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PREFACE

Note on the fonnat of this thesis:

In accordance with the regulations of the Faculty of Graduate Studies and Research. the

candidate bas the option of including as part of the thcsis the text of original papers

already published by learned jO:Imals. or those submitted or suitable for submission to

learned joumals. The text relating to !bis option is as follows:

"The candidate bas the option. subject to the approval of the Department. of including
as part of the thesis the text of an original paper. or papers. suitable for submission to
learned joumals for publication. In this case. the thesis must still confonn to all other
requircments explained in tIus document. and additional material (e.g. experimentaI data,
details of equipment and experimental design) may need to he provided. In any case.
abstracto full introduction and conclusion must be included. and where more than one
manuscript appears. connecting texts and common abstraCto introduction and conclusions
are required. A mere collection of manuscripts is not acceptable: nor can reprints of
published papers be accepted."

llûs thesis is divided into two experimental chapters that will he referrcd to as:

•

Chapter 2:

Chapter 3:

A role for the nicotinic a-bungarotoxin receptor in neurite outgrowth in
PC12 cells. (Neuroscience 56. 441-451)

a-Bungarotoxin blocks nicotine induced cell proliferation in a lung tumor
cellline. (published in a modified fonn in Brain Research 655.161-167)

iv
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ABSTRACT

CUITent evidence indicates that there are two populaùons of nicoùnic rcceptors. the

IX-BGT sensiùve and IX-BGT insensiùve neuronal nicoùnic rcceptors. The latter are

known to he involved in neurotransmission. However. the physiological significance of

the IX-toxin sensiùve populaùon is unclear. although an involvement in trophic funcùons

bas been suggested.

The present smdies were carried out to invesùgate the possible involvement of the

nicotinic IX-BGT rcceptor in growth related acùvity in neuronal PC12 cells and in H69

cells. a small celliung carcinoma cellline. In PCI2 cells. nicoùne treatrnent resulted in

a decline in neuriùe outgrowth which could he prevented by treatrnent with IX-BGT or d­

mbocurarine. a nieoùnic antagonist, at concentraùons which correlated very well with

those required to inhibit [l25I]IX-BGT binding in PCl2 cells. IX-BGT had no effcet on

[JH]noradrenaline release. a function known to he mediated through the ,--toxin insensiùve

population of nicoùnic receptors suggesting that lX-BGT interacts spccifically with the lX­

toxin sensitive population of rncoùnie receptors to mediate its effects on neuriùc

outgrowth in PCl2 cells. In H69 cells. exposure to nicotine or the nicoùnie agonist,

cytisine. resulted in an inerease in cell numher whieh eould be blocked by lX-BGT as well

as by d-mbocurarine. suggesting the involvement of an lX-BGT sensitive nicoùnic rcceptor

in mediating the observed effects on H69 cell number. This is supportcd by [125[]lX-BGT

binding data which demonstrates that the concentrations at which these nicotinie rcccpior

ligands exhibited their effects on H69 œil number correlate very weil with the affmity of
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thcse agents for the a-toxin receptor in H69 cells. Nonhem analysis demonstrated the

presence of both aS and 0.7 mRNA in H69 cells suggesting that as in nervous tissue. the

presumcd 0.-BGT binding neuronal nicotinic receptor subunits. aS and/or 0.7, may be

components of the nicotinic a.-BGT receptor present in non-neuronal cells.

Taken together, these two lines of studies using both a neuronal as weil as a non­

neuronal cell line suggest that nicotinic a.-BGT receptors may be involved in a growth

related role, namely that of regulating neuritic outgrowth in PC12 cells and cell

proliferation in H69 cells.

xili
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RÉSUMÉ

L'hypothèse actuelle stipule qu'il y a deux populations de récepteurs nicotiniques,

soit les récepteurs nicotiniques neuronaux sensibles à l'o.-BGT et ceux non-sensibles à 1'0.­

BGT: ces derniers étant connus pour être impliq'lés dans la transmission nerveuse. Bien

que la signification physiologique de la population de récepteurs sensibles à l'o.-toxine soit

ambigue. la littérature suggère leur implication dans la régulation de la croissance.

Les études présentes furent effectués afin d'étudier l'implication possible des

récepteurs nicotiniques o..BGT dans l'activité de croissance des cellules neuronales PC12

et des cellules H69. une lignée cellulaire issue du carcinomc pulmonaire à petites cellules.

Chez les cellules PCI2. un traitement à la nicotine rcsulta dans un déclin de l'excroissance

ncuritique. ceci pouvant être empêché avec un traitement à l'o.·BGT ou au d-tubocuranne.

un antagoniste nicotinique. à des concentrations correspondant bien à celles m'::essaircs

pour inhiber la liaison de [l:!Sl]o.-BGT aux cellules PC12. L'o.·BGT n'affecta pas la

libération de fH]noradrénaline. un effet étant connu pour être médié par la population de

récepteurs nicotiniques non-sensibles à l'o.·toxine. ceci suggérant que l'o.·BGT interagit

de façon spécifique avec la population de récepteurs nicotiniques sensibles à l'o.·toxine

afin de médier son effet sur l'excroissance neuritique des cellules PC12. Chez les cellules

H69. l'exposition à la nicotine ou à la cytisine. un agoniste nicotinique. rcsulta en

l'augmentation du nombre de cellules pouvant être antagonisé par o.·BGT ainsi que d·

tubocurarine. ceci suggérant l'implication des récepteurs nicotiniques sensibles à l'o.·BGT

dans la médiation des efrcets observés sur le nombre de cellules H69, Ceci est supporté
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par les études de liaison de ['~Ilet-BGT qui démontrent que les concentraùons auxquelles

les ligands des récepteurs nicotiniques exhibent leur effets sur le nombre du cellules H69

correspondent bien à l'affinité de ces agents pour les récepteurs de l'et-toxine chez les

cellules H69. Les analyses Nonhern démontrent la présence de ARNm etS et et7 dans les

cellules H69 suggérant que comme dans les ùssus nerveux, les présumés sous-unités de

liaisons à l'et-BGT des récepteurs neuronaux nicotiniques, soit l'etS et/ou l'et7. pouriaient

être les composantes des récepteurs nicotiniques et-BGT présents dans les cellules non­

neurveuses.

Ensembles, ces deux pians d'étude, uùlisant à la fois une lignée cellulaire neurale

et non-neurale, suggèrent que les récepteurs nieotiniques et-BGT puissent être impliqués

dans les acùvités de croissance, plus precisement dans la régulaùon de l'excroissance

neuriùque des cellules PCl2 et dans la proIiféraùon des cellules H69.

xv



• SUMMARY OF CONTRIBUTIONS TO ORIGINAL KNOWLEDGE

In this thesis. PC12 and H69 cells in culture were used 10 study the role of nieotinic

o.-BGT receptors in neuronal and non-neuronal tissues. rcspectively. Studics using PC 12

cells addressed the issue of the possible involvement of neuronal o.-bungarotoxin rcceptors

in neurite outgrowth. As well. the potential role of nicotinic o.-BGT rcceptors in

regulating lung tumour growth was investigated using the H69 ceU line. The novcl

findings of this thesis are summarized below.

•
1. a) Nicotine exposure was found to inhibit neurite outgrowth in NGF-treated

PCl2 ceUs in culture. This effeet was dose-dependent and observed at

concentrations of nicotine which correlated with those required to inhibit

radiolabeUed toxin binding.

b) The nicotine induced deeline in neuritic outgrowth was prcvented by

treatment with o.-BGT. This effeet of o.-BGT was dose-dependent and was

observed at concentrations of o.-BOT which correlated with those requircd

to inhibit radiolabeUed toxin binding; cx-BOT alone had no effeet on neurite

outgrowth. This suggests that the effeets of o.-BOT were mediated through

an interaction al the cx-toxin receptor.

•
c) Similar effeets on the nicotine induced deeline in neuritic outgrowth were

aIso observed with the nicotinic receptor antagonist d-tubocurarine. further

xvi



• indicating the nicotinic nature of the receptor.

These results are of significance since they suggest a possible functional role for the

neuronal nicotinic o.-BGT receptor in neurite outgrowth in nervous tissue.

•

2. a) Nicotine exposure results in an increase in H69 cell number. This effect

was both time- and dose-dependent A similar time- and dose-dependent

effect was also observed with another nicotinic agonist cytisine. The

concentrations of nicotine and cytisine required to increase cell number

correlated weil with those which were required to inhibit radiolabelled toxin

binding.

•

b) The nicotine induced increase in H69 cell number was prevented by

treatment with o.·BGT. This effect of o.-BGT was dose dependent The

concentration of o.-toxin required to completely prevent the nicotine

induced increase in H69 cell number correlated well with the affinity of 0.­

BOT for its receptor. o.-BOT a10ne had no effect

c) a.5 and 0.7 mRNA are present in H69 cells. This fmding suggests that the

molecular composition of the o.-BOT receptor in non-neuronal

tissues may involve these presumed neuronal nicotinic o.·BOT

binding subunits.

xvii
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These results provide evidence that IX-BGT receptors may have a role in the regulation

of cell proliferation in lung tumour cell lincs implicating a role for the IX-toxin receptor

in the pathogenesis of lung cancer.
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1.0 Introduction

Nicotinic acetylcholine receptors are neurotransmitter-gated ion channels, that is,

the binding of two Molecules of acetylcholine to the receptor binding sites results in the

opening of the receptor channel, which is an integral part of the receptor protein, and to

the subsequent conduction of cations through the channel pore. As weil, receptors for

glutamate, serotonin (S-HT), gamma-aminobutyrate (GABA) and glycine upon binding of

their appropriate ligand convert the receptor protein into an ion conducting channel. Thus,

the function of this family of receptors known as the ligand-gated ion channels, is to

convert a chemical signal into an electrical signal within the cell, the process of which is

known as neurotransmission. Nicotinic, glutamate and S-HT receptors are cation

conducting channels which flux Na+ and K'" ions upon receptor activation resulting in

depolarization of the cell whereas, GABA and glycine receptors are anion conducting

channels which flux Cl' ions upon receptor activation resulting in hyperpolarization of the

ccli. Sttucturally, ion channel proteins are formed by the joining of multiple, either

homologous or heterologous, subunits to form a central pore. Schematically, the

neurotransmitter-gated receptor subunits are thought to resemble the Slaves of a barrel

which join together to form a channel.

Nicotinic acetylcholine receptors are the MOSt thoroughly characterized member

of this family of ligand-gated ion channels. Most of what we know today about this

family of receptors is due to the large quantities of nicotinic receptors in the electric organ

of Torpedo which allowed for the isolation and biochemical characterization of this

1
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receptorprotein. As weil. the snake venom. a-bungarotoxin (a-BGT). played asigniticant

role in the purification of the nieotinic receptor protein due to its high affinity interaction

with the nicotinic acetylcholine receptors in the Torpedo electric organ. a-BGT also

served as a probe for nicotinic type receptors in muscle since in both Torpedo and muscle.

a-BGT binds nicotinic receptors irreversibly resulting in an inhibition of nicotinic receptor

mediated functions (Changeux et al. 1970: Miledi and Potter 1971: Miledi et al. 1971:

Karlin 1974: Cohen and Changeux 1975: Rang 1975: Fambrough 1979). Thus. a-BGT

acts as an antagonist at Torpedo and muscle type nicoùnic receptors and much of what

is known about synaptic transmission today bas been learned from studying these

postsynaptic muscle type nicoùnic acetylcholine receptors.

Purification studies have shown that muscle type nicotinic acetylcholine receptors

are composed of 5 subunits arranged in a pseudo-symmetrical fashion with a

stoichiometty of O-.!Bj'Ô in fetally derived muscle tissue (Lindsl1'Om et al. 1979: Raftery

et al. 1980; Conti-Tronconi et al. 1982; Karlin et al. 1983) whereas in the adult. the y

subunit is repl~ced by an e subunit (Takai et al. 1985; Mishina et al. 1986). Pholoaffinily

labelling studies have defmed the a subunit as the ligand binding site of the nieotinic

acetylcholine reeeptor with a unique pair of adjacent disulfide linked cysteine residues al

positions 192 and 193 conttibuùng to the ligand binding region as weil (Kao and Karlin

1986; Mosckovitz and Gershoni 1988).

Antibodies raised against purified Torpedo nieoùnic receptor were used 10

immunopurify the muscle type nicoùnic receptor (Tzartos and Lindsl1'Om 1980; Sl1'Oud et

al. 1990; Lingle et al. 1992; Devillers-Thiéry et al. 1993). From the deduced amine acid

2
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sequence of the purified muscle receptor protein. the cDNA sequences encoding the

muscle nicotinic receptor subunits were determined. Reconstitution of the muscle

nicotinic receptor subunit cDNAs in various expression systems has provided insight into

the functional role of the various nicotinic receptor subunits. For example, transfection of

the muscle cDNAs in COS ceUs has shown that the extraeeUular N-terminal domains of

thc lX. 0 and y subunits contain sequences that are responsible for receptor assembly.

Injection and expression of muscle receptor subunit cDNAs in Xenopus oocyteS bas

shown that the E subunit is responsible for the short-open-time (fast-type) acetylcholine

receptor channels that are secn in adult muscle (Stroud et al. 1990; Lingle et al. 1992;

Devillers-Thiéry 1993).

1.1 Neuronal niçodnle reçeptnrs

Monoclonal antibodies (mAbs) to Torpedo nicotinic receptors were used to

immunopurify neuronal acetylcholine receptors that cross-reacted with the Torpedo mAb

(Whiting and Lindstrom 1986, Whiting et al. 1987) thereby providing a source of purified

neuronal nicotinic receptor protein. From the deduced protein sequence information, the

cDNAs which encode the subunits of the neuronal nicotinic acetylcholine receptors were

thus determined (Whiting et al. 1987, Schoepfer et al. 1988). In an alteroate approach,

screening of PC12 and brain cDNA libraries with a radiolabelled muscle nicotinic

acetylcholine receptor lX subunit cDNA probe identified the ftrst member of a family of

homologous neuronal nicotinic acetylcholine receptor genes (Boulter et al. 1986, Boulter

et al. 1987). Other members of the neuronal nicotinic acetylcholine receptor family were

3
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identified by homology cloning (Deneris ct al. 1988: Duvoisin ct al. 1989: Elgoyhen ct

al. 1994). These genes \Vere classified as Ct subuniL~ or Il subuniL~. The former heing

characterized by 2 adjacent cysteine rcsidues at positions homologous to 192 and 193 in

the Torpedo Ct subunit sequence. Eight Ct subunits have been idemified Sll far \Ct2 - Ct9).

Subunits that lack these cysteines were classilied as Il subunits. 3 of which have been

identified so far (B2 - 134). Structurally. neuronal nicotinic rcceptors differ from muscle

type nicotinic rcceptors in that the former appear to be composed of two (or maybe more)

instead of four different subunits as in muscle. However. evidence suggcsts that the

neuronal nicotinic receptor may also be pentameric (Anand ct al. 1991. Cooper ct al.

1991) as is the muscle type nicotinic reeeptor. Both Ct and Bsubunits eontribute to the

formation of the neuronal nicotinie receptor. Co-expression of a Bsubunit (B2 or 134)

with an Ct subunit (Ct2. et3 or et4) in the oocyte expression system forms funetional

channels gated by nicotinic agonists, none of which however are blocked by Ct-BGT

(Boulter et al. 1990; Luetje et al. 1990). Injection of the receptor combinations of Ct4B2

and et3B2 in Xenopus oocytes resulted in reeeptor subtypes whieh differed in their

sensitivity to acetylcholine (Gross et al. 1991) suggesting that the Ct subunit is involved

in determining agonist sensitivity. The Bsubunits have been suggested to he involved in

reeeptor sensitivity as weil as in determining the time course of dcsensiti7.ation of

neuronal nicotinic receptors. Injection of the receptor combinations of et3B4 and et3B2

in oocytes have resulted in receptor subtypes which differed in their rate of

dcsensitization due to either DMPP or acetylcholine exposure (Cachelin and Jaggi 1991).

Immunoprecipitation studies (Whiting and Lindstrom 1986, 1987) using anti-neuronal
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nicotinic receptor antibodics made against rat brain have yielded both Cl and 8 subunits

suggesting mat both subunits are components of the neuronal nicotinic receptor.

However. it is still unclear as ta the types of subunits that make up a receptor. the

number of Cl subunits versus the number of 8 subunits in a receptor and whether there arc

other subunits in vivo that are involved. The participation of the Cl6 and 83 subunits in

the formation of a functional receptor in the oocyte expression system bas yet to be

shown. As weIl. evidence suggests that the lX5 gene product assembles with other Cl

subunits to form distinctive acetylcholine receptors in chick brain (Conroy et al. 1992):

however. no function has been identified so far for the lX5 gene when injected into

Xenopus oocyteS either alone or in combination with other neuronal nicotinic

acetylcholine receptor genes (Boulter et al. 1990; Couturier et al. 1990b).

Thus. molecular cloning experiments as well as functional expression studies of

various subunit receptor combinations in Xenopus oocyteS revea1s the diversity in nicotinic

receptor subtypes present in the central nervous system (CNS). This diversity is aIso

reflccted by differences in sensitivity of different nicotinic receptor subtypes to the snake

toxin. Cl-bungarotoxin. which will be discussed further in section 1.2.

Radioligand binding studies have determined the localization of neuronal nicotinic

receptors. Using [3H]nicotine. high-affmity nicotine binding sites have been localized in

regions of the rat brain (Clarke et al. 1985. Hiirfstrand et al. 1988) such as the medial

habenula. interpeduncular nucleus. specific motor and sensory nuclei of the thalamus.

substantia nigra. molecular layer of the dentate gyms. superior colliculus and COrtex. The

labelling pattern for high affmity [3H]acetylcholine binding sites in rat brain resembled
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that for [;Hjnieotine suggesting that these two eompounds bind to the sarne population of

nieotinie reeeptors. As well. in situ hybridization methods. using [;'S]-labelled eRNA

probes. have defined the distribution of neuronal nieotinie reeeptor subunit mRNAs in the

CNS. Expression of the <x4 and 82 genes in overlapping and in most regions of the CNS

(Wada et al. 1989) suggests that the <x482 nieotinie reeeptor subtype may be the

predominant receptor subtype in brain. B4 gene transeripts have been locali7.cd in the

medial habenula. cortex. hippocarnpus. imerpeduncular nucleus and sorne motor nuclei as

well (Dineley-Miller and Patrick. 1992). The distribution of <X5 mRNA in rat CNS

differed l'rom that of the cx3 and <x4 subunit transcripts (Wada et al. 1990). Using mAbs,

the protein products of these genes have been loealized in specifie regions of the CNS

(Swanson et al. 1987). Using mAb 270, which is directed against high-affinity nicotine

binding sites isolated l'rom chicken brain, a pattern of immunohistochemical labclling

similar to that seen with [JHjnicotine binding in the CNS was obtained and also showed

that nicotinic receptors are tranSported along axons in the optic nerve, habcnulo­

interpeduncular tract and the nigrostriatal projection (Swanson et al. 1987). The

localization of neuronal nicotinic receptor transcripts and protein in the CNS correspo' Ids

with areas of the CNS which have also been shown to possess functional nicotinic

receptors.

Functional nicotinic receptors in the CNS have been demonstrated mainly by the

technique of iontophoretic application of nicotinic agonists and antagonists and recording

l'rom single neurons. Activation of nicotinic receptors in the hippocampus resulted in a

disinhibitory effeet on paired pulse inhibition in pyramidal neurons which could bc
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prcvented by nicotinic amagonislS (Rovira et al. 1983). In the cerebral conex, the

nicotine induccd excitatory rcsponse could be inhibited by nicotinic antagonislS (Vidal and

Changeux 1989). Thcse studies suggcst a role for the interaction of nicotine at neuronal

nicotinic rcceptors in the Mediation of synaptic transmission.

Nicotinic receptors have also becn implicated in growth related functions in

nervous tissue due to the trophic effects mediated by nicotine in the CNS. Both prenatal

and neonatal exposure to nicotine. a lipophilic molecule which readily penetrates the

blood-brain barrier (Schwartz and Kellar 1983), has becn shown to result in alterations

in CI'!S dcvelopment as determined by changes in various neuronal markers. Navarro et

al. (l989a,b) studied the effect of prenatal nicotine exposure on development of central

cholinergic ncurotransmitter systems by studying changes in two neuronal markers. high­

affinity choline uptake and choline acetyltranSferase (ChAn activity. The former is rate­

limiting to acetylcholine synthesis and subject to neuronal impulse regulation and Ihe

latter is involved in the conversion of choline to acetylcholine; thus the two markers

provide indices of both synaptic proliferation and activity. Results demonstrated that

prenatal exposure 10 nicotine had marked adverse effects on developmental patterns of

choline uptake and ChAT activity suggesting that nicotine May selectively disrupt CNS

development by stimulating nicotinic receptors. which are present in fetal brain

prematurely, thus eliciting the developmental events ordinarily triggered postnatally by

cholinergic projections. Fetal nicotine exposure also affects the function of noradrenergic
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pathways in the CNS; prenatal exposure to nicotinc produces a delicit in noradrenergic

responsiveness posmatally (Seidler et al. 1992). These deticits may be responsible for the

resulting behavioral and neuroendocrine abnormalites secn in the offspring.

Ornithine decarboxylase catalyzes the rate-limiting step in the synthesis of

polyamines and thus plays an essential role in brain growth during early periods of

development (Slotkin and Bartolome 1986). To minimize the complicating factors such

as maternal/placental drug effeets. Beeker et al. (1992) used a non-placental chick embryo

model to investigate the effeet of early (76-168h) chick embryo exposure to in ovo

exposure to nicotine. Results demonstrate that nicotine suppressed the peak in fetal brain

omithine decarboxylase activity that normally occurs at 120h of development

Fetal exposure to nicotine results in offspring with altered membrane-associated

adenylate cyclase activity (SloOOn et al. 1992); prenatal nicotine exposure thus disrupts

a basic cellular transduction signal that is shared by various trophic factors and

neurotransmitters. In mice. neonatal nicotine exposure induces permanent changes in

brain nicotinic receptors and behaviour in adult mice such that neonatal nicotine treatment

prevel;ts t"::e development of low-afftnity nicotinic sites in the brain. Furthermorc. mice

treated with nicotine displayed a hypoactive condition as compared with nontreated mice.

which displayed a hyperactive condition (Nordberg et al. 1991). Other behavioral

impaiIments induced by prenatal nicotine include deficits in learning and memory as

demonsttated by the significant impaiIment in performance of nicotine exposed rats in the

radial-arm maze test (Sorenson et al. 1991).

Due to the potential physiologica1 significance of nicotinic receptors in CNS
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development. the issue of determining whieh nieotinic receptor subtypes are responsible

for mcdiating the growth related actions of nicotine in the CNS remains of utmost interest

1.2 Neuronal njcotinjc lX·RGI meptors

Radioligand binding studies using radiolabelled lX-BGT demonstrated that lX-BGT

also bound with high affinity to neuronal membranes (Morley et al. 1979: Oswald and

Freeman 1981). This binding could be competed by nicotinic but not muscarinic receptor

ligands suggesting that these represented neuronal nicotinic lX·BGT receptors. Thus. there

is a subtype of nicotinic receptor in the CNS that binds lX-BGT and will be referred to as

neuronal lX-BGT receptors.

These receptors have becn demonstrated to be a distinct population from the rest

of the neuronal nicotinic receptors. Neuronal lX-BGT receptors were immunologicaily

distinguished from neuronal nicotinic acetylcholine receptors in PCI2 cells (Patrick and

Stailcup 1977b). Further evidence for a distinction between neuronal lX-BGT receptors

and neuronal nicotinic receptors cornes from observations in which lX-BGT is ineffective

in blocking a wide varlety of nicotinic receptor mediated responses in various neuronal

preparations ranging from intact tissues to cell lines. Nieotinic reeeptor mediated

transmission in cat Renshaw cells (Duggan et al. 1976) and rat superior cervical ganglia

(Brown and Fumagalli 1977) was not affected by lX-BGT. Nor did the lX-toxin inhibit

nicotine induced sodium influx in PC12 cells (Patrick and Stallcup 1977a). lX-BGT had

no effect on the response to iontophoretically applied acetyleholine in chick ciliary

ganglion neurons (Ravelin and Berg 1979). In adrenal ehromaffin cells in culture.
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carbachol induced increase in tyrosine hydroxylase activity (Quik and Trifaro 1982) W:lS

not blocked by et-BGT and in the NIE-1l5 neuroblasloma cell line. responses 10

iontophoretically applied acetylcholine were blockcd by d-tubocurarine but not by et-BGT

(Kato and Narahashi 1982). Dcspite these studies. et-BGT sensitive responses have been

deteeted in rat eerebellum (de la Garza et al. 1987) and in dissociated hippocarnpal

neurons in culture (Alkondon and Albuquerque 1991: Zorumski el al. 1992).

Localization studies using radiolabelled ligands and mAbs demonstrJ.tc :l

distinction between high affinity nicotine binding sites and et-BGT binding sites. In

contrast to the similar binding pattern seen in both rat and mouse brain with CH)nicotine.

fH]acetylcholine and [lHlmethylcarbachol. that seen with [l~l]et-BGT dcmonstraled a

different regional binding pattern (Clarke et al. 1985. Boksa and Quirion 1987. Pauly el

al. 1989). As well. et-BGT could not block [lHlnicotine binding to rat brain nicotinic

receptors (Romano and Goldstein 1980). In addition. [l~net-BGT binding was present

in rat brain regions that did not receive cholinergie innervation (Hunt and Schmidt 1979).

Immunohistochemical studies using mAbs made against rat and chick brain nicotinic

receptors demonstrated that the labelling pattern of the mAb was similar to that obtained

with [lHlnicotine but different from the labelling pattern seen with [1~I]et-BGT (Swanson

et al. 1987). Using horseradish peroxidase conjugated et-BGT. et-toxin binding sites have

been localiud to nonsynaptic regions such as cell bodies and on short neuritic processcs

on chick ciliary ganglion neurons (Jacob and Berg 1983; Loring et al. 1985). Thus. it is

untikely that these neuronal et-BGT receptors play a major role in synaptic transmission

in the ganglion.
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Further evidence for a disùncùon between the nicoùnic a-BOT receptor and the

nicoùnic acetylcholine receptor cornes from studies which look at the effects of various

agents on nicoùnic receptor regulaùon. Chronic infusion of nicotine results in a 50%

increase in ['H)nicoùne binding sites in rat cortex whereas conical ['~I]a-BOT binding

sites remained unchanged (Sanderson et al. 1993). Long tenn exposure of PCl2 cells to

carbachol. a nicoùnic agonist. resulted in a 1055 of nicoùnic receptor mediated Na+ influx

however. there was no change in [l~I]a-BOT binding sites (Kemp and Edge 1987). In

PCl2 cells cultured in serum-free medium, the release of catecholamines due to nicoùnic

receptor activaùon was abolished yet radiolabelled a-toxin binding was not affected

(Mitsuka and Hatanaka 1983). These studies ail suggest that a-BOT sensiùve and a-BOT

insensiùve nicotinic receptors are regulated by different and distinct mechanisms.

Molecular cloning techniques provided new insights into the identity of the

neuronal a-BOT binding protein. a-BOT binding protein was purified from chick brain

using an a-BOT affmity column (Conti-Tronconi et al. 1985) from which a pure source

of neuronal a-BOT receptor protein was obtained. Chick brain cDNA libraries were

constructed and screened using oligonucleotides (Couturier et al. 199Oa, Schoepfer et al.

1990). Two clones identified as members of the nicoùnic acetylcholine family; that is

they possessed 4 hydrophobie regions. 2 adjacent cysteines at positions 192 and 193

suggesting they may bind cholinergie ligands, were obtained and tenned the a7 and as

subunits (also referred to as aBOT BPI and aBOT BP2, respectively). The rat

homologue of the ehick a7 gene bas becn eloned and expressed in the Xenopus oocyte

expression system (Seguela et al. 1993).
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There are severallines of evidencc which suPP'Jrt a role for the neuronal nicoùnic

a.7 receptor subunit as being part of the a.-BGT binding site in brain. with possibly other

subunits also being involved (Anand et al. 1993: Gerzanich ct al. 1994: GotÙ ct al. 1994).

For exarnple. Schoepfer et al. (1990) demonstrated that recombinant protein representing

the extracellular domain of a.7 bound a.-BGT. In addiùon. expression of the chick and rolt

a.7 in the Xenopus oocyte system results in the formaùon of homo-oligomeric channels

that are activate<ï by nicotinic agonists and blocked by low concentraùons of a.-BGT

(Couturier et al. 1990a: Seguela et al. 1993). Another line of studies has also

demonstrated that the pattern of a.7 mRNA expression. as revealed by in situ

hybridization, correlates with the pattern of radiolabelled BGT binding to rat brain

st':Ctions (Clarke et al. 1985: Seguela et al. 1993).

The a.5 neuronal nicotinic receptor subunit bas also been suggested to be a

eomponent of the neuronal nicotinic a.-BGT binding protein. Synthetic peptides

eorresponding to the extraeellular domain of the rat a.5 nicotinic receptor subunit have

been shown to bind a.-BGT (McLane et al. 1990). From these studies, the a.-BGT

binding sequence bas been defmed as being between arnino acid residues 180 and 199 of

the neuronal nicotinic subunit a.5 (McLane et al. 1991). This evidence is not definitive

since it is possible tbat even though the peptide segments were able to bind a.-toxin.

it is not known whether in the native a.5 subunit, the toxin binding peptide segment is in

the proper conformation to bind toxin. It is also possible that toxin binding sequences

were not observed due to insufficient overlap or length of the peptide segments. Only

when the binding of u-BGT to an a.5 subunit containing receptor results in a blockadc of
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a nicoùne induced rcsponse will the role of the ro neuronal nicoùnic receptor subunit as

a component of the neuronal a-BGT binding protein be definiùve.

1.3 Possible funetional mIes of the njeotinje a-RGT reeeDtor

ln nervous ùssue, the role of the nicoùnic a-BGT receptor is currently unclear:

however, it appcars not to play a major role in mediating synaptic transmission (Luetje

et al. 1990, Deneris et al. 1991). The following sections will discuss the possible

functional role of the neuronal nicotinic a-BGT receptor.

1.3.1 Role of the pjcotipjc a-BGT receptor in neuronal cells

There are severa! lines of evidence which demonstrate functional nicotinic

rcsponses in nervous ùssue. which are sensitive to a-BGT, using who1e-cell patch clamp

technique. a-BGT sensitive nicotinic receptor mediated responses have been detected in

rat cerebellum (De La Garza et al. 1987), in dissociated hippocampal neurons in culture

(AIkondon and Albuquerque 1991; Zorumski et al. 1992; AIkondon and Albuquerque

1993: AIkondon et al. 1994) and in rat olfactory bulb neurons (AIkondon and

Albuquerque 1994).

Vijayaraghavan et al. (1992) and Zhang et al. (1994) have shown that nicotinic

activation of an a-BGT binding component in chick ciliary ganglion neurons results in

an increase in Ca++ mobilization, which is sensitive to b10ckade by a-BGT. thus

demonstrating a function for the a-toxin binding component As weil. the a-BGT binding

subunit, a7. which forms a homo-oligomeric receptor when expressed in Xenopus oocytes,
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has an unusually high permeability to calcium. Nicotinic activation of this homo­

oligomeric receptor. which can be blocked by (X-BGT. results in an influx of Ca- and

the subsequent activation of Ca--dependent cr channels (Segucla et al. 1993). Elevation

of intracellular Ca- levels in the cell due to (X-BGT receptor activation may serve as a

second messenger to regulate a variety of cellular growth processes. Growth cone

behaviour bas becn shown to be regulated by neurottansmitters and e1ectrical activity by

mcehanisms Iinked to intracellular Ca- (Kater and Mills 1991). Therefore Ca- may act

as an integrator of environmental cues that influence ncurite outgrowth and

synaptogenesis. In rat sensory neurons. a narrow window of intraccllular calcium

concentration optimal for neurite outgrowth bas becn described (Mohanna et al. 1992).

Growth cone morphology and neurite extension are affected by intraccllular Ca- Icvcls

(Haydon et al. 1984; Kater and Mills 1991); if intraceUular Ca- falls belowan optimal

level. or rises significantly above il, growth cone motility and neurite outgrowth are

inhibited. In rat retinal ganglion cells in culture. d-tubocurarine. a nicotinic receptor

antagonisl, enhanced neurite outgrowth (Lipton et al. 1988) thus implicating the nicotinic

receptor in a growth related role. However. involvement of the neuronal nicotinic (X-BGT

sensitive versus the neuronal nicotinic (X-BGT insensitive population of nicotinic receptors

in process outgrowth was not deterrnined since the effcet of (X-BGT on neurite outgrowth

in the ganglion cells was not assessed.

Another physiological role for the BGT binding component may be in the

regulation of œU death sinœ it bas becn shown that e1evation of ea- flux through

glutamate receptors can induce ceIl death (Choi 1987; Choi et al. 1988). It bas a1s0 becn
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observed that high concentrations of cx-BGT in vivo prevent neuronal cell death in chick

ciliary ganglia (Meriney et al. 1987). Ca- entry through neuronal nicotinic cx-BGT

receptors may be involved in long-term phenotypic changes in neuronal properties. a role

similar to that of voltage-dependent Ca- channels and NMDA receptors. since inc=es

in intracellular Ca- can induce expression of certain immediate early genes such as c-fos

and jun-B (Bartel et al. 1989).

The following studies suggest that the nicotinic cx-BGT receptor is involved in a

growth related role in CNS development due to the lime course of appearance of cx-BGT

binding sites in developing nervous tissue. It bas been demonsttated that the major

increase in choline acetylttansferase activity occurs subsequent to the appearance of the

cx-BGT site. a fmding which may suggest that the receptor plays a role in the guidance

of incoming cholinergic nerve fibres (Chiappinelli and Giacobini 1978; Fiedler et al. 1987:

Greene 1976: Kouvelas and Greene 1976). Further evidence for a role for cx-toxin

receptors in development was suggested by autoradiographic studies using radioactively

labeUed cx-BGT as a ligand. These studies demonsttated that there is a ttansient and

developmentally regulated expression pattern of cx-BGT binding that correlates with

synapse formation in the region studied. This developmental pattern of expression was

seen in the developing rat hippocampus (Hunt and Schmidt 1979) as weU as in the

developing rat sensory cortex (Fuchs 1989). In addition. the postnatal establishment of

the thalamo-cortical connections in the developing rat sensory cortex is paralleled by an

increase in cx-toxin staining in the corresponding cortical projection areas (Fuchs '1989).

Similarily. in the toad optic tectum. the increase in cx-BGT binding parallels synapse
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formaûon between reûna and opûc tcctum (Frccman 1977). Funhcrmore. cvidcncc

suggests that postsynaptic (X-BOT binding sites cxcn a trophic int1uence on prcsynapùc

terminals in the opûc tectum since therc was a shift in posiûon of incoming ncurons away

from rcceptor sites blocked by the (X-toxin (Frceman 1977). In line with the idea of a

trophic or growth related role for the (X-BOT binding rcceptor. mRNA for a7. thc (X-BOT

binding neuronal nicoûllic receptor subunit which forms a homo-oligomeric rcccptor upon

expression in Xenopus oocytes. is transiently and developmentalIy expressed in developing

chick optic teetum. As weil. (X7 mRNA expression peaks at the ûme when reûnal axons

reach the teetum (Couturier et al. 1990a) and this correlates with the developmental

expression pattern described in (X-BOT binding studies (Wang and Schmidt 1976). A

similar correlation in (X7 mRNA distribution and (X-BOT binding has aIso been deseribed

in the developing rat cortex (Broide and Leslie. 1992).

1.3.2 Role or lhe n1cotlnlc a-BGT receplOr ln DOn-neuronal cells

Studies have demonstrated the presence of (X-BOT receptors in various non­

neuronal cells. For example. (X-BOT binding sites have been deseribed in normal and

neoplastic thymie epithelial cells (Kirchner et al. 1988), human rhabdomyosarcoma cells.

small celliung carcinoma (SCLC) cells and epitheliallung cancers of the non-SCLC type

(Chini et al. 1992). (X-BOT binding sites in SCLC cells were precipitated by antibodies

generated against the (X-BOT receptor of the IMR 32 neuroblastoma cellline (Chini el al.

1992). These results suggest that non-neuronal a-BOT receptors of unknown function

present on SCLC cell lines such as the 869 cell line are immunologically similar to
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neuronal Ct-BGT rcceptors.

Studies by Maneckjee and Minna (1990) demonstrated that exposure of various

SCLC celllines to opioids inhibited lung tumor cell growth and that exogenous nicotine

exposurc could reverse this inhibitory effect of the opioid on tumor growth. These results

suggest that the nicotinic rcceptors present in these SCLC cell lines may be involved in

mediating the effects of nicotine on tumor growth. Since the nicotinic Ct-BGT rcceptor

binds nicotine, this population of nicotinic rcceptors may play a role in mediating these

trophic effects of nicotine on SCLC cell growth. Schuller (1989) investigated the

potential involvement ofnicotinic cholinergic rcceptors in mediating the effects of nicotine

and two tobacco-rclated nitrosamines, DEN and NNK, on human lung cell growth

kinetics. Nicotine stimulated cell proliferation in H727 cells, a neuroendocrine type SCLC

derived cell line. Furthermore, this eftect of nicotine was blocked by the nicotinic

cholinergic rcceptor antagonist, hexamethonium. Similar growth-stimulating effects on

H727 cell proliferation were obtained with the two tobacco-related nitrosamines. These

data thus suggest that nicotine as weil as the nitrosamines interact at nicotinic type

rcceptors in pulmonary neuroendocrine cells to mediate the effects observed on cell

proliferation and maybe ultimately in the pathogenesis of lung cancer. From this study,

evidence for the involvement of nicotinic type receptors in cell proliferation is reasonably

compelling although the receptor through which the agonist mediates these effects. that

is. the Ct-BGT sensitive or Ct-BGT insensitive nicotinic receptor bas not been identified.

A role for the toxin receptor in cell proliferation is supported by experiments in

cultured thymic epithelial cells. Acetylcholine increased cell proliferation and protein
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synthesis as assess.:d by comparing "H-thymidinc and )H-leucine incorporation in

cholinergic agonist treated ceUs. This crfect is b10cked by (X-BGT (Tominaga el al. 19li9).

These data provide evidencc for a trophic role for the (X-BGT rcceplor in rcgulaùng ceU

growth in thymic epithelial ceUs and suggest that the differcnùation and maturaùon of

thymic lymphocytes may be regulated by the nicoùnic acùvaùon of thymic cpithclial ceUs.

1.4 PCI2 cens Wj a mode! for neuronal cens

PC12 ceUs are a clonal ceU line derived from a rat adrcnal phcochromocytoma

(Greene and Tischler 1976) and are characterisùcal1y very similar to thcir parent

chromaffin ceUs. As for adrenal chromaffin cells. in PC12 cclls. the nicotinic

acetylcholine receptor and the (X-BGT binding sites are distinct in that cholinergic reccplor

dependent Na+ fluxes are blocked by nicotinic antagonists but not by (X-BGT (Patrick and

Stallcup 1977a). Cells of the adrenal medulla known as chromaffin cells are derived from

the neural crest and are directly innervated by sympathetic preganglionic nerve libers of

the splanchnic nerve (Weston 1970). Thus. chromaffin ceUs and PC12 cells. which arc

derived there from. are considered to he specialized postganglionic cclls which share

Many characteristics with sympathetic neurons. For examp1e. nerve growth factor (NGF)

trcated PC12 ceUS extend neurites in culture and thus have been used cxtensivcly as a

madel for neuronal ceUs (Greene and TlSchler 1982). Furthermore. PCl2 cells are

excitable and they synthesize and secrete neurotransmitters such as noradrenaline.

adrenaline and dopamine (Greene and Rein 1977; Greene and Tischler 1982). These

neurotransmitters are stored in chromaff'm granules and are re1eased in response ta
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nicotinic receptor stimulation (Greene and Rein 1977). PCI2 cells are an appropriate cell

(ine for the study of nicotinic rcceptors and nicotinic receptor mediated responses since

PC 12 cells contain both the neuronal nicotinic lX-BGT receptor as well as the neuronal

nicotinic acetylcholine receptor. In addition. PCI2 cells possess muscarinic receptors and

receptors for nerve growth factor (NGF). epidermal growth factor (EGF) and adenosine

(Guroff 1985).

PC 12 cells are relatively easy to maintain in culture and consist of a relatively

homogeneous population of pheochromocytoma cells. Funhermore. the maintenance of

PC 12 cells in culture allows for a controlled regulation of the environment surrounding

thc cells. Drugs can be added to the culture medium to determine their effects on any one

of a number of parameters to be studied. Furthermore. cultured cells do not present the

diffusional barriers tha: whole organ cultures do. PCI2 pheochromocytoma cells

therefore appeared to be an appropriate model system for the present studies investigating

the functional role of the neuronal nicotinic lX-BGT receptor.

1.5 669 cells. a smal! cel! Jung can:inoma cell line: presence of nlcotinlc a-BGI
in Dop-geumnal cells

Small cell lung carcinoma (SCLC). one of the most aggressive forms of cancer.

accounts for approximately 25% of bronchogenic carcinomas and bas distinct clinical.

pathological and biological characteristics (Minna et al. 1981). SCLC cells exhibit many

differentiated properties of neuroendocrine ceUs. These include the presence of

cytoplasmic dense core neurosecretory granules. high concentrations of the key amine

precursor uptake and decarboxylation cell enzymes. L-dopa-decarboxylase and neuron-
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specific enolase. as weil as the production of severa! peptides (Gazdar ct al. 1985). The

peptide most frequently associated with SCLC is the mammalian bombesin neuropeptide

(Moody et al. 1981). As weil. SCLCs have very high speeific activities of the enzyme

creatine kinase which is expressed in the form of the brain isoenzyme (Gazdar et al.

1981). On morphological grounds. SCLCs appear relatively undifferentiated as compared

to non-SCLC. Thus. most SCLCs ean be distinguished from non-SCLC lung cancers

(squamous cell. large cell and adenocarcinomas) by morphology and the biochemical

markers mentioned above. Radioligand binding studies using ['2SI]a-BGT. rH]muscarine

and [3H]etorphine demonsttated the presence of nicotinic. muscarinie and opioid receptors

in celllines derived from SCLCs (Cunningham et al. 1985. Maneckjee and Minna 1990).

The H69 cellline is derived from a SCLC and was established and characterized

by Carney et al. (1985). H69 cells possess the same biochemical and morphological

characteristics as the SCLCs from which they were derived. H69 ceUs grow as aggrcgates

in suspension in culture and are relatively easy to maintain. In culture. drugs could he

routinely added to the culture medium to study their effects on H69 ceU growth. Thus.

H69 cells were chosen to study the pathological significance of nicotinic a-BGT rcccptors

in non-neuronal tissues such as SCLCs.
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As discussed in the Introduction. numerous types of studies have distinguished the

neuronal nicotinic a-BGT receptor from the neuronal nicoÙOic acetylcholine receptor

population. This distinction was supported by localization studies which demonstrated

that the ùssue and cellular distribution of the two types of nicoùnic receptors were

different. Purification studies have determined the molecular weight of the subunits that

make up the a-toxin binding protein. the structural composition of which appears to differ

from that of the neuronal nicotinic acetylcholine receptor. As weil. genes helieved to

encode a-BGT binding proteins have been isolated and cloned. Despite ail this

information. it is still unclear as to what the functional role of the a-toxin receptor is in

neuronal and non-neuronal ùssues. a1though it appears to he disùoct from the a-BGT

insensitive nicotinic receptor. Various studies in the literature suggest a role for the

a-BGT receptor in development Thus. in order to gain further insight into a possible

growth related function for these receptors. studies were initiated to determine whether

long term treatment with various nicoùnic ligands. such as nicotine lbld d-tubocurarine.

affected growth in the neuronal PC12 cell line and whether these observed effects on

growth were mediated specifically through the neuronai a-toxin receptor population.

The recent observation that a-BGT receptors. immunologically similar to those

found in nervous ùssue. were also present in a variety of non-neuronal tumour celllines

100 to the postuIate that a-toxin receptors present in non-neuronal ùssues may also he

involvOO in growth. Thus. studies were initiated to determine the effect of long term
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involved in growth. Thus. studies were iniùated to determine the effeet of long term

exposure of nicoùnic ligands on cell number of a small cell lung carcinoma cellline. as

weil as determining whether these effects en cell number were mediated by the CL-BGT

receptor populaùon. The H69 small cell lung carcinoma cell line was chosen sincc

evidence in the literature demonstrated the presence of CL-torin binding sites in various

lung tumours. Experiments were also done to determine whether the presumed neuronal

CL-BGT binding subunilS. CL5 and/or CL7. were expressed in H69 cells in order to gain

funher insight into the subunit composiùon of CL-toxin receptors in non-neuronal ùssue.

Thus. the main objecùve of my studies was to determine if the CL-BGT receptor

in both neuronal and non-neuronal ùssues is involved in a growth related acùvity in order

to gain a better understanding of the significance of this nicoùnic receptor populaùon.
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2.0 A ROLE FOR THE NICOTINIC a-BUNGAROTOXIN RECEPTOR
IN NEURITE OUTGROWTH IN PC12 CELLS

A fonn of this manuscript is in print in Neuroscience 56. 441-451.

Contributions by the autholS are as follows: J. Chan perfonned the experiments and

M.QWkpro~dedsu~o~sup~~
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2.1 SUMMARY

The present studies show that nicotine decreased neuritic outgrowth in PCI2 cells

in culture. This effect occurs as carly as one day after addition of nicotine to the culture

medium in a concentration dependent manner. The nicotine induced dccline in neurite

outgrowth was prevented by d-tubocurarine (IO"'M) indicating that the effect was

mediated through a nicotinic rcceptor. Interestingly. alpha-bungarotoxin (a-BOl) (lO"M)

was able to inhibit the nicotine induced decrease in process formation in a dose depcndent

manner. The concentrations ofa-BOT required to affect process outgrowth eorrelated with

those required to inhibit radiolabelled a-BOT binding. a-BOT had no effcct on

[3H]noradrenaline release. a functional response mediated through the a-BOT insensitive

neuronal nicotinie acetylcholine rcceptor. suggesting that a-BOTspecifically interacts with

the neuronal a-BOT rcceptor. The present results suggest a funetional role for the

neuronal nieotinie a-BOT receptor in neurite outgrowth.

24



•

•

•

2.2 INTRODUCTION

Two populations of nicotinic acetylcholine receptolS exist in neuronal tissue

(Luetje et al. 1990: Deneris et al. 199\). These inc1ude the a-BGT insensitive neuronal

nicotinic receptolS. which bind nicotinic receptor ligands with high affmity and do not

interact with a-BGT: these receptolS are thought to be involved in the mediation of

synaptic transmission (Luetje et al. 1990: Deneris et al. 199\). The second population is

the neuronal nicotinic a-BGT receptolS • which bind a-BGT with high affmity and

nicotinic ligands with a lower affinity (Morley et al. 1979: Oswald and Freeman 198\).

The function of the neuronal nicotinic a-BGT receptor is currently unclear; however. it

appears not to play a major role in mediating synaptic transmission. This is supported by

the observation that a-BGT does not black nicotinic receptor mediated responses in most

neuronal tissues (Luetje et al. 1990: Deneris et al. 199\) and also by the fmding that

nicotinic a-BGT binding sites are located in brain regions devoid of cholinergic

innervation (Hunt and Schmidt 1978a: Hunt and Schmidt 1978b: Hunt and Schmidt 1979).

On the other hand. there is correlative evidence implicating the nicotinic a-BGT receptor

in a growth related or trophic role. It bas been shown that the major increase in choline

acetyltransferase activity OCCUI'S subsequent to the appearance of the a-BGT site. a finding

which may suggest that the receptor plays a role in the guidance of incoming cholinergic

nerve fibres (Greene 1976: Kouvelas and Greene 1976; Chiapinelli and Giacobini 1978;

Wade and Tuniras 1980: Fiedler et al. 1987). In addition. Freeman (1977) provided

evidence which suggested that the postsynaptic a-8GT binding sites exert a trophic
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influence on presynapùc terminals in the opùc tectum since there was a shift in posiùon

of incoming neurons away from receptor sites blocked by the a-toxin. Fuchs (1989) has

also suggested that the a-BGT sites may be imponant in the development of specifie

connecùons in rat primary sensory cortex and in the establishment of its columnar

organizaùon. Recent studies which have demonstrated the presence of a-BGT receptors

in tumour cell lines. (Maneckjee and Minna 1990: Chini et al. 1992) may provide further

correlaùve evidence for a role of the a-BGT receptor in growth related acùviùes.

Evidence is also available which indicates that nicoùoe is involved in trophic

function presumably through an interaction at a nicoùnic cholinergic receptor populaùon.

Both prenatal and neonatal exposure to nicoùoe have been shown to resuh in alterations

in nervous system development, including changes in nicotinic receptolS. choline

acetyltransferase activity as weil as other neuronal markelS (Navarro et al. 1988: Navarro

et al. 1989a: Navarro et al. 1989b: Nordberg et al. 1991). Nicotine also affects tyrosine

hydroxylase activity and ornithine decarboxylase activity (Slotkin et al. 1987: Smith et al.

1991a). Nicotinic stimulation of PC12 cells results in an induction of transcription of the

c-fos proto-oncogene. (Greenberg et al. 1986) the expression of which bas been correlated

with cellular growth processes. Furthermore. in cultured retinal neurons it bas been

shown !bat nicotinic antagonists enhance process outgrowth (Lipton et al. 1988). white

in lung tumor cells nicotine bas been shown to have a mitogenic effeet (Schuller et al.

1990). Evidence for a trophic role for nicotine is thus reasonably compelling although

the receptor through which the agonist Il'ediales these effeets. that is. the ex-BGT sensitive

or ex-BGT insensitive nicotinic receptor. was not identified.
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The present experiments were done to further assess the potential involvement of

nicotinic acetylcholine receptors. specifically the cx-BGT receptor population. a receptor

whose functional identity is as yet uncenain. in neuronal growth. This was approached

by using the neuronal PC 12 pheochromocytoma cellline in culture. Nerve growth factor

(NGF) treated PCI2 cells were chosen since lhese cells have becn used extensively as a

model for neuronal cells (Greene and Tischler 1982). Furthennore. they express both

neuronal nicotinic acetylcholine receptors and neuronal CL-BGT receptors (Greene and

Tischler 1982). The effect of various nicotinic ligands was detennined on [l~CL-BGT

binding to PCI2 cells. Subsequently. the effects of exposure of the cells to the above

mentioned agents were evaluated on neurite outgrowth and neurotransmitter release.

2.3 MATERIALS AND METHODS

2.3.1 PCI2 pheochromocytoma cell culture

PC12 cells were obtained from the American Type Culture Collection. Rockville,

MA Cells were grown in collagen coated flasks in Dulbecco's Modified Eagle's Medium

(DMEM) containing 10% horse serum. 5% fetal calf serum, fungizone (amphotericin B.

0.15 J.lglml). penicillin (50 unitslml) and streptomycin (50 J.lglml) al 37"C in humidified

CO~ and air (5:95) atmosphere. Cells were plated al the indicated densities (I-7.5xlOS

cellsldish) OntO 35 mm poly-I-Iysine (10 J.lg)-coated culture dishes (Nunc) in defmed
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medium composed of Dulbecco's Modified Eagle's Medium (DMEM) containing insulin

(5 Ilg/ml), transferrin (5 Ilg/ml)' sodium selenite (5 ng/ml), progesterone (40 pg/ml)'

puuescine (200 ng/ml), penicillin (50 units/ml), streptomycin (50 Ilg/ml), and fungizone

(amphotericin B, 0,15 Ilg/ml). 2.55 NGF (prince Laboratories) and a-BGT (purified from

Bungarus multicinczus venom, Miami 5erpentarium Laboratory) were added to the culture

medium immediately after plating; the culture medium and drugs were routinely changed

every 3 days.

Experiments were done to establish the parameters which would allow for optimal

NGF induced neurite outgrowth from the cells in culture. The effeet of varying

concentrations of NGF was evaluated; a maximal response occurred at approximately 7.5

ng/ml. This concentration of NGF was used in ail subsequent experiments. The effect

of varying plating density was also determined. 5ince optimal neurite formation was

observed at a density of lxiOS cells per dish, this cell density was used in the neurite

outgrowth experiments. Experiments to assess the effeet of the culture medium on NGF

induced neurite outgrowth in PC12 œlls indicated that cultures grown in a defined

medium containing insu1in, transferrin. sodium selenite. progesterone and puuescine. at

the concentrations previously indicated. exhibited an increased neurite outgrowth

compared to cultures grown in medium containing serum (10% horse serum. 5% fetal calf

serum); defined medium was therefore used in all the present studies.

2.3.2 AssessmeDt of neurile outgrowlb

In the experiments in which neurite outgrowth was evaluated. celIs were plated al
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a density of 1O~ cells per 35 mm culture dish. Numerical analysis of PCI2 cells displaying

neurite outgrowth (~80 ~ in length, ulÙess otherwise indicated) was done at various

limes after plating using phase contrast microscopy. The number of neurites ~80 l-lIIl in

length was quantitated in both control and drug treated cultures. The absolute number of

neurites ~80 ~ in length in control cultures was expr.:ssed as 100%, while those

obtained for drug treated cultures were expressed as a percent of the control culture

values. Some variability between experiments was observed in the absolute number:: of

neurites ~80 ~ in control cultures after similar lengths of time in culture. The reasons

for variations in the number of neurites ~80 l-lIIl in length between experiments is not clear

since care was taken to ensure that similar culture conditions were maintained. However,

they may relate to the variations in the different balChes of reagents used. For example,

cells were grown in medium containing both horse and fetal calf serum, the composition

of which may have varied from balCh to balCh. The cells were passaged using trypsin­

EDTA; the variations in activity of this enzyme between balChes may have a1tered the

integrity of the cells and thus their ability to extend neurites following passage.

Furthermore. varying lots of poly-I-Iysine. NGF and components in the defmed medium

may account for the variability observed. In general. with increasing lime in culture (7

days). a decrease in the number of longer neurites was observed. However. in some

experiments no decline was observed. This may relate to the fact that those experiments

were done over only a 5 day period. This reduction in the number of longer neurites

appeared to be due to a 1055 of viability of the cells with lime in culture. For this reason,

most experiments were terminated after 7 to 8 days in culture. The number of cells that
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were assessed for neurite outgrowth were quanùtated as follows. A diametric strip

represenùng approximately 20 fields was counted at x100 magnificaùon for each culture

dish. There were approximately 30 to 50 cells per field. thus on average 600 to 1000

cells were assessed for eaeh culture dish. Each culture condiùon was tested in triplicate

or quadruplic:lte.

2.3.3 ('H]NoradrenaIine release studies

Basal and nicoùnic receptor evoked release of fH]noradrenaline (specifie acùvity

56.9 Cilmmol, New England Nuclear) was evaluated as previously described (Greene and

Rein 1977). PC12 cells were plated at a density of 7.5xlOS cells per dish. On the day of

the experiment, cells were washed 3 ùmes with DMEM over a 30 minute (min) period

at 37"C. Cells were then exposed to 800 !JI of amino-acid free DMEM eontaining 10.7 M

[3H]noradrenaline and incubated for 30 min at 37°C. ACter this loading phase. each dish

was washed 6 ùmes with 1 ml DMEM over a 60 min period. Basal relcase of

[3H]noradrenaline was detennined over a 2 min period; sùmulated [3H]noradrcnaline

release was then assessed in the presence of 10"' M nicoùne for a 2 min period. CeUs

were subsequently Iysed with perchlorie acid (0.4 N) to detennine intracellular

[3H]noradrenaline contenL Radioaetivity in the fractions (1 ml) were mcasured in a liquid

scintillation speclrometer. Total uptake of [3H]noradrenaline was the sum of the

radioactivity measured in the perchloric acid extraet and the radioactivity secrcted under

basal and sùmulaùng conditions. [3H]noradrenaline release was expressed as a percentage

of total [3H]noradrenaline originally taken up.
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2.3.4 [uslla-BGT binding ID PC12 cens in culture

After 4 days in culture. cells (plated al a density of 3.0xlOs cells per dish) were

washed wim DMEM containing bovine serum albumin over a 60 min period prior to the

binding assay. Cultures were then pre-incubated wim varying concentrations of the

indicated drugs for 60 min at 37·C. followed by a 90 min incubation with 1.5 nM [l2SI]a­

BGT (10-20 lICillig. New England Nuclear). To remove unbound radiolabelled toxin.

cultures were washed 4 ÙIDes wim DMEM over a 40 min period. Specific binding of

[125I]a-BGT was defmed as me total binding minus the binding occurring in the presence

of 3x10" M d-tubocurarine; non-specific binding. using 1.5 nM ['25I]a-BGT represented

approximately 5% of me total binding. The cells were then scraped from the culture dish

with a rubber policeman using (Wo 500 IÙ aliquots of water and me radioactivity counted

using a gamma counter.

2.3.5 Cell counlS

PC12 cell counts of control and drug treated cultureS were carried out as described.

Following neurite outgroWÙ1 assessment on Day 7. medium was removed and cells were

washed twice with Ca2+_ and Mt+- free Hank's Balnnced Salt Solution (HBSS). Cells

were men incubated for 15 min in 0.01% trypsin. followed by 2 washes with HBSS and

centrifugation. The pellet was resuspended in HBSS and trypan blue was added. Cell

counts were done using a haemocytometer.
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2.3.6 Statistics

Statistical comparisons were done using the Student's r-test or a one way analysis

of variance (ANDVA) followed by the Scheffé test as indicated.

2.4 RESULTS

2.4.1 Efrect or nicotine on neulite OUlgrowth in PC12 ceUs in culture

PC12 ceUs were exposed to varying concentrations of nicotine (10" M. 1005 M. 10'"

M) as depicted in Fig. 2.1 to 2.4 (control condition). Exposure to 10.5 M and 10'" M

nicotine resulted in a significant deerease in the number of neurites ~SO J.IITI in Icngth as

compared to cultures not treated with agonist This effeet was observed as early as 1day

after nicotine exposure (Fig. 2.3 and 2.4); similar results were seen after 2 days and

persisted up to 7 days in culture (Fig. 2.1 and 2.2). The concentrations of nicotine

neeessary to produce a significant deeline in process outgrowth corresponded well with

those required to inhibit [12SI]a-BGT binding to the ceUs in culture (Fig. 2.5); 10.5 M

nicotine inhibited binding approximately SO - 90%; with maximal inhibition occurring at

10" M nicotine. Similarily. the nicotine induced deeline in neuritic outgrowth appeared

to plateau at 10"' M with an almostcomplete inhibition at 10.5 M. Exposure of PC12 cells

to 1006 M nicotine. had no significant effeet on neurite outgrowth; as well. this

concentration of agonist did not alter radio1abelled toxin binding.
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Cell counts (Table 2.1) were done to determine the number of PC 12 cells per dish

after 7 days exposure to nicotine: the results show that the cell numbers were similar

under ail conditions tested. Thus the observed alterations in process outgrowth under the

diffcrent cxperimental conditions were not the result of changes in ccII number.

2.4.2 Effect of a-BGT on the nicotine induced decline in neurite outgrowth

Although the fu:lctional role of the ex-BGT site is currently not known. pre~ious

studies have implicated this nicotinic receptor population in gro....1h and deveiopment. We

therefore tested the effect of ex-BGT on PCl2 cell neOOte outgrowth both aIone and in

combination with nicotine. As can be seen in Fig. 2. I. 10-8 M ex-BGT completely

prevented the nicotine induced decline in neOOte outgrowth at aIl days tested. The ex­

toxin did not appear to alter neOOte length. number or morphology on ilS own. Fig. 2.2

demonstrates the concentration dependence of the ability of ex-BGT to prevent the nicotine

induced decline in neOOte outgrowth after various days in culture. A complete reversaI

of the nicotine induced effect is observed at 10-8 M ex-BGT. This concentration correlates

very weIl with that which resullS in an essentiaIly complete block of radioiabelled toxin

binding to PC12 cel1s in the receptor assay (Fig. 2.5).

Cell COunlS (Table 2.1) showed that exposure to ex-BGT either in the absence or

presence of varying concentrations of nicotine had no effect on PC12 cell number. Thus.

the return of process length to control values in the presence of bath nicotine and ex-BGT

was not a function of increased cellular proliferation in the presence of the ex-toxin.
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2.4.3 Effect of the nicolinic antagonist. d-tubocUJ2rine. on neurite outgrowth

D-tubocu:• .rine. a nicotinic blocking drug effecuve al bolh neuronal and

neuromuscular nicoùnic receplors. \\':lS also leSted on neurite oUlgrowlh in PCI2 cells. The

antagonisl had no observable effecLS when leSled alone: however. when nicotine was

added lO lhe cultures in combination wilh d-tubocurarine. lhe nicotine induced decline in

neurite outgrowlh was prevenled at al1 time periods evaluated (Fig. 2.3). This abilily of

d-tubocurarine lO prevenl lhe diminished neurite outgrowlh eliciled by nicotine exposure

was concentration dependent as sho'N11 in Fig. 2.4. The observed concentration

dependence of d-tubocurarine to reverse lhe nicotine induced decline in neuritic outgrowlh

is consistent wilh iLS ability to inter3Ct at lhe ex-BGT receptor as determined from [I:!3l]ex_

BGT ;'inding to PC12 cells. D-tubocurarine inhibiled binding approximately 50% at 3x10""

M. wilh a maximal inhibition of binding al !O" M of lhe antagonist <Fig. 2.5). A similar

dose response was observed in the experimenLS to assess alterations in neurite outgrowth.

2.4.4 Etrect of cx-BGT on neurotrallsmltler release

The effect of exposure of PC12 cells to ex-BGT was determined on basal and

nicotine (lO"M) evoked [lH]noradrenaline release from PC12 cells. ln lhe shon term

(acute) experiments. cells were pretreated with either ex-BGT (10" M). d-tubocurarine (10"'

M) or no drug (control) for 45 min. The results in Table 2.2 show lhat nicotine evoked

re1ease of eH]noradrenaline is b10cked by d-tubocurarine in li'le with previous results

(Greene and Rein 1977). On the other band. ex-BGT did not significanùy alter eilher

basal or nicotine stimulated neurotransmitter re1ease. Funhermore. exposure te a-BGT did
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not affect the rclease process when acetylcholine (10'" M) was used as the secretagogue

(data not shown).

In the long tenn experiments. cells were exposed to a-BGT (lO"M) immediately

after plating. After 6 days. basal and nicotine stimulated release of eH1noradrenaline

were detennined for control and a-BGT pre-treated cultures (Table 2.2); however. neither

resting nor nicotine evoked radiolabelled catecholamine release were altered.

2.5 DISCUSSION

The present results show that exposure of PCl2 cells to nicotine results in a

decline in neuritic outgrowth. The concentration of agonist required for inhibition of

neurite outgrowth in PC12 cells correlated well with the affinity of nicotine for the a­

BGT receptor suggesting that nicotinic activation of a-BGT receptors is involved in the

inhibition of neurite outgrowth. The observation that nicotine bas effects on trophic

functions is in line with previous studies using retinal ganglion cells in culture. Lipton

et al. (1988) demonstrated that the nicotinic blocker d-tubocurarine resulted in an

enhanced neurite outgrowth. a finding which suggested that the nicotinic cholinergic

system exerted a tonic inhibitory influence on process fonnation in these cells. The

hypothesis that the nicotinic cholinergic system exerts a negative modulatory control is

further supported by in vivo studies involving nicotine administration, which showed that

both pre and postnatal exposure resulted in nervous system impairtnent (Navarro et al.
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1989b: Ncrdberg et al. 1991: Smith ct al. 1991a: Smith ct al. 1991b: Sorcnson ct al.

1991). The functional role of the nicotinic ex-BGT rcceptor is currently unclcar. although

correlative cvidence exists implicating this site in trophic and/or growth related activitics.

Based on this rationale. the effect of ex-BGT was cvaluated on neurite morphology in

PCl2 cells. Interestingly. ex-BGT prevented the nicotine induced decline in neuritic

outgrowth in PC12 cells in culture, although the toxin alone had no observable cffccts.

The relative potency of ex-BGT to reverse the nicotine elicited effccts on proccss

formation in PCl2 cells was very similar to the potency of the ex-toxin to inhibit '''I-ex­

BGT binding; this close agreement suggests that the snake toxin is exerting its cffect on

neurite formation through an interaction at the nicotinic ex-BGT receptor. This hypothcsis

is further supported from the results of experiments which show that d-tubocurarine. a

nicotinic receptor antagonist which interacts at both ex-BGT insensitive and ex-BGT

sensitive nicotinic receptors, aIso prevents nicotine from eliciting its effccts on neurite

formation.

In the present work using NOF treated PC12 cells, ex-BOT (l0" M) altered

nicotine induced trophic effeets, while the toxin alone hac! no effeeL In a previous study

involving PC12 cells not treated with NOF, ex-BGT on its own at 10" M had very little

effeet in agreement with the present study, although 10'" M of the toxin hac! elicited

neurite outgrowth (Quik et al. 1990). The significance of the effeet of 10" Ma-BOT was

uncertain because lQ08 M of the toxin hac! resulted in a maximal inhibition of ex-BOT

binding. Beeause of the discrepancy between the binding and functional data in the

previous experiments, the effect of concentrations of ex-BOT greater that 10" M were not
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tested on neurÎÙc outgrowth in the present study.

Evidence for the specificity of the a.-loxin's interacùon at the nicoùnic a.-BGT

receptor populaùon is demonstrated by the lack of effect of the toxin on nicoùnic receptor

evoked neurotransmitter release. This is in agreement with previous studies which had

shown that a.-BGT did not inhibit a wide variety of nicoùnic receptor mediated responses

related to neurotraDsmission (Morley et al. 1979; Oswald and Freeman 1981; Quik et al.

1987). As expected, d-tubocurarine did block neurotransmitter ~Iease providing evidence

that the observed release was indeed due to nicotinic receptor stimulation. The fact that

both neurotransmitter release and the nicotine induced decline in neuritic outgrowth were

prevented by d-tubocurarine indicated that this antagonist does not discriminate between

the a.-BGT sensiùve and a.-BGT insensitive nicoùnic receptors in line with previous data.

The results presented in this paper provide evidence for a funcùonal role of the

a.-BGT receplor in neuritic outgrowth in PC12 cells. They suggest that in vivo, the a.­

BGT receplor may be involved in aspects of neuronal function such as growth and

developmenL Recent studies have demonstrated that purified chick a.-BGT receptors

reconstituted in a lipid bilayer forro functional caùon channels (Gotù et al. 1991; Gotù

et al. 1992) and the a-BGT sensitive homo-oligomeric a7 receptor from chick and rat

brain also exhibits properties ofa eation-gated ion channel (Couturier et al. 1990; Seguela

el al. 1993). Although the nature of the ion(s) which flux(es) through these cha:nnnels is

as yet uncertain, studies have demonstrated that activation of the a.-BGT receptor in chick

ciliary ganglion neurons Ieads 10 an influx of calcium (Vijayaraghavan et al. 1992).

Interestingly. neurite outgrowth bas also been shown 10 be regulated by the levels of

intracellular calcium (Kater and Mil\s 1991).
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Table 2.1. Effeet of Nicotine and a-BOT on PCI2 Cell Number

Condition [Nicotine] Number of cells per dish
(M) (xIOS)

Control 0 l.l ± 0.1
10-6 1.2 ± 0.1
10·5 1.3 ± 0.1
la-' l.l ± 0.1

a-BOT 0 l.l ± 0.1
1Q-6 1.2 ± 0.2
10·5 1.3 ± 0.1
10'" 1.2 ± 0.2

a-BOT (1a-s M) in the absence or presence of varying concentrations of nicotine

was added ta PC12 cells in culture (10"' cellsldish) immediately after plating. The

numbei' of cells per culture dish was determined following neurite outgrowth

assessments on day 7. Each value represents the mean ± S.E.M. of 3-4 culture dishes.

The results are representative of 3 separate experiments.
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Table 2.2 The EffecL of Acute and Long Tenn et-BGT Exposure on 3H-Noradrenaline

Release From PCI2 Cells

% Total 3H-Noradrenaline
Released

Exposure Nicotine
Period Treatment [Drug] Basal Evoked

(M)

Acute Control None 1.99 ± 0.22 5.52 ± 0.44'
et-BGT 10-8 2.33 ± 0.17 6.08 ± 0.40'
D-Tubocurarine 10" 2.05 ± 0.31 2.44 ± 0.43

Long tenn Control None 1.52 ± 0.12 3.89 ± 0.25'
et-BGT IQ-8 1.57 ± 0.13 3.57 ± 0.11"• PCI2 cells were cultured and plated (7.5xlOS ce1lsldish) as described in Experimental

Procedures. After 6 days in culture. the cells were washed and the basal and nicotine

(lO"M) evoked release of 3H-noradrenaline detennined over a 2 min collection period

each. In the acute experiments. cells were incubated in the absence or presence of 10-8 M

et-BGT or 10"M d-tubocurarine 45 min prior to. as well as during the 2 min basal release

period and the 2 min nicotine stimulation period. In the long tenn studies. cells were

incubated in the absence or presence of IO-8M et-BGT for 6 days. On the day of assay.

the a-toxin was removed prior ta the detennination of basal and nicotine evoked release.

•
Each value represents the mean ± S.EM. of IOta 12 culture dishes pooled from three

separate experiments. "P < 0.05 indieates a significant difference between basal and

nicotine evoked release of 3H-noradrenaline as detennined using the Student's t-tesL
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Fig. 2.1. Effect of CL-BGT on the nicotine induced decline in neurite outgrowth. Varying

concentrations of nicotine were added to PCI2 cells in culture (lOs cells/dish) in the

absence or presence of CL-BGT (10.8 M) immediately after plating. The number of

processes ~ 80 JlIIl in length was assessed after 2. 4 and 7 days in culture. Each symbol

represents the mean ± S.E.M. of twelve culture dishes and is the pooled rcsult of three

separate experiments. The number of neurites ~ 80 JlIIl in length under control conditions

(that is. in the absence of nicotine and CL-BGT) were 177 ± 20. 225 ± 10 and 115 ± 4

neurites on days 2.4 and 7 in culture. respectively. 'p < 0.05. "p < 0.01 and '''p < 0.001

compared with control cultures (no nicotine) after a one way ANOVA followed by the

Scheffé test
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Fig. 2.2. Concentraùon dependence of <x-BGT in prevenùng the nicoùne induce!! decline

in neuriùc outgrowth. Nicoùne (10'" M) and varying concentraùons of <x-BGT were added

to PC12 cells in cll:Lure (10~ cells/dish) immediateiy after plaùng. The numbcr of

processes ~ 80 lllTl in length was determined after 2. ~ and ï days in culture. Each bar

represents the mean :!: S.E.M. of twelve culture dishes and is the poolcd result of three

separate experiments. The number of neurites ~ 80 lllTl in length under control condiùons

(that is. in the absence of nicoùne and <x-BGn were 2~1 :!: 16. 189 :!: 22 and 120 :!: ï

neurites on days 2. ~ and ï in culture. respecùvely. 'p < 0.05. "p < 0.01 and ' ••p < 0.001

compared with control cultures (no <x-BGn after a one way ANOVA followed by ,he

Scheffé tesL
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Fig. 2.3. Effect of d-tubocurari!le on the nicoùne induced dccline in neurite oUlgrowth.

Varying concentraùons of nicoùne were added to PCI2 ceUs in culture 00-' ceIL'iidish) in

the absence and presence of d-tubocurarine (IO"'M) immcdiately after plaùng. The numbcr

of processes ~ 80 llI1l in length was assessed after 1. 3 and 5 days in culture. Each symbol

represents the mean ± S.E.M. of twelve culture dishes and is the poolcd result of thrcc

separate experiments. The number of neurites ~ 80 llI1l in length under control condiùons

(that is. in the absence of nicotine and d-tubocurarine) were 48 ± 3. 181 ± 12 and 196 ±

10 neurites on days 1. 3 and 5 in culture. respecùvely. •p -: 0.05• ••p < 0.01 and •••p <

0.001 compared with control cultures (no nicoùne) after a one way ANOVA foUowcd

by the Scheffé test.
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Fig. 2.4. Concentration dependence of d-tubocurarine in preventing the nicotine induced

decline in neuritic outgrowth. Nicotine (10'" M) and varying concentrations of d­

tubocurarine were added to PC 12 ceUs in culture (lOS cellsldish) immediately after plating.

The number of processes ~ 80 !!Ill in length was determincd after 1. 3. and 5 days in

culture. Each bar represents the mean :!: S.E.M. of twelve culture dishes and is the pooled

result of three separate experiments. The number of neurites ~ 80 !!Ill in length under

control conditions (that is. in the absence of nicotine and d-tubocurarine) were 43 :!: 4.

175:!: 20 and 246:!: 21 neurites on days 1.3 and 5 in culture. respectively.•p < 0.05•••p

< 0.01 and •••p < 0.001 compared with control cultures (no d-tubocurarine) after a one

way ANOVA followed by the Scheffé test
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Fig. 2.5. Effect of cholinergie ligands on rt~Ila-BGT binding to PC 12 cells in eulture.

rt2Slla-BGT binding to PCI2 cells in culture (3x1OS cells/dish) was assessed 4 days aIler

plating. Cells were preincubated for 60 min in the absence or presence of the indicaled

concentration of a-BGT. nicotine or d-tubocurarine (D-Tubo) and the binding assay done

as dcscribed in Experimental Procedures. Each symbol represents the mean :!: S.E.M. of

five culture dishes. Where the S.E.M. is not depicted. it fell within the symbol. Results

are representative of three separate experiments.
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3.0 a-BUNGAROTOXIN BLOCKS NICOTINE INDUCED CELL

PROLIFERATION IN A LUNG TUMOR CELL UNE

A modified fonn of this manuscript is in print in Brain Research 655. 161-167.

Contributions by the authors are as follows: J. Chan perfonned the experiments;

M. Quik provided supervisory support; and J. Patrick provided laboratory facilities.
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3.1 SUMMARY

The function of the neuronal nicotinie lX-bungarotoxin (lX-BOT) reeeptor is

currcnlly unclear: however. the lX-toxin site has been implieated in growth related

activitics in both neuronal anc! non-neuronal ceUs. The foUowing experiments demonstrate

that in H69 ecUs. a lung tumor o:ell linr.. nicotine (IO,sM) exposure results in a 50%

increase in cell number after 9 days in culture. This effect of nicotine was both dose and

time dependent. Similar results were observed with another nicotinic agonist. cytisine.

Interestingly.lX-BOT (lO,sM) was able to prevent this increase in H69 cell numher which

occured after nicotine exposure. This effect of lX-BOT exhibited a dose response. lX­

Toxin a10ne in the absence of nicotine had no effect on H69 ceU number. [l25I]lX-BOT

binding demonstrated the presence of high affinity lX-BOT binding sites (K,,= 25 nM.

B....=10.4 fmol/JO· ceUs) which could he competed for by ligands such as nicotine.

cytisine and d-tubocurarine thus demonstrating the nicotinic nature of these lX-BOT

binding sites in H69 ceUs. Funhermore. Northem analysis showed that mRNA for lX7.

a putative nicotinic ex-bungarotoxin binding subunit. and for as were present in H69 ceUs.

Taken together. these results suggest that the ex-BOT site may he involved in modulating

the proliferative responses in neuroendocrine derived small cell lung carcinoma ceUs.

57



•

•

•

3.2 INTRODUCTION

Evidence suggeslS thal IWO distincl populations of nicotinic acelylcholine receplllrs.

thal is et-BGT sensitive and insensitive. arc present in both the centr.l! and peripheral

nervous syslem (Deneris Cl al 1991: Luelje Cl al. 1990). The snake venom et-bungarlllmdr.

(et-BGT) binds 10 the muscle lype nicotinic reeeplor with high allïnÎly and blllcks

neurotransmission (Berg Cl al. 1972). High affinily. saturable loxin binding sites are alSll

present in brain (Morley ct al. 1979: Oswald and Freeman 1981). The funclion of loxin

binding sites in nervous tissue is unelear. studics suggest the involvement of et-BGT

reeeplors in a growth related role (Freeman 1977: Fuchs 1989: Vijayarolghavan Cl al.

1992). In line with these studies. the presence of loxin sensitive responscs in nervous

tissue have been described. For example. the neuronal nicotinic acelylcholine receplor

subunit, et7. forms a homo-oligomeric cation channel blocked by et-BGT (Coulurier Cl al.

1990). Using whole-cell voltage clamp. nicotinic acetylcholine currcnlS sensitive 10 and

inhibited by et-BGT were detected in cultured postnatal raI hippocampal neurons

(Zorumski et al. 1992). Nicotinic responses sensitive 10 et-BGT were also observed in roll

cerebellum (de la Garza et al. 1987). In addition, high affinity et-BGT binding sites nol

involved in the formation of acetylcholine-gated channels have also becn dcscribcd in a

variety of neuronal preparations (Patrick and StaUcup 1977a,b; Clementi ct al. 1986; Quik

and Geertsen 1988).

The subunit composition of these et-BGT receptors is still unelear. Peptide binding

studies suggest that the c:xs neuronal nicotinic acetyleholine receptor subunit binds et-BGT

(McLane et al. 1990). In chick brain and ciliary ganglia, the c:xs gene product bas been
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is involved in the formation of an ll-BGT binding receptor (Couturier et al. 1990: Seguela

et al. 1993). In situ hybridi7.ation data for the Il? neuronal nicotinic receptor subunit has

demonsuated the localizalion of a.? mRNA to the sarne regions of I:!SI-ll-BGT binding in

rat brain (Seguela et al. 1993). This also suggests that the Il? receptor suburnt is a

componcnt of the ll-BGT binding protein.

To date. all the nicotinic acetylcholine receptor subunits that have been cloned

have been shown to he expressed either in muscle or in nervous tissue. Studies suggest

that ll-BGT binding sites are also presect in non-neuronal tissue such as thymic epithelial

cells (Tominaga et al. 1989). epidermoid carcinoma cells. hepatoma cells and smalI cell

lung carcinoma cells (SCLC) (Chini et al 1992). The functional significance of toxin

binding sites in these cells is unknown.

SCLC is derived from a very agressive type of cancer and accounts for 25% of

all cases of lung cancer and has a high correlation with smoking (Teeling et al. 1988:

Gazdar et al. 1985). SCLC cells produce and secrete various polypeptide hormones such

as calcitonin and bombesin and are characterized by a variety of neuronal markers such

as the brain isozyme of creatinine kinase. l-dopa decarboxylase. and neuron-specific

enolase (Camey et al. 1985). Muscarirnc. rncotirnc and opioid receptors as well as

voltage operated calcium channels have been demonsuated to he present (Ruth and

Barchas 1986. Maneckjee and Minna 1990; Chini et al. 1992)

There is a strong association hetween cigarette smoking. rncotine addiction and

the development of lung cancer: however. the raie of rncotine therein is unknown (Hecht

and Hoffman 1988; Schuller et al. 1990). In the CNS and PNS. rncotine exerts a variety

59



•

•

•

of behavioral. trophic. endocrine and neuromuscular effecLS via activation of nicotinic type

receptors (Fiedler et al. 1987. Quik and Geensen 1988. Fuchs 1989. Navarm et al. 1989

a.b: Nordberg et al. 1991: Chan and Quik 1993: Pugh and Berg 1994). Nicotine has been

shown to incrcase SCLC cell number via a nicotinic type rcceptor (Schuller 1989).

However. the type of nicotinic rcceptor thmugh which this occurs has not been studicd.

Due to possible involvement of neuronal nicotinic a.-BGT rcceptors in a growth

related function (Chan and Quik 1993). we have investigated the possible trophic mie of

nicotine and a.-BGT receptors in H69 cells. a human SCLC cellline (Gazdar et al. 1985).

in culture. 0.-Toxin binding sites in H69 cells were characterized via ':!5I_a._BGT binding.

Subsequently. the effects of long term exposure of the cells to a.-BGT and various

nicotinic receptor ligands were evaluated on cell number. Furthermore. Northem analysis

was used to determine if as or 0.7 mRNA is expressed in H69 cells.

3.3 MATERIALS AND METHODS

3.3.1 H69 cell culture

H69 cells were obtained from the American Type Culture Collection. Rockville.

MA. Cells were grown in RPMI-I640 Medium containing 10% fetaI calf serum (heat

inactivated). penicillin (100 units/ml) and streptomycin (100 Ilglm1) at 37°C in humidified

CO2 and air (7:93) atmosphere. Celis were plated at the indicated densities (2.5 x 10' or
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0.5 x 10" cells/wel1) into 24-we1l multiwe1l culture plates (Costar). Drugs were added ta

the culture medium immediately after plating: the culture medium and drugs weré

routinely changed every 3 days. ~icotine ((-)nicotine di(+) tartrate Salt) was obtained

from Sigma. cx-Bungarotoxin was obtained from Biotoxins Inc. (Florida).

3.3.2 XPC12 cell culture

XPC12 cells were obtained from Dr. J. Patrick (Baylor College of Medicine).

Cells were grown in RPMI-I640 Medium containing 1O'it fetaI calf serum. 5'it horse

serum (heat inactivated). penicillin (100 unilS/ml) and streptomycin (100 ug/ml) at 37°C

in humidificd CO: and air (7:93) atmosphere. Medium was changed every 2 days.

3.3.3 H69 cell counlS

H69 cell counlS of control and drug treated cultures were carried out as described.

Cells were pelleted. culture medium was removed and cells were washed twice with Ca:·­

and Mg:- free Hank's Balanced Salt Solution (HBSS). Cells were then incubated for 5

min in 0.05% trypsin to obtain a single cell suspension. followed by 2 washes with HBSS

and centrifugation. The pellet was resuspended in HBSS and trypan blue-stained ceUs

were counted using a haemocytometer.

3.3.4 [\1Sl]a-BGT biDding ID H69 cells in culture

On the clay of assay. cclls were removed from the culture flask. placed in an

eppendorf tube (0.5 x 10" cellsltube) and peUeted. The J: ~Uet was washed three limes
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with RPMl medium containing h,wine serum albumin over a 30 min period. Cells were

preincubated with Ct-BGT (l~~\) l\lr 60 min (saturation hinding experiments) or varying

concentrations of the indicated drugs (competition hinding experiments) at 37°C. followed

by a 90 min incubation with varying concentrations of '~l-Ct-BGT (10-20 IlCilllg. NEN)

(saturation binding experiments) or 25nM '~l·Ct·BGT (competition binding experimenl~)

at 37°C. To remove unbound radiolabelled loxin. cells were pelleted and washcd 4 times

with RPMl containing bovine serum albumin over a 20 min period. Pellets were placcd

into new eppendorf tubes and counted using a gamma counter. Specific binding of ':'l-Ct­

BGT was defmed as the total binding minus the binding occuring in the presence of 1 IJM

Ct-BGT: non-specific binding represented approximately 50% of the total binding.

3.3.5 Northem Blot Analysis

Poly A" R!~A was isolated using the Fast Track Poly A" mRNA Isolation Kit

(Invitrogen Corp.) according to manufactuœr's instructions. RNA was electrophorescd in

a 2.2M formaldehydell % agarose gel. RNA was transferred ORlO a Hybond N membrane

(Amersham) according to manufacturer's instructions. Membrane was stained with

methyllene blue and then prehybridized in 6X SSC 1 5X Denhardt's 10.5% SDS 1 50%

formamide 1 100 llg/m1 denatured salmon sperm DNA for 2 h at 42°C. The full-length

as and Ct7 cDNA clones were obtained from Dr. J. Patrick (Baylor College of Medicine.

Houston. Texas). The HindIII-BSSHII fragment of the as cDNA clone and the AVAl­

PVUII fragment of the Ct7 cDNA clone were gel purified and used as cDNA probes for

random primed 1abelling. cDNA probes were labelled with 32p-dCTP (3000 Cilmmol•
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NEN) using the Random Primed ONA Labelling Kit (Boehringer Mannheim) te a specific

activity of 1.0 x 109 dpm/!lg and added to the hybridizaùon solution at a final

concentration of 2-5 x 10· cpm/ml soluùon. Membrancs were hybridized for \6-24 h at

42"C. Membranes were then washed for four 10 min periods at room temperature in 2X

SSC / 0.\ % SOS, followed by a \0 min wash at room temperature and a \0 min wash at

soue in \X SSC / 0.\ % SOS. Membranes were exposed to Kodak XAR mm with an

intensifying screen at -SOoC for \ -10 days.

3.3.6 Stalislics

Statisùcal comparisons were done using a one wayanalysis of variance (ANOVA).

3.4 RESULTS

3.4.1 Effect of nicotine OD 869 cell Dwnber

H69 œlls were exposed to varying concentrations of nicotine ~!Q"'M 10 IO-4M) as

depicted in Figure 3.1. There was a significant increase in H69 cell number in nicotine

treated cultures as compared 10 control (no nicotine) culuues. which is expressed as a %

increase in cell number/well. After 6 days of exposure 10 nicotine. there was a maximal

25% increase in H69 œil number in the cultures treated with l~M nicotine compared
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to non-trCatee! cultures. After 9 days in culture, exposure to a nicotine eonccntr.llion as

low as 1O'8M resu!ted in a significant increase in H69 cell numbcr comparcd to control

cultures with a muimal increase (approximately 50%) in cell numbcr observed with

exposure to 1O'~M nicotine. A similar trend was observed after 12 days in culture. The

concentration of nicotine required to produce a maximal increase in H69 cell number

correlates well with that required to inhibit [1.:$I]a-BGT binding to these ceUs (Figure 3.7):

lO,sM nicotine inhibited approx: ....<y 90-95% of binding: with a ma."<imal inhibition

occuring at IO"M nicotine. As well. the maximal increase in H69 cell number scen on

days 9 and 12 appeared to plateau at 1O,sM nicotine with no further increase in H69 cell

number with IO"M nicotine. The fact that 1O"M and IO-8M nicotine had an effect on

H69 cell number whereas these concentrations of agonist had no effeet of [I.:$I]-a-BGT

binding (Figure 3.7) may suggest that after severa! days exposure to agonist in culture,

the cells become more sensitive to nicotine.

3.4.2 ECfect of a nlcotlnlc agonlst, cytlslne. OD H69 cell nwnber

H69 cells were exposee! to increasing concentrations of cytisine (lO-8M to IO"M),

a nicotinic agonist As secn in Figure 3.2. after 9 days in culture. exposure to cytisine

resulted in a dose dependent increase in H69 cell number with a significant increase

observee! with I()"6M nicotine and a maximal efreet al lO"M cytisine. A similar trend was

observee! after 12 days in culture with a maximal increase observee! with lO,sM cytisinc.
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3.4.3 Effect of a-BGT on the nicotine induced increase in H69 cell nomber

Since prcvious studics in brain and PCI2 celIs have implicated the nicotinic a­

BGT rcceptor population in a trophic role. we tested the effeet of a-BGT on H69 celI

proliferation both alone and in combination with nicotine. As can be seen in Figure 3.3.

IO"M a-BGT completely prcvented the nicotine (lO"'M) induced incrcase in H69 celI

number at ail time points evaluated. The ability of a-BGT to prcvent the nicotine inàuced

incrcase in H69 celI proliferation exhibits a concentration dependence. Furthennorc. the

concentration of a-toxin required to block the nicotine induced incrcase in celI number

correlates welI with the affinity of a-BGT for its receptor as determined from an ['25I]-a­

BGT saturation binding assay where a K.. of approximately 2SnM was obtained (Figure

3.6). The a-toxin on its own (Figure 3.3. control condition) had no significant effeet on

H69 celI proliferation at the concentrations tested.

In addition. a-BGT was able to block the cytisine (lO"'M) induced incrcase in H69

celI O'.imber and exhibited a dose response (Figure 3.4). This effeet of the a-toxin was

maximal at IO-8M. a concentration which is consistent with the K.. of 2SnM for a-BGT

binding to its receptor in H69 cells (Figure 3.7).

3.4.4 Erreet oC d-tubocurarine on the nicotine Induc:ed Increase in H69 cell nomber

The effeet of d-tubocurarine. a nicotinic receptor antagonist, was tested on H69

cell number as depicted in Figure 3.5. ACter 9 days of exposure in culture to the

antagonist alone. there was no effeet on H69 ceU number al the concentrations tested

(l{)"'M to IO"'M). However. d-tubocurarine was able to prevent the nicotine induced
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(IO"'M) increase in H69 ceU number in a concentraùon depcndent manner with a complete

black observed with lO"'M d-tubocurarine. Similar results were observed after 6 and 1~

days of exposure to these agents in culture (data not shawn). ln addiûon. th~ concentr.lùon

at which these effects were observed correlates weU with that which is required to

completely inhibit ['!SI]-a-BGT binding to H69 ceUs (Figure 3.7).

3.4.5 ['::5l]a-BGT binding sites in 869 cells

To characterize the a-BGT binding sites in H69 ceUs. satur.ltion binding assays

(Figure 3.6) and competition binding assays (Figure 3.7) were done. From the satur.ltion

binding assay, high affinity (~= 2SnM), saturable ['!S]I-a-BGT sites (B....= 10.4 l'moU 10"

ceUs) have been demonstrated to be present in H69 cells in culture. Thc compcûtion

binding assay (Figure 3.7) demonstrates the ability of the nicoûnic ligands. nicotine.

cytisine and d-tubocurarine to completely inhibit radiolabeUed toxin binding ta the a-toxin

receptor at a concentration of lO-4M which correlates with the concentration in which the

effects of these ligands on modulating H69 ceU number were observed. This latter

binding assay demonstrates that the a-BGT receptor in H69 ceUs exhibits the

characteristics of a nicotinic receptor.

3.4.6 Presence of cx5 and a:T mRNA in 869 cells

In order to detennine if the mRNA for the presumed a-BGT binding neuronal

nicotinic receptor subunits, as and a?, are expressed in H69 cells, cDNA probes were

used in a Northern analysis of H69 polyA+ mRNA (Figure 3.8). A 6.6kb transcript for
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the ex-toxin binding subunit. ex7. was detected in both positive control tissues. XPCI2 ceUs

and rat brain. as expected. Expression of ex7mRNA in H69 ceUs however. was more

difficuit to deteel A weak hybridization signal deteetc:d at 6.6 kb suggests that ex7mRNA

is present in H69 ceUs in Iow abundance. lluee transcripts (7.5kb, 4.5kb and 2.5kb) for

the neuronal nicotinic receptor subunit. 0:5, were detected in both positive controis.

XPCI2 ceUs and rat midbrain, as expected. Transcripts for 0:5 were aIso deteeted in H69

ecUs with hybridization signais at 2.7kb, 2.0kb and l.lkb (Figure 3.8).

3.5 DISCUSSION

The present results demonstr:lte that exposure of H69 ceUs, a small cell Jung

carcinoma cell line, to nicotine results in an increase in H69 cell number. The

concentration of nicotine required to result in a maximal increase in H69 cell number

correlates weil with the affmity of the agonist for the ex-bungarotoxin receptor implicating

the invoivement of ex-BGT type nicotinic receptors in the regulation of H69 cell

proliferation. The observation that nicotine increases cell proliferation in H69 ceUs is in

line with previous studies using a neuroendocrine cellline derived from a hamster lung

tumour (Schuller et al. 1990) which demonstrated that nicotine exposure in culture results

in a 100% increase in cell number. Studies in a human neuroendocrine lung cancer cell

line (Schuller 1989) demonstrated that exposure to nicotine, as weil as two tobaceo-related
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metabolites of nicoùne known as nitrosamines. also increascd cell numbcr thus suggesùng

a role for nicoùne in affecùng the development of lung cancer. Nicotine. a component

of tobacco smoke. interaclS at nicoùnic reccptors to mediate ilS cffeclS: howcver. the

nature of the nicoùnic receptors involved that is. a-BGT sensiùve and/or insensiùve. is

sùll unknown.

The funcùonal role of the nicoùnic a-BGT receptor is currently undear. although

evidence suggeslS a trophic and/or growth related role for the a-toxin binding site in

neuronal ùssue. Previous studies in our laboratory have suggested a role for the neuronal

a-BGT receptor in neurite outgrowth in PCI2 cells (Chan and Quik 1993). In addiùon.

others have shown that nicoinic a-BGT receptor acùvaùon modulates neurite outgrowth

in ciliary ganglion neurons in culture (Pugh and Berg 1994). Based on this mùonale. the

effeet of a-BGT was evaluated on cell proliferaùon in H69 cells. Interesùngly. a-BGT

prevented the nicoùne induced increase in H69 cell number. The concentration of a-toxin

required to prevent the increase in cell number correlated well with the affinity of a-BGT

for the toxin binding site in H69 cells which suggests that the effeets of the snake toxin

on cell number is being mediated by an a-BGT sensitive site. The a-toxin alone had no

effeet on H69 cell proliferation.

Experiments using various nicotinic agonislS and antagonists further suppon the

hypothesis for the involvement of nicotinic type receptors in tumour cell proliferation.

D-tubocurarine. a nicotinic receptor antagonist al both a-BGT sensitive and a-BGT

insensitive type nicotinic reœptors. aIso prevented the nicotine induced increase in H69

œil number in a dose dependent manner at concentrations which correlated with those
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rcquired 10 inhibil a-BGT binding 10 its rceeplOr suggesting the involvcmcnt of a-Ioxin

rcceplors. Cytisine. a nicotinic agonist. resulted in a dose dependent increasc in H69 ccli

number al concentrations which corrclated weil with the affinity of the agonist for the a­

BGT binding site in H69 cells. The cyùsine induced increase in H69 cell number was

blocked by a-BGT providing further support for the involvement of a specifie type,

narnely. the a-BGT sensitive type of nicotinie receptor in lung tumour cell growth.

In the présent studies. cô and a7 cDNA probes were used for Nonhem blot

analysis. Peptide binding studies (McLane et al. 1991) which demonstrated that peptides

gcncrated from the cô cDNA sequence could bind a-BGT with high affmity suggest that

cô may be an a-BGT binding subunit Functional expression studies in which a7 cDNA

was injected into Xenopus oocytes resulting in the formation of homo-oligomeric receptor

protcins with an a-BGT sensitive nicotinic receptor mediated response indicates that a7

forms an a-BGT receptor (Couturier et al. 1990; Seguela et al. 1993). The present

results dcmonstrate the presence of both cô and a7 mRNA in H69 cells wherein three

transcripts were obtained for cô and a single transcript for a7. Results from the

Nonhem analysis for cô mRNA corroborate those obtained by Chini et al. (1992) who

demonstrated the presence of cô mRNA in various non-neuronal celllines derived from

lung adenocarcinomas. epithelioid carcinomas of the cervix and skin. adenocarcinomas of

the rectum as weil as from hepatomas. al. )f which also expressed a-BGT binding sites.

From their results. Chini et al. (1992) correlated the presence of mRNA for the neuronal

nicotinic a-BGT binding subunit, CÔ. with the possibility that nicotinic a-BOT receptors

in these various non-neuronal cell lines contained the cô subunit From the Nonhem
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analysis in H69 cells. the presence of aS mRNA in this non-neuronal SCLC cell line is

in line with the results of Chini et al. (1992): however. it is not clear whether the neuronal

nicotinic aS receptor subunit is a component of the CI.-BGT receptor. ln addition. resulL~

obtained from the Northem analysis demonstrate that the size of the Cl.7 transcript in hrain

and in H69 cells is the same. This provides the first evidence which demonstr,ltes that

the CI.-BGT binding neuronal nicotinic receptor subunit Cl.7 is expressed in non-neuronal

tissue.

ln conclusion, results from these studies demonstrate that nicotine induces an

increase in H69 cell numbcr. Furthermore, they suggest that this effect is mediated

through the nicotinic CI.-BGT receptor population. Taken together. results l'rom these

studies suggest that the nicotinic CI.-BGT receptor may be involved in the prolifer'.ltive

responses of neuroendocrine tumors.
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Fig. 3.1. Effect of nicotine on H69 ccli number. Varying concentr.ltions of nicotine were

added to H69 cells in culture (2.5 x 10"' cells/well) immedialcly afler plating. The numher

of cells per cultu~e weil was delermined afler 6. 9 and 12 days in culture and expressed

as % increase in ccli number as compared 10 control (no nicotine) cultures. Each value

represents !he mean :: S.E.M. of 8 culture wells. The results are pooled l'rom 2 separ.lle

experunents. The number of cclls/w;:11 under control conditions (!hat is. in !he absence

of nicoùne) were 41::2 x \0;.72::1 xl03 and \07=3 x\O; on days 6. 9 and 12 in culture.

respecùvely. 'p < 0.05. "p < 0.01 and '''p < 0.001 comparcd wi!h control cultures (no

nicotine) after a one way ANOVA.
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Fig. 3.2. Effect of the nicotinic agonist cytisine on H69 ccli number. Varying

c0ncentrations of cytisine were added te H69 cells in culture (2.5 x 10"' eells/well)

immediarely after plating. The number of celL~ per culture weil was determined aIter 6.

9 and 12 days in culture. Each bar represenl< the mean :!: S.E.M. of 4-8 culture weIL~.

The results are pooled from two separare experiments. The number of cells/well under

control conditions (that is. in the absence of cytisine) were 47 :!: 4 x 10).65 :!: 3 x 10' and

118 :!: 4 x 103 on days 6. 9 and 12 in culture. respcctively. ·P< 0.01 and ··P< O.lXll

compared with control cultures (no cytisine) afrer a one way ANOVA
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Fig. 3.3. Effect of CL-BGT on the nicotine induced increase in H69 cell number. Nicotine

(lO-'M) in the absence or presence of varying concentrations of CL-BGT was added 10 H69

cells in culture (2.5 x 10" cells/well\ immediately aCter plating. The number of ceUs per

culture weil was detennineC:: aCter 6 (A). 9 (B) and 12 (e) days in culture. Each value

represents the mean ± S.E.M. of 8·12 culture wells. pooled from 2-3 separate experiments.

•p < 0.05 and ••p < 0.01 compared with control cultUt'f'-S (no nicotine or CL-BGT) aCter a

one way ANOVA.
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Fig. 3.4. Effect of Ct-BGT on the cytisine induced increase in H69 cell numher. Cytisine

(IO-lM) in the absence or presence of varying concentrations of Ct-BGT W:L~ added to H69

cells in culture (2.5 x 104 cells/well) immediatcly after plating. The number of cells per

well was determined after 9 days in culture. Each bar reprcsents the mean ± S.E.M. of

8 culture wells. pooled from 2 separate experiments. ···P«).OOl comparcd with control

cultures (no drug) after a one way ANOVA.
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Fig. 3.5. Effect of d-tubocurarine on the nicotine-induced increase in H69 ccli numhcr.

Nicotine (IO-lM) in the absence and presence of varying concentrations of d-tubocur.lrine

was added to H69 cells in culture (2.5 :< 104 ceils/weil) immediately after plating. The

number of cells per culture weil wa:: determined after 9 days in culture. Each har

represents the mean ± S.E.M. of 8 culture wells. The results are pooled from 2 separ.lte

experiments. "P< 0.01 compared with control cultures (no drug) after a one way

ANOVA.
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Fig. 3.6. l:!5I-CL-BGT binding III H69 cells in culture. Cclls (0.5 x 10" cells/wdll were

preincubated for 60 min in the ahsence or presence of cold CL-BGT (lIlM) and the hinding

assay done as described in Materials and Methods. Each symbol rcprcsenl~ lhe mean :!:

S.E.M. of 4 culture wells. Results are reprcsentative of 3 separate experimenl~. Where

the S.E.M. is not depicted. it fell within the symbol.
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Fig. 3.7. Effect of nicotinic cholinergie ligands on [''''Ila-BGT binding to H69 ceUs in

culture. CeUs (0.5 x 10' cdls/well) were prcincub:ued for 60 min in the absence or

presence of the indicated concentration of nicotine. cytisine or d-tubocurarine and the

binding assay done as described in Materials and Methods. Each symbol rcprcsents the

mean of 4 culture wells. Results are rcpresentative of 4 separate experimcnts.
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Fig. 3.8. Nonhem blot analysis of aS (A) and 0.7 (B) mRNA in PCI2(PC) and H69(H)

cells and in rat mid-brain(MB) or whole brain(WB). In (A). SlIg of poly N mRNA

isolated from pel2 ceUs. rat mid-brain ùssue and S.SlIg of poly A+ mRNA isolated from

H69 ecUs were electrophoresed. blotted and probed with a ;~P-IabeUed aS cDNA probe

(Hindill - BSSHII fragment of the aS clone). In (B). IOlIg of poly A+ mRNA isolated

from PCI2 cells. rat whole brain ùssue and 20llg of poly A+ mRNA isolated from H69

cells were electrophoresed. blotted and probed with a np-IabeUed 0.7 cDNA probe (A VAl

- pvun fragment of the 0.7 clone). In (A) and (B). the position of the 28s and 18s rRNA

are indicated on the lefL
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4.0 GENERAL DISCUSSION

As discussed in the Introduction. the application of molecular. immunological and

physiological teChniques bas led to the characterization of the nicotinic tt-BGT receptor

as a distinct member of the nicotinic acetylcholine receptor family (for reviews sec

Clarke 1992; Role 1992: Papke 1993: Sargent 1993). Functional and localization studies

have distinguished the neuronal nicotinic tt-BGT reccptor from the tt-BGT inscnsitive

nicotinic acetylcholine receptor population. In addition. molecular biology approaches

have led to the isolation and cloning of the genes for the tt7 and <Xl! neuronal nicotinic

receptor subunits that encode tt-BGT binding proteins (Couturier et al. 199Oa: Schocpfcr

et al. 1990). although the subunit composition of the neuronal toxin binding reccptor

channel in vivo remains unclear. Toxin sensitive responses have also been observed in

vitro by various laboratories in a number of neuronal preparations (DeLa Garza et al.

1987: Alkondon and Albuquerque 1991: Zorumski et al. 1992; Alkondon and

Albuquerque 1993. 1994; Alkondon et al. 1994; Pugh and Berg 1994). Our results in

PCI2 and H69 ceUs and others (Pugh and Berg 1994) suggest that one role in which these

tt-BGT nicotinic receptors may be involved is in growth related processes both in

neuronal and non-neuronal ceUs.

4.1 Hole for the niçoliniç a-BGT rec;eplDr in neuronal deyelopmenl

Numerous studies using a variety of neuronal and non-neuronal preparations have
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demonstrated a potenùal role for neurotransmitters such as dopamine. 5-HT. glutamate,

purine analogs. opioids and their receptors in the regulaùon of neuronal growth and

developmental processes (Lankford et al. 1988: McCobb et al. 1988: Mauson et al. 1989:

Greene ct al. 1990: Maneckjee and Minna 1990. 1992). For example, in morphogenesis

monoamines and acetylcholine have becn shown to have an effect on the morphogenetic

cell movements during the development of carly embryos (Lauder 1993). In terms of

neuronal development. studies have demonstrated that neurotransmiuers may be involved

in the regulaùon of neurogenesis by either enhancing or inhibiting the development of the

intricate neuronal architecture through the interaction of the neurotransmiuer at it's

receptor.

In line with the hypothesis presented above. the involvement of the toxin binding

receptor in neuritic outgrowth was investigated The results presented in Chapter 2 show

that nicotine decreased neurite outgrowth in PC12 cells. This data provides further

suppon for the idea that neurotransmiuers and their receptors are not solely involved in

neuronal communication but may also play a role in developing neuronal connections.

Another interesting fmding is that this nicotine induced inhibition in neuritic outgrowth

was blocked by a-BGT. This suggests that the a-toxin receptor is involved in a trophic

role. that is. in neurite outgrowth.

Other laboratories have also obtained findings which suggest a role for the

nicotinic regulation of neurite outgrowth in a variety of neuronal preparations (Zheng et

al. 1994: Small et al 1995). Furthermore. Pugh and Berg (l994) showed that the

nicotinic receptor modulated changes in neurite outgrowth in chick ciliary ganglion
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neurons were inhibited by <x-BOT.

In addition. as mentioned in the Introduction (page 15). the correlation of the time

course of appearance of neurotransmitter receptors with developmental processes may

suggest a trophic role for these receptors in neuronal tissues. For example. Chun et al.

(1987) have demonstrated that the appearance of neuropeptide receptors for

cholecystokinin and somatostatin correlated with the processes of neurite outgrowth.

halting and re-growth in the immature cat telencephalon thus implicating the neuropeptide

receptors in neuronal developmenL Interestingly. <x-BOT receptors also exhibit a time

course of appearance that can be correlated with developmental processes (Greene 1976;

Kouvelas and Oreene 1976: Wang and Schmidt 1976; Freeman 19TI: Chiappinel1i and

Giacobini 1978; Hunt and Schmidt 1979; Couturier et al. 1990a). In neuronal tissue, it

has been shown that there is an initial increase in <x-BOT receptors during development,

which peaks at about day 13 to 19 depending on tissue and species. Funhennore, this

increase in receptor number often occurs prior to the major increase in choline

acetyltransferase activity, an observation which has led to the suggestion that the <x-BGT

receptors and/or the postsynaptic element may be involved in neuronal development by

guiding the presynaptic tenninal (Fiedier et al. 1987; Quik and Geertsen 1988). In

another line of studies by Fuchs (\989), it has been shown that <x-BGT reccptors arc

arranged in a unique columnar pattern in the somatosensory cortex. Taken together, results

observed on neuritic outgrowth in PCI2 ccl1s combined with the experimental evidence

from other iaboratories provide further suppon for the trophic role of the nicotinic a­

BGT receptor in neuronal development in vivo.
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4.2 Role for a.-BGT receolOCi in the modulation of cel! proliferation in non-neuronal cel!s

As discussed in the Introducùon (page 17). Schuller et al. (1989) had demonstrated

that exposure of lung lumour cells to nicoùne resulted in an increase in cell proliferaùon;

howevcr. these authors did not determine whether these effects were mediated through

a-BGT sensiùve or insensiùve type nicoùnic receptors. In order to address this issue.

experiments in the H69 lung tumour cell !ine were done.

Results from the cell proliferaùon experiments (\..O 'lter 3) imp!icate the a-toxin

binding nicoùnic receptors in the modulaùon of H69 cell proliferation. Nicotine exposure

resulted in an increase in ceU number. which was blocked by a-BGT. These results are

in line with those of Codignola et al. (1994) who aIso showed that stimulation of the

nicotinic a-BGT receptor increased SCLC cell number.

The mechanisms by which the activation of a-BGT receptors May regulate growth

related processes is not known. The increase in ceU numbers that was observed in the

nicotine exposed H69 ceUs May be explained as foUows: nicotinic activation of toxin

binding nicotinic receptors May result in a decrease in ceU division time and/or an

increase in the number of ceU divisions. Results from the present studies in H69 ceUs

show that the nicotine induced increase in ceU number occurs after approximately 6 days

of nicotine exposure which corresponds to the ceU doubling lime of 5 to 7 days. Thus,

an increase in ceU proliferation May be suggested as a potential mechanism. Experimental

evidence is available from other laboratories which is consistent with this hypothesis.

Catteneo et al. (1993) have shown that nicotine results in an increase in [3H]thymidine

incorporation in H69 cells as compared to contrais, an effect which is blocked by the
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nicotinic antagonist mecamylamine. Nicotine has aIso beell shown to inhibit cell death

or apoptosis in severa! non-SCLC cell lines: however. this appcars to occur through a

non-receptor mediated mechanism (Wright ct al. 1993).

4.3 Suhunjt composition of the njcotinjc g-BGT n:ceptor

As mentioned in the Introduction (page II). a variety of experimental

approaches now suggest the involvement of the 0.7 and a.8 neuronal nicotinic receptor

subunits in the fonnation of the nicotinic a.-BGT receptor in nervous tissue (Anand et al.

1993; Gerzanich et al. 1994: Gotti et al. 1994). In addition. peptide binding studies

demonstrated that peptides generated from the as cDNA sequence bound a.-BGT with

high affmity (McLane et al. 1990. 1991). raising the possibility that this neuronal

nicotinic receptor subunit may aIso he involved in the fonnation of the nicotinic a.-toxin

receptor in neuronal tissue.

In the present experiments. Northem blot analysis for the as and 0.7

neuronal nicotinic a.-toxin binding subunit rnRNAs in neuronal PC12 cells and non­

neuronal H69 SCLC cells was perfonned. Results from these Northem analysis

demonstrated that both as and 0.7 neuronal nicotinic receptor rnRNAs were present in

neuronal PCI2 cells. findings consistent with those in the literature (Henderson et al.

1994). In the non-neuronal H69 cellline. as mRNA was deteeted; these observations are

in line with those obtained by Chini et al. (1992) who demonstrated the presence of as

mRNA in a variety of non-neuronal celllines. In addition. results from these Northem
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analysis demonstrated that 0.7 mRNA was present in H69 ceUs and that furthermore. in

this non-neuronal cell tint the size of the 0.7 transcript resembles the one detected i.n rat

brain. The identification of mRNA for a neurotransmitter receptor in SCLC ceUs can

probably be explained on the basis of the neural crest origin of these cells. These results

are in line with those from other laboratories which have demonstrated the presence of

neuronal markers such as the brain isozyme of creatinine kinase. neuron-specific enolase.

L-dopa decarboxylase and various neuropeptides and their receptors in non-neuronal

SCLC ceUs (Gazdar et al. 1985. Roth and Barchas 1986).

The present results show that as and 0.7 mRNA are present in both PC12

and H69 ceUs. The question now remains whether these subunil~ are indeed expressed

and whether they are involved in the composition of the a-BGT receptor. In order to

determine if the as and/or 0.7 toxin binding subunits are a functional component of the

a-toxin receptor. further work needs to be done. One approach May include the use of

antisense oligonucleotides against the as and 0.7 neuronal nicotinic receptor subunits.

Experiments could be done to determine whether the nicotine induced inhibition in

neuritic outgrowth in PC12 ceUs or the nicotine induced increase in SCLC proliferation

in the H69 ceU line is still observed after exposure of the ceUs to antisense

oligonucleotides. This rationale is supported by results from Listerud et al. (1991) who

studied the contribution of individual subunits to neuronal nicotinic receptor subtypes in

sympathetic neurons by selectively deleting subunits with antisense oligonucleotides and

subsequently observing the effect on the channel properties of the nicotinic receptor.

Altematively. mAbs generated against the as and «7 toxin binding proteins May
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be used te tletennine if the o.-toxin sensitive responses seen on neurite llUtgrowth in PC l:!

cells and on cell proliferation in H69 cells can be altered. This immunological approach

has been used by other groups who have generated mAbs against the 0.7 and aS a-BGT

binding subunits in order to immunoisolate o.-BGT receptor subtypes from chick optic

lobe and retina (Anand R. et al. 1993: Gotti et al. 1994).

4.4 Role for e-fos activation and calcium in medjating the trnphic effecl<i of njcotiD!: at

the nicotinjc a-BGT receptor

The observation. that o.-BGT can block the effect of nicotinic agonists on neurite

outgrowth in PC12 cells (Chapter 2) and on H69 ceU proliferation (Chapter 3). raiscs the

question conceming the mechanism by which nicotine interacting at the o.-toxin site

induces these trophic effects.

Experimental evidence is available from severa! laboratories whieh dcmonstrJ.tes

that nicotinic receptor stimulation results in the modulation of c-fos expression in a

variety of neuronal tissues. For example. slUdies in rat superior cervical ganglion neurons

showed that nicotine exposure resulted in the difCerential expression of immediate early

genes such as coCos. c-Fos has been implicated in the regulation oC a variety of biological

processes including cell proliferation and difCerentiation (Angel and Karin 1991:

Koistinaho et al. 1993). FoUowing systemic administration of nicotine. an increase in c­

Cos immunostaining bas aIso been observed in rat brain (Ren and Sagar 1992: Matta ct

al. 1993). Greenberg et al. (1986) demonstrated that exposure of PC12 ceUs to nicotine

resulted in a calcium dependent increase in coCos mRNA. However. the population of
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nicotinic receptors which mcdiates this effec!. that is CL-BGT sensitive or insensitive. was

not tested. Further studies arc necessary to investigate the potential involvement of c-fos

in mediating CL-BGT sensitive rcsponses. If it can be demonstrated that exposure of

PCI2 cells to CL-toxin can block the nicotine induced incrcase in c-fos transcription. this

would provide evidence for a role for this immediate carly gene in regulating neurite

outgrowth.

Studies from other laboratories indicate that CL-BGT nicotinic receptors mediate

their effects in a calcium dependent manner. Both molecular and immunological

approaches in vitro have demonstrated that the CL-BGT sensitive homo-oligomeric CL7

rcceptor is a cation-gated ion channel. Injection of CL7 cDNA into oocytes resulted in

expression of a nicotinic cation channel that was highly permeable to calcium (Couturier

et al. 1990a; Bertrand et al. 1992; Seguela et al. 1993; Zhang et al. 1994). In addition.

studies in chick ciliary ganglion neurons have demonstrated that activation of the neuronal

nicotinic receptors led to an influx of calcium which was sensitive to b10ckade by CL-BOT

(Vijayaraghavan et al. 1992; Zhang et al. 1994).

Thus. the second messenger systems involved in mediating the toxin sensitive

nicotine induced responses in PC12 ceU neurite outgrowth and H69 ceU proliferation are

still under investigation. although evidence now supports an invo1vement of calcium and

possib1y c-fos. The possible invo1vement of these intermediates in mediating the effect

of CL-BOT receptor activation is particular1y interesting in view of the ro1e of both c-fos

and calcium in growth re1ated processes.
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Addendwn Regarding Stalis:ical Tests

The following addendum addresses the staùSùcal tests that were performeù
in this thesis. Following examinaùon by Dr. Paul Clarke (Internai Examiner), the
following points should be clarified with examples of reanalysis to follow.

The first comment applies to Figure 2.1 from Chaptcr 2 of this thesis. A~

indicated in the figure lcgend (page 46), a one-way ANOVA for each of the two Cl-BGT
condiùons (with and without nicoùne) was performed followed by the Scheffé test.
Plcase note that these staùsùcal tests were inappropriate for the reasons as described here.
Firstly, this figure represents a 2 x 4 experimental design with nicoùne and Cl-BGT bcing
the factors. Thus, a two-way ANOVA as opposed to a one-way ANOVA would have
becn appropriate. In addiùon, since ail nicotine concentrations were being compared to
one control, Dunnett's test should have been donc instcad of the Scheffé test which
compares all data points with cach other.

The second comment applies to Figure 2.2 from Chapter 2 of this thcsis.
As indicated in the figure legend (page 48), a one-way ANOVA followed by the Schcffé
test was performcd. Clarification of the aetual statistical test that should have been useù
is as follows. The asterisks in the figures show significant differencc.~ bctwecn the
nicotine and control (no nicotine) conditions suggesting that they were probably obtained
through performing multiple unprotceted t-tests as opposcd to an ANOVA. With this
being the case, the Bonferroni correction should a1s0 have bccn donc in order to protect
these multiple t-tests from resulting in potentially mislcading false positive results.

The third comment applies to Figures 3.1 and 3.5 from Chapter 3 of this
thesis. The figure legends (pages 77 and 85) indicate that a one-way ANOVA was
performcd. However, similarly to the second comment, the asterisks suggcst that multiple
unprotceted t-tests were donc which thus should have bccn proteeted by the Bonferroni
correction.

The fourth comment applies to Figures 3.3 and 3.4 from Chapter 3. Note
that a one-way ANOVA was inappropriate since there arc two independent factors
(nicotine and Cl-BGT for Figure 3.3 and cytisine and (X-BGT for Figure 3.4) and thus a
two-way ANOVA would have bccn appropriate.

The fIfth comment applies to Figure 3.6 which demonstratcs an S-shapcd
binding curve. As the x-axis was plottcd in absolute units, the resulting Scatehard plot
would have resulted in a curve as opposcd to a straight line. A curvcd Scatehard plot
would suggest that there is more than one binding site. Thus, the single Ko and B.... that
was reported in this paper is potentially mislcading.




