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Abstract
Nicotinic acetylcholine receptors (nAChRs) regulate critical aspects of brain maturation during the
prenatal, early postnatal, and adolescent periods. During these developmental windows, nAChRs are
often transiently upregulated or change subunit composition in those neural structures that are
undergoing major phases of differentiation and synaptogenesis, and are sensitive to environmental
stimuli. Nicotine exposure, most often via tobacco smoke, but increasingly via nicotine replacement
therapy, has been shown to have unique effects on the developing human brain. Consistent with a
dynamic developmental role for acetylcholine, exogenous nicotine produces effects that are unique
to the period of exposure and that impact the developing structures regulated by acetylcholine at that
time. Here we present a review of the evidence, available from both the clinical literature and
preclinical animal models, which suggests that the diverse effects of nicotine exposure are best
evaluated in the context of regional and temporal expression patterns of nAChRs during sensitive
maturational periods, and disruption of the normal developmental influences of acetylcholine. We
present evidence that nicotine interferes with catecholamine and brainstem autonomic nuclei
development during the prenatal period of the rodent (equivalent to first and second trimester of the
human), alters the neocortex, hippocampus, and cerebellum during the early postnatal period (third
trimester of the human), and influences limbic system and late monoamine maturation during
adolescence.
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1. Introduction
Tobacco is one of the most heavily abused drugs in the world, with an estimated 21% of adults
in the US identifying themselves as regular smokers (CDC, 2005). Smoking is highly addicting,
with a nearly 97% relapse rate for unaided quit attempts (Hughes et al., 1992), and may cause
one out of every five deaths each year (CDC, Health effects of smoking, 2008). Tobacco
exposure is not only a health concern for adults, however. It has also been shown to exert
deleterious effects on the health of the fetus, newborn, child, and adolescent (Rogers, 2008;
Prokhorov et al., 2006; Kum-Nji et al., 2006; Mathers et al., 2006). Indeed, the long-term effects
of tobacco exposure may be more profound at these younger ages, since maturation of neural
circuitry is not yet complete and the inherent plasticity of the developing brain makes it
particularly vulnerable to drug-induced alteration.
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Whereas tobacco smoke contains over four thousand chemicals (US Dept. of Health and
Human Services, 1989), there is substantial evidence that nicotine, the main psychoactive
ingredient, exerts neurotoxic effects on developing brain. Nicotine can both activate and
desensitize neuronal nicotinic acetylcholine receptors (nAChRs), which are ligand gated ion
channels that mediate the physiological effects of the neurotransmitter, acetylcholine (ACh)
(Dani, 2001). nAChRs are expressed by the first trimester in human brain and exhibit a complex
pattern of developmental expression that is both region-specific and temporally regulated. In
many brain areas there is a transient appearance of nAChRs during critical phases of
development. Such findings suggest that acetylcholine, acting through nAChRs, may have an
important functional role in modulating brain development, particularly during critical periods
when brain maturation is most sensitive to perturbation.

The present review will discuss what is known of the complex roles of nAChRs in regulating
brain development and will provide a conceptual framework for understanding the
developmental consequences of clinical nicotine exposure, through smoking, secondhand
smoke, or nicotine replacement therapy. Substantial emphasis will be placed on rodent models
that provide valuable insight into the mechanisms underlying nicotine-induced
pathophysiology. Although the rate of maturation of human and rodent nervous systems are
vastly different, the brain contains core elements and developmental patterns that are
universally shared across mammalian species, giving rise to strong parallels in their
morphological development. Anatomical studies have correlated periods of rodent neural
development to corresponding phases of human development, and have validated use of animal
models to study human brain maturation (Bayer et al., 1993; Quinn, 2005). As is described
below, there is substantial comparability in patterns of nAChR expression in developing human
and rodent brain, and increasing evidence of convergence in the findings of the effects of
nicotine on developmental outcomes in the clinical and animal literature. This body of work
shows that the effects of nicotine are highly dependent on the timing of exposure, with specific
neural vulnerabilities at each developmental phase. Furthermore, there is ample evidence that
prenatal, early postnatal, and adolescent brain maturation is physiologically regulated by ACh
via activation of nAChRs, and that exogenous nicotine produces marked and unique long-term
deficits in developing structures by interfering with these cholinergic regulatory processes.

2. Pharmacology of nAChRs
nAChRs are pentameric ligand-gated cation channels that are widely distributed throughout
human and rodent brain during all phases of development (Zoli et al., 1995; Broide and Leslie,
1999; Hellstrom-Lindahl and Court, 2000; Pentel et al., 2006). Depending on their subunit
composition, nAChRs can gate both Na+ and Ca++, and exist in one of three conformational
states: open, closed at rest, and desensitized, in which ligand binding cannot induce channel
opening (Dani and Bertrand, 2007). There are twelve distinct genes that encode the subunit
proteins, yielding seven α (α2-α10) and three β subunits (β2-β4) (McGehee, 1999). These
combine in both homomeric (α7-α10) and heteromeric (α2-α6, β2-β4) configurations, which
determine the pharmacological specificity, ion selectivity, and desensitization characteristics
of the nAChR (Gotti et al., 2006).

The most common neuronal nAChR is the heteromeric α4β2, formed in 2α:3β stoichiometry
that produces two ligand binding pockets at the α/β interfaces. α4β2 nAChRs bind nicotine
with high affinity, in addition to epibatidine and cytisine (Dani and Bertrand, 2007), although
epibatidine also binds to other heteromeric subunit combinations (e.g. α3β2 and α3β4) (Perry
et al., 2002). These receptors primarily gate Na+ and have a range of effects at the neuronal
level depending on their location. When located postsynaptically, they can mediate direct
depolarization (Roerig et al., 1997; Alkondon et al., 1998). However, they are more
predominant in presynaptic and preterminal regions, where they enhance overall cell
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excitability, determine the efficacy and spread of converging inputs, and indirectly modulate
neurotransmitter release by triggering voltage-gated Ca++ channels (Tredway et al., 1999).
They are slow to desensitize, but do so to concentrations of agonist much lower than that
required for activation (Fenster et al., 1999). Thus, at concentrations of nicotine found in the
brains of smokers, most of these receptors are in the desensitized state (Brody et al., 2006).
Desensitization is an important concept in study interpretation where acute exposure to nicotine
may potentiate a normal cholinergic response via activation, but chronic exposure may inhibit
the normal actions of ACh via desensitization.

The other abundant nAChR in the brain is the α7 homomer, which contains five identical ligand
binding pockets that are antagonized by α-bungarotoxin (Orr-Urtreger et al., 1997, Gotti et al.,
2006; Mansvelder and Role, 2006). In contrast to α4β2, α7 nAChRs have a low affinity for
nicotine, but can also be activated by endogenous choline (Dani and Bertrand, 2007). These
receptors desensitize rapidly to high concentrations of agonist and have distinct ion selectivity,
gating both Na+ and a large amount of Ca++ (1Na+:10Ca++) (Dani and Bertrand, 2007). When
located presynaptically, α7 nAChRs may play critical modulatory roles by directly inducing
Ca++-dependent neurotransmitter release. α7 nAChRs gate as much Ca++ as the NMDA
glutamate receptor, but are not restricted by the depolarization-dependent Mg++ block and,
thus, are implicated in synaptic plasticity at more hyperpolarized membrane potentials
(McGehee and Role, 1995). This property may be particularly important during early cortical
development, when depolarizing input from sensory experience is not yet available (see below).

Whereas α4β2 and α7 nAChRs are widely expressed in many brain regions, other subunit
combinations are found in more spatially limited patterns, consistent with more distinct
functional roles. Expression of the α3β4 nAChR, which is common in the periphery, is largely
restricted to sensory structures and preganglionic autonomic nuclei in the brainstem (Winzer-
Serhan and Leslie, 1997; Perry et al., 2002). These nAChRs have low agonist affinity, slow
desensitization kinetics, and can induce burst firing (Luetje and Patrick, 1991; Papke and
Heinemann, 1991). Cholinergic regulation of burst firing may be particularly important in
generating the spontaneous waves of activity that lay the foundations of developing neural and
sensory circuitry (see below).

Other nAChR subunits have a more limited distribution but also play important physiological
roles. Whereas α2 subunit mRNA expression is largely restricted to cortex and hippocampus
(Son and Winzer-Serhan, 2006), it has a critical role in learning and memory processes. α2-
containing nAChRs gate synaptic plasticity and information flow in the hippocampus, and may
mediate nicotine’s cognitive-enhancing effects in adults (Nakauchi et al., 2007). Although α5,
α6, and β3 subunits only form functional cation channels when combined with both α and β
subunits (Ramirez-Latorre et al., 1996; Wang et al., 1996), and also have a more restricted
spatial pattern of expression than α4β2 and α7 nAChRs, these subunits have a profound impact
on cholinergic signaling by altering Ca++ conductance, agonist sensitivity, and desensitization
kinetics of nAChRs (Girod et al., 1999; Grady et al., 2007). For example, addition of the α5
subunit to α4 and β2 retains the high affinity binding site for nicotine, but induces a six fold
increase in Ca++ gating (Tapia et al., 2007). Thus, the α4α5β2 nAChR retains the high agonist
sensitivity of the α4β2, but has a Ca++ conductance that is comparable to that of the NMDA
glutamate receptor or α7 nAChR (Girod et al., 1999; Tapia et al., 2007). Furthermore, in
contrast to the traditional α4β2 nAChR, the α4α5β2 nAChR is rapidly desensitized by even
brief agonist exposure (Ramierez-Latorre et al., 1996) and is resistant to upregulation by
chronic nicotine (Mao et al., 2007). Given the critical roles of Ca++ in synaptic plasticity and
development, and the suggestion that α5 is implicated in predisposition to early and heavy
tobacco use (Schlaepfer et al., 2008; Berrettini et al., 2008), the regional and temporal
expression profile of this subunit is of particular interest. The expression of α6 and β3 subunit
mRNAs is most abundant in the catecholaminergic nuclei of the substantia nigra (SN), ventral
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tegmental area (VTA), locus coeruleus (LC) and nucleus tractus solitarius (Le Novere et al.,
1996; Klink et al., 2001; Azam et al., 2007; O’Leary et al., 2008). These subunits are also
expressed on dopaminergic terminals in the striatum and nucleus accumbens in suggested
combinations of α6α4β2β3 and α6β2β3 (Gotti et al., 2006; Zoli et al., 2002; Exley et al.,
2008).

All of these subunits and their resulting nAChRs display transient, region-specific spikes of
expression that correspond temporally to critical developmental events. The cholinergic system
drives maturational processes from the earliest stages of brain formation through adolescence,
and in many cases the functional roles of these transiently-expressed nAChRs have been
illustrated. Elucidating the pharmacological properties of complex nAChRs and characterizing
their change in expression during the prenatal, postnatal, and adolescent stages of brain
development is critical to understanding the mechanisms of nicotine’s effects on brain and
behavior at each age.

3. Prenataldevelopment
3.1 Prenatal morphological development

Rats and mice are altricial animals that are born at a stage of brain development that is
considerably more immature than that of humans. The gestational period of the rat spans only
22 days, which is roughly equivalent to the first 2 trimesters of human brain development.
During this prenatal period, in both humans and rodents, most neuronal cell groups are born
and early synaptogenesis occurs (Bayer et al., 1993). In the rat, the central nervous system
begins to form around gestational day (G) 11 as the neuroepithelium, composed of a ventricle
surrounded by actively proliferating cells. This generates waves of neurons and glia that
ultimately form the cell populations of the more mature central nervous system. The caudal
portion of the neural tube gives rise to the medulla, pons and spinal cord, with early functional
maturation of processes that are critical for independent life. The rostral part of the
neuroepithelium gives rise to the forebrain and a portion of these cells migrates to form the
densely packed cortical plate. The development of the cortex is organized by an “inside-out”
pattern in which the first neurons born occupy the deepest layers of cortex while the
subsequently generated cells actively migrate to settle in more superficial cortical layers.

After neurons migrate, they begin to form synaptic connections and chemical transmission
soon follows. Dopamine and other monoamine neurons are an exception in that the cell bodies
and axons can express neurotransmitter before their target neurons are fully differentiated
(Pendleton et al., 1998). In the adult, the monoamine systems regulate the neural circuitries
underlying motivation, attention, cognition, and mood (Brennan and Arnsten, 2008; Nutt,
2008; Nestler et al., 2006; Palmiter, 2008). However, these systems are among the earliest to
appear in the brain and may have distinct developmental roles in the prenatal period.
Serotonergic cells are among the first generated in the brain at G11 in rat, and these cells project
to the forebrain and aid in induction of differentiation of neuronal progenitor cells (Herlenius
and Lagercrantz, 2001). Noradrenergic neurons of the LC appear at G12, and their cell bodies
express norepinephrine soon after they are born (Altman and Bayer, 1980). Axons of these
neurons are the first to penetrate and form synapses in the cortical plate during gestation and
are thought to mediate neuronal migration and laminar formation (Herlenius and Langercrantz,
2001). Dopamine neurons of the SN and VTA originate around G13, and their fibers containing
dopamine innervate the neocortex as early as G15 (Voorn et al., 1988; Kalsbeek et al., 1988).

Both synthetic (choline acetyltransferase) and degradative enzymes (acetylcholinesterase) for
ACh are found in the fetus as early as the gastrulation phase (Mansvelder and Role, 2006),
where ACh is suggested to regulate morphogenic cell movements (Lauder and Schambra,
1999). Theses enzymes also appear early in human fetal brain development, by 8–12 gestational
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weeks (Candy et al., 1985; Perry et al., 1986). In the rat, cholinergic projection neurons are
first generated in the spinal cord and brainstem from G11-14, and forebrain cells are generated
from G14-16 (Semba and Fibiger, 1988). Whereas target innervation by forebrain cholinergic
afferents occurs largely after birth, transient populations of cholinergic interneurons appear in
the cortex and hippocampus during the prenatal period (Lauder and Schambra, 1999). Thus,
ACh is available to serve key regulatory roles throughout ontogenesis.

3.2. Prenatal expression of nAChRs
In humans, mRNA for most of the nAChR subunits and their corresponding binding sites are
detected in the first trimester and appear in a caudal to rostral gradient (Hellstrom-Lindahl et
al., 1998). α4β2 nAChRs are detected earliest in the spinal cord, pons, and medulla at six weeks,
followed shortly thereafter by the cortex, subcortical forebrain, and cerebellum at eight weeks
(Hellstrom-Lindahl et al., 1998), then spreading to the thalamus, hippocampal formation, and
basal ganglia by twenty five weeks (Agulhon et al., 1998). In contrast, α7 nAChRs are found
first in the midbrain and pons at five weeks and do not appear in spinal cord, subcortical
forebrain, or cortex until nine weeks (Falk et al., 2002; Hellstrom-Lindahl and Court, 2000;
Hellstrom-Lindahl et al., 1998).

Similar patterns of nAChR ontogeny have been observed when studying the development of
the rodent brain. As in humans, α4 and β2 mRNAs are detected earliest in the rat spinal cord
(G11), then more rostrally by G12, extending to the neocortex by G17-19 (Zoli et al., 1995).
High affinity nicotine binding also appears in a caudal to rostral pattern, and is detectable in
the neocortex by G20 (Naeff et al., 1992). α7 nAChR transcripts and binding sites are also
detectable in rat brain during early development, first appearing in cortical and thalamic
neuroepithelium between G13 and 15 (Broide et al., 1995). By G16, there is discrete expression
of α7 nAChRs throughout the brain and spinal cord (Tribollet et al., 2004). Both α3 and β4
transcripts are widely distributed in rat brain throughout mid-gestation, but decline at later
developmental stages (Winzer-Serhan and Leslie, 1997). In contrast to the postnatal period,
there are many areas of the embryonic brain where expression of these transcripts is non-
overlapping, suggesting that they are not always incorporated into α3β4 nAChRs. The α5
subunit, which has been shown to be transiently incorporated into α4β2 nAChRs during
embryonic development (Wang et al., 1996), is also expressed during late gestation in
embryonic cortex and hippocampus, as well as in catecholamine neurons (Winzer-Serhan and
Leslie, 2005; Leslie et al., 2006; Azam et al., 2007; O’Leary et al., 2008). In contrast, α6 and
β3 subunit mRNAs, which are strongly expressed in adult catecholamine neurons, are barely
detectable during the prenatal period (Leslie et al., 2006; Azam et al., 2007; O’Leary et al.,
2008).

3.3. Prenatal functional roles of nAChRs
nAChRs are vital to proper brain organization during the prenatal period by virtue of their roles
in cell survival and targeting, the formation of rudimentary neural and sensory circuits via
generation of spontaneous activity, and the development of catecholamine systems by
regulation of neurotransmitter release. ACh plays a general regulatory role in neuronal
pathfinding and survival during these early periods, mediated by Ca++ entry induced directly
and indirectly by α7 nAChRs. Stimulation of α7 by ACh induces neurite retraction (Pugh and
Berg, 1994; Small et al., 1995), while antagonism induces extension (Lipton et al. 1988).
Developing cells may spontaneously release ACh with resulting asymmetrical gradients
determining the direction of neurite growth (Zheng et al., 1994; Erskine and McCaig, 1995).
α7 nAChRs also regulate developmental apotosis (Renshaw et al., 1993; Hory-Lee and Frank,
1995), together controlling cell number and the projection path of surviving neurons. Even at
their earliest detection point, G11 in the spinal cord, nAChRs serve a role in the formation of
essential neural circuitry. ACh released from developing motoneurons generates spontaneous
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bursts of activity that can propagate the entire length of the spinal cord via α4β2 nAChR
activation in concert with inhibitory glycinergic input, or can produce bursting confined to
local circuits via non-α4β2 nAChRs coupled to GABA excitation (Hanson and Landmesser,
2003). This coordinated activity is essential for accurate pathfinding of motoneurons to their
targets (Myers et al., 2005; Hanson et al., 2008).

Cholinergic modulation of spontaneous activity is also critical for the initial creation of sensory
circuitry (Galli and Maffei, 1988; Feller, 2002). In developing sensory structures, α3 and β4
subunit mRNAs show robust codistribution in the early prenatal period, most markedly in the
retina, whisker barrels, and taste buds of the tongue (Zoli et al., 1995; Winzer-Serhan and
Leslie, 1997). As functionally expressed α3β4 channels can induce burst firing patterns (Luetje
and Patrick, 1991; Papke and Heinemann, 1991), their timing, location, and physiological
properties are ideal for creating and propagating waves of activity. This probably occurs in the
retina, where ACh released from starburst amacrine cells stimulates burst firing in ganglion
cells via α3β4 and α3β2 nAChRs (Bansal et al., 2000). Cholinergic regulation of this process
is transient, extending from G16 through the early postnatal period, at which point eye opening
occurs and glutamateric signaling from bipolar cells becomes responsible for wave formation
(Bansal et al., 2000).

Developing catecholamine neurons are also regulated by nAChRs during prenatal
development. Both dopamine cell bodies in the SN/VTA and developing efferent terminals
express α4β2 nAChRs throughout maturation. Expression of α4 and β2 mRNAs is first detected
at G15, just days after these cells are born (Azam et al., 2007). α4 mRNA and high affinity
nicotine binding are nearly twice as high in the SN compared to the VTA at G15, but decline
to VTA levels by G17 (Azam et al., 2007). This is precisely the period when dopaminergic
neurons begin to innervate their targets, and they are thus poised for cholinergic regulation.
Given the higher expression of α4β2 nAChRs in the SN, the cholinergic system potentially has
greater influence on SN neurons projecting to the striatum than those in the VTA projecting
to limbic and cortical targets. ACh may influence both development of dopamine neurons and
that of their target structures since striatal D1 and D2 dopamine receptors require afferent
dopaminergic stimulation to be translated into functional proteins (Jung and Bennett, 1996).
α4β2 nAChRs on dopamine terminals are functional during the prenatal period (Azam et al.,
2007) and, thus, may coordinate the development of dopamine receptor systems by controlling
the timing of neurotransmitter release. Studies using genetically engineered mice have also
supported a critical, but complex, role for the α4β2 nAChR in dopamine system development.
Mutants with a hypersensitive α4 subunit show initially intact dopamine neurons at G14, but
these cells fail to mature and are rapidly lost by G16-18 (Labarca et al., 2001). Mice that lack
α4 or β2 subunits also show maturational deficiencies, with loss of α4 producing unpruned
terminal arbors, and loss of either subunit causing distorted presynaptic signaling and
transmitter release (Parish et al., 2005; Picciotto et al., 1998). Adrenergic neurons of the LC
and brainstem also express high levels of nAChRs early in their development (Leslie et al.,
2006; O’Leary et al., 2008), with evidence of nAChR regulation of embryonic transmitter
release (Gallardo and Leslie, 1998; O’Leary and Leslie, 2006). Such findings suggest that
nAChRs may additionally regulate the early maturation of these neuronal pathways which play
pivotal roles in regulating arousal, maternal bonding, and autonomic function during the
perinatal period (Nelson and Panksepp, 1998; Itoi, 2008).

nAChRs also serve critical physiological functions in regulating the brainstem networks that
mediate cardiorespiratory responses. Parasympathetic cardioinhibitory neurons in the nucleus
ambiguous are excited both directly and indirectly by nAChRs, and play an essential role in
controlling heart rate (Neff et al., 1998). These neurons can also be inhibited via nAChRs, with
α4β2-like induction of local GABA release (Wang et al., 2003). Brainstem nuclei exhibit a
transient increase of both α4 and α5 mRNA just prior to birth, suggesting that the perinatal
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period is one that is highly dependent on nAChR regulation (O’Leary et al., 2008). Given the
important roles of endogenous ACh on the development of catecholamine and brainstem
autonomic nuclei, it is not surprising that these are the circuits that are impacted by nicotine
exposure during the prenatal period.

3.4. Effects of prenatal nicotine exposure
3.4.1. Methodological issues—Rodents are born at an earlier stage of brain maturation
than humans (Bayer et al., 1993; Quinn, 2005). As a result, prenatal nicotine exposure in rats
or mice only models tobacco exposure during the first two trimesters of human gestation and
not the full term. Several different approaches to prenatal nicotine treatment have been used,
each with its advantages and potential confounds, and none of which fully model prenatal
tobacco smoke exposure (Slotkin, 1998). Most groups use an osmotic minipump to deliver
nicotine to the pregnant dam, which produces constant blood levels of drug that decline
gradually as pregnancy progresses and the dam gains weight. Initial infusion of 2–3 mg nicotine
base/kg/day produces maternal blood levels of nicotine analogous to that resulting from
moderate to heavy smoking (Benowitz and Jacob, 1984). Although this delivery method does
not fully model the pharmacokinetics of nicotine in smokers, it minimizes stress to the dam
from repeated drug treatments and prevents hypoxia that results from spikes in blood nicotine
concentration. Since this approach is a form of controlled drug exposure, which neither models
the daily variations in nicotine levels nor the effects of the many other constituents of tobacco,
caution is needed in comparing resulting experimental effects with those of maternal smoking.
This methodological approach is, however, much more analogous to nicotine delivery via
patch. Many physicians, and the UK National Institute for Clinical Excellence guidelines, have
endorsed the nicotine patch as a substitute for maternal smoking (National Institute for Clinical
Excellence, 2002; Coleman, 2008), despite continued debate regarding its safety and clinical
efficacy in pregnant women (Barron et al., 2007; Pauly and Slotkin, 2008).

Notwithstanding these limitations, there is strong evidence from the animal literature for
widespread deleterious effects of prenatal exposure to nicotine, consistent with an important
developmental role for nAChRs. There is also substantial convergence between the findings
of animal studies and those of the clinical literature, suggesting that nicotine may be an
important neuroteratogen within tobacco smoke. Thus, the results of these animal studies
provide an important conceptual framework for understanding the mechanisms underlying
clinical disorders in the offspring of women who smoke during pregnancy.

3.4.2. General effects—Prenatal nicotine exposure has substantial effects on the developing
brain at doses that do not retard general growth (Slotkin, 1998). High affinity nicotine binding
is increased in fetal and neonatal brain following chronic prenatal nicotine delivery (Slotkin et
al., 1987a; Navarro et al., 1989; Pentel et al., 2006), providing critical evidence that nicotine
reaches fetal brain, and upregulates nAChRs as it does in adult rats (Nguyen et al., 2003).
Regions exhibiting persistent nAChR upregulation are more restricted by postnatal day (P) 18,
however, being confined to somatosensory and visual cortices (Tizabi and Perry, 2000). This
upregulation disappears entirely by adolescence and may in fact reverse in some regions, with
less high affinity binding in the SN/VTA, nucleus accumbens, and prefrontal cortex in rats
treated with prenatal nicotine compared to controls (Chen et al., 2005).

Gestational nicotine treatment has also been shown to decrease total numbers of cells in whole
brain and in certain subregions, during the fetal and early neonatal period, consistent with a
role of nAChRs in apotosis (Slotkin et al., 1987b; Onal et al., 2004). The activity of ornithine
decarboxylase in neonatal rat brain is also increased by prenatal nicotine exposure, suggesting
an abnormal switch from cellular proliferation to differentiation (Slotkin et al., 1987b; Navarro
et al., 1989). Endocrine systems in males are impacted by this treatment, with nicotine
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increasing corticosterone levels at G18 through a direct action on the adrenal, which then
inhibits testosterone production during the perinatal hormonal surge (von Ziegler et al.,
1991; Sarasin et al., 2003). Nicotine may also have direct effects on neural sexual
differentiation by inhibiting aromatase activity in the male fetal brain (Barbieri et al., 1986).
The acute endocrine effects of nicotine during gestation appear to have long-term consequences
in male rats, resulting in the abolition of sex differences in saccharin preference (Lichtensteiger
and Schlumpf, 1985). In humans, prenatal tobacco exposure also alters the onset of puberty in
males, further suggesting functional relevance for early endocrine disruption (Fried et al.,
2001).

3.4.3. Catecholamine systems—Both in vivo and in vitro studies have shown that acute
nicotine treatment stimulates dopamine release in fetal rat forebrain (Ribary and Lichtensteiger,
1988; Azam et al., 2007). Chronic nicotine infusion also alters brain levels of dopamine,
norepinephrine and their metabolites during the late prenatal period (Ribary and Lichtensteiger,
1989; Onal et al., 2004). In the early postnatal period, both dopamine and norepinephrine levels
are elevated in the forebrain of rats treated with nicotine during gestation, although they return
to control levels by adulthood (Ribary and Lichtensteiger, 1989). Total tissue content, however,
does not reflect changes at the synaptic level, and functional analyses reveal profound
alterations in cholinergic regulation of catecholamine signaling that, in many cases, persist
through adulthood. Prenatal nicotine treatment markedly increases nicotine-induced
norepinephrine release from in vitro slice preparations of parietal cortex after birth, with
increased efficacy during early postnatal development, adolescence, and adulthood (Leslie et
al., 2006). Conversely, in vivo nicotine-induced dopamine release is substantially reduced in
the nucleus accumbens of adolescent rats treated with prenatal nicotine (Kane et al., 2003).

Behavioral analysis of prenatal nicotine-treated rats reveals phenotypes consistent with
alterations in the dopamine system, with changes in both motor function and reward.
Gestational nicotine-induced alterations in both spontaneous and drug-induced motor activity
have been reported (Fung, 1988; Le Sage et al., 2006; Paz et al., 2007). Males, but not females,
exposed to prenatal nicotine have enhanced locomotor responses to nicotine challenge on P14
(Shacka et al., 1997). In contrast, cocaine-induced stereotypy in adolescent males and females
is severely blunted, apparently as a result of loss of functional D2 receptors (Franke et al.,
2008; Franke et al., submitted for publication). There are also complex persisting effects of
prenatal nicotine exposure on nicotine, cocaine, and natural reward during adolescence and
adulthood. Whereas prenatally exposed adolescent females initially self-administer nicotine to
the same degree as controls, they take significantly more drug following a withdrawal period
(Levin et al., 2006). Additionally, rats treated with prenatal nicotine show less initial motivation
for food reward (Franke et al., 2008), but increased motivation for and total intake of cocaine
(Paz et al., 2007; Franke et al., 2008). Cocaine-induced locomotor sensitization, an adaptive
neural process which has been linked to the processes underlying drug abuse (Robinson and
Berridge, 2001), is also increased by prenatal nicotine exposure (Franke et al., 2007). Together
these data confirm that nicotine exposure during the prenatal period, a critical time for the
initial development of catecholamine systems, has lasting effects on behaviors that are
regulated by dopamine systems (see Figure 1).

Changes in dopamine release and signaling during adolescence have important implications
for understanding the mechanisms underlying some neurobehavioral disorders that have been
associated with maternal smoking. Clinical studies have shown that smoking during pregnancy
can lead to long-standing neurobehavioral deficits in the offspring that may result from
catecholaminergic dysfunction, including attention deficit hyperactivity disorder, conduct
disorder, and cognitive deficits (Thapar et al., 2003; Weissman et al., 1999). A significant gene
× environment interaction has also been found, with hyperactivity-impulsivity and oppositional
behavior being significantly associated with polymorphisms of the dopamine transporter in the
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children of pregnant smokers (Kahn et al., 2003; Neuman et al., 2007). Recent evidence
suggests this may be an extremely potent interaction, since maternal exposure to second hand
smoke has been found to be significantly associated with vulnerability to externalizing
psychopathology in the offspring (Gatzke-Kopp and Beauchaine, 2007). Maternal smoking
has also been significantly associated with increased risks of addiction to both tobacco and
other drugs of abuse during adolescence, which is likely mediated by alteration of
catecholaminergic reward circuitry (Weissman et al., 1999; Buka et al., 2003; Porath and Fried,
2005). Adolescent smokers whose mothers used tobacco during pregnancy also experience
more severe memory deficits during nicotine withdrawal, potentially making quitting more
difficult for adolescents who were exposed to tobacco during pregnancy (Jacobsen et al.,
2006). Taken together, studies using rodent models of prenatal nicotine exposure have
produced results remarkably consistent with that seen in the clinical literature. Rodent studies
have confirmed the presence of functional nAChRs in developing catecholaminergic circuitry
during the prenatal period, which may be aberrantly activated, or more likely, desensitized by
nicotine exposure at this time. Nicotine-induced alterations in these circuits that regulate
motivation, cognition, and hyperactivity may not manifest until their full maturation during
childhood and adolescence, which is in fact when deficits in both humans and lab animals
emerge.

3.4.4. Cardiorespiratory responses—Fetal exposure to tobacco via maternal smoking is
a well-established risk factor for sudden infant death syndrome (SIDS), as cigarette smoking
during pregnancy dose dependently increases the odds ratio of developing SIDS in the offspring
(Fleming and Blair, 2007). While the full etiology of SIDS is unknown, it is thought to involve
dysregulation of neural control of cardiorespiratory processes and aberrant responses to
hypoxia (Moon et al., 2007). Rats treated prenatally with nicotine exhibit behavioral
phenotypes consistent with SIDS in the early postnatal period, showing increased spontaneous
apnea in the first days of life (Huang et al., 2004) and increased vulnerability to death from
hypoxic challenge (Slotkin et al., 1995; Fewell et al., 2001).

Recent electrophysiological studies have elegantly shown that prenatal nicotine alters the
activity of cardiorespiratory neurons in the brainstem during both normal breathing patterns
and episodes of hypoxia via persisting alteration of cholinergic regulation (Huang et al.,
2004; Kamendi et al., 2006; Huang et al., 2007). During normal inspiration, rats treated
prenatally with nicotine show cholinergic enhancement of cardioinhibitory vagal neuron
disinhibition, resulting in increased heart rates in these animals (Neff et al., 2003). More
importantly, these neonates also have impaired responses to hypoxic challenge.
Cardioinhibitory neurons, which are normally silent during hypoxic episodes, are excited
during hypoxia in rats exposed to prenatal nicotine. This aberrant excitement occurs via
cholinergic enhancement of glutamate release onto these cells, producing decreased heart rate
during the hypoxic episode, potentially enhancing the likelihood of mortality (Evans et al.,
2005; Huang et al., 2007). Changes in cholinergic signaling may be mediated in part by
alteration in the subunit composition of nAChRs expressed on glutamatergic terminals.
Prenatal nicotine treatment induces a change from α3β2 and α6-containing nAChRs to α3β4
nAChRs, which may mediate the irregular signaling during hypoxia (Kamendi et al., 2006).

Changes in central and peripheral adrenergic signaling may also contribute to the aberrant
response to hypoxia following gestational nicotine exposure (Slotkin et al., 1995). Adrenergic
systems are critically involved in regulating neonatal arousal and ventilatory response
(Bamford and Hawkins, 1990; Karlsson et al., 2004; Viemari, 2008), which are dysregulated
in SIDS (Leiter and Bohm, 2007). Prenatal nicotine exposure decreases the baseline activity
of noradrenergic neurons, but greatly sensitizes them to hypoxia-induced activation (Slotkin
et al., 1995). This excessive release of central norepinephrine during hypoxia may inhibit the
ventilatory response via activation of brainstem α2-adrenergic receptors. Conversely, hypoxia-
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induced release of norepinephrine from adrenal chromaffin cells is greatly diminished by
prenatal nicotine exposure (Slotkin et al., 1995; Buttigieg et al., 2008). Since massive release
of adrenal catecholamines, and the resulting redistribution of blood flow, is required for
neonates to survive hypoxia (Hedner et al., 1980; Thompson et al., 1997), this may contribute
significantly to the increased incidence of SIDS seen in the offspring of smoking mothers (see
Figure 1).

4. Early postnatal development
4.1 Early postnatal morphological development

The first twelve days of life in the rat are approximately comparable to the third trimester of
human gestation (Dobbing, 1971; Quinn, 2005). This period is characterized by rapid brain
growth including dendritic arborization, axonal growth, peak synaptogenesis, gliogenesis, and
maturation of neurotransmission (Dobbing, 1971; Dobbing and Sands, 1979). During this time,
neurogenesis of the olfactory bulb, hippocampus and cerebellum is just beginning (Bayer et
al., 1993). For example, the hippocampus undergoes an increase in size and a change in
excitatory neurotransmission during this period to allow for adult-like synaptic plasticity by
the end of the second postnatal week (Dumas, 2005). This transiently heightened level of brain
plasticity is shaped by environmental factors and stimuli such as stress, malnutrition, and drugs,
which have profound effects on this brain growth spurt (Goodlett et al., 1989; Burns, 1990).

Some neurotransmitters change their functional role in the brain during this developmental
period. For example, GABAergic signaling is excitatory because of the reversed chloride
gradient during prenatal and early postnatal maturation (Rivera et al., 1999). GABA-induced
excitation allows for neuronal proliferation, migration and targeting. A switch from
depolarizing to hyperpolarizing GABAergic signaling occurs during the first two postnatal
weeks, and this change is triggered by a shift in the balance of chloride transporter expression
from those that increase (i.e. NKCC1) intracellular chloride to those that decrease (i.e. KCC2).
The maturation of this change in signaling follows a sex-specific pattern, in which females
demonstrate an earlier switch than males in the hippocampus and substantia nigra
(Galanopoulou et al., 2003; Galanopoulou, 2008). Modulation of GABAergic signaling during
this time window, such as exposure to alcohol, can alter cell proliferation and migration of
cortical neurons (Belhage et al., 1998).

In both humans and rodents, there are sensitive periods during early postnatal life during which
sensory input shapes the maturation of sensory circuits (Berardi et al., 2000; Lewis and Maurer,
2005). In rats, the second postnatal week is a critical period for sensory cortical development
as the animal begins to hear (Jewett and Romano, 1972), starts whisking (Welker, 1964), and
opens its eyes (Morishita and Hensch, 2008). During this time, synaptic connections are
established between sensory thalamic afferents and their cortical targets (for review, Metherate,
2004), and disruptions of this process can have serious and persisting consequences. Basal
forebrain cholinergic innervation of the cortex coincides with the development of cortical
synapse formation (Hohmann and Berger-Sweeney, 1998). Thalamic synaptic contacts are
closely aligned with acetylcholinesterase positive fibers throughout sensory cortical
maturation, which suggests that ACh acts as a regulating factor for cortical plasticity
(Hohmann, 2003).

4.2. Early postnatal expression and function of nAChRs
4.2.1 Neocortex—In the human, the peaks of both α4β2 and α7 nAChR receptor binding in
the neocortex and hippocampus occur during the third trimester of development (Court et al.,
1997; Court et al., 2000). In the rodent, high affinity nicotine binding in the cortex increases
during the first postnatal week, and then moderately declines to adult levels by P28 (Zhang et
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al., 1998). α7 mRNA, while evident in the cortex by G13, peaks during the second postnatal
week (Broide et al., 1995; Mansvelder and Role, 2006). Particularly striking is the transition
to the heterogeneous distribution of cortical α7 nAChRs seen during the postnatal peak.
Sensory and limbic cortices show preferential upregulation of α7 mRNA and α-bungarotoxin
binding (Fuchs, 1989; Bina et al., 1995; Broide et al., 1995), and these areas are mirrored by
increased α7 levels in corresponding thalamic nuclei that send their afferents to innervate the
cortex precisely at this time (Broide et al., 1996). Similar to prenatal development, α7 nAChRs
may regulate developmental programmed cell death during the early postnatal period, as gain
of function mutations in α7 cause massive cell loss in the somatosensory regions of the neonate
cortex (Orr-Urtreger et al., 2000). α7 nAChRs also regulate thalamocortical development at
the synaptic level by enhancing glutamate release from presynaptic terminals onto layer IV
pyramidal cells. During the early postnatal period, this enhanced release appears to convert
NMDA-only, or silent, synapses to mature synapses via depolarization-dependent AMPA
insertion (Metherate and Hsieh, 2003). Cortical expression of α7 nAChRs is also regulated by
thalamic input and by the onset of sensory signaling (Broide et al., 1996; Bina et al., 1998;
Aztiria et al., 2004), suggesting an important role for these receptors in experience-dependent
plasticity.

Cortical expression patterns of some heteromeric nAChRs also undergo dynamic changes
during the early postnatal period. α3 and β4 subunit transcripts are transiently expressed within
layer IV neurons of the visual cortex at this time (Winzer-Serhan and Leslie, 1997). The
developmental distribution of α5 also suggests that this subunit may play an important role in
cortical development during the early postnatal period. α5 mRNA appears by G18 in layer VI
of cortex, followed by expression in interneuron-rich layers II/III and V at birth. Cortical α5
mRNA expression rises to peak in the first two postnatal weeks and then declines to low levels
in the adult (Winzer-Serhan and Leslie, 2005). It has recently been shown that corticothalamic
pyramidal neurons in layer VI of the prefrontal cortex generate excitatory currents via
α4α5β2 stimulation that peak during the first postnatal month (Kassam et al., 2008), suggesting
an important developmental function for this receptor type. Loss of the β2 subunit on these
neurons during these first two postnatal weeks, but not later in life, impairs the learning of
passive avoidance tasks in adulthood (King et al., 2003). Thus, corticothalamic neurons, that
are important for attentional processes and emotional learning, appear to be programmed by
cholinergic input via activation of α4α5β2 nAChRs during the early postnatal period.

4.2.2. Hippocampus—Like the neocortex, the hippocampus also develops primarily during
the early postnatal period (Bayer and Altman, 1974), and shows similar transient increases of
α7 and α5 subunit expression. In CA1 and CA3 pyramidal cell layers, α7 and α5 mRNA levels
rise to peak in the first two postnatal weeks and decline to adult levels thereafter (Zhang et al.,
1998; Adams et al., 2002; Winzer-Serhan and Leslie, 2005). Hippocampal interneurons also
express α5 mRNA after birth, increasing to reach high adult levels by the third postnatal week
(Winzer-Serhan and Leslie, 2005). During this time, there is significant colocalization of α5
and α7 mRNAs in developing pyramidal neurons, but only slight colocalization in interneurons,
suggesting alternate nAChR subunit combinations involving α5 in this population (Winzer-
Serhan and Leslie, 2005). α3 and β4 mRNAs are also codistributed transiently in the pyramidal
layer of the CA3 during the first postnatal weeks, which may contribute to more complex
subunit combinations (Winzer-Serhan and Leslie, 1997).

As with the retina and the spinal cord, early hippocampal development is driven by spontaneous
oscillatory activity (Feller, 1999). These activity waves are driven by excitatory GABA, but
are indirectly controlled by ACh by virtue of its influence over the GABA excitatory to
inhibitory switch. During the first postnatal week, Ca++ influx via α7 nAChRs induces
expression of the adult chloride transporter (KCC2), which decreases intracellular chloride to
establish the inhibitory GABA gradient (Liu et al., 2006). During their period of peak
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expression, α7 nAChRs also mediate silent synapse activation, as in the cortex, to lay the
foundation for adult hippocampal circuitry (Maggi et al., 2003).

4.2.3. Cerebellum—Another structure that develops largely postnatally in rodent is the
cerebellum (Altman, 1972; Bayer et al., 1993). Neurogenesis of cerebellar granule cells occurs
entirely following birth within the external germinal layer, which expresses high levels of α3
and β4 mRNAs during the perinatal period (Winzer-Serhan and Leslie, 1997). Furthermore,
during early postnatal development this region expresses heteromeric nicotinic receptor
binding sites that have pharmacological properties consistent with α3β4 nAChRs (Opanashuk
et al., 2001).

There is a large ACh input to the developing cerebellum, with Purkinje cells transiently
expressing a cholinergic phenotype during the early postnatal period (Gould and Butcher,
1987). Substantial evidence indicates that ACh regulates early cerebellar development via
activation of nAChRs both on developing cerebellar neurons and their afferents. In vitro studies
have shown that nAChR activation promotes neurogenesis and survival of cerebellar granule
cells, and reduces their motility (Opanashuk et al., 2001; Fucile et al., 2004). Furthermore,
heteromeric nAChRs enhance synaptic glutamate and GABA transmission onto Purkinje cells,
as well as cerebellar norepinephrine release, effects that are prominent during the perinatal
period but decrease substantially as the cerebellum matures (Kawa et al., 2002; O’Leary and
Leslie, 2003).

4.2.4. Catecholamine neurons—Some earlier maturing structures also show changes in
nAChR distribution during the early postnatal period. The noradrenergic LC exhibits a
substantial postnatal decrease in α4 mRNA levels, which is paralleled by a decline in high
affinity nicotine binding (Leslie et al., 2006). There is a corresponding postnatal increase in
the expression of α6 and β3 mRNAs, which contribute to the heterogeneous nAChR types seen
in mature LC (Léna et al., 1999). The dopaminergic cell bodies of the SN and VTA show a
second sharp increase in high affinity nicotine binding at birth, followed by a slow decline to
adult levels by P20 (Azam et al., 2007). Paralleling the increase in nicotine binding in the
dopamine synthesizing cell bodies, nicotine binding and α4/β2 subunit mRNA expression in
striatal terminal fields also peaks around birth, but remains sustained through the first two
postnatal weeks (Zhang et al., 1998; Zoli et al., 1995; Naeff et al., 1992). As with the LC, there
is a postnatal increase in the expression of α6 and β3 mRNAs in the SN/VTA, which contribute
to the heterogeneous nAChR types seen in the mature dopamine system (Charpantier et al.,
1998; Zoli et al., 2002).

Cholinergic regulation of the catecholamine system continues to mature during the early
postnatal period, and nAChR regulation of transmitter release in terminal fields is highly region
specific. nAChR efficacy in stimulating norepinephrine release is low in the hippocampus at
birth and increases over the first ten days of life (Leslie et al., 2002). At all stages of postnatal
development, however, there are two components of nAChR-mediated norepinephrine release;
a direct effect on hippocampal LC terminals and an indirect effect mediated by stimulation of
an excitatory GABA input. In contrast, in other LC terminal fields such as the cerebellum,
neocortex, and hypothalamus, nAChRs directly stimulate norepinephrine release and are more
efficacious during the early postnatal period (O’Leary and Leslie, 2003, 2006; Leslie et al.,
2006). In these terminal regions, there is a clear change in the pharmacological properties of
the nAChRs that regulate norepinephrine release as maturation progresses, suggesting that they
subserve differing functional roles at different developmental stages.

Similarly, the pharmacological properties of nAChRs that stimulate dopamine release also
continue to change during the early postnatal period. After birth, nicotine efficacy at nAChRs
that stimulate striatal dopamine release decreases (Azam et al., 2007). Significant sex
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differences are also observed during this period. After P7, however, nicotine efficacy and
potency steadily increases until the third postnatal week. These complex changes in acute
responses to nicotine highlight the complexity of cholinergic signaling, and the functional
importance of changing nAChR subunit profiles, during early postnatal development.

4.3. Effects of early postnatal nicotine exposure
During early postnatal development, nAChRs begin to shape the formation of maturing cortical
and limbic circuitry, and their regulation of gene expression becomes essential for proper
synaptic formation and neuronal signaling. ACh plays important roles in all phases of brain
development, but its effect at each age is dependent on the timing of critical periods for different
neural structures. Thus, while disruption of cholinergic signaling during prenatal development
has long term effects on the brainstem catecholamine systems that are maturing at this time,
nicotine administration in the early postnatal period alters later developing structures like the
cortex and hippocampus (see Figure 2).

Nicotine exposure during the early postnatal period induces both acute and persisting changes
in high affinity nicotine binding sites. Nicotine treatment from P1-P7 results in increased high
affinity binding in the hippocampus, cortex, and thalamus, but not cerebellum (Huang and
Winzer-Serhan, 2006; Huang et al., 2007a). These increases in binding are not accompanied
by changes in mRNA, indicating that the upregulation occurs via post-translational
mechanisms. Treatment of rat pups during the second postnatal week induces upregulation of
high affinity sites in the cortex, hippocampus, and striatum that persist through adulthood,
whereas nicotine given from P1 through P21 induces only transient upregulation (Miao et al,
1998). Functional changes in heteromeric nAChRs are also found after early postnatal
exposure. Either prenatal or early postnatal exposure to nicotine eliminates the peak of nicotine-
stimulated Rb+ efflux in synaptosomes from the cortex, hippocampus, striatum, and thalamus
that normally occurs at P35. Early postnatal exposure, however, causes an earlier decrease of
Rb+ efflux from the cortex compared to control at P28, an effect not seen with prenatal exposure
alone (Britton et al., 2007). This effect confirms that the cortex is preferentially impacted by
early postnatal exposure to nicotine.

Nicotine exposure during the second postnatal week induces long lasting effects on sensory
cortical function. Rats treated with nicotine at this time show enhanced corticothalamic
excitability, evidenced by longer duration and more erratic excitatory postsynaptic potentials
in the auditory cortex (Aramakis et al., 2000). These effects result from changes in the NMDA
current, whereas AMPA currents are unaffected, and persist for at least 10 days following
treatment (Aramakis et al., 2000). NMDA receptor subunits are altered by early postnatal
nicotine treatment, showing increased NR2A expression levels up to two weeks following
chronic neonatal nicotine (Hsieh et al., 2002). NR2A is typically upregulated by neuronal
activity, which may be mediated by nAChR-induced stimulation of glutamate release
(Carmignoto and Vicini, 1992; Metherate and Hsieh, 2003). While the immediate effects of
neonatal nicotine exposure on thalamocortical excitability and NMDA subunit expression
subside by the adolescent period, the organization and sensitivity of these circuits is
permanently altered. Adult rats that were exposed to nicotine during the second postnatal week
fail to show nicotine-induced potentiation of neural responses to auditory stimuli, and exhibit
deficits in cognitive processing requiring auditory cues (Liang et al., 2006). Thus, nicotine
exposure in the rodent during the early postnatal period produces permanent changes in cortical
circuitry that result in deficiencies in sensory and cognitive processing. Such findings may
clarify the mechanisms underlying the well established defects in human auditory cognitive
processing that result from maternal smoking (Sexton et al., 1990; McCartney et al., 1994).

The hippocampus also undergoes substantial maturation during the early postnatal period, and
there is some evidence that neonatal nicotine exposure may impair hippocampal function later
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in life. The combination of prenatal and postnatal nicotine exposure has been reported to impair
spatial reference learning in adult females, but not males, in the Morris water maze task
(Eppolito and Smith, 2006). Others, however, examining only early neonatal exposure, have
not shown deficiencies in hippocampal mediated spatial learning, but have found increased
anxiety-like behaviors in both males and females (Huang et al., 2007b). This phenotype may
result from nicotine-induced changes in ventral hippocampus, as recent findings suggest a role
for this structure in anxiolytic behavior (Engin and Treit, 2007).

5. Adolescent Development
5.1 Adolescent morphological development

Adolescence, which is conservatively defined as approximately 12 to 20 years in humans and
P28 to 42 in rats, is the final developmental epoch leading to adulthood (Spear, 2000). This
maturational period is defined by characteristic behaviors such as risk-taking, novelty-seeking,
high play and increased social interactions, features that are conserved across species (Spear,
2000). Another hallmark feature of this period is the development of executive functions such
as decision-making and impulse control (Leon-Carrion et al., 2004; Toga et al., 2006).
Underlying these behavioral changes are dynamic alterations in the brain.

During adolescence, there is an increase in myelination and synaptic pruning to allow more
efficient neural signaling. Human magnetic resonance studies have shown a linear increase in
white matter (Paus et al., 1999; Giedd, 2004) and an inverted U-shaped change in gray matter
volume during the adolescent period (Giedd et al., 1999; Giedd, 2004). Correlated with gray
matter changes, synaptic connections are overproduced in early puberty and rapidly pruned
back in late adolescence (Giedd, 2004). Specifically, synaptic or receptor pruning occurs in
the amygdala (Zehr et al., 2006), striatum (Teicher et al., 1995) and prefrontal cortex (Andersen
et al., 2000). Despite synaptic pruning, fiber density of amygdalocortical (Cunningham et al.,
2002) and corticoaccumbens connections (Brenhouse et al., 2008) continues to increase into
early adulthood. This process allows for experience-dependent strengthening of connections
that are frequently activated in response to the environment, and elimination of those that are
less often used (Rakic et al., 1994). Prefrontal cortex control of executive function requires
maturation of connectivity to inhibit impulsive limbic signals. Thus, such remodeling is
necessary for development of adult-like behavior.

In addition to these gross structural changes, the adolescent brain shows dramatic alterations
in neurochemical transmission. In particular, there is marked maturation of the
mesocorticolimbic dopamine system and its targets, which are ultimately responsible for the
integration of the external environment with internal drives to produce motivated behavior
(Benes et al., 2000; Chambers et al., 2003). Dopaminergic innervation of the prefrontal cortex
increases in density (Benes et al., 2000), and its control of prefrontal interneurons and
pyramidal firing states matures during adolescence (Tseng and O’Donnell, 2005; 2007). There
is also a transient increase in dopamine D1 receptor expression on maturing cortical-accumbens
afferents (Brenhouse et al., 2008). Both animal and human studies reveal that dopamine D1,
D2, and D4 receptors are overproduced during adolescence and undergo rapid elimination in
striatal regions (Seeman et al., 1987; Teicher et al., 1995; Tarazi et al., 1999), whereas
dopamine D3 receptors steadily rise to reach peak levels in adulthood (Stanwood et al.,
1997;Gurevich et al., 1999). Age differences are also evident in the functional consequences
of striatal dopamine receptor activation (Bolanos et al., 1998; Andersen, 2002). The
dopaminergic system is dynamically changing during adolescence and stimulation by nicotine,
possibly via nAChRs on dopamine neurons and terminals, may alter maturation of the
mesocorticolimbic system.
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5.2. Adolescent expression and function of nAChRs
In rodents, levels of α4β2 and α7 mRNA and binding in most brain regions have been reported
to be stable from adolescence through adulthood by some (Zhang et al., 1998), although others
have described increased nAChR binding in adolescents relative to adults (Doura et al.,
2008). Despite these discrepancies, α4β2 nAChRs show functional changes in the cortex,
hippocampus, striatum, and thalamus during adolescence, with increased nicotine-induced
Rb+ efflux compared to adults (Kota et al., 2007). These changes may be mediated by increased
receptor number in these regions, or by insertion of subunits such as α5 that alter gating
properties.

The dopamine system also exhibits marked functional changes in its regulation by nAChRs
during adolescence (Azam et al., 2007). However, the mechanisms underlying these complex
changes are not entirely clear. Whereas high affinity nicotine binding has reached adult levels
in the SN/VTA region by adolescence, α4β2-like binding in the striatum remains elevated
relative to adult (Zhang et al., 1998; Doura et al., 2008). Although expression of most nAChR
subunit mRNAs within SN/VTA has reached adult levels by adolescence, levels of α5 mRNA,
which peak just prior to adolescence at P20, remain somewhat elevated, particularly in the SN
(Azam et al., 2007). In the adult, α5 is expressed on dopaminergic terminals in the striatum
and prefrontal cortex in nAChRs with a α4α5β2 combination (Zoli et al., 2002; Gotti et al.,
2006). However, it is not yet known whether expression of α5 on dopaminergic terminals also
changes with age. Given the elevated expression of α4β2 nAChRs, however, adolescent-
specific changes of α4α5β2 are likely. The α6 subunit may also play an important role in
adolescence, as its mRNA expression peaks in the SN and VTA at P21 (Azam et al., 2007).
The SN contains more α6 mRNA than the VTA throughout adolescence, but levels decline to
equal expression by adulthood. α6-containing nAChRs presynaptically regulate dopamine
release in the nucleus accumbens, but not the striatum, in adulthood (Exley et al., 2008). As
yet, however, age-specific changes in α6 protein levels in these regions have not been
determined. The biochemical and behavioral effects of nicotine administration during
adolescence, however, suggest changes in subunit expression and nAChR function. Further
characterization of nAChR subunit profiles, particularly on the terminals of catecholamine
neurons in the striatum and cortex are needed.

Whereas the functional role of nAChRs in adolescent maturational processes has not been fully
explored, the neurochemical and behavioral studies outlined below suggest that they may
regulate limbic system circuitry that is undergoing critical experience-dependent reshaping
during this period (see Figure 3). Thus, adolescence may be a particularly vulnerable period
during which nicotine exposure may produce long-term changes in limbic function.

5.3. Effects of adolescent nicotine exposure
5.3.1. Acute effects—Nicotine administered during adolescence induces unique
neurochemical responses in limbic circuitry. A recent in vivo microdialysis study has shown
nicotine to induce greater increases in extracellular levels of dopamine and its metabolite, 3,4-
dihydroxyphenylacetic acid, in the nucleus accumbens of the adolescent as compared to the
adult rat (Shearman et al., 2008). A more striking difference, however, was the large nicotine-
induced increase in extracellular serotonin levels in the nucleus accumbens of the adolescent,
but not adult, rat. This finding suggests that the serotonin system may mediate some acute
nicotine effects in adolescence. In contrast, in prefrontal cortex, nicotine stimulates increases
in extracellular levels of dopamine, serotonin, and norepinephrine in adults, but not
adolescents, indicating a late maturation of nAChR regulation of these systems.

Adolescents also exhibit some unique patterns of neuronal activation in response to nicotine,
as evidenced by expression of immediate early genes such as c-fos and arc. Adolescent animals
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have greater nicotine-induced c-fos and/or arc mRNA activation in reward-related regions,
such as the nucleus accumbens, the extended amygdala and the prefrontal cortex (Schochet et
al., 2005; Shram et al., 2007). Recent evidence suggests a critical developmental role for α7
nAChRs in mediating these unique neuronal responses in the adolescent prefrontal cortex
(Thomsen et al., 2008). Nicotine also selectively stimulates c-fos mRNA expression in the
adolescent paraventricular nucleus of the thalamus (Cao et al., 2007), which is highly
interconnected with limbic regions and an important inhibitory regulator of the stress response
(Jaferi and Bhatnagar, 2006). Consistent with this finding, adolescents are less sensitive to
nicotine-induced activation of the paraventricular nucleus of the hypothalamus and subsequent
corticosterone release (Cao et al., 2007), despite the fact that the hypothalamic-pituitary-
adrenal axis response to other stressors reaches adult levels by this time (Goldman et al,
1973; Vazquez and Akil, 1993; Choi and Kellogg, 1996).

These unique responses of limbic circuitry to nicotine administration in adolescents are
paralleled by age differences in nicotine-induced behaviors. Recent animal studies have
provided evidence consistent with the clinical literature (Chen and Millar, 1998; Everett et al.,
1999), that adolescents are more sensitive to the rewarding properties of nicotine, potentially
enhancing their vulnerability to addiction. Adolescent rats have been shown to acquire
intravenous nicotine self-administration more readily, and to take higher amounts of drug, than
adults (Levin et al., 2003, 2007; Chen et al., 2007). Although these studies were conducted in
older adolescents, other reports in which different behavioral approaches are used have also
shown an enhanced sensitivity to nicotine reward during early adolescence (P28-35). Mice of
this age have a greater preference than adults for drinking sucrose solution containing nicotine
(Adriani et al., 2002). In conditioned place preference tests, adolescent rats have been shown
to spend more time in the nicotine-paired chamber at lower doses than found in adults (Belluzzi
et al., 2004; Kota et al., 2007; Shram et al., 2006; Torres et al., 2008; Vastola et al., 2002).
Young adolescent rats also form these associations more readily than the adult, in that a single
conditioning trial can elicit a conditioned place preference response (Belluzzi et al., 2004;
Brielmaier et al., 2007).

Not only are the rewarding effects of nicotine enhanced during adolescence, but the aversive
effects are also reduced. High doses of nicotine are perceived as aversive in adult animals, but
not in adolescents, as demonstrated with conditioned place or taste aversion procedures (Shram
et al., 2006; Torres et al., 2008; Wilmouth and Spear, 2004). Nicotine withdrawal is also
experienced less in adolescents than adults. Adolescents display fewer physical signs under
both spontaneous and precipitated withdrawal after continuous nicotine infusion (Kota et al.,
2007; O’Dell et al., 2004, 2006; Shram et al., 2008). Furthermore, in nicotine-dependent adults,
withdrawal causes a decrease in brain reward function as indicated by an elevation of
intracranial self-stimulation thresholds (Kenny and Markou, 2001; Panagis et al., 2000),
whereas this effect is absent in adolescents (O’Dell et al., 2006, 2008). These findings of
decreased sensitivity to the aversive effects of nicotine in adolescent animals are in contrast to
the clinical literature, in which teenagers have been shown to exhibit symptoms of withdrawal
shortly after the initiation of smoking (DiFranza et al., 2000). This discrepancy may reflect the
synergistic interactions of nicotine with other components of tobacco, which have been shown
to influence the behavioral response of adolescents (Belluzzi et al., 2005).

Nicotine exposure during adolescence can also alter behaviors associated with mood. Despite
discrepancies in the adult literature, acute nicotine treatment consistently reduces anxiety in
adolescent male rats (Cheeta et al., 2001; Elliott et al., 2004). This property of nicotine may
provide a psychological incentive to initiate tobacco use in young smokers, but likely produces
long-term changes in neural circuitry making smokers more vulnerable to future mood
disorders (see below).
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5.3.2. Chronic effects—Chronic nicotine in adolescence has been shown to cause greater
and longer-lasting alterations in cholinergic signaling than in adults. Daily adolescent nicotine
treatment from P34-43 results in persisting increased mRNA expression of α5, α6, and β2
nAChR subunits in the ventral midbrain that is not seen in rats treated as adults (Adriani et al.,
2003). Furthermore, greater upregulation of α4β2* and α7-nAChR binding (Trauth et al.,
1999; Slotkin et al., 2004) and downregulation of striatal α6* nAChR binding are seen in
adolescents as compared to adults (Doura et al., 2008). Presynaptic markers of cholinergic
function, such as choline acetyltransferase activity and hemicholinium binding, are also altered
many months after adolescent nicotine treatment, with decrements in neocortex, and increases
in the hippocampus and midbrain (Slotkin et al., 2007). These lasting changes in cholinergic
activity may impact a variety of neurotransmitter systems that are modulated by ACh.

Given that nAChRs are found on monoamine cell bodies and terminals that continue to mature
during adolescence, it is not surprising that adolescent nicotine treatment has been found to
result in long-term changes in these neurotransmitter systems. Striatal dopamine transporter
density is upregulated after a week of daily nicotine injections in adolescent, but not adult, rats
(Collins et al., 2004a). Similarly, eight-day continuous infusion of nicotine results in persistent
increases in striatal dopamine content (Slotkin and Seidler, 2007). Functional studies have also
shown increased electrically-evoked release of dopamine from prefrontal cortex slices of
nicotine-treated adolescents but not adults (Counotte et al, 2008). Transient decreases in striatal
serotonin turnover and increases in serotonergic receptors have been observed after adolescent
nicotine exposure (Slotkin et al., 2006; Slotkin and Seidler, 2007). Despite these increases in
receptor density, cessation of continuous nicotine induces an overall suppression of presynaptic
serotonergic activity (Xu et al., 2002). Furthermore, months after chronic adolescent nicotine
treatment, persistent increases in serotonergic transporter and receptors are observed in cortex
of male, but not female, rats (Slotkin et al., 2007). These long-term alterations in serotonergic
signaling may be responsible for the prevalence of mood disorders, such as depression in
teenage smokers (Wu and Anthony, 1999; Goodman and Capitman, 2000).

Behavioral studies have similarly implicated a unique role for adolescent nicotine exposure in
the development of mood disorders. Several groups have shown that continuous infusion of
nicotine during adolescence causes an anxiogenic phenotype in adulthood (Slawecki et al.,
2003, 2005; Smith et al., 2006). Adolescent nicotine exposure also enhances adult acquisition
of fear conditioning and a prolonged extinction of freezing behavior (Smith et al., 2006), as
well as performance on a passive avoidance task, another measure of emotional learning and
memory (Trauth et al., 2000). These findings suggest that adolescent nicotine exposure may
induce maladaptive learning in emotional contexts, which may lead to life-long mood disorders
that are associated with smoking (Gehricke et al., 2007).

Other studies have also revealed persisting deficits in cognition after continuous infusion of
nicotine during adolescence. Adolescent, but not adult, nicotine treatment reduces accuracy of
correct stimulus detection in a visuospatial attentional task, with an increase in premature and
time-out responding that suggests a lack of impulsive control which is part of normal adolescent
maturation (Counotte et al., 2008). Similar nicotine-induced deficits have been found in a serial
pattern learning paradigm (Fountain et al., 2008). Such alterations in executive functioning
resulting from early adolescent nicotine exposure have recently been suggested as a basis for
the development of dependence in smokers (deBry and Tiffany, 2008). These studies also shed
light on questions in the human literature of whether adolescent nicotine treatment induces
enhanced impulsivity or whether adolescents who are more impulsive are simply more prone
to smoke (Tercyak et al., 2002; DeBry and Tiffany, 2008). These animal studies suggest that
nicotine may play a causal role in the persistence of impulsivity during and beyond adolescence.
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Epidemiological studies have also suggested that tobacco is gateway drug that increases the
likelihood of subsequent use of other addictive substances (Kandel et al., 1992; Lai et al.,
2000). Support for this concept has come from animal studies in which brief exposure to
nicotine during adolescence has been shown to enhance the reinforcing value of other abused
drugs. Nicotine treatment for seven days produces cross-sensitization to the locomotor effects
of cocaine and amphetamine in adolescent, but not adult, male rats (Collins and Izenwasser,
2004; Collins et al., 2004b). A similar enhancement of self-administration behavior is also
observed. Intravenous administration of a low nicotine dose, equivalent to approximately 4
cigarettes per day, for four days during adolescence also enhances subsequent acquisition of
cocaine self-administration (McQuown et al., 2007). This effect is long-lasting and specific to
adolescents, and is associated with enhanced maturation of limbic circuitry (McQuown et al.,
unpublished observations).

6. Conclusion
nAChRs are present in the brain from the earliest phases of neural development through
childhood and adolescence, and into adulthood. However, their patterns of expression are
regionally and temporally heterogeneous and, in many cases, unique to the developmental
period. The multitude of nAChR subunits, and the resulting range of pharmacological and
physiological properties of the nAChR, allows the cholinergic system immense flexibility to
regulate many aspects of brain development. The transient increases in nAChR expression
within a given brain structure often coincide with the most crucial phases of its development.
Thus, nAChRs critically regulate catecholamine and autonomic development in the prenatal
period (see Figure 1), cortical, hippocampal, and cerebellar development during the early
postnatal period (see Figure 2), and limbic and postnatal catecholamine development during
the adolescent period (see Figure 3).

This exquisite regulation of nAChR expression during development predicts that exogenous
nicotine exposure may produce a diverse array of functional consequences that depend
critically on the timing of exposure. This prediction has been supported not only by studies in
laboratory animals, but also by clinical observations. Prenatal nicotine exposure produces
autonomic deficits, which may underlie the increased incidence of SIDS seen in the human
literature. Nicotine exposure during this time also appears to alter developing catecholamine
systems, with particular vulnerability of the dopamine system. Prenatal nicotine-induced
deficits reflective of altered dopaminergic processing appear later in life as these circuits
undergo postnatal maturation, with children of mothers who smoked exhibiting increased
incidence of ADHD and substance abuse during childhood and adolescence. Early postnatal
nicotine exposure in rodents, or third trimester exposure in humans, appears to preferentially
interfere with cortical development, with human newborns and children exhibiting long-lasting
defects in auditory cognitive processing. Finally, exposure to nicotine during adolescence may
preferentially interfere with limbic circuitry, producing enhanced vulnerability to nicotine
addiction, increased impulsivity, and mood disorders.

Nicotine has dynamic effects on the developing brain, and continued exploration of the
developmental patterns of nAChR expression and the impact of nicotine exposure is needed.
Completing the characterization of the regional ontogeny of nAChRs, differentiating the effects
of nicotine through activation versus desensitization, and better understanding the acute and
long-term effects of nicotine at each age will allow better predictive power in the clinical setting
and novel therapeutic approaches to nicotine-induced pathologies.
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Figure 1.
Brain regions impacted by nicotine exposure during the prenatal period. The dopamine-
producing cell bodies of the SN/VTA and the noradrenergic cell bodies of the LC are vulnerable
to exogenous nicotine-induced deficits during the prenatal period. nAChRs are located on both
the cell bodies and terminals of these projections and are able to modulate neurotransmitter
release in fetal brain. Additionally, the brainstem nuclei controlling cardiorespiratory and
autonomic responses are also sensitive to nicotine exposure during this period. Prenatal
nicotine-induced defects in these structures may underlie the increase in dopamine-mediated
disorders such as attention deficit hyperactivity disorder and substance abuse, as well as the
increased risk for sudden infant death syndrome reported in the clinical literature (see text for
detail).
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Figure 2.
Brain regions impacted by nicotine exposure during the early postnatal period. In the early
postnatal period, the cortex, hippocampus, and cerebellum are all in sensitive periods of
development and are actively regulated by transient populations of nAChRs. During this time
exogenous nicotine may disrupt normal thalmocortical and hippocampal development.
Offspring of children whose mothers smoked during pregnancy are at increased risk for
cognitive and auditory processing deficits, which are likely related to cortical dysfunction
induced by early nicotine exposure (see text for detail).

Dwyer et al. Page 35

Pharmacol Ther. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Brain regions impacted by nicotine exposure during the adolescent period. During adolescence,
there is substantial plasticity in limbic circuitry including the amygdala, prefrontal cortex, and
nucleus accumbens. The dopamine systems of the SN/VTA also undergo their last major phase
of development during this period. These late maturing catecholaminergic projections possess
functional nAChRs on the cell bodies and terminals that allow nicotine to alter their excitation
and release. nAChRs have also been shown to alter the dopamine and serotonin transporter
function in prefrontal cortex and nucleus accumbens. Thus, nicotine exposure during this time
produces changes within the limbic and dopaminergic circuitry that underlies motivated
behaviors, potentially enhancing the vulnerability to nicotine addiction during this time period.
The serotonin system, originating in the dorsal raphe (DR), also appears to be affected by
adolescent nicotine exposure. Nicotine-induced alterations in serotonin function may
contribute to the increased incidence of mood disorders seen after adolescent smoking (see text
for more detail).
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