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Abstract:

Methadone is clinically effective as substitution therapy in patients with opioid dependence. The diversity of methadone and mor-

phine in their intracellular activity is postulated. We compared the effects of repeated daily treatment of Sprague-Dawley rats with

morphine (10 mg/kg) and methadone (1 mg/kg) on the expression of the G�(i1-i3) mRNAs in several rat brain areas using RT-qPCR.

We found that both opioid receptor agonists decreased G�(i3) mRNA in only the nucleus accumbens. Although there was no differ-

ence in the influence of morphine and methadone on G�(i), our results indicate that among G�(i) subunits, the G�(i3) is specifically

involved in the mechanism of action of both drugs.
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Abbreviations: AC – adenylyl cyclase, AMV – avian myelo-

blastosis virus (reverse transcriptase), cAMP – cyclic AMP,

CREB – cAMP response element-binding protein, GP – hetero-

trimeric guanine nucleotide binding proteins, HPRT – hypo-

xanthine-guanine phosphoribosyltransferase, µOR – µ opioid

receptor, PKA – protein kinase A, RT-qPCR – reverse trans-

cription and quantitative polymerase chain reaction

Introduction

After repeated administration, morphine and other

opioids, which are considered the most effective treat-

ment for pain [16], cause profound, long-lasting be-

havioral and biochemical changes, which are the basis

for the phenomena of opiate dependence and abstinence

syndrome after opioid withdrawal [11, 17]. Despite in-

tensive research on the neuronal and molecular bases of

opioid dependence, the mechanism of the disorder is un-

known, and its cure is still not efficient enough.

Methadone maintenance therapy is one of many

pharmacotherapies that are applied in opiate depend-

ence. Though this has been the most common treat-

ment for heroin addiction since the 1970s, the use of

methadone as substitution therapy for opioid-

dependent patients was approved in 1999 [5]. Similar

to morphine, methadone acts as an agonist at the µ

opioid receptor (µOR) [16]. However, these two

drugs differ significantly in the plasma half-life value

and other pharmacokinetic parameters [16], as well as

in their efficacies for modulation of the µOR [1].
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The biological effects of opioids, including analge-

sia and addiction, originate from the stimulation of

opioid receptors that engage the heterotrimeric gua-

nine nucleotide binding proteins (GP), which transmit

signals to the intracellular effector proteins. GP are

composed of G� and G�� functional subunits, but the

signal specificity is generally determined by G�

which interacts with stimulated receptors [20]. The

µOR activation is followed by stimulation of G(i/o),

which is a family of GP. Among G(i/o) family mem-

bers, only G�(i1), G�(i2) and G�(i3) subunits are di-

rectly involved in the regulation of the adenylyl cy-

clase (AC) activity followed by µOR stimulation [19].

Although G(i/o) activity is negatively coupled to gen-

erate the cyclic AMP (cAMP), chronic treatment with

opiates leads to up-regulation of the AC/cAMP path-

way, which is thought to be one of the neuronal adap-

tations that is fundamentally important for opioid tol-

erance and dependence (see [8, 18]).

Evidence exists indicating the involvement of

G(i/o) in opioid dependence. For instance, it was

shown that their inactivation by the injection of the

pertussis toxin into the nucleus accumbens of rats di-

minished, reinforcing the efficacy of heroin and result-

ing in the augmentation of heroin self-administration

[12]. Moreover, the data coming from human post-

mortem studies revealed a significant reduction in the

concentrations of G�(i1) and G�(i2) in the nucleus

accumbens of heroin users [6].

In a previous study by Taracha et al. [13], pre-

exposure to morphine and methadone caused different

modifications in the regional expression of the brain

Fos protein and locomotor activity in response to

morphine challenge. The aim of the current study was

to compare the effects of chronic treatment with these

two µOR agonists on the mRNA expression of G�(i1),

G�(i2) and G�(i3) subunits in the cerebral areas that

are specifically involved in opioid reward.

Materials and Methods

Animals

Male Sprague-Dawley rats from the stock of the

P.A.S. Medical Research Center, with an initial body

weight of 200 ± 11 g (the mean ± SD), were housed

3–4 per cage in opaque plastic cages (56 × 35 cm

floor size) at 21 ± 2°C, 60–70% relative humidity and

a 12 h light/dark cycle (lights on at 7:00 a.m.). The

rats were given standard rodent chow and tap water

ad libitum. The rats were acclimated in the local ani-

mal house for 1 week before the study, with about

1 min of daily handling during this period.

All animal use procedures were in compliance with

the NIH Guide for the Care and Use of Laboratory

Animals and were accepted by the Bioethical Com-

mittee of the Medical University of Warszawa.

Drugs and chemicals

Morphine sulfate was purchased from Polfa (Warszawa,

Poland), and (R,S)-methadone hydrochloride was ob-

tained from Sigma-Aldrich Chemicals. The kit for

RNA isolation and purification and the kit for qPCR

containing SYBR Green I as a fluorescent dye and

ROX dye as an internal standard were from Roche

(Germany). The avian myeloblastosis virus reverse

transcriptase (AMV) was from Finezymes (Finland).

dNTP was from Fermentas (Lithuania). All primers of

PCR reaction as well the polyA sequence for RNA

transcription were custom synthesized and purchased

from TIB Molbiol (Poland). All other reagents were

of analytical grade and were purchased from Amresco

(USA) and Fermentas (Lithuania).

Experimental design

Rats were randomly divided into three experimental

groups and given sc injections of 1 ml/kg of 0.9% NaCl,

methadone (1 mg/kg) or morphine (10 mg/kg) once

daily for 14 days. The day after completing the injec-

tion of the drugs, all of the rats were given injections

of 1 ml/kg of 0.9% NaCl.

The morphine dose was chosen based on earlier re-

ports of Taracha et al. [13, 14]. The equivalent dose of

methadone was estimated based on data on self-

reported daily intake of ‘street’ heroin preparations

and oral methadone doses used for the therapy for

heroin addicts at the Institute of Psychiatry and Neu-

rology [14].

Locomotor activity measurement

Locomotor activity was measured after the first and

the last dose of the drugs and after the saline injection

on day 15. Locomotor activity was tested in a TSE

Fear Conditioning System (TSE Systems GmbH, Bad

1198 �����������	��� 
������ ����� ��� ���������



Homburg, Germany) as described previously [13].

The distance traveled by rats was recorded between

the 31�� and 85�� min after the injection.

Tissue

Twenty-four hours after the last dose of the drugs, the

rats were decapitated, their brains were instantly re-

moved, snap-frozen in cold (–70°C) isopentane and

stored at –70°C until the brain regions were isolated.

The brain structures included: the prefrontal (bregma

5.2 to 2.7 mm), cingulate and somatosensory cortices,

the nucleus accumbens and the caudate putamen

(bregma 1.7 to 0.7 mm); each was isolated from cryo-

sections according to the rat brain atlas [9].

Analysis of mRNAs expression

The frozen tissue was placed in lysis buffer (4.5 M

guanidine-HCl, 100 mM sodium phosphate and pH

6.6) in a volume of 0.4 ml/20 mg of tissue and ho-

mogenized by high-speed shaking (30/s) in plastic

tubes with stainless steel beads in a TissueLyser II ap-

paratus (Qiagene, USA). Total RNA was purified us-

ing a High Pure RNA tissue kit according the manu-

facturer protocol. The quantity of RNA was deter-

mined spectrophotometrically at 260 nm and 260/

280 nm (ND/1000 UV/Vis; Thermo Fisher Nano-

Drop, USA), and its quality was confirmed by agarose

gel electrophoresis. Reverse transcription and the

quantitative polymerase chain reaction (RT-qPCR)

were run in the Chromo4 Real-Time PCR Instrument

(MJ Research, USA). Using the universal primer

oligo(dT) and AMV, 300 ng of total RNA was reverse

transcribed in the RT reaction. Products of the RT re-

action were amplified using specific primers and

a FastStart SYBR Green Master (Rox) kit. The RT-

qPCR product specificity was verified by a melting

curve analysis at a range of 50–95°C, and the pres-

ence of a single band of the appropriate molecular

size was detected by agarose gel electrophoresis. The

threshold value (Ct) for each sample was set in the ex-

ponential phase of PCR, and the standard curve

method was used for analyzing the data. Hypoxan-

thine-guanine phosphoribosyltransferase (HPRT) was

used as a reference gene, and its expression was ob-

served at the constant level in all experimental groups

of animals.

Sequences of the primers that we used were se-

lected from adequate sequences of Rattus norvegicus

mRNA; the annealing temperature (TA) that we used

and the length of amplicons were as follows:

G�(i1) forward: 5’–TGT GGC CCT GAG TGA CTA

TGA–3’, G�(i1) reverse: 5’–GCG CAA GTG AAG

TGG GTG TAA–3’ (T� 60°C, 306bp, GenBank Acc.

No. NM 013145); G�(i2) forward: 5’–GAT GTG

GGT GGT CAG CGA TCT–3’, G�(i2) reverse:

5’–TTG GTG TCT TTG CGT TTA TTC A–3’ (T�

58°C, 353bp, GenBank Acc. No. NM 031035);

G�(i3) forward: 5’–AGA TGT TCT TCG GAC

GAG AGT-3’, G�(i3) reverse: 5’–TCA AAC TGG

CAC TGG ATG TAA G–3’ (T� 56°C, 408bp, Gen-

Bank Acc. No. NM 013106); HPRT forward: 5’–GTC

AAC GGG GGA CAT AAA AGT–3’, HPRT reverse:

5’–CAA GGG CAT ATC CAA CAA CA–3’ (T� 60°C,

254bp, GenBank Acc. No. NM 012583).

Statistical analysis

All values are the averages of six to ten rats ± the

standard error of the mean (SEM). The data were ana-

lyzed by the one-way analysis of variance (ANOVA)

followed by the Fisher’s least significant difference

(LSD) test (mRNA) or the two-way ANOVA fol-

lowed by the Student’s t-test and the Dunnett’s test

(locomotor activity study) using Statistica 7.1 or 8.0

software (StatSoft, Tulsa, OK, USA). p < 0.05 was

considered statistically significant.

Results

Effects of morphine and methadone on loco-

motor activity

The analysis of variance revealed the significant ef-

fect of treatment [F(1,21) = 6.55, p < 0.05] and the

day of test [F(2,21) = 20.43, p < 0.001]. The first dose

of methadone induced the increase in locomotor ac-

tivity of the rats by 337% vs. the saline group, while

no change was seen after the first morphine injection.

Repeated injections of the drugs enhanced the loco-

motor activity observed on day 14 (by 311% and

470%, for morphine and methadone, respectively).

The t-test for dependent variables showed the signifi-

cant effect of morphine was between the 1�� and 14��

day (p < 0.01), and there was no effect due to the test

day in the case of methadone or saline.
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The rats given the 1st methadone dose and the 14th

methadone or morphine dose showed significantly

higher locomotor activity than their saline-injected

counterparts (p < 0.01, p < 0.05 and p < 0.001, respec-

tively, Dunnett’s test). There was no difference in the

locomotor activity of studied groups after 0.9% NaCl

injections on day 15 [F(2,21) = 0.27] (Fig. 1).

Relative expression levels of G�(i1–i3)

subunits

The relative distribution of G�(i1), G�(i2) and

G�(i3) subunit mRNAs was measured in five brain

areas. Equal amounts of total RNA from each brain

region were reversely transcribed and amplified by

RT-qPCR. The results indicate that the profiles of

mRNA expression of the G�(i) subunits varied among

the tested brain structures of saline-treated animals

(Tab. 1). The most abundant G�(i1–3) mRNAs were

noticed in the nucleus accumbens where the G�(i2)

and G�(i3) mRNA levels were significantly higher

than those detected in the caudate putamen and the

cingulate cortex (p < 0.01 and p < 0.05, respectively).

Furthermore, the relative expression of G�(i3) in the

nucleus accumbens was higher (by 35%) compared to

G�(i1) and G�(i2) mRNAs in this structure, but this

was not statistically significant.

Effect of morphine and methadone on G�(i1–i3)

mRNA expression in rat brains

In the nucleus accumbens, both morphine and metha-

done treatments applied for 14 days significantly de-

creased the G�(i3) mRNA expression (by 59% and

44%, respectively) [F(2, 23) = 4,71, p < 0.05], while

the G�(i1) and G�(i2) mRNAs were unchanged in

this structure (Fig. 2).

Neither morphine nor methadone injections influ-

enced the expression of the mRNAs of the G�(i)
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Fig. 1. Effects after treatment with opioids on the locomotor activity of
rats given repeated sc injections of saline (SAL), morphine (MOR,
10 mg/kg) and methadone (MET, 1 mg/kg). The results are shown as
the mean ± SEM (n = 8 per group). * p < 0.05, ** p < 0.01, *** p < 0.001
vs. respective SAL group value

Tab. 1. Relative levels of mRNA of G�(i) subunits in selected brain ar-
eas of control rats

Brain structure G�(i1) G�(i2) G�(i3)

Prefrontal cortex 1.04 ± 0.11 1.07 ± 0.12 1.50 ± 0.18

Somatosensory
cortex

1.25 ± 0.04 1.20 ± 0.27 1.30 ± 0.22

Cingulate cortex 1.00 ± 0.15 0.91 ± 0.15 1.03 ± 0.15

Caudate putamen 0.93 ± 0.06 0.77 ± 0.05 0.60 ± 0.07

Nucleus
accumbens

1.45 ± 0.39 1.48 ± 0.32** + 1.97 ± 0.46*** +

The data are expressed as arbitrary units and represent the mean
values ± SEM (n = 6–10). *** p < 0.001 and ** p < 0.01 vs. caudate
putamen; � p < 0.05 vs. cingulate cortex

Fig. 2. Effects of chronic treatment with morphine (MOR) and metha-
done (MET) on the expression of G�(i1-i3) mRNA in the nucleus ac-
cumbens of rats. Data are expressed as a percent of saline value
(SAL). The bars represent the means ± SEM (n = 7–10). * p < 0.05,
** p < 0.01 vs. SAL group (Fisher’s LSD test)



subunits in the caudate putamen, the prefrontal, cin-

gulate and somatosensory cortices (Tab. 2).

Discussion

Changes in locomotor activity of rats and mice ob-

served after the administration of opiates is a well-

known phenomenon. It reflects the drug-induced al-

teration in the physiological state of animals, although

the behavioral effect of opiates varies depending on

animal species/strain and dose of drugs. In the present

study, both morphine and methadone administered

chronically enhanced the locomotor activity of rats on

day 14, while the effect of the first dose was observed

only after the methadone injection. The results match

those published by Taracha et al. [13, 14], and they in-

dicate that the physiological state was altered in the

rats that were the brain donors for the subsequent bio-

chemical analysis.

The action of morphine is mediated by µORs that

are coupled to G�(i/o) proteins and inhibit intracellu-

lar levels of cAMP. The specificity of µORs coupling

to G(i) subunits depends on the type of tissues and

cells being examined [17]. It was shown that in rat

brain membranes, the µOR binds to G(i1) and G(i3)

and to a lesser extent to G(i2) [2]. Our data collected

from control animals show that the relative expression

levels of G�(i1–i3) subunits vary among the brain

structures tested, and the expression was most abun-

dant in the nucleus accumbens, where the G�(i3)

mRNA also predominates.

Unlike the behavioral effects that are manifested

shortly after the opioid injection and generally decline

after 1–2 h, the opioid-induced changes in the mo-

lecular elements of the intracellular transduction sys-

tems develop slowly and steadily, and they reflect

neuronal adaptation to the drug action. Among intra-

cellular signaling pathways, an excessive activation of

the cAMP/protein kinase A (PKA)/cAMP response

element-binding protein (CREB) system has been hy-

pothesized to be the main player in the process of ad-

diction to opioids [9]. Because the cAMP/PKA/

CREB system is governed by GP coupled receptors,

the system activity depends, among other things, on

the level of GP expression.

Here we assessed the expression of G�(i1), G�(i2)

and G�(i3) subunits of G(i) mRNAs in several re-

gions of rat brains after a 24 h washout period from

chronic treatment with morphine and methadone (i.e.,

at the time-point when the behavioral effect of mor-

phine was no longer seen). We found that both drugs

similarly decreased the G�(i3) mRNA expression in

the nucleus accumbens, while the G�(i1) and G�(i2)

subunits were not altered in any of the brain areas

studied.

The changes in the expression of the G�(i) mRNAs

or in the protein level after morphine treatment were

reported earlier by several authors, but the results are

inconsistent. The direction of changes depended on
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Tab. 2. The lack of the influence of morphine and methadone treatments on the G�(i1–i3) mRNAs in selected areas of rat brains

Brain
structure

G�(i1) G�(i2) G�(i3)

SAL MOR MET SAL MOR MET SAL MOR MET

Prefrontal cortex 100.0 ± 8.9 187.3 ± 6.5 197.8 ± 11.0 100.0 ± 5.4 196.9 ± 7.4 195.4 ± 11.6 100.0 ± 6.6 187.0 ± 9.4 183.9 ± 4.0

Somatosensory
cortex

100.0 ± 7.7 105.7 ± 7.0 100.6 ± 11.4 100.0 ± 10.3 110.3 ± 10.7 104.4 ± 5.5 100.0 ± 13.0 123.0 ± 10.7 130.9 ± 7.9

Cingulate cortex 100.0 ± 13.4 191.4 ± 7.2 199.6 ± 11.0 100.0 ± 14.6 100.9 ± 14.4 109.5 ± 9.2 100.0 ± 14.7 198.6 ± 9.4 119.0 ± 20.1

Caudate putamen 100.0 ± 7.2 102.5 ± 9.9 197.6 ± 6.9 100.0 ± 6.3 102.8 ± 9.6 188.1 ± 6.5 100.0 ± 10.0 109.6 ± 15.0 194.7 ± 12.3

Mean values ± SEM (n = 6–10) are expressed as a percentage of the saline group mRNA level. SAL – saline, MOR – morphine, MET – metha-
done



the opiate dose, treatment regimen and brain structure

tested [4]. For instance, chronic morphine increased

the expression of G�(i1) and G�(i2) mRNAs in the

rat prefrontal cortex [3] as well as G(i) abundance in

the locus coeruleus [9] and amygdala, whereas the

G�(i1/2) protein level was decreased in the nucleus

accumbens [15]. However, it should be pointed out

that various protocols of morphine administration and

length of withdrawal period can induce different ef-

fects even in the same brain structure. In our previous

study, chronic treatment with increased doses of mor-

phine caused a decrease of G�(i1) and G�(i2) mRNAs

in the rat amygdala, but no change was observed in

the prefrontal cortex; also in that study, the expression

of both subunits was elevated 2 h after the last mor-

phine dose in the nucleus accumbens, but levels nor-

malized by 48 h after the drug was administered [7].

All of the previously cited studies were either limited

to drug-induced changes in G�(i1)/G�(i2) expression

or did not distinguish between the G�(i) subunits at

all. Thus, the G�(i3) subunit was not considered in

those studies.

To our knowledge, the present finding of G�(i3)

mRNA changes in the nucleus accumbens after

chronic administration of methadone and morphine is

the first report indicating the involvement of G�(i3)

in the action of these drugs. It is noteworthy that the

G�(i3) seems to be closely related to the drug-

induced locomotor response in rats. Recently, the

quantitative trait locus (QTL) analysis revealed that the

genomic regions that contribute to amphetamine-

induced locomotion overlap with this, which contributes

to the level of G�(i3) in the nucleus accumbens [10].

To summarize, our results show that chronic treat-

ment with morphine and methadone similarly de-

creased the G�(i3) mRNA expression but had no in-

fluence on the other two G�(i) subunits. The effect

was specific and limited to the nucleus accumbens, as

no changes were observed in the other brain areas

tested. The similar effects of methadone and mor-

phine indicate a common intracellular target pathway

for their action; the two drugs are also similar in that

the induction of biochemical changes lasts as long as

24 h in the nucleus accumbens after the final opiate

dose. Our findings suggest that the frequently re-

ported phenomenon of the AC superactivation after

chronic treatment with opioid agonists may result, at

least partially, from the decreased expression of the

G�(i3).
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