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ABSTRACT

Concurrent abuse of cocaine and alcohol is common among human addicts, where 85% of all cocaine
users have also been shown to meet the criteria for alcohol dependence. Concurrent abuse of cocaine and
alcohol is associated with a more severe dependence and a more pronounced abstinence than using either
drug alone. The neurobiological basis for the high frequency of concurrent use of cocaine and alcohol is
not known, but the drug combination causes an increased and prolonged euphoria as compared to when
either drug is taken alone which suggests that the two drugs may interact. Features shared by cocaine and
ethanol are their ability to increase dopamine concentrations in the mesolimbic dopamine pathway.
Closely connected to the mesolimbic dopamine system and involved in the effects of cocaine and ethanol
is the endogenous opioid system. To investigate possible common mechanisms of concurrent cocaine and
ethanol, the effects of separate as well as combined cocaine and ethanol on the endogenous opioid system
and on the dopamine system were investigated.

An acute challenge of cocaine and ethanol in combination significantly increased the prodynorphin
mRNA expression in the striatum and nucleus accumbens (NAcc), with a potentiated effect in the
dorsolateral striatum. On the other hand, the combination of cocaine and ethanol down-regulated
k—opioid receptor mRNA levels in the striatum, NAcc, ventral tegmental area (VTA) and substantia nigra
compacta with an additive effect in NAcc core. In addition, the combination of cocaine and ethanol
produced a general decrease of k—opioid receptor protein levels while increasing p-opioid and ORL1
receptors throughout the brain. No effects on 6-receptors were detected in any of the treatment groups.
These results show that initially both cocaine and ethanol affect prodynorphin and k—opioid receptor
mRNA expression as well as -, k-opioid and ORL1 receptor levels.

Chronic ethanol administration and a subacute cocaine treatment significantly down-regulated «-
opioid receptor mRNA in the VTA and the NAcc separately and in combination, while two days of
“binge” cocaine administration did not effect - opioid receptor mRNA expression in the NAcc. Further,
pretreatment of ethanol caused a potentiated effect of cocaine-induced dopamine release in the NAcc, an
effect that may be related to the increased euphoria produced by this drug combination in humans. The
decreased expression of k- opioid receptor mRNA levels in the NAcc and VTA after ethanol
administration might influence the enhanced effect of cocaine-induced dopamine output in the NAcc after
ethanol pre-treatment. This is supported by the data showing that blockade of k- opioid receptors by
locally applied nor-BNI increased dopamine release in the nucleus accumbens following chronic ethanol
administration. Conversely, k- opioid receptor stimulation with U50, 488H had less impact on the

dopamine release in ethanol pre-treated rats as compared to the control group.

Taken together, these studies show that ethanol potentiates the cocaine-induced dopamine release in
the NAcc, in combination with alterations on the dynorphin/k- opioid receptor system. Together these

alterations might influence the probability of a continued drug intake.



LIST OF PUBLICATIONS

IL

II1.

VL

VL

Rosin A, Lindholm S, Franck J and Georgieva J. (1999) Downregulation of kappa opioid
receptor mRNA levels by chronic ethanol and repetitive cocaine in rat ventral tegmentum and

nucleus accumbens. Neuroscience Letters 275, 1-4.

Rosin A, van der Ploeg I and Georgieva J. (2000) Basal and cocaine-induced opioid receptor
gene expression in the rat CNS analysed by competitive reverse transcription PCR. Brain

Research 872, 102-109.

Lindholm S, Rosin A, Georgieva J and Franck J. (2001) Ethanol administration potentiates

cocaine-induced dopamine levels in the rat nucleus accumbens. Brain Research 915, 176-184.

Rosin A, Kitchen I and Georgieva J. (2003) Effects of single and dual administration of cocaine
and ethanol on opioid and ORLI receptor expression in rat CNS: an autoradiography study.
Brain Research 978, 1-13.

Rosin A, Hurd Y and Georgieva J. (2005) Acute ethanol and cocaine co-administration
differentially affects brain prodynorphin and k-opioid receptor mRNA expression. Submitted

to Brain Research.

Lindholm S, Rosin A, Dahlin I, Georgieva J and Franck J. (2005) Ethanol alters the effect of
kappa receptor ligands on dopamine release in the nucleus accumbens. Submitted to

Physiology and Behaviour.



CONTENTS

I INTRODUCTION ..ottt ettt sttt st sa s sese s esesesensssssesensesssesens 1
1.1 DIug dependenCe.........coeveuirieeinieiiieinieieiiteeessesesseesseseesesse e ssesessesessessesassesessessssesessenes 2
1.2 Mechanisms underlying drug dependence .............ccceeeeeeireireinennieneeeeeeeeee e 3
1.3 DOPAIMINE ......covevinieeiieeiiieeietetetesteeeese e etestesetesesseseeseseesaseesessesessesessassesassesansessssassesensesenes 4

1.3.1 DOPAmMine PAthWays........c.ceeerueriruerieririenirieceieceteeese st see e seesesee e senesseeeseneens 4
1.3.2 DOPAMINE TEICASE ......cveueeviieeiieeieieaietitetesteeesaesesteseere st esessesesseseeseseesessesessesessansssensens 5
1.3.3 DOPAMINE TECEPLOTS -...vueeveneeuieenieeeiieteneeeeteueeeseseeseeseneeseneeseneesessesessesessenesseneeseneesenes 5
1.3.4 Functional aspects of dOPAMINE...........cccvvveirieirrerenieieiseeeseeseeeteeeee e sse s 6
1.4 The endogenous Opioid SYSLEM.......c.cerueirieririeieiirieesteie ettt neenes 7
1.4.1 Endogenous OPIoid TECEPLOTS......ccveriereieriieeiieiirtertetetereseesesseseseessesessessesessesessesenns 7
1.4.2 Endogenous opioid PePtIAES .......c.eeveuereeuirieirieieieieiesieee ettt 7
1.4.3 The endogenous opioid system and dOpamine..............cocveevrveeerrererririeereeeseeenrenenns 8
1.4.4 Nociceptin and ORLT .......cccociiiiiieieieee et 9
1.4.5 Nociceptin and dOPAMINE .........ccccveeerverieririeerieirieeeteteressesesseesseessessesessesessesessesens 9
1.5 COCAIMNER ...ttt ettt ettt ae e se e s et e st et e st ebeneese e esenseseeeneeas 10
1.5.1 Cocaine, dopamine and reWard.............ecveeererieerieinieinreeeeneeesseesseseesessesessesenes 10
1.5.2 Cocaine and the endogenous opioid SYSteM.........ccceerereireeirerieirieireeeeeeeeenes 10
1.5.3 Cocaine and the NOCICEPLIN SYSTEIM......cveuveveieriieeirieiereiereeeeseeeeseseeseseeseaesesesenns 11
1.6 BtRANOL......coceeee ettt 11
1.6.1 Ethanol, dopamine and reWard ..............ccceceevereieirieinreinreeeeieeseeeeseeese e esesens 11
1.6.2 Ethanol and the endogenous opioid SYStem...........cceereevireeireerireneerieeeee e 12
1.6.3 Ethanol and the nOCICEePtin SYSIEM.......c.cvevirieirieeirieiereieree e seseaesens 12
1.7 Concurrent cocaine and ethanol.............ccooirieireiriineeeeee e 12

2 AIMS OF THE STUDY ..ttt ettt sttt sttt nenene 14

3 MATERIALS AND METHODS ..ottt 15
3.1 ATINALS. ..ttt bbbt bbbt 15
3.2 Drugs and ChemiCals ..........cccirueirieiieeeee et 15
3.3 EXperimental deSIZN......c.ccuvveirieiireieiiieiirieisieteieteteee e e ssesseses e ssesassessesessesesesesas 15

3.3.1 Acute cocaine and ethanol administration (Paper IV and V).........ccoccovvneinennne. 15

3.3.2 Chronic ethanol and/or subacute cocaine administration (Paper I-I1I, VI)............ 15
34 DISSECLION ..cueteieteeeeetei et ettt ettt te et et es et e st ee st ete e e se e e s e s esesseneeseneesenseseseseean 16
3.5 In-5ittt NYDIIAIZAtION .....coviveiieieiieeeeeeee ettt ss e be e se s esenas 16
3.6 AULOTadiOZIAPNY .....ceeeiieiiieiiee ettt ettt 17
3.7 Quantitative RT-PCR .........ccocoiiiiiiiiciceeeeeeeeeeeteeee ettt 18
3.8 MICTOGIALYSIS ..ttt ettt ettt eb e e ae st et e aeneean 18

4 RESULTS AND DISCUSSION.....c.cottitiririeieininieieenteieiettete ettt eessssenes 20

4.1 Acute effects of cocaine and ethanol .............oocoereireiiiinnineee e 20
4.1.1 Effects of cocaine and ethanol on the prodynorphin/k-system (Paper V)............. 20
4.1.2 Acute cocaine and ethanol, effects on opioid receptor levels (Paper IV) ............. 21

4.2 Chronic effects of ethanol and COCAIMNE.........coeueueiririeieiririecee e 23

4.2.1 Ethanol and cocaine, effects on opioid receptor mRNA levels (Paper I and II)....23
4.2.2 Effects of ethanol on cocaine-induced dopamine concentrations (Paper III)........ 24
4.3 Effects of k-ligands on accumbal dopamine release following chronic ethanol .............

administration (Paper VI)........cooveieieirieireieiieeeesteteet e s s nas 26



5 GENERAL DISCUSSION .....ocuiciriieiiinirieieiterinieittnesieieetseseeiestse st seseesessesesesessenes 28

5.1 Cocaine and ethanol Profiles...........coevirieirierieierieirieeieere et enens 28
5.2 Experimental research on cocaine and ethanol ..............ccocceoeveiiinninnineneceeene 29
5.3 Acute effects of cocaine and ethanol adminiStration............c.c.eceeveeveereeerieenreesieennnens 29
5.4 Chronic effects of cocaine and ethanol administration ..............ceceeeveeeceeeeeeeeeennenns 30
5.5 CHNICAI TRIGVANCE......c.eeveeieeinieiiieieieiietee ettt ae e esesse e sesesbeseesessesessesessens 30
6 ACKNOWLEDGEMENTS ..ottt ettt ettt a et 32

TREFERENCES ......coociiiiiiieetectt ettt 34



LIST OF ABBREVIATIONS

cAMP
cDNA
CI1-977

DAMGO
DELT

DLS

DMS
DOPAC
DSM-1V
GABA
G3PDH
G-protein
HPLC
ICD-10

ie

Lp.
Leu-Enkephalin
Met-Enkephalin
mRNA
NAcc
NMDA
Nor-BNI
ORLI1
POMC
PCR
R0-64,6198

RT-PCR
S.E.M.
SNC
SNR
TRK-820

U50-488H
U69, 593
VMS

VTA
WHO

Cyclic adenosine monophosphate

complementary deoxyribonucleic acid
((-)-N-Methyl-N-[7-(1-pyrrodinyl)-1-oxospiro [4, 5]dec-8-yl]-4-
benzofuranacetamide

D-Ala’>-Methyl-Phe*-Gly-ol® enkephalin

D-Ala? , Asp *-deltorphin

Dorsolateral striatum

Dorsomedial striatum

3, 4-dihydroxyphenylacetic acid

Diagnostic and Statistical Manual of Mental Disorders IV
y-aminobutyric acid

Glyceraldehyde-3-phosphate dehydrogenase

Guanine nucleotide binding-protein

High performance liquid chromatography

International classification of Diseases 10

Id est

Intraperitoneal

Leucine-Enkephalin

Methionine-Enkephalin

messenger Ribonucleic acid

Nucleus accumbens

N-methyl-D-aspartate

Nor-binaltorphimine

Opioid receptor-like 1

Proopiomelanocortin

Polymerase chain reaction
[(1S,3aS)-8-(2,3,3a,4,5,6-Hexahydro-1H-phenalen-1-yl)-1-phenyl-1,3,8-triaza-
spiro[4.5]decan-4-one]

Reverse transcription polymerase chain reaction

Standard error of the means

Substantia nigra pars compacta

Substantia nigra pars reticulata
(-)-17-Cyclopropylmethyl-3,14beta-dihydroxy-4,5alpha-epoxy-6beta-[ N-
methyl-3-trans-3-(3-furyl) acrylamido] morphinan hydrochloride
{Trans-(%)-3,4-Dichloro-N-methyl-N-[2-(2-
pyrrolidinyl)cyclohexyl]benzenacetamide}
(5alpha,7alpha,8beta)-(-)-N-methyl-[ 7-(1-pyrrolidinyl) -1-oxaspiro(4,5)dec-8-
yl]benzeneacetamide

Ventromedial striatum

Ventral tegmental area

World Health Organization


http://www.sciencedirect.com.proxy.kib.ki.se/science?_ob=ArticleURL&_udi=B6SYR-43B8DB2-8&_coverDate=07%2F06%2F2001&_alid=315639431&_rdoc=1&_fmt=&_orig=search&_qd=1&_cdi=4841&_sort=d&view=c&_acct=C000034918&_version=1&_urlVersion=0&_userid=650310&md5=557d5346afbee98f05ec9b3133993f71#bib4#bib4
http://www.sciencedirect.com.proxy.kib.ki.se/science?_ob=ArticleURL&_udi=B6SYR-43B8DB2-8&_coverDate=07%2F06%2F2001&_alid=315639431&_rdoc=1&_fmt=&_orig=search&_qd=1&_cdi=4841&_sort=d&view=c&_acct=C000034918&_version=1&_urlVersion=0&_userid=650310&md5=557d5346afbee98f05ec9b3133993f71#bib5#bib5




1 INTRODUCTION

The combined use of cocaine and alcohol is one of the most common drug-combination today (83).
People with an alcohol dependency are more likely to become cocaine abusers (97, 254). In fact, 26-63%
of alcohol dependent patients were also found to be cocaine dependent (173). Likewise, many cocaine
users are abusing alcohol as well, where 62% of cocaine dependent patients have concurrent alcohol
dependence (235). Cocaine users drink alcohol during their cocaine abstinent periods in order to reverse
the negative consequences of cocaine withdrawal such as dysphoria and anxiety (154) and alcohol is also
used when the abusers can not afford cocaine. In addition, cocaine is often used simultaneously during
alcohol intoxications (97) since cocaine and ethanol in combination have been reported to prolong and
increase the cocaine-induced euphoria (199, 62, 164). Moreover, it has been hypothesized that cocaine
decreases the withdrawal symptoms associated with alcohol (79). The combination of cocaine and
ethanol is more toxic than either drug alone with a significant increase in the incidence of medical
emergencies and sudden death (229). Concurrent ingestion of cocaine and ethanol increases the heart-rate
to a higher extent than after the use of cocaine alone (63). The co-abuse of cocaine and alcohol is also
associated with increased hepatotoxicity (12, 191) and cardiotoxicity (93). The mechanism behind the

high prevalence for concurrent use of cocaine and alcohol is not clear.

Cocaine and ethanol are psychoactive substances, affecting moods, cognition and behavior. Cocaine is
causing a feeling of increased self-confidence, alertness, well-being and indefatigability, as well as an
intense euphoria (284). The cocaine user experiences a very short-lasting rush of intense pleasure and the
person is soon craving a return to the initial euphoria, explaining why cocaine is usually abused in an
intermittent pattern with many doses of cocaine during a short period of time (“binges”). Heavy “binges”
leads to a complete exhaustion often followed by a period of abstinence in order to recover from the lack
of sleep and food. Cocaine abstinence is mainly characterized by depression and anxiety (68), which
often leads the user back to another “binge” period. The most common way of ingesting cocaine is
through nasal inhalation but cocaine can also be injected intravenously or smoked (284). Ethanol has
been described as a central nervous system depressant but that refers to large doses of ingested ethanol.
Small doses of ethanol instead cause an initial euphoria as well as other stimulating effects (207). At first
glance, cocaine and ethanol seem to have different properties but they share the effect (together with most
drugs of abuse) of creating a feeling of reward that could cause a desire to experience that drug again.
The sense of reward or positive reinforcement (behaviors associated with a drug tend to be repeated) that
are caused by drugs of abuse are also experienced by natural rewards such as eating, drinking and mating
(125). The reward and positive reinforcement have been linked to a specific brain circuit that has been
named the brain reward system. Hence, the reward system seems to be stimulated in association with
activities that serve to promote the survival of the individual or the species and drugs of abuse mimic the
way natural rewards act (131). In the brain reward system dopamine has been suggested to be an
important neurotransmittor, as seen in experimental studies where food, water, mating (203, 293, 7, 278,
8) and drugs of abuse (111, 52) increase dopamine release. Rodents can be trained to self-administer most
drugs that are abused by humans and blockade of dopamine neurotransmission in the brain reward

pathway reduce or abolish self-administration behavior (225, 153) supporting the idea that dopamine is



essential in mediating reward sensations caused by drugs of abuse. In addition to dopaminergic activity,
there are several other neuroactive substances involved in mediating reward and reinforcement of drugs
of abuse, including the endogenous opioid system (136, 95). The endogenous opioid system has been
connected with drug abuse and dependence after the finding that opiate-derived drugs like morphine and
heroin mediate their effects through binding opioid receptors in the brain. Like opiates, the endogenous
opioids exert a reinforcing action and are self-administered by experimental animals (10, 274). The
dopamine and the endogenous opioid system are closely linked anatomically and functional interactions
have been proven by studies showing that opioid peptides can modulate dopaminergic activity (53, 252)
and vice versa (256). Thus, although the impact of dopamine in mediating the reinforcement and reward
of drugs of abuse is large, other systems such as the endogenous opioid system may also be critically
involved through indirect modulations of the dopaminergic activity in the brain reward system.
Therefore, experimental studies of these common substrates for cocaine and ethanol reinforcement might
provide information about possible interactions between cocaine and ethanol in the brain reward system.
Such information can help to explain the high frequency concurrent cocaine and ethanol use that might

further delineate factors that could be used in clinical practice.

1.1 DRUG DEPENDENCE

Drug dependence is a major health problem affecting large segments of the society. The transition from
controlled use to drug dependence develops in a manner that is both complex and unclear, for example
why do not all people using a drug of abuse become dependent to these substances? It has been suggested
that the initial use of a particular drug is related to its ability to produce a sense of well-being and
euphoria but genetic and environmental factors might contribute to the subjective experience of the first
drug intake (69). For some individuals, drug use might grow into abuse. Abuse is a state that is defined as
controlled harmful drug intake that is continued despite negative effects (i.e. physical hazards or failure to
fulfill obligations at work, school or home), according to the American classification systems for
psychiatry disorders, Diagnostic and Statistical Manual of Mental Disorders (DSM IV; Association 1994)
(4). The “harmful” use of a drug is also defined in the World Health Organization’s international
classification of diseases (ICD-10, 1992) (292). Drug dependence is the final condition where the
individual needs the drug of abuse to be able to function within normal limits. This condition can develop
gradually after a period of drug exposure and is manifested by three or more of the following symptoms,
occurring at any time in the same 12-month period (DSM-1V), occurring together for at least one month
or together in a 12-month period (ICD-10, 1992); 1. Tolerance 2. Withdrawal symptoms 3. Impaired
control 4. Neglect of other activities and increased drug-related activities 5. Continued use despite

problems 6. Compulsions (ICD-10 only).

Tolerance, the first symptom of drug dependence is usually described as a need for increased amounts of
the drug in order to achieve the desired response. In animal models tolerance can be seen as reduced
locomotor activity after a chronic treatment with cocaine as compared to the initial drug-induced
locomotor response (240). The second parameter of drug dependence is withdrawal which can cause
physical withdrawal symptoms characteristic for the substance abused when the drug is no longer present
in the body. For example alcohol withdrawal produces tremor and autonomic hyperactivity. In addition,

withdrawal from chronic drug abuse is associated with anxiety and depression. In order to avoid or



relieve withdrawal symptoms individuals might continue to use the drug. The first two parameters are
important influences for the motivation to drive humans or animals to continue the use of drugs. The third
parameter includes difficulties in controlling the drug intake where the drug dependent individual
consumes larger amounts or uses the drug of abuse over longer periods than first intended. The fourth
symptom indicates that drug-related activities such as searching for the drug, consuming the drug and
recovering from the effects of drug use are of higher priority than other social activities. The fifth
parameter implies that the desire for the drug overshadows everything including harmful physiological
consequences that have been caused by the use of that drug. The sixth parameter is only included in the
ICD-10 (WHO) criteria for drug dependence and emphasizes that drug dependent individuals feel a

strong desire to take the drug.

Drugs that have high abuse potential in humans correspond well with the drugs that have positive
reinforcing effects in animal models (130). The availability of animal models of drug dependence has
provided helpful tools to study factors involved in acquisition, maintenance, withdrawal and relapse of
drug dependence. These factors can carefully be extracted in laboratory-controlled situations by using
methods such as the self-administration paradigm, drug discrimination paradigm and conditioned place
preference. The neurobiological mechanisms involved in the positive reinforcing effects of drugs and the
negative reinforcing effects of drug abstinence can be elucidated. In addition, the environmental,
behavioral, and neurobiological factors that contribute to individual differences in vulnerability to drug
addiction can be explored with animal models. Thus, animal experiments can provide information about

behavioral and neuropharmacological mechanisms underlying drug dependence.

1.2 MECHANISMS UNDERLYING DRUG DEPENDENCE

Animal experiments have identified several different molecular mechanisms that might explain the
initiation and the maintenance of drug dependence. First, the initial effects of a drug are caused by the
drugs binding to target molecules leading to an activation of neurons in the brain reward system that is
associated with reward and positive reinforcement, an activation that might be strong enough to induce
self-administration behavior in animal experiments. The continued use of a drug can lead to counter-
adaptive or mal-adaptive molecular and cellular changes in order to maintain the homeostasis in the brain
(132, 185). These alterations develop in neurons located in “within systems”, i.e. systems that are directly
linked to the acute positive reinforcing actions in the brain as well as changes in “between systems”, i.e.
systems that are not directly linked to the acute positive reinforcing effects of the drug (131). The mal-
adaptive changes caused by maintained use of a drug have been suggested to cause sensitization, where
drug intake results in an enhanced behavioral or neurochemical response. The sensitized brain systems
have been proposed to make the drug increasingly desirable (increasing the incentive value), which might
lead to an increased motivation of wanting the drug (226) and might therefore play a role in the initial
phase of drug dependence (132). The counter-adaptive changes within the reward circuit are long lasting
and counteracts the initial changes caused by a drug of abuse in order to maintain normal functions at a
given drug dose. These changes might eventually result in the physiological and behavioral changes
associated with drug dependence such as tolerance, withdrawal, craving (increase in drug-seeking
behavior) and relapse. Tolerance might develop from counter-adaptive changes in brain systems related

to reward leading to the diminished effects of the drug and withdrawal symptoms are also caused by



long-term neuroadaptations leading to physical symptoms such as anxiety, dysphoria and craving when
the drug is absent. Craving can be linked to both negative reinforcement (negative withdrawal effects that
can only be reversed by renewed intake of the drug) or to sensitization of the incentive phase (“wanting
the drug”) leading to increased motivation for drug seeking and intake (226). Craving can be triggered by
natural cues that are associated with the drug (a phenomenon called conditioning), stress or a priming
dose of the drug but also by another drug of abuse (58, 257, 27, 275). The different phases (i.e. initiation,
maintenance and relapse) of a drug dependent cycle are all thought to develop from different

neurochemical changes in the brain, making the identification of these changes very important.

A neural substrate for reward and reinforcement has been identified in animals. The brain is provided
with a reward system mediating a sense of well-being, lust and euphoria, first discovered by Olds and
Milner in 1954 where direct electrical stimulation of different brain areas was powerfully rewarding in
mice (192). The physiological aspect of this system is belived to reinforce basic behaviors, such as eating,
drinking and sexual behavior (125) where drugs of abuse such as ethanol, cocaine, nicotine and heroin
usurp the reward system (131), thus initiating a sense of well-being, lust and euphoria. More specific
studies of the brain reward system have shown that the mesocorticolimbic dopamine system is a key

component (279).

1.3 DOPAMINE

1.3.1 Dopamine pathways

The mesocorticolimbic dopamine system is anatomically based in the ventral tegmental area with
projection neurons to both limbic (subcortical) structures and cortical structures (44, 266, 11), Figure 1.
The mesocorticolimbic dopamine system has been divided into a mesolimbic dopamine system and a
mesocortical dopamine system based on the projection fields of the ventral tegmental area neurons. The
mesolimbic dopamine system includes dopamine innervation from the ventral tegmental area to limbic
areas such as the nucleus accumbens, the olfactory tubercle, the septal area, the amygdaloid complex and
the bed nucleus of the stria terminalis while the mesocortical dopamine system includes innervations to

cortical areas such as the prefrontal cortices and the cingulate cortex (266, 11).

Striatum
Prefrontal ' Ventral

tagmental
area

Nucleus Substantia
accumbens nigra

Figure 1. A schematic drawing of the mesocorticolimbic and the nigrostriatal dopamine systems originating in the
midbrain.



The mesolimbic dopamine system has been implicated in emotions and reward (281) while the
mesocortical dopamine system regulates higher motor execution of behavior, motivation and cognition
(243). The other major group of dopamine neurons is anatomically based in the substantia nigra and
projects to the striatum and is therefore referred to as the nigrostriatal pathway (5). The nigrostriatal

dopamine system is involved in regulation of motor functions.

1.3.2  Dopamine release

In the above described dopamine systems, dopamine is synthesized in the neurons and stored in vesicles
until the midbrain dopamine neurons are activated, dopamine is then released into the synaptic cleft
through vesicle fusion with the cell membrane by a Ca*'-dependent mechanism (38). The dopamine
transporter present at the terminals reabsorbs synaptic dopamine into the pre-synaptic neurons. Midbrain
dopamine neurons are tonically active with single spike action potentials resulting in stable background
levels of extracellular dopamine but they also respond to behaviorally relevant stimuli with phasic
dopamine release induced by burst firing (80, 81, 77, 76). Dopamine neurons respond to unexpected
events, where primary rewards such as food and water are the most effective activators of the neurons
(175). It has been suggested that dopamine neurons respond to stimuli that are behaviorally salient and

requires a behavioral response of the animal (172, 65).

The activity of the dopamine system is regulated by tonic inhibition of dopamine neurons that arises from
y-aminobutyric acid (GABA) containing neurons in the ventral tegmental area and the substantia nigra
(2). There are also GABAergic feedback loops from the nucleus accumbens and the striatum projecting to
the ventral tegmental area and the substantia nigra (272, 122). The activity of dopamine neurons and
dopamine release is further modulated by afferent input to the midbrain dopamine cell bodies and to the
terminal fields. Several neurotransmitter systems contribute to this modulation, including excitatory

amino acids, acetylcholine, noradrenaline, serotonin, and neuropeptides (280, 2).

1.3.3  Dopamine receptors

The released dopamine that is not removed by the dopamine transporter binds to both pre- and post-
synaptic receptors initiating a series of events. There are two general classes of dopamine receptors, the
dopamine D1-like receptors (including D1 and D5 receptor subtypes) and the dopamine D2-like receptors
(D2, D3, D4 receptor subtypes) (246). Both of the dopamine receptor subtypes belong to the G-protein
coupled seven transmembrane receptors but they differ in properties such as pharmacological profile,
localization and mechanisms of action. The D1-like receptors are mainly located postsynaptically and
when stimulated increase the formation of cyclic adenosine monophosphate (cAMP) (251), which in turn
causes cellular responses. The D2-like receptors on the other hand inhibit adenylate cyclase activity and
are located postsynaptically and presynaptically, where they presynaptically act as autoreceptors
inhibiting dopamine release and synthesis (38). Dopamine receptors of the D1 and the D2 subtypes are
both located in the nucleus accumbens (273) where they play an important role in mediating the
rewarding properties and increasing the motivational value of a drug or a drug-associated stimulus (289,
215). Lower levels of D2 receptor subtypes in the striatum have been observed in both alcohol and
cocaine users (285, 286) probably representing a neuroadaptive change related to excessive dopamine

release associated with a prolonged drug-use. Furthermore, this down-regulation of D2 receptor subtypes



in the nucleus accumbens has been linked to an increased craving for alcohol (92). D1 and D2 receptor
subtypes are also located in the striatum, the substantia nigra and ventral tegmental area (273, 2).
Interestingly, D3 receptor subtypes are mainly located in the nucleus accumbens and have been suggested
to be involved with the reinforcing actions as well as with the reinstatement of cocaine-seeking behaviors

(290, 54).

1.3.4  Functional aspects of dopamine
There are several distinct types of behaviors related to the dopamine network, including motivated

behavior such as reward and attention and motor control (243, 281).

The mesocorticolimbic dopamine system is considered to play an important role in reward-related
functions. Firstly, most drugs of abuse cause an initial increase of dopamine release in the nucleus
accumbens (111, 52), while withdrawal from these drugs decreases dopamine release (230, 276, 56, 57).
Secondly, self-administration of drugs is attenuated when dopamine neurotransmission in the nucleus
accumbens is inhibited, which has been shown either by blocking the binding of dopamine to dopamine
receptors or via neurotoxic lesions of dopaminergic cells in the nucleus accumbens (51). The dopamine
system has been suggested to respond when the rewarding stimulus is novel or if it does not match
previous experience and the nucleus accumbens might work as an integrator assessing the value of a
reinforcer, amplifying reward that were better than expected and dampening expected stimuli or less
important ones (124). There is a link between drug reinforcement and the ability of a drug to induce
locomotor activity, as proposed by the psychomotor stimulant theory of addiction (282). According to
this theory, the ability of a drug to induce reinforcing actions can be predicted by its ability to produce
acute motor-activating effects and both properties are associated with enhanced dopamine transmission in
the mesocorticolimbic dopamine system (282). The behavioral activities might be initiated in association
with or in anticipation of a rewarding stimulus in order to obtain the reward where the nucleus accumbens
might assess the value of a reinforcer leading to a goal-directed behavior (237). Even though the precise
contribution of dopamine signaling in reward is unclear, continuous administration of most drugs of
abuse causes molecular, cellular, structural and functional adaptations (104) in the mesocorticolimbic
dopamine system and/or in systems connected to this circuit. These changes might be, at least partly
responsible for processes involved in drug dependence such as sensitization, tolerance and vulnerability

to relapse.

The nigrostriatal dopamine neurons are involved in regulation of motor functions. The locomotor
behavior is controlled by the direct (striato-nigral) pathway that stimulates motor performances and by
the indirect (striato-pallidal) pathway that decreases movement (84). A balance in the activity of the
direct and the indirect pathways is required for normal motor functioning and dopamine controls the
balance between those two pathways (84). Parkinson’s disease in humans is characterized by an impaired
initiation of actions as a result of decreased dopamine input to striatum (20, 98). On the other hand,
increased concentrations of dopamine or stimulation of dopamine receptors with a dopamine receptor
agonist will lead to increased motor activity such as choreic movements, tics or stereotypic behavior (85).
Stereotypic behavior is a repetitive motor action that can be induced by high doses of psychostimulant

drugs and initiation of this behavior seems to be involved with dopamine transmission in the striatum



(127) and nucleus accumbens core (208). The increase in drug-induced locomotor activity has been
linked to the nucleus accumbens (126). Thus, the increase in dopamine in the nucleus accumbens and
striatum caused by cocaine and other psychostimulants seems to disturb the balance of the direct and
indirect pathways leading to increased locomotor activity, an effect that is enhanced upon repeated

treatment (283).

Despite the well-established changes in dopamine transmission after drug administration the
neurobiology of drug dependence is complex and involves several neurotransmittor systems. One such
system is the endogenous opioid system that has been shown to modulate the activity of mesolimbic
dopamine neurons (53, 252). The endogenous opioids have been proposed to be involved in many aspects
of the drug dependence cycle (69) and therefore the endogenous opioid system could be a common

substrate for drugs of abuse, including cocaine and ethanol.

1.4 THE ENDOGENOUS OPIOID SYSTEM

Opium has been used for a long time for its addictive properties, which lead to the suggestion that all
opiate alkaloids, such as opium, morphine and heroin mimic substances already present in the brain.
This was supported in the early 1970s by the demonstration of opiate binding sites in the brain (201,
247, 260), a finding that was followed by the discovery of endogenous opioid activity in brain tissues
(133, 261). There is convincing evidence for three major classes of opioid receptors, designated p-, 6-
and k- opioid receptors (161, 150) and different classes of opioid peptides; the endorphins, (14),
enkephalins (100) and dynorphins (75). In addition, an opioid like receptor 1 (ORL1) with structural
similarities to classical endogenous opioid receptors (67, 177) and its ligand nociceptin has been

discovered (169, 222).

1.4.1  Endogenous opioid receptors

The occurrence of at least three opioid receptor subtypes was suggested by early pharmacological studies
(161) and later confirmed by the cloning of three different opioid receptor genes. The cloning showed
significant sequence homologies for the three opioid receptors and that the three receptors all belong to
the family of seven transmembrane G-protein coupled receptors (60, 128, 26, 174). All opioid receptors
mediate their actions through inhibition of adenylate cyclase activity, inwardly rectifying K"
conductance, inhibition of high-voltage-activated Ca*" channel currents and impediment of
neurotransmitter release (40). Subtypes of all three receptors have also been indicated (50) as well as a
w/d-receptor complex (234). The distribution of the opioid receptors in the mesolimbic and nigrostriatal
systems shows that the ventral tegmental area is rich in p-opioid receptors with low densities of 6- and k-
opioid receptors while the nucleus accumbens and striatum contain high levels of all three receptors

(121).

1.4.2  Endogenous opioid peptides
The opioid receptors represent targets for the endogenous opioid peptides, which are synthesized from
enzymatic cleavage of three precursor molecules, pro-opiomelanocortin (POMC), proenkephalin and

prodynorphin (183, 37, 120), Table 1.



TABLE 1
Precursor molecules, major opioid peptides and relative affinity for opioid receptors

Relative affinities for opioid

Precursor molecule Major opioid peptide receptor
Proopiomelanocortin B-Endorphin 1-31 =0
Proenkephalin Met-Enkephalin 1)
Leu-Enkephalin <o
Prodynorphin Dynorphin A K
Dynorphin B K
Leu-Enkephalin 1)

From POMC the opioid B-endorphin is generated but also several nonopioid peptides such as the stress
hormone adrenocorticotropin and B-and y-melanocyte-stimulating hormones. Proenkephalin gives rise to
leucine (Leu)- and methionine (Met)-enkephalin, metorphamide and Met-enkephalin-Arg®-Phe’.
Prodynorphin can generate several opioid peptides including a- and B-neoendorphin, Leu-enkephalin,
dynorphin A and dynorphin B. POMC biosynthesis mainly occurs in the pituitary, arcuate nucleus of the
hypothalamus and the nucleus tractus solitarius, while proenkephalin and prodynorphin are synthesized
widely throughout the central nervous system (3). With regard to the mesolimbic and the nigrostriatal
dopamine systems, the nucleus accumbens and the ventral tegmental area receive endorphinergic input
from the arcuate nucleus of the hypothalamus and dynorphin and enkephalin peptides are enriched in the
striatum (3). There seems to be some preference for the different endogenous opioid ligands for the
different receptors. f-endorphin binds with about equal affinity to the p- and 3-opioid receptor,
enkephalin shows preference for the §-opioid receptor and dynorphin for the k-opioid receptor (39), Table
1.

1.4.3  The endogenous opioid system and dopamine

Several animal studies and a body of anatomical evidence have demonstrated the importance of the
endogenous opioid system in regulating dopamine transmission in the mesolimbic dopamine system,
Figure 2. The B-endorphin neurons in the hypothalamus that project to the ventral tegmental area
stimulate p- and possibly d-receptors on inhibitory GABA neurons (119). Stimulation of p- and o-
receptors in the ventral tegmental area removes GABAergic inhibition of dopamine cells leading to an
increased dopamine release in the nucleus accumbens (49) Activation of k-receptors decreases dopamine
release in the nucleus accumbens (53, 252) possibly via hyperpolarization of dopamine terminals through
presynaptically located k-receptors in the nucleus accumbens (259) but possibly also through «-receptors
located directly on the soma of dopamine cells in the ventral tegmental area (158). In addition to a
decreased dopamine release, a recent report has shown that acute stimulation of k-receptors increases
dopamine clearance in the nucleus accumbens (262). Not only does the endogenous opioid system affect
the dopamine system, but the reverse is also true. Dopamine has been suggested to have a tonic excitatory
influence on the expression of dynorphin peptides via activation of D1 receptor subtypes and at the same
time to inhibit the expression of enkephalin peptides through D2 receptor stimulation. This can be shown
in experiments where depletion of dopamine neurons decreases dynorphin gene expression and increases
that of enkephalin in striatum (296, 147) and these effects are reversed by D1 or D2 receptor activation

leading to increased levels of dynorphin expression or decreased levels of enkephalin, respectively (59).



Figure 2. Diagramatic representation of possible interactions between the endogenous opioid system and the
mesolimbic dopamine system. Ventral tegmental area (VTA) dopamine cellbodies are under tonic GABAergic
inhibition. This inhibition may be removed after stimulation of p- (and 8-) opioid receptors located on GABA
interneurons in the VTA. In addition, dopamine release might be decreased through stimulation of pre-synaptic «-
opioid receptors in the nucleus accumbens (NAcc). DA, dopamine; dyn, dynorphin; f-end, B-endorphin.

Similarly, D2 receptor stimulation has been shown to produce an increased expression of p-opioid
receptors (25), while D2 receptor blockade decreases the expression of p-opioid receptors in the striatum

24).

The endogenous opioid systems have been suggested to be tonically active, stimulating basal dopamine
release, with a balance between the stimulating p- and d-opioid systems and the opposing k-opioid
system. This is supported by studies using mice that are lacking an opioid receptor subtype. For example,
mice lacking p- or d-receptors have been suggested to have a decreased basal dopamine release based on
the observations that these mice have a decreased basal dopamine up-take in the nucleus accumbens yet
no changes in basal extracellular levels (23) and mice lacking the k-opioid receptor show increased basal

dopamine levels in the nucleus accumbens (22).

1.44  Nociceptin and ORL1

Based on sequence homology (65%) with the known opioid receptors, a new G-protein coupled receptor
was identified and named ORL1 (67, 177). A dynorphin-like peptide, nociceptin was later shown to be
the endogenous ligand of the ORLI receptor (169, 222). None of the known opiate ligands bind to the
ORLI receptor with high affinitiy, nor does nociceptin bind to p-, 3- or k-receptors (221). ORL1 receptor
messenger ribonucleic acid (mRNA), protein levels and the nociceptin precursor mRNA are widely

distributed in the central nervous system (67, 177, 6, 99, 108).

1.4.5 Nociceptin and dopamine

Nociceptin has been shown to reduce dopamine levels in the nucleus accumbens after
intracerebroventricular (180), or intra ventral tegmental area (181) administration of the peptide
suggesting that the ventral tegmental area may be the site of action for this effect possibly mediated
through a direct activation of ORLI receptors located on dopaminergic neurons (155, 188, 297, 182). It
has also been demonstrated that nociceptin inhibits the activity of B-endorphinergic neurons of the arcuate

nucleus (271) and could thereby affect the mesolimbic dopamine system.



Taken together, the modulatory action of the endogenous opioid peptides and nociceptin on the dopamine
system suggests that these systems could play a part in neurobiological mechanisms that might be

underlying reward and dependence of drugs of abuse, such as cocaine and ethanol.

1.5 COCAINE

Cocaine is one of the most powerful and reinforcing central nervous system stimulants in humans.
Animal experiments clearly demonstrate the rewarding effects of cocaine. For example, rats learn to self-
administer cocaine easily (48, 13) and if given unlimited access, they will self-administer up to the point
of severe weight loss and death (13). Cocaine is also behaviorally activating which in rats is seen as
locomotor hyperactivity at low and intermediate doses of cocaine and as stereotyped behavior at high

doses (15).

1.5.1 Cocaine, dopamine and reward

Cocaine binds to and inhibits the dopamine, norepinephrine and serotonin transporters which increases
and prolongs the transmittor concentration in the synaptic cleft (223). The increase of dopamine
concentration in the terminal region of the mesolimbic dopamine system has been suggested to initiate
the rewarding effects and the psychomotor activation effects of cocaine (282, 142). The importance of the
nucleus accumbens in mediating cocaine reward and reinforcement has been demonstrated in several
studies. For instance, animals self-administer cocaine directly into the nucleus accumbens (166) and toxic

lesions of the dopamine fibers in the nucleus accumbens reduced cocaine self-administration (202).

Nevertheless, mice lacking the dopamine transporter continue to self-administer cocaine (227),
implicating other neurotransmitter systems to be involved in cocaine reward and reinforcement. Besides
serotonin and norepinephrine cocaine interacts with many other neurotransmitter systems including
glutamate (123), GABA (143) and opioids (136) which directly or indirectly could play a role in the

reinforcing properties of these drugs.

1.5.2  Cocaine and the endogenous opioid system

The interaction of cocaine with endogenous opioid systems has been recognized for several years.
Evidence suggests that cocaine alters the activity of the opioid peptides in the brain and these alterations
may in part modulate some of the behavioral effect of cocaine, including cocaine reinforcement.
Increased levels of endorphin peptides were observed in the nucleus accumbens after a single (193, 232),
and after chronic (232), cocaine administration and dynorphin peptide levels were increased in the
striatum after multiple doses of cocaine (248, 249). At least some of these effects are mediated through
activation of dopamine receptors, since dopamine agonists have been shown to increase the release of
dynorphin (256) which might cause further changes at the opioid receptor levels. Cocaine has been
shown to alter the density (267, 113, 268, 115, 298, 255, 264, 162, 265, 36) and activity (115, 242) of
specific opioid receptors in discrete regions of the brain reward circuit. Such changes are likely to alter
the interaction of opioid receptors with their endogenous ligand and perhaps further influence the

response of a drug.
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Opioid agents in turn affect dopamine levels and other effects caused by cocaine. For example, the non-
selective opioid antagonist naltrexone has been shown to reduce cocaine self-administration in
experimental animals (41, 213) as well as relapse to cocaine abuse in human cocaine addicts (241). When
using more specific agents it was shown that supression of the p- and d-opioid systems reduces the
rewarding effects of cocaine (258, 220, 42, 209, 231). In addition, mice lacking the p-opioid receptor
have been reported to show reduced cocaine-induced place-preference (9, 86). Several investigations
have provided evidence that stimulation of k-opioid receptors suppresses several pharmacological and
behavioral effects induced by cocaine. For instance, k-receptor stimulation attenuates cocaine-induced

reward in self-administration studies (74, 145, 184, 167, 239).

1.5.3  Cocaine and the nociceptin system

Neurochemical studies lend support for a role of nociceptin in the modulation of reward related
behaviors. First, intracerebroventricular injection of nociceptin reduced cocaine-elevated dopamine
concentrations in the nucleus accumbens (151). The rewarding effects of cocaine are reduced after
treatment with nociceptin as measured by conditioned place preference (134, 236). Nociceptin has also
been reported to decrease cocaine-induced locomotion (151, 134) and cocaine-induced sensitization (152)
after intracerebroventricular administration possibly due to nociceptins effects in the ventral tegmental

area (152).

1.6 ETHANOL
Ethanol is a substance that does not bind to specific sites as many other drugs of abuse, instead ethanol is
interacting non-specifically with several different neurotransmitter systems occurring at widespread

anatomical sites in the brain.

1.6.1 Ethanol, dopamine and reward

A considerable amount of publications has reported that the reinforcing and behavioral effects of ethanol
are mediated by an increase in the dopamine concentration in the nucleus accumbens (110, 52). Ethanol
affects many properties of the dopaminergic neurons. Firstly, ethanol has been shown to directly excite
dopaminergic cell bodies in the ventral tegmental area (71, 17, 16). Secondly, ethanol might indirectly
affect dopamine release through inhibition of GABAergic neurons in the substantia nigra pars reticulata
and ventral tegmental area leading to a disinhibition of dopamine neurons, possibly through activation of
opioid receptors (43). Pharmacological treatment with both dopamine receptor antagonists (217) and
dopamine agonist (218, 187) have been shown to decrease ethanol intake and supports a role for
dopamine in ethanol reward and reinforcement. However, neurotoxic lesions of dopamine neurons did
not interfere with ethanol consumption or operant responding for ethanol (219, 109) showing a complex

situation suggesting that other systems besides dopamine influence the intake of ethanol.

Indeed, ethanol has been shown to facilitate GABA transmission by increasing chloride conductance
through GABA,4 receptors (46) and to increase serotonin concentrations in the nucleus accumbens (294).
Moreover, acute ethanol has also been associated with decreased glutamate activity (19), while chronic
ethanol administration up-regulates NMDA glutamate receptors (263). A recent study has proposed that

glycine receptors may be involved in controlling ethanol consumption, since stimulation of glycine
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receptors in the nucleus accumbens decreases ethanol intake while increasing accumbal dopamine
concentrations (176). Several studies also suggest important interactions between ethanol and opioid

systems that might contribute to the initiation, maintenance and relapse to alcohol dependence (95).

1.6.2  Ethanol and the endogenous opioid system

Several reports indicate that ethanol alters the activity of the opioid peptides and these changes may play
an important role in the reinforcing properties of ethanol. For example, an acute challenge of ethanol
increases the extracellular levels of endorphins in the nucleus accumbens (216, 193, 159) and in the
ventral tegmental area (216) and a correlation between the risk of developing alcoholism and an increased
ethanol-induced release of B-endorphin in humans has been observed (73). Substantial evidence shows
that ethanol does not only affect the opioid peptide levels but also the opioid receptors. The ethanol-
induced changes in opioid peptides and in opioid receptors vary with the brain region investigated as well
as the strains of animals used. Acute and chronic ethanol administration increases p-opioid receptor
binding (72, 168) and d-receptor binding is increased in rat brain following chronic ethanol treatment

(72).

Non-selective opioid receptor antagonists administered both systemically (157, 238) and locally in the
nucleus accumbens (96) reduce ethanol self-administration and ethanol-induced stimulation of dopamine
release (78). On the basis of findings in animal models, naltrexone, a non-selective opioid antagonist was
tested clinically and is now used for treatment of alcohol dependence in humans (190, 287). Evidence for
participation of p-opioid system in modulation of ethanol-related behaviors comes from studies where
rodents treated with p-opioid receptor antagonists (106, 141, 107) and mice lacking p-opioid receptors
(224, 87) display reduced ethanol intake. In addition, a low basal activity of the dynorphinergic/x-
receptor system is associated with high ethanol intake in rodents with an alcohol-preference (189, 116)

and treatment with a k-opioid agonist reduced voluntary ethanol intake in rats (149).

1.6.3  Ethanol and the nociceptin system

Centrally administered nociceptin has been shown to reduce ethanol self-administration (31, 30).
Nociceptin or an ORLI1 receptor agonist abolished ethanol-induced place preference (144) and ethanol
reinstatement either caused by stress (160), ethanol paired cues (30) or a stimulating dose of ethanol

(144).

Taken together, these data provide evidence for shared biochemical processes of cocaine and ethanol as
shown by the participation of dopamine and opioid systems in modulation of both cocaine and ethanol-

related behaviors.

1.7 CONCURRENT COCAINE AND ETHANOL

The combined use of alcohol and cocaine has become a significant social and public health concern
worldwide, with evidence that sudden death and incidence of medical care are increased when this drug
combination is used (229). Despite this concern, there are currently few efficacious medications for the

treatment of each kind of drug dependence or a general approach treating the co-abuse of these drugs.
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The high prevalence of cocaine and alcohol co-abuse in humans might be explained at genetic and
pharmacokinetic levels as well as by additive properties when both drugs are taken in combination.
Alcohol preferring rats consume more cocaine than non-preferring rats (105) and they respond with an
increased dopamine release after cocaine administration (171), supporting a hypothesis of common genes
that control cocaine and ethanol intake. Ethanol can modify cocaine responses through alterations in
cocaine pharmacokinetics, where co-administration of ethanol increases the plasma and brain
extracellular fluid concentrations of cocaine (270, 90, 194). Ethanol pre-treatment has also been
demonstrated to potentiate cocaine’s rewarding properties in conditioning place preference (18) and self-
administration (170) paradigms suggesting that the combination of cocaine and ethanol results in a
greater cocaine reward. Concurrent cocaine and ethanol also results in an enhanched locomotor response
(163, 198) than what is produced by either drug alone and cross-sensitization between cocaine and
ethanol has been observed (114, 146), suggesting that these two drugs act on a common neural circuit to

mediate these behavioral effects.
Understanding possible common neurochemical mechanisms of these two drugs in drug reward and

dependence might help explain the high frequency of cocaine and alcohol abuse and further lead to

suitable pharmacological treatment for a concurrent cocaine and alcohol dependence.
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2 AIMS OF THE STUDY

The general aim of the present thesis was to analyze separate and combined effects of cocaine and
ethanol given acutely and chronically on the endogenous opioid and ORL1 systems as well as on

dopamine release in the rat mesolimbic dopamine pathway.

In particular, the experiments were designed to:

Examine the acute effects of cocaine and ethanol on dynorphin and k-opioid receptor mRNA levels in the

mesolimbic and nigrostriatal dopamine systems by using in situ hybridization technique.

Study the acute effects of cocaine and ethanol on opioid and ORLI1 receptors in the central nervous

system by using autoradiography.

Examine the effects of subacute cocaine administration on k- and p-opioid receptor mRNA levels in the

nucleus accumbens.

Analyze the chronic effects of cocaine and ethanol on k-opioid receptor mRNA levels in the mesolimbic
dopamine pathway by using quantitative reverse transcriptase polymerase chain reaction (RT-PCR). In
addition, study the effects of k-opioid receptor ligands on dopamine release following repeated ethanol

administration.

Investigate the chronic effects of cocaine and ethanol on dopamine output in the nucleus accumbens by

using microdialysis.
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3 MATERIALS AND METHODS

3.1 ANIMALS

Male Sprague-Dawley rats (BK Universal, Sollentuna, Sweden) weighing from 200-350 grams at the
beginning of the experiments were used. Before the experiments the animals were housed for one week in
a modern animal care facility in a temperature and humidity controlled environment with ad libitum
access to food and water under a 12 hour light/dark cycle. All experiments were performed according to
the guidelines in our applications with permit numbers N302/97, N183/98, N289/99 approved by the
Animal Ethics Committee of Northern Stockholm, Sweden.

3.2 DRUGS AND CHEMICALS

Ethanol (AB Svensk sprit) and cocaine hydrochlorid (Apoteket AB, Sweden) were dissolved in saline
(0.9%) and administered by intraperitoneal (i.p.) injections in all experiments. In paper VI, U50, 488H
and nor-binaltorphimine (nor-BNI) (Bio-nuclear AB, Stockholm, Sweden) were dissolved in saline and
diluted to 20 uM and 10 puM respectively, in artificial cerebrospinal fluid (aCSF; 148 mM NacCl, 2.7 mM
KCI, 0.85 mM MgCl,, 1.2 mM CaCl,, pH 7.1 to 7.4, Apoteket AB, Sweden) and administered into the
nucleus accumbens by reverse microdialysis. [’H] CI-977 ((-)-N-Methyl-N-[7-(1-pyrrodinyl)-1-oxospiro
[4, 5]dec-8-yl]-4-benzofuranacetamide), [*H] D-Ala® , Asp*-deltorphin I (DELT I), [’H] D-Ala*-Methyl-
Phe*-Gly-ol’ enkephalin (DAMGO) and naloxone (Nycomed Amersham plc, Buckinghamshire,
England) were dissolved in a 50 mM Tris-HCI buffer, pH 7.4 to 2.5 nM, 7nM, 4nM and 10uM,
respectively and used in receptor binding studies (Paper IV). leucyl ['H] Nociceptin and Nociceptin were
dissolved in 50 mM Tris-HCI, pH 7.4 containing 3 mM MgCl,, 2 mM EGTA, 1.26 x 10° U/L Bacitracin

and 0.1% BSA to a concentration of 0.4 nM and 1um, respectively.

3.3 EXPERIMENTAL DESIGN

3.3.1  Acute cocaine and ethanol administration (Paper IV and V)

Rats received i.p. injections of saline (0.9% w/v) twice daily for thirteen days, followed by one day of
cocaine and/or ethanol injections, see Table 2. Ethanol was given at 09.00 (2 g/kg, 18% v/v in saline)
followed by a cocaine “binge” paradigm (156). Thus, cocaine (45 mg/kg/day) or saline was administered
by i.p. injections three times with one hour intervals, starting at 09.30. Rats were killed by decapitation
thirty minutes after the final injection. Brains were rapidly removed and immediately frozen in isopentane

at -20°C and subsequently stored in -80°C.

3.3.2  Chronic ethanol and/or subacute cocaine administration (Paper I-III, VI)

Ethanol (2 g/kg, 18% v/v in saline) or saline was given twice daily for seven (Paper VI), eight (Paper I1I)
or fourteen days (Paper I, II). On the last two days of ethanol treatment, rats were challenged with cocaine
(45 mg/kg/day) or saline “binges” (Paper I-III), see Table 2. In Paper I and II, rats were killed by
decapitation 30 minutes after the final injection, brains were removed, dissected on ice and brain regions
were immediately frozen on dry ice and stored in -80°C. In Paper VI the rats were treated with ethanol for
seven days and on day 8, k-receptor ligands were infused by reverse microdialysis into the nucleus

accumbens.
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TABLE 2

Drug treatment schedules

Group

Day 1-13

Day 14

Saline control

Saline 1ml /kg (0.9% w/v) 2 x day

Saline 1 ml/kg /

> “Binge” saline 1 ml/kg x 3
>
; Acute cocaine Saline 1ml/kg 2 x day Saline 1 ml/kg /
E‘ “Binge” cocaine 15 mg/kg x 3
Acute ethanol Saline Iml/kg 2 x day Ethanol 2 g/kg /
“Binge” saline 1 ml/kg x 3
Acute cocaine and ethanol Saline 1ml/kg 2 x day Ethanol 2 g/kg /
“Binge” cocaine 15 mg/kg x 3
Grou Day 1-6 (Paper III) Day 7-8 (Paper III)
P Day 1-12 (Paper 1, II) Day 13-14 (Paper 1, II)
E. Subacute cocaine Saline 1ml /kg (0.9% w/v) 2 x day Saline 1 ml/kg /
; “Binge” cocaine 15 mg/kg x 3
2
&  Chronic ethanol Ethanol 2 g/kg 2 x day Ethanol 2 g/kg /
“Binge” saline 1 ml/kg x 3
Chronic ethanol and cocaine  Ethanol 2 g/kg 2 x day Ethanol 2 g/kg /
“Binge” cocaine 15 mg/kg x 3
= Group Day 1-7 Day 8
s
&
A~ Chronic ethanol Ethanol 2 g/kg 2 x day U50, 488 H (20 uM)

Nor-BNI (10 uM)

In Paper III and VI microdialysis was performed on the last day of experiment. At the end of the
microdialyis experiment rats were killed by decapitation, the brains rapidly removed and frozen in ice-

cold acetone and thereafter stored in -80°C.

34  DISSECTION

After decapitation, the pituitary gland was removed and the brain was placed in a cooled brain blocker
and sliced manually with razor blades in coronal sections. The nucleus accumbens (Paper I and II) and
ventral tegmental area (Paper II) were dissected using a scalpel with guidance from the rat brain atlas of

Paxinos and Watson (195, 196).

35 IN SITU HYBRIDIZATION

Coronal sections (15um) were prepared in a cryostat (Zeiss Microm 505E). Sections were dried by using
anhydrous CaSO, for one week at — 20 °C. Prior to hybridization, the brain sections were warmed to
room temperature and allowed to dry. Subsequently, the sections were fixed in 4% paraformaldehyde/ 1 x
Phosphate buffered saline (0.9% PBS) for 5 minutes, rinsed twice in PBS and treated with 0.25% acetic
anhydride/ 0.1 M triethanolamine/ 0.9% sodium chloride for 10 minutes. The sections were then rinsed in
2 x standard saline citrate (SSC; 1 x SSC = sodium chloride 0.15 M, sodium citrate 0.015 M), dehydrated
in a graded series of ethanol (70%, 80%, 95%, 100%), delipidated with chloroform and air-dried before
the hybridization procedure. All solutions were pretreated with 0.1% diethylpyrocarbonate before use.

The hybridization buffer consisted of 0.5 mg/ml sheared single stranded DNA, 250 pg/ml Yeast tRNA
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(transfer RNA), 1 x Denhardt's solution (solution of 0.2% each, bovine serum albumin, ficoll,
polyvinylpyrrolidone), 10% (w/v) dextran sulfate, 4 x SSC, and 50% formamide. Before hybridization,
the labeled probe (prodynorphin RNA probe, bp 466-1101 (33); k-opioid receptor probe, bp 628-1129
(Accession number NM 017167)) was added to the hybridization cocktail in a concentration of 20 x 10°
cpm per pl, and 0.21 ml of this hybridization mixture was applied to the brain sections. The sections were
coverslipped to prevent evaporation and the hybridization was carried out in a humidified chamber
overnight at 55°C. Incubation was followed by RNAse A treatment (40pg/ml) for 30 min at 37°C and
subsequent washes in a graded series of SSC solutions containing 1 mM dithiothreitol (2X SSC, 2 x 5
minutes; 1 x SSC and 0.5 x SSC, 10 min; 0.1 x SSC, 1 hour) all at room temperature except for the 0.1 x
SSC (53°C). Dehydration was carried out with graded ethanol solutions containing 300 mM ammonium
acetate. The slides were then air dried and exposed to f-max Hyperfilm (Amersham, Buckinghamshire,
UK) along with '*C standards (American Radiolabeled Chemicals, St Louis, MO, USA) for 14 days.
Optical density values were measured from digitalized images with a resolution of 200 dpi (scanned by
ScanMaker III; Microtek Electronics, Diisseldorf, Germany) using a Macintosh-based image analysis
software system (IMAGE; Wayne Rasband, NIMH, MD, USA). The optical density values were
converted to dpm/mg by reference to the co-exposed standards. The following anatomical sites were
identified by using a rat brain atlas (197): nucleus accumbens core and shell, ventromedial, dorsomedial
and dorsolateral striatum, ventral tegmental area, substantia nigra pars compacta and pars reticulata. The
statistical significance of differences in prodynorphin and k-opioid receptor mRNA expression levels
between the groups was calculated using a one-way ANOVA, followed by the protected Fisher’s LSD

post-hoc test. Statistical calculations were performed using CSS Statistica software (v. 5.0 Stat. Soft Inc.).

3.6 AUTORADIOGRAPHY

For autoradiographic mapping 20 um frozen coronal sections were cut (400 um apart) in a cryostat (Zeiss
Microm 505E). Adjacent sections were cut for determination of specific and non-specific binding for p-,
K-, 8-, and ORL1 receptor binding using [’'H] DAMGO (4 nM), [*H] Deltorphin-I (7 nM), [*H] CI-977
(2.5 nM) and [*H] Nociceptin (0.4 nM), respectively. Naloxone was used for determination of non-
specific binding for all ligands (1uM for ['H] DAMGO, [*H] CI-977, and 10 uM for [*H] Deltorphin-I),
except for [’H] Nociceptin, where cold nociceptin (1uM) was used. Binding and incubation conditions
were performed as previously described (129, 34). Quantitative analysis of receptor binding on film
autoradiograms was carried out by video-based computerised densitometry using a MCID image analyzer
(Imaging Research, St. Catharines, ON, Canada). Fmol/mg tissue equivalents for receptor binding were
derived from [*H]-microscale (Amersham, UK) based calibrations laid down with each film after
subtraction of non-specific binding images. Quantification from both the left and the right side of each
brain section was carried out. All brain structures were identified by reference to the rat brain atlas of
Paxinos and Watson (196). Overall comparison of quantitative measures between treatment groups across
all regions was made using one-way ANOVA followed by Fisher’s LSD post-hoc test. When significant
main effects were observed a two-way ANOVA (treatment x region) was carried out followed by
Fisher’s post-hoc test to determine individual regions with significant changes. The statistical analysis

were performed using GB Stat. software (Dynamics Microsystem, Inc., Silver Spring, MD, U.S.A)
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3.7 QUANTITATIVE RT-PCR

Total RNA from each region was extracted using 1 ml of RNAzol B (Biotecx Laboratories, Huston,
USA). The final RNA pellet was dissolved in 40 pl of diethyl-pyrocarbonate-treated water, followed by
spectrophotometric measurement at 260 nm of the total RNA concentration. First strand complementary
deoxyribonucleic acid (¢cDNA) synthesis of the total RNA was made using random hexamer primers,
pd(N)s (Pharmacia Biotech, Uppsala, Sweden) using standard procedures (204). Primers and internal
standards for the rat k- and p-opioid receptors and for the housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase (G3PDH) were added to the PCR amplifications. The competitive PCR reaction was
performed in a total volume of 25 pl, including 2 ul cDNA as well as 1 pl of each internal standard at six
different concentrations (0.03125-1 attomoles/pl for the k-receptor, 0.03125-1 x 107 attomoles for the p—
receptor and 0.3125-10 attomoles for G3PDH). The PCR reaction was conducted under 35 cycles under
the following conditions; denaturation at 95°C for 1 minute, annealing at 60°C for 1 minute, elongation at
72°C for 1 minute, followed by an extension step at 72°C for 5 or 10 minutes. The PCR products was
separated on an ethidium bromide stained 2% agarose gel and the molar ratio between each specific gene
product and the house-keeping gene was calculated for each brain region. Data were analyzed for overall
treatment effect using Kruskal-Wallis ANOVA of median rating scores, followed by the Mann-Whitney
U-test using the CSS Statistica software.

3.8 MICRODIALYSIS

Under pentobarbital anesthesia (60 mg/kg i.p.), rats were stereotaxically implanted with a shortened
microdialysis guide cannula (CMA Microdialysis AB, Sweden) in the nucleus accumbens. The
coordinates according to the atlas of Paxinos and Watson (195) with reference to the bregma were AP
+1.6, ML +1.4 and DV -2.1 (from dura). The shortened guide cannula was fixed to the skull by stainless-
steel screws and dental cement (AgnTho’s, Sweden). Following surgery, the rats were housed
individually and allowed to recover for two days before drug treatment began under the above described
drug treatment schedule.

On the day before the microdialysis experiment, a probe (CMA/12, CMA Microdialysis AB, Sweden)
was inserted via the guide cannula. On the day of microdialysis experiment the probe was connected to a
microperfusion pump (Univentor syringe pump 801, AgnTho’s, Sweden) and perfused at a rate of 2.5
pul/min with artificial cerebrospinal fluid (aCSF) via a swivel. After equilibration, dialysate from the
nucleus accumbens was collected over 20 minute intervals (Univentor microsample 810, AgnTho’s,
Sweden), starting 60 minutes before drug injection (ethanol or cocaine (Paper IIT), US0, 488H or nor-BNI
(Paper VI)). The k-receptor agonist US0, 488H and the k-receptor antagonist nor-BNI were dissolved in
aCSF and pH was adjusted before dialysis (Paper VI). The micordialysis probes were perfused for 20
minutes with aCSF containing either U50, 488H (20uM) or nor-BNI (10uM). Perfusate samples were
loaded into the sample loop of the injector (MIDAS) and automatically injected into a high performance
liquid chromatography (HPLC) system with electrochemical detection for extracellular concentrations of
dopamine as well as the metabolites DOPAC (3, 4-dihydroxyphenylalanine) and HVA (Homovanillic
acid). The mobile phase that consisted of 55 mM sodium acetate, 0.5 mM octanesulfonic acid, 0.01 mM
Na,EDTA and 10% methanol (pH was adjusted to 4.1 with acetic acid) was delivered by a HPLC pump
(580, ESA Biosciences, Inc., Chelmsford, MA, USA) through a Reprosil pur C18 reversed phase column

(150x4 mm; 3um) at a constant flow rate of 0.7 ml/min. After separation, the analysate was passed
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through a guard cell (5021, ESA Biosciences, Inc., Chelmsford, MA, USA) with an applied oxidizing
potential of 150 mV. The electrochemical detection was thereafter accomplished using a coulometric
detector (Coulochem II, 5200 A, ESA) connected with an oxidation and reduction of the microdialysis
sample (coulometric electrode: 400 mV; amperometric electrode: -200mV). Chromatograms were both
printed on a two-pen chartrecorder (Kipp&Zonnen) and recorded using the Chromatrography Station for
Windows (CSW) software. Dialysate concentrations were determined by comparison with the standard
peaks resulting from injection of known concentrations of dopamine and the metabolites DOPAC and
HVA. Statistical analysis of the results was performed on dopamine and metabolite levels expressed as
percent of baseline levels. Data were analyzed by one- and two-way (treatment x time) ANOVA with or
without repeated measures, followed by the Least Significant Difference (LSD) test for multiple
comparisons when appropriate. Statistical calculations were performed by using the CSS Statistical

software. The frozen brains were later analyzed for localization of correct probe placement.
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4 RESULTS AND DISCUSSION

Ethanol has been reported to potentiate the euphoric effects of cocaine. Given that both cocaine and
ethanol affect the mesolimbic dopamine system and the endogenous opioid system, we hypothesized that
this drug combination would act synergistically. Thus, we examined the effects of acute as well as
chronic cocaine and ethanol in combination on the opioid and dopamine system in the nucleus

accumbens.

4.1 ACUTE EFFECTS OF COCAINE AND ETHANOL

4.1.1  Effects of cocaine and ethanol on the prodynorphin/ k—system (Paper V)

By using in situ hybridization we studied the acute effects of combined as well as separately
administered ethanol and cocaine “binge” on k-opioid receptor mRNA and prodynorphin mRNA
expression in discrete brain regions. Cocaine and ethanol in combination increased prodynorphin
mRNA in all regions analyzed, Figure 3A. The combination of cocaine and ethanol increased
prodynorphin mRNA in the striatum and nucleus accumbens, with a potentiated effect on
prodynorphin mRNA levels in the dorsolateral striatum (212%, p<0.0001). The dorsal striatum is
relevant for motor functions that might be altered by cocaine intake, such as increased locomotor
activity and stereotypic behaviors but also in drug-seeking behavior (112). We have previously not
observed any changes in stereotypic behaviors after acute co-administration of cocaine and ethanol
(unpublished data), whereas another study reported increased locomotor activity after acute concurrent
cocaine and ethanol in mice (163). On the other hand, concurrent cocaine and ethanol down-regulated
K-opioid receptor mRNA levels in the striatum, the nucleus accumbens, the ventral tegmental area and
the substantia nigra compacta with an additive effect on k-opioid receptor mRNA levels in the nucleus
accumbens core (74%, p=0.0012), Figure 3B. The prolonged dopamine release following cocaine and
ethanol leads to excessive stimulation of dopamine receptors which in turn could induce dynorphin
release and biosynthesis (147, 256). Acute administration of cocaine increases the expression of
dynorphin mRNA in the striatum (102, 253, 45, 264) and in the nucleus accumbens (264) suggesting
that cocaine exerts a modulatory influence on the dynorphin system. Dynorphin peptide levels have
been reported to be increased after chronic but not after a single cocaine administration (248), although
Turchan and coworkers reported increased release of a-neoendorphin (another prodynorphin gene
product) following acute cocaine administration (264) and a different study showed increased levels of
dynorphin peptides after multiple cocaine injections during one day (249). Since the actual release of
dynorphin peptides is troublesome to measure, it can only be suggested that an elevation of dynorphin
mRNA and peptide levels gives a higher dynorphinergic tone. This elevated dynorphin tone might act
as a feed-back inhibition to counteract the excessive dopamine transmission from the substantia nigra
and ventral tegmental area as seen by decreased concentrations of dopamine in the nucleus accumbens
(53, 252), and in the striatum (295) following k-opioid receptor stimulation. Acute administration of
ethanol has not been shown to influence the dynorphin system (244). Thus, the elevation of dynorphin
mRNA levels seen after co-administration of cocaine and ethanol in this study might mainly depend on
the effect that cocaine plays on the dynorphin system, except in dorsolateral striatum, where the

combined drug treatment increased dynorphin mRNA levels, while cocaine and ethanol administered
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Figure 3. Histograms showing A. prodynorphin mRNA B. k-opioid receptor mRNA expression after acute
treatment with cocaine and/or ethanol in differents brain areas. NAcc core, nucleus accumbens core; NAcc shell,
nucleus accumbens shell; VMS, ventromedial striatum; DMS, dorsomedial striatum; DLS, dorsolateral striatum
VTA, ventral tegmental area; SNR, substantia nigra reticulata; SNC, substantia nigra compacta. Values are means
+ S.E.M. (n=5). *P<0.05; **P<0.01; ***P<0.001 indicates significant difference when comparing control animals
with drug-treated animals. #P<0.05, #P<0.01, *P<0.001 indicates significant difference when comparing cocaine-
treated animals with cocaine/ethanol-treated animals. ®*P<0.01, “°P<0.001 indicated significant difference when
comparing ethanol-treated animals with animals treated with cocaine/ethanol.

separately did not. The apparent lack of effect after single ethanol treatment might also be due to a
rapid and transient elevation of dynorphin mRNA (228) that escapes detection in our study where
ethanol was administered four hours before analysis, as compared to the last cocaine injection that was
given thirty minutes before mRNA measurement. An increase in dynorphin release as a response to
drug administration might be counteracted through changes in the synthesis of k-opioid receptors as

seen in this study by a decreased k-opioid receptor mRNA expression.

4.1.2  Acute cocaine and ethanol, effects on opioid receptor levels (Paper IV)

Given that acute cocaine and ethanol, both separately and in combination, affected the levels of k-opioid
receptor mRNA, expression of the receptor protein might also be altered. Using the same drug-treatment
schedule we analyzed the opioid receptor levels in rat central nervous system using autoradigraphy.
Cocaine and ethanol in combination as well as acute ethanol administration increased p-opioid and ORL1
receptor binding, while decreasing k-opioid receptor levels, Figure 4. An acute cocaine “binge” did not
cause any general changes in opioid and ORL1 receptor binding thus, the effects on receptor densities
seen after concurrent cocaine and ethanol implicates a stronger influence of ethanol on the combined drug
effect. However, in discrete regions there are alterations in receptor levels that seem to be due to the
combination of ethanol and cocaine. For example, in the nucleus accumbens core there is an increase in
p-opioid receptor densities (P<0.05) that is not seen in any other treatment groups. The general increase
in p-opioid receptor densities after ethanol and ethanol and cocaine in combination might be explained by
the fact that ethanol has a more wide-spread effect on the central nervous system than cocaine. Increased
p-opioid receptor densities after acute ethanol administration might change the sensitivity to the
rewarding effects of ethanol. Rats selectively bred for alcohol preference showed a higher density of p-
opioid receptors than rats with no alcohol preference (47, 250) and mice lacking the p-opioid receptor
gene displayed reduced ethanol intake (224, 87). Our study reports no changes in 6- receptor densities in
any treatment groups. Similarly, unaltered levels of §-receptor in alcohol preferring rats has been reported

(250), suggesting that direct changes in d-receptor levels are unlikely to underlie behavioral consequences
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of ethanol and/or cocaine administration. However, others have proposed a role for 4-receptors in both
alcohol and cocaine dependency where blockade of d-receptors attenuates the reinforcing effects of
cocaine (258) and reduces volitional ethanol intake in rats (66, 139, 140, 64). A general decrease in k-
opioid receptor densities was observed after ethanol or concurrent ethanol and cocaine, which is in
agreement with reports showing that mice with a preference for ethanol show reduced k-opioid receptor

levels in the nucleus accumbens and other limbic regions as compared to alcohol-avoiding mice (116),
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Figure 4. Computer enhanced colour autoradiograms of coronal brain section from saline, cocaine (Coc), ethanol
(EtOH) and cocaine/ethanol (Coc/EtOH) treated rats showing p-, 8-, k- and ORL1 receptor binding. (a) Show
sections cut at the level of the striatum (bregma 1.60). (b) Show sections cut at the level of the hippocampus (bregma
-3.14). The colour bars show a pseudo-colour interpretation of relative binding density of black and white film images
calibrated in fmol/mg tissue.
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although contrasting data has been reported (250). The k-agonists U-69593 or U50, 488 reduce cocaine

self-administration, cocaine-induced locomotor activity as well as cocaine-induced sensitization (74, 245,
145, 35) and reduce ethanol consumption in rats (149). The general decrease of k-opioid receptors might
reflect an increase in dynorphin release and k-opioid receptor occupation. ORL1 receptor levels were
generally increased after ethanol and concurrent cocaine and ethanol in the present study. Nociceptin
reduces morphine-induced reward (179) and has therefore been suggested to act as a negative feed-back
for the p-opioid system (28) supposedly through opposing the actions of morphine on the mesolimbic
dopamine system (55). Nociceptin has also been shown to reduce ethanol self-administration (31, 30) and

ethanol-induced place preference (144), possibly through acting as an anti-opioid peptide (28).

The mechanism behind the increase in p- and ORL1-receptor binding could indicate an enhanced gene
transcription, an increase in mRNA stability, stimulation of inactive receptors or decreased degradation of
receptors due to ethanol or ethanol/cocaine treatment. On the other hand, the decreased x-opioid receptor
levels following ethanol or ethanol/cocaine treatment can reflect adaptations such as internalization or
down-regulation that might occur through increased degradation or decreased synthesis of the receptor.
Although, autoradiography gives no information about the actual activity of the receptors measured, the
decrease of k-opioid receptors seen in this study in combination with the increase in p-opioid receptors
might indicate that acute ethanol administration can lead to an imbalance in the opioid system that in turn

might lead to a change in ethanol and cocaine preference (189).

Taken together, these studies show that the combination of acute cocaine and ethanol increases dynorphin

mRNA while decreasing k-opioid receptor mRNA and receptor protein levels.

4.2  CHRONIC EFFECTS OF ETHANOL AND COCAINE

The acute effects of cocaine and ethanol prove that this drug combination can cause initial changes on
opioid peptide and opioid receptor mRNA levels important for drug reinforcement. These changes might
be sustained or even enhanced after continued drug exposure and if so we were interested in exploring

whether these changes are relevant for the dopamine response in the nucleus accumbens.

4.2.1 Ethanol and cocaine, effects on opioid receptor mRNA levels (Paper I and II)

By using a semi-quantitative competitive RT-PCR method we studied the effects of “binge” cocaine
administration on k- and p-opioid receptor mRNA levels in the nucleus accumbens (Paper II). Two days
of cocaine “binge” produced a down-regulation (88%, P=0.006) of k-opioid receptor mRNA in the
nucleus accumbens whereas p-opioid receptor mRNA was not significantly changed, Figure 5 a. We
further performed an experiment analyzing k-opioid receptor mRNA in the nucleus accumbens and in the
ventral tegmental area after a combined treatment with chronic intermittent ethanol and subacute cocaine
“binge” administration (Paper I). Cocaine and ethanol in combination lead to reduced levels of k-opioid
receptor mRNA in the ventral tegmental area (88%, P=0.00075) and in the nucleus accumbens (76%,
P=0.0007), Figure 5 b and c. There are several reports of increased prodynorphin mRNA levels in the

nucleus accumbens after chronic cocaine (101, 264) and ethanol (148). Peptide levels in the striatum,
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Figure 5. (a) x-and p-opioid receptor mRNA levels in the nucleus accumbens following 2 days of “binge” cocaine
treatment. Data are expressed as % of the saline control group. Means+S.E.M. for six experiments are given.

(b) and (c) Levels of k-opioid receptor mRNA expression in rats treated with ethanol and “binge” cocaine, separately
or in combination. Bars represent the means+S.E.M. of six rats for each group. Differences among treatments were
estimated by Kruskal-Wallis ANOVA. (b) Ventral tegmental area; (c) Nucleus accumbens; C/E, cocaine/ethanol; E,
ethanol; C, cocaine; S, saline. ~ P=0.004, ™ P=0.006 vs. saline treated group. T P=0.005 between ethanol (E) and
cocaine (C) treated animals by Mann-Whitney’s U test.

the nucleus accumbens and the substantia nigra are also increased after multiple cocaine treatments (248,
249). Although no direct measurements of dynorphin release has been reported, enhanced dynorphin
activity have been proposed to act as a negative feed-back to the dopamine system in order to counter-act
the drug-induced elevations of dopamine concentrations in the nucleus accumbens. The dramatic
decrease of k-opioid receptor mRNA levels seen in this study might be interpreted as a compensatory
response to increased levels of dynorphin, which in turn could affect dopaminergic activity. Altough
mRNA levels can not be directly correlated to receptor levels there are studies reporting decreased levels

of k- opioid receptor binding following chronic cocaine administration (264).

4.2.2  Effects of ethanol on cocaine-induced dopamine concentrations (Paper III)

Activation of k-opioid receptors in the nucleus accumbens has been shown to decrease dopamine
concentrations in the nucleus accumbens, leading to the speculation that the down-regulation of k-opioid
receptor mRNA levels seen after both acute and chronic cocaine and/or ethanol treatment might change
the response of dopaminergic cells. By using microdialysis, the combined effects of chronic intermittent
ethanol administration and subacute cocaine “binge” on accumbal dopamine concentrations were
measured. The combination of cocaine and ethanol produced a more pronounced increase in extracellular
dopamine levels as compared to cocaine “binge” treatment (p<0.05-0.01), Figure 6. Several factors might
contribute to the enhanced cocaine-induced dopamine release in the nucleus accumbens after pre-
treatment with ethanol. Cocaine and ethanol are both known to increase dopamine in the nucleus
accumbens (52) via different mechanisms. The two drugs in combination could work synergistically,
causing an elevated dopamine response. In this study, ethanol alone did not influence dopamine

concentration in the nucleus accumbens, suggesting other mechanisms than a direct additive effect
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underlying the enhanced dopamine response seen after concurrent cocaine and ethanol administration.
Pre-treatment with ethanol may cause neuroadaptive changes influencing the cocaine-induced dopamine
response. For example, the tissue concentration of dynorphin B was increased in the nucleus accumbens
after repeated ethanol administration (148) that might lead to reduced k-receptor mRNA levels as seen
after chronic ethanol administration in Paper I, which in turn could affect the response of cocaine. Lower
levels of k-receptors might increase the dopamine response due to less inhibition of dopamine release in
the nucleus accumbens. The observed effects could also originate from an increased plasma
concentrations of cocaine after concurrent cocaine and ethanol intake, resulting in a higher brain
extracellular fluid cocaine concentration (270, 90, 194), which could contribute to the increase in
dopamine concentrations in the nucleus accumbens following cocaine and ethanol co-administration,

since extracellular dopamine levels are highly correlated to brain cocaine levels (103).

A radically different possibility, where cocaine in the presence of ethanol is transformed into an active
metabolite — cocaethylene (62), has been proposed to be responsible for the effects caused by cocaine and
alcohol co-abuse. Cocaethylene binds to the dopamine transporter with similar affinity as cocaine (89,
288) that will increase the dopamine concentrations in the synaptic cleft. Cocaethylene produces reward
as measured by self-administration in monkeys (117). The clinical relevance of cocaethylene in cocaine
and ethanol reinforcement can be questioned since, in the actual co-abuse of alcohol and cocaine, the
concentrations of cocaine most likely far exceed the concentrations of cocaethylene (199). In human

studies cocaethylene is also less potent than cocaine at producing euphoria (200).

1100 ~ +
+
D 900 -
£
©
@ 700 ~
Q
G 500 - —&— A: ethanol+cocaine
9\_’, 3 o —=— B: ethanol+saline
Saline/ * . .
* .
2 300 A Ethanol x * * ol —&— C: saline+cocaine
g --A-- D: saline+saline
§' 100 - S . s - o
Cocaine/ Cocaine/ Cocaine/
-100 saline saline saline
T T T T T T T T T T T T T
-60 -20 20 60 100 140 180 220
Time (min)

Figure 6. Effects of ethanol and/or cocaine administration on extracellular dopamine in the nucleus accumbens. The
rats were pretreated with ethanol (2g/kg twice daily) or saline for 6 days. On treatment days 7 and 8, additional
cocaine or saline injections were given in a “binge” pattern (15 mg/kg i.p. three times with 1 hour interval) starting 40
minutes after the morning ethanol/saline dose. Arrows indicate injections of ethanol, saline or cocaine. Stars indicate
the difference in cocaine-induced dopamine release between rats pretreated with saline (C) and its saline pretreated
control group receiving saline “binges” (D). Cocaine increased dopamine levels significantly in ethanol pretreated
rats (A) as compared to ethanol pretreated rats receiving “binge” saline (B) (data not shown). Crosses indicate
differences between the cocaine-induced dopamine release in ethanol pretreated rats (A) as compared to saline
pretreated rats (C). No significant alterations on DOPAC and HVA levels were found. The data are expressed as
mean+S.E.M. percent change of basline values (i.e. three values preceding ethanol or saline injection) and analyzed
by two-way ANOVA with repeated measures followed by one-way ANOVA and the least significant difference
(LSD) test for multiple comparisons when appropriate (* "P<0.05, **P<0.01, ***""P<0.001).
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Taken together, cocaine and ethanol enhance dopamine release in the nucleus accumbens. Factors such as
ethanol pre-treatment and an increased cocaine bio-availability might contribute to these effects. The
increase in dopamine concentrations in the nucleus accumbens may be related to the enhanced euphoric

experience produced by the combination of cocaine and ethanol seen in human subjects (199, 164, 61).

4.3  EFFECTS OF K-LIGANDS ON ACCUMBAL DOPAMINE RELEASE FOLLOWING
CHRONIC ETHANOL ADMINISTRATION (PAPER VI)

Given that pre-treatment with ethanol induced a potentiated response on dopamine release in the nucleus
accumbens, we further hypothesized that this response might partly be an effect of k-opioid receptors,
therefore we examined the effect of locally applied k-ligands on the dopamine response after chronic
ethanol administration by using microdialysis. Pre-treatment with ethanol for seven days did not change
the baseline dopamine concentration or its metabolites in the nucleus accumbens as compared to saline
treated animals (data not shown). Withdrawal from ethanol has previously been shown to decrease
extracellular dopamine levels (230, 56) in the nucleus accumbens, an effect that has been suggested to
contribute to continued drug-seeking behavior and relapse (277). Blockade of k-receptors with nor-BNI
(10 pM) in the nucleus accumbens produced a significant increase in extracellular dopamine in ethanol
pre-treated rats as compared to baseline dialysate levels (p<0.01), Figure 7 a. The k-receptor antagonist
did not have an effect on dopamine concentrations in the nucleus accumbens in ethanol naive rats. A
previous study has shown elevated dopamine concentrations in the nucleus accumbens after intra-
accumbal infusions of nor-BNI to ethanol-naive rats, an effect that might be due to the higher dose used
in that study (252). Perfusion with aCSF containing the k-receptor agonist U50, 488H (20 uM) for twenty
minutes decreased dopamine levels in the ethanol group and in the control group, but in the ethanol pre-
treated animals the decrease was only significant during the 40 minute post-infusion period (p<0.05),

while the dopamine concentration was reduced during the 120 minutes post-injection period in the
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Figure 7. (a) Effects of the k-antagonist nor-binaltorphimine (nor-BNI) or (b) the x-agonist U50,488H on
extracellular dopamine (DA) concentrations in the nucleus accumbens. The rats were pre-treated with ethanol (2g/kg
twice daily) or saline for 7 days. On day 8, nor-BNI (10 uM) or U50,488H (20 uM) was administered by reverse
microdialysis into the nucleus accumbens. Asterisks indicate within-group differences in DA release following k-
receptor blockade/stimulation. Crosses indicate differences between the DA release in ethanol as compared to saline
pre-treated rats. The data are expressed as the mean * (S.E.M) percent change of baseline values (i.e. three values
preceding ethanol or saline injection) and analyzed by one- and two-way ANOVA with repeated measures followed
by the Least Significant Difference (LSD) test for multiple comparisons when appropriate. (** © p<0.05, ** **
p<0.01).
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control group (p<0.05-0.01), showing a slower onset and a more rapid return to baseline in the ethanol
pre-treated animals ascompared to the saline-treated animals, Figure 7 b. Ethanol exposure is believed to
influence the endogenous opioid system (95), which in turn can regulate the dopamine activity (53, 252).
It might be hypothesized that the increase in dynorphin activity after chronic ethanol administration (148)
could in turn cause adaptive changes in the k-receptor system, such as lower levels of k-receptors and
such an alteration could further influence the activity of the mesolimbic dopamine system as indicated in
this study. By blocking lower levels of k-receptors in the nucleus accumbens the effect of dynorphinergic
inhibition of dopamine neurons will be reduced which might result in an increase in dopamine
concentrations as seen in this study. In comparison, the responsiveness of dopaminergic neurons to
cocaine has been shown to be enhanced following repeated treatment of k-opioid receptor agonists (91),
suggesting that an increased stimulation of k-opioid receptors will lead to disinhibition of dopamine
transmission. The smaller response from a k-agonist on reducing dopamine output in rats chronically
treated with ethanol might be an effect of an increased dynorphin tonus in these animals, leading to an

altered response following k-receptor stimulation.

Taken together, the results from this thesis show that cocaine and ethanol acutely affect the endogenous
opioid system by producing drug-specific alterations in dynorphin mRNA, opioid receptor mRNA and
opioid receptor binding in the rat brain, Table 3. Chronic studies on co-administration of cocaine and
ethanol suggest that ethanol changes the sensitivity of the dynorphin/k-opioid system and consequently
its ability to affect the dopamine system, Table 3. An imbalance in the opioid system has been suggested
to influence the reinforcing properties of drugs of abuse and might therefore lead to an increased

propensity to a continued drug intake.

rS[l?n]?;Ersy of acute and chronic drug treatment on opioid and ORL1 systems in rat brain
Opioid system Cocaine Ethanol Cocaine/Ethanol
- receptor > 1 1 (11 NAcc core)
8- receptor — — —
@ ORLI-receptor - 1 1
E K- receptor « ! |
K- receptor mRNA 1 NAcc shell, VMS, 1 NAcc core, shell, VTA, 11 NAcc core, |shell,
VTA, SNC SNR, 1 DMS VMS, VTA, SNC
Prodynorphin mRNA 1T VMS , DMS | DLS 1 NAcc core, shell, VMS,
DMS, 11 DLS
E K- receptor mRNA | NAcc, VTA | NAcc, VTA | NAcc, VTA
é Dopamine 1 NAcc < NAcc 11 NAcc

«; no difference, 1; increased, |; decreased as compared to control, 11/] | as compared to separate cocaine or
ethanol effects. NAcc; nucleus accumbens, VMS; ventromedial striatum, DMS; dorsomedial striatum, DLS;
dorsolateral striatum, VTA; ventral tegmental area, SNC; substantia Nigra compacta, SNR; substantina nigra
reticulata.
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S5 GENERAL DISCUSSION

5.1 COCAINE AND ETHANOL PROFILES

The present thesis focused on the interactions between cocaine and ethanol, two drugs that show both
similarities and differences. Pharmacologically they differ, where cocaine in contrast to ethanol acts as a
powerful central nervous stimulant usually administered intranasally, intravenously or by smoking.
Cocaine causes an instant euphoric “rush” in combination with increase in blood pressure, heart rate and
motor activity. Ethanol belongs to the sedative-hypnotics group generally acting on the body and central
nervous system as a depressant, although at lower blood alcohol concentrations drinkers report a feeling
of joviality and increased self-confidence. However, the human experience of ethanol varies where some
individuals experience relaxation at the same blood concentration where another person reports feeling
elated. Both cocaine and ethanol are rapidly absorbed and widely distributed through body tissues, but the
“high” caused be cocaine is relatively short acting (usually thirty minutes to one hour depending on the
route of administration, frequency and amount used) due to a fast elimination rate. Similarly, the ethanol-
experienced euphoria is short but it takes several hours to overcome the overall effects caused by ethanol
as a result of the different elimination profile of ethanol at commonly used amounts (constant rate of
metabolism due to saturation). Interestingly, the stimulating effects of ethanol occur when the blood
alcohol concentrations is rising but disappear at higher levels and are substituted with a feeling of anger
and fatigue when the blood alcohol levels are falling. When the stimulating effects of cocaine diminish
they are also replaced with dysphoria which the abuser scales to relieve by an additional cocaine dose in
order to re-establish the initial euphoria. This pattern of frequent intake may be repeated several times
until the cocaine user is completely exhausted and goes into a “crash”. The “crash” is characterized by
symptoms such as depression, anxiety, and fatigue lasting for several days, which is followed by a later
withdrawal syndrome resembling an episode of major depression where the user is most likely to fall into
a new cycle of cocaine “binges” (68). These limited episodes of heavy drug use are mainly associated
with cocaine, whereas excessive alcohol consumption is usually connected with drinking daily rather than
intermittently, although heavy episodic drinking is also common. The term “binge” drinking has been
linked to two main drinking patterns described either as one drinking episode leading to intoxication,
often measured as having a large amount of drinks on one occasion or described as a pattern of heavy
drinking that occurs over an extended period of time set aside for this purpose, and linked to more clinical
definitions of abuse or dependence (291). Cocaine withdrawal is of more psychological character and
does not require any medical support for the post-use period, whereas alcohol withdrawal after long-term
use produces physical symptoms due to autonomic hyperactivity that in many cases might need medical
attention. Interestingly, despite the many differences between cocaine and ethanol pharmacodynamics
these two substances are among the most commonly used in combination today but it is unclear why.
Therefore, the main objective of this thesis has been to search for possible interactions between cocaine
and ethanol with the endogenous opioid system, the dopamine system in order to get a better

understanding why these two substances are frequently co-abused.
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52  EXPERIMENTAL RESEARCH ON COCAINE AND ETHANOL

Experimental research on ethanol and cocaine are primarily using animal models in order to determine
factors important for the development and maintenance of dependence. It is difficult to say whether the
interactions of cocaine and ethanol seen in this study can be directly linked to human cocaine and alcohol
co-abuse but the fact that animals generally self-administer these drugs in combination with several
common characteristics in brain anatomy support a parallel between substance dependence in animals
and in humans. However, it needs to be considered that in the present studies we used a forced
administration model that might not be the optimal model for abuse in humans. On the other hand forced
administration has the advantage of controlling the dose and the time of drug delivery. To mimic the
human abuse, we administered cocaine in a “binge” pattern with three hourly injections of cocaine (156)
and injected ethanol in a chronic intermittent pattern. There is no animal model that addresses all aspects
of human alcoholism, since rodents are not motivated to drink or self-administer ethanol in amounts high
enough to produce physiological dependence. The use of inbred rat or mice strains with preference for
ethanol drinking has the advantage that they voluntarily choose an ethanol solution over water and they
show signs of withdrawal during abstinence and might therefore be a more relevant animal model for
alcohol dependence. However, these genetically predisposed animals seem to limit their drinking to
amounts that are not producing intoxicating blood alcohol levels (178), one of seven important
characteristics that have to be included in a representative animal model for alcoholism (32). Other
criteria for such an animal model are the need for ethanol to be orally self-administered, to produce signs
of physical dependence, to produce tolerance and that ethanol is consumed for its rewarding effects rather
than its taste or smell. Considering that drinking in humans is a highly complex and individual
experience, it is difficult to generalize from findings in animal experimental settings to humans but there

is still much that can be learned about drug effects in humans from research in animals.

53 ACUTE EFFECTS OF COCAINE AND ETHANOL ADMINISTRATION

The acute effects of drugs of abuse might be important factors for the initiation, establishment as well as
the maintenance of drug self-administration behavior. During the initial phase of drug dependence, the
pharmacological properties of the drug of choice play an important part for a continued drug intake.
Positive effects such as euphoria will make the drug of abuse more desirable and thus influence the drug-
taker to re-experience that effect. In addition, a possible genetic predisposition or environmental factors
might increase the initial “liking” of a drug in an individual. There are animal studies showing that
prenatal exposure to drugs (212), early social isolation (206) as well as psychological stress (214) are
factors contributing to an individual susceptibility for drug dependence. Apart from an increased
dopamine transmission in the nucleus accumbens the initial positive effects of cocaine and ethanol have
been suggested to depend on other neuroactive substances that are affected initially by cocaine and
ethanol, including the endogenous opioid system (136, 95). The endogenous opioids have been suggested
to have a modulatory role in drug reinforcement and might therefore also play and important part in the
transition from drug use to drug dependence (69). We found that in the acute phase of cocaine and
ethanol co-administration prodynorphin mRNA levels were increased in the nucleus accumbens and in
the striatum. This acute increase in prodynorphin mRNA levels might be indicative of a counteradaptive
process to dampen the excessive dopamine levels in the nucleus accumbens and striatum. Further, «-

opioid receptor mRNA levels and k-opioid receptor levels were reduced that in turn have been suggested
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to counteract the alterations of prodynorphin mRNA (264). In combination with the increase in p-and
ORLI receptor binding, ethanol and cocaine administration causes changes in the opioid system that

might be relevant for a continued drug intake.

54  CHRONIC EFFECTS OF COCAINE AND ETHANOL ADMINISTRATION

After the initial phase of drug dependence, continued use might change the initial “liking” of the drug to
“wanting” the drug (226). Chronic drug administration produces long-lasting changes in the brain reward
circuit which might contribute to the drug dependent state with a vulnerability to relapse and continued
drug-use (132). These neuronal adaptations might underlie symptoms such as withdrawal and
sensitization and therefore influence the development of drug dependence. There are studies indicating a
correlation between alterations in opioid peptide content and an increased desire for the drug (70) which
might be important for the daily craving and dysphoria present in dependent individuals prior to drug
taking. It can be argued that in humans, chronic alcohol drinking can span over years and decades while
experimental research focusing on chronic effects of ethanol are conducted over weeks or at best, months.
In the present model, chronic intermittent ethanol administration preceded the cocaine “binge” paradigm,
in view of the reports showing that ethanol and cocaine use alone antedates the use of the combination of
ethanol and cocaine (21, 211). In addition, animals with a history of ethanol exposure have an altered
sensitivity to cocaine (82), suggesting common neural substrates for cocaine and ethanol. We showed that
pre-treatment with ethanol caused a potentiated cocaine-induced dopamine response in the nucleus
accumbens that might contribute to the increased euphoria that has been reported by subjects given
cocaine and ethanol in combination (199, 62, 164). Again, the increased dopamine concentrations might
lead to an increase in dynorphin tonus acting as a negative-feedback mechanism to regulate the function
of dopaminergic neurons and this increase in dynorphin might in turn lead to a compensatory down-
regulation of k-opioid receptors in the ventral tegmental area and nucleus accumbens. This down-
regulation might further reduce the ability of k-opioid receptor agonists to decrease dopamine release in

the nucleus accumbens.

5.5 CLINICAL RELEVANCE

The definition of the neurobiological substrates mediating the reinforcing effects of cocaine and ethanol
in combination may increase our knowledge of reinforcement mechanisms and provide useful new
information for the development of pharmacotherapies. The treatment of cocaine and alcohol co-abuse is
of great clinical concern since the combination of cocaine and ethanol increases the risk of cocaine-
related morbidity (138, 1, 135) and mortality (135, 229). Results from this thesis show an substantial
increase in dopamine concentration in the nucleus accumbens after a combined cocaine and ethanol
administration, implicating dopamine as an important factor contributing to cocaine and alcohol co-abuse.
However, clinical trials using dopaminergic agents for treating drug-dependence have not been
successful, mainly due to severe side effects caused by these agents. The endogenous opioid system, with
modulating actions on the dopamine system may serve as a better target for the treatment of drug-
dependence which has been proven by the introduction of naltrexone in the treatment of relapse in
individuals dependent on alcohol (190, 287). However, naltrexone did not produce any advantages over
placebo in a population with a concurrent cocaine and alcohol dependency (94). The present results show

that both acute and chronic cocaine and ethanol in combination cause a decrease in k-opioid receptor
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mRNA, whereas ethanol also suppresses k-opioid receptor levels after an acute administration. A
dysfunctional dynorphin/k-opioid receptor system may contribute to some of the mechanisms underlying
dependence and this system could therefore be an interesting target for the treatment of drug addiction as
previously suggested (137, 233). Accordingly, we found that chronic ethanol treatment changed the
dopaminergic response to k-opioid ligands which may be related to an increased dynorphinergic tone.
Furthermore, it has been shown that the k-opioid receptor agonist US0, 488H blocks the acquisition and
maintainance of cocaine self-administration in animals (74, 145). However, a selective k-opioid agonist
has some disadvantages since they also have been shown to decrease food-intake in primates (167) and
show other undesirable side-effects such as sedation and dysphoria (269). A recent more encouraging
report has shown that a novel k-opioid receptor agonist, TRK-820 suppressed the rewarding effects of
cocaine without producing place aversion (88). A partial agonist or a metabolically stable peptide
analogue acting on k-opioid receptors might have pharmacotherapeutic potentials in drug dependence, if
the side effects are less severe. Furthermore, agents affecting the ORL1 receptor may represent a
promising treatment for relapse. Nociceptin and a synthetic ORL1 receptor agonist Ro64-6198 reduced
ethanol reinforcement and reinstatement without having any motivational properties themselves (144,
30). In combination with these agents’ anxiolytic and anti-stress actions (118, 29), ORLI receptor
activation might be beneficial in the treatment of drug dependence.

While the positive reinforcing effects of ethanol are essential to the initiation and early maintenance of
intake, other studies suggests that ethanol-seeking behavior related to alleviation of symptoms during
abstinence (negative reinforcement) is equally, if not more, effective in maintaining ethanol use (131).
Therefore, when considering risk factors for alcohol and cocaine dependence, it is important to consider
not only systems that are involved in ethanol and cocaine reward, but those activated during withdrawal
and abstinence. Withdrawal from ethanol or cocaine is associated with reduced levels of dopamine in the
nucleus accumbens (230, 56) and increased levels of dynorphin in this area have been associated with
dysphoria (205, 186). Furthermore, an agonist acting at the k-opioid receptor has been found to initiate
withdrawal symptoms (210). The symptoms of withdrawal might lead to a subsequent relapse in order to
reverse this negative state. To prevent relapse into drug-taking behavior is an important strategy for
treating drug dependence, especially in cocaine and alcohol co-abuse considering that a single occasion
of ethanol intake can increase the likelihood for a relapse into cocaine abuse in individuals that are long-
term abstinent from a concurrent cocaine and alcohol dependency (165). I have not addressed the aspects
of withdrawal or relapse in this study although this aspect of the drug addiction cycle is very significant

and would therefore be an interesting study for the future.

In summary, the main finding in the present animal model of chronic concurrent cocaine and ethanol
intake were a substantial increase of cocaine-induced extracellular dopamine concentrations in the
nucleus accumbens. This effect might be explained by reduced x-receptor mRNA levels observed after
ethanol administration, since pre-treatment with ethanol changed the dopaminergic response following -
receptor stimulation and blockade. Acutely, we found a potentiated effect of the drug combination on
dynorphin mRNA levels and p-opioid receptor levels in the dorsolateral striatum and nucleus accumbens
core, respectively and an additive effect on k-receptor mRNA levels in the nucleus accumbens core.
Taken together these changes might be relevant for human cocaine and alcohol co-abuse and in the end

lead to the development of new pharmacological targets.

31



6 ACKNOWLEDGEMENTS

I would like to express my sincere gratitude to all the people who have contributed to the completion of

this thesis, in particular:

My supervisor Docent Jeanette Georgieva, for admitting me as a PhD-student, introducing me to the
fascinating world of substance abuse, for brilliant writing skills and for a much appreciated help

throughout the years.

My co-supervisor Professor Lars Terenius, for sharing your outstanding scientific knowledge with me,
for highly valued comments when reading manuscripts, for broadening my mind in the field of alcohol

and cocaine co-abuse and especially for your extensive help with this thesis.
My co-supervisor Professor Tomas Ekstréom, for support and help with microbiological issues.

My co-authors Associate Professor Johan Franck for your encouragement and support, for always
making time for discussions and for always being positive and optimistic regarding results and up-
coming experiments, Professor Ian Kitchen for giving me the opportunity to work in your lab, for your
hospitality during my stay in Guildford and for putting tremendous effort in creating a great lab
atmosphere, Professor Yasmin Hurd for sharing your vast scientific knowledge with me and for good
advice throughout the years, Docent Ingeborg van der Ploeg for helping me in every way possible with
the competitive RT-PCR method, Ingrid Dahlin for being a highly valued friend and for always helping
me out by finding a solution for everything and last but not least my dear friend and co-worker Dr Sara
Lindholm for mental coaching, loads of encouragement and for always making the day brighter with

your wonderful personality and sense of humour.

Former and present members of the Experimental Alcohol and Drug Addiction research group, Anette
Selander for being a great friend and for help with laboratory issues, Agneta Gunnars for help with
PCR issues, computers and nice chats about life in general, Dr Niklas Bark, Dr Johan Sandin, Dr Lars
Tjernberg and Parisa Zenegar for being the greatest room-mates ever, Delphi Post for keeping the
group organized and for your help with the practical parts of this dissertation, the group of Georgy
Bakalkin and the group of Tomas Ekstrém for support.

Staff at the department of clinical neuroscience in particular Pernilla Fagergren for valuble comments
on my results and for a great singing-voice, Maria Stridh, Jenny Héiggkvist and Nitya Jayaram-
Lindstréom for much needed coffee and lunch-breaks, Professor Sture Liljequist, Dr Guido Cebers, Dr
Aleta Cebere and Dr Jurgita Kundrotiene for sharing your lab and helping me with PCR problems.

Susanne Malmberg for helping me sort out my financial issues.

Dr. Sian Clarke for teaching me the procedures of autoradiography, for a great personality, for

cappuccino breaks and for still keeping in touch.

The monday-club: Sefie, Ylva and Camilla for exploring the gastronomical side of Stockholm.

32



The society of Awazu-Wallaziz: Sara, Greg, Becci and Tyko, Tess, Danne, Hugo and Ebba, Pixi,
Arthur and Mila, Lotta, Ulrik, Kajsa and Pontus, Mia, Gugge, Malin and Anton for great get-
togethers and for Irish-coffee. A special thanks goes to Bjorn Schilstrom for making time to proofread
this thesis, fruitful discussions about drug dependence and for your brilliant scientific mind not only

inside but also outside the lab.

My friends from Torshilla, Heidi, Tomas, Greta and Ingrid, Ullis, Jukka, Hugo and Hanna, Camilla,
Allan, Lovisa and Sofia, Jenny, Daniel and Julius, Jenny, Ola, Felix and Max for still having so much

fun together after 25 years and especially for the annual ghastly-bird competition.
My parents-in-law, Gert och Rigmor for Skénska influences and for nice holidays in Ystad.

The great neighbours of Eklunda, Bobban, Ulla-Britt, Linn, Robin, Arlette, Lennat, Per-Arne, Anna,

Tomas, Linnea, Lotten, Johan, Angelica, Jonathan for being an additional family.

My grandmother Hilda and in particular my grandmother Margit for having the greatest heart of all and

for always being extremely positive.

My dear family, mum and dad for your love, support, engouragment and for always being there no-matter
what, my brother Lars, Anneli, Jocke and Daniel, my sister Anna and Christofer for creating the

special Rosin atmosphere. I am lucky having you all in my life!

Offa, Otto and Ivar, words are not enough....

33



7 REFERENCES

(1) Adams, E. H., Gfroerer, J. C., Rouse, B. A. and Kozel, N. J. (1987) Trends in prevalence and
consequences of cocaine use. In: Gold, M. S. et al. (Eds.), Cocaine: Pharmacology, Addiction
and Theraphy. Haworth Press, New York, pp. 49-71.

(2) Adell, A. and Artigas, F. (2004) The somatodendritic release of dopamine in the ventral tegmental
area and its regulation by afferent transmitter systems. Neurosci Biobehav Rev. 28, 415-431.

(3) Akil, H., Watson, S. J., Young, E., Lewis, M. E., Khachaturian, H. and Walker, J. M. (1984)
Endogenous opioids: biology and function. Annu Rev Neurosci. 7, 223-255.

(4) American Psychiatric Association. (1994) Diagnostic and Statistical Manual of Mental Disorders,
Washington DC.

(5) Anden, N. E., Carlsson, A., Dahlstroem, A., Fuxe, K., Hillarp, N. A. and Larsson, K. (1964)
Demonstration and Mapping out of Nigro-Neostriatal Dopamine Neurons. Life Sci. 15, 523-
530.

(6) Anton, B., Fein, J., To, T., Li, X., Silberstein, L. and Evans, C. J. (1996) Immunohistochemical
localization of ORL-1 in the central nervous system of the rat. J] Comp Neurol. 368, 229-251.

(7) Bassareo, V. and Di Chiara, G. (1997) Differential influence of associative and nonassociative
learning mechanisms on the responsiveness of prefrontal and accumbal dopamine transmission
to food stimuli in rats fed ad libitum. J Neurosci. 17, 851-861.

(8) Bassareo, V. and Di Chiara, G. (1999) Modulation of feeding-induced activation of mesolimbic
dopamine transmission by appetitive stimuli and its relation to motivational state. Eur J
Neurosci. 11, 4389-4397.

(9) Becker, A., Grecksch, G., Kraus, J., Loh, H. H., Schroeder, H. and Hollt, V. (2002) Rewarding effects
of ethanol and cocaine in mu opioid receptor-deficient mice. Naunyn Schmiedebergs Arch
Pharmacol. 365, 296-302.

(10) Belluzzi, J. D. and Stein, L. (1977) Enkephaline may mediate euphoria and drive-reduction reward.
Nature. 266, 556-558.

(11) Bjorklund, A. and Lindvall, O. (1984) Dopamine-containing systems in the CNS. In: Bjorklund, A.
and Hokfelt, T. (Eds.), Handbook of chemical neuroanatomy, vol.2. Elsevier, Amsterdam, pp.
55-122.

(12) Boyer, C. S. and Petersen, D. R. (1990) Potentiation of cocaine-mediated hepatotoxicity by acute
and chronic ethanol. Alcohol Clin Exp Res. 14, 28-31.

(13) Bozarth, M. A. and Wise, R. A. (1985) Toxicity associated with long-term intravenous heroin and
cocaine self-administration in the rat. Jama. 254, 81-83.

(14) Bradbury, A. F., Smyth, D. G. and Snell, C. R. (1976) Lipotropin: precursor to two biologically
active peptides. Biochem Biophys Res Commun. 69, 950-956.

(15) Broderick, P. A. (1991) Cocaine: on-line analysis of an accumbens amine neural basis for
psychomotor behavior. Pharmacol Biochem Behav. 40, 959-968.

(16) Brodie, M. S., Pesold, C. and Appel, S. B. (1999) Ethanol directly excites dopaminergic ventral
tegmental area reward neurons. Alcohol Clin Exp Res. 23, 1848-1852.

(17) Brodie, M. S., Shefner, S. A. and Dunwiddie, T. V. (1990) Ethanol increases the firing rate of
dopamine neurons of the rat ventral tegmental area in vitro. Brain Res. 508, 65-69.

(18) Busse, G. D., Lawrence, E. T. and Riley, A. L. (2004) The modulation of cocaine-induced
conditioned place preferences by alcohol: effects of cocaine dose. Prog Neuropsychopharmacol
Biol Psychiatry. 28, 149-155.

(19) Carboni, S., Isola, R., Gessa, G. L. and Rossetti, Z. L. (1993) Ethanol prevents the glutamate release
induced by N-methyl-D-aspartate in the rat striatum. Neurosci Lett. 152, 133-136.

(20) Carlsson, A. (1959) The occurrence, distribution and physiological role of catecholamines in the
nervous system. Pharmacol Rev. 11, 490-493.

(21) Carroll, K. M., Rounsaville, B. J. and Bryant, K. J. (1993) Alcoholism in treatment-seeking cocaine
abusers: clinical and prognostic significance. J Stud Alcohol. 54, 199-208.

(22) Chefer, V. L., Czyzyk, T., Bolan, E. A., Moron, J., Pintar, J. E. and Shippenberg, T. S. (2005)
Endogenous kappa-opioid receptor systems regulate mesoaccumbal dopamine dynamics and
vulnerability to cocaine. J Neurosci. 25, 5029-5037.

(23) Chefer, V. 1., Kieffer, B. L. and Shippenberg, T. S. (2003) Basal and morphine-evoked
dopaminergic neurotransmission in the nucleus accumbens of MOR- and DOR-knockout mice.
Eur J Neurosci. 18, 1915-1922.

(24) Chen, J. F., Aloyo, V. J., Qin, Z. H. and Weiss, B. (1994) Irreversible blockade of D2 dopamine
receptors by fluphenazine-N-mustard increases D2 dopamine receptor mRNA and

34



proenkephalin mRNA and decreases D1 dopamine receptor mRNA and mu and delta opioid
receptors in rat striatum. Neurochem Int. 25, 355-366.

(25) Chen, J. F., Aloyo, V. J. and Weiss, B. (1993) Continuous treatment with the D2 dopamine receptor
agonist quinpirole decreases D2 dopamine receptors, D2 dopamine receptor messenger RNA
and proenkephalin messenger RNA, and increases mu opioid receptors in mouse striatum.
Neuroscience. 54, 669-680.

(26) Chen, Y., Mestek, A., Liu, J., Hurley, J. A. and Yu, L. (1993) Molecular cloning and functional
expression of a mu-opioid receptor from rat brain. Mol Pharmacol. 44, 8-12.

(27) Childress, A. R., Mozley, P. D., McElgin, W., Fitzgerald, J., Reivich, M. and O'Brien, C. P. (1999)
Limbic activation during cue-induced cocaine craving. Am J Psychiatry. 156, 11-18.

(28) Ciccocioppo, R., Angeletti, S., Panocka, I. and Massi, M. (2000) Nociceptin/orphanin FQ and drugs
of abuse. Peptides. 21, 1071-1080.

(29) Ciccocioppo, R., Biondini, M., Antonelli, L., Wichmann, J., Jenck, F. and Massi, M. (2002) Reversal
of stress- and CRF-induced anorexia in rats by the synthetic nociceptin/orphanin FQ receptor
agonist, Ro 64-6198. Psychopharmacology (Berl). 161, 113-119.

(30) Ciccocioppo, R., Economidou, D., Fedeli, A., Angeletti, S., Weiss, F., Heilig, M. and Massi, M.
(2004) Attenuation of ethanol self-administration and of conditioned reinstatement of alcohol-
seeking behaviour by the antiopioid peptide nociceptin/orphanin FQ in alcohol-preferring rats.
Psychopharmacology (Berl). 172, 170-178.

(31) Ciccocioppo, R., Panocka, 1., Polidori, C., Regoli, D. and Massi, M. (1999) Effect of nociceptin on
alcohol intake in alcohol-preferring rats. Psychopharmacology (Berl). 141, 220-224.

(32) Cicero, T. J. (1979) Biochemistry and Pharmacology of Ethanol. Plenum Press, New York.

(33) Civelli, O., Douglass, J., Goldstein, A. and Herbert, E. (1985) Sequence and expression of the rat
prodynorphin gene. Proc Natl Acad Sci U S A. 82, 4291-4295.

(34) Clarke, S., Chen, Z., Hsu, M. S., Pintar, J., Hill, R. and Kitchen, L. (2001) Quantitative
autoradiographic mapping of the ORLI, mu-, delta- and kappa-receptors in the brains of
knockout mice lacking the ORLI receptor gene. Brain Res. 906, 13-24.

(35) Collins, S. L., Gerdes, R. M., D'Addario, C. and Izenwasser, S. (2001) Kappa opioid agonists alter
dopamine markers and cocaine-stimulated locomotor activity. Behav Pharmacol. 12, 237-245.

(36) Collins, S. L., Kunko, P. M., Ladenheim, B., Cadet, J. L., Carroll, F. I. and Izenwasser, S. (2002)
Chronic cocaine increases kappa-opioid receptor density: lack of effect by selective dopamine
uptake inhibitors. Synapse. 45, 153-158.

(37) Comb, M., Seeburg, P. H., Adelman, J., Eiden, L. and Herbert, E. (1982) Primary structure of the
human Met- and Leu-enkephalin precursor and its mRNA. Nature. 295, 663-666.

(38) Cooper, J. R., Bloom, F. E. and Roth, R. H. (1996) The biochemical basis of neuropharmacology.
Oxford University Press, New York.

(39) Corbett, A. (1993) Handbook of experimental pharmacology. Springer-Verlag.

(40) Corbett, A., McKnight, S. and Henderson, G. (1999) Opioid receptors. Tocris Ltd, United Kingdom.

(41) Corrigall, W. A. and Coen, K. M. (1991) Opiate antagonists reduce cocaine but not nicotine self-
administration. Psychopharmacology (Berl). 104, 167-170.

(42) Corrigall, W. A., Coen, K. M., Adamson, K. L. and Chow, B. L. (1999) The mu opioid agonist
DAMGO alters the intravenous self-administration of cocaine in rats: mechanisms in the ventral
tegmental area. Psychopharmacology (Berl). 141, 428-435.

(43) Cowen, M. S. and Lawrence, A. J. (1999) The role of opioid-dopamine interactions in the induction
and maintenance of ethanol consumption. Prog Neuropsychopharmacol Biol Psychiatry. 23,
1171-1212.

(44) Dahlstroem, A. and Fuxe, K. (1964) Evidence for the Existence of Monoamine-Containing Neurons
in the Central Nervous System. I. Demonstration of Monoamines in the Cell Bodies of Brain
Stem Neurons. Acta Physiol Scand. 62, SUPPL 232:231-255.

(45) Daunais, J. B. and McGinty, J. F. (1995) Cocaine binges differentially alter striatal preprodynorphin
and zif/268 mRNAs. Brain Res Mol Brain Res. 29, 201-210.

(46) Davis, K. M. and Wu, J. Y. (2001) Role of glutamatergic and GABAergic systems in alcoholism. J
Biomed Sci. 8, 7-19.

(47) de Waele, J. P., Kiianmaa, K. and Gianoulakis, C. (1995) Distribution of the mu and delta opioid
binding sites in the brain of the alcohol-preferring AA and alcohol-avoiding ANA lines of rats. ]
Pharmacol Exp Ther. 275, 518-527.

(48) Deneau, G., Yanagita, T. and Seevers, M. H. (1969) Self-administration of psychoactive substances
by the monkey. Psychopharmacologia. 16, 30-48.

(49) Devine, D. P., Leone, P., Pocock, D. and Wise, R. A. (1993) Differential involvement of ventral
tegmental mu, delta and kappa opioid receptors in modulation of basal mesolimbic dopamine
release: in vivo microdialysis studies. ] Pharmacol Exp Ther. 266, 1236-1246.

35



(50) Dhawan, B. N., Cesselin, F., Raghubir, R., Reisine, T., Bradley, P. B., Portoghese, P. S. and Hamon,
M. (1996) International Union of Pharmacology. XII. Classification of opioid receptors.
Pharmacol Rev. 48, 567-592.

(51) Di Chiara, G. (1995) The role of dopamine in drug abuse viewed from the perspective of its role in
motivation. Drug Alcohol Depend. 38, 95-137.

(52) Di Chiara, G. and Imperato, A. (1988) Drugs abused by humans preferentially increase synaptic
dopamine concentrations in the mesolimbic system of freely moving rats. Proc Natl Acad Sci U
S A. 85, 5274-5278.

(53) Di Chiara, G. and Imperato, A. (1988) Opposite effects of mu and kappa opiate agonists on
dopamine release in the nucleus accumbens and in the dorsal caudate of freely moving rats. J
Pharmacol Exp Ther. 244, 1067-1080.

(54) Di Ciano, P., Underwood, R. J., Hagan, J. J. and Everitt, B. J. (2003) Attenuation of cue-controlled
cocaine-seeking by a selective D3 dopamine receptor antagonist SB-277011-A.
Neuropsychopharmacology. 28, 329-338.

(55) Di Giannuario, A., Pieretti, S., Catalani, A. and Loizzo, A. (1999) Orphanin FQ reduces morphine-
induced dopamine release in the nucleus accumbens: a microdialysis study in rats. Neurosci
Lett. 272, 183-186.

(56) Diana, M., Pistis, M., Carboni, S., Gessa, G. L. and Rossetti, Z. L. (1993) Profound decrement of
mesolimbic dopaminergic neuronal activity during ethanol withdrawal syndrome in rats:
electrophysiological and biochemical evidence. Proc Natl Acad Sci U S A. 90, 7966-7969.

(57) Diana, M., Pistis, M., Muntoni, A. and Gessa, G. (1995) Profound decrease of mesolimbic
dopaminergic neuronal activity in morphine withdrawn rats. J Pharmacol Exp Ther. 272, 781-
785.

(58) Ehrman, R. N., Robbins, S. J., Childress, A. R. and O'Brien, C. P. (1992) Conditioned responses to
cocaine-related stimuli in cocaine abuse patients. Psychopharmacology (Berl). 107, 523-529.

(59) Engber, T. M., Boldry, R. C., Kuo, S. and Chase, T. N. (1992) Dopaminergic modulation of striatal
neuropeptides: differential effects of D1 and D2 receptor stimulation on somatostatin,
neuropeptide Y, neurotensin, dynorphin and enkephalin. Brain Res. 581, 261-268.

(60) Evans, C. J., Keith, D. E., Jr., Morrison, H., Magendzo, K. and Edwards, R. H. (1992) Cloning of a
delta opioid receptor by functional expression. Science. 258, 1952-1955.

(61) Farre, M., de la Torre, R., Gonzalez, M. L., Teran, M. T., Roset, P. N., Menoyo, E. and Cami, J.
(1997) Cocaine and alcohol interactions in humans: neuroendocrine effects and cocaethylene
metabolism. ] Pharmacol Exp Ther. 283, 164-176.

(62) Farre, M., de la Torre, R., Llorente, M., Lamas, X., Ugena, B., Segura, J. and Cami, J. (1993)
Alcohol and cocaine interactions in humans. J Pharmacol Exp Ther. 266, 1364-1373.

(63) Foltin, R. W. and Fischman, M. W. (1988) Ethanol and cocaine interactions in humans:
cardiovascular consequences. Pharmacol Biochem Behav. 31, 877-883.

(64) Franck, J., Lindholm, S. and Raaschou, P. (1998) Modulation of volitional ethanol intake in the rat
by central delta-opioid receptors. Alcohol Clin Exp Res. 22, 1185-1189.

(65) Freeman, A. S. and Bunney, B. S. (1987) Activity of A9 and A10 dopaminergic neurons in
unrestrained rats: further characterization and effects of apomorphine and cholecystokinin.
Brain Res. 405, 46-55.

(66) Froehlich, J. C., Zweifel, M., Harts, J., Lumeng, L. and Li, T. K. (1991) Importance of delta opioid
receptors in maintaining high alcohol drinking. Psychopharmacology (Berl). 103, 467-472.

(67) Fukuda, K., Kato, S., Mori, K., Nishi, M., Takeshima, H., Iwabe, N., Miyata, T., Houtani, T. and
Sugimoto, T. (1994) ¢cDNA cloning and regional distribution of a novel member of the opioid
receptor family. FEBS Lett. 343, 42-46.

(68) Gawin, F. H. and Ellinwood, E. H., Jr. (1989) Cocaine dependence. Annu Rev Med. 40, 149-161.

(69) Gerrits, M. A., Lesscher, H. B. and van Ree, J. M. (2003) Drug dependence and the endogenous
opioid system. Eur Neuropsychopharmacol. 13, 424-434.

(70) Gerrits, M. A., Wiegant, V. M. and Van Ree, J. M. (1999) Endogenous opioids implicated in the
dynamics of experimental drug addiction: an in vivo autoradiographic analysis. Neuroscience.
89, 1219-1227.

(71) Gessa, G. L., Muntoni, F., Collu, M., Vargiu, L. and Mereu, G. (1985) Low doses of ethanol activate
dopaminergic neurons in the ventral tegmental area. Brain Res. 348, 201-203.

(72) Gianoulakis, C. (1983) Long-term ethanol alters the binding of 3H-opiates to brain membranes. Life
Sci. 33, 725-733.

(73) Gianoulakis, C., Krishnan, B. and Thavundayil, J. (1996) Enhanced sensitivity of pituitary beta-
endorphin to ethanol in subjects at high risk of alcoholism. Arch Gen Psychiatry. 53, 250-257.

(74) Glick, S. D., Maisonneuve, 1. M., Raucci, J. and Archer, S. (1995) Kappa opioid inhibition of
morphine and cocaine self-administration in rats. Brain Res. 681, 147-152.

36



(75) Goldstein, A., Tachibana, S., Lowney, L. 1., Hunkapiller, M. and Hood, L. (1979) Dynorphin-(1-13),
an extraordinarily potent opioid peptide. Proc Natl Acad Sci U S A. 76, 6666-6670.

(76) Gonon, F. G. (1988) Nonlinear relationship between impulse flow and dopamine released by rat
midbrain dopaminergic neurons as studied by in vivo electrochemistry. Neuroscience. 24, 19-
28.

(77) Gonon, F. G. and Buda, M. J. (1985) Regulation of dopamine release by impulse flow and by
autoreceptors as studied by in vivo voltammetry in the rat striatum. Neuroscience. 14, 765-774.

(78) Gonzales, R. A. and Wetiss, F. (1998) Suppression of ethanol-reinforced behavior by naltrexone is
associated with attenuation of the ethanol-induced increase in dialysate dopamine levels in the
nucleus accumbens. ] Neurosci. 18, 10663-10671.

(79) Gorelick, D. A. (1992) Alcohol and cocaine. Clinical and pharmacological interactions. Recent Dev
Alcohol. 10, 37-56.

(80) Grace, A. A. and Bunney, B. S. (1984) The control of firing pattern in nigral dopamine neurons:
burst firing. J Neurosci. 4, 2877-2890.

(81) Grace, A. A. and Bunney, B. S. (1984) The control of firing pattern in nigral dopamine neurons:
single spike firing. J Neurosci. 4, 2866-2876.

(82) Grakalic, I. and Riley, A. L. (2002) Asymmetric serial interactions between ethanol and cocaine in
taste aversion learning. Pharmacol Biochem Behav. 73, 787-795.

(83) Grant, B. F. and Harford, T. C. (1990) Concurrent and simultaneous use of alcohol with cocaine:
results of national survey. Drug Alcohol Depend. 25, 97-104.

(84) Graybiel, A. M. (2000) The basal ganglia. Curr Biol. 10, R509-511.

(85) Graybiel, A. M., Canales, J. J. and Capper-Loup, C. (2000) Levodopa-induced dyskinesias and
dopamine-dependent stereotypies: a new hypothesis. Trends Neurosci. 23, S71-77.

(86) Hall, F. S., Goeb, M., Li, X. F., Sora, I. and Uhl, G. R. (2004) micro-Opioid receptor knockout mice
display reduced cocaine conditioned place preference but enhanced sensitization of cocaine-
induced locomotion. Brain Res Mol Brain Res. 121, 123-130.

(87) Hall, F. S., Sora, I. and Uhl, G. R. (2001) Ethanol consumption and reward are decreased in mu-
opiate receptor knockout mice. Psychopharmacology (Berl). 154, 43-49.

(88) Hasebe, K., Kawai, K., Suzuki, T., Kawamura, K., Tanaka, T., Narita, M., Nagase, H. and Suzuki, T.
(2004) Possible pharmacotherapy of the opioid kappa receptor agonist for drug dependence.
Ann N'Y Acad Sci. 1025, 404-413.

(89) Hearn, W. L., Flynn, D. D., Hime, G. W., Rose, S., Cofino, J. C., Mantero-Atienza, E., Wetli, C. V.
and Mash, D. C. (1991) Cocaethylene: a unique cocaine metabolite displays high affinity for the
dopamine transporter. ] Neurochem. 56, 698-701.

(90) Hedaya, M. A. and Pan, W. J. (1997) Effect of alcohol coadministration on the plasma and brain
concentrations of cocaine in rats. Drug Metab Dispos. 25, 647-650.

(91) Heidbreder, C. A., Schenk, S., Partridge, B. and Shippenberg, T. S. (1998) Increased responsiveness
of mesolimbic and mesostriatal dopamine neurons to cocaine following repeated administration
of a selective kappa-opioid receptor agonist. Synapse. 30, 255-262.

(92) Heinz, A., Siessmeier, T., Wrase, J., Hermann, D., Klein, S., Grusser, S. M., Flor, H., Braus, D. F.,
Buchholz, H. G., Grunder, G., Schreckenberger, M., Smolka, M. N., Rosch, F., Mann, K. and
Bartenstein, P. (2004) Correlation between dopamine D(2) receptors in the ventral striatum and
central processing of alcohol cues and craving. Am J Psychiatry. 161, 1783-1789.

(93) Henning, R. J., Wilson, L. D. and Glauser, J. M. (1994) Cocaine plus ethanol is more cardiotoxic
than cocaine or ethanol alone. Crit Care Med. 22, 1896-1906.

(94) Hersh, D., Van Kirk, J. R. and Kranzler, H. R. (1998) Naltrexone treatment of comorbid alcohol and
cocaine use disorders. Psychopharmacology (Berl). 139, 44-52.

(95) Herz, A. (1997) Endogenous opioid systems and alcohol addiction. Psychopharmacology (Berl).
129, 99-111.

(96) Heyser, C. J., Roberts, A. J., Schulteis, G. and Koob, G. F. (1999) Central administration of an
opiate antagonist decreases oral ethanol self-administration in rats. Alcohol Clin Exp Res. 23,
1468-1476.

(97) Higgins, S. T., Budney, A. J., Bickel, W. K., Foerg, F. E. and Badger, G. J. (1994) Alcohol
dependence and simultaneous cocaine and alcohol use in cocaine-dependent patients. J Addict
Dis. 13, 177-189.

(98) Hornykiewicz, O. (1973) Dopamine in the basal ganglia. Its role and therapeutic implications
(including the clinical use of L-DOPA). Br Med Bull. 29, 172-178.

(99) Houtani, T., Nishi, M., Takeshima, H., Nukada, T. and Sugimoto, T. (1996) Structure and regional
distribution of nociceptin/orphanin FQ precursor. Biochem Biophys Res Commun. 219, 714-
719.

37



(100) Hughes, J., Smith, T. W., Kosterlitz, H. W., Fothergill, L. A., Morgan, B. A. and Morris, H. R.
(1975) Identification of two related pentapeptides from the brain with potent opiate agonist
activity. Nature. 258, 577-580.

(101) Hurd, Y. L., Brown, E. E., Finlay, J. M., Fibiger, H. C. and Gerfen, C. R. (1992) Cocaine self-
administration differentially alters mRNA expression of striatal peptides. Brain Res Mol Brain
Res. 13, 165-170.

(102) Hurd, Y. L. and Herkenham, M. (1992) Influence of a single injection of cocaine, amphetamine or
GBR 12909 on mRNA expression of striatal neuropeptides. Brain Res Mol Brain Res. 16, 97-
104.

(103) Hurd, Y. L., Kehr, J. and Ungerstedt, U. (1988) In vivo microdialysis as a technique to monitor
drug transport: correlation of extracellular cocaine levels and dopamine overflow in the rat
brain. J Neurochem. 51, 1314-1316.

(104) Hyman, S. E. and Malenka, R. C. (2001) Addiction and the brain: the neurobiology of compulsion
and its persistence. Nat Rev Neurosci. 2, 695-703.

(105) Hyyatia, P. and Sinclair, J. D. (1993) Oral etonitazene and cocaine consumption by AA, ANA and
Wistar rats. Psychopharmacology (Berl). 111, 409-414.

(106) Hyytia, P. (1993) Involvement of mu-opioid receptors in alcohol drinking by alcohol-preferring AA
rats. Pharmacol Biochem Behav. 45, 697-701.

(107) Hyytia, P. and Kiianmaa, K. (2001) Suppression of ethanol responding by centrally administered
CTOP and naltrindole in AA and Wistar rats. Alcohol Clin Exp Res. 25, 25-33.

(108) Ikeda, K., Watanabe, M., Ichikawa, T., Kobayashi, T., Yano, R. and Kumanishi, T. (1998)
Distribution of prepro-nociceptin/orphanin FQ mRNA and its receptor mRNA in developing and
adult mouse central nervous systems. J] Comp Neurol. 399, 139-151.

(109) Ikemoto, S., McBride, W. J., Murphy, J. M., Lumeng, L. and Li, T. K. (1997) 6-OHDA-lesions of
the nucleus accumbens disrupt the acquisition but not the maintenance of ethanol consumption
in the alcohol-preferring P line of rats. Alcohol Clin Exp Res. 21, 1042-1046.

(110) Imperato, A. and Di Chiara, G. (1986) Preferential stimulation of dopamine release in the nucleus
accumbens of freely moving rats by ethanol. J Pharmacol Exp Ther. 239, 219-228.

(111) Imperato, A., Mulas, A. and Di Chiara, G. (1986) Nicotine preferentially stimulates dopamine
release in the limbic system of freely moving rats. Eur J Pharmacol. 132, 337-338.

(112) Ito, R., Dalley, J. W., Robbins, T. W. and Everitt, B. J. (2002) Dopamine release in the dorsal
striatum during cocaine-seeking behavior under the control of a drug-associated cue. J
Neurosci. 22, 6247-6253.

(113) Itzhak, Y. (1993) Differential regulation of brain opioid receptors following repeated cocaine
administration to guinea pigs. Drug Alcohol Depend. 33, 53-59.

(114) Itzhak, Y. and Martin, J. L. (1999) Effects of cocaine, nicotine, dizocipline and alcohol on mice
locomotor activity: cocaine-alcohol cross-sensitization involves upregulation of striatal
dopamine transporter binding sites. Brain Res. 8§18, 204-211.

(115) Izenwasser, S., Heller, B. and Cox, B. M. (1996) Continuous cocaine administration enhances mu-
but not delta-opioid receptor-mediated inhibition of adenylyl cyclase activity in nucleus
accumbens. Eur J Pharmacol. 297, 187-191.

(116) Jamensky, N. T. and Gianoulakis, C. (1997) Content of dynorphins and kappa-opioid receptors in
distinct brain regions of C57BL/6 and DBA/2 mice. Alcohol Clin Exp Res. 21, 1455-1464.

(117) Jatlow, P., Elsworth, J. D., Bradberry, C. W., Winger, G., Taylor, J. R., Russell, R. and Roth, R. H.
(1991) Cocaethylene. a neuropharmacologically active metabolite associated with concurrent
cocaine-ethanol ingestion. Life Sci. 48, 1787-1794.

(118) Jenck, F., Wichmann, J., Dautzenberg, F. M., Moreau, J. L., Ouagazzal, A. M., Martin, J. R.,
Lundstrom, K., Cesura, A. M., Poli, S. M., Roever, S., Kolczewski, S., Adam, G. and Kilpatrick,
G. (2000) A synthetic agonist at the orphanin FQ/nociceptin receptor ORL1: anxiolytic profile
in the rat. Proc Natl Acad Sci U S A. 97, 4938-4943.

(119) Johnson, S. W. and North, R. A. (1992) Opioids excite dopamine neurons by hyperpolarization of
local interneurons. J Neurosci. 12, 483-488.

(120) Kakidani, H., Furutani, Y., Takahashi, H., Noda, M., Morimoto, Y., Hirose, T., Asai, M., Inayama,
S., Nakanishi, S. and Numa, S. (1982) Cloning and sequence analysis of cDNA for porcine beta-
neo-endorphin/dynorphin precursor. Nature. 298, 245-249.

(121) Kalivas, P. W. (1993) Neurotransmitter regulation of dopamine neurons in the ventral tegmental
area. Brain Res Brain Res Rev. 18, 75-113.

(122) Kalivas, P. W., Churchill, L. and Klitenick, M. A. (1993) GABA and enkephalin projection from
the nucleus accumbens and ventral pallidum to the ventral tegmental area. Neuroscience. 57,
1047-1060.

(123) Kalivas, P. W., McFarland, K., Bowers, S., Szumlinski, K., Xi, Z. X. and Baker, D. (2003)
Glutamate transmission and addiction to cocaine. Ann N'Y Acad Sci. 1003, 169-175.

38



(124) Kalivas, P. W. and Nakamura, M. (1999) Neural systems for behavioral activation and reward.
Curr Opin Neurobiol. 9, 223-227.

(125) Kelley, A. E. and Berridge, K. C. (2002) The neuroscience of natural rewards: relevance to
addictive drugs. J Neurosci. 22, 3306-3311.

(126) Kelly, P. H. and Iversen, S. D. (1976) Selective 60OHDA-induced destruction of mesolimbic
dopamine neurons: abolition of psychostimulant-induced locomotor activity in rats. Eur J
Pharmacol. 40, 45-56.

(127) Kelly, P. H., Seviour, P. W. and Iversen, S. D. (1975) Amphetamine and apomorphine responses in
the rat following 6-OHDA lesions of the nucleus accumbens septi and corpus striatum. Brain
Res. 94, 507-522.

(128) Kieffer, B. L., Befort, K., Gaveriaux-Ruff, C. and Hirth, C. G. (1992) The delta-opioid receptor:
isolation of a cDNA by expression cloning and pharmacological characterization. Proc Natl
Acad Sci U S A. 89, 12048-12052.

(129) Kitchen, 1., Slowe, S. J., Matthes, H. W. and Kieffer, B. (1997) Quantitative autoradiographic
mapping of mu-, delta- and kappa-opioid receptors in knockout mice lacking the mu-opioid
receptor gene. Brain Res. 778, 73-88.

(130) Koob, G. F. (1992) Drugs of abuse: anatomy, pharmacology and function of reward pathways.
Trends Pharmacol Sci. 13, 177-184.

(131) Koob, G. F. and Bloom, F. E. (1988) Cellular and molecular mechanisms of drug dependence.
Science. 242, 715-723.

(132) Koob, G. F. and Le Moal, M. (1997) Drug abuse. hedonic homeostatic dysregulation. Science.
278, 52-58.

(133) Kosterlitz, H. W. and Waterfield, A. A. (1975) In vitro models in the study of structure-activity
relationships of narcotic analgesics. Annu Rev Pharmacol. 15, 29-47.

(134) Kotlinska, J., Wichmann, J., Legowska, A., Rolka, K. and Silberring, J. (2002) Orphanin
FQ/nociceptin but not Ro 65-6570 inhibits the expression of cocaine-induced conditioned place
preference. Behav Pharmacol. 13, 229-235.

(135) Kreek, M. J. (1987) Multiple drug abuse patterns and medical consequences. In: Meltzer, H. Y.
(Ed.), Psychopharmacology: The third generation of progress. Raven Press, New York, pp.
1597-1604.

(136) Kreek, M. J. (1996) Cocaine, dopamine and the endogenous opioid system. J Addict Dis. 15, 73-96.

(137) Kreek, M. J., Schluger, J., Borg, L., Gunduz, M. and Ho, A. (1999) Dynorphin A1-13 causes
elevation of serum levels of prolactin through an opioid receptor mechanism in humans: gender
differences and implications for modulation of dopaminergic tone in the treatment of addictions.
J Pharmacol Exp Ther. 288, 260-269.

(138) Kreek, M. J. and Stimmel, B. (1984) Alcoholism and Polydrug Use. Haworth Press, New York, pp.
1-6.

(139) Krishnan-Sarin, S., Jing, S. L., Kurtz, D. L., Zweifel, M., Portoghese, P. S., Li, T. K. and Froehlich,
J. C. (1995) The delta opioid receptor antagonist naltrindole attenuates both alcohol and
saccharin intake in rats selectively bred for alcohol preference. Psychopharmacology (Berl).
120, 177-185.

(140) Krishnan-Sarin, S., Portoghese, P. S., Li, T. K. and Froehlich, J. C. (1995) The delta 2-opioid
receptor antagonist naltriben selectively attenuates alcohol intake in rats bred for alcohol
preference. Pharmacol Biochem Behav. 52, 153-159.

(141) Krishnan-Sarin, S., Wand, G. S., Li, X. W., Portoghese, P. S. and Froehlich, J. C. (1998) Effect of
mu opioid receptor blockade on alcohol intake in rats bred for high alcohol drinking.
Pharmacol Biochem Behav. 59, 627-635.

(142) Kuhar, M. J., Ritz, M. C. and Boja, J. W. (1991) The dopamine hypothesis of the reinforcing
properties of cocaine. Trends Neurosci. 14, 299-302.

(143) Kushner, S. A. and Unterwald, E. M. (2001) Chronic cocaine administration decreases the

functional coupling of GABA(B) receptors in the rat ventral tegmental area as measured by
baclofen-stimulated 35S-GTPgammasS binding. Life Sci. 69, 1093-1102.

(144) Kuzmin, A., Sandin, J., Terenius, L. and Ogren, S. O. (2003) Acquisition, expression, and
reinstatement of ethanol-induced conditioned place preference in mice: effects of opioid
receptor-like 1 receptor agonists and naloxone. J Pharmacol Exp Ther. 304, 310-318.

(145) Kuzmin, A. V., Semenova, S., Gerrits, M. A., Zvartau, E. E. and Van Ree, J. M. (1997) Kappa-
opioid receptor agonist U50,488H modulates cocaine and morphine self-administration in
drug-naive rats and mice. Eur J Pharmacol. 321, 265-271.

(146) Lessov, C. N. and Phillips, T. J. (2003) Cross-sensitization between the locomotor stimulant effects
of ethanol and those of morphine and cocaine in mice. Alcohol Clin Exp Res. 27, 616-627.

39



(147) Li, S. J., Jiang, H. K., Stachowiak, M. S., Hudson, P. M., Owyang, V., Nanry, K., Tilson, H. A. and
Hong, J. S. (1990) Influence of nigrostriatal dopaminergic tone on the biosynthesis of dynorphin
and enkephalin in rat striatum. Brain Res Mol Brain Res. §, 219-225.

(148) Lindholm, S., Ploj, K., Franck, J. and Nylander, 1. (2000) Repeated ethanol administration induces
short- and long-term changes in enkephalin and dynorphin tissue concentrations in rat brain.
Alcohol. 22, 165-171.

(149) Lindholm, S., Werme, M., Brene, S. and Franck, J. (2001) The selective kappa-opioid receptor
agonist U50,488H attenuates voluntary ethanol intake in the rat. Behav Brain Res. 120, 137-
146.

(150) Lord, J. A., Waterfield, A. A., Hughes, J. and Kosterlitz, H. W. (1977) Endogenous opioid
peptides: multiple agonists and receptors. Nature. 267, 495-499.

(151) Lutfy, K., Do, T. and Maidment, N. T. (2001) Orphanin FQ/nociceptin attenuates motor
stimulation and changes in nucleus accumbens extracellular dopamine induced by cocaine in
rats. Psychopharmacology (Berl). 154, 1-7.

(152) Lutfy, K., Khaliq, L., Carroll, F. I. and Maidment, N. T. (2002) Orphanin FQ/nociceptin blocks
cocaine-induced behavioral sensitization in rats. Psychopharmacology (Berl). 164, 168-176.

(153) Lyness, W. H., Friedle, N. M. and Moore, K. E. (1979) Destruction of dopaminergic nerve
terminals in nucleus accumbens: effect on d-amphetamine self-administration. Pharmacol
Biochem Behav. 11, 553-556.

(154) Magura, S. and Rosenblum, A. (2000) Modulating effect of alcohol use on cocaine use. Addict
Behav. 25, 117-122.

(155) Maidment, N. T., Chen, Y., Tan, A. M., Murphy, N. P. and Leslie, F. M. (2002) Rat ventral
midbrain dopamine neurons express the orphanin FQ/nociceptin receptor ORL-1. Neuroreport.
13, 1137-1140.

(156) Maisonneuve, I. M. and Kreek, M. J. (1994) Acute tolerance to the dopamine response induced by
a binge pattern of cocaine administration in male rats: an in vivo microdialysis study. J
Pharmacol Exp Ther. 268, 916-921.

(157) Marfaing-Jallat, P., Miceli, D. and Le Magnen, J. (1983) Decrease in ethanol consumption by
naloxone in naive and dependent rats. Pharmacol Biochem Behav. 18 Suppl 1, 537-539.

(158) Margolis, E. B., Hjelmstad, G. O., Bonci, A. and Fields, H. L. (2003) Kappa-opioid agonists
directly inhibit midbrain dopaminergic neurons. J Neurosci. 23, 9981-9986.

(159) Marinelli, P. W., Quirion, R. and Gianoulakis, C. (2003) 4 microdialysis profile of beta-endorphin
and catecholamines in the rat nucleus accumbens following alcohol administration.
Psychopharmacology (Berl). 169, 60-67.

(160) Martin-Fardon, R., Ciccocioppo, R., Massi, M. and Weiss, F. (2000) Nociceptin prevents stress-
induced ethanol- but not cocaine-seeking behavior in rats. Neuroreport. 11, 1939-1943.

(161) Martin, W. R., Eades, C. G., Thompson, J. A., Huppler, R. E. and Gilbert, P. E. (1976) The effects
of morphine- and nalorphine- like drugs in the nondependent and morphine-dependent chronic
spinal dog. ] Pharmacol Exp Ther. 197, 517-532.

(162) Mash, D. C. and Staley, J. K. (1999) D3 dopamine and kappa opioid receptor alterations in human
brain of cocaine-overdose victims. Ann N'Y Acad Sci. 877, 507-522.

(163) Masur, J., Souza-Formigoni, M. L. and Pires, M. L. (1989) Increased stimulatory effect by the
combined administration of cocaine and alcohol in mice. Alcohol. 6, 181-182.

(164) McCance-Katz, E. F., Price, L. H., McDougle, C. J., Kosten, T. R., Black, J. E. and Jatlow, P. L.
(1993) Concurrent cocaine-ethanol ingestion in humans: pharmacology, physiology, behavior,
and the role of cocaethylene. Psychopharmacology (Berl). 111, 39-46.

(165) McKay, J. R., Alterman, A. 1., Rutherford, M. J., Cacciola, J. S. and McLellan, A. T. (1999) The
relationship of alcohol use to cocaine relapse in cocaine dependent patients in an aftercare
study. J Stud Alcohol. 60, 176-180.

(166) McKinzie, D. L., Rodd-Henricks, Z. A., Dagon, C. T., Murphy, J. M. and McBride, W. J. (1999)
Cocaine is self-administered into the shell region of the nucleus accumbens in Wistar rats. Ann
N'Y Acad Sci. 877, 788-791.

(167) Mello, N. K. and Negus, S. S. (1998) Effects of kappa opioid agonists on cocaine- and food-
maintained responding by rhesus monkeys. J Pharmacol Exp Ther. 286, 812-824.

(168) Mendez, M., Leriche, M. and Calva, J. C. (2001) Acute ethanol administration differentially
modulates mu opioid receptors in the rat meso-accumbens and mesocortical pathways. Brain
Res Mol Brain Res. 94, 148-156.

(169) Meunier, J. C., Mollereau, C., Toll, L., Suaudeau, C., Moisand, C., Alvinerie, P., Butour, J. L.,
Guillemot, J. C., Ferrara, P., Monsarrat, B. and et al. (1995) Isolation and structure of the
endogenous agonist of opioid receptor-like ORLI receptor. Nature. 377, 532-535.

40



(170) Mierzejewski, P., Rogowski, A., Stefanski, R., Goldberg, S., Kostowski, W. and Bienkowski, P.
(2003) Ethanol-reinforced behaviour predicts acquisition but not extinction of cocaine self-
administration in the rat. Alcohol Alcohol. 38, 543-549.

(171) Mikkola, J. A., Honkanen, A., Piepponen, T. P., Kiianmaa, K. and Ahtee, L. (2001) Effects of
repeated cocaine treatment on striatal dopamine release in alcohol-preferring AA and alcohol-
avoiding ANA rats. Naunyn Schmiedebergs Arch Pharmacol. 363, 209-214.

(172) Miller, J. D., Sanghera, M. K. and German, D. C. (1981) Mesencephalic dopaminergic unit activity
in the behaviorally conditioned rat. Life Sci. 29, 1255-1263.

(173) Miller, N. S., Millman, R. B. and Keskinen, S. (1989) The diagnosis of alcohol, cocaine, and other
drug dependence in an inpatient treatment population. J Subst Abuse Treat. 6, 37-40.

(174) Minami, M., Toya, T., Katao, Y., Mackawa, K., Nakamura, S., Onogi, T., Kaneko, S. and Satoh,
M. (1993) Cloning and expression of a cDNA for the rat kappa-opioid receptor. FEBS Lett.
329, 291-295.

(175) Mirenowicz, J. and Schultz, W. (1994) Importance of unpredictability for reward responses in
primate dopamine neurons. ] Neurophysiol. 72, 1024-1027.

(176) Molander, A., Lof, E., Stomberg, R., Ericson, M. and Soderpalm, B. (2005) Involvement of
accumbal glycine receptors in the regulation of voluntary ethanol intake in the rat. Alcohol Clin
Exp Res. 29, 38-45.

(177) Mollereau, C., Parmentier, M., Mailleux, P., Butour, J. L., Moisand, C., Chalon, P., Caput, D.,
Vassart, G. and Meunier, J. C. (1994) ORLI, a novel member of the opioid receptor family.
Cloning, functional expression and localization. FEBS Lett. 341, 33-38.

(178) Murphy, J. M., Gatto, G. J., Waller, M. B., McBride, W. J., Lumeng, L. and Li, T. K. (1986) Effects
of scheduled access on ethanol intake by the alcohol-preferring (P) line of rats. Alcohol. 3, 331-
336.

(179) Murphy, N. P., Lee, Y. and Maidment, N. T. (1999) Orphanin FQ/nociceptin blocks acquisition of
morphine place preference. Brain Res. 832, 168-170.

(180) Murphy, N. P., Ly, H. T. and Maidment, N. T. (1996) Intracerebroventricular orphanin
FQ/nociceptin suppresses dopamine release in the nucleus accumbens of anaesthetized rats.
Neuroscience. 75, 1-4.

(181) Murphy, N. P. and Maidment, N. T. (1999) Orphanin FQ/nociceptin modulation of mesolimbic
dopamine transmission determined by microdialysis. ] Neurochem. 73, 179-186.

(182) Murphy, N. P., Tan, A. M., Lam, H. A. and Maidment, N. T. (2004) Nociceptin/orphanin FQ
modulation of rat midbrain dopamine neurons in primary culture. Neuroscience. 127, 929-940.

(183) Nakanishi, S., Inoue, A., Kita, T., Nakamura, M., Chang, A. C., Cohen, S. N. and Numa, S. (1979)
Nucleotide sequence of cloned cDNA for bovine corticotropin-beta-lipotropin precursor.
Nature. 278, 423-427.

(184) Negus, S. S., Mello, N. K., Portoghese, P. S. and Lin, C. E. (1997) Effects of kappa opioids on
cocaine self-administration by rhesus monkeys. J Pharmacol Exp Ther. 282, 44-55.

(185) Nestler, E. J. and Aghajanian, G. K. (1997) Molecular and cellular basis of addiction. Science.
278, 58-63.

(186) Newton, S. S., Thome, J., Wallace, T. L., Shirayama, Y., Schlesinger, L., Sakai, N., Chen, J., Neve,
R., Nestler, E. J. and Duman, R. S. (2002) Irhibition of cAMP response element-binding protein
or dynorphin in the nucleus accumbens produces an antidepressant-like effect. J Neurosci. 22,
10883-10890.

(187) Ng, G. Y. and George, S. R. (1994) Dopamine receptor agonist reduces ethanol self-administration
in the ethanol-preferring C57BL/6J inbred mouse. Eur J Pharmacol. 269, 365-374.

(188) Norton, C. S., Neal, C. R., Kumar, S., Akil, H. and Watson, S. J. (2002) Nociceptin/orphanin FQ
and opioid receptor-like receptor mRNA expression in dopamine systems. ] Comp Neurol. 444,
358-368.

(189) Nylander, 1., Hyytia, P., Forsander, O. and Terenius, L. (1994) Differences between alcohol-
preferring (AA) and alcohol-avoiding (ANA) rats in the prodynorphin and proenkephalin
systems. Alcohol Clin Exp Res. 18, 1272-1279.

(190) O'Malley, S. S., Jaffe, A. J., Chang, G., Schottenfeld, R. S., Meyer, R. E. and Rounsaville, B.
(1992) Naltrexone and coping skills therapy for alcohol dependence. A controlled study. Arch
Gen Psychiatry. 49, 881-887.

(191) Odeleye, O. E., Watson, R. R., Eskelson, C. D. and Earnest, D. (1993) Enhancement of cocaine-
induced hepatotoxicity by ethanol. Drug Alcohol Depend. 31, 253-263.

(192) Olds, J. and Milner, P. (1954) Positive reinforcement produced by electrical stimulation of septal
area and other regions of rat brain. J Comp Physiol Psychol. 47, 419-427.

(193) Olive, M. F., Koenig, H. N., Nannini, M. A. and Hodge, C. W. (2001) Stimulation of endorphin
neurotransmission in the nucleus accumbens by ethanol, cocaine, and amphetamine. J Neurosci.
21,RC184.

41



(194) Pan, W. J. and Hedaya, M. A. (1999) Cocaine and alcohol interactions in the rat: effect on cocaine
pharmacokinetics and pharmacodynamics. J Pharm Sci. 88, 459-467.

(195) Paxinos, S. and Watson, C. (1986) The rat brain atlas in stereotaxic coordinates. Academic Press,
London.

(196) Paxinos, S. and Watson, C. (1986) The rat brain in stereotaxic coordinates. Academic Press, San
Diego.

(197) Paxinos, S. and Watson, C. (1987) The rat brain in stereotaxic coordinates. Academic Press, San
Diego.

(198) Pecins-Thompson, M. and Peris, J. (1993) Behavioral and neurochemical changes caused by
repeated ethanol and cocaine administration. Psychopharmacology (Berl). 110, 443-450.

(199) Perez-Reyes, M. and Jeffcoat, A. R. (1992) Ethanol/cocaine interaction: cocaine and cocaethylene
plasma concentrations and their relationship to subjective and cardiovascular effects. Life Sci.
51, 553-563.

(200) Perez-Reyes, M., Jeffcoat, A. R., Myers, M., Sihler, K. and Cook, C. E. (1994) Comparison in
humans of the potency and pharmacokinetics of intravenously injected cocaethylene and
cocaine. Psychopharmacology (Berl). 116, 428-432.

(201) Pert, C. B. and Snyder, S. H. (1973) Opiate receptor: demonstration in nervous tissue. Science.
179, 1011-1014.

(202) Pettit, H. O., Ettenberg, A., Bloom, F. E. and Koob, G. F. (1984) Destruction of dopamine in the
nucleus accumbens selectively attenuates cocaine but not heroin self-administration in rats.
Psychopharmacology (Berl). 84, 167-173.

(203) Pfaus, J. G., Damsma, G., Nomikos, G. G., Wenkstern, D. G., Blaha, C. D., Phillips, A. G. and
Fibiger, H. C. (1990) Sexual behavior enhances central dopamine transmission in the male rat.
Brain Res. 530, 345-348.

(204) Pisa, E. K., Pisa, P., Hansson, M. and Wigzell, H. (1992) OKT3-induced cytokine mRNA expression
in human peripheral blood mononuclear cells measured by polymerase chain reaction. Scand J
Immunol. 36, 745-749.

(205) Pliakas, A. M., Carlson, R. R., Neve, R. L., Konradi, C., Nestler, E. J. and Carlezon, W. A., Jr.
(2001) Altered responsiveness to cocaine and increased immobility in the forced swim test
associated with elevated cAMP response element-binding protein expression in nucleus
accumbens. J Neurosci. 21, 7397-7403.

(206) Ploj, K., Roman, E. and Nylander, 1. (2003) Long-term effects of maternal separation on ethanol
intake and brain opioid and dopamine receptors in male Wistar rats. Neuroscience. 121, 787-
799.

(207) Pohorecky, L. A. (1977) Brain catecholamines and ethanol: involvement in physical dependence
and withdrawal. Adv Exp Med Biol. 85A, 495-513.

(208) Pontieri, F. E., Tanda, G. and Di Chiara, G. (1995) Intravenous cocaine, morphine, and
amphetamine preferentially increase extracellular dopamine in the "shell" as compared with the
"core" of the rat nucleus accumbens. Proc Natl Acad Sci U S A. 92, 12304-12308.

(209) Rademacher, D. J. and Steinpreis, R. E. (2002) Effects of the selective mu(1)-opioid receptor
antagonist, naloxonazine, on cocaine-induced conditioned place preference and locomotor
behavior in rats. Neurosci Lett. 332, 159-162.

(210) Raffa, R. B., Stagliano, G. W. and Umeda, S. (2003) kappa-Opioid withdrawal in Planaria.
Neurosci Lett. 349, 139-142.

(211) Raimo, E. B., Smith, T. L., Danko, G. P., Bucholz, K. K. and Schuckit, M. A. (2000) Clinical
characteristics and family histories of alcoholics with stimulant dependence. J Stud Alcohol. 61,
728-735.

(212) Ramsey, N. F., Niesink, R. J. and Van Ree, J. M. (1993) Prenatal exposure to morphine enhances
cocaine and heroin self-administration in drug-naive rats. Drug Alcohol Depend. 33, 41-51.

(213) Ramsey, N. F. and van Ree, J. M. (1991) Intracerebroventricular naltrexone treatment attenuates
acquisition of intravenous cocaine self-administration in rats. Pharmacol Biochem Behav. 40,
807-810.

(214) Ramsey, N. F. and Van Ree, J. M. (1993) Emotional but not physical stress enhances intravenous
cocaine self-administration in drug-naive rats. Brain Res. 608, 216-222.

(215) Ranaldi, R. and Beninger, R. J. (1993) Dopamine D1 and D2 antagonists attenuate amphetamine-
produced enhancement of responding for conditioned reward in rats. Psychopharmacology
(Berl). 113, 110-118.

(216) Rasmussen, D. D., Bryant, C. A., Boldt, B. M., Colasurdo, E. A., Levin, N. and Wilkinson, C. W.
(1998) Acute alcohol effects on opiomelanocortinergic regulation. Alcohol Clin Exp Res. 22,
789-801.

42



(217) Rassnick, S., Pulvirenti, L. and Koob, G. F. (1992) Oral ethanol self-administration in rats is
reduced by the administration of dopamine and glutamate receptor antagonists into the nucleus
accumbens. Psychopharmacology (Berl). 109, 92-98.

(218) Rassnick, S., Pulvirenti, L. and Koob, G. F. (1993) SDZ-205,152, a novel dopamine receptor
agonist, reduces oral ethanol self-administration in rats. Alcohol. 10, 127-132.

(219) Rassnick, S., Stinus, L. and Koob, G. F. (1993) The effects of 6-hydroxydopamine lesions of the
nucleus accumbens and the mesolimbic dopamine system on oral self-administration of ethanol
in the rat. Brain Res. 623, 16-24.

(220) Reid, L. D., Glick, S. D., Menkens, K. A., French, E. D., Bilsky, E. J. and Porreca, F. (1995)
Cocaine self-administration and naltrindole, a delta-selective opioid antagonist. Neuroreport. 0,
1409-1412.

(221) Reinscheid, R. K., Ardati, A., Monsma, F. J., Jr. and Civelli, O. (1996) Structure-activity
relationship studies on the novel neuropeptide orphanin FQ. ] Biol Chem. 271, 14163-14168.

(222) Reinscheid, R. K., Nothacker, H. P., Bourson, A., Ardati, A., Henningsen, R. A., Bunzow, J. R,,
Grandy, D. K., Langen, H., Monsma, F. J., Jr. and Civelli, O. (1995) Orphanin FQ: a
neuropeptide that activates an opioidlike G protein-coupled receptor. Science. 270, 792-794.

(223) Ritz, M. C., Lamb, R. J., Goldberg, S. R. and Kuhar, M. J. (1987) Cocaine receptors on dopamine
transporters are related to self-administration of cocaine. Science. 237, 1219-1223.

(224) Roberts, A. J., McDonald, J. S., Heyser, C. J., Kieffer, B. L., Matthes, H. W., Koob, G. F. and
Gold, L. H. (2000) mu-Opioid receptor knockout mice do not self-administer alcohol. J
Pharmacol Exp Ther. 293, 1002-1008.

(225) Roberts, D. C., Corcoran, M. E. and Fibiger, H. C. (1977) On the role of ascending
catecholaminergic systems in intravenous self-administration of cocaine. Pharmacol Biochem
Behav. 6, 615-620.

(226) Robinson, T. E. and Berridge, K. C. (2001) Incentive-sensitization and addiction. Addiction. 96,
103-114.

(227) Rocha, B. A., Fumagalli, F., Gainetdinov, R. R., Jones, S. R., Ator, R., Giros, B., Miller, G. W. and
Caron, M. G. (1998) Cocaine self-administration in dopamine-transporter knockout mice. Nat
Neurosci. 1, 132-137.

(228) Romualdi, P., Bregola, G., Donatini, A., Capobianco, A. and Simonato, M. (1999) Region-specific
changes in prodynorphin mRNA and ir-dynorphin A levels afier kindled seizures. ] Mol
Neurosci. 13, 69-75.

(229) Rose, S., Hearn, W. L., Hime, G. W., Wetli, C. V., Ruttenber, A. J. and Mash, D. C. (1990)
Cocaine and cocaethylene concentrations in human post mortem cerebral cortex. Neurscience
ABstracts. 16.

(230) Rossetti, Z. L., Melis, F., Carboni, S., Diana, M. and Gessa, G. L. (1992) Alcohol withdrawal in
rats is associated with a marked fall in extraneuronal dopamine. Alcohol Clin Exp Res. 16,
529-532.

(231) Roth-Deri, L., Schindler, C. J. and Yadid, G. (2004) 4 critical role for beta-endorphin in cocaine-
seeking behavior. Neuroreport. 15, 519-521.

(232) Roth-Deri, 1., Zangen, A., Aleli, M., Goelman, R. G., Pelled, G., Nakash, R., Gispan-Herman, 1.,
Green, T., Shaham, Y. and Yadid, G. (2003) Effect of experimenter-delivered and self-
administered cocaine on extracellular beta-endorphin levels in the nucleus accumbens. ]
Neurochem. 84, 930-938.

(233) Rothman, R. B., Gorelick, D. A., Heishman, S. J., Eichmiller, P. R., Hill, B. H., Norbeck, J. and
Liberto, J. G. (2000) An open-label study of a functional opioid kappa antagonist in the
treatment of opioid dependence. J Subst Abuse Treat. 18, 277-281.

(234) Rothman, R. B., Long, J. B., Bykov, V., Jacobson, A. E., Rice, K. C. and Holaday, J. W. (1988)
beta-FNA binds irreversibly to the opiate receptor complex: in vivo and in vitro evidence. J
Pharmacol Exp Ther. 247, 405-416.

(235) Rounsaville, B. J., Anton, S. F., Carroll, K., Budde, D., Prusoff, B. A. and Gawin, F. (1991)
Psychiatric diagnoses of treatment-seeking cocaine abusers. Arch Gen Psychiatry. 48, 43-51.

(236) Sakoori, K. and Murphy, N. P. (2004) Central administration of nociceptin/orphanin FQ blocks the
acquisition of conditioned place preference to morphine and cocaine, but not conditioned place
aversion to naloxone in mice. Psychopharmacology (Berl). 172, 129-136.

(237) Salamone, J. D., Cousins, M. S. and Snyder, B. J. (1997) Behavioral functions of nucleus
accumbens dopamine: empirical and conceptual problems with the anhedonia hypothesis.
Neurosci Biobehav Rev. 21, 341-359.

(238) Samson, H. H. and Doyle, T. F. (1985) Oral ethanol self-administration in the rat: effect of
naloxone. Pharmacol Biochem Behav. 22, 91-99.

43



(239) Schenk, S., Partridge, B. and Shippenberg, T. S. (1999) U69593, a kappa-opioid agonist, decreases
cocaine self-administration and decreases cocaine-produced drug-seeking.
Psychopharmacology (Berl). 144, 339-346.

(240) Schlussman, S. D., Zhang, Y., Kane, S., Stewart, C. L., Ho, A. and Kreek, M. J. (2003)
Locomotion, stereotypy, and dopamine D1 receptors after chronic "binge" cocaine in C57BL/6J
and 129/J mice. Pharmacol Biochem Behav. 75, 123-131.

(241) Schmitz, J. M., Stotts, A. L., Rhoades, H. M. and Grabowski, J. (2001) Naltrexone and relapse
prevention treatment for cocaine-dependent patients. Addict Behav. 26, 167-180.

(242) Schroeder, J. A., Niculescu, M. and Unterwald, E. M. (2003) Cocaine alters mu but not delta or
kappa opioid receptor-stimulated in situ [35S]GTPgammas$ binding in rat brain. Synapse. 47,
26-32.

(243) Seamans, J. K. and Yang, C. R. (2004) The principal features and mechanisms of dopamine
modulation in the prefrontal cortex. Prog Neurobiol. 74, 1-58.

(244) Seizinger, B. R., Bovermann, K., Maysinger, D., Hollt, V. and Herz, A. (1983) Differential effects
of acute and chronic ethanol treatment on particular opioid peptide systems in discrete regions
of rat brain and pituitary. Pharmacol Biochem Behav. 18 Suppl 1, 361-369.

(245) Shippenberg, T. S., LeFevour, A. and Heidbreder, C. (1996) kappa-Opioid receptor agonists
prevent sensitization to the conditioned rewarding effects of cocaine. J Pharmacol Exp Ther.
276, 545-554.

(246) Sibley, D. R. and Monsma, F. J., Jr. (1992) Molecular biology of dopamine receptors. Trends
Pharmacol Sci. 13, 61-69.

(247) Simon, E. J., Hiller, J. M. and Edelman, 1. (1973) Stereospecific binding of the potent narcotic
analgesic (3H) Etorphine to rat-brain homogenate. Proc Natl Acad Sci U S A. 70, 1947-1949.

(248) Sivam, S. P. (1989) Cocaine selectively increases striatonigral dynorphin levels by a dopaminergic
mechanism. ] Pharmacol Exp Ther. 250, 818-824.

(249) Smiiley, P. L., Johnson, M., Bush, L., Gibb, J. W. and Hanson, G. R. (1990) Effects of cocaine on
extrapyramidal and limbic dynorphin systems. J Pharmacol Exp Ther. 253, 938-943.

(250) Soini, S. L., Honkanen, A., Hyytia, P. and Korpi, E. R. (1999) [3H]ethylketocyclazocine binding to
brain opioid receptor subtypes in alcohol-preferring AA and alcohol-avoiding ANA rats.
Alcohol. 18, 27-34.

(251) Sokoloff, P. and Schwartz, J. C. (1995) Novel dopamine receptors half a decade later. Trends
Pharmacol Sci. 16, 270-275.

(252) Spanagel, R., Herz, A. and Shippenberg, T. S. (1992) Opposing tonically active endogenous opioid
systems modulate the mesolimbic dopaminergic pathway. Proc Natl Acad Sci U S A. 89, 2046-
2050.

(253) Spangler, R., Unterwald, E. M. and Kreek, M. J. (1993) 'Binge' cocaine administration induces a
sustained increase of prodynorphin mRNA in rat caudate-putamen. Brain Res Mol Brain Res.
19, 323-327.

(254) Staines, G. L., Magura, S., Foote, J., Deluca, A. and Kosanke, N. (2001) Polysubstance use among
alcoholics. J Addict Dis. 20, 53-69.

(255) Staley, J. K., Rothman, R. B., Rice, K. C., Partilla, J. and Mash, D. C. (1997) Kappa?2 opioid
receptors in limbic areas of the human brain are upregulated by cocaine in fatal overdose
victims. ] Neurosci. 17, 8225-8233.

(256) Steiner, H. and Gerfen, C. R. (1998) Role of dynorphin and enkephalin in the regulation of striatal
output pathways and behavior. Exp Brain Res. 123, 60-76.

(257) Stormark, K. M., Laberg, J. C., Bjerland, T., Nordby, H. and Hugdahl, K. (1995) Autonomic cued
reactivity in alcoholics: the effect of olfactory stimuli. Addict Behav. 20, 571-584.

(258) Suzuki, T., Mori, T., Tsuji, M., Misawa, M. and Nagase, H. (1994) The role of delta-opioid
receptor subtypes in cocaine- and methamphetamine-induced place preferences. Life Sci. 55,
PL339-344.

(259) Svingos, A. L., Colago, E. E. and Pickel, V. M. (1999) Cellular sites for dynorphin activation of
kappa-opioid receptors in the rat nucleus accumbens shell. J Neurosci. 19, 1804-1813.

(260) Terenius, L. (1973) Characteristics of the "receptor” for narcotic analgesics in synaptic plasma
membrane fraction from rat brain. Acta Pharmacol Toxicol (Copenh). 33, 377-384.

(261) Terenius, L. and Wahlstrom, A. (1975) Search for an endogenous ligand for the opiate receptor.
Acta Physiol Scand. 94, 74-81.

(262) Thompson, A. C., Zapata, A., Justice, J. B., Jr., Vaughan, R. A., Sharpe, L. G. and Shippenberg, T.
S. (2000) Kappa-opioid receptor activation modifies dopamine uptake in the nucleus accumbens
and opposes the effects of cocaine. J Neurosci. 20, 9333-9340.

(263) Truyjillo, K. A. and Akil, H. (1995) Excitatory amino acids and drugs of abuse: a role for N-methyl-
D-aspartate receptors in drug tolerance, sensitization and physical dependence. Drug Alcohol
Depend. 38, 139-154.

44



(264) Turchan, J., Przewlocka, B., Lason, W. and Przewlocki, R. (1998) Effects of repeated
psychostimulant administration on the prodynorphin system activity and kappa opioid receptor
density in the rat brain. Neuroscience. 85, 1051-1059.

(265) Turchan, J., Przewlocka, B., Toth, G., Lason, W., Borsodi, A. and Przewlocki, R. (1999) The effect
of repeated administration of morphine, cocaine and ethanol on mu and delta opioid receptor
density in the nucleus accumbens and striatum of the rat. Neuroscience. 91, 971-977.

(266) Ungerstedt, U. (1971) Stereotaxic mapping of the monoamine pathways in the rat brain. Acta
Physiol Scand Suppl. 367, 1-48.

(267) Unterwald, E. M., Horne-King, J. and Kreek, M. J. (1992) Chronic cocaine alters brain mu opioid
receptors. Brain Res. 584, 314-318.

(268) Unterwald, E. M., Rubenfeld, J. M. and Kreek, M. J. (1994) Repeated cocaine administration
upregulates kappa and mu, but not delta, opioid receptors. Neuroreport. 5, 1613-1616.

(269) Wadenberg, M. L. (2003) 4 review of the properties of spiradoline: a potent and selective kappa-
opioid receptor agonist. CNS Drug Rev. 9, 187-198.

(270) Vadlamani, N. L., Pontani, R. B. and Misra, A. L. (1984) Effect of diamorphine, delta 9-
tetrahydrocannabinol and ethanol on intravenous cocaine disposition. J Pharm Pharmacol. 36,
552-554.

(271) Wagner, E. J., Ronnekleiv, O. K., Grandy, D. K. and Kelly, M. J. (1998) The peptide orphanin FQ
inhibits beta-endorphin neurons and neurosecretory cells in the hypothalamic arcuate nucleus
by activating an inwardly-rectifying K+ conductance. Neuroendocrinology. 67, 73-82.

(272) Walaas, 1. and Fonnum, F. (1980) Biochemical evidence for gamma-aminobutyrate containing
fibres from the nucleus accumbens to the substantia nigra and ventral tegmental area in the rat.
Neuroscience. 5, 63-72.

(273) Wamsley, J. K., Gehlert, D. R., Filloux, F. M. and Dawson, T. M. (1989) Comparison of the
distribution of D-1 and D-2 dopamine receptors in the rat brain. ] Chem Neuroanat. 2, 119-137.

(274) van Ree, J. M., Smyth, D. G. and Colpaert, F. C. (1979) Dependence creating properties of
lipotropin C-fragment (beta-endorphin): evidence for its internal control of behavior. Life Sci.
24, 495-502.

(275) Wang, B., Luo, F., Zhang, W. T. and Han, J. S. (2000) Stress or drug priming induces
reinstatement of extinguished conditioned place preference. Neuroreport. 11, 2781-2784.

(276) Weiss, F., Markou, A., Lorang, M. T. and Koob, G. F. (1992) Basal extracellular dopamine levels
in the nucleus accumbens are decreased during cocaine withdrawal after unlimited-access self-
administration. Brain Res. 593, 314-318.

(277) Weiss, F., Parsons, L. H., Schulteis, G., Hyytia, P., Lorang, M. T., Bloom, F. E. and Koob, G. F.
(1996) Ethanol self-administration restores withdrawal-associated deficiencies in accumbal
dopamine and 5-hydroxytryptamine release in dependent rats. ] Neurosci. 16, 3474-3485.

(278) Westerink, B. H., Kwint, H. F. and de Vries, J. B. (1997) Eating-induced dopamine release from
mesolimbic neurons is mediated by NMDA receptors in the ventral tegmental area: a dual-
probe microdialysis study. ] Neurochem. 69, 662-668.

(279) Wise, R. A. (1998) Drug-activation of brain reward pathways. Drug Alcohol Depend. 51, 13-22.

(280) Wise, R. A. (2002) Brain reward circuitry: insights from unsensed incentives. Neuron. 36, 229-
240.

(281) Wise, R. A. (2004) Dopamine, learning and motivation. Nat Rev Neurosci. 5, 483-494.

(282) Wise, R. A. and Bozarth, M. A. (1987) A psychomotor stimulant theory of addiction. Psychol Rev.
94, 469-492.

(283) Wise, R. A. and Leeb, K. (1993) Psychomotor-stimulant sensitization: a unitary phenomenon?
Behav Pharmacol. 4, 339-349.

(284) Withers, N. W., Pulvirenti, L., Koob, G. F. and Gillin, J. C. (1995) Cocaine abuse and dependence.
J Clin Psychopharmacol. 15, 63-78.

(285) Volkow, N. D., Fowler, J. S., Wolf, A. P., Schlyer, D., Shiue, C. Y., Alpert, R., Dewey, S. L.,
Logan, J., Bendriem, B., Christman, D. and et al. (1990) Effects of chronic cocaine abuse on
postsynaptic dopamine receptors. Am J Psychiatry. 147, 719-724.

(286) Volkow, N. D., Wang, G. J., Fowler, J. S., Logan, J., Hitzemann, R., Ding, Y. S., Pappas, N., Shea,
C. and Piscani, K. (1996) Decreases in dopamine receptors but not in dopamine transporters in
alcoholics. Alcohol Clin Exp Res. 20, 1594-1598.

(287) Volpicelli, J. R., Alterman, A. 1., Hayashida, M. and O'Brien, C. P. (1992) Naltrexone in the
treatment of alcohol dependence. Arch Gen Psychiatry. 49, 876-880.

(288) Woodward, J. J., Mansbach, R., Carroll, F. I. and Balster, R. L. (1991) Cocaethylene inhibits
dopamine uptake and produces cocaine-like actions in drug discrimination studies. Eur J
Pharmacol. 197, 235-236.

(289) Woolverton, W. L. and Johnson, K. M. (1992) Neurobiology of cocaine abuse. Trends Pharmacol
Sci. 13, 193-200.

45



(290) Vorel, S. R., Ashby, C. R., Jr., Paul, M., Liu, X., Hayes, R., Hagan, J. J., Middlemiss, D. N., Stemp,
G. and Gardner, E. L. (2002) Dopamine D3 receptor antagonism inhibits cocaine-seeking and
cocaine-enhanced brain reward in rats. J Neurosci. 22, 9595-9603.

(291) World Health Organization (1994), Geneva.

(292) World Health Organization. (1993) The ICD-classification of mental and behavioural disorders-
diagnostic criteria for research. WHO, Geneva.

(293) Yoshida, M., Yokoo, H., Mizoguchi, K., Kawahara, H., Tsuda, A., Nishikawa, T. and Tanaka, M.
(1992) Eating and drinking cause increased dopamine release in the nucleus accumbens and
ventral tegmental area in the rat: measurement by in vivo microdialysis. Neurosci Lett. 139, 73-
76.

(294) Yoshimoto, K., McBride, W. J., Lumeng, L. and Li, T. K. (1992) Alcohol stimulates the release of
dopamine and serotonin in the nucleus accumbens. Alcohol. 9, 17-22.

(295) You, Z. B., Herrera-Marschitz, M. and Terenius, L. (1999) Modulation of neurotransmitter release
in the basal ganglia of the rat brain by dynorphin peptides. J Pharmacol Exp Ther. 290, 1307-
1315.

(296) Young, W. S., 3rd, Bonner, T. I. and Brann, M. R. (1986) Mesencephalic dopamine neurons
regulate the expression of neuropeptide mRNAs in the rat forebrain. Proc Natl Acad Sci U S A.
83, 9827-9831.

(297) Zheng, F., Grandy, D. K. and Johnson, S. W. (2002) Actions of orphanin FQ/nociceptin on rat
ventral tegmental area neurons in vitro. Br J Pharmacol. 136, 1065-1071.

(298) Zubieta, J. K., Gorelick, D. A., Stauffer, R., Ravert, H. T., Dannals, R. F. and Frost, J. J. (1996)
Increased mu opioid receptor binding detected by PET in cocaine-dependent men is associated
with cocaine craving. Nat Med. 2, 1225-1229.

46



	1  
	1 INTRODUCTION 
	1.1 DRUG DEPENDENCE 
	1.2 MECHANISMS UNDERLYING DRUG DEPENDENCE 
	1.3  DOPAMINE  
	1.3.1 Dopamine pathways 
	1.3.2 Dopamine release  
	1.3.3 Dopamine receptors  
	1.3.4 Functional aspects of dopamine 

	1.4 THE ENDOGENOUS OPIOID SYSTEM 
	1.4.1 Endogenous opioid receptors 
	1.4.2 Endogenous opioid peptides  
	1.4.3 The endogenous opioid system and dopamine 
	1.4.4 Nociceptin and ORL1 
	1.4.5 Nociceptin and dopamine 

	1.5 COCAINE 
	1.5.1 Cocaine, dopamine and reward 
	1.5.2 Cocaine and the endogenous opioid system 
	1.5.3 Cocaine and the nociceptin system 

	1.6 ETHANOL  
	1.6.1 Ethanol, dopamine and reward 
	1.6.2 Ethanol and the endogenous opioid system 
	1.6.3 Ethanol and the nociceptin system 

	1.7 CONCURRENT COCAINE AND ETHANOL  
	2 AIMS OF THE STUDY 
	3 MATERIALS AND METHODS 
	3.1 ANIMALS 
	3.2 DRUGS AND CHEMICALS 
	3.3 EXPERIMENTAL DESIGN 
	3.3.1 Acute cocaine and ethanol administration (Paper IV and V) 
	3.3.2 Chronic ethanol and/or subacute cocaine administration (Paper I-III, VI) 

	3.4 DISSECTION  
	3.5 IN SITU HYBRIDIZATION  
	3.6 AUTORADIOGRAPHY  
	3.7  QUANTITATIVE RT-PCR  
	3.8  MICRODIALYSIS 

	4 RESULTS AND DISCUSSION 
	4.1 ACUTE EFFECTS OF COCAINE AND ETHANOL  
	4.1.1 Effects of cocaine and ethanol on the prodynorphin/ κ–system (Paper V) 
	By using in situ hybridization we studied the acute effects of combined as well as separately administered ethanol and cocaine “binge” on κ-opioid receptor mRNA and prodynorphin mRNA expression in discrete brain regions. Cocaine and ethanol in combination increased prodynorphin mRNA in all regions analyzed, Figure 3A. The combination of cocaine and ethanol increased prodynorphin mRNA in the striatum and nucleus accumbens, with a potentiated effect on prodynorphin mRNA levels in the dorsolateral striatum (212%, p<0.0001). The dorsal striatum is relevant for motor functions that might be altered by cocaine intake, such as increased locomotor activity and stereotypic behaviors but also in drug-seeking behavior (112). We have previously not observed any changes in stereotypic behaviors after acute co-administration of cocaine and ethanol (unpublished data), whereas another study reported increased locomotor activity after acute concurrent cocaine and ethanol in mice (163). On the other hand, concurrent cocaine and ethanol down-regulated κ-opioid receptor mRNA levels in the striatum, the nucleus accumbens, the ventral tegmental area and the substantia nigra compacta with an additive effect on κ-opioid receptor mRNA levels in the nucleus accumbens core (74%, p=0.0012), Figure 3B. The prolonged dopamine release following cocaine and ethanol leads to excessive stimulation of dopamine receptors which in turn could induce dynorphin release and biosynthesis (147, 256). Acute administration of cocaine increases the expression of dynorphin mRNA in the striatum (102, 253, 45, 264) and in the nucleus accumbens (264) suggesting that cocaine exerts a modulatory influence on the dynorphin system. Dynorphin peptide levels have been reported to be increased after chronic but not after a single cocaine administration (248), although Turchan and coworkers reported increased release of α-neoendorphin (another prodynorphin gene product) following acute cocaine administration (264) and a different study showed increased levels of dynorphin peptides after multiple cocaine injections during one day (249). Since the actual release of dynorphin peptides is troublesome to measure, it can only be suggested that an elevation of dynorphin mRNA and peptide levels gives a higher dynorphinergic tone. This elevated dynorphin tone might act as a feed-back inhibition to counteract the excessive dopamine transmission from the substantia nigra and ventral tegmental area as seen by decreased concentrations of dopamine in the nucleus accumbens (53, 252), and in the striatum (295) following κ-opioid receptor stimulation. Acute administration of ethanol has not been shown to influence the dynorphin system (244). Thus, the elevation of dynorphin mRNA levels seen after co-administration of cocaine and ethanol in this study might mainly depend on the effect that cocaine plays on the dynorphin system, except in dorsolateral striatum, where the combined drug treatment increased dynorphin mRNA levels, while cocaine and ethanol administered  
	  
	Figure 3. Histograms showing A. prodynorphin mRNA B. κ-opioid receptor mRNA expression after acute treatment with cocaine and/or ethanol in differents brain areas. NAcc core, nucleus accumbens core; NAcc shell, nucleus accumbens shell; VMS, ventromedial striatum; DMS, dorsomedial striatum; DLS, dorsolateral striatum VTA, ventral tegmental area; SNR, substantia nigra reticulata; SNC, substantia nigra compacta. Values are means ± S.E.M. (n=5). *P<0.05; **P<0.01; ***P<0.001 indicates significant difference when comparing control animals with drug-treated animals. #P<0.05, ##P<0.01, ###P<0.001 indicates significant difference when comparing cocaine-treated animals with cocaine/ethanol-treated animals. ◊◊P<0.01, ◊◊◊P<0.001 indicated significant difference when comparing ethanol-treated animals with animals treated with cocaine/ethanol.  
	separately did not. The apparent lack of effect after single ethanol treatment might also be due to a rapid and transient elevation of dynorphin mRNA (228) that escapes detection in our study where ethanol was administered four hours before analysis, as compared to the last cocaine injection that was given thirty minutes before mRNA measurement. An increase in dynorphin release as a response to drug administration might be counteracted through changes in the synthesis of κ-opioid receptors as seen in this study by a decreased κ-opioid receptor mRNA expression. 
	4.1.2 Acute cocaine and ethanol, effects on opioid receptor levels (Paper IV) 

	4.2 CHRONIC EFFECTS OF ETHANOL AND COCAINE 
	4.2.1 Ethanol and cocaine, effects on opioid receptor mRNA levels (Paper I and II) 
	4.2.2 Effects of ethanol on cocaine-induced dopamine concentrations (Paper III) 

	4.3 EFFECTS OF Κ-LIGANDS ON ACCUMBAL DOPAMINE RELEASE FOLLOWING CHRONIC ETHANOL ADMINISTRATION (PAPER VI) 

	5 GENERAL DISCUSSION 
	5.1 COCAINE AND ETHANOL PROFILES 
	5.2 EXPERIMENTAL RESEARCH ON COCAINE AND ETHANOL  
	5.3 ACUTE EFFECTS OF COCAINE AND ETHANOL ADMINISTRATION 
	5.4 CHRONIC EFFECTS OF COCAINE AND ETHANOL ADMINISTRATION 
	5.5 CLINICAL RELEVANCE 

	6 ACKNOWLEDGEMENTS 
	7 REFERENCES 


