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INVESTIGATING THE ROLE OFu6 ando4 CONTAINING NEURONAL NICOTINIC
ACETYLCHOLINE RECEPTORS IN NICOTINE AND COCAINE CONDITIOERD PLACE
PREFERENCE TESTS IN MICE.
By Sarah Susan Sanjakdar, Ph.D.

A Dissertation submitted in partial fulfilment of the requirements for tlygedeof Ph.D. at
Virginia Commonwealth University.

Major Director: M. Imad Damaj, Ph.D.
Professor with the Department of Pharmacology and Toxicology

Neuronal nicotinic acetylcholine receptors modulate both cholinergic and non-cbialiner
synaptic transmission. Our research conceénanda4 neuronal nicotinic subunits because
they often co-assemble with tR2 subunit, which has abundant expression in the CNS and
previous work has demonstrated tB2t nAChRs are involved in nicotine and cocaine reward.
a6p2* andadP2* NAChRs are highly expressed in midbrain, which is known to be critical for
the incentive salience associated with natural and artificial (drugydewDur goal was to assess
the role ofu6p2* anda4f32* NAChRSs in nicotine and cocaine reward using an unbiased
conditioned place preference (CPP) test in mice. Adult male C57BL/6J micdeonmae null
for thea6 oro4 nicotinic receptor subunit were used. For CPP: On day 1, pre-conditioning
scores were recorded; Days 2-4 mice underwent conditioning, where thesandoenly
assigned to either the black or the white compartment paired with drug, and theeopposit
chamber paired with saline; Day 5 was a drug-free test day where pogiacongiscores were
recorded.a-Conotoxin MII[H9A;L15A], a selective antagonist @8p2* nAChRs, was given
centrally either into the lateral ventricle or the nucleus accumbens on comgjtaays, which
tested for acquisition of CPP, or it was given only once into the lateral ventricdstatay
which tested for expression of CPP. AntagoniziBthAChRs resulted in a significant
attenuation of both nicotine and cocaine place preference. This was compleménted wit
diminished nicotine and cocaine place preferene&iKO mice compared to WT littermates.
Studies withu4 KO mice showed significantly reduced nicotine place preference scores
compared to WT littermates. In contrast,KO and WT mice showed significant place
preference for 20mg /kg cocaine, suggesting thai4h&ibunit is not required for the reward-
like effects of cocaine in our behavioral te€tur results implicate6p2* ando4p2* nAChR
involvement in nicotine and cocaine CPP, but a@ly2* nAChR involvement in cocaine CPP.
Lithium conditioned place avoidance and food reward were not altesé&dKi® mice or byu-
Conotoxin MII[H9A;L15A], thereby validating the specificity of hedonicdargetingn6*
NAChRs in CPP. Our studies suggest t&g2* anda4p2*nAChR should be further
characterized for future nicotine cessation therapiesq&f2f could provide a new target for
treating cocaine addiction.

Xi
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CHAPTER ONE

I ntroduction and Review of the Literature

1.1 Nicotine Dependence

Cigarette smoking is ever-present: there are 1.2 billion smokers on earth, &d mor
than 5,500 billion cigarettes are produced a year, accounting for 96% of manufactured
tobacco product sales globally (World Health Organization, 2004). Tobacco smoking is the
leading cause of preventable death and disease (CDC, 20@&9)50% of heavy smokers
will eventually die of a disease attributed to tobacco use. In the United States
400,000 deaths per year are associated with tobacco use, 40% of which are linked to
cardiovascular diseasd@he decrease in life expectancy is mostly due to tobacco related
vascular, neoplastic, and respiratory disease. Specifically, lung ¢ainighly attributable
to smoking and is the leading cause of cancer death among men and women. In the United
States, about 21% of adults currently smoke cigarettes (CDC, 2009). In a giveonyg
3% of smokers are actually successful in their cessation attempts, even thougboaér
smokers express desire to quit (Paolini et al., 2011).

Nicotine is the naturally occurring alkaloid which is thought to be a priaddictive
component in tobacco (Castane et al. 2005). Nicotine alone produces reinforcement, and i
easily absorbed through skin and mucous membranes (Goodman et al., 2011). Cigarettes
produce CNS effects in a matter of seconds when smoked. Each puff of cigarettegrovi

reinforcement, and for heavy smokers, this habit is reinforced hundreds otitiityes
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Environmental cues, social settings, and the anticipation and physical ackiigm
all become repeatedly associated with the rewarding effects of nicdtiale @ontribute to
the resilience of nicotine dependence illustrated by the high relapseérataokers who
try to quit (Goodman et al., 2011). Several studies have investigated the releivance
environmental cues to smoking phenotypes. One study assessed brain activity in regions
pertaining to attention, motivation, and reward as participants assignecéea @ériod of
abstinence viewed a series of pictures of smoking-related cues and pardaphacha
reported their level of craving for smoking before, during, and after each session
(McClernon et al., 2004). A greater yearning to smoke was correlatedinitiger brain
activity after viewing the smoking-related illustrations. To the contrangkers with
fewer cravings had stable or decreased brain activity when viewing tleessaoking-
related images after a period of abstinence (McClernon et al., 2004). Additicfiaks
have reported that in smokers, smoking-related cues (without nicotine exposure) ca
activate dopaminergic circuitry in the mesolimbic system (Due et al., Fo@gklin et al.,
2007). The mesolimbic system is one of the dopaminergic pathways in the brain known to
be involved in modulating behavioral responses to stimuli that activate feelireysaotl
through the neurotransmitter dopamine. This pathway is part of the rewartryirctine
brain which has been shown to encode attention, expectancy of reward, and incentive
motivation (Nestler et al, 2005).

These studies highlight the impact that smoking related cues have on smoking

addiction, and show that smokers with a greater sensitivity to smokingdrelsge may
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have difficulty in abstaining from cigarette use and are more likely tpgelan part due
to the craving triggered by environmental cues.
1.2 Pharmacological Intervention: Nicotine Cessation Aids

The current medications approved for treating tobacco dependence include five
nicotine replacement therapies (NRT): nicotine patch, nicotine gum, nicotergyez
nicotine inhaler, and nicotine nasal spray. Two non-nicotine cessation aidsl$@mbeen
approved (Hays and Ebbert, 2010). Bupropion sustained release (Zyban®) is an orally
administered atypical antidepressant and its primary pharmacologdical @dhought to
be norepinephrine (NE) and dopamine (DA) reuptake inhibition (Miller et al., 2002).
Bupropion inhibited nicotine induced overflow from rat striatal slices pretbadt DA
and overflow from rat hippocampal slices preloaded with(MHer et al., 2002).
Buproprion is also a non-competitive antagonisiofgf2, a4p2, anda7 nAChRs (Fryer
and Lukas, 1999; Slemmer et al., 2000). Varenicline (Chantix®) is an orally acmedist
a4B2 nAChR partial agonist, ar834 nAChR agonist, a weak partial agonist 32 and
a6* NAChRs, and a full agonist a7 nAChRs (Mihalak et al, 2006) that has produced
slightly higher rates of successful smoking abstinence compared to o#napi¢is. In one
current clinical assessment, varenicline produced abstinence rates ofVésst&only
7.9% for placebo one year after quitting smoking (Williams et al., 2007).

All medications approved for treating tobacco dependence have undergone rigorous
testing for effectiveness and safety, but limitations still exist. Tinegpy limitation of
available medications is their overall low efficacy of successfulgtitrg nicotine

dependence, and the undesirable side effects that ensue with use. Despétdethibtya
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of several nicotine cessation aids, there remains an initial failure of snmakilngs to
achieve abstinence and a high relapse rate among those who do initially aohoéusg
abstinence. Estimated abstinence rates six months post-quitting rangerb26+30% for
all available therapies (Hays et al.,2011). Population-based studies show theet attleer
effects associated with nicotine cessation aids are common. The mamisyadverse
effects for NRT reported include sleep disturbance (insomnia and abnoraralsjlre
headache, nausea and/or vomiting, dizziness, gastrointestinal symptompg@dyspe
diarrhea, constipation), and cardiac palpitations (Hays et al., 2011). These ajtddtbe
explained in part, by the fact that nicotine is not a selective agonist ahrdeeteptors;
many of the peripheral adverse effects of nicotine could be due to stimul3firy
NAChRs, which are prevalent in the periphery (* denotes the presence of otheraicotini
subunits in the receptor subtype). The issue of receptor selectivity of taet@wvailable
pharmacotherapies is another limitation to consider.

For buproprion, adverse effects that were reported included seizuregalsuici
ideation, and several cardiovascular episodes (Hays and Ebbert, 2010). The ocofirrence
these adverse events was about 14 days after initiation of buproprion use, whiclksndicat
that doctors should be monitoring patients at the start of the treatment to help firesent
serious adverse effects from occurring or becoming fatal.

For varenicline, other than the reports of cardiovascular episodes (Singh et al.,
2011) and gastrointestinal disturbances (Leung et al., 2011), there have alsevszal
accounts of adverse neuropsychiatric effects. Data provided by the FDAesditat by

the end of year 2007, a total of 147 cases of suicidal thought or behavior were reported in

4
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association with varenicline use. Warnings have been added to the prescribimgtiaior
for both buproprion and varenicline because of the neuropsychiatric sym(sib@s
2009).

Considering the drawbacks and low efficacies of current pharmacotherapiess the
much progress to be made. Identification of the relevant nicotinic receptor ubtype
involved in nicotine dependence is important for the discovery of new treatments.
Therefore, developing and further refining the current therapies escuinetter
understanding of the physiology and the role of nicotinic subunits that co-expredsewith t
B2 subunit, which has been heavily studied and is known to be crucial to nicotine reward
and reinforcement (Corrigall et al., 1994; Maskos et al., 2005; Picciotto et al, 1998t Pons e
al., 2008; Walters et al., 2006).

1.3 Nicotinic Receptors. Composition, Distribution, and Subtypes

Nicotinic acetylcholine receptors (NnAChRs) are members of the ligaed gat
channel family, which also include glycine, GABAand 5-HT3 receptors. As their name
indicates, NAChRs are stimulated by the endogenous acetylcholine nesmottar
(ACh) or by exogenous nicotine (Goodman et al., 2011). Once nicotine binds, the receptor
undergoes activation and desensitization at a rate that is dictated byotireangubunits
that make up the receptor. Activation and desensitization correspond to transitions
between distinct structural states (open and closed channel state and positeingen).
Nicotinic ligands influence the changes in the structural state oétie@tor by stabilizing
the position that they bind with high affinity (Champtiaux and Changeux, 2004). nAChRs

mediate postsynaptic neurotransmission at neuromuscular junctions and inrperiphe

www.manaraa.com



ganglia. In the CNS, nAChRs mediate presynpatic neurotransmitteseeéea they are
located both pre- and post-synpatically (Goodman et al., 2011).

Historically, the electrical organs from therpedo californicaa species of electric
ray, andElectrophorus electricysa species of electric fish, have provided researchers a
way to study nicotinic receptors due to the high levels of nicotinic receptors orryhe ve
excitable surface of the electric orgran’s membrane. The nicotinic oeeeqs purified
from these aquatic species and this ultimately led to the isolation of cDNAEdinic
receptor subunits, which provided a means for cloning the genes of these subunits from
mammalian neurons (Numa et al., 1983), allowing for the expression of different subunit
combinations in cellular systems where their functionality was ass@Skangeux, 2005;

Karlin et al., 2002).

Nicotinic receptors exist as pentameric structures composed of eihatgha
subunits (homomeric receptors) or a combination of alpha and beta subunits (heteromeric
receptors). Of the sixteen genes identified that encode nAChR subunits, rerprassed
in the CNS. Identified subunits includé homopentamers, ar@- o4, a6, andp2 andp4
subunits which co-assemble into heteropentamers (Changeux and Edelstein, 1998 and
2005). B3 anda5 subunits lack the amino acids that are required to form the ligand
binding site, and are therefore considered structural accessory subunite@_atoire et
al., 1996; Groot-kormelink et al., 1998). Several functional subunit combinations have
been identified, and not all alpha and beta subunit combinations result in a functional
receptor. The assortment of subunit arrangement is vast and currently e¢keesguibty
of pharmacological agents to selectively distinguish between receptor subtypes

6
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As for nicotinic receptor distribution, different receptor subtypes conferdiit
patterns of expression: High levelsodf32* nAChRs are ubiquitously expressed through
out the brain (Changeux and Edelstein, 1998) whereas high lewd&B43fanda3p2*
NAChRs are found in the peripheral ganglia (Ke et al., 1998). Previous work has
established thgi2* nAChRs are critical for nicotine induced DA release, and nicotine
reward and reinforcement (Corrigall et al., 1994; Maskos et al., 2005; Picciotto et al
1998; Pons et al., 2008; Walters et al., 2006). In the @GBE* nAChRs are located
mainly in the medial habenula (MHb) and the interpeduncular nucleus (IPN), andgaare al
found in lower levels in the pineal gland, adrenal medulla, dorsal medulla, hippocampus,
and retina (Grady et al., 2009). Interestingly, data in human genetic stugieste the
CHRNAS/A3/B4 gene cluster in nicotine dependence (Beirut et al., 2007; Chen et a
2009). This gene cluster codes &, 03, andp4 nicotinic receptor subunits. These
receptor subtypes have high expression levels in periphery, in autonomic gadghizo
in the adrenal and dorsal medulla (Flores et al., 1996) therefore targetingctptor
subtype would likely produce unwanted side effects, similar to the side ¢Hattze
faced with the current nicotine cessation aids. Research has shown inoieased
intake in mice null for the5 subunit, and re-expressing the subunit in the medial habenula
rescued this effect (Fowler et al., 2011). Also while lower doses nicotine pleference
scores do not differ betwee KO or WT micep5 KO mice will maintain a significant
place preference for higher doses of nicotine that is not observed in WT nckso(lat
al., 2010). These results suggest an enhancement of reward in the abseme® of

subunit.
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a7* nicotinic receptors, usually expressed in a homomeric form, are alsadlocate
through out the brain, where they are found in brain regions involved in cognitive function,
including the hippocampus, and layers | and VI of cortex (Clarke et al., 1985; Gatti e
2006; Wonnacott, 1986). They are also found in the ventral tegmentum, substantia nigra,
and in some subcortical limbic regions. Brunzell and Mcintosh (2012) showed that
infusion of anu7 selective nAChR antagonist into the Acb shell and the anterior cingulate
cortex resulted in increased motivation of rats to self-administer nicatieeas infusing
ana? selective agonist into the Acb shell resulted in a decrease of motivatiofi to sel
administer nicotine, implicating a role fa¥ in nicotine reinforcement (Brunzell and
Mcintosh, 2012). Jackson et al. (2008) showeddhid€O mice displayed reduced
somatic signs of withdrawal, implicating a roleodfin the physical signs of nicotine

withdrawal.

Some nicotinic subtypes have a more conservative expression pattern in the CNS,
such a6p2* NAChRs which are predominantly expressed on catecholaminergic nuclei in
midbrain, along with some expression in retinal regions (superior colliculusiznal |
geniculate nucleus) (Champtiaux et al., 2003; Champtiaux et al., 2002; Grady et al.,2003;
Klink et al.2001; Salminen et al., 2007). The midbrain harbors the VTA which is part of
the mesolimbic pathway, which is one of the dopaminergic pathways in the brain known to
be involved in mediating behavioral motivational responses to stimuli thatagener
internal state of reward through dopaminergic neurotransmission (Koob et al., 2010). DA
neurons begin in the VTA and project to the NAc and other areas including the OT, CP,

PFC, and AMG. Drugs of abuse including nicotine and cocaine will result in sectea

(o]
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DA release in the ventral striatum (particularly the Acb) (Barrett €2@04; Stein et al.,
1998). Nicotinic receptor subtypes that are located on terminals and are knoguldtere
nicotine stimulated DA release includeta6p2p3, a6p2p3, a62 04p2, andada5p2

(Grady et al., 2007; Klink et al., 2001). The mesolimbic system is crucial falsig the
incentive salience of psychoactive drugs, and the effects that drugs hlagsarbtain

regions contribute to the behavioral phenotype underlying drug addiction (Koob, 2010).

1.4. Phar macological and Genetic Approachesthat Distinguish 2* nAChR Subtypes

In order to characterize discrete nicotinic receptor subtypes, ancérray
pharmacological and genetic approaches have been discovered and developed. Some of
the earliest studies involved the discovery-abxins from venom of krait and cobra
shakes, which have high affinities and low dissociation rates from the tacgetor and
act as high affinity antagonists. These toxins have historical value, agd¢heysed to

assay the first isolated cholinergic receptor in vitro (Changeux, 2005).

Many other toxins have evolved in marine vertebrate animals which enhance
predation or protection from predation (Taylor et al., 2007). The marine animal of the
genusConushas provided a rich supply of biologically active pharmacological tools from
their venom that target different voltage gated or ion gated channels (Mclhtdsh e
1999). Recently, the nicotinic field has observed the discovery and characterization of
many differenti-conotoxins which are small disulfide rich peptides that are derived from
the genuonusand target specific NAChR subtypes with high selectivity (Azam and

Mcintosh, 2009; McIntosh et al.,1999) . One of the most important and exciting feature of
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a-conotoxins, is their ability to discriminate between closely related menobarcotinic
receptor subtypes, which has been extremely useful for further chemiagténe
distribution and pharmacological significance of these different receptypsshtAzam
and Mclntosh, 2009). These conotoxin peptides distinguished between dit&rent
NAChR subtypes, specifically it allowed for the discrimination betved$(a5) NAChRs

ando306p2* NAChRs.

In 2004,a-conotoxin Ml [H9A; L15A] was developed in Dr. Michael Mcintosh’s
Lab at the University of Utah (Mcintosh et al., 2004). This conotoxin is a mutdogana
of the originalo-conotoxin Mll, isolated from venom of cone snail in 1997, which was a
16 amino acid peptide with high affinity faBf2 anda6[32* nicotinic receptors (Kulak et
al., 1997). Since-conotoxin Mil could not differentiate between these two subtypes
(Kuryatov et al., 2000), a seriestonotoxin MIl analogs with a higher selectivity for
u6p2" NAChRs were developed, includingconotoxin MII[H9A;L15A] (Mclntosh et al.,
2004). This was useful for selectively targetingdBesubunit in brain regions that

contained botl3 *anda6* nNAChR subtypes.

a-Conotoxin MII[H9A;L15A] differs from the originak-conotoxin Ml peptide
sequence in the substitution of Histidine at position 9, and Leucine at position 15 for
Alanine, hence the [H9A;L15A] in the naming of the compound. One of the main effects
of these amino acid substitutions is significantly increasing the gfforin6/03p3233,
where the IGg is approximately 2000-fold lower fa6/03p2B3 versusu3p2 (refer to

Table 1 for IC50 ofi-conotoxin MII[H9A;L15A] ata3p2 vs.a6/a332B3 nAChRS)
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(Mcintosh et al., 2004). Another notable effect of the Alanine substitution in the peptide
sequence is rapid binding kinetics and a more rapid recovery of the receptor from
blockade. MII[H9A;L15A] has 100 fold lower activity a6/03p4* receptors, and has

little to no activity onu2p2, a2p4, a3p4, 04p2, a4p4, anda7 (Mcintosh et al., 2004).
Overall,a-conotoxin MI[H9A;L15A] selectively blocks6 nAChRs, with preference for

the a6/03p2B3 versusu6/a3p4 subunit combination.
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Table 1. IC50 ofi-Conotoxin MII[H9A;L15A] ata3p2 vs.a6/a3p283 nAChRs.

Activity of doubly substituted MII analogs
Numbers in parentheses are 95% confidence intervals.

ICgn
Taxin Ratic®
Rat w382 Rat a6/aB8283
nM
MII[S4A:H9A] 207 (166-274) 1.97 (1.31-2.97) 105
CMII[HaAL15A] 4850 (3540-6630) 2.40 (1.68-3.43) 2020 1
MII[L10A;L1GA] 17.2 (8.11-36.6) 1.80 (1.26-2.56) .56
MII[E114;L154] 50.1 {41.4-G0.6) 0.415 (0.223-0.772) 121
2 [Cgg a3 0, ablaa/B2 B3
McIntosh et al., 2004
(adapted from Mclintosh et al., 2004)
12
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The use of genetically engineered knock out (KO) and knock in (KI) mice provide
another means of understanding nicotinic receptors. Genetically engineeeguronvide
a distinct way of exploring the subunit composition of native nicotinic receptorsheynd t
allow scientists to re-asses and expand on results obtained from pharmatstadiea.
Furthermore, genetically engineered mice also permit scetigtxplore nicotinic
subunits for which there are no selective ligands available (such @ slabunit).

Currently, KO mice lacking the nAChR subuni?, a3, o4, a5, a6, a7, a9, 2, B3, andp4
have been generated (Champtiaux and Changeux, 2004) and have provided us with a better
understanding of the contribution of specific nicotinic subunits to various aspects of
nicotinic cholinergic transmission in vivo. Kl mice provide a means to addresstieeof
sufficiency of a nicotinic subunit of interest, which differs from the KO apgre¢hich
addresses the issue of necessity. Kl mice involve the introduction of point mutatmas i
gene in order to generate mice expressing mutant forms of the nicotinic suburatestint
Currently mice with mutant gain-of-function formscef, a6, anda7 have been generated
(Tapper et al., 2004; Drenan et al., 2008; Orr-Urtreger et al., 2000). Studies withe<I mi
allow us to explore the relationships between the structural characteoishicotinic
receptors and their function vivo.

Mice null for thea6 nicotinic subunit were generated in 2002 in Jean-Pierre
Changeux’s lab at Institute Pasteur, in France (Champtiaux et al., 2002). riptaorsof
thea6 gene was impaired by deletion of the first two exons of the gene. One of tise issue
that arise with the generation of KO mice is the possibility of develomingohormalities.

Therefore, it was essential to assess the viability of these micemiitaint mice for the
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a6 subunit, as measured by a lackig€onotoxin MIl binding, did not show any

significant neurological or behavioral defects, were capable of Ingemiid had normal

body weight and brain size compared to wild type (WT) littermates (Cleumpst al.,

2002). Also, there were no developmental abnormalities in these mice, specanivatly
examining the visual and dopaminergic pathways, where the highest leuélaref

expressed. Film autoradiography displayed no differences in the abundance ofohRNA
a3, 04, a5, a7, 2, orp4 nAChR subunits, suggesting a lack of upregulation of other
nicotinic subunits to compensate for the lack ofa@esubunit. These mice exhibited

normal behavior in home cages, and had normal locomotor activity in both non-habituated
and habituated settings (Champtiaux et al., 2002).

The binding profile of native nAChRs a6 KO mice was characterized using
several nicotinic ligands. Receptor autoradiography showed a decreasaiimeni
epibatidine, and cytisine binding, and a complete laeckainotoxin Mll binding, at the
superior colliculus (SC), the dorsal lateral geniculate nucleus (dLGN)handitibrain
regions of homozygous null mutant mice (Champtiaux et al., 2002). Intriguingly,
displacement of epibatidine binding &yconotoxin MIl in the striatum showed an increase
in a-conotoxin MII resistant areas in KO mice compared to WT mice (possipR*
NAChRS), where there was no difference in the total binding, which suggests the
possibility of developmental compensation (Champtiaux et al., 2002).

Mice null for thea4 nicotinic subunit were independently generated in 1999 in Dr.
Jean- Pierre Changeux’s lab at Institut Pasteur, in France (Marudip¥999), and also

in 2000, in Dr. John Drago’s Lab at Monash University, in Australia (Ross et al., 2000).
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The mice were evaluated for size and weight, fecundity, and overall beha#iKO mice
had a normal anatomy, were capable of reproduction, and portrayed normal locomotor
behavior in their home cages.

The binding profile of native nAChRs il KO mice was characterized using
several nicotinic ligands. Receptor autoradiography showed a decreas#iireraad
epibatidine binding in most brain regionsodf KO mice. However, epibatidine binding
persisted in the medial habenula (MHb), superior colliculus (SC), and the interpeduncula
nucleus (IPN), and some low levels in the substantia nigra (SN). Othersshadie shown
thata3p4* or a6p2* NAChR subtypes reside in these brain regions (Whiteaker et al.,
2000).

Interestingly, the locomotor behavior of the Austrabi@dKO mice in a novel
environment revealed an increase of exploratory behavior compared to Whidtte
(Ross et al., 2000). In addition, when assessing anxiety in these mice usimyahedel
plus maze testi4 KO mice showed higher levels of basal anxiety compared to WT
littermates, suggesting that thé subunit is mediates anxiety in mice. In contrast, this
phenotype was not present in th KO mice generated in France (Marubio et al., 1999;
Marubio et al., 2003). This discrepancy could be due to a multitude of factors possibly
pertaining to the differences in the methods and the background strains of etide us
generate these transgenic mice. ##Hé&O mice generated in Australia, were derived
from chimeras generated from BALB/C blastocytes, which were then mate€ Rl
mice to create a heterozygous mouse (Ross et al., 2000). This heterozygous mouse was

then crossed with C57BL/6J (B6) mice to generate the colony, and contains a total of f
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different background strains of mice. This differs from the creation of grechad KO

mice, which were derived from the 129 mouse strain mated with B6 mice. |mghgsti

the anxiety responses in BALB/C, B6 and CD-1 mice exposed to a novel open space test
were assessed in a study which found that of the three strains, the BAlid® displayed

the most anxiety-like phenotype (Michalikova et al., 2010), which could be one possible
explanation for the basal anxiety observed in the AustradafO line.

In light of the knock-out study in mice suggesting a roledin anxiety (Ross et
al., 2000), one group conducted a genetic association study and found that the CHRNA4
rs1044396 polymorphism was associated with negative emotionality, where Caucasia
subjects described themselves as being more anxious and emotionally unsiadple (us
psychometric personality questionnares) (Markett et al., 2011). Recemttgeastudy
reported cognitive phenotype of CHRNA4 rs1044396 SNP, characterized by T allele
carriers inclination to preferentially process events in the attentiocas tompared to
events occurring outside the focus of attention (Greenwood et al., 2012). Thegse gene
association studies help to bridge the gap between animal and human research; data
pertaining tond suggest that this nicotinic subtype is involved in anxiety and cognition.

In summary, transgenic mice have proven to be a useful experimental approach to
the study of nicotine dependence, capable of revealing phenotypic differencesus va
behavioral models of nicotine dependence. The most common criticism is that
compensatory effects of other genes in transgenic mice may either mastettienef
the targeted gene’s phenotype (epistasis), or be confused for the phenotype ¢f the nul

gene. Another issue to be aware of is the *hitch-hiking donor gene’ confound. Even afte
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12 generations of crossing with the B6 mouse strain about 1% of the mouse’s gilhome s
remains from the strain that was originally used to derive the mouse (usually #0128 m
strain) which could result in phenotypic differences. For these reasons, conducting
research using both pharmacological and genetic manipulations is valuable.

1.5 Animal Behavioral Models of Reward: Under standing the Conditioned Place
Preference Test

Humans consume psychoactive substances, in part, because they provide
‘rewarding’ and ‘pleasurable’ incentives. Drug reward entails a facétied interrelation
of the physiological effects of drugs in the CNS associated with motivation elimthfe
along with a learned association of drug-related environmental cuesafHsgt al., 2005).
Generally, reward can be defined as the hypothetical internal state siirelea
gratification (hedonia), which is achieved through the possession ortidiizd
appetitive stimuli (Sanchis-Segura et al., 2006). In the psychobiology of substance
dependence, reward describes the gratifying or enjoyable effecthud éSanchis-Segura
et al., 2006). In this regard, reward refers to a subjective resporisel teléhe post-
presentational effects of the appetitive stimuli, which later on become impfta#aures of
the internalization of these incentives.

While there are a myriad of rewarding psychoactive substances witnitiss
mechanisms of action in the CNS, almost all of them will directly or intijractivate the
mesolimbic DA system (Di Chiara et al., 2004; Koob et al., 2010). The mesolimbic DA
system normally reinforces behaviors that are vital to survival, including eatthgexual

reproduction (Koob et al., 2010). Compared to natural reinforcers, drugs of abuse have
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significantly greater effects on DA release in brain regions withimgsolimbic pathway,

such as the Acb. One study showed that food increased DA levels in the Acb by 45%,
while the psychostimulants, amphetamine and cocaine, increased DA levels by 500%
(Hernandez and Hoebel, 1988). When the rewarding drug is consumed, DA is released in
the CNS, which leads to the growth of synaptic connections in the neural pathatays t
involve the behavior correlated with or leading up to the reward.

Several animal models have been developed with the aim to objectively asgess dru
reward and reinforcement. Fundamental principles of learning and behavior have bee
assessed for many years, and made relevant in the study of drug rewasifancement.

This is appropriate given that the development of drug dependence can be considered a
learned trait, in the sense that internalization of the rewarding of effiedtags and the
association made with the environment related to the drug following repeatesliex

will result in changes in behavior (Bardo and Bevins, 2000).

One of many animal models developed to assess the reward like effects a$ drugs
the conditioned place preference (CPP) test. CPP is a well establstheitdielg induced
conditioning that involves contextual cues which is an important aspect of learning and
memory that underlies addiction, and have been proposed as useful at inferring the hedonic
value (‘rewarding properties’) of a drug. CPP reflects a preference fmtext due to the
continuous association between the context and the stimulus, and there has been a
persistent increase of publications that use this procedure (Tzschentke, 20@3)lade
conditioning test, the drug of interest is administered by the experimeniter sabject

(mouse), and the drug’s effects, acting as the unconditioned stimulus (US), anichka ne
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environment (acting as the neutral stimulus) are repeatedly paired. eifeated pairings,

the previously neutral stimulus obtains the means to act as a conditioned st@8)lus (

and this is thought to be a Pavlovian type of learning (Cunningham, 1998). The CS will
now be able to bring about approach or avoidance phenotype depending on the effect of
the drug (US) (Bardo and Bevins, 2000). By using place conditioning to measure the
approach or avoidance behavior, experimenters can gain more knowledge of the drug’
effects and its properties in an organism. Indeed, CPP is useful in depictimtyugsiof

abuse abnormally strengthen stimulus drug associations, which results invexcalse

to the context or environment predictive of drug availability.

Although humans will portray some conditioned approach or avoidance behavior to
certain stimuli associated with drug use, CPP is not principally meantrt@ tmiman
behavior. Itis important to recognize that the dose and route of admiarswétirug is
given to the subject by the experimenter, independent of the subject’s choiceland wil
which therefore separates it from human situations where drug is wilangly
independently consumed. In this regard, CPP should be classified as a ta@ssebi¢
does not ‘model’ an aspect of human behavior and lacks discernible face validhgr, Ra
it is thought that CPP provides more insight to the characteristics of théhdruthe
subject’s behavior (Sanchis-Segura et al., 2006).

Interpretation of place conditioning results has been a topic of debate in the
scientific community, and the various interpretations of CPP can be attributed to {her
various ways the test is conducted. CPP is thought to be useful for deducing tia inter

state of reward or hedonic value of a drug, and has also been suggested as useful for
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measuring drug-seeking behavior (Bardo and Bevins, 2000; Sanchis-Segyr20&cal.
Another interpretation suggests that CPP measures the ‘conditioned approach’ of the
individual subject (Mead et al., 2005). Although interpretation of CPP can be s@setim
intangible, it remains a well established test of drug induced conditioninigeténaty
involves contextual cues, which involves synaptic transmission similarttevhingh
underlies learning and memory in addiction. As discussed throughout thisatiseer
several studies have investigated the impact of environmental cues on drug use and drug
craving phenotypes, and cues have been shown to play an important role in addiction and
relapse (Ehrman et al., 1992; McClernon et al., 2004; Reid et al., 1999).

When a substance is administered in conjunction with the psychoactive drug during
the pairing sessions of US to CS, and disrupts the ability of the psychoactive drug
induce CPP, it is interpreted as preventing the acquisition of the relwarnortiperties of
the psychoactive drug. The antagonist is most likely acting by blockingwlaed-like
effect of the drug in the CNS during the conditioning sessions, thereby prevesting th
effect that results in the association of the drug to the context; animals dolnot fee
motivated or have reason to find the context desirable or preferable at the end of the CPP
procedure, therefore no CPP is observed. Alternatively, when a substancenistadedi
only on test day of CPP after the completion of the conditioning pairing sessionsJ8 the
to the CS, and successfully disrupts drug induced place preference, it isadexstif
blocking the expression of CPP. In this manner, the substance was able to stop place
preference from being expressed after the animal had undergone conditidghitigewi

drug. The substance could be acting by blocking DA release that occurs whemiile ani
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is in contact with the environment or context associated with the psychoactive drug,
thereby reducing the motivational or preferable attributes of the context.

Some issues must be addressed in order to correctly interpret CPP 1@s@lts
issue is to assess the specificity of hedonics of the substance bexdgtetste nicotinic
subunit being targeted via genetic manipulations; does the substance or genetic
manipulation cause an overall state of anhedonia? Does it impair all forms ofyram
cause general confusion in the animal? It is important to examine the effect of
experimental manipulations on the overall associative process (meroollgcBon), and
to also evaluate possible locomotor effects, when a substance is administleed to t
animals on days when preference scores are being collected.

Considering that CPP is a sensitive test, it is rudimentary to realizé¢hat
parameters of the procedure will significantly affect the outcomgpsranental results.
The room where CPP is conducted must be maintained at a stable room temperature of 68
72°F, have dim lighting, and a fan should provide ambient noise to drown out any
extraneous noise occurring outside the room. On the whole, more apparent preference is
realized when the drug (US) is given just before exposure to the neutraltantex
environment. In fact, studies have shown that exposing the drug (US) after exp@sure t
neutral context will result in conditioned place avoidance (CPA) instead of kAPt
al., 2006; Fudala et al., 1990). This could be due to the negative effects of the deug at t
end of the pharmacokinetic curve, or the withdrawal or negative effects that é&estieca
reward like effects of the drug have passed. Also, in general with margsessions of

US to CS, more robust and persistent conditioned preference can be achieved. Another
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important factor is handling the mice prior to the initiation of the CPP procedure, lab our
has published ohabituation to the handling techniques influencing the results of nicotine
CPP (Grabus et al., 2006yhese are some of the parameters to consider, especially when
working with drugs such as ethanol, nicotine, or cannabinoids that produce place
preference scores in animals that are not as robust compared to preferersc®score
opiates and psychostimulants (Cunningham et al., 1993; Tzschentke, Z@@7#pute of
administration of a drug, the species, and the genetic background of the amaraio
important aspects to consider when conducting CPP.

Many groups have observed that nicotine induced place preference in rodents
(Berrendero et al., 2002; Brunzell et al., 2009; Calcagnetti and Schechter, 198fg@ast
al., 2002; Fudala et al., 1985; Grabus et al., 2006; McGranahan et al., 2010; Walters et a
2006), while other groups have reported that nicotine only causes a place aversiaoy(Jor
et al., 1990) or has no effect on place preference (Belluzzi et al., 2005; Cldrké@88).
Several parameters (addressed in the paragraph above) including specaxibe
different protocols for conditioning in different laboratories could account for the
discrepancies in the results of these studiggure A illustrates a typical dose effect curve
for nicotine CPP using our protocol, which gives results that can be replicadadlab.

Notice the inverted U shape of the nicotine place preference scores, whdfedinee
dose range for inducing place preference for nicotine appears to be heladinew. The
subcutaneous dose of 0.5 mg/kg nicotine repeatedly produces the most robust preferenc

scores in adult male C57BL/6J mice in our lab (p=0.0006; F=6.532).
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Figure A
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Figure A. Nicotine Dose Effect Curvefor CPP.

Adult male B6 mice display significant place preference for meadit doses between

0.25, 0.5, and 0.75 mg/kg (s.c.). The group that received 0.5 mg/kg nicotine had
significantly greater preference scores than both saline and 1mg/kg ngpatirps (*** =
p<0.001 compared to saline; * = p<0.05 compared to saline; # = p < 0.05 compared to 0.5

mg/kg nicotine).
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1.6 TheRole of a6 Containing NAChRsin Nicotine Reward and Reinfor cement.

In 1986, DeNoble and Mele discovered that rats could be trained to self-administer
nicotine, and that this reinforcement was blocked by mecamylamine, but not
hexamethonium, implicating a role for the neuronal nicotinic receptors in nicetuagd
and reinforcement (DeNoble and Mele, 2006). Since then, studies have established that
B2* nAChRs are critical for nicotine induced DA release, and nicotine reward and
reinforcement (Corrigall et al., 1994; Maskos et al., 2005; Picciotto et al, 1998; Rbns et
2008; Wallters et al., 2006). Of the various nicotinic subunits that co-assembfi2 veiéh
is of particular interesta6p2* NAChRs are predominantly expressed on catecholaminergic
nuclei in midbrain, where they are located pre-synaptically in the NAcr@lestitiatum)
and post-synaptically in the VTA. They are also located in the caudate-putdonsad (
striatum), substantia nigra, locus coeruleus, and the superior colliculus aad later
geniculate nucleus (two retinal regions) (Champtiaux et al., 2002; Klink et al., 2001)
(Whiteaker et al., 2000). The high expression@ff2* nAChRs within dopaminergic
circuitry renders this subtype an attractive target for probing nicctmerd.

Several studies have demonstrated a critical rotd&®hAChR involvement in
nicotine induced DA release, reward, and reinforcement. About thirty perceicbthe-
stimulated DA release in striatum is mediatediB§2* nicotinic receptors (Grady et al.,
2002). Furthermore, using fast-scan cyclic voltammetry, DA neurotranemisinulated
by nicotine was observed to be distinctively governedap2* nAChRs in the Acb (Exley
et al., 2008). Brunzell et al. (2010) has also shown that antagontgf23fnAChRs in

the NAc shell significantly reduces motivation to self administer nicotind Gotti et al.
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(2010) showed that6p2* nAChRs in the VTA mediate nicotine’s effects on DA release,
locomotion, and reinforcement.
Pons et al. (2008) showed th& KO mice (andw4 or2 KO mice) displayed decreased
self-administration of nicotine compared to WT counterparts, and nicotine self-
administration was restored by re-expressiomcofor o4 or$2) in the VTA. Additionally,
Drenan and colleagues (2008) showed d@again-of-function mutant mice were
hyperactive compared to WT littermates, and had augmented nicotineaséichDIA
release from presynaptic terminals. Our lab has shown that injectirectveel
a6*NAChR antagonisfty-Conotoxin MIl [H9A;L15A], into the lateral ventricle resulted in
a decreased expression of nicotine place preference in mice (JackspRO&tRI.This
study from our lab has show#uhta-conotoxin MIl [H9A; L15A], a selective6p2*
NAChR antagonist, did not affect thaalgesia, locomotion, or body temperature changes
after acute exposure to nicotireConotoxin MIl [H9A; L15A] blocked conditioned place
aversion and anxiety related behavior associated with affective nicotimgdrawial signs
but had no effect on somatic signs or on hyperalgesia, which comprise the phgagal s
of nicotine withdrawal (Jackson et al., 2008).

Of nicotinic subtypes located on dopaminergic terminals that inclédsome are
made up ofi6p2B3* subunits and others comprigéa63233* subunits (Zoli et al., 2012).
These different receptor subtypes have different binding properties andtaeliéfierent
sensitivities to nicotine, with4a6p23* NAChRs exhibiting the greatest sensitivity to
nicotine (EC50 = 230 nM), with high affinity for nicotine and ACh binding and a slower

desensitization profile (Grady et al., 2012; Salminen et al., 2007). Drenan et al. (2010)
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showed that gain of functiar6 KI mice, which typically displayed hyperactivity and
displayed enhanced nicotine stimulated DA release in synaptosomal preparations, ha
normal behavior and had fewer and less sensi¥enicotinic receptors, and a decrease in
DA release when thed subunit was removed. This implicates a vital rolexftu62*
NAChRs in the behaviors of tl® gain of function KI mice and in the cholinergic control
of DA neurotransmission (Drenan et al., 2010).

Another set of studies conducted by Exley et al. (2008; 2011) focused on the
examining the contributions ab* anda4* nicotinic receptors in nicotine stimulated DA
neurotransmission and nicotine reinforcement. This lab found using cyclic voilatem
that the majority of nicotine stimulated DA release in the Acb was medigpiegpa*
NAChRs (Exley et al., 2008). In addition, using an intracranial self admirosti@GSA)
model they observed thaé KO mice readily self administered nicotine (ICSA) into the
VTA similar to WT at a dose of 100ng but for lower dose of 10 ng they self admidistere
to a lesser extent than W4 KO mice transiently self administered nicotine in early
training sessions (the first 3 sessions) but all following sessions did notimeseik
administration of nicotine into the VTA compared to WT mice (Exley et al., 20y E
et al. (2011) were also interested in the effect of nicotine on dopaminergic Heurona
activity in VTA, knowing that nicotine modifies DA neuron excitability (VTand also
modulates DA release (terminals in striatum). Systemic administrati30ug/kg nicotine
resulted in increased firing rate of DA neurons in the VTA in lo6tiKKO and WT mice
(Exley et al., 2011). Im4 KO mice the increases in firing rate were delayed and attenuated

compared to WT mice, and also lacked burst firing activity of neurons in response to
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nicotine. Targeted re-expressiondfrestored the ICSA and nicotine sensitive bursting
properties of VTA DA neurons. They also found that at terminals in the Acb, bai# the
and then6 subunits were necessary to maintain nicotine-sensitive cholinergic reguiat
DA release (Exley et al., 2011). To summarize, this study proposedcal @fixd*
NAChRSs in nicotine induced DA neuron activity and in ICSA of nicotine into the VTA,
whereasi6* NAChRs did not seem necessary in mediating these nicotine induced effects.
It is important to keep in mind that the parameters under which the study was conducted
were very site specific (VTA only), and nicotine affects a whole systéarahtly than in
an isolated system or brain region. This study also showedib@hda6 nicotinic
subunits are important for gating DA neurotransmission in the Acb (Exley 204al).

Smoking dependence is due to complex behavioral traits that are influenced by
genetics (Rose et al., 2009). Recent genetic association studies hatezlregigation in
the CHRNAG gene was associated with tobacco dependence in Caucasians (Hoft et a
2009). Another study found associations between CHRNA6 and CHRNBS3 and subjective
responses to smoking (Zeiger et al., 2008). This study found two CHRNB3 SNPs (rs4950
and rs13280604) that were significantly associated with subjective response tiactor
initial tobacco use. CHRNB3 gene codesf8y which is an accessory subunit that been
shown to be expressed very often wiit NAChR subtypes (Cui et al., 2003; Gotti et al.,
2006).

In our hands, using CPP, which heavily involves conditioning and cues, we
hypothesized that bot6p2* nAChRs in the Acb are involved in mediating the effects of

nicotine place preference. It is of interest to determine the signiéazirtbe several

27

www.manaraa.com



nicotinic receptor subtypes containia@ andp2 nicotinic subunits to nicotine reward by
exploringa6*nAChRs and alsa4* nAChRs using the pharmacological and genetic tools

available to us.

1.7 TheRole of a4 Containing NAChRsin Nicotine Reward and Reinfor cement

It is well known that th&4 subunit is most often co-expressed withfResubunit
and thaw4p2* nAChRs have the highest affinity for nicotine and display the most
abundant binding to nicotine and nicotinic agonists in the CNS (Changeux, 200%)*
NAChRs are highly expressed in the midbrain (Klink et al., 2001), and previous work has
illustrated the necessity §2* nAChRs for nicotine reward and reinforcement in rodents
(Corrigall et al., 1994; Maskos et al., 2005; Picciotto, 2003; Pons et al., 2008; Walters et
al., 2006). One study observed a loss of nicotine reinforcemeaAtki© mice, and
reintroduction of the missing subunit in the VTA of the KO mouse rescued this phenotype
(Pons et al., 2008). Another study showed #aKO mice displayed a decrease for
nicotine ICSA into the VTA, and systemic administration of 30ug/kg nicotine did not
result in increased firing rate of DA neurons in this brain region (Exlay,e011). This
study also found that at terminals in the Acb, bothuthand thex6 subunits were
necessary to maintain nicotine-sensitive cholinergic regulation of DAsele Studies
have also shown that DA levels in the striatum4fndp2 KO mice do not increase in
response to nicotine, which supports the notiondg2* nAChRs are necessary for DA
release, which is a crucial component of drug reward and reinforcement (Marubio et a

2003; Picciotto et al., 1998). Interestingly t#eKO mice generated by Changeux
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colleagues had increased basal DA levels in the striatum compared to WTrgadsite
(Marubio et al., 2003). This suggests ttt NAChRs may play a role in the tonic control
of DA in mesostriatal regions of the brain. Although there were elevatedyasavels

in striatum ofu4 KO mice, nicotine failed to induce an increase in striatal DA (Marubio et
al., 2003). Another study showed that a single point mutatior!,2éua’, of thea4

subunit in mice renderatt* NAChRs hypersensitive to nicotine, and illustrated that
activation of these receptors by low doses of nicotine was sufficient for nicetuaed as
measured by CPP, tolerance as measured by hypothermia, and sensitizagaswasd

by locomotor activity (Tapper et al., 2004).

One key study engineered mice wheredfiesubunit was deleted only in
dopaminergic neurons (McGranahan et al., 2011). This was accomplished by first
generating mice where exon 5 (codes for channel of the receptor)odf tfeme was
‘floxed’ (flanked on either side by loxP recognition sequences). These lox-ordyware
then bred to KI mice that expressed Cre-recombinase 5’ to the DA transporter lgiehe, w
consequently selectively eliminated subunit expression from dopaminergic neureds (
DA mice) (McGranahan et al., 2011). These mice progressed our understanding of the role
of a4* nAChRs specifically in dopaminergic pathways in the brain that are heavily
implicated in drug reward. Using thes&-DA mice, the study revealed that* nAChRs
specifically on dopaminergic neurons were necessary for nicotine plaeegpiad, but not
for cocaine place preference. They also demonstrated4dhatAChRs on dopaminergic

neurons were necessary for the anxiolytic effects of nicotine in the elgatemaze test,
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and were also involved in the sensitivity to the locomotor depressing effects aiaicot
(McGranahan et al., 2011).

Recently, Cahir et al. (2011) reported that mice null forthaicotinic subunit
showed similar place preference scores to WT littermates for 0.5ymigistine (i.p.).
They also reported that the same dose of nicotine used caused significantdocomot
depression in WT but hyperactivity ad KO mice; overall results proposed a roleddr
in the locomotor depressant effects but not in the reward like effects of nicotime ¢Ca
al., 2011). Data from this study is in disagreement with other studies that prdpatsed t
ad* nAChR are important for nicotine reward (Mcgranahan et al., 2011; Pons et al., 2008;
Tapper et al., 2004). When reviewing the study more closely, several famitds ¢
account for this discrepancy. This study injected 0.5 mg/kg nicotine i.p. and bissec
design for place conditioning. The study failed to include a control group of mice that
received only saline injections, which is important so that preference séongse that
received only saline can be compared to the preference scores of mree¢hsatd
nicotine. It also ensures that stress from handling and injections did notddifeet
conditioning scores in the study. This is also an important control considering tret biase
design they used for CPP where they paired drug treatment to the contexistivatiaty
less preferred by mice. Also, because they used a biased design, the @iérainoe for
the compartments that mice were paired to (baseline preference scene@spivtaken into
consideration when calculating final preference scores. One study obsetvadéha
given saline on both sides of a CPP compartment in a biased study resulted in higher

preference scores for the initially less preferred side (Cunningham), ZDB3 can be
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considered habituation or ‘disinhibition’ of the mice to the initially less predeside of
the CPP compartment because they acclimated to the environment over conditioning
sessions with CPP. These are some factors that could explain why Cahi2@t Bl did
not find different nicotine CPP 4 KO mice compared to WT littermates.

Taking into account all the current evidence implicatid) nAChRs in nicotine
reward and DA neurotransmission, we hypothesized d#fg2* nAChRs in the Acb are
critical mediators of the conditioned hedonic effects of nicotise@ated cues which we
assessed in the conditioned place preference test.

1.8 Involvement of the Nicotinic-Cholinergic System in Cocaine Reward and
Reinfor cement.

Cocaine is a powerful psychostimulant that inhibits dopamine transportersgleadi
to a sustained elevation of DA levels in several brain regions including theusSuc
Accumbens (NAc); a process that is considered critical to development oi@udict
(Nestler, 2005). The cocaine induced short-term buildup of DA results in a state of
euphoria which is thought to motivate repeated use thereby altering behavior and
intensifying stimulus drug associations (Di Chiara, 1999). Repeated expmsoine
results in alterations in genetic activity and nerve cell structure gtdbtamonths
(Nestler, 2005), and this contributes to relapse in individuals who are exposed to cocaine
related cues in surrounding environment, affecting incentive salience (&ktrah, 1992;
Reid et al., 1998). Incentive salience is the importance given to the drug, due to its
reinforcing effects, thanotivate or encourage one to seek the drug at all cois.

reactivity to cocaine cues can persist in patients who have abstained froneagmaior
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many months (Rohsenow et al., 1990). The use of cocaine cues to induce cocaine craving
in patients has been a useful model used to assess the efficacy of medicattueis for

ability to reduce cocaine craving. Reid at al. (1998) showed that nicotine enbaeces
induced cocaine craving, which coincides with other studies reporting coeity i

cigarette smoking in cocaine addicts (Budney et al., 1993). One study reported that
patients found that mentholated cigarettes can prolong the hedonic state induced by
cocaine, and can even alleviate the craving for cocaine when cocaine isilabi @@

them (Sees and Clark, 1991). Reid et al. (1999) also showed using cocaine cues to induce
craving for cocaine, that administering a 2.5 mg tablet dose of mecamylaanivos-(

selective nicotinic antagonist) to patients reduced the reports of cocauregcfReid et

al., 1999).

There have been several behavioral studies that investigated the role oeracoti
nicotinic receptors in cocaine dependence in rodents. Horger €198R)(observed
increased self-administration of cocaine in rats that wereexpesed to nicotine.
Champtiaux et al. (2005) showed that fBH(32* nAChR antagonist) microinjected into
the VTA prevented cocaine locomotor sensitization. This effeas not seen with
microinjections of MLA (7* nAChR antagonist), which implicatef2* nAChR
involvement in cocaine sensitization (Champtiaux et al., 2006). Zachetriali (2001)
found thaf32 KO mice displayed decreased place preference for 5mg/kg cecanpared
to WT littermates, and also observed a decrease in place poefdme cocaine with co-
treatment of 1mg/kg mecamylamine in B6 mice. Interestjnglgciotto and colleagues

could trainf2 KO mice to self administer cocaine (Picciotto et al., 19983, ¢ould be
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explained by the possibility that these mice compensated dtlee ttack of32 in the
system by increased self administration of cocaine in ordechie\e the rewarding and
reinforcing effects of the drug.

Other studiebserved a dose-dependent decrease of cocaine self-administration
with pre-treatment of non-selective nAChR antagonists, meeaninye or MRZ 221
(Levin et al. 2000; Blokhina et al. 2005). A recent study by Levina.gR011) showed
that pre-treatment of mice with nicotine increased the resportseaine as observed by a
98% increase in locomotor sensitization and 78% increase in CRR. effect was not
observed when reversing the order of drug administration (cocainendagffect on
nicotine sensitization and reward) (Levine et al., 2011). Previouarobskas also shown
that drugs of abuse, including psychostimulants like cocaine, enhaleese of ACh in
the Acb and increase responsiveness of cholinergic neurons duringratuépeated drug
exposure (Fiserova et al., 1999; Nestby et al., 1997).

These studies, along with several others have linked nAChRs tmeaeavard,
reinforcement, and sensitization (Champtiaux et al., 2006; Horgérl92; Levine et al.,
2011; Reid et al. 1998; Reid et al., 1999; Zachariou et al., 2001; ZaredttP807; Levin
et al. 2000; Blokhina et al. 2005; Fiserova et al., 1999; Nestby et al., 1997)).

Our research targeted* ando4* nAChRs subtypes in the investigation of cocaine
reward because these receptors are often co-expressed wifi2 thebunit, andp2*
NAChRs are known to be crucial for nicotine reinforcement and re(kadkos et al.,
2005; Picciotto et al., 1998; Walters et al., 2006) and have also been ghplay a role

in cocaine reward (Zachariou et al., 2001). Previous resbagkhown that most, if not
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all, DA terminals express nicotinic receptors, wfth identified as the common subunit
expressed (Salminen et al., 2007; Zoli et al., 2012). However catipins of the variety

of NAChR subtypes expressed on DA terminals are not yet fullyrstodel. Recent
studies have shown tha6p2* nAChRs are expressed on dopaminergic neurons that play
major roles in addiction to nicotine. IndeedfBf2* nAChRs subtypes have high
expression in catecholaminergic nuclei in midbrain regions thoughhddiate drug
reward, play a major role in presynaptic DA release (Ged®l., 2002; Whiteaker et al.,
2000) and mediate nicotine reward and reinforcement in rodents (Brezall, 2010;
Gotti et al.,, 2010; Jackson et al., 2009; Pons et al., 2008). Of sgfjeaanceo4p2*
NAChRs are also highly expressed in the midbrain (Klink et al.,)2@@8 previous work
has illustrated the sufficiency e#4* nAChRs (Tapper et al., 2005) and the necessity of
a4p2* nAChRs for nicotine reward and reinforcement (McGranahan et al., Zeifs et

al., 2008) and nicotine induced DA release in rodents (Drendn 2040; Marubio et al.,
2003). Elucidating the role of nicotinic cholinergic receptors in psychoktnt induced
behavioral reward, and investigating novel pathways involved in cocawerd will pave

a path for the development of potentially successful treatmant®daine addiction in the
future.

The goal of this dissertation was to investigate the robé&g2* anda4p2* nAChR
subtypes in the acquisition and expression of nicotine and cocaine place preference
because CPP is a well established test of drug induced conditioning involvingteahtex
cues which is an important aspect of learning and memory underlying addidgon

previously discussed6p2* andadf2* NAChRs have been implicated in nicotine reward
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and reinforcement, and to dg2* nAChRs have been implicated in cocaine reward,
reinforcement, and sensitization. We set out to characterize the nicotinjipes@ié32*,
ada6p2*, and/ora4f2*), and the neuro-anatomical locus (Acb) contributing to nicotine
and cocaine reward-like effects using pharmacological antagonigép2f nAChRs and
genetic deletion of the6 ando4 subunits in mice. Our hypothesis was thatf2*
NAChRs in the Acb are critical for nicotine and cocaine place preferencesashép2*
NAChRs are critical for nicotine place preference, but are not involved imeqgualaice

preference.
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CHAPTER TWO

Materials and M ethods

2.1 Drugs

For studies involving nicotine, (-)-nicotine hydrogen tartrate saltlffy)ethyl-2-
(3-pyridyl)pyrrolidine (+)-bitartrate salt] was purchased fromgnga Chemical Co. (St.
Louis, Mo), and was dissolved in physiological 0.9% sodium chloride (saline). All doses
are expressed as the free base of the drug and were always injectechsoislitaat a
volume of 10 ml/kg body weight. Nicotine was prepared fresh for every experame
refrigerated for no longer than one week. It was kept in a glass vile wrapaleaninium
to protect the nicotine from degradation.

For studies involving cocaine, cocaine was provided by the National Ingtitute
Drug Abuse (NIDA), was dissolved in saline, and was always injected intaapesaly at a
volume of 10 ml/kg body weight, and stock solution was also kept refrigerated to maintain
the integrity of the compound. A fresh solution of cocaine was prepared for each CPP
experiment.

a-Conotoxin MIl [H9A;L15A] was provided by Dr. Michael Mcintosh at the
University of Utah. Conotoxin was dissolved in small aliquots of saline ih8@0°C
freezer until use. The doses used in the studies were calculated based on IG56f value

the compound at nAChRs (refer to Table 1) from Mcintosh et al. (2004).

For studies involving lithium, lithium chloride was purchased f@igma

Chemical Co. (St. Louis, Mogand was dissolved in physiological saline. Lithiwas
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always injected intraperitonealy at a volume of 10 ml/kg body weight, and stodksolut
was kept refrigerated to maintain the integrity of the compound.
2.2 Food

Food used to induce place preference in mice included ‘Reese’s’ peanut butter
chips and cheesecake. The Reese’s peanut butter chips are availablgratenyystore,
and the ingredient label on the package reads: ‘partially defatted peanuts, stigty, par
hydrogenated vegetable oil (palm kernel oil and soybean oil), corn syrup solidesdext
reduced minerals whey (milk), contains 2% or less of salt, vanillin (artifiaizor), and
soy lecithin.” The cheesecake was purchased from Shockoe Espresso Mill Kountai

Coffee and Tea in Richmond, Virginia.

2.3 Animals

Animals used in the pharmacological experiments were male B6 micetfeom
Jackson Laboratory (Bar Harbor, ME) that were 8-10 weeks old, unless otheotade
In order to minimize biological variability due to estrous cycling, none of therarents
involved female mice. Animal maintenance and research were conducted iraaceord
with the guidelines provided by the NIH Committee on Laboratory Animal Resource
Animals were housed, 4 per cage, in temperature- and humidity-controlled housing rooms,
and a 12 hr light-dark cycle (lights on from 7 a.m. to 7 p.m.). Experiments weoenpexdf
during the light cycle. The facility was licensed by the United StatesriDegat of

Agriculture and accredited by the Association for Assessment and Aetiedibf
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Laboratory Animal Care (AAALAC), and protocols were approved by thetltistnal

Animal Care and Use Committee of Virginia Commonwealth University (Richmohy, V

For studies involving genetically modified mice, B6 provided the background
strain for ourn6 anda4 KO and WT mice. These KO mouse lines are backcrossed to the
B6 strain every year to maintain vigor, and have been backcrossed fot &Dleas
generations. Healthy viable mice null for & nicotinic subunit were provided by Dr.

Uwe Maskos at Institut Pasteur (Paris, France) (Champtiaux et al., 20@®)e Xfice null
for thead subunit were provided by Dr. Henry Lester at the California Institute of
Technology, with the permission of Dr. John Drago who generated them at Monash
University, in Australia (Ross et al., 2000). KO mice used in the study were gdnerate

from HETXHET breeders and from confirmed KOxKO breeders.

2.4 Place Conditioning Involving Nicotine, Cocaine, or Lithium

The unbiased place conditioning test is well established in our lab and was used for
the last several years in pharmacological and genetic studies j(Btaaha2010; Grabus et
al., 2006; Jackson et al., 2009; Merritt et al., 2008; Walters et al., 2006). CPP is a test that
reflects a preference for a context due to the repeated association bésveemtéxt and
the drug (refer to section 1.3). Animals can be trained readily and the procedbesihas
well established in various strains of mice our laboratory uses (e.g. I€Rami B6
mice). The procedure also has the ability to test compounds, such as lithium, for place
conditioned avoidance (CPA). CPP (or CPA) is conducted in a room dedicated solely to

this procedure, in dim lighting, and with ambient sound from fans to drown out extraneous
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background noise. Each mouse was handled for one minute each, for 3 days prior to CPP
testing and mice were also brought into the CPP room on a cart and allowed tataadim
room lighting and room temperature for at least thirty minutes, if not longer pdesible,
before each CPP session. The boxes were wiped down after every sessvoatevitdmd

1% Triton disinfectant.

Place conditioning chambers and software were purchased from Med Associat
(St. Albans, VT). The conditioning apparatus consisted of three distinct comepéstthat
were separated by doors that could slide Tipe black and white compartments (each 16.8
cm long) served as the context that was paired to the psychoactive drug. E&etuside
distinct visual (color) and tactile (flooring) cues to allow the animalamléo associate
the environment with the treatment it was paired'tee black compartment had stainless
steel grid rod flooring consisting of 3.2 mm rods placed on 7.9 mm centers. The white
compartment had a 6.35%6.35-mm stainless steel mesh floor. The smabmgritnent
(7.2 cm long) was gray in color with a smooth PVC floor, and seasedthoroughfare
between the two sidedl chambers had hinged, clear porous polycarbonate lids that were
closed during testing. Infrared photobeam strips that were located withicleamber
provided the data that was collected by an attached computer.

Place conditioning was conducted in three phases: preconditioning day,
conditioning days, and post-conditioning day. On preconditioning day, mice are allowed to
move freely among all three compartments for 15 min (900 sec), after a ® minut
habituation period in the gray compartment. Time spent on each side is recorded and these

data are used to separate the animals into groups of equal bias. Days 2-4 are cwnditioni
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days, where animals got either a saline or psychoactive drug injectiongaathen

confined to either the white or black compartment for 20 minutes for the morning session
4 hours later, mice were injected with the alternate treatment and plabedijpposite
compartment of the chamber for 20 minutes during the afternoon session. Groups were
counterbalanced equally in order to ensure that some mice get drug in the mdriteng
others got it in the afternoon, and some mice got drug injections paired to the white
compartment while others had drug paired to black. Day 5 was a drug-free post-
conditioning test day when mice are allowed to move freely among the CPP chathber a
time spent in each side was recorded. Scores were calculated by supthectime spent

in drug paired side on pre-conditioning day from time spent in drug paired side on post-
conditioning day.

2.5 Conditioned Place Preference for Food Reward.

For studies involving food conditioned place preference. The procedure followed
the general outline stated in the above paragraph, with a few minor modifications. No
injections were given to these mice during conditioning days, they wereyssaypsed to
the food, be that the food pellet that made up their usual diet, peanut butter chips, or room
temperature cheesecake. Peanut butter chips and cheesecake werglalveayin a small
plastic weigh tray, and the mice were exposed to the same tray everyhadyywas
placed in the exact same corner of the CPP chamber for every conditicssiumnse order
to minimize any novelty to the procedure to allow them to make the association @ddhe f
exposure to the context in the chamber. The mice were also food restricted fos 4 hour

before each conditioning session. There was one extra day of conditioning, gintialg a t
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of 4 conditioning days, in order to attain statistically significant food induced place
preference in mice. Also each conditioning session was 40 minutes long instead of the
usual 20 minute session for place conditioning with drug.
2.6 Intracerebroventricular Surgeriesand Injections

Antagonists selective fa6p2* nAChRs that can be administered systemically are
still being developed and are not readily available for use. Consequently, we used
Conotoxin MII [H9A;L15A] which is a peptidic compound that cannot cross the blood
brain barrier and was administered centrally via intracerebroveairi¢ud.v.) injections.
Mice undergoing i.c.v. surgeries were anesthetized with an i.p. injection of/k§ mg
sodium pentobarbital. An incision was made at the scalp of the mouse midway between
the eyes and ears, to expose cranial sutures. The skin that was cut resuligul time& f
was put back into place at the end of the surgery to keep the site free of debrishé&Jsing t
stereotaxic apparatus, a site of injection was made, through the dura ntaténewi
following coordinates: -0.6mm AP; +1.3 mm ML, with respect to bregma, and -2.1 mm
DV from the skull's surface. After the surgery, animals were returnel@an tilome cages
and were allowed to recover for 20-24 hours.

On CPP test day, i.c.v. injections were made directly into the skull using a

Hamilton syringe. Sterile saline soaked cotton swabs were used to hightg the flap
of skin to expose the injection site, while gently restraining mouse by holdinggbeha
the neck. 5 pl ofi-Conotoxin MIl [H9A,L15A] or saline was given, with the syringe
being held in place for 30 seconds to allow some time for drug diffusion into ¢ha! lat

ventricle. Following the injection period, animals were returned to home aadesdlowed
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5 minutes to recover from the light restraint required for injection befong Ipéaced into
the CPP chamber. After the 5 minute habituation period, time was recorded for 15 minutes
as the mouse freely explored all compartments of the CPP chamber.
2.7 Intracranial Cannula Implantation and I nfusions

For cannulation surgeries, mice were anesthetized with an injection of 45 mg/kg
sodium pentobarbital (i.p.). Once a mouse was readied for surgery, an incisiondeas ma
to expose skull of mouse. Using the stereotaxic apparatus, the mouse’s heagleds le
and a site of cannula implantation was found with the following coordinates forehed lat
ventricle: -0.6mm AP; +1.3 mm ML, with respect to bregma, and —2.1mm DV from the
skull's surface, the following coordinates for the nucleus accumbens (AcBsmm AP;
+0.75 mm ML, with respect to bregma, and —4.3mm DV from the skull’s surface, and the
following coordinates for the cingulate cortex: +1 mm AP; £0.5 mm ML, with respect
bregma, and -2.0mm DV from the skull's surface. A guide cannula was adhered to the
skull using dental glue which was then reinforced with dental cement. The canseth
in our studies were 26 gauge, with an 8 mm pedestal height for the bilateral Acb €annula
and a 5 mm pedestal height for the lateral ventricle and cingulate cortedasanThese
pedestals had a 3.5 mm diameter. These cannulas fit 33 gauge internal cannulas for
injections. A dummy cannula was inserted to maintain integrity of the guider Aft
completion of surgeries, animals were returned to clean home cages amdlovezd to
recover for 5 days before behavioral testing. At the end of the experiment, @acivds

collected to evaluate accurate cannula placement.
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For lateral ventricle infusions: during the three conditioning days of the CPP
procedure, before both morning and afternoon conditioning sessions, mice received
unilateral infusions ofi-Conotoxin MIl [H9AL15A], or saline, 5 minutes before injection
with psychoactive drug of interest or saline (i.p.). Infusions were condudtepausiicro-
infusion pump at a rate of 25nl/sec (for 2 minutes total, 3 ul total volume) throughea steri
33 gauge internal cannula extending 0.1mm beyond the guide, which is attached to a
Hamilton syringe via PE50 tubing.

For Acb infusions: Before both morning and afternoon conditioning sessions, mice
received bilateral infusions ofConotoxin MIl [H9AL15A] or saline. Infusions were done
using a micro-infusion pump at a rate of 16.7nl/ sec for 30 seconds (0.5 ul total volume) in
a similar fashion to lateral ventricle infusions (described above).

For cingulate cortex infusions: during the three conditioning days of the CPP
procedure, before both morning and afternoon conditioning sessions, mice received
unilateral infusions ofi-Conotoxin MIl [H9AL15A], or saline, 5 minutes before injection
with psychoactive drug of interest or saline (i.p.). Infusions were dastieusing an
internal connected to a micro-infusion pump via Hamilton syringe and PES5O0 tubirp. Dru
(or saline) was infused at a rate of 16.7nl/ sec for 30 seconds.

2.8 Histology

To assess accurate cannula placement, methylene blue dye was irgattat/c
followed by cervical dislocation, decapitation, and harvesting of brain. Whole laste ti
was then fixed in a formalin/formaldehyde solution for 48 hours before beingd alice

thickness of 50-60um in a cryostat. Tissue slices were then stained withidiigsha

43

www.manaraa.com



sequence of steps involving decrement concentrations of ethanol in distilled water to
hydrate tissue slices, followed by staining with cresyl violet, then datigdrthe tissue
slices using incremental concentrations of ethanol. Each site of injectiohemas t
reconstructed and marked on a worksheet of mouse bran coronal slice image for
assessment, and any sites that were not in the target area were not includédahdag

set.

2.9 Statistical Analyses

All CPP results are expressed as mean preference scores + staratatitber
mean. Preference scores are measured in seconds and reflect thgetinin the drug
paired side pre-conditioning (baseline) subtracted from the time the mice sghadirug
paired side during post conditioning day. Statistical analyses of all CPPssutette
performed with an analysis of variance test (ANOVA) followed by a post-hdgsea
with Student Newman-Keuls test when appropriate. P-values of <0.05 were cahsxdere
be statistically significant. All data were graphed and steaisinalyses performed using
GraphPad Prism version 5.00 for Windows; GraphPad Software; San Diego California

USA.
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CHAPTER THREE
Results: The Role of a6 Containing NAChRsin Nicotine Conditioned Place

Preference

3.1 Nicotine Place Preferencein a6 Knock Out Mice
Previous work has shown th&@p2* nAChRs are involved in nicotine induced DA
neurotransmission in Acb (Exley et al., 2008; Drenan et al., 2008), andifi24atand
a6B2* NAChR mediate nicotine reinforcement and reward in mice (Pons et al, 2008;
Jackson et al., 2009; Brunzell et al, 2010; Gotti et al., 2010; Drenan et al., 2010; Exley et
al., 2011). Using our CPP procedu6,KO male mice were conditioned with 0.25, 0.5,
or 1 mg/kg nicotine (s.c.) for three days and preference scores wessealssr test day.
Figure 3.1 illustrates the capacity of nicotine to induce CR#® IKO mice and their WT
littermates. As mentioned previously (section 1.5), the dose of 0.5 mg/kg nicot)ne (s.c
induced significant CPP MWT mice, which is the dose that normally produces the most
robust place preference in our handg, ¢g)= 4.803; p = 0.0003). However, this dose
failed to produce a CPP response&KO mice. In contrast, at the highest dose of
nicotine tested, 1 mg/kg nicotine, we were surprised to see a conditioned pfacengee
for nicotine ina6 KO mice that was significantly higher thaé WT littermates.
Subsequently, in order to determine which receptor subtype was contributing to CP
observed inu6 KO mice at 1 mg/kg nicotine, we assessed the effect of ditheteo
erythroidine (DHBE), a relatively selectivg2* nAChR antagonist, on place preference

induced by 1 mg/kg nicotine w6 KO mice. 2mg/kg DBE (s.c.) was administered 5
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minutes before 1 mg/kg nicotine injection on conditioning days of the CPP procedure.
Figure 3.2 illustrates the effect of PH on nicotine induced place preference for 1 mg/kg
nicotine ina6 KO mice. Pre-treatment with O} followed by nicotine exposure on
conditioning days resulted in significant attenuation of nicotine place pregeireng KO
mice. a6 KO mice that received a pretreatment of saline before nicotine exposure had
significant CPP compared to saline controls and compared to the nicotine groumgeceivi
DHBE (Fz, 72)=6.005; p = 0.0003).

Overall, these results suggest thgh2* NAChRs mediate nicotine place preference at
doses that, when given s.c., typically produce robust place preference in miceverat
higher doses of nicotine, this effect is overcome, and this is mediafi&t BAChRS, as
indicated by the datum that illustrates thatB;1ap2* nicotinic receptor antagonist,

attenuates 1 mg/kg nicotine place preferene®iKO mice.
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Figure3.1
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Figure 3.1 Nicotine Induced Place Preferencein a6 KO Mice.

Robust place preference scores are observe® WT mice for 0.5 mg/kg nicotine (s.c.),
whereasi6 KO mice failed to show significant preference for nicotine at 0.5 mg/kg.
However, nicotine place preference occurgdrKO mice at a higher dose of 1mg/kg
nicotine, which does not produce place preference in WT counterparts. Placenpesfere
scores for nicotine 0.5 mg/kg a6 WT mice and nicotine 1mg/kg a6 KO mice were
significantly greater than all other treatment and genotype groups (*pe@n@ared to
respective saline control grouip<0.05 compared to WT 0.5 mg/kg nicotifie<0.05
compared to KO 1 mg/kg nicotine). Results are expressed as mean prefevegge sc

+SEMSs.
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Figure 3.2
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Figure 3.2 The Effect of DHBE on Nicotine Induced Place Preferencein a6 KO Mice.

Nicotine induced place preference occurreddrKO mice at 1 mg/kg nicotine (**p<0.01
compared to saline groupsnd had significantly higher scores thehWT littermates that
received 1mg/kg, angé KO and WT mice that were treated with BE(*p<0.05
compared t@6 KO-1mg/kg nicotine group)a6 KO mice failed to show significant
preference for 1 mg/kg nicotine when given a pre-injection of 2 mg/KgEH.c.).
Results are expressed as mean preference scores +SEMSs.
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3.2 The Effect of a-Conotoxin M1l [H9A; L15A] on the Expression of Nicotine Place
Preference.

Our KO data clearly suggest thdi32* nAChRs mediate nicotine place preference.
However recognizing that there are drawbacks and possible developmentahsainopes
that can occur in transgenic mice (refer to section 1.4), it was important tocosfirm
our results using a pharmacological approach. We assessed thes@fi2*afiicotinic
receptors in the expression of nicotine induced CPP usingfi2¢ nAChR selective
antagonistp-Conotoxin MII [H9A; L15A]. Mice received a one time unilateral injection
of 5ul of 1.5, 4.5, or 6pmal-Conotoxin MII [H9A; L15A] into the lateral ventricle (i.c.v.)
on the post-conditioning test day, which was after the mice were conditioned fgg 3 da
with 0.5 mg/kg nicotine (s.c.). Figure 3.3 depicts the effeat@bnotoxin Mll [HI9A,

L15A] on the expression of nicotine place preference in male B6 mice. We obaerved
dose dependent decrease in the expression of nicotine place preferenc€antbtoxin

MII [H9A; L15A] injections (Fs, 38y= 2.504; p = 0.0455). Mice that received a saline
injection on test day portrayed significant place preference for nicotineantrast, mice
receiving 1.5 pmod-Conotoxin MIl [H9A; L15A] had a slightly lower, but significant
place preference for nicotine, compared to saline control groups. Conversely, Nice tha
received 4.5 and 6 pmatConotoxin MIl [H9A; L15A] did not show place preference for
nicotine. This datum suggests that pharmacological blockag$af nAChRs results in

a decrease of nicotine place preference, and therefore a decrease in tthdikeveffiects

of nicotine.
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It was imperative to ensure that the effeai-@onotoxin MIl [H9A; L15A] was

not simply due to a locomotor impairment of the mice on test day, therefore locomotor
counts were reviewed. Table 2 shows th&tonotoxin MIl [H9A; L15A] did not have an
effect on the locomotor activity of mice on test day.

Due to the nature of the inverted U shaped dose effect curve observed in nicotine
CPP in B6 mice, it was also important to confirm tdr&onotoxin MIl [H9A; L15A] was
not acting by enhancing the effects of nicotine, which would result in a sHif to t
descending end of the inverted U shaped dose effect curve for nicotine CPP. We
therefore tested the effect @iConotoxin MIl [H9A; L15A] on place preference induced
by a lower dose of nicotine, 0.25 mg/kg (s.c.). If the conotoxin acted by enhancing the
effects of nicotine we would then be able to unmask this effect and would expect scores
similar to 0.5 mg/kg nicotine, which as previously mentioned, typically produces the mos
robust CPP scores in our lab. A decrease in CPP would suggest that the conotoxin is
acting by blocking the reward like effects of nicotine that produce CPP. Hgure
demonstrates thatConotoxin MIl [H9A; L15A] does not enhance place preference
induced by 0.25 mg/kg nicotine, and therefore does not act by enhancing the effects of

nicotine but rather by blocking the effects of nicotine that result in CPP.
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Figure 3.3
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Figure 3.3 The Effect of a-Conotoxin M1 [H9A; L 15A] on the Expression of Nicotine
Place Preference.

Injection ofa-Conotoxin MII [H9A; L15A] into the lateral ventricle on test day of CPP
resulted in a dose dependent decrease in the expression of nicotine place pretgoémc
Saline-nicotine 0.5 mg/kg group and 1.5 pmol Mll-nicotine 0.5 mg/kg group had
significantly higher place preference for nicotine compared to the salin®logmups
(*p<0.05 compared to saline groups). Nicotine groups that were exposed to either 4.5 or
6pmol MIl resulted in attenuated place preference scores for nicotine. t=asul

expressed as mean preference scores +SEMs.
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Table 2.

Treatment groups

verage activity countsin drug-

(s.c.-i.c.v.) paired compartment (seconds)
Saline- Saline 1509.8 + 31.7

Saline- 6 pmol M| [524.8 £140.1

IO.5 Nicotine- Saline 471.1 +59.4

0.5 Nicotine- 1.5 pmol Ml 455.8 + 185.1

0.5 Nicotine- 4.5 pmol Ml 492.9 £+ 92.9

|O.5 Nicotine- 6 pmol Ml 486.1 + 75.1

Table 2. Locomotor scoreson Test Day for Expression of Nicotine Place Preference.

This table shows thatConotoxin MIl [H9A;L15A] did not affect locomotor activity on
test day. Locomotor scores were assessed by the number of interruptionghafttioel|

beams in the CPP compartments.

52

www.manaraa.com



Figure 3.4
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Figure 3.4. TheEffect of a-Conotoxin MI1 [H9A; L 15A] on the Expression of L ow
Dose Nicotine Induced Place Preference.

Injection ofa-Conotoxin MII [H9A; L15A] on test day of CPP did not result in an
enhancement of the expression of nicotine place preference, but rather aededteas

already low preference score induced by 0.25 mg/kg nicotine (s.c.). Resudtaessed
as mean preference scores *SEMSs.
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Table 3

Treatment groups verage activity counts in drug
(s.c.-i.c.v.) I:aired compartment (seconds)
Saline - Saline 381.50 £75.18
Saline -12 pmol Mli 328.00 £83.16
IO.25 Nicotine — Saline 423.73 £74.72
|O.25 Nicotine - 6 pmol Ml 362.00 + 29.58
|o.25 Nicotine- 12 pmol MlI 335.10 + 50.47

Table 3. Locomotor scoreson Test Day for Expression of L ow Dose Nicotine Place
Preference.
This table shows that Conotoxin MIl [H9A;L15A] did not affect locomotor activity on

test day. Locomotor scores were assessed by the number of interruptions ofdbellphot
beams in the CPP compartments.
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3.3 The Effect of Intra-Ventricular, Intra- Accumbal, and I ntra-Cingulate Cortex
Infusions a-Conotoxin M1 [H9A; L 15A] on the Acquisition of Nicotine Place
Preference.

We next evaluated the effect@Conotoxin MIl [H9A; L15A] on the acquisition
of nicotine place preference. This differs from exploring the expression oineiqgiace
preference, in that the conotoxin was given during the conditioning days of the procedure
along with nicotine administration, instead of administesir@onotoxin MIl [H9A;

L15A] only on test day, thereby targeting different neuromechanisms thattenesiaard
memory, learning, and association of an US to CS (Sanchis-Segura and Spanagel, 2006).
Figure 1.5 illustrates the effect @Conotoxin MII [H9A; L15A] on the acquisition of
nicotine place preference (Jackson et al., 2009). Mice that received salimensfua
micro-infusion pump into the lateral ventricle followed by 0.5 mg/kg nicotine (s.c.)
showed a significant place preference for nicotine on test day. On the other ltand, m
that were infused with-Conotoxin MIl [H9A; L15A] (i.c.v.) had attenuated place
preference scores for nicotine on test day in a dose related magney<H.526; p =
0.0010). Indeed, mice that received infusions of 3ul of 12jpr@dnotoxin MII [HIA;
L15A] (i.c.v.) on nicotine conditioning days had significantly decreased acquisition of
nicotine place preference compared to the nicotine group that received only saline
infusions. These results propose a critical roleg2* nAChRs in the acquisition of
nicotine place preference.

Intra-ventricular infusions af-Conotoxin MIl [H9A; L15A] result in a diffusion of

the conotoxin into the entire brain. To begin determining which brain regions mibdiate
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effect of nicotine place preference, we examined the role of the Acb, dudoiatisn in
the mesolimbic system. The Acb is part of the ventral striatum, which recelaege
dopaminergic input from the VTA has been shown to be involved in drug reward. It is
thought thati6p2* nAChRs are located pre-synpatically in the Acb where they are
involved in DA neurotransmission (Exley et al., 2008). 6pmol and 12pmoeCahnotoxin
MIl [H9A; L15A] was infused into the Acb on nicotine conditioning days, and place
preference induced by nicotine was then recorded on test day. Figure 1.6 showstthe effe
of intra-accumbadi-conotoxin MIl [H9A; L15A] infusions on the acquisition of nicotine
place preference. The nicotine group the received intra-accumbal saline inhegicas
significant place preference compared to the nicotine group that receiveccourabal
infusions of 3pmobi-Conotoxin MIl [H9A; L15A] (R4, 35y= 7.38; p = 0.0003), which had
a significant decrease in nicotine place preference. Overall thedts prspose that the
Acb is an important region in the brain for the acquisition of nicotine place@net

As a neuroanatomical control to assess whether the decrease in fia@npee
could be attributed to damage to cortex caused by insertion of the cannula guide, we
investigated the effect afConotoxin MIl [H9A; L15A] infusions into the cingulate
cortex on nicotine place preference. The cingulate cortex is a brain rdgisal(to the
Acb) that also receives afferents from the VTA, and also expreSp2s nAChRs
(Champtiaux et al., 2002; Whiteaker et al., 2000). The effect of intra-cinguléée& cor
infusions ofa-Conotoxin M1l [H9A; L15A] is depicted in figure 1.7, where there was no
effect on nicotine induced place preference. Mice receiving either 12p@mhotoxin

MII [H9A; L15A] or saline infusions into the cingulate cortex during conditioning days f
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nicotine displayed significant place preference for nicotine comparedrie sahtrol

groups (kz,18= 4.472; p = 0.0379 ). These results show that the obligatory lesioning of
cortex inflicted by insertion of the cannula guide does not affect placegmeéeinduced

by nicotine, and shows the selectivity of effect in the Acb. Based on our dataghloat
intra-accumbal but not intra-cingulate cortex infusiom-agbnotoxin MIl [H9A; L15A]
results in a decrease in the acquisition of nicotine place preferenceypos@ithat6p2*

NAChRs in the Acb are critical for the acquisition of nicotine place preferenc
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Figure 3.5
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Figure 3.5. TheEffect Unilateral Intra-Cerebroventricular a-Conotoxin M1 [H9A,;
L 15A] Infusions on the Acquisition of Nicotine Place Preference.

Unilateral infusions ofi-Conotoxin MIl [H9A; L15A] into the lateral ventricle on nicotine
conditioning days resulted in a dose dependent decrease in the acquisition of nicotine place
preference. The saline-nicotine 0.5 mg/kg group had significantly higher pef=rence

for nicotine compared to saline control groups (**p<0.01 compared to saline groups) and
compared to the 12 pmol Mll-nicotine 0.5 mg/kg group (# p<0.001 compared to saline-
nicotine 0.5 mg/kg group). Results are expressed as mean preference SEdves +
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Figure 3.6
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Figure 3.6. Bilateral Intra-Accumbal a-Conotoxin M1
[HO9A; L15A] Infusions Affect the Acquisition of Nicotine | R squared 0.4878
Place Preference.

Bilateral intra-accumbal infusions afConotoxin MIl [H9A; L15A] on nicotine

conditioning days resulted in dose dependent decrease in the acquisition of nicotine place
preference. Saline-nicotine 0.5 mg/kg group had significantly high placegedescores

for nicotine compared to the 3pmol Mll-nicotine 0.5 mg/kg group (*** p < 0.001

compared to saline groups, and # p < 0.01 compared to saline-nicotine 0.5 mg/kg group).
Results are expressed as mean preference scores +SEMSs.
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Figure 1.7
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Figure 1.7. The Effect of Unilateral Intra-Cingulate
Cortex Infusion of a-Conotoxin MI1 [H9A;L15A] on
the Acquisition of Nicotine Place Preference.

Unilateral intra-cingulate cortex infusions@Conotoxin
MII [H9A; L15A] had no effect on the acquisition of
nicotine place preference. Both saline-nicotine 0.5 mg
and 12pmol MII- nicotine 0.5 mg/kg groups had
significant place preference scores for nicotine (*p < 0.
compared to saline groups).
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CHAPTER FOUR

TheRole of a6p2* nAChRsin Cocaine Conditioned Place Preference
4.1. Cocaine Place Preferencein a6 KO and a6 WT Mice

Previous work has shown th#2* nAChRs are involved in cocaine place
preference (Zachariou et al., 2001). Sia6p2* nAChRs are often co-expressed with the
B2 subunit, and due to the neuroanatomical distributie®@2* nAChRs in
catecholaminergic nuclei in midbrain, which is a brain region known to mediate the
appetitive and rewarding effects of many psychoactive drugs, we chose tagatecit
a6p2* NAChRs mediated cocaine place preference. Using our CPP proaegl@,
HET, and WT male mice were conditioned with 20 mg/kg cocaine (i.p.) for threeddys
preference scores were assessed on test day. Figure 4.1 illustrateaditg ochpocaine to
induce CPP im6 KO mice and their HET and WT littermates. We see a genotype
dependent effect wher® WT mice displayed significant cocaine place preference,
whereas place preference for cocaine was abolishe@l KO counterparts (k 32)= 5.826;
p = 0.0030). The6 HET mice, although having higher scores th@rKO mice, did not
portray significant place preference for cocaine. These results mthedtthex6 nicotinic
subunit is important for place preference induced by cocaine. This is the only other
nicotinic subunit, other than ti@* nicotinic subtype, reported to have a role in cocaine

reward.
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Figure 4.1
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Figure 4.1 Cocaine Place Preferencein a6 KO and WT Mice.
a6 KO mice show significantly decreased place preference for 20 mg/kgeacanpared
to a6 WT mice, which displayed significant place preference for cocaine atabes

(**p<0.01 compared to saline groups; # p<0.01 compared M/ T-cocaine 20 mg/kg
group).
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4.2. The Effect of a-Conotoxin MI1 [H9A; L 15A] on the Expression of Cocaine Place
Preference.

Our KO data encourages the concept #682* nAChRs are important mediators
of cocaine place preference. Once again, being aware of possible develbpmenta
compensations that can occur in transgenic mice (refer to section 1.4), it wasnhfoor
us to validate our results by using a pharmacological approach that stsgisem with
an unaltered gene pool. We assessed the rolg*oficotinic receptors in the expression
of cocaine CPP usingConotoxin MIl [H9A; L15A]. Following the three days of
conditioning with 20 mg/kg cocaine (i.p.), mice received a one time unilateretiamef
6pmol or 12pmobi-Conotoxin MIl [H9A; L15A] into the lateral ventricle (i.c.v.) on post-
conditioning test day. Figure 4.2 illustrates the effeet-Gonotoxin MIl [H9A; L15A] on
the expression of cocaine place preference in male B6 mice. We observed a dose
dependent decrease in the expression of cocaine place preference with i.¢iongngdc
a-Conotoxin MII [H9A; L15A] (s, 67)= 3.873; p = 0.0041). Mice that received a saline
injection on test day portrayed significant place preference for cocaimentrast, mice
receiving 6pmob-Conotoxin MIl [H9A; L15A] had lower scores and did not display
significant place preference for cocaine. Conversely, mice that receipatlle
Conotoxin MIl [H9A; L15A] resulted in a significant attenuation of cocaine place
preference compared to the saline-cocaine 20 mg/kg group. This datum suggests tha
pharmacological blockade a6p2* nAChRs results in a decrease of cocaine place
preference, and therefore a decrease in the psychosomatic effectsing ¢bat result in

place preference.
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It was important to assess the effect @Conotoxin MIl [H9A; L15A] on
locomotion, in order to confirm that there was no locomotor impairment in these mice on
test day. Locomotor scores were assessed by the number of interruptions ofdbelphot
beams in the CPP compartments. Table 4 shows-Ganotoxin MIl [H9A; L15A] did

not have an effect on the locomotor activity of the mice on test day.
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Figure 4.2
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Figure 4.2 The Effect of Intracerebroventricular a-Conotoxin M1l [H9A; L15A]
I njection on the Expression of Cocaine Place Preference.

Unilateral injection ofi-Conotoxin MIl [H9A; L15A] into the lateral ventricle on test day
of CPP resulted in a dose dependent decrease in the expression of cocaine place
preference. The saline-cocaine group had significantly higher placegmedescores
compared to the cocaine group that received 12pmol Ml (*p<0.05 compared to saline
groups; #p<0.05 compared to saline-cocaine group).
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Table 4

Treatment groups rverage activity counts in drug
Y

(i.p.-i.c.v.) aired compartment (seconds)

Saline - Saline 471.50 +135.59

Saline -MII[H9A;L15A], 6 pmol 489.12 +107.30

Saline -MII[H9A;L15A], 12 pmol [478.00 +26.14

ICocaine — Saline [543.73 £ 79.42

|Cocaine - MII[H9A;L15A], 6 pmol [472.00 £ 65.49

|Cocaine- MII[H9A;L15A], 12 pmol }495.10 + 83.91

Table4. Locomotor scoreson Test Day for Expression of Cocaine Place Preference.

This table shows thatConotoxin MIl [H9A;L15A] did not affect locomotor activity on
test day. Locomotor scores were assessed by the number of interruptions ofdbellphot
beams in the CPP compartments.
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4.3. Theof Intra-Cerebroventricular, Intra-Accumbal, and Intra-Cingulate Cortex
Infusions of a-Conotoxin MI1 [H9A; L 15A] on the Acquisition of Cocaine Place
Preference.

We determined the effect afConotoxin MIl [H9A; L15A] on the acquisition of
cocaine place preference. Figure 4.3 illustrates the effect of uallatta-
cerebroventricular infusion efConotoxin MII [H9A; L15A] on the acquisition of cocaine
place preference. Mice that received saline infusions into the lateratciefdtiowed by
20 mg/kg cocaine (i.p.), displayed significant place preference formmoaitest day. On
the other hand, mice that were infused wi@onotoxin MIl [H9A; L15A] (i.c.v.) had
significantly attenuated place preference scores on test day)F9.619; p < 0.0001).
Indeed, mice that received infusions of 12 pmol and 24 pp@xnotoxin MII [HI9A;

L15A] (i.c.v.) on conditioning days had significantly decreased acquisition of cocaine
place preference compared to the cocaine group that received only saline infubieses. T
results propose a critical role @p2* nAChRs in the reward like effects of cocaine that
prompt place preference.

Since intra-cerebroventricular infusionsce€onotoxin MIl [H9A; L15A] resulted
in a diffusion of the conotoxin through the ventricles to the entire brain, we examine
more specific brain region implicated in drug reward and reinforcement, thenvhech is
part of the ventral striatum and which receives a large dopaminergic inputhieoviT A.
a-Conotoxin MIl [H9A; L15A] was infused into the Acb on cocaine conditioning days,
and place preference scores were recorded on test day in a drug freEigtate2.4

shows the effect of intra-accumbatonotoxin MIl [H9A; L15A] infusions on the
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acquisition of cocaine place preference. The cocaine group that receraegicicumbal
saline infusions had significantly greater place preference compaies ¢odaine groups
that received intra-accumbal infusions of 3pmol or 30pmGbnotoxin MIl [H9A; L15A]
(p<0.0001; F21.08. However significant cocaine place preference persisted in the
cocaine groups infused with 3pmol or 30pmdConotoxin MIl [H9A; L15A], as indicated
by having significantly higher scores compared to saline controls. Thethtre appears
to be a significant but partial reduction for cocaine preference that is petyai6p2*
NAChRs in Acb, suggestingsp2* nAChRs in other brain regions, or other substrates are
contributing to the effect of cocaine on CPP in mice. Overall these results ptiogbse
a6p2* NAChRs in Acb are important, but are not the only factors, mediating the
acquisition of cocaine place preference.

Next, the effect oéi-Conotoxin MIl [H9A; L15A] infusions into the cingulate
cortex for cocaine place preference was assessed. The effect-ofngtiate cortex
infusions ofa-Conotoxin MII [H9A; L15A] is depicted in figure 2.5, where cocaine
induced place preference persevered. Mice receiving either saline or 2@mebtoxin
MII [H9A; L15A] infusions into the cingulate cortex during conditioning days faratne
displayed significant place preference scores compared to salinel gpatrps (p<0.0001;
F=32.02). These results show that the unavoidable lesioning of cortex inflicted by
insertion of the cannula guide does not affect place preference induced by cocaeg. Ba
on the results showing that intra-accumbal but not intra-cingulate cortelomffs:-
Conotoxin MIl [H9A; L15A] results in a decrease in the acquisition of cocaine plac

preference, we suggest th@B32* nAChRs in the Acb are critical for cocaine place
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preference, but are not the sole substrates mediating the reward like eftextaioé.
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Figure 4.3
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Figure4.3. The Effect of Unilateral Intra-Ventricular a-Conotoxin MI1 [H9A; L 15A]

Infusions on the Acquisition of Cocaine Place Preference.

Unilateral infusions ofi-Conotoxin MIl [H9A; L15A] into the lateral ventricle resulted in

a decrease in the acquisition of cocaine place preference. The salime@iraig/kg

group had significant place preference scores compared to saline control groups
(***p<0.001 compared to saline groups) and compared to the 12 pmol Mll-cocaine 20
mg/kg and 24 pmol MlI- cocaine 20 mg/kg groups (# p<0.01 compared to saline- cocaine
20 mg/kg group). Results are expressed as mean preference scores tSEMs.
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Figure 4.4

250+

#¢ 3 saline
200 # - Bl cocaine 20 mg/kg (i.p.)
1504 **

100+

(seconds)

50

preference score

-50 ¢

n 4-10
P value <0.0001
F (4, 31) 11.08

Figure 4.4 The Effect Bilateral Intra-Accumbal
Infusions of a-Conotoxin M1l [H9A; L15A] on the R squared 0.6213
Acquisition of Cocaine Place Preference.

Bilateral intra-accumbal infusions afConotoxin MIl [H9A; L15A] resulted in a decrease

in the acquisition of cocaine place preference. The saline-cocaine 20 mg/kg group had
significant place preference scores compared to the 3pmol Mll-cocaine/Rf angl

30pmol MlI- cocaine 20 mg/kg groups (***p < 0.001 compared to saline groups; **p<0.01
compared to saline groups; #p < 0.05 compared to saline-cocaine 20 mg/kg group).
Results are expressed as mean preference scores +SEMs.
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Figure 4.5
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Figure 4.5 The Effect of Intra-Cingulate Cortex n 4-6
Infusion of a-Conotoxin M1l [H9A;L 15A] on Cocaine
Place Preference. P value <0.0001
Unilateral intra-cingulate cortex infusions@fConotoxin | F (3, 17) 32.02
MII [H9A; L15A] had no effect on the acquisition of
cocaine place preference. Both saline-cocaine 20 mg/kgr squared 0.9057
and 12pmol MII- cocaine 20 mg/kg groups demonstrated

significant place preference scores (***p < 0.001
compared to saline groups).
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CHAPTER FIVE
The Role of a4 Containing nAChRsin Nicotine and Cocaine Conditioned Place

Preference

5.1 Nicotine Place Preferencein a4 KO and a4 WT Mice

Previous work has shown that* nAChRs are critical for nicotine induced DA
release (Marubio et al., 2003; Exley et al., 2011; Drenan et al., 2010), andfPat
NAChR mediate nicotine reinforcement and reward in mice (Tapper et al., 200&tPons
al., 2008; Mcgranahan et al., 2011). Since there are currently no ligands selecté/e for
nNAChRSs, we used transgenic mice to investigate the ralé*afAChRs in nicotine place
preference. Using our CPP procedu# KO anda4 WT male mice were conditioned
with 0.25, 0.5, or 1 mg/kg nicotine (s.c.) for three days and preference scores were
assessed on test day. Figure 5.1 illustrates the capacity of nicotine to induren@P
KO mice and their WT littermates. The dose of 0.5 mg/kg nicotine (s.c) induced
significant CPP im4 WT mice, which is the dose that normally produces the most robust
place preference in our hands;(ks)= 4.328; p = 0.0014). However, this dose failed to
produce a CPP responsenh KO mice. This was not due to a shift in the curve, as lower
(0.25 mg/kg) and higher (1mg/kg) doses of nicotine did not induce any place prefarence
a4 KO mice. This datum supports previous data in the nicotinic field suggestingthat

NAChRs are necessary for nicotine reward.
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Figure 5.1

2001 *
] aawT
© 1504 Bl o4 KO
5
» 4 100
L C
2 3 A
oD 50- #
D - l |I| N
D)
S 04 T 'T' T T T-
N4 S ) )
sod & & & N
& Q & N
qﬁo \2) N
Q N .(\Q’
< .(\Q’ N
"\\.Q & \00
3 o I\
& N
n 5-7
P value 0.0014
F (7, 45) 4.328
R squared 0.4570

Figure5.1. Nicotine Induced Place Preferencein a4 KO and WT Mice

Robust place preference scores are observedl WT mice for 0.5 mg/kg nicotine
(s.c.), whereas4 KO mice failed to show significant preference for nicotine at any of the
doses tested. (*p<0.05 compared to saline groups; #p<0.05 compaded/ib 0.5 mg/kg
nicotine; "p<0.1 compared &t WT 0.5 mg/kg nicotine). Results are expressed as mean
preference scores +SEMs.
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5.2. Assessing Cocaine Place Preferencein a4 KO and a4 WT Mice.

As we assessed the rolea@32* NAChRs in both nicotine and cocaine place
preference (Chapters 3 and 4), and since previous data suggests #26leAChRs in
cocaine reward (Zachariou et al., 2001) which is the subunit that is predominantly co
expressed with4, we decided to examine the involvemené4t nAChRs in cocaine
reward. Using our CPP procedusd, KO ando4 WT male mice were conditioned with
various doses of cocaine (i.p.) for three days and preference scores wesedesdest
day. Figure 5.2 illustrates the capacity of cocaine to induce C&PKI® mice and their
WT littermates. We did not see a genotypic effect on cocaine preéeaeross various
doses of cocaine. Boti KO and WT mice displayed similar cocaine place preference
scores across several doses of cocaine. These results indicat® t@ChRs are not
important for place preference induced by cocaine. These results comptleenent
McGranahan et al. study (2011) which illustrated thatd6fnAChRs on DA neurons are

involved in nicotine but not cocaine reward.
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Figure 5.2
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Figure5.2. Cocaine lnduced Place Preferencein a4 KO and WT Mice.

Place preference was induced by various doses of cocaideki® and WT mice. There
were no genotypic differences in the preference scores for cocaine, sugtiesu4 is
not necessary for cocaine place preference.
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5.3 The Effect of a-Conotoxin M1l [H9A; L 15A] on Cocaine Place Preferencein a4
KO and a4 WT Mice.

We assessed the rolewf* nAChRs in cocaine reward, and found that betiKO
anda4 WT mice have similar place preference for cocaine. We decided to teSethe e
of a-Conotoxin MIl [H9A; L15A] in cocaine CPP w4 KO and WT mice to confirm the
role ofa6p2* NAChRs in these mice. Figure 5.3 illustrates the effect if intra-veitdric
infusion ofa-Conotoxin MIl [H9A; L15A] on cocaine place preferencedhKO and WT
mice. Botha4 KO and WT mice displayed significant place preference for 20mg/kg
cocaine when receiving an infusion of saline. Howewv€onotoxin MIl [H9A; L15A]
caused a significant decrease in cocaine place preferead&i@ and WT mice (5, 23)=
6.506; p = 0.0013). This datum confirms the role@ff2* nAChRs in cocaine place
preference, and also suggests t&g2* nAChRs are the main receptor subtypes

mediating the effects of cocaine and do not require4hsubunit.
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Figure 5.3
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Figure5.3. TheEffect of Unilateral Intra-Cerebroventricular a-Conotoxin M|
[H9A; L15A] Infusions on Cocaine Place Preferencein a4 KO mice.

a-Conotoxin MIl [H9A; L15A] infusions into the lateral ventricle resulted in a des@éa
the acquisition of cocaine place preference4rKO and WT mice. Both4 KO ando4

WT saline-cocaine 20 mg/kg groups had significant place preference scoreseambtopar
saline control groups (*p<0.05 compared to saline groups) and compared @ Kath
and WT 12 pmol Mll-cocaine 20 mg/kg groups (#p<0.05 compared WT saline-
cocaine 20 mg/kg group; $p<0.05 compared4dO saline- cocaine 20 mg/kg group).
Results are expressed as mean preference scores +SEMSs.
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CHAPTER SIX
Assessing the Specificity of Hedonics of the Effects of a-Conotoxin M1 [H9A;

L 15A] and the a6 Nicotinic Subunit in Place Conditioning.

6.1 Lithium Induced Conditioned Place Avoidancein a6 KO and a6 WT Mice.

The study of drug reward and reinforcement involves fundamental principles of
learning and behavior. This is appropriate given that the development of drug dependence
can be considered a learned trait, in the sense that internalization aféneing of
effects of drugs and the association made with the environment related to the drug
following repeated exposure, will result in changes in behavior. CPP is considered a
Pavlovian type of learning, where the US is taught to be associated to the CS via the
appetitive effects of the US and therefore involves memory formation anteotion. To
allow a more accurate interpretation of our CPP results, it was necesaapgss the
specificity of hedonics ad-conotoxin Ml [H9A; L15A] and the inactivation of the
nicotinic subunit. We accomplished this by examining the effeetaminotoxin Ml
[H9A; L15A] anda6 KO mice on the associative process in place conditioning (memory
recollection) that is not specific to reward, such as memory specifieteian.

Consequently, we examined the effect of lithium induced place avoidan6ei@
anda6 WT mice using the same unbiased place preference protocol used throughout our
studies for nicotine and cocaine CPP. Several studies have shown that lithiumive avers
to rodents (Risinger and Cunningham, 2000; Tenk et al., 2006). Figure 6.1 illustrates the

effect of lithium on place conditioning o6 KO anda6 WT mice. Bothu6 KO anda6
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WT displayed an avoidance of the context that was associated with 150mgtkyg (i
35)= 3.447; p = 0.028). Therefore the deletiom@Subunit did not have an effect on the
ability of these mice to associate and recall the association of avensiué ® the

context that it was paired with gFzs)= 3.447; p = 0.028).
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Figure 6.1
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Figure6.1. Lithium Induced Conditioned Place P value 0.0280
Avoidancein a6 KO and WT Mice.
Botha6 KO and WT mice displayed conditioned place | F (3, 35) 3.447
avoidance induced by 150 mg/kg lithium (i.p.). (Post hac
Newman-Keuls analysis did not find any significance R squared 0.2443
between groups).
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6.2. a-Conotoxin M11 [H9A; L15A] and Lithium Induced Conditioned Place
Avoidance.

In order to rule out any possible confound-obnotoxin MIl [H9A; L15A]
affecting the associative process in place conditioning (memory reamtlethat is not
specific to reward, we tested the effectcatonotoxin MIl [H9A; L15A] on lithium
induced CPA, illustrated in Figure 6.2. We found that 50 mg/kg and 150 mg/kg lithium
(i.p.) resulted in significant place avoidance that was not altered by an i.eatianjof
either saline os-conotoxin MIl [H9A; L15A] (F 7, 38y= 3.957; p = 0.0036). We used
6pmol and 12pmol ad-conotoxin MIl [H9A; L15A] because these were the doses used in
several of our nicotine and cocaine CPP expression and acquisition studies. Jilese re
suggest thai-conotoxin MIl [H9A; L15A] is not attenuating nicotine and cocaine place
preference by acting on the associative memory process itself, but ratherassociative

process pertaining to the reward-like effects induced by nicotine or cocaine.
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Figure 6.2
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Figure 6.2 The Effect of a-Conotoxin M11 [H9A; L15A] on the Expression of Lithium
Induced Conditioned Place Avoidance.

Unilateral injection oti-Conotoxin MIl [H9A; L15A] (i.c.v.) had no effect on lithium

chloride induced place aversion in B6 mice. All groups exposed to 50 mg/kg or 150 mg/kg
lithium (i.p.) displayed significant place aversion compared to saline co(ifpsi8.05

compared to saline groups).
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6.3 Establishing Food Reward in Mice.

Since our data are suggesting an effegfft* NAChRs on both nicotine and
cocaine reward, another important question to address was whether the effect of
Conotoxin MIl [H9A; L15A] or genetically deleting6 subunit caused a general decrease
in reward (anhedonia) including the natural incentives for food and sex. We chose to
assess the effect afConotoxin MIl [H9A; L15A] or the genetic deletion of thé subunit
on food reward. In order to accomplish this, we first had to establish a successfudlprotoc
that resulted in place preference for food. Along with the minor modificatiociading
food restriction for 4 hours before each conditioning session, 4 conditioning days, and 40
minute long conditioning (previously described in section 2.3 and 2.4), we had to
determine which food would allow for place preference to occur.

Based on previous literature that reported using palatable foods high in sugar and fat
(Spiteri et al., 2000; Wise, 2006), we decided to induce food reward using peanut butter
chips or cheesecake, which are both high in fat and sugar. Figure 6.3 illustrages plac
preference for palatable foods. Mice displayed significant place preefencheesecake,
with scores significantly greater than those for the basic food pellet #kasnap their
regular diet (fz,400= 3.336; p = 0.0463 ). There was a trend for increased place preference
with peanut butter chips, but scores were not significantly greater than foetspelles.
These results indicate that with minor modifications to our CPP protocol,nadizce
place preference for cheesecake; therefore cheesecake was used fresibse
experiments that assessed the effect@bnotoxin MII [H9A; L15A] or the genetic

deletion of thex6 subunit on natural reward.
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Figure6.3
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Figure 6.3. Establishing Food Reward in Mice.

Using a slightly modified CPP protocol, we were able to induce place preféoence
palatable foods in B6 mice. Cheesecake induced significant place prefecenes
compared to both food pellet (*p<0.05 compared to food pellet).
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6.4 Food Reward in a6 KO and a6 WT Mice

To determine if the genetic deletion ofdBesubunit caused a general decrease in
reward including natural reward such as food and sex, we assessed food rewarbgduce
cheesecake in6 KO and WT mice illustrated in figure 6.4. After four days of
conditioning, botlw6 KO anda6 WT displayed similar place preference scores for the
context associated with cheesecakedy= 3.620; p = 0.0381). These results show that
the deletion ofi6 subunit does not result in general anhedonia or a learning/memory
deficit, thereby suggesting that the phenotypic effects of nullifying@hacotinic subunit
is specific to the reward-like effects of nicotine and cocaine, and notisgedibod

reward.
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Figure 6.4
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Figure6.4. Food Reward in a6 KO Mice

After four days of conditioning, boti KO anda6 WT displayed similar place preference
scores for the context associated with cheesecake)®3.620; p = 0.0381). Student
Newman-Keuls post hoc test did not result in any significant comparisons.
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CHAPTER SEVEN
Discussion

Nicotine is the main psychoactive constituent of tobacco and a major contributor to
tobacco dependence and addiction. There are many components to drug addiction, one of
them being reward, which motivates repeated exposure to a drug thereby adbewngib
and intensifying stimulus drug associations (Di Chiara et al, 1999). Nscatts in the
brain through nAChRs, and the predominant nAChR subtypes in mammalian brain are
those containing4 andp2 subunits. The4p2 nAChRs regulate many of the addiction-
related actions of nicotine and all current FDA-approved anti-smoking agegesttas
subtype. These smoking cessation aids have only been modestly effective amngint
abstinence, and have many undesirable side effects. Identification of relAGiR
subtypes with a more conservative distribution in the brain involved in drug reward is
essential to finding more effective treatments for smoking and drug addiction. O
research targets nAChRs subtypes that conth@nda6 subunits because they often co-
assemble with thp2 subunit which has abundant expression in the central nervous system
(CNS), and has previously been demonstrated to be crucial for nicotine reinforegmhent
reward (Corrigall et al., 1994; Maskos et al., 2005; Picciotto et al, 1998; Pons et al., 2008;
Walters et al., 2006) and has also been shown to mediate cocaine reward (Zachariou et

2001).
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7.1 a6p2* nAChRsareCritical for Nicotine Conditioned Place Preference
a6p2* NAChRs are complex heteromeric subtypes highly expressed on

dopaminergic neurons that play major roles in addiction to nicotine. Inagf2t,
NAChRs subtypes have high expression in catecholaminergic nuclei in midbramsreg
thought to mediate drug reward, play an important role in presynaptic dopamaserele
(Grady et al., 2002;Whiteaker et al., 2000) and have been reported to mediate nicotine
reward and reinforcement in rodents (Pons et al, 2008; Jackson et al., 2009, Brunzell et al.,
2010; Gotti et al., 2010; Drenan et al., 2008).

To complement previous studies implicati@$2* nAChRs in nicotine reward
and reinforcement, and to determine the role6gl* nAChRs using a behavioral test that
uses drug induced associations to contextual cues, we first examined thefbitibtine
to induce place preference in mice null for ésesubunit. Using our CPP procedure the
dose of 0.5 mg/kg nicotine (s.c) induced significant CPRThnmice, which is the dose
that normally produces the most robust place preference in our hands. However, this dose
failed to produce a CPP response&KO mice, which suggests that removal of dbe
subunit results in the elimination of the reward-like effects of nicotirtestimulate the
association to the visual and tactile contexts paired to it, that ultimatalyireplace
preference in mice. This data is supported in the literature by a study shbating KO
mice fail to self administer nicotine compared to WT littermates, butpeession of the
subunit in the VTA in the@6 KO mice reinstated the phenotype to self administer nicotine

(Pons et al, 2008).
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When examining place preference for various doses of nicotife KO mice, we
observed a significant increase in place preference for 1mg/kg nicotine, wisich wa
significantly higher tham6 WT littermates. We did not expect to see this effect, and we
predicted that it could be mediated @f2* nAChRs. 04p2* nAChRs have high levels of
expression in the midbrain (Klink et al., 2001), and previous work has illustrated the
necessity of2* nAChRs for nicotine reward and reinforcement in rodents (Corrigall et al.,
1994; Picciotto et al., 1998; Maskos et al., 2005; Pons et al., 2008, Walters et al., 2006).
We found that pre-treatment with BB, a selectivg§2* nAChR antagonist, followed by
nicotine exposure on conditioning days resulted in significant attenuation oheipddice
preference im6 KO mice, which suggests that place preference for the high dose of
nicotine ina6 KO mice is mediated 32* nAChRs. We can speculate that these findings
could be attributed in part to the increase-tonotoxin MIl resistant areas in striatum of
KO mice compared to WT mice, which are most likely represendfig* or a4p2(a5)*
NAChRs, which suggests the possibility of developmental compensation (Champtiaux e
al., 2002). This information ties into the common criticism that compensatorysesfec
other genes in transgenic mice may either mask the detection of the targeted ge
phenotype, or be confused for the phenotype of the null gene

In addition, we must take into consideration that nAChR subtypes may contribute
to the same function in the brain; suggesting the concept of receptor redundaremnbetw
various nAChR subtypes. Thereby the removal of one nicotinic subtype from the system
might not be enough to produce a detectable insufficiency in phenotype. This concept can

be used to explain whys KO, a3 KO, andB4 KO mice do not show any signs of
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developmental alterations in the visual system where high levels of theptoresubtypes
are usually expressed (Champtiaux et al., 2002). In contrast, removiu®)gbhbunit from
the autonomic ganglia, where it is expressed in high levels in combinatiofdaiésults
in autonomic dysfunction rendering these mice unviable (Xu et al., 1999). Thigidakete
effect is not observed 4 KO mice, even though nicotine induced currents in ganglion
cells were 98% diminished, verifying that ¥ subunit was not being replacedfi#/or
another nicotinic subunit (Xu et al, 1999). Instead, it appears that the r¢&ddodhe
system was sufficient to maintain the changes in the phenotype below the point of
detection.

Our KO data suggest tha632* nAChRs mediate nicotine place preference.
However, pharmacological data is also necessary to study a system witttaredrggene
pool. Therefore we assessed the roleGl* nicotinic receptors in the expression of
nicotine induced CPP using thép2* nAChR selective antagonist;Conotoxin Mli
[H9A; L15A]. We observed a dose dependent decrease in the expression of nicotine place
preference, suggesting that pharmacological blockadép@* nAChRs results in a
decrease of nicotine place preference, and therefore a decrease \watioelife effects of
nicotine which was not due to shift to the descending part of the inverted U shaped curve
typical for nicotine CPP. We found similar results of dose dependent decrease in the
acquisition of nicotine place preference, whei@€onotoxin MIl [H9A; L15A] was given
i.c.v. on nicotine conditioning days, further supporting the critical rotp2*nAChR in

nicotine place preference. These findings are in agreement with previous yabdaiimg
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a role fora6B2* in the rewarding and reinforcing effects of nicotine (Pons et al, 2008;
Jackson et al., 2009, Brunzell et al., 2010; Gotti et al., 2010; Drenan et al., 2008).

Although the literature is in agreement th662* mediates nicotine induced DA
neurotransmission, reward, and reinforcement, there is some divergence whesgsit@om
which a6B2* NAChR population in the brain is important for mediating nicotine’s effects.
Some studies implicate a role @8p2*in the Acb in nicotine reinforcement and nicotine
induced DA neurotransmission and release (Brunzell et al, 2010, Grady 2007 Exley 2008)
whereas others show that the VTA is primarily involved (Pons et al, 2008, Gotti et al,
2010). In the Gotti et al (2010) paper, infusiorma@onotoxin Mil in the Acb did not
affect the increase in DA levels induced by systemic nicotine, whereas wianinfused
into the VTA, they observed a significant decrease of nicotine induced DA levels. They
did remark that perhaps under their experimental set-Qonotoxin MIl had limited
diffusion and may not have reached nAChRs in the Acb that were outside the area that the
cannula permitted the-Conotoxin MIl to access (Gotti et al, 2010). Therefore
a6p2*nAChRs may not have been inhibited, explaining whystf@@notoxin Ml
infusions appeared ineffective.

The Pons et al., (2008) study showed fiZatn4, andu6 KO mice failed to self-
administer nicotine as WT counterparts did. However this phenotype was rescued when
the missing subunit was re-expressed in the VTA using a lentiviral vecttirough the
mice that re-expressed the missing subunit self-administered nicotsapttdefinite that
this phenotype was due to re-expressing the missing subunit specifically arsivexgin

the VTA. ltis likely that the lentiviruses traveled down the projections fleaWiTA to
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the mesolimbic terminals and re-expressed the missing subunit in those bians,regi
which could suggest that other regions in addition to the VTA are responsible for the
rescue of nicotine reinforcement observed in these transgenic mice.

The Exley at al. (2011) study reported that the majority of nicotine stimulated DA
release in the Acb was mediatedd®p2* NAChR (Exley et al, 2011). Furthermore they
observed thai6 KO mice readily self administered nicotine (ICSA) into the VTA samil
to WT, and systemic administration of 30ug/kg nicotine resulted in increasegrate of
DA neurons in the VTA in both6 KO and WT mice (Exley at al., 2011). These results
propose thati6* NAChRs in the VTA do not seem necessary in mediating nicotine induced
DA neuron firing or reinforcement, which is not in agreement with findings from Rons e
al., 2008 or Gotti et al., 2010. This is where it is important to be aware of the different
parameters under which the study was conducted, in terms of how nicotine was
administered (systemic vs. intracranial), the species (rat vs. mousd)eatmbkes of
nicotine that were used. The effects of nicotine were studied in a vergesti@csmanner
(intra-VTA infusions of nicotine only), and nicotine affects a whole systerardiftly than
in an isolated system or brain region. Also,dBeKO mice self administered nicotine at a
dose of 100ng, but did not do it as readily for 10ng nicotine. A dose effect curve would be
useful to understand the relevance of the nicotine doses used under these experimental
parameters.

When we infused 3pmai-Conotoxin MIl [H9A; L15A] into the Acb on nicotine
conditioning days we observed a significant decrease in nicotine place prefetance

results coincide with several studies including the Brunzell et al. (2010)whidly
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observes that antagonisma@32* nAChRs in the Acb shell significantly reduces
motivation to self administer nicotine, and the Exley et al. (2008) study showingsfi2at
responses dominate in the Acb, which suggests the importan6pa3fnAChRs during
early exposure in the acquisition of nicotine reward and reinforcement. Overalitaur
and data from other labs have implicated a critical role®32* nAChRs in the Acb in
nicotine reward and reinforcement.

All of our pharmacological studies usedonotoxin MIl [H9A; L15A] to
investigate the role af6p2* NAChRs in nicotine (and cocaine) place preference. The
development of theseconotoxins have benefited the nicotinic field tremendously because
of the selectivity that these peptidic compounds have at specific NAChR subtypes for
which there were previously no selective ligands. One of the unanswered quédsiigns a
thesen-conotoxins is their biological stability in a system and half-life in vivo. r&he
could be possible reduction or scrambling of the compound soon after exposure to
extracellular environments such as blood. Work is being done to improve the stability of
these compounds in a biological system, and one way to do this is to find a way protect the
disulfide bonds against any reduction or scrambling in vivo. Another limitation, is that
local levels ofu-conotoxin MIl [H9A; L15A] may affect its selectivity in the brain, and
there is always the possibility of unwanted diffusion. Ultimately, the dpuetnt of
antagonists that are selective &@82* nAChRs and can be administered systemically will
help us progress in finding more efficacious treatments for tobacco addictibrgd3utic
and pharmacological approaches have their limitations, but combining the resdtseof t

two approaches seems to confirm the role6p2* nAChRs in nicotine reward.
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7.2 a4* nAChRsare Critical for Nicotine Conditioned Place Preference.

It is well known that th&4 subunit is most often co-expressed withfResubunit
and thaw4p2* nAChRs have the highest affinity for nicotine and display the most
abundant binding to nicotine and nicotinic agonists in the CNS (Changeux, 200%)*
NAChRs are highly expressed in the midbrain (Klink et al., 2001), and previous work has
illustrated the necessity $2* NAChRs for nicotine reward and reinforcement in rodents
(Corrigall et al., 1994; Picciotto et al., 1998; Maskos et al., 2005; Pons et al., 2008, Walters
et al., 2006).

Using our CPP procedure the dose of 0.5 mg/kg nicotine (s.c) induced significant
CPP ino4 WT mice, which is the dose that normally produces the most robust place
preference in our hands. However, this dose failed to produce a CPP resp@hk©in
mice. This datum supports previous data in the nicotinic field suggestingithadAChRs
are necessary for nicotine reward, reinforcement, and striatal DAe€Rass et al., 2008;
Exley et al., 2011, Marubio et al., 2003, Tapper et al., 2004).

In contrast to the above-mentioned studies and contrary to our results, a recent
report found that mice null for thet nicotinic subunit showed similar place preference
scores to WT littermates for 0.5 mg/kg nicotine (i.p.) (Cahir et al., 2011). TR&rstudy
used a different route of administration (i.p. vs. s.c.), used a biased design wiare init
baseline preference scores were not included when calculating finabpreefescores on

test day, and they did not include a saline control. This was the same groupegenerat
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mice null for thend nicotinic subunit in 2000 in Australia (Ross et al, 2000) and reported
observations of higher levels of basal anxiety4riKO mice compared to WT littermates

in the elevated plus maze test. This is also wheredHO mice originate (although they
have been backcrossed for 10 generations onto B6 background in the United States) so it
was important for us to determine if tid KO mice we used for CPP that showed a
decrease for nicotine place preference, did have higher levels of basal,amiieky

would perhaps be a confound in our study. We tested ndik® and WT mice in

elevated plus maze, and found no differences in the basal anxiety levels and docomot
activity of these mice. This can be explained by the fact that #4el<® mice have been
backcrossed to B6 mice for several generations since the observation of basaimanxiety
theod KO mice that were first generated. Therefore the anxiety could stenthfeom
background Balb/c strain that was used to create these mice; the Balio/basrbeen

shown to have higher anxiety compared to B6 (Michalikova et al., 2010). This is further
supported by the generation of othdrKO mice that used 129 background strain crossed
with B6 (Marubio et al., 1999), and another linexdfKO mice that used B6 as their
background strain crossed with B6 (McGranahan et al., 2011) which did not show changes
in basal anxiety levels.

Recently, several studies have implicated bdtlanda6 in nicotine’s effects on
dopaminergic circuitry.a4a6p2p3* NAChRs display the greatest sensitivity to nicotine
(EC50 = 230 nM), with high affinity for nicotine and ACh binding (Salminen et al., 2007).
Enhanced nicotine induced DA release ind&e&KI mice, was reduced when thé

subunit was removed from their system, indicating dda6p2* nAChRs are key players
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in the cholinergic control of DA neurotransmission. Another study that coincides with
those results showed that at terminals in the Acb, botlaad thex6 subunits were
necessary to maintain nicotine-sensitive cholinergic regulation of DAsee(éxley et al,,
2011). We found that removal of thd subunit o6 subunit, or antagonism aép2*
resulted in a decrease in place preference for doses of nicotine that produce robust pla
preference in normal WT mice; our data proposes a critical rotelf@*, a6p32*

nAChRs, and while our data do not directly verify this, they also sugges#tiGf2*
NAChRs are critical for nicotine place preference.

As the field progresses in understanding the contribution of the various nicotinic
receptors to the effects of nicotine in the CNS, several ideas have beenediscuss
Mansvelder et al., (2002) Exley et al., (2008) among many others have shown that nicotine
disrupts basal ACh activity at DA neurons. Mansvelder and McGehee (2000) have
reported that nicotine desensitize2*nAChRs involved in GABAergic transmission
thereby causing disinhibition of DA neurons, while activatiiy nAChR involved in
glutamatergic transmission thereby facilitating excitation of DA eresitvhich increases
DA neuron activity and DA release in the mesolimbic system resultidgpiretvard-like
effects of nicotine. In the mesostriatal and mesolimbic DA sysiép2* nAChRs are
expressed in cell bodies and axon terminals of midbrain and striatal DA and GABA
neurons. Although there have been recent reportsufit* nNAChRs may be located on
GABAergic terminals in the VTA (Yang et al., 2011), it is well establishadlthey are
predominantly expressed on DA neurons in the mesolimbic system, and are involved in

nicotine reward, reinforcement, and DA neurotransmission. The current coompdét
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studies along with our results pertainingi&p2* ando4f2* nAChRs have added to our
understanding of the contribution of the various nicotinic receptors in nicotine reward and
reinforcement.

7.3 a6* NAChRs, but not a4* nAChRs, are Critical for Cocaine Conditioned Place
Preference.

Several studies have shown that nicotinic agonists and antagonists t@odula
cocaine reward, reinforcement, and sensitization (Champtiaak, &4006; Horger et al.,
1992; Levine et al., 2011; Reid et al., 1998; Reid et al., 1999; Zacharidy 20@d;
Zanetti et al.,, 2007). Our research targeté&f and a4* nAChRs subtypes in the
investigation of nicotinic receptor modulation of cocaine rewardusecthey are often co-
expressed with th@2 subunit, and32* nAChRs are known to be crucial for nicotine
reinforcement and reward (Maskos et al., 2005; Picciotto et948; Walters et al., 2006)
and have also been shown to modulate cocaine reward (Zachariou et al., 2001).

Using our CPP procedure, we saw a genotype dependent effect where cocaine
preference was reduceddf HET mice (which express half the amount.6f2*

NAChRS), and totally eliminated 6 KO mice compared @6 WT counterparts. To
complement this data, we also observed a dose dependent decrease in the expression of
cocaine place preference with i.c.v. injections-@onotoxin Mll [H9A; L15A], and a
decrease in the acquisition of cocaine place preference as well. Whegetedahne Acb,

we observed a significant but partial reduction for cocaine preferencgdbahediated by
a6B2* nNAChRs in Acb, which suggests thaép2* nAChRs in other brain regions are

contributing to the effect of cocaine on CPP, or there is the possibility thattieepéher
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substrates involved. Overall these results propose@idat nAChRs in Acb are
important, but are not the only brain regions/substrates mediating the acquisit
cocaine place preference. Our results expand on the study implicatinga f@en
cocaine place preference (Zachariou et al., 2001), by suggesting isahe subunit co-
expressing in the nicotinic subtype mediating the reward like effects aiheocOur
results implicatingi6p2* NAChRs in Acb in cocaine reward can be explained by the
mechanisms underlying the reports of psychostimulants enhancing the rele&@einf A
the Acb and increasing responsiveness of cholinergic neurons during acute aratirepea
drug exposure (Nestby et al., 1997).

a4B2* nAChRs are also highly expressed in the midbrain (Klink et al., 2@0)
previous work has illustrated the sufficiencyodf* nAChRs (Tapper et al., 2004) and the
necessity ofud4p2* nAChRs for nicotine reward and reinforcement (McGranahan.gt al
2011; Pons et al., 2009) and nicotine induced DA release in rodents (Dtexia@C4.0;
Marubio et al. 2003). McGranahan et al. (2011) reported that weditenAChRSs
specifically on dopaminergic neurons were necessary for nicplate preference, they
were not for required for cocaine place preference. Alongahe dine, we found that
botha4 KO and WT mice displayed similar cocaine place prefereraresacross several
doses of cocaine, suggesting thdt nAChRs are not required for cocaine reward in the
place preference test.

We confirmed the role ai6p2* nAChRs in cocaine place preference by exposing
a4 KO mice to thea6p2* nAChRs selective antagonist and then testing them for the

acquisition of cocaine place preference. We found dh@abnotoxin Mil [H9A; L15A]
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caused a significant decrease in cocaine place prefereindek® and WT mice, which
confirms the role of6p2* NAChRs in cocaine place preference, and also suggests that
a6p2* NAChRs are the main receptor subtypes mediating the effectscaine and do not
require thex4 subunit.

Progress has reported that a nicotinic component is involved in the rewarding and
reinforcing effects of cocaine (Champtiaux et al., 2006; Horger et al. 1992elet al.,
2011; Reid et al. 1998; Reid et al., 1999; Zachariou et al., 2001; Zanetti et al.,2007; Levin
et al. 2000; Blokhina et al. 2005; Fiserova et al., 1999; Nesthy et al., 1997)). Indeed the
Pedunculopontine tegmentum (PPTg) and laterodorsal tegmentum (LDTg) fibess suppl
heavy cholinergic input to the mesolimbic system that is robustly involved irmeagiof
DA neurons (Lanca et al.,20000.7*nAChRs in midbrain located on glutamatergic
terminals projecting from cerebral cortex4f32* nAChRs located on GABAergic
terminals and DA cell bodies in midbrain, amtf anda6* NnAChRs on dopaminergic
terminals in midbrain neurons are all capable of responding to PPTg/LDTg derived AC
(Calabresi et al., 1989). In the mesolimbic systeffi2* nAChRs are expressed in cell
bodies and axon terminals of midbrain and striatal DA and GABA neurons. In contrast,
a6p2* NAChR expression is predominantly restricted to DA cell bodies and axon
terminals, and are therefore more exclusively involved in mediating DA naasatission
when targeted in the whole system. Given this information, we can speculate that a
possible mechanism explaining our cocaine results would be that interferimtpevit
cocaine induced PPTg/LDTg excitation and cholinergic activitatia®@g?* nAChRs on

DA neurons in the mesolimbic system by inhibiting or removingréhsubunit ultimately
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results in the disruption of an important neuromechanism involved in the attainment of the

reward like euphoric effect of cocaine.

7.4 Lithium Conditioned Place Avoidance and Food Reward are not altered by
pharmacological or genetic manipulations of a6* NAChRs.

The study of drug reward and reinforcement involves fundamental principles of
learning and behavior. CPP is considered a Pavlovian type of learning, whereishe US
trained to be associated to the CS via the appetitive effects of the US. dtiatassof
US with CS involves memory formation and memory recollection. It was negégsar
assess the specificity of hedonicsxetonotoxin MIl [H9A; L15A] and the inactivation of
the a6 nicotinic subunit.

We tested the effect od-conotoxin MIl [H9A; L15A] on lithium induced CPA,
and found that lithium induced a conditioned place avoidance that was not altered by
exposure ta-conotoxin MIl [H9A; L15A]. Furthermore, lithium induced a significant
CPA ina6 KO mice. Overall, our results show thatonotoxin Ml [H9A; L15A]
decreased nicotine and cocaine place preference without having an effect dn overa
memory or causing confusion in the mouse as indicated by the ability of théomice
associate the context paired with the aversive properties of lithium atidmescenemory
on test day of CPP.

We also addressed the involvement ofdBesubunit in natural reward, specifically
examining place preference for cheesecake. We found that cheesecakeewadolce

similar place preference profilesa KO mice and WT littermates, suggesting that
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inactivation of thex6 subunit does not result in a general decrease in reward (anhedonia)
specifically pertaining to the natural incentive for food. Previous work has shoithe¢ha
a-conotoxin MIl compound had no effect on rats responding to a cue-only stimulus
(Brunzell et al., 2010), or on the rate that rats were self-administeringrfdbd Gotti et
al. (2010) study. It is important to note however, that the rats in the Gotti et alwsrely
severely food restricted, and this may have heavily influenced the outcome of the
assessments. Sineeconotoxin MIl [H9A;L15A] is an analogue @fconotoxin MiIl, this
helps to support our results showing the lack of involvememtoainotoxin Mil
[H9A;L15A] on food or other non- psychoactive drug stimuli.
7.5 Future Directions.

Our data suggests a critical role fo8[1* and [1411* nAChR in nicotine
reward, but only 16[11* were found to be required for cocaine conditioned place
preference. To expand on these studies, it would be beneficial to investigedpzhe
NAChR component in cocaine induced striatal DA release, which would further support the
involvement ofu6p2* NAChRSs in cocaine reward. Also, investigating the role6gl*
NAChRs in other behavioral models of reward, such as intracranial self-stonudaself
administration, would be useful to confirm our CPP results. It would also be intgreesti
determine the role af6p2* NAChRs in cocaine locomotor sensitization, which underlies
synaptic plasticity and long term potentiation of synapses that modify neatairg
affected by cocaine. As other measures of assessing the speciffegtyaofics for our

CPP results, it would be of interest to assesenotoxin Mll [H9A;L15A] anda6 anda4
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KO mice in fear conditioning which also uses contextual cues and learniitay $ovthe
contextual learning used for CPP.

a6p2* NAChRSs very often co-assemble with f&subunit. Determining its
relevance in nicotine and cocaine CPP would further characterize the subumtakba
up the discrete nicotinic receptor subtype that mediate nicotine and coeeand.rd he
B3 subunits encoded by a gene adjacent to the geneGicand its expression is pertinent
to functionalo6* NAChRs (Cui et al, 2003). Also, population§38fnAChRs have been
identified as sensitive t@Conotoxin MIl and have been shown to modulate striatal DA
release (Cui et al, 2003). In the absence of specific antagonists/agontse nativg3*
subtypesp3 KO mice should be used. CPP experiments fatKO mice should be

conducted across a range of nicotine doses (0.1-2.0 mg/kg).

7.6 Concluding Remarks.

Tobacco smoking is a prevalent addiction that constitutes the leading cause of
preventable death and disease. Cigarettes produce CNS effects in ainsattends when
smoked. Each puff of cigarette provides reinforcement, and for heavy smokersbitis ha
is reinforced hundreds of times daily. Environmental cues, social settinggeand t
anticipation and physical act of smoking all become repeatedly associtdteder
rewarding effects of nicotine which contribute to the resilience of nicotipendience
illustrated by the high relapse rates in smokers who try to quit. Several $tadees
investigated the relevance of environmental cues to smoking phenotypes and hiighlight t

impact that they have on smoking addiction and the tendency of addicts to relapse.
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Current nicotine cessation therapies only produce up to a 30% successful abstteence ra
and are beset with adverse systemic and some neuropsychiatric sitke éfffee low
efficacy and adverse side effects can be partly explained by the ladkativedy targeting
relevant nicotinic receptors that are involved in smoking addiction. Most currerngigsera
are not targeted towards one specific NAChR subtype, and many willed@atnAChRs
which have a ubiquitous expression profile in the CNS. Our goal was todérgetio4
subunits in our research because they are often co-expressed \Rsthminit which has
been established as a critical subunit in nicotine reward and reinforcementleMaace
of contextual cues in addiction have been confirmed by several human and anims] studie
which is why we chose to conduct our assessments of these receptor subtypesia nicoti
and cocaine reward using conditioned place preference which involves the association of
visual and tactile cues to the drug. Our results coincide with other studiesphedtiena
critical role fora6p2* anda4f2* nAChRs in nicotine reward and reinforcement. Given
the neuroanatomical distribution @p2* nAChRs on catecholaminergic neurons and the
behavioral assessments involving this receptor subtype, these studies arengutigest
inhibition of a6p2* may be a valuable approach for smoking cessation treatments. Our
studies also provide the first evidence for an important role of these subtypesvioiatha
effects of cocaine.

The role ofi6p2* NAChRs extends beyond addiction to neurological diseases
including Parkinson’s disease6p2* nAChRs are expressed not only in the mesolimbic
system, but also found in the nigrostriatal dopaminergic system which is pyimari

involved in movement; the loss of dopamine neurons in this pathway is one of the main
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features of Parkinson'’s disease. Studies have shown that there is a decir@asedoacof
Parkinson’s disease with smoking (Gorell et al., 2004; Ritz et al., 2007, Thacker et al
2007). One study found that nicotine pretreatment resulted in protection against
nigrostriatal damage in rats and monkeys, which my be linkedo632* nAChRs
(Huang et al, 2009) Data suggest that drugs targe6hgAChRs may be beneficial for
the treatment of smoking addiction, Parkinson’s disease, and other disorders with
movement and locomotor deficits.

To conclude, It is important to remember that nicotine dependence is due to complex
behavioral traits that are influenced by genetics and environment. Nicotine andragser
are not consumed for the sole purpose of pleasure and euphoria, but can be used for milder
forms of gratification including stress relief, anxiety relief, improvegnition, mood, and
performance, reduction of fatigue, decreased appetite, and for social purposgsnaany
others. In fact, smokers report that they smoke for many of these reasons (Brandon, 1999)
Therefore as the field progresses, the ideal combination of psycho and pharrapceghe
would be those that are geared towards the individual's genetic background and the
lifestyle they lead which governs when, why, and how often they smoke. Hopefully new
and improved nicotine cessation therapies that ta@ehAChRs will be developed in the
future to bring about improved abstinence rates in people struggling with addiction but

striving to be tobacco free.
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