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Abstract:

In the present study, the involvement of the selective adenosine A1 (CPA) and A2A (CGS 21680) and non-selective adenosine

A1/A2A (NECA) receptor agonists on the development of hypersensitivity to acute morphine injection given during opiate with-

drawal was investigated. Intraperitioneal (ip) injections of morphine at increasing doses (10, 20, 30, 40, 50 mg/kg) for 6 consecutive

days produced a state of dependence. On the 6th day, in the morning, animals were injected with the last dose of morphine (50 mg/kg,

ip). Each day, 20 min before each injection of morphine, adenosine receptor agonists were also administered. Seven days after cessa-

tion of the morphine treatment, on the 13th day of the experiment, all animals were challenged with a dose of morphine (10 mg/kg,

ip). A clear increase in locomotor activity was observed, indicating that hypersensitivity had developed. Our study has demonstrated

the presence of an attenuating effect of adenosinergic drugs, such as CGS 21680 and NECA, but not CPA, on the development of hy-

persensitivity. The results indicate that stimulation of the adenosine A2A receptor plays some role in modulating the neuroadaptive

changes appearing during chronic opioid treatment and that adenosine A2A receptor agonists may serve as useful drugs in relapse

protection. Our investigations focused on adenosine A2A agonists as possible vehicles for pharmacotherapy for morphine addiction.
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Abbreviations: CGS 21680 – 2-p-(2-carboxyethyl)phenethyl-

amino-5’-N-ethylcarboxamidoadenosine hydrochloride, CPA –

N6-cyclopentyladenosine, NECA – 5’-N-ethylcarboxamido-

adenosine

Introduction

Morphine and other opioids clinically used as analge-

sics are also illegally used as recreational drugs and

result in addiction. Therefore, the effects of repeated

exposures to these compounds are important topics

for studies on drug-dependent mechanisms. It is

known that repeated treatment with these drugs inten-

sifies their ability to exert effects on the central nerv-

ous system, leading to the development of sensitiza-

tion, an important factor in the development of de-

pendence [12]. It is thought that an increase in

sensitivity to opioids is observed even after long peri-

ods of abstinence and may be responsible for relapses

to drug-seeking behavior [23]. The mechanisms un-

derlying opioid dependence have been extensively
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studied in experimental animals, and numerous find-

ings have shown that dopamine plays a key role in

that process [26]. The ventral tegmental area, nucleus

accumbens, and prefrontal cortex seem to be the most

important brain areas involved in opioid dependence

[15, 27]. In addition to the dopaminergic pathways,

the involvement of neurotransmitter and neuromodu-

lator systems in opioid-dependent mechanisms has

been recently documented. The glutamatergic [14, 21]

and �-aminobutyric acid (GABAergic) systems [7] are

the most engaged in opioid dependence, although the

role of other modulators, such as nitric oxide [28] or

adenosine, cannot be ruled out.

Endogenous adenosine, a potent inhibitory neuro-

modulator in the central nervous system, is known

to affect the state of dependence. For example, opioid

[9], ethanol [10], or benzodiazepine [16] withdrawal

signs have been attenuated by treatment with adeno-

sine receptor agonists. Additionally, Knapp et al. [11]

have shown that 2-p-(2-carboxyethyl)phenethylami-

no-5’-N-ethylcarboxamidoadenosine hydrochloride

(CGS 21680) and 5’-N-ethylcarboxamidoadenosine

(NECA) inhibit the initiation of cocaine self-admi-

nistration. In our previous experiments, we have dem-

onstrated that CGS 21680 and NECA inhibited the de-

velopment of sensitization to diazepam withdrawal

signs [17], and adenosine receptor antagonists intensi-

fied diazepam and temazepam withdrawal signs [16].

Thus, the adenosinergic system is well-recognized as

an important modulator of dependence, but relatively

less is known about behavioral consequences of the

effects of adenosine ligands on the development of

hypersensitivity to acute morphine doses, injected

during morphine withdrawal periods. The present

study is undertaken to investigate the role of the selec-

tive adenosine A1 (CPA) and A2A (CGS 21680) and

non-selective A1/A2A (NECA) receptor agonists on

the development of hypersensitivity to acute mor-

phine injections given during opiate withdrawal. Re-

peated exposure to morphine and other abused drugs

induces characteristic effects on locomotor activity in

experimental animals; therefore, in the present study,

we have chosen locomotor activity as the parameter to

measure the development of hypersensitivity. The ob-

tained results are discussed in the context of behav-

ioral changes induced by chronic morphine treatment

leading to addiction, especially in connection with

adenosine receptors in the central nervous system.

Materials and Methods

Animals

The experiments were carried out on male albino

Swiss mice (20–30 g). The animals were kept 8–10

per cage at a room temperature of 22 ± 1°C on natural

day-night cycles (spring). Standard food (Murigran

pellets, Bacutil, Motycz) and tap water were freely

available. All the experiments were performed be-

tween 9 a.m. and 2 p.m.

The study was performed in accordance with the

opinion of the Local Ethics Committee.

Drugs

The following drugs were used: morphine hydrochloride

(Polfa, Kutno, Poland) and adenosine receptor ligands:

N6-cyclopentyladenosine (CPA) – the selective A1 recep-

tor agonist; 2-p-(2-carboxyethyl)phenethylamino-5’-N-

ethylcarboxamidoadenosine hydrochloride (CGS 21680)

– the selective A2A receptor agonist; 5’-N-ethylcarbox-

amidoadenosine (NECA) – the non-selective A1/A2

receptor agonist (Sigma-Aldrich, St. Luis, USA).

Morphine and all the adenosine receptor ligands

were dissolved in saline, and they were given intrape-

ritoneally (ip).

The following doses of the adenosine agonists were

used in the study: CPA (0.025 and 0.05 mg/kg, ip),

CGS 21680 (0.05 and 0.1 mg/kg, ip), and NECA

(0.001 and 0.002 mg/kg, ip). All drugs were adminis-

tered in a volume of 10 ml/kg.

The control animals received the same volume of

saline at the respective time before the test.

Apparatus

The locomotor activity of mice was measured in

round actometer cages (32 cm in diameter), which

were kept in a sound-attenuated experimental room.

Two photocell beams located across the long axis

measured the animals’ movements.

Procedure

Physical dependence on morphine in mice was pro-

duced by twice daily injections of morphine at in-

creasing doses (10, 20, 30, 40, 50 mg/kg, ip) for

5 consecutive days. In the morning of day 6, the ani-
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mals were injected with the last dose of morphine

(50 mg/kg, ip). Each day, 20 min before each injec-

tion of morphine, the adenosine receptor agonists or

saline were also administered. Seven days later, on the

13th day of the study, all animals were challenged

with a dose of morphine (10 mg/kg, ip).

The locomotor activity of the mice was evaluated

for a period 1 h, following administration of mor-

phine, both on the 1st and 13th day of the experimental

period. Each group of animals consisted of 10 mice.

Statistical analysis

The data are expressed as locomotion counts (the means

± SEM). To evaluate the hypersensitivity to morphine

injection, the response to morphine on day 13 was

compared with the acute drug response to the first

injection (on 1st day) in the same animals, or with

the response to the challenge morphine injection (on

13th day) in adenosine ligands-treated mice. Data

were analyzed by the analysis of variance (two-way

ANOVA). The post-hoc comparison of means was

carried out using the Tukey test. A probability (p) value

of 0.05 or less was considered statistically significant.

Results

To induce the hypersensitivity to a challenge dose of

morphine given during morphine withdrawal, mor-

phine was administered at increasing doses for six

consecutive days. Seven days after cessation of mor-

phine treatment, on the 13th day of the study, the

administration of the challenge dose of morphine

(10 mg/kg, ip) significantly intensified (Fig. 2,

p < 0.01; Fig. 3 and 4, p < 0.001) the locomotor activ-

ity of mice compared to the activity in response to

acute morphine injection (10 mg/kg, ip) given on the

1st day of the experiment, demonstrating the develop-

ment of morphine hypersensitivity.

CPA (0.025 and 0.05 mg/kg, ip), the selective

adenosine A1 receptor agonist, given 20 min before

each injection of morphine (excluding day 13 of the

experiment) had no effect on the development of hy-

persensitivity (Fig. 2). In contrast, significant inhibi-

tion of the development of morphine hypersensitivity

was obtained with the higher dose of CGS 21680

(0.1 mg/kg, ip, p < 0.001), the selective adenosine

A2A receptor agonist, and both doses of NECA (0.001

mg/kg, p < 0.001 and 0.002 mg/kg, p < 0.01, ip),

the non-selective adenosine A1/A2A receptor agonist

(Fig. 3 and 4).

The acute doses of all adenosine receptor agonists:

CPA, CGS 21680, and NECA given alone did not al-

ter the locomotor activity of mice (Fig. 1), and the

adenosine ligands, given together with an acute dose
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Fig. 1. Effect of adenosine receptor agonists on locomotor activity
of mice. Animals received adenosine agonists: CPA (0.025 and
0.05 mg/kg, ip), CGS 21680 (0.05 and 0.1 mg/kg, ip) and NECA
(0.001 and 0.002 mg/kg, ip) 20 min before the beginning of the test.
Locomotor activity was recorded for 60 min. Each point shows the
mean ± SEM of locomotion counts for 10 mice. Two-way analysis did
not show a significant effect

Fig. 2. Effect of CPA (0.025 and 0.05 mg/kg, ip) on the development
of hypersensitivity to an acute dose of morphine (10 mg/kg, ip) given
on the 7th day of the morphine withdrawal period. Morphine was in-
jected at increasing doses for six consecutive days. 20 min before
each dose of morphine, the animals received CPA. On day 13, the
animals were challenged with morphine. The locomotor activity was
measured for 60 min. Each point shows the mean ± SEM of locomo-
tion counts for 10 mice. * p < 0.05 vs. respective group on the 1st day
(Tukey test)



of morphine (10 mg/kg, ip), also did not change the

locomotor activity of mice (Fig. 2–4).

Discussion

In the present study, we have examined the influence

of selective and non-selective adenosine receptor ago-

nists on the development of hypersensitivity to an

acute morphine injection given during opiate with-

drawal. In the first step of our experiment, the animals

received morphine for six consecutive days. In the

second step, the morphine administration was discon-

tinued. During that period, some changes in behavior,

such as anxiogenic effects or diarrhea, appeared.

These changes were not recorded. In the third step of

our study, on the 13th day of the experiment, the chal-

lenge dose of morphine was injected. At that time, we

observed changes in behavior, a clear increase in lo-

comotor activity, indicating that hypersensitivity to

the acute morphine injection given during opiate

withdrawal had developed. We have found that the

development of hypersensitivity was significantly at-

tenuated by adenosine receptor agonists, such as CGS

21680 and NECA, but not CPA. Indeed, in mice si-

multaneously treated with morphine and the higher

dose of CGS 21680 or either dose of NECA for sev-

eral days, we observed clear inhibition of hypersensi-

tivity to the acute morphine injection, reflected by

significant reductions in locomotion counts in mice.

However, CPA, the selective adenosine A1 receptor

agonist, did not produce such effects. All adenosine

agonists given alone did not affect the locomotor ac-

tivity of mice (Fig. 1). Our findings support the hy-

pothesis that stimulation of adenosine A2A receptor

plays some modulatory role in the neuroadaptive

changes appearing during chronic opioid treatment.

Interestingly, in our study, NECA, the non-selec-

tive adenosine A1/A2A receptor agonist, given at the

lower dose of 0.001 mg/kg, produced larger effects on

the development of hypersensitivity than the higher

dose of that drug. We suggest that the dose-indepen-

dent effect of that non-selective agonist is presumably

associated with the interaction between A1 and A2A

receptors in the central nervous system [22, 24]. A re-

cent report has shown that under basal conditions,

adenosine stimulates mainly A1 receptors, while un-

der conditions of greater adenosine release, A2A re-
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Fig. 3. Effect of CGS 21680 (0.05 and 0.1 mg/kg, ip) on the develop-
ment of hypersensitivity to an acute dose of morphine (10 mg/kg, ip)
given on the 7th day of the morphine withdrawal period. Morphine
was injected at increasing doses for six consecutive days. 20 min be-
fore each dose of morphine, the animals received CGS. On day 13
the animals were challenged with morphine. The locomotor activity
was measured for 60 min. Each point shows the mean ± SEM of loco-
motion counts for 10 mice. *** p < 0.001 vs. respective group on the
1st day, ### p < 0.001 vs. group of mice challenged with morphine on
13th day, which has no previous history of CGS 21680 (Tukey test)

Fig. 4. Effect of NECA (0.001 and 0.002 mg/kg, ip) on the develop-
ment of hypersensitivity to an acute dose of morphine (10 mg/kg, ip)
given on the 7th day of the morphine withdrawal period. Morphine
was injected at increasing doses for six consecutive days. 20 min be-
fore each dose of morphine, the animals received NECA. On day 13
the animals were challenged with morphine. The locomotor activity was
measured for 60 min. Each point shows the mean ± SEM of locomotion
counts for 10 mice. *** p < 0.001 vs. respective group on the 1st day,
## p < 0.01, ### p < 0.001 vs. group of mice challenged with morphine
on 13th day, which has no previous history of NECA (Tukey test)



ceptors are activated. A2A receptors are then able to

block A1-mediated function, inducing glutamate re-

lease [4]. In our study, it is likely that the higher dose

of NECA strongly stimulated A2A receptors, inducing

the blockade of A1 receptors and the attenuation of lo-

comotor activity of mice.

The rewarding effect of morphine and other opioids

is related to stimulation of opioid receptors by these

drugs and to a decrease in GABAergic pathways in

dopaminergic neurons, resulting in an increase in do-

pamine concentrations in the ventral tegmental area

[3]. Repeated morphine exposure produces adaptive

changes in opioid receptors and neurons, leading to

dysregulation of endogenous opioid, as well as non-

opioid, pathways in the central nervous system. For

example, in biochemical experiments, it has been

shown that turnover of monoamines, such as dopa-

mine and serotonin, is decreased, but turnover of

noradrenaline is increased during opioid withdrawal,

and acute morphine injection during that period accel-

erated the turnover of all three monoamines [2].

Acquas and Di Chiara [1] have demonstrated that

withdrawal from morphine produces a marked reduc-

tion of extracellular dopamine concentrations in the

mesolimbic system of rats, mainly on days 3, 5, and 7

of the withdrawal period, and that challenge with

morphine during this period results in stimulation of

dopamine output. The neuroadaptive changes de-

scribed above are responsible for the appearance of

altered behavior during opiate withdrawal, such as

dysphoria or the enormous desire for the drug. The re-

newed exposure to the drug during the withdrawal pe-

riod induces more intense effects of morphine, com-

monly leading to a relapse in drug use. The relapse is

an important factor for identification of the neurobio-

logical mechanisms related to the long-lasting hyper-

responsiveness of mesencephalic dopaminergic path-

ways in the brain, which develops after chronic expo-

sure to drugs of abuse. Consistent with these findings,

in our experiments, the repeated exposure to increas-

ing doses of morphine has produced a state of depend-

ence in which the activity of neuronal transmissions,

mainly dopaminergic pathways, has been altered. In

the present experiments, the challenge dose of mor-

phine given on day 7 of the withdrawal period pro-

duced clear hypersensitivity to the drug, and we sug-

gest that this hypersensitivity may result from above

mentioned hyperresponsiveness of dopaminergic path-

ways, studied by Acquas and Di Chiara [1]. The most

important finding of our experiments is that the selec-

tive and non-selective adenosine receptor agonists,

CGS 21680 and NECA, but not CPA, co-administered

with morphine for six consecutive days, have pre-

vented the development of hypersensitivity. Thus, we

have shown that adenosine A2A receptor agonists may

be useful as drugs targeting relapse prevention.

At present, the mechanism by which adenosine re-

ceptor agonists modify the opioid dependence is un-

certain. We suppose that the well-described interac-

tion between adenosine and dopamine receptors in the

brain appears to play a crucial role in the observed

effects. The numerous biochemical and behavioral

experiments have demonstrated that adenosine and

dopamine play the opposite role in central nervous

system. For example, adenosine agonists inhibited

the locomotor activity induced by dopamine receptor

agonists [8]. Ferre et al. [5] demonstrated that

CGS 21680 significantly decreased the dopamine af-

finity for dopamine D2 receptors and that CGS 21680

was ineffective in altering D1 receptor affinity. This

A2A-D2 interaction was specific, without adenosine

A1 or dopamine D1 receptor involvement, giving an

important, biochemical explanation for the A2A-D2

interaction postulated from behavioral data. Based on

these data, it appears possible that the inhibition of

hypersensitivity development by CGS 21680 and

NECA, as observed in our study, is indirectly related

to the long-term inhibitory effect on morphine-in-

duced release of dopamine in brain. The blockage of

dopamine D2 receptors co-localized with A2A recep-

tors on striatopallidal GABAergic neurons [6] seems

to play the most important role in the attenuation of

the development of neuroadaptive changes in neu-

ronal pathways in brain resulting from chronic mor-

phine treatment.

On the other hand, morphine and other opioids are

important regulators of the hypothalamic-pituitary-

adrenal axis, exerting a stimulatory effect on corti-

cotropin-releasing factor (CRF). CRF, acting on CRF1

and CRF2 receptors, plays an important role in activa-

tion of the sympathetic system, and is able to modu-

late behavioral and physiological responses to stress

(for ref. see [19]). Several pieces of data have shown

that anxiogenic and aversive symptoms of withdrawal

from many abused drugs, such as cocaine, ethanol,

tetrahydrocannabinol, and morphine contribute to an

increase in CRF release [13] and that the activity of

the hypothalamic-pituitary-adrenal axis is intensified

during the withdrawal period [20]. Other findings

have reported that CRF plays an important role in
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reinstatement of drug-seeking behavior induced by

stressors [25], demonstrating the significant function

of CRF in the mechanism of dependence. Although

the exact role of CRF in dependence is not well-rec-

ognized, Lu et al. [18] have shown that the CRF1 re-

ceptor is more involved in morphine withdrawal signs

and in relapse to morphine dependence than the CRF2

receptor. Thus, taking into consideration all the data,

the role of the hypothalamic-pituitary-adrenal axis in

modulating effect of opioid dependence, as observed

in our study, cannot be excluded. Moreover, consider-

ing the CRF-dependent mechanism of opioid action,

it is difficult to explain connections with A2A recep-

tors, which are mainly involved in the development of

hypersensitivity to the acute morphine injection given

during opiate withdrawal. There are no data in the lit-

erature describing co-interaction between adenosine

and CRF. Thus, we can only suppose that the modu-

lating effect of adenosine and CRF in the hippocam-

pus, via A2A and CRF1 receptors, respectively, may be

responsible for that process.

In summary, the results of the present study suggest

that adenosine A2A receptor agonists have slow the

appearance of adaptive changes in the central nervous

system developing during repeated exposure to mor-

phine. Treatment with CGS 21680 and NECA strongly

attenuated the hypersensitivity to a challenge dose of

morphine, the effect of which is often responsible for

the relapse in drug use. It is thus reasonable to con-

clude that adenosine agonists may play an important

role in opioid-induced neural mechanisms underlying

the development of dependence. Thus, our investiga-

tions strongly focused on adenosine A2A agonists as

interesting vehicles for pharmacotherapy for mor-

phine addiction.
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