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ABSTRACT

PRENATAL EXPOSURE OF RATS TO NICOTINE CAUSES
PERSISTENT ALTERATIONS IN NICOTINIC CHOLINERGIC

RECEPTORS

We examined for immediate and persistent changes in nAChRs in cerebral cortex,
thalamus and striatum of male rats caused by prenatal exposure to nicotine from gestational
day 3 to postnatal day 10 (PN10), and how such exposure affected the responses of
adolescents to subsequent nicotine challenge.  Receptor numbers were assessed by
[’H]epibatidine binding and receptor function was measured by acetylcholine-stimulated *Rb
efflux (cerebral cortex and thalamus) and nicotine-stimulated dopamine release (striatum).
Immediate effects of prenatal nicotine, assessed in PN10 animals, were not detected for any
parameter. A subsequent 14 day nicotine exposure in adolescence revealed persistent changes
caused by prenatal nicotine exposure. Nicotine exposure in adolescents caused up-regulation
of binding in all three regions; however, this up-regulation was lost in thalamus from animals
prenatally exposed to nicotine. Nicotine exposure in adolescents caused decreased nicotine-
stimulated dopamine release in striatum; this effect was also lost in animals prenatally exposed
to nicotine. Comparison of parameters in PN10 and PN42 rats revealed developmental
changes in the CNS cholinergic system. In thalamus, binding increased with age, as did the
proportion of *Rb efflux with high sensitivity to acetylcholine. In cortex, binding also

increased with age, but there was no change in *Rb efflux, and the proportion of high to low
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sensitivity efflux declined with age. Nicotine-stimulated striatal dopamine release (both total
and a-conotoxin MII-resistant release) increased with age in naive animals, but not in those
prenatally exposed to nicotine. These findings demonstrate that prenatal exposure to nicotine
causes alterations in the regulation of nAChRs by nicotine that persist into adolescence. These
changes may play a role in the increased risk for nicotine addiction demonstrated in adolescent

offspring of smoking mothers.
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INTRODUCTION

1. Neuronal Nicotinic Acetylcholine Receptors

Ionotropic neuronal nicotinic acetylcholine receptors are heterogeneous cationic
channels that are widely distributed in both the nervous system and non-neuronal tissues
(Gaimarri et al., 2007; Gotti et al., 2007; Gotti et al., 2008; Zoli et al., 2002). Their subunit
composition and biophysical properties vary depending on the subtype and the area of the
brain in which they are found. Their opening is controlled by the endogenous neurotransmitter
acetylcholine (ACh) or exogenous ligands such as nicotine (Gaimarri et al., 2007). Nicotine
diffuses readily into brain tissue and binds to ligand-gated nAChRs. When nicotine binds to
the outside of the channel, the channel opens, allowing the entry of cations, including sodium
and in some cases calcium. Consequent membrane depolarization can activate voltage-gated
calcium channels, further stimulating calcium entry into the cell. Nicotinic AChRs are made up
of homopentameric or heteropentameric units that are present in various regions of the CNS,
and they are primarily located at presynaptic or preterminal sites where they modulate
neurotransmitter release. They are also found on cell bodies or dendrites where they mediate
postsynaptic effects (Dajas-Bailador & Wonnacott, 2004; Hogg et al., 2003).

Nicotinic acetylcholine receptors regulate transmitter release, cell excitability and
neuronal integration, influence physiological functions such as arousal, sleep, fatigue, anxiety,
the central processing of pain, food intake, and many cognitive functions (Gotti & Clementi,
2004; Hogg et al., 2003; Hogg & Bertrand, 2004). The receptors form a heterogeneous family
of subtypes formed by five subunits arranged around a central pore that is permeable to

cations. These subunits are encoded by nine « («2- «10) and three 3 (32- 34) subunit genes,



which are expressed in the nervous system and in several non-neuronal tissues (Gotti &
Clementi, 2004; Gotti et al., 2000).

Binding assays using nicotinic radioligands have identified two major subfamilies of
nAChRs: abungarotoxin («Bgtx)-sensitive and oBgtx-insensitive. The oBgtx-sensitive
receptors are mostly homopentameric («7, a8, 29) and aBgtx-insensitive receptors are only
heteropentameric and consist of « and § subunits (Gotti et al., 2006; Gotti et al., 2007). The
ACh binding site is located at the interface between an « and an adjacent subunit, which may
be the same or another a subunit in aBgtx-sensitive receptors or a § subunit in heteromeric
oBgtx-insensitive receptors (Gotti et al., 2006). Homomeric aBgtx-sensitive o7 receptor
subunits contribute to both the primary and complementary components of the binding site
(Changeux & Edelstein, 1998). The ACh binding site in aBgtx-insensitive nAChRs has a
primary component that is carried by the a2, a3, a4 or a6 subunits and a complementary
component by the B2 or 34 subunits. The «5 and 33 subunits do not form functional channels
when they are expressed without another « ligand binding subunit or a complementary 3
subunit; however, when combined with other o-f combinations they contribute to the
receptor targeting and localization in neuronal plasma membrane domains, and modify other
receptor properties. These accessory subunits are also involved in the regulation of nAChRs by
nicotine (Mao et al., 2008; Perry et al., 2007).

The nAChRs are also classified as high or low affinity based on their receptor/ligand
binding interaction with nicotine. The a4f32* subtype binds to most nicotinic agonists with
high affinity and is the subtype that is the most up-regulated by nicotine exposure.

Approximately 90% of the high affinity neuronal nAChRs in the mammalian brain are o432*.



Those that contain an a5 subunit may increase the rate of channel desensitization and calcium

permeability (Gentry & Lukas, 2002; Gotti & Clementi, 2004; Lindstrom et al., 1990).

2. Localization and Subunit Composition of nAChR Subtypes

The nAChRs are widely distributed in the brain, and their subunit composition is cell-
and region-specific (Gotti et al., 2007). Regional distributions of the main nicotinic receptor
subtypes have been identified by binding, immunoprecipitation and/or immunoputification, in
situ hybridization, and single-cell PCR assays in tissue from rat and/or wild-type and/or
receptor subunit knock-out mice (Champtiaux et al., 2003; Gotti et al., 2005; Hogg et al., 2003;
Zoli et al, 2002). The aBgtx-sensitive receptors (a7-«10, homomeric nAChRs) are highly
expressed in the cortex, hippocampus, and subcortical limbic regions, and are expressed at
lower levels in the thalamus and basal ganglia (Gotti et al., 2006). The aBgtx-insensitive
nAChRs, primarily the a4p2* subtype, comprise the majority nicotinic acetylcholine receptor
subtype in the cortex, striatum, superior colliculus, lateral geniculate nucleus, and cerebellum
(Gotti et al,, 2005; Picciotto & Corrigall, 2002; Turner & Kellar, 2005). Distribution

expetriments using mRNA have shown that the receptor subtypes containing a3, a5, a6, B3,

ot 4 subunits have a more limited distribution in the brain (Gotti al., 2000).

Neurons can express multiple subtypes of nAChRs and since their physiological
properties might make their coexpression functionally relevant. Various receptor subtypes
might be needed for preferential targeting to different cell compartments (Gotti et al., 2000).
The lack of a subunit may lead to the loss of exptession of one receptor subtype and/or the
functional activity of that receptor. The exact subunit composition is important for

understanding the role of native nAChRs and rational design of subtype-selective drugs (Gotti
3



et al., 2007). When the exact subunit composition is not known, the receptor is described with
an asterisk to represent the unknown subunits. For example, in the o4B2* subtype, it is known
that there are at least two 04 and two B2, but the remaining subunit may not have been
identified. In this case, the asterisk represents the unknown subunit that is expressed in the
04P2* subtype.

In the striatum, the o4P2* subtype is present in both dopaminergic and non
dopaminergic cells, with the a4f2a5 subtype specifically expressed by dopaminergic terminals.
The 04P2* subtype mediates GABA release from thalamic slices and the GABAergic neurons
innervating dopaminergic neurons in the VTA, and dopamine release from striatal
synaptosomes and slices (Sher et al., 2004). The a6 subunit has been found to be selectively
located in the substantia nigra, ventral tegmental area, locus coerulus, retina, striatum, and
superior colliculus. Populations of a6* nACh receptors are located pre-synaptically in the
mesostriatal and visual pathways and are expressed at higher concentrations on nerve terminals
than in the cell body/dendrite (Champtiaux et al., 2003; Moretti et al., 2004).

In the midbrain, almost all dopamine neurons express a4, a5, a6, 2, and B3 (Klink et al.,
2001), but the a6B3 and a4a>5 subtypes are preferentially coassembled in dopamine striatal
terminals (Champtiaux et al, 2003; Zoli et al., 2002). Some factors that contribute to
preferential subunit assembly might include the influence of chaperone molecules, relative
subunit concentration and intrinsic affinities between pairs of subunits. Recent findings in 33
knock-out mice show a decrease in the expression of 06* receptors, but no change in 0.6
mRNA in dopamine cell bodies in the midbrain or in their terminal field in the striatum (Cui et

al., 2003; Gotti et al, 2005). Immunoprecipitation studies of the striatum in adult rats
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chronically treated with nicotine also show a decrease in the expression of a6* receptors, but
no change in expression of the B3 subunit (Perry et al., 2007). These findings indicate the
importance of accessory subunits, such as the 33 subunit, and the importance of the 33
subunit in the formation of most a6B2* or a6x4P2* pentamers. Its loss causes deficits in
nicotinic acetylcholine receptor assembly, degradation, and/or trafficking (Gotti et al., 2000),

and may have a significant influence in how these receptors are regulated by nicotine.

3. Pharmacology of nAChR Subtypes
Radiolabeled ligands have been integral for examining the pharmacology and regulation
of specific nAChR subtypes. They are useful in quantifying and mapping the distribution of
nAChRs, determining pharmacological profiles, and assaying nAChRs during biochemical
procedures such as purification (Britton, 2000). The extensive heterogenous characteristic of
oBgtx-insensitive nAChRs has made studying their pharmacological profiles very complex.
Epibatidine, cytisine, ACh, 1,1-dimethyl-4-phenylpiperazinium (DMPP), nicotine, and A-
85380 have limited selectivity and are unable to differentiate among the different subtypes in
functional assays; but their higher affinity for the 82 subunit compared with the 34 subunit can
be used to characterize various subtypes in binding studies (Jensen et al., 2005). Radiolabeled
nicotine binds to the a482* nAChR subtype (Britton, 2000) and A85380 (3-((2(S)-
azetidinyl)methoxy)pyridine) binds specifically to receptors containing the B2 subunit.
Radiolabeled epibatidine is a potent nicotinic agonist; it will bind to all known heteromeric
nAChRs (Zoli et al., 1998).
A new class of nAChRs has been identified by its sensitivity to the cone snail toxin o-

conotoxin MII (x-CtxMII). This radioligand was originally described as selective for a332*
5



nAChRs (Cartier et al., 1996). Recent evidence demonstrates that the selectivity extends to
nAChRs containing a6* subunits (Champtiaux et al., 2002). This nAChR subtype is localized
largely to catecholaminergic regions, visual structures, and the habenulo-penduncular pathway
(Champtiaux et al., 2002; Le et al.,1996; Quik et al., 2000; Whiteaker et al., 2000). The Conus
peptides discovered in the venom of cone snails have made it possible to select for subtypes in

both binding and functional studies. The a-conotoxin MII («CtxMII) peptide can block the
response of ACh to receptors containing the al6* subunit with nanomolar affinity but is 100-
10,000 times less potent towards other subtypes (Cartier et al., 1996; Jensen et al., 2005;

Mclntosh et al., 2004). In the striatum, aCtxMII has high affinity for the a6B2* subtype and a

low affinity binding site for a6* containing receptors with an a4-32 interface (Gotti et al.,

20006).

4. Regulation of nAChRs by Nicotine

The composition, anatomical localization, and physiological properties of nicotinic
receptors contribute to their physiological and behavioral differences (Marks et al., 1999) and
nicotine and other nicotinic agonists elicit different responses of these receptors in vivo
depending on the nAChR subtype upon which it is acting on (Brioni et al., 1997). The nAChR
subtypes vary in their response to nicotine and nicotinic agonists with respect to anatomical
localization  (pathways), cellular localization (presynaptic/nerve terminals or cell
soma/dendrites), proximity to sites of ACh release (postsynaptic or extrasynaptic), sensitivity
to nicotine (activation vs. desensitization), rate of desensitization, calcium permeability, and
regulation (allosteric/phosphorylation) (Britton, 2000), so that some subtypes are unaffected by

nicotine (Gaimarti et al., 2007; Mao et al., 2008). Neurotransmitter or hormone release, which
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are secondary responses to the activation or inhibition of nicotinic receptors, also contribute to
the response to nicotinic agonists (Wonnacott, 1997), and can be measured with various
pharmacological assays using radioligands to measure the release of a specific neurotransmitter
after stimulation of receptors by nicotinic agonists.

Stimulation of cell membrane receptors induced by agonists has long been
associated with down-regulation (a reduction in the number of cell surface receptors) and
prolonged inactivation by antagonists with up-regulation and/or sensitization (Gentry &
Lukas, 2002). Studies involving the brains of tobacco smokers and animals chronically exposed
to nicotine have shown a different response of nAChRs to nicotine; long-term exposure to
nicotine causes an increase in binding to nAChRs, known as up-regulation (Gentry & Lukas,
2002; Perry et al, 1999). Nicotine may act as an agonist and also as a “time-averaged”
antagonist, which has been demonstrated by functional studies of native and transfected
nAChRs in which the constant presence of an agonist leads to desensitization and a
consequent reduction in the nAChR response (Picciotto, 2003).  Post-transcriptional
mechanisms may be responsible for this effect since chronic nicotine does not increase a2, o3,

a4, o5, or B2 mRNA levels in the mouse brain (Marks et al., 1992). The a4p2* nAChR
subtype is the most highly expressed nAChR in the brain and many studies have shown an up-
regulation of this subtype by chronic nicotine exposure in rodent and human tissue (Schwartz
et al., 1983; Marks et al., 1983; Perry et al., 1999). Studies of %Rb efflux, which measures the
functional activity of predominately the a4f32* nAChR subtype, from synaptosomes obtained
from different brain areas of adult male rats chronically exposed to nicotine, show that the

increase in receptor binding correlates well with the increase in functional activity (Nguyen et

al., 2004).



Interestingly, recent studies have shown a decrease in the number and function of a.6*

containing receptors in mice and rats chronically treated with nicotine (Doura et al., 2008; Lai

et al., 2005; Mugnaini et al., 2006; Perry et al., 2007).

5. Mechanisms of Regulation of nAChRs by Nicotine

The regulation of nAChRs has been most extensively examined for the o4p2* receptor
subtype. This protein can be found both on the cell surface as well as in intracellular pools,
where it co-localizes with markers of the endoplasmic reticulum (ER), where each subunit is
synthesized and assembled into heteropentameric receptors. The correctly assembled
pentameric receptors exit the ER to the Golgi where the sugars are trimmed and processed
into complex carbohydrates before reaching the cell surface. Receptor assembly in the ER and
transport to the cell surface is very important in regulating the efficacy of synaptic
transmission, and only the receptors that are functionally required for cell membrane
excitability in vivo will be transported to the surface (Gaimarri et al., 2007). Some proposed
mechanisms of how the a4f2* receptor subtype is up-regulated after chronic nicotine
exposure include: an increase in receptor transport through the secretory pathway to the
plasma membrane (Harkness & Millar, 2002); a decrease in surface receptor internalization due
to nicotine-induced conformational modifications that prevent the removal of receptors from
the cell surface (Peng et al., 1997); the isomerization of surface receptors into a more easily
activated high affinity conformation (Buisson & Bertrand, 2001; Vallejo et al., 2005); and an
increase in subunit assembly (Darsow et al., 2005; Kuryatov et al., 2005; Nashmi et al., 2003;
Wang et al., 1998). There is evidence that the assembly and trafficking of receptor subtypes

and their expression on the cell surface is an important aspect in nicotine-induced up-
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regulation as well as subunit availability (Gaimarri et al., 2007). Recently, it has been shown that
a newly cloned protein, RIC-3, interacts with a number of nAChR subtypes and enhances their
functional response depending on the subtype or the host system (Lansdell et al., 2005).
Nicotine’s role in the regulation of nAChRs may be to act as a chaperone at the subunit level
and by interacting or regulating interactions with chaperone proteins, nicotine may regulate the
number and function of the a4P2* subtype and most likely other subtypes as well (Gaimarti
et al., 2007). Nicotine controls nAChR channel opening; it could also act on the pathway of
receptor biosynthesis leading to an increase in the number of nAChRs on the cell surface and
perhaps an increase in selected receptor subtypes, which may change the response of specific
cell type to neurotransmitters and drugs. This may be important for synaptic plasticity and
potentially have therapeutic implications for diseases characterized by a reduction in the

number of nAChRs (Gaimarri et al., 2007).

6. Nicotine: Reward and Dependence

Nicotine addiction is a widespread epidemic and illnesses related to smoking are the
cause of about 20% of all deaths in the U.S., making nicotine addiction the single largest cause
of preventable mortality (Laviolette & van der Kooy, 2004). Dependence is mediated by the
mesoaccumbens reward pathway where nicotine stimulates increases in dopamine levels
(Court et al., 1998). Dopamine release signals a pleasurable experience and is essential to the
reinforcing effects of nicotine and other drugs of abuse (Nestler, 2005). Much research has
examined the neuropharmacological, anatomical, and behavioral consequences of nicotine use.

The nAChRs found in the ventral tegmental area (VT'A) have been demonstrated to

contribute to the rewarding effects of nicotine (Corrigall et al., 1994; Nisell et al., 1994). The
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VTA and the dopaminergic (DA) neurons as well as non-DA neuronal substrates of the
mesoaccumbens pathway that project to the nucleus accumbens from the VTA are implicated
in the rewarding and aversive motivational properties of nicotine (Laviolette & van der Kooy,
2004). Research examining nicotine’s effects on the brain dopaminergic system has suggested
DA-mediated neurotransmission as a direct mediator of a nicotine reward signal, mainly
through activation of specific nAChRs that reside on DA neurons (Picciotto & Corrigall,
2002). However, some recent research has implicated a more complex role for DA neurons in
the motivational effects of nicotine. This includes plastic molecular alterations in central DA
systems that might explain the continued propensity to consume nicotine by inducing craving,
as well as preventing the aversive effects of nicotine withdrawal (Laviolette & van der Kooy,
2004; Mansvelder & McGehee, 2002; Mansvelder et al,, 2002). Smokers may continue to
smoke throughout the day to maintain plasma nicotine levels that prevent the occurrence of
withdrawal symptoms and may also continue to gain some rewarding effects from the
conditioned reinforcers associated with smoking, such as the taste and feel of the smoke
(Balfour, 2004).

Most smokers develop a dependence to nicotine in adolescence and initiation of
smoking during this period is associated with a higher probability of addiction, lower
probability of quitting, as well as numerous other physiological and psychological problems
(Abreu-Villaca et al,, 2004a; Abreu-Villaca et al, 2004b). Adolescent use of tobacco is
associated with subsequent higher daily consumption and a lower probability of smoking
cessation (Chen & Millar, 1998). Recent work with animal models of nicotine administration
has suggested a biological basis to the greater susceptibility of nicotine addiction in
adolescents. Pre-exposure to nicotine during, but not following, adolescence sensitizes rats to

10



nicotine effects on conditioned place preference and locomotion during adulthood (Adriani et
al., 20006). Chronic nicotine treatment in adolescent rats has been found to produce greater and
more persistent up-regulation of certain nAChRs than in adults (Abreu-Villaca et al., 2004;
Doura et al.,, 2008). In our lab, we have found that rats have a distinct pattern of nAChR
expression, and these receptors have been shown to respond differently to chronic nicotine
exposure, compared with adults (Doura et al., 2008). It is also important to note that there is a
difference in the degree of susceptibility to nicotine addiction among adolescents. Some
adolescents show a rapid onset of dependence, while others require more prolonged exposure
and higher consumption (DiFranza et al., 2002). One contributing factor that predisposes
adolescents to nicotine addiction might be maternal smoking during pregnancy. This has
recently been demonstrated in a human study conducted over 21 years. Offspring of mothers
who smoked during pregnancy were more likely to smoke regularly, either with early or late
onset, than adolescents whose mothers did not smoke at all or who had smoked only before

and/or after pregnancy (Al Mamun et al., 2000).

7. Neurobiology of Nicotine Addiction

Nicotine’s role as the pharmacological agent that maintains tobacco addiction is well
supported. The subjective and physiologic effects of intravenous nicotine and cigarette
smoking are similar (Benowitz, 2008) and nicotine meets all of the Surgeon General’s primary
criteria for drug addiction, which include: promotes compulsive use, has psychoactive effects,
and reinforces its own use (US Department of Health and Human Services, 2004). Animal and
human studies have shown that nicotine acts as a positive reinforcer. Subjects will self-

administer intravenous nicotine and those reinforcing effects and self-administration are
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blocked with the nicotinic receptor antagonist mecamylamine (DeNoble & Mele, 2006; Harvey
et al., 2004). Smokers will adjust their smoking behavior to compensate for changes in the
availability of nicotine or in the rate of elimination of nicotine from the body, and nicotine
replacement medications have been successful in helping to break one’s dependence on
tobacco (Benowitz, 2008; Henningfield, 1995).

A smoker’s average plasma level of nicotine sustained throughout the day may be
sufficient to desensitize a population of nAChRs with a high affinity for nicotine, while the
higher nicotine levels immediately following a large intake of cigarette smoke will activate or
desensitize other, less sensitive nAChR subtypes to varying degrees (Britton, 2000). The
04P2* receptor subtype is highly expressed in human and rodent brains and is believed to be
the main receptor mediating nicotine dependence. Knocking out the 32 subunit gene in mice
eliminates many of the behavioral effects of nicotine, including self-administration (Picciotto et
al., 1998). Brain imaging studies have shown that nicotine increases neuronal activity in the
prefrontal cortex, thalamus, and visual system (Brody, 2000). Nicotine causes the release of
dopamine in the mesolimbic area, striatum, and the frontal cortex. In the mesoaccumbens
reward pathway, nicotinic acetylcholine receptors (nAChRs) that are expressed on both the
somatic (substantia nigra (SNc) and ventral tegmental area (VTA)) and terminal (striatum,
nucleus accumbens (NAcc), and prefrontal cortex (PFC)) regions of dopamine neurons have
distinct roles and are differentially regulated. The dopaminergic neurons of the VT'A have a
key role in nicotine addiction (Champtiaux et al., 2003). Nicotine can activate both dopamine
and GABA neurons of the VTA through a variety of nAChRs located presynaptically and
postsynaptically in the VT'A (Laviolette & van der Kooy, 2004).

Nicotine has been shown to induce a persistent increase of DA release in the nucleus
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accumbens from the afferent terminals of the VI'A DA neurons, but the activation of the
receptors on these neurons is closely followed by desensitization after continued exposure
(Mansvelder et al., 2002). Through the use of radioligands, it has been established that chronic
administration of nicotine causes a significant increase in the density of «432 nicotinic receptor
binding sites in rat brain that are involved in the dopamine reward pathway (Flores et al., 1992;
Perry et al., 2002). Other subtypes, such as a682* and the homomeric «7 receptor have been
found to be down-regulated and up-regulated respectively after chronic nicotine treatment
(Jonnala & Buccafusco, 2001; Lai et al., 2005; Mugnaini et al., 20006; Peng et al., 1997) and are
implicated in nicotine-elicited dopamine release by their presence on pre-synaptic terminals of
dopamine neurons (Schilstrom et al., 1998) and in the nicotine withdrawal syndrome
(Nomikos et al., 1999). In addition to direct and indirect stimulation of neurotransmitter
release, chronic cigarette smoking reduces brain monoamine oxidase A and B activity, which
increases monoaminergic neurotransmitter levels such as dopamine and norepinephrine in

synapses, augmenting the effects of nicotine and likely contributing to addiction (Brody, 20006).

8. Nicotine Exposure During Development

Nicotinic acetylcholine receptors are particularly important in early pre- and perinatal
circuit formation, and in age-related cell degeneration (Gotti et al., 2006). Neurodevelopmental
problems associated with maternal smoking during pregnancy are due to the fact that nicotine
is a neuro-teratogen that alters patterns of neural cell replication, differentiation,
synaptogenesis, and synaptic function (Slotkin et al., 1993; Slotkin, 1998; Slotkin, 1999; Slotkin,
2002). Brain development continues well into adolescence and the acetylcholine systems that

are involved in cognitive performance and reward reach their mature state in adolescence
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(Slotkin et al., 2008; Zahalka et al., 1993). It has been found that either prenatal or adolescent
nicotine exposure produces long-term changes in the developmental trajectory of ACh systems
that compromise function in a number of key brain regions involved in learning, memory, and
reward (Slotkin et al., 2007). Understanding the effects of nicotine during pregnancy is
important in uncovering how cigarette smoking produces its adverse effects and potential
long-term consequences.

Tobacco use continues in approximately 25% of all pregnancies in the United States
(Slotkin, 1998). Maternal smoking during pregnancy has contributed to a number of adverse
behavioral and cognitive outcomes in the offspring (Lichtensteiger et al., 1988). Cigarette
smoking during pregnancy is associated with a higher frequency of obstetric complications,
such as spontaneous abortions, ectoptic pregnancies, preterm birth, placenta previa, abruptio
placentae, and premature rupture of membranes (Hofhuis et al., 2003). The most important
effects of smoking during pregnancy include: low birth weight, a doubling of the risk of SIDS
(sudden infant death syndrome), and an increased risk for neurodevelopmental and behavioral
problems. The undetlying neurobiological mechanism responsible for the behavioral and
cognitive deficits is still unknown, but alterations in development of central dopamine (DA)
systems have been implicated (Castellanos, 1997; Lichtensteiger et al., 1988; Pliszka et al.,
1996).

Numerous animal studies have examined the neurochemical changes that follow
prenatal exposure to nicotine. Maternal nicotine exposure in animals has distinct effects in
males and females and produces different alterations in the development of DA neurochemical
markers (Fung, 1988; Fung, 1989; Lichtensteiger et al., 1988; Muneoka et al., 1997; Ribary &
Lichtensteiger, 1989; Schlumpf et al., 1993). Maternal nicotine exposure induces hyperactivity
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in the offspring, which may result from alterations in the mesolimbic and nigrostriatal DA
pathways (Ajarem & Ahmad, 1998; Fung & Lau, 1989; Richardson & Tizabi, 1994; Schlumpf
et al, 1988; Tizabi et al, 1997). The effects of nicotine are probably mediated through
alterations in various nAChR subtypes, but little is currently known about the properties of
nAChRs within developing midbrain DA neurons (Azam et al., 2007). During development,
receptor stimulation communicates with the genes that control cell differentiation, changing
the ultimate fate of the cell, so that there are persistent alterations in responsiveness (Slotkin,
1998). Fetal nicotine exposure will stimulate nAChRs to levels that are beyond those
experienced in the normal course of development (Hohmann et al., 1988; Navarro et al., 1989;
Spitzer, 1991; Wessler et al., 1998).

The nicotine infusion model using osmotic minipumps developed by Slotkin
produces a plasma level that can be adjusted to fall below the threshold for fetal hypoxia-
ischemia and that can maintain blood levels found in smokers (Slotkin, 1998). Contrary to our
own results, several studies have found that fetal nicotine exposure up-regulates nicotinic
receptor binding sites in the brain, with effects persisting into the early neonatal period (Slotkin
et al., 1987; Sugiyama et al., 1985; van de Kamp & Collins, 1994). The ratio of choline uptake
to choline acteyltransferase activity, a biochemical marker of neuronal impulse activity, was
found to show a naturally occurring peak at postnatal day 10. Animals exposed to prenatal
nicotine showed blunted activity before and during that developmental spike (Navarro et al,,
1988). Prenatal nicotine exposure also disrupts the programming of cholinergic function in
adolescence and adulthood (Abreu-Villaca et al., 2004; Navarro et al., 1989; Slikker et al.,
2005), and the vulnerability of cholinergic systems to persistent disruption by nicotine
continues into adolescence (Abreu-Villaca et al., 2003; Trauth et al., 1999; Trauth et al., 2000a).
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Nicotinic receptors are present in fetal brain by midgestation and are considered to
play an essential role in synaptogenesis and neuronal differentiation (Slotkin, 1998; van de
Kamp & Collins, 1994). There is recent evidence for the presence of functional nAChRs on
DA neurons during the early fetal period. nAChR subunit mRNAs and high affinity binding
sites are present within these neurons, and functional receptors have been detected as early as
G17-G18. There is a gradual increase in both the efficacy and potency of nicotine in the first
three postnatal weeks. This parallels a decline in expression of some nAChR subunit mRNAs
and a rise in expression of others (Azam et al., 2007). [H]DA release from nicotine stimulated
fetal striatal slices was equal to that of P21 animals, but nicotine potency was an order of

magnitude lower in the fetal tissue (Azam et al., 2007).

9. Adolescence and Nicotine

Adolescence in the rat is defined as the time between postnatal day 28 and 42, which is
a period of active maturation of brain DA systems (Chambers et al., 2003; Spear, 2000). There
have been reports of changes that reflect innate sex differences in the maturation of DA
systems (Anderson et al., 2002), which underlies the choice to limit my studies to only male
rats. In humans, an early age of smoking initiation was associated with heavier smoking at an
older age (Everett et al., 1999). In studies of nicotine-stimulated ["H]DA release in ventral
striatal tissue, release was significantly higher from P30 males when compared with P40 or
adult males. In females, release was similar at all three ages (Azam et al., 2007). These data
suggest that human adolescence may be a period of high stimulatory effects of nicotine on the
male DA system (Azam et al., 2007). Brain development extends into adolescence and involves

all of the same processes that characterize neuroproliferation, apoptosis and synaptic
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rearrangement, although at a lower level of activity than in the fetus or neonate (Bayer et al,,
1993). For smokers who begin in early adolescence, smoking rapidly becomes a long-term
addiction, characterized by high consumption and low quit rates (Chen & Millar, 1998; Pierce
& Gilpin, 1996). Work done in adolescents and adults treated with chronic nicotine suggest a
difference in the response of adolescents to chronic nicotine in both binding and functional
studies (Kane et al., 2004; Doura et al,, 2008). There is a difference in the regulation of
nAChRs by nicotine in adolescents compared to adults, especially in the midbrain areas
mediating reward, and prolonged suppression of cholinergic activity upon withdrawal (Abreu-
Villaca et al., 2003; Doura et al., 2008; Slotkin, 2002; Trauth et al., 2000a; Trauth et al., 2000b;
Trauth et al, 2001; Trauth et al, 2001; Xu et al, 2001). The lasting alterations are a
continuation of the pattern of developmental neurotoxicity seen in fetal nicotine exposure and
this seems to be a critical aspect of the consequences of adolescent nicotine addiction, where
nicotine remains neurotoxic and produces persistent damage with permanent consequences
(Abreu-Villaca et al., 2003; Slotkin, 2002; Slotkin et al., 2007; Trauth et al., 2000a). There are
distinctive characteristics of the adolescent brain that make is more susceptible to nicotine
dependence, specifically the persistence of changes in patterns of synaptic activity throughout
the life span, despite the discontinuation of nicotine exposure. Nicotine in the adolescent
brain, similarly to the fetal brain, elicits neuronal and synaptic damage and long-term
alterations in synaptic function, which implicates a biological basis for increased susceptibility
to nicotine dependence and long-term, adverse consequences during this late developmental

stage (Slotkin, 2008).
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10. Effects of Prenatal Nicotine Exposure in Adolescence

There has also been some work on prenatally treated animals that are treated again with
nicotine as adolescents (Abreu-Villaca et al., 2004a; Abreu-Villaca et al., 2004b). These studies
have shown that the increased susceptibility of adolescents to nicotine addiction is reflected by
the underlying biological alterations produced by prenatal nicotine exposure that alters the
response to nicotine in adolescence. Prenatal nicotine exposure disrupts the programming of
cholinergic function in adolescence and adulthood (Levin & Slotkin, 1998; Slotkin, 1992;
Slotkin, 1998; Slotkin, 1999; Slotkin et al., 2004), and the vulnerability of cholinergic systems to
persistent disruption by nicotine continues into adolescence (Abreu-Villaca et al., 2003; Slotkin,
2002; Trauth et al., 1999; Trauth et al., 2000). Prenatal exposure was found to impair nAChR
upregulation in response to adolescent treatment, which might reduce the adolescent response
to nicotine, leading to a lesser degree of desensitization and nAChR upregulation. However,
adolescent nicotine after prenatal exposure may also contribute to a greater and longer lasting
net biological response (Abreu-Villaca et al., 2004). The deficient response to nicotinic
stimulation in adolescents whose mothers smoked during pregnancy may then drive higher
cigarette consumption (Chassin et al., 1996; Chen & Millar, 1998). We have previously
reported that chronic nicotine alters the expression and function of specific subtypes of
nAChRs in adult rats, and that nicotine’s effects differ in adolescent rats exposed to chronic
nicotine (Doura et al., 2008; Perry et al., 2007).

Nicotine may be producing these changes through direct action on nAChRs on
immature DA neurons which are still changing in the eatly postnatal period. Specific nAChR
subunit mRNAs in midbrain DA neurons have complex changes in expression during the first
three postnatal weeks. The a3 and a4 subunit mRNAs were found to decrease to lower adult
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levels but a6 levels increased (Azam et al., 2007). Levels of o5, a6, and «7 mRNAs peaked at
P21 but then declined to lower adult levels and there were also regional differences of
expression. o5, 6, and 33 mRNAs had higher expression levels in the SNc than VTA.
However, radioligand binding showed no regional differences at any postnatal age (Azam et al.,
2007). Functional neurotransmitter release studies in adult rat striatal synaptosomes show the
role of both a6p2* (Azam & Mclntosh, 2005) and a4@32* (Sharples et al., 2000) nAChRs in

modulation of ’H] DA release.

11. Significance of Prenatal Nicotine Exposure

The findings for combined prenatal and adolescent nicotine exposure in rats suggest
that individuals who are prone to the rapid onset of nicotine dependence may be even more
susceptible when their mothers smoked during pregnancy. The persistent changes seen in
animal models of prenatal and adolescent nicotine exposure might indicate that adolescents
who were prenatally exposed to nicotine would be vulnerable to relapse after attempting
smoking cessation treatments. Adolescents that attempt to quit smoking often show both
cognitive impairment and depression and these problems have been shown to be worse in
individuals who were exposed to prenatal nicotine (Goodman & Capitman, 2000; Hurt et al.,
2000; Martini et al., 1999).

Nicotine exposure during either developmental period produces permanent changes in
synaptic function, deficits that persist long after abstinence. How much prenatal nicotine
exposure ultimately affects the adolescent brain is uncertain, but there are data suggesting such
exposure causes alterations that produce a different effect in adolescents when they are

exposed again during adolescence (Kane et al., 2004). Gestational exposure to nicotine causes
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multiple neurochemical changes, such as reduced DNA synthesis, and altered neurotransmitter
function and cortical morphogenesis (Lichtensteiger et al., 1988; Slotkin, 1998). This is
significant for understanding how adolescents become susceptible to nicotine addiction when
exposed to maternal smoking during pregnancy and what the long term neurochemical effects
are. Prenatal nicotine exposure may lead to changes that subsequently affect the expression
and function of nAChRs in the adolescent brain that have been re-exposed to nicotine,
contributing to an altered biological response and an increased susceptibility for addiction. The
data that are currently available on prenatal nicotine exposure and its effects in adolescence
make it clear that the use of tobacco during developmental stages ranging from in utero
through adolescence has long lasting effects and is detrimental to the developing brain. This
dissertation examines alterations in receptor number and function by prenatal nicotine and its

effects in adolescence after a subsequent exposure to nicotine.

12. Animal Models of Prenatal Nicotine Exposure

There are many considerations in designing a model for prenatal nicotine exposure.
The appropriate dose, route and frequency of administration, achieving and maintaining
appropriate maternal plasma nicotine levels, pharmacological effects in the mother and fetus as
well as potential withdrawal problems have to be considered (Levin & Slotkin, 1998; Slotkin,
1992; Slotkin, 1998; Slotkin, 2002). Nicotine has a longer half-life in humans (rodents
metabolize nicotine more rapidly), so it is important to use a model that maintains and mimics
a plasma level as seen in humans. An increased dose of nicotine delivered by injections has
been used but each delivery of drug produces acute episodes of hypoxia and ischemia and

secondary effects that have been shown to produce adverse effects on brain development and
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behavior (Nasrat et al., 19806; Slotkin et al., 1986; Slotkin et al., 1987; Slotkin et al., 1987). In the
1980s, models were developed using implantable osmotic minipumps to deliver nicotine by
continuous infusion that avoided the peak plasma levels and hypoxic episodes, as well as
preventing withdrawal that might occur from the absence of nicotine in between doses. This
method delivers a fixed dose of nicotine, and can reproduce the plasma levels seen in smokers
or users of transdermal NRT (nicotine replacement therapy) patches (Lichtensteiger et al.,
1988; Murrin et al., 1987; Navarro et al., 1988; Navarro et al., 1989; Navarro et al., 1989).

A higher overall dose needs to be delivered to rodents because of the shorter-half life
of nicotine, but the dose must match plasma concentrations to those seen in typical smokers
and the pharmacodynamic differences (the relationship between drug concentration and
effect) between the two species must be accounted for. In rats, 6mg/kg/day produces plasma
levels in the range of 25-75ng/ml, with younger animals showing distinctly lower levels for the
same daily dose (Lichtensteiger et al., 1988; Murrin et al., 1987; Trauth et al., 2000a). Maternal
cigarette smoking can produce fetal nicotinic acetylcholine receptor up-regulation of about 20-
50% depending on the brain region, measured by ["H]nicotine binding (Nachmanoff et al.,
1998), but we did not find this up-regulation in rat thalamus, frontal cortex, or striatum
following prenatal nicotine measured by [H]epibatidine binding. This is comparable to the
30% upregulation found in the fetus of a maternal nicotine rat model at a dose of 6mg/kg/day
also measured by [’H]nicotine binding (Slotkin et al., 1987). Other approaches such as self-
administration and nicotine-laced drinking water have been used but results have varied
because of the inability to maintain consistent intake. The mode of administration may not
matter in terms of fetal intake since the placenta slows the entry and exit of nicotine from the

fetal compartment. Fetal clearance is slower than in the mother and the amniotic fluid
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maintains a large nicotine reservoir, so that nicotine levels in the fetal compartment do not
decay overnight when the mother is not smoking. This has been shown by studies
demonstrating that at delivery, nicotine and cotinine levels in amniotic fluid, meconium and
fetal blood reflect the maternal levels that were established during smoking, despite hours or
days after discontinuing smoking by the mother (Luck et al., 1985; Makin et al., 1991; Slotkin,

2008).

13. Hypothesis

The overarching aim of this dissertation was to examine how prenatal exposure to
nicotine alters receptor number and function, and response to a subsequent nicotine challenge,
in adolescent rats. My hypothesis was that prenatal nicotine exposure will alter the subsequent
biological response to nicotine in adolescents. There were three major questions that were
addressed:

1. Does prenatal nicotine exposure cause both short-term and persistent changes in nAChR

numbers and/or function?

2. Will the numbers and function of nAChRs differ at different times during early
development?

3. Do the responses of the receptors to chronic nicotine challenge also differ?

22



14. Experimental Design

Exposure to nicotine in utero may predispose the offspring to seek nicotine in
adolescence, leading to habitual smoking in adulthood; thus, attention has been drawn to the
effects of prenatal nicotine exposure on the developing brain (Britton et al., 2007). The specific
aims of this dissertation examined how prenatal exposure to nicotine altered receptor number
and function in neonatal and adolescent male rats. For this study, I utilized a rat model of
nicotine administration that maintains plasma levels at those found in moderate to heavy
smokers (Hukkanen et al., 2005; Matta et al., 2007; Mutrin et al., 1987; Slotkin, 1998). The end
of the third trimester in humans is equivalent to the second week postnatal in a rat, so nicotine
was administered from gestational day 3 through postnatal day 10. Animals sacrificed at PN10
allowed determination of the immediate effects of prenatal nicotine exposure. In some
offspring, a subsequent 14 day course of nicotine was administered during adolescence.
Animals sacrificed at PN42 allowed determination of persistent effects of prenatal nicotine
exposure. Persistent effects include those that were directly observable in animals that did not
receive adolescent nicotine as well as indirect effects determined by changes in the response to
adolescent nicotine (Figure 1). I tested for the effects of exposure patterns on nAChR number
and function in male rats using ['H]epibatidine binding, ACh-stimulated *Rb efflux, and
nicotine-stimulated [’H]dopamine release. It has been reported that nAChR subunit
composition may change significantly with age (Azam et al, 2007) and that nicotine has
differential effects in adolescent and adult rats (Doura et al., 2008; Trauth et al., 1999). It has
yet to be determined whether prenatal nicotine exposure alters nAChR number and function
with a subsequent nicotine exposure in adolescent rats in brain regions associated with reward

and dependence.
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Figure 1

Treatment Scheme
Prenatal Exposure Saline Nicotine

Short-term effects Sac 10d @

29d
implant

Persistent effects
Sac 42 d

Saline Nicotine
Aim 1: A vs. C; B vs. E Receptor changes with age
Aim 2: A vs. B Immediate effects of prenatal nicotine exposure
Aim 3: C vs. E Persistent effects of prenatal nicotine
Aim 4: C-DA vs. E-FA How prenatal nicotine alters effects of
nicotine in adolescence

Saline Nicotine
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METHODS

1. Prenatal and adolescent nicotine exposure

All animal experiments were done in accordance with the guidelines and under the
approval of the George Washington University Institutional Animal Use and Care Committee.
Adult pregnant female Sprague-Dawley rats were weighed and anesthetized on the third day of
gestation, and Alzet 28-day osmotic minipumps (model 2004, Durect Corporation, Cupertino,
CA) that contained nicotine or saline were implanted subcutaneously. Osmotic minipumps
were chosen to avoid spikes of high plasma nicotine concentrations and subsequent episodic
fetal hypoxia/ischemia that can be produced by nicotine injections. Pumps were filled to
deliver saline or 6 mg/kg/day nicotine, expressed as free base nicotine (37 pmol/kg); this dose
has been shown to yield nicotine blood levels approximately equivalent to those that occur in
moderate to heavy smokers (Murrin et al. 1987; Hukkanen et al. 2005; Slotkin 1998; Matta et al.
2000). Light anesthesia is delivered by the EZ-Anesthesia system, which delivers a blended
mixture of oxygen and isoflurane through a lid unit that covers a polycarbonate host cage and
then through a breathing device and heated surgical tray to allow safe, controlled anesthesia
(Euthanex Corp., Palmer, PA). The animal is injected subcutaneously with 0.05 mg/kg
buprenorphine to limit pain from subsequent surgery. A patch between the shoulder blades
was shaved and wiped with betadine, and a small incision was made. A hemostat was used to
make a subcutaneous pocket and a minipump containing sterile saline or nicotine was inserted.
The wound was closed with three wound clips, topical antibiotics were applied, and the animal

was allowed to recover from anesthetic before returning to the animal facility. After surgery,
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rats were housed separately and inspected daily for general health or infection throughout the
treatment.

After birth, the litter was culled and male pups continued to be exposed to nicotine
through maternal milk until day PN10 (Huang et al. 2005). At postnatal day 10, animals were
sacrificed by decapitation and brains were removed and thalamus, cortex, and striatum were
dissected. Tissue was ecither used immediately for ACh-stimulated *Rb efflux or nicotine-
stimulated ['H]dopamine release, or frozen and kept at -80°C for ["H]epibatidine binding,
These two treatment groups (PN10 animals exposed to prenatal saline or nicotine) are
abbreviated as PreSal and PreNic. Ten animals were used for each treatment group; each
animal used for binding studies or for functional assays was obtained from a separate litter.

Additional pups from each litter were chosen to be cross-fostered at PN10 to prevent
further exposure to nicotine. At PN28, these animals were then implanted with Alzet 14-day
osmotic minipumps (model 2002, Durect Corporation, Cupertino, CA) to deliver saline or 6
mg/kg/day nicotine using the same procedutes as desctibed above for the adult females. At
PN42, rats were sacrificed by decapitation and brains were removed and thalamus, cortex, and
striatum were dissected. Freshly dissected tissue was used immediately for ACh-stimulated
“Rb efflux or nicotine-stimulated [’H]dopamine release, or frozen and kept at -80°C for
["H]epibatidine binding. The four adolescent treatment groups are abbreviated based on
prenatal and adolescent treatment regimen: PreSal/AdolSal;  PreSal/AdolNic;
PreNic/AdolSal; PreNic/AdolNic. Six to eleven animals were used for each treatment group;
each animal used for binding studies or for functional assays was obtained from a separate

litter.
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2. PH]Epibatidine binding

For receptor binding, thalamic, cortical, and striatal tissue was dissected and weighed.
Tissue was homogenized by Polytron (20 s, setting 6) in 50 mM TrisHCl, pH 7.4. The
homogenate was then centrifuged (35,000 x g, 10 min), and the pellet was resuspended in Ttris
by homogenization and re-centrifuged. The resulting pellet was resuspended at concentrations
of 100 mg/ml (cortex) or 50 mg/ml (thalamus, striatum) and kept on ice. Binding to 100 pl
aliquots was performed by addition of 0.5 nM [’H]epibatidine (55.5 Ci/mmol, Perkin-Elmer,
Boston, MA, USA) in the presence of 50 nM a-Ctx MII (to block «6* nAChR binding);
parallel samples also contained 100 uM nicotine (to define non-specific binding). Triplicate
determinations were used for all conditions. Final volume was 0.5 mL; samples were incubated
for 2 h at room temperatute in the dark, then filtered over GF/B filters pre-treated with 0.5%
poly(ethyleneimine) (PEI), using a BRANDEL cell harvester (Gaithersburg, MD, USA), and
radioactivity on filters was then measured by liquid scintillation counting. Under these
conditions, the predominant nAChR subtype measured was «432* (Houghtling et al., 1995).
The concentration of ["H]epibatidine employed should yield >90% occupancy of this receptor
(Houghtling et al., 1995).

Means of the binding values from all groups of animals for each region (N=8) were
compared using analysis of variance (ANOVA). A three-way ANOVA [region (thalamus,
cortex, and striatum), prenatal treatment (saline or nicotine) and adolescent treatment (saline or
nicotine)] was used to analyze the effect of region on prenatal and adolescent treatment on
binding. Subsequently, two-way ANOVAs (prenatal treatment v. adolescent treatment;
nicotine treatment v. age) were used to analyze the effect of prenatal treatment on adolescent
treatment and the effect of age (PreSal, PreSal/AdolSal) or age at nicotine treatment (PreNic,
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PreSal/AdolNic) on bindingin thalamus, cortex, and striatum individually. The effects on each
individual treatment group were evaluated with one-way ANOVA with Tukey’s post-hoc test
to compare the effects of prenatal nicotine exposure in adolescence (PreSal/AdolSal,
PreSal/AdolNic, PreNic/AdolSal, PreNic/AdolNic) ot to compare the effects of age (PreSal,
PreSal/AdolSal) and age at nicotine exposure (PreNic, PreSal/AdolNic). Differences were
deemed significant at p<0.05.

In a parallel experiment, synaptosomes were substituted for homogenized membranes
to look for differences in binding using these two methods for tissue preparation; none was

found (not shown).

3. Determination of ACh-stimulated * Rb efflux

Immediately following decapitation, thalamic and cortical tissue was removed and
synaptosomes were prepared and the *Rb efflux assay performed according to the methods of
Marks (Marks et al. 1993a) (Marks et al. 1999). Tissue was homogenized by hand with a
Teflon-glass tissue grinder in ice-cold 0.32 M sucrose buffered to pH 7.5 with 5 mM HEPES.
The homogenate was centrifuged at 12,000 X G for 20 min; 25 pl aliquots of synaptosomal
suspension was incubated for 40 min in uptake buffer (140 mM NaCl; 1.5mM KCI; 2mM
CaCl; 1mM MgSO,; 25 mM HEPES hemisodium; 20mM glucose; pH 7.5) containing 4 pCi
of carrier-free “RbCl. 5 pl of 80 uM DFP was added and samples were incubated 5 min more
to inhibit acetylcholinesterase activity. Uptake by the synaptosomes was terminated by
filtration of the sample onto a 6 mm diameter glass fiber filter (Type AE; Gelman, Ann Arbor,

MI) under gentle vacuum followed by two washes with 0.5 ml of uptake buffer. After filtration
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and wash, the glass fiber filter containing the loaded synaptosomes was transferred to a
polypropylene platform. Perfusion buffer (135 mM NaCl; 5mM CsCl; 1.5 mM KCI; 2mM
CaCl,; 1mM MgSO,; 25mM HEPES hemisodium; 20mM glucose; 50 nM tetrodotoxin; 0.1%
bovine serum albumin; pH 7.5) was delivered to the filter at a rate of 2.5 ml/min.
Tetrodotoxin was included in the buffer to prevent activation of sodium channels. Buffer was
actively removed at a rate of 3 ml/min. Sample effluent was pumped through a 200 ul
Cherenkov cell in a B-RAM Radioactivity HPLC Detector (IN/US Systems, Inc., Tampa, FL)
to achieve continuous monitoring of *Rb efflux from the sample.

Stimulation of the synaptosomes was achieved by diverting perfusion buffer flow
through a 1 ml loop containing the test solution by means of a 4-way rotary Teflon injection
valve (Alltech Associates, Inc., Deerfield, IL). Stimulation time was 5 sec. The %Rb efflux was
monitored for 4 min. and timing adjusted so that any efflux resulting from stimulation was
located in the middle of the sampling period. This timing permitted the definition of basal
efflux rate measured before and after agonist application. Figure 2 shows a sample collection
pattern of ACh-stimulated “Rb efflux; this sample was obtained in thalamus from a rat treated
with saline prenatally and in adolescence for 100 uM acetylcholine. Figure 2 also shows the use
of pre- and post-stimulation efflux data for determining the basal efflux line. These data show
that functional activity of nAChRs can be measured and quantified by “Rb efflux (Nguyen,
2004).

The magnitude of agonist stimulated *Rb efflux was determined as the difference
between the average of the peak values and the baseline (the average of the five data points
before and after the peak). This value was then multiplied by the number of data points in the

peak and divided by the baseline value to normalize the counts so that the signal size
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represented the percentage of *Rb efflux above baseline that was stimulated by agonist
exposure. ACh concentration curves were fit using the Michaelis-Menten equation
(y = Ex[ACh]/K +[ACh]); the Hill equation (y=Ex[ACh]"/K +[ACh]); and a two-
component model: E = (E,  x[ACh])/(K s +[ACh]) +(E x[ACh]) /(K +[ACh]). E
represents the total *Rb efflux at each concentration of ACh, and E, and E, are represent the
“Rb efflux for the components with higher sensitivity (I,) and lower sensitivity (K,) to
stimulation by ACh.

Statistical analysis was done by analysis of variance (ANOVA) using SPSS (SPSS,
Inc. Chicago, IL). A three-way ANOVA [region (thalamus or cortex), prenatal treatment
(saline or nicotine), and adolescent treatment (saline or nicotine)| was used to analyze for the

effect of region on prenatal and adolescent treatment on E,,, E,, and E, Subsequently, two-

o>
way ANOVAs (prenatal treatment v. adolescent treatment, nicotine treatment v. age) were
used to analyze the effect of prenatal treatment on adolescent treatment and the effect of age
or nicotine treatment on E_, E, ; and E in thalamus and cortex individually. The effects on
each individual treatment group (N=06-10) were evaluated with one-way ANOVA followed by
Tukey’s post-test to compare the effects of prenatal nicotine exposure in adolescence

(PreSal/AdolSal, PreSal/AdolNic, PreNic/AdolSal, PreNic/AdolNic) ot to compare the

effects of age (PreSal, PreSal/AdolSal) and age at nicotine exposure (PreNic, PreSal/AdolNic).
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Figure 2. Sample of ACh-stimulated %Rb efflux in thalamus of PreSal/AdolSal rat

Rat thalamic synaptosomes were perfused at 1ml/min and stimulated with concentrations of
acetylcholine ranging from 1 uM — 1mM; 100 uM acetylcholine is used in this example. The
collection protocol was 1 min pre-stimulus, 1 min stimulus (addition of acetylcholine) and 4
min post-stimulus, with a collecton interval of 0.3 min/tube. Perfusate was collected,
radioactivity was measured by 3-RAM Radioactivity HPLC Detector (IN/US Systems, Inc.,
Tampa, FL), and normalized to the total “Rb loaded. The basal efflux value was determined by

the average of the five data points before and after the peak.
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4. Measurement of nicotine-stimulated [ H]dopamine release
Release was measured as previously described (Perry et al. 2007). Immediately
following decapitation, striatal tissue was removed and placed into ice-cold 0.32 M sucrose
buffered with 5 mM HEPES at pH 7.5. Tissue was homogenized with 10-20 strokes of a
Teflon homogenizer, then centrifuged 20 min at 12,000 x g. Pellets were resuspended in 1.6
ml uptake buffer (128 mM NaCl, 2.4 mM KCl, 3.2 mM CaCl,, 1.2 mM KH,PO,, 1.2 mM
MgSO,, 25 mM HEPES, pH 7.5, 10 mM glucose, 1 mM ascorbic acid, 10 uM pargyline) to
create the synaptosomal mixture. This mixture was then incubated for 10 min at 37°C before
addition of 100 nM [’H]dopamine, followed by an additional 5 minute incubation at 37°C. All
subsequent steps were done at room temperature.
Synaptosomes (80 ul aliquots) were applied onto glass fiber filters and perfused
with perfusion buffer (uptake buffer containing 0.1% BSA and 10 pM nomifensine) at 1
ml/min for 10 min before beginning of fraction collection. For some samples, the second 5
min of this perfusion included 50 nM «-CtxMII to block a6* nAChRs (Salminen et al. 2004)
(Grady et al. 2002). Fractions were collected every 18 sec for 4 min; nicotine-stimulated
[’H]dopamine release was obtained by perfusing with different concentrations of nicotine in
perfusion buffer for a total of 1 min during the collection period. The radioactivity in the
fractions as well as that remaining on the filter after perfusion was measured by liquid
scintillation spectroscopy (Beckman 6500).
Radioactivity in fractions before and after the stimulated peak was used to
calculate basal release as a single exponential decay (SigmaPlot 2001; Systat Software, Inc.,
Point Richmond, CA). This basal release was then subtracted from the values in the peak
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(fractions that exceeded 10% of baseline). Peak values were then summed and expressed as a
percent of total counts (sum of all fractions collected plus filter radioactivity). Nicotine-
stimulated release data for a-CtxMIl-resistant (release remaining in presence of 50 nM o-
CtxMII) and total release (no a-CtxMII added) were analyzed using the nonlinear least-squares
algorithm in SigmaPlot 2001 (Systat Software, Inc., Point Richmond, CA) as described above
for *Rb efflux. Nicotine-stimulated dopamine release curves for a-CtxMIl-total and o-
CtxMII-resistant release for all rats in the 6 treatment groups were fit to the Hill equation (as

described above for *Rb efflux) providing separate determinations of E,, or B, and ECy,, or

tot

EC,,.. The means of the EC,;and E,_, values for the six treatment groups were compared by
two-way and subsequent one-way ANOVA.

The o-CtxMII-resistant dopamine release is mediated by a432* nAChRs, whereas
release inhibited by a-CtxMII is mediated by a6* nAChRs (Salminen et al. 2004) (Kulak et al.
1997) (Perry et al. 2007). The a-CtxMlIlI-sensitive release was determined by the difference

between total and a-CtxMII-resistant release (E, . -E...= E..). EC;,., values were determined

re: 50sen

by the difference between total and a-CtxMIl-resistant values (ECs,,, — ECy ... = ECy.)-
Therefore, to accurately calculate the a-CtxMII-sensitive portion of the total dopamine release

(Eens ECy), the difference between the E,; EC,. values determined for each individual o-

res?

CtxMII-resistant release curve was taken from the individual total E,_; EC,,, values obtained

tot?

in the absence of a-CtxMII (Salminen et al. 2004) (Salminen et al. 2007).

Results were evaluated by analysis of variance (ANOVA) using SPSS (SPSS, Inc.
Chicago, IL). Two-way ANOVAs (prenatal treatment v. adolescent treatment, nicotine

treatment v. age)| were used to analyze the effect of prenatal treatment on adolescent nicotine

treatment and the effect of age or nicotine treatment on E_ E , and E_ and EC,,, EC;,
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and EC,, in striatal synaptosomes. The effects on each individual treatment group (N=9-11)

were evaluated with one-way ANOVA followed by Tukey’s post-test to compare the effects of
prenatal nicotine exposure in adolescence (PreSal/AdolSal, PreSal/AdolNic, PreNic/AdolSal,
PreNic/AdolNic) ot to compate the effects of age (PreSal, PreSal/AdolSal) and age at nicotine
exposure (PreNic, PreSal/AdolNic) on E_ , E., and E_, and EC,,

EC,,.. and EC,,

'max> resd totd res, sen®

Differences were deemed significant at p<0.05.

5. Measuring nicotine levels in rat brain plasma

For some animals treated with nicotine, trunk blood was collected at sacrifice and
plasma prepared and frozen. For dams, this occurred after the osmotic pump had been in
place for 28 days; for pups, this was done at PN10. The frozen plasma was shipped to the
laboratory of Dr. Neal Benowitz (San Francisco General Hospital Clinical Pharmacology
Laboratory) and nicotine levels were determined by gas chromatography with nitrogen-
phosphorus detection (Jacob, Wilson, & Benowitz, 1981), modified for simultaneous
extraction of nicotine, and determination using capillary GC (Jacob, Yu, Wilson, & Benowitz,
1991). The internal standards, 5-methylnicotine and ortho-cotinine, were obtained from Dr.
Peyton Jacob, III (Division of Clinical Pharmacology of the Department of Medicine,
University of California, San Francisco). Plasma nicotine levels for dams were 58+/- 11

ng/ml (0.36 uM), and for PN10 pups plasma nicotine levels were 98+/-18 ng/ml (0.61 uM).
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RESULTS

1. Biphasic response for ACh-stimulated *Rb efflux

Initial evaluation of concentration-response curves for ACh-stimulated *Rb efflux
indicated the possibility of a biphasic response. Marks and colleagues previously demonstrated
a biphasic ACh concentration-response curve for *“Rb efflux in mouse synaptosomes (Marks
et al. 1999) (Gotti et al. 2008). When fitted to the Hill equation, data from all six treatment
groups and both regions showed Hill coefficients less than unity (Table 1), supporting a
biphasic response. Accordingly, we analyzed *Rb efflux data from all treatment groups for a
two-site fit (Marks et al. 1999) (Gotti et al. 2008). Results of the two-site fits from thalamus
and cortex of rats for each of the six treatment groups provided twelve separate
determinations for the high sensitivity potency (K;) and low sensitivity potency (K,) No
significant differences in either K (average 1.92 uM) or K (average 143 uM) were observed
between regions or among treatment groups. Subsequently, results for each experiment were
re-fit to the two-component model, with the values for K, and K| fixed at 1.92 and 143 uM
respectively, to obtain estimates of maximal responses for the high sensitivity component (E,,)
and low sensitivity component (E,) for every individual rat. An example showing the one-site
and two-site fit is shown for one treatment group in Fig. 3. In this example, the proportion of
low and high sensitivity components is approximately equal; the proportion varied

considerably among treatment groups (Table 1).
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TABLE 1. Parameters of ACh-stimulated *Rb efflux in thalamus and cerebral cortex: Hill

coefficient (ny,), total efflux, and percent of total efflux with high sensitivity to ACh (HS).

Treatment Thalamus Cortex
group Total Total
ny efflux | % HS ny efflux % HS

PreSal 0.43 1.43 41% 0.22 1.32 54%
PreNic 0.44 1.76 28% 0.30 1.65 51%
PreSal/AdolSal 0.37 2.31 51% 0.58 1.80 49%
PreSal/AdolNic 0.51 1.97 65% 0.37 1.94 43%
PreNic/AdolSal 0.62 2.18 50% 0.84 1.78 33%
PreNic/AdolNic 0.83 1.53 71% 0.46 1.71 40%
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Figure 3. ACh stimulation of %Rb efflux from thalamic synaptosomes of PreSal/AdolSal rats,

lustrating two components. Data were fit to both a one-site model (solid line) and a two-site

model (dashed line) as described in Methods. For the two-site fit, we determined the potency
(K) and capacity (E,_,) for the high sensitivity component (K, and E,,) and low sensitivity
component (K, and E,). Subsequently, results for each experiment were fit to a two-
component model, with values for K, and K fixed at 1.92 and 143 pM respectively, to obtain
estimates of E,  and E, for every individual rat. In this example, the proportion of high

sensitivity to low sensitivity component was 51%0/49%.
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2. Effects of age on nAChR expression and function

Comparison of neonatal rats (PN10) to adolescent rats (PN42) allowed determination
of age-related changes in nAChR number and function independent of prenatal nicotine
exposure (PreSal vs. PreSal/AdolSal), as well as in those animals exposed to nicotine prenatally
only (PreNic vs. PreNic/AdolSal) (Results shown in Figs. 4-9). Binding to a4@2* receptors in
thalamus (Fig. 4) was significantly greater in adolescents compared to PN10 rats, both in
saline-pretreated rats (+178%, p<0.001) and nicotine-pretreated rats (+64%, p<0.05). Total
ACh-stimulated *Rb efflux, while demonstrating a similar trend, showed no significant overall
change (Fig. 5; Table 1). However, the high sensitivity component of the *Rb efflux in
thalamus did significantly increase with age in both treatment groups (+132% in saline-
pretreated, +166% in nicotine-pretreated, both p<0.05). Because there was no concomitant
change in the low sensitivity component, the ratio of high to low sensitivity efflux in thalamus
also increased with age from PN10 to PN42 (Table 1). Thus, the up-regulation in «4@32*
binding in thalamus with age appeared to correlate with a similar up-regulation in high
sensitivity *Rb efflux. Binding to a4B2* nAChRs in cortex (Fig. 6) also increased from PN10
to PN42 (+110% in saline-pretreated, +168% in nicotine-pretreated, both p<0.001).
However, unlike in thalamus, no significant differences were seen in ACh-stimulated %Rb
efflux (Fig. 7), despite a trend towards increase in total efflux. The proportion of efflux in
cortex with high sensitivity to ACh was relatively higher in neonates, declining somewhat in
adolescents, again in contrast to results in thalamus (Table 1).

As in the other two regions, binding in striatum (Fig. 8) also increased significantly
with age in both saline-pretreated rats (+133%, p<0.001) and nicotine-pretreated rats (+127%,
p<0.001). To assess receptor functionality in this region, we measured nicotine-stimulated
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dopamine release. Total release followed a similar pattern of age-related increases as binding
(+177%, p<0.001 in saline-pretreated, +61%, p<0.01 in nicotine-pretreated; Fig. 9).
aCtxMII-resistant release (x4B2*-mediated) also increased in saline-pretreated animals
(+188%, p<0.001), but this age effect was absent in nicotine-pretreated animals (Fig. 9). No
significant changes occurred with age for the aCtxMllI-sensitive component of release (6*-

mediated).
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Figure 4. Changes in nAChR binding from PN10 to PN42 in thalamus. Rats were sacrificed

either at PN10 (PreSal; PreNic) or at PN42 (PreSal/AdolSal; PreNic/AdolSal); the effect of
age 1s shown for animals never receiving nicotine (PreSal v. PreSalAdolSal), and for those
receiving prenatal nicotine (PreNic v. PreNicAdolSal). Means were analyzed by two-way
ANOVA for age and treatment; I ratios and significance shown for those comparisons with a
significant main effect. Unless noted, there were no significant interactions between parameter.
For those with a significant main effect, we proceeded to analyze the four treatment groups by
one-way ANOVA and Tukey’s post-test. Means +/- S E.M. ate shown (N=7-10); *p<0.05;
##+p<(.001. Binding of 0.5 nM [’H]epibatidine, in the presence of 50 nM «CtxMII to inhibit

binding to «6* nAChRs; age effect F, ,,=37.08; p<0.0001.
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Figure 5. Changes in nAChR ACh-stimulated *Rb efflux from PN10 to PN42 in thalamus.

Rats were sacrificed either at PN10 (PreSal; PreNic) or at PN42 (PreSal/AdolSal;
PreNic/AdolSal); the effect of age is shown for animals never receiving nicotine (PreSal v.
PreSalAdolSal), and for those receiving prenatal nicotine (PreNic v. PreNicAdolSal). Means
were analyzed by two-way ANOVA for age and treatment; I ratios and significance shown for
those comparisons with a significant main effect. Unless noted, there were no significant
interactions between parameter. For those with a significant main effect, we proceeded to
analyze the four treatment groups by one-way ANOVA and Tukey’s post-test. Means +/-
S.E.M. are shown (N=7-10); ¥p<0.05. A. E_ values for total ACh-stimulated *Rb efflux from
thalamic synaptosomes. B. E_  values for the high sensitivity component of ACh-stimulated
“Rb efflux.; age effect F,»= 1822, p<0.001. C. E,, values for the low sensitivity component

of ACh-stimulated **Rb efflux.
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Figure 6. Changes in nAChR binding from PN10 to PN42 in cerebral cortex. Rats were

sacrificed either at PN10 (PreSal; PreNic) or at PN42 (PreSal/AdolSal; PreNic/AdolSal); the
effect of age is shown for animals never receiving nicotine (PreSal v. PreSalAdolSal), and for
those receiving prenatal nicotine (PreNic v. PreNic/AdolSal). Means were analyzed by two-
way ANOVA for age and treatment; I ratios and significance shown for those comparisons
with a significant main effect. Unless noted, there were no significant interactions between
parameter. For those with a significant main effect, we proceeded to analyze the four
treatment groups by one-way ANOVA and Tukey’s post-test. Means +/- S.E.M. are shown

(N=6-10) ***p<0.001. Binding of 0.5 nM [’H]epibatidine, in the presence of 50 nM aCtxMII

to  inhibit  binding to a6* nAChRs; age effect F,,;,=554; p<0.05.
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Figure 7. Changes in nAChR ACh-stimulated *Rb efflux from PN10 to PN42 in cerebral

cortex. Rats were sacrificed either at PN10 (PreSal; PreNic) or at PN42 (PreSal/AdolSal;
PreNic/AdolSal); the effect of age is shown for animals never receiving nicotine (PreSal v.
PreSalAdolSal), and for those receiving prenatal nicotine (PreNic v. PreNicAdolSal). Means
were analyzed by two-way ANOVA for age and treatment; I ratios and significance shown for
those comparisons with a significant main effect. Unless noted, there were no significant
interactions between parameter. For those with a significant main effect, we proceeded to
analyze the four treatment groups by one-way ANOVA and Tukey’s post-test. Means +/-
S.E.M. are shown (N=6-10); ***p<0.001. A. E,_, values for total ACh-stimulated “Rb efflux

from cortical synaptosomes; age effect F,,,=5.54; p<0.05. B. E_ values for the high

X

sensitivity component of ACh-stimulated “Rb efflux. C. E_ values for the low sensitivity

component of ACh-stimulated *Rb efflux.
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Figure 8. Changes in nAChR binding from PN10 to PN42 in striatum. Rats were sacrificed

either at PN10 (PreSal; PreNic) or at PN42 (PreSal/AdolSal; PreNic/AdolSal); the effect of
age 1s shown for animals never receiving nicotine (PreSal v. PreSalAdolSal), and for those
receiving prenatal nicotine (PreNic v. PreNicAdolSal). Means were analyzed by two-way
ANOVA for age and treatment; I ratios and significance shown for those comparisons with a
significant main effect. Unless noted, there were no significant interactions between parameter.
For those with a significant main effect, we proceeded to analyze the four treatment groups by
one-way ANOVA and Tukey’s post-test. Means +/- S.E.M. are shown (N=9-11) ***p<0.001.
Binding of 0.5 nM [’H]epibatidine, in the presence of 50 nM «CtxMII to inhibit binding to a6*

nAChRs; age effect F, ,, =141.45; p<<0.0001.
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Figure 9. Changes in nAChR nicotine-stimulated dopamine release from PN10 to PN42 in

striatum. Rats were sacrificed either at PN10 (PreSal; PreNic) or at PN42 (PreSal/AdolSal;
PreNic/AdolSal); the effect of age is shown for animals never receiving nicotine (PreSal v.
PreSalAdolSal), and for those receiving prenatal nicotine (PreNic v. PreNicAdolSal). Means
were analyzed by two-way ANOVA for age and treatment; I ratios and significance shown for
those comparisons with a significant main effect. Unless noted, there were no significant
interactions between parameter. For those with a significant main effect, we proceeded to
analyze the four treatment groups by one-way ANOVA and Tukey’s post-test. Means +/-
S.E.M. are shown (N=7-10); *p<0.05; **p<0.001. A. E_. values for total nicotine-stimulated
dopamine release from striatal synaptosomes; age effect F, ,=32.24; p<0.0001.. B. E, values
for the conotoxin-resistant release (in the presence of 50 nM oCtxMII, leaving o4f2*-
mediated release); age effect F, ,,=20.92; p<0.0001. C. E, values for the conotoxin-sensitive
release (conotoxin-resistant release subtracted from total release; mediated by a6*-nAChRs);

age effect F; ,0=9.57; p<0.05.
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3. Immediate effects of prenatal nicotine exposure

In an earlier study, we found that continuous nicotine exposure in adult male rats
dramatically alters both numbers and function of nAChRs (Perry et al. 2007). Figure 10 shows
representative autoradiographic images from coronal adult male rat brain sections through
striatum. In the striatum from adult nicotine-treated rats, [*IJaCtxMII binding, which

represents 0L6* subunit containing nAChRs, was reduced by 28% (p< 0.05). Binding of [*T]A-

85380 in the presence of 100 nM unlabeled aCtxMII, which represents primarily o42*
nAChRs, was significantly increased in the striatum from nicotine-treated rats by 54% (p<
0.01) Figure 11 shows the effect of chronic nicotine exposure on release of ['H]dopamine
from adult male rat striatal synaptosomes. Maximal oCtxMII-sensitive (0t6* mediated)
[’H]dopamine release was decreased by ~54% in nicotine-treated compared with saline-treated
rats. While chronic nicotine also up-regulates nAChRs in adolescent rats, this effect is
significantly reduced compared to that in adults (Doura et al. 2008). We found adolescents had
significantly more o4B2* and o7 receptors, but similar a6* levels compared with adults.
Nicotine-induced up-regulation of «4B2* and o7 was significantly greater in adults and

nicotine-induced down-regulation of a6* was greater in adolescents.
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Figure 10. Representative autoradiographic images from coronal rat brain sections through

striatum. A to C, [*IJa-CtxMII binding. D and E, [*IJA-85380 binding in the presence of 100
nM a-CtxMIIL. A and D, saline-treated animal, total binding. B and E, nicotine-treated animal,

total binding. C and F, nonspecific binding.
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Figure 11. Effects of chronic nicotine exposure on release of ['H]dopamine from rat striatal

synaptosomes. Data points represent percentage of total tissue ['H]dopamine per fraction,
+S.E.M,; #» =9 for each treatment group. Lines represent best fit of data to a sigmoidal dose-

response curve. A, total release; for saline-treated, E, ., 3.85 £ 0.13; ECy, 0.13 uM; for

nicotine-treated, *, E__, 3.33 £ 0.13; EC,,, 0.14 uM. B, a#-CtxMII-resistant release (in presence

of 50 nM a-CtxMII); for saline-treated, E,,,, 2.39 * 0.10; EC,,, 0.12 uM; for nicotine-treated,

E, .. 2.53 £ 0.11; EC,,, 0.18 uM. C, a-CtxMII-sensitive release (calculated by A - B for each

max>

nicotine concentration); for saline-treated, E, ,, 1.95 = 0.14; EC,, 5.9 uM; for nicotine-treated,

*, E o 0.90 * 0.14; ¥ EC,, 0.91 uM. *, Different from saline controls, p < 0.05.

max>
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To determine the immediate effects of prenatal nicotine exposure, we compared PN10
animals exposed to prenatal saline (PreSal) to PN10 animals exposed to prenatal nicotine
(PreNic) immediately after cessation of exposure. Although there was a trend towards
increased binding in thalamus, this did not reach statistical significance (Fig. 4). No immediate
effects of prenatal nicotine were seen in nAChR binding in cortex or striatum (Figs. 6 and 8).
Likewise, the assays for receptor functionality did not show any significant immediate effects

of prenatal nicotine exposure (Figs. 5, 7, 9).

4. Persistent effects of prenatal nicotine exposure

Previous studies have reported that prenatal nicotine exposure can cause behavioral
changes that persist into adolescence. We used several approaches to assess whether similarly
persistent changes occurred in nAChR number and function after prenatal nicotine. We
allowed some animals that had been prenatally exposed to nicotine or saline to grow to
adolescence, and then they were further challenged with either chronic nicotine or saline
exposure. The comparison of nAChR binding and function in the four adolescent treatment
groups is presented in Figures 12-17. To assess for direct persistent effects of prenatal exposure
we compated binding and function in naive animals (PreSal/AdolSal) to those in animals
receiving only prenatal nicotine (PreNic/AdolSal). Such exposure did not alter binding in any
region, nor were there any significant differences in the ACh-stimulated “Rb efflux in
thalamus or cortex. Likewise, comparison of results in those animals challenged with nicotine
as adolescents (i.e. PreSal/AdolNic vs. PreNic/AdolNic) revealed no significant differences in
any measured parameter. However, nicotine-stimulated dopamine release in rats previously
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exposed prenatally to nicotine (PreNic/AdolSal) was significantly lower than in those animals
not prenatally exposed (PreSal/AdolSal). This decrease was seen both for total release (23%
lower, p<0.05) and for aCtxMII-resistant (x432*-mediated) release (29% lower, p<0.05) (Fig

17).

5. Effects of prenatal nicotine exposure on adolescent response to nicotine challenge
Another way to examine for persistent effects of prenatal nicotine exposure is to
test whether the effects of adolescent nicotine exposure on receptor number and function
differ with prior prenatal nicotine exposure. In agreement with our previous autoradiographic
study in adolescents (Doura et al. 2008), «482* binding was significantly up-regulated by
chronic nicotine exposure in thalamus (+50%, p<0.05) and cortex (+74%, p<0.001) in naive
adolescent rats (i.e. PreSal/AdolSal vs. PreSal/AdolNic; Figs. 12 and 14). However, while up-
regulation was also seen in cortex (+43%, p<0.05; Fig 14) from adolescent rats that had been
prenatally exposed to nicotine (PreNic/AdolSal vs. PreNic/AdolNic), up-regulation did not
occur in thalamus from prenatally exposed rats (Fig. 12). Despite binding increases with
adolescent nicotine, no changes were seen in either component of ACh-stimulated *“Rb efflux,
regardless of prenatal treatment (Figs. 13 and 15), although there was a non-significant trend
towards an increase in ratio of high to low sensitivity in thalamus.
Binding to striatal nAChRs increased in adolescents exposed to nicotine, both in
naive animals (+30%, p<0.05) and those prenatally exposed to nicotine (+38%, p<0.01); Fig.
16. Nicotine-stimulated dopamine release, however, actually decreased after chronic adolescent

nicotine in naive rats, both total release (-33%, p<0.01) and conotoxin-resistant release (x4{32*-
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mediated; -37%, p<0.001) (Fig. 17). In rats prenatally exposed to nicotine, however, there was
no longer any significant change in dopamine release caused by adolescent nicotine exposure.
This effect was due to the previously noted decrease in the baseline release in the

PreNic/AdolSal group.
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Figure 12.  Persistent effects of prenatal nicotine exposure on nAChR numbers in thalamus.

All animals were sacrificed at PN42; the effect of nicotine administered in adolescents is
shown in animals never before exposed (PreSal/AdolSal v. PreSal/AdolNic), and in animals
prenatally exposed to nicotine (PreNic/AdolSal v. PreNic/AdolNic). Means wete analyzed by
two-way ANOVA for prenatal treatment and adolescent treatment; I ratios and significance
shown for those comparisons with a significant main effect. Unless noted, there were no
significant interactions between parameters. For those with a significant main effect, we
proceeded to analyze the four treatment means by one-way ANOVA and Tukey’s post-test.
Means +/- S.E.M. are shown (N=7-10); *p<0.05. Binding of 0.5 nM [’H]epibatidine in the
presence of 50 nM aCtxMII to inhibit binding to a6* nAChRs; adolescent nicotine effect,

F 1.5=10.58; p<0.005.
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Figure 13.  Persistent effects of prenatal nicotine exposure on nAChR ACh-stimulated *Rb

efflux in thalamus. All animals were sacrificed at PN42; the effect of nicotine administered in
adolescents is shown in animals never before exposed (PreSal/AdolSal v. PreSal/AdolNic),
and in animals prenatally exposed to nicotine (PreNic/AdolSal v. PreNic/AdolNic). Means
were analyzed by two-way ANOVA for prenatal treatment and adolescent treatment; I ratios
and significance shown for those comparisons with a significant main effect. Unless noted,
there were no significant interactions between parameters. For those with a significant main
effect, we proceeded to analyze the four treatment means by one-way ANOVA and Tukey’s
post-test. Means +/- S.E.M. are shown (N=7-10); *p<0.05. A. E_,. values for total ACh-
stimulated *Rb efflux from thalamic synaptosomes. B. E__ values for the high sensitivity
component of ACh-stimulated “Rb efflux. C. E,_, values for the low sensitivity component of

ACh-stimulated *Rb efflux.. While not significant, there was a suggestion of an adolescent

nicotine effect: F,;= 4.196, p=0.052.
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Figure 14.  Persistent effects of prenatal nicotine exposure on nAChR numbers in cerebral

cortex. All animals were sactificed at PN42; the effect of nicotine administered in adolescents
is shown in animals never before exposed (PreSal/AdolSal v. PreSal/AdolNic), and in animals
prenatally exposed to nicotine (PreNic/AdolSal v. PreNic/AdolNic). Means were analyzed by
two-way ANOVA for prenatal treatment and adolescent treatment; F ratios and significance
shown for those comparisons with a significant main effect. Unless noted, there were no
significant interactions between parameters. For those with a significant main effect, we
proceeded to analyze the four treatment means by one-way ANOVA and Tukey’s post-test.
Means +/- SEM. are shown (N=06-10); *p<0.05; ***p<0.001. Binding of 0.5 nM
["H]epibatidine, in the presence of 50 nM aCtxMII to inhibit binding to «6* nAChRs;

adolescent nicotine effect, F, ,,=34.16; p<0.0001.
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Figure 15. Persistent effects of prenatal nicotine exposure on nAChR ACh-stimulated *Rb

efflux in cerebral cortex. All animals were sacrificed at PN42; the effect of nicotine

administered in adolescents is shown in animals never before exposed (PreSal/AdolSal v.
PreSal/AdolNic), and in animals prenatally exposed to nicotine (PreNic/AdolSal v.
PreNic/AdolNic). Means were analyzed by two-way ANOVA for prenatal treatment and
adolescent treatment; I ratios and significance shown for those comparisons with a significant
main effect. Unless noted, there were no significant interactions between parameters. For
those with a significant main effect, we proceeded to analyze the four treatment means by one-
way ANOVA and Tukey’s post-test. Means +/- S.E.M. are shown (N=7-10); *p<0.05. A. E
values for total ACh-stimulated “Rb efflux from cortical synaptosomes. B. E, values for the
high sensitivity component of ACh-stimulated “Rb efflux. C. E,, values for the low sensitivity

component of ACh-stimulated %Rb efflux.
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Figure 16. Persistent effects of prenatal nicotine exposure on nAChR numbers in striatum.

All animals were sacrificed at PN42; the effect of nicotine administered in adolescents is
shown in animals never before exposed (PreSal/AdolSal v. PreSal/AdolNic), and in animals
prenatally exposed to nicotine (PreNic/AdolSal v. PreNic/AdolNic). Means were analyzed by
two-way ANOVA for prenatal treatment and adolescent treatment; F ratios and significance
shown for those comparisons with a significant main effect. Unless noted, there were no
significant interactions between parameters. For those with a significant main effect, we
proceeded to analyze the four treatment means by one-way ANOVA and Tukey’s post-test.
Means +/- SEM. are shown (N=7-10); *p<0.05; **p<0.01. Binding of 0.5 nM
["H]epibatidine, in the presence of 50 nM aCtxMII to inhibit binding to «6* nAChRs;

adolescent nicotine effect, F, ,,=23.46; p<0.0001.
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Figure 17.  Persistent effects of prenatal nicotine exposure on nAChR nicotine-stimulated

DA release in striatum. All animals were sacrificed at PN42; the effect of nicotine

administered in adolescents is shown in animals never before exposed (PreSal/AdolSal v.
PreSal/AdolNic), and in animals prenatally exposed to nicotine (PreNic/AdolSal v.
PreNic/AdolNic). Means were analyzed by two-way ANOVA for prenatal treatment and
adolescent treatment; I ratios and significance shown for those comparisons with a significant
main effect. Unless noted, there were no significant interactions between parameters. For
those with a significant main effect, we proceeded to analyze the four treatment means by one-
way ANOVA and Tukey’s post-test. Means +/- S.E.M. are shown (N=7-10); *p<0.05. A. E_
values for total nicotine-stimulated dopamine release from striatal synaptosomes. Interaction
between adolescent and prenatal nicotine treatment, F,;,=121.56; p<0.0001; adolescent
nicotine effect F;,=14.12, p<0.001; prenatal nicotine effect F, ,,=90.44, p<0.0001. B. E_
values for the conotoxin-resistant release (in the presence of 50 nM aCtxMII, leaving o42*-
mediated release). Interaction between adolescent and prenatal nicotine treatment, F, ;=
74.33, p<0.0001; adolescent nicotine effect F,;,=11.17; p<0.005; prenatal nicotine effect
F5,=117.28, p<0.0001. C. E,,, values for the conotoxin-sensitive release (conotoxin-resistant

release subtracted from total release; mediated by al6*-nAChRs).
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6. Regional differences

Binding to a482* nAChRs differed significantly among the three regions at each of the two
ages, and regardless of nicotine treatment. Comparison of ACh-stimulated *Rb efflux in
cortex and thalamus revealed that total efflux was in general lower in cortex than thalamus.
The proportion of high sensitivity release was greater in cortex than thalamus in neonates,

whereas the opposite was true in adolescents.
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DISCUSSION

1. Immediate and Persistent Effects of Prenatal Nicotine Exposure

In examining how prenatal nicotine might affect the developing CNS, we distinguished
between immediate effects (those measurable immediately following end of exposure), and
persistent effects (in this case, measured in late adolescence). Somewhat surprisingly, we
detected no immediate effects on binding to «432* nAChRs in thalamus, cortex or striatum.
This subtype has been shown to be readily up-regulated by chronic nicotine in adult rats
(Flores et al. 1992; Marks et al. 2004; Doura et al. 2008). We have recently determined that up-
regulation in adolescents is markedly less than seen in adults with the same exposure (Doura et
al. 2008). The present results suggest that sensitivity to nicotine-induced up-regulation may

increase over time from neonates to adolescents to adults (Table 2).
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Table 2. Comparison of expression and nicotinegeduregulation of nAChRs

neonates, adolescents, and adults

PN10 Adolescent Adult
Expression of | low high intermediate
adp2*
nAChRs
Regulation of | No change in expression of | Up-regulation of | Prenatal exposure Larger up-

a4B2* nAChR

expression by

chronic

nicotine

04p2* nAChRs with

prenatal nicotine

o4p2* nAChRs
with adolescent

nicotine

leads to blunting of
nicotine-induced

increase in thalamus

regulation of
o4p2* nAChRs

than adolescents

Regulation of
a4p2* nAChR
function by
chronic

nicotine

No immediate effects on

receptor function

No changes in
86Rb efflux in
thalamic or
cortical

synapto somes

Decrease in
nicotine-stimulated
DA release of a4@32*
containing receptors
after prenatal and

adolescent nicotine

No change in
nicotine-
stimulated DA
release of a4@2*
containing
receptors;
decrease of a6*
containing

receptors
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Given the lack of immediate effects of prenatal nicotine exposure on nAChRs, it was
not surprising that we also did not detect direct effects of prenatal nicotine in adolescent
animals one month after the end of prenatal exposure. However, this did not mean that
prenatal exposure was without effect on the CNS nicotinic system. One type of effect was
seen in the ability of prenatal exposure to blunt the normal age-related increase in aCtxMII-
resistant dopamine release; while this a482*-mediated release increased 188% (in parallel to the
binding increase from PN10 to PN42 in naive animals) in animals prenatally exposed to
nicotine, there was no longer a significant change with age. Further evidence for a persistent
alteration derived from analysis of the effects of subsequent adolescent nicotine exposure.
While such exposure caused predictable up-regulation of binding in all three regions in naive
animals, up-regulation was lost in thalamus from animals previously exposed to nicotine in
utero. Likewise, the decrease in nicotine-stimulated dopamine release in striatum (both total
and aCtxMlII-resistant) elicited by adolescent nicotine treatment was lost in previously exposed
animals, consistent with the loss of the age-related increase just discussed. Thus, the ability of
nicotine to alter the functional response of a4@32* nAChRs in thalamus and striatum was

blunted in animals that were prenatally exposed.

2. Effects of Age on nAChRs Expression and Function

Besides demonstrating the differential effects of nicotine exposure, the present results
yield insight into the age-related changes of the CNS nicotinic cholinergic system. Comparison
of PN10 and adolescent animals revealed large increases in binding to a4f2* nAChRs in
cortex, thalamus and striatum during this period of development. Expression of this subtype

appears to peak during adolescence, as our previous autoradiographic studies revealed that
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binding to a4f2* (and «7) nAChRs is higher in adolescents compared to adult rats in almost all
regions surveyed (Doura et al. 2008). In parallel to the increased receptor number during the
period from PN10 to PN42, we also found large increases in function in ACh-stimulated *Rb
efflux in thalamus, and nicotine-stimulated dopamine release in striatum, but no functional
changes in cortex.

The results for the two components of ACh-stimulated “Rb efflux revealed several
interesting trends, although the variance in these data sometimes precluded rigorous statistical
conclusions. Compatison of results from PreSal vs. PreSal/AdolSal showed an increase in
total release with age in thalamus and cortex from naive animals; the bulk of the increase
consisted of an increase in the high sensitivity component, which was statistically significant in
thalamus. Comparison of results from PreNic vs. PreNic/AdolSal also showed an increase in
total release with age; in thalamus, the increase was confined to the high sensitivity component,
whereas in cortex the reverse was true. This finding suggests an effect of prenatal exposure in
cortex; the increase in high sensitivity efflux occurring with age in naive animals is suppressed
in animals prenatally exposed to nicotine. Changes with age can also be inferred by comparing
the effect of chronic nicotine at the two ages. In cortex, there was little apparent change at
either age. In neonatal thalamus, the effect of chronic nicotine (i.e. PreSal vs. PreNic) was to
cause a shift towards the low sensitivity component, whereas in adolescent thalamus, the effect
of chronic nicotine (i.e. PreSal/AdolSal vs. PreSal/AdolNic) was to cause a shift towards the

high sensitivity component.
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3. Biphasic Response for ACh-stimulated *Rb Efflux

Possible explanations for the two sensitivity components detected in the present
study include the inclusion of an additional subunit in the fifth “structural” position with o4
and B2 (e.g. «5), or contribution from another nAChR subtype. For example, a334 nAChRs
are present in several thalamic structures and ACh potency for stimulation of *Rb efflux in
cells expressing 384 nAChRs is 110 uM (Meyer et al. 2001), which is close to the K, of 143
uM determined here. Marks and colleagues previously demonstrated two components of
ACh-stimulated *Rb efflux in mouse brain synaptosomes based on differential sensitivity to
the competitive antagonist DHBE (Marks et al. 1999); subsequent reports found biphasic
concentration-response curves for ACh-stimulated *Rb efflux (Gotti et al. 2008). In these
mouse studies, the two components of ACh-stimulated *Rb efflux both appeared to be
mediated by a482* nAChRs (Gotti et al. 2008). It has been suggested that the molecular basis
for the differential sensitivity may be expression of a4f2* nAChRs with different o/f3
stoichiometry (l.e. a4[2]82[3] v. a4[3]B2[2]) (Briggs et al. 2006) (Moroni et al. 20006). If this
mechanism underlies the two components measured in the current studies, it would imply that
rat brain o4B2* nAChRs (at least in thalamus) undergo a shift in stoichiometry during early

development towards the high sensitivity a4[2]32[3] form.

4. Effects of Prenatal Nicotine Exposure on Adolescent Response to Nicotine
Challenge

Of interest were the differences between nicotine’s effects on receptor number and
those on receptor function. While increases in receptor number with age from PN10 to PN42

tracked well with increases in function mediated by these receptors in striatum (dopamine
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release) and thalamus (the high sensitivity component of “Rb efflux), this was not true in
cortex, where up-regulation was not accompanied by altered function. Similarly, up-regulation
of binding induced by adolescent nicotine was not accompanied by increased function in
thalamus or cortex, and in striatum the function actually decreased after nicotine exposure.
Because the functional activities were measured in synaptosomal preparations and binding was
done in standard homogenates, we tested whether binding experiments in synaptosomal
preparations might yield different results when compared to standard homogenate
preparations, but they did not (results not shown).

We previously reported that the extent of nicotine-induced up-regulation of
["H]epibatidine binding from adult rats correlated well with the extent of increased nicotine-
stimulated *Rb efflux in four different brain regions (Nguyen et al. 2004), and that nicotine-
induced changes in a-CtxMlI-sensitive and o-CtxMII-resistant dopamine release in adult
striatal membranes also followed changes in their respective receptors (Perry et al. 2007).
However, it is possible that not all up-regulated binding sites represent functional receptors,
with proper intracellular localization and plasma membrane insertion. Marks and colleagues
reported that chronic nicotine in mice had dose-related effects on up-regulation of a4B2*
binding sites and functional activity, but that there was an overall decrease in function per
receptor unit (Marks et al. 2004). The nature of saturation binding experiments is such that all
propetly assembled receptors will likely be included in the measurement, and the time of
incubation is such that most or all binding sites are in a high-affinity, desensitized
conformation, whereas the functional assays are much briefer and done under more
physiological conditions. Furthermore, while chronic exposure to nicotine often causes
receptor up-regulation, it also can lead to receptor desensitization and tolerance, which could
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be an explanation of the dissociation between results of binding and functional assays (Marks
etal. 1993b).

The finding of receptor up-regulation and functional down-regulation in striatum was
particularly striking. ‘The binding analysis measured only a482* nAChRs, excluding «6*
nAChRs by inclusion of a-CtxMII. The a6* subtype has been reported to be differentially
regulated from a4@2*; the latter is typically up-regulated in most regions, while the former are
either unaffected or in some cases down-regulated (Perry et al. 2007; McCallum et al. 20006;
Mugnaini et al. 2006). We previously found that a-CtxMII-sensitive nicotine-stimulated
dopamine release was selectively down-regulated by chronic nicotine in adult rats, whereas the
a-CtxMII-resistant component (a482*-mediated) was unaffected (Perry et al. 2007). In
neonates, there was no measurable effect of chronic nicotine on either component of
dopamine release. In adolescents, the aCtxMII-resistant component showed a significant
decrease, whereas the aCtxMII-sensitive component was unchanged. The fraction of total
release that was aCtxMII-sensitive was 18-23% in neonates, and 18-26% in adolescents; these
values are lower than previously reported in adult rats by us and others (38-49%) (Kulak et al.
1997; Kaiser et al. 1998; Cao et al. 2005; Perry et al. 2007). Thus, the proportion of striatal
dopamine release mediated by a6* nAChRs, and the regulation of this dopamine release by

chronic nicotine, appear to depend upon the developmental stage of the animal.

5. Effects of Prenatal Nicotine Exposure on the Adolescent Brain

The present results demonstrate that the effects of nicotine exposure in adolescent
male rats are altered by previous prenatal nicotine exposure. Prenatal exposure to tobacco
smoke is associated with a wide variety of negative developmental outcomes. Because
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nAChRs are known to play a role in CNS development during gestation, activation of these
receptors by nicotine at developmentally inappropriate times and at stimulation levels generally
much higher than normal is likely to contribute to long-term changes in neurochemistry and
behavior in the offspring (Slotkin 1998). Chronic exposure to nicotine has long been known
to alter both function and numbers of nAChRs in adult animals, which is likely to play a role in
the addictive properties of this drug. The alterations in nicotine’s regulatory activity in
adolescent rats caused by prenatal exposure may thus be relevant to the propensity for nicotine
addiction in adolescents, and in particular the enhanced vulnerability to addiction in those
whose mothers smoked during pregnancy (Al Mamun et al. 20006).

Our finding that prenatal nicotine exposure in the male rat reduces the functional
response to nicotine in adolescents may be significant considering that prenatal nicotine
exposure in humans is associated with an increased risk for smoking. It has been speculated
that adolescents with a reduced response to nicotine will smoke more frequently to experience
the same rewarding properties. This may result in more stimulus-response associations, a
stronger association between smoking cues and smoking, and nicotine dependence and
habitual smoking into adulthood (Britton et al., 2007). Adolescent rodents have shown an
increased likelihood to develop place conditioning and self-administration with nicotine
(Adriani et al, 2003; Vastola et al., 2002; Belluzzi et al., 2004). Nicotine exposure during
adolescence, but not following the developmental phase, resulted in increased motivation to
work for nicotine self-administration (Adriani et al., 2003), and recent work suggests that
increased motivation toward nicotine self-administration occurs in animals trained during
adolescence rather than at adulthood (Levin et al., 2003). These findings support adolescents’
increased sensitivity to nicotine’s effects and increased vulnerability to develop addiction as a
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consequence of nicotine exposure in human adolescents (Adriani et al., 2006). Adolescents
exposed to prenatal nicotine may smoke to compensate for cognitive deficits resulting from in
utero exposure to nicotine. A recent study has shown that adolescent smokers who are the
children of smokers experience greater impairment in visuospatial memory during tobacco
withdrawal than do adolescent smokers who are the offspring of nonsmokers (Jacobsen et al.,
2000).

Nicotine exposure during the third trimester, but not the first trimester, was found to
be significant in a multivariate analysis of prenatal tobacco exposure and offspring smoking in
14 year olds in which prenatal tobacco exposure significantly predicted offspring smoking.
The association with the third trimester exposure is consistent with data using laboratory
animals (Cornelius et al., 2005; Slotkin, 1998). Animal studies that suggest in utero nicotine
exposure causes embryological changes resulting in increased nicotine receptors (Miao et al.,
1998; Nordberg et al., 1991) imply an increased sensitivity to nicotine and a higher risk for
continued use after initial experimentation (Slotkin et al., 1991). This relates to the multivariate
analysis study that found prenatal tobacco exposure was not as reliable in predicting “ever use”
or “age of onset of use” as it was in predicting “level of use” (Cornelius et al., 2005). This
study was able to show that both prenatal exposure and current maternal use were significant
predictors of tobacco use among offspring, and that exposure at either, or both times, was
significantly more likely to lead to tobacco use at age 14 (Cornelius et al., 2005).

Prenatal nicotine exposure is also involved with severe and long-term health effects.
Epidemiological studies have shown that the offspring of women who smoke during
pregnancy have an increased risk of developing obesity, hypertension, and type 2 diabetes
(Bergmann et al., 2003; Blake et al., 2000; Montgomery & Ekbom, 2002; Motley et al., 1995;
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Toschke et al., 2002; Vik et al., 1996; von Kries et al., 2002; Wideroe et al., 2003), but the
mechanisms underlying these conditions are still unknown. Prenatal nicotine has also been
shown to induce fetal growth restriction associated with hypoxia and to affect fetal brain
development marked by changes in nAChRs gene expression (Lv et al., 2008). Hypoxia is a
known mechanism of changes in expression of nAChRs and has been found to increase o7
nAChR expression in PC12 cells (Utsugisawa et al., 2000). Fetal hypoxia induced by prenatal
nicotine exposure may contribute to the changes in brain nAChR gene expression (Lv et al.,

2008).

6. How Does Prenatal Nicotine Exposure Alter the Response to Subsequent Nicotine
Exposure: Effects of Gender

The decision to use male rats in my dissertation research was based on studies
showing very different responses between male and female rats to prenatal nicotine exposure.
In the cholinergic system, deficits in synaptic activity have been found to re-emerge in
adolescence and remain present through the life span of the animal (Abreu-Villaca et al., 2004
Slotkin et al., 2007; Slotkin et al., 2007; Zahalka et al., 1992). During the transition between
adolescence and adulthood, there is a major difference between males and females; males show
more long-lasting effects of prenatal nicotine exposure. A similar finding has been seen on the
long-term impact of prenatal nicotine on serotonergic synaptic function (Slotkin, 2008).
Prenatal nicotine exposure did not alter dopamine content or basal dopamine secretion in the
nucleus accumbens shell in female rats (Kane et al., 2004). This group also reported a decrease
in response to nicotine-stimulated DA release in the nucleus accumbens of male adolescent
offspring that had been prenatally exposed to nicotine.
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The sexually dimorphic development of the brain and especially of dopamine
neurotransmission may cause gender-specific effects on dopamine-dependent brain functions.
Prenatal nicotine exposure may contribute differentially in males and females to the number of
functional nicotinic receptors and/or the ratio of the vatious cholinetgic receptor subunits
expressed by mesolimbic dopaminergic neurons and reduced sensitivity to nicotine might be
observed during adolescence (Hsu et al, 1996; Klink et al., 2001). Hyperactivity in male
offspring exposed to prenatal nicotine has been found to be associated with an increase in
neuronal nicotinic receptors in the cortex and striatum (Tizabi et al., 1997). Prenatal nicotine
exposure affected nicotinic receptor concentrations of male offspring only (Tizabi et al., 1997).
This agrees with the findings of other investigators who have reported sex differences in
behavioral and neurochemical effects of prenatal nicotine exposure (Fung & Lau, 1989; Fung,
1989; Levin et al., 1993; Lichtensteiger et al., 1988; Peters & Tang, 1982; Ribary &
Lichtensteiger, 1989). These findings suggest that males are more sensitive to nicotine’s
prenatal effects on at least some behavioral and biological variables. The receptor changes in
response to prenatal nicotine differ in males and females, and the sex differences may result

from different responses to nicotine abstinence (Tizabi et al., 1997).

7. Future Directions for Understanding the Effects of Prenatal Nicotine Exposure
Nicotine administered to rats during gestation or in adolescence alters gene expression
and suggests it may also lead to cellular damage. The adolescent brain appears to be less
vulnerable to the effects of nicotine than the fetal brain (Trauth et al., 2000a), but it is clear that
exposure to nicotine in rats during gestation or adolescence implicates long-term functional
consequences that are translational to the human brain. The increased sensitivity to nicotine
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(Adriani et al., 2006) and altered expression of nAChRs in adolescents compared to adults
(Doura et al., 2008), may lead to a higher consumption and an impaired ability to maintain
abstinence from nicotine. A brief period of experimentation with cigarettes in adolescence can
permanently increase subsequent dependence risk (Fidler et al., 2006). My research along with
others (Abreu-Villaca et al., 2004a; Abreu-Villaca et al., 2004b; Britton et al., 2007), suggests
that prenatal nicotine exposure may increase susceptibility to nicotine addiction in adolescents
who are subsequently exposed to nicotine. Recent studies have shown that many of the
effects of prenatal nicotine exposure do not persist into adulthood (Slotkin et al., 2007) so it is
important to further examine the cellular and molecular alterations in nAChRs that occur with
prenatal nicotine exposure and how those alterations are ultimately affecting the adolescent
brain. Research that is able to determine the contribution of specific subunits of the nAChR to
the motivational effects of nicotine and the development of addiction might lead to a better
understanding of which nAChR subunits are involved in the vulnerability to the rewarding
properties of nicotine, and how alterations in specific nAChR subtypes might lead to chronic
nicotine use and dependence, specifically at adolescence. It may also be necessary to examine
other receptor populations such as GABA, glutamate, and dopamine receptors in brain regions
associated with reward and dependence and their influence on or with nAChRs.

My findings that aCtxMII-sensitive (x6*-mediated) release was not altered with prenatal
nicotine or adolescent nicotine differed from the decrease in aCtxMII-sensitive («6*-mediated)
release we previously found in adults, thus suggesting another possibility for adolescent’s
response to prenatal nicotine. a6* containing nACh receptors may be developmentally
regulated and separate populations may be present at different times during development. The

two major o6* containing nACh receptors in the striatum include the 604283 and a6p233
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subtypes (Gotti et al., 2007; Grady et al., 2007; Quik et al., 2007; Salminen et al., 2004). It has
been shown that a.682* nAChRs are regulated by nicotine treatment in adults, but in a manner
distinct from a4p2* nAChRs. Chronic nicotine treatment in adult male rats leads to
downregulation or no change in a632* nAChRs expression (Perry et al., 2007; Doura et al.,
2008; Mugnaini et al., 2000; Lai et al., 2005), but it appears that there are selective effects on

the a604B283 and a6B2B3 subtypes. Perez et al., 2008, found that nicotine treatment results
in upregulation of the 68283 subtype but a loss of the a6a4f233 nAChRs, suggesting that
the a6B2B3 subtype is the primary modulator of a632* nAChR-mediated dopamine release
after chronic nicotine treatment. All a6B2* nAChRs appear to be present on dopaminergic

nerve terminals in the striatum in adults but there is data suggesting that the two a6B2*
nAChR subtypes are present on different sets of dopaminergic neurons (Bordia et al., 2007)
and there is evidence indicating that a42* nAChRs ate present on another population of
dopaminergic neurons (Kulak et al., 2002). Their functional characteristics determined by
cyclic voltammetry also suggest that they are present on a unique set of dopaminergic neurons
compared to the a6B2* subtypes (Meyer et al, 2008). Discovery of these differentially
regulated o6* subtypes in the striatum may suggest that long-term nicotine treatment,
including prenatal nicotine exposure, may regulate nAChR subtype expression and function
specifically in terms of their localization in dopaminergic neuron populations that possess
distinct regulatory mechanisms (Perez et al., 2008).

The existence of numerous receptor subtypes and the lack of accurate information about
which subunits make up functional receptors in vivo, the mechanism by which nicotine binds

to nAChRs and leads to dependence, is still poorly understood. Mice genetically modified to
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express a mutant 04 subunit have been shown to display a higher sensitivity to the multiple
effects of nicotine, with lower doses required to increase locomotor activity, sensitization, and
reward. The mutant a4 subunit had been engineered to express a higher affinity to nicotine,
and therefore these mice might be more prone to its addictive effects (Tapper et al., 2004).
Genetic studies have revealed the existence of polymorphisms in genes encoding nAChR
subunits and these mutations have been found in the 04 and 2 genes. Functional analyses of
the mutated nAChRs show that both mutations display an increased sensitivity to acetylcholine
(Bertrand, 2002). These studies among many others are exploring the genetics of addiction and
it may be possible that polymorphisms present in the human population could determine one’s
susceptibility to addiction. This might indicate that polymorphisms in neuronal nicotinic
receptor genes could be associated with tobacco dependence (Hogg & Bertrand, 2004). The
association between prenatal nicotine exposure and the consequent susceptibility of
adolescents to nicotine addiction may be answered by studying polymorphisms in nAChR
genes and examining the functional characteristics of mutated receptors.

Most of the previous work on nAChR receptor regulation has not used sufficiently
selective methods to distinguish among the various nAChR subtypes; the lack of
autoradiography limited anatomical specificity. One problem with the use of homogenate
binding is the possibility of false negatives—if binding is up-regulated strongly but only in a
few nuclei within, say, the thalamus, it is likely that the global binding results for that region
may indicate no change. Unlike receptor expression, very little has been published about
effects of prenatal exposure on subsequent nAChR function. There have been several studies
of nicotine’s effects on gene expression, but there are not any detailing the persistent effects of

prenatal nicotine on gene expression, which would be very likely to be significant given the
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wide variety of documented consequences. Expression profiling should be done to identify
the genetic changes caused by the immediate effects of prenatal nicotine treatment, age-related
differences, and the persistence of prenatal nicotine exposure and its effects on subsequent
nicotine exposure in adolescence.

There is a lack of studies demonstrating the how prenatal nicotine alters dendritic
morphology in various brain regions, and the nature and innervation of new spines should be
important. New spines may indicate new inputs to those structures and they could include,
new DA terminals, glutamate inputs, or something else that leads to the physiological and
cognitive alterations induced by prenatal nicotine exposure. Studies in adult rats have shown
that nicotine has long-lasting increasing effects on the structure of dendrites and dendritic
spines in brain regions thought to mediate drug-induced changes in incentive motivation and
reward (nucleus accumbens) and in cognitive function (prefrontal cortex). Long-lasting
changes in behavior produced by repeated exposure to drugs of abuse can produce a
sensitization to their psychomotor activating and incentive motivational effects that can persist
for months to years after the discontinuation of drug treatment. (Brown and Kolb, 2001). The
form of drug-induced changes in dendritic structure (branching or spine density increases or
decreases) varies depending on the brain region and it is not known which structural changes
in which brain regions are related to which actions and effects of nicotine. Some may be
produced unconditionally as a consequence of exposure to drugs, and some may be related to
learning about the relationship between actions or stimuli associated with drug delivery
(Robinson and Kolb, 2004). Discovery of structural changes in dendritic morphology

produced by prenatal nicotine exposure could lead to a better understanding of the connection

79



between changes in the structure, function, and behavior of the prenatal nicotine exposed
brain.

In summary, my results demonstrate that exposure to prenatal nicotine causes
persistent alterations in nAChRs, and importantly it changes the response to subsequent
nicotine challenge in adolescent rats. The finding that prior prenatal nicotine exposure
decreases the response to adolescent nicotine on striatal dopamine release is of particular
interest. Dopamine release from the ventral striatum (nucleus accumbens) is associated with
reward induced by nicotine and other drugs of abuse. If this effect is blunted by prior prenatal
exposure, this suggests a scenario whereby adolescents previously exposed to nicotine in utero
may require a higher rate of cigarette use to achieve equivalent stimulation, leading presumably
to an increased likelihood and/or intensity of addiction (Abreu-Villaca et al. 2004; Chen and
Millar 1998). It would be of interest to determine whether the acute affects of nicotine in this
system are also affected by prenatal exposure, which could further our understanding of the
susceptibility of adolescents to the addictive properties of nicotine and related drugs of abuse.
Acute drug administration causes immediate increases in dopamine transmission, so would this
increase be blunted by prenatal nicotine exposure and would the hyperactivity and other

behavioral outcomes that accompany acute drug use also be altered?
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