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Abstract
Addiction is a chronic relapsing disorder and is one of the most important issues in the world. Changing the level of neuro-
transmitters and the activities of their receptors, play a major role in the pathophysiology of substance abuse disorders. It is 
well-established that N-methyl-d-aspartate receptors (NMDARs) play a significant role in the molecular basis of addiction. 
NMDAR has two obligatory GluN1 and two regionally localized GluN2 subunits. This study investigated changes in the 
protein level of GluN1, GluN2A, and GluN2B in the prefrontal cortex of drug abusers. The medial prefrontal cortex (mPFC), 
lateral prefrontal cortex (lPFC), and orbitofrontal cortex (OFC) were dissected from the brain of 101 drug addicts brains 
and were compared with the brains of non-addicts (N = 13). Western blotting technique was used to show the alteration in 
NMDAR subunits level. Data obtained using Western blotting technique showed a significant increase in the level of GluN1 
and GluN2B, but not in GluN2A subunits in all the three regions (mPFC, lPFC, and OFC) of men whom suffered from 
addiction as compared to the appropriate controls. These findings showed a novel role for GluN1, GluN2B subunits, rather 
than the GluN2A subunit of NMDARs, in the pathophysiology of addiction and suggested their role in the drug-induced 
plasticity of NMDARs.
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Introduction

Drug addiction is one the most important issues in the 
world especially in the Middle East [1]. Drug addiction 
is a chronic relapsing disorder and is characterized by the 
compulsion to seek drug, loss of control in managing con-
sumption, and negative emotional states (like anxiety and 
dysphoria) when the drug is not available [2]. Addiction 
consists of three stages including (1) binge/intoxication, 
(2) withdrawal/negative effect, and (3) preoccupation/
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anticipation (craving). This is a loop and after the crav-
ing stage, the patient comes back to the first stage (binge/
intoxication). These three steps are responsible for the 
framework of studying the neurobiology of addiction [3].

Multi-drug abuse described the tendency to use more 
than one drug. Multi-drug abuse occurs when a given 
drug is not available, or tolerance occurred. To relieve 
the boredom or tension and depression of this, a person 
experienced other kinds of drugs [4, 5].

There are many neurotransmitters involved in substance 
use disorder such as dopamine, glutamate, enkephalins, 
γ-aminobutyric acid, norepinephrine, corticotropin-
releasing factor (CRF), dynorphin, neuropeptide Y, and 
endocannabinoids [2]. Glutamate is the primary excitatory 
neurotransmitter in the brain and directly or indirectly it 
modulates the activity of the dopaminergic system in drug 
addiction [6]. Glutamate has two types of receptors: (1) 
ionotropic receptors including AMPA, N-methyl-d-aspar-
tate (NMDA), and kainate (KA) [7] and (2) metabotropic 
receptors including mGluR I, mGluR II, and mGluR III 
[8]. NMDA receptors (NMDAR) are tetramer proteins 
consisting of two GluN1 subunits which are constant in 
NMDARs and two GluN2 (A-D) or GluN3 (A-B) subunits 
[9, 10]. The glutamate binding site is located in GluN2 
subunits [11]. In the prefrontal cortex (PFC), drug expo-
sure could regulate GluN2 subunits [12–14]. NMDA 
receptors are expressed in different parts of the brain 
including PFC, hippocampus, and striatum [15].

Cognitive studies revealed that addiction encompasses 
neuroplasticity mechanisms like learning and memory 
[16]. These mechanisms underlie the role of the medial 
prefrontal cortex (mPFC) [17–19]. Human imaging and 
rodent studies showed that mPFC had an essential role 
in the drug relapse model [20–25]. Furthermore, cell 
bodies in the ventral tegmental area (VTA) and axons in 
nucleus accumbens (NAc) received glutamatergic inputs 
from PFC, amygdala, and hippocampus [26, 27], and 
these regions are involved in drug addiction [28, 29]. 
Chronic morphine treatment leads to excessive activation 
of NMDAR via stimulation of µ-opioid receptors [30]. 
Other investigations revealed that chronic morphine expo-
sure alters the expression of some NMDA subunits with a 
region-specific pattern in the brain of rats [31].

Post-mortem studies are valuable because they provide 
a chance to achieve accurate details about illnesses that 
are not possible with living humans. Finding changes in 
the brain of post-mortem addicted human, help to develop 
new medication against addiction. This study was con-
ducted to clarify the changes in NMDAR subunits (GluN1, 
GluN2A, and GluN2B) in the prefrontal cortex (medial 
prefrontal cortex (mPFC), lateral prefrontal cortex (lPFC), 
and orbitofrontal cortex (OFC)) of pure-opioid and multi-
drug abusers.

Subjects and methods

Post‑mortem brain tissue collection and subject 
characterization

Post-mortem brains (101 male addicts and 13 male con-
trols) were obtained from Iranian legal medicine organiza-
tion, Kahrizak, Tehran, Iran after getting informs consent 
from relatives. A forensic pathologist determined the cause 
and manner of death using medical records, police reports, 
autopsy results, and toxicological data. All the cases were 
tested for common drugs of abuse using rapid test kit (Baha-
rafshan, Iran).

At least one family member and/or friend provided data 
about the history of substance abuse. The demographic data 
of subjects is shown in Suppl. Table 1. All samples with a 
history of neurological or psychiatric illness, post-mortem 
interval more than 48 h, evidence of neuropathology (e.g., 
encephalitis), or chronic illness (e.g., cirrhosis, cancer, HIV, 
and prolonged hospitalization) were omitted. Each abuser 
subject was matched to the control based on age and post-
mortem interval.

All procedures were approved by the ethics review board 
of the Iranian legal medicine organization. The examined 
brain regions including mPFC (Brodmann’s area 9, 10, 12), 
lPFC (Brodmann’s area 10, 46) and OFC (Brodmann’s area 
11,12) were dissected (Suppl. Figure.1) from the whole fresh 
brain (according to Paxinos atlas [32]) and kept at − 80 °C.

Protein extraction and quantification

The autopsy tissues were immediately transferred to liquid 
nitrogen to avoid protein degradation. Each sample was 
homogenized in Radio Immuno Precipitation Assay (RIPA) 
buffer containing protease inhibitor cocktail. After centrif-
ugation at 18,000g for 5 min, total protein was collected 
by stacking up the supernatant. Protein concentration was 
defined at 230 nm wavelength using a spectrophotometer 
(Picodrop, Hinxton, UK). Each sample (60 µg) was com-
bined with loading buffer [50 mM Tris–HCl (pH 6.8), 1.5% 
SDS, 10% glycerol, 2.5% mercaptoethanol and 0.1% bromo-
phenol blue]. Then, the samples were kept at 95 °C for 5 min 
and prepared to downstream gel electrophoresis.

Western blotting

The GluN1, GluN2A, and GluN2B NMDA receptor subunits 
were quantified using immunoblot analysis as described pre-
viously [33]. Briefly, samples were loaded in 8% polyacryla-
mide gel, then electrophoresis was conducted at 120 V for 
120 min, and blotted onto polyvinylidene fluoride (PVDF) 
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membranes (Chemicon Millipore Co. Temecula, USA). The 
membranes were incubated for 90 min in skimmed milk 5% 
to block non-specific protein binding sites. Subsequently, 
blots were incubated with a primary antibody (Abcam, 
1:1000 diluted in skimmed milk) overnight at 4 °C.

After washing three times with Tris-buffered saline (TBS) 
and Tween 20 (TBST), blots were incubated with second-
ary antibody (Horseradish peroxidase-linked goat anti-rabbit 
IgG, Abcam, 1:5000) for 1 h. Enhanced chemiluminescence 
(ECL; Amersham, UK) Western blot detection system was 
used to detect bounds. It was visualized by exposure to auto-
radiographic films for 1–10 min.

Hair analysis for drugs

Hair samples were collected for drug test to confirm chronic 
substance abuse. About 50  mg of the hair sample was 
washed three times with deionized water. Then, the hair was 
drenched in petroleum benzene five times; each lasted for 
5 min. Finally, the samples were kept in dichloromethane 
and vortex. The hair sample was dried and cut into small 
fragments (1 mm). Thin layer chromatography (TLC) was 
performed for drugs (including morphine, codeine, trama-
dol, methadone, diphenoxylate, Δ9-Tetrahydrocannabinol 
(THC), methamphetamine/amphetamine, benzodiazepine 
(BDZ), phenothiazine, acetaminophen, Tricyclic antidepres-
sant (TCA), and pseudoephedrine), using TLC kit (Baharaf-
shan, Tehran, Iran) according to the manufacturer’s protocol.

Statistical analysis

Data were expressed as mean ± standard error of mean 
(SEM), and was processed using SPSS version 21. Quan-
tification of the Western blotting result was performed 
by densitometric scan of films using the Image J soft-
ware in comparison with beta-actin as a housekeeping 

protein (endogenous control). One-way analysis of variance 
(ANOVA) and post hoc test (Bonferroni) were performed 
to detect the differences between groups. P value less than 
0.05 (P < 0.05) was considered to be statistically significant 
(*P < 0.05, **P < 0.01, and ***P < 0.001).

Results

Demographic data

As shown in Table  1, the mean age of abusers was 
37.139 ± 0.91 SEM as compared to the control group with 
36.308 ± 2.57 SEM which is not statistically different. The 
average year for the duration of substance consumption was 
7.71 ± 0.482 SEM. The total number of subjects and the 
causes of death are shown in Table 2.

The level of GluN1 and GluN2B NMDA receptor 
subunits’ protein level increased in the mPFC 
of drug abusers

Figure 1 shows that protein level of GluN1 subunits increased 
among substance abusers when compared with the control 
group. As shown in Fig. 1a, GluN1 increased in both pure-opi-
oid and multi-drug abusers in comparison to the control group 
(2.17 fold, P < 0.01 and 2.03 fold, P < 0.05, respectively). In 
the case of GluN2A (Fig. 1b), there were no significant differ-
ences in GluN2A protein level in mPFC between the groups. 
However, the GluN2B protein level was elevated in pure-opi-
oid and multi-drug abusers (5.25 and 5.95 fold, respectively, 
P < 0.001). In every three subunits, there was no significant 
difference between pure-opioid and multi-drug abusers. Also, 
the manner of death and PMI did not correlate with the level of 
proteins of NMDA receptor subunits in the mPFC. The details 

Table 1   The mean of age and 
duration of drug consumption 
in abusers presented in 
mean ± SEM

There was no significant difference in age between groups

Control POA MDA Total addict

Number 13 56 45 101
Age (year) 36.308 ± 2.57 38.39 ± 1.14 35.572 ± 1.44 37.139 ± 0.91
Duration of drug con-

sumption (year)
0 8.6 ± 0.71 6.93 ± 0.56 7.83 ± 0.47

Table 2   The manner of death 
among substance abusers which 
defined by legal medicine center

The cause of death in four subjects of pure-opioid abusers and one subject of multi-drug abusers could not 
be found

Pure-opioid abusers Multi-drug abusers

Cause of death Overdose Non-overdose Unknown Overdose Non-overdose Unknown
Number of objects 11 41 4 18 27 1
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of densitometric data for all three brain regions are represented 
in Suppl. Table 2.

GluN1 and GluN2B NMDA receptor subunits’ protein 
levels increased in lPFC of substance abusers

Figure 2 shows that substance abusers (both pure-opioid and 
multi-drug abusers) had an elevated level of GluN1 (Fig. 2a) 
and GluN2B (Fig. 2c) proteins when compared with the con-
trol group. Figure 2-A shows that the GluN1 protein level 
was elevated in both pure-opioid (P < 0.01) and multi-drug 
(P < 0.05) abusers. As shown in Fig. 2c, the level of GluN2B 
subunit was significantly higher in both pure-opioid and 
multi-drug abusers (P < 0.001), when compared with the con-
trol group. There was no significant difference in the level of 
GluN2A in lPFC among the groups (Fig. 2-B).

In addition, the route of death and PMI did not change the 
expression level between groups.

The protein level of GluN1 and GluN2A and GluN2B 
NMDA receptor subunits increased in OFC 
of substance abusers

Figure 3 shows that all three subunits of NMDA receptor 
increased in the OFC of subject who are drug addicts (both 
pure-opioid and multi-drug abusers). GluN1 (P < 0.001), 
GluN2A (P < 0.05), and GluN2B (P < 0.01) were upregu-
lated in both multi-drug and pure-opioid abusers when 
compared with the control group. As shown in Fig. 3a, 
GluN1 was increased to 2.87 fold in pure-opioid and 2.89 
fold in multi-drug abusers as compared to the control group 
(P < 0.001). Figure 3b shows that an increase in the level of 
GluN2A occurred in the pure-opioid (1.85 fold) and multi-
drug abusers (2.06 fold) when compared with the control 
group. In that order, the GluN2B protein level increased 
(6.15 fold) in pure-opioid abusers (P < 0.01) as compared 
to the control group. This subunit was upregulated 7.75 fold 

Fig. 1   The protein level of GluN1 and GluN2B subunits increased 
among substance abusers. Evaluation of protein level in the mPFC 
of pure-opioid and multi-drug abusers performed by western blot-
ting (a). Sixty micrograms of proteins were separated on SDS-
PAGE, Western blotted, probed with anti-GluN1 (b), GluN2A(c), 

and GluN2B (d) antibodies, and reprobed with anti-β-actin antibody 
(one representative Western blot was shown). The densities of the 
corresponding bands were measured, and the ratio of β-actin bands 
was calculated. *P < 0.05, **P < 0.01, ***P < 0.001 compared to the 
control group
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Fig. 2   GluN1 and GluN2B NMDA receptor subunits’ protein levels 
increased in the lPFC of substance abusers. Representative Western 
blots are shown (a). Densitometry analysis of GluN1 (b), Densitom-
etry analysis of GluN2A (c) and Densitometry analysis of GluN2B 

(d) are shown. β-actin was used as a control. Each point shows the 
mean ± SEM. **P < 0.01 significantly different from the control 
group

Fig. 3   The protein level of GluN1 and GluN2A and GluN2B NMDA 
receptor subunits increased in OFC of substance abusers. Western 
blot technique was used to detect GluN1 and GluN2A and GluN2B 

protein level in the OFC. The density of bands was measured and 
their ratio to β-actin was calculated. Each bar is mean ± SEM. 
*P < 0.05, **P < 0.01, ***P < 0.001, compared with the control group
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in multi-drug abusers when compared with the control group 
(P < 0.001).

Like mPFC and lPFC, there is no significant correlation 
between the cause of death and PMI and protein expression 
level of NMDA subunits among the groups.

Discussion

Drugs of abuse such as morphine could induce deficiency 
in the cognitive function like goal-directed behavior, execu-
tive function, and problem-solving ability [24]. Koob and 
Volkow showed that drug abuse leads to dysfunction in the 
normal activity of frontal cortex (OFC, dlPFC, and cingulate 
gyrus) [34]. Evidence revealed that PFC volume and conse-
quently executive function reduced in crack cocaine abusers 
even after six weeks of abstinence [35]. The PFC is involved 
in driven preoccupation/anticipation stage of drug addiction 
[2] and glutamate plays a major role in neurotransmission 
activity of the PFC [36]. Activation of glutamatergic system 
is the most important neuroplastic changes in developing 
drug addiction. Evidence showed that glutamatergic trans-
mission in mPFC could potentiate the reward saliency of 
opioids [37].

Ionotropic glutamate receptors (NMDA, AMPA, and KA) 
are involved in drug-induced neuroplasticity that is essential 
for incentive salience of drug cues [38]. The present study 
provides a comparison of NMDA receptor subunits’ protein 
level in the human who abuse opioid and/or stimulant drugs.

The results of the present study showed that chronic opi-
oid or stimulant exposures increase the level of NMDAR 
subunits. Based on the study, changes in NMDA subunits’ 
protein level were not altered between pure-opioid and 
multi-drug abusers.

Previously, an electrophysiological study showed that 
chronic morphine treatment (for fourteen consequence days) 
increased field potentials that evoke in frontal cortex via 
NMDA and AMPA receptors [39]. Additionally, chronic 
morphine treatment enhances mRNA level of the NMDA 
receptors’ GluN1 subunit in some regions of rat brain. This 
increase in mRNA level of the NMDA receptor has a signifi-
cant role in tolerance to and dependence on morphine [40]. 
Bajo et al. [41] reported that chronic morphine treatment in 
the rat increased the protein level of GluN1 and GluN2B in 
the NAC. In the present study, NR1 subunit was found to 
increase in OFC, mPFC, and lPFC of pure-opioid and multi-
drug abusers. One animal study in morphine-dependent C57/
Bl mice showed that the protein level of GluN1, GluN2A, 
GluN2B, GluN2C, and GluN2D in the preaquadactal gray 
matter and ventromedial medulla did not change [42]. How-
ever, it was reported that chronic morphine and metham-
phetamine administration could alter AMPA and mGLU 
subunits in mPFC of rat [43].

In the case of methamphetamine abusers, methampheta-
mine neurotoxicity was shown to induce apoptotic mecha-
nisms [44] via glutamate systems [45]. A recent study using 
MRS revealed that glutamate concentration in the prefrontal 
cortex decreased in crack cocaine abusers, which is corre-
lated to the years of usage [46]. Thus, it can be concluded 
that neurons increased their glutamate receptors in the cell 
surface to get the same response.

Conclusion

There is scarcity of data about the molecular mechanism of 
drug abuse. This is a pressing public health concern since the 
use of different opioids is common among people. The level 
of GluN1 and GluN2B subunits, rather than the GluN2A 
subunit of NMDARs, was found to be higher in pure-opioid 
and multi-drug abusers in mPFC, IPFC, and OFC. Also, the 
route of death (overdose or non-overdose) and the kind of 
drugs abused did not affect NMDAR expression level. This 
study suggests that there are subtle but significant changes 
in the glutamatergic receptors’ subunits of different drug 
abusers which might be one of the mechanisms underlying 
drug addiction.
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