
Ž .Molecular Brain Research 71 1999 313–324
www.elsevier.comrlocaterbres

Research report

Acute injection of drugs with low addictive potential
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/acid diamide causes a much higher c-fos expression in limbic brain
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Martina Erdtmann-Vourliotis 1, Peter Mayer 1, Uta Riechert, Volker Hollt )¨
Institute for Pharmacology and Toxicology, Otto-Õon-Guericke UniÕersitat Magdeburg, Leipziger Str. 44, 39120 Magdeburg, Germany¨

Accepted 15 June 1999

Abstract

It is regarded as a common pharmacological property responsible for the addictive potential of drugs of abuse that they are able to
activate brain areas involved in the sensation of pleasure, especially the nucleus accumbens. To investigate the connection between
addictive potential and stimulation of critical brain areas in more detail, we studied c-fos accumulation in response to various addicting
drugs in direct comparison. The substances were injected into drug-naive rats, and c-fos mRNA levels were measured throughout the
brain by in situ hybridization. Cocaine in a high dose of 50 mgrkg yielded only a discrete c-fos expression in the medial and central

Ž . Ž 9 .striatum. Morphine 50 mgrkg caused a weak c-fos synthesis in the lateral septum. THC D -tetrahydrocannabinol , 25 mgrkg, induced
Žc-fos mRNA again in the lateral septum and furthermore in large parts of the striatum including the nucleus accumbens. LSD lysergic

.acid diamide , 1 mgrkg, elicited a similar c-fos expression pattern as THC, but there was additionally a very strong hybridization signal
in the cerebral cortex, especially in the upper layers, and in the ventral part of the periaqueductal gray. The widest range of brain areas

Ž .was activated by MDMA 3,4-methylenedioxymethamphetamine, ‘ecstasy’ , 6 mgrkg. In addition to the regions that responded to LSD,
there was a very pronounced c-fos signal in the nucleus accumbens core and shell and in the mammillary nuclei. Taken together, our
study revealed that the drugs with the highest addictive potential, cocaine and morphine, yielded a very low c-fos synthesis throughout the

Ž .brain whereas the brain regions closely linked to pleasure especially the nucleus accumbens responded strongly to drugs with an
Ž .apparently lower addictive potential THC, LSD, MDMA . q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Substances that are abused for their psychoactive prop-
erties differ largely in their chemical constitutions and in

Žtheir pharmacological targets. For example, MDMA 3,4-
.methylenedioxymethamphetamine , which is also known

as ecstasy and acts as a psychostimulant as well as a
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psychedelic agent, represents an indirect agonist at sero-
w xtonin and dopamine synapses 27,28 . The hallucinogen

Ž .LSD lysergic acid diamide is a direct agonist on sero-
tonin receptors. Cocaine blocks the reuptake of dopamine

w x Ž 9 .and norepinephrine 22 . THC D -tetrahydrocannabinol
and morphine are agonists on specific G-protein coupled
receptors for endogenous neurotransmitters or neuromodu-

w xlators 11,24 . Hence, it is not obvious as to what the
common pharmacological property of all these mentioned
compounds is that makes drugs abused. It is assumed that
they all activate the same brain areas, directly or indirectly,
which are involved in the representation of pleasurable
sensations and might therefore be responsible for addictive
behaviour. One brain area, the nucleus accumbens, was
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Fig. 2. Induction of c-fos expression by the application of 10 mgrkg or 50 mgrkg cocaine. The figure shows photographs from five different coronal
Ž .sections of the brain from top to bottom after in situ hybridization for c-fos. Left column, 10 mgrkg cocaine, right column, 50 mgrkg cocaine.

Schematic drawings to identify important brain areas on the depicted slices are provided in Fig. 5.

Fig. 1. Induction of c-fos expression in control rats that received saline instead of a drug. Shown are the results of the in situ hybridization for c-fos on
Ž . Žsections from six different coronal levels of the brain from top to bottom from two different animals of this treatment group left and right column,

.respectively . Schematic drawings to identify important brain areas on the depicted slices are provided in Fig. 5.
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Fig. 3. Induction of c-fos expression by the application of 50 mgrkg morphine. The figure shows photographs from five different coronal sections of the
Ž . Ž .brain from top to bottom after in situ hybridization for c-fos from two different animals of this treatment group left and right column, respectively .

Schematic drawings to identify important brain areas on the depicted slices are provided in Fig. 5.

Ž .Fig. 4. Induction of c-fos expression by the injection of 6 mgrkg MDMA ‘ecstasy’ . The figure shows photographs from six different coronal sections of
Ž . Ž .the brain from top to bottom after in situ hybridization for c-fos from two different animals of this treatment group left and right column, respectively .

Schematic drawings to identify important brain areas on the depicted slices are provided in Fig. 5.
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already identified as a common target for stimuli that are
w xlinked to pleasure 1,4,12,34,35 and, as a possible conse-

w xquence, to addiction 10,21 . To search for brain areas that
are activated in correlation with the application of a drug
of abuse, we investigated c-fos mRNA expression by in
situ hybridization in rats that have received a single injec-
tion of an addictive drug. The substances tested ranged
from morphine and cocaine, which are regarded as highly

Žaddicting to drugs with lower addictive potential MDMA,
.LSD and THC which do usually not cause the loss of a
w xproductive life 22 . The doses of the drugs that we used in

this study were derived from our previous experiments
with morphine which revealed that detectable changes in
gene expression usually require much higher doses of the
drug than behavioural tests do to yield unequivocal results.
Therefore, the dose of each drug was increased four to five
times as compared with the doses often used in drug

Ždiscrimination experiments see for example, Refs.
w x .17,29,30 for MDMA, LSD and cocaine, respectively .

2. Materials and methods

2.1. Animals

The experiments were conducted with male Wistar rats
Ž Ž ..Shoe:Wist Shoe . The animals were housed in groups of
five rats per cage under controlled laboratory conditions in

Ž . Ž .a light- 12 h onr12 h off , temperature- 20"28C and
Ž .relative air humidity- 55–60% controlled environment

with free access to food and water.
Ž . ŽAnimals received either one saline ns4 , MDMA 6

. Ž . Žmgrkg; ns3 , LSD 1 mgrkg; ns2 , THC 25 mgrkg;
. Ž .ns2 , cocaine 10 mgrkg; ns3; resp. 50 mgrkg; ns3

Ž .or morphine 50 mgrkg; ns4 injection, i.p., 60 min
before decapitation. Immediately after the injection, the
rats were placed in new cages and thereby grouped accord-
ing to the substance they have received. Care was taken
not to bring together animals which were housed in differ-
ent cages before, which means that all animals which
received the same drug were familiar with each other.

The injection of the drugs had the expected pharmaco-
logical effects in terms of behaviour. MDMA elicited a
somewhat stereotypical behaviour like crawling and there
was salivation. LSD injection caused interrupted crawling,
strong salivation and piloerection. After the application of
THC, the rats were sedated. Cocaine induced increased

locomotion including frequent rearings in both doses. Mor-
phine had a highly sedating effect.

2.2. In situ hybridization

In situ hybridization for c-fos was performed as de-
w xscribed recently 6,7 . All of the sections were processed in

the same round of in situ hybridization. In brief, 15 mm
thick frontal sections of the brains were fixated in 4%
paraformaldehyde for 30 min. An oligonucleotide with the
following sequence served as a probe: 5X-GCA GCG GGA
GGA TGA CGC CTC GTA GTC CGC GTT GAA ACC

X w xCGA GAA-3 14 . It was radiolabelled with deoxyadeno-
Xw w35 x xsine 5 alpha- S thio triphosphate using the terminal de-

oxynucleotidyltransferase reaction. Hybridization was per-
formed over night at 428C. Thereafter, the sections were
washed four times at 558C in 1=SSC. Finally, the slices
were dried and exposed to X-ray films for 26 days.

w xBy using our standard protocol as published earlier 7 ,
we achieved a very even in situ hybridization with a low
variation between the animals of the same treatment group.
To allow an estimation of this variation, we will depict
brain slices from two animals for each substance applied in
Section 3. An independent series of experiments yielded
the same findings.

3. Results

The following c-fos expression patterns in the brain
were observed 60 min after an acute dose of the drugs
listed below. As a control, saline instead of a drug was
injected.

Saline controls were included to determine c-fos ex-
pression due to stress of handling and injection or due to
novelty. They showed c-fos mRNA synthesis in the fol-

Ž .lowing brain areas in the order of decreasing intensity : in
the piriform cortex, in the pontine nuclei, in the entorhinal
cortex, in the cerebellum, in the claustrum, in the cingulate
and frontal cortices, in the dorsal thalamus, in the dorso-
medial part of the striatum, in the geniculate nuclei and in

Ž .the posteromedial cortical nuclei of the amygdala Fig. 1 .
For the description of the drug effects, the brain regions
that already appeared after saline application will be omit-
ted.

Cocaine application in a high dose of 50 mgrkg led to
weak c-fos expression as compared with the other drugs
and was hardly to distinguish from saline background

Fig. 5. Schematic drawings corresponding to the coronal sections shown in Figs. 1–4, 6 and 7. To identify important brain regions, sketches were adapted
w xfrom Ref. 23 and representative structures were indicated as follows: Cg, cingulate cortex; Fr, frontal cortex; Par, parietal cortex; In, insular cortex; Str,

striatum; AC, core of the nucleus accumbens; ASh, shell of the nucleus accumbens; Cl, claustrum; lSep, lateral septal nuclei; cc, corpus callosum; pv,
paraventricular hypothalamic nucleus; Hip, hippocampal formation; Mam, mammillary nuclei; CG, central gray; Pn, pontine nuclei.
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Ž .Fig. 2F–J . Only medial and central aspects of the stria-
tum appeared slightly stronger in cocaine-treated vs.

Ž w xsaline-treated animals compare Fig. 1B,C,H,I saline with
w x.Fig. 2G,H 50 mgrkg cocaine . A dose of 10 mgrkg had

Ž .no clear effect Fig. 2A–E .

Ž .Morphine even in a high dose of 50 mgrkg Fig. 3
revealed only a weak c-fos signal in the lateral septum
Ž .Fig. 3B,C,G,H in accordance with our previous findings
w x6 . The paraventricular nucleus of the hypothalamus also
showed a hybridization signal which apparently encom-

ŽFig. 6. Induction of c-fos expression by the application of 1 mgrkg LSD. Depicted are photographs from six different coronal sections of the brain from
. Žtop to bottom stained by in situ hybridization for c-fos. Slices from two different animals of this treatment group are shown left and right column,

.respectively . Schematic drawings to identify important brain areas on the depicted cerebral sections are given in Fig. 5.
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passed both magnocellular and parvocellular sections of
Ž .this nucleus Fig. 3D,I .

Ž .MDMA 6 mgrkg, Fig. 4 caused a strong c-fos expres-
sion in all cortical areas which was most intense in the

Župper layers layers two to four as revealed by comparison
.with Nissl-stained sections; not shown of the frontal and

parietal cortices. There was also pronounced c-fos expres-
sion in the dorsal and medial part of the striatum, and,
stronger than in the striatum, in the core and shell of the
nucleus accumbens. Furthermore, the lateral septum, the
paraventricular nucleus of the hypothalamus, the mammil-
lary nuclei and the ventral part of the central gray did also

Ždisplay a marked c-fos response for identification of the
.brain areas see schematic drawings in Fig. 5 . Notably, all

mentioned brain areas except dorsolateral and lateral parts
of the striatum and the parietal cortex belong to the limbic
system or are closely associated with it.

Ž .LSD 1 mgrkg, Fig. 6 induced c-fos mRNA in the
following parts of the brain: in all cortical regions, most
pronounced frontal and parietal and in the upper layers
Ž .layers two to four ; in the lateral septal area; throughout
the striatum including the nucleus accumbens; in the par-
aventricular nucleus of the hypothalamus; and in a circum-

Žscribed neuron population in the ventral central gray Fig.
.6F,L . The appearance of the latter structure may, as for

MDMA, be due to the high density of serotonin receptors
w xventral to the aqueduct 9 .

Ž .THC 25 mgrkg, Fig. 7 elicited c-fos expression in the
lateral septal area, in the paraventricular hypothalamic
nucleus, in the striatum, and, modestly, in the nucleus

Ž .accumbens Fig. 7A,F . Furthermore, in the mediodorsal
thalamic nuclei the c-fos expression appeared stronger than

Ž .in saline controls not shown .
The weak c-fos expression after cocaine application was

unexpected since many reports describe an intense signal
in response to this drug. However, to achieve this, a binge

Žinjection this means repeated applications within a short
.interval or similar repetitive regimens were often used to

w xinvestigate cocaine effects 25,32 . But the response to
repeated application apparently represents a kind of rapid
sensitization apart from the direct effect of the drug and
was for this reason not used in this work.

Taken together, most of the addictive drugs tested
induced a modest to strong c-fos expression in several
distinguished brain areas after the application of a single
dose. Strikingly, the only compounds that elicited a very
weak c-fos response were the two highly addicting drugs
morphine and cocaine.

Fig. 7. Induction of c-fos expression by the injection of 25 mgrkg THC.
The figure shows photographs from five different coronal sections of the

Ž .brain from top to bottom stained by in situ hybridization for c-fos.
Slices from two different animals of this treatment group are depicted
Ž .left and right column, respectively . Schematic drawings to identify
important brain areas on the slices shown are given in Fig. 5.
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4. Discussion

In the present work, a direct comparison of c-fos induc-
tion in response to different drugs of abuse was performed.
The findings may be summarized below.

First, MDMA, LSD and THC, i.e., the drugs with low
addictive potential, were able to stimulate c-fos synthesis
in many brain areas. In contrast, cocaine and morphine
induced only a very faint c-fos expression as compared
with the low addicting drugs and involved much less brain
areas.

Second, there was a marked overlap between the c-fos
expression patterns induced by the different compounds;
e.g., the nucleus accumbens, large parts of the striatum, the
lateral septum and the paraventricular nucleus of the hypo-
thalamus responded to MDMA, LSD and THC; further-
more, the central aspect of the caudate putamen responded
to cocaine, too; the lateral septum and the paraventricular
hypothalamic nucleus were also activated by morphine.

The observed expression patterns in response to THC
w xand MDMA 5 , respectively, were in accordance with

previous reports about FOS-like immunoreactivity distribu-
tion after application of these drugs. Cellular-fos mRNA

w xinduction by THC was investigated by Mailleux et al. 15
and FOS protein was studied with immunohistochemistry

w x w xby McGregor et al. 16 , Miyamoto et al. 19 and Porcella
w xet al. 26 . At a dose of 5 mgrkg, the c-fos expression

observed was relatively weak in the striatum. In the cingu-
late cortex, there was a marked c-fos expression already
under conditions of saline injection; this expression was
obviously further slightly enhanced by the injection of

w xTHC 15 . This is in good accordance with our findings.
We applied the fivefold dose of 25 mgrkg not to miss any
effect on c-fos expression and accordingly we observed a
more pronounced c-fos expression in the striatum and in
the cingulate cortex. A total of 6 mgrkg MDMA induced
a c-fos mRNA signal at the level of the striatum in our

w xexperiments similar to the results of Dragunow et al. 5
using immunohistochemistry. However, Dragunow et al.
w x5 applied a very high dose of 25 mgrkg. Moreover, we
identified several other brain regions which also responded
to MDMA application. No data are available about the
effect of LSD on c-fos expression.

The observed c-fos expression patterns after injection of
several drugs of abuse may be due to different causes.

First, brain areas could respond because they are rich in
the receptor for the respective drug. This is probably the
reason for the c-fos expression seen in the ventral peri-
aqueductal gray after an LSD or MDMA injection since
this part of the brain was found to contain large amounts

w xof serotonin 9 . Such a direct activation of the c-fos
pathway may also take place in the striatum after cocaine
application because of the high density of dopaminergic
synapses there.

Second, part of the c-fos synthesis may reflect the
response of the animal to the injection procedure and may

therefore represent either handling and injection stress or
novelty. These reasons for c-fos synthesis are independent
from the drug injected, and the corresponding hybridiza-
tion signals were therefore readily detected in our saline-
treated control rats.

Third, c-fos accumulation could be due to drug-induced
stress because we used relatively high doses of each
substance. The paraventricular hypothalamic nucleus con-

Ž .tains CRH corticotropin releasing hormone neurons and
will therefore be activated in stressful situations. This
nucleus was indeed stimulated by all drugs except cocaine.
However, it is not clear whether stress is aversive for the
animal in any instance. For example, it is conceivable that
the stimulating actions of ecstasy represent a sort of stress,
but these psychoactivating properties are obviously a ma-
jor reason for human abusers to take this drug.

Fourth, c-fos synthesis in the brain may reflect locomo-
tion. The strongest locomotor response was seen with
cocaine, but cocaine application yielded only a weak c-fos
accumulation, indicating that mere locomotion is not suffi-
cient to induce marked c-fos expression in the brain. On
the other hand, stereotypical behaviour could be a reason
for altered gene expression in the caudate putamen. A

Ž .similar stereotypic behaviour crawling was observed af-
ter LSD and MDMA but the pattern of c-fos expression in
the caudate putamen was different for each drug. LSD
yielded a relatively even signal in all parts of the striatum
whereas after MDMA application the nucleus accumbens
and centromedial aspects of the striatum appeared. There-
fore, it is unlikely that c-fos synthesis in the striatum
secondary to drug-induced stereotypical behaviour is a
major reason for the observed c-fos accumulation in re-
sponse to different substances.

To summarize the above considerations, the observed
c-fos expression patterns after the drug applications did not
match the distribution of the receptors for the respective
compound very well. On the other hand, secondary effects
such as c-fos synthesis induced by locomotion also seem
to play no major role. In consequence, the different drugs
probably activate neuronal pathways which converge onto
certain brain areas including parts of the caudate putamen
and the lateral septum to induce c-fos accumulation there.
An important role for the lateral septum in mediating
sensations of pleasure is implicated by the fact that it was
the first structure to be discovered which allowed electrical

w xself-stimulation in rats 18 .
The low c-fos expression in the nucleus accumbens and

in other parts of the brain in response to morphine and
cocaine implicates that stimulation of such reward areas
thought to correlate with the induction of pleasant feelings
by a drug is not necessary to render it highly addictive.
Although MDMA, LSD and THC are taken by abusers to
experience fun or pleasure and although these drugs elicit
molecular signs in rats which presumably correspond to
such emotions, the substances are not highly addictive in
the way that they do not cause the loss of a productive life
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w x22 . In contrast, morphine and cocaine, the classical highly
addictive drugs, had no major effect on the described brain
areas associated with pleasure if applied as acute doses. On
the other hand, both compounds are able to induce massive
and increasing drug craving in human beings, and, as an
experimental correlate, they are able to induce behavioural

w xsensitization 3,13,30,31,33 . A molecular form of sensiti-
zation towards morphine was described recently by Curran

w x w xet al. 2 and by our group 6,8 . Notably, the first report of
w xc-fos induction in response to morphine 14 was based on

a triplicate injection and not on a single dose of the
substance. Molecular sensitization at the level of c-fos

w xexpression was also described for cocaine 2,20 . There-
fore, it appears that it is not so important that brain areas
associated with reward are acutely activated by a ‘hard’
drug to explain its addictive potential but instead, it seems
to be the ability of the substance to elicit sensitization in
certain brain areas after repeated application.

Acknowledgements

ŽThis work was supported by SFB 426 Sonder-
forschungsbereich 426 Limbische Strukturen und Funktio-

.nen and by the Fonds der Chemischen Industrie.

References

w x1 E. Carboni, A. Imperato, L. Perezzani, G. DiChiara, Amphetamine,
cocaine, phencyclidine and nomifensine increase extracellular
dopamine concentrations preferentially in the nucleus accumbens of

Ž .free moving rats, Neuroscience 28 1989 653–661.
w x2 E.J. Curran, H. Akil, S.J. Watson, Psychomotor stimulant- and

opiate-induced c-fos mRNA expression patterns in the rat forebrain:
comparisons between acute drug treatment and a drug challenge in

Ž .sensitized animals, Neurochemical Research 21 1996 1425–1435.
w x3 V. Deroche, M. Marinelli, S. Maccari, M. Le Moal, H. Simon, P.V.

Piazza, Stress-induced sensitization and glucocorticoids: I. Sensitiza-
tion of dopamine-dependent locomotor effects of amphetamine and
morphine depends on stress-induced corticosterone secretion, J.

Ž .Neurosci. 15 1995 7181–7188.
w x4 G. DiChiara, A. Imperato, Drugs abused by humans preferentially

increase synaptic dopamine concentrations in the mesolimbic system
Ž .of freely-moving rats, Proc. Natl. Acad. Sci. U.S.A. 85 1988

5274–5278.
w x5 M. Dragunow, B. Logan, R. Laverty, 3,4-Methylenedio-

xymethamphetamine induces Fos-like proteins in rat basal ganglia:
Ž .reversal with MK 801, Eur. J. Pharmacol. 206 1991 255–258.

w x6 M. Erdtmann-Vourliotis, P. Mayer, U. Riechert, G. Grecksch, V.
Hollt, Identification of brain regions that are markedly activated by¨

Ž .morphine in tolerant but not in naive rats, Mol. Brain Res. 61 1998
51–61.

w x7 M. Erdtmann-Vourliotis, P. Mayer, U. Riechert, M. Handel, J.¨
Kriebitzsch, V. Hollt, Rational design of oligonucleotide probes to¨
avoid optimization steps in in situ hybridization, Brain Res. Protoc.
Ž .4 1999 82–91.

w x8 M. Erdtmann-Vourliotis, P. Mayer, R. Linke, U. Riechert, V. Hollt,¨
Long-lasting sensitization towards morphine in motoric and limbic

areas as determined by c-fos expression in rat brain, Mol. Brain Res.
Ž .1999, in press .

w x9 G. Halliday, A. Harding, G. Paxinos, Serotonin and tachykinin
Ž .systems, in: G. Paxinos Ed. , The Rat Nervous System, 2nd edn.,

Academic Press, San Diego, 1995.
w x10 A. Herz, Opioid reward mechanisms: a key role in drug abuse?, Can.

Ž .J. Physiol. Pharmacol. 76 1998 252–258.
w x11 V. Hollt, Opioid peptide processing and receptor selectivity, Annu.¨

Ž .Rev. Pharmacol. Toxicol. 26 1986 59–77.
w x12 G.F. Koob, Drugs of abuse: anatomy, pharmacology and function of

Ž .reward pathways, Trends Pharmacol. Sci. 13 1992 177–184.
w x13 B.T. Lett, Repeated exposures intensify rather than diminish the

rewarding effects of amphetamine, morphine, and cocaine, Psy-
Ž . Ž .chopharmacology Berlin 98 1989 357–362.

w x14 J. Liu, J. Nickolenko, F.R. Sharp, Morphine induces c-fos and junB
in striatum and nucleus accumbens via D1 and N-methyl-D-aspartate

Ž .receptors, Proc. Natl. Acad. Sci. U.S.A. 91 1994 8537–8541.
w x15 P. Mailleux, M. Verslype, X. Preud’homme, J.J. Vanderhaeghen,

Activation of multiple transcription factor genes by tetrahydrocanna-
Ž .binol in rat forebrain, NeuroReport 5 1994 1265–1268.

w x16 I.S. McGregor, J.C. Arnold, M.F. Weber, A.N. Topple, G.E. Hunt,
A comparison of delta 9-THC and anandamide induced c-fos expres-

Ž .sion in the rat forebrain, Brain Res. 802 1998 19–26.
w x17 S.M. Meehan, M.D. Schechter, LSD produces conditioned place

preference in male but not female fawn hooded rats, Pharmacol.
Ž .Biochem. Behav. 59 1998 105–108.

w x18 P.M. Milner, Brain-stimulation reward: a review, Can. J. Psychol. 45
Ž .1991 1–36.

w x19 A. Miyamoto, T. Yamamoto, M. Ohno, S. Watanabe, H. Tanaka, S.
Morimoto, Y. Shoyama, Roles of dopamine D1 receptors in delta
9-tetrahydrocannabinol-induced expression of Fos protein in the rat

Ž .brain, Brain Res. 710 1996 234–240.
w x20 R. Moratalla, M. Vallejo, B. Elibol, A.M. Graybiel, D1-class

dopamine receptors influence cocaine-induced persistent expression
Ž .of FOS-related proteins in striatum, NeuroReport 8 1996 1–5.

w x21 E.J. Nestler, M.T. Berhow, E.S. Brodkin, Molecular mechanisms of
drug addiction: adaptations in signal transduction pathways, Molecu-

Ž .lar Psychiatry 1 1996 190–199.
w x22 O’Brien, Drug addiction and drug abuse, in: J.G. Hardman, A.

Ž .Goodman Gilman, L.E. Limbird Eds. , Goodman and Gilman’s:
The pharmacological basis of therapeutics, 9th edn., McGraw-Hill,
New York, 1996, pp. 557–577.

w x23 G. Paxinos, C. Watson, The Rat Brain in Stereotaxic Coordinates,
3rd edn., Academic Press, San Diego, 1997.

w x24 R.G. Pertwee, Pharmacology of cannabinoid CB1 and CB2 recep-
Ž .tors, Pharmacol. Ther. 74 1997 129–180.

w x25 E.M. Pich, S.R. Pagliusi, M. Tessari, D. Talabot-Ayer, R.H. van
Huijsduijnen, C. Chiamulera, Common neural substrates for the

Ž .addictive properties of nicotine and cocaine, Science 275 1997
83–86.

w x26 A. Porcella, G.L. Gessa, L. Pani, Delta9-tetrahydrocannabinol in-
creases sequence-specific AP-1 DNA-binding activity and Fos-re-

Ž .lated antigens in the rat brain, Eur. J. Neurosci. 10 1998 1743–1751.
w x27 G. Rudnick, S.C. Wall, The molecular mechanism of ‘ecstasy’

w Ž .x3,4-methylenedioxy-methamphetamine MDMA : serotonin trans-
porters are targets for MDMA-induced serotonin release, Proc. Natl.

Ž .Acad. Sci. U.S.A. 89 1992 1817–1821.
w x28 M.D. Schechter, Serotonergic-dopaminergic mediation of 3,4- meth-

Ž .ylenedioxymethamphetamine MDMA, ‘ecstasy’ , Pharmacol.
Ž .Biochem. Behav. 31 1988 817–824.

w x29 M.D. Schechter, ‘Candyflipping’: synergistic discriminative effect of
Ž .LSD and MDMA, Eur. J. Pharmacol. 341 1998 131–134.

w x30 T.S. Shippenberg, C. Heidbreder, Sensitization to the conditioned
rewarding effects of cocaine: pharmacological and temporal charac-

Ž .teristics, J. Pharmacol. Exp. Ther. 273 1995 808–815.
w x31 R. Spanagel, Modulation of drug induced sensitization processes by

Ž .endogenous opioid systems, Behav. Brain Res. 70 1995 37–49.



( )M. Erdtmann-Vourliotis et al.rMolecular Brain Research 71 1999 313–324324

w x32 R. Spangler, Y. Zhou, C.E. Maggos, A. Zlobin, A. Ho, M.J. Kreek,
Dopamine antagonist and ‘binge’ cocaine effects on rat opioid and

Ž .dopamine transporter mRNAs, NeuroReport 7 1996 2196–2200.
w x33 P. Vezina, P.W. Kalivas, J. Stewart, Sensitization occurs to the

locomotor effects of morphine and the specific mu opioid receptor
agonist, DAGO, administered repeatedly to the ventral tegmental

Ž .area but not to the nucleus accumbens, Brain Res. 417 1987
51–58.

w x Ž .34 I. Wickelgren, Getting the brain’s attention, Science 278 1997
35–37.

w x35 R.A. Wise, P.P. Rompre, Brain dopamine and reward, Annu. Rev.
Ž .Psychol. 40 1989 191–255.


