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CHAPTER 1

“General introduction”



NICOTINIC ACETYLCHOLINE RECEPTORS

Structure, stoichiometry and ligand binding site

The nicotinic acetylcholine receptors (nAChRSs) kgand-gated ion
channels which belong to a gene superfamily indgdhe GABA,,
glycine and 5-hydroxy tryptamine (5-HT) receptoRaferson and
Nordberg, 2000). These are known as Cys-loop recgpas all of
them have a conserved sequence containing a patysikines
separated by 13 residues and linked by a disulfiidge. nAChRs
can be divided into two groups: muscle receptotsclvare found at
the skeletal neuromuscular junction, and neurce@@ptors, which are
found throughout the peripheral and central nensystem (Hogg et
al., 2003). Both muscle and neuronal nicotinic ptoes have a
pentameric structure consisting of five subunitsuad a central pore
selective for cation. There are multiple nAChR sutsj whose genes
have been cloned (Paterson and Nordberg, 2000). sthminit
composition of fetal muscle nAChRs ig){3y6 and in the adulf is
replaced by to give an ¢),ped composition. In contrast, the neuronal
NAChRs can be found as homopentamers or heteropergaof
subunits a and B (Fig. 1), which exhibit distinct kinetics, ion

permeability and pharmacological profile (Gotti abl@menti, 2004).



Fig. 1 Homopentameric and heteropentameric receptors
(Hogg and Bertrand, 2004)

To date, ninex subunits ¢2-0410) and thredd subunits 2-4) have
been described; these are differently expressedghiout the nervous
system (Colquhoun et al, 2003).

The o7, 08, a9 subunits prevalently form homopentamers, whereas
a2-04, B2 andp4 subunits usually formafz(B)s functional channels
(Anand et al, 1991). Th@3, a5 and a6 subunits do not form
functional receptors when expressed alone or witsingle type ofa

or B subunit. They are thought to associate with haterec receptors

in vivo, and modulate their properties (McGehee and Rb8S5;
Ramirez-Latorre et al, 1996).

Other stoichiometric combinations of subunits aosgible, such as
(0)1(B)4, ()3(B)2 and €)4(B)1. When tested in heterologous expression
systems, they turn out to be functional but sholeveer affinity for

the agonists compared t@){(B)s (LOpez-Hernandez et al, 2004).



Subunit Gene Chromosome
a2 CHRNA2 8p
o3 CHRNA3 15q
ad CHRNA4 20q
o5 CHRNAS 15q
a6 CHRNAG 8p
ol CHRNA7 15q
a9 CHRNA9 8

al0 CHRNA10 11p
B2 CHRNB2 1q
B3 CHRNB3 8p
B4 CHRNB4 15q

Table 1: Locations of the genes coding for nAChR subunitshumans
(Colquhoun et al, 2003)

Each nAChR subunit consists of an extracellulaeiainal domain
which partakes in the formation of the ligand-bmglidomain, four
hydrophobic membrane spanning domains (M1-M4) amil a
extracellular C-terminal domain. The intracellulaop between M3
and M4 contains consensus sequences for phosptionykates (Fig.
2; Paterson and Nordberg, 2000). The N-terminal aionof thea
subunits comprises most of the binding site. Irtipalar, it contains
three loops A, B, C, which are involved in ACh bimgl The adjacent
subunit comprises three loops D, E, F with an aamgsrole in ligand
binding. The M2 segments of the five subunits atigg pore and the
residues located along the entire length of M2 thiedN-terminal end
of M1 form the ion conduction pore (Hogg et al, 3pBome of these

residues are involved in ion selectivity, permagbiand channel
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gating. The electrostatic profile of the channelrepchas been
investigated by site-specific mutagenesis experimefhe pore
comprises a region of putative negative chargesyéd by a ring of
glutamic acid residues, which favors cation enBggcual and Karlin,

1998).

o4 p2 o3p2p4cs a7, o8, a9
Muscle AChR Neuronal AChR Neuronal AChR Neuronal AChR
gt W\ B2 7 o3 @:
‘al iﬁﬁ ‘GB '
) 2_ ACh 2 ACh 2 ACh 5 ACh
Binding sites Binding sites Binding sites Binding sites
g HoN

Ligand binding
domain
e

Extracellular

T

ICLICLLL

M-

Intracellular

Fig. 2 Nicotinic receptor structure. A. Pentameric stuoet subunit
stoichiometry and number of binding sites of musoid neuronal nicotinic
receptors. B. Nicotinic receptor sequence. Highédhin the box is
transmembrane segment M2 which is thought to fdrenlining of the ion

channel (Paterson and Nordberg, 2000)
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In order to define how ligands bind to the receptiod the signal for
channel activation or gating is transduced, ligandse studied
through ligand-binding and functional assays in boration with
site-directed mutagenesis (Albuquerque et al., 200%hen a ligand
such as nicotine binds, it does it in a hydrophglicket formed at the
interface between thex subunits and their adjacent subunits
(Corringer et al, 2000; Itier anBlertrand, 2001). Most of the binding
pocket is formed by a loop in thesubunit that contains a Cys-Cys
pair at its apex. This loop extends like an inteking finger around
the face of the adjacent subunit. In addition ® @ys-Cys pair, other
residues required for ligand binding are predomilyanydrophobic
aromatic amino acids. The identity of the hydropbokesidues
present in the loop determines ligand affinity, ve@s the other
residues determine ligand selectivity. (Albuquerqgete al, 2009).
Heteromeric NAChRs withaj2(B)s subunit stoichiometry are thought
to have two ACh-binding sites. A total of five AQimding sites is
present in homomeric receptors. Two sites mustdeemed by ACh
in order to induce significant channel activatiélogg et al, 2003).
Ligand binding is converted by the receptor striectinto channel
opening within microseconds, suggesting that th&resrprotein
structure is well tuned to convey rapid conformagiochange (Sine
and Engel, 2006).

The activation gate (the domain whose conformatichange opens
the pore) is probably located in the central regpdnthe M2 domain
(Wilson and Karlin, 1998). The channel region thlastructs the pore
in the desensitized state is also found in the M&ain closer to the
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extracellular mouth of the pore (Wilson and Kar2@01). Changes in
the M1 and M2 domains are implicated in coupling &Ch-binding
site and the channel activation gate (Akabas andinkal995). In
order to open the channel to ion flow, ligand bingdinduces rotation
of the extracellular domain, and this is translated rotation of the
M2 helices. This process involves the transient ovah of
hydrophobic barrier residues from the pore, aneiase of the pore
diameter, and the movement of hydrophilic residués the channel
to support ion flow (Albuquerque et al, 2009).

NAChRs have often been presented as prototypes llotesic
membrane proteins (Changeux, 1990; ItidBertrand, 2001). These
proteins can exist in different states and undespmntaneous
conformational transitions (Rush et al, 2002). édtr the equilibrium
between conformational states favours the closatk.sExposure to
agonists stabilizes, on a microsecond-to-millisecaimescale, the
receptor in the open state (activation), with a kEffinity for ACh (1-
10 uM). In the presence of agonist, the channel can atsume one
of two desensitized closed states, | and D, whieh rafractory to
activation on a millisecond-minute timescale, Ixhibit high affinity
for ACh (10 nM-1uM) (Galzi and Changeux, 1995). Transition from
one state to another depends upon both the preséracéigand and
the isomerization coefficient. Binding of a molezw@t a site distinct
from the agonist-binding site may interact with tis®merization
coefficient. Molecules which reduce the isomer@atcoefficient are
termed positive allosteric effectors, whereas camnps that increase
the isomerization coefficient are termed negatillesteric effectors
(Buisson and Bertrand, 1998).

13



Pharmacology of nAChRs

The multiple possible combinations of nAChR sulsiptoduce a
multitude of nicotinic receptors with distinct phaacological and
physiological profiles.

The studies which characterize nAChRs are baseoirmiing assays
with nicotinic radioligands in different brain aseaand have
demonstrated that there are at least two main pd@riogical classes
of putative nAChRs in the nervous system. The tiype consists of
receptor molecules which birftH agonists with nM affinity but not
aBungarotoxin ¢Bgtx), and the other that bind the agonist witii
affinity and aBgtx with nM affinity. The first group contains tte2-
a6 andf234 subunits; thus, only heteromeric receptors arméd.
The second group contains homomeric or heteromeceptors made
up of a7, a8 or a9, al0 subunits (Patterson and Nordberg, 2000;
Gotti and Clementi, 2004).

Agonists

Besides the main pharmacological agonist Ach, isteof nicotinic

agonists is long and consists of natural compoldasline, nicotine,
cystisine, lobeline, epibatidine, anabaseine) amihgtic compounds
(tetramethylammonium (TMA), 1,1-dimethyl-4-phengerazinium

(DMPP) and carbachol) (Karlin, 2002; Colquhoun let 2003; Dani

and Bertrand 2007).
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ACh: acetylcholine is an ester of acetic acid andiscBoThe EC50
value for homomeric receptors is approximately leev80- 15 M.

In heteromeric receptors, suad32, the acetylcholine concentration-
response relation shows a high- and a low-affioitgnponent because
two receptor subpopulations exist with differenbwoit stoichiometry
that determine distinct affinity profiles. The EC&8lues for thex432
subtype are around 0.7-1p8 for ACh high affinity receptors and
68-74uM for low affinity receptors.

Nicotine: is an alkaloid. Nicotine is a non-selective nAChgbnist
interacting with the different neuronal receptobtypes with various
affinities, from 1 to 13QuM. Applications of nicotine provokes first
the stabilization of the receptor in a high-affindpen state followed
by a progressive stabilization of a closed deseesitstate. Long
exposure to a low concentration of nicotine favamceptor

desensitization (Catassi et al, 2008).

Choline:it is a useful agonist fax7 receptors but it is ineffective or a

very poor partial agonist am334 anda4p2 - type receptors.
Cytisine: it is a potent and efficacious agonist on hetermsme
containing thef4 subunits but it is only a partial agonist @88

containing receptors.

DMPP:it is a nonselective agonist but it is very potentheteromeric

receptors. It becomes a full agonist following esyre to ivermectin.
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Antagonists

Functional studies usually report antagonisi,IZalues. Furthermore
ICso experiments do not tell us anything about the raeEm of

action of the antagonist, if is a competitive aotagt or open channel
block. Much potentially valuable information on thending site is

lacking. This is true for functional studies and fonding studies.

Binding assays for neuronal nicotinic antagonigt displacement of a
labeled agonist by the antagonist.

Below | will describe the antagonists that are massful for receptor
classification (Colquhoun et al., 2003).

a Batx: It is a peptide of 74 amino acids. It belongde family ofa-
neurotoxins. These toxins, present in the venomselapid and
hydrophid snakes, are high-affinity competitiveibitors of ACh in
striated muscle (Karlin, 2002).

This toxin is often used at concentrations betw&@mand 100 nM so
as to specifically targett7 subtype receptors. The block is nearly
irreversible. Thea9 and a9/a10 homomeric receptors are also

sensitive to nanomolar concentrations of this aoée.

K-Bgtx: It is a peptide of 66 amino acids. It is a contpegiblocker of

neuronal receptors and it is particularly potenti@f2 receptors.

Methyllicaconitine (MLA): It is an alkaloid derived frorDelphinium

brownii, which competitive by blocka7 receptors at low nanomolar
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concentration (2-5 nM). It also inhibits heterormereceptors but at

considerably higher concentration.

Strychnine:lt is a good competitive antagonist of thé anda9/a10

homomeric receptors at submicromolar concentrations

Dihydro{3-Erythroidine (DH3E): It is an alkaloid obtained from the

seeds of several species of the geBughina It is a competitive
antagonist for some nAChR subtypes. It is effecatvzeubmicromolar
concentrations on the4p2 anda4p4 receptors, whereas it is a poor

antagonist oti334 anda7 receptors.

aConotoxins:There are different types of these toxia§€onotoxins
Iml are effective antagonists of homomeric receptaConotoxins
MIl are selective for rat332 and other heteromeric and homomeric
combinations of rat neuronal subunits. Rat homatna¥i receptors

are resistant to this toxin.

Mecamylaminelt is not selective for the different receptor égpand

it is effective at low micromolar concentrationst goncentrations
higher than tM, it is an open channel blocker on recombirna{2.
This antagonist gives rise to a persistent block &strapped in the

channel.

(+)-Tubocurarineit is a natural alkaloid obtained from the barklof

South American plantChondrodendron tomentosumit blocks

nNAChRs at micromolar concentration.
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lonic permeability

The nAChR are selective, to monovalent and divaleations.
Nicotinic receptors’ activity causes depolarizai@md the calcium
permeability plays the usual important physiolobrcée .

All nicotinic receptor subtypes are calcium permealihe most
permeable are the homomeric recet@randa9 (Colquhoun et al,
2003). The relative permeability of calcium to sodiestimated from
permeability ratios i$10.1 for muscle[12.0 for heteromeric neuronal
and= 10 for homomeric nAChRs (Dani and Bertrand, 2007).
Calcium has multiple effects on nicotinic receptd¥st only is it to
some extent permeant, but extrecellular”’Calso modulates the
agonist response of NnAChRs. The nicotinic recepoeprogressively
potentiated by [Cd],, up to the physiological concentration (Mulle et
al, 1992; Vernino et al, 1992) , whereas higher®{lga produces
channel block (Buisson et al, 1996). This issuiiither discussed in

chapter 3.
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Localization and distribution in the central nervous system (CNS)

postsynaptic receptors

axonal receptors

:
i

Fig. 3 Putative location of NAChR on a central neuron
(Hogg et al, 2003)

Neuronal nAChRs are present in a variety of CNSoreg They are
found on cell bodies or dendrites, where they madiate direct
postsynaptic effects, or on axon terminals, whieey tnay play a role
in modulating neurotransmitter release. NAChRsadse observed in

extrasynaptic locations (Fig. 3; Hogg et al, 2003).
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Presynaptic nAChRs

Modulation of neurotransmitter release by presyicapAChRS is

probably the prevalent nicotinic role in the cehtmarvous system.
Activation of presynaptic nAChRs potentiates theease of many
different neurotransmitters (Paterson and Nordb29§0). Nicotinic

agonists enhance, and nicotinic antagonists oft@mdh, the release
of ACh, dopamine, norepinephrine, and serotonin, vadl as

glutamate and GABA, in different brain regions (Dand Bertrand,
2007).

The activity of presynaptic nAChRs can initiateraaellular calcium
signals that enhance neurotransmitter release ffereit ways
(McGehee and Role, 1995; Role e Berg, 1996; Worthak@97; Gray
et al, 1996). Nicotinic receptors mediate a smallciom influx

(Seguela et al, 1993; Castro et al, 1995; Verninal,e1994) which
can triggercalcium-induced calcium releageom intracellular stores
(Sharma et al, 2003). In addition, nAChR activityoguces a
depolarization which can activate voltage-gatedioat channels in
the presynaptic terminal (Tredway et al, 1999). ©herall effect is
that presynaptic nAChR activity elevates intraterahicalcium, with

ensuing stimulation of neurotransmitter release.
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Postsynaptic nAChRs

NAChRs present on cell bodies and dendrites ofralemteurons
mediate fast nicotinic synaptic transmission (Hogig al, 2003).
Although fast nicotinic dependent depolarization ivels

neurotransmission of neuromuscular junctions andoramic

ganglion synapses, only rare cases of fast nieotransmission have
been reported in the mammalian brain.

The hippocampus, a cerebral structure involved aarding and
memory, contains a high amount of nAChRs (FabiareFet al,

2001). Most of them are located on GABAergic ingnmons, but
some are also present in pyramidal neurons (Ji let2@01).

Hippocampal nAChRs can modulate the induction ohagyic

plasticity and may thus, at least in part, exptaim effect of nicotinic
agonists on learning and memory (Ji et al, 2001).

Evidences of postsynaptic roles of nAChR have b&sen obtained in
the developing visual cortex (Lecchi et al, 2006} dypothalamus
(Hatton and Yang, 2002).

In the spinal cord, the VII and Xl nuclei exprebgteromeric
NAChRs of the heteromeric type, whereas the X msctontains the
a7 subunit. nAChRs are also present in Renshaw ,cdlls
subpopulation of spinal glycinergic interneuronstiation of these
neurons by motoneuron axon collateral results aunrent inhibition

(Curtis and Ryall, 1966).

Because cholinergic neurons in the brain are usuldbsely

distributed and often sparsely innervate broad sared is

experimentally difficult to stimulate a large numlé# these neurons
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and to record from the precise location of theireirvation. It is likely
that fast nicotinic transmission is present at ldensities in more
neuronal areas than has been reported until nowradyhowever,
evidence suggests that direct, fast nicotinic trassion is not a major
excitatory mechanism in the mammalian brain (Damd &8ertrand,
2007).

Extrasynaptic nAChRs

Nicotinic receptors are also distributed to preieal)y axonal,
dendritic, and somatic locations (Lena et al, 138gi et al, 1999)
Preterminal nAChRs located before the presynaptiminal bouton
indirectly affect neurotransmitter release by atiivg voltage-gated
channels and, potentially, initiating action potiaist (Alkondon et al,
1997; Lena et al, 1993; Albuquerque et al, 200 €vidence for
preterminal NAChR is strongest at some GABAergitapges, where
they can produce local membrane depolarizatiormglhyeactivating
voltage-gated CGA channels and consequently GABA release.
Alternatively, activation of nonsynaptic nAChRs caiter the
membrane’s impedance, thereby altering the spaostamt of the
cellular membrane. These factors influence theagbend efficiency
of synaptic inputs. Strategically located nAChRs/reaable an action
potential to invade only a portion of the axonaldendritic arbor by
locally inactivating some voltage-dependent chasndlonsynaptic
NAChRs could also contribute to control the thrédhimr action
potential (Dani and Bertrand, 2007).
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Distribution of nicotinic receptor subunits in the human brain

In comparison to muscarinic receptors, neuronal MRE are
expressed in relatively low density in the humaairr Their pattern

of distribution is relatively homogenous and is nedtricted to brain
cholinergic pathways. Nicotinic receptors are pnése a variety of
brain structures, in particular the thalamus, coded the striatum.
This distribution of receptors determined by immeytochemistry in
rodents is consistent with the distribution of f@oes described in the
human brain by PET (Positron Emission Tomographg ia situ
hybridization. a432 nAChR constitutes the predominant subtype
present in the brain. (Paterson and Nordberg, 2G0@;j et al, 2006).

2: its distribution is fairly homogeneouB2 mRNA shows a strong
signal in the insular cortex, the granular layethaf dentate gyrus, the

CAZ2/3 region of the hippocampus, cortex and cetefvel

a3: its mMRNA is most abundant in the thalamiiiss present in low to
moderate amounts in most cortical regions and lugmppus. In the
cortex, a3 MRNA is most predominantly expressed in pyramidal

neuron layers IlI-1V.
a2: Its mMRNA expression is very high in the thalamuashie cingular,

temporal, parietal and occipital cortex, whereas ekpression is

moderate in the hippocampus.
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a4: The expression ai4 mRNA is higher in the temporal cortex and
cerebellum. Its distribution in the neocortex isremavidespread than

the distribution ofx3, but both are associated with pyramidal neurons.

a7: The reticular nucleus of the thalamus, the laterad medial
geniculate bodies and the horizontal limb of thegdnal band of
Broca are regions with high levels @f mRNA. In the frontal cortex,
a7 mRNA is high in layers Il and Ill, moderate iry¢as V and VI and

low in layers | and IV.

a5 B3 B4: These subunits can be detected in the spinal coedulla
oblongata, cerebellum, mesencephalon, subcortioeébfain and

neocortex.

The pattern of nAChR expression over time suggdssés these
receptors play a particular role during brain depelent because their
concentration is high during the stage of synapeemdtion
(Mansvelder and Role, 2006). nAChRs are of grelavamce in two
critical periods for brain life: early pre- and pmtal circuit
formation, and cell degeneration during aging.
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Brain region p2 p3 p4 a3 a4 a5 ai
Prefrontal Cortex + 4+ o+ 4+ o+ + 4+
Motor Cortex + + o+ ++ + + 4+
Entorhinal Cortex + 4+ o+ ++ o+ + +
Cingular Cortex + + + + + +
Temporal cortex + + + +  +(+) o+
T. Dorsomedial + 4+ + 4+t ++
T. Lateroposterior +  +++ +
T. Reticular + ++ +(+)
T. ventro-posterolateral | + + +  +++ +
Geniculate bodies + O+ ++
Hippocampus +(+) + ++
Dentate gyrus +(+) + ++
Caudate putamen ++) + o+ + ++
Cerebellum + + + + 4+ +

Table 2: Distribution of nicotinic receptor subunit mRNA ihe human

brain. T=Thalamus (Paterson and Nordberg, 2000)
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Nicotinic receptors’ functions in the brain

The Ach released from the cholinergic fibers asocenérom the pons
and basal forebrain activates nAChRs and muscargteptors to
enhance the level of arousal and attention. Chajioestimulus is
generally high during waking and increases at thamesition between
slow-wave and rapid-eye-movement sleep.

Specific effects of nicotine include EEG desynclisation, producing
a shift in the direction of higher frequency, iresed cerebral blood
flow and increased cerebral glucose utilizatiorotigh stimulation of
NAChRs in the basal forebrain (Paterson and Nogj#600). These
nicotine effects can be explained as a consequeinttee interaction
of nicotine with the presynaptic nAChRs. The adioa of nicotinic
receptors induces the release of a number of transmitters
including Ach, GABA, NA, DA, 5-HT and glutamate, maof which
are known to play a role in mediating/modulatingnamber of
behavioural tasks (Paterson and Nordberg, 2000prsl&n et al,
2000; Mesulam, 2004; Dani and Bertrand, 2007).

Nicotine and nicotine agonists have cognitive anémory -
enhancing properties in animals and humans, wimtaganists such
as mecamylamine impair memory function. The hippgmas, in
conjunction with the cerebral cortex, is particlyamplicated in
learning and memory formation. Cholinergic projess from the
septum innervate hippocampal inhibitory GABAergi@erneurons
and principal glutamatergic cells, and intrinsic olamergic
interneurons have also been described within thedtampus.

Potentiation of glutamate-mediated synaptic trassion at

26



thalamocortical synapses in rats occursaiareceptors. At prefrontal
cortical pyramidal cells, nAChR activation potetdg® excitatory
synaptic transmission mediated by NMDA but not AMR&eptors.
NMDA receptors participate in long-term changesynaptic efficacy
that are proposed to underlie memory formation, ahnerefore
NAChR-mediated modulation of glutamate release ccqatentially
contribute to plasticity at hippocampal and cottemapses (Jones et
al, 1999).

In conclusion, nAChRs play an important role in mtign and

memory, but the specific subtypes involved are egucl

nAChRSs pathology in the brain

Schizophrenialt is a chronically deteriorating psychosis whimgins
in late adolescence or early adulthood and involakucinations,
disturbances of thought and self-awareness. Abrdresa in
dopaminergic synaptic transmission have been obdeamd excessive
release of dopamine may cause overactivity of syempin the
mesolimbic system (Paterson and Nordberg, 2000gHo@l., 2003).
The possible involvement of NAChRs in schizophresisuggested by
the high prevalence of smoking among schizophrgaiients, the fact
that neuroleptic neuronal side effects are feweoragnsmokers and
the fact that there is a positive correlation betvesmoking and
negative symptoms (Poirier et al., 2002). Postmortgudies have
shown that the brain of schizophrenic smokers leadiced numbers
of nicotinic receptors especiallg7, compared to control smokers
(Hogg et al., 2003).
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However, it is unclear whether the alterations AChRs observed in

schizophrenic patients are cause or effect of ibeade.

Parkinson’s diseasét is a neurodegenerative pathology characterized

by motor dysfunction resulting in muscular rigidittremors and
difficulty in initiating and sustaining movement.atients show
reduced dopamine levels in the striatum and thésbien shown to be
caused by degeneration of neurons in ghbstantia nigra(Hogg et
al., 2003). In Parkinson’s disease there is adbsholinergic cells in
the basal forebrain, accompanied by a significaaluction in the
number of high affinity nicotine binding sites inet brain. The down
regulation of the nAChR was closely associated wfimary
histopathology changes in patients (Paterson andibiéog, 2000;
Hogg et al., 2003). The physiological meaning efsthobservations is
still debated.

Alzheimer’s diseaselt is a neurodegenerative condition that affects

almost 10% of individuals over the age of 65 anchiaracterized by a
progressive loss of short-term memory and highgnitive functions.

(Paterson and Nordberg, 2000; Hogg et al., 2003).

Postmortem brains of patients display two diffeneetiropathological
features: intracellular neurofibrillary tangles aextracellular neuritic
senile plagues (Paterson and Nordberg, 2000).

A severe neurochemical abnormality associated thithpathology is

the loss of cholinergic innervation of the cereb@rtex and

hippocampus (Paterson and Nordberg; 2000; Hog¢,e2Q03; Dani

and Bertrand, 2007).
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Tourette’s syndromelt is a neuropsychiatric disorder with unknown

etiology which starts in childhood. It is characted by persistent
motor and verbal tics and is commonly associatetth &wggression,
hyperactivity, obsessive-compulsive behavior, pasband anxiety
(Paterson and Nordberg; 2000; Hogg et al., 2003).

The administration of nicotine significantly impes the motor
disorder and other symptoms (Sanberg et al., 189Agther nAChRs
are directly involved in this syndrome is unknovimit the positive
effects of nicotine suggests that NnAChRs may plagi@in symptom
manifestation (Gotti and Clementi, 2004).

Epilepsy This disease affects 0,5-1% of the world’s pofareand
approximately 5% of the people experience at lea&t seizure in
their lifetime (Combi et al, 2004). A seizure isadden alteration of
electrical activity in the brain of sufficient magrde to alter motor or
sensory function, behavior or consciousness. Alegit syndrome is
a constellation of recurrent seizures, EEG patiefansily histories
and age-specific characteristics sufficient to p@la reproducible
and recognizable seizure pattern with predictabkeame (Freeman,
1995).

Seizures lasting from seconds to minutes occurtitey or in
isolation, and they can be focal or spread acrbssentire brain
causing motor, sensory, or cognitive disturbanédthiough its basic
manifestation starts at single neuron level, epifep fundamentally a

circuit phenomenon, and seizures are only possiétause the brain
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is organized in a series of interconnected neuromeiworks

(Steinlein, 2004).

Epilepsies are classified according to whethersthece of the seizure
within the brain is localized (partial or focal @tsseizures) or
distributed (generalized seizures). Partial segane further divided
depending on the extent to which consciousnessffectad. If

consciousness is unaffected, then it is denominatstnple partial
seizure; otherwise, it is called a complex partjpsychomotor)

seizure. A partial seizure may spread throughoaitbifain, a process
known as secondary generalization. Generalized usesz are
classified according to the effect on the body, blitgeneralized
seizures involve loss of consciousness. They irclablsence (petit
mal), myoclonic, clonic, tonic, tonic-clonic (grandal) and atonic
seizures.

The causes of sporadic or recurrent seizures areerows, including
acquired structural brain damage, altered metalstdites and inborn
brain malformation. However, about 1% of all epiieppatients

develop recurrent unprovoked seizures for no olwioeason and
without any other neurological abnormalities. Thepdeptic forms

are named idiopathic epilepsies, and they are asangly recognized
as being caused by genetic alteration, especialliation of genes
coding for ion channels. Nicotinic receptor altemas have a
causative role in some forms of sleep-related pgye such as
autosomal dominant nocturnal frontal lobe epilef@SYNFLE). This

is the only neuronal pathology for which a causatiele of NnAChR

alteration has been demonstrated.
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ADNFLE: It is an idiopathic partial epilepsy charactediz®y clusters
of nocturnal seizures which occur mostly during tioe-REM sleep.
ADNFLE has an average penetrance around 70-808¢ seizures
start in middle childhood and usually persist thlyloout adult life.

Seizures can be preceded by an aura and can startagalization.

The motor features are described as trashing hyytik activity or

tonic stiffening with superimposed clonic jerkingsecondary
generalization with loss of consciousness can odmurmost patients
remain conscious throughout the seizure. The atamk usually brief,
lasting 30-60 seconds and often relatively weletaled, since they
occur only during the night. Most of the affectatividuals are

otherwise neurologically and intellectually norm@ombi et al.,

2004; Steinlein, 2004; Sutor and Zolles, 2001; Kiaand Guerrini,

2007).

Mutations in genes encoding different nicotinic woits are linked

with ADNFLE.

Four mutations in CHRNA4 have been described:

a substitution of a serine with a phenylalaning@dition 248
[S248F] (Steinlein et al., 1995).

a substitution of a serine with a leucine at pogit252 [S252L]
(Hirose et al., 1999)

a substitution of a isoleucine with a threoninepasition 265
[T2651] (Leniger et al., 2003).

an insertion of three nucleotides at position 76&6jns3]
(Steinlein et al., 1997).
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Five mutations in CHRNB2 have been found:

 a substitution of a valine with leucine at positi@87 [V287L]
(De Fusco et al., 2000).

a substitution of a valine with methionine at piosit 287
[V287M] (Phillips et al., 2001).

a substitution of a isoleucine with methionine asipion 312
[1I312M] (Bertrand et al., 2005).

a substitution of a leucine with a valine at pasitB01 [L301V]
(Hoda et al., 2008).

a substitution of a valine with an alanine at posit308
[V308A] (Hoda et al., 2008).

One mutation in CHRNAZ2 has also been describedsistng in a
substitution of an isoleucine with an asparigine pasition 279
[1279N] (Aridon et al., 2006).

All these ADNFLE related mutations, exceptfi?I312M and

02I279N, are located within or close to the secarghdmembrane
region (M2) of the nAChR subunit. The M2 regionltdsithe wall of
the ion channel, thus it seems that only mutatibias have a direct
effect on the ion pore are able to cause ADNFLEe BDNFLE

related mutations cause an increase in Ach seitgiti’ the nicotinic

receptors. It can be therefore concluded that a ghfunction in the
most widely distributed nAChR subtype in brain ke torigin of

neuronal network dysfunction that causes the efiilepeizures in
ADNFLE patients (Bertrand et al, 2002).

The antiepileptic commonly administered to ADNFLEtipnts is
carbamazepine (CBZ). However, about one third ef gatients are
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resistant to therapy (Oldani et al., 1998). Oxcagpie has recently
been developed through structural variation of CBZavoid some
serious side effects caused by CBZ metabolitesn®ittD. and Elger
C.E., 2004). Both antiepileptics can modulate |dygated channels,
including nAChRs, and appear to be particularlyeete for

treatment of nocturnal frontal lobe epilepsy (DsReet al., 2010).
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Non-neuronal localization of NnAChRSs

Acetylcholine (ACh) is synthesized by pratically Bing cells and
can play a role in the interactions of non-neurocells with the
environment. Choline and acetyl-CoA are the premsref Ach and
are present in nearly all cells. Acetyl-CoA is thmajor product of
carbohydrate, protein and lipid catabolism in a&robrganisms.
Choline originates from the intracellular breakdowi choline-
containing phospholipids or from the uptake of azéllular choline
via low- or high-affinity choline transporters. Eence for ACh
synthesis is not only provided by positive anti-QhA
immunoreactivity; but ChAT enzyme activity and/oiCA content
have also been determined in the majority of th@dmucells (Wessler
and Kirkpatrick, 2008)

ACh is involved in cell-to-cell communications inanous non-
neuronal tissues and controls important cell fumgi such as
proliferation, adhesion, migration, secretion, sealvand apoptosis in
an autocrine and paracrine manner (Gotti and Clam2004). The
nAChRs are thought to regulate these vital funstitrough C3-
dependent mechanisms (Chernyavsky et al, 2004).

Muscle

MRNAs coding for then4, a5, a7, B4 andf2 subunits have been
found in vertebrate adult musclex7 is highly expressed in
mammalian muscle during development and the peatipeatriod, and

decreases in adult life. The function of NnAChRghis tissue is not

known, but nAChRs are likely to play a role in #entrol of various
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metabolic and trophic functions (Gotti and Clemed@io4).

Immune cells

Nicotinic binding sites are present in B-lymphosy#ad in circulating
and thymic T lymphocytes, and their density incesaduring aging.
Ligand binding and RT-PCR have shown that humagniphocytes
and lymphocyte cell lines express th@, a4, a7, 32 andp4 receptor
subunits. The receptor subtypes most likely to xy@essed are thus
a3B4, a4p2 anda7 (Gotti and Clementi, 2004).

It has been demonstrated that ACh can modify imnresponse, for
example ACh is involved in the induction of CD#-cell maturation.
ACh modulates the activity of immune cell via autmd paracrine
loops (Wessler and Kirkpatrick, 2008).

Functional nAChRs containing4 or a7 subunits are also present on
B cells, where they stimulate growth and decreaséibady
production.

Circulating phagocytic cells also express nAChRsumidn
macrophages present/ receptors and their activation by nicotine
reduces the release of TtFinterleukins 1 and 6 induced by the

endotoxin polysaccharide (Gotti and Clementi, 2004)

Skin

Human epidermal keratinocytes express nAChRs winahe the
biophysical and pharmacological properties of3-containing
subtypes. Furthermore, the presencea@f a7, a9, 2 and 4
subunits in these cells has been demonstrated lapsnef antibody

binding, RT-PCR experiments and %anflux. The a3 subunit is
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more expressed in small cells, localized in memdsaiorming cell
junctions, and the7 in large differentiated cells (Gotti and Clementi
2004).

Lateral migration of eukaryotic cells is central nmany important
biological processes, such as embryogenesis, ampses, metastasis
and inflammation. Activation of nAChRs has beenvehdo affect
chemotaxis and chemokinesis through’’Cdependent mechanisms
(Chernyavsky et al, 2004; Chernyavsky et al, 2009).

Lung cells

Different nAChR subtypes are expressed in lungscell, a3 anda5
NAChR subunits are present in bronchial epithetalls, a4 in
alveolar epithelial cells and7, a4 and32 in neuroepithelial bodies.
Various nAChRs are also present in pulmonary newloerine cells
and in the human small-cell carcinoma cell linebe Tpresence of
these receptors in lungs is important since thetme contained
cigarette smoke reaches lung cells at high conattois and may
play a role in stimulating the growth of small-célihg carcinoma
(Gotti and Clementi, 2004).

Vascular tissue

The vascular system contains a number of nicotgubunits in
endothelial cellsR2, B4, a3, a5, a7 andal0) and vascular smooth
muscle @2, a3, a5, a4, a7, al0). Depending on the tissue
localization of the vessels, the smooth muscles calectively express
the nAChR subtype#i5 anda3 are widely distributed among arteries

but are not present in intrapulmonary or kidneyseés a4 is not
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present in muscle, kidney or lung small artereeé.is widespread but
lacking in renal circulation (Gotti and Clement)(2).

Nicotine is a potent stimulus of angiogenesis aelil groliferation,
this suggests that NnAChRs play an important rolthéeregulation of
these mechanisms (Gotti and Clementi, 2004).

Brain endothelial cells express$, a7, 32 and33 nicotinic subunits.
Nicotine alters the permeability of the blood-braarrier, and can be
mediated by a decrease of {82 anda7 subunits expression (Gotti
and Clementi, 2004).

Astrocytes

a7,a4,a3,33 andB4 nAChR subunits are all expressed in astrocytes.
The role that these receptors play in astrocytés’ dr astrocyte-
neuron relationships is unknown, but they are thoug have a

function in synaptic activity (Gotti and Clemerz04).

Non-neuronal pathology

All components of the system, synthesis, storagjease, inactivation,
expression and function of the different nAChRs baraffected as a
key pathogenetic event or secondary to the disstase (Wessler and
Kirkpatrick, 2008).

Chronic inflammation may upregulate ACh synthegisr example,

substantially enhanced levels of ACh have beenctitewithin the

skin in atopic dermatitis. Enhanced levels of AChvén been

associated with pruritus (Grando et al., 2006). dvdregulation of

ChAT has been found in the colon epithelium of gas with
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ulcerative colitis. ACh release by the vagal nerag,well as non-
neuronal ACh, can induce an anti-inflammatory dffea a7 nAChRs
(Wessler and Kirkpatrick, 2008).

ACh content is reduced in blood cells, leukocytas, well as in
bronchi of patients with cystic fibrosis, despites@mewhat enhanced
ChAT activity. ChAT, a widely expressed transpondaregulator
protein, may be linked in a functional way, presbiydo regulate the
storage and transport of non-neuronal ACh withined. In cystic
fibrosis, storage may become impaired and in carmsece cells
contain less ACh. In the airways of cystic fibrogatients, this
cholinergic dysfunction causes alteration in iod amter movements.
On endothelial cellspg7 nAChRs are upregulated by hypoxia or
ischemia. Nicotine promotes the growth of athemstic plaques and
potentiates endothelial monocyte interactions &edicorporation of
endothelial progenitor cells into newly establishesels. (Wessler
and Kirkpatrick, 2008).

However, the widest evidence about the pathologioglications of
alterations in the nAChR function in non-neuroniakies concerns

neoplasie, as is discussed in the following pagwpsa
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Lung cancer

Lung cancer is the leading cause of cancer-reldaths for both men
and women worldwide. In terms of incidence, lungas is second
only to prostate cancer in men and breast cancenomen (Improgo
et al., 2010). Lung cancer remains relatively watable, despite
intense current clinical efforts (Gordon et al, 200

Cancer cells often carry somatic mutations of tunetated genes,
although other modifications, such as gene ampliim or
inactivation possibly caused by epigenetic mecmanare also often
observed. Cancer is a multistep process. Earlysstepmprise
alterations of a relatively small number of genemplicated in cell
proliferation, apoptosis and differentiation. Thewing tumor mass
then stimulates angiogenesis, in order to sustséif.i At later stages,
phenotypic features are selected in order to er@dle to invade and
colonize neighbouring or even distant tissue (Agediret al., 2009).
The World Health Organization (WHO) made a clasatibn list of

three main forms of preinvasive neoplastic lesiorsing:

Squamous dysplasia and carcinornma situ usually observed in

smokers and frequently correlated with the numbkercigarettes
smoked. The lesions include mucosal abnormalities &ccompany
squamous cell carcinoma such as basal cell hysgaplaguamous
metaplasia, dysplasia and carcinoma in situ. Dgspland carcinoma
in situ are preinvasive, reversible, and may regress thighcessation
of smoking. Chronic irritation and stimulation résuin hyperplasia

and multipotent progenitor basal cells residingtiwe respiratory
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epithelium. Basal cells can also differentiate talvéhe squamous
phenotype, an adaptation favoring survival andqmtoin in a harsh
environment. Normally there are no squamous cellthe airways.
Persistent stimulus cause cellular damage, regulitn squamous

dysplasia and carcinonma situ (Gordon et al., 2009).

Atypical adenomatus hyperplasidt is localized proliferation of

mildly to moderately atypical cells lining alveolagnd sometimes
respiratory bronchioles, resulting in a focal lesi;n peripheral
alveolated lung usually less than 5 mm in diamet&typical
adenomatus hyperplasia consists of peripheral nesidound in
centriacinar regions close to terminal and respiyabronchioles, that

arise from bronchioloalveolar epithelium (Gordorakt 2009).

Diffuse idiopathic pulmonary neuroendocrine cell pbgplasia
(DOPNECH) Lesions are not visible; as they progress toicaidt

tumorlets and tumors they appear as small, grayewhbdules.

Microscopically, DOPNECH lesions are seen as a sycead
proliferation of pulmonary neuroendocrine cells hwipatterns that
include individual cells, small groups, or nesolPeration is centered
in the bronchial or bronchiolar epithelium. Aggrezm of
neuroedocrine cells greater than 5 mm are regaiedypical

carcinoid tumors (Gordon et al., 2009).
Patients with preinvasive lesions are ideal cardgla for

chemopreventive therapy. Chemoprevention for luragcinoma

involves exploring the mechanism of action of agesith suspected
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antineoplastic properties in murine models and huwrll lines, as
well as identifying molecules in human preinvasavel invasive lung
lesions that can be specifically targeted to pregeowth progression.
An example is vitamin D, which is considered as ratqrtive
molecule because it regulates some cellular presess/olved in

tumorigenesis and metastasis (Gordon et al., 2009).

The two major histopathological types of lung canaee small cell
lung carcinoma (SCLC) and non-small cell lung cavona (NSCLC).
NSCLC can be subdivided into adenocarcinoma, squaneells,
bronchioalveolar and large cell lung carcinoma (logo et al., 2010).

SCLC

Small cell lung cancer accounts for approximatéy?d of new cases
of lung cancer deaths each year. Recent evidemggests that women
of all ages are more likely to present SCLC tham,mend that

younger women are more likely to present SCLC thider women.

Fig. 4 SCLC U2020 cells
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Histologically, the tumor cells are small, roundawoid or spindle -
shaped, with scant cytoplasm (fig. 4). The mitaiant is high and
cells grow in clusters which exhibit neither glalaunor squamous
organization. Neuroendocrine and neuronal difféation results in
the expression of dopa decarboxylase calcitoninyramespecific
enolase, chromogranin A and other molecules (Stadr,€2008).

The most important cause of SCLC is cigarette sngpkaccounting
for approximately 95% of cases. In the pathogene&iSCLC are
implicated autocrine growth loops, proto-oncogersesd tumor-
supressor genes. Several chromosome and oncogeoeralities
have been identified in fresh SCLC tissues and lagdls, such as
deletions on the short arm of chromosome 3 founehane than 95%
of cases of SCLC. At the basis of carcinogenesiscgsses are
implicated that mediate proliferation, antiapopspgingiogenesis and
metastasis. In SCLC, the presence of multiple mepbdes and
polypeptides with their specific receptors promotks growth of
SCLC via the establishment of autocrine growth ®dgher et al.,
2008). Different pathways are involved in the paggesis of this
tumor, but the best characterized signal trasdacatieolved is the ras-
raf-MAPK pathway, which mediates proliferation, Icetycle
regulation, cell migration and angiogenesis. Dyslatipn of the
apoptotic process has been implicated in both tigeoesis and
therapeutic resistance. BCL2 is an important regulaf apoptosis
and is overexpressed in most patients with SCLCLBConfers
resistance to treatment with cytotoxic chemotheraggiotherapy and
monoclonal antibodies (Sher et al., 2008).

The most common symptoms caused by this tumor gspnea,
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persistent cough and hemoptysism. Metastatic déiseas produce
pain, headache, malaise, seizures, fatigue, arsrard weight loss.
Common targets of metastasis include bone, liwenph node, the
central nervous system, adrenal glands, subcutanéisgaue and
pleura. Combined modality treatment with chemotpgraand

concurrent radiotherapy is the current standartreztment (Sher et
al., 2008).

NSCLC

It accounts for more than 85% of all lung cancesesa The three
major histological NSCLC types are adenocarcinosgaamous cell
carcinoma and large cell carcinoma, with a predamie of
adenocarcinoma (Schuller, 2007).

Contrary to SCLC, NSCLC does not display c-myc aficakion. By

contrast, activating point mutations in k-ras isnooon, as well as
inactivating mutations in p53 (Schuller, 2007).

Several biomarkers have emerged as prognostic ardicpve

markers for NSCLC, such as epidermal growth faateceptor
(EGFR) and k-ras oncogene. A prognostic biomarker biomolecule
which indicates patient survival regardless oftteatment received.

EGFR is a transmembrane receptor which, upon bgndinto its
ligand, activates pathways that control multipldlutar functions,

including proliferation and survival. EGFR is ddtdde in

approximately 80% to 85% of patients with NSCLC.eThmost
common mutations in EGFR are exon 19 deletion axohe21

mutation.
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K-ras is a GTP-binding protein and is involved irpfatein-coupled
receptor signaling. When mutated, it is costitutivective and, able to
transform immortalized cells, thus promoting cetblgeration and

survival (Ettinger et al., 2010).

Common symptoms of this cancer are cough, dyspmesst pain and
weight loss. Symptomatic patients are more likelyhave chronic
obstructive pulmonary disease (COPD).

The three modalities commonly used to treat patianth NSCLC are
surgery, radiation therapy and chemotherapy. Thesatment

modalities can be used either alone or in commnatiepending on

the disease status (Ettinger et al., 2010).

Fig. SNSCLC A549 cells

Polmonary Adenocarcinoma (PACIt is a kind of NSCLC which

originates in the lining of the lung from Claralseand ciliated cells.
Compared to other types of lung cancer, adenoaar@nis more
likely to be contained in one area. If it is apprafely located, it may
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respond to treatment better than other lung candeis the most
common form of lung cancer. It is generally found smokers,
although it is the most common type of lung caneeronsmokers. It
is also the most common form of lung cancer in woraed people

younger than 45.

Squamous cells carcinoma (SCCHCC usually begins in the

bronchial tubes (large airways) in the central pathe lungs. SCC is
thought to arise from the pseudostratified epididining compounds
of basal cells, ciliate cells, and mucous cells lafge airways
(Schuller, 2007). Because of its position, SCCroftauses symptoms
earlier than other forms of lung cancer. Obstructd the airway can
lead to infections such as pneumonia, or collagspad of a lung.
Individuals with squamous cell carcinoma are alsoramlikely to
experience an elevated calcium level (hypercalcemibich may

result in muscle weakness and cramps.

Large cell lung carcinoma (LCC)arge cell lung cancer is thus

named because the abnormal cells appear large thedericroscope.

LCC often begins in the central part of the lun§ i@ non-small cell

lung cancers, this type is usually discoveredlatex stage. Large cell
lung cancers tend to grow quickly and spread. Qameg spread into
nearby lymph nodes and into the chest wall. ltalan spread to more
distant organs, even when the tumor in the lunglegively small.
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Nicotinic acetylcholine receptors in lung cancer

More than 1 billion people worldwide smoke tobac8mokers have
twenty levels greater risk of developing lung cartban non-smokers
and increased risk of many other tumor types. Tobasmoke
deposits hundreds of chemicals in the airways amgjd, among
which more than 60 mutagens are contained that doidchemically
modify DNA. Each carcinogen-associated mutationreggnts the
consequence of three processes: chemical modifircafi a purine by
a mutagen, failure to repair the lesion by genomevesllance
pathways and incorrect nucleotide incorporationogjite the distorted
base during DNA replication (Pleasance et al., 2010

Expression of nNAChRs is seen in both SCLC and NSExpression
on nicotinic receptors in lung cancer derives fritma expression of
NAChRs in normal lung cells. Normal bronchial eplial cells
express nAChRs as part of a cholinergic autocrog lin which all
proteins needed for cholinergic signaling are presmcluding the
ACh-synthesizing enzyme choline transferase (ChA&}icular ACh
transporter (VAChT), ACh hydrolyzing enzymes acehyllinesterase
(AChE) and butyrylcholinesterase (BChE), high-atffin choline
transporters CHT1, nAChRs and muscarinic ACh rewsptSong et
al., 2008).

The nicotinic subunit expression changes betweemalolung cells
and tumor cells. Data obtained by Lam et al. (260w statistically
significant differences in the expression levels @HRNA4 and
CHRNB4 between NSCLC tumor and normal lung tissagesvell as
CHRNA6 and CHRNB3 between smokers and nonsmokenge T
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expression level of CHRNA4 was found to be lowerNSCLC
tumors compared to normal lung tissues. A modesvagion of
CHRNB4 subunit in NSCLC compared with normal tissweas also
detected. The genes CHRNA5, CHRNA7, CHRNA9 and CBRN
showed elevated levels of expression in NSCLC loa#ls and this
suggest that they are involved in cellular procedsethese cancer
cells. CHRNA6 and CHRNB3 subunit genes showed l@x@ression
in NSCLCs from smokers compared with nonsmokerss tould
imply desensitization with chronic exposure to twimasmoke (Lam et
al., 2007). Studies in normal neuroendocrine (NElIsc and
neuroendocrine tumors shown that tB@ subunit of nicotinic
receptors is never expressed in normal NE celltuings and very
rarely expressed in NE tumors. In contrast, thé subunit is
constantly found in NE cell in normal lungs. In tos, its expression
is significantly higher (Sartelet et al., 2008). w&ver, nAChR
expression is different among the diverse typetunfi cancer, and
this is understandable since lung tumors derivenfdifferent lung
cells types that also have different patterns akepér expression
(Song et al., 2008).

Changes in cholinergic signaling in tumors are lmoited to nAChR
expression but large changes in ACh synthesis a&uggadation are
also present. Data obtained from real-time PCRfopeed to
characterize the cholinergic genes, show that Chua$ significantly
increased SCC compared to normal tissue, whereadetrels of
CHT1 and VAChT were not significantly changed. Tlesels of
MRNAs which encode proteins that serve to Ilimit lctewgic
signaling, such as AChE, BChE and Lynx1 (an allost@odulator of
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NAChRS), were all significantly less in tumors cargd with controls
(Song et al., 2008).

Therefore, lung cancer expresses an intrinsic eladic signaling
system, so that exogenous nicotine and endogenddl Aan
stimulate tumor growth. The cholinergic system imambrs is
upregulated at multiple levels. This upregulati@ombined with
smoking, provides not only a proliferative stimulug also a pathway
to target for new therapeutic approaches to lumgea

Non-neuronal nAChRs also regulate other cell fumgj by acting as
central regulators of a complex network of stimotatand inhibitory
neurotransmitters. These molecules govern the sgigttand release
of growth, angiogenic and neurogenic factors incearcells and their
microenvironment, as well as in distant organsaddition, nAChRs
stimulate intracellular signaling pathways in al-tgbe specific
manner (Schuller, 2009).

nAChRs and cell proliferation: Nicotine can stimulate the

proliferation of various normal and cancer celleeTole of NAChRs
in cell proliferation is shown by the ability of aatinic receptor
antagonists to reverse the proliferative effeatiobtine.

Treatment of several SCLC and NSCLC cell lines wiilcotine

induces proliferation in a receptor - dependermimea. The effects of
nicotine are mediated by growth factors. For exanplicotine

induces transactivation of EGFR through an increasatracellular

Cd* and stimulation of L-type voltage-sensitive “Cachannels
(Egleton et al., 2008).

The a7 nAChR appear to be particularly implicated in médg the
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proliferative effect of nicotine.

One characteristic shared by tobacco-related arahchlung diseases
is the altered content and composition of the lomgnective tissue. In
particular, there is an increase of expression degosition of
fibronectin. This is an extracellular matrix glyeofein which can
modulate many cellular functions such as cell aidimesmigration,
chemotaxis, proliferation, differentiation and afmsgss. Fibronectin is
expressed in several cancer cells, and the adhetiomg carcinoma
cells to fibronectin enhances tumorigenicity anovates resistance to
apoptosis induced by chemotherapeutic agents. iNedtinds to the
a7 nicotinic receptor and stimulates lung carcinoosl growth
through activation of extracellular signal-reguthténase (ERK) and
phosphoinositide3-kinase (P13-K)/mTOR signalinghpatys which

lead to increased fibronectin expression (Zherad.e2007).

In SCLC, a7 nAChRs stimulate cell proliferatiom vitro through
activation of protein kinase C (PKC), serine/thieenkinase RAF1,
the mitogen activated kinase ERK1 and ERK2, and ,RIMN and
MYC transcription factors (Fig. 6; Schuller, 2009).
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Fig. 6 Regulation of SCLC cells (Schuller, 2009)

SCLC cellsin vitro are more sensitive to the growth-stimulating
effects of nicotine in an environment with high £é@nd low Q,
typical condition in tumor environments (Catassi at, 2008;
Schuller, 2009).

Serotonine is a potent mitogen for SCLC cells. MNie® induces
release of serotonine from these cells and stimsl&CLC growth.
The proliferation effects caused by nicotine areockkéd by

mecamylamine andBgtx (Codignola et al., 1994).
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NSCLC, in contrast to SCLC cells, expresses muatiptteromeric
NAChRs in addition to thex7 nAChR. In these cells, nicotine
activates the pl3K-Akt pathway and nuclear fagi®r-(NF-kB),
resulting in stimulation of proliferation and inftion of the
chemotherapy-induced apoptosis (Fig. 7; Schul @092

Human tissues express/ nAChR. This expression is higher in
smoking patients. Major expression @ nAChR can be related to
major activation of the Rb-Rafl/phospho-ERK/phospBORSK
pathway. RB-Raf-1 interaction is an important eadyent in
mediating cell proliferation. Antagonists off nAChR such asi-
cobratoxin inhibit the proliferation of NSCLC cel(®alerari et al.,
2008; Paleari et al., 2009).

Nicotine can promote inhibitory phosphorylation gbrotein
phosphatase 1 (PP1) In NSCLC. Loss of PP1 funaeureases the
levels of the cyclin-dependent kinase inhibitor 27 which in turn

facilitates cell cycle progression (Egleton et 2008).
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Fig. 7 Regulation in NSCLC cells (Schuller, 2009)

NAChR and survival pathway# tumors, nicotine has been shown to

protect cells from the apoptosis induced by antieandrugs.
Acquisition of drug resistance is a considerablallenge in cancer
therapy. nAChR antagonists could be useful to ecdathe
therapeutic response to chemotherapy.

Activation of Akt causes apoptosis inhibition in myatissues in

response to growth factor deprivation or oncogetienusation
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(Minna, 2003).

Nicotine causes activation of the Akt signaling hpedy in lung
epithelial cells. Akt is a multifunctional serinkeréonine protein
kinase. Usually, this kinase resides in the cytaosoh low-activity
conformation. Upon cellular stimulation, Akt is &etted through
recruitment to cellular membranes by PI3K lipid gwots, resulting in
the activation of a variety of downstream targetsluding NFkB
pathways. Activation of PKC and PKA and downregolatof the
tumor suppressor p53 (Catassi et al., 2008; Egletah, 2008).
Nicotine also regulates the Bcl-2 family of apomgbroteins. The
different proteins that belong to this family caewvhk an anti-apoptotic
or pro-apoptotic role. The pro-apoptotic Bax berg this family.
Bax may be an essential component in the nicosiaigival signaling
pathway, through a mechanism involving activatiériPt8K/Akt that
directly phosphorylates and inactivates its furrctio

Bcl-2 is instead an anti-apoptotic protein thapiosphorylated and
thus activated in SCLC, by treatment with nicotiiigleton et al.,
2008).

Furthermore, nicotine causes inactivation of the-goptotic Bad
protein by its phosphorylation in different sitégy(eton et al., 2008).
The a3 anda4 nAChR subunits mediate the anti-apoptotic eftect
nicotine, as shown by the use of specific antagenis

Not only does nicotine have an anti-apoptotic ¢ffécan also cause
a loss of contact inhibition at high cell densitiasculture (Minna,
2003).

The effects on proliferation and apoptosis are aesible for the
mitogenic effects of nicotine.
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NAChRs and angiogenesi8n important process for tumor growth

and metastatic dissemination is angiogenesis, éleldpment of new
blood vessels. This process is regulated by diftepgo- and anti-
angiogenic molecules. Angiogenic growth factorghsas VEGF and
FGF, are released by induction of angiogenic stinfloypoxia or
inflammatory cytokines). These growth factors stetel endothelial
cells to proliferate and to migrate to form new ahelialized
channels (Heeschen et al., 2002).

Stimulation of nicotinic acetylcholine receptorsults in a significant
release of VEGF. Antagonists of nAChR significantgtenuate
VEGF-induced angiogenesis.

In the endothelial cells, NnAChR induce stimulatiohangiogenesis
through activation of PI3K/Akt pathways that resuih NF«B
activation. Moreover, via Akt pathways, nicotine dutces
phosphorylation of endothelial nitric-oxide synteaéeNOS), thus
NAChR activation increase production of nitric axilHeeschen et al.,
2002).

Hypoxia in vitro and ischemian vivo produce upregulation afi7
NAChR. The selectiver’7 nAChR antagonistBgtx inhibits capillary

network formatiorin vitro.

NAChR and cell migratianLateral migration in eukaryotic cells is

important to several biological processes. Differememical stimuli
can modulate random cell migration (chemokinesis)directional
migration (chemotaxis). Cell movement is generaintrolled by

intracellular C&", which may be altered by activation of nAChRs.

54



Both chemokinesis and chemotaxis have been obsetvede
modulated by nAChRs in human Keratinocytes (Chersi et al.,
2004).

For example the stratified epithelial cells in tigpermost division of
the skin produce Ach and use it as an autocrine awcrine
hormone regulating their motility, particularly adoug wound healing.
Both heteromeric and homomeric NAChRs are presetité plasma
membranes of KCs. Tha7 nAChR subtype stimulates directional
migration, whereas the nAChRs containing ¢& subunit stimulate
random migration (Chernyavsky et al, 2005).

The direction of migration is determined when a K&tends a
cytoplasmic protrusion (lamellipodium) from thedrbasolateral side
into the wound. In presence of an ACh gradient, hRE€ accumulate
in the membrane at the front of the cell, leadingat membrane
depolarization that causes the lamellipodium foromat

The C&" ions entering througlm7 NnAChR can regulate, in various
types of epithelial cells the CAMKII, PKC, PI3K, kia and the
Ras/Raf/MEK/ERK cascades. These signaling pathwaye
implicated in the physiologic regulation of cell ntity. Activation of
this pathway induces upregulation@2 anda3 integrins, which are
required for stabilization of the lamellipodium Ehyavsky A. et al,
2005; Chernyavsky A. et al, 2009).
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Nitrosamines

Nitrosamines are carcinogens formed in the mammadigganism
from amine precursors contained in food, cosmetieserages and
drugs. Nitrosamines are formed by nitrosation ahpe amine
precursors. Oxidative enzymes convert nitrosamimgsa number of
metabolites. Some of these bind to the DNA moledbigs form

adducts associated with the activation of pointatiobhs in genes
implicated in numerous types of human cancer ($eh@007).

The tobacco-specific nitrosamines 4-(methylnitroseril-(3-

pyridyl)-1-butanone (NNK) and N’-nitrosonornicotinENNN) are

formed from nicotine (Fig. 8).
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Fig. 8 Structure of nicotine, NNK and NNN (Schuller anddif; 1998)
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Nicotine is an alkaloid consisting of a pyridinedaan pyrrolidine ring.
NNN has a similar structure, whereas NNK does natehthe
pyrrolidine ring, which is opening during the metlb process.

The lung absorbs nicotine and both nitrosaminesdirap Both
nicotine and nitrosamines enter the bloodstreamaaadlistributed in
body tissues. In an individual who smokes one pafckigarettes a
day on average, the concentration of nicotine enlilood is(] 1uM.
The concentration of nicotine in the smoke of cagj@s is on average
5,000-10,000 greater than that of NNK, and abod®®-3,000 times
greater than that NNN. In the blood of a smokeg, phoportions of
unmetabolized nicotine and nitrosamines are sim(i&rhuller and
Orloff, 1998).

Data obtained by radioligand binding assays sugipestNNK has a
high affinity to a7 receptors, whereas NNN to heteromeric receptors
(Fig. 9; Schuller and Orloff, 1998).

The binding of nitrosamines can activate the irgHatar pathways
involved in nAChR activation. In the organism, NN&hd NNN
undergoa-hydroxylation, a process that leads to the geimerabf
electrophilic species that react with DNA. DNA cha attacked at
several positions; the major sites of reaction #re 7- and &
positions of guanine.

The lung is one of the major target organs of tobaspecific
nitrosamines and was found to accumulate the prageuic lesion
O°mGua during exposure to NNK. In the lung, the acdation of
promutagenic methylated DNA adducts may cause naspy tumors
(Belinsky et al., 1986).

Therefores nitrosamines can produce carcinogerfiectsf in two
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ways; a) directly on the genome by causing the formatiorDdfA
adducts, and) binding to nAChRs on the surface membrane, thus
activating the intracellular signaling pathways tth@aromote

tumorigenisis (Nishioka et al., 2010).
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Fig. 9 Results of receptor binding assays in which niegtihdNN and NNK
competed with 3H]epibatidine, for the epibatidine—sensitive nioeti
binding sites (top panel), and witiBgtx, for the a7 sensitive nicotine

binding sites (lower panel) (Schuller and Orlof98)
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Scope of the thesis

As | discussed above, neuronal nicotinic receptars pivotal
elements in the regulation of different physiol@ienechanis in
several tumours, including lung cancers. This iggestive because
smoke is an established risk factor for cancer, @adicularly lung
cancer. Activation of NnAChRs stimulates (directhdandirectly) Ca"
influx, which triggers the release of growth fastoand other
transmitter molecules. These produce autocrinepamdcrine effects
that promote proliferation, inhibit apoptosis andimsilate
angiogenesis. Such effects occur in both smallreomdsmall cell lung
cancer cell lines, although the intracellular sliing cascades and the
NAChRs involved are different. Radioligand competitdata suggest
that several carcinogens produced by tobacco itibalaparticulary
the N-nitrosamines such as NNK bind with high af§inro nAChRs.
It has thus been proposed that some of the oncagesftects of these
compounds depend on specific activation of NACINRsreover these
drugs are throught to easily cross the blood-blerrier, therefore
they could contribute to the addictive effects abdcco mediated by
NAChR engagement.

However rigorous studies exist on i) the functiomaembrane
expression and the properties of different nAChRtyges in lung
cancer cell lines; ii) the effects produced byasaimines on specific
NAChR subtypes. In particular, long-term exposweligands has
complex effects on nAChRs and may lead, in differeneptor types,
to increased expression or prolonged desensitizatiath radically

different physiological implications.
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The scope of my thesis was the study of theserdiifeaspects by two
complementary approaches. To define the full complg of
functional nAChRs in small and non-small cell lurancer cell lines,

I measured the nicotinic currents in the presencagmnists and
several extracellular inhibitors specific for th&etent subtypes. This
approach is a necessary first step to determingltlgsiological role
of different nAChR types in processes such as melliferation and
migration. On the other hand, to understand detaiechanism of
action of NNK on nAChRs, | applied patch-clamp noeth to HEK
cells stably expressing42 nAChRs, the most common heteromeric

receptor in different tissues.
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Abstract

Carbamazepine (5H-dibenz[b,flazepine-5-carboxamide) and
oxcarbazepine (10,11-dihydro-10-oxo-5H-dibenz[lzéjsine-5-
carboxamide) are widely used for the treatment atial epilepsy.
Recent work indicates that these drugs, in additiontargeting
voltage-gated Na channels, can modulate ligand-gated channels.
These compounds appear to be particularly effedtvéreatment of
nocturnal frontal lobe epilepsy, which can be cdufy mutant
neuronal nicotinic receptors. We compared the t&ffeof
carbamazepine and oxcarbazepine on heteromeritmicoeceptors
to better understand the underlying mechanism efetifect of these
drugs in epileptic patients.

Receptors were expressed in cell lines and studjegatch-clamp
methods at -60 mV. Fou2B4 receptors activated with 100M
nicotine, 1Go for carbamazepine was 4@1. Receptors in whiclu2
was substituted witha2-1279N, linked to autosomal dominant
nocturnal frontal lobe epilepsy, had ansJCof 21 uM. For
oxcarbazepine, the estimatedsd®@vas larger than 500M for wild-
type receptors and approximately 1M for mutant receptors. A

similar inhibition was observed in the presencel®fuM nicotine,
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indicating a non-competitive mechanism. The monobyyl
derivative (MHD) of oxcarbazepine, clinically theost relevant
compound, was tested on batBp4 ando4p2 receptors, to obtain a
broader view of its possible physiological effecfs. the typical
concentration present in blood (100M), MHD produced an
approximate 40% channel block edp2 and 10% block om2p4
receptors. Oxcarbazepine and MHD retarded the @ta®activation,
suggesting that these compounds produce open dhalook. These
results may explain the particular efficacy of #esugs in nocturnal

frontal lobe epilepsy.
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Introduction

Carbamazepine (5H-dibenz[b,flazepine-5-carboxamislelommonly

used for treatment of partial and generalized segzuOxcarbazepine
(10,11-dihydro-10-oxo-5H-dibenz[b,flazepine-5-catamide) is a
newer compound that avoids some serious side effemtised by
carbamazepine’s metabolites and is consideredstctioice drug for
the treatment of partial-onset seizures (Beydoual.et2008). After

absorption, oxcarbazepine is rapidly converted @@l 1-dihydro-10-

hydroxy-carbamazepine (MHD; Fig. 1). The two compaa coexist
in plasma at different concentrations. In humankge tpeak
concentration of oxcarbazepine is approximatelyM, whereas its
steady state concentration is negligible (Lloydakt 1994). Hence,
MHD is considered the clinically more relevant camupd, with

plasma therapeutic levels between 30 and | iMQDam et al., 1989;
Johannessen et al., 2003; Tecoma, 1999).

The molecular targets of these compounds are oafifafly known

(Schmidt and Elger, 2004). Carbamazepine reducksnapotential

frequency by retarding recovery from the inactioatof voltage-gated
Na" channels (McLean and MacDonald, 1986; Schwarz @ridat,

1989). Oxcarbazepine and MHD probably produce simdffects
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(Benes et al., 1999; MacDonald and Rogawski, 2008iibition of
voltage-gated G4 currents has also been described, although the
efficacy at therapeutic concentrations is debat&ohlrosio et al.,
2002; Stefani et al., 1995). These actions alterareal excitability
and may impair glutamate release (Sitges et alQ720 2007b),
although direct inhibition of glutamate receptoescot be excluded
(Giustizieri et al., 2008). Recent results show tabamazepine and
oxcarbazepine (but MHD only slightly) potentiate B\, receptors
(Zheng et al., 2009).

Another possible target was suggested by the efficaf
carbamazepine in treating nocturnal frontal lobdeppy (NFLE),
characterized by frontal seizures usually arisingind)y phase Il of
sleep (Provini et al., 2000). The Mendelian form tbé disease
(ADNFLE; Oldani et al., 1998) is often associatedrtutant subunits
of the heteromeric neuronal nicotinic receptoredRl and Brodtkorb,
2008). These are heteropentamers of differingnd B subunits,
widely expressed at both the pre- and postsyndgéel throughout
the brain (Albuquerque et al., 2009). Indeed, cadmepine was
found to blocka4f32 anda2B2 nicotinic receptors, and some mutant

subunits linked to ADNFLE display altered sensttivio this drug
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(Bertrand et al., 2002; Hoda et al., 2009; Lenggeal., 2003; Picard et
al., 1999).

Although oxcarbazepine is structurally related smbamazepine and
may be even more efficacious for treating NFLE (Rej al., 2007,
Romigi et al., 2008), its effects on nicotinic rpt@s are unknown.
Thus, in this study we compare the effects of themdamazepine-
related compounds ar2B4 receptors with and without the-1279N
mutant subunit, the onlg2-related mutant presently known to be
linked to ADNFLE (Aridon et al., 2006). Moreovergwest the effect
of MHD on a4pB2 receptors, the most widespread heteromeric farm i
the mammalian brain. We find that these drugs ibldifferent types
of human neuronal nicotinic receptors, which, beeaof the general
excitatory role of acetylcholine in the brain, abwontribute to their
antiepileptic effects. Their therapeutic action mag particularly
effective in NFLE, considering the involvement dfetcholinergic

system in this disease.
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Materials and methods

Unless otherwise indicated, chemicals were purchdésen Sigma-

Aldrich Italia Srl (Milan, Italy).

Cell culture and transfection procedure

The o4, 02, a2-1279N, B2 andp4 subunits of the human neuronal
nicotinic receptor, all subcloned into the pcDNA&®ression vector
(InvivoGen, San Diego, CA), were transiently expeskin human
embryonic kidney (HEK) 293 cells (American Type Qo
Collection, Manassas, VA). Cells were cultured imnulli&cco’s
modified Eagle’s medium (HyClone Laboratories, $oubgan, UT)
supplemented with 10% fetal calf serum (HyCloned ah5 g/l
glutamine, at 37°C and 5% GCFor patch-clamp experiments, cells
were harvested by trypsinization and plated ontor®® Petri dishes
(Corning Incorporated, NY). To obtain wild-type mutant receptors,
cells were transfected with eitheR or a2-1279N, respectively, plus
an equimolar amount ¢¥4. The receptor subunits were co-expressed
with the Enhanced Green Fluorescent Protein (EGPEDNA3
(Clontech Laboratories, Palo Alto, CA). The traecsfen mixture
contained: 50ul of CaCh 0.5 M, 100ul of Bes medium, 4ug of
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nicotinic subunit pDNA, 0.2-0.41.g of EGFP pDNA. Bes medium
contained (mM): Bes 50, NaCl 280, {## O, 1.5, pH 6.96 (adjusted
with NaOH). The mix was left for 20 min at room feenature to
allow the formation of calcium phosphate precigitatSubsequently it
was dripped onto the cells until reaching 10% ad thsh volume.
After 6-8 h, cells were washed with fresh culturedmm.

MHD (Toronto Research Chemicals Inc., North Yorknt&io,
Canada) was tested on HEK cell clones stably exprgghea432
receptors (kindly gifted by Dr. L. Rampoldi and Pr&. Casari,
Istituto Scientifico San Raffaele, Milano, ItalyJhese clones were
extensively characterized by patch-clamp. Wholéaetrents showed
the typical kinetic and pharmacological featuresi4ff2 receptors. In
particular, for agonists, the BfLvalues were 12.7 £ 3.6M for
acetylcholine and 19 + 2.74M for nicotine. For inhibitors, the K
values were 49.7 + 1.25 nM for dihydpeerythroidine and 1.43 +
1.12 uM for methyllycaconitine. These values were estedatith a
single-term Hill equation and are in line with tééure ona4f2
receptors stably expressed in HEK cells (e.g. Bumsand Bertrand,

2001).
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Solutions and drugs

The extracellular solution contained (mM): NaCl 1BCI 5, CaC} 2,
MgCl, 2, HEPES 10, D-glucose 5 (pH 7.3). Pipettes capth(mM):
K-aspartate 120, NaCl 10, MgCP, CaC} 1.3, EGTA-KOH 10,
HEPES-KOH 10, MgATP 1, (pH 7.3). Stock solutions focotine
were prepared weekly in our extracellular solutiamd kept
refrigerated. Stock solutions of 40 mM carbamazepior
oxcarbazepine were prepared in 100% ethanol orttyisailfoxide,
respectively, and diluted daily into our extrackllusolution. No
effect of solvent was observed at the highest aanatons applied.
MHD powder was dissolved at the final concentration our

extracellular solution.

Patch-clamp experiments

We have applied the whole-cell configuration of tpatch-clamp
technique. Currents were registered 36-48 h afésfection, with an
Axopatch 200B amplifier (Molecular Devices, UniontyC CA), at
room temperature. Micropipettes (2-3 QY were pulled from
borosilicate capillaries with a P-97 Flaming/Browmicropipette
Puller (Sutter Instrument Company, Novato, CA). Tleell

capacitance and series resistance were always osatpe.
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Fluorescent cells were detected with an Eclipse ODE&iicroscope
(Nikon Instruments, Sesto Fiorentino, ltaly), equad with TE-FM
epifluorescence attachment. Currents were low-plissed at 2 kHz
and acquired on-line at 5-10 kHz with pClamp 9 hat and
software (Molecular Devices). Drugs were appliethvan RSC-160
Rapid SolutiorChanger (BioLogic Science Instruments, Claix,

France).

Analysis of data
Data were analyzed with Clampfit 9.2 (Molecular 2eg) and
OriginPro 8 (OriginLab, Northampton, MA). The cont&tion-

response data were fitted to a single-term Hill-granir equation:

| /Imax= {1 + ([L]/IC 0™} * (1)

where haxis the maximal current (i.e. the peak current i @lvsence
of inhibitor), I_ is the current at a given concentration of inloibit,
ICs0 is the concentration of inhibitor causing a 50%ck| and R is
the Hill coefficient (expressing the degree of appacooperativity).
Data are generally given as mean values + starefand of the mean.

Statistical significance was determined with twibeth Student’s t test
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for paired or unpaired samples, as indicated. €kellof significance

was set to P < 0.05.
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Results

Expression of the2 anda2-1279N subunits witj§2 ands4

To understand the functional propertiesa@fcontaining receptors, it
is necessary to study at least o882 anda2p4 forms, which present
distinct pharmacological features when expresseXemopusoocytes
(Chavez-Noriega et al., 1997; Luetje and Patricd91). Moreover,
recent results show thaB2 andoa2p4 receptors can be expressed in
different cerebral nuclei and thus exert distinygological effects
(Whiteaker et al., 2009). From an epileptologicndf@oint, current
evidence suggests that boB2 and 4 subunits are implicated in
seizure susceptibility (De Fusco et al., 2000; Kedmal., 2004;
Phillips et al., 2001; Salas et al., 2004).

We thus tested the effect of coexpressing eif2eor 4 with a2 and
a2-1279N subunits. Expression of these receptor $ormHEK cells
was tested at -60 mV with 300M acetylcholine. Overall @232
receptors showed the lowest functional expresskig. (2). With
saturating acetylcholine doses, these receptorsveshaan average
current density of 0.79 = 0.30 pA/pF, less than oventieth the value
obtained witha4f32 receptors. The expression @2-1279N32 was

even lower than that ef2p2.
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The data shown in Fig. 2 summarize registrationsnfabout 100
cells, carried out after 12 runs of transfectiondifferent cell batches.
Similar results were obtained with other HEK cdibnes (such as
Phoenix, or TsA) and by using nicotine instead adt@choline (data
not shown). Higher ligand concentrations (up to ®)mdid not
produce greater currents, suggesting that the alesudts were not
due to a shift to the right of the concentratiosp@nse to agonists.
Considering that ouw2 subunits produced robust currents when
coexpressed witf4 subunits (see also Aridon et al., 2006) andfiBat
gave normal expression witld (Fig. 2), it seems unlikely that the low
expression ofi2f2 receptors in our cells is due to altered trapsion
or trivial artifacts such as degradation of ournel®. The molecular
reasons for these differences are not further tigeged here. In the
rest of the paper, the2 subunit was expressed witd, because the
generally low current amplitudes observed with é282 form were
insufficient for extensive pharmacological charaetgion with the
patch-clamp method.

The maximal current densities o4 and a2-1279N34 receptors
were similar whether channels were activated waatycholine or
nicotine, which suggests tha2-1279N is unlikely to cause important

alterations ob24 channel expression. Moreover, no major difference
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was observed in the monoexponential time constdnthannel
desensitization, in the presence of the same agdaisthe different
receptor’s forms. These results are summarizeGbierl.

Because the properties of our receptors tested adgétylcholine or
nicotine were overall comparable, the effect ofiegpiteptics was
studied in the presence of nicotine. This avoidssjie alteration of
the nicotinic current kinetics because of superisijmn of other
currents activated by the muscarinic receptors thay be

endogenously expressed by HEK cells (e.g. Oldf¢lal., 2009).

Effect of carbamazepine and oxcarbazepine:2fd ando2-1279Ns4
receptors

Cells expressinga2f4 and 02-1279N34 receptors were voltage
clamped at -60 mV, a membrane potential close eayhical resting
potentials of neocortical neurons. Carbamazepirk aqtarbazepine
were applied for 20 s, to reach equilibration ofigdiconcentration,
before nicotine was applied to elicit whole-cell rremts. The
antagonists’ effect was tested in the presence06f M nicotine,
which was applied for 2 s. Stimulations were spaz&dmin apart to
allow full channel recovery from desensitizatiorheTresponse to

nicotine alone was tested at regular intervals xolugle artifacts
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caused by the spontaneous nicotinic current ddtatyi$ sometimes
observed in cell lines. Our experimental procedsiibustrated in Fig.
3A for mutant receptors treated with oxcarbazepine.

Picard et al. (1999) have shown that carbamazgpioéuces a non-
competitive channel inhibition in heteromeric newab nicotinic
receptors, probably caused by an open-channel block results
suggest that the same applies to oxcarbazepinmdasted by the
transient current ‘rebound’ observed upon drug meahd@Fig. 3A).
This suggests that oxcarbazepine is flushed froenctmannel pore
during the wash, thus temporarily increasing theresu amplitude
before receptor deactivation. Quantification ofstheffect can be
obtained by measuring the time course of the maoturrent decay
during wash. Table 2 gives the half-time valueswfent deactivation
in the presence of the indicated inhibitor, forfeliént receptor types.
This parameter was chosen because its calculaties ot depend on
any specific assumption about the mechanism of radan
blocking/unblocking by our inhibitors. Channel deaation turned
out to be generally slower in the presence of dazepine. For
instance, 10QuM oxcarbazepine produced a 30-40% delay of channel

closure, in both wild-type and mutant receptors.

91



Finally, the blocking effect produced by 1QM oxcarbazepine was
similar when this antiepileptic was applied in fhesence of either
100 uM or 10uM nicotine, in line with a non-competitive mechanis
(Fig. 4).

The general use of a quasi-saturating nicotine eamnation (which

maximizes the probability of a single channel bedpgn) allowed us
to obtain a quick time course of channel blockidg. a given

antagonist concentration, the fractional curreihte (tatio between
currents in the presence and in the absence ofj@m#d) at the peak
was scarcely different from that measured 1.0 sla8d after agonist
application. Fig. 3B and 3C plot the fractional reunts for wild-type

and mutant receptors respectively at i) the paalafter 1 s and iii)

after 1.8 s at the indicated antagonist concentrafif hus, blockade
fully developed within the typical apparent time ratotinic current

activation, which was usually around 200 ms (in teriments
shown in Fig. 3, the 10-90% current rise-time w28 fins). Therefore,
the concentration-response relations for carbamiaepand

oxcarbazepine (Fig. 4) plot peak fractional curseat the indicated
antagonist concentrations for wild-type and muteetteptors. The
dose-response experiments with carbamazepine aodrb@azepine

were capped at 20QM and 100uM, respectively, to avoid the
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interference of high concentrations of solvent. SEheoncentration-
response relations were fitted with equation 11 Staltistics are given
in the figure legend. Briefly, 1§ for carbamazepine was
approximately 5QuM for wild-type and 20uM for mutant receptors
(Fig. 4, upper panel). For oxcarbazepine, the eggthlGo was lager
than 500uM for wild-type and approximately 10AM for mutant
receptors (Fig. 4, lower panel). Overall, th234 receptors were
inhibited by both drugs, with carbamazepine beiogstderably more
effective. Moreover, both compounds were capabldistriminating
wild-type and mutant receptors. The 5dCwe measured with
carbamazepine in wild-type receptors was intermtedmetween the
values previously reported fe22 (15 uM; Hoda et al., 2009) and
ad4f2 (about 15QuM; Picard et al., 1999; Leniger et al., 2003). The
ICs for a2-1279NB4 was somewhat lower than the value reported for
a2-1279NB2 receptors (about 3M; Hoda et al., 2009). These results
confirm that different heteromeric nicotinic recast containing or
not ADNFLE-linked subunits, exhibit distinct pharomdogical

properties.
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Effect of MHD o264 and o452 neuronal nicotinic receptors

As discussed earlier, to determine the possibleagigitic relevance
of the inhibition produced by oxcarbazepine on oeat nicotinic
receptors, it is also necessary to study the eaffexft its main
metabolite, MHD. Nothing is known about the actiah this
compound on any nicotinic receptor, to the bestusfknowledge. We
thus tested MHD on both234 and a4p2 receptors, which should
represent a significant fraction of the cerebrakhmmeric receptors.
This drug was applied at 1 and 1Q0M, to cover the typical
therapeutic range, in the presence of gBDnicotine at -60 mV. The
experimental protocol was analogous to the one us$ed
carbamazepine and oxcarbazepine. Typical currexesr foradf2
receptors in the presence and in the absence of EhdOllustrated in
Fig. 5 (upper panel). MHD was less effective tharbamazepine and
oxcarbazepine oa2p34 receptors, producing about 10% channel block
at 100puM. On the other hand, MHD was considerably moreaive
onto 04B2 receptors, with nicotinic currents inhibited b§%4 in the
presence of 10@M MHD (Fig. 5; lower panel). Full statistics are
given in the figure legend. As was also the caseadfamazepine and
oxcarbazepine, the inhibitory effect of MHD was qietely

reversible on washout.
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Once again, the current deactivation phase wasomged by the
antiepileptic, as estimated by the half-time ofrent decay o432

receptors upon nicotine (or nicotine plus drug) oeal. These results
are summarized Table 2 and support the idea théacezepine,
oxcarbazepine and MHD exert at least part of thefion through an
open channel blocking mechanism. Irrespective o thetailed
mechanism, we conclude that the main metabolitexchrbazepine
inhibits heteromeric neuronal nicotinic receptotstl@erapeutically

significant doses, with particularly strong effectsa4p2 receptors.
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Conclusions

By analyzing our data alongside those of the abkslditerature
(Bertrand et al., 2002; Hoda et al., 2009; Leniggeal., 2003; Picard et
al., 1999), we propose the following conclusiorissti-carbamazepine
inhibits 04B2, 0282 anda2p4 receptors and thus appears to be capable
of producing very widespread effects on neuronebtimic receptors.
Although the 1G, values vary between receptor subtypes, they are
generally compatible with the notion that partiahibition of these

ion channels occurs at the therapeutic doses. 8ecdhe
oxcarbazepine/MHD combination also blocks heteraenarcotinic
receptors, with a markedly higher efficacy®@2 compared ta2p4.
Considering the relatively high levels reached bigMin therapeutic
use, administration of oxcarbazepine is also likédy modulate
nicotinic receptors in the brain. Finally, the patt of inhibition
observed in receptors expressing mutant subunkedi to ADNFLE

is complex and depends both on the specific mutasind on the

combination of subunits.
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Discussion

Many antiepileptic drugs modulate ion channels. dBse the drug-
channel interaction is rarely specific, the contobl seizures may
depend on a combination of effects on different ncleh types
(MacDonald and Rogawski, 2008). Comparative studieshe full

spectrum of molecular targets are thus necessany fidl

understanding of therapeutic action as well as gffects. Since
growing evidence points to the involvement of hateeric neuronal
nicotinic receptors in human epilepsy (Steinleinl &ertrand, 2009),
we have studied how carbamazepine, oxcarbazepohd&tD affect

several types of these ion channels.

Expression o#2-containing receptors

Among the mammalian subunitg? is somewhat neglected, partly
because of its restricted expression in rodennbréshii et al., 2005;
Son and Winzer-Serhan, 2006; Wada et al., 1989)veder, recent
results in both rodents and primates, including &uosn indicate the
potential interest of further studies on this subufihe amino acid
substitution a2-1279N has been found to be linked to a form of

ADNFLE (Aridon et al., 2006). Moreover, polymorpins of theo2-
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coding gene has been associated with overweighthuman
populations (Kim, 2008). Therefore, the roleo® in humans seems
more important than previously thought, in agreenvédth the wider
distribution of a2 in primates’ brains compared to those of rodents
(Aridon et al. 2006; Gotti et al., 2006; Han et 2000; Quik et al.
2000). Nonetheless, distinct important physiologicdes of a2 are
also emerging in rodents (Nakauchi et al., 2007).

The functional study of the different forms of dam@ nicotinic
receptors is still in its infancy (Gotti et al.,, G%). At first
approximation, when studying@, it seems reasonable to coexpress it
with eitherp2 orp4, considering thai22 anda2p34 receptors present
distinct pharmacological, kinetic and expressioatdees (Chavez-
Noriega et al., 1997; Luetje and Patrick, 1991, \&diier et al., 2009).
Both forms, including the humat2p2 (Hoda et al. 2009), yield good
functional expression iXenopudaevisoocytes. We have focused on
the a2p4 form, because the generally smaller whole-celtenis we
have observed withk2f2 channels in HEK cells were incompatible
with extensive pharmacological characterization fgtch-clamp.
Whether the lower expression in HEK cells has piiggical
relevance remains to be determined. Irrespectivexpfession issues,

the available evidence abopd distribution suggests that thep4

98



receptor may be of considerable intengst se In squirrel monkeys,
B4 largely prevails ovep2 throughout the brain (Quik et al. 2000).
Widespread expression @4 has been also observed in the adult
mouse (Gahring et al., 2004) and in sevitatacaspecies (Kulak et
al., 2007). Importantly, from our standpoint, innman fetuses and
aged post-mortem samples the transcriptp#bis widely distributed
throughout the brain. The expressionB@fis more restricted, and the
two subunits overlap in the neocortex (Hellstromdahl et al.,
1998). The common expression [ in the thalamocortical system
and hippocampus suggests that this subunit maynpécated in the
susceptibility to seizures. Work carried out in enisupports this
notion, as knocking oup4 confers resistance to nicotine-induced

seizures (Kedmi et al. 2004, Salas et al. 2004).

The effects of carbamazepine and oxcarbazepine/MHMeuronal
nicotinic receptors

Carbamazepine and oxcarbazepine appear to havleuttolecular
targets, but few studies have directly addressedr tbffects on
specific ion channel types (Ambrosio et al., 2082hmidt and Elger,
2004). Carbamazepine has been shown to inbdfig (Picard et al.,

1999) andu2B2 (Hoda et al., 2009) neuronal nicotinic receptors,
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probably through an open channel blocking mechanidere, we
show that carbamazepine and oxcarbazepine/MHD ialtsbit a2p4
receptors, with the former being considerably meftective. In
addition, we found that MHD significantly blocked32 receptors at
the therapeutically relevant concentrations.

The therapeutic concentration of carbamazepine GS®uM in
plasma and 5-1nM in the cerebrospinal fluid (Dam et al., 1989;
Picard et al.,, 1999; Shorvon, 2000). These valadgate that this
drug can exert widespread effects on different gypé nicotinic
receptors in both neuronal and non-neuronal tif9uethe other hand,
peak plasma levels of oxcarbazepine in primategatee micromolar
range, whereas the steady state levels are ndgligdrause of rapid
conversion to MHD. The latter compound exhibitdavsdecay and
its therapeutic levels range between 30 andy@Dam et al., 1989;
Johannessen et al., 2003; Lloyd et al., 1994). |8iini to
carbamazepine, these drugs easily cross the bloach tbarrier
(Tecoma, 1999). Their concentrations in the ceghbral fluid are
thus comparable to those in plasma, particularly NdHD, which
binds weakly to plasma proteins (Shorvon, 2000)ieRts taking
daily doses of oxcarbazepine are exposed to theeadieady levels of

MHD plus pulsatile micromolar levels of oxcarbazepiUnder these
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conditions, our results suggest that significantibriion of
heteromeric nicotinic receptors (particularip2) may occur. In
general, the range of effective concentrationshef ¢éarbamazepine-
related drugs on voltage-gated ‘Nahannels overlaps with that
observed for nicotinic receptors (McLean and Mac&)dn 1986;
McLean and Rogawski, 2008). For example, carbanagapteracts
with voltage-dependent Na@hannels with approximate 4¢of 30 uM
(Willow et al, 1985). Therefore, the contributiom the antiepileptic
effect of nicotinic receptors’ inhibition should baken into account. It
should also be noted that, in rats and dogs, oazagine persists in
blood at concentrations much higher than those unedsn humans
(Tecoma, 1999). Hence, caution should be exertezshvifiterpreting
the response to this drug in animal models of huepalepsy.

How partial blockade of neuronal nicotinic receptoould contribute
to the antiepileptic effect is matter of speculatias the complex roles
of these ion channels in the brain are still dedthaigcotinic receptors
control both glutamate and GABA release in the bggmpus and the
thalamocortical system and can also play excitgbostsynaptic roles
(Albuquerque et al., 2009; Aracri et al.,, 2009; €pLet al., 2007,
Lambe et al.,, 2003; Lendvai and Vizi, 2008; Zollketsal., 2009).

Considering that carbamazepine and oxcarbazepinee Hazeen
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recently shown to produce potentiation of GAB#ceptors (Zheng et
al., 2009), we hypothesize that inhibition of glatte release and
stimulation of postsynaptic GABA channels may cooperate to
dampen network excitability.

Finally, many subunits of the ‘neuronal’ nicotimeceptors are in fact
expressed in non-neuronal tissue, where they ekgdiological roles
as diverse as hormone release, cell migration @&tidpooliferation
(Wessler and Kirkpatrick, 2008). As a consequenaether point that
deserves further study is the possible contributbthe modulation
of neuronal nicotinic receptors to the developnanperipheral side

effects.

Implications for treatment of nocturnal frontal elepilepsy
Carbamazepine is one of the most effective drugiNfeLE (Provini
et al., 2000). Because alteration of the choliregystem can be
involved in the pathogenesis of this disease, tliiicaey of
carbamazepine has been partly attributed to italuhgy of blocking
neuronal nicotinic receptors. However, approximatd0% of the
patients remain unresponsive to therapy. Recemtrtemndicate that
better results may be obtained with oxcarbazedragu(et al., 2007,

Romigi et al., 2008). This drug allowed to contseizures in several
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patients unresponsive to other treatments, inclft@done of them)
carbamazepine (Raju et al., 2007). Our results estgga
straightforward interpretation of these findingheTtypical doses of
oxcarbazepine administered to patients allow MHD reach
cerebrospinal concentrations high enough to prodetiective
inhibition of heteromeric nicotinic receptors (peutarly a4f2).
Equally effective concentrations of carbamazep@enot be reached
without running the risk of serious side effector®l extensive studies
aimed at comparing the efficacy and tolerabilitycafbamazepine and
oxcarbazepine on NFLE patients will be necessasutistantiate this
hypothesis.

The link between ADNFLE and mutant nicotinic re@@ptsuggests
that specific targeting of these receptors may peeterred treatment,
particularly for the genetic forms of the diseaseised by mutant
receptors hypersensitive to these drugs. Henamuid be helpful to
seek drugs more effective in blocking nicotinicapiors compared to
voltage-gated channels. Molecular dynamics modelgate that the
structure of the aromatic ring is fundamental farb@amazepine to
target the nicotinic receptor pore (Ortells and rBares, 2002),
whereas the additional oxygen of oxcarbazepine iendhetabolites

does not seem to impair Nahannel targeting (Ambrosio et al.,
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2002). Our results show that the aromatic ring stulents decrease
the blocking efficacy, at least arB4 channels. These observations
suggest the possibility of calibrating the drugfBcacy on this and
other receptor types by inserting different substits on the
dibenzazepine ring.

Besides therapeutic issues, the general efficacyardfepileptics
targeting nicotinic receptors in patients sufferfrmgm NFLE supports
the idea that the cholinergic system is a very ifgasmnodulator of
excitability during sleep, irrespective of the mese of specific
mutations on nicotinic subunits. These observation$ thus be
useful in guiding further research on the pathogenechanism of
sleep-related frontal epilepsy and the role ofahelinergic system in

slow-wave sleep.
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Table 1

Receptor Agonist | densfty | Desensitization
(PA / pF) T(sf
a2B4 Nicotine 69 £ 13 (12) 40+0.8 (6)

Acetylcholine | 83 + 16 (25) 57+£1.2 (8)

a2-1279N34 | Nicotine 50 £ 7 (26) 52+1.0 (8)

Acetylcholine | 71 + 10 (20) 6.9+£19 (7)

Functional properties of a2f34 and a2-1279Np4 receptors

& Peak whole-cell current density values at -60m\thim presence of
either 100uM nicotine or 300uM acetylcholine. The differences
between wild-type and mutant receptors are notifssgntly different
(with t-test for unpaired samples).

® Time constant of channel desensitization, caledlatfrom
monoexponential decay functions best fittine thpeexnental traces.
Average values refer to experiments carried otithénsame cell batch.

Number of experiments is given in brackets.
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Table 2

Receptor | Ctrl OXC20| Citrl OXC100| Ctrl MHD100
a2p4 3.6+0.5/4.4+1 |3.9+1.2/6.2+7 |7.5+0.6 | 10.9+1.4
021279N34 | 5.1+0.6| 7.0+ 1 | 5.3+0.7| 7.6 0.9

0dp2 3.3+1.06| 6.1+1.6

Half-times of channel deactivation, for the indicaéd receptor

type, in the presence of oxcarbazepine or MHD

Ctrl: control;

OXC 20:

oxcarbazepine 100M; MHD 100: MHD 100uM.

& Significant differences from the corresponding colst (0.01< P<

0.05; t-test for paired samples), N = 4-6

oxcarbazepine 2QM; OXC 100:

® Significant difference from the corresponding cotst (P < 0.01;

t-test for paired samples), N = 8.
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Figure 1

Fig. 1 Molecular structures of carbamazepine (A), oxcaebar (B)
and 10-hydroxycarbamazepine (MHD;C). MHD is the mactive
metabolite of oxcarbazepine and is also know as 43P79 or

licarbazepine
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Figure 2
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Fig. 2 Functional expression of different heteromeric nictnic

receptors in HEK cells

Bars indicate average peak whole-cell current diessevoked at -
60mV by 300uM acetylcholine. Cells were transieltly transfected
with the indicated subunit combinations. Bodt2 and a2-1279N
produced particularly strong current expression rwketransfected
with 4. In particular, the average current density valweere
(pA/pF): 0.197%0.076 (n=91), fora2B2; 0.080.043 (n=38); fom2-
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1279NB2; 18.22.1, for a4p2 (n=57); 8316 (n=25), fora2p34; 71+10
for a2-1279NB4 (n=20). Experiments summarized the results obthin

after 12 runs of transfection
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Figure 3
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Fig. 3 Effect of oxcarbazepine on nicotinic currents

A. Typical whole-cell currents fax2-1279N34 receptors activated by
100 uM nicotine at -60 mV, in presence or absence ofitidécated
antagonist concentration. Stimulations were spdbege min apart.
Continuous lines mark the time of oxcarbazepine @p&nd nicotine
application, as indicated. Arrows mark the timesvatch inhibition
was calculated to generate panels B and CWild-type receptors.

Bars show the fractional currents (i.e. the ratfocorrents in the
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presence and in the absence of the indicated ctiaten of
oxcarbazepine) calculated at the current peak lfi@fs), 1 s (middle
bars) and 1.8 s (right bars) after nicotine appibca Data are
averages of at least five determinations in theesamll batch.C.

Same as panel B, for mutant receptors.

112



Figure 4
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Fig. 4 Concentration-response curves for carbamazepine and
oxcarbazepine

The experimental procedure for both drugs waslastiated in Fig. 3.
Data points are average peak currents, at the ataticinhibitor

concentration (), normalized to the current obtained at 100
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nicotine (hay. Data were fitted with equation (1J. Carbamazepine.
Values obtained from best fits weres¢G 49 uM (ny = 0.75) for wild-
type (white circles) and Kg= 21 uM (ny = 0.6) for mutant receptors
(black circles). At 10QuM, the fractional current was 0.35 = 0.06 for
wild-type and 0.21 + 0.03 for mutant receptors (ages of five
determinations; g 0.05 with unpaired t-test. Oxcarbazepine. Plot
was generated as in panel A. Best fit estimateg d¢@s > 500 uM
(ny = 0.65) for wild-type (white circles) and 1QO0 (ny = 0.5) for
mutant receptors (black circles). At 1081, the fractional current was
0.70 = 0.05 for wild-type and 0.52 + 0.03 for mutaeceptors
(averages of five determinations; $ 0.05 with unpaired t-test).
Squares give fractional current values obtainethénpresence of 100
uM oxcarbazepine, when nicotinic currents were atég with 10
uM nicotine. Values obtained for wild-type (white usgies) and
mutant (black squares) receptors were not sigmfigadifferent from

the corresponding values obtained in presence @filDnicotine.
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Figure 5
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Fig. 5 MHD inhibits heteromeric nicotinic receptors

A. Typical whole-cell currents activated adf32 receptors by 100M
nicotine at -60 mV, in presence or absence ofideated antagonist
concentration. Stimulations were spaced three martaContinuous
lines mark the time of MHD and nicotine applicati@as indicatedB.
Bars show the fractional peak currents (i.e. thie @ currents in the

absence and in the presence of MHD), at the inglicamhibitor
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concentration, fore4f2 anda2B4 receptors, as indicated. Data are
averages of at least five determinations in the esamn of
transfection. Fon4p2 receptors treated with 10 MHD, the peak
current densities were (pA/pF) 5.9 = 1.67 befoeatiment and 3.8 +

0.99 in the presence of MHD (p < 0.05, with paireest; N = 8).
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CHAPTER 3

“What knowledge about neuronal nicotinic receptors
in the nervous system can tell us about the nicotinrole

in cancer”
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Abstract

The neuronal nicotinic acetylcholine receptors (IWRS) are ligand-
gated ion channels activated by ACh or exogenoasiaty such as
nicotine. They are permeable to cations and canergém fast
excitatory postsynaptic potentials. NAChRs are aspressed at
presynaptic and extrasynaptic sites, where they ulaég

neurotransmitter release and neuronal excitabilityresponse to
diffuse ACh release. These receptors are also widslpressed
outside the nervous system, in normal as well agplastic tissue,
which is intriguing as smoking is an establishest factor for cancer.
Besides nicotine, several tobacco-derived compqurgiech as
nitrosamines and their metabolites, are tumor-ptorgo agents.
Although nitrosamines have mutagenic effects, they also potent
NAChR ligands. Therefore, many of the cellular etfeof nicotine
and nitrosamines, such as stimulation of proliferatind inhibition of
apoptosis, seem to be mediated by nAChRs. In apalMth what

happens in the brain, nAChR activation regulates ghcretion of
autocrine and paracrine factors that stimulate gqebliferation,

migration and inhibit apoptosis. Other mediators;hs asy-amino-

butyric acid (GABA), may function as inhibitors pfoliferation and
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neoplasia. Activation of NAChR can also producediicontrol of the
Ca*-dependent intracellular signals related to thesecgsses.
However, interpreting the precise nAChR roles ioplastic cells is
made considerably difficult by the overlap of mamjfferent

receptor’s subunits and the general lack of detaskeidies in single
cells. Different nAChR types present different phacological and
kinetic features and may regulate different cetlularocesses.
Moreover, the mechanistic effects of nitrosamineshese receptors,

e.g. the balance of excitatory and inhibitory effeare poorly known.
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Introduction

The nicotinic acetylcholine receptors are pentatédaonotropic
receptors permeable to cations, belonging to theerfamily of
ligand-gated ion channels, which includes the GAB#4lycine and
serotonin receptors (Hogg et al.,, 2003). They wer&inally
discovered in the postsynaptic membrane of the ameuscular
junction and isolated from the electroplaxes ottie fishes such as
Torpedo The composition of the muscular receptor is tgjhyc
(01)2B1yd during development. In the adult, substitutesy. Two
binding sites for ACh are located at the interfaeéwveen each and
they (or €) subunit. Two molecules of agonist are normallgassary
to produce a significant probability that the chalnns open
(Albuquerque et al., 2009).

Based on knowledge about the muscle receptors.equbsat work
identified and cloned several neuronal subunitdclwivere found to
be widely expressed in the central and periphezalagus system. To
date ninex (02-010) and thre@ (82-p4) neuronal subunits are known.
The pattern of possible subunit combinations ig/\amplex (Dani
and Bertrand, 2007). The2-06 and 2-p4 can associate to form

heteromericap NAChRs with various stoichiometries. Th&-o9
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subunits can form homopentameric receptors, sudcheasommonly
found @7)s. However, these subunits can also participate in
heteromeric receptors. For exampk®, forms heteromers with10
and some evidence suggests thiatcan associate wit2, at least in
expression systems (Khiroug et al., 2002). The iplygical meaning
of this diversity is still unclear. The8 subunit is restricted to avians.
A9 andal0 are mainly expressed in the cochlea. In the malmam
brain, the heteropentamerag4p2, with prevalent stoichiometry
(04)2(B2); and the homopentamers/{s seem to be the most common
forms, at least in rodents, but the contributiorthe other subunits is
under intense investigation5 is thought to modulate the properties
of heteromeric receptors. In the peripheral nensystem, there is a
prominent contribution od3 andp4 (Gotti et al., 2009).

The structure of the neuronal and muscle receptrsssentially
similar. Pseudo-crystalline forms of the receptigslated from
Torpedo californicagave a structural resolution at 0.36 nm (Unwin,
2005). Receptors have an extracellular waterefillestibule with a
diameter around 2 nm. This vestibule is formed bg tong N-
terminal extracellular domains of the five subunithe N-terminal
segment of each subunit is followed by 4 trasmenm#domains (M1-

M4). The M2 segments line the channel pore. ThetsGderminal

135



domains also face the extracellular side. The tgaimding site is
formed by thea subunits and the adjacent subunits in heteromeric
receptors, and by the interaction of adjagestibunits in homomeric
receptors. Therefore, the number of agonists twatind the receptor
depends on the number@Bubunits. For example, five ACh can bind
to (a7)s receptors and two can bind @4{,(32); receptors (Dani and
Bertrand, 2007).

Postsynaptic  nicotinic  receptors mediate fast akmiy
neurotransmission, as in the neuromuscular juncaioth autonomic
ganglia, where nAChR activation quickly depolarides postsynaptic
membrane. In the brain, NnAChRs can also exert slquagacrine
actions (Lendvai and Vizi, 2008), for example by dulating
neurotransmitter release (Lambe et al., 2003; Amrical., 2010). In
fact, cholinergic innervation in many cerebral cetg, including the
neocortex, presents a diffuse, non-synaptic natMtereover, the
distribution of acetylcholinesterase (AChE) doest rmecisely
matches that of nAChRs and low steady ACh levedsnaeasured in
the cerebrospinal fluid even when cholinesterasgbitors are not
applied (Dani and Bertrand, 2007; Lendvai and V2808; Pepeu and

Giovannini, 2008).
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Expression of nAChRsin non-neuronal tissue and cancer cells
Growing evidence shows that the ‘neuronal’ nAChPusuts are
frequently expressed in non-neuronal differentiatisdue, such as
skin keratinocytes, bronchial, oral and gastrotimias epithelia,
vascular endothelium, muscle tissue, lymphocyte$ macrophages
(Wessler and Kirkpatrick, 2008). These results wv@eninainly from
expression studies, as functional studies are sty scarce
(Dasgupta et al., 2006; Fu et al., 2009). The fonal meaning of
NAChR expression in non-neuronal tissue is stiladed and may be
different in different cells. One thoroughly studlieell type is the
human keratinocyte, in which7 nAChRs regulate directional cell
migration along a gradient of cholinergic agonist$ie nicotinic
receptors cluster at the cell’s leading edge alwitlh M1 muscarinic
andp1l-integrin receptors. These interact to produceratznation of
calcium-dependent and independent signals that ezgavon the
Ras/Raf/MEK1/ERK pathway. In keratinocytes, hetesamnAChRs
seem instead to be mainly involved in controllingndom
chemokinesis (Chernyavsky et al., 2004; Chernyaesla}., 2005).
The nAChRs are also frequently observed in canels,dncluding
lung cancer, in which they regulate cell prolifevat apoptosis and

angiogenesis (Maneckjee and Minna, 1990; Dasgupial..e2006;
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Lam et al., 2007; Paleari et al., 2008; Guo et24(Q8; Egleton et al.,
2008; Calleja-Macias et al., 2009; Schuller, 20@)ch findings are
suggestive because tobacco inhalation is an esttallirisk factor for
cancer, and particularly lung cancer, in which ¢heffects have been
studied in depth. Widely used experimental modsedstike small and
non small cell lung cancer cells, respectively SCaa NSCLC
(Schuller, 2009). SCLC has epithelial origin, busptays many
neuroendocrine features and may derive from nedmzme-
oriented cell populations. It is very aggressive &mghly correlated
with smoking (about 98%). NSCLC is a heterogendaunsly, with
three main histological types (adeno-, squamoukarel large cell
carcinoma). The correlation with smoking is appnoaiely 60%. In
smokers, prolonged or even chronic nAChR stimufai® possible
because nicotine is not degraded by AChE. Moreogewneral
carcinogens produced by tobacco inhalation, namé¥NK [4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone], NNN  (N-
nitrosonornicotine) and DEN (diethylnitrosaminejnd with high
affinity to nAChRs, as indicated by radioligand quetition studies
(Schuller and Orloff, 1998; Schuller, 2007). Thesenpound are in
fact structurally analogous to either ACh or ninetilt has thus been

proposed that some of the oncogenic effects ofettmsmpounds
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depend on specific activation of nAChRs, which rsapplement the
well-known effects caused by DNA targeting of severitrosamine

metabolites.

Because of the heterogeneity of lung cancer aglis,not surprising

that the full spectrum of nAChR types and signalicgscades
involved in regulating different aspects of the gblogy of these

cells are still matter of debate. Most data condd8CLC cells, in

which nAChRs not only exhibit an altered expresdiggleton et al.,

2008), but have been shown to stimulate cell prdiion through

different mechanisms that include up-regulatiosighaling pathways
downstream to integrin engagement (Zheng et al7R@dicotine has

been also found to confer resistance to the chesmapleutic-induced
apoptosis. Hence, the molecular network centerednA@hRSs is

currently considered a promising target for theatmwo-related cancer

therapy (Grozio et al., 2008).

The functional properties of nAChRs

How nAChRs respond to tonic stimulation seems tlogemelevant
aspect for understanding the regulation of the abprkocesses in
normal and neoplastic non-neuronal tissue. Thienas reinforced if

one remembers the slow, multistep nature of the plastc
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progression (DeVita et al., 2008). As mentionediearfew direct
studies in real time are yet available. Nevertiglebe general
working hypothesis is that prolonged nAChR stimolatcan lead to
sustained cell depolarization and calcium entryrofigh nAChR
themselves or other pathways) with ensuing effeatexocytosis of
several autocrine/paracrine factors that promotelifgration,
migration, angiogenesis and inhibit apoptosis. Muoeg, calcium
entry can modulate directly some of the cytoplasmignaling
pathways implicated in these processes. To deepennulerstanding
of the mechanism underlying these physiologicaéaf, it is thus
very important to thoroughly consider the functibreatures of

NAChRSs during steady stimulation.

Calcium permeability (B) and modulation by external &a

The neuronal nAChRs differ from the muscular in tthtaeir
permeability to C& (Pc,) is generally higher. £ depends on subunit
composition. Rigorous determinations for the ddéferforms are still
scarce, but the ratio betweeg,RAnd Ra is generally about 2-3 in
heteromeric receptors, while in homomeric receptiocan be 10 or

higher (Fucile, 2004).
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Besides C& permeability, NnAChRs are modulated by extraceflula
ca& ([Ca']o) in a complex way. They are progressively potéatia
by [C&*], up to the physiological concentration (Mulle et 4992;
Vernino et al., 1992), whereas higher fGa produces channel
inhibition (Buisson et al., 1996). Thus, nAChRsgamt a bell-shaped
response to [Ca], which is caused by Gabinding to several metal
binding sites, located within the N-terminal domaibfhese sites
contain typical EF-like helix-loop-helix motifs, ti conserved
terminal glutamate residues, whose neutralizatiecrehses or
completely inhibits the regulation by [ER (Galzi et al., 1996).

From an oncologic standpointcHs the most relevant parameter. In
principle, prolonged nAChR activation could leadhtoincrease in the
steady state calcium influx. This applies to mostChR types,
although the effect is probably strongeroin receptors. On the other
hand, at difference with the situation in the syiagleft, the
modulatory effect of [CH], seems less important, because the
calcium levels in blood and interstices are uniikéb undergo

appreciable long-term variation.
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Kinetics of NAChRs and long-term effect of ligands
In the presence of tonic agonist levels, the extérdéteady calcium
entry through a given nAChR type depends not onlyPg, but also
on the steady state open probability of that rearepThis depends on
the intrinsic kinetic properties of each nAChR. itgb agonists such
as ACh and nicotine activate nAChRs at concentnatioetween 100
nM and 1 mM. On agonist application, receptorsvatdi (open)
within microseconds (Sine and Engel, 2006) and kdyideactivate
(close) when the agonist is removed. If the agasisiot degraded or
otherwise removed, the receptor desensitizes witkinatics that
depends on subunit composition and is generallyckgui in
homomeric receptors, such a3 ).
For an ensemble of ion channels i, the current dinga | across the
plasma membrane is generally given by the followgigtion:

li = iNiPo(Vm-Erey),
Wherey; is the single-channel conductance for {;isN\the number of
active channels expressed onto the plasma membRné the
probability that the channel is open in the cowodisi being
considered; ¥ is membrane potential andeEs the channel reversal
potential (generally between -20 and 0 mV, for nRGh R is

generally not a constant, but depends on concentrat ligands and
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other regulators, time, / etc. In ligand-gated channels, the steady
state B essentially depends on the product of the proibaliiat the
channel is open times the probability that it i$ desensitized. These
parameters depend on the agonist concentration randt be
determined experimentally by using patch-clamp esh In general,
lower agonist concentrations are less effectiveadativating the
channel, but also determine slower (or negligidie3ensitization, and
viceversafor higher doses. The range of concentrationsvfuch the
steady state current is not null defines a so-gallendow current’, in
analogy with the terminology used for voltage-gatedchannels. For
heteromeric receptors such as t#$2, steady state currents can be
measured even at 10-100 nM of ACh or nicotine, isb@st with tonic
levels of ACh in the cerebrospinal fluid betweeh &nd 1uM (Pepeu
and Giovannini, 2008) and comparable levels of tmeoin smokers
(Russell et al., 1981). The maximal steady statesntiis obtained at
intermediate levels of agonists, approximately 5gM\d, for many
heteromeric and homomeric nAChRs (e.g. Fenstel.etl@97). At
high agonist doses, the channel desensitizatiesssntially complete.
Besides intrinsic kinetic response to agonistseiottAChR properties
are modulated by chronic agonist concentrationsadt exposure to

agonists regulates the surface expression of nACHmRsly by post-
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transcriptional mechanisms, in a manner that depesd subunit
composition (Govind et al., 2009). Moreover, whexpased to
chronic agonists, several heteromeric receptorsengad deep
desensitization (also named inactivation), diffélserfrom the a7-

containing receptors (Kawai and Berg, 2001). Theesfprolonged
exposure to nicotine and the other tobacco metaisotan either
stimulate or depress the nicotinic signal, depampadn the nAChR
subunits expressed by the cell. It is thus cleat the long-term
physiological effects of nicotinic ligands in thiabd or cerebrospinal
fluid depend in a very complex way on the balant¢he nAChR
types expressed by a certain cell and on the etludar levels of

agonists.

Implication of NnAChRs in the neoplastic progression: critical points
and per spectives

Current evidence indicates two main aspects of fAGlgnaling as
related to neoplasia. First, prolonged-mediated stimulation is
thought to lead to sustained cell depolarizatioth @&* influx. These
receptor’s features could modulate in complex wtnes release of
autocrine messengers with effects on proliferationgration and

angiogenesis. For example, in pulmonary neuroemumarells and
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their neoplastic derivative SCLC, activation af7-containing
receptors regulates cell proliferation by stimulgtthe release of local
mediators such as serotonin and bombesin. Thesaulate
proliferation through the PKC/RAF1/MAPK pathway (Geeo et al.,
1993; Jull et al., 2001; Schuller, 2009). As disausabove, calcium
influx through NnAChRs can also regulate directheg pathways.
However, considering the complexity of calcium hastatic control
and the variety of pathways for calcium exchangth whe different
intra- and extracellular compartments (Roderick &ubk, 2008), it
remains to be seen whether the effectidfreceptor activation really
exerts its effects mainly through calcium signaliBgmonstration of
this would require detailed measurements of nieotocurrents and
calcium influx at the steady state. These experimare needed also
in the light of increasing evidence suggesting ¢lestence of non-
conducting ion channel roles. These are mediatedetample by
direct interaction of the channel protein with ggbc enzymes,
membrane adhesion receptors and membrane growtr feceptors
(Arcangeli and Bechetti, 2006).

A second interesting hypothesis regards the passibdk of GABA as
a tumor suppressor and the possible implicatiomAChRs in this

process. This hypothesis is founded on evidenceutaltbe
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GABAergic effects in both cancer cells and embryeisst, GABA
has been observed to exert a tumor suppressingnasti colon
carcinoma and lung adenocarcinoma cells. In theerlatell type,
stimulation with GABA blocks the cAMP-dependent DN&nthesis
and cell migration(Joseph et al., 2002; Schuller et al., 2008).
Moreover, recent observations show that the pralifen of
embryonic stem cells and peripheral neural cresmmscells is
inhibited by local release of GABA, which activatesBA receptors
(Andang et al., 2008)In this case, F, for the GABA, receptor is
approximately -80 mV and stimulation with GABA detenes cell
hyperpolarization. ThereforeGABA seems to exert a variety of
effects during development. The above stem cefipaied to GABA
as neurons do in the adult brain, where GABA isegaity (although
not necessarily) an inhibitory transmitter. Howethe role of GABA
during early neuronal development is known to batatory, because
of a switch in the expression of different @ansporters that alters
Erev for GABAA receptors (Ben-Ari et al., 2007). Evidence in rmide
indicates that the transporter NKCC1, which abs@band is mainly
expressed in early stages, is progressively substitwith the CI
extruder KCC2 (Rivera et al, 1999). Interestinglfypm our

standpoint,several lines of evidence show that nAChR activati
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controls the GABAergic function in both adult aneveéloping brain.
For example, gontaneous nAChR activity regulates the switch
between the excitatory and inhibitory roles of GABduring
development (Liu et al., 2006). Moreover, in adwdbcortical circuits,
steady-state nAChR activation has been found twlagg GABA
release (e.g. Aracri et al., 2010).

Overall, the above evidence has suggested the uzool that
prolonged inactivation of heteromeric nAChRs inipleeral tissue
may promote neoplasia by decreasing GABA releashulier et al.,
2008). Once again however, caution should be eXartedrawing
such conclusions, because very few functional studkist about the
functional interaction between nAChRs and GABAergansmission
in cancer cells. A general puzzling issue is tlat,first sight, the
subtle kinetic differences between different nACigRes would seem
to be of minor importance for controlling the neagilc cell behavior.
Therefore the steady state effect of stimulating-containing
receptors on exocytosis should be similar to theddgpced by
activating heteromeric nAChRs, especially considgrithat most of
the cell lines studied so far express many nicotisubunits. To
hypothesize that stimulation of heteromeric recepteould mainly

control GABA release, whereas stimulation of homomeAChRs
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would produce other cellular effects comes dowrth® following

hypotheses. Either homo- and heteromeric receprersifferentially
expressed in cellular subpopulations that are apeed to release
different paracrine mediators, or in every cell réhas a close
molecular interaction between specific nAChR ty@mesl specific
release complexes or intracellular signaling pagfswa/irtually no

evidence about these issues is available, to thedb®ur knowledge,

which certainly constitutes ample matter for futenedies.

Pharmacological implications

The above discussion presents relevant pharmacalagaplications.
It has been repeatedly suggested that targetinghannels could be
an effective way of treating some forms of neoplabecause of the
general accessibility of channel proteins from é#x¢racellular side
and the potential calibration of the side effettstact, recent results
indicate that antagonizing nAChRs produces protectiffects from
tumorigenesidn vivo (Paleari et al., 2009). However, choosing the
best strategy is not straightforward. Determininige trelative
importance of the changes inyVcalcium influx or non-conducting
pathways on the downstream processes will be irapbtb attempt

the development of drugs with more specific molacuargets (for
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example the channel pore or some regulatory dometin) and
hopefully less side effects.

Another example of the complications involved irdarstanding the
pharmacology of nAChR stimulation in cancer conseire roles of
nitrosamine compounds. Nitrosamines bind to nAChRih high

affinity and tend to activate the receptors. Howewden considering
high affinity ligands, it is also very important t@nsider how potent
they are in activating the ion channel. If theitgry is lower that
than of ACh or nicotine, by displacing these agmnithey may
produce inhibitory instead of excitatory effectstamrthe cellular
processes. More precisely, if nitrosamines behage partial

competitive agonists with high affinity (Hogg aneermand, 2007),
they may turn out to produce either excitatory mhibitory effects

depending on the level of the main agonist. In,faoime evidence

exists along this line (unpublished results).
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CHAPTER 4

“Neuronal nicotinic acetylcholine receptors and lurmg

cancer cell lines”
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Abstract

The neuronal nicotinic acetylcholine receptors kgand-gated ion
channels permeable to cations. Severahdp subunits can associate
to form homo- or heteropentamers, which exhibitidcs kinetics, ion
permeability and pharmacological properties. TheChRs are also
expressed in non-neuronal tissues and recent exadielicates that
they can regulate cell proliferation, apoptosis amgiogenesis in a
variety of neoplastic cells, including small (SCL@hd non-small
(NSCLC) cell lung cancer. These observations aggestive because
smoking is an established risk factor for cancspeeially in the lung.
The mechanisms of these effects are debated. Gsmbpity is that
NAChRs modulate the release of growth factors ahdramolecules
that exert complex autocrine and paracrine effectslung cancer
cells.

We studied nAChRs in SCLC (U2020) and NSCLC (A5@4) lines.
These were voltage-clamped in the whole-cell caméigon of the
patch-clamp methods, at room temperature. Duriegetkperiments,
cells were maintained in physiological saline sohs. In both cell
lines, MVest was usually between -17 and -19 mV. At -60 mV,
application of 100 uM nicotine consistently elicited inward
desensitizing currents in both cell types, althotlghaverage current
density was generally higher in NSCLC. In SCLC &8CLC the
nicotinic currents was significantly blocked by 1M
methyllycaconitine (MLA, specific for homomeric egators) and 1
uM  dihydro$-erythroidine (DHBE, specific for heteromeric
NAChRS). In both cell lines, the inhibition profimuggests that the
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majority of the cells expressed both homo- andrbeteric nAChRs.
Thus, lung cancer cells express nAChRs with distilunctional
properties that may be implicated in physiologmaicesses occurring

at different time scales, such as transmitter selead cell migration.
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Introduction

As | discussed in the first chapter, growing evieshows that the
‘neuronal’ NAChR subunits are frequently expressedon-neuronal
differentiated tissue, such as skin keratinocybeenchial, oral and
gastrointestinal epithelia, vascular endotheliumusahe tissue,
lymphocytes and macrophages (Wessler and Kirkpatrz008).

These results derive mainly from expression studass functional
studies are still very scarce (Dasgupta et al.620W et al., 2009).
The functional meaning of NAChR expression in neofonal tissue
is still debated and may be different in differealis.

NAChRs and lung cancer cell lines

Recent evidence points to neuronal nicotinic remsptas pivotal
elements for the regulation of cell proliferatioapoptosis and
angiogenesis in several tumours, including lungeesr Smoking is a
well-established risk factor for cancer, particlyatung cancer.
Several lines of evidence suggest that nAChRs rm@idated in
tumourigenesis. These receptors are found in brahdpithelial
cells, small cell lung cancer (SCLC) and non-small-lung cancer
(NSCLC; Egletoret al, 2008). Binding of labeled ligands/antibodies
and messenger expression show that the patterM@GhR subunit
expression in tumours is complex. For example, DESICLC primary
samples and cell lines express a variety @nd 3 subunits, whose
pattern of association to express homo- and hetionmeceptors
onto the plasma membrane is unclear (Egletoal, 2008; Schuller

2009). Subunit expression is commonly altered mgloancer samples
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and cell lines. Tumors often upregul@ite and downregulate4 (Lam

et al, 2007). What is more, frequent single nucleotidénporphisms

in the chromosomal region containing the genesngpfiir a3, a5 and

B4 have been found to be risk factors both for imeotependence
and for lung cancer (Spitz et al., 2008).

In lung cancer cells, NnAChRs regulate proliferatiamd apoptosis
(Schuller 1989; Maneckjee and Minna, 1990). Morepva

combination of nicotine and hyperoxia can inducegldumours in
hamsters (Schulleet al, 1995). Activation of NAChRs increases*Ca
influx, which stimulates the release of paracriaetdrs that promote
cell-cycle and inhibit apoptosis. In SCLC cellsy activation

stimulates serotonin and bombesin release, witlkemurent activation
of the RAF1 and MAPK pathways. In NSCLC cells, aation of both

homo- and heteromeric nAChRs leads to release df, Bhich

stimulates proliferation through ERK1-ERK2 and lits apoptosis
through PI3K/Akt/NF-kB.

None of the above studies have rigorously charaewreither the
NAChRs expressed by lung cancer cells. In factbadtes raised
against nAChRs tipically crossreact with differesibunits and,
probably, other membrane proteins (Moser al, 2007). This
inconvenience applies to other ligands as well. édwger, subunit
MRNA quantification is scarcely informative abouhé&tional subunit
association onto the membrane.

Moreover, it none of the above studies provide unexgal

information about the contribution of specific nACHypes to the

control of cell physiology. The patch-clamp techuggallows us to
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characterize the nAChRs physiological and pharnoagcl
properties and the physiological role of differaAChRs.
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Materials and Methods

Unless otherwise indicated, chemicals were purchdésen Sigma-

Aldrich Italia Srl (Milan, Italy).

Cell cultures

The NSCLC and the SCLC cell lines were culturedRiAMI-1640
medium, supplemented with 10% fetal calf serum &hd@5g/l
glutamine, at 37°C and 5% GCFor patch-clamp experiments, cells
were harvested by trypsinization and plated ontor®® Petri dishes

(Corning Incorporated, NY).

Solutions for patch-clamp experiments

The extracellular solution contained (mM): NaCl 1BCI 5, CaC} 2,

MgCl, 2, HEPES-NaOH 10, glucose 5, pH 7.4. Pipette coath
(mM): K-aspartate 130, NaCl 10, MgC2, CaC} 1.3, EGTA-KOH

10, HEPES-KOH 10, MgATP 1, pH 7.3. Stock solutioois the

pharmacological compounds were prepared afreshwaek and the
appropriate concentrations dissolved in the extitdee solution

daily.

Patch-clamp experiments

We have applied the whole-cell configuration of tpatch-clamp
technique Cells were voltage-clamped with an Axopatch 200B
amplifier (Molecular Devices, CA), at room temperat Patch

pipettes (2-4 MR) were pulled from borosilicate capillary tubesthwi

166



a P-97 Flaming/Brown puller (Sutter InstrumentsgllCapacitance
and series resistance are always compensated bedicfe voltage-
clamp experiment. Currents are low-pass filtered2akHz and

acquired on-line at 5-10 kHz with pClamp hardwarel software

(Molecular Devices).

Extracellular solutions are applied through an RI®0- Rapid

Solution Changer (BioLogic Science InstrumentsnEed. A syringe-

fed automated 9-way solenoid valve system is cdededo 9

borosilicate pipettes fixed onto a cylinder, whosttion is controlled

by a fast-step motor. The current flowing througdChRs is isolated
from the background leak, by subtracting the curodstained in the
absence of the agonist to the current obtainedhenptesence of the
agonist. Between consecutive agonist applicatiah¢east 120 s are

left to allow full channel recovery from desensatipn.

Analysis of data

Data were analyzed with Clampfit 9.2 (Molecular 2eg) and
OriginPro 8 (OriginLab, Northampton, MA). Data ayenerally given
as mean values * standard error of the mean. t8tatisignificance
was determined with two-tailed Student's t test.eTlevel of

significance was set to *P < 0.05 and ** P < 0.01.
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Boyden chamber assays

The Boyden chamber assay (BioMap, Milan) is usedttaly cell
migration and cell invasion. This assay is based chamber formed
by two medium-filled compartments separated by &roporous
membranes{8 um). These membranes were incubated overnight in
RPMI-1640 supplemented with matrigel 25@3/ml (a solution
containing different proteins of the extracellukaatrix) and 2% L-
glutamine (L-gln). NSCLC cells were harvested lypsinization and
were diluted in a serum free media. Subsequertdlis were placed in
the upper compartment and were allowed to migtateugh the pores
of the membrane into the lower compartment fillethvikRPMI-1640
medium supplemented with 2% L-gln and bovin seruivurain
(BSA) 25ug/ml, which contains chemotactic agents. After 8rsoof
chamber incubation at 37C, the membrane between the two
compartments was fixed and stained with hematogdisin
coloration. The number of migratory cells to thevés side of the

membrane was determined by optical microscope.
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Results

Functional nAChR expression in NSCLC and SCLClioel
We studied nAChRs in SCLC (U2020) and NSCLC (A548)) lines

(Fig. 1)

Fig. 1 Lung cancer cell lines
Left panel: NSCLC (A549)
Right panel: SCLC (U2020)

The presence of functional nAChRs was studied iesgmce of
nicotine, instead of the physiological agonist Att,avoid possible
interference with other currents activated by thescarinic receptors
that may be endogenously expressed in lung ceklin

In both cell lines, Vs was -17, 62t 2,60 (n=29) for NSCLC and -
18,5+ 1,62 (n=26) for SCLC (table 1).

Nicotinic currents were activated by using 1M nicotine, which is

an almost saturating dose, which thus maximizesptiodability of
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channel opening. Higher doses of agonist can peduaesirable
effects, such as open channel block (Sine andl&teim 1984).

At -80 mV, application of the agonist consistendlcited inward

desensitizing currents in both cell types (Fig.2).

The multiple possible combinations of nAChR sulsiptoduce a
multitude of nicotinic receptors with distinct phaacological and
physiological profiles. On agonist application, eptors activate
(open) within microseconds (Sine and Engel, 2006) guickly

deactivate (close) when the agonist is removethdfagonist is not
degraded or otherwise removed, the receptor desmssiwith a

kinetics that depends on subunit composition.

In both cell lines the same agonist concentratiwoked currents with
different kinetics, suggesting the presence of ed#ifit nicotinic

receptor subtypes in these cancer cells. Pringipak saw two

different profiles with different desensitizationme-course. The left
panel of figure 1 shows a current trace with fasgeshsitization. This
kind of kinetics is typical of homomeric recept@sch asq7)s. The

right panel of the same figure shows a currentetragth slow

desensitization, typical of the heteromeric recepto

In order to obtain comparable data between thermifit single cells
and the two cell lines, we determined the currearisity values for
each cell. This was calculated by dividing the entramplitude (pA)
by the cell capacitance (pF). The current densélues were 8.47
pA/pF £ 1.99 for NSCLC and 1.71 pA/pE 0.43 for SCLC (Fig. 3).
Because the cell capacitance is proportional toctlular surface
area, the current density allows to exclude théedihces between
cells caused by different dimensions. Therefore, avove results
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indicate that the functional expression of NAChRsNISCLC cells

was higher as it was in SCLC cells (tablel).

Effect of MLA and DIBE on nicotinic currents in SCLC and NSCLC
The different current kinetics we have observedysagthat different
cells express different combinations of nicotineceptors. We next
determined the contribution of hetero- and homomeAChRs, the
two main subtypes, by using specific inhibitors.nitmmeric receptors
were distinguished by using 10 nM methyllycacomt{MLA; Fig. 4)
whereas heteromeric NAChRs were distinguished Ipyyaqy 1 uM
dihydro{-erythroidine (DHSE).

MLA and DHBE were applied at -80 mV for 20 s, to reach
equilibration of antagonist concentration, befo@® iM nicotine was
added for 2 s to elicit whole-cell currents. Stiatidns were spaced 2-
3 min apart to allow full channel recovery from eesitization.

The results obtained indicate that both MLA and fBHproduced
significant block of the nicotinc currents in SClatid NSCLC cell
lines.

The current density values in the presence of thesagonists were:
for NSCLC, 2.34 pA/pFt 0.99 for MLA and 2 pA/pFt 0.68 for
DHBE; for SCLC, 1.2 pA/pF 0.5 for MLA and 0.69+ 0.23 for
DHBE (Fig. 5). The current density values of the ocan{d00 uM
nicotine) were 4.67 pA/pE 1.3 for MLA and 5 pA/pFt 1.3 for
DHBE, in NSCLC; 2.35 pA/pE 0.95 for MLA and 1.74 pA/p& 0.4
for DHPBE, in SCLC.

Sartelet et al. (2008) have establish that SCLC egbress high

levels ofa7 mMRNA whereas the expression of mMRNA for heteraener
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receptors containing th@2 subunit are low. Our study confirne&
NAChR expression in SCLC, however our results ssiggbat
heteromeric receptors are also express in the nasmalof these cell
lines. Moreover our data indicate the presence ath lhhomo- and
heteromeric receptors also in NSCLC, these resksagreement
with those obtained by the same group (Sartelekt €2008).

Lung cell migration and nAChRs

As | discussed in chapter 1, activation of nAChR®iglates (directly
and indirectly) C& influx, which stimulates the release of paracrine
factors that promote cell-cycle, cell migration ankibit apoptosis.
Preliminary experiments of cell migration in NSCke€lls, by using a
Boyden chamber assay, indicate that incubation wittM nicotine
produces an approximate 4-fold increase in cellratign. The effect
was largely abolished by cotreatment with 10 nM Mlwhereas the
inhibition produced by JuM DHBE was less potent. These results
indicate that both homo- and heteromeric nAChRsuleg¢g cell
migration in NSCLC (Fig.6), but the former are maséective.
Overall, they are in agreement with the resultsaioled in human
keratinocytes. In these,7 receptors are more involved in directional
migration (chemotaxis), whereas heteromeric recspseem to be
preferentially implicated in random cell migratidehemokinesis,
Chernyavsky et al., 2004).
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Table 1

Cell line Viest pF pA N
NSCLC -17,6% 36,38 308,21 | Ohundreds
2,60
SCLC - 18,5+ 10,79 18,45 Otens
1,62

Table 1 Physiological properties of NSCLC and SCLell lines

Viest: resting membrane voltage, pF: average cell ctgpasz, pA:
average nicotinic current, N: approximated numideaative channels
expressed onto the plasma membrane, estimate baséie single
channel current of NAChR( between 1,5 and 3 pAatmV) and the

average of total current.
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Figure 2

Nicotine 100 uM Nicotine 100uM

W

‘ J 500pA

1sec

Fig.2 Nicotinic currents in SCLC and NSCLC
Whole-cell current traces evocated by nicotine 00 in NSCLC
(left) and in SCLC (right), at -80 mV
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Figure 3

12

10

Nicotinic Current density
PA/pF

SCLC

Fig. 3 Functional expression of NnAChRs in SCLC antNSCLC
Bars indicate average peack whole-cell currentileasvoked at -80

mV by nicotine 100uM. In particular, the average current density
values were (pA/pF): 1.7% 0.43 (n=18), for SCLC; 8.4% 1.99
(n=26), for NSCLC
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Figure 4

Nicotine 100pM Nicotine 100uM

MLA 10nM

W

500pA

N
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500 pA

1 sec

Fig. 4 Effect of MLA on nicotinic currents in NSCLC
Whole-cell nicotinic currents activated by 1081 nicotine at -80 mV,
in presence and absence of 10 nM MLA. Stimulatiorese spaced

three min apart. Continuous lines mark the tim& oA and nicotine

application.
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Figure 5
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Fig. 5 Effect of MLA and DHE on nicotinic currents in NSCLC
and SCLC cell lines (pA/pF)

Bars indicate average peak whole-cell current diessevoked at -80
mV by 100uM nicotine. The average current density valueshef t
control (100uM nicotine) were 4.67 pA/pE 1.3 for MLA and 5
pA/pF £ 1.3 for DH3E, in NSCLC; 2.35 pA/pR& 0.95 for MLA and
1.74 pA/lpF£ 0.4 for DHBE, in SCLC. The average current density
values of the antagonists weffer NSCLC: 2.34 pA/pFt 0.99 for
MLA and 2 pA/pF+ 0.68 for DH3E; for SCLC: 1.2 pA/pk 0.5 for
MLA and 0.69+ 0.23 for DH3E. Each antagonist blocks significantly
the nicotinic current (** p< 0.01; * p< 0.05 with paired t-test)
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Figure 6

Contol

Nicotine

Nicotine + MLA

Nicotine + DHBE

Number of migrating cells

Fig.6 Effects of MLA and DHBE on cell migration

NSCLC number of migrating cells in different comalits: control
(n=35), nicotine 5uM (n=143), nicotine 5uM + MLA AN (n=42),
nicotine 5uM + DHE 1uM (n=74)
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CHAPTER 5

“The tobacco-related nitrosamine 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone is a
partial agonists with high affinity of human a4$2

neuronal nicotinic acetylcholine receptors”
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Abstract

The neuronal nicotinic acetylcholine receptors (IWRS) are ligand-
gated ion channels widely distributed in both neatoand non-
neuronal tissue, including neoplastic cells. Sdvesbacco-derived
carcinogens structurally similar to nicotine, suchs 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone  (NNK) bind to
NAChRs with high affinity. This is suggestive, asiaking is an
established risk factor for cancer. Moreover, matiah of NAChRs is
thought to be implicated in cerebral tobacco adulictHowever, very
little is known about the mechanism of action oés@ drugs on
NAChRSs.

We studied the effect of NNK on humamp2 nAChRs stably
expressed in human embryonic kidney cells, withclpatamp
methods. At negative membrane potentials, NNK at®@ inward
desensitizing whole-cell currents. These were itdub by 1 uM
dihydro$-erythroidine, which blocks heteromeric nAChRs. Efffect
of NNK had a threshold of approximately 0.01 nM aadurated at
concentrations higher than 10 nM. The peak of teady state current
was approximately 0.05 nM, close to the typical caorirations

observed in smokers’ plasma. Saturating doses oK Nidtivated
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about 10% of the maximal current activated by nmetThese results
indicate that NNK is a partial agonist with highfirity for o4p2
NAChRs. Accordingly, it produced nAChR potentiation the
presence of low concentrations of the full agon(stgh a threshold
around 0.1 uM), and nAChR competitive inhibition at higher
concentrations of the full agonist. In keeping watbompetitive action
on the ligand binding site, the effect of NNK shawaegligible
voltage-dependence. We conclude that NNK can sataubr inhibit
heteromeric NAChRs, depending on the concomitantextration of

the full agonists.
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Introduction

The nAChRs are pentameric ligand-gated ion chanfuelsed by
different combinations ofx and B subunits. Subunit composition
determines the receptor's pharmacology, kineticd permeability.
These channels are generally permeable to caiinciading C&". In
the central nervous system (CNS), nAChRs mediateregulate
synaptic transmission and excitability. The premtlzerebral forms in
rodents are the heteropentamefi2 and the homopentamet7(s.
The contribution of other subunits in different sigs is still debated
(Gotti et al., 2009). Many nAChR subunits are agpressed outside
the nervous system and can be found in human i(Seng et al.,
2008) and tumor cell lines (Wessler and Kirkpatr2®08).

Besides the physiological agonist ACh, nAChRs artvated by
tobacco-related compounds such as nicotine, whacthypexplains the
multiple effects of smoking. In the brain, uncofied stimulation of
NAChRs mediate the addictive effects of tobaccdhwnechanisms
that are only partially understood (Changeux, 20I®pther tissues,
smoking has toxic as well as carcinogenic effettsese latter are
produced by several tobacco metabolites, suchedlthitrosamines

(Hecht and Hoffmann, 1988). When metabolically \aated, these
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compounds can cause DNA mutations, particularly & T
transversions that may lead to mutation of k-ras@s8 (Pfeifer et al.,
2002). What is more, the most potent carcinogeitrosamines are
structural analogs of either ACh (such as diethgdsamine) or
nicotine (such as NNK and the related N’-nitrosomcotine, NNN;
Fig. 1). In fact, radioligand binding assays showieat these drugs
potently bind to nAChR#m vitro (Schuller and Orloff, 1998; Schuller,
2007) and growing evidence indicates that soméetaxic effects of
these compounds derive from their action on nAChR%longed
stimulation of NAChRs with nicotine or nitrosamiredters the normal
NAChR functions during cell proliferation and diféatiation
(Schuller, 1989; Minna, 2003; Egleton et al., 20@Bando, 2008;
Schuller, 2009). For example, treatment with nm®tior NNK
produces similar Akt-mediated stimulus of prolitesa and
protection from apoptosis in both normal human aywepithelial
cells (West et al., 2003) and in lung cancer c€llsurutani et al.,
2005). In general, exposure to nAChR agonists datas cell
proliferation, angiogenesis, migration and inhibapoptosis, thus
promoting tumorigenicity or tumor-like features & variety of
experimental models (Arredondo et al., 2006; Gual.e2008; Paleari

et al., 2008; Al-Wadei and Schuller, 2009; Callsjacias et al., 2009;
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Dasgupta et al., 2009; Paleari et al., 2009). Treésets are thought
to depend on nAChR-mediated depolarization ant ®éux, which
can lead to the exocytosis of autocrine factorgtéao et al., 1993;
Jull et al., 2001), or direct stimulation of thelonam-dependent
signaling pathways that regulate the above prose€3ther possible
mechanisms are still debated (Grando, 2008; Schall®9).

Although current work is leading to clarificatiorf the signaling
pathways downstream to nAChR engagement, the mischaaf
action of the tobacco-related nitrosamines on theseptors is poorly
understood. Radioligand assays show that NNK andN Nigtently
compete with the main agonists’ binding (Schullér a&, 1998;
Schuller, 2007). Considering the indirect functioeadence, such as
the increase in [G4; or stimulation of the signaling pathways which
depend on nAChR activation, these compounds areresbto cause
NAChR opening. However, no direct functional stgdegist about the
action of nitrosamines on any nAChR subtypes. Itiqdar, the
possible interference with the other agonists hatsbeen addressed
until now, which is unfortunate as smokers are sggoto a mixture
of tobacco-related nAChR ligands. These are pres¢éndifferent
concentrations and sum their effects to those ef ghysiological

agonist ACh. Even less is known about the possibtebral effects of
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nitrosamines and their possible roles in tobacadicéidn, although
NNK is thought to easily traverse the blood braamrier (Jorquera et
al., 1992; Gerde et al., 1998) and has been rgcenthd to activate
microgliain vivo (Ghosh et al., 2009).

To study the mechanism of action of these compqumescarried out
patch-clamp experiments to determine the effechNNK, the most
potent carcinogenic nitrosamine, o#32 nAChRs stably expressed in
human embryonic kidney (HEK) cells. This recepigret is probably
the most widespread heteromeric nAChR. We found K is a
partial competitive agonist with high-affinity fo#f32 receptors. From
a patophysiological standpoint, these results sstgfsat this and
analogous compounds can have stimulatory or irdrpieffects on

NAChRSs, depending on the concentration of thedgdnist.
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Materials and Methods

Unless otherwise indicated, all chemicals and celltmedia were

purchased by Sigma-Aldrich Italia (Milano, Italy).

Cell culturing

Human embryonic kidney (HEK) 293 cells stably exssreg a4p2

human neuronal nicotinic receptors (kindly gifted Prof. G. Casari,
San Raffaele Scientific Institute, Milano) weretauéd in Minimum
Essential Medium Eagle’s alpha modified, suppleméntith 10%
fetal calf serum, 4.5 g/l glutamine, 0.05 ng/ml toygycin B and 0.25
pg/ml amphotericin B, at 37°C and 5% &OFor patch-clamp
experiments, cells were harvested by treatment tnytysin and plated
onto 35 mm Petri dishes (Corning Incorporated, NWese HEK
clones were previously extensively characterizeth vpatch-clamp

methods (Di Resta et al., 2010).

Solutions and drugs
For patch-clamp experiments, the extracellular tsmiu contained
(mM): NaCl 130, KCI 5, CaGl2, MgCh 2, HEPES 10, D-glucose 5

(pH 7.3). Pipettes contained (mM): K-aspartate T28CI 10, MgC}
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2, CaCh 1.3, EGTA-KOH 10, HEPES-KOH 10, MgATP 1, (pH 7.3).
Stock solutions (1 mM) of nicotine were preparedum extracellular
solution, the pH was calibrated again after nietaddition. Stock
solutions of NNK (0.05 mM) were prepared in dis@lwater. All of
the above solutions were kept refrigerated forlanger than 1 week.
Nicotine and NNK were added daily to the extradalgolution at the

final concentration.

Electrophysiological recordings

Cells were voltage-clamped in the whole-cell comfegion of the
patch-clamp method. Currents were registered witAxopatch 200B
amplifier (Molecular Devices, Union City, CA), atam temperature.
Micropipettes (3-4 MR) were pulled from borosilicate capillaries with
a P-97 Flaming/Brown Micropipette Puller (Suttersthmment
Company, Novato, CA). The cell capacitance ancesegsistance (up
to about 75%) were always compensated. Current® \v-pass
filtered at 2 kHz and acquired on-line at 5-10 kith pClamp
hardware and software (Molecular Devices). Drugsevapplied with
an RSC-160 Rapid Solutiddhanger (BioLogic Science Instruments,
Claix, France). This allows an acceptable comprerbistween rapid

application of drugs (with a 10-90% risetime betwd® and 100 ms)
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and the availability of multiple tubes for delivegi solutions with
different ligand concentrations. After patch ruptwe allowed 1-2
min for pipette solution exchange and signal sizddibn, before
applying our stimuli. Consecutive stimuli were gextly spaced 2-3
min apart, to permit full recovery from receptod&sensitization. To
check for possible channel rundown, the maximal n&go
concentration was repeatedly applied at regulaervats. The
nicotinic currents were isolated by subtracting then specific
currents measured in the absence of the agont$tetdotal currents

obtained in the presence of the agonist.

Analysis of data

Data were analyzed with Clampfit 9.2 (Molecular 2eg) and
OriginPro 8 (OriginLab, Northampton, MA). For theti@ation and
desensitization curves (Fig. 3 and Fig. 4), fundibest fitting to the
data were determined by a nonlinear least-squaresthau

(Levenberg-Marquardt algorithm).

The theoretical curve for activation was a single¥t Hill-Langmuir

equation of the form:

|/Imax= {1 + (EGso/[L] )™} (1)
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where hax IS the maximal current, lis the current at a given
concentration of agonist L, EEis the concentration of L that yields
50% of the maximal current, and s the Hill coefficient.

The theoretical curve for desensitization was:

|/lmax= {1 + ([L]/IC 59"} 2)(

where 1Gq is the concentration of agonist in which the syeathte

current is half the value of the maximal currend #me other symbols
are as described above.

The nicotinic current decay (Fig. 3) was fitted lwita single

exponential function of the form:

y = - Aexp(t/7) — B 3)

where A is the amplitude of the decaying currérd,the timegy is the

exponential time constant in seconds, & the amplitude of the

current at the plateau phase. Time 0O for the expaalevas set at the

peak of the evoked current.
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Statistics

Data are generally given as mean values + S.E.Ntis8tal
significance was determined with two-tailédtest for paired or
unpaired samples, as indicated. Asterisks mark ldneel of

significance (* = p < 0.05; * = p < 0.01).
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Results

The effect of NNK otd52 nAChRs expressed in HEK cells

The o4B2 receptors are one of the most widespread hetelome
receptor type in both brain (Changeux, 2010) ana meural tissue,
including tumor cell lines (Egleton et al., 2008Je studied the effect
of NNK on these receptors stably expressed in HElls ¢Di Resta et
al., 2010). Application of NNK at -60/-80 mV consstly elicited
rapidly activating inward currents, with a thresharound 10 pM.
The maximal effect was generally obtained betweand 10 nM. The
current stimulated by NNK at -80 mV was potentlgdied by 1uM
dihydro$-erythroidine (DHBE), which is a selective inhibitor for
adf2 receptors, at this concentration. To allow eftaliion of the
DHBE concentration, this compound was applied for 3before
adding nicotine. Subsequently, the peak curretthénpresence of the
antagonist was compared to the current measurédnigotine alone.
In particular, this inhibitor brought the averageak current density
from 5.75 £ 1.22, in the presence of NNK, to 0.53.1299, in the
presence of 10 nM NNK plus @M DHBE (n = 9; p< 0.05). Fig. 2B
(bottom panel) compares the residual currents medsin the

presence of DBE, when the nAChRs were activated by either 10 nM
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NNK, or 100 uM nicotine, or 100uM ACh. The average blocking
efficacy of DH3E was very similar for the three agonists. Ovetak,

above results support our conclusion that NNK at#s the
heteromeric NAChRs expressed in our cells, as iadicated by the
virtual identity of the current reversal potentiaddserved when
nicotine was applied in the presence and in theraies of NNK, as
will be discussed below (Fig. 5).

To compare the effects of NNK to those of the magonists, we
carried out a series of experiments in which theeru activated by
different doses of NNK was compared to the cureativated by 10
uM nicotine. This concentration was chosen to avektensive
channel desensitization and facilitate the drug heag as high
concentrations of ACh and nicotine are known todpoe open
channel block which can considerably delay chardesctivation
(Sine and Steinbach, 1994; Ogden and Colquhour5)1®8cotine

was preferred to ACh, to avoid possible interfeeengith the
endogenous muscarinic receptors sometimes exprésseall lines.

The effect of muscarinic receptor blockers on nAEhR not fully
defined (Zwart and Vijverberg, 1997). The activaticurve for NNK
was generated from the normalized peak currentegalfo avoid

underestimating the peak current because of slag application, the
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desensitizing current in the presence of NNK wadtedi with a
monoexponential function that was extrapolatech&otime of agonist
application (Buisson and Bertrand, 2001; Fig. 3)r Each NNK
concentration, the value of the function at thigtiah time was
normalized to the current obtained with @ nicotine. These values
were plotted in Fig. 2C and fitted with equatiorFig. 2C also reports
the concentration-response relations for nicotind ACh, obtained
by using an analogous procedure. Once again, ttee ptants were
normalized to the current elicited by 1M nicotine, for direct
comparison. The Efg for NNK estimated from the theoretical curve
turned out to be approximately 0.07 nM. Full statssare given in the
figure legend. The maximal current obtained withKNiWas 0.12 of
the value obtained with maximal doses of ACh orotine, which
indicates that NNK is a partial agonist with higlffiraty for
heteromeric NAChRs. The maximal open probability) (6f a4p2
NAChRs obtained with the full agonists in HEK cellgs recently
estimated to be between 0.8 and 1 (Li and Steink2@h0). Hence,
we conclude that NNK produces a maximgbBtweerD.1 and 0.15,
at Vs close to the resting potential. This estimateiass that the
single channel conductance in the presence of NdN&imilar to the

one observed in the presence of the other agomikish is generally
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a reasonable assumption for nAChRs (Li and Stemh2@10). From
a pathological point of view, the range of effeetivNNK

concentrations we observed overlaps with the typarege of plasma
concentrations of this compound observed in smokarshe range

10-100 pM (Schuller, 2007).

Steady-state activation and desensitization cuinethe presence of
NNK

To minimize distortion of channel kinetics due twusion exchange,
we have considered only those experiments where afpygarent

channel activation required less than 200 ms. ksdhcases, the
desensitizing phase of the currents recorded irpthsence of NNK
was fitted with a monoexponential decay functienf@ the study of
the activation process (Fig. 3A). To determine thesensitization
curve, we plotted the fractional steady state curieg each NNK

concentration, obtained by dividing the steadyestatrrent (obtained
by the fitting procedure) by the corresponding peakrent. The

average values calculated from a series of suchra®pnts are given
in Fig 3B. The data points were fitted with equati@), giving an

NNK concentration for half-desensitization of approately 0.06

nM. Full statistics are given in the figure legeRdr comparison, Fig.
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3B also gives the corresponding activation curvehiclv was
generated as illustrated in Fig. 2, except thatctimeent values at the
different NNK concentrations were normalized to thaximal current

obtained with NNK.

Thea4p2 NAChR ‘window current’ as a function of NNK

The long-term physiological effects of treatingl @elltures with NNK
or those produced by long-term smoking depend erebel of tonic
activation of nAChRs. At the steady state, a mamp& current
through an ensamble of ligand-gated channels ofsdme kind is
proportional to the product of the activation andsehsitization
parameters, at a given agonist concentration. Thesover of the
activation and desensitization curves illustratedrig 3B defines a
‘window current’, a bell-shaped curve representihg steady state
fractional channel open probability, as a functiami NNK
concentration. It is clear that the nAChR iB significant within a
relatively broad range of NNK concentrations, whiodicates that
this compound could maintain tonic nicotinic cuteern different

physiological conditions.
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The effect of NNK in the presence of the full agfoni

As a partial agonist with high affinity, NNK is egpted to compete
with the full agonists in a complex way. This cou&hd to either
increase or decrease of the current elicited by rttan agonist,
depending on the concentration of both compoundspftenson,
1956; Ariéns et al., 1964; Hogg and Bertrand, 20CTarifying this
point presents considerable importance for intémpye the
patophysiological effects of nitrosamines in thgasrism.

We thus tested the effect of different NNK concatibns in the
presence of different concentrations of nicotinetypical experiment
is shown in Fig. 4A. Current was activated at -6V toy 1 uM
nicotine. After 0.5 s, 1uM NNK was added for 2.5 s and then
removed, in the presence of nicotine. Finally, fire® was also
removed. The experiment indicates that NNK, cogttarits effect in
the absence of nicotine, partially inhibi432 nAChRs, when applied
in the presence of nicotine (Fig. 4B). The extehthe inhibitory
effect was quantified by dividing the residual emtrin the presence
of NNK just before NNK removal by the peak curremtasured after
NNK was washed out. By comparing these two meastges close
in time, we minimized the possible distortion oé ttesult because of

the progressive channel desensitization.

200



The effect of W

We next studied the voltage dependency of the NN&ce(Fig. 5).
Currents were elicited by applying 100 nM nicotfoe the indicated
time. During nicotine application, 1 nM NNK was &pd and then
removed soon after the full blocking effect wasaid. The same
procedure was carried out at different,sv Typical experimental
traces are shown in Fig. 5A, for experiments cdrraut at the
indicated \4. In these conditions, NNK produced partial inhdoit of
the nicotine effect. Fig. 5B plots the current agk relations in the
presence of nicotine alone or nicotine plus NNKitaDpoints are
average current density values calculated fromp@&ements. At each
Vm, currents were measured at the steady state (fdK)Nand
immediately after NNK washout (for nicotine). Therent reversal
potentials were estimated by eye after fitting edehcurve with the
polynomial function best fitting the experimentata (Haghighi and
Cooper, 1998). These values were not significadifferent in the
presence and in the absence of NNK. Moreover, rdxtional block
produced by NNK was similar independently of theplegg Vp.
Analogous results were obtained with NNK concerdret up to 10
uM. These data support the notion that NNK competgs the full

agonist for binding to the nAChRs, without exertsignificant open
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channel block, at least at the concentrations vesl,ushich are well

above the maximal concentrations reached by NiNWKvo.
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Discussion

In this paper, we have shown by using patch-clarethods that the
tobacco-specific nitrosamine NNK is a partial agbnwith high
affinity of one of the most common neuronal nAChRbtypes,
namelyo4B2. These results have clear implications for imetipg the
patophysiological effects of this and other struaiy related N-
nitrosamines, as they indicate: i) that NNK canvaté heteromeric
NAChRSs at concentrations consistent with thosectlfyi observed in
smokers; ii) that the drug's effect on the nicatirgurrents also

depends on the concentration of the full agonist.

Comparison with previous studies

The available studies about the effects of NNK atieér nitrosamines
on nAChRs concern radioligand competition assaysechout with
labeled epibatidine (to target heteromeric nACh&ts)-bungarotoxin
(specific for thea7 subunit), in lung cancer cell lines (Schuller and
Orloff, 1998; Schuller, 2007). Most of the resultbtained with
heteromeric receptors are not directly comparabte wurs, because
many cell lines express multiple nAChR subunits IéEm et al.,

2008) and the apparent affinity of most nicotingahds is different in
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specific NAChR subtypes (e.g. Xiao and Kellar, 20Q4oreover,
patch-clamp experiments specifically reveal theutaion of active
channels, thus excluding the possible contribubbsilent receptors
(e.g. McNerney et al., 2000). Nonetheless, the @titiqpn
experiments carried out with labeledbungarotoxin on cells that
prevalently express homomen@ receptors indicate that NNK has a
high affinity for this receptor type. Because oasults suggest that
NNK is also very effective om4p2 nAChRs, we conclude that the
tobacco-related nitrosamines are likely to prodyeeeralized binding

to nAChRsin vivo, at the typical concentrations observed in smokers

Physiological implications for non-neuronal and cantissues

As mentioned earlier, previous work in cultured &aks showed that
nicotine and several N-nitrosamines, including NKoduce similar
effects on cell physiology, particularly a stimudat of proliferation
and inhibition of apoptosis (e.g. West et al., 2008urutani et al.,
2005). Our results are in agreement with the gémaexpretation that
these effects are caused by activation of nAChRdymed by either
nicotine or NNK. Fig. 3 indicates that steady NNKncentrations
between 0.1 and 10 nM induce a tonic NAChR actwatwhich can

determine steady €ainflux accompanied by cell depolarization.
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However, our results also suggest that future wsitkuld devote
considerably more attention to the interaction leetv nitrosamines
and the full agonists in specific NnAChRs. N-nitnogaes in smokers
display steady concentrations of 10-50 pM (Hechd &offmann,
1988; Schuller, 2007). As shown in Fig. 2, thesecentrations can
produce significant activation o2 nAChRs. Therefore, a mixture
of tobacco-related nitrosamines in plasma at thesscentrations
should potentiate the effects of low levels of tiiv®, although a full
picture of the effects on different NAChR typedasking. However,
the outcome of interacting nitrosamines and nieotiis not
straighforward, given that the typical peak lew@plasma nicotine in
smokers can vary between 20 and 500 nM (e.g. Rustsal., 1980).
According to our results, this range of concentraiis close to the
threshold for the transition between the stimulatmd the inhibitory
effect of NNK, at least imi4B2 nAChRs. Therefore, to predict the
possible long-term effects of the tobacco-relatenlosamines in
humans, it will be probably necessary to consider fluctuating
levels of nAChR agonists in specific individualshieh depend on

frequency of smoking, individual metabolic capacdic.
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Implications for neurophysiology

The above considerations also apply to the CNSpanticularly to the
brain. In the CNS, interpreting the effects of todmrelated
nitrosamines is even more complex than in non-malrassue, for
two reasons.

First, the steady concentration of nicotine in ¢besbrospinal fluid of
smokers, which is not far from the plasma leveler(i8ige et al.,
2010), is superimposed to the tonic concentratibrAGh. These
steady levels of cerebral ACh depend on the faatt ttie distribution
of acetylcholinesterase does not appear to precisshtch the
distribution of the other cholinergic elements. rifere, the tonic
effects of nitrosamines in the brain should be mwred in the context
of the total level of the full agonists. Once agdimese levels are
generally close to the threshold for the NNK-depgrtdnhibition that
we have observed.

Second, in the CNS it is also important to consitier kinetics of
ACh release. Irbona fidecholinergic synapses, on vesicle release,
[ACh] in the synaptic cleft quickly reaches millitao levels.
Subsequently, ACh is degraded by acetylcholinestergith a time
constant usually lesser than 10 ms. In this caseptesence of NNK

could alter the kinetics of current decay, beingrpoeffective at the
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peak, when [ACh] is very high, but becoming mored amore
effective as ACh is degraded. Once again, the g®eci
patophysiological outcome depends on the nAChRypebéxpressed

by a give synaptic population in a certain cerelzglon.
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Figure 1
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Molecular structures of nicotine, N’-nitrosonorniic@ (NNN) and 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)NNN and
NNK are two of the most common tobacco-related osaminic

metabolites and are structural analogs of nicotine.
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Figure 2
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Fig. 2 The effect of NNK ona4p2 nAChRs expressed in HEK cells
Concentration-response curves fet2 nAChRs treated with ACh,
nicotine or NNK. A, typical whole-cell current tres, recorded at -80
mV. The panel illustrates nicotinic currents ebdtby application of
the indicated agonist concentration. Notice thatKNNtimulated
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currents whose maximal amplitude was about onel thirthe peak
current activated by 10uM nicotine or NNK at different
concentrations. Nicotine was repeatedly applied indur the
experiment, to check for possible channel rundo@mntinuous bars
above the current traces indicate the time of agaapplication. B,
concentration response curves generated from emeets analogous
to those illustrated in panel A. Data points arerage peak currents
plotted as a function of the agonist concentraod normalized to
the current activated by 1M nicotine. Data summarize the results of
5-6 determinations for each concentration, caroedin the same run
of experiments. White circles: nicotine; black Bs ACh; black
squares: NNK. The concentration-response relationsNNK and
nicotine were fitted with equation one (continudngs). For clarity,

the corresponding fitting curve for ACh was omitted
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Figure 3
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Fig. 3 Steady-state activation and desensitizationurves in the
presence of NNK.

Steady-state activation and desensitizatiorn4ff2 nAChRs in the
presence of NNK. A, typical whole-cell current waactivated by the
indicated concentration of NNK, at -80 mV. From lagaus current
traces obtained at different NNK concentrations, de¢ermined the
maximal and the steady state current, by fittirgydecaying phase as
indicated. The fitting curve was extrapolated backthe time of
agonist application, to estimate the maximal curractivated by
NNK. B, from the procedure illustrated in panelwe generated the
activation and desensitization curves for NNK. Huivation curve
was generated by plotting the average normalize#t parrents at the
different agonist concentrations. The desensibraticurve was
obtained by plotting the average fractional cussaattthe steady state
as a function of NNK concentration. Continuos limee obtained by
fitting the data with equation 1 (activation) andjuation 2
(desensitization). Notice that the maximal steathtescurrent, as

shown by the crossover of the two curves, is preduby NNK
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concentrations around 0.06 nM. Panel B summarizesdasults of 6-7

dterminations carried out in the same run of expents.
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Figure 4
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Fig. 4 The effect of NNK in the presence of the flagonist

A. Representative protocol of patch-clamp experiseénttested the
effect of different NNK concentrations in the prese of different

concentrations of nicotine. Continuous lines markse of nicotine

application, dot lines mark time of nicotine + NNigplication.

B. Fractional inhibition of the nicotinic currentsy hwo different

concentrations of NNK (0,1 and 1 nM). NNK behavasaapartial

agonist. It has the property of being able to amhlas agonists or

antagonist depending on the concentration of the agonist.
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Figure 5
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Fig. 5 Voltage dependence of nicotinic currents

A. Whole-cell current traces evoked by nicotine h00 and nicotine
100 nM + NNK 1 nM. The effect of voltage on nicatincurrent
amplitude was tested at the indicated potentialenti@uous lines
marks time of nicotine application, dot lines mérke of nicotine +
NNK application.

B. Current density-voltage relation between -80 #0 +mV for
nicotine 100nM (squares) and nicotine 100nM + NN¥M1(circles).
For both curves the reversal potential is approt@ga0 mV, as
estimated by fitting the data points with a thircder polynomial

curves.
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CHAPTER 6

“Summary, conclusione and future perspectives”
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Summary and conclusions

The nAChRs are distributed widely throughout thevoas system
and are also expressed by non-neuronal tissue.

In the brain, the activation of nicotinic receptorduces the release of
a number of neurotransmitters including Ach, GABRM, DA, 5-HT
and glutamate, many of which are known to play & rm
mediating/modulating a number of behavioural tagkaterson and
Nordberg, 2000; Alkondon et al, 2000; Mesulam, 20D4ni and
Bertrand, 2007). Moreover, nAChRs play an importaoke in
cognition and memory.

Recent evidence points to nAChRs as pivotal elesndat the
regulation of cell proliferation, apoptosis and iaggnesis in several
tumours, including lung cancers (Egleton et al.Q&0Wessler and
Kirkpatrick, 2008). This is suggestive because sniskan established
risk factor for cancer, and particularly lung camcActivation of
nAChRs stimulates (directly and indirectly) <ainflux, which
triggers the release of growth factors and othersmitter molecules.
These produce autocrine and paracrine effects thramote
proliferation, inhibit apoptosis, stimulate angiogsis and migration
(Schuller 1989; Maneckjee and Minna; 1990; Cherskgavet al.,
2004; Egleton et al., 2008). Moreover, nicotine feom resistance to
the chemotherapeutic-induced apoptosis (Minna, 28Q&ton et al.,
2008). Such effects occur in both small and nonHsed lung cancer
cell lines, although the intracellular signallingascades and the
NAChRs involved are different, as nAChRs stimulatgacellular

signaling pathways in a cell-type specific mani@&ahuller, 2009).
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NAChRs in SCLC and NSCLC cell lines

Expression on nicotinic receptors in lung cancervds from the
expression of nAChRs in normal lung cells. Normabnghial
epithelial cells express NAChRs as part of a ceogjit autocrine loop
in which all proteins needed for cholinergic signgl are present
(Song et al., 2008). The nicotinic subunit exp@ssihanges between
normal lung cells and tumor cells (Lam et al., 2083@rtelet et al.,
2008).

Binding of labelled ligands/antibodies and messeegpression show
a complex pattern of nAChR subunit expression ihG@nd NSCLC
cell lines. The expression of different subunitesloot imply that
functional receptors are expressed onto the plasnesnbrane.
Moreover, it provides no information about the cimition of
specific NAChR types to the control of cell physigy.

We studied the nAChR expression in SCLC (U2020) BISCLC
(A549) cell lines. The data obtained by the patemp experiments
confirm the presence of functional nicotinic reaeptin both tumor
cell lines. The current density values were higler NSCLC
indicating that more nAChRs are expressed in tilenoembrane of
these cells.

In both cell lines, saturating doses of nicotineolk@d nicotinic
currents with variable kinetics. These could beabtp classified as
quickly and slowly desensitizing currents, tipigatepresentative of
homomeric €7)s receptors and heteromeric receptors. To confirm the
expression of the different subtypes we used seéedhhibitors to
distinguisha7 —containing receptors (MLA 10 nM) from those tHat
not contain it (DHBE 1 uM). Overall, in SCLC cells and NSCLC both
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MLA and DHBE produced significant block of the nicotinic cum®
This inhibition profile suggests that the majordl/the cells of both
cell lines expressed both homo- and heteromerichiZeC
Preliminary results obtained by cell migration oSGLC cell lines
confirm the presence of both homo- and heteromexteptors in
NSCLC, moreover indicates that these nicotinic pemes, especially
the homomeric receptors, are involved in the rdgraof cell

motility.

NNK and humam4/52 nAChRs

Nitrosamines are carcinogens formed in the mammadieganism
from amine precursors. One of the major target msgaf tobacco
specific nitrosamines is the lung, in which thesa @ctivate the
intracellular pathways involved in nAChR activation

The tobacco-specific nitrosamines 4-(methylnitrosen):1-(3-
pyridyl)-1-butanone (NNK) is formed from nicotine.

Very little is known about the mechanism of actafrthese drugs on
NAChRs. The complex expression of NnAChRs subtypeSGLC and
NSCLC makes difficult to determine in detail the ahanism of
action of NNK on nicotinic receptors. Therefore, weed HEK cell
lines stably expressing the42 nAChR. This nicotinic receptor
subtype is one of the most common in both nervgatem and tumor
cell lines (Egleton et al., 2008, Changeux, 2010).

Data obtained by patch-clamp experiments in preseh®NK and in
presence of NNK and the specific inhibitor PE show that this
compound activates th@432 nicotinic receptor subtype. Moreover,

the results obtained by experiments carried oabtapare the effects
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of NNK to those of the main agonist, indicates tRalK is a partial
agonist with high affinity fom4f32 nAChRs. A partial agonist has the
unique property of being able to act both as ageros antagonist
depending on the concentration of the main agof8s¢phenson,
1956; Ariéns et al., 1964; Hogg and Bertrand, 200Wg presence of
agonist causes desensitization of nicotinic regsp®ince in smokers
NNK remains in the plasma and in the cerebrospihal for
indefinite time, we estimated the fraction of aetikeceptors at the
steady-state. The data indicate that the rangeontemtrations of
NNK at which channels have a significant probapitf being open
overlaps with the NNK concentrations typically faum smokers
blood, i.e. 10-50 pM (Hecht and Hoffmann, 1988; 8lk&n, 2007).
Our results indicate that these concentrationspcaduce significant
activation ofa4f32 nAChRs, but that the contemporary presence
nicotine or Ach can considerably influence the @ffef NNK. In fact,
the agonist concentration threshold for NNK behgwas activator or
inhibitor is around 100 nM, which is close to theemge plasma
concentrations of nicotine observed in smokersrdfoee, to interpret
the pathophysiological effects of nitrosamines,isit necessary to
consider the steady level of the full agonist idiwidual patients and
the fluctuations of both nicotine and ACh on speditsues.

These conclusions also apply to the CNS, wherec#rebrospinal
steady concentrations of nicotine are similar te filasma levels
(Berridge et al., 2010) and are superimposed tadhie and fluctuate

levels of ACh, which vary in different cerebral regs.
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Future Perspectives

A first issue for future studies is understanding physiological role
of different NnAChR types in cancer cells. Our prefiary results on
the control of cell migration of lung tumor celhés by nAChRs
indicates that migrating cells are more, althougit axclusively,
sensitive to the blockade off receptors. One possibility, suggested
by work in keratynocytes, is that different receptgpes give a
different contribution to chemotaxis and chemokisd€hernyavsky
et al., 2004). The asymmetric distribution of honeoim NAChRS is
thought to determine front-rear calcium gradientsatt control
directional cell migration, whereas the more umfodistribution of
heteromeric receptors tends to control the cytoplasalcium levels
in a more global way, thus regulating the cell’'sgansity to move
(and thus random cell movement), but not so muehdihection of
migration. No data are however available on theseeas in tumor cell
lines, which may have interesting implications fine metastatic
process. As to the role of different nNAChRs in gebliferation, it has
been hypothesised tha¥-containing receptors control the secretion
of stimulatory autocrine factors, whereas heteraeneeceptors

(particularly a4p32) principally regulate the release of GABA, which
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has been shown to have inhibitory effects on thdifpration of
certain cancer cells (Joseph et al. 2002; Schudleral., 2008).
However, these hypotheses mainly derive from kndgdeabout the
physiology of nAChRs in the adult and developingvoas system.
Once again, virtually nothing is known about thestence of different
tumor cell populations expressing different nAChd&sociated with
different secretion machineries (e.g. serotonevgisus GABAergic)
or about the possible compartimentalization of ¢hesechanisms in
individual cells.

As to the effects of nitrosamines on cell physiglogur results with
NNK show that the usual interpretation, that assirassentially
analogous effects of nicotine and nitrosamines, nhay overly
simplistic. Considering the typical steady level§ mcotine in
smokers’ plasma and cerebrospinal fluid, it is wtzte whether
nitrosamines exert steady stimulatory or inhibitoeffects. To
understand how nitrosamines affect specific ceflesy it will be
necessary to study: i) the effect of nitrosaminesother nAChR
types; ii) the effects of other tobacco-relatedasiamines such as
NNN and DEN; iii) the effect of these compoundspracesses such
as cell proliferation in the presence of the figbaists, an approach

that has been rarely adopted until now, to the besur knowledge.
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Moreover, to reach a comprehensive picture, it élalso necessary
to understand the time course of the nitrosamirgoradn those

physiological contexts where the levels of the agbnists are known
to fluctuate. In such cases, the drug’s effect ¢mdcillate between
inhibition and potentiation, thus potentially altgy the dynamics of
the normal process. This is probably the case rebtal synapses,
which opens interesting perspectives for deepedietuabout the
addictive effects of tobacco, as is increasinglyogmized that the
kinetics of administration of an addictive drug smierably affects its

addictive efficacy (Samaha and Robinson, 2005).
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5-HT
aBgtx
ACh
AChE
ADNFLE
AMPA

BChE
CBz
ChAT
CNS
DA
DHBE
DMPP
EEG
EGFR
eNOS
ERK
FGF
GABA
HEK
KC
LCC
MHD
MLA
NA
nNAChR

Abreviations

serotonin
a-bungarotoxin

acetylcholine

ACh hydrolyzing enzymes acetylcholinesterase
autosomal dominant nocturnal frontal lobdeggsy
2-amino-3-(5-methyl-3-0xo0-1,2- oxazol-4-
yhpropanoic acid

butyrylcholinesterase

carbamazepine

Choline acetyltransferase

Central nervous system
dopamine

Dihydrof-Erythroidine
1,1-dimethyl-4-phenylpiperazinium
electroencephalogram

epidermal growth factor receptor

nitric-oxide synthase

extracellular signal-regulated kinase

Fibroblast growth factors
y-aminobutyric acid

Human embryonic kidney

Keratinocytes

Large cell lung carcinoma

monohydroxy derivative
Methyllicaconitine

noradrenaline

nicotinic acetylcholine receptor
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NE
NF-kB
NFLE
NMDA
NNK
NNN
NSCLC
OoXcC
P13-K
PAC
PET
PKA
PKC
PP1
REM
SCC
SCLS
TMA
TNFa
VAChT
VEGF

V rest
V rev

neuroendocrine

nuclear factokB

nocturnal frontal lobe epilepsy
N-Methyl-D-aspartic acid
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
N’-nitrosonornicotine
non-small cell lung carcinoma
oxcarbazepine
phosphoinositide3-kinase
Polmonary Adenocarcinoma
positron emission tomography
Protein kinase A

Protein kinase C

protein phosphatase 1

rapid eye movement
Squamous cells carcinoma
Small cell lung carcinoma
tetramethylammonium

tumor necrosis factor
vesicular ACh transporter
Vascular endothelial growth factor
membrane potential
restingmembrane potential

channel reversal potential
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