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ABSTRACT
Addiction is a chronic and recurrent disease. In its pathology, neuroadaptive changes
within the dopaminergic pathways inside the mesolimbic system play a predominant

Keywords: role. Of note, the manner in which various neurotransmitters act on their receptors, may

adenosine, modulate the addictive process. Adenosine, an important neuromodulator in the central

glorp}lline» nervous system, is able to modify the opioid dependence, doing so mainly by its activity
ependaence.

on the adenosine Al and A2A receptors. In the present manuscript, the actual state of
knowledge on the relationships between adenosinergic receptors and opioid dependence
has been described. Various literature data on the involvement of adenosine ligands,
mainly in the signs of morphine withdrawal, as well as morphine-induced sensitization,
were also collected. Additionally, in this paper, some important interactions between
adenosine and other neurotransmitters (e.g. dopamine, glutamate) are described. It
is put forward that these connections are the major mechanism of involvement of the
adenosinergic system in morphine addiction. The repeatedly confirmed effectiveness of
adenosine ligands in morphine dependence, as seen in various experimental protocols,
suggests that adenosine ligands may be useful tools for developing new strategies for

attenuating morphine dependence.

ENDOGENOUS ADENOSINE AS AN IMPORTANT
NEUROMODULATOR IN THE CENTRAL NERVOUS
SYSTEM

An adenosine is an endogenous purine nucleotide that
consists of an adenine (purine base) and a ribose (sugar
residue). This is a compound which is commonly found
in the body and determines many physiological processes
therein.

Adenosine is a neuromodulator in the central nervous
system which acts by way of stimulating the four types of
receptors, namely: Al, A2A, A2B, A3. The stimulation of
the A1 and A3 receptors inhibits adenylate cyclase, while
the stimulation of the adenosine A2A and A2B receptors
results in the activation of that compound [58]. Of note: the
activity of these receptors is associated with the secondary
relay system — G-protein [31].

The largest number of the adenosine A1 receptors is in
the brain, specifically in the cerebral cortex, hippocampus
and cerebellum. In the striatum, they are located on the
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same neurons as the dopaminergic receptors D1 [24]. In the
peripheral nervous system, A1 receptors are mainly present
in the adipose tissue. They can also be found in the cells
of the kidney, adrenal, the sinoatrial and atrioventricular
nodes of heart, the ventral horn of the spinal cord, and the
thyroid gland. A lower density of Al adenosine receptors
is also observed in the liver, pancreas, the heart chambers
and the lungs [31].

A stimulation of the A1 adenosine receptors induces
various pharmacological effects. These are largely caused
by the inhibition of neurotransmitter release in the central
nervous system. Among the neurotransmitters affected are
the excitatory amino acids [15], dopamine [74] and nor-
adrenaline [5]. Thus, sedation and decrease in locomotor
activity is observed after treatment with the adenosine A1l
agonist. Moreover, the stimulation of the A1 adenosine
receptors located in the hippocampus is connected with the
anticonvulsant activity of adenosine [58], and the activation
of these receptors in the spinal cord reduces the transmis-
sion of presynaptic pulses to the gelatinous substance in the
spinal cord, inducing analgesia [61].
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The most important effects of the adenosine A1 agonists
in the peripheral nervous system are their direct and indirect
inhibitory impacts on cardiac function. This direct action
includes loss of strength and frequency rate of the heart, as
well as a decrease in conductivity by way of the stimula-
tion of the A1 receptors in the sinoatrial and atrioventricular
nodes of the heart [7]. The indirect action is connected with
a reduction in the adenylate cyclase activity. This leads to
a reduction in the activity of f-adrenergic receptors, and in
the subsequent inhibition of cardiac activity [66]. In addition,
the stimulation of these receptors induces a cardioprotective
effect [52], and also reduces the renin release. Moreover,
it decreases the glomerular filtration rate, bringing about
an antidiuretic effect [72]. Furthermore, the A1 adenosine
receptor agonists potentiate the activity of insulin on glucose
transport [69], initiate antilipolytic activity [18] and inhibit
gastric acid secretion [18].

The A2 adenosine receptors can be sub-classified as either
the A2A and A2B receptors. Of these, the A2A receptors are
significantly better recognizable. A2A receptors are mainly
concentrated within the dopaminergic brain areas, such as
the striatum, tuberculum factorium and the nucleus accum-
bens (NAc) [33,47]. A high density of the A2A receptors
is particularly evident on the y-aminobutyricacid (GABA)
ergic neurons — both in the striatum and the globus pallidus
[62]. Here, dopamine D2 receptors can also be seen [27].
The coexistence of A2A, D2 and GABAergic receptors is
responsible for the close interaction between the adenosine
— dopamine — GABAergic pathways in the central nervous
system. For example, the stimulation of the A2A receptors
induces a reduction in affinity for the dopamine D2 receptor
in the striatum [25], while the application of dopamine to
the striatum inhibits the release of GABA in the globus
pallidus — and this effect is blocked by endogenous ade-
nosine. Furthermore, in experimental work, the stimulation
of A2A receptors has been seen to enhance GABA release
from slices of the globus pallidus [50,65]. The relationships
between A2A and D2 receptors have also been confirmed in
behavioral experiments. Such work has demonstrated that
both A2A agonists and D2 antagonists induce sedation and
catalepsy [26,46]. Moreover, the blockage of adenosine A2A
receptors within the striatum weakens the symptoms of Par-
kinson’s disease, and also enhances the effect of levodopa,
which is commonly used to treat this illness [71]. It is also
known that A2 A receptor agonists and neuroleptics are used
together as antipsychotics in treating schizophrenia, due
to the interaction between A2A and D2 receptors [21,24].

The activation of A2A adenosine receptors also brings
about certain peripheral effects, the most important of these
being the normalization of blood pressure. This is effected
through inducing hypotension, by bringing about the exten-
sion of the light coronary vessels, as well as the vessels in
the central nervous system and the afferent renal vascular.
Additionally, the A2A receptors share in the inhibition of
platelet aggregation and in the conduction of pain [39].

Both, adenosine A2B and A3 receptors are poorly rec-
ognized, and their significance in various clinical problem
requires further experimentation. A2B receptors are located
in the human fibroblasts, the colon, caecum, gall bladder,
eye, blood vessels and the lungs, while small amounts are
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distributed throughout the brain [31,47]. As literature data
have suggested, the receptors within the fibroblasts may play
an important role in the proliferation and differentiation of
cells, and may be important for the inhibition of vascular
remodeling during myocardial infarction or hypertension
[22]. Moreover, the A2B receptors block the release of tumor
necrosis factor (TNF-a), which is produced by the mono-
cytes [53] and which participates in the apoptosis of the
vascular smooth muscle [56].

The adenosine A3 receptors [41] are found primarily in
the mastocytes, while a less number are located inside the
lungs, spleen, cerebellum, hippocampus and the region of
the pineal gland. Moreover, a lower density of these recep-
tors is evident in the thyroid, spleen, kidney, heart, gut,
liver, adrenal gland and in many areas of the brain [31].
These receptors are active in the inflammatory processes,
as they have an effect upon the inflammatory cells (the mac-
rophages, monocytes, ecosinophils and neutrophils) [30].
Additionally, A3 receptors are involved in cytoprotective
activity during myocardial ischemia [37]. Furthermore, the
stimulation of adenosine A3 receptors may be important in
a number of neuroprotective processes within the central
nervous system, as this brings about a decrease in the glu-
tamate level inside the brain [6]. It is also known that trig-
gering of the A3 receptors leads to the inhibition of various
cell proliferation activity [29].

NEUROBIOLOGY OF MORPHINE ADDICTION

Addiction is a chronic and recurrent disease. This is
induced by the interaction of a psychoactive substance and
a living organism. It develops as a result of the taking of
psychoactive substances, either occasionally or continuously
for any purpose other than social or therapeutic [59].

Various dependent drugs bring about pleasure by stim-
ulating dopamine release in the mesolimbic system. The
mesolimbic system consists of several structures, such as
the ventral tegmental area (VTA), that send projections to
the NAc, amygdala, hippocampus, the ventro-anterior part
of the caudatus nucleus and the prefrontal cortex [19,45].
Although, for many years, the VTA, NAc and hippocampus
were thought to be the most important brain areas involved
in the addictive process, in recent years, scientists have
focused their research on the importance of the amygdala
in addiction. In such work, they have demonstrated that
the amygdala has a key function in the acute reinforcing
actions of drugs of abuse, including the opioids [38], and is
considered to be critical for the affective component of acute
and chronic opiate withdrawal [34]. Indeed, recent literature
data indicate that the addictive process is mainly brought
about by neuro-adaptations within various neurotransmitters
located within the mesolimbic system.

Morphine and other opioid acts on the opioid receptors,
and induce a broad spectrum of pharmacological activity.
These have both central and peripheral effects on the human
body. The major action of morphine is analgesia — which
is useful for clinical practices. Morphine also produces
many important side effects, such as respiratory depression,
sedation, as well as particular effects on pituitary hormone
release or miosis. The initial dose of morphine can cause

165



166

The significance of the adenosinergic system in morphine dependence

dysphoria, but prolonged administration of morphine and
other opioids induces a strong euphoria, which leads to
chronic use and dependence [68].

The effect of morphine is closely related to the stimula-
tion of the opioid receptors. These belong to a group of
metabotropic receptors that are G-protein coupled. Among
the opioid receptors, there are three types: u, k i 6. Pharma-
cological studies also point to the existence of their subtypes:
My, B, K K, K 8, 8,. Administration of therapeutic doses
of opioid compounds initiates postsynaptic activation of the
potassium channels, presynaptic calcium channel blockage
and the reduction of adenylate cyclase activity [4].

The rewarding effect of morphine is associated with
the stimulation of p opioid receptors located on GABAer-
gic interneurons in the VTA [67]. This stimulation of the
p opioid receptors leads to the inhibition of the GABA
receptors, and, consequently, the activation of dopaminergic
neurons in the NAc [20].

As studies show, the observed effects of morphine are due
to the effects of its administration upon various neurotrans-
mitter systems. For example, the NMDA receptors (which
are abundant in the brain) are known to be closely associated
with the process of addiction [54]. Indeed, the blockage of
these receptors brings about a weakening of the develop-
ment of tolerance to the analgesic effect of morphine and
impairs the locomotor sensitization triggered by addictive
substances in general. The close relationship between the
glutamatergic system and a sensitization to opioid, cocaine
and amphetamine activity was described by Vanderschuren
and Kalivas (2000) [70]. The serotoninergic system also has
some significance in addiction. Namely, the weakening of
the serotoninergic system is associated with increased incen-
tives to take addictive drugs, so there is then an increased
risk of developing addiction. For example, it was experi-
mentally confirmed in animals that morphine withdrawal
signs were attenuated by the 5-HT7 receptor agonist [64].
Moreover, older experiments have demonstrated that the
stimulation of serotonin transmission in either the VTA or
NAc promotes accumbal dopamine release [12]. Apart from
the glutamate or serotonin, some neuromodulators, such as
adenosine, may also be involved in morphine addiction.

THE SIGNIFICANCE OF ADENOSINERGIC SYSTEM
IN THE ADDICTIVE EFFECTS OF MORPHINE

As literature data reveal, adenosine, being the most
important inhibitory neuromodulator in the central nervous
system, is highly involved in the effect of morphine. This
was repeatedly confirmed both in behavioral and molecu-
lar experiments. Moreover, many such experiments have
demonstrated the influence of the agonists and antagonists
of the adenosine receptors on the withdrawal symptoms in
rats addicted to morphine. In such work, the characteristic
features for morphine withdrawal syndrome in rats, i.e. body
shakes and attempted escape, were frequently observed. In
general, these studies reveal that adenosine receptor agonists
attenuate withdrawal symptoms, while antagonists of the
adenosine system intensify them. Of significance, N6-
(R-phenylisopropyl) -adenosine (R-PIA) reduces the number
of jumps, while the body shakes are minimized only at the

highest dose [51]. In addition, 2-chloroadenosine (2-CADO)
[51] and dipirydamole [51] do not affect the escape attempts,
and only some doses of such bring about a reduction in the
number of body shakes. However, N6-cyclohexyladenosine
(CHA) inhibits the body shakes, but does not affect attempts
to escape [51]. Furthermore, A 5 ‘- (- N-ethyl) -carbox-
amido-adenosine (NECA) limits both behaviors [51]. What
is more, the non-selective adenosine receptor antagonists
— caffeine [51] and theophylline [51] — intensifies escape
attempts and does not affect the number of body shakes,
except for the highest dose of theophylline, which turns
out to diminish it [51]. Such studies were also performed
on mice. Namely, to ascertain R-PIA potentiated morphine
dependence, and in such work, higher doses reduce the
number of jumps [2]. Studies carried out in mice concern-
ing the impact of theophylline on morphine dependence
are, however, diversified in their results. Collier and Francis
(1975) [14] and Ho ef al., (1975) [32] claim that theophyl-
line enhances the development of morphine dependence in
mice, yet Brailowsky et al., (1981) demonstrate that theoph-
ylline inhibits it [8]. Ahlijanian and Takemori (1986), in their
general studies in mice, also gained conflicting results: in
some, caffeine reduced the dependence of morphine [3], and
in others, it increased it [2]. All these results suggest that an
important relationship exists between opioid receptors and
the adenosinergic system.

In order to investigate the impact of the agonists and
antagonists of the adenosine receptors on the rewarding
properties of addictive substances, the conditioned place
preference test (CPP) was utilized in certain experiments.
This is one of the more frequently used models employed
in assessing the performance of reward action [11]. These
studies have shown that adenosine receptor agonists have
significant effect on addiction. In such work, it was revealed
that the selective Al receptor agonist, N6-cyclopentyl-
adenosine (CPA), and the non-selective A1 and A2 receptor
agonist, NECA, weaken the acquisition of the morphine
CPP, even if lower doses are administered, but the selec-
tive A2 agonist, 3-[4-[2-[ [6-amino-9-[(2R,3R,4S,5S)-
5-(ethylcarbamoyl)-3,4-dihydroxy-oxolan-2-yl]purin-2-yl]
amino]ethyl]phenyl]propanoic acid (CGS 21680), does not
produce any effect [42]. Interestingly, the selective Al —
cyclopentyltheophylline (CPT) and A2A — 3,7-dimethyl-
1-propargylxanthine (DMPX) adenosine antagonists and the
non-selective ligand, caffeine, were also seen to inhibit the
acquisition of the morphine place preference [42]. Another
pattern demonstrating the pharmacological activity of ade-
nosine ligands was observed in the expression of morphine
place preference. Herein, particular selective and non-selec-
tive agonists (CPA, CGS 21680 and NECA) were found to
block the expression of morphine place preference, while
certain selective and non-selective adenosine antagonists
(CPT, DMPX and caffeine) were noted as intensifying the
expression of morphine place preference [42].

In another experimental protocol, CGS 21680 and NECA
were demonstrated as attenuating the development of hyper-
sensitivity to acute doses of morphine [43]. This result
supports the role of A2A receptors in such a hypersensitivity.

Less recent findings were controversial in their reported
effect of the adenosine system in addiction. Namely,
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Matsuda (1970) [49] showed that the combined adminis-
tration of caffeine and morphine blocks the development
of opioid tolerance to opioids. Moreover, Brailowsky et
al. (1981) [8] revealed that theophylline, the non-selective
adenosine receptor antagonist, blocks the development of
morphine addiction in mice. However, Capasso (2000)
demonstrated that the A2A antagonist reduces the morphine
withdrawal syndrome, while caffeine enhances it [10].

The involvement of the adenosinergic system in the
activity of morphine was also confirmed by way of molecu-
lar experiments. Herein, a significant increase in the number
of Al receptors [35], in the amount of adenosine transporters
[36] and in adenosine sensitivity in NAc [9] was observed
after chronic morphine treatment. What is more, chronic
opioid exposure was shown to bring about an increase in
the number of A1 receptors in the homogenates of the entire
brain [1], and, in particular, the cortex [24]. However, there
are opposing results regarding the number of A2A receptors.
According to De Montis (1992), chronic opioid adminis-
tration induces a decrease in the number and function of
the striatum A2A receptors [17], yet, Kaplan (1994) puts
forward that, in mice, the number of A2A receptors in the
striatum is unaltered after chronic morphine treatment [35].

Taken all these results together, it may be concluded
that chronic morphine exposure is closely associated with
induced changes in the adenosinergic system, and that this
system is strongly involved in the activity of morphine. Con-
sidering the potential mechanisms which may underlie this
relationship, several notions should be take into account.

First, we must consider the distribution of adenosine A1l
and A2A receptors in the central nervous system and their
adaptive changes after chronic opioid treatment. Physio-
logically, A1 receptors are abundant within the entire brain.
However, after morphine exposure, some adaptive changes
may develop, mainly in the adenosine A1 receptors. The
activity of Al receptors is associated with reducing the
release of different neurotransmitters inside the central
nervous system, and, in this way, with reducing neuronal
activity inside the brain [63]. However, the co-localisation of
adenosine A2A and dopamine D2 in the GABAergic neurons
located within the striatum and the globus pallidus may be
responsible for the close interaction between the adenosine
— dopamine — GABAergic pathways in the central nervous
system. These interactions also seem to be implicated in
the connection between adenosinergic system activity and
morphine addiction, the more that the existence of the inter-
actions between A2A and glutamatergic, dopamine D2 or
cannabinoid CB1 receptors are well described [for ref., see
63].

Second, apart from the observed neuroadaptive changes
in the adenosinergic system, other mechanisms seem to be
engaged in the activity of adenosine in morphine addiction.
Several findings demonstrate that during morphine-induced
sensitization, alterations in the dopaminergic and glutama-
tergic receptors come about within some brain areas (in
the VTA, NAc, prefrontal cortex, amygdala and hippocam-
pus) [70,73]. It is, moreover, likely that the neuro-adaptive
changes in dopamine receptors, as well as in the glutamate
receptors, may play an important role in the effect of adenos-
ine ligands in morphine dependence. This is especially so in
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that both the dopamine and glutamate receptors are closely
linked to the adenosine receptors, and in that the interac-
tion between dopamine-adenosine receptors and glutamate-
adenosine receptors [for ref. see 63] are well described.

With respect to adenosine receptor interactions, the most
recognized is that of the interaction between the A2A and D2
receptors, described by Ferré ef al., in 1999 [25]. Accord-
ingly, as seen in rat striatal membranes, the activation of
A2A receptors decreases the affinity of dopamine D2 recep-
tors. Follow-on studies undertaken five years later by Ferré
et al., (1996) [23] described the interaction between Al and
D1 receptors in the basal ganglia, and showed that in differ-
ent areas of the brain, this was important for GABA release
control [55]. In addition, interactions between adenosine
and glutamate receptors have also been demonstrated. In
such work, low adenosine concentrations were shown to
stimulate A1 receptors and, then, to inhibit glutamate release
from the glutamatergic nerve terminals. What is more, low
adenosine concentrations evidently inhibit NMDA recep-
tors in the hippocampal pyramidal neurons [16], and restrict
voltage- and NMDA receptor-sensitive dendritic spikes in
the CA1 area of the hippocampus [40]. Furthermore, A2A
receptors, located in glutamatergic synapses, control the
release of glutamate in the striatum, the cerebral cortex and
the hippocampus [13,44,48], as well as NMDA receptor
activity in the striatum [57].

To conclude, the presented results of major studies dem-
onstrate the involvement of the adenosinergic system in
morphine addiction. Furthermore, the work of many authors
show that adenosine, acting on adenosine receptors, is able
to induce a broad spectrum of pharmacological activity
which may be helpful in the therapy of various clinical
pathologies, including morphine addiction. In view of the
above findings, it can be suggested that adenosine ligands
may be useful tools in attenuating morphine dependence.
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