
Institutionen för Fysiologi och Farmakologi 
Sektionen för Neuropsykofarmakologi 

Karolinska Institutet 
 
 

Novel Pharmacological Treatment 
Alternatives for Nicotine Dependence 

 
av 
 

Nina Lindblom 
 
 

AKADEMISK AVHANDLING 
 

som för avläggande av medicine doktorsexamen vid Karolinska Institutet offentligen 
försvaras på engelska språket i farmakologens föreläsningssal, Nanna Svartz väg 2, fredagen 

den 2 december 2005, kl. 13 
 

 
 
 
 

 
 
 
 
 
 

Handledare: 
Prof. Torgny H. Svensson 
Karolinska Institutet 
 
Bihandledare: 
Dr. Björn Schilström 
Karolinska Institutet 

Opponent: 
Prof. Jed E. Rose 
Duke University 

Betygsnämnd: 
Prof. Liisa Athee, Helsingfors Universitet 
Prof. Kristoffer Hellstrand, Sahlgrenska 
Universitetssjukhuset 
Prof. Sven-Ove Ögren, Karolinska Institutet 

 
Stockholm 2005 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
OBS Den här sidan ska ersättas med separat sida: första sidan.pdf  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



To cease smoking is the easiest thing I ever did. I ought to know because I’ve done it a thousand times. 
          Mark Twain 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Published and printed by Karolinska University Press 
Box 200, SE-171 77 Stockholm, Sweden 
© Nina Lindblom, 2005 
ISBN 91-7140-437-6 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 For those who wish to quit





 

 

ABSTRACT 
Smoking has been identified as the single largest preventable cause of morbidity and premature 
death in the developed world. Despite the well known health risks associated with smoking the 
number of smokers are still rising globally. Available aids in smoking cessation have only 
limited effectiveness and, therefore, there is a great need for improved treatment in this area.  
 
The present set of studies analysed the effects of two novel potential treatment alternatives for 
smoking cessation; active immunisation against nicotine with the nicotine immunoconjugate 
IP18-KLH and the dopamine stabiliser (-)-DS121. The aim of the present thesis was to 
evaluate the effect of these treatments on several measures related to nicotine dependence. First 
we evaluated the influence of these treatments on acute effects of nicotine in brain. An increase 
in dopamine (DA) output is observed in the nucleus accumbens (NAC) following acute 
administration of most dependence-producing drugs, including nicotine. This effect has been 
shown to be critically involved in the reinforcing effect of the drug, and it is presumed to be 
important for the acquisition of dependence. Using in vivo voltammetry and in vivo 
microdialysis we found that active immunisation with IP18-KLH potently blocked the 
nicotine-induced increase in DA output in the NAC, whereas the effect of (-)-DS121 was less 
pronounced showing a significant effect only on DA metabolites. Using intracranial self-
stimulation (ICSS) we found that the previously reported facilitating effect of nicotine on 
reward thresholds was attenuated by active immunisation with IP18-KLH both in naïve rats 
and in rats previously exposed to nicotine. These results suggest that (-)-DS121 and, in 
particular, active immunisation with IP18-KLH may be effective in preventing the acute 
reinforcing effects of nicotine. We also observed that active immunisation with IP18-KLH 
during continuous nicotine administration did not precipitate nicotine withdrawal, as indicated 
by a lack of increase in reward thresholds.  
 
The effects of active immunisation with IP18-KLH or the DA stabiliser (-)-DS121 on different 
aspects of nicotine withdrawal were also studied. It has previously been demonstrated that 
during nicotine withdrawal a decrease in the DA output in the NAC, an increase in somatic 
signs and elevations in reward thresholds can be observed. We found that both active 
immunisation with IP18-KLH and treatment with (-)-DS121 attenuated the decrease in DA 
output in the NAC as well as the increase in somatic abstinence signs following nicotine 
withdrawal. Furthermore, active immunisation with IP18-KLH was shown to attenuate the 
increase in reward thresholds during nicotine withdrawal. Since these measures are considered 
to reflect different aspects of the withdrawal reaction, which contribute to the negative 
experience during a quit attempt as well as to early relapse, these results suggest that both 
active immunisation with IP18-KLH and (-)-DS121 may be effective in attenuating nicotine 
abstinence symptoms. 
 
Long-term relapse prevention has been pointed out as the major obstacle to overcome in 
smoking cessation treatment. Thus, in an experiment designed to imitate the situation of drug-
induced relapse we evaluated the effect of active immunisation on the nicotine-induced 
reinstatement of nicotine-seeking behaviour. Active immunisation with IP18-KLH was shown 
to prevent reinstatement of nicotine-seeking behaviour following administration of a small 
priming dose of nicotine, indicating that this treatment may be effective in long-term relapse 
prevention. 
 



 

 

In summary, the results from the present thesis provide evidence that both active immunisation 
against nicotine and the DA stabiliser (-)-DS121 may be effective as treatments for smoking 
cessation. Our data indicate that active immunisation with IP18-KLH attenuates the acute 
rewarding effects of nicotine but does not precipitate withdrawal by itself. Immunisation with 
IP18-KLH may also attenuate the negative symptoms experienced during nicotine withdrawal 
and, most significantly, since it prevents reinstatement of nicotine-seeking behaviour it may 
also be effective in relapse prevention. Furthermore, our results indicate that the dopamine 
stabiliser (-)-DS121 may be effective in attenuating the nicotine withdrawal reaction. 
 
Key words: nicotine, dependence, withdrawal, reinstatement, smoking, active immunisation, 
immunoconjugate, vaccine, dopamine stabiliser, (-)-DS121, dopamine, nucleus accumbens, 
intracranial self-stimulation 
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1 INTRODUCTION 
 
1.1 TOBACCO SMOKING AS A MAJOR HEALTH HAZARD 

Globally about 1.3 billion people smoke tobacco (Shafey, Dolwick and Guindon 2003), 
and it has been predicted that 40% of the smokers will die prematurely from a disease 
associated with smoking (Peto et al. 1992). In fact, about five million people die from 
smoking-related illnesses each year (WHO 2005a), and tobacco smoking has been 
identified as the single largest preventable cause of morbidity and premature death in 
the developed world (US Department of Health and Human Services, 1988). Although 
the prevalence of smoking is now decreasing in some countries it is still increasing 
from a global perspective (WHO 2005b). It is generally accepted that tobacco smoking 
causes numerous diseases, including different forms of cancer, chronic obstructive 
pulmonary disease and cardiovascular diseases. The link between smoking and lung 
cancer was scientifically established already in the early fifties (Doll and Hill 1950) and 
recent information state that smoking is responsible for 80% of all cases of lung cancer 
(WHO 2005c) and about 30% of all deaths caused by cancer in Western countries (see, 
Sasco et al. 2004). Tobacco smoking is a major risk factor in the development and 
progression of cardiovascular disease (Jacobs et al. 1999) and is, for example, 
considered responsible for 17% of all deaths caused by coronary heart disease in the 
UK (Actions on Smoking and Health 2005). Even though a great majority of smokers 
are aware of the health risks associated with smoking, they continue to smoke. The 
dependence-producing effect of nicotine, and the unpleasant effects experienced during 
smoking withdrawal are in all probability major factors behind their continued 
smoking. Apart from the personal suffering experienced by smokers stricken by 
smoking-related illness there are enormous health costs associated with tobacco 
smoking. In the U.S. alone smoking-related illnesses cost more than US$150 billion 
each year (WHO 2003). 
 
1.2 NICOTINE DEPENDENCE 

Nicotine is an alkaloid that is present in, and derived from, the leaves of the tobacco 
plant, where it acts as an insecticide (see, Soloway 1976). In 1988 the Surgeon General 
identified tobacco smoking as a form of nicotine dependence (US Department of 
Health and Human Services), something the tobacco industry had known, deliberately 
withheld and even mislead the public from accepting for a long time, at least since the 
early seventies (see, Hurt and Robertson 1998).  
 
Nicotine dependence is a chronically relapsing disorder. It is listed in the Diagnostic 
and Statistical Manual of Mental Disorders (DSM-IV) (DSM-IV-TR, 2000) of the 
American Psychiatric Association with other forms of drug dependence, such as 
cocaine and alcohol dependence. Substance dependence should be differentiated from 
substance use and substance abuse. Substance use is characterised by a controlled 
intake of a drug for non-medical purposes. Among tobacco smokers, this term may 
reflect the early phase of drug use before dependence has developed. The term 
substance abuse does not apply to tobacco smoking. Substance abuse is defined as a 
condition that involves certain adverse consequences, such as problems in fulfilling 
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major obligations at work or at home. Furthermore, it is characterised by recurrent 
substance use in situations where it is physically hazardous, such as driving a car after 
drinking alcohol. Moreover, substance abuse is intimately linked to legal problems. 
Substance dependence is characterised by uncontrolled drug intake, which the 
individual needs in order to function. Most regular smokers meet a majority of the 
criteria for substance dependence, which is diagnosed as follows:  

 

Criteria for Substance Dependence 
A maladaptive pattern of substance use, leading to clinically significant impairment or distress, as 
manifested by three (or) more of the following, occurring at any time in the same 12-month period: 
 
(1) tolerance, as defined by either of the following: 

a) a need for markedly increased amounts of substance to achieve intoxication or desired 
effect 

b) markedly diminished effect with continued use of the same amount of the substance 
(2) withdrawal, as manifested by either of the following: 

a) the characteristic withdrawal syndrome for the substance 
b) the same (or closely related) substance is taken to relieve or avoid withdrawal 

(3) the substance is often taken in larger amounts or over a longer period than was intended 
(4) there is a persistent desire or unsuccessful efforts to cut down or control substance use 
(5) a great deal of time is spent in activities necessary to obtain the substance (e.g., visiting multiple 

doctors or driving long distances), use the substance (e.g., chain-smoking), or recover from its 
effects 

(6) important social, occupational, or recreational activities are given up or reduced because of 
substance use 

(7) the substance use is continued despite knowledge of having persistent or recurrent physical or 
psychological problem that is likely to have been caused by or exacerbated by the substance (e.g., 
current cocaine use despite recognition of cocaine-induced depression, or continued drinking 
despite recognition that an ulcer was made worse by alcohol consumption) 

Nicotine dependence consists of both physiological and psychological components. 
The physiological components are reflected in criteria 1-2 whereas the psychological 
components are reflected in criteria 3-7 (see above). The development of substance 
dependence has been suggested to involve various neuroadaptive processes as well as 
genetic and environmental factors. Acute administration of most dependence-producing 
drugs leads to an activation of the brain reward systems, which can be demonstrated by 
a decrease in reward thresholds in rats that have learnt to self-stimulate electrical 
currents directly into brain regions associated with reward function (Bespalov et al. 
1999). Furthermore, acute administration of nicotine or other dependence-producing 
drugs as well as intracranial self-stimulation (ICSS) of electrical currents in regions of 
the brain close to the ventral tegmental area (VTA) or its projection areas, enhances the 
activity in the mesolimbocortical DA pathway. This pathway is part of the brain reward 
system and moreover considered critical for the acute reinforcing effects of these 
stimuli (see, Corbett and Wise 1980; Fibiger et al. 1987; Di Chiara et al. 2004). Drug 
withdrawal, on the other hand, has been shown to be characterised by a decrease in 
brain reward function, which is considered to reflect the state of negative affect 
experienced during drug withdrawal (see, Koob and Le Moal 1997). Furthermore, a 
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sudden withdrawal from repeated administrations of most dependence-producing drugs 
has been found to be associated with a decrease in DA output in the nucleus accumbens 
(NAC), a target area of the mesolimbic DA pathway (Pothos et al. 1991; Weiss et al. 
1992, 1996; Hildebrand et al. 1998). Two main hypotheses have been proposed to 
explain the mechanisms underlying the transition from drug use to dependence. The 
opponent process theory (Solomon and Corbit 1973) proposes that drug use, before 
addiction has been established, is characterised by impulsive use and driven by positive 
reinforcement e.g. feeling such as “rush” or euphoria. Moreover, this theory suggests 
that repeated drug use leads to a dysregulation of major brain reward systems, which 
causes the positive reinforcing effects of the drug to fade and, furthermore, during acute 
withdrawal from the drug, an opposite affective state compared to that originally 
produced by the drug is proposed to be generated. Thus, following the transition to 
dependence, drug use is suggested to be characterised by compulsive drug use, 
sustained by negative reinforcement, originating from the aversive affective state 
associated with drug withdrawal, which can be reversed by administering the drug. 
(Solomon and Corbit 1973; Koob et al. 2004). The other main theory for the transition 
to drug dependence is the incentive sensitisation theory. It was originally based on the 
observation that repeated administration of dependence-producing drugs induced an 
increased locomotor activity. This effect is thought to be relevant to drug dependence 
based on the assumption that the neural substrates mediating this effect overlaps with 
the neural substrates involved in mediating the rewarding effects of dependence-
producing drugs. The incentive sensitisation theory proposes that the long-lasting 
neuroadaptations observed following repeated drug use make neural systems involved 
in reward and motivation hypersensitive to the drug and drug-associated stimuli. It has 
been suggested that during dependence, drug-taking may amplify and become 
compulsive as a result of a sensitisation of the neural system mediating incentive 
salience (wanting the drug), a subcomponent of reward, making the drug more wanted 
(see, Robinson and Berridge 2001). 
 
In similarity with drug dependence drug withdrawal can be diagnosed according to 
DSM-IV, the following criteria are used to identify nicotine withdrawal in DSM-IV:  
 

Diagnostic criteria for Nicotine Withdrawal 
A. Daily use of nicotine for at least several weeks 
B. Abrupt cessation of nicotine use, or reduction in the amount of nicotine used, followed 

within 24 hours by four (or more) of the following signs: 
(1) dysphoric or depressed mood 
(2) insomnia 
(3) irritability, frustration or anger  
(4) anxiety  
(5) difficulty concentrating  
(6) restlessness  
(7) decreased heart rate 
(8) increased appetite or weight gain 

C. The symptoms in criterion B cause clinically significant distress or impairment in social, 
occupational, or other important areas of functioning 

D. The symptoms are not due to a general medical condition and are not better accounted for 
by any other mental disorder 
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1.2.1 Animal models of nicotine dependence  

There are several frequently used animal models available to study drug dependence 
including nicotine dependence. However, no single animal model is sufficient to 
describe the whole spectrum of drug dependence. 
 
The reinforcing effect of drugs can be studied using ICSS, conditioned place preference 
and self-administration. In ICSS animals learn to self-stimulate reinforcing electrical 
currents into the brain. A reward threshold is determined for each animal each session 
which is considered to reflect the stimulation intensity the animal prefers. If a drug, 
perceived as rewarding by the animal, is administered in association with the ICSS 
session a decrease in reward threshold will be observed. A decrease in reward threshold 
is considered to reflect an increase in sensitivity to the stimulation due to an increase in 
reward function (see further description in the Materials and Methods section). In 
conditioned place preference the animal learns to associate injections of a drug with a 
certain environment. If the animal perceives the drug as rewarding, the drug will serve 
as a positive reinforcer, and the time spent in the drug-associated environment increases 
when the animal is allowed to choose between the drug-associated environment and a 
non-drug associated environment in the absence of the drug. On the other hand, the 
time spent in the drug-associated environment decreases if the drug has been perceived 
as aversive. The most optimal model to study drug dependence is probably self-
administration. In this method animals learn to self-administer a drug via performing an 
operant task, such as pressing a lever or turning a wheel. If the drug acts as a positive 
reinforcer, the operant responding, i.e. the self-administration will continue. One 
advantage with this method is that different phases of drug dependence can be studied, 
such as acquisition, maintenance, withdrawal and reinstatement (see further description 
in the Materials and Methods section). Still another model to study drug dependence is 
drug-discrimination. In this method animals are taught to respond to the reinforcing 
effect of a treatment. Drug discrimination is considered particularly useful to study the 
subjective effects of different drugs. Using this model, the subjective effects of 
different doses of addictive drugs or drugs evaluated for treatment of drug dependence 
can be studied. 
 
There are also animal models to specifically study withdrawal from dependence-
producing drugs. In such models animals may be continuously exposed to a drug in a 
dose and for a time-period that is sufficient to induce dependence. As dependence has 
been achieved, abrupt drug withdrawal, or the addition of an antagonist specific for the 
drug, will precipitate withdrawal which, hence, can be quantified. One such model 
measures somatic abstinence signs. This model was originally established for opiates 
and in the early nineties it was first described for nicotine (Bläsig et al. 1973; Malin et 
al. 1992). Assessment of somatic signs is used to study withdrawal effects from drugs 
that are known to induce a pronounced physical withdrawal reaction. The ICSS 
paradigm can also be used to study drug withdrawal. Reward thresholds have been 
demonstrated to be elevated during withdrawal from all major drugs of abuse. Such 
elevations are considered to reflect a decrease in reward function (Koob and Le Moal 
1997; Epping-Jordan et al. 1998). Furthermore, DA output in the NAC can be studied, 
since a decreased DA output in this area has been observed during a number of drug 
withdrawal states including nicotine (see e.g. Acquas and Di Chiara 1992; Crippens et 
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al. 1993; Hildebrand et al. 1997; Tanda et al. 1999) (see further description of these 
methods in the Materials and Methods section). 
 
1.3 NICOTINIC RECEPTOR PHYSIOLOGY AND PHARMACOLOGY 

Nicotine exerts its effects in the body through activation of cholinergic nicotinic 
acetylcholine receptors (nAChRs), which are involved in a wide variety of 
physiological functions, such as arousal, sleep, anxiety, central processing of pain, food 
intake as well as a number of cognitive processes (see, Gotti and Clementi 2004). 
Several studies have shown that nicotine may increase cognitive functions, such as 
working memory, attention and learning (Petrie and Deary 1989; Levin et al. 1993,  
see, Sacco et al. 2004). It appears, that smokers as well as people suffering from certain 
disorders characterised by a high prevalence of smoking, including schizophrenia, 
attention-deficit hyperactivity disorder, Parkinson’s disease and Alzheimer’s disease, 
benefit more from the cognitive-enhancing effects of nicotine than non-smokers (see, 
Sacco et al. 2004).  
 
1.3.1 The cholinergic system  

The cholinergic system may be the phylogenetically oldest of all neurotransmitter 
systems and evidence for the existence of its receptors dating at least 600 million years 
back has been found (see, Venter et al. 1988). Acetylcholine (ACh) is the endogenous 
transmitter that is synthesised, stored and released by the cholinergic neurons. ACh 
transduce the cholinergic message via its action on the cholinergic receptors, which 
were classified already in 1914 as muscarinic AChR (mAChR) and nAChR (Dale 
1914). The mAChR were defined as being activated by ACh and muscarine and 
blocked by atropine, whereas the nAChR were defined as being activated by nicotine 
and ACh and blocked by d-tubocurarine. mAChR and nAChR differ in size, 
oligometric structure and in their respective transduction mechanisms. The nAChRs 
belong to the ligand gated ion channel receptors, containing five transmembrane-
spanning segments, and the mAChRs belong to the G-protein-coupled receptors, 
containing seven transmembrane-spanning segments. Cholinergic neurons are crucial in 
regulating the skeletal muscle tone, the heart rate and the force of cardiac contraction. 
Moreover, the cholinergic system is involved in controlling smooth muscle tone and 
glandular secretion, as well as in several central nervous effects.  
 
The cholinergic neurons in the brain are either interneurons, which are located within a 
specific neural structure, or projection neurons that interconnect two or more different 
regions. The cell bodies of the cholinergic projection neurons are located in the basal 
forebrain cholinergic complex and in the pontomesencephalotegmental cholinergic 
complex (Cooper et al. 1991a). This latter cholinergic complex contains the 
pedunculopontine tegmental nucleus and the laterodorsal tegmental nucleus which, 
both have been shown to innervate the dopaminergic reward system (Oakman et al. 
1995). It has been demonstrated that bilateral lesion of the pedunculopontine nucleus 
disrupts acquisition of drug self-administration (Olmstead et al. 1998) and, furthermore, 
that local administration of nAChR antagonists in the pedunculopontine nucleus 
reduces nicotine self-administration (NSA) (Lança et al. 2000). Therefore, nAChRs in 
the pedunculopontine nucleus may be involved in the reinforcing effects of nicotine. 
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1.3.2 Nicotinic receptors  

nAcRs are divided into two groups: neuronal nAChRs that are present in the peripheral 
and central nervous systems, and muscle nAChRs that are present at the neuro-muscular 
junction and in autonomic ganglia.  
 
Neuronal nAChRs are widely distributed throughout the central and peripheral nervous 
system. They are ligand gated ion channels, built up as homomeric or heteromeric five 
subunit structures. In contrast, the muscle nAChRs that are only present as heteromers, 
are built from α−α−β− ε−δ in the foetus and from α−α−β−γ−δ in adults. To date, 12 
neuronal subunits (α2-α10 and β2-β4) have been described. Neuronal nAChR are 
formed from various combinations of subunits, which assemble to form a number of 
functional receptors. A minimum of two α subunits are required to form a functional 
receptor. Heteromeric receptors are formed from (α)2(β)3 subunits. Furthermore, 
functional homomeric receptors have been demonstrated to be formed from α7, α8 and 
α9 subunits. Different receptor subtypes are differentially expressed throughout the 
nervous system and, furthermore, the receptor subtypes differ in their susceptibility to 
desensitisation as well as permeability to Ca2+ and Na+ ions (see, Changeux et al. 
1998). The different distribution and qualities of the receptor subtypes allow for a 
variable response in different neurons and areas of the brain depending on the subtypes 
of receptors expressed (see, Hogg et al. 2003). The acetylcholine binding sites on 
nAChRs are located at the interface between the α subunit and its adjacent α or β 

subunit. Acetylcholine binding has been shown to induce a 15-16o rotation of the 
channel pore-lining segment, which may trigger the opening and activation of the 
channel (Unwin et al. 2002). In the peripheral nervous system nAChRs mediate fast 
synaptic transmission, but in the central nervous system (CNS) nAChRs are considered 
to subserve a predominantely modulatory role. A majority of the nAChRs in the CNS 
are presynaptic receptors, which have been shown to be involved in facilitation of 
release of various neurotransmitters including DA, noradrenaline, glutamate, 
γ−aminobutyric acid (GABA) and ACh (see, Wonnacott 1997), but nAChRs are also 
present on cell bodies, dendrites and axons. The most abundant nAChR in the CNS is 
the α4β2 and the second most abundant receptor is the homomeric α7 receptor.  
 
In postmortem analysis of human brain tissue, autoradiography studies have shown an 
increased binding of nAChR ligands in smokers compared to non-smokers, indicating 
that nAChR are up-regulated in smokers (Perry et al. 1999). Commonly, prolonged 
treatment with an agonist leads to down-regulation of the receptor, therefore the up-
regulation of nAChRs observed following nicotine treatment is both unique and 
somewhat paradoxical. It has also been shown that nAChRs may be desensitised and, 
furthermore, that some nicotine-induced effects instead may show sensitisation 
following repeated nicotine treatment. Whether desensitisation or sensitisation develops 
may depend on both the treatment regimen and the parameter tested. Desensitisation is 
a decrease in response, which typically occurs with repeated or prolonged application 
of an agonist (see, Dani and De Biasi 2001). In the desensitised state nAChRs are thus 
less able to be activated by nicotinic agonists. Desensitisation of nAChRs has been 
demonstrated in vitro with concentrations of nicotine corresponding to plasma levels of 
nicotine observed in smokers (Henningfield et al. 1993). It has been suggested that up-
regulation of nAChR may represent a compensation for the loss of effect during the 
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desensitised state (Fenster et al. 1999). Sensitisation reflects an increased response to an 
agonist, and sensitisation to nicotine has been observed in vivo following chronic 
treatment with nicotine (see, Balfour et al. 2000), as well as in human cell cultures 
(Kawai and Berg 2001).  
 
1.3.3 Pharmacology of nicotine 

The desensitisation observed following stimulation of nAChRs with agonists such as 
nicotine, may partly explain why the actions of nicotine are complex and difficult to 
predict. Peripherally, nicotine exerts its effects via its actions on autonomic ganglia, at 
the neuromuscular junction and on sensory receptors. The acute actions of nicotine on 
these targets lead to a raise in blood pressure, an increased cardiac output and an 
increased peripheral vascular resistance. Moreover, nicotine influences gastrointestinal 
motility, salivation and sweating. Even though it is well known that cigarette smoking 
increases heart rate and blood pressure, no consistent evidence shows that smokers 
suffer from higher blood pressure than non-smokers. However, smokers are exposed to 
a persistent sympathetic activation throughout the day with marked fluctuations in 
blood pressure (see, Omvik 1996). Such fluctuations are positively correlated with 
tissue damage in targeted regions. It has also been shown that smokers, as well as 
animals subjected to chronic oral nicotine intake, have an atherogenetic blood lipid 
profile compared with non-smokers, indicating that nicotine is involved in causing this 
effect (Cluette-Brown et al. 1986; Craig et al. 1989). Poisoning from nicotine or 
tobacco is characterised by symptoms such as weakness, abdominal pain, pallor, 
headache, dizziness, nausea, sweating, disturbed hearing and vision, mental confusion 
and vomiting. During severe nicotine poisoning, diarrhoea, convulsions, dyspnoea and 
vascular collapse can occur. Ultimately nicotine poisoning may lead to death via central 
paralysis and peripheral blockade of muscles of respiration. 
 
An average cigarette contains 10 to 14 mg of nicotine (Benowitz and Jacob P 1984; 
Kozlowski et al. 1998), however the dose of nicotine ingested from smoking a cigarette 
varies greatly, depending on factors such as the depth and speed of inhalation as well as 
the number of puffs taken (Zacny et al. 1987). Generally, about 1 to 1.5 mg of nicotine 
is absorbed systemically during smoking. Thus, smokers can adjust their smoking 
behaviour to achieve their individual, preferred amount of nicotine. Analogously, 
smokers have been reported to reduce the number of cigarettes smoked, when having 
access to cigarettes with higher nicotine content compared to their usual brand and, 
furthermore, while smoking cigarettes with high nicotine content plasma levels are only 
slightly elevated (Russell et al. 1975). After inhalation of cigarette smoke, changes have 
been observed in the brain within five seconds, which is less than the lung-to-brain 
circulation time (Murphree et al. 1967). In similarity, nicotine has been shown to 
activate neurons in the brain within seconds of its intravenous (i.v.) administration 
(Tung et al. 1989). In smokers, the concentrations of nicotine have been reported to be 
around 24.4 ng/ml in the mid-morning, three minutes after smoking one cigarette (of 
the preferred brand) (Russell et al. 1975). While smoking one cigarette, the plasma 
concentration of nicotine peaks within a few minutes and, thereafter, the nicotine level 
drops rapidly. The peak concentrations of nicotine reached by the use of oral snuff or 
chewing tobacco are similar to that of cigarette smoking, but the concentrations peak 
later, i.e. after about 30 minutes, and the levels remain elevated for a longer time-period 
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(Benowitz et al. 1988). It has been suggested that the rapid increase in nicotine levels in 
blood and brain makes cigarette smoking the most reinforcing and dependence-
producing form of nicotine administration (Henningfield and Keenan 1993). 
 
Metabolism of nicotine  

Nicotine is metabolised primarily in the liver. In humans 70 to 80% of the nicotine is 
converted to cotinine (Benowitz and Jacob 1994). Cotinine has no or little effect on 
cognitive performance and lacks cardiovascular effect in humans (Hatsukami et al. 
1997; Herzig et al. 1998) but it has been shown to reduce withdrawal symptoms in 
abstinent smokers (Keenan et al. 1994). Four to seven per cent of the nicotine is 
metabolised to nicotine-N´-oxide (Byrd et al. 1992), and three to five per cent to 
nicotine glucuronide. Small fractions of nicotine are converted to nornicotine, which 
also is a constituent of tobacco leaves. Nornicotine has been shown to be 
pharmacologically active. Thus, nornicotine possesses reinforcing effect, increases the 
synthesis and metabolism of DA and, stimulates the locomotor activity (Bardo et al. 
1999; Green et al. 2002). Nicotine isomethonium ion is also formed. High 
concentrations of this minor metabolite have been demonstrated to prevent uptake of 
DA in a striatal slice preparation (Dwoskin et al. 1992). Furthermore, recently a new 
pathway for metabolism of nicotine was found, generating the metabolites 4-
(methylamino)-1-(3-pyridyl)-1-butanone, 2´hydroxynicotine and nicotine-Δ1´(2´) 
iminium ion (Hecht et al. 2000). The metabolism of nicotine has been shown to be 
influenced by several factors, such as genetic differences in the liver enzymes involved 
in the metabolism of nicotine, age, gender, pregnancy and oral contraceptives, smoking 
and meals. 
 
1.4 BRAIN DOPAMINERGIC SYSTEMS 

In the late fifties Carlsson and co-workers presented evidence for an independent 
biological role of dopamine (DA) as a neurotransmitter, separate from its function as a 
precursor in the synthesis of adrenaline and noradrenaline (Carlsson et al. 1957; 
Carlsson et al. 1958; Carlsson 1959). A few years later, a fluorescent histochemical 
method was introduced that enabled visualisation of monoaminergic neurons (Falck et 
al. 1962) and, a detailed anatomical mapping of their projections.  
 
1.4.1 Synthesis and metabolism 

DA is synthesised from the amino acid L-tyrosine which is derived from dietary intake 
of food containing phenylalanine. Phenylalanine is converted to L-tyrosine which then 
becomes available in body fluids, and is subsequently actively transported across the 
blood brain barrier and taken up in the catecholaminergic neuron. L-tyrosine is 
converted to L-dihydroxyphenylalanine (L-DOPA) by the enzyme tyrosine 
hydroxylase, which is only present in catecholaminergic neurons. The conversion of L-
tyrosine to L-DOPA represents the rate limiting step in the synthesis of dopamine, 
noradrenaline and adrenaline. The enzyme L-aromatic amino acid decarboxylase 
converts L-DOPA to DA. DA is stored in vesicles and released into the synaptic cleft 
by a calcium dependent process, which is preceded by depolarisation of the nerve 
terminal. Following its release, DA is to a large extent recaptured by the neuron via the 
DA transporter. This reuptake mechanism represents the main mechanism for 
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inactivating the DA signal. In the neuron, DA is metabolised by monoamine oxidase 
(MAO) and aldehyde dehydrogenase to form dihydroxyphenylacetic acid (DOPAC), 
the main dopaminergic metabolite in rodents. The DA remaining in the synaptic cleft is 
metabolised sequentially by catechol-O-methyltransferase, MAO and aldehyde 
dehydrogenase to form homovanillic acid (HVA) a minor metabolite of DA in rodents 
but the main DA metabolite in humans. (Cooper et al. 1991b) 
 
1.4.2 Anatomy  

In the mid sixties dopaminergic neurons in the rat brain were demonstrated to be 
largely restricted to three distinct regions, the retrorubral nucleus, the substanitia nigra 
and the VTA (Dahlström and Fuxe 1964). However, DA neurons are present also in 
other regions such as the hypothalamus. The projections of the DA neurons give rise to 
several dopaminergic pathways. The mesolimbic- and mesocortical pathways have cell 
bodies located in the VTA. The mesolimbic efferents project to limbic structures such 
as the NAC, the bed nucleus of striae terminalis, amygdala, the olfactory tubercle, the 
lateral septal area and the lateral hypothalamus. The mesolimbic DA pathway is 
involved in stress, motivation, natural- and drug induced reward. The mesocortical 
pathway project to the prefrontal cortex, the cingulate and entorhinal cortices, and is 
involved in cognitive functions, including working memory. The cell bodies of the 
nigrostriatal pathway originate in substantia nigra, which is located next to the VTA. 
The efferents of the nigrostriatal pathway project mainly to the striatum. The 
nigrostriatal system is largely involved in motor control. The symptoms seen in 
Parkinson’s disease are mainly due to a loss of nigrostriatal DA neurons (Potter and 
Hollister, 2001; Cooper et al. 2003).  
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Figure 1. Shows the main dopaminergic pathways in the human brain. Abbrevations AM= amygdaloid 
nucleus; Hip= Hippocampus; Hyp= Hypothalamus; NAC= Nucleus accumbens; P= Pituitary gland; 
PFC= Prefrontal cortex; Sep= Septum; SN= Substantia nigra; Str= Striatum; Th= Thalamus; VTA= 
Ventral tegmental area (Modified from Rang et al. 1999) 
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The tuberoinfundibular system connects the arcuate nuclei and periventricular neurons 
of the hypothalamus with posterior pituitary neurons. It is involved in endocrine 
control, e.g. the release of prolactine and growth hormone. The medullary-
periventricular DA system originates in motor neurons located in the motor nucleus of 
the vagus. Its projection areas have not been definitely identified, but seem to include 
peripheral sites such as the abdomen. This DA pathway may be involved in eating 
behaviour. Finally, the incertohypothalamic DA system forms connections between the 
medial zona incerta and the hypothalamus and the amygdala. In rats, this system has 
been shown to be involved in the motivational phase of copulatory behaviour (see, 
Gasbarri, Sulli and Packard 1997; Potter and Hollister, 2001; Cooper et al. 2003). 
 
1.4.3 Dopamine receptors 

DA receptors belong to the family of G-protein coupled receptors, and they are 
composed of seven transmembrane spanning domains. DA receptors are divided into 
two subgroups; the D1-like receptors, which stimulate adenylate cyclase and 
phosphatidyl inositol hydrolysis after being activated, and the D2-like receptors which 
inhibit adenylate cyclase and modulate K+ and Ca2+ currents.  
 
The D1-like receptor subgroup constitutes D1 and D5 receptors. They are present 
mainly postsynaptically to DA neuron. Their distribution in the brain is highly 
differentiated. D1 receptors are the most abundant and widely distributed DA receptor 
in the brain, they are present e.g. in the NAC, putamen and neocortex. The D5 receptors 
are sparsely distributed, they have been located mainly in hypothalamus and 
hippocampus. Notably, D1-like receptors have not been found on DA neurons in the 
VTA. Not only the anatomical distribution of D1-like receptors differs, also the 
functional characteristics of these receptors vary, e.g. D5 receptors have higher affinity 
for DA than the D1 receptor (see, Emilien et al. 1999). The D2-like receptor subgroup 
includes the D2short and D2long isoforms, D3 and D4 receptors. D2-like receptors have 
been located on DA nerve terminals, on soma and dendrites and, also, postsynaptically 
on e.g. cholinergic and GABAergic interneurons. They have been found in regions such 
as the prefrontal cortex, NAC, VTA, hypothalamus, amygdala and striatum. In 
similarity to the D1-like receptors, also the D2-like receptors differ in their anatomical 
distribution and sensitivity to certain pharmacological treatments. The D2 receptor is 
widely distributed in the brain, largely overlapping with the distribution of D1 
receptors, whereas D3 receptors are expressed with high density mainly in the NAC. 
An enhanced binding of D3 receptors in the NAC has been observed in post-mortem 
brains from cocaine addicts (Staley and Mash 1996; Segal et al. 1997), in animals 
exposed to chronic treatment of cocaine (Le Foll et al. 2002) and in animals sensitised 
to nicotine (Le Foll et al. 2003), implicating a role for D3 receptors in drug dependence. 
 
Receptors on a neuron which are sensitive to the neurons’ own transmittor are termed 
autoreceptors. DA autoreceptors belong to the D2-like receptor subgroup; they can be 
present on most parts of the neuron including the soma, dendrites and terminals. DA 
autoreceptors present on the terminals modulate the synthesis and release of DA 
whereas those present in the somatodendritic region modulate the firing of the neuron. 
Autoreceptors are more sensitive to DA than postsynaptic receptors (Skirboll et al. 
1979) and they desensitise more easily than postsynaptic receptors. Therefore, low 
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doses of DA agonist may selectively target the autoreceptors (Skirboll et al. 1979). It 
has further been demonstrated that postsynaptic DA receptors may regulate DA 
neuronal activity via long-loop feed-back pathways (Carlsson and Lindqvist 1963; 
Bunney and Aghajanian 1978). Importantly, not all dopaminergic pathways express the 
same spectrum of autoreceptors, e.g. in contrast to the mesolimbic-, the mesoprefrontal 
(part of the mesocortical) DA pathway has been shown to lack impulse-regulating 
autoreceptors (Chiodo et al. 1984), these facts indicate that there may be important 
physiological and pharmacological differences between these systems.  
 
1.4.4 Physiological characteristics of midbrain DA neurons 

In vivo, DA neurons in the VTA and substantia nigra have been demonstrated to 
display, in principle, two different physiological patterns of activity, single-spike firing 
and burst-firing, see figure 2. Single-spike firing is characterised by a regular, low-
frequency pattern of action potentials, whereas, burst-firing is characterised by a high-
frequency firing pattern, where a group of action potentials are fired with very short 
intervals and, thereafter, a quiescent period follows before the high-frequency firing 
return (Bunney et al. 1973; Grace and Bunney 1983, 1984a-b). It has been 
demonstrated that electrical stimulation of ascending DA fibers with a burst-pattern of 
stimulation induce a large increase in terminal DA overflow, as well as its co-localised 
peptide transmitters, compared to electrical stimulation with a single-spike firing 
pattern, despite using the same average frequency (Gonon 1988; Bean and Roth 1991). 
Furthermore, burst-stimulation of the median forebrain bundle, which activates the 
midbrain DA neurons, has been demonstrated to be especially efficient in activating 
their postsynaptic target cells (Chergui et al. 1997). Therefore, the different 
characteristics of burst-firing versus single-spike firing have important physiological 
implications and, consequently, changes in firing pattern may provide a major means of 
midbrain DA neurons to modify their influence on the postsynaptic neurons. 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Oscillographic traces of the two main modes of firing activity of midbrain DA neurons; (A) 
single-spike firing, (B) burst firing. 
 



 

 12

1.4.5 The mesocortical-mesolimbic DA pathway 

The activity of the DA neurons in the VTA is negatively regulated by GABAergic 
interneurons and by GABAergic projection neurons originating from various structures 
including the NAC (Walaas and Fonnum 1980). Furthermore, somatodendritic D2-like 
autoreceptors (Bunney et al. 1973) and serotonergic input from the median- and dorsal 
raphe nucleus may mediate an inhibitory effect on VTA DA neurons. The DA neurons 
in the VTA are positively regulated by cholinergic and glutamatergic neurons 
projecting from both the pedunculopontine tegmental nucleus and the laterodorsal 
tegmental nucleus (see, Garzón et al. 1999), as well as from glutamatergic efferents 
projecting from structures including the prefrontal cortex (Christie et al. 1985). 
Moreover, noradrenergic neurons projecting from the locus coeruleus to the VTA 
(Simon et al. 1979) have been shown to exert an excitatory influence on the activity of 
DA neurons in the VTA (Grenhoff and Svensson 1989). 
 
In the fifties, Olds and Milner first demonstrated that animals could learn to self-
stimulate electrical currents directly into the brain. They suggested that such stimuli 
were rewarding and, furthermore, that these rewarding stimulations would activate 
pathways of the brain relevant for natural rewards such as food and sexual contact 
(Olds and Milner 1954). ICSS can be established along the mesocortical-mesolimbic 
system, indicating that this system is involved in mediating rewarding effects (Milner 
1991). Furthermore, DA agonists and antagonists have been shown to influence reward 
thresholds and, therefore, DA seems to be involved in mediating these rewarding 
effects (Fouriezos and Francis 1992; Knapp and Kornetsky 1994; Baldo et al. 1999). 
Furthermore, dependence-producing drugs such as nicotine, cocaine, amphetamine, 
opiates and alcohol all share the ability to activate the reward system by increasing the 
DA output in the NAC (see above). Also natural rewards activate the mesolimbic DA 
system and induce an increase in the DA output in the NAC (Hernandez and Hoebel 
1988; Damsma et al. 1992; Pfaus et al. 1995). The natural reward system drives 
behaviours that are necessary for the survival of the individual and for the species. It 
has been demonstrated that DA neurons are involved in expectations of reward. DA 
neurons respond to an unpredicted reward by increasing their activity (see above), 
however, when a task for self-administration of a reward (e.g. food) has been acquired 
DA neurons no longer respond to the reward itself but to the conditioned stimulus that 
has been associated with the reward and, if the reward is omitted, the DA neurons are 
inhibited (Schultz et al. 1997).  
 
Effect of nicotine on the mesocortical mesolimbic DA pathway 

Using electrophysiological recordings, it has been demonstrated that acute systemic 
injections of nicotine increase the firing activity of the DA neurons in the VTA and, 
preferentially, enhance the burst firing activity of these neurons (Grenhoff et al. 1986). 
This enhanced neuronal activity has further been demonstrated to stimulate the DA 
output in the NAC for a prolonged time-period (Imperato et al. 1986; Nisell et al. 
1994b). nAChR have been found both in the somatodendritic region, i.e. within the 
VTA, and in the nerve terminal region within the NAC (Clarke and Pert 1985). A study 
designed to explore whether nAChR in the VTA or in the NAC were more important 
for the increase in DA output in the NAC following systemic nicotine injections found 
that infusions of nicotine directly into the VTA efficiently enhanced DA output in the 
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NAC for a prolonged period, whereas only a small and relatively rapid transient 
increase was observed following infusion of nicotine directly into the NAC (Nisell et 
al. 1994a). These results suggest that nAChR in the VTA are more important than 
terminal receptors in mediating the nicotine-induced increase the DA output in the 
NAC. Repeated intermittent daily administration of nicotine has been shown to 
sensitise both the behavioural response, by increasing locomotor activity, and the DA 
output in the NAC (Benwell et al. 1994) as well as in the prefrontal cortex (Nisell et al. 
1996) and, furthermore, the activation of the DA neurons in the VTA (Nisell et al. 
1996). The nicotine-induced increase in locomotor activity can be blocked by lesions of 
the mesolimbic DA system (Clarke et al. 1988) in similarity with NSA (Corrigall et al. 
1992) and both behaviours seem to be more dependent on nAChRs in the VTA than in 
the NAC (Kita et al. 1992; Corrigall et al. 1994). Thus, even after chronic treatment 
with nicotine, nAChR in the VTA have been shown to be critically involved in 
biochemical as well as behavioural effects induced by nicotine.  
 
The localisation and subtype(s) of nAChR involved in mediating these nicotine-
induced effects have not been completely clarified. However, it has been demonstrated 
that nicotine activates α7 nAChR located on glutamatergic afferents projecting from 
the PFC (McGehee et al. 1995; Schilström et al. 2000). It has also been shown that the 
nicotine-induced increase in immediate early genes in the NAC is blocked by 
administration of a NMDA receptor antagonist directly into the VTA (Schilström et al. 
1998). These results suggest that nicotine activates α7 receptors on glutamatergic 
afferents which induces an increase in glutamate. Glutamate thereafter activates 
NMDA receptors located on DA neurons in the VTA. Activation of the DA neuron 
thus mediates the increase in DA output in the NAC. Furthermore, it has been shown 
that nicotine directly activates nAChR present on GABAergic neurons which leads to 
an increase in the inhibitory effect of GABA (Mansvelder et al. 2002). It has been 
suggested that the nAChR expressed by GABAergic neurons in the VTA are of the 
α4β2 subtype. An important difference between the α4β2 and the α7 nAChR is that 
α4β2 in contrast to α7 nAChR rapidly desensitise following exposure to nicotine in 
concentrations and time-periods relevant to smoking. Furthermore, the same study 
showed that following exposure to concentrations of nicotine comparable to those 
observed in smokers in between cigarettes, the α4β2 receptors were not desensitised, 
suggesting that nAChR can recover from the desensitised state between cigarettes. The 
response of the glutamatergic neurons, expressing α7 nAChR, to nicotine was instead 
increased. Taken together, these observations suggest that the prolonged increase in DA 
output in the NAC following a systemic injection of nicotine may be explained by a 
reduced GABAergic inhibition of the DA neurons, due to desensitisation of the nAChR 
on the GABAregic neurons, as well as an enhanced activation of the glutamatergic 
response (Mansvelder et al. 2002). NSA has specifically been shown to be blocked by 
local VTA infusion of nicotine receptor antagonists blocking nAChR containing the β2 
subunit, suggesting that α4β2 nAChR are involved in maintaining NSA (Corrigall et al. 
1994). Furthermore, NSA is attenuated in mice lacking the β2 subunit (Picciotto et al. 
1998). Thus, there is evidence for an involvement of both α4β2 and α7 nAChR in 
mediating these effects of nicotine. 
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1.5 SMOKING CESSATION 

As many as 70% of the smokers report that they want to give up smoking, of those up 
to 50% make a deliberate attempt to cease smoking each year. However, unaided quit 
attempts are associated with very low success rates and only about five per cent of 
quitters remain abstinent one year after giving up smoking (Hughes et al. 1992). As 
with other drugs of abuse the vast majority of cigarette smokers relapse within the first 
three months of abstinence, most of them during the first week (Hughes et al. 1992), 
but people continue to relapse even one year after giving up smoking (Hunt et al. 
1971).  
 
Drug-relapse reflects the resumption of drug-taking after a period without the drug. The 
relapse process show common characteristics in smokers, cocaine and heroin addicts 
and even in dieters (see, Shiffman 1982). The relapse rate over time shows nearly 
identical profiles for the different drugs, including tobacco smoking (Hunt et al. 1971), 
and relapse has generally been shown to be associated with various factors including 
stress, drug-related cues, drug exposure and negative affect, in particular anxiety, anger, 
depression and social pressure (Shiffman 1982). The high relapse rates associated with 
drug dependence is considered a fundamental problem in addiction research in general.  
 
Currently available pharmacological aids in smoking cessation therapy are mainly 
nicotine replacement therapy (NRT) and bupropion (see below). Over the past decades, 
a great number of other pharmacological agents have been evaluated for potential use 
in smoking cessation therapy. Some of these that have shown effect in smoking 
cessation are summarised below. Both the antidepressant drug nortriptyline (Hall et al. 
1998) and the adrenergic agonist clonidine (Glassman et al. 1988; Covey and Glassman 
1991; Gourlay et al. 1994; Gourlay et al. 2004) have been shown to be effective in 
smoking cessation. Furthermore, silver acetate, which produces an aversive taste when 
it is combined with cigarette smoke, has been evaluated in smoking cessation, however 
the effectiveness of silver acetate seem to be very limited (Hymowitz and Eckholdt 
1996; Lancaster and Stead 2000b). In addition, it has been shown that combination of 
NRT with the non-competitive nAChR antagonist mecamylamine (Rose et al. 1994; 
Rose et al. 1998; Lancaster and Stead 2000a) or an airway sensory replacement, citric 
acid (Westman et al. 1995), may be superior to single therapy with NRT. The opioid 
antagonist naltrexone has also been tested for smoking cessation and if anything, 
certain subgroups may benefit from naltrexone treatment, but it remains to be 
established whether naltrexone can be generally useful as a smoking cessation agent 
(Covey et al. 1999; King and Meyer 2000). More recently, after this thesis project was 
initiated, also other pharmacological treatments for smoking cessation have been 
evaluated and some of those are therefore mentioned in the general discussion.  
 
There are also non-pharmacological treatments in smoking cessation. Both individual 
behavioural counselling and group behavioural therapy (Lancaster and Stead 2002; 
Stead and Lancaster 2002) have been shown to aid smoking cessation. Furthermore, 
there are indications that aversive smoking may be effective in smoking cessation 
(Hajek and Stead 2004). In contrast, acupuncture, acupressure (White et al. 2002) and 
hypnotherapy (Abbot et al. 2000) do not seem to effective in smoking cessation. 
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1.6 CURRENTLY AVAILABLE AIDS IN SMOKING CESSATION 
1.6.1 Nicotine Replacement Therapy (NRT)  

The first NRT product, the Nicorette gum, was developed by Swedish researchers, in 
particular Dr Fernö. It was first approved for smoking cessation in 1978 in Switzerland. 
Since then NRT has been approved for smoking cessation throughout the world and it 
is now available without prescription in most countries. At the present time, NRT is the 
most widely used pharmacological aid in smoking cessation. Despite this, only one out 
of every five smoker who tries to quit smoking do so with the help from NRT (see, 
Hughes et al. 2003).  
 
It is well established that the rate at which a reinforcing drug exerts its effect in the 
brain is positively correlated to its abuse liability (de Wit et al. 1992; Henningfield and 
Keenan 1993). NRT delivers nicotine at a reduced rate compared to tobacco smoking, 
resulting in a more gradual increase in plasma and brain concentrations of nicotine 
(Henningfield and Keenan 1993; Henningfield 1995), and thereby the abuse liability of 
the nicotine administered is reduced. It has been demonstrated that NRT alleviates 
some of the withdrawal symptoms, in particular mood changes such as depression and 
irritability (West 1984) and also the cognitive impairment during smoking withdrawal 
(Snyder and Henningfield 1989). Thus, NRT is considered to aid smoking cessation 
essentially through reducing withdrawal symptoms (Gourlay and McNeil 1990) and, 
furthermore, through reducing the reinforcing effect of tobacco-delivered nicotine 
(Nemeth-Coslett et al. 1987). Ideally, replacement therapies such as NRT should be 
used only temporarily, while complementary behavioural patterns develop, such as 
extinction of smoking-related learned responses, to aid extinguish the smoking habit. 
However, the duration of treatment can vary considerably with replacement therapies, 
and even life-long replacement can be a viable therapeutic approach for some 
individuals. Thus, the goal of NRT is not necessarily to cure the individual of nicotine 
dependence, but to reduce or eliminate smoking and thereby reduce its negative health 
consequences (Pomerleau and Pomerleau 1988; Gray et al. 2005).  
 
Presently, NRT is available as transdermal patches, gums, nasal sprays, sublingual and 
lozenge tablets, and inhalers. Nicotine is buffered to a more alkaline pH in NRT 
products in order to facilitate its absorption through cell membranes (see, Le Houezec 
2003). Despite the alkaline formulation, the absorption of nicotine is slower with NRT 
compared with tobacco smoking (see above).  
 
In clinical studies all forms of NRT have been shown to be more effective than placebo 
in promoting smoking cessation. NRT increases quit rate approximately 1.5 to 2 fold 
compared to placebo. Thus, one year after attempting to quit smoking about 80% have 
resumed smoking despite the use of NRT (Silagy et al. 2004). Such high relapse rates 
are associated with all forms of NRT. One suggestion that has been put forward to 
explain the relatively poor effect of NRT is based on the fact, that the steady state 
plasma concentration yield from ad libitum use of NRT, is usually only one- to two-
thirds, of that achieved by smoking (see, Le Houezec 2003). Therefore, it has been 
suggested that higher doses may be more effective or combinations of different forms 
of NRT. Studies comparing high dose patch to lower doses suggest that it may be 
advantageous to use patches delivering high doses of nicotine (Dale et al. 1995). 
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Analogously, the 4 mg gum has been shown to be more effective than the 2 mg gum in 
highly nicotine dependent smokers (Tønnesen 1988; Herrera et al. 1995). Finally, it has 
been proposed that combining different forms of NRT may be more effective than 
monotherapy (Silagy et al. 2004).  
 
Most adverse effects observed with NRT are specific to the different preparations, e.g. 
in gum users jaw ache, headache as well as oral and gastric side-effects have been 
reported (see, Silagy et al. 2004), whereas in patch users local skin irritation can be 
observed (Greenland et al. 1998). There has been a general concern that NRT may 
cause cardiotoxic effects, but present data suggest that there is no increased risk of 
severe cardiovascular side effects associated with NRT (see, Silagy et al. 2004). 
 
1.6.2 Bupropion 

Bupropion is an atypical antidepressant drug that by coincidence was observed to 
reduce craving symptoms in depressed individuals attempting to quit smoking (Ferry, 
Robbins and Scariati 1992). Bupropion is approved for smoking cessation in most 
countries. 
 
Bupropion may exert its effect both by enhancing extracellular concentrations of DA 
and noradrenaline in the brain, via its action as a noradrenergic and dopaminergic 
reuptake inhibitor (Nomikos et al. 1989; Ascher et al. 1995), and by blocking nicotinic 
receptors (Fryer and Lukas 1999). It has been observed that bupropion treatment 
prevents the slight depressive symptoms commonly experienced during nicotine 
withdrawal, indicating that an antidepressant action may contribute to its effect in 
smoking cessation (Hurt et al. 1997; Shiffman et al. 2000). Importantly, most 
antidepressant drugs are not effective in smoking cessation (Hughes, Stead and 
Lancaster 2003), and bupropion seems to be equally effective in depressed and non-
depressed smokers attempting to quit smoking (Hayford et al. 1999). Thus, it is 
reasonable to assume that the antidepressant effect of bupropion per se is not critical for 
its effect in smoking cessation. 
 
In clinical trails, bupropion treatment has been shown to prolong the time to the first 
cigarette, i.e. continuous abstinence (Hurt et al. 1997) and to reduce depression, 
irritability and difficulties in concentrating, withdrawal symptoms commonly observed 
during a quit attempt (Shiffman et al. 2000). Following bupropion treatment, the 
abstinence rates are increased about two fold compared to placebo after 6 to 12 months 
(Hurt et al. 1997; Jorenby et al. 1999). In one study combining bupropion and NRT 
treatment, no beneficial effect of the combination was observed compared to that of 
single therapy with bupropion. In the same study, bupropion was found to be more 
effective than NRT, however in this study NRT was not shown to increase abstinence 
rates in contrast to other studies (see above) (Jorenby et al. 1999). In one long-term 
study, designed to study relapse prevention, the effect of bupropion treatment compared 
to placebo was studied. The results showed no difference between bupropion and 
placebo treatment one year after treatment was discontinued (Hays et al. 2001). Finally, 
bupropion has been shown to be effective in smoking cessation in patients suffering 
from chronic obstructive pulmonary disease (Tashkin et al. 2001). 
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The adverse effects associated with bupropion use are mainly insomnia, dry mouth and 
nausea, but bupropion may also cause allergic reactions and seizures. Furthermore, 
suicide and suicide attempts have been observed with bupropion treatment.  
 
In summary, both NRT and bupropion have been demonstrated to increase abstinence 
rates about 1.5 to 2 fold one year after a quit attempt compared to placebo. 
Consequently, as many as about 75% of the smokers relapse within one year despite the 
use of these pharmacological aids. Furthermore, neither NRT nor bupropion are 
sufficiently effective in long-term relapse prevention, which has been identified as the 
major problem in smoking cessation therapy. These observations show that available 
pharmacological aids in smoking cessation therapy have only limited effectiveness. 
Furthermore, the amount of nicotine sold in the form of NRT is actually negligible and 
represents only 1% of the total amount of nicotine sold in most countries (Fagerström 
2005a). Thus, apart from their limited effectiveness, these drugs are not frequently used 
by smokers wanting to quit. Therefore, there is a strong and urgent need for improved 
pharmacological treatments in the smoking cessation area.  
 
1.7 POTENTIAL NEW TREATMENTS IN SMOKING CESSATION 

In the present thesis, two potential treatments for smoking cessation have been studied: 
active immunisation against nicotine and a dopamine stabiliser.  
 
1.7.1 Immunotherapy in drug addiction 

Drugs of abuse are small molecules that readily cross the blood-brain barrier and enter 
the brain where they exert their reinforcing and dependence-producing effects. In 
contrast larger molecules, such as antibodies, do not pass the blood-brain barrier 
(Bradbury and Lightman 1990). The principle behind immunotherapy against drugs of 
abuse is to produce antibodies against the specific drug. The antibodies should bind the 
drug in the blood and form a complex, which is too large to pass the blood-brain 
barrier. Thus, any drug bound by antibodies would be prevented both from entering the 
brain and from performing its reinforcing and dependence-producing effect. 
 
Small molecules such as drugs of abuse do not activate the immune system by 
themselves. However, it has previously been shown that coupling of small non-
antigenic molecules to a macromolecular carrier may render a previously non-antigenic 
substance antigenic (Spector et al. 1973). Thus, coupling a small molecule like nicotine, 
referred to as a hapten, to a macromolecular carrier, the hapten will be exposed on the 
surface of the carrier as an epitope. Following immunisation with the hapten-carrier 
complex referred to as the immunoconjugate, see figure 3, antibodies are produced, 
directed against the epitopes of the conjugate. 
 
According to this principle, antibodies against different drugs of abuse including 
morphine (Spector 1970, 1972, Wainer at al 1972), cocaine (Bagasra et al. 1992; 
Carrera et al. 1995; Fox et al. 1996), phencyclidine (Proksch et al. 2000), 
metamphetamine (Byrnes-Blake et al. 2001) and nicotine (Castro and Prieto 1975; 
Hieda et al. 1997; de Villiers et al. 2002) have been developed. Originally, anti-drug 
antibodies were produced for radioimmunoassays to detect drugs in body fluids 
(Spector and Parker 1970). The first articles evaluating the psychoactive effects of a 
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KLH

drug after immunisation were published in the mid seventies. The results showed, that 
the distribution of morphine was markedly altered in mice immunised against morphine 
and, furthermore, that a monkey immunised against morphine failed to resume self-
administration of heroin (Berkowitz and Spector 1972; Bonese et al. 1974).  
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Figure 3. Synthesis of nicotine immunoconjugate. 
 
There are two types of immunotherapy proposed for treatment in drug addiction; active 
immunisation and passive immunisation. Active immunisation refers to induction of an 
immune response either through exposure to an infectious agent or by deliberate 
immunisation. Active immunisation may result in a relatively long-term protection if 
the first immunisation is followed by booster immunisations, namely via activation of 
immunological memory cells (Cruse and Lewis 2003). Several immunisations may be 
needed to achieve sufficient levels of antibodies after active immunisation. Passive 
immunisation refers to transfer of specific antibodies or sensitised lymphoid cells from 
an immune to a previously non-immune subject. In contrast to active immunisation 
passive immunisation provides a relatively short term protection, which is regulated by 
the half-life of the antibodies administered (Cruse and Lewis 2003). However, passive 
immunisation results in an immediate protection and the amount of antibodies can be 
adjusted by administration of higher or lower doses.  
 
In theory immunotherapy against drugs of abuse could be used to assist drug cessation 
(Malin et al. 2001), in relapse prevention (Carrera et al. 1995), to reverse drug overdose 
(Owens and Mayersohn 1986; McClurkan et al. 1993), to prevent drugs from reaching 
the foetus in drug-taking mothers and, finally, it could be used to protect susceptible 
individuals from the reinforcing effects of a drug and thereby reduce the risk of 
developing addiction. 
 
Vaccines 

Immunisation or vaccination is a method originally used to combat infectious diseases. 
In 1789 the first method for immunisation was published by Edward Jenner who 
showed that inoculation with pus from cowpox prevented smallpox in man (Jenner 
1798). Vaccines are commonly made from microbial sources of attenuated or 
inactivated microorganisms, or parts or products from them. However, there are also 
other sorts of vaccines, such as recombinant vaccines, peptide based preparations, DNA 
vaccines and conjugate vaccines. A vaccine should be able to induce a specific immune 
response (T-cell dependent) involving T and B-cell activation and formation of 
memory cells. High numbers of neutralising antibodies should be formed. The most 
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common routes of administration for vaccines are the intramuscular and subcutaneous 
(s.c.) routes, but there are also oral vaccines and, furthermore, vaccines can be 
administered intradermally or intranasally (Cruse and Lewis 2003). 
 
Conjugate vaccines 

The first report on conjugate vaccines was published in 1929 demonstrating that the 
immunogenicity of polysaccharide antigens could be enhanced by conjugation of the 
polysaccharide to a carrier protein (Avery and Goebel 1929). This observation formed 
the basis for the modern development of conjugate vaccines. A conjugate vaccine is 
composed of a hapten and a carrier. A hapten is a small molecule, such as nicotine, 
with no or poor immunogenic activity that can not elicit an effective immune response 
by itself but that is capable of reacting with an antibody directed against it. A carrier is 
an immunogenic molecule to which an incomplete antigen, i.e. a hapten, is conjugated 
in order to become immunogenic. The carrier molecules used in conjugate vaccines are 
usually highly immunogenic proteins (Cruse and Lewis 2003).  
 
The first conjugate vaccine for human use, developed for Haemophilus influenzae type 
b to overcome the obstacle of inducing an immune response against certain 
polysaccharides in infants, was licensed in 1987 in the US. It has been demonstrated 
that the enhanced immunogenicity observed after conjugation of polysaccharides with 
low antigenic activity to a carrier may be explained by a conversion of the immune 
response to the specific antigen, from a T-cell independent response to a T-cell 
dependent response (see, Stein 1992; O'Brien et al. 1996). T-cell independent antigens 
do not require direct contact with T-helper cells to elicit an immune response via 
activation of B-cells. The B-cell activation is generally weaker than during a T-cell 
dependent response, and it is further characterised by an inability to produce memory 
cells. Finally, the predominant immunoglobulin (Ig) secreted is IgM, reflecting a low 
level of Ig class switching. The T-cell dependent response is characterised by a 
predominant IgG class response, formation of immunological memory cells and 
thereby an increased response to booster immunisations (see, Mäkelä 2000).  
 
Several variables have been shown to affect the immune response to the hapten in 
conjugate vaccines. The structure of the linker chain, the conjugation site and hapten 
density are factors that have been reported to influence the immune response (Chong et 
al. 1997). Furthermore, the carrier selected influences both the quality and quantity of 
the immune response (Granoff et al. 1992). It has been shown that administration of a 
high amount of carrier may suppress the immunologic response towards both the 
hapten and the carrier (Dagan et al. 1998). Thus, both the amount of carrier and the 
number of doses administered may affect the immunologic response. A conjugate 
vaccine may be administered together with a vaccine adjuvant to increases the immune 
response. 
 
The macromolecular hemocyanine, keyhole limpet hemocyanin (KLH) is commonly 
used as a carrier in experimental vaccines. It is derived from the marine mollusc 
Megathura crenulata which can be found at the Pacific coast of California and Mexico. 
KLH is a giant protein (3.5-7 MDa) composed subunits of two isoforms; it is highly 
immunostimulatory  (Weigle 1964) and induces both a cellular (Th1) and a humoral 
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(Th2) immune response in human (Hersh and Dyre 1974). KLH has been used as a test 
for human immunocompetence (Swanson and Schwartz 1967), as an immunostimulator 
in tumour therapy (Olsson et al. 1974) and as a carrier for various haptens including 
drugs of abuse in preclinical research (Beike et al. 1997; Ettinger et al. 1997; Hieda et 
al. 1997; de Villiers et al. 2002).  
 

In 1925 Ramon first demonstrated that different substances may enhance the immune 
response to an antigen, with which it is combined, above the level induced when the 
antigen is injected alone (Ramon 1925, 1926). These substances, referred to as vaccine 
adjuvants are a heterogenous group of substances, including e.g. compounds of mineral 
nature, microbial origin and synthetic compounds. Adjuvants act via different poorly 
understood mechanisms to enhance the cell-mediated and or the humoral immune 
response (Cruse and Lewis 2003). Thus, different adjuvants can be selected to skew the 
immune response in a desired direction depending on the antigen. One theory proposed 
to explain the action of some adjuvants or part of an adjuvants’ effect is the depot 
theory. This theory states that repository adjuvants hold the antigen at its site of 
deposition, thereby delaying its release and uptake by antigen presenting cells. Antigen 
released later in the process act as a secondary stimulus to the sensitising action of the 
antigen previously released (Glenny et al. 1931). A second theory, derived from the 
geographical concept of immune reactivity (Zinkernagel et al. 1997), suggests that the 
immunostimulating effect of vaccine adjuvants resides in their ability to improve 
migration and antigen availability in lymph nodes. This could be achieved by attracting 
dendritic cells to the injection site or increase loading of antigen or transport of antigen-
loaded dendritic cells to the lymph nodes. A third theory, the danger model, is based on 
the adverse reactions observed after injection of vaccine adjuvants. The danger model 
(Matzinger 1994), suggests that damaged or stressed cells emit signals that activate the 
immune system.  
 
Complete and incomplete Freund’s adjuvant has been widely used in experimental 
research for over 50 years. Incomplete Freund’s adjuvant is composed of paraffin oil 
and mannide mono-oleate, whereas complete Freund’s adjuvant also contains heat-
killed mycobacterium (Freund 1956). When Freund’s adjuvant is mixed with aqueous 
solutions or suspensions of antigen a viscous water-in-oil emulsion is formed. It is 
generally assumed that administration of antigens in water-in-oil emulsions prolong the 
antigen lifetime at the injection site according to the depot theory (see above). The 
feature of Freund’s adjuvant to prolong the exposure of the antigen is considered 
important for its mechanism of action. Freund’s adjuvant has further been shown to 
increase the phagocytic activity of dendritic cells (Nicol et al. 1966), providing a more 
effective transport of the antigens to the lymphatic system, where the adjuvant via the 
release of certain cytokines promotes activation and proliferation of T-cells. The 
activated T-cells produce lymphokines that stimulate the humoral immune response via 
Th2 activation in response to the mineral oil component in the adjuvant. In contrast to 
incomplete Freund’s adjuvant, complete Freund’s adjuvant stimulates the cell-mediated 
response via Th1 activation in addition to humoral response (Yip et al. 1999; Heeger et 
al. 2000). Notably, complete Freund’s adjuvant cause serious long lasting adverse 
effects and is not suitable for use in humans (see e.g. Shah et al. 2001). 



 

   21

1.7.2 Dopamine stabilising drugs  

Several abused drugs share the effect of enhancing DA output in the NAC following 
acute drug administration. This effect is considered the primary action in the sequence 
of events that mediate their acute reinforcing and rewarding effects. However, 
maintenance of drug abuse is not considered to simply depend on enhanced mesolimbic 
DA neurotransmission. Chronic drug administration has been shown to induce several 
changes in the dopaminergic systems, such as changes in the sensitivity to and binding 
of certain dopaminergic receptors. Furthermore, it has been shown that the DA output 
in the NAC is reduced during drug withdrawal (Weiss et al. 1992, 1996; Hildebrand et 
al. 1998). These observations suggest that drug dependence, including nicotine 
dependence, may be regarded as a condition of perturbed or, dysregulated DA 
neurotransmission (see, Kreek and Koob 1998).  
 
A novel group of pharmacological compounds, acting either as partial dopamine 
agonists or as weak dopaminergic antagonists, have been claimed to stabilise brain 
dopaminergic activity by means of regulating the central dopaminergic tone. Thus, 
these substances would enhance dopaminergic transmission during a state of 
hypodopaminergic activity and suppress dopaminergic activity during a state of 
hyperdopaminergic activity. Disorders characterized by a dysregulated dopaminergic 
tone such as psychostimulant abuse, might thus benefit from treatment with this group 
of drugs (Clark et al. 1995).  
 
(-)-DS121 

(±)-DS121 was first synthesised at the University of Göteborg, Sweden, as part of a 
project aiming at developing novel DA receptor agonists for treatment of Parkinson’s 
disease. However, based on the observations that (±)-DS121 failed to reverse the 
reserpine-induced akinesia as well as the decrease in the accumulation of DOPA in the 
striatum in the same animals, it was concluded that (±)-DS121 lacks agonistic 
properties on pre- or postsynaptic DA receptors in the striatum (Hacksell et al. 1981). 
About a decade later, it was suggested that DS121 in similarity with two related 
compounds, (+)-UH232 and (+)-AJ76, may possess DA receptor antagonistic effects 
(Svensson et al. 1986; Sonesson et al. 1993). It was subsequently demonstrated that (±)-
DS121 indeed displays properties of a DA antagonist and it was further demonstrated 
that (±)-DS121 have affinity for both D2 and D3 receptors, with an approximate four-
fold preference for the D3 receptor. Finally, the s-enantiomer; (-)-DS121 was 
synthesised and it was demonstrated to have characteristics of a dopamine autoreceptor 
preferring antagonist (Sonesson et al. 1993, 1994). 
 
In similarity to other DA D2 receptor antagonists, (-)-DS121 has been shown to dose-
dependently increase the DA and DOPAC output in the striatum as well as in the NAC 
(Sonesson et al. 1994; Koch et al. 1997). (-)-DS121 has also been shown to induce an 
increase in locomotor activity; a slight increase was observed in actively exploring rats 
and a more pronounced effect in habituated rats (Sonesson et al. 1993, 1994; Ellinwood 
et al. 2000). This effect of (-)-DS121 on locomotor activity differ from the effect 
usually observed with DA receptor antagonists like haloperidol, which decrease 
locomotor activity (Sonesson et al. 1994). In fact, this effect of (-)-DS121 resembles the 
effect observed with DA agonists, and locomotor activity is mostly increased when DA 
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agonists stimulate postsynaptic receptors. Yet, another difference between (-)-DS121 
and conventional DA receptor antagonists, such as haloperidol, is that (-)-DS121 is less 
effective than haloperidol in displacing the DA agonist DP-5,6-ADTN from striatal 
sites, suggesting that conventional DA antagonists block an additional pool of DA D2-
like receptors when compared to (-)-DS121. This observation together with the mixed 
agonistic and antagonistic like effects suggests that (-)-DS121 preferentially blocks 
presynaptic dopaminergic autoreceptors (Sonesson et al. 1994).  
 
(-)-DS121 has been claimed to possess DA stabilising properties (Waters et al. 1994; 
Kling-Petersen et al. 1995; Koch et al. 1997). Thus, several studies suggest that, 
depending on dosage, (-)-DS121 may stabilise a dysregulated central dopaminergic 
neurotransmission. It has been shown that (-)-DS121 may disrupt d-amphetamine 
induced hyperlocomotor activity and drug discrimination. In addition, (-)-DS121 may 
potentiate drug discrimination of a subthreshold dose of d-amphetamine to above that 
of vehicle or administration of either drug alone (Clark et al. 1995). Furthermore, it has 
been demonstrated that (-)-DS121 may decrease cocaine self-administration (Smith et 
al. 1995) and prevent the cocaine-induced increase in glucose metabolism in a dose 
which by itself does not alter glucose utilisation, as measured by autoradiography 
(Koch et al. 1997).   
 
It has been demonstrated that (-)-DS121 may increase the DA output in the NAC 
(Sonesson et al. 1994; Koch et al. 1997). Furthermore, (-)-DS121 induces conditioned 
place preference (Kling-Petersen et al. 1995) and partial drug discrimination compared 
to both cocaine and amphetamine (Clark et al. 1995). These data indicate that (-)-
DS121 may have some reinforcing effect and that it may constitute abusive properties. 
However, (-)-DS121 does not support self-administration after substitution from 
cocaine over a wide dose range (Smith et al. 1995), and it does not facilitate intracranial 
self-stimulation (ICSS) (Kling-Petersen et al. 1995). Therefore, available evidence 
indicates that (-)-DS121 does not possess any significant abuse potential, and this drug 
might therefore prove effective in treating medical conditions characterized by a 
perturbed DA transmission, such as nicotine dependence (Koch et al. 1997). 
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2 AIMS  
 
The overall aim of the present thesis was to experimentally study two novel 
pharmacological principles for the treatment of nicotine dependence using behavioural 
and biochemical techniques in order to evaluate the possible utility of these different 
strategies in smoking cessation. 
  
The specific aims were: 
 
To evaluate the effect of active immunisation against nicotine with a nicotine 

immunoconjugate ( IP18-KLH) on: 

• the acute effects of nicotine on the mesolimbic dopamine reward pathway.  

• the acute effects of nicotine on reward thresholds in nicotine-naïve and 

previously nicotine-exposed rats. 

• chronic nicotine treatment, in order to elucidate whether the immunisation in 

itself might precipitate nicotine withdrawal. 

• spontaneous and precipitated nicotine withdrawal, as measured by dopamine 

output in the NAC, shifts in reward thresholds and somatic signs. 

• nicotine-induced reinstatement of nicotine-seeking behaviour in rats. 

 

To evaluate the effect of the dopamine stabiliser (-)-DS121 on: 

• a state of nicotine-induced hypodopaminergic activity. 

• a state of nicotine-induced hyperdopaminergic activity. 
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3 MATERIAL AND METHODS 
 
3.1 ANIMALS 

In the electrophysiological experiment in paper IV male Sprague Dawley rats from BK 
Universal (Sollentuna, Sweden) were used. In all other experiments male Wistar rats 
from BK Universal (Sollentuna, Sweden) or Charles River (Hollister, CA) were used. 
Rats were housed under standard laboratory conditions in a room with controlled 
temperature and humidity under a 12 h light:dark cycle. In paper II were rats were on a 
restricted diet including a 24 h period of starvation the day before food-shaping was 
initiated, in all other experiments food and water was freely accessible under all hours 
apart from during testing. All experiments were approved by the local ethics committee 
Stockholms Norra djurförsöksetiska nämnd (ethical approval no. N74/99, N168/99, 
N11/00, N294/01 and N18/04) or Association for the Assessment and Accreditation of 
Laboratory Animal Care and Use Committee (IACUC) of The Scripps Research 
Institute (ethical approval no. ARC-24MAR2). 
 
3.2 DRUGS  

Main drugs used 
(-)-DS121 D2/D3 autoreceptor preferring antagonist 
Mecamylamine Nicotine receptor antagonist 
Nicotine hydrogen tartrate Nicotinic receptor agonist 
 
Compounds evaluated for cross-reactivity with nicotinic antibodies 
Acetylcholine Endogenous neurotransmitter, nAChR agonist 
(-)-Cotinine Major nicotine metabolite 
Dopamine Endogenous neurotransmitter, dopamine receptor 

agonist 
Glycine Endogenous neurotransmitter, co-agonist at the 

NMDA receptor 
Histamine Endogenous transmitter/local hormone 
(-)-Nicotine Nicotine receptor agonist 
(-)-Nicotine-N´-oxide Nicotine metabolite 
(-)-Noradrenaline Endogenous neurotransmitter, adrenoreceptor 

agonist 
Nornicotine Nicotine metabolite 
Serotonin Endogenous neurotransmitter, serotonin receptor 

agonist 
 
Drugs used in connection with surgery or for methodological reasons 
Ampicillin Antibiotic 
Bacitracin Antibiotic 
Bupreonorphinum Analgesic 
Chloralhydrate Anaesthetic 
Heparin Anticoagulant drug 
Isoflurane/oxygen vapour  Anaesthetic 
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Pargyline Monoamine oxidase inhibitor 
Pentobarbital Anaesthetic 
 
Components in the nicotine vaccine 
Freund’s complete- 
incomplete- adjuvant 

Vaccine adjuvant 

IP18 Nicotine hapten 
KLH Keyhole limpet hemocyanine, carrier protein 
 
3.3 METHODS 
3.3.1 ELISA and Competitive ELISA (Paper I, II and III)  

Detailed descriptions of these methods can be found in the respective articles where 
these methods have been used. Briefly, the levels of antibodies against nicotine, and 
their selectivity for nicotine compared to other compounds analysed, were determined 
using enzyme linked immunosorbent assay (ELISA) and competitive ELISA, 
respectively. ELISA is a standard immunoassay where an antigen is bound to wells in a 
96-well ELISA plate. Serial dilutions of serum are added to the wells and the antibodies 
in serum bind the antigen attached to the wells of the plate. A secondary antibody is 
added directed against the antibody in serum. On the secondary antibody an enzyme is 
linked. A substrate is subsequently added which reacts with the enzyme to produce a 
coloured end-product. The amount of antibody bound to the antigen in the wells 
corresponds to the intensity of the coloured end-product which can be determined 
spectrophotometrically. Antibody levels are expressed as titers. The titers are 
determined from serial dilutions of antibody that are added to the wells coated with a 
constant amount of antigen. The titer is defined as the reciprocal of the highest serum 
dilution where a signal can be measured, corresponding to the mean absorbance of the 
seven dilutions from the control sera plus two standard deviations. The inclusion 
criterion for immunised rats was set to titers ≥10000.  
 
Competitive ELISA is performed as a regular ELISA but the serum dilution is kept 
constant; instead the concentration of the selected competitor is varied. The 
concentration of competitor that produced a 20% inhibition of the signal compared to 
when no competitor was present represents the IC20 value. The cross-reactivity in per 
cent is determined from the IC20 value of the competitor compared to the IC20 value for 
nicotine.  
 
Methodological considerations 
ELISA is a one of the most widely used immunological assays. It is a highly sensitive 
method used for detecting e.g. antibodies. If a standard curve for the antibody against 
the compound to be measured is established the concentration of the antibody can be 
determined, if not a relative and approximate quantitative measure is achieved.  
 
3.3.2 Analyses of nicotine and cotinine in plasma (Paper III) 

A detailed description of the methods used can be found in paper III. Briefly, nicotine 
and cotinine analyses were performed at the Bioanalytical Laboratory at Consumer 
Healthcare, Pfizer, in Helsingborg, Sweden. Nicotine and cotinine and their respective 
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internal standards, methylanabasine and N-etylnorcotinine, respectively were extracted 
from serum, and samples were injected onto a gas chromatograph equipped with 
capillary columns. Nicotine and cotinine were detected by means of a nitrogen sensitive 
detector providing high selectivity and sensitivity. 
 
3.3.3 Nicotine self-administration (Paper II) 

A detailed description of the method can be found in paper II. Briefly, in the present 
method of NSA, rats were trained to press a lever in order to receive a reinforcing i.v. 
dose of nicotine. The experimental sessions were performed once per day 5 days per 
week in a closed sound-attenuated chamber equipped with a house-light, a cue-light, a 
loud-speaker and two levers for the operant responding. Before NSA was initiated, rats 
were taught the operant task using small food pellets. When the task had been acquired 
rats were prepared with i.v. catheters to which the nicotine delivery systems were 
subsequently connected. The rats were kept on a restricted diet throughout the 
experiment. During acquisition, rats were trained successively to press one (fixed ratio 
1), two (fixed ratio 2) and finally three (fixed ratio 3) times on the active lever in order 
to receive a reinforcer. Nicotine was delivered together with visual and auditory cues. 
The process of acquisition required about six weeks and as a stable performance had 
been acquired, nicotine was removed and rats underwent extinction. During extinction, 
pressing on the previously nicotine-associated lever had no consequence, but at the 
beginning of each session a passive infusion of saline was delivered, signalled by visual 
and auditory cues. In similarity with acquisition the extinction process required about 
six weeks and when extinction was complete, rats were primed with small doses of 
nicotine (1 or 30 μg/kg i.v.) signalled by visual and auditory cues at the beginning of 
the session, and lever presses were measured to evaluate the reinstatement of nicotine-
seeking behaviour. 
 
Methodological considerations 
Self-administration is a widely used method to study the reinforcing effects of different 
drugs of abuse, including alcohol (Amit et al. 1977), cocaine (Pickens and Thompson 
1968), amphetamine (Pickens and Harris 1968), morphine (Weeks and Collins 1968), 
nicotine (Goldberg, Spealman and Goldberg 1981) and cannabinoids (Tanda, Munzar 
and Goldberg 2000). Self-administration is generally considered as an important tool in 
the search for new treatments in smoking cessation and other forms of drug abuse, as 
well as in basic research exploring different aspects of dependence, including 
acquisition, maintenance, extinction and relapse, and furthermore in predicting the 
abuse liability of novel agents. NSA has been established in several species including 
primates (Goldberg, Spealman and Goldberg 1981), dogs (Risner and Goldberg 1983) 
and rodents (Corrigall and Coen 1989; Tessari et al. 1995 and others). Although there 
are several differences between tobacco smoking and NSA, the method used in the 
present work is considered to be reliable, predictable and to have high face validity (see 
(Koob et al. 1998). An obvious difference between smoking and NSA is that during 
tobacco smoking several compounds other than nicotine are simultaneously 
administered whereas only nicotine is administered in NSA. Although the route of 
administration differs between smoking and the i.v. administration in the present 
animal model, there are pharmacokinetic similarities between smoking and i.v. 
administration of nicotine since both administrations rapidly deliver nicotine to the 



 

   27

brain. Finally, in the present NSA schedule, nicotine was only available on a limited 
access schedule whereas the smokers usually smoke throughout the day. 
 
Using the reinstatement model to study relapse it has been shown that acute priming 
doses of a drug (Stretch, Gerber and Wood 1971; Gerber and Stretch 1975; Chiamulera 
et al. 1996), drug-associated cues (Davis and Smith 1976; Bespalov et al. 2005) as well 
as environmental stressors, such as intermittent footshock (Carroll 1985; Buczek et al. 
1999), may induce relapse in drug-seeking behaviour. Both DA and glutamate in the 
mesolimbocortical DA system have been shown to be involved in reinstatement of 
drug-seeking behaviour (Shaham and Stewart 1996; Cornish, Duffy and Kalivas 1999; 
Tessari et al. 2004; Bespalov et al. 2005; Kenny et al. 2005). Finally, it is considered to 
be a good correspondence between the events that induce reinstatement in drug-seeking 
behaviour and relapse in humans (Shaham et al. 2003).  
 
3.3.4 Assessment of somatic signs (Paper III and IV) 

Detailed descriptions of two variants of the method of assessment of somatic signs can 
be found in paper III and IV respectively. Briefly, rats were exposed to continuous 
infusion of nicotine via osmotic minipumps over a period of at least 7 days before 
being exposed to any other treatment. Nicotine withdrawal was initiated either by 
discontinuing nicotine administration to induce spontaneous withdrawal or via 
administering the nicotinic receptor antagonist mecamylamine to induce precipitated 
withdrawal. During the experiment, somatic abstinence signs were quantified by direct 
visual inspection: abdominal constrictions, facial fasciculation, eye blinks, ptosis, 
shakes scratches, yawns and gasps are quantified for 10 (paper III) or 20 minutes (paper 
IV).  
 
Methodological considerations 
Assessment of somatic signs has been used frequently to study the withdrawal effects 
of several drugs of abuse including opiates (Bläsig et al. 1973), and in the early nineties 
it was first described for nicotine (Malin et al. 1992). The method has since then been 
replicated by several laboratories (Hildebrand et al. 1997, 1998; Epping-Jordan et al. 
1998; Isola et al. 1999; Carboni et al. 2000). In similarity with smoking withdrawal 
there are more withdrawal signs during the first days following withdrawal compared 
to before and during nicotine administration in this method. Moreover, nicotine 
withdrawal can be potently reversed by administering nicotine (Malin et al. 1992). In 
contrast, this method assesses the effects during nicotine withdrawal which is not 
equivalent to tobacco withdrawal. Furthermore, in this method the period of nicotine 
exposure is shorter, and the daily dose of nicotine administered is higher compared to 
during smoking. Furthermore, the route of administration and the intermittent versus 
continuous drug administration differs. Several clinical studies have shown that the 
nAChR antagonist mecamylamine does not precipitate withdrawal in human cigarette 
smokers (Nemeth-Coslett et al. 1986; Stolerman 1986; Eissenberg, Griffiths and Stitzer 
1996; Rose, Behm and Westman 2001). However, mecamylamine increased smoking 
in these studies and, thus, the lack of withdrawal symptoms could be explained by a 
compensatory increase in smoking (Nemeth-Coslett et al. 1986; Stolerman 1986; 
Eissenberg, Griffiths and Stitzer 1996; Marx et al. 2000; Rose, Behm and Westman 
2001). Therefore, human data do not contradict the use of mecamylamine in 
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precipitating nicotine withdrawal in this model. Furthermore, assessment of somatic 
signs has been suggested to allow predictions of the outcome of different treatments in 
nicotine dependent subjects. For example, bupropion alleviates nicotine withdrawal in 
the present model as well as reduces nicotine abstinence symptoms in smokers 
(Shiffman et al. 2000; Cryan et al. 2003; Malin et al. 2005). Finally, results from a 
study using assessment of somatic signs suggested that opiate receptor antagonist may 
induce nicotine withdrawal, a phenomenon which subsequently was replicated in man 
(Malin et al. 1996; Krishnan-Sarin, Rosen and O'Malley 1999; Watkins et al. 2000). 
 
In summary, the method of assessment of somatic signs during nicotine withdrawal can 
be regarded as a relevant method for screening substances or treatments that may be 
useful in smoking cessation therapy (Malin 2001). 
 
3.3.5 Intracranial self-stimulation (Paper III) 

A detailed description of the intracranial self-stimulation method can be found in paper 
III. Briefly, rats were trained to perform an operant task, to turn a wheel 
manipulandum, in order to receive an electrical, rewarding current administered 
directly into the brain. The rats were prepared with electrodes in the posterior part of 
the lateral hypothalamus. Following recovery from the surgery, rats were trained or 
tested once daily 7 days per week in a sound attenuated box equipped with a house-
light and a wheel manipulandum. Rats were trained successively to respond by turning 
the wheel in order to receive an electrical stimulus. During the experiment, a non-
contingent electrical stimulus was delivered at the start of the experiment. If the rat 
responded by turning the wheel within a certain time, a contingent stimulus, identical to 
the previous stimulus was delivered and a positive response was recorded. If no 
response occurred within this time a negative response was recorded. The stimulus 
intensity was varied according to “the psychophysical method of limits” i.e. when the 
stimulus was too high or too low to be rewarding, the rat did not respond. The stimulus 
intensity was varied in four descending and ascending series. The step size of each 
decrement or increment within a series was 5μA. The series ended either when the rat 
stopped to respond to a stimulus, which was interpreted as a lack of rewarding effect of 
that stimulus or after 15 stimulus decrements (or increments) had occurred. A current-
threshold was determined for each session from the stimulus intensities at the interface 
between rewarding and non-rewarding stimulus in each series. When thresholds had 
stabilised, changes in reward thresholds were expressed as per cent of baseline, defined 
as the mean of the last three to five baseline values before treatment.  

 
Methodological considerations 
Reward refers to the pleasure experienced upon presentation of a positive reinforcer. A 
positive reinforcer is defined as an appetitive stimulus that will increase the probability 
of the reoccurrence of the response that led to the presentation of the positive 
reinforcer. Electrical stimulation in some regions of the brain, such as the lateral 
hypothalamus and the VTA, has been found to be rewarding in animals as well as 
humans (Olds and Milner 1954; Bishop, Elder and Heath 1963). The neural circuits that 
are activated by natural as well as drug-induced reward are considered to be activated 
during ICSS. Measurements of reward thresholds, using ICSS, are commonly 
employed to study the effect of different substances on the processes of reward and 
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reinforcement. Furthermore, ICSS provides an opportunity to study the neurobiology of 
motivation and reward. During acute drug administration reward thresholds are 
decreased interpreted as an increase in reward function (Bespalov et al. 1999) whereas 
during drug withdrawal reward function is impaired which is reflected as an increase in 
reward thresholds (see, Koob et al. 1998). The increase in reward thresholds during 
drug withdrawal is considered to reflect the affective component of withdrawal, which 
is assumed to play a greater role in maintaining drug abuse than the somatic symptoms 
(see, Kenny and Markou 2001). It has been demonstrated that the method specifically 
measures changes in reward and that the measure can be separated from the 
performance effects (Markou and Koob 1992). 
 
3.3.6 In vivo brain microdialysis (Paper III and IV) 

Detailed descriptions of in vivo brain microdialysis can be found in paper III and IV. 
Briefly, in the present experiments, a rat was anaesthetised and a dialysis probe was 
inserted into the NAC of the rat brain. Approximately 48 h after the surgery the 
microdialysis membrane was continuously perfused with a physiological solution 
closely resembling the cerebrospinal fluid but devoid of neurotransmitters and their 
metabolites. A dialysis was achieved between the perfusion medium and the 
extracellular fluid in the brain. The obtained dialysate was separated by high 
performance liquid chromatography and subsequently analysed by electrochemical 
detection. As DA output had stabilised, the drug to be studied was administered. DA 
and DOPAC output were measured in paper IV, in paper III HVA and 5-HIAA were 
measured in addition to DA and DOPAC. Samples were collected and analysed 
continuously every 15 min for approximately 3 h. 
 
Methodological considerations 
Microdialysis is a technique that is designed for sampling “the chemistry” of human or 
animal tissue and its principle is to mimic the function of a small blood vessel 
(Ungerstedt 1991). Substances can be both delivered to, and withdrawn from, a tissue 
into which a dialysis membrane has been inserted. Microdialysis is one of the major 
research tools in experimental psychopharmacology and neuropathology (see, Kehr 
1993). It is commonly used to study the effect of different pharmacological treatments 
on changes in neurotransmitter levels in different regions of the brain of laboratory 
animals. The advantages with in vivo brain microdialysis used as in the present setting 
are that the experiments can be performed in awake and freely moving rats, and that 
substances can be monitored continuously for a prolonged time-period (see, Ungerstedt 
1991). Furthermore, the system can be coupled to analytical instruments to achieve 
high biochemical selectivity between e.g. different neurotransmitters and metabolites. 
The major disadvantages are the relatively poor recovery of neurotransmitters over the 
membrane, resulting in a relatively poor time resolution (5-30 min are required 
depending on the neurotransmitter measured and the anatomical area studied). 
Furthermore, the relatively large size of the dialysis probe (300 μm in diameter) makes 
it difficult to discriminate between small regions. Finally, insertion of the probe causes 
a localised tissue damage which may interfere with the physiological function of the 
neurons in the area to be studied (Lambás-Señas et al. 1995; Morgan, Singhal and 
Anderson 1996).  
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3.3.7 In vivo voltammetry (Paper I) 

A detailed description of in vivo voltammetry can be found in paper I of the present 
thesis. The general principle for measuring monoamines using electrochemical 
techniques is based on the observation that monoamines are easily oxidised and that the 
amount of material being oxidised can be determined quantitatively. Briefly, rats were 
pre-treated with the monoamineoxidase inhibitor pargyline and anaesthetised. Body 
temperature was kept at 37 °C with a rectal thermometer which was connected to an 
electrical heating pad. A catheter was implanted into the jugular vein for subsequent 
drug administration and a second catheter was implanted into the femoral vein for 
continuous administration of the anaesthetic drug. The rat was placed in a stereotaxic 
frame and a small carbon fiber electrode was inserted into the brain region of interest, 
in this experiment the NACshell. A potential was applied to the electrode allowing 
electroactive substances (such as monoamines) near the electrode surface to oxidise. 
The current of electrons generated during the process was measured, and is directly 
proportional to the amount of material oxidised. DA which is oxidised at +85 mV, was 
measured (Gonon et al. 1980) once every minute in the present experiment. After a 
stable baseline of DA output had been achieved, saline was injected i.v. followed by 
several, successively increasing doses of nicotine, each separated by 10 minutes.  
 
Methodological considerations 
In similarity with in vivo microdialysis, in vivo voltammetry is a method suitable for 
quantifying the release of neurotransmitters in the brain. The main advantages with in 
vivo voltammetry when compared to in vivo microdialysis (see above) are i) the rapid 
time-resolution, which allows small and rapidly transient effects to be identified, and ii) 
the high regional selectivity achieved due to the very fine electrode used (12 μm in 
diameter) and, the relatively minor brain damage because of the fine electrode. The 
major disadvantages with in vivo voltammetry are i) that the animals need to be 
anaesthetised throughout the experiment, and ii) that the monoamine oxidase inhibitor 
pargyline has to be used in order to suppress the conversion of DA to DOPAC, since no 
discrimination can be achieved between the two compounds (Gonon et al. 1980). 
Finally, no biochemical discrimination can be achieved between DA and other 
catecholamines, such as noradrenaline (Buda et al. 1983) thereby restricting the number 
of areas suitable for study using this method.  
 
In summary, both in vivo microdialysis and in vivo voltammetry are suitable methods 
for studying the effect of different pharmacological manipulations on the release of 
neurotransmitters. The respective advantages and disadvantages of these two methods 
make them complementary. 
 
3.3.8 In vivo single-cell recording (Paper IV) 

A detailed description of the in vivo single-cell recording can be found in paper IV of 
this thesis. Brifely, rats were anesthetised and mounted in a stereotaxic frame. 
Anaesthesia was maintained throughout the experiment with periodical injections of the 
anaesthetic agent and body temperature was kept at 37 °C with a rectal thermometer 
connected to an electrical heating pad. A recording electrode was prepared and 
subsequently lowered into a hole drilled in the skull above the VTA. A reference 
electrode was placed in the subcutaneous tissue at the interface of the incision and the 
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bone. The extracellular electrical activity was amplified, filtered, discriminated and 
monitored on an oscilloscope and an audiomonitor. Discriminated spikes were fed via 
an interface to a computer running the CED Spike 2 software. After the experiment the 
recording site was marked by a negative current of 5 μA and, the rat was killed with an 
overdose of anaesthetic. The recording site was verified histologically. Putative DA 
neurons in the VTA were located 7.5-8.5 mm from the brain surface; they were 
subsequently recognised by their triphasic spike waveform, duration of the action 
potential of more than 2 ms basal firing rates of 1-10 Hz, presence of burst firing and 
low pitch sound (Wang 1981). Furthermore, the dopamine neurons in the VTA are 
inhibited by aversive stimuli in contrary to GABA neurons present in the VTA 
(Ungless, Magill and Bolam 2004).  
 
Methodological considerations 
Recording the activity of single neurons is a frequently used method to study the effect 
of various pharmacological treatments on specific populations of neurons in the brain. 
Different types of cells are discriminated based on the waveform and duration of the 
action potential, the frequency of the firing rate and firing characteristics of the neuron. 
The firing characteristics of DA neurons in the VTA and substantia nigra were first 
described in 1973 (Bunney, Aghajanian and Roth). DA neurons generally have two 
modes of activity, the single spike firing mode and the burst firing mode (Grace and 
Bunney 1984a-b). The burst firing mode has been suggested to be physiologically more 
efficacious in regulating of DA neurotransmission in terminal areas (Gonon 1988).  
 
3.3.9 Locomotor activity measurements (Paper IV) 

A detailed description of the method used to measure locomotor activity can be found 
in paper IV of the present thesis. Briefly, locomotor activity was measured an open-
field arena equipped with two rows of 8 photocells per side. The open-field arena was 
enclosed in a ventilated, light and sound-attenuating box. Movements of the rat resulted 
in interruptions of photobeams. These interruptions were recorded by a computer and 
thereafter analysed. In the present experiment, only horizontal activity was analysed i.e. 
all photobeam interruptions in the lower row. Rats were habituated to the test boxes for 
30 minutes/day for three consecutive days following an injection of saline before the 
onset of the experiment. During the experiment, locomotor activity was assessed on 
five consecutive days during 30 minute sessions following an injection of the respective 
test drugs. 
 
Methodological considerations 
Locomotor activity measurements are widely used to study the effects of different 
pharmacological treatments on motor behaviour. Several neurotransmitters have been 
implicated in locomotor activity including, DA, noradrenaline and excitatory amino 
acids. Behavioural sensitisation has been defined as the drug-induced enhancement of 
locomotor activity following repeated daily injections of a drug (Robinson and Becker 
1986). Behavioural sensitisation is observed following administration of most drugs of 
abuse and it is considered to reflect neuroadaptative processes that occur as a 
consequence of repeated exposure to a drug. Such neuroadaptations have been 
hypothesised to be important for the process that leads to addiction (Robinson and 
Berridge 2001). It has been shown that sensitisation to psychostimulant drugs is 
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associated with a stimulant-induced increase in activation of DA output in the NACcore 
(Cadoni et al. 2003).  
 
3.3.10 Statistics 

The three-way ANOVAs were analysed using the Biomedical Computer Programs for 
Personal Computers Statistical Package (BMDP, Los Angeles, CA, USA). All other 
statistical analyses were performed using Statistica (StatSoft Inc., Tulsa, OK, USA) or 
GraphPad Prism (GraphPad Software Inc., San Diego, CA, USA). A significant effect 
was observed when the P-value was less than 0.05. A discrimination between three 
levels of significance has been made; * P<0.05, **P<0.01 and ***P<0.001. 
 
Parametric analyses: Three-, two- and one-way ANOVA analysis, with repeated 
measures when appropriate, were used to analyse data. ANOVA analyses were 
followed by Newman-Keuls post-hoc analyses when appropriate. Paired or unpaired 
Student’s t-test was used to calculate mean differences between groups or between 
certain time-points within a group according to our a-priori hypothesis. Non-
parametric analyses: Non-parametric data was analysed with Kruskal-Wallis test and 
Wilcoxon signed rank test. Correlations: Pearson’s correlation test was used to 
evaluate correlations between somatic signs and reward thresholds during withdrawal 
and antibody titers and plasma concentrations of nicotine. 
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4 RESULTS AND DISCUSSION 
 
4.1 NICOTINE VACCINE (PAPER I, II AND III) 
4.1.1 Immunogenicity following active immunisation with IP18-KLH 

In order to evaluate the immunogenicity of the nicotine immunoconjugate IP18-KLH 
after its administration to rats, we measured the titers of antibodies against nicotine 
using ELISA and the selectivity of the antibodies for nicotine compared to other 
substances using, competitive ELISA. The titers were measured both to verify that the 
immunisations were successful and, furthermore, to determine the relative amount of 
antibodies produced in the different rats, as well as to correlate these titers to the plasma 
concentrations of nicotine. The selectivity of the antibodies was determined to evaluate 
possible interactions of the antibodies with nicotine metabolites, since such cross-
reactions might interfere with the effectiveness of the treatment. Furthermore, a 
potential cross-reactivity between the antibodies and endogenous substances were 
evaluated, since antibodies binding endogenous substances could induce potentially 
harmful side effects. Moreover, we examined the effect of nicotine exposure on the 
immunogenicity after active immunisation with IP18-KLH. 
 
The effect of active immunisation with IP18-KLH on antibody titers of nicotine in 
nicotine-naïve and previously nicotine-exposed rats as determined by ELISA. 
The antibody titer provides an estimate of antibody activity. In the present study the 
titer was defined as the highest serum dilution that produced a positive signal, i.e. the 
concentration for each serum corresponding to the mean absorbance of the seven 
measures of the control sera plus two standard deviations. All animals in paper I and III 
met the inclusion criteria of the antibody titers. In paper II, two immunised rats failed to 
reach the inclusion criteria and were therefore transferred to the control group; their 
titers were below 3000. Mock-immunised rats had no detectable levels of antibodies 
against nicotine. There was no significant difference in antibody titers against nicotine 
after continuous exposure to nicotine or saline, indicating that nicotine exposure did not 
act either to suppress or enhance the immune response. In paper I and II titers were 
generally lower compared to those in paper III. This difference is most probably related 
to a change in secondary antibody used in the ELISA. In summary, these data show that 
immunisation with IP18-KLH activates the immune-system to generate high levels of 
antibodies in the rat and, furthermore, that nicotine exposure does not significantly 
interfere with the amount of antibodies produced. 
 
The effect of active immunisation against nicotine on the selectivity of the antibodies 
for nicotine versus nicotine metabolites and endogenous substances as determined by 
competitive ELISA. 
Using competitive ELISA, the nicotine antibodies produced following active 
immunisation with IP18-KLH were analysed for their selective recognition of nicotine. 
In paper I, no cross-reactivity was found towards any of the endogenous substances 
tested, but a small cross-reactivity was detected for the minor nicotine metabolites 
nornicotine and nicotine-N´-oxide, see table 1. These metabolites are structurally very 
similar to nicotine and therefore the cross-reactivity found is not surprising. Only 4 to 



 

 34

7% of nicotine is metabolised to nicotine-N´-oxide (Byrd et al. 1992). Therefore, this 
cross-reactivity is believed to be of minor importance for the effectiveness of this 
nicotine vaccine. Nornicotine, which apart from being a minor nicotine metabolite also 
is one of the most abundant minor alkaloids present in tobacco, has been shown to 
possess some reinforcing property (Bardo et al. 1999; Green et al. 2002). Thus, one 
might speculate that the cross-reactivity with nornicotine may actually be advantageous 
after immunisation with IP18-KLH by reducing the reinforcing properties of both 
nicotine and nornicotine.  
Table 1. Selectivity of antibodies generated following active immunisation with IP18-KLH. 

Competitor NIC COT NOR NOX ACh NA DA 5-HT HIST GLY 

IC20 (M) 8.4x10-5 n.d. 1.4x10-3 2.8x10-3 n.d. n.d. n.d. n.d. n.d. n.d. 

Cross-reactivity1 100 n.d 6.0 3.0 n.d. n.d. n.d. n.d. n.d. n.d. 
1 Cross-reactivity towards (-)-nicotine is set to 100%. Data are presented as mean molar (M) concentration and 
percent cross-reactivity. Abbrevations: ACh= acetylcholine; COT= cotinine; DA= dopamine; GLY= glycine; HIST= 
histamine; 5-HT= serotonin; NA= noradrenaline; NIC= nicotine; NOR= nornicotine; NOX= nicotine-N´-oxide 
 
Importantly, in paper I no cross-reactivity could be detected towards cotinine, the major 
nicotine metabolite, see table 1, and in paper III only a minor cross-reactivity (0.4%) 
towards cotinine was found. This cross-reactivity was independent of previous 
nicotine- or saline- exposure which further supports the view that there were no 
differences in immune-response between saline- and nicotine-treated rats (data in paper 
III). Tobacco smoking has previously been shown to compromise immunologic 
responsivity in humans, and decreased amounts of antibodies have been found in 
smokers. Furthermore, nicotine alone may produce changes in immunocytes (see, 
McAllister-Sistilli et al. 1998) as well as suppress the induction of antibody-forming 
cells in rats (Geng et al. 1995). However, smokers are immunised worldwide on a 
regular basis with different vaccines for different purposes without major setbacks in 
terms of efficacy of the immunisation. Therefore, neither nicotine administration, as 
indicated by the present results, nor smoking, is likely to significantly interfere with the 
immunologic response to active immunisation against nicotine.  
 
4.1.2 Plasma concentrations of nicotine and cotinine following 

immunisation with IP18-KLH 

We here measured the concentrations of nicotine and cotinine in blood from immunised 
and mock-immunised nicotine-exposed rats. Results show that following a four-week 
period of continuous infusion of nicotine (3.55 mg/kg/day, free base), plasma 
concentrations of nicotine were roughly doubled in immunised rats compared to mock-
immunised rats, whereas cotinine concentrations did not differ, see figure 1.  
 
These results differ from previous reports from our laboratory, where we have shown a 
four to seven-fold increase in plasma nicotine concentrations in IP18-KLH immunised 
animals compared to mock-immunised rats following acute injections of nicotine (de 
Villiers et al. 2004). These differences could be related to the dose of nicotine 
administered, since it appears that after administration of a high nicotine dose (30 μg/kg 
i.v., free base) the differences in nicotine concentrations found in plasma between 
immunised and mock-immunised rats were smaller than after administration of a low 
dose of nicotine (15 μg/kg i.v.). 
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Figure 1. Mean serum nicotine and cotinine levels in immunised and mock-immunised rats after 
continuous exposure to nicotine for 28 days. Statistical evaluation was performed by unpaired Student’s 
t-test. The asterisks represent a significant difference between the immunised and mock-immunised 
groups. 
 
Thus, the relatively minor differences observed in the present experiment may be due to 
the large amounts of nicotine administered, which is consistent with the theoretical 
notion that a fraction of any amount of nicotine will be bound by antibodies. 
Alternatively, the differences observed could be related to the time elapsed since 
administration of the drug. Our previous results indicate that plasma concentrations of 
nicotine in IP18-KLH immunised and mock-immunised rats seem to differ less with 
time, since three min after an acute injection of nicotine (30 μg/kg i.v.), plasma 
concentrations of nicotine differed more between immunised and mock-immunised rats 
compared to 60 min after the same injection (de Villiers et al. 2004). In a recent study 
using another nicotine vaccine, it was shown that 25 min after an acute injection of 
nicotine (0.1 mg/kg i.v.) there was a 4.5 fold increase in plasma nicotine concentrations 
in the immunised rats compared to mock-immunised rats (Satoskar et al. 2003). 
Interestingly, in the same study, after a ten-week period of continuous nicotine infusion 
(1 mg/kg/day), there was a 6.9 fold increase in plasma nicotine concentration in the 
immunised compared to the mock-immunised rats. In fact, a prolonged half-life of 
nicotine has been observed after immunisation with this vaccine (Satoskar et al. 2003). 
Therefore, using this nicotine vaccine, continuous exposure to nicotine may result in an 
accumulation of plasma concentrations of nicotine due to the prolonged half-life. 
Changes in the half-life of nicotine after immunisation may be relevant to both the 
reinforcing effect of nicotine as well as the appearance of nicotine-induced peripheral 
side-effects. In contrast, our previous results indicate that the half-life of nicotine after 
immunisation with IP18-KLH does not change, based on the observation that the 
cotinine concentrations were not altered one hour after nicotine administration. As 
shown in the present study, cotinine concentrations were still not affected after 26-28 
days of continuous nicotine administration. Our present data, therefore, further 
strengthens the notion that the half-life of nicotine is unaffected by immunisation with 
IP18-KLH.  
 
4.1.3 Effect of acute injections of nicotine in rats immunised with IP18-

KLH 

It is well established that acute injections of nicotine activates the DA neurons 
originating in the VTA (Grenhoff, Aston-Jones and Svensson 1986; Nisell, Nomikos 
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and Svensson 1994b) and elevates the DA output in the NAC (Imperato et al. 1986). 
Furthermore, acute nicotine injections have been shown to induce a transient decrease 
in reward thresholds over a dose range from 0.125 to 0.5 mg/kg s.c. in rats during self-
stimulation of electrical stimuli of the lateral hypothalamus  (Wise, Marcangione and 
Bauco 1998; Harrison, Gasparini and Markou 2002) as well as of the VTA (see e.g. 
Panagis et al. 2000).  
 
The effect of acute nicotine injections on the dopamine output in the NAC shell in 
rats immunised with IP18-KLH as measured by in vivo voltammetry. 
In agreement with previous reports, the present thesis shows that nicotine induces an 
increase in DA output in the NAC in mock-immunised rats as measured by in vivo 
voltammetry. Active immunisation with IP18-KLH attenuates this effect of i.v. 
injections of nicotine on the mesolimbic DA reward pathway. Thus, we have shown 
that the nicotine-induced increase in DA output in the NACshell is blocked in immunised 
rats even after an accumulative dose of 42 μg/kg. This dose corresponds approximately 
to the dose of nicotine ingested by smoking three cigarettes. Following administration 
of the highest dose, 48 μg/kg, i.e. an accumulative dose of 90 μg/kg delivered within 30 
minutes, there was a slight but significant increase in DA output, see figure 2. 
Interestingly, whereas the increase in DA output in the mock-immunised rats generally 
appears immediately, the increase in DA output was not associated with the time of the 
injection in the immunised rats. This time difference probably reflects a reduced 
distribution of nicotine to the brain in the immunised rats. It is well established that the 
time-lapse between the administration of an addictive drug and the drug-induced 
central reinforcement is negatively correlated to the dependence liability of the drug 
(Henningfield and Keenan 1993). Thus, a retarded nicotine distribution to the brain, 
induced by immunisation, would in itself in all probability contribute to reduce the 
reinforcing effect of the nicotine administered and even curb the addiction. 
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Figure 2. Effect of immunisation on the nicotine-induced increase in dopamine output in the NACshell 
over time in immunised (n= 4-7, closed circles) and mock-immunised rats (n= 11-13, open circles). Data 
are expressed as mean DA output ± SEM. Asterisks represent a significant increase in DA output 
compared to baseline as shown by one-way ANOVA followed by Newman-Keuls post-hoc analysis. 
 



 

   37

In summary, these results suggest that immunisation with IP18-KLH may block the 
acute reinforcing effects of nicotine through preventing nicotine from entering the 
brain. In addition, the reduced speed at which nicotine exerts its effect in the brain after 
immunisation would contribute to reduce the reinforcing properties of i.v. administered 
nicotine (Henningfield and Keenan 1993).  
 
Effect of immunisation with IP18-KLH on brain reward thresholds in nicotine-naïve 
and previously nicotine-exposed rats. 
Using the ICSS paradigm, we have evaluated the effect of two doses of nicotine on 
brain reward thresholds. As a general observation of mock-immunised animals, we 
have shown that in rats previously exposed to nicotine, challenge injections of nicotine 
seemed more effective in lowering reward thresholds than in nicotine-naïve rats. 
Further, the lower nicotine dose used (0.25 mg/kg s.c.) was more effective in lowering 
the reward threshold compared to the higher dose (0.5 mg/kg s.c.), which was found to 
have no effect on the reward thresholds, see figure 3. These results differ from previous 
results showing that also this dose of nicotine lowers the reward thresholds (Harrison, 
Gasparini and Markou 2002). Moreover, our results suggest that rats previously 
exposed to nicotine are more sensitive to the rewarding effects of nicotine and, 
furthermore, that the lower dose of nicotine is more rewarding than the higher dose 
tested. Comparing immunised and mock-immunised groups the results demonstrate that 
in nicotine-naïve rats a nicotine dose of 0.25 mg/kg s.c. only lowered the reward 
thresholds in the mock-immunised rats, showing that immunisation with IP18-KLH 
blocked the reward facilitating effect of this nicotine dose. The higher dose of nicotine 
(0.5 mg/kg s.c.) had no effect on reward thresholds in nicotine-naïve rats irrespective of 
immunisation. In rats previously exposed to nicotine, the lower dose of nicotine (0.25 
mg/kg s.c.) decreased the reward thresholds in both mock-immunised and IP18-KLH 
immunised rats, see figure 3.  
 
a        b 

**

80

90

100

110

120

IC
S

S
R

e
w

a
rd

T
h

re
s
h

o
ld

(%
o

f
B

a
s
e
li

n
e
) Sal/Mock-immunised

Sal/Immunised

S
a
l

S
a
l

N
ic

0
.5

N
ic

0
.2

5

N
ic

0
.2

5

N
ic

0
.5

S
a
l

S
a
l

Nic/Immunised

N
ic

0
.5

N
ic

0
.2

5

N
ic

0
.2

5

N
ic

0
.5

Nic/Mock-immunised

*

S
a
l

S
a
l

80

90

100

110

120

IC
S

S
R

e
w

a
rd

T
h

re
s
h

o
ld

(%
o

f
B

a
s
e
li

n
e
)

**
*

**
*

S
a
l

S
a
l

 
Figure 3 a-b. Shows the brain reward thresholds following challenge injections of two doses of nicotine. 
a Reward thresholds in nicotine-naïve rats immunised (n=10, clear bars) or mock-immunised (n=7, faded 
bars). b Reward thresholds in mock-immunised (n=9, faded bars) and immunised rats (n=9, black bars) 
previously exposed to nicotine. 
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Thus, the reward-facilitating effect of the lower dose of nicotine used in this experiment 
was not blocked in rats previously exposed to nicotine. However, taking into 
consideration the route of administration, also this dose of nicotine is quite large, 
corresponding approximately to the amount of nicotine ingested by smoking 7 
cigarettes at the same time. The observation that the higher dose of nicotine (0.5 mg/kg 
s.c.) lowered reward thresholds in the immunised, but not in the mock-immunised, rats 
previously exposed to nicotine, indicates an interactive effect between prior nicotine 
exposure and reduced nicotine availability. Thus, after immunisation with IP18-KLH 
the higher nicotine dose had effects similar to those seen with lower nicotine doses in 
mock-immunised nicotine-exposed rats.  
 
In summary, these results demonstrate that in nicotine-naïve rats immunisation with 
IP18-KLH may block the reinforcing effect of a dose of nicotine that is reinforcing in 
mock-immunised rats. Also, a higher dose of nicotine, which was found to have no 
effect on reward thresholds in nicotine-exposed, mock-immunised rats, lowered reward 
thresholds in immunised rats previously exposed to nicotine. Thus, these results show 
that immunisation with IP18-KLH may attenuate the reinforcing effects of nicotine in 
both nicotine-naïve and previously nicotine-exposed rats. These results are in 
agreement with results reported above, showing that the amount of nicotine reaching 
and activating the reward pathways of the brain is reduced after immunisation with IP-
KLH. 

  
4.1.4 Effect of immunisation with IP18-KLH on continuous nicotine 

exposure 

In the present study we used subcutaneously implanted osmotic minipumps that 
delivered nicotine continuously to induce nicotine dependence. Several studies have 
shown that continuous infusion of nicotine from doses of 1.05 to 6.32 mg/kg/day 
induce dependence in rats as measured by somatic abstinence signs and shifts in reward 
thresholds (Malin et al. 1992; Hildebrand et al. 1997; Skjei and Markou 2003). 
 
Effect of immunisation with IP18-KLH on brain reward thresholds and somatic 
abstinence signs during continuous nicotine exposure. 
This study was undertaken to explore whether immunisation with IP18-KLH might 
precipitate nicotine withdrawal by itself. The results show that active immunisation 
with IP18-KLH does not per se elicit nicotine withdrawal in rats continuously exposed 
to a high dose of nicotine (3.55 mg/kg/day) as determined by both reward thresholds 
and somatic signs (data not shown). A slow accumulation of antibodies against 
nicotine, leading to a slow gradual decrease in pharmacologically active nicotine, i.e. 
unbound nicotine, may account for the absence of detectable nicotine withdrawal 
effects. Alternatively, given the high amounts of nicotine administered, and the fact that 
even one third of the dose used in the present experiment sustains nicotine dependence 
(Malin et al. 1992), a partial nicotine blockade by the antibodies may leave enough 
nicotine available to prevent withdrawal in the two models studied. 
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4.1.5 Effect of immunisation with IP18-KLH on nicotine withdrawal 

Effect of immunisation with IP18-KLH on the DA output in the NAC, brain reward 
thresholds and somatic signs during spontaneous or mecamylamine-precipitated 
nicotine withdrawal. 
The present study was undertaken to explore the effect of immunisation with IP18-
KLH on different measures of nicotine withdrawal. To this end, the DA output in the 
NAC, brain reward thresholds and somatic signs were evaluated during nicotine 
withdrawal. Together these three methods measures different aspects of the withdrawal 
reaction, both central and peripheral.  
 
The results from the present thesis support previous results demonstrating a decrease in 
DA output in the NAC during mecamylamine-precipitated nicotine withdrawal in non-
immunised or mock-immunised rats. Furthermore, the results show that during 
mecamylamine-precipitated nicotine withdrawal the reduction in DA output observed 
in the NAC in mock-immunised rats is blocked in rats immunised with IP18-KLH, see 
figure 4.  
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Figure 4. DA output following mecamylamine-precipitated nicotine withdrawal. a DA output over time 
following precipitated nicotine withdrawal in immunised rats (n=9, open circles) and mock-immunised 
rats (n=7, closed squares). Mecamylamine was administered at 0 minutes. The asterisks represent a 
significant difference between different time-points and the last baseline-point in the mock-immunised 
group. b Mean DA output following precipitated nicotine withdrawal, the asterisks represent a significant 
difference between immunised and mock-immunised rats. 
 
Our results support previous data showing an increase in reward thresholds and somatic 
signs during spontaneous nicotine withdrawal in non- or mock-immunised rats. 
Although, a withdrawal syndrome appeared also in IP18-KLH immunised rats after 
discontinued nicotine administration, the effect was less pronounced. The elevation in 
reward thresholds in immunised rats during spontaneous withdrawal from continuous 
nicotine treatment was thus shorter in duration, reaching significance only at the first 
time-point of withdrawal (18 h) in contrast to mock-immunised rats, where the 
elevation in threshold was significantly elevated for three time-points (18, 42 and 66 h), 
see table 2. An increased duration of nicotine treatment has previously been shown to 
prolong the duration of the withdrawal reaction, as assessed by elevated brain reward 
thresholds and somatic signs (Skjei and Markou 2003). Also, a correlation between 
total nicotine dose and the magnitude of the elevations in reward thresholds has been 
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observed (Skjei and Markou 2003). These results indicate that the effect of the nicotine 
exposure was indeed modulated in the IP18-KLH immunised rats.  
 
Tabel 2. Reward thresholds at different time-points following withdrawal in immunised and mock-
immunised animals chronically exposed to saline or nicotine  

ICSS Reward Threshold (% of baseline) Treatment 

Pump/Immunisation D0 18 h withdrawal 42 h withdrawal 66 h withdrawal 

Saline/Mock-immunised 104.6 ± 2.1 101.4 ± 5.3 95.7 ± 3.5 96.8 ± 3.4 

Saline/Immunised 98.05 ± 1.0 113.3 ± 5.1** 102.7 ± 3.9 101.9 ± 3.0 

Nicotine/Mock-immunised 100.3 ± 2.1 122.4 ± 4.2*** # 113.3 ± 2.1** # 114.1 ± 3.4** 

Nicotine/Immunised 100.9 ± 2.6 121.4 ± 4.6*** 108.1 ± 3.1 107.8 ± 4.0 

** p< 0.01 compared to D0, *** p< 0.001 compared to D0, #  p<0.05 compared to saline-exposed mock-immunised 
group at the same time point. Data are presented as mean ± SEM 
 
Finally, also the increase in somatic signs was attenuated in immunised rats. The effect 
was less pronounced in the immunised rats compared to in the mock-immunised 
animals, see figure 5. It has previously been shown that the number of somatic 
abstinence signs is proportional to the amount of prior nicotine exposure (Malin et al. 
1992; Skjei and Markou 2003), providing further support for a decreased effect of the 
nicotine exposure in the immunised animals, as well as for an attenuated nicotine 
withdrawal syndrome. In summary, these results indicate that immunisation with IP18-
KLH may prevent not only the acute rewarding effects of nicotine, but may also 
attenuate the nicotine withdrawal syndrome.  
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Figure 5. Somatic signs at baseline and 18 h following nicotine withdrawal in the four treatment groups. 
Data are presented as mean number of signs ± SEM. The asterisks represent a significant difference 
compared to baseline. The plus sign represent a significant difference compared to mock-immunised 
saline-exposed group at 18 h withdrawal.  
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4.1.6 Effect of immunisation following extinguished nicotine-seeking 
behaviour 

Effect of nicotine priming doses on reinstatement of self-administration behaviour in 
rats immunised against nicotine. 
The present study was undertaken to examine whether small doses of nicotine could 
reinstate drug-seeking behaviour in rats following extinguished self-administration 
behaviour. This animal model imitates a drug-induced relapse situation in man. Our 
results are in agreement with those of Chiamulera et al. (1996) showing that a small 
dose of nicotine (1 μg/kg i.v.) increases nicotine-seeking behaviour in non-immunised 
or mock-immunised rats, whereas the higher dose of nicotine tested (30 μg/kg i.v.) did 
not significantly reinstate nicotine-seeking behaviour. In rats immunised with IP18-
KLH neither the lower nor the higher priming dose of nicotine reinstated nicotine-
seeking behaviour, see figure 6. 
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Figure 6. Effect of priming doses of nicotine in immunised and mock-immunised rats following 
extinguished nicotine-seeking behaviour. a Shows a significant reinstatement of nicotine seeking 
behaviour in mock-immunised but not immunized rats following 1 mg/kg i.v.. b Shows no effect of 30 
mg/kg i.v. in either immunised or mock-immunised rats. 

 
The self-administration paradigm is used to study different phases of dependence 
including acquisition, maintenance, extinction and reinstatement. It was recently 
shown, using another nicotine vaccine, that although the percentage of rats that 
acquired NSA did not differ between rats immunised against nicotine and mock-
immunised rats, the amount of nicotine self-administered was significantly lower in the 
immunised group (Lesage et al. 2005). In the same study, the effect of immunisation 
during the maintenance phase of NSA was studied. The results showed a significant 
decrease in self-administration of nicotine in the immunised group. Using this method 
it has also been shown that following active immunisation against both morphine 
(Bonese et al. 1974) and cocaine (Carrera et al. 2000) there is a shift to the right in dose 
effect curve during self-administration. This is consistent with the theoretical 
explanation that the antibodies bind, and thereby inactivate, a portion of the drug. Thus, 
a higher dose of the drug would be needed to compensate for the diminished effect. 
Furthermore, reinstatement of cocaine self-administration after active immunisation 
against cocaine has been explored and, in line with our results, active immunisation 
was found to prevent reinstatement of cocaine self-administration (Carrera et al. 2000). 
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It was observed that when the priming dose was increased two or three times, 
reinstatement of cocaine self-administering behaviour was only prevented in 40-60% of 
the animals. However, such a shift in the dose response curve of reinstatement was not 
observed in IP18-KLH immunised animals even after priming with a 30-times higher 
dose of nicotine. Our data thus suggest that the antibodies generated by immunisation 
with IP18-KLH effectively can block nicotine-induced effects in the brain, despite a 
major increase in the priming dose of nicotine.  
 
Nicotine addiction is characterised by an increased relapse risk for a sustained period of 
time after giving up smoking. It has been proposed that the major challenge in 
developing new treatments for smoking cessation is to find a treatment that protects the 
individual from relapse even for long periods after quitting.  
 
In summary the results from paper I, II and III show that active immunisation against 
nicotine with the immunogen IP18-KLH blocks the acute rewarding effects of nicotine, 
and that it attenuates the nicotine withdrawal reaction and, furthermore, prevents 
reinstatement of nicotine-seeking behaviour in an animal model of relapse.  
 
4.2 (-)-DS121 

(-)-DS121 is a D2/D3 autoreceptor preferring antagonist which has been suggested to 
have stabilising effects on DA neurotransmission in the brain. The so-called DA 
stabilisers show both agonistic and antagonistic actions. They are defined as being able 
to antagonise the hyperactivity induced by dopaminergic agonists without markedly 
changing the activity level of normal rats exploring a new environment. Furthermore, 
they stimulate the behaviour of rats with low activity level after habituation and lack 
cataleptogenic effect (see, Carlsson, Carlsson and Nilsson 2004). It has previously been 
shown that higher doses of (-)-DS121 may increase DA output in the NAC as well as 
locomotor activity (Sonesson et al. 1994; Ellinwood et al. 2000). (-)-DS121 has 
furthermore been shown to induce conditioned place preference (Kling-Petersen et al. 
1995). Such effects are commonly observed with psychostimulant drugs and may 
reflect an intrinsic reinforcing effect of the drug. However, (-)-DS121 did not support 
self-administration after substitution from cocaine (Smith, Piercey and Roberts 1995), 
nor did it facilitate intracranial self-stimulation (Kling-Petersen et al. 1995), and it is 
therefore not considered to possess significant reinforcing properties. However, based 
on the knowledge that the smoking cessation agent bupropion has been shown to 
exhibit reinforcing properties, we decided to study a subthreshold dose of (-)-DS121, in 
order to minimise the risk of studying a dose of (-)-DS121 with intrinsic reinforcing 
effects. 
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(-)-DS121

Identification of a subthreshold dose of (-)-DS121. 
In the first part of this study we searched for a dose of -(-)DS121 that would not 
increase the DA output in the NAC or the locomotor activity in habituated rats. 
Using microdialysis, we found both 1, 0.5 0.25 and 0.1 mg/kg s.c of (-)-DS121 seemed 
to increase DA output in the NAC (unpublished observations). However, a lower dose 
of (-)-DS121, 0.05 mg/kg s.c., did not significantly increase DA output in the NAC, see 
figure 7.  
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Figure 7. DA output over time in animals injected with (-)-DS121 0.05 mg/kg s.c. (n=10, closed squares) 
or saline 1ml/kg s.c. (n=5, open circles). Drugs were administered at 0 minutes. Data are presented as 
mean DA output ± SEM. 
 
The lack of stimulant effect of this dose of (-)-DS121 was further supported by its 
inability to increase locomotor activity in habituated rats (data in paper IV). This dose 
of (-)-DS121 was therefore selected and further studied for its potential ability to 
prevent both activating and inhibitory effects of nicotine. 
 
4.2.1 Effect of (-)-DS121 on a state of hypodopaminergic activity 

Effect of (-)-DS121 on the mecamylamine-precipitated nicotine withdrawal measured 
by DA output in the NAC and somatic signs. 
As reported above, nicotine withdrawal precipitated by mecamylamine is characterised 
by both a decrease in DA output in the NAC and by an increase in somatic signs. These 
changes are considered to reflect biological effects related to some of the difficulties 
experienced by smokers during a quit attempt. We have shown that (-)-DS121 co-
administered with mecamylamine partly prevents the decrease in DA output in the 
NAC, see figure 8. Furthermore (-)-DS121 prevents the increase in somatic signs 
during mecamylamine-precipitated nicotine withdrawal, see figure 9.  
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Figure 8. Effect of mecamylamine 1 mg/kg s.c. and mecamylamine co-administered with (-)-DS121 0.05 
mg/kg s.c. on the DA output in the NAC exposed to subchronic administration of nicotine. a Shows the 
effect over time. Drugs were administered at the time-point 0 minutes. The asterisks represent a 
significant decrease in DA output compared to baseline as shown by one-way ANOVA followed by 
Newman-Keuls post-hoc analysis. b Shows the mean DA output. The asterisks represent a significant 
difference between the two groups as shown by two tailed unpaired t-test.  
 
These results indicate that (-)-DS121 may be effective in reducing several aspects of 
the nicotine withdrawal reaction. Thus, (-)-DS121 and drugs with similar 
pharmacological profiles may be useful in treating nicotine dependence specifically to 
ameliorate nicotine withdrawal.  
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Figure 9. Effect of mecamylamine 1 mg/kg s.c. and mecamylamine co-administered with (-)-DS121 0.05 
mg/kg s.c. on the changes in the number of somatic signs following exposure to subchronic 
administration of nicotine. a Shows an increase in somatic signs after an injection of mecamylamine. 
Data are expressed as median ±SIQR. The asterisks represent a significant increase in somatic signs 
compared to the control saline injection as shown by Wilcoxon signed ranks test. b Shows no increase in 
in somatic signs after administration of mecamylamine combined with (-)-DS121.  
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4.2.2 Effect of (-)-DS121 on a state of hyperdopaminergic activity 

Effect of (-)-DS121 on the nicotine-induced increase in DA and DOPAC output in 
the NAC. 
Using microdialysis, we measured DA and DOPAC output in the NAC. We found that 
although (-)-DS121 did not significantly prevent the nicotine-induced increase in DA 
output in this brain region, there was a significant inhibition of the DOPAC output 
(figure 10). Such reduction in DOPAC output indicates a decrease in DA turnover as 
well as a decrease in firing activity of the DA neurons (Roth, Murrin and Walters 
1976). These results lead us to explore the effect of the firing activity of this drug alone 
and in combination with nicotine to study the physiological mechanism underlying the 
reduction in nicotine-induced DOPAC elevations. 
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Figure 10. Effect of nicotine 0.5 mg/kg s.c., expressed as free base (n=7, closed squares) and nicotine 0.5 
mg/kg s.c. combined with (-)-DS121 0.05 mg/kg s.c. (n=8, open circles) on the DOPAC output in the 
NAC. Drugs were administered at 0 minutes. Data are expressed as mean DOPAC output ± SEM. The 
asterisks represent significant differences between the two groups at the specified time-points. 
 
Effect of (-)-DS121 on the nicotine induced increase in firing rate and burst firing 
activity of the DA neurons in the VTA. 
Our results confirm previous studies, showing that nicotine increases the firing rate and 
burst firing activity of DA neurons in the VTA (Grenhoff, Aston-Jones and Svensson 
1986; Schilström et al. 2003), see figure 11. When given alone (-)-DS121 had no 
significant effect on either firing rate or burst firing of the DA neurons in the VTA. 
Furthermore, the experiments also show, that the nicotine-induced increase in firing 
rate and burst firing was attenuated by co-administration of (-)-DS121, see figure 11. 
These results are in line with the results reported above. Thus, although (-)-DS121 did 
not significantly prevent the nicotine-induced increase in extracellular concentrations of 
DA in the NAC, a significant reduction in DOPAC levels was still observed. Such a 
reduction in DOPAC output indicates a decrease in DA turnover and also a decrease in 
firing of the DA neurons (Roth, Murrin and Walters 1976), i.e. an attenuation of the 
acute, DA mediated rewarding effect of nicotine. Our results also demonstrate that the 
nicotine-induced increase in firing rate and burst firing activity was indeed prevented 
by nicotine co-administered with (-)-DS121. 
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Figure 11. Effect of nicotine 0.5 mg/kg s.c. (n=11) , -(-)DS121 0.05 mg/kg s.c. (n=11) and nicotine 0.05 
mg/kg s.c. co-administered with (-)-DS121 0.05 mg/kg s.c. (n=11) on the firing activity of the DA 
neurons in the VTA. a Shows the effect on firing rate. The asterisks represent a significant difference 
between baseline and the main effect determined by a two-way ANOVA followed by Newman-Keuls 
post-hoc analysis. b Shows the effect on the burst firing mode. The asterisks represent a significant 
difference between baseline and the main effect as determined by Wilcoxon signed ranks test.  
 
Gross inspection of the animals revealed that adding (-)-DS121 to nicotine caused a 
concomitant inhibition of locomotor activity in acute experiments. However, as the rats 
under these conditions also showed tremor and signs of sympathetic activation, effects 
probably unrelated to the moderate suppression of hyperdopaminergia might contribute 
to this behavioural outcome. These results may be explained by the fact that (-)-DS121 
is indeed derived from DA agonists and, thus, under conditions of hyperdopaminergia, 
still fulfil the criteria for a dopaminergic stabiliser (Carlsson, Carlsson and Nilsson 
2004). The present results indicate that (-)-DS121, which lacks dependence liability 
when given alone (c.f. above), may - in principle - allow for suppression of the 
hyperdopaminergia induced by acute nicotine administration. Previously, D3 receptors 
antagonists have been suggested to be useful in the treatment of drug dependence (c.f. 
Joyce 2001). Thus, it is possible that since (-)-DS121 possesses approximately 4 times 
higher affinity for the D3 receptor compared to the D2 receptor (Sonesson et al. 1994), 
also this pharmacological property of (-)-DS121 might contribute to the potential utility 
of (-)-DS121 for the treatment of drug addiction.  
 
In summary, the results from this part of the present thesis show that (-)-DS121 
attenuates both the mecamylamine-induced decrease in DA output in the NAC and the 
increase in somatic abstinence signs during nicotine withdrawal. These results support 
the notion that so-called DA stabilisers may represent an interesting novel 
pharmacological strategy for the treatment of nicotine dependence.  
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5 GENERAL DISCUSSION 
 
Since this project was initiated a few novel drugs for smoking cessation have entered 
clinical trials. These are mainly varenicline (developed by Pfizer) and rimonabant, 
(developed by SanofiAventis). Available clinical data on the effectiveness of these 
agents in smoking cessation are sparse. However, at the SRNT (Society for Research 
on Nicotine and Tobacco) meeting in Prague, March 2005, results from the 
effectiveness of both varenicline and rimonabant in smoking cessation were presented. 
Varenicline, which is a α4β2 partial nicotine receptor agonist, has been proposed to 
exert its mechanism of action through partial activation of the α4β2 nAChRs. It has 
been demonstrated that varenicline induces a moderate, but sustained, increase in 
mesolimbic DA output and that it blunts the nicotine-induced dopaminergic activation 
(Coe et al. 2005). Varenicline may thus reduce the nicotine-induced effects during 
smoking and, furthermore, provide relief from the withdrawal syndrome during 
smoking cessation through its partial activation of nAChRs (Coe et al. 2005). In clinical 
studies varenicline has been shown to reduce smoking from fifteen to five cigarettes per 
day. Furthermore, it seemed to be more effective in smoking cessation compared not 
only with placebo, but also with bupropion, increasing quit rate to 51% after treatment 
with 1 mg/day for 7 weeks (Sands et al. 2005). Rimonabant is a CB1 cannabinoid 
receptor antagonist. CB1 receptors have been located inter alia along the mesolimbic 
and mesocortical DA pathways (Herkenham et al. 1990). Activation of these receptors 
have been shown to increase the DA output in the NAC (Tanda, Pontieri and Di Chiara 
1997) as well as to reinstate drug-seeking behaviour (De Vries et al. 2001). Blockade of 
CB1 receptors, using rimonabant, has been demonstrated to decrease nicotine self-
administration and prevent the nicotine-induced increase in DA output in the NAC 
(Cohen et al. 2002). Furthermore, Rimonabant has been shown to block cue-induced 
reinstatement of drug-seeking behaviour to several drugs, including nicotine (De Vries 
et al. 2001, 2005; Anggadiredja et al. 2004). Rimonabant has thus been proposed to be 
effective in drug addiction in general. Emerging clinical results obtained with 
rimonabant showed that it was more efficacious in smoking cessation than placebo 
(see, Henningfield et al. 2005). However, in a more recent study one part of the clinical 
trial, which was performed in Europe, failed to show a significant increase in smoking 
cessation compared to placebo, whereas the other part of the trial, performed in the US, 
did. Rimonabant has, in addition, been shown to attenuate weight gain, both in 
association with smoking cessation (Niaura 2005) and in obese non-smokers (Van Gaal 
et al. 2005). Other drugs that have been proposed to be useful in smoking 
cessation/nicotine dependence include corticotropin releasing factor 1 receptor 
antagonists, DA transport inhibitors, D1 and D3 receptor antagonists, 5-HT2C receptor 
agonists, GABA receptor agonists and mGlu5 receptor antagonists. 
 
It has previously been suggested that DA stabilisers might be useful as treatments for 
several conditions characterised by a dysregulated dopaminergic transmission, such as 
drug dependence, schizophrenia and Parkinson’s disease. In clinical trials, the early DA 
stabiliser, (-)-3-PPP, was demonstrated to possess some antipsychotic effect without 
causing extrapyramidal side-effects in schizophrenic patients. However, the 
antipsychotic effect diminished after about one week. (-)-3-PPP was also found to 
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possess some mild anti-Parkinson effects when tested in a few patients with 
Parkinson’s disease. Aripiprazole, a novel antipsychotic drug with dopamine stabilising 
properties has recently been introduced. Aripiprazole has been found to possess long-
lasting antipsychotic activity (see, Carlsson, Carlsson and Nilsson 2004). It has also 
been shown to be effective in treating bipolar as well as schizoaffective disorders. 
Furthermore, aripiprazole is the only DA stabiliser that to our knowledge has been 
tested in the treatment of drug abuse in man. In agreement with the results from the 
present thesis, a pilot study evaluating bipolar or schizoaffective disorders with 
substance dependence indicated a reduction in substance use and craving during 
treatment with aripiprazole (Brown et al. 2005).  
 
The results of the present thesis suggest in principle that DA stabilisers, as exemplified 
by (-)-DS121, may indeed be effective as a novel pharmacological aid relieving the 
abstinence symptoms during smoking withdrawal. In contrast to the conventional 
drugs, i.e. NRT and bupropion, as well as to varenicline, (-)-DS121 lacks effect on 
nAChRs. Such a lack of nAChR activity may prove advantageous in treating nicotine 
dependence, given that nAChR agonists by substituting for the effects of nicotine might 
indeed lead to difficulties when terminating the treatment.  
 
In theory, vaccines against nicotine could be used clinically in several ways. The most 
obvious indications for nicotine vaccines are smoking cessation and relapse prevention. 
A nicotine vaccine might be used in smoking cessation either as a monotherapy or in 
combination with other medications, such as varenicline, DA stabilisers, rimonabant or 
bupropion. Such combination therapies might prove advantageous, since its different 
pharmacological components may target different aspects of the nicotine abstinence 
syndrome. Furthermore, the relatively long duration of the antibody response following 
active immunisation should make this treatment strategy especially suitable for long-
term relapse prevention. After immunisation, an occasional slip during abstinence, such 
as smoking a cigarette at a party or during a stressful situation, would leave the lapser 
without the reinforcing effect of the drug and, therefore, a full relapse would be 
prevented. Another proposed indication for a vaccine against nicotine is foetus 
protection in pregnant smoking women. It is well known that many smokers continue 
to smoke while being pregnant (DiFranza and Lew 1995) and, furthermore, that 
smoking during pregnancy is associated with low infant birth weight, increased 
neonatal morbidity and death. Moreover, smoking during pregnancy is associated with 
behavioural problems, such as learning disabilities, in children of mothers that were 
smoking during pregnancy (see, Ernst, Moolchan and Robinson 2001; Niaura et al. 
2001). Furthermore, preclinical studies indicate that nicotine is involved in mediating 
some of these adverse effects, e.g. the pathophysiology of the sudden infant death 
syndrome has been associated with nicotine exposure during pregnancy (see, Dempsey 
and Benowitz 2001). Moreover, although there are indeed ethical aspects to consider, 
nicotine vaccines have even been proposed to be used in primary prevention. 
Susceptible persons such as teenagers could be immunised to protect them from 
becoming nicotine dependent. Finally, immunotherapy against drugs of abuse could 
also be used to reverse drug overdose (Owens and Mayersohn 1986; McClurkan et al. 
1993). Anti-drug vaccines are now in development against several drugs of abuse, 
including morphine, cocaine, methamphetamine and phencyclidine (see above). 
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To our knowledge four different nicotine vaccines have been tested in man, including 
the nicotine vaccine, Niccine, which is still in ongoing trials. Results from the clinical 
trials of these vaccines have in part been presented at various international scientific 
meetings, and the results from one phase I study have in part been published (Maurer et 
al. 2005). The various nicotine vaccines differ in the structures of the linkers as well as 
where they are attached on the nicotine molecule, the carriers selected, the doses of 
antigen administered and, the immunisation schedules used. The different carriers may 
influence the immunologic response to the various vaccines, the duration of the 
immune-response as well as the side-effects. The structures of the linkers may expose 
nicotine differentially on the surface of the carriers, thereby affecting the quality of the 
antibodies generated. Finally, the immunisation protocols, including the number of 
immunisations administered, may influence the amount of antibodies produced, also 
during different time-points after immunisation. Even though a majority of the smokers 
report that they want to quit smoking, this does not mean that they at all times are 
interested in quitting (Fagerström 2005b). Therefore, the number of immunisations, as 
well as the interval between immunisations, might be of importance for the compliance 
beyond the first immunisation. It can be assumed that, due to the various properties of 
the different vaccines, the number of immunisations needed and the optimal interval 
between immunisations to achieve an optimal immunologic response may vary for the 
various vaccines. In ongoing or up-coming clinical trials (phase II and III) with nicotine 
vaccines, the number of immunisations administered range from four to seven 
according to information supplied by the nicotine vaccine companies. 
 
The first nicotine vaccine that entered clinical trials, TA-NIC, from Xenova Group uses 
a recombinant cholera toxin subunit B as a carrier. The vaccine developed by Nabi 
Pharmaceutical, NicVAX uses pseudomonas aeruginosa as a carrier and, the third 
nicotine vaccine, Nicotine-Qb, developed by Cytos Pharmaceuticals, uses Qb, a virus-
like particle, as a carrier. TA-NIC, NicVAX and Nicotine-Qb are all prepared with the 
adjuvant Alum. They have been shown to generate antibodies against nicotine (Bunce 
et al. 2005; Hatsukami et al. 2005; Maurer et al. 2005) and, furthermore, they have been 
demonstrated to be safe and well tolerated in human studies, although a dose-dependent 
increase in injection site reaction following immunisation has been observed (Bunce et 
al. 2005). No conclusive studies assessing the effect of immunisation on smoking 
behaviour have, as yet, been performed. However, there are indications from studies 
with TA-NIC, NicVAX and Nicotine-Qb that smokers immunised against nicotine with 
high levels of antibodies may spontaneously reduce- or even quit smoking. 
Furthermore, smoking satisfaction was reported to be reduced in the study using TA-
NIC (Bunce et al. 2005), and in the study with NicVAX, no increase in craving was 
reported (Hatsukami et al. 2005). 
 
In preclinical experiments with nicotine vaccines both active and passive 
immunisations have been studied. The first article, published in the late nineties, 
showed that active immunisation against nicotine generates antibodies against nicotine. 
The antibodies were found to be selective for nicotine since they recognised the 
nicotine metabolites cotinine and nicotine-N´-oxide to a limited extent. Furthermore, 
immunisation against nicotine altered the plasma concentrations of nicotine after an i.v. 
injection of nicotine, yielding a four to six fold higher plasma concentration of nicotine 
in immunised compared to mock-immunised rats, as nicotine was bound by antibodies 



 

 50

in immunised rats. The concentrations of nicotine in brain were also studied, however, 
no significant difference was detected (Hieda et al. 1997). Since then, other studies 
have replicated the results from this study and, furthermore, several studies have 
demonstrated a reduced distribution of nicotine to the brain in immunised compared to 
mock-immunised rats after both active (Keyler et al. 1999; Pentel et al. 2000; de 
Villiers et al. 2004), and passive immunisation (Pentel et al. 2000). Reductions in brain 
concentrations of nicotine have also been demonstrated in immunised compared to 
mock-immunised rats during concurrent nicotine administration (Hieda et al. 2000). 
These results show that the antibodies block the passage of nicotine to the brain, and 
given that nicotine exerts its dependence producing effects in the brain these results 
indicate that immunisation against nicotine reduces the reinforcing effects of nicotine. 
Furthermore, a reduced distribution of nicotine to foetal brain has been observed after 
immunisation of pregnant rats with both passive (Keyler et al. 2003), and active 
immunisation. Moreover, both acute and chronic nicotine administration reduced the 
distribution of nicotine to the foetal brain in immunised compared to mock-immunised 
rats (Keyler et al. 2005). It has also been demonstrated that passive immunisation 
against nicotine may prevent the nicotine-induced increase in systolic blood pressure 
and locomotor activity (Pentel et al. 2000) as well as nicotine drug-discrimination and 
nicotine-induced alleviation of the nicotine withdrawal reaction in rats (Malin et al. 
2001). The studies presented in the present thesis have further shown that active 
immunisation against nicotine blocks the nicotine-induced increase in DA output in the 
NAC (de Villiers et al. 2002) and, moreover, that it attenuates the rewarding effects of 
nicotine in nicotine-naïve as well as in previously nicotine-exposed animals. It has also 
been demonstrated that immunisation does not by itself precipitate nicotine withdrawal, 
although it attenuates the nicotine withdrawal reaction (Lindblom et al. in press) and, 
furthermore, that active immunisation against nicotine blocks reinstatement in nicotine-
seeking behaviour in rats following exposure to small priming doses of nicotine 
(Lindblom et al. 2002). Finally, a study from another research group recently showed 
that acquisition as well as maintenance of NSA was reduced in rats immunised against 
nicotine (Lesage et al. 2005).  
 
In summary, these studies provide basic proof of principle for the use of nicotine 
vaccines as a novel treatment strategy for nicotine dependence. The results support a 
potential use of nicotine vaccines in preventing the acute reinforcing effects of nicotine 
as well as in reducing acquisition of NSA, which would be critical in primary 
prevention. Furthermore, the distribution of nicotine to foetal brain of pregnant rats has 
been shown to be reduced, indicating that nicotine vaccines could provide protection of 
the foetus against the effects of nicotine. In addition, nicotine vaccines have been 
shown to attenuate the nicotine withdrawal reaction, providing support for the use of 
nicotine vaccines in smoking cessation. Finally, it has been demonstrated that nicotine 
vaccines may prevent nicotine-induced reinstatement of nicotine-seeking behaviour, 
suggesting the utility of active immunisation against nicotine in long-term relapse 
prevention. These preclinical observations together with available clinical data thus 
propose that a new treatment in smoking cessation may soon be available. 
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