CHAPTER 8
Nicotine

J.E. HENNINGFIELD, R.M. KEENAN, and P.B.S. CLARKE

A. Introduction

Tobacco use is a form of drug dependence, pharmacologically mediated by
the actions of nicotine at central and peripheral receptors. Nonpharmaco-
logical factors are also important in determining patterns of tobacco use and
the prevalence of use but it is the pharmacologic factors which define
tobacco use as a form of psychoactive drug dependence and which will be
the focus of this review. The dependence process involves psychoactive and
reinforcing effects of nicotine, tolerance and physical dependence to nicotine,
as well as effects produced by nicotine that some users feel is useful if not
indispensable. The neuropharmacological underpinnings of the dependence
process have been the subject of considerable research in recent years and
may pave the way towards more effective treatments. The goal of this
review is to provide an overview of major findings and contemporary theory
regarding the dependence producing actions of nicotine so as to provide a
useful guide to further research. Our approach will be to provide an overview
of the clinical phenomena of nicotine dependence and the general pharma-
cology of nicotine as well as to highlight recent research on the cellular and
molecular basis of these effects.

B. Abuse and Dependence in Humans

I. Epidemiology

There are more than 1 billion cigarette smokers worldwide and of these,
approximately one half billion will be killed by tobacco (ConNoLLY and
CHEN 1993; PETO et al. 1994). In fact, approximately one half of continuing
smokers will die prematurely as a result or their tobacco use (Peto et al.
1994). This will amount to approximately 3 million deaths per year through-
out the 1990s and 10 million deaths per year by the 2020s. About 400000
deaths per year occur in the U.S. and this will remain generally stable if
current smoking trends persist (McGINNIS and FOEGE 1993).

It has been estimated that more than one in three people who continue
to smoke will die prematurely because of their tobacco exposure and that
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approximately 20% of all deaths occurring each year in the United States
are attributable to cigarette smoking; however, cigarette smoking caused
mortality can be significantly reduced by cessation of smoking at any age
(US DHHS 1990). The causes of death in order of incidence are cardiovascular
disease (43%); all forms of tobacco-caused cancer (36%), respiratory diseases
(20%), and all other smoking-caused deaths (1%) (Centers for Disease
Control 1993). Cigarette smoking is an important contributor to the fact that
the three primary causes of mortality are similar for men and women: heart
disease, cancer, and stroke.

The spread of nicotine dependence follows the course of an infectious
disease, with transmission being largely by person to person exposure to
cigarettes. Frequently, this is augmented by tobacco company promotions,
free sampling campaigns and other marketing efforts. The absence of active
public health and educational campaigns against smoking apparently leaves
populations highly vulnerable to developing dependence. For example,
RusseLL (1990) has reported that a survey of adults in the Great Britain in
the early 1960s indicated that 94% of those who smoked more than three
cigarettes became “long term regular smokers.” More recently collected
data in the United States and Great Britain suggest that between 30% and
50% of people who try smoking cigarettes escalate to regular patterns of use
(McNEILL 1991; HENNINGFIELD et al. 1991; HirscHMAN et al. 1984). Consistent
with these observations, data from the 1991 National Health Survey indicate
that approximately 70% of adolescents tried smoking, whereas approximately
25% were smoking every day of the 30 days prior to the survey. Since it is
unlikely that cigarettes have become substantially less addictive or that people
have become biologically less vulnerable in two to three decades, it would
appear that educational efforts and social factors and smoking policies have
decreased the likelihood of progression from use to dependence.

The United States provides an interesting case history for why continued
research on the pharmacology of nicotine is needed. The prevalence of
smoking declined form 42% of adults in 1965 to approximately 25% in 1990.
Unfortunately, there has been no decline since 1990, either in adult prevalence
or in smoking prevalence by the primary source of adult smokers, i.e.,
adolescent and preadolescent smokers (Glovino et al. 1995). Approximately
one half of young smokers try to quit smoking by age 18 and approximately
one third of all smokers attempt to quit each year by quitting for at least
one day. It is not clear how many more people attempt to quit but relapse
within 24 h and thus are not even counted as attempted quitters. It is clear
that only about 2.5% of all smokers become nonsmokers each year, leaving
much room for improvement.

The foregoing statistics illustrate the important intersection of population
based public health efforts and individually driven treatment efforts. The
population targeted efforts are presumably most important in pressuring
people to quit smoking and in providing support to those attempting to
sustain abstinence; however, the limitations on treatment efficacy, accept-
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ability and availability mean that the vast majority of quitting efforts are
short-lived. Biomedical research may be the key to new treatments that
could reverse this situation.

II. Clinical Aspects and Pathophysiology of Nicotine Dependence

The pathophysiological consequences of tobacco smoke exposure include
destructive tissue effects that contribute to pulmonary disease, cellular
changes that contribute to cancer, and the neuronal changes produced by
nicotine exposure and reinforcing effects of nicotine that lead to addiction.
Without the pathophysiologic changes leading to nicotine addiction, there
would not be enormous public health toll and cost to our health care system
because most people would be more readily able to stop smoking or at least
to smoke at substantially lower levels. That goal is the expressed desire of
the vast majority of smokers, but only a minority of these smokers ever
achieve lasting abstinence. Those who do achieve lasting abstinence greatly
reduce their risk of premature death and significantly lengthen their lives
(US DHHS 1990). The pathophysiology of the nicotine dependence process
has been reviewed in detail elsewhere and will only be summarized here (see
HENNINGFIELD et al. 1995a).

A variety of surveys and clinical studies indicate that the vast majority
of cigarette smokers are nicotine-dependent, an observation consistent with
the remarkably short-lived success of more than 90% of most self-managed
cessation attempts. In the United States, approximately 90% of cigarette
smokers smoke more than five cigarettes per day, and the majority have
tried to reduce their tobacco intake or report various symptoms of dependence
(HENNINGFIELD et al. 1990). By contrast, among people who had consumed
five or more alcoholic drinks in the past 30 days only 17% reported feeling a
need to drink or dependence; among people who had used cocaine in the
previous year, only 16% had used it in the previous week with only less than
10% feeling they needed the drug or were dependent (HENNINGFIELD 1992).

The tobacco dependence process, like other pathogenically induced
disorders, involves host or individual factors, environmental factors, and the
level of exposure to the pathogen itself. Initiation is often mediated by a
variety of social and cultural factors, much as other forms of psychoactive
drug use. However, over time, the reinforcing effects of the drug strengthen
and the individual’s control over use is lessened. Whereas a variety of
social and other factors may continue to be operative, cigarette addiction is
powerfully and critically driven by the positively and negatively reinforcing
actions of nicotine, as will be discussed further on in this review.

Nicotine dependence shares many critical features in common with
other drug dependencies (SCHUSTER et al., this volume). The role of nicotine
in the use of tobacco products is functionally similar to the role of cocaine,
morphine and ethanol in the use of coca and opiate-derived products and
alcoholic beverages, respectively. While certain commonalties in the effects
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of these drugs lead to their being categorized similarly, as dependence
producing psychoactive drugs that lead to harmful use and abuse, the phar-
macology of these substances differs in many respects (HENNINGFIELD et al.
1995a). Like other drug dependencies, nicotine dependence is a “progres-
sive,” “chronic”, “relapsing” disorder. In the United States, the mean age
of onset of cigarette smoking is 13—14 years (US DHHS 1994; GaLLup
1992). It is older in some populations in the U.S. (e.g., African Americans)
and in many countries where access to cigarettes to children is highly
restricted. No age level appears to confer invulnerability to dependence;
however, the level of dependence to nicotine observed in adults has been
found to be inversely related to the age of initiation of smoking when
measured by diagnostic criteria of the American Psychiatric Association
(BERrsLAU et al. 1992).

The progression of increased tobacco intake is accompanied by the
development of tolerance and physiological dependence. In the United
States, the average cigarette smoker consumes approximately 20 cigarettes
per day (Centers for Disease Control 1994). The actual number of cigarettes
smoked per day appears to be influenced by factors such as cigarette nicotine
delivery, price, the restrictions on smoking (US DHHS 1988; BUrNs et al.
1992; SweANOR et al. 1992). Thus, cigarette smokers with less dispensable
income might smoke a smaller number of cigarettes but extract more nicotine
per cigarette, thereby sustaining a high dependence level. Such consider-
ations are important in cross-cultural and cross-national comparisons of
smoking rates.

Tobacco use tends to be chronic with many people attempting to quit
but persistent remission only occurring in the minority of cases. In fact,
studies by Ravies and KanNDEL (1987) showed that whereas the use of
cocaine, heroin and alcohol all declined sharply with age, the progression of
cigarette smoking was slowed but not reversed as individuals aged. The
chronic phase of the addictive process is highly resistant to substantial
modification. For example, efforts to reduce tobacco smoke and nicotine
exposure by smoking cigarettes with lower nicotine delivery ratings or to
smoke fewer cigarettes are usually partially or completely thwarted by
compensatory changes in how the cigarettes are smoked (BENowirz et al.
1983; Benowirz and Jacos 1984; KozLowski 1981, 1982; US DHHS 1988).

Efforts to achieve and sustain abstinence are generally short lived with
the majority of individuals who quit on their own relapsing within a few days
(HucHEs et al. 1992). Providing some level of medical support extends the
mean period of remission by a week or more (KoTTke et al. 1988), and
praviding nicotine replacement in addition to adjunctive therapy can extend
the mean duration of remission by 6 months or more (Fourps et al. 1993).

III. Tolerance and Physical Dependence

Tolerance refers to the decreased responsiveness to the same dose of the
drug as a function of repeated drug exposure (JAFFE 1985; US DHHS 1988).
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It is often demonstrated by the observation that increased doses of a drug
are required to obtain pharmacologic effects formerly produced by lower
doses. Nicotine tolerance appears to be substantially acquired during youth
as people progress from a few cigarettes upon initial exposure to higher
levels (US DHHS 1988; McNEIL et al. 1989). Administering nicotine to a
tobacco deprived smoker can substantially increase heart rate and euphoria
measures and decrease knee reflex strength (US DHHS 1988). However,
with repeated doses, heart rate stabilizes at a level intermediate to that
produced by the first dose and that occurring when nicotine ‘deprived. In
addition, subjective effects are minimal, and the knee reflex may appear
normal (US DHHS 1988; DomiNo and voN BAUMGARTEN 1969; SWEDBERG et
al. 1990). Tolerance to a variety of the behavioral, physiologic, and subjective
effects of nicotine has been stuided (US DHHS 1988). There are several
physiologic mechanisms of nicotine tolerance including decreased respon-
siveness to the drug at the site of drug action and possibly increased metabo-
lism in chronic smokers (US DHHS 1988). It is possible that the development
of tolerance is related to up-regulation of nicotine receptors, as will be
discussed in Sect. C.

Tolerance resulting from nicotine exposure has been measured using
various pharmacodynamic assays. For example, PErkiNs et al. (1991a)
demonstrated that acute tolerance to the pressor effect of intranasal nicotine
develops rapidly in smokers and nonsmokers. In a series of investigations in
smokers and nonsmokers, repeated exposure to the same dose of nasal
nicotine administered over several days produced progressively decreased
subjective, physiological and behavioral responses over time (PERKINS et al.
1990a,b, 1991a,b).

Like morphine and alcohol, chronic nicotine administration leads to
physiologic or physical dependence such that abrupt abstinence is accom-
panied by a syndrome of signs and symptoms. The severity of the withdrawal
syndrome can range from unpleasant to debilitating (US DHHS 1988). The
clinical course has been described in detail elsewhere (AMERICAN PSYCHIATRIC
AssoCIATION 1987). In brief, the syndrome includes increased craving,
anxiety, irritability, appetite, and decreased cognitive capabilites and heart
rate. Onset is within approximately 8 h after the last cigarette; the symptoms
peak within the first few days, then subside over the next few weeks.
Symptoms may persist for months or more in some individuals. The magnitude
of the withdrawal syndrome is directly related to the level of nicotine
dependence, and measured by cotinine concentration or the Fagerstrom
Tolerance Questionnaire score (FAGERSTROM and ScHNEIDER 1989;
HEATHERTON et al. 1991), although there is considerable variability within
and across individuals (US DHHS 1988).

The tobacco withdrawal syndrome is pharmacologically mediated by
nicotine deprivation, although behavioral conditioning factors are certainly
important (HENNINGFIELD and NEMETH-CosLerT 1988; US DHHS 1988).
Nicotine withdrawal has been observed in abstinent cigarette smokers,
smokeless tobacco users, and chronic users of nicotine gum (HATSUKAMI et
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al. 1987, 1991). Furthermore, many abstinent smokers complain about cogni-
tive deficits. Because the tobacco withdrawal syndrome is associated with
moderate to severe levels of physical/psychological discomfort, it is difficult
for tobacco users to abstain from cigarette use for any extended period (see
HucHEs et al. 1990). It is a commonly held belief that people continue to
use tobacco and fail at cessation in order to avoid any or all of the above-
mentioned withdrawal symptoms associated with abstinence (STOLERMAN
1991). One of the most important and probably least understood features of
the nicotine withdrawal syndrome is ‘“‘craving for tobacco.” Cravings and
urges to smoke cigarettes and/or use smokeless tobacco have been described
as major obstacles confronting tobacco users attempting to quit. Craving for
tobacco has been identified as one of the most prominent symptoms of
nicotine withdrawal (see HuGHEs et al. 1990; TirraNY and DroBEes 1990,
1991). Abstinent cigarette smokers report that craving for cigarettes is the
most troublesome symptom they experience over the first month of quitting
(WEsT et al. 1989), and there is evidence that the intensity of urges and
cravings associated with cigarette smoking is comparable in magnitude with
the craving associated with other addictive disorders (Kozrowski et al.
1989). Animal models of nicotine dependence have also been developed as
will be discussed further on in this review (Sect. BIV).

C. General Pharmacology

Nicotine and its metabolites exert a multitude of pharmacologic effects,
including reinforcement of tobacco use. Understanding these effects is critical
to understanding the underpinnings of the dependence process.

I. Chemistry and Pharmacokinetics

1. Absorption

Nicotine is a tertiary amine existing in both isomeric forms, but tobacco
contains only the levo-rotary form, (S)-nicotine, which has greater pharma-
cologic activity (PooL et al. 1985). It is a water- and lipid-soluble weak base
with an 8.0 index of ionization (LIDE 1991). Thus, the nicotine present in the
mildly alkaline smoke of cigars, pipes, chewing tobacco and snuff, is readily
absorbed across mucosal membranes of the mouth and nose (RUSSELL et al.
1980; Svensson 1987). Cigarette smoke, in contrast, is mildly acidic and is
absorbed in the lungs, where the massive area of distribution renders pH
less important (Gori et al. 1986). Smokeless tobacco products vary widely in
their pH levels and this appears to be the primary means by which nicotine
dosage is controlled by tobacco manufacturers (HENNINGFIELD et al. 1995;
DjorpJEvIC et al. 1995).

Studying nicotine dose-response relationships with commercially mar-
keted cigarettes is complicated by the fact that cigarettes contain a range of
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6-11mg of nicotine of which up to 40% is bioavailable to the cigarette
smoker (BENowitz and HENNINGFIELD 1994; HENNINGFIELD et al. 1994).
There is little direct relationship between advertised cigarette nicotine yield
levels and absorbed nicotine when people smoke cigarettes ad libitum
(HENNINGFIELD et al. 1994; US DHHS 1988). Thus, the intent of researchers
to manipulate nicotine dose by simply giving volunteers cigarettes with
varying estimated yields may have been thwarted by subtle changes in
smoking topography which allowed the volunteer to obtain lower than
expected doses from the cigarettes rated most highly, and higher than
expected doses for the low rated cigarettes.

The tobacco cigarette is the most toxic and addictive widely used vehicle
for nicotine delivery. Nicotine is volatilized at the tip of a burning cigarette
where it is carried by particulate matter (“‘tar” droplets) deep into the lungs
with inspired air. The approximately 800°C pyrolysis at the tip of the cigarette is
also the source of carbon monoxide and many other toxicologically significant
products.

Nicotine is rapidly absorbed through tissue barriers and pulmonary
alveoli following smoke inhalation into the lungs. Intravenous and inhaled
nicotine produce an almost instantaneous nicotine bolus in arterial blood
pumped from the heart which is delivered to the brain within 10s (US
DHHS 1988). Available data from studies of nicotine distribution in arterial
blood (HENNINGFIELD et al. 1990, 1993) and studies of the absorption of
radiolabeled nicotine (ARMITAGE et al. 1975) suggest that absorption char-
acteristics are similar to those of gases such as oxygen which are exchanged
in the lung from inspired air to venous blood (Kety 1951). Thus, smoke
inhalation produces arterial boli which may be ten times more concentrated
than the levels meausred in venous blood (HENNINGFIELD et al. 1990, 1993).
A similar phenomenon of arterial boli occurs when cocaine is smoked,
adding to the addictiveness and toxicity of “‘crack’ cocaine (EvaNs et al.
1995).

Following oral smokeless tobacco use, venous blood nicotine concentra-
tion peaks in 15min (BENowIrz et al. 1988). Time to peak blood nicotine
concentration may be 30 min or longer following nicotine gum use (BENowITZ
et al. 1988) and several hours for transdermally delivered nicotine (PALMER
et al. 1992).

a. Nicotine Delivery Kinetics May Determine Effects
of Alternate Nicotine Delivery Systems

It is now clear that the vehicle of nicotine delivery is a determinant of
not only toxicity, but also of the nature and magnitude of the effects
produced by nicotine due to its control over the nicotine concentrations in
the blood over time. Addictive and cardioactive effects are generally directly
related to the speed of delivery of nicotine and other drugs (HENNINGFIELD
and KEeNAN 1993; Benowirz 1993). For example, smoke inhalation essen-
tially mimics the effects of a rapid intravenous injection and exposes the
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heart, brain, and fetus to high concentrations which dissipate within a few
minutes. Conversely, nicotine polacrilex gum and transdermal patch systems
are of low abuse liability and weak cardiovascular effects, in part because
rapid absorption of high dose is not possible from either system. Moreover,
release of nicotine from polacrilex requires a substantial work effort
(chewing) (HENNINGFIELD and KEENAN 1993; US DHHS 1988). Smokeless
tobacco systems similarly vary widely in their impact in accordance with
their pH (FREEDMAN 1994; HENNINGFIELD et al. 1995; DjorbpJEvIC et al.
1995). The delivery system also helps to determine the nature and quantity
of other toxic substances to which the user is exposed.

These issues are not unique to nicotine. The drug dosage form affects
the acceptability of a medication to patients, and compliance with instructions
for medication use: similarly the drug dosage form is a determinant of the
addiction potential of substances of abuse (FARRE and Camr 1991; SELLERS et
al. 1991; US DHHS 1988). The drug delivery system determines ease and
convenience of use as well as the speed and amount of drug that is absorbed.
For example, tobacco and coca leaves are rarely swallowed and addiction to
swallowed formulations are uncommon, presumably because the bioavaila-
bility of the nicotine and cocaine is so poor via the gastrointestinal system;
furthermore, cocaine or nicotine absorbed via this route do not produce the
rapid onsetting and offsetting effects which characterize the most powerfully
addicting drugs and drug forms (HENNINGFIELD and KEENAN 1993; JAFFE
1985; US DHHS 1988).

2. Distribution

Following absorption of nicotine into the body, about two thirds of the drug
is present in the ionized form. Less than 5% of nicotine is bound to plasma
proteins. Thus, nicotine is widely distributed in all body tissues and organs
with the highest concentrations observed in brain, lungs, heart, kidneys,
adrenal glands, liver and spleen. The steady state volume of distribution for
nicotine is 180 liters which indicates extensive distribution. Following intra-
venous nicotine administration, the blood nicotine concentration declines
rapidly due to uptake by the various organ tissues of the body. Nicotine
freely crosses the placenta and has been found in amniotic fluid and breast
milk of cigarette smokers.

3. Systemic Metabolism

In the earliest work on nicotine metabolism, LAUTENBACH (1886-1887)
macerated liver tissue from dogs and rabbits with a nicotine solution. The
tissue extract was then injected into dogs with no symptoms of nicotine
poisoning noted. Conversely, the tissue extract of nicotine macerated with
kidney produced death in all animals following injection. LAUTENBACH
hypothesized that nicotine detoxification was occurring in the liver, but not
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the kidney. Subsequent research has demonstrated that nicotine undergoes
extensive metabolism, primarily in the liver, but also to a lesser extent in
lung and brain (US DHHS 1988). Systemic metabolism of nicotine produces
several compounds in differing amounts and biologic activity. Cotinine, the
major metabolite of nicotine (about 85% of ingested nicotine), is produced
via a two-step oxidation in the liver. Cotinine is then further metabolized to
several other compounds including cotinine-N-oxide, norcotinine, and
hydroxycotinine, with only 17% of cotinine excreted unchanged in urine.
Nicotine is also metabolized to nornicotine and nicotine-N-oxide.

For most routes of administration, the ¢, of nicotine is 2 h following an
initial redistribution ‘half-life” phase of about 20min (BENowitz 1988).
The t1/2 of transdermally delivered nicotine is 4h (PALMER et al. 1992),
probably reflecting the continued release of some nicotine absorbed by
the dermal tissues at the site of application. Using radiolabeled nicotine
administered to cigarette smokers, the average nicotine intake per cigarette
(FTC yield 1.1 mg) was estimated to be 2.3 mg, while the bioavailability of
oral nicotine capsules and transdermally delivered nicotine were 44% and
82%, respectively (BENowITZ et al. 1991a,b).

4. Brain Metabolic Activity

Efforts to understand the effects of nicotine on the regional metabolism of
glucose emanated from studies of the distribution of nicotine binding sites in
the brain. The 2-deoyx-p-[1-14 C|glucose method (SokoLo¥rF et al. 1977)
has been used to map the areas of the brain that respond metabolically
to acute and chronic nicotine administration. The acute administration of
nicotine in rats leads to a significant increase in cerebral glucose utilization
(LonpoN et al. 1985a,b, 1988; GRUNwALD et al. 1987) that is related to the
distribution of nicotine binding sites (LoNDON et al. 1985b). After chronic
(twice daily, 10 days nicotine treatment) acute stimulatory effects of nicotine
on glucose metabolism were still obtained. In the lateral geniculate and the
superior colliculus tolerance to nicotine-induced stimulation was reported;
sensitization was never seen (LonpoN 1990). Chronic nicotine infusion
(GruNwaALD et al. 1987) did not change the characteristic nicotine-induced
stimulatory effect in most brain ares, but in the lateral geniculate body an
increased response was reported. In general, animal stuides indicate that
nicotine increases glucose utilization and the effect persists after chronic
exposure.

In contrast to the findings with animals, that nicotine increases glucose
utilization in certain regions of the brain, preliminary clinical data from a
study of smokers and nonsmokers showed that intravenous nicotine decreased
glucose metabolism in both groups of subjects (StapLETON et al. 1992).
Euphorigenic doses of abused drugs including cocaine (LonDoN et al. 1990a)
and morphine (LoNDON et al. 1990b) also decreased cerebral glucose meta-
bolism in humans. In line with a model of drug-induced euphoria (SWERDLOW
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and Koos 1987), it has been proposed that a decrease in cortical glucose
metabolism may reflect changes in dopaminergic modulation of the nucleus
accumbens causing a decrease in thalamic activity (LoNpoN 1990).

5. Drug Interactions

Cigarette smoking is known to alter the metabolism of many medications
used in the treatment of various medical disorders (US DHHS 1988). As a
consequence, the effect of nicotine on hepatic drug metabolism has received
significant experimental attention. In clinical practice, higher doses of a
broad range of medications are given to cigarette smokers than to nonsmokers
and tobacco cessation can result in increased plasma levels of these medica-
tions (BENowirz 1988; KYEREMATEN et al. 1983; KYEREMATEN and VESELL
1991; SEvNSSON 1987).

Nicotine replacement medications may not produce the same level of
hepatic induction that cigarette smoke does. For example, one study found
that theophylline half-life increased by 36% within 1 week of smoking
cessation, but there was no apparent effect of nicotine polacrilex on theo-
phylline metabolism (LEE et al. 1987). Consistent with these observations,
caffeine concentrations can increase by more than 250% when people quit
smoking, mainly due to decreased metabolism (BEnowirz et al. 1989).
Certain adverse effects of acute caffeine overdose are similar to those
of nicotine withdrawal (e.g., anxiety and sleep disturbance) (SacHs and
Benowitz 1988). These findings suggest that patients in treatment for nicotine
addiction should be warned not to increase their caffeine intake, and possibly
to decrease it by about one third. Follow-up evaluations of patient status
should include questions about caffeine and all other drug intake to determine
if intake should be adjusted. With respect to the methylxanthines, it is also
worth noting that acute caffeine abstinence results in its own withdrawal
syndrome (SILVERMAN et al. 1992) that might complicate simultaneous
tobacco withdrawal. Furthermore, some caffeine intake may produce a
small degree of relief of nicotine withdrawal symptoms (CoHEN et al. 1994;
OLvero et al. 1991).

Although the mechanism is not understood, chronic use of a variety of
dependence producing drugs is positively associated with higher levels of
tobacco use and dependence (KozLowski et al. 1993). Acute exposure to
alcohol (GRrIrFrITHS et al. 1976; HENNINGFIELD et al. 1984; NIL et al. 1984;
MELLo et al. 1980; KEeNAN et al. 1990), pentobarbital (HENNINGFIELD et al.
1984), opioids (MELLoO et al. 1980a; CHaIT and GrIrriTHS 1984), and amphe-
tamine (HENNINGFIELD and GrirriTHS 1981; CHAIT and GRIFriTHS 1983)
increase cigarette smoking and tobacco intake. Caffeine and marijuana
produce weak and unreliable effects on smoking across studies (CHAIT and
GrirrITHS 1983; NiL et al. 1984; KozrLowskI 1976; Ossip and EpSTEIN 1981;
MELLO et al. 1980; NEMETH-COSLETT et al. 1986a). Acute administration of
the centrally distributed ganglionic blocker mecamylamine produced increased
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cigarette smoking (STOLERMAN et al. 1973; NEMETH-COSLETT et al. 1986b),
whereas the noncentrally acting blocker pentolinium did not (STOLERMAN et
al. 1973). The opioid antagonist naloxone produced a small reduction of
smoking in one study (Karras and KANE 1980) and no effect over a wide
dose range in another study (NEMETH-COSLETT et al. 1986a).

II. Pharmacodynamics

Nicotine acts at nicotinic receptors and has mixed pharmacologic effects
depending upon the dose, the interval since prior administration, and the
time following administration at which the measurement is taken. Thus, the
pharmacodynamic effects of nicotine vary widely and, in part, are determined
by the conditions under which it is administered. This section will review
some of these effecs.

1. Cardiovascular Effects

Upon acute administration, nicotine produces potent pressor effects in
animals and humans (US DHHS 1988). Nicotine has been shown to produce
dose-related increases in heart rate and blood pressure which last over
several minutes and then diminish. With each subsequent nicotine adminis-
tration, the peak cardiovascular effect is diminished. This is an example of a
phenomenon known as tachyphylaxis (i.e., acute tolerance). Within the
cardiovascular system, tachyphylaxis is protective against nicotine toxicity.
The mechanism of tachyphylaxis is not well understood, but it may be
related to neurotransmitter depletion or to the formation of antagonistic-like
metabolites and/or receptor desensitization.

Cigarette smokers who chronically abuse nicotine have a higher resting
heart rate than nonsmokers. Furthermore, past research has shown that
cigarette smokers have modestly, but significantly, lower blood pressure
than nonsmokers (LARSON et al. 1961). Within a large group of cigarette
smokers, BENowITz and SHARP (1989) noted a significant inverse correlation
between serum cotinine concentration and blood pressure and suggested
that this relationship could be secondary to the pharmacologic effects of
cotinine and/or nicotine exposure.

While the mechanism of action underlying nicotine’s effect of decreasing
blood pressure is unknown, data regarding the effect of nicotine and cotinine
on blood pressure have been accrued. For example, BorzELLECA et al.
(1962) found that intravenous nicotine base (0.125mg/kg) induced a potent
pressor response in anesthetized dogs, whereas equivalent doses of intra-
venous cotinine produced no response. Conversely, at higher doses
(10-500mg/kg), intravenous cotinine transiently lowered blood pressure in
a dose-dependent manner. Cotinine’s depressor effect was not appreciably
altered in either the decerebrate or spinal dog preparation, suggesting that
the pharmacologic mechanism of action was not dependent upon intact
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central nervous system function. Pretreatment with atropine (a cholinergic
muscarinic receptor antagonist) or diphenhydramine (a nonspecific histaminic
receptor antagonist) had no effect on the depressor activity. Hence, cotinine’s
depressor effect was not mediated by cholinergic muscarinic and/or histaminic
receptors. The authors concluded that the depressor effect of cotinine was
secondary to the induction of vascular smooth muscle relaxation. Another
interesting result of this experiment was that high dose cotinine pretreatment
completely antagonized the potent pressor effects of intravenous nicotine.
Consequently, high doses of cotinine in the presence of nicotine may serve
as a pharmacologic nicotinic antagonist either directly or indirectly within
the cardiovascular system.

Cigarette smoking is the greatest preventable risk factor for cardiovascular
disease. Carbon monoxide exposure and the rapid high dose delivery of
nicotine produced by cigarette smoking inhalation appear to be major
determinants of this increased risk (see US DHHS 1983). In addition,
nicotine and cotinine influence prostaglandin biosynthesis of prostacyclin
(PGI2), which could have adverse cardiovascular consequences. Decreased
levels of PGI2 are thought to increase atherogenesis progression. Using
horse aorta and platelet preparations, the effects of nicotine and cotinine on
the biosynthesis of PGI2 in vitro were examined (CHAHINE et al. 1990,
1991). Nicotine significantly decreased PGI2 synthetase activity which led to
a decreased PGI2 concentration, while cotinine stimulated PGI2 synthetase
activity resulting in increased PGI2 levels. Moreover, cotinine significantly
attenuated the inhibitory effect of nicotine on PGI2 synthetase activity.
Thus, nicotine’s effect on PGI2 levels is thought play a role in the atheros-
clerosis noted in smokers. Furthermore, cotinine may serve to defend the
cardiovascular system from atherosclerosis by antagonizing the effects of
nicotine resulting in decreased PGI2 levels within the arterial system.

2. Electroencephalograph Effects

The spontaneous electroencephalogram (EEG) recorded from scalp elec-
trodes is a convenient, noninvasive measure of drug action in the brain.
GoLDING (1988) reported that tobacco but not sham smoking increased
power in the B-band, reduced a and 6 activity and had no effect on ¢ power;
a frequency increased after smoking. Intravenous nicotine increased «
power in discrete bursts that were correlated with subject-reported euphoria
(Lukas et al. 1990). Knott and VENABLES (1977) reported that smoking
caused a decrease in a and 6 power and increased f and a frequencies.

In several experiments, the EEG effects of nicotine have been measured
in smokers deprived of tobacco. Nicotine adminstration in the form of
smoked tobacco increased EEG a frequency (ULETT and ITiL 1969) and
decreased a and 0 power (HERNING et al. 1983). The EEG consequences of
overnight (PickworTH et al. 1986) and extended (PickworTH et al. 1989)
abstinence were reversed by nicotine polacrilex and these effects were pre-
vented by pretreatment with mecamylamine (PickwortH et al. 1988), Fur-
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thermore, the EEG effects of overnight abstinence were accompanied by a
slowing of cognitive performance that was also reversed by nicotine gum
(SNYDER and HENNINGFIELD 1989). RoBinsoN et al. (1992) reported that a
low nicotine yield cigarette decreased ¢ power and increased f§ power but a
cigarette from which the nicotine had been extracted caused no significant
changes in the EEG.

The EEG synchrony that persistently follows nicotine deprivation in
smokers has been temporally linked to changes in performance and subjective
complaints of inability to concentrate (ConNrIN 1980; Epwarps and
WAaRBURTON 1983). REVELL (1988) found that performance changes occur on
a puff-by-puff basis, and Knotr (1988) reported that EEG changes associated
with arousal also occur while smoking a single cigarette. In most EEG
studies, however, the EEG arousal effects are only apparent when the EEG
is collected in a low arousal situation. For example, PIckworTH et al. (1986,
1989) found that the EEG effects of nicotine and the effects of nicotine
abstinence were most apparent in subjects at rest with eyes closed. In
situations in which the subjects concentrated on a task or simply opened
their eyes, the EEG effects of nicotine were diminished, confirming the
importance of behavioral context in the effects of EEG effects of nicotine.

III. Systemic Effects

1. Immunologic Effects

Nicotine may act to regulate endocrine systems resulting in decreased immune
competency. Increased glucocorticoid secretion resulting from adrenergic
stimulation of the adrenal gland produces immune suppression through a
reduction in thymus-dependent responses (MUNck et al. 1984). However,
nicotine-induced autonomic activation and the release of other pituitary
hormones may serve to counteract the immunosuppressive actions of the
glucocorticoids. For example, cholinergic stimulation itself may increase
immune function (ATWEH et al. 1984). Vasopressin release increases the
mitogenic activity of thymocytes (WHITFIELD et al. 1970) and enhances
lymphocyte production of interferon (JounsoN and Torres 1985). Nicotine-
induced endorphin release enhances lymphocytic function (WyBRAN 1985a,b).
Thus, like morphine (a tumorogenic and immunosuppressive agent), endor-
phin may have inhibitory and/or facilitatory effects on the immune system
(SHaviT et al. 1985). Prolactin is an immunomodulatory hormone and the
nicotine-induced decrease in its release may be immunosuppressive (see
Fuxk et al. 1989). A decrease in natural killer cell activity of monkey spleen
cells, and a decrease white blood cell response to concanvalin (Sopori et al.
1985) were reported after exposure of the animals to high doses of cigarette
smoke. In view of the hypothesis that natural killer cells may play a pro-
tective role in the immune defense against cancer, reductions in natural
killer cell activity could lead to increased susceptibility for many malignant
diseases (see FUXE et al. 1989).



284 J.E. HENNINGFIELD et al.

2. Hormonal Effects

Female cigarette smokers experience more infertility than do non-smokers.
In fact, women who smoke cigarettes have lower endogenous estrogen levels
than nonsmokers (US DHHS 1988). BaRBIERI et al. (1986) determined that
nicotine inhibits estrogen formation without affecting progesterone biosyn-
thesis in human choriocarcinoma cell cultures and term placental microsomes.
Nicotine prevented the conversion of androstenedione to estradiol in a dose-
dependent fashion. The observed effect on estrogen formation was mediated
through aromatase enzyme inhibition. These findings may explain, in part,
the decreased estrogen levels observed in women who smoke cigarettes and
potentially the difference in fertility between smokers and nonsmokers.

Male cigarette smokers are also prone to sex hormone abnormalities
compared to nonsmokers. MEIKLE et al. (1988) investigated the effects of
nicotine on testosterone metabolism using isolated canine prostate cells.
Nicotine competitively inhibited 3-a-hydroxysteroid dehydrogenase
(3-a-HSD) activity which is involved in the enzymatic metabolism of 5-a-
dihydrotestosterone (5-a-DHT) and results in altered testosterone production.
Using the Leydig cells of the rat testis, YEH et al. (1989) found that nicotine
competitively inhibited multiple steps in testosterone biosynthesis. PATTERSON
et al. (1990) performed similar androgen biosynthesis research with nicotine
on mouse Leydig cells. Again, nicotine inhibited LH-stimulated testosterone
production. The mechanism of inhibition was thought to involve calcium or
a calcium-mediated metabolic pathway. These data demonstrate the ability
of nicotine to alter testosterone biosynthesis and metabolism. The observed
alterations in testosterone biosynthesis could impact upon androgen action
in several tissues including skin, prostate or testis.

Nicotine has been observed to affect other endocrine systems. In a study
of nicotine on pancreatic functioning, TIALVE and Popov (1973) found that
nicotine at low concentrations stimulated and at high concentrations inhibited
glucose-induced insulin secretion in isolated rabbit pancreas. The differential
effects of nicotine on insulin secretion at all doses were attenuated by
atropine and/or hexamethonium pretreatment. Thus, the effects of nicotine
on insulin secretion are mediated through mechanisms involving both mus-
carinic and nicotinic cholinergic receptors. Humans, dogs and rabbits that
are chronically exposed to nicotine have increased plasma levels of thyroid
hormones. In male rats, however, nicotine decreases the release of thyroid
hormones (see Fuxe et al. 1989) and this effect is more evident after
intermittent than after chronic nicotine exposure.

3. Toxicity

Nicotine is a potent, highly toxic substance which has been routinely used as
a pesticide for many years. In rats, the LDs, for intraperitoneally administered
nicotine is 10mg/kg (KitaMUrRa 1958). Nicotine derives its toxicity and
potential lethality from its ability to act as a potent cholinergic nicotinic
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receptor antagonist which inhibits the activity of the sympathetic and par-
asympathetic nervous systems. In spite of its potential toxicity, nicotine
poisoning deaths are rare, with none reported to the U.S. poison control
centers in recent years. This is despite the fact that in addition to the several
million replacement prescriptions written each year, more than 25 billion
packages of cigarettes are distributed, each of which contains approximately
160 mg nicotine. The reasons include the poor bioavailability of orally
ingested nicotine and the remarkable degree of tolerance that begins to
develop even during a single nicotine use episode (BENowiTz 1993).

Nicotine is psychotoxic at high doses and even at doses readily supplied
by one cigarette in nontolerant persons, who may exhibit severe behavioral
disruption, confusion and intoxication (US DHHS 1988, Appendix B;
HENNINGFIELD and HEisHMAN 1995). In fact, certain South American popu-
lations have used tobacco ritualistically to produce altered states of con-
sciousness including hallucinations (WILBERT 1987; JArvIk 1995). Intoxication
is rare in tolerant smokers, however, and tobacco associated antisocial
behavior appears to be a more prominent feature of nicotine deprivation
than of the acute effects of nicotine.

IV. Abuse Liability and Dependence Potential

1. Discriminative Effects

Human studies of the subjective effects of several forms of nicotine delivery
and animal studies of the discriminative effects of parenterally administered
nicotine have demonstrated that nicotine’s psychoactive effects partially
generalize to prototypic drugs of abuse. For example, nicotine produces
dose-related discriminable effects in animals and subjective responses in
humans that generalize more to stimulants such as amphetamine and cocaine
than to depressants and opioids (US DHHS 1988). These effects can be
blocked or at least reduced by pretreatment with centrally acting nicotinic
antagonists (e.g., mecamylamine) but not by antagonists which do not pene-
trate the central nervous system (e.g., pentolinium, hexamethonium)
(StoLERMAN 1991). Similarly, partial blockade of nicotine’s effects by in-
creasing doses of mecamylamine led smokers to rate the delivered tobacco
smoke as weaker and to show a preference for higher nicotine concentrations
of smoke (Rosk et al. 1989). This effect and other effects on brain neuro-
transmitters that might mediate the psychoactive effects of nicotine will be
discussed in Sect. C of this chapter.

Psychoactive drugs which produce elevations in scores on drug-liking
scales and other indices of mood elevation are often abused by humans and
self-administered by animals (Jasinsk1 1977; GrirriTis et al. 1980). Nicotine
has been shown to produce such elevations in mood in humans when given
by intravenous injection (Jones et al. 1978; HENNINGFIELD et al. 1985;
KEENAN et al. 1994a) by nasal nicotine administration (PERKINS et al. 1992,
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1994; SuTHERLAND et al. 1992a,b), and by cigarette smoke administration
(HENNINGFIELD et al. 1985; PoMERLEAU and POMERLEAU 1992). Delivery of
nicotine via the slow release polacrilex and transdermal medications produces
little if any such elevations in mood (HENNINGFIELD and KEENAN 1993).
Interestingly, nicotine may produce discriminative effects which would faci-
litate its ability to modify behavior at very low doses and not produce
distinct changes in mood (PERkINs et al. 1994). Nicotine and other drugs
abused by humans increase extrasynaptic dopamine concentrations in the
mesolimbic system of the brain in rats (D1 CHiarRA and ImPERATO 1988).
Additional findings regarding the literature on the discriminative and psy-
choactive effects of nicotine have been reviewed in greater detail elsewhere
(RosencraNs and MELTZER 1981; HENNINGFIELD 1984; STOLERMAN and
REeAvILL 1989; STOLERMAN 1991).

An emerging research issue of relevance to developing medications for
treating tobacco dependence is the role of nicotine’s metabolites in mediating
its dependence producing effects. For example, whereas the psychoactivity
of nicotine has been well characterized in animals and tobacco users, there
has been much less study of the psychoactivity, or pharmacology in general,
of nicotine’s metabolites. Cotinine has received the most attention, with
studies demonstrating that intravenous and oral cotinine produces subjective
and other behavioral effects in abstinent cigarette smokers at blood levels
similar to those achieved through daily smoking (BEnowirz et al. 1983;
KEeNaN et al. 1994b, 1995; ScHuH et al. 1995). Studies of continine’s
behavioral effects in animals have demonstrated dose-related changes in
arrousal (Yamamoro and Domino 1965), food-reinforced rates of responding
(Risner et al. 1985; GoLDBERG et al. 1983), and nicotine discrimination
(TAakADA et al. 1989; GoLpBERG et al. 1981a). These data suggest that
cotinine and possibly other nicotine metabolites have significant pharma-
cologic activity which needs further elucidation in preclinical and clinical
investigation.

2. Reinforcing Effects

The potential of nicotine to serve as a reinforcer and thereby strengthen
behaviors leading to its ingestion has been explored and confirmed in a
variety of animal and human models (SWEDBERG et al. 1990). Although the
reinforcing effects of intravenous nicotine were demonstrated by DENEAU
and INokr in 1967, it was not until the research of GOLDBERG et al. (1981b)
that a robust nonhuman primate model of nicotine self-administration was
established. HENNINGFIELD and colleagues studied human nicotine self-
administration in the early 1980s (HENNINGFIELD et al. 1984; HENNINGFIELD
and GoLDBERG 1983). This work was extended by CorriGALL (1991a,b) who
used procedures analogous to those of GOLDBERG to develop a rat model of
nicotine self-administration. In brief, it has now been demonstrated that, in
the absence of the tobacco vehicle or the taste and other sensory effects of
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tobacco use, nicotine can serve as a positive reinforcer for five animal
species in addition to humans (SWEDBERG et al. 1990).

Both the CorriGaLL and GOLDBERG procedures utilized small, rapidly
delivered doses of intermittently available nicotine; in addition, the GOLDBERG
procedure added paired stimuli, which further increased the amount of
behavior sustained ultimately by nicotine injections and provide paired
environmental stimuli with the injections. These procedures appear to model
key features of cigarette-delivered nicotine and led to the establishment of
strong reinforcing effects in animals. Cigarettes also enable people to easily
provide themselves with rapid delivery of small intermittent doses and salient
sensory stimuli. The importance of rate of delivery of nicotine to the rein-
forcing effects of the substance has not been adequately studied; however, it
appears that rate of delivery is directly related to the subjective effects of
the nicotine delivery system (HENNINGFIELD and KEENAN 1993). For example,
whereas rapid intravenous injections or cigarette smoke inhalation produce
psychoactive effects that may be pleasurable, slow infusions or delivery by
the transdermal systems produce little if any discriminable psychoactive
response (HENNINGFIELD and KEENAN 1993), and blunted or eliminated
physiologic responses (BENowITtz 1988; PALMER et al. 1992). Analogously,
BaLSTER and ScHUSTER (1973) found that the reinforcing effects of cocaine in
rhesus monkeys were directly related to infusion rate, and DE Wir, BODKER
and AMBRE (1992) showed that the subjective effects of pentobarbital in
humans were directly related to the rate of drug administration. The role of
infusion rate as a determinant of the reinforcing and other effects of nicotine
is clearly a factor meriting further study, because this appears to be one
means by which both the qualitative and the quantitative effects of nicotine
are determined. Additional findings regarding the reinforcing effects
of nicotine have been reviewed in detail elsewhere (GOLDBERG and
HENNINGFIELD 1988; SWEDBERG et al. 1990; CorriGALL 1991D).

3. Physical Dependence

As discussed earlier, nicotine produces physical dependence such that acute
deprivation leads to a well defined withdrawal syndrome (AMERICAN Psy-
CHIATRIC ASSOCIATION 1994; HuGHEs et al. 1990). Several promising animal
models of various features of nicotine withdrawal have also been developed
in animals that have been chronically maintained on nicotine for 10 days or
longer. For example, a rat drug discrimination model revealed that nicotine
deprivation produces an interoceptive state that generalizes to the presumably
anxiogenic cue produced by pentylenetetrazol administration (HARRis et al.
1986).

Two models of behavioral performance revealed the behaviorally dis-
rupting effects of acute nicotine deprivation (CARROLL et al. 1989; CORRIGALL et
al. 1988a). Another model of clinical relevance found that rats showed in-
creased sensorimotor reactivity in an auditory startle paradigm (HELTON et
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al. 1993). The animal models should be useful for drug development research
and for exploring the mechanisms of nicotine withdrawal (MAULTSBY et al.
1991). For example, it appears that both mecamylamine (MALIN et al. 1994)
and naloxone (MALIN et al. 1993) administration can precipitate EEG and/or
behavioral signs of withdrawal in rats maintained on nicotine, thus, suggesting
the involvement of opioid and nicotinic components in nicotine dependence.

D. Neuropharmacology

The neuronal mechanisms underlying the pharmacological effects of nicotine
have been the subject of intense study in recent years. This had led to a
broader understanding of how nicotine produces receptor up-regulation,
differentially activates receptor subpopulations, and releases a variety of
neurohormones — actions that may contribute to the resultant dependence
disorder. Recent and important neuropharmacological research on nicotine
which have led to these conclusions will be summarized below.

I. Nicotinic Receptors

1. Receptor Diversity

Virtually all the known actions of nicotine appear to be mediated by nicotinic
receptors (CLARKE 1987a; US DHHS 1988). It is believed that most, and
perhaps all, nicotinic receptors are acetylcholine (ACh)-gated cation channels,
permitting the influx of sodium and to some extent calcium. Nicotinic recep-
tors form an extended family, as revealed principally by molecular genetic
approaches (SARGENT 1993). All such receptors are probably composed of
five protein subunits arranged around a central ionophore (ANAND et al.
1991; Coorer et al. 1991). Each subunit protein is encoded by a distinct
gene; neuronal receptors appear to consist only of a subunits (that provide
the principal binding sites for agonists) and f (‘“structural’’) subunits. To
date, at least five a and three f subunit genes have been shown to be
expressed in the central or peripheral nervous systems (SARGENT 1993).

Assuming that each neuronal receptor subtype is made up of a unique
permutation of a and f subunits, there is considerable potential for receptor
diversity. However, expression studies in Xenopus oocytes indicate that not
all subunit combinations can function as nicotinic receptors (DENERIS et al.
1991). There are also indications from studies employing in situ hybridization
histochemistry or protein isolation that certain receptor subunits may be
preferentially coexpressed and coassemble to form functional receptors
(WaDaA et al. 1989; WHITING et al. 1991). However, the prevalence of most
nicotine ACh receptor (nAChR) subunits cannot be measured at the protein
level because specific and quantifiable probes are lacking.

Receptors for nicotine are widely distributed in the CNS and in the
periphery. In the CNS, nicotinic receptors are present in virtually every
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brain region (CLARKE and Pert 1985) and in the spinal cord (GILLBERG et al.
1988). Peripheral receptors are located mainly on autonomic ganglion cells,
adrenal chromaffin cells, primary sensory neurons, and on skeletal muscle
fibers. Doses of nicotine relevant to smoking exert actions in the CNS and at
several peripheral sites, but muscle nAChRs appear unaffected at such
doses.

Radioligand binding studies have identified two principal populations of
nAChRs in mammalian brain, labeled with nanomolar affinity by *H-agonists
and '®I-labeled a-bungarotoxin, respectively (CLARKE et al. 1985b). The
former are associated with receptors containing a4 and 2 subunits (WHITING
and LiNDSTROM 1986; SwANSON et al. 1987; WHITING et al. 1991; FLORES et
al. 1992), the latter with receptors containing a7 subunits (SCHOEPFER et al.
1990; CouTuRIER et al. 1990; SEGUELA et al. 1993). A third, less prevalent,
subtype of putative receptors that may contain a3 subunits has been identified
by '®I-labeled neuronal bungarotoxin binding in rat brain (ScHULZ et al.
1991). Nicotinic receptors in the brain that contain a4 and 2 subunits are
widely believed to represent important pharmacological targets for behav-
iorally active doses of nicotine that might be relevant to smoking (CLARKE
1987a). However, the evidence is rather indirect and largely correlational
(LonDoN et al. 1988; BENWELL et al. 1988; GraDY et al. 1992). The possibility
therefore remains that other receptor subtypes play a greater role in behav-
ioral responses to nicotine.

2. Receptor Regulation

Chronic in vivo treatment with nicotine, in sufficient doses, leads to an
increase in [*H]nicotine and '*I-labeled a-bungarotoxin binding site density
in rodent brain (MARKS et al. 1983a; ScHwarTz and KELLAR 1983; EL-Bizri
and CLARKE 1994b). This effect has been termed ‘“‘paradoxical” because
chronic agonist treatment typically leads to a down-regulation of receptors.
It has been proposed that nicotine up-regulates its receptors by acting as a
“time-averaged” antagonist (HULIHAN-GIBLIN et al. 1990). Thus, nicotine
treatment would produce a transition of the receptor to a desensitized state
or to a more persistent “inactivated” state (MARks et al. 1983b; SCHWARTZ
and KELLAR 1985). Although there is ample evidence that nicotine can
indeed produce acute and chronic tolerance in the CNS (LapcHAK et al.
1989a; HULIHAN-GIBLIN et al. 1990; BENWELL et al. 1994; MaRrks et al.
1993), there is some evidence to suggest that loss of receptor function per se
may not be the stimulus leading to up-regulation (EL-Bizri and CLARKE
1994b).

II. Cellular Mechanisms

At the cellular level, nicotine can be considered as an excitatory agent,
since, when nicotinic receptors are present, acute administration tends to
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result in depolarization. If this occurs at the somatodendritic level, cell firing
may increase, whereas acute depolarization of the nerve terminal tends to
increase transmitter release.

With prolonged or repeated administration, tolerance may occur.
Tolerance to nicotine may reflect a number of cellular processes with dif-
ferent dose relationships and time courses. Nevertheless, it is useful to
distinguish acute tolerance (also known as tachyphylaxis), which occurs over
a period of seconds to hours, from chronic tolerance, which may last for
several weeks or longer. Acute tolerance could conceivably occur, for
example, through receptor desensitization (GRADY et al. 1994) or as a result
of inactivation of voltage-gated ion channels. Chronic exposure to high
doses of nicotine can result in a loss of sensitivity to nicotine lasting a
number of days (HULIHAN-GIBLIN et al. 1990; LApcHAK et al. 1989a). The
mechanisms underlying chronic tolerance remain largely unexplored.

Tolerance to nicotine can also be induced by concomitantly administered
substances. Animals chronically exposed to ethanol exhibit a lessened
response to the effects of nicotine thereby demonstrating cross-tolerance
(CorLins 1990). In mice, chronic exogenous corticosterone exposure decreases
the sensitivity and density of cholinergic nicotinic receptors, which mimics
tolerance to nicotine (PAuLy et al. 1990a,b).

1. Effects of Nicotine on Cell Firing

A large number of electrophysiological studies have demonstrated that nico-
tine can alter neuronal firing in many brain regions (CLARKE 1990). Most
of this work is based upon extracellular recordings of single neurons in
anesthetized animals and on the local application of drugs, given either by
microiontophoresis or by pressure ejection. In only a few recent studies has
it been possible to demonstrate unequivocally the occurrence of direct drug
actions on the neuron under study. The sole dependent measure in almost
all studies has been neuronal firing rate; drug-induced changes in the pattern
of firing have received little attention (GRENHOFF et al. 1986; TuNG et al.
1989).

The preponderant electrophysiological effect of nicotine reported in the
literature is one of excitation, but there are numerous examples of inhibitory
effects. However, among those reports likely to reflect a direct drug action,
inhibition has only been clearly shown in two brain areas — the cerebellum
(DE LA GARzA et al. 1987a,b) and dorsolateral septum (WONG and GALLAGHER
1989, 1991) of the rat. The latter action appears to be mediated by a
calcium-dependent potassium conductance. The receptor subtype(s) asso-
ciated with these inhibitory actions is not known, nor is it clear how wide-
spread such actions might be in the brain.

2. Effect of Nicotine on Nerve Terminals

Nicotine has been reported to modulate the release of a number of brain
transmitters in vitro. In some cases, direct presynaptic actions have been
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demonstrated, through the use of superfused synaptosomes or of brain slices
superfused with tetrodotoxin. Several neurotransmitters and brain areas
have been examined. Direct actions of nicotine on the nerve terminal have
generally been found to be stimulatory. This is not surprising, since it
appears that most, and perhaps all, nicotinic receptors in the brain function
as ligand-gated cation channels. Neurochemical evidence for nicotine-induced
depolarization of isolated nerve terminals has been provided (HiLLARD and
Pounps 1991); however, such a depolarizing action may reduce rather than
increase impulse-dependent transmitter release.

3. Effects of Nicotine on Transmitter Release in the Whole Animal

For numerous reasons, the effects of a drug on a given neurotransmitter
system in vivo may differ markedly from those seen in isolated tissues in
vitro. All attempts to demonstrate drug-induced transmitter release in the
living animal are by their nature indirect and thus introduce problems of
interpretation. In some early studies, tissue levels of transmitter were found
to be decreased by nicotine, but this is at best an insensitive guide to release
and usually required massive doses of the drug. Drug-induced changes in
metabolite/transmitter ratios have also been reported; since considerable
intraneuronal metabolism can take place, it is not clear what these changes
represent. Inhibition of synthetic enzymes prior to nicotine administration
can provide a measure of transmitter utilization, but here the relationship to
release is presumed rather than demonstrated. More recently, in vivo
microdialysis has provided a method for sampling the extracellular milieu in
the brain region of interest. This approach is potentially problematic, not
least because it usually leads to a local depletion of transmitter and, quite
possibly, of other unidentified neuromodulators. Finally, in vivo electro-
chemistry can provide a less invasive means of measuring transmitters that
are electroactive (such as dopamine, noradrenaline and 5-HT); the
challenge with this approach is to demonstrate chemical selectivity.

III. Neuronal Activity and Mechanisms of Reinforcement

The search for mechanisms underlying the reinforcing actions of nicotine has
been largely confined to the brain. There are two principal reasons for this.
Firstly, cigarette smoking in human subjects was found early on to be
influenced by acute administration of the centrally active nicotinic antagonist
mecamylamine, but not by the nicotinic antagonist pentolinium, which does
not readily pass into the CNS (StoLErRMAN et al. 1973). Secondly, virtually
all of the behavioral effects of nicotine in animals have, where tested, been
found to result from direct central effects of the drug (CLARKE 1987b). Of
particular relevance, the voluntary self-administration of intravenous nicotine
is reduced by prior central administration of the quasi-irreversible nicotinic
antagonist chlorisondamine (CorriGALL et al. 1992). Clearly, nicotine is
likely to exert many actions in the brain and not all will contribute a
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reinforcing effect. In the following discussion, emphasis is placed on
neuronal systems that may be relevant to nicotine dependence in humans.

1. Mesolimbic Dopamine

Several drugs of abuse appear to derive their reinforcing properties in
animals from their ability to stimulate the mesolimbic dopamine (DA)
system (Wise and HorrmMAN 1992). This neuronal system is widely thought to
represent part of the reinforcement circuitry of the brain. Convergent
evidence is now reviewed which indicates that it is also a target for nicotine.

Mesolimbic dopamine neurons form a pathway that ascends in parallel
with the adjacent nigrostriatal dopamine system. Both neuronal populations
express nAChRs on their cell bodies and/or dendrites and on terminals
(CLarkE and Pert 1985). They also appear to synthesize the same types of
nAChR subunit (WADA et al. 1989; Wapa et al. 1990). In anesthetized rats,
systemic administration of nicotine increased cell firing of nigrostriatal DA
neurons via a central mechanism (CLARKE et al. 1985a); burst firing was also
facilitated (GRENHOFF et al. 1986). Nicotine did not, however, stimulate
mesolimbic DA neurons in rats under general anesthesia (GRENHOFF et al.
1986; MEREU et al. 1987); a stimulant action did occur in locally anesthetized,
paralyzed animals (MEREU et al. 1987), but this action is likely to have been
complicated by the stress imposed on the animals. However, intracellular
recordings in rat midbrain slices have shown that nicotine (10 and 100uM)
depolarizes presumed mesolimbic DA cells via a direct action mediated by
nAChRs (CaLaBRESI et al. 1989). Nicotine-induced excitation of mesolimbic
DA neurons has also been reported to occur in vitro at considerably lower
concentrations (ECs, approximately 170nM), more clearly relevant to cig-
arette smoking (BrobiE 1991). Unlike nicotine-evoked DA release from
synaptosomes (see below), this action did not manifest desensitization upon
prolonged application of agonist.

Of all transmitters in the brain whose release is modulated by nicotine,
DA has been the most extensively investigated in vitro. The majority of
studies have used synaptosomes prepared from rat caudate-putamen, repre-
senting the nigrostriatal terminal field. DA release has also been demonstrated
in other species (mice and cats), in brain slice preparations, and in the
nucleus accumbens, which represents the principal terminal field of the
mesolimbic DA system.

At least two DA releasing actions of nicotine have been identified in the
striatum in vitro (WESTFALL et al. 1987). At high concentrations that are
highly unlikely to occur in vivo (e.g., 1 mM), nicotine-induced DA release is
associated with a “tyramine-like” effect. However, at lower concentrations,
evoked release is concentration-dependent, mimicked by other nicotinic
agonists, stereoselective, blocked by a number of nicotinic receptor antago-
nists, and dependent on external calcium (GIORGUIEFF-CHESSELET et al.
1979; RAPIER et al. 1988, 1990; Grapy et al. 1992; ErL-Bizri and CLARKE
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1994a). This second action of nicotine is typically associated with an EC50 of
around 1uM, suggesting that it may be pharmacologically relevant in vivo.
However, it is also susceptible to profound desensitization in vitro (RAPIER
et al. 1988; GraDY et al. 1994). Thus, declining effects have been seen with
brief nicotine (1uM) challenges given as much as 30 min apart (RAPIER et al.
1988), and a near-total attenuation has been noted after continuous super-
fusion with low nanomolar concentrations of the agonist (GRADY et al. 1994;
RoweLL and HILLEBRAND 1994). Tests with other secretagogues suggest that
desensitization occurs at the nicotinic receptor rather than on the trans-
mitter release mechanism. It should also be noted that nicotine, in con-
centrations as low as 1nM, has been reported to inhibit [’H|DA uptake
in rat striatal tissue (IZENwASSER et al. 1991). This action appeared to be
receptor-mediated but was probably not mediated by a direct action on DA
terminals.

Convergent evidence indicates that acute administration of nicotine to
freely moving rats can increase DA release in both the nigrostriatal and
mesolimbic systems. In this regard, the mesolimbic system appears the more
susceptible to doses of nicotine that might be relevant to tobacco smoking.
Indeed, a fivefold difference in sensitivity has been reported between the
two projections (IMPERATO et al. 1986). In another study, nicotine (0.1-
0.4 mg/kg sc) increased DA utilization in a dose-dependent, stereoselective
manner; significant effects were observed at 0.2 and 0.4mg/kg and were
confined to mesolimbic terminal fields (CLARKE et al. 1988).

The possible development of tolerance or sensitization has also been
examined in rats implanted with microdialysis probes in the nucleus ac-
cumbens. In one such study (Damsma et al. 1989), DA release evoked by
nicotine (0.35 mg/kg sc) was not significantly altered by administration of the
same dose 1h before; the data suggest that some tolerance may nevertheless
have occurred. When release of mesolimbic DA was repeatedly evoked by
giving nicotine (0.35mg/kg sc) once daily, nicotine-evoked release was
comparable in size to that obtained in drug-naive animals. However, other
investigators have reported that daily nicotine injections lead to a sensitized
DA response under similar conditions (BENWELL and BaLrour 1992). In
contrast, chronic continuous infusion of nicotine abolished the release of
nucleus accumbens DA evoked by acute nicotine challenge, as measured by
intracerebral dialysis (BENWELL et al. 1994). The occurrence of receptor
desensitization is likely to have contributed to the latter result.

Nicotinic receptors are present at both the somatodendritic and terminal
levels of mesolimbic DA neurons (see above). In the whole animal, local
application of nicotine into cell body or terminal regions can result in
activation (LICHTENSTEIGER et al. 1982; Mirsup et al. 1989). However, two
studies suggest that DA release induced by systemic nicotine administration
results mainly or exclusively from a somatodendritic action. In the first,
nicotine-evoked DA release was found to be impulse-dependent, as shown
by the intra-accumbens infusion of tetrodotoxin via the dialysis probe
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(BENWELL et al. 1993). In the second study, accumbens DA release resulting
from systemic nicotine administration was attenuated by local infusion of the
nicotinic antagonist into the mesolimbic cell body region but not into the
nucleus accumbens (NISELL et al. 1994).

It is not known why systemic nicotine stimulates the mesolimbic DA
system more readily than the nigrostriatal system. It is also unclear why
somatodendritic nAChRs appear more important than terminal-located
receptors. However, it may be significant that, in vitro, somatodendritic
nAChRs located on mesolimbic DA neurons appear to desensitize much less
readily than nAChRs located on terminals of the nigrostriatal pathway
(Bropik 1991; RAPIER et al. 1988; GRrADY et al. 1994).

2. Dorsal Noradrenergic Bundle

Neurons arising from the locus coeruleus (LC) form the dorsal noradrenergic
bundle, providing a widespread innervation of much of the forebrain,
including the hippocampus and cerebral cortex. Many functions have been
proposed for this neuronal population, including arousal and vigilance.
Noradrenergic (NA) neurons orginating in the LC have also been implicated
in the physical aspects of opiate withdrawal (NESTLER 1992).

Nicotinic receptors are present at both the somatodendritic and terminal
levels of NA neurons. Nicotine appears to excite NA cell bodies of the LC
via two mechanisms. One excitatory effect occurs via a peripheral action and
is discussed below. An additional, centrally derived excitation has been
observed at higher doses (ENGBERG and Hajos 1994). In vitro electrophysio-
logical experiments have implicated a direct action that is susceptible to
prolonged desensitization (EGan and NortH 1986).

Nicotine stimulates the release of NA in a number of isolated preparations
and brain areas in vitro (BaLrour 1982). However, not infrequently, the
concentrations of nicotine studied have been outside the pharmacological
range. In superfused hippocampal slices, nicotine (10 and 100 uM) produced
a small and transient increase in [PH]NA release; this action was significantly
attenuated by mecamylamine (10 M) (SNELL and JoHNsON 1989). Nicotine
has proved to be of greater potency in, synaptosomal preparations. possibly
because the agonist reaches the receptors more rapidly, with less opportunity
for desensitization to occur. In synaptosomes prepared from rat hippocampus
or hypothalamus and incubated with [*’H]NA, nicotine (5 and 50 M) increased
both uptake and release of the neurotransmitter (BaLrFour 1973). Subse-
quently, [PHJNA release evoked from a hypothalamic synaptosomal
preparation by nicotine (1 and 10xM) was shown to be mecamylamine-
sensitive, indicative of a probable receptor-mediated action (YOSHIDA et al.
1980). In the whole animal, nicotine acutely increases NA release. As
with DA release, it appears that NA release promoted by systemic nico-

tine results mainly or exclusively from a somatodendritic action (MITCHELL
1993).
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3. Thalamocortical Projections

Thalamocortical relay neurons process and convey sensory signals to the
neocortex. Drugs that modulate this flow of information may conceivably
affect such central processes as arousal, attention, and memory. There are
reports from animal and human studies suggesting that nicotine can affect all
three processes (LEVIN 1992; JoNEs et al. 1992). The rat thalamus contains
abundant [*H]nicotine binding sites and nAChR-related mRNA, particularly
in the anterior nuclei and in “specific”” thalamic relay nuclei (WADA et al.
1989; CLARKE et al. 1984). As far as known, a similar pattern exists in
human thalamus (RuBBoLI et al. 1994; PErry et al. 1989; ApEMm et al. 1988).
Electrophysiological studies have identified direct excitatory actions of nico-
tine on thalamocortical relay neurons in the dorsolateral and medial geni-
culate nuclei (ANDERSEN and CurTis 1964; McCormick and PRINCE 1987a).
The association of [*H]nicotine binding sites with the corresponding projection
areas in cortex (PrRUsky et al. 1987; CLARKE 1991) suggests that nicotine may
modulate thalamocortical transmission at the somatodendritic and terminal
levels.

4. Habenulo-Interpeduncular System

The medial habenula and its principal projection target, the interpeduncular
nucleus (IPN), represent a major target for nicotine in the brain. The
relevance of this pathway to drug dependence is not clear. Both structures
possess very dense [*H]nicotine binding and abundant nAChR-related
mRNAs in the rat (Wapa et al. 1989; CLARKE et al. 1984). Many neurons
within these nuclei are directly excited by nicotine and nicotinic agonists
(BrowN et al. 1983; McCormick and PRINCE 1987b; MuLLE and CHANGEUX
1990; MuLLE et al. 1991), and presynaptic modulation by nicotine has also
been demonstrated within the IPN (Brown et al. 1984; MULLE et al. 1991).
In vivo, the IPN evinces one of the largest increases in expression of the
immediate early gene c-fos after systemic administration of nicotine (PANG
et al. 1993).

5. 5-HT Release

Serotoninergic (5-HT) afferents from the midbrain raphé nuclei innervate
much of the neuraxis. Serotoninergic interactions with the ascending DA
systems have been noted at different anatomical sites (HAGAN et al. 1993),
and there are indications that 5-HT tone modulates the reinforcing effects of
cocaine (RicHARDSON and RoBerts 1991). Nicotinic receptor mRNA has
been detected in raphe nuclei (Wapa et al. 1989, 1990), but to date no
electrophysiological data are available that might point to a direct somato-
dendritic action of nicotine. Lesion evidence suggests that some nicotinic
receptors reside on 5-HT terminals in rat striatum and hypothalamus
(ScHwaRTzZ et al. 1984), but there have been a few attempts to demonstrate
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presynaptic control of 5-HT release by nicotine in the brain (HERry et al.
1977; BaLrour 1973; BEcQUET et al. 1988; FuxEe et al. 1979). Although the
majority of these results suggest that nicotine exerts little if any direct effect,
the procedures used to data may not have been optimal for observing such
effects. Although nicotine can clearly alter 5S-HT utilization when administered
in vivo, the mechanisms involved remain obscure (BALFOUR 1982).

The nicotine metabolite cotinine also has neuropharmacologic activity in
the serotonergic system (EssmMaN 1973; Fuxk et al. 1979). EssmMaN (1973)
examined the influence of cotinine and nicotine on 5-HT activity in the
cerebral cortex, mesencephalon and diencephalon of the rat brain. Nicotine
slightly decreased the 5-HT turnover rate in all brain regions, while cotinine
markedly increased 5-HT turnover rate (approximately six- to eightfold) in
the mesencephalon and diencephalon without significantly affecting activity
in the cerebral cortex. In other work, cotinine increased spontaneous release
of 5-HT and inhibited neuronal 5-HT uptake and release from rat brain
neurons, thereby increasing S-HT turnover, while nicotine had no systematic
effect (FUxe et al. 1979). Further, cotinine and nicotine given concomitantly
with a-propyldopacetamide, a drug which depletes 5-HT in the brain, reduced
whole brain 5-HT depletion compared to saline. Pretreatment with meca-
mylamine had no effect on the 5-HT depletion reduction induced by cotinine or
nicotine. It was concluded that the observed effects following nicotine
administration were likely due to the presence of the nicotine metabolite
cotinine. These studies demonstrate that the serotonergic system is acutely
altered by the administration of cotinine and this could be a significant
neuropharmacologic mechanism of action for cotinine in the CNS. Further,
the majority of the observed pharmacologic effect related to the alteration
of 5-HT activity of cotinine probably occurs within the mesencephalon and
diencephalon.

6. Amino Acid Neurotransmitter Release

Although the amino acids, glutamate and y-amino-butyric acid (GABA),
are probably the most prevalent excitatory and inhibitory neurotransmitters
in the brain, few studies have addressed the possiblity of a presynaptic
control of release via nicotinic receptors. Nicotine was reported to inhibit
glutamate release in rat striatal slices, an effect attributed to an indirect
action mediated by interneurons (GODUHKIN et al. 1984). In contrast, direct
nicotine-evoked [’H]JGABA release has been observed in superfused hip-
pocampal synaptosomes; the ECs, was approximately 5uM and the effect
was sensitive to nicotinic receptor blockers (WoNNacoTT et al. 1989).

7. Acetylcholine Release

Nicotine has been reported to stimulate ACh release in several brain areas
via a direct presynaptic action. Almost all studies to date have utilized [*H]
choline as a precursor, which is incorporated into the newly synthesized
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ACh release pool. In mouse cerebral cortex synaptosomes, nicotine (0.1 uM
and greater) increased ACh release in a concentration-dependent manner;
this effect was mimicked by the nicotinic agonist DMPP, abolished by the
antagonist hexamethonium, and was attenuated by removal of external
calcium (RoweLL and WINKLER 1984). In rat cortical synaptosomes, in
contrast, nicotine did not evoke ACh release (MEYER et al. 1987); however,
the acetylcholinesterase inhibitor eserine was present in these experiments
and has antagonistic activity at nAChRs (CLARKE et al. 1994).

Nicotinic modulation of ACh release has also been studied in brain
slices from cerebral cortex and hippocampus (ArauJO et al. 1988). Significant
stimulatory effects of nicotine were consistently observed at 0.1 and 1uM.
Nicotinic-evoked release was blocked by the nicotinic receptor antagonists
DHBE and d-tubocurarine and was insensitive to tetrodotoxin. Similar
findings have been obtained in rat cerebellum (LapcHAK et al. 1989b). In
contrast, nicotine-evoked ACh release was not detectable in rat striatum
using the same approach (Araujso et al. 1988). In guinea pig cortical slices,
nicotine-evoked ACh efflux was observed but was prevented by tetrodotoxin,
indicating an indirect effect (BEANI et al. 1985). Whether this represents a
species difference or whether procedural differences are responsible is not
clear. There are also reports of nicotine-induced cortical ACh release in
freely moving animals (QUIRION et al. 1994), but as yet the mechanisms
involved have not been elucidated.

8. Other Measures of Neuronal Activity

a. 2-Deoxyglucose Uptake

Cellular uptake of radiolabeled 2-deoxyglucose (2-DG) has been widely
used as a measure of neuronal activity in the rat brain. In all studies
involving nicotine, animals have been partially immobilized during testing;
this is an important caveat, in view of evidence that responses to nicotine
can be attenuated by stress and/or circulating corticosteroids (PauLy et al.
1990a,b; CacGGruLa et al. 1993).

Acute systemic administration of nicotine produced a dose-dependent,
mecamylamine-sensitive increase in 2-DG uptake in many brain areas in rats
(GrUNWALD et al. 1987, 1988; LoNDON et al. 1988; McNaMaRa et al. 1990).
Typically, brain areas showing the greatest nicotine effect were those rich in
[*H]nicotine binding sites rather than '*I-labeled a-bungarotoxin. The effects
of chronic nicotine treatment have also been investigated. In one study, the
acute response to an injection of nicotine (0.3mg/kg sc) was blunted in
several brain regions by prior subchronic nicotine administration (1 mg/kg sc
bid for 11 days); no sensitization was seen (LoNpon 1990). Since the nicotine
pretreatment resulted in significant residual plasma nicotine levels (12 ng/ml)
at the time of testing, it is not clear whether the tolerance observed should
be considered to be acute or chronic. In another study, nicotine (or saline)
was infused chronically by osmotic minipump for 2 weeks, resulting in
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plasma nicotine levels two to three times those typical of human cigarette
smokers (GRUNWALD et al. 1988). 2-DG uptake, measured near the end of
this period, was significantly increased in several brain areas, with a similar
trend in many others. The pattern of effects resembled that obtained with an
acute infusion of nicotine which achieved similar plasma levels. After 1 day
of nicotine withdrawal, glucose utilization returned essentially to control
levels (ScarOck and KuscHINsky 1991).

b. C-fos Expression

Expression of the immediate early gene c-fos provides another measure of
neuronal activation in the brain and can be mapped neuroanatomically in
brain sections by in situ hybridization or immunocytochemistry. The pattern
of nicotine-induced c-fos expression in rat brain (REN and SAGAR 1992; PANG
et al. 1993) differs markedly from known nAChR distributions and does not
resemble the distribution of nicotine-induced 2-DG uptake. This disparity is
particularly striking in the ventral tegmental area, where it is the non-
dopaminergic neurons that principally express c-fos (PANG et al. 1993).

9. Peripheral Effects

Whilst it is believed that the primary reinforcing actions of nicotine are
largely of central origin, several observations suggest that peripheral actions
of the drug may also play a role. Such actions may contribute to the primary
reinforcing effects of nicotine, or act as secondary reinforcers by association.

Actions of nicotine in the mouth and respiratory tract may be particularly
important. First, the immediate satisfaction of cigarette smoking is promoted
by sensory cues that can be blunted by local anesthesia of the respiratory
tract (Rosk et al. 1985). Second, nicotine appears to be the most important
component in tobacco smoke that causes airway irritation in humans (LEE et
al. 1993). Third, nicotine can produce a burning sensation in the mouth
which is blocked by mecamylamine (JArvik and AssiL 1988). Fourth, nicotinic
receptors have been shown to reside on sensory nerve endings in several
tissues (Suwanpr and BEvaN 1966; TANELIAN 1991; Juan 1982). Fifth,
mecamylamine can reduce subjective ratings of cigarette strength and
harshness (Rosk et al. 1989). Sixth, sensory cues associated with cigarette
smoke appear to modulate smoke intake and craving (ROSE et al. 1993).
Lastly, inhalation of black pepper vapor, which irritates the respiratory
airways, or of denicotinized cigarettes, can produce acute reduction of
cigarette craving and certain other withdrawal symptoms (BUTSCHKY et al.
1995; Rose and BEnm 1994).

Once nicotine has entered the bloodstream, it may exert additional
peripheral effects that affect CNS activity. This is suggested by electrophy-
siologic experiments conducted in anaesthetized rats. In these studies,
intravenous administration of nicotine resulted in an almost instantaneous
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and transient excitation of neurons located in the substantia nigra pars
reticulata (CLARKE et al. 1985) or LC (Hasos and ENGBERG 1988; ENGBERG
and Hasos 1994). These effects could be attenuated or blocked by peri-
pherally active nicotinic antagonists. In one study, nicotine was found to be
effective in a dose as low as 2 ug/kg, approximately equivalent to a single
puff of tobacco smoke (CLARKE et al. 1985). It appears that nicotine may
activate primary sensory afferents to produce these indirect effects in the
brain (Hasos and ENGBERG 1988).

E. Implications for Medications Development
and Conclusions

The fundamental reason that tobacco dependence is a major concern secon-
dary to no other form of drug abuse is that tobacco kills far more people
than all other addictive drugs combined. In fact, the rates of tobacco-caused
morbidity and mortality are accelerating rapidly world wide even though
they are stabilizing in the United States. Simply put, this is because, except
for a few countries such as Australia, Canada, the United States, and
Sweden, demand reduction efforts (i.e., treatment and prevention) are not
keeping pace with supply side efforts. Part of the problem is similar to that
with other addictions, which is that current knowledge and treatment appro-
aches which could help are not broadly available. Equally important, how-
ever, is that current treatment approaches leave much room for improvement
with respect ot efficacy, acceptability to tobacco users, and cost. Impro-
vements along these dimensions will require enhanced understanding of the
pharmacology of nicotine and the pathophysiology of the dependence process.
Such information should facilitate the development and administration of
treatments which are selectively targeted to the clusters of symptoms that
appear to distinguish various subpopulations of smokers.

The development of nicotine replacement medications in the 1980s and
1990s illustrated the important public health potential of medications for
treating nicotine dependence as well as the limits of those medications.
Many patients who were refractory to other approaches were able to give up
smoking and sustain abstinence, and abstinence rates for those on the
medications were often double those for persons treated with placebo (F1orRE
et al. 1992; SiLacy et al. 1994; HENNINGFIELD 1994). However, the fact
remains that, in most trials, the majority of persons treated resume smoking
within days or weeks and show little evidence that the medication provided
any meaningful benefit. Future research needs to determine which patients
might benefit from repeated replacement therapy, higher doses, or fun-
damentally different approaches. Several avenues of research and develop-
ment appear particularly promising. Identification of receptor subpopulations
in the CNS that mediate various features of nicotine dependence is funda-
mental. Such information will facilitate the development of more effective
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and selective nicotinic agonists, antagonists, and mixed agonist-antagonists,
as well as nonnicotinic acting agents. In this regard, it is important to
encourage approaches which are currently limited by lack of acceptable
medications (e.g., antagonists), when the approach, in principle, could be
quite useful (e.g., HENNINGFIELD 1984; CLARKE 1991).

Further information on the pathophysiologic underpinnings of nicotine
dependence could also be critical in determining if there are subpopulations
of people who are particularly vulnerable to nicotine dependence and may
require prophylactic therapies. It is also plausible that some nicotine-
dependent people might require extended, or even life long, administration
of medications to sustain productive lives in the absence of tobacco delivered
nicotine. Further, identification of similarities and differences in the media-
tion of nicotine dependence with other forms of drug dependence will also
undoubtedly continue to contribute to the development of more effective
behavioral and pharmacologic approaches to treatment. Thus, nicotine
dependence researchers are clearly faced by many important challenges that
could contribute significantly to our ability to prevent and treat this form of
drug dependence.
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