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ABSTRACT 
 
Tobacco smoking is a worldwide health problem. Nicotine is generally accepted as 

the addictive substance in tobacco smoke. In addition to causing cancer, cardiac, vascular 
and pulmonary diseases, tobacco smoking has been suggested to act as a gateway drug to 
other drugs of abuse. The purpose of this study was to find out, whether chronic nicotine 
administration and its cessation potentiate the effects of morphine, and the mechanisms 
behind this. The study was performed in mice that received nicotine chronically via 
drinking water. This method of administration mimics human smoking in that the mice 
receive nicotine intermittently during their active time and that their plasma nicotine 
concentrations resemble those found in human smokers. 

First, we found that after chronic oral nicotine treatment mice are sensitized to the 
locomotor activity increasing effects of morphine. However, cocaine’s stimulating effect 
was not enhanced after chronic nicotine treatment, suggesting that the enhanced 
stimulation is due to changes in the regulation of dopaminergic system. 

Second, we noticed that mice pretreated chronically with nicotine required smaller 
doses of morphine to display place conditioning than control mice, suggesting that 
chronic nicotine treatment enhances morphine’s reinforcing effects. However, we found 
no changes in the number, affinity or functional activity of the µ-opioid receptors, which 
mediate morphine’s effects, suggesting a minor role for the alterations of this receptor in 
the enhanced effects of morphine. 

Third, we found that nicotine pretreatment enhances the morphine-induced increase 
in nigrostriatal and mesolimbic extracellular dopamine levels, which are likely involved 
in the behavioural changes observed after chronic nicotine treatment. Furthermore, 
morphine’s effect on GABAergic transmission in the ventral tegmental area/substantia 
nigra after chronic nicotine treatment was opposite to that in controls; morphine increased 
extracellular GABA in nicotine-pretreated mice. No changes in GABAB-receptor function 
were found after nicotine treatment. The changes in GABA transmission are possibly 
involved in the alterations in the morphine-induced dopamine transmission after chronic 
nicotine treatment.  

Last, chronic nicotine treatment altered cerebral levels of brain-derived neurotrophic 
factor (BDNF) and phosphorylated cAMP response element binding protein (pCREB), 
which are markers of neuronal plasticity. Chronic nicotine decreased BDNF and pCREB 
levels in the ventral tegmental area and nucleus accumbens, respectively. BDNF levels 
increased during nicotine abstinence, suggesting that mechanisms of neuronal plasticity 
are activated after the cessation of chronic nicotine treatment, which could be related to 
the long-lasting neuronal changes behind addiction. We also found nicotine-morphine 
interactions in pCREB levels in the soma areas of dopaminergic neurons, showing that 
nicotine and morphine interact also at the molecular level. These alterations may be 
involved in the behavioural and neurochemical nicotine-morphine interactions. 

In conclusion, these experiments suggest that chronic nicotine treatment profoundly 
enhances morphine’s effects on striatal dopaminergic pathways and thereby enhances its 
effects on locomotion and reinforcement. The alterations in neuronal plasticity markers 
found in dopaminergic brain areas most probably are involved in these changes. Also, 
alterations in midbrain GABAergic systems may contribute. These experiments indicate 
that chronic nicotine exposure leads to cerebral neurochemical and molecular changes that 
facilitate the addictive properties of morphine. Thus, tobacco smoking may alter the 
addictive properties of other drugs of abuse.  
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1. INTRODUCTION 
 
Nicotine, absorbed via tobacco smoke, and alcohol are the most widely used substances of 
abuse (Farrell et al. 2001). Smoking causes cancer, as well as cardiac, vascular and 
pulmonary diseases (Baliunas et al. 2007). Tobacco smoking is the leading cause of 
deaths that could be prevented. Besides causing harm to individuals via diseases and costs 
to the society, tobacco smoking has been suggested to facilitate initiation of use of other 
addictive substances (Henningfield et al. 1990; Lai et al. 2000). 
 
Research reports show that the prevalence of alcohol dependence is about four times 
higher among nicotine-dependent than in the general population, and that the prevalence 
of nicotine dependence is three times higher among alcoholics than in general population 
(Grant et al. 2004). There is evidence that people who have ever smoked cigarettes are 
more likely than non-smokers to use cocaine, heroin, and cannabis (Lai et al. 2000). 
Furthermore, research data show that tobacco smoking positively correlates with cocaine 
and/or opioid use (Frosch et al. 2000; Henningfield et al. 1990; Higgins et al. 1994; 
Konings et al. 1995; Stark and Campbell 1993).  
 
The prevalence of tobacco smoking in drug addicts has been reported to vary between 60-
85%. Cocaine-dependent tobacco smokers use more cocaine than non-smoking cocaine 
users, and cocaine use increases smoking (Higgins et al. 1994). In tobacco smoking 
methadone-maintaining patients, methadone dose is higher than in nonsmokers (Frosch et 
al. 2000), and smoking and nicotine gum increase methadone self-administration (Spiga et 
al. 1998). Additionally, cigarette smoking increases during heroin (Mello et al. 1980), 
buprenorphine (Mello et al. 1985) and methadone administration among opioid abusers 
(Chait and Griffiths 1984; Schmitz et al. 1994). Also, there are similarities between the 
addictions, and cues that increase desire to smoke also induce craving for other drugs of 
abuse (Taylor et al. 2000). Based on these studies and animal research, it has been 
suggested that tobacco smoking could operate as a gateway to illicit drug use (Lai et al. 
2000). Only a small fraction of the human population ever experiments with opioids or 
other hard drugs (Anthony et al. 1994). Social and environmental factors can either 
protect an individual from using drugs or endanger them to drug use (Koob and Le Moal 
2006). Further, genetic vulnerability may contribute to drug vulnerability. However, in 
those adolescent individuals experimenting with illicit drugs, prior or current smoking 
may affect the development of addiction.  
 
The purpose of this study was to determine whether tobacco smoking changes the 
addictive properties of other drugs of abuse. This problem was approached by studying 
whether chronic nicotine administration and its cessation potentiate the effects of 
morphine, and the mechanisms underlying the change. The study was performed using a 
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mouse model of chronic nicotine administration in which the nicotine was added to their 
drinking water (Pekonen et al. 1993). This method has been developed in the Division of 
Pharmacology and Toxicology, and it mimics human smoking in that mice receive 
nicotine intermittently during their active periods. Furthermore, the plasma concentrations 
of nicotine resemble those observed in human smokers (Pietilä and Ahtee, 2000).  
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2. REVIEW OF THE LITERATURE 
 
2.1 Drug addiction 
 
According to Koob and LeMoal (2008), drug addiction is a chronic relapsing disorder that 
involves compulsive drug seeking and use, an inability to control in drug intake despite 
negative consequences, and a negative emotional state when drug use is discontinued. 
Initially, a drug of abuse most often elicits euphoria and pleasure, and its use has been 
compared with an impulse control disorder, where committing an impulsive act produces 
relief and pleasure. As the drug use continues, it moves from impulsivity to compulsivity, 
and it no longer leads to positive reinforcement and pleasure, but the behaviour is run by 
negative reinforcement, removal of the aversive state (Koob and Le Moal 2005). 
Development of this compulsive disorder has been postulated to have three states that 
form a cycle of addiction and feed each other. These states are 1) 
anticipation/preoccupation, 2) binge/intoxication, and 3) withdrawal/negative affect 
(Koob and Le Moal 1997).  
 
In this study, drug addiction refers to the chronic disease described above, whereas 
physical dependence refers to the physical state that the continuous use of a drug 
generates, leading to the manifestation of physical withdrawal signs and symptoms after 
the discontinuation of drug use (Koob and Le Moal 2006). In addition to the positive 
effects (intoxication, ‘high’) from drugs of abuse, negatively motivating effects, the fear 
of withdrawal symptoms, drive their continuous use. However, physical dependence alone 
does not explain addiction because the relapse rate is high even after disappearance of 
withdrawal symptoms (van Ree et al. 1999). 
 
Robinson and Berridge (1993) have suggested that repeated drug use, which leads to 
sensitization for a drug’s effect, is associated with drug-induced plasticity in the central 
nervous system. Both craving, pathologically strong wanting of the drug, and relapse have 
been proposed to result from these plastic changes. In repeated drug use, tolerance may 
develop. It has developed when a dose of drug produces a smaller effect than initially, or 
when a higher dose is needed to produce the initial effect and is a phenomenon opposite 
to sensitization. Tolerance is a characteristic effect of several addictive drugs including 
opioids and to some degree of nicotine. It is to be noted that tolerance is not produced 
similarly towards all effects of the same drug and its association with development of 
compulsive drug use is so far difficult to establish except that misusers need larger doses 
after repeated drug intake.  
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2.1.1 Reinforcement and reward 
 
When an experimental animal performs a certain action and receives something 
pleasurable as a consequence, this pleasurable thing, e.g. food or a drug, is a positive 
reinforcer. It increases the probability that the animal will repeat the action that leads to 
gaining the reinforcer and facilitates learning of a behavioural response (for review, see 
van Ree et al. 1999). The term ‘negative reinforcement’ refers to the aversive behaviour 
that a negative reinforcer generates. Thus, it increases the probability that an action that 
leads to the avoidance of an aversive stimulus will be repeated. ‘Reward’ denotes a 
subjective feeling of pleasure, and the term includes an interpretation of a subject’s 
positive affect. The terms ‘positive reinforcement’ and ‘reward’ are often used as 
synonyms. With the current methods in animal studies it is possible to assess 
reinforcement but not an animal’s subjective feelings. Thus, the term positive 
reinforcement is more conservative. 
 
The animal models used in addiction studies have a common problem with their face 
validity because the experimental settings do not fully emulate the human condition 
(Koob and Le Moal 2008). However, they do work as models of certain elements of 
human drug addiction, such as positive and negative reinforcement, and they better model 
addiction than for example animal models of depression or schizophrenia model these 
human diseases. Common methods for measuring the positive reinforcing effects of 
drugs, place conditioning, intracranial self-stimulation (ICSS), and self-administration, all 
exploit associative learning (van Ree et al. 1999).  
 
In place conditioning studies, an animal learns to associate the effects of a drug with a 
certain environment (for review of the method, see Bardo and Bevins 2000; Sanchis-
Segura and Spanagel 2006). Conditioning is measured when the animal is in a drug-free 
state. The animal may choose between drug- and placebo-associated environments, and 
the time that the animal spends in each environment is measured. If the studied substance 
increases the time that the animal spends in the drug-associated environment, relative to 
the initial time in the same environment, the substance is positively reinforcing. On the 
other hand, aversive substances and precipitated withdrawal induce place aversion.  
 
In an ICSS experiment, an electrode is placed in an animal’s brain (for review, see 
Sanchis-Segura and Spanagel 2006; van Ree et al. 1999). Commonly, the electrode is 
operated in the medial forebrain bundle, but it can be placed in any brain area involved in 
reward (e.g. VTA, lateral hypothalamus, amygdala). By performing a task, such as 
pressing a lever, the animal gives itself a pleasurable short electrical current via the 
electrode, which activates brain reward circuits. In general, whatever their 
pharmacological mechanism of action, drugs of abuse increase self-stimulation and 
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decrease the self-stimulation threshold. Withdrawal from drugs commonly increases self-
stimulation threshold, showing decreased reward. 
 
In self-administration studies, an animal is taught that by e.g. pressing a lever (rats) or by 
poking a hole in the wall of the experimental apparatus with their nose (mice), a drug dose 
is received. The drug can be given e.g. as an i.v. infusion or as a direct injection into the 
brain. I.v.-self-administration is considered a predictive model for the abuse potential of 
drugs (Koob and Le Moal 2008). The drug may also be administered via drinking water. 
In such experiments, the animal can choose between a drug solution and vehicle (Sanchis-
Segura and Spanagel 2006). 
 
2.1.2 Sensitization 
 
The term ’sensitization’, or reverse tolerance, refers to an increase in the response to a 
stimulus after repeated exposure to the stimulus (Robinson and Berridge 2003). 
Sensitization can be seen both in behavioural responses and in neurotransmitter release 
(Sanchis-Segura and Spanagel 2006). Especially the mesolimbic dopamine (DA) pathway 
has been associated with sensitization (Vezina 2004). Sensitization of locomotor activity 
is called psychomotor sensitization, and it develops after intermittent treatment with the 
stimulus especially to psychostimulants cocaine and amphetamine but also to morphine 
(Sanchis-Segura and Spanagel 2006). Sensitization is increased when the stimulus is 
given in a certain environment, but it can also develop independent of environmental 
factors. Robinson and Berridge (1993) have suggested that environmental cues associated 
with the drug may be attributed to ‘incentive salience’ and become incentive stimuli. 
Incentive salience means that an originally neutral stimulus becomes attractive and 
wanted. When environmental cues associated with the drug’s use become incentive 
stimuli, they can trigger craving, in other words intense, even pathological desire, for the 
drug. It has been suggested that in drug users, sensitization of the incentive salience may 
be related to the transition from occasional recreational use to abuse (Sanchis-Segura and 
Spanagel 2006) and to maintenance and increase in drug use (Vezina et al. 2007). 
Amphetamine has been reported to induce a sensitization toward DA release in human 
brain (Boileau et al. 2006). However, the behavioural counterpart of animal psychomotor 
sensitization in humans is unclear.  
 
2.1.3 Dopaminergic systems 
 
The most important neural circuits implicated in positive reinforcement are the 
nigrostriatal, mesolimbic and mesocortical DAergic pathways (Wise 2005) (Fig. 2-1). The 
nigrostriatal pathway projects from the substantia nigra pars compacta (SNC) mainly to 
the caudate putamen (CPu or dorsal striatum) (Cooper et al. 2003). The mesolimbic 
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pathway originates in the ventral tegmental area (VTA) and terminates in the limbic areas: 
nucleus accumbens (NAc or ventral striatum), amygdala, hippocampus, septum and 
olfactory tubercle. The mesocortical pathway also has its cell bodies in the VTA, and the 
neurons ascend to limbic cortical areas. 

Fig. 2-1. Dopaminergic 
pathways involved in 
addiction. CPu = caudate 
putamen, NAc = nucleus 
accumbens, OT = olfactory 
tubercle, PFC = prefrontal 
cortex, SN = substantia nigra, 
VTA = ventral tegmental 
area. Modified from (Kuhar et 
al. 1999). 

 
The nigrostriatal pathway is involved in sensory-motor processes and the execution of 
complex motor acts, whereas mesolimbic and mesocortical DAergic pathways are 
involved in responses to appetitive and aversive stimuli and emotions (Horvitz 2000). 
Natural reinforcers, like food and sex, activate the mesolimbic system. Most of the drugs 
abused by humans, such as opioids, ethanol, nicotine, amphetamine and cocaine, activate 
the mesolimbic DAergic system by increasing extracellular DA in the NAc (Di Chiara 
and Imperato 1988a), either by increasing accumbal DA on the spot (amphetamine, 
cocaine) or by increasing DA neuron firing in the VTA (morphine, nicotine). Blocking 
these systems with DA antagonists (Acquas et al. 1989) or by lesioning (Roberts and 
Koob 1982; Smith et al. 1985) attenuates drug self-administration and place preference, 
behaviours that involve DA activity.  
 
Besides NAc, drugs of abuse also increase DA release in the CPu (Di Chiara and 
Imperato 1988a). It has been suggested that NAc mediates the early stages of drug use but 
that plastic changes within the CPu may be involved in the learning processes of addiction 
and in the formation of a persistent habit of drug use (Gerdeman et al. 2003; Packard and 
Knowlton 2002). Also, the subregions of NAc, the shell and core, have been suggested to 
have different roles and functions, as well as different projection areas (Heimer et al. 
1991). The core of NAc resembles the CPu, whereas the shell is a part of the limbic 
system and shows a larger DA response to drugs of abuse (Heimer et al. 1991; Zocchi et 
al. 2003). 
 
In a normal state, DAergic neurons in the midbrain fire tonically at low frequency (ca. 5 
Hz) (Wightman and Robinson 2002). Learning events, rewards and reward-predicting 
stimuli transition the firing into burst firing (ca. 30 Hz). As the final response to a reward, 
DA firing has been suggested to be the difference between the predicted and an actual 
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reward, and the outcome is involved in the appetitive learning processes (Schultz et al. 
1998). 
 

 
 
Fig. 2-2. A schema of the innervation of the mesolimbic/mesocortical DAergic 
systems. ACh = acetylcholine, AR = nucleus arcuatus, DA = dopamine, GABA = 
gamma-amino butyric acid, Glu = glutamate, β-END = β-endorphin, NAc = nucleus 
accumbens, PFC = prefrontal cortex, PPT/LDT = pedunculopontine and laterodorsal 
tegmental nuclei, VTA = ventral tegmental area. Modified from (Fagen et al. 2003). 
 
Fig. 2-2 shows the innervation of the mesolimbic/mesocortical DAergic system. In the 
striatal areas, DAergic neurons mainly innervate inhibitory medium-sized spiny 
GABAergic neurons that project directly or indirectly to DAergic perikarya (Packard and 
Knowlton 2002). These neurons co-express neuropeptides, including opioid peptides. 
Cortical areas project excitatory glutamatergic input to the striatum (McGinty 1999). In 
addition, the striatum contains GABAergic and cholinergic interneurons that contribute to 
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the assembly of the information that the striatum mediates. Endorphinergic input from 
nucleus arcuatus innervates both the NAc and the VTA. 
 
In the soma areas of DAergic neurons, GABAergic inhibitory and glutamatergic 
excitatory inputs control the neurons, along with the cholinergic input form the 
pedunculopontine tegmental nucleus (PPT) and laterodorsal tegmental nucleus (LDT) 
(Wonnacott et al. 2005). 
 
2.1.4 Molecular changes associated with addiction 
 
It has been hypothesized that drugs of abuse induce adaptive changes in the neural circuits 
mediating their effects (Koob and Le Moal 2008; Robinson and Kolb 2004). These 
molecular and neuronal changes are then involved in the reward-related learning 
processes in the development of addiction and mediate sensitization and drug craving. 
Next, some of the molecules and molecular changes associated with drug use are 
reviewed.  
 
Transcription factors regulate gene expression and, thus, may induce synaptic plasticity 
(Nestler 2004). Changes in gene expression lead to altered functioning of neurons and 
neural circuits. Among the most widely studied transcription factors associated with 
addiction are CREB and ∆FosB. Changes in the levels of CREB (cAMP response element 
binding protein) and its phosphorylated form, pCREB, may contribute to the reinforcing 
effects of drugs of abuse (Carlezon et al. 1998), sensitization (Mattson et al. 2005), and 
tolerance and dependence that increase sensitivity to later drug exposure (Nestler 2004). 
CREB may also be related to the negative affect in the withdrawal. The effects of CREB 
activation depend on the brain region involved. In the NAc, decreased CREB activity 
appears to be involved in increased positive reinforcing effect of drugs of abuse (Carlezon 
et al. 1998) and DAergic activity (Dong et al. 2006). The target genes for CREB differ 
among cell types but may include genes for other transcription factors, intracellular 
messengers, growth factors and opioid peptides (for review, see Carlezon et al. 2005; 
Mayr and Montminy 2001). 
 
∆FosB is a truncated form of FosB-protein and a member of Fos-transcription factor 
family. It has been suggested to be involved in the sensitization to drugs, as FosB-
knockout mice do not show sensitization to cocaine (Hiroi et al. 1997). Natural 
reinforcers, drugs of abuse and stress can induce ∆FosB in several brain areas, and the 
striatum is one of the most commonly affected areas (McClung et al. 2004). Acute drug 
administration induces ∆FosB only slightly, but it accumulates and endures for weeks 
after cessation of repeated drug administration because it is a relatively stable molecule 
(Nestler 2004). Unlike CREB, which is believed to contribute to the acute effects of 
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drugs, ∆FosB is thought to have a role in the long-term neuronal modifications caused by 
drug use, and thus, may mediate sensitivity to drugs (for review, see McClung et al. 
2004). Possible targets for ∆FosB are e.g. AMPA and NMDA glutamate receptor subunits 
and opioid peptide dynorphin. 
 
Neurotrophic factors are proteins that contribute to neuronal survival and function, as well 
as synaptic plasticity (Sariola and Saarma 2003). BDNF, brain-derived neurotrophic 
factor, and GDNF, glial cell line-derived neurotrophic factor, are both target-derived 
neurotrophic factors for midbrain DAergic neurons. BDNF is a member of the 
neurotrophin-family of neurotrophic factors that exerts its neurotrophic effects via the 
TrkB (tropomyosin related kinase B) –receptor (Klein et al. 1991). In the adult brain, 
BDNF-TrkB signalling is critically involved in regulating neuronal network plasticity (for 
review, see e.g. Lipsky and Marini 2007). BDNF-infusions into the brain enhance 
cocaine-induced locomotor activity (Horger et al. 1999; Pierce et al. 1999), cocaine self-
administration (Graham et al. 2007) and cocaine-seeking (Lu et al. 2004). On the other 
hand, withdrawal from cocaine also increases BNDF levels (Grimm et al. 2003). 
Furthermore, studies with human smokers (Kim et al. 2007), alcoholics (Joe et al. 2007) 
and drug abusers (Angelucci et al. 2007; Kim et al. 2005) have associated BDNF in 
addictive behaviour. GDNF is a member of GDNF family of neurotrophic factors. Its 
effects are mediated by GFRα1-receptor and RET tyrosine kinase (Sariola and Saarma 
2003). VTA-infusions of GDNF prevent morphine- and cocaine-induced increases in 
tyrosine hydroxylase (TH) and to attenuate cocaine-place conditioning (Messer et al. 
2000). Again, heterozygous GDNF-knockout mice are more sensitive to the DA-releasing 
effects of morphine than wildtype littermaters (Airavaara et al. 2006). Overall, it seems 
that BDNF and GDNF have opposite effects on the brain’s response to drugs of abuse. 
BDNF enhances a drug’s effects, while GDNF protects the brain from them. 
 
2.2 Nicotine 
 
The plant Nicotiana tabacum originates in America. The American natives smoked its 
dried leaves and initiated the habit to the European conquerors. The habit was introduced 
to the French court in the 16th century by Ambassador Jean Nicot de Villemain, according 
to whom the plant was given its Latin name. Nicotine is one of over 4000 chemicals 
found in tobacco smoke, and it is widely accepted to be the substance that exerts the 
addictive properties of tobacco, and maintains tobacco smoking (Stolerman 1991). 
Although nicotine is included with the drugs of abuse, it has minor effects on human 
behaviour, and the nicotine-intoxication state, when compared with other drugs of abuse, 
is mild and forms a minor component of tobacco addiction (Koob and Le Moal 2008). 
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Smoking is an efficient way to administer nicotine. Nicotine in tobacco smoke reaches the 
brain within 8-10 seconds, faster than by any other form of nicotine administration (Matta 
et al. 2007). The fast delivery of nicotine to the brain is important for its reinforcing 
properties. The plasma concentrations of nicotine in smokers in the afternoon range from 
10-50 ng/ml, and the peak arterial blood concentration after smoking a cigarette can reach 
100 ng/ml. In humans, the half-life of nicotine is approximately 2 h, while it is 45 minutes 
in rats and only 6-7 minutes in mice. 
 
2.2.1 Neuropharmacological principles of nicotine action 
 
Cholinergic pathways in the brain 
 
Above the brain stem, there are three major cholinergic subsystems that widely innervate 
the brain (Dani and Bertrand 2007). One system arises from the pedunculopontine 
tegmental nucleus (PPT) and the laterodorsal tegmental nucleus (LDT) and projects into 
the thalamus and DAergic areas in the midbrain, as well as the caudal pons and brain 
stem. The second system arises from the basal forebrain nuclei and projects into the 
cortex and the hippocampus, while the third major system consists of striatal cholinergic 
interneurons. The neurotransmitter used in these systems is acetylcholine (ACh), which is 
synthesized from acetyl coenzyme A and choline by acetyl cholinetransferase and is 
degraded by acetylcholinesterase (Cooper et al. 2003). ACh functions via the nicotinic 
acetylcholine receptors (nAChRs) and muscarinic receptors. The present review covers 
only the nAChRs. In the central nervous system (CNS), ACh is an important 
neuromodulator, and abnormal function of either ACh or its receptors has been linked to 
several human diseases, including epilepsy, Alzheimer’s disease, and schizophrenia (Dani 
and Bertrand 2007; Lena and Changeux 1997). 
 
nAChR structure and distribution in the mammalian brain 
 
nAChRs are transmembrane ligand-gated ion channels that consist of five subunits and 
mediate the physiologic effects of ACh together with muscarinic receptors. The ligand 
binding site is at the interface of two subunits (Dani and Bertrand 2007). Agonist binding 
leads to rapid and transient opening of the ion channel.  
 
In the mammalian nervous system, α2-α7, as well as β2-β4 subunits of nAChR’s have 
been identified (Dani and Bertrand 2007). The α2-α6 and β2-β4 subunits compose 
heteromeric αβ receptors, while the α7 subunit forms homomeric receptors. nAChRs are 
widely expressed in the brain. The most abundantly expressed subunits in the CNS are α4 
and β2 (Cordero-Erausquin et al. 2000). Receptors containing the α4 and β2 subunits 
have a high affinity for ACh and nicotine and a slow desensitization rate (Alkondon and 
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Albuquerque 1993). The brain regions expressing the highest levels of α4β2 receptors are 
the thalamus, cortex and hippocampus (Cordero-Erausquin et al. 2000). α7 receptors have 
a low affinity for nicotine and a fast desensitization rate (Alkondon and Albuquerque 
1993), but they also recover from desensitization quickly (Dani et al. 2000). α7-receptors 
are mainly located in the limbic system and cortex (Cordero-Erausquin et al. 2000). α6 
subunit containing receptors are located in monoamine-containing nuclei (Goldner et al. 
1997). Receptors consisting of α6, α4, β2 and β3 subunits are the most sensitive known 
nAChRs to nicotine (Salminen et al. 2007). α3β4 receptors have a low affinity for 
nicotine and they desensitize slowly (Alkondon and Albuquerque 1993). These receptors 
have been localized in habenulo-interpeduncular system (Cordero-Erausquin et al. 2000; 
Perry et al. 2002). 
 
In research, commonly used nAChR agonists other than nicotine are (−)-epibatidine, (+)-
cytisine, and (+)-anatoxin-α (Alkondon and Albuquerque 1995). The antagonists used in 
research include mecamylamine, which blocks α2-α6 subunits containing receptors and 
crosses the blood-brain barrier, and dihydro-β-erythroidine, which inhibits β2 subunit 
containing receptors (Alkondon and Albuquerque 1993). α-bungarotoxin and 
methyllycaconitine (MLA) specifically block the α7 receptor in the brain (Alkondon and 
Albuquerque 1993).  
 
nAChR desensitization 
 
nAChRs have several conformational states; resting, active, desensitized and inactivated 
(Edelstein et al. 1996). Desensitization occurs after sustained exposure to nicotine and 
refers to a reversible conformational transition of the receptor to a state that causes a loss 
of function (Dani and Bertrand 2007). Desensitization probably does not have a role in the 
normal physiologic state, as the half-life of ACh is short due to its rapid enzymatic 
degradation by acetylcholinesterase in the extracellular space (Gentry and Lukas 2002). 
On the other hand, desensitized nAChRs have a higher affinity to ACh and other ligands 
compared with receptors in resting state (Picciotto et al. 2008). Desensitization controls 
cholinergic activity and is involved in adaptive changes of signal transmission (Giniatullin 
et al. 2005). 
 
The mechanisms underlying the desensitization and inactivation of nAChRs are 
incompletely understood, but they may involve phosphorylation-dependent processes 
(Huganir et al. 1986). The rate of desensitization depends on the receptor’s subunits; α7 
receptors desensitize in milliseconds, while non-α7 receptors desensitize in seconds 
(Giniatullin et al. 2005). The application of an agonist usually first activates the receptor 
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and then desensitizes it, but with low agonist concentrations, desensitization may slowly 
occur without first activating the receptor. 
 
nAChR upregulation 
 
Chronic exposure to nicotine causes nAChR upregulation, in other words, increase in 
receptor number, without affecting binding affinity (Gentry and Lukas 2002). 
Upregulation as a result of agonist treatment is unusual in pharmacology; usually agonist 
treatment leads to decrease and antagonist treatment to increase in receptor number. 
nAChR upregulation has been shown in vitro, in animals and post mortem in the brains of 
human smokers (Benwell et al. 1988; Gentry and Lukas 2002; Nuutinen et al. 2005). All 
nAChRs are upregulated, but there are variations between brain regions, neuron 
subpopulations and the degree of upregulation among receptor subtypes (Nashmi et al. 
2007). In vivo, the onset of and recovery from upregulation take approximately a week in 
rodents (Gentry and Lukas 2002). Upregulation involves posttranscriptional changes, as 
mRNA levels are not substantially altered (Gentry and Lukas 2002; Marks et al. 1992). It 
is not yet known whether nAChR upregulation leads to an increase in the number of 
desensitized receptors or whether the receptors maintain functionality (Picciotto et al. 
2008). Interestingly, it was recently shown that chronic nicotine treatment downregulates 
nAChRs containing α6 subunits (Lai et al. 2005). 
 
2.2.2 nAChRs in the regulation of neurotransmitter release 
 
In the CNS, the main function of nAChRs is to regulate transmitter release (Wonnacott 
1997). Via this function, nAChRs are involved in mediating several processes, including 
cognitive functions such as learning, memory and attention, anxiety, movement control, 
antinociception and reinforcement (Dani and Bertrand 2007).  
 
nAChRs are located in axons, dendrites and cell bodies and both pre- and postsynaptically 
(Dani and Bertrand 2007). Diverse receptor subtypes can be expressed even in the same 
neurons (Exley and Cragg 2008). Receptors in or near nerve endings are involved in 
regulating the release of several neurotransmitters (Wonnacott 1997), including ACh 
(Araujo et al. 1988; Grady et al. 2001; Yu and Wecker 1994), noradrenaline (Azam and 
McIntosh 2006; Benwell and Balfour 1997; Clarke and Reuben 1996; Yu and Wecker 
1994), 5-hydroxytryptamine (5-HT) (Reuben and Clarke 2000; Yu and Wecker 1994), 
GABA (Lu et al. 1998) and glutamate (Kaiser and Wonnacott 2000; Sharma and 
Vijayaraghavan 2003). nAChR stimulation also releases DA (Clarke and Reuben 1996; 
Di Chiara and Imperato 1988a; Grady et al. 1992; Marshall et al. 1997; Rapier et al. 1988; 
Salminen et al. 2004; Schilstrom et al. 1998; Skoubis et al. 2001). Receptors containing 
α3 and β2 (Kulak et al. 1997), as well as α4 and β2 (Clarke and Reuben 1996), subunits 
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have been reported to presynaptically regulate DA release. Also, in DAergic neurons, 
there are three nAChR subtypes that contain α6 subunits (Grady et al. 2007). Less than 
half of the DAergic neurons express α7 subunits (Klink et al. 2001). In addition to the 
direct stimulation of DAergic neurons, nicotine increases DA release via inhibition of 
GABA release and stimulation of glutamate release (see below).  
 
nAChR stimulation in the VTA releases GABA (Lu et al. 1998), but only transiently 
(Kayadjanian et al. 1994). GABA release occurs due to activation of α4β2 receptors on 
GABAergic neurons, which is followed by desensitization of these receptors, leading to a 
decreased inhibitory input on DAergic neurons (Mansvelder et al. 2002). However, α4 
and β2 subunits are vital for nicotine-induced DA release because in mutant mice lacking 
these subunits DA release in the NAc does not occur as a consequence of nicotine 
administration (Marubio et al. 2003; Picciotto et al. 1998). In the NAc, nAChRs are 
located on GABAergic interneurons that control GABAergic medium spiny output 
neurons. The stimulation of nAChRs causes so-called feed-forward inhibition; enhancing 
the drive of inhibitory GABAergic interneurons on GABAergic output neurons to VTA 
thus initially decreases the inhibitory control of DAergic neurons in the VTA (de Rover et 
al. 2002; Mansvelder et al. 2003).  
 
α7-receptors have been implicated in glutamate release (Kaiser and Wonnacott 2000; 
Mansvelder and McGehee 2000). In the VTA, the concentrations of nicotine relevant to 
smoking first desensitize β2 subunits containing receptors located on DAergic and 
GABAergic neurons, leaving intact the α7 receptor activation which allows glutamate 
release, followed by DA release (Mansvelder et al. 2002). Indeed, measuring the firing 
rate of DA neurons in the VTA showed that nicotine first transiently decreased and then 
increased firing rate (Erhardt et al. 2002). Glutamate release in the VTA caused by 
nicotine administration seems to be vital for the increase of mesolimbic DA release, as 
intra-VTA NMDA-antagonist inhibits nicotine-induced DA release in the NAc 
(Schilstrom et al. 1998). Interestingly, nicotine-induced glutamatergic transmission in the 
VTA has been shown to induce long-term potentiation, even after single exposure 
(Mansvelder and McGehee 2000; Saal et al. 2003). Like morphine or ethanol, a single 
injection of nicotine increased the ratio of AMPA and NMDA excitatory postsynaptic 
potentials, which is a measure of long-term potentiation expression. 
 
Nicotine increases burst firing of both VTA and substantia nigra (SN) DAergic neurons 
(Grenhoff et al. 1986), but mesolimbic DA neurons have a stronger response to nicotine 
than do nigrostriatal neurons (Di Chiara and Imperato 1988a; Janhunen and Ahtee 2007; 
Keath et al. 2007). In fact, the response of VTA and SNC neurons to nicotine is similar in 
magnitude, but the prevalence of the responses in the VTA is greater, perhaps due to 
differences in the characteristics of these neurons and the differences in the nAChRs on 
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the neurons (Keath et al. 2007). The nAChRs in the VTA seem to be more important than 
the nAChRs in the NAc for controlling accumbal DA release; intra-VTA but not intra-
NAc mecamylamine inhibits nicotine-induced DA release in the NAc (Nisell et al. 
1994b). Also, intra-VTA nicotine induces a longer-lasting DA release in the NAc than 
nicotine given intra-NAc (Nisell et al. 1994a). Furthermore, NAc shell DA neurons seem 
to show a larger response to nicotine than the core neurons (Zocchi et al. 2003). 
 
Nicotine and dopaminergic system 
 
Nicotine’s ability to stimulate DA release in the NAc has been attributed to its reinforcing 
and addictive properties (Di Chiara and Imperato 1988a; Wise and Bozarth 1987). Striatal 
DA release has been shown even after prolonged treatment with small or intermediate 
doses of nicotine (Carboni et al. 2000; Damsma et al. 1989; Gäddnäs et al. 2001; Pietilä et 
al. 1995; Tammimäki et al. 2006). Treatment with large doses (Jacobs et al. 2002) or an 
infusion (Benwell and Balfour 1997) of nicotine may reduce the maximal DA response to 
nicotine and the firing of DAergic neurons (Rasmussen and Czachura 1995). However, 
sensitization of the accumbal DA response may also be evoked by nicotine challenge after 
prolonged nicotine infusion and desensitization of the nAChRs (Benwell et al. 1995). As 
with the acute response to nicotine, the CPu seems to be less susceptible than the NAc to 
the sensitizing or desensitizing effects of repeated or continuous nicotine administration, 
respectively (Benwell and Balfour 1997). 
 
Several studies have shown that repeated nicotine treatment induces sensitization of DA 
release (Balfour et al. 1998; Benwell et al. 1995; Marshall et al. 1997; Olausson et al. 
2001; Shim et al. 2001; Visanji et al. 2006; Yu and Wecker 1994), and that this may be 
related to the psychomotor sensitization seen in experimental animals, and also to the 
development of addiction (Balfour et al. 1998; 2000). The sensitization of DA release has 
been shown especially in the core of the NAc (Benwell and Balfour 1992; Cadoni and Di 
Chiara 2000). However, Lecca et al. (2006) reported sensitization of DA release in the 
NAc shell of rats that self-administer nicotine, which correlates well with the assumed 
role of the NAc shell in nicotine reinforcement. The DAergic projections into the NAc 
shell may be involved in the process of learning about the cues associated with reward 
and the behaviours associated with gaining it, and the projections into the core would then 
be involved in responding to the cues (Balfour 2002). The role of accumbal DA in 
sensitization is supported by the finding that lesioning the NAc with 6-OHDA (6-
hydroxydopamine) prevents development of sensitization (Clarke et al. 1988). In addition 
to the NAc, increased DA release in the prefrontal cortex (PFC) has been reported to be 
involved in sensitization (Vezina et al. 1992). However, the role of increased DA release 
is not totally clear, as Vezina et al. (1994) found that lesioning of the mesolimbic DA 
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neurons by 6-OHDA injection in the VTA prevented DA release, but not psychomotor 
sensitization to nicotine. 
 
The mechanism underlying psychomotor sensitization to nicotine is not known, but it may 
involve downregulation (Balfour et al. 1998), desensitization (Harsing et al. 1992) or 
decreased function (Olausson et al. 2001) of DA autoreceptors that control accumbal DA 
release. Also, co-stimulation of glutamatergic NMDA-receptors seems to be involved in 
sensitization. Blocking the NMDA-receptors either during nicotine treatment or before 
nicotine challenge attenuated sensitization to nicotine, but an NMDA-antagonist given to 
saline-treated animals increased the response to acute nicotine (Balfour et al. 1998). 
 
Withdrawal from chronic nicotine treatment seems to reduce the activity of DAergic 
neurons (Fung et al. 1996). Liu et al. (2004) reported decreased firing of VTA DAergic 
neurons one day after a 12-day nicotine injection protocol, and Hildebrand et al. (1998) 
found slightly reduced extracellular DA levels in rat NAc shell but not in PFC during 
nicotine-withdrawal. By using no-net-flux microdialysis, Rahman et al. (2004) found that 
the extracellular concentration of DA had decreased in the NAc shell/core 24-48 h after 
the cessation of nicotine self-administration by rats, possibly due to an increased uptake 
of DA. However, also no changes in DAergic activity (Gäddnäs et al. 2000; Lecca et al. 
2006; Salminen et al. 1999) or even increased firing of DAergic neurons (Rasmussen and 
Czachura 1995) during withdrawn state have been reported, possibly due to different 
experimental protocols. The systemic administration of mecamylamine to animals treated 
chronically with nicotine decreases accumbal DA (Carboni et al. 2000; Gäddnäs et al. 
2002; Hildebrand et al. 1998; Rada et al. 2001). Furthermore, Shoaib et al. (2004) have 
reported positive mecamylamine-induced changes in the NAc of nicotine-treated rats in a 
functional magnetic resonance imaging study, correlating with decreases in accumbal DA 
in nicotine withdrawal. Using intra-VTA and intra-NAc administration of mecamylamine, 
Hildebrand et al. have noticed that nAChRs in the VTA (Hildebrand et al. 1999), but not 
in the NAc (Hildebrand and Svensson 2000), are important in reducing accumbal DA 
during nicotine withdrawal.   
 
Nicotine and GABAergic system 
 
GABA is involved in mediating nicotine’s effects on mesolimbic DA (Mansvelder et al. 
2002). However, the effects of chronic nicotine on GABAergic system are not yet well 
known. Miura et al. (2006) found that chronic nicotine treatment to mice increased input 
of GABAergic interneurons to striatal GABAergic medium spiny neurons, as measured 
by GABAA-mediated inhibitory postsynaptic currents. Also, Nashmi et al. (2007) reported 
that a 10-day infusion of nicotine increased the firing rate of SNC GABAergic neurons. Li 
et al. (2004) reported that a 4-week oral nicotine treatment decreased cortical levels of 
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GABAB1- and GABAB2-receptor mRNA. However, Paterson et al. (2005) found no 
changes in GABAB -receptor-mediated regulation of brain reward function during 
prolonged nicotine exposure. Twenty-four hours after the cessation of chronic nicotine, 
Amantea et al. found a reduced inhibitory effect of the GABAB-receptor agonist baclofen 
on DA release in rat VTA slices (Amantea and Bowery 2004) and reduced G-protein 
coupling to the GABAB-receptor in the rat NAc and the medial PFC but not in the VTA 
(Amantea et al. 2004). Based on these studies, it is difficult to draw conclusions about 
nicotine’s effects on the GABAergic system, and more research on this topic is needed.  
 
Nicotine and glutamatergic system 
 
As mentioned above, nicotine stimulates glutamate release. Chronic nicotine may affect 
glutamate release, and/or glutamate receptor function. Lallemand et al. (2006) found that 
chronic oral nicotine treatment increased accumbal glutamate release when measured 5 h 
after the cessation of the treatment. Recently, Wang et al. (2008) reported that basal 
glutamate release in the medial PFC and VTA was not affected by nicotine self-
administration, but NMDA significantly stimulated glutamate release in nicotine-treated 
animals, unlike in controls. This effect was reversed in extinction from self-
administration. Wang’s result may be related to the previously reported nicotine-induced 
increase in the number of NMDA receptor subunits 2A and 2B in the PFC and AMPA 
receptor subunit2/3 in the VTA (Wang et al. 2007). They found no changes in the 
abundance of these receptors in the dorsal striatum or NAc. However, Risso et al. (2004) 
found that NMDA-, but not AMPA-induced DA release in striatal synaptosomes was 
enhanced by chronic nicotine treatment, showing enhanced glutamate receptor function. 
Vieyra-Reyes et al. (2008) found that, after mice were given intermittent oral nicotine, the 
GluR2 subunit of the AMPA receptor was downregulated in the VTA and both the shell 
and core of the NAc. Here again, more research is needed to clarify the nicotine-induced 
changes in the glutamatergic system. 
 
2.2.3 Nicotine and animal behaviour 
 
Nicotine has a ‘bell-shaped’ or ‘inverted U-shape’ dose-response curve (Picciotto 2003). 
Laboratory animals self-administer nicotine (Clark 1969; Goldberg et al. 1981; Lecca et 
al. 2006; Singer et al. 1982) and acutely, nicotine lowers brain stimulation threshold, like 
other drugs of abuse (Huston-Lyons and Kornetsky 1992; Pradhan and Bowling 1971). 
Nicotine administration can be reinforcing and induce place preference, depending on the 
dose, animal strain, and experiment protocol (Corrigall et al. 1992; Fudala et al. 1985; 
Henningfield and Goldberg 1983; Horan et al. 1997; Le Foll and Goldberg 2005). The 
DAergic system has been implicated in the reinforcing effects of nicotine (Corrigall and 
Coen 1991b; Corrigall et al. 1992), although it may also mediate the aversive effects of 
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nicotine (Laviolette and van der Kooy 2003). Nicotinic α7 receptors in the VTA are likely 
involved in mediating nicotine reinforcement because blocking them with MLA 
attenuates positive reinforcement (Panagis et al. 2000). Also, β2 subunit containing 
receptors seem to be important because β2 knockout mice do not self-administer nicotine 
(Picciotto et al. 1998) and receptor blockade with dihydro-β-erythroidine prevents 
nicotine self-administration (Corrigall et al. 1992). 
 
In mice, acute nicotine exposure depresses locomotor activity (Mattila et al. 1968), but 
tolerance develops over time (Marks et al. 1985, Pietilä et al. 1998). Acutely, small doses 
of nicotine enhance, but larger doses suppress, locomotor activity in rats (Benwell and 
Balfour 1992; Clarke and Kumar 1983b; Silvette et al. 1962; Vezina et al. 1994). The 
mesolimbic DA has been implicated in mediating the locomotor stimulatory effects of 
nicotine (Clarke et al. 1988; Corrigall and Coen 1991b; Janhunen and Ahtee 2007). 
Nicotine can induce (Irvine et al. 2001) or relieve anxiety, depending on the dose and 
anxiety model used (Picciotto et al. 2002). It improves working memory and learning in 
laboratory animals (Gould and Wehner 1999; Levin et al. 2006) and produces analgesia 
(Aceto et al. 1983; Damaj et al. 1993; Mattila et al. 1968). The varying behavioural 
responses to nicotine have been explained by activation of different types of nAChRs, 
which have different binding and desensitizing properties and are located in distinct 
neuronal pathways (Stolerman 1991). 
 
Behavioural sensitization 
 
Repeated administration of nicotine produces sensitization of locomotor activity in mice 
(Biala 2003; Saito et al. 2005) and rats (Benwell and Balfour 1992; Clarke and Kumar 
1983a; 1983b; Clarke et al. 1988; Domino 2001) in a strain- and nicotine- dose-dependent 
manner (Iyaniwura et al. 2001). The time needed for sensitization to develop depends on 
experimental factors, especially the dose and interval between administrations (DiFranza 
and Wellman 2007). If nicotine is administered once or twice daily, sensitization usually 
develops in 5-7 days. Constant administration of nicotine via minipump attenuates 
sensitization (Benwell et al. 1995). Increased locomotor activity can be seen after a 
challenge dose of nicotine or as a response to an environmental cue associated with 
nicotine administration (Bevins et al. 2001; Schiltz et al. 2005). However, nicotine 
induces sensitization even in the absence of environmental cues (Clarke and Kumar 
1983a). Also, sensitization toward nicotine self-administration results from prior nicotine-
administration (Tammimäki et al. 2008). 
 
Central nervous system nAChRs are critically involved in nicotine sensitization. Blocking 
nAChRs with mecamylamine prevents sensitization (Benwell et al. 1995; Kempsill and 
Pratt 2000), unlike hexamethonium, which does not cross the blood-brain barrier 
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(Benwell et al. 1995). The β2-subunit seems to be important, because locomotor 
sensitization was not seen in β2-knockout mice (King et al. 2004). However, the α7 
receptor does not seem to be critical because its blockade with α-bungarotoxin did not 
prevent sensitization (Kempsill and Pratt 2000). Also, the upregulation of D3-receptors 
(Le Foll et al. 2003), the downregulation of DA autoreceptors, and glutamate have been 
associated with sensitization to nicotine (DiFranza and Wellman 2007). 
 
Physical dependence and withdrawal 
 
Chronic administration of nicotine causes physical dependence. Physical dependence in 
rats and mice can be achieved by administering relatively large doses of nicotine via a 
minipump (Damaj et al. 2003; Malin 2001), repeated injections (Irvine et al. 2001; Isola et 
al. 1999) or their drinking water (Grabus et al. 2005a; 2005b). Administration via 
minipump results more quickly in dependence than does administration via injections 
(Malin 2001). When using a minipump in rats, the peak of withdrawal symptoms occurs 
at 18-22 h after removal of the pump. 
 
Nicotine withdrawal in rodents can be measured through physical and affective signs. 
Physical withdrawal can be seen as hyperalgesia (Damaj et al. 2003), reduced locomotor 
activity (Fung et al. 1996; Isola et al. 1999) as well as other signs, such as teeth chattering, 
chewing, gasping, writhing, head and body shakes, tremors and ptosis in rats (Malin 
2001) and as rearing, jumping, shakes, abdominal constrictions, chewing, facial tremor 
and scratching in mice (Isola et al. 1999). Affective symptoms of withdrawal are anxiety 
(Damaj et al. 2003; Irvine et al. 2001), elevated reward threshold (Epping-Jordan et al. 
1998), fear conditioning (Davis et al. 2005) and place aversion (Suzuki et al. 1996).  
 
Withdrawal symptoms can also be induced by the administration of a nAChR antagonist, 
such as mecamylamine (Biala and Weglinska 2005; Carboni et al. 2000; Damaj et al. 
2003; Hildebrand et al. 1999; Isola et al. 1999; Watkins et al. 2000), dihydro-β-
erythroidine (Damaj et al. 2003; Epping-Jordan et al. 1998; Watkins et al. 2000), MLA 
(Damaj et al. 2003) or chlorisondamine (i.c.v.) (Watkins et al. 2000) after prolonged 
nicotine administration. Thus, it is unlikely that nAChR desensitization is involved in 
nicotine withdrawal. Researchers agree that the CNS mainly mediates withdrawal 
symptoms. However, Watkins et al. (2000) reported that in rats chlorisondamine s.c. in 
doses that do not cross the blood-brain barrier increased withdrawal symptoms, 
suggesting that the symptoms are partly peripherally mediated. Interestingly, O’Dell et al. 
(2004) reported reduced mecamylamine-induced withdrawal signs in nicotine-treated 
adolescent rats as compared with adult rats. This result suggests that if adolescents 
experience fewer withdrawal symptoms, then their positive reinforcement may be 
stronger. 
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Studies with knockout mice have provided new information about nicotine dependence. 
Salas et al. (2004) reported that mecamylamine-induced symptoms were milder in β4-
knockout mice than in wild-type mice but not in β2-knockout mice, suggesting that the β4 
subunit is important for the appearance of nicotine withdrawal symptoms. Also, β4-
knockout mice did not demonstrate hyperalgesia. Jackson et al. (2008) noticed that 
mecamylamine-induced anxiety and place aversion were reduced in β2-knockout mice, 
while hyperalgesia and somatic signs were reduced in α7- and α5-knockout mice, 
respectively.  
 
2.2.4 Nicotine and smoking 
 
Humans self-administer nicotine due to its positive and negative reinforcing effects 
(Benowitz 1996). As positively reinforcing, smokers have reported that nicotine has both 
relaxing and stimulating properties. Smokers may find smoking pleasurable (Kozlowski et 
al. 1989), and it has been reported to produce euphoric effects (Pomerleau and Pomerleau 
1992), although some researchers do not agree that all the effects of nicotine are 
necessarily pleasant (Dar et al. 2007). Furthermore, it has been generally noted that some 
smokers smoke compulsively, but do not report pleasure. This has been explained using 
the incentive sensitization theory by Robinson and Berridge (1993); the expectation of the 
event has been sensitized while tolerance to the stimulus itself has been developed (Baker 
et al. 2004). 
 
Nicotine has been shown to enhance cognitive processing, such as alertness, attention and 
working memory both in smokers and non-smokers (Domino and Kishimoto 2002; 
Mancuso et al. 2001; Perkins et al. 1994), although contradictory reports also exist 
(Spilich et al. 1992; Swan and Lessov-Schlaggar 2007). However, the enhanced cognition 
may simply be due to relief from the withdrawal symptoms in the nicotine-deprived 
smokers (Baker et al. 2004; Jacobsen et al. 2005), or due to genetic differences (Jacobsen 
et al. 2006). Smoking and nicotine reduce appetite (Jo et al. 2002), and smoking is 
sometimes used to maintain a low body weight. Tolerance develops to some of nicotine’s 
effects, such as tachycardia and tremor (Perkins et al. 1994), but especially the stimulating 
effects of nicotine are restored after only a short abstinence, enabling the desired 
pharmacologic effects from continuous smoking.  
 
In chronic smokers, abstinence from smoking produces nicotine withdrawal symptoms in 
dependent smokers, such as anhedonia, dysphoria, anxiety, depression, impatience and 
difficulty concentrating (Benowitz 1996; Hughes 2007). The avoidance of these 
negatively reinforcing effects may contribute to continued smoking. 
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2.3 Opioids 
 
Opium has been used since the time of the ancient Greeks. Opium, like morphine, is 
derived from poppy seeds. It produces euphoria and relieves pain (Gianoulakis 2004). 
Heroin, diacetylmorphine, is synthesized from morphine and is considered the most 
addictive drug of abuse. The word ‘opioid’ refers to all substances that bind to opioid 
receptors, both agonists and antagonists. 
 
2.3.1 Endogenous opioid system 
 
The endogenous opioid system consists of small opioid peptides and their receptors 
(Table 2-1), and is involved in the control of mood, motivation and pain (Kieffer and 
Gaveriaux-Ruff 2002). The main receptors that exert the effects of endogenous and 
exogenous opioids are the µ-, δ-, and κ-receptor (Law et al. 2000). A fourth, “orphan” 
(ORL) -receptor for endogenous opioids has also been cloned (Janecka et al. 2004). These 
receptors all show significant structural homology with each other and are abundantly 
expressed in the brain (Clarke et al. 2001; Mansour et al. 1987). Opioid receptors are G-
protein bound receptors and inhibit adenylyl cyclase, but they may also be coupled to 
other signalling effectors, like Ca2+ and K+ channels, protein kinase C, mitogen-activated 
protein kinases and phospholipase C (Law et al. 2000). Repeated treatment with an 
agonist leads to desensitization or internalization of the opioid receptors and produces 
tolerance (Law et al. 2000; Martini and Whistler 2007), whereas repeated antagonist 
treatment induces receptor upregulation and functional supersensitivity (Law et al. 2000; 
Lesscher et al. 2003). 
 
The functions that the opioid receptors mediate are somewhat overlapping. All µ-, δ- and 
κ-receptors mediate analgesia (Kieffer and Gaveriaux-Ruff 2002). The µ- and δ- receptors 
mediate stress responses and regulate positive reinforcement, while the κ- receptor is 
involved with aversive effects. The opioid system also regulates respiration, endocrine 
and immune functions, as well as motility of gastrointestinal tract. The ORL-receptor 
mediates mainly anti-opioid effects and is able to reverse morphine’s antinociceptive 
effects (Clarke et al. 2001). 
 
The opioid peptides are produced by the degradation of pro-peptides (Janecka et al. 2004). 
The known endogenous opioids, their precursors and their affinities for the opioid 
receptors are shown in Table 2-1. Pro-enkephalin and pro-dynorphin are expressed widely 
throughout the brain (Gianoulakis 2004). Pro-opiomelanocortin is produced in the arcuate 
nucleus, the nucleus tractus solitarii and the pituitary gland. Neurons from the arcuate 
nucleus project to the limbic areas, hippocampus, frontal cortex and periaqueductal gray. 
All opioid peptides degraded from these pro-peptides have a common amino acid 
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sequence, tyrosine-glycine-glycine-phenylalanine, at the amino terminus (Kieffer and 
Gaveriaux-Ruff 2002). Nociceptin, also know as orphanin FQ, is derived from pro-
nociceptin and has a somewhat different amino acid sequence. The precursor to 
endomorphin-1 and endomorphin-2, possible ligands for µ-receptor, is unknown (Janecka 
et al. 2004). In the CNS, opioid peptides function as neuromodulators that control the 
release of other neurotransmitters.  
 
Table 2-1. Mammalian endogenous opioid peptides, their precursors and their 
affinities for opioid receptors. Modified from (Janecka et al. 2004). 
Precursor Opioid peptide Affinity for opioid 

receptors 
Pro-enkephalin [Met]-enkephalin (Met-Enk) 

[Leu]-enkephalin 
Metorphamide 

δ, µ 
(δ >> µ) 

Pro-opiomelanocortin β-endorphin (β-End)  µ, δ 
(µ = δ) 

Pro-dynorphin Dynorphin A 
Dynorphin A(1-8) 
Dynorphin B  
α-Neoendorphin  
β-Neoendorphin 
[Leu]enkephalin 

κ, µ, δ 
(κ >> µ, δ) 

 

Pro-nociceptin Nociceptin ORL 
Unknown Endomorphin-1 

Endomorphin-2 
µ 

 
2.3.2 Opioids and dopamine  
 
Morphine increases accumbal DA release/turnover (Di Chiara and Imperato 1986; 1988b; 
Funada et al. 1994; Leone et al. 1991; Saito 1990) via stimulating the µ-opioid receptors 
(Devine et al. 1993; Piepponen et al. 1999; Spanagel et al. 1990) located in the VTA 
(Smith et al. 1980; Spanagel et al. 1992). Blocking the µ-receptors with CTOP decreases 
DA-release (Spanagel et al. 1992). Morphine-induced enhancement of accumbal DA 
release is reduced in µ-receptor knockout mice, but not in δ-receptor knockout mice 
(Chefer et al. 2003). However, also stimulation of δ-receptors increases accumbal DA 
(Spanagel et al. 1990), but the effective concentrations of δ-agonist DPDPE are 100- to 
1000-fold as compared with µ-agonist DAMGO [Tyr-D-Ala-Gly-MePhe-Gly(ol)] (Smith 
et al. 1980). In addition to the NAc region, morphine also increases DA release in the 
CPu, but the NAc is more sensitive to morphine’s DA-releasing effects than the CPu (Di 
Chiara and Imperato 1986; 1988b). 
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In the VTA (Johnson and North 1992) and the SNC (Lacey et al. 1989), morphine 
hyperpolarizes GABAergic cells, decreasing GABA release (Klitenick et al. 1992; 
Sotomayor et al. 2005). This leads to a disinhibition of the DA neurons (Johnson and 
North 1992), increasing the DA cell firing rate (Nowycky et al. 1978) and the release of 
DA in the NAc. In addition to the VTA µ-opioid receptors, the accumbal µ-receptors also 
stimulate DA release (Hirose et al. 2005). It has been suggested that this stimulation of 
DA release is mediated via a complex mechanism (Britt and McGehee 2008); in the NAc, 
µ-receptor stimulation initially decreases DA release via inhibition of cholinergic 
interneurons. In turn, decreased DA release then decreases the glutamatergic control of 
the medium spiny GABAergic neurons that project into VTA, where they control the 
mesolimbic DA neurons. Similarly, intrastriatal morphine and DAMGO decrease DA 
release (Piepponen et al. 1999). 
 
Unlike µ- and δ-agonists, κ-agonists decrease DA release (Spanagel et al. 1992) but only 
when given systemically (Devine et al. 1993; Spanagel et al. 1992), by i.c.v. (Di Chiara 
and Imperato 1988b; Spanagel et al. 1990) or by intra-NAc administration (Spanagel et al. 
1992), but not in the VTA (Devine et al. 1993), suggesting that κ-receptors in the terminal 
DA areas rather than in the soma areas are involved in controlling DA release.  
 
2.3.3 Opioids and reinforcement 
 
Intracranial self-stimulation 
 
µ-opioid receptor agonists affect ICSS, like several other drugs of abuse. Systemic 
administration of morphine lowers the self-stimulation threshold (Knapp and Kornetsky 
1996; van Wolfswinkel and van Ree 1985), and both heroin (Koob et al. 1975) and 
morphine increase self-stimulation in rats (Seeger et al. 1980; van Wolfswinkel and van 
Ree 1985). Also, morphine given either intra-VTA or intra-SN enhances self-stimulation, 
and this behaviour can be inhibited by naloxone (Broekkamp and Phillips 1979). DAergic 
system is critically involved in self-stimulatory behaviour, as the lesioning of the VTA 
with 6-OHDA blocks morphine-induced facilitation of self-stimulation (Hand and 
Franklin 1985). Furthermore, morphine’s effects on self-stimulatory behaviour can be 
blocked administering the DA-autoreceptor agonist apomorphine (Knapp and Kornetsky 
1996).  In addition to µ-receptor agonists, δ-agonists also lower self-stimulation threshold 
(Duvauchelle et al. 1997). κ-agonists dose-dependently increase the threshold for ICSS, 
suggesting that the activation of κ-opioid receptors reduces reward (Todtenkopf et al. 
2004). Blocking κ-receptors did not affect ICSS per se.  
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Self-administration 
 
Experimental animals readily self-administer morphine and heroin both intravenously 
(Negus et al. 1993; van Ree et al. 1978) and into their brains. Rats self-administer 
morphine in the hypothalamus (Olds 1979) and the lateral ventricle (Amit et al. 1976). 
The VTA is an important brain area with regard to opioid self-administration. Rats self-
administer both µ- and δ-agonists into the VTA (Devine and Wise 1994). The µ- and δ- 
antagonists beta-funaltrexamine and naltrindole, respectively, increase heroin self-
administration (Negus et al. 1993), indicating that they block the effects of heroin. The µ-
receptor seems to be more important than the δ-receptor, as the effective dose of the 
selective µ-agonist DAMGO in self-administration was 100 times lower than that of 
either DPDPE, a selective δ-agonist, or morphine (Devine and Wise 1994). However, the 
κ-antagonist nor-BNI did not affect heroin self-administration (Negus et al. 1993). 
Altogether, these result suggest that µ- and δ- but not κ-receptors are involved in opioid 
self-administration. Although DA is considered to be important in opioid reinforcement 
and an increase in striatal DA turnover is correlated with morphine self-administration 
(Smith et al. 1980), 6-OHDA lesions of the NAc do not totally block heroin self-
administration (Pettit et al. 1984), which suggests this behaviour is partly DA-
independent. The involvement of endogenous opioid system has been proposed in 
mediating opioid reward (Koob 1992). 
 
Conditioned place preference 
 
Morphine induces conditioned place preference (CPP) (Mucha and Iversen 1984; Mucha 
and Herz 1985; Piepponen et al. 1997; Shippenberg et al. 1987; 1993) over a large dosage 
range and even after a few administrations (Mucha et al. 1982), regardless of whether a 
biased or an unbiased method of conditioning is used (Blander et al. 1984). Besides 
morphine, also other µ-agonists such as heroin (Amalric et al. 1987; Spyraki et al. 1983), 
fentanyl and sufentanil produce CPP in rats (Mucha and Herz 1985). As with self-
stimulation and self-administration, the VTA is associated with opioid-conditioning. 
Intra-VTA administration of morphine (Phillips and LePiane 1980), heroin (Walker and 
Ettenberg 2005) and DAMGO (Bals-Kubik et al. 1993) produces CPP in rats. However, 
administration of DAMGO in the NAc, PFC, lateral hypothalamus, SN or CPu did not 
produce CPP (Bals-Kubik et al. 1993). 
 
In rats, κ-receptor agonists, such as U-69593 (Shippenberg et al. 1993), U50,488 (Bals-
Kubik et al. 1989) and (−)-bremazocine (Mucha and Herz 1985) produce place aversion, 
which can be prevented by 6-OHDA lesioning of NAc (Shippenberg et al. 1993) or D1-
antagonist SCH 23390 (Shippenberg and Herz 1987). Administering κ-agonists into the 
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VTA, NAc, PFC or lateral hypothalamus, but not into the SN or CPu, produced aversion 
(Bals-Kubik et al. 1993). Aversion can also be induced with the µ-receptor antagonist 
CTOP (i.c.v.) (Bals-Kubik et al. 1989) and the nonspecific opioid receptor antagonist 
naloxone (Bals-Kubik et al. 1989; Mucha and Iversen 1984). δ-agonist DPDPE induces 
place preference (Shippenberg et al. 1987), but administration of δ-antagonist ICI 174,864 
(i.c.v.) or κ-antagonist nor-BNI (i.c.v.) induced neither preference nor aversion (Bals-
Kubik et al. 1989). In summary, aversion can be induced by µ-receptor antagonist and κ- 
receptor agonists.  
 
Mesolimbic DA is implicated in mediating opioid reinforcement, as morphine- 
(Shippenberg et al. 1993) and heroin- (Spyraki et al. 1983) induced place preferences 
were prevented by 6-OHDA lesioning of the NAc. However, lesioning of CPu or PFC did 
not affect morphine-induced place conditioning (Shippenberg et al. 1993). Furthermore, 
the administration of haloperidol prevented heroin-CPP (Spyraki et al. 1983). The D1-
antagonist SCH 23390 blocked morphine-CPP (Shippenberg and Herz 1987; Shippenberg 
et al. 1993), but the D2-antagonist sulpiride did not (Shippenberg et al. 1993). However, 
mice lacking the D2-receptor show no place preference for morphine (Maldonado et al. 
1997). Further supporting the role of DA in addictive behaviour, morphine-induced CPP 
was enhanced in DA transporter knockout mice (Spielewoy et al. 2000). Interestingly, DA 
D3-receptor knockout mice show enhanced morphine-induced CPP (Narita et al. 2003), 
which suggests that the D3-receptor is involved in the postsynaptic negative modulation of 
mesolimbic DAergic pathway. 
 
It is known that endogenous opioids are involved in mediating reinforcement (Amalric et 
al. 1987). Intriguingly, Nieto et al. (2002) noticed that accumbal Met-Enk levels increased 
when rats conditioned with morphine entered the drug-associated environment and 
decreased in the control side. Their result suggests that levels of this opioid peptide are 
increased when the animal expects reward. 
 
2.3.4 Opioids and locomotor activity 
 
Morphine induces or decreases locomotor activity in mice and rats, depending on the 
strain and dose. In mice, small (Patti et al. 2005; Saito 1990) and very high (Kuzmin et al. 
2000) doses of morphine may decrease locomotor activity, but intermediate doses 
increase locomotor activity (Fadda et al. 2005; Kuschinsky and Hornykiewicz 1974; Saito 
1990). In rats, small to intermediate doses of morphine increase locomotor activity 
(Ayhan and Randrup 1973), while large doses induce catalepsy (Kuschinsky and 
Hornykiewicz 1974). 
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The µ-opioid receptor seems to mainly mediate morphine-induced locomotor activity; this 
behavioural response is lacking in µ-opioid receptor knockout mice (Chefer et al. 2003; 
Yoo et al. 2003), but is present in δ-receptor knockout mice (Chefer et al. 2003). 
However, the intracerebral administration of δ-agonists induces locomotor activity 
(Broekkamp et al. 1979; Kalivas et al. 1983; Szekely et al. 1980), while morphine-
induced locomotor activity can be suppressed by δ-antagonists (Narita et al. 1993). κ-
agonists, such as U50,488 and bremazocine, decrease motor activity in rats (Di Chiara 
and Imperato 1988b) and in nonhabituated, but not in habituated mice (Kuzmin et al. 
2000). 
 
DAergic transmission is associated with the morphine-induced increase in locomotor 
activity because it can be suppressed by the co-administration of the D1-receptor 
antagonist SCH 23390 (Longoni et al. 1987) or the DA-autoreceptor agonist quinpirole 
(Funada et al. 1994). However, lesioning the NAc with 6-OHDA or blocking the DA 
receptors does not inhibit opioid-induced locomotor activity (Kalivas et al. 1983; 
Vaccarino et al. 1986), which suggests that opioid-induced hyperlocomotion is not 
mediated only by mesolimbic DA. 
 
Sensitization of locomotor activity  
 
Repeated treatment with morphine induces sensitization of the locomotor response in 
mice (Airio and Ahtee 1997; Serrano et al. 2002; Shuster et al. 1975) and rats (Sills and 
Fletcher 1997; Spanagel and Shippenberg 1993). Sensitization is induced by even one 
prior administration of morphine (Vanderschuren et al. 2001) or by the continuous 
administration of morphine via minipump or pellet (Trujillo et al. 2004). Opioid receptors 
are involved in sensitization, as it can be prevented by naloxone (Shuster et al. 1975), and 
it does not develop in µ-opioid receptor knockout mice (Yoo et al. 2003). Furthermore, 
pretreatment with the κ-opioid receptor antagonist nor-BNI enhances sensitization to 
morphine (Spanagel and Shippenberg 1993). Also, the DAergic system seems to mediate 
sensitization. Enhanced DA release is associated with the sensitization of locomotor 
activity to morphine (Di Chiara and Imperato 1986; Fadda et al. 2005; Kuschinsky and 
Hornykiewicz 1974; Mori et al. 2004; Spanagel and Shippenberg 1993; Vanderschuren et 
al. 2001). In D1-knockout mice, repeated morphine does not induce sensitization (Becker 
et al. 2001), and D1-antagonist reduces acquisition of sensitization and prevents its 
expression. However, blocking D2 receptors only affects expression of sensitization 
(Serrano et al. 2002). 
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2.4 Interactions of nicotine and opioids 
 
2.4.1 Nicotine and endogenous opioids activating µ-opioid receptors 
 
The endogenous opioid system may modulate the reinforcing effects of nicotine 
(Pomerleau 1998). Indeed, nicotine has been shown to affect cerebral levels of 
endogenous opioids or their mRNA in several studies. This section reviews studies 
concerning nicotine’s effects on cerebral levels of β-End and enkephalins or the mRNAs 
coding their propeptides. 
 
Acute nicotine treatment induces the secretion of β-End from mouse pituitary (Marty et 
al. 1985) and releases enkephalin in several rat brain areas, such as the NAc and the lower 
brain stem areas, but decreases enkephalin levels in the central amygdala, parts of the 
cerebellum, the medulla and the spinal cord (Houdi et al. 1991). Furthermore, acute 
nicotine first quickly decreases and then transiently increases mouse striatal Met-Enk 
(Dhatt et al. 1995; Isola et al. 2000; Pierzchala et al. 1987). Also, levels of 
preproenkephalin (PPE) mRNA were transiently increased in the mouse striatum (Dhatt et 
al. 1995) and the rat striatum and hippocampus after acute nicotine (Houdi et al. 1998). 
However, Andersson et al. (1986) found that acute nicotine had no effect on Met-Enk in 
rat hypothalamic nuclei. Also, nicotine attenuated the effects of a µ-opioid receptor 
antagonist, β-funaltrexamine, suggesting that nicotine releases endogenous opioids 
(Davenport et al. 1990). Taken together, acute nicotine administration seems to increase 
cerebral levels of β-End and Met-Enk. 
 
The effects of nicotine’s chronic or repeated administration on PPE mRNA and Met-Enk 
vary depending on the brain area and probably also due to differences in administration 
protocols. In one study, chronic nicotine administration did not affect dorsal or ventral 
striatal levels of PPE mRNA (Mathieu-Kia and Besson 1998). However, Houdi et al. 
(1998) reported that chronic nicotine decreased PPE mRNA in the striatum and 
hippocampus, and Wewers et al. (1999) reported that a 14-day nicotine treatment 
decreased the levels of Met-Enk in rat striatum and midbrain. 
 
After withdrawal from chronic nicotine, at least cerebral levels of Met-Enk seem to be 
increased. Chronic nicotine treatment and withdrawal increased Met-Enk levels in mouse 
striatum (Dhatt et al. 1995) and NAc (Isola et al. 2002) as well as the PPE mRNA in 
mouse striatum (Dhatt et al. 1995; Isola et al. 2002) and rat NAc (Mathieu et al. 1996), 
striatum and hippocampus (Houdi et al. 1998). Twenty-four hours after the cessation of a 
30-day nicotine treatment, Rosecrans et al. (1985) found decreased β-End level in the 
hypothalamus of mice, which returned to control levels in one week and was increased 14 
days after the cessation of the treatment.  
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In human smokers, nicotine may increase plasma levels of β-End (Pomerleau et al. 1983; 
Seyler et al. 1986), supporting the hypothesis that neuropeptides released by nicotine are 
involved in the positive reinforcement of smoking. Meliska and Gilbert (1991) found that 
after overnight deprivation, smoking two cigarettes somewhat elevated β-End, but four or 
five cigarettes did not have the same effect.  Interestingly, del Arbol et al. (2000) found 
that plasma β-End levels in smokers were only increased in persons who smoked less than 
10 cigarettes per day, as compared with nonsmokers. However, Wewers et al. (1994) did 
not find a correlation between plasma β-End levels and any of four smoking conditions in 
human subjects: the subjects first smoked ad libitum for two days, then were abstinent for 
four days, again smoked for two days, and then chewed nicotine gum for four days. 
Gilbert et al. (1997) also did not find nicotine-induced increases in β-End levels in 
smokers after overnight abstinence. They found that plasma β-End levels were increased 
after smoking a high-nicotine (2.4 mg of nicotine) cigarette but not after smoking normal 
cigarettes (1 mg of nicotine) (Gilbert et al. 1992). Recently, Scott et al. (2007) performed 
a pilot positron emission tomography study on smokers using [11C]carfentanil, a selective 
radiotracer for µ-opioid receptors. They found that tobacco smoking decreased binding of 
[11C]carfentanil (meaning increased µ-receptor activity) in the right anterior cingulated 
cortex due to µ-agonist release. Binding was increased (meaning decreased µ-receptor 
activity) in the amygdala, thalamus and ventral basal ganglia, brain areas implicated in 
reward anticipation. Overall, it seems that tobacco smoking does increase plasma levels of 
β-End, although differing results have been published. 
 
2.4.2 Nicotine and the µ-opioid receptor 
 
Based on studies of µ-opioid receptor knockout mice, this receptor seems to be involved 
in mediating the effects of nicotine. Nicotine-induced antinociception, positive 
reinforcement and dependence were reduced in µ-opioid knockout mice (Berrendero et al. 
2002). Additionally, nicotine-induced sensitization of locomotor activity was not found in 
µ-opioid receptor knockout mice (Yoo et al. 2004). 
 
Only a few studies on nicotine-induced changes in µ-opioid receptors have been 
conducted. Wewers et al. (1999) reported an increase in the number of striatal µ-opioid 
receptors after a 14-day nicotine treatment. However, this effect was only seen in female, 
but not in male rats. Nicotine showed no effect on µ-receptor binding in the midbrain 
Galeote et al. (2006) examined the effect of a 12-day treatment with tolerance-inducing 
doses of nicotine on µ-receptor number and activation. They found that µ-receptor 
binding was decreased in the CPu and NAc and that DAMGO-stimulated guanosine 5’–
(γ-[35S]thio)triphosphate ([35S]GTPγS) -binding was increased in the spinal cord. Marco 
et al. (2007) treated adolescent rats with nicotine for 10 days and measured the number of 
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µ-opioid receptors. They found that this treatment decreased the number of µ-receptors 
only in female but not in male rat hippocampi, and had no effect in the striata of rats of 
either sex. When the rats were sacrificed one month after the treatment, the number of µ-
receptora was decreased in hippocampi and striata of both sexes. The effects of nicotine 
on the number of µ-opioid receptors and their function seem to depend on the treatment 
characteristics, as well as the sex of the experimental animals. 
 
2.4.3 Nicotine-opioid interaction in animal studies  
 
An interaction between the effects of nicotine/ACh and opioidergic system has been 
noticed in several behavioural studies that measured reinforcement. In an intracranial 
brain-stimulation study, morphine increased the potency and efficacy of nicotine (Huston-
Lyons et al. 1993). However, a microinfusion of DAMGO in the VTA (Corrigall et al. 
2000) or pedunculopontine tegmental nucleus (PPT) (Corrigall et al. 2002) decreased 
nicotine self-administration in rats. Intra-PPT administration of CTOP, a µ-receptor 
antagonist, did not affect nicotine self-administration (Corrigall et al. 2002). Interestingly, 
naloxone reduced nicotine self-administration in rats (Corrigall et al. 1988), while 
naltrexone did not (Corrigall and Coen 1991a). Also, blocking the µ1-receptor by 
naloxonazine prevented nicotine-induced DA release in the NAc shell (Tanda and Di 
Chiara 1998). Thus, the modulation of the µ-opioid receptors may affect nicotine 
reinforcement in self-stimulation and self-administration studies, but the effect may 
depend on the area of the brain involved.  
 
Nicotine-pretreatment, as well as enhancement of ACh function, seems to increase 
morphine-induced CPP. A five-day nicotine-pretreatment enhanced morphine 
conditioning in rats (Biala and Weglinska 2004; Shippenberg et al. 1996). Morphine-CPP 
developed even if naloxone was administered in combination with nicotine, which may 
suggest that the nicotine-morphine cross-sensitization does not involve opioid receptors 
(Shippenberg et al. 1996). Interestingly, administering nicotine or anticholinesterase 
physostigmine into the basolateral amygdala (Zarrindast et al. 2005), the CA1 region of 
hippocampus (Rezayof et al. 2006) or the VTA (Rezayof et al. 2007) of rats induced CPP 
when given with a small, ineffective dose of morphine. Mecamylamine reduced both 
morphine-induced CPP and nicotine’s potentiation of morphine CPP. Thus, nAChRs in 
these brain areas seem to be important to the reinforcing effects of morphine. On the other 
hand, Hikida et al. (2003) reported that acetylcholinesterase inhibitors reduced morphine-
conditioning in mice. This inhibition was abolished by the ablation of cholinergic neurons 
in the NAc. The expression of morphine-induced CPP may also involve the function of 
cholinergic system, as Shams et al. (2006) noticed that ultra-low doses (0.0006-0.1 mg/kg 
i.p. or 0.007-25 ng i.c.v.) of nicotine attenuated the expression of morphine-induced CPP. 
These data suggested that nicotine might impair the memory or reward induced by 
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morphine. Also, cross-tolerance between nicotine and morphine has been reported. A 
three-day pretreatment with tolerance-inducing doses of either nicotine or morphine 
reduced nicotine and morphine-induced CPP (Zarrindast et al. 2003). The CPP induced by 
either substance was blocked by treatment with either naloxone or mecamylamine. 
Together, these studies suggest that nAChRs are involved in morphine-reinforcement. In 
addition to the studies demonstrating the interaction of nicotine and morphine in 
reinforcement, one study has been published suggesting that nicotine-pretreatment cross-
sensitizes mice to the locomotor response of morphine (Biala and Weglinska 2004). These 
phenomena have been further investigated in the I and II part of the present study. 
 
The interaction between the effects of nicotine and opioids has also been noticed in 
withdrawal symptoms and withdrawal-induced place aversion. Naloxone induced place 
aversion in nicotine-pretreated rats (Ise et al. 2000; Watkins et al. 2000), while 
mecamylamine-induced aversion was reduced by morphine (Ise et al. 2000). Furthermore, 
naloxone induced withdrawal symptoms in nicotine-dependent rats (Carboni et al. 2000; 
Malin et al. 1993) and reversed the nicotine-induced alleviation of withdrawal symptoms 
(Malin et al. 1996). However, unlike mecamylamine, naloxone did not affect accumbal 
DA levels in nicotine-dependent rats (Carboni et al. 2000), which suggests different 
neural mechanisms for mediating withdrawal symptoms and DA transmission in nicotine 
withdrawal. After the cessation of nicotine administration, morphine abolished the 
spontaneous withdrawal symptoms (Malin et al. 1993). On the contrary, nicotine 
attenuated naloxone-induced place aversion (Araki et al. 2004) and jumping behaviour 
(Brase et al. 1974; Haghparast et al. 2008; Zarrindast and Farzin 1996) in morphine-
dependent rodents. However, when making conclusions, it should be noted that both 
naloxone (Tome et al. 2001) and naltrexone (Almeida et al. 2000; Le Dain et al. 1991) 
have affinity for the nAChRs.  
 
Because both nicotine and morphine have analgesic effects, antinociception studies have 
also been used to explore the cross-effects of nicotine and morphine. Small doses (0.0001-
0.1 mg/kg) of nicotine induced antinociception in mice and potentiated the effect of 
morphine (Zarrindast et al. 1997). Naloxone blocked the effects of both morphine and 
nicotine, but mecamylamine blocked only the effect of nicotine. Also, the potentiation of 
morphine-antinociception has been observed after intrathecal (Suh et al. 1996b) and i.c.v. 
(Suh et al. 1996a) administration of small doses of nicotine. Tolerance-inducing doses of 
morphine and nicotine caused cross-tolerance to each others antinociceptive effects (Biala 
and Weglinska 2006; Zarrindast et al. 1999). This cross-tolerance was antagonized by L-
type calcium channel blockers (Biala and Weglinska 2006). However, when nicotine was 
administered before morphine, it antagonized the development of tolerance to the 
antinociceptive effects of morphine in mice (Haghparast et al. 2008). Interestingly, intra-
NAc mecamylamine blocked the antinociception induced by morphine in nicotine-naïve, 
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but not in nicotine-tolerant rats (Schmidt et al. 2001). This indicates that nAChRs in the 
NAc are involved in the opioid-induced antinociception of nicotine-naïve rats. Together, 
these studies suggest a common mechanism for nicotine- and morphine-induced 
antinociception. 
 
2.4.4 Nicotine-opioid interaction in clinical studies  
 
In human subjects, the interaction of nicotine and opioids has been studied in opioid 
users, as well as by assessing the efficacy of opioid antagonists in smokers.  
 
Mello et al. (1980) performed the first study concerning cigarette consumption in patients 
administering i.v. heroin. They reported that cigarette smoking increased during heroin 
self-administration. Later, they demonstrated that administering buprenorphine to heroin 
users also increased tobacco smoking (Mello et al. 1985). In a smoking cessation study, 
Story and Stark (1991) noticed that methadone maintenance patients reported nicotine 
craving and withdrawal symptoms significantly more than smokers not receiving 
methadone. Also Chait and Griffiths (1984) studied smoking behaviour in methadone 
maintenance patients. They found that oral methadone administration increased cigarette 
smoking in a dose-dependent manner. Similarly, Schmitz et al. (1994) reported dose-
related increases in smoking in patients receiving methadone maintenance treatment. 
They noticed that the largest proportion of total daily smoking took place within 4 h after 
taking methadone. Stark and Campbell (1993) described that 85% of the methadone 
maintenance patients in their trial were smoking, but a correlation between methadone 
dose and self-reported smoking rate was not found. Frosch et al. (2000) performed urine 
toxicology in nonsmokers, tobacco chippers (people who smoke regularly but are not 
dependent), and heavy smokers. They found that cocaine and opioid use correlated with 
smoking status and that the methadone dose was significantly higher in methadone 
maintenance patients who were also heavy smokers than in methadone maintenance non-
smokers and chippers. Spiga et al. (1998) investigated the effects of nicotine abstinence, 
ad libitum smoking and nicotine gum on methadone self-administration in methadone-
maintenance patients with a history of smoking. They found that smoking and 4 mg 
nicotine gum, when compared to abstinence and placebo gum, increased methadone self-
administration. In summary, most opioid users seem to smoke, opioids seem to increase 
smoking rate and smoking or nicotine use may increase opioid dose. These studies show 
an interaction between nicotine and opioids, and the results indicate that nicotine and 
opioids may increase the reinforcing effects of each other. However, it has been argued 
that possibly some of nicotine’s effects may be attenuated during opioid intoxication; 
thus, more cigarettes are needed to compensate for this (Pomerleau 1998). 
 



 31

Because nicotine induces the release of endogenous opioids, several researchers have 
studied opioid antagonists to see if they could be used to aid smoking cessation. The first 
studies examined the effect of naloxone on smoking behaviour. Karras and Kane (1980), 
as well as Gorelick et al. (1988) found that naloxone reduced smoking. However, 
Nemeth-Coslett and Griffiths (1986) found that naloxone had no significant effect on 
cigarette smoking. Later on, naltrexone has been more widely used in the experiments 
because it is orally active and has a longer half-life than naloxone. Studies have been 
conducted with either naltrexone alone or in combination with nicotine replacement 
therapy. When used alone, naltrexone has been found to reduce the number of cigarettes 
smoked (Epstein and King 2004; Lee et al. 2005; Wewers et al. 1998) and increase 
cessation rate, especially in women and patients with a history of major depression 
(Covey et al. 1999), but negative results have also been reported (Sutherland et al. 1995). 
Naltrexone may reduce satisfaction from smoking (Wewers et al. 1998), reinforcing value 
of nicotine (Rukstalis et al. 2005) and postcigarette ratings of craving and desire to smoke 
(King and Meyer 2000). However, naltrexone was reported to cause mood changes 
similar to those seen in nicotine withdrawal (Sutherland et al. 1995), as well as increased 
sedation and negative emotions (Epstein and King 2004). 
 
In combination with the nicotine patch, naltrexone augmented smoking abstinence (Byars 
et al. 2005; O'Malley et al. 2006) and reduced relapses (Krishnan-Sarin et al. 2003). 
However, neither King et al. (2006) nor Wong et al. (1999) found significant increases in 
the cessation rates of patients receiving naltrexone in addition to nicotine. This 
combination therapy may reduce the desire to smoke (King et al. 2006; Krishnan-Sarin et 
al. 2003) but Wong et al. (1999) did not see any effect on craving or cigarette 
consumption and Rohsenow et al. (2007) did not find a reduction in the urge to smoke. 
However, researchers agree that the combination prevents weight gain after cessation 
(King et al. 2006; Krishnan-Sarin et al. 2003; O'Malley et al. 2006). Brauer et al. (1999) 
reported that naltrexone reversed the effects of nicotine and had a negative effect on 
mood. Taken together, the results of the advantage of opioid antagonist in smoking 
cessation are inconsistent, and no final conclusions can be made.  The inconsistencies in 
the results may be related, at least in part, to gender differences and genotypes.  
 
A single nucleotide polymorphism, A118G, in µ-opioid receptor gene results in lower 
mRNA and lower protein levels, which suggests that the G allele induces partial loss of 
function in the gene (Zhang et al. 2005). This variant also leads to increased binding 
affinity for β-End (Bond et al. 1998). Lerman et al. (2004) studied the effect of the 
A118G variant on smoking  cessation in patients receiving nicotine patch or nicotine nasal 
spray. They reported that smokers with this variant were more likely to stay abstinent and 
had less weight gain and fewer mood disturbances than smokers with the more common 
variant. Ray et al. (2006) measured the reinforcing value of nicotine in smokers with the 
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A118G variant. They found that the reinforcing value of nicotine was diminished among 
women with the low-activity G-allele. However, no such difference was found in men. In 
this study, naltrexone did not affect nicotine reinforcement. Furthermore, Zhang et al 
(2006) have noticed that the µ-opioid receptor gene may be involved in smoking initiation 
and nicotine dependence. Based on these studies, it seems that genetic polymorphisms in 
the endogenous opioid system likely are involved in smoking behaviour and smoking 
cessation success. 
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3. AIMS OF THE STUDY 
 
The purpose of the current study was to find out whether tobacco smoking predisposes to 
the use of other addictive substances. This question was approached by studying the 
behavioural and neurochemical effects of morphine in mice treated chronically with 
nicotine. The specific goals of the study were: 
 
1. to determine whether chronic nicotine pretreatment alters the stimulatory and 

reinforcing effects of morphine 
2. to determine whether chronic nicotine administration affects number or function of µ-

opioid receptors in the brain 
3. to study the effect of chronic nicotine pretreatment on morphine-induced responses in 

the nigrostriatal and mesolimbic dopaminergic systems and their GABAergic control 
4. to clarify the role of pCREB in nicotine-morphine interaction and nicotine-induced 

changes in cerebral BDNF levels. 
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4. MATERIALS AND METHODS 
 
4.1 Animals 
 
Male NMRI-mice were used in all experiments. The mice receiving chronic oral nicotine 
treatment (I-IV) were 4-5 weeks old and weighed 20-30 g at the beginning of the 
treatment. The mice receiving acute nicotine treatment (III) were 11-13 weeks old. The 
mice were housed under a 12-h light/dark cycle and had free access to food and drinking 
fluid. In the colony room, the temperature was 21 ± 2°C and the humidity was 60%. The 
experiments were conducted according to the ‘European Convention for the Protection of 
Vertebrate Animals used for Experimental and other Scientific Purposes’. The 
experimental protocols were approved by either the chief veterinarian of the county 
administrative board or by the Committee on Animal Experiments at the University of 
Helsinki.  
 
4.2 Chronic oral nicotine treatment 
 
(-)-Nicotine (Fluka, Switzerland) solutions were prepared in tap water, and the pH was 
adjusted to 6.8-7.0 with 0.1 M HCl. The mice received increasing concentrations of 
nicotine (base; 50-500 µg/ml) in their drinking water for 7 weeks as described previously 
(Pekonen et al. 1993) and shown in Table 4.1. The concentration of nicotine in the 
drinking solution was increased gradually at 3-4 day intervals from 50 to 350 µg/ml and 
thereafter at 7-day intervals from 350 to 500 µg/ml. The nicotine solution was the sole 
source of fluid for the nicotine-treated animals during the entire 7-week treatment and it 
was replaced by water on day 50 of the treatment. The control animals drank tap water. 
This method allows intermittent nicotine administration to mice during their active time. 
 

Table 4.1 Chronic oral nicotine treatment schedule 
Week Week day Concentration of 

nicotine solution 
(µg/ml) 

1. Mon. – Wed. 50 
 Thurs. – Sun. 100 
2. Mon. – Wed. 150 
 Thurs. – Sun. 200 
3. Mon. – Wed. 250 
 Thurs. – Sun. 300 
4. Mon.- Sun. 350 
5. Mon.- Sun. 400 
6. Mon.- Sun. 450 
7. Mon.- Sun. 500 
8. (experimental week) Mon.- Sun. 500 
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4.3 Acute drug treatments 
 
Morphine-HCl (studies I-IV; the University Pharmacy, Finland), cocaine-HCl (study I; 
the University Pharmacy, Finland), (±)-baclofen (study III; Sigma-Aldrich, USA), NSD 
1015 (study III; 3-hydroxybenzylhydrazine dihydrochloride; BioChemica, Sigma, China), 
α-methyltyrosine (study III; α-MT; DL-α-methyl-p-tyrosine methylester HCl; Labkemi 
AB, Sweden) and (-)-nicotine (study III) were dissolved in saline (0.9% NaCl solution). 
The pH of the nicotine solution was adjusted to 7 with a 0.05 M HCl solution in saline. 
All injections were given in a volume of 10 ml/kg. Drug doses were calculated as free 
base. Morphine was given s.c. and all other drugs were given i.p. 
 
4.4 Monitoring locomotor activity (I, III) 
 
Locomotor activity measurements were conducted as papers I and III describe in detail. In 
brief, locomotor activity was measured in plastic transparent chambers in the open field 
activity monitor (MED Associates, USA). The activities of mice were recorded by 
infrared photo beam interruptions on a computer. All mice were habituated to the 
locomotor activity measurement chambers for 10 minutes prior to drug administration. In 
study I, locomotor activity was measured 24 h, 8 days and 29 days after the cessation of 
nicotine treatment, while in study III it was measured 18 h and 24 h after the cessation of 
nicotine treatment. 
 
4.5 Conditioned place preference (II) 
 
Mice were habituated to the conditioned place preference apparatus (MED Associates, 
USA) which consisted of two disparate compartments, for two days, after which the initial 
preference was measured, and mice were withdrawn from nicotine. On the following two 
days, mice were conditioned to the apparatus after administration of saline or morphine 
using a biased design. On the next day, their preference was measured in the absence of 
drugs. Conditioning with saline or morphine was continued for two days, and preference 
was again measured. The schedule of the experiment is shown in Table 4.2. For further 
details, see study II. 
 
 
 
 
 
 
 
 



 36

Table 4.2 Conditioned place preference experiment schedule 
Day Handling Drug treatment 
1-47 - Nicotine via drinking water / H2O 
48-49 Habituation Nicotine via drinking water / H2O 
50 Pre-conditioning test Nicotine via drinking water / H2O 
50 - Cessation of nicotine treatment 
1-2 Conditioning Saline / morphine 5 mg/kg / morphine 10 mg/kg  
3 Post-conditioning test - 
4-5 Conditioning Saline / morphine 5 mg/kg / morphine 10 mg/kg 
6 Post-conditioning test - 
 
4.6 Monoamine analysis of brain tissue samples (I, III) 
 
A detailed description of the method can be found in papers I and III. In brief, monoamine 
analysis of tissue samples was conducted to measure DA, DOPAC, HVA, 5-HIAA, 
noradrenaline and MOPEG in study I and DA and DOPA in study III. Mice were 
sacrificed by decapitation, the brains were removed and sliced, and CPu and NAc were 
dissected using a sample corer with a plunger. Samples were weighed and stored at -80°C 
until analysis. Monoamine concentrations in the brain samples were determined using 
HPLC with electrochemical detection and are reported in ng/g wet weight of tissue. 
 
4.7 In vivo microdialysis (III) 
 
Using stereotaxic operation of anaesthetized mice, guide cannulae were operated in the 
brain with the lower end above NAc, CPu or VTA/SN. The experiments were performed 
after 5-7 days of recovery from the operation and 24 h after the cessation of the nicotine 
treatment. When DA was measured, the microdialysis probes were inserted in the guide 
cannulae on the afternoon of the day before the experiment day, and the probes were 
perfused with a modified Ringer solution overnight using a low flow rate. The perfusion 
flow rate was increased in the morning, and after a stabilization period, samples were 
collected in 20-min intervals. When GABA was measured, probes were inserted on the 
morning of the experiment day, and after stabilization, samples were collected in 15-min 
intervals. In the GABA-experiments, nipecotic acid was used to inhibit GABA uptake. 
Monoamine concentrations were determined by HPLC with an electrochemical detector, 
and GABA concentrations were determined using HPLC with a fluorescence detector. 
After the experiments, the positions of the probes were verified by observing coronal 
brain sections. Detailed descriptions of the in vivo microdialysis –methods can be found 
in the study III. 
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4.8 Autoradiography (II) 
 
In the autoradiography experiments, mice were sacrificed 24h, 8 days or 29 days after the 
cessation of the nicotine treatment. Coronal sections of the brains were cut with a 
cryostat, thaw-mounted on slides and stored at -80 °C until the experiment. µ-Opioid 
receptor number and affinity were determined using [3H]DAMGO autoradiography with 
five concentrations of the radioligand. The activity of the µ-opioid receptor–associated G-
protein was determined using a [35S]GTPγS-binding assay. In the [3H]DAMGO binding 
assay, the sections were exposed to film for 6-7 months, and in the [35S]GTPγS binding 
assay for 6-7 days. The radioactivity-induced changes in the films were quantified using 
an apparatus consisting of a light table, a camera and a computer program. 
 
4.9 Immunological methods (IV) 
 
To quantify BDNF protein levels in the brain, groups of mice were sacrificed during the 
nicotine treatment and 24 h, 8 days or 29 days after its cessation. The BDNF protein 
levels were measured in brain tissue homogenates using a two-site enzyme-linked 
immunosorbent assay (ELISA) on 96-well plates. TrkB receptor autophosphorylation was 
measured using western blot analysis in tissues from mice decapitated 24 h after the 
cessation of the nicotine treatment.  
 
For pCREB immunohistochemistry, deeply anaesthetized mice were perfused 
transcardially with phosphate-buffered saline followed by paraformaldehyde either on the 
50th day of the nicotine treatment or 24 h after its cessation. Brains were sectioned 
coronally using a cryostat, and a standard immunohistochemistry method using avidin–
biotin enhancement was performed on free-floating sections. The immunohistochemical 
reaction was revealed using 3,3-diaminobenzidine. The optical densities of pCREB-
positive nuclear staining were determined from digitalized images of the sections. 
Detailed descriptions of the immunological methods can be found in the study IV. 
 
4.10 Statistical analyses 
 
The locomotor activity data were analysed by using repeated measures two-way analysis 
of variance (ANOVA). Brain monoamine data were analysed by one-way and/or two-way 
ANOVA. The conditioned place preference data were tested with one-way ANOVA and 
with the Student’s paired two-tailed t-test. The autoradiography data were analyzed using 
one-way ANOVA. Microdialysis data were analyzed by one- or two-way ANOVA. 
Immunohistochemical data were tested using the Student’s t-test or two-way ANOVA. 
For ANOVA, Student-Newman-Keuls post hoc test was used when appropriate. All 
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values are given as the mean ± SEM, and results were considered significant when 
p<0.05. 
 
5. RESULTS 
 
5.1 Locomotor activity (I, III) 
 
5.1.1 Basal locomotor activity (I, III)  
 
Basal locomotor activities of mice were measured in control mice and mice treated 
chronically with nicotine. In study I, locomotor activities were measured at 24 h and 8 
days (Fig. 5-1), and in study III, at 18 h after cessation of chronic nicotine treatment (Fig. 
1 in paper III). Control and nicotine-pretreated mice showed no difference in their 
locomotor activity. 
 
5.1.2 Effect of morphine and cocaine on locomotor activity (I)  
 
The purpose of this experiment was to determine whether chronic nicotine pretreatment 
alters morphine’s locomotor simulating effects. Indeed, morphine (15 mg/kg s.c.) 
significantly increased the locomotor activity of both the control mice and mice at 24 h or 
8 days after the cessation of nicotine treatment (Fig. 5-1), but significantly more in 
nicotine-pretreated than in control mice. Overall, nicotine-pretreated mice travelled about 
40% more than the control mice during the 2-h measuring period after morphine 
administration. However, no differences in the locomotor stimulating effects of morphine 
were found between control and nicotine-pretreated mice at 29 days after the cessation of 
the chronic nicotine treatment (Fig. 2 in paper I). 
 
In order to determine if the cross-sensitizing effect was specific to morphine or if it was 
due to a general sensitization of the DAergic system, other groups of mice were given 
cocaine (20 mg/kg i.p.) 24 h and 8 days after the cessation of chronic nicotine treatment. 
However, no significant differences were found in the locomotor activity stimulating 
effects of cocaine between control and nicotine-pretreated mice (Fig. 3 in paper I). 
 
5.1.3 Effect of baclofen and morphine on locomotor activity (III)  
 
The objective of this experiment was to determine if the function of the GABAB-receptors 
was altered after the cessation of chronic nicotine treatment. The GABAB-agonist 
baclofen (1.25 mg/kg i.p.) did not significantly alter locomotor activity in either the 
control or nicotine-pretreated mice (Fig. 1 in paper III). It did significantly reduce 



 39

morphine-induced locomotor activity, but there was no statistically significant difference 
between the control and nicotine-pretreated mice. 
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Fig. 5-1. Effect of morphine on locomotor activity in mice at 24 h (A) or 8 days (B) 
after cessation of a 50-day chronic nicotine administration (NIC) via drinking water. 
The control mice were drank tap water (H2O). The distances (cm; mean ± S.E.M.) 
travelled by the mice were recorded in 10-min intervals for 2 h starting immediately after 
administration (s.c.) of either morphine (MOR; 15 mg/kg) or saline (SAL). The mice 
withdrawn for 8 days had been the saline controls at 24 h from withdrawal and thus had 
received a saline s.c. injection in Experiment A. The horizontal lines above panels A (10-
90 min) and B (0-60 min) show significant interactions between the effects of morphine 
in water-drinking and nicotine-withdrawn mice. The inserts show the cumulative data 
during the 2-h observation periods. Exp. A n = H2O-SAL: 28; NIC-SAL: 28; H2O-MOR: 
23; NIC-MOR: 24; Exp. B n = H2O-SAL-SAL: 8; NIC-SAL-SAL: 8; H2O-SAL-MOR: 
10; NIC-SAL-MOR: 10. 
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5.2 Morphine-induced conditioned place preference (II) 
 
As described above, chronic nicotine treatment cross-sensitized mice to the locomotor 
stimulating effects of morphine. The purpose of the CPP experiment was to determine 
whether nicotine-pretreated mice are more sensitive to the reinforcing effects of morphine 
than control mice. The effects of morphine (at 5 or 10 mg/kg s.c.) are summarised in 
Table 5-1. The preconditioning times of control and nicotine-pretreated mice were 
similar. Morphine induced significant place preference after two conditioning sessions in 
both the control and the nicotine-pretreated mice that received morphine 10 mg/kg s.c. At 
the lower dose of morphine, 5 mg/kg, significant place conditioning was induced only in 
nicotine-pretreated mice but not in the control mice. After four administrations of 
morphine 10 mg/kg, significant place preferences were seen in both control and nicotine-
pretreated mice. No conditioning was seen in either the control or the nicotine-pretreated 
mice after receiving four doses of morphine at 5 mg/kg. Saline treatment did not induce 
place preference in either pretreatment group on either testing day.  
 
Table 5-1. The effects of morphine 5 mg/kg and 10 mg/kg on conditioned place 
preference in mice after chronic nicotine-pretreatment.  
Morphine 5 mg/kg  Control mice Nicotine-pretreated mice 
Post-conditioning 1 - + 
Post-conditioning 2 - - 
Morphine 10 mg/kg   
Post-conditioning 1 + + 
Post-conditioning 2 + ++ 
+ Significant conditioning p<0.05, ++ significant conditioning p<0.01, as compared with 
preconditioning test (Student’s t-test). 
 
5.3 [3H]DAMGO autoradiography and DAMGO-stimulated [35S]GTPγS binding 

(II) 
 
Previously, we found that nicotine-pretreated mice were cross-sensitized to morphine but 
not to cocaine. This observation led us to study the number, affinity and functional 
activity of µ-opioid receptors, the receptor that mainly exerts morphine’s effects, to 
determine if they are changed following chronic nicotine treatment. Autoradiography 
experiments with [3H]DAMGO and [35S]GTPγS were performed, but no significant 
differences in the Bmax, KD or functional activity of µ-opioid receptors were found 
between the control mice and the nicotine-pretreated mice in any of the brain areas 
studied (Tables I and II in Paper II). 
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5.4 Brain monoamine concentrations (I, III) 
 
5.4.1 Monoamine concentrations in the CPu and the NAc after morphine 

administration (I) 
 
Monoamine concentrations in the CPu and the NAc of control mice and mice chronically 
pretreated with nicotine were measured to determine whether the nigrostriatal or the 
mesolimbic DA systems are involved in the behavioural nicotine-morphine cross-
sensitization. The concentrations of DA and 5-HT in the CPu and NAc did not differ 
between control mice and mice 24 h after the cessation of chronic nicotine treatment, and 
morphine did not significantly affect the concentrations. No differences were found in 
noradrenaline or MOPEG concentrations between the pretreatment groups in the NAc, 
nor between pretreatment groups after morphine administration. The concentrations are 
shown in Table 1 in paper I.  
 
Table 5-2 summarises the effect of chronic nicotine treatment and morphine (10 mg/kg 
s.c.) administration on DOPAC, HVA and 5-HIAA levels. At 24 h after the cessation of 
chronic nicotine treatment, DOPAC and HVA concentrations were significantly reduced 
in the CPu, but not in the NAc. Morphine significantly elevated DOPAC and HVA 
concentrations in both pretreatment groups in the NAc, but only in nicotine-pretreated 
mice in the CPu. Morphine also significantly elevated 5-HIAA concentrations in the CPu. 
 
Table 5-2. The effect of morphine (10 mg/kg) on DOPAC, HVA and 5-HIAA 
concentrations in the CPu and the NAc of mice after chronic nicotine-pretreatment. 
 H2O Nicotine 
 Saline Morphine Saline Morphine 
CPu     
DOPAC 100% ↑ 14% ↓ 19% # ↑ 43% ** 
HVA 100% - ↓ 27% # ↑ 58% ** 
5-HIAA 100% - ↓ 28% ↑ 76% ** 
     
NAc     
DOPAC 100% ↑ 33% ** ↓ 16% ↑ 52% ** 
HVA 100% ↑ 69% ** ↓ 8% ↑ 44% * 
5-HIAA 100% ↑ 18% - ↑ 17% 
     
Percentage changes are calculated either from the corresponding H2O group (effect of 
nicotine) or from the corresponding saline group (effect of morphine). - = no change, ↑ = 
increase, ↓ = decrease. # p<0.05 as compared with H2O-Saline group, * p<0.05 and ** 
p<0.01, as compared with corresponding control group (Student-Newman-Keuls). 
 



 42

5.4.2 DOPA-concentrations in the CPu and NAc (III) 
 
The results of the monoamine measurements in Study I suggested changes in DA 
turnover/metabolism in the brains of mice treated chronically with nicotine. Thus, TH 
activity was assessed by quantifuing DOPA accumulation after the inhibition of aromatic 
amino acid decarboxylase by NSD 1015 (100 mg/kg i.p.). No differences in DOPA 
concentrations were found between nicotine-pretreated and control mice after treatment 
with NSD 1015 in either the CPu or the NAc (CPu: Control 2587 ± 105 ng/g; Nicotine 
2429 ± 113 ng/g; NAc: Control 2713 ± 180 ng/g; Nicotine 2534 ± 167 ng/g). 
 
5.4.3 Effect of α-methyl-para-tyrosine and morphine on dopamine concentrations 

(III) 
 
To further clarify the nicotine-induced changes in monoamine utilization 
(release/metabolism), an experiment was conducted with the TH inhibitor α-methyl-para-
tyrosine (α-MT; 250 mg/kg, i.p.). As shown in Fig. 2 of Paper III, there were no 
differences between the control and nicotine-pretreated mice with respect to α-MT-
induced DA depletion in either the CPu or the NAc. Morphine (10 mg/kg s.c.) given 
either 90 or 150 min before decapitation slightly, but not significantly, accelerated DA 
depletion in both pretreatment groups and both brain areas.  
 
5.5 In vivo microdialysis (III) 
 
5.5.1 Extracellular concentrations of monoamines after morphine administration 
 
Because the experiment with α-MT did not reveal any differences between control and 
nicotine-pretreated mice with respect to the effect of morphine on striatal DA 
concentrations, we used in vivo microdialysis to further clarify the effects of morphine on 
extracellular DA concentrations in the CPu and NAc of nicotine-pretreated mice. The 
basal concentrations of extracellular DA were similar in the control and nicotine-
pretreated mice (CPu: control 1.35 ± 0.20 nM, nicotine 1.28 ± 0.16 nM; NAc: control 
1.05 ± 0.12 nM, nicotine 0.83 ± 0.11 nM). No significant differences in basal 
concentrations of DOPAC, HVA or 5-HIAA in the CPu or NAc of control mice and 
nicotine-pretreated mice were found (Table S2 of paper III). 
 
Morphine (15 mg/kg s.c.) significantly increased the extracellular concentration of DA in 
the CPu and in the NAc of both control and nicotine-pretreated mice (Fig. 5-2). Morphine 
elevated the extracellular DA concentration both in the CPu and the NAc of nicotine-
pretreated mice significantly more than in control mice. Morphine elevated the 
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extracellular concentrations of DOPAC, HVA (Figs. 3 and 4 in paper III) and 5-HIAA in 
both brain areas but similarly in both pretreatment groups. 
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Fig. 5-2. Effect of morphine on extracellular DA in the CPu and the NAc of control 
(H2O) and nicotine-pretreated (NIC) mice. Nicotine pretreatment was ended 24 h 
before the microdialysis experiment. The mice were given saline (SAL) or morphine 
(MOR; 15 mg/kg, s.c.) at the time indicated by the arrow. CPu: H2O-SAL n=3, H2O-
MOR n=10, NIC-SAL n=4, NIC-MOR n=7; NAc: H2O-SAL n=7, H2O-MOR n=5, NIC-
SAL n=6, NIC-MOR n=8. 
 
5.5.2 Extracellular concentrations of monoamines after baclofen or combined 

baclofen and morphine administration 
 
To determine whether changes in GABAB-receptor function are involved in the altered 
response of nicotine-pretreated mice to morphine, a microdialysis experiment with 
baclofen was performed. Baclofen (1.25 mg/kg i.p.) did not significantly affect the 
extracellular concentration of DA in the NAc in either pretreatment group. No significant 
effect on DA concentration was seen in either brain area when baclofen was given before 
morphine administration. In the CPu, baclofen did not affect the morphine-induced output 
of DOPAC and HVA, but in the NAc, baclofen significantly and similarly decreased the 
morphine-induced output of these metabolites in both control mice and mice after 
cessation of chronic nicotine treatment. Baclofen did not affect 5-HIAA output in either 
brain area. 
 
5.5.3 Effect of morphine on GABA output (III) 
 
GABAergic systems control the activity of DAergic neurons in the VTA and SN. Because 
interactions between the effects of nicotine and morphine were found in mouse behaviour 
and DA transmission, but not in the levels of µ-opioid or GABAB -receptors, we 
examined using in vivo microdialysis whether the concentration of nipecotic acid -induced 
extracellular GABA was changed in the VTA/SN. Baseline concentrations of GABA in 
the VTA/SN of control mice and mice 24 h after the cessation of chronic nicotine 
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treatment were similar (control: 18.1 ± 5.5 nM, n=27; nicotine: 18.4 ± 3.9 nM, n=17). 
After nipecotic acid perfusion, extracellular GABA concentration was increased 
significantly less in the VTA/SN of mice pretreated chronically with nicotine than in 
control mice. 
 
As shown in the Fig. 5-3, morphine (15 mg/kg s.c.) administration decreased the nipecotic 
acid-induced increase of GABA in control mice but increased it in nicotine-pretreated 
mice. Thus, a highly significant interaction between nicotine-pretreatment and morphine 
administration was found in nipecotic acid-induced extracellular GABA concentration. 

 
Fig. 5-3. Extracellular GABA 
concentrations in the VTA/SN of 
control mice (H2O) and mice 24 h 
after the cessation of chronic 
nicotine treatment (NIC). The 
horizontal bar below the graph 
indicates the time of nipecotic acid 
perfusion in Ringer solution. The 
mice were given saline (SAL) or 
morphine (MOR; 15 mg/kg s.c.) at 
the time indicated by the arrow. 
H2O-SAL n=7, H2O-MOR n=7, 
NIC-SAL n=9, NIC-MOR n=7. 
 
 
 

5.5.4 Effect of acute nicotine on GABA output (III) 
 
To clarify the effect of acute nicotine on GABA in the VTA/SN, we gave naïve mice 
nicotine (0.3 mg/kg or 0.5 mg/kg, i.p.) and measured the changes in the extracellular 
concentration of GABA after nipecotic acid perfusion. Acute nicotine administration 
decreased the nipecotic acid-induced increase in extracellular GABA concentration in a 
dose-dependent manner (Fig. 5-4). 
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Fig. 5-4. Nipecotic acid-induced 
extracellular GABA concentra-
tions in the VTA/SN of naïve 
NMRI mice after administration 
(indicated by the arrow) of saline 
(SAL; s.c.), nicotine 0.3 mg/kg 
(NIC 0.3; i.p.), or nicotine 0.5 
mg/kg (NIC 0.5; i.p.). The 
horizontal bar below the graph 
indicates the time of nipecotic acid 
perfusion in Ringer solution. NIC 
0.3 n=7, NIC 0.5 n=6, H2O-SAL 
n=7. 
 
 

 
5.6 Cerebral pCREB levels (IV) 
 
To study the alterations in nicotine-morphine interaction at the molecular level, we 
measured the phosphorylation of CREB in several brain areas of mice chronically treated 
with nicotine as well as in the brains of nicotine-pretreated mice after morphine 
administration. The results are summarised in Table 5-3. On the 50th day of the nicotine 
treatment, the pCREB level was significantly decreased in the NAc of the nicotine-treated 
mice as compared with the control mice but was not significantly altered in other areas of 
the brain studied.  
 
Twenty-four hours after the cessation of chronic nicotine treatment, there were significant 
interactions between nicotine-pretreatment and morphine administration in the SN and 
VTA. Morphine significantly increased pCREB only in the VTA of nicotine-pretreated 
mice, but not in the control mice. The pCREB level in both the VTA and the SN tended to 
be lower in the saline-treated nicotine-mice than in the corresponding control group. 
Morphine increased pCREB levels in both the PFC and the amygdala, but there were no 
differences in the magnitude of this effect between the nicotine-pretreated and control 
mice. There were no significant differences in the effects of either nicotine-pretreatment 
or morphine injection in the NAc or CPu 24 h after the chronic nicotine treatment.  
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Table 5-3. Effect of chronic nicotine treatment on CREB phosphorylation.  
Brain 
area 

Control Nicotine, 50th 
day of the 
treatment 

Control Nicotine, at 24 h 
after cessation of 
the treatment 

   Saline  Morphine Saline  Morphine
       
PFC 100%  - 100% ↑ 10% - ↑ 11% 
Amy 100% ↑ 6% 100% - ↑ 9% ↑ 24% 
NAc 100% ↓ 13% * 100% ↑ 6% - ↑ 7% 
CPu 100% - 100% - ↑ 5% - 
VTA 100% ↑ 8% 100% - ↓ 24% ↑ 16% * 
SN 100% -  100% ↓ 9% ↓ 21% - 
       
Mice were sacrificed either on the 50th day of nicotine treatment or 24 h after its 
cessation. The latter group received an injection of saline or morphine (15 mg/kg s.c.) 20 
min before they were sacrificed. Percentage changes are shown as compared with control 
groups (100%). PFC = prefrontal cortex; Amy = amygdala, basolateral; NAc = nucleus 
accumbens; CPu = caudate putamen; VTA = ventral tegmental area, rostral; SN = 
substantia nigra, pars compacta. - = no change, ↑ = increase, ↓ = decrease. * p < 0.05 as 
compared with the corresponding control group (NAc: Student’s t-test, VTA: Student-
Newman-Keuls). 
 
5.7 Cerebral BDNF levels and TrkB phosphorylation (IV) 
 
The purpose of the experiment was to determine whether chronic nicotine affects cerebral 
BDNF levels, either during the chronic treatment or after its cessation. The results are 
summarised in Table 5-4. 
 
On the 50th day of the 7-week oral nicotine treatment, BDNF levels were significantly 
decreased in the VTA but not in the five other brain regions studied. When examined 24 h 
after the cessation of the chronic nicotine treatment, BDNF levels were significantly 
elevated in the NAc and tended to be elevated in the PFC, CPu and SN. Additionally, 29 
days after the cessation of the chronic nicotine treatment, BDNF levels were significantly 
elevated in the NAc, SN and VTA and tended to be elevated in the CPu. However, 8 days 
after the cessation of the nicotine treatment, BDNF levels did not differ from control 
levels in any of the brain regions studied.  
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Table 5-4. Effect of chronic nicotine treatment on cerebral BDNF levels.  
Brain area Nicotine, on 

the 50th day of 
the treatment 

24 h after 
cessation of 
the treatment 

8 days after 
cessation of 
the treatment 

29 days after 
cessation of 
the treatment 

     
PFC ↓ 6% ↑ 16% - ↑ 5% 
Amy ↑ 11% - - ↑ 10% 
NAc ↓ 10% ↑ 47% *** - ↑ 27% * 
CPu - ↑ 19% - ↑ 23% 
VTA ↓ 16% * - ↓ 7% ↑ 18% * 
SN - ↑ 23% - ↑ 38% * 
     
Mice were sacrificed either on the 50th day of nicotine treatment or 24 h, 8 days or 29 
days after its cessation. Percentage changes are shown as compared with control groups 
(100%). PFC = prefrontal cortex; Amy = amygdala; NAc = nucleus accumbens; CPu = 
caudate putamen; VTA = ventral tegmental area; SN = substantia nigra. - = no change, ↑ 
= increase, ↓ = decrease. * p < 0.05, *** p < 0.0005 (Student’s t-test). 
 
To determine if the increases in BDNF protein levels affect TrkB receptor activity, we 
measured TrkB phosphorylation levels 24 h after the cessation of nicotine in the NAc and 
the PFC. However, pTrkB levels in nicotine-treated mice 24 h after the cessation of 
nicotine treatment were similar to those of control mice, in both the NAc (control: 100.0 ± 
8.5%; nicotine: 101.1 ± 6.0%, ns) and the PFC (control: 100 ± 3.1%; nicotine: 93.2 ± 
8.0%, ns). 
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6. DISCUSSION 
 
The objective of this study was to find out, whether tobacco smoking changes the 
addictive properties of drugs of abuse. This topic was examined by studying the effects of 
chronic oral nicotine pretreatment on the behavioural and neurochemical responses to 
morphine. 
 
6.1 Locomotor stimulating and reinforcing effects of morphine in nicotine-

pretreated mice 
 
Morphine increased locomotor activity more in mice pretreated with nicotine for 7 weeks, 
than in control animals. The enhanced effect of morphine was seen 24 h and 8 days after 
the cessation of nicotine treatment, but was no longer evident 29 days after cessation, 
which suggests that the nicotine-induced changes responsible for morphine’s enhanced 
effect are not permanent. Also Biala and Weglinska (2004) have previously reported that 
mice pretreated repeatedly with nicotine were sensitized to the stimulating effects of 
morphine. In our study, the basal locomotor activity of nicotine-pretreated mice was 
similar to that of control mice, demonstrating that an alteration in the spontaneous activity 
is not responsible for morphine’s enhanced effect. Furthermore, cocaine stimulated both 
control and nicotine-pretreated mice to a similar degree, suggesting that morphine’s 
enhanced effect is due to changes in the regulation of dopaminergic system upstream from 
dopaminergic neurons.  
 
The conditioned place preference (CPP) –method is used to measure the positive 
reinforcing effects of substances (Bardo and Bevins 2000; Mucha et al. 1982; Sanchis-
Segura and Spanagel 2006). We used the unbiased method of place conditioning, which is 
more widely used than the biased method (Sanchis-Segura and Spanagel 2006), although 
morphine induces conditioning with both procedures (Blander et al. 1984). In our study, 
morphine induced CPP in nicotine-pretreated mice at a lower dose (5 mg/kg) than in 
control mice (10 mg/kg). Control mice were first conditioned with morphine at 10 mg/kg 
because NMRI-mouse strain is relatively insensitive to the effects of morphine (Grognet 
et al. 1983). However, conditioning only lasted for a short period of time with the smaller 
dose of morphine. Our results support those of Shippenberg et al. (1996), as well as Biala 
and Weglinska (2004), who have previously found that nicotine pretreatment sensitizes 
rats to the reinforcing properties of morphine. The smaller dose of morphine was used as 
a threshold dose to reveal possible sensitization by nicotine, and it does seem that prior 
nicotine treatment sensitizes mice to the positive reinforcing effects of morphine. 
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6.2 Effects of morphine on DAergic systems, 5-HT and noradrenaline in nicotine-
pretreated mice 

 
Striatal DAergic transmission plays a critical role in mediating both nicotine’s and 
morphine’s effects (Di Chiara and Imperato 1988a). It is involved in the locomotor 
stimulating as well as in positive reinforcing effects of opioids (Kuschinsky and 
Hornykiewicz 1974; Phillips and LePiane 1980; Shippenberg et al. 1993; Spanagel et al. 
1990; Spyraki et al. 1983), although these behaviours are partly DA-independent (Airio 
and Ahtee 1997; 1999; Michaluk et al. 1991; Pettit et al. 1984; Stinus et al. 1989; 
Vaccarino et al. 1986). Accumbal DA is considered especially important in reinforcement 
and locomotor activation (Di Chiara and Imperato 1988b; Shippenberg et al. 1993), while 
DA-dependent synaptic plasticity in the CPu has been suggested to have a remarkable role 
in learning processes of addiction, such as habit formation (Gerdeman et al. 2003). 
Because we observed cross-sensitization between chronic nicotine and acute morphine 
administration in DA-mediated behaviours, we investigated whether striatal DAergic 
transmission is altered. Indeed, the release of DA was more prominent in the brains of 
mice 24 h after cessation of chronic oral nicotine treatment than in control mice. The 
sensitized DA response likely explains the augmented behavioural responses to morphine 
in nicotine-pretreated mice. Furthermore, the increase in DA output after morphine 
administration appeared earlier in the NAc than in the CPu, and could be related to the 
observed increase in locomotor activity in nicotine-pretreated mice after morphine 
administration. 
 
Acute morphine administration significantly elevated 5-HIAA concentration in the CPu of 
the nicotine-pretreated mice but not in control mice. 5-HT may be related to the 
locomotor cross-sensitization, as Fadda et al. (2005) have found that, in addition to the 
DAergic system, the serotonergic also system is involved in the regulation of morphine-
induced locomotor response. Basal and morphine-induced concentrations of noradrenaline 
and MOPEG were similar in control and nicotine-pretreated mice, which suggests that the 
increase in morphine-induced locomotor activation in nicotine-pretreated mice is not 
related to changes in accumbal noradrenergic transmission. 
 
6.3 Effect of chronic nicotine treatment on µ-opioid receptors  
 
The reinforcing effects of morphine are mediated via µ-opioid receptors (Matthes et al. 
1996) and therefore one hypothesis for the mechanism of nicotine-morphine cross-
sensitization is that chronic nicotine increases the number, affinity or functional activity 
of µ-opioid receptors in the brain. To study this possibility, we used autoradiography, 
which is a sensitive method that provides a good resolution of a ligand’s binding to 
tissues.  
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[3H]DAMGO- and [35S]GTPγS-autoradiography experiments were conducted on 11 brain 
areas and showed similar binding profiles to those previously reported (Lesscher et al. 
2003; Soini et al. 2002).We did not find any changes in the number, affinity or functional 
activity of µ-opioid receptors in mice after the cessation of chronic nicotine treatment as 
compared with the control group. Previous studies concerning µ-opioid receptor binding 
or autoradiography after nicotine treatment have given diverse results, depending on 
treatment and abstinence duration, the dose of nicotine, and possibly the age and sex of 
the experimental animals (Galeote et al. 2006; Marco et al. 2007; Walters et al. 2005; 
Wewers et al. 1999). Galeote et al. (2006) found increased µ-receptor functional activity 
after nicotine administration in the spinal cord, but no changes in [35S]GTPγS-binding 
were found in the several studied brain regions. Thus, even intense nicotine treatment 
seems to have only minor effects on µ-opioid receptor functional activity in the mouse 
brain. Our results suggest that upregulation or sensitization of the µ-opioid receptors is 
not responsible for the enhanced effects of morphine after chronic nicotine treatment. 
 
6.4 Extracellular GABA and GABAB-receptor function in nicotine-pretreated 

mice 
 
Previously, chronic nicotine was found not to induce changes in DA receptor binding 
(Pietilä et al. 1996) or autoreceptor function (Tammimäki et al. 2006). Because nicotine 
neither enhanced cocaine’s stimulatory effect nor alter the rate of DA synthesis nor 
induced changes in µ-opioid receptor number/function (Vihavainen et al. 2006; 2008a; 
2008b), the changes in the sensitivity of DAergic transmission to morphine after chronic 
nicotine treatment seem to be indirect. Striatal DA neurons are mainly regulated by 
glutamatergic and GABAergic inputs to the SN and VTA. As morphine’s effects on 
DAergic transmission are mediated by the inhibition of GABAergic neurons (Johnson and 
North 1992), it is possible that nicotine-induced changes in these pathways are involved, 
as previously suggested (Amantea and Bowery 2004; Amantea et al. 2004). We studied 
the role of GABA output in the phenomenon of morphine’s enhanced effect in nicotine-
pretreated mice. In control mice, morphine decreased GABA output in the VTA/SN 
provoked by nipecotic acid, as expected (Johnson and North 1992; Klitenick et al. 1992; 
Sotomayor et al. 2005), but the response of GABA output to morphine in nicotine-
pretreated mice was surprisingly the opposite of that seen in the control mice. Morphine 
administration elevated the nipecotic acid-induced increase of the extracellular GABA 
concentration in the nicotine-pretreated mice. Thus, an augmented GABAergic response 
to morphine does not explain the increased DA response in mice pretreated with nicotine. 
The mechanism of the nicotine-induced changes in these phenomena remains obscure, but 
chronic nicotine treatment clearly alters GABAergic transmission in the VTA/SN, 
possibly at the level of complex striatonigral feedback mechanisms and/or the 
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upregulation/desensitization/inactivation of nAChRs, which is thoroughly described in 
Section 2.2.1. We also hypothesize that the desensitization/inactivation of α4β2-receptors 
explains the decreased GABA output in the VTA/SN after the cessation of chronic 
nicotine treatment, as well as after acute nicotine administration. 
 
Amantea and Bowery (2004) have found that chronic nicotine treatment reduces the 
sensitivity of GABAB receptors in the VTA. Such an effect could lead to an increase in 
morphine-induced DA release because the activation of the µ-opioid receptors inhibits the 
inhibitory GABAergic interneurons, thus leading to an enhanced release of DA (Johnson 
and North 1992; Lacey et al. 1989). However, in our studies, baclofen, a GABAB-receptor 
agonist, did not per se affect locomotor activity of either the control or nicotine-pretreated 
mice. As reported earlier (Leite-Morris et al. 2004; Woo et al. 2001), it decreased 
morphine-induced locomotor activity, but to a similar degree in both groups of mice. 
Baclofen also reduced morphine-induced increases in accumbal DOPAC and HVA to a 
similar extent in both pretreatment groups, suggesting that chronic nicotine treatment does 
not induce changes in GABAB-receptor function. 
 
6.5 pCREB in nicotine-morphine interaction and nicotine-induced changes in 

cerebral BDNF-levels 
 
Nicotine treatment is known to affect the levels of endogenous opioids and their mRNA 
in rodent brain (Dhatt et al. 1995; Houdi et al. 1998; Isola et al. 2002). There may be a 
link between the environment-associated rewarding effects of nicotine, µ-opioid receptors 
and CREB phosphorylation (Walters et al. 2005). Thus, nicotine-induced changes in the 
endogenous opioid system may be involved in the nicotine-morphine –interaction 
described in the present study. Because no changes in the µ-opioid receptor number or 
their function were found, the nicotine-induced changes that cross-sensitize mice to 
morphine’s effects may be downstream from the second messenger level. Because CREB 
is a well-known downstream target of BDNF-induced TrkB signalling, we measured 
levels of BDNF and pCREB in mice chronically treated with nicotine in several DAergic 
brain areas which have well-documented roles in addiction (Gerdeman et al. 2003; Wise 
2002). 
 
Brunzell et al. (2003) have previously shown that pCREB levels in the NAc are decreased 
at the end of a 30-day chronic nicotine treatment. In line with this, we observed that 
during chronic nicotine treatment BDNF levels in the VTA and pCREB IR in the NAc 
were decreased. These findings may indicate that chronic nicotine treatment reduces 
BDNF signalling within VTA-NAc axis. Twenty-four hours after the cessation of the 
nicotine treatment, BDNF level was significantly increased in the NAc, followed by 
significant increases not only in the NAc but also in the VTA and SN 29 days after 
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cessation of nicotine. Under normal conditions, BDNF is not produced in the basal 
ganglia (Conner et al. 1997). Thus, opposite to that observed during nicotine exposure, 
withdrawal from nicotine seems to promote BDNF production in the cell bodies of 
DAergic neurons in the SN and VTA and further the anterograde transport and release of 
BDNF into striatum. Furthermore, the mesolimbic pathway seems to be affected more 
readily than the nigrostriatal one. Our current results show that long-term nicotine 
treatment affects BDNF signalling in the brain’s DAergic areas. Increased BDNF levels 
were detected 4 weeks after the cessation of nicotine treatment and, thus could be related 
to the long-lasting neuronal changes underlying addiction. Interestingly, parallel to our 
results, Kim et al. (2007) found that plasma levels of BDNF in smoking humans were 
decreased, but were significantly increased, relative to controls, after two months of 
unaided abstinence from smoking. As Kim et al. (2007) suggested, the increase in BDNF 
levels could reflect the neuronal plasticity that occurs after perturbing the homeostasis in 
an addicted brain. Additionally, increased levels of BDNF levels in addiction-associated 
brain regions have been related with a higher risk of drug abuse and relapse (Graham et 
al. 2007; Horger et al. 1999; Lu et al. 2004; Pierce et al. 1999). Congruent with this, 
nicotine-pretreated mice were cross-sensitized to the locomotor activity increasing, 
reinforcing and DA-releasing effects of morphine. 
 
Changes in CREB activity have been implicated both in psychomotor sensitization 
(Mattson et al. 2005) and the reinforcing effects of drugs of abuse (Olson et al. 2005; 
Walters et al. 2003). In the present study, significant interactions between nicotine and 
morphine were seen in the pCREB levels in the VTA and SN 24 h after the cessation of 
chronic nicotine treatment, when the mice are sensitized to morphine’s extracellular DA 
increasing effect in both the NAc and CPu. These results support the role of increased 
CREB activity in the rostral VTA, and most likely also in the SN, in the reinforcing and 
locomotor activating properties of morphine. 
 
6.6 Effect of tobacco smoking on drug abuse 
 
As reviewed in the Introduction, several clinical studies show a correlation between 
tobacco smoking and alcohol, as well as illicit drug abuse. Thus, tobacco smoking has 
been suggested to operate as a gateway to other addictive substances. The purpose of the 
present study was to find out, whether tobacco smoking changes the addictive properties 
of drugs of abuse. This problem was approached by studying whether chronic nicotine 
administration potentiates the effects of morphine, and the mechanisms that underlie this 
interaction. The study was performed in mice that received nicotine chronically via 
drinking water. This model of nicotine administration resembles human tobacco smoking, 
in that the mice receive nicotine intermittently during their active time and the nicotine 
concentrations in their plasma are similar to, or greater than those observed in smokers.  
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The current results show that the behavioural, neurochemical and molecular effects of 
morphine are enhanced in mice after chronic nicotine treatment. Alterations in the 
mechanisms regulating the dopaminergic neurons may be involved. Thus, these 
experiments indicate that chronic nicotine exposure leads to cerebral changes facilitating 
the addictive properties of morphine, implicating that tobacco smoking may enhance the 
effects and possibly the consequent use of other addictive substances. Therefore, in those 
people experimenting with drugs of abuse due to social or environmental factors, tobacco 
smoking may potentiate the addictive properties of other drugs of abuse. 
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7. SUMMARY AND CONCLUSIONS 
 
The aim of the present study was to investigate, whether tobacco smoking predisposes 
toward the use of other addictive drugs. Thus, mice were given nicotine in their drinking 
water chronically in a manner that mimics human tobacco smoking, in that the mice 
received nicotine intermittently during the active phase of their day. Also, the plasma 
concentrations of nicotine achieved in mice are similar to those reported in smokers. After 
the cessation of the nicotine treatment, mice were given morphine, and behavioural and 
neurochemical studies were performed. The following conclusions were made from the 
results of the study: 
 

1. Chronic oral nicotine treatment sensitizes mice to the locomotor activity 
enhancing and positive reinforcing effects of morphine. However, no enhancement 
of locomotor activity was found after cocaine administration, suggesting that the 
nicotine-induced changes in morphine’s effects are due to alterations in the 
regulation of the dopaminergic system. 

 
2. Chronic nicotine administration via drinking water does not affect the number, 

affinity or functional activity of µ-opioid receptors. These results suggest a minor 
role for functional changes of µ-opioid receptors in the enhanced effects of 
morphine after chronic nicotine treatment. 

 
3. Chronic nicotine treatment sensitizes both the nigrostriatal and the mesolimbic 

dopaminergic systems to morphine. Thus, in nicotine-pretreated mice, morphine-
induced dopamine release in the CPu and NAc was significantly increased. In 
addition, chronic nicotine treatment affects GABAergic transmission in the 
VTA/SN and alters the GABAergic response to morphine; morphine decreased 
extracellular GABA in control mice but increased it in nicotine-pretreated mice. 
The sensitized DA response likely explains the augmented behavioural responses 
to morphine in nicotine-pretreated mice, and changes in the GABAergic system 
may be linked to this phenomenon. 

 
4. Chronic nicotine treatment decreases BDNF and pCREB levels in the VTA and 

NAc, respectively. BDNF levels increase during nicotine abstinence, suggesting 
that mechanisms of neuronal plasticity are activated after the cessation of chronic 
nicotine treatment; these changes may be related to the long-lasting neuronal 
changes underlying addiction. Nicotine-morphine interactions in pCREB levels in 
the soma areas of dopaminergic neurons may be involved in the behavioural and 
neurochemical nicotine-morphine interactions. 
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Altogether, these experiments suggest that chronic nicotine treatment profoundly 
alters the regulation and functioning of the striatal dopaminergic pathways and 
thereby enhances morphine’s effects on locomotion and reinforcement. The changes 
observed in the markers of neuronal plasticity in dopaminergic brain areas most 
probably are involved in these changes. Changes in midbrain GABAergic systems 
may also contribute. In summary, these experiments indicate that chronic nicotine 
leads to cerebral neurochemical and molecular changes, which facilitate the addictive 
properties of morphine. Thus, tobacco smoking may potentiate the addictive 
properties of other drugs of abuse. 
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