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Nicotine Addiction: 
From Molecules to Behavior
MARINA R. PICCIOTTO

Drugs of abuse, Including nicotine, activate common pathways in the brain that lead to
reinforcement and addiction. Each drug, however, has unique molecular targets. This
article describes what is known about the neurobiological processes underlying the re-
inforcing actions of nicotine that ultimately lead to nicotine dependence. The pathway
starts with binding of nicotine to nicotinic acetylcholine receptors, its biochemical targets
in the brain, which results in altered dopamine physiology and, ultimately, smoking be-
havior. Experiments using genetically altered mice have begun to identify the molecules
involved in this pathway. This type of experiment will ultimately allow identification of the
individual molecules in the brain that carry out the steps leading to nicotine addiction and
may identify sites of intervention that could lead to novel treatments for nicotine addiction.
NEUROSCIENTIST 4:391-394, 1998

KEY WORDS Nicotine, Addiction, Mouse

NEUROSCIENCE UPDATE &squf;

Cigarette smoking is a major public
health issue, and much evidence points to
nicotine as the ingredient that is respon-
sible for tobacco addiction (1). A great
deal of research has contributed to under-

standing the mechanisms by which nico-
tine exerts its effects in the brain (2). This
research has included biochemical exper-
iments to identify individual molecules
that transduce the nicotine signal, physi-
ological experiments that have shown how
neurons respond to the drug, and behav-
ioral experiments that demonstrate that
nicotine causes dependence in animal mod-
els. This article reviews what is known
about the pathway leading to nicotine de-
pendence and then describes recent ex-
periments on genetically engineered mice
that lack a single subunit of the neuronal
nicotmic acetylcholine receptor (nAChR)
which have shown that biochemical,
physiological and behavioral responses
correlated with mcotine dependence re-
quire the functioning of the b2 subumt of
the nAChR (3).

Biochemical Properties of
Brain Nicotinic Receptors
The first step in the pathway to nicotine
addiction is binding of the drug to a sub-
class of acetylcholine receptors in the
brain (Fig. 1). These receptors are termed
nicotinic because of their ability to bind
to and be activated by mcotine. Bram nic-
otinic receptors are pentamenc proteins,
one family of which is made up of two
agonist-binding subunits (oL2--a-6) and three
structural subunits (non-a; 132-134) (4),
whereas the a7----a8 subfamily of nAChRs
can form functional homo-oligomers on
their own (5). Eleven different neuronal
mcotinic subunits have been cloned to date;
these can be clivided into subfamilies based
on pharmacological and physiological
properties, sequence homology, and phy-
logeny (6). One family is composed of
a2----a6 combined with (32-~34; the second
comprises a7----a8, which are able to bind
to the snake toxm a-bungarotoxin. a9 has
distinct pharmacological properties, is pn-
marily expressed in the hair cells of the
inner ear, and is likely to be part of a third
family (7). The most widely expressed
subtypes of nAChR m the brain are the
a4/(32 subunit-containing receptor and the
a7 subunit-containing receptor (8, 9). Mi-
nor populations of nAChRs contain com-
bmations of other a and (3 subunits,
sometimes m addition to the most com-
mon subunits. Receptor autoradiography
experiments in the brams of knock-out
mice have shown that all high-affinity nic-
otme binding sites in the bram contain the
P2 subunit of the nAChR (10), whereas

all a-bungarotoxm binding sites contam
the a7 subunit (11). Several subumts of
the nicotimc receptor, mcluding a3, a4,
a5, a6, p2, ~3, and (to some extent) a7,
are expressed in the mesolimbic dopamine
pathway (8, 9, 12), which compnses the
ventral tegmental area (VTA) and its pro-
jections to the nucleus accumbens (NAc).
These brain regions are thought to be in-
volved in bram reward and the reinforcing
actions of many drugs of abuse (13). Iden-
tification of the particular receptor sub-
types that mediate this first step m the
action of nicotine in the mesolimbic do-

pamine system will be very useful in de-
veloping drugs that might block nicotine
addiction without disruptmg general re-

ward pathways.

Physiological Effects of
Nicotine

After binding of mcotine to a subtype of
the nAChR in the brain, the next step m
the pathway leading to nicotine depend-
ence is likely to be activation of dopami-
nergic neurons in the mesolimbic dopa-
mme system, which results in an increase
m dopamine turnover and in the level of
extracellular dopamine m these areas (Fig.
1). In support of this hypothesis, nicotine
has been shown to mcrease the finng rate
of dopaminergic neurons in the substantia
mgra and the VTA both in vivo and in
vitro (14, 15). Low concentrations of nic-
otine consistent with the levels found m
the brains of smokers can also stimulate
the firing of dopammergic neurons (3, 16)
as well as the release of dopamine from
stnatal synaptosomes (17). These data are
consistent with the hypothesis that nico-
tme from tobacco use exerts its remforcing
properties through activation of nAChRs
on dopamine cell bodies and terminals.
The effect of nicotine on dopamine levels
is likely to be at least partly caused by
nAChRs on dopamme terminals; mcotine-
elicited dopamine release can be seen in
punfied synaptosome preparations from
the NAc that can be considered to be

highly enriched m presynaptic elements
(17, 18). The result of activation of the
mesolimbic dopamine system is thought
to be reinforcement of the activating be-
havior, leading ultimately to addiction to
the drug of abuse (19).

Rodent Self-Administration as
a Model of Drug Abuse
After binding to a subtype of the nAChR
and activation of dopamine neurons, the
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Step one -
two molecules of nicotine bind
to the pentameric receptor...

Step two -
nAChRs are activated on cell bodies
and terminals of dopamine neurons...

Step three -
activation of the dopamine system leads

to nicotine self-administration in mice...

...and the nAChR changes conformation
allowing ions to flow into the cell

... leading to an increase in
extracellular dopamine levels

... or smoking in humans.

Fig. 1. Schematic diagram of the pathway leading to nicotine addiction. A, A hypothetical nicotinic receptor is shown as a heteropen-
tamer of different nicotinic subunits containing at least one (32 subunit. Nicotine binds at the interface between an a subunit and a Il
subunit. This receptor has an intrinsic ion channel that opens upon nicotine binding to allow flux of sodium, potassium, and calcium.
B, Nicotine can activate nAChRs on the cell bodies and nerve terminals of dopaminergic neurons. Activation at these sites leads to
an increase in the firing rate of dopaminergic neurons, an increase in dopamine release, and an increase in dopamine levels in the
extracellular space. C, As a result of activation of the meso-limbic dopamine system, rodents will self-administer nicotine, which is an
animal model of nicotine reinforcement. This might correspond smoking behavior in humans.
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next step in the pathway for nicotine re-
inforcement is a behavioral output (Fig.
1). Nicotine is known to be highly addic-
tive to humans (1), but is less effective
than opiates in rodent models of addiction,
which led to early speculation that nico-
tine was not acting like other classically
addictive drugs. This is clearly not the
case however, because nicotine has been
shown to be self-administered intrave-

nously by many species, including rats

(20) and mice (3). The self-administration
paradigm measures whether an animal
will work by pressing a lever or poking
its nose in a hole to attain infusions of the

drug being tested. Smoking might be con-
sidered to be a human form of self-ad-
ministration. The conditions under which
rodents will self-administer nicotine seem
to be more limited than for cocaine self-
administration but resemble the episodic
nature of cigarette smoking (20). Nicotine
self-administration has been shown to in-
volve activation of the mesolimbic dopa-
mine system (21 ) and, as with other drugs
of abuse, it increases extracellular levels
of dopamine in the NAc (22, 23). In ad-
dition, lesions of the mesolimbic dopa-
mine neurons attenuate nicotine self-
administration in rats (21), which implies
that action of nicotine on dopaminergic
neurons in this area is necessary for at
least some of its reinforcing properties.

Evidence That the p2 Subunit
is Part of the nAChR Mediating
Nicotine Addiction

Genetically altered mice that lack a partic-
ular protein-termed knock-out mice-
have been very powerful tools for the
identification of molecules involved in

complex behaviors. Recent experiments
have been performed using knock-out
mice that lack the (32 subunit of the
nAChR but retain expression of all other
subunits of the neuronal nAChR (10).
Each of the steps described above in the

pathway leading to nicotine addiction has
been examined in these animals (3), lead-
ing to the conclusion that this subunit of
the nAChR is a necessary component of
the receptor that mediates the reinforcing
properties of nicotine in the brain. First,
high-affinity nicotine binding is com-

pletely absent in the mesolimbic system of
mice lacking the (32 subunit, which im-
plies that in the absence of the (32 subunit,
nicotine cannot bind to at least one of its

targets in this region (10). Second, both
the electrophysiological response to nico-
tine of dopaminergic neurons, as well as
nicotine-induced dopamine release, were

absent in (32 mutant mice, which suggests
that this effect is dependent on an nAChR
that contains the fl2 subunit (3). Finally,
fl2 mutant mice will self-administer co-
caine ; when nicotine is substituted for co-
caine, however, the mice extinguish self-
administration behavior, which implies
that these animals cannot experience the
reinforcing properties of nicotine in this
paradigm. Although these experiments
identify binding of nicotine to nAChRs

containing the P2 subunit as the first step
in the pathway toward nicotine addiction,
future experiments using mice deficient in
various a subunits of the nAChR are nec-

essary to identify the other subunits that
make up this receptor.

Conclusions

The neuronal pathway underlying nicotine
dependence is now fairly well understood.
Like other drugs of abuse, nicotine leads
to activation of the mesolimbic dopamine
system and can result in behaviors in ro-
dents that model drug abuse. The use of
new tools, such as knock-out mice, allows
the molecular components of that neuronal

pathway to be identified. The (32 subunit
of the nAChR is the first component of the
pathway to be identified in this way, but
the tools now exist to provide a complete
characterization of the nAChRs responsible
for nicotine addiction. Identification of
molecules in the pathway leading to nico-
tine addiction will allow for rational drug
design of nicotine-like compounds that
could be used to treat nicotine dependence
in the future.
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