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igarette smoking remains a leading cause of preventable disease and premature death in the United States and other countries. On average, 435,000 people in the United States die prematurely from smokingrelated diseases each year; overall, smoking causes 1 in 5 deaths. The chance that
a lifelong smoker will die prematurely from a complication of smoking is approximately 50%.1
Tobacco use is a major cause of death from cancer, cardiovascular disease, and
pulmonary disease. Cigarette smoking is also a risk factor for respiratory tract and
other infections, osteoporosis, reproductive disorders, adverse postoperative events
and delayed wound healing, duodenal and gastric ulcers, and diabetes. In addition,
smoking has a strong association with fire-related and trauma-related injuries.
Smoking-caused disease is a consequence of exposure to toxins in tobacco smoke.
Although nicotine plays a minor role, if any, in causing smoking-induced diseases,
addiction to nicotine is the proximate cause of these diseases.
Currently, about 45 million Americans smoke tobacco. Seventy percent of smokers say they would like to quit, and every year, 40% do quit for at least 1 day.2 Some
highly addicted smokers make serious attempts to quit but are able to stop only
for a few hours.3 Moreover, the 80% who attempt to quit on their own return to
smoking within a month, and each year, only 3% of smokers quit successfully.
Unfortunately, the rate at which persons — primarily children and adolescents —
become daily smokers nearly matches the quit rate, so the prevalence of cigarette
smoking has declined only very slowly in recent years.2
This article focuses on nicotine as a determinant of addiction to tobacco and
the pharmacologic effects of nicotine that sustain cigarette smoking. Tobacco addiction (like all drug addictions) involves the interplay of pharmacology, learned
or conditioned factors, genetics, and social and environmental factors (including
tobacco product design and marketing)4 (Fig. 1). The pharmacologic reasons for
nicotine use are enhancement of mood, either directly or through relief of withdrawal symptoms, and augmentation of mental or physical functions.
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Br a in Mech a nisms
Nicotinic Acetylcholine Receptors

Inhalation of smoke from a cigarette distills nicotine from the tobacco in the cigarette. Smoke particles carry the nicotine into the lungs, where it is rapidly absorbed
into the pulmonary venous circulation. The nicotine then enters the arterial circulation and moves quickly from the lungs to the brain, where it binds to nicotinic
cholinergic receptors (ligand-gated ion channels that normally bind acetylcholine).
The binding of nicotine at the interface between two subunits of the receptor opens
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asterisk indicates that other subunits may be
present in this receptor) is the principal mediator
of nicotine dependence. In mice, disruption of
the β2 subunit gene eliminates the behavioral
effects of nicotine; reinserting the gene into the
ventral tegmental area restores behavioral responses to nicotine.7,8 The α4 subunit is an important determinant of sensitivity to nicotine. A
mutation affecting a single nucleotide in the
pore-forming region of the mouse receptor gene
makes it hypersensitive to the effects of nicotine.9 Other subunits can form functional receptors. The presence of an α5 subunit combined with α4β2 increases calcium conductance
seven times; α5 gene variants also alter nicotine
responsiveness in cultured human cells.10,11 The
α3β4 subtype probably mediates the cardiovascular effects of nicotine.12 The α7 homomeric
receptors are involved in rapid synaptic transmission and long-term potentiation to dopaminergic neurons at excitatory inputs and have a role
in learning and sensory gating.13-16
Nicotine and Neurotransmitter Release

Figure 1. The Biology of Nicotine Addiction.
Nicotine acts on nicotinic cholinergic receptors, triggering the release of
neurotransmitters that produce psychoactive effects that are rewarding.
With repeated exposure, tolerance develops to many of the effects of nicotine, thereby reducing its primary reinforcing effects and inducing physical
dependence (i.e., withdrawal symptoms in the absence of nicotine). Smoking behavior is influenced by pharmacologic feedback and by environmental factors such as smoking cues, friends who smoke, stress, and product
advertising. Levels of nicotine in the body in relation to a particular level of
nicotine intake from smoking are modulated by the rate of nicotine metabolism, which occurs in the liver largely by means of the enzyme CYP2A6.
Other factors that influence smoking behavior include age, sex, genetics,
mental illness, and substance abuse.

the channel, thereby allowing the entry of sodium or calcium.5 The entry of these cations into
the cell further activates voltage-dependent calcium channels, allowing more calcium to enter.
One of the effects of the entry of calcium into a
neuron is the release of neurotransmitters.
The nicotinic cholinergic receptor consists of
five subunits.6 The mammalian brain expresses
nine α subunits (α2 through α10) and three β
subunits (β2 through β4). The most abundant
receptors are α4β2, α3β4, and α7, the latter of
which are homomeric. The α4β2* receptor (the
2296
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Stimulation of nicotinic cholinergic receptors
releases a variety of neurotransmitters in the
brain.5,17 One of them, dopamine, signals a pleasurable experience and is critical for the reinforcing effects (effects that promote self-administration) of nicotine and other drugs of abuse, as well
as for compelling drives such as eating.18 Experimentally induced lesions in dopamine-releasing
neurons prevent self-administration of nicotine
in rats. Nicotine releases dopamine in the meso
limbic area, the corpus striatum, and the frontal
cortex (Fig. 2). The dopaminergic neurons in the
ventral tegmental area of the midbrain and in the
shell of the nucleus accumbens are critical in
drug-induced reward (both regions have a role in
perceptions of pleasure and reward).6,18
Nicotine also augments both glutamate release, which facilitates the release of dopamine,
and γ-aminobutyric acid (GABA) release, which
inhibits dopamine release.15,16 With long-term
exposure to nicotine, some nicotinic cholinergic
receptors become desensitized but some do not.
As a result, GABA-mediated inhibitory tone diminishes while glutamate-mediated excitation
persists, thereby increasing excitation of dopa
minergic neurons and enhancing responsiveness
to nicotine.
A measure of the function of the reward sysnejm.org
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Figure 2. Role of the Mesolimbic Dopamine System in Nicotine Activity.
Nicotine activates α4 β2* receptors in the ventral tegmental area, resulting in dopamine release in the shell of the
nucleus accumbens.

tem in rats is the threshold for electrical self- and other neurons, catalyze the metabolism of
stimulation in the medial forebrain: a lower dopamine, norepinephrine, and serotonin. Conthreshold indicates increased responsiveness to densation products of acetaldehyde in cigarette
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begin in smokers when desensitized α4β2* nicotinic cholinergic receptors become responsive
during periods of abstinence, such as nighttime
sleep.26 Nicotine binding of these receptors during smoking alleviates craving and withdrawal.
Cigarette smoking in amounts that are typical for daily smokers maintains near-complete
saturation — and thus desensitization — of the
α4β2* nicotinic cholinergic receptors.27 Thus,
smokers are probably attempting to avoid withdrawal symptoms when maintaining a desensitized state. By sustaining sufficient levels of
plasma nicotine to prevent withdrawal symptoms,
they also derive rewarding effects from the conditioned reinforcements associated with smoking,
such as the taste and feel of smoke.28
Nicotine withdrawal causes anxiety and stress,
both of which are powerful incentives to take up
smoking again.29 The negative affect that typifies
the response to nicotine withdrawal probably results in part from a cascade of events involving
increased levels of extrahypothalamic corticotropin-releasing factor (CRF) and increased binding
of CRF to corticotropin-releasing factor 1 (CRF1)
receptors in the brain, thereby activating the
CRF–CRF1 receptor system, which mediates responses to stress. In rats, anxiety-like behavior
and the release of CRF in the central nucleus of
the amygdala occur during nicotine withdrawal.30
CRF causes anxiety, whereas the pharmacologic
blockade of CRF1 receptors inhibits the anxiogenic effects of nicotine withdrawal. The blockade of CRF1 receptors also prevents the increase
in self-administration of nicotine that occurs during abstinence from forced nicotine administration in rats. Thus, both underactivity of the dopa
minergic system and activation of the CRF–CRF1
receptor system contribute to the symptoms of
nicotine withdrawal that often precipitate relapse.

Cl inic a l A spec t s of Nic o t ine
A ddic t ion
Psychoactive Effects of Nicotine

Nicotine induces pleasure and reduces stress and
anxiety. Smokers use it to modulate levels of
arousal and to control mood. Smoking improves
concentration, reaction time, and performance of
certain tasks. Relief from withdrawal symptoms
is probably the primary reason for this enhanced
performance and heightened mood.31 Cessation
of smoking causes the emergence of withdrawal
2298
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symptoms: irritability, depressed mood, restlessness, and anxiety.32 The intensity of these mood
disturbances is similar to that found in psychiatric
outpatients.33 Anhedonia — the feeling that there
is little pleasure in life — can also occur with
withdrawal from nicotine, and from other drugs
of abuse.34
The basis of nicotine addiction is a combination of positive reinforcements, including enhancement of mood and avoidance of withdrawal
symptoms (Fig. 3).35 In addition, conditioning has
an important role in the development of tobacco
addiction.
Conditioned Behavior

When a person who is addicted to nicotine stops
smoking, the urge to resume is recurrent and
persists long after withdrawal symptoms dissipate. With regular smoking, the smoker comes
to associate specific moods, situations, or environmental factors — smoking-related cues —
with the rewarding effects of nicotine. Typically,
these cues trigger relapse.
The association between such cues and the
anticipated effects of nicotine, and the resulting
urge to use nicotine, constitute a form of conditioning. Studies in animals show that nicotine
exposure causes changes in the protein expression of brain cells and in their synaptic connections — a process termed neural plasticity —
which underlie conditioning.36,37 Nicotine also
enhances behavioral responses to conditioned
stimuli, which may contribute to compulsive
smoking.38 Furthermore, studies in nicotinedependent rats show that conditioned stimuli
associated with nicotine withdrawal increase the
magnitude of withdrawal through an elevation
of the brain’s reward threshold.39 Thus, cues associated with nicotine withdrawal can decrease
the function of the brain’s reward systems.
The desire to smoke is maintained, in part, by
such conditioning. Smokers usually take a cigarette after a meal, with a cup of coffee or an
alcoholic drink, or with friends who smoke.
When repeated many times, such situations become a powerful cue for the urge to smoke.
Aspects of smoking itself — the manipulation of
smoking materials, or the taste, smell, or feel of
smoke in the throat — also become associated
with the pleasurable effects of smoking.40,41 Even
unpleasant moods can become conditioned cues
for smoking: a smoker may learn that not having
nejm.org
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Figure 3. Molecular and Behavioral Aspects of Nicotine Addiction.
Craving — induced by smoking cues, stressors, or a desire to relieve withdrawal symptoms — triggers the act of
smoking a cigarette, which delivers a spike of nicotine to the brain. Nicotinic cholinergic receptors (nAChRs) are activated, resulting in the release of dopamine and other neurotransmitters, which in turn cause pleasure, stimulation,
and mood modulation. Receptor activation also results in the development of new neural circuits (neural plasticity)
and, in association with environmental cues, behavioral conditioning. After being activated by nicotine, nAChRs ultimately become desensitized to it, which results in short-term tolerance of nicotine and reduced satisfaction from
smoking. In the time between smoking cigarettes, or after quitting tobacco use, brain nicotine levels decline, which
leads to reduced levels of dopamine and other neurotransmitters and to withdrawal symptoms, including craving.
In the absence of nicotine, nAChRs regain their sensitivity to nicotine and become reactivated in response to a new
dose. Adapted from Dani and Heinemann.35

brain within seconds. Rapid rates of absorption
and entry into the brain cause a strongly felt
“rush” and reinforce the effects of the drug. In
animals, rapid administration of nicotine potentiates locomotor sensitization, which is linked to
reward, and neuroplastic changes in the brain.43
The smoking process also provides rapid reinforcement and allows for precise dosing, making
it possible for a smoker to obtain desired effects
without toxicity. Unlike cigarettes, nicotine medications marketed to promote smoking cessation
deliver nicotine slowly, and the risk of abuse is
low.44 In addition to delivering nicotine to the
brain quickly, cigarettes have been designed with
additives and engineering features to enhance its
The Tobacco Addiction Cycle
addictiveness.45
Smoking is a highly efficient form of drug adminThere is considerable peak-to-trough oscillaistration. Inhaled nicotine enters the circulation tion in blood levels of nicotine from cigarette to
rapidly through the lungs and moves into the cigarette. Nevertheless, it accumulates in the body
a cigarette provokes irritability and that smoking
one provides relief. After repeated experiences
like this, a smoker can sense irritability from any
source as a cue for smoking. Functional imaging
studies have shown that exposure to drug-associated cues activates cortical regions of the brain,
including the insula (a structure in the cortex
associated with certain basic emotions). Smokers
who sustain damage to the insula (e.g., brain
trauma) are more likely to quit smoking soon
after the injury, and to remain abstinent, and are
less likely to have conscious urges to smoke than
smokers with brain injury that does not affect
the insula.42
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symptoms.49 They smoke primarily in association
with particular activities (after eating a meal or
while drinking alcohol), and are less likely to
smoke in response to negative affect. Although
withdrawal symptoms may not be prominent,
many light and occasional smokers have difficulty quitting. Some of them have a high level of
dependence, but with pharmacodynamics that
differ from those in heavier smokers.

4 a.m.

Gene t ic s of Nic o t ine A ddic t ion
Time (hr)

Figure 4. The Tobacco Addiction Cycle.
The first cigarette of the day has a substantial pharmacologic effect, primarily arousal, but at the same time, tolerance to nicotine begins to develop.
A second cigarette is smoked later, at a time when the smoker has learned
that there is some regression of tolerance. With subsequent smoking, there
is an accumulation of nicotine in the body, resulting in a greater level of tolerance, and withdrawal symptoms become more pronounced between successive cigarettes. The shaded area of the graph represents the affective
neutral zone that exists between the threshold level of nicotine needed to
produce pleasure and arousal and the threshold level below which withdrawal symptoms will occur. Transiently high levels of nicotine in the brain after
individual cigarettes are smoked may partially overcome tolerance, but the
primary (euphoric) effects of nicotine tend to lessen throughout the day.
Abstinence overnight allows considerable resensitization to the actions of
nicotine. Adapted from Benowitz.47

over the course of 6 to 9 hours of regular smoking and results in 24 hours of exposure. Arteriovenous differences in nicotine concentrations
during cigarette smoking are substantial, with
arterial levels up to 10 times as high as venous
levels.46 The persistence of nicotine in the brain
throughout the day and night changes the structure and function of nicotinic receptors, stimulating intracellular processes of neuroadaptation.
The pharmacologic basis of nicotine addiction
is thus a combination of positive reinforcements,
such as enhancement of mood and mental or
physical functioning, and avoidance of withdrawal symptoms when nicotine is not available.
Figure 4 shows a typical daily smoking cycle.47
Smokers tend to take in the same amount of
nicotine from day to day to achieve the desired
effects. They adjust their smoking behavior to
compensate for changes in the availability of nico
tine (e.g., when switching from regular to lowyield cigarettes) to regulate the body’s level of
nicotine.48 Light smokers (those who smoke ≤5
cigarettes per day) and occasional smokers smoke
primarily for the positive reinforcing effects of
nicotine and have minimal or no withdrawal
2300
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Studies in twins have shown a high degree of heritability of cigarette smoking (≥50%), including the
level of dependence and the number of cigarettes
smoked daily.50 These studies have also revealed
the heritability of the particular symptoms that
occur when a smoker stops smoking.51
Numerous attempts have been made to identify genes underlying nicotine addiction.50 Such
studies are problematic because multiple genes
and environmental factors determine complex
behavior, and the many different dependence
phenotypes may have different genetic underpinnings. Candidate genes coding for nicotinereceptor subtypes, dopamine receptors and dopa
mine transporters, GABA receptors, opiate and
cannabinoid receptors, and other types of receptors have been associated with different aspects of
smoking behavior.52 Subsequent research, however,
has not replicated many of the initial findings.
Recent genomewide association studies point
to several promising genetic determinants of
nicotine dependence. Bierut et al. compared the
genomes of smokers who became dependent on
nicotine with the genomes of smokers who did
not.53 Signals from genomewide association studies guided a second-phase candidate-gene association study by Saccone et al. in which several
strong genetic associations were uncovered.54
Most prominent were genes within the α5/α3/β4
nicotinic cholinergic receptor gene complex on
chromosome 15. This and other genomewide
association studies of tobacco addiction have also
identified genes affecting cell adhesion and extracellular matrix molecules, which are common
among various addictions. These findings are
consistent with the idea that neural plasticity
and learning are key determinants of individual
differences in vulnerability to nicotine dependence and other drug addictions.55
Variants associated with nicotine dependence
nejm.org

june 17, 2010

Downloaded from www.nejm.org at Hoffman LaRoche on July 13, 2010 .
Copyright © 2010 Massachusetts Medical Society. All rights reserved.

mechanisms of disease

in the α5/α3/β4 gene region (chromosome 15,
15q25) also have a significant association with
the number of cigarettes smoked per day, plasma
levels of cotinine (a biomarker of nicotine intake),
urine levels of tobacco-smoke carcinogens, and
the risks of smoking-related diseases.11,56-62 The
mechanisms of the associations between these
variants and disease are probably related to the
level of dependence and therefore the level of
intake of tobacco-smoke toxins; however, nicotinic cholinergic receptors also modulate inflammatory responses, angiogenesis, and apoptosis,
and thus account for additional mechanisms
through which nicotine could affect the risk of
disease.63

V ul ner a bil i t y t o A ddic t ion
Tobacco use typically begins in childhood or adolescence — 80% of smokers begin smoking by 18
years of age.64 Although two thirds of young people try cigarette smoking, only 20 to 25% of them
become dependent daily smokers, usually as
adults.65,66 Risk factors for smoking in childhood
or adolescence include peer and parental influences, behavioral problems (e.g., poor school performance), personality characteristics (rebelliousness, risk taking, depression, and anxiety), and
genetic influences.64
The risk of dependence increases when smoking begins early.64 Studies of the developing brain
in animals suggest that nicotine can induce permanent changes that lead to addiction. Brain
changes in adolescent rats exposed to nicotine
are greater than those in exposed adult rats.
Adolescent rats that have been exposed to nicotine have higher rates of nicotine self-administration as adults, which is consistent with the
idea that early exposure to nicotine increases the
severity of dependence.67,68
Tobacco addiction is highly prevalent among
persons with mental illness or substance-abuse
disorders.69,70 The mechanisms of this association
are likely to include a shared genetic predisposition, the capacity of nicotine to alleviate some
psychiatric symptoms, and the inhibitory effects
of tobacco smoke on monoamine oxidase.23,71,72
Smoking behavior in women is more strongly
influenced by conditioned cues and negative affect; men are more likely to smoke in response
to pharmacologic cues, regulating their intake
of nicotine more precisely than women.73 On
n engl j med 362;24

average, women metabolize nicotine more quickly than men,74 which may contribute to their
increased susceptibility to nicotine addiction and
may help to explain why, among smokers, it is
more difficult for women to quit.75
Insofar as smokers regulate their intake of
nicotine to maintain particular levels throughout
the day, those who metabolize nicotine rapidly
take in more cigarette smoke per day than those
who metabolize nicotine slowly. Nicotine is metabolized to cotinine primarily by the liver enzyme
CYP2A6.76 Persons with a genetic basis for slow
metabolism (those with variant CYP2A6 genes that
are associated with reduced enzyme activity)
smoke fewer cigarettes daily than persons with
faster metabolism.77 The observation that the
fraction of smokers with genetically slow metabolism in the population of smokers decreases
with the increasing age of the cohort of smokers
suggests that those with slow metabolism are
more likely to quit than those with faster metabolism. Rapid metabolism of nicotine is associated with more severe withdrawal symptoms
and a lower probability of success in quitting
during nicotine-patch treatment.78,79

C onclusions
Nicotine sustains tobacco addiction, a major cause
of disability and premature death, by acting on
nicotinic cholinergic receptors in the brain to trigger the release of dopamine and other neuro
transmitters. Release of dopamine, glutamate,
and GABA is particularly important in the development of nicotine dependence, and CRF may
play a key role in withdrawal. Neuroadaptation
and tolerance involve changes in nicotinic receptors and neural plasticity. Nicotine addiction occurs when smokers come to rely on smoking to
modulate mood and arousal, relieve withdrawal
symptoms, or both. Light or occasional smokers
smoke mainly for positive reinforcement in specific situations. Genetic studies indicate that nicotinic receptor subtypes and the genes involved in
neuroplasticity and learning play a part in the development of dependence. People with psychiatric
or substance-abuse disorders, who account for a
large proportion of current smokers, have an increased susceptibility to tobacco addiction. Nicotine is metabolized primarily by the enzyme
CYP2A6, and variation in the rate of nicotine metabolism contributes to differences in vulnerabilnejm.org
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ity to tobacco dependence and the response to enhance the effectiveness of smoking-cessation
smoking-cessation treatment. An increased under- pharmacotherapy.
standing of the mechanisms of nicotine addiction
Supported by grants from the Flight Attendants Medical Rehas led to the development of novel medications search Institute and the National Institute on Drug Abuse (U.S.
(e.g., varenicline) that act on specific nicotinic Public Health Service grants DA02277 and DA20830).
Disclosure forms provided by the author are available with the
receptor subtypes.80 The development of other
full text of this article at NEJM.org.
drugs that act on nicotinic receptors and other
I thank Marc Olmsted for editorial assistance on an earlier
mediators of nicotine addiction is likely to further version of the manuscript.
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