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ore chonged by ihe ogent TEA to those of o single - unit smooth muscle, thot is, it

exhÌbits spontoneous phosic electricol ond mechonicol octivity ond o myogenïc

response to quick streich. The membrone is olso porf ly depolorized ond its

resistonce is increosed. Since fhe mechonicol responses were strongly åãt"¡u. -
dependenf ond blocked by the cqlcium ontogonist D-ó00, these findings suggested

on importont role for cqlcium, perhops ïn the octïon poteniiol ifself.

The present investigotion wqs therefore undertoken in order to define l) ihe

voltoge - dependence of the dynomic ion chonnels ond 2) the ionic bosis of the oclion

poientìot produced in fhe presence of TEA. With reference to the first, the

influence on octîon potentiot poromelers of on independent ïncreose in membrone

resisïonce (effecied by portíol replocemenl of exfernol chloride with the less permeont

isethionoie) wos investigoted fo goîn insight os to the recruitment of ionic chonnels

by ciepolorizotion. Chioricie cieficiency increosecj ¡) the membrone resîstonce (rr) by

53% (os determined by meosurement o f hyperpolorizing elecf rotonic poteniiols (ETP's)

which ore directly proportionol to membrone resistonce), 2) the height of the octíon

potentiol by 73o/o and 3) its moximum rote of rise by 157%. The greoler increose

The tonic, multî - unit chorocteristics of the cqnine trqcheolis in vitro

I

ABSTRACT

in ihe moximum rote of rise of the ocfion poientíol, which is determined by the

inwqrd ionic current, suggests thot odditionol dynomic ion chonnels ore being

octivoied os q result of greoter depolorizotion produced by o constont currenf

ocross on increosed resistonce.

With reference to the second oim, the possibility thot the inword current

is corríed by colcïum wos investigoted by exomïning the effect of D-ó00 ond àltered

externol colcium concentrotion on the electricol ond mechonicol responses of muscle.

Elevotion of colcium from 2.0 to ó.0 mM in the presence of chtorîde - deficienf

TEA solution l) increosed the height of the oction potentiol by 47o/o, 2) increosed

its moximum rote of rise by 222o/o, 3) decreqsed membrone resistonce by 30% ond

4) produced on olternoting or phosic pottern ìn the resistonce. Applicotion of D-ó00

(both concentrotion tO-stvt¡ in the presence of elevofed colcium t) reduced the



height of the qction potentiol by Mo/o, 2) reduced ïfs moximum rote of rise by
94o/o, 3) increosed membrone resistonce by 45T" ond 4) stobilized its volue.
Corresponding mechonÌcol qctivíty wos increqsed in elevoted exfernol colcíum on¡J

inhibited by D-ó00. Colculotions of colcium influx suggesf thot o sufficienf quonfíty
moy enfer the fibers during on oction potentiol in the presence of TEA fo directly
octivoie the controctile myofilomenis. The phosic nqture of the membrone resistqnce

observed in the presence of high colcium is indicotive of o relotionship between
resistonce ond locol íntrocellulor colcium grodients.

The findings indicofe thoi the dynomic inword current of the oction potenf iol
produced În the presence of TEA l) is controlled by the conductqnce of volfoge -
dependeni ion chonnels, 2) ís corried moinly by colcium ions ond 3) in turn
indirectlv regulotes membrone resislonce by oltering inf rccellulor colcium grodienis.



I wish to extend my oppreciotion to Dr. E.A. Kroeger for shoring his time ond

seeminily boundless knowledge of, ond enthusiosm for, muscle physiology with me

whenever possible. I olso wìsh to thonk Dr. N.L. Siephens for his voluoble odvice

ond humour qnd Dr. D. Bose for voluoble crïticism of the monuscript. In qddiiion

I wish to thonk everyone in "Steve's lob" for their compony ond morole - boosting

friendliness.

;r

AC KNOWLEDGEMENTS

Above oll I om sïncerely groieful

Dorlene, who typed this monuscript ond

this study.

ond indebted fo my wife, ond best friend,

in mony woys mode it possïble to corry out



LIST OF FIGURES

LIST OF TABLES

INTRODTJCTION

i,

TABLE OF CONTENTS

A. Generol Introduction

l. Definition of the problem

B. The Membrone Concept ond the lonic Bosis of the Membrone
Poteniiql

l. Nerve qnd strioted muscle

o. Nernst equotion, Bernstein hypothesís ond Gibbs-
Donnon equÌlibrium

b. Constont - fíeld theory

c. Sodium pump

d. Adsorption theory

2, Smooth muscle

o. Membrone potentiol ond permeobiliiy

b. Cl distribuiio

c. Sodium pump

C. ' Excitqtion ond Conduction

. l. Cqble properties

o. Coble constonts

b. Nerve

c. Skeletol muscle

d. Cqrdiqc muscle

e. Smooth muscle
a

2. Ionic bosis of the oction potentiol

o c Nerve

b. Skeletol ond cordioc muscle

c. Smooth muscle

Poge

5

9

12

t4

l5

t7

l9

20

27

28

34

3ó

47

52

55



3. Threshold phenomeno qnd conduction

o. Nerve

b. Strioted ond cordioc muscle

G. Smooih muscle

4. Colcium metobolism

cr. Role in excitotion - controction coupling

l) Strioted muscle 75

2) Smooth muscle 78

b. Role in siqbilizoiion of membrone permeobility

l) Nerve, strioted muscle ond cordioc muscle B0

2) Smooth muscle 84

METHODS

A.

B.

c.

Dissection

Apporotus

Profocol

I . [ffecf of Cl - deficieiicy on ETP's ond r,
2. Effect of Co qnd D-ó00 on APrs

Anolysis

I . Evoluof ion of chonges in r,
D.

RESULTS

A.

Pqge

ó3

66

67

Effect of Cl-Deficiency on Electrícol Activity of TFA-Treofed
TSM

' l. Sponfoneous spikes

. 2. Electrotonic poteniiols

3. Evqluotion of the chonge in r

4. Action potentiols

B. The Role of Cq in the Phqsic Electricql ond Mechonicol Activity
¡ ¡n the Presence of TEA

I . Effect of high Co lOó

2. Effect of D-ó00 t 13

DISCUSSION

A. Effect of TEA ond Cl-Deficiency on Elecfrophysiologicol
Poromelers

88

B8

93

94

94

96

96

98

l0ó



.t . Membrone resistonce

2. AcÌion Poteniiol Porometers

B.RoleotExternolCqinTEA-InducedElectricolondMech.
onicol ActiviiY

I . Current of the oction porenTiol ond E-c coupling

2, Membrone stqbilizoiion

LIST OF REFE.RENCES

Pqge

117

120

122

124

127



Figure

l.

2,

LIST OF FIGURES

Ponel o - Simple equivolent cïrcuit of unït nerye

membrone. Ponel b - Time course of membrone

current flow. Ponel c - Time course of ETP'

Ponel o - Equivolent circuiÌ of core conductor

Ponel b - Spotiol decoy of steody stote ETP '

Equivolenf circuil' of surfoce menbrone ond

tubulqr system of strioted muscle fiber.

Ponel o - Equivolent circuif of smoorh muscle

fiber. Ponel b - Electricol model to simulqie

inlerfiber connecf ions of smooih muscle'

Electricql model of unit excitoble nerve membrone'

Apporotus for stimulof ing ond recording.

Effect of Ci - deficiency on spontoneous spikes'

Effect of Cl - deficiency on the omplitude of the FIP,

t¡r"picol recoiding

Effect of Cl - deficiency on the omplitude of the ETP,

typicol recordings superimposed .

Effect of cl - deficiency on current - voltoge relotions,

typicol experiment.

Effect of cl - deficiency on current - voltoge relotions, 
'

plot of meons.

Effect of cl - deficiency on the spotiol decoy of the ETP.

Grophicol solutïon of r'¡1r^.

Effect of Cl - deficiency on electrophpiologicol porometers.

Effect of high co on electricol ond mechonicol octïvity,
typicol recording

Effect of high Co ond D-ó00 on omplitude of the AP'

3.

4.

5.

6.

7.

8.

o

t0:

It.

12.

t3.

14.

15.

16.

Poge

21

39

51

90

97

99

100

102

103

t04

t05

t0B

il0

ilr



Fïgure

17.

lB.

19.

ì,

i,., 
poge

Effect of high Co ond D-ó00 on moximum rqte of rise

of rhe AP. 112

Effeci of D-ó00 on electricol ond mechonicol ocriviiy in

the presence of high Co. ll5

Effect of high Co ond D-ó00 on electrophysiologicol
porometers I ló.



Toble

1.

2.

Eleciricol membrone porometers of nerve ond strioted

muscle fibers

Electricql membrone poromefers of cordioc muscle

fibers.

Electricol membrone poromelers of smooth muscle

i¡b"r, obioined with introcellulor stimulotion'

Electricol membrone poromefers of smooth muscle

fibers obtoined with extrocellulor stimulotion'

Composition of Perfusotes'

Effecf of Cl-deficiencY on rm'

Effect of Cl-deficiency on AP porometers'

LIST OF TABLES

3.

4.

5.

6.

7.

Poge

29

35

42

44

B9

l0l

107



INTRODUCTIO N



-t-
,:

GENERAL INTRODUCTIONA.

Bqsed on functionol chorqcteristics, smoofh muscles hove been ptoced into

eífher of two brood clqssïficotions known os single unit ond multiunìt (Bozler,

1948; Burnstock qnd Prosser, t9ó0 b). Smooth muscle (SM) celts generolly

complefely surround the lumen of hollow orgons ond moy possess both sensory ond

effector functions (Bijlbring, 1955). Single unit muscles qre known to respond

wifh bursts of octivity to chonges in the degree of distension of the orgon. Muscles

wíth such responsiveness exhibit cyctic depolorizotion, oction potentiols (AP,s)

ond phosic mechqnicol octivity spontoneously, or ín response fo stîmulotory

ogonists (BÛfbring, 1955; Burnstock et. ql . ,1963; Burnsfock ond Holmon, 1966b).

These muscles olso dïsploy good cell to cell conducfion of regenerotive electricol

octivity (Bülbring et. ql . , 1958; Prosser, 1962;Burnstock ond prosser, l9ó0 b)

ond o myogenic response (MR) to stretch (Burnstock ond Prosserr 1960 o; Folkow,

1964; olsen et. ol ., 1967; Biqmino ond Kruckenberg, 1969). some sM's moy

be clossified os intermediote in thot sponfoneify ccrn be induced by cgenfs such

cs high potossium (K), ocetylcholine (ACh) ond odrenergic omines which stimu-

lote the muscle direcfly (Biomino ond Kruckenberg, 1969¡ Keof inge, 1966).

Kroeger ond Stephens (1975) suggested thot the depolorizoiion of these musctes

coused by such ogents leods to firing of normqlly lotent pocemokers. A thírd

group, multiunit SM's, hove o lower membrone resisfonce (r,n), do noi producè

AP's, ore stimuloted by dense innervotion ond ore thought to lock low resistqnce

intercellulor gop iuncfions qnd nexuses (Prosser et. ol . , 1960¡ Su et . al ., 1g64).

Until very recently, the function ond regulotion of trocheol smooth muscle

(TSM) or "trocheqlïs" hqve been poorly understood in spite of consideroble eorly

work (Miller, 1947; Widdicombe, 1963, 1966). In fhe cervicol trocheo this

muscle only spons the dorsol spoce formed by the incomplete corfilogínous rings

of o relotively non-compliont fube. Rother thon being iust port of o possive

conduit, however, the frocheolis is quite octive ond responsive (Widdicombe,

1966¡ olsen et . ol . , 1967; stephens et . ol . , 196g). Neurol input consists of
numerous vogol (cholinergic) neurones (Loofbourrow et. ol ., 1957; Widdicombe,

1966) ond sympothetic dilotor neryes (Miller, ß4n. Stephens ond Kroeger hove



shown recently (1970) fhot cqnine TSM ís q tonìc muscle qctivqted olmost exclusive-

ly by cholinergic neurol elements in response to electricol stimulotion in normol

solution. A tonic controction is olso elícited by ogents ond conditions such os

AChn potossium chtoride (KCl), bqrium (go21, (Stephens et. ol .,1974), serotonin

(Doly ond Hebb, 1966) ond histomine (Howkins ond Poton, I95B) while epinephrine

ond isoproterenol relox (Nissel, 1950; Hqwkins ond Poton, t95B). Though norepine'

phrine ond high K hod been reporfed (Biomino ond Kruckenberg, 1969¡ Keotinge,

1966) to convert "inlermediote" (Burnstock ond Prosser, 1960 b) orteriol SM info

funcfionolly single unit preporotions, neifher these nor ony of the oforementioned

ogents could fqcilitqte ihe production of phosic oclivity or q MR to stretch in trocheqlis

(Stephens'et. ol ., 1974). Such chqrocferistics qre cleorly consistent with those of

multiunit muscles qnd would seem to indicote o predomínqnt neurol control of oirwoy

colibre. TSM does, however, possess o copobility for supercontroction whereby ihis

muscle con contrqct down to 10 lo 15o/o of ifs opfimol length (Stephens et. ql ., 1969).

-2-

This is unusuql even for SM (Csopo ond Goodqllr 1954) ond suggesfs thot the muscle

is copoble of intimote control of oirwoy colibre. This postulote is strengfhened by

the finding thqt TSM is oble to prevent oirwoy collopse due to sudden, high tronsmurol

pressures (which moy reoch 300 mm Hg - Ross et . ql ., 1955) when if is confrocted

(Olsen et. ol . r 1967i Coburn ef . ql '. , 1972)

Although fonic controcfions Ìn response to stimulotion by neurql elements

ond bronchoocfive ogents moy be quíte vigorous (TSM hos a relqtively high force

constont - Stephens et . ol . | 1969), they moy not be copoble of counterocting

oirwoy closure due to the elevqted lrqnsmurol pressures encountered in pothologicol

conditions. Severol recenf findïngs hove indícqied thot trocheolis mqy possess o

potentiol for spontoneous octivity. Kirkpotrick (1975) hos reported thot histomine

produces depolorizofion of bovine frocheq with slow oscillotions in membrone

potentiol (Em) which ore correloted with rh¡hmic fluctuotions ín contrqctile

octivity. In the K controcture qn inifiol phosic componenf is qlso evident.

Furthermore, phosic octivity hos been observed in vivo (Loofbourrow et. ol ., ß5n,
qnd in vitro ímmediotely ofter removol from the dog (Stephens ond Kroeger,

unpublished observotions). Akqsoko et. ql . (1975) hove succeeded in recording



electricol octivity from bronchiol SM of normol heolthy potients snd from those
with bronchiql osihmo. In fhe heolthy potíents they observed low omplÌtude
(25 fo 100 ¡rV) potentiofs with widely vorioble dischorge frequency. Both omp-
litude ond frequency of AP's were increqsed during spontoneous ond Mecholyl-
índuced osthmotïc qttocks. These chonges corresponded properly io the ctinicol
feqtures of the oslhmotic ottock, including morked disturbonce in breothing
pottern ond morked increose ín wheezing sound. These quthors considered these
bronchíol SM sposms to be one of the moior etiologicol foctors responsible for
oirwoy norrowing during osthmotic ottock. Finqlly, oddîrionol evidence for
lhe possibility thot spontonîefy might occur in trocheolis wqs provided by
phormocologicol studies on q different preporotion. Mekofo (1,971) showed thot
membrrrne depolorizotion and spontorreous phosic electricoi ond mechonicql
octivify is produced in robbit corotid orteryr on "infermediofe" SM, by tetroethyl-
rommonium (TEA). These findings were fesfed ond confirmed for trqcheolis
(Kroeger ond Moorhouse, 1973). This drug coused o depolorizotion of the membrone
ond on increose in rr, elicited troîris of smoll, decremeniolly conducfed Ap,s
ond focilitoted o MR to sfretch (stephens et. ql . , 1974; Kroeger ond stephens,
197Ð. These effects we¡'e qttributed to o reduction in p* by TEA (Stonfield,
1970; Ito et. ql ., 7970), which functionolly converfs TSM into o síngle unit
preporotion. As o result, if wos considered fhoi TEA might provide us with on
excellent model for studying fhe chonges in biophysicol propertíes which might
occur in vivo.

-3-

l. Definition of the Problem

In studying the woy in which TEA qffects TSM physíology, investigotÍons
should be conducfed in terms of the muscle's funcfion ond the mechonïsm by which
the control of thot functÍon is normolly effecied. The function of muscle ís t) to
stiffen ond beqr weight ond 2) to shorten ond move o lood through o distonce,
snd relotive poromefers for TSM in these lerms hove been meosured (Stephens et .
ol ., 1969; stephens et. ol . , 1974). since TEA increosês r¡¡r produces Ap,s ond
focilitqtes q Co - dependent MR to stretch, ¡f effecfs o chonge in the control
mechonism probobly qt the levets of membrone Pç ond the ionic requírements of



electricol ocfivify ond E-C coupling. The present siudy focuses on the lotter.
The qbove chonges Ín mernbrone phenomeno induced by TEA ore of specíol

interest since in most coses (somtyo ond somlyo, 196g; Hinke, 196s) excilotion
of SM cells is mediqted by membrone electricol octivity which in turn moy be
qffecfed by neurotrqnsmilter releose or cîrculoting vosooctíve ogents (Blilbring,
1957; Bijlbring ond Kuriyomo, r963b; Burrrstock et. ol . , 1963; Burnstock ond
Holmon, 1966b¡ Mqrsholl,1962). Also, multiunit SM contqins o reloiively
lorge store of sequestered Cq whïch is resistonf fo depletion by Co-free medio
(Kroeger ond Stephens, 1971) ond cqn be mobilîzedby drugs for controction
(Devine et . ol ., 1973). Consequently, we consídered it importonf to provide
further informqtion regording the Co pool (s) utilized for electricol octivity ond
E{ couplíng in the presence of TEA, specificolly, our experirnents were
designed to demonstrote wheiher fhe Co mobilized by TEA might result from l) o
non-specific increqse in membrone permeobilïiy which results in depolorïzqiion
qnd Cq influx in porollel, 2) o specific octïvotion of Co chqnnels by depolorizo-
tio¡-' which provicies ocfivolor Co for confrsction (Broding 

"f . t. , 1969) or 3) o
releose of frigger Co which mobilizes sequestered Co (lmoi ond Toked a, 1g67).
SÏnce the effects of TEA on TSM hod been shown to be qbolished by Co-deficienf
solution ond q co-ontogonist (stephens et . ol ., rg74) (D-600, o potent inhibitor
of dynomíc, depolorizotion - qctïvoted co chonnelsr- Kohlhordr gL. ol ., 1972),
if oppeors likely thot ocfivoted Co currents moy ploy on importont role in fhe
electrophysïologicol (os a current-corrier) ond biophysicol (ôs ,,octivotor,, or
"frigger" Co) effects mediqted by TEA. Therefore, this study wos undertoken in
order to:

I ' Determine the voltoge dependence of dynomic Co chonnels by effecting
on independent íncreose in r, ond meosuring resultont chonges in Ap poromefers.

| 2. Determine the role of Coo in electricol octivity ond in E{ coupling
by meosuring the effect of elevofed externql co ond o co-onfogonisf , D-ó00, on
AP porometers ond mechonicot responses.

3' Determine fhe sensifïvity of membrone conductonce to exfernol Co
levels by meosuring the omptitude of the hyperpolorízing electrotonic potentiol

-4-
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(ETP) (wh¡ch is directly proportíonol to rr) simultoneously w¡th Apts duríng

treqtment w¡th h¡gh Co ond D-ó00

B. THE MEMBRANE CONCEPT AND THE IONIC BASIS OF THE MEMBRANE

POTENTIAL

l. Nerve ond Strioted Muscle

o) Nernst equofion, Bernstein hypothesis qnd Gibbs - Donnon

equilibrium

Thof the integrïty of the cell is mointoined by o speciolized sfrucfurot

orrongement on fhe cell surfqce wos opprecioted by the turn of ihe century due

to observotíons of osmotic ond electricol phenomenq. Long before the moleculor

strucfure ond composifion wos deduced (Dovson ond Dqnielli, 1943), Overton
(1902 o) hod studied fhe osmotïc behuviour oi frog striqted muscle ond Bernsteín

hqd used o bollisfic golvcnomefer lo determine the time course of the Ap. Though

it wqs known Ìhof ihe cell interior wqs negotive with reference to fhe outside (i.e.
thot there wos o voltoge or potentiol difference c¡cross the membrone) ond contqined

o much hÎgher concentrotion of K+ ionr, it wos not known how these phenomeno

were occomplished by the cell. ln 1902, Bernstein proposed o theory which

opplied the physicochemicql concepts of Nernst ond Osfwold to b¡oelecfric

phenomeno. He suggesied thot the resfing cell surfoce behoved os o membrone

which wqs selectively permeoble only to K+ ions, which meonf thqf the resting

membrqne potentiol (RMP) wos defined by the K equilibrium distribution. The relotíon-
ship of the K equilibrium potentíol (E*) to ihe K distribufion is besf described by

deriving the Nernst equof ion (Woodbury , 1965)

Etectric potentÍol differences, in generol, oppeor qt the boundories

between two electrolyte sotuiions if there ore ions of dìfferent mobility or

concentrotion (properly expressed os ociivity) on either side. In the obsence of o
membrone one obtoÎns o smoll, tronsient liquid - iunction potentiot or diffusion

potentÏol until the concentrotions ore equolized by diffusion. However, if two

such solutions ore seporoted by o membrone hqving dîffereniiol permeobilities to

ions of the some chorge (u.s. No* ond K*), o greofer tronsienf , tronsmembrone

diffusion potentiol will be estoblished untit the tronsmembrone concentrotion

-5-



grodient of eoch ion species is qbolished. The behoviour of ions in such o s¡ætem

is governed by rhe following foctors: l) thot the tronsmembrqne flux of diffusible

ions will continue until their indïviduql concentrqtions ore equol on both sides of

the membrone if tronsmembrqne electricol pofentiols do nol prevenÌ this; 2) that

the diffusion pofentiql will tronsiently impede ion fluxes; 3) fhot fhe bothing

fluids do not occumulote ony net chorge (i.e. retoin bulk neutrolity); ond 4) thot

the rqte of flux of ony ion is limited by the permeobility of ihe membrqne to fhot

ion.

In the cose of Bernslein's theory, which stotes thof fhe membrone is

permeoble only to K+ ionr, the K concentrqfion grodient is mqintoined by the

Presence of lorge, introcellulor orgonic qnions (A-) to which ihe membrqne ís

impermeoble. The elecfrico! neutrality of fhe t'wo (intro - qnd exfrsce!lulor)

solutions is thus esioblished even though the K+ ions qre out of equilibrium with

reference to concentrqtion. As o result, opposite chorges build up in the vicinity

of the membrone creoting o tronsmembrone potentïol.

The reiof ionship between potentiol ond ïon grodienl cqn be quontifÍed in

terms of 1) on equilibrium distribution of o given substonce (in which no work

is needed to tronsfer o smqll omouni of thot substqnce.scross fhe membrone) , 2). o,

trqnsmembrone potentiol copoble of equolizing fluxes regordless of concentrqtion

grodients or membrone permeqbilities, ond 3) eleclrochemicol lows. The omount

of work necessory to move o given number of ions (u.S. I mole) qcross.o membrone

consists of the sum of the work necessory to overcome concentrotion differences

(W") ond electric forces (W"). In o system, their effect willbe odditive (i.e.
fotol work, the electrochemicol potentiol difference F, = W" * W") ond eoch

cqn be considered seporoiely by keeping the other foclor constont.
.L

Usinþ the K' ion os on exomple', the chemicol poienf iol difference (W )
is proportionol fo the difference between the logorithms of the infernol ond

externol K* 
"on""ntrolÍons. 

The universol gos constont, R, qnd obsotute temp-

eroture, T, opply in chonging fhe proportionolity to on equotion. Thus, for one

mole of ions,
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W" = RT (loee Lr'J i - 

'sge 
Lr'l o)t*l

=:RT log" LK', ¡

LKlo v

The electricol potentiol energy difference (W") of one mole of ïons is

equol to the product of the trcnsmembrone voltoge, E', the Forodoy, F ond the

volence , z, of the ïon involved, so thot

W" = zç FE,

As o result, the electrochemicol potentiol difference ( ¿ fr) of thot ion

is expressed os:

t, = W" = W" = RT !oo" [o*], + zçFE,

-7 -

Ionic equitibrium obtoins when a¡.r, ond ,r"=lil]î"t rlr*, is zero. At this

point E, witl equol the equÍlibrium potentiol (E*) for o given Ìon (e.g. Eil (the

potentiol which reduces nel tronsmembrone flux fo zero). This pofentiol con be

colculoted by sefting a¡r'to zeroi' sub;tituting E¡çfor E ond solvïng for Eç,

yielding the lrbrnsl equotion:

E *= RT log.

?KF

= RT log"

[o{'

-
[*1
[*]'

; r-t rrprt
"lOr

= -.0ól 
'"n,0 

Ï*J, volts (v) (ot 37'c)

¡:t- 
LKJ.

Thus, Bernstein betieved thqt the RMP behoved os o K*electrode whose

potentiol (E,a) is reloted to fhe lronsmembron" K* ion concentrotion grodienf in the

]'

= (l.ee) (310) ' 2.3 los.,o lol ,

= -ól lont0

iì "-:r-
l-r l
h. 'o

[* j, mV

[*l 
"



obove mqnner. No*ond Cl- ions were not thoughf to ploy ony role in this regord.

The theory wos oltroctive in fhot it provided on efficient mechonism for the moin-

tenonce of the ionic concentroÌion grodients by fhe resting cell, since movement

ofKolonedowniisconcentrotiongrodienfwouldcreoteonopposingelectrostotic

force. Therefore, the existence, the electricol sign ond the opproximote mognifucle

of the RMP seemed to be occounted for. Membrqne potentiols were recorded whîch

were 10 to I5 mV less negotive thorr the equilibrium potentiol colculofed in the

qbove monner from known volues for intro- ond extroceltulor K concenfrqtions

Such deviotions, however, were expected, considering the unsophisticoted

experimentol opporotus in use qt that time, ond were otfribufed to experimentol

error (i.e. liquid iunction potentiols). Although the theory wqs modified in the

1940's to iäctude permeobiliiy ro otlrer ions, lhe close'clependence of the RMP on '

the K diitribuiion wos loter demonstrofed by Adrion (195ó) who plotied RMP ond

E,.os functions of log If], ond by Hodgkin ond Keynes (1955 b) who showed thot

the RMP reflected ihe [f ] 
" 

even more ctosely during the recently documented period of

increosed K coniucto[ce (g'K) which fotlowed the AP

.The first qlterotion to fhe notion of exclusive K permeobility wos put forwqrd

b¡'Boyle ohd Conwoy (1941), who showed thoi'the frog sortor,ius muscle fiber olso

possesses o signifiiont Cl- ion permeobility (PCi, sïnce increments t"[*1" resulted

in q substontiol influx of Cl-. In oddition, no opprecioble chonge in cell volume

wos'observed when externol KCI wos progressively increqsed to 210 m eq./l

Consequently, fhese outhors extended the Bernsfein hypothesis by proposing thot

the RMP, ond the disrribùtion of K+, Cl- ond H2O,could be occounted for by

the condifions required for o Gibbs - Donnon equilibrïum, whereby fhe membrone is

impermeoble to lorge, introcellulor orgonic onions ond to extrocellulqr sodium ions

(No*). This meont thot K+ ond Cl- would distribule themselves occording ,.[*1,
-f
L KJo

=[a'7, such thot E* = - RT lh [Kl = - RT f"[cf]", ond E, versus los

-B-

[.4 f-T L.rJ,



[o] . would hove q slope equol ro ó1 mV per renfold chonge in [*]..

The ossumpîion of o No* - impermeoble membrqne hod to be obondoned,

however, ofter publicotion of doto from rodiooctive trocer studies (Levi ond ussing,

1948¡ Horris ond Burn, 1949; Keynes, 1954) on frog skeletol muscle' These ond

lofer rodioisotope experiments hove shown thoî both No* qnd K* o'" in o steody-

stote of flux qcross the membrone qnd thoi tlre nel possive fluxes ore qlmost of the

some mognitude (Hodgkin ond Horowicz, 1959¡ Keynes ond swon, 1959)' The

Gibbs - Donnon distribution hos olso become untenoble becouserin the obsence of

ion pumping, the presence of lorge, ìmpermeont, ïntrocellulor orgonic onions

would present the cell with on osmotic i'nbolonce such thot K*, Cl- ond woterwould

-9 -

flow dov¿n fheir grodients .

burst, unl.ess prevented by on outword - direcfed woter PUmP or o rigid cell

membrone to mointoin cell volume; in view of the fluid chemicol noture of the

plosmo membrone, the lofter possibility is highly unlikely

b) Constqnt - Fieici iheorY

A new explonotïon hod to be derived which cpuld occount for the odditionql

influence of P*o ond the slrong inword electrochemlcgl potentiol grodient for No 
,

on the RMP. The rotios of the K ond cl concentrotions ín muscle ogreed sotisfoct-

orily only for [f ]. ) l0 mM, below which E]lì devioted somewhot from EO(i'e'

slope of E,n ur. logÏ*]. ( ól mV per tenfold chonge in [rc]o). A suitoble set

of equotions ond ossumptions thot ore still in use todoywere derived by Goldmon

(1943) ond modified by Hodskin qnd Kotz (1949)'

Goldmon studied the mechonisms (i .e. conductqnce chonges) underlying net

ion movements due to diffusion ond electricol forces, using ortificiql protein-lipïd

membrones. From these studies he derived the constqnt-field theory which ossumes

thot t) the ions move under the inftuence of diffusion qnd the electric field os they

would if in free solution, 2) the eleclric field is constont throughout the membrone,

3) the concentrotions of ions oi ihe edges of the membrone ore directly proportionol

to those in the intro- qnd extrocellulor solutions ond 4) lhe membrone is homo-

.geneous.This theory led to the following equotion for the K current (lp os o function

ofE ondKdisiribution:
m

This flux would "oni¡nr" 
until the cell



IK = PK r2r.

where PO = FOBç

-r0-

/t

f- -.Ll

m LKJ"

çoefficient between the oqueous solufion ond membrone phose, ond.q = membrone

thickness. The foctor çf/gJ

I -exp

ond y* = ionic mobi

-: 
:i: : f'

(ål

-[*1, ".'{-þ)

field in lowering or roising the chonces of possoge of indîviduol ions (Kotz, 1966).

Though the constont - field equcfions hove proved to be very useful in fhe

development of the theory of excitoble membrones (Hodgkin ond Hu*iey, 1952b¡

Hodgkin, 
.!95'!, 'l958), they do present sonne difficulfy. Currenf cvo!lob!e lnfor-

motion predicis fhoi the membrone is for from being o homogenous structure: the

proteins oppeor to be fixed to ond imbedded fo vorying degrees in the lipid biloyer

(Fox, 1972). With such voriotion obvioting o very non-homogenous fixed - chorge

distribution, ond the foct fhot esfimotes of the membrone thickness sfill conflict,

it is doubtful thot ihe electric field is constont throughout the membrqne.

The modificotion thof Hodgkin qnd Kotz (1949) mode wos to solve for E, in
terms of the ion permeobilities ond concentrqfions. If there is no ionic current

flowing ocross the membrone, Ìhe net movemenf of K, No ond Cl ions musf be

such thot there is no nef chorge movement, so I** INo* ICI= 0. Under fhese

conditions the membrone potentiol is given by

. E, = RT rn e* [rlo * pNo [*"lo * pct [.'],

/.-"')\ TT_I
lity in rhe membrone,

l-exp /-FE Itrtl

represents ihe effect of the electric

(2)

ñ-
ÞK - Ponlf lon

F PK [*],*PNo [No]¡ *Pct [cll" (3)

in which PK, PNoond PCI ore permeobility coefficïents (usuolly expressed in units

of l0-o cm/sec). These investïgotors cotculoted the rqtio of PK T PNo : Pa, for

the squid oxon ot rest by o process of triol ond error: they chose volues for the



internol concentrotions of K, No ond cl (Steinboc h, 1g41;steinboch ond spiegel-
mon, 1943) thot yielded the best ogreement with the chonges in E,n obtoined on

'exposure to K - free, K - richrlow Nq ond Cl ond high No ond Cl solutions.
Under resting conditions, this rotio wos I :0.04 : 0.45

This voluoble equorion (3) wos simplified (Hodgkin ond Kotz, lg49; Hodgkin,
l95B) ín order io cqlcuiote the rotio P*o . TheCl ierms cqn be eliminoted by
".1a¡ '' - i .' / i;...: . 

ç_
ossuming thoi cl- ions ore in equillbrium wiih the RMp (conway, 1957; Hodgkín,
igse) or thor [a'], is negligibre in ct - free soluríon (Hodgkín ond Horo*i""=,
1959 b; Mullins ond Nodo, t9ó3), yîelding

E, = RT tn [<Jo * u [*r]o

,@ 
Ø)

where t =r*o . Thus, when b=0;, E, =EK, ondwhen b is very lorge it defines ,

-õ-.K

ENo. According fo the Goldmqn hypothesis then, E*ond ENo or" limitíng volues,
ond intermediote volues of b correspond to intermediote membåne potentiols. Volues
of b for nerye ond skeletot muscle hove been cqlculoied os qbout 0.01 (Hodgkin,
1958; Hodgkin ond Horowicz, 1959 o). Hodgkin ond Kqiz (1g4g) then colculoted
fhe permeobility coefficienÌs in iwo woys: r) by dividíng rhe flux volue by rhe

-il-

product of the greoter concenfrqtïon qnd the ,'electric field foclor

such thqt

ond 2) from the rotio b ond the cell membrone resîsfonce (r,n) (to which p*o mokes

Pç = efflux

kl. x EFFLJI

PNo = influx 2.0 x l0-8 cmfec
:-.:-
LN'J o 

x EFF

2.0 x -Al0 " cmfec

*/nT

- CXP (- */nT

(5)



o negligible coniribution), from which they colculoted P* = 1.8* t0-ó cm/sec'

Hodgkin ond Horowicz (1959 b) found o similor volue for P* in frog skeletol

muscle. In summory, then, the ionic currents ore dependent only on ihe

electrochemicol potentiol grodients ond the eose with which the ions moy cross

the cell membrone (Ho dgkin, 1951r 1958). The nerye ond muscle cell membrone

is much more (obout 75 tiines) permeoble to K rhon to Nor qnd it is this property

which is fhe moior determinqnt of Er.

c) . Sbdium PUmP

As stqted eorlier, ony deviotion of the recorded RMP from the cqlculoted

ion equilibrium potentiots signifies o disequilibrium which must be mointoined by

qn octive ion tronsport mechonism. The deviqtion is qccounted for by The smoll

but signiiicont permeobiiity io exïernol ì.io+ ions, which meons thot No would be

constontly moving into the cell under the ïnfluence of the high driving force of

its electrochemicql grodient (E, ENo: - 90 - ó0 = - t50 mV). Thîs, olong

with the possive K loss due to lhe membrqne's reloiively hþh PK, would eveniuolly

obolish the No qnd K concerrlrotion grodients, ond consequenily, Er. 
_ 

It is

evident thot there musf be q mechonism to mqintqin the observea high [f]. ona

low [*i] ,. Three types of No pumps, or olternotively, one PUmP working in -

different woys under different condiiïons, hove been proposed: l) on electrogenic

No pump which extrudes No ions os fost os they diffuse into the cytoplosm (i .e. net

Nq flux = 0), with K qnd Cl ions distributing themselves osymmetricolly os ïn o

Donnon equilibrium; 2) on electroneutrol No - K exchonge pump which moves

ðne K inwqrd for every No expelled; ond 3) on electrogenic No - K pumP

which tronsfers more No thon K, thus producing o nef tronsfer of outword chorge

which contributes to the RMP.

Ussing (1949) proposed the first type of pump to occount for the uneven

distribution of K, which would be drown ïnto the cell dueio the hígh internol

negotivity mointoined by the No pump. If this wos the cose however, E* would

equol E*which, of course, does not occur. The consfont - field theoryr however,

ogrees foirly well wïth observed volues of E,n ond con be derived ossuming the

presence of on electroneutrql, I : I pumP (Hodgkin, 1958). Oríginolly proposed

' ti \_t-
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by Deon (1941), Hodgkin ond Keynes (1955 o) provided evîdence for this fype of

coupling in squid oxon olong wïth the chorocïeristics ond requirements of pumps

in generol. Since it hqd been elegontly demonstrofed .l) thqt No ond K ions

moved possively down their electrochemicol potenfiol grodients ot rest, ond during

exciiotion in response to increoses in permeobility lrlodgkin qnd Huxley,1952 a,b),

ond 2) thot membrqne permeobility wos înf imotely reloted ro E* (Goldmon, 1943¡

Cole ond Curtis, '1941; Hodgkin ond Huxley,1952 b), chonges in pump octivity

should hove no effect on RMP or spike octivity ond, conversely, qlferotions in E,

should noi offect ion pumping. Furfhermore, movemenf of ions "uphill" ogoinst

their electrochemicol potenfiol grodienfs must require metobolïc energy. Thus,

it wos shown thot both No efflux ond K influx I) were inhibited by metobolic

inhibitors ond coolíng, 2) were unoltered by membrqne,hyperpolorizotion ond

3) hod little effect, when inhibited, on En,, ond AP's. They olso observed thot

chonges in Nq extrusion were very similor io the chonges in K uptoke due to

olterotions in energy supply cnd externol No ond l( levels. As q resulf, they

proposed cr iighîly-coupled, I : T exchqnge pump, but coutíoned thot fhe iech-

niques employed might nol detect smoll elecfrogenic effects. Also, fhe coupling

rotio might nor be sfrictly 1 : 1 since K - free solufion inhibited No extrusion to o

lesser extent thon ïnhibition of energy production. A smoll K occumuloiion out- l

side the membrone, though, might be sufficient to moinfqin o tight coupling roiio

even in K - free solutïon

Coupling of K ínflux to the No exfrusion hos been demonstroted mony times,

but the moiority of evidence supports fhe noÌlon of on electrogeníc pump.

Lundberg ond Oscorson (1952) showed thot the posionoxic overshoot of the demorcotion

pofentiol of cot spinol roots wos l0 mV higher thon thot in normoxic medium qnd

did not occur in No - free solution. Rîtchie qnd Stroub (95n ottributed fhe

posttetonic hyperpolorizotion (PTHP) of nonmedull.ried mommolion C fibers io the

No pump. Although they believed The PTHP fo be coused by the pump's increosed
++

K' uptoke leodïng to o locql reduction in externol K', Adrion ond Sloymon (19óó)

loter demonstroted on oddifionol, reversïble hyperpolorizotion in frog skeletol

muscle when K^ wos reploced with rubidium. It wos further shown thot the PTHP
o

-13-
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pròduced by the elecfrogenîc No pump in nerye is dependent upon the presence
J-I

of K-- ond No-., con be reduced by fhe short-circuiting effect of internol Cl=o ¡'
ions ond by metobolic inhïbirors, ond is enhqnced by conditioning hyperpolorizo-

tion thof shows no reversol potentiol (Rong ond Riichler 1968; Nokoiimc ond

Tokohoshi , 1966). It must be noted thot ony trestmenf which inhibits the No

pump will leod to o loss of K¡, which will decreose EOond E,n depending on

possive K movement (Thomos, 1972). Though results from such inferventions cqn

olso be ïnterpreted os being due io on ougmenfotion of on electricolly neutrol

pump, o ropid chonge in pump ociivity ond Ern is supporf îve evidence for on

e lectrogenïc contribution "

The most convincing evidence is the immediote membrone hyperpolorizof ion

produced by introcellulqr iniection of No info nerve fibers (Coombs et. ol .,1955¡

-14-

Hodgkin ond Keynes, 195ó) ond by worming of nerve qnd skeletql muscle (Adrion

ond Sl,:ymon, 1966; Senft, 1967). This subiect hos been extensiyel.y exomîned

ond reviewed (Koketsu, 1971i Thomos, 1972), ond there is o good deol of

evidence to suggesf ihot the No pump in nerve ond skeletol muscle might be

electrogenic, thus contributing only q few mV to the RMP, probobly through o 3

No : 2 K coupling rotio (Mullins qnd Brinley, 1969)

d) Adsorption theory

The foregoing evidence in support of ihe presence of o hïghly - orgonized,

semïpermeobte membrone hos met with some opposiiion, however. The moiority

of invesiigotors subscrjbe to the membrone theory, but o smoll group believes l)

thot fhe functïons qscribed to the membrone ore subserved by ihe cyfoplosm, 2) thot

the greoter port of the internol negotive chorges ore provided by the polyelectrolyte

proteins, 3) rhor K+ ions possess selective offinity ond ore chemicolly bound to

the proteins, ond 4) thot the internol woter behoves in o physicolly onomolous

foshion ond ïs colled "structured woter" (Ling, 1962; Ling ond Wolfon, 1975;

Troshin, 1966). According to fhis theory, osmotic equilibroiion to different solute

concentrqtions should be qitributed to the swelling ond shrinking of the polyelectro-

lyte gel rother thon to the presence of o semipermeoble membrone. Conwoy (1950)

however, supports the view thot the struciurdl proteins with theìr fixed electric



chorges ond ossocioted counterions moke only o smoll contribution tothe osmotic

bolonce. He colculoted thot the negotîve chorges in muscle ore lorgely supptied

by orgonic phosphotes ond omino ocids ond only abouf 70o/o ore fixed to structurol

proteïns.

There is consideroble evidence of vqriqnce wíth this theory, showing Ìhot
the cell surfoce possesses o low îon permeobility (high resistonce) which con be

oltered by ionic ínferventíons, elecfric fields ond drugs, ond fhot the inner

cyfoplosm is very conductive (which fhe odsorption theory denies). The oxoplos m

of squid gÎont oxons cqn be squeezed out ond reploced by ortificiol solutions or o
gloss copillory with liitle horm to conduction, while locqt iniury to the surfoce

results in reversîble loss of E,n ond ïmpulse conduction (Boker ef . ol . , 1962).

Electricol meosurements of coble properties (Cole ond Hodgk'in, 193g; Cole ond

Boker, 1941; Hodgkin ond Rushton, 1946; Kotz, 1948; Fqlk ond Fotr, l9ó4) hove

shown fhqt fhe cytoplosm behqves os o good electrolyte conductor (low resistonce)

which is seporoted from the medîum by o high resísfonce, high capocitonce surfqce

loyer. 'Finqliy, ihe holi iime for entry of !cbelled K+ ions ínto 200 p cliometer
qxons wos opproximotely 10 hours while volues for ïntrqceltulor selfdiffusion qnd

ionic mobiliiy were only slightly less thqn corresponding vqlues in seo..vqter
(Hodgkïn ond Keynes, 1953)

2. Smooth Muscle

o) Membrqne poteniiol ond permeobility

There is reosonqble ogreement thot the generol íonic distribution ond per-
meobiliiy properfies of SM resemble fhose of other excitoble cells. Inie¡pretction.
of doio from studies on ionic distribufion ond ion fluxes, though, reveot o s¡ætem

thot is quontitotively more complex ond obscure.

The eorly work of Meigs (1912), repeoting overton,s sfudies on osmotic

behoviour, led him to stote ihoi the SM cell did not behove os if bounded by o
semipermeqble membrone but thot the skeleiol muscle cell did. Bozler (lglgr 1962)
qlso concluded thot the cell cytoplosm wos more importont thon the membrone in

determinìng fhe distribufion of woter ond electrolytes in SM. Electrophysiologicol
studies, on the other hond, hqve shown ihoi the toenio coli ond vos deferens of fhe
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guineq pig (Tomito,196(to; Abe ond Tom¡to, I9ó8), the rot myometrium (Abe,

1971) ond dog trocheolis (Kroeger ond Stephens, 1974) exhibit coble properties

similqr to those described by Hodgkin ond Rushton (194ó). Thís is verystrong

evidence ïn support of the membrone theory.

An interesting feoture of the SM cell RMP, which is difficuit fo meosure

becouse of the verysmoll cell diometer, is its relotively lowvqlue ond stobility

compored to thot of nerve, striqted muscle ond cordiqc muscle (BÜlb ring, 1962;

Morsholl , 1962). Averoge vqlues for RMP's ronge from - 40 mV for robbit blodder

(Ursillo, T9ó1) lo - 64 mV for progesterone - dominqted rot myometrium (Morshollo

1959). Estïmotes for E* ronge from - 75 mY for rot ond guineo pig myometrium

(Cosfeels ond Kuriyomo, 1966; Inomoto, ond Koo, 1976) to - 90 to - 95 mV for

toenio colï (Costeels ond Kurïyomo, 1966; Btí! bring ei. ol . r 1968; Vossorf, 1975).

Present evidence suggests thof the RMP is moinly defermined by the K dislribution

qnd thot the RMP ond ion distrïbutíon con be occounted for by the constont -

fietd theory. The membrone potentiul, however, deviotes much more morkedty

from the K equilibrium dísfribution described by the Boyie-Conwoy theory (Gibbs -
Donnon distribution) thon if does in olher excifoble tissues. Thus, ihe slope of the

line relofïng E,n to log [rc1o ir non-lineqr fòr tqènÌo ioli ond hos o moximum slope

of 35 - 38 mV per tenfold chonge in [*], for concentrqlions obove 29.5 mM Kï

(Holmon, 1958; Kuriyomo, 1963 ø; Cqsteels ond Kuriyomo, l9óó). Below this

concentrotìon the slope is only 26 - 30 mV per teniold chonge (Burnstock ond

Stroub, l95B). Substoniiol evidence is ovoiloble thot the No ond Cl disiributions

ploy o much greoter role in determining E,n in SM's, qs discussed below.

Costeels (1969 o, 1970) hos colculoted the permeobility coefficients for

lqenio coli from meesurements of inirocellulor ion concentrstions (Cosleels qnd

Kuriyomo, 1965r 1966), flux volues (Goodford qnd Hermonsen 19ól; Durbin ond

Monson, I9ót) ond RMP using fhe constont-field ossumptions. It wos olso ossumed

thot the possive fluxes were due only to their own electrochemicol forces ond thqi

oll ion fluxes were independent of eoch other (Hodglcin ond Huxley, 1952 o).

-ló-

Multiplying the electric field fqctor I Ur/nl

I -exp (-'%')



internol ion concentrotion ond divîding into the flux volue, he obtoined P =

8.3x 10-8 c /su", PNo =1.6* to-d"rnlrecondJa, = S'.45xlold"r/5".
Compored to volues obtqined for frog skeletol muscle fibers (Hodgkin ond Horowìcz,

1959 b), P* ond Pa, ore much smqllerwhile PNo ir quife sïmilor, resulting in o
much greoter P*o rotio in SM. For fhe toenio coli. colculored rqtios hove

D

'K
included 0.23 (schotzmonn, 1964o),0,19 (Cosreels, 1970) ond 0..ló (lnomoro

ond Koo, 1976). Thus, olthough K* ¡on, ore the moin fqctor determining Em

(Cosfeels ond Kuriyomo, 1966), PNo is relotively hïgh in SM, osevidenced by

I) the lovu Pa (see obove), 2) the effect of Nq in producing nonlineority in the

reloiion between E,n ond log Ko for Ko up to30 mM (Kuriyomo, l9ó3o), ond

3) the high rote of exchonge of rodioqct¡ve 
laNo (rVz = I minuter Goodford

ond Hermonsen, 196l; Durbïn ond Monson, Igol). wîth respect to the lost

observqtion, the extremely high No efflux rotes con nof be reconciled with the

contribufion of octive processes, os SM does not contoin sufficient energy stores

fo support oll this movernenf (Broding,1976). Consequenïly, ün energy - sporing

No - No exchonge mechonism hos been postuloted (Broding, 1976). The observo-

tions qnd cqlculotions discussed obove ore consislenf with the relotively low RMP

ond high membrone resistonce (Tomito, 1966b;¡,be on¿ Tomiio, ilóe¡.
b) Chloride distriburion

This is q very interesting ospect to ion disiribution in SM cells. As mentioned

before, the RMP is 25 to 35 less negofive thon EO ond the moximum slope of the

relotion between E,,., ond log [o]. is only 38 mv per renfold chonge in [r<j.
(Kuriyomo,'1963 o; Cosieels ond Kuriyomo, 1966). A RMP governed by o

membrone permeoble only fo K ond Cl, ond by o possive Gibbs - Donnon disiribution,

would follow the equilibrium potentiol for K os specified by the Nernst equotion.

Therefore, there cleorly exísts, in SM, o dïsequilibrium, since the Nernst predicts

o slope for E,n vs. log [o]. of ól mv per ienfold chonge in [*].. As olreody

poïnted out obove, this moy porfiolly be ottributed to the influence of No with

its high electrochemicol grodient. Recent work hqs shown thof Cl ploys o moior
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role in determining the low RMP.

According to Costeels (1970) ond Costeels qnd Kuríyomo (1966), ECI it

25to 35 mV less negotive thon rhe RMP of the toenïo coli of the guineo - pig.

The moior reoson for this, of course, would be the presence of on inword - directed

Cl pump which increqsed [a'-]., thereby decreosins taf 
lual 

= - ól fos [c']. l,r 
¡eT¡ I

ond consequently, the RMP toword zero pofenfiol (Cosleels, 1965; Koo, 1967).

Supporting ihis nofion is the hish [Cl]. {foo ond Nishiyoma, 1964), which does

nof hove to be exploined by comportmentolizotion or binding, since the moior

component of Cl efflux behoves os o single froction (Durbin qnd Monson, 1961¡

Cosfeels, 1965,1970). Droogmons ond Cosfeels (1976) hove colculoted thot Cl -
pumping in toenio coli coniribufes opproximotely 'l5 mV io the RMP, since in Cl -
free solution the elecfrogenÌc No pump contributed only ó mV. Theincreose in Cl-

efflux observed ofter exposure to ouoboin or hígh - K solution indicqted ihqt Cl

uptoke mo¡, þs coupled fo fhe No - K pump (Cosfeels, 1971),

The second foctor leoding to o more positive E,n is the relotively hiOh Pat.

this is suggested by the ropid Cl efflux (Borr, 1959; Durbin ond Monson, l9ó1) ond

the effecis of replocing externol Cl wiîh less permeont onions. Subsiitution with

sulphote, ethone sulphonote or isethionqte results in 1) o tronsient depolorizotion

(Holmon, 1958), 2) q reduction in ihe difference belween the slopes of E, ond

E*vs log Ko (Kuriyomo, l9ó3 o; Burnstock qnd Stroub, 1958), 3) a 50o/" increose

in r. (Ohoshi, 1970) 4) o decreose in K efflux (Costeels qnd Meuwissen, 1968),

ond 5) suppression of the secondory depolorizotion of the control poteniîols (slow

woves) of robbit ieiunol SM (Elshorkowy ond Doniel,1975). The effect of Cl -
subsfitutîon on E is time-dependent. During the initiql period for qnion

m

substitution, EC, becomes more positive due to decreosed extrocellulor Cl '

/ta, 
= - ól los [t']" I . At rhe some time, octive cl uptoke is reduced due

| ---,\ LcrJ. /

To lock of subsirqte, so introcellulor Cl leoks out under the influence of its new

electrochemicol grodient. Consequently, Ea, becomes progressively more negotive
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(thus hyperpolorizing E-) ond becomes estoblished ot o new volue determîned by

the noture of the replocemenf onion. ECI becomes more negotive with o more

permeont onion (eg. nitrote) thon wiih o less permeont onion; in the lotter cose

the finol RMP is more positive thon it wos in Cl solution (Holmon, 1958; Kurîyomo,

l9ó3 o). The overoll effect, therefore, of replocing Cl with o less permeont onion

is o decreqse in Cl fluxes, resulting in membrone depolorizofion ond on increose

inr
m

c) Sodium pump

From the volues colculofed obove, rhe RMP for toenici coli colculqted from

the modified Goldmon equotion (#3 - Hodgkïn ond Katz, 1949) equols - 35 mV

(Costeels, 1970) whîle the meosured vqlue is - 50 to - 55 mV. This discreponcy

moy ind!cote 1) fhof the ossumption of independent ìon movemenf is !nv,alÎd o¡'

2) thot the difference is mqintoined by on electrogenîc No pump. It is possible

thot K+ ions move in o single file olong o chsin of sites (Hodgkin ond Keynes,

1955 b), so ihe colculoted gr. would Ëe n times lower thon fhe reol gK:
\a

9K = n-P*F'Ë K' ö I

-19-

There is consideroble evidence, however, fo suggest fhe existence in SM

of on electrogenic No pump. Ouoboin qnd metqbolic inhibitors couse o ropid

depolorizotion of rot uterine SM ond toenio coli (Doniel et. o1. r 1962; Costeels,

1966) which is qbolished ofter removol of ouoboin ond reversed to l0 mV higher

thqn control. Removol of externol K coused obout o 5 to t0 mV depolorizofion

of toenio coli which wos unoffected by tetrodotoxin, otropine or low Cl solution,

but ofter ouobqin or cooling the removol of K cqused o hyperpolorizotion (Tomito

ond Yomomoto, 1971; Costeels et. ol . ,1971 o). Kuriyomo ond co-workers (.1971)

found thot ouoboin, No - free solution or cold reduced E,o of guineo - pig portol

vein by 20 to 26 nY qnd estimoted thot the normol elecf rogenic - No PUmp

contrîbution fo E wos l0 fo 20 mV. Severol workers hove shown o correlotion
m

between the slow electricol woves of iniestinol SM ond oscïlloiory octivity of on

elecfrogenic No pump (Doniel, l9ó5; Job, 1969; Liu et. ol ., 1969), though the

I - exp (- E%i) (ó)



contribution is shored wíth chonges in gNo ond ga¡ (Er shorkowy ond Donier,
1975)" Reloxotion of rot myometrium by odrenergic befo receptor ogonists hos
been correloted with on increose in En. (Morsholl, ß6nond ottributed fo
stimulotion of on electrogenic No pump (somryo ei . pr . , rg.o). However, ouoboin
ond lithium chloride do not ontogoníze the isoproterenol - induced reloxotíon
(Bose ond Innes, 1972) qnd Nq - free solution does not olter fhe hyperpolorizotíon
(Morshollr 1968)' The Kcl - induced relqxofion of No - enriched cot corotid
orfery (Bose ond Innes, 1g72) ond robbit moin pulmonory ortery (somlyo et. of .,
1970) is consisfent with stimurqtion of on erectrogenic No pump. There oppeors
fo be q component of the RMp qitributobre fo the No pump in rot myomefrium
buf the conf ríbution fo E,n is unknown (Toyror et . qt . , 1969, 1g7o). In summory,
therefore' there is supportíve evidence fhoi o component of the RMp of sM,s is
qfiributoble fo on etectrogenic Nc¡ - K pump. ït hob bêen'conðiuded thoi the
toeníq coli pumps No ond K qt o rotio of 3 : 2 (Broding, I973; cosreels ef . t.,lg73) ond conrribures 15 ro 20 mV ro ihe RMp (cosreels ei. ql . , 1g71;1973).
C. EXCITATION AND CONDUCTION

l. Coble properties

o) Cqble constonts

As wos previously sioted, nerye ond muscle'fibers'ore cylindricql conductors' '

surrounded by surfoce membrqnes whích lnsulote ihem from the exiernol electrolyte
solution' These fibers consequently possess properf ies onologous fo those of on
electricol cooxiol coble. In ottempting to relofe the sfrucfure ond funcfion of
these excitoble (ond non - excitobte) preporotions to this mojel, it is.essentiof to
derive o símple equivolent circuit. From this one moy predict how chonges in
different coble porometers moy effect current spreod, ond how these poromefers
moy be colculoted from meqsurement of downstreqm tronsmembrqne voltoge
chonges

ì A simple electricol moder or equivorent circuít (Figure ro) wos proposed by
cole (1937) ond Hodgkin (1938) to exptoín the subthreshotd volroge responses of o unit
length of squid oxon to brief squore wove pulses of înword ond outword
current' The groduol decoy of the extrocellulorly - recorded poientiol chonge
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Figure l.
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Pone.l o - simple equivolent circuit model of unit nerye membrone;
membrqne resistonce ond copocitonce, respectîvely. ponel b - Time
course of membrqne current flow rhrough equivolent circuit; ionic
curre-nt ond copocitive currenf qfrer onset of squore - wove pulse.
Ponel c - Time course of ETp produced by rumtrone current flow;
dete*minotion of membrone time constoni ( T 
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:-
inäicotes thot fhe membrone behoves etectricolly tike o series resistonce (rt)

with o copocitonce (c*) in porollel. The membrone resisfonce is o meosure of its

pèrmeobility to ions ond is the inverse of the membrone conducton""' 9r' The

membrone copociîonce is correlofed with the lorge membrone surfoce oreo' the

extremely smoll (70 - 100 Å¡ rhi"kn*ss of the membrone ond ihe high dielectric

constont of the insuloting lipid-protein moîerìql ' Functionolly therefore' the

membrone seporotes chorge ocross o very smoll distonce but the smoll ion permeo-

bility qllows q smoll loss of chorge, so the net effeci is thot of o high "leok"

resistonce in porollel with q copocitonce. The copocitive component implies thoi

the etectricol energy supplied to the membrone (by ion grodients or stimuloting

current) con be stored in on eleclrostotic field '

Figure 1 olso shows the time course of membrone current (ir) ond tlre ¡'esultsnt

tronsmembrone volioge chonge (V), or electrotonic poieniiol (ETP) ' Inwqrd (onodol)

siimuloting current initiolly flows info îhe copocitonce ot o very high rote (copo-

citive current, i") cousing it io be chorged' As chorges d opposite sign build up

on the ,,plotes,,of the copocitor, the voltoge ocross the ploles increoses, progressive-

ly opposing furiher copocitíve,current but increosing ionic current occording to

Ohm,s Lqw. The net result of the current flow in fhis circuit is the exponentiolly-

rising ETP. The iemporol decoy of the ETP when the stimulus is turned off is o

mirror imoge of the rise ond represents the dischqrging of the copocitonce'

It con be seen from the preceding considerofions thot the toiol omount of

current possing through the membrone ot ony instont is the olgebroic sum of the

ionic ond copocifive current, given by

i,n=i.fi"
If the volues of r, ond cm ore independent of voltoge ond time'

ì ¡i =x- ond i"=t,np
m

-z¿-

ond lherefore,

i =Vm;-
m

Thùs, the volue of r - cqn be
m

*c dVtF

found from the relotion between

(2)

the sfeody stote



omPt¡tude of the ETP (V, -æ ) in mV ond the currenr iniensity (^ o^p/.^27.
The volue of c- con be determined from the time course of V, which rises exponen-

lll
tiolly ro 63o/.11 - t I of V - -, 

in o time " 1' " ofter the current hqs been turned
I .l r-u'/

on ( ond folls to I =37"/o of V, =- in l'ime T ofter the current hos been turned
e

ofÐ. Thus the time coune is determined by the volue of

constont which is defined by
æ| -r cmmm

-l.i-

ond is the iime token for the chonge in totol chorge on the membrqne to reoch I
e

of completion (Aídley , 1971). The volues of r, ond c, for o unit lengih of mem-

brone con be converted to volues per unil oreo of membrone, the specific R, ond

C bv the eouotions
mtt

R =21T qrm ,.m

where o = cell rodius. The volioge of the sfimuloting elecfrode.qt o time t is given

by

=V* 
= o, t =co I - unÇ m for chorging (4)

On the bosis of the obove we con now predict how chonges in the mognifudes

of r, ond c, would qffect the ETP. A higher c, would increose the time (T* =

r c ) for the some current to chorge it to o given voltoge, though fhe finql voliogemm'
ocross it would be the some since more chorge is occumuloled (E = q ) . A

c

T 
^, 

lhe membrone time

(3)

v -v e+/r'X=Ort 'X=Or t=@ -

high r would result in o greoter IR drop ocross itself, i.e. on ETP of greoter steody".m
stote (V ) mognitude. Since the time course of the ETP is determined by fhe: t=@
product of r, ond c,.''', the time course would olso be increosed (i .e. decreosed rote

of ríse, dV ) with o higher rr. Therefore, olterotions in membrone ion permeobility
3t

will hove profound effects on the time course ond omplitude of "possive" polentîol

L -Cmm
Zrr o

m for dischorging



chonges, but to predict the spoiiol decoy of the ETP one must occount for the

effect of the intro - ond extrocellulor electrolyte solutions.

The model given obove is somewhot oversimplìfied in rhot it does nof qccount

for the elecfricol resïstqnces of the internol ond externol fluids, cell geomefry or

disfqnce. If the cell hos q uniform diometer thot i; very smoll compored with its

length, the volues of r* ond cm con be defermined from q considerqtion of the

lineor coble-like or rrcore-conductort' properties of the cell. Figure 2 o shows

the equivalenf circuit of the nerye oxon os o cooxiol cqble whîch wos proposed by

Hodgkin ond Rushton (1946) to occount for "electrotonus" or electrotonic spreod of

potentïol chonges (provided r, ond cm ore independenf of voltqge ond time). All

porometers in the circuif ore referred to unit length of membrone, ond ro con be

neglected ïf the cell is ploced in o lorge volume of physiolcgicol soline.

If o current is possed info on oxon ot some poinf ¡ the curreni will tend io flow

olong the qxis of the conductor fhrough r. (i .e. pofh of leost resisionce). Since ihe

membrone hqs o finite permeobility to ions, if behoves os o current shunt fc fhe

e,*.ter!c:'. Thus r, cnd r hs',,e c voltoge d!r,!der effect cnd fonvord (longitudinc!)tm
current spreod (ond hence, lhe ETP) will depend on the relotive mogniiudes of r.

ond r*. This quoliiotive relotionship cqn be quontified. The current flowing in on

oxiol direction olong ihe inner conductor (i.) ot q distonce x from the current

-24-

source is given by

i.=- I dV
t- r. dx

I

Toking fhe second derivotive,
,

di -l d'V

&iF (ó)

For oll regions of the qxon except those close to the stimuloting electrode,

Therefore, the second derivoiìve of the chonge in V is proportionql to the membrone

current (Kotz, 1966)z

I -Ol
m

ã"

i =l
m

r.
I

¿2v
T
dx

(5)

Ø
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Figure 2. Ponel o - Equivolent circuit of o length of core - conducto' (".g.
nerve cxon); membrone resistonce onã 

"opo"itonce, externql fluid
resistonce ond internol fluid resistonce given for unit lengths. ponel b -Spotiol decoy of the steody - stote ETp (Vx,t =* ).

x (Distance)



Since

then

,¡

I =t.+¡mtc

=! +c dvm-r "'dt
m

-26-

ond

+C dV =
fll 

-df
m

Thus, the spoce or length constont ond time constonf ore given by

'À = W, (11) ond T^=r.n ",
This Îs fhe well known coble equotion whích describes the time course ond spotiol

distribution of the ETP in long, thin cells (Hodgkin ond Rushton, 1946).

For o constont current flowing for on effeciïvely infinite time, Ìhe steody

stqfe voltoge ot disionce x is given by

v*,t=æ =^'+'
dx

V=r
m

r.
I

=^2

¿?v -r

r.
I

¿2v

-2dX

:T
dx

d\-:a
dX

cdVm lTl-
df

TdVt aT-

- v t-*A
.X=Ort=@-

This meqns thot the voltoge ocross the membrone fqlls off exponentiolly with
from the point ot which the current is opplíed (figure 2 b). If we moke x = .À

ond

tol
e

V =o-l'x =À , t =o (13)

À con thus be defined qs the lengih over which the tronsmembrone vottoge folls
of its orïginol vqlue

(B)

The net effect of the coble properties is l) ottenuotion of the signol with
distonce, sÏnce current is constontly leoked off through the membrone with o

(e)

(t0)

(12)

distqnce



resultont increose in the effect of r. wïth distonce, ond 2) slowing of the

signol with time since progressively less current is ovoiloble io dischorge the

odiocenf c - If aon eosily be seen from I = fî- thot, ossuming r. remoïns' m t -- ---" 
i'm

'i
constont (which it does in the qbsence of votume chonges), on increose in r, will
increose i by reducing the shunting of internol current flow. The oxiol current

will consequently spreod o greoÌer disionce, os will the ETP which will therefore

decoy ot o slowerrote. In other *àrdr, ihe omplitude of the ETp is directly
proportionol to rr. This relofionship mokes for o símple method of obtoining
relioble esfimotes of changes in r*r becouse ETP's con be recorded of vorious

distonces from the stimuloting electrode before qnd ofter experimentol monipulotions.

b) Nerve

The similority between excitqble cells ond elecfricol cobles is most opporenf

in the geometry ond ultrostrucfure of the nerve fiber. In siudying the coble

properties of such cells, ihe gÎont oxon in the hindmost sfellor nerve of rhe squîd

hos proved to be on ideol preporotíon. The cells ore extremely lorge (up to I mm

in dïometer), moking it relotively eqsy to imp,rle the membrone with o lorge

copillory microelectrode (Hodgkin qnd Huxley, l93g; Curtis.ond Cole, t940) for

E,r., meosurements. In qddition, the oxoplosm con be cqrefully squeezed out of ihe
cell for onolysís of ion concentrofions (Hodgkin ond Keynes, 1953). A gloss

copillory or metql electrode con fhen be inserted down the fiber core ond used for
iniecfing substonces or for recording elecfrÍcql clunges, w¡th tittle impoirment of
impulse conduction (curfis ond cole, lg42; Hodgkin ond Huxley, lg45). Further-
more, compored to muscle, the nerve cell membrone is eosier to penetrote with o
gloss microelectrode ond, of course, fhe cell does not respond mechonicolly when

stimutoted qs muscle does. Also, the lock of surfoce invoginotíons (T - fubule
s¡ætem in strioted muscle) ond cell iunclions mokes the meosurement of resistonce

ond copocitonce much less complicofed. Therefore, the bulk of the clossicol

electrophysiologicol investigotions regording excitoble cells hove employed the

squid giont oxon,

Cole ond Hodgkin (1939) first obtoined o meosurement of the resting R-- of
m
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squid giont oxon by possíng o known squc¡re wove (DC) pulse down the oxon ond

recording the steody stote ETP extrocellulorly. They obtoined o meon of 700

oh*.r2 but ossumed thot the volue should be opproximotely 1000 ohm "t2 fo, o

fresh tïssue. Lobster ond crob nerve hove volues of 2000 qnd 5000 oh^ 
"^2,

respectively (Koiz, 1966). Cole ond Curiis (.l938, I939) meosured specïfic R,

ond C, by possing sinusoidal (oliernoting) current of vorious frequencìes fhrough

sfimuloting electrodes in o brïdge circuif ond boloncing'rhe bridge with known vqlues...

of vorioble resistonce ond copocitonce, They ond ofhers (Cole , 1949¡ Hodgkin,
,)

'1939¡ Weidmonn, l95l) found thot C, is I .0 lool .2 ¡t F/cm-. These volues ore

consisfent with o birnoleculqr loyer of lipid 50 A thick, o dielectrïc consl'ont of 5

or ó ond on electricol resisrivi \ of 2* 109 ohm cm (Hodgkin, 1958). These

meqsurements hove provided strong support for fhe membrcne fheory os fhe oxoplosm

resistonce is only 30 to ó0 ohm cm (Hodgkin, 1939; WeÎdmonn, 1951).

Volues for z\ qnd ,f' for crustqceon neryes (see Toble 1) ronge from 2.5 to

5.0 mm qnd 0 .7 to 5.0 rruï, respectively (Kofz, 1966). If will be shown in loler

secfions thcf compored tc d!ffe¡'ent lypes of musc!e, Cn., is re!ofively smc!1, cnC

consequently hos o direct beoring on the comporotively fost impulse conduction

velôcity of nerve.

c) Skeletol muscle

Structurolly, single sirïoted muscle fibers ore long slender cylinders which

oreUPtotensofcminlengthqndl0toseverqlhundred¡rindiomefer.Exceptions

to this ore crustoceon muscles which ore of similor diomefer (100 - ó00 p) but much

shorfer, only 2 mm (Fott ond Kotz, 1953). All of the f.ibers extend the length of the

muscle qnd there ore nò low resistonce electricol connections between fibers

(Kotz, 1966). Two moior iypes of muscles, fost twïtch ond tonic, ore differentioted

occordÌng to their retotive excitobil¡ty (obiliiy to prodr"e qll - or - none propogoted

AP's) ond their innervotion. In spite of reol functionol differences however, oll

strioted muscle fibers hove coble propertïes (Kotz, 1948;,Fotf ond Kotz, 1951r 1953 o;

Burke ond Ginsborg, 195ó; Tosoki ond Hog.iwqro, 1957; Folk ond Foft,1964;

Adriqn ond Peochey, 19ó5).

Fost twitch fibers closely resemble nonmyelinoted nerve oxons: eoch cell is o
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,:

functionol unít no current flows to other cells, ond ETP's decoy exponentiolly
olong the length of the fíber until they ore bfocked by the high resistonce of the
membrone qt the end of the fiber. A significont rodiol current flow exisis, how-
ever, in short, wide crusioceon fibers'(Fott ond Katz, lgsJ; orkond, lg62). rn

such cells, rhe ETP moy decoy in onrplitude more steeply thon woutd on exponentiot
funciion in the immeo'iofe vicinity of the polorizing electrode buf decoy more

groduolly (i.e. smoller dY/O*) over rhe rest of the fiber (Orkond, lg62). Burke

ond Ginsborg (1958) reported thot in the tonic skelefol muscle fiberwhich receives

distributed innervotion, siimulofion of the smoll nerves produces o uniform depolor-
izotion which decoys more groduolly thon o focqlly (Íntrocellulorly) produced ETp.

In ottempting fo meclsure ihe coble porometers of strioted muscle or chonges

ín their volues, fiber geometry must be token înto occount. When current flows

uniformly ocross the whole membrqne of unit lengfh, the current - voltoge (l-V)
relotion shows the membrone resistonce directly (i.e.V = input r = r ). Thid

i-'m'
cqn be ochievecl for squid oxon by insertíng o long sfimulotîng elecfrode into fhe 

.

fiber (Hodgkin ond Huxley, 1952 o). If current is opplied ot o poínl of o coble -
l.ikefiber(u.g.striotedmuscle)withomicroelecfrode;.the.currentdensíty

decreqses exponenfiolly olong the fiber. From fhe cqble equof ion (Hodgkin ond

Rushton, 1946), the I-V relotion of the point of current iniection ís now proporlionol
fo the squore root of r (i.e. v = R). using the unmodifîed ohm's Low (r ='mr,' m T ^

Y ), Fott ond Korz (1953) obioined o volue of only lló ohm "r2 fo¡" R of crobT'm
clow muscle. On the oiher hond, Foit ond Ginsborg cpplied the correction occounting
for the coble decoy ond found thot R, of croyfish muscle wos 

.l000 
ohm "r2 1r"u

Toble 1) which is very similor to thot of squid nerye. Frog twitch muscles hove R,
of the some order of mognitude os ihot of squid oxon but fhe R, of tonic (slow)

muscles is 29r000 oht "t2 (Adrion ond Peoch ey, 1965). The possible explonoiion
for these differences is discussed below

Tqsoki ond Hogiworq (1957) modified the coble equotions to occounf for
resPonses to opplÍed olternoting current in order to onolyze c, of tood sorforius.
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The omplítude of fhe potentiol chonges oi x = o voríed inversely ond líneorly with
the squore roof of the frequency (i.e. V versus_L is o stroight rine), which

JT
indicqted thot for frequencies between 25 ond rs00 Hz, cm wqs independent of
frequency ' They o lso determined the c, from the time constont ( r ì of potentiol
rise in the foot of o propogoted AP. This region is the electrofoni. 

"ornpon"nt ond
is defermined by l) the ccrble properties ot resf ond 2) ihe impulse conduction
veloclty (Hodglcin, 1954). By meosuring the conducfion velocity ond the rofe of
rÏse (dV/rr) of the AP foot, they colculoted the conduction velocity os l.B to 2.5 m/sec ané
Ï or 0.l0 to 0.27 msec. As sioted in section c, port r o, the time constont is

given by
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'1.= I; r"reu-tm (t4)
ond C R.= omt-

(t5)
The dofq obtcined by bo;ll ¡iiethods were in close ogreemenf ond gove 

'olues 
for

cr of 5 to 9 ¡'r/t^2. The spoce constont con be colculoted lcrom the equof ionÀ = l"ÅT I¿
'¡ (tó)

or from the conduction verocjty ond r of the foot of the conductedspike by

(14
By analyzing doto from experiments in which sguqre-wcrve DC pulses were pc¡ssed down themuscle, Tosqki ond Hogiwqro cqrcurotedt' 

mt 30 msec ondÀt 3 mm.
The foregoing studies foiled to tqke into considerotion fhe extensive triod

^ =)T^ U rr

or T - fubulor system of strioted muscre fibers when meosuring R_- ond c This
structure, found by porier qnd potode (1957) by erecrron ,i"roråpy, 

"årirts of smembronous invoginotions of the cell membrone into the cell interîor ond situoted
between the terminol cisternoe of the sorcslosmic reticulum. Depolorizing
current from on externol eteclrode posses vio these tubules into the interïor qnd
qcf ivotes controction (Huxley ond Toylor, lg5g). This iubulor system is well
developed in vertebrote twitch ond mony invertebrote muscles, ond it hos been .



,:

shown thqt the presence of thïs system is ossocîoted wifh o high resiing pç (Adrion

ond Freygong, 1962; Adrion ond Peqchey, 1965). This observotion îs consistent

wïth the low R* of twitch fibers ond high R, of tonic fibers whích hove very little
tubulor system (Peochey ond Huxle y, 1g62)

. The sorcotubulor sysfem qlso mokes o significont contribution to ihe

fotql cell membrone copocitonce. The hìgh volues of 5 to g 
¡rF/cm2 (Kotz, Ig4B;

Fott ond Kotz,195l) ond 20 lo40 ¡:F/c*2 iFor* ond Kor., 1953; Forf ond Ginsborg,
1958) for c, of frog ond crustoceon muscle fibers respectively ore otfribufoble to o
high ccpocitonce (C") in the tubulor system ín porollel with the surfoce membrone

copocitonce (C,n) (Folk ond Fott, I964). There is qlso o smqll resistonce (Ru) in

series rvith c^. The volues which fhey meosured for frog sortorius were R = 3100t e n ' ;-- -' "-ü '-- "-^" 'tr
oh*"^2,.in=r.6¡tF/"m2, Ru =330 ohm 

"*2 ond C"=4.1 ¡rF/c 
2, fi"

- 
equivolenf circuit which they proposed is shown in figure 3 superimposed on o

schemotic diogrom of the ultrostructure (from Freygong et . ol . , 1967). Briefly,
they proposed thot current flow through o fiber ,¡¡ith thïs sistem would be describeC

by iwo fime constonfs, T*= (C" * C*) R, ond T" = C" R.", for which they

colculoted volues of 21.0 ond 1,3 msec, respecfively. In generol, the'refore, the 
.

T - system olters oxiol current flow olong the core conducfor ond its cobte

properf ies determine the speed ond exteni of current spreod from fhe surfoce into
the fiber interior.

' 
The findings.of Folk ond Fott hove since been confirmed (Goge ond

Isenberg, 1969; schneíder, 1g7o; Freygong et. ol . , ß6n but there is some

controversy os to the structurol correlqte of R", os fo whether or not the tubules

ore open - mouthed (Adrion et . ol . , 1g6g; peochey ond Adrion , Ig72), ond os to
the exlent of rodiol current flow (Schneider, 19.70). The findings fhot deeiper

. myofibrils ore octivoted lqier (Gonzolez - Serrotos, l9óó) ond requirè o I'oiger

surfoce membrone depolorizoÌíon for ocf ivof ion (Adrion et . ol . , 1969) indicote
thot rodiol currents ore likely present. These currents require on equivolent
circi¡it with R ond C spotiolly - distributed throughout the cross - section (Schneider,

1970). it oppuors thot the tubule moy offer some resisfonce (Rr) to the outside since

RT : 3 Ro (Schneider, lgTO), only 1/S of the f - system is occessible fo ferritin
:
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Figure 3. Equïvolenf circuif for sfrioted muscle fiber membrone proposecl by
Fqlk qnd Fotf (1964) superimposed on o schemotic diogrom of the
ultrostructure. Locotion of r tentotive. Resistonces ond copociionces
for unii length of fiber. T.T1 refers to the tronsverse tubulor system
ond T.c. refers to the terminol cisternoe (from Freygonget. oi ., ß6n.



(Peochey ond Schild, 1968) ond rhe effectíve T - system spoce constont is shorter
thon it would be if R, = Ro (Adrion et " ol ., l9ó9). The generol conclusions

which oPPeor to be reosonobly independent of the specific model odopted qre thof
the surfoce membrone hos o copociiy of I ¡rr/cm2 ond fhot the tubulor system

mckes o substonf iol coniribuf ion ?o ihe low freguerrcy copocity.

d) Cordioc muscle

Most cordíoc cells ore nol of uniform cliomefer qnd infinite length but fuse

with one onofher ot eoch end, formíng low resistqnce intercoloted discs. The celts
overoge 

.l50 
F in length ond 50 ¡.r in diometer, ond behove electricolly os o funciionol

sy¡cylium (Fozzord ond Beeler , lgls)" This, of course, is very imporiont os the
controctions of myogenic heorfs must be synchronized by pocemoker cells which
hove the mosf ropid spontoneous confroction frequency.

Electricol membrone constonts for severol cordioc cell types ore shown ín
Toble 2. The R. (120 ohm cm) ond cne.4 ¡rF/cm2) oppeor to be very similor for
the vqrious cell types while p., ronges from I200 ro 2000 ohm "r2, ond Í, from
t3 to 19.5 msec" The high vclue aî 12 yF/cr2 obto¡nuo'by weidmonn (1g52) hos

been suggesied lo consist of o surfqce membrone copocitonce which is ropÌdty
dischorged during the iniiïql spike of the AP, qnd o sorcotubulor copocitonce which
is slowly dischorged durìng the beginning of the ploteou (Noble, 1g62o). Fozzord

'(19U) showed thof the "high frequency" copocitonce obtqined from the foot of o
propogoting AP wos 2 to 3 ¡rF/.^2 while the ,,low frequency,,copocitonce obtqined
by squore - wqve current onolysis wos l0 io l2 ¡rF/"^2. Noble (1962o) indicoted fhot
o C* of 3 yF/cn2 i, r.uquired ín order to obioin oppropriofe vqlues of depolorizqtion rote
ond conduction velocity in compuied responses. He loter (tgóó) suggested thqt the
coble equotion should be modified olong fhe lines suggested by Folk ond Fott (1964)
fo occounf for the "internql" membrone copocitonce. It hos been demonltroted though,
thot the time course of ihe foot of the propogoted AP in the frog ventricle fits the
predictions mode from ihe coble theory (Von der Kloot ond Done , lg64).

The fibers of the otrio ore complex in thot they form on extensive bronching
network of cobles. Consequently, coble equotions ond experimeniot profocol hove
hod to be modified (Noble,1966). Woodbury ond Crîll(19ól) developed o model
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Prep. R, 
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cr 
^ 

R¡ T^ Ref.

(ohm-"rz) (pF/cm¿) (ohm-cm) (msec)
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i,

Toble 2

Electricol Membrqne Pqrqmeters of

Cordïoc Muscle Fibers

purkinie fiber 1200-2000 11-12.4 105 13-19.5 1&2

2.4 120 3

Terminol purkinie - 2,4 l2O - 4

Ventriculor fiber ' 2.4 120 4

Atrium - 2.4 120 5&ó

l) weidrnonn , 1952; 2) Coroboeuf & Weidmonn, 1954; 3) tozzord, 1966¡

4) Motsudo, 19ó0; 5) Voughon Willioms, l95Bq; 6) Voughon Willioms, 1958b.



to qccount fo'r the effect of bronching on the f ime course ond spof iol distribution
of v ond i*' In coble - like cells the membrone qreo íncreoses lineorly with
distonce fr.m o polorizing electrode. In extensively bronching preporotions, theqreo increcses more ropidly with distonce. If the preporotion is relotively fhin ondfhe bronchirg frequent (e.g. mouse otrium), the rerofion between vt =oo ond xis odequote y described if represented by o single plonor cell of infinífe dímension,

bounded by fwo porollel, sheei - like membrones. Assuming this geometry, fhe oreqincreqses qs the squore of the dístonce (*2) ond fhe current density in the vicínity
of qn introcellulqr currenf - possing microelectrode decreoses ropidly with distqnce.
In other wordsn the membrone is shunfed by o relqtively row electricol resistonce dueto the lorge mi:mbrqne oreo surrounding the electrode. The equivolenf coble
equotion for q rheet membrone seporoting o loyer of íntrqcellulqr fluíd f¡.om fhe
exfrocellulor fluid is given by

¿2v = 3R. 
c

where,*, =,",*,.#", _ _ì"111 :,:,:,ï1"",iu,.r f,uid 
(,8)

In conclusíori, cordioc muscle cells form qn exfensively bronching network

:tll 
t.î resísronce iunctions such rhof if functions os o syncitium. The innervqtion

ls fheretore spqrse ond concentroted fo certoin pocemoker sítes, ond the functíonqt
unit is ihe whole muscle.

e) Smooth muscle

Perhops the only generotizofion concerning the size, shope ond orrongement
of sM cells ín different preporotions is thot fheir díversity defies generolizotíon;
thus vqrious models of cell interrelotionshíps hove been put forword to relofe to
electrophysiologicol doto (Eurnstock ond prosse r, rg60b;prosser, t9ó2; Nogoi ond
Prosser, lg63q; Borr, rgó3 ìyoyo, rg65; Benneft ond Merriilees, rgóó; Tomiio,
1966b; Bennett ond Rodge rs, lg67;Abe ond Tomito, 196g)

with reference to the uttrostrucfure of sM cetts, fheír contour ís uneven
ond they ronge in size from 2 to ó ¡.r in diometer ond from g0 fo ó00 ¡r in rength
(Burnstock , 1g7o). The seporotion of neighbouring muscte cers is generory
between 500 ond 800Å (Merrillees, l9óB). In the toenio coti ond vos deferens,
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the cells hove q stoggered, weoving orrqngement wÌih odiocent cells overlopping,

such thot eqch cell is surrounded by t0 to l2 others (Merrillees, I9óB; Bennett ond

Rodgers, 1967). Mony ultrostruclurol feolures which ore thought to be speciolized

for intercellulor communicotion hove been described. These include "brídges"

(oreos of close opposition), "ínf rusions" (peg ond socket orrongement), "desmosomesrl

(ottochment ploques) ond "tight iuncf ionsrr or rr nexusesrr (representing low resistonce

qreos of odiocent plosmo membrones) (nhoAi n, 1962; Lone ond Rhodin, 1964o;

Dewey ond Borr, 1962, 1964; Burnstock qnd Merrillees¡ 1964; Merrillees, 1968¡

Benneit cnd Rodgers, 1967). Such formotions con b observed on electron mícro-

grophs but fhe infegrify of rhe structures depend on both.the physiologicol ond

fixofion conditions. Thus it is difficult to differentiote between o lobile strucfurol

orrongemenl ond on ortifoct of the fixqtion process (Dewey ond. Borr, 1964; Burnstock,

1970). Consequently, electron microgrophs ore ot best only o supplement to electro-

physiologicol studies. Althc'ugh true fusion hos not been'demonstroted, bridges ond

nexuses moy form up to 6Vo of the toiol su¡-fqce creo of viscerol 5M cells (Lone ond

Rhodin, 1964o; Toxi, 1965), thus prwiding o reosonoble ultrqstructurol bqsis for

intercellulor electricol communicotion. The cells of most SM's ore orronged in

bronching bundles or foscioe, obout I00 p in diomefer ond surrounded by connective

tissue sheoths (Burnstock qnd Prosse r, 1960b; Bennett ond Burnstock, l9ó8). W¡th

regord to inlrocellulor structures, the sorcoplosmic reÌiculum ond sorcoplosmic tubules

ore present but poorly - developed in SM (Burnstock ond Merrillees, 1964¡ Rogers,

1964¡ Cqrsten,1969). On the bqsis of these considerotions, therefore, one might

expect current to cross from cell to cell (depending on the resistonce of the close

contocts) ånd the cell copocitonce to be less fhon it is in strioted muscle cells

(due to ihe poucity of ïntrqcellulor membrones)

It hos been demonstroted thqr the coble equofions originolly derived for'

nerve ond skeletol muscle (Hodgkin ond Rushton, 1946; Tosoki ond Hogiwqro, ß5n
con be used to onolyze the possive electrophysiologicol chorocteristics of the

guineo-pig toenio coli, even though the resistonce of the iunciionol membrone

between cells contributes substontiolly to the longitudinol tissue resistonce, r.

(Tomito, 1966 o,b; Jones ond Tomito , 1967; Abe ond Tomito, l9óB). The results
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obtqined by externol polorizotion strongty suggest thot the muscle fibers ore.
electricolly inferconnected ond oggregoted os o functionol bundle (Tomito, 1966o).
The exponentiol decoy of the ETP indicoted thqt the fibers could be represented
electricolly bY ø series of independent cobles connected by iunctionol resistonces
(¡) ona copocitonces (c,) locored berween cells (Abe ond Tomiro , lg6g)os shown
in figure 4o)' Eqch celi is represented by four unit membrone equivolent circuits
ond three series myoplosmic resistonce while fhe interîor of eoch cell is connecfed
by one unif iunctionol membrone to the interior of onother cell. Although inter-
connections olso exist in the tronsverse direction, they con be disregorded in
externol polorizotion since oll cells in o plone porollel to the polorizing electrode qre
thought to be ot equi-pofentiol (Tomii o, lg66b).

Cn the opplicoiíon of squore current pulses ,,introcellulorly,, 
to this model .:.

using reosonoble but qrbitrqiíly chosen volues of resistonces ond copocifonces'similor to those of SM cells, the decoy of rhe ETp with dístonce wos found to be
exponentiol (Abe ond Tomifo , 1968). The decoy wos shorper ot the iunctions since

J 
wos 3'3 times fofol r. of o cett, but the decoy in the toenio coli wqs suggested

to be smoothly exponentiol os r. ( : 200 ohm cm) is only I or 2tímes r ( = I0O _
200 ohm cm) in this tissue (JonËs oni Tomito , 1g67; Tomito, 1969) ona tTu cell lengrh( : 100 F) is much shorter thon the tissue spqce constont ( : 1.5 mM, Tomito,
1966o; Abe qnd Tomito, t9ó8). The I of the decoy olong ihe model coutd be colculoted
from the ordinory coble equofion ( À =E)qnd wqs found tobe 2. cert rengths.

Àt,

The time course of the ETP ot ony point ollso f¡tted the fheoreticql time course
(Hodgkin ond Rushion, 1946) ond wos minimqily offected by the c. provided the
timeconstont(1' , =c, r.) wos lessthon 5roof T_. As isdiscuJsedbelow, rhe
modet qccounis o"ìl" *{rÍfor rhe uru"tropr.,yra,*i1", doro from mony smoorh
muscles

An electricol moder hos orso been constructed in order to exproin why
the spotiol decoy of rhe ETP produced by introcellulor polorizotion is much shorper
thon thot produced by externol stimulqtion (Tomiro, Ig66b). The model (figure 4b)
consists of five columns of longirudinolty connected fibers, eoch represented by 12
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b)

Figure 4. Ponel o - Equivolent circuit of smooth muscte fiber; membrone resistonce
ond copocitonce, infernol fluid resisionce ond iunctionol resÍstonce ond
copocifonce given for unit lengfhs. Ponel b - Electricol model to
simulqte interfiber connections of smoòth muscle. Model represents
two columns of muscle fibers connected in series, the interior of one
connected with the interior of the other of intervols through unit '

shown beneoth (from Tomito, l9óó b).

r¡+r¡ I

o
!

t-,

t



rePeoting unit membrone circuits ond connected to the inside of the oiher fibers by

high ond low resisionce connections, volues qrbiTrorily chosen. The ETP produced

by externol polorizotion (opplied to end of 5 fibers simultoneously) decoys less

shorply with distonce ond its time course con be expressed by on error function, while

fhot elicited by introcellulor stimulotíon hos o fime course which con be expressed

neither by on .rro, fun"tion nor by on exponentiol function. Also, the effective

membrqne resislonce (R.) when exlernol polorizoiion is used is the some when

cqlculoted either by Vx = o or by the coble equotion (R_ = Ir_. r, ) , ond is--t--- 9 ^+L
greofer thon thot colculoied using introcellulqr polorîzofion. Therefore, the model,

olthough o simplificotion of reolity cleorly shows o difference between the two

mef lro..ls.

In order fo predict fhe octuol spotiol decoy ond time course of the ETP in o

coble - lÏke preporofion, the relotion of current spreod to fissue geometry must be

defined (Woodbury ond Crîll, 1961; Noble, 1962o, 1966). In cqble - like preporo-

tions the membrone oreq increoses lineorly with the dislqnce from q given point.

In o thick preporotíon with three - dimensionol inferconnections beïween cells, like

those of SM, rhe oreo increoses ropiJly with disionce, probobly os the 
"rb* 

(*3) o, '

dïscussed obove. Therefore, the currenf density in the immediote vicinity of on

infrocellulqr current - possing microelectrode spreods in three dimensions ond ropidly

becomes very low. In other words, the membrqne qreo neor the microelectrode is

shunted by the low electricol resistonce due to o lorge membrone qrec¡ surrounding

the electrode. With externol polorÌzotïon, on the oiher hond, electrofonic current

in the tronsverse direction îs minimized while thor in the longitudinol direction is

moximized, sÏnce qll cells lying in porollel qt the some distonce from the polorizing

elecfrode ore thought to be polorized to the some mognitude (Tomito, 1966b).

The inference from these consîderotíons is thot ìntrocellulor stimulotion produces

only o very locol polorizoiion which is severely spoce - limíted while extrocellutor

stimulotion polorizes o whole plone of cells so thot the current con spreod olong

the muscle bundle qs if it were o single coble
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The method of introcellulor polorizotion hos been employed in eorlier studies

to detect the presence of , ond determine the degree of electricol coupling vio low

resîstonce iunctïons between celfs. By opplying squore wove pulses intrqcellulorly,

Borr (.l9ó1) meosured the resistqnce between the cell interior ond the soluiion qnd

between iwo neighbouring cell interiors. Finding thot the resístonce ocross fwo

cell membrones wos double thot qcross one, he concluded thot ihere were no low

resistqnce cell contocts. On the oiher hond, Nogoi ond Prosser (19ó3 b) found the

resistonce between two cell inferiors robe 1/2 to 1/3 of thqt ocross one membrone,

qnd cloimed to be oble to record qn ETP with negligible decoy in omplitude in on

odiocent cell. By the resistonce meqsurements they give however, of leost o

portïol reduction in ETP omplitude would be expecfed. In subsequent studies the

omplitude of the ETP produced introcellulorly decoyed very ropidly with distonce

(Sperelokis qnd Torr, l9ó5; Bennett, 1967 b; I(oboyoshi et . ol . , 1967; Kuriyomo

ond Tomito, 1965). These results were evidenced by the low vol,¡es obtoined for ì
ond for T- (1.5 to 31 msec., most under 

.l0 
msec, see Toble 3). The lottervolues

indicqte o very fqst time course which con not be fitted by either on error function

(occording to coble theory) or on exponentiol function (Kurïyomo ond Tomifq , 1965).

These resutts ore consistent with the three - dimensionol current spreod discussed

qbove. In qddition, ihese investigotors neglected these interconnecf ions when

colculoting the possive membrone coble poromefers. The specific R, wos colculoted

by muttiplying the inpuf resistonce (Vx = o ) with the cell surfoce oreo, ossuming

homogenous current spreod over the ,urto"u membrone (Borr, 1961o; Nogoi ond 't

'Prosser, I9ó3 b; Koboyoshí et. ol . ,1967 o, b). These ossumptions, however,

ore prone to error due to 'l) the high lengrh/dîometer rotio ( a; t00 ¡r,/5¡r),

2) high internql resistonce (=5 Mohm/l00 fi) of single cells ond 3) the three-

dimensionol currenf spreod (Tomito, 1966b¡ 1970). As itwos pointed out by

Tomitq (1970), input resistonce equols r for o uniformly - depolorized squid

qxon, but V = (r-)1/2 foro coble - tiU" preporotion polorized qt one end (e.g.

strioted,TTF'" f¡b":i , rr^r'/ for o closed syncitium (".g. cordioc muscle fiber)

ond evenlfor o three-dimensionol syncytium or "volume conductor" like smooth

muscle. Bosed on the doto of Nogoi qnd Prosser (19ó3 b) but opplying oppropriote
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Cot intestínol Slvl

o) Circulor

Toble 3

Rm1
(ohm cm')

b) Longirudínol

Guineo - pig

o) Toenio coli

5ó0

t050

377

980

780

320

ó00

ó00 - ó50

ló0 - 300

cm^
(pF/cn¿)

b) Vos deferens

T
m

(msec)

56

2l

40

l3

c) Longiiudinol
intesiinol

d) Ureter

3l

21

5-30

t0

2-4 (exp)

I0 (erf)

, .;.-

l.B

1.5 -3 (u*p)

3.5 -5 (erf)

s-4

2-3

l) Nogoi & prosser, 19ó3b;

3) Sperelokis & Torr, lg65; 4), Borr,
ó) Kuriyomo, Oso & Toido, 1g67b n
Kuriyomo, Osq ond Toido, lg67a

Ref.

l0

5

I

2

3

4

2

4.5 - 5

8-15

5

5

6

7

B

B

6

2) Koboyoshi, Prosser & Nogoi , 1967;

1961; 5) Kuriyomo & Tomiro, lg65;
Bennett, 1g67b g) Tomiro, 1967o g)
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corrections, voyo ('19ó5) colculoted totol cell res¡stonce to be 2000 M ohms ond the

resistonce of o single bridge obout 40 M ohms' He thus concluded thof some of the

current from on introcellulor siimuloting electrode would poss lhrough bridges' Even

so, the ETP fqlls os the cube of the disionce, indicoting thoi litile current is left

by the time if reqches onofher cell io produce on ETP. Thus ir is difficult to onolyze

cqble properties by The use of introcellulor polorizotion'

On the other hond, exfrocellulor siimulotion lends itself quite well to the

meosurement of coble properties of SM fibers becquse oll of the cells in q tronsverse

plone ore polorized to the sqme extent ond consequently, eoch muscle bundle behoves

os if it were o single coble. Etectrotonic spreod is eosily meosured severol mm from

tlre electrode, such thqt À is up to 2.1 mm ond 7* up to 330 msec (Toble 4)'

This is convÎncing evidence for the presence of low resistonce intercellulor connections

since the FTP is recorded mony cell lengths owoy'

With this in mind, the membrone of the muscle bundle is represented by o

series of porollel R-c units in series with the iongitudinol introcellulqr resistonce'

ond fhe omplitude of the ETP must be directly proporiionol to Rr' A novel opporotus

foi the extrocellulor stimulotion of ETP's wos designed by Tomito (19óó o) who

ploced two plotinum wire rïng eleclrodes ot one end of the toenio coli muscle strip

for stimulotion ond employed o gloss copillory microelectrode for intrqcellulor volfoge

meosurements. In order to prevent l) the occurence of o stimulus ortifocf due to

the electricol field in the bqth ond 2) shorp spotiol decoy of the ETP due Ìo loss

of consideroble current fo the solufion, o celluloid insutoting portition wos ploced

immedioiely odiocent io the stimulofìng electrode neorest the recording electrode'

This poriition surrounded lhe muscle ond divided the bqth into stimuloïing ond

recOrding chombers. This method ollowed the meosuremenl of 1) the spoce

consfont 2) time constont, 3) chonges in r, (to which the ETP is directly pro-

portionol) ond bosol isometric tension simultoneously'

Abe ond Tomito (19óB) utilÎzed the some principle but improved the geometry

oftheopporotusbyreplocingthecelluloidondcootingthesideofthestimuloïìng

electrodeexposedtotherecordingchomberwiihoninsuloiingepoxyresin

(Aroldite).Themusclewospossedthroughosmotlholeinlhissomeelectrode.
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Toble 4

Electrícql Membrone Porometers of Smooih

Muscle Fibers; Extrocel f ulor polorizotion

Cqt intestine

o) Circulor

b) Longirudinol

Guineo pig

o) Toenio coli

b) Vos deferens

c) Longirudinol
íntestinq I

d) Rectum

e) Portql vein

f) Bilíory system

Robbit qorto

Rm,
L.

(ohm cm )

c
m

(pF/cm¿)

30k-50k

T
m

(msec)

20k

2-3

t33

107

ó0-t00

100

r4-100

B4

330

<100

À

(rr)

ó) Kuriyomo, oso & Toido, lg67b; B) Tomiro, 1967a; l0) Abe & Tomiro, i )6g;
I l) Tomiro, 1966o; 12) Kuriyomo & Mekoro, r97r; t3) Iro & Kuriyomo, 197r;
l4) Creed & Kuriyomo, l97l; 15) Mekoro, 1976.

4.3

l) Nogoi & Prosser, 1963 b; 2) Koboyoshi, prosser & Nogoi , lg67;

Ref.

I .45

I .ó8

I .5-2.6

0.8t

0.s2

0.7-0.8

2.1

t0

il
I

6

l2

I3

t4

l5



Currenf loss fo the recording chomber wos thus reduced. The I wos meosured by

plotting the steody - stofe ETPsemîlogorithmicolly cs o functìon of x q.¿ findïng

the distonce or which ihe ETP decoyed to 377o (1); ,{ wos found ro be I .45 mm for

the toenio coli. The I,n wos colculoted by insS*ing the experimentolly - determined

À ínto the theoreticol time course equotion (Hodgkin ond Rushfon, 1946) ond by

plotting the time to holf-moximum of the ETP versus disfonce (olso lineor). The volues

colculoted were 10ó,7 ond 103.4 msec, respectively. The specific C, wos colculqted

from the responses io opplïed olternoting current qnd R,.,,. wos cqlculofed from the

equotion 7 = ft C . The onolysis ïndicofed thot the smoofh muscle of the' m m m '--------r-' 
o

guineo - pig toenio .ol¡ hos o C, oî 2 - 3 ¡tF/cmz ond R, of 30 - 50 k ohrn "r2.
These results were loter confirmed by the double - sucrose gop method (Búlbring ond

Tomito, 1969 o). Thîs method hos received wide occeptonce os the mefhod of

choice for the determïnqfion of the coble properties of smooth muscle (Abe, 1971;

Ifo qnd Kuriyomo, 1971¡ Ku-riyomo ond Mdcof a, 1971;.Kroeger ond Morsholl,

1973; Creed ond Kuriyoma, l97l; Kroeger ond Stephe ns, 1974; Mekofo, 1971, 1976¡

Bolton, 1972).

It should be noted however, ihot the opporotus hos limitotions which must be

kept in mind when designing experiments ond onolyzing dotq. Bosol isometric

tension is continuously meosured by ot*ochment of one end of fhe muscle vïo surgicol

silk to o force gouge. Muscle length must therefore be kepi constonf (once equíli-

broted) in order fo eliminote stretch-induced chonges in fensïon(myogenic response)

when onqIyzing the effects of drugs ond ionic inferventions (Stephens ond Kromer,

1971; Stephens ond Kroeger, 1972). In oddition, o consideroble omount of

stimuloting currenf Ïs lost to the both, so thot o relofively high volfoge must be

opplied in order to produce electricol qnd mechonicol responses comporoble to

those of previous sfudies. Kroeger ond Morsholl (unpublished) reduced this shunt

læs considerobly. by oftoching o celluloid portition io fhe opposite side of ihe

portition electrode, leoving o smoll spoce between it ond the Ag/Ag Cl electrode.

Thus, ourrenf loss to the recording ond sfimuloting chombers is prevenied by the

epoxy cooting ond celluloid respectively, ond current is focused on the muscle
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surfoce. Consequently, lhe stimulus infensity required to produce o given ETP is

reduced by obout o foctor of I0. Finolly, to focilitote simultoneous recording of
electricol ond mechanicol responses, o flooiing recording electrode ossembly must

be employed. Few investigotors, however, hove been oble to record ot distonces

less thqn I mm from the portîtion due to surfoce tension effecis.

In oddition, there ore two theoreficEl limîiqtions which must be considered

for correct onolysïs of results. The evoluotion of chonges in r, relies on the

ossumpfion fhot iunctionol resïsionces remoin unqltered during the qction of ogents

ond ionic interventions. The resistonce of the iuncf ionol membrone contributes

subsfontiolly fo r. (Tomito, 1966 a, b, l97O) so thot concomitqnt olierotions in r.
would significonf ly offect oxiql curreni flow, ond consequently, the ETP. S¡n"J
r. con not be determined in SM by present techniques ond since membrone properfíes
J
ore onolyzed in terms of r., it musi be ossumed for the present thot r. remoins constont.

The,effect of Co on r. will be discussed below (section 4). - 
,

A much tor" i*tporfont source of error moy be encountered in reloting o

chonge in ompliiude of the ETP to o chonge in r,.,,.. Some investigotors (Abe ond

Tomito, 1968; Ohoshi , 1970) hove been oble io record ot verysmoll distqnces

(i.". < t mm) from the poriition (sfimuloting) electrode, ond hove fherefore ossumed

thof x <<à'Bosed on this ossumption, they hove simplified the coble equotion (Hodgkin

ond Rushton, 1946; Fott ond Kotz, l95t)
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by neglecting the lqsi term (ossuming -x/¡ = o) ond ossuming thot r. is relotively
constqnt (Bulbring ond Tomito , 1969ø). These equotions represeni the relotionshíp

between the chonge in ETP ompliiude ond ihe chonge in r, during ogonist qcfion

("primet'symbol for oltered volues). However, with on increose in x or o decreose

in À , the term -x- becomes greot enough to signíficontly otter equotion 20. Thus
;\-

(+)
)-=rt

m

r
m

(1e)

(20)



of dïstonces of x ) o, o chonge in r results in olterotions both in V ond in ,å

The error which occurs wïth o decreqse in r, (ond therefore, À ) is greoier thon

thot with on increose in rr. As o result, ihe vqlue.t 
lV¡ 

2 *if l progressively

overestimote the chonge in r .os x becomes greoter (Bolton , 1972). As it is very -

difficult to occurotely impole cells ot o desired disfonce of less thon I mm with the

flooting electrode ossembly, it is odvisqble to use the cqble equotion in its orÏginol

form (Kroeger ond Morsholl, 1973). These outhors devised o grophicol solution for

rr which is described in the methods section of this monuscript. It should be qlso
m

r
m

noted thot q smqll error moy be mode in the cssumption (Abe ond Tomito, l9ó8) thof

the current possing through the fissue l) ìs dîrectly proporiionol to lhe voltoge

cipplied to the externol electrodes ond 2) is unoffected by lorge chonges ín r,
(Bolton, 1972). Agoin, these ore voriobles which would moke quontitotive

evoluotion of resîstonce chonges very diffîcult unless ossúrhed os stoted obove.

Although ihis iype of error is very smoií, if con be removed by plotting ihe sieody

stofe omplitude of the ETP os o funcfion of dïstonce on semilogorïthmic poper, thus

elìminqting the currenf foctor.

In conctusion; ihe method of extrocellular stimulotion ond introcellulor

recordïng of ETP's is suitoble for meosuring the possive electrophysiologicol chorqct-

eristics of smooih muscle. .lf is especïolly useful for evoluotïng chonges in r,n due

to ogonist oction providing limitotions qre token ïnto occount qnd suitoble corrections

ore opplied.

2. Ionic Bosis of the Actìon Potentiol

o) Nerve

It is cleor from the onolysis of coble properf ies thot fhe oxíol spreod of the

ETP (due to current flow olong the core-conductor of o cqble-like sfructure) decoys

much too ropidly to tronsfer electricol "messoges" over the long dislonces encountered

in higher orgonisms. There is, however, on odditionol mechonism which mokes use

of the coble properties in its initiotion, but fhereofter becomes regenerotive ond

propogoting. This mechqnism is the ocfion potentiol which is the result of o
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threshold omount of depolorizotion cous¡ng o regenerotÏve increose in membrone

permeob¡lity to No* ïonr. Consequently, No rushes inword down ifs electrochemicol

grodïent depolorizïng the membrone further, cousirrg o spike potentiol with o very-

fost rote of rise. The ionïc processes underlying the depolorizotion ond subsequent

repolorizotion of the spike qre deolT wïth in detoil below.

Hisioricolly, it is of interest ihot this AP wos first thought to represenf q

breqkdown of the membrone selecriviiy for K, cousing En,, to foll to zero potentïol

(Bernstein, 1912). If wos lqier shown (Hodgkin ond Hux|ey,1939,1945; CurtÏs ond

Cole, 1942) thot the membrone potentiql underwent q trqnsîent reversol (i.e. interior

become positive fo exterior) during possoge of on impulse. It wos olso known thot

membrone conductqnce (gm) increosed tronsiently during possoge of on impulse

(Cole and Curtis , 1939), ond thqt locol potentiols ond AP's were produced with

increosing cothodol (depolorîzìng) current ïntensify (Hodgkin, 1938). Hodgkin ond

Kotz (1949) put forword fhe hypothesis fhqt o lorge reversol of En, could be obtoined

if it wqs ossumed thqt the qctive (depolorized) membrone reversed the resting

conditions by becoming highly ond specificolly permeoble to No. Since [*"] o

t t [N.] . (Steinboch.ond Spïegelmon, 1943), the sodium equilibrium potenliol

would be positïve (obout ó0 mV) ond the electrochemicol grodient wouid be over-

whelmingly inword. These outhors demonstroted o cleor relotionship between AP

height, rote of rise ond conduction velocity ond the No concentrotion outside the
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fiber (Hodgkin ond Køtz, 1949). Quqntitoiïvely the PO/P*o rolio wqs reversed

from I:0'.04 of rest to 1:20 during on AP.

The ,,sodium theory" wos supported by the doto of Keynes (1951) ond

Keynes ond Lewis (195t) who demonstroted o net entry of lqbelled No during on

AP, which wos quontitotively sufficient to qccount for the observed chonge in

Em. However, it wos olso reported thot the negotive ofter - poientiol (under-

swing) of the AP wos offecred by chonges in [*]" (Hodgkin ond Kolz, 1949)

ond thot on omount of K equivolent to lhe net No entry wos lost during fhe AP

(Keynes, 195.l). Hence, íf wos reosonoble to conclude thot the No influx coused

the rising phose of the AP qnd K efflux the folling phose.

course of these events hod to be meosured though, by o more sensitive ond occurote

lhe t¡me



technïque.

The ionic bosis of the AP is dífficult to onolyze becouse the meqsured

voltoge tronsïents ore produced by severol ionic currents which vory with volt'oge

ond time. This problem wos solved by Hodgkin ond Huxley (1952 o-e) by l) meqs-

urÌng the ionic currents of the squid nerve membrone with tronsmembrqne vottoge

"clomped" to desired volues ond 2) comporíng the reversol poteniiol of eoch

current to the ion equilibrium pofeniiols. Thus, ïonic currenfs ore meosured os q

function of volfoge ond time

The voltoge clomp technique involves o sudden simultoneous displocement

of E over the whole of the cell membrqne from iis resiing volue to o predetermined
m

fixed potentîol by q feedbock - controlled current source. The current which flows'

fhrough o definite oreo of membrone unCer the influence of fhe opplied voliage

chonge is meosured wiih o seporote omplifier (Co1e,1949). The importont poínt is

thoi the omplitude ond dírection of the ionic current (ofter o ropid copocitive chorge

or dischorge) during this period vories greotly with l) the omplitude of the volioge

step, 2) with the concentrolion of ions in fhe exfernol medium, ond 3) wifh iime.

The totol membrone ionic current consists of o ropid (l msec), tronsient

inwsrd current which chonges more groduolly io o steody mointoined outwqrd

current. Thot fhe inîf iol inword current wqs corried by No (tNo) wos evîdent ín

thot l) the current density decreosed wifh greof.er depolorizotion, 2) the current

reversed direction ot E, = E*o ond 3) it wos obolished by replocement of No

with choline. The outword current remoining qffer Nq substitutïon wos ossumed to

be corried by K os if wos onlyslightly offected by chonges in [No] o. This

interpretotion wos supported by trocer studies (Hodgkin ond Huxley, 'l953) which

showed thot depolorizotion coused o lorge increose ïn K efflux which wos equivo-

lent to the totol electric chorge possing through the some oreo of membrone in the

some time.' The next step, the determinotíon of the No componeni of tofol ionic

current wos occomplished by subtrocling I,g produced by o moderote depolorizotion,

from ihe totol ionic currenf , I.. The height qnd ihe extremely fost rqte of rise of Ìhe

spike due to the No current wos loier shown (Hodgkin, 1958) to be explqined by the

voltoge - ond fime - dependence of the No octivotion ond inoctivotion processes,
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The voriotion of 9 ¡o with E, is very steep (e - fold chonge per 5 mV) ond the

depolorizotion ond increqse tn nNo ore mutuolly reinforcing. As o result, fhe

spike opprooches very close to ENo. However, os soon os octive No chonnels ore

opened (octivoiion), the inoctivotion process begins. Dífferent chonnels ore likely

ociivoted ot slightly different times, sothot of ihe peok of the spike, some No

chonnels ore being inqcfivoted ond thus prevent the AP from reoching ENo. These

differences in The onsel of octívotion olso occount for the loteni period between the

onsef of o stimulus ond the peok of the AP. The lotency decreoses with increosing

stimulus intensiTy, which therefore ímproves the synchronizqtion of octivqtion. The

minimum stimulus durotion required to excite is the ufilizofion iime. The No

inoctivotion process would slowly repolorize fhe membrcne by itself but it is oíded

by fhe volioge - dependent ond more slowly responding outword K current. in

summqry, therefore, the AP is produced by 1) o ropid depolorizotion - oclivoted

increose in nNo which permits o regenerofive flow of No down ifs electrochemicol.

grodient, 2) o ropid Nq inoctivotion process ond 3) o deloyed, voltoge - dependent

increose ¡n gK which occelerqtes ihe membrone repolorizotion

An ottempt wqs mode lo describe these observotions by on electricol model

(Figure 5) ond o set of equofions. Briefly, the iheory is bqsed on ihe findings thqt'

the movements of Nq qnd K durïng the AP qre determined I) by their respective

electrochemicol grodienis, which con be expressed os fhe difference befween ihe

RMP ond the ion equilibrium potentiol (boitery symbol), ond 2) by the No ond K

conductonces (g 
No = l_ ) . For sudden chonges in potenf iol, the instontoneous

. ,,- r. 
- RNo

ionic currents ore lineqr funcfions of their electrochemícol potenliol grodients ond

ore given by
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^ where

' model.

INo

It<

ICI ït the moin contributor fo the "leqk" current (l¡) in the Hodgkin - Huxley

The conductonces qre thus colculoted from the experimentolly - obtoined

= 9No (Em - ENo)

= eK (Em - EK)

ICI =9c1.'(Em-Ecl)

(21)
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Figure 5. Electricql model of unit excitoble nerye membrone; equilibrium
potentiols (E), conduclonces (g = I )ond currents corríed by No

R

qnd K ions ond t'leok" ions, membrone copocitonce ond membrone
. potentiol (from Hodgkin qnd Huxley, lg52e) .

t
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vqlues for the respecfive ion equilibrium potentiols ond currents ot peok current
flow, qnd ore fermed chord conductonces. The outhors finolly derived o sef of
complex equotions describing the ionic currenrs, ond by the use of compufer
progromming, were oble to predict the form of the.\P. The models which they
derived, it must be noted, contoin components with no physiologícol correlotes.

severol odditionol feotures of rhe Ap which were olso exploined by
delineotion of the voltoge - qnd time - dependence of the ionic currenfs ore l) the
obsolute ond relotive refrocfory periods, 2) occommodotion13) onode - breok
excifof ion ond '4) reciificotion. The refroctory periods occur when No inoctivotion
is well developed ond g'* increosing" moking the membrone tempororily, ond ihen
portiolly, inexcitoble. Accommodoiion is the resulf of o slowly - rising depolorizotion
ollowing sufficienf fime for the Nq inqcfivotion ond r o"iiuot¡on processes fo
suPpress the increqse in g¡o-, fhereby inhÍbitíng fhe producfion of on Ap. In other
words, the threshold level of E, (i.e. Err) is groduolly increosed. on the other
hond, onode - breok excitotion is due to o fqf I in Ern with hyperpolorizirrg (onodol)
stimulqtion, such thot Er^ moy be more negorive fhon RMp when the current is
terminqted. This leods, therefore, to on Ap

The mechonism underlying rectificqtion eluded severol invesf igotors (Cole
qnd curiis,1939; lg4t; Goldmon, lg43) unfil the Hodgkin - Huxley studies.
cole qnd curiis (1939) first showed thqi in the steody - stote, the squid nerve
membrone hos o much lower resistonce to depolorizing current ihon to hyperpolorizing
current, thus behqving os on electricql rectifier. However, resistonce to depolorizing
current qlso decreoses with time so ís cqlled deloyed rectificotion. This underlying
process is now known to be the groduol (deloyed) increose in gK with depolorizotion.
Thus, the ionic currents ore lineor functions of the electrochemicql potentiol
grodient (i'e' I - E plot given by stroight line) only for instontoneous chonges in
Em' This effect is besi observed by superimposing depolorizing ond hyperpolorizing
ETP's: due fo rectificotion coused by on increose in resting o*, depolorizing Eïp,s
qre lower in omplitude for o given sfimulus current intensity (Hodgkin, l93B)

b) Skeletol ond cordioc muscle

The AP of strioted muscte fibers is similor to thot of nonm¡etinofed oxons in
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thqt it is produced by o specific, ropid, regenerotïve increqse in g'*o (Norohoshi

et. of . ,1g60¡ Nqstuk ond Hodgkin, 1950) which is ropidly inocfivoted (Adrion

er. ol ", 19óB). Although the height (ó0 - 70 mv), rote of rise (450Y/sec) ond

durotion (1 - 2 msec) of the spike ore very similqr to those of nerve (Kotz, 1948), the '

time course of repolorizofion is longer ond E,n tronsiently "levels off" qt o potentiol

less negotive fhon RMP (posïtive ofter - pofentiol). Wiih reference to the time

course of repolorizofion, this is thought io be prolonged os the result of o slower,

smoller increose ¡¡ gK in comporison to ihoi of nerve which is inoctivoted by

. repolorizotion (Adrion el. ol . , 1970). With reference to the positive ofter -

potentiol, there ore two hypotheses regording the underlying mechonism, fhe first

of which is thot gç tronsiently decreoses to less thqn its resfing vqlue during

repolorïzotio¡ (Hodgkin ond Horowicz, 1959c). The second proposol is thof EO

tronsiently decreoses os o resulf of locol K occumuloting in ihe T - tubule system

(Goge ond Eisenberg, 19ó9b) or sorcoplosmîc reliculum, thereby increosing locol .' '

[*] o (Adrion et. qi ., 1g7o)

As well os deloyed rectificoîion, Adrion ond Freygong (19ó2) demonstroted

onomqlous rectificotion in skeleïol twitch fibers., in which g, is greoter for inword

current thon for outword especiclly in high K solution. This phenomenom is the '

opposite of deloyed rectificotion ond is not found in tonic skeletol fibers(which

lqckqT-tubulesystem)(stefoniondsteinboch'1969)orintwitchfiberswhose

tronsverse iubules hqve been disrupted by glycerol (Goge ond Eisenberg, 1969b)

The results hove been interpreted os being due to chonges ¡¡ 9K in the sqrcotubulqr

ond /or T - tubulqr systems, but exoct locofions ond underlying mechqnisms ore

unknown.

With reference to cordioc electrophysiology, the AP is qlso very similor

to thot of nerve in its height (80 - 100 mV), rofe of rise (up to 570V/sec) ond

dependence of these porometers on [*"] 
" 

(Brody ond Woodb vry, 19ó0; Weidmonn,

1955). However, the overshoot ond repolorizotion phoses of ventriculor ond

purkinie fiber AP's ore chqrocterizedby o ploteou ond slow repolorizotion which

moy lost severol hundred milliseconds (Droper ond Weidmonn,l95l). The initiol

ropid No current is ropidly inoctivoted (Noble, 1962) but there simultoneously

)' 't
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begins l) o slow inword Co current (Reuter, 1968;Vitek ond Troutwein,1971)

whÌch moy generqte q noÌch or secondory depolorizotion ond is then inoctivoted, ond

2) q slow oufwqrd K currenf thot underlies the slow deloyed reciificoiion which

repolorizes The membrone (Noble ond Tsien, 19óB). These "ploïeou" currenfs ore

both voltoge .. ond time - dependent, ond bofh deloyed ond onomolous reciificotion

hove been demonstrqted (Noble ond Tsien, 19óB). Acording to their onolysis the

inword (onomolous) rectifier is greof enough to reduce the repolorizing currenf

progressively supplied by lhe deloyed, outword rectifier, thus slowing repolorizqtion'

In order to differentiote between the Nq qnd Co components of the initiol

inword currenf, Kohlhqrdt et. ol . (1972) seriolly voltoge - clomped the ventriculor

-s4-

trobecutqe of cots ot two dïfferent levels of depolorizotion ond preferenfiolly

suppressed I*o ond'lao with inhibitors. The first step (30-35 m V) elicited ihe

immediqte ropid invrord INo which wos obolïshed by complete replocement of No

with choline chloridg. on{ reduced by lhe locol on991ih9JÌcs,.1¿locoine ond procoine'

The second step further decreosed E* by 20 mV ond elïcited onother inv¿ord currenf

which vorîed in mognifude with [C"]o. fiis current wos selectively ond olmost

completely blocked by the ogenfs veropomil ond D-ó00 (o methoxy derivofive of

veropomil) oncl restored by increosing [c"] o 
in the bqth. This study, therefore,

elegontly demonstroted q meons of blocl<ing setectively the influx of exfernol Co

qctivoted by depolorizstion qnd thot the inword No qnd Co currents ore independent

of eoch ofher

An irnportont chorocteristic oi cordiqc muscle fibers is their obility to

spontoneously depolorize, i.e. produce pocemoker potentiols. The spike

subsequently produced is preceded by o slow depolorizotion of up to I5 mV in the

frog sinus venosus (Hutter qnd Troutwein, I95ó) ond 1B mV in the robbit heort

(Poes De corvolho, lGllo ond Hoffmon, I959). It hos been shown thot the RMP '

of this region (-ó1 mv) Ín robbit olrium is lower thon thot (-73 mV) in non-poce-

moker regïons of the otrium (Morsholl, ß5n which is consistent with o relotively

hioh p*o or, more likely (Noble, 1962 o), o relotively low Po. The voltoge -

clomp studies of Vossolle (19óó) confirmed thot during the slow depolorizotion

preceding the AP (diostole)r r* steodily increoses, which is consistent with eorlíer



sfudÏes showing thot pocemok"r. o"t¡uity is probobly due to o time - ond voltoge -
dependent ,iecreose 'n gK ond finolly, o voltoge - dependent increqse in g*o, os

the Ìhreshold is opproqched (Noble , 1962)

c) Smoofh muscle

The technicol ond theoreticol difficul*Íes posed by the ultrostructure of SM

cells with reference to q suitoble method of stimulotion for the meosuremenl of
coble properties hqs been discussed obove. Addi'tionol problems due to structurol
orrqngements ore met when oitempting to record potentíol tronsients qnd ionic currents.
The fibers of most SM's ore bronching ond interfwining with eoch other ond interwoven
to vorious degrees with connective tissue, moking ït difficult to interpret current

spreod ond mechqnicol responses. The cells ore very smoll so thot mícroelectrodes

must be ennployed which have o vei'y srncll tip diometer (( 0.5 U), moreove¡- these ore'
eosÏly dislodged by mechonicol octivity. Also, fhe thïckness of the tíssue qnd the

Presence of substontiol qmounts of connecf íve fissue result in diffusion limitotion io
subsfrotes, o, ond chemicol ogents. The fqeni,a coliof the guineo - pig, however,

o longitudÏnql intestÎnol SM, hos proved io be o suiroble model for electrophysiologicol
work becouse the muscle is relotively thin qnd the fibers ore porollel ond.

reloti.¡elyfreefromconnectívefissu¡(Burnstock,1g7o)

The AP's of spontoneously octive SM's such qs the toenio coli ore chorqcterized
by o relotively lowomplitude, moxímum rote of rise ond conduction velocity when

compored to those of nerve ond strioted muscle (Burnstock ond Prosser, t9ó0b). The

foct thof, they ore fully propogoted however, is consistent with the muscle's

behoving os o single coble (Abe ond Tomito, l9ó8). The spikes qrise from pocemcikers

""hich moy be locolized (".g. ureier) or disiribufed throughout the muscle (".g.
ç;crstrointesiinol trqct) (Burnstock et. ol ., I9ó3). Eoch SM cell of the gostrointestinol
troct possesses qn inherent rhythmicifXr ond the nef result of mony different poce-
moker foci ís voryíng degrees of synchrony depending on excitqbility ond celt
interoction (Bozler, 1948; Tomilo, lgTO). Spikes ore found to vory considerobly
os to l) frequency, occurring singly, in smoll groups or in ropid bursts, ond 2) wove-
form, being simple spikes which moy be followed by o ploteou or o positive ofter -

-55-



potentiol (Burnstock et. ol ., l9ó3). Due to fhe smoll size ond three - dimensionol

interconnections of SM ceils, it hqs been extremely difficulf until very recently to

onolyze the ionic currents of the AP by volïoge - clomping (Anderson et ' ol ' ' 1971)'

Studies hove therefore been limited to meosurement of voltoge tronsienis either

infrocellulory (microeleclrode) or exîrqcellulorly (sucrose gop) in The presence of

dïfferent externol concentrotjons of physiologicol cotions qnd onions (BÚlbring ond

Kuriyomo, 19ó3o; Broding 9L. gI- 1969b; KurÏyomo, 19ó3o; Holmqn, 1958; Morsholl,

19ó8). The results hove been very difficult to interpret due 1) to ihe unknown

effecfs of the replocement ìon (discussed below), 2) to the lock of occurote

simultoneous meosurements of chonges in r, durìng microeleclrode mec¡suremenfs'

ondtoihelockofunderstqndingregordingtheoverollrolesofNoondCo.

As in other excitobte ïissues, sponloneously octive sM's (viscerol' uterine

qnd ureter) upon depolorizotion, develop o tronsient inwqrd current followed by o

lote repolorizing currenî os observed by voltoge clomp technique (Kumomofo ond

Hornr197l;M!ronneou,1974;KooondMccullough,lgTS;Vossorf,1975)'The

current - volîoge relotions of these currents olso resemble those of other tissues'

ond,theresulîso|No-replocementsuggestthctNomoybethemoi,ncurrent-

corrying ion for the AP. The omplitude of the ipontonuo's spike of the guineo -

pig toenio coli is reduced when [*"] o 
is reduced below 20 mM ond obolished in

the presence of 2 mM No (tris replocement) or '10 mM No (sucrose replocemenf)

(Holmon,1957,1958).TheroÌeofrisehowever,wosconfirmedtobemore

dependeni on [No]o thon the omplitude (Bülbring ond Kuriyomo, l9ó3o)' In

pregnontrotmyom"tri,,n,portiolsubstitutionofNoClwithsucrosecouseso

reduction in the spontoneous spike height of 45 mV per tenfold chonge in [*"1 
"

(Goto ond Woodbury, 1958). The importonce of No for the pregnont uterus wos

supporred by the similor doto of Morsholl (19ó3) for the rot ond by thoi of Koo

(96nfor the rqbbit. The findings of Keotinge (19óB) indicote thot the.AP of the

sheep corotid orîery hos o promìnent Nq component. This contentìon is olso

supported by voltoge - clomp studies (Anderson, 1969¡Anderson et . ol . , 1971)

who observed o greot reduction of the initiol inword current (lo) in No - free

solution olongwìth o shift of the reverscl potentiol of this current (Eo) ond
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disoppeoronce of spikes. It might be noted in this regord thot o Cq current wos olso

observed, Uut lCo]o ond inhibitors of Co currenfs hod greoter effects in controlling,
the voltoge - dependence of the conductonce chonnels; they therefore concluded

ihoi No ploys o more Prominent role in the spike regenerqtive mechonism. These

observotions ond conclusions were olso supported by the similor findings of Kqo qnd

McCullough (1975). The No chonnefs in some coses oppeor to lock specificity ond

thus, in No - free solution, Co oppeors fo be copoble of supporting the Ap. In the

ureter, I*o hos o slower fime course, producing o ploieou (Koboyoshi, I9ó5; Kuriyomo
et . l . , 1967o; Kuriyomo orrd Tomito , 1970). Interpretotion of ionic processes

underlying spontoneous spikes is diffícult on ihe bosis of doio obroined from No -
deficiency experimenfs since the pocemoker potentiol ond spike conduction moy

olso be suppressed (Tomiio, 1970). Thus, irr Nq-free solufion (hydrozîne substitution)

tension resPonses con stillbe recorded in response to electricol stímulotion, indicoling
fhof fhe cells ore noî inexcítoble but thqt the pocemoker mechonism (i.e. spontoneíty)

hqs foiled (Axelsson, 19ó1 b). It is opporenf from ihe results treoted obove thot the

Presence of No is essentiol for ihe production of elecfricol octivity but the bulk of
the ovoiloble evidence suggesfs ihot Co moy be more importonf in this regord.

Colcium opporently ploys o muior role in'corrying the current of the Ap.
Co - deficiency certoinly inhibits eleciricol octivity but íts effects ore nonspecific

due to the simultoneous olferotions in ion conducronces which ore thoughf to be

reguloted by the presence of co. In the roenio coli, co - deficiency couses

depolorizotion ond decreosed omplitude ond rote of rise of spontoneous spikes

(Holmon, 1958; Bülbring ond Kuriyomo, I9ó3o) ond evoked spikes (Br.oding et. ol .,
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1969b). Excess [C"]o couses opposife effects ond increoses fhreshold whiÍe
reducing the lotency from the onset of the stimulus to the peok of fhe Ap (Broding

et . ol . , 1969b). In the presence of normol [N"] . comptete removol of Co couses

depolorizotion, obolishes oll octivity ond reduces r, considerobly (Broding et. ol .,
l9ó9 b). Reduction or removol of Noo restores membrone resistonce

ond spontoneous spikes for o shori time (Holmon, l95B; Bülbring ond Kuriyomo, l9ó3o).
However, neorly normol spikes con be evoked ond spontoneous octivíty returns ofter
oddition of only l/10 normot [c"] o 

(Brodins er. ol ,, lg6gb). These effecrs ore



more thon con be exploined by the shifts ïn En, in low Co ond low No medio. Similor

evidence is qvoiloble for the myomeirium whose AP poromelers ore similor to those

of the toenio coli (ompliiude up'to 70 mY, dV/dtro* obout l0 Vrlsec ond durotion

t0 - 50 rt"") but vory with species ond hormonol condifíon. Both ihe spontoneous

ond evoked spike ore followed by o negotive ofter - potenfíol. The height ond dV/dtro*

ore reduced only *r. [t"] o<1/10 normol (Csopo ond Kurìyomo, l9ó3; Morsholl,

l9ó5). Koo (1967) hos orgued ihof fhis smoll effect wos due to very slow diffusion

of No. from o thícl< preporotion, but this suggestion seems unlikely in the light of
I

No flux studies (Durbin ond Monson, 1961; Goodford ond Hermonsen, 1961). The

evoked spike is very dependent upon [a"]. ond Co - deficíency hos o greoter

effect in normol [*"] 
" 

ihqn in low Nq solution (Morsholl , 1965; Abe, 1968, 1971).

As the foregoing iesults qre difficult to interpret with regord to the qctuql confribution

of t.-o ond/or INo, o more specific method is required

The use of ontogonists of Nq ond Co chonnels is o more selective meihod of

defermining the identiiy of the octive ionic currents. The AP of the toenio coli is

l) sensifive to mongonese ion (Mn''), on inhibitor of Co influx (Nonomuro et. ol .,
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1966; Broding et . ol . , 1969b; BÜlbring ond Tomiio , 7969c), 2) unoffecfed by

tetrodotox¡n (TTX) (Nonõmuro ef . ol . , 1966; 
'Kuiiyomo et . ql . , 1966) which

blocks nerve stimulofion (B'tjlbrìng ond Tomilo , 1967) ond 3) moinioined in Cq -
free, No - free solution by borium ion (Bo2+) which opporently reploces Co in

corrying the current of the AP (Hoito ond Tsukiu, 1968; Billbring ond Tomito,1968b,

1969c). Similorly, the AP of myometrium is suppressed by Mn2+ but not by TTX

(Abe, 1g7O) 
"

An even more direct but lechnìcolly more difficult meihod is the voltoge -
clomp technique to meosure the ionic currents. In the toenio coli, Inomoto qnd

Koo (1976) observed thot reduciion of t-"] o 
to 507o of normol or totol replocement

with dimethyldieihonol ommonium ion or choline ion foils to couse o significont chonge in

the reversql potentiol (Eo) of the eorly inword current (lo) or reduce the mognitude

of Io. Reduclion of [ao] o, on the other hond, to 1/4 .or l/10 of normol shifts

Eo toword negotive volues ond reduces Io without offecting ihe moximum chord

conductonce/l^ lof Io. Also, 5 times normol [a"]. increoses Io ond Io

t.v-l { o _r_



olthough Eo is not shifted unless treoted with TEA fo reduce ihe strong outword
rectifying current. Anderson ei. ql . (1971) showed thot in the roi myometrium I
is gteotly reduced by the Co influx inhibiiors Mn2* , cobqlt (co2*) ond lonthonurl
(to2*) but ís unqffected by TTX, olthough they concluded thot I*o wos more
importont thon lao in the copocity of corrying the inword current. Vossorf (lg7S),
however, showed thot in ihe guineo - pig myometriumr Io I) hos o row reversor
potentiol (Eo) of qbour +20 mv, 2) is unoffecred by qlre;otions in lNrl o tr"u-
stifution w¡th lithiumorsucrose) bui dependent on k.t 

L '

ro TTX bur inhibir"d b; 
""'1",ï ff" ,r":-"'lii;;ï:,::Ji::îì:::

ocfivoted Co influx). From these sfudies it hos been concluded thot Co is responsible
for AP generotion in the foenio coli ond myomeïríum olrhough o slow inwqrd current
depencenf on [*"J. hos been icjentïfied in ihe'myometrïum (Anderson et. ol .,
l97l; Vossort, 1975).

Similqr evidence obtoined by oiher workers hos implicoted Co os the moior
AP - generoting cofion in the cot ureter (Koboyoshi, 196Ð, rot ureter (Kuriyomo
et. ol . , 1967a; Kuriyomo ond Tomitq , 1g7o), vosdeferens (Bennetr, 1967o;Tomito,
1967o), guineo pig sfomoch (Sokomoto ond Kuriyomo, lgZo) ond rof portol vein
(Doemers - Lombert, 1976).

The lote outword current is primorily corríed by K since it becomes inword
for [o]. > :2omM with the potenriol held or RMp (Koo ond Mccullough, lg75;
Inomofo ond Koo, 1976) ond ís morkedly reduced by TEA (Mekoro, 1g71; Inomqto
ond Koo, 1976). Vossort (1975) qnd Koo (1971) hove dífferentioted berween l) o
fost eorly outword current, thof is blocked by TEA ond hos o reversol potentiol of '

obout -95 mV, ond 2) o lofe oufword current thqf couses deloyed reciíficotion.
The fosr outword current oppeors fo occounf for the low omplítude of fhe Ap ond
its fost repolorizotion. This interpretoiion is supporfed by the finding thot the
omplitude ond durotion ore increosed by TEA qnd conditioning hyperpolorizotion
which suPpress fhe increose ín g* (vossort, 1g75). Although ¡i will be discussed
ot greoter length in section c, port 4fossori (lg7s) hos proposed thoi the fost
outword current is q result of on iniiiol fosi Co influx, which tronsiently increoses
the locol [co].t the inner membrone surfoce, thereby momentorily increosing pK.
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This concept hos imporfont implicotions in the control of firing behoviour by the

nervous sysiem, cÎrculoting neurohumors ond the ionic environment. If should be

olso nofed thot deloyed rectificotion is rhe only type which occurs irr SM. Anomolous

rectificoiion is not observed (Mel<oto,1976) even in No - free, high K2SO4

solution os seen in sfrioied muscle fibers (Adrion ond Freygo ng, 1972). This is

consïstent with the lock of Tubulor invoginotions of the surfoce membrone ond the

smoll onount of sorcoplosmic reticulum in SM (Corsten, 1969).

In conclusion, the spike of mosf , if not oll, snrooth muscles is bosed on

q tronsient, ropid inword Cq current followed by o deloyed outword K current which

repolorÎzes the membrqne. There rnoy olso be q slower inwqrd No current gîving o

ploteou effecf and/or o ropîd oufword K current which limits spike height. It olso

cppeors thot t) Co bound or in ossociqtion with the cell membrone stobilizes membrone

conductonce by otfer ing gNo ond g* ond octivoting the regenerotive process for

spike generof ion (Fronkenhoeuser ond Hodgkin, 1957; Bülbring ond Tomito , 1g7O)

ond thot 2) No moy compete wîth Cq in corrying inword current ond in controlling

grnj Thus the effecÌ of reducing [NoJ o 
on E, ond on the spike is similor lo fhot of

increosing Fo]o, indicoting o competitive interoction qs proposed by Lutigou ond
.'' '. :

Niedergerke (.l958) for frog heort.

Another indicotion thqt Co serves os the moior current - corrying cqlion is

bosed on the disf ribution ond permeobilify of Co. Since the moximvm dY/dr of the

AP is determined only by the ionic currenf (overoge dV/¿t ïs olso offected by

conduction velocity of the AP ond severol oiher foctors, Koo, 196n, it is q function

of the externol concentrqtion of the ion qnd thus indicotive of the noture of. the

ionic currenf . Consisfenf with fhe low dV/df,no* (up to I0 Vfec) of the AP of

SM cells is the low t-C"l ond the low membrone permeobÏlity to Co. In oddition,

r"",i."ilåicor srodienr ror;;¡f.;1. 
= 

'"+rj.i
l[c{. r0-'M I

(Goodford , 1970) puts Co in o position to corry inword positive current upon depol-
qrizotîon - octivoted increqse in Cq conductonce.

It must be sioted ho*uu"r, thot there ïs o serious problem in interpreting

the effects of the vorious ogents qnd ionic olrerotîons discussed obove.
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Substítution of voríous substonces for port of the externot No is o drqstic intervention
since No is o moior deferminont of the osmotic bolonce of the cell. Some of the

ogents which.hove been used ore l) sucrose, which is nonionic qnd therefore

reduces the totol ion concentrof ion, 2) tris (hydroxymethyl ominomethone) which
hos on omino sroup and is n"ÏF?lltdll?Yid/frbïI" toxic effects, 3) lirhium which is

obletosubsfifuteforNointhWcholinewhichmoyhoveostimulofory
effect similor fo ihof of ACh. According to the Nernsf equotîon, o Cecreose ïn [*.J.
should moke E*o less positive ond therefore hyperpolorize the membrone slightly.
After o tronsient hyperpolorizqtion tris depolorizes the toenio cof i, indicoting o

toxic effecf (BiÍlbring ond Kuriyomo, I9ó3o). When sucrose is substituted, on

equivolenf omount of No Cl is reduced so ihot the effecfs of Cl-deficÌency ond

dccrecsed ionic strength musi be foken into occount. Thus the hyperpolorizqtíon
seen with sucrose subsfifuiion is likely due fo the shift tn UNo, but the reductïon in

[at]" would decreose Ea, (since sucrose is nonioníc ond nonpermeont) qs well os

gCl. ThÎs, in turn, would tend to depolorize fhe membrone (or ot leost reduce the
hyperpolorÎzotion) ond increqse R,.,.,, possibly occouniing for the greoter spike

omplitude (KurÍyomo , 1963o, 1970). The lower ioníc strengfh might l) increose

tfie number of fixed sites in the membrone for Co whiè'h in turn would reduce p¡1 ;

ond P*o discussed below, thereby increosing r (Fronkenhoeuser ond Hodgkin, lg57),
or 2) reduce fhe octívify of o Nq - Co pump (if present) so thot more Cq is

.refoined in the cell, thereby increosing r, qnd mechonicol responses. Furthermore,
the lock of inhibition by TTX is not conclusíve since tetrodotoxin - resistonf No
influx hos been demonstrofed in newt ond tetrodon fish muscle (Koo, 1966), bornocle
muscle (Hogiworo et . ql. , 1969) ond ovoriectomized, estrqgen - primed rot uterus
(Anderson ef . ol . 1971), Mn ion hqs been shown io portiolly reploce Cq in its
membrone stobilizing oction (ï.e. shifis voltoge - dependence of conductonces)
(HogÌworo ond Tokohoshi, lg67) ønd to reduce the deloyed outword K current in
colf Purkinie fiber (Koss ond Tsien, 1g75). These odditionol effects, however,
would not conflict with ihe interpretotion of ifs primory effect on Co influx. The
opporent obility of Bq to substifute for Co moy be due to troce omounfs of No ond/
orCo left in the exfrocellutorspoce (Búlbring ond Tomifo, 1970) ond/or to o greoter
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Pao due to Bq. Since Bo is knbwn to decreqrs gK, ond increose r, (BÜlbrinO

ond Kuriyomo, 1963o; Hermsmeyer,l976), depolorizoiion would be þreoter ond

might increose the number of dynomic Co chonnels, depending on their volioge

dependence. Finolly, wïth regord to the voltoge clomp studies (lnomoto ond Koo,

1976), ihe foilure of high [a"]" to shift the reversol potenfiol (Eo) of the eorly

inword current (lj toword o more posíf ive volue wos corrected by reducing the

outwqrd I*with TEA. Thus it wos concluded thot Eo is înfluenced os much by the

voltoge threshold for ocïivofion of I*os by the electrochemicol driving forces on

I
o

The possibility thot Co moy reploce N-d in corrying fhe chorge fo generote

the spike only in'low [No]o con be determined by fhe opplicotion of o specific

inliibitor of dynomic Co chc,nneis such os Þóû0 (Kohlhordt et . ol ., i972). The
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observotion thqi spike poromefers, especiolly dY/dt,no*, oru Ìncreosed in high

[C.l^ ond then obolished ofter oddition of D-ó00 would be strong evidence for oL -to

dominont role forCo in the AP. The role forCq os o membrone stobilizer will be

discussed ol greoier length in section C, port 4 below.

Indîrect evidence is ovoiloble thof AP's qre produced by conine trocheol

smcoth muscle (TSM) in viiro ín ihe presence cif ceifoin ogents, ond thot they ore

Co - dependent (Stephens ef . ol ., 1974; Kroeger ond Stephens, 197\. ThÌs

preporotion does nof normqlly produce ony phosic electricol ond mechonicol octivify

in vitro either spontoneously or in response to ogents ond condifions such os ACh,
tÅ-

high K, Bo' ', ocîdosis, hypoxio or electricol stimulotion (Stephens et. ol .,1974).

It responds only with o groded depolorizotion ond o fonic contraction proporiionol

to the strength of the stimulus, ond o m¿ogenic controction (MR) in response to quick

stretch cqn not be elicited (Stephens et. ol . ,1974). Hisfomine produces increosed

tone'ond ilow oscillqtions of the electricol response which ore dependent on [a.] 
"(Kirkpotrick, 1975). However, spontoneous phosic electricol ond mechonicol

octivity ond q MR to stretch ore produced în the presence of tetroethylommonium

(TEA) (Stephens ef . ol . ,1974; Kroeger ond Stephens,l975) which blocks g*
(Mekoto, 1971). The obility to produce o MR in TEA is obsolutely dependenf on

[Co]o within the physiologicol ronse of [a"]" (Srephens er. ol . , lg74) ond is



completely blocked by D-ó00. Thus iT wos considered thof fhe MR in the presence

of TEA is coused by stretch - induced depolorizoiion which initiotes AP's whose

inword current is corried by Co ions. The phosic mechonicol octivity in TEA is olso

obolîshed by Co - free solution confoining EGTA (q Co chelotor) ond by lonthonum

(whïch inhibits Co fluxes ond depleies ihe extrqcellulor spobe of Co, Moyer et. ql .,

1972) (l(irlcpotrick, 1975). D-ó00, however, is the most specific Co ontogonist

ovoiloble (Kohlhordt et. ol . ,1972) ond the volidity of usìng it is strengfhened by

ihe findings ihoi D-ó00 l) inhibits K - induced controctions fo o greoter extenf

thon ACh - induced controclions, 2) does nof inhibit Co - sensitive ocfomyosin

ATPose octivity ond 3) does nbt ìnhibit confroctîons induàed by the Co ionophore

A23187 (Stephens et. ol . , 1974). Thus indirecf evidence hos been provided thot

ihe depolci'izoTïon - ocïivoted Cci anC,/or ltìci currents produced in TS/V¡, ore mosked''

by o high restïng gO. When fhis ïs biocked by TEA, Co - dependenf AP's ore seen.

3. Threshold Phenomens ond Corrduction

o) Nerve

As indicoted in fhe previous secfion regording the ionic bosis of the AP, the

cqble properiies ore insrirffÏcient for informotion tronsfer. An AP must be generoted

ond sustoined for the entire length of the fissue,(with fhe possible exce¡:.tion of

muscles with extensive innervotion). This funcfíon is criricolly dependent upon fhe

condition thot ihe current produced by o gïven stîmulus is of suffícient intensity to

. depolorîze the odiocent membrone to threshold. Current thus flows oxiolly qnd fhen

rodiolly through the r* ond c, ond bock to iis poinf or origin, forming locol circuii

currenfs (Her.monn, 1S99). The ochieveme,ít of thr"rhold is therefore o function of the

coble propertïes of the resting fiber ond is thus currenf - ond time - dependent. It

might be noted thof Hodgkin (1937) showed thot the depolorizotion by electrotonic

spreod hos exocfly the sqme AP - generoting effect os the depolorizoiion produced

by o current - possing eleclrode .

The probobility thot o given depolorîzing current will produce threshold

depolorizotion (Er¡.,) ond excitotïon ïs reloted to the strengfh - durqtion curve

(Hîll, 'l93ó). This is the relotionship between the strength or iniensity ond the

durolion of o squore - wqve current pulse iust sufficient to excite . For short durotions
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the quontity of chorge (i x t) required to excíte ïs constont, ond fhe relqtion is

represented by

i=l
ç T:Jf (z2t

where i = pulse strength, i- = threshold strengfh when t =æ (rheobose) ond k = o

consionl (H¡ll, 193ó). The pulse durqtion when the inîensity is fwice rheobose is

colled the chronqxie qnd ollows comporison between tissues. This equotion, however,

is simplified, in thqt it ossumes o constont voltoge threshold (i.e. unchonginn tr),
buT Hodgkin ond Rushton (1946) showed thot l) Ern increoses os stimulqtion

durotion decreqses ond 2) introcellulor depolorizotion leods to o folling voltoge

described by on error function, not exponentiol (Noble, 1966). Thus, os o result

of the coble properfies, strong currents of short durolion produce depolorizotions

which foll off more ropidly wirh distonce than depolorizotions produced by weoker,

longer currents (Aidley, 1971)

With reference to depolorizotion of regions odiocent to the octive oreo by

locol circuit currents, ihese currenTs must first dischorge c,n in order to depolorïze

the membrone to Err. Tosqki ond Hogiworo (1957) hove shown ihot the fooi of o

piopogot!ng AP rises exponentiolly with o tíme constont'determined by fhe coble

properl'ies of the fiber ot rest ond by the conduction velociiy of the AP. As depolori-

zotion proceeds, g*obecomes progressívely greoter (voltoge - ond time - dependenl),

ollowing on inword No current which produces o subthreshold locol potentiol over

ond qbove the ETP. Depol,øizotion, however, qlso inoctivotes these No chonnels

(which repolorizes the membrone) ond octivotes o groduol increqse 'n gK which

qccelerotes the repolqrizqtion. A depolorizotion, which results in on inword No

current fhot is equol to or greoter thon the outword current, hos ochieved the thres-

hold potentiol (Er¡,) ot which fhe ionic regenerotive mechonism tqkes over to produce

qn AP (Hodgkin ond Huxley , 1952b). The AP thus produced is independent of stimulus

intensity (oll - or - none low) ond is fully - propogoted while locol potentiols ore

conducted decrementolly (Hodgkin, l93B). The AP's of nerve provide locol circuit

currents which depolorize the membrone in front of them, ond the stimuli which

produce these AP's (synoptic potentiols) produce o depolorïzotion which would be

greoter ihon Er¡., hod on AP not been generoted. Such "suprothreshold" depolorizotion
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prov¡des the AP with o morgin of sofety which con compensote for ony event (slïght

íniury, fqll ïn lemperoture) which could reduce fhe inword I*o ond thus The

omptitude of the AP. Consequently, fhe production of o propogoting AP is dependent

upon o suproThreshold depolorizotion ollowing the ionic regenerative mechonism to

toke over ond generote locol circuit currents

The velocity of AP conduction is qlso deiermined by the possive coble

properiies in thot it depends on thä rofe ot which the c, oheod of the impulse is

dischorged to the threshold level. This in turn depends on the qbsolute ond relotive

mognitudes of c , r. ond r os well os the sofety morgin of ihe impulse ond temperqture.
"m'lo

Since vetocity vories inversely with the inl'rocellulor resistonce (1 ) , il is closely

t
relqied To fiber dismeter. Theoreticolly, other focl'ors being equol, propogotion

velocîty increoses with the squore roof of Ìhe oxon diqmeter (Rushton, 1951i

Hodgkin, 1954). These other focTors include specifïc copocitonces ond resisfonces,

time constonts of the membrone ond foot of the conotucted AP ond current density

per unit oreo. If conducfion is brought oboui by locol circuii current in o fiber with

coble properties, the conducfion velocity (G') is proporTionol to o foctor

.ê- s' J; ./
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(Kotz, l94B) where S' = sofely focfor,

Conductîon velocify ronges from ll50

Hodgkin ond Kotz, 1949).

These lorge fibers ond high conduction velocities ore fqr greoter thon the

norm for invertebrote nerves. Speciolizotion of nerve ultrostructure thot occounts

for o much higher conduction velocity is olso found in veriebrote peripherol oxons,

but it is ihe effective membrqne resistonce rqther fhon the diometer which is greoter.

These oxons ore very smqll in diometer (1 - 20 p) but ore surrounded ot iniervols by

occessory cells colled Schwonn cells which consist of o fotfy mqferiol colled myelin.

The Schwonn cells ore wropped mony tïmes oround fhe oxon forming o tightly -

pocked sheoth (Robertson, l9ó0). There ore thus no extrocellulqr chonnels between

the qxon ond myelin except of ihe inîerruptions, termed the nodes of Rqnvier.

., .J \ e3)

R' = octive R, ond o = fiber rodius (u).mm'
fo 2500 cm/sec in squid oxon (Hodgkin, '1939;



The myelin octs os o choin of resistonces ond copocifonces in serìes, ond hos o much

higher tronverse resistonce (ló0 k oht "t2¡ 
ond much lower tronsverse copocitonce

.)
(2.5 p F/cm') thon o normol cell membrone. Consequenily, the r, ond cm ore

effectively increosed ond decreosed, respectîvely. The myelin sheoth, therefore,

permits o for greoter electrotonic spreod with the resulf fhot the ETP folls to I of its
e

volue in2 - 3 mm rother thon 0.5 mm os occurs în nonmyelinoted neryes (Dol'son,

1970). As o result, locol cîrcuìf current leoves fhe core conductor only ot the nodes

which become depolorized to threshold. It hos been shown thot threshold stimulus

intensity is lowesf ot the nodes (Tosoki , 1953) fo which the depolorizotíon - ociivoted

inword currenfs ore restricied (Tosoki ondTokeuchi, 1942¡ Huxley ond Stompfl¡, 1949).

Thus, AP's ore produced only ot nodes ond ore conducted much fosfer thon APts of

nonmyelinqted oxons of the some diometer. TIre conduction velocity AP's of myelinoted

fibers is direcf ly proportionol to the diqmeter ond moy be os high os 100 m/sec in some

vertebrqtes (c.f .,Dovson, 1970). Thus, in nerve oxons, two mechotrisms bosed on

ultrasiructurot modificciions qre fou¡rd which fqcilitote o high role of propogoiio

of impulses. With reference to myelinoied oxons, o lorge volume of signols con be

integroted due to o 9¡eof mony oxons of smoll diometer tronsmitting o lorge number

of signols fo higher centers.

. b) Strioted ond cordioc muscle

The ospects of threshold ond propogotion consïdered obove for nonmyelinqted

nervès generolly opply to striqied ond cordi:c muscle fibers. Strioted fibers however,

ore normolly ociivoted by nerves, which terminote in end- plotes or neuromusculor

iunctions (Birks et. ol ., l9ó0). An AP will couse the releose of ACh from o

cholinergic nerve ending or norodrenqline from on odrenergic termÏnol. Thu

tronsmitTer in turn depolorizes ihe post - synoptic membrone, initioting on end

plote poteniiol in twitch fibers thot becomes qn qll - or - none, fully - propogoted

spike which octivotes fhe whole fiber (Foft ond Kotz, 1951). Tonic fibers on the

other hond, depend on simultoneous octivotion of numerous groPe - like endings,

no one of which is copoble of inducing q propogoted disiurbonce.

Cordioc fibers disptoy spontoneous myogenic pocemoker octivity os discussed
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obove. An AP is ïnìtioted when the slowly - rising pocemoker potentiol qchïeves

fhreshold (Droper ond Weidmonn, 1951). Although the regions known os the sîno-

qtriol (S-A) node, qtrio - ventriculor (A-V) node ond Purkinie fiber system hove their

own rhythnricil¡, fhot of the S-A node hos the highest frequency ond thus ocfs cls o

pocemoker for the whole orgon. Activity begins ot the S'A node ond spreods os o

wove over both otrio fo the A-V node ond finolly olong The Purkinie fibers which

romify in ihe septum seporotïng the ventricles. Although the ocfiviiy is tronsmiited

qcross the intercoloted discs, conduciion becomes decremeniol ot the A-V node,

i.e. fhe AP is propogoted but wîth dimìnishing velocity ond omplitude (Poes De

Corvolho, DeMello ond Hoffmon,195g). However, fhe AP íncreqses in velocity

from 100 io300 
"m/sec 

os it reoches the Purkinie fibers (l-loffmon, 1965).

Although the AP of cordioc muscle fibers is myogenic in origin, ifs role ond

omplifude con be modified by the oction of extrinsic neryes. Porosympofhetic nerye

fibers (cholinergic) couse hyperpolorizotion qnd cessqrion of spontoneous qctívity,

due probobly to on increose in gO (Hutter, 19ó1). SympoÌhefic nerves (odrenergic)

couse depolorÌzoiion ond on increose in AP frequency (Hutier ond TroutweÏn, 1956).

The electrico! ocfivity of the heort is therefore modìfied in different regions of the

heorf by differences in intercellulor conduction ond individuol cell excitobility ond

is ùnder fine control by nervous influences.

c) Smooïh muscle

sTnce sM's hove coble - lïke properties (Abe qnd Tomifo, l9ó8), it is

noturol to suppose thot propogotion of the spike is brought obout by o locol cïrcuit

current which flows beïween octive ond resfing regions, os in nerve. If the relotively

smollspike normolly seen in SM is initioted only în o single coble (o series of

interconnecTed cetls) which is surrounded by mony interconnected cqbles os olreody

discussed, propogofion con not occur, becouse the locol circuii current spreods in

three - dimensïonol direcïions into surrounding cells, becoming too weol< fo excite

(Kuriyomo qnd Tomiio , 1965; Tomito, 1966a, 1967o). However, spikes generofed

simultoneously in mony cobles con propogote becouse locol circuit current flows

only in the direction of the fiber oxis (Tomita, 1966o; Abe qnd Tomito, 1968;

Tomito, 1967ø). Since the density of the locol circuit current depends on the rotio

of the octive oreo to the surrounding possive oreo, it follows Ìhoi the octive resPonse
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shows quite different propertÏes depending on the method of stimulotion.

The ihreshold ond spike mechonìsms of SM cells ore very similor to those of

the oîher excitoble tissues discussed qbove. The strength - durotion curve for the

toenio colî is o sÎmple hyperbolo, with o chronqxie of obout 20 msec which ogrees

well wîth thof colculoted from coble theory (14 - 24 msec, Tomifq, 19óóo)' Most

of the inrestinqt SM's (especiolly longitudìnol muscles) hove spontoneous spikes

which oppec¡r to be myogenic ïn origin. Thus spontoneous octivity is observed ofter

treqtment with cholïnergic blocking ogenfs (otropine) or odrenergic blockers

(hexomeîhonium or cocoïne) (BÜlbring,1955; BijlbrÎng et. ol ., l95B; BÜlbring ond

Kuriyomo, 1963o; Kurïyomo et. ol . ,1967c) qnd olsowith TTX which blccks the

nerye - medìoted responses (Nonomuro et. ol . ,1966;Kuriyomo et. ol . ,1966,

'1967c; Hoshimoto et. ol . ,1967; Bulbring qnd Tomiïo,7967; Tomito, i967o;1lo

ond KurTyomo, 1 g71). Spike ocfTviïy, however, is influenced by nervous octivïiy

sïnce otropÌne and TTX modify the spontoneous ¡qike octivity by reducing the slow 
.

chonges in E- (KurÏyomo 
-"1. 

ol . , 1967c)

The mechonism of outomoticity in SM is still obscure ond controversiol, but

it ïs bosed on slow oscilloiions of E* which moy be pocemoker potenf iols or locol

potentiols (Holmon, 1958¡ Bülbrïng ond KurÎyomo, 1 963o; Bülbring, 1955; 1957ø) '

The slow componenf in fhe foenio coli usuolly precedes o spontoneous spike, triggers

it ond moy persist qs o depoturïzotion deloying full repolorizotion' However, the

slow component moy olso oppeor on the folling phose os o notch or moy follow o

spike. Pqcemqker ocf ivity is voltoge - dependenÌ since the slope of the pocemoker

potenliol, ond hence the frequency of the spike, is increosed by depolqrïzoÌion

ond decreosed by hyperpolorizotion (BÜlbring, 1955,1957o). The rote of rise is o

function of the E, from which they orise (Bolton, 1971). It is generolly ogreed thot

the slow potentiol is dependenf on Nq but severot mechonisms hove been put forword

to exploin its production. The finding thot fhe eleciricol control of smoll inlestine

wos sensitive to femperoture, hypoxìo, metobolic poisons qnd inhibitors of fhe No

pump led io the suggestion ihot this ocfivify results from oscillotions of on electrogenic

No pump (Job, 1969; Liu et. ol ., l9ó9; Doniel, l9ó5). However, slow woves

produced by corbochol in longitudinol ileol SM persist in K - free solriion (Bolton,

-ó8-



1972). In oddition, inhibiiion of the electrogeníc No pump with ouoboin or No -
free solution qnd stimulqfion by No iniecfion or odmission of K to No - rich fissues

do not offect the mognitude ond time course of the spontoneous slow wqves to the

extent expected on ihis bosis (E l-shorkowy ond Doniel , 1975). No - free solution

ropidly ond reversibly obolishes slow woves but not spilces (Bolton, lg7l , '1972;

El-Shorkowy ond Doniel ,1975; Bülbring ond Kuriyomo, l9ó3o). Since vorying

[01", [ct]o ot La"l. hod relorivefy minor effects on rhe slow woves produced

by corbochol of ocetylcholine, Bolton (1972) proposed fhot slow poientiol chonges

ond the differences in configurction of the AP in vorious SM's moy simply reflecf

dÎfferences in the relqtive time courses ond current corrying copocitÌes of two

.seporote regenerctive ion chonnels, one odmÌtting moinly No for the slow wove ond

the ot'her rnoinly Co (for the spike). The finding f hot spontoneous slow wove ocf ivity
persisl'ed ofter spikes ond mechonicol octivÍty were stopped by veropomil but were

obolÍshed in nomÍnolly Co - free solution indicotes Ìhot the inword No current suggesfed

os responsible for slow wove generotion moy be dependent on the presence of Coo

(El-shorkowy ond Doniel ,1975). These quthors hqve concluded thot the slow potenfiol

may consist of o depolorízotion phose with initiql qnd secondory components which

produce o rise ond q plofeou, respeclively. They'hove demonstroted fhot the

secondory depolorízotion is seleciively depressed by inrpermeqnt onions ond sucrose

but noi by lithium chloride qnd less permeont oníons. Thus they hove suggested fhot

the slow wove results from q fronsient increose tn n*oond ga¡, the lotterwith
o slower time course. This proposql is consistenf with ihe observqtíons fhof reploce-

ment of Cl with o less permeont onion usuolly suppresses spontoneous electricol ond

mechqnicql octivity of foenio coli (Axelsson, 1961o; Kuriyomo, 1963a; Bülbring

ond Tomito , 1969o) ond thot mony foctors which reduce the spontoneous octivify
reduce [a¡], llow [r<lo, low temperoture ond hyperosmolority (Brodíng, c.f .
Tomito, 1970)

\¿Vith reference to the origin of spontoniety of other SM preporotions, the

spontoneous controcfions of pregnont rot uterus ore coused, of leost in port, by

prostoglondins (PGts), since spontoneous ond oxytocin - induced controctions ond

PG synthesis ore blocked by indomethocin ond resfored by oddition of PG's E, ond
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F2* (Vone qnd Wíllioms, 1973). Pocemoker - lil<e ocfivity is induced (or unmosked)

in cot spleen copsule (Bose ond Innes, 1974) ønd guineo - pig vos deferens (Cl¡ff, 19óS)

by ogenfs such os cocqine ond oiher odrenergic blockers ïn the presence of c<-odreno-

ceptor stimulqnis. Thus odrenergic nerve endings moy inhibit such myogenic octivity
in the normol situotion.

Every cell moy hove o tendency to produce o pocemoker potentïol of rondom,

but since ihe AP produced in one cell is too weok to exciïe oiher cells ond since the

shope of the prepoientíol is vorioble, there or:e probobly mony cells involved in

forming o pocemoker region (Tomíto, 1970). These cells moy be synchronized by

l) ochÎevemenf of o threshold number or critîcol moss of cells producing o pocemoker

potentiol ond synchronizing ihe regïon, 2) stretch depolorizïng o region ond increosïng

spontoneous ocïivity" or 3) q weok locoi circuit current stimuloting o low threshold

region (Tomîto, 1970)

Thot AP's produced in SM ore oble to propogote from cell to cell vio locol
'cÍrcuif currents ond without medîotion of nerves wqs fïrst proposed by Bozler (.l938,

l94B). His studies, bqsed on dol'o from spontoneously octive SM's such os fhose

found in the urefer, uterus ond intestine, suggested thqt SM behqves os a functîonql

syncitium since I) lorge iniury potentiols qs wel.l os monopliosic ond diphosïc AP's

cqn be obtoined (BÜlbríng et. ol . ,1958), 2) sfimulotion occurs only of the cofhode,

3) cocoine does not obolish excitobility or conduction, 4) chronoxie ond refroctory

phose ore much slower thon in fhe slowest type of nerve fibers ond 5) the rheobose

is of the some order of mognifude os thot of long strioied muscle fibers. Further

supportíng evidence for the flow of locol circuif currents in o functionol syncitium

is given by the findings thot l) conductîon velociiy is reduced (Nogoï ond Prosser,

l9ó3b) or conduction reversibly blocked (Borrei. ql . ,1968) by increosing ihe

electricol resistonce of the externql fluid, 2) conduction through o sucrose gop

con be restored when the shunting resistonce is reduced by connecting the chombers

seporoted by the gop with o low electricol resistonce (Borr et. ol ., l9ó8) 3) the

time course of ihe fooi of the propogofed spike fits the prediction bosed on the cqble

theory (Tomiro, 1966b; Abe ond Tomito, I9óB), ond 4) the spoce constonf of the

spotiol decoy of the ETP is very similor (Tomito ,'lwob;Abe ond Tomito, lgóB)

to thot of the skeletol muscle fiber (Fott ond Kotz, l95t). Since it is ossumed thot
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r. is more or less similqr (200 - 400 ohm cm) in qll excitoble tissues (Tomito, "1966o,
I

1969), the evidence presenfed obove moy portly be exploined by o high r, (Abe ond

Tomito, 19ó8) ond portly by fhe suggestion thci mony fibers, connected in series ond

irr porollel, ore oggregoted in bundles of lorge diometer (Bülbring, 1954) which moy

ocf os functionol unïts (Tomito, 1966a, b).

The corrcept of o functionol bundle îs suggested by the observqtions thot AP's

ore nof fully propogoted (Ï"e. become grcrded in omplitude qnd conduct decrementolly)

ïn bundles of less thon 100 p (Burnstock ond Prosser,1960b; Bennett ond Burnstock,

19ó8) or if the tip of on exfernql pressure electrode is less thon 'l00 
¡r in diometer

(trlogoi ond Prosser, I9ó3o). However, the bundle is not o simple cylinder but

bronches out ond ioins other bundles formirrg o mesh. Therefore, it is reosonoble

to ossurne thof the geometriccl foctc:" of brqnchïng produces soffie complicotions of ' '

spÎke conduction (Noble r 19ó6; Tomita, 1967o). Thus, the locol circuit current of

ospikewhîchpropogotesolongobundlemustexciteolorgeroreootthebronching

point" Therefore, fhe sofety foctor would be low qnd the spike more eosily blocked

(Tomito, 1969). Normol propogotion in SM seems to require o crilicol omplitude

for the spike. This omplitude depends upon fhe geometry ond excitobility of the

region, buf conductìon oppeors to become decrementol when the omplitude is .;i!:.:ì,;

reduced fo about holf the normol omplitude or the membrone is hyperpolorized by

obout T0 mV (Tomito,1967b,1969). The spike generotion in the toenio coli oppeors

io be both oll - or none ond groded. O.le explonotion might be thoi spike size

depends on the number of octive cells porticïpoting, but the observotion thot spon-

toneous spike octivity in the toeniq coli is cbolished in hypertonic sucrose solution

while the evoked spike is only reduced without chonge in iime course orgues thot

individuol cell excitobility is the moin foctor defermining AP generotion (Tomito,

l9óóo). This is ot vorionce wìth the report thot hypertonic soluiion decreqsed nexol

oreo ond electrotonic coupling between the cells of the toenio coli ond obolished

propogored AP's (Borr et. ol ., 19ó8). Increosing IO]" restores the spontoneous

spikes in hyperionic soluiion (Tomito, l9óóo), suggesiing thot the moin foctor is

hyperpolorizotion rother thon disruption of cell contocts. Groded excitobility of o

single cell would exploin l) the groded spike omplitude produced by introcellulor
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stimuloiion (Kuriyomo ond Tomito , 1965; Kuriyomo et . ol . , lg67o; Bennett, 1967b¡

Tomito 1967o; HoshÏmoto ef . ol . , 1966), 2) the increose in spike size produced

by conditioning hyperpolorizotion 3) the groded responses produced by short

current pulses ond 4) lhe flucfuotïons in spike size during spontoneous octivity in

normol solulion (Tomito, 1966o).

The conduction velocity of on AP moy be slightly different in individuol

bundles ond moy be offected by membrone polorizotion (Tomito, l9óóo). In SM

which evidences fost conductîon, the extrocellulor spoce ïs found to be relotively

smoll, the fibers closely poclced ond the longitudinol inlernol resistonce (t¡ *:'t)
of o sfrip in the sucrose gop is low compored to fhot of slow - conducting muscle

(BurnsTock ond Prosser, 1960b; Prosser et. ol ., I9ó0). Thus the conduction velocity
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moy be relqted to the number of close intercellufor contocts ond the dìstonce befween.

them. The conduction vetocity otso depends on the rote of which c, oheod of the

spike is dischorged ond ïs proportionol to the moximum rote of rise of the AP (Tomito,

1970). The rotio of dV/dtmox to conduction velocity is roughly constont in oll

muscle fibers (120 - 440 m'í/mm) ond represents ihe moximum poieniiol grodient

olong the coble produced by lhe propogoting spike (Tomilo, 1970). The fostest

conduction ve.lo.c!f.y i¡1 SM i¡ qeen in the toenio "9!i 
(q - 9 cm/sec, Tomito, 1966o;

Abe ond Tomito, 19ó8) but thÌs is only obout l/ZO ol thot of striqted muscle

(Kotz, 1948). Although SM fiber diometer is relotîvely smoll, theÀ is comporoble

to thot of skeletol muscle (= I .ó mm). The slow velocity moy be exploined by

t) the c,.,., of o muscle bundle which moy be lorge owing to the lorger surfoce oreo

of mony oggregoted interconnected fibers, 2) g lory sofety fqctor becouse of the

low rqte of rise of the Co spike (Holmon, t95B; Kuriyomo ond iomilo,1965;

Broding et. ol ., 19ó9b) ond 3) o high chord conductonce (Tomito, 1966o)

From the foregoing considerotions os well os those of ultrostructure ond

current spreod in SM, fhe difficulty of iniiioting qn AP by infrocellulor stimulotion

is evident. Due to the three - dimensionol interconnections, introcellulor polorizotion

coL6es no frequency modulofion of spontoneous dischorge (Kuriyomo ond Tomito,

t9ó5) ond evokes o spike only occosionolly. The spike thus friggered hos l) no

slow component, 2) o groded height, 3) o high threshold, 4) o short lotency



ond 5) o very locolized ociivity (Tomito, 1970). According io this ideo therefore,

o spike is more eosily evoked in o cell with fewer low - resistonce connecfíons with

surrounding cells .

The other explonotion given qbove (spike generotion in toenio coli, Tomïl'o,

1966o) for groded responses is the possibility of indïviduol cell excitobility, Thus

Bozler (.l948) differenf ioted befween SM's which disploy spontoneous phosic elecfricol

ond mechonicql octivity which he termed single - unif, ond ihose which normolly

do not, known os multi-unit SM's. The first group (ureter, uterine ond intestinol

SM) olso show 1) o myogenic response (MR) to stretch (Burnstock ond Prosser,

1960o; Folkow, 1964; Olsen et. ol .,1967; Biomino ond Kruckenberg, 19ó9) ond

2) good cell ro - cell conduction of regenerotive eleciricql octîvity (Bülbring

ef " cl ., l95B; Prosser, 1962; Burnsfocl< ond Prosser, l9ó0b) v¡hich !s consistent -

with their sporse nerve supply. Muliiunít SM's ore stimuloied by dense innervotion

but fhe demonstrotion of o À similor to Ìhof of single - unif SM's suggests fhot the

qbsence of phosíc electricol octivity is not ihe result of q lock of close cell confocts.

An intermedioie group (vos deferens, qrteriql SM) con be stimuloted lo produce

phosic octivity by certoin ogenls which sf imulqie the muscle directly, such os high

K, ACh ond odrenergic omines (Keoiinger 1966; Biomino qnd Kruckenberg,1969);,,,.

The imporfonce of K and gç for excitobTlity hos been demonstrated.'in o

vorïefy of sludies. It is interesting to noie thot nonsponloneously octive SM's

(".g. sphincter pupîlloe, vos deferens) generolly hove higher RÀ4P's (Burnsfock
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(19óób) hos suggested fhot o low SO might be ihe reoson for the low RMP ond

spontoneous octivity observed in foenio coli (Kuriyomo, l9ó3o; Bülbring et. cl .,

., 1963), which would be consistent with o reloiively high n/n*o. Tomitq

1958; BÜlbring, 1962). Low rote constonts for K efflux hove been obtoíned for dog

corotid oriery (Borr, l9ólb) ond rqt uTerus (Doniel et. ol .,1962) which ore olso

sponfoneously ociive. it hos been demonstroted recently ihot high K increoses g*

(decreoses rr), lowerr En,', ond converts bursls of spikes ond occomponyïng contrqctions

to single spiking ond greotly reduced contrqctions whil" Bo2+ reduces 9ç ond increoses

the number of spikes per burst ond controction omplitude (Hermsmeyer, 1976).



Therefore, it oppeors fhot o reduction in gK/9No should produce depolorizotion,

increosed r, ond spontoneous ocrivity (ossuming the presence of dynomic, depolor-

izotion - octivoted ion chonnels).

TEA hos been widely used os o lool to block g*. The effects of TEA on vsrious

preporoiions foll info two cotogories: I) blockoge of the steody siote K chonnel

(time , ond voltoge - dependeni block), chorocterized by decreosed reciificotío

ond lengthening of the AP durotïon but no chonge in E* (Tosolci ond Hogiworo, 1957)¡

2) reduction of resting 9¡1r Producïng o decreose in Er ond on increose in r*

(Stonfield, 1g7O). Plqteou - tyPe AP's ore produced in term - pregnont rot uterus

(Kroeger, unpublished observotions), robbìi corotid orlery (¡,/ekqto , 1971) ond

sometimes bovine trocheol SM (Kirkpotrick, 1975). Recfificotion wos reduced in oll

studies but r remoined unchonged in guineo - pìg ontrum (Ito ef ' ol ', 1970) ond'
m

fundus (Oso ond Kuriyomo, 19/0), guineo - pig rectum (lto ond Kuriyomo, 1971) ond

robbit coroîÎd orlery (Mekoto, 1971). In eleclricolly excitoble muscle fibers TEA

increoses AP omplitude qnd moximum dv/dl (oso ond Kuriyomo, 1970; Ito qnd

Kuriyomo, 1971).

The most inferesting feoture of the octions of TEA is its obility to induce

spontoneous phosic elecf ricol and mechonicol octivify ìn multi-unît ör intermediote

SM,s when other common stimuloiory ogents qnd condilÎons ore ineffective in fhis

regord (stephens et. ql . , 1974). In robbÏt cqrotid ortery (intermediote), TEA

treofment results in depolorìzoiion ond greotly decreosed reciificotÏon but no chonge

in r, (Mekoto, I 971). This is of interest in thot it indicotes on effecf of TEA on

both resting ond steody stote 9O ond perhop'on 9No' Depolorizoiion normolly

octivqtes go which is reflected Ìn o decline in r . Depolorizotion is olso q resulf

of o reduciion in s*lprimory effecf of TEA)in which cose rm is increosed. The

fortuitous obsence of o chonge in r,n moy rePresent on interoction of these two

processes, ond possibly on increose ìn s*o which might contribufe to the obsence

of o net increqse in rl't1. In conine trocheol!s there occurs q morked depolorizotion

(12 mV), o smoll decreose in rectificotion ond q substontiol increose in r,n os

evidenced by the increose in À from l.ó to 2.8 mm (Kroeger ond Stephens' 1975)'

Similor results were obtoined for bovine trocheolis but the sucrose goP wos unoble

to detect o chonge in r, (Kirkpolrick, 1g75). It is cleor thot simultoneous
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meqsuremeni of r, is essentiql to undersfonding fhe octÌon of ony ogent.
The AP's produced in the conine trocheolis by TEA ore decrementql ond hove

o low omplitude , N/at,o* ond conduction velocity (Kroeger cnd Stephe ns, 1975).

Thus, for stÌmulofed AP's, T) the omplitude qnd lotency depenc on the stimulus
intensity ond 2) fhe omplitucJe ond dV/dtro* depend on the distonce ihey ore
recorded from the sfimulus site. Bosol ïension is qlso increosecì in the presence of
TEA, ond the muscle is oble to produce o MR to sfretch which vories in omplirude
with lcol ond is blocked by D-ó00 (stephens er. ql ., 1gr4). The effecis of- ,o
TEA ore olso bloclced by condifions whÌch decreose membrone permeobility, such
os Mg (Stephens et. ol . , 1974). Since K permeobility is o prominent contributor to
fotql menrbrone permeobility, polorizotion qnd rectifícotion of depolorizíng pulses,
(Costeels ond Kuriyomo, 1966) q decreose in gç wíih TEA',voulcj be consisfent wifh
these findings. The possibilities were considered fhot TEA mighi olter ga¡ (Lux,.l g7I),
substitute for No orco or lobilize Ach from nerye endings. A chonge in ga, is

unlikely os o decreose would occount for ihe greofer r, bui woufd tend to hyperpolorize
the memb¡qne sïnce ECI tt less negotive thon RMP (Cosieels ond Kuríyomo, 1g65;
Koo' 1967). The observotíon thot electricql oncJ mechonicql octiviry induced by TEA
is criticqlly dependent on the [c"] 

" 
ond is blocked by o specific inhibiior of Co in-

flux (D-ó00) orgues ogoinsf the second possíbility. Also, cfropine blocks responses fo
electricol stimulotion in normol solufion but hqs no effect on rrctivity in the presence
of TEA (Kroeger ond Stephens, 1975). Therefore, it is considered thot TEA converts
the quiescent, multi-unit trocheolis into q functionolly single-unit muscle by reducíng
the normqlly predominont resting gK thereby unmosking ihe depolorizotion -
qcf ivotion of Co and/or No chonnels.

4. Colcium Metobolism

o) Role in excitotïon - controcf ion coup ling

l) Strioted muscle

It is generolly occepted thot ín order for ony type of muscle fiber fo controct,
free myoplosmic Co2+ must be roised to o criticol level for octivof ion of the octomyosin
filoments. The ropid increose in Ër'1 . fhot leqds to octivotion oppeors fo be
governed by l) the releose of Co from intrscellutor binding sites ond 2) Co influx
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(Bionchi , 1969). Sqndow (1952) proposed thot the AP or depolorizotion couses Co

ïnflux which in some woy octivoies the myosin ATPqse system. Although this

model is inodequote, ovoiloble doto suggests thqt introcellulor sl'rucTures ore present

which con toke up ond releose Co qs ropidly os is necessory lo occount for fhe iime

course of octivotion ond reloxotion, ond Thot [C"] i moy be roised by severol

mechonisms. Co influx qnd releose of Co from the introcellulqr binding sites moy be

medioted by I) AP's (excifotion - confroction or E-C coupling), 2) depolorizotion

(electromechqnicol coupling) ond 3) drugs (phormocomechonicql couplîng) (Somlyo

ond Somlyo, 1968)

Mony lines of evidence ore ovoiloble which support the hypothesis of

AP - mediqted Cq influx in siriqted muscle. First of oll, Co is the only physiologicol

c,eïioii whìch couses coni'rociion upon microinidctîon of low concentrotions (ileiibrünn

ond Wiercinski, 1947) " Net influx of Cq during depolorizotion ond AP's hos been

' demonstrored in frog soriorius muscle (Bionchi ond Shones, 1959) ond in cordioc

'muscle (Niedergerke, .I959). 
The durqtion of increqsed Co înflux wos correloted

with the durotîon of high K controcture, ond substitution of NO, for Clo íncreosed

the mognitude borh of the I) Co înflux during AP's ond high K depolorizofion ond

. 2) of the twïiches ond controcture, respectively. Il'wos difficult to envision

however, how the muscle becomes fully-oclivoied throughout its cross - section

durîng its lotent period (H¡ll, 1949) in vïew of fhe lorge diffusion distonce from the

cell surfoce to iis center.' Skeletol muscle contoïns q tronsverse tubulor system

whîch is continuous with the sorcolemmo (Porter qnd Polode, 1957; Huxleyr 1964)

ond which conducts surfoce depolorizolion io lhe inierior (Huxley ond Toylor, 1958)

where the ossocioted sorcopl osmic reÌiculum (SR) is copoble of releosing (Weber

ond Herz, I9óB) ond binding (Ohnishi ond Eboshi ,1964)Co. Thus fhe diffusion

distonce for Co is considerobly reduced ond in occordonce with octîvotion.time.

In oddition, if Co is the E-C coupling ogent, confrocfile responses io stimulotïon

should be sensitîve to depletion of muscle Cc by equilibrotion in Co - free medium.

This hos been demonstroted by stobilizing membrone permeobility ond blocking

excitobility with No - free, choline - substituted Ringer solution; K - induced

controctures show the predicted Co sensitivity (Fronk, I9ó5)
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Further evïdence for Sondow's proposol ís given by the observof ions thof
I) the [a"'l . rertecrs rhe ocrive srore ond o ou"r"o"rn;; Ë;'1 , 0r"""0",
reloxotion (Jöbsis qnd O'Connor, 1966), 2) the moximol Co occumulofion by the
SR is well over fhe volues required To occouni for reloxotion rotes (Ohnishi ond

Eboshi , 1964) ond 3) ATPose ocf ivity of highf y purified ocromyosín preporotion
is reduced by B5o/o in the obsence of Co os long os troponin ond tropomyosin ore
present (Moruyomo et . ol . , 1964). It hos olso been shown thot Co releoses the
inhibition effected by the troponin - tropomyosin complex which normolly prevents

the interociion of ocfin qnd myosin (Wokoboyoshi ond Eboshi, t9óB). Finolly, Fuchs

cnd Briggs (19ó8) demonstroted fhot troponÌn could bind sufficient Co to ocfivote
confracfion. TIrus the ovoìloble doto supporf the hypothesis fhot introcellulor free

[t"'jr"nriotes the qctivofion of muscte ond thof sfructures ore ovoiloble fo foke up

ond releose Co ot the rotes required for octivqlion ond reloxqfion. It is generolly
occepfed thot in mommolion twitch strioted muscle fibers the initiqtíon of controction
by o chemicol stimulus (AC!) is medioted by the AP which iriggers the releose of Co
from the SR, roising [ar'*] . fo the ihreshold level for octivotíon of controcf ion
(Sondow, l9ó5)

The ocfuql mechqnism oT releose of'Co from infrocellulor b.inding sites 
'

is poorly understood qnd controversiof . At leost two such sites hove been f<ineticolly
defined ond their function postuloted on the bqsis of their ossociotion consfont for
binding Co. Thus the "suþerficiol" store is mobilizedby depolorizotion ond depleied
in Co - free solution (Shones, 1958; Fronk, t9ó5) while fhe',sequestered" sfore

is resistont to these stimuli but mobilizedby drugs (Bionchi,196l; Edmon ond Schild,
1962). It is believed thot fhe more lobi[e store represents Co ions in ossociofion with
the membrqne fhot enier the fiber during o tw¡tch or controciure ond ore replenished
by exfrocellulor Cq ions (Fronk, 1965;'Lüttgou, t9ó3).

In twÎtch muscle fibers Co releose is presumed to occur from the T -
tubulor element ond terminql socs (SR) wh¡le the functions of the SR ore served by
the surfoce membrone in tonic skeletol fibers ond veniriculor fíbers which lock SR

(Bionchi, 1969). The Lè"1, is moinroined or o low level ( < r0-7 M) by co pumps
(ATPoses) in the surfoce membrqne, sR ond mitochondrio (Bionchi,1969). The
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sequesfered store (s) is thought to be primorïly locofed in lhe SR though it moy olso

be locoted in mitochondrio ond moy be subdivided into slowly - ond rTonexchonging

frqctions (Bionchi qnd Shones ,1959). Bionchi (1969) hos proposed thqt Co releose

from the inner o'spect of the membrone is effected b7 depolorization ond/or Co

removal, whÌch increqse membrqne permeobility, thereby ollowîng o greofer Co

influx ond decreosing the ossocíoiion - constoni for Cq binding. Certoin ogents

(EDTA, coffeine) would be oble fo releose Cq without depolorizotion. Stobilizof ion

is effected by hyperpolorizqtion (repolorizof ìon) ond,/or Co binding fo externol

stobilizing sìtes ond, os o result, myoplosnric free Co is ropidly sequesfered by the

SR (in the twitch fiber) or tqken up by the membrone ond expelled by the rnembrqne

Co pump. In summory, it is thought ihot o snroll Co influx îs initioted upon depolori-

zç¡tionwhich reteoses Ca from introcellulor releose sifes. This field however, is in o

stote of flux ond o complefe revÏew is beyond the scope of this thesis.

2) ' Smoolh muscle

The obsence of sorcomere units Tmplies some dïfference between the noture

of confraclion in SM ond thot în striqTed muscle, but the bosic mechqnism of

controction ond the role of Co2+ in its octîvotion ore rhought to be similqr in view of

the findinss of 1) o microsomol froction with qn obiliiy to ocçujr¿l15%hc"%jü"?sTTç5eg;ql1olas

Corsïen, 19ó9) ond 2) à Ca2+ - sensïtîve octomyosin system extrocfed from voiiãus

SM's (Filo ef . of . ,1965; Needhom ond Willioms, 19ó3). Additionol evidenc

pecutior to SM ore fhe findings thot I) eleciricot sfimulotion cquses o relofively

loige Co influx (Sunnonoond Miyozoki, 19ó8; LÜllmonn ond Mohns ,1969), 2) the

current of the AP of most SM's oppeqrs to be corried moinly by Co (Broding et. ol .,
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1969b; Kuriyomo ond Tomito,1970¡ Abe, 1971; Vossort, "1975), 3) excitototion ond

controctÌon con be uncoupled by removol of surfqce Co (Hudgins ond Weìss, 1968;

Durbin ond Jenkinson, l9ó1; Edmon qnd Schild, 1962¡ Bozler, 19ó9) ond 4) the

cells of SM ore smoll enough ond the time course of confrociion slow enough

(Stephens "t.gl-. ,196g)so thqt Co2* dÌffusion from the cell surfoce would be

sufficient for octivotion of contrqction. However, the effects of olterofÏons in

lC"l ^ on E-C coupling ore difficult to differentiote from the concomifontL Jo

olferotions in membrone excitqbility (Morsholl, 19ó5; BÜlbring ond Kurïyomo, l9ó3o;



'..
Bülbring ond Tomïto , 1970). The probldm is compounded by the vorious ways ¡n

which SM moy be stimulqted (Somlyo ond Somlyo, 19ó8) ond the different Co froctions

involved (Doniel , 1965)

Due to the relotÎvely high surfoce oreo'lvolume rotio of SM cells

(opproximoiely '15 times thof of striqted muscle fibers) ond the smoll omouni of SR,

if is presúmed fhot fhe Co releose ond uptoke mechonisms reside predominontly in the

surfoce membrone. Thus most of the cellulor Co exchonges very quïckly (trrr< 15

minuies) qnd SM cells tol<e up much more Co per unit vo tume ond stimulus thon do

siriqted muscle cells (Ltjllmonn, 1970). Vorious kineticolly - defined Co frqctions

hove been discerned; the most usuol however, qre t) o ropij initiol component

thoughf to rise from Cq in the extrocellulor spoce, 2) o slower componenT loosely

bound To ihe cell surfqce qn,C connective iissue qnd 3) c¡ more tightly bound

introcellulor component (Schotzmonn, 1961; Sperelokis , 1962; Kroeger ond Stephens,

1g7l). This orrongement is likely To be on oversimplificofion os SM cells hove o

váriety of Co stores ond mulii - unit muscles hove o lorge omount of sequesfered Co

(Devïne et. ql . , 1973). The lotter chorocteristic suggesfs q decreosed dependence

of multi - unit fibers on extrocellulor Co (Bülbring ond Tomito, 1970; Devine ei. ol .,

1973¡ Somlyo et. ql . ,1971; McGuffee ond Bogby, 1976)

Co distribution ond binding ìs qlso correlofed with fhe woys in which SM

fibers con be stimuloted. The extrocellulor ond loosely - bound membrone Cq stores

ore thought to be prímorily utilized by AP's (E-C coupling) ond depolorizotion

(electromechonicol coupling) by electricol ond high - K siimuloiion (Somlyo ond

Somlyo, 1968; Dqniel ,1965; Hinke,1965). A third type of stimulqtion is

phormocomechonicol coupling whereby certoïn stimulotory ogonists ore oble to

mobilize more tighfly bound Co in the obsence of chonges in E,n (Somlyo ond

Somlyo, lgó8). There is consideroble experimentol evidence to supporf thìs ideo

but the most convincing is the stimulotion of high K - depolorized myometrium by

ACh or orteriol SM by odrenqline (Edmon ond Schild,1962; Hinke ,1965; Evons

gL. 4, 1958). It should be olso noted ihot in Co - deficieni solutions the K -

controcture of toenio coli (lmoi ond Tokedo, ßOV ond robbit mesenteric vein

(Som|yoondSomlyo,l969)exhibitsonÌnitiolphosicresPonsesensitiveto[."].
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ond o subsequent tonic response independent of [Co]o. These observotions suggest

thot high K moy be qlso copoble of mobilizing some of the bound frqction in fhese

conditions. It is opporent, therefore, ihot in investigoting fhe qction of ony exPer-

imentol condition which produces controction, the meosurements of flux kinetics

ond eieciricol qnd meclronicol responses musÌ be inierpreted wiih coution wÌth

reference fo Co poois utìlized.

. There is olso evidence for the presence of o surfoce membrone Co pump

which moy represent competition for fhe No pump. The,É - odrun"rgic reloxotlon

of the pregnont rot myometrium'is cccomponied by o hyperpolorizqïion thought to be

due lorgely to qn increose in PO ond possibly fo q smqll contribution by c AMP -

. medioted stimulotion of on elecfrogenÌc Co pump (Morshcrllond Kroeger, 1973;

Kroeger ond Morsholl,1973; Kroeger, 1976). In the dog trocheolis hypoxio plus

substrqfe depletion cquses on increqse in Co content in normql Ca solution buf q

decreqse in contenf ond qccelerotion of Co45 efflux in Co - free solution (Kroeger

ond Síephens, 1971). The lolter results were fqken fo indicote impoired upfoke by

intrqce!lulor bïnding sites since fhese condltiens were effecfive when Co45 efflux

wos low qndsioble, ond on increose in tensìon occurred in ossociotion with the

stimuloted Cq efflux. The long ( >400 minutes) hqlf - time for the Co45 efflux from

the slowly - exchorrging comportment in Co - free solution suggests the presence of

o lorge sequestered slore resistqnt to depletion (Devine et . ol . , 1973). These results

suggest thof normqlly, the groded depolorizctions observed in trocheolis produce tonic

controcfions which rely to o greoter extent on.bound intrqcellulor Co stores. The

depolorïzotion ond increose in r, produced by TEA moy open uP qdditionol Co

chqnnels ollowing sufficient Cq influx during the AP to direcfly octivote the

controctile mochinery. This hypofhesis would exploin the functionol conversion of

trocheolis to o single - unit preporotion producing AP's t:nd q Co - dependent MR

to stretch (Stephens et. ol . , 1974; Kroeger ond Stephens, 1975)

b) Role in stobilizqtion of membrone Permeobility

I) Nerve, strioted muscle qnd cordioc muscle
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Voltoge - clomp studies on squid giont qxon ond myelinoied nerve fibers

thot ipn conductqnces depend on the divqlent cotion concentrotion ond ihe pH



of the bothing solutíon in o chorocteristic woy.. Huxley (c.f. Fronkenhqeuser qnd

Hodgkin, 195f suggested thot ihe oction of Co on the systems controlling g*o ond

9ç. mighi be exploined by o chonge of the electric field withín the membrone through

obsorption of Co to negotive chorges fixed on the membrqne surfoce. It wqs known

thot increosing [a"]. roises the threshotd, ïncreoses rm (cole ,1g49) ond

occelerotes occomodotion, whîle reducing [a"]. hos the opposite effects ond

moy leod to phosÏc elecfrÎcol octivity in skelefol muscle fibers (Adrion ond Glfon,
1933). In oddiiion, removol of Co reduces rectificoiion ín squid nerve (Steinboch

ef . ql ., 1944), in"r"or", the frqction of the No corrying system in on inoctivoted
stqte in Purkinie fibers (Weidmonn , 1955) ond cqn induce the produciion of on
qnode - breok resPonse in myelinoted nerve fïbers (Fronkenhoueser, WSn. The dotq

of Frqi';l<enhoeuser oncl lìoo'gkin (i957) showed thot for squïd giont oxon reducing

[a"]" I) increoses ihe inword I*o ond the outword IO 2) increoses the rote'
of increqse of nNo ond gO under the coihode, 3) decreoses threshold, 4) increcse.s

the frqction of inoctive - No corrying sysîem in fhe sfeody stote ond 5) renders

the oxon refroctory. The results of q five - fold reduciion in [a"]. were equivqlent
to those of o 10 to'15 mV depolorízofion ond it wqs suggested fhot the Co in fhe

immedíqte vicinity of the membrone iros importont in this regord.

In loterstudÎes, Hif le (.l9óB) ond Hílle et. ol . (1975) observed o shifr
in'the peok g*o in myelinoted nen/e or 20 - 23 mv per I0 - fold chonge in [a"].
but reporfed little dependence of sfeody - stqte 9ç on olierotíons in [a"].
Mozhoyevo ond Noumov (1970) however, observed q shift in steody stote gO of +15

mv per I0 - fold íncreose tnrFo]o. Hille er. ol . (1g7s) hove proposed o model

whereby divolent cotions (Cot* ond Mgz*) ond proton, (H+) crre qssumed to offect
the surfqce poientiol either by chemïcolÇ binaing to fhe fixed chorges(determined

by dissociotion constants), or by develôping o diffuse double loyer ond screening

off the fixed chqrges (determined by íon volencies), thus increosing the electrîc
fïeld within fhe membrone. All effects of voryïng the coiion concentrqtions ore

ossumed to be resiricted to the outer surfoce of the membrone, the internol double
loyer remoining unoffected. Ion conductqnces therefore, ore supposed to be
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controlled by the resuliing electric field in the membrone.

In skeletol muscle Co (ond Mg) offect the fhreshold of I) deloyed

rectificotion ond 2) contrqction in o similor woy. The threshold ond the steody - stote

9l( or" shifted from B mV (Constontin, 19óB) to23.5 mV (Dörrscheìdt - Köfer,1976)

per 10 - fold chonge in l_ao]o, depending on the nqiure of ihe ogenf used to

inhibit 9No. Thus, the noture of the Co - dependence of the controction threshold

is the some os ihof of bofh S*o ond o*, ond fhe threshold shifts moy reflect idenfïcol

chonges in surfoce potentiol (Diírrscheidt - Köfer, 1976). A cousol relotionship

between conlrqction threshold ond the ihreshold of deloyed rectificotion hqs been

ruled ouf lrowever (Adrïon et . ql . , 1969). Dörrscheidt - Köfer (1976) hos proposed

o model sirïîlqr to thot of Hïlle for nerye but wiÌh the fixed rregotive chorges'olso

present on the outer surfoce of ihe tubulor membrone " The ion conductonces ond

ihe confroct!on fhreshold would be controlled by the electric field in the membrqne

resulling from the binding ond screeníng effect of externol Cq.

An exomple of the regulotory effeci of Cq on membrone conductonce

ond potentiol is given by the decreosed lension which occurs when sïriqted muscle

fïbers ore depolorïzed in high K solution ofter hqving been sooked in Co - free

medium" It hos been postulofed this effeöt is dùe to the progressive decline in RMP

in the obsence of exlernol Cq (Lüttgqu ond Oefliker, t9ó8). This depolorizotion,

if sustoined for o shorf time, breoks the linl< between E,n ond the controctile

mochïnery; the muscle remoïns ïn o relqxed stofe, olthough the membrone is suff-

ïciently depolorized to hove produced considerqble tension hqd this degree of

depolorizotion been induced ïnitiolly. The degree of tensîon which con be

developed when the porfiolly - depolorized muscle (by Cq - deficiency) is completely

depolorized depends on, the degree of the depolorîzotion. This effect is represented

by o restorotion - potentiol curve (Lijttgou ond Odliker, 19óB). This ond q tension-

potentiol curye, like controcfion ond conductonce fhresholds, ore shifted by

olterotions in [C"].. Therefore, in striqfed muscle fibers, the most prominent

effects of Co seem to be exerted through its control of Eom
The selective îon permeobility of cordioc fibers is olso reguloted by

Co os demonstroted by Noyler (19ó5), who observed decrements of E, of tood

ventricle in.ossociotion with Cq - deficiency ond Co cheloting ogents (Chelex -
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100 ond ethylenediominetefrqocetic ocid - EDTA), ond subsequent restorotion of RMP

by oddiîion of the divolenf cotions =in. (Zn2+), strontium (Sr2*) ond Co2+. Co

olso srqbilizes ihe membrone potentïol ogoinst increoses i" If]o (Aidley, 1970).

Weïdmonn (.l955) showed îhot o roised [a"]o increoses the ihreshold forAP generofion

but produces no chonge in the rofe of spontoneous depolorizotion in pocemoker regions.

An ïncreosed rote wos observed however, with lowered [ao] o, 
fhe effect

ottributsble to the reduced threshold. Wifh reference to the No - qctivotion

mechqnisms, the effects of high qnd low [a.]" ore similor to those in nerve

(Weidmonn, 
.1955) a'

Recent studies involvîng the iontophoref Îc inieclïon of Co into

indïviduql heort fibers strongly suggest fhot infrqcellulor Co ploys on importont

role in the confrot of surfoce ond iunctionct membrqne cond.uctcnce. Introcellu!a¡'

ïniecrïon produces electricol uncoupling between cqnine Purkïnie fibers ond o

concomitont increose in input resistqnce (De Mello, 1975). This effect is t) moin-

toined by iniury to the cell membrone ond 2) spontoneously reversed by cessotÏon

of Co inieclion, the rote oi reversol being reduced in the presence of cqffeÎne ond

low femperoture. These results indicote thot the recovery of electric:' ""i1lt;îl
ofter cessqtîon of iniection is relqted tr the re - estoblishmenf of the low l_Co-'J i ,

which is normqlly moinfoined by octive uptoke of Cq by rhe SR (Weber ond Herz,

l9óB) ond octive exirusion by the surfoce membrone. Similqr sludies suggest thot

the level of inirocellulor free Co2+ con offect the S*in cordioc muscle. Ionio-

phoretic iniecTion of Co into sheep Purkinie fibers led to t) shortening of the-AP

durqtîon which wos more pronounced with greoter qmounts of iniected Cq ond shorter

deloys between Co iniecfion ond AP, ond 2) membrone hyperpolorizotion

(lsenberg, 1975). These results ore consisteni with qn increose ìn g* due io the

presence of elevqred [a"'*] ,. The possîbïliiy of 9ç being increosed by the

concomìtqnt depolorizotion by Co iniection wos ruled out by the observotìon thot

the shorfening of the AP wos the some during o voltoge cloinp. The foregoing

evÌdence suggests, therefore, thot ihe membrone poteniiol of heort fibers moy be

intimofely reguloted by the control which both introcellulor ond externol Co

opporently exert over ion conductonces, porticulorly gO. It thus oPPeors thot qn
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elevotion in [a"]. decreoses s¡o but increoses gçr occounting for the observed

membrone hyperpolorizqtion

2) Smooth muscle

The functionol sfote of the smooth muscle cell membrsne is olso moïn-

toìned by the presence of Coo. An increcrse in [a"]o hyperpolorizes the membrone,

thïs (Bülbring ond Kuriyomc, 1963a; Mqrshotl, 'l9ó5) effecT beìng occomponied by

qreductionofr*(BiilbringondTomifo,1968o,b,1969c;Biodinget.ql.,1969b)

A decreose in [¿"] 
" 

depolorìzes the membrone ond Încreqses r, excepi of

concentrotïons <0.2 - 0.ó mM ot which o decreose in r, hos been observed

(Broding ond Tomito, IgóBb). Replccement of Noo with tris or sucrose offer the

toenîq colî is depolorized in Co - deficienÌ solufion couses o repolorizorion ond

restcrci'ion cft normo! r"* (BrcCîng cnd Tomitc , 1968b; Broding et . cl . , 1969b). The

chonges in r, cit [Co]o'r > 0.ó mM ore consistent with qn effect of Co on gO, but

since the depolorizotion in Cq - free solution is smqller if Nq is remcved, gNo

*oy olso be increqsed (Brodïng ond Tomito , 1968b; Broding et . ol . , 1969b) ' There

is opporently little effect on gC, os ihe some effects ore obtoined when Clo is reploced

with o less permeont onion (KurÎyomo , 19ó4). It is conceivqble thot Co also

regulotes fhe infegrify of the iunciionol membrone olthough Tomitq (19ó9) found no,.

chonge in the longitudinol iniernql resistonce (r, n 
J) 

of the toenio coli ofter ot

leqst 
.l5 

minutes exposure to oltered Co solutîons'

Excess Coo olso 1) increoses ihe threshold for AP production, porf ly 
_

os o resulf of the hyperpolorizotion ond portly due to o shift of the firing level

toword q tess negotîve poientiol, ond 3) decrecses fhe lofency betrveen the onset

of the stimulus ond the peok of fhe spike (Broding et . ol . , 1969b). In spîte of the

increose in threshold ond decreqse in r*r the spike omplitude ond dVrldt of the

toenio coli ore greoter in elevoted [C"]". This moy be due in spife of the inhìbition

of ony depolorizotion - octivoted in"reqr" of gNo ond/or to the obility of the

(ossumed) qctivoted Co chqnnels to odmit sufficienT Cq to overcome the opposing

effecfs on threshold ond r*. On the other hond, the presence of spilce octivity

in nominqlly Co - free solutîon (Búlbring ond Tomîio,1970) might be exploined

by the mointenonce of spîke octivity by Co bound to ihe cell membrqne. This site
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mqy be replenished by on octive membrone Co pump, ot the some time mointoining

PCo ot o high enough level to support AP's. In fovour of the ideo thoi Cq is supplied

in Co - deficient solution by o membrone store rqther thon by on extrocellulor supply

ore the observqtions ihof l) qbolition of the spike by removing Coo is much slower

thon the loss of Co by diffusion from the extrocellulor spoce (Broding ond Jones,

1969), 2) the effects of Co - deplef ion ore highly temperoture dependent (Broding-,

et . ol ., 19ó9o) ond 3) the effecfs of Co - deplefion ore modified by the presence

or qbsence of ofher ions (Bülbring ond Tomîio, 1970). Thus membrone potenriol ond

resistonce qre mointqined in Cq - deficienf solution by Mg (Kuriyomo ond Tomito,

1970) ond obolition of AP qctivîty ís {:oster in the presence of Mg fhon in it's obsence

(Bi-ílbring ond Tomito , 1970). This lotter effeci moy be exploÌned by o competition

befweenMgo¡dCqformembrqnesites(Goodford,1967)ondthefoctfhofMg

con nof reploce Co ïn corrying the inword current of the spike (Kuriyomo ond

Tomito, 196n.

Additionql evidence for o membrqne Co sïore is the finding in bornocle

muscle fibers, whïch prodr.rce o Cq - soïke, ihot I) the spike ompiitude is reloted

to the omount of Cc odsorbed ot fhe membrqne rother thon io fCo] o, ona 2) thot

divqlent cotions [>ind competitively wiih the sqme membrone sites qs Co (Hogiworo.. ..

qnd Tokqhashi,1967). Wiih reference to SM it hos been suggested thqt the reductîon

of ionic sl'rength by replocing No Cl wïth sucrose moy increcse Co odsorption qt fhe

membrane ond poienfiote fhe stobilizing oction of Co (Tomito, 1970). Evidence in

this regord is the observotïon thqt exposure to pure sucrose solution, olthough o

drostic shock to osmotic regulotion, increoses the binding of Co with the result

thot subsequent removol of Cq from the tissue is very slow (Sporrow et . al . , 1967).

It oppeors thqf ihe most importont interqction qt fhe membrone is thot

between Co ond gl*. From meosurement of rqdiooctiu" 
45Co 

efflux Goodford (19ó5)

tentotively deduced thot the qmount of membrqne Cq might be modified by competitïon

with K, os these both serve os exfrocellulor counter-cotions to the fixed negotive

chorges. In view of the evidence for the siobilizïng obilityof Co it is more likely

thof Co controls g*. It hos been postulofed (Tomilø,, 1970; Tomito ond Wotonobe,
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does in heort muscle (De Mello, 1975; Isenberg, 1975), ond f hot ocf ïve removol

of Co from the cell reduces gK. It is observed thot in foenio coli, in nign [Cd.
or low [*"]o, the omplirude of the ETP decreoses due io high [a"], (Tomiro ofd
Wotonobe ' 1973). Thus if is opporent thot 9K roy be controlled by Co on both

sídes of fhe membrone. This mechonîsm in turn should provide for o very sensitive

controt of E ond rmm
Anofher ospect of the interocfïon of No, K ond Cq ï; the possibilïty

'thot fhe volue of gN/g* hos o strong influence on Ìhe octivotion of Cq chonnels.

The depolorizotion of the rot hepofïc portol vein produced by hïgh K solution

încreosed gç which wos reflected in o lower r, ond which suppiessed electricol

ond mechqnicol octTvity (Hermsmeyer, 1g76). These effects were reversed by Bo2+

which reduced gçr ond if wqs concluded fhot the spike pottern depends ot leost in

port on the combinotion of effects o¡ gK ond Er. Sïnrilor findings hove been reported

with the opplicof ion of procoine (l(urihora, 1975) ond TEA (Mekoto, 1971; Kroeger

ond Stephens, 1975) which olso suppress g- ond produce, or potentiote, phosic -'

electricol cnd meclrqníccl qciiviiy os clíscussed obove (seciion 3). Furfhermore,

Vqssort (1975) hos recently odduced o very ropid ond sensílive interocfîon between

the ínwo'rd Co currenf ond gO in the myomefrium. Theøuthor hos identïfied o fqst

outword l( current in oddilion fo the deloyed rectifying I . This ropid ouiword

currenf is chorocterized by 1) ropid inocïïvotion, 2) portiol ïnoctivotion of fhe

RMP, 3) reversol of inociivation by condítioning hyperpolorizotion ond 4) inhibition

by TEA. This current normolly coincides with fhe inwqrd Iao ond is responsible for

the fosl repolorizotion ond low omplitude of the AP. Vossort hos thus proposed thoi the

influxòf Co tronsiently increoses the locol [a"], ot the inner side of the membrone,

inducing o momentory increose in g (i.e. q shift in fhe K octivotion curve).

Following this, the I..declines due to inoctívotion ond fhe decreqse of the locol

[a'] ,. The ,"rut*[r rhe srudy ,rnn"rrua ,t;, *;" ;; ocrivoríon curve is sensirive

to E* ond to the gCo octivotion curve. This tronsient oufword current probobly

influences the firing behqviour of SM cells qnd ollows its control by the neryous

system ond circuloling hormones: ony smoll hyperpolorizqtion would thus inhibit

the electricol octivity of the cell.
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In conclusion, it is becoming increosïngly opporent thoi the excitobility

of SM,s, or lock of it, hos o bosis in q sensìfive inTerqclion beTween gK ond the

[a"] on either side of the cell membrone. The single - unîl' muscles ore spontotre-

ously octive ond this octivity qPpeors to rely moinly on neurohumors ond circuloting

ogents for its moclulofion (B'úlbring ond Tomïto,1969o,c) ond moinly on externol

cq for fhe corrier of dynomic current ond octivotor of controclion. Multi - unit

preporotions ore more dependenf on nervous control ond likely utilize internol

bound stores of Co to o greoter extent. The potentiol for ony octivotion oppeors to

be mosl<ed in multi - unit preporotions by o relofively high resting 9ç, resulfing în
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A. Dissection

Trocheqlis muscle wqs obtoined from the cervicol trocheoe of mongrel dogs

qnqesthetized with 35 mg/kg pentoborbitol (nembufol, Abboti) iniected i.v. The

dogs rvere then killed by introcordioc iniection of soturofed KCI solution.

The trocheqlis muscle (musculus Tronsversus trocheoe) comPoses the most dorsol

loyer of the pories membronoceus which sPons lhe incomplete dorsql ends of the

cortiloginous rings

Dissection wqs cqrried ouf in the plone of seporotion between the trocheqlis

dorsolly ond the tunico fibroso of the elostÏcq mucosoe trocheq.ventrolly (Stephens,

Kroeger qnd ÀlÊhto , 1969). Seporotion wos eosy ond the muscle loyer could be

dissecîed out wiih mïnimol hondting. Core wos token to remove o thin, tough

loyer of connective tissue on TIre venfroi side which would impede microelectrode

penetrotion of the muscle cells. A rectongulor strip of muscle opproximotely l0

mm long in the lqterol trcnsverse plone ond 3 to 4 mm wide in f he croniocoudol

plone of th¿ trocheo wos cut out qnd ploced in o both contoining Krebs-Ringer

normol solurion (NS). The composition of this qnd other solutions is given in Tqble

1 . If wos equilibroted with a 95o/o o2- 5% CO, mixture so os to yield o Po,

of ó00 mm Hg, o PCO, oî 45 mm Hg ond o pH of 7.40, of o temperoture of 37"

+ lo C. Dissection time overoged 20 minufes ond the muscle wos kepf moisf during

this time.

B. ApPorotus

Stimulofion ond recording wos corried out in o plexigloss bqth whcse design

wos modified from îhot described by Abe ond Tomifo (19ó8) (figure I).' The both

consists of qn outer, woter-filled iocket for temperoture control ond qn inner

muscle chomber. Incoming solutions enter both ends of the inner chomber vio

rubber fubing coiled in the outer chomber for Temperoture equilibrotion. The

inner chomber contqins 2 AS. Ag Cl stimuloting electrodes, one ot one end ond

one in the center. The centrol electrode thereby divides ihe both into stimuloting

ond recording chombers which hold qbout 3 ond 5 ml of solulion respectively. Both

elecfrodes ore chloride-ploted in order io minimize polorizotion. The centrol

electrode is insuloted with Aroldite epoxy resin on the side focing fhe sf imuloiing
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Compositîon (mM) of Muscle Perfusotes

_89-

No Cl

No HCO,

KCI

Tqble I

NS

KH2P04

Dextrose

Ms Cl,

Co Cl,

K2S04

Mo SO,

Co SO,

TEA'CI

No IseThioncte

No

cl
K

Ms

Co

Po¿

so¿

HC03

Dextrose

TEA

Isethionote

I tB.5

23.8

4.7

1.2

5.5

I "17

2"0

:

142.3

126.37

5.9

1 .17

2.0

1.2

23.8

5.5

:

NS-
TEA

I'l8.5

23.8

4.7

1.2

5.5

1 .17

2,0

,20.0

142"3

146.37

5.9

1 .17

2.0

1.2

23.8

5.5

20.0

Low Cl
TEA

29.6

23.8

1.2

5.5

,.,
1 "17

2.0

20 "0

88.8

142.2

49,6

5.8

1.17

2.0

1.2

5.47

23.8

5.'5

20.0

BB. B

Low Cl
Hish Co
TEA

29.6

23.8

1.2

5.5

2.3

1 .17

ó.0

20"0

88.8

142.2

49.6

5.8

'1.17

ó.0

1,2

5.47

23.8

5.5

20.0

BB. B
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Fïgure' 6: Schemotic diogrom of opporofus
in text)

for stimuloting ond recording (described



chomber ond with celluloid on the other síde. There ís o spoce between the mefol

ond the celluloid for current flow ond q smqll ovqt hole through which fhe muscle

strÎp is possed horizontolly. The insulotìon ond smoll operture combÌne to reduce

shuntTng of the currenf by the solufion, thus focusing the current on the muscle

ond reducing ihe sfímulus intensity necessory to sfimulore the preparotion. An
índependenf poír of Ag * Ag Cl wires ore ploced in the solution in fhe stimuloting
chomber to monitor sf imulus inlensîty. Solutions were propelled by grovity from

overheod resevoirs. Flow rotes were monitored with gtess drip tubes ond moînfoîned
ot obouf 3 ml/^.n- Approprioie plocement of suction ports moinfqíned the 6othing
medium ot The desired level în the both.

After possirrg the muscle strip through ihe centrol siîmulotïng electrode, it.
v¡os citoched by o loop oÍ'brqideci 3 - 0 surgicol sïl[< to q sfotionory gloss hook in
fhe stimuloting chcmber. A length oF sil[< tied to the ofher end wos possed oround
q verticol pulley ond offoched to q Gross FT.03 C force fronsducer for meosure-

ment of isomef ric tension. The oulput of the force gouge wqs bolonced by o bridge
clrcuit ond recorded on tope with o phif ips Anolog -7!øpe recorder.

After mountÏng, the preporqtion wqs slowly sïretched until o resting tensíon

of 0.5 fo C.B g wos mqintcrined. This procedure opproximotès the optimol length
(Stephens, Kroeger qnd Mehta, 1969), yielding finol muscle dimensions of obout
20 x 3.0 x 0.75 mm. One-holf ro t hour wos qllowed for equitibrotTon in ihe
normql Krebs-Rínger solution ot 37oC. After this period, fhe muscle wos perfused

wifh 20 mM TEA solution which invoriobly coused q dromof ic rise in bqseline

tension ofter o deloy of 3 to 5 minutes. When the tensîon hoC stqbilized, the
microelectrode experiments were begun.

Microelectrodes were pulled from gloss copillory tubing (0.8 mm o.D.) using
o Dovid Kopf two-sfoge vertiiol puller. Coit temperoture ond pull were odiusted
so os to produce fips of no greoter thon 0.5 mícron O.D. with shonks of foirly shorp

toper fo lend greoter physicol strength. The electrodes were then ploced in o
beoker of freshly - filtered 2 M KCI which hod iusr been heqted to boiling remper-
oture. Finolly, the beoker wos ploced in o vocuum chomber for l/2 hour to boil
ond fill the electrodes under reduced pressure. Microelectrodes were occosionotly
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checked microscopicolly for odequote configurotion (tip invisible under x ó00

mognificotion) ond for complete filling without bubbles. For subsequent use

eqch microelectrode wos mounted on o I cm Ag - Ag Cl wire soldered to q ó cm

length of thin, îlol,7-îolcled foil. This in turn wcs mounted on q WPI electrode

holder clomped to on X-Y-Z micromonipuloior. The output wos connecTed to o

WPI 750 high impedonce, direct-coupled omptifier whose outpui wos recorded on

.tope. The circuit wos completed by o solt bridge (2 M KCI stobilized in ogor)

indifferenf electrode positioned in ihe recording chomber ond connec¡ed to the

omplifier ground input. Dynomic colibrotion of the sysîem wos effected by o

Bioelectric Instruments Inc. CA5 colibrotor in series with the solt bridge ond

omplifier. After posiiioning the "floofing" eleclrode obove the muscle if wos

lowered info the solufion. Precise positioning'wos focillitoted by o vernier scole

on the micromonipulotor ond by o metric scole porollel to the muscle strip' The

microelectrode wos ihen checked electricolly for high impedonce (inversely

proportîonot to tip diomeier) qnd used only if ) 10 megohms. The possibility of o

drifting boseline due io polorizotion qt the metol - Kcl iunction wos minimiæd

by chloriding the eleclrode wire before use. The "flooting" ossembly prevents

confrqction - induced extrusion of the microelectrode, thus ollowing simulfoneous

recording of electricol ond mechonicol octivity (Morsholl ond O'Brien, 1967)'

Stimulotion wos effecfed by o Gross S-44 constont voltoge (output R = 250

ohms) stimulotor whose outpui wos ïsolotèd from ground by o wPI photon-coupled

isolotion unit. The iwo electrodes monitoring stimulus infensîTy were connected to

the differentiol àmplifier of q modified TekÌronix duol beom oscilloscope, whose

output wqs olso recorded on tope. A sync. sîgnol for oscilloscope triggering wos

recorded on onother chonner whire the fifth input wos shorf - circuited for flutter

compensqtion. The outputs of the first four chqnnels were connected to o flutfer

compensotïon unit (bondposs 0 to 500 Hz) ond then disployed in porollel on'o

Tektronix duot-beom oscilloscope ond o Gould Brush 2400 pen recorder' Membrqne

poteniiol qnd stimulus intensity were colibroted wiih the dynomic colibrqtion unif '

All recordings could be ployed bock ond disployed on either ihe Brush pen recorder

or on 35 mm, high speed negotive film with o Nikon-Kohden comero mounted on the
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oscilloscope. All experimentotion wos corried out within o shielded room.

C. Protocol

1. Effect of Cl reduction on r*
The omplllude of the AP con be increosed simply by on Ohm's Low function

due to possoge of o conslqni current ocross on increosed rm (Csopo ond Kuriyomo,

1963). It hos been shown thqt chonges in cell coble properties ore most effectively

studied by meosuremenf of the spotiol spreod of the electrotonic potentiol (ETP)

elicited by exlrocellulor stimulotion (Tomito, 1966 a; Abe ond Tomito, I9ó8).

After o microelectrode proved to be suifoble for use by cn impedonce check,

il wos positioned olong the centrol longitudinol oxis of ihe muscle of o distonce

of 2 mm from the porfition electrode. The electrode rvos lowered coutiously until

smoll omplitude electrïcol octivity signolec.l contocf with the muscle surfoce. Cell

impolement wqs effected by mqnuql tcble topping, since o high velocify, smoll

omplitude thrusf minimîzes memb¡:ene trqumo. The criterio occepted for successful ,

impolement were 1) on instontoneous increose in negotive voltoge, 2) voltoge

ochieved L¡eld sieody for ot leosi 10 to 15 seconds, 3) upon withdrowol of the

electrode rhe initiol zero boselíne wos regoined ond 4) elecfrode impedonce wos

unchonged.

When o successful penetrotion wos thought to hove been ochieved, hyper-

potorizing squore wove pulses of four omplitudes rongìng from l5 to 100 mY/cm

(see figure I ) were opplied ot o frequency of 0.3 hertz. This frequency qllowed

sufficient time for ony octive onode-breok response to occur ond for the resiing

membrone potentiol (RMP) to be regoined, while o pulse durotion of 0.ó io 1.0

second permÌtted ihe ETP's fo reoch steody-siote omplitude. The rectificotion

seen in response to depolorizing stimuli in normol ond TEA-contoining solutions

hove been reported previously (Kroeger ond Stephens,l975). If o record wqs

obtoined with stoble membrone potentiol, negligible stimulus ortifoct (due to

incomplete penetrotion by microelectrode) ond return io boseline upon withdrowol

with no chonge in elecirode impedonce, the electrode wos odvonced to distqnces

of 4 ond ó mm ond the steps repeoied. When sotisfoctory records were obtoired

in the TEA solution (NS-TEA), the muscle wos equilibroted for 1/2 hour in Cl -
deficient TEA solution (see Toble l) ond meqsurements ot 2,4 ond ó mm repeoted.
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A concentrotion of 20 mM TEA wos chosen for these experiments os it líes

midwoy olong the dose-response curye for TEA ond trocheolis. To moke Cl -
deficient solutïon, seventy-five percent of ihe No Cl wos subsiituted equimolor

with No isetlrionote, o less permeont onion, producing q net Cl concenirotion of

49.6 mM,33% of thot in the normol solution

2, Effecf of Co ond D-ó00 on AP's

The mqin purpose of this study wos to elucidofe the role of Co in corryîng

ihe current of the AP in fhe presence of TEA. The presence of Co is o prerequisïte

for electricol ond mechonicol octivity in most types of muscle, including TSM,

os well os for stobilizotíon of resfing qnd octive membrone conducfqnce to vorious

physiologicql ions. Consequently we wished fo 1) onolyze the contribution of

Cq to dynoniíc volïoge trqnsienls devoid of on elecirotonic component but 2) siill

obtoin meosurements of chonges in r ihroughout the experimenf . Troins of onode-

breok excited AP's of q distonce of 4 to ó mm from the stimuloting electrode fitted

this experimentql design quite odequotely. Recording of this distqnce would olso

tend to eliminote oll but fully-conducted AP's.

Upon reinserfion of the microelectrode into ilre rnr.rscle cell ot ó mm in Cl -
deficient TEA solufion, pulses of 20 to 30 mV/", (see figure l5 )ot tire some

frequency os sloted obove were opplîed to the muscle sirip. When the RMP ond

octive responses were stoble, the bothing medíum wos switched to Cl-deficienf

TEA solution contoining ó.0 mM Co. The spikes usuolly required obout 5 minutes

to exhibii the full effect of the intervention. When o ploteou in spike omplitude

and/or rote of rise (dvd/ wos observed, D-ó00, o specific onfogonist of dynomic

Co chqnnels (Kolhordt ei. ol . ,1972) wos opplied to ihe bqth to yield on ïnitiol

both concentrotion of obout lO-5 ti¡.
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D. Anolysis
: I . Evoluotion

In order to relote

Cl-replocement, coble

Kotz, 1951, such thot

of .ôhonges 
in rn,'

chonges in ETP's to chonges in r., during the oction of

theory wos opplied (Hodgkin ond Rushton, 1946; Fott ond



However, severql investigotors (Abe ond Tomitq , 1968; Ohoshi , 1970) recorded of

very smoll dlst:nces (¡< 0.5 mm) from the stimuloting electroCe, therefore

simplifying The obove equotìon to

lv' \2 = ,'-
f-l m

lV / r.m

This simplifïcqtion con leod to lorge errors due to simulioneous chonges in r, ond

À . Increosing x fo volues greoter thon,Å (necessory in this study since high

surfqce tension oÌ fhe portiiion mode positioning the microelectrode very dífficult)

will increose this error. Consequently, chonges in r* were estimofed os described

by Kroeger ond Morshqll (1973): ossuming thof r, (internol plosm resisionce) is

not qffected by Cl-substitution, fhen

Vt=
r7-

-95-

rt r'.ml exp (-x/¡')

".p T4l

LetA=r', , then

.t
r.

m

r
m

r

=lN( ond À'=À
tTi

Equotion 24 wos solved grophicolly for A by p!orting the numericol vqlue of the

right side of ihe equotion os q function of A. The volue of A, from lhe groph, thot

sotisfïed equotion 24 is the eslimole of r'*
r

m

X=Àln

(V) 
2 =o(îl-j-r¡-l)',

ond

( z¿)



sJln slu



A. Effecf of Cl-replocement on the Electricol Actïviiy of TEA-ireoted TSM.

l. Spontoneous spikes

The eleciricql ociivity in the presence of 33 mM TEA - contoining normol

solution hos previously been shown (Kroeger ond Sfephens, 1975) to consisf of
smoll, slowly-rÏsing AP's dischorging ot Iow frequency in o one-to-one relofion
with individuol twiiches. Furihermore, these spíkes ore conducfed slclvly ond

decrementalfy. These findings ore consistent with o potentiotion of r,n due fo
o reduclion of gObyTEA, ond it wos felÌ thoi decreosing the normol Cl leokoge

current would serye to increqse rm even further. This action should in iurn result

ín greoter ETP qnd AP omplitudes. Prelimînory experíments provided positive results

os evÏdenced by the iroin of spontoneous spikes shown in figure 7. PortÍol reploce-
metlt of: externclt Cl wiih isethïonote produced q tronsïent depolorizof ion (repolorizing

within I5 minutes) ond opproxintotely o ó07o increose in spike height qs well os

siobilizofion of frequency. This, fhen, provided us with o good model with which
to test the hyporhesis thof Co is on essenfiol physiologicol cotion for corryi¡g ihe
current of the AP qnd for octivoting controctile proteins in the presence of TEA.

The problem still remoÏned, however, to determÍne whether or nol the ougmented

elecfricql ocïivity in response to the reduction óf ICI wqs due solely to on

increment 'n rm or fo qddirÎonol Cq current qciivoted upon depolorizotíon. It wos

decided, therefore, fo determine the relotive contribution of the chonge in r, by
meosuring chonges in fhe ompliiude, ond consequently, the spreod of the ETp.

2. Ef ectrotonic poieniiols

Since the heíght of the steody-sfote ETP elicited by extrocellulor stimulotion
is directly proporiionol to r,n, meosurement of chonges ïn ETP omplitude provides

the most occurote estimote of chonges in r.,n. The ETP produced by hyperpolorizing
(onodol) current wqs recorded ot three distqnces from the site of siimulotion in the

normol ond Cl-deficient TEA solutions. The protocol wos chosen becouse the spotiol decoy

of the ETP hos been demonstroted in this (Kroeger ""a&f*fi#Ï3m",. smoorh

muscle preporofions to be on exponentiol function þiven by o stroight line on o
semilog plot). The longitudinol potentiol field wos considered fo be the currenf

oxis, ossuming thot the current intensity flowing through fhe tissue wos proportionql
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Figure 7. Effect of reducïion of þl]^ from 146 ¡o 50 mM (isethìonote

substìtution) on o troÏn of späntoenous AP's in the presence of
33 mM TEA.



fo the opplled potentiol fíeld (Abe qnd Tomito, 1968). RecordÌngs from o typicol
experimenf ore shown În figures B qnd 9 ond meons from seven experiments ore
presented in Toble ó. The effect of the Cl - subsfifution wos to increose the
omplitude of the ETP by 43o/o ot 2 mm ond by 51% qf 4 mm borh highly signifÍcont
ot P ( 0.0.l by foctorioI onolysis of vorionce; For eqch experiment the ETp

omplirude wos pIofted for eoch disfonce ond solution os q funciion of the stimulus
intensity. Figure I0 shows ,r"h o typicol current - voltoge (l - E) relqtionship while
meon plots îrom7 experiments qre plotted in figure 11. Note the Iineqr relotionship
between the ETP omplitude ond increqsing stimulus intensity, signífying fhe obsence
of recl'ificotion due to olferotions in membrone permeobility os observed in the
depolorizing directíon (Kroeger orrd sfephe ns, rg75; Abe ond Tomito, l9óg).
The dqto obtoined in fhe control soluiion were replotted on o semilog scole (Figure
Ï2) which grophicolly represents the spotiol decoyof ihe ETp. The meon doto points
were ioined by stroight lìnes on the ossumpfion fhot the decoy wos exponenfiol. The
lengfh consfont (¡ ) colculqted from the decoy in control solul.ion wos 3.05 mm

v¿hich shows foir ogreemenf wifh the volue of 2.8 mm obioined by Kroeger ond
stephens (1975). Acceptoble doto wos not obroïned ín low cl - TEA solufíon with
rvhich to plot the spafiol decoy ond derive {
3. Evqf uof ion of the Chonge in r,

other workers (Abe ond Tomiio, rg68; ohoshi , rg7))have been oble to .

record trqnsmembrone potenfiqls with microelectrodes ploced ímmedíotely nexf fo
the stimuloting portition, ond consequently hove used o simplified form of the
coble equotion (see Methods) to cqlculofe the octuol cl
surrqce tension presenr or rhe srimutorins porririon ," rf¡]:iilr:;"ljr"i:*",,
ot less thqn T.0 mm wifh the floofing microelectrode virtuolly impossîble. There -
fiore, o grophÏcol solution (Kroeger ond Morshall, 1973) to fhe unmodified cqble
equotion wos employed. Substituting o volue of 3.05 for À ond hypotheticql
volues for A, o plof "{Y-) 

2 ,r"rrr, ,', wos cqlcutoted for distonces of 2 ond\'/ t

-98-

4 mm os shown in figure 13. From this groph volues for rt
m

r
m

of I.59 ond 1.45
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Figure B. Typicol recording showing the effecf of Cl - deficiency on the
omplitude of the ETP. Ponel o - hyperpolorizing squore -.wove
itimuli (upper iroce) ond resultqnt ETP's (lower troce) in 146 mM Cl-
TEA. Ponel b - some os ponel o except recorded in 50 mM Cl -
TEA (iseihionote substifution). Note ociive tronsienfs produced by
onode - breok stimulotion.
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Figure 9. Effect of Cl - deficiency on the omplitude of the ETP; typicol
recordings with exponded tìme bose, superimposed. Pqnel o -

' squdre - wove siimuli ond ETP's in 146 mM Cl - TEA. Ponel b -
some qs obove in 50 mlvl Cl - TEA
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Effect of Cl - deficiency on

ETP omplitude qnd
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NS - TEA (control)

Low Cl - TEA

v'Ntt
,' /, ftl

m'm

Steody - Stote

r,
m

ETP Amplitude
';

Meons + S. E. 's wifh number of experiments in brqckefs .¿-
' At o stimulus intensity of I00 mv/cm
tt 

Rotio of ETP omplitude in test (V') ond control sorutions"
tft col"rlqted from grophicol solution (see Methods ond Figure B)"
*P<0.05
** P < 0.01

2mm

37 .9 + 3.13

54.6 + 6.66

I .43**

1.59

('v)t

4mm

19.6 + 1 .95(

29 .3 + 4.24

I .5.l**

l.4s

ómm

l3.B + 0.90

19.7 + O.g4

1.44

1.29
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Figure ll. Effect of Cl - deficiency (Cl^ = 50 mM) on the currenf - voltoge
relotions ot 2 ond 4 mm from"the stimulotîng poriition, meon slopes

of 7 experiments.
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respectively were obroîned. Since specîfic membrqne resÏstonce is o rother

uniform physicol porometer ond the vqlues for r', were not significontty

m

different, the two volues were overoged to yie!d q rqtio for

in fîgure 14.

-t0ó-

AP's were evoked by onode-breok excitqf ion (see figure 9) ond meons from

1ó experiments regording ihe effect of Cl-deficiency on the AP poromefers ore

presented in toble 7. The meon resulis of these experiments were not significontly

differeni (P<0.05) from those of the 7 experirnenfs for which resistonce meosurements

were ob'roined. Moximum ¿y/¿t vqlues were cqlculofed by meosurements of

moximum slope from pen recordings ot high poper speed (exponded time bose). The

ionic intervention resulted in the AP heîght being ougmented by 73% (significontly

different from control ot the P<0.01 level by the Student's "f" tesf) ond mcxirnum

¿y/¿tby 16G.¡" (diiference significont ot the P<0.05 level). These results confirm

the preliminory observof îons regordïng fhe effecf of Cl-deficiency on spontoneous

AP's, but qlso show fhof o greoter rn,' connot qccount for fhe dromotic potentiotion

of the ¿y/at of the AP. The relofionship between fhe chonges 'n rm qnd AP

porcmeters in Cl-deficieni solutìon is presented in figure 14.

B. The Role of Co in the Phqsic Electricol ond Mechonicol Activity in f he Presence

of TEA

I . Effect of high Co

The myogenic response (MR) of rhe trqcheolis in response to stretch could

4. Acf ion potentiols

rt
m

r
m

of I ;53 os shown

not be demonstroied in vitro except in f he presence of TEA (Stephens, Kroeger,

ond Kromer,1974), bui mo¿f.""11r.iTg3å:nt mechqnism in diseose stotes involving forced

respirotory monoevers (OlsonlTEA olso produces AP's qnd iwiiches (Kroeger and

Stephens, 1975) ond the mogniiude of the MR beors o direct relotionsip with the

concentrotion of externol Co. Therefore, it is believed ihot the MR moy be mediofed

by AP's whose mognifude moy be reguloted by Co in two woys: l) by corrying ot

leost porf of the inword current of the AP qnd 2) by controlling membrone



Effecf of Cl - deficiency on AP Heïghr ond

Moximum dV/dt
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Toble 7

AP
Height (mV)

Low Cl - TEA

7o of control

Meons : S.E.'s with number of experiments given in brockefs.

*P<0.05
n* P < 0.01

AP
N/¿r (mVlsec)mox' '

229.6 + 53.54

257*
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Figure 14. Effect of Cl - deficíency (Cl^ =50 mM) on r-, AP heighf ond

mdx¡mum AP dv/dt, percent'of corrtrol vqlue'å'in NS - TEA
(Cl_ = l4ó mM). Meon + S.E. wilh number of experiments
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conducfonce prpperf ¡es. To test these hypotheses it is necessory to show on effect

of high Coo ond of o specific inhibitor of clynomic inword ICo on both octive

volioge tronsienfs ond r, simulirneously. Consequently, the effect of high Coo

(ó.QmM) on qnode - breok stimuloted AP's ond tension wqs investigoied. This

method of siimulotion produces hyperpolorizing ETP'; which provide o confinuous

meosuremenï proportionol to rr.
Figure l5 shows o typicol recording of AP's ond mechonicol responses in the

presence of Cl-deficient TEA solution contoining 2.0 mM Co which wqs swiiched

to one contoining ó.0 mM Co whe.n ihe octivity wos stqble. Ii is evident fhof fhe

AP wqs substontiolly increosed in high Co solution os were the corresponding

twitches. Figures 16, 17 qnd IB preseni the overoll results of exposure to high Co

(included ore the effecfs of D-ó00 for comporìson). Figure ló shows the effect of

high Co on AP height which wqs increqsed by 4.7o/o from o meon of 15.6t¡o22.4

mV which wos significontly different qf the P < 0.0. level by poired "t" test.

Figure lTshows fhe increose in the mqximum ¿y/atof the AP which omounted to

222Vo, from ó9.5 to 185.7 rrN/r*" (sionificontly different qf the P < 0.05 level).

Thus, both high Co ond Cl - deficiency produced o much greofer pofentiotion of the

rqte of rise of the AP thon of the heighr, the former proporiionol to the dynom

ionic current of the AP. A concomitont reduction in the ETP omplitude by 49%

(P < 0.05) wos observed in fhe presence of lrigh Co os seen in figure 15. The qctuol

chonoe in r wqs colculoted qs before qnd omounted to o 47o/" decreose. The ETP's"m
in figure 15 were drqmoticqlly reduced by2/3, o foll in r of 5Bo/". There ore two

possible reosons for thìs decline which will be discussed below.
'These 

chonges in rrn in response to olterotions in ihe ovoilobility of exfernol

Co point towqrd q role for Cq ossocioted with the cell membrone in reguloting ion

permeobility os it does in other preporotions (Fronkenhoueser ond Hodgkin, 1957¡

Hogiworo, 1966; Kuriyomo ond Tomito , 1970). However, on even more interesting

phenomenom con be discerned in the records in figure 15. The regulority of the ETP

ond AP omplitudes observed in normol Co dromoÌicolly chonged to qn olternoting
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Figure l5 . Effect of high Co on poced AP's qnd mechònicol responses

(increosing iension represented by o downword deflection);
stimuti delivered hy hyperpolorizing squore-wove pulses

which elicited downword - going ETP's ond octive onode -
breok responses, x= 4. Ponel o - normol Cq 

^ 
(2.0 mM)'

Pqnel b - ó.0 mM Co. Ponel c - representqtive-resPonses

from ponels q ond b superimposed with time bose exponded

ond Mechonicol responses doubled to show phosic noture

more. cleorly.
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rhythm. At the some time the twitches, which reflect intrqcellulor free Co levels

qt the myofiloments, olso respond with oliernotion to the height ond dV/dt of the

initioting spikes. Thus it oppeors thot both the octivotion of dynomic Co chonnels

ond the permeobility to other ions ore sensitive to beof to beot fluciuotions in intro-

cellulor Cs levels. Possible mechonisms ore discussed below.

2.. Effect of D-ó00

Additionol evîdence for o criticol requirement of the AP for externol Co ïn

TEA - contoining solution come with the opplicqtion of D-ó00 (on ontogonist of

dynomic, depolorizotion - qctivoted Co influx) which obolished the MR to stretch

(Stephens, Kroeger qnd Kromer,1974). This ogenf hos no independent effect on

ouoboin confroctur", Er, cAMP levels, tissue Cq confent o1 ocfomyosin OT;t"
(ifrorsho!!ond Kroeger,1973¡ Bose, personol communicotion). Since LC"-1 i

must rise to o clifícol threshold level for controction to toke ploce, demonstrotion

of controction produced by AP - medioied Co influx requires first, on elevoied bock-

ground of Co influx os evidenced by increments in AP porometers ond lension.

Subsequent cessoTion of tÈe electricol octiviiy fogether with relqxotion ofïer

exposure to o specific ontogonïsÌ would provide the necessory odditionol evidence.

. In fhis study D-ó00 wos introduced during o stoble iroin of AP's in the presence

of Cl - deficient TEA contoining ó.0 mM Co. The initiol both concentrotion of D-ó00

in the flow-through system wos l0 -M, ond figure l8 shows o typicol result of this

treqtment. Inhibition of the spikes, twitches ond bosol tension wos ropid (within

90 seconds) ond olmost complete. Although 10 to 20 minutes is required'for this

ogent to exerl ¡ts full effeci, only the first minute or-fwo wos recorded since the

moior inhibition wos produced within this time ond the electrode þenetroiion wos

difficult fo mointoin much longer. Figures l5 ond ló show thot AP height wqs re-

duced by 84"/o, from24.2to3.3 mV (significontly different ot the P < 0.05 level

by poired "t" test) ond moximum dVrldt by94o/o, from214.3 to 10.5 mVrlsec

(difference significont ot P ( 0.05). These results, iherefore, lend odditionol

suppori for l) ihe utilizotion of the exiernol (or superficiol) Co pool for the

production of phosic electricol qnd mechonicol octivity in the presence of TEA ond

-lt3_
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2) for the ocf iv,rtion of o greoter inword, dynomic Co current upon depolorizotion.

An increqse in r* olso occurred during D-ó00 treotment in 3 experiments os

evidenced by the 66o/o increose in fhe ETP omplitude over Thot in high Co soluiion.

This chonge correlqted with o 59o/o increose in r*. The record in figure 1B shows

o substonTiol ougmentotion of the ETP, providing furiher evidence for o regulofory

role for membrone Co over membrone permecrbility ond c requirement for input of

Cq from externol sources. Figure l9 presents the overoll percent chonges irr t',r.,

qnd AP porometers effected by D-ó00 treotment.
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Fígure I B. Effect of D-ó00 (10-5M) on poced Ap,s ond mechqnicol responses
(downword deflectíon wifh increosing tension) in the presence of
50 mM Cl-TEA contoining ó.0 mM Co; Ap's elicited oi breok of
hyperpolorizing pulses which produce dov¡nword - g.oing ETp,s, x = 4.
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A. Effect of TEA ond Cl - deficiency on Electrophysiologicol Porqmeters

The presenf results showed ihot Cl .. deficiency increosed l) the omplitude

of the ETP ot o distonce of 2 mm by 43o/" ond qt 4 mm by 51o/o corresponding to o

meon increqse ìn r, of 53%, 2) the height of ihe AP by 73To and 3) fhe mqximum

dv/dr of rl-e AP by 160To

I . Membrone resistonce

Since TEA produces spontoneous phosic electricol ond mechonicol octîvity

presumobly viq o reduction tn n,. (Kroeger ond Sfephe ns, 197Q, ihe present

experimenfs were designed to te'ìt the hypothesis fhot o further independenf increqse

in r, would pofentiofe thÌs octivity. The mefhod of recording introcellulorly the

lryperpolorizing FTP's produced by externol stïmulotîon wos therefore employed os it

provîdes o convenienf meosure of r* devoid of qctive responses (Abe ond Tomito,

1968¡ Kroeger ond Morsh oll , 1973) .

.Previous work undertoken to chorocterize fhe smooth muscle of the cqnine. , ,,

trocheolis in terms of clossicol biophysicol, ultrastructurcl ond elecfrophysicol

porometers showed thot TEA of the numerous ogents tested, wos the only one which

produced sponfoneous, phosic elecfricol ond mechqnicol octiviiy. In oddition, o

decreose in E qnd on increose ïn cell r_ were observed (Kroeger ond Stephens, 1975).mm
These observqtions were consisfent with on inhibition of resting Sç(Stonfield, 1970;

Ito et. ol ., 1970) which is a promTneni contribuÌor fo l) totol membrone permeobilïty

(Hodgkin ond Horowicz, 1959b; Costeels, 7969o, 1970), 2) E, (Adrion , 1956¡

Costeels ond Kuriyomo, 1965), 3) rectîficotion of depolorizing ETP's (Hodgkin ond

Huxley, 1952brc; Inomoto ond Koo, 1976) ond 4) excitobility (llermsmeyet, 1976;

Tomito, 19óób). Therefore it wos considered thof olthough ot rest, gNo/g,. is relotively

high in SM (Costesls, 1970; Inomqto ond Koo, 1g76)r 9çof trocheolis rilhi normolly

be greot enough to prevent ony substontiol effect of depolorizotion - octivoted g*o
on E--. The effect of these depolorizotion - qctivoted chqnnels should therefore be

m

unmosked by TEA (Mekoto, 1971; Kròeger ond Stephens, 1975). Since TEA increoses

rm of trocheolis, o furfher increose in r, should produce proporiionolly greoter

voltoge trqnsients on the principle of Ohm's Low (Kuriyomo, 1963o; Abe, 1971),

ossuming o constonf current ocross on increosed r
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The significont increqse in r, observed in the presence of Cl - deficient solutïon

(îsethionote substitution) in the present study indicotes thot Sa, is relotively high

in trocheolis os it is in oîher SM's (8orr,1959; Durbin ond Monson, l9ól). In

oddìtion, Cl is not possively disrributed in SM but is thought to be oclively token

up by the cell (Koo, 1967¡ Costeels, 1965); Thus Ea' is less negotive thon E,

(Koo ond Nishoyomo , 1964). The influence of gCl on rrr E, ond electricol

octivity con be invesiigoied by meosuring the effects on these porometers of o

reduction 'n gC, effecTed by portiol substïiufion of externol Cl with less permeont

onÌons (Búlbring qnd Tomiio ,1969;Abe, 1971). The resultont reduction in g- is"m
reflected os o greoter r, (Ohoshi, 1970) ond thus greofer voltoge tronsients

(occording to Ohm's Low) while Ea, (ond iherefore E,,',') becomes tronsiently more

posifive due io decreosed [ClJo. Since the onion substifute is less permeont thon

Ci, fhe net movement of Cl is ouïwqrd which groduolly shifis ta,"lo*ot, (bui not

os for os) its normol resting level. Anion substitutes such os S03- or CUHTSO,

(less permeont) Ìncreose the omplirude of the ETP qnd fhe membrone fîme constqnf
,-

os o function of the increose in r, bui SOr- is divolent ond is thought to be

slightly toxic, while neither onion is impermeoble (Kuriyomo, T9ó3o; Abe,1971).

Isethionote however, lqcks these defects ond oppeors to be the most suitoble

substÌtute for Cl (Kroeger qnd Morsholl, 1973).

The theoreticolly - expecfed increose in r, effected by Cl-deficiency moy

be colculofed from opproximote volues for OO t g.No t 9Cl. For tqeniq coli this

rqtio hos been shown to be opproximotely I :0.1 :0.4 (Costeels, 1970). The

equivolent resistonces ore thus I = I + I + | = 1.5 ond r-- =0.óó.

'rIr*otr 
m

With torol elimitotion of IC¡ , | =l .t ond ,n,' = 0.91, such thot fhe moximum
.r

m

possible ïncreose would b""^/, =g9,1. = 1.38. With substitution of 2 of tatl-
r, , '^ Tf,6 T

os in the present study, */tt *ould be opproximotely 1.25. Consequently, the

volue of 1.53 obtoined in this study suggests either I) o very high ga, in trocheolis

or 2) experimentol error. In the lofter cose it is on error in the right direction since

this volue is compored to concomifont increoses in AP porometers (see below) in order

lo determine the voltote - dependence of dynomic ion chonnels.
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Although Cl - substitution during this study produced significont increqses

in the omplitude of the ETP, occepioble records were obtoined only ot two distonces
in eoch solution, thus mokìng it difficult to cqlculote reosonoble esti¡rotes of the
spoce constont (¿ ) in the fesf orrd control solutions. However, the spoiiol decoy

. 
of the steody - state ETP hos been shown To be cìn exponentiol function in the
toenqi coli (single - unit), vos deferens of the guineo pig (intermediote, Abe ond

Tomito, 1968), the pregnont ond non - pregnont rqt uterus (Abe, lgZl) and rhe

dog trocheolis (Kroeger qnd Stephens, 1975) boih in normql ond in TEA - corf oining
solution. Therefore,.meon ETP omplifudes qt 2 ond 4 mm fromT experiments were
plotfed on q semilogorithmic groph ond ioined by o straight line for ihe control
solufion (see figure T2). The,\ meosured in fhís woy is 3.05 mm which is similor
t'a thot obtoined previously (Kroeger ond Srephe ns, I9Z5).

Wlth reference to qn qssessmenf of the method employed for onolysis of
chonges in rr, it should be noied ihqi fhe technique relies on the following
ossumptions: l) thot the muscle possesses coble - like properfies, 2) thqt

iunctionol resistonce remoins unolferec! during current flow qnd the qciion of
ogents ond ionic interventions, 3) fhof ihe current possing through the tissue

is direcfly proportionol to the opplied voltoge ond 4) fhot this current is

unoffected by reosonoble chonges in r, (Bolron, 1972). Evidence regording these

ossumptions is the following: I) the spotiol decoy of the ETP is smoothly exponentiot
for o distonce of mony cell lengths (Abe ond Tomito, lg68); 2) present techniques
ore inodequote to meosure r. direcfly ond qccurotely, buf it oppeors thot, ot
leost in the toenio coli, r. /r rur¡rroni to the osmotic perturbotions of hyperfoníc

J
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sucrose solution (Tomito, 1966o; Sporrow gL. ol . , W6n ond to olterotions Ïn

La"l . (Tomito, 196g); 3) ony error involced by ossuming direct proportionolity

between stimuloling current ond opplied voltoge is very smoll ond con be neglected
fhe

(Bolton, 1g72); a)Ïtiouu olso oppiies for errors produced by voriotÏons in current

flow rvith chonges in r* (Bolton, 1972), olrhough ony such error is eliminqied when

the omplïtude of the ETP is plotted os o function of distonce semilogorithmicolly,

thus elimÏnoting the current foctor.

The Abe - Tomitq opporotus olso hos severol limitqtions whose effects must be

kept in mind when designing experiments ond onolyzing dolo. These limÏiotions ond

necessqry refinements include l) mointenonce of o constont Tissue length (ofter

equilibrotîon) in order fo prevent the superimposifion of ony myogenic responses

Ío chonges !n length on those cjue to ogenis ond fesi con<Jitîons, 2) subsÌontic!

loss of polorizïng current to the both unless focused on the muscle sirip by suitoble

insulqtion of the centrol stimuloiÏng elecirode, 3) fhe necessity of employing o

flooting microelecfrode sysfem in order to record Ën,' ond tension simultoneously

ond 4) the presence of surfoce ferrsion ot the poriitïon electrode which in our

honds precluded recording of E. ot distonces less Thon 1 mm from the portiiion

with the flooiïng orrongemenT. Since q substqntiol error moy be incurred in the"' " '

event thot x is qssumed fo be ( ( À ond fhe coble equotion simplified by

neglecting ihe term -X/^ (golton, 1972), the coble equotion wos opplied in ifs

orîginol form (Hodgkin ond Rushton, 1946) fo colculotions of the increose in r*

on the bosis of the observed increose in The ETP (l(roeger ond Morsholl,1973).

2. Action Potentiol Porometers

Since TEA produces on elevoTion of r* in porollel with the producTion of AP's

(Kroeger ond Stephens, 1975) if wos suggested ihot TEA, by reducing the restïng

gç, unmosks the obility of ony dynomïc depolorizotion - octivoted No ond,/or Co

chonnets to produce AP's (Mekola,1971). In oddition, the obility to produce o

MR to stretch i.n the presenc.e of TEA wqs consïdered io be correloted with ihe

obìlity of o mechonicol stress fo depolorize the membrone ond produce (or increose

the rote of dischorge of) AP's (BurnsTock ond Prosser, 19ó0o)

' ' In the preseirt învestigotion, o further increose in r, wos effected. independently
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of thot produced ïn TEA, by reduôing ICt w¡th Cl - deficient solution os discussed

obove. The obiecT of these sfudies wqs to oscertoin whetherAP porometers would be

increosed by the greoter depolorïzofion on ihe bosis of Ohm's Low (ossumïng o

constont current qcross on increosed rr) or whether odditionol dynomic ion chonnels

would be octivqied ond produce even greoter increoses in fhese porometers. The

omplitude of the AP wos increosed roughly in proportion fo the increose in r,
while the moximum rote of rise, which is determined by the dynomic inv¿ord ionic

currenf (Koo, ß6n, wos increosed by obout o foctor of 2 (r]$!=.\ over the
tawt

increqse ïn the omplitude. Thìs doto therefore provides evidence for odditionol

current being provided by depolorizotion - octivoted ion chonnels in Cl - deficient

solution. If hqs been suggesfed (Andei'son, '!9ó9) thct rnernbrone lec!<oge - current

(predominonfly Ia¡) *oy reduce the obility of the qctîve fronsient current to

depolorize the muscle. Therefore, it oppeors thof such o significont voltoþe -
dependence of the dynomïc ion chonnels moy offord the muscle o consideroble

sensifivity to chonges in its ionic environmenf ond, more importont, to the influences

of nerve - medioted ond circulotíng neurohumors (Bijlbring ond Tomitq , 1969o).

The imporlonce of gk to SM octivity generolly is indicoted by..".eysrol findings. . .

similqr to ihose regording fhe octions of TEA on rm ond spontoneous membrone

octivity. Tomifo (T9óób) hos suggested thot the presence of q lowoo might he

fhe moin focfor confributïng to o low En,, ond spontoneous octivity. Low K efftux
rotes in single - unit SM's such os dog corotíd ortery (Borr, 19ólb) ond rot uferus

(Doníel et . of . , 1962) suggesied the presence of o low gO in these spontoneously

qcfive preporotions. In the hepotíc poriol vein, hígh K depolorizes the membrone

which încreoses sç (fhus decreosing rn,,) ond converfs bursts of spikes ond occomponying

contrqctions fo single spiking qnd qborted confroctionr; Bo2+ reduces g¡ ond

increoses the number of spikes per burst os well os controction ompliiude (Herms-

meyer, 1976). In the toenio coli, odrenoline hyperpolorizes the membrone,

reduces the omplitude of the ETP ond suppresses spike octivity, these octions being

consistent with on increqse in gK (BUlbring ond Tomitq,196go). In oddition,

procoine Ïncreoses r, of guineo - pig urinory blodder, depolorizes the membrone,
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reduces the moximum rote of foll of the AP os well os the durotion, ond enhonces

spike ociiviry (Kurihoro,1975). Similor effects ore obtoined with TEA (Mekoto,

1g71; Kroeger ond Stephens,1975) which is known to inhibit The steody stote g*

(Tosoki ond Hogiworo, 195f ond the resfing gK (Stonfïeld, T970). it Ïs evident

therefore, ihot phosic electricql ocfivify moy be dependenf on 9K, both in qn

obsolute sense (Ohm's Lqw bosis) ond for fhe confrol of dynomic ion conductonce.

B. Rote of Externol Co în TEA - induced electricol ond mechonicol ocf ivity

1. Current of the ocfion potenTiol ond E-C coupling

The present experiments showed thoi in the presence of Cl - deficient TEA

solution, 1) increosing [a"]. from 2.0 to ó.0 mM increosed AP height by 47"/o

qnd dv,/dt by 222o/o but decreosed r hy 41"/" ond 2) D - ó00 reduced AP'' *'müx ' --- m '
height by S4% ond dV/Ctro* b, 947" in ihe pr.esence of ó.0 mM Ca but !ncreosed
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The moin purpose of the present ïnvestïgotion wos to obioìn quontitofive evidence

regording Ìhe role for externql Co 1) os o corrier of the dynomic inwqrd current

of the AP produced by TEA ond 2) qs "ocfivofor" of controction ot ihe myofiloments

or os "trigger" of confroctior-r by reteosïng sequestered Co. Thot the MR to slretch

is criticotly dependenf on [a"]" qnd ïs qbolished by o specific on+ogonist of , , :.1

dynomîc Co influx (D-ó00) provides indirect evidence fhot the dynomic ionic

currenT of these AP's îs cqrried moinly by Co. Thus iï oppeors thoi TEA converts

tþe normqlly quîescent, mulTi - unit trocheolis into o functionolly single - unit

SM wifh Co - dependent electricql octivity" This is of interesf in view of the

findings 1) thot other single - unit preporotions (viscerol.ond uterine SM) oPPeor

to uTilize externol Co for production of AP's (Broding "L. ol ., I969b'¡ Abe,197l¡

Vossort, 1975) ond 2) thqt multi - unii SM's hqve o lorge introcellulor store of

sequesfered Co resisfont to depletion in Cq - free medio (Devine 
"t.g!-' ,1973¡

Kroeger ond Stephe ns, 1971). Consequently, it wos of interest to us to define

t) the ionic bosis of the AP of trocheqlis in ihe presence of TEA ond 2) the

retotionship between depolorizotion ond qctìvotion of dynomic ion conductonce.

The protocol involved meosuremeni of ihe effect of l) elevofed [a"] o

ond 2) D-ó00 on the height ond dvrldtro* of AP's produced in the presence of



Cl - deficient TEA. Coïncidentolly, the AP heïght wos increosed in ó.0 mMCo

by on omounf sïmilor to thot produced by increosing r*, but the increose in dY/dtt^o*

wqs 4.5 - fold greoter, indicoTing o direct correlotion between the curreni of the

AP ond the La"]o. This ougmenlotïon ìn the dV/dtmqx is especiolly dromotíc

in view of the 160% increose în this poromefer olreody effected by Cl - deficiency,

ond the decreose in r,r., by 41o/" in high Coo. Stronger evidence for o predominonf

Co current wos provided by the opplicotion of D-ó00 whïch inhibited ihis high

influx to q mere ó% (os indicofed by dVrldtn,'o*) of its volue i' ó.0 mM Co. The

smoll component of the AP (2 fo 3 mV) remoining ofter D-ó00 treotment moy

represent 1) q smoll No component, 2) o D-ó00 - resistont Co component

(Biílbrîng qnd Tomifq , 1970i Kohlhordt ef . ol . , 1972) or 3) on insufficient

time oliowed ior ihe ogeni lo exert ¡ïs full e'iìfeci, os''l0 to 20 mïnutes ïs rrorrnolly '

required (Kroeger, unpublished observotions); this however, wqs difficult to ochieve

since electrode penetrotion wqs not mointoined for more lhon severol minutes.

The moior inhibition however, wos otwoys produced within one minute, providing

strong evidence for o moior role for externql Co in the AP of trocheqlis in the

prèsence of TEA

The possibility of extrqcellulor Co octirrg os,octivofor,Co in the present study " "' '

wqs fested by colculoÌing Co ïnflux using estimqtes of membrone copocitoncu (CJ,

cell surfoce oreo, extrocellulor spoce ond Ìnternol free Co2+ concentrofion

(Morsholl qnd Kroe ger, 1973¡ Hodgkin ond Kofz, 1949). Assuming thî C* of the

trqcheolis is similor to thot of the guìneo pïg toenio coli,'2'3 ¡fi/cm'(Abe ond

Tomil'o, 1'968; Tomit'o,1966), then fhe omouni of chorge crossing the membrone

per mV AP Ìs

Q=C .V
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Since 9ór500 coulomb/eq. = 10

equivolent to

to'6 r/.^2 . to-3v

lo-9 
"oulo^b/.^2-t 

"o 
./coulomb, this omount

Q = 3 * 10-9 covlomb/c^2 . 10-5 
"q 

,/covl.

=3xlo-14.q,¡.2

of chorge influx is



For o surfoce oreo of ó x 103 .^2/g(Goodford , 1970), the increose in cellulor

concentrotÏon of Co is

Q =3 * 10-14 .q,/"^2 . ó x I 03 
"^2/g

= l.B * lo-Ïo eq./g
'l

= l.B x I0-' eq,/kg

The ECS ìn TSM is roughly 50% (Stephens, unpublished observqtions) of fhe tissue

moss, which tfierefore doubles the volue for ion influx, but Co2+¡ons qre divolent

so thoî tlre opproximote Co influx is 1.8 * l0-7 nol/kg/mY. Assuming thot fhe

rqnge of infrocellular free CoZ+ ions required for threshold to moximol octivotion of the myo-

filoments is2x1O-7 to 1.3 x 10-6 mol/gcrctomyosin (Bionchi ,1969) ond thot fhe

trocheolis contoins 5 mg octom yosin/gwet muscle (Needham ond Schoenberg, ß6n,
t- r+l -q -9

then the iao'*1. required for qctivot'ion is 1.0 x 10-'to ó.5 x l0-' moi C"/s muscle

= 1.0 x 10-ó to O.S x 10-ó mol Corlkg. Therefore, AP's of ó mV should be

sufficient fo provide enough Co influx for direct octivotion while 3ó mV would be

required for moximol controciion. Consequenfly, fhe AP's recorded in NS - TEA

(X = 13.8 mV) ond in Cl - deficient TEA (X = 23.2 mV) would be more lhqn

odequote for providing octivotor Cq.

2. Membrone siqbilizoiion

In the presence of ó.0 mM Co t) the ETP wqs reduced by on qmouni which

correloted to o meqn reductÏon of r, by 41o/o ond 2) rm wos increosed qlmosf to

its originol volue seen in 2.0 mM Co by the qcfion of D'ó00 in the confinued

. presence of ó.0 mM Co. In one experÎmeni (see figure l5 ) r* wos decreosed by

. by 58% in high Co solution, suggesting o sTrong Ìnfluence of Co on rm. The

concomitonf hyperpolorizofion is consistent with on increose in gO os proposed

for heort muscle (De Mello, 1975; Isenberg, 1g75) ond SM (Tomito ond Wotonobe,

1973; BÜlbring ond Tomito , 1g7O)

The decline in r, observed during the oction of elevote, Ia.]o moy be

exploined in two woys. One possibility is ihqf the resistonce ot iniercellulor

iuncfions (r.) is increosed directly by fhe presence of elevoted levels of externol
J

Cq or throcigh increoses in iniernol Co during surfoce electricol octivity os evidenced

by increosed tone. These condilions induce electricol uncoupling os demonstroted

-124-



in purkinie fibers (De Mello, 1975), ond in solivory glond cells (Loewenstein et ' ol .,

ß6n, thus reducing current spreod ond the spofiol decoy of the ETP' Assuming,

however, on overoge cell length of 100 ¡r ond no overlop of cells (Nogoi ond

Prossei-, 19ó3), AP's were recorcled of least ó00 cell lengths from the porfition

(stimuloting) electrode qnd exhibited greofer omplÏtude ond rqte of rÎse in high

Co . These resuits do not indicote whether r" ond inTercellulor electricol coupling
oJ

qre oltered by elevofed Co levels but ii is evldent thoi AP conducfion is not

impoired

The other possible explonof ion for the reduction of r, in high Coo ïs thqi

membrone 9O is increosed by on increose in the locol ICo] ot the membrone'

The location of fhis oction moy be indicoted by the recordings shown in figures

15 ond 19 . The omplitude of the ETP is decreqsed considerobly in the Presence

of ó.0 mM Co, suggesting o primory oction by Co ot fhe outer ospect of the membrone'

The stoble omplitudes of the ETP os well os the AP qnd twitch in high coo chonge

however, to on olternotîng rhyihm. Immediqtely ofter o full, oll - or - none spike,

the tension rises steeply ond ihe following ETP is the greoter of the two olternoting

omplitudes" This ETP (produced by o hyperpolorizing siimulus)gÎves rise to on

obortive AP which couses only o slight slowing of the relqxotion phose' The nexf

ETP is smqller but gives rise fo o full AP ond o lorge fwilch. It oppeors thot the

onset of the sfîmulus immediotely following o fullAP occurs before fhot AP is

completed. The subsequent production of o smoll AP suggests thot the gao is not

sufficiently reoctivoted to produce q full spike even though r, is greoter. When

the smollerAP is completed, the next ETP, olthough smoller, is followed by o

full spike. Applicotion of D-ó00 increoses r, ond obolïshes the qlternoting pottern'

Although severql models moy be proposed describïng the interoction between

infrocellulor Cq grodïents qnd membrone ion conductonces (i.e. resting 9* ond

dynomic gço), no evidence in this regord is ovoilqble on which to bose speculotíon'

These doto however, suggest on intimofe moment - to - moment control of membrone

excitobility ond în turn suggests the possibility of o regulotory influence by Co of

spontoneity in SM
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It should be noted thot meosurements of r, ore steody - stote meosurements'

The substontiol increose in the dY/or of the AP in the presence of co (discussed

mox

obove in section B, port I) might be due in port io o deloy in the octivqtion oç 9k

However, rhis event would leqd to on increqse in AP durction which wos not observed'

Therefore, it is suggested thot the ìncreosed dV/d, is ïhe result of o greoter inword

current insl.eqd of o chonge in the temporol relotioffs?ìlps of the Co ond K currents'

In conclusion, TEA oppeors to convert the normolly multi-unit conine

trocheolis into o funcfionolly single - unit SM exhibÏting spontoneous phosic

electricol ond meclronicol octivity. The evidence presented in ihis ond previous

studies suggests ihot th{s ocîivity is produced vio o suppression of the resting g*

by TEA., ollowing t) the monifestqÌion of dynomTc, depolorization - octivoied

co influx ond 2) c greoter sensitivity i'o,ïocol inÍrq - snd extroce!lulc¡r cs levels

ond stimr-¡loting neurohumors
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