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ABSTRACT 

Tobacco use is not only a major health concern worldwide but also a grotesque economic burden 

on the smoker as well as the health care system. The most well-known and most researched 

constituent of tobacco products is nicotine. There are a variety of products on the market that 

ensure nicotine intake, including cigarettes, cigars, pipe tobacco and smokeless tobacco. 

Once absorbed by the body, nicotine undergoes phase I metabolism by cytochrome P450 (CYP) 

2A6 (humans) or CYP2B1 (rat) to cotinine, the major metabolite. Since nicotine is a blood flow 

marker, its transport across the blood-brain barrier (BBB) has been well documented. However, 

data on the BBB penetration of nicotine and cotinine in animals subject to chronic nicotine 

exposure are limited. This gap in literature was identified and subsequently the focus of our first 

objective. Our data indicate that neither nicotine or cotinine uptake by the BBB is altered after 

chronic nicotine exposure in rat. 

Nicotine exerts its effect by binding to nicotinic cholinergic receptors (nAChRs) on dopaminergic 

neurons in the striatum and the ventral tegmental area (VTA). The addictive property of nicotine is 

attributed to its effects on the mesocorticolimbic system, which serves a fundamental role in the 

acquisition of behaviors. Smoking not only plays a role in addiction but also in Parkinson's disease 

(PD), where epidemiological studies have shown that smokers have a lower incidence of PD as 

opposed to non-smokers. Dopamine (DA) is one of the major neurotransmitters that plays a critical 

role in addiction and PD. Centrally, the biosynthesis of DA occurs intraneuronally through the rate- 

limiting enzyme, tyrosine hydroxylase (TH). DA undergoes metabolism by monoamine oxidase 

(MAO) intraneuronally. DA, that is not metabolized by MAO, is subsequently transported into the 

storage vesicles. After stimulation of nAChRs, DA is released into the synaptic cleft after 

membrane depolarization. Released DA stimulates post-synaptic dopaminergic receptors, is 

metabolized by catecholamine-0-methyl-transferase or transporter back into the pre-synaptic 

neuron by DA transporter (DAT). 

Little is known about the effects of whole cigarette smoke on the dopaminergic system. Therefore, 

our second objective of this study was to determine the effect of whole cigarette smoke extract 

(nicotine-containing and nicotine-free smoke extract), nicotine and cotinine on TH and DAT 

expression in undifferentiated pheochromocytoma cells. Our third objective was closely developed 

from our second. After investigating the effect in vitm, we determined the effect in vivo in rats after 

28 day exposure of whole cigarette smoke extract (nicotine-containing and nicotine-free smoke 

viii 



Abstract 

extract), nicotine and cotinine on TH and DAT regulation. Both the in vitm and in vivo TH as well 

as the in vivo DAT regulation data implicated nicotine to be responsible for TH and DAT 

upregulation. 

It is known that nicotine releases DA from rat striatal synaptosomes.(') We therefore aimed to 

determine whether a component of tobacco leaf extracts which is a MAO-A and MAO-B inhibitor, 

2,3,6-trimethyl-I ,Cnaphthoquinone (TMN) release DA from rat striatal synaptosomes. We found 

that TMN releases DA from synaptosomes, to a greater extent when compared to nicotine. 

Our data conclude that cotinine does cross the BBB and that both nicotine and cotinine transport 

do not vary after chronic nicotine exposure. We also found that nicotine, as the major constituent 

of tobacco smoke, is responsible for increased DA synthesis and DA transport back into the 

presynaptic neuron. TMN, is not only a MAO-A and MAO-B inhibitor but experiments from our 

laboratory indicate that in striatal synaptosomes, TMN releases DA to a greater extent than 

nicotine. 
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Sigaretrook is nie net h gesondheidsrisiko nie, maar ook h finansiele las op beide die roker en die 

mediese skemas. Nikotien is die bekendste en mees nagevorste verbinding wat in rook voorkom. 

Daar is verskeie produkte op die mark wat nikotien inname verseker, insluitend sigarette, sigare, 

pyp tabak en rookvrye tabak. 

Nikotien ondergaan fase I metabolisme deur sitochroom P450 (CYP) 2A6 (mens) of CYP2B1 (rot) 

om kotinien, nikotien se hoofrnetaboliet, te vorm nadat nikotien geabsorbeer is deur die liggaam. 

Omrede nikotien h bloedvloeimerker is, is die transport van nikotien oor die bloedbreinskans (BBS) 

goed gedefinieer in die literatuur. Daarenteen is inligting beperk oor die transport van nikotien en 

kotinien oor die BBS by diere wat blootgestel is aan chroniese nikotien. Die leemte in die literatuur 

is ge~dentifiseer en was gevolglik ons eerste doel van die studie. Ons data toon dat nie kotinien of 

nikotien se transport oor die BBS geaffekteer word deur chroniese nikotien blootstelling nie. 

Nikotien oefen sy effekte uit deur binding met nikotieniese cholinergiese reseptore (nAChRs) op 

dopaminergiese neurone in die striatum en ventrale tegmentale area (VTA). Die verslawende 

eienskap van nikotien is as gevolg van nikotien se effekte op die mesokortikolimbiese sisteem, wat 

h fundamentele rol speel in die uitdrukking van gedrag. Sigaretrook speel nie net h rol by 

verslawing nie, maar ook by Parkinson se siekte (PD) waar epidemiologiese studies getoon het dat 

rokers h laer insidensie van PD het vergelyke met nie-rokers. Dopamien (DA), h belangrike 

neurotransmitter, sped h kritiese rol by verslawing en PD. Sentraal vind DA biosintese 

interneuronaal plaas deur die snelheidsbepalende ensiem, tirosien hidroksilase (TH). DA 

ondergaan intemeuronale metabolisme deur die inwerking van monoamien oksidase (MAO). 

Onafgebreekte DA word getransporteer na stoorvesikels. DA word vrygestel in die sinapspleet na 

stimulasie van nAChRs en membraan depolarisasie. Vrygestelde DA stimuleer postsinaptiese 

dopaminergiese reseptore, word gemetaboliseer deur catechol-0-metieltransferase, of word terug 

getransporteer in die presinaptiese neuron in deur DA transporter (DAT). 

Min is bekend oor die effekte van heel sigaretrook op die dopaminergiese sisteem. Dus, ons 

tweede doel van die studie was om die invloed van sigaretrook (nikotienbevattende en nikotienvrye 

sigaretrook ekstrak), nikotien en kotinien op TH regulasie in ongedefinieerde feochromositoom 

selle te bepaal. Ons derde doel het uit die tweede doel voortgevloei. Na die ondersoek van die 

effek in vitro, het ons die effek in vivo in rotte bepaal wat vir 28 dae blootgestel is aan sigaretrook 

(nikotienbevattende en nikotienvrye sigaretrook ekstrak), nikotien en kotinien op TH en DAT 



regulasie. Beide die in vitro en in vivo TH asook die in vivo DAT regulasie data dui daarop dat 

nikotien verantwoordelik is vir die opregulering van TH en DAT. 

Dit is bekend dat nikotien DA vrystel uit rot striatale sinaptosome.(') Ons het gevolglik bepaal of h 

komponent van tabakblaarekstrak wat h MAO-A en MAO-B inhibeerder is, 2,3,6-trimetiel-1,4- 

naftakinoon (TMN), DA vrystel uit rot striatale sinaptosome. Ons het bevind dat TMN DA in h 

groter mate as nikotien uit sinaptosome vrystel. 

Ons data toon dat kotinien we1 die BBB kruis en dat n6g nikotien, n6g kotinien transport oor die 

BBB verander na chroniese nikotien blootstelling. Addisioneel het ons gevind dat nikotien, as die 

hoofverbinding in sigaretrook, verantwoordelik is vir die toename in DA sintese en DA transport 

terug in die presinaptiese neuron in. Voorts, TMN is nie alleen h MAO-A en MAO-B inhibeerder 

nie, maar eksperimente van ons laboratorium toon aan dat TMN ook DA vrystel vanuit rot striatale 

sinaptosome. 

Bibliografie 

1. Sakurai, Y., Takano. Y., Kohjimoto, Y. 8 andere. 1982. Enhancement of [3H]dopamine release and its 

[3H]metabolites in rat striatum by nicotinic drugs. Brain Res. 242: 99 - 106. 



CHAPTER 1 : 

INTRODUCTION 

Cigarette smoking is of great importance from a societal and medicoethical perspective, since it 

has been described as the leading preventable cause of morbidity and mortality in developed 

countries.' Approximately a quarter of all adult Americans smoke cigarettes.' Cigarette smoking is 

the major cause of a variety of cancers as well as cardiac, vascular and pulmonary diseases. 

Regardless of these health risks, there is little doubt that a majority of people, who smoke 

cigarettes, do so in order to experience the psychopharmacological properties of this habit. 

The first epidemiological study, published by Nefiger eta/. in 1968, stated that smokers are less 

likely to develop Parkinson's disease (PD) as oppose to non-~mokers.~ Since 1968, four other 

studies have documented a lower incidence of PD among smokers where the latest article was 

published in 1982." Characterized by selective dopaminergic neuronal loss in the substantia 

nigra, PD is a debilitating disorder where patients experience symptoms that include muscular 

rigidity, tremor and bradykinesia. 

The discovery of the inverse correlation between cigarette smoking and PD, created an explosion 

of research in this field in order to elucidate the cause of such a significant finding. Certain aspects 

important to neurodegeneration came to the foreground, where significant progress has been made 

during the past 5 years.' 

PD and cigarette smoke addiction both involve dopaminergic pathways. In PD the nigrostriatal 

pathway plays an important role in the control of motor activity as opposed to addiction, where the 

mesocorticolimbic system is associated with reward and pleasure centers. 

Our contribution to this field of research focuses on the effect of cigarette smoke and cigarette 

smoke components, on biomarkers of the dopaminergic pathway. This research will help to 

elucidate the complex relationship between cigarette smoke, addiction and PD. 
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LITERATURE REVIEW

Illustration by Kibiuk, 1998.1
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According to the Centers for Disease Control and Prevention (CDC), tobacco use remains the 

leading preventable cause of death in the United States of America, causing almost 450,000 

deaths each year and more than $75 billion in direct medical costs.2 However, world-wide, almost 

half of the male population (47%) continue to smoke.3 Every day, about 4,000 teenagers under the 

age of 18 try their first cigarette. This might start out as an innocent venture for acceptance among 

peers, but 80% of these teenagers will subsequently become addicted to cigarettes and continue to 

smoke into adu~thood.~ 

There are more than 4,000 chemicals in tobacco products such as cigarettes, cigars and pipe 

tobacco, of which nicotine is the best known and the most researched4 Nicotine (figure 2.1) is 

recognized as one of the most frequently used addictive drugs.' A report released by United 
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States Surgeon General C. Everett Koop on May 16, 1988 stated that the addictive properties of

nicotine are similar to those of cocaine and heroin.6

A B

, · t\. .'. ..
. '--. ,~!
...' Ii ,.' .., ~.."8

Figure2.1: A. Molecular structure of (S)-nicotine.

B. Ball and stick representation of (S)-nicotine generated by Hyperchem

version 7.r

2.1. Metabolism of nicotine

Nicotine, a naturally occurring alkaloid, was first isolated and determined to be the major

constituent of tobacco in 1828.8 Nicotine absorption can occur through the oral cavity, skin, lung

and gastrointestinaltract.9 For this reason, a variety of tobacco products,includingcigarettes,

cigars, pipe tobacco and smokeless tobacco such as snuff and chewing tobacco,10exist on the

market that are used by tobacco users to provide them with nicotine intake. Tobacco product users

resort to nicotine replacement therapies such as nicotine containing gum and transdermal nicotine

patches to aid them in the cessation of tobacco use.11

Once absorbed, nicotine is extensively metabolized by the liver to a number of major and minor

metabolites.12 Metabolism of nicotine and its metabolites in living organisms involve phase I

(microsomal oxidation) and phase " (N-glucuronidation and O-glucuronidation) metabolism.13

Nicotine is hydroxylated at the 5' position to an unstable intermediate, 5'-hydroxynicotine which

exists in equilibrium with the ~1'(51iminiumion (figure 2.2).14 5'-Hydroxylation of nicotine is

catalyzed by cytochrome P450 2A6 (CYP2A6) in humans.15-17Nicotine is not only metabolized by

CYP2A6 but it has been shown that long-term nicotine administration also down-regulates hepatic

CYP2A6, causing inhibition of its own metabolism.18-20

6
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CYP2B6 contributes minimally to the metabolism of nicotine since the alkaloid has lower affinity for 

this enzyme and CYP2B6 has variable expression in human liver." However, it has been shown 

that polymorphic variation in CYP2B6 affects smoking cessation rates." CYP2B6 has been 

detected in the human brain,= and has been shown to be induced by nicotine." The rat 

homologue of CYP2B6 is CYP2B1 which has been identified in rat brain and neuronal tissue. In 

rats, hepatic CYP2A enzymes do not metabolize nicotine as in humans, instead CYP2B1 is the 

major CYP responsible for the metabolism of nicotine to its major metabolite, cotinine by a similar 

pa th~ay ,~~ , ' ~  although to a lesser extent? 

CYP2D6 has been shown to be involved in the metabolism of other drugs of abuse, including the 

formation of morphine from codeine and ethylmorphine, among ~ thers . '~ -~~  However, there 

remains controversy concerning the importance of CYP2D6 in nicotine metaboli~m.'~ Unlike 

CYP2D6 that has been reported to be present in human brain, there is no evidence of the presence 

of CYP2A6 in human Thus far. CYP2A6 has only been documented to exist peripherally 

in human liver, nasal muwsa and Rat CYP2A3, the ortholog of human CYP2A6, is 

expressed in the olfactory mucosaM and lung and to a lesser extent in the breast and esophagus, 

but not in the ~ i v e r . ~ . ~ '  TO date, there is no literature on the expression of CYP2A3 in rat brain, 

as with its ortholog, CYP2A6 in humans. 

Controversy exists surrounding which compound undergoes aldehyde oxidation to form cotinine, 

~"(5'iminium ion or !Y-hydro~ynicotine.l~~~~,~~." Nevertheless, in most people nicotine is 70 - 80% 

metabolized to cotinine through 5'-hydrolyati0n.'~,~'.~~~~ Nicotine and cotinine forms quaternary 

N-glucuronides, whereas trans-3'-hydroxycotinine forms an 0-glucuronide (figure 2.2).U Figure 2.3 

indicates the commonly accepted pattern of nicotine metabolism and urinary recovery based on a 

study in individuals receiving nicotine at steady state through transdermal nicotine patches. 

As an indicator of direct or passive exposure to cigarette smoke, cotinine levels are measured in 

urine, blood and saliva.4743 There are, however, variations in cotinine levels among smokers who 

smoke the same number of cigarettess4 This interindividual variation in the metabolism of 

xenobiotics, such as nicotine, can be attributed to polymorphism of the genes that encode 

metabolic  enzyme^.^ Among the enzymes that are induced by smoking and involved in cotinine 

production, CYPIAI, CYP2A6. CYP2D6 and CYP2E1 are known to be genetically 

In addition, life style factors, e.g. alcohol drinking and coke  or tea consumption may induce or 

inhibit expression of these enzymes and affect nicotine metabolisme1 

It has been suggested that racial differences may contribute to varying patterns of cigarette 

smoking!Z* Race may therefore be partially accountable for variations in cotinine levels and 
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elimination. After controlling for the number of cigarettes smoked per day, nicotine content of 

cigarette and frequency of inhalation patterns, it was found that African-American smokers have 

higher cotinine levels when compared to Caucasian~.~ 
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Figure 2.3: Quantitative scheme of nicotine metabolism, based on average excretion of 

metabolites as percent of systemic dose during transdermal nicotine 

application. The circled compounds indicate compounds excreted in urine. 

The estimate of norcotinine excretion is based on data of Byrd etal. (1992).45 

[Modified from Benowitz, etal. (1994).17] 

2.2. Transport of nicotine and cotinine across blood-brain barrier 

The blood-brain barrier (BBB) serves as a diffusion barrier which is essential for the normal 

functioning of the central nervous system." The BBB is created by the tight apposition of 

endothelial cells lining blood vessels in the brain, forming a barrier between the circulation and the 

brain parenchyma (e.g. astrocytes, microglia)" (figure 2.4). General movement restrictions at the 

BBB are limited by endothelium connected by tight junctions (zonula occludens)," the absence of 

paracellular openings, a lack of pinocytosis activity, enzymatic restrictions and significant protein- 

mediated e f f l u ~ . ~ ~ ~ ~ ~  
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A schematic representation of the blood-brain barrier (BBB). A thin

basement membrane, comprising of lamin, fibronectin and other proteins,

surrounds the endothelial cells and associated pericytes and provides both

mechanical support and a barrier function. [Modified from Francis et al.

(2003).67]

Cigarette smoking delivers nicotine to the brain with drug levels peaking within 10 seconds after

inhalation.4 The rapid blood-brain transfer of nicotine in naive animals has been well documented

due to the fact that it is a well-known cerebral blood flow marker.71-74However, limited data are

present in the literature regarding BBB penetration of nicotine in animals subject to chronic nicotine

exposure. Such studies are of significant importance because it has been reported that long-term

11
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nicotine exposure changes both BBB function and morphology. Figure 2.5 represents a summary

of the outcomes of nicotine's effects on the cerebral microcirculation.

Blood

~
N'1-. . . ------

. . .

Figure 2.5: Effects of nicotine on the cerebral microcirculation. Nicotine might have

adverse effects on the integrity and function of the BBB and interfere with the

regulation of blood flow. Nicotine also affects the mediators of thrombosis

[e.g. plasminogen activator inhibitor 1 (PAI-1) and tissue plasminogen

activator (t-PA)] and leukocyte migration (e.g. P-selectin and CD18). Blue

arrows indicate stimulation or upregulation; red arrows indicate inhibition,

downregulation or depletion. (NKA, Na+-K+-ATPase; ZO-1, zonula

occludens-1). [Modified from Hawkins et al. (2002).75]

Specifically, nicotine has been shown to:

1. increase BBB endothelium microvilli formation,76

2. decrease in vitro zonula occludens-1 (ZO-1) expression.77 ZO-1 is an important protein

underlying the tight junctions in human and rat epithelial and endothelial cells.78.79ZO-1

plays a critical role in maintaining cell polarity as well as coupling the extracellular

environment to intracellular signaling pathways and cytoskeleton,78

12
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3. diminish levels or function of BBB nicotinic cholinergic receptors (nAChRs)77 (refer to

section 2.4.1), Na,K,2CI-cotransporters,80and a2 Na,K-ATPase.81 Both the Na,K,2CI-

cotransporter and Na,K-ATPase play significant roles in maintaining brain extracellular K+

levels. In order to maintain proper neuronal conduction, it is of critical importance that brain

extracellular K+ concentrations are maintained efficiently constant and low in order to

maintain the conduction of action potentials.80

In contrast to that of nicotine, the rate of uptake for cotinine across the BBB is poorly defined.

Literature reports on the ability of cotinine to penetrate the BBB to any significant degree are

conflicting.82,83Cotinine has been detected in brain after nicotine exposure83-85but indirect data

suggest that the presence of cotinine in the CNS may be the result of central nicotine metabolism

by CYP2B1 in rats.86

2.3. Addiction and Parkinson's disease

The striatum, a key element of the basal ganglia, is divided into the dorsal and ventral striatum. In

primates, the dorsal striatum comprises the caudate and putamen separated by the internal

capsule, while in rodents, the dorsal striatum is either divided into medial and lateral parts or

treated as one region. The ventral striatum includes the striatal part of the olfactory tubercle and

the nucleus accumbens (NAc). The NAc is further divided into the medioventraI shell and the

dorsolateral core87(figure 2.6).

The striatum is densely innervated by dopaminergic fibers that originate in the substantia nigra

(SN) and ventral tegmental area (VTA) and also receives excitatory input from the cortical and

limbic regions. Two main pathways connect the striatum with the dopaminergic system. The

nigrostriatal system, which plays an important role in control of motor activity, connects the SN

pars compacta (SNc) and the striatum (dorsal and core of the NAc).87 The nigrostriatal system

plays a pivotal role in Parkinson's disease (PD). The second system is the mesocorticolimbic

system, associated with reward and pleasure centers, where dopaminergic neurons originate in the

VTA and project mainly to the shell of the NAc.87,88

13
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Caudate nucleus

Putamen

Nudeus accumbens

Figure 2.6 : An illustration of a coronal section of the brain indicating the position of the

dorsal striatum (caudate nucleus and putamen) and the ventral striatum

(NAc).89

Under normal circumstances the mesocorticolimbic system is crucial for the rewarding and

reinforcing effects of positive natural stimuli associated with survival, including food and

reproductive opportunities.88 However, drugs can stimulate the reward circuitry with a strength,

time course and reliability that exceeds almost any natural stimulus, powerfully consolidating

responses to drug-associated stimuli.90 Not only has the ventral striatum been implicated in the

reward pathway, but the dorsal striatum has also been linked to reward-related activity.91 In

humans, dorsal striatum activation has been observed with reinforcers such as cocaine92and

nicotine.93 Drug-induced synaptic plasticity in the NAc and dorsal striatum therefore contribute to

addiction by consolidating drug-wanting, drug-seeking and drug-taking behaviors.88,91

Nevertheless, dopaminergic projections to the striatum play a critical role in the reinforcing

properties of psychostimulants and possibly other drugs of abuse.88,94

After nicotine uptake into the brain, nicotine binds to the nigrostriatal and mesolimbic dopaminergic

neurons at the terminal (presynaptic) nAChRs.5,95 Most relevant to nicotine addiction is the

nAChRs in the VTA which express for 04132 and 03132subunits, as opposed to the dopaminergic

terminal receptors [0405132,0406132(133)and 06132(133)]found in rat striata, that may be important in

PD.96,97 Forextensiveliteratureon nAChRssee references~101. Ofthe variousneurotransmitters,

dopamine (DA) plays a pivotal role in both cigarette smoke addiction and PD (for review' of the

effectof nicotineon brainneurotransmitters see reference 102) Althoughvariousareasof the brain

14
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take part, the mesocorticolimbic DA system plays a crucial and fundamental role in the acquirement

of behaviors that are reinforced by addictive drugs, including nicotine.103-105For a review on reward

pathways see reference 106. Nevertheless, plasticity occurs particularly in the mesocorticolimbic DA

system during the development of drug addiction.107-11o In the case of nicotine addiction, the

nAChRs are stimulated by nicotine in the VTA which evoke DA release in the NAc95.105(figure 2.7).

However, in the face of increased DA release in the VTA after a single dose of nicotine for more

than one hour in vivo, nAChRs on dopaminergic neurons rapidly desensitize. This can be

explainedby dataobtainedby Mansvelderet al. (2002).111 It is knownthatglutamatestimulationof

dopaminergic neurons in the VTA results in increased activity of those neurons whereas gamma-

aminobutyric acid (GABA) has the reverse effect of slowing down dopaminergic neuron activity and

thus DA release.112Mansvelder et al. (2002) found that in glutamate producing cells, a single dose

of nicotine induces long-term potentiation which promotes high-level activity for an extended

time.113 This occurs after an initial increase in GABA transmission which lasts a few minutes,

GABA transmission decrease and do not recover fully for more than an hour after nicotine

exposure.111

Nevertheless, released DA in the synaptic cleft binds to the postsynaptic dopaminergic receptors, is

metabolized by catechol-O-methyl transferase (COMT), transported back into the presynaptic

neuron by DA transporter (DAT) or is removed from the extracellular space by diffusion.114

(~
I
\

I

Figure 2.7: A simplified schematic representation of the VTA and afferent projections.

Inhibitory GABAergic innervation of VTA DA neurons originates from the NAc

and local interneurons. The most important structures and reward pathway is

indicated in red. A reward stimulus activates the pathway where information

travels from the VTA to the NAc. [Modified from Mansvelder et al. (2002).111]
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Approximately 1% of Americans over the age of 50 are affected by PD.115Muscular rigidity, tremor

and bradykinesia are the trademark symptoms of patients suffering from PD.95 The cause of PD is

largely primary (idiopathic) but can also be secondary to cerebral viral infections, exposure to

manganese, carbon monoxide, organophosphates or the pethidine analog 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP).116 This neurodegenerative disorder is characterized

pathologically by the selective loss of dopaminergic neurons in the SN of the midbrain resulting in

low levels of DA in the striatum to which these neurons project.117-119

Of special interest to our group is the significant finding that smokers are less likely to develop PD

as oppose to non_smokers.120-124A few proposals exist to explain the inverse relationship between

cigarette smoking and PD.

One such proposal is that the "protective" action of cigarette smoking may be associated with the

inhibition of monoamine oxidase (MAO), the mitochondrial membrane enzyme involved in the

degradation of DA to 3,4-dihydroxy-phenyl-acetic acid (DOPAC) (for review articles on MAO see

references 125.126). It has been shown that cigarette smokers have lower blood platelet and

peripheral organ MAO-B activities and lowered brain MAO-A and MAO-B activities when compared

to non_smokers.127-133Inhibition of MAO will not only prevent the metabolism of DA, but it can also

reduce oxidative stress which has been linked to neurodegenerationas in PD.134 Hydrogen

peroxide(H202) is producedwhen DA is metabolizedby MAOwhich causes increasedlevelsof

H202in the SN.135Througha ferrousiron-mediatedcatalysisknownas the Fentonreaction,H202

gives rise to free radicalswhich causes neuronalinjury and death118 (figure 2.8). H202 is also

subject to the Haber-Weiss reaction which leads to the formation of free radicals (figure 2.8).136.137

Therefore, through inhibition of MAO, cigarette smoke may reduce free radical formation in the

brain.

16
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Fenton reaction

Haber-Weiss reaction

Figure 2.8: Simplistic representation of the Fenton reaction and the Haber-Weiss

reaction.136 (DOPAC, 3,4-dihydroxy-phenyl-aceticacid; GSH, glutathione;

GSSG, glutathione disulfide; SOD, superoxide dismutase.)

Attempts to elucidate which compound{s) is responsible for MAO inhibition found that neither

{S)-nicotine nor 4-phenylpyridine or hydrazine are responsible for the lowered MAO activity.138One

compound however, 2,3,6-trimethyl-1,4-naphthoquinone (TMN, figure 2.9), was isolated from

tobaccoleavesandprovento reversiblyinhibitbothMAO-AandMAO-Bin vitro.139.14o

Figure 2.9: A. Molecular structure of TMN.

B. Ball and stick representation of TMN generated by Hyperchem

version 7?

17

A B

( \.
0
II

CH3

CH3
II
0



Chapter 2: Literature review

Other proposals for the "protective" action of cigarette smoke focus on nicotine as the protective

agent in cigarette smoke. Nicotine is believed to exert a neuroprotective role through the following

mechanisms.

1. As mentioned above, oxidative stress is associated with neurodegenerative diseases,

especially PD. Nicotine inhibits the Fenton reaction in vitro, probably by sequestration of

Fe2+and may therefore act as an antioxidant.141-143

2. Four effects have been shown to be mediated through nAChRs.144

a. Nicotine pretreatment prevents glutamate-induced neurotoxicity in several neuronal

cultures including striatal neurons.145-150In vitro nicotine has shown to attenuate

Ca2+overload which is triggered by glutamate. Nicotine also upregulates protein

and mRNA expression of the anti-apoptotic molecule, bcl-2 and downregulates the

pro-apoptotic factor bax.151

b. Nicotine induces an increase in mRNA levels for both fibroblast growth factor and

brain-derived neurotrophins in the striatum and ventral midbrain.152,153These growth

factors have been shown to stimulate dopaminergic neuron survival in vivo.152,154

c. Nicotine increases cerebral blood flow and increases cerebral glucose utilization in

numerous brain regions in rat, including the SN.155-159

d. PD, like most neurodegenerative diseases, is associated with chronic

inflammation.160,161 Activation of brain mononuclear phagocyte cells, called

microglia, is a key step in the inflammation process. Under certain

pathophysiological states microglia secrete various inflammatory factors162 which

can produce neuronal dysfunction and degeneration.163,164Nicotine inhibits the

activation of microglia through 07 nAChRs.165

The treatment of PD, from a DA point of view, is focused on preventing DA metabolism through

MAO inhibition, stimulating DA receptors (bromocriptine, pergolide, pramipexole and ropinirole) or

increasing DA levels (l-DOPA co-administered with carbidopa).117 To date only the MAO inhibitor,

selegiline (deprenyl) has shown promise as a neuroprotective agent for PD.118
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2.4. Effect of nicotine and cotinine on the dopaminergic system

There is little known about the effect of whole cigarette smoke on the dopaminergic system since

the major focus of research has been on nicotine's effect (in isolation) on the dopaminergic system.

This section will cover, in brief, the reported effects of nicotine, in similar concentrations as

obtained through cigarette smoke, as well as what is known surrounding the effect of cotinine on

various targets in the dopaminergic system.166-169

2.4.1. Neuronal nicotinergic acetylcholine receptors

Little is known about the action of cotinine at neuronal structures. A recent study suggests that

cotinine, a weak agonist for a7 nAChRs,170stimulates nAChRs to evoke DA release in a calcium-

dependentmanner from rat striatal slices.171 However,no data are availableof the effect of

cotinine on the regulation of nAChRs.

Previous studies have indicated that chronic nicotine exposure causes an upregulation in nAChRs

in humans, rats and mice.167-169,172-176This increase is specific to nicotinic AChRs, especially the

a4~2 nAChR, but not the muscarinic AChRs.177,178However, chronic exposure to nicotine induces

a rapid and long-lasting loss of nicotine-sensitive function of nAChRs in the brain which might

explain the unexpected upregulation of nAChRs.179 This process is distinct from classical

desensitization observed with other agonists or psychostimulants such as cocaine, because of its

slow reversibility.172,179-182

A simplistic hypothesis was put forward by Dani and Heinemann in 1996 for perpetuating nicotine

use (figure 2.10). When smoking a cigarette, a small pulse of nicotine activates nAChRs that

directly or indirectly induces DA release which provides a pleasurable feeling. With continued use,

nicotine accumulates to a low steady-state concentration that causes significant nAChRs

desensitization and over a period of time, longer-term inactivation.104.183As a result of decreased

nAChRs turnover, nAChRs upregulate.104
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Figure 2.10: A hypothetical cycle proposed by Dani & Heinemann in 1996 for perpetuating

nicotine use.104

2.4.2. Tyrosine hydroxylase, 6R-L-erythro-tetrahydrobiopterin and

dopamine

Tyrosine hydroxylase (TH), a mixed-function monooxygenase, catalyzes the reaction from tyrosine

to 3,4-dihydroxyphenylalanine (L-DOPA) in the biosynthesis pathway of the catecholamines; DA,

norepinephrine and epinephrine (figure 2.11).184.185

It is therefore understandable that the regulation of the amount of TH enzyme and enzyme activity

are the central means for controlling the biosynthesis of catecholamines. This has been shown in

the adrenal gland, where nicotine not only triggers the release of catecholamines, but also

promotes their biosynthesis by increasing the activity of TH.186.187However, in the brain, especially

in the VTA, SN and the noradrenergic cell bodies of the locus coeruleus (LC), a much lower

concentration of nicotine increases TH activity.188.189The increased TH activity is reflected by an

increase in TH protein resulting from increased expression.187.190.191The increase in TH expression

results in increased DA synthesis, which might be critical when correlating addiction and PD with

the DA pathway(see reference192 for additionalinformation).193The effect of cotinineon TH

activity and regulation has not been investigated.
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6R-L-erythro-tetrahydrobiopterin (BH4) is the common and natural cofactor for TH, phenylalanine

hydroxylase, tryptophan hydroxylase and nitric oxide synthase (NOS).194-199BH4administration has

proved to be a crucial entity in DA biosynthesis and release.200,201This finding is significant since

patients with PD not only have reduced DA levels but also reduced BH4levels. However, the effect

of cotinine on BH4 activity and the effect of nicotine, cotinine and cigarette smoke on BH4

biosynthesis have not been examined.

. -, ..
Tyros':"",~... a L-DOPA

,. ..~. ..,-~ .t' . ..
."" . ...~ .DA......

(
...~ .. .

Post-synaptic
dopaminergic
receptor

Figure 2.11: Biosynthesispathwayof DA. a) Tyrosineis convertedto L-DOPAby THwith

BH4 and oxygen as its cofactors. This is the rate-limiting step in the

biosynthetic pathway. b) L-DOPA is subsequently converted to DA by L-

DOPA decarboxylase with pyridoxal phosphate (vitamin B6) as its cofactor.

[Modified from National Institute on Drug Abuse. (2002).202]

2.4.3. Dopamine transporter

As part of the Na+/Cr-coupled neurotransmitter transporter family, which includes plasma

membrane transporters for serotonin and norepinephrine, DAT terminates DA action in the synapse

through rapid reuptake of DA into the presynaptic neuron.203,204DAT plays a key role in shaping

neurotransmission mediated by the nigrostriatal and mesocorticolimbic DA pathways, since it is

selectively expressed in dopaminergic neurons of the SN and the VTA.205,206

21

-- ---



Chapter 2 Literature revlew 

No data are available on the effect of cotinine on DAT expression or activity. On the other hand, 

nicotine has been reported to enhance DAT function and therefore to increase DA clearance in the 

NAC,'" prefrontal cortex and striatumM4 of rats. This observation is not expected since DAT 

function is influenced by dopaminergic neuron membrane potential, where hyperpolarization 

increases the velocity of DA transport by DAT as opposed to depolarization which has the converse 

effect.208 Stimulation of nAChRs by nicotine results in depolarization of the plasma membrane,2m 

therefore, theoretically it would be expected that DAT function will be decreased with subsequent 

decreased DA clearance and increasing extracellular DA concentrations. However, the ability of 

nicotine to enhance DAT function seems to be nAChR mediated.'14 Li et a/. demonstrated in June 

of 2004 that mRNA expression of DAT is upregulated with chronic nicotine and passive inhaled 

smoke in rat SN and VTA, including the dorsal part of the SNC."~ 

Moreover, DAT is not only a transporter of DA but also of l-methyl4phenylpyridinium (MPP'), the 

neurotoxic metabolite of MPTP, which is known to cause parkinsonism in animals and humans by 

inhibiting complex I of the mitochondria1 electron transfer  hai in.^" However, there is no significant 

difference in DAT mRNA expression in surviving dopaminergic neurons of established PD patient 

brains compared to 

2.5. Aims of this study 

There is little known about the effect of whole cigarette smoke on the dopaminergic system since 

the major focus of research has been on nicotine's effect on the dopaminergic system as opposed 

to cigarette smoke itself. We therefore will be focusing on the following hvwtheses: 

1. Cotinine is transported across the BBB. Nicotine as well as cotinine transport across 

the BBB differs from rats chronically treated wlth nicotine as compared to naive rats. 

To test these hypotheses, our first aim was to determine brain uptake of cotinine. Our 

second aim was to determine cotinine and nicotine brain uptake in naive rats as well as rats 

treated chronically with nicotine. Both these aims were accomplished by uf lizing our in situ 

brain perfusion model. Refer to chapter 3. 

2. (S)-Nicotine and nicotine containing smoke extract will upregulate TH and DAT in 

vitm but not (S)cotinine, nicotine-free smoke extract or TMN. Our aim was to 

determine TH and DAT regulation by Western Blot after acute treatment of PC12 cells with 

the various compounds or cigarette smoke extracts. Refer to chapter 4. 



Chapter 2 L~terature revtew 

3. (S)-Nicotine and nicotine containing smoke extract will upregulate TH and DAT in 

vivo but not (S)cotinine or nicotine-free smoke extract. To test this hypothesis we 

exposed rats chronically to either of the various compounds or cigarette smoke extracts by 

implanting the rats with ALZEP osmotic mini-pumps. We subsequently determined striatal 

TH and DAT regulation by Western blot. Refer to chapter 5. 

4. (S)-Nicotine and nicotine containing smoke extract release DA from rat striatal 

synaptosomes but not (S)cotinine, nicotine-free smoke extract or TMN. We used 

synaptosomes to test this hypothesis, by determining DA release after treatment with the 

various compounds. Refer to chapter 6. 

Data gleaned from these studies will contribute towards our understanding of dopaminergic events 

after tobacco smoke exposure, measured in vivo as well as in vitro. 
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Chapter 3: In situ brain perfusion of cotinme and nicotine

3.1. Introduction

The blood to brain transfer kinetics of nicotine and its major metabolite cotinine (figure 3.1) are

determinant factors for central nervous system (CNS) concentrations of these major tobacco

alkaloids. For CNS access, nicotine and/or cotinine must traverse the specialized neurovascular

endothelium, which theoretically can limitplasma to brain distribution.

A B

Figure 3.1: A. Molecularstructure of (S)-cotinine.

B. Ball and stick representation of (S)-cotinine generated by Hyperchem

version 7.4

In the two decades since the late sixties, six different techniques were developed to study transport

at the BBB:the indicator-cliffusiontechnique, single injection external registration technique, brain

uptake index technique, isolated perfused brain technique and intravenous injectiontechnique.17-22

Each of these techniques has several limitations.23 In 1984 Takasato et al. published an in situ

brain perfusion technique in rats.24 This method has various unique characteristics and several

advantages when compared to other techniques that measure cerebrovascular transport.

1. The kinetics of brain uptake via perfusion are relatively simple since the compounds of

interest are delivered to the brain with a known concentration which does not vary with
time.25

2. Transport across the BBB can be measured over a broad range of intervals (anywhere

from 5 s to >30 min), which allows for accurate determination of permeability over a 105

range. This is made possible through the control of the investigator over the perfusion

uptake time.24
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3. In situ brain perfusion is ideal for the characterization of the kinetics of saturable transport 

across the BBB and the effects of plasma protein binding.s28 

4. It is possible to study solute efflux from brain after preloading by switching the perfusate to 

solute-free saline with the in situ brain perfusion t e ~ h n i ~ u e . ~ . ~ ~  

5. The in situ brain perfusion technique is one hundred times more sensitive than the 

indicatordiffusion technique, single injection external registration technique and brain 

uptake index technique. Only the intravenous injection technique compares with the in situ 

technique.laZ2 

6. Almost absolute control is permitted over the perfusate composition when performing in 

situ brain perfusion. This advantage is shared partially by the indicator dilution and brain 

uptake index  technique^.'^ 

7. In all arterial injection techniques, the carotid bolus is assumed not to mix with blood from 

the point of injection to the brain capillarie~.'~.~ However, this has never been proven. 

Conversely, in the case of the in situ model, the contribution of the systemic blood flow 

to the right cerebral hemisphere is known to be less than 5% of total flow during perfusion. 

8. Radiotracer compounds can undergo metabolism by tissues other than the brain. These 

radiotracer metabolites can readily enter the brain and may contribute to brain radioactivity, 

providing a false representation of transport. The in situ model avoids errors due to 

radiotracer metabo~ism.~~ 

As previously mentioned, nicotine affects BBB function and morphology, and therefore it is 

essential that studies be performed on the uptake of nicotine in animals that are treated chronically 

with nicotine. However, limited and conflicting data2" are present in the literature regarding 

cotinine BBB penetration in animals subject to chronic nicotine exposure. Although cotinine has 

been detected in brain after nicotine exposure,1012 indirect data from literature suggest that the 

presence of cotinine in brain may be the result of central nicotine metabolism by CYP2Bl in rats3 

Our objectives were to determine the blood-brain transfer of cotinine in our robust in situ brain 

perfusion model and to compare the kinetics with that of nicotine. Further, the degree and rate of 

cotinine (as well as nicotine) brain uptake were evaluated in naive and chronically nicotine treated 

rats using the same model. 
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3.2. Experimental procedures 

3.2.1. Materials 

High specific activity [3H]nicotine (10 Cilmmol, >98% purity) was obtained from Tocris Cookson Inc. 

(MO, USA), [3H]cotinine from American Radiolabeled Chemicals, Inc. (MO. USA) and ['4C]sucrose 

(4.75 mCilmmol) from Dupont-New England Nuclear (MA, USA). [3H]~icotine and [3H]cotinine 

were dried prior to being dissolved in perfusion buffer to remove volatile tritium contaminants 

including 3H20. 

3.2.2. Animals 

Male Fisher-344 rats, 220 - 330 g were purchased from Charles River (NC, USA). Animals were 

housed in pairs in standard polypropylene cages in a vivarium maintained at approximately 20 "C - 
22 "C and 50% humidity with a 12 h lighffdark cycle. Filtered water and rodent chow (Laboratory 

Animal Resource Center, Lubbock, TX, USA) were available ad libitum throughout the study. All 

studies were approved by the Animal Care and Use Committee of Texas Tech University Health 

Sciences Center (TX, USA; protocol number 04-010-04) and were conducted in accordance with 

the NIH Guide for the Care and Use of Laboratory Animals. 

3.2.3. Nicotine administration through osmotic mini-pump 

Osmotic mini-pumps (2ML4, 28 day, capacity: 2.098 ml; Durect Corporation, CA, USA) were 

loaded with (S)-nicotine (4.8 mglkglday; dissolved in sterile saline) or 0.9% saline as control. 

Chronic nicotine administration was comparable to previous methodology that provided nicotine 

and cotinine blood levels similar to those found in heavy smokers." Prior to implantation, osmotic 

mini-pumps were primed in sterile saline at 37 OC for 24 h according to the manufacturer's 

specifications. The osmotic mini-pumps were then implanted interscapularly3' into the rats. 

In brief, the surgical procedure entailed the following: the animals were sedated with sodium 

pentobarbital (50 mglkg) after which a small thoracolumbar subcutaneous incision (-3.5 cm) was 

made and a pocket projecting caudally, large enough to accommodate the osmotic mini-pump, was 

opened using a blunt hemostat. Manual insertion of the osmotic mini-pump was completed under 

sterile conditions and the wound closed with surgical staples. Rats were monitored during recovery 

after which they were eating and grooming normally with ad libitum access to food and water. The 

contents of the osmotic mini-pumps were released over a period of 28 days at a rate of 2.5 pUhr. 

Nicotine levels (-72 nglml) were verified by HPLC in a subset of animals on day 28. 
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3.2.4. Perfusion procedure 

After 28 days of nicotine exposure, animals were anesthetized with sodium pentobarbital 

(50 mglkg; intraperitoneal). The brain uptake of [3H]nicotine and [3H]cotinine was assessed using 

the in situ rat brain perfusion technique of Takasato et a/. (1984) and Smith & Allen (2003)".~~ with 

modifications described by Smith (1996) and Allen & Smith ( 2001 ) .~ .~~  A polyethylene-60 catheter 

filled with heparinized saline (100 unitslml) was placed into the left common carotid artery after 

ligation of the left external carotid, occipital, and common carotid arteries (common carotid artery 

ligation was accomplished caudally to the catheter implantation site). The pterygopalatine artery 

was left openm (figure 3.2). Rat body temperature was monitored and maintained at 37 "C by a 

heating pad and feedback device (YSl Indicating Controller, Yellow Springs, Ohio). The buffered 

physiologic perfusion fluid used was titrated to pH 7.4 (osmolarity -290 mOsm; verified) and 

contained (mM): NaCl 128, NaP03 2.4, NaHC03 29.0, KC1 4.2, CaCl 1.5, MgCl 0.9, and D-glucose 

9 with 0.33 ~Ci lml  [14~]sucrose, and either 0.5 ~Ci lml  [3~]nicotine or 1.0 ~Cilrnl [3~]cotinine. 

Immediately prior to perfusion, the fluid was filtered and warmed to 37 "C, and gassed with 95% air 

and 5% C02. 

I >Synaptic 
blood 

Figure 3.2: Diagram of in situ brain perfusion technique of right cerebral hemisphere in 

the ratz4 
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The perfusion fluid was infused into the left carotid artery via infusion pump for 60 s at 10 mllmin 

(Haward Apparatus, MA, USA). This level of flow maintained carotid artery pressure at -120 mm 

Hg. Rats were decapitated, the brain rapidly removed from the skull, and the perfused hemisphere 

dissected on ice after removal of the arachnoid membrane and meningeal vessels. Brain regions 

and perfusion fluid samples were digested overnight at 50 "C in 1 ml of 1 M piperidine. Dual 

labeled scintillation counting of brain and perfusate samples was then accomplished with correction 

for quench, background and efficiency (Beckman Coulter, LS6500 Multipurpose scintillation 

counter, CA, USA). 

3.2.5. Kinetic analysis 

Concentrations of tracer in brain and perfusion fluid are expressed as dpmlg brain or dpmlml 

perfusion fluid, respectively. A brainlperfusate distribution volume was ascertained as describedz5 

from the following relationship: 

Brain distribution volume = 

Where, Q* = quantily of hacer in brain (dpdg) at the end of perfusion I 
C' = concentration of tracer in perfusion fluid (dpmmt) I 

Unidirectional uptake transfer constants, or K,,,, were then calculated from brain distribution volume 

versus time, using linear regression ana~ysis,'~ by equation 2: 

Equation (2) 

Where, K.,, = unidi~.?ctional uptake transfer 

T = perfusion time is) 

Vo = extrapoated intercept (T = 0 s; Vascular volume'in mug) 

Tracer trapped in the vascular space was accounted for by subtracting the vascular volume 

(concurrently measured with ['4~]sucrose). 
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Cerebral perfusion flow rate (F) was determined and was in agreement with previously published 

values (data not sho~n).~ '  Kin values were then converted to apparent cerebrovascular 

permeability-surface area products (PA) using the Crone-Renkin equation be~ow:'~ 

PA = - F  b ( l -~&, )  Equation (3) 

Where, PA = permeability-surface area prvducb 

F = cerebral penision flow rate 

3.2.6. Statistical analysis 

Data presented are from total left hemispheric brain, unless otherwise specified. Brain PA and K, 

were evaluated by Student's t-test (95% confidence level), and regional data were evaluated by 

one-way ANOVA analysis followed by Bonferroni's multiple comparison test. A priori, differences 

were considered statistically significant at p < 0.05. Errors are reported as standard error of mean 

(SEM) (GraphPad Prism version 4.0 for Windows, GraphPad Software, San Diego, CA). 

3.3. Results 

Brain uptake of [3~]nicotine was evaluated with short perfusions of 15 s (figure 3.3A and 3.2) to 

prevent significant brain to blood efflux (i.e., unilateral uptake) and metabolism of nicotine to 

cotinine. No significant difference in total brain [3~]nicotine uptake (cerebral perfusion flow rates) 

were noted between naive (3.11 + 0.42 x 10.' mlldg) and nicotine treated (3.31 5 1.1 x 10.' mlldg) 

rats (figure 3.3A). To further verify that chronic nicotine exposure did not alter flow, we also 

evaluated [3~]diazepam perf us ion^.^' As seen in figure 3.38, no apparent flow alterations were 

noted between control (5.11 + 0.98 x 10.' mllslg) and nicotine exposure (4.61 5 0.81 x 10.' mlldg). 

The increased cerebral perfusion flow rate with [3~]diazepam compared to [3~]nicotine was found 

to be consistent with previously published perfusion flow 
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Figure 3.3: Cerebral perfusion flowas measured by the brain uptake of [3H]diazepam(A)

and [3H]nicotine (8) in naive and nicotine treated rats (28 days x

4.8 mg/kg/day). No significant differences are noted between groups. Data

suggest that chronic nicotine exposure does not result in increased cerebral

perfusion flow or movement of [3H]nicotineacross the BBB. All data

represent mean + SEM for total brain; n = 6 for both points.

Regional brain analyses confirmed the lack of significant differences in [3H]nicotineuptake into

brain between naive and nicotine treated animals (figure 3.4). [3H]Nicotineuptake in this study

showed a similar pattern of cerebral perfusion flowcommonly found in in situ perfused brain, where

flowrates are found to be highest in the cortical regions (4.02:!: 0.59 x 10-2ml/s/g), and lower in the

cerebellum (1.39:!: 0.40 x 10-2ml/s/g) and pons medulla (0.94:!: 0.21 x 10-2mllslg).25
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Figure 3.4: Regional brain uptake of [3H]nicotinein naive rats and in nicotine treated rats

(28 days x 4.8 mg/kg/day). No significant changes were noted throughout all

brain regions. These data support those shown in figure 3.3 in that chronic

nicotine exposure does not appear to increase [3H]nicotineuptake across the

BBB. All data represent mean + SEM; n = 6 for all points.

Considering that [3H]cotininebrain uptake is approximately 10 fold less than that of [3H]nicotine,the

evaluation of [3H]cotinineuptake required the plotting of distribution volume per time, subtraction of

vascularvolume,and linearregressionanalysisto accuratelyestimateuptakerate (Kin). As shown

in figure 3.5A and B, the total brain uptake of [3H]cotinine in animals subjected to chronic nicotine

exposure (2.07 ! 0.25 x 10-3ml/s/g) was found not to be significantly altered from control in whole

brain (2.03! 0.17 x 10-3mils/g) or regionally (figure 3.6).
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Figure3.5:

Kinof cotinine (mils/g) = 2.07:1:0.25 x 10-3

Brain vascular IA:>lume(mllg) =1.31 :I: 0.30 x 10-2

10 20 30

Time (8)

40 50 60

0.20

0.15

Kinof cotinine (mils/g) =2.03:1: 0.17 x 10-3

Brain vascular IA:>lume(mllg) =1.33 :t 0.34 x 10-2

10 20 30

Time (8)

40 50 60

Time course of [3H]cotinine brain uptake and cerebrovascular volume in

naive rats (A) and in nicotine treated rats (B) (28 days x 4.8 mg/kg/day).

Calculation of [3H]cotinine ~n is based upon linear regression of brain

distribution volume per time. No significant differences are noted between

groups. Data suggest that chronic nicotine exposure does not result in

increased movement of [3H]cotinine across the BBB. All data represent

mean ~ SEM for total brain; n = 3-5 for all points (where SEM is not visible,

the SEM is contained within the symbol).
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Figure 3.6: Regional brain uptake of [3H]cotininein naive rats and in nicotine treated rats

(28 days x 4.8 mg/kg/day). Similar to whole brain studies, no significant

changes were noted. All data represent mean + SEM; n = 3-5 for all points.

In contrast to [3H]nicotineregional data where flow differences result in changes of uptake between

cortical and subcortical regions, [3H]cotinine is a permeability limited compound and regional

alterations of [3H]cotinine brain uptake are minimized (cortex: 2.13 .:!:0.26 x 10-3ml/s/g; pons

medulla: 1.60.:!:0.19 x 10-3ml/s/g).

Vascular volume measurements after chronic nicotine exposure (using the impermeable marker

[14C]sucrose)were also assessed concurrently in all experiments to determine BBB integrity (Le.,

increased vascular volumes would indicate BBB disruption). Preliminary experiments in our

laboratory demonstrated that control osmotic mini-pump (containing 0.9% saline) implantation

procedures had no effect on baseline vascular volume (data not shown). With regard to nicotine

and cotinine exposure, total brain vascular volume did not significantly vary between control (1.33 .:!:

0.34 x 10-2mllg) and nicotine treated groups (1.31 .:!:0.30 x 10-2ml/g) (figure 3.5A and B). Also, no

regional alterations in vascular volume were noted (figure 3.7).
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Figure 3.7: Regional vascular volume (measured by [14C]sucrose)in naive rats and in

nicotine treated rats (28 days x 4.8 mg/kg/day). C4C]sucrose does not

penetrate the BBB in the time frames evaluated and therefore accurately

measures BBB integrity. No significant changes were noted between naive

rats and in nicotine treated groups. All data represent mean + SEM; n = 3-5

for all points.

3.4. Discussion

Data presented in the current study demonstrate that, in accordance with our hypotheses: 1)

[3H]cotinine penetrates the BBB, 2) [3H]nicotineBBB uptake into brain is not altered after chronic

nicotine exposure as measured in the in situ perfusion model, and 3) similar to the data found for

[3H]nicotine, eH]cotinine BBB transfer is not altered by chronic nicotine exposure. To our

knowledge this is the first report detailing brain uptake of nicotine and cotinine following chronic in

vivo nicotine exposure and also a thorough rate determination study of cotinine BBB penetration

(figure 3.8).
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Figure 3.8: An illustration depicting previous work as well as our results from this study

which found that cotinine is transferred across the BBB. (A * indicates

resultsof thisstudyin naiveratsand0 for nicotinetreatedrats.)

Chronic tobacco exposure decreases cerebral blood flow33 and accordingly diminishes BBB

transferof compoundsthat are flowdependent(i.e., extractionapproximately~ 80%). Therefore,

to determine if nicotine alone has a similar effect, we evaluated the uptake of (3H]diazepamin both
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naive and chronic niwtine treated animals. It appears from our data that cerebral perfusion flow 

values are not significantly altered in the presence of chronic nicotine exposure. However, our data 

do not preclude the influence of effects on cerebral blood flow due to in situ model limitations, 

including secondary loss of cerebral blood flow (such as the absence of auto-regulatory factors in a 

pump driven organ perfusion flow system). 

Earlier work by the group of Ghosheh on the brain distribution of nicotine found increased levels 

(i.e., distribution) of nicotine in brain following chronic nicotine exposure.3 The authors suggested 

several rationales for the increased nicotine brain distribution including alterations in BBB transfer 

rates, increased nAChR binding, and sequestering of nicotine in glial cytosol through its protonation 

(pKa =9.13, glial cytosol pH - 6.5-7.0).= Our data explored the first rationale proposed by 

Ghosheh's group. In our experiments, the BBB transfer of [%]nicotine was found to be -70% of 

flow ([3~]diazepam uptake) and consequently should only be minimally influenced by flow 

alterations. Therefore, if chronic nicotine exposure resulted in BBB alterations that may influence 

blood-brain transfer of [3~]nicotine, such influences should be apparent in our model. However, 

our findings suggest that there is no alteration of [3H]nicotine brain uptake after chronic nicotine 

exposure either in whole brain or in any measured brain region. Therefore, we suggest that the 

increased CNS distribution of nicotine seen in previous studies may be from the result of either 

increased neuronal binding or glial sequestering. 

Nicotine primarily undergoes liver aldehyde oxidation via CYP2A6 in humans or CYP2B1 in rats to 

form ~otinine,'.'.~~.~~ the major metabolite of nicotine. There is controversy as to whether cotinine 

penetrates the BBB from p l a ~ m a ~ . ' ~  or whether the detection of cotinine in brain is solely the result 

of central nicotine metabolism. Recently, nicotine has been shown to be metabolized via CYP2B1 

in rat brain and this process is upregulated after chronic nicotine exposure3 (though the amount of 

nicotine metabolism in brain has not been elucidated). However, if cotinine can transfer into brain 

in any reasonable amounts, the CYP2B1 mediated pathway may be of lesser importance. 

Therefore, in order to determine whether brain cotinine concentrations are also altered by BBB 

transfer in naive and nicotine treated animals, we evaluated the brain uptake of [3~]cotinine. 

Surprisingly, and contrary to previous reports our data demonstrate that there is significant BBB 

transfer of cotinine that is generally homogeneous among brain regions. The PA of [3~]cotinine is 

consistent for BBB passive diffusion of a molecule with a logP of 0.04.~",~' This rate of [3~]cotinine 

BBB penetration is significant considering that it is comparable to other neuroactive molecules 

including theophylline, adenosine and ~ho l ine.~~.~ '  
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Our evaluation of unidirectional influx of cotinine and nicotine into brain further suggests that the 

nicotine metabolite penetrates the BBB significantly. The average cotinine plasma levels measured 

in heavy smokers were found to be fairly stable and range from 250-350 n g ~ m l . ~ , ~ ~  Calculation of 

influx (influx = C x PA) reveals that cotinine enters brain at a rate of 0.5-0.7 nglslg or -43-61 

pglglday. On the other hand, nicotine plasma levels vary significantly, between 10-50 nglml in 

 smoker^,^^,^' following increment peaks of 5-30 nglml per cigarette (t% - 2 h).42,43 Therefore, 

assuming that the highest average nicotine plasma level is 40 - 50 nglml over a 24 h period, the 

BBB influx of nicotine should approximately be 1.32 -1.65 nglslg or 114 - 143 pglglday. 

Comparison of influx data measured for the two compounds suggests that cotinine enters the brain 

at amounts approximately 40% of that of nicotine regardless of prior nicotine exposure. While our 

studies did not include measurement of pharmacological activity, the data suggest that cotinine 

may penetrate the BBB to a degree that would allow central activity. 

Data presented in the current study also demonstrate that vascular volumes are not altered after 

chronic nicotine exposure. These data are consistent with other reports, demonstrating that 

chronic physiologically relevant nicotine exposure does not alter BBB integrity of epithelium" or 

endothelium in ~ i v o . ~ -  Taken together, these data suggest that chronic nicotine treated animals 

retain an intact BBB. In summary, our data demonstrate that both nicotine and cotinine significantly 

penetrate the BBB, and that transfer rates are not affected by chronic heavy nicotine exposure. 

Our next aim was to determine the effect of nicotine, cotinine, TMN, nicotine-containing smoke 

extract and nicotine-free smoke extract on biomarkers of the dopaminergic system in vitm. 
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4.1. Introduction 

In our previous experiments we found that blood to brain transfer of cotinine and nicotine is not 

affected after chronic nicotine exposure. Subsequently we wanted to investigate the effect of the 

readily available nicotine and cotinine in brain, as well as cigarette smoke extracts (CSEs) on TH 

and DAT regulation, important factors in the dopaminergic system. 

Our in vitro and subsequently our in vivo (chapter 5) experiments were conducted, with CSEs from 

~arlboro" filter and Questm 3 cigarettes, among other compounds. ~ a r l b o r o ~  filter cigarettes, a 

well known nicotine containing cigarette has been on the market for 50 years3 as opposed to 

Quest@' 3 that has only been on the market for less than 2 years and is only available in 8 of the 50 

states in the USA.~ Vector Tobacco Inc., an innovative tobacco research company, developed 

Questm cigarettes through genetic engineering. The basic technology of reduced-nicotine tobacco 

was developed in the mid 1990s by Dr. Mark Conkling of North Carolina State University. Through 

genetic engineering, tobacco plants are created that produce dramatically reduced levels 

(approaching zero content) of nicotine and nitr~samines.~ 

Vector Tobacco Inc. launched three Questm cigarettes that contain different levels of nicotine, 

ranging from 0.6 mg (Questm I), 0.3 mg (Questm 2) and no more than 0.05 mg (QuestQ 3) nicotine. 

Questm 1 has 17% less nicotine than an average 'lighr cigarette whereas Queste 2 has 58% less 

nicotine and Questm 3 is regarded as nicotine-free. The Questm range of cigarettes are not 

marketed as a smoking-cessation product, but rather is 'aimed at smokers who seek to reduce 

their nicotine exposure". Through this marketing maneuver, Questm is allowed on the market 

without the extensive testing required by the Food and Drug Administration (FDA) for approved 

smoking cessation products. 

Tobacco itself consists of over 4,000 chemical constituents. When a cigarette is lit, a burning zone 

is created at the end of the cigarette. The chemical constituents are then subject to temperatures 

ranging from ambient to approximately 950 "C in the presence of varying concentrations of 

oxygen.' Puffing and the smoldering between puffs are classified as the two types of burning that 

occur within a cigarette. Mainstream smoke is formed during puffing when air is drawn into the 

cigarette through the burning zone. There are several mechanisms that occur in the burning zone 

which contribute to the generation of smoke components, including combustion, pyrolysis, 

distillation and aerosol particle formation.' 

The interior of the burning zone can be divided into the exothermic combustion zone and the 

endothermic pyrolysisldistillation zone. Figure 4.1 provides a schematic representation of the 

major smoke formation mechanisms that occur inside the cigarette. 
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Figure 4.1: A schematic representation of processes involved in the burning cigarette, 

where A depicts the combustion zone and B the pyrolysis and distillation 

zone. [Modified from Baker (1987).~] 

(S)-Nicotine is the major stereoisomer of nicotine found in tobacco products that binds 

stereoselectively to ~ A C ~ R S . ~ . '  (/?)-Nicotine is present in small quantities in cigarette smoke, due 

to racemization during the pyrolysis process and is a weak nAChR agonist.' 

The potential contribution of cigarette smoke components including the major nicotine metabolite, 

cotinine is of particular importance to the neuropharmacological effects resulting from tobacco 

exposure. Therefore, to reiterate, our hypothesis states that nicotine and nicotine-containing CSE 

(N-CSE, ~arlboro@filter cigarettes), but not cotinine. TMN or nicotine-free CSE (NF-CSE, ~ues t@ 3 

cigarettes) upregulate TH and DAT in vifro in PC12 cells (chapter 2, section 2.5). PC12 cells were 

chosen for this study since this cell line exhibits several important characteristics including the 

presence of ~ A C ~ R S ' ~ ' ~  and the synthesis and release of DA. '~, '~ This is of particular importance 

since TH and DAT'~ are plentiful in dopaminergic terminals of the rat striatum where we will be able 

to correlate our in vitm data with our in vivo data. The PC12 cell line, therefore serves as an 

excellent model to examine the physiological regulation of TH and DAT. 

4.2. Experimental procedures 

4.2.1. Materials 

PC12 cells were obtained from the American Type Culture Collection (ATCC, MD, USA). RPMl 

1640 media and streptomycin/penicillin were purchased from Gibco (MD, USA). Horse serum and 

fetal bovine serum were obtained from JHR Biosciences (KS, USA). Poly-DL-Lysine, (S)-nicotine, 
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(S)-cotinine and dimethyl sulfoxide (DMSO) were purchased from Sigma Chemical Co. (MO, USA).

Propylene glycol (PG) was obtained from Fisher (PA, USA). Marlboro@filter (Philip Morris, Inc.,

VA, USA) and Ouest@3 cigarettes (Vector Tobacco Inc., NC, USA) were obtained from commercial

sources.

4.2.2. Preparation of smoke extracts

Commercial cigarettes (Marlboro@ filter cigarettes, Philip Morris Inc., VA, USA and Ouest@3, Vector

Tobacco Inc., NC, USA) were smoked continuously by the apparatus shown in figure 4.2.

Marlboro@filter cigarettes contain 1.1 mg nicotine per cigarette and Ouest@3 contains no more than

0.05 mg nicotine per cigarette and is therefore claimed to be a "nicotine-free" product (verified in

our laboratory, data not shown).

A 8

Vacuum/

Acetone

Fritted glass filter

Figure 4.2: Photograph (A) and schematic representation (8) of the apparatus used in

the preparation of the CSEs.

Mainstream smoke was drawn through 250 ml acetone by application of a vacuum to the acetone

containing vessel (see figure 4.2). Initially, vacuum generated by the vacuum pump was too strong

when directly connected to the smoke machine. Introducing a second chamber between the

vacuum pump and smoke machine to attenuate the vacuum's intensity solved this problem. The
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apparatus can hold up to eight cigarettes simultaneously. To simulate a smoker, each cigarette 

was smoked for a total of 5 min with alternating increments of puffing (3 s) and rest (30 s). 

A CSE-acetone solution was generated which was evaporated under vacuum to yield the smoke 

condensate residue. The residue was subsequently redissolved in PGIdimethyl sulfoxide 

(PGIDMSO, 1:1) to ensure a "highdose" smoke condensate (120 mglml)." The products of the 

~arlboro" and ~ues t "  cigarette extraction were designated as nicotine containing CSE (N-CSE) 

and nicotine-free CSE (NF-CSE) respectively. 

4.2.3. Synthesis of 2,3,6-trimethyl-1,4-naphthoquinone (TMN) 

The method of Khalil et a/. (2000) was used with minor modifications.18 Briefly, 2,3dimethyl-1,4- 

benzoquinone (1.0 g, 7 mmol) was prepared as described elsewhere" and subsequently heated in 

a sealed vial at -80 IP: for 3 h with isoprene (0.57 g, 8.4 mmol) in 2 ml ethanol. This mixture was 

evaporated under reduced pressure to yield 2,3,6-trimethyl-4a,5,8,8a-tetrahydro-l,4-naphtaquinone 

(figure 4.3). The crude tetrahydronaphthoquinone (0.8 g) was heated under reflux in xylene (30 ml) 

containing PdIC (800 mg), for 7 h. The mixture was then cooled, filtered and the solvent removed. 

The residue was subsequently filtered through a column of neutral A1203 (50 g) using CHCI3. The 

fractions containing TMN were crystallized from absolute ethanol to yield 0.3 g (37%) of pure TMN. 

The melting point (uncorrected) was determined to be between 97 - 103 E. Literature reports the 

melting point of TMN as 103 C Z O  Attenuated total reflectance Fourier transform infrared 

spectroscopy (ATRIFT-IR) was used for identification and the spectrum was in agreement with 

previous reports (see figure 4.4).m 
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isoprene 
3 hours 

Figure 4.3: Synthesis of TMN. [Modified from Khalil et a/. (2000).~8] 

Figure 4.4: ATRIFT-IR spectrum of TMN. 
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4.2.4. PC12 cell culture procedure 

The procedure of Hiremagalur (1993) was used with  modification^.^' PC12 cells were seeded into 

35 mm Petri dishes coated with poly-DL-lysine at a density of 3 x 10' cellslml. The cells were 

grown in RPMl 1640 medium supplemented with 10% horse serum, 5% fetal bovine serum, 

25 Ulml penicillin and 25 pglml streptomycin. The culture medium was replaced every 2 - 3 days. 

The cells were maintained in an incubator at 37 "C, 95% relative humidity and 5% C02. 

On the day of treatment, the culture media was exchanged with fresh media, and the compounds 

were added to each culture dish, with the control dish receiving PGIDMSO alone. The final 

concentration of (S)-nicotine, (S)-cotinine and TMN was 100 pM, whereas the concentration for N- 

CSE was calculated to ensure that the nicotine content was approximately 100 pM, assuming 50% 

nicotine extraction. Accordingly, the same weightlvolume was used for the NF-CSE which was 

used for the N-CSE. 

The cells were incubated for 24 h with the respective compounds after which the cells were 

prepared for Western Blot analysis by trypsinizing (0.25%), adding 1 ml of a mixture of culture 

media and serum followed by aspiration. The total volume of the samples were transferred to their 

respective microcentrifuge tubes and centrifuged at 10,000 x g for 10 min. The pellet was 

resuspended in 500 p1 ice-cold solution of 0.1 M sodium phosphate buffer (pH 7.4), after which the 

samples were sonicated for 2 x 10 s with 10 s intervals between the sonications. The samples 

were then centrifuged at 10,000 x g for 10 min whereafter the supernatant was stored at -75 "C 

until the day of analysis. 

4.2.5. Western blot analysis 

The protein concentration of each sample was determined according to the method of ~radford." 

An aliquot of thawed supernatant equivalent to 50 pg protein was lyophilized. Distilled water (20 pl) 

and 5 pl sample buffer [sodium dodecyl sulphate (SDS) 5%; glycerol 40%; TRIS-HCI 0.5 M pH 6.8; 

P-mercaptoethanol 10%; bromophenol blue 0.04%] were added to each sample, boiled for 5 rnin to 

denature the protein and subsequently centrifuged at 10,000 x g for 10 min. 

Twenty five microlitres of each sample was subjected to SDS-polyacrylamide gel electrophoresis 

(10% acrylamide/0.27% N,N-methylenebisacrylamide resolving gel) for 120 min at 120 volts. 

Samples were transferred to polyvinylidene difluoride (PVDF) membranes (Millipore) for 210 min at 

60 mA. The membranes were rinsed in TTBS (Tween Tris buffer saline, Tris 10 mM; NaCl 145 

mM; Tween-20 0.25%) hnilce for 5 min each and incubated overnight at 4 "C in blocking buffer 

(4.5% non-fat dry milk in lTBS) followed by incubation overnight at 4 "C with primary antibody 
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(monoclonal anti-TH, 1:10,000 or polyclonal anti-DAT 1:lOO). After the membranes were rinsed 

twice with TTBS for 5 min, they were incubated for 120 min with horseradish peroxidase- 

conjugated secondary antibody in blocking buffer [1:4,000 anti-mouse IgG (H+L)] at room 

temperature (20 "C) for 120 min. 

Finally, the membranes were washed twice with TTBS for 5 min each and developed on X-ray films 

for 3 min using standard enhanced chemiluminescence (ECL) solution. 

4.2.6. Statistical analysis 

The level of luminescence emitted from each band within a set area was detected using the 

VersaDoc Model 1000 System (Biorad). Quantity One, Version 4.4.0 software (Biorad, CA, USA) 

was used to quantify the luminescence and density of bands. The optical density obtained from the 

blot of the control rats' samples were compared to that of the blots of the treated rats. The optical 

density data were analyzed with Prism 3 (GraphPad Prism version 3.0 for W~ndows, GraphPad 

Software, San Diego, CA) using Student's t-test with the confidence level set at 95%. Errors are 

reported as SEM. 

4.3. Results and discussion 

Previous reports have documented that nicotine not only stimulates nAChRs in the VTA and SN 

which evokes DA release in the dorsal (caudate and putamen) and ventral striatum (NAC),~, '~ but 

also promotes DA biosynthesis by increasing TH act i~i ty. '~,~ Increased TH activity is subsequently 

reflected by an increase in TH protein which results from increased expressi~n.~'-~~ Studies 

performed with nicotine and other nAChRs agonists indicate that TH mRNA is induced in cultured 

adrenal medullary cell model  system.^.^'.^^,^' Othe r studies, performed in PC12 cells, indicated that 

nicotine treatment increase TH gene expression (~RNA) .~ ' .~ '  

Although nicotine is the major component found in cigarette smoke, there are more than 4.000 

chemicals in tobacco products.33 Therefore, to elucidate whether there is any contribution from 

nicotine's main metabolite, cotinine, or other compounds found in CSE (other than nicotine) to the 

changing TH protein levels, we investigated the effect of 24 h exposure of (S)-nicotine. (S)-cotinine, 

TMN or CSEs obtained from Marlboro" and ~ues t@ in PC12 cells, on TH regulation. These data 

support our hypothesis in that (S)-nicotine (p < 0.05) and Marlboro" (N-CSE, p < 0.05), but not 

(S)-cotinine and ~ues t "  (NF-CSE) upregulate TH (figure 4.5). 
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Figure 4.5: Changes in TH protein levels (8) assayed by western blot of PC12 cells

treatment with (S)-nicotine, (S)-cotinine, Marlboro~ (N-CSE), Quest~

(NF-CSE) or TMN. Representative TH western blots (A) and summary data

(mean :f: SEM, n =2 for each group) are shown. (Images enhanced in

Adobe Photoshop.)

Our data support previous findings21.32of increased TH protein levels after nicotine treatment, since

an increase in TH protein is a result of increased TH mRNA.21Cotinine, however, had no effect on

TH protein levels after 24 h treatment in PC12 cells. As opposed to Marlboro~, Quest~ 3 (a

nicotine-free cigarette) used in this study, is claimed to have all the other ingredients of cigarette

smoke except nicotine and nitrosamines, the cancer causing agents in cigarette smoke. Therefore,

apart from nicotine and the nitrosamines, we propose that other compounds in cigarette smoke do

not contribute to altered TH protein levels as seen with Marlboro~treatment of the PC12 cells.

There is however a statistical significance between TH upregulation caused by nicotine and

Marlboro~. This can be explained by keeping the followingin mind: for the current in vitrostudy, as

well as our in vivo experiments (see chapter 5), we extracted cigarette smoke through acetone.
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This organic solvent was chosen since the acetone extract was found to exhibit the greatest 

MAO-B inhibition activity (one measure of pharmacological activity elicited by extracted 

compounds) in vitro, as opposed to the hexane or 0.1 M sodium phosphate buffer." When the in 

vitro experiments were performed, extraction rates were assumed to be 50%. The greater 

upregulation of TH by ~ a r l b o r o ~  can be explained by assuming that the extraction procedure was 

more successful (> 50 %), with a higher nicotine content than what was calculated for. 

In conclusion, since TH regulation is nAChR mediated,35 we conclude that TH regulation is 

dependent on full nAChR agonism, since cotinine, a weak nAChR agonist did not affect TH 

regulation. To our knowledge, this is the first report on the effect of cotinine, TMN and CSEs on TH 

regulation performed in PC12 cells. 

In 1996 Hart and Ksir reported that nicotine increases DA clearance (enhance DAT function) in the 

NAc in anesthetized rats.36 A more recent study which supports these data, performed by 

Middleton et al. in 2004~' found that DAT function in the striatum and medial prefrontal cortex of rat 

is enhanced by nicotine after subcutaneous treatment. However, in vitm data obtained from 

various studies did not support these findings. In vitro studies showed that nicotine causes a 

decrease in DA uptake into PC12 cells.38 Findings from our laboratoty pertaining to DAT 

expression in PC12 cells treated with (S)-nicotine, (S)-cotinine. N-CSE, NF-CSE or TMN for 24 h, 

was inconclusive in this regard (data not shown). 

In vitro experiments do not take the complexity of the biological system into account. Therefore, 

our next aim was to determine the effects on TH and DAT regulation in rats after chronic treatment 

with (S)-nicotine, (S)-cotinine, N-CSE and NF-CSE. 
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N-CSE nicotine containing cigarette smoke extract (~arlboroB) 

NF-CSE nicotine-free cigarette smoke extract (Cluest@) 

5.1. Introduction 

The neurotransmitter, DA plays a crucial role in both PD and addiction. The dopaminergic 

pathways of importance are the mesocorticolimbic and nigrostriatal systems in PD and addiction 

respectively. In PD, the loss of dopaminergic neurons is responsible for the symptoms and signs of 

muscular rigidity, tremor and bradykinesia.' However, in the case of addiction, the reinforcing 

properties of nicotine lie in the release of DA from the presynaptic 
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An enzyme that plays a pivotal role in DA synthesis is the cystolic enzyme, TH, which catalyzes the 

conversion of tyrosine to L-DOPA. DAT, as a transmembrane transporter, is responsible for the 

recycling of DA back into the presynaptic neuron from the synaptic cleft. 

Since smokers are both addicted to smoking as well as showing a lower incidence of PD, the two 

biomarkers of the dopaminergic system, TH and DAT, which accounts for both PD and addiction, 

were assessed in vivo in this study. 

5.2. Experimental procedures 

5.2.1. Materials 

(S)-Nicotine, (S)-cotinine and monoclonal anti-TH were purchased from Sigma (MO, USA). 

Polyclonal anti-DAT was purchased from Santa Cruz (CA, USA). Anti-mouse IgG (H+L), 

horseradish peroxidase-conjugate was purchased from Promega (WI, USA). ECL solution was 

purchased from Amersham Pharmacia Biotech (NJ, USA). All other solvents were purchased from 

commercial sources. 

5.2.2. Animals 

Male Sprague-Dawley rats, 200 - 250 g were obtained from Charles River (NC, USA). Animals 

were housed in pairs in standard polypropylene cages in a vivarium maintained at approximately 

20 "C - 22 "C and 50% humidity with a 12 h lightldark cycle. Filtered water and rodent chow 

(Laboratory Animal Resource Center, Lubbock, TX, USA) were available ad libitum throughout the 

study. All studies were approved by the Animal Care and Use Committee of Texas Tech University 

Health Sciences Center (TX, USA; protocol number 03-015-06) and were conducted in accordance 

with the NIH Guide for the Care and Use of Laboratory Animals. 

5.2.3. Preparation of smoke extracts 

The preparation of the CSEs was conducted according to the method in chapter 4, section 4.2.2. 

In short, the CSEs were obtained by drawing either ~ a r l b o r o ~  or Cluest@ cigarette smoke through 

250 ml acetone with a vacuum pump. The CSE-acetone solution was removed under reduced 

pressure and the residue re-dissolved into a mixture of PGIDMSO (1:l) to ensure a "high-dose" 

CSE of 120 mgl~nl .~ 
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5.2.4. Preparation and implantation of osmotic mini-pumps 

The preparation and implantation of the osmotic mini-pumps were conducted according to the 

method in chapter 3, section 3.2.3 with modifications. Osmotic mini-pumps (2ML4, 28 day, 

capacity 2.098 ml; Durect Corporation, CA, USA) were loaded with solutions containing N-CSE 

(120 mglml ~arlboro@-CSE), NF-CSE (120 mglml ~uest@-CSE), (S)-nicotine (4.8 mglkglday) or 

(S)-cotinine (5.2 mglkglday). Both (S)-nicotine and (S)-cotinine were dissolved in PG whereas the 

CSEs were dissolved in PGIDMSO (1:l). The animals were sedated with 0.7 mllkg of a mixture of 

ketamine (100 mglml), xylazine (20 mglml) and acepromazine (10 mglml). 

5.2.5. Western blot analysis 

The western blot analysis was conducted according to chapter 4, section 4.2.5 with modifications. 

Striatal homogenates of treated Sprague-Dawley rats were prepared as follows: rats were 

euthanized by carbon dioxide and decapitation on day 28. The striata were rapidly removed on ice, 

weighed and homogenized with a disposable Kontes Pellet Pestle in an ice-cold solution of 0.1 M 

sodium phosphate buffer (pH 7.4, 10 pllmg tissue weight).' Protein concentration was determined 

according to the method of ~radford .~  The homogenates were stored at -75 "C until western blot 

assay. 

Each sample was prepared where an aliquot of thawed homogenate, equivalent to 50 pg protein, 

was added to 2.5 p1 NaCl (500 mM) and 2.5 p1 10% SDS. Distilled water was added to the 

preparations to ensure a final volume of 25 pl. The samples were aspirated and 4x sample buffer 

(SDS 5%; glycerol 40%; TRIS-HCI 0.5 M pH 6.8; P-mercaptoethanol 10%; bromophenol blue 

0.04%) was added, boiled for 5 min to denaturate the protein, followed by centrifugation at 

10,000 x g for 10 min. 

A 15 p1 aliquot of each sample was subjected to SDS-polyacrylamide gel electrophoresis (10% 

acrylamidel0.27% N,N-methylenebisacrylamide resolving gel) for 120 min at 120 volts. Samples 

were transferred to PVDF membranes for 210 min at 60 mA. The membranes were rinsed twice 

for 5 min each in TTBS and incubated overnight at 4 "C in blocking buffer (4.5% non-fat dry milk in 

TTBS) followed by incubation overnight at 4 "C with primary anitbody (monoclonal anti-TH, 

1:10,000 or polyclonal anti-DAT, 1:lOO). After the membranes were rinsed twice with TTBS for 

5 min, the membranes were incubated for 120 min with horseradish peroxidase-conjugated 

secondary antibody in blocking buffer [1:4.000 anti-mouse IgG (H+L)] at room temperature (20 "C) 

for 120 min. 
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Finally the membranes were washed twice with TTBS for 5 min each and developed on X-ray films 

for 5 s using ECL solution. 

5.2.6. Statistical analysis 

The level of luminescence emitted from each band within a set area was detected using the 

VersaDoc Model 1000 System (Biorad). Quantity One, Version 4.4.0 software (Biorad, CA, USA) 

was used to quantify the luminescence and density of bands. The optical density obtained from the 

blot of the control rats' samples were compared to that of the blots obtained from treated rats. The 

optical density data were analyzed with Prism 3 (GraphPad Prism version 3.0 for Windows, 

GraphPad Sofhvare, San Diego, CA) using Student's t-test with the confidence level set at 95%. 

Errors are reported as SEM. 

5.3. Results and discussion 

The biomarkers, TH and DAT investigated in our previous chapter, are of central importance to 

both PD and addiction. Our in vitro findings suggested that (S)-nicotine and N-CSE led to 

upregulation of TH. We concluded that this effect is mainly due to (S)-nicotine's effect as opposed 

to other compounds in CSE. 

To determine the effect of CSE in vivo we treated male Sprague-Dawley rats for a period of 28 

days to simulate chronic nicotine exposure as opposed to acute exposure in vitro investigated in 

the previous chapter. 

It is known from literature that chronic nicotine treatment produce long-lasting effects on the 

catecholaminergic neurons in the brain, many of which are due to the ability of nicotine to modulate 

gene expression.',' One of the genes that is upregulated by nicotine encodes for the rate-limiting 

enzyme in the DA biosynthesis pathway, TH. Studies performed in rats indicated that TH mRNA 

levels increased in the adrenal medulla, a TH rich organ, after chronic nicotine treatment, an effect 

that is nAChRs mediated.' 

Our results support previous findings'' that chronic nicotine exposure causes an increase in TH 

regulation in the rat striatum in vivo. The results of the TH westem blot assays are shown in 

figure 5.1. Our data support our hypothesis (chapter 2, section 2.5) in that striatal TH was 

upregulated in rats after 28 days of treatment with (S)-nicotine (p c 0.005) and N-CSE (p < 0.005). 

Conversely, there was no statistically significant difference in the regulation of striatal TH when rats 

were treated with (S)-cotinine or NF-CSE. These findings suggest that the major compound in 
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CSE which was responsible for TH upregulation was nicotine with little contribution by other 

compounds found in CSE. 

Controls Treated rats 

A - 

. - 
Control Nicotine Cotinine Marlbow " Qwst' 

(NCSE) (NFCSE) 

Figure 5.1: Changes in TH protein levels (B) assayed by western blot of rat striata after 

chronic treatment with (S)-nicotine, (S)-cotinine, ~arlboro" (N-CSE) or 

~ues t "  (NF-CSE). Representative TH western blots (A) and summary data 

(mean * SEM, n = 5 for each treatment group and n = 2 for controls) are 

shown. (Images enhanced in Adobe Photoshop.) 

A study performed in 2004 by Li et a/. showed that chronic nicotine administration to rats and 

passively inhaled smoke by rats greatly upregulated DAT mRNA in the VTA and SN." This study 

by Li et a/. (2004)'' was first in examining the effect of chronic nicotine treatment on DAT rnRNA 

levels. Our data support our hypothesis and previous findings from Li et a/. (2004)'' in 

demonstrating that (S)-nicotine (p < 0.005) and N-CSE (p < 0.05) upregulated DAT in a statistically 

significant manner. There was no statistically significant diierence in the regulation of striatal DAT 
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after chronic (S)-cotinine and NF-CSE administration (figure 5.2). As with our in vivo TH regulation, 

these findings suggest that the major compound in CSE which was responsible for DAT 

upregulation was nicotine little contribution by other compounds found in CSE. 

In conclusion, since both TH and DAT regulation are nAChR me~liated,'.'~ we conclude that TH and 

DAT regulation is dependent on full nAChRs agonism, since cotinine, a weak nAChR agonist did 

not affect TH or DAT regulation in vivo. To our knowledge, this is the first report on the effect of 

cotinine, N-CSE and NF-CSE on TH and DAT regulation in rats. 

A 
Controls Treated rats 

A- 
(S)-Nicotine 'II. L U e  

Control Nicotine Cotinine Madboro " Quest" 

(NCSE) (NF-CSE) 

Figure 5.2: Changes in DAT protein levels (B) assayed by western blot of rat striata after 

chronic treatment with (S)-nicotine, (S)cotinine, ~arlboro@ (N-CSE) or 

Cluest@ (NF-CSE). Representative DAT western blots (A) and summary data 

(mean * SEM, n = 5 for each treatment group and n = 2 for controls) are 

shown. There was no statistical significance in striatal DAT regulation of the 

Cluest@ and (S)totinine treated rats. (Images enhanced in Adobe 

Photoshop.) 



Chaoter 5 TH and DAT reoulation in vivo 

Our next aim, the effect of various compounds and CSEs on DA release from rat striatal 

synaptosomes, ties in with our in vitm and in vivo studies on the dopaminergic pathway biomarkers. 
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6.1. lntroduction 

In our preceding experiments (reported in chapter 4 and 5), we studied the effects of nicotine, 

cotinine and CSEs on the dopaminergic system in terms of DA synthesis (TH regulation) and 

uptake from the synaptic clefl (DAT regulation). 

The dopaminergic system is an important e n t i  in the pathophysiology of PD. Epidemiological 

studies have indicated that smokers are less likely to develop PD as opposed to non-smokers."' 

DA does not only play a critical role in PD, but also in cigarette smoke addiction. Substantial 

evidence from various animal studies demonstrated that DA release in the ventral striatum results 

in the reinforcing properties of Several of these studies have used nicotine doses that 

simulate human cigarette 
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Since we have already established the effect of nicotine, cotinine and CSEs on the dopaminergic 

biomarkers, TH and DAT, we aimed to also determine the effect on DA release from striatal 

synaptosomes. Our hypothesis (chapter 2, d ~ o n  2.5) is that (S)-nicotine and N-CSE but not (S)- 

cotinine, NF-CSE or TMN release DA from rat striatal synaptosomes. From these studies we hope 

to determine whether nicotine is the main mediator of DA release and whether there are other 

additive or antagonistic compounds in CSE. 

6.2. Experimental procedures 

6.2.1. Materials 

[3~]~opamine (20.3 Cilmmol) was obtained from New England Nuclear (DE, USA). (S)-Nicotine 

and (S)-cotinine were purchased from Sigma (MO, USA). Buffer constituents were obtained from 

other commercial sources. 

6.2.2. Animals 

Male Sprague-Dawley rats, 200 - 250 g were obtained from Charles River (NC, USA). All studies 

were approved by the Animal Care and Use Committee of Texas Tech University Health Sciences 

Center (TX, USA; protocol number 04-003-02) and were conducted in accordance with the NIH 

Guide for the Care and Use of Laboratory Animals. 

6.2.3. Preparations of synaptosomes and dopamine release studies 

Rats were euthanized by gas anesthesia (isoflurane) and decapitated, whereafter the striata were 

rapidly removed on ice. The striatal tissue was homogenized in 4 ml sucrose buffer (0.32 M 

sucrose, 2 mM HEPES, pH 7.4) and subsequently centrifuged for 10 min at 1,000 x g. The 

supernatant was removed and centrifuged for 15 min at 10,000 x g. The resulting pellets (P2) were 

washed once and resuspended in incubation buffer (125 mM NaCI, 5 mM KCI, 1 mM MgC12, 

CaCI2.2HZO, 10 mM sucrose, 50 mM Tris-HCI, 0.05 pM pargyline, 0.1 pM ascorbic acid, pH 7.4), 

containing 100 nM [3~]dopamine (13H]DA) and incubated for 5 min at 37 C. The synaptosomes 

were subsequently recentrifuged at 10,000 x g for 10 min. 

The supernatant was discarded and the pellets washed once with cold incubation buffer before 

being resuspended. The synaptosomes were aliquoted into tubes, to which the drug was added 

and subsequently incubated for 1 min [(S)-nicotine, (S)-cotinine, NF-CSE or N-CSE] or 10 min 
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(TMN) at 37 C. Test compounds were dissolved in DMSO. The final DMSO concentration in the 

incubations did not exceed 0.1%, where the controls received 0.1% DMSOlbuffer solution alone. 

Synaptosomes subsequently received 3 ml of wash buffer at 37 C, were filtered through 1 micron 

glass microfiber filters Ma tman  GFIB) under vacuum and washed an additional 3 times with 37 

C buffer. Scintillation cocktail was added to each sample, followed by liquid scintillation counting 

to measure the radioactivity of [ 3 ~ ] ~ ~  within the synaptosomes. 

For each compound screened, fresh striatal tissue was used. A dose-response curve was 

determined for (S)-nicotine, (S)-cotinine and TMN whereas for N-CSE and NF-CSE, the extracts 

were screened at a concentration of 120 mglml (ensuring a final concentration of 300 pM nicotine 

assuming 50% extraction) (see chapter 4, section 4.2.4). For the NF-CSE, the same mglml ratio 

was used, assuming that the rest of the CSE composition was the same for both brands of 

cigarettes. 

6.2.4. Statistical analysis 

DA release data were evaluated by Student's t-test and concentration-response data were 

evaluated by non-linear least squares fit to a four parameter logistic equation. The resulting ECso 

values and the correlation coefficient (6 of the fit were calculated using Prism (GraphPad Prism 

version 4.0 for Windows, GraphPad Software, San Diego, CA). Errors are reported as SEM. 

6.3. Results 

The results of the [ 3 ~ ] ~ ~  release studies are shown in figures 6.1 to 6.4. From our data it is 

evident that nicotine mediated DA release from striatal synaptosomes in a dose-dependent manner 

(see figure 6.1). Under our laboratory conditions, the ECsO value of nicotine was 54 pM which was 

similar to an ECSo value between 1 and 4 pM as seen from previous ~ tud ies . '~ '~  The 8 of the 

sigmoidal fit was 0.909, suggesting a good fn of the experimental data. 

Figure 6.2 indicates that (S)-cotinine evoked DA release from striatal synaptosomes with an EC, 

value of 97 pM, which was similar to a previous reported ECs (30 pM) value for (S)-cotinine. The 

8 of the sigmoidal fit was statistically significant (8 = 0.702). 

In addition, we proceeded to determine N-CSE and NF-CSE mediated DA release from striatal 

synaptosomes. The results of these experiments are shown in figure 6.3. N-CSE mediated DA 

release in a statistical significant (p < 0.05) manner. Conversely, NF-CSE only released a small 

amount of DA, which was not statistically signhicant from the control. 
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Figure6.1: Dose-dependent release of striatal DA from synaptosomes by 

(S)-nicotine. The maximum DA release occurred at 300 pM (-3.5 log M) as 

opposed to the minimum release of DA at 1 pM (-6.0 log M). Data are 

represented as mean + SEM of three experiments, each done with triplicate 

determinations (where SEM is not visible, the SEM is contained within the 

symbol). 

log [Cotininel in M 

Figure6.2: Dosedependent release of striatal DA from synaptosomes by 

(S)cotinine. The maximum DA release occurred at 300 pM (-3.5 log M) as 

opposed to the minimum release of DA at 1 pM (-6.0 log M). Data are 

represented as mean + SEM of three experiments, each done with triplicate 

determinations. 



Chapter 6 in vltro dopamine release 

Control Marlbom " Cluest" 
(NCSE) (NFCSE) 

Figure 6.3: Release of striatal DA from synaptosomes mediated by CSE from N-CSE 

and NF-CSE. ~ a r l b o r o ~  released 13% DA from rat striatal synaptosomes 

when compared to control. Each bar represents the mean + SEM of three 

experiments, with triplicate determinations in each. Statistical significance (p 

c 0.05) is indicated by a *. 

TMN, the reversible MA0 inhibitor isolated from smoke tobacco, has been shown to be 

neuroprotective in the MPTP-mouse model through its MA0 properties.'7 Conversely to our 

hypothesis, it is evident from our data that TMN released striatal DA with an ECs value of 87 pM 

(figure 6.4). 

40 
-7 -6 4 4 3 

log [TMN] in M 

Figure 6.4: Dosedependent release of striatal DA from synaptosomes by TMN. The 

maximum DA release occurred at 100 pM (-4.0 log M) as opposed to the 

minimum release of DA at 0.1 pM (-7.0 log M). Data are represented as 

mean + SEM of three experiments, each done with triplicate determinations 

(where SEM is not visible, the SEM is contained within the symbol). 
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6.4. Discussion 

The previous chapters investigated the effect of CSE on the dopaminergic system, in particular the 

influence of (S)-nicotine, (S)cotinine, N-CSE and NF-CSE on TH as well as DAT regulation. 

Therefore, the influence of CSEs on both the synthesis as well as the re-uptake of DA, could be 

inferred from these data. 

It is known that nicotine stimulates presynaptic nAChRs (see chapter 2, section 2.3), which causes 

an influx of calcium into the neuron resulting in the release of DA. In the case of addiction, the 

release of DA from the presynaptic neuron is responsible for the reinforcing properties of 

ni~otine.~.'.'~ Since this release of DA is of critical importance in addiction, we investigated the 

effect of (S)-nicotine, (S)cotinine, TMN, N-CSE and NF-CSE on DA release in striatal 

synaptosomes to elucidate whether compounds other than nicotine might be responsible for the 

reinforcing effects of cigarette smoke. 

The effect of nicotine and cotinine on DA release has been well documented. We chose to include 

these compounds in our study as references to validate our in vitro model. The in vitro model for 

this experiment was striatal synaptosomes. Striatal synaptosomes are presynaptic neuronal 

vesicles that contain nicotinic receptors, Cal, calcium channels (previously designated L-type 

calcium channels) and D A T . ' ~ ~  

Previous studies have shown that nicotine has a transient effect on DA release in synapto~omes,~ 

necessitating us to use a 1 minute incubation time. From our studies we found that nicotine 

mediated striatal DA release in a dosedependent manner (figure 6.1). Our EC50 value, 54 pM, for 

DA release by nicotine was similar to that in ~iterature.'~" As expected, cotinine (figure 6.2) 

released DA from the synaptosomes to a lesser degree when compared to nicotine, with an ECm of 

97 pM. 

Mainstream CSE from nicotine containing cigarettes released DA from synaptosomes to a greater 

extent (13%) when compared to control. Conversely, NF-CSE did not release DA in a statistically 

significant manner (figure 6.3). The amount of DA release was similar to what would be expected 

for the corresponding amount of nicotine (300 pM).1S'6 

TMN, a compound isolated from tobacco leaves, has been shown to be neuroprotective in the 

MPTP Parkinsonian mouse model.'' This effect is thought to be mainly due to TMN's ability to 

inhibit the MAO-B enzyme.'' The incubation time for TMN was 10 min, in contrast to that of 

nicotine since TMN did not exhibit the same time-dependent release of DA, as was seen with (S)- 

nicotine. Our studies show that TMN was able to mediate striatal DA release with an ECm of 87 
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pM (figure 6.4). This indicates that TMN might be a dual symptomatic as well as neuroprotective 

agent, which deserves further study as possible therapy for PD patients. TMN's capability to 

release DA is yet to be determined, since it is known from literature that DA release is subject to 

nAChR stimulation. 

In conclusion, we found that (S)-nicotine (ECm = 54 M) release DA twice as strong when compared 

to (S)-cotinine (ECm = 97 M) and TMN (EGO = 87 M). 
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CHAPTER 7: 

CONCLUSION AND FUTURE STUDIES 

7.1. Conclusion 

Throughout our study, we focused on the role of specific biomarkers within two distinct 

dopaminergic pathways, PD and addiction. PD, a severe disabling neurodegenerative disorder, is 

characterized at the neuropathological level by the progressive death of dopaminergic neurons in 

the SNc and its axon terminals which project to the striat~m.'.~ Although the etiology of PD is 

unknown, the disease appears multifactorial in origin, possibly arising from complex interactions 

between genetics and environment. 

One factor which has been linked to neurodegenerative diseases, such as PD is oxidative stress in 

which MA0 plays a key role.3 MA0 catalyzes the metabolism of DA to H202 which produces free 

radicals and eventually ne~rodegeneration.~ Another characteristic of MAO, in favor of 

neurodegeneration, is the bio-activation of a neurotoxin precursor, MPTP to MPP*, which occurs in 

glial cells. DAT then selectively transports MPP* into the presynaptic neuron, where it exerts its 

effects by inhibiting mitochondria1 re~piration.~ 

However, smokers have lower MA0 activity peripherally and centrally as oppose to non- smoker^.^," 

To elucidate which compound might be responsible for this MA0 inhibition, Khalil et a/. (2000) 

isolated a compound from tobacco leaves, TMN, which showed reversible inhibition against MAOA 

and MAO-6.' Subsequently in 2001 Castagnoli et a/. showed that TMN proved to be 

neuroprotective in the MPTP model.' 

Regardless of etiology, the signs and symptoms that PD patients experience arise from 

dopaminergic neuronal loss, in which case DA synthesis, metabolism and function are reasonable 

targets for PD associated studies. The rational for our study came from epidemiological findings 

that PD is less prevalent among This is indeed one of the most robust observations 

that linked environment with PD. 

Another pathway of interest is the mesocorticolimbic dopaminergic system, which forms the core 

around cigarette addiction. The effect of nicotine in the CNS has been the subject of numerous 

experimental studies where immense progress has been made on the role that nicotine plays in 



cigarette smoke addiction. DA release from presynaptic neurons has been shown to be 

responsible for the addictive properties of cigarette sm~ke . '~ , '~  Therefore, as in the case of PD, DA 

synthesis, metabolism and function are reasonable targets for addiction related studies. 

In this study we aimed to determine the effect of various CSE components on the dopaminergic 

system, in an attempt to elucidate the low incidence of PD among smokers as well as to investigate 

the probable affect on addiction. Figure 7.1 provides an overview of our hypotheses and how it 

interacts with the dopaminergic system. 

1. Our first hypotheses consisted of two aims. Our first aim was to determine whether cotinine 

does in fact cross the BBB. Although cotinine has been detected in brain after nicotine 

expos~re, '~ '~ indirect data from literature suggest that the presence of cotinine in brain may 

be the result of central nicotine metabolism by CYP2B1 in rats.'' Secondly, since chronic 

nicotine exposure changes both BBB function and morphology, we aimed to determine 

whether cotinine and nicotine transfer across the BBB would vary after chronic nicotine 

exposure. 

From our studies we found that cotinine not only crosses the BBB but that with chronic 

nicotine treatment, transfer of cotinine and nicotine across the BBB is not altered. This 

study was of significant importance since the transfer of cotinine across the BBB has not yet 

been reported. 

2. TH, the rate-limiting enzyme in the DA synthesis pathway, is subject to both long- and short- 

term regulation. The finding that the long- and short-term regulation of TH involve similar 

second messenger signals raised the possibilrty that these pathways are interdependent." 

Our second hypothesis entailed us to determine the effect of nicotine, wtinine, N-CSE, NF- 

CSE and TMN treatment on the regulation of the dopaminergic biomarkers, TH and DAT in 

vitm. 

Our data support previous findings2'= of increased TH protein levels after nicotine 

treatment." In addition, we found that cotinine does not affect TH regulation in vitm. To 

our knowledge, this is the first report detailing the effect of cotinine on TH regulation. Of 

importance is that TMN, a compound to be assumed to be present in both ~ u e s t @  and 

~ar lbo ro~ ,  did not upregulate TH. Since the N-CSE but not the NF-CSE upregulated TH 

we conclude that TH upregulation is mainly due to nicotine, assuming that the content of 

Queste and ~arlboro@ cigarettes contents are consistent. In conclusion, since TH 

regulation is nAChR mediated,= we propose from our results, that TH regulation is 
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dependent on full nAChR agonism. In addition, this might explain why cotinine, a weak 

nAChR agonist and TMN, a MA0 inhibitor did not affect TH regulation 

Figure 7.1: Summary of biomarkers targeted during this study. 

3. After recognizing that wtinine indeed crosses the BBB (hypothesis 1, chapter 3), we 

determined the effect of cotinine treatment on TH and DAT regulation in vivo after chronic 

treatment. In addition to wtinine, we also assayed the effect of N-CSE, NF-CSE and 

nicotine on TH and DAT regulation after chronic treatment. Our results support previous 
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findingsn that chronic nicotine exposure increases TH and DAT regulation in rat striatum in 

vivo. 

To our knowledge, this is the first report on the effect of cotinine, N-CSE and NF-CSE on 

TH and DAT regulation in rats. We found that neither cotinine nor NF-CSE affected TH or 

DAT regulation as oppose to N-CSE which upregulated TH and DAT protein. It is evident 

from our experiments that nicotine is mainly responsible for increased TH and DAT 

regulation in vivo assuming that both Quest@ and Madboro@ cigarettes contents are 

consistent. 

Our in vivo data supports our in v i h  data seeing as TH and DAT regulation is nAChR 

mediated, we propose that the regulation of both dopaminergic biomarkers, TH and DAT 

are dependent on full nAChR agonism. 

4. Not only is DA release from presynaptic neurons important for the reinforcing properties of 

nicotine,14,15 but it also may play a role in PD. We therefore aimed to determine whether 

other compounds of CSE (including TMN) as well as nicotine's major metabolite, cotinine, 

might possess DA releasing capabilities. 

Our results support previous findings that nicotine releases DA from striatal 

synaptosomes.24~25 However, we found that nicotine releases DA twice as strong as TMN 

and cotinine from striatal synaptosomes. Since nAChR binding is necessary for DA 

release, we ascribe the DA release of nicotine and cotinine to their nAChR binding 

capabilities. The question then is if TMN binds to presynaptic nAChRs or if other 

mechanisms can be responsible for DA release such as feedback regulation due to MA0 

inhibition? 

In addition we determined whether Marlboro@ and Queste are capable of releasing DA from 

rat striatal synaptosomes. We found that although Quest@ only released a very small 

amount of DA, ~arlboro@ released 13% more DA from rat striatal synaptosomes when 

compared to control. The DA release mediated by QuestQ was not statistically significant, 

but can be attributed to the dose that was chosen for the assay. From hereon, an assay of 

a higher dose of CSEs might prove to be meaningful. 

Nevertheless, if the content of both Martboro@ and Quest@ cigarettes are consistent, we can 

assume that Quest@ contains TMN just as ~ar lbo ro~ .  Therefore, the small release in DA 

with Quest@ CSE, might be attributed to the presence of TMN in QuestQ cigarettes. If this is 

the case and taking into account that DA plays a critical role in addiction, the usefulness of 
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nicotine-free cigarettes ( ~ u e s t ~  range) as cessation therapy is a valid approach for quitting 

the deadly habit. 

However, the probability of other substances in cigarette smoke that might antagonize or 

attribute to DA release is not to be disregarded. 

Nevertheless, these findings are of significant importance since epidemiological studies 

indicated that smokers are less likely to develop PD as oppose to non-srnoker~."'~ DA 

release in the SN may alleviate or mask symptoms andlor protect against nigrostriatal 

damage in the long-term. 

The possible significance of TH and DAT upregulation in addiction and PD need to be addressed. 

Let us consider the significance of our results from this study from an addiction point of view. 

Nicotine stimulates nAChRs causing an upregulation of TH, with more DA available for release in 

the N A C ~ ~  to induce pleasurable effects. Increased DAT upregulation ensures that the available 

DA in the synaptic cleft is transported back into the presynaptic neuron. And compounds such as 

TMN, inhibit MA0 to prevent DA metabolism. The resulting effect is a massive amount of DA 

released with every depolarization of the membrane after nAChRs stimulation, which will intensify 

the reinforcing effects of cigarette smoke. In addition, since cotinine is transported into brain, it too 

will stimulate nAChRs causing DA release. Nicotine, with its unequivocal TH and DAT upregulation 

properties, is the main compound responsible for cigarette addiction. 

Nearly the same argument holds true for PD as for addiction, but with emphasis on other aspects, 

which may render more valuable. As in the case of addiction, nicotine stimulates nAChRs, causing 

an upregulation in TH and increased DA synthesis in the S N . ~ ~  However, the importance of TMN 

is more pronounced in people who might be more susceptible to oxidative stress. TMN, as a MA0 

inhibitor,',' prevents the metabolism of DA, avoiding reactive oxygen species production. In 

addition, xenobiotic (MPTP) is not metabolized to neurotoxic compounds (MPP') through MA0 

catalyzation. However, auto-oxidation takes place when MA0 is saturated by DA, in the synaptic 

cleft. On the other hand, DAT upregulation will transport DA into the presynaptic neuron and 

prevent it from undergoing auto-oxidation. In addition, as mentioned above, DA release may 

attenuate PD progression and nigrostriatal damage even under xenobiotic 'attack". This can occur 

when the released DA competes with the neurotoxin for transport into the presynaptic neuron by 

DAT. Less of the neurotoxin is transported into the presynaptic neuron, where less neuronal cell 

damage is expected. 
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7.2. Future studies 

More research in this field is necessary to fully elucidate the role of TH and DAT in PD and 

addiction. We are listing some studies that need to be addressed which are important to the PO or 

addiction realm. 

Further experiments need to be performed to determine whether the results from the N-CSE 

TH and DAT upregulation is solely due to the effect of nicotine and not other contributing 

compounds found in cigarette smoke. This can be attained through in vivo experiments by 

implanting osmotic mini-pumps which contain both N-CSE and mecamylamine, a nicotine 

antagonist which is bioavailable in brain. 

To date no research has been done on the effect of smoke on CYP2D6 in brain. Keeping in 

mind that CYP2D6 converts MPTP to non-neurotoxic, N-4-(4'-hydroxypheny1)-N-methyl- 

1,2,3,64etrahydropyridine and Cphenyl-l,2,3,6-tetrahydropyridine (PTP), it might be of 

significance to determine whether smoke or nicotine activates or stimulates C Y P ~ D ~ . ~  

Our in situ perfusion data would not have been influenced by the conversion, if any, of 

nicotine to cotinine in brain. However, the degree of contribution that CYP2B1 makes 

towards central cotinine production needs to be addressed. 

Previous studies indicate that PD patients have a severe reduction in VMAT-2, the common 

brain isoform of VMAT, in all parts of the striatum (including the caudate nucleus, putamen 

and ventral ~triatum).~' The question now arises if VMAT-2 is upregulated in cigarette smoke 

addicts which might then contribute to the finding of a lower incidence of PD among smokers. 

In addition, this can also shed light on the possible involvement of VMAT-2 in the 

development of cigarettes smoke addiction. 

The results of the 2001 National Household Survey on Drug Abuse showed that 18.2% of 

smokers over the age of 12 also use other illicit drugs. Further studies need to be conducted 

on the effect of illicit drugs in conjunction with cigarette smoke on the dopaminergic pathway 

in the mesocorticolimbic system on a neuronal level. 

To further elucidate if there are any neuroprotective compounds (other than TMN) in cigarette 

smoke, epidemiological studies should be trained to investigate whether people smoking 

nicotine free cigarettes show the same "protection" as with nicotine containing cigarettes. 

This might also answer the question whether smoking really protects (for example through 

compounds such as TMN) or simply delays the symptoms of PD by means of increased DA 

release masking the underlying death of striatal dopaminergic neurons. 
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Such studies and others are important for the development of targeted drug therapies. In addition, 

the resolution of these and other issues should provide the key to understanding the molecular 

basis of neuroprotection in PD with tobacco use as well as the development of tobacco addiction. 
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