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RESUME L

Un canal de K sensible & l'étirement (canal SAK) a

été trouvé dans les éofps‘célluléifés des celiules
nerveuses de .l'escargot terrestre Cepaea nemoralis
ffamille Hélicidée). Ce canal dont la de%i-saturation
" de pre;sion est, de -55 mm ‘de Hg, posséde une
conductance 'de. 58 pS dans des conditions cellule-
attachée avec une solution saline normale dans xa
pipette. Ce canal dont la perméabilité au Na est non-
détectaﬁle, est bloqué du coté cytdplasmique de 1la
membrane par ce dérniér (B0 mM Na). Le.canal SAK est
i

insensible  a 1U;SM TEA (tétraéthylamonium) externe, 10

@ .

M 4-AP (Q—aminopyridine) externe, au Ca et au Na. I1

est cependant affecté'par 10‘3 M Quinidine. Ce canal

posséde une constante de temps. pour 1'état ouvert et .

trois constantes de temps pour l'état fermé. Le plus

W

long état fermé est responsable de 1l'augmentation de la.

probabilité du canal d'etre a l'etat ouvert avec
l'application de.‘suction.. Un canal d'étirgment
sélectif au Cl (¢éna;’§ACl) a aussi été observé dans
les neurones de Cepaea, Contrairement au canal SAK, le
canal SACl est non—fi;ckery et posséde plusieurs états
de condﬁctance. La .conductance de l'état le plus

souvent observé est de 130 pS. Des pressions de



- l'ordre de -35 a'-40 mm de ﬂglpermettent l'OUVertufé du

canal. Aucun canal d'étirement n'a été observé dans

Wl . B ) - -
les corps cellulaires des neurones de la sangsue et de

la blatte.

L B 3



‘ABSTRACT

== R Y

A stretch-activated channel  selective for K (SAK
channel) has been discovered in the cell boby of the
-3

.

nerve cell of the terréstrial snall Cepaea ne ;
(Helicidae famfly).‘ The channel ﬂas a halfubressufé
saturation of -55 mm Hg. Its conductance isl58 pS in
cell-attached tbndiﬁion “with pdrmal saline in the
pipette. . The SAK channel which permeability to Nalis
undetectable, is blocked by Na ion (80 mM'Na) from the.
cytoplasmic side of the mémbrane. 107IM exterhal'TEA

(tetraethylammoniunﬂ,'10'% M 4-AP (4-aminopyridine), Ca

. -t
and Na do not affect the channel activity. However, 107

M quinidine'cauées changes in SAX channel activity.

The channel has one time constant for the open state
and thre& time constants for the closed state. The
longer .ciosed state 1is reéponsable for. the large
increase in the channel probability of being opened
with_suction application. A stretch channel selective
for Cl (SACl) has alsco been found in Cepaea neurons.

Contrary to the SAK channel, the SACl is non-flickery'

"and has many' conductance states. The conductancge of

the most observed state is 130 pS. Pressures in the

range of -35 to -40 mm Hg trigger the SACl channel

o



opening. No stretcH-activated channel has ' been
! ~

observed in the céll body of the leech and cockroach

. neurons.
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I INTRODUCTION

ﬁes cénaux ioniques "sont des pores prdtéiques
transmembranaires qui permettent la diffusion d'ions
suivang leu; gradient électrochimique (Hille, 1984). La
sélectivité spécifique des canaux c'est—a-dire le fait
qu'ils soient pe;méable 4 certains ions non a tous les
- ions confére a ces derniers un réie sﬁécifique é:jouer
dans' la phyéiologie cellulaire, Le maintien du
potentiel de repos ou encoré la génératid? et la
propagation de 1l'impulsion électrique des cellules
nerveuses ne seraient pOséibles sans la sélectivité
5pécifique des canaux m?mgfanaires au K et au Na

L

(Kandel and Schwartz, 1983). | -

En plus d'étre, sélectifs, les canaux ioniques ont la
propriété d'étre modulables c'est-a-dire gqu'ils

répondent (par une ouverture ou une fermeture) de fagon

spécifique & certains stimuli. La modulation du canal
peut étre electrique (ex.: canaux de K dépendant du’
voltage; Quandt, 1988), .chimique tfex.: canaux d°

acétylcholine; Fenwick, Marty and Neher, 1982; Mathers

and Barker, I982) ou mécanique (canaux activés par



derniére catégorie di’ camanx dont il sera question dans

ce qui suit.

Contrairement aux auwtres techniques d'enregistrement
.de courants (voltage-clamp; Hodgkins and Huxley, 1939),
la technique du patch-clamp (Hamill, Marty, Neher,

Sakmann and Sigworth, 1981; Sakmann and Nehef, 1983},

en plush de permettre l‘enregistremeht de courants

distincts passant a travers les canaux loniques, permet

l'application d'une succion sur la membrane cellulaire.. *

Grdce & cette combinaison technique, l'identification

directe du premier canal activé mécaniquement a été

possible.

Aiors gqu'ils étuaiaient des canauz nicotiniques dans
les celluies des muscles squelettiques d'embryon de
poulet, Guharay;et Sachs observérent que l'activité de
l'uh des canéuﬁ présent dans les patches augmentait

avec l'applicatlfion de succion ({(Guharay and Sachs,

1984). La relation probabilité du canal d'étre a
¢



l'état ouvert, P(0), versus ‘pression révéla gqu'une
. augmentation de la pression appliquée entrainait une
augmentation nette de P(0). Des expériences contrdéles

faites en absence de nicotine, avec de basses et .de

: o, . -~ e
hautes concentrations de calcium (20 mM — 1oq M), en //

absence de machinerie enzymatique ou de d'autrsd
métabolites (("inside-out patches") démbntrérent gue la
‘sensibilite du canal & l'étirement était toujours
présente et qu'elle n'était pas affectée par les
facteurs ci-haut (Guharay‘ and Sachs, 1984). Une
caractérisation plus approfondie éu canal d'étirement

révéla que ce dernier -&tait un canal cationique

perméable au K et au Na (K:Na = 4:1) {(Guharay and

o

-Sachs, 1984) .

Depuis l‘ideﬁtification éu canal d'étirement (CE)
dans les cellules muscuiaires de poulet de nombréux
canaux activés par l'étiré;ent ont été découverts et
ce, dans divers types de cellules de difféerentes

especes -animales (Kullberg, 1987; Lansman, 1988). La

découverte de plus en Plus fréguente de canaux

d'étirement nous améne a considérer ces derniers comme -

la troisiéme classe de canaux membranaires.

P
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L'activité spontaﬁée Aes CE estlbasse lorégﬁ‘il n'y a:.-
pas application de succion.quharay-and Sachs, 1984;
Brezden, Gardﬁer' and Morris, 1986; Me;hfesgélt,ﬁ
Witzemann, Takahashi, Mishina, Numa and Sakmann, 1986;
Christensen, 1987; Lansman, Hallam and Rink, 1987;
Martinac, Bu?chnef, Delcour, &Adler- and Kung, ;987;
Zzagotta, Brainard and Aldrich, 1988). Cette faible
activité est duvue a l'agitation continuelle du cfnql par
des facteurs thermiques. Afin d'augmenter l'activité
du.'canal, un transfert a'énergie mécanique doit
s'effectuer. entre lé membrane et ‘le canal. Le
mécanismé le plus propige a un tel transfert serait le
cytosquélette (Sachs, 1985)! Parmi les éléments du
cytosquelette, l'actine semblait étre l1'élément le plus
prcbable au; transfert d‘énérgie. Cependant, des
expériences faites sur des cellules mpscﬁlaires de

poulet traitées a la cytochalasine (10" M pour 12

. j . :
heures; drogue brisant les filaments d'actine) ont

démontré que contrairement & ce qui était attendu, la

sensibilité a l'étirement du CE était augmentée d'un

facteur de 30 (Guharay and Sachs, 1984). Suite a ces



-

. oo v ‘ : o
observations, Guharay et Sachs ont suggéré gue des

filaments l&ches du 'cytosquelette tels la fodrine

=

(retrouvée dans les neurones; Siman, Baudry .and Lynch,

i

. _ T
1985), filament semblable a la spectrine (présent dans
les globules rouges;., Fowler. 1986), pourragént étre

’ ot X
responsables de l'ouverture des CE. ~ Des etudes,a_ganff‘
/

—
o

diront si un tel filameng est impliqué Qp/ﬁbn dans le

mécanisme d'ouverture des CE. ,,///////

’//
I.3 Fonctions des canaux d'étirement
I.31 Mécanotransduction

L'élément responsable de la transduction de l'énefgie
mécanique en énergie électrique.se pfoduisant dans
‘plﬁsieurs organes'de réceptipn pourrait é&étre le canal
d'étirement . Dans les cellules ciliées &u systéme
auditif, le déplacement des cils, sous lfeffet des
vibrations de 1la ﬁembrane basilaire {membrane
supportant les cellules ciliéés et dont les vibrations
sont causées par le déplacement du_fiuide de l'oreillle
interne sous l'infldéncé des ondes sonores; Hudspeth,

1983) pourrait permettre 1l'ouverture d'un canal

—

-

-



' "drétirememt et ainsi causer l'entrée de K nécessaire au

 //////{/// processus de génération de l'impuision nerﬁeuse dans ié
- nerf  auditif. Dans les - fuseaux musculaires de
greﬁouille (Husmark and Ottoson, 1971) et dans l;s
§rganes.récepteurs de l'écrévisse (Pasztor and Bush,
1987),‘ lé CE pourrait: permettre 1la  génération du
potentiel récepteur observé lors de l;étirement de la
membrane de ces deux organes. De_méme, la génération
d'un tel potentielldans les récepteurs nérveux des
borpuécules de Pacinie (Léwen;tein and Mendelscn, '1965)
p0u££ait étre expligquée par 1'activation d'ua CE éuite
a 1'applicati6n d'une pression sur le corpuscule:l

Les CE pourraiént &tre les canaux des barorécepteurs
permettaht la détection ae la pression interne du
systéme circulatoire et du systéme respiratoire
{Richter, Jordan; Ballantyne, Meesmann and Spyer,
1986{. Dans les cellules endothéliales recouvrant la
gurface interne des vaisseaug sanguins, un canal
d'étirement sélectif aux cations (Lansman et al.,
1987), de méme qu’'un cou:ant.ae K activé pag une, force
tangentielle (Olesen, Chapman and Davies, 1988) ont été

identifiés. Sous l'influence du flux sanguin,

j'activation du CE cationique pourrait permettre



iiengfée de Ca nécessaire éu_rglachemeqt des‘facteﬁ;s
requls pour la contraction des musdlés lisses dés
vaisseaux sangﬁins (Lansman et al., 1987). D'une fagon

similaire, la sortie de K, probablement causée par
l'activation d'un CE , pourrait permettre la dilatation
des vailsseaux jJsanguins (Olesegqet al., 1988).? Ainsi,
en détectant 'la pressién interne, le§ Cﬁ pourraient
changer la pression sanguine et ‘contréler le flux

’

sanguin local des vaisseaux sanguins.

- ¢

I.32 Régulation du volume

Les. CE pourraient étre impliqués dans la régqulation

du vo}ume cellulaire (Guharay and Sachs 1984; Brezden
et al., 1986; Cooper, Tang, Rae and E%senberg; 1986;
Martinac et al., 1987; Sigurdson,’ Morris,‘Bfezden and
’Gardner, 1987) et ainsi prévenir 1l'éclatement de la
cellule. Sous l;inflhence d'un stress hypoosmotique,
l'étirement de_la membrane résultant du gonflement de
Jla cellule pourrait activer ies CE et permettre.la
sortie d'ions éccompagnée de perte d'eau. bans les
cellules rénales d'opussum, une augmentation ,de
l'activité d'un CE sélectif au él; a été observée

pendant le gonflement de la cellule sous choc



hypdosmdtiqhe (Ubl, . Murer and Kolb, 1958). Le
rétablissement des conditions osmotiquésloriginelles
(milieu normal dans lequel la cellule vit) a entrainé
une diminutiop de l'activité du-ICE et ramené sdﬁﬂ
activité & son niveau inigiél. Dans les celiu}es
épithélialeé du plexus choroidien de la salémandre
Necturus maculosa, ;'activation de CE catidniques-
{permettent i'eﬁtrée.de Ca) egtraine l'activation de
canaux de ﬁ dépendant du Ca et du voltagé, cé qui
pourrait permettre une diminution du volume céllulaire

{Christensen, 1987). .

La régu;ation du volume cellulaire était pfobablement
l'un des principaux ‘mécanismes de survie chez les
premiers organismes a apparaitre. Il est donc possible
que les.canaux CE impligués dans l'osmorégulation aient
été l'uneé des premiéres classes de canaux a évoluer
(Kullberg, 1987). Des CE ont d'ailleurs é&té retrouveés
chez des microorganismes tels la levure Saccharomyces

cerevisiae (Martinac, Gustin, Zhou, Culbertson,

Buechner, Delcour, Adler and Kung, 1988) et Eﬁgﬁﬁrichia

coli (Martinac et al., 1987). : '



.

I.33 Répbﬁfe aux obstacles : :
| B W -
S ¥ S .

Les CE pourraient avoir un rdle a jouer dans le
comportement de microorganismes tels la Paramécie.
Lorsque cette dernlére est en contact avec un obstacle,

. la pression exercée 'sur la cellule permet une entrée de

- .

calcium,‘ce qui change'la direcfion de battement des
cils et perﬁet a 1l'animal d'aller dans la direétion
oppbsée (Otter and:Saimon, 1985} . Lés CE pourraient
étre impliqués dans la réponse de la cellule a 13

pression.

Les CE sont activés par des pressions tant nééatives
que positives. Des pressions sitﬁées entre -lOlet -70
mm de Hg permettent l'activation des CE (la littérature
ne donne pas de valeurs de pression poéitive; Guharay
and Sachs, 1984; Brezden et al;, 1986; Cooper et al.,
1986; Methfessel et al., 1986; Christensen, 1987;
Laﬁéman et al., ‘1987; Martinac et al., 1987; Sigurdson

eplal., 1887) . Ils sont insensibles au Ca et sont

légeérement affectés par une dépolarisation (Methfessel



et al.,i 1987; Marfinac ét alf, 198?).' LePrs
conductances se situent entre 30 et.100 pS (pour 1od a
105 mM de Nalou K ou Cly (Guhéray'and Sachs,.1984;
Breiden et al., 1986; Cooper et al., 1986; Methfessel -
et al., lQSﬁ;_Christensen; 1987; Lansman et al., 1987;
. Sigurdson et al., i987; Zagotta et al., lBBé)fl Ils
possédent un ou déux'états Ae coﬁﬁormation pour lfétat
O;Qert‘eﬁ de trois a quatre conformations pour l'état
fermé dont le plus long de ces-de;niers est affecté par
l'étirement (Guharay .and -Sachs, 1984; Christensen,
1987; iansman et al., 1987; Sigurdson et al.,  1987).
Ces canaux soht uniformément distribués et leur densité

- .
varie entre 0.5 et 2 canaux/Pm (Brezden et al., 1986;

Methfessel et al., 1986; Christensen, 1987).

Treois types de canaux activés par l'étirement ont été
identifiés suivant leur sélectivité: le CE sélectlf aux
cations, le CE sélectif aux anions et le CE sélectif au

K.
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%, . . .
I.51 -"CE sélectif aux cations (stretch-

activated cation .channel; Sa)

Le CE sélectif aux cations est perméable au Na, K et

Ca (Guharay and Sachs, 1984; Cooper et al., 1986;

~Methfessel—et—al.,—-J1987; Christensen, 1987; Lansman et

)

ai., 1987)ﬂ La permeabilité au K est toujours

supérieure a celle dy Na et du Ca 'alors que l'ordre de

permeéabilité’ de ces deux derniers varie d'un'type de

cellule & 1l'autre. Ce canal est retrouvé dans
différents tissus de‘ vértébrés tels les celluleé
musculaires de poulet (Guharay and Saehs, 1884y,
l'épiﬂhélium de lé lentille de grenouille .xgjmuﬁla‘
la&xiﬁ(Cooper et~al,, 1984}, le plexus choroidien de la
salamandre Necturus maculosa (Christensen, 1987), 1les

cellules endothéliales vasculaires de porc (Lansman et

i

al., 1987) et les oocytes de Xenopus laevis (Methfessel

et al., 1987).

I.52 CE sélectifs aux anions (stretch-

activated anion channel)

[y

Le CE sélectif aux anions est principalement sélectif

l

au Cl (Martinac et al., 1987; Martinac et al, 1988;
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Ubl et»al.; 1988); Contrairement & ce gque leur nom
suggére, ils sont parfois perméabiés 4 certalns cations
teis‘Na, K et Ca.. Cependant, la perméabilité & ces.m
cations eéé\g}us'peéite que celle aux'anioné (Maptinac

!

et al., 1987; ﬁactinac‘et al., 1988). L'un de ces CE

seléctit FAUR ANLONS posséde plusieurs—étatsde sOUS-—
conductance et a une conductance de 900 pS (Martinac et
al., 198?). Le CE anionique est présent chez les
vertébrés (cellules rénales d'opossum; Ubl et al, 1988)
et chez les microorganismes (Saccharomyces cerevisiae;
Martinac et al., 1989; ﬁignﬁzighii‘ﬂﬁli: Ma;tinac,.et

al, 1987).

L]

I.53 CE sélectif au K (stretch-activated K

channel} SAK)

Le dernier type de CE et non le moindre, soit le CE
sélectif au K, sera le point d'intérét de cette.
présentelthése. Au début de cette recheréhe, ce canal
hautement sélectif au K et légérement perméable au Na
(K:Na=16:1; Brezden al., £986) éfait particulier due
au faif gu'il n'avait été iéentifié que chez une seule

espéce animale, soit ll!escargot d'eau douce Lymoaes
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./'

/

stagnalis. Aucun CE sélectif au K n'avait été observé
/ ¢

chez les vertébrés et microorganismes. Lependant,

cette situation a quelgue peu changé comme nous le

verrons plus. loin. Chez cet animal, la fonction du

canal SAK semble générale étant donné la présence de ce

dernier dans différents types de cellules tels les.
cellules cardiaques, nerveuses et rénales (Brezden et
al., 1986; Sigurdson et al., 1987). Il a été mentionné
que le canal  SAK pourrgit étre impliqué dans fa

régulation du volume cellulaire (Brezden et al., 1986;

Sigurdson et al,. 1987).

e
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1.6 Objectifa
'
L'objectif de. cette thése est de cherher des CE

sélectifs au K dans différentes esSpéces‘animales.

Les —animaux—choisis—devaient—répondre—aunx—=trois

critéres suivants:

i) l'animal devait étre un invertébré étant donné que
le canal avait été identifié seulement chez un

invertébré.

ii) l'animal devait appartenir au méme phylum que
Lymnaea stagnalis ou & un phylum voisin. Les
chances de trouver le canal SAK s'en trouvaient

augmentées. s

iii} 1'un des animaux cholsis deQait vivre dans le méme
milieu que Lgmnagg.soit le milieu aquatique et.les
deux autres‘devéient vivre‘dans des environnements
différepté! solt terrestre ou marin, Le type
d'environnement dans leq;el serait trouvé le canal
SAK pourrait donner des indications concernant sa

fonction.
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‘Etant donné Ié“féﬁﬁs alloué & ce projet, trois

espéces animales ont -été choisies.

.71 Phylum: Mollusque

I.72

N '
Représentant: (epaea nemoralis (famiﬁ%e des

Hélicidés) ?

J‘.
Milieu de vie: terrestre ;’
. : )
Particularité: facile & obtenir et a cultiver;
appartient a4 la méme: famille gqu'Hélix, un

hélicidé communément utilisé en neurophysiologie

(Gerschenfeld, Hammond and Pampardin-Tritsch,

1986;Partridge and Swandulla, 1987).
.

Phylum: Annélides (situé au-dessus des
Gastropodes dans l'échelle évolutive)
Représentant: Sangsue, Hirudo medicinalis
Milieu de vié: aqﬁatique'(peut survivre en milieu

terrestre)
Particularité: l'étirement des parois cofporelles
permet la génération d'un courant dans les
neurones afférentes iﬁhervant ces derniéres

(Blackshaw, 1985); animal communément utilisé en
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neurophysiologie (Ready and 'Nichdlls, -1979;

Gerasimov, 1968) .

I.73 Phylum: Gastropode (phylum situeé au-dessus des
[ ) .

Annélides})

Représentant: Blatte, Reriplanata americana

Milieu de vie:‘terrestre
Particularité: facile & obtenir et a cultiver;
animal communément utilisé 'en neurophysiclogie

{(Beadle, Pichon and Takeshi, 1986; French, 1986).

N.B. Le type de cellule choisi pour.la recherche du

+ L] : .
canal SAK est le neurone. Trois raisons ont suscité ce

, Fs
choix:

i) la grosseur des cellules.

ii) leur facilité d'isolation. Le traitement
permetLtant la séparation des cellules et le
nettoyage de leur surface membranalre est

généralement de courte durée et peu compliqué.



iii1) leur facilité a étre patchée. Le nettoyage
surface membranaire des ‘neurones rend  ces

derniéres généralement faciles & patcher.

18
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Les objectifs de cette thése seront atteints en
analysant les canaux ioniques présents dans les

neurcones des différentes espeéces animales mentionnees

ci-haut. . L'analyse sera faite comme suit: g

s —

I.81 Déterminatién de la sensibilité a
l'étirement du, canal,

Pour les canaux identifiés comme étant sensibles a

1'étirement,

I.8ii la_sélectivité ionique sera déterminée

I.8iii divers modulateurs seront testés

I.Biiii lg nombre‘d'états de conformation ouverts
fermés ainsi gque l'état affecté par

l'étirement seront déterminés.

.82 Absence de canaux d'étirement.

Si aucun CE n'est cbservé, une courte
caractérisation des autres cahaux présents dans les
cellules sera effectuée afin de démontrer que
l'apsence de CE n'est pas due & des conditions

d'enregistrement inappropriées.
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II MATERIALS AND' METHODS ' | /

IT.1 Cell isolation

In orxder to do single channel recording, a.high
resistance seal (iOq Ohms called gigaseal) between the
pipette and the membrane must be -eétablished.' To
facilitate the formétion of gigaseals, cells ‘are
isélated—and éllowed’to attach to a transparent -surface
(eé. dish in which tﬁey are cultured); most important,
however, the cell memprane must be c¢leaned. Cell
mémbrane cleaning and cell isclation can be done by
enzymatic treatment and mechanical agitation-wherea&
cell éttachment can be:facilitatgd by using variPus
adhesion surfaces (glass, plastic) coated or noﬁ with
chemicals such as, fof example, poly~L-lysine of
collagen. The following cell treatments were done to

-

obtain approprilate cells for single channel recordings.

N
D
I -or
%8
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IT.11 . | Cepaea nemoralis

The suboesophagal ganglig were dissected ﬁnder

aséptic conditions. The enzymatic treatment was Ffound

b3

to be ineffective for thé cerebral ganglion, so these
were not uséd. To achieve uniform digestion, the
connective’ tissue sheath surrounding the ganglia was
disrupted and the ring of ganglia was cut to form.a
chain, Thg chain was thgn cut in two pieées and put in
a tube containing 1.5 mllof 0.25% protease (Sigma, type
XIV) ., After an hour ‘agitation, ‘the ganglia were
pipetﬁed ana put in a petri dish containing sterile NCS
{normal ggjﬁuui saline; Trams, Lauter, Bourkes aﬁd
Towers, 1965; Table 1) to which had been added 1% of a
solution of streptomycin/ penicillin (Sigma); The
lremaihing connective tissue was removed with scissors
and forcepé, leaving the éanglia naked; cells were then
dispersed with two fine needles. émall and large nerve
cells (diameter, 30-80 uh) with‘or without neuri;es
were used for pateh recording one, two or three days
after isolation. , About 10% of the cells formed
neurites after one day (fig.1l). éurrents due to action
pbtentials could occasicnaly be seen when patéhes were

performed.



#

Eigﬁi. Isolated apaeaea namoralils neurons.
a) 2 day neuro ith neurites ahd filopodia. b) 3
day neuron which has not formed neuritesn

Magnification, 400X.






II.12 - Leech (Hirudo medicinalis)

-

-A chain of .several ganglia of the ventral nerve cord

~was removed and dissected away from the sinus venosus

Zurrounding it under aseptic conditions. With fine
needles, the connective tissue capsule was slightly
b?oken allowing the nerve ceils to pop--out without.
vv detaching from the' ganglia, The ganglia were
transferred to a tube containing 2 ml of 0.25% proteaéeA
{(Sigma, type XIV). ?ﬁe éell were agitated 40 minutes

and %entrifuged 15 minutes at 115 rpm. The supernatant

was repléced by 2 ml of Leibovitz L-15 medium with

=

glutamine (Gibco Laboratoriés) and recéntrifuged féf_ls
minutes. The pellet was then transferred to a glasgs
‘coverslip coated with §Oly—L—polysine {(Sigma). Cells
still attached to the connective tissue capsule, were
manually dispersed as in Qg;guu&f The cells were
cultured in sterile ‘Leibovitz L-15 medium a£ room
tempefature. Cells (diameter, 20-50 Hm} were patched
one ?éy afﬁér isolation (the cell membrane afﬁer one
——e—vay’ was nof smooth and rendered gigaseal formation
difficult). The smaller nerve cells were more firmly
attached andl were most easily patched (fig.?).
Gigaseals were difficult to obtain with giant neurones

due to the poor attachment of large neurones to the



Fig.2 Isclated leech and cockroach neurons.

[}

%

a), 1 day leech neuron. b) 1 day cockroach feuron
which has started to form neurites. Magnification

400X.



[
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‘dish and to the presence of debris on the membrane
(probably from damaged glial cells). Few cells formed

neurites,.

Ir.13 - Cockroach (RPeriplanata americana)

o

The abdominal nerve cord of the last instar cockroach
was removed and the connective tissue surrounding the
ganglia was disrupted to facilitate the ehzymatic
action on the neugonal surﬁaceé. The ganglia were
agitated for QO minutes in 2 ml of 0.25% protease
(Sigma, type XIV) after which the céhnective tissue was
removed. The cells were then dispersed with needles in
a petri dish éontaining sterile NPS knormal Rerinlanata
saline; Beadle, Pichon and Takeshi, 1986; Table 2).
Thgy were cultured in NPS to which had been added 1% of
a solution of Streptomycin/penicillin (Sigma) . Large
and small cells (diameter, 20-50 Hm) were patched the
day following isolation (£ig.2). .Few cells formed

neurites,
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II.2 Batch-clamp technique

A general view of the patch-clamp apparatus is
pr;sented in ‘figure,Bu' Once é gigaéeal;between the
ceil membrane and the pipette has beeQ“formed, single
channel current in the oqur of picoamperes (Idﬂ}A) is
amplified prior to being‘ recorded. CurrentS/'éfe
usually filtered prior to recording. While making

singlé channel recordings, an co¢scilloscope 1s used to

monitor the progress of the experiment.

Sinéle channel currents were recorded using standard‘
o patch'clamp techniqﬁes {Hamill et al., -19Bl), using
\“'”*/ﬁﬁéisier an Axopatch instrument or List EPC-7 patch. clamp
amplifier. Currents were filtered using an 8 pole

Bessel filter and recorded on an FM recorder (Racal.,

.Store 4) or VCR recorder (Sony Ba II) via a pulse code,
modulatcr, (PCMI Medical Systems, Greendale, N.Y.).

Voice recordings were made routinely as part of the

experimental record.

-

N C e
Patch electrodes were fabricated from;borosxllcate

]
tubing (Corning 7052, Garner glass co., ID = 0.80 =#

0.05 mm, O0.D. = 1.65 * 0.05 mm) with a programable -



-
Fig.3 View of the patch-clamp apparatus.'
Single channel currents are amplified before
being viéwéd §ﬁ“§ﬁ-oééiilbécoééléﬁdrreéofaedrfoi
further analysis. Pressure 1is aﬁplied to the
membrane with a pressure'transducer connected to

‘the pipette holder. In order] to decrease the
fnherent noise of the system, currents can be
filtered prior:to recording or viewing on the

oscilloscope.
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pipette puller (model 750, David KOPF instruments) and
coated wiﬁh Sylgard 184 . (silicone . elaétomer; Dow
Corning) tolréduce'pipette cabacitance. The pipettes
were firepolished to.facilitate gigaseal formdtion.
Piﬁette resistance ranged'betwgen 10 and 13 MOhms with
70 mM KCl in the pipette and NCS in the bath.‘Ag/AgCi
eleétrodes were used in the micropipette aﬁd as a

ground in the khath (fig. 3).

'~ Negative 'or positive pressures were ‘applied to the -

patéh membrane with. a pressure transducer {model DPM-1;
Bio-tek) connected to the pipette.holdef via a plastic
tube (fig.3). The same instrument measured the
bressure in the system. When no pfessﬁre was applied,
a pdrt on the pressure transdﬁcer's th:ee—way valve: was

opened to allow the patch to equilibrate to atmospheric

pressure. The experiments were carried out at room

' temperature (20-24°C) .

II.3 Condition of recording

The experim*s were carried out using twe variants

of patch-clamp method: cell-attached and the inside-out

- conditions (fig.4). 1In the first case the pipette is



e

E_I_G__‘_fi_’ Two variants of tha patch—ciamp
technique: cell-attached patch and inside-out

patc}'l .



Cell-attached

—

Vm =Vr--Vp ’

Inside-out



in contact with ﬁheneu;oner and the potential across
the patch membfaﬁe {Vms ié.equal to the difference
betweéh the cell restiﬁq potential (Vr) and the pipe£te
potential (vp). The resting potentials for Cepaea,
Hirudo and Periplanata:neuronsrwere =50 mv (Trams et
al., 13%65; Deitmer and Schlue, 1981; Lgech, 1986) (In
the_inside—out experimehts a patch of the membrane is

isclated from the cell, and its iﬁternal\ side

case, the membrane ﬁotential (Vm) is equal to
difference between the ground (ie. 0 mV) and the
bipette, potential-.(Vp). Qurrents_ are. considered
positivé when positive charge moves from the cytoplasm
(céll—attached) or the bath (inside-out) to the
external side of the membrane (pipette}. Such positive
currents are displayed as upward deflections, and vice
versa for currents going from the pipette to the bath

solution or into the cell.

--(cytoplasmic-side) -faces- the-bath solution. — In-thig-~ - """



1r.4 Analysis of reaults
II.41 ' I/V curves

" For current/voitage {I/V) relationships,.géneraliy 5
fully—resolved_single channel currents were manually
measured from records playeq back onto  a storage
oscill&scope. In cases where stretch-activated-ion
cﬁénﬁé;;vwere being studied, suction was apﬁiiéd tgmfhé
ﬁembrane at each voltage to ensure that the measured
event was in facﬁ a stretch—sen§itive one. Linear
regressidn was used where appropriate to obtain the
single channel conductance (g). In some cases, use of
Ohms' law in this way is naﬁ approprilate because the
/v rel%tibn is curvilinear. . When a mean g is
réported, each of several patches was analysed
individually; data from separate patches were not
lumped. Meané are given with the standard deviation
(§.D.) and sample size (unless noted,lthe latter refers

to the number of different patches).
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I1.42 P {0} index vs Pressura
To .study the effects of varying pressures on channel

activity, a series of increasing pressures were applied

»

in a stepwise fashion. The pressure was not returned
to 0 mm Hg between successive steps. The duration of
each pressure step was approximately 1 minute. The

- probability of the SAK channel being open was defined

as the time-averaged current over the single channéi
current. P({0) was determined as an index rather than
as a true probability (whose value would vary between 0
and 1) Secause the absolute number of channels in the
patch could not be known with certitude. The iargest
value of the P (0} index should then give a minimum
estiméte of the number of channels i; the patchf The
recorded data.were'filtered at 2 KHz (Bessei filtered)
and digitized at 0.2 msec per point prior)to complter

analysis. Wnen activity consisted mostly of channel

currents, index P (Q) was determined using a cursor-

driven computer routine. Computer analysis was not
possible with high pressure fapplication because of the
absence of the zero curreny baseline (caused by the

high 1level of channel activity). ‘Under + these

) 3 .
conditions, index P(0) was established by a simple

-
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" method for integrating the current: a trace was made on

‘a Gould chart recorder, and then the area between the
zerd-current level and the maximum current level was

cut out and weighed. The wéight of multiple-channels

section divided by a single channel section of

comparable duration yields the P(0). Three 40 s

sections for each of these high pressure recordings -

were taken and P(0) was obtained as the average.

I1.43 Effect of membrane potential and suction
raelease on the activity of a Cl channel,

In.one pét;h, an excellent recording of a Cl channel -
sehsitive to stretch allowed the dermination of 1} the
effect of membrane potential on the Cl channel
probabiiity of opening and closing, and 2) the effect

of suction reléase on the channel closure.
IT.43 a F(0) and F{C) vs wvoltage
To calculate the probability of opening, F(Q) (note

that this is a different function from the P (0), the

probability of being open), and of closing, F(C) of the



Cepaea Cl channel as a function of voltage (fig. 21),
currents. were printed on a . Gould chart recorder. . For

each voltage, the F(0) was dermined as the total number

of openings over the total number of times su;tidn was

applied: To be considered as a stretch-related

opening} the channel had to open within 1 second
following application of suction. Once the channel was

opened with suction, F({C) was Calculdted as the total

number of channel cleosings, over the total number of -

suction releases. Here, the c¢losing had to occur

within 1 second following release of suction.

IT.43 b P{O,t) vs Time

=
To determine the effect of suction release on the

time-course of ‘channel ‘clos;Ee Kfig.l9{, the

conditional probability, :P(O,t), of the Cl "¢hannel

being open at time t after . suction release was

determined. To calculate P(O,t), only one Cl channel

was considered. Other ccnductances states occured in

the recording but these events were considered too rare
Iy

to be included in P (0O, t) ermination. The open state

(130 pS; fig. 19 and 20) \and the closed state were

4
i '

- \
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h

3“#*4-‘“"—aSSigﬁed—déhe_uvalues; 1 _and._. 0._ respectively;muth;z__uﬁ,_ﬁﬁé
> parameter is termed i. ‘The total number of suctidn
releases, N, was‘22. At each time point, t, the
conditional probébilit& of the chanqgl to be opén,

N

P(O,t), was calculated as (Yi{t)/N).

I1.5 Kinetic analvsis

L e

Channel proteins exist in several conformational
states (Hille, i984). | As mentioned before, in so%e
states the protein forms an open pore through the
membrane . In others the pore is not continuous; the
channel is closed. The opening and closing of a
channel is studied by ﬁmasuring'the time a channel

conducts or not, that is, the lifetimes of channels .in

their open and cldsed states. These lifetimes (or mean
times) are characterized by an exponential decay
constant, T. In 'addition to indicating the minimum

number of éonformational states, kinetic analysis of
open aﬁd closed states can indicate the extent to which
factors (i.e. voltage, chémicals,gxﬁressure) can
influence‘transitions among states. In order to obtain

time constants, single channel recordings were
i



e ——...digitized, idealized records.were made,_and-lifetime of

each idealized event was determined. A histogram for
each condition - open or closed - was built and

exponential distribution curves were fit to these

h -

histograms in order to extract the time constants.

a) Construction-of ideélized record

'The recording used for kinetic analysis was from a
patch which originally contained more than one channel
(4 were evident at one point) but the analysis was

\
carri%d out on a section in which only one channel

r¢mailed active. Simultanecus openings of’more than one
anngl would have affected the T wvalues for open
une to the ambiguity about when an open event

r.

ends (£ig.S).

After filtering at 4 KHz the data were digitized at
0.025 msec per point. - This digitizing rate seemed

reasonable considering the excellent signal-to-noise

ratio of«?he record undggwanalysis.



P
i

Eig.5 Effact ' of multiple open channels on
e;timation ’of the timae constant. In the
example, with two,open channe;s, the open time
(T2f is measurgd as being longer than with'one
$6pen channel, falsifying the real lifetime:of the
open-state of one channel. This would change the
histogram digiribution, thereby affectind the T

value extracted from the fit to the histogram.

.
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_b) Histograms
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<

Threshold criteﬁia for selecting the c¢losing and
opening eﬁents A(i.e. distinghishing them from
background noise, and rejecti&gu any small-channel
events that might occur 1in the data) was established a£
50% of the unit single channel current. Thé channel
was considered to be closed when current fell below 50%
of unit current amplitude for 2 §r 'more digitized
points and open when it exceeded this valﬁef Events
shorter than 0.025 msec were ignored. For the curve-
fitting *procedures the ﬁistdgrama bin widths were
ajusted.'to contaiﬁ'at least 5 counFs (Guharay and

Sachs, 1984).
¢) Time constants extraction

Time constants were extracted from the data by

regression of a sum of exponential probability density

.

© functions (Corey, 1983). The time distribution is

predicted by the following equation:

# with time(t, dt)= N k exp(-kt)dt +N k exp(-kt)dt

+ ... 0 (1)

N= number of events v
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6}

" k= rate constant (second )

t=time ‘(second)

In essence, for a gilven sum of exponentials, various

e —y

T
values for numbers of N values and k were tried to find

the wvalues which best represented the distribution .

The routine used was a weighted Marquardt non-linear

regression (Sigurdson et al., 1987).. The number -of

‘exponential terms to best fit the data was chosen on

the basis of a minimum Chi-square value.  Time

 constants were obtained by calculation of ‘the inverse

of the rate constant, T= 1l/k,.

\

¢

“IT.6 Equations fox atudving chanpel

J '1. -!

One of the techniques used to establish the ionic
selectivity of a channel ié to compare the channel's
reversal potéﬁtial to equilibrium potentials of the
ions “which might be permeanf. The equilibrium
potential ié determined by the electrochemical driving,
forces acting on the ion. At this zero-current

potential<® (when no inward or outward current £flows),



A

(Kelvin), F is the Faraday coénstant  (9.65 X 101

the potential is said to reverée} When the.channel is
permeabie_to one ion, the system can equilibrate; the
equilibrium potential is bredicted by. the Nernst
equation. Thg Goldman-Hodgkin-Katz équation-predicts
the steady-state potential when the channel is

péfmeable to more’than one ion {(Hille, 1984), provided

. lon concentrations are kept constant. .

II.61 ‘ Nernst equation

The channel is permeable to one ion.

o

Vr = RT lnEiQn} : ' (2)
FZ Lion} : '

where Vr is the reversal potential (volts), R is the

gas constant (8.31 J/mole“K)? T is the temperature

{

C/mole), % is the ion valency and [Lion] are the ion

concentrations‘outside and inside (mole/l).



TIIT62 Goldman-~Hodgkin=Katx ~(GHK) cuxrent T

‘equation {Pk calculnﬁion)

The Nernst equation islinappropriate‘to calculate the
reversal potential of a éhannel permeable.to'more than
one ion.d: to predict the @urrent floﬁ\for variogs
values of membranes voltéges. Instead, one uses the
GHK eguatien. A forﬁ of the GHK.equation that 1is

applicable for predicting currents when there is only

““Shne "ion"available for (or capablé of) permeation is™

I = (P )AVF) (Klout-i'K)in exp(VE/RT) (3)
~ {RT) . - l-exp (VF/RT)
&

This non-linear equation simplifies to a linear one -
Ohm's law -~ when external and internal ion
- concéntragions are equal. In particular, -when K
concehtrations'bn both sides of the membréne are eqﬁal

"and there are no other ions, the equation

beconmes
I = (P )AVE') (LK])/(RT) , (4)

where P is the pérmeability to K of a single channel in

cm/sec., V is the membrane potential (volts), K is
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the K_concentration in mol/cm, F, R ang T are the same

- constant as in the Nernst equation (Benham, Bolton,

Lang and Takewaki, 1986). 1In essence, since I=Vg
{Ohm's law; géconductance), thé terms on.the right hand
side of equation 4, other than V, are the factors which
detexrmine the sinéle channel conductance for these
éimplé conditions. A wvalue for the permeabjlity
constant can be determined e#perimehtélly Ey solving

for P when I/V relations are obtained under these

conditions. It is advisable to generate the entire i/v
relation rather than assume that any one I, V pair

falls on a linear region of the I/V relation. .

p



ey
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IIT RESULTS

IIr.1 : SAK chanpel

IIrX.11 SAK channel characterization

In cell-attached recordings with NCS in the pipette,
stretch-sensiéive outward currents were observed ‘“in
virtually all patches when the mémbrane was deﬁolarized
from rest ifig.ﬁ). Stretch-activated currents were not
seen at the resting potential. or when the membrane was
hyperpolarized. The I/V rela£ion obtained for the
stretch-activa£ed events under these physiolegical
conditions 1s approximately linear ovef the wveltage
. range =40 to 40 mv, giving'a channel conductance of 58
+ 3.7 pS (Standard deviation, 8.D., N=5) ‘(fig.T).
Inward currents could not be detected, but curvilinear
extrapolation of the foot of the curie suggests a zero-
current potential in the _region of the resting
potential. of Cepaea neurons (Vr?”—SO mV; Trams et al.,
1965) . Under physiological conditions, the only ions
whoée equ;librium potential would be near the resting

potential are K and Cl. To determine which of these

ions was responsible for the stretch-activated



o m- Typical Capaea  SAK ¢channel
recordiﬁgs in call-attached cbndzhion with
NCS and 70 mM X in the pipeatte. withlmcs, no
inward current is seen due to low K concentration
{4 mM) -in the pipetté. With 70 mM K, inward
current as éell as outward cﬁrrents'are observed
due to high. K concentration in the pipette and in
cytoplasm, respectively. Applied pressureﬁ'-70 mm ¢

Hg. Filter, 2 KHz.

oy






)
Y/

Fig.7 Examples of curraent-voltaga

the Cepaea SAK channel. 0) Pipette solution,
NCS. @) Pipette solution, 70 mM K. ‘' There is a

shift in she depolarizing direction with higher K

concentration.

. : \‘\
relations in cell-attached condition for '

\
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{

currents, the K concentration in the ‘pipette was

v

increased from 4 to 70 mM while nmintaig}ng the Cl
concentration constant (Table— 1) - This .substitution.

caused a shift of the I/V curve in the depolarizing

digection, indicating that the. stretch-activated
) R .

chéﬁnel is K rather than Cl permeable (fig.6 and 7).

The cﬁannel conductance undeﬁ’these conditioqs was 76 +

13 pSs -(/3,43’.’, N=8) . Substitution of 70 mM K with

petassium sal;s of acetate or giuconate saliqg {anions
which are not permeant through most Cl. channels; Welsh,

. lé86) did not abolish 'the stregch—activated currents.
We can conclude that the stretchjﬁensitive .chénnelf,
observed in Qg;guﬁi neurons uﬁdef cell-attached
cOnditibns is, 1like tgat in Lymnaea heart cells
{Sigurdson et al., 1383) and_neﬁrons‘(Sigqrdson, Bédard

T—— } .
\rand-Morris, 1987), a stretch-activated K (SAK) channel.

_ -

To further characterize the permeation properties of
‘Cepaea SAK channel, the' channels were studied "in

inside-out patches under a variety of lonic conditicons,

s
—_—

With NCS in the pipette and in the bath, outward SAK
. & '

~channel cun@ents are readily apparent in the cell-

J 1]

i » ' I:' .
attached configuration, but no currents can’ be elicited
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once an inside-out patch is formed. This disappea;ance
is the result not. of excision process, but of

insufficient pérmeaht ions; with 70 mM K in, the pipifte

and NCS in the bath, SAK channel currents occur imbotbh-

the.cell—attached and excised condition. The non-
linear I/V curves (N=4)‘$btained from excised patches
under these cdnd;tions {70 mM K in pipette, NCS in the
bath),extrapoléte to a zero—éurrent potent;al éﬁ about
+70 mv ‘(N;4), very glose to Ehe Nernst eqﬁation
prédictioa (+72 mV), confirming that the channel 1is

highly selective for K over Na and Cl (fig. 9; the

eqﬁilibrium potentials for Na and Cl would be -44 and 0

- mV respectively).

~

Like other .K channels, the SgK ‘channel shows
deviations from independence (French and Wells, 1977;
Latorre and; Miller, 1983; Bepham et al., 19&6;
Ashcfoft, ‘Kakei, Kelly ana. Sutton, ’1987)., The
ﬁrinciple of independence states tﬁat any ion crossing:
;hé meﬁbrane is independent of the other ions aﬁd does
not interac? with channei structures which offer
resistance to ion movements (Hille, 1984). Deviatiqns

are shown in figure 9 where the experimental data are

compared to the expectations of the Goldman, Hodgkin,

\ Al !
' - .
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Katz (GHK) equation in which transit of the ions 1is
dependeng)only on the electrochemical driving force.

(Hille, 1984} . ‘ =

A permeability constant, Pk, of 3;4 X 16Hcm/s was
detérminé& using the experﬁmentalgy'observed limiting'
conductance (hyperpolarizing gquadrant) obtained under
conditions of symmetrical 70 mM X Eéee method for Pk
calculation) . As 1in the case with a G%riety of K
channels, non-linearities appear in the_depdiariziné.
guadrant (French et Wells., 1977; Marﬁy, 1985; Ashcrqft
et al., 1987). . | |

Figufe 9 shows-that the GHK I/ relation ;given Ehis
Pk) for 70 mM} K* out/4. mM K in {NCS) ?ccurately

predicts the experimental values for inward current

-

whén the major "intracellular" capion is choline (N;d;
Table 1; Na channel are impermeant to choliﬁe; Coronado
and Miller, 1982). ﬁut when Na 1s used instead d%
choline, the I/V curve tends toward the predicted
values only at its extremes, (i.e. near the reversal
potentia;, 72 mvV, and as the limiting conductance, 92 +
3 pS , N=3 patches, is approaéhed;). At intermediate

: i
voltages, inward K currents are smaller when choline is
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Eig.8 Substitution of internal Na by
choline caused én increase in' the ;mplitude
of the SAK channel inward currents,
Examples of single-channel.currents recorded frém
inside-out patchés with 70 mM K* in the pipette
and with a) 0 mM Na (80 mM choline Cl) in the bath
and b) 80 mM Na in the_béth (NCS) . Applied

pressure, -55 mm Hg; filtre, 2KHz.
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Eig.3 A GHK analysis of currents through

the SAK channel. [J}) 70 mM K* on both sides of

-

the membrat ;7 Vr, OmV; straight line co;responds
to a conductance of 92 pS; 0) Experi@ental curve
. (fit by-eye) with 70 mM K* in the pipette and 80
mM Na (NCS) in the bath; Vr is near 70 WV. A)
Data obtained with 70 mM K* in the pipette an@ 0
mM Na (80 mM choline)-sﬁfimposed to the predicted
GHK curve in the same experimental condition (Pk
uséd to genefate the curve from equation 3 is 3.4 .

-3

X 10 cm/s); predicted Vr is 72 mVv. At high

hyperpolarization, the curves with and without Na
at the inner face of the membrane approach each

-

other. ' -
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substituted. fof Na (fig. 8 and 9). -A; plausible
expianation is tha£ the SAK channel has alsite in the
permeation pathway which is capable of being blocked -
from the intracellular side by (non-permeént)‘Na ions.
' TQislégplanation is conSistent with the observation
that the blocﬁl is relieved by hyperpolarization
suggesting a voltage-dependent b;éck {hyperpolarization
should decrease the elgctrical‘force driving NWa ions
into the;blocking site} and with the observation that
the reversal potential is apparently unaffected by Na
(a non-permeation blocking ion would not chahge the
reversal potential, only the magnitude of the current).
Block by internal Na has been reported in Ca-activated-
K-channel (Marty, 1983; Yellen, 1984). The block
observed here is also similar to internal TEA block
which interfer with inward X gurrent‘in équid glant

axon (French and Wells., 1977).

Of the cations normally available to it, the SaK
[

channel is petmeable exclusively to K. With high Ca

-

(100" M; N=8), Mg (5 X 10 M; N=4) or Na (84 mM; N=5)
solutions in the pipette and NCS in the bath, stretch-
activated currents. could not be‘detected in excised

patches at any voltages. Absence of SAK channel

activity was not due to artefact such as vesicle
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formation since large Cl channels were observed in some
patches . Thus,‘thbugh‘Na, Mé and/or Ca may be able to
block or interfer with K perﬁeation {(perhaps accéuntiné
for the low conductance of the cell—attached,.normal
saline ;eéordings), ﬁhey are not themselves permeant.
No experiments were done in symmetrical 0 mM K so the
possibility remains that (by analeogy with the 2—s;tes
Ca éhannei;,Tsien, Hess, McCleskey and Rosenberg, 1987)
the- channel becomes iess selective in the absence of
its faﬁoured ion, It' seems evident, however, that in

the presehce\of 4 mM or more intracellular K)’no other

physiologically~relevant cations can use the channel.

The SAK .channel éhows a further departuré from
indepéhdence,that, once again, is characteristic of K
chanﬁels fHille, 1984): its conductaéce is‘not the
linearly increasing function of K ‘concentration that:
would be predicted from, for examplé; equation 3.
Celljfttached recordings with 4, 40, 70 and 150 mM K
(Table 1) in the pipette gave conductances of 0 (or at
least undéctable), 71 + 10 pS (S.D., N=6), 76 i 10 pSs
(5.D., N=8) and 81 + 5 pS (S.D., N=5) respectively;
The lasz three values are not'significantly different;

in efPect, the conductance has already saturated at 40

¥
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The Cepaea SAK channel is eséentially insensitive to
the presence or abéence of Ca én the external and
“internal face: The channel activity did not incfease
or decrease with 10~ M Ca (NCS) or with Ca-free
solutions (N=5)‘(Table 1), Contrary to a K channel
present in mammalian neurons which 1is modulatgd by
internal Na (Dryer, Fujii and iMartin, 1988}, SAK
channel activation was revealed‘ta_be insensitive to Na
ion. When inside-out patches were perforhéd, ﬁhe SAK.
channel activity was not a;fected By 80 mM Na (NCS} on
the outside or insidé of the membran%. On all of 10
patches examined the SAK channel acﬁivity tended to
increase at very high,p@tentials, (more ‘than +120 mV)
But this was not characterizéd further, since i£ is
unlikely to have any physiclogical signifipance;-
Specific K channel blockers such as external TEA (10
M; N=5) (Coronado et al., 1982;‘§uandt, 1988), and 4-AP
(10 M; N=4) (Meves and Pichon, 1977; Thompson, 1577;
Quandt, 1988) did not affect SAK channel activity.
Quinidine (Iwatsuki and Petersen, 1985) at 10~ M (N=5)

did not have any obvious effect but at 10" ) M (N=5) it

increases the flickeriness of the currents and reduces
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the channel conductance (fig.10). = Similar®effects of

quinidine and a lack of effect from TEA and 4-AP are

also observed for Lymnaea SAK channels Fbrezden et al,

1986) .

IIT.2 SAK channel sensitivity to pressure

The SAK chahnel:activity‘in Cepaea was usually absent
when no suction was applied (90% of thé patches}) . fhis
suggests that in Cepaea neurons there could be only a
very minor contribution of the SAK' channel. to the

resting potential, unless the membrane experiences

chreonic tension ipn vivo.

Applicati&n of suetion did not altef the chaﬁnel
conductance (fig.11). When negative éressure was
applied to the patch pipette therﬁrdbability of the
channel being open, P(0), was inéreased (fig.i2).. The
elev%fed P(O) w§§ maintained as long asuthé pressuré
was sustained. The release of suqtion cauéed, wi;hin a
second,‘é decrease in the channel activity to near the

basal level of activity. . At low and saturating

pressures the number of open channels was more constant

et



Fig.l1l0 The effect of quinidine affect on
SAK channel currents. Typical single;chanﬁel
currents recorded at 40 mV in cell-attached
condition with 70 mM K and ﬁwp quinidine
concentrations in thé pipette. There is no obvious
effect except a small incréase in the flickeriness
at 10" M but at 103 M, thiS'flickefy block leads
Lo an apparent decrease of the. channel curﬁent due
to the limited temporal resolution. Applied

pressure, -60 mm Hg; Filter, 2 KHz.
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Eig.ll .Preasure does not, cause an intrease

in " SAX channel cohdﬁctance. . Typical 'current-

voltage relations';n cell—attachedraondition (NCS .

-
‘

in theﬁbipette) with épplied pressure (-60 mm Hg;
upper iine,"A)'and without preésufe (lower line,

o .
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than at intermediate pressures (steeper part of the

’ /
slope, #fig.12). Positive pressures increased th

channel'activity but the loss of patches Pecause of

Membrane'rupture at high pressures often prevented the ¢

determination of P(0) up to saturation. At maximum
<

préssure 7-8 channels were usually seen per patch.

1
.

"

Considering an approximate pipette tip area of 6-4 pm

{(based on calculatipns of the membrane area associated

with patches made with pipettes of 10-13 'MOthj

- ~

Sékamann'and Neher, 1983), .the SAK channel density 1is
1-2 channels‘per umﬁ. Q§

- L
-~
.

The P(0) index vs negative pressure relation is

apprbximately sigmoidal (fig.12)‘as nad been shown for
'I*\ A . . .
other "SA channel (Guharay and Sachs, 1984; Cooper et

al., 1986; Sigurdsocn ét al., 1987). Ewven when the full

P(0) curve could not be obtained (because the patch did

2.
<

not last long enough), it was ‘possibis;ﬁufrget' a o«
reasonable estimate of the half-maximum presgugg,
becaiise the-rise of Fhe curve is so steep. In fact,
since the usual-procédureuupon obtaining a patch was.té
monitor’ the transducer output.while rapidly applyigg
) _
-sucﬁioh up to the pange where activation was nbtgd, it
was'poﬁs;ble to b@ild;up_an overall picture of the

stretch-sensitivity of the SAK channel even when no .
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PFig.l2 Naegative prassure caused an

iﬁcrgase "in SAK channel probability of

being open. Cell-attached; pipette saline, 70/’“\\

mM K; Vm, 0 mnV. Different symbols denote

different patches. Exampleé of group I (the three
left most curves) and group II (the two curves to

the right) classes of Senéitivity are given.

-
»

Inset: Cell—attéched; pipette gi}lne,,ﬂo mM;KE vm,

~40 mv; filter, 2 KHz. S //

-~
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ddta was formally recorded. Most patches showed full

activation well below -70 mm Hg .{group I; fig,12).

‘About 20% of the patches (group II), however, had more

recalcitrant SAK channéls. Values from:curves of the
group—I class of patches had half-saturation values of
-55 + 10 mm Hg (N=5: patches). For the group II

patches from which 'quéntificapiop was) difficult

——

(because of the increased dangér of patch rupture)

half-saturation occured at -100 + 5 mm Hg (N=4). This

~ decreased sensitivity was correlated with cases where

seal forma:ign was spontaneous (when the pipette is put
on the cell .memﬁrane, gigaseal formation usually
reqﬁires gentle transient suctibn, but sometimes"iﬁméan
occur ,without suction, i.e. "spontaneously"), whereas
higher stretch sensitivity was observed when a seal
formed followinéﬁ app}ication of .suction. Membrane

invagination in the pipette in the latter case could

|
L] hd » )
rendered membrane deformation or stretching easier whenas

i~

suction is applied.

II1I1.3 mm;..c._nmm;.a ' -

$

Patches in which the recording characteristics of SA

; / :
channels are suitable for detailed kinetic analysis‘%re_

‘ | S
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rare. One such patch was obtained and the opportunity

was used to make a comparison with ﬁhe,Limnaga SAK /

channel. The analysis was undegtaken at 2 different\\

pfessﬁres, 0 and =90 mm Hg which was close to the
thréshold for activation in this patéh. The patch was
lost Qhen more i@téhsgl suctioﬁl was apﬁlied in an
attempt to‘study‘the kinetics at'md;e‘preSSpre peints.
The cell-attached patch was held ;E 0 mV, with Kés-in
the pipette. It should‘be.noted'that the nuﬁber of
events at 0 mm Hg is fewer than at -90 mm Hg due to

o .
the brief duration of the recording.

The distribution of open times at 0 and -90 mm Hg is
represented by single exponentials (fig.lB/and 14y . For

the closed time distributions, three exponentials give

the best £it at both“préssures as illustrated in figure

13 and 14. Thus, the SAK channel has a minimum of four

~kinetic states; one open and three closed. Application

of pressure does not apparently create .new kinetic f

states.

.Comparison of the time constants for the closed_time
distributions (fig. 13 and 14) indicates that there is

a sharp_decréase'in the longest closed time constant at

>

o

/

A



EiJthj;" Opén (a) and closed (b) .tima
histograﬁ for ‘SAK channel at 0 mm Hg. Cell-
ébtacheq;‘fipette solution,.TO‘mM K; Vm=0 mV. The
time constants associated with function

(gontinubus line drawn over the histogram bins)

~ are indicated (o, open; c, closed). From the 95% "™

confidence limits associated with the fits, the
. 5
error bounds on time constants To, Tq, Tc& and T%S

are + 0.013, 0.057, 0.093, 5.245, respe:@ive'ly.

L0

~n
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Fig.1l4 Open (a) and closad (b) time

histograms. for SAK channel at -90 mm Hg.

Cell-attached; pipette solution, 70 mM K; Vm=0 mV.

The time constants are indicated (o, open; c,

closed). From the 95% confidence limits

associated with the fits, the error bounds on

"time constants To, Tc, ,Tcq and qu are

+ 0.056, 0.007, 0.029, 0.038, respectively. The

tail of the third exponential fitted to the closed

4

times is shown as an inset.

i
1
|
|
|
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=90 mm Hg. At.-90 mm Hg the value of ng is 60 times -

smaller than that obtained at 0 mm Hg. Thus, as in the ('
case of the Lymnaea stagpnalis SAK channel (Sigurdson et
al., 1987), the longest closed state of the QEpaRﬂ SAK

channel is affected by stretch.

. v :
The time constant of the open time distribution is

Slighﬁly affected by suction. At -90 mm‘Hg; To' is 1.4
times smaller than at 0 mm Hg. This could clearly not
contribute to the increase‘in_P(OS with suction. For
the two faster closed time congtants, increasing the
pressure to -390 mm Hg produices decreases lbf,
respectively 2.2 ahd 1.7 times. Since these brief

closures make up such a small fraction of the overall
. h

record, the changes observed here could not account for

=

the 10-fold' increase in P{0) seen when suction is

-increased from 0 to -90 mm Hg. Thus, the principal

- [N

contributor to the increased PB{(0) must be the long

closed time constant. ' ~

'
]
- - 3
LS A K
. - N -

- Given that 'these results were -obtained from\‘i‘“*\
recording in which tﬁgie.was only ever one chapnel
open,- and given that'?c,-and Tc. are small compared ;9
Tcﬁ, one can aﬁsume that the brief dpeninés of the SAK

.

/oo
channel are followed by the opening of the same
S S N :

T4



channel. - By contrast, when .a channel enters its long

closed state;-thefe‘is a stronger probability that the

next opening will be that of a different cE?nnél. In

this particular case, however, the absencé of double
openings when the P (Q) was high {(at ~90 mm Hg, P (0) is
0.99}) suggests that enly one channel was active and

that even Fhe longest closed time can be ascribed to

the channel itself, rather than 'to a population of

channels. In other words, without applicaticdn of
i ' - "

.

tension, this channel was entering closed periods of
about one-tenth of a second. © Suction decreases this
long closed interval, allowing the chanpei to enter a

"bursting” state in which- it undergoes periods of

activity involving excursions among'its short-lived

open and and closed states.
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III.4 . SACL channel in Cepaaa
IXI.4l SACl .channel characterization
) -

i

=

_—

In many patche% wﬁeqznegative pressure was applipd.to
excised patches to trigger the SAK channel opening, a

large conductance channel was activated (N=10 patches).
. i : .

This chanpmel was distinguished from the SAK channel on

the .following criteria: it was not flickery, it has_ a

higher conductance and it shows multiple conductances
3 .

(fig. 15). With normal saline in the. bath.(114,mM Cl)

and 70 mM,K£ (70 mM Cl) in the pipette, large currents
Vo

were seen at depolarized and hyperpolarized potentials

¥

equatibon for Cl in these experimental cond cions, the

. g Y .
current/voltage relation gave a reversal potential of

4 ‘ . P ] : . .
+12 mV. =The absence of the current in Cl -free sclution

~{C1 being substituted by organic ioné'impermeant to the

Ci,éhahnel'such as glucod§te or acetate) suggests that’
the observed current is dué to Ci. Sim;lar large.
conductgnce-Cl éhannel have been observed inf;;mnaﬂa
Stagnalis neurons‘kGé}etyuk and Kazacheqk67/i985) and

r

in alveolar epithelial cells (Krouse, Scheinger and

Gage, - 1986). The channel was never observed” in the

¥

16 and 17). Precifely as predicted b the,Nefnst'

.
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- -Eig.lb5 Comparison between the Cepaea SACl

and SAX channel.™ Inside—qggﬁpgtéhes pipette
solution, 70 mM K; bath solution, NCS; Vm, =20 mv; ST

_iﬁitial filter, 2 KHz; applied_pressure/ -35 mm
Hg (SACL) aﬁd.:55\mm Hg (SAK). The channels are
from different pat¢hes};:Dotted lines indicates

- the zero—cdrrent level.
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Fig.l6. Cl channe}.sensitive té.stretch in
Cepaaa nemoralis neurons., Examples éf.SAéi
single-channel currents from an inside-out patch;
bipette sﬁiuti&n, 70 mM K*; bath solution, NCS.
Abélied bressure, -35'rmn Hg; filter, 2 KHz;

arrows denote the modal state.
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modal state of the Cepaea SAClL channal.
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solution, NCS; Vr,; 12 mv. ‘ ST
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céll—aﬁtached coqditioﬁ even whsi negative pressure was .
aﬁplied. Sensitivit% to qonstitﬁgnts ?f thg_golgtion
on the cytoplasmic %féé (i’ e, to Ca; Bérish, 1983,
Gelyetuk and Ka;aéhgnkg, 1985; Findlay ahd Petersgd,

1985) or sensitivity to. the absence of the inhibitory

molecule such as ATP (Noma, 1983; Ashcroft et .al,,

[

1987) may be what allows channel Bpening in excised

condition. No'spontaneous activity of ‘the channel‘was,

'i'However,-obsérved evenfin theds excised condition without

applicatiog of suction. in-this.sénSe it differs from
the C1 . éhannels imentioned‘ earlierf - The minimél
negative pféssure required tb'activape‘;he éhahne} was
in the .rékge‘ of -35 to ;40_rmn Hg, regaraleéé of

voltages. Suction of this magnitude leads to channel

activation in 83% of trials'(total number of trials=22;

'N=1 patch). When suction was applied, the -channel

Iemained ‘open as long as the presSsure was sustained

(ﬁig.lBi. Suction could activate one or several
conductance séa;es.. Upon suction release, chaﬁme%
closure was soﬁetimes immediape (fig.18 a,b), but often
not (fig.iB b[c,d,e).r To characterize.the ;imecoursé
of closure upon release of'suc£idn, the-conditional
probability of the channel of being open, P{(0,t), at

various times, t, following suctfon release was



e

-

%

Fig.18 sacl 'chéenal behavior during
transiently applied suction and following
‘suction release. Inside-out patches; pipette

solution, 70 mM K*; bath solution, NCS; applied

pressures, between -35 and -50 mm Hg:; filter, 2

K

KHz. Dotted bars indicate the zero-current level.

Solid bars indicate applied suction.

&
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1

foliowed tin one patch.' ' P(O,t; declined .with an
,exponenfié; timecourse, whose decay ébnstant was 12;5 s
(fig. 19f; ‘it.should be.hoted thét the occagional
brief closure (tens of milliseconds) was ignored in
ihis analysish The finding that a siﬁgle exponential
ign describe the closure of the modal state of this
channel igdicates that,: regardless of h&w'complex=the
activation kineticg‘of the channel may be (see Hiiie,'
1977), one process is rate-limiting for closing. = Once
the channel closed following suction.release, a long
.closéd period ' was not required to_ reactivate ﬁhe
channel with suction .(fig. 18 c¢). Reactivation by.

. suction c¢ould occur within 5 s following the channel

closure.
> ‘ 4

Regdrdless of . the voltage, suction 'generally
activated the channel to the same conductance 1eve;
which will be called the modal staﬁe. This modal
stafe, which has a conducténce of 130'pS (fig. 17) was
//not, however, the highest conductancg observed in
patches. Suction occasionally activatéd the channel to
a level twice as great (260 ps;’fig. 16 at -20 and 50
' mv) . The channel(spend; 93 + 5% (S.D.) of its open

time in the modal state (N=3 patches). When the

channel was in a given conductance state, further



B

Fig.19: &imacourse of ‘the SACl channal

closing after suction is releasad. P{O,t) 1is

the conditiocnal probability that given the phannel

is open at time t=0, it remaims open at time t.

release can be represented by one exponential as

- point is omitted (since its value, 0, has no log |

The experimental points from 5 s after suction

shown by the linear curve of the log P(O,tf/time

‘relation (inset; line is from a loé—linear'best-

fit, regression coefficient, 0.98). = The

exponential time constant, T, derived from-the fit

is 12.5 s. The modal state was used to calculate’

P(O,t). Data were taken at variéus-voltages.
Note that the 0 time data is omitted from the fit

(since it is fixed at a wvalue of 1) and the last

value) .
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‘appiiéétion of suction could lead to the activation of

oné‘o; several other states (fig.18 c¢}. 1In such cases,
the newly activated states usually hecame inactiﬁated

when suction was released, and, as 1lllustrated in

figure 18 (c), returned to the. initial conduata&%e

level. . During ' transitions between the major

conductance states, the Clxghannel diéplayed man§ small
subdivisions of states (éié.ZO). The ;mall, brief
subdiviéions were most frequently observed during
tranéitions from. one maﬁqr' condgcﬁance level to
another. The greater noise level wﬁen"the SACl channel
is fully is open (130 pS; £ig.20 a, <, d) also reflect

these g%aller subdivision states.

Some Cl chanﬂels have been reported to be voltage
sensifive {(Kolb, Brown and Murer, 1985; Welsh, 1986; .
Woll, Leibogitzf Neumcke and Hille, 1987; Woll and
Neumcke, 1987). The opening and closing of the‘SAél

. Y .
channel is not, howeﬁer, affected\by\depolafization or
hyperpolarizatidﬁ. The.probabil%gy that the-channel
opensd}n the first second aftér suction 1is applied,

F(0), and the probability of closure within 1 second of

.suctlon release, F{C), change randomly with membrane

potential (fig.21).

\



‘Fig.2Q SACl dh;Pnal ‘smail conductance
states. Small conductance states are obserﬁed
during trahsiﬁion§ between the majbr (130 ps)
conductahce‘s§ates {(L.e. fully épen or glosed).(a;
b, ¢}, when the channel 1s already pértiqlly open
{a,d), Qhen the channel,ﬁpens from the closed
étate (c; indicated by the'ar:ow)..The events are.
most often seen when suctién i; applied (a, b).ﬁut
also, less frequently when suct;on is no longer_
being applied but the channel is still active (c,
d}. Inside-out patch; pipette solution, 70 mM K*;
~bath solution, NCS; applied pressure, -35 to -40
~ mm Hgf filter, 2 KHz; scale bgr: a, b, ¢ (1 pa, 20

s} and d (2 pA, 1ls). Dotted bars indicate closed

state. Solid bar indicate applied suction.






Fig. 21 Probability of SACl channel opening
or closing is not affaected by voltage.
Pressures between -35 to -40 mm Hg were appliéq 3-

5 times at each voltage. A channel was counted as

p

having opened or closed if an opening or closure
occurred within 1 s following suction application
or release, respectively. Inside-out patch;

e

¢ £ s
pipette solution, 70 mM K*; bath solution,  NCS.
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III.5 ' Leech and._ cockroach

Pressures between®-100 and +50 mm Hg didlnot

trigger the opening of a channel or change the activity

.
.

Qf‘the observed channels in the cell body of leech and
cockroach neurons, Applyiég positive pressures-ﬁigher
than 50 mm Hg w%s not possible because it wouid break
the.patchr Because some stretch?channels are hildly
voltage-sensitive (Martinac et al, 1987; Methfessel et
a}., -1986), membrane 'potentials up to 120 " mV were
applied without observing any stretﬁh—activated
cﬁannels (Leech, N=22 patches; Cockroach, N=15
patches) . Stretch was alsc applied to patches excised
into solutions with cahcium concentra;ions higher. than
10794 on the inner face (i.e. normal saline) with high
K in the  pipette (Table '25; Failure to observe
stretchuchannel in cell-attached configuration cannot,
therefore, be attributed to a requirement for calcium
(as in thg case of the Ca—ai}iﬁgted K channel; Latorre
and Miller, 1983; Yeliii;/ﬁ984; Benham et al. 1986)
which was unavailable in the cell. .The absence of
stretch—activate& channels in the neuronal cell bodies
of both animal species was not .due to an inability to

form adequate seals or to other trivial technical
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channels in patches.

: : \
ITI.51 ~ Cl channel in leech

In leech, a larde conductance channel similar to

those observed in pulmonary alveolar epithelial cell

(Krouse et al, 1986), Lymnaea neuron {Geletyuk and

. i :
Kazachenko, 1986) and Cepaea neuron was seen in 5 of 12

patches (fig. 22). 1In éell—attached condition with_ﬁHS
in the pipette, the revérsal potential (-50 mv) of the
channel is near the resting potential, (Vr= -44 + 5 mvg
Deitmer and Schlue, 1981). In excised patches, low K
concentration on both sides of‘the.membrane (i.e.\gHS;
Deitmer et al., 1981) did not abolish the channel
currents, suggestihg a chloride.channel. As expected
for éymmetrical conéiﬁions, the zero current poten£ial
is about'd mV. Na is ruled out since the channel does
not reverse at ?ositive membrane potentiéls with NHS in
theipipette in c.ll—attached conditions.
A
Chanhel activation occurred more frequently . with

mgmbrane depolarization. Excision of the patch



Fig.22 Single channel currents of a larga

i

Cl channél in leach neuron. Insidenout=patch;
"I NHS on both side of,the membrane; filter, 1 KHz.

a) currents at various voltage. b) the Cl channel
- p

T
shows " many conductance levels. Dashed\%ine
indicates zero current levels. iy

A j

i
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increased the probability of béing opened., 3 patches

-«

- out of ‘5 revealed the channél'whgn inside—outrpatch

1

experiments were performed. This effect could be due to

the high Ca concentration in, the bath (Geletyuk and

‘ ‘ ' . / > T
Sachs, 1985; Findlay and Petersen, 1985} /Eg/ftc a

[l — //" : ‘
decrease in the concentration of some " inactivating

-

-~
- . ' ' e N
- molecule such as ATP (Noma, -}¥983; Ashcroft et al.,

"1987) . T o

It is$ interesting to notice that this Cl Chanpel was

observed in the cell-attached condition (N=2 patches).

-

Other similaﬂ channels have been seen -only in the -

excised patch condition (Welsh, 1986; Krouse et al.,

1886; Geletyuk and Kazachenko,L%985). Observation of

this. channel in the cell-attached condition indicates

that the characteristics of the channel seen in tear

off may be physiologicaliy relevant, and. not merely an

artefact of exposure to a bizarie chemical environment.

IITI.52 Inwa¥rd rectifier K channel in leech

Also in léech, a small flickery channel of 28 pS was
; ' ' PS
observed. A similar channel has been seen in muscle
cells (Biermans, Vereeke and Carmeli, 1987; Matsuda,

Ty

A
«‘:. '

o

T

s

/

Y
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1988) . Tﬁe chanhél'was observed in the cell-attached
condition, with 40 mM K in ﬁhe pipette {(Table 25.‘ The
cﬁann?l"was on;y evident with -ﬂ&perpolariz;tion
kfig.233. Whether this absence of. éurrents with

-

‘depolarization was due to the inactivation of the

'\\channel by depo%arization {ie a gating phenomenon) 6r

" to an effect 5uch as the blocking of the channel by Mg

(Matsuda, 1988) was not ‘determined. With NHS in the
pipétte; this channel was never observed. The
extrapolated reversal potential of the channei with 40
mM K in the pipette and 101.4 mM-K-in the cgll {(Deitmer
et al., 1981) was -13 mV ¢(fig. 23 and 24), strongly
suggesting that the channel is K selective since no
other major ion Hn the system shares tliis reversal

potential. The expected reversal potential for a K

channel in these conditions, -23 mV, is relatively

close to the estimated reversal potential. it is a

pfoperty-qf inwardly rectifying K channels to activate
only below their reversal potential (Matsuda, 1988).

The inward rectifier K channel observed in leech is
not stretch sensitive (0 to -90 mm Hg). In endothelial
cells, whole cell -recording has shown an inwardly

rectifying K (Kir) current which is activated by shear-

n



"

Fig.23 Inwardly rectifjing single-channel
K currents observad in leech neurcn. . Cell-
attached; pipette solution, 40 nmM K; filter, 2

KHz.



Vm(mV)

-120

. =90

-40




Fig.24 éu;lant-voltage relation for tha K
.rectifier chanhel in-leach. Celi—attached;
.pipette solution, 40 mM K; extrapolated Vr, -13
mV; predicted Vr, ~ 23 mV (estimated ﬁsing the

values given in the text).
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stress (Olesen et al., .1988). At the single-channel
b ‘

level, however, no =xir channels activated by’ stretch

\

were observed. It is possible, then, that shear does
not directly activate® the endothelial Kir but instead
activates some second messenger which then activates

the Kir current.

-

III.53 ' K channels in cockroach

In cockroéch neurons, 2 different ion channels were
qbserﬁed‘using NPS (Table 2) in the pipette in the
cell-attached configuration. In this condition, two
.channels had their reversal potential near the resting
potential (Vr=-50 mV) {(Leech, 1986) . With
hypefpolarization,‘ beyond rest, no 'currents. were

observed suggésting that both channels are K selective.

(fig. 25 and 26). The channel conductances were 14 ps
. : r 3 .
and 28 pS (N=2 patches). Larmet et al.(1988) has

reported two K channels of similar conductance from

Periplapnata neurons. The two channels seen in the

. present study were not sensitive to the pressure in the

u

range 0 to -80 mm Hg. The formation of poor gigaseals

and the fragiiity of the cell membrane prevented the

-



‘Eig.25 Single-channel currents for tha K
channels seen in- cockroach. +*Cell-attached;
pipette solution, NPS; S, small K channel;.L,

-

large K channel; filtre, 2 KHz.



-100




Eig.26 Currant-voltage relation for two K
channels observaed in cockroach 'neuron.

Cell-attached; pipette solution, NPS; Vr is

between -50 and -40 mV.

it
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-
.

‘application of higher negative pressures and positive
*pressurés; Since ,thils could explain the failure to

observe stretch-activated channei, the possibility of

. [ /A . R .
&ISAK channels of low stretch-sensitivity {(such as group

IT from Cepaea neurons) in cockrocach neurons is not

ruled out,
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IV  DISCUSSION

A i1 — -} ' Y

La possibilité que la sensibilité a l'étireﬁent'des
canaux SARK et SACl de Cepaea soit un phénoméne
artificiel est peu probable si on considérg les
observations suivantes: en absence de succlon,
lfactivité des canaﬁx est trés basse pour le canal SAK
eﬁ abseﬁte pour le canal SACl; parmi plusieurs tyﬁes de
canaux obsefvés dans les patches, seuls 1es‘canaux-SAK
et SACl étaient affectés par la succion; l'ouyertufe-
deg‘canaux suite a l'application de succion n'était pas
occasionnelle mais se produisait dans 100% deé pssaié
pour le canal SAK et dans 83% des essais pour le canal
SACl; les pressions appliquées sont physiologiques (30
mm de Hg=1.6 mosmoles). De plus, la présence du canal
SAK dans 95% des patches, son insensibilité a d'autres
modulateurs (le voltage est un modulgteur mineur car
l'activité du canal n'est affectée que vers +120 mV;
voltage situé dans la région pon—physiologique) et la

découverte de canaux activés par l'étirement dans
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divers types de cellules de différentes ' espéces

animales suggérent que la sensibilité a 1'étirement des

canaux SAK et SACl est un phénoméne réel.

Iv.2 Eonctions
v
Iv.21 Régulation du volume cellulaire
- Canal SAK

Bien que les escargots ﬁérfestres‘vivent_dans un
envirgnnement aride, ces derniers comme tout animal
tefreéﬁré subissent des stEess hypsoémotiques (ex.:
pluie) qui nécessitent"l'inter;éntion d'un mécanisme de
régulation du volume l(Burtoh, 1983) . L'une des
stratégies d'osmorégulation utilisée par—les escargots
terrestres est de se réfugier dans leur cogquille
(Buitoﬁ,1983). Chez 1'invertébré marin Mytilus edulis
la ferﬁeture de la coquille est utilisée pour prévenir.
un stress hyéoosmotique suite a un chéngement rapide de
l'osmolarité (Treherne, 1980)., Chez les escargots
terrestres,._la littérature ne mentionne ﬁas si le

{
retrait de l'animal dans §2 coquille est utilisé comme



66

~ :
mécanisme de prévention & un ventuel choc

" hypoosmotique et/ou comme mécanisme de derniér recours

pour —arréter ume dilution plus—ou moins avancée—des”
flﬁides du corps. Advehéﬁt'ceéte.derniére‘éventualité,
un mécanisme de la régulation du volume éu .niéeau
cellulaire est requis afin d'emﬁécher‘la lyse de la
cellule. Dans les cellules ae certaigs invertébrés
&?reherne, 1980; Kevers, Pequeux and Gilies, 1981;
Costa and ;ierce, 1983; Moran and Piercé; i984;
Tgeherne, 1985) et vertéﬁrés {Hoffman, 1985; Cala,
1983; Grinstein, Rothstein, Sarkadi and Gelfand, 1984;
Ellory, Hall and Stewarg\uﬂrPBS), une perte de K
accompagnée d'une sortie d'eau est observée lors d'un
choc hypdosmotique. . Chez Cepaea namg:alia,/l'ouverture
du canal SAKrpourrait permeftre une telle perte de K et
pefmettre la régularisation du volume céllulaire. Dans
les celluleé des tubules rénales de Ngg;n;ua, une
.augmentation de l'activité d'un canal sensible a
l'étiremeht sélectif au K (Sackin, .1987) a été observée

‘pendant le gonflement de la cellule sous stress:

hypoosmotique (Sackin, communication perscnnelle a C.E.

Morris) .
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<

Canal SACl

. ’ b

Dans les cellules de certaines espéces ahimales, le
Cl est le pfincipél ion‘utilisé pour la régularisation‘
duavolumé‘(Warren and Pierce, 1982; Grinstein ét al,
1954). Chez Cepaea, le canal SACl tout comme le canal
SAK pourrait alder a cette régulérisation. | Sous
l'ihfluence d'un choe hypoosmotiéue{ une augmentation
de l'activité d'un canal de Cl activé_pﬁf l'étirement a

été observée dans les éellules rénales d}opussum {(Ubl

et al., 1988).

L'activation du canal SACl chez Cepaesa, en plus de

l'étirement, semble nécessiter 1la présence d'un

deuxiéme modulateur. Les divers " changements

intracellulaires se produlsant dané la cellule sous
l'influence d'un stress osmotique péu:raient altérer la
concentration de ce deuxiéme modulateur et permettre.
l'ouverture du canal. Grinstein et .al (1984) ont

suggéré que lors d'un choc hypoosmotigue, une

L]

augmentation de la concentration de Ca provenant du

bassin intracellulaire pourrait activer un courant de K

i —
dirigé vers l'extérieur (Grinstein et al, 1984). Dans

~

les cellules du plexus choroidien de la salamandre



Necturus maculosa,.l'entrée 'de Ca wvia un canal

cationique activé par 1'étirement pdurrait agpiver des

. canaux de K senstibles—au—Ca {Ehristensen,—1987)

- ’

Complémentarité des canaux SAK SACl

A
\ . ) ™
!

Dans les neurones et les fibres musdulaires de
crustacés (Freel, 1978; Trehe;ﬁe, 1980; Parker et
Pierce, 1985), la perte de K causée par une diminution

de 1la salinité entraine une hyperpolérisation du

potehtiel de repos. Chez Cepaea nemoralis, une telle

hyperpolarisation pourrait &tre évitée grdce a la
présence des canaux SAK et SACl. La sortie de Cl et de
K créant un flux électriquement neutre, .permettrait le

maintient du potentiel de repos.

Iv.22 o Autres .fonctions
Le canal SAK dq\ggpggg pourrait Jjouer un rdle dans le
processus e croiQsance cellulaire, La présence d'un
. '

A

canal SAK dans les 'cdnes de croissance des neurones de

Lyvmnaea stagnalis (Sigurdson et Morris, communication

—

74
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perscnnelle) suggére que ce dernier 'pourrait aider a la

régularisation de la croissance cellulaire. Chez les

escargots; e Processus d'allongement des c¢dnes de
croissance est dépeﬁdant.du calcium eg du vdltage et
pourrait ainsi nécessiter l'interventiqn de ;mnaux de
Ca dégendant du voltage (Kater, MattsgnKKCohan and
ConﬁorL 1588} . Advenént une ¢ issanée thp rapide des
bras de croissance, le gaaal SAK pburrait étre activé
et entraine; une hyperpolarisation de la celiule, ce
qui 4perﬁettrait la désactivation dés canaux de Ca
dépendant du wvoltage. La diminution de 1la

concentration interne de Ca ainsi obtenue permettrait

le ralentissement de la croissance deés bras.

IV.23 Absence de fonction

Avéc ‘le passage du milieu aquatigque au milieu
terregtre, l'escargot peut ne pas avoilr perdu le canal
SAK et ce, méme si ce dernier n'est pas utilisé.
Cependant une telle possibilité est peu probable si on
considére la présence non pas d'un canal d'étirement

mais de deux canaux d'étirement dans les neurones de

{epaea, la présence d'un canal SAK chez l'amphibien

-.'\_,\\J
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Necturus (S;ckin,k 1987)y, dans les astrocytﬂs‘ de
mammiféres (communication personnelle de ‘Sachs a

Morris) et dans }es cellules mqsculaires de 1la

Drosophile melanogaster(Zagotta et al., 1988).

. -
L

P

IVv.3 Similarités entrae le canal SAK de Caepzaa

Le &anal SAK de Cepaea a des propriétés communes .avec
le éanal SAK.retrouvé chez Lymnaea* (il est 3 noter que
;e canal SAK de l'amphibign Necturus# sera péu
considéré dané cette comparaison di au peu de données
concernant sa caractérisation; lorsqu'une propriété
touchgra Necturus, un (N} sera indiqué). Il est

fortement sélectif au K (N) et posséde une constante de

perméabilité élevée. Il est sensible & la quinidine et

‘insensible au Ca,\ Na, TEA externe et 4-AP externe. Le

canal est "flicke {N) . Tl lposséde une 'longue

Vs

constante de temps pour l'éta rmé qui est sensible a
Lo

*Références pour Lymnaea stagpalis: Brezden et al,

1985; Sigurdson et al., 1986,

#Référence pour Necturus: Sackin, 1987.
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l'étirement, Il est aussi légerement sensible au
voltage. Ces caractéristiques communes aux deux canaux
SAK suggérent gu'ils possédent des structures

similaires et appartiennent & la méme famille de canal

activé par l'élirement.

Iv.4 - Sangsue et Dblatte
Le fait de n'avoir détecté aucun SAK dans les corps
cellulaires des neurones de la sangsue et de la blatte
A ]
ne signifie pas que ces derniers ne sont pas présents

chez ces animaux. Il est possible que les différentes

techniques utilisées dans la présente recherche n'est

pas permis d'identifier des canaux SAK qui pourraient
avoir des caractéristiques particuliéres,

caractéristiques’ non—gbservées dans les canaux SAK

)

- . R Vo .
connus jusqu'a présents.. De plus, le .fait de ne pas

»

avoir détecté le canal §AK dans les corps cellulaires

des neurones de la sangsue et de la blatte n'exclue pas

—

leur présence dans d'autres types de cellules ou dans

d'autres parties du neurone telles l'axone et les cdnes

[}

de croissance. Chez Lymnaea stagnalis, un canal SAK,

similaire & celui, retrouvé dans les corps cellulaires



v

1

y
de ces mémes cellules, %)été observé dans les cénes de

croissance (Morris,C.E. et Sigurdson, W. J.,

)

communli¢ation presonnelle) . 1{ est a noter que les
axones ou génes de croissance *des neurones de la
sangsue et de la blatte n'ont pu'étre patchés dans les

présentes expériences en raison de leurs faibles

proliférations. ou de leurs fajibles épaisseurs...

-
-~

Le jeune &ge des cellules nerveuses patchées (1
journée aprés isolation) pourrait expliquer 1'absence
de canaux SAK chez la sangsue et la blatte. Cependant,

une telle possibilité est peu probable.si on considére

que dans les neurones de Lymnaea stagnalis et de Cepaea
nemoralis ,‘le canal SAK a‘été observé, respectivement,
2 hed%es (Morris et Sigurdson, communicatjon
personnelle} et moins d¢ 24‘heures apréé l;isolation.

K.

Iv.5 Conformation du canal SAK

Parmi la grande variété d%§canéux de K (30 types qui
différent selon leur mode de régulation; Yéllen, 1987),
Latorre et Miller ont distingué deux catégories de
canaux: les canaux maxli de K (grande conductancé) et

les petits canaux de K (Latorre et Miller, 1983 ).
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Tout comme les grands canaux de K activés par le
calcium, Ca (K}, (Barret, Magleby and Pallotta, 1982;
- Latorre, Vergara and.Hidalgo, 1982; Wong, ‘Lecar and
Alder, 1982; Benham et al., 198‘6;l Lang and Ritchie,
1987) et le canal de K du réticuluh sqrcoplasmique, SR
(Coronago et al., l982;lgoronado, Rosenberg and Miller,
1380}),~ e canal  SAK est un canal & grande conductance
et appartient aux canaux maxli de K. La valeur de
1'indicateur arbitraire de la grandeur du SAK défini
comme le rapport de la conductance du canal sur la
concentration syméf%ﬁque de K utilisée pour calculer
cette conduétancé; g/ K!sym), est de 1.4 (g=90 pS; | K|
sym=70 mM) et se situe.dans la marge des valeurs g/| K |
sym des canaux maxi de X (g/ K} sym >1): Une valeur
située sous 0.1 aurait d0 é&tre obtenue pour un petit
canél‘de K (voir Latorre et al (1983) pour les valeurs

de g de K sym).

La structure du canal SAK pourrait étre similaire a
celle proposée originallement par Miller et Latorre
pour les grands caﬁéux Ca({K) et SR (fig.27) (Yellen,
1987y . Afin de réconcilier la haute sélectivité des
grands canaux avec le haut taux de transport des ions,

le modéle suggére un filtre de sélectivité court et



Fig.271 Model of Maxi K channel. The tunnel
(T), mouth (M), and antechamber (A) are parts of
"\__tw-hgp&thetical structure for K channel (from

Yellen, 1987).
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'
4

étroit bordé‘_dé chaque | Eoﬁé par . de ‘Brandgé
anticﬁambres; L'imperméabiliteé duééanal SAK au Na, au
TEA et au 4-AP, sa haute sélectivité au K et_sd haute
véleur de Pk supportent l'idée d'un filtre étroit et
court. La présenqe‘ d'antichambres 'permettant la
formation de bassin de X de chaque éoté du filtré est
suﬁportée pér la haute valeur du Pk. En coﬁparaison
donductance du canal SR° sature & une concentration
relativement plus féible (g$d(SR=3 M; g)ﬂ;saquo mM) ,
ce qui suggére une structure des anticﬁambres &u canal
SAk différente de qglle_ du canal SR. Une telie
différence pourrait étre attribuée -é un plus grand
nombre de charges négatives dans l'antichambre et/ou &

une plus petite grandeur de l'antichambre du canal SAK.

IV.6 Canal SAK et autres capaux de . K

La différence majeure entre le canal SAK et le grand
canal Ca(K) se situe au niveau de leur sensibilité au
calcium et au voltage. L'ouverture du canal SAK n'est
pas affecté par des concentrations de v.:alciurﬁ(lO"3 M)
qui permettent l'activation des canaux Ca(K) (Barret et

al., 1982; Benham et al., 1986; Lang and Ritchie,

dvéc 'le grand ‘canal "SR (Coronado - et--ak.,  1980), - la e o

53

¢
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1987). De plus, le éanal SRK est inégnsible au
poténfier mémbranairg; ‘ Seules de fortes
dépolarisatiéné situées hors.de.la région physioiogique
permettént une légére augmentation de l'activiteé du

canal SAK.

Le canal SAK possede . des . caractéristiques .. ...

pharmacologiques similaires & celles du canal de K
seﬁsible a la sérotonine {canal 3) retrouvés dans les
ﬁeurones sensorielles de 1l'escargot marin. Aplysia

california (Shustef and Siegelbaum, 1987) .
L'appliéation externe de 10—3 M TEA et dé 102 M 4-AP,
concentrations qui inhibent les courants des canaux

Ca(K), n'ont pas d'effets sur les courants unitaires du

©

canal SAK. Le canal S est aussi tout comme le canal

‘SAK  un  canal & grande conductance (Shuster and

Siegelbaum, l98i}?

Les éléments structurals des canaux SAK, S et Ca(x)
permettant la haute sélectivité. au K et leur grande
conductance peuvent indiquer que ces trois canaux‘ont_
évolué d'un méri' cqnal dg K. Chez 1la Drosophile
melagogaster, il a été démontré que plusieurs types de

canaux de K proviennent d'un méme géne (Miller, 1988).



Ces canaux dont la région centrale' est identique
(région correspondant au filtre de canal) possédent des
régions distales construites ~d'oligoméres deﬂ sous-
unités différentes. Ces régions distinétes pOUrraiént
conférer a chaque classe de candux de K sa modulation.

spécifique (Miller, 1988).

&r



ANNEXES



' . ) ’
; ' Copnaa namoralls

)

Chemicals NCS 70mMK 40MmK 150 mMK Choline, CI  LowCa 70 mMK*

(mM) - solution solu_tlon'. solution  solution solution solution
NaCl ‘ 80 14 44 ~ 8o
KCl 4 70 40 150 4 4 70
CaCIp}-QH‘)O 10 10 1.0 10 10 ) 0.2 .-
MgCLeHO 5 5 5 5 5 5 -
chollng Tl e T | el
EGTA See e YAl 2.2
HEPES 5 5 5 5 5 5 5.
gluc.ose ‘ 71 0 R ' R .-

-

pH 7.8; glucosa was not added to the NCS used for single channel recording. It was used only

for cell culture.

Table 2
Leech and cockroach
Chemicals NHS KCS NPS
(mM) {Hlrudo) (Hlrudo) (Parlplanata}
NacCl 115 ’ 75 . 200
KCl 4" < 40 3
CaCl.2HO 1.8 1.8 -4
¥y 2 '
MgCl-6H O 5
e S
Tris maleate 10 10
HEPES - - . 10
Glucose 15
pH 7.4 7.4 7.2

Glucose was not alided to the normal saline used for single channel

recording. 1t was used only for ¢ell cullure.



i

1.1 Composés chimiques et solutions salines.

Phré Sianifi .
TEA ' fétraéthylamonium
4~pP . *  4-aminopyridine

NCS Normal-Cepaea"saline
NHS - o "Normal Hirudo saline

NPS . Normal Periplanata saline
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