2004) and the acquisition and expression of 
morphine place preference (Popik et al., 2002). The NAc was implicated 
in the effect by showing that intra-NAc microinjection of the mGluR5 
antagonist 3-((2-Methyl-1,3-thiazol-4-yl) ethynyl) pyridine hydrochlo
ride (MTEP) decreases the expression of morphine CPP (Roohi et al., 
2014). These studies suggest an essential role for mGluR5 in the NAc in 
the rewarding properties of morphine. 

The current study attempted to identify the molecular mechanisms 
involved in morphine CPP, with a focus on the downstream signaling 
cascades of mGluR5 in the NAc and HPC. It has been firmly documented 
that the activation of mGluR5, provoking the intracellular signaling 
pathways that ultimately cause memory formation (Rodrigues et al., 
2002). mGluR5 is coupled to Gαq and activates phospholipase C (PLC), 
thereby leading to the release of calcium ions (Ca2+) from intracellular 
Ca2+ stores in the endoplasmic reticulum (ER) (Jong et al., 2009). 
Stromal interaction molecules (STIM1 and 2) are mainly anchored to the 
ER membrane and sensitive to the concentration of Ca2+ inside the ER 
lumen. A decline in ER Ca2+ levels result in STIMs activation, which 
triggers the entrance of Ca2+ to refill ER stores. Thus, key downstream 
targets of mGluR5 are the STIM proteins. In agreement with these 
findings, Ng et al. showed that the activation of mGluR5 with DHPG 
(selective agonist of mGluR1/5) in HPC neurons stimulated the activa
tion of STIMs (Ng et al., 2011). 

Ca2+ signaling is an essential factor in neuronal synaptic plasticity 
(Biala et al., 2004, 2008; Morikawa et al., 2022) and morphine depen
dence (Lu et al., 2000). Considering the importance of STIM proteins in 
the regulation of cytosolic Ca2+ concentration we hypothesized that 
STIMs contribute to the capacity of mGluR5 antagonists to inhibit 
morphine CPP. We investigated the effects of intra-NAc administrating 
mGluR5 antagonist (MTEP) on the extinction and reinstatement phases 
of morphine CPP and explored the involvement of STIMs in the effects of 
mGluR5 blockade. 

2. Materials and methods 

2.1. Animals 

For this study, male Wistar rats were used weighing 210–230 g (n =
74; Pasteur Institute, Iran). All animals were housed in groups of three in 
a temperature controlled (23 ◦C) environment under a 12 h light/dark 
cycle (lights on at 7:00 a.m.; lights off at 7:00 p.m.). All experiments 
were performed during the light phase. The rats were maintained with 
free access to food and water. All protocols were approved by the Na
tional Institutes of Health Guide for the Care and Use of Laboratory 
Animals (National Institutes of Health Publication. 8th edition, revised 
2011) and were done in accordance with the Research and Ethics 
Committee of Shahid Beheshti University of Medical Sciences, Tehran, 
Iran (IR.SBMU.MSP.REC.1400.329 (. 

2.2. Drugs 

3-((2-Methyl-1,3-thiazol-4-yl) ethynyl) pyridine hydrochloride 
(MTEP) was purchased from Tocris Bioscience (Bristol, UK), and stored 
at − 20 ◦C. On test days, MTEP was dissolved in sterile saline (0.9%) and 
bilaterally microinjected into the NAc (0.5 μl/per side). Morphine sul
fate powder was obtained from Temad Co. (Tehran, Iran) and was dis
solved in 0.9% saline to be administered through subcutaneous (sc) 
injection at a dose of 5 mg/kg (Mozafari et al., 2020) during the 

conditioning phase and 1 mg/kg (Azizbeigi et al., 2019) during the 
reinstatement test. All drugs were made new daily. Antibodies directed 
against STIM1, STIM2, β-actin, and a secondary antibody were bought 
from (Cell Signaling, Massachusetts, USA). 

2.3. Cannula implantation and microinjection procedures 

Animals were anesthetized by intraperitoneal injection of ketamine 
(100 mg/kg) and xylazine (10 mg/kg). For cannula implantation, the 
rats were placed in a stereotaxic instrument (Stoelting, USA). Two guide 
cannulas (23-gauge needle, stainless steel) measured approximately 12 
mm in length were bilaterally inserted 1 mm above the NAc (ante
roposterior, +1.7; mediolateral, ±1.6; dorsoventral, − 7.8 from the 
surface of the skull) (Paxinos et al., 2007) and were secured to the skull 
via two screws with dental cement. After surgery, at least 5–7 days was 
allowed for recovery before beginning the CPP protocol. 

For microinjection, the injector needle (30-gauge, 13 mm) was 
inserted into the guide cannula and MTEP or saline vehicle was bilat
erally injected into the NAc (0.5 μl/per side) over 1 min using a Ham
ilton syringe. After the microinjection, the injector needles were left in 
NAc for 1 min to allow diffusion of the drug/vehicle. 

2.4. Behavioral experiments 

2.4.1. Conditioning apparatus and paradigm 
CPP is a commonly used pre-clinical behavioral paradigm for 

studying the conditioned rewarding effects of addictive drugs. The CPP 
procedure can evaluate the acquisition, expression, extinction, and 
reinstatement drug seeking (Tzschentke, 2007). In the present study, we 
examined the effects of mGluR5 antagonism on the extinction and 
reinstatement of morphine CPP (Fig. 1A). 

We utilized a CPP box (Plexiglas apparatus) consisting of three 
compartments with a guillotine removable gate. One of the compart
ments (30 × 30 × 40 cm3) had horizontal black stripes and a rough- 
textured floor. This compartment was paired with morphine. The 
other (30 × 30 × 40 cm3) had vertical black lines on the wall and a 
smooth floor. This compartment was paired with saline. The middle 
(null) compartment (30 × 15 × 40 cm3) had red walls and was not 
paired with morphine/saline. All CPP compartments were equipped 
with 3CCD video cameras (Panasonic Inc., Japan) to record the time 
spent in each compartment. The CPP test began 5–7 days post- 
stereotaxic surgery and lasted for 14 days in distinct phases as follows. 

Pre-test. During this phase (first day), rats were placed in the null 
compartment while the guillotine gate was opened that allowed the 
animals to enter all compartments for 10 min. Time spent for each rat in 
each compartment was recorded by a 3CCD video camera and calculated 
by the Ethovision software (Noldus Information Technology, the 
Netherlands; Version 7). Of note, in this study, we used unbiased CPP. 
Thus, if an animal spent ≥70% of the total time in one compartment, 
they were eliminated from the study. 

Conditioning (Acquisition) phase. The process of conditioning 
refers to the pairing of morphine (unconditioned stimulus) with the CPP 
compartments (conditioned stimulus) (Fig. 2A). Following conditioning, 
in the absence of morphine, the conditional stimulus is leading to 
increased time spent in the morphine-paired compartment. On the sec
ond day, all rats received morphine (5 mg/kg, sc) and were placed into 
one of the CPP compartments (horizontal black stripes) for 45 min 6 h 
later, animals received saline (1 ml/kg, sc) for 45 min and were confined 
to the compartment paired with saline (vertical black lines) (Fig. 1A). 
The next day, this phase starts with a saline injection in the morning and 
is followed by an injection of morphine. The schedule through the fourth 
day was performed similarly to the second day. 

Post-test. For the post-test (on day 5), rats were put in a CPP box and 
allowed to freely explore in whole compartments for 10 min and the 
time spent in each compartment was recorded. The CPP score (sec), an 
index of reward preference, was computed by subtracting the time spent 
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in the morphine compartment from the time spent in the saline 
compartment. Morphine induced conditioning if the CPP score during 
the post-test was greater than in the pre-test. 

Extinction phase. Following the establishment of morphine CPP, 
the extinction training was performed for eight consecutive days (days 6 
via 13), which included exposure to all CPP compartments for 45 min. 

Reinstatement phase. 24 h after the last extinction day, the rein
statement of morphine-seeking behavior was assessed. The effect of 
intra-NAc administration of the mGluR5 antagonist on reinstatement 
induced by administering a low priming dose of morphine (1 mg/kg, sc) 
was examined. Immediately after the injection of morphine animals 
were placed in the CPP box for 10 min with free access to all compart
ments. As with the post-test, we calculated the CPP score (sec) in the 
reinstatement phase by subtracting the time spent in the morphine 
compartment from the time spent in the saline compartment. The cri
terion of reinstatement was the amount of time spent in the morphine- 
paired compared to the saline-paired compartment. 

2.5. Experimental design 

2.5.1. Role of mGluR5 within the NAc on the extinction of morphine- 
induced CPP 

In the current study, the CPP score (sec) in the extinction phase by 
subtracting the time spent in the morphine compartment from the time 
spent in the saline compartment was calculated for each animal every 
day. Therefore, to calculate an “extinction latency” for each animal, it 
was represented by the number of days required to reach 50% decrease 
in conditioning score in the test day (post-conditioning day) as a 
dependent variable. To evaluate the effect of mGluR5 antagonism on 
mean extinction latency, four treatment groups (n = 7 per group) 
received bilateral microinjection of MTEP (1, 3, and 10 μg/μl) or saline 
vehicle into NAc) 1 h before the daily extinction session. During the 
extinction phase, the rats were placed in the CPP apparatus with free 
entry to all compartments for 45 min, and the time spent in CPP com
partments was recorded for the first 10 min, the same as pre-and post- 
test. The extinction test was carried out until an animal reached the 
extinction criterion (Fig. 1B). 

Fig. 1. Visual illustration to show the behavioral protocol. (A) Acquisition phase of morphine-induced CPP by morphine (5 mg/kg; sc) injections during three 
consecutive days. To examine the effect of mGluR5 antagonism within the NAc in the (B) extinction phase and (C) reinstatement of morphine-induced CPP, the rats in 
the experimental groups were treated with MTEP (1, 3, and 10 μg/μl saline) or vehicle (saline) before CPP sessions during extinction period or 5 min before the 
administration of priming dose of morphine (1 mg/kg, sc), respectively. 
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2.5.2. Role of mGluR5 within the NAc on the reinstatement of morphine 
extinguished CPP 

To determine the effect of mGluR5 antagonism within the NAc on the 
reinstatement of morphine-extinguished CPP, six groups of rats were 
used in the reinstatement test. The animals in the morphine control 
group (n = 6), receive morphine (1 mg/kg, sc). And the rats in the saline 
control group (n = 6) received saline (1 ml/kg, sc) instead of a priming 
dose of morphine. The vehicle group (n = 7) received saline (0.5 μl per 
side, intra-NAc). And three treatment groups (n = 7 per group) received 
bilateral microinjection of MTEP (1, 3, and 10 μg/μl saline) 5 min prior 
to the administration of morphine (Fig. 1C). 

2.6. Verification of cannula placements 

The rats were profoundly anesthetized with carbon dioxide. The 
brain was dissected and kept in a 4% formalin solution. To confirm the 
correct placements of the cannulas in the NAc region, coronal sections 
(50-μm) were prepared and compared to the Paxinos and Watson atlas 
(Paxinos et al., 2007). The cannula tips were localized to the NAc in both 
the extinction (Fig. 2A) and reinstatement (Fig. 2B) experiments. 

2.7. Western blotting 

At the end of the behavioral test, the rats were deeply anesthetized 
by carbon dioxide inhalation, and their NAc and HPC (tissue samples 
were from the same animals used in the behavioral study) were dissected 
for Western blot analysis. First, the isolated brain nuclei were homog
enized with a homogenizer (Micro Smash MS-100) using a lysis buffer 
and then centrifuged at 12000 rpm for 10 min at room temperature. 
After centrifugation, the supernatant was collected, and protein con
centration was determined using the Bradford assay (Bradford, 1976) 

and bovine serum albumin was used in order to create the standard plot. 
Thereafter, proteins were loaded on a 12% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and were 
transferred to a polyvinylidene difluoride (PVDF) membrane to create a 
band for each protein. In the next step, membranes were blocked with 
5% skim milk in Tris-buffered saline with Tween 80 (TBST) for 90 min. 
Then blots were incubated with primary anti-STIM1 (1: 1000), 
anti-STIM2 (1: 1,000, Cell signaling), and anti-β actin (1: 1000) anti
bodies (overnight, 4 ◦C). The antibody against β-actin was used as the 
internal control. The membranes were washed in TBST and probed with 
a secondary antibody (1:3000) for an additional 90 min (room tem
perature). Finally, protein bands were visualized with an ECL kit and 
then exposed to radiography films. Quantification of the intensity of 
specific bands was analyzed using Image J software (NIH). 

2.8. Data analysis 

All data analyses were performed using GraphPad Prism software 
version 8.0. The normality of distribution and homogeneity of variance 
of data was evaluated by the Kolmogorov-Smirnov test. The unpaired t- 
test was used to compare the data of the two independent groups. The 
CPP scores in extinction groups were analyzed by repeated measures of 
one-way analysis of variance (ANOVA) followed by post-hoc analysis 
(Tukey’s/Bonferroni’s multiple comparison test). The CPP scores in 
reinstatement groups were analyzed by ordinary one-way ANOVA fol
lowed by Tukey’s multiple comparison test. In the molecular section, the 
optical densitometric data were analyzed by one-way ANOVA followed 
by Tukey’s multiple comparisons test as post-hoc. In some instances, the 
data were not normally distributed and a Friedman’s nonparametric test 
or a Kruskal-Wallis test was used followed by a Dunn’s post hoc com
parison. All behavioral and molecular data were presented as mean ±

Fig. 2. This figure depicts the coronal brain sections to show the bilateral microinjection sites in the NAc during (A) the Extinction and (B) the reinstatement 
experiments. 
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standard error of the mean (SEM). P-values less than 0.05 (P < 0.05) 
were assumed that be statistically significant. 

3. Results 

3.1. Behavioral analysis 

3.1.1. The effect of intra-NAc administration of MTEP on the extinction of 
morphine place preference 

Fig. 3 shows that in all treatment groups morphine injections 
induced CPP (P < 0.001) compared with the pre-test. After the post-test 
and following the establishment of morphine CPP, daily extinction ses
sions were carried out for eight consecutive days. 

Repeated measures of one-way ANOVA followed by Tukey’s multiple 
comparison test [F (5, 41) = 10.30, P < 0.0001; η2 = 0.63; Fig. 3A] 
revealed that the vehicle (saline) group had an extinction period of eight 
days. The group that received the MTEP (1 μg) [F (5, 41) = 24.52, P <
0.0001; η2 = 0.8; Fig. 3B] indicates a similar result, and morphine- 
induced place preference was also extinguished by the eighth day of 
extinction. A non-parametric Friedman test, followed by Dunn’s multi
ple comparisons test demonstrated that MTEP at dose 3 μg [Friedman 
statistic = 33.04, P < 0.0001; Fig. 3C] decreases the extinction period by 

the sixth day of extinction. Also, repeated measures of one-way ANOVA 
followed by Bonferroni’s multiple comparison test show that the MTEP 
microinjection with dose 10 μg in the NAc [F (5, 41) = 37.57, P <
0.0001; η2 = 0.86; Fig. 3D] reduced the extinction sessions by the sixth 
day of extinction. 

Fig. 4 displays MTEP administration’s effect on the mean extinction 
latency of morphine CPP for the treatment groups shown in Fig. 4. The 
non-parametric Kruskal-Wallis test (KW = 11.48, P = 0.0094) shows 
that rats receiving 10 μg of MTEP (P < 0.01) display a shorter extinction 
period in comparison with the vehicle (saline) group. 

3.1.2. The effect of intra-NAc administration of MTEP on the reinstatement 
of morphine place preference 

In a second series of investigations, we examined the role of mGluR5 
in the reinstatement of morphine-extinguished CPP. Following the last 
day of extinction, separate treatment groups received three doses of 
MTEP (1, 3, and 10 μg/μl saline) or vehicle (saline) 5 min before 
morphine (1 mg/kg, sc) injection. 

As shown in Fig. 5, the unpaired t-test indicated that morphine 
induced CPP compared to saline [t10 = 8.972; P < 0.001]. A one-way 
ANOVA followed by the Tukey’s multiple comparison test [F (5, 39) 
= 25.17, P < 0.0001; η2 = 0.78] revealed that the two highest doses 3 μg 

Fig. 3. Effects of bilateral microinjection of different doses of MTEP (1, 3, and 10 μg/μl saline), a selective mGluR5 antagonist, into the NAc on CPP scores (sec) 
during the extinction phase of morphine-induced CPP. Individual data points of the CPP score were plotted in Fig. 3. Data were expressed as mean ± SEM. 
*P < 0.05, **P < 0.01, and ***P < 0.001 compared with the pre-test 
†P < 0.05, ††P < 0.01, and †††P < 0.001 compared with the post-test. 
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(P < 0.01) and 10 μg (P < 0.001) significantly reduced the CPP scores 
compared with the morphine control group. However, the dose of 1 μg of 
MTEP did not have any considerable effect on CPP scores in comparison 
with the morphine control group. These results demonstrate that the 
reinstatement of morphine CPP requires stimulation of mGluR5 in the 
NAc. 

3.2. Molecular analysis 

3.2.1. Alterations of STIM1 and 2 proteins level in the NAc during the post- 
test and reinstatement of morphine-induced CPP 

In order to determine whether a 3-day administration of morphine 
resulted in morphine-induced CPP, animals in the saline control group 
received a saline injection (1 ml/kg; sc) instead of morphine for three 
consecutive days. For the morphine control group, rats received 
morphine (5 mg/kg, sc) during the acquisition phase. During the post- 
test day, the STIM1 [t4 = 4.957; P = 0.0077; Fig. 6A], but not STIM 2 
[t4 = 1.799; P = 0.1465; Fig. 6B] protein level increased in the morphine 
compared to the saline control group. To determine the effect of mGluR5 
antagonism in the alternations of STIM1 protein level in the NAc, CPP 
was induced, and then all rats passed extinction and reinstatement of the 
morphine CPP and different groups microinjected with MTEP (10 μg/μl) 
or saline vehicle 5 min before morphine (1 mg/kg, sc) injection. One- 
way ANOVA followed by Tukey’s multiple comparisons tests [F (4, 
14) = 16.67; P = 0.0002; η2 = 0.87] confirmed that MTEP significantly 
decreased STIM1 level (P < 0.01) in comparison to the morphine control 
group. In contrast, no effect by MTEP was measured on STIM2 levels [F 
(4, 14) = 1.027; P = 0.4394; η2 = 0.3]. 

3.2.2. Changes in the STIM1 and 2 proteins level in the HPC during the 
post-test and reinstatement of morphine-induced CPP 

The level of STIM1 [t6 = 5.390; P = 0.0017, Fig. 7A] and STIM2 [t6 =

3.922; P = 0.0078; Fig. 7B] protein in the HPC was increased in the 
morphine compared to the saline control group. A one-way ANOVA 
followed by Tukey’s multiple comparisons tests revealed that the HPC 
STIM1 [F (4, 19) = 14.93; P < 0.0001; η2 = 0.8; Fig. 7A] and STIM2 [F 
(4, 19) = 6.741; P = 0.0026; η2 = 0.64; Fig. 7B] protein level was 
decreased after the bilateral intra-NAc microinjection of 10 μg of MTEP 
in comparison to the morphine control group (P < 0.001). 

4. Discussion 

This study provides convincing evidence of the importance of 
mGluR5 in mediating morphine reward-related behaviors in the CPP 
paradigm. The data show that mGluR5 blockade by high doses of MTEP 
(3 and 10 μg) bilaterally microinjected into NAc facilitated the extinc
tion of morphine-induced CPP and attenuated morphine-induced rein
statement in extinguished rats. We also showed that STIM proteins may 
be contributing to the mGluR5-morphine interaction in the NAc and 
HPC. Reinstated morphine CPP increased levels of the STIM1 protein in 
the NAc and HPC, which was blocked by intra-NAc microinjection of 
MTEP (10 μg). Western blotting also revealed that morphine can in
crease the level of STIM2 protein in the HPC, and this was also reversed 
by MTEP administration into the NAc prior to morphine-induced 
reinstatement. 

Our results are generally in agreement with a body of behavioral 
studies showing that pharmacologically inhibiting mGluR5 decreases 
the rewarding effects of addictive drugs. For instance, MTEP and the 
mGluR5 negative allosteric modulator MFZ 10–7 (3-fluoro-5-((6-meth
ylpyridin-2-yl) ethynyl) benzonitrile) reduces cocaine-seeking behavior 
(Wang et al., 2013; Keck et al., 2014). Furthermore, treatment with 
MTEP reduces the reinstatement of methamphetamine (Gass et al., 
2009) and methamphetamine SA (Osborne et al., 2008). Also, there is 
substantial evidence that MPEP diminishes the reinstatement of nicotine 
(Bespalov et al., 2005) as well as ethanol (Lee et al., 2016; Sinclair et al., 
2012) and decreases the conditioned effects of amphetamine (Herzig 
et al., 2005) and methamphetamine (Acosta-Garc et al., 2017). 
Conversely, intra-NAc microinjection of the mGluR5 agonists DHPG 
(Schmidt et al., 2013) or CHPG causes reinstatement of cocaine seeking 
(Benneyworth et al., 2019). Regarding opioids, there is substantial evi
dence that activation of mGluR5 in the NAc influences the induction of 
morphine CPP. For example, blockade of mGluR5 in the NAc decreases 
the acquisition of conditioned properties of morphine (Roohi et al., 
2014). We have expanded this work by showing that mGluR5 blockade 
in NAc facilitates the development of CPP extinction and prevented the 
reinstatement of morphine CPP. 

Morphine can enhance glutamatergic input to the NAc. Based on a 
conceptual framework, the glutamatergic projections from the pre
frontal cortex (PFC) (Hearing, 2019), the basolateral amygdala (Yuan 
et al., 2017), and the HPC (Liu et al., 2021) to the NAc have been 
implicated in morphine-conditioned reward. Glutamate projections 
from the basolateral amygdala to the NAc are necessary to link cues with 
drug rewards (Stuber et al., 2011). The glutamatergic connections of the 
HPC and PFC to the NAc respectively enable drug-related cues to impact 
drug-seeking behavior and drive cue-induced reinstatement of drug 
taking (Bossert et al., 2016; McFarland et al., 2003). Within this circuitry 
framework, morphine treatment elevates mGluR5 in the NAc (Qi et al., 
2015) which may contribute our findings of sensitivity to mGluR5 
blockade in extinction and reinstatement of morphine CPP. 

As mentioned above a great number of studies have pointed out that 
MUD causes changes in the synaptic plasticity of the mesocorticolimbic 
circuit, which is correlated with morphine-related learning and mem
ory. It is known that an increase in synaptic plasticity depends on 
mGluR5 activity (Lüscher et al., 2010). In this context, studies have 
found that the enhanced expression of mGluR5 leads to the induction of 

Fig. 4. Impacts of the daily microinjection of mGluR5 antagonist (MTEP), into the 
NAc during the extinction period on the mean extinction latency (day) of morphine- 
induced CPP. 
**P < 0.01 compared with the vehicle (saline) group. 
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Fig. 5. Impact of bilateral microinjection of different doses of MTEP (1, 3, and 10 μg/μl saline), a selective mGluR5 antagonist, into the NAc on CPP scores (sec) 
during the reinstatement of morphine-extinguished CPP. As well, individual data points of CPP score were plotted in Fig. 5. Data indicate mean ± SEM. 
***P < 0.001 compared with the saline control group 
††P < 0.01 and †††P < 0.001 compared with the morphine control group. 

Fig. 6. Changes in STIM1 (A) and STIM2 (B) proteins level in the NAc in post-test, and reinstatement phases. Upper panels are the representative immunoblots of 
proteins in NAc. The lower panels show the mean STIMs/β-actin ratio calculated from densitometric quantification of the corresponding bands from left to right, 
respectively. For the last bars, the rats received MTEP (10 μg/μl saline, intra-NAc) on a reinstatement day. Each point shows the mean ± SEM for 3 rats. 
**P < 0.01 compared with the saline control group 
††P < 0.01 compared with the morphine control group. 
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LTP in the HPC (Ayala et al., 2009). Also, in mice selectively lacking 
mGluR5, hippocampal LTP is diminished (Lu et al., 1997; Jia et al., 
1998). In light of these findings, Naie and colleagues showed that the 
application of MPEP impairs the induction of LTP in the HPC. Our 
findings that the administration of mGluR5 antagonists inhibits rein
stated morphine-seeking are consistent with the regulatory role mGluR5 
in LTP, learning, and memory formation. 

A role for STIM proteins has been identified in a variety of physio
logical functions including learning, memory, and synaptic plasticity 
(Garcia-Alvarez et al., 2015). STIMs also regulate intracellular Ca2+

levels, oxidative stress, and homeostasis (Hooper et al., 2013). However, 
no study has yet investigated a role by STIMs in the rewarding effects of 
morphine. Both STIM1 and 2 proteins are expressed ubiquitously in 
brain (Klejman et al., 2009; Skibinska-Kijek et al., 2009; Gruszczyn
ska-Biegala et al., 2011). In the HPC region, STIM2 was seen in the cell 
body of a neuron and dendrites, whereas STIM1 protein has only high 
somatic expression (Sun et al., 2014). STIM1 regulates synaptic plas
ticity in HPC dendritic spines (Vlachos et al., 2009), including 
mGluR-induced synaptic plasticity (Majewski et al., 2017). Other studies 
show that STIM2 features prominently in regulating the morphological 
properties of the HPC neurons (Keil et al., 2010) and is crucial for the 
induction of the LTP at CA3-CA1 HPC synapses (Yap et al., 2017). Also, 
given the fact that STIM proteins are an important factor in stabilizing 
dendritic spines that have been implicated in memory storage, down
regulation of STIMs signaling is thought to cause memory loss due to the 
decrease in the dendritic spines (Bourne et al., 2007). It is widely 
accepted that STIM functions are also important for neuron survival, and 
studies indicate that the disruption of STIM activity contributes signif
icantly to the development of neuropathological disorders such as Alz
heimer’s disease, cerebral ischemia, and Huntington’s disease 
(Mukherjee et al., 2014; Serwach et al., 2019). 

Our molecular results suggest that the STIM1 protein is involved in 
the morphine place preference, while the STIM2 protein has a lesser role 
in modulating morphine CPP. Possible explanations for these findings 
include the STIM1 and 2 difference in physiological functions. Most 
importantly, in comparison with STIM1, STIM2 has less affinity for Ca2+

and therefore is more sensitive to small changes in ER Ca2+

concentration. STIM2 seems to control steady-state ER Ca2+ levels. 
STIM2 increases the STIM1 coupling with Orai (Ca2+ channel) and the 
activation of Orai when the stimulus is weak and ER Ca2+ levels are low 
(Subedi et al., 2018; Gruszczynska-Biegala et al., 2013). In this context, 
it is worth noting that STIM1 and STIM2 do not have the same distri
bution within the neurons. Although both STIM proteins are located in 
the ER, STIM1 is also present in the plasma membrane (Kraft, 2015). 

Consistent with the above findings, we propose that morphine could 
facilitate brain reward function in part by increasing glutamate- 
mediated transmission through activation of mGluR5 and modulation 
of STIM proteins. Therefore, mGluR5 inhibition in the NAc can decrease 
morphine-seeking, and one mechanism for this effect is via interactions 
with STIM proteins. Overall, our findings contribute to a better under
standing of the molecular mechanisms underlying MUD and provide 
support for the use of mGluR5 antagonists as targets with potential 
therapeutic value. 
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