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ABSTRACT

Vollagc-gatcd pOlassiulll (K) channcls ar~ imponant in controlling a neuron's excitability. [n

this thesis 1 show Ulal neonalal rat nodosc and superior cervical ganglion (SCG) neurons express

IlIree vollage-gated K currenls: u non-inactivating delayed rectificr type current (lK); a rapidly

inaclivating A-current (lAI), and; a slowly inactivating A-current (lAs). The channels that underlie

IAf ami lAs dilTcr in lheir vollage-dependent. kinetic and pharl1'.ucological properties, bUI share

the saille single channel conduclance, suggesting thal rapidly and slowly inactivating A-channels

arc distinct suhtypes of lhe sallie hasic channel. My preliminarj moleeular biology experiments

estahlish an approach fur identirying UIP genes Umt encode for [Af. lAs and IK chanuels on SCG

neurons. lIy studying UlC expression of [Ar, [As and [K on peripheral neurons during the first 2

postnatal weeks. 1 showed that there is no change in the expression of the 3 currents on nodose

neurons. wherea.s the oUIward current on SCG neurons changes significantly from one dominated

hy lAs 10 one dOlllinaled hy [Ar. Thesc results indicale that the pattern of dcvelopmental

expression of silllilar lypes of K channels can differ for each neuron type. Next. [ investigated

various faclors involved in lhe poslnatal control of expression of K channels on SCG neurons. [

llelllonstrated Ihat neilher preganglionic nor target factors influence postnatal changes in K

currents. However. [ ohscrved lhat neonutal SCG neurons that develop in culture without other

ccII types lose their expression of [Af and [As, suggesting thal extrinsic factor(s) are involved in

the regulalion of the expression of Ihese currents. [ showed that this loss of A-currents is due. in

pan, to Ihe ahsence of a soluhle factor provided hy nonneuronal cells. [n addition. my analysis

of tlle different patterns "f expression of voltage-guted K currents suggests that peripheral neurons

use intriltsic IllcchanislIls to courdinate their expression of [Af. [As and [K. so that changes in one

K current arc cmupcnsaled for hy reciprocal changes in one or more of the other K currents.
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RÉSUMÉ

Les canaux potassiques (K) vollage-d~pemlallls jouent un rôle importalll dans !l' wntrôle de

l'excitabilité du neurone. Dans cette Ulèse, je d~montre qoe les neurones du ganglion nm!osc et

du ganglion cervical supérieur (GCS) chez le rat nouveau-né expriment trois courants K vollage­

dépendants: un courant qui ne s'inactive pas du type de la rectilication retanlée (IK); un cm'rant

A rapidement inactivé (IAr); un courant A lentement inactivé (lAI). l.es canaux responsahles du

IAr et lAI diffèrent dans leur d~pendance du voltage, leur cin~tique el leur pharmacologie, mais

partagent la m~me conduclance unitaire. Cela suggère que les canaux A à inactivation rapide ct

lente représentent deux sous-lypeS du m~me canal de hase. Mes expériences préliminaires de

biologie moléculaire étahlisselll une approche pour l'identilication des gènes qui codent les canaux

IAr, lAI ct IK des neurones du GCS. J'ai étudié l'expression du lAI', lAI el lK des neurones

périphériques durant les deux premières semaines du d~vcloppemcnl posl-natal. J'ai alors pu

démontrer qu'il n'y a pas de changement dans l'expression de ces trois courants pour les neurones

du ganglion nodose, tandis que le courant sortant des neurones du (.CS passe, de façon

significative, d'un courant dominé par lAI en un domin~ par IAr. Ces résultaIs indiquent que lors

du développement, les patrons d'expression de canaux K lie lypes similaires sonl particuliers à

différents neurones. Par la suite, j'ai étudié les facteurs impliqués dans le contrôle de l'expression

des canaux K des neurones du GCS post-natal. J'ai d~montré qu'aucun facteur provenant des

neurones préganglioniques ou des cihles n'innuence les changemellls lie courallls K vollage­

dépendants. En revanche, j'ai ohserv~ que les neurones du (lCS de nouveaux-n~s, sc d~veloppanl

en culture sans autre type cellulaire, n'expriment plus IAr et lAI, sugg~ranl ainsi qu'un ou des

facteurs externes sont impliqu~s dans la r~gulation de l'expression de ces couraots. J'ai démonlré

que cette pene de courant A est due, en partie, à l'ahsence d'un facteur soluhle produit par les

cellules non-neuronales. De plus, mon analyse des différenls patrons d'expression de courants K

voltage-dépendants suggère que les neurones périphériques utilisent des mécanismes intrinsèques

pour coordonner leur expression de IAr, lAI ct IK. En conséquence, les changements ohservés

pour un courant K donné sonl compensés par des changements réciproques d'un ou plusieurs

autres couranL~ K.
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PREFACE

ln aeeordanee wilh Ihe (iuidelines Conccrning Thesis Preparation of the Faeulty of Graduate

Slullies and Rescareh of Mc<iill Universily, the candidate has chosen the option of including as

part of her thesis portions of IIw lext of original papcrs suhmilted or suitahle for submission to

journals for puhliealion. 11le texl is as follows:

"'Ille eandillale has the oplion, suhjeet to Ole approval of Ole Deparunenl, of including as part of

Ihe Ihesis Ihe lexl of an originul papcr, or papcrs, suitable for submission to learned journals for

puhliealion. In Ihis case the thesis must still conform 10 ail other requiremenls explained in

(iuidelines Concerning 11lesis l'reparalion. Additional material (proccdural and design data as

weil as descriptions of equipment) must he provided in suflicient detail to a1low a clear and

precise judgmenll,' he malle of the imporlance and originality of the rescarch reported. The thesis

should he more Otan a mere collection of manuscripls puhlished or to he published. Il must

include a general ahslraet, a full introduetion and lilerature review and a final overall conclusion.

Connceling lexts whicll provide logieal hridges hetween differenl manuscripls arc usually desirable

in the interesls of cohesion.

lt is aeccplahle fhr theses 10 include as chaplers authentic copies of pupcrs already published,

phlvide,llhese are duplieuled clearly on regulation thesis slationery and bound as an inlegral part

of the thesis. Photogmplls or olher materials which do p,'l duplicate weil must he included in

thcir original IÎlfIll. In sudl instances, connccting texts arc mandalOry and supplementary

explanutory maleri:ll is ulmost ulways neccssary.

1lle inclusion of munuseripts eo-uulhored by lhe candidale and others is acceptable but the

cUllllillale is required to make :In explicil statemenlon who contributed to such work and 10 whal
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cxtent. and supcrvisors mUSI alle~1 10 the accuracy of Ihe daims, e.g. lx'forL' Ihe llrall'ommillcl'.

Sincc lbe t...!: of lbe Examiners is made more diflkull ill Ihcsc cascs, il is in Ihc call1lidatc's

interest to makc lbe responsihililies of authors pcrfectly dl'OlT. l'andidatcs t' lIowing Ihis oplion

must inform Ule Dcpanmcnt hctl,rc il suhmils UIC Ihesis for rcvicw,"
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CONTRIBUTIONS TO ORH.INAL KNO".'LEDGE

'Ille expcrimenlal rcsults presented in Chapters 3 and part of Chapter 4 have been published

in a fOfln similar, hut not idenlical, to that which appears in this thesis (McFarlane and Cooper.

"1') l, l')92a). TIle denervation and axotorny experirnents, and the resulL~ obtained with cultures

of SC(i neurons in Ihe ahsence of other ccII types in Chapter 5 have also been published

(McFarlane ami Cooper, 19lJ2a). Wc arc in the process of suhmirjn~ lIll' results pr.;~e.lltcd in

Chapler 5 on the eITects of 1l0nJlCuronai cells on K CUITent expression (McFarlane und Cooper.

l ')92h).

1 proville the tirsl dear llescriplion of inactivaling voltage-gated K CUITents on peripheral

senslIry ncurons al the single channel and macroscopic level. My results suggest strongly Ihat

slowly antl n.pitlly inaclivating A-channels which share the sarne single channel conductance. arc

me<lialetl hy separate channels. 1show for the tirst lime that a slowly inaclivaling channel is :tlso

present on sympathelic neurons l'rom lIle supcrior cervical ganglion. Ir. facto 1dcrnonstrate that the

slllwly inactivating CUITent is the predominant voltage-gated outward K current on neonatal SCO

neur,ms. 1alsll characleril.ctl a rapi<lly inaclivaling CUITe'!l present on SCO neurons. as previously

tlemllnstrated hy a nUlllher Ill' lahs.

1 am the tirsl perslln III stUlly Ihe in vivo postnatal developmelllal expression of voltage-

gate<l K CUITents Iln nu pcriphl'ral sensllry am! sympathelic neurons. 1SilO·... thal for SCO neurons

there is a switch l'rom anllut",anl CUITent dOlllinated by slllwly inaclivating currents, to one thal

is pretllllninantly rapillly inactivating. over the firsl 2 postnatal weeks. 1 also dcmonstrale thal

preganglionit: inputs anll targel inl1uenccs arc not responsible for the changes observed during the

tirst 2 weeks po:;tnnlally. TIle expcriments presented in Chapter 5 dernonstrate that neonatal SCO

Ill'UfllnS Illse thdr exprl'ssilln of inactivaling K CUITents when grown in the absence of other cell
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types. lhis loss can he prevc;;led hy a soluhle faetor fmm Ihe nonncumnal eclls of Ihl' ganglion.

Thesc studies demonslrate for Ihe !ifSi time Ulat nonneunlllai eclls can inllnenee the expression

of ·,oltuge·gai~d K eurrenlS on neurons. In addition. they imlicate that the conlrol of K currem

exprcss;on during developmenl is not entire:y inlrinsic 10 lhe neumns. hut can he inlluenœll hy

epigenetic factors. 111ese results a1so suggest caution in interpreting cleclrophysiological resulls

obtained for neurons in culture. as the currents may not he the same as the currenls expressellon

neurons in vivo. The slullies on nllliose sensory neurons lIiscussed in Chapter 4 ami 5 are the !irsl

time that the postnalal conlrol of K currenls on Ules" neurons has hecn c·xaminell. 111e stmlies on

postnatal control of SCO sympalhetie and nodose sensory neumns imlieale thaillistinet classes of

pcripheral neurons show differenl postnatal control of Uleir expression of K eurrems. l'inally. Ihe

preliminary results diseussed in Cnapter 6 arc the !irst 10 identify a K channel gene expressell in

a mammalian sympall;~lie ganglion.
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Chapter 1

Introduction

1.I Introduction

TIle mammalian nervous syslem consists of an inlricate arrangement of interconnections

among approximalely UXl billion nerve cells. The number and complexity of these connections

is essential for Ole proper functioning of the system, however, it necessitates slrict control over

Ole a~sociations made belween pre and post syr.aptic neurons. Just as important is that the

communication between connecled neurons is appropriate.

Communication belween nerve cells is bath electrical and chemical. SignaIs are transferred

l'rom ccII 10 ccII al chemical synapses, but the signal genemted by a neuron and transmitted along

its axon is ckctrical in nalUre. TIle production and transmission of these electrical signais. called

action potentials. is dependent on the presence of ionic channels in the surface membrane. Ionie

channels are specialized prot/lins lhal span the membrane forming hydrophilic pores through which

ions can pa~s.

A neuron ha~ millillll~ of ionic channels in ils membrane. To produce an electrical signal there

must he a mechanism to coordinale Ole operation of these ionic channels. As such, channels are

llesigned to open in response to a biological stimulus; when the pores are open, ions now, and

because (lI' Oleir charged nature, change the membrane potential. This now of ionic current

mediates the various c1ectrical changes in nerve cells including synaptic potentials and, in

particular, Ole iniliation and conduction of the action potential.

TIlCre are 3 main l'amilies of channels based on the type of stimulus that is required to gate,

or open, the channel. Ligand-gated channels open when a ligand binds to the channel protein

cllluplex. TIle ligaml-gated channels include the nicotinic acetylcholine, gamma arninobutyric acid
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(GABA), glutamate and glycine rcceplor suhfamilies. n,ese channds arc involvell in fasl

communication al chemical synapses. nIe seconll family consists of channcls Ihat 'Ife gatell hy

way of second messenger syslems. In this family, a ligand himls 10 the memhrane reccphlr ami

activates ion channcls imlireclly thmugh activation of a G-pmlcin; Ihe aclivalell ('-l'mldn engages

a second messenger (whieh can involve increases in intraccllular calcium conccntralion) Ihat acls

on the channel pmlein. Examples of this class include muscarinic potassium channds, ami ion

channels coupled to adrenergic, semtonergic, and pcplidergic receplors (Rully, 19XX). 111ese

channels are a1so involved in synaplic transmission, howevcr,lhe time course of seconllmessenger

mediated synaptic events is orllers of magnilude slower than OlOse melliatell hy liganll-galell

channels. The third family consists of channcls Olal arc gatell hy changes in the voilage acn,ss the

membrane of the œil, the vollage-gated channels. nIe channels in this family, which indulle

sodium (Na), calcium (Ca) and potassium (K) channels, are primarily involvell in Ihe generalion

and transI1Ùssion of action potenlials.

Each channel family is made up of a large numher of different memhers. ami any given

neuron will generally express a suhsel of memhers of each family. n,e particular repcnoire of

ionic channels a neuron expresses is imponanl in delermining how a neuron lransmils informalion

f "01 other neurons thal synapse on ils cell body. For example, vollage-gatell potassium (K)

channels, which are part of Ole family of voltage-gated ion channels, have an importanl mie in

regulating a neuroll's cxcilabilily. Howevcr, there arc scvcral suhlyp'~S of vollagc-gated K channLl,

each with its own unique kinclic and vollage-depcndcnt propcnies. As ~,uch, each suhlypc exens

a different effect on cellular excilahility. Therefore, OIC particul:.r set of vollagc-gatcll K channcls

a neuron expresses, and thc densily of each memher of '.lIC scl, will he imponanl in detcrmining

ilS electrical propcrtics; such as the threshold (0 gcnerate an action potcntial in rcspunse to an

excitatory responsc, and thc frequcncy that it lires aclion putcntials wilh a maintaincd slimulus.

In view of the imponance of iunic channels in communication hctwccn ncurons, an importanl
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question of devc!0plllentai neurohiology. !hat has recciveu relatively little attention. is: what

determines the appearance of di l'l'crent ionic channels on neurons'! Many of the meehanisms that

diclale which channel lypeS a neuron expresses remain ohscure.

ln the following dlapler. 1discuss what is known ahout one particular class of ion channels.

the voltage-gated K channels. and how the expression of thesc channels on neurons is regulated

during devc!opmenl. Firsl. 1consider the functional. or electrophysiological. propcrties of voltage­

gated K channels. Nexi. 1discoss Ihe structure of these channels as revealed by recent molecular

hiological studies. TIlen. 1 review what is known about the control of voltage-gated K currents

during development. am! linally the possibility that extrinsic factors arc involved in !his control.

1.2 Voltage-galet! potassium currents

1.2.1 The Ionie hasls of neural sil:nallng

Hodgkin and Huxley (1952) were the first to show that Ule action potential (AP) occurs by

the llow of 2 difler ,nt ionic currents. sodium and potassium. 1bcir expcriments using two

clectrode voltage clamp of Ihe squid giant axon demonstrated that sodium (Na) ions arc

resplllLsihle for Ule upslroke of the AI'. while potassium (K) ions arc involved in the repolarization

of the AI'. TIlis work nol only revealed that ionic conductances arc involved in neural signaling.

hut it estahlished praclical and theoretical approaches to studying the electrophysiological

propcnies of ionic Conduclances. which 50 years later arc still very much in use.

Initially such sludies were restricted to invenebrate neurons. mainly for technical l'casons

hccause manullalian lIeurons were too small to impale with the two electrodcs necessary for

voltage clamp techniques. With the auvent of the patch clamp tecilnique by Neher and Sakmann

(Neher ct al .• 197X; Hamill Cl al.. 1981). a1most fony years artel' Hodgkin and Huxley's

expcriments. Iwo very impllMant auvances were made. First.their recordings with patch electrodes
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confirmed thal inns llnw lhrough porcs in tlle surface memhrane: all-nr-nOlR' currenls WCf'_'

mea~l1red in a small palch nf cell memhrane under Ihe c1eClnllle. consislenl wilh Ill<' cnnn'pl nr

a pore \hal opelt~ ami closes. Second. the use ur a single c1cclroue lilr passing amI reconling

CUITent made il possihle 10 recurd from the much smaller mammalian neuron.

1.2.2 Properlies of voUaAe-Aaled ion cllannels

For vollage-galed channcls, ionie eurrent Ilows IIlfough individual channcls in response to a

membrane voIlage change. TIle summed activily of Ille CUITenl Ilowing lllrough ail ehanncls lllai

are open gives rise 10 lhe macroscopic. or whole-cell CUITent. Which ions llow through a channel

is depen<lent on a naITowing of a region of the channel pore. callcd Ille selcctivily tiltcr (IIi Ile.

1984). A polassium channel prcferentially cooduct.~ K ions over olller availahlc ions, amI the case

by which il conducls K is called lhe single channel conductance. TIlis property is .lclined hy lhe

pore region of the ch~nnel. Iherefore. if channels differ in IIlcir single channel comluctance il

implies thal they arc slfuclurally different.

ln general, voltage-gated channels can exisl in 3 main slates: open or aclivaled; c10scd ur

deactivaled; and inactivaled. In lhe open state. which is triggered hy changes in mcmhrane

polential. channels conducl ions. In the closed slate, channels do not conduct, hut arc ready to

open in response 10 a voltage change. Channels that inactivale. open in rcsponse to a depolarizing

voilage slep, bul despile mainlained depolarization Ille channels enler an inactivated slale, which

is different from Ille c10sed slale mentioned above, whcre they do not conduct ions. To remove

inactivation the membrane musl be hyperpolarized.

Researchcrs have used clectrophysiological kinetic data descrihing IIIC movemenl hctween Ille

closed and open slales, and Ille open and inactivated states, 10 model ionic channel hchaviour in

the forrn of stale diagrams representing transitions among differenl slates (Armstrong and

Bezanilla, 1977; Zagolla and Aldrich, 199Oh). A full description of the contrihution of IIlis
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hiophysic~'J approach is outsidc lile main focus of fuis fuesis. The important point fuese models

lIlake. however. is thal channels can exist in severa! c1osed. open and inactivated states (Hille.

1<)X4); for simplicily 1have referred to fuem as single states.

Hodgkin and Huxley (1 <)52) hypofuesizedfuatfue voltage-dependencc of channel opening is

duc 10 charged particles assodated wifu fue channels. Movement of fuese particles. in response

10 voltage changes. causes cunformationa! changes in fue porc '.lf lile channel 50 fuat it conduclS

ions. The dependencc of conforlllationai change on fue movement of Ulese particles in response

10 a change in the eleclric lield is what makes channels dependent on voltage. Armstrong and

Ilezanilla (1'177) delllonsirated the existence of such particles for voltage-dependent Na channels

hy measuring lile currents associated wifu fueir movemenl Ihrough fue membrane.

For channel inactivation. Ule current hypofuesis is fuat after fue channel opens. fue inside of

the porc gets plugged with a charged portion of Ule channel protein (Armstrong and Bezanilla.

1'.177; Ilezanilla cl al.. 1'.1'.11); Ulis is a rapid event occurring in msecs. To remove inactivation.

e4uated wifu lile unplugging of lile channel, fue ccII must he hyperpolarized. Recent elegant

experiments hy Zagoua and co-workers (1990) provide strong support for this hypothesis. A

slower type of inactivulion also occurs, which involves entry into a second inactivated state whose

stahility is controlled hy a different portion of the K channel protein (Iverson and Rudy. 1990;

Hoshi et al.. Ilj<) 1).

Hodgkin aOlllluxley (1 '.152) showed !hat fue processes of activation (i.e. the process whereby

a channel opens). deactivation (i.e. fue proccss wherch;i a channel closes). and inactivation are

dependent on volt~lge andtime. Ho\Vever. fue voltage :md time dependencies are different for each

type of channel. allli therelbre can he uscd in fue classification of channel subtypes. Channels can

also he delined in lerols ur the pharmacological agents that act on fuem: drugs or toxins will

spedlically hlock certain channels and not ofuers, and as such. the repertoire of agents that act

on a given channel CIIll help in iLs classification.
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1.2.3 Voltage-gal cd K currcnts

Channels I1lat comlucl K ions arc lllUm! in ail cukaryotic ccIIs, ami vary widdy in thdr

voltage-dependencc and kinetic hchaviour, Research has c1carly demonstratl'd thl' role of one c1ass

of K channels, Ille vollagc-galCd K channels, in regulating neuronal cxcitahility (lllllmpson ami

Aldrich, 1980; Adams and Galvan, 1986), Currents which Ilow through vollage-gatcd K c1mnncls

can either pass into or oui of the ccII, 1nward currents, making up the c1ass of inwanl rectiliers,

arc observed in cardiac and skelclal muscle, eggs amI muny vertehrate ami invel1ehrate neUfO't'

(Rudy, 1988), 1llese K currents activate upon memhrane hyperpolarization, ami hccause the

membrane potential is helow the Nernst equilihrium poientiallllr potassium tEk), the direction or

positive CUITent Ilow is inlo the ccII. This c1ass of current was not sludied in this thesis, amI as

such will not bc discussed fuMer.

1.2.4 Voltage-galed outward K eurrents

Outward K currents arc activaled by depolarized potentials I1lat hring the memhrane potential

above Ek. As such, lhe opening of these K channels resulls inoutward, hyperpolarizing currcnls,

which bring the membrane away from the threshold potential for AI' generation. As a resull,

outward K currents decrease ccII excitability, Outward K currents arc traditionally c1assilied on

the basis of their inactivation kinetics as eilher transient A-currenls, or delayed rectiliers

(Thompson and Aldrich, 1981J; Rudy, 1988).

1.2.4,1 Delayed Rectiliers:

Hodgkin and Huxley (1952) using two electrode voilage clamp were the tirslto measure and

characterize a K current. They showed that in the squid giant axon ,. vollage-gated K conductance

is activated with a delay upon depolarization, and unlike Ille Na curremdoes not inactivate over

the duration of the voltage step of 10 ms. This current was termed a delayed rectilier currem (IK)
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hecause the onsel of current activation was delayed as compared to the activation of the Na

currenl, and hccause the current rectified in lile oulward direction (i.e. passcd current better in the

ouI ward, than inward direction). In modcling the ionic basis of the AP, Hodgkin and Huxley were

ahle to show that activation of the K conductance, coupled with inactivation of the Na

cOIuluclance, is responsihlc tilr repolarizing the action potential.

ft is Ihe properlies of this currenl in squid giant axon dlat are used to describe the class of K

currents known as delayed rectifiers. Non tiansient K currents are orten classilied as delayed

rectiliers by defaull, and. as a resull, the family of delayed rectitiers consists of non transient

currenls whose propcrlies ean differ considembly.

1.2.4.2 Transient A-currents:

TIle odler nw;n c1ass of vo1tagl~-gatedK currents include the fasl activating, transient currents,

tirsl ohserved in onichidium hy Hagiwara and co-workers (1961). TIùs current, referred to as the

A-current, was suhsequenlly characlerized in molluscan neurons (Connor and Stevens, 1971a;

Neher, 1971). A-currents activate rapidly (5-lOms) in response to a depolarizing voltage step, and

dlen inactivate rapillly with time constants of tens of msecs, despite maintained depolarization. To

remove inactivation, the memhrane must be hypeqlolarized. As such, A-currents are analogous

to Na currents, lirst characterized by Hodgkin and Huxley (1952), however, the rate constants of

Ihese processes tilr Na channels are an ordcr of magnitude fast~r than for A-channels.

Transient currents are found in a large number of nonneuronal and neuronal ccli types from

holll verlehrate ami inverlebmte spccies (reviewed by Rogawski, 1985; Rudy, 1988; LUnas,1988).

TIle facl that transient eurrents with similar propcrties are found in very evolutionary distant

spccies suggests that the A-channel protein has been conserved during evolution. Tbc reeent

c10ning of a largc numher of K channel gencs from a number of dist'Ult spccies shows !hat tlùs

coltscrvatîon of K channels holds truc down to the molecular level (Wei et al., 1990; Salkoff et



1

l

al., 1992).

A-channels are found on presynaptic nerve lerminals (Shimahara, 19X~; Ilour'lue, l ')l)O; TIlllrn

ct al., 1991), and poslsynaptically on ccli bodies (Connor ami Stevens, 1971a: Ilelluni cl al..

1985). Slùmahara (1983) has shown that A-cuITents in nerve Icrminal memhranes of Aplysia

neurons shonen lile duration of the AP that invades the terminais, Iherehy decrcasing lile amoUIll

of Ca that enlers lhe nerve terminal through vollage-depcndent Ca channels. Sincc transllliltcr

rc1ease is dcpendent on increa.~es in intraterminal Ca concentration, A-channcls are imponanl in

regulating the amoUIll of neuratransmitter relea~ed at synapses.

Postsynaptically, the raie of A-currents is more varied. For exalllple, in sponlaneously active

neurons, depolarizalions activale the A-CUITent which slows down lile raie of relurn of Ihe

membrane to Al' lilreshold, lilereby pralonging the interval helween Al's; Ihe hypcrpolarization

following an Al' would be sufficient 10 remove inactivation of lile A-channels so Ihey Clluill

continue to operate (Connor and Stevens, 1971b). In this way, lile A-CUITent regulates Ihe Iiring

frequency of spontaneously active ncurons, or thosc Iiring in respoll~e 10 a lonic depolariz.ation

(Guslaffson et al., 1982; Segal ct al., 1984). A-CUITenl~ on heart cells play a silllilar role (Oiles

and Van Ginncken, 1985), Other roles for A-cuITents in postsynaptic m,'mhranes, as delined in

sympaL'1etic neurons, include repolarizing the Al' (Belluzzi el al., 1985), and counleracting

excilalory synaptic polentials (Cass~lI aud McLachlan, 1986).

However, for many neurons lile A-CUITent is not activated in response to d'~polarizalion, as

lile majority of A·channels are inaclivatcd at the resting polential. Neurons onen rest al a polenlial

wherc small changes in membrane polentiaJ result in large changes in the proportion of channels

that arc inactivated. As such, in neurons where A-currenl~ are inactivaled al resl, small

hyperpo1arizations could mean that A-cuITenl~ would become available 10 play similar fOies as

mentioned above, For example, hypcrpolarization of guin'la pig nucleus tractus solilarius neurons

that express A-cuITents, causes a decreasc in the duration of AI' bursl~ and delays lile onset of
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hurs: aclivily (lJekin cl al., I\lX7); prcsumahly, because the oulward, hypcrpolarizing A-currenl

is now availahle lilr activation upon depolarization of the ccli membrane, ln addition, in

hippocampal neurons gamma aminohulyric acid (GAllA) slùfLs the voltage-depcndencc of

inactivation of an A-channel to more depol2Iized potentials. This allows the A-channel to be

activated from po!enlials al whicll il was previously inactivated and therefore unresponsive (Gage,

1\1'12). Thus, A-currcms which under normal resting conditions may not be available to the

neuron, can hecome avai.'ahle upon modulation of the channel protein, or the ccli membrane

potenliaI.

I.2.5 Prohlems wilh the separation of K currents

One of the lll\lin prohlems in c1assifying or characterizing voltage-gated K currents in a given

neuron is 10 separale the differenl K currents that make up the macroscopic current. A number of

lllethods arc currently used 10 separate K currents based on differenccs in their pharmacological,

voltage-depcndenl, kinelic or single channel propcrlies. However, in many neurons, separation of

K eurrents can he prohlemalic because the abave menlioned propcrties are not sUfficiently

different.

Traditionally, K eurrenls arc separaled from one anoUler with the use of pharmacological

agenls, or hy taking advant\lge of differences in the voltage-depcndence of inactivation of the K

eurrenls. Thompson ( 1977) showed that A-currents and delayed rectifier (IK) currents in molluscan

neurons can he distinguished on Ihe basis of their differential sensitivity to two pharmacologieal

agenls, 4-aminopyridine (4-AI'), anu ;etraethylammonium (TEA). Thompson showed that when

applie,l to the external surface of the neuron, 4-AP spccifically blocked the A-current, and TEA

spccilically hlockcd 1K. Rcscarchcrs have used titis crilerion 10 classify currents that are 4-AP

sensitive as A-currellls (Segal and Ilarker, 1984; Giles and Van Ginneken, 1985; Greene et al.,

199(l; NUlllann ct al" 1\187), and those that are TEA sensitive as delayed rectifiers (Numann et
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al., 1987; Cobbelt el al., 1989; Greene et al.. 1990).

TEA and 4-AI' are useful in neurons where they hlock a speciflc Kcurrent. In lhese neurons.

the agents can bc used 10 isolate K currents for furUler charact<'rization, or to study the etTccts of

blockade of a speciflc K current on Ule cIectrical bchaviour of the œil. Howevcr, it is importanl

to realize !hat in many neurons it is not possihle to use either TEA or 4-AP to separate the

different K currenl components (Cobbelt ct al., 1989; l'icker and Heinemann, 1992; McFarlane

ami Cooper, 1991, see Chapter 3); tl1e K currents do not differ sufticienlly in thdr sensitivity to

the~e agents. In addition, in same cells, tl1e pharmacotogical effects of 4-AI' aod TEA are not as

described for molluscan neurons. For example. in guinea pig trigeminal neurons a rapidly

inactivating current is blocked by TEA, but not hy 4-AP (Spigelman and Puil, 1989).

The otl1er classical means to separate different K currents present in the same œil is to take

advantal!e of differences in tl1eir voltage-dependence for inactivation, and 1Ilerehy use suhtraction

protocols; such metl10ds were estahlished for molluscan neurons (Connor and StevelL~, 197Ia). In

these neurons, a transienl A-current can be maximally activated when depolarizing steps are made

from a membrane potential of -90mY, but the current is completely inactivated at a memhrane

potential of -40mY. However, tl1e non-transient current shows no inactivation over this range of

potentials. This difference in voltage-dependence of inactivation of Ulese 2 currenls is used in thdr

isolation: depolarizing steps from a membrane potential of -90mY will activale hoth transient and

non-transient currents, whereas depolarizing steps from a memhrane potential of -40m Y will (ml y

activate tl1e non-transienI current. 1llerefore, sul)traction of 1Ile non-transient currents evoked from

a membrane potential of -40mY, from tl1e total current evoked from a memhrane potential of

-90mY, will isolate tl1e transient current. This suhtraction proœdure unly works howcver, if 1Iiere

is no overlap in 1I1e range of voltages over which tl1e different K channcls exhihit inactivation. In

many neurons, tl1is is not the case, and tl1erefore this procedure does not adcquately scparate the

currents.
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l'rohahly the hesl meUlOd to distinguish bctween different K currents is to record the

behaviour of the channels Ulal underlie Ulem. However, only a few sludies on mammalian cells

have related Ule single channels lO the macroscopic K currents (Marty and Neher, 1985; Hoshi

and Aldrich, 19HHa,h; Solc and Aldrich, 1988; Lynch .,,'d Barry, 1991; McFarlane and Cooper,

199 l, sec chapter 3). COlllhined single channel and macroscopic analysis of K currents helps

elilllinate two main prohlellls: (1) That physically differenl channels can underlie macroscopic

currents with silllilar voltage-dependenl and kinetic properties. For example, slUdies on

pheochrolllocylOma cells (Hoshi and Aldrich, 1988a), adrenal chrolllaffin cells (Marty and Neher,

19H5), and amphihian spinal neurons (Harris et al., 1988) showed that severaI separate

conductance channels are responsihle for the non-transient lIlacroscopic K currents expressed by

the eclls. These results indicate Ulal without the corresponding single channel data it is possible

tu inapproprialely group several conduclances together as a single homogenous macroscopic

current. (2) Il is possihle to mislakenly c1assify two currents as bcing different on the basis of

macroscopic properties, while the single channels underlying the currents are fairly silllilar. For

exalllple, Cooper and Shrier (1989) showed that in cullureC1 ml sensory neurons (nodose ganglion)

similar 22pS conductance channels underlie both a rapidly ('t=1O-30ms) and a more slowly

inactivating macroscopic current ('t=IOO-300ms and 1-3s).

llle problellls in scparating and identifying the differei1t K currents present in neurons has

resulted in confusion in classifying K currents (see review by Rudy, 1988). In particular, there are

prohlellls with Ule classilication of me non-transienl K currents. Recenlly, several investiga!ors

delllonstrated lhal "non-inactivating" delayed rectifier K currents can "Cl 'ully be divided further

into two hroad categories. 1llOse thal slowly inactivate over hundreds of msecs (at least one order

of magnilude more slowly lllan c1assical A-currents), and those that do not inactivale, except

pcrhaps over very long time scales (at least tens of seconds); me latter currents are referred to as

non-inactivating currellts in this thesis. In many cells, inc1uding frog skeletal muscle (Adrian et



r
1
J.

1

12

al., 1970), rat hippocampal ncurons (Scgal and Barker, IlJS-l), mclanolrophs of Ihe rai pilllilary

(Kehl, 1989) and Ole neurons of Ole rat supraoptic nucleus (Cohhcll Cl al .. IlJSlJ), Ihe eurrent

callcd the delayed rectifier aClually inactivates slowly. Even OIC prolotypical dclaycd rcctilier of

the squid giant axon shows slow inactivation (Chahala, IlJS-l).

Unfortunalcly, on Ole basis Olat Oley inactivate, slowly inactivating currents have also heen

c1assified as A-currenlS. For example, currents very similar to Ole slowly inactivating llelayed

rectifiers described above arc found in guinea pig hippocampal neunllt~ «iuslaffson ct al., IlJS2),

guinea pig DRG neurons (Kasai Cl al., 1986), molluscan neurons (Serrano and Gelling, IlJl\lJ) amI

rat hypothalamic neurons (Greene cl al, 1990), hut arc lahcled as slowly inactivating A-currenls.

Matters arc furUlCr complicated by Ole fact that non-inactivalillg and slowly inaclivaling currents

behave very similarly over short 100 ms depolarizing voltage sleps onen used in

electrophysiological experimellls. 11lerefore, if both currenlS arc presenl in a ccII, Ihey arc onen

mistakenly considered as a single macroscopic CUITent.

Classification of slowly inactivating currenlS on the hasis of pharmacological hlockade hy

either 4-AP, or TEA, is not helpful in c1arifying the situalion. For example, while ThA hlocks

slowly inactivating currelllS in some neurons (Lukasiewicz and Werblin, IlJl\H; Kehl, IlJHlJ;

Cobbett ct al., 1989), in other neurons slowly inactivating currenl~ arc even more sensitive tll 4-

AP than the c1assical A-currellls (Slansfeld ct al., 1986; Storm, J9HH; Spigelman and l'uil, IlJHlJ).

Two other pharmacological agenl~, mast ccII dcgranulating peptide (MeDI') from hee venllm, and

dendrotoxin (DTX) from snake venom, have been used to classify some slowly inactivaling K

currents (Rudy, 1988; Castle ct al., 1989; Rehm and Tempel, 19'.11); thcy arc II111Ught to hind III

the same brain membrane prolein. For example, DTX hlocks a slowly inactivating K current in

adult nodosc neurons (Stansfeld cl al., 1986), and the slowly inactivating K currenls cxpresscd in

Xenopus oocytes injectcd wilh mRNA for a rat brain K channel clone (Stuhmcr ct al .. 19H9).

However, not ail slowly inactivating mammalian K channels arc sensitive to DTX (Rehm and
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Teml.el, 1991; Stuhmer cl al., l'IR'I).

Results from single channel slu<.Jies also suggesl that caution should be laken when classifying

slowly inactivating currents. A single class of channels, bascd on con<.Juctance, in rat nodose

neurons (Cooper an<.J Shrier, 19R'I), rabbit atrial ccUs (Clark ct al., 1988) and guinea pig DRG

neurons (Kasai ct al., 1'186) gives rise to both a slowly inactivating current, and the classical A­

current. Without Ule benefit of Ule single channel data, these rcsearchers might have classified the

rapi<.Jly an<.J slowly inactivating currents as bcing quile different. Studies such as these indicate that

wH/lOut corresponding single channel data, il bccumes very difficult to properlY classify outward

K currents as <.Jelaye<.J rectifiers, or A-currents, simply on the basis of observed macroscopic

properties.

ln summary, electrophysiological studies have identified voltage-gated K currenlS !hat are

hroa<.Jly c1assifie<.J on the hasis of their inactivation properties; sorne currenlS inactivate rapidly

with time coltslants of 1O-30ms, o(hers inactivale more slowly over hundreds of msecs, whereas

a thir<.J group of currents shows litlle or no inactivation. A single neuron can express voltage-gated

K currents from aU Ulree groups. 11le voUage-dependent and pharmacological properties of these

three types of K current can overlap. Therefore, whcn a single neuron expresses several K currents

it is onen difficuU to properly sepamte them for further characterization. Il is a1so becoming

increasingly clear from clectrophysiological experiments Ulat the present system of classifying

voltage-gate<.J K currents as delaye<.J rectifiers or A-currents is Inadequate, given !hat therc can be

cllllsillerable overlap in the properlies of different types of Kcurrent. In fact, il has been suggested

(hal only with the molecular characterization of K channels will a classification system become

possihle (Rudy, 1'188).
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1.3 Molecular biology of K channels

The electrophysiological experimems demonstrale liml lilere are several dilTerenl K channds.

with varying propenies and functions. However. the recclll cloning of a large numher of K

channel genes indicales thal lile diversity of K channels is much grealer lilan suggested l'rom

electrophysiological experimenls. These resulls underline Ihe facl lhal a knowledge of Ihe

molecular biology of K channels is almosl essential for underslanding lile K channels responsihle

for the electrophysiological properties of neurons. Molecular hiology has led 10 al leasl partial

answers for the following questions: How is the diversily of K channels produced'? Are K channcls

with different physical properties encoded for hy complelcly differem genes. hy scparale huI

homologous genes. or by the same gene with allernative splicing 10 producc different K channel

transcripts? Which domains of the protein are importanl for the different funclional characterislics

of the channel. and what changes in lilese regions are re'luired to produce K channels with

different properties?

ln the short lime since the first K channel gene was cloned (Papazian et al.. 1987; Kamh et

al.. 1987; Pongs et al.. 1988) researchers have determined many of lile molecular mechanisms

involved in producing a large number of different K channels (see reviews hy Pongs. 1989;

Salkoff et al .• 1992; Jan and Jan. 1990). More reccntly. experimenls have concentrated on

elucidaling the funclional domains of the protein ilmt are important for gating. vollage-depel\llenl

and kinelic propenie;. pharmacology. and ion seleclivity.

1.3.1 Clonlng of the Shaker locus

The approacr. taken towards cloning the first K channel was different 'rom that taken to clone

the Na channel (Noda et al., 1984) and the nicolinic acclylcholine receptor (Noda et al., 1983).

A classicai approach was used to clone bath thesc channels: A specific irreversible ligand for the
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channel was used III isolale Ule channel protein from a highly enriched source, the electric organ

of Torpedo Californica. nIe amino lerminal of the isolated prolein was sequenced, and based on

Ihis sequence, an oligonucleolide probe was made which was used 10 screen a complimentary

IlNA (cIlNA) Iihrary from T.Californica to isolate the genets) for the channel. 1bis approach was

nol feasihle for K channels for two main reasons: (1) therc is no rich source of K channels (K

channels make up a very smaU amount of total cell protein); (2) as yet, there is no specific

irreversihle ligand for K channels. Therefore, the cJoni~g approach taken by 3 different labs

(l'apazian et al., l'IX?; Kamh el al" 1'I8?: l'ongs ct al., 1988) was 10 take advantage ofa particular

mulanl in Drosophila, Ule Shaker mutant, which was known to be deficient in a rapidly

inactivating A·current (Salkoff and Wyman, 1981b). Sinec the precise chromosomallocation of

the mutation was knnwn, Ule strategy was to clone the genomic DNA corresponding 10 the Shaker

locus, using a met/md ealled chromosomal walking.

nlis approach proved to he suceessful: The Shaker locus, when sequenced, was found 10

consist of a large transcription unit (>llOkB) conlaining several exons and introns (Tempel el al.,

l'IX?; Kamh et al., 1'I8?; l'ongs et al., 1988). The Shaker locus codes for a protein of

approximately ?Okll. From hydropathy analysis it is thought thal the prolein consisls of 6 (SI-S6)

alpha helical memhrane spanning dnmains (sec Fig. 1.1). The amino and carboxyl lerrnilÙ are

thoughl 10 be cyloplasmic; Ulis idea is consistenl with several eXlfacellular N-Iinked glycosylation

sites, and intraeellular cAMI'-depcndent phosphorylation sites. To confirrn thal the DNA cloned

from Ule Shaker locus codes for a K channel protein, messenger RNA (mRNA) was transcribed

in vitro, and injeclcd into Xcnopus oocytes. lnjectcd oocytes, recorded with two electrode voilage

clamp, displayell rapidly inactivaling, K selective currents (Timpe ct al., 1988 a,b; Iverson et al.,

l'IXX) similar 10 K currents expressed in native Drosophila muscle (Salkoff and Wyman, 1981a,

l'IX3). nIe oocyte expression studies confirrned thal the Shaker locus encodes for a K channel

protein.
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Figure !.1 Funcliona! domains of vollage-gated Kchannels. A wiùely accepleù
transmembrane fol ding mode! for voltage-gateù K channcls which arosc as a
resull of mutational ana!ysis. (moùifieù from Hartmann ct al .• 1991)
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1.3.2 Mnlecular mcchanisms tn prnduce channel diversity

ln IJrosophila, severa! different mechanisms exist to produce a large number of different K

channcls.

1.3.2.1 Alternative splicing:

-nIe primary Shaker gene prOlluct is aIternatively spliced to producc as many as 24 different

mRNA variants (l'ongs ct al .. I\/KK; Schwarz ct aI., 1988; Kamb ct al., 1988). The primary Shaker

gene product is spliccd so thal mRNAs consist of alternate combinations of exons. The Shaker

mRNA varianl~ encode fnr protcins with common membrane spanning rcgions (the core region),

hUI different cmllhinations of carhoxy and amino terrnini. Each mRNA variant induces A-currents

when injectcd in IXlcytes, howeh:r the kinetic propcrties of the currents differ, suggesting that

splicc variants I(mll suhtypcs of A-channels (Timpc ct al., 1988a,b; Iverson ct al., 1988; 1verson

and Rudy, 1991J). 1l1ese results indicate that alternative splicing of a primary K channel gene

product is one mechanism by which the diversity of K channels is achieved.

1.3.2.2 Separate hut homologous genes:

Solc and co-workers (1987) postulated that additional Shaker-type K channel genes are

present in the Drosophila gennme on the basis of their experiments that showed that rapidly

inactivating K currents were expresscd by mutant Drosophila whose Shaker locus was de1eled

(Sole ct al., 1\/87). On this assumption, Butler and co-workers (1989) used low stringency

screening of a Drosophila cDNA lihrary with a Shaker cDNA probe to c10nc three Shaker-like,

hut separate, K channel genes they called Shaw, Shab and Shal. 1lle proteins encodcd for by these

three genes share a similar organization with that encoded for by Shaker; however, the K channcls

encoded for hy lhe 4 different genes vary in their kinetic, and voltage-dependent propcrties (Wei

ct al., 1990). Shaker, Shal, Shaw and Shab define 4 separate K channel subfamilies. Ali venebrate

K channel genes isolaled suhsequently fall into one of tllese subclasscs. A rccent rcpon has
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proposed that 2 other suhfamilil's exisl (Drcwe el al., Il)l)~), allhough thc' mRNAs Illr Ihc'sc'

putalive subfamilies have nol heen expres.~cd in oocytes, anll as such il is uot dear whc'Iher thc'y

encode for K channel proteins.

Within the memhrane spanning region (S\-S6) of the channel pmtcin, there is 50·MO'J.·

conservation at Ule amino acid levcl hetwecn eadl memhcr of a suhfamily. However, in Cllmparing

the same region hetwcen memhers of the different suhfamilies there is only 40% conservation at

the amino acid Icvcl. Presumahly diffcrent gene suhfamilies arose as a resull of gene duplication

and subsequent divergence of Ule genes during evolution. 111US, K channel diversily can also resull

l'rom several differenl, hut relalcd genes, a\ong with allernale splicing of the primary transcripl.

1.3.2.3 Heteromullimeric channels:

K channels are thought 10 he multimers made up of more U!an onc suhunil. Such relL~oning

comes l'rom what is known ahout the genes encoding voltage-gated Na and Ca channcls: Na and

Ca channels are large polypeptides consisting of 4 hOluologous dOlllains in a tandem repeat

(Calterail, 1988). 11le 70kD prolein coded for hy Ule Shuker locus appears to correspond to.!!!!!:.

of these homologous domains (compare Fig. 1.2A and 1.2 Il,Cl. As such, the hypothesis is that

K channels arc aClually multimers: A functional K channel would he made up of several (possihly

4) Shaker produclS, in analogy with the Na and Ca channels.

Injection of a single Shaker mRNA is sufficient 10 producc a functional K channel in Xenopus

oocytes, suggesting Ulat if K channels arc multimers Ulere is no requirement for more U!an one

subunit type. However, heleromultimeric channels consisting of more U!an one type of suhunil

may also exist. The approach taken hy severa! lahs to tesl lhe possihilily of heteromultimeric

channels was to co-inject K channel mRNA species encoding for channels wilh different properties

into Xenopus oocytes. If K currenls arc expresscd which show a strictly additive effecl of the

properties of the K currenLs expressed when mRNA species are injected scparalely, then, only

homomultimeric channels are formed and expresscd in the oocytes. Allernatively, iftlle K currenLs
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of oocytes injecled with 2 difrcrent K ehanœl ",RNA spccics have propcrtics thal can nol 1'<.'

explained by simple addition of tlw properties of tlle K currents when mRNA spcdes ar,'

expressed separalely, it suggesls thal heleromultimeric ch;mnels are heing assemhled. Resulls from

such experiments support tlle idea Ihal, al least in oocytes. K channels l~'; he made t'nllll mor,'

than one type of subunit (lsacoff et al.. 1990; Ruppersberg et al.. l'NO; MacKinnon, Il)l} 1;

Christie el al .• 1990).

If 4 subunits make up a funclional K channel protein, e"ch of the 4 subunits can c'.ll1ceivahly

differ, and there arc a large number of different subunits, the P<)I~I;:':al exisls tbr a large numher

of differenl K channels. However, recent experiments using Ihe same reasoning as the co-injection

sludies described above, show that eacll of me different Ilrosophila K channel subfamilies can

only form hybrid channels wilh memhers of me same subl'amily (Covarrubias ct al.. 1'J91). lllÎs

selS certain Iimils to me amounl of suhunil mixing, and as " resull. to Ule number of different K

channels. Drosophila neurons express independent K channel systems (Salkoff ami Wyman,

1981 a,b; Sole cl al., 1987) as shown by me facl that mutant Oies exist whose neurons have

se1ectively losl one of Ule K channel systems. Restricting mixing helween K channel subunils of

differenl subfamilies is one mechanism 10 generate Ulesc distinct K channel syslems.

1.3.3 Mammalian K channels

K channel diversity is achieved somewhat differently in the maml11alian lIervous system.

Regions of Shaker, Shah, Shal, and Shaw cDNAs were used umler low stringency conditions as

probes 10 clone a number of hOl11ologous K channel cDNAs from mouse brain (Tempel ct al.,

1988; Chandy cl al., 1990; Pak cl al., 1991a,b) and rai bruin (llaumann el al., 19HH; Christie el

al., 1989; Frech Cl al., 1989; Stuhmer ct al., 1989; Swanson et al., 1990). In contra.~t tll

Drosophila, which has only one gene membcr of each suhfamily, al lea.~1 4 Shaw genes, 2 Shal

genes, 1 Shab gene, and as many as 12 Shaker genes arc prescnl in me mammalian genllme (see
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review hy Salkolf ct al .. 1'.1'.12). Except for one recent report (Luneau et al., 1991), there is litlle

evidence for dilîerenl mRNA spccies produccd by alternative splicing. In fact, cloning and

sequencing the genomic DNA lilr 3 rnammalian brain K channel clones has shown that the genes

do not contain inlrons (Chandy ct al., 1990). Apparently, in Ole mammalian nervous system gene

duplication and divergence. ami possihly subunit mixing, are Ole major mechanisms for producing

K channel (Hversily.

:';'eeping in mind the earlier discussion about the electrophysiological classification of K

channels, it is importantto noie thal until rcccntly (Pak et al., 199Ib; Schroter et al., 1991), low

stringency screens wilh Shaker prohes isolalcd only cDNAs encoding slowly inactivating K

channels, allllOugh Shaker encodes for a mpidly inactivating K channel. 1bis finding is surprising

in that il suggcsls that slowly inactivating channcls are very similar at the genetic level to rapid1y

inactivating channcls.

1.3.4 Structure-funclion relalionships dctcrmlncd l'rom mutalional analysis

Much is knnwn ahout thc lliffcrent functiona1 domains of the K channel prOlein l'rom

mutational analysis, which involvcs mutating specifie arnill(l acid residues of the cDNA encoding

t<lr a K channcl prolcin, and ~xpressing the mulated mRNAs in Xenopus oocytes (For a recent

rcvicw of tI1C suhjcct scc Millcr, 199\). The effects of thesc mutations on different functiona1

propcrtics of thc K channcl hdp in dctermining which regions of the gene are responsible for the

channcl porc, and propcrlics SUdl as voltage-depcndence, kinetics, and pharmacology. However,

il is important tn rememher t1ml changing one amino acid rcsidue may be sufficient to alter the

conlùnuatÎon of Ihc channcl, and thercfore the data l'rom such studies must be interpreted

cautiously.

1. 3.4.1 Channel porc:
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Several pieces of evidence support the idea that Ule colllluclive porc of the channel consists

of Ule linker between Ule SUl and 6th memhmne spanning dmuains (sec Hg. 1.1). First. single

amino acid mutations in this region alTecL~ Ule hlockade hy toxins such as charyhlloloxin

(MacKinnon and Miller. 1989; MaeKinnon ct al.. 1990). allli dru~s sudl as 'l'HA (MacKinnonllllll

Yellen. 1990; Yooi and Schwarl.. 1991), which arc knownlo !alemct near ur inlhe pure. Second.

Hartmann and co-workers (1991) showed that transplanling a 24 ami no acid segment of this

region from one K channel clone, NGK2, which has a single channel conductance of 22pS. to the

same region in a second K channel clone, DRKI, which has a single channel conductance of 8pS.

resulted in hybrid DRKI chnnneis with the single channel conductance of an NOK2 channel.

Therefore, the hypoUlesis is Ihal Ulis region between Ule Slh and 6Ulmemhmne spanning dmuains

forms the pore. However. given Ule relatively short length of this segment il is unlikely ",r
physical reasons that the region spans Ule membrane twice in an ot-helical conformation. Rather,

it is bclieved that Ulis linker region crosses the membrane twice. in ~ fully exter.ded Il-pleat l,mu.

Furlher studies have pinpointed certain amino acids will1in this porc region, specilic for ligand

binding (MacKinnon and Yellen, 1990), and ion selectivily (Yool and Schwarl., l'J'JI).

1.3.4.2 Voltage-derendence:

As described earlier, Ule movement of charge on the channel protein lIIust he coupied to

conformational changes leading 10 channel opcning. The fourUI memhrane spanning region (S4)

has positively charged amino acids e,ery Ulird residue, a motif that is seen only for voltage-galed

Na, Ca and K channels (Calterai, 1988). Conceivably, this posilively charged rcgi()l1 (sec Fig 1.1)

acts as the voltage sensor, and Ule outwardly directed movement of S4, in response to changes in

the membrane electrical field. is required for channel opening. This idea is supportcd hy Ule fact

that mutations in this region have effeclS on voltage-dependencc (l'apazian et al., 1'191; Lopez et

al., 199\). The 5S region may also be involved in determining Ule voltage-dependcncc of a K
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channel. A genelic mutation localized to the 5th memhrane spanning region (Gautam and

Tanouye, 1990) ha., effects on Ihe voltage-dependent gating of a Drosophila Shaker channel

(ShA 1) (SalkoH allli Wyman, 19X )h; Zagolla and Aldricl:, 1990a).

While Ihis hypothesis is allractive, other evidence suggests that additional regions may be

involved. Mutations in (Ilher regions of the prolein sometimes have effects on the voltage-

dependence of the channel (l'apazian et al., 19'11). In addition, Shaker proleins in Drosophila

photoreccplors, allll those in muscle, differ by 40·50 mY in their voltage-dcpcndencies for

activation and inaclivation, hut share identical S4 and S5 regions (Hardie et al.. 1991).

1.3.403 Inactivation:

Because a single K channel mRNA exprcssed in oocytes can inactivate and recover l'rom

inactivation wilh muhiplc cxponenth'1. components (Christie et al., 1989; Hoshi et al., 1991), it is

poslulated that Ihere arc different types of inaetivation of K channels that occur by distinct

molecular meclmnisms (lverson and Rudy, 1990; Hoshi ct al., 1991). N-type inactivation occurs

as rapidly a.' a felV msecs. and is thou~ht to involve Ule intracellular amino terminal region of the

prolein. Anllstmng and Bezaniil" (1977) hypoth~sized that inactivation involves the plugging of

the open channel porc hy a cytoplasm:c inactivation "bail", which is part of the channel protein.

ror the "hall" to he ahle 10 swing into the pore it is connected to the rest of the channel protein

hy a "chain" ''l' ami nu acid residues. RecenUy, iL a very elegant Sl't of expcriments, Hoshi, Aldrich

ami Zagutla provided strung support for this "bail and chain" mechanism for channel inactivation

(Iloshi ct al .. 1991l; Zagolla ct al .. 1990). They showed Umt deletions of amino acids in the arnino

lerminus of a Sh:lker cllNA clone (ShB) encoding for a rupidly inuctivating K channel eliminated

Ihe ahilily of the channel tll inactivale. Channel inactivation was reconstituted by adding a 20

amin" acid residue peptide, identicalill tr.c delclcd sequence, 10 the internai face of the membrane.

Ilcleli"n of Ulis 2ll amill" acid peptide, Armstrong and Bczanilla's ball, eliminates inactivation,
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whereas providing Ule "hall" in free fonn supplies lhe inaclivation plug, and thcrcll,rc rl'st"rl'S

inactivation (see Fig l.l), It is important to noie Uml localil.ation of fast type inactivation 1" thc

amino terminal may only he lruc for Shaker channels. l',,r inslance, llcletion of the amin" terminal

of Ihe mouse Shal (mShaI) K channel protein does n,,' r:lllically alter its inactivati"n properlil's

(Pak et al" 1991 h).

e-type inactivalion occurs more slowly and can he seen as a slow decay in lhe current,

and/or a slow recovery l'rom inactivalion (Iverson amI Rudy, 1990; Hoshi el al., 1991). 1llis

inactivation is independent of voltage, and coupled 10, hui not dcpendent on, N-type inaclivalion

(Hoshi ct al., 1991), Hoslù and co-workers have looked al Ihc clTects of alterations in the cart>,lxy

terminal region of Shaker dmnnels, and show that differenccs in C-Iype inaclivatiull cun he

localized to a single amino acid (position 463) in Ule 5th memhrane spanning domain,

ln summary, wlùle molecular biological technique:; provide a powcrful tool Ihr stu(!:,jng K

channels, few studies have allempled to identify which genes code lllr Ihe K channcls recordell

l'rom specific neurons. For exumple, a large number of dilTerenl K dmnnel dones have been

isoluted l'rom Drosophila. However, to date none of Ule neuronal K channels mRNAs expressell

in oocytes arc identical in Uleir electrophysiological properties to Ule native channels. As such, il

is not known which K channel genes ure responsible for any of Ule native J)rosophila K dmnnc!s.

The same situation is truc for K channel genes isolatcd l'rom Um mammalian nervous syslem. Most

researchers have identified neuronal K channel cDNAs l'rom cntire hrain cJ)NA Iibraries,

However, in the nervous system Ihere arc so many ccII types, cxpressing differcnt K currents, Umt

isolating genes Irom whole brain provides no information ahout what gem's arc cxprcsscd in

which cells.

Since, for the mosl part, the identities of the K channel gcnes expresscd in spccilic neuron~

are unknown, many of !he ba~ic questions pertaining to Ihe expression of K channels in the
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nervous syslem relllain unanswered. Questions such as, which K channel genes are actually

expressed in gi ven cclls, whether suhunits assemble as humollluitimers or heteromu1timers, and

whelher additiona' suhunils encOlled fur by a completely separate family of genes are required to

producc certain K channels (Rudy ct al., 1988; Zhong and Wu, 1991).

Reccnlly, invesligalOrs have starled lU identify the transcripts expressed in known celltypes.

Fur example, transfection uf an Aplysia Shaker channel, AKOlA, into idcntified Ap1ysia neurons

produces transient K channels whose properlies are identicalto those in the native system (Kaang

Cl al., 1\192). A different study, uslng Ille polymerase chain reaction, has identified 4 K channel

lranscripls, distinci l'rom Shaker, which arc responsible for Ille rapidly inactivating A-current of

Ilrosophila pholoreceplOrs (Hardie Cl al., 1991).

Identifying the K channel gen j expresscd in specilic neurons also leads the way to

addressing queslions concerning Ule regulation of K channel expression at the molecular leve!.

Questions such as, how (lu neurons know which K currents to express, and when to express them?

Whal is involvcd in Ihe maintenance of K currentlevels? How do neurons selectively change their

expression of cenain iunic currenls'! How is il that neurons Withill the same population express

diiTerenl sels uf ionic currents? Are there set genetic programs, or arc extrinsic factors involved

in lhese choiccs? If so, what is 1I1eir nature, and can these factors exert their effect throughou! the

life span of Ihe neurons'! TIlese arc important questions. as the ionic currents expressed by a

neur,m will delermine ils electrical hehaviour.

1.4 Developmental expression of K currents

Ilespile the huge advanccs in K channel molecular blology, most of wha! is currently known

ahout the control of K channel expression has ,;ome from eleclrophysiological experiments. For

signaling hetween neurons 10 conlinue to he appropriate in face of changes in the number or
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strength of presynapûc inpuls, il would \le advantageous fnr the c1ectrophysiological propcrtics

of neurons to relain a certain amnunt of plasticity. Examples of SUell plasticity exist. rnr instance,

associative conditioning decreases the phototactic responsc of the nudihranch mollusc

Hermissenda. This change in pho\Olactic response is a resull ur decreascs in the A-cuITent ami Ca-

activated K com1uelance of pho\oreceptors (Alkon, 1984; Nelson Cl al., 1990). In addition, Woody

and co-workers (1991) showed deereases in Ule A-cuITemof cal cortical neunm~ lluring l'avlovian

conditiolÙng.

However, il is during development that most of the changes in K channel expression oecur.

Developmenlal s\udies show Ulal the ionic cUITents expressed hy mature neurons arc onen qui\e

differenl from those expressed hy Ule neurons at eartier slages, suggesting Utat the eUITents a

neuron expresses, and their levels, are determined during develnpment. 11lercfore, studying ionie

channel expres~ion during development will hopcfully leal! 10 a helter uI1llerstanding of the

mechalÙsms underlying tile control of iolÙc CUITent expression, some of whieh may persist into

adult life and provide a mechanism for plasticity.

LiIUe is known aboul Ule cr1trol mechanisms involved in ionie CUITent expression.

Developmental sludies have concentratcd on examining the sequential appearance of ionic

CUITents, and subsequent changes in the "immalure" ionic prolile of the neurons to ils "mature"

form. Investigalors have mainly directed their studies tu d!scoverinr "Ihelher there is any order

to the appcaranee of ionic eUITents, and if so, are there general rules Utat can he apptied to

developmenlal changes in their expression (reviewed by Spilzer, 1985).

1.4.1 Development nI' the action potentlal mechanlsm

Inward Na and outward K currents form the basis of the AI' and cellular excilahilily (Hodgkin

and Huxley, 1952). In cells l'rom mosl tissues, K CUITen\s arc present al Ule earliest lime sludied,

whereas the appearancc of inward cUITents, carried by Na or Ca, varies in timing with respect 10
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U\e appcarance of K currents (Spitzer, 1985). Once a neuron hecornes electrically excitable, with

Ule appcarancc of a mechanisrn for producing APs. it can follow one of two general patterns of

Al' devcloprnent.

ln the /irsl patlern, Ule ionic hasis of the AP docs not change rnuch during developrnent

(lIader ct al., 1983; Bader ct al., 1985). Such a pattern is observed in clùck neural crest cells

(Bader ct al., 1985). In these cells, once the various ionic currents appcar their absolute levels

increase, hUI no new curreols appcar as tlle neurons put out processes and increase in size.

A second pallern exists in which Ule ionic basis of Ule AI' changes during developrnent (Yooi

cl al.. 1988; McCohh cl al., 1990). One of the best exarnples is the developrnent of the AP in

alllphihian spinal neurons (sec Spitzer reviews, 1979, 1985, 1991). In these neurons, there are

rnarked changes in Ule relative levels ofexpression ofionic currents during deve10pment (O'Dowd

Cl al., 1988; lIarris Cl al., 1988), as weil as the appcarance of a new current, the rapidly

inactivating IKA current (Rihera and Spitzer, 1990). Spitzer and co-workers showed that at early

stages of neuronal devcloplllel1l the AI' is Ca depcndent, and repolarizing K currents are small;

as a resull, Ule Al's last for allllosl 100 llIsecs. With development, either in vivo or in culture, the

Na current dcvclops, Ca current densities show no, or very small changes, and K current densilies

increa.se (Barish, 1986; O'Dowd ct al.. 1988). 'The large increase in repolarizing K currents results

in a III Ibid decrease in Ule duration of the AI', and as a resull truncates Ca entry into the cell.

11le llecreasc in Ca enlry during Ule AP, and the increase in the Na current means that with

developmenl Ihe Na currenl hecollles prirnarily responsible for the upstroke of the AP.

1.4,2 Chanlles in Ihe lulal ouiward K currenl

As diseusscd ahove, llIodilieations of the AP can resull from changes in the types and levels

of K currents. StUllies of the developmental expression of K eurrents suggest that there is no sel

temporal sequence for these changes. For instance, a number of neurons slart to express a rapidly
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inactivating K CUlTcnt during cmhryonic dcvclopment: ln the rat superior cervical ganglion

(Nerbonne et al.. 1986; Nerbonne amI Gurney, 1989) and amphihian spinal neurons (Ilarish "1 al ..

1986; Ribera and Spitzer, 1990) Utis CUlTent develops laler than oUler K cUlTenls; whereas, in

Drosophila fIight muscle (Salkoff and Wyman, 1981a; Zagolta cl al., 1988), or cells lflllll Ule quai!

mesencephalic neural crest (Bader Cl al., 1985) a rapidly inactivating CUlTent is the lirst K CUlTent

to develop. Therefore, Ule temporal sequences of K CUlTent expression arc particular 10 Ihe Iype

of neuron, and it appears thal no general rules descrihe these pmcesses.

What are the mechanisms a neuron could use to pmduce changes in the lolal ouiward K

CUlTent it expresses" l'resumahly Ulere could be changes in eilher the lypeS or levels of K CUlTent

a neuron expresses, or there could be modilications in Ule physical properties of Ihe channel

proteins. Evidence exists for ail 3 of these possihilities. Ilevelopmental sludies show that neurons

can change the types of K currents they express. For exalllple, in developing rai pineal cells a

large slowly inactivating current present at birth disappears hy 4 weeks poslnatally (Aguayo,

1989). 1lùs is differeIll l'rom what is observed for rat neostrialal neurons, where a rapidly

inactivating CUlTent is the predominant current al hirth, but hy 4 weeks postnalally a slowly

inactivating cUlTent, not presenl at birth, is the major outward CUlTent (Surmeier cl al., 19<)1).

AIternatively, neurons may continue to express the same set of K cUlTenls, hUI change Iheir

relative levels of expression (Bader ct al., 1985; O'IJowd ct al., 1988; McCohh Cl al., 1990). l'or

exarnple, as quail mesenccpha!ic neural crest cclls dcvelop, Ihere is a small decrease in the A­

cUlTent, and a large increase in Ihe delayed rectilier, resulling in a 2 fold increase in Ihe ratio of

delayed rectilier 10 A-culTent (Bader ct al., 1985). Sincc the A-current inactivates rapidly, and Ihe

delayed rectilier shows !iUle or no inactivation, changes in the relative proportions of UlCse

CUlTents will inlluenœ neuronal liring propcrties.

While most of the changes in ionic cUlTents during development prohably involve changes

in the number of functional channels present in the membrane, several repons show nmdilicatiOlL'.
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in Ule propcrtics of ionic channels. 1l1ese include changes in the voltage-dependencc and kinetics.

for activation and inactivation. For example, during development, there are changes in the voltage

depcndencc for activalion (Park and Ahmed, 1991) and inactivation of Na currents (Sontheimer

et al.. 1<)91). Studies have also shown changes in the mean open time for a voltage-dependent, K

selcctive channel in rall'urkinje ceIls developing in culture (Yool et al., 1988), and for the latency

to Iirstopcning of a c1ass of 3lJpS K channels in amphibian spinal neurons (Harris et al., 1988).

ln summary, developmental sludies indicate that changes in the patterns of expression ofionic

channels during devclopment can take many different forms. Since developmental changes in K

channel expression will have effects on cell excitabilily, Ule control of K channel expression is

an important consideration of Ule nervous system. Presumably, the K currents a neuron expresses

arc delermined by the inlerplay between its lineage and ils environmenl. What are the epigenetic

inl1uenees'! Are differcnt faclors involved in the conlrol of different K channels'! Do slmi1ar

faclors regulale the expression of K channels on differenl neurons'! Are there any general rules

fnr Ule extrinsic conlrol of K channel expression? Ali of Ulese questions remain to he answered.

1,4_1 Exlrinsic conlrlll IIf K chllnnel expression

A number or factors are pll'lulaled 10 acl as regulalors of neuronal differentiation: among

Ulese arc growth factllrs, hormones, and neurotransmillers. 1l1ese agents acl on neurons bath in

the pcripheral ami central nervous systems 10 inl1uence surviva1 and neuronal differentiation. A

fullllcscription of thesc faclors and tilCir effects on growUI and differentiation is outside the focus

of this tlJcsis; however, for reeent reviews on the involvement of extrinsic factors in neuronal

development CllnslIlt lhe following refercnces (Davies, 1988; Barde, 1989; Reichardt and Tomaseli,

1991; ll111cnen, 1991; Upton and Katcr, 1989). Unfortunately, only a few reports have

investigaled cpigcnetic inl1uenees on K channel expression, and, as a resull, surprisingly linle is
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known about faclors that regulate K CUITenls. However, some guidance may he offered Irom

studies of the control of other dilTereotiated propccUes of neuCllUS, if wc assume that many of the

sarne signais arc also uscd in lhe control of K CUITent expression.

A neuron's cellular environment includes ûle target c\llltacted hy ils nerve terminais, the

prcsynaptic nerve terminais Ûlal contact il~ dendrites ami soma, and the glia ccIls that sUITound

it. The fluid environment includes growth factors ami hormones which arc round in the

extracellular solution. Presumahly, any of thesc factors could he involved in regulating K CUITent

expression.

To properly coordinate pre- and post-synaplic neural activily, it would he heneticial tu have

a system where presynaplic nerves could affect K channel expressiun in Ule cells they cunlact,

either by releasing chemical raclors l'rom Ule ncrve terminais, or imlirectly, hy changing the

membrane potenlial. For example, the expression of nicolinic acetylchuline receptors on

postsynaptic neurons is dependent on innervation by presynaptic nerve terminais (Schuetze and

Role, 1987; Jacob and Berg, 1987). To my knowledge, the only repurt Umt shuws evidence,

though indirect, that synaplic inputs affect neuronal e1eclrical excilahilily is une un rat

hypothalarnic neurons in culture (Ling ct aI., 1991). When hypulhalamic neurons arc grown in the

presence of tetrudotoxin (TTX), an Na channel blocker, there is a decrease in the numher ur

spontaneously aclive cclls rneasured afier the drug is washl~d out.

Target factors ure also known to affect the differenliated propcrties or neurons (l'urves allli

Lichtman, 1985). A good exarnple, is of a factor l'rom rai sweat glands which estahlishes the

neurotransmiller phenotype of Ule sympathetic neurons Umt innervate the gland (I.allliis and Keefe,

1983; Landis Cl al., 1988; Stevens and Landis, 1990). Conceivahly, therefure, turget factors may

have a role in controlling a neuron's expression of K curreols. In fact, several Unes uf evidence

suggest that the target influences the expression of a Ca-activated K cunductance on sympaUletic

neurons. First, when rat sympathetic neurons arc grown in culture with heurt cells, one ur their
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targets, evoke(j Al's are followed hy a long-lasting afterhyperpolarization (O'Lague et al .. 1978).

111is hyperpolarizalion, thoughl to he due to a Ca-aclivaled K conductance, is absent in pure

neuronal cultures. Second, removal of bullfrog sympathelic neurons from their targets by axotomy

resulls in a rcduct;on of Ule afler-hyperpolarization of Ule AI', supposedly due 10 a decrease in a

Ca-activated K conduclance (Kelly ct al.. 1986). A qualifier for these axotomy resullS however,

and for oUlCr axolomy experimenls Ulat demonstrale effecls on the e1ectrical activity of neurons

(Kuno et al., 1974; Purves, 1975; Gallego et al .. 1987), is tha! it is hard to dissociate effects due

10 relllovai of lhe target, from effects due to physical injury of the neuron.

ln vivo, neurons are surrounded by glial, or nonneuronal, cclls. Given that nonneurona1 cells

can affect Ule neuron's expressiun of cholinergic receptors (Cooper and Lau, 1986; Smith and

Kessle~, 198R; M"llllelzys and Cooper, 1(92), these cells may also affect ils expression of voltage­

gated K channels. 1I0wever, exccpt for a report demonstraling UlUt nonneuronal cclls influence the

expression of a Ca-aclivated K conductance on sympaUletic neurons in culture (O'Lague et al.,

1(78), no studies have examined Ulis possibility.

11le final possihility, for which lhere is sorne evidence, is UlUt circulating factors, inc1uding

growlh factors, peptides and hormones, may innuence K current expression. A few studies have

shown an efrcct of extrinsic faclors on the AI' duration, wilh the Inference !hat changes in

repolarizing K currents underlie Ule allerations in the AI'. For instance, androgen treatment

increa.~cs Ule AI' duration in Ule electric organ of the fish Sternopygus (Mills and Zakon, 1991).

ln contra.~t, Ncrve Growth Factor (NOF) treatment causes a 34% decrease in the AP duration of

mature rat dorsal root ganglion neurons (Chalazontis et al., 1987). However, NGF treatrnent of

pheochromocyloma (l'C 12) cclls has no effect on the expression of K currents (Garber et al.,

1989), lhough il does increa.~c cellular excitability (Dichter ct al., 1977).

Other repons of epig:nelic inl1uenccs on K current expression include one that shows !hat in

adrenalectomized rats there is a decrea.~e in the size of Ule hyperpolarizing CUITent after the AP
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(IAH.) of CAl hippocampal neurons, as compared 10 sham operaled animaIs (Jocls ami de Kh>cl,

1989; Joels and de Kloet, 1992). Administration of gluCllCllrticoids to orain slices lhlln Ihese

animais for 30-90 min increascs Ihe lA Il. in a prolcin synlhesis dependem manner, suggeslÎng Ihal

gene regulation is involved. Il is Iikely Ulal holh Ule increase ami decrease in IAlIl' arc duc 10

changes in a Ca-activated K conùuclance, however, il is nol known whl'ther Ihis is an elTecl on

intracellular Ca concentration, or on Ule K channels.

Estrogen trcatment of estrogen-deprived mts mpidly imluces in 3 hours a uterine mRNA, that

encodes for a 130 amino acid protein, which is capaole of il1llucing a slow K currem when

injectcd into Xenopus oocytes (l'ragnell ct al .. 1990). However, oecausc of Ihe small si/.e of Ihe

protein it is not c1ear wheUler it encOl:es for a K channel prolein, ur a mOllulalOr of a K channel

protein. NoncUlelcss, these resullS do suggest that estrogcn can have a long lerlll innuence on the

functional activity of a K current. Finally, a reccnt ahstract suggests Ulat cAMP can down regulate

the expression of a K channel gene (RCK1), in that it reduces the mRNA levels in cullured rat

astrocytoma C6 ceIls hy more than 70% (Wang ct al., IlJlJO). However, whal exlrinsic factor

mediales such a responsc is unknown.

1.4.4 Functlonal signilieance of developmenlal chanl:es ln Innie eurrents

Many studies have correlaled changes in K current expression wilh changes in cellular

excitahilily. These changes can lake IWO fonns. The lirsl involves lIIodilicalÎons of the shape of

the AP. As discussed earlier, there is a marked decrease in Ihe dumlion of Ule Al' as alllphihian

spinal neurons develop in cullure. TIus decrease is lIIainly duc tu an increase in a vollage­

depcndent delayed rectifier type K current (Barish ct al., IlJX6; Spilzer, [lJX5). In conlra.~I,

shonerling of the AP duration of emhryonic rat superior cervical ganglion neurons is duc tu Ule

appcarancc of a mpidly inactivaling K current (Nerhonne anù Gurney, 19X9).

The second fonn involves changes in the liring patlern of neurons. For instance, in rat
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neoslrialal neurons a rapidly inactivaling K current present at carly postnatal stages is thought to

he responsihle tilr Ull' ahility of young neurons to fire repelitively (Surmeier ct al., 1991). The

appcarance of a slowly inactivaling K CUITent, by four weeks postnatally, changes the firing

pallern of Ule neurons such Ulal mosl neurons will only lire ence in response to a depolarizing

inpul.

While changes in ionie currents during developmenl l're important for electrical signaling,

tltey may also play roics in direcling neuronal differentialion (sec review by Spitzer, 1991). Ca,

in particular, is important in Ulat it is a co-factor in boUl transcriptional and posttranslational

regulation of gene expression (CarafoJj and Penniston, 1985). Sincc K eurrents play a role in

conlrolling tlte shape and duration of Ule AI', they a1so help to regulate Ca influx into the ccII;

as a result, changes in K currents during development may alter genc expression. For example,

tlte long lasting, Ca-dependent Al's of eflbryonie amphihian spinal neurons are truncated by

developmental increases in K currents (Spitzer, 1985; Darish, 1986). The transient expression of

Ca-dependent Al's or certain K channels (Aguayo, 1989; Surmeier et al., 1991), suggests that ion

tluxes may bc eritical at specifie times during development (Spitzer, 1991).

Studies illlficale lhat neuronal aclivity is important for the pallerning of connections during

tlte development of the nervous system. Investigations in the vertebrate visual system provide

good evidence that aClivity-dependent competition for poslsynaplic neurons is responsible. in part,

for organization of tlte primary visual cortex into ocular dominance columns (Hubei and Wiesel,

1<)65; also see review hy Shatz, 1990). Hubei and Wiesel showed that if an eye was lemporarily

patchell during developmenl, the ocular dominance columns of the kitlen primary visual cortex

were disruptcd, prcsumahly hecause inputs to the cortex from Ule unpatched eye, in a competitive,

use-dcpendcnt fashion, rcplaecd the electrically silent inputs from the patched eye. Further

cxpcrimems ShOWCll that hOUl presynaptic and postsynaptie activity are important in making

conncclions. Since K channcls rcgulatc both pre- and post synaptic activity, it is quite Iikely that
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the differential expression of K currenls during llevelopml,nl plays an imp<lOant mie in

delermining thc connective organizalion of the ncrvous syslem.

1.5 Summary and conclusions

Approprialc communication at the synapse is essential for the functioning <lI' the nervous

system. The aclion potentials produced by ncurons must Ile of a precise dumlion ami shape,

intensity and frequency if Uley arc to produce appropriale funclional responses inlhe larget ecUs.

Electrophysiologieal experimenls, discussed in Ulis chapler, show UlUt ionie Ilow Ihrough vollage­

gated K channels serves to regulate Ute pattern of ncural signais. Molecular hiological slUllies have

revealed that a large number of different K channels may exist. TIte particular set of K channels

a neuron expresscs will determinc ils signaling bchaviour. Which set of K channels a neuron

expresses is decided during development, proba:lly as a resull of a comhinalion of inlrinsie ami

extrinsic regulation. For the mosl part the nalure of this regulation, hulh in terrns of faclors

involved, and Ulcir mechanism of aclion, is unknown.

As such, Ute ralionale for my doctoml rescarch was 10 sludy questions relaling to the

expression of vollage-gated K channels, to gain a bctter undcrslanding of the control mechanisms

involved in determining the liring behaviour of neurons. While other K channels such as Ca­

activaled K channcls and inward recliliers also play an imporlant role in regulaling Ihe eleclrical

activity of neurons (Rudy, 1988), wc conccntraled on Ihe expression of K ';hannels gated hy

voltage as a model for how Ule expression of a particular class of ion channels is regulaled.

Questions conccrning the control of K current expression are difficult 10 address in the adult

mammalian ccntml nervous syslem (CNS). To invesligate epigenetic inlluenccs on K currenl

expression it is necessary to he ahle 10 manipulatc Ute environmenl of the neurons. However,

given the complex organization of the hrain, there are prohlcms in isolating pure population~ of
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CNS neurons, Uldr axons, amI the neurons that innervale thern. As such, it is difficult to test

wheUwr the expression of K currents hy neurons is innuenccd hy their presynaptic neurons, or by

the neurons they contact. In addition, it is orten not possible 10 grow purc populations of CNS

neurons in cu liure where the external environment can be conlrolled.

ln Conlrasl, Ule pcripheraJ nervous system (PNS) has scveral advantages for slUdies on the

conlrol of K currenl expression. 111e neurons arc collected illlO homogeneous ganglia ensheathed

hy connective tissue, and as such, arc easily accessihle. 11wrefore, it is possible to properly

document and charaelerize the Kcurrents expressed by spccilic neurons, and to determine whether

changes in (heir expression occur during development. If Utcre are modifications in the expression

of Kcurrenls during development, pcripheral ganglia are a suitable preparation to examine the role

of epigenetic inl1uences in Utcse changes; the axons of Ule neurons, and the axons of the neurons

Utat innervale them, arc easily accessihle for axotomy and de nervation , and the neurons can bc

cullured. A final imponant poinl is tlmt neurons of the CNS and PNS express sorne of the same

K channel genes (Ileckh ami Pongs. 1990) indicating Umt the information obtained by studying

K current expression in the l'NS will he relevant to the control of K current expression on CNS

neurons, which arc more diflicull 10 sludy.
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1.6 Overview

We have investigaled the postnatal conlrol of K cllrrenl expression on sensory allli

sympaUletic nellrons of Ule l'NS. TIle ohjectives of Ule experiments presenled in Ihis thesis were:

First to characterize voltage-galed K currents on neonatal rat Illxlose sensory allli superior cervical

ganglion (SCG) neurons; Then to investigate possible chal'ges in Ule expression of voltuge-gated

K currents during poslnatal development; Suhsequently to idenlify factors l'rom the Iluid or

cellular environrnent of Ule neurons Ihat arc involved in developmenlal changes in K currelll

expression, ilnù, Finally, 10 identify Ule genes that encode for Ihe voltuge-gated K channels in l'NS

neurons, in order to compare Ulem with those genes expressed in the CNS, ami 10 investigate

whether developmenlal chunges occur al a lranscriptional or lranslalional leve!.

Chapters in Uùs thesis present data on Ule expression of voltage-gated K currents on raI

periphera! neurons, and the conlrol of this expression during ['oslnalul development.

(A) ChanIer 2: TIlis chapter is a general meUIOlls seclion Ihal descrihes Ule culture,

electrophysiologica!, and molecular hiological lechniques used l'Jr the experimenls Jiscussed in

Chaplers 3, 4, 5 and 6.

(il) ChanIer 3: This chapler discusses the characlerizalion of K currenls on nodosc and SCt i

neurons. Cooper and Shrier (1989) showed that rat nodose neurons exprcss 3 types of voltagc­

gated K channels: a non-inactivating delayed rectifier (IK); a rapitlly inaclivating A-curreol (lAI);

and a slowly inactivating A-currenl (lAs). lAI' an" lAs share many single channel propcrties, such

as single channel conduclancc and mean open time.

The studies in Ulis chapter were performed 10 answer IWo question~: Since lAI' and lAs share

severa! single channel properties, are Uley medialed by Ule same channel Of 2 diflcrent channel

subtypes? To answer Uùs question 1 investigated Ihe voltage-dependcnt, kinetic and

pharmacological propenies of IAr and lAs both at the single channel and macroscopic leve!. lllese
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sludics show IhallAf, lAs and IK dilTer signilicanlly in lIleir vo1lage-depcndcnl. pharmacological

ami kinetic propcrties suggesling Ihey arc mediated hy differenl K channels,

111e second question is do neurons of the pcripheral nervous system express similar voltage­

galed K currenls'! To answer Ihis queslion 1investigated K CUITent expression on rat sympathetic

neurons from lIle Seci, My sludies show lImt SCO neurons express IAf. lAs and IK, with very

similar propcrties to lhose reported for nodose neurons, 11lis is lIle lirst demonstration that SCO

neurons express a slowly inactivating currenl, and the !irsl time the propcrties of a slowly

ina..:tivaling current have heen characlerized on pcril'i1eral neurons,

(C) Charler 4: l1lis chapler discusses studies IIlvestigating Ule expression of voltage-gated K

curren's on nodose and SCO neurons, 1quanti lied Ihe levels of expression of IAf, lAs and IK on

nodose and SO; neuron:; at differenl limes during U.e lirsl two weeks (:;)stnalally, These studi~s

show Ihal dUi ing Ih',' /irst two weeks of postnalal dt'velopment there is a switch from a

prellominanlly slowly inactivating ouiward CUITent at hinh, hl a predominanlly rapidly inactivating

oulward cUITenl hy poslnatal day 14, Interestingly, lhere app~'ar to hl~ few changes in the

expression of IAf, lAs and IK on nodosc neurons over this same pcriod,

11le slmlies presenled in lhis c1mpler suggest that Ihe vo1lage-gated K currents expressed on

neonalal SCO neurons, hUI not nodose neurons, undergo further modification over the lirst two

weeks nr poslnalal developmenl. In addition, these resu1ls suggest that the regulalion of voltage­

depel~llenl K currenlS hy sensory and sympallletic pcripheral neurons is different.

(Il) Chartt'r 5: 11lis chapler discusses the results of experiments with postnatal seo neurons.

designetl to identify lhe factors involvell ill changes in K CUITent expression during development.

11le resu1ls from i" vivo denervalion and axOlomy experiments show thal preganglionic

innervai ion, ami the targel arc nol in\'olved in changes in K CUITenI expression during postnatal

development. In mldilion, SCc. neumns were grown in cu1lure; the results demonstrale that

neonalal seo neurons in eu1lure do not show the normal devclopmental change in K cUITents,
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suggesling tllat an exlrinsic faclor, missillg in cullure, is rel(uirel! lllr the ,kvclopml'Illai changl'

to occur. ln addition, in cullure. seo neurons actuaily lose lheir lAI' ami lAs currenls. 1lle loss

is prcvented by a soluhle faclor provil!el! hy nonneuronal cclls. suggesling thal a nlluueunlllai ccII

factor is requirel! for Ille neurolt~ tll express lAI' and lAs.

(D) Chanter 6: 1llÎs chapler <liscusses initial atlelllpts using l'CR (polYlllera.~e chain reaclion)

homology screening to il!entify Ihe genes responsihle I\>r the K currenls expressel! hy sec i

neurons. Prcliminary resulls suggest IIlal SCO neurons express a Illelllher uf a knuwn K channel

gene subfamily. ln al!dilion, tllese stul!ies indicate IIml the technique uf l'CR hOlllology screening

will be useful in isolating oliler K channel genes expressel! hy Sel; neurons.
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Chapter 2

MatcriaIs and Mcthods

2.1 Preparation of ccII cultures

2.1.1 AnimaIs

Nodose and superior cervical (SCO) ganglia were dissecled under sterile conditions from

newhorn rats (Cn slrain, Charles River, Canada) killcd hy cervical dislocation. In sorne

experilllcnts, ganglia wae removed from rat pups 3, 7 or 14 days postnatally.

2.1.2 Dissocialion

SCC; and nodose ganglia were dissociatcd and the neurons cultured as originany described

hy Mains and l'allerson, 1973 and Hawrot, 1980. The ganglia were dissocialed al 37°C in the

fonowing enzyme containing media: lIIodilied Leihovitch-15 (1.-15, Gibco) media (supplemented

with vitamins amI cofactors, see helow), penicillin (lOOu.lml, Gibco), streptomycin (0.25mg/ml,

Ciihco), glutamine (2IXlmM-stock solution, Microbiological Associales, 0.2mg/ml) and glucose

(O.OIg/ml) 10 which was added collagenuse (lmg/ml, type l, Sigma) and a neutral protease

(Dispase, grade 2, 2.4mg/ml, Boehringer Mannheim). ACter 15 minutes in Ulis solution, the ganglia

were genl1y triturated using a lire polished glass pipclle. 11le pipette was Iirst coated with plating

lIIedia, consisling of a 1.-15 solulion conlaining 10% horse serum (Gibco), to prevenl the ganglia

slicking 10 the sides. When tl1e chunks of ganglia had sellled, the solution was removed and

replaced witl1 lIIedia silllilar to tl1at descrihed ahove, exccpl that the collagenasc was nol present.

11le dissociation was eontinued at 37"C, and every 15 mins the solution was trilurated 100 times;

aner 3-4 hours Illere were no chunks visihle 10 the eye and the dissociation was SlOppcd.

'1ll' ccII suspension \Vas added to 5 ml of plating media to inactivate the enzymes, and
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centrifuged (International Clinical CClllrifugc. Intcrnational Equipmclll Co.) at D.'5 r.p.m. (25g).

To scparate UIC nonncurllnal cclls l'rom Ihc ncurlllt~. thc pcllct was rcsuspemlcll in 0.5 ml of

plating media and addcd to Ihc top of 6 ml of l'crcoll solulion; this solution clllt~istcd of 33%

Percoll (Pharmacia). madc with 1.-15 Air. and buffcrcd with lOmM HEI'ES. 'nlC l'crcoll solution

was centrifuged for 15-20 min to establish a dcnsity gradicnt; thc nCUrllns which arc dcnscr Ihan

the nonncuronul cells arc found in tllC pellct. whilc thc nonncuronal cclls rcmain in suspension.

The 10p 70% of Ule solution was rClllovcd. UIC pellct rcsuspcmlcd. allli 5ml of plaling mcdia was

added. The ccII suspension \Vas ccntrifugcd for 5min at thc samc specd as ahovc. TIlc cclls \Vcrc

washed in plating mcdia by resuspelllling tllC pellet in 5ml of plating mcdia. und ccnlritilging it

at 1335 r.p.m for 5 min. The pellct \Vas rcsuspendcd in plaling mcdiu (0.1 ml/culturc dishl. allli

two drops of the suspension werc platcd onlo luminin/ collagcn coulcd covcrslips of modilicd

culture dishes contaîning 1.5 ml of growth mcdia (dcscrihcd hclow). TIlc ccII suspension was

restricted 10 the centcr wcll of UIC culturc dish by a stcrilc glass ring. TIlc culturcs wcrc incuhalcd

in an uunosphcre of 95% Air und 5% CO, at 37"C. und \Vcrc fcd with growth mcdia cvcry 2 days

for the firsl 4 days. and subsequently cvcry 3-4 days.

2.1.3 Culture media

Ll5-Air

Ll5 medium (14.9g. How Laboralorics Inc.) powdcr was dissolvcd in IOXOml of douhlc

distilled water. To UIC mixture was addcd: 60mg imidazolc. 15mg glutamic acid. 15mg prolinc.

IOmg inositol. I5mg asparUc acid. 15mg cystine. 5mg f.l-ulaninc. 2mg vitamin Il 12. IOmg cholinc

chloride. O.5mg Iipoic ucid. O.02mg biotin. 5mg f.l-arninohcnzoic acid. 25mg fomaric acid (ail from

Sigma). and O.4mg coenzyme-A (1'-(. Iliochemicals. Inc.). 'Illc pH of thc sololion was adjuslcd

107.35 with IN HCl. and was filtcrcd through a O.211mliltcr (NucIcoporc). LIS Air was storcd

at 4°C.
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U5-CO,

Before fillering, 170 ml of ISO mM NaHCO, was added to 850ml of base LIS Air medium.

When used in groWlh media, cxposurc of UIC solution 10 an almosphere containing 95% air and

5% é:O, kccps UlC pH of thc solution at 7.4. LIS-CO, was slored at 4°C.

Piating media

l'iating mcdia consislcd of 50ml of modified LIS Air mcdium 10 which was added: 5.0 ml

horsc scrum, 0.5 ml pcnicillin-strcplOlllycin (10000 units/ml pcnicillin and 10mg/ml streptomycin,

(iihco), 0.5 ml glucose (O.4g/ml, slcrilizcd by autoclaving), 0.5 ml L-glutamine (200mM stock

';olution, Microhiological Associatcs), and 0.5 ml frcsh vitamin mix (FVM). FVM consisted of

i>.o25mg 6,7-llilllcthyl-5,6,7,H-tclra hydropterine (Biochem-Boehring Corp.), 0.1 25mg glulaUùone

(Sigma) and 2.5 mg ascorhic acid (Sigma) in 0.5 ml of stcrile water (pH 5.4), which was sterilized

hy filtcring Ulrough a 0.2 ~n filtcr (Nucleopore).

(irowlh mcdia

(JrowUt mcdia consislcd of LIS-CO, media, supplcmcnted wiUt penicillin-streptomycin,

glucosc, glutaminc, FVM, 5% raI serum, and 7S-Nerve GrowUt Factor (lOnM). Nerve GrowUt

raclor (NGr) was prcpare'! from male mouse submaxilJary glands by gel nItration tr.rough

Scphadcx G-UX) IhlJowcd hy DAEA-cclJulose fractionation (Bocchini and Angeletti, 1969) and

stored at -20ne. In onc serics of experimcnls, neonatal nodose neurons were grown in culture in

thc ahscncc of Nervc OroWUl Factor, and in Ute presence of rabbi! antiserum to 2.5S NGF at a

1: IlXXI dilution. 11lis antiscrum at 1: I<KXlO, blocks Ute cffcCL~ of IOnM 7S NGF when added to

dissocialel\ rat sympalhctic neuron cultures.

ln SOIllC culturcs of seo ncurolt', ciliary neurotrophic factor, CNTF, was added to Ute growUt

media. Recomhinant rat CNTF (kindly provided by Dr.P. Richardson) was used at a concentration

of lOng/mi, which is salurating for its clTects on Ute neurotransmiller phenotype of sympaUtetic

neUfOns (Saadal ct al.. 1989).
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2.1.4 Culture dishes

Cullure dishcs wcrc prcparcd oy ooring a holc (lllmm) in OIC cellicr of a pla.'lic petri dish

(Falcon #1008. 35mm) and allaching an acIar (AlIicd Plastics) covcrslip. coalcllthrcc limcs wilh

adult raI tail collagcn, 10 OlC outsidc of OIC dish with a silicon cla.'tomcr (Sylgard. llow Corning).

Thcse culture dishcs also scrved as rccording cIlal',hcrs 1<lr lhc cIcctmphysiological cxperimcnts.

Laminin (kindly providcd by Dr.S.Carhoncllo) at a concenlration of 30J.lglml (llilutcd inl.15-Airl

was added to the cenlcr wcll of OIC dishcs for 12-24 hrs al 4"C hcl<lrc plaling Ihc ncumns. Prim

to plating. the dishcs wcrc washed 3 limcs with Ll5-Air tll rcmovc cxcess lalllinin.

2.2 Experimental preparations

2.2.1 Neuronal cultures

To prepare pure ncuronal cullurcs. most of Ole nonncuronal cells wer.. removcd lrom Ihc

original gangliollic ccII suspension hy ccntrifugation Ihmugh a dcnsily gradicnt (l'crcoll). In

addition, cytosinc·arabinoside (ARA-C. Sigma) (5-IOJ.IM) was added 10 Ule growth mcdia 1<lr Ihe

initial 2-3 days 10 eliminate virlually ail Ole remaining nonneuronal cells l'mm Ole cultures. In

sorne experiments, whole ccli recordings wcre perforllled 0'1 aculely (2-4Khr) dissociated ncurons.

Other neurons were mailltained in cnllurc and experilllenls were perforllled 3-2K days laler.

2.2.2 Expllmt cultures

SCO were removed l'rom postnalal day one (1'1) or day 7 (1'7) animais, cul in hall' and

mainlained in tissue cullure for 2 wecks, as descrihcd aoove for dissocialed ncurOlt'. TIlCreafler,

the cultures were removed and Ole ncurons dissocialed cnzymatically, as descrihed for freshly

isolated ganglia (sec scction 2.1.2). Whole ccli recordings wcre Olen perlilflned on Ulesc neuron,
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within 2-24hrs of plaling.

2.2_, Cn-cultures nf SCG neurons wilh olher ccII types

Neurons dissocialed from SCC; from 1'1 animais were plaled on 10p of monolayers of

nonneuronal ccIIs, andmaintained in cullurc for 14 to 28 days. The growlh media is as describcd

ahove.

(Janglionic nonncuronal cells

Nllnneuronal cells were ohlained hy spinning lhe ganglionie ccII suspension lhrough a l'ereoll

dell~i1y gradient. 1lle top 70% of Uw supernatanl was rcmoved to reeover lhe nonneuronal cells

(Ule neurons can he recovered by resuspending lhe pellel). These cells were lhen plated on

laminin/collagen coaled coverslips, and fed wilh growth media consisti..,:: of Ll5-CO, medium,

penicillin-streptnmycin, glutamine, glucose, FVM and fetal calf serum (10%). Once lhe cells had

formed a conlluent monolayer, Ule cells were irradiated ("'Co, 5000cGy) 10 prcvent further cell

division. rreshly dissociated 1'1 SeG neurons were plated on top of lhese nonneuronal cell

monolayers and cullured in Ule presence of growlh media wilh 5% rat serum.

Another lllethodl()r oblaining Co-cullures of neurons wilh Uleir nonneuronal cells was loomil

the l'en;oll separation slep during lhe plating of Ule neurons. In addition, lhese eultU1~s were nol

treated witl! ARA-C. lIy a week in cullure lhe nonncuronal cells completely eovered lhe cullure

dish. In some experimellls, neurons l'cre isolated from 14 day old animais (1'14) and werc grown

in the presence of nonneuronal cells from 1'14 animais.

Bean cells

Heart muscle was removed from l'1 rats, eut into small pieccs using irideclomy scissors and

incuhated WiUl collagenase (5mg/ml) l()r 15 nünules wlùle genlly stirring. The supernalant was

discarded, Iresh enzyme added, and incubation continued for anolher 15 minules. The supernalanl,
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containing the isolaled hean eclls, wus removed and 5ml of serum contuining lIledia (1.15 Air ami

10% felal calf serum) was added 10 Ihe supernalanl to inaclivale Ihe enzyme. Meanwhile, fresh

enzyme was added to the tissue, and lhe incubation pWCl'eded lilr a Iinal 15 minules. 'Ille

supcrnatant from Ulis third incubation was rellloved and allded to 5ml of serum containing media.

The supcrnatants from the second ami Ulird enzyme trealmenls were cOllloined and spun al Ln5

r.p.m for 5 minutes. The supernatam \Vas discardcd, and the pellel resuspended in 5 ml of plaling

media. The suspension was spun again for 5 minules al 1335 r.p.m, Ihe supernalalll discanlcd and

the cells resuspended in 1-2mls of pluling media. One drop of lhis ccII suspension was plated on

lamininlcoUagen coated coverslips. 'Ille cuUures were then lreated as descrihcd aoove fur Ihe

ganglionic nonneuronal cell cuUures.

Skin cuUures

A piece of skin. including eClOdermal tissue, was removed from Ule lower oack of poslnalal

day one rais. TIlis piece was Ulen CUI into smaller pieces using line irideclomy scissors. 'Illese

picces were treuted us described ubove for the heun muscle llissociution. und cuUured as descrihcd

for the ganglionic nonneuronal ccli cuUures.

2.2.4 Conditioned media cultures

To oblain conditioned media, pure cuUures of nonneuronal cells from 1'1 animais, ooluinell

as above. were grown to conOuency. TIle growth media wa.s then changed to Ulal used lhr

neuronal cultures: Ll5-CO, containing Nerve GrowUl l'aclor (IOnM), 5% raI serum. pcnicillin­

streptomycin. glucose. glutumine and FVM. Cells were fed every 3-4 days, the media was

harvested, Iiltered througo a ().2~ Iiller (Nucleopore), and slored al -20"C. sec; neurons from

1'1 animais were grown in culture in the presence of (1)''', comlitioncd media 140% growUl media;

NGF. rat serum (5%). pcnicillin-streplomycin. glucose, glulamine. and I-VM were addcd in Ule
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appropriate quanûûes 10 the lotal volume of media as thougl. !pey were not present in the

conditioned media, 10 accounl for the possible loss of these faclors with time in the conditioned

media. In expcrimenlS with condilioned media, control cultures (no conditioned media) a1so had

lhe ingredienLs of Uleir growlh media doubled.

2.2.5 Hcdissocialion of 2 week old cultures

ln one cxpcrimenlal series, neurons that had grown in culture for two weeks were re­

disslK:ialed and re-plated in order tu examine voltage-gated K currenls on neurons that had bcen

in culture fur 2-3 weeks bulthal did nol have extensive proeess outgrowth. For these expcriments,

the cullured neurons were incubaled WiUllIypsin (0.5% in Ll5 Air) for 5 min at 37°C and then

trituraled wiUI a fire-polished pipclle hefore re-plaling the neurons in growth media as describcd

ahove.

2.3 Elcctrophysiology

2.3.1 Data rccordin/.: and analysis

Voilage sleps were delivered hy a computer-controlled slimulator. The computer was a 386

hascd l'C (AT class with an EISA bus and running at 33 MHz with a 64K cashe and an AID card

(Omega»; the software fnr sûmulalion, data acquisition and analysis was written by Mr. A.

Sherman (Alemhic Inc., Montreal, Que). Membrane currenls and voltages were fillered at 3 kHz

with an X-pole hessel tiller (Frequency Deviees), digitized al 44 kHz by a pulse code modulation

unit (l'CM. Sony Corp.), sampied, displayed and stored online. For e~rlier expcriments ,."ose

descrihed in Chapler 3), wholc eell and single channel currents werc fillered at 3 kHz and

digilized at 44 kHz hy a pulse code lIlodulation unit (l'CM, Sony Corp.) and recorded on a Beta
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cassette recorder (Sony SL 27(0). fllr lllT·line analysis. currems were lillered Ihrough an X'pok

Dessel tilter. digilized by a 12·bit NIJ Cllnvener con\folled hy a Digital Equipmenl Cllrporalilln

(DEC) POP 11/73 microcampuler anll wrillen omo data lïIes. lJala analysis was carried out on

a DEC computer. for ail experimen\s. Ihe duration of Ihe vllllage sleps were either 125ms. 6s or

lOs: for 125ms stcps the dala were Iillered al 1.5 kHz and sampled at 5-10 KHz. whereas. t()r lhe

6s and lOs steps. the data were lirst relillered al 100 Hz amllhen sampled al 2(X) IIz.

2.3.2 Whol\) cell recurding

2.3.2.1 Experimental conditions:

SCG and nodosc neurons were vllllage-c1anlped osing whole·cell patch recording technillues

(Hamill cl al .• 1981). ln some experiments, recordings were donc on acutely dissocialed neurons

thal had been in cullure for 2-48 hour. No changes in Ule propcnies. or currenl densilies of Ihe

K currcnts expressed by nodose or SCO neurons were ohserved over lhe lirst 2 days in cullure.

Allernatively, neurons were grown in cullure for 3. 7. 14. or 28 days before recof(ling.

Ali experiments were donc al roomlemperalure (21-24"C) with a Lisl EI'C-7 ampli lier. 'Ille

pipclle resistances were 2-5 MOhm and were lilled with inlraccllular media (described below).

The currenl signal was balanced 10 zero with the pipeIle illlmersed in lhe halhing slliulion. 'OIC

seal rcsistanœs were 5·50 GOhm ami Ihe series resislanccs were usually ellmpcnsaled Illr when

recording whole·œll currenlS and had values of ahllul 4- JO MOhms. TIle ncurons were

continuously supcrfuscd with extraccllular solution (descrihed helllw) at a rate of 0.5 ml/min.

during the recording session. In tile pharmacologieal experimems the K channel hlockers

letraethylammonium(TEA) Dr (!OmM; Sigma) and 4·aminllpyridine (4-AI') CI (1 mM; Sigma)

were applied by bath perfusion.
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2.3.2.2 Whole-cell curren!s:

To sludy voltage-activaled K currents, inward Na and Ca currenL~, and the Ca-dependent K

currem were hlocked pharmacologically: Na currents were blocked using TIX (11JM) and external

Na (2mM was added) wa.' replaced with ChCI (l40mM); CoC!, (2.5mM) and low Ca solutions

(0.5mM) were used to block Ca and Ca-dependent currenls. Only neurons with greally reduccd,

or completely blocked inward currents were used in !his sludy. Any neuron in which there was

a suggestion of poor clamping, such as nolches, oscillations, or delayed a11-or-none inward

currents was exduded.

111e (olal ouI ward currents on nodosc and SCG neurons (characterized in dctail in Chapter 3)

are made up of lhree voltage-galed currents which differ in Uleir kinetic and voltage-dependent

propcrties: a non-inactivating currenl (IK); a fast transient A-type current (lAt) that inactivates

with a time course of 10-30 msecs; and a slow transient A-type current (lAs) that inactivates with

two components. one willl a time conslant of lOO-300ms, llle other with a time conslant of 1-3s.

11le lIuee K currenls investigated dilTer in their voltage-dependencc of inactivation. Therefore, by

holding the menlhraœ at different potentials we were able to sclectively activale one or Iwo of

Ille currents. 11lis enabled us to use subtraction techniques (described in full in Chapter 3) 10

separale individual currents for characterization. Briefiy, Ule membrane was held al a potential (- JO

or -20 mY) where depolarizing sleps evoked only IK. 11le IK currents were subtracted l'rom

currems (IAf+IAs+IK) evoked hy steps to the same dcpolaril.ing polentials l'rom a more ncgative

polemial, -90 mY, to isolale the A-currenL~.

For whole œil current analysis, IAr, lAs and IK currenls wcre isolated, uncontarninated by

eadl other, or hy leakage currems. For measurement of the current densily (pAlpF), IAr, lAs and

1K current amplitudes were delermined l'rom Ule current evoked by a voltage step 10 +30mY aftcr

each current was isolated l'rom Ille other two, and divided by the ccli capacilance (pp).
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Measurements of lAI' were made al ÛlC peak of ûle CUITent, approximalcly )-Illms afin the

beginning of ÛlC de[.01arizing voilage slep. For lAs ami IK, ûle amplitude measurements were

made atthe plateau, 125 ms afler ûle bcginning of ûle step siocc ûlese CUITenl, showed little or

no inactivation during the first 125 ms; any contaminaling lAI' CUITent was completely inaclivated

by this point. Cell capacitance (pF) was obtained by inlegraling the capadty CUITent evoKed by

a !OmV hyperpolarizing voltage step and then dividine ûlis CUITent by tllC voltage step.

2.3.3 Single channel reeording

Ail single channel recordings were made in tlle eell-allached configuration (Hamill et al.,

1981) on nodose neurons ûlat had been in culture for 10-30 days. Recordings were done at rnllm

tt:mperature with a List EI'C-7 amplifier. Electrodes were sylganled (Sylgard, Dow Cllrning) ~ml

were fille<! with extracellular media (sel' bclow). l'ipelle resislanees were 2-6 MOhm, and the seal

resistanccs were 5-50 GOhm. TIle mean resting pOlenlial was -55mV±6.7mV (Sil, n=4I),

rneasured l'rom the zero CUITent immediately after breaking through tlle paleh at the end or the

experirnent, and was consistent Willl values Ûlllt have been llIeasured in previous s':lllies wilh

intracellular electrodes. Patch potentials are expressed in this l!lesis as memhrane potentials hy

subtracting the pipette potential l'rom the !esting potenlial. In tllose patehes where il was nol

possible ta break waugh the patch at the end of tlle experilllent to record a 'ef ling potential, the

mean resting potential was used la determine the expcrimenlal memhrane pOlentials. Ali records,

exccpt where indiealed, were eOITeeted for capaeity transienls and leakage eUITenlS hy suhtraeting

an average of steps (n= 15) to the same potential in whieh no channel openings oceurred. Enscmhle

averages were produccd by averaging lhe sum of 40-50 individual traces to a single step potential,

using the DEC computer. Single channel CUITents were low-pass IiItered (1 kHz) willl an eight­

pole Bessel filter, and sampled al 5 kHz, exccpt where indicaled.
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2.3.4 Solutions

TIle ionie composition of lile extracellular solution was (in mM): 140 NaCl, 5.4 KCl, 2.8

CaCI" IJ.l X MgCl, ' 10 HEPE5 (pH adjustcd with NaOH; British Drug House (BDH», 5.6

(i/ucose. The pH was 7.3-7.4. For whole-cel1 recording \.0 jlM Tetrodotoxin (Sigma) was added

to lhe media to hlock lile Na currenl. and almost ail lile Na was replaced by l40mM ChC!. CoCl,

(1-3mM) was addcd to hlock Ca currents, and CaCI, levels were also reduced to 0.5mM. The

recording pipette containell (in mM): 5 NaCI, 140 KCI, 10 HEPES (pH adjusted with KOH), 1

MgCl" 10 EnTA dnd 0.2 CaCI, (final concentration of approximately 10.7 M). The pH was 7.3­

7.4.

2.4 Molecular biological identification of K channels in SCG neurons

2.4.1 Tntal RNA isolation

Tolal RNA was isolated according to the melhod of Chomczynski and Sacchi (1987). Three

11I1 of solution D (4M Guanidinc lilÎocyanate, 25 mM Na Citrate, 0.5% w/v Sarcosyl, and 0.72%

v/v ll-MercaplOethanoI) was added ID SCG removed from PI rat pups. Ganglia were homogenized

using a polytron for 1O-30s. TIrrce hundred Il! Na Acetate (2M, pH 4.0), 3011 H,O salurated phenol

and 6(Xl~1 Chioroforlll:isoalllyi alcohol (24:1) were added scqü~n'i'l1ly with vigorous vonexing

hctwcen cach addition. TIle tubc was incubaled on icc for 15 min. and then centrifuged (Beckrnan,

5524) (br 20 min at95lXl rplll at4°C. TIle aqueous phase was transferred to a clean tube, an equal

volullle of I()()'le isopropanol addcd. and lile mixture left to sil for an hour at 4°C. The solution

was ccntrifugcd (Bccklllan, S524) at 95()() rpm, for 20 nlÎn at 4°C to pclletthe RNA. The pellet

was rcsuspendcd in 3 11I1 of solulion D. and 3 ml of 100% isopropanol was added. The solution
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was left al -20°C for 1 hour, and Ulen ccntrifuged al 95(X) rpm al 4"C lbr 20 min. Aller

resuspending the pellct in 75'70 eUlllnol, UlC RNA was prccipilaled lly ccntrifugalion, ami

resuspended in 4OOJ.Ù of DEPC (diethylpyrocarbonale, Sigma) Ircaled H,O. 111e RNA was slorel!

as a saltlethanol precipilate at -20°C.

2.4.2 First strand cDNA synlhcsis

The total RNA isolatcd l'rom SCO was used to producc tirsl slrand cDNA (cIlNA Cycle Kil

l'rom Invilrogen). To synUlesize tirst slrJnd cDNA, 2.5J.11 of l.\-mercaplllClhannl (O.7M) was alll!el!

10 JOJ.lg of total cellular RNA. This mixlure was incuhaled for 2 min al 65"C in the presenC!' nI'

random primers provided by the kit (lJ.lg/IJ.Ù). DNA synthesis occurred in Ihe presencc nI' a

placental RNAse inhibitor, avi JO mutine reverse transcriptase (5 unils), and the 4 nuclentide hases

(c'ATP. dTT!'. dCTP. dOTI') each al a final concentratinn of I.25mM. Radinaclively lahelled "1'_

dCTP (JOJ.lCi/lube) was used 10 mnnilor the amount of DNA produced in Ule reaclinn. Synthesis

reactions were carried out for an hour al 42°C. Aner heating al 95"C for 3 min tn denalure Ihe

cDNA-RNA hybrids in order to provide fresh RNA lemplales. new reverse transcriplase enzyme

was added, and the reaclion allowed to proceed for another hnur al 42"C. DNA was extractel! wilh

phenollchloroform. precipitated WiUl a 0.1 volume of 3M NH,Ac (pH 5.2) and 2 volumes nI' llXl'JI,

EtOH. washed with 70% EtOH, vacuum dried and resuspcnded in 15 J.Ù of TE buffer (IOmM Tris­

HCl pH 8.0. ImM EDTA) for slorage.

To verify if cDNA synthesis rC:lclions were successful. 1J.Ù of each sample was cnunled using

a liquid scintillation analyzer (1600 TR. Packard). Six UlOusand cpms of cach reaclion were run

on a 1% agarosc gel. 1lle gel was dried at 65"C for 2 hnurs. and exposed 10 X-ray film (Kodak)

for al leasl 12 hours.
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2.4_1 Pulymerase chain reacUuns (PCR)

l'CR reactions were run in either 25, or 50fll volumes, on a l'erkin Elmer-Cetus Thermocycler

using standard l'CR procedures as described by Saiki and co-workers (1985; see also Inois el al.,

l'J'JO). Negative controls, where ail reagenl~ ure added, bul no DNA is present, were always

included. for a 25111 l'CR reaction, Ifll of lirst sU'and cDNA (approximately 1 ng) was added to

14.5 III of distilled H,O, 2.5111 of l'CR bul'fer (consisting of 20lllM Tris-HeI (pH 8.3), 5mM MgCl,

25mM KCI, 0.05% Tween 20, HXllIg!ml BSA), and Ifll each of sense and anti-sense degenerate

primer pools at a linal concentration of IIIM. The DNA was denalUred by heating the mixture at

'JH"C ",r 10 min. llle mixture was allowed 10 cool, and was cenlrifuged briefiy to collecl

collliensation. lllen, 2.9111 of distilled H,O, O.5fll of !OmM dNll's (dAll', dm>, dGTP and

dCll'), and 1-2 units of a UlCrmoslable DNA polymerase (TAQ DNA polymerase; V.S.B) were

adued. Twenty-live III of minerai oi! was layered on top of the reaction 10 prevenl dehydration.

lllirty-live cycles of denaturation, annealing and extension were performed for amplification

reactions.

Ilenaturation

llie double sU'anded DNA was denalured for 1 min at 94°C 10 pro'fide single sU'anded DNA

templales appropriale for priming and DNA synthesis.

Annealing

Annealing was carried out tilr 1.5 mins at a tempcralure where the oligonueleotide primers

hyhridize III Ule lemplate DNA. llle use of degenerate primers, whose nucleotide contents diftcr,

ncccssilaled an initial live low stringency cycles at an annealing lemperature of 35°C 10 ensure

thal ail primers could potentially prime DNA synthesis. llle remaioing 30 cycles (lùgh slringency)

were pcrformed with an annealing lemperature of 55°C (for 2 min) 10 increase the specificily of

the reaction by decreasing UIC amounl of . Jn-specific priming.
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Extension

For the 5 low stringency cycles Ole temperature was ramped from ~5"C 10 72"l' ovcr 2.5 min.

DNA extension by Ule TAQ DNA polymerase proceet!ed al 72"C tilr 1 min. For thc ~ll high

stringency cycles Ole lemperalure was changed as quickly as p<lSsihle hclween 55"l' al1lllJ4"t';

there is sufficient time tbr DNA eXlcnsion givcn the shon Icngth of Il,,· t!esiret! nucleolÎlk'

fragment.

2.4.4 Processlng of DNA

2.4.4.1 Size selection:

The l'CR reaction was halted hy cooJing 10 4"C. TIle l'CR reacti"" volume was carcfully

removed to avoid cOnlamination wilh minerai oil. TIlc 1INA was precipilalct! wilh a 0.1 volumc

of NH,Ac(3M) and 2 volumcs of 100% EtOH. TIlc DNA pellet was washcd wilh 70% 1'1011.

vacuum dried. and rcsuspendcd in 81l! of TE (\OmM Tris-CI. ImM l'DTA, pl1 K.O). TIle enlirc

sample of DNA from each reaction w..' .;:,' on a 3% agarose gcl, containing elhidium hrnmit!c

(O.lllg/ml) that allows DNA fragmcnts 10 be visuaJized undcr ultraviolet lighl. A hant!

cOlrcsponding to Ole appropriate size was cut from OIC gel wilh a razor hlatte. ul1lter ultraviolct

Jighl.

2.4.4.2 Isolation of DNA;

The cut gel sJice was placed on top of siliconizcd glass woul Il'' . ,s packct! inlo thc hoHom

of a picofuge tube, which had a hole poked in ils '."Hom WiUI a 26 gauge ncet!lc. 'Illc picoruge

tube was plaœà in a microfuge luhe. This ~ ";cmhly was spun tbr IOmin al 6<XXJ rpm. "Il.: Jiqui,1

that ollectcd in the hollom ,,' Ihe microfuge tube was recovercd and sloret! al 4"C.
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2.4.5 Reamplilicalion

To incrcasc !ile amounl of llNA, !iIC sizc seleclcd DNA from the original amplification was

used in a second amplilication reaction. ror reamplification, wc used Ill! of the DNA isolated

from !ile original l'CR reaetioo. Reagents were idcntical to those used in the original l'CR

amplilication, exccpl !ilal lile sense and anti·sense primers were non·degenerate. Because non·

degeneratc primers were used, cycling conditions for !ile reamplification reaction were slightly

diffcrent: 111e initiaiS !ow slringency cycles of annealing at 35"C were omilled. In addition, the

lcmpcrature was slowly fampcd Irom 55"C to 94"C, omitting !ile extension plaleau ofnoC; given

thal llNA extension occurs vcry rapidly, and the lenglh of lile desired DNA segment is re1atively

shon (anproximately HXI hases), lilis ramp provided suflicient time for exlension.

Aner 35 cycles of Ihe l'CR reaction, DNA was size selectcü, and isolated as discussed earlier

for Ihe original amplilicalion reaction. To purify the DNA, lile DNA was precipitated with 0.1

volume of 3M NH,Ac and 2 volumes of 100% EtOH, washed with 70% and 95% EIOH, vacuum

dried amI resuspcnded in WIl! of TE (pH 8.0). DNA was precipitated, washcd and resuspcnded

a second lime. 111e UNA was quantitied using a spcclrophotometer.

2.4.6 Suhcloninll

2.4.6.1 Enzymic digest:

11le primers used in l'CR were designed so lilC;r 5' ends conlain the consensus sequence of

a restriction enzyme: lile sense primer has an EcoR 1 consensus sequence, the anti-sense primer

has an Xha 1 COllsensus sequcn':e. 111e amplified DNA was digested with these 2 enzymes to

gencrale sllcky ends fur ligalion into M13 bacleriophage. The enzyme digest was pcrformed in

a 40111 volume containing 120ng of llNA from lile reamplitication re:'ction, 41l! of IOX buffe. li

(llochringer Mannheim) and hmught up to 381l! with distilled H20. The reac!ion mixture was left
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at 65°C for 5 min to denature DNAscs, and cooled 10 mllln lemperalure hclllre mlding 1111 eadl

of EcoRI (1 unil/!JI, Iloehringer Mannheim) and Xba 1 (1 unit/Ill. Iloehringer Mannheim). 'nle

mixture was left at 37°C for 1.5 hours. A vector. bacleriophage MI3mpiX RI' IlNA (tl.2.S!Jg/III;

BRL) was cut with the same restriction enzymes, but in a 2tllli reaction volume. One Iiflh of the

MI3 enzyme digest was added 10 lile digest of the reamplilication pro(lucl. TIle IlNA of lhis

mixture was precipitated with 0.1 volume of 3M NH.Ac and 2 volumes of IlX)% elhanol. 111('

pellel was washed with 70% and 95'Y" ElOH, vacuum dried. and Ihen resuspemlcd in 34111 of TE

(pH g.O).

2.4.6.2 Ligation:

The reamplitied DNA was ligaled into M 13 bacteriophage. 1'0 the tinal 34111 of IlNA solution

l'rom above was added 4111 of IOX ligation buffer (Iloehringer Mannheim). TIlis mixlure was

heated for 65°C for 5 min, and c(xlled hcfore adding 211101'1'4 IlNA Ligase (1 unit/Ill, Ilochrif:ller

ManJÙleim). The ligation reaction was carried outovernight at 15"C. TIle IlNA was r.recipitaled

using 3M NH,Ac and I()()% EIOH, washed with 70% ElOH. v~cuum dried, and lilen resus(lCmled

in IO!JI of TE buffer (pH S.O).

2.4.6.3 Cell transformation:

JM lOI bacteria were transformed with lile M 13mp 1X RI' bacleriophage, using Ihe

eleGtroporation transformation procedure (Sambrook et al .. 1989): a mixlure consisting of 111101'

the ligasc reaction and 40!JI of competent baclerial cells wa.s subjecled 10 2.5 kY using an

electroporation apparatus. One ml of media (NZ media: lOg NZ amine. 5g NaCI, 2g MgSO.) wa.s

added to the mixture and the cells a1lowed to recover for 1 hour at 37"C.

2.4.6.4 Plating:

JMIOI or DH5aF' baclerial cells were streaked on a IlX)x15mm 2xY1' (lflg haclerial

tryptone, lOg bacterial yea.st extract and 5g of NaCI) agar plate and left overnight at 37"C. An
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overnight culture was matie hy infecting 50 ml of 2xYT meùia with a single bacterial colony. For

a HX)xl5mm 2xYTagar plate, 2(Xl IÙ of the overnight culture was addeù to a ntixture of I-IOOIÙ

of the tran~formeù hacleria, 50~1 of lsopropylthio-Il-D-Galactosiùasc (lOOmM, Gibco BRL), and

IO~I of X-(ialactosiùase (2% in IlMSO, Gihco BRL). To this mixture was added 3 ml of melted

lop loaùing agarose (7g agarosc!1 of 2xYT media). After gentle vortexing the plating solution was

poureù on to the agar plate. TIle plates were left for 4-6 hrs at 37°C for bacterial colonies 10

develop. TIle infective cycle of M13 hacteriophage ùoes nol involve cclllysis, however infeCled

hacteria grow more slowly. As such, colonies of infecteù hacleria appcar as plaques on a turbid

hackground lawn of non-transfonneù hacteria.

2.4.fi,5 IJ-(Jalactosidase hluc! white color selection:

To selecl only Ulllse haclerial colonies infecled with MI3 conlaining a foreign DNA insert,

wc used a IJ-galdct..,iùase (IJ-gal) color assay. MI3 incluùes a .,hort segmenl of E.Coli DNA

wilhin ils major inlcrgenic segment, which is part of the lac Z gene, but does not producc a

functional IJ-galactosidase (IJ-Gal) enzyme. Alpha-complementation between the bacterial and

hacteriophage lac Z gèlie pruùucts in hacterialtransformants results in fUI1l~tional Il-gal activily.

!Iowever, the insertion of a piecc of foreign DNA into M13 ùisrupts the lac Z gene, so thal il can

no longer a-complemeol wiUI Ule gene prOOUCI in baclerial cells.

11le tran~r'lrIneù hacleria are plated with an inùuccr of Ule Il-gal enzyme (IPTG), and X-gal

whicll h a chlllmogenÎC suhstrale for Il-gal. Il-gal acts on X-gal and produccs a blue producl.

11lercli,re, col,mie' wiU.IJ-gal aClivl:y will appcar as a blue plaque. Those colonies with no Il-gal

aclivily, will appcdr as cllburicss plaques. Normally, colourless plaques are selected fo. further

analysis as they cootain M13 wiU, f(,rcign DNA inserts. However, the combined length (Jf the

l'CR primcrs plus Ule K channel DNA fragment was l1csigneù so that the desired l'CR produClS

arc Iigated 11110 M13 in trame, such Ulal there is no disruption of the amino acid sequence of the
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bacleriophage Lac·Z gene producl. As such, a certain degrce or (l(,cllluplcmclllation wilh lIl"

bacterial Lac·Z product occurs, and colnnics wilh inscrts or inlcrcsl arc Iight hluc in color,

Therefore, we chose lighl hlue plaques lilr funher analysis.

2.4.7 Small scale preparations of single stranded M 13 DNA

2.4.7.1 Picking baclerial colonies:

Transformed bacleria were plated al sul1iciently low lilrc so lhal imlividual cohlllics wcr,'

clearly resolved. TIle surface of a selected colony was lOuc!le,1 wilh a slerili1.ed plalinum wire. 'Ille

wire tip was then agilated in 5ml of 2xYT media, abo conlailiing I(XlJ.11 of an overnighl hacterial

culture of DH5otF' or lM 101. TIle cullure was shaken al 37"C ror 4-() hours. l'ive humlred J.1l 01

the culture was slored al _70uC in 65% glycerol, 0.025M Tris-Cl (pH K.O) and 0.1 M MgSO,. 'Ille

remaining 4.5 ml of 1I1e culiure was centrifuged for 15 min al 1I,lXXlg (SS42, lIeckman) to

,emove cells and debris, and lIle supcrnatant, which contains lhe M 13 hacleriophage, was

,·ecovered.

2.4.7.2 Isolation and purilication of M 13 hacleriophage:

The single stranded DNA was precipilaled wilh 0.25 volume of 20% polyethylene glycol

(PEG)/ 3.5 M NH,Ac solution. Care was takeli to remove any exeess PEe i from the sides ollhe

tubes. The pellet was resuspcn,!'_'d in 150J.1l of TE (;,1-1 K.O). 111e DNA was exlracled wilh

phenoUchloroform (chlocoform:isoamyl a1cohol, 24: 1) twice, and lIlen chlorolilrm exlracled 10

remove any remaining phenol. The DNA was precipitaled willl 3M NH,Ae and I(Xl% ElOI',

washed with 70% EtGH, vacuum dried and resuspcnded m 1) f~ of TE hulfer (pH K.O). I>NA ""as

then quantified; approximately 2J.1g of DNA are required for a DNA scquenclDg reaction.
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2.4.1l DNA sequencin~

Preparalion of gel a.~semhl y

(ila.~s gel plates were c1eaned wilh soap, rinsed wilh waler, and ieft lO dry. The plates were

c1eaned wilh ethanol and dried. Before cleaning, one plate was siliconized (Dimethyl­

dichlorosilane. Sigma). l'or a.~semhly, the plates were separated by two 0.2mm spacers between

t/le long edges of t/le places. TIle plates were then taped togel/ler.

Preparation of pol yacrylamide gel solution

A 6% polyacrylamille solulion wa.~ prepared: 50.4g ofurea, 18ml his-acrylarnide (Fisher), and

12ml of IOxTBE (l21g Tris hase, 7.4g EDTA, 53.4g borie acid in distil1ed H,O, pH 8.3), was

hrought up 10 120ml wilh distil1ed H,O. This solution was fillered (0.4511 nuc:eopvre filler) under

vacuum and placed on ice. Jusl hefore the gel was ready to pour, 60111 of 10% ammonium

persulfate, and O.Hml TEMEIl were added.

!'ouring Ihe gel

llle a.~semhle·t plaIes were sel at a 45° angle. 1he 6')'" polyacrylarnide solution was injecteo

hclween the plates using a 50ml syringe, laI<ing care to avoid introducing air bubbles. The fiat end

of a shark's-Iool/l comh wa.~ insened into the space at jhe top of l/le plates and clamped in place.

llle gel Wa.~ al10wed 10 polymerize in a horizontal position for 45 min with extra solution added

to the lop of the gel a.~ il polymerized. Aner polymerization, l/le comb was removed and the area

rinsed with distilled B,O 10 remuve unpolymerized acrylamide. The tape was removed l'rom the

hollom of the gel and the gel placed in the electrophoresis apparatus (Sigma). Buffer (TBE, pH

H.3) Wa.~ added lU hollom and IUp containers of the apparatus. A syringe with an 18-gauge needle,

lilled wilh huffer, Wa.~ used lU clean out the sample wells and l/le space at l/Ie boltom of the gel.

11le gel wa.~ pre-run at 65 walls Ibr 30 min. ACter pre-running, the boltom and the top of the gel

were c1eaned again. TIlen the shark's-lUoth comb was inserled so that the points just touched the
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surface of t~.e gel and was then clampcd in place.

DNA seguencin~ reactions

A modilied version of the dideoxy sequencing melhod descrihed hy Sanger amI co-workers

(1977) was used to sequence the lilrcign DNA inserts (n Selluencing Kil fmm l'rOlnega).

The concentration of lemplate DNA was adjusted so lhal 10111 contained 1.5-2.0!lg of IlNA.

Two 111 of the Ulliversai primer, and 2111 of Il/II/ealillii JllljJ'" were addell to the 10111 of templale

DNA, and the tuhe cenlrifuged hrielly 10 mix. l'riming pmceeded at oo"e for 10 min. 'Ille luhe

was a1lowed to cool al room tempcralure for at least 10 min.

A mixture of 1111 of dislïled Hp, 31111abellillii mÎX-dATP (contains lhe 4 dNTl's; dA'Il',

dCT!', dOT!', d1'fl'), 2111 of n DNA l'olymerase diluted in t'Ilz)'me JllljJ"" amI 1111 lahelled S"-

dA11'( IOIiCillI1) was prepare... he tuhc was spun hrielly 10 mix. Six 11101' this mixture was mlded

to the annealed templale. DNA synthesis proceeded for 5 min at mom lempcralure to ensure

incorporation of suflicienl radioacti vily.

After 5 min, 4.5111 of this mixlure was added 10 4 separale luhes, preheated 10 37"C Illr at

leasl a min, each conlaining a differenl dideoxy nucleotide Iriphosphale(ddATI', dd( ;'1'1', ddCTI'

and ddT11'). 111e termination reaction continued at 37"C for 5 min, and was halled wilh a .l'loI'

soill/ioll containing bromophenol blue and xylene cyanoi. 11lese dyes were used 10 monilor the

migmtion of the DNA on the gel.

Running the gel

llefore loadiog the gel, DNA samples were denatured at 75-XO"C Illr 2 min. 'Ille 4 separale

reactions were run adjacent to each oUlCr on a 2(X)IIIII 6% polyacrylamide gel. 'Ille gel was rUIl

for 2,5 hours. at 65 watL~. and removed from the gel apparalUs.
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Proccssing Ihe gel

1l1~ g~1 a~s~mhly was placcd horizontally so that th~ siliconized glass plate was on top. 1llis

plaIe wa~ removed and a piece of 35x43cm /iller papcr (3M) wa~ placed on top of the exposed

polyacrylamid~ g~1. llw g~1 and /ill~r papcr wer~ pcal~d off Ul~ bollom glass plate. The gel was

dri~d tilr half an hour, und~r vacuum at HOuC. X-my film (Kodak) wa~ plac~d on top of the gel,

and Icft 10 ~xpos~ at room 1~ll1pcmtur~ overnighl hcfore d~v~loping. The sequences of K channel

IlNA ins~ns w~r~ idenlilkd on UI~ hasis of the known nucleotide length. and the presence of

ccnain anlino acids Ihal ar~ highly conserved in ail K channels c10ned 10 date. The sequences

w~r~ th~n compar~d 10 Ih~ s~<ju~nccs of previously c1on~d K channel gcnes.
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Chapler 3

Characterizalion of K Currents on Peripheral Neurolls

3.1 Introduction

In this study. we have examined lile propcrties of vollage-galed K currents on neonalal raI

sensory ncurons l'rom the distal ganglion of the vagus (nodose gunglion). 11le nodllsc ganglion is

a sensory ganglion located near the hifurcation of the carotid arteries. Nodose neurons are pseudo­

unipolar ceUs whose axons run in lile vagus nerve III provide sensory innervation III Ihe heurt.

lungs and much of the visccra. 111ey originQ~e l'rom lile eclodermal placOllcs. which are

thickenings of the supcrficial ecloderm close to the neural plate (I.e ()ouarin et al .. IlJX 1). 111ese

neurons have been divided into 2 categories: A and C cells. which havc myelinated ami

unrnyelinated axons. respcctively (Stansfeld and Wallis. IlJXS). A few studies have invesligaled

voltage-gated K currenl~ on rat pcripheraI sensory neurons. 111ese sludies have shown lilUl sen~ory

neurons express several voltage-gated K currents that dirfer in thcir raIes of inactivation (Kostyuk

et al., 1981; Kasai et al., 1986; Mayer and Sugiyama. llJKK). 111is is particularly evidcnl tür

sensory neurons l'rom mammalian nodose ganglia (Stansfeld and Wallis. 19K5), where some C­

cclls have rapidly inactivating K currents, similar 10 t!le dassicaltnlnsienl A-currcnl. while A-cclls

have a rapidly aclivating. but slowly inactivating K currenl t!lal is involvcd in spikc Ircqucncy

adaptation (Stansfeld et aI .• 1(86). Slowl~! inactivating K currcnL~ are aIso expresscd on ol/ler

mammalian neurons (Storm. 198K; Greene et al.. 199().

Cooper and Shrier (1989) demonslfated that nodose neuron~ express 3 voltage-gated ouIward

K currents: a non-inactivating dclayed rcctifier current (lK); a slowly inactivating A-currenl (lAs),

and; a rapidly inactivating A-current (lAI). Their single channel slu,lies on nodose neurons showed

that a single class of A-channel (bascd on conductance) can inactivate with con~iderahly differenl
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time courses. ln response to a lIepolarizing voltage step some channels opened once and

inactivatell rapillly in 1O-1lJms. other channcls opened anll c10sed 3-4 times and inactivated more

slowly (IlX)-1(XJms), amloUlers opened and c10sed several hundred times before inactivating in

1-3 secs. 111ese channels were shown to undcrlie mpidly(lAl) and slowly(1As) inactivating

macrosclJpic currenls. Cooper amI Shrier c1assified both mpidly and slowly inactivating channels

as A-channels as they share such properties as conductance and mean open time. A-channels

having two lIilTerent inactivation raIes have been reponed for guinea pig DRO neurons (Kasai ct

al., I<JX6) and f(,r rahhit atrial cells (Clark el al., 1988).

111is chapler lIiscusses experiments that characterize voltage-gated K currents on peripheral

neurons. 11lere were two major reasons for doing thcse stullies: First wc were interested in the

queslion of wheUler one or more types of A-channel are presenl on nodose neurons. Cooper and

Shrier's ohservation thal channels with Ule same conductance can inactivate at very disparate rates

coul,l he explainell hy Iwo related, hui separate channels wito lIilTerent inactivation rates, or, by

a single dlanncl Ihal when modulated hy second messcngers changes its inactivation behaviour

(Slrong, 1<JX4; Kawa, 1<JX7). To answer Ulis question, 1examined other properties of the channels

hesidcs Ulcir inactivation kineOcs. to deterllÛnc if different A-channel suhtypes are present on

Ihese neUCOlts. 11le premise was U1al if slowly and mpidly inactivating A-currents differ in a

numher of lhcir properOcs, nolonly their kincties of inaet! vation, it is likely that they arc d; fferent

physical channels encolle,l for hy different messenger RNA species.

11le second reason I(,r lhese studies was that by characlerizing the properties of K currents

on nollose sensory ami sympaUletic neurons, it might Ulen he possihle to study the developmental

expression of these currenls.

ln this chapler, 1show Ihat rapidly and slowly inactivating A-currents on rat peripheraJ nodose

neUCllns ,litrer in their vollage-dependencc and pharmacology. as weil as in their kinetics.

Funhermllre, clllnparison of the vllitage-dependence of fast and slow A-channels at the sing.~
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channel level will1 ma,roscopic measuremenls. suppons Ihe vie\\' Ihal channels which inactivale

rapiùly in 1O-30ms underlie tlJe fast A-currenl and IIlose Ihal inactivale slowly umlerlie Ille slow

A-currenl. The facl tlJat mpidly inactivating and slowly inactivaling channels diHer in a numhcr

of tlJeir macroscopic properties. and yel have tlJe same single channel Cllnduclance. suggests Ihey

are distinct sublypeS of Ihe sanIe basic channel.

1 a1so show Illat SCG neurons express voltage-gated K currenlS with similar propenics 10

tlJose observed on nodose neurons: SCG neurons express a slowly inactivating currenl. a facl nol

previously documenled for sympaUletic neurons. in addition III lAI" ami 1K.
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3.2 Methods

3.2.1 Rccflrdin/\ ul' vfllla/\c-/\atcd K curr~l1ts on pcriphcral ncuruns

Nmlllse and superior cervical (SCO) ganglia were removed l'rom neonatal rat pups. The

ganglia were dissllcialed and the neurons cultured without otller ccII types. as described in Chapter

2. fil sludy "oltage-aclivated K currenLs, inward Na and Ca currenLs, and the Ca-dependent K

current were hlocked pharmacologically: Na currents were blocked using 1TX (1!1M) and in most

cases aimllsi ail the external Na (2mM was addcd) was replaced with ChCI (I40mM); Co

(2.5mMJ and low Ca solulions(O.5mM) were used to hJock Ca and Ca-dependent currents. SCG

and nodllse neurons were vllllage-clamped using whole-ccII palch recording techniques (Harnill

ct al., IlJH 1J.

111e tlltal outward currenls on nodose and SCG neun1l1.s consist of three different components

which differ in their kinelic and vollage-dependent properties: a non-inactivating current (IK); a

fast transient A-type current (IAO tllUt inactivates with a time constant of \0-30 ms; and a slow

transient A-type current (lAs) that inactivates with two components. one with a time constant of

I(Xl-3lXhns, the ot/ler with a lime constant of 1-3s. Thesc t/lfce K currents differ in their voltage­

dependence of inactivation; thcrefore, by holding the mcmbrane at diffcrent potentials, we were

ahle to selcctivcly activate onc or two of the currents amI use subtraction techniques to separate

individual currents. Brielly, the memhrane was held at a potential (-\0 or -20 mV) where

llep"larizing steps evoked only IK. 1l1e IK cur(~nts were subtracted l'rom currents (IAf+IAs+IK)

eVllked hy steps tll t/le same depolarizing potentials l'rom a more negative potential, -90 mV, to

isolate the A-currents. A hyperpolaril.ing step to -90mV, l'rom the -\0 or -20 mV holding

potenlial, was added to the result 10 remove the leakagc current. The leakage and capacitance

currents were usually Iinear; for currcnts evoked l'rom -40 mV and -20 mV holding potentials,

corrections were made digitally hy adding the current response l'rom an equivalent amplitude
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hyperpolarizing slep.

Nodose neurons Umt had hcen in cullure for HHO days were used for single chanllel

recordings in the cell-altached conligumtion. Ali records. excepl where imlicaled. were correctcd

for capadly lransienl5 andleakage currents hy suhlracling an average of sleps (n= 15) 10 the same

potentiaI in which no channel openings occurred. Ensemhle averages were prOlluced hy averaging

the sum of 40-50 individual tmces 10 a single step potenlial. Palch pOlenlials arc expressed in this

chapter as membrane potentiaIs. by suhlracting Ule pipclte polenlial l'rom the resting potential.

3.2.2 Data anal)'sis

Analysis of whole-ccl1 currents was pcrformed on lA f. lAs amll K currenls. isolaled using Ihe

separation protocols discussed ahove. Though the analysis descrihcd hehlll pertains 10 whole ccli

currenls. sirrlilar measuremenlS were made for the enscmhic ',\Vcrage currenls of single channel

recordings.

3.2.2.1 Analysis of vollage-depcndent properties:

Activation:

For activation experimenL~. depolarizing voilage steps to differenl comma",1 polenlials (V",)

were given l'rom a lixed holding potential (VII)' The conductance «(i) 1<lr cadI coml!1and potential

was measured by dividing the isolaleu current (1) by Ule driving lilrce (V",-Ek).

wherc Ek is the equilibrium potentiaI of K. which is -X:'mV ;n nodose ncurons (Clxlpcr and

Shrier. 1989). The peak conductance for each voilage slep was normalized 10 the conductance al

the ootenlial where the channels arc maximal1y activaled (Omax). which was usually at +50 IlIV.
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l i/l i",ax was plolled again~;t the eOlllllland potential (VIII); UlCSC plOlS indicate Ule percentage of

dIe availahle ehannels lhat arc aetivated hy a given depolarizing step.

.lnaClivali(ll1:

Sleady-state inactivation was determined hy stepping 10 +40mV l'rom di l'l'creot membrane

hotdmg potentials. liIlimax is the ratio of conductance (calculated as above by dividing the

isolaled current by the ùriving I"ree) evoked l'rom differeot holding potentials to the maximal

eOl1lluelancc (limax), evoked l'rom ~l holding potenti~'1 of -IlXJmV. GIGmax is plolled agaillSt the

holding potential (Vm); Ulesc plots indicate the pcrcentage of channels that arc availahle for

activation in response to a depolarizing voltage step.

Boltzmann distrihulion:

hluation 2 shows the Boltzmann equation,

t1llimax = 1/{1+exp({V'-Vm)/kll, (2)

where k=KT/ze and is a slope faclOr that indicates the steepness of the voli::ge-depcndence, z is

Ihc valcncy of UIC galing charge, e is Ule elementary charge, K is the Boltzmann constant, T is

the ahsollite lemperatllrc, and V' is thc voltage at half-maximal conductance. This equation

desnihcs the prohahilily or a IWO state sysh,m ocing in one slate or the other. The ratio of

l i/( ,max rerers III Ule percclllage of open channels relative to the total present for activation

cxperimenlS, ami 10 the perccntage 01' inactivated channels relative to Ule total number of channels

lilr slcally stale inactivdtion experiments. This equation was "sed to fit the activation and

inactivation dala, and descrihes Ihe range, and steepness of the voltage-dcpcnctence of activation

or in:.lclivution.



3.2.2.2 Analysis of Kinetîc propcnies:

Activation:

llle time conslants fur activati'"l werc measured hy Iilling the activation llf the isolaled

cUITenI wilh an exponential raised III lhe founh power (se,' I-:qual ion 'l.

II-exp(tlt.lj', ('l

where t. is the time conslanl of activation. Wc chose the I"unh power lilr IWo rea:mns: (1) ReCl'nl

kinetic models of A channcls scem to suggestthal Olere arc al Icasl 5 resting c1nsed slates V:agolla

and Aldrich, 1990hl. (2l llle lllUnh power iiI our data hcller Ihan a Iltinl power. espccially for

IAL A lea.~I-squares melllOd wa.~ uscd lilr exponential Iilling hl lhe data (Hunter amI Kearny.

19K4). llle ovcrall goodncss of lit wa.~ given by the variancc aCClluntedli,r. andlhe asymplntic

information cnlenon (AIC) (Akaike, 1974l wa.~ used to deleflnine Ihe mosl appropriatc lil ln Ihe

data. Ali lits had at least 99% of Ille variance accounted for. Time Clllt~lanls were plolied against

the memhrane pOlenlial (VOl).

Inactivalinn:

For Ole inactivation time conslant. t, the cUITenls were cilher Iii hy a single exponential. or

were fil as the sum of exponelllials, A exp(tlt,) +.....+Anexp(tltnl. where n=2-3. Time constants

werc plolled again~1 the memhrane potential (VOl).

Removal and development of inaclivation:

The kinetics for the developmenl and removal of inactivation fnr IAf and lAs werc

detcrmined by a 2 step prolOcol. For developmenl of inactivalion, Ole memhrane wa.~ heId al

-90mV and sleppcd 10 an intcrmediale potcntial (eiOler -50mV or -30mVl for differenl duralinns

and then sleppcd 10 +40mV. For removal of inactivation, the memhrane wa.~ held at -20mV an']
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sleppe,l '0 dl/lOr -70mV. -YOmV or -llOrnV for different limes hefore slepping 10 +4OrnV, The

peak curre':1 al +40m V was expressed :..' a funclion of Ille li me al the interrnediale polential; these

curves were iii "'i1h single exponential functions, 111e lime Cllnslants of these exponenlials were

plo!ted agalllsi Ihe memhrane holding polenlial (Vrn),
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3.3 Results

3.3.1 Voltage.dependent outward currents on nodose neurllns

Nodose neurons express a numhcr of inward currcnls (Ilaccaglini and Cooper. IlJX2): a lTX­

sensitive Na current. an Na Tf)(-resislanl currenl (lkcda ami Scholield. IlJX7). allli Ca currcnls

(Bossu cl al., 1985). Since Ihese currellls were nol invesligaled in this study. to si Ully oUlward K

currellls in isolation, inward currcnls and Ca activaled currents wcre hlocked pharmacologically

(see mcUlOds).

Figure 3.IA shows Ule tolal outward K currcnls on a rat nOllose neuron cvoked hy 125ms

depolari7.ing voilage clamp steps l'rom a holding polellliai (Y,,) of -lJllmY. TIle oUlward currenl

con~ists of 3 currents: a rapidly inaetivating componenl (lAI); a slowly inaclivaling componenl

(lAs) which shows IHtie inactivatiun over the course of a 125ms pulse, hUI shows clear

inactivation in response to a long 6s depolari1.ing step evoked l'rom a Y" of eilher -lJ()mY or

-4(JmY. shown in Fig. ll1l (alsn sce l'ig.3.4A); and a componenllhal does not inactivale. alleasl

over tens of seconds (lK). This non-inactivating componenl is mosl evidenl when evokell hy

depolari1.ing voltage sleps l'rom a Y" of -20mY <l'ig. 3.111). hccanse Ule IWO inactivating currents

are inactivated al -20 mY. Cmnplele descriptions of each current are given in Ihe sections Ihal

follow.

Neonalal nodosc neurons are hetero,lenenus in their expression of Ihese outward currenls. In

the majorily of ncurons examined (66197), ail 3 currenls conlrihuled to Ihe oulwanl currenl; an

exarnple of such a neuron is shawn in Fig. 3.1. The total OUI ward currenl (A) can he separaled

into inactivating and non-inactivating currellls (C-E) on Ule hasis of holding pulenlial. TIle melhtKI

of separating the total outward currelll ill!o its component parts is deserihed heluw.
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Figure 3.1: Voltage-gated K currenl~ on neonalal nooose neuron. A,C-E: Currents
evoked in the same neurnn hy 125ms depolarizing voltage steps, from differcnt holding
pOlelllials. up to +30mV in 20mV increr.lents. Records weil' filtered at I.5kHz, and
sampled at 5kHz. A: Tolal OUIward currents, uncorrected for leakage or capacity
currenl~. evoked from a holding potential of -90mV. B: Three supcrimposed total
outward currcnl~, uncorrected for leakage, evoked by 6 sec voltage steps to +40mV
l'rom holding potentials of -90mV (top), -40mV (middle) and -20mV (lower). The
traces were tïltered at 100Hz and sampled at 200Hz. C-E: Isolated K currents that
make up the lotal outward currcnt shown in A. The leakage and capacity currcnts were
suhlructed l'rom the records in this figure. and in ail subsequent figures except where
indieated. C: IK is activaled in isolation when the membrane is held at -20mV. D: lAs:
1K currenl~ evoked l'rom a holding potential of -20mV were subtracted l'rom currcnts
(IAs+IK) evoked hy sleps to the same tinal potentiaI, from a holding potential of
-40mV. 10 isolate lAs. E: IAt=IAf+IAs: IK currents evoked from a holding potential of
-20mV were suhtracted from currents (IAf+IAs+IK) evoked by depolarizing steps from
a holding potentiaillf -90mV, in order to isolate the A-currenl~ .
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3.3.2 Separation of outward K currents

111e oulward CUITent eyoked fwm a Yh of -20mY aCliyll\es slowly, as shown in Hg. ~.Il': Wl'

refer to this CUITent as Ule de/ayed rectifier, IK. lllis cunent llnes not inacliyate over a (> Sl'C

depolarizing pulse, and shows no sleady-stale inacliyalion, meaning that Ih~ same l'urrenl IS

eyoked fwm Y;s of ·20 mY, ·40 mY and ·90 mY. To isolale IK, lhe melllhrane is helll al u

potential (·10 mY 10 ·20 illY) where 0I1ly the non-inacliyaling currelll is acliyalcd hy llcpolarillng

steps, as Ihe other two currents are inacliyated Olt Ulis potenliul.

If the membrane is hc'J Olt a more negatiye potenlial of -41111lY, inactiyalion is partially or

IOtally remoyed l'rom a second population of channels. 111ese channels, which giye rise to a

current we reter to as the siow A-c/lrrell/ (lAs), inactiyale oyer a osec depolarizing slep <Fig.'.lll).

Depolarizing sleps from a potenlial of -",()mY acliyale hoth !K uml lAs. lAs l'an he seen in

isolation (fig.3.ID) by subtracting Ule IK currenl eyoked fwm a Yh of -20IllY.

Depolarizing steps l'rom u more negaliye Yh of -90mY eyoke u thinl cOlllponemlhal actiyales

and inactiyates more rapidly Umn lAs and corresponds to the rapidly inactiyaling component in

fig.3.1 A, Band E. We refer to this addilional current as the jilSl'\-CIIrrelll, lAI'. 111e SUIll of lAI'

and lAs currems is separaled fwm IK, as WOlS descrihed lilr lAs, hy suhtracting Ihe currenls

evoked from a Yh of -20mY (shown in Fig. 3.IE).

General1y, in nodose neUlons, IAf and lAs cOIn nol be complelely separaled Irom each olher

on the basis of Yh because of overlap betwccn the voilage ranges 10 remove inaCliyalion, as will

be dcscribed below. Howeycr, we were able to take adYanlage of Ihe fact Ihat a signilicanl nUlllbcr

of neurons expressed only one inactivating current besides IK (Hg. ,.4), and in a tew neurons

only IK WOlS evidellt (Fig. 3.3). 1l1ese neurons were imponanl 10 Ihis study because they allowed

individual currents to be characlerized without the need for addilional proccdures, such as

complicated subtraction protocols or pharmacology 10 isolate the currenLs.

In addition, in sorne neurons (n=6), it WOlS possible tu lake advanlage of Ole fact that lAs
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Figure 3.2: lAI' isolaled on a neuron lhal expresscd alllhree
vollage-galed K currenl~: lAI', lAs, and IK. lAI' currenlS evokeà by
depolarizing voIlage sleps up 10 +50mV in 20mV incremenlS, l'rom
a holding polenlial of -90mV. lAs in this neuron showed no
sleady-slale inaclivalion bclween -90 and -40mV. Thercfore lAI'
could bc isolaled hy suhlracling away the lAs and IK currenlS
evoked hy dl~jlnlùrj7.ing voilage sleps 10 equivalenl polenlials l'rom a
holding pOlcntial nI' -40mV [i.e. -90-(-40mV)j. Traces were fillered
al 1.5kH7.. and sampied a~ 5kHz.
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showed no swady-state inactivalion over the mnge or ·<JUmY 10 -40mY. In lI11'Sl' neunms.

subtracting Ille currents evokell fnlln a Yh of -40mY (IK+IAsl. l'rom the CUITenls evokl'<1 ffllm a

Yh of -90mY (IK+IAf+lAs), rcsulled in isolated lAI' currellls. Figure l2 shows the isolatell lAt'

CUITent in such a ncuron.

3.3.3 Properties of K currents IIU rat nlldllse neuruns

ln the following sections, 1use Ille neurons which express '"lly OIlC or two of the K CUITenls

to analyze the kinetic and voltage-depcndenl propcnies of each nlrrent, lAI', lAs amI 1K. 111e

voltage protllcols used in the expcrimenls, and the data analyses are described in the metho,ls.

3.3.3.1 Delayed Rectifier, lK

Fig. 3.3A shows outward CUITenls, evoked by del",laril.lllg sieps, l'rom a neuroll Ihat expressed

IK as its only outward vollage·galed K currcnl; <mly live neUfllns of <J7 examined were in Ihis

calegory. IK activaws near -20mY and does nut inactivale llver 6s (see Fig. 'UA, right). In

addition,lK shows no sign ofsleady-slale inactivation; holding Ihe membrane al·20mY, -40mV,

or -90mY did not change the amplitude, or the kinetics of Ihe evoked CUITents.

Volla~e-<Iepcndence

ln Ihe 5 neurons IIlat only expressed IK, activation of IK was delerminell "'Olll lhe leak

subtracled currents evoked by voilage steps l'rom a Yh of -40mV. Maximal aClivation of the IK

channels, as indicated by the saluration of lail CUITenlS (see Fig. 3.3A), usually OCCUITcd I!lr a slep

potential tu +50 mV. The steady,slate cUITenL~ were expressed as comluctances (see Equalion 1).

The rclationship hetween the cunduclance (G) normalized tu lhe maximum conductance (C imax)

for Ille step 10 +50 rnV, and the membrane potcntial (V,,) is shown in Fig. 3.3/1. TIle dala are weil

fit by a Boltzmann distribution (see equation 2 in methods) wilh V'= ItimY and k=12mV.
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Figure 303: Delayed reetilier, IK. Outward currents evoked by depolarizing
voilage steps from a neuron thal did not have deleclable A-currents. A, left:
currenl records from a Vh of -40mV in response la 125 ms steps ta -10, +10,
+30, and +50 mV (bollom to top). Traces were lillered at 1.5 kHz and sampled at
5 kHz. RighI: currenl" evoked from the same neuron, in response to 6 s steps ta
+40mV from -20 an" -90 mV holding potentials. Traces on the right were filtered
at I<XlHz, sampled al 2(XJHz, aml nOl correcled for leakage. Il: squares show the
conductance «J) at the end of a 125 ms slep as a pcrcentage of Gmax at +50mV,
vs. membrane polential (mean ±SE, n=5). The conductance was determined by
dividing Ihe current by the driving force (Vm-Ek), where Ek was obtained from
Cooper and Shrier (1989). The solid line is the Ilollzmann dislribution (sce Eq.2)
with V'=+lomV and k=12mV.
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Kinetic propçrties

IK activates slowly and with considerahle delay lllr smalllkpolaril.ations (sec Fig.s .'.3 alll\

3.6). The time conslants for activation were measured hy lilling lhl' activation of thc CUITent with

an exponcntial raiscd to the fourtll power (sec Equation 3). Figurc 3.6A shows an cxamplc of an

isolated IK CUITent WiUI the supcrimposed iiI, and Hg. :'.611 sho",s Ihe vollage-lIepl'llllenœ of thl'

time constants and indicales Ulat IK activates faster wh,~n morl' lIcpolaril.ell vO\luge pulses arc

applied,

3.3.3.2 Slow A-CUITent, lAs

ln mosl neurons (90197), when lIepolaril..ing voilage clamp sleps were given from u Y" 01"

-40mY, Ule outward CUITent was \arger Utan Utal seen ul -2(hIlY; hypcrpolaril.ation purtially

removes inactivation from lAs, so that depo\aril..ing voilage sleps evoke lAs hesillcs IK (Hg.

3.1 D). In 24 of thesc neurons, lAs was Ihe only vollage-galell K currelll presenl in mllütionlo IK,

and no IAf CUITents were evident. Hg. 3.4A shows Ule K CUITenlS from such a neuron.

Yollage-depçndence

This group of 24 neuroll~ was used Il) delermine the vollage-lIepcnllence lllr activation alll\

inactivalion. MeasuremenL~ of lAs were made at the end of a l25msec depolarizing step to ensure

thal if these cells did express a smail rapidly inactivating currenl it would have complelely

inactivated by this point. Steady-slale inactivation was delcrminell hy hollÜng Ihe memhrane at

different polentials, and stepping to the sarne cornmaml potenliul (+40 mY). TIll! relationship

between Ule conductance (G) !c)r a given Yh, relative to Ihe maximal conductance «Jmax) 'rom

a Yh of -100 rnV, is plolted agaînslthe holding polential (Ym) in Fig. 3.5A. TIle dala arc weil lit

by a Bollzmann distribution (/lqualion 2) with Y'= -51rnY and k=-14rnY. TIlis ligure alf:,

dernonstrates thal lAs is maximally available at -90mY, is partially inactivat~d at -40mY, amI

alrnost completely inactivated at the Yh (-20mY) wc use lU invesligale IK.
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Figure 3.4: Ex:nnples of lAs and IAf on differentnodose neurons. A: current tmees from a
neuron wiUlno deleelahle IAr. Il: current trdces froli. a neUron wiUllAf and IK but only a
small amnulll of 1As. For hoUI A :nId B, 125 nt~ depolarizi ng voltage steps were made from 2
different holding pOlelllials. -20 and -90 mV. :nId the slep~ were made in 20 mV increments
up to +30mV. IK cUrrcnt' evokcd from a holding polential of -20mV have becn subtracted to
isolalc UIC A-currcnt' (lM and lAs). 'IllC currcnts wcre fillcrcd at 1.5kHz and sampled al5
kHz. c: thc isolalcd. Icak suhlracled A-currcnl for each neuron evoked by a 6 s depolarizing
stcp to +40mV. 'l'mccs werc lillcrcd al 100Hz and sampled al 200Hz. The soHd Hne in B for
1M. and in C for lAs rcprcsents the exponcntial fit to the inactivation of the cUITent. IAf was
fil with a singlc cxponcntial with a time c,mstant of 12 ms, and lAs was fil with a sum of 2
cxponenl;"'s, Ihc limc conslants of which werc 496llt~ and 4.4s.
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The vollage·depcndence for activation of lAs wa.s delermine'li in Ihe same manner 'LS illr IK.

bUI depolarizing sler.s were given fmm a sleady Yh of -l)(}mY. wlll'Ie lAs is maximally availabk.

For each neuron, the conduclance (l,) relative 10 Ihe maximum l'"nductance al +~i()mY (l,max)

was plolled againsl the membrane polential of Ule voilage slep (Ym), as shown in Hg..~.5A. 111e

ll:lIa arc describcd by a Bollzmann dislribution WiUl Y'=·2I11Y allli k= 14mY. Measuremenls oflAs

in ,1eurons in which ail Ulree currenLs. IAf. lAs, and IK were presenl. as in Hg. 3.1, gave resulls

tha! were consistent with tllOse presenled in l'ig. 3.5 (dala nol shown). nlis resull is imporlanl

in thal il appcars possible 10 analyze lAs even in neumns lhal express ail Ihree currenls. nie

difference in Ihe vollage-depcndence for activation oflhe slowly inactivating amI non-inaetivating

currenls, and thal only lAs exhibils steady slate inactivation, slmngly support Ihe idea IhatlAs ami

IK arc medialed by different channels.

Kinetic propcrtics

The activation time conslants ",r lAs were oblained by lilling tlle rising portion of lAs

currenls evoked by depolarizing voilage steps, by an exponenlial raised to Ihe fourlh power

(Equation 3). Figure 3.6A shows a lil supcrimposed on an isolaled lAs currenl evoked fmm a Yh

of -40 mY. Figure 3.613 shows a graph of the time conslanls lùr aclivation versu:; Ihe slep

polemial (Ym) and demonstrales Ihal at .lOIIlY lAs activales 5 times fasler Ihan IK, bUI Ihe

difference belween the activation raies of the Iwo is reduced wilh larger depolari/,alions. nIe

difference in activation raie al ·WmY was useful in hdping 10 distinguish bclween lAs and IK.

While lAs was orten nol seen 10 inactivate over a 125ms voilage step (Hg. 3.4A). the currenl

always showed considerable inactivalion over a 6s Slep. a.s shown in Hg. 3.4C. nIe deeay of the

macmscopic lAs current on 40% of Ihe neurom; was weil iii by Ihe SUIll of 2 exponenlials. one

whose time conslant was in the hundred~ of milliseconds and lhe olher with a tilile conslant

approximalely 5 fold slower. Figure' 3.4C shows the isolaled lAs on such a neuron, along wiUllhe

supcrimposed double exponcntial iii 10 the decay of Ule current. As shown in l'ig. 3.711, the
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Figure 3.5: Voltage depcllcknce of activation and inactivP'jon for lAs, and IAr. A: lAs. Squares
represcnt steady-state inactivation (mean, ±S.E, n=IO) measured as the ratio of the conductance,
IIleasured at the plateau at the end of the voltage step, evoked by steps to +40mV from ùifferent
holding potentials, to the isolated lAs conductance evoked from -IOOrnV. The conductance was
determined by dividing the currcnt by the driving force(+40-Ek). Cirdes represent activation
(Illean, ±SE, n=13), measured from the plateau currcntevoked by depolarizing voltage steps from
-9001V holding potential, and dividing by the driving force, as a percentage of Omax. Solid lines
are the filted Boltzmann distributions with coefficients for activation and inactivation of
V'=-2mV, k=14mV, and V'=-5ImV, k=-14mV, respectively. B: IAf. Squaresrepresent
steady-state inactivation, and the cirdes activation, as in A, except the currents were taken as the
peak isolated transient currcnt. Solid lines in A are the fitted Boltzmann distributions for
activation and steady-state inactivation with values ofV'=-2ImV, k=12mV and V'=-73mV,
k=-8mV, respectively. Open symbols are data from the 2 neurons that had no lAs; values for
activation and inactivation are in good agr\~ement with IAf data from neurons that also had lAs
(lilkd symbols; n=6).
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(upper). For the top and middle set, steps frolll a Vh of
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isolate the A-cuITents. TIle solid lines ar,' lils supcrilllposed
on the data and represent curves drawn as rising exponentials
to the fourth power. Traces were sampl':d al 20kHz and
filtered at 1.5 kHz. B shows Ule activation time constanls
(mean ± s.e.m.) versus step polential for [K (lriangles), [As
(empty squares) and [Af (solid squ<>Jl's). (Atlllosl potcntials,
the error bars are smaller than Ihe symbols)
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inactivation Lime constants for hoth componcnls are voltage-depentlenl. wilh inaclivalion hccllming

more rapid at more depolarized [lolentials. In 5% of Iile neurons '"lly the fasler compllnenl was

apparent. and in Ihe remaining 55%. only Iile slower compllnelll was evidenl.

The ki'lC•. .:S for developmelll and removalofinaeliv'llilln for lAs were determincd hy a 2 step

protocol (see melilods for delails). l'or developmenl of inaclivation. Ihe melllhrane was hcl,j al

-90mV and slepped ta an inlermediale polential for increasing dutations ami then stepped to

+4OmV. For removal of inactivation, Ole memhrane was held at -20mV ami then hypcrp"la!i:.ed

for differr _petiods of times hefore slepping to +40mV. TIle lime t1epel1llencc Ii,r removal ami

development of inactivation for lAs was hesl descrihed hy one or two tinll' constanls. Pigure 3.X

piols the time constanls against the conditioning potential; hoth time constanls are voltage­

d~pcndent, hdng largest near -70mV and decreasing signilicanlly witil depolariz.ation or

hypcrpolarization.

3.3.3.3 Fast A-current. IAf:

ln many neurons (68/97). voilage clamp sleps l'rom a V" of -90mV evoked an alillitiooai

curreot, not present at -401l1V, litaI activaled rapidly ami inactivated in 10-30 ms. as shown in

Fig.s 3.1, 3.2 and 3.41l. This currenl resemhles Ole classical A-current first characteriz.ed in

molluscan neurons (Connor and Stevens, 1971a; Neher, 1971). aod wc refer to il as the fast

A-current (lAt).

Vollage-depcndence

ln 2 neurons, IAf appcared to be the only current present hesides IK. l'igu!'e 3.411 shows an

example of the K currenls expressed by such a neuron. lIeeause IAr undergoes steady-stale

inactivation the current could be sludied in isolation by subtraeting Ole IK eurrents evoked l'rom

a potential where lM was not activaled (for eg. -20mV). In another 6 neurons, the steady-state

inactivation of lAs was shifted 20mV more positive so that the lAs currenl~ evoked l'rom -90mV
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Figure 3.7: Kinetics for inactivation. A: lAr. The decaying phase of the whole ccli
CUITent was lit with a single expor.ential and c10sed circles represent the lime
constanl~ of decay (mean ± s.e.m., n=8) plotted as a funclion of the step potenlial. B:
lA:;. The decaying phase was fit by a single exponenlial in sorne neurons and as the
sum of two exponenlials in others. The lime constants are plotted as a funclion of step
potential as in A. The c10sed cire!cs represent the mean of one lime constant (n=6)
and th.: closed squares represent the mean of the slower lime constant (n=6). The
open symbols superimposed on the data are examples of the lime constants for
inactivation of ensemble averages of Af and As channels.
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anu ·4{)mV were UlC same, which alioweu for isolation of lAI' hy suhtraction of the current evoked

l'rom a V" of -40 mV (sce Fig. 3.2). 111e rea~on for this shi ft is unclear, although lAs currents with

a similar vollage·uepcnuencc for inaclivation arc common on sympathetic neurons (sec bclow).

ln audilion, neostrialal neurons arc repor!ed to express more than one type of rapidly inactivating

cUITent, which diiTer in their vollage·depcndencc (Surmeier Cl al, 1989). The data for activation

and sleady-state inactivation of lAI' were determined in Ule same way as for lAs. For the 8

neurons, and shown in Fig. 3.5B, the activation and inactivation data arc weil fit by Boltzmann

distrihulions; V'=-2ImV, 19mV more ncgative than lAs, and k=12mV for activation, and

V'=-73mV. 20mV more negative thanthat for lAs, and k~-8mV for inactivation. Fig. 3.5R aIso

shows lhal lhere is gOOll agreemenl helween the activation and inactivalion data for lAI' l'rom the

two groups of neurons used in the analysis.

Kinelic propcrties

The activalion kinetics for IAf were deterrnined, as for IK and lAs, by fitting the rising

porlion of the isolaled CUITeJ1lS evoked by depolarizing steps l'rom a V. of -90mV, with an

exponenlial raised to the fourth power (Equation 3). Figure 3.tiA shows a fit superimposcd on the

rising portion of an isolated IAf CUITent. The voltage-dependencc of the time constants for

activation of lAI' arc shown in fig. 3.6B, and indicate that lAI' activates approximately 5 times

l'aster Umn lAs. 111e inactivation of lAI' was weil fil by a single exponential, an example is shown

supcrimposed on the lAI' CUITent in Fig 3.413. Figure 3.7A shows the rclationship between the time

COll~tanls allli the memhrane potential, and demonstrales that the time constant for inactivation

changes from 33ms at -IOmV to 7ms at +50mV.

111e lime constanls lilr the dcvclopmcnt and removal of inactivation for IAf arc shown in Fig.

3.K. 111C kinelics arc voltage-dcpcl1llcnt, heing slowest ncar -70mV, and arc at least an order of

magnitUllc faslcr than thosc mcasurell for lAs. TItis diffcrencc in kinetics for IAf and lAs was

uscrul in lkteeting lAI' in ncurons that only expressed a small IAf CUITent; 125 msec
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hyperpolarizing sleps to -90 mY, from a Yh of -20 mY were suflkientlo rcmoVl' !naclivalion of

lAf but nol lAs. For the 24 neurons useli to characterize lAs, this procedure failedlo reveal anv

IAf, which supports our contention thal meaSUKl1lelllS in IIlese ocurons were unclllUaminaled hy

lAf.

3.3.4 Pharmaculogy of vultagc·gatcd K currcnls

As mentioned in Chal'ter l, A·currenL~ and delayed reelilier currents are olten dislinguished

from one anolher by their selective sensilivily 10 two K channel hlockers, 4-aminopyridine (4-AP),

which blocks A-currents, andtelraeUlylammonium (ruA), which hlocks IK (Thompson, 1')77).

Therefore, we investigated the pharmacological sensitivily of Ule lhree outward K cUlrents to 4-AP

and TEA.

IK

ln 6/6 ncurons exarnined (two of which had IK as their only ouiward currenl), lK was

significanlly reduccd (73±69'0 hlock, n=6) hy !OmM ruA. However, 1Kwas not hlocked hy ImM

4-AP (n= 12) (Fig. 3.9A). In a differenl series of expcrimen\s, SmM 4-AP was unahle 10 hlock IK

(n=5).

A-currenls

Originally we had hopcd to use 4-AP or TEA as pharmacologicaltools 10 isolale lM, lAs and

IK. Unfortunately, however, the relative sensitivities of these three currenL~ 10 either of Ihe drugs

are such UlUl neiUler TEA or 4-AP could he used to separale the K currenls. Nonetheless, Ihc

pharmacology of lAC differs from Ihat of lAs (Fi;;. 3.911). lM was almost complctcly blocked

(94±59'0 block, n=ll) by ImM 4-AP in ail neuron~ sludied, whereas lAs was only JYdrtially

blocked (56±10%, n=9) at the same concentration (Ule hlock of lAs by 4-AP tended to he

somewhal variable). In 5 neurons, 4-AP concentration~ of up 10 5mM wcre used, however 4()')f,

of lAs remained unblocked. This is in contrast 10 the pharmacology allributed 10 a slowly
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Figure 3.9: Pharmacology of Outward K Currents: Pharmacology of the
outward K currents to two K channel blockers, 4-AP (lmM) and TEA
(lOmM). Traces arc isolated IK(A) and A·currents(B) evoked by a
depolarizing step to +30mV from the indicatcd holding potential. A: IK: In a
neuron which only exprcssed IK (top:control), TEA (middle) decreased the
currcnt to an amplitude of 18% of control, but 4-AP (bottom) was seen to
have no effect on the outward current. B: W and lAs: A-currents evoked
from a holding potential of -90mV were isolated by subtracting the IK
currcnt evoked by a depolarizing step to +30mV, from a holding potential of
·20mY (top:control). Application ofTEA (middle) blocks most of lAs. but
docs not block IAr. Application of 4-AP in the same neuron, 20 minutes after
TEA rcmoval, is seen to block lAf (bottom). In this particular neuron 4-AP
also blocked most of lAs. however in other neurons lAs was blocked to a
lesscr exter.l. Traces werc filtered at 1.5kHz and sampled at 5kHz.
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inaclivaling K current in A-cells lIf adult n,><Jose neurons. whieh is reportedly blocked by 100 l1M

4-AI'. whereas the rapidly inaclivating current in CoCelis of lile same ganglion was unaffected

<Slansfeld ct al.. l'IH6). TItis may suggest !hat lAs is dilferent from the slowly inactivating K

currenl in adull A-cclls.

l'igure 3.10 shows lite 4-AI' dllsc-respoose curves for IAf. lAs and IK. The sensitivlty of IAf

and lAs III 4-AI' lliners 4-S fold: Ihe IC., (concentration for SO% hlock) for IAf is 3OOl1M, and

fllr lAs is approximalcly an order of magr.ilude greater. More importantly, for this sludy, was the

ohservalilln Ihal a 11IW cllncentration of 4-AP was not ahle to completely hlack IAf without

al'lecting lAs. and as such 4·AI' canno, be used as a 1001 10 scpurate lAs from IAf in nodose

neumns.

A dil1erencc IVas also ohserved in Ihe sensitivily of IAf and lAs to TEA; \OmM TEA did not

hlock lM (n= IOl. whereas lAs was partially hlocked hy TEA (SS±S%, n=II).

3.3.5 Sill~le l'1mnn~ls Ihlll underli~ IAf IInd lAs

Ccll1lwr allli Shrier (l'IH'I) demonstraled that on nodose neurons a single cla.<s of A-channel,

with a clllllluclance of 22pS, can inactivate in different ways. Some channels inactivated in

1(l-.~()ms sllggesting thalthey could ulllierlie IAf, wlùle other channels inactivaled in l00-300ms,

and sllmetimcs in 1-3s, suggesting thal they could underlie lAs. However, the differences in the

voitage-llcpellllcnt. kinelic and pharmacnlogieal properties of the macroscopic IAf and lAs

reporled hcre. might suggest lilat the single channels lilat underlie Ihese IWO currents arc different,

CI";!I lilllllgh thcy shure lile same single channel conductance. To investigate \his we measured the

kinctics "'r inactivation and lile voltage-depcndence of IAf and lAs al the single channel level.

Enscmhlc average curn:nlS

For these cxperimellls. we used ccll-attached patches lilal only contained A-channels as

previously dcsaihed (Cooper and Shrier, 1985. 1989); thal is. 22pS channels !hal activaled and
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inactivated wilh memhmne depolaril.ation. and requirell hYl"·rl"'lari/.ing sll'ps 10 rl'mnVl'

inactivatinn. Tn activale Ulese channels, del",laril.ing steps were lklivcred Irnm a V" nI' -'10 mV;

steps to Ule same l"llentials l'rom a -:!() mV hnlding pnll'nlial faik'd tn activaI,' the channd (SC'l'

C:>oper and Shrier, 19X9). Of 51 palches, 35 coIllainell only A-channels. l'atches usell fnr thc

analysis of voltage-dependeIll and :.inctic properties cnntained :!-5 channels, ail with the saml'

conduclancc. In 12 of these, ail Ule channels in the patch inactivatell witil Ule saml' limc course.

An example of a patch conlaining only rapidly inactivaling channels is shown in Fig. 3.11 A. 'Ille

channels npened hrieny in response to a dcpolaril.ing step ami then inactivatell. Enscmhle

averages, produced by repcatedly stepping the voltage to different levels, decayed wilh single

exponential time courses (lit is shown superimposed), whose time conslanls were l'rom In-30ms,

similar to whm is seen for the macroscopic lAI' (Fig 3.7A'.

The palch in Fig. 3.11 Il containell channels that inaclivaled wilh a slow lime course, such thal

the channels and ensemhle aven.ge cllrrenL~ show IHUe inaclivation over Ihe coursc of Ihe 2(Xhnsec

slep, similar to Ihe macroscopic lAs. Most palches (23/35), however, contained channels of hoU,

types (see Fig. 3.IIC). 11le decaying phase of Ule ensemhle uvcrages lür this palch is weil

described hy Ihe sum of two exponential componenli; (a douhle exponential lit is shown

superimposed), with time conslants corresponding 10 Ulllse ohserved 1<lr Ihe two macroscopic A­

currents.

Inactivation kinelics

There is good agreemeIll belweenlhe inactivation kinelics lür the mpidly-inaclivating channels

(AI) and the macroscopic lAI', as weil as bctween Ule slowly-inaclivating channels (As) and lAs.

1bis can he seen in Fig. 3.7 where Ule time conslanL~ lür inaclivation of Ule ensemhle averages

(open symhols) arc supcrimposed on data obtained l<lr Ule macroscopic A-currenls. 11le

inactivation kinetics of both channels, AI' and As, arc voltage-dcpendent, hccnming fasler WiUI

increasing depolarization. Furthermore, as was the case n,r Ihe macroscopie lAs, the inaclivalion



A

,-

c

~f""- ''''~wm~1...
.h

4PAL
50 m.ec

Figure 3.11: Single·channel records of As and Ar channels on nodose neurons. A. B. and C
show single channel rccordings in Ûle cell·attached configuration from 3 different neurons. A
shows a pateh with only Ar channels. Bshows a patch wiÛl only As channels. and C shows a
patch wilh holh Af and As channels. The upper lhrce records in each show representative
records evoked hy 2(Xl ms dcpolarizing steps to +40 mV from ·90 mV (A). -50 mV (B) and
·70 mV (C) holding pOlentials. (Patch potentials are expressed as membrane potentials by
suhlracting Ûle pipette potential from Ûle rcsting potential). The lower records are
superimposcd ensemhle averages of 50 steps to four differcnt polentials. -20 (lower). O. +20.
and +40 mV (upper). from a holding polential of-90 mV. The current traces werc fillered al
1.5 kHz and samplcd at 10kHz. and Ûle leakage currenls and capacily transients have been
suhtracted. The solid lines for voilage sleps 10 + 20 mV in A and B are single exponential
decays with time conslants of 21 ms. and 520 ms respectively. In C.Ûle solid Hne is Ûle sum
of 2 exponenlials, one wiÛl a time constanl of 12.9 ms and Ûle oÛler 139 ms.



1

•

76

kinctics of lh~ cns~mhlc u"cragcs fur the As channcls ~llllili hl' :Il'Sl'ri~d hy a singk "-XOulll'lllial

in SOI11C cuses. while in ul.hcrs. lIouhlc cxpl1ncntials WC ft,' Ill'l'lkd tu dcscrihc the dccay.

Il was dil1kulllo measurc the activation kinetics of the ensl'mhle avcrages rehahly hecause

the initial parts of tlle ensemhle averages were too fasl 10 resolve; nooetheless, qualitativ':ly the

activation kioetics for the ensemhle avcrages of As ehanncls arc slower tllan Ulose IlIr Al' channds

(compare Hg. 3.11 A and Il), whidl is consislent WiUl our macroscopîc measurements of lAI' ami

lAs (sec Hg. 3.6).

Yoltagc-lle(1Cnllence

ln addition 10 differences in their kinetics, IAf and lAs lliffcr in tlleir vollage·llepemlence l\lr

activation and inaclivation. TIlercfore, wc measured tlle voilage·depem!ence Ihr aclivation and

inactivation of Ihe rapidly.inactivating Af channels, ami of Ihe slowly-inactivating As dlanncls.

Activation experimenlS involvell hoilling the memhranc al -l)()mY and stepping repeatellly (n=5()­

1(0) 10 llilTerenl memhrane potentials. Inactivation experimenls involvell hoilling U' ~ memhrane

at differenl memhrane polenlials and slepping repeatedly (n=5()·I(Xl) 10 Ille same mcmhrane

polential. Wc usell \he peak of the ensemble average, l'rom patches willl Q!!!y fast A·channels

(n=5), as a measure of Ille rapidly inactivating channels, amI tilC plateau value ancr 15()ms. in

palches with Q!!!y slowly inaclivating channels (n=6), as a measure of Ille As channcls. TIle~e

amplitudes were convenellto conduclances (G) by llividing hy Ihe driving force (sec equalion 1).

For activation, the ratio of G1Gmax was \he conductance ti.r a given slcp polenlial (li) llividell

by the maximal conductance (Gmax), taken as the conductance for Ille voilage sleps 10 +40-+6()

mY. Whereas for inactivation, the ratio of G/Gmax was tlle conductance for a given Y", divillell

by the maximal conduclance (Gmax) evokcd from a Y" of approximalely -l)()mY. TIle Ci/(imas

dala for activation and inactivation arc plolled vs the memhrane potential (Vrn) in Hg. 3.12. This

ligure also indulles the lIollzmann dislrihutions used to llescrihe the llala from lhe rnacroscopic

currenL~ in Fig. 3.5, \0 llernonslrate lhe agreemenl Ilclween the single-channel dala and the
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Figure 3.12: Voltage-dependence of activation and inactivation for Al' and As channels.
A: As channels. Filled and open squares represent steady-state inactivation and
activation data. respectively. l'rom 5 patches containing only As channels. For
inactivation. each point represenL~ the ratio of the ensemble average measured at the
plateau at the end of the step to that of the maximum. For activation. each point
represcnL~ the percentage of the plateau of the ensemble average divided by the driving
force. to the maximum. B: Al' channels. Filled and open circles represent steady-state
inactivation and activation data. respectively, as in A, exccpt that the measurements
were made at the peak of the Al' ensemble averages. Solid line in A and B are the fitted
Boltzmann distrihutions for activation and inactivation of the macroscopic lAs (A) and
lM (B) as shown in Fig. 3.5.
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corrcspomting macroscopic CUrrClll!'i.

TIle 1I01izmann lIistrihutions rllr aclivation (V·=-omV. k=+12mV) allli inaclivalion

(V'=-70mV, k=-SmV) ror Af ensemhle averages are in gooll agreeJl\elll with Ihose seenlilr Ihl'

macroscopic IAr, excepl Ihal lile elL,emhle averages aclivalell 15mV more positive. TIle reason

ror lile shifl is unclear to us, however we have repealell these ohservalions severallimes (n=IO).

Others have reported similar lIiscrepancies hetween single channel liaia anll macmscopic liaia

(Zagolla anll AllIrich, 1990b; Fernanllez el al., 19H4). In allllilion, aclivalion expcriments were

always performell afler inaclivalion experimenl~, and in such a way Ihat the largesl voltage steps

were deliverell lirst. Ir there was a decrease in channel aclivity lIuring an expenmenl Ihen the

ensemble averages producell for subsequenl voltage sleps wouIII he reducell. TIlis would he seen

as a depolarizell shirt in the G/Gmax vs Vm graph. In this case, one wouIII have 10 postulate that

the activily of Af channels is more Iikcly 10 change wilh lime than As channels.

The dala lilr the voltage-depenllencc for aclivalion (V'=-3mV, k=14mV) allli inaClivalion

(V'=-53mV. k=14mV) of As channels (shown in Fig. 3.1211) were lit with similar Boltzmann

distributions as used 10 lit the activalion and inactivalion of the macroscopic lAs (see Hg. 3.511).

The agreement helween single-channel and macroscopic lIata suggesls thal the lIifferenccs in (Af

and lAs are lIue 10 dirferences at lile single-channel level.

Channels identilied as A-type always inactivated with lIepolarization anll exhibitell sleady-

slale inaclivalion, anll therefore we conclude that liley are lIirrerenl from lile channels that ulllieriie

IK. In none or our patches did we illenlify a channel that could account ror Ihe kinelic and

voltage-dependent propcnies of IK. In addition non-inaclivating K channels seem to l>u.c smallcr

conductances than Af and As channels (SK, HpS, Marty and Ncher, 19H5; Kx, 7pS, Hoshi and

Aldrich, 19HHh; DRG ncurons, 5-lOpS, Slansfeld and Fcltz, 19HH; RCK 1 clone, 9pS, Sluhmcr cl

al, 1988).



1 3.3.(, K currellls UII Superiur Cervical Gangliun neuruns

'IllC rl'sulis discusscd aoove, arc the lirsl characlerization of the vollage-depcndent and kinetic

properlies or a slowly illaclivating current (lAs) on sellsory neurons. Wc werc intercsted in

llelermillillg wheiller lAs was a CUITent specific to ocnsory neurons, or whether il was expressed

on oiller peripheral lIeurolls. As such, wc investigated the expression of voltage-gated K cUITenls

011 sympalhelic lIeurolls or the raI superior cervical ganglion (SCG) which arc known to express

a rapillly illaclivalillg A,cUITent (Galvan and Sedlmcir, 1984; Belluzzi N al., 1985; Marrion ct al.,

IY87). 1lle voll:Jge-aclivaleu oUlward CUITent (Fig. 3.13A) on pos'J1atal rat superior cervical

ganglion (SC( i) lIeurons, as for neonalal nodose neurons, consisls Ilf IAf, lAs and IK. To isolate

lAI' ami lAs on sec; neurons wc diu not have 10 take auvantage of neurons that only expressed

'Ille or Iwo of tllesc cUITents, as lile voltage-dependencies of IAf and lAs were sufficielllly

di rrere Il1 to allow separation oy holding potential. Olilerwise, lile lIIethods used 10 isolate these

cUITenls on pOSillalal SCC; lIeurons arc identical 10 those useu to separate the CUITents on nodose

ncurol1s.

'Ille propert ies or tllese 3 CUITents arc very similar 10 the CUITents expressed on nodose sensory

lIeurons. Taok 3.1 lists tlle propcrties of lAI', lAs and IK on SCG neurons, and compares them

ID Ille currenlS expressed 011 nodose neurons.

1K on SCl i neurons shuws no sleady-slate inactivation, and is the only CUITenl activatcd by

depolarizing sleps when lile lIIemorane is held at depolarized polentials of -lOmV lu ·20mV (Fig.

3.13(1). 1111s l:lIITent is slowly activaling, and requires quite depolarized polentials for activation.

111e rclalionship oelwccn lhe sleady-slale conductance relalive to lile maximum (G/Gmax), and

lhe lIIemonu1l' l'0tential was lit oy a llolizmann distribution with V'=22111V and k=lOmV (see

equation 2). II' does nol inactivate appreciably over 6 secs, and tetraethylammonium (TEA;

IOmM) olocks IK oy 70'7., (n=4).
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Figure 3.13: Voltage-dependent K currcnts on SCG neurons from a 3 day old rat:
A: Total outwaro currents evoked by depolarizing voltage steps from a holding
potential (Vh) of -90mV. B: IK: Depolarizing voltage steps from a Vh of -lOmV
activate only a slowly activating, non-inactivating currcnt (lK). C: lAs: lAs is
isolated by subtracting the currents evoked hl Jepolarizing steps from a Vh of
-IOmV (IK) from the corresponding CUJT,_'uIS cvoked from a Vh of -40111 V (lK +
lAs). D: IAf: lACis isolaled by subtracting currcnts from a Vh of -40 mV
(IAs+IK) from the corresponding currents evoked from a Vh of -90mV
(lAf+IAs+IK). For A-D, currenttraces on the left were evoked hy 12511L~

depolarizing voltage steps in 20mV innements, up to +30mV amltraccs on the
right are currents evoked by a IOsec depolarizing voltage step lU +30mV. The
leakage and capacity currcnts have becn sublracted from ail the trdces. For the
125rns steps, the currcnts were fillered at 1.5kHz and sampled at 5kHz. and fi,r
the lOs steps, the currcnL~ were filtered at llXJHz and sampled al 2(XJllz.



Nodose SCG
Activation Inactivation Activation Inactivation

V' k V' k V' 1< V' k

IAf -21 (6) 12 -73 (6) -8 -1.8 (8) 12 -65 (7) -7

lAs -2 (13) 14 -51 (10) 14 10 (8) 11.5 -40 (10) -7.3

IK 16 (5) 12 none 22(4) 10 none

Tahle 3.1: COll1parison of the vollage-depcndent propcrties of IAf, lAs and IK on
SCG and nodose neurons: The table gives Ibe pararneters of the Boltzmann
distributions (V' and k) used to describc Ibe voltage-depcndent propcrties for
inactivation and activation, of K CUITents el(prcssed on acutely dissociated neurons.
from one day old animais. V' is Ibe voltage requircd for eilber half m3l\Îmal
inactivation, or half m3l\imal activation of Ibe cUITent, and k is a slope factor. The
numhcrs in brackets refer to the number of neurons.
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The slowly-inactivating lAs has nol heen previously descrihcd in mammalian sympathetic

neurons. alUlOugh from examination of puhlished recof(ls il appears Ihal lAs is presenl (<lai van

and Sedlmcir. 1984; Belluzzi et al.. 19H5). and in fact. as lliscussed in Chapter 1. may have hœn

mistaken for IK. Our results from wh<lle-ccll expcrimems on SC<l neurons imlicale Ihal neonal:11

rat SCO neuruns express lAs. ln facl. lAs is the pred<lminanl voltage-galed K currenl in Ihe

majorily <lf the neurons from one day old animais (see Chapter 4).

Figure 3.13C shows lAs isolated hy Yh in an SeG neuron which expressed ail 3 currenls. lAs

is more rapidly activating than lK. and inactivates slowly with a single time conslanl of 4s±O.3s

(rneao±s.e.m. n=6) for a step 10 +30 mY. ln addition. lAs activales al more hypcrpolaril.ed

potentials Ulan IK. and shows sleady-state inactivation. 11te volt:lge-depcndenl data for activation

and inactivation were fit with Boltmlann disttibutions ami are clllllpared in Tahle 3.1 (olhe values

obtained for the Boltzmann fils of the voltage-depcmlencc data for lAs on nllliosc neurons.

lAf was fairly easy to scparate from lAs on SCG neurons. For Ihe majorily of neurons. lAs

shows IHUe sleady-slate inactivation over the range of polentials belween -90rnY and -40mY,

whereas IAf is completely inactivated al a potential of -40mY. 11IUS, suhttaetion of currents

evoked from a potential of -40mY. l'rom currents evoked by sleps to equivalent potemials l'rom

a Yh of -90mY isolates the fast A-eurrent (Fig. 3.12D). 111is is different from what is obscrved

for IAf and lAs on nodose neurons. where there is considerable overlap of their ranges of sleady­

state inactivation. therefore making isolation by sublraction more difficull.

The lAf current on SCO neurons is more rapidly activating lhan lAs amI inactivales rapldly

with a time conslant of 15ms±lms (meao±s.e.rn. n=6) for a slep to +30 mY. The current has a

lower threshold for activation than lAs, and is over half inactivaled at the resting potential of Ulese
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ceUs (-50 10 -(,() IIIV). Activation and inactivation data for IAfwere lit by Boltzmann distributions,

and the values of V' and k arc COlllpared to !hose obtained for nodose ncurons in Table 3.1.
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3.4 Discussion of ResuIts

3.4.1 Summary

ln this chapter, 1have characterized tllree K currents on ne·i.tatal rat nodose neumns: a ShlWly

inactivating current (lAs); a rapidly inactivating current (lAI); ami, a non-inaclivaling current (lK).

Thesc three currents arc also present on neonalal SCG neumns.

Most nodose and SCO neurons express ail Ulree currenls. ln nodose neumns, Ille rclalive

amount of each current varied considerahly. A significant numher of nodose neunm, lacked one

or two of the currents facilitating Ule chamcterization of cadI currenl in isolation. ln addition,

because Ulese currents differ in their steady-slate inactivation propcrties. il was orten possihle to

separate Ulem hy holding Ule membrane at different potenlials and using suhtraclion protocols.

Wc also isolated IAf and lAs by recording the single channels that underlie these currents.

SCO neurons also express UlCse II1ree voltage-gated K currents. However. Ulere is less

variability in Ule relative levels of expression of the currenlS as compared to nOlIosc neumns: lAs

ls the predominant voltage-gated K current for the majority (67'7", n=46) of neumns from one day

old animaIs. On SCO neurons, steady-state inactivalion of lAs was shirted to more llcpolarized

potentials as compared to nodose neurons. and as such, wc could isolate each one of tlle currents

using holding potential and subtraction protocols. even in neurons where ail 3 currents were

present.

3.4.2 Propcrlics of voltagc-dcpendcnt currcnts on pcriphcral ncurons

Delayed Reclifier. IK:

The voltage-depcndencc for aclivalion of IK is similar to lhat on other pcriphcral ncurons

(Kostyuk ct al.. 1981). IK on nodose ncurons activalcs at -lOmY and ix llalf maximal al +16mY.
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11le current activales slowly; ils rate is approximately two orders of magnitude slower than IAr.

ln addition, IK on nodose neurons is hlocked hy IOmM TEA, but is not sensitive to 1mM 4-AP

(TIlompson, 1977). In lenns of iLs voltage-depcndent, pharmacologieal and kinetic propcrties, 1K

expressed by sec i neurons is almost identical ta that on nodose neurons.

As discussed in Chapter 1 tilere is sorne discrepancy in the IilCraturc about whethcr IK

inaclivales (reviewed hy Rudy, 1988). In sorne studies, IK has been reponed to undergo slow (1-2

secs) inactivation (Segal and Barker, 1984; Belluzzi el al., 1985; Sah et al., 1988), whereas in

olhers, IK does not inaetjvate, at least over tellS of seconds (Kostyuk el al., 1981). Our rcsults

illuslrate that IK on mammalian pcripheral neurons is a non inactivating current; we feel that the

slow inactivation (1=1-3s) thal is apparent l'rom sorne records in the IiteralUre, may be explained

hy a contamination of IK by lAs (for example, sec Fig. 3.4A). In fact, wlùle Nerbonne and

C1urney (1989) described a delayed recLifier on neonatal seo neurons, our data l'rom neonatal

SCC; neurons imlicales that mosl of the outward vollage-gated K current is lAs, and that IK makes

up very liule of Ihe outward current (sec chapler 4).

A-currents; 1Ar amI lAs:

IAfon oo(lose neurons has kinetie and vollage-depcndent propcrties sirnilar to fast A currents

on other mammalian neurons (Kostyuk et al., 1981; Segal and Barker, 1984; Zbicz and Weight,

1985; Surmeier Cl al., 1989). TIle corrents acLivate rapidly, inaclivate with a single exponenLial

time course whose lime constant is IO-30ms, and are blocked by 4-AP.

lAs di l'fers l'rom lAI' and IK in ils kinetics, vollage-depcndence and its sensit'vity to 4-AP and

l'HA. lAs is only panly hlocked hy ImM 4-AP, and unlike IAr, it is also partly blocked by \OmM

TEA. lAs aclivates rapidly cmupared to IK, but at a rate that is about 5 Limes slower than IAr.

Inactivation of lAs occurs witil 2 components, one witil a Lime constant of 150-3OOms and the

other with a lime constant of 1-3 seconds. In most neurons, bath inactivaLion components are



1 apparent, hut in snme neurons, lAs inacl;vates wilh only one cllllll"lItelll. TItis may SUggl'St that

lAs is actually made up of 2 similar channels tilat diller in Ihdr rate of inactivation. '!llis is

supported hy the ohservation that only the slower eXl"lItelllial is reljuired 10 descrihc thc

inactivation of lAs on SCO ncurons. However, a recclll rel"ln showell that a single ra! hrain K

channel mRNA (RBK-I) injected into Xenopus oocytes resulls in the expression ur a K currelll

with 2 componcms of inactivation (50-100ms; 5-lOs) (Chrislie cl al., 1989), suggesting Ihatone

channel suhtypc can have 2 rates of inactivation.

On nodose neurons, lAs activates al more depolarizcd voilages than lAI': il is llltly llalf

activated at -2mY, compared to -21 mY for IAr. SCO neurons show a similar difference in the

voltage-depcndence for IAf and lAs. However, the vollage-depcllllencc for activation of IAf amI

lAs on neona!al SCO neurons is shifled by 15-20mY to more depolarized potentials as compared

10 nodose neurons: lAs is half activaled al WmY, and lM is half activaled al -2mY. TIlUs the

threshold for activation of A-currents on neonalal seo neurons is higher Ihan lhat ohserved for

similar currents on nodose neurons.

lAs and IAf on pcripheral neurons also differ in their vollage-depcndencc tilr sleady-slate

inactivation. lAs on nodose neurons appcars 10 he less sleeply depcndem on voilage Ihan JAf

(k=-14mY vs k=-8mY) and the voilage range for steady-state inactivation is shifled approximately

20mY more posilive than for IAr. lAs on SCO neurons shows a similar sllift in its vollage­

dependence of inaclivation as compared to IAr. However, lhe vollage-depcndendes of inaclivation

on SCO neurons arc shifled by about 10 mY to more positive pOlentials as compared 10 Ihose for

lM and lAs on nodose neurons.

3.4.3 Functional signifieanee of A-eurrents on peripheral neorons

The differences in the voltage-depcndencies for lM and lAs imlicate thatthe Iwo inactivating

currents will be available al differenl potentials, and a~ such could serve differenl mies. In SeCi
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neurons, lAI' anlllAs arc availahle at lhe resûng potenûal (-55 to -60 mV). SCG fleurons receive

synaplic inpuls lin III lhcir ccII hodies, and as such, lAs may decreasc cellular excitability by

acting as a partial shunl Iilr memhrane depolarizaûons. SllIwly inactivaûng currents, similar to lAs,

have hecn descrihcd Iilr 1I1her neurons and arc thoughl to he important in regulating neuronal

excilahihty (Slansldd cl al., 1986; Lukasiewicz and Werhlin, 1988; Storm, 1988). Whereas, lM

lin sympalhetic neurons is invol ved in controlling the rate of repolarization of the AP (Belluzzi

et al., 19X5; Nerhllnne amI Guerny, 1989).

Il is unclear what the functions of lAI', lAs and IK arc for nlldose neurons, whose ccli body

reccives no synaplic comacts. If one makes the assumption that Ule K currents expressed on the

ccII hlldy rellecls whal is seen at "le nerve terminais, Ulen Ulese currents may play an important

mIe in the inilial encllding of sensory informaûon. Il is important to note that at the rcsting

poientiaillf nOllose neumns (rcsting polenûal around -55mV) IAf is mainly inactivated, whereas,

only a small propllrtilln of lAs is inactivated, which suggests that only lAs plays a mie in

conlrolling Ille excilahilily of resting nodosc neurons.

11le resulls diseussed in this chapter suggest that there is a large variation in the proportion

lIf lAs and lA; expressed on different nodosc neurons. Similar resulls are observed for adull

nlldllse neurons (Slansfeld and Wallis, 1985) and for transient K currents expressed on idenûfied

molluscan neurons (Serrano and Gelling, 1989). Il seems likely that the variation in K current

expressilln is rdalell to Ihe neurons' function in vivo: Nodose neurons provide sensory innervation

to a numher of differenl pcripheral largets, such as Ule hean, the lungs, the truchea, and other

visccral slruclures. Il may he thal the different targels of nodose ncurons influence which K

currents they express in Iheir memhrane. For example, the terminais of sorne neurons act as

rapillly ad:lpling reccplms, while olhers act as slowly adapting receptors (Paintal, 1973). One

would expcel Ihal different K currents arc nceded to serve these two fonctions.

A stUlly or the liring hehaviour of Urree types of neuron l'rom the nucleus tractus solitarius
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(NTS) (D~kin ~l al., 19X7) suppons lh~ id~a dlal variahilily in K CUIT~lU ~xprcssion on n~urons

ren~CIS th~ n~~ll for dilT~rcnl ~xcilahl~ h~haviours. N~urons from Ih~ NTS ~xhihil diff~r~nl liring

bchaviours, d~~nd~nt on Ih~ rclaliv~ proportions of at I~asl .~ diff~r~nl K cUIT~nls in thdr

membran~s. In this Iighl, il is inl~r~sting that consiœrahly I~ss variation is ohs~rvcd for Ih~

proportions of IAf, lAs and IK on n~onatal SCC; ncunllt~: lAs is Ih~ pr~dominant CUITent in Iwo

!hints of lh~ n~urons. 111is may indical~ that ~I~ctrically SC<; n~urons ar~ mor~ homog~n~ous.

lhis id~a is suppon~d hy llala dlal d~monstrates that n~urons or a giv~n sympathctic ganglion

behave similarly in r~spons~ to a d~polarizing input; th~ majorily of n~urons or th~ lumhar

sympatheûc chain lire transiently, whil~ ncurons of dle inf~rior m~s~nt~ric ganglion lire lonically

(Cassell l't al., 19K6).

3.4.4 Single channels underlying IAr and lAs

The mosl frequenliy ohserved K channels in our palches were A·channels (Af alllVor As

channels). 11lis observation is Colt~islent with our macroscopic whole-ccII cUITent dala iflllicating

that most of Ihe outward cUITent consisl~ of IAf and lAs and that IK usually represents (mly a

minor comJXlI1ent of lile outward cUITent on UlCse neurons. Similar ohservations have heen made

for A·channels (A,) and delayed rectilier type channcls (Kd) in Drosophila muscle (Zagolta el al.,

1988).

ln this Sludy, we showed that some patches only contained channels that inaclivated rapidly

(Af channels) and whose ensemble averages dccayed wilh kinetics dlal cOlTesponded to those of

IAr, and we showed that other patches only conlained slowly inactivating channels (As channels)

whose ensemhle averages kineûcs cOlTesponded ln dmse of lAs. runhermore, we showed dlat the

voltage·de~ndence for acûvation and inacûvation of Af channels arc similar 10 those for IAf, and

the voltage·dependent properties of As correspond to Ihose liJr lAs. 11lese resulls indicale thal Af

channels are differenl from As channels, even though lhey have dIe same open channel
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One possihle explanalion for lile differcnt propcrlies of lAs and IAf could bc that a single

channel Iype is suhjeci 10 lIIodulation hy second messengers. 111ere is considerable evidence for

lIIodulalion of channel funclion hy second messengers (see review by Kaczmarek and Levitan,

IlJX7; I.evilan, IlJKX; Rudy, 19XX). However, bccause lile channels differ in their pharrnacology,

kinelics al,d voliage·dependcnce a more likely explanation for these findings is that Af channels

and As channels arc separale, hUI relaled channels. In this case, il may be thal the region of the

prolcin responsihle for Ihe channel porc is conserved bctween the two channels, and those domains

thal arc responsihle for channel kinelics and voltage·depcndencc arc different (see review by

Miller, 1'191; also Chapter 1).

A numhcr of other Hnes of evidence support the idea limt Af and As are separate channels:

Firsl, some neurons were round to express only Af channels, or As channels; Second, channels

thal rescmhle Ihe As channel on rat nodose ncurons, in tenns of single channel conductance and

kinctîc hchaviour, arc also present on hovine adrenal chromaffin œlls (FK channel, 18-2OpS,

Marty ami Neher IlJX5); 1111rd, recent molecular expcriments show that two A·channel subtypcs

sharing Ihe same single channel conductance can differ in a number of their physical propcrlies

(SlOcker Cl al., IlJlJO). Drosophila Shaker cDNAs that difrer only in their amino termini (ie. share

Ihe same corc rcgion amI carhoxyl termini) when expressed in Xenopus oocytes were shown to

share Ihe same single channel conduclance, but differed in Uleir kinetics for inactivation, in their

sensilivily to hlockade hy 4-AI', TEA and charybdotoxin, and their voltage·depcndence for

aclivalion; rinally, cvillence presenled in Chapter 4 indicates that IAr, lAs and IK are

dilTerenlially rcgulated during developmenl, supporling the idea of separale, but related K

channels.
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Chapter 4

Developmental expression of lAf, lAs and lK on postnatal peripheral neurons

4.1 Introduction

A numher of dilTerenl vollage·galed pOlassium ehannels are presenl in neuronal memhranes

(Rudy, 198H). TIlese channels play a cenlral mie in Cllnlrolling a neumn's excilahilily tse" reviews

by Thompson and Aldrich, 1980; Adams and Galvan, 1(86). Changes in the relalive mnnhcr amI

spatial distrihulion of the voltage-activated K channels expressed hy a neoron will have important

implications for ils eleclrical hehaviour.

Such changes are known 10 occur during emhryonic neuronal developmenl (Spilzer. 1979;

Bader et al., 1985; Barish, 1986; Nerhnnne and Gurney, 1989; O'llowd et al., 1(88). However,

it is not known how the specilie temporal, spatial and quamitative changes in the expression of

different K channels are regulated: Is the control intrinsic 10 Ihe neuron, or dn extriJt~ic factors

play a role'! Are Ulere sel patterns for the changes in K channel expression, or do Ihe patterns

differ for Ule various types of neumn'! Does any of the developmenlal conlml of K channel

exprcssion conlinue postnatally'!

Neonatal SCG neurons have several advantages for sludies investigating developmenlal control

of K current expression. First, there is already some evidencc that rat SOi neu•. "s regulale Iheir

expression of vollage·gated K ehannels during development (Nerhonne ct al .. 1986; Nerhonne and

Gurney, 1989). Nerbonne and co-workers showed that while a delayed reclilier type currenl is

present at embryonic day 14, the rapidly inaclivaling K current in these cells docs not appear until

embryonic day 16.

A second advamage wilh rat SCG neurons is thal several rescarchers have studied

developmenlal changes in their morphology, presynaptic innervation and targel innervalion
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(Ruhcn, l'IX5 a,h,c; Smlllcn ami Raisman, 19HO; l'urvcs, (975), and it is known that considerable

rcarrangcmcnt and rdincmcnt IIf holh prc and post synaptic contacts occurs over the tirst few

p"slnatal wccks: Ihcrc is a signilicant incrca.~e in synapse formation by the preganglionic ncrve

tcrminals (Smlllen ami Raisman, l'.IHO), from 10% to HO'if, of thc adult synapses over the tirst 3

wccks pllsillaially; dcmlritic arhllrizalillll incrca.~cs 4(X) fold (Voyvodic, 1987; Bruckenstein ct al.,

l'.IX'.I); targcl inncrvalilln incrcascs (Black and Mytilineou, 1976), and; ganglionic nonneuronal

l'clis prolilcmlc (Ilcndry and Campbcll, 1976), l'ossibly, tllc expression of voltage-gated K

currcnls changcs llver this pcrilld in rcsponse to the alleratiolt~ in the environrnenl of the neurons,

A thinl allvantagc is Ihal Ihc preganglionic and postganglionic nerves are readily accessible

Iilr cxpcrimcntal manipulatilln which makcs it possible 10 examine the effects of preganglionic

inncrvalilln aod largct faclors on thc cxpression of K currents, either by denervating or

aX,'lomiziog thc SCO ncurons. TIlc tinal advantage is that these neurons grow weil in tissue

culturc (Mains ami l'allcrson, 1973; O'Lague ct al., 1978; Hawrot, 1980). This makes the SCO

particularly allniClivc lilr studying factors affecting Ihc expression of K currents during

dcvdopmcnl.

ln Ihis dmpl"r, 1 lliscuss cxpcrimcnts that invcstigatcd the postnalal expression of voltage-

galcd K currcols on ml sympathctic and sensory ncurons. Using the subtraction protocols

cslahlishcd in Chaplcr 3, lM, lAs and 1K on SCO and nodose neurons were sepa.'1lted, and their

Icvds of cxprcssi(,n quantiticd during the tirst two weeks of postnatal development. 1 show tha!

for sec; ocurons Ihcrc is a switch frolll an lAs 10 an IAf dominated outward current, whereas,

thcre is lillic or 110 change in the expression of the three voltage-gated K currenlS on postnatal

IllllhlSC Ill'Un)lls.



• 4.2 Methods

Nodose and superior cervical (SCC;) ganglia were rcmllved l'rom rat pups 1. 3, 7 llr 14 llays

postnatally. 111e ganglia were dissllciated and the neurons cullurcd as deserihell in Chapler 2.

Voltage-gated K currenls were reeorded on acutely ilissociated neurons (2-24 hours in cullure),

using who\e-cel1 voltage-clamp techniques (Hamill ct al., IlJH 1), after inward Na amI Ca currem>:.

and the Ca-depcndent K current were hlocked pharmaco\ogically.

The current densities of the three K currents were measured on nodosc ami SCC; neurons at

differcnt times during the first 2 weeks of postnatal development. lAI', lAs and IK CUITems evoked

bya 125 ms voilage step la +30 mV were isolated using the suhtraction protoeols estahlished in

Chapter 3. Measurements of lAI' were made al the peak of lhe curren'., approximately ,- IOms

after the heginning of the depolarizing voilage step. l'or lAs ami IK, the amplitude measurements

were made at the plateau, 125 ms after the hcginning of the stcp since IIlese currents showed lillle,

or no inactivalion during Ille first 125 ms; any contaminaling lAI' cUITeni was complelely

inactivated by IIlis point. In some neurons, IK currents evoked l'rom a holding potential of ·20 mV

or -10 mV were cuntaminated by some remaining lAs Ihat was not inaclivaled at this potential.

ln these neurons, measurements of IK were made at Ille end of:. 6-lOsec depolarizing pulse to

+30mV, al whil~h poinl lAs had completely decayed and only the sustained IK current remained.

For current density (pNpl') measuremenL~ the isolated currems (pA) evoked by a depolarizing step

ta +30mV were divided by ccII capacilance (pF), obtained by illlegrating the eapaeity cucrent

evoked by a IOmV hyperpolarizing voilage slep.
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4.3 Resulls

4.3.1 IAr, lAs and IK nn pnstnatal SCG neurons

4.3.1.1 SWildl rrom lAs 10 IAr dnminat~d outward curr~nt

Figure 4.1 A shows Ihe Inlal vnllage-gated outward current rrom a postnatal day one (PI) SCO

ncuron evnked hy 125 ms (Ic1l) or 6 see (righl) depolarizing steps from a holding potential 'V,J

of -90m V. A~ discussed in chapter 3, OIC voltage-gated outward K current is made up by 3 distinct

currents: a non-inaclivaling, dclayed rcclilier-like currelll(IK), and slowly(IAs) and rapidly(IAt)

inaclivaling A-currenls. TItis ligure d~monslrates Olal on the PI neuron most of the outward

current ilwclivates slowly an,' only a smail rapidly inactivating component is evident. Of the three

currenls, lAs is the predominant current on PI neurons and makes up, on average 67% (n=42) of

the tolal oulward currelll.

ln contrast, on neurons from postnalal day 14 (1'14) animais, lAC is clearly evidelll; this is

shown in Fig. 4.111. TIlis ligure shows that a large fraction of the outward current on 1'14 neurons

inaclivales rapidly, hot a smaller slowly inactivating componelll is also present.

4.3.1.2 Current density measurements of IAf, lAs and IK on postnatal SCO neurons

To quanliry Ihe changes in Ole expression of the outward current over the firstLWo postnatal

weeks, we measured the current densilies (pA/pF) for IAf, lAs and IK on SCO neurons at 4

di Ilefem postnatal li mes: l' l, 1'3, 1'7 allli P14. Figure 4.2A shows the distributions of lAC, lAs and

1K current lknsities on 47 nenrons fmm PI animais and 62 neurons from PI4 animais. The

distrihulion of IAf currenl densities on PI neurons is skewed to the right, and in over 50% of the

neurons lM is less Olan 2OpA/pP. By comparison, lAC current densities on PI4 neurons have

increased signilicantly; fewer than 10'70 of the neurons have current densities less than 2OpA/pF,
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Figure 4.1: Changes in 1Af and lAs expression during posUlalal developmcnl: K
currenls on SCO neurons from Pl (A) and 1'14 (8) raL~. Thc inaclivaling CUITcnts
evoked from a Vh of -90mV arc shown for acutcly dissl'ciated seo ncurons. Thc traces
on the left show the lotal JM and lAs CUITenls (lK is suhtracted) cvokcd hy 125ms
depolarizing pulses up to +30mV, in 20mY incrcmcnL~. Thc lmccs on lhc righl show thc
total outward currenls, uncoITected for leakagc, cvokcd by a 6s dcpolari1.ing pulse 10

+30mV. lAs is the predominant voltagc-dcpcndent K CUITcnt for Plncurons, whcrcas
JAf is clearly evident on PJ4 neurons. For thC 125ms steps, thc CUITCnL~ w;rc liltercd at
1.5kHz and sampled at 5kHz, and for the 6s steps, thC currcnL~ wcrc liltercd at 100H1.
and sampled at 200Hz.

T
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amI over XO'y" have lAI' eurrent uensities greater Utan 20pNpF. of which >20% have lAI'

expresscd at > IlXlpNpE

ln addition, Hg. 4.2A indicalcs Ulal on PI neurons, peak lAs current densities arc larger than

for lAI', hut dccrcasc over U\C nexl two weeks. 1lùs is panicularly evident in the proportion of

ncurons wilh current ucnsities grealer Ulan lOOpNpF: 25% of the PI neurons have lAs current

ucnsities grcatcr lhan IlXlpNpF, as compared to 2% of the 1'14 neurons.

While lAI' and lAs expression changes during the first two weeks of postnatal development,

IK currenl dcnsitics on PI neurons are similar to those on 1'14 neurons, as shown in Fig. 4.2A.

Of We 3 currcnls, IK was the smallest; almost 80% of Ule neurons had IK CUITent densities less

Ihan 20pNpF.

1lle mcan currcnt uensities obtaineu l'rom the dislributions for lAI', lAs and IK for PI and 1'14

neurons (shown in Fig. 4.2A), as weil as l'rom the uislribulions for 1'3 and P7 neurons (not

shown), arc plnlted in 1-18. 4.2B. On PI neurons, the mean lAs current density is 3 fold greater

than IAr. :lIld 5 fold grcaler than lhe f11can IK current density. Over the next 3 days, IAfincreases

2 lilld, while lAs decreases by 3040%. 1l1ere is no significant change in IK. By 2 weeks, the

f11ean lAI' currenl densily is now 2 folu greater than the mean lAs current density, resulting in a

fi l'nid change in lhe lAmAs mlio over Ule two wcek pcriod. This change in the ratio is evident

in comparing the K currents shown in Fig. 4.IA and Fig. 4.1B.

4.3.13 Pmperlics of K currents on devcloping SCG neurons

Whercas lAI' amI lAs currenl densities change considerably over the first two weeks of

postnatal developmelll, we uiu not observe any developmental changes in the kinetics of

aclivation, or inaclivation, of Ihese currents. Table 4.1 compares the Boltzmann parametcrs (V'

and k) ohtaincd hy Iïlting Bollzmann uislributions to the uata for the voltage-depcndence of

activation uml inuclivation for Pl and 1'14 SCG neurons (sec meUlods of Chapter 3 for details of



A B
50

Pl P14
lAI :j • lAI.. ~IA.

li:' 80 .IK

~ 70 000

.B 60
~

0102030405010101010 ".. " 50
l 0102030401010101010 .... C

"c 4D" 50 50 - 000

c lA. c
2 .. .. l!! 3D

'" ~

" '"Z .. .. (J 20
'li c ! •.. " 10 " "" "Cl :E
III 10-C 0 2 4 6 8 10 12 14 16QI 0
l:! 01020'040 10 10 10 10 10 .,.. o 10 2030&0101010 lOto .,"
QI 50 Day. ln Vivoc.. 50......

10

0
01020 3040 10 10 1010 10 .,.. CI 10:lO:MI&lI5oJ10101Oto ....

Curran! Danslty (pAlpF)

Figure 4.2: K cunenl densities on SCG neurons change during developlllelll in vivo:
A: shows the cUITenl densily distributions for IAf (IOp). lAs (middle) and IK (hol!olll)
for 47 Pl neurons (Iefl). and 62 1'14 neurons (righl). Currenl densily (pNpF) wa~
measured as the peak isolated Kcurrenl (pA) divided by the membrane capacitancc
(pF). B: shows the mean cUITenl densities, as calculated l'rom the density
distributions. oflAf. lAs and IK l'rom PI (n=47). 1'3 (n=32). 1'7 (n=40) and 1'14
(n=62) SCG neurons. Error bars are sllUldard error of the mean (s.e.m). In vivo. lilere
is a significanl increase (•••• p<O.OOI) in lAI' by lile lilird day. and a significanl
decrease in lAs (•••• p<O.OOI) by 2 weeks. 'Illere is no significanl differencc (p>0.2)
belween the mcan densities of lK l'rom neurons al differelll postnatal ages.
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CUITont Inocllvallon Activation Inactivation Activation

V'(mV) k(mV) V'(mV) k(mV) V'(mV) k(mV) V'(mV) k(mV)

lAI -5i±0.2m -6.1 ±0.1 -4 ± 1(6) 12 ± 0.4 -65± 1 m 7 ± 0.6 -1.8± 1(8) 12± 1

IAa -24±0.5(8) -9.2± 0.4 15 ± 0.8(7) 11 ± 0.5 -40 ± 1 (10) -7.3± 0.5 10± 1(8) 11.5± 0.4

Table 4.1 : Activation and inactivation propcrties of lM and lAs:
The table gives the values for the pararnetcrs of the Boltzmann
dislributions (V' and k) uscd to describc the voltage-dependent
propcrties for inactivation and activation of K currents expresscd on
acutely dissociated Pl and P14 seo neurons. V' is the voltage
requircd for eilhc. half maximal inactivation. or half maximal
activation of the carrent, and k is a slopc factor. The numbcrs in
brackets refcr to the numbcr of neurons,
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expcrimental pmtocols). 1llere were no signiticant change~ in lhe voltage-dependendes Illr

activation or ~teady-slale inactivation of IAf and IA~ over lhe 2 week period. except that the

inactivation curve of IA~ on PI neuron~ wa~ ~hifted 15·20mY more negative; Ulis shitl. howl'Ver.

had no effecl on the mea~uremelll of lAs CUITent density hec:llI~e mea~urement~ were always made

of the maximal IA~.

4.3.2 Expression of lAI', lAs and 1K on postnatal nodose neurons

The level~ of expression of IAf, lAs and IK were measured on nodo~e neurnn~ over the Iir~t

two postnatal weeks. Figures 4.3A and Il show the voltage-gated K CUITents expre~sed hy a

represemative 1'14 nodose neuron; A ~hows Ule total A-CUITent. evoked hy 125 ms depolaril.ing

voltage steps l'rom a Y" of -90mY, white Il shows the tolal outward CUITent evoked hy a 6 ~

depolarizing step to +30mY from the same Y". Comparisons of K CUITelll densities hetween 1'1

and 1'14 neurnn~ Me complicated somewhat by the variahility in K CUITent expression among

different nodose neurons. Figure 4.4 compares the rnean CUITent densities for IAf, lAs and IK

observed on Pl and 1'14 nodosc neurons. IAf and lAs levels were not signilicantly dilTerelll

(p>O.I, t-lesl) helween PI and 1'14 neurons, a1UlOugh there was a small hut signilicant (p<O.OI,

t·test) decrease in IK. :~owever, unlike sec; neurons, UlCre was no striking qualitalive change in

the outward current profile during the tirst two weeks of postnatal development (compare l'ig. 4.3

with Fig. 3.1).
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Figure 4.3: K currcnts expressed on a PI4 nodose neuron: A: shows the total
A-currcnls evoked by depolarizing voltage steps up to +50 mV in 20 mV
incremenl~, from a Vh of -90mV. IK currents evoked by depolarizing steps
10 the equivalenl potentials, from a Vh of -20mV were subtraeted from the
Iraces 10 isolale the total A-currcnt. A -70mV hyperpolarizing step from a
Vh of -20mV was added 10 the traces to remove capacity and leakage
currcnl~. Traces were fillercd al 1.5 kHz, and sampled at 5 kHz. B:
non-Ieakage sublracted total oulward CUITent evoked by a 6 sec depolarizing
voltage slcp 10 +40mV. The currenl was filtered at 100Hz and sampled at
200Hz.
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Figure 4.4: Developmental expression of lAf, lAs and lK on
nodosc f.eurons in vivo: shows the mean CUITent densities (pNpF)
for IAf, lAs and IK expressed on Pl(n=30) and PI4(n=12) neurons.
There is no significant difference bctween the lAf and lAs currcnt
densities (p>O.I, t-test) measurcd for Pl and Pl4 ncurons. Ali
recordings were pcrforrned 2-48 hours after plating. Errors arc
S.e.rn.
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4.4 Discussion of Results

4.4.1 Switch in inaclivatinl; K current types durlnl; po.umtlll developmental ofSCG neurons

TIlC rcsulls in Ihis chapter demonslrale that thcre is a change in the pattern of expression of

IAf and lAs on rai SC<J neurons during Ule first two weeks of postnatal life. AIl thrcc voltage-

gated K currenl.~ arc found on PI neurons, however, lAs is the predominant current; it is

expressed al a densily 3 rold greater Ihan IAf and 5 fold grealer than IK. IAf expression increases

2 fold wilhinlhe firsl 3 poslnatal days and continues to increasc more gradually over the next JO

days. lAs, on Ihe olher hand, decreases over the first week to 50% of its PI value. As a resull,

on 1'14 neurons, IAf is the predominanl current and the ratio of IAf to lAs has increased 6 fold

from Ule 1'1 value. IK is expressed at Ule lowest density, and furthermore, we observed no change

in exprcssion of 1K over the 2 week period.

TIlese li IIlHngs arc consistent wiUI a previous developmental sludy of K currents on embryonic

SCG neurons (Nerhonne cl al., 1986). TIlCir study demonstrated that IAf develops 2 days later

than nnn·rapidly inaelivating K currents, which may explain our finding thatlAf is smaller than

lAs on 1'1 neuroll~. Developmenlal changes in IAfcontinue postnatally as IAflevels increase over

the first two weeks after hirUl. TIlis result is consistent with severa! studies which showed that

adull raI SCG ncurons express a large rapidly inactivating A-CUITent \hat has properties sinlilar

.0 lAI' (Galvan and Sedlmeir, 1984; Belluzzi et al., 1985; Marrion et al, 1987).

TIle pallern or expression or rast lransient currents on rat SCO ncurons appears different from

lhal or Ilrosophila Ilight muscle (Salkoff and Wyman, 198Ia), or neurons from the quail

mescnceplllllîc neural crest (Bader ct al., 1985), where a fast A current develops before other K

currents. In fael, in Ule delayed appearance of IAf, the pattern for SCO neurons sccms more

similar to Ihal of amphihian spinal ncurons (Ribera and Spitzer, 1990). Slowly inactivating

cUITents in otlll'r systems arc also dcvclopmcntally regulaled; a slowly inactivating current present
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on Pl rat pineal cells disappears hy lile founh postnatal \\'eek lAguayo. 191\9). Ilowevcr, on rat

neostriatal neurons a slowly inaclivaling current lirst appears and thcn increascs ovcr this same

lime period (Surmeier et al., 1991).

4.4.2 Peripheral neurons ditTer in their control of lAI', lAs und IK durin!l postnutul

development

ln addition. our results indicate lilat there are clear diiTerences ohscrved in the developmenlal

expression of voltage-gated K currenlS in sensory and sympalhetic neurons of t!~e rat peripheral

nervous system. During the lirst two weeks of postnatal development there are few, if any,

qualitative or quantitative changes in lile K currents expressed on nodose neurons. l1lese results

l'rom nodose neurons suggest that much of the regulation of K current expression is occurring

embryonically, whereas, for SCO neurons at least part of the regulation occurs postnatally. llle

K currents on SCO and nodose neurons, and on neostriatal neurons (Surmeier et al., 1991) appear

sirrlilar in tenns of their macroscopic properties, and yet, lileir expression on each type of neuron

is regulated differently. These results indicate that changes in K current expression can occur

embryonically amI/or postnalally, and Ihat ncurons show distinct developmental sequences of

appearance ami disappearancc of similar vollage-gated K currenls.

4.4.3 EtTects of developmental changes in lAI', lAs and 1K on the electrlcal propertles of SCG

neurons

Sincc lM and lAs have different kinetic and voltage-dependent propcrties, changes in the K

current pralile might result in changes in the electrical bchaviour of neurons during development.

11ùs is true of other systems (Barish, 1986; Yooi et al., 1988; Spitzer, 1985; Surmeier cl al.,

1991). lM is hall' inactivated at the resting potential of scn neurons (-60mV), whereas lAs

channels are almost ail available for activation. On PI neurons a large slowly inactivating current
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CIluld serve 10 shunt oUi synaplic depolarizations. Slowly inactivating currents have bcen

irnplicatcli in such a rolc in olhcr systcms (Storm, 1988; Lukasiewicz and Werblin, 1988). On PI4

neurons however, one might expcct that Ihe decreasc in lAs would make the cells more responsive

to depolarizing inpuls. In alldition, a large lAI' would serve 10 quicken the repolarization of the

AI', a role lAI' reportedly serves in SCG neurons (Belluzzi ct al., 1985; Nerbonne and Gurney,

19H9).

4.4.4 Possihle mechanisms involved in changes ln K current densities during development

While Ihcse sludies show thal K channels on SeG neurons change during posUlatal

developmenl, il is not k'lOwn how Ihese changes come about. A number of possible mechanisms

can be invoked 10 explain Ihe swilch in A-cUITent type during posUlatai development: (1)

regulalion of Ihe turnover of the different channel proteins; (2) posttranslational modification of

Ule K channel protein. and; (3) regulation at a genetic level, involving either transcrîptional or

translational control.

1lle Iirst slep prohahly involves activation of 2nd messenger systems, as demonstrated by the

role of l'rotcin kinase C in Ule maluration of the delayed rectifier current of amplùbian spinal

neurons (Ilesarmenien and Spitzer, 1991).1t is possible that second messengers act direcUy on the

K channel prolein to cause changes in channel activity: this could involve changes in channel

propcrties, or inlerconversious between non-functional and functional forms ofa channel. Evidence

exisls lilr modulalion of channel propcrlies by intracellular factors (Kaczmarek and Levitan, 1987;

Levilan, 19XX). For example, in bag ccli neurons of Aplysia, the inactivation rate of a fast A-

currcnt is allercd in response to an increase in intracellular cAMP levels (Strong, 1984).

However, given Ule slow time course of developmental changes in posUlatal SeG neurons,

and that the changes arc probably long lasting if not permanent, it is more Iikely that if second

ll1essengers ure involved in controlling these changes, that they act indirectly by triggering events
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al the le',c1 or Ihe genome. One mechanism of producing long tenn changes in funclional channel

expn~ssion could be 10 aller Ihe levcls of a prolein thal mmlulates K channel aclivity (tlreenberg

el al., \986). Another possibility is Ihal changer. in the ouIward currem could resull Irom insertion.

or Joss. of channels in tlle membrane. TIlis control or channel numher could be at Ihe

transcriptional levci, involving !!le up ur down rcgulalion of getlC expression. Alternativcly.

changes in the number ..f channels in Ihe membrane COUlll IIlvolve changes in Iranslation of Ihe

messenger RNA ImRNA). changes in rJtes of mRNA lurnover, or changes in posltrJnslalional

processing of Ihe channel proteins. However. delermining al whallevcl seo neurons regulate their

expression of K currenlS must wail unIil Ihe genes encoding the ionÎC chantlCls for IAf. lAs ami

IK on seo neurons have been identilied.
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Chapter 5

Control of voltage-gated K currents on peripheral neurons

developing in vivo and in culture

5.1 Introùuction

Many studies have examined tlle propcrties of K CUITenls expressed by different neurons

(see reviews hy Rudy, 1988; Llinas, 1988), and l'rom these sludies it is clear thatthe particular

set or K currenls a neuron expresses deternùnes much of ils electrophysiological behaviour,

particularly Ihe Irellueney and pauern of action potential firing. In view of the importance of K

eUITents, il is surprising how liltle is known about the factors that govern their expression such

tllUt different neurons acquire diverse sel~ of K CUITents during tlleir developmellt. The set of K

eUITents a neuron expresses could he controlled by a program intrinsic to neurons, however, the.re

is evidenee that epigenetic intluences have a role (as discussed in Chapter 1). This chapter

presents results of expcriments tllUt investigate the role of extrinsic factors in the control of K

CUITent expression on rat SCO neurons during postnatal development in vivo and in culture.

11lese sympalhelîc neurons provide several advantages for studies on the regulation of K

CUITent expression: (I) ln Chapler 4, 1showed that on postnatal SCO neurons, there are changes

in K CUITent expression that occur over a short (days), well defined period. (2) SCO neurons arc

easily accessihle and grow well in culture (Mains and Patlerson, 1973; Hawrot, 1980), 50 thattlle

environmelll or Ihe ncurons can he manipulated to inveslîgate the role of specifie factors in the

control or K eUITelll expression. (3) ïl1e postganglionic axons of SCO, and the ncrves of the
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preganglionic neunllls thal innervate Ulcm (sympathetic tnmkl, arc rcadily aCl'Cssihlc tilr aXOllllllY

and denervatian expcrimcllls respcctively, in arder ta cxaminc target and preganglionic inlluences

on K current expression.

ln Ule previou:; chapters, 1 showed thal SCG ncunllt~ express 3 voUage-aclivalcd K

currents: a non-inactivating currenl (IK), a slowly inactivating A-current (lAs), amI a rapidly

inactivating A-currelll (lAI), During the tirsl 2 weeks of postnatal i1l vi\'O development thl'

expression of lAI' increascs three fold, Ule expression of lAs dccreascs 2 til1d. amI IK densilies

rcmain cort~tant. Is the ill vivo swilCh l'rom an lAs lO lAI' dominated outward currcnt under

intrinsic and/or eXlrinsic regulation? If Ule switch is under Ule conlrol of extrinsic inlluences, whal

is the nature of Ulis inllucnce? Are lAI' and lAs regulated imlepcmlently, or does regulation of one

current depend on the expression of UIC other'! Is Ulere a reslricted wim\ow during deyelopment

during which thesc changes can occur'! The studies lliscusscd in Ulis chapler address these points.

As neurons differenliate during developmenl 1I1ey are subject tu several environmenlal

influences Ulat could poientially affecl the particular K channels Uley express (as reviewed in

Chapler 1), To ensure lhal Ule eleclrical activity of lhe ganglionic neurons produces the

appropr;~te response l'rom the target. one might expcct Uml the target (Black and Mytilineou.

1976; Patterson. 1978; Furshpan et al .• 1982; Bunge et al., 197X; l'urves and Lîchlman. 1985), or

pre-ganglionic inputs (Black et al .• 1971; Black. 1982) play a role in determining Ule parlicular

K currents neurons express ln addition, several reports indicale Ulat the nonneuronal ccIls Utat

surround the neurons can inlluencc their llifferentiated propcrties (O'Lague et al., 1978; l'attcrso/l,

1978; Zurn. 1987; SmiUl and Kcsslcr. 1988; Nawa and Sah, 1990; Clcndcning and Humc, 1990),

FinaIly. hormones, growth factors. or peptides. l'rom the circulation may havc cffccts on

expression of K currelllS by the neurons (Jocls and de Kloct. 1992).

ln Ulis chapter. 1 lliscuss experiments designcd to idcntify faclors thal control the
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l1evelopmenlal changes in K currenl expression on SCG neurons. 1show thal preganglionic inputs

aol1 largel conlacl arc nol responsihle for the postnalal swilch from an lAs to an lAf dominated

oulwarl1 currelll. In addition, 1demonslrate that nonneuronal cclls provide a soluble factor(s) that

is re'luired hy l' 1 SCC; neurons to express A-currenls in culture. Furthermore, our results suggest

thal neurons have inlrinsic control l1lechanisms to coordinale Uleir expression of the 3 voltage-

galed K eurrenls.
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5.2 Methods

Supcrior cervical (SCG) ganglia were removell from raI pups 1.7. or 14 llays postnalally.

ln adllition, nollnse ganglia were remnvell from nennatal rat pups (1'1). TIle ganglia were

dissociated and the neurons maintained in culture for 3, 7, 14 and 2X days as descrihed in Chapler

2. In some expcri'llents, SCG neurons were cultUlcd in the ahsence of other cell types. while in

sister cultures SCO neurons were grown in Ule presence of nonneuronal cells from either the

ganglion, heart or skin (meUlOds for eslablishing co-cultures arc descrihell in Chapter 2).

Alternatively, unllissociatell Pl and 1'7 SCG were CUI in half, and maintainell in culture lbr 2

weeks as explanls, before dissociating the neorons and plaling Ulem in cu lIure dishes. To further

investigate Ule effecls of nOl1lleuronal cells on the expression of IAf, lAs and IK, l'1 SCO neurons

were grown for 24 weeks in Ule presence of a mixture ni (jO'y" media comlitinnell (C.M) hy

nonneuronal ceUs from lhe ganglial 40% growth media. In some experiments, neurons were grown

for 14 days in Ule presence of ciliary neurotrophic faclor (CNTF) al a concenlration of l:Jng/ml.

Whole-cell voltage clamp techniques (Hamill el al .. 19H 1) were uscd to record voltage-galed K

currents on neurons in lhe different culture conditions (sec Chapter 2). Recordings were ffllm

single neurons and from neurons in cluslers. No significant diiTerencc was ohserved in the degree

of clustering I(lr neurons in lhe differenl cullures, and clusleri ng had no eflecl onlhe voltage-galed

K currenŒ expressed by Um neurons.

Preganglionic denervation and IlOstganglionic axotomy

Denervation

ln one series of experimenlS, wc cxamined Ule elTecls of preganglionic denervation of

neonatal sympaUmtic neurons on the developmenlal appearancc of voltage-gated K currenL~. In
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a seCllnd series, wc examined Ule effecLs of postganglionic axotomy. Our surgical methods were

similar to lhose of Voyvodic (19X7). Ilriefiy, for denervation experiments, postnalal day one rat

pups were anaeslhelized hy cnoling; the preganglionic cervical sympathetic trunk on one side was

exposed andligaled approximately halfway between the SCG and the first rib, and then the nerve

was transecled dislal to lhe ligation; Ille ligated proximal stump was directed in 10 the overlying

muscle to impede regeneralion. After Ille surgery, the pups were relurned 10 the liller for one to

two weeks. We ohserved thal ail denervated animaIs exhibiled pronou,'ced ptosis of the eye on

the operaled side IWO weeks laler. (We could not use !his test on animais thal survived for shorter

limes hecause the eyes remain clnsed for the first 12 days postnalally). In some animais, we

conlirmed lhal lhe denervation was complete by eleclrophysiologically recording from the

poslganglionic nerve wilh extraccllular electrodes while stimulating the preganglionic stump. In

ail conlrol animais (n=6) a compound action potentia1 (C.A.P) was recorded, bul no C.A.P could

he recorded ill any of the denervated animais (n=6). Results from lested denervaled neurons were

nol any diiTerent from thosc Illat were not tesled before dissociation.

For reconling C.A.Ps, the rat pups were anaesllletized with 4Omg/kg body weight sodium

pcnlaharhilol (Somnolol, MTC Pharmaccuticals), Ille preganglionic and postganglionic nerves were

exposed ami placcll on silver hook eleclrodes; the recording electrodes were connected 10 AC

preamplilier (nwde hy Mr. J. Knowles, Faculty of Medicine Electronic Workshop, McGilI

Universily) amllhe signais stored and displayed on an AST 286 IIlM compatible computer with

Ihe use of Assislant software (MacMillan software). The slimulating electrodes were connecled

lO a (irass slimulalor (mOllet #SD9).

Axolomy

For poslg:lIlglionic axolOmy, Ille SCG was isolated from surrounding connective tissue and

the main poslganglionic nerves were transected near the exit of Ille ganglion. 1his procedure in
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PI animais rcsulled in a pr~gressive decrease in the numher of neurons in the ganglion that was

more severe in ganglia lhat survived for two weeks ancr stITgery Ihan aner one week: Ihis linding

is consislent wilh results of Hemlry and Camphell (1976) who reported lhal 50% of the neonatal

SCG neurons are lost one week aner axolomy and 90% hy one monUI.

To measure the K CUITenis on Ule denervaled or axolomized neurons, Ihe ganglia were

removed l'rom the opcraled animaIs aner either one or Iwo weeks and dissocialed as descrihed

above. Ali neurons were examined eleclrophysiologically using whole-œll palch clamp techniques

between 2-48 hr aner plating.

DaIa Analysis

The CUITent densities (pAlpF) of lAI', lAs and IK were measured on nodose and SO;

neurons under differenl expcrimental conditions. Details of the analysis are providcd in Chapter

2 ·lOti the melhOlls of Chapler 4. Briefiy, lAI', lAs and IK COITents evoked hy a 125 ms voltage

~tep to +30 mY were isolated using Ule sublraction prolocols eSlahlished in Chapter 3. To mea.~ure

CUITent densily (pAlpF), the isolated currenlS (l'A) were di'lidcd hy Ule whole œil capacilanœ

(pF), obtained by inlegrating the capacity CUITent evoked by a 10 mY hypcrpolarizing voilage step.
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5.3 Results

5.3.1 A-channcl cxprcssion is lar~cly indcpcndcnt of prc~anglionic inl1ucnccs

We were imerested in whether the postnatal increase in IAf and decrease in lAs expression

on SCC; neUfllns were a result of innervation by the preganglionic nerves. During the lirst 3 weeks

of postnalal developmenl there is a large increase in the synaptic innervation of seo neurons

(lI1ack el al.. Inl), rising from 10% to 80% of the number of synapses observed in the adult

(Smolcn and Ruisman, i 980); we tested whether this increase in preganglionic innervation was

rcspolLsihle für the chailges in K current expression over Ulis pcriod.

1'0 lest the clTecls of preganglionic innervation. the preganglionic nerve to the ganglion

was cut on pllstnatal day 1 and denervated neurons examined 1 and 2 weeks later. An exarnple

of llutward currenls from a 1'14 neuron that has bcen denervated for 2 weeks is shown in Fig.

.~. 1A amI Il. The outward currents on Ulis denervaled neuron were sirnilar to those of innervated

SCC; neurons from 2 week old animais (see Fig. 4.1B).

Figure S.IE ShllWS Ule rnean IAf and lAs current densilies for neurons that were

chronically dcnervated for 1 (n=38) and 2 weeks (n=46), lllere was no signilicant differencc

(p>O.2, l-Iesl) when comparing mean IAf and lAs current densiûes between the chrolÙcally

llenervaled neurons ami control innervaled neurons, excepl for a srnall (approxirnately 20%)

reduclion in lAI' aner 2 weeks of denervation (p<0.01). Denervaled neurons stiU showed the

change from a predominantly slowly inactivating outward current at PI to one cornposed of

predominantly IAf hy 1'14. indicating that developmental changes in inaclivating currents are

unlikely III he a result of presynaptie innervation.
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5.3.2 A·channel expression is largely independent of target factors

Anolhcr possihlc cxplanalion for thc postnatal changcs in IAf and lAs on SCO ncurons

is that UIC cxprcssion of thcsc currcnts is inllucnccd hy a largcl-llcrivcd factor(s). I>uring SC(;

postnatal devclopmcnt thcrc is a largc incrcasc in UIC numhcr of synaplic targcl contacts (Illack

and Mylilincou. 1976). In addition. axotomy in oUlcr prcparations rcsulls in changcs in thl~

electrophysiological propcrtics of ncurons (Kuno et al., 1974; Purves. 1975; Kclly ct al.. 19H6;

Gallego ct al.. 1987).

To test thc effccts of targct-dcrived factors, wc axotomizl'd ncurons on PI hy culting thc

main postganglionic lrunk Ulat exits UIC ganglia and thcn cxamincd the ncurons 1 and 2 wecks

later. These experiments are complicated by Ule fact Ulat almost 50% of nconatal SCO ncunlll~

do not survivc more than 1 week aftcr axotomy and almost ail die hy 1 month (Hcndry and

Campbell, 1976). However, as we have shown Uml UIC mosl signilicant changes in lM and lAs

expression occur during the lirst week of posUlatal devclopment. it was possible to measure Ule

effects ofaxo!omy on those neurons that survive during Ihal limc.

An example of Ule outward currenL~ from a ncuron Ulat has bcen axotmlliz.ed for 2 week.~

is shown in Fig. 5.lC and D. The oulward currents on this ncuron were similar to thosc of control

SCG neurons from 2 weck old animais. Figure 5.IE shows thc mcan lM and lAs current densilies

for neurons that were axolomized 1 week (n=43) and 2 weeks (n=4l) earlier. TIlCre was no

significant diffcrencc (p>O.2. t-test) in lAs between Ule neurons axolomized for 1 or 2 weeks and

control neurons from the same age animais, except for a slight dccrease (20%) in JAf after 2

weeks (p<O.OI). Axotomy, failed 10 prevent the increa.~e in JAf or Ule decrea.~e in lAs observcd

during in vivo developrnent, suggesling Ulat innervalior of the target does not signilicanUy

influence the change in expression of IAf and lAs during Ule lirst two poslT,aml weeks.
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Figure 5.1: Effcct of denervation and axotorny on Kcurrent expression: A-B.
l)cncrvation: A. shows totlÙ IAf and lAs currents frorn a PI4 SCG neuron denervated on
Pl. Thc currcnts wcrc evokcd by dcpolarizing voilage steps up to +50rnV (in 20rnV
incrcmcnts), l'rom a Vh of -90rnV. Traces werc leak corrected, filtcred at 105kHz and
sanlplcd at 5kHz. Thc lower trace shows the total uncorrectcd outward current evoked by
a 6 sec depolari1jng step 10 +4OmV. The trace was filtered at 100Hz and sarnpled at
200Hz. CoD. AXOlomy: C shows the totlÙ IAf and lAs currents, as in A, and D shows the
totlÙ uncorreclcd current, as in B, from a PI4 SCG neuron axotomjzed on Pl. E shows the
mcan IAf (Ieft) and lAs (right) currcnt densities (pAlpF) for control, denervated and
axotornized SCG ncurons exarnincd on P7 and P14. AIl surgcry was perforrncd on Pl.
Error bars rcprescnt the s.c.rn.. For control: n=47, PI; n=40, P7; n=62, P14. For
dcncrvation: n=38. P7; n=46, P14. For axotorny: n=43, P7; n=4I, P14.
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5.3.3 SCG neurons lose their expression of IAf and lAs in cllllure

Decause factors from preganglionic nerves and targel orgalls do n'" appear 10 inlluente

the expression of K CUITents during Ule lirsl 2 weeks of postnatal developmenl. we were inlerested

in investigating other faclors that might explain the changes in the expression of lAf ami lAs.

Therefore. we studied the development of PI SCG neumns in tissue culture: tissue culture urfers

the advantage Umt one can control much of the external envimnmenl as neumns devclop, and in

this way one can examine Ute role of various extrinsic factors in the develor,mental conlml of K

CUITent expression.

Several sludies have shown that rat SCG neurons grow weil in culture and acquire many

of their il! vivo propcnies (Mains and Palterson, 1973; O'Lague Cl al., 197K: Hawrol, 19NO;

Druckenstein ct al., 1989). Figure 5.2 shows a phase micrograph of a typical culture of 1'1 SCO

neurons mat have developed in culture for 3 weeks in Ule virlual ahsence of oUter ccII Iypes. SCt,

neurons in long lerm culture can lire overshooting Als and continue ln express neumnal nicotinic

acclylcholine reccptors (Mandelzys and Cooper, unpuhlished ohservations).

Inlerestingly, the outward CUITents expresscd by Pl neumns grown in culture arc qulle

different from tltose expressed by neurons developing for the same lime il! vivo: neumns in culture

longer than two weeks have signilicanlly smaller (p<O.OOI, t-test) 1Al' and lAs Umn Ulose il! vivo.

Figure 5.3 shows examples of the total oulward CUITent from 3 l'1 SCO neurons grown in culture

for differenttimes. Figure 5.3A shows CUITents from aI'l ncuron (hal had heen in culture for less

than 24 hours. The predominanlly slowly inactivating outward current is typical of CUITcnls

observed for acutely dissociated 1'1 neurons. Figure 5.3D shows Ule oulward CUITent (rom a neuron

that developed in culture for 7 days (C7). The large increasc in IAf thal occurs in vivo does nol

occur, and, in fact, by a week in culture mosl neurons express no deleclable IAr. rigure 5.3C

shows the outward CUITent from a neuron in culture for 2N days (C28). Ily C28, Ule ouIward
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Figure 5.2: Phase mierograph of living PI SCG neurons in
culture for :1 weeks in the virlual absence of nonneuronal
cells. Seale represenl~ 50~m.
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Figure 5.3: Developmental expression of Kcurrents on SCG neumns in
culture: K currents expressed on aPI neuron in culture for less than 24hrs
(A), on PI neurons grown in culture for one week (B), and in culture für
four weeks (C). Left: shows the total, leak subtracted outward currcnts
evoked by a l25ms depolarizing voltage step to +30mV, from a Vh of
-9OrnV. Traces were filtered at 1.5kHz and samplcd at 5kHz. Right: shows
the total outward currents, uncorrccted for leakagc, evoked by lOsec
depolarizing voltage steps to +30mV from a Vh of -90mV (circle) and a
Vh of -JOrnV (square), filtered at 100Hz and sampled at 2CX)H~.. The
difference bctween the IK currcnts evoked fmlll a Vh of -lOIIlV, and the
outward currents evoked from a Vh of -9OrnV rel1ecL~ the inactivating IAf
and lAs currcnts.
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currents exhihilell almost no inactivation, and couId be blocked by 74%±5% (mean ±s.e.m) with

IOmM telraethylammonium. consistent with the pharmacology of delayed rectifier currents

(1110mpson, l'n7). 111ese results indicate lhat the outward current of Pl neurons in culture for 28

days consists almost entirely of IK, and that the inactivating currents (IAf and lAs) are graduaIly

lost on 1'1 sec; neurons in culture.

1'0 qnantify the change in expression of K currents in cullure, we measured the mean

current densities for IAf, lAs and IK on Pl neurons thal developcd in çulture for different times.

Figure 5.4 show; the mcan current densities for IAf, lAs and IK measured on neurons for 3, 7,

14 and 2H days in culture. 111is figure demonstrates that over the tirst few days in culture there

is litlle change in Ule expression of the 3 voltage-galed K currenls from their PI levcls. The large

increase in IAf and decrease in lAs observed on neurons during the tirst week in vivo (sec Fig.

4.1 allli 4.2) does not occur. Over ule ncxt week in culture, there is a significant decrease in the

expression of b"lh IAf :11111 lAs, whieh continues for an additional 2-3 weeks. By 4 weeks in

culture, none of the neUfllns expressed delectulJle IAf, and ule mean lAs current density was only

10''', of Ule 1'1 value. Imerestingly, as demonstraled in Fig 5.4, ulere was a significant increase

in the expression of IK over the time ulatlAf and lAs were decreasing (sec also Fig. 5.3); by 4

weeks in cultore the mean IK currenl density was 5 fold greater than ulat observed on PI neurons.

While IK levcls increased over ulis pcriod, there were no changes in the kinetic, pharmacologicaI,

or voltage-d"llCndelll pfllpcrties of ulis current (data not shawn).

111e results sllllwn in Fig. 5.4 Îndicale that there is a decrease in the levels of IAf and lAs

on neurons that devdop in culture for severa! days. These results suggest thal there is a faclor(s)

needell for the maintenance of expression of lM and lAs in vivo, and thal Ulis factor is nlissing

ffllm lhe culturcs. Hllwever, anolher possibility is thal ncurons in culture continue la express lM

and lAs, hulll1l'se c1mnnds arc preferentially located at sites remote from our recording electrodes,
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Figure 5.4: Time course of changes in K CUITent expression in
culture: The mean current densities (pNpF) for lAI', lAs and
IK measured on PI neurons grown in culture for 3 (n=17), 7
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decrease significantly (***. p<O,OOl) with respect ln the
levels expressed on PI neurons, whereas IK is significantly
greater (***, p<O,OOI) than on PI neurons, The open symhols
at day 16 represent the CUITent densities on 17 neurons
culturcd for 14 days and then replated and examined 2 days
later, These replated neurons had current densities that were
not significantly different (p>O,I) l'rom neurons in culture l'or
14 days,
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hr cxamplc al thc œrvc Icrminals. and Ulcrcfore go undctcclCd; also. by the same argument, lK

wuld prcsumahly hccomc largcr if il is prcfcrentially localcd on UIC soma. This hypothesis is less

likcly in that il wnslrains Ihc rcdistribution of K channcls only 10 ncurons that develop in cullure,

hccausc, as shown in Chaptcr 4, ncurons that develop in vivo, which also have extensive process

outgroWlh, cxprcss K channcls on Ihcir somas and proximal processcs.

Howcvcr. 10 Icsl lhis possihilily, PI neurons werc allowed to develop in culture for 2

wccks hy which limc IAf al1lllAs wcrc cxpresscd atlow Icvels, Ulcn Ule neurons were harvesled

allli rcplalcll. 111CSC ncurons wcrc examincd 2-3 days later before cxtcnsive process outgrowlh

occurrcll. If in culturc Ulcrc is no change in the expression of 1,6:, lAs and lK, we would expect

thc rcplatcll ncnrons to cxprcss Ihcse currents allevels similar 10 those on Pl neurons. However,

as imlicaicli hy Ihc opcn symhols in Fig. 5.4, we obscrvcd that lhcsc neurons had small lAf and

lAs currcnl lIcnsilics. comparablc to those exprcssed by neurons aflcr 14 days in culture. These

rcsulls suppon Ihe conc1usionthatlhe exprcssion of IAf and lAs lIccreases when neurons develop

in culturc.

5.3.4 Nonlll'urllnai cells al1èct K current expression lin cultured sec neurons

K currcms on SCC; neurons co-cultured wilh ganglionic nonneuronal cells

Whcn 1'1 SCli œurons devclop in culturc in tlle absence of other ccli Iypes, they lose

hOlh lAI' ami lAs, suggcsling that somc factor(s) necessary for UlC expression of these currents is

missing in Ihe culturcs. 1llC fact Ulat dencrvaled or axolomized PI neurons continue 10 express

IAfanli lAs if Ihey devclop in \'i\'o, suggeslS tllal Ule loss of pregangliOJùc and targel influences

is nol responsihle for Ihe loss of A-currel\ls in culture.

Onc possihility is Ulal nonneuronal cells frolll the ganglion provide a faclor(s) thal affects
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Figure 5.5: Nonneuronal cells influence Kcurrent expression in culture: A-Il: Outward K currents
expressed on PI SCG neurons grown in culture for 28 days, in Ihe ahsence and presence of other ceU
types from the ganglion. The lIeuron cultured in !he absence of olher ceUtypcs (A) expresses only IK.
while the neuron in co-culture (B) expresses ail 3 K currents. A and Il: Top: leakage suhtraclcd oulwanl
currents evoked by 125 msec depolarizing steps in 20 mV increments up to +50 mV. l'rom a Vh of -!JO
mV. Currents were filtered al 1.5 KHz and sampled at5KHz. 1l011om: non-Icakage corrccted oulward
currents evoked by 10 sec depolarizing steps ta +30 mV from Vh's of -90 mV and -10 mV. Traces were
filtered atlOO Hz and sarnpled at200 Hz. CoD: mean current densities (pNpl") for lM. lAs and lK
expressed on PI neurons after 1. 14 and 28 days in culture. Neurons werc grown in tJle ahsence (C), or
presence (0) of nonneuronal cells from t1:e ganglion: -nonneurona1 ceUs.1'1 (n=46). CI4 (n=62). C2!l
(n=35); +nonneuronal ceUs. Cl4 (n=58). C28 (n=54). Mean lM and lAs current dcnsitics fall (••••
p<o.OOI. t-test). while IK increases significantly (p<o.OOI) for 1'1 neurons grown in the ahsence of olher
celltypes. When PI neurons arc grown in culture in the presence of nonneuronal cells l'rom Ihe ganglion
there is no loss of IAf (p>O.2) and no increasc in IK (p>O.I). lAs drops hy 30-40% (••, p<O.O 1). hut is 4
fold greater (p<o.OOI) than on neurons without nonneuronal ceUs. Open circles represent the mean
current densities for lM. lAs and IK measured for PI neurons grown in expiant cultures for 14 days
(n=38). Errors arc s.e.m.
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A-currcnl expression. To lesl this. we measured K current expression on PI seo neurons grown

in eullure eilher in Ihe presente. or ahsence. of nonneuronal cclls l'rom the ganglion. Figure 5.SA

shows vollal!e-galed K currellls expressed by a 1'1 SCG neuron in culture for 28 days without

nonneuronal tells. while Fig. 5.511 shows Ille voltage-gated K currenlS expressed by a neuron

grown in Ihe presente of nonneuronal cells for Ille same amount of lime. Unlike neurons

developing wilhoUI non neuronal tells. Ole neurons grown in Ole presé'ncc of nonnecronal eclls

conlinue 10 express boill lAI' and lAs.

We measured the currenl densities (pNpf') ur lAI'. lAs and lK on SCO neurons gl'own

in Ihe presenœ and ahsente of nonneuronal ecUs. For eadl condilion. measurements we.~ made

for 3(l-()() nellrons at 3 differelll limes in cullure; 1. 14 :ind 28 days. Figures 5.5 C and D show

the mean cUlTenl densilies (l'Np!') for ij>.r". lAs and IK 1'0.- seo neurons grown in the absence

(l'). or presente (Il) of nonneuronal ce!'s for 2 and 4 weeks. As demonstrated earlier and shown

here for reil'rcnte. in Ihe cullures willlout nonneuronal cells lAI' and lAs drop to low levels

« IOpNpF). whereas IK increases 5 fold. In the co·cultures however. lAI' and IK densities do not

change wil" lime in culllln~ (1'>0.1. Hes!). lAs densities drop by 30-40% (p<0.01) aner 2 weeks.

hui are m.tinlained Ihercafter al levcls signilicanOy greater (p<O.()OI) than the levels of lAs on

neurons grown in Ihe ahsence of nOlllleuronal eclls. TItese resulls demonstrate that in the presence

of nther ccl Iypes l'rom the ganglion. SCO neurons continue to express lAI' and lAs.

FlIrlh,'r evidente thal nonneuronal cells l'rom Ole ganglion eXCri an influence on K current

expression wm,,, t'nlln our expcriments wilh explalll cultures; we grew 1'1 ganglia as explants.

dissocialcd lh,' ncurons afler 2 weeks in culture. and recorded Oteir K currents. The mean CUITent

delL'ilies for 1Ar ami 1K currellls of l'1SCO expiant cultures are not signilicantly different (1'>0.1.

Hes!) l'rom Ihos,' of 1'1 neurons grown in the presence of nonneuronal eclls. as shown by the clear

sYlIl!"lols in Fig. ~i.5C. In Ihe expiant cullures. lAs densilies are 30'!i, larger than for neurons l'rom



1
109

co-culturcs lI"ilh nonncumnal cells (p<ll.OOl). and in facl. arc comparahle 10 lAs liL'nsilks on PI

neurons (p>().2).

Nonneuronal cells from other tissues affect IAf and lAs expression on culturcll SC" neumns

We \l'cre interesled in whelher the elTecl of nOlllwumnal cells on A-current expression is

spccilic 10 nonneuronal cells l'mm the ganglion. To lest this pllssihilily. wc grew PI SC(j neumns

for 2 weeks on monolayers of cells thllll oUler tissues. Figure 5.6 shows the mean current

densities (pNpF) for IAf and lAs on 1'1 seo neumns grown in Ihe ahscnce amI presence of

nOllneuronal cells from the ganglion, shown here for reference, amI on 1'1 neurons gmwn illlhe

presence of cells from eilher heart or skin. Hean and skin eclls are jusl as effective as nlllllleuronai

cells fromthe ganglion al maimaining IAf expression in cullure; 1\r is not signilicanlly dillerem

(1'>0.2) on lleurolLs in the Ulree co-cu liure conditions.

However, Ule differeOl ccII IYpes arc not equally elTective al mainlaining Ihe expression

of lAs in cullUre. 1lle mean lAs currelll density is signilicaOlly higher on neurons grown with

other cells fromlhe ganglion (p<O.OI) or from hean (p<O.lXlI), Ulanon neurons cultured wilhoul

other ccII types. 1llese results suggest Ulal eclls from heart also provide a faclur(s) I/lal can

illl1uencc the expression of lAs in cullure. In cOOlrast, skin eclls do not appcar 10 provide such

a faclor as arter 2 weeks in culture lAs was expressed al low levels «20pNpr), cOfllparahle 10

the levels on I1CUïunS grown withoui other ccII types.

Nonneuronal cell condilioned media affects the expression of K currents on SCC; neurons in

cullure

1llese results suggest that nonneuronal cells provide a faclOr(s) Ulat can influencc Ihe

expression of K currents on seo neurons. Ta test whether nonneuronal cells exert Uleir em~cts
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Figure 5.6: The nonneuronal ecIl effect on IAf expression is not specific to nonneuronal
ceUs from the ganglion: Mean current densities (pNpF) for IAf and lAs on PI SCO neurons
grown in culture for 2 weeks in the absence of nonneuronai ceUs (n=62) and in the presence
of nonneuronal cells from either SCO (n=58), heurt (n=39) or skin (n=18). IAf is expressed
at signilïcanùy higher levcls(***, p<O.OOI) when grown in the presence of other cell types,
regardless of their source. lAs is significanùy larger (p<O.OO1) when SCO neurons are
grown in the presence of nonneuronai ceUs from the ganglion or from heart as compared to
il~ expression on SCO neurons in the absence of other ceIltypes. Skin ceUs have no effect
on the expression of lAs in culture, as the mean current density is not significanùy different
from that on SCO neurons grown in the absence of other cell types (p>O.2). Errors are
s.c.rn.
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via a factor Ihey secrete inlo the media. we grew PI SClj neumns wilhoUI olller cell types. hui

in lI1e presence of medium which was tirsl conOiuoned hy nonneumnal cells l'rom Ihe ganglion.

Figure 5.7 shows the mean CUITent densilies (pNpF) for lM. lAs amllK on PI neurons

grown in clIllure for 2R days in several different conditions; ahsence of nonneuronal ceIls.

presence of nonncuronal cclls. or presence of nonneumnal cell condilioned media ICM). lllere

is no signilicanl differencc (p>O.I. t-tesl) between Ille levcls of lM. lAs ami IK on 1'1 SCO

neurons grown eilller in Ille presence of nonneuronal cells. or in Ihe presence of media comlilioned

by IIlese cclls. Similar resulls are ohlained for neurons grown in clillure in Ihe presence of C.M

for 14 days (dala nol showo). lllCse resulls suggest that nonneuronal ceIls provide a soluhle faclor

lI1at is capahle or inl1uencing lhe expression of K currents on elillured PI SCO neurons.

CNTF lreatcd culiures

Ciliary ncurolrophic faclor (CNTI) was isolaled OU IIlc hasis of ils effecl on Ihe survival

of chick ciliary ganglion neurons (Varon ct al.. 1979). and is round in high concenlrations in lhe

nonneuronal cells of Ihe rat scialic nerve (Lin el al.. 19H9J. Since CNTF is known 10 alTecl lhe

expression or differentiated propcrties of sympall1etic neurons (Saadal et al .. 1<JH9). we lesled

whell1er CNTF. or a CNTF-like molecule. could he lI1e soluhle nonneuronal cell faclor lhal affecls

lI1e expression of inactivaling K CUITenlS on PI SCG neurons. Figure 5.H shuws the mean current

densilies uf lAI' and lAs on l' 1 neurons grown in cullure in Ihe ahsence or presence of CN1V

(lOng/mi). Mean K current densities on PI neurons grown in the presence of nonneuronal cell

condilioned media are shown here for reference. IAf mean eurrenl densily is over 5 fold greater

in CNTF lrealed cultures lI1an in unlrealed cullures (p<O,(XH J. whereas lAs levels arc 70% grealer

(p<0.02) in Ihe CNTF trealed cultures. In fact, lAC and lAs lIlean currenl deflsilies l()r CNll'

treated cultures are not signiticanlly different (p>0.2) l'rom the levels on seo neuron~ grown in
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l'igurc 5.7: Conditioned media from nonneuronal cells mimics the effects of nonneuronal cells:
Mean current densities (pNpF) for IAf, lAs and IK on PI neurons grown in culture for 28 days in
Ule presenœ (n=54) and absence(n=35) of nonneuronal cells from the ganglion, and on PI neurons
grown in the presence of conditioned media harvesled from nonneuronal ccli cultures (n=44). There
is no signilicant difference (p>O.2, t-tesl) between the levels of IAf, lAs and IK expressed on PI
neurons grown eiUler in Ule presence of nonneuronal cells, or in the presence of media conditioned
hy nonneuronal cells. In boUI cases IAf and lAs are signilicantly greater (u*, p<O.OOI) and IK
signilicantly smaller (p<O.OOI)!han the currents on neurons in culture without other celltypes.
Errors arc s.e.m.
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Figure 5.8: Ciliary neurotrophic factor (CNTF) affects the expression of inaclivating K
currents on Pl SCO ncurons developing in culture: Mean CUITent densities (pAlpl') for JAf
and lAs on Pl neurons grown in culture for 14 days in the absence (n=62) of nonneuronaJ
cells. in the presence of nonneuronaJ ccll conditioned media (CM, n=35), or in the presence
of CNTF (lOng/ml) (n=39). The levels of lAf and lAs are not significanlly differcnt on
neurons grown in the presence of CNTF or in the presence of nonneuronal ccII conditioned
media (p>O.2). but are significantly greater (•••• p<O'<JOl; ••, p<O.OI) Wan thc mcan
densities on neurons grown in the absence of nonncuronal cclls. Errors arc s.c.m.
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Ihe presence of media C{)mlitioncd hy nonneuronal eclls l'rom Utc ganglion.

5.3.5 1'14 nClIruns cuntinue ln express IAr ln culture

1'14 neurons ~rown in Ille ahsence of ollier ccII tyJ?Cs

Whell l' 1 neurons arc grown in cu liure wilhoul oUler cclllypes Uley lose their IAr and lAs

currenls. 1'14 neurons, however, c.press IAf at 3 fold higher and lAs al 2 rold lower levels than

on 1'1 neurons. similar 10 Ule oulward currents expressed hy adull rat SCG neurons (Galvan and

Sedlmeir, l'.IX4; lIelluzzi et al" 1985). As such. wc were inleresled in whether PI4 neurons are

slill inl1uenced hy faclors Ihal alTecl developmentally younger neurons. To test this possibilily.

wc grew l'I·! sen llCurons in cu liure li" 2·4 wccks in Utc absence ofolher celltypes. Figures 5.9

A and Il show Ihe oulward currenlS for a 1'14 neuron (A). and a 1'14 neuron that has developed

in cullure for 2X days (Il). 1'14 neurons express ail IItree K currents. while cultured 1'14 neurons

express lAC :md a large IK. hUI dll not express a deteclable lAs.

Figure 5.'.IC shows the mean current densities (pNpF) for IAr. lAs. and IK on PI4

neurons grll\\'n in cullure for 1. 14, ami 28 days WiUlOUI oUler ccII types. IAf decreases only by

ahout 311% over the lirsl Iwo weeks in cullure. and IIlereafter shows no significanl change (p>0.2)

even after 4 wceks in cullure. TIlis is in conlrast to the loss of lAI' IIlat is observed when PI SCG

neurons arc grown WiUlllUI nonncuronal cells. and suggesls that over the first 2 postnatal weeks

;" l'il'o. Ihe l'xl'ression of lAI' loses most of its depcndence on exlrinsic factors. In comparison,

after 2 we"ks in cullur", the mean lAs current density on 1'14 neurons drops by 60%. and

continues tn l1l'nease. Sll Ihat after 4 weeks neurons express Iillie or no lAs «IOpNpF). 1his is

similar to \l'hat is ohservell for lAs on Pl neurons grown in cullure in Ille absence of other cell

IYpeS, and sugg",ts Ihal unlike lAC. lAs expression is still depcndenl on an extrinsic factor. The
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Figure 5.9: Expression of Kcurrenls on 1'14 SCO neurons in culture: A,Il slK)w outwanl
currents from a representative 1'14 neuron(A), and a representative 1'14 neuron Ihal has
grown in culture for 28 days in the absence of other celltypcs(B). Top: Tolal A-current
(lAt): currents were evoked by depolarizing voltage steps in 20 mV incremenL~ up tn +50
mV from a Vh of -90 mV. IK currenls evoked by dcpnlarizing steps to Ule same cornmand
potentials, from a Vh of -10 m,', have becn subtractcd ta isolate Ule tntal A-current.
CurrenlS were filtered at 1.5 kHz and sampled at 5 kHz. Bollom: nnn-ieuk subtracted l<~at

outward currenlS evoked by 10 sec depolarizing steps to + 30 mV from Vh's of -90 mV.
-40mV and -\0 mV. Currents were filtered at 100 Hz and sampled at 2(XJ H7.. CoD: mean
current densities for IAf. lAs and IK on 1'14 neurons grown in culture for 2 to 4 weeks in
the absence (C) or presence (0) of nonneuronal cells. When 1'14 neurons are grown in Ule
absence of other cell types IAf drops by a third (•••• p<O.IXJI), IK increascs 5 fnld
(p<O.ool), white lAs on most neurons is barely detectable. (Cl. n=62; C14. n=31; C211,
n=35). When 1'14 neurons are grown in the presence nf nnnneuronai cells from the
ganglion lM levels drops by a third (p<0.001) after 2 weeks in culture, and thereaftcr the
levels rernain constant. lAs levels are maintained. and IK levels increasc 2-3 Ibid. (C14,
n=28; C28, n=50). Errors are s.e.m.
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same appears lrue of IK expression. as Ule IK mean CUITenlllensily increases 5 fold over 4 wceks

in culture. similar 10 wltal is ohservell for IK on PI neurons culturell without their nonneuronal

cells.

1'14 neurons erown in Ihe presence of nonneuronal cells l'rom the eanelia

When l'1 SC<; neurons are grown in the presence of nonneuronal cells l'rom the ganglion

lhey conlinue 10 express lAI' anll lAs. whieh Uley lose if grown without other cell types. We were

interestel1l11 know whelher a fnclor l'rom nonneuronal cells coull1 similnrly influence IAf anlllAs

expression on 1'14 neurons. 111ercfore. wc grew 1'14 neurons in culture with their nonneuronal

cells n,r 2-4 weeks. In Iwo platings (n=50). 50% of the neurons thal llevelopcd in culture for 4

weeks expressel11As at levels comparahle 10 those founll on 1'14 neurons in vivo (;:.~O pNpF);

lAs was exprcsseû al signi Iicanlly higher levels (p<O.OO 1) Ulan in sister cultures where the neurons

were grown wilhout oUler cell types. 111e& results suggesl Ihat 1'14 neurons respond to a factor

provil1ell hy nllnneuronal cells. as LIu l'1 neurons. For reasons Ihat arc unclear to us. in a third

plaling (n=21) only l)% of Ihe neurons exprcssed lAs al >30 pNpF. ln facl. lhe neurons in this

plaling expressell the 3 KcUITenlS allevels thal were not signilieanlly llifferent (p>O.2) l'rom those

on l' 14 neurons grown in culture wiUlOUt nonneuronal cells.

Figure 5.9I> shnws the mean CUITent densities (pNpF) for IAr. lAs and IK for the two

pl:llings wh"re neurons respollllcll 10 a fnclor provillcll hy nonneuronal cells. When ncurons are

grown wilh Ih,'ir nonneuronal cells the mean lAs cUITclllllensily is >30 pNpF. even after 4 weeks

in culture. suggesting IhatlAs expression by 1'14 neurons in culture. as for PI neurons. is sensitive

10 a Iilctor prol'illell by nonneuronal cells. Changes in IK expression also dil'fer when 1'14 neurons

arc grownwilh nonncuronal cells as compared to whcn they are grown in their absence; the mean

IK CUITent d"nsity is 2 folll lower in the 28 day old co-cullures (p<O.OOI). In contrast. 1'14
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neurons grown WiOl or without thdr nonneurona! cells show a silllilar 30-40'?· llfllp in lI1l'ir IIIl'un

IAf current density willl tillle in culture (p>0.2). supp0rling the ideu Ihut IAf cxprcssh,n is no

longer scnsitive to u nonncufOnul ccII fuclUr.

5.3.6 Nodosc neurons continue to express IAf and lAs in culture

Whcn PI noUose neurons develop ill vivo 1I1ey show lillle or no change inthdr exprcssion

of IAf, lAs and 1K (sec Chapler 4). lllis suggesls lhat Ihe postnatal conlrol of K current

expression on sensury neurons lIIay be di fferent from lhal on Se(; neuruns. Tu investigalc Ihis

idea, wc grew PI nodose neurons in culture for 2-3 weeks. Figure 5.IOA comparcs the mean

current densities (pNpF) for IAf, lAs and IK on 1'1 nollose neurons, anll on 1'1 neurons

developing ill \'ivo or in culture lbr 2 weeks. lllere is no signilicunillifferencc (p>O.I) between

the levels of expression of the 3 currents whellier noUose neuruns develop ;'1 vivo. or in culture.

suggesting thui nodose neurons Uo nol require a factor pruvilled hy nonneuronal cclls 10 express

voltage-galell K currents.

Nerve Growth Faclor (NGF) increases Ille density of functional neuronal nicotinic

acetylcholine receptors on cullureU nollose neurons (ManUelzys el al .. IWO; ManUel/.ys and

Cooper, 1992). To lest whether NGF has effecls on K currenl expression, wc grew 1'1 nollose

neurons in culture for 2 weeks in the absence of NUI', and in Ihe presencc of anliserulII 10 Neil'

(concentration 1: HX)(). It was not possible ta Uo 1I1ese experilllenis wilh sec, neurons, because

they die in the absence of NGF, whereas nodose neurons do not need Neil' n,r survival

(Mandclzys anU Cooper, 1991). Figure 5.IOB sbows Ille mean current Ucusities for IAf, lAs and

IK when nullose neurons are grown in the absence of N(,F, and denllllt~lrates IIlat Ille currenls are

expressed at levels comparable to those of +NUF cullures (p>O.1 J. l1lis result indicates IIIaI while

NGF has ef:"cts on the expression of ligand-gated channels on nodose neurons, il does not
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inlluenœ the expression of voilage-galet! channels in Ihe sallie neurons.

5.3.7 Peripherlll neurons courdinate theÎr expressiun of IAf. lAs and IK

figure 5.11 shows represeulative exalllples of Ihe oUlwanl K eurrents expressed hy PI

and PI4 SCt, neurons lllaimained in culture for lIilTcrcnl periolls of lillle. ami delllonslmles thal

the relative proportions of tlte 3 vollage-galed K CUITenlS lIiffer lilr SCt i neurons iu various

conditions: sollle poslnalal SCO neurons express ail tllrcc K currenls (1'1 ami 1'14) hut lIo so in

different proporûons. OIher neurons express only 2 of the vollage-g:lIell K CUITents (1'1 in cullure

for 7 days. :mll 1'14 in cullure for 28 uays). wl1ile a Ihirll group ouly expresses IK (PI in cullure

for 28 days). Sinee the relaûve proportiuns of IAf. V." ami 1K on sec i neurons will inlluenœ

their electrical behaviour. we arc inleresleu in whether lhe expression of Illese separale currenls

might be cunruinaleu. Our resulls l'rom 1'1 anul'14 neurons lIevdoping in vivo or in cullure.

suggest Ulal Ihe expression of IAr. lAs anu IK arc coordinaldy rcgulaleu by Ihe neuron. Figure

5.12A sUllllllarizes Ihese lindings. For SCO neurons ueveloping in vivo. we ohservell a reciprocal

relationship in lhe expression uf IAf anu lAs; initially lAs is high amluecreases wilh poslnalal

developmenl. whereas IAf is iniûally low anu incrcases over lhe sallie pcriou. In conlrasl. when

Pl or 1'14 neurons develop in cu liure for severa! days. IK levels increase signilicantly as if 10

compensate IlJr Ihe loss of one or more of the inactivaûng currems. 111ese resuUs suggesl thal Ihe

neuron cuonlinales ils expression of IAf. lAs and IK sO Ihal changes in one K currenl arc

compensaleu for by reciprocal changes in one or more of Ihe olher K currenls.

Figure 5.12B plots the A·currenls as a perccnlage of the tolal ouiward K current versus

IK current densily. for SCO neurons in differem conditions in which Ihe relalive expression of Ihe

K currents varies: freshly isolated l' 1 anul' 14 neurons; l'1anul' 14 neurons grown in the presence

and absence of nonneuronal cells; anu l' 1 neurons grown in the presence of conrlilionecl meuia.
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If n~urolls a,,, nol coordillatillg Ih~ir ~xpr~ssion of JAf, lAs and IK on~ would expecl thal any

giv~n IK ClllWllt d~nsily (pNpF) wuld lIIak~ up a larg~ or slIIall proportion of the talaI oUlward

curr~nt "~nsi 1y. lIow~v~r, th~ plot in Fig. 5.1213 d~monstrat~s that Ih~ llIajority of n~urons with

larg~ 1K CUln'Ili "~nslli~s ~xpr~ss a lIIuch smaller talai A-curr~nl. lllis ohservation is not restricted

to sec i n~u'ons. hut is also lru~ Jilr ~nsory neurons (s~~ Fig. 5.1211, right). Our results for SCG

ami nOllos~ Il,,urons support lh~ i"~a that th~r~ is an inlrinsic control llI~chanism that coordinates

th~ appearalll'" of "ifrcr~nt K chann~1 types in th~ir 1lI~llIhran~s.
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5.4 Discussion of resulls

5.4.1 Summary

ln Chupler 4, 1 presenlell resulis dtal inllicatc Ihal lIuring Ihe Iirsl Iwo wl'eks <If ill l'il'(I

poslnalal lIel'elopmelll Ihere is a switch in Ihe relalive levels or IAf allli lAs exprl'ssioll hy rai

SCG neurons: on PI neurons lhe oUlwarli currenl is lIominaleli hy 1As, whereas on P14 lIl'urons

il is lIominated hy lAt'. In lhis e1mpter, 1show thal inl1l1enccs from Ihe preganglionic lIl'rves ur

the targel lIo nol play a role in lhe swilch in inactivating K Cllrrenl Iype, (lur data also suggest

that a soluhle faclor provilled hy nonneuronal eclls can inl1uence Ihe cxpression of vollage-galell

K currents on neonalal rat sympalhetic neurons,

5.4.2 l.Jen~rl'ation ur axutumy ul" seG neuruns dues nol alrel'! lhe in vivu swilch I"rulII lAs

tu lAt'

While previolls studies have shown dtat nregall~\lionic innervai ion can alTecl Ihe

dil"l"crcntialell propenies 01" sympalheUc neurons (Black el al" 1')71; Voyvollic, Il)X7), our re" ,Ils

suggesl thal il is Ulili •••} "••t Ihe challges in lAI" and lAs l .pression arc lIue 10 the mcrease III

prcganglionic iIInervalion ohservell posillatally (Smolen and Raislllan, l')XO), l'1neurons Ihal were

dcncrvated for 1-2 weeks hefure relllovai from the animal slill showclllhe norlllailleveloplllcnlai

increase in IAf expression and decrease in lAs expression.

Ocr resul~<; abo argue againsllhe i"volvemenl of a large\-llerived faclor taken up hy Ihe

sympathetic nerve terminais and lhen relrogradely transporlell hack 10 Ihe ecll hody. Such a factor

would be elÎlllinaled by axolomy, yel, our experimenls indicale Ihal axolomy has Jilile ellect on

the change in poslnalal expres.iion o!" IAf, lAs and IK. 1llis ClInlraslS with some sludies Ihal show

that axotomy can produce eleclrophysiological changes in neurons (Kuno cl al" 1l)74; Kelly cl
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al., 19K6; (iu,rallson, 1979), and may suggesl thal Ule faclors lhal govern Ule expression of

voltage-galed iouic channels on dil1erem neurons arc nol Ihe same.

5.43 scc; ""umns Illse Iheir A-eurrenls in culiure

One IIlcchanism for developmenlal changes in K currem expression on SCO neurons is

Ihal Ihe Iypes and levcls of K currenls Ihey express arc preuelermined by an intrinsic prograrn,

ami arc nol inlluenccd hy exlernal faclors. TItis could explain why axolomy and denervalion do

nol al1ecl K cllannel expression. However, our results from SCC; neurons developing in cullure

argue slrongly againsl Ihis possihility. Wc obscrved Olal IAf fails ln increase on neurons in

culture, and III raCl, disappcars over a period of 4 weeks. Our ohservalions on lAs expression in

cullure werc slillilar 10 Ihose for IAL For lhe lirsl week in culture, lAs il' maimaineu al a densily

roumi on l' 1 nCUfllns; howcver, over Ihe next 3 weeks. lAs decreases ln approxllualely 10% of

Ihe value l'''und on l' 1 neUfllns. TIlese results c1early demOllslrate lhal exlrinsic factor(s) can

impinge on III,' lIIachinery conlflliling K channel expression. ami Olerefore. Ole mechanisms

rcgulaling Ih,' d,'veloplllelllai expression of IAf and lAs arc nol enlirely intrinsic 10 the neurons.

ln addition. III,'y suggesl Ihal Ihere musl he some factor(s) essemial Ibr the expression of Ulese

currcnls Ihal i.' Iilissing in cullure. Alternalively, it is conceivahle Ihal our culiures conlain a factor

Ihal acls 10 suppress lhe expression of IAf and lAs. TItis secms less Iikely 10 us bccause all the

ingrellicnls inlJlrr gfllwlh media (sec Chapler 2) should also he presenl ill vi>·c. As an aside, Ulese

r,'sulls also indical" Ihal one should h,' caulious in imerprellllg elcclruphysiological data l'rom

I1l'Urolls 111 hlllg·tl'rm cultures. hl.'l.'au:-'i: !hc iouie currclH:- may nol ncccssarily bc '~Aiî:'csscd in L'C

sallie W~lY as lllt lhl' Iwuwns i" \'in/.

Il il' important to noie two poinls concerning the loss of lAI' and lAs with lime in culture.

111e lïrsl il' Illai Ihe los> or lAI' amI lAs il' nol duc to a loss or ccII integrity. SCO neurons in
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culture cuntinLJ~ 10 l.:xpr~ss ovcrshootillg Ails. and actually illl''rl'asl' lIll'ir l,.'xprl'ssion of IK. 111l'

second poinl is Ihal dIe lack of cxprcssion of vollagc-galcd K currcnts on cullurcd ncurons dOl'S

not appcar 10 hc ~ gencrali/.cd clTecl on Ihe differentiationof Il!l'sC lll'urons; in cu liure, I!l'onalul

sec, neurons differenliale lIlany of Iheir adull characterislirs (1 1'I.UgUl' ct ul., IlJ7X; IIruckl'nslein

ct al., !lJSlJ). Thus Ihe loss of A-cuITents uppears \0 he a sl"'cilie' phl'I\lllueuon. (lur resulls c1eurly

dcmonslrale Ihal there is sollle f'IClor(s) Ihal is essential 10 nlainluin IAf uml lAs expression on

tllCSC neurons.

!.ong-Ienn changes in K CUITenl expression on culturell Scl i IlCurons could 1Il0si eusily

he explained hy changes in the relalive nUlllher of functionul chunncls cxpressed in the lIlemhrane,

or hy chunges inlhe spaliaillislrihulion of K CUITents in Il Il' mcmhrane. In Ihis light, il is possihle

tlml Widl de"c1oplllent in vitro, SC,"neurons arc targeling Iheir A-t:i1unnels prcferentially to axonal

and/or demlrtlic regions; channels inlhese regions may he missell hy our recnntings amllhercforc

go undetecled. However, our resulls ohlained hy rellissoclaling und replating neufllns thul have

hcen in cullure lilr 2 weeks argue againsl this possih~illy; in Ihese neurons, proccssce arc rellloved

and Iherefore. llllY newly expressed A-channels shou•. he loculcd in the ccII hmly region.

Howcver, Ihis W11S nol Ihe case; replalell and conlrol cullurcd ncufllns cxpresscli slll1lll, or no A-

CUITents.

Ncrhonnc and Ciurncy ( IlJX'I) rcportcd dml Sc( i 11C':flIns rnHl, emhryonic :,: .. raIs could

acquire IAf \l'lten they developcd in cu::"re. However. they alsoohserved Ihat the dcnsily of Ihis

CUITent decrcascd when SC," neurOlts frolll neonalal animais developcd in cullure. (Jur resulls arc

consistent \l'ilh Iheirs in thal wc also ohserve dlal IAf ami lAs currcnl dCll,ilies IJlI 1'1 SCli

neurons dccreuse over 2 weeks in cullure. A lIlore direct cOlllparison hclwccn Ihc sludy of

Nerbonne and Ciurney and ours is diflicull becausc in Iheir slUlly mcasurcmenlS wcrc only madc

ovcr Ibe lirsl li days in cullure, and hecausc Ibey did nol scpuralc Ihc non-Iraltsicnl oUlwanl
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~uflenl inlll lA, allli IK.

5.4.4 Faelnrs alTeelin~ K eurrent expression nn sec neurons developing in culture

('ulll/Il'lI neurons arc wilhllullheir ill vivo largels Ilr lhe preganglioruc spinal neurons thal

norlllally inn,'rvale Ihelll. 1I0wever, il is unlikely thal cilher provides lile faclor(s) that is needed

10 lIIainlain I\,currenl expression. 11/ vivo, dencrvaled or axolomized neurons continue to express

A-cuflenl.' hlllt' afler ~ullured neurons show significalll deereases in lileir levels, Wc can a1so

sal"cJy rule oUi a role Iilr Nt il', a faelor neœssary for survival of sYlllpalhelic neurons (Hemlry and

Call1phcll, l'J7h; I.evi-Monlalcini alll) Calissano, 19H6), as a faclor needed 10 rnainlain IAf and

lAs expression on Ih':se neurons in cullurc hecause NUI' was conlinually preselll in our cuflures.

Nonneoronal n'Ils l'rom lhe ganglion inlluence K cu, 1.-', ~xprt"sionon seo neurons developing

III ~uflure

()ur ,,'.,ulls l'mm 1'1 Sc< j neurllns co-cuflured wilfl their nonneuronal cells imJicale lilal

nllnnelllllnai n'Ils can Inlluen<:c lhe expression of voflage-galed K currcnlS. In the presence of

nonneurllnal cdls. nrllurelll 1 neurons cllnlinue 10 express IAf alll) lAs. IAf rnean currral density

does nol chanl'e l'rom l' 1 levels, and white lAs drops hy a Ihird over Ihe first two weeks in

~'Illure. alkr ~s days \II cullure lAs densilies arc 7 limes dmse of neurons in culture wililoul

nlllllle'Urllnal,·dls. In addilion, IK is lIIallllained al low lel'c1s. sllllitar 10 IK onl'I neurons.

Th,' lad 111:11 nllnneuronal œlls in Ilur cuhures can prevelll lhe loss of IAf and IA~, and

lIIor,'Il""r pl\'",nl Ille' in~rease in IK, il1llicales lilal dIe nllnneuronal cells arc providing sorne

faclor(s) lhal ,'an afiec: K currelll expression on cuhured 1'1 SC<I neurons. The expression of A­

l'urrellls hy St'! i neurtllls cullurell wilh olher celllypcs is consislelll with resullS of Freschi (1983),

who ohXl'r""d Sluall rapillly inarli\'aling rurrenlS in SCt, neurons co-cuhured with nonneuronal
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cells. Several studics have dcmonstrah.'d thal ganglhm;c 1~11I1I1cur,ll1all..·c1ls inl1ucnce IIIUIlY of the

differentialed l'nlperties of peripheral neUrllns, including ncuril,' Ilnlgrllwth (Roufa Cl al., l'IN.\;

De Koninck cl al.. 1992). muscarinic rcccplnr eXI,;cssion (Smith ami Kcsskr, l'INN). amlnicotinÎl'

acetylcholinc rcceplor expression (Cooper and Lau. 1'}XCl; Mamll'll.Ys ami Cooper. 1'}'}2). In

addilion, sllllliL's on rat sympalhelic neUrllns developi!ls in cuIlUl\' IIldicale Ihal whcn nCUrllns arc

grown in IhL' presence of nonneurllnal cclls thcir Al's mc Illlloweli hy a long

after!lyperpohuüation. duc to a Ca aclivaled K conduclance, which IS ahsem when nellfllns arc

grown wilhoui olller celltypes (O'Lague Cl al., IlJ7N). Cllupled wilh our resuHs. il appears that

nonneuronui cclls can inlluencc Ille levcls of many of Ille K currellis expressed hy seo neUrllns.

Such regulalilln llIay he hi-direclional in Ihat neurolL~ can affec. lhe devclopmental expression of

K currents hy alliphihian myocyles (Rihcra and Spitl.er. l'N 1).

Spccilicily of Ihe nonneurllnal ccII inlluence

Nonncnrllnal cells from various lissues were ail ahle 10 Clllllroi K currelll expression in

cuHure, howe\'cr, not ail nonneurllnal sources arc equally effeclive, lIeart cells appear 10 provide

a faclor(s), pllssihly the sallie factor as frolll ganglionic nonneurllnal cells, Ihal maintains K current

e;:pression IHl SCG neurons; IAf and lAs llIean current densilies for SC<; ncurons grown in Ihe

presence of heart cells arc nol signilicalll!y different Irolll lev"ls Ill! 1'1 neurons, Sincc he:U1 cclls

arc targels !l,r a sHlall population of SCC; neUTOns (Skok. 1'.173), il may he thal Ihe targel

inlluences lhe neuron's expression of K currents, However. ollr axolomy experilllenis suggesl thal

Ille target does nol signilicantly inlluence Ihe expression of fAf, lAs amllK on SeCi neurons i"

vivu. Il may he thal in the axotomy cxperilllenls, 1ll1l1neuronai cells from the ganglion proville a

factor thal pre\'ents the loss of A-currenls in the ahsence of the largel.

1l1ere does appear 10 he some specilicily to the cffect of nonneuronal cclls, While
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nonneuronal l'l'Ils ohlained eilher from heart or !he ganglion were effective al maintaining IAfand

lAs expressioll in cu liure, skin cclls were only capable of mainlaining IAf expression. IAf levels

were comparahle 011 neurtms gmwn inlhe presence of ski n, heart or ganglionic nonneuronal cells.

Ifowever, in S~'" co·cullures lAs currenl densities droppcd 10 levels not significanUy different

fmmlhose expressed on neumns grown willlout olher celllYpcS. 11le fact !hat skin l'cils inOuence

IAr, bul nol lAs expression, mighl suggest IItallhe factors provided by !he 3 celllypcS differ, and

as such, have dilTerenlial ef/ccls on IAf and lAs expression. Allernatively, il is possible !hat

dil"ICrenl faCI"'s cOIHrol Ihe expression of lhe IWo lypes of inaclivaûng current; skin cells only

provide one IIf Ihe fael ..,s, whereas hear! and ganglionic nonneuror,ll l'clis provide a second

faclorCs) Ihal inlluences lAs expression.

A soluhle faclllr l'mm nonneuronal cclls prevenls !he loss of lAI' and lAs in cullure

We inl'l'sligaledlhe nalUre oflhe faelor provided hy nonneuronal cells from Ille ganglion.

If neuwlls art' l'rll\\'n inlhe presence of media conditioned by nonneuronal cells, IAf, lAs and IK

levels art' nlll signilicanlly dillcrelll fwm UlOse expressed on neurons cullured willl !heir

nonneuwnalc,'lIs. Since comlilioned media has no effecl on Ille survival of sympa!heûc neurons

in cullure (l'all"l'SOn, 1978; Furshpan el al .. 1982), il seellls unlikely Ulat a population of neurons

wilh A-curr,'nls is prelcrenlially seleclcd for under !hese conditions. RallIer, our results suggesl

Ihal lhc l'I'k,'! III' nonn,'uwnal cclls lm K CUITent expression is llIedialcd by way of a secreted

soluhle faclor: di'ù'l ccll·ccll COlllact does UOI appcar to he required. Several sludies have shown

Ihm IÜClllrs Sl"Tl'I~d hy nonneuronal cclls inOuence Ille neurotransllliller (Palterson, 1978; Zurn,

19X7) aud p'1'lide (Nawa amI Sah. 199() phenotypes of cullurcd sympallletic neurons.

lu co-cullures and comlitioned media cullures, sympathetic neurons form functional

choliucrgic synaps,·s (Furshpan cl al., 19X2). However, il is unlikely IIlat electrical activily could
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providc a signal for contmlling A-channl.'l expression as Ill'urons in 1-2 week l"tH..'ullurl's l'xprl'ss

A-cuITents evc'n Ihough c1ectrical connc'clivily ha.~ not hc'c'n propcrly c'slahlished.

CNTF prevellis Ihe loss of IAf ami lAs in cullurc

Our resulls delllOlL~trale thal ciliary neurotrophic l\ICtor (l'N'n:) is ahle hl prevcnllhe loss

of IAf and lAs on PI neurons in cullurc. 11lis suggests Ihat l'N'Il', hesides inllUl'ndng

sympathelic neurons 10 express a cholinergie phenotype (S:mdat cl al .. l'JH'J1, C:III aflcCl Ihe

vollage-galed K CUITents expressed hjlhesc neurons. lia cullure, l'NT!' h:l~ similar cffecls on Ihe

levels of IAf, lAs and IK as does the soluhle factor frolll nonneuronal cells. In addition, eNl1'

is found in high concentrations in Ihe nonneuronal ccIls of Ihe rat sdatic nerve (l.in cl al., l'JH'J).

11lis might suggesl that Ihe faclor provided hy lile ganglionic nonneuronal cells is l'NT!'.

However, il has heen shown Ihal Ihe primary struclure of l'NT!' dl>~s nol colllall1 a signal

sequence and thereli>re il is an unresolved question whether l'N'Il' is sccreled hy Ihe ccIls in

which il is expressed (Lin Cl al., 1\lH'J), ln addition to l'NT!' (Saadat ct al., l'JX'J). Iwo oUler

factors have heen idenlilied I/ml inl1uence Ihe neurotransmiller phenolype of sympalhetic neurons;

cholinergie di Ilerentialion faclor or leukemia ilÙlihilory faclor (Yamamari cl al.. l'JH'J), ami a

soluhle factor l'rom rai sweal glands (Rao and Landis. l'J'JO). Il wou Id he 1I11eresling to know

whelller anolher properly of these faclors is their ahilily 10 inllul'ncc the K currenls expressell hy

sympal/letic neurons.

Expiant cullurcs

When PI ganglia arc left intact. IAfanti IK densilies arc not signilicanlly lliflerentlrom

when Ille various ccII types of the ganglia arc co-cullured in dissocialed form. lIowever,lAs levels

arc 30% higher in expiant cullures lhan in dissocialed cu liures. {Jne explanalion for I/lis difference
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is Ihal lAs lIIa1' he lIlore sensitive to Ule concentration of Ihe nonneuronal cell factor, and in the

expiant, whel" n<>nneuronal cclls wlllpieiely surround lhe neurons, lIlore faclor may oc available,

11le variahilil1' in Ihe expression of lAs l'rom one dissocialed co-cullure to another supports !his

idca: in SlJllll' l'li Il ures, lAs was maintained at levels comparable 10 lhose for PI neurons, whereas

in olher CUIlUll'S lAs was ,'xpressed al much lower levels, A similar variabilily is true of the

res[l<lIt'e of sYlllpalhelic neurons to environmental inOuenccs Ulal dClcrminc thcir neurotransmitter

phenotype (Black, l'iX2; Wolinsky cl al., 19X5), Black (I9X2) has suggcsted that the diversily of

ncuronal phCII<>IYPC lIIay be partly duc 10 Ihe differential res[l<lI1siveness of neurons to a given set

of exlrinsic faclors, Allernalively, il may be UJat an addilional faclOr(s) from the ganglion, other

Ihan nonneurollal cclls, can affect lAs expression, One [l<JSsibilily for such a factor is ccli dcnsity,

Neurons grown in high densily cullures show higher levels of choline acctyltransferase and

suhstance l' Ihall when cullured at low densily (Adler and Black, 19H5), Expiant cullures are

essenlially hil'i1 densily cullures and Ihe high levcls of lAs expression may be duc to density

depemlenl rcgulalion of lAs expression,

II is t1i11'resting Ihal when Pl sec; arc mainlained as expiant cullures, IAf, lAs and IK

levcls arc cOlllparahle 10 Umse on PI neurons, However, il is im[l<lrtanl ta note that while seo

neurons co-ctillured wilh nonneuronal cclls continue 10 express IAf and lAs, they do not exhibil

the il/ l'il'o dl'wlopn",nlal switch l'rom an lAs 10 an lAI' dominaled oUlward current, TIùs mighl

illlply th:'1 will'n Se<i neurons arc removed WiUl Ulcir nonneuronal cells on PI, K current

devclopmenl is arreslClI at this stage and re4uires SOIll'; lI1gger 10 allow it to proceed to a more

adull stage, t Ilill'r faelors, [l<lSsihly cireulating factors, lIlay act as lhe trigger for the changes in

inaelivaling ,'1111','111,': growlll faelllfs (Snider, 1988; Haugen and LelOurneau, 1990; Mandelzys and

Cooper, 1992) '"1l1 horlllllnes (Recill-pinlll et al.. 1986; Glluld amI Buteher, 1989) have effects on

lIIan1' Ill' Ihe ",lkr,'nlial,',1 propcrties of neurons, including 1I1eir eleelrical excitability (Dcsnuclle
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el al .. 1987; f\lills ami Zakon, 1991; Joels and de Kloel, )992).

5.4.5 PI4 SCG neuruns in culture cuntinue tu express lAI' huI nut lAs

During Ihe tirsl IWu wccks or poslnalal devciopmelll, SC" neurons incrca.,e Ihdr

expression or lAI' and llecrea.,e Ihdr expression of lAs. SO lha! hy 1'14 Ihe oulwanl cUITenls apl'l'ar

very similar 10 Ihose reporled for adull SCG ncurons (Galvan and Sedlmdr, 1984: 1Ie1lul.l.i el al.,

1985). As such, we are illleresled in whelher 1'14 neurons are Slill inlluenced hy raclors lhal anccl

devclopmenlally younger llCurooS. Our resulls suggesl IIml ovcr Ille tirsl 2 weeks of l'llslnalal

developmei!i lAI' loses its dependence on a raclor provided hy nonneuronal cells: when 1'14

neurons are grown in culture wilhoul olher celllypes. lAI' dropped hy only ,0-40% aner 14 days

in culture, and Ihen was mainlained al this levcl l'or al leasl anolher 2 weeks. lIencc, a

nonneuronal "dl raclor appears III he relluired hy culturell 1'1 lll'urons, hUI nol l' 14 neurons. 10

express IAr. These results also imply IIlal SCG neurons have a tinile periml in which lhcy respond

10 the 1055 or a nonneuronal ccli inl1uencc; lAI' expression hy SC(; neurons loses ils susceplihility

aner 2 weeks or poslnatal developmelll.

TIle ,Il';', drop in lAI' is also seen il' l' 14 neurons are grown with lhdr nonneuronal cclls,

and as such, il sl'cms Iikely Ihal some olher raclor(s) plays a role in regulaling IIIC expression 01

lAI' on SC" IIl'llrons. In Ihis regard, il is inleresting lhal 1'14 SCI; neurons, axotolllizeli or

denervuwd on l' l, also continue 10 express lAI', bul al 20% lower Icvels. It is possible Ihercfore,

thal a ractor l'rom ciIller Ille preganglionic nerves and/or lhe ~t ha., some role in regulalÎng the

1evcl or lAI' cxpression on SCG ncurons. The absence of eilher ollhese inlluences in cullurcs of

1'14 neurons may explainlhe 30% drop in mean lAI' currelll fi'_nSlly. Alternalively, il is possible

thal L'le drop in lAI' rdkcls Ihe absence or a circulaling faclor in Ihe adult rai serum used in our

cultures, Ihal is present in nconalal serum.
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Whell 1'1 or 1'14 SCCi neurons arc grown in the absence of nonneuronal l'clis. [As mean

eurrelll deIlSi!ll's drop 10 low levcls «lOpAlpr), suggesling lhallAs expression by 1'14 neurons

is slill (kpelldl'lI!on a faelor provided hy nonneuronal l'clis. lllis idea is supported by the facl thal

lAs expressilill is maill!ailled when 1'14 neurons arc grown in cullure in the presence of

nonneufllnal cdls from lhe ganglion: in IWO platings almnsl 70% of Ule 1'14 neurons grown with

nonneuronal cells conlinued 10 express lAs, and 50% expressed [As al levels >3OpAlpF.

wmparahle III Ihe mean lAs currelll densily on 1'14 neurons.

Nonlll·tllllnai eells Jlso affeel Ihe expression of IK hy 1'14 neumns in cullure. [n the

ahsence of IIlher ccII Iypes, IK expression increascs 5 fold over 28 days in cullure 10 levels

wmparahle III Ihose on 1'1 neurons in cullure. Whereas. when 1'14 neurons arc gmwn in Ule

presencc of nllnneuronal eells. the mcan [K currenl densily increases only 2-3 fold. If. as wc

su~~esl. Ihe L'spression of IAr. lAs and IK on SCO neurons is coordinated, then this small

lIlerease ill (K tIIay relleel Ihe slllall decrease in [Af lilal is ohserved in co-culiures. Our resulls

indicale Ihal IhL' espression of lAs and 1K. bul nol [Af. continue 10 he dependcnt on a nonneuronal

ccII faclor.

5.4.(, Nn change [lIIstnah.;ly in K current expressinn nn nndnse neurons

1'1 nnd\lse Jcurons Ihal devcIop il/ vivo (sec Chapler 4), or in cullure, express [Af, [As

allli IK al s;llIilar levels 10 Ihose ohserved for PI neumns. ll1Ïs resull suggests that the

nonneuromll L'dl faclor required lilr [Af and [As expression on PI SCO neurons in cullure. is not

required hy 111 HI\lse neurons 10 continue 10 express A·eurrents. In addition. Ix.~ause K currenl

(evcls on 1'1 1I\1,hISe neurons thal have developcd il/ l'il'O. or in cullure. arc comparable 10 those

\In 1'1 nl'urons il appears Ihal Ulere is Iillie or PO posumlal control of K current e pression on

Ih)lh1Sl~ IWlIhlllS.
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Onc possihlc cxplanation for OIC ilifli:rcnccs ohscrve,1 lilr postnatal K curœlll cxpression

on SCO and nodose ncurons in culture, is Olat scnsory and sympalhetic neuroll' are reslxlIl'ive

to cxtrinsic factors during diffcrem ,lcvelopmcntal periods. It may hc that 1'1 nodnsc ncurons havc

alrcady acquircd thc sct of K channcls thcy cxprcss in Ole adult, amI thcrcfore. removal of no,lose

ncurons l'rom the inl1ucnccs thcy woul,1 normally scc in vivomay 00 longer alTccl thcir expression

of K channcls. In contrast. thc fact thal Olere are changcs in thc in vivo poslnat~l expression of

lAI' and lAs on SCO ncurons irnplics thal SCO ncurons are not yet l'ully commilled wilh respect

to the K currellls Oley cxpress. and Olerefore. they might he more vulnerahle to Ihe rcmoval of

external inl1uenœs. Alternativcly, il may he thal difli:relll faclors regulate the expression of v"ry

similar K currcnts on difli:rent neurons of OIC peripheral nervous system.

5.4.7 Intr;nsic rcgulalion of K currcnl expression

Finally, our results suggesl Olat Ule expression of lAI', lAs amllK is suhjecllo an in'r"lSic

control mcchanism Olal coordinates Ulcir expression. l'or neurons ,Ieveloping in vivo, we ohserved

a reciprocal rciationsltip in the expression of lAI' and lAs; initially lAs is high and decreases wilh

postnatal devciopmcnt. whcreas lAI' is initially low and increases over UIC same peri"'!. (ln the

other hand when 1'1 or 1'14 SCO neorons dcvelop in culture for several days. IK Icvels increasc

signilicantly as if 10 compensatc for the loss of onc or more A-currcnts. 11lese lindings arc

consistent wilh ohservations on nodose neurons of an invcrse rciationship hclwcen thc exprcssion

of A-currcnts and Ule expression of 1K. 1l1ese resulL' suggcst that neurons have intrinsic

rnechanisms to coordinate their exprcssion of vollage-galed K currenL', presumahly so as to

regulate their total outward K CUITent. One possihle mcchanism filr such regulation is Otal

somehow thc neuron senses that thcre are changes in iL~ total outward currelll, perhaps hy changes

in ilS membrane potenUal, and makes adjustmenls 10 the levels of K currents il expresses.
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Allernalivcly il is possihle Ihal Ihere is an established 2nd messcnger system wough wltich an

c"i;"insic fae'"r acting on Ihe neuron conlIols ils expression of ail IIlfee K channel proleins. One

would then havc 10 hYPolhesize IIlal 1I1C various exlIinsic factors t:;;e alternate systems 10

dilkrentially rcgulale IIlC expressinn or lAI', lAs and IK.
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Chapter 6

Molecular identification of voltage-gated K channcls of SCG ncurons

The aim of the sludies dcserihed in this chapter is to idenlify lhe K channel genes expressl'd

hy SCO neurons. 1 have initialed these expcrilllenls over the lasl l) lIlonths, amI have prlllllising

preliminary daia. The results presenled in Il1is chapter dClllonslrale lhe v:lIidily of a procedure

designed hy Dr. Larry Salkoff and colleagues, invo!ving l'CR (polYllleruse chain n'llction)

homology screening, Ibr isolating K channel genes in sec .. Regretlahly, lIlany of lhe specilic

delails conceming the expcrimenls mU':1 awail puhlicalion hy Salkoff amI colleagues. 'Ille future

goal of these experimenl~, 1S to use the sequences of Ihe idenlilied K channel genes to design SC<i

specific probes for use in RNAse protection assays. 10 delermine whelher chaoges inlllRN" I.. v.,'!<

can explain the changes in K current expressioll lluring posloalal developlllenl ill vivo amI in

culture.

6,1 Introduction

LilUe Is known aboul the mechanisms used by individual cells to express dil1crenl Iypes of

K channel, or aboul how Ihey change lheir expression of K currents during developllleni amI in

the adult. In Chapters 4 and 5, 1 showed thal the levels of expression of voltage-galed K currenls

on SCO neurons change during postnatal development ill vivo and in culture. /11 vivo. Ihere is a

switch frum an lAs 10 an IAf dominated outward current. whereas in cullure will10ut olher ccII

Iypes. the levels of IAf and lAs on !he neuron~ decrease signilicantly and IK levels increase 5

fold.

The developmenlal changes in K currenlS must involve changes in Ihe numher of funclÎonal

channels in the surface membrane. One possibility is thal Ihe dmnnels are preexisling amI Ihal
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second me"enger modulation 01 Ihe channel prolein changes Ihe lunclional Slalc of the channel

(Kaumarek & 1:~V1;'IIl, l'JX7; Rossie amI Calterai, l'JX7), For example, in Aplysia hag ccII

neurons, modulalion 01 A-currenlS hy cAMI' resulls in an increased rate of inactivatiun of the

current (Slrong, 1')X4), whereas aClivaliun of cx,-allrenureccplOrs decreases an A-current on

serolonergic neurons (Aghajanian, l'JX5),

1I0wever, hecause Ihe lime course lor the changes in K current densities during postnalal

developmenl is slow (days to weeks), il is more Iikely that lhe neuron controls its expression of

K currelllS al lhe level 01 Ihe genome, For example, the increase in Na and K current densilies on

amphihian spinal neurons 'Iuring developmenl arc dependenl on mRNA synthesis (O'J)owd, 1983;

Rihcra amI Spitzer, l'JX'J), ln Ihis chapler, 1 presenl experimenls designed to identify the K

channel genes expressed in SCI i neurons as the lirst slep IOwards alldressing the possihility !hat

developmental changes in K currents involve direct alleralions of mRNA levels for specilic K

dtannds: Ihis woul,1 imply that Ihere arc changes cilher in gene transcription Ir mRNA slahilily

duri ng developmenI.

Siudying the regulalion 01 K channel expression at the genetic levcl is now possihle wilh

reccnl advances in the molecular hiology of K channels_ However, such studies have heen Iimited

hy Ihe facl thal lür most neurons it is not known which specilic K channel genes Uley express.

A numh(( of lahs have reccntly altempled 10 identify Ihe genes encoding Ule native K channels

01 a specilic tissue (Rihera, l')'JO; Har,üe cl al., 1991; Baker and Salkoff, 1990; Kaang ct al..

1'I'J2), For ""Impie. Hardie amI co-workers (1991) used l'CR techniques to identify 4 Shaker-Iype

mRNA transcripls expresscd in J)rosophila relina. In addition, Uley measured al the single channel

amlmacroscopic levcls a single rapillly inaetivating A-type channel in J)rosophila photoreceptors.

111ey suggest Ihat mulliple Shaker lranscripls, differenl l'rom those expresscd in muscle, may he

rl'sponsihil' lilr this A-type channel, allhough they have not conlirmed, using in situ hyhridization

lür example, thal a single J)rosopl>;'u pholOreccptor expresses more Ulan one of the mRNA K
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channel transcripts.

Reœnlly, Salkoff and Cll-workers have devehloo'''' an app,,'aeh for 11Il'ntitying thl' K l'hamll'I

gcncs cxprcsscd in sp'.:cith: ccII ly~s. 111l'Y USl' ~)ril1ll'rs lksiglll'd (0 fl'l'ogni/l' 2 slI'l'll.:lll's of

amino acids highly conserved in ail K channel gl'nl's 10 ampli l'y, using l'l'R, lirst si rami dlNA

synthesized l'rom œil spccilic RNA lemplal.es. 111l' use of K dmnnl'I sl"'dlk priml'rs will

preferentially ampli l'y K channel IlNA, whil'h ean he suhcionel! anl! St'qul'nn',1. 'Illl' ,,,lv'lIltagl'

of their approach for my sludy is litaI one can use RNA sl"'cilk 10 sn i Ill'UnmS, Ihl'I"l'hy

amplifying only Ihose K channel genes which arc expressed in Ihesl' nl'urons. lIsing thl'sl'

techniques wc hopc 10 isolale ami identify Ihe K channel genes expressel! in Sl'I i nl'IIrOns.

As discussed in Chapter l, l',ur vohage-galed K channel gene suhfamilies have hl'l'n

identilied; Shah, Shal, Shaw (Buller Cl al., IlJXlJ), ami Shaker <Papazian cl al., llJX7; Kmnh cl al ..

IlJX7; l'ongs ct al., IlJXX). Wilhin the llIemhrane spanning regions, there is 411'/" Cllnservalion al

the amino acid level helween memhers of di l'l'crent suhfalllilies. Wilhin cadI suhfalllily however,

Ihe degree of conservation is cioser 10 711';', even across spccies. Wc arc interesled in Iirsl

ciassifying the channels present in SC< j neurons acconling 10 these 4 ,,~hfalllilks. As such, the

priner siles for l'CR were choscn to l1ank a region which is not very weil Cllnsl~rved helween

different suhfamilies, hut is !'~irly weil Cllnserved wilhin a suhfamily. On Ihe (':Isis of Ihe

nudeotide sequence of this region, the isolaled K channel suhciones l'an he ciassilled as eilher

Shah, Shaw, Shal or Shaker-Iike. Because lile l'CR primers recognize ail known K channel genes,

wc do nol have III make any assumptions as 10 whal K channel genes are expressed hy Sc< i

neurons, In addition, hecause the primer regions are highly conserved in ail K channels, we are

not preduding the fact thal novel K channel genes are expressed in SCI i neurons.

The seo spccilic K channel DNA sequences we isolale could Ihen he usedlo design prohes

for RNAse protection assays, 10 determine whel!ler changes in gene expression are responsihle liJr

the developmental changes ir. Ihe levels of K currents ohserved eleclrophysiologically. "uturc
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re,earch wuhl invlIlve SlullYlllg al whal Jcvcl extrinslc factllrs, such as Ihe factllr l'rom ganglionic

nllnneurllnal cclls, exert thdr cllecls.

6.2 Determination of the genotype of K channels expressed by SCG neurons by

l'CR hornology screening

'Ille approach usell tll iSlIlale amI illentify K channel genes is IIne lIevclopcd hy Salkoff and

cll-workers. 1 will lIiseuss lhe slralegy hehinll t'leir approach in some delail, hut first 10 give a

hrief IIverview: First stranll cllNA, synlhesized l'rom total PI SC(i RNA, is uscù as a templale

in a l'CR reu"lion III prcferentially ampli l'y K channel IlNA sequences, TIll' amplifieù IlNA is

suhdllnell, ami Ihe nudeolille sequences of Ihe suhdollCS compareù to known K channel

Sl'qlll'llceS for idenlilkation purposcs,

6.2.1 Ampliticatinn wilh del(enerate olil(onucleotide primers

Wc used lirst slranll cllNA synthesized l'rom lotal cellular RNA 10 ohtain DNA copies of the

gl'nes expressell hy PI SC<; neurons, figure 6.1 shows an autoradiograph of th~ 12p-dCTI' lahelled

reaction prollucts run on a 1% agarose gel. Since random primers were uscd in Ihe cDNA

synlhesis reactions, cllNA Iragments varying in size l'rom 1-3kll, as shown on the aUloradiograph,

l'an polenlially indude Ihe sequences of interes!.

'1l1e lirsl slrand cllNA was usell in a l'CR reaction, wilh oligonucleotide primers spccifir. for

K l'hanncls, 10 seleclively ampli l'y K channelllNA. Salkoff and ~o-workers designeJ "universal"

oligonudeotille primers againsl 2 regions whieh arc highly conscrved in ail K channels cloned to

lIatl'. Primers designell 10 recognize highly conscrved K channel sequences will preferenlially

:lIl1plify K l'imnnel I>NA, TIlese two highly conscrved primer sites tiank a region which is poorly
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Figure 6.1: First strand cDNA synthesis: shows the size range of )'P­
labeled frrst strand cDNA products. resolved by running the products
on a 1% agarose gel. and visuaiized by automdiography. cDNAs
range in size from 1-3 kB. Lanes 1. 6 and 7 show products from 3
separate synthesis reaclions using total cellular RNA isolated from
neonatal rat pups. Lane 3 shows the reaclion pruduct from the test
sample provided with the kit.
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collserved helween K channel suhfamilies, however there are ccnain amio(l add residues which

are highly wnserved which allow one. wilh a fair degree of ccnainly, 10 idenlify this lragment

as hcing part "r a K channel gene. AnoUler advantage of this region is that while it is poorly

conserved helween diflerenl K channel suhfamilies, it is fairly weil conserved within any

panicular K channel suhfamily. As such, the sequence of Ihis DNA fragment will identify to

which K channel :;uhfamily the suhclone helongs.

While the sequences of the 2 primer regions are highly conserved al tJle amio(l acid level, al

the nucleolide level Ihere is a fair amounl of degeneracy. 1llerelbre, we uscd primers degenerale

al the nucleotide level, whose sequences enwmpass ail possihle nucleotide suhstitutions. With

degenerale primers (Le. many slighlly different primers) tJle effective concentration of any single

pri mer is reduced, which decreases tJle efliciency of the amplification procedure. Ther.:lforc, t:>

reduce Ihe numher of degenerate primers in the pool, Ule primers designed by Ihe Salkoff lah are

degenerale only at the 3' end. 1lms, at the primer end where DNA synthesis commences, binding

belween primer ami template DNA is maximized. 1lle degeneracy stops at the 5' end of the

primer; Ihis reduces the toIal number of p'lSsible primers, bUI allnws for sorne additional partial

nucleotide complementation to help in the binding of the primer. Different sels 'JI' degenerate

prim"rs were userl in 2 separate amplilkation reactions. In one series of amplifi,;ation rl'~ctions,

we nsed primers whose codon usage was biased towards tJle higher G/C content of mammalian

gcncs.

'nle l'CR reaclion products were run on a 3% agarose gel to size select for a band

con'csrolllting 10 the two primers ami thc inlcrvening DNA segment. lIecausc only K channels

should have lIwse primer sites separaled hy the known length of the DNA fragment, size selection

will eliminale much of the non-spccilically primed DNA producIs. Figure 6.2 A and C show

eXlllnples of photographs of l'CR reaction produclS run on a 3% agarose gel, stained with ethidium

bromidc. mlll visualizcd wilh ultraviolet Iight. We found thal amplification of cDNA synthesized
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Figure 6.2: Amplification with degenerate and non-degenerate prImers: A·E show polaroid pholOgraphs
of l'CR amplification products run on a 3% agarose gel, and vlsuallzed by etluillum bromlde stalnlng. M
designates the size markers; for A and B the slze markers are a 100 hase pair ladder, wlùle for C·E a 123
base pair ladder was used. The (.) designates the negative control, wlùle the (+) Indlcat;s a positive control
wlùch contained mouse Sha:J cDNA wlùch was origlnally ampllfied using the same sets of prlmers.~:
shows two separate examples of the reaction producL~ from the amplification wlth the degenerate prlmers.
The arrows Indlcate a falnt band of the approprlate slze. B·D: the bands stalned ln A and C were cut out
of the gel, the DNA extraeted and a second round of amplification was done using non-degenerate prlrners.
B and D show the respective reaction produets for DNA Isolated from the gels ln A and C. E: shows the
agarose gel ln D after the band was eut out.
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Irom lolal cellular RNA resullell in very fainl hamls of Ihe appropriale size. This is presumahly

heeause mKNA makes up a very small percemage (<5'1.) of Ihe total cellular RNA used in first

slrand d lN A synlhesis, and in tum mRNA Iilr K ehannels represents prohahly only ahout lU %

of lolal mRNA. As SUdl, the K channel RNA templates, and as a result, !he eDNAs synthesized

lrom Ihem, arc presenl in very SInail wpy numher.

To innea.se the yicid ami the spedlicity of the ampli lied DNA produel, a new l'CR reaetion

IreampliliealionJ wa.s perli>nuell. TIle appropriale siz.e hand was eut out of Ihe agarose gel. and

1lNA isolaled from Ihe gel slice. Siz.c seleelion of Ihe DNA from the firsl amplification reaetion

inereases the spedfidy of Ihe sewnd amplification reaelion: Instead of using total firsl strand

rl>NA as lemplates, only I>NA of Ihe appropriale size serves a.s a lemplale. In addition, the

primers were changeli 10 non-degenerale, "nested" printers (deserihed helow), which allowed the

annealing reaction 10 oecur at a higher lemperalure ISS"e), Iherehy increasing the specifidty or

Il Il' reaetion.

6.2.2 Amplifieatiun with nun·del:encrate primers

TIle nudeotide wnlellls of the degenerate primers dilTer, therelhre a fairly low annealing

temperaiure musl he usell to ensure annealing of ail the primers. However. wi!h low annealing

telllp"rallires Ihe amount of non spedfic himling hetween Ole primer and lemplale DNA is

increased. In addilion, wilh a pool of degenerale primers. !he effective concentration of any given

primer is (lilulet!. resulting in a lower eflidency I(lr Ihe amplification reaction. Therefore. to oblain

oplimllm spedfidly und eflidency for Ihe second round of amplification. we used a set of nested,

IllllHlegenenlie primers. TIlese primers arc truncated versions of Ihe primers used in !he original

:Uuplification rea<:lion u: !liai they do nol indut!e the degenerale regions at the 3' end of the

original primers. Ilecause Otey comain Ihe non-llegenerate S· ends of the original primers they will

himl, wilh high spedficily, ail of Ihe original primers Ihat arc now ;,an of !he amplified DNA, The



use of non-degenerUle primers allows anl1l'aling 10 on:ur:tl high 1,'mp.:r.lltJr"s, whil'h il1l'rL':ts,'s 1I1l'

spcdlkily of Ihe rcal'lion. In alldilion, hel':tuse ,ully 2 prim,'rs ha"" 10 h,' ."l,hl. 1I1l' "né,'liw

L'Onl'Cmmlion of Ihe primers is nol diluled, :tmllhe eflkienl'Y of Ih,' r,'a,'lion is oplinlill'd.

Figures 6.2 Il allll Il show Ihe real'Iion pro,lul'IS l'rom Ih,' sel'ond round of :tmplilk:tlion on

IlNA exlral'Ied fromlhe agarose gels sllllwn in Fig.s 6.2 A ami C. l'ihidium hromid,' sl:tining of

Ihe appropriale si/.e hallli is mUl'h hrigiller, illllil'aling Ihal more of Ihe :tmplilk,1 prmlul'I was

formed. This hand was l'ui l'rom Ihe agarose gel (sec Fig. 6.21-:) amllhe llNA exlfal'I,"1. To ins"r1

Ihis Sll.e selel'Ied IlNA inlo M13 hal'Ieriophage lùr suheloning, Ihe llNA was l'ul wilh Iwo

reslril'lion enl.ymes, El'oR 1 allli Xha l, whosc l'onsensus siles lùrm pari of 1I1l' ~' ,'ml of Ih,' sens,'

and ami-sense primers respcl'livc1y. TIle MI, hal'Ieriophage were l'UI wilh Ihl' s:tme ,'nl.yml's, :tnd

a Iigase real'tion was used 10 inscrt Ihe IlNA Iragments illlll MI,. Il:tl'leri:t were Iranslùrmcd wilh

Mn, and hal'Ieriall'olonies infel'Ied hy hal'Ieriophage wilh llNA inserts idcl1tilied using '1 L'Olm

sc1el'liun B-galal'IOsidase (B-gal) assay. Single slmlllled MI, llNA was iSlllalcd :tml puri lied l'rom

small sl'ale hal'lerial preparatiuns of Ihese selel'lcd L'Olonies.

6.2_, Isolation 01' an SeG K l'hannel suhdnne

Wc used the dideuxy scquenl'ing melhOlI (Sa~ger cl al., ILJ77) 10 sequence Ihl' Mn llNA

insert of a particular hactcrial colony. Sequenl'Cs of intercsl were idcl1lilied hy Ihe scqucnces of

the primer restriction siles (HcoR 1 and Xha 1), the primers sequcnces, allli hy Ihe known Icnglh

of the DNA in:;ert. Wc pcrlbrmed l'CR amplilicaliun ami suhc10ning of K channel spcci!ic IlNA

fmgmenls un twu sepamte occasiuns. In Ihe lirsl series, 2 novel K chan"el suheloncs were

isolated. UnftJrlunately, Ulese suhclunes were l'CR conlaminanls of K channel llNA l'rom anollier

spcdes sludied in the Salkuff lah. This lah is prescnlly working on c10ning amI cxpressing tliese

K channel clones.

A second scrics of amplilicatiuns were pcrliJrmed un a new hatch of cllNA synlliesil.cd l'rom



•

m

tolal œllular sec i RNA isolaleu l'rom neonatal rai pups. This work is 10 progress. hut to date 2

K dlannel suhdones have heen isola. . One of these aprears to he a conlaminant. even though

lIIuch l'arc was laken 10 avoid conlaminalion with IlNA l'rom olhcr sourœs. We are presently

scrccning our suhdones with a prohe made l'rom Ulis contaminant suhdone to climinate those

colonies which have Ihis IlNA as their insen. Colonies which do not reacl with the prohe will he

selecicli fi.r fUllher analysis.

'Ille second suhdone. Ihrough clllnparisnr at Ihe amiml add Ievel. is a memher of one of Ihe

known K channel suhfamilies. When Ihe amim, add scquenœ of our suhdone is compared with

Ihe correspolllling region of other K channel proleins, our suhdone is l<Xl% hOlllologous 10 a

channel doned l'rom rat hrain. which 1 will rcrer 10 as Rllx. Il also has high homology (79-95%)

with olher memhers of Ihe suhfamily 10 which Rllx helongs. AI Ihe nudeotide level, our suhe\one

<litrers hy only Î nuckolides with Rllx. In holh cascs. the suhstilutions are al the third position

of Ihe clllion allli dn not resull in an amino add suhslitution. TIle prohahility of having 2

nudcolidc suhslilulions ovcr a shon stretch of nudcotiucs, hoU! in thc Ihird position of Ihe cùdon,

without altcring Ihc amino acid scqucnœ is vcry low; this suggesls thal these nucleotide

diffcrcnccs arc re:ll ami nnl simply anifacls of l'CR amplilication.
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6.3 Discussion of results

Ill' l'CR hOlIIology scTeening with primer., deslgncd to rl'cugnill' scqul'nù'.' that arl' highly

con,erved in ail K channel genes, we have isolaled ami selluenœd a pUI'UiVl' K dmnnl'I suhdonl"

RSCG l, frolll tolal SC" RNA frolll poslnalal llay one raIs. Al the .unino ad,1 Icvel, RSt'( il is

100% homologous to the region olïnterest in Rllx. Bowever, if one culllparcs 1Ill' kinelk, vllllagl'-

depcndenl, and pharmacologieal propcrlies of the Rllx channels cxpressed in <I\.cylcs, h. Ihosl' of

ail 3 CUITent.' on SC(; neuron" Rllx CUITents llo nOI entirely cOITespond to any of Ihe St'( i K

cUITents. Nonetheless, it is possihle Ihal an Rllx hOlllologue encodes for one of Ihe K channels

on SC" neurons. 111e differences in the eleetrophysiologieal propcrlies CUUlll he explaincd hl'

differenccs in the propcrlies of channels express",1 in lXICytes ami in neurons. Kaang ami cu-

workers (!992) showed \hat an Aplysia Shaker channel (AKO 1a) prlllluccs K ch:mnds with

differcnt propcrlics when transfected into idenlilied lIIollusean neurons Ihan when expressed in

Xenopus oocytes (Kaang ct al., 1992). Alternalively, dilTerenccs lIIight resull fr,1II1 alleralions in

\he amino acids at Ihosc spcdlk sites deterlllining vollage·depcmlency ~11'.1 pharmaculogical

sensitivity. As discussed in Chapter l, lIIulalional anall'sis sludies llelllonstmie Ihat changes in

single ami no acid rcsidues arc sumcient 10 lIIodulale the eleclrophysiologieal allli pharlll~'cologicai

propcrlies of K ehannels.

Il would he inleresling if a homologue of Rllx encmlell Iilr one of Ihe SC< i K channds, and

that the diflcrenccs in propcrlies of RSC(i 1 and Ihe Rllx channels were attrihutahle to alteratiolL'

in seleclive amino acid rcsid~es. Mutational anall'sis studies arc illlportani in helping to ducidale

\he slructure·funelion relalionships nI' K channel protein., rtl.wever, Ihere is alway, th'~ worry Ihal

mutation of a single amino acid indireclly allers the funclional propcrties of a channel, hl' causing

conformalional changes in \he channel protein cOlllplex. If IWx allli RSC( i 1 arc nalurally

occurring fl!l':!'lional variant." analysis of their ami no acid sequenccs mighl provide information
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ahoui which regions of Ihe protein arc responsihle n,r Ihe differenœs in Ihe properties of these

2 channels.

Il is alsll pllssihle that RSC( i 1 may correspllnd 10 anolher memher of Ille K channel suhfamily

III which IOIx hclllngs; Ihe postulaled RSC< i 1 protein shows 79-95';;'. homology at the amino acld

level wilh lit/1er memhers of the K channel suhfamily.

'l1lCre arc prohlems in altempling 10 delermine which genes encode 1(lr which K channels on

Ihe hasis of comparisons of the c1ectrophysiological properties of specllic neuronal K channels

with Ihllse of K channel mRNAs expressell in oocytes. <iiven the large numher of K channel

genes, amllhe diversily in thcir properties, il is diflieull to assign a gene 10 a particular K current;

cven in Ihe case of RSC< i 1 whcrc Ihe suhfalllily is idenlilied. In addition, as mentioned above,

il is always pllssihle that Ihe properties of the channel when expressed in the neuron are nnl the

same ..., when expre.,scd in the oocyle (Kaang Cl al.. 1992).

Immunocytoehemical slUllies (Schwarl Cl al., 1990), northern hlol analysis of the mRN A from

dil1i.'renl lissues (Bcckh ami l'ongs, 1990; Swanson ct al., 1990), and in silu hybridization

expcriments (Baldwin ct al .. 1991; Hwang cl al., 1992) have revealed that different K channels

have dilTerenl paltefl'.s of expression in the hrain. lllese types of study provide information about

what lissues express which K channel lranscripls, and whether their levels change during

devclopmenl (Swanson ct al., 1990; lIeckh amI l'ongs, 1990; Luneau cl al., 1991 J. However, for

Ihe mllst part, Ihey do not diselose which lIlamlllalian K channel genes correspond to the K

CUITenlS characlerized eh:clrophysiologically in identilied neurons. llle subcloning of a rat SCG

K channel demllnstrates 'he validity of the approach of l'CR hOlllology screening for idcntifying

Ihe K d!annels expresst,d in specllie neurons. Research in progress \';i11 attempt to confirm that

RSC( i 1 is a suhdone oi' a K channel gene, ami 10 determine which K current of SCO Ihe prolein

encoded hy Ihis gene underlies. In adllilion, using this approach wc hope to identify other K

channel genes expressed in SCO neurons. In rulure research, wc want to use the K channel DNA
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sequences we suhclone as prooes for sludics on Ille contflll of K cll'III11l'1 cxprl'ssion dllrin~

development, and in response to Ihe intluenœ of extrinsic factors.

Ilcckh amI Pongs (Il)l)(), laking an alternale approach, dem'.'!!slrall'lI, IIsin~ Nortl1l'rn oh>1

analysis with specilic K charnel prooes, that RCK 1 is expressell in (1l'riplleral sl'nsory dorsal fIIol

ganglion neurons, anll in tongue nerves, wllich presumaoly inclulle nOllosc m'lIfllllS whicll

innervate tongue. Ily nalure of the similarily of the K currenls in nollose ami sn i nel1fons, it is

also possihle thal SCG neurons express RCKI. However, Ihe volta~e·lIepemlcnt, kinl'Iic ami

pharmacologieal properties of RCKI expressell in oocytes lIo nol correspoml in entirely 10 any of

Ihe K channels expresscll on nollose or SCCI neurons; n>r example, Ille c1mnnds have a small

conlluclance of l) pS, as opposcll to our 22 pS A-cllannels, ami; RCK 1 is sensitive to lIemlroloxin

(\2 nM), whereas lAI' amI lAs are nol (liaia not shown). TIte propertics of RCK 1 expressell in

oocyles correspond fairly weil 10 Ille reportell properties of a small comluclanœ, lIemlroloxin

sensitive channel in dorsal rool ganglion neurons (Stanslclll ami "eHz, 19~X).

The discovery thal SCG neurons might express K channel genes highly hOlllologous 10 Ihose

expresseù in rat hrain is inlercsting in Ihal it suggests thal the knowJcllge we gain frolll slullying

conlrol of K currenl expression in neurons of the peripheral nervous syslem 'viii he applicahle III

neUfons of the œnlral nervous syslem as weil. Ilecause of Ihe llifliculty Ill' isolaling ami cultoring

specifie neurons of lite hrain, il is simpler 10 study K current expression in a periphcral ganglion,

Iike the SCO.



Chapter 7

General Discussion

111e experiments presentcd in Ihis thesis invesligate Ihe expression of voltage-gated K currents

on neonatal rat peripheral neurons, and Iheir regulalion during development. 1 have already

diseussed several of the results in previous chapters, so this discussion will conccntrate first on

questions cl ..lccrning Ule nalUre of the genes enwding lilr K channels on peripheral neurons, and

second on the differenccs in the expression and postnatal control of K currents on sensory and

sympalhetic neurons.

Expression of voltage-gated K currents on peripheral neurons

lAs expressed on peripheral neurons

1 have characterized 3 voltage-gated K cun'ents expressed on sensory and sympathetic

peripheral neurons: a non-inactivaling IK current, and fast (lAI) and slow (lAs) A-currenLs. A

major componenl of my docloral research was 10 descrihe lAs on peripheral neurons. A slowly

inactivaling current had heen descrihed previously for nodose neurons (Stansfeld ct al., 1986;

Cooper ami Shrier, 1989), hut not l'ully characlerizcd. Whereas, mt SCc.; neurons '.Vere reporled

to express rapidly inactivating and non-inactivating Kcurrents, hut no slowly inactivating current

\Nerhllnne cl al., 1986; Nerhonne ami (,umey, 1989; Belluzzi ct al.. 1985). However, wc show

Ihat nellnaHll rat Sc(, neurons express a large slowly inaclivating current that is distinct l'rom the

non-inactivaling delayed rectilier in these neurons. l'resumahly, hecause slowly inactivating and

dclayed reclilier currel1ls share many of Ihe same propenies. lAs on neonatal SCG neurons was

llverlollked hy Nerhlllllle amI ('umey. ami mislakenly inc1uded WiUl Ihe delayed rectifier as li
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single homogeneous macrosco[1'c CUITent. Wherea.s, lAs mOlY have hc'en missc'lI hy Ikllo/li ami

co-workers, who studied K current expression 'HI UlluU rat SC< i neurons, hecause lAs lIecrc'a,,'s

during postnatal developmen! and already hy l'i.J is expressell Olt I"IV kwls. YoU"gl'-g"tc'd "­

cUITents, similar tnthose round on nmlose ami Sl'(, neurons, "re Illuml on sensory neurons l'rom

the trigeminal ganglion (Spigelman and l'uil, IlJHlJ; our ohservations), "mlllors,,1 rool g"nglion

(KoSI)'uk cl al., 19H1; Kasai ct al" 19H6; Mayc'r :lI1d Sugiymlla, IlJHH). ·l1lercii.re lAI', lAs "nl! IK

appcar to he part of the general innic makeup of most peripheral neurons.

AI' and As are separate. but related channels

Single channel studies of inactivating channels on nollŒe neurons illllicate thal a single

conductance channel of 22pS underlies hoth slolVly allli rapidly inactiv"ling A-currenls (Cooper

and Shrier, 19H9), However, a numher of pieccs of evidencc "rgue against the pŒsihilily IIml Ihe

channels limt underlie lAI' and lAs arc second messenger mmlulated fmms of each olltef. l'irsl,

the experiments characlerizing lAI' and lAs al the macroscopic allli single ch"nncl levcl

demonstrate that Ar and As channels diiTer in Iheir voltage-llepclll\l'nCÎes lilr "ctiv"tion allli

inactivation, and their kinetic properties, suggesting that Ihey arc nol the smIle channel. Second,

sorne SCC; and nndose neurons express only one of the 2 inactivating currents. l11inl, on posln"'''1

sec; neurons, lile control or lAI' expression is differen! fromthat Il.r lAs. For exalllple, whep. l' 14

SCC; neurons arc grown in cullure, lAI' levels drop only slighlly, hut lAs llisappears over" periml

or 4 weeks, Because thesc changes in lAI' and lAs occur slowly, il is hardlo imagine a scheme

wherehy direcl modulation hy second messengers could result in a slow loss of one of the fOTlns

orthe channel with relatively rew changes in the alternale l'mm. Finally, during IO-1lJ min whole­

ccII recording experimenls, which dialyse the inlraccllular contenls, lAI' w"s never sccnto converl

lU lAs and vice verf·~.

Though wc did not record Ihe channels that underlie IK, lhe same poinls :.rgue slrongly
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againot the poss;hility thatUle cllannels Ihat umlerlie lAs. alsll unl!l'rlie IK; IK and lAs diflà in

their vLJltage-depcmlencc lilr activJtion. kinetics lilr activation. pharmaclllllgy allll inacti"atilln

propcrties. In addition. during i1/ l'ÎI'O postnatal dewlllpllletll. lAs Il'wls ,!l'Cf,'as<'. hut th,'rl' is nll

change in IK expressinn. TIle sllllpler explanatilln lilr the dilTerl'nCl's in K channl'l prorertks is

that AI' and As channels, and the channels Ihal underlic IK. arc ail separale. hllt rl'lale<!. channl'ls.

(;iven the hypothesis thal IAr. lAs ami 1K arc melliated hy separall' channl'ls. what is III<'

nature of lIle genes that encode lilr the channel protcins'! Unfllrtnnatl'ly. il is nllt possih!l' III

identify the genes encnding lilr K channel protcins simply hy comparing litl'ir physiolllgy wilh

thnse of eloned K channels expresscd in Xennpus ollcytes. TIle clllned manllnalian K channl'ls

when expressed in oocyles simply share 100 many of the same propcrties III he ahle 10 lli;lerentiale

between them. In addilinn, there can he ditTerenccs in the propcrties llf K channels whl'n

expressed innocyles as cnmpared to those in neu .•ms (Kaang ct al., 1992).

Moleeular nature nt' !\enes that encode K channels nn peripheral neurnns

Therelbre, answers to questions that arise conccrning the nature of the genes encoding Iilr

voltage-gated K channels in the pcripheral nervous system, must awail the aclual isol:ltion of K

channel genes expressed hy lite neurons. Nonetheless, il is worthwhile to touch on some of poinls

pcrtaining to K channel gene expression hy pcripheral neurons. l'irst, whal is the genelic

mechanism for producing IIlree voltage-gated K currents whicll share some propcrties, hui dil1er

in others'! lt is possihle that there is a single K channel gene, whllse primary gene prlllluci is

alternativcly spliccd to produce variant transcripls, as for the Shaker locus of Ilrosophila (Timpc

ct al., 1988a,h; (verson ct al., 1988). However, alternative splicing does not seem 10 he a comlllon

mechanism used in the mammalian Kchannel family (review hy SalkolT ct al., 1992). More Iikely,

is \hat the different K channels on pcripheral neurons arc encoded lilr hy scparate genes. Several

separale mammalian K channel genes have heen identilied (review hy SalkolT ct al .. 19lJ2; ais<'
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see Chapler 1). with Ihe currenl hypolhesis heing Ihat they arose during evolution hy gene

dùi'Ii';alion. and suhsequenl divergence. resu!ting in related genes which encode for K channels

which share SOIne propcrties. huI dilTer in olhers.

eiiven Ihe assumption th)1 IAf. lAs and IK are sepurate channels. encoded for hy separate

genes. how relaled are the proteins thal make up these 3 channels'! Il is possihle Ihat ail Ihree K

channels helong 10 the same K channel suhfamily. For example. different mammalian Shaw genes

encode Iilr holh rapillly (Schroter Cl al.. IlJlJI) and slowly inaclivating K channels (Yokoyama ct

al.. IlJXlJ; McCormack et al.. IlJlJO; I.uneau el al.. IlJlJI). In fael. single nueleotide changes in Ihe

genes encOlling Iilr K channel proleins l'an resull in signifieant changes in the functional propcrlies

of the channels (sec Chapler 1). (liven the large numher of mammalian K channel genes, and that

neurons l'an express more than one K channel gene, a more Iikely possihilily is that IAf, lAs and

IK ehannels helong to llilTerenl suhfamilies. In Ilrosophila, mRNAs from each suhfamily, when

expressed in oocyles resull in currents thal differ in Iheir kinelic and vollage-depcndent propcrlies

(Wei el al.. l'NO).

lIow many K channel gelles ure expressed in pcripheral neurons? For simplicity, in

discussions of the resulls in this Ihesis, 1 have assumed that one channel is responsihle for IAf,

one Iilr lAs allli olle for IK, with Ihe corollary Ihal eaeh channel is encoded for hy a single gene.

IIllwever, il may he thal several sepurale genes encode for Ule proleins Umt are responsihle for a

givell macroscopic current; for example, Af channels could he heteromullimers consisting of

possihly 4 different K channel proteins suhunils; allernatively, IAf could he made up of several

A-channels, encode" for hy sepurate genes and dilTering only slightly in their propcrlies. Same

support liIr Ihe illea Ihal more than olle gene may he responsihle for a macroscopic current comes

l'rom a slUlly hy Hanlie amI co-wor~ers (llJlJ 1l. who show Ulut 4 separale Shaker rnRNA

Iranscripls arc appurently responsihle for Ule rapidly inaclivating current of Drosophila

phlllllrecl'plorS. (liven this scenario. it is impossihle to predict JUS! hllw many different K channel
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gencs are expressed in pl'ripheral neurons.

Do sensory and sympathetic peripheral neu',ms express Ihe saml' set of K dmnncl gl'Ill'S'!

SCG and nodosc neurOlt~ express similar IAr. lAs amllK currents. howeVl'r 1111' vollagl'·dl'pl'lllknt

properties of the A-currents are not identical in the 2 lypes of nellron. Nonelhcless, giVl'n Ihl'

overall similarity of lhe voltage-galed currents in SO; amI nOllose neurons, il is likcly thal these

neurons express a very similar set of K channel genes. 1111' llilTcrenccs in lhe currl,nts hetwl'l'n

nodose and scn neurons couId he explained hy slight allerations in lhose regions of thl' proldn

respl)Jt~ihle for voltage·depemlent properties (see Chapter 1l.

11le experiments discussed in Chapter 6 are a Iirsl attempt Olt identifying lhe genes encoding

the channels expressed on SC(; neurons, l'reliminary rcsults illllicale Ihal lhe approach of l'CR

homo\ogy screening will most Iikely he succcssfui in isotu:ill~ K channel genes. lIowever, giVl'n

the complexity of the molecular hiology of villtage-galed K channels, it is hanl to know hilw

much of the piclure we will he ahle 10 elucidatl', For example, how will we know whether we

have isolated ail Ule K channel genes'! ln addition, il mOlY he llirticult 10 delermine which genes

eorresplmd 10 which currenls, especially if heteromultimeric channels occur (\sacolT et al., l'NIl;

Ruppersherg et al., 1990; MacKinnon, 1991; Chrislie el al .. IlJ9lll. Nonelheless, the identification

of K channel transcripts l'rom the SC(; is essenlial for us to he ahle 10 answer qnestions reganling

Ihe conlrol of K channel expression raised hy the e1eclrophysiological experimenls presented in

this UlCsis.

Control of K channel expression on peripheral neurons

Given the role of voltage-galed K currems in con!rolling cellular excilahilily (Rudy, IlJXX;

Thompson and Aldrich, 19XO; Adams and (ialvan, 19X6), it is nol surprising lhat the expression

of K currenl~ is regulated during developmem (see Chapler 1l, 11le astonishing lhing is Ihal so
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many ,liberent patterns of expression occur, raising Ihe question of how a neun li: controls what

channels il expresses and al whal levcls'! ln the peripheral nervous system, sympathetie and

sensdry neurons do not control thcir postnatal expression of vollage-gai"d K currents in Ihe same

manner, as imlicalcd hy Ihe fact Ihat SCCi neurons show signilicant changes in L'lcir K currents,

whereas nllllose neurons show no changes. How is it that postnatal control of K currents on

nllliose amI SC< i neurons is so differenl'! One explanation is that PI sensory and sympalhetie

neorons are not at the same devclopmental stage; nodose neurons arc devclopmenlally more

malure ami have stahilized the levels of K currenl.S they express. Allernativcly, and Ihe hypolhesis

Ihal 1will speml some time ,liscussing, is Ulat the 2 types of neuron use different mechanisms \()

regulale the K currents they express. Addilional support for this idea is provided hy the facl Ihat

nllliose ami Se( i neurons show dilTerenccs in 11llW much variahility Ihere is in IAf, lAs and IK

expression. 111ere is considerahle variation in Ihe relative proportions of IAf, lAs and IK expressed

on nodose neurons. In conlrast, the lI1ajorily of PI SCC; neurons express a large lAs, whik the

majorily of l' 14 neurons express a large IAf, imlicaling that there is considerahly less variation

in the expression of K channcls on SCCi neurons.

If sympathelic ami sensory neurons do not conlrol thcir K currenls in the same manner, what

is involved in the regulation of K currents in UleSC neurons'! POlentially, K channel expression

could he umJcr intrinsic control, lI1eaning thal a genetic program, Inherent to the neuron, is

followed during devcl0pll1ent. In this case, Ule particular sel of K channcls a neuron expresses

woul,l he enlircly dependent on ils genelic prograll1, presumahly with Se(, amI nodose neurons

possessing different programs.

Evidenl'e J'ur extrinsic cuntrul uf K channel expression in peripheral neurons

While it is Iikcly Ihat peripheral neurons have some inlrinsic lI1echanisms to regulate l.heir

exprl'ssion of K channcls, a nUll1her of picccs of evidencc prcscnlcd in l.his thesis, cilher indircetly
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or dircctly, support the idea that epigenelic factors are also involn'll. First. noliOSl' neurons sho\\'

considerahle variahility in Ihcir expression of K CUITenlS, en'n though ;Ill' lIl'urons arl' l'Olll'l'll'lI

into a supposedly homogenous populalion of sensory 11l'~rons: IllXIOSl' lIl'lIrons han' ail hall sil1lilar

genetic histories, originating l'rom the neural placlllles, ami yet. wiUtin Ihe conslraint of a Ihl'lI

set of voltage-gated K channels. Ihe outwanl currenls on lIifferent nllllose neurons lake on l1Iany

diverse forms, A similar variahility is ohservell in Iheir hiochemical pmperties as imlicatell hy thl'

differential expression of various neurolransmitters,

Secoml, in culture, 1'1 SCC; neumns lIo nol show Ihe switch l'mm an outwanl currelll

predominantly made up of lAs 10 one made up of lAI', which occurs ill vivo hy Ihe thitll lIay

poslnatally; hecause the loss of A-cuITenls in culture occurs only after 1-2 weeks, it shoulll nol

ohscure Ihe switch, ln addition, if tlte switch is triggerell lIuring emhryonic lIevelopment, we

wouId still have expected to ohserve Ihe change l'rom an lAs 10 an lAI' lIominateli oulwanl CUITent.

Thesc results suggest Ihal a factor, which we have nol illentilied, is reljuirell poslnalally I"r

devclopmental changes in K cUITenl expression,

l'inally, we show tlmt nonneuronal eclls l'rom the ganglion, anll l'rom oUter tissues such as

heurt and skin, inlluence Ihe expression of K channcls 011 neurons in culture, 111e conllitionell

media experiments indicale thal il is a soluhle factor, releasell hy the eclls, thal is inyolvell,

Factors involved in the control of K current expression on peripheral neurons

II" epigenetic factors play a role in conlrolling K current eX(lression on peripheral neurons, Ihen

if !here arc differences in !he expression of a sil1lilar set of K currents on sensory anll sympalhetie

neurons, il wouId imply Ihatdiflercnt faelors are inyolyell in the conlrol of K currenl expression

on the two neuron types. What wouId he Ihe nalure of the faclors lilr sec i ami nllliose neurons"

Nodose llCurons

l'or nOllose ncurons, one likcly possihility is Ihal Ihe targets these l'clis iooervate inlluence
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Ihcir expression ot K channels. NlIlJose neurons provide sensory innervalion to lhe heart, lungs

an<lmuch ot Ute visccra. As such, Iheir nerve lerminals acl as rapidly or slowly adapting sensory

reccplors CPainlcl, IlJ7~). To serve these diverse roles, presumahly individual nodose neurons

wou'd have to express lAt, fAs and IK at ditterent proportions. In fact, there is sorne evidence

that th" elcclrical properlies ot peripheral sensory neurons arc rclated 10 the lype of rcceptor

torme<l hy their peripheral emlings (Belmonle amI Ciallego, IlJX~). Extending this argument, it may

he Ihal the targel inlluenccs the K channels expressed hy scnsory neurons. Peripheral axolOmy

;>rOlluccs <Iitterent clTecls in lhe cleclrical properties otsensory neurons innervating Ihe larynx and

carol id hOllies CCiallego ct al., IlJX7). While indirect, lhese resulls suggest first, lhat these targets

have ettecls on the electrical properlies of the neurons that contact them, anl! second, Ihal targeLs

difler in lheir eflecls.

SCC i neurons

Potassium currenl expression hy nodose neurons may hl Inlluenccd hy factors which differ

lùr Ihe various neunllts, lilr example, faclors from Ute innervated tissues, and/or th~ brainslem

neurons they contacl. In conlrasl, lhe facl thatthe relative proportions of JAf, lAs and IK on seo

neurons is less variahle lhan on nodose neurons, implies t~131 K eurrenls on SCO neurons may bc

controlle<l hy faClors which arc common 10 mosl of UlI'. neurons in Ihe ganglion: faclors such as

ganglionÎC nonneuronal cells, and/or drculaling factors. This idea, lhough speculative, is supportcd

hy our experiments on the poslnatal control of K current expression on SCG neurons. The

axotomy amt <Ienervalion experimenls suggesl lItat postnalal SCG K channel expression is hardly

inlluencc<l. if al ail. hy lIle larget. or hy the preganglionic nerves. In addition, nonneuronal cclls

l'rom Ihe ganglion provi<le a soluhle faclllr which inlluenccs the expression of K channels on PI

SCC; nl'urons. hut nol nodose neurons. Sincc ail SCO neurons arc surrounded hy the nonneuronal

ccIls ot Ihe ganglion, amI would lheretilre sec the same tactor, it may partiaily explain why therc

is !l'ss vlll';ahilily in lhe expression of lIle K channels on these neurons.
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At least one oUler faclOr is involvell in regulating Ill" ,'xpr,'ssion of K channl'ls on sn;

neurons, This factor, whose sourcc has nol heen illentitiell, is r,'quifl'" for th,' ;11 \';\'(1

lIevcloprnenlal switeh from an lAs to an IAf .lominal,'lI outwafll enHl'nl. '1111' h,etor is nol

provillell hy Ihe targets, hy the preganglionic nerves, or hy Ihe nonneuronal Cl'lIs, which !l',,,"'s

the possihility Ihat a circulating faclor(s) is triggering lhe switeh, Many hormones art' Known 10

increase lraltsiently lIuring lIevelopmenl «,oulll amillulcher, l'iK'i), ami as such mOlY provill,'th,'

lrigger for Ihe switch in outwanl CUITenl. Alillilinnai faclors art' prohahly involVl'lI inlhe postnatal

conlrolof K currenl expression nn SC<; neurons, as suggeslell hy Ihe llîflerenCl's in lAs expression

or.serVl'lI for the explanl anll lIissociateli l'1 SC< i cullures, ami that a nO'l-Ill1nneuronal œil

lIepcnllenl portion of IAf expression is Insl on 1'14 SC< i neurons in cullure,

Extrinsic factors act durinll a crilical period of devclopmenl

Our resulls alsn suggesl Ihat Ihere arc critical pcriolls of lIevclopment wlll're neurons afl'

sensilive to these epigenelic inl1uenccs; apparently once a neuron expresses lhe same sel of K

CUITenls il lInes in the allull, the CUITents lose t11eir sensitivity ln the faclors acling lIuring

developmenl. ,"or inslance, conlrol of K cUITenl expression continucs poslnalally on St '( j neurons,

and possihly as a resull, K cUITenl expression on 1'1 neurons is scnsilive 10 Ihe loss of a

nunneuronal cell factor, As postnatal developmenl continues howcver, allli SC< j ncurons slarl 10

express Ihe set of K currenlS they do in Ihe allult, Iheir expression of lAI' hecomes inllepcllllenl

of Ule nonneuronal ccII factor, ln contrasl, hecause nllllosc neunms show JUI poslnalal conlrol of

Ulcir K CUITent expression i1l vivo or in cullure, presumahly Olt hirlh lhey alreally express Ihe salllc

K eUITenls they do in the allull, These resulls imply thal plaslicity in K currenl expression in lhe

adull must either involve a differenl sel of factors, or a reaetivalion of Ihe resfXlIlsiveness of allult

ncurons to the dcveloprnental factors,
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1nlrinsic conlrol of K currenl expression

1 woul,l not like to leave Ihe impre'Sion thal K CUITent expression on pcripheral neurons is

enlirely under Ihe control 01 eXlrinsic lactors, in lacI, our data suggests that Ule neurons alsn have

i'llrinSlc mechanisms to conlrol thcir expression of K CUITenls. l'resumahly the ùilferent K CUITent

'y'lems act in an inleraclive la.shion 10 Ùelermine Ihe elcetrical excilahilily of the neuron. As such,

il is nol surprising thal our resulls inùicale Ihal the neuron ha.s mechanisms hy which 10 coordinale

Il' expression of the ,lillerent K cUITenls. These resulls also imply Ihat ùuring postnatal

developmelll lAI allli lAs are nol illllepcllllenlly regulaleù, hui thal Ule expression of one CUITent

is depcndenl ',lIl the olher. What mechanism coulù the neuron use to coorùinate ils expression of

lAI, lAs anlllK, given our hypolhesis thalthe Ihree cUITenls are encoùeù for hy se(Y.lrate genes'!

One possihility is Ihal the levels 01 Ihe dill'erenl K channels proteins are in equilihrium, so that

:1l1 incrcase in the levcls 01 one of Ihe gene producls will fceù hack in a negative fa.shion and

decrease the expression ur a diflerent K channel protcin. This feedhack could occur at the level

of gene lranscription, or mighl resull l'rom slahilization of one K channel mRNA at the expcnse

of anolher. However, llclermining al what level sec; neurons regulate their K channel expression

musl await Ihe identilicalion of Ihe genes expressed in the neurons.

Functional SiAnilicance of develnpmenlal chanAes in K current expression

Whal is Ihc role of Ihe changes in K current expression in Ihe functional ùevelopment of the

poslnatal St '( i ncurons'! 'nle particular K channels expresseù hy a neuron will ùetermine how it

Intnsmils Ihe information fromthe ncurons Ihal synapse on ils cell hoùy. As such, an sec; .1euron

thal swilches ils OUIwaHl currenl from one Ihal is largely slowly inactivating 10 one that is rapiùly

in'lctivating is going 10 change Ihe way il proccsses the information il receives from preganglionic

inputs. 1l1e large slowly inactiv~ting currenl on Pl Set; neurons shoulù serve 10 ùecrease the

l'xcitahility of the ncurons, hy shunling out inclllning depolarizations. However, if the stimulus
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is large ennugh sn that the neumn lires, lAs prnvides a mechanismln ail!'\\' Ih,' n,'nrllnlo Clllllinlll'

ln lire, hy hyperpolariling the memhrane sul1kienlly 10 pn'\'enl Na channl'l inactivation. 11ms,

~ 1'1 neUrlln should lire nnly in response ln a sul1kienlly largc' inpul, hUI onl'l' Ihc' m'Urlln is

excited it may lire a hurs! of APs. In contrast, a 1'14 heUrlln expr,'sSl's a larg" IAL an" " smalil'r

lAs than the 1'1 nl~arlln. Because of Ihe smaller lAs, Ihe 1'14 neUfon should Ill' mon','xdlahil' Ihan

U1e 1'1 neuron. requiring less summalinn of synaplic inpuis hclilre il Iir,'s.

Wimt wnuld he Ihe advanlage or having a syslem which is less ,'xdtahil' al hirth, hui wilh

develnpmem hecomes mnre excilahle'! One possihilily is that unlil Ihe largets Ihcy imwrval,' st art

10 functinn SC(; neurons need nnt he very active eleclrically. Fm example, sn; neurons innervat,'

the iris amI the eyelid. hnwever, in rat Ihe eyes slay doseduntil 2 weeks alter hirth. l'erhaps IIw

increase in excilahilily of SC(i neumns nver Ihe Iirst 2 postnalal wceks rellecls IIw facl Ihal wllh

develnpmenl the target needs them ln he more aClive.

Siudies indicale that neuronal aclivily is important lilr Ihe palterning of comwclions during

the developmenlnf U1e nervnus system (cliscussecl in Chapler 1). Neurllns clllupete lilr targcls in

an activity-dependem fashion. Since K channels regulale presynaptic aClivily, Iheir cxprc'ssion

during devdopment cnuld have an importam role in eSlahlishing Ihe innervai ion of Ihe largels. l'or

example. it might he U1at parasympathclic and sympalhelic innervation of a largel, such as heart,

nccurs asynchwnnusly. If sympalhetic nerves arc Ihe Iirsl to arrive, amI Ihe neUrllns arc highly

excitahle, Ihen the sYlll(1'Jthclic c'nnneclinns cnuld dllminate. Whereas, if Ihe aclivily III Ihe

sympathetic neurons is altenuated unlil such lime as ail connections arc matk, suhsequenl

competition and rearrangemem will ensure appmpriale innervai ion of Ihe largel. Changes in K

current expressinn during dcvelopment, such as oh"~rved lilr SC( i neurons, may he a gencral

mechanism used hy neurons to eslahlish Iheir pmper conneclions. In alldilion, similar mechanisms

may he functioning in long term changes in synaptic slrenglh ami conneclivity in Ihe adult CNS.

One of the major l'casons fo, sludying the comrol of K currenl expressllin on peripheral
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neurons is Ihe ea,e hy which the environment of these neurons can he manipulated for sludies

i<lentilying exlrinsic laclors Ihal inlluence K currents; a, discussed previously, CNS neurons arc

much more <Iiflicull 10 slu<ly than l'NS neurons. l'onunately, hecause several K channel genes

expresse<l in Ihe CNS arc also expresse<l in Ihe l'NS (lleckh and l'ongs, 1990), much of what wc

learn ahout colllroi 01 expression on peripher~l neurons will hopefully apply to CNS neurons as

weil. I<lentilying faclors, such as hormones or growth faclors, that control K current expression,

may hclp in <Ielermining what is entaile<l in certain CNS palhologies Ihat involve changes in Ihe

excilahilily 01 neurons. l'or example, Epiiepsy, a <Iisease where large ensernhles of neurons

,lischarge in an ahnormally synchronous lashion, Illay involve a Illislunction of K channel

expression, resulling in a <Ieerease in inhihilion inlhe cortex and ovcr excilahility 01 CNS neurons.

t'olllinuing onlhis line 01 Ihoughl, il is inleresting Ihat scc; neurons in cullure withoul other

cell IYpes <Iil1erentiate in a normal lashion wilh respecl 10 properties other than their expression

01 K currenls; Ihe neUf"'ts exleml axons and llcn<lriles (IIruckertslein Cl al., 19K9), fire action

polenlials (C )'1 .ague cl aL, IlJ7K), pro<luce Ihe correcl neufOlrartsnliller (l'urshp-.lll ct aL, 19K2), and

l'xpn'ss mwlinie acetylcholine receplors (Mamlclzys and Cooper, unpuhlished ohservations). The

nellTllnS SCCIll normal, ami il is only hy reconling K currents Ihat a deICCl hecornes apparen!.

t'onccivahly, previously unexplainc<l CNS palhologics, where no morphological or hiochemical

<Ielicil is apparenl, Illay he explained hy llelects in K currents, duc 10 the deliciency or

ovcrahumlance 01 a laclor Ihal inlluenccs Ihcir expression. 111is is an importanl area of research

wllieh needs lurther allelllion, howevcr, using eleClrophysiologkaltechniques, it would he diflicult

10 nll'aSUfl' allerations in K channel expression h~ palhologkal conditions. With reccnt advances

in Ihe lllo1l'clilar hiology of K cll'lnnels, and identilication of K channel genes expressed in

s('l'cilie neUTllns, measuring IllRNA levcls Illay he a relatively easy way 10 determine if lhere arc

changes in K channel expression in disease slate,;.

ln sUllllllary, a neuron has a choiee perhaps of humlreds of different K channels to express,
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and the sel and the lewls of ehannels whieh 110 gel expressell nUl ehange lIuring lIl'vl'lo~ml'nl.

The permutations amI mmhinalions are enormous, ami musI h" umk'r eXLJuisill' l"lllllmi if Ihl'

nervous system is going to fuuelion properly. Sludies SUdl as Ihosl' pre«'ntl'll iu lhis Ih"sis will

hopefully shed some lighl on whal is involwll in the mnlrol of K eUrrL'l1ll'xprl'ssion, !L'alliug 10

a hetter unllerstanlling of Ole iuvolwmenl of K nlrreuts in lIewlopm"ut, plaslidly anll lhffL'rl'ut

lIisease states.
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