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Abstract

The paper deals with the involvement of endocannabionid brain system in dopamine
mechanisms of behavioural sensitization to psychostimulants. The development and manifestation
of behavioural sensitization to methamphetamine are described. Results obtained in our previous
studies, showing an interaction between the endocannabinoid system and methamphetamine
brain mechanisms, in the rat intravenous drug self-administration model and with qPCR CB1
mRNA expression, are discussed.
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Psychostimulants elicit during repeated administration behavioural sensitization, a
phenomenon characterised by a gradually increasing response to the drug. It has been
described that the crucial importance for reward-related effects of abused drugs is associated
with dopamine; furthermore, that structures involved in development of sensitization to
psychostimulants are parts of the midbrain; and finally, that dopamine D1 and D2 receptors
play critical roles in the development of altered behavioural response. In addition,
there is accumulated evidence suggesting that various aspects of drug dependence are
regulated also by endocannabinoid system. The endocannabinoid system consists of two
cannabinoid receptors (CB1, CB2), endogenous cannabinoids, and the molecules involved
in the inactivation of endocannabinoids. A reciprocal crosstalk is reported between the
cannabinoid CB1 and dopamine receptors, which are highly co-localized on brain neurons.
This supports other findings suggesting the involvement of endocannabinoid system in
dopamine mechanisms underlying behavioural sensitization to psychostimulants. This
article shortly reviews the roles of dopamine and endocannabinoid system in processes of
behavioural sensitization.

Repeated administration of various drugs of abuse may result in an increase in behavioural
response to these substances. This phenomenon is well known and described as behavioural
sensitization (Robinson and Berridge 1993; Ohmori et al. 2000). Sometimes it is also
called “reverse tolerance” in contrast to tolerance (a decreasing response after repeated drug
administration). Behavioural sensitization is usually manifested after both repeated doses
and application of a “challenge dose” administered after a certain period of withdrawal.
Behavioural sensitization is believed to be caused by persistent adaptations in striatal
neurotransmission associated with repeated exposure to drugs of abuse, and is thought
to play an important role in certain aspects of drug addiction (Vanderschuren et al.
2001). For the development of behavioural sensitization in experimental models, intervals
of drug administration are very important. Whereas tolerance occurs after continuous
administration or after application of doses given in short intervals, development of
sensitization is conditioned by administration of the substance in longer intervals, usually
a minimum of 24 hours (Kalivas and Stewart 1991). Although behavioural sensitization
in rodents has long been considered a model for the development of psychosis, recent
reviews have underlined its potential importance as a model for the intensification of drug
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craving that characterizes addiction and promotes relapse (Robinson and Berridge 1993;
Di Chiara 1995; Emmett-Oglesby 1995).

Under experimental circumstances the sensitization can be elicited to behavioural effects
of majority of drugs of abuse in laboratory rodents. Thus behavioural sensitization has been
described for instance in relation to amphetamine (Costa et al. 2001), cocaine (Elliot
2002), MDMA (Kalivas et al. 1998), opioids (De Vries et al. 1999), cannabinoids
(Cadoni et al. 2001) or nicotine (Shoaib et al. 1994).

It is also well-known that an increased response to tested drug may be elicited by previous
repeated administration of a drug different from the “challenge dose” of the drug tested.
This phenomenon is termed cross-sensitization and it has been observed for example with
tetrahydrocannabinol to morphine (Cadoni et al. 2001), heroin (Lamarque et al. 2001)
or with morphine to methamphetamine (Landa et al. 2004). Thus not only behavioural
sensitization (as mentioned above) but also cross-sensitization is considered to reinstate
drug-seeking behaviour (De Vries et al. 2002).

Manifestation of behavioural sensitization

The most frequent features of sensitization observed are stimulatory effects of drugs. In
laboratory rodents an increase in locomotor/exploratory activities is considered as the most
common symptom of behavioural sensitization. Besides this, sensitization can occur to some
other types of behaviour, such as stereotypic sniffing, head movements or rearing (Laviola et
al. 1999), nose rubbing (Landa et al. 2005; Landa et al. 2008) and defensive-escape activities
(Votava et al. 2002). However, there also are reports on sensitization to inhibitory drug actions
such as catalepsy (Lanis and Schmidt 2001) or an anti-aggressive effect during social conflict
in mice after repeated administration of methamphetamine (Landa et al. 2006b).

Although most research has focused on the characterization of sensitization to the
behavioural effects of psychomotor stimulants in laboratory rodents, recent studies carried
out on healthy human subjects, as well as drug users, suggest that behavioural sensitization
also occurs in human beings (Strakowski et al. 1996; Bartlett et al. 1997). Strakowski
et al. (1996) for example described behavioural sensitization after repeated administration
of amphetamine in human volunteers that was manifested by increased activity and energy,
elevated mood and speech rate (rate and amount).

There is increasing evidence indicating that behavioural sensitization can be parcelled into
two temporally defined domains, called development (or initiation) and expression (Kalivas
et al. 1993). The term “development” of behavioural sensitization refers to the progressive
molecular and cellular alterations that culminate in a change in the processing of environmental
and pharmacological stimuli by the CNS. These alterations are transient and may not be
detected after a few weeks of withdrawal (Kalivas et al. 1993). The term “expression” of
behavioural sensitization is defined as enduring neural changes that arise from the process of
development an that directly mediate the sensitized behavioural response (Pierce and Kalivas
1997). Various data indicate that these processes are distinct not only temporally but also
anatomically. Development of behavioural sensitization to psychostimulant drugs occurs in the
ventral tegmental area and substantia nigra, which are the loci of dopamine cells in the ventral
midbrain that give rise to the mesocorticolimbic and nigrostriatal pathways. In contrast, the
neuronal events associated with the expression are distributed among several interconnected
limbic nuclei that are centred on the nucleus accumbens (Pierce and Kalivas 1997).

Neuronal basis of behavioural sensitization and cross-sensitization to drugs -
relevant anatomical structures and neurotransmitters

As can be seen from previous text, many studies indicate that behavioural sensitization has
a neural basis and that the neuronal circuit important for behavioural sensitization consists
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of various structures in the central nervous system. It involves particularly dopaminergic,
glutamatergic and GABAergic projections between ventral tegmental area, nucleus
accumbens, prefrontal cortex, hippocampus and amygdala. The mesolimbic dopaminergic
projection from the ventral tegmental area to the nucleus accumbens seems to be of crucial
importance for reward-related effects of drugs of abuse (Kalivas et al. 1993). It has been
proved that brain dopamine D1 receptor concentrations were selectively increased in the
nucleus accumbens of methamphetamine users (Worsley et al. 2000). Furthermore, the
mesolimbic and nigrostriatal dopamine systems also participate at the reinforcing and
locomotor-stimulating effects of psychostimulant drugs (Wise and Bozarth 1987). Several
reports suggest that the mesoaccumbens and nigrostriatal dopamine systems play a crucial
role in both the development and expression of drug-induced behavioural sensitization.
The locus of the development of behavioural sensitization is situated at the level of the
midbrain dopamine cell bodies because for instance repeated treatment with amphetamine
given into the ventral tegmental area or substantia nigra, but not the nucleus accumbens,
neostriatum or prefrontal cortex, sensitizes rats to a subsequent peripheral challenge
injection of amphetamine or cocaine (Vezina and Stewart 1990; Cador et al. 1995).
Whereas these and other data suggest that the ventral tegmental area/substantia nigra is an
important locus for the development of sensitization (Kalivas and Stewart 1991), it has
been suggested, based on neurochemical and electrophysiological changes in dopamine
transmission that for the expression of behavioural sensitization to psychostimulants
nucleus accumbens plays the crucial role.

Gorriti etal. (1999) reported that when the animals were allowed 24 hours of withdrawal
after the last (-) — A9 — tetrahydrocannabinol dose administered in a 14 day lasting design of
treatment, behavioural sensitization to the acute effect of amphetamine could be observed
similarly as in previous study of Moss et al. (1984). This was in contrast to effects of
acute exposure to (-)-A9—tetrahydrocannabinol which attenuated the psychomotor
stimulation elicited by amphetamine, and chronic cannabinoid administration led to
development of tolerance to these effects. These data support the existence of interactions
between monoaminergic neurons (particularly dopamine) and the endogenous cannabinoid
system which is nowadays under the intense scientific investigation of both endogenous
cannabinoids and their specific receptors.

The endocannabinoid system

Tissues of mammals contain at least two types of cannabinoid receptors. The first one,
CBI1 cannabinoid receptor was cloned in 1990 (Matsuda et al. 1990) and the second one,
CB2 cannabinoid receptor, was cloned in 1993 (Munro et al. 1993). CB1 receptors are
present in the central nervous system and also in some peripheral tissues such as pituitary
gland, immune cells, reproductive tissues, gastrointestinal tissues, sympathetic ganglia,
heart, lung, urinary bladder and adrenal gland (Pertwee 1997). In contrast, CB2 receptors
are found in highest density in immune cells, particularly B-cells and natural killer cells
(Pertwee 1997).

For both CB1 receptor and CB2 receptor endogenous agonistic ligands have already
been also described and they are as follows: arachidonoyl ethanolamide (anandamide)
(Devane et al. 1992), 2—arachidonoyl glycerol (Mechoulam et al. 1998) and 2—
arachidonyl glyceryl ether (noladin ether) (Hanus et al. 2001). Anandamide acts as a
partial cannabinoid receptor agonist with marginally higher CB1 than CB2 affinity but
much less CB2 than CB1 efficacy (Pertwee 1999, 2000).

As mentioned above, the crucial importance for reward-related effects of drugs of abuse
is associated with dopamine. This well known neurotransmitter acts through specific
dopamine receptors. The dopaminergic receptors are divided into D1 and D2 groups.
The D1 group consist of D1 and D5 receptors, which are positively linked to adenylate
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cyclase. The D2 group consists of D2, D3 and D4 receptors (von Bohlen und Halbach
and Dermietzel 2002). D1 receptors are expressed among other in the mammalian
forebrain, in the striatum, the amygdala, the mesencephalon, the hypothalamus and the
hindbrain. Similarly, D2 receptors are widely distributed within the brain, too (striatum,
mesencephalon, hypothalamus and hippocampus).

Following the results obtained in one of our previous studies, showing an interaction
between the endocannabinoid system and methamphetamine brain mechanisms in the
rat intravenous drug self-administration model (Vinklerova et al. 2002), we further
investigated whether repeated pre-treatment with cannabinoid receptor ligands in mice
would affect their response to methamphetamine challenge dose in the open-field test (Landa
et al. 2006a). We elicited cross-sensitization to methamphetamine after pre-treatment
with CB1 receptor agonist methanandamide (a synthetic analogue of endocannabinoid
anandamide) and on the contrary, we were able to block sensitization to methamphetamine
by repeated pre-treatment with cannabinoid CB1 receptor antagonist AM 251. These
results clearly suggested that the activity of the endocannabinoid system is involved in the
neuronal circuitry underlying the development of sensitization to methamphetamine. There
are preliminary studies (Landa and Jurajda 2007ab) with limited number of animals
where using qPCR an increase in CB1 mRNA expression after both methamphetamine
and methanandamide first doses followed by decrease in CB1 mRNA expression observed
after the challenge dose of methamphetamine in sensitized animals were demonstrated.
Since the interaction between the endocannabinoid system and methamphetamine brain
mechanisms and the reciprocal crosstalk reported between the cannabinoid CB1 and
dopamine receptors, it would be worthwhile to further investigate the relative expression
of CBI, D1 and D2 receptors in a structure involved in the sensitization processes
(i.e. mesencephalon) during both the development and expression of this process.

Zapojeni endokanabinoidniho systému v dopaminovych mechanismech rozvoje
behavioralni senzitizace k psychostimulanciim

Clanek si klade za cil poukazat na recentni idaje o funkci endokanabinoidniho systé-
mu v rozvoji behavioralni senzitizace k latkdm s psychostimulacnim ucinkem. Jsou po-
psany mechanismy vzniku, zapojeni jednotlivych mozkovych struktur a dopaminergnich
mechanismi nezbytnych pro rozvoj behavioralni senzitizace k metamfetaminu. Dale jsou
zminovany vysledky piedchozich experimentalnich studii (intravendzni self-administrace
metamfetaminu na potkanim modelu a stanoveni exprese CB1 receptort u mysi), které po-
tvrzuji interakce mezi endokanabinoidnim systémem a rozvojem behavioralni senzitizace
k metamfetaminu.
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