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Abstract

Opiate addiction is a central nervous system disorder of unknown mechanism. Neuronal basis of positive reinforcement, which is essential
to the action of opioids, relies on activation of dopaminergic neurons resulting in an increased dopamine release in the mesolimbic brain
structures. Certain aspects of opioid dependence and withdrawal syndrome are also related to the activity of noradrenergic and serotonergic
systems, as well as to both excitatory and inhibitory amino acid and peptidergic systems. The latter pathways have been recently proven to be
involved both in the development of dependence and in counteracting the states related to relapse. An important role in neurochemical
mechanisms of opioid reward, dependence and vulnerability to addiction has been ascribed to endogenous opioid peptides, particularly those
acting via the mu- and kappa-opioid receptors. Opiate abuse leads to adaptive reactions in the nervous system which occur at the cellular and
molecular levels. Recent research indicates that intracellular mechanisms of signal transmission—from the receptor, through G proteins,
cyclic AMP, MAP kinases to transcription factors—also play an important role in opioid tolerance and dependence. The latter link in this
chain of reactions may modify synthesis of target genes and in this manner, it may be responsible for opiate-induced long-lasting neural
plasticity.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Addiction to drugs, including opiates, is a brain disease
resulting in a loss of control over drug-taking or in
compulsive drug-seeking, despite noxious consequences
(Nestler, 2000). It is a serious social burden and has
destructive influence on health and standard of living of an
inflicted person. Costs of drug dependence are high both to
an individual and to the society. Society bears partial or total
costs of healthcare but a price paid by an addict is
incomparably higher. He or she pays with devastated health
on the one hand and on the other, with difficult to measure
deterioration of their adaptive abilities.

Opioid dependence makes permanent physiological and
psychological alterations leading to dramatic relapses of the
disease. Uncontrollable compulsion to take the drug and
anxiety of craving and relapse are characteristics of the use
of opiates. Efficient treatment methods curing of the disease
and fending off relapses and preventive measures counter-
acting development of dependence are not yet accessible.
The present clinical treatment permits efficient detoxifica-
tion, i.e. the removal of an addictive substances from the
organism and liberation of a person from negative symp-
toms of drug withdrawal. In the case of opiate addiction,
very high percentage of patient backslides to the drug use.
Thus, the understanding of opioid addiction is critical for
development of efficient pharmacological therapy. Addic-
tion to morphine, heroin and other compounds acting via
opioid receptors is a disease of unknown mechanisms.
Numerous studies are based on animal models of various
stages of addictive behavior since they well imitate phases
of the development of the disease in humans. The results of
animal behavioral experiments, correlated with molecular
and clinical genetic studies, may lead to better under-
standing the disease. Many years of research led us to better
understanding of a brain substrate and molecular mecha-
nisms of opioid dependence. The main objective of

investigations carried out by many research teams world-
wide is to discover neuronal and molecular mechanisms of
the disease. These adaptive changes underlie neuronal and
molecular alterations that manifest themselves as behavioral
syndromes, such as opioid dependence. Recent research has
focused on a role of gene expression in mediating long-
lasting opioid-induced neuronal plasticity. Understanding
the molecular and genetic mechanisms of opioid abuse is
critical to creation of a novel efficient therapy.

2. Neuronal bases of opioid dependence

The brain network mediating the rewarding properties
of drugs and craving phenomena and the reinforcing
properties of addictive drugs of abuse has been identified
(Wise and Bozarth, 1987; Koob, 1992; Samson and
Harris, 1992). The system was shown to involve such
structures as the nucleus accumbens, ventral tegmental
area, prefrontal cortex and limbic structures, in particular
the so-called “extended” amygdala.

The mesolimbic system consists of dopaminergic
neurons found in the ventral tegmental area and their
projections to the nucleus accumbens. The nucleus
accumbens is a heterogeneous structure with two distinct
regions, core and shell. The nucleus accumbens core may
be involved in the control of goal-directed behavior and
acquisition of drug secking behavior, while nucleus
accumbens shell may be implicated in psychostimulant
effects of drugs of abuse. The amygdala and prefrontal
cortex are also linked to the mesolimbic network. Drug-
associated cues and stress can activate the dopaminergic
system via interaction with these structures. Thus,
principal neural effect of drugs of abuse consists in the
stimulation dopaminergic neurons in the ventral tegmental
area and an increase in the release of dopamine in the
nucleus accumbens, which in consequence leads to a
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reward response (Di Chiara and Imperato, 1988; Di
Chiara, 1998; Koob and Swerdlow, 1988; Wood and
Rao, 1991; Koob, 1992; Herz, 1998; Xie et al., 1998;
Piepponen et al., 1999). The enhancement of dopamine
secretion in the nucleus accumbens is a common effect of
different pharmacological classes of drugs of abuse:
opiates, cocaine, amphetamine, ethanol, nicotine and
cannabinoids. This effect can result from both direct
action on dopaminergic neurons (cocaine and amphet-
amine), and an indirect effect (ethanol, opioids). The
mechanisms underlying this effect are dependent on the
type of the taken drug which can either directly affect
dopamine release (cocaine) or interact with dopamine
transporter influencing re-uptake mechanism, or can act
indirectly, by modifying activity of certain populations of
neurons such as GABAergic interneurons that interact
with dopaminergic ventral tegmental area neurons (etha-
nol, opioids). Therefore, the application of addictive drugs
with different pharmacological mechanisms can produce
similar behavioral changes (such as craving, locomotor
sensitization, etc.). This further suggests that various
drugs of abuse can cause similar cellular and molecular
adaptations in the brain. The precise function of particular
structures of the reward system in drug action is difficult
to establish. However, it seems clear that the ventral
tegmental area—nucleus accumbens dopaminergic neurons
are responsible for the rewarding response to drugs of
abuse. On the other hand, Hyytia and Koob (1995)
emphasize an important role of a complex of structures
localized within the ventral forebrain structures, exhibiting
morphological and neurochemical similarity, so-called
extended amygdala, in development of drug dependence.
This set of structures comprises the external part (shell) of
nucleus accumbens, responsible for the positive reinforce-
ment, the central-medial nucleus of the amygdala and bed
nucleus of stria terminalis. The limbic structures appear to
be responsible for emotional components of drug abuse
effects. Primary substrate of the opioid action is the
mesolimbic dopaminergic system (Koob, 1992; Davidson
and Stamford, 1993; Kornetsky and Porrino, 1992; Koob
et al.,, 1998). Opioids interact directly with various
molecular targets thereby modulating activity of a number
of brain structures, within the reward system.

3. Endogenous opioid systems and reward

The endogenous opioid systems play a key role in
modulating reward, mood and regulate the brain hedonic
homeostasis (Koob and Le Moal, 1997). Alterations of the
endogenous systems following exposure to drugs of abuse
appear to contribute to the dysregulation of the reward
processes which may participate in the development of
addiction (Przewlocka et al., 1996; Koob and Le Moal,
1997; Herz, 1997; Turchan et al., 1997, 1999; Van Ree et
al., 2000; Gianoulakis, 2004).

4. A family of endogenous opioid peptides

Opioid peptides derive from three different precursor
proteins: proopiomelanocortin (POMC), proenkephalin and
prodynorphin. POMC is the precursor of endorphins (p-
endorphin, a-endorphin) and a family of non-opioid
peptides, melanocortins: o, $ and y melanocyte stimulating
hormone (MSH) and adrenocorticotropin releasing hormone
(ACTH). proenkephalin is a source of both enkephalins and
several longer opioid peptides, such as Met-enkephalin-Arg-
Phe. Dynorphin A, dynorphin B, a- and p-neoendorphin
and several larger molecules can be generated from
prodynorphin. Another group of opioid peptides discovered
in the central nervous system was named endomorphins.
Their prohormon molecule is not known. Endomorphins are
unique in comparison with other endogenous opioid
peptides, having a characteristic, atypical structure and high
selectivity towards the mu-opioid receptor. Finally, another
group of peptides related to the endogenous opioid peptides,
which do not bind, however, to the classic opioid receptors
is a family of pronociceptin/preproorphaninFQ, cleaved to
yield nociceptin/orphaninFQ.

Opioid peptides are found in neuronal networks involved
in reward and in responses to drug-associated cues. Among
them, the ventral tegmental area—nucleus accumbens sys-
tem, prefrontal cerebral cortex and, extended amygdala are
interconnected and essential for opioid action (Koob and
Nestler, 1997; Nestler, 2001). The nucleus accumbens shell
shares morphological and anatomical features and has
connections with some other areas of the limbic forebrain,
such as the bed nucleus of the stria terminalis and the central
nucleus of the amygdala. All these structures are rich in
neurons producing multiple opioid peptides. The endoge-
nous opioid system seems to play a key role in modulating
mood and well-being and to regulate the brain hedonic
homeostasis (Koob and Le Moal, 1997). Activation of
opioid receptors therein produces reward response but also
alters expression and functions of endogenous opioid
peptide systems. In fact, number of evidence indicate that
opiates and several drugs of abuse modify activity of
endogenous opioid system (Gianoulakis, 2004; Herz, 1997;
Przewlocka et al., 1996, 1997; Turchan et al., 1997, 1998;
Van Ree et al., 2000; Spangler et al., 1996; Bronstein et al.,
1988, 1990). The alterations of endogenous opioids and
disturbance of brain opioid homeosthasis may contribute to
the dysregulation of reward processes and participate in the
development of addiction.

5. Effect of morphine on opioid peptide systems in the
brain reward circuit

Proenkephalin- and POMC-containing neurons localized
within the ventral tegmental area dopamine system modu-
late activity of dopaminergic neurons. The increase of their
activity may indirectly enhance dopamine release. The
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prolonged administration of exogenous opiates appears to
inhibit the biosynthesis of the opioid peptides which in
consequence may lead to the shortage of endogenous opioid
peptide agonists at the mu-opioid receptors localized in the
reward system and therefore inhibition of dopaminergic
activity. In fact, biochemical experiments showed a small
but consistent decrease in the level of opioid peptides and in
the expression of genes encoding proenkephalin and POMC
in the nucleus accumbens striatum pathways as well as in
the hypothalamus and medulla, respectively, after prolonged
application of morphine (Uhl et al., 1988; Mocchetti et al.,
1989; Bronstein et al., 1990; Przewlocka et al., 1997,
Turchan et al., 1997; Van Bockstael et al., 2000).

In contrast, opioid peptides derived from prodynorphin
and kappa-opioid receptor agonists inhibit dopamine
neurons of the mesolimbic system. Therefore, they inhibit
secretion of dopamine within the nucleus accumbens and
induce an aversive behavior (Rattan et al., 1992; Herz,
1998), characteristic of the state of withdrawal. The
prodynorphin messenger RNA hybridization signal in the
nucleus accumbens was enhanced at 3 h after acute
morphine injection, whereas repeated morphine adminis-
tration decreased the messenger RNA level at that time
point in rats (Przewlocka et al., 1996). In contrast, in
mice a single dose of morphine had no significant effect
on the prodynorphin in the nucleus accumbens and
striatum, but repeated treatment increased the prodynor-
phin mRNA level in both those structures. Furthermore,
six intermittent injections of morphine every 2 h
increased prodynorphin and kappa-opioid receptor
mRNAs in the rats brain (Wang et al., 1999). Biochem-
ical studies showed that opiate withdrawal increased
expression of the prodynorphin gene, the levels of
prodynorphin-derived peptides and their release in the
nucleus accumbens (Trujillo et al., 1995; Przewlocka et
al., 1996, 1997; Turchan et al., 1998; Tjon et al., 1997).
Thus, the above results indicate that repeated morphine
treatment leads to long-lasting up-regulation of the
prodynorphin gene expression and possibly prodynor-
phin-dependent transmission in the nucleus accumbens
and striatum. In contrast, the proenkephalin mRNA level
was reduced in the nucleus accumbens and remained
unchanged in the striatum. In line with that study,
proenkephalin mRNA decreased in the rat striatum after
chronic morphine exposure (Basheer and Tempel, 1993).
Other drugs of abuse also alter the activity of prodynor-
phin neurons and the greatest exacerbation of changes
was observed during drug withdrawal. The fact that
different addictive drugs induce similar, in terms of their
direction, effects on the activity of prodynorphin system
with an accompanying decrease in the density of kappa-
opioid receptors (Spangler et al., 1996; Przewlocka et al.,
1997; Turchan et al., 1998) indicates an involvement of
prodynorphin neurons within ventral tegmental area—
nucleus accumbens system in common, neurochemical
mechanisms of drug withdrawal and craving.

Further studies indicate that opioid peptides localized in
the amygdala can be involved in the action of drugs of
abuse. Numerous data have shown that proenkephalin
neurons are abundant in the amygdala of rats and other
species. The proenkephalin mRNA-containing nerve cell
bodies have been reported to occur bilaterally in the central
nucleus and the lateral/basolateral nucleus complex, but
less prominently in other amygdaloid nuclei (Fallon and
Leslie, 1986; Cassell and Gray, 1989; Honkaniemi et al.,
1992; Song and Harlan, 1994). The greatest amount of
prodynorphin mRNA and dynorphin in the rat amygdala
has been observed in the central nucleus (Turchan et al.,
2002; Ma et al., 2003). Thus, this structure seems to be
particularly interesting, since both proenkephalin and
prodynorphin, and opioid receptors are abundantly
expressed therein. Previous study showed that levels of
Met-enkephalin in the amygdala were decreased in
morphine tolerant-dependent rats as well as during pro-
tracted naloxone-precipitated withdrawal (Gudehithlu et al.,
1991). However, the levels of dynorphin(1-13) were
increased in the amygdala in morphine abstinent rats
(Rattan et al., 1992). In agreement, our recent study
demonstrated that the chronic morphine administration
resulted in an increase in prodynorphin mRNA level after
prolonged withdrawal while proenkephalin mRNA slightly
decreased within the amygdala (Przewlocka, in prepara-
tion). These results suggest that the increase in prodynor-
phin and the decrease in proenkephalin transcription upon
morphine withdrawal may contribute to the state of altered
homeostasis between the opioid peptide systems and may
contribute to the emotional components of opioid abuse
and the drug-induced craving.

6. Multiple opioid receptors

Three members of the opioid receptor family have been
identified (Snyder and Pasternak, 2003) beginning with the
delta-opioid receptor (Evans et al., 1992; Kieffer et al., 1992)
and followed by cloning of mu-opioid receptor (Chen et al.,
1993a,b; Fukuda et al., 1993) and kappa-opioid receptor (Li
et al., 1993; Meng et al., 1993; Minami et al., 1993; Nishi et
al., 1993). In addition to the well-established three types of
opioid receptors, an orphan opioid-like nociceptin receptor
(NOP), previously known as ORL1 or N/OFQ, was cloned a
few years ago. This receptor has nearly 70% sequence
homology with the opioid receptors.

The mu-opioid receptor binds morphine, and endomor-
phin may be its endogenous ligand although several opioid
peptides, like p-endorphin or longer deriving from pro-
enkephalin also bind to this receptor. B-Endorphin also
binds to delta-opioid receptors. The enkephalins bind to the
delta-opioid receptor with great affinity and, therefore, are
considered to be endogenous delta-opioid receptor ligand.
Dynorphins bind to kappa-opioid receptors. Summing up, a
vast majority of opioid peptides do not bind exclusively to
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one specific opioid receptor type, but have some affinity and
may interact with other opioid receptors as well. Existence
of several subtypes of the opioid receptors (mu;, muy;
delta;, delta »; kappa;, kappa », kappa 3) has been suggested
on the basis of functional studies. Types of opioid receptors
cloned to date yielded a single receptor type, and the
suggested subtypes are possibly alternative splicing prod-
ucts. In fact, molecular attempts to identify subtypes of
opioid receptors have been undertaken and the existence of
several variants of opioid receptors has been suggested
(Koch et al., 1998; Uhl et al., 1999; Abbadie et al., 2000;
Pasternak and Pan, 2000). In addition, oligomerization of
various opioid receptors generates unique functional proper-
ties (Gomes et al., 2003). It has also recently been
demonstrated that there is an association between delta-
and mu-opioid receptors and that the occupancy of delta-
opioid receptors (by delta-opioid receptor antagonists)
enhances mu-opioid receptor binding and signaling activity
(Gomes et al., 2004), which indicates functional interaction
between the opioid receptors.

7. Effect of morphine on opioid receptors

Opioids may interact with opioid receptors causing
alterations of receptor internalization (Burford et al., 1998;
Koch et al., 1998), binding or postranslational modification
and its biosynthesis (Buzas et al., 1996). Several authors have
shown that after chronic treatment of rats with morphine or
etorphine, mu-opioid receptors in some brain structures were
down-regulated (Patel et al., 2002; Bhargava and Gulati,
1990; Tao et al., 1987, 1988; Bernstein and Welch, 1998)
while the binding of delta-opioid receptors either remained
unchanged or was down-regulated in the brain region (Tao et
al., 1987, 1988; Bhargava and Gulati, 1990). In contrast,
carlier studies with the mu-opioid receptor agonist [D-Ala?,
N-Me-Phe*, Gly*-ol]-enkephalin (DAMGO), the non-selec-
tive antagonist of opioid receptors naloxone or the mixed mu/
delta agonist [D-Ala*-D-Leu’]-enkephalin (DADLE) showed
an increase in their affinity or binding density in striatum of
morphine dependent mice (Abdelhamid and Takemori,
1991). Our recent study in rats (Turchan et al., 1999) has
shown that repeated administration of morphine decreased
the density of delta-opioid receptors, and this effect was more
pronounced in the nucleus accumbens than in the striatum.
Apart from the specificity of the used ligands, differences in
the results of the above studies may also be due to various
patterns of drug administration, viz. subcutaneously
implanted pellets (morphine) versus intermittent opiate
administration. Furthermore, it cannot be excluded that
short-term up-regulation of delta-opioid receptors may be
followed by a long-term decrease in their density.

Opioid receptors were shown to be localized to the
amygdalar nuclei (Mansour et al., 1994). It was observed
that [*H]naltrexone binding to the amygdala increased
significantly in morphine tolerant rats when compared with

the placebo-treated controls, although the binding was
unaffected in morphine abstinent rats (Reddy et al., 1994).
However, further study indicated that [°H] [D-Ser®, Thr®]-
leucine-enkephalin (DSTLE) binding to delta-opioid recep-
tors and DAMGO binding to mu-opioid receptors in the
amygdala and other brain regions of morphine tolerant-
dependent and abstinent rats did not differ from their
respective controls (Bhargava and Gulati, 1990; Bhargava
et al., 1991). A lack of changes in the mu-opioid receptor
binding as well as mu- and delta-opioid receptor mRNA
levels in the rat brain was also observed (Buzas et al.,
1996).

Our recent study (Przewlocka, in preparation) indicates
that chronic morphine administration increased delta-opioid
receptor expression in the rat amygdala, but it was without
effect on mu- and kappa-opioid receptor mRNA levels. On
the other hand, a decrease in mRNA coding for mu-, delta-
and kappa-opioid receptors was seen in the amygdala after
cessation of morphine administration. These dynamic
alterations of delta-, mu- and kappa-opioid receptor expres-
sion may play a role in opioid dependence and withdrawal.
A question arises about the nature of the functional
significance of morphine-induced changes in the affinity
or density of opioid receptors. Suppression of the naloxone-
induced withdrawal syndrome in morphine-tolerant rats was
also observed after selective delta-opioid receptor antago-
nists benzylidenenaltrexone and H-Tyr-Tic psi [CH2-NH]-
Phe-Phe-OH (TIPPQ) (Fundytus et al., 1995). There is some
evidence that at least two delta-opioid receptor subtypes,
delta; and delta,, are available (Menkens et al., 1992). A
pharmacological study has shown that pretreatment with the
selective antagonists of the delta;-opioid receptor naltriben
and naltrindole 5’-isothiocyanate suppressed the naloxone-
induced withdrawal symptoms to the same extent as
pretreatment with the delta, antagonist 7-benzylidenenal-
trexone. This finding suggests that both delta; and delta,
opioid receptors may play an important role in modulating
the development of physical dependence on morphine
(Suzuki et al., 1997). Furthermore, studies conducted on
mice using antisense oligonucleotides suggested the
involvement of delta, receptors in the development and/or
expression of morphine tolerance (Sanchez-Blazquez et al.,
1997). Recently, participation of delta-opioid receptors in
the pathophysiology of heroin dependence in humans has
also been indicated (Maye et al., 1997).

Several studies indicate that opioids may alter molecular
characteristics of opioid receptors in culture cells. Acute
opioid administration has little, if any, effect on opioid
receptor binding parameters. On the other hand, chronic
administration of opiates does cause some, but inconsistent
changes in the opioid receptor binding. A majority of
studies indicate that chronic morphine down-regulates the
density of mu- and delta-opioid receptors in Neuro2A or C6
glial cells stably expressing either delta-or mu-opioid
receptor (Chakrabarti et al., 1997; Yabaluri and Medzihrad-
sky, 1997; Law and Loh, 1999). A lack of changes in the
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receptor binding was seen in CHO cells stably transfected
with mu-opioid receptor (Chen et al., 1996).

8. Opioid interaction with main neurotransmitter
systems

8.1. Dopaminergic pathways

The principal neural effect of opiates consists in the
stimulation dopaminergic neurons in the ventral tegmental
area and an increase in the release of dopamine in the nucleus
accumbens, which in result leads to a reward response (Herz,
1998; Xie et al., 1998; Piepponen et al., 1999). This effect
can result from an indirect effect of opioids by modifying
activity of certain populations of GABAergic interneurons
that interact with dopaminergic ventral tegmental area
neurons. The response to opioids of dopamine ventral
tegmental area cells results from the presynaptic opioid
inhibition of GABA release, which through disinhibition
increased the dopaminergic neurons activity.

The dopamine D2 receptors appear to play a role in the
motivational action of opioids. Although in D2 receptor
knockout mice, the behavioral expression of morphine
withdrawal was unchanged, a clear suppression of morphine
rewarding properties was observed in a place-preference test
(Maldonado et al., 1997). Morphine given acutely had no
significant effect on D2 mRNA levels in the nucleus
accumbens and striatum in mice. Repeated morphine had
also no effect on the D2 mRNA level in the nucleus
accumbens and striatum when measured after 2 h, but
decreased 72 h after morphine withdrawal (Turchan et al.,
1997). On the other hand, in rats, repeated morphine
treatment caused a decrease in the dopamine D2 receptor
mRNA levels (Georges et al., 1999). Thus, this study
indicates that prolonged morphine treatment may alter D2
receptor-mediated dopaminergic transmission. On the other
hand, the role of dopamine D1 receptor in both the rewarding
and aversive effects of opioids has been suggested (Shippen-
berg et al., 1993). Furthermore, an involvement of DI
receptors in morphine-induced locomotor activity was
demonstrated in D1-deficient mice (Becker et al., 2001).
Thus, the above studies indicate that the mesolimbic
dopamine system appears to be important in mediating both
the acute rewarding and chronic opioid actions.

8.2. Noradrenergic pathways

The locus coeruleus is a small structure consisting mostly
of brain noradrenergic neurons. The locus coeruleus cell
bodies contain mu-opioid receptors and mu- and kappa-
opioid receptors have also been found on presynaptic nerve
endings in the locus coeruleus (Mansour et al., 1988). The
mu-opioid receptors appear to mediate inhibitory action of
both opiates and endogenous opioid peptides on adrenergic
neurons (Aghajanian and Wang, 1987). It seems that some

effects of chronic morphine are related to high activity of
these neurons. This suggestion is substantiated by observa-
tions that strong behavioral withdrawal symptoms in rats
addicted to morphine can be observed after opioid
antagonists given directly into this structures (Bozarth,
1994; Maldonado et al., 1992). The locus coeruleus and also
NTS adrenergic neurons appear to mediate somatic signs of
opiate withdrawal. Chronic morphine treatment may led to a
decrease in expression of inhibitory opioid peptides in these
structures. These processes with the concurrently increased
activity of glutamatergic neurons may lead to the enhance-
ment of activity of noradrenergic system during drug
dependence and withdrawal (Van Bockstael et al., 2000)
and mediate accompanying somatic symptoms.

8.3. Glutamatergic pathways

Several findings suggest that the glutamatergic system
may play a role in the opioid effects and indicate that, in
particular, the N-methyl-D-aspartate (NMDA) receptor
plays a central role in neuroplastic changes after opiate
abuse. Recent study showed that withdrawal from morphine
increased glutamate transmission in the brain (Sepulveda et
al., 2004). An early study demonstrated supersensitivity of
cortical neurons to glutamate after chronic morphine treat-
ment in rats (Satoh et al., 1976). Further, Trujillo and Akil
(1991) reported that NMDA receptor antagonist, (SR, 10S)-
(+)-5-Methyl-10,11-dihydro-5H-dibenzo[a,d |cyclohepten-
5,10-imine hydrogen maleate (MK-801), inhibited mor-
phine tolerance and dependence in mice and the same effect
was also reported in rats (Zhu and Barr, 2001). In addition,
pretreatment with an antisense oligonucleotide to the N-
methyl-D-aspartate receptor subunit 1 (NMDARI) attenu-
ated some signs of morphine withdrawal (Zhu and Ho,
1998). Chronic antagonism of group I metabotropic
glutamate receptor reduced morphine withdrawal signs in
rats (Fundytus and Coderre, 1994). Finally, chronic mor-
phine augmented metabotropic glutamate receptor-induced
inhibition of NMDA-mediated neurotransmission in the
nucleus accumbens (Martin et al., 1999). Recent studies
have indicated that expression of various glutamate recep-
tors changes following the rewarding brain stimulation
(Carlezon et al., 2001) as well as morphine withdrawal
(Jang et al., 2000). Increase of [°’H] AMPA binding to alpha-
amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid
(AMPA) receptor was also demonstrated during morphine
withdrawal (Jang et al., 2000). Furthermore, acute or
chronic morphine administration increased NMDARI1
mRNA level in the central and basolateral nuclei of the
amygdala (Turchan et al., 2003). Behavioral studies have
revealed that the blockade of NMDA receptors in the
amygdala prevents fear conditioning (Campeau et al., 1992;
Fanselow and Kim, 1994) which shows that NMDA-
dependent form of synaptic plasticity in this region might
contribute to the formation of conditioned emotional
responses to opiates. Thus, the studies suggest possible link
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between the expression of NMDARI and changes in the
activity of the limbic system neurons and morphine-induced
behavior. Hence, the changes in glutamatergic transmission
in the nucleus accumbens and amygdala may underlie
neuroadaptations that lead to opiate dependence (Siggins et
al., 2003).

8.4. Peptidergic systems

One of the important problems, which needs to be to
remembered when discussing physiological aspects of
dependence, is the interactions of opioids with anti-opioid
peptidergic systems. The activity of some peptidergic
systems, which may act in an opposite way to opioids, is
increased under chronic opiate treatments, of which
cholecystokinin, thyreoliberin and the neuropeptide FF
and o-MSH have to be mentioned. These peptides may
reduce the development of morphine tolerance (cholecys-
tokinin, thyreoliberin, a-MSH) and weaken (thyreoliberin)
symptoms of withdrawal (Szekely et al., 1979; Bertolini
et al.,, 1981; Ramarao and Bhargava, 1990; Rothman et
al.,, 1993; Pu et al., 1994; Stanfa et al., 1994). Several
early studies showed that morphine influences activity of
corticotropin-releasing factor (CRF) neurons. CRF system
seems to participate in hormonal alterations induced by
opiates and in anxiety and aversive effects of withdrawal.
In fact acute morphine enhances release of CRF in the
hypothalamus (Buckingham, 1982; Nikolarakis et al.,
1989) while after chronic administration, tolerance to this
effect develops (Pechnick, 1993). Such chronic morphine
administration caused CRF decrease in the hypothalamus
(Milanes et al., 1997; Laorden et al., 2003). It was shown
that the CRF in the limbic system was activated during
drug withdrawal (Koob and Le Moal, 1997). Furthermore,
it was demonstrated that morphine increased the CRF
level in the bed nucleus of the stria terminalis. These data
clearly evidenced the impact of opioids on the function of
several peptydergic systems. On the other hand, it is
likely that endogenous opioid peptides may participate in
the regulation of their activity in the brain structures after
drug abuse.

9. Molecular basis of opioid addiction

For understanding of opioid addiction, it is important to
characterize opioid-induced molecular and cellular adapta-
tions in the specific neuronal network involved in the
changes of behaviors associated with opioid addiction.
Recent studies indicate that exposure to opiates leads to
short- and long-term adaptive changes in the intracellular
signaling pathways. Acute activation of opioid receptors
inhibits cAMP signaling as well as alters voltage gated Ca*"
channel function and activates K' inwardly rectifying
channel G protein receptor coupling, signal transduction
pathways and transcription factors. Chronic opioid treat-

ment gradually desensitizes the inhibitory effects and
augments the acute effects by altering opioid receptor
binding, G protein functions, transcription factors adapta-
tion and finally, expression of their target genes (Nestler,
1992).

9.1. G-proteins

It is well known that opioid receptors are coupled to Gi/
Go classes of the G proteins. Several studies indicate that
opiates may alter molecular characteristics of opioid
receptors by influencing their interaction with G proteins.
Opioids may alter functioning of G proteins by influencing
their availability, efficacy of coupling, and by modulating
their concentration and subcellular localization. Chronic
morphine treatment was shown to change subcellular
localization of Gi or Gs in COS and A 431 cells transfected
with mu- and kappa-opioid receptors (Ammer and Schulz,
1997; Bayewitch et al., 2000). Furthermore, Gs protein
coupling and concentration of stimulatory Gsa protein were
increased in SH-SYSS5 cultured cells (Ammer and Schulz,
1996). Interestingly, in the rat locus coeruleus, chronic
morphine increased the abundance of the Go and Gi-
subunits, while in the rat nucleus accumbens decreased the
levels of Gi (Nestler and Aghajanian, 1997). Similar
treatment results in attenuation of activation of G-proteins
via mu-opioid receptor. This was evidenced by GTPyS
binding, which reflects GTPase activity. The GTPyS bind-
ing decreased following chronic morphine treatment in the
rat brain (Sim et al., 1996) and in SH-SYS5 cultured cells
(Elliott et al., 1997). Morphine treatment induces changes in
some G-protein mRNA levels, which may result in G-
proteins availability and affect opioid signal transduction.
Acute treatments resulted in an increase in Go mRNA and a
significant decrease in Gail and Gai2 mRNAs while
chronic morphine administration increased Gal and Gap
il and Gia2 mRNAs levels in the rat prefrontal cortex
(Kaewsuk et al., 2001). Chronic morphine elevated the Go
and attenuated the Gs protein biosynthesis in all regions of
the hippocampal formation (Przewlocka et al., 1994).
Furthermore, the level of Gap s mRNA was significantly
decreased in several areas of the brain during the butorpha-
nol withdrawal while level of Gai mRNA was significantly
decreased only in the cerebral cortex of butorphanol tolerant
rats (Kim et al., 2003).

On the other hand, an increase in the expression of Gas
in the paraventricular nucleus of hypothalamus and Gao
mRNA in the claustrum and endopiriform nucleus of rats
chronically treated with morphine was reported (Parolaro et
al., 1993; Rubino et al., 1995). The G protein expression
changed further during opiate withdrawal. Thus, the studies
indicate that chronic morphine treatment alters G protein
concentration and expression in discrete brain regions,
resulting in adaptive changes in multiple intracellular
signaling that could account partly for opiate tolerance
and dependence.
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9.2. Cyclic AMP

Opiates, acting on opioid receptors via G;/G,, classes of
the G proteins, inhibit cyclic AMP (cAMP) formation
(Sharma et al., 1975; Collier and Francis, 1975; Brandt et
al., 1976). This results in inhibition of neuronal excitability
and synaptic transmission mediated via cAMP and
represents a classic cellular mechanism of opioid action.
With continuing opioid exposure, activity of cAMP
signaling gradually recovers and increases (up-regulation)
above control level. Thus, prolonged exposure to opioids
leads to tolerance of cAMP transmission at the single cell
level. Abrupt removal of opioids after chronic exposure to
these drugs induces subsequent adaptation that, at the
cellular level, is manifested by an increase in cAMP levels
and was suggested to represent a cellular model of
tolerance and dependence (Nestler, 1993). Essentially
similar regulation of the cAMP pathways was also
demonstrated in vivo in certain brain structures. Opiates
given acutely slightly inhibited the adenylyl cyclase
(Terwilliger et al., 1991; Van Vliet et al., 1991), while
this inhibition was gradually reversed during opioid
tolerance and greatly increased during withdrawal in the
locus coeruleus (Duman et al., 1988) and other brain
regions (Terwilliger et al., 1991; Mamiya et al., 2001).
Thus, opioid withdrawal activates the intracellular cAMP
signaling pathway. The increase in cAMP levels results in
the activation of cAMP-dependent protein kinase (PKA)
alterations in the phosphorylation of proteins relevant to
opioid signaling and enhancement of transmitter release.
The opiate-induced changes further lead to changes in the
expression of the Ca®'/cAMP response element binding
protein (CREB), which may be important to the develop-
ment and expression of opioid dependence (Nestler, 1993;
Widnell et al., 1994; Maldonado et al., 1996).

9.3. Ca**

Activation of opioid receptors leads to inhibition of Ca**
current and enhancement of potassium conductance result-
ing in suppression of cellular activity. On the other hand,
opioids also exhibit excitatory activity in the brain caused
by both diminution of inhibitory transmission as well as
direct excitatory activities. Direct excitatory opioid action
was demonstrated at the cellular levels. Opioids, via Gi/o yp
subunit, stimulate inositol lipid hydrolysis (Jin et al., 1994),
and production of IP; and diacyloglicerol, which in
consequence may lead to mobilization of intracellular
Ca”" stores and an increase in intracellular Ca®>" concen-
tration in rat periaqueductal gray neurons (Connor and
Christie, 1998) and in NG-108-15, SH-SY5Y and ND8-47
cells (Jin et al.,, 1994; Tang et al., 1996; Connor and
Henderson, 1996; Smart and Lambert, 1996a,b). Activation
of mu-opioid receptor increased intracellular Ca®" oscilla-
tions in neurons in vitro (Przewlocki et al., 1999) and in
primary afferent neurons (Tang et al., 1996). Thus, acute

opioid exposure can cause an increase in intracellular Ca”*
and may further activate the mitogen-activated protein
(MAP) kinase (Fukuda et al., 1996), which may also be
activated by alternative PKA pathway (Impey et al., 1998;
Punch et al., 1997) during opioid withdrawal.

9.4. MAP kinases

The most abundant members of mitogen-activated
protein kinase (MAPK) family in neurons are extracellular
signal-regulated kinases (ERK) ERK1 and ERK2 (Ortiz et
al., 1995). The MAPK/ERK pathway is a signaling cascade,
which plays a crucial role in several cellular regulatory
processes (Alberola-Ila and Hernandez-Hoyos, 2003; Impey
et al., 1999; Mazzucchelli et al., 2002). The MAPK/ERK
pathway can integrate signals from second messenger
systems, such as Ca®" and diacylglycerol (DAG), and
control activity-dependent regulation of neuronal functions
(Grewal et al., 1999) neuronal differentiation and survival
(Fukunaga and Miyamoto, 1998; Anderson and Tolkovsky,
1999). Recent studies suggested an involvement of ERK
signaling in action of morphine. The acute (Narita et al.,
2002; Valjent et al., 2004; Muller and Unterwald, 2004) and
chronic (Berhow et al., 1995; Ma et al., 2001; Narita et al.,
2002) administration of morphine produced an increase in
phosphorylated-ERK immunoreactivity in the brain and in
cultured cells in vitro (Ma et al., 2001; Belcheva et al., 2002;
Bilecki et al., 2004). These acute effects were mediated by
opioid receptors since they were blocked by a mu-opioid
receptor antagonist, naloxone. Activation of the ERK
cascade has been suggested to trigger initial events leading
to phosphorylation and desensitization of the mu-opioid
receptor (Schmidt et al., 2000). On the other hand, a
contrasting evidence has also been presented which indi-
cates that opioid receptor internalization is not an obligatory
result of ERK activation by Kramer and Simon (2000). The
effects of opioids on cell ERK1/2 phosphorylation follow-
ing acute and chronic treatment as well as during the
withdrawal have been examined on human neuroblastoma
cell line SH SY5Y (Bilecki et al., in preparation), which
express endogenous mu-opioid receptor and develop cel-
lular tolerance and dependence to morphine after prolonged
treatment (Wang and Sadee, 2000). We found recently that,
whereas acute activation of mu-opioid receptors rapidly
activated ERK1/2, the prolonged stimulation of mu-opioid
receptors was associated with a slight decrease in ERK1/2
phosphorylation. Interestingly, a decrease in ERK activation
after chronic morphine treatment has recently been shown in
the nucleus accumbens (Eitan et al., 2003; Muller and
Unterwald, 2004). Moreover, precipitation of withdrawal
with antagonist of opioid receptors profoundly potentiated
the decrease in ERK1/2 phosphorylation. These observation
raises the question how chronic opioid action can affect
ERK phosphorylation at the cellular level and which
mechanisms are involved in the regulation of ERK activity
following acute and chronic morphine treatment. Using the
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inhibitors of PKA, protein kinase C (PKC) and Ca®'/
calmodulin-dependent kinase II (CAMKII), we showed that
the PKC and CAMKII but not PKA appeared to be
responsible for the induction of ERK1/2 phosphorylation
following acute opioid exposure in SH-SY5Y cells (Bilecki
et al., in preparation). On the other hand in the brain, ERK/
MAPK can be activated by chronic morphine administration
(Berhow et al., 1995; Ma et al., 2001; Narita et al., 2002)
and the effect appears to be mediated by PKA. Taken
together PKC and CAMKII may be important during acute
opioid treatment while PKA-dependent activation of ERK/
MAPK by opioids may be evoked by an up-regulation of
adenylyl cyclase activity with chronic treatment. At the end,
both acute and chronic opioids phosphorylates ERK/MAPK
and activate transcription factors such as Ca®'/cAMP
response element binding protein (CREB).

9.5. CREB

CREB is a transcription factor that binds to cAMP-
responsive elements (CRE) in the promoter region of target
genes and modulates their expression. PKA, Ca*"/calm-
odulin-dependent kinases or MAPK can phosphorylate
CREB at Ser'*? and induce its transcriptional activity
(Meyer and Habener, 1993; Sheng et al., 1991).

CREB has been associated with opioid abuse (Shaw-
Lutchman et al., 2002). Indeed, CREB have been identified
to be activated by opioids in rodents brain (Guitart et al.,
1992; Nye and Nestler, 1996; Widnell et al., 1996; Gutstein
et al., 1998) and in cell cultures (Bilecki et al., 2004). It was
found that acute morphine administration decreased,
whereas withdrawal increased, the extent of CREB phos-
phorylation in the locus coeruleus (Guitart et al., 1992). On
the other hand, chronic morphine treatment increased the
levels of CREB protein while phosphorylated CREB was
not affected or even decreased (Widnell et al., 1994; Guitart
et al.,, 1992). In the nucleus accumbens, chronic, but not
acute, morphine treatment was found to decrease CREB
protein immunoreactivity (Widnell et al., 1996). CREB, is a
constitutively expressed transcription factor activated
through the cAMP pathway. Therefore, it was supposed
that the alterations in CREB activity following morphine
treatment were caused by the cAMP pathway activation
(Widnell et al., 1994; Coven et al., 1998). Acute exposure of
various cultured cells to mu-opioid receptor agonists
induced an inhibition of adenylate cyclase activity (Crain
and Shen, 1990; Chakrabarti et al., 1995, 1997). Prolonged
exposure led to tolerance while removal of opioids after
chronic exposure induced increase in cAMP levels (Chak-
rabarti et al., 1995; Avidor-Reiss et al., 1995). However,
despite the up-regulated cAMP system during chronic
morphine treatment in Neuro2A MOR cells (Chakrabarti
et al.,, 1995; Chakrabarti et al., 1997), CREB phosphor-
ylation was reduced down to control levels (Bilecki et al.,
2004). Furthermore, studies with the cultured CATHa cells
(that have many properties of locus coeruleus neurons)

showed that up-regulation of the cAMP pathway was
accompanied by a decrease in CREB immunoreactivity
and CRE binding (Widnell et al., 1994). These results are in
opposition to the increased CREB level in the locus
coeruleus during chronic morphine treatment.

Activation of protein kinase C was reported to cause
desensitization of opioid-induced K* and Ca*"-activated CI
currents (Mestek et al., 1995; Ueda et al., 1995). In addition,
chronic activation of the mu-opioid receptors in Neuro2a
MOR cells resulting in the loss of the response to agonists
has been attributed to PKC activation (El Kouhen et al.,
1999). Thus, it is noteworthy that an opioid-induced
increase in protein kinase C activity has been linked to the
development of tolerance to opioids (Narita et al., 1994).
Interestingly, protein kinase C plays an important role in the
control of neurite outgrowth, which requires the CREB/
ATF1 family of transcription factors (Shimomura et al.,
1998). In NG108-15, neuroblastomaxglioma cells and in
Neuro2a MOR cultured cells, acute morphine administra-
tion, via delta- and mu-opioid receptors, respectively,
stimulated CREB phosphorylation (Bilecki and Przewlocki,
2000; Bilecki et al., 2004). This stimulation did not involve
the cCAMP pathway, but required Ca”*, calmodulin and
activation of protein kinase C (PKC) (Bilecki and Przew-
locki, 2000). Thus, the induction of CREB by acute opioids
may involve the activation of PKC.

Chronic exposure to opiates gradually increases cAMP-
dependent protein kinase (PKA) activity in the brain
(Terwilliger et al., 1991) and, therefore, opioid withdrawal
increases the extent of CREB phosphorylation (Guitart et
al.,, 1992). Furthermore, in Neuro2a MOR cells, opioid
withdrawal also elevated phosphorylated CREB (Bilecki et
al., 2004). The activation of CREB was antagonized by
PKA inhibitor indicating that the up-regulation of the cAMP
pathway is in fact responsible for CREB phosphorylation
during withdrawal. Thus, it is likely that PKA signaling may
mediate CREB activation during opioid withdrawal while
PKC pathway appears to be responsible for CREB
phosphorylation following acute morphine treatment.

Furthermore, we demonstrated recently that the alter-
ations in CREB phosphorylation following opioid treat-
ment were accompanied by changes in CRE DNA binding
activity (Bilecki et al., 2004). CREB binds CREs
independently of its state of dimerization (Waeber and
Habene, 1991; Richards et al., 1996), and morphine does
not affect total CREB protein level, which suggests
involvement of other factors, possibly activating tran-
scription factor (ATF); ATF-2 or ATF-2:c-Jun dimers. The
binding of these factors to various CRE motifs is similar
to, or stronger than that of CREB, and the strength of their
DNA-binding in vitro correlates with their capacity for
transactivation (Benbrook and Jones, 1990). It is worth
noticing that, upon the prolonged morphine-treatment,
CRE DNA binding activity, like CREB phosphorylation,
was also reduced down to control levels. Precipitation of
morphine withdrawal in vitro in Neuro2a MOR cells led to
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an increase in CREB phosphorylation as well as CRE
DNA binding activity.

The activation of CREB as well as an increase in CRE
DNA binding activity during withdrawal, along with the
lack of changes after chronic treatment might suggest that
CREB may form the cellular basis of tolerance and
dependence (Bilecki and Przewlocki, 2000; Bilecki et al.,
2004; Shaw-Lutchman et al., 2002; Chartoff et al., 2003).

CREB phosphorylation at Ser'** is necessary for tran-
scriptional activation, but under some conditions, this
phosphorylation is inadequate to drive transcription (Lee et
al., 1990). Therefore, functional significance of the alte-
rations in CREB phosphorylation and CRE DNA binding
activity, i.e. their linkage to the regulation of gene
expression, needed further confirmation, whether opioids
enhance CRE-dependent transcriptional activation. Acute
treatment of Neuro2a MOR cells transiently transfected with
4xGluCRET8Luc which expresses basal luciferase activity,
with mu-opioid receptor selective ligand, DAMGO en-
hanced CRE-dependent transcriptional activation and this
effect coincided with the increased phosphorylation of
CREB as well as its binding to DNA (Bilecki et al.,
2004). It thus suggests that acute effect of opioids on CREB
phosphorylation/CRE DNA binding may result in alterations
in gene expression. After chronic morphine treatment, CRE-
dependent transcriptional activation was normalized as it did
with CREB phosphorylation and DNA binding. Further-
more, precipitation of opiate withdrawal in Neuro2a MOR
cells led to a small but substantial increase in CRE-
dependent transcriptional activation. Regional and cellular
mapping of CRE-mediated transcription has recently
revealed an increased CRE-dependent P-galactosidase
expression during chronic morphine treatment and morphine
withdrawal both in the locus coeruleus and nucleus
accumbens (Shaw-Lutchman et al., 2002). Experiments
with the use of CRE-LacZ reporter mice showed that
morphine activated CRE-mediated transcription in the
nucleus accumbens shell (Barrot et al., 2002). These studies
suggest that CREB in the shell of nucleus accumbens has an
important role in the brain’s reward pathways, and local
manipulations of CREB activity may affect morphine
reward. Furthermore, Shaw-Lutchman et al. (2002) per-
formed regional and cellular mapping of the 3-galactosidase
expression and demonstrated decrease-following acute
morphine and increase of B-galactosidase expression during
naltrexone-precipitated morphine withdrawal in the
extended amygdala. Thus, the studies indicate that CRE-
dependent expression may contribute to neuronal plasticity
upon acute and chronic morphine alterations of brain
homeostasis.

9.6. Activator protein AP-1
Phosphorylated CREB activates the transcription of c-fos

and in result transcriptionally active dimers of Fos/Jun
protein family which constitutes another transcription factor,

activator protein 1 (AP-1). Acute administration of mor-
phine causes c-Fos activation in some brain structures.
Induction of c-fos mRNA by morphine was seen in
dorsomedial caudate-putamen, several thalamic nuclei,
central grey, and nucleus tractus solitarius (Gutstein et al.,
1998). Acute morphine treatment induced Fos proteins and
AP-1 binding activity in the striatum and nucleus accum-
bens, the brain region implicated in the reinforcing proper-
ties of opiates (Liu et al., 1994). Furthermore, chronic
morphine treatment and the drug withdrawal increased
levels of the several Fos, Fras and of AP-1 binding activity
in rat striatum and nucleus accumbens (Couceyro and
Douglass, 1995; Nye and Nestler, 1996). These observation
indicated that acute morphine administration alters the gene
expression and AP-1 binding activity in several areas known
to involved in central effects of opioids. We have recently
found that acute opioid administration induced the AP-1
DNA binding activity in cultured Neuro2A MOR cells, that
was accompanied by the increase in the AP-1-dependent
transcriptional activation (Bilecki et al., 2004). The increase
in AP-1 binding activity and AP-1-dependent transcription
was also evident during withdrawal.

In summary, these data provide evidence for a direct
involvement of CREB and AP-1 transcription factors in the
regulation of gene transcription in response to opioids.
There is now compelling evidence that both acute and
chronic opioid administration appear to activate different
intracellular pathways which may result in alteration of gene
expression. It is important to notice that short-lasting acute
opioid signal can be transformed into long-lasting alter-
ations at the level of gene transcription that evokes a
cascade of genomic changes which may participate in the
mechanisms of development of opioid addiction. The
changes in brain CREB activity appear to be involved in
opioid effects, in particular tolerance and dependence
(Nestler, 1993; Widnell et al., 1994 Maldonado et al.,
1996). Thus, CREB and activator protein AP-1 act as an
integration point for both the acute and chronic opioid
action. Moreover, the strength and duration of their
activation act in concert with downstream transcriptional
responses.

10. Regulation of gene expression by opioids

Acute and chronic morphine administration leads to
dynamic changes in the immediate-early gene expression
in the nucleus accumbens, prefrontal cortex and in
several additional forebrain regions, including portions
of the extended amygdala. The altered expression of
transcription factors resulted in adaptive changes in the
expression of membrane receptors, channels, intracellular
signaling proteins and plethora of target genes within the
mesolimbic system (Przewlocka et al., 1994; Turchan et al.,
1997; Nestler, 2000; Kaewsuk et al., 2001; Ammon et al.,
2003).
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10.1. Striatum

Both acute and chronic morphine administration and
withdrawal were found to change abundance of several
genes in the nucleus accumbens and striatum. Treatment of
rats with morphine for 5 days was associated with a
reduction in the levels of striatal mRNA for the voltage-
sensitive K" channel suggesting the altered K conduc-
tance (Mackler and Eberwine, 1994). Furthermore, the
expression of glutamate transporter (GLT-1) mRNA was
significantly decreased in the striatum of morphine-
dependent rats, and significantly increased after the
naloxone-precipitated withdrawal (Ozawa et al., 2001). In
the striatum, a profound increase following chronic
morphine treatment was observed in the levels of synapsin
ITa mRNA, a neuron-specific phosphoprotein involved in
the regulation of neurotransmitter release (Matus-Leibo-
vitch et al., 1997). Finally, chronic morphine treatment
changed the expression of opioid peptide and their receptor
genes in the striatum and nucleus accumbens in rodents
(see above).

10.2. Amygdala

Little is known about the effects of morphine on gene
expression in the amygdala. (Pu et al., 1994) found that
chronic morphine treatment was associated with the
increased cholecystokinin mRNA hybridization signals in
each subnucleus of the rat amygdala. Furthermore, an
increase of the synapsin I mRNA levels in the amygdala
was found in the morphine-treated rats (Matus-Leibovitch
et al., 1995). Chronic exposure to morphine modified the
expression of corticotropin releasing factor (McNally and
Akil, 2002; Maj et al., 2003) as well as NMDARI in the
central and basolateral nuclei (Turchan et al., 2003).
Finally, acute morphine administration decreased the level
of MC4-R mRNA in the rat amygdala (Starowicz et al.,
2003).

10.3. Cortex

In the morphine-dependent rats, naloxone-precipitated
withdrawal induced a marked increase in the expression
of «a2a-adrenoceptor mRNA in the cerebral cortex
(Busquets et al.,, 1997). Some studies indicated that
morphine administration altered expression of certain
G-proteins in the cortex. Morphine given chronically
increased GBP 1 and Gap il and Gap i2 mRNAs levels
in the rat prefrontal cortex (Kaewsuk et al., 2001), which
may influence the opioid signaling. Furthermore, acute
morphine increased G protein-coupled receptor kinase
(GRK) mRNA levels in the cerebral cortex (Fan et al.,
2002). On the contrary, chronic morphine treatment
resulted in down-regulation of GRK2 expression in the
cerebral cortex (Fan et al., 2002). GRK may cause
desensitization of opioid signaling, which plays an

important role in opioid tolerance. Thus, morphine not
only induces a negative feedback regulation of its signals
through the activation of GRK, but also via controlling
the levels of GRK gene expression. Furthermore, chronic
morphine treatment and withdrawal induce up-regulation
of c-Jun N-terminal kinase 3 gene expression in the rat
frontal cortex (Fan et al., 2003). Finally, expression of
glial cell-derived neurotrophic factor (GDNF) and its
receptors in the frontal cortex was increased significantly
after naloxone-precipitated morphine withdrawal (Zhou et
al., 2000).

10.4. Cellular models

Several studies analyzed the alteration of morphine-
dependent gene expression in cellular models of opioid
tolerance and dependence. In PC12 cells stably expressing
cloned mu-opioid receptor, opioid agonists increased
expression of RGS4, a G-protein signaling protein which
has been shown to modulate the function of some
heterotrimeric G-proteins by stimulating the GTPase activity
of G-protein o subunits (Nakagawa et al., 2001). The
increase in calmodulin III gene expression by mu-opioid
receptor stimulation was further demonstrated in PC12 cells
(Niu et al., 2000). Furthermore, endothelial cells obtained
from human vascular tissues treated with morphine
exhibited a down-regulation of estrogen receptor-p (Cadet
et al., 2002). Treatment of primary normal human astrocyte
cultures with morphine suppressed IL-8 and macrophage-
inflammatory protein-13 gene expression, whereas expres-
sion of their receptor genes, CCR3 and CCRS5, was
simultaneously enhanced (Mahajan et al., 2002). Metha-
done, a regimen for the treatment of opioid dependence, was
found to induce the expression of CCRS5, a co-receptor of
human immunodeficiency virus (HIV)/simian form of HIV
entry, on human CEM x174 lymphocytes (Suzuki et al.,
2002).

Taking together, opioid-induced alterations in gene
expression, in particular within the brain reward network,
may underlie the persistence of opioid addiction and
addictive behavior (Nestler and Aghajanian, 1997). Identi-
fication of groups of genes which orchestrated the dysre-
gulation of the brain reward system is now possible by use
of gene chips microarrays.

11. Gene expression profiling
11.1. Striatum

Loguinov et al. (2001) using Affymetrix microarrays
(GMS 417; Affymetrix) analyzed a gene expression profile
in the striatum of mice after a single injection of morphine.
It was found that two groups of genes encoding proteins
involved in mitochondrial respiration and cytoskeleton-
related proteins were transiently down-regulated.
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More recently, another study was concerned with the
long-lasting changes in gene expression after intermittent
exposure to morphine in the rat (Spijker et al., 2004). The
authors studied the expression profiles of 159 genes in the rat
nucleus accumbens during 2-week exposure to the same
daily dose of morphine (10 mg/kg s.c.) and after 3 weeks of
drug abstinence. This study showed profound changes in
gene expression occurring not only during chronic exposure,
but also long after cessation of morphine treatment. The
authors believe that stage-specific expression of genes may
have a role in the reorganization of neuronal networks and
the resulting behavioral state that is apparent upon long-term
abstinence. Furthermore, Jacobs et al. (2004) compared the
genomic response in the rat nucleus accumbens shell after
long-term withdrawal from active and passive heroin
administration. They investigated long-term changes in gene
expression in the rat nucleus accumbens using a heroin SA
paradigm and found several genes with altered expression
following prolonged heroin self-administration. Interest-
ingly, the authors found several genes to be down-regulated
by heroin and indicated few putative genes, such as GDNF or
ARPP-21, which changed differentially upon heroin self-
and forced-administration.

11.2. Cortex

Recent study demonstrated that chronic morphine admin-
istration elicited profound increases in expression of genes
encoding heat shock proteins (hsp70, hsp 27, hsp 40, hsp105,
GRP78), while the precipitated withdrawal induced the
expression of several transcription factors (krox20, CREM,
NGFI-B, IkB) in the prefrontal cortex of rats subjected to
non-contingent morphine injections (Ammon et al., 2003).
Persistent changes in gene expression upon withdrawal were
seen in few genes involved in synaptic activity, such as Arc
and splice variant of Homer 1, Ania-3 as well as rPer2, a
protein involved in regulation of circadian rhythms.

11.3. Amygdala

Morphine and other drugs of abuse activate immediate-
early gene expression in several additional forebrain
regions, including portions of the extended amygdala.
The amygdala has been implicated in a range of brain
functions involved in addictive or associated behaviors, in
particular heroin-induced reinstatement of extinguished
heroin seeking behavior (Fuchs and See, 2002). However,
little is known about neuroadaptive changes in specific
gene expression in this brain region. In our present study
(Rodriguez Parkitna et al., 2004, in press) using Affyme-
trix gene arrays, we found several mRNAs whose
abundance was regulated in the rat amygdala by chronic
morphine administration. The expression of gamma-
aminobutyric acid (GABA), <yl receptor subunit was
decreased by morphine self-administration. The y1 sub-
unit is the least abundant of three variants of -+l

containing receptors, which appear to be insensitive to
benzodiazepines (Mehta and Ticku, 1999). This decrease
was evident in self-administering rats while the increase
was observed in yoked morphine-treated rats after a 30-
day morphine withdrawal. Interestingly, GABA, receptor
vl subunit expression was down-regulated by acute
treatment, but profoundly up-regulated by chronic mor-
phine and further increased after 2 days of withdrawal
from chronic intermittent morphine administration. In line
with these observations, in the chronic intermittent
ethanol model of alcohol dependence, an increase in vyl
mRNA abundance was observed in the hippocampus
(Cagetti et al, 2003), while similar alterations in the
cerebral cortex (Devaud et al., 1995; Devaud et al., 1997)
were previously reported. Thus, the changes in abundance
of the GABA4 receptor -yl subunit determining functional
properties of GABA receptor might be relevant to the
liability of morphine as well as ethanol to produce
dependence and withdrawal syndrome. Furthermore, the
increase in GABA, vyl subunit was also detected in the
locus coeruleus after morphine withdrawal in the rat
(Heikkila et al., 2001). Interestingly, recent study demon-
strated that the functional conductance properties of the
rat ventral tegmental area cells containing GABA,
receptor switch from an inhibitory to an excitatory
signaling mode after chronic opiate exposure and sub-
sequent withdrawal (Laviolette et al., 2004).

The increase in mRNA abundance in the amygdala
after morphine administration was observed particularly
among cellular-stress related genes (hsp70, hsp27 and
crystalline) (Rodriguez Parkitna et al., 2004). Changes in
abundances of the heat shock proteins mRNAs suggest
that morphine administration activates the response to
cellular stress or may reflect cellular reaction to proa-
poptotic effect of morphine (Hu et al., 2002; Mao et al.,
2002). Few genes, noggin, N-cadherin, upstream binding
factor-2 (UBF2) and PKC <y, demonstrated by the arrays
to be down-regulated by morphine, appear to be involved
in neurogenesis. The role of these changes more likely
consists in the regulation of plasticity rather than neuro-
genesis. UBF2 was shown to act as a transcription factor
for the RNA polymerase Il and to be associated with the
Wnt/pB-catenin pathway like N-cadherin and PKC kinases
(Grueneberg et al., 2003). Therefore, the results may
suggest the involvement of the Wnt pathway in the
development of addiction. This is further substantiated by
previously reported changes in mRNA abundances of two
main proteins involved in Wnt signaling, B-catenin in the
hippocampus upon cocaine administration (Freeman et al.,
2001a) and glycogen synthase kinase 3 in the nucleus
accumbens shell after heroin self-administration (Jacobs et
al., 2002). Another interesting gene which was down-
regulated upon morphine administration was NF-1 I/A
which encodes a variant of the CAAT-box binding
protein, a component of the basic transcription complex
(Rodriguez). Yet after the 30-day recovery period, there
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was a clear increase in its mRNA level in the rats that
underwent the self-administration procedure. Interestingly,
the NF I/A was reported to be up-regulated in the rat
forebrain (Yuferov et al., 2003) and nucleus accumbens
(Freeman et al., 2001b) after administration of cocaine.
Further experiments are needed to establish the role of the
above-mentioned genes in the molecular action of
morphine.

Research of the last years has brought large progress in
our understanding of adaptive changes produced by opiates.
The repeated administration of opioids can induce prolonged
changes in brain functions. Several points are of key
significance to these changes. Firstly, the protracted expo-
sure to addictive drugs leads to adaptations in the structure of
dopaminergic neurons in the reward system. Secondly, there
are adaptations in the intracellular steps of the cascade
downstream of the opioid receptors including G proteins,
protein kinases, and phosphorylation and activation of
different cellular proteins. They lead to alterations in the
expression of transcription factors and target genes, deter-
mining the plasticity and alterations of the cells in the
nervous system. These long-lasting changes in gene expres-
sion can underlie opioid tolerance and dependence, and,
consequently, opioid abuse. Identification of the candidate
genes should at least partly determine susceptibility to the
addiction and recognize targets for future therapy.
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