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ABSTRACT 

This dissertation represents some of the first work to investigate how acute and 

chronic nicotine treatment affects the in vivo electrophysiological responses of mouse ventral 

tegmental area (VTA) dopamine neurons, behavior, and the involvement of nicotinic 

acetylcholine receptors (nAChRs). 

We found that when mice were given an initial dose of 8p.g/kg intravenous nicotine 

and the dose was increased incrementally (16^g/kg, 32jig/kg, 64^g/kg, 128jag/kg); nicotine 

had no effect on VTA dopamine neuronal firing, even when the individual dose reached 256 

|ig/kg nicotine. However, if a higher initial dose of acute nicotine (O.lmg/kg IV doses) was 

administered, a dose that has been found to be self-administered by mice (Stolerman et al, 

1999), nicotine inhibited VTA dopamine neuronal firing, with the inhibitory effect 

desensitizing with subsequent doses of nicotine. The inhibitoiy effect of acute nicotine on 

VTA dopamine neuronal firing and locomotion was blocked by the non-specific nAChR 

antagonist mecamylamine, demonstrating that the locomotor and in vivo electrophysiological 

responses to acute nicotine are mediated through nAChRs. Furthermore, a4*p2* nAChRs 

were found to mediate the inhibitory effect of acute nicotine with respect to locomotion and 

in vivo electrophysiological responses of VTA dopamine neurons, as nicotine's depressant 

effects were blocked in mice pretreated with dihydro-beta-erythroidine (DHpE). The al 

nAChRs appear to play no role in the inhibitory effects of acute nicotine on locomotion as 

methyllycaconitine (doses up to 1 Omg/kg), had no effect on nicotine-induced 

hypolocomotion. 
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Chronic nicotine treatment for 10 days resulted in electrophysiological {in vivo) and 

behavioral tolerance to the effects of nicotine in mice. In mice chronically treated with 

nicotine, nicotine's inhibitory effects on VTA dopamine neuronal firing were significantly 

reduced. Nicotine's depressant effects on body temperature and locomotion were also 

significantly reduced after 10 days of nicotine treatment. 

Furtliermore. the ICR mouse strain was found to be nicotine-sensitive, as nicotine 

inhibited locomotor activity in a manner more similar to the DBA/2 strain, a standard 

nicotine-sensitive strain of mouse as compared to the C3H/HeJ strain, a standard nicotine-

resistant strain. The ICR mouse was also found to be spontaneously more active than the 

DBA/2 and C3H/HeJ strain. 
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Chapter 1 

INTRODUCTION 

1.1 Nicotine addiction-scope of the problem 

Cigarette smoking is the leading cause of preventable death in the United States and 

produces significant economic costs to our society. From 1995-1999 smoking caused 

approximately 440,000 deaths per year, and cost the United States 157 billion dollars in 

health-related economic losses. Smoking related deaths were predominantly attributed to 

lung cancer, ischemic heart disease, and chronic obstructive pulmonary disease; 

demonstrating that cigarette smoking produces serious long-term consequences on health 

(Center for Disease Control, 2004). The Diagnostic and Statistical Manual of Mental 

Disorders (DSM-IV) defines addiction as a maladaptive pattern of substance use, leading to 

clinically significant impairment or distress. Cigarette smoking has been found to be highly 

addictive, as 87% of people that smoke cigarettes, smoke every day. Nevertheless, 70% of 

persons that smoke cigarettes would like to completely stop smoking. Additionally, moderate 

smokers (approximately 1 pack/day) were unsuccessful when attempting to reduce the 

amount of cigarettes smoked. Of the 15 million people in the United States that try to quit 

smoking each year, less than 5% succeed. Furthermore, less than 3% of people that quit 

smoking have long term success. Amazingly, the addiction to tobacco-containing products is 

so strong that half of all smokers resume smoking after lung cancer surgery (Phillip Morris 

USA, 2004). The chemical thought to mediate the powerfully addictive properties of 

tobacco, is nicotine. Rodents (Corrigall and Coen, 1989; Picciotto et al, 1998, Stolerman et 
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al, 1999, Rasmussen et al, 1998, Domiy et al, 1995, Tessari et al, 1995), dogs (Risner and 

Goldberg, 1983), primates (Goldberg et al, 1981; Sannerud et al, 1994) and humans 

(Henningfield et al, 1983; Goldberg and Henningfield, 1983, Harvey et al, 2004) have all 

been shown to self-administer nicotine. Further studies implicating nicotine as the addictive 

component of tobacco smoke have shown that the amount of nicotine that is present in 

cigarettes can directly modify smoking behavior in humans. For example, if the amount of 

nicotine present in the cigarette is lowered, cigarettes smokers will smoke more cigarettes to 

maintain nicotine levels (McMorrow and Foxx, 1983). In contrast, if the amount of nicotine 

is increased, cigarette smokers will reduce their smoking activity (McMorrow and Foxx, 

1983). Additionally, nicotine replacement strategies such as nasal spray and patches have 

been relatively successful in helping cigarettes smokers to quit, as these forms of nicotine 

replacement have been shown to suppress smoking behavior (Foulds et al, 1992, Perkins et 

al, 1992). 

These studies clearly indicate that nicotine is the main component of cigarette smoke 

that mediates addiction. The low success rates of cigarette smokers being able to quit, 

highlights the need for further scientific examination of how nicotine modifies the 

neurocircuitry of the brain, resulting in addictive traits such as dependence and withdrawal. 
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1.2 Dopamine hypothesis 

The dopamine hypothesis centers on the idea that dopamine is the critical 

neurotransmitter that mediates reinforcement. Reinforcement can be defined as an event, 

circumstance, or condition that increases the likelihood that a given response will recur in a 

situation like that in which the reinforcing condition originally occurred. One of the earliest 

successful strategies in elucidating what makes stimuli reinforcing was the 1954 study by 

Olds and Milner. In this classical study. Olds and Milner reported that electrical stimulation 

of the septal area as well as a couple of other brain areas, otherwise known as intracranial 

self-stimulation (ICSS), caused rats to approach a part of their environment in order to 

receive stimulation (Olds and Milner, 1954). Based on this study, it was hypothesized that 

the neural circuitry involved in intracranial self-stimulation (ICSS), might be involved in 

mediating the reinforcing effects of stimuli such as food, water, sex and drugs of abuse. 

Although many brain areas are able to elicit ICSS (Wise and Rompre, 1989), the 

medial forebrain bundle is an area that robustly supports ICSS. To understand the specific 

brain areas critical in mediating reinforcement, studies using 2-deoxyglucose 

autoradiography, which enables researchers to elucidate areas activated metabolically, found 

that the ventral tegmental area (VTA) was one of the major regions activated during ICSS 

stimulation (Gallistel et al, 1983; Yadinetal, 1983). When the VTA was stimulated by ICSS 

stimulation, this increased dopamine release from the nucleus accumbens (Fiorino et al, 

1993), suggesting that dopamine in the mesolimbic dopamine system mediates 

reinforcement. 
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Further studies investigating the role of dopamine in reinforcement found that 

systemic administration of spiroperidol, a dopaminergic antagonist, reduced the rate of self-

stimulation (Rolls et al, 1974); suggesting that dopamine was mediating the reinforcing 

effects of ICSS. Studies utilizing the "curve-shift" procedure (Wise and Rompre, 1989) have 

been useful in elucidating dopamine's role in reinforcement. In this technique, the current 

intensity or frequency of electrical stimulation is held constant, increasing the value of the 

other parameter leads to an increased rate of responding (lever pressing) up to a maximum in 

the animal. Curve-shifting refers to treatment induced changes in the relationship between 

the animal's rate of responding and the frequency of electrical stimulation. If an animal is 

given a drug and the curve is shifted to the right, the animal needs a higher frequency of 

stimulation to respond, suggesting that the drug reduced reinforcement. In contrast, if an 

animal is given a drug and the curve is shifted to the left, the animal responds at a lower 

frequency of stimulation, indicating that the drug is reinforcing. When looking at drugs that 

affect dopamine, dopaminergic antagonists produced a rightward-shift in the curve, while 

amphetamine, which increases dopamine release, produced a leftward-shift in the curve 

(Wise and Rompre, 1989). Furthermore, spiroperidol was found to reduce the rate of 

responding when the reinforcers were food and water. These studies suggest that dopamine 

is critical for mediating reinforcement of not only ICSS and natural rewards, but also drugs 

of abuse. 

One of the most powerful tools, which give credence to the dopamine hypothesis, is 

drug self-administration. If an animal will learn to press a lever or perform some kind of 
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other operant response in order to receive an injection of a drug, the drug is thought to be 

reinforcing. In studies using self-administration, drugs that stimulate dopamine receptors are 

robustly self-administered, such as the D2 agonists, bromocriptine, and apomorphine 

(Woolverton et al, 1984). Moreover drugs that augment dopaminergic neurotransmission 

such as cocaine. GBR 12909. and mazindol, are also readily self-administered (Bergman et 

al, 1989, Howell and Byrd et al, 1991; Roberts, 1993). In contrast, dopamine antagonists 

reduce the reinforcing properties of food, water, amphetamine, cocaine, and opiates (Geary et 

al, 1985; Gerber et al, 1981, Ettenberg et al, 1982; Schneider et al, 1990; Yokel and Wise, 

1975,1976). These studies suggest that drugs that increase dopamine neurotransmission are 

reinforcing as they are self-administered, while drugs that decrease dopamine 

neurotransmission reduce reinforcement. 

Another powerful tool for examining drug reinforcement is the conditioned place 

preference paradigm (CPP). In this paradigm, animals are given several conditioning trials in 

which a drug or injection vehicle is administered. Following the injection, the animal is 

confined to one compartment of a two-compartment apparatus for a period of time. The two 

compartments are distinctly different in sensory characteristics such as light versus dark, 

smooth floor versus rough floor, or a particular smell versus no smell. Drug and vehicle are 

paired with different compartments so the animal can associate the drug with the particular 

compartment. After these tests, the animal is given free access to both compartments and the 

amount of time spent in each compartment measured. If the animal spends an increased 

amount of time in the compartment that was paired with the drug, the drug is thought to be 
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reinforcing (animals display a conditioned place preference). If the animal avoids the 

compartment paired with the drug, the drug is thought to be aversive. Animals trained using 

this technique have been found to display a conditioned place preference when compartments 

that had been previously paired with dopaminergic agonists, food, or brain stimulation ( Van 

der Kooy et al, 1983, Carr et al, 1989). If dopaminergic antagonists are given prior to each 

conditioning session with amphetamine, heroin, morphine and food, acquisition of place 

preference is blocked (Spyraki et al, 1982; Bozarth and Wise, 1981; Spyraki et al, 1983; 

Hand et al, 1989). These experiments suggest that enhancement of dopamine 

neurotransmission results in a conditioned place preference, while decreasing dopamine 

neurotransmi ssion decreases the reinforcing properties of natural rewards or drugs of abuse; 

thereby further supporting the dopamine hypothesis. 

Based on these studies, it can be concluded that dopamine is critical in mediating the 

reinforcing effects of drugs of abuse and natural rewards; as drugs that increased the actions 

of dopamine resulted in conditioned place preferences, are self-administered, and shift the 

curve to the left using the curve-shift procedure. Furthermore, drugs that decrease or block 

the actions of dopamine decrease the reinforcing properties of natural rewards and drugs such 

as cocaine and amphetamine, further supporting the idea that dopamine is the critical 

mediator for reinforcement. 
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1.3 Identification of the VTA as the critical site for nicotine's actions 

Nicotine is thought to be the chemical responsible for mediating the reinforcing and 

addictive properties of tobacco smoke, as rodents (Corrigall and Coen, 1989; Picciotto et al, 

1998, Stolerman et al, 1999, Rasmussen et al, 1998, Donny et al, 1995, Tessari et al, 1995), 

dogs (Risner and Goldberg, 1983), primates (Goldberg et al, 1981; Sannerud et al, 1994) and 

humans (Henningfield et al, 1983; Goldberg and Henningfield, 1983) have all been shovm to 

self-administer nicotine. Nicotine produces its reinforcing effects by acting on nicotinic 

acetylcholine receptors (nAChRs) to increase dopamine neurotransmission within the 

mesolimbic dopamine pathway. Nicotine's actions on the mesolimbic dopamine pathway 

were demonstrated when rats given systemic nicotine, increased dopamine levels from the 

nucleus accumbens for over an hour (Di Chiara et al, 1988). However, it was unclear if this 

increase in dopamine neurotransmission by nicotine was also responsible for mediating its 

reinforcing properties. This was clarified by nicotine self-administration studies in rats given 

dopamine antagonists and 6-hydroxydopamine (6-OHDA) lesions, which destroy dopamine 

neurons. In these studies, rats were found to self-administer nicotine before the lesion or 

dopamine antagonist was given. However, once the lesion or dopamine antagonist was given, 

self-administration of nicotine was significantly reduced (Corrigall et al, 1991,1992). These 

studies demonstrated that the mesolimbic dopamine pathway plays an essential role in 

producing nicotine's reinforcing effects, and therefore its addictive liability. However, it was 

unclear where nicotine produced its actions within the mesolimbic dopamine system. When 

nicotine was administered intrategmentally, it increased dopamine release from the nucleus 
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accumbens for 80 minutes, while infusing nicotine into the nucleus accumbens only 

increased dopamine levels for 20 minutes (Nisell et al, 1994b); suggesting that nicotine's 

actions in the VTA were critical in mediating the long-lasting nicotine-induced dopamine 

release. Although nicotine infusion in the ventral tegmental area was found to mediate 

accumbal dopamine release, it was unclear if nicotinic acetylcholine receptors within the 

VTA were responsible for the nicotine-induced accumbal dopamine release. When 

mecamylamine, a non-selective nicotinic antagonist was infused into the rat VTA, nicotine 

induced increases in accumbal dopamine release were blocked (Nisell et al, 1994a). In 

contrast, if mecamylamine was infused into the nucleus accumbens, nicotine did not affect 

dopamine release, suggesting that the increase in accumbal dopamine release was attributable 

to nicotine's actions on nicotinic acetylcholine receptors within the ventral tegmental area 

and not the nucleus accumbens. 

When dihydro-beta-erythroidine (DHpE), a relatively selective a4*P2* nicotinic 

acetylcholine receptor antagonist was infused into the rat nucleus accumbens, nicotine self-

administration was unaffected (Corrigall et al, 1994). However, when DH^E was infused into 

the ventral tegmental area (VTA), nicotine self-administration was blocked (Corrigall et al, 

1994), suggesting that nAChRs in the VTA are critical in mediating the reinforcing effects of 

nicotine. 

Although it has been established that nicotine produces its reinforcing effects within 

the ventral tegmental area, recent studies using conditioned place preference have suggested 

that the VTA can also mediate the aversive effects of nicotine. In rats, intrategmental 



20 

administration of nicotine, produced a conditioned place aversion if low doses of nicotine 

(0.0008-0.8nmol/hemisphere) were used (Laviolette et al, 2003). In contrast, ifhigher doses 

of nicotine were used (2.0-80nmol/hemisphere), nicotine produced a conditioned place-

preference (Laviolette et al, 2003). Based on this study, it suggests that the VTA can dually 

mediate the reinforcing and aversive effects of nicotine. 

These studies highlight that the nicotinic acetylcholine receptors in the ventral 

tegmental area mediate accumbal dopamine release and the reinforcing properties of nicotine. 

Furthermore, the ventral tegmental area is not only a substrate for the reinforcing effects of 

nicotine, but the aversive effects of nicotine, thus supporting the idea of the ventral tegmental 

area being the critical site of nicotine's actions. 
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1.4 Neurotransmission in the VTA 

VTA and dopaminergic pathways 

The ventral tegmental area (VTA) is a brain structure involved in dopamine 

neurotransmission and thought to play a key role in cognition, motivation and reinforcement. 

The VTA sends dopaminergic projections to the prefrontal cortex (PFC) via the mesocortical 

pathway. The VTA also sends dopaminergic projections to the nucleus accumbens, via the 

mesolimbic dopamine pathway (figure 1). The mesolimbic dopamine pathway has been 

implicated in a large number of studies for its role in drug abuse, motivation and learning. 

Figure 1: Anatomy of the mesolimbic dopamine pathway. 
nAC=nucleus accumbens, VTA=ventrai tegmental area, DA=dopamine 

When dopamine is released from dopaminergic terminals, it acts on dopamine 

receptors to alter cellular excitability. There are currently five subclasses of dopamine 

receptors (D1-D5). The intracellular mechanisms for the different receptors vary as well as 

their location on the neurons that produce their effects. However, dopamine receptors all 

belong to the G-protein coupled receptor family. The Dl-like subfamily includes both the 
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D1 and D5 receptors, which when activated, cause an increase in the formation of cAMP. D1 

and D5 receptor distribution varies throughout the brain (see table 1). Of particular 

importance is that DI receptors within the VTA are thought to reside on GABA-containing 

neurons and not on VTA dopamine neurons (Cameron and Williams, 1993; Sesack et al, 

1994). 

Table 1: Properties of dopamine receptor subtypes (adapted from Feldman et al, 1999). 

Dopamine receptor/ family Signal transduction mechanisms Brain areas 
Dl/Dl-like family t Camp Caudate-putamen, 

nucleus 
accumbens, 
olfactory tubercles 

D5/ Dl-like family t Camp Hippocampus, 
hypothalamus 

D2/D2-like family i cAMP, t AA, t K+,i Ca2+ Caudate-putamen, 
nucleus 
accumbens. 
olfactory tubercles 

D3/D2-like family 1 Camp Islands of Calleja, 
olfactory tubercles, 
nucleus 
accumbens 

D4/D2-like family i cAMP Frontal cortex, 
diencephalon. 
brain stem 

The D2-like subfamily includes the D2, D3 and D4 receptors which when activated, 

'S 1 

decrease cAMP formation. In addition, D2 receptors have been found to potentiate Ca -

evoked release of arachidonic acid from phospholipids and increase K* channel opening 

which hyperpolarizes the cell membrane. Their distribution in the brain also varies 
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depending on the subtype (table 1). Based on mRNA in situ hybridization studies, the D2 

receptors are broadly localized throughout the VTA, as well as residing on both DA and 

non-DA neurons (Meador-Woodruff et al, 1991; Mansour et al., 1992; Kalivas etal., 1983). 

One aspect of midbrain dopamine electrophysiology is the role of autoreceptors, 

which are receptors that respond to the neuron's own neurotransmitter. Dopamine 

autoreceptors within the VTA appear to be localized to distal dendrites (Sesack et al, 1994). 

Utilizing in vivo and in vitro procedures, VTA dopamine neurons have been shown to release 

dopamine from dendrites (Kalivas et al, 1989; Beart et al, 1979). The dopamine receptor 

subtype that autoregulates dopamine neuronal excitability in the VTA is the D2 receptor 

(White and Wang, 1984; Lacey et al, 1987; Johnson and North, 1992; Rayport et al, 1992). 

Additionally, electrophysiological studies indicated that administration of dopamine agonists, 

such as apomorphine, which act on D1/D2 receptors, inhibit the firing of VTA dopamine 

neurons and this effect is reversed by the administration of dopamine antagonists, such as 

haloperidol (Aghajanian and Bunney, 1977). These studies demonstrate that D2 receptors on 

VTA dopamine neurons can influence VTA dopamine neuronal activity. 

When examining VTA dopamine neurons or primary cells electrophysiologically, 

they can be identified by several criteria: 1) The action potential duration is greater than 2.5 

ms; 2) firing rate is generally 1-1 OHz (Bunney et al, 1973a and b); 3) inhibition of firing 

upon administration of the dopaminergic agonist apomorphine. The latter effect can also be 

reversed by administering a dopaminergic antagonist, such as haloperidol (Guyenet and 

Aghajanian, 1978; Wang 1981). Another characteristic of dopamine neuronal firing is that 
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dopamine neurons generate action potentials in two distinct modes; single spike and burst 

firing. The burst firing mode is easily distinguishable Irom the single-spike mode as the spike 

amplitude decreases within each burst (figure 2). The bursting mode consists of clusters of 

three to 10 action potentials each (Gonon et al, 1991). Dopamine neurons are capable of 

switching between both states; from bursting to single-spike or from single-spike to bursting 

mode (Freeman and Bunney, 1987). 

Figure 2: Firing patterns of dopaminergic neurons in the midbrain. A) single-spike pattern of 
activity. B) burst pattern of activity with decreasing spike amplitudes within each burst 
(adapted from White, 1996). 

It is also important to understand what activates and does not activate dopamine 

neurons. Dopamine neurons are not activated during the performance of motor tasks or by 

changes in sensory input, but are activated in response to stimuli in specific behavioral tasks. 

Midbrain dopamine neurons respond to unconditioned stimuli such as xmexpected novel 

events, by increasing firing rate and sometimes by increasing bursting activity, such as when 

a rodent finds a small morsel of chocolate unexpectedly (Schultz, 1992). The most effective 

stimuli for activation of dopamine neurons are primary rewards such as food when presented 
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in unpredictable ways (Mirenowicz and Schultz, 1994). Dopamine neurons do not 

discriminate between rewards (liquid reward versus food reward), but their responses do 

distinguish between non-rewarding and rewarding objects (Romo and Schultz, 1990). 

Dopamine neurons can also respond to primary aversive stimuli. When primary aversive 

stimuli, such as an air puff or hypertonic saline is administered to the mouth, dopamine 

neurons display activation or inhibition in response to aversive stimuli, with a time course 

slower than rewarding objects (Mirenowicz and Schultz, 1996; Schultz and Romo, 1987). 

However, it was recently demonstrated that primary aversive stimuli produce solely 

inhibition of VTA dopamine neurons and not activation (Ungless et al, 2004) as the neurons 

activated by aversive stimuli were not tyrosine hydroxylase positive. Dopamine neurons are 

also important in learning and predicting reinforcement. For example, when a neutral 

stimulus, such as a light or tone is paired with the presentation of food, this becomes a 

conditioned response as the tone indicates to the animal that the food or reward will be 

presented. Under these conditions, dopamine neurons begin to respond to the conditioned 

stimulus (tone), but not to the unconditioned stimulus (food). Moreover, the conditioned 

stimulus (CS) is able to elicit activations only during the initial learning period. However, 

with repeated presentation of the conditioned stimulus (overtraining) and learning becomes 

complete, the response of dopamine neurons to the conditioned stimulus diminishes. 

Responses to the unconditioned stimulus (UCS) are not lost, given that the unconditioned 

stimulus is given outside of the behavioral task, suggesting that dopamine neurons signal 

aspects of learning. Not only do dopamine neurons encode an aspect of learning, but 
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dopamine neuronal activation can also encode the time of reward presentation. For example, 

when considering that dopamine neurons respond to the conditioned stimulus (light or tone) 

and if the conditioned stimulus is presented, but the reward or unconditioned stimulus is 

omitted by the experimenter, dopamine neuronal activity becomes depressed, (Ljungberg et 

al, 1991; Schultz et al, 1993; Hollerman and Schultz, 1998). These data indicate that 

dopamine neurons predict the time when the reward will be presented. Based on these 

results, it has been theorized that dopamine signals a "prediction-reward error", (Schultz. 

2002). Based on this '"prediction-reward error" Schultz has theorized that dopamine neurons 

are activated when primary rewards are unexpected or are better than predicted. That there is 

no response to when rewards occur as predicted (with continued presentation of the CS with 

the UCS) and that the response of dopamine neurons is depressed when rewards are omitted 

or worse than expected. This prediction error signal is thought to be important in learning, as 

rewards that are better than predicted or unexpected contribute to learning, while rewards that 

are predicted do not contribute to learning, and rewards that are worse than predicted or are 

omitted lead to extinction of the learned behavior (Schultz, 2002). Thus, the prediction-

error properties of dopamine neurons can contribute to learning and may be a way of 

modifying synaptic processing to further influence behavioral responses. 

VTA GABAergic input and output 

The major inhibitor)' input into the VTA comes from GABAergic afferents onto 

dopamine neurons. There are three types of GABAergic receptors, GABAa, GABAb and 
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GABAc. Since GABAc receptors are only found in the mammalian retina, GABAa and 

GABAb will only be discussed. Both GABAa and GABAb receptors produce inhibitory 

actions on neuronal excitability when activated by hyperpolarizing the membrane 

(Goodchild, 1993 ). However the mechanisms by which they produce hyperpolarization and 

their locations on neurons within the VTA are very different. GABAa receptors are 

pentameric ligand-gated ion channels that hyperpolarize the membrane by increasing 

predominantly chloride (CI-) conductance, although they can increase conductance of other 

anions, such as bicarbonate (Kaila, 1994). GABAa receptors are found predominantly, but 

not exclusively, on non-dopamine or GABA neurons while GABAb receptors are found on 

dopamine neurons (Churchill et al, 1992). GABAb receptors produce a long inhibitory post

synaptic potential by activation of a G-protein coupled inwardly rectifying channel when 

located post-synaptically (Simeone et al, 2003). When located presynaptically, GABAb 

receptor activation inhibits voltage-gated calcium channels thereby inhibiting 

neurotransmitter release. 

The VTA receives GABAergic input from the nucleus accumbens and ventral 

pallidum and sends GABAergic output to the nucleus accumbens and the peduncuJopontine 

tegmentum (PPT). Within the VTA, there are also GABAergic intemeurons (figure 3). 
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Figure 3: GABAergic input and output into the ventral tegmental area. VTA=ventral 
tegmental area, nAC=nucleus accumbens, VP=ventral pallidum, PPT=peduncolpontine 
tegmentum 

The difference between GABA projection neurons and intemeurons can be 

distinguished by their electrophysiological properties and pharmacological profiles. GABA 

intemeurons or secondary cells are spontaneously active, fire at a higher frequency than 

dopaminergic neurons and they have a shorter action potential duration and display a smaller 

after-hyperpolarization. Pharmacologically, these neurons do not respond to dopamine, but 

have been shown to hyperpolarize in response to met-enkephalin, (Johnson and North, 1992; 

Lacey et al., 1989). GABA projection neurons or tertiary cells hyperpolarize to DA, met-

enkephalin, and 5-HT, have firing rates comparable to dopaminergic neurons, and possess a 

longer action potential duration, (Cameron et al., 1997; Johnson and North, 1992; Lacey et 

al., 1989). 
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Glutamatergic innervation of the VTA 

Excitatory neurotransmission in the ventral tegmental area is mediated through 

glutamate acting onN-methyl-D-aspartic acid (NMDA), non-NMDA, a-amino-3-hydroxy-5-

methyl-4-isoxazole propionic acid (AMPA), kainate, and metabotropic glutamate receptors 

(mOluR). 

Low concentrations of glutamate (less than 30fim) activate NMDA receptors, which 

appears to mediate the bursting and increased firing rates of VTA dopaminergic neurons 

(Johnson et al, 1992; Wang and French, 1993; Suaud-Chagny et al, 1992; White et al, 1996). 

In contrast, higher levels of glutamate (greater than 300nm) act on non-NMDA receptors 

(AMPA/kainite), to increase firing rates, but not bursting of dopaminergic neurons (Wang 

and French, 1993; Johnson et al, 1992; Suaud-Chagny et al, 1992; White et al, 1996).The 

major excitatory input into the VTA comes from the prefrontal cortex (PFC), the basolateral 

amygdala, the laterodorsal tegmentum (LDT), and the pedunculopontine tegmentum (PPT), 

(Sesack et al, 2003; Charara et al, 1996). 

For many years, the PFC has been considered to be the main excitatory input into the 

VTA. Excitatory afferents of the VTA have been thought to be important in regulating 

accumbal dopamine release, which is important in mediating the motivational effects of 

drugs of abuse. Rats will self-stimulate the PFC at frequencies of 60-200Hz (Phillips et al, 

1979) and high frequency stimulation of the PFC has been found to increase accumbal 

dopamine release (Taber et al, 1995). However, recent tract tracing experiments have found 

that PFC afferents innervate mesoaccumbens GABA neurons, but not mesoaccumbens 
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dopamine neurons. In contrast, PFC afferents innervate mesoprefrontal dopamine neurons, 

but not mesoprefrontal GABA neurons (Carr et al, 2000). This data challenges the notion of 

the PFC being involved in providing excitatory neurotransmission to the VTA for accumbal 

dopamine release, since the PFC does not directly contact mesoaccumbal dopamine neurons. 

There has currently been a substantial amount of debate regarding whether the PFC is 

involved in accumbal dopamine release and the parameters being used to stimulate the PFC. 

When the PFC is stimulated at low frequencies (less than 1 OHz), which is in the 

physiological range of PFC neuronal firing in animals involved in cognitive tests, dopamine 

release from the accumbens is reduced (Jackson, 2001), which is unlike the situation that is 

found at high frequencies of stimulation. However, it is unknown at which frequency drugs 

of abuse stimulate the PFC. In any case, this issue needs to be resolved since the frequency of 

stimulation of the PFC mediates different effects within the VTA. One etTect mediated by the 

frequency of stimulation is glutamate release within the VTA. When the PFC is stimulated at 

low frequencies (4-16Hz), extracellular glutamate levels in the VTA do not increase. 

However when high level frequencies are used to stimulate the PFC (60Hz), glutamate levels 

in the VTA increase 249% above baseline (Rossetti et al, 1998). It has been suggested that 

high frequency stimulation of the PFC might increase overflow of glutamate in the VTA to 

such a degree that glutamate could come into contact with mesoaccumbal dopamine neurons 

not innervated by PFC afferents, thereby affecting accumbal dopamine release (Jackson et al, 

2001). While this may be a mechanism by which drugs of abuse influence accumbal 

dopamine release, it has yet to be verified in vivo and glutamatergic afferents from other 
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areas cannot be discounted. 

Recent studies involving the laterodorsal tegmentum (LDT) and pedunculopontine 

tegmentum (PPT) are beginning to reveal that these structures are also important in providing 

excitatory input onto VTA dopamine neurons (figure 4). In tract tracing studies, 

glutamatergic afferents from the laterodorsal tegmentum predominantly contacted 

mesoaccumbens dopamine neurons rather than non-dopamine neurons (Sesack et al, 2003; 

Omelchenko et al, 2002). Furthermore, stimulation of the laterodorsal tegmentum (30Hz) 

increased dopamine release in the accumbens (Forster and Blaha, 2000), suggesting that the 

excitatory input from the laterodorsal tegmentum to the VTA is important for accumbal 

dopamine release and in mediating the reinforcing properties of drugs. 

Figure 4: Glutamatergic input into the ventral tegmental area from other brain areas. 
VTA=ventral tegmental area, PPT=pedunculopontine tegmentum, LDT laterodorsal 
tegmentum, AMY=^basolateral amygdala, PFC=prefrontal cortex 

Cholinergic input into the VTA 

Cholinergic input into the VTA comes from the pedunculopontine tegmentum (PPT) 
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and the laterodorsal tegmentum (LDT). VTA GABAergic neurons are predominantly 

innervated by cholinergic afferents, whereas only 5% of dopamine neurons are innervated by 

cholinergic inputs (Fiorillo and Williams, 2000). 
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1.5 Nicotine 

Nicotine produces its actions by acting on nicotinic acetylcholine receptors (nAChRs) 

which are ligand-gated ion channels composed of 5 subunits. Based on subunit composition, 

nAChRs can be divided into 2 classes; heteromeric and homomeric nAChRs. Heteromeric 

receptors are composed of 2 or more a subunits, which can be any of the a2 through a6 

subunits. However, the a5 subunit by itself cannot form functional receptors wi th P subunits, 

but can contribute to functional heteromeric receptors by inserting itself into heteromeric 

receptors with other a subunits (for a review see Fagen et al, 2003). The alpha subunits are 

important in the receptor's ligand-binding of nicotine and acetylcholine, although in 

heteromeric receptors it is thought that the interface between the a and P subunits is 

responsible for ligand binding. The alpha subunits combine with beta subunits to form a 

receptor, which can be any of the p2-p4 subimits. Like the a5 subunit, the P3 subunit can 

contribute to a functional receptor, but cannot make a functional receptor with other a 

subunits without the presence of another P subunit. The p subunits are important in 

conferring the structural properties of the receptor. Because heteromeric nAChRs can form 

many receptor subtypes due to vast subunit diversity, this group may mediate a wide range of 

physiological processes and responses. When comparing heteromeric nAChRs to homomeric 

nAChRs, homomeric nAChRs are composed of the same a subunits. For example, the a7 

nAChR is composed of 5 a7 subunits. Recently, a9 subunits have been found to form 

receptors with alO subunits, but without a P subunit, thus changing the nature of the 

homomeric nAChR receptor family. 
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Nicotinic acetylcholine receptors can be in 3 different states; open, closed or 

desensitized. When an agonist binds to the nAChR, such as nicotine or acetylcholine, the 

nAChR transitions from the closed state to the open state which increases the cationic 

conductance of sodium (Na^), calcium (Ca^^), and potassium (K"^). In the open state, the 

nAChR binds agonist with low affinity and needs high concentrations of agonist. With 

continued presence of agonist, the nAChR desensitizes. 

Desensitization can be defined as a decrease or loss of response following prolonged 

or repetitive stimulation (Quick et al, 2002; Ochoa et al, 1989). Desensitization is thought to 

be biphasic; with a slow and a fast phase. The fast phase is thought to represent binding to a 

high-affinity predesensitized state, while the slow phase represents binding to a lower affinity 

state that then isomerizes to form a high affinity binding site. Formation of the high-affinity 

binding site leads to receptor desensitization. In this model, the nAChR will recover much 

more quickly in response to a brief exposure of agonist than if exposed for long periods of 

time, as more receptors will accumulate in the lower affinity state (Feltz and Trautman, 1982; 

Reitstetter et al, 1999; Fenster et al, 1999). With prolonged agonist exposure, the nAChR can 

become persistently inactivated, in which recovery is further slowed (Kuryatov et al, 2000, 

Gentry et al, 2002), (Figure 5). 
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Figure 5: Relationship between the states that a nAChR may occupy and binding affinities. 
Figure based on Sharpies and Wonnacott, 2001. 

However, the time course of the onset and recovery from desensitization varies between 

heteromeric and homomeric nAChR subtypes. Furthermore, there can be variation in the 

onset and time of recovery from desensitization within each receptor subtype depending on 

which brain region is studied. 

The al homomeric nicotinic acetylcholine receptor has typically been thought of as 

desensitizing very quickly, as high concentrations of nicotine (l|xM) have been found to 

desensitize al nAChRs in hippocampal and hypothalamic neurons, and ciliary ganglion cells 

in milliseconds (Couturier et al, 1990; Zorumski et al, 1992; Alkondon and Albuquerque, 
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1991; Zhang et al; 1994; Uteshev et al, 1996). However, not all a7 nAChRs desensitize with 

a fast time course, as a7 nAChRs in the peripheral intracardiac ganglion and superior cervical 

ganglion desensitize with a slower time course (over 200ms) (Cuevas and Berg, 1998; 

Cuevas et al 2000). Furthermore, VTA neurons expressing al nAChRs have recently been 

found to not readily desensitize at concentrations of nicotine experienced by a smoker (300-

500nM) (Woolorton et al, 2003, Mansvelder et al, 2002). An interesting property of al 

nAChRs is that recovery from desensitization occurs within 10 seconds, (Dani et al, 2000; 

Liu and Berg, 1999). These results demonstrate that al nAChRs can display different 

desensitization properties that are dependent upon their location within the brain as well as 

the concentration of nicotine, and that they recover very quickly from desensitization. 

When comparing nAChRs, heteromeric nAChRs are more sensitive than homomeric 

nAChRs to the desensitizing effects of nicotine, as the a4p2 nAChRs desensitize to nicotine 

and ACh at concentrations of l-60nM, (Wonnacott, 1987; Rowell, 1995, Peng et al, 1994, 

Fenster et al, 1999). It is theorized that one of the reasons that heteromeric receptors are more 

sensitive than homomeric receptors to the desensitizing effects of nicotine is due to the 

difference in ligand binding sites and fractional occupation of the ligand. Homomeric 

nAChRs are composed of 5 a subunits and have 5 ligand binding sites while heteromeric 

receptors have 2 a subunits and have 2 binding sites. Due to the difference in the amount of 

binding sites, more nicotine is needed to bind to the homomeric receptors as nicotine has to 

occupy 5 binding sites when compared to the 2 binding sites of heteromeric nAChRs. Thus, 

low concentrations of nicotine are going to be more effective in desensitizing heteromeric 
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receptors than homomeric receptors. 

nAChR subunit composition plays an important role in the sensitivity of the receptor 

to nicotine's desensitizing effects. When the high affinity nicotine agonist, [^H]-epibatidine is 

used to label sites in the brain, displacement of nicotine is biphasic, with a high (Kd=3-5nm) 

and moderate (90-25OnM) affinity for the ligand (Whiteaker et al, 2000). The high affinity 

state is thought to be composed of a4^2 nAChRs, while the lower affinity state is thought to 

be composed of a3p4 receptors (Whiteaker et al, 2000; Zoli et al, 1998). Also the IC50 values 

for desensitization for functional channels are the same as their binding Kd's. The IQ for the 

a4 is O.l-lOnM while the Kj for a3 is 150-400nM (Hsu et al, 1996; Fenster et al, 1997). In 

further studies utilizing a3/a4p2 chimeric nAChRs in which the N-terminus of the a4 subunit 

is removed and replaced with the a3 N-terminus and expressed with a P2 receptor, the 

receptor desensitization affinity is more similar to a3p2 nAChRs with an IC50 of 700nM 

versus 5OnM for a4{32 nAChRs (Kuryatov et al, 2000). These results demonstrate that the a 

subunits are important in conferring desensitization properties. Additionally, the p subunit is 

thought to play an important role in the onset of desensitization, as nAChRs expressing P2 

subunits desensitize more quickly than p4-containing receptors (Cachelin and Jaggi, 1991; 

Hsu et al; 1995, Fenster et al, 1997; Wang et al, 1998; Bohler et al, 2001). Recovery fi-om 

desensitization in heteromeric nAChRs has not been well characterized in terms of p subunit 

contributions. However, heteromeric nAChRs recover from nicotine much more slowly than 

homomeric receptors (minutes to an hour), (Mansvelder et al, 2002). GABA neurons in the 

VTA, which are thought to express a4p2 receptors, took close to an hour to recover 



38 

sensitivity to nicotine (Mansvelder et al, 2000). These results demonstrate that heteromeric 

nAChRs desensitization is vastly different from the desensitization ofhomomeric nAChRs. 
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1.6 Nicotinic ligands; mechanisms of action and selectivity' 

Nicotinic acetylcholine receptors possess a number of sites that can be targeted by 

ligands. Agonists and antagonists target the agonist binding site, while non-competitive 

antagonists and allosteric modulators act at other sites on the receptor (figure 6). 

Af ©n istfCwn psi i tw 
anteferiBt antagonist 

• 
allestsri© 
fnotf Ulster 

• Channel blocking 
ion-cenipetiive 
antagonist 

Figure 6: Binding sites for nAChR agonists, competitive antagonists and non-competitive 
antagonists (based on Sharpies and Wonnacott, 2001). 

Nicotinic acetylcholine receptor agonists act on the extracellular domain of the 

nAChR. As mentioned previously, when an agonist is present and the channel is open, 
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agonists bind with low affinity, which is in contrast to the desensitized state as agonists bind 

with high affinity. Nicotinic agonists typically bind to a4p2 and a6/a4p2 nAChRs with the 

highest affinity, a3 containing nAChRs with intermediate affinity, and al nAChRs with the 

lowest affinity. Although there are many nicotinic agonists available, most nAChR agonists 

are not particularly selective for activation of a nAChR subtype. 

The endogenous ligand for nicotinic acetylcholine receptors is acetylcholine (ACh). 

However, the utility of this ligand is limited unless appropriate measures are taken. For 

example, ACh can act on both nicotinic acetylcholine receptors and muscarinic receptors. To 

prevent the confounding effects of muscarinic receptor activation in studying nAChRs, a 

muscarinic receptor antagonist such as atropine has to be present. Furthermore, acetylcholine 

is readily hydrolyzed by the enzyme acetylcholinesterase to where an acetylcholinesterase 

inhibitor, such as physostigmine, needs to also be present to prevent the breakdown of ACh. 

Because of these problems, other agonists are much more attractive to use for the reasons 

mentioned above. 

Nicotine is the most commonly used agonist for nicotinic acetylcholine receptors in 

the mammalian brain. Like many other ligands, it has higher affinity for certain nAChR 

subtypes than others, however it is not particularly selective for any receptor subtype. 

Nicotine has the highest affinity for p2-containing receptors (1-1 InM), while having the 

lowest affinity for al containing nAChRs (table 2 and 3). Nicotine is also more functionally 

potent at a4|32 nAChRs than al nAChRs. Nicotine's functional potency, or ECjo values, are 

100-1000 times higher in concentration than the binding affinity values (Sharpies and 
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Wonnacott, 2001). For example, for a4p2 nAChRs the K, is 1-1 InM for nicotine, yet the 

EC50 value for activating the nAChR is 0.3-15fxM (Sharpies and Wonnacott, 2001). 

However, because nicotine is not subtype selective, other agonists have been developed to 

further explore the role of nicotinic acetylcholine receptor subtypes on behavior and 

physiological responses. 

Epibatidine has typically been thought of as an a4p2 nicotinic acetylcholine receptor 

agonist and is widely recognized by its non-opioid analgesic properties. However, due to 

serious side effects and toxicity, this compound was not considered for use in humans to treat 

pain. Epibatidine is thought to be an a4p2 receptor agonist as it binds with high affinity to 

a4p2 nAChRs, intermediate affinity to a3p4 receptors, and low affinity to a7 nAChRs (table 

2 and 3). However, recent studies have begun to demonstrate that epibatidine may be more of 

a p2-containing nAChR agonist, as it binds with high affinity not only to a4p2 nAChRs, but 

a6p2, and a6a4p2 nAChRs (Champtiaux et al, 2003). 

(-)Cytisine is an unusual nicotinic agonist. Like many other agonists, it has high 

affinity for p2-containing nAChRs (table 2 and 3). However, its efficacy is dependent upon 

the P subunit present. In Xenopus oocytes expressing the nAChRs containing the P4 subunit, 

these nAChRs were 3-17 fold more sensitive to cytisine than ACh. However, if nAChRs 

contained the P2 subunit, they were 14-100 fold less sensitive to cytisine than ACh (Leutje 

and Patrick, 1991). This suggests that cytisine is a full agonist at p4 containing receptors and 

partial agonist at p2-containing receptors. 

AR-Rl 7779 is thought to be an a7 nAChR agonist as it has higher affinities for rat al 
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nAChRs over a4(32 nAChRs (table 2, and 3, Mullen et al, 2000). Recent studies have 

established that this agonist is particularly selective for al nAChRs expressed in Xenopus 

oocytes over other receptor subtypes, as AR-R17779 had no detectable effects on a3|34 

nAChRs, and did not have detectable effects on a3|32 or a4p2 nAChRs until exceeding 

lOOfiM. Furthermore, in a3|32a5 nAChRs, there was a minimal response produced by AR-

R1779 (produced a 3% effect), (Papke et al, 2004). These studies demonstrate that AR-

R1779 is selective for al nAChRs, however further studies in the mammalian systems will 

be critical to ensure its selectivity for al. 

Table 2; Binding affinities (Ki) in nM for nicotinic agonists at recombinant or native a4p2, 
a6j32, al or recombinant a3|34. 

nAChR 
subtype/compound 

a4p2 al a3p4 a6p2, 
a4a6P2 

Acetylcholine 6.8-57 4000-10830 560-881 16.6 
Nicotine 1-11 400-8900 300-475 2.8 
Cytisine 0.14-2.7 1400-3883 56-195 0.8 
AR-R17779 16000 190 Not 

determined 
Not 
determined 

Epibatidine 0.01-0.05 20.6-233 0.38 Not 
determined 

Table based on Sharpies and Wonnacott, 2001 and C lampitiaux et al, 2003. 
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Table 3: Functional potencies in nM for nicotinic agonists at native or recombinant a4p2. 
al, recombinant a3p4, a6 33p4, a6p4, a6P2a5, a6p2 34, and a6p2p3a5 receptors. 

nAChR 
subtype/ 
compound 

a4p2 al a3p4 tt6p4 a6p3p4 a6p2a5 a6p2p4 a6p2 
p3a5 

Acetylcholine 0.48-
3 

79-
316 

53-
210 

18 33 2.9 11 0.9 

Nicotine 0.3-
15 

18-
91 

5-410 7.1 10 n.d. n.d. n.d. 

Cytisine 0.019 
-71.4 

15-
180 

72-
314 

9.2 n.d. n.d. n.d. n.d. 

Epibatidine 0.005 
-0.02 

1.3-
3.5 

0.009-
0.07 

0.0097 n.d. n.d. n.d. n.d. 

Table based on Sharpies and Woimacott, 2001, Kuryatov et al, 2000 and Papke and 
Porter, 2002. 

Competitive antagonists interact with nAChRs at a site close to or at the agonist 

binding site, which establishes the receptor in a closed conformation and prevents access of 

agonists to the receptor. However, accessibility to the receptor by the agonist can occur by 

increasing the amount of agonist. Although there are antagonists available, many of the 

nicotinic acetylcholine receptor antagonists are not selective for one particular receptor 

subtype. However, they are useful in determining which nAChRs might be involved in 

responses produced by nicotine. 

Dihydro-beta-erythroidine (DH^E) is a selective antagonist for P2-containing 

receptors and a4-containing receptors (table 4, Barabino et al, 2001, Chavez-Noriega et al, 

1997 and Champtiaux et al, 2003 ), and it is able to cross the blood brain barrier. DHpE can 

also act at al and a3p4 nAChRs, but it is 10-50 fold less potent (Harvey et al, 1996; Chavez-
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Noriega et al, 1997). 

Methyllycaconitine (MLA) is a competitive antagonist selective for the al nAChR, 

and it is able to cross the blood-brain barrier. MLA has an IC50 in the picromolar range for 

blocking al nAChR mediated currents (table 4, Palma et al, 1996). Although MLA thought 

to be selective for al nAChRs, it can have actions on other nAChRs. Several studies have 

demonstrated that 50 nM MLA partially inhibited [ H] dopamine release from the stnatum 

while other al selective antagonists had no effect (Mogg et al, 2002). Furthermore, a4p2 and 

a3p2 nAChRs can be blocked by MLA at low micromolar concentrations (Whiteaker et al, 

1998, Macallan et al, 1988, Sharpies and Wonnacott et al, 2001). When considering these 

aspects, MLA is a questionable antagonist for behavioral experiments as the local 

concentration achieved in the brain is not known. 

In contrast to competitive antagonists, non-competitive antagonists bind to sites on 

the nAChR within or near the entrance to the channel to where increasing the agonist 

concentration cannot overcome the actions of the non-competitive antagonist. 

Mecamylamine, a non-competitive antagonist crosses the blood-brain barrier and inhibits 

most neuronal nAChRs at IC50 values in the low micromolar range (Sharpies and Wonnacott, 

2001). 
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Table 4: Binding affinities (KQ in nM 
nAChR subtype/ 
compound 

a4p2 al a3p4 a4p4 a6p4 a6p2, 
a4a6 
p2 

Dihydro-beta- 13.9-1900 25000- 218622 136- 1200- 611 
erythroidine 
(DHpE) 

57900 242 2800 

Methyllycaconitin 3700-6100 0.69-10.3 3700 2516- 247- 21900 
e (MLA) 3020 1350 
Mecamylamine 822000>1000000 >1000000 >1000000 n.d. n.d. n.d 

: binding affinities for nicotinic antagonists were based on competition binding assays 
using either native or recombinant a4^2, a7, a6p2, a4a6p2 or recombinant a4p4, a6p4, 
a3p4 nAChRs. Table based on Sharpies and Wonnacott et al, 2001, Barabino et al, 2001, 
Chavez-Noriega et al, 1997 and Champtiaux et al, 2003. 
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1.7 Nicotinic modulation of neurotransmission in the VTA 

Nicotinic acetylcholine receptors can modulate neurotransmitter release as well as the 

actions of other neurotransmitters within the brain. These receptors have been found 

presynaptically, on the soma, and post-synaptically. As VTA dopamine neuronal activity and 

dopamine release from the accumbens can be affected by excitatory and inhibitor)' inputs, it 

is important to understand which nAChRs and nAChR subunits are present on these inputs, 

as well as dopamine neuronal cell bodies as they may impact the effects nicotine on 

dopamine neurotransmission. 

Distribution of nAChR subunits in the VTA 

Studies examining mRNA in the rat, utilizing RT-PCR, found nAChR subunits on 

dopaminergic and GABAergic neurons within the substantia nigra and VTA (Klink et al, 

2001). Alpha4 mRNA was found to be expressed in all neurons, while a2 subunit mRNA 

was found in none of the neurons. In dopaininergic neurons, a5, a6, and (33 mRNA were 

found to be expressed at high levels (greater than 72%), while a3 was found to be expressed 

in 60% of dopaminergic neurons and in 35% of GABAergic neurons (Klink et al, 2001). p2 

mRNA was found to be expressed in all dopaminergic neurons and in 70% of GABAergic 

neurons (Klink et al, 2001). Alpha7 expression was found to be equal between both classes 

of neurons (40%), (Klink et al, 2001). Although P4 mRNA was found, its expression was 

found to be rather low in both dopaminergic (12%) and GABAergic neurons (25%), (Klink et 

al, 2001). Similar nAChR subunit distribution studies using immunoprecipitation have been 
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carried out in mice. In a6 wild-type mice, high levels of P2, a4 and a6 nAChRs were found 

(Champtiaux et al, 2003). Minimal nAChRs were found containing al or a3, while there was 

a small number of nAChRs containing a5 or P3 (Champtiaux et al, 2003). When mice were 

lesioned with 6-hydroxydopamine in the dorsal striatum, there was a 90% reduction in a6 

and p3 nAChRs while a4 and P2 nAChRs were reduced by half (Champtiaux et al, 2003). a-

bungarotoxin binding, a marker for al containing receptors, was unaffected by the 6-

hydroxydopamine lesion (Champitiaux et al, 2003), suggesting that dopamine neurons in the 

striatum do not express al. These results suggest that dopamine neurons in the striatum 

express a4, a5, a6, P2 and p3 nAChR subunits while GABA neurons express a4 and p2 

nAChR subunits. However, it remains to be determined if rats have similar subunit profiles 

based in the striatum and VTA. 

Nicotinic modulation of VTA dopamine neurotransmission 

Acute nicotine 

Systemic nicotine is able to increase accumbal dopamine release in rats and mice (Di 

Chiara et al, 1988; Zocchi et al, 2003). In microdialysis experiments, both P2 knockout mice 

and wild-type siblings had similar basal levels of dopamine, but when administered systemic 

nicotine, nicotine-induced dopamine release increased significantly above baseline in only 

the wild-type mice, and not the P2 knockouts (Picciotto et al, 1998). In striatal, olfactory 

-2 

tubercle, frontal cortex, and accumbal synaptosomal preparations, nicotine stimulated [ HJ-

dopamine release in wild-type mice, but not P2 knockout mice (Grady et al, 2002; Whiteaker 
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et al, 2000). These experiments demonstrated that the |32 subunit is necessary for nicotine-

induced release of dopamine. Considering the P2 subunit is critical for dopamine release, its 

partners, the a4 and a6 nAChR subunits, should also be considered to be important in this 

effect of nicotine. In mice lacking either the a4 or a6 subunit, nicotine induced-dopamine 

release from striatal synaptosomes was reduced by half when compared to wild-type 

littermates (Champtiaux et al, 2003). However, in mice lacking both the a4 and a6 subunits 

(double knockout), nicotine-induced dopamine release in the striatum was abolished, 

demonstrating the importance of the (32 subunit in combination with its a4 and a6 partners 

(Champtiaux et al, 2003). The p3 subunit is also thought to be important in the dopamine 

releasing properties of nicotine. In mice lacking the |33 subunit, nicotine-induced dopamine 

release from striatal synaptosomes was actually increased (Cui et al, 2003). This increase was 

speculated to be due to more efficient coupling of dopamine releasing mechanisms with the 

remaining receptor subunits. Compensation in knockout mice was thought to be unlikely as 

heterozygotic mice showed a similar increase in dopamine release and these animals showed 

no increase in [^H] nicotine, [^H] epibatidine, or ['^^I]a-bungarotoxin receptor binding sites 

or subunit mRNA (Cui et al, 2003). Based on these studies, p2-containing nAChRs are 

important for the dopamine releasing effects of nicotine in the nucleus accumbens in the 

mouse, while both |32-containing nAChRs and P3 nAChR subunits are thought to be an 

important site of action for the dopamine releasing effects of nicotine in the mouse striatum. 

Studies investigating the role of nAChRs in nicotine-induced accumbal dopamine 

release using in vivo microdialysis studies in rats, demonstrated that infusion of 
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mecamylamine, a non-specific nicotinic antagonist, into the VTA, but not the accumbens, 

blocked systemic nicotine-induced accumbal release (Nisell et al, 1994). This suggested that 

that nAChRs in the VTA mediate the nicotine-induced increases in accumbal dopamine 

release. Recent evidence implicates the role of the al nAChR in the nicotine-induced 

elevation of accumbal dopamine as intrategmental infusion of MLA, an al nAChR 

antagonist, blocked systemic nicotine-induced increases in dopamine release (Schilstrom et 

al, 1998). However, it is thought that this effect of the al nAChR is due to enhancement of 

glutamatergic neurotransmission onto VTA dopamine neurons as NMD A antagonists 

blocked the nicotine-induced increase in dopamine release (Schilstrom et al, 1998) and 

nicotine-induced increases in glutamate release within the VTA was blocked by the al 

antagonist, MLA (Schilstrom et al, 2000) . When considering this evidence, other 

neurotransmitters and neuromodulators may also modulate nicotine's effects on the 

mesolimbic dopamine pathway. For example, the GABAb agonist, baclofen, the CBl 

antagonist, SR141716 and cyclazocine, a mu and kappa opioid agonist, also decreased 

nicotine-induced accumbal release (Fadda et al, 2003; Maisonneuve and Glick, 1999; Sziraki 

et al, 2002) demonstrating that nicotine's actions on other neuromodulator and 

neurotransmitter pathways can affect nicotine's actions on the mesolimbic dopamine 

pathway. 



50 

Chronic nicotine 

When rats are given nicotine chronically, tolerance does not develop to nicotine-

induced dopamine release from the nucleus accumbens (Damsma et al, 1989). Chronic 

treatment with nicotine in rats also fails to produce tolerance to somatodendritic release of 

dopamine in the VTA (Rahman et al, 2003). This suggests that the mesolimbic dopamine 

system can continue to be a substrate for the reinforcing effects of nicotine in chronically 

nicotine treated animals. Interestingly, in chronic nicotine treated rats, basal dopamine levels 

were on average 2.5 times higher than in chronic saline treated rats (Rahman et al, 2003). 

Furthermore, chronic nicotine treatment can sensitize nicotine-induced accumbaJ dopamine 

release (Benwell et al, 1992, Balfour et al, 1998, Marshall et al, 1997). These results 

demonstrate that there may be a potentiation of mesolimbic dopaminergic activity^ when rats 

are chronically treated with nicotine. However, chronic nicotine treatment in rats does not 

increase [^H]-spiperone binding, which labels dopamine receptors, suggesting that chronic 

nicotine does not increase dopamine receptor levels (Fung et al, 1991; Carr et al, 1989). 

The increase in dopamine produced by chronic nicotine treatment may also be 

important in withdrawal. In rats chronically treated with nicotine and then given systemic or 

intrategmental mecamylamine, dopamine output is reduced and symptoms of withdrawal 

become apparent (Hildebrand et al, 1999; Nomikos et al, 1999), suggesting that the decrease 

in dopamine output by the blockade of nAChRs in the VTA mediates withdrawal symptoms. 

However, if mecamylaniine is infused directly into the nucleus accumbens of rats chronically 

treated with nicotine, dopamine output is not reduced nor are there any withdrawal signs 
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(Hildebrand et al, 2000), suggesting that withdrawal is mediated through nicotinic 

acetylcholine receptors in the ventral tegmental area. 

In rats and mice, a characteristic feature of chronic nicotine exposure is receptor 

upregulation as evidenced by increased [^H]-nicotine binding or binding of other nicotinic 

ligands. A consistent feature with the increase in binding is that there is an increase in Bmax, 

but not that of IQ, suggesting that the affinity for the ligand does not change, but rather there 

• 1 

are an increased number of receptors. In Long-Evans rats self-administering nicotme, [ I] -

epibatidine binding in the SNA^TA and the nucleus accumbens was doubled when compared 

to saline controls (Parker et al, 2004). When using immunoabsorption with [^^^I]epibatidine 

and ['~^I]-a-conotoxin Mil, the increase in binding was found to be due to receptors 

containing a3, a4, (32 and a6 nAChR subunits in the SN/VTA and nucleus accumbens 

(Parker et al, 2004). When Sprague-Dawley rats were continuously infused with nicotine, 

[^H]-MLA, [^H]-nicotine, and [^^^I]-epibatidine binding was increased in the VTA (Mugnaini 

et al, 2002, Nguyen et al, 2003). Furthermore, ['"^I]a-bungarotoxin binding was upregulated 

in rat hippocampal and cortical cultures in response to chronic nicotine treatment (Barrantes 

etal, 1995). 

Interestingly, Sprague-Dawley rats given the same dose of nicotine for 10 days by 

either continuous infusion or by 2, 4, or 8 injections, [^H]-nicotine binding increased the 

most in the cortex, striatum and hippocampus in rats that were given twice daily injections or 

were continuously infused. The more frequent injections (4 or 8 daily injections) were less 

effective in increasing [^H]-nicotine binding (Rowell and Li, 1997). 
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In mice chronically infused with intravenous nicotine, [^H]-nicotine binding increased in the 

midbrain, hindbrain, cortex, hippocampus, striatum and hypothalamus (Marks et al, 1987), 

suggesting that like rats, nAChRs upregulate in response to chronic nicotine treatment in the 

mouse. Increased binding of [Ja-bungarotoxin, which labels al nAChRs in the cortex and 

hippocampus, was also found in the mouse (Marks et al, 1987). The increase in [ H]-nicotine 

binding was not due to an increase in mRNA transcription, as mRNA levels of the a2, a3, a4 

, aS or p2 nAChR subunits did not increase (Marks et al, 1992). Interestingly, chronic 

nicotine is not the only substance tliat can increase [^H]-nicotine binding. For example, 

chronic mecamylamine infusion was also able to increase [^H]-nicotine binding in mouse and 

rat brain, suggesting that receptor occupation per se may account for receptor upregulation 

(Collins et al, 1994; Pauly et al, 1996; McCallum et al, 2000). Furthermore in the mouse, 

although chronic mecamylamine treatment increased the binding of [ H]-nicotine, it was not 

due to increased levels of mRNA as a4 and P2 mRNA levels remained the same whether 

mice were chronically treated with saline, mecamylamine or nicotine (Pauly et al, 1996). 

When further investigating the effects of chronic nicotine on the kinetics of nicotine 

binding, it was found that there were no differences between chronic nicotine mice or saline 

treated mice (Bhat et al, 1994). However, when investigating the effect of chronic nicotine 

treatment on the function of nAChRs. nicotine-stimulated [^H]-dopamine release from the 

striatum was significantly reduced compared to saline controls. Furthermore, nicotine-

stimulated ^^Rb'^efflux from the midbrain was also significantly reduced (Marks et al, 1993). 

Thus, chronic nicotine treatment apparently reduces nAChR function in the mouse. 
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Based upon these studies, chronic exposure to nicotine, leads to nAChR upregulation, 

which does not affect the kinetic properties of nicotine binding, but reduces nAChR function. 

Although chronic nicotine treatment produces these effects, nicotine can continue to act on 

the mesolimbic dopamine system to produce its reinforcing effects as tolerance does not 

develop to nicotine-induced dopamine release. 

Nicotinic modulation of glutamatergic activity onto VTA dopamine neurons 

Excitatory afferents to the midbrain are important for the activation of VTA 

dopamine neurons, burst firing of dopaminergic neurons, accumbal dopamine release and 

long term potentiation (LTP) produced by nicotine. When nicotine is administered 

systemically, it produces excitation and bursting of VTA dopamine neurons (Grenhoff et al, 

1986; Calabresi, 1989). Bursting of VTA dopamine neurons is thought to underlie the 

increase in dopamine release within the nucleus accumbens and is dependent upon NMDA 

receptor activation (Cooper, 2002; Johnson, 1992). When considering the time frame of 

nAChRs desensitization to nicotine and that systemic nicotine increased accumbal dopamine 

release for over an hour (Di Chiara et al, 1988), it was thought that glutamatergic 

neurotransmission onto VTA dopamine neurons could mediate this prolonged release. When 

5-APV, an NMDA receptor antagonist, was administered directly into the VTA, nicotine-

induced accumbal dopamine release was inhibited (Schilstrom et al, 1998), suggesting that 

glutamatergic neurotransmission may effect accumbal dopamine release. However, it was 

unclear as to which nAChR subtypes mediated the increase in glutamatergic 
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neurotransmission by nicotine onto VTA dopamine neurons. Insights into the nAChRs 

responsible for enhancement of glutamatergic neurotransmission onto VTA dopamine 

neurons was discovered when methyllycaconitine (MLA), an a7 nAChR antagonist, when 

administered intrategmentally, prevented both the nicotine-induced increases in glutamate 

within the VTA and accumbal dopamine release (Schilstrom et al, 1998: Schilstrom et al, 

2000). This suggested that activation of al nAChRs on glutamatergic neurons within the 

VTA by nicotine mediated the increase accumbal dopamine relea.se. When examining the 

role of glutamatergic neurotransmission on VTA dopamine neuronal activity 

electrophysiologically, excitation of VTA dopamine neurons by nicotine was reduced by 

NMDA and non-NMDA receptor blockers (Grillner et al, 2000). This suggested that the 

enhancement of glutamatergic neurotransmission onto VTA dopamine neurons by nicotine 

was necessary for an increase in VTA dopamine neuronal activity. However, little or no role 

had been found for the al receptor electrophysiologically, as MLA, an al nAChR antagonist, 

had no effect on the nicotine-induced increase in VTA dopamine neuronal firing (Grillner et 

al 2000). In contrast, DH^E, an a4*P2* nAChR antagonist, blocked the nicotine induced 

increase in VTA dopamine neuronal firing (Grillner et al, 2000). suggesting that a4*(32* 

nAChRs, but not al nAChRs were involved in nicotine's electrophysiological actions on the 

mesolimbic dopamine pathway. Considering that nicotine causes most nAChRs to 

desensitize within a matter of seconds to minutes (Woolorton et al, 2003; Pidoplichko et al, 

1997), and that al nAChRs were thought to desensitize within milliseconds (Pidoplichko et 

al, 1997), it seemed counterintuitive that nicotine could act on al nAChRs on glutamatergic 
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neurons to mediate the excitatory neurotransmission necessary for prolonged accumbal 

dopamine release. However, recent studies have found that al nAChRs do not significantly 

desensitize at concentrations of nicotine normally achieved in blood after smoking a cigarette 

(300-500nm), (Mansvelder et al, 2002, Woolorton et al, 2003). Thus, al nAChRs could 

mediate the excitatory neurotransmission onto VTA dopamine neurons responsible for 

accumbal dopamine release. In brain slice electrophysiological studies, enhancement of 

glutamatergic neurotransmission by nicotine in the VTA was blocked by MLA, 

demonstrating that al nAChRs mediate excitatory neurotransmission in the VTA 

(Mansvelder et al. 2000, 2002). The al nAChRs were also localized to the axon terminals 

since the nicotine-induced enhancement of glutamatergic activity was unaffected by 

tetrodotoxin (TTX) (Mansvelder et al, 2002). In other brain slice electrophysiological studies 

in the VTA. MLA blocked nicotine-induced bursting of dopamine neurons, without affecting 

firing rate, suggesting that the al nAChR mediates nicotine-induced bursting of 

dopaminergic neurons (Schilstrom et al, 2003). 

Bursting activity in dopaminergic neurons is thought to be important for 

strengthening of synaptic communication (Cooper, 2002). Considering that al nAChRs have 

been found to mediate bursting through the release of glutamate, and that NMD A receptor 

activation is also involved in bursting (Johnson, 1992), the al containing receptor provides a 

potential link between LTP induction in the VTA and nicotine reinforcement. Glutamatergic 

input onto VTA dopamine neurons can undergo LTP in response to pairing of presynaptic 

and postsynaptic stimulation and is dependent upon NMD A receptor activation. In contrast. 
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excitatory input to GABAergic intemeurons does not evoke LTP (Bonci and Malenka, 1999). 

Nicotine can mimic the paired electrical stimulation of presynaptic and postsynaptic sites by 

acting on nAChRs on glutamatergic terminals and on the soma ofVTA dopamine neurons. 

Thus, nicotine within the VTA can activate presynaptic nAChRs on glutamatergic neurons 

resulting in an enhanced entry of Ca^^ into the terminals, increasing glutamate release. This 

results in activation ofNMDA and non-NMDA receptors, which leads to influx into the 

post-synaptic neuron (soma of VTA) and induction of LTP. Nicotine also depolarizes the 

post-synaptic neuron, (Pidoplichko et al, 1997; Picciotto et al, 1998), thereby relieving a 

Mg^^ blockade to further facilitate LTP induction (Mansvelder et al, 2000). Considering that 

LTP is important in learning and memory, this offers a possible explanation as to how long-

term use of nicotine-containing tobacco products can produce changes in synaptic plasticity 

leading to an individual's vulnerability to nicotine addiction, dependence, and craving. 

Nicotinic modulation of GABAergic transmission onto VTA dopamine neurons 

GABAergic modulation of dopaminergic activity within the ventral tegmental area is 

also important in mediating the reinforcing properties of drugs. Mice and rats self-administer 

GABAa antagonists directly into the VTA (Ikemoto et al, 1997; David et al, 1997), and 

GABAa receptor blockade within the ventral tegmental area increases accumbal dopamine 

release (Ikemoto el al, 1997; Westerink et al, 1996). However, GABAa receptor agonists at 

low concentrations, as well as benzodiazepines, which allosterically affect GABAa receptors, 

are also self-administered by animals (Xi and Stein, 1998; Szostak et al, 1987). GABAa 
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agonists have been found to increase (Xi and Stein, 1998) and decrease (Westerink et al, 

1996; Westerink et al, 1998) dopamine release in the nucleus accumbens. So how is it 

possible that both GABAa agonists and antagonists can both produce reinforcement? It's 

been postulated that GABAa receptors mediate reinforcement through a dopamine and 

dopamine-independent pathway (Laviolette and van der Kooy, 2001). GABAa receptors are 

almost exclusively localized to GABA intemeurons with a very small proportion being on 

dopaminergic neurons (Churchill et al, 1992). In the dopamine mediated pathway, GABAa 

agonists such as muscimol, hyperpolarize the GABAergic neuron to where the inhibitory 

input onto dopamine neurons is relieved and dopaminergic activity increases (Erhardt and 

Engberg, 2000; Waszczak et al, 1980). This phenomenon has been termed disinhibition. The 

idea of the dopamine mediated pathway was supported by place preference studies in rats 

demonstrating that muscimol, a GABAa agonist, administered into the VTA produced a 

place preference in rats (Laviolette and van der Kooy, 2001). The place preference was 

suggested to be dopamine dependent since the administration of alpha-flupenthixol, a 

dopaminergic antagonist, together with muscimol into the VTA blocked its expression 

(Laviolette and van der Kooy, 2001). Since GABAa agonists can disinhibit VTA dopamine 

neurons leading to increases in dopaminergic activity and dopamine release within the 

accumbens. this explains some of the paradoxical results of the behavioral and 

electrophysiological activation seen when muscimol was infused into the VTA (Waszczak, 

1980, Oakley, 1991; Erhardt and Engberg, 2000). 

In the non-dopamine mediated pathway, GABAa receptor antagonists produce 
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reinforcement by increasing activity of the GABAergic neuron and activating GABAergic 

efferents in the nucleus accumbens. This reward signal is not mediated by dopamine and is 

thus dopamine-independent. This idea was supported by the finding that bicuculline, a 

GABAa receptor antagonist, when infused into the VTA produced a place preference. 

However, the place preference was not dependent upon the involvement of dopamine, as 

concomitant administration of a dopamine antagonist and bicuculline into the VTA did not 

block the place preference (Laviolette and van der Kooy, 2001). 

GABAb receptors are also important in mediating the reinforcing properties of drugs 

as GABAb receptors are localized almost exclusively to dopamine neurons (Churchill et al, 

1992). Baclofen, a GABAb receptor agonist has been found to reduce the self-administration 

of nicotine in mice (Fattore et al, 2001) and other drugs of abuse such as cocaine and heroin. 

GABAergic terminals come into contact with VTA dopaminergic dendrites and 

modulate the activity of VTA dopamine neurons (Bayer and Pickel, 1991; White, 1996). 

When nicotine is present, it increases the activity of GABAergic neurons within the VTA 

(Yin and French, 2000). However, this effect is rather transient due to desensitization of the 

nAChRs on GABA neurons (Yin and French, 2000; Mansvelder et al, 2002). This excitation 

of GABAergic neurons was blocked by mecamylamine and DH^E suggesting that 

GABAergic neurons express a4*p2* nicotinic acetylcholine receptors (Yin and French, 

2000; Mansvelder et al, 2002), a finding further supported by mRNA RT-PCR studies (Klink 

et al, 2001). In electrophysiological studies, a4^2 nAChRs have been localized to the soma 

of GABAergic neurons since the GABAergic excitation produced by nicotine was TTX 
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sensitive (Frazier et al, 1998; Alkondon et al 1997, 1998). Furthermore, activation of 

GABAergic neurons by nicotine produces profound desensitization, to where it takes 

approximately an hour (50 minutes) for sensitivity to recover (Mansvelder et al, 2002). 

Considering that nAChRs on GABAergic neurons desensitize in response to nicotine within 

a couple of minutes, nicotinic modulation of the VTA GABAergic input and output pathways 

is likely to contribute to the reinforcing properties of nicotine since tliis then allows for a 

dominant excitatory tone. 

Summary of nicotine's actions on the VTA 

When nicotine enters the VTA of the rat, it acts on a4p2 nAChRs on GABAergic 

neurons, p2-containing receptors on the soma of dopaminergic neurons, and al nAChRs on 

glutamatergic terminals. Initially, nicotine increases the activity of GABAergic neurons, but 

this effect is transient due to desensitization. When the a4p2 nAChRs on GABAergic 

neurons desensitize, this results in increased activity ofVTA dopaminergic neurons through 

disinhibition. Nicotine also increases activity of glutamatergic neurons by acting on al 

nAChRs resulting in increased activity and bursting of VTA dopaminergic neurons. This 

results in an electrophysiological profile in which nicotine increases the rate and amount of 

bursting of midbrain dopamine neurons. Whether this scenario of events occurs in humans 

and other mammals remains unknown. 
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1.8 From neurotransmission to behavior 

Acquisition and maintenance of nicotine-seeking behavior in mice and rats 

Experiments have demonstrated that nicotine acts as a positive reinforcer, as it is self-

administered by both mice and rats. The self-administration paradigm has been favored as a 

direct way of demonstrating that nicotine initiates and sustains drug-seeking behavior. Based 

on schedules of reinforcement, much can be learned about drug-seeking behavior. In a typical 

self-administration paradigm in rats and mice, a lever press or nose poke results in an 

intravenous infusion of nicotine which is conducted on either a fixed ratio (FR) or 

progressive ratio (PR) schedule. Under fixed ratio schedules, a predetermined number of 

nose pokes or lever presses are required for the animal to receive an intravenous infusion of 

nicotine or a drug. For example, under a FR2 schedule for nicotine, the animal has to push 

the lever or nose poke twice for nicotine to receive an intravenous infusion, while under an 

FR4 schedule, the rodent has to nose poke or press the lever 4 times for an infusion of 

nicotine. Under a progressive ratio schedule, the number of lever presses or nose pokes 

escalates following each drug delivery. For example, for the first infusion of drug, a single 

response is needed, while the second infusion will require two, the third time four nose pokes 

or lever presses, etc. Eventually the animal will no longer meet the next level of responding. 

It is at this point where the work needed to obtain the drug is no longer worth its 

reinforcement value. A recent theory on self-administration studies has proposed that fixed 

ratio (FR) schedules measure a drug's hedonic or pleasurable value, while progressive ratio 

(PR) schedules measure its motivational properties (Markou et al, 1993). A critical parameter 
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that governs the self-administration of any drug is the acquisition dose. Rats have been found 

to reliably self-administer 0.01-0.03mg/kg doses of IV nicotine (Corrigal and Coen, 1989; 

Cox et al, 1984; Donny et al, 1995. 1998 and 1999; Henningfield and Goldberg, 1983). 

C57BL/6J mice have also been shown to self-administer nicotine at doses of 0.03mg/kg IV 

(Picciotto et al, 1998). However, another study found that DBA/2 and C57BL/6J mice would 

self-administer O.lmg/kg and 0.3mg/kg IV nicotine (Stolerman et al, 1999), which was much 

higher than previously reported for the C57BL/6J mice. This discrepancy is likely explained 

by the different FR schedules that were used. The C57BL/6J mice that self-administered 

0.03mg/kg IV nicotine were on aFR2 schedule, while those that self-administered O.lmg/kg 

IV were on a FR4 schedule. Another possible factor is that the mice used in the 0.03mg/kg 

IV nicotine self-administration experiment had been previously trained to self-administer 

cocaine, which may have affected their subsequent response to nicotine. As previously 

mentioned, much can be learned about a drug's reinforcing properties using a progressive 

ratio schedule. One study found that rats will self-administer nicotine using a somewhat 

limited progressive ratio schedule (Donny et al, 1999). However, this was not a true 

progressive ratio study, as a breaking point was not measured and the schedule followed was 

an increased fixed ratio schedule. To date, there are no studies in mice utilizing a 

progressive-ratio schedule for self-administration of nicotine. The reason for this is unclear, 

but apparently mice are resistant to self-administer nicotine on a progressive-ratio schedule 

(Sarah King, personal communication). 

These results suggest that rats and mice can both acquire and maintain nicotine-self-
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administration to where nicotine is reinforcing and possesses addictive liability. 

Nicotinic acetylcholine receptors and self-administration 

Considering that nicotine mediates its reinforcing properties through nAChRs in the 

VTA, it is likely that other nicotinic acetylcholine receptor agonists are also self-

administered. For example, mice were found to self-administer the nicotinic agonists, 

cytisine (0.025-0.075mg/kg) and epibatidine (0.5mg/kg) (Rasmussen et al, 1998). This study 

suggested that nicotinic agonists that are relatively selective for the a4j32 nAChR are 

reinforcing. When further investigating the role of nAChRs in reinforcement using nAChR 

antagonists, as mentioned earlier, infusion of DHpE into the VTA blocked nicotine self-

administration in rats (Corrigall et al, 1994). This suggests that a4*p2* nAChRs in the VTA 

are involved in the reinforcing effects of nicotine. However, a4* (32* nAChRs may not be the 

only nAChRs involved. For example, 18-methoxycoroaridine, an a3p4 antagonist, decreased 

nicotine self-administration in a dose dependent manner (Glick et al, 2002). The a7 nAChR 

has also been thought to mediate the reinforcing properties of nicotine. However, the results 

obtained from self-administration studies using the a7 antagonist MLA, have been mixed. 

One group reported that MLA had no effect on self-administration (Grottick et al, 2000) 

while a separate group found that MLA blocked self-administration of nicotine (Markou and 

Paterson, 2001). The different results obtained in these two studies may be due to the fact 

that two different strains of rat were tested. Thus, it is difficult to conclusively state that the 

a7 n AChR is important in the sel f-administration of nicotine. 
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Further studies aimed at clarifying the role of specific nAChRs in the reinforcing 

properties of nicotine found that knockout mice missing the p2 nAChR subunit, did not self-

administer nicotine (Picciotto et al, 1998). This suggested that P2 subunit is critical for the 

reinforcing properties of nicotine. To establish a role for the al nAChR subunit in the 

reinforcing properties of nicotine, self-administration studies utilizing a7 knockout mice and 

heterozygotes will be important. It would not be surprising if al nAChR subunit knockout 

mice do not self-administer nicotine as the al nAChR is important in LTP and the 

strengthening of stimulus-reward association. However, there is emerging data suggesting 

that al nAChR subunit KO mice can acquire self-administration of nicotine readily (personal 

communication with DS McGehee). The possibility of genetic compensation cannot be ruled 

out, as genetic deletions can cause adaptations throughout the nervous system. Inducible 

knockouts will help resolve this issue. However, what can be concluded from these studies is 

that mice and rats do find nicotine reinforcing and that p2-containing receptors appear to be 

necessary for acquiring nicotine self-administration. 

Withdrawal and extinction of nicotine-seeking behavior in mice and rats 

In self-administration experiments, when saline is substituted for nicotine, some rats 

press the lever far less, while others demonstrate what" s been termed a "frustration effect" in 

which they display a temporary increase in their rate of responding (Amsel and Roussel, 

1952; Corrigal and Coen, 1989; Donny et al, 1995). When saline is substituted for nicotine, 

nicotine-seeking behavior in the rat remains above control levels for 4-13 sessions before 
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being completely extinguished. This suggests that nicotine is a powerful reinforcer. Mice 

have yet to be tested with nicotine using this paradigm. 

In mice and rats chronically receiving nicotine, the abrupt discontinuation of the drug 

can lead to withdrawal. In rats, nicotine withdrawal consists of teeth-chattering, abdominal 

writhes, jumping, rearing, yawns, genital licking, ptosis, and wet shakes/tremors. These 

behavioral signs persist for 2 days after discontinuation of nicotine (Hildebrand, 1997; Mai in 

et al, 1992). The administration of a nicotinic receptor antagonist, such as mecamylamine 

either systemically or into the VTA can precipitate withdrawal in the rat (Hildebrand et al, 

1999; Malin et al„ 1994). Furthermore, the administration of the a4*|32* nAChR antagonist. 

DHPE, into the 3'^'' ventricle also increases abstinence signs in the rat (Malin et al, 1998). 

However the administration of the a7 nAChR antagonist was found not to precipitate 

withdrawal in rats that had been self-administering nicotine (Markou, 2001). 

The abstinent or withdrawal behavior of mice chronically receiving nicotine (2mg/kg 

S.C. four times a day for 14 days) is similar to that seen in the rat: rearing, jumping, fore-

limb and head shakes, abdominal constrictions, chewing, facial tremor, and scratching. 

Although ptosis was absent in mice, forelimb and headshakes appeared to be more prominent 

in the mouse and the withdrawal syndrome mild, but lasting 3-4 days (Isola et al, 1999). 

When mice were given mecamylamine, a nAChR antagonist to precipitate withdrawal, a 

small increase in the total abstinence score occurred within 60 minutes after the last nicotine 

injection. ICR mice treated with 6mg/kg/day for 7 days by continuous infusion with an 

osmotic mini-pump also displayed a withdrawal syndrome similar to the Swiss-Webster mice 



65 

when the mini-pump was removed. However, ICR mice were found to be hyperalgesic when 

withdrawn from nicotine, which had not been previously demonstrated. The withdrawal 

syndrome persisted through day 3 or 4 after osmotic mini-pump removal and could be 

augmented by increasing the duration of exposure from 7 to 60 days. Administration of 

different nicotinic antagonists in nicotine-dependent mice had different effects. For example, 

administration of mecamylamine and DHpE precipitated robust somatic withdrawal signs 

and hyperalgesia while ML A, an a7 nAChR antagonist, precipitated only mild somatic signs 

and an increased hyperalgesia. Furthermore, nicotine withdrawal severity was found to be 

strain dependent as the withdrawal syndrome was more severe in C57BL/6J mice than in the 

129SvEV strain. (Damaj et al, 2003). 

These studies demonstrate that rats and mice display somatic signs after abrupt 

discontinuation of nicotine (spontaneous withdrawal) or by precipitating withdrawal with 

nAChR antagonists. Furthermore, a4*p2* nAChRs appear to mediate withdrawal from 

nicotine in both mice and rats, while the al receptor may contribute only a small component 

to the withdrawal syndrome. 

Reinstatement of nicotine-seeking behavior in mice and rats 

Experimental relapse has been examined through reinstatement of previously 

extinguished nicotine-seeking behaviors using spontaneous recoveiy conditions, priming 

injections of nicotine, or stress inducing stimuli. When rats consistently self-administer 

nicotine at doses of 0.03mg/kg IV and saline is introduced, the self-administration of nicotine 
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significantly diminishes with the extinction of lever pressing behavior after 4-13 sessions 

(Tessari et al, 1995). However, if nicotine becomes available again, rats will progressively 

reinstate their self-administration behavior to levels comparable to those observed before 

nicotine-extinction (Tessari et al. 1995). When priming injections of nicotine are given 

(0.001-0.03mg/kg) non-contingently after extinction of nicotine-seeking behavior, 

responding to the nicotine-paired lever is reinstated (Chiamulera et al, 1996). Furthennore, 

even after rats undergo a 21 day extinction period from nicotine, a priming injection is 

sufficient to reinstate nicotine-seeking behavior (Shaham et al, 1997). Stress is also able to 

reinstate nicotine-seeking and self-administration behavior in rats. Intermittent foot-shock, a 

stressor to the rats, effectively reinstated nicotine-seeking behavior after extinction periods of 

5 days to 2 weeks (Buczek et al, 1999). Currently there are no reports describing 

reinstatement of nicotine-seeking behavior in mice, but several groups are investigating this 

issue (Society for Neuroscience Conference, 2003). Taken together, these data demonstrate 

that nicotine has long-lasting effects on the central nervous system and that stress can lead to 

a relapse to nicotine use. Furthermore, a one-time relapse will support continued self-

administration of nicotine. 
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1.9 Nicotine pharmacokinetics 

Considering that nicotine is the component of tobacco smoke that is important in 

acquiring and maintaining tobacco dependence, knowledge of its pharmacokinetics is 

essential to understanding the pattern of nicotine intake in humans and its effects in animals. 

When cigarettes are smoked, nicotine is absorbed through the lungs into the arterial blood 

where it reaches the brain within a few seconds. The average cigarette contains 8-9mg of 

nicotine, and when smoked, yields approximately Img of nicotine. Although nicotine is 

primarily metabolized by the liver, it can also be metabolized by the lungs and the kidneys. 

The primaiy metabolite of nicotine is cotinine, which accounts for 70-80% of nicotine's 

metabolism before it is metabolized to other compounds (Benowitz et al, 1994). However, 

nicotine can be biotransformed by other pathways or eliminated unchanged (figure 7). For 

example, nicotine can be glucuronidated, resulting in the minor metabolite, nicotine-

glucuronide. Nicotine can also be oxidated to produce nicotine N-oxides (Booth and 

Boyland, 1971). NADPH-dependent flavin-containing monooxygenase form 3 (FM03), 

appears to be the main enzyme involved in N-1 '-oxidation of nicotine to produce trans-(S)-

nicotine A'-1'-oxide (Cashman et al, 1992). Nicotine forms nomicotine through N-

demethylation of nicotine (Crooks et al, 1997). 

Most of the cotinine produced is by the metabolism of nicotine in the 5'-

hydroxylation pathway by a two-step mechanism: cytochrome oxidation of nicotine to the 

iminium ion by the cytochrome P450 enzyme 2A6 (Murphy et al, 1973), followed by 
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conversion to cotinine by cytosolic aldehyde oxidase (Gorrod and Hibberd, 1982). Cotinine 

can then be glucuronidated to produce cotinine-glucuronide. Cotinine can also be 

metabolized to trans-3'-hydroxycotinine which can then be glucuronidated resulting in trans-

3' -hydroxycotinine-glucuronide. Nomicotine has been shown to be converted to norcotinine 

by 5'-C-oxidation (Crooks et al, 1997). Cotinine can form cotinine N-1 '-oxide, although it is 

currently unknown if cotinine N-1 -oxidation is also mediated by FM03 (Tricker et al, 2003). 

Nomicotine S'-C-oxidation Norcotinine 

FM03 f c B -  4 -  uur-oA 
Nicotine 

0,12% 1.4% 

Nicotine N-1-oxide 
5.1% 9.5% 

Nicotine-glucuronide 
3.6% 

5'-hydroxynicotine < • jmminium ion 

I P450 2A6 P450 2A6 

oxidase 

P450 2A6 
Cotinine 5'-hvdroxvcotinine 

•hydroxycotinine 
37.4% 

UDP-GA Cotinine N-1-oxide 

T rans-3'-hydroxycotinine 
I 37.4% 

Cotinine-glucuronide 
15.9% 

2.9% 
Trans-3'-hydroxycotinine-glucuronide 

11.3% 

Figure 7: Biotransformation of nicotine to its metabolites with the average percentage of 
metabolites recovered in smoker's urine given nicotine. Figure based on figures by Tricker 
et al, 2003 with modifications. 
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Nicotine and its metabolites are subsequently eliminated in the urine. When 

comparing nicotine and its metabolites excreted in the urine, 9.5% is nicotine, 13.1% is 

cotinine, 37.4% is trans-3-hydroxynicotine, 15.9% is cotinine-N-glucuronide, 3.6% is 

nicotine-N-glucuronide, 11.3% is trans-3"-hydroxycotinine-glucuronide, 5.1% is nicotine N-

1 '-oxide, 2.9% is cotinine N-1 '-oxide, 0.1% is nornicotine, and 1.4% is norcotinine (Tricker 

et al, 2003, Byrd et al, 1992; Benowitz et al, 1994; Andersson et al, 1997; Hecht et al, 1999; 

Meger et al, 2002). 

Comparison of nicotine pharmacokinetics between species 

In human smokers, the initial distribution half-life of nicotine in the blood is 

estimated to be 4-10 minutes and the elimination half-life is 120 minutes when using the 

stable isotope technique in which humans are infused with 1.5ug/kg/min of deuterium-

labeled nicotine for 30 minutes (Benowitz et al, 1999). When humans smoke, the arterial 

nicotine concentration peaks within 20 seconds after each puff, which yields an increase in 

nicotine concentration of lOng/ml (Rose et al, 1999). Blood levels of nicotine rapidly peak 

and fall after smoking has been terminated. With continued smoking (eight cigarettes/day), 

the overall level of nicotine increases gradually in the morning, reaches maximal levels in the 

afternoon and evening, and then falls during the night (Benowitz et al, 1982). Since nicotinic 

acetylcholine receptors desensitize in response to low concentrations of nicotine; this may 

explain why smokers find the first cigarette of the day the most rewarding, as a higher 
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proportion of their nAChRs are in a non-desensitized state. 

Considering rats and mice are used as animal models to study nicotine addiction, it is 

important to understand nicotine pharmacokinetics in these two species. In rats receiving 10 

puffs of cigarette smoke, the distribution half-life is 5 minutes, while the elimination half-life 

is 86 minutes (Rosenburg et al, 1980). However, the pharmacokinetic values of nicotine 

appear to vary depending on the route of nicotine administration. Most nicotine studies in 

mice and rats do not use smoke inhalation as a delivery system, but instead use 

intraperitoneal injections of nicotine. In the self-administration model, rats will infuse doses 

of nicotine up to a total of 0.6mg/kg IV in a session (0.03mg/kg IV for each infusion) 

resulting in plasma levels of 40-120ng/ml (Shoaib and Stolerman, 1999). This is similar, 

although higher than 15-40ng/ml peak plasma levels found in humans after smoking a single 

cigarette (Fayerabend et al, 1985; Russel et al, 1976). In Fischer 344 rats receiving one of 

three doses of nicotine (0.08mg/kg, 0.4mg/kg or 0.8mg/kg IV), the nicotine half-lives in the 

blood ranged from 0.92-1.1 hours, while the elimination half-lives ranged from 5.39- 6.63 

hours (Miller et al, 1977). In rats chronically treated with nicotine subcutaneously, the half-

life in the blood is 44-49 minutes and 50-54 minutes in the brain. This value is consistent 

regardless if the rats received a total of 2.4mg/kg/day of nicotine by 2, 4, or 8 injections or 

are continuously infused during the day (Rowel 1 and Li, 1997). Brain concentrations of 

nicotine on average are 2-4 times higher than in the blood. As the number of injections or 

duration of treatment increases, brain nicotine concentrations also increase (Rowell and Li, 

1997, Ghosheh et al, 2001). In rats implanted with a subcutaneous osmotic mini-pump and 
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receiving 0.8mg/kg/day of nicotine, blood nicotine concentrations were found to remain 

constant while brain levels increased four -fold. The fact that blood concentrations of 

nicotine remained constant while brain levels increased, suggests that brain nicotine levels 

cannot be extrapolated from plasma nicotine levels, (Ghosheh et al, 2001). 

In mice that received a 1 .Omg/kg IP injection of nicotine, its half-life in the blood was 

6-7 minutes with negligible levels present at 30 minutes. These effects were not strain 

dependent as DBA/2, C57BL/6 and C3H mice displayed similar profiles of nicotine half-

lives in the blood and the liver as well as nicotine clearance. However, the half-life of 

cotinine in the blood was significantly higher in the DBA/2 strain (40 minutes) when 

compared to the C3H (25 minutes) and C57BL/6J (20 minutes) strains (Petersen et al, 1984). 

This suggests that there are some strain dependent differences in the metabolism of nicotine 

metabolites, but not nicotine itself. In general, it is difficult to extrapolate how rat and mouse 

values relate to humans when observing the different routes and doses of nicotine 

administration. Probably the closest values to human come fi-om rats either self-

administering nicotine or given 10 puffs of cigarette smoke. 
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2.0 Actions of nicotine metabolites on nAChRs 

Considering that 70-80% of nicotine is metabolized into cotinine and other 

metabolites, the issue of metabolite activity on nAChRs should be considered. Cotinine has 

been found to increase [^H]-dopamine release in the striatum (Dwoskin et al, 1999). This 

effect can be antagonized by DHpE and mecamylamine, suggesting that cotinine also acts 

nAChRs. However, cotinine is much less potent than nicotine, as 30jiM cotinine was needed 

to stimulate [ H]-dopamine release when compared to 0.1 -4.0 |xM nicotine (Izenwasser et al., 

1991; Grady et al., 1992 and 1994; Sacaan et al, 1995). When comparing concentrations of 

cotinine obtained from the plasma of smokers (175 to 500 ng/ml) to the doses of cotinine 

required to stimulate [^H]-dopamine release, the concentrations of cotinine (1-3^M) achieved 

by smokers would not be sufficient to stimulate striatal dopamine release (Benowitz et al., 

1983; Kyerematen et al., 1990; Benowitz and Jacob, 1993; Hatsukami et al., 1997). 

Furthermore, cotinine has 100 fold less affinity for rat brain membranes than nicotine (Riah 

et al, 1999) and is less permeable to the blood brain barrier than nicotine (Riah et al, 1998). 

Although cotinine may have actions on nAChRs, when considering that it is much less 

potent, is also metabolized, and that nicotine will most likely activate and desensitize the 

nAChR, it seems unlikely that cotinine would have much of a role in activating nAChRs. 

However, it may be possible that the levels of cotinine may keep the nAChR in the 

desensitized or inactivated state. Cotinine is not the only metabolite that can act on nicotinic 

acetylcholine receptors. Nomicotine has also been reported to increase dopamine release 

(Dwoskin et al., 1993) and evoke [^H] dopamine release in the striatum (Teng et al., 1997). 
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Nomicotine is equipotent with nicotine in the dopamine release assay (l|j.M) and is also 

present in significant amounts in rat brain after subcutaneous nicotine administration (Crooks 

et al., 1995,1997; Crooks and Dwoskin, 1997). Furthermore, nomicotine has been found to 

be self-administered in the rat (Bardo et al, 1999) and pretreatment with nomicotine reduces 

nicotine self-administration (Green et al, 2000). Moreover, when considering the amount of 

nomicotine that is produced by metabolism of nicotine. Still nicotine is the principal agent 

responsible for the activation of nAChRs. 
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Chapter 2 

PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the papers 

appended to this thesis/dissertation. The following is a summary of the most important 

findings described in this dissertation. 

Most of what is currently known about how nicotine produces its behavioral and 

electrophysiological effects within the mesolimbic dopamine pathway has been largely 

obtained from studies in the rat. Due to the lack of many selective agonists and antagonists 

for many of the multiple receptor subtypes, knockout and transgenic mice may be the single 

best approach to understand which nAChR subunits might be involved in nicotine's 

reinforcing properties and nicotine-induced behavior. However, mice and rats respond to 

nicotine in behavioral ly distinct manners. In rats, nicotine increases locomotor activity, while 

in most strains of mice, nicotine depresses locomotor activity. It has been argued that 

psychomotor activation with increased mesolimbic dopamine neurotransmission is critical 

for the reinforcing properties of drugs. Considering that nicotine produces different effects 

on locomotor activity between mice and rats, this raises the issue as to whether the in vivo 

electrophysiological responses to nicotine in ventral tegmental area (VTA) dopamine neurons 

are similar. In these next studies, we used extracellular in vivo electrophysiological methods 

to assess the response of VTA dopamine neurons to acute and chronic nicotine treatment in a 

strain of mouse that displays hypolocomotion, the ICR mouse. Our main goal was to 

determine if the hypolocomotor response to nicotine, corresponded to nicotine's 
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electrophysiological effects on mesolimbic dopamine neurons. These findings may support a 

conclusion that psychomotor activation is not critical for the reinforcing properties of 

nicotine, or that nicotine could be aversive. Secondly, we wanted to determine which 

nicotinic acetylcholine receptors mediate the hypolocomotor and VTA dopamine neuronal 

response to nicotine, as these receptors may mediate the reinforcing or aversive properties of 

nicotine. Thirdly, we wanted to assess how the ICR mouse locomotor response to nicotine 

compared to other strains of inbred mice, as the similarity in responses may correlate to 

similar nAChR distribution and electrophysiological responses. Lastly, we wanted to 

determine if behavioral and electrophysiological tolerance developed to nicotine in ICR mice 

chronically treated with nicotine, as chronic nicotine treatment is more similar to chronic 

smoking in humans. 
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HYPOTHESIS 

Since there is no data on how nicotine affects VTA dopamine neuronal firing in vivo 

in the mouse, which nicotinic acetylcholine receptors mediate this response or how VTA 

dopamine neurons respond to nicotine when mice are chronically treated, the following 

major hypothesis was tested: 

Major hypothesis: Nicotine mediates its reinforcing effects in the mouse through its actions 

on nicotinic acetylcholine receptors to modulate VTA dopamine neurotransmission. 

Within the scope of the major hypothesis, the following additional hypotheses were tested: 

1. Mouse VTA dopamine neurons will respond to nicotine in a dose-dependent 

manner similar to that in the rat. 

2. Nicotinic acetylcholine receptors mediate the VTA dopamine neuronal response 

produced by nicotine. When mice are pretreated with mecamylamine, a non

selective nicotinic acetylcholine receptor antagonist, the VTA dopamine neuronal 

response to nicotine will be blocked. 

3. a4*p2* nicotinic acetylcholine receptors mediate the VTA dopamine neuronal 

response produced by nicotine. When mice are pretreated with dihydro-beta-

erythroidine, a selective a4*p2* nAChR antagonist, the VTA dopamine neuronal 

response to nicotine will be blocked. 
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4. When compared to other strains of inbred mice, ICR mice will also display 

hypolocomotor activity that is similar to the DBA/2 strain of mouse which is a 

nicotine-sensitive strain of mouse. In contrast, the ICR mouse will display a 

different pattern of response to nicotine that is seen in the C3H/HeJ strain. 

5. Tolerance will develop to nicotine' s behavioral and electrophysiological effects 

in mice chronically infused with intravenous nicotine but not saline. 
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Appendix A 

Involvement of a4*p2* nicotinic acetylcholine receptors in the behavioral and in 

vivo electrophysiological effects of acute nicotine in the mouse 
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Abstract 

Nicotine is hypothesized to mediate its reinforcing/motivating effects by acting on 

nicotinic acetylcholine receptors (nAChRs) within the ventral tegmental area (VTA) to alter 

dopamine neuronal firing. The current knowledge of nicotine's actions has largely come from 

rat studies. However, due to the lack of selective agonists and antagonists for many of the 

nAChR subtypes, knockout mice are being employed to better understand the role of nAChR 

subunits in behavior and reinforcement. When considering that many strains of mice display 

hypoiocomotion to nicotine while rats display hyperlocomotion, it has remained unclear if 

mice and rats encode reinforcement in similar manners and if the same nAChR subtypes 

mediate these responses. Using in vivo electrophysiology combined with locomotor activity 

in the ICR mouse, we sought to address these questions. 

In the ICR mouse, 1 .Omg/kg nicotine depressed locomotor activity. The depressant 

effects of nicotine were blocked by pretreating mice with the a4*p2* nAChR antagonist, 

dihydro-beta-erythroidine (DH(3E), but not the al nAChR antagonist, methyllycaconitine 

(MLA). 

Electrophysiologically, when mice were given an initial dose of 8|j,g/kg intravenous 

nicotine, and the subsequent doses of nicotine were increased incrementally (16, 32, 64, 

128|ig/kg), no dose of nicotine had any effect on VTA dopamine neuronal firing. In contrast, 

single doses of O.lmg/kg intravenous nicotine, inhibited VTA dopamine neuronal tiring. 

Inhibition of VTA dopamine neuronal firing by nicotine was prevented by pretreating mice 

with DH|3E and the non-specific nAChR antagonist, mecamylamine. This demonstrated that 
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VTA neuronal activity and locomotor behavior in the ICR mouse are mediated through 

a4*p2* nAChRs. 
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Introduction 

Nicotine, the psychoactive component of tobacco smoke, is thought to mediate its 

reinforcing/motivating effects through its actions on the mesolimbic dopamine pathway. This 

pathway is composed of dopamine neuronal cell bodies in the ventral tegmental area (VTA) 

with axonal projections to the nucleus accumbens. Nicotine is thought to produce its 

reinforcing effects by increasing extracellular levels of dopamine in the nucleus accumbens 

(Di Chiara et al, 1988, Ferrari et al, 2002; Sziraki et al, 2001). This release of dopamine is 

critical in the motivating/reinforcing properties of nicotine, as administration of dopamine 

receptor antagonists or lesioning of the mesolimbic dopamine pathway by the neurotoxin 6-

hydroxydopamine reduce self-administration of nicotine in rats (Corrigall etal, 1991,1992). 

Within the mesolimbic dopamine pathway, nicotine produces its reinforcing properties by 

acting on nicotinic acetylcholine receptors (nAChRs) on dopamine neurons within the VTA 

as infusion of dihydro-beta-erythroidine (DHj3E), an a4*p2* nAChR antagonist, into the 

VTA, blocked sel f-administration of nicotine in rats (Corrigall et al, 1994). Furthermore, 

intrategmental administration of mecamylamine, a non-specific nAChR antagonist, blocked 

nicotine-induced increases in accumbal dopamine release (Nissell et al, 1994), suggesting a 

link between nAChRs in the VTA on dopamine neurons and reinforcement. However, it has 

remained unclear which nAChRs mediate the reinforcing properties of nicotine due to the 

lack of selective agonists and antagonists for many of the nAChR subtypes. Because of this 

issue, recent focus has shifted to the use of knockout mice to better understand the role of 

specific nAChR subunits in mediating nicotine's effects on brain reward pathways and 
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behavior. However, mice have been thought to be questionable models for researching the 

reinforcing effects of nicotine, as nicotine depresses their locomotor activity (Tritto et al, 

2004; Marks et al, 1983, 1989; Collins et al, 1988). This controversy stemmed from Wise 

and Bozarth's psychomotor stimulant theory of addiction, which postulated that the increase 

in locomotor activity in response to a drug, such as nicotine, was critical in mediating 

reinforcement (Wise and Bozarth, 1987). This theory was based upon experiments in rats 

demonstrating that nicotine and other drugs of abuse increased locomotor activity (Garg 

1968,1969; Battig etal 1976, Schlatter and Battig, 1979) and that this increase in locomotor 

activity was attributable to increases in accumbal dopamine (Corrigall et al, 1991, 1992). 

Since nicotine depresses mou.se locomotor activity, the theory suggests that mice should not 

find nicotine reinforcing. However. C57BL/6J mice have been found to self-administer 

nicotine (Picciotto et al. 1998; Rasmussen et al, 1998) and levels of accumbal dopamine have 

been shown to increase in response to nicotine in mice (Zocchi et al, 2003). Additionally, 

nicotine' s depressant effects on locomotor activity in the mouse are not blocked by dopamine 

antagonists (Damaj et al, 1993), suggesting that the locomotor response to nicotine in mice 

does not correlate with reinforcement. Considering the significant behavioral differences 

between mice and rats, it has remained unclear as to if mice and rats encode reinforcement in 

similar manners and if the same nAChR subtypes might mediate these responses. Using in 

vivo electrophysiology combined with locomotor activity in the ICR mouse, we examined 

whether the depressant effects of nicotine on locomotor activity in the mouse correlated 

electrophysiologicaJly with VTA dopamine neuronal firing. 
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Materials and Methods 

Animals 

Male ICR mice (25-35g, Harlan Laboratories) were used throughout the study. They 

were housed in groups of four in a modified micro-isolator room with a light cycle of 

7:00AM to 7:00PM at a temperature of68-72°F. Mice had free access to food and water. All 

animals were tested during their light cycle. All procedures were approved by the 

Institutional Animal Care and Use Committee at the University of Arizona. 

Drugs 

(-)Nicotine hydrogen tartrate salt was purchased from Sigma (St. Louis, MO). 

(-)Nicotine doses were calculated as the free base form. Dihydro-beta-erythroidine (DHpE), 

mecaniylamine and methyllycaconitine (MLA) were purchased from Sigma RBI (St. Louis, 

MO). All drugs were dissolved in 0.9% saline. 

Locomotor activity 

Activity measurements were obtained by using the Digipro Animal Activity System 

(Model CCDIGI with Digipro software, Omni-tech Electronics Inc, Columbus OH). The 

cage measurements were 42x42x30cm. To detect horizontal activity, two sets of 16 

horizontal infrared beams were located at right angles from each other. The response 

measured was based on the number of times the beams of the horizontal sensors were 

interrupted during 1-minute periods with counts being taken over a 30 minute period under 
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white light conditions. 

To test for blockade of nicotine-induced hypoactivity in the presence of an antagonist, 

ICR mice received one of 3 different doses of DHpE (0.75,1.5,3.0 mg/kg) or MLA (2.5,5.0 

and 10.0 mg/kg) (IP). ICR mice were injected at different times (5,10,20 or 40 minutes) to 

ascertain the optimal pretreatment time and they were returned to their home cage during the 

waiting period. At the end of the pretreatment time, each mouse was injected with either 

1 .Omg/kg IP nicotine or saline. Upon administration of nicotine or saline, they were placed in 

an activity cage where horizontal locomotion was measured every minute for 30 minutes 

under white light and quiet conditions. The volume of the intraperitoneally (IP) injections for 

the behavioral experiments was equal to a total volume of O.Olml/g as conducted by 

previously (Marks et al, 1983). 

Electrophysiology 

Mice were anesthetized with 450mg/kg IP chloral hydrate, a tracheal breathing tube 

was placed and a cannula was inserted into the lateral tail vein. Mice were then fixed into a 

stereotaxic fi-ame and their temperature was maintained at 37°C. The scalp was incised and 

retracted, a burr hole drilled in the skull and the dura incised at a point 3.1mm posterior to 

bregma, 0.4-0.6mm lateral from midline and 3.6-4.6mm below cortex. A glass-capillary 

electrode with a tip diameter of approximately l|am and filled with a solution of 2% 

pontamine sky blue in 0.5M sodium acetate was then lowered into the brain by a highly 

precise micromanipulator. Unitary action potentials from presumptive dopamine neurons 
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identified according to well-characterized criteria were amplified, stored and analyzed 

according to methods described in detail elsewhere (French, 1986). All drug challenges were 

preceded by a bolus injection of vehicle (0.9% NaCl) to control for possible changes in the 

firing rate associated with the injection procedure and to establish the base rate against which 

the effects of the test drugs are compared. Doses of apomorphine and haloperidol were based 

upon studies previously described and used to further establish dopaminergic neuronal 

identity (Trulson and Trulson, 1987). Only one cell was tested in each animal and the 

location of the recording site determined by light microscopic techniques as detailed 

previously (French, 1986). 

For antagonist studies, the non-specific nAChR antagonist mecamylamine (0.2mg/kg 

IV), and the a4*P2* nAChR antagonist dihydro-beta-erythroidine (DH^E) (1.5mg/kg IP), 

were dissolved in 0.9% NaCl. The dose of DHpE and pretreatment time was determined by 

earlier experiments where nicotine-induced hypolocomotion in ICR mice was blocked by 

1.5mg/kg IP DHPE given 5 minutes before nicotine. The antagonists were given after the 

saline response had been obtained. The antagonist was then given five minutes to determine 

if there were any effects on VTA dopamine neuronal firing and to allow sufficient time for 

blockade. After five minutes, the response to doses of intravenous nicotine (O.lmg/kg IV 

nicotine) was tested, followed by apomorphine and haloperidol. 

Statistics 

The statistical analysis of locomotor activity over time was performed using two-way 
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repeated measures ANOVA to compare responses between drug treatment groups. If the data 

were found to be statistically significant, a Bonferonni post-hoc test was performed to 

determine the time points that were statistically significant between treatment groups. 

Statistical significance of summated horizontal activity for 30 minutes was measured using 

one-way ANOVA when comparing responses to controls. Two-way ANOVAs were used to 

compare between test groups. If data were found to be statistically significant, a Bonferonni 

post-hoc test was performed. 

Electrophysiological responses of VTA dopamine neurons were analyzed by one-way 

repeated measures ANOVA by comparing drug responses to saline. If data were statistically 

significant, a Bonferonni post-hoc test was performed. 
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Results 

Locomotion 

When examining the effect of 1 .Omg/kg IP nicotine on locomotor activity in ICR 

mice, this dose significantly depressed summated horizontal activity (Figure 1, P<0.001). 

The depressant effects of nicotine were most prominent at time points 1-15 and 17-20 when 

compared to saline control animals (data not shown, P<0.05). Since this dose of nicotine 

significantly depressed horizontal activity, it was used to assess the blocking properties of the 

a4*|32* antagonist, dihydro-beta-erythroidine (DHpE), and the al nAChR antagonist, 

methyllycaconitine (MLA), on nicotine's depressant effects on locomotor activity. 

Figure 1 
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Figure 1: ICR mouse summated in response to 1.Omg/kg IP nicotine or saline. Nicotine 
responses were compared to saline (n=10/group) **P<0.001 
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To ensure tliat DHpE alone was not having effects on locomotor activity, mice were 

pretreated with 0.75mg/kg, 1.5mg/kg or 3.0mg/kg doses of DHpE 5 minutes prior to 

receiving saline. There was no statistically significant difference between horizontal activity 

responses over time (data not shown) and summated horizontal activity responses (Figure 2a) 

obtained from DH^E pretreated saline mice and saline-only mice. This suggested that DH^E 

pretreatment had no effect on locomotor activity responses obtained from mice. 

To assess the role of a4*p2* nAChRs in nicotine's depressant effects on locomotor 

activity, mice were pretreated with 0.75mg/kg, 1.5mg/kg or 3.0mg/kg IP DHpE 5 minutes 

prior to receiving a 1 .Omg/kg dose of IP nicotine. Pretreatment with either the 1.5mg/kg or 

3.0mg/kg dose of DHPE blocked the depressant effects of nicotine as horizontal activity 

responses over time obtained from mice pretreated with 3.Omg/kg DHpE and then given 

nicotine were significantly higher than nicotine-only treated mice at time points 4-13 and 15-

20 (data not shown, P<0.05) and at time points 2, 3, 6-19 for the 1.5mg/kg dose (data not 

shown, P<0.05). Furthermore, summated horizontal activity counts were significantly higher 

in mice receiving 1.5 and 3 .Omg/kg IP DHpE and nicotine than mice receiving only nicotine 

(figure 2a, P<0.010 for both doses of DHpE), again suggesting that these doses of DHpE 

sufficiently blocked nicotine's depressant effects on locomotor activity. However, 

pretreatment with 0.75mg/kg DHpE failed to block nicotine's depressant effects as there was 

no statistically significant difference between horizontal activity responses over time (data 

not shown) and summated activity responses (Figure 2a) obtained from nicotine mice 

pretreated with 0.75mg/kg DHpE and mice receiving only nicotine. A higher dose of DHpE 
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was tested (5.Omg/kg), but was found to be lethal. 

10000 n 

saline 1.Omg/kg nicotine 0.75mg/kg 0.75mg/kg 1.5mg/kg 1.5mgfl<g 3.0mg/kg 3.0mg/kg 
DHBE+saline DHBE+1 .Omg/kg DHBE+saline DHBE+1.Omg/kg DHBE+saline DHBE+1.Omg/kg 

nicotine nicotine nicotine 

Figure 2a: Comparison of ICR mouse summated horizontal activity for 30 minutes following 
pretreatment with 0.75mg/kg, 1.5mg/kg, or 3.Omg/kg IP DH|3E 5 minutes prior to receiving 
saline or 1 .Omg/kg IP nicotine, (n=10/group). Doses of DH^E+saline responses were 
compared to saline-only responses. Doses of DHpE+nicotine responses were compared to 
nicotine-only responses. Filled: saline+DHpE, striped: 1 .Omg/kg nicotine+DHpE. +P<0.010 
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To ensure that the time course for blockade of nicotine's actions at 5 minutes with 

1.5mg/kg IP DHpE was not significantly different than at other pretreatment times, mice 

were given 1.5mg/kg DHpE at 10, 20 or 40 minutes prior to receiving nicotine and their 

responses were compared to the 5 minute pretreatment time. When horizontal activity over 

time and summated activity was compared, there was no statistically significant difference 

between nicotine mice pretreated with DI IpE at 5 minutes compared to those pretreated at 10 

or 20 minutes (data not shown). This demonstrated that pretreatment with DH^E at 5,10 and 

20 minutes prior to receiving nicotine effectively blocked nicotine's depressant effects on 

locomotor activity. However, when mice were pretreated with DH|3E 40 minutes prior to 

receiving nicotine, DHpE failed to block nicotine's depressant effects on locomotor activity 

as horizontal activity responses over time and summated horizontal activity responses were 

significantly lower than in mice pretreated with DH|3E at the 5 minute time point (data not 

shown, P<0.010 for both horizontal activity over time and summated horizontal activity). 

Furthermore, horizontal activity responses over time and summated horizontal activity 

responses in mice pretreated with DlipE 40 minutes prior to receiving nicotine were not 

statistically different from nicotine-only treated mice (data not shown), demonstrating that by 

40 minutes, DHPE was no longer effective in blocking nicotine's depressant effects on 

locomotor activity. 

To determine the role of the a7 nAChR on locomotor activity, mice were pretreated 

with the a7 nAChR antagonist, MLA prior to receiving nicotine or saline. To ensure that 

these doses of MLA were not having any effect on locomotor activity, mice were pretreated 
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with 1.25,2.5,5.0 or lOmg/kg IP MLA 5 minutes prior to receiving IP saline. In saline mice 

pretreated with the 1.25,2.5,5.0 or 1 Omg/kg doses of MLA, no effect on locomotor activity 

was shown, as there was no significant difference between horizontal activity responses over 

time (data not shown) and summated horizontal activity responses obtained from saline mice 

pretreated with MLA and saline-only treated mice (Figure 2b). 

To determine the role of the a7 nAChR in nicotine's depressant effects on locomotor 

activity, mice were pretreated with 1.25,2.5,5.0 and 10.0 mg/kg IP doses of MLA 5 minutes 

prior to receiving 1 .Omg/kg nicotine. 

MLA pretreatment at all doses failed to block nicotine's depressant effects as horizontal 

activity responses over time (data not shown) and summated horizontal activity responses 

(Figure 2b) were not statistically any different between MLA pretreated nicotine mice and 

nicotine-only treated mice. 

Additional experiments were conducted in order to determine if a longer time course 

would have prevented nicotine's hypolocomotor effects. Pretreatment with 2.5mg/kg MLA at 

10, 20 or 40 minutes prior to nicotine also failed to alter nicotine-induced hypolocomotion 

(data not shown), suggesting that al nAChRs do not appear to play a role in nicotine's 

depressant effects on locomotor activity in the ICR mouse. 
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Figure 2b: Comparison of mouse summated horizontal activity in mice pretreated with 
1.25mg/kg, 2.5mg/kg, 5.0mg/kg or lOmg/kg IP MLA prior to saline or nicotine treatment 
(n=10/group). Doses of MLA+saline responses were compared to saline-only responses, 
while doses of MLA+nicotine responses were compared to nicotine-only responses. 
Filled=saline+MLA, striped=1.0mg/kg nicotine +MLA 

Electrophysiology 

A second aim of this study was to establish a dose response for the effects of nicotine 

on ICR mouse VTA dopamine neuronal activity. An initial dose of 8pg/kg intravenous 

nicotine was selected, as this dose has been demonstrated by our laboratory to increase VTA 

dopamine neuronal firing in vivo in the rat (data not published). When ICR mice were given 

this same initial dose of nicotine (8pg/kg) and the subsequent individual doses of nicotine 

were increased incrementally (8, 16, 32, 64, 128, 256|ig/kg), all doses of nicotine failed to 
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produce any effect on VTA dopamine neuronal firing (Figure 3a and 3b). This suggested that 

mouse nAChRs had become desensitized. Therefore, a higher initial dose of O.lmg/kg IV 

nicotine was selected, as this dose has been shown to be self-administered in the mouse 

(Stolerman et al, 1999). When O.lmg/kg IV nicotine was administered, VTA dopamine 

neuronal activity was significantly inhibited (Figure 4a and 5, P<0.001). While the first two 

doses of 0.1 mg/kg nicotine produced the greatest reduction in firing rate (Figure 4a, 

P<0.001), the last two doses were less effective in inhibiting VTA dopamine neuronal firing 

(Figure 4a, P<0.010). For example, the first O.lmg/kg dose of nicotine inhibited VTA 

dopamine neuronal activity on average by 48%, but by the fourth dose of O.lmg/kg nicotine, 

the average VTA dopamine neuronal firing rate was inhibited by only 30%, demonstrating 

nicotine's progressive desensitization of nAChRs. 

To ensure that nicotine's depressant effect on VTA dopamine neuronal activity was 

mediated through nicotinic acetylcholine receptors, mice were pretreated with the non

selective nicotinic acetylcholine receptor antagonist, mecamylamine prior to receiving 

nicotine. Although pretreatment with 0.2mg/kg IV mecamylamine for five minutes had no 

effect on VTA dopamine neuronal firing by itself, the VTA dopamine neuronal response to 

nicotine was completely blocked (Figure 4b and 5). 

Considering that the a4*p2* nAChRs mediated the depressant effects of nicotine on 

locomotor activity in the ICR mouse, these same receptors might also mediate nicotine's 

depressant effects on VTA dopamine neuronal firing. To investigate if tt4*|32* nAChRs 

were involved in nicotine's depressant effects on VTA dopamine neuronal activity, mice 
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were pretreated with 1.5mg/kg DHpE 5 minutes prior to receiving the first dose of 

intravenous nicotine. While DUPE itself had no effect on dopamine neuronal firing, it 

completely blocked nicotine's depressant effects on VTA dopamine neuronal firing as VTA 

dopamine neuronal responses to nicotine in mice pretreated with DHj3E did not differ from 

their saline responses (figure 4c and 5). This demonstrated that a4*P2* nAChRs also mediate 

the VTA dopamine neuronal response to nicotine in the ICR mouse. 
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Figure 3 a: Representative ratemeter plot of a single ICR mouse VTA dopamine neuron in 
response to incremental doses of nicotine. All doses shown are cumulative. N8=nicotine 
S^ig/kg, N24=nicotine 24p,g/kg, N56=nicotine 56^g/kg, N120=nicotine 120ng/kg, 
N248=nicotine 248|ig/kg, N504=nicotine 504pg/kg, Halo=lialoperidol, apo=apomorphine. 
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Figure 3b 
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Figure 3b; Average response of ICR mouse VTA dopamine neurons in response to low doses 
of nicotine (n=6). Doses of nicotine are cumulative. 
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Figure 4: Representative ratemeter plot of a single ICR mouse VTA dopamine neuronal 
responses to nicotine following a) no pretreatment b) pretreatment with 0.2mg/kg IV 
mecamylamine for 5 minutes c) 1.5mg/kg IP DHPE for 5 minutes. Nicotine (N) doses are 
expressed in mg/kg (N. 1 =nicotine 0.1 mg/kg) IV and are cumulative. N. l=nicotine 0.1 mg/kg, 
N.2=nicotine 0.2mg/kg, N.3=nicotine 0.3mg/kg, N.4=nicotine 0.4mg/kg. 
Meca0.2=mecamylamine 0.2mg/kg, apo 20=apomorphine 20|.ig/kg, halo 100 =haloperidoI 
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lOOng/kg, 1.5DHpE=1.5mg/kg DHPE. 

Figure 5 
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Figure 5; Average ICR mouse VTA dopamine neuronal response O.lmg/kg IV doses of 
nicotine when receiving no pretreatment (n=6), pretreated with 1.5mg/kg DHPE (n=5) or 
0.2mg/kg IV mecamylamine (n=5) prior to the first dose of O.lmg/kg IV nicotine. Doses of 
nicotine are cumulative. Slashed: acute nicotine, no pretreatment, solid black: 0.2mg/kg IV 
mecamylamine pretreatment, solid white: 1.5mg/kg IP DHpE pretreatment. Mice receiving 
no pretreatment had their nicotine responses compared to their respective saline responses. 
Mice pretreated with antagonist had their nicotine responses compared to their respective 
antagonist responses. ** P<0.001, *P<0.01 
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Discussion 

In this study, we determined that hypolocomotion in the ICR mouse is mediated 

through a4*p2*, but not al nAChRs. This conclusion is based on the fact that pretreatment 

with DHpE, but not MLA, blocked the depressant effects of nicotine. Our results are 

consistent with other laboratories in demonstrating the importance of a4*|32* nAChRs in 

nicotine's effects on locomotor activity (Damaj et al, 1995). Furthermore, our results in the 

ICR mice using DHpE support knockout studies that have implicated the a4* and p2* 

subunit as being necessary for the depressant effects of nicotine on locomotor activity as 

mice lacking the P2 subunit, displayed higher open field activity and y-maze crosses in 

response to doses nicotine when compared to heterozygotic and wild-type mice (Tritto et al, 

2004), while a4 nAChR knockout mice recovered more quickly from the depressant effects 

of nicotine when compared to their wild-type littermates (Marubio et al, 1999). 

In contrast to the mouse, many strains of rats respond to nicotine with an increase in 

locomotor activity (Clarke et al, 1983, Grottick et al, 2000, Kuo et al, 1999, Benwell et al. 

1996). This hyperlocomotor response can be elicited by either systemic (Clarke et al, 1983, 

Grottick et al, 2000, Kuo et al, 1999, Benwell et al, 1996) or intrategmental nicotine 

administration (Leikola-Pelho and Jackson, 1992, Goshima et al, 1996). Nicotine-induced 

hyperlocomotion was blocked by systemic administration of DHpE (Stolerman et al, 1997), 

suggesting that a4*p2* nAChRs are involved in the locomotor stimulating effects of 

nicotine. Furthermore, sensitization to nicotine's hyperlocomoting effects was also blocked 

by DHpE (Grottick et al, 2000). This collective evidence suggests that in both mice and rats, 
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a4*p2* receptors mediate the locomotor response to nicotine. 

Our results with the antagonism of a? nAChRs are also consistent with knockout 

studies in mice (Tritto et al, 2004). However, we are the first to use MLA as a 

pharmacological probe to assess its effects on the locomotor activity and to demonstrate that 

MLA had no effect on nicotine-induced hypolocomotion in the mouse. In studies with mice 

lacking the al nACliR subunit, nicotine-induced hypolocomotion persisted (Tritto et al, 

2004). Thus, we reaffirm that the al nAChR does not appear to contribute to the depressant 

effects of nicotine in the mouse. When comparing the role of the al nAChR between mice 

and rats, MLA pretreatment in the rat also did not block the hyperlocomotor response to 

nicotine (Grottick et al, 2000). Based on this evidence, we conclude that in both rats and 

mice, al nAChRs are not involved in nicotine's effects on locomotor activity, while a4*P2* 

nAChRs are important in mediating this effect of nicotine in both species. 

In vivo Electrophysiology 

Our electrophysiological results have demonstrated that doses of nicotine commonly 

used to stimulate VTA dopamine neuronal activity in the rat failed to produce any effect in 

the mouse, even when approximating a cumulative dose of 0.12mg/kg, Since rat VTA 

dopamine neurons have been found to respond at 4-8|ig/kg intravenous nicotine with an 

increase in activity, it was surprising to find that mouse VTA dopamine neurons did not 

respond to similar doses of nicotine. One possible explanation why there are such marked 

differences in the VTA dopamine neuronal response to nicotine between mice and rats could 
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be differences in nAChR subtypes and their distribution within the mesolimbic dopamine 

pathway. When VTA dopamine neuronal electrophysiological responses were examined in 

the rat, their nAChRs appeared less prone to desensitization than the mice. For example, in 

rats given two individual doses of 1.5jig/kg, a subsequent dose of 3|ig/kg, and 6)ig/kg 

nicotine intravenously, there was no effect on VTA dopamine neuronal firing. However, 

when the subsequent dose of nicotine was increased to 12.5 jig/kg, an excitatory response was 

still able to be elicited (Erhardt et al, 2002). When we began with an 8 jig/kg intravenous dose 

of nicotine and then increased the dose of nicotine incrementally (16^g/kg, 32}ig/kg, 

64|ig/kg, I28ng/kg, 256|ig/kg), there was no effect on VTA dopamine neuronal firing, 

suggesting that the nAChRs in the mice were desensitized by the lower doses of nicotine. 

Based on this evidence, it is reasonable to conclude that midbrain nAChRs in mice 

desensitize at much lower concentrations than in the rat. However, it also suggests that 

nAChRs in the mice may need more nicotine to be activated. 

One possibility is that there is a higher distribution of a4^2 nAChRs in mouse VT A 

than in the rat. Considering that a4 and P2 mRNA is present on GABA and dopamine 

neurons within the VTA (Klink et al, 2001), there may be a greater number of a4^2 nAChRs 

on GABA neurons in the mouse than in the rat. Therefore, when nicotine stimulates nAChRs 

in the midbrain of the mouse, GABAergic activity predominates. Considering that a4p2 

nAChRs have a higher affinity for nicotine than most nAChR subtypes, they are much more 

likely to be desensitized in the mouse by lower doses of nicotine. 

The observed inhibitory effect of nicotine on VTA dopamine neuronal firing was 
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sensitive to the a4*|32* nAChR antagonist, DHpE. This supports other electrophysiological 

studies done in C57BL/6J mice showing that the P2 subunit was necessary for VTA 

dopamine neurons to respond to nicotine (Picciotto et al, 1998). However, the finding that 

ICR mouse VTA dopamine neurons were inhibited by nicotine in vivo, contrasted with in 

vitro electrophysiological responses obtained from C57BL/6J mice, where their VTA 

dopamine neurons were excited by nicotine (Picciotto et al, 1998). Whether this effect is 

strain dependent due to a differential distribution of nAChRs between strains or from a loss 

of afferent input occurring with brain slicing, is currently unknown. In any case, further 

investigations are needed to understand how nicotine affects VTA dopamine neuronal 

activity in vivo in C57BL/6J mice. When comparing the effects of DHPE on the in vivo 

electrophysiological responses of VTA dopamine neurons between mice and rats, the 

response to nicotine in the rat was also blocked (Grillner et al, 2000, Schilsirom et al, 2003), 

suggesting that in both species, a4*P2* nAChRs mediate firing rate of VTA dopamine 

neurons. 

Considering that VTA dopamine neuronal firing was inhibited by nicotine, it raises 

the question as to how nicotine may encode reinforcement in the mouse brain. Although the 

dopamine hypothesis theory has been used to explain the reinforcing actions of many drugs 

of abuse in rats and mice, it remains unclear as to if the dopamine hypothesis can explain 

nicotine's reinforcing properties in the mouse. While nicotine is readily self-administered by 

both mice and rats (Picciotto et al, 1998; Rasmussen et al, 1998; Stolerman et al, 1999; Cox 

et al, 1984; Shoaib et al, 1997; Martellotta et al, 1995) and nicotine increases accumbal 
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dopamine release in both species (Zocchi et al, 2003; Larsson et al, 2002; Sziraki et al, 2002; 

Benwell et al, 1992), dopamine's role in nicotine reinforcement in the mouse has not been 

established. Self-administration of nicotine in rats has been found to be blocked by 6-

hydroxdopamine lesions in the nucleus accumbens (Corrigall et al, 1992) and by systemic 

administration of dopamine receptor antagonists (Corrigall et al, 1992). However, these same 

experiments have not been performed in the mouse. Furthermore, it has been postulated that 

for a drug to be reinforcing, psychomotor activation is critical (Wise and Bozarth, 1987). 

This theory was based on the fact that increases in locomotor activity were a reflection of 

dopamine release in the accumbens. In the rat, enhancement of locomotor activity by nicotine 

can be blocked by dopamine antagonists or lesions with 6-hydroxydopamine (O'Neill et al, 

1991, Boye et al, 2001, Clarke et al, 1988). However most strains of mice display 

hypolocomotion to nicotine (Marks et al, 1983,1989; Collins et al, 1988) that is not blocked 

by dopamine antagonists (Damaj et al, 1993); thereby, suggesting an alternative to the 

dopamine hypothesis in nicotine's reinforcing actions in the mouse. One might argue that the 

results from the P2 nAChR subunit knockout experiments in mice gives credence to the 

dopamine hypothesis as nicotine-stimulated [^H]-dopamine release from the nucleus 

accumbens is lacking and that these mice do not self-administer nicotine (Grady et al, 2002). 

However, P2 subunit mRNA is present not only on dopamine neurons within the VTA, but 

on GABAergic neurons (Klink et al, 2001). Furthermore, [^H]-GABA release is absent in P2 

knockout mice (Lu et al, 1998). Thus, reinforcement might be encoded in other ways. An 

attractive theory is that nicotine produces its reinforcing effects by a dopamine-dependent 
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and dopamine-independent mechanism (Laviolette and Van der Kooy, 2001). Based on this 

model, it is possible that nicotine produces its reinforcing effects in the mouse by acting 

predominantly by a dopamine-independent mechanism. However, nicotine appears to 

produce its reinforcing actions through both by dopamine-dependent and dopamine-

independent mechanisms in the rat. 

Although it is attractive to think that nicotine reinforcement may be encoded 

differently in mice and rats, one possibility is that nicotine is simply aversive in mice. 

Nicotine has been shown to have aversive properties (Laviolette et al. 2003, Shoaib et al, 

2002, Shoaib et al, 1995, Risinger and Oakes et al, 1995) and VTA dopamine neurons are 

inhibited by aversive stimuli (Ungless et al, 2004), suggesting that nicotine could be aversive 

in the mouse. However, considering that the dose of nicotine we selected was found to be 

self-administered (Stolerman et al, 1999), this seems unlikely. 

In conclusion, we have demonstrated that a4*p2* nAChRs mediate the inhibitory 

effect of acute nicotine on both locomotor activity and the in vivo electrophysiological 

response ofVTA dopamine neurons in the mouse. Our results suggest that the differences in 

locomotor activity between rats and mice may be a reflection of different effects of nicotine 

on the mesolimbic dopamine pathway. Furthermore, these results emphasize that there are 

significant differences to nicotine in rats and mice, not only behaviorally, but 

electrophysiologically to where comparisons between mice and rats should be interpreted 

with caution. 
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Determination of the ICR mouse strain as nicotine-sensitive or nicotine-resistant 
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Abstract 

In studies examining the behavioral effects of nicotine, it is unknown how ICR mice 

respond relative to other inbred strains. Using photocell equipped cages, locomotor activity 

to nicotine was evaluated in three inbred strains of mice; ICR, DBA/2 and C3H/HeJ. Doses 

of 0.25mg/kg and 0.5mg/kg nicotine had no effect on either ICR or C3H/HeJ locomotor 

activity. In contrast, 1 .Omg/kg nicotine significantly depressed locomotor activity in both 

DBA/2 and ICR mice, but did not affect C3H/HeJ locomotor activity. 

In acclimated C3H/HeJ and ICR mice, 0.125 and 0.25mg/kg nicotine had no effect on 

locomotor activity, but at 0.5mg/kg and 1 .Omg/kg, depressed locomotor activity in only the 

ICR mouse strain. This data suggests that ICR mice respond to nicotine in a similar manner 

as C3H/HeJ mice when the dose of nicotine is less than 0.5mg/kg, while at 1 .Omg/kg, ICR 

mice locomotor activity respond to nicotine in a manner similar to DBA/2 mice. 
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Introduction 

In ongoing electrophysiological experiments, our laboratory has used the ICR mouse 

strain to examine the response of ventral tegmental area (VTA) dopamine neurons to acute 

nicotine challenges. However, the ICR mouse is an outbred strain. As genotype can influence 

physiological and behavioral responses to drugs, such as nicotine, we have investigated how 

the ICR mouse locomotor activity response to acute nicotine relates to other strains of inbred 

mice. 

Inbred mouse strains have been typically classified by their behavioral responses to 

nicotine as being "nicotine-sensitive" or "nicotine-resistant". Mouse strains such as the 

DBA/2 and C57BL/6J have been classified as being "nicotine-sensitive", as nicotine 

depresses their locomotor activity, body temperature, and rotorod performance (Marks et al, 

1983). In contrast, the C3H/2Ibg strain, derived from the breeding of the C3H/HeJ strain, has 

been termed "nicotine-resistant", as nicotine increases their locomotor activity, while has no 

effect on rotarod performance or body temperature (Marks et al, 1983). 

In an attempt to explain the behavioral differences between nicotine-sensitive and 

nicotine-resistant strains, it was hypothesized that nicotinic acetylcholine receptor (nAChR) 

•2 

distribution would correlate with nicotine sensitivity or resistance. However, when [ H]-

nicotine and a-['^'^I]-bungarotoxin binding were examined, similar levels of binding with 

both probes were observed between nicotine-sensitive and nicotine-resistant strains (Marks et 

al, 1983, 1989). 

Considering that there did not appear to be any differences in nAChR distribution 
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between nicotine-sensitive and nicotine-resistant strains, it was hypothesized that metabolic 

differences might explain the behavioral differences. However, these studies revealed that the 

half-life for nicotine in the blood and liver was identical between nicotine-sensitive and 

resistant strains (Petersen, 1984). Thus, pharmacokinetic parameters could not explain the 

behaviorally distinct response to nicotine between mouse strains either. 

As neither radioligand binding or pharmacokinetic studies could explain whether a 

mouse was nicotine-sensitive or resistant, it was concluded that there were fundamental 

genetic differences between these strains responsible for their differential responses to acute 

nicotine. Since genetic differences between strains affect the locomotor activity response to 

nicotine, we compared the ICR mouse strain to a nicotine-sensitive (DBA/2) and a nicotine-

resistant (C3H/HeJ) mouse strain to determine if their locomotor response to nicotine was 

more similar to the DBA/2 or the C3H/HeJ strain. If the ICR mouse locomotor activity 

response to nicotine was more similar to nicotine-sensitive strains ofmice, such as C57BL/6J 

and DBA/2 mice, which are used in creating knockout and transgenic mice respectively, the 

electrophysiology between these strains of mice may be similar. In contrast, if ICR mouse 

locomotor response to nicotine was more similar to the C3H/HeJ strain, the 

electrophysiology would be expected to differ from nicotine-sensiti ve strains of mice. 

When considering that acclimation better reveals the stimulatory effects of a drug, 

while non-acclimating animals better reveals the depressant actions of a drug, we used both 

conditions to assess nicotine's effects in the ICR mouse. If the ICR mouse was nicotine-

sensitive, nicotine should depress locomotor activity in a manner similar to the DBA/2 strain 
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of mouse when non-acclimated to the test cage. In contrast, if the ICR is nicotine-resistant, 

nicotine should increase locomotor activity, similar to the C3H/HeJ strain of mouse when 

acclimated to the test-cage. 
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Materials and methods 

Mice 

ICR (Harlan) 25-35g, C3H/HeJ (Jackson Labs) 12-11%, and DBA/2NHsd (Harlan) 

20-30g mice were used for all locomotor experiments. Mice were housed in groups of four in 

a modified micro-isolator room with a light cycle of 7:00AM to 7:00PM at a temperature of 

68-72°F and with free access to food and water. All animals were tested during their light 

cycle. Mice were maintained by University of Arizona Animal Care. All procedures were 

approved by Institute of University of Arizona Institutional Animal Care and Use Committee. 

Locomotor activity 

Non-acclimated Locomotor Experiments 

To test for the possible depressant effects of nicotine, mice were not acclimated to the 

test cage prior to receiving nicotine or saline. All mice were weighed prior to the drug 

challenge. Mice were injected with a dose of nicotine (0.25,0.5,1 .Omg/kg) or saline IP at a 

volume of O.Olml/g ofbody weight. These doses of nicotine were chosen as C3H/2lbg mice 

display hyperlocomotion to 0.5-1.Omg/kg doses of nicotine (Marks et al, 1983). DBA/2 mice 

were used for only the 1 .Omg/kg IP nicotine dose as this dose has been found to significantly 

reduce open field activity (Marks et al, 1983). Immediately after injection of each mouse, it 

was placed in the center of the cage and horizontal activity counts measured. Activity 

measurements were obtained by using the Digipro Animal Activity System (Model CCDIGI 

with Digipro software, Omni-tech Electronics Inc, Columbus OH). The cage measurements 
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were 42x42x30cm. To detect horizontal activity, two sets of 16 horizontal infrared beams 

were located at right angles to each other. The response measured was based on the number 

of times the beams of the horizontal sensors were interrupted during 1 -minute periods with 

counts being taken over a 30 minute period under white light conditions. 

Acclimated locomotor experiments 

To test for the stimulatory effects of nicotine, mice were weighed and placed in a 

photocell beam cage for 90 minutes to allow the animals to acclimate to the cage 

(acclimation time based on Daniaj et al, 1993). After the 90 minute acclimation period, each 

animal was taken out of the photocell cage and injected with one of four doses of nicotine 

(0.125, 0.25, 0.5, 1.0 mg/kg) or saline (LP) in a volume equal to O.lml/g of body weight. 

The doses of nicotine selected were based on similar doses used by Marks et al, (1983), with 

the 0.125mg/kg dose used to determine if a lower dose could elicit activity. The DBA/2 mice 

were not used in acclimated experiments as nicotine has only depressant effects on their 

activity (Marks et al, 1983). Immediately following the injection, each mouse was placed 

back into the photocell beam cage in which it was acclimated and horizontal activity was 

recorded for a total of 30 minutes. 

Statistics 

The statistical analysis of locomotor activity over time was performed using two-way 

repeated measures ANOVA to compare responses between drug treatment groups and strains 
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of mice. If data were found to be statistically significant, a Bonferonni post-hoc test was 

performed to determine the time points that were statistically significant between treatment 

groups. Statistical significance of summated horizontal activity for 30 minutes was measured 

using one-way ANOVA when comparing responses to controls and between strains. If data 

were found to be statistically significant, a Bonferonni post-hoc test was performed. 
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Results 

Non-acclimated experiments 

Our first objective was to measure and compare the horizontal activity of non-

acclimated ICR, C3H/HeJ, and DBA/2 mice given IP saline. In non-acclimated ICR mice, 

saline produced significantly greater horizontal activity counts over time when compared to 

the C3H/HeJ and DBA/2 mouse strains (Figure la, P<0.001). ICR mouse horizontal activity 

counts to saline were significantly higher at time points 1-20, and 23-30 when compared to 

the C3H/HeJ strain (Figure la, P<0.05) and higher at time points 1-27 and 29-30 compared 

to the DBA/2 strain(Figure la, P<0.05). DBA/2 strain horizontal activity to saline was not 

statistically different from the C3H/HeJ strain (data not shown). When comparing summated 

horizontal activity over 30 minutes following saline, ICR mice also had more photocell 

counts than the DBA/2 and C3H/HeJ strains (figure 2, P<0.001). When the summated 

activity counts were expressed as a percentage, ICR mice displayed 44% higher activity than 

the C3H/HeJ strain and 45% higher activity than the DBA/2 strain. The overall activity 

response to saline follows the order of ICR>C3H/HeJ>DBA/2 with the ICR mice displaying 

the highest activity to saline, while DBA/2 mice displayed the least. 

The next objective was to compare the horizontal activity response to different doses 

of IP nicotine (0.25, 0.5 and I .Omg/kg) between strains of mice non-acclimated to the test 

cage. In non-acclimated ICR and C3H/HeJ mice given 0.25mg/kg or 0.5mg/kg nicotine, 

neither of these doses had any effect on horizontal activity over time (Figure lb and Ic. 

respectively for strains) or summated horizontal activity (figure 2) when compared to saline 
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controls. However, at the 1.Omg/kg dose of nicotine, nicotine significantly depressed 

horizontal activity over time (figure lb, P<0.001, figure Id, P<0.002) and summated 

horizontal activity (figure 2, P<0.001 for both strains) in the ICR and DBA/2 strains of mice 

when compared to saline controls. The depressant effects of 1 .Omg/kg nicotine were 

particularly apparent in the ICR mouse at time points 1-15 and 17-20 (figure lb, P<0.05) and 

the DBA/2 strain at time points 1-16 (Figure Id, P<0.05) when compared to saline control 

animals. In contrast, non-acclimated C3H/HeJ mice displayed horizontal activity responses 

over time (figure Ic) and summated horizontal activity (figure Id) to 1 .Omg/kg nicotine that 

were not statistically any different from saline controls. 

Furthermore, 1 .Omg/kg IP nicotine reduced summated horizontal activity in the ICR 

mouse by 51 %, DBA/2 mice by 45% and C3H/HeJ by 10% when compared to saline control 

animals (Figure 2). These results demonstrate that 1 .Omg/kg nicotine produced the most 

substantial hypolocomotion in the ICR mouse strain while the least in the C3H/HeJ strain. 
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Figure Ic 
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Figure 1: Non-acclimated ICR, DBA/2 or C3H/HeJ mouse horizontal activity responses 
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over time to saline or different doses of nicotine (n=10/group). A: Non-acclimated ICR, 
C3H/HeJ and DBA/2 mouse horizontal activity responses over time in response to IP 
saline. B: ICR C: C3H/HeJ D; DBA/2 responses to saline and 0.25, 0.5 or l.Omg/kg 
doses of nicotine. *P<0.05, +P<0.05, **P<0.001 
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Figure 2: Summated horizontal activity responses of ICR, DBA/2 and C3H/HeJ mice to 
saline, 0.25mg/kg, 0.5mg/kg or 1 .Omg/kg doses of nicotine (n=10/group). **P<0.001 in 
comparing saline responses between strains of mice, +P<0.001 in comparing the DBA/2 
response to 1 .Omg/kg nicotine to saline controls, #F<0.001 in comparing the ICR mouse 
response to 1 .Omg/kg nicotine to saline controls. Solid bars=DBA/2, Slashed lines=ICR, 
Vertical lines=C3H/HeJ 



152 

Acclimated experiments 

In acclimated ICR and C3H/HeJmice, 0.125mg/kg and 0.25mg/kg doses of nicotine 

(data not shown) had no effect on horizontal activity responses over time. In contrast, 

0.5mg/kg and l.Omg/kg doses of nicotine significantly depressed ICR horizontal activity 

responses over time (figure 3, P= 0.010. P<0.001, respectively), but did not have any effect 

on C3H/HeJ horizontal activity responses over time (data not shown) when compared to 

saline controls. In acclimated ICR mice, 0.5mg/kg, nicotine produced a statistically 

significant hypolocomotion at time points 1,4-8,10,12-13,15,22 and 25, (figure 3, P<0.05), 

while 1 .Omg/kg significantly reduced horizontal activity at all time points (figure 4, P<0.05). 

When examining summated horizontal activity for 30 minutes in acclimated ICR mice, 0.125 

and 0.25mg/kg IP nicotine also did not have any significant effect on summated horizontal 

activity (figure 4). In contrast, 0.5mg/kg and 1 .Omg/kg significantly reduced activity by 35% 

and 85% respectively when compared to saline control animals (Figure 4, P<0.05 and 

P<0.001 respectively). In contrast, acclimated C3H/HeJ mice summated horizontal activity 

was not statistically any different from saline controls when given 0.125, 0.25, 0.5 and 

1 .Omg/kg nicotine (figure 4). Thus, in acclimated C3H/HeJ mice, all doses of nicotine did not 

produce any statistically significant effect on locomotor activity, while in acclimated ICR 

mice nicotine produced either no statistically significant effect or depressed locomotor 

activity. 



153 

Figure 3 
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Figure 3; ICR mouse horizontal activity over time to saline, 0.5 or 1 .Omg/kg IP nicotine 
when acclimated to the test cage (n=10/group). *P<0.05, +P<0.05 
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Discussion 

This is the first study to compare the locomotor activity of the outbred ICR mouse 

strain to the C3H/HeJ and DBA/2 strains of inbred mice following an injection of saline or 

nicotine. ICR mouse horizontal activity in response to saline was significantly greater than 

that measured in the DBA/2 and C3M/HeJ strains, suggesting that ICR mice have a higher 

basal level of activity. Following 1 .Omg/kg IP nicotine, all mouse strains displayed some 

initial hypolocomotion, but the time of recovery between strains and the magnitude of the 

hypolocomotion produced by nicotine differed. ICR and DBA/2 mouse strains showed the 

largest decrease in locomotor activity (-50%) following nicotine when compared to saline 

controls. However, the locomotor response of the C3H/HeJ strain to nicotine did not differ 

significantly from saline treated animals. Based upon these findings, our results supported 

previous studies demonstrating that DBA/2 mice are nicotine-sensitive as nicotine depresses 

their locomotor activity (Marks et al, 1983). However, our results using C3H/HeJ mice 

contrasted with their findings that nicotine increased C3H/2Ibg locomotor activity (Marks et 

al, 1983). We did find that C3H/HeJ mice appeared to be nicotine-resistant as they did not 

display a hypolocomotor response to nicotine regardless of whether they were acclimated or 

not acclimated to the test cage. However, they did not display a hyperlocomotor response to 

nicotine either. When considering that the C3H/HeJ strain was the founder strain for the 

C3H/2Ibg strain, and that behavioral traits can be genetically selected and enhanced by 

breeding, this may explain why the hyperlocomotor activity responses to nicotine were 

obtained in C3H/2Ibg strain and not the C3H/HeJ strain. Another possibility as to why 



156 

hyperlocomotion to nicotine was not observed in the C3H/HeJ strain is the difference in 

lighting conditions. Red-light conditions, mimicking the dark cycle were employed in the 

other studies (Marks et al, 1983) while we used incandescent light conditions. When 

considering that rodents are more active at night than during the day, it is possible that 

lighting may have affected the locomotor responses to nicotine. Different experimental 

parameters may also explain why we did not see hyperlocomotion in the C3H/HeJ strain. 

C3H/HeJ mice in our experiments were acclimated for 90 minutes, while C3H/2Ibg mice 

were acclimated for only 20 minutes (Marks et al, 1983). However, we chose the 90 minute 

acclimation period based upon a previous study demonstrating that ICR mice displayed 

hyperlocomotion in response to nicotine (Damaj et al, 1993). Nevertheless, the increased 

acclimation time might explain the different responses observed. 

When comparing nicotine responses in ICR mice to C3H/HeJ and DBA/2 mice under 

non-acclimated conditions, the lower doses of nicotine produced activity that was similar to 

that of the C3H/HeJ strain, while ICR mouse horizontal activity^ in response to 1 .Omg/kg IP 

nicotine resembles the response in the DBA/2 strain. In view of that acclimation helps reveal 

the stimulatory effects of drugs, it was originally hypothesized that ICR mice were nicotine-

resistant, as several studies have demonstrated that nicotine produced hyperlocomotion in 

acclimated ICR mice (Damaj et al, 1993). In our study, ICR mice failed to show a 

hyperlocomotor response to nicotine whether acclimated or non-acclimated to the test cage. 

In fact, nicotine either produced no effect or hypoiocomotion. These different results may be 

due to the routes of drug administration. In our study, nicotine was given IP, while Damaj et 
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al (1993) gave nicotine subcutaneously to where different routes of administration may affect 

the time course of drug absorption. 

A possible explanation for the different responses to nicotine and saline between 

strains could be due differences in nAChR distribution within the central nervous system. For 

example, ICR mice display the highest basal activity in response to saline. In knockout mice 

lacking the p3 nAChR subunit, significantly higher basal locomotor activity than their wild-

type littermates was observed (Cui et al, 2003). It is plausible that ICR mice may have fewer 

P3 subunits compared to other strains of inbred mice. When looking at nicotine's depressant 

effects on locomotor activity, ICR mice took 20 minutes to recover from nicotine's 

hypolocomoting effects, while DBA/2 and C3H/HeJ animals recovered by 17 minutes and 5 

minutes, respectively. In knockout mice lacking the a4 or P2 subunit, their locomotor 

activity recovered from the depressant effects of nicotine more quickly than their wild-type 

littermates (Tritto et al, 2004; Marubio et al, 1999). Based on these studies, the rapid 

recovery of the C3H/HeJ strain may be due to a comparative decrease in a4p2 nicotinic 

acetylcholine receptor distribution in the midbrain (Tritto et al, 2004; Marubio et al, 1999). 

In conclusion, we have shown that the outbred ICR mouse strain is nicotine-sensitive 

at doses of 1 .Omg/kg nicotine and that their response is similar to the DBA/2 strain both in 

magnitude and recovery time when non-acclimated. However, at the lower doses of nicotine, 

the non-acclimated ICR mouse locomotor activity response to nicotine appeared similar to 

the C3H/HeJ mouse strain as nicotine did not enhance their locomotor, but it did not 

decrease their activity either. When ICR mice were acclimated to the test-cage, nicotine 
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appeared to have some depressant effects on locomotor activity. When considering that the 

ICR mouse locomotor response to nicotine is more similar to the DBA/2 strain of mouse and 

not the C3H/HeJ strain at the higher dose of nicotine, ICR mice may be nicotine-sensitive, 

and thus similar to other strains of inbred mice that are commonly used for transgenic and 

knockout studies, such as the DBA/2 and C57BL/6J strain. 
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Appendix C 

Development of tolerance to nicotine's behavioral and electrophysiological effects in 

mice chronically infused with nicotine 



161 

Abstract 

The ventral tegmental area (VTA) is the site by which nicotine mediates its 

reinforcing/motivational effects. Here we present data on the effects of chronic nicotine or 

saline on the electrophysiological responses of VTA dopamine neurons to nicotine and 

behavior in ICR mice. In chronic saline treated mice, VTA dopamine neuronal activity was 

inhibited by doses of 0. Img/kg IV nicotine, which was similar to what was observed in naive 

mice. In mice chronically infused with 2mg/kg/hr intravenous nicotine for 10 days, nicotine-

induced inhibitions of VTA dopamine neuronal firing were significantly reduced when 

compared to chronic saline treated mice. Thus, over a course of chronic nicotine treatment, 

tolerance developed to nicotine's electrophysiological effects on VTA dopamine neurons. 

Acutely, nicotine produces hypothermia and hypolocomotion in ICR mice. However, 

following 2mg/kg/hr intravenous chronic nicotine infusion for 10 days, the magnitude of 

nicotine-induced hypothermia and hypolocomotion were significantly reduced. This data 

suggests that chronic nicotine treatment produces tolerance to nicotine's actions both 

electrophysiologically and behaviorally in the mouse. 
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Introduction 

Cigarette smoking is the leading cause of preventable death in the United States and 

produces significant economic costs to our society. Cigarette smoking has been found to be 

highly addictive, as 87% of people that smoke cigarettes, smoke every day. 15 million 

people in the United States try to quit smoking each year, however less than 5% succeed and 

less than 3% of people that quit smoking have long term success (Phillip Morris USA. 2004). 

The chemical thought to mediate the powerfully addictive properties of tobacco, is nicotine. 

Rodents (Corrigall and Coen, 1989; Picciotto et al, 1998, Stolerman et al, 1999, Rasmussen 

et al, 1998, Donny et al, 1995, Tessari et al, 1995), dogs (Risner and Goldberg, 1983), 

primates (Goldberg etal, 1981; Sannerud et al, 1994) and humans (Henningfield et al, 1983; 

Harvey et al, 2004) have all been shown to self-administer nicotine. Furthermore, nicotine 

has been found to regulate human smoking behavior (McMorrow and Foxx, 1983), 

suggesting that nicotine is the chemical that mediates addiction to tobacco products. 

Based on rat studies, nicotine is thought to begin the process of addiction by acting on 

nicotinic acetylcholine receptors (nAChRs) on dopamine neurons within the ventral 

tegmental area (VTA), increasing VTA dopamine neurotransmission (Calabresi et al, 1989; 

Grenhoff et al, 1986; Erhardt et al, 2002) and accunibal dopamine release (Di Chiara et al, 

1988). This increase in accumbal dopamine release is thought to be critical for the 

reinforcing/motivating properties of nicotine, as dopamine antagonists and lesions with the 

neurotoxin, 6-hydroxydopamine, reduce self-administration of nicotine in the rat (Corrigall et 

al, 1991,1992). 
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Although the above experiments provide a mechanism for how nicotine produces its 

reinforcing effects within the brain, these data are reflective of a first time exposure to 

nicotine and may not be an accurate assessment as to what is occurring in the chronic human 

smoker. Furthermore, our knowledge of the effects of chronic nicotine, have progressed 

slowly. 

However, what is known is that chronic nicotine treatment produces changes in the 

behavioral and physiological responses to acute nicotine challenges. For example, when mice 

are given acute nicotine, body temperature and locomotor activity is depressed, while heart 

rate and respiratory rate increases. Yet, with chronic nicotine infusion, the depressant effects 

of nicotine on body temperature and locomotor activity and the excitatory effects of nicotine 

on heart rate and respiratory rate are significantly decreased, suggesting that with chronic 

nicotine treatment, tolerance develops (Marks et al, 1983,1985,1986a, 1986b, 1987,1991). 

However, it is currently unclear how chronic nicotine might alter the mesolimbic dopamine 

neuronal activity within the brain, thus affecting how nicotine produces reinforcement. 

Studies done in mice have demonstrated that chronic nicotine exposure decreases nAChR 

function within the midbrain (Marks et al, 1993), as nicotine-stimulated ''^Rb'efflux from the 

midbrain was significantly reduced (Marks et al, 1993). Furthermore, in mice chronically 

infused with nicotine, [^H]-dopamine release from the striatum was significantly reduced 

(Marks et al, 1993), suggesting that chronic nicotine treatment might decrease mesolimbic 

dopamine neurotransmission in the mouse. To date, there has been no electrophysiological, 

microdialysis or synaptosomal studies in the mouse to confirm whether or not this is the case. 
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This study used in vivo electrophysiology combined with a jugular vein cannulation method 

to continuously administer nicotine to address this issue. The jugular vein cannulation 

method (Barr et al, 1979) was chosen to chronically administer nicotine to ICR mice in order 

to reduce the amount of stress to the mice, which can affect their response to nicotine (Pauly 

et al, 1992), while the 2mg/kg/hr dose of nicotine was the dose used to continuously 

administer as it has been shown to produce behavioral tolerance (Marks et al, 1991) and 

increase [^H]-nicotine binding in the midbrain (Marks et al, 1991). Considering that 

genotype can influence the tolerance that develops with this procedure, locomotor activity 

and body temperature were used also as behavioral end-points to determine if tolerance 

developed to nicotine's effects. 
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Materials and methods 

Animals 

Male ICR mice, 25-35g, were used for all experiments (Harlan). Mice were housed in 

groups of four in a modified micro-isolator room with a light cycle of 7:00 AM to 7:00PM at 

a temperature of 68-72°F and with free access to food and water. All animals were tested 

during their light cyclc. Mice were maintained by University of Arizona animal care. All 

procedures were approved by Institute of University Animal Care and Use Committee 

(lACUC). 

Drugs 

(-)Nicotine hydrogen tartrate salt was purchased from Sigma (St. Louis, MO). (-

)Nicotine doses were calculated as the free base form. Dihydro-beta-erythroidine (DHpE), 

mecamylamine and methyl lycaconitine (MLA) were purchased from Sigma RBI (St. Louis, 

MO). All drugs were dissolved in 0.9% saline. For chronic nicotine infusion, nicotine (N-

3876, Sigma) was dissolved in saline and the pH adjusted to 7.4 with hydrochloric acid. 

Jugular vein cannulation and chronic nicotine treatment 

The jugular vein cannulation procedure is based on Barr et al, 1979. Briefly, mice 

were anesthetized by an IP injection of 50mg/kg pentobarbital and 1 OOmg/kg chloral hydrate. 

All surgical equipment, saline solutions, and cannulas were autoclaved prior to use in the 

animal. Once anesthetized, the fur around their neck and on the back was shaven and 
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swabbed with betadyne. An incision was made and the underlying fascia retracted to allow 

access to the jugular vein. The jugular vein cannula was made of silastic laboratory tubing 

(0.012 inch inner diameter x 0.025 inch) inserted into another piece of tubing (0.020 inch 

inner diameter x 0.037 inch outer diameter) and cemented together with chloroform. A piece 

of heat shrink tubing was then placed around where the two pieces of tubing were adjoined. 

A second small piece of heat shrink tubing was then placed 15mm from the first heat shrink 

to stabilize the cannula and secure its placement. The distance from the heat shrink plug to 

the end of the cannula was no longer than 15mm to avoid penetration of the heart. The 

cannula was then filled with sterile saline, threaded into the vein and then secured with sterile 

surgical silk. The free end of the cannula was looped through the back and secured with a 

surgical staple. The catheter was plugged with 22Ga stainless steel wire and the incision for 

insertion of the cannula on the neck was then closed with a surgical staple. The shaved area 

on the back was then swabbed with betadyne and a small incision made. A small sterile 

dental cement pedestal with hernia mesh was then attached to stabilize the cannula tubing. 

Once the dental cement pedestal was inserted underneath the skin, the back area was sutured. 

The mouse was then placed underneath a heat lamp in a recovery cage containing a couple of 

mouse food pellets for the rest of the day. The next morning, the cannulas were connected to 

polyethylene tubing attached to a plastic syringe mounted on an infusion pump (Razel) to 

deliver fluids at a rate of 46[iL/hour. All mice were infused with saline for 1 day, which was 

considered a rest day and not a treatment day. Mouse body temperature or locomotor activity 

experiments had their responses to IP saline or 1 .Omg/kg IP nicotine measured before being 
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started on nicotine (Img/kg/hr) or what was considered to be day 1 of saline treatment. In 

mice being used for the electrophysiological procedure, mice in the nicotine group were 

placed on nicotine (Img/kg/hr) directly after the rest day. After mice were treated with 

Img/kg/hr for 1 day, the dose was increased to 2mg/kg/hr for the remaining treatment days. If 

body temperature dropped below 35°C, the nicotine inftision was stopped until the body 

temperature was above 35°C. For mice in the saline treated group used for electrophysiology, 

the first day of saline treatment was considered to be after the rest day. After 10 days of 

treatment with either saline or nicotine, mice in the locomotor or body temperature testing 

groups were withdrawn for 1 hour to allow for the total metabolism of nicotine prior to 

testing (Petersen et al, 1984). On day 11 of treatment, a separate group of chronically infused 

saline or nicotine mice were used in the electrophysiological experiments. At the completion 

of experiments, each line was cleaned with 5mL distilled water, 5mL O.IM MCI. 5mL 

distilled water, 5mL 50%EtOH. Prior to infusion, each line was flushed with 5mL sterile 

saline. Patency of the cannula was verified prior to beginning infusion and after 10-11 days 

of infusion once behavioral and electrophysiological experiments had been performed. 

Electrophysiology in chronically treated animals 

On day 11 of saline or nicotine treatment, mice were taken off their infusion line, 

weighed and then anesthetized with 450mg/kg chloral hydrate. Once anesthetized, a tracheal 

breathing tube was inserted and the lateral tail vein cannulated with an i.v. catheter. 

Mice were fixed into a stereotaxic. Following incision and retraction of the scalp, a 
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small burr hole was made in the skull overlying the ventral tegmental area (3.1-3.4mm 

posterior to bregma and 0.5mm-1mm lateral to midline suture, 3.6-4.6 below cortex). Body 

temperature was maintained at 37-38°C throughout the experiment by a temperature 

controller and a heating pad. The mouse was started again on intravenously infused nicotine 

or saline once the burr hole was made. 

Neuronal activity was recorded with a single glass capillary electrode with a tip 

diameter of Ijim and filled with a solution of 2% pontamine sky blue in 0.5M sodium 

acetate. The electrode was lowered into the brain by a highly precise micromanipulator. 

Unitary action potentials from presumptive dopamine neurons identified according to well-

characterized criteria were amplified, stored and analyzed according to methods described in 

detail elsewhere (French, 1986). All drug challenges are preceded first by a bolus injection of 

vehicle (0.9% NaCl) to control for possible changes in the firing rate associated with the 

injection procedure and to establish a baseline rate against which the effects of the test drugs 

would be compared. Only one cell was tested in each animal and the location of the 

recording site determined by light microscopic techniques as detailed previously (French, 

1986). Residual drug effects precluded multiple recordings and tests in the same animal. 

Mice used in the temperature and locomotor behavioral experiments were not used in 

quantifying electrophysiological responses, as their VTA dopamine neuronal responses to 

nicotine were not similar to naive mice when chronically treated with saline, suggesting that 

the testing may have been stressful to the animal. However, the daily temperatures did not 

affect VTA dopamine neuronal responses to nicotine when mice were chronically infused 
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with saline. 

Locomotor activity 

Following the rest day with saline infusion, locomotor activity was measured. Mice 

were injected with 1 .Omg/kg nicotine or saline IP at a volume of O.OlmL/g of body weight. 

The 1 .Omg/kg dose was selected as it has been demonstrated to depress ICR mouse 

locomotor activity (Damaj et al, 1995). Immediately after injection, each mouse was placed 

in the center of the cage and horizontal activity counts measured under white light 

conditions. Activity measurements were obtained by using the Digipro Animal Activity 

System (Model CCDIGl with Digipro software, Omni-tech Electronics Inc, Columbus OH). 

The cage measurements were 42x42x3Ocm. To detect horizontal activity, two sets of 16 

horizontal infrared beams were located at right angles to each other. The response measured 

was based on the number of times the beams of the horizontal sensors were interrupted 

during 1-minute periods with counts being taken over a 30 minute period. On the 10th day 

of treatment, the saline and nicotine treated mice were withdrawn an hour prior to retesting 

locomotor activity. The total metabolism of nicotine has been found to occur within 60 

minutes of the last exposure (Petersen et al, 1984). 

Body temperature measurement 

Following the rest day with saline infusion, body temperature responses to saline or 

1 .Omg/kg IP nicotine were measured. The 1 .Omg/kg dose of nicotine was selected as it has 
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been found to depress body temperature in many strains of mice, including the ICR mouse 

strain (Marks et al, 1983; Damaj et al, 1995). All mice were weighed, basal body temperature 

was recorded. Mice were then injected with a dose of nicotine or saline IP at a volume of 

O.OlmL/g of body weight. Temperature was taken once every 5 minutes for a total of 30 

minutes. On the 10th day of treatment, mice in the saline and nicotine treated groups were 

withdrawn an hour prior to testing temperature behavior. This time has been found to allow 

for the total metabolism of nicotine (Petersen et al, 1984). 

Statistics 

The statistical analysis of locomotor activity over time was performed using two-way 

repeated measures ANOVA to compare responses between day 1 and 10 of treatment. If the 

data were found to be statistically significant, a Bonferonni post-hoc test was performed to 

determine the time points that were statistically significant between treatment groups. 

Statistical significance of summated horizontal activity for 30 minutes was measured using 

one-way ANOVA when comparing responses to controls. Two-way ANOVAs were used to 

compare between test groups. If data were found to be statistically significant, a Bonferonni 

post-hoc test was performed. 

The statistical analysis of body temperature over time was performed using two-way 

repeated measures ANOVA to determine if there were differences between day 1 and 10 of 

treatment. If there was a statistically significant between day 1 and 10 of treatment, a 

Bonferonni post-hoc test was performed. 
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Electrophysiological responses of VTA dopamine neurons were analyzed by one-way 

repeated measures ANOVA by comparing drug responses to saline. If data were statistically 

significant, a Bonferonni post-hoc test was performed. 
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Results 

Electrophysiology 

The first objective was to determine if 10 days of chronic saline infusion had any 

effect on the VTA dopamine neuronal response to nicotine. When mice were chronically 

infused with saline for 10 days, nicotine significantly inhibited VTA dopamine neuronal 

activity (Figure la and lb, P<0.001). The first dose inhibited firing by -70%, while the 

fourth dose inhibited firing by only -35%, suggesting that nicotine was progressively 

desensitizing the nAChRs. When the VTA dopamine neuronal responses to nicotine from 

chronic saline infused mice were compared to naive mice, there was not a significant 

difference (Figure lb), demonstrating that 10 days of chronic saline treatment did not have 

any effect on the VTA dopamine neuronal responses to nicotine. 

Additionally, a second population of VTA neurons was identified in chronically 

infused saline mice. These neurons displayed some of the dopamine neuronal characteristics 

as they had firing rates of I-lOHz and action potential durations over 2ms. However, these 

neurons did not respond to apomorphine or haloperidol, suggesting that they were not 

dopamine-containing neurons. Furthermore, their response to nicotine was significantly 

different from VTA dopamine neurons, as nicotine significantly increased their activity 

(Figure 2a and 2b, P<0.001). In this population of neurons, the first dose of nicotine excited 

these neurons by -34%, but by the fourth dose, nicotine increased their activity by only 11 %, 

suggesting that the response to nicotine was progressively desensitizing. 
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Figure 1: (a) Ratemeter plot of a single mouse VTA dopamine neuron response to nicotine 
when chronically infused with saline for 10 days. Doses of nicotine are cumulative. 
N.l =0.1 mg/kg, N.2=0.2mg/kg, N.3=0.3mg/kg, N.4=0.4mg/kg,apo 20=apomorphine 20fig/kg, 
halo 100=haloperidol lOOfig/kg. (b): Comparison of the average VTA dopamine neuronal 
responses to nicotine in naive and chronic saline infused mice when compared to their 
respective saline control. (n=5, chronic saline mice; n=6. naive mice). **P<0.001, *P<0.05 
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Figure 2: (a) Ratemeter plot of a single non-dopamine or "look-alike" neuron in response to 
nicotine in a chronically treated saline mouse. Doses of nicotine are cumulative. 
N.l =0.1 mg/kg, N.2=0.2mg/kg, N.3=0.3mg/kg, N.4=0.4mg/kg apo 20=apomorphine 20|Jig/kg, 
halo 100=haloperidol 100|ig/kg. Note the absence of response to apomorphine and 
haloperidol. (b) Average VTA non-dopamine response to nicotine in chronically saline 
infused mice (n=10). **P<0.001, *P<0.05 
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Determination of tolerance developed to nicotine's depressant effects on VTA 

dopamine neuronal activity when mice were infused with nicotine for 10 days was then 

examined. When mice had been infused with nicotine for 10 days, nicotine still significantly 

depressed VTA dopamine neuronal activity (Figure 3a and 3b. P<0.010). However, 

nicotine's depressant effects were significantly less in mice chronically infused with nicotine 

than in mice chronically infused with saline. For example, the first dose of O.lmg/kg IV 

nicotine depressed VTA dopamine neuronal activity in mice chronically infused with 

nicotine by only 12%, while this same dose of nicotine decreased VTA dopamine neuronal 

activity by 70% in mice chronically infused with saline. Furthermore, the depressant effects 

of nicotine were no longer apparent by the second dose in chronic nicotine treated mice, 

while this same dose inhibited VTA dopamine neuronal activity by 40% in chronic saline 

infused mice. The fourth dose of O.lmg/kg nicotine inhibited VTA dopamine neuronal firing 

by 8% in mice chronically infused with nicotine, while this same dose inhibited firing by 

35% in chronic saline infused mice. This evidence suggests that in mice chronically infused 

with nicotine, tolerance develops to nicotine's depressant effects on VTA dopamine neuronal 

firing. 
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Figure 3: (a) Ratemeter plot of a single ICR mouse VTA dopamine neuron to nicotine 
following continuous nicotine infusion (2mg/kg/hr) for 10 days. Doses of nicotine are 
cumulative. N.l=0.1mg/kg, N.2=0.2mg/kg, N.3=0.3mg/kg, N.4=0.4mg/kg apo 
20=apomorpliine 20fj,g/kg, halo lOO-haloperidol 100|ig/kg. (b) Comparison of the VTA 
dopamine neuronal response to nicotine when mice are chronically infused for 10 days with 
saline or nicotine (n=5/group). **P<0.001, *P<0.05, comparison of VTA dopamine neuronal 
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responses to nicotine in chronically infused nicotine mice to their saline responses. 
++P<0.001, +P<0.05, Comparison of VTA dopamine neuronal responses to test drugs in 
chronically infused nicotine mice to chronically infused saline mice. 

Temperature experiments 

In these next experiments, we wanted to determine if tolerance developed to the 

hypothermic effects of nicotine in mice chronically treated with nicotine. To ensure that 

chronic saline infusion did not have any effect on baseline temperature responses, mice were 

challenged with IP saline on day 1 and 10 of saline treatment. After 10 days of saline 

treatment, the temperature response to IP saline was found not to be statistically different 

from day 1 to day 10 (Figure 4a), suggesting that chronic saline infusion did not have any 

effect on baseline temperature responses. Similarly, we wanted to determine if 10 days of 

chronic nicotine treatment affected the temperature response to an IP saline challenge. After 

mice had been treated with nicotine for 10 days and were then challenged with IP saline, a 

statistically significant difference was observed between day 1 and day 10 (P<0.010), as the 

temperature responses on day 10 were on average 0.74 °C above the response obtained on 

day one (Figure 4a). This suggested that chronic nicotine treatment did affect the temperature 

response to IP saline as the mice became hyperthermic. 

We next wanted to ensure that chronic saline treatment had no effect on the 

hypothermic effects of nicotine. After 10 days of saline treatment, there was not a significant 

difference between the hypothermic response to 1 .Omg/kg nicotine on day 1 and day 10 

(figure 4b), suggesting the chronic saline treatment did not affect the hypothermic response 



178 

to nicotine and that chronic saline treatment did not affect the response to an IP nicotine 

challenge. To determine if tolerance developed to the hypothermic effects of nicotine when 

mice were chronically infused with nicotine, mice were challenged with a 1 .Omg/kg dose of 

nicotine on day 1 and 10 of chronic nicotine treatment. After 10 days of nicotine treatment, 

the temperature response to nicotine was significantly higher than day 1 (figure 4b, P<0.010) 

suggesting that tolerance had developed to nicotine's hypothermic effects. When considering 

that an IP saline challenge also produced a hyperthermic response after 10 days of being 

infused with nicotine, it was important to ensure that the temperature response to IP nicotine 

was higher than the temperature response to IP saline after 10 days of nicotine treatment. 

However, the nicotine response on day 10 was on average 1.74°C above the temperature 

response obtained on day one, suggesting that the tolerance had in fact developed to 

nicotine's depressant effects on body temperature. 
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Figure 4: Comparison of temperature responses to (a) saline (b) 1 .Omg/kg IP nicotine on day 
1 or 10 of treatment with saline or nicotine (n=10/group). Reponses on day 10 of chronic 
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saline or nicotine treatment were compared to their respective treatment group responses on 
day 1. **P<0.001, *P<0.05 

Locomotor activity 

In these next experiments, we wanted to determine if tolerance developed to the 

depressant effects of nicotine on locomotor activity in mice chronically treated with nicotine. 

To ensure that chronic saline infusion did not have any effect on baseline locomotor activity 

responses, mice were challenged with IP saline on day 1 and 10 of saline treatment. After 10 

days of saline treatment, the locomotor activity response to IP saline was found not to be 

statistically different from day 1 to day 10 (Figure 5), suggesting that chronic saline infusion 

did not have any effect on baseline locomotor activity responses. We then wanted to 

determine if 10 days of chronic nicotine treatment affected the locomotor activity response to 

an IP saline challenge. After mice had been treated with nicotine for 10 days and were then 

challenged with IP saline, there was not a significant difference in locomotor activity 

between day 1 and day 10 (Figure 5), suggesting that chronic nicotine treatment did not affect 

locomotor activity. 

We next wanted to ensure that chronic saline treatment had no effect on the 

depressant effects of nicotine on locomotor activity. After 10 days of saline treatment, there 

was not a significant difference between locomotor activity responses to 1 .Omg/kg nicotine 

on day 1 and day 10 (figure 5), suggesting the chronic saline treatment did not affect the 

locomotor activity response to an IP nicotine challenge. To determine if tolerance developed 

to the depressant effects of nicotine on locomotor activity when mice were chronically 
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infused with nicotine, mice were challenged with a 1 .Omg/kg dose of nicotine on day 1 and 

10 of chronic nicotine treatment and locomotor activity was then measured. After 10 days of 

nicotine treatment, the locomotor activity was significantly higher on day 10 than on day 1 

(figure 5. P<0.050) suggesting that chronic nicotine treatment produced tolerance to 

nicotine's depressant effects on locomotor activity. 

Figure 5 
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Figure 5: Comparison of sunimated horizontal activity responses to saline or 1 .Omg/nicotine 
on day 1 or 10 of saline (n=9/group) or nicotine treatment (n=10/group). Day 1 responses 
were compared to day 10 responses within each respective group to determine if there was a 
difference in response to saline or 1 .Omg/kg nicotine after 10 days of treatment. *P<0.05 
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Discussion 

In mice chronically infused with intravenous saline, VTA dopamine neuronal activity 

was inhibited by nicotine in a manner similar to that found in naive animals. Thus, the 

infusion procedure itself did not affect VTA dopamine neuronal responses. 

In mice chronically treated with nicotine, the inhibition produced by the first dose of 

nicotine, was significantly less than that seen in the saline control animals. Although the dose 

of nicotine that was used appears to be high, recent studies have demonstrated that the 

plasma level obtained from mice receiving the 2mg/kg/hr intravenous infusion protocol have 

plasma levels of approximately Ing/mL (Marks et al, 2004). Although the plasma 

concentration is slightly higher than the levels achieved during unrestricted smoking in 

humans (Benowitz et al, 1982), the 2mg/kg/hr dose is a dose that has been established to 

produce behavioral tolerance (Marks et al, 1991). In mice chronically infused with nicotine 

for 10 days, the depressant effects of nicotine on VTA dopamine neuronal firing were 

significantly less than mice receiving chronic saline for 10 days, suggesting that chronic 

nicotine infusion produced tolerance to nicotine's effects. 

Furthermore, tolerance developed to nicotine's depressant effects on body temperature and 

locomotor activity following a ten day course of continuous intravenous infusion with 

nicotine. These results are in agreement with findings from other laboratories in which 

chronic infusion with nicotine produced tolerance to nicotine's depressant effects on 

locomotor activity and body temperature (Collins et al 1988, Marks et al, 1986 a and b, 

1985). 
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Also, when mice were chronically infused with nicotine for 10 days, nicotine did not depress 

locomotor activity to the same extent as the chronic saline or naive mice. Similarly, VTA 

dopamine neuronal activity was less depressed by nicotine than naive or chronic saline mice, 

suggesting a link between the depression in locomotor activity and what might be occurring 

in the mesolimbic dopamine pathway. This behavioral data also supports the idea that 

nicotine's depressant effects on locomotor activity correlates with depression of VTA 

dopamine neuronal activity. 

The decrease in the VTA dopamine neuronal and behavioral response to nicotine may 

be due to a decrease in nAChR function produced by chronic nicotine treatment. In mice 

chronically treated with nicotine by the identical intravenous infusion procedure, ^Rb"*^ efflux 

from midbrain synaptosomes and nicotine-stimulated [^H]-dopamine release was 

significantly less than in saline control animals (Marks et al, 1993 ). This study suggested that 

chronic nicotine treatment might decrease nicotine's effects on dopamine neurotransmission. 

Based on Marks and colleagues examination in conjunction with our electrophysiological 

studies, supports the idea that chronic nicotine treatment decreases nicotine's effects on 

dopamine neurotransmission, correlating to a decrease in nAChR function. 

Our data also suggests that tolerance likely develops to accumbal dopamine release 

following chronic nicotine infusion in the mouse. This is in contrast to studies in the rat 

where tolerance does not develop to systemic nicotine-induced accumbal or VTA 

somatodendritic dopamine release (Damsma et al, 1989, Rahman et al, 2003). However, the 

continuous infusion protocol used in the present study would be expected to desensitize 
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and/or downregulate nAChR function. If mice were withdrawn from nicotine, another effect 

might have been obtained, but we wanted to measure the response to nicotine when mice 

were chronically treated rather than have results confounded by withdrawal. These 

observations could explain why smoking throughout the day becomes less satisfying as a 

higher proportion of nAChRs are desensitized and downregulated with repeated and 

continued exposure to nicotine. 

An interesting finding of this study was that VTA non-dopamine or "dopamine look-

alike" neurons were excited by nicotine. These neurons typically displayed 

electrophysiological characteristics of dopamine neurons, including a dicrotic notch, action 

potential durations of greater than 2ms and firing rates of 1-lOHz. However, these neurons 

did not respond to apomorphine or haloperidol. Furthermore, their response to nicotine 

starkly contrasted with dopamine neurons as they were excited by nicotine rather than 

inhibited. It is currently unclear as to the identity of these neurons. It is interesting to 

speculate that these neurons may be VTA GABAergic intemeurons or projection neurons. 

However, they did not fit the electrophysiological profile of either the GAB A projection 

neurons or GABAergic intemeurons (Johnson and North, 1992; Lacey et al, 1989, Cameron 

etal., 1997). It is possible that the electrophysiological criteria for GABAergic intemeurons 

and projection neurons are different in the mouse compared to the rat. However, this has yet 

to be verified. 

If these "look-alike" neurons are GABAergic inputs onto dopamine neurons, the resultant 

nicotine-induced excitation would produce a net inhibitory drive onto VTA dopamine 
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neurons, resulting in a decrease in VTA dopamine neuronal activity, as we observed. 

Additionally, the increase in the activity of these "look-alike" neurons parallels the nicotine-

induced inhibition of VTA dopamine neurons. For example, the first dose of nicotine 

produced the greatest excitation of these "look-alikes", while the first dose of nicotine 

produced the greatest inhibition of VTA dopamine neuronal activity. Furthermore, with 

subsequent doses of nicotine, the excitatory effect on these "look-alike" neurons decreases, 

while VTA dopamine neuronal firing becomes less inhibited. When considering this 

evidence, we suggest that these "look-alike" neurons may be important modulators of 

nicotine's effects in the VTA and suggests that there may be a predominant GABAergic tone 

for nicotine's actions on VTA dopamine neuronal activity in the mouse. 

In conclusion, we have demonstrated that chronic nicotine infusion produces 

behavioral tolerance to nicotine's depressant effects and that nicotine's inhibitory effects on 

VTA dopamine neuronal activity are lessened in mice continuously infused with nicotine. 

This is also the first examination of VTA dopamine neuronal firing in mice chronically 

infused with saline or nicotine to understand how chronic nicotine or saline could change 

how nicotine encodes reinforcement in the midbrain. 
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Appendix D 

Summary 

1. VTA dopamine neurons in the ICR mouse do not respond to doses of nicotine 

(<0.1 mg/kg IV) that had been found to excite rat dopamine neurons. 

2. VTA dopamine neuronal inhibition does occur when ICR mice are given 0.1 mg/kg 

IV doses of nicotine. However, this response desensitizes with each succeeding dose 

of nicotine. 

3. Nicotine-induced inhibitions of VTA dopamine neurons are blocked by the non

selective nicotinic acetylcholine receptor (nAChR) antagonist, mecamylamine. 

4. Pretreatment with dihydro-beta-erythroidine (DHpE), an antagonist selective for 

a4*p2*nAChRs, blocked the nicotine-induced inhibition of VTA dopamine neurons. 

5. ICR mice display a hypolocomotor response to nicotine when non-acclimated at 

doses of 1 .Omg/kg IP nicotine. This effect is not changed whether or not the animals 

had been acclimated to the test cage. 

6. The hypolocomotor response to nicotine is blocked by DHpE, but not the a7 nAChR 

antagonist, methyllycaconitine (MLA). 

7. Presumptive non-dopamine neurons in the VTA are excited by nicotine, an effect that 

also desensitizes with repeated dosing. 

8. Tolerance develops to nicotine's depressant effects on locomotor activity and body 

temperature. 
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9. Tolerance develops to nicotine's inhibitory effects on VTA dopamine neuronal 

activity. 
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Appendix E 

General Discussion and Conclusions 

Nicotine's addictive and reinforcing etTects are mediated by nicotinic acetylcholine 

receptors (nAChRs) located within the ventral tegmental area (VTA). However, one of the 

difficulties in elucidating the role of nAChR subtypes in addiction is the lack of selective 

agonists and antagonists. Due to this problem, mice have become increasingly attractive as 

animal models, since they can be genetically engineered to overexpress or lack specific 

nicotinic acetylcholine receptor subunits. However, mice are thought to be questionable 

models for studying nicotine's reinforcement, as psychomotor activation (enhancement of 

locomotor activity) has been argued to be critical for mediating the reinforcing properties of 

many drugs of abuse (Wise and Bozarth, 1987) and nicotine depresses locomotor activity in 

most mouse strains. This evidence would suggest that mice do not find nicotine reinforcing. 

However, mouse strains that display hypolocomotion to nicotine, also self-administer 

nicotine, challenging the notion that psychomotor activation is critical for the reinforcement 

(Picciotto et aJ, 1998, Stolerman et al, 1999, Rasmussenetal, 1998). With this contradictory 

evidence, it has remained unclear how nicotine encodes reinforcement in the mouse brain. 

Using in vivo electrophysiology, we addressed this question by recording from 

ventral tegmental area (VTA) dopamine neurons in a strain of mouse that displays 

hypolocomotion to nicotine, the ICR mouse strain. When mice were given doses of 

intravenous nicotine that excited VTA dopamine neuronal activity in the rat, mouse VTA 
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dopamine neurons did not respond. However, if the initial dose of nicotine was O.lmg/kg, a 

dose that has been found to be self-administered in mice (Stolerman et al, 1999), nicotine 

inhibited ventral tegmental area dopamine neuronal firing. While these findings have been 

exciting and surprising, they have brought up more questions than answers. One question is 

why is there such a significant difference between mice and rats both behaviorally and 

electrophysiologically? 

One explanation as to why there are such marked differences in the VTA dopamine 

neuronal response to nicotine between mice and rats is a reflection of the different nAChR 

subtypes and distribution within the mesolimbic dopamine pathway. When VTA dopamine 

neuronal electrophysiological responses were examined in the rat, rat nAChRs appear less 

prone to desensitization in rats than in the mice. For example, in rats given two individual 

doses of 1.5|ig/kg, a subsequent dose of 3|ig/kg, and 6p.g/kg nicotine intravenously, nicotine 

failed to produce any effect on VTA dopamine neuronal firing. However, when the 

subsequent dose of nicotine was increased to 12.5}i.g/kg, an excitatory response was still able 

to be elicited (Erhardt et al, 2002). When we began with an 8pg/kg intravenous dose of 

nicotine and then increased the doses incrementally (16^g/kg, 32pg/kg, 64|ag/kg, 128|ig/kg, 

256|j,g/kg), all doses of nicotine failed to have any effect on VTA dopamine neuronal firing, 

suggesting that the nAChRs in the mice were desensitized by the lower doses of nicotine. 

Based on this evidence, it is reasonable to conclude that midbrain nAChRs in mice 

desensitize at much lower concentrations than in the rat. However, it also suggests that 

nAChRs in the mice may need more nicotine to be activated. 



194 

One reason that there were electrophysiological differences in the VTA dopamine 

neuronal response to nicotine between rats and mice may be due to a higher distribution of 

a4p2 nAChRs in the mouse VTA. Considering that a4 and p2 mJRNA is present on GAB A 

and dopamine neurons within the VTA (Klink et al, 2001), in the mouse, there may be higher 

a4|i2 nAChR distribution on GABA neurons than in the rat. Therefore, when nicotine 

stimulates nAChRs in the midbrain of the mouse, GABAergic activity predominates. 

Considering that a4p2 nAChRs have a higher affinity for nicotine than most nAChR 

subtypes, if there is a higher proportion of these nAChRs in the mouse than in the rat, they 

are much more likely to be desensitized by lower doses of nicotine. 

Another possibility is the electrophysiological differences observed between mice and 

rats are due to differences in al nAChR distribution in the midbrain. In rats, nicotine acts on 

al nAChRs present on glutamatergic terminals to increase excitatory neurotransmission onto 

VTA dopamine neurons (Mansvelder et al, 2002). it is thought that this increase in 

glutamatergic input is responsible for the actions of nicotine being able to potentiate 

accumbal dopamine release for over an hour and increase VTA dopamine neuronal firing, as 

al nicotinic acetylcholine receptors in the rat VTA do not desensitize at nicotine 

concentrations obtained by a typical human smoker (300-500nM) (Mansvelder et al, 2002). 

One would expect that if al nAChRs were present on glutamatergic neurons of the mouse 

and were similar in terms of desensitization and activation properties, that when the al 

nAChRs were activated by nicotine, that there should be a dose-dependent increase in VTA 

dopamine neuronal firing. Then, once the concentration of nicotine in the brain reached 



195 

levels that desensitized the a7 nAChRs, there should be a shift from excitation to inhibhion, 

as seen in rat (Erhardt et al, 2002). However, this effect was not observed, suggesting that 

they may be absent on glutamatergic terminals of the mouse. 

The differences in locomotor activity responses to nicotine and saline may also be 

explained by differential nAChR distribution. For example, when ICR mice were compared 

to the DBA/2 and C3H/HeJ strains of inbred mice, ICR mice displayed the highest basal 

activity in response to saline. In knockout mice lacking the p3 nAChR subunit, they 

displayed significantly higher basal locomotor activity than their wild-type littermates (Cui et 

al, 2003). It is plausible that ICR mice may have less |33 subunit distribution when compared 

to other strains of inbred mice. When looking at nicotine's depressant effects on locomotor 

activity, ICR mice took the longest time to recover from nicotine's hypolocomoting effects, 

as it took 20 minutes to reach a level of activity comparable to that of saline treated mice. In 

contrast, DBA/2 and C3H/HeJ animals recovered by 17 minutes and 5 minutes respectively, 

with the C31 I/He J strain needing the least time to recover from nicotine's effects. In 

knockout mice lacking either the a4 or P2 subunit, locomotor activity responses to nicotine 

recovered more quickly than wild-type littermates (Tritto et al, 2004; Marubio et al, 1999). 

Based on these studies, the rapid recovery of the C3H/HeJ strain may be due to a 

comparative decrease in a4p2 nicotinic acetylcholine receptor distribution in the midbrain 

(Tritto et al, 2004; Marubio et al, 1999). Furthermore, the nicotine-induced hyperactivity in 

the rat may also be due to a comparative decrease in a4p2 nAChR distribution in the 

midbrain. Considering a4 and P2 message has been found in GABAergic neurons in the 
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midbrain (Klink et al, 2001), it is possible that GABAergic neurotransmission in response to 

nicotine predominates in the midbrain of nicotine-sensitive strains. Nicotine-sensitive mice 

may have more a4p2 nAChRs on GABA neurons to where when mice given nicotine, 

nicotine significantly increases GABAergic transmission, which depresses locomotor 

activity. In the rat, like the C3H/2Ibg strain of mouse that displays hyperlocomotion to 

nicotine, there may also be less a4 and P2 message resulting in less GABAergic 

neurotransmission onto VTA dopamine neurons, which would allow for potentiation ofVTA 

dopamine neuronal activity. 

The dramatic difference in the behavioral and electrophysiological responses to 

nicotine between rats and mice brings up the question as to how nicotine produces 

reinforcement in the mouse. One of the most influential theories on how drugs produce their 

reinforcing effects is the dopamine hypothesis. The dopamine hypothesis posits that 

dopamine release from the nucleus accumbens is the critical substrate for mediating 

reinforcement from natural reinforcers such as food, water, and sex, as well as drugs of 

abuse. When looking at the data between rats and mice, there is some support for the 

dopamine hypothesis in both species. However, some of the support for the dopamine 

hypothesis in the mouse is lacking. Nicotine, like many other drugs of abuse, is readily self-

administered by both mice and rats (Picciotto et al, 1998; Rasmussen et al, 1998; Stolerman 

et al, 1999), suggesting that nicotine is reinforcing in both species. Furthermore, nicotine is 

able to increase dopamine release from the nucleus accumbens in both species (Zocchi et al, 

2003; Larsson et al, 2002; Szraki et al, 2002; Benwell et al, 1992; Cox et al, 1984; Corrigall 
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et al, 1989, Martellotta et al, 1995). Although nicotine is able to increase dopamine release 

and is self-administered by both mice and rats, the role of dopamine in nicotine 

reinforcement in the mouse remains relatively unclear. While self-administration of nicotine 

in rats has been found to be blocked by 6-hydroxdopamine lesions in the nucleus accumbens 

(Corrigall et al, 1992) and by systemic administration of dopamine receptor antagonists 

(Corrigall et al, 1991), these same experiments have not been performed in the mouse. 

Although dopamine's role is imclear in nicotine's reinforcing properties in the mouse, 

a4*P2* nAChRs appear to mediate the dopamine release, as well as the reinforcing 

properties, of nicotine in both mice and rats. In mice and rats, pretreatment with dihydro-

beta-erythroidine (DH^E) prevented nicotine-induced elevations in accumbal dopamine 

release (Ericson et al, 2003, Larsson et al, 2002). Furthermore, in synaptosomal preparations 

from mouse brain sections, nicotine failed to elicit dopamine release from the nucleus 

accumbens in mice lacking the (52 subunit (Grady et al, 2002). Considering that P2-

containing nAChRs mediate dopamine release from the nucleus accumbens, if the dopamine 

hypothesis is correct. (32-containing nAChRs should also mediate reinforcement. In the rat, 

intrategmental administration ofDHpE, blocked nicotine self-administration (Corrigall et al, 

1994), suggesting that a4*p2* nAChRs mediate reinforcement in the rat. Similarly, mice 

lacking the P2 nAChR subunit do not self-administer nicotine (Picciotto et al, 1998) 

suggesting that in both rats and mice, p2-contaimng nAChRs mediate nicotine's reinforcing 

properties. This suggests a possible link between the p2 subunit and reinforcement in the 

mouse. However, p2 nAChRs are also present on GABAergic neurons (Klink et al, 2001) to 
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where nicotine's actions on GABAergic activity may be just as important for encoding 

reinforcement in the mouse to where the (32 suhunit cannot completely explain the actions of 

dopamine's role in reinforcement in the mouse. 

Electrophysiologically, both mouse and rat VTA dopamine neuronal firing in 

response to nicotine has been found to be blocked by DHpE. However, nicotine also 

increases VTA dopamine neuronal bursting in the rat, which was not blocked by DH^E 

(Schilstrom et al, 2003). The bursting activity was found to be blocked by the a7 nAChR 

antagonist, methyllycaconitine (MLA), (Schilstrom et al, 2003). In contrast in the mouse, we 

did not observe bursting of VTA dopamine neurons in response to nicotine. Considering that 

an increase in firing rate and bursting activity is thought to potentiate dopamine release, it 

appears that different things are occurring electrophysiologically. These data suggest that P2-

containing subunits are important in mediating reinforcement in both mice and rats. 

However, it remains unclear as to if dopamine is critical for nicotine's reinforcing properties 

in the mouse. Considering that there appears to be some problems with the dopamine 

hypothesis explainmg reinforcement in the mouse, it is possible that there may be other ways 

of encoding reinforcement in the mouse brain. 

Laviolette (2001) has suggested that the VTA uses a dopamine dependent and 

dopam ine-independent pathway to produce reinforcement. This theory was based on 

conditioned place preference studies conducted in rats. When GABAa agonists and GABAa 

antagonists, were infused into the VTA, they both produced a conditioned place preference in 

the rat, which seemed counterintuitive. However, the effect of a GABAergic agonist to 
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produce conditioned place preference was blocked by systemic administration of a 

dopaminergic antagonist. This suggested that the GABAergic agonist produced 

reinforcement by a dopamine-dependent mechanism. In contrast, when a GABAa antagonist 

was infused into the VTA, administration of a dopaminergic antagonist did not block the 

conditioned place preference, suggesting that the GABAergic antagonist used dopamine-

independent mechanism to produce reinforcement (Laviolette et al, 2001). Based on this 

model, it is possible that nicotine produces its reinforcing effects in the mouse by acting 

predominantly through a dopamine-independent mechanism. As mentioned earlier, in mice 

lacking the P2 subunit, nicotine stimulated [^H] dopamine from the nucleus accumbens was 

absent (Grady et al, 2002). Considering that f>2 mRNA is not only found on dopamine 

neurons, but GABA neurons within the VTA (Klink et al, 2001), p2-containing nAChRs on 

GABA neurons may also be important for reinforcement. Interestingly, in mice lacking the 

P2 subunit, nicotine stimulated [^HJ-GABA release from whole brain synaptosomes is absent 

(Lu et al, 1998). 

Considering that nicotine might produce reinforcement in mice in a dopamine-

independent manner, one possibility as to how nicotine produces its reinforcing actions in 

mouse VTA may be explained by the dopamine "look-alike" responses that we obtained in 

chronically treated saline mice. These neurons typically displayed elecfrophysiological 

characteristics of dopamine neurons, including a dicrotic notch, action potential durations of 

greater than 2ms and a firing rate of 1 -1 OHz. However, these neurons did not respond to 

apomorphine or haloperidol. Furthermore, their response to nicotine starkly contrasted with 
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dopamine neurons as they were excited by nicotine rather than inhibited. It is currently 

unclear as to the identity of these neurons. It is interesting to speculate that these neurons 

may be VTA GABAergic intemeurons or projection neurons. However, they did not fit the 

electrophysiological profile of either the GABA projection neurons or GABAergic 

intemeurons (Johnson and North, 1992; Lacey et al, 1989. Cameron et al., 1997). GABA 

intemeurons are spontaneously active, fire at a higher frequency than dopaminergic neurons, 

display a shorter action potential duration, a smaller afterhyperpolarization and do not 

respond to dopamine (Johnson and North, 1992; Lacey et al, 1989). The dopamine "look-

alike" neurons that we recorded from seem to fit most of this profile with exception of the 

shorter action potential duration. Moreover, these "look-alike" neurons do not completely fit 

the GABAergic projection neuron profile either. GABAergic projection neurons have firing 

rates comparable to dopamine neurons, possess an action potential duration that is similar to 

dopamine neurons and hyperpolarize in response to dopamine (Cameron et al., 1997; 

Johnson and North, 1992; Lacey et al., 1989. However, the "look-alikes" we recorded from 

did not respond to apomorphine, suggesting that these dopamine "look-alikes" were neither 

GABA projection neurons or intemeurons. One possibility is that the electrophysiological 

criteria for GABAergic intemeurons and projection neurons may be different in the mouse 

compared to the rat. When dopamine "look-alike" neurons were recorded from, which we 

theorize to be GABAergic neurons, nicotine increased their activity. If these "look-alike" 

neurons are GABAergic inputs onto dopamine neurons, the resultant nicotine-induced 

excitation would produce a net inhibitory drive onto VTA dopamine neurons, resulting in a 
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decrease in VTA dopamine neuronal activity, as we observed. Furthermore, the increase in 

the activity of these look-alike neurons parallels the nicotine-induced inhibition of VTA 

dopamine neurons. For example, the first dose of nicotine produced the greatest excitation of 

these look-alikes while the first dose of nicotine produced the greatest inhibition of VTA 

dopamine neuronal activity. Furthermore, with subsequent doses of nicotine, the excitatory 

effect of nicotine on these look-alike neurons decreases, while VTA dopamine neuronal 

firing becomes less inhibited. When considering this evidence, it suggests that these look-

alike neurons may be important modulators of nicotine's effects in the VTA and suggests that 

there may be a predominant GABAergic tone for nicotine's actions on VTA dopamine 

neuronal activity in the mouse. 

This provides support for a dopamine-independent mechanism of reinforcement in 

the mouse. Although the mouse may utilize a dopamine-independent pathway to encode 

nicotine's reinforcing properties, the dopamine-dependent pathway cannot be excluded as 

nicotine has been found to increase accumbal dopamine release in mice (Zocchi et al, 2003). 

Although the dopamine-independent theory has support, there are some aspects that remain 

unclear, such as ifboth pathways can be active at once. For example. VTA dopaminergic and 

GABAergic activity is increased in the rat by similar concentrations of nicotine to where it 

appears there is both a dopamine-dependent and dopamine-independent mechanism acting 

concurrently to encode nicotine reinforcement. In contrast, only "look-alike" neuronal 

activity was increased by nicotine in the mouse, suggesting that only the dopamine-

independent pathway was active. We theorize that in the mouse, nicotine mediates 
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reinforcement predominantly by a dopamine-independent pathway with a small contribution 

by the dopamine-dependent pathway, while in the rat, nicotine mediates reinforcement 

through both pathways. 

Although it is attractive to surmise that there may be different encoding strategies for 

nicotine reinforcement between mice and rats, there is one other veiy distinct possibility; that 

nicotine is aversive to mice. Nicotine is known to have aversive properties based on 

conditioned place preference and controlled taste aversion experiments performed in both 

mice and rats (Jorenby et al, 1990, Risenger et al, 1995, Gommans et al, 2000; Reavill et al, 

1986). Interestingly, aversion or reinforcement can be dually encoded by the ventral 

tegmental area (Laviolette et al, 2003). 

Considering that nicotine has aversive properties, this brings up the issue as to how 

aversion is encoded in the midbrain. In the monkey, primary aversive stimuli failed to 

activate midbrain dopamine neurons or induced weaker responses than reinforcing stimuli 

(Mirenowicz and Schultz, 1996). Recently, it was found that the activations to aversive 

stimuli are not mediated through dopamine neurons. In contrast, true VTA dopamine neurons 

were inhibited by aversive stimuli, suggesting that VTA dopamine neurons are excited by 

reinforcing stimuli, but inhibited by aversive stimuli (Ungless et al, 2004). Nevertheless, 

based on this electrophysiological data, it is possible that nicotine is aversive in the mouse. 

One of the reasons that we might have created aversion in mice is due to the dose of nicotine 

that was used as we went from using 8|ig/kg intravenous nicotine as an initial dose to 

O.lmg/kg. Interestingly, VTA dopamine neuronal inhibition is also displayed using in vivo 
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electrophysiology in the rat at O.lmg/kg intravenous nicotine (Erhardt et al, 2002). It is 

possible that the dose we selected was too high to where a SO^g/kg dose of nicotine in the 

mouse may have produced a different effect. However, another possibility is that with 

chronic nicotine exposure, nicotine might switch from being aversive to reinforcing. 

Our chronic nicotine experiments give some insight, but do not tell the entire story as 

to what may be occurring in the mouse. We have demonstrated that chronic nicotine 

treated mice display tolerance to nicotine's depressant effects on locomotor activity and body 

temperature. However, we have also demonstrated that there was tolerance to nicotine's 

electrophysiological effects on VTA dopamine neuronal firing in mice that were concurrently 

being infused with nicotine. Our results demonstrated that VTA dopamine neurons were still 

able to respond to nicotine even when mice were being concurrently treated with nicotine, 

which gives a portrait as to what is going on in the smoker after having smoked a cigarette. 

However, it will be important to elucidate what effects nicotine has on VTA dopamine 

neuronal activity in the mice chronically treated with nicotine and withdrawn for a set period 

of time (1 day), as there could be a change in the VTA dopamine neuronal response. These 

experiments will also be critical in determining if nicotine is able to continue to act on the 

mesolimbic dopamine pathway in chronically treated mice. Our results suggest that nicotine 

can still act on the mesolimbic dopamine pathway of mice being concurrently treated with 

nicotine, however, the magnitude is much reduced. 

In conclusion, we have demonstrated that a4*p2* nAChRs mediate the inhibitory 

effect of acute nicotine on both locomotor activity and the in vivo electrophysiological 
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response ofVTA dopamine neurons in a nicotine-sensitive strain of mouse. Our results also 

demonstrate that chronic nicotine infusion was able to produce tolerance on nicotine's 

inhibitory actions on body temperature and locomotor activity. The "look-alike" neurons 

obtained from saline mice provides a possible mechanism of action on how nicotine 

produces its actions in the mouse to where this may lend credence to the idea that nicotine 

mediates its reinforcing properties by a dopamine-independent mechanism. Lastly, these 

results emphasize that there are significant differences to nicotine's effects in rats and mice, 

not only behaviorally, but electrophysiologically to where comparisons between mice and 

rats should be interpreted with caution. 


