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~ ABSTRACT

s

The deve]opment'of resting membrane conductance to the major‘ions

" has been studied in cultures of chick pectoraT muscte. The contribution

. of each ion to total membrane conductance was estimated by removal of

‘the 1on under 1nvest1gatlgn and(aeplacement by an, 1mpermeant substltute
kKnown antagonists of/resting fon conductances were used in an attempt
to .confirm. the resu]ts of*the replacement exper1ments | The slow regen- \
; erat1ve response and the appearance of the trans1ent sod1um channe] were
a]so 1nvest1gated : R “
‘sflfB—D-arabinofuranosyT‘cytosine (ara-C) hastpreyiously beenvused’
to suppress the mononuclear ce1i'popu1ation in primary nusc e,cultures}
}j A‘pre]imtnary.study indicated that this agent'could‘preven the appear- |
ance of the fully mature trans1ent sodium channe] Therefore thé,use -
of ara- C was d1scont1nued thereafter |
Membrane conductance was 1n1t1a11y h1gh “in 1mmature f1bres (ca
| 1 25 mScm 2) but fe]] during maturatlon to a flna] 1eve1 of about 0 2
mSem 25 Rest1ng membrane potent1a1 rose and membrane conductance fe11 o
'T:most rap1d1y betWeen days 3 and 5 of cu]ture o - |
The relative contr1but1on to membrane conductance by potass1um re- ;:
_.matned constant at about 30% Chlor1de condUCtance rose. from 50% to .

‘.65 70% and the contr1bution from sod1um fe]l from ?0 30% to undetectable

'1eve15 by the s1xth day of culture No detectable conductance to cal- f.’;t

S cium was found 1n the restlng membrane

Age“tsv{FPUtEd to. b'|0Ck Specifica11y chlor1de and potass1um chan-‘f't' ‘

‘0

‘,:ine1s (anthracene 9-carboxy11c ac1d, zinc am1n0pyr1dines) were not spec~'

: h 1f1c 1n 1mmature fibres Al] increased membrane conductance to sod1um
e : . .

)
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ions. ‘Zinc was cytotoxic to'immature fibres and thefuse of'this agent':
was stoé}ed‘\\By day 6 and onwards, anthracene 9- carboxy1ic acid and the~
aminopyr1d1nes reduced membrane conductance in a manner compatible with =
b]ockade of thejr respective channe]s Verapam11, reputed-to.block s]ow g
current channels act1vated by depo]ar1zat1on in exc1tab1e membranes, was
found to block rest1ng sodjum’ conductance 1n 1mmature myotubes
‘Condylact1s tox1n (CTX) caused depo]ar1zat1on and a reduct1on in
1nput resistance 1n f1bres from day 3 onwards . - Both effects 1ncreased

as the f1bres matured CTX 1ncreased the rate of r1se of the- slow regen-
erative. act1v1ty in immature myotubes and induced action potent1a1 gen-
Verat1on in.older f1bres Tetrodotox1n and 3eratr1dine sens1t1v1ty ap-- |
: peared on the s1xth day of cu]ture Pr1or to that regenerat1ve actlvity o
:was b]ocked by manganese coba]t or 1anthanum 'In~immature myotubes,
there isa precursor regenerat1ve channe], sens1t1ve to CTX wh1ch al]owsl
‘the passage of both sod1um and ca1c1um 1ons on act1vat1on Th1s channe1
s e1ther rep1aced subsequent]y by - the transtent sod1um channe] as a'
z_consequence of turnover of membrane prote1ns, or the precursor channe]

i

'.fﬁ1s mod1f1ed tn setu to become the trans1ent sod1um channe]
It was or1g1na11y postu]ated that membrane potent1a1 rose. becaUSe
'*_.the membrane became re]at1ve1y more penneab1e to potassium However the 1hd

',potass1um conductance does not r1se as suggested prev1ous1y The in- f

~ Crease 1n membrane ion se1ect1v1ty is attr1buted rather toa 1oss of .

'sodium conductance Slnce the fina] component conductances more close1y .7

A resemb1ed those of 1nnervated musc]e it is suggested that the pa551ve
. membrane propert1es of aneura]]y cu]tured muscle can be mod1fied further

by trOphic influences from nerve. = -
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I. INTRODUCTION » ‘
| — /

A Voltage Sensitive Ionic Channels in Adult Skeletal Muscle .

1.  Permanent Channels. ‘ : v

i Potass ium Channels. Bernstein (1902, 1912) attribu-

ted the fact that an- apprec1ab1e potent1a1 d1fference was ma1nta1ned

across excitable membranes to a selective permeability of the cell memb-_

rane to jons, and- that during activity the membrane permeability was in-
‘creased. He found; using the Nernst equation, that the resting membrane

" potential of frog muscle wa‘-weTl approximated if the membrane were sel-

ectively permeab1e to potass um idns However Boy]e and Conway (194T) -

recognized that ske]eta] musc]e was permeable to chloride as we]] as pot— :

/

:ass1um ions. At equ111br1um they found that the concentrat1on rat1os

and membrane potent1a] conformed to the fo]10w1ng Donnan . re1at1on

[ ]0 = concentrat1on of ion outs1de
3 L L [ ]i = concentrat1on of ion inside
‘ [K]O [C]]i : | 'VF = ' ' &
’ = —— = exp <§T> - V= membrane potent1a1
. EK]1 [C].]O » ' ‘ , ‘
s IR v FyR = Faraday, and gas constants
: | N"T = temperature °K

'They conc1uded that the 1on1c d1ameter was cr1t1ca1 for d1ffu51on through |
the membrane and 1nc11ned to the view that the same mo]ecu]ar pore ex1st- -
-ed for both sma]1 cat1ons and an1ons, and that the pore was probab]y not

'charged quever it was found that on d1sp]acement of the membrane po-, .

tent1a1 the potass1um and ch]or1de conductance behaved d1fferent]y (Katz,'"

1949; Hodgk1n ‘and Horowicz, 1959b; Hutter and Nob]e, 1960) . Evidence" |

, - was a]so ava11ab1e‘which suggested that the ch]or1de pathway was s1tuated

closer to the outer membrane than the potass1um one (Hodgk1n an@ Horow1cz,f_
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1960; Adrian and FreYgang, 1962a, 1962b).. The theory of 8oyle and
Conway (1941) was- f1€a;;v abandoned ‘when 1t was discovered that replace-

ermeant subst1tutes d1d not affect the f]uxes
?/%,\\“u

ment of one ion with i
of the other ion (Edwards et aZ 1957) ,
Frog musc]e was found to behave as‘a potassium electrode i.e. memb-/‘
rane potent1a1 varled 11néar1y w1th the logar1thm of the external potas- ;
s1um concentrat1on when th1s was 10 mM .or h1gher (Adr1an, 1956 Hodgkin :

and Horowicz, 1959b)~- Be]ow this concentrat1on,‘the re]at1onsh1p de-

*vxated marked]y from 11near1ty and the d1fference was attr1buted to a _

5 permeab111ty of the membrane to sod1um ions of the order of one hun- '

dredth that to potass1um 7
- Mamma]wan musc]e membrasve potent1a1s were not we11 descr1bed by the ,j*'i

Nernst equat1on, (Boyd and Mart1n, 1959) N1th the recogn1t1on of a

s

'1im1ted permeab111ty to sod1um 1ons and the acceptance of the constant e

o f1e1d assumpt1on (Go]dman, 1943) th1s 1ed to the estab11shment of the

'hGoldman Hodgk]n Katz equat1on (Go]dman,_1943 Hodgk1n and Katz ]949) as

”the mathemat1ca1 descr1pt1on of rest1ng membrane potent1a1

P ~

| 'v;m.;hFdTQ K[K] + Py [Na] + PC][Clj f' ",%(‘

RS

:7- Tracer f1ux experlments (Keynes, 1954 Hodgkin and Horow1cz, 1959a)»’

and the stud1es of Adr1an (1956 1960) conf1rmed the theoret1ca1 pred1ct-
,:_1ons to. a 1arge extent However in muscle 1t was found that the 1nward
,movement of potass1um was more rapid than that for outward movement

'(Katz 1949; Hodgkin and Horowicz 1959b Adrian, 1950) This fa11 in

| 1conductance when membrane current f]ows out of the membrane and the rise B

in conductance when current flows in the oppos1te d1rect1on ‘was ca]]ed e



ﬂanomalous recttfication'since‘thé conductance changes were in the oppo-
site direction to those predlcted by the constant f1e1d equat1on (Adr1an
and Freygang, 1962a) Adrian ,and Freygang (1962a,»]962b) postu]ated

~ that the reason for this anoma]ous rect1f1cat10n was the ex1stence of
.two channels for potass1um which rect1f1ed 1n oppos1te d1rect1ons

They pr0posed thatlthe potass1um penneab111ty of the surface membrane‘_

| was 1ow at rest and rose durtng an action potentﬁa] The maJortty of -
the rest1ng potass1um permeab111ty was proposed to reside in the: T-,

'tubu1ar membrane 2 It was tac1t1y assumed that th1s flow of tons occur-
' red etther through pores or channe1s 1n the appropr1ate membrane or. via.
ca carrter mechan1sm wh1ch requ1red no metab011c energy Later work by~

| fArmstrong and co]]eagues (Armstrong and B1nstock 1965 Annstrong, 1966
"]969 '1971 Armstrong and H111e, 1972) us1ng tetraethy]ammon1um (TEA)

conf1rmed that a channe] was the route of permeat1on The relat1onsh1p

between the steady state potass1um channe] and the 1ncrease 1n potass1um

- ,:conductance wh1ch accompan1es an act1on potent1a1 has. not been stud1ed T

'It 1s not c]ear whether the steady state channeﬂ undergoes a conforma-
V'.~t1ona1 change dur1ng an act1on potent1a] or whether there are two sep-
rxarate channels for potass1um 1ons | | |

From exper1ments in wh1ch extrace]]u]ar ch]or1de was replaced w1th
¢

f 1mpermeant an1ons and as@umlng that the contr1but10n from sod1um was neg-gfj

;dtff; 11g1b1e est1mates of the rest1ng potass1um conductance (gK) of musc]e

’ihave been ca]cu]ated Hodgk1n and Horow1cz (1959b) est1mated gK as 0 1

”,_ mScm 2 from externa] and 1nterna1 ion concentrations and membrane poten- .

"tial measurements Later workers measured 1nput res1stances, f1bre dta-

'1.meters and or space constants and ca]cu]ated membrane conductance from -

R
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cable theory considerations. Mash1ma and Washio (1964) Stanfield
_(T970) and F1nk and Luttgau (1976) aISo found gK in frogs to be about
0.1-mSem” -2 and gk accounted for 33% of the total membrane conductance
In'mamma11an.musc1e, gK Was more variab]e (0. 1 to 0.3 mScm -2y and it was .
found to contr1bute on]y 8 to 18% of the tota] membrane conductance | |
) (Bryant and Morales~Agu11era, 1QZJ Bryant and Camer1no 1976; Camer1no -
“-,anderyant '1976' Lorkoyié and Tomanek, 1977' Pa1ade and Barchi, 1977a) .
| One report on]y has been pub11shed on avian musc]e Morgan et ol‘ L
'/(]975) found . that gK of pigeon b1venter cervicis muscle was O 6 mScm -2 v
and contr1buted 17% of the total resting membrane conductance
when the effect on potass1um currents of der1vat1ves of TEA with a

bu1ky, hydrophob1c s1decha1n was measured the most potent der1vat1ve
was nony]tr1ethy1ammon1um (C9) (Annstrong, 1966 1969 1971 1974) ef.ei
ethyl groups around the charged n1trogen gave th1s port1on of the mo]e-
vficu1e a d1ameter of 8 A approx1mate1y the s1ze of a hydrated potass1um
.'iOn; When the ethy] groups were rep]aced by methy1 groups the resu1t-

’ *1ng ion was 1neffect1ve as a b]ocker of potass1um channe]s The hydro-f

g

. phob1c cha1n of C9 was also found to be 1mportant 1n 1ts b1ock1ng act- hd SR

bj;1on, suggest1ng that 1t bound to a hydrophob1c group near the channel
‘"mouth Inh1b1t1on on]y occurred after the K permeab111ty had been 1n-,g
creased by a depolar1zat1on which suggested that C9 was swgpt 1nto the
:channe1 a1ong w1th the K ions. DI :;b~- f3ff' | e g* |

Recovery from C9 1nact1vation was accelerated by an 1ncrease 1n the_‘

potass1um concentrat1on of the externa1 so]ut1on or by hyperpo]ar1zat1on; o

13

Armstrong,(1966, 1969, }971, 1974) proposed that this was because the c9

'7__Was:in‘anqenergvae11‘due to hydrophobic bonding. The presence of a K
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~ion 1n the channel enter1ng from the outs1de would ralse the potent1al

energy of ‘the C9 1on by electrostat1c repul51on and th1s would in effect

~

(push the c9 ion from the channel _ The rate of clearance of the block R
“‘would therefore depend on the probab1l1ty of find1ng a kKt don in the
~ channel. This in turn is proport1onal to [K] -and 1ncreases as the mem-i

- brane s hyperpolar1zed Becausé strong hyperpolar1zat1ons delayed a

Tate phase of the clear1ng of C9 from the channel Armstrong suggested

that th1s was because the channel could close w1th a €9 molecule 1n '

}‘place therefore delaying the clearance of these molecules from ‘the chan-

nel. Thls state was not favoured energet1cally, and the maJorlty of the

n

-—the potass1um channel had a wider portlon on the inside of the cell mem-

brane‘of 8- 9 A diameter into- wh1ch C9 and hydrated potasslum 10ns could

: fit; C9 could not be dehydrated and could not penetrate the narrower

E I

L portion of the channel

These effects could not ea51ly be expla1ned by a carr1er model and

l*provlded strong ev1dence that the K 1ons pass through the membrane by

: ments were 1ncompat1ble w1th a carrler wh1ch transported 1ons one at a T

S t1me and carr1ers whlch transport two or more 1ons are unlikely for

'electrostat1c reasons (Parsegian 1969) Ion movements occur in mllli-
) seconds and the net 1on flux estimated per est1mated permeabillty un1t
or structure (Hodgkln and Horowicz, l959a) was h1gher than that wh1ch

°]occurred with known carriers eg nonactin (Armstrong, 197l Lauger, l972)

[N

,Parsegian (1969) calculated that there was an. energy barrler of at least

f'lG Kcal/mole for the movement of an 1on through a llpfd membrane 1n a

K}

ichannels would remain open although 1nact1vated He then proposed that o

b:means Of channels (Annstrong, 1971 ]974) The data from the C9 exper1-:g B

23
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| A"’"Stm"g’ 1972 Hag1wara et aZ 1972 Hme, 1973)

5 eTectrostattc repuTs1on

| o o SRR P

carrier of reasonab]e d1mens1ons (5 A rad1us) whﬁ&h corresponds to a 010,
of 2 4 Frankenhaeuser and Moore (1963) found that the Q]0 of 1on

transport through nervernanbrane was T 2 wh1ch corresponds to an energy :'

, barr1er of 3 KcaT/moTe - This vaTue was cTose to ‘that caTcuTated for a

pore or ion channeT (Parseg1an, 1969) .

When the seTect1v1ty of the pota551um channeTawas stud1ed 1t was

g found that other ions 1nterfered w1th the f10w of k* jons through this :

\

channe] (AdeTman and Senft 1968 Bezan1]1a and Armstrong, 1972) : Sod- v

ium, Ttth1um TEA and 1ts derivat1ves 1nterfered if present 1ns1de the.

“-squ1d axon and caesium- ﬁnterfered from both s1des Th1s was expTa1ned

1n a s1m11ar manner to that for C9 The 1nterfer1ng cat1on could enterf

the w1de port1on of the pore which was postuTated to be Tess seTect1ve SN

than the narrow port1on The cat1on however cou]d not pass the narrow
port1on and woqu prevent the fTow of K 1ons out unt11 a K ion enter-f

1ng from the outside forces the 1nterfer1ng cation 1nto the axopTasm by’t7rj‘

”1 Based on penmeab111ty ratios to var1ous metaTth and organtc cat- - }:,']ahf g

ions esttmated from the constant f1e1d equation, the potaes1um channe]

has been est1mated toehave at Teast one seTect1v1ty portlon approximate- ‘i""'

Ty 3 A 1n d1ameter thCh 1s capabTe of accept1ng dehydrated potassium

ﬁ'i 1ons (Tasak1 et aZ 1961 Tasak1 and Spyropou]os, 19612 Bezani]]a and

The dtameter of the mouth of the pore was deduced to be at Teast 8 A

in dTBmeter (Armstrong, 1971 1974) and the narrow part of the pore was ffff'f’if?'

/’_,_ .

penneab]e to ions w1th a crystal d1ameter of 2. 66 A (K ) to 2 96 A (Rb s
NH4 ) but not to ions. wh1ch were smaTTer (Na ; 1. 9 A L1 R 1 36 A)

o . .0 B BN ) S ] - : 5o



"we11 as 1arger ones (Cs » 3.3 A TEA 8 A) (Bezan111a and Armstrong, 1972
jH111e 1973) Bezan111a and Armstrong (1972) proposed that the,narrow ;_,
part of the pore was about 3 A 1n d1ameter and that as an ion passes .
through 1t Tost most Of\AtS water of. hydrat1on Th1s process wou]d on]y
v)be favoured 1f the part1a11y dehydrated 1on 1nteracted w1th the wa11s of
the pore by hydrogen bond1ng to oxygen atoms which were postu]ated to :
'4jl1ne the channel -Tons larger than 3 Afwou]d therefore be h1ﬁdered ‘
’.ster1ca11y Ions sma]]er than 2.6 A wou]d be exc]uded because “they
cou1d not 1nteract favourab]y W1th the oxygens 11n1ng the pore wa]]s,,
and thus the entry of such ions wou]d not be favoured energet1ca11y
'X,,f Recent]y, H111e and Schwarz (1978) have postu]ated that both the
, potass1um channe] 1nv6?ved in the act1on potent1a1»- the delayed rect1—-

414 f1er - and the channe] wh1ch co:&ugts 1nward current better than outward

t} current - the anoma]ous rect1f1er -'(Katz, 1949, Adr1an and Freygang, '

o j;f1962a) are mu1t1 ion pores, whlch transport 1ons 1n s1ngle f11e (Hodgk1n

.:,:"fand Keynes, 1955) Propert1es wh1ch were 1mposs1b1e to exp1a1n in terms

B : L3
‘ ;iof one 1on pore or one 1on carr1er mode1s 1nc1uded un1d1rect1ona1 flux- o

"Jrat1o exponents s 1 O and effect1ve va]ence of b]ock1ng react1ons > 1 0
| f}vipropert1es dependent on E -EK rather than on E a1one and permeab111ty

3frat1os depend1ng on the 1on1c compos1t1on of the bath1ng so]ut1ons

‘>AH111e and Schwarz (1978) suggested that potas 1um channe]s conta1ned

f'three 1nterna1 s1tes or energy we]]s where a potass1um 1on cou]d b1nd |
'-'_,dur1ng 1ts progress through the channe1 W1th s1ng]e f11e movement, '-
1',d1ffus1on through the pore has to be h1gh1y co ord1nated |

B S T

*.- . Ch]omde Channels Boy]e and Conway (1941) fi‘r‘st |

7[“}showed that ske]eta] musc]e was penneab]e to ch10r1de and Hodgk1n and

v



'ﬁ"_'ular concentrat1on of ch]or1de was cons1stent w1th a pure]y pass1ve d1s-

“4-,the channe]s showed anoma]ous mo]e-fract1on dependence of conductance

S ¢
/‘-

VHorow1cz (1959b) showed that both potass1um and ch]or1de could contribute

to the membrane potent1a1 although the d1str1but1on of ch]or1de was pass-'
-.7 A

1ve accord1ng to the d%ctates of the membrane potent1a1 Sudden a]tera-s"

>-t1ons 1n the chloride equ111br1um by a1ter3ng [C]] caused trans1ent de-
i'po]ar1zat1ons which were reversed as the ch]or1de was red1str1buted w1th :

a ‘time tonstant»of 4 m1nutes Hodgk1n and Horow1cz (1959b) further ca]-

dlculated that the frog musc]e membrane was twice as- permeab]e to ch]or1de__

1than 1t was to potass1um and the rest1ng membrane conductance for: ch]or-

ide (gC]) was 0.2 mScm 2,

Hutter and'Padsha (1959) Hutter and Nob1e (1960), “and Moore (1969)

mf; obta1ned s1m11ar resu]ts when [C]] was rep]aced by 1mpermeant an1ons

lfrand Hutter and Nob]e (1960) found that ch]or1de contr1buted 68% of the

",Tﬁtotal rest1ng membrane conductance Membrane penneab1]1ty to’ ch]or1de .

: ;rwas thought to b\&;N\tle affected by potent1a1 queveg 1ater work

e

'Q.

fffd(HUttén and Warner, 1972 Warner, 1972) demonstrated that ch]or1de con- R

'7ductance var1ed w1th t1me, pH and membrane potent1a1

Adr1an (196]) measured 36C1 f]uxes and est1mated that the 1ntrace1]-_'

;;.trlbu$1on of ch]or1de However the f]uxes of ch]or1de across the memb--~

2rane were found not to be 1ndependent Based on th1s, and the fact that

5

R i. e membrane res1stance was 1ncreased more than expected on the bas1s

a B

| }ﬂ'of in ependence (Hutter and Padsha 1959) H11]e and Schwarz (1978) conj jf ,f

.cluded that ch]or1de channe]s were mu1t1 1on pores o o
| Hutter and Warner (1967&, 1967b ]967c) stud1ed the pH dependence

‘-;'of the ch]orlde channe] and conc]uded that the membrane permeab111ty for

%
£

S



chloride was tncreased 1n‘a1ka]ine pH but reddced in acid ﬁh. Three

divalent cations, , Z UO2 , were aTSo found to reduce membrane

b -

| 'permeabiiity“to‘c loride. This f1nding was taken to sgggest that these

-_ions coqu compete w1th hydrogen for s1tes on a mo1ety which contro]]ed3l“

permeab111ty' The ev1dence imp11cated the charge on an 1m1daone=group~

since the pH-chTorlde reaction had a c]ose to neutra] pK and the site

'was extremely sens1t1ve to Cu™ and Zn both of which read11y accept

‘ eTectrons from 1mndazo]e; Other poss1b1e negatlvely charged groups ( g.

carboxyl phosphate) were . excluded on the basis of the Tack of reactiv-
ity to other 1ons .A4, | |

"; WOodbury and M]Tes (1973) 1nvest1gated the permeab111ty of the

: ch10r1de channeT to a W1de var1ety of an1ons They d1scovered that
“theré were apparent]y two cTasses of an1ons One type was class1f1ed as -

”}ch10r1de T1ke 51nce they showed the same pH dependence i e a decrease

v ““1n conductance w1th deqreas1ng pH These. were'CT s Br- , NO3 R f, tri—,-

s 1ch10roacetate Tactate benzenesu]phonate, 1seth1onate methysu]phonate,
hfg]utamate cysteate The other 1ons were f0und to have c%gductances ,:’

) *fwh1ch 1ncreased -as. pH decreased and wh1ch were 1rrevers1b1e These were

"H:termed benzoate like an1onsvi e benzoate, vaTerate butyrate proprion- o

'?;(Mash1ma and washio 1964 Hutter and warner, 1967c) The effect of Zn :dﬁ77'

-'nels was tested by the use of Zn ,1;, e

‘71.ate formate acetate The poss1b111ty that the two d1fferent types of ff_f

_T,pH condu%&ance reTation were due to penneat1on through d1fferent chan-

“

o N .
RSP

: fr;:Z had been found to reduce the membrane conductance to chToride ;f

7,"Qhon both benzoate and chlor1de was tested with the assumptlon that Zn

f }would on]y affect the conductance to benzoate 1f it was using the same f__'

S
i



_ channeT as’chToride Zn was found to block both chTor1de and benzoate

..{)

(1973) further suggested that s1nce\the permeab1T1ty of the benzoate—

.conductance equaTTy at the different concentrat1ons used and it was -

‘therefore concTuded that the two types of anion: were permeat1ng through

| the same channeT

From their data, WOodbury and Miles (1973) deveToped a modeT ‘of the
anion channeT in frog muscle based on that proposed by Hutter and Warner}
(1967b T967c) They calculated that the m1n1mum d1mens1ons of‘the

channe] were 5 5x6.5 A based on the d1mens1ons of the Targest permeat-

»« ]

10

o

ing an1ons (tr1chToroacetate, benzoate, benzenesu]phonate) The channeT_‘.

was assumed to be th1n in the sense that the rate of passage of an an1on

] . -

through the. channeT depended onTy on the rate of passage at one s1te

wh1ch was the ‘rate’Timiting step The permeab1T1ty and conductance se-

vquence was that expected for a th1n membrane w1th neutraT (d1poTar)

- ssites (Barry and D1amond 1971)) Th1s step was Tocated near a group

:wh1ch was d1poTar at high pH"and wh1ch was capabTe of accept1ng a protonh

—vthe react1on hav1ng a pKa of 7 Putter and warner (T967c) had prev1~f~'5:_ﬂ::

h ousTy postuTated that th1s group was 1m1daone WOodbury'and M1Tes

J

'fTike an1ons Was - d1rectTy reTated to thelr hydrophob1c1ty, then there was

-”_"1ng step was postulated to be an energy weTT (b1nd1ng-51te) for the
'blchTorlde T1ke an1ons wh1ch coqu then 1nterfere w1th the passage of

' »'other 1dns through the channeT (Hutter and Padsha 1959) : However th1s

. step was %uggested to. be an energy barr1er for the benzoate T1ke anions

o wh1ch woqu thereforeﬂnotigema1n in-this reg1on ot the channeT and woqu

not. 1nterfere w1th the passage of other 1ons NormaTTy these an1ons 1';ih; -

.-u.: R e

;-a hydrophobﬂc s1te adJacent to the rate 11m1t1ng step The rate T1m1t- -+
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would bind preferentially to water rather than to an imidazole dipole

| because the carboxyl group has a high affinity for w (pKa's 4-5).

Therefore‘ﬁt would be energeticdlly unfavourablie for these fons to come
out of solution and enter the channel so the conductance to these fons
wou]d be Tow at normal pH. As pH is lowered, the protonation of the
imidazole group wou]d jncrease its field strength and thus lower the en-

ergy barr1er to these anions. The conductance sequence would therefore

be expected to be the reverse of the pKa sequence i.e. a high pK.means

5 that an an1on would have a high affinity for W, a high field strength,

a high potent1a1 energx barrier. and therefore a low conductance. This
was not the case however, and it was suggested thatddue to the good cor-
relation between hydrophobicity and conductance, the binding to a h}drof

phobic, site reduced the height of the adjacent energy barrier. Benzoate-

j]ike anions.with sufficiently large hydrophobic groups were postulated

to bind to channel sites}and this was substantiated by the experiments
of Bryent'end Morales-Aguilera (1971) and Palade and Barchi (1977b) .
They found that such 1ike anions eg. anthracene-9-carboxylic acid did
indeed reduce}membrane chloride conductancé o

Estimates of chloride conductancﬁﬁfaﬁﬁ) have been made in amphibian
and mammalian muscle: In frog gCl was found to be about 0. 2 mScm™ and
contributed about two thirds of the tota] membrane conductance (Gm
(Hodgkin and Horowigéf 1959b; Mashima and Washio, 1964; Stanfield, 1970{
Fink and Luttgau, 1976), gCl for goat muscle was found to be 0.6 and 0.8

.mScin'2 which was 83% of qn (Bryant and Morales—Agu11era, 1971 Bryant

and Camerino, 1976). Estimates of gCT for rdt varied between 0.9 and

. 3.2 nScn~2 (Camerino and Bryant, 1976; Lorkovic and Tomanek, 1977,

11
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Palade and Barchi, 1977a) but“was;fo:‘d to contribute 85-90% of the total
| membrane conductance. In their sludy on adq1t avian muscle, Morgan

et al. (1975) found that gCl1 was 2.6 mScn™% for the pigeon which was 83%
of the total membrane conductance. Thevrest of the membrane conductance
in a11 cases was,attr1buted to potassium as it was assumed that any con-
tribution from sod1um was-negligible. |

The distribution of chloride has been believed to be a passive pro-
cess siece the experiments of Hodgkin and Horowicz (1959b) on frog mus-
cle. However Hetter and Warner (1967a) found that there was evidenee of
act1ve movement of chloride wher the ch]or1de conductance was reduced by
acid pH. With the advent of jon sensitive e]ectrodes, direct measure-
ments of the internal activity of chloride ions could be made and it was
found that this was higher than expected if chloride was'passively dis-
tributed (Kernan et al., 1974). ,

Bolton and Vaughan-Johes~(]977) extended this'observation to exper-
iments in which-continuousfmeasurement of the chloride activity were
made and found that EC] differed from Em at equi]ibriem. They confirmed
the sugges?ion by Hyﬁter and %§rner (1967a) that under condit}ons of
Tow pH where the membrane permeability to chloride was Tow, then the
musc]e,f1bres act1ve1y accumulated ch10r1de Active accumulation of
“chloride 1ons has’ been reported for other systems eg. squid giant aXon '
(Keynes, 1963; Russell, 1976) and smooth muscle (Castee]s,1971) and car-
dia¢ muscle (Lamb, 1961; Ladle and waTker; 1975). The resting permeabil-
ity to chloride is much lower in these situations than occurs in the |

frog muscle. Bolton and Vaughan-Jones (1977) suggested that the appar-

ent passive d1str1but1on of chlor1de in frog muscle ref]ected the h1gh



Q
permeabilify. DuThunty (1978) also suggested that»an active influx of
chloride could occur in certain mamma11an skeletal muscles viz. mouse
extensor d1g1torum 1ongus and so1eus musc]es, rat sternomastoid muscle -
but not in rat}d1aphragm or apparent}y, goat 1ntercosta1 musc]es (Bryant

| and MoraleseAgud1era, 1971). This suggeéiz%that ch]oride~tan’inf1uence
nembrane potential of muscle fibres.

o

iii. Sodium Channels. The resting muscle membrane is per-

..meable to sodium, alﬁhough this permeability is low. The pérmeabifity
“ratxo P /P was calculated to be 0.013 from the data of Hodgk1n and
Horowicz (1959a) and the resting membranerconductance of sodium in squid
axon was found to be 1 uScm -2 (Narahashi and Seyama,']974) Severa]
tox1ns were discovered to increase the resting sod1um permeab111ty in
excitable membranes which resulted in depo]ar1zat1on and repetitive fir-
ing of action potentia]s either spontaneously or after a single éiimu]us.
These toxins are: .batnachotoxin (BTX) (from the Columbian afrow poison
frog‘}%yilobateé‘aurotaenia (A]buquerque et al., 197a; Narahash1 and
Deguchi, 1971); grayanotOXins-I -1I, -IIT (GTX) (tox1c principles frﬁi;r

the leaves of Ericaceae Ehodbdéndron and Andromeda species (Deguchi :

13

and Saka1, 1967 ; Seyama and Narahashi, 1973 Narahash1 and Seyama, 1974),

veratr1d1ne (an a1ka101d from the plants of the families Veratreae,
Lzlzaceae and Mélanthzozdéae) (Frank, 1958; Shanes, 1958; UTbricht and
Flacke, 1965 Cattera]] and N1renberg, 1973) .aconjgjne (an a]ka]o1d ob-: .
“tained From Aconztum napellus) (Peper and‘Trautwein, 1967; Schmfdt and
Schn1tt, 197&; Catterall, 1975b); scorpion ﬁoxins frdn the venom of o
Leiurué‘quinQuestriatus (Adam ei al., 1966; Koppenhoffer and Schmidt,

A 1968) Tityus sermulatus (Gomez et al., 1973; Warnick et al., 1975) and



Buthus tamilus (Narahashi et al., 1972); and ciguatoxin’from ciguatenic
.moray-ee1s (Rayner' 1972). |

, These effects could a]] be prevented\by the concon1tant appllcation
of tetrodotox1n (TTX) or by the removal of externa1 sodium 1ons ‘The
kact1on of BTX was irreversible and was. not prevented when 11th1um re-

.p1aced sod1um as the maJor externa1 cation (Albuquerque et al. 1973)

This suggested that the tox1ns were act1ng at the site of sodium permea- -

t1on rather than with the 1onsw¢hemse1ves The action of TTX was non-
compet1t1ve (A]buquerque et al. 1976’ Seyama and Narahash1, 1973). EX;
per1ments with squid axons demonstrated that most tox1ns were more ef-
‘fect1ve on 1nterna1 app11cat1on (Meves, 1966 Narahashi and Deguchi,.
,1971 Ohta et. al., 1973; Narahashi and Seyama, ]974 Schm1dt and Schm1tt

- 1834; Catterall )1975b warn1ck et al., 1975)

Narahash1‘(1975) cons1dered that since the effect of TTX was non- '

) compet1t1ve and that the permeab111ty ratio of squ1d axons to various

1norgan1c and organic cations was d1fferent in GTX- I treated axons (H1r- :

onaka and Narahash1, 1975) compared to‘the permeability ratio found%in
the frog node of Ranvier during act:fv'ity (Hille, 1971, 1972)-'there- ‘
N wére two'separate channels, for the pasSage of sodium jons. One Was-
H’_opened by an actlon potent1a1 and blocked compet1t1ve1y by TTX the

' 'other was open at rest and th1s was the channe] at wh1ch tox1ns acted
“to 1ncrease rest1ng sodium - permeab111ty TTX was a non- compet1t1ve .

o blocker of this channe] » However Catteral] and N1renberg (1973) found

- ’

o were. unaffected by veratr1d1ne Cattera]i (1975b 1975c) 1ater showed

' that BTX, veratr1d1ne and acon1tine all acted at the same site and com-

'peted with each other - This favours the 1dea that in rest1ng membranes,

that neurob1astoma ce]] 11nes 1ncapab1e of generat1ng action potent1als,
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sod1um permeates through the channe]s wh1ch are act1vated by depolqriza-
t1on TTX itself has been found to reduce rest1ng sod1d\\penneab111ty
hA sma]l hyperpo]ar1zat1on was found in giant axons in the presence of
TTX (Freeman, 1969; Narahash1, 1972) TTX did not affect ouaba1n sens1:"b
t1ve efflux of sodium wh1ch jmplied that TTX dqes not affect electr1ca11y .
‘neutral sodium exchange but91nh1b1ts only pass1ve ‘inward sod1um movements
(Freenan, 1971; Baker et al., 1969) . This effect of TTX was abo11shed 1n.
sod1um free med1a but was unaffected 1f sodium was rep]aced by 11th1um
(A}buqerque.et aZ,, 1973). In ske]eta] musc]e, the action of BTX was -
bTocked:by'TTX, indicating that here a1so the sod1um _conductance wh1ch
s act1vated by an act1on potent1a1 oceurs at the same channel through
'wh1ch sod1um permeates 1n the restlng state (A]buquerque.gt aZ:, 1971b).

| Further work by Cattera11 and co-workers (Catterali’ 1975b '1975c,>‘
_ 1976 1977a 1977b -1979; Cattera]] and Ray, 1976 Ray and Cattera]]
-1978 Cattera]] and Morrow, 1978) revea]ed two separate b1nd1ng s1tes
'vone to wh1ch BTX GTX veratr1d1ne and acon1t1ne bound and one to which
the tox1ns from scorp1on venoms ‘bound 1 €. Leturus qutnquestrtatus (Oka-
moto et al., 1977) and Androctonus auatralts Hector(CouraUd et aZ > 1978".
'Cattera11 and Beress,,1978) Couraud et aZ (1978) found that the tox1n
.1so1ated from the sea anemone Anemontasulcata a]so bound to. th1s s1te

| The two s1tes were postu]ated to be alloster1ca11y coup]ed and to exh1b1t“

e pos1t1ve heterogen1c co operat1v1ty since the b1nd1ng of a, tox1n at one :

&
~site reduced the apparent d1ssoc1at1on cbnstant for a tox1n~b1nd1ng at -

' the’other sjte; Acatterallv(]975b) proposed,thathbinding;of.toxin;at one
»regulatory site,at the}sodium’channe1ﬂwou]d alter the equilibrium between

‘closed and open channels in favour of the open state. Whendaasecond'h'



toxin was bound at the second s1te the equ111br1um was shifted further

towards the open state TTX and a. re]ated tox1n saxitoxin, (STX) obta1‘
~ed from the d1nof1age11ate Gonyaulax cataneZZa and concentrated in she]]-j
_f1sh were non- compet1t1ve inhibitors of the action of BTX aconitine

~_and: veratr1d1ne S1m1]ar1y TTX was not compet1t1ve w1th Leturus tox1n

. '-V1nd1cat1ng that both regulatory s1tes were separate from the site at

~

which TTX and STX acted to prevent sod1um 1nfTux : CatteraTT and Ray

\ ) (1976) found that the d1ssoc1at1on constant for b1nd1ng of Leturus tox1n

} was 1ncreased by depo]ar1zat1on and concTuded that the scorp1on tox1n'
b1nd1ng s1te was Tocated on a vo]tage sens1t1ve reguTatory component of
‘,the ion. channe] The b1nd1ng of. scorp1on tox1n 1nh1b1ted the 1nact1va-
t1on of sod1um conductance dur1ng an act1on potent1a1 (CatteraTT and

”

Morrow, 1978; CatteraTT 1979) The voltage dependence of . scorp1on
tox1n b1nd1ng however had the same k1net1cs as those of act1vat1on |
CatteraTT (1979) postu]ated that scorp1on tox1n bound to a reg1on of . the“:
sod1um channe] “involved in vo]tage dependent act1vat1on but then inter- ':tfw
1 fered w1th the coup]1ng of act1vat1on to 1nact1vat1on thus caus1ng a ;|»3a'»:
sTow1ng of . the k1net1cs of 1nact1vat10n The k1net1cs of the sodium and'
"..potass1um channeTs act1vated dur1ng an act1on potent1a1 w111 now be d1s-
hcussed | . | |

‘.‘2; Trans1ent ChanneTs

. i. Hodgk1n-HuxTey Kinetic ModeT Hodgk1n, HuxTey and g

/A'_Katz (1952) deveToped a method for contro]l1ng the membrane potent1a1 of B

ran area of squ1d axon membrane based on the work of Cole (1949) and- Mar-

i

o ,
. mont (1949) In this voltage cTamp techn1que, the membrane potential 1s

forced to foTTow prescr1bed step changes by a negative feedback amp11f1er
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which passes‘the necessary.current across the membrane. 'Thelsize and .
direction of-the current flow‘is used to'investigate7ionic conductance
f changes . dur1ng the voltage step The membrane current cons1sts part]y
;of capac1ty current and part]y of 1on1c current under nonna1 circum-

stances W1th the vo1tage c]amp the membrane capacity is charged at a

\

constant level for.most of the t1me and the maJor1ty-of theaobserved |

"7.current 1s ionic. Because each jon tends to move pass1ve1y down 1ts

r.e1ectrochem1c gradlent in accordance w1th the constant f1e1d equat1on, -
“th1s can be used to pred1ct whether the net movement of an ion, 15 1nward
or outward at a g1ven potent1a1 Therefore if the membrane potent1a1 is
c]amped at the equ111br1um potent1a1 of a part1cu1ar 1on, th1s 1on w111

contr1bute noth1ng to the membrane current In add1t1on s1nce %he per- .
meab111ty changes are re]at1ve1y 1nsens1t1ve to the concentratlon of the
: maJor 1ons the movements of one 1on can be stopped by rep]ac1ng it w1th 't*

: ;an 1mpermeant spec1es w1th 11tt1e change in the movement of other 1ons

-

Hodgk1n, Hux]ey and Katz (1952) found that there were severa] stages -

'v,1n the deve]opment af. the 1on1c current fo]]ow1ng a step 1n potent1a1
,”from E to O mV F1rst1y there was a br1ef surge of capac1ty current
tnassoc1ated w1th the sudden change in- membrane potent1a1 fo]]owed by an. [ a
'~1on1c current dur1ng the per1od the potent1a1 Was ma1nta1ned at 0: mV |

" The 1on1c current was 1n1t1a11y 1nward1y d1rected but th1s changed fa1r-f4'

| f]y rap1d1y into a. 1arge pro]onged outward current The phase of 1nward L

current d1sappeared at’ about +50 mV and was rep]aced by\gne of outward

vf,'fcurrent Nhen sodxum was replaced by cho]1ne and equ111br1um pptent1als

were measured Hodgk1n and Hux]ey (1952a, 1952b) separated the ionit e
. \
current 1nto three components, the ear]y 1nward current carried by

s
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sodium, the late outward current carried by potas§ium and a small

/

o t1me 1nvar1ant component carr1ed by un1dent1f1ed ions termed the 1eakage'v -

: current The sod1um current rose rap1d1y to a peak but thereafter de- N

c11ned to neg11g1b1e va]ues after a few m1111seconds whereas the potas- -

sium current rose more s]ow]y to a steady va]ue Hodgk1n and Hux]ey

: (1952c) then showed that sod1um conductance was turned off. by an 1nact1-,s

'vat1on process whlch was potentia] dependent In the final paper of-thel

series, Hodgk1n and Hux]ey (]952d) descr1bed a mathemat1ca1 mode] wh1ch

e wou]d account for the1r f1nd1ngs and wh1ch would a]so account for the -

' conduct1on and exc1tat1on in quant1tat1ve terms The total jon1C'current‘

was sp11t 1nto 1ts const1tuent components, o

tota] 1on1c current

1}

M"‘Iiﬂ= Ina * Iy +-Ij o '?INa'= current due to Na -
o = current due to K
= current due to other 1ons £

—
.
[} [}

-They found that the re]at1onsh1p between current and vo]tage at any 1n- _'v~

'r,stant was 11near as wouﬁd occur 1n an ohm1c conductor and therefore the

*'component 1on1c movenents were re1ated to the dr1v1ng forces by an ex- |

I

- press1on ak1n to Ohm s law These were ;.fﬁaf

sod1um conductance

. p:IN5.=59Na(E]-‘ENa):f,‘7E_1“:;eval-= membrane potent1a1
L - "»'ENaﬂ= equilibrium potent1a1

for sodium SR

"The va]ue g] 1s constant since it does not vary w1th t1me or voltage

' -,'However the conductances for sod1um and potass1um d1d vary A]though ’

- the degree and rate of - act1vat1on of gNa and gK 1ncreased w1th 1ncreas1ng

'\

18
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depoTarization, they never exceeded'a maximum (represented by gNa and

:§K) An 1ncreas1ng fract1on of the max1mum penneab111ty was act1vated

: O

‘7by»1ncrea51ng depoTar1zat1on. Th1s was descr1bed mathemat1ca11y

o t 3 :
' _ S gha =m tha

e ate | |
| where m3h and n4 represented the fract1ons of the sodlum and potass1um
L-‘penneab111t1es wh1ch were turned on. The coeff1c1ents hy m and n are
'd1mens1onTess parameters wh1ch vary. between 0 and 1 w1th f1rst order o
:‘.k1net1cs and rate constants wh1ch depend on the potent1a1 They'are |
", cont1nuous funct1ons of potent1a1 and time The s1gmo1d shape of - the ,ﬁ
Ze }r1s1ng phase of penneab1]1ty observed after a depo]ar1z1ng step was Ob--
. talned by ra151ng the m and n varTabTes to h1gher powers ( |
v At any membrane potent1a1 ‘the’ vaTues of h, m- and n reTaxed towards

f,_steady state vaTues h . M and n along an exponent1aT t1me course of

t1me constant Th’ T and rv; At the rest1ng potent1a1 m and n were

= -smaTT and h was Targe Therefore the rest1ng conductances to sod1um and

LA

fpotass1um are smaTT at rest After a depoTar1zat1on, m, woqu r1se rap-tfr';‘,*f

1d1y thereby act1vat1ng the sodtum conductance but h wou]d start de- |

creas1ng at the same t1me and the sod1um conductance wou]d become 1nacta ,J~f:'

,_t}1vated The potass1um conductance wou]d be act1vated by a s]ow 1ncrease-:ft5"”

'Tin_ The three parameters were dependent on the membrane potent1a1 butf';ln

, tfnot on each other

Hodgk1n and HuxTey (1952d) then found that th1s modeT s1mu1ated the

,‘form amp11tude and thresho]d of the propagated act1on potent1a1 recorded

L 1n squ1d axons, the refractory per1od and sub thresho]d responses They :T‘{’T

'.:also cons1dered the phys1ca1 bas1s of the mode] The:a]terat1ons,1n’



»

o :
N

menbrane conductance were potent1a1 but not- menbrane current dependent
and they suggested that the conductance changes arose from the effect of

the menbrane e]ectr1c f1e1d on the distr1but1on or orientatlon of moTe-

1l3cu1es w1th a charge or dipolar mdment An: earller theory (Hodgkin, Hux--

11ey and Katz 1949) 1n which sod1um 1ons traversed the menbrane 1n comb-
‘», ination w1th a 11po1d so]uble carrier wh1ch was negatively charged was
'freqected The ftrst effect of depo]arization in th1s modeT wou]d requ1re
‘a movement of the negat1ve1y charged carr1er moTecuTes from the outs1de

. to the 1ns1de of the menbrane 1 e and in1t1a1 outward current Th1s was

R not observed under cond1t1ons of vo]tage cTamp They then postuTated

[

- that the movenent of sod1um was dependent on the d1str1but1on of charged -

parttcles wh1ch d1d not act as carr1ers but aTTowed the passage of sod-
o r 4 Q
.‘1um when they occup1ed part1cu1ar s1tes in the membrane The rate of

. h_movement of the act1vat1ng part1c1es (m parameters) detenm1ned the rate

R

: Qfat whwh the sodwm conductance approached the max1mum but it had 11tt1e '» N

o 7y
';zeffect on the magn1tude of the conductance The tran51ent nature of the

'7,‘sod1um conductance was attr1buted to the reTat1ve1y s]ow movement of an- .

: ;V_other part1c1e (h parameter) thCh bTocked the fTow of sod1um 1ons when‘iv71‘

o it reached a certa1n pos1t1on 1n the membrane

Gatlngfof Sod1um Channe]s Hodgk1n and Hux]ey

:-;'(1952d) proposed that the potass1um and sodium pathways were separated

‘fbecause the k1net1cs were so d1fferent There was no s1mp1e way of con-“:'

‘verting the se1ect1v1ty of the part1c1es for sodium to a seTect1v1ty for

"~;'potass1um They predicted that the movement of the hypothet1ca] gat1ng

f;part1c1es woqu cause an outward fTow of current accompanying the sodlum

--h}current They aTso stated that the den51ty of these components was



o not be accounted for by the m

\

.vre1at1ve]y 1ow and that a number of sod1um ions crossed the membrane at
a s1ng1e active patch otherw1se th1s oufward current would be of the
_same magn1tude as that observed for. sod1um

. Th1s theory was 1ater mod1f1ed for other s1tuat1ons, i.e, at the
B .frog node of Ranv1er gNa was more c]ose]y approx1mated by mzh and gK by

' 2k where k was an 1nact1vat1on parameter w1th an . extreme]y 1ong time

'i3course (many-seconds) (Frankenhaeuser, 1960 1963) Frog musc]e was

- p
. _found to obey the or1g1na1 Hodgk1n ~Huxley .formulation- by Dodge (1961)

~although. for very long depo]ar1zat1ons a parameter‘for pota551um 1nact1- 3

;»'vat1on waS«requ1red If the membrane was strong]y hyperpolarTZed before L

"'?depolar1zat1on the open1ng of the™ 1on channe1s was de]ayed (Co]e and

\

'*Moore, 1960 Keynes and Rogas, 1976; Neumcke et aZ s 1976) Th1s cou1d

3 4

h and n- parameters and h1gher powers of

"the act1vat1on parameters were requ1red to f1t the data _ Further dev1a- o

Y,Jt1ons from the Hodgk1n-Hux1ey mode] were found when the k1net1cs of the

- charge movement assoc1ated w1th the gat1ng of the 1on channe]s were 1n—' o

yvest1gated (U]br1cht, 1977)

i'!: ‘

'"1'_- The current assoc1ated w1th the movement of the charged part1c1es

- ::1y recent]y by Anmstrong and Bezan111a (1973a, 1973b) and Keynes and
J"‘Rogas (1973) Ion1c current was suppressed by rep]ac1ng the penneant L
,1-1ons Na and K 1n both the externa1 and 1nterna1 so1ut1on W1th TRIS for vu;t“c(
"~',':N}externa1 Na and Cs for 1nterna1 K : TTX was a]so used to b]ock any i

.véhfelresidual cuitent through the Na channg] 1n some exper1ments Gat1ng ,K
’current was unaffected by TTX The 11near port1on of the rema1n1ng cap;\:

"aftﬁac1ty current was e]im1nated by a]gebra1ca11y summ1ng the current from a

e

;’:?descr1bed by the Hodgk1n Hux]ey k1net1c mode] was detected on]y re]at1vef,.‘;ff“



o wou]d be expected 1f th1s charge movement ref]ected gat1ng

”-f;"'.;ti

f‘.‘ tre non 11near current was almost 1dent1ca1 to that for IN at the pu]se i
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pos1t1ve step to the current from a negat1ve step of equa] magn1tude

Any capac1tat1ve current rema1n1ng after this procedure wou1d be non-

_ 11near and hence assoc1ated with gat1ng current s1nce gat1ng current

wou]d on]y f]ow for p051t1ve vo]tage steps but not for negat1ve vo]tage

steps Gat1ng current Ig was found to r1se rap1d1y toa peak wh1ch then

decayed monoton1ca1]y as wou]d be expected of the current produced by
the reor1entat10n of d1po]ar mo]ecu]es in a sudden]y a]tered f1e1d The

maJor1ty of the current was over before the sod1um channe]s opened as -
- '

!

Further ev1dence that th1s non 11near capac1ty current was - -associa-.

| ted w1th gat1ng Was obta1ned by using procedures wh1ch affect sod1um _ 7'Q

nnstrong and Bezan111a 1973a, 1974 1975 Bezan111a and Ann-rj':l.
74, 1975) Gat1ng current did not have an equ111br1um or.: re-‘ftf
;gotent1a1 and the charge movement dur1ng turn—on asn%he gates

ggfwas equa] and oppos1te to the charge movement turn—off as the

izlosed Most of the 1nterna1 and externa] 1ons 1n the squ1d axon

be. rep]aced w1thout a]ter1ng gat1ng current a]] the, above 1nd1ca-hy3! y‘d

that gat1ng current was capac1t1ve 1n or1g1n The t1me course of

wh1ch had prev1ous1y been shown to block IN (Begen1stch and Lynch ,Qs]ﬂ_"

end when the gates were turn1ng off Interna1 perfus1on w1th ZnC]

1973), 1nact1vat1on by a short prepulse and pro]onged depo]ar1zat1on D

(Bezant]]a and Armstrong, 1974) were a]l found to. decrease gat1ng current

5'[ revers1b]y Both INa and Ig were reduced proport1onate1y and they re~ _5.H_,

,,.. covered 1n para11e1 Interna] treatment of axons w1th a proteo1yt1c en-e y}u~*"

o zyme m ik re 'pronaSe was - found to remove sod1um 1nact1vat1on w1thout
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ly treatment with pronase removed Ig 1nact1vat1on Armstrong and Bezan-

illa, 1974) . N
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'affecting Na or K activation kinetlcs (Annstrong et al., l973) Similar- ’

| BeZanilla.and Armstrong (1975) found that there was a rap1dly r1s1ng ‘

phase of gat1ng current wh1ch meant that there was relat1vely l1ttle
charge movement assoc1ated w1th the 1n1t1al steps 1nvolved in open1ng a
channel and accord1ng to the Hodgk1n Huxley m3 formulat1on this was pre—

d1crpd to be an exponent1ally decay1ng current. There were two phases

oﬁ decay of gat1ng current assoc1ated Wlth a step depolar1zat1on Theu.;

rap1d phase was clearly assoc1ated w1th open1ng of the Na channels but
G
the slower phase “Was’ less easy to 1nterpret 0r1g1nally they postulated

that th1s phase was assoC1ated w1th the K™ channels (Bezanllla and Ann-

T strong, 1975); However w1th better records tbe k1net1cs of‘the slow

phase were too fast to ar1se from potass1um channels and none of the
known propert1es of the sod1um'channel correlated w1th th]s component
The k1net1cs were faster than those for sodium 1nact1vation, and they
could only speculate that maybe 1t represented an event wh1ch was a nec-
essary prelude to 1nact1vat1on | ' *3 ‘ |

v:

L2

-

o : 1ng of Na channels i. e. 3 m. part1cles were requ1red to be 1n the penn- :

B close the channel However sequent1al k1net1cs pred1cted that gatlng» ;[

o 1ss1ve state before a channel would open but clos1ng of Na channels was

a f1rst order process i, e l h part1cle moved from a perm1ss1ve state to
current would have a $1me course three t1mes longer than that of IN ;
Channel closure would be complete after one charge movement but gat1ng

current would continue to flow unt1l all channels were 1n the rest1ng

vo,.

"f:l< A sequent1al scheme for act1vat1on expla1ned the k1net1cs of open--5"
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: state. Gating current was found to 1nact1vate in parallel with I

. act1vat1on are coup]ed

. - ' A

| Bezan1TTa and Anmstrong (1975) therefore suggested that - channe] open1ng

occurred by one path and that channel cTos1ng occurred by a dlfferent L

path This was’ supported by the finding that after a Tong pu]se the

-charge movement of the ta1] of gat1ng current was onTy a th1rd of that

1nvo]ved 1n act1vat1on The other two th1rds appeared to return to the |
. ,

rest1ng pos1t1on at about the same rate that INa recovered from inacti- .

“vation, Perfusion-with pronase prevented the deve]opment of th1s reduc- '

L) .
tion in charge movement :

B s I

The Hodgk1n-Hux]ey equat1ons predICted that the k1net1cs of act1va-

t1on and 1nagt1vat10n were independent However the above : data do not

‘f support th1s and suggest rather that the k1net1cs of act1vat1on and in< "/ o

R

Hoyt (1963) anaTysed some. of the data from Hodgk1n and HuxTey S

”;axon 17 1n terms of a spec1a1 case of a coupTed act1vat1on 1nact1vat1on

. 2 : .
,modeﬂ and Tater Hoyt (]968) found that her k1net1cs pred1cted a d1ffer— e

ent resuTt from those of Hodgk1n and. Hux]ey (1952d) The steady state _ 73‘f

1nact1vat1dh h curve shou]d be. near]y 1nvar1ant as the potent1a1 se]ect-

"ﬂ»ed for the test step wasQaltered in H H k1net1cs In Hoyt s model th1s ;:

) o curve was pred1cted to be shwfted to the r1ght a]ong the voTtage ax1s as

”} ahd found the pred1cted sh1ft of h Thfs was. more d1rect ev1dence that

) Qf;fthe test step was changed to one dur1ng wh1ch the peak gNa was greater fﬁs
T7Hoyt and Adelman (1970) d1d f1nd such a sh1ft but the effects were marg-..;'
':‘i1na1 The resu]ts coqu a]so be producéd by a membrane obey1ng H- H k1n- d,if'
fﬂfn; et1CS in the presence of an uncompensated series resistante (Go]dman and

= Schauf 1972) However Gonman and Schauf (]972) repeated the exper1ment”;;1." '

v o R : :,;;'-,"":
- o B ) . o . .
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the amount of inactivation\produced by a conditioning depolarization

could affect the degree of activation of sodium conductance during a

subsequent test depo]ariZation.

v More recently, Bezanilla and Armstrong (1977; Armstrong and Bezan-

” i1Ta, 1977) have inVestigated the coupling of activation to inactivation.

&
-

They concluded that the transition of the sodium channel between the

open and inactivated:state was voltage independent. This wonld account

for the absence of a component of gating current with % kinetics. How-

ever,inactivation was vo]tage-dependent as’a conseouence of coup]ino to.

A

the activation process i.e. the aéttnationv'gate' oﬁ'the sodium channel

was required to be open before the inactivation 'gate' could close.

From their vo]tﬁog/olamp data they described a second open state for the

sodium channel. This is at variance with the observations of Sigworth

(1977) in frog node of Ranvier. Usdng noise analysis he concluded that-

sod1um channels existed in twosconductance states - open or c]osed
Armstrong and Bezan111a (1977) proposed a mu1t1-state model for

the sod1um channe] Several other mult1-state k1net1c models had been

proposed previous]y (Hoyt, 1963; Go]dman, 1964; Mooge and Jakobsson,
1971; Goldman, 1975), Chand]er and Meves (1970a) and Chiu (1976) have

-proposed a multi- state model for 1nact1vat1on and there is also some evi-

dence that the kinetics of the potassium conductance may be similarly
o i ‘ ,

i~

controlled (Frankenhaeuse/4/1963-'Pa]ti et dil 1976; Fishman et al.

1976). None of the k1net1c models proposed has yet described all the

1features of” the sodlum conductance and H111e (1978) has suggestedithat

studies of artificia] membranes which have been doped with channel form-

ing peptides or proteins is useful. Such membrand can imitate phenomena

@
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in nerve closely and haQe the advanfage of being completely defined.
The chemical requirements for gating can then be inVestigatéd systemat- -
1c;11y. Armstrong and Bezaﬁi]la (1977) postulated that inactivation in- -
volved the movement of an endogenous blocking particle into fhe sodium
channel from the axoplasmic site, thus stopping ion flow as well as hin- |
dering subsequent conformational changes. This latter effect was fermed
charge immobilization. Under maintained depolarization, the voltage-
sensitive portions of the sodium channel. are pértia11y immobilized so
' that the full gating current cannét be produced dufing subsequent poten-
tial steps. Cahalan aﬁd Almers (1979a, 1979b) investigated whether two
of the small molecules which can b1ockfsddium channels from the inside
(a quaternary derivative of 1idocaine,QX-314 and N—methy]strychniné)
could also produce charge immobi]ization; :Bbth did indeed in a Q?nné§
Avery similar to the physiological proceés. Cahalan and Almers (1979,
1979b) suggested jn fact that the 1déa1'anaesthetib stabilized the asso- o
ciation between the channgl and the endogenéus inaétivating particle,
whereas the Nqnethy]stﬁyéhniné competed with this hypothetical particle
for its.binding site. Pancuroniuﬁ‘has also been suggé?ted to compete
with the b1oéking bartic]e in a manner simf]ar to N-methylstrychnjne
(Yeh and Armstrong,q1978). | . J
Various treatments have been fdund tb affect the kinetics of acti-
vation or inactjvation‘of the sodium channe?. Those treatments which
were onfy activé on internal perfusion of the squid axoh,or after the -
app]fﬁatfdn of a'depo1ariéing stimulus with no effect on the kingfiqs'of
activation were regarded as specifica]]y affecting inaétivation (n pro-

cess) eg. pronase (Armstrong et al., 1973), the toxic principle of the



| iSchmitt 19745 Cattera11 1975b) cou1d'therefore be deduced to open the
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sea anemone Condylactcs gtgantea (Narahashi et al., 1969),‘f1uoride
(Chand]er and Meves, 1970b), Leiurus toxin'(Koppenhoffer_anq Schmidt,
1968). An effect on the-kinetics of activation with no apparent effect
on inactiVation'has been’found for the venom of the North American
scorpion Centuroides sculpturatus (Cahalan, 1974). Catterall (1979)
suggested that Leiurus toxin and Centuroides venom.bound to the same
site in the membrane but that Leturus interfered with the coupling of
activation and‘inactivation whereas cénturoidés interfered with activa-
tion only. 'Because inactivation was susceptible tO-tnterna] protease
treatment, the gate‘was postuleted to.be a readi]y acceSSible protein

attached to the 1nner end of the sod1um channel. The other treatments,

o

‘which were effective both externa]]y and internally, viz. BTX (Albu-

_querque et aZ -1971a, 1971b Narahashi and Deguch1, 197])JGTX, (Deguchi

and Sakai, 1967, Seyama and Narahashi,. 1973; Narahashj and Seyema,

' 1§74) veratridine (Shanes, 1958; Ulbricht and Flacke, 1965; Catterall

~and Nirenberg, 1973); aconitine (Peper and Trautwein, 1967; Schmidt and

;o

' m3 act1vat1on gate and then prevent the 1nact1vat1on process

C

TTX and STX ab011shed the sod1um current w1thout affect1ng gat1ng =
current potass1um current or the b1nd1ng of many of the above tox1ns
\

to the1r respect1ve binding s1tes at the sod1um chahne] They a]so

abol1shed the trans1ent 1ncrease in conductance to other 1ons wh1ch !

“could permeate‘the sodium channel and therefore TTX and STX were conclu-

ded,to block the chanhe1 rather than»to interact with the permeating' @ ‘§’

ions (Tasak1 and Hag1wara 1957 Hi]15,719683; Moore et al., 1967a; Bin-~'

-stock and Lecar, 1969) Narahashi et al., (1967) found that TTX'wes '
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.»ineffective when perfused internally in the squid giant axon, suggesting
that it bound to a site on the exter1or of the membrane The b1nd1ng
s1tes for the tox1ns and the act1vat1on and 1nact1vat1on gates are
therefore thought to be Tocated‘deep in the membrane beyond the TTX
 binding site. | | S

' Stallcup (1977) used»the known interaction between veratridine and}
scorpion venom from Tétyus'éerrulatue to separate the'sodium channeTS in
‘nerve and muscTe ceTT'Tines-tnto three categories Scorpion venom pot-b
b entiated the act1on of veratridine in the nerve cell lines by Tower1ng

"the aff1n1ty constant (Km) for veratridine w1thout affect1ng the max1mum'

rate (V

max) of sod1um uptaég observed with veratr1d1ne a]one or by re-

duc1ng Km and 1ncreas1ng v In muscle cultures scorp1on venom in-

max '
creased V  of sodium uptake W1thout affect1ng Km for veratr1d1ne The

ax
types of ceTTs used also var1ed in their aff1n1t1es for TTX and scorp1on
venom The rat1o for TTX was mouse nerve > rat nerve > mouse muscle >
rat muscTe as expected from results in vivo. For the scorp1on venom
:however mouse nerve > mouse muscTe > rat nerve and muscTe The s1gn1f§
Yf1cance of these resu]ts is unc]ear and they are open to the cr1t1c1sm
"that cTonaT 11nes have aTtered jon channe] prOpert1es from the. or1g1na1
ceTTs L6 cTonaT T1ne has a]tered e)ectrophys1o]og1ca1 propert1es from
primary . rat musc]e cuTtures e.g.. L6 myob]asts have a rest1ng membrane |
: potent1a1 of -60 to’-70 mv and th1s does not alter during maturat1on
.The spec1f1c membrane res1stance is very high and the fibres are re]a- ’
| t1ve1y 1mpermeab1e to both ‘sodium and chlor1de (K1dokoro, 1973; 1975a;
- ]975b) The myobTasts a]so show unusual responses to ch011nom1met1cs

(ste1nbach 1975)

\
-



\

The permeab111ty of the sod1um channels to a var1ety of inorganic
and organic cat1ons has been measured (Chand]er and Meves, 1965 Bin-
stock and Lecar, 1969; Moore et aZ » 1966; H11]e, 1971, 1972 B1nstock
- 1976). On the bas1s of these)penneab1]1ty studies, Hille (1971, 1972,
. -1975a) proposed a mode] of the sod1um channe] in wh1ch theJMarrowest
portion of the pore, the selectivity f11ter was about 3x5A. AN
" the permeant ions could fit th1§aon the basis of unhydratep rad11

However several 1mpermeant ions, notably methy]am1ne cou]d also fit.

1nto a pore this s1ze Methy]am1ne is near]y 1soster1c w1th hydroxyl-

29

W .

amine and hydraz1ne which were™m ch more permeable and 1t is much sma]]- ';

er than fonnam1d1ne or guan1d1ne wh1ch both penetrated the channe]
H111e (1971, 1972) pr0posed ‘that the se]ect1v1ty f11ter was 11red/w1th

oxygens wh1ch could form hydrogen bonds w1th am1no ‘and hydroxy] groups

‘.on the permeant»nat1ons thus reduc1ng the1r effect1ve d1ameter to 3. 1 A -
»The methy] groups are 1ncapab1e of hydrogen bond1ng and wou]d therefore ‘
- irbe exc]uded s1nce they are 3’8 A wide. The passage of meta] cat1ons

f was. accompan1ed by some water of hydrat1on and the observed permeab1]1ty

‘ 'sequence fo]lowed that expected for b1nd1ng to a h1gh f1e1d strength YQ

. anTon (E1senman, 1962), 1 e they dev1ated marked]y from the 1ndepend-- .

&'ence pr1nc1p1e The 1ndependence pr1nc1p1e assumed that the movement

of . an 1nd1v1dua1 1on ‘was independent of the movement of every other ion, ’,*:

»The P /P rat1o was found to. depend on the 1nterna1 potass1um concen—-

| tratwon (Chand]er and Meves. ]965) Dev1at1ons were found for other :

'cat1ons (H1]1e, 1975a) and Hi]]e and Schwarz (1978) considered that the

e
'sod1um channe] showed some hint of a multi -ion pore s

Huang et aZ (1979) have determined the permeab111ty sequence in BTX.

-



activated channels of two nerve cell lires in culture. One Tine was TTX

sensitive and'one was relatively‘resistant The permeab1]1ty sequence

for 1norgan1c and organ1c cations was 1dent1ca1 and w competed with Na+
and TTX at the channeTs with a pKa of 5.5. The 11m1t1ng size of the BTX
act1vated channeT was caTcuTated to be 3.8 x 6.0 A s1nce methy]am1ne was.

J perneab]e. ‘They concTuded that BTX a]tered the. confonnat1on of the seT-

ect1v1ty f1Tter to aTTow Targer 1ons to penneate than normaTTy occurs in
. potent1a1 act1vated channeTs ‘

Hille (197Sa) Tater con51dered a four barr1er energy mode] of- the

dse]ect1v1ty f11ter E1ght oxygens, six of them 1n approx1mate1y one:

plane were the donors for hydrogen bond1ng “Two of these oxygens were_;

proposed to belong to an ac1d carboxy] group, the- protonat1on of wh1ch 3

- '_30

| Teads to bTock of the channe] The h1gh fteld strength an1on b1nd1ng _,;-_'r‘

vs1te was proposed to be at th1s m01ety In1tiaTTy a cat1on was postu]a— =

: ted to be fu]Ty hydrated but as 1t approached the carboxy11c ac1ﬁ oxygen f

t of‘the se]ect1v1ty f11ter, the ion woqu TOSe 2 smaTT number of water

- moTecuTes but be stab111zed by 1ts attract1on to the negat1ve1y charged f7.~y

'oxygen Th1s was the bound state As the 1on entered the se]ectiv1ty
[

f11ter, it was st11] 1n contact w1th the oxygen but was requ1red to

llose many more water moTecu]es thus formtng a h1gh energy,trans1t1on :

tf'fcomplex The energy of thTS comp]ex wou]d depend on the 1on spec1es and_ ;

'ith1s therefore wou]d detenn1ne channel select1v1ty The 1on wou]d then

"T move on’ through the narrow region and rega1n some of xts water of hydraj "
g t1on F1na11y the 1on wou]d reach the axoplasm over energy barr1ers no -
' h1gher than those for aqueous diffusion The d1mensions of the se]ect-

;}1v1ty f11ter are such that an accompany1ng water molecule cou]d hydrogen- |

[T
ks
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| the comp1ex STX 1s a. r1g1d mo]ecu]e possess1ng two guan1d1n1um groups

bond to an oxygen on the other s1de of the pore

- H111e (1975b) further proposed a model for the TTX and STX b1nd1ng ‘

site Both tox1ns conta1ned a guan1d1n1um mo1ety and s1nce free guan1- o

d1n1um cou]d penetrate ‘the channel (H111e, 1971) he proposed that the :
tox1ns stuck in the se]ect1v1ty f11ter TTX and STX bind1ng was 1nh1b-,
1ted by the cat1ons wh1ch had been proposed to b1nd to the carboxy]
group of the. f1]ter viz. ca1c1um and tha]11um (Henderson et al., 1974)

Hydrogen bond1ng between f1ve of the pore oxygens and. port1ons of the

tox1n mo]ecu]e and the electrostat1c attract1on between the guan1d1n1um -

group and the negat1ve charge of the se]ect1v1ty f11ter wou]d stab111ze_”'ﬁ

but on1y'one (around 08) protruded enough to be 1nserted 1nto the se]-‘;‘,
ect1v1ty f11ter To accommodate both mo]ecu]es the entrance to the se1- ,_'?;

ect1v1ty f11ter was suggested to be 9 X. 10 A 1n area before narrow1ng to_:fi3

3 X. 5 A at the f11ter 1tse1f The effect of TTX 1s reduced 1n ac1d and

alka11ne so]utions H1gh pH wou]d convert TTX 1nto the 1nact1ve zw1tter¥ T

.)

I
“jon: and the effett of 1ow pH was best descr1bed by a compet1t1on between

TTX and H for the same receptor 1i. e the carboxy] of the se]ect1v1ty

- 31

/ e
f11ter (U]br1cht and wagner 1975) Reed and Raftery (1976) showed that EER

» methy]at1on of a carboxyl group blocked TTX b1nd1ng to the sod1um chan--

nel. Th1s 1nd1cated that there may be a- carboxy] group wh1ch is 1mpor-‘

tant for TTX. b1nd1ng but- which d1d not appear to be rocated at the se]-,dv B

ect1v1ty f11ter The methy]ated channe] had nonna] 1on se]ect1v1ty and

' was b1ocked by H wfth a pKa of 5 2 as 1n norma] channe]s (Spa1d1ng,; .

1978)

} Because TTX and STX b]ock sod1um channels w1th h1gh spec1ficity, o



S
they have been used to est1mate the dens1ty of sod1um channe]s fn |
exc1tab1e membra es. Concentrat1on effect curves 1nd1cated that a s1ng]e
.»”tox1n mo]ecu]e Pound to each channe1 (H111e 1968a) The ear11est at- :

i tempts to est1%ate sod1um channe] dens1ty used a b1oassay to est1mate |
;,the amount of TTX taken up by a nerve membrane at the t1me of. block and
hence sod1um channe] dens1ty (Moore et aZ 1967b) Moore et al. ca]cu— |
1ated that there were fewer than 13 sod1um channe]s per um2 of 1obster
axon. Subseouent]y Keynes et aZ (1971) conf1rmed the sparseness of TTX _i

. b1nd1ng s1tes 1n the 1obster, crab and rabb1t nerve Later stud1es were7l~, :

‘ "hperformed w1th rad1oact1ve1y 1abe11ed tox1n Lev1nson (1975) however |

,po1hted out the d1ff1cu1ty 1n assess1ng the pur1ty of the 1abe11ed tox1n ”ff v

"”'even when 1t was apparently rad1ochem1ca11y pure By compar1ng the sat-;

3urab1e uptake of tox1n by b1oassay w1th the saturab]e uptake of rad1o---
f:l,act1v1ty, the pur1ty of h1s preparatlon was onlygo 3 Th1s means that e
fffichanne] dens1ty cou]d be gross]y undérest1mated and th1s was what oc-j.i s
valcurred in: the ear]y est1mates of channe] dens1ty (Co]quhoun et aZ 1972

'Henderson et aZ ]973) e

| J' W1th the deve]opment of an. 1mproved techn1que for 1abe111ng tox1n f:“d SR
1-(R1tch1e and Rogart ]977c) the saturab]e component of b1nd1ng was tota]- »-v
}flly sens1t1ve to d1sp1acement w1th excess tox1n Channel dens1ty 1n sma11
-gj:non—mye11nated f1bres was est1mated as 35/um for garf1sh o]factory nerve,vi
-'f‘90/um for 1obster walking 1eg nerve and IOO/um for rabb1t vagus (R1tch1e La”:d
1 ﬁ'et az , 1976) Ray et al. (}978) ca]cu]ated that the dens1ty of sod1um ‘-‘c
channe]s on synaptosomes was 35 s1tes/um as est1mated by b1nd1ng of -
"rscorp1on tox1n This was s1m11ar to that found on unmye]1nated nerve |
'f‘fibres 1In squ1d axon. channe] dens1ty was h1gher 550/um (Lev1nson anded“ o

i_.B’ '



Meves, ]975) which was cons1stent w1th that est1mated by Keynes and Roaas :

.‘(1974) “from- the max1mum charge movement assoc1ated w1th gat1ng currents
. In mye]1nated nerve, where transm1ss1on of act1v1ty 1s sa]tatory, )
: the number of t0x1n b1nd1ng s1tes at a node was very h1gh - 12 OOO/um

in rabb1t sc1at1c nerve (thch1e and Rogart 1977a)_after a]]owance was

 made for b1nd1ng to non—mye11nated nerve Th1s corresponded to one 1,

' '_»channel for every 8000 A2 of membrane Est1mat1on of channe] dens1ty

"at frog nodes of Ranv1er from noise measurement and gat1ng current meas-

i’»:,:urements gave va]ues of 2 000/um and 5 OOO/um reSpect1ve1y (Cont1

.et aZ R 1976a, 1976b Nonner et az 1975a, 1975b) Est1mates of sodlum

. channel dens1ty 1n musc1e membrane were of the same order as found in.

L squ1d axons i.e. 195 to 380 s1tes/um (A1mers and Lev1nson, 1975 Ja1m- f

” f»ov1ch et aZ 1976 R1tch1e and Rogart, 1977b)

These va]ues for number of tox1n b1nd1ng s1tes d1d not take 1nto 1;,1 -
hy‘account the poss1b111ty that sod1um channe]s cou]d occur on the T tubutar f"'

.l:;v:!membrane From electrophys1o]og1ca1 data Adr1an and Peachey (1973) and |

"fy»H111e and Campbell (1976) 1nferred that 15 to 25% of the sod1um channe]s jjftﬁ o

f\:f':}were located 1n the T- tubu]ar membrane a]though 1t has s1x t1mes the e

}ieilmembrane area of the surface Ja1mov1tch et aZ (1976) est1mated the

' ff:fractlon of TTX b1nd1ng s1tes on the surface membrane by us1ng detubu1-.

"»_;lyated musc]e After g]ycero1 treatment to sea] off the T- tubu]ar memb- ;" |

rane more than 50% of tox1n b1nd1ng s1tes were 1naccess1b1e to the tox1n
u;From th1s Ja1mov1tch et aZ (1976) conc]uded that there were ]75 s1tes/pm2
.7‘on the surface membrane and 40-50 s1tes/um on the tubu]ar membrane

Solubi]ization of the TTX b1nd1ng prote1n was ach1eved us1ng Tr1t-

T on-X 100 (Henderson and wang. 1972 Benzer and Raftery. 1973) and the ﬁf,f:ﬂef.'s.~



mo]ecu]ar we1ght was ca]cu1ated to be about 500 000 da]tons 'LevinSOn‘
1and E]]ory (1973) est1mated the mo1ecu1ar s1ze of the b1nd1ng s1te by
| rad1at1on 1nact1vat10n and th1s gave a f1gure of 230 000 daltons wh1ch {

: corresponded to a- spher1ca1 protein 80 A in. d1ameter Recent]y Agnew J

p ‘fet al. (1978) 1mproved the pur1f1cat1on of this b1nd1ng component by ad-

sorpt1on chromatography The pur1f1ed mater1a1 had a sed1mentat1on co-
eff1c1ent of 85 wh1ch corre1ated well w1th the estlmate of molecu]ar »
we1ght by Lev1nson and E]]ory (1973) However the Stokes rad1us was

: ,\'95 A - unusua11y h1gh for a 230 000 dalton: component SDS ge] eJectro-

' tphores1s of the purif1ed mater1a1 gave 3 maJor po]ypept1de components off‘
_46 000 59 000 and approx1mate1y 300 000 da]tons Tay]or (1978) has re- f

::7: cent]y succeeded in: extracggng a proteogTyco]1p1d from rat gastrocnem1us }:ﬁ,

21d1d not b1nd TTX or cho11nerg1c T1gands (a BuTX Ach, n1cot1ne d TC

k.

”'decamethon1um atrop1ne, p11ocarp1ne) and the'veratr1d1ne b1nd1ng was

f1nh1b1ted by acon1t1ne but not by any of the above agents The comp]ex tf:';fd“

3

”";fwhich bound veratr1d1ne w1th a h1gh spec1f1c1ty The pur1f1ed comp]ex ;;=. :'3,a

~ut_uwas found to be a proteog]yc011p1d w1th a prote1n carbohydrate phos-:.ﬂf'

‘é;fphorus rat1o of 1.5 1 1:3 1 O Reconst1tut10n of p]asma membrane ves-'7'“

4“13:1c1es 1nto 11posomes w1th funct1ona1 sod1um channets has a]so been report— -v_f"

e recently (V‘]]EQas et aZ . 1977) These recent developments together ;_1f*”

"w1th the synthes1s of an aff1nity 1abe1 der1vative of TTX (Gu1110ry
R _et aZ oy 1977) are hopeful s1gns that the mo1ecu1ar compos1t1on of the |
f”$fsod1um channel w111 soon be known in as. great detai] as that of the Ach

':receptor complex (for review see He1dmann and Changeux 1978)

EREE Sing]e channel conductance (y) estimates have been made for the sod- o

f 'tium channe] based on those of channe] density together w1th exper1menta1

e Lo
4.‘> s :
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~values for membrane conductance and from noise. ana]ys1s In frog'muscle,

't.YHa was est1mated as 5 pS for Euna temporarza (A]mers and Lev1nson, 1975)7

and 8 5 pS for Rana ptptens (H111e and Cmnpbe]] -1976) : In frogvnodes |
:;fof Ranv1er, YNa was est1mated as 8 pS by no1se ana]ys1s (Cont1 et al.,

:i;1976a, 1976b; S1gworth 1977) / Both found that YNa d1d not vary w1th
_fvo]tage and S1gworth (1977) also found that treatment w1th TTX d1d not |

. affect mean channe1 conductance( However YNa- was-reduced to 2 5 pS by -
j]ower1ng pH wh1ch was cons1stent with the b]ock1ng act1on of H ions onl

E channe] conductance (U]br1cht and Wagner, 1975) Van den Berg et aZ

. 3(1975) est1mated that YNa in node of Ranv1er was s11ght1y‘1ower at 2 to S

o5 pS €%nt1 et aZ (1976a’_]975b) found that the frequency spectrum SR

.. could be separated &5§§\3 components One of these components was: 1/f ‘

.no1se wh1ch has a spec ra] dens1ty wh1ch 1s 1nverse1y proport1ona1 to-

~f;-frequency over a w1de range of frequenc1es Th1s no1se 1s assoc1ated o

| HHW1th the movement of 1ons through open channe]s (Stevens, 1977) _The:7‘fd,‘(;, i

‘”ﬁfj,;fother two components were the Lorentz1an spectra usua11y encountered 1n__‘

1

AY

: % 71jno1se ana}ys]S The 1ow frequency spectrum was 1dent1f1ed as h gate

}r'afhf]uctuat1ons and the h1gh frequency spectrum as m. gate f]uctuat1ons

'“Tffa;h(Cont1 e# aZ 1976a, ]976b)

‘ Est1mates o&fmean channe] conductance RLE squ1d axons were s1m11ar }

_..,.3 pS (Lev1nson and Meves, 1975) and 4 pS (Cont1 et aZ ; 1975) In cu]- 1;:,

J

: a‘ptured neurob]astana ce]]s, Ray and Catteral] (1978) ca]culated that each

1

h'7}sod1um channe] transported 1 X‘]O -1ons»m1n and had a mean TNg Of 3 PS

’”;‘_ ;These values are fa1r1y cons1stent but about an order of magn1tude 1ower b:o"d'”ﬁ

""than est1mate of s1ng1e channe] conductance through the Ach receptor

"9f,7comp1ex (Neher and Stevens, 1971, U1br1cht 1977)



T}'POtassium»ChanneTs" The potassium channeTs anoTved

_t1on of the action potentiaT the deTayed rect1f1ers, have

‘V:nd HuxTey. 1952b) Lath tetraethylammon1um (TEA) was found
TTnate the potass1um current W1th T1tt1e effect on the sodium cur- .
saki and Hag1wara 1957 Armstrong and B1nstock 1965 H111e,

On the bas1s of experiments with hydrophobic der1vat1ves of TEA ,f
g (1966 1969 1971 1974) proposed a- modeT of the potass1um

e channe% w1th a d1ameter of 8 A at the entrance decrea51ng to a narrow

- port1on of 3 A d1ameter The seTectiv1ty f11t€r was suggested to res1de
4

. W' port1on and the n act1vat1on gate in squid axon was Tocat-»~
i side of the membrane ’ However 1n frog node of Ranv1er TEA :
B bTocked from the outside (HﬂTe 1967) Sl
o In the squ1d Armstrong (1966 1969 1971 1974) proposed that TEA
'(jhfgand its der1vat1ves cou]d not bTock potass1um currents unTess the act1-:i’.«
bévat1on gate was open because of the t1me dependence of the bTock r
hhl the frog node of Ranv1er the externa] bTocklng s1te for TEA was. apparent- .‘;':TJ
TAT*:Ty access1b1e regard]ess of whether the channeT was open or cTosed (Arm-,if!i“'fv
“?;strong and H1TTe 1972) TEA also bTocked rest1ng pOtass1um channeTs 1n A S
."_skeTetaT muscTe but the mode of bTockade was. non compet1t1ve (VoTTe s
.f f'et aZ 1972 Th1s d1fference between frog muscTe and squid axon was¥%f,_' -
| attrwbuted to e1ther species difference or the ekterna] surface of muscle‘"v :
T’x'fmembrane had/receptors for TEA which d1ffered from those at the 1nterna1
;?surface (Narahash1, 1974) ApZysta neurones have recentTy been found to

'tpossess several pharmaco]ogicaTTy distinct potass1um channeTs (Thompson

.' ‘\ . ;‘ Lo



"jﬂffsuggested th1s was an 1m1daone group Adrlan and Peres (1977) have de—V B
,m‘;tected a component of capac1ty current 1n frog muscTe thCh had k1net1cs:p

i of then

' S
”
s
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] 1977 KTee5 1978) thCh may favour the f1rst poss1b111ty The channeTs .
were suscept1b1e to d1fferent extents to TEA and a new potass1um channeTf'
~bTock1ng drug, 4- am1nopyr1d1ne (4.AP) (PeThate and P1chon 1974; G1TTes~

| j‘p1e and Hutter,»1975 Bowman et- -al., 1976' Schauff et aZ 1976 Yeh
: “Tet aZ 1976a UTbr1cht and Wagner, 1976 Meves and P1chon, 19%7//;1rschfv_
'andANarahash1; 1978). 4-AP bTocked squ1d ‘axons both on externaT and in- .
v terna] app11cat1on (Yeh et al., 1976a)j‘ UTbr1cht and’ Wagner (T976) sug—"»
Vgested that 4-AP acted from the 1ns1de even on. externaT appT1cat1on in D

G

frog node. of Ranv1er Therefore the poss1b111ty that the two drugs act

BV

on d1fferent receptors cannot be echuded

A recent report by Wanke et aZ (1979) has 1nd1cated that the act1-__‘

5:vat10n oate of the potass1um channeT opened du?nng an act1on potent1aT :C'” .

has assoc1ated w1th it a proton t1tratab1e group w1th a pKa character1s-f,

«t1c of h1st1dyT res1dues When protonated the channeT conductance d1d i
a- .. R

{,not faTT to zero and wanke et aZ (1979) proposed that for comp]ete uhng* :

::;blockade a further more ac1d1c s1de cha1n group must be protonated and

{

b act1vat1on gate of potass1um channeTs TEA d1d not affect

}lj;th1s charge movement wh1ch supported Annstrong s hypothes1s (1966 1969 ;?
':i_1971 1974) of an 1nterna11y Tocated gate However far Tess 1s known o
e about the structure of the potass1um channeT tham the sod1um channeT

The dens1ty of pota551um channeTs on exc1tab1e membranes was not

- easy to est1mate because of the Tack of a drug W1th a h1gh aff1n1ty for t* '

) ”f the channeT*' However recentTy Hucho (1977) has reported the deveTopment %

"'u;;’of a photo aff1n1ty TabeT der1vat1ve of TEA wh1ch bound reTat1veTy B
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. _ 5. .
spec1f1ca]1y to- the pota551um channe] of ud%ye11nated nerve f1bres of

-1crayf1sh w1th 11tt127effect on sod1um channe]s He est1mated that the
';dens1ty of b1nd1ng s1tes was 220/um R but suggested that it was probabty
’.on the high side. | | ' . B
Potass1um single channe1 conductance has been est1mated from noise o

measurements, but the or1g1na1 est1mate (Anmstrong, 19753 was obta1ned£7
o fromi the rate of b]ockade of potass1um channe]s by nony]tr1ethy]mnnon1um:
“TArm trong assumed that ‘the entry rate of béth lons 1nto the channe] was
theisame and calcu]ated that. yK was’ about 2 to 3 pS but emphas1zed that.”; -
.th]S was probab]y on the 1ow s1de Begen1s1ch and Stevens (1975) found |
fthat mean channe] conductance was 4. pS and.suggested that the channe]s

onJy had two conductance states - open and c]osed yK was'1ndependent

;t*of voTtage S1ebenga et aZ (1973) however found YK d1d exh1b1t some

g vo]tage depéndence and ranged from 10 to 37 pS Later they rev1sed th1s e

"jest1mate to 3 pS (van den Berg et aZ > 1977) Cont1 et aZ (1975) agreed f
*“_.w1th Begen1s1chiand Stevens (1975) that Y was not voltage dependent and
'.tahad a va]ue of 12 pS. " However th1s exper1meﬁ% was carr1ed out on squ1d :

'w1gg frog node of Ranv1er

tva'axon and the other exper1ments were perfonned

’:v:wh1ch may account for the d1fference betwqg & est1 S1ng]e

'1‘channe1 conductance 1n potass1um channe]s 1s therefore s1m1]ar to that

g .

','vfound for sod1um channe1s et 'ff-fft»:

Ca1c1um Channe]s Ca1c1um has 1ong been known to

affect act]on potent1a1 generat1on If the externa] concentrat1on of ‘
’ca1c1um was 1ncreased then the cr1t1ca1 depoT/r1zat1on required to reach vfz'}
‘ﬂi f1r1ng thresho]d was a]so increased (Br1nk 1954) In. tenns of the )1f-7f': :

'fifHodgkin-Huxley mode] (1952d), ca]cium concentrat1on changes shifted the j_,i A

SRR . : R R



" maintained for prolonged .periods in so1gfions containing calcium chelat-
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voltage dependence of activation and inactivation along the voltage axis
as if the voltage sensing processes (i.e. the Qates) experienced some

\ 9
hidden bias (Frankenhaeuser and Hodgkin, 1957). Gordon and Welsh (1948)

| postulated that the Ca++ cation was pulled into the membrane by the in-

wardly directed field at rest and released into the bathing medium as
the inward field was reduced by depolarization i.e. the ions were sup-
poéed to plug the ionic channels acting simultaneously as the field

sensor and gate. However no models based on this hypothesis agreed with

| experimental observations - in fact most éantradicted this suggestion.

Calcium ions could penetrate open sodium channels but not é]osed ones

(Baker et al., 1971b; Meves and Vogel, 1973). Excitability could be

ing agents (Armstrong et aZ., 1972) and in calcium free solutions (Frank

and Inoue, 1973)31The-vo1tage dependence of opening of sodium channels. .

remained as steep as in normal solutions (Hille et‘al .s 1975). Llastly .

a weakly voltage dependent b1ock of sod1um channels by ca1c1um fons was

found’ 1n frog nerve and muscle (Hoodhu]] 1973 Hille et al., 1975)

10- 33% of the channe1s were calculated to be b]ocked by this mechan1sm~

G

at rest, far too low to account for the extremely low permeabalJty to

sodium . B e e

)
An a]ternat1ve hypothes1s (Frankeuhaéuser and Hodgk1n 1957) that

.catcium was acting via effects on membrane surface charge was proposed _

" and extensive testing has shown that th1s is the mechan1sm by which cal-

g, %y

cium affected gating (Gilbert and threnstein, 1969; Mozhayeva and Naumov,

1970, 1972a, 1972b, 1972c; Brismar, 1973v Hille et al., 1975) The mem -

. brane of excitab]e tissue is thought to have many negatiVely charged

groups on the outer surface i.e. carboxyl and phosphate groups of
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membrane phbspho]ipids; Mono-~ and divalent cations would be attracted
to these groups as counterions. 'The vo1tage sensors attached to the
8]

activation gates were p?opgsed to 1ie in an electric field compounded

from three erent sources. Firstly there was the conventional poten-

tial différénce between the exterior and interior media, secondly there
would bé the local field from fixed ﬁegative charées and lastly tﬁe ’ L
Tocal field from the excess counterioﬁs aftracted to the surface. There-
fore the vo]tage sensors would be/b%a’“éd~by the local fie19€ which
would not be.detectable by microelectrodes. This theory is the -Gouy-
Chamnan-Stern theory of ionic double 1ayers used in surface éhemf;tfy.
The theonry was successfﬁ]ly applied to)the voltage shifts produéed~by
changes of monova]ent divalent and hydrogen ion concentrat1ons in pot-
assium tGi]bert and Ehrenste1n 1969; Mozhayeva and Naumov, 1970, 1972a,
1972b, 1972c; Brismar, 1973) and sodium channéls (Chandler et al., 1965;
Hille et al.,™975). Therefore the calcium ions modify firing threshold
of excitable cells by acping as counter ions to surface charges. .

.Ih fheir original formu]étions, Hodgkin and HLx]ey (1952@) did not
consider a possible contr1but1on from calcium fons to the membrane cur-
rent f]ow1ng during an action potentia] However in tracer flux studies,
Hodgkin and Keynes (1957) found there was an fncrease in-calcium influx

“during eicb act{on potential which amounted to 0.006 pmo]e/cmzﬁin normal
sea Wate and 0.08 pmd]e/cmg in high calcium (112 mM) sea water. The
influx of sodium during an action potent1a1 was 4 pmo1e/cm2 and they
conc1uded that calcium contributed negligibly to the total 1nward cur-.
rent during excitation.

Baker et al. (1970, 1971a, 1971b) reinvestigated this by injecting
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. the photoprotein aequorin ﬁnto’squid axons. This substance had been
found to emtt Tight in,the'presence of'ionized calcium in a quantitative
- manner (Shimomura et al. f‘1962' Hastings et al. , 1969; Ashley and Ridg-
way, 1970) and cod?d therefore be used to 1nd1cate calcium entry into

the axon. Baker et al. (197Tb) found there were two phases of caTc1um
entry during voltage cTamp depolarizations. The earTy rap1d phase

showed the same kinetics_as the sodium conductance and was sensitive to

TTX. They suggested that calcium ions could penetrate sodium channels

and contribute to the membrane current during early depolarization. The ,

conductance ratio was estimated as 0.01 gCa/gNa. This entry of calcium
was described by the kinetics.of‘gNa ie. I, = (Em'- Ec,) 0.01 gha.
The concentration of ionized'Ca++ in axopTasm was very small and the
. calculated equilibrium potential was +132 mv. Therefore the very pos-
itive ECa provided a large driving force for inward calcium movement in
the voTtage range of an act1on potent1a1 |

The second deTayed component of caTC1um entry was strongly depend-
ent on the external concentrat1on of caTc1um and 1ncreased steepTy with
1ncreas1ng depoTar1zat1on up to 80 mV positive to E ’ Thereafter the
entry of calcium dec11ned with further depo]ar1zat1on (Baker et aZ

‘T1971b). The current declined to a much Tower steady state TeveT at any

_‘g1ven potent1a1 w1th a time constant on the order of seconds dur1ng pro-

lTonged. depoTar1zat1on (Baker et al., T973b) Th]s 1nact1vat1on‘was volt-

age dependent the rate of_onset‘1ncreasing with increasing depoTariza- '
tion. The delayed phase of caleium entry was insensitive to TTX or TEA -
(Baker et al., 1973a) but was suppressed by magnesium (Baker et al.,

- 1971b) manganese, cobalt, nickel, lanthanum and the drug D-600 (Baker

4]
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et‘al ; ]973a, 1973b) Several di- and trivalent cations have all
been shown to block calcium entry into various preparat1ons (Hag1wara

and Takahashi, 1967; Katz and Mlledi 1969; M11ed1, 1971) D-600 is the

| methoxy der1vat1ve of verapamil and both agents block calcium 1nf1uxes

in mamma11an heart preparat1ons (Fleckenstein et al., 1969' Kohlhardt
et al., 1972). Baker et al. (1973a,'1973b) postu]ated the ex1stence of
a late ca1c1um channel in squ1d axon’ on these grounds |

Th1s channel seems to be.involved 1n‘the ca1c1um-dependent regener-
ative responses observed in squ1d stellate gang11on by Katf and M11ed1

(1967, 1969,. 1870, 1971) When the -sodium sp1ke in the presynapt1c

~nerve terminal was b]ocked by TTX and the pota551um conductance was re-

"'duced by TEA, they detected 1oca1 regenerat1ve responses dun&pg depo]-

arizing current pu]ses The response Was dependent on calcium and be- .

cause the- s1ope res1stance decreased dur1ng the p]ateau of the act1ve

e

response, they conc]uggd that the regenerat1ve response was due to an

1ncrease 1n membrane conductance Stront1um and bar1um cou]d subst1tute .

~ for c]1c1um to produce regenerat1ve depo]ar1zat1ons, Wh11e 1anthanum

1, 1971), manganese and to a ]esser extent magnes1um were antag— _

| on1sts S1m11ar resu]ts were found in frog sp1na1 gang11on ce]]s (Koke-"‘

|

‘tsu et al., 1959; Nishi et al., 1965).

Katz and M11ed1 (1969) found that the amp11tude of ‘the Ca +-sp1ke 1

was always far sma]]er than expected from est1mat1ons of EC .‘ One poss-.

- 1b111ty for the d1screpancy was that the 1nterna1 concentrat1on of cal-

cium at the 1nner surface of the membrane was higher than 1n the bu]k ;

'solut1on However the reversa] potent1a1 from wh1ch [Ca] can be est1—

mated c]ose]y fo]lowed the Nernst equat1on for calcium suggesting that
. S
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this was not the case (Bass1ngthwa1te and Reuter, 1972) | Another reaf
son that the- sp1ke overshoot was ‘more negat1ve than EC was that the
- peak was determ1ned by an outward current as well as the 1nward caTc1um
current. Therefore at the peak of the sp1ke, the net current fTow woqu
- be zero desp1te the fact that there was st111 a%]arge dr1v1ng force for o
',the ion carry1ng the»1nward current The outward current was postu]ated
to be carried by potassium and ch]or1de (Reuter, 1973).. Recent ev1dence

‘ from synaptosome preparat1ons suggests that the: voTtage sensitive chan-

" nel through wh1ch catt fons are thought to penetrate dur1ng transm1tter a
reJease possesses a brnding site‘ The s1te had a pKa of about 6. The
‘1nh1b1tory effect of Tow pH on’ transm1tter reTease was postu]ated to be‘

~due to compet1t1on between H and Ca - for th1s b1nd1ng site 1n the
fchanneT (Naschshen and BTauste1n, ]979) ’

when the peak potent1aTs of sp1kes are found to vary Togar1thm1ca11y
| by about 30 mV for a ten- fo]d change 1n the d1va]ent cat1on concentra--
tlon such a relat1onsh1p has been cons1dered good ev1dence in favour of
'vlla seTectlve 1ncrease of membrane permeab1T1ty to d1vaTent cat1ons Howf'd
:f“etgf Reuter (1973) po1nted out that th1s reTat1on is on]y mean1ngfu1 ”
"when the peak of the sp1ke approaches a potent1a1 wh1ch is determ1ned byfg '
| the rat1o [Ca] /[Ca]1, and further the 1nterna] ca1c1um concentrat1on b'if
shoqu not be apprec1ab1y changed dur1ng the 1nflow of caTc1um 1ons or .
“"fdur1ng changes in [Ca] ‘ ) -
| Koketsu and N1sh1 (1969) reported that both sod1um and caTc1um act-'
f:ed as charge carriers dur1ng the act1on potent1a1 in frog sp1na1 gang11-

: on ceT]s _ Only the sodium component was blocked by TTX These resuTts 5

‘.»1nd1cated that there were d1fferent mechan1sms for the generat1on of the,"
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}-two inward current components Other workers have reported simiiar re- :

suits for the somata of . giant neurones 1n several different mo]]uscs

(Kerkut and Gardner 1967 .Chamberlain and Kerkut 1967 Junge 1967

VGeiduidig and. Junge, 1968; Moreton, 1968 Meves 1968 Krishtai'and Mag-
,‘ura, 1970; Connor and Stevens, 1971) Most of the. neurones continued to
_be exc1tab1e 1n sodium free but ca1c1um, strontium or barium containing e

-_medium The slope of the Tine re]ating peak potential and the logarithm R

of the external divaient cation concentration varied between 29 5 my

(Ge]duidig and Junge, 1968) and 16 mV (Kerkut and Gardner, 1967 Meves, . e

| _1968) for a. ten foid change 1n externa] divaient cation These spikes ',;
,'were not sen51t1ve to TTX Ge]du]dig and Junge (1968) found that in

g a1c1um free sodium containing medium the same neurones exhibited spikes e

'which were TTX sen51t1ve The membrane behaved 11ke a sodium eiectrode

. e. about 58 mV change of the peak potentiai for a ten fo]d change in '-1

,external sodium

0n the ba51s of voitage ciamp experiments, Gelduidig and Gruener

u(1970) conc]uded that the maJor part of the 1nward current 1n ApZysta

| neurones is carried by sodium 10ns when TTX was added to a sodium and ff.f

P

1 ;ca1c1um containing medium or 1f sodium was exc]uded from the bathing

©

f1uid the maximai inward current was approx1mate1y 10% of that obtainedp i

1n sodium and caicium containing medium This fraction was dependent on':f_g
the externaT ca]cium concentration and was siower than the sodium sensi-_vf e
t1ve lnward current In squid giant axon. (FrankenhanSer and Hod kin, j}

1957) and cockroach giant axon (Narahashi 1966) the peaks of the sodium'

| spikes were 1ncreased by eievating the divalent cation concentration L

However these results could be explained on the ba51s of surface chaige



effects andrindﬁcated’that divalent cations’contribUted little to the.
1nward current durlng exc1tat1on | ; |
s In. ske1eta1 muscle, there is a great deal of eV1dence for a ca1c1um
E’channel in crustacean musc]e f1bres fatt and Katz (1953) observed 1ong
“.hlast1ng act1on potentxa]s in f1bres treated w1th TEA and the f1bres were .
| st111 exc1tab1e when sod1um was removed Fatt and G1nsborg (1958)
"showed that crayf1sh musc]e ?1bres were exc1tab1e when sod1um ‘and mag—

‘”~nes1um were removeda but not when ca1c1um was exc]uded from ‘the bath1ng )

'medtum The amp11tude and duratton of the act1on potent1a1 was found

o ,to 1ncrease w1th 1ncreas1ng externa] concentrat1ons of ca1c1um Ifg'"l

77stront1um or. bar1um were. the only cat1ons 1n the so]utlon, no pretreat-“j&q

' »~ft“ment w1th TEA was requ1red TEA by block1ng the outward potass1um

""h'flow (Armstrong and B1nstock, 1965) al]owed the 1nf1ux Of d1va1ent\cat—_ -

'1on to become regenerat1ve Bar1um and strontium 1ons have. a]so been
‘ffound to reduce the outward potass1um current 1n exc1tab1e membranes
'f\;(Luttgau, 1954 Cohen et az . 1960 Spere]ak1s ot aZ . 1967 Standen

’rand Stanf1e1d 1978) S1m11ar resu]ts were obta1ned in 1obster musc]e o

; ";f(Werman and Grundfest 1961) and 1n barnac]e musc1e (Hag1wara and Naka,]»{;

'7gs1964 Hag1wara et al., 1964 1969; Haglwara and Takahashi, 1967)

A]] or none sp1kes were recorded when the 1ntrace11u1ar concentra—,.- g

: x;ft1on of ca]c1um was reduced by 1nJect1on of: ca1c1um chelat1ng agents

o The overshoot of the sp1ke was. sens1t1ve to [Ca] ' Nelther sod1um nor

*?magnes1um cou]d ma1nta1n ‘the sp1kes in the absence of ca1c1um nor 1n— -

| 'f1uence the sp1ke in the presence of ca1c1um The re]at1on between 1og :

,[Ca] and: peak potent1a1 was 29 mv. potent1a1 change for a tenfo]d change RO

1n‘externa].ca1c1um up touloo mM., Above-th1s concentratlon, the‘slope : B

a



f of, the"re]ation was markedTy reduced Nhen Ba or Sr was used to repTace'

_ca1c1um, the s]ope of the peaks of Sr—dependent sp1kes foTTowed that of ‘

‘a stront1um e]ectrode N1th Ba, the var1at1on of the peak potent1a}
'iw1th Tog[Ba] was much greater than expected for a d1va1ent cation sen-
's1t1ve e]ectrode and was non11near |

Hag1wara and coTTeagues (Hag1wara et aZ 1964 Hag1wara and Naka-

. jima, 1966) came to the conc]us1on that the peak potent1a1 was deter-

1m1ned by both caTc1um and potass1um conductances when the: free 1ntern-‘p

nal concentratton of ca1c1um was e]evated above 8 X 10 8M aTT-or none

i“fdsp1kes were 1nh1b1ted Eé; was more pos1t1ve than 150 mV under these :.3

cond1t1ons The peak potent1a1 was we11 f1tted by the rat1o Tog

';>i[Ca] /[K] In voTtage clamp. exper1ments, Hag1wara et aZ (1969) showed o

‘f*‘that there was an earTy outward current wh1ch var1ed aTmost TlnearTy

4;w1th changes 1n membrane potent1a1 and was tlme 1nvar1ant Th1s compon-_sﬂ°

- _ent was suggested to be a Teakage current carr1ed by pota551um 1ons
v';iThe Tate 1nward current was sens1t1ve to [Ca] and bTockade by coba]t

::'In add1t1on 1t coqu be 1nact1vated by cond1t1on1ng depo]ar1zat1on

41“aThey conc]uded that the 1nward current was carr1ed by ca1c1um and the o

"etwo current components used d1fferent conductance channe]s These exp- nh -

"45- :

-.'rer1ments were Tater repeated in’a d1fferent spec1es of barnac]e muscTe ':‘ff

- (Keynes et al., 1973) w1th s1m11ar results Hag1wara and Takahash1

:u-(1967) worked out the potency sequence of var1ous compet1t1ve 1nh1b1tors 2
f‘l of Ca or Sr splkes The thresho]d potential was sh1fted by aTT these s

: ) 1ons to more pos1t1ve potentia]s with the same potency This sequence, L

©oLat s UO2 >$ZZn s Co ;*Fl»c > Mn > NT >AMg , was sim11ar to

| that determined for the shift in thresho]d potential in nerve (Takatai
£ R



‘et al., 1966; Biau’st‘e'in‘é‘hd" Goldman, 1 968-'Hme' 1968b). Ha’giwara' and
}.Takahashi (1967) however, showed that the inhibition of spikes was inde-

pendent of the effect on threshoid voitage Tracer fiux measurements

) (Hagiwara and Naka, 1964) and experiments with aeguorin (Ashiey and -

‘Ridgway, 1970) a]so demonstrated the entry of caTcium during depoiariz-

ing puises in barnacie muscie o
1 In frog musc]e, an increase 1n 45Ca 1nf1ux during activity was ob-

‘Tﬂserved by Bianchi and Shanes (1959) and Curtis (1966) The extra infTux B

..

. was about thirty times that found in squid axon amounting to 0 2 pmoTe/

2 per impuise 1n sartorius muscie fibres (Bianchi and Shanes, 1959)

'fThis vaiue Was s]ightiyrhigher when estimated 1n semitendinosus muscle Vt

_ N T
Q:fibres (Curtis 1966) No eTectricaT activ1ty attributabie to ca1c1um -
““hvwas detected originaiiy However Beaty and Stefani (1975) Cia1med t° ;'i‘v

f?have detected a deTayed sTow Spike after b]ocking the pota551um conduct-: f i:gfp ;

ance with TEA and removxng the chioride 1n the externai soTution to ne-

37?}-gate the chioride shunt The Tate act1v1ty was sensitive to [Ca] and

"was biocked by cobait or D 600 v It was. insen51tive to [Na] and TTX

indicating that 1t was a caicium spike As w1th barnac]e muscTe (Hagi__isz;» | o
‘fiwara et aZ 1964 Hagiwara and NakaJama 1966) there was . an 1ncrease in
t‘-'yvthe pota551um conductance of the membrane 1n addition to the caicium :

s conductance since the peak of the spike did not reach EC Thg ca1c1um'“'i

component appeared to be’ responsibie for the deiayed repolarization

since it inactivated very siowiy (Baker et aZ s 1973b)

This infTux of Ca 1ons has been postuiated to be invoived in ex- ‘

’;’citation-contraction coup]ing by reguiating the electrical coupling be- i

tween the transverse tubu]ar system and the sarc0p1asmic reticulum

47
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(Ford and Po‘daf]sky, 19705 Chiarandini' and s-tefan'i‘-'1973'- Stefant and‘ -

| 'fChiarand1n1, 1973 Chand]er et aZ 1975) S1m11ar observations were f@'-'” '
. made. in the s]ow tWItCh musc]es of the toad (Stefani and Uchite1 1976)""' |
: However M11ed1 et al. (1977) found that ca]cium re1ease fran the sarco- s”'

plasm\p ret1cu1um was unaffected by cond1tions designed to reduce or -

’"iabol1sh entry of externa] ca]cium | | - _" h

‘ Later exper1ments us1ng vo]tage c]amp demonstrated that the t1me :

h,rcourse of the ca1c1um current was too s]ow for 1t to play any part in

‘hE -C coup11ng dur1ng a tw1tch (Stanf1e1d 1977 Sanchez and Stefan1, ;

:f11978) However Sanchez and Stefan1 suggested that this entry of ca1cium R

.h‘tcou1d be 1mportant in E C coupling dur1ng 1ong depo]ar1zat1ons I

| There 1s ev1dence that, 1n amph1b1an musc]e there is 2 1ate entry |

: _rof ca1c1um wh1ch does not appear to enter by the sod1um channe1 How-'

e ever exact1y what ro]e, 1f any, 1t has in excitat1on contract1on coup]- 1:

'Z1ng 15 as yet unc]ear There 1s present]y no ev1dence of such a channe]

.1n mamma11an ske]eta] musc]e However regenerative responses wh1ch are '

TR

,_Pdependent on ca1c1um have been repgrted in mamma1ian and av1an musc1e
, .

' f'cultures (See Vo]tage sens1t1ve 1on1c channels 1n t1ssue cu]tured

h::Ske1etal-mU5C1e, 2. Tran51ent Channe]s) o

B Vo]tage Sens1tive Ionic Channels in T1ssue Cu]tured Ske]eta] Muscle '¢:~7.} BT

1. Permanent Channe]s g"dili'_&

- In embnyonic or ear1y neonata] musc]e membrane potentia] was 1ow 1n the yn.-
_v'youngest fibres of chick rat and mouse tested (Boethius and Knuttsson, 7d‘

11966, 1970_’maze1wood and N1cho]s 1967 1969-~Boeth1us 1969 1971

i dHarrfs?and'Luff, 1970) As maturation proceeded the resting membrane f:n



——

- potential rose to adult Tevels. At the same time,'there was a fall in

| the 1ntrace11u1ar sodium concentrat1on whereas the 1ntrace11u1ar potas-<'

- s1um concentrat1on rema1ned constant in rat musc]e (Vernadak1s and’ wood- o

o of the membrane

' _bury, 1964; Basso et az , 1968 Haze]wood and N1cho]s, 1968, 1969)

Similar: observat1ons were made 1ﬁ embryonic andjpost hatchtng ch1ck

3

"muscle (Bar]ow and Manery, ]954 Kano 1975) ‘Boéthius (1971) suggested;

-’

that the decrease 1n 1ntrace11u]ar sod1um concentrat1on was re]ated to :

- the 1ncrease in membrane potent1a1 poss1b1y by a change 1n ‘the act1ve i

o transport of sodlum or a decrease 1n the re]at1ve sod1um permeab111ty o

/

In pr1mary musc]e cu]tures, the membrane potent1a1 was s1m11ar1y

' ,tfound to develop from-1n1t1a] 1ow 1evels around -10 mV before and JUSt

r't'*after fus1on to 1eve1s of 50 to -60 mv- (F1schbach et aZ , 1971 Fame < _f

”.afpva1ues between -70 and 95 mV have been reported by other workers (Kanof‘”"'

o ifbrough and Rash, 1971 Dryden et aZ 1911 ‘1974 Powe11~and Fambrough;,‘f B
"3,1973 R1tch1e and Fambrough 1975 Spector and Prlves, 1977) Theré455:<‘f‘*

>~vfafter 11tt1e change 1n rest1ng membrane potent1a1 was found H1gher

].*ana Sh1mada 1971 Kano et aZ 1972 Hoo1sma et aZ 5 1975) a]though

Z»u;fthese were 1ess common Rest1ng membrane potent1a1 of exp]ant cu]tures-f-'

%

f;pwas ma1nta1ned at the 1eve1s recorded Ln vtvo (L1 et aZ 1959)

L{about 60 to 70 mV a]though Harris et aZ 1973i observed a fal] 1n v:-a'°

”':-.mean rest1ng membrane potent1a1 of —10 mV over a ten day per1od 1" CU]'l

d;'pﬁture Purves and Vrbova (1974) cou]d detect no d1fference between ex—vh

'Af:_plants of fast (posterior 1at1ssimus dors1) and s]ow (anterior 1at1ss1-1fp7ch'"

)

"a;mus dors1) musc]es of the ch1ck a]though d1fferences 1n E ]evels fqp
,fast and s]ow musc]e of neonata] mouse have been reported (Harris;énd S

T Luff 1970)

Ly



) The 1ncrease in membrane potent1a1 has been corre]ated w1th the
g)numbers of nuc1e1 within a fibre (Fambrough and Rash 1971) fibre
‘,xthlckness (Dryden et al., 1974) and f1bre 1ength (F1schbach et al., |

1971 waejl_and,Fambrough,¢1973), Rest1ng membrane potent1a1 1ncreased-
: as‘each o% the above'paraméters 1ncreased Hoo1sma et aZ (1975) how-
t ever cou]d detect no r1se in resting membrane potent1a] w1th deve1op-
lment and the mean manbrane potent1a1 of muscle f1bres fran‘? to 6. days +
in cu]ture was -71 mV A s1m1]ar absence of deve1opmenta1 change in |
ﬂrest1ng membrane potent1a1 was observed in the L6 c]one of rat musc]e
: f1bres (Harr1s et aZ . 1971 K1dokoro, 1973 1975a)' Both mybblasts ;
‘and myotubes had E va1ues around 60 mV 1n the earlier study and 70.
Vo in the 1ater study by Kidokoro. ", Lo f'~‘f‘- }j!’f ;iwtf'
." The 1on1c dependence of the rest1ng membrane poten;1a1 in Léjclone ,~:
jt;fmyob1asts and myotubes was. stud1ed by Kidokoro (1975a) when ext‘.erna]‘i"‘*’w

'ff‘sod1um was removed from the med1um, the mean restlng potentialfwasjun- ;f

: a]tered whereas 1t was found to vary 11near1y w1th the 1og of externa];sg‘”:

a:frpotass1um concentrat1on by 50 mV/decade 1n botﬁ myOb1asts and myotubes;.. R

: From these plots the 1nterna1 potassium concentrat1on was est1mated asf:"":

;,1150 mM The potass1um equ111brium potent1a1 however was ca]cu]ated as )

"-83 mV which was more negatlve than the observed rest1ng potentaa] kV

K1dokoro ascr1bed th1s deviation to 1eakage of ions from the membrane d.f=-'7

“Qidue to microelectrode penetration when external ch]or1de was removed

(m the membrane potent1a1 was unchanged Kidokoro (1975a) :

Q

;nt1nuous recordings of membrane potent1a1 (Hodgkin and

ted the effect of sudden changes 1n external ch]or1de con- - ;'d”

Membrane potentia] d1d not change sign1f1cant1y when if:fflff;



L

the~med1um was changed from norma] to ch10r1de free sa11ne but the-1nput¢-
res1stance 1ncreased by 10-20% 1nd1cat1ng that the membrane was on]y
s]1ght1y permeable to ch]or1de |

In prlmary ch1ck cultures; the 1nterna1 potass1um concentrat1on was

' about 140 mM whereas the 1nterna1 sod1um concentrat1on fe]] from 56 mM

to 22 mM - between 2 day myob]asts and 5 day myotubes (Dryden et aZ

1974) The rest1ng membrane potent1a1 rose dur1ng th1s per1od from -10

- to -30 mV. Catteral] (1975a) est1mated that the 1nterna1 sod1um concen-

trat1on of 5 to 9 day o1d ch1ck myotubes was about 13 mM based on the
uptake of 22Na in the presence and absence of ouaba1n “In pr1mary rat
cu]tures, the 1nterna1 concentrat1on of both sodium and potass1um re-, ,‘f'
ma1ned constant at 13 mM and 153 mM between 3 and 9 days of cu]ture

(R1tch1e and Fambrough 1975)

'er: R1tch1e and Fambrough (]975) 1nvestlgated the poss1b111ty that the :‘7

o rest1ng membrane potent1a1 was determ1ned by e1ectrogen1c sod1um pump—

t

'“<[f'1 ng. Inh1b1t1on of e1ectrogen1c pump1ng by a reduct1on in temperature ]

or by ouaba1n wou]d have an 1mmed1ate effect on E whereas the 1nh1b1t- _ﬁj
N "

1on of neutra] sod1um potass1um exchange wou]d not affect E over a Ca

o

TE ) short per1od of t1me The membrane potent1a1 wou]d gradua]]y fa11 over_7 :

‘a- pertod of hours due to the run down of 1on1c grad1ents When the ef-‘ .
fect of a short term exposure of rat myotubes to reduced temperature L
(15°C) or ouaba1n (up to 10 3M) was stud1ed no effect on the E was ob-‘f‘
served Th1s therefore would suggest that the membrane potent1a1 1s

determined by the ion d1str1but1on according to the pass1ve permeab111ty

- 1':; of the membrane E ‘was found to fa]] by about 50%aafter 3% to 4% hOUFS'

1ncubation with ouabatn or 1ncubat1on at reduced temperature, due to



the gradua] accumu]at1on of sod1um and loss of pota551um
However e]ectrogen1c pump1ng of sod1um d1d appear to contr1bute to
| the recovery of E after exposure to 1ow temperatures E had recovered
to contro1 1evels w1th1n 2 to ]2 minutes of rewarm1ng to 37°C. Th1s
recovery cou]d be partial]y reversed by reduc1ng the temperature again
If the myotubes were 1ncubated w1th ouaba1n, or the metabollc 1nh1b1tors
DNP andv1odoacetate_dur1ng exposure to Tow temperatures, then the rap1d
recovery was prevented If 11thﬁum was subst1tuted for sod1um 1n the '
v'1ncubat1on med1um “then the recovery phase was unaffected The'tempera-

X

:}ure 1nsens1t1ve port1on of the recovery was attributed to the part1a1 . ‘
) w .
're-estab11shment of ionic grad1ents. E]ectrogen1c pumping was also de-
tected in ch1ck myotubes after pro]onged exposure to acetylcho11ne

Hyperpo1ar12at10n of the f1bres was observed accompan1ed by a fa]] in

in
Th1s hyperpo]ar1zat1on was 1ndependent of K C]‘; or-Ca 1ons and

R wh1ch 1nd1cated that°membrane permeab111ty was- sllghtly 1ncreased

occurred when the externa] med1um conta1ned on]y NaC] It d1d not occurri'

1n L1C1 or sucrose medta and the effect was b]ocked by DNP, and ouaba1n ’,L

The response was unaffected by atrop1ne and was revers1b1y b]ocked by
SR

1ncubat1on at reduced temperature Ritch1e and Fambrough (1975) sug-—v

gested that the 1ncreased 1nf]ux of sod1um 1ons dur1ng the Ach depo]arf- ,
3 :

. zation act1vated an e]ectrogen1c pump to extrude the enfess accumu]ated B
e o S

“sodium“ions. R % _':"__.‘ ?L?-' R L e
Young myotubes of chick and rat were found to be re]ative]y insen-;f

o sit1ve ‘to a]terat1ons 1n external potass1um concentrat1on (Fambrough

‘. et aZ > 1974 Dryden et aZ . 1974 thch1e and Fambrough 1975) However '-;f7

-as’ the membrane potent1a1 rose, ‘the sens1t1v1ty to [K] changed until

.J, L]
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the membrane potential varied linearly with the logarithm of the extern-
al potaesium concentration. Fambrough et al. (1974) and Ritchie and
Fambrough (1975) used a continuously changing sodium and potassium ion
gradient. External potassium coneentration was measyred with a potas-
sigm sensitive electrode and lines which were markeg1y concave’were
~attributed to changing the potassium concentration too rapidly. The
Tinear portion of the curves closely followed the predictions of the
constant field equat1on and- the ca]culated estimates of [K] agreed
well with the actual measurements of [K] Dryden et al. (1974) meas-
ured Em at equilibrium‘aftef a1ter1ng the external potassium concentra- -
tion. The results from both type of experiment were similar end it was
suggested that the. myotube membrane became more and more selectively
permeable to potassium dur1ng deve]opment The PNa/PK ratio- fell from
1.00 to 0.43 measured in 2'day chick myob]aste and 5 day myotubes and ‘
from 0,4 to 0.07 measured in 3 and 7-11 day rat myotubes (Dryden et al.,
1974 Ritchie and Fambrough, 1975). ‘
Ritchie and Fambrough (1975) found that pr1mary rat myotubes were
“similar to L6 clone myotubes (K1dokoro, 1975a) in thqt they apparently
had ‘a low chloride pennedbility. Membrane potentiai.gjd not alter when
the bathing fluid was'replaced by one containing low chIoride!in expeki-
ments, where membrarie potentia] was mon1tored continuously. If cultures
were equ111brated in a high Kt high C] medium and then exposed to a
“Tow C1~ medium, no transient alteration in membrame potent1a1 was found
Howe;er repoleeizat1on was observed when the h1gh K h1gh c1- so]ut1on

was replaced with standard’ medium containing 5.3 mM K consistent with

the estab11shed potassium permeability. Either the myotubes were

1
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extremely permeable to chloride resulting in a very rapid equilibration
of ECl]i/[C1]0 witb membrane potential or else.§h1oride\permeabili;y was
Iow. | | “ »

‘In chick muscle cultures, removal of external chloride resulted in
depolarfzation (Dryden et al., 1974) and a decrease in membrane conduct-
ance (Dryden and Thomson, 1979). Measurements of‘{égernal ch]oride con-
centration showed that this fell during myogenesis. Ec1 almost exactly
eqnalled the recorded membrane potenfia]. ft was concluded that chlor-
ide was highly permeable'and that it distributed passively according to
the ‘membrane potential.

The input resistance of chick muscle fibres in culture fell from -
~relatively hiéh values of 30-40 Mo to about 1 M2 or less as the fibres
increased in size and Fm rese (Fischbagh et al., 1971; Harris et al.;
1973). A similar fall in>R{n was observed in embryonic and post-hatch-
ing Chicks (Gordon et al., 1977) The fall in input resistance was not
apparent]y caused by changes in the specific membrane resistance (Rm)
wh;ch remained constant. F1schbach et al. (1971) found no correlation
between Rm and membrane potent1a1
; When membrane time constants were ca]culated d1fferences in the
type of" ana]ysis applied were apparent]y more important than species
o d1fferences. Estimates of Rm calcu]atedmfrom the on or off transients
during the passage of‘a current pu]se gave,cbnsistent1y higher. values
| than steady state ana1ysis (see Table ). ‘In steadybstate‘analySis the
change,in botentia] at the end of a current pulse of known strength,is

used to calculate Ry, by Ohm's Law. Indeed Powell and Fambrough (1973)

found that Rm was apparently increased in fibres which were subjected
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to transient analysis as well as steady state analysis. They considered

: . Aucic & ~ ’ - | (
transient analysis was more liable to error due to complex transient re-

sponses resulting from alterations in membrane conductance to potassium

~ions. These could preclude the determination of any of the membrane

constants except Ry using the off transient analysis since the constants

are derived from the dissection of the off transient into two exponent-

ials of decay. Steady_state analysis would be less affected since only

t_and-c_ are derived directly from the on transient. L6 clone myob]asts

m m
and myotubes had a significant]y'higher membrane resistance than the

v

other types of muscle 1nvest1gated This is presumab]y due to the alter-

ed fon permeability found in this 11ne i.e ]1tt1e sod1ium Qr:ch]or1de

permeability.

The 2 to 5 week old leg cultures studied‘by.Enge1hardt et al. (1976,

1977) had membrane constants which were very $imilar to those estimated
by Fedde (1969) for adult antdrior Tatissimus dorsi (ALD) muscle. This
muscle is a slow tw1tch fibre whereas the poster1or 1atlss1mus dors1

(PLD) is a fast twitch musc]e The va]ues found 1nwcu1ture‘appearedvto

occupy a p951t1on-1ntermed1ate between the va1ues.quoted for jnnervated'_

and denervated muscle (Tab]e 2), suggesting that they could be further
.mouified,after the establiShment of neural control at innervation. In-
deed after denervation Rm’ t_ both increase marked]y Cm also tends to
. Tncrease but stays relatively constant ‘ | |
:Engé]hardt et aZ (1976, 1977). cOmpared the passive membrane bara-
meters in contro] chick muscle cultures w1th cultures to which ventral
spinal cord fragments were added 7- days after estab11shment of the mus-

cle cu]tures The passive propertles of both sets of cultures were then

-
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compared T to 3 weeks Tater Both Rm and T feTT by more ‘than 50% from

2 and 22. 3 msec to 8 1 msec (Enge]hardt et aZ

13300 acn® to 1100 acm
1976) C d1d not alter swgn1f1cant1y but the Tength constant A, fell
to 550 um,from 1000 um- The d1fferences in membrane constants were all
attr1butab1e to aTterat1ons in Rm s1nce from cabTe theory, A « Rma

o and T R C rather than changes in membrane capac?%ance In a second
_paper, EngeThardt et aZ (1977) observed a b1moda1 ﬁ1str1but1on of R,
.in aneural muscle cuTtures wh1ch they attr1buted to two f1bre types, 1n

the1r th1gh muscTe cuTtures However since Purves and Vrbova (T974)

_fcoqu find no s1gn1f1cant d1fferences between cuTtures derlved from ;

| ,:fast (PLD) or slow (ALD) embryon1c muscTe, EngeThardt et aZ (1977)

‘_ cons1dered that 1f the1r observat1on was 1ncorrect then 1t was probab—"

Ty an artefact due to the presence of embryo extract in the med1um

RS \However, after 1nnervat1on 1n cuTture the proport1on of sTow type
,vf1bres was s1gn1f1cant1y reduced and the d1str1but1on of Rm measure-- S

-uments more cToseTy resembTed that of fast muscTe f1bres in vtvo (Fedde;'ff

_»51969 Gordon et al. 1977) They suggested that a. troph1c substance

i from the ventraT sp1naT cord neurones was reduc1ng the spec1f1c memb-

| rane res1stance of the sTow type f1bres They did not cons1der that

- funct10na] neuromuscular Junct1on format1on was: 1nvoTved s1nce onTy 5 -

e

,'to TO% of the presumed Junct1ons were funct1ona] (F1schbach 1972) ,

2. _ Transient ChanneTs

Act1ve changes in membrane potentia] of muscTe f1bres 1n cu]ture were

first observed by Li et al (1959) Osc1TTat10ns of the membrane pot--

entlaT of ch1ck expTant cultures were found which resuTted 1n the d1s-

. charge of an action potent1a1 or a series of action potentials when the
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. a‘lals seen both 1n denervated musc1e and in cultures were metabollc

",fally seen after extraneous st1mu1at1on Two types of response have

f': and 60 mv Regenerat1ve act1v1ty cou]d be detected 1n young f1bres

"'.the1r suscept1b111ty to var1ous b]ock1ng agents ﬂﬁ? sp1ke was abo]-_*

60

‘membrane potent1a1 fe]] be]ow a thresho]d of about 50 mV Li. (1960)

Asuggested that the or1g1ns of the osc111at1ons and f1br1]1at1on potent-

Spontaneous act1on potent1als have been seen- 1n other preparations
" ile. pr1mary chick and mouse cu]tures (F1schbach et aZ s: 1971 Kano

| et aZ L1972, Powe]] and Fambrough 1973) Act1on potent1als are- norm-

been found one a typica] fast sp1ke w1th overshoot and the other a

h,imuch s]ower depo]ar1zat1on w1th a p]ateau phase often with- sp1kes |
'; super1mposed (F1schbach et aZ 1971 Kano et aZ 1972 Land et aZ
TfHarr1s et’az 1973 K1dokoro 1973 1975a, 1975b Spector and Pr1ves,
‘.1977) F1schbach et aZ (1971) observed that regenerat1ve act1v1ty

o occurred 1f the rest1ng membrane potent1a1 of a f1bre was between -55 .

fw1th 1ow E 1f the f1bres were f1rst1y hyperpolar1zed before be1ng de';f‘
po]ar1zed | o el | - .

The two types of response were then character1zed on the bas1s of

E :1shed by - TTX 1n older cu]tures whereas in younger cu]tures TTX resist~si
x'{_ant sp1kes were frequently encountered and the s]ow p]ateau response :_
';f'was unaltered (Kano et al s 1972 Land et al., 1973 K1dokoro, 1973
| 1975b Kano and Sh1mada, 1973 Spector and Pr1ves, 1977 Kano and Yam-‘
»amoto, 1977) Kano et aZ (1972) suggested that the ionic bas1s for
‘1the two types of act1v1ty were different Land et aZ (1973) us1ng L6_
4:clone suggested that the fast sp1ke was due to sod1um influx and the

s]ow p]ateau was due to ca1c1um 1nf1ux or ca]cium and sodium inf]ux



f The fast component was markediy reduced by the reduction of [Na] or '
TTX whereas the sTow component was if anything enhanced They argued

?that this coqu occur if two ionic conductances were respon51b1e and

o that EN was Tess p051t1ve than the equiiibrium potentiai for the other '

- on. Based on the increased response when the externa] caTcium concen-

K _trat]on was eievated they suggested that the other 1on1c conductance

- was ca1c1um

Land et aZ (1973) found that, contrary to their expectations,‘the
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’.application of manganese or Tanthanum greatiy proionged the regenerative _'

vcreSponse They suggested that the 1ons were deTaying sodium 1nact1va--“

'*the siow regenerative piateau was eiiminated by Tanthanum and greatiy

i igl_enhanced if barium was present The 1n1tiai fast spike coqu be 1n1t1a-il‘”

& {.9t10n or pota551um activation However Kidokoro (1973 1975b) found thatv-:? =

fjted in myobiasts but the magnitude of the response was much smaTTer than_it-'

’f‘;Vthat eiicited 1n myotubes This component was stiii present if the

"sodium was repiaced by Tithium, but no spike was seen in caesium or

"TRIS medium- Myotubes exhibited a prhaSTC response WhTCh was aboiished”' -

zu‘*_bjin sodium free medium The reTation between the peak potent1a1 and

{'f abie to sodium at the peak of the response, but the second portion of

'} the regenerative potentiai did not corre]ate w1th the externai sodium .

n~~. :

: };Tog[Na] ‘Was 32 mV/decade 1nd1cating that the membrane was mainiy perme_ .iff° g

gfkconcentration ‘The second component was enhanced by eTevating externai e

. calcium and abolished by Tanthanum The 1nit1a1 spike\was unaffected
c by Tanthanum In sodium free thh Ca or high Ba medium a sTow re-
' generative response was init4ated which was aTso bTocked by La };

Simiiar pTateau responses were. found in chick muscie cu]tures .



""wh1ch were suscept1b1e to mu]t1va1ent cat1ons and unaffected by TTX (Kano
and Sh1mada, 1973 Fukuda et aZ 1976a, ]976b) Fukuda (1974) observed
a th1rd type of response in ch1ck muscle cu]tures wh1ch produced a long

1ast1ng response Th1s act1v1ty was unaffected by remova1 of Na or by

:"[TTX a]though the initial fast Sp1ke was abo]1shed The second p1ateau

”s.phase was e11c1ted 1n‘sod1um free solut1on and abo]1shed by cobalt 1eav—v

' ~s1ng the th1rd phase unaffected The response was a]]—or -none and after- M

R

wards the f1bres appeared to be refractory When the 1nterna1 ch]or1de'

‘}., concentrat1on was e]evated by the passage of a steady hyperpo]ar1z1ng
- ;pulse the amp11tude of the peak potent1a1 1ncreased When acetate was: -
8 -n1n3ected no 51m11ar effect occurred When the externa1 ch]or1de conc—

A f';entrat1on was varzed the peak of the response var1ed 11near1y w1th

e t]09 [Cl] w1th a s]ope of 43 mv per tenfo]d reduct1on in [C]] - 1ess
- ,fthan the pred1cted s]ope of 58 mV Fukuda et aZ (1976b) conf1rmed the

1"]fpresence of the three types of act1v1ty in myobal]s - musc]e f1bres

.-jrwh1ch had been 1nduced to round up by treatment w1th co]ch1c1ne and were
‘:then 1nvestlgated under vo]tage c]amp (Fukuda, 1975 Fukuda et aZ
"1975a) o ST R S

The thresho]d potent1a1 for the generat1on of the rap1d 1nward cur- |

| rent response to step depo]ar1zat1ons was -45 mV. The currents were .

o marked]y reduced by remova1 of Na or’ add1t1on of TTX and they Were con- -

“c1uded to be carr1ed main1y§§y sod1um 1ons In sod1um free med1um con—»f__

'vta1n1ng e]evated ca]cqum a slow inward current was observed dur1ng step

depo]ar1zat1ons 1ess negat1ve than -60 mv. The1%agn$%ude of the currents ;f

. was not large %nough to establish a quant1tat1ve re]at1onsh1p between
lthEIF magnitude and [Ca] but the1r sma]] amp11tude 1nd1cated that Ca

B N "f';,"»[__”,'fs_.ﬁ,__' -
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“ions did not dominate at the peak of the dctivity and potassium,current
~ 2 :

was suggested to contr1bute to the total currents. -

~ When' depo]ar1zat1ons of long durat1on (8 seconds) were 1nvest1gated

~u o

:at about -60 mV a sma11 outward current followed by a’ larger 1nward cur- 7'
grent was seen. When the membrane was further depo]ar1zed on]y 1nward
tcurrent was - observed These currents var1ed with. [C]] but were very
~.fsma11 or~absent 1f ‘the myosacs we:e not loaded with ch]or1de pr1or to
"clanp1ng.:-The phys10]og1ca] stgn1f1cance of these s]ow C1 currents is o
o not-clear.but ?ukuda‘et'ald~(19%oa) suggested that ch]or1de 1ons may
};p]ay a ro]e dur1ng E-C coup11ng However the 1ong durat1on of these
:currents (seconds to m1nutes) does not support th1s 1dea
T The s]ow p]ateau response appeared to be due to both ca]cxum and
‘;/(‘\‘sod1um and the 1nc1dence of thls component dec11ned w1th matur1ty (Kanovn'
~ ‘and Yamamoto, 1977) This para]le]ed the s1tuat10n in embryon1c and .
; *post hatch1ng ch1ck musc]e (Kano, 1975) Kano (1975) proposed that th1s'¥‘¢5.v
dicomponent of regenerat1ve act1v1ty appeared at a certa1n stage dur1ng 1_“1:
’;'f‘hdevelopment and then d1sappeared in fu]]y d1fferent1ated ce]]s | Th1s is'__'
‘-h-&supported by the f1nd1ng of Harr1s and Marsha11 (1973) that newborn rat ffi i
muscle was 1nsens1t1ve to TTX and on]y deve]oped TTX sens1t1ve act1on o
ﬁtdpotentials 20 days after b1rth The 1on1c dependence of the act1on pot- ;jf," :
:_ entla] was not detenn1ned but the act1on potent1a1 durat1on of neonate‘
| 'th:rat musc]e was marked]y pro]onged by bar1um (Sp1tzer, 1979) o
S1m11ar deve1opmenta1 changes in. regenerat1ve act1v1ty have been o
v"_reported in a mouse. neurona1 ce11 line (M1yake, 1978) | Neurob]astoma y

..cells (N 18) were c]ass1f1ed 1nto three stages, an und1fferent1ated

stage, an ear1y deve]oped stage and a fu]]y deve]oped stage Inethe



' *.;potent1als were found - some cons1st1ng only of thé fast TTX sens1t1ve f

@ o o - 1
undifferentiated stagg, membrane potentiat:was Tow. ‘When the cells were
hyperpo1ar1zed tov-80 mv, often a sma]] Sp1ke was seen at the end of the
2;‘current pu]se ‘This sp1ke was ab011shed by 8 mM coba]t but unaffected

by remova1 of external sod1um The second stage was character1zed by a ' . - '
' h1gher rest1ng membrane potential- about -55 myV and a second component of

1.

the act1ve response appeared wh1ch was sensitive to m1cromo]ar concen-
4

trat1ons of TTX but coba]t 1nsens1t1ve De]ayed rect1f1cat1on appeared I

at th1s stage a]so Tn the fu]]y deve]oped stage, a]]-or none act1on

’ conponent wh1ch fo]lowed the fast sp1ke The fast. components of both

Ptypes of response were sens1t1ve to nanomo]ar concentrat1ons of TTX.

}5The max1mum overshoot of the actton potent1a1 var1ed 11near1y with 1og
:[Na] w1th a s]ope of - 55 mV/decade The s]ow component was unaffected
;tby TTX or remova] of Na . If potass1um conductance Was b]ocked by TEA

and externa1 sod1um removed the s]ow regenerat1wg;aot1v1ty was resolved_f~:f

f}]ﬁto an a11 or none sp]ke wh1ch var1ed 11near1y wﬁth log [Ca] Stront- -

11um or. bar1um produced s1m11ar responses wh1ch were suscept1b1e to co—

.f;'_balt The two components were therefore resolved 1nto a sod1um and cal—‘f'
'1*;'c1um é§§;1t1ve response :' ‘ | v’ o » : ’

o Dur1ng days 4 to 7 zn ovo embryonlc heart beat1ng became progress-.;se;;'
: f’1ve1y more sens1t1ve to 1nh1b1t1on by TTX and progressive]y 1ess sens1-. B
.'eft1ve to 1nh1b1t1on by 0600 (Galper and Cattera]] 1978) DGOO 1nh1b1ts :id}
.',sathe plateau phase of’ the card1ac act1on potentlal Th1s phase 1s dde to»'
-:A*an 1ncrease in penneab111ty to both sod1um and ca]c1um Tge heart ce]]s”wfikf

vin cu1ture reta1ned th1s deve]opmenta] sens1t1v1ty to DGOO but not to i

' TTX Because veratridine stimu]ated 1nf1ux of 22Na 1nto cu]tures

"\‘



‘prepared from '3 day or 12 day embryos was inhibited by TTX with a K of
}1 5 nM Galper and £attera11 (1978} suggested that embryon1c heart mus-
c]e conta1ned physfo]og1ca11y 1nact1ve sodium channe]s When cu]tures.
were prepared from o]der embryos much h1gher concentratlons of 0600

0

_were required to 1nh1b1t beat1ng There was a 200 fold increase in Ki

betWeen cu]tures prepared from 12 day as opposed to 3 day embryos when,‘ »

beat1ng recommenced in cultures wh1ch had- been exposed to 11X, a 10 fo]d |

(€}

§'1ncrease in sens1t1v1ty to D600 occurred Ga]per and Cattera]l (1978)

' ;suggested that as embryonlc hearts matured the slow ca1c1um sod1um
'rchanne1s changed S0 that they became less: sens1t1ve to DGOO and reduced
the1r ab111ty to support mechanical act1v1ty w1thout the act1v1ty of the
trans1ent sod1um channe] wh1ch causes the rap1d upstroke and overshoot

of the act1on potent1a1 in. mature ventr1c1e muscle. P

The 1nc1dence of TTX sens1t1ve sp1kes 1ncreased dur1ng deve]opment

in cu]ture of ch1ck musc]e (Kano and Yamamoto, 1977 Spector and Pr1ves,_t

4

1977) i Spector and Pr1ves (1977) suggested that the Iack of corre1at1on_
*',;of TTX sens1t1ve and 1nsens1t1ve sp1kes 1n ear11er 1nvest1gat1ons was |
f.due to 1ack of synchrony TTX 1ns ns1t1ve sp1kes appear on denervat1on |

“t,(Albuquerque and Warn1ck, 1972 Redfern et aZ 1970 Redfern and Thes-;—""'

65

df1eff 1971a, 1971b) The appearancd of TTX rés1stant act1on potent1als?”c4'

jsuggest1ng that a new popu]at1on of sod1um channe]s appeared after de-:
'-nervat1on Z1sk1nd and Harr1s (1979) have recent]y shown that TTX sen-

“vs1t1v1ty of organ cu]tured adu1t muscle was restored by reinnervat1on g

) d.ucan be b1ocked by 1nh1b1t1on of prote1n synthes1s (Grampp et aZ 1972)f .f ;;

o w1thout activat1on of the f1bres by the nerve. Electr1ca1 st1mu]at1on ;f"vﬂg

: ()
’:ja1one cou]d not 1nduce the appearance of TTX sens1t1v1ty and they

.‘@ T e .
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concTuded that TTx sens1t1v1ty was regulated by a nerve troph1c factor

ey

Hasegawa and Kuromi (1978) found that an extract from ventra] roots of

o

spinal cord ma1nta1ned the max1mgm rate: of rise of the act1on potentia]

g

at 1nnervated TeveTs and s1gn1f1cant1y reduced the appearance ofnTTX
1nsens1t1v1ty 'during organ cuTture of mouse EDL after denervation.

Ach cycT1c AMP dorsaT root and bra1n extracts coqu not m1m1c the

effect of the nerve extract. o .

In ch1ck muscle cuTtures, (Kano et az 1979) extract of bra1n or

sp1na1 cord of chick embryos 1ncreased the max1mum rate of r1se of the

Q

act1on potent1a1 (dV/dt ) Extracts prepared from T1ver were also

1\

‘ effect1ve in 1ncreas1ng dV/dt but extracts prepared from embryonic

"fde/dt refTects the 1nward current wh1ch fTows dur1ng a sp1ke, Kano °

Tung, kidney and muscTe were 1neffect1ve The add1t1on of TTX to the

med1umvreduced dV/dt to abogt 6 V/sec 1n alT cases.‘ Because the

BN
R

&

et at. (]979) concTuded that the nef

(i

e. extract increased the dens1ty of '

TTX sens1t1ve channeTs. An 1ncrease 1n the amount of current fTowing
, &« g :

; through a set number of channeTs was exc]uded when the dr1v1ng force

for sod1um was not aTtered by treatment of the muscTe f1bres w1th nerve

’1 extract Therefore the TTX 1nsens1t1ve channeTs appear to be an embry- L'-;_‘;,;ff:

on1c or Tess mature stage than the TTX sens1t1ve channels i'?a

X ’ '
The 1ncorporat1on of trans1ent sod1um channeTs 1nto the membrane

was foUnd to be dependent on prote1n synthes1s 1n card1ac muscTe cultures,:_ v

and the1r appearance cou]d be induced by messenger RNA (McLean et aZ

(L

1976 Nathan and DeHaan, 1978) The appearance of the channeTs was ";
bTocked by cyc]ohex1m1de Nathan and’DeHaan (1978) demonstrated that

after two days 1n cu]ture, TTX sen51t1ve'fast sod1um channe]s were absentff-;_ﬁf°”*““’

'o - . 1‘ " | . i . '.‘-.~
: . ’ ) .
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or not functional but after a further 2ito 3 days functional channels
appeared. If protein synthesis was inhibited by.cycloheximide then they
failed to develop. These results indicate tbat the incorporation of the
transient sodium channel into_excitabie membranes may proceed in a manner

similar to that proposedbfor the Ach receptor complex (see,Chapter X).

)

C. Rationale

From the introduction, it is evident that aithough there is'a vast
iiterature deaiing withithe tran51ent channels of eititabie ceiis, very
Tittle is known about the resting membrane. Excitable cells maintain‘a
high potential difference across-the’menbrage in contrast to non-excitr

abie4ceiis. The meehanism by which this elevated E is acquired is in-

}-'compieteiy understood but it is known to be essential for the mainten-

ance of excitabie properties (Hodgkin and Huxiey, 1952c)

The progression from non-excitable to excitabie membrane can be

a° e

‘foiiowed during the differentiation of skeletal muscie in vitro. Based

on the observation that the P /P ratio fell, Dryden et al. (1978) pro-

p

posed that the membrane permeability to potassium rose to account for

the rise in resting membrane potentiai The present investigation set

v out to test this hypothe51s by firstiy determining the resting membrane

‘conductance of chick pectoral muscle on a daiiy basis during the period

of rapid differentiation Secondly the individuai contributionsifrom

the major dons to resting membrane conductance were determined and com-
pared with the predictions from the. hypothe515 Thirdiy the effects of
various pharmacoiogicai agents, held to be inhibitors of ion conductances

were examined throughout differentiation

.



IT. MATERIALS AND METHODS

- A, T1ssue Culture

1. Tissue Culture Medium. "

The so]utlons used during preparation of the tissue were Earle's Bal-
anced Salt Solutfon (BSS) (Earle, 1943) and the growth medium. This
medium (termed whole MEM) was Eagle's Minimum Essentia1 Medium (MEM)
(Eag]e 1959) containing 5% of a 50% v/v whole embryo extract and 15%

~ horse serum. Fhe whole MEM always contained penicillin G (100 ju/m1) -
streptomycin (100 ug/m1) and amphotericin B (0:25 ug/ml).

| Whole embryo extract was prepared-: by press1ng 10-11 day chick em-
bryos through a 50 ml syr1nge To this extract, an equa] volume of BSS
vwas added and the whole was deep frozen until required. Before use, .
the extract was allowed to thaw for 24 hours prior to centr1fugation at
an average force of 20,700 g for 3 hours. The supernatant was then
sterilized by filtration through a.Millipore-;E)ter (Yy 30 142‘30,1
Mil]ieere Corp. Bedford, Massachussetts, USA). . For prebaratiqn of

0. 05% tf&psin‘so1utions (Difco Labs. Inc. Detroit, M1ch1gan, USA) a
calcium and magnes1um free BSS (Table 3) was used.

"Rat ta11 col]agen was prepared by the method of Ehrmann and Gey
(1956) A tail was steeped in-70% ethanol and the skin stripped off
The tendons were d1ssected free and p1aced in 0. 1% sterile acetic acid
so1ution for 24-48 hours at 0-4°C, Thevresidue was then centrifuged
at an average force of" 20 700 g for 3 hours. The tupernatant was dil-

‘uted further with 0 1% acetic acid so1ution if needed and then refriger-

ated until required
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TABLE 3 =
COMPOSITION OF SOLUTIONS FOR TISSUE CULTURE

Constituent (mg/litre) Eagle's MEM Earle's BSS Ca++-Mg++ Free BSS

NaCl

KC1
CaCl,-2H,0
MgSO4-7H20
NaH2P04

: NaZHPO4
NaHCO3

Na phenol red
Glucose
L-arginine
L-cystine -
L-glutamine
L-histidine
_Léisolgucinew
L-Teucine
L-Tysine
L—methioniné

L-phenylalanine

“ L-threonine

L-trypfophan -

L-tyrosine
L-valine

D-calcium pantothenate
Choline chloride

Folic acid
i-Inositol
Nicotinamide
* pyridoxal HCI
Riboflavine
Thiamine HC1

6800,
400,
200.
200,
140,

2200,
10.
1000,
105.
24,
292.
31,
52,
52.
58.
15.
32.
48.
10,
36.
46 .

»

o O O o o

e & 8 @& 9 8 s =
@~ O O 0O 0O 0O o0 o0 00 o000 0 PO OO0 O o o0 o

6800.0
400.0
265.0
200.0
140.0

\2200.0

10.0
1000.0

7005.0
400.0

54,0
110.0

10.0
1000.0

&3‘5.
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- 3.‘ Preparation of Cu]tures

. Ometer

2. - Tissue Sources.

~ A11 cultures were prepared from chick embryos of either the White Leg-
horn or Hubbard straih. ‘Both were obtaihed from the University of

- Alberta Farm, Edmontcn,.Albertat Noidifferences were observed between
strains and data from both arekpresented a]though the majority of exp-

jeriments were perfonned using White Leghorn embrybst_

o

For leg musc]e cultures, single cell suspens1ons of myob1asts were
obtained by the method of Koh1gsberg et al-v(1960)~’ ‘Embryos of 10 days
incubation age were_used.» Atter rem0va1 of the embryo from the egg and
extra-embryonic'membranes, the skin was peeled away’from~both legs and
the legs severed from the body at the 1sch1a1 crests. The must]é tis-

sue was dissected free from the bone and minced w1th a fine pair of :

sc1ssors.' The m1nced,t1ssue was p]aced in 10 m1 of 0.05% trypsin solu- .

tion' for 30 minutes at 37°C. The digestion process was ha]ted'by the

addition\bf 10 ml of whole MEM. .The horse serum contains trypsin inact—‘

(4

by aspiratfon of the soluticn in a Pasteur pipette férlJFZ minutes.
~ The cetl suSpehsion was filtered through several layers of gauze to re-

move cell aggregates and the isolated cel]s were.thengsbun down in a
i bench top centrifuge at low speed for 5 minutes. The~supernatant'was

. 1
discarded and the musc]e ce]ls were separated from the heavier red b1ood

corpuscles by use of a f1ne Pasteur pipette. The ce11s were resuspended’

in 10 m1 Whole  MEM ‘and the number of cells was counted using a haemocyt-

For breast muscle cultures. embryos of 11 days 1ncubat10n age were

ivating factors. Final dissociation of the cell aggregates was achieved

70
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used. “The pectorai muscle was dissected'free and-washed with‘BSS The

- BSS was’then removed by aspiration and the tissue minced with fine scis-

- sors., The minced tissue was then piaced in 10 ml of whoie MEM and dis-
sociation was achieved'by repeated aspirations in a Pasteur pipette.for‘
"-10 minutes. ~The" cell susbensiOh was fiitered'through gauae'andvthere-A
~after prepared in the same manner as outlined previousiy for leg muscie.
® Cultures were grown in 30 mm'piastic petri disheS'(Nunc.'Kamotrup,
.'Denmark) mhigh\yére coated with coiiagen (Hauschka and Konigsberg, 1966)
_Ceiis<were‘p1ated at 1 x 105 ceiis/mi 2-ml of ce11 suspension being

‘added:to each piate,_ Cultures were incubated at 37°C in a water'satur4

‘ated atmdsphere‘of15% Coz'in air. The -growth medium was normaiiy changed ‘

twice a week ~Some 1eg cuitures were treated with medium containing

Sy 1-8 D-arabinofuranosy] cytosine (AraC) (Sigma St Louis Missouri

100
EUSA) for either 36 or 72 hours. after the onset of rapid myob]ast fusion
Enough whoie MEM was prepared on each occasion S0 that aii ‘the plates
received the same medium Half of the piates received ara-C and when
 the’ drug was removed the medium was- repiaced in the whole cuiture

4

-Thereafter medium was changed twice a week, g " S

r

B.. Eiectrgphysioiogicai Recording and Drug App]ication
b. E_perimental Equipment. |

-

A schematic diagram of the equipment is shown in Figure 1. The—cuitures

- were observed with a phase contrast inverted microscope (Reichert
o"Biovert“) Medium was continuousiy changed in the cu]ture dish by a

, f1ow through system suppiying bicarbonate buffered BSS. The rate of

~ flow was adjusted to 1 ml/minute except when'a solution change was in

.
F
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Fig;rb;-:

'.7t0'hyperpolarize fibres impaied by the eiectrode Ca]ibration

Experimenta1 apparatus

Signals from the recording microe]ectrode were fed through a
‘WPI M701 microprobe eiectrometer (M. P Instruments, Hamden, |

'_Conn USA) to a Tektronix R§p31 duai‘beam osciiioscope (Tek-,

tronix-Inc., Beaverton Oregon USA) Command puises from

G

the Dig]timer,/D4030 (Digitimer Ltd., Weiwyn Garden City,

Herts ; Engiand) were fed to the osci]ioscope and: to the t

| isolated stimu]ator, type 2533 (Dig1t1mer Ltd,, Welwyn Garden
LCity, Herts s Eng]and) Current pdlses frOm the stimuiator‘j*

'couid then be passed to the recording e]ectrode v1a the

N

' e]ectrometer If required an. offset voitage cou]d be appiied

T A

‘pu]ses were app]ied by means of a CRO Calibrate Unit 3140

1
/

',(Digitimer Ltd., welwyn Garden City, Herts. .s England) - Perm-

: anent recordings of the vo]tage trace were made on a George R

Washington Osc1liograph, 400 MD/2 (washington.Paimer, Sheer-

ness, Kent, ‘England).
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| progress rThen the fTow rate was 1ncreased to 10 mT/minute for the

first minute of perfusion Humidified CO2 enriched air: was blown over

-‘\ the surface of the BSS which was warmed by a heating circuit (Bonkowski

. and Runion 1976) The c1rcuit aTso maintained the temperature of the o

“,'_cuTture at 37°C during experiment51 o

Microeiectrodes for intraceilular recording were of gTass, 1. 2 mm

-'externaT diameter, (no 7740 Corning GTass New York N. Y“USA) puTTed on o

v5'a horizontaT microeiectrode puTTer (ModeT M1 IndustriaT Sc1ence Assoc1az

:'tes Inc Ridgewood N. Y USA) _ Beveliing was performed on a: K T Brown *

7

rtype microeTectrode beveTTer (Model BV- TO Sutter Instrument Co San Fran- L

: Cisco Ca USA) The eTectrodes were fi]Ted to the shank w1th distiiied

'°“;_water by use of a. 156§i? 1ncand~§cegg tungsten Tamp Subsequently the -

‘d‘:barreT of the electrode was: fiTTed with 3 M KCT or 2 M pota551um acetate

‘deiivered via a needie The bukasoTution was then changed from distiii- i

}.»ed water to either 3 M KCT or 2°M pota551um acetate and the tTpS of the
"electrodes were aTTowed to fiTT with the saTt soTution by- passive diffus-"f_f

’ion overnight OccasionaTTy capiTTary gTass microeiectrodes (GC 120F 10 s

CTark ETectromedical Instruments. Pangbourne Reading, Eng]and or _ 5

- TT 000 07 HiTgenberg Glas Ma]sfeid w Germany) were used ETectrodes -

’/

_With re51stances of 20- 40 Mn were used or if beveTTed eTectrodes of )
finaT resistance 10- 20 MQ were used ETectrodes for beveTTing were of".
;higher initial resistance (30 60 Mn) —;°H pﬁ_' o ,M}Q,'

) Recording e]ectrodes were. mounted}on a Leitz micromanipulator

“-'The potentiaT differences between the recording microeTectrodes and

S a ch]orided silver wire bath eTectrode were monitored via a NPI M701v

‘"fj:electrometer onan OSCiTToscope (Tektronix R5301) and permanentTy l'fmgwm“;"""”



Bl

recorded on a George Washington 400 MC/2 Osc1llograph (Wash1ngton Pa1mer,/ :

'Sheerness, Eng]and) Square wave: pu1ses of current supp1ied by an iso-

':1ated st1mu1ator (Type 2533 D1g1t1mer Ltd we1wyn Garden C1ty. Lond0n, >

. fput res1stance (

) Eng]and) were passed through the record1ng e1ectrode us1ng the bridge o

= c1rcu1t of the M701 electrometer The bridge ba]ance was cont1nua11y ;

mon1tored before and after penetration of a f1bre Measurements of 1n- f\,fﬂ

1n) after wh1ch th& bridge was found to be unba]anced

rfwere d1scarded FOF est1mates of Rig the durat1on of the st1mu1us cur- ’m‘;}‘tm*

:erent was set at 100 msec and the amp11tude was var]ed between 0 and- 2 5

jf hyperpo]ar1z1ng and depo]ar1z1ng d1rect1ons The s]ope of the 11ne wasi:; ‘

E nA; The XY mode of the osc111oscope ‘was used to. dtsp]ay the resu1t1ng

o current voltage re]at1onsh1p dlrect1y R was measured 1n both the

n

el measured over the current range of 0 1 25 nA and taken to be R for theif.fv

‘7"1nd1v1dua1 f1bresa Lg exper1ments where regenerat1ve act1v1ty was. 1n- ‘

‘f'vest1gated both- the. amplitude and durat1on of the st1mu1us current were'~(f

o var1ed unt11 thresho]d was reached

- 4"‘5_‘_

'1‘2. ' Measurement of Membrane Potent1als and Input Res1stance

{Intracellu]ar membrane potent1als (E 3] and Rin were: measured u$1ng the

equ1pngnt described above For each cu1ture a ser1es of contro] measure-

'f ments of E and R were made in- 1dent1f1ed fibres in BSS. The flow

L through system was then swltched to a reservo1r conta1n1ng the test so]-

'5ut10n Th1s was allowed to perfdse for 15 minutes before the measurements

were repeated 1n the same fibres If a secgﬁﬁktest solution was used

B then this was also al]owed to perfuse for 15 minutes before a third ser-

f1es of measurements were taken. »In some: experiments it. was found neces- ;;;,;_“;;.

Asary to buffer the BSS with 18 mMzsbdium HEPES (N 2- hydroxyethylpipera-»"



s

zine-N'-ethanesuiphonic acid) (GOod et aZ 1966) in preference to the

standard bicarbonate buffer Manganese and cobait were found to be in—'?

compatibie with the bicarbonate buffer in BSS The use of HEPES to buf—

fer the controi so]utions 1nstead of bicarbonate had no effect on- estim-
| ‘ates of E or: Gm | o

3. Microperfu51on

/

'Micropipettes were prepared by puiling capi]]ary giass as in preparing

tﬁf

| ‘,7‘m1croe1ectrodes and then breaking back the tTpS to between 5 and TO mic-

S0 T S e T T e

';';rons in diameter under a microscope WTth a micrometer set in the eye- .

"O

,fpiece The micrOpipettes were fiTTed by suction with either the contro}ﬁ?

0',

: (BSS) or test soTutioh A stock soiution of condyiactis tox1n (CTX)

n>vui(T mg/mT) in BSS was prepared and kept frozen at -20°C unt11 requ1red

76

"ﬂlThe toxin solution was used at. a concentration of 0. 2 mg/mT in BSS. nThe‘fe"" -

,.;Connecting tubing to the syringe was fi]ied W1th3511icone f1u1d (]0 cSt L s

¥ ,'f ,‘a»*“

gD C 200 Dow Corning, Ca]gary. Aiberta Canada) The syrnﬁge was 1n- ;;¥f3°ji s

hfserted ina perquion pump (Arnoid Microappiicator Type L: V 65 Burkarda*f .

"ﬂxManufacturing Co Ltd Rickmansworth Herts, Engiand) which was-set td-f','

i ?»

,;t,deiiver 0 5. u]itggvier«éy ge.,,

itrodes and a steady?D C: fvoﬁtage was suppiied to maintain the fibres at

tf*_res were penetrated with 3 M KCT eiec- f s

-80 my. Qpnstant current puises of TOQ.msec duration were passed through_' i

"”fthe recording e]ectrode and the resu]ting shift in potentia] recorded on

- to the fibre under 1nvestigation and 10 ul of soTution were deiivered

R _ the pen recorder The micropipette was thengbrought into close prox1mityy"' '

“,per fibre Under these conditions the fibre is bathed with a- known conc- o

-h:fentration of tox1n for a: period of 1-2 minutes before diffusion reduces f’j

'i']the concentration at the fibre surface



C. Drugs and Mater1als Used

The soTutions used dur1ng the- preparation of the Teg and breast

'Tn‘muscTe for cuTture were EarTe s BSS EagTe S. MEM and oaﬁcium and mag-
K nes1um free BSS& Their comeSItion TS given. in Table 3 ATT soTut1ons
were sterilized by f11tratlon ‘The' t1ssue cuTture components were ob- |

- tained from either Gibco, CaTgary, ATberta Canada or. FTow Laborator- t '

ttfigs, Inglewood Ca ,,USA;’A ) o

/

T The bath1ng media and ion: repTacement soTut1ons used in the exper1-v ua'“'ﬁ"

- 77

.‘ments are detailed Tn Table 4. The sodium free soTutlon (SoTution D) ‘fi;’ve

~’;was buffered with han the normad concentrbtion of potassium HEPES

‘1}~(Good et aZ 1966) to mainta1n the potassium concentrat1on s1m11ar to

ﬂ{ that found 1n BSS (SoTut1on A) The pH of this med1um was checked

1:'(pH 7 0) and found to be s1milar to that of BSS (pH 6 8 7. 0)

P

The chem1caTs used to prepare the soTutions in TabTes 3 and 4 were ;‘f['-,i '

e

| LOf reagent grade Other chemicaTS and drugs used were 4 aminoper-_'; 7}ii,:
dine (4- AP), anthracene 9-carboxy11c ac1d (9 AC), 3,8- d‘am1nopyr1d1ne Ff?

| ';'(3 4- DAP) veratr1dine (aTT from Aldrich Chem1caf'CO ;‘_ Mi]waukee’ " .
,g»gtwis USA-); condyTactis tox1n (CTX) 'd‘tubocurar1ne (d TC) s 2 hydroxy- |

‘ethyTp1perazine-N'-ethanesu1phonlc acid (HEPES), piperazine N,N' b1s-'( f

f[Z—ethanesquhonic acid] (PIPES) (aTT from S1gma St Lou1s M. USA )s

bcoba]t chToride manganese chToride (both from Fisher Sc1entif1c Co ,_"
‘1Fa1r Lawn N J USA )5 tetraethyTammonium chlor1de (TEA) (Ea;tman Kodak
Co Rochester. N Y USA ) tetrodotoxin (TTX) (Sankyo Co Ltd Tokyo,

‘“WJapan), verapami] (a gift from A G. KnoTT Labs Ludwigshafen, FDR )

L

v ;
3 R .
G
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U ,ﬁPIPES

TABLE 4

COMPOSITION OF BATHING SOLUTIONS FOR ELECTROPHYSIOLOGY

‘Constituent

mM -

v_KC1<
V'CaC12 ZHZQ
"G]ucose

MgS0, - 7H20‘];

. 'JNaH2P04"
1 NaHCO3 :
Na pheno] red

- TEA c1
o Cho]1ne Cl
'KH2P04

" HEPES .

KOH

swrose
* Ca acetate

115 7
5.4

18
I ‘55

0. 8

oL 0

26 2

N iSétbionate  x ‘-i  =

K cn3so4 frhy

2-

"NaOH

. ”f@F§C13 S

1]557

1.8
5.5
© 0.8
: }1:0
" 26.2
- 0.03
_5;4

15.7
5.4
1.8
5.5

100 0

0.8
100
26,2
0-_03" |

ot

"158'
5.5 55

0.8

-

115 T

57.4.. v
18
5 5.5
0.8

5.5

0.03

B
26,2

0.03 0.03

1.8

118.6
5.4

5.5

R A BSS

B K -free Bss”'°»’.
C Low Na BSS for TEA

"D:;N&+-Free BSS'"
_ E C]--free BSS
’: F n BSS
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0.03° o

G C] -free BSS‘for Zn l.a .
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D.. Caicuiation of Membrane Parameters and Stg&istics

1. Membrane Parameters

R; . was determined from the steady state change in potentiai resulting .

in
from. the passage of a known current,through the recordingweiectrode as

| deScribed'in section B'1 using the 'square pulse anaiysis’ of Fatt'and

L‘

"‘Katz (1951)' -The diameter of each myotube was determined using a caii- :

brated micrometer scale set in the eyepiece of the microscope A cor-

rection va1ue of 0 8 was appiied to each measurement of fibre diameter

. because Ch1Ck myotubes are 1rregu1ar1y e111ptica1 rather than c1rcu1ar
g ;1n cross- section “This value was determined from measurements of fibre

'c1rcumference 1n e]ectron micrographs of transverse sections (Figure 2)

| . The time taken for the&voitage change in response to ‘the passage of cur-

,J‘-;fbie con51derations (Stefani and Steinbach 1969) The reiationship

<t b
v

“rane time constant, T

R

"zirent to reach 83% of the max1mum was tak%n as an estimate of the memb-

n- This va]ue was caiculated using the 1nfin1te

o,

]cable mode] of Hodgkin and Rushton (1946) as modified for the short ca-

PRE

oy /I was taken as a measure of R where V was the potent1a] at x & 0’~l

' fﬁ 1n vo]ts and I was the current 1nJected at X ; 0 in amps X was the

-;cause one electrode was used both to record and 1nJect current

R4 A

The spec1fic membrane re51stance was caicu]ated from the re]ation ff:

s

23,0 2~ S j]f ”:db_'fﬂ{fibre diameter in cm _
CRm“;:ﬂ'QI(Ri")i,“'iiiihff {’Rihfé input resistance in a. |
o ;ﬁ'f,R{'; "ffgjl[ffvi j i?Ri;f#T;SPEC1f1C resistance of the

--cytopiasm in Qcm

u"

4

. an was taken as the reciprocai of Rm

;;.4‘
AT

-.Af“

' .'distance between current inJecting and potentia] recording microelec-.'- ?;n

T trodes measured in cﬁhtimetres (Schanne 1969) “In this case x 0 be-.'Q

: i'-ﬁ.(Ri Was taken as 160 ncm (Fedde 1969) Specific membrane conductance L

79
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‘ Fibres which - were long, relattvely unbranched, and of fairly uni-

form diameter were chosen for estimations df‘input resistance, The

voltage-current.relationship was required to' be linear for a 20 mv

hyperpoiariiatidn or depolarization. Fibres which exhibited rectifica-

. i
3\f.tion'over this range were discarded. Fibres were genera]]y 1-2 cm in

Y

"~ length and estimates of the 1ength constant of chick muscle if culture

'vary from 600-1000 ym (see Table 1). The ratio of fibre length to that

of length constant is required to be_>,4.5 to comply With short ‘cable
considerations. Fibre branching in cuTtures of chick muscle renders
estimates of fibre length meaningless and so this requirement was not
strietly met by*many of the iibnes under investigation despite efforts 'a
to use unbranched lengths of ‘fibre. However the fibres are Tess well

P

)
approximated by the spherical cell modeutfor the caicu]ation of specific

- membrane resistance. Although the absoiute‘individuai values calgu]ated

for Rm may be in some error, the re]ative\changes in Rm produced by the

test so]utions emp]oyed w111 remain constant.
2 Statistics.

Since measurements of Rin were made in the same fibres before and after -

the appiication'pf the test solution Student's paired or unpaired t-test.

was used to analyze the results. P < 0.05 was set as the 1imit of sig-
nificance thrdughout. Values of-P > 0.05 are therefore non-significant.

In the experiments‘using ara-C, the relationship betueen,age of fibres

and action potentiai panameters was anaiyzed.-‘A straight line was fitted

to the data using regression analysis, and the coefficient of correlation
(r) deterhined When the dimensions of the symbo] representing the data

point exceeded those. of the standard error, no standard error bar was

: displayed in subsequent figures., P «
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III. EFFECTS OF 1-8-D-ARABINOFURANOSYL CYTOSINE ON THE ELECTROPHYSIOL-

N

OGICAL DEVELOPMENT OF CHICK SKELETAL MUSCLE IN CULTURE
- » . W
A. Introduction ' '

One of the~advantages promised by the technique of tissue culture

ﬁds that relatively nomogeneous popu1atidns of cells can be obtained for -

‘experimental purposes.- While this may ndt be suitab]e in neurone cuT#

tures in view of the considerable supportive and maturational role of

®
911a1 ce]]s, in muscle cu]tures, the removal of non—myogen1c tissue

from:primany cultures appeared desirab1e-for a number of investigations.

As-fne,cddtures mature, ovengrowtn of the myotubes by other cell types
(mainly fibroplasts) renders penetratidn%of the myotubes for e1éctn07

1-8- D<arabinofuranosyl cytosine (ara-C), an inhibitor of DNA
syntheSJs orig1na11y reported to havé no effect on RNA or protein syn-
thesis (Silagi, 1965; Cohen and Studzinski, 1967; Graham and_wh1tmore,

1970) has been employed in'musc]e culture to remove unwanted nep]icat-

ing cells from primary monolayef cultures of differentiated fusing myo-

. blasts (Fischbachy 1972; Dryden et al., 1974). Early work demonstrated

&hat there was no morpho]og1ca1 alterations, no difference in chemosen-
s1t1v1ty and no apparent effect on rest1ng membrane potent1a1 (F1sch-_
bach, 1972' Fischbach and Cohen, 1973; Dryden et al., 1974). More re-

cently, R1tch1e and Fambrough (1975) oted that cultures treated with

~ara-C yie]ded thinner myotubes and such cu]tures seemed to be more

fragile as judged by the h1gher frequency of unsuccessfu1 1mpa1ements

‘Slnce the purpose of this series of 1nvest1gat1ons was to deter-

mine the development of ion channels in the nonmal myotube membrane

82
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during differentiation, a preliminary study df the effects of ara-C on

the normal electrophysiological maturation process was carried out.

£

4 ).

B. Resu]ts

Coe

1.. Effects on Morpho1ogy of Myotubes

- The morpholog1ca1 deve]opment of myotubes treated w1th 10 5M ara—c has
~ been described prev1ous]y (F1schbach, 1972). As found then, no d1ffer-‘
ence was observed'betneen treated and control.cultures in the aéqdisdi

tion of striations; orientatidn of nuclei or branch%;g of’the myotubes.

In 1ong term cu]tures, f1brob1ast overgrowth of the‘myotubes makes suc-

.cessful tmpa1ement mqre d1ff1cu]t Treatment with ara-C however does *©
not prevent this problem but only delays the\onset'of overgrbwth.

‘ Therefore after 8-9 days in culture, measurements could only be‘accept-

ed if a satisfactory va]ue fdr resting membrane‘pdtential was obtatned

together %1th the’appearance of a. membrane time 'constant on the passage f

.of current to conf1nn that a penetrat1on was succéssfu]

o«

"\

. 2. Effects on Membrane Potent1a1 and F1bre D1ameter

i

: Figdre 3 shqws the developmerit of rest1ng membrane pqtent1a1 (@m dur-

. ing maturation in culture orer a twe]ve,dapreriod Membrane botentials
in the ara-C treated myotubes cons1stent1y increased more rapidly than |
in contro] cultures. The 36 hr treated myotubes atta1ned a s1gn1f1cant- _
' 1y h1gher value than the 72 hr tre ted myotubes from the Gth to. the 8th
days of culture (days 6 .and 8, p < 0 01; day 7 p< 0. 05) In contrql ‘
“cultures, the rest1ng membrane‘potent1a1 rose more s]ow]y than in

treated cn]tures. A]though the mean fwna] values attained (about -55

myY) were‘not'significantly,d1fferent frb?‘theh1ghest values noted in

;o B

| . /

83



Effect of 10”

60

H
(@)
T

w
o
L.

N
o
N

"Resting Membrane Potential (mV) =

- 10+

.

L l L A

4 -
of Culture

i J l‘.‘AL A I

8 ., 12
(Days) = .

 Age

5M» gré‘-c‘on deve]opking myotubé membrane pofc_e'nti'al.‘

- (0) co'n'tro]j Eqﬂtures exposed to ara-C for (@) 36 hr;‘}'(lnlj)'

o
? Fig. 3.
’»

' t-test.

72hr Each poinf. is ‘the:vmea’n + SEM of at least 21 observa- .
“tions from a‘single culture dish: Cultures measured on suc-
‘cessive days were established'at the same time. Treated cul-

-tures were compared to the control using Student's unpaired

L s
* P < 0.05, * P < 0.01. |
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36 hr treated cultures, they were neverthe]ess ma1nta1ned un11ke the N

treated cu1tures where the mean rest1ng membrane potent1a1 fe]l pro- p5"
¥

'gress1ve1y after the 9th day of culture (days 10- 12,qp < 0,01).

e

' The mean fibre d1ameter of these same myotube is 111ustrated in i;i
' F1gure‘4 Fnitially there is no s1gn1f1cant\dlff92ence in d1ameter
‘between contro] cu]tures and those exposed to“ara-C. However myotubes 3
exposed to ara C’ for 36 hr were- 51gn1f1cant1y thlnner than contro]s i

‘after 7 days 1n cu]ture (p < 0. 01) After 9 days, the-d1ameters of the

- ara- C treated myotubes were sign1f1cant1y less than in contro]s (36 hr

Kl Y

exposure, p < 0.01; 72 hr exposure p < 0.05). On the tenth day of-
~cu1ture ce]]s exposed to ara-C for 72 ho&rs ‘remained swgn1f1cant1y

u sma]]er in d1ameter than contro]s (p < O 01) a1though cultures exposed
'ffor 36 hours reverted back to- contro] 1evels | | | |
The faiture of ara-C treated myotubes to develop d1ameters compar-v

able to contro] myotubes agrees we]l w1th a s1m11ar observat1on made by

' _‘R1tch1e and Fambrough (1975) Contro] d1ameters fe]] after ten days of

A}

| cu]ture and were not s1gn1f1cant1y d1fferent from those of 72 hours :’i‘
’ yara c treated myotubes The fa11 in f1bre d1ameter seen 1n~both contro1
~‘and‘ara-c treated cu]tures is attr1buted to the fact that the cr1ter1a
‘for acceptance of a measurement were most often sat1sf1ed by myotubes
| at the per1phery of the cu1ture wh1ch are th1hner than those in the
: ,‘centre where' f1brob1ast overgrowth made penetrat1on and diameter meas- i‘
~urement unre11ab1e However, the reduced d1ameter of the ara-C treated
i f1bres is a]ways over and above the apparent reduct1on in d1ameter 1m- i
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M ara C on d1ameter of f1bres used in F1g 3

72 hr. Each po1nt is the mean + SEM of at 'Ieast 20 observa-

. 'tions Treated cu]tures were. compared to the contro] us1ng

‘Student s unpaired t- test * P < 0 05, ** P < 0. 01.

'I(O) control, cu1tures exposed to ara- C for (O) 36 hr, (l) - |
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3. Effects on Membrane: Time Constant and: Resistance

o

No- s1gn1f1cant d1fference in mean R1n and Rm was detected between con- .
trol and ara-C treated pneparat1ons desp1te the fact that -ara- C retard-
ed the 1ncrease 1in the diameter of myotubes Th1s was. attr1buted to J
 the Targe var1at1on in res1stance measureme'ts observed between 1nd1V1-
duaT f1bres, although it was: notedvthat the var1ance}of me;iurements 1n

treated cultures was in the main cons1derab y greater than that of con- T

“trols.

However,‘when.membranebttme'constants (t ) were calcu]ated for the |
controT and cytos1ne treated preparat1ons Ts1gn1f1cant d1fferences were |
noted (Tab]e 5). for the 72*hour treated cuTtures was tw1ce that -
for the control (p < 0. 001) whereas n for the 36 hour treated cu]tures
was 1ntermed1ate between the two Th1s vaTue was cToser to that of the .
control T but st111 s1gn1f1cant1y d1fferent from 1t (p < 0 02) 'The‘_
va]ues for: the two ara C treatments are a]so s1gn1f1cant1y d1fferent
(p e 005) L : , , , . .

- 4, , Effects on. Act1ve Membrane Parameters

\ - :

The development of e]ectr1ca1 exc1tab111ty 1n both contro] and ara—C

| treated ceTTs was a]so 1nvest1gatéd Young myotubes in 2 3 day cuTtureslv.

exh1b1ted pass1ve, symmetr1ca] responses to equa] puTses of hyperpo]ar- |

1z1ng and depolarizing current Myotubes in oner cu]tures w1th an E

~{Y

“i of Tess than -50 mV produced s1m11ar pass1ve responses to the. passage of
current The onset of regenerat1ve act1v1ty was f1rst noted in four day | 5

controT cuTtures but never 1n the ara-C treated cuTtures unt11 the f1fthi

day after pTat1ng There was no obv1ous corre]at1on between f1bre d1am-

[

eter or 1nput res1stance and the appearance of th1s regenerat1ve act1v1ty.’
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H CTABLE 5 |
COMPARISON OF t_ MEASUREMENTS OF NORMAL AND ARA-C TREATED MYOTUBES

e N o fm (msec) ,
Treatment . . - 7 ...
P X SEM - o

vzf-;Cqﬁtro]* o "‘?-‘]9}9 . 1{47», :‘ 3<“33.' |
36 hrara-C . 258 2.2 . 16

5 -




"_1 wh1ch was subsequent]y abo11shed by the LaC13 (F1gure 6)

In both the controliand~36 hp ara-C treated cu1tures;'the develop-
‘ment of the/bct1on potentia] can be fo]lowed from the appearance of
s]ow regenerat1ve potentlals to fast sp1kes w1th overshoot (F1gure 5
'a f) The fast sp1kes are def1ned as those regenerat1ve potent1als

| w1th a max1mum rate of r1se (dv/dt__ ) of at 1east 10 V/sec and are -

max
_passoc1ated w1th tW1tches of myotubes The slow regenerat1ve potént1a1s
f have dV/dt va]ues in the range O 1 to 10 V/sec and are assoc1ated |
}w1th susta1ned contracture (Spector and Pr1ves, 1977) |

4 In all cu]tures the fast sp1kes were ab011shed by 1 X 10 7M tetro-
"dotox1n (TTX) a spec1f1c b]ocker of the fast sod1um channe] (Narahash1,

, 51974) ‘the slow regeneratuve potenttals Were abo11shed by 1. 8 mM LaCl

- TTX d1d not affect the slow regenerat1ve potent1als and often 1n younger{

= myotubes, a s]ow potent1a1 was revealed 1n the . presence of the tox1n .

l .

In myotubes wh1ch were exposed to ara -C for 72 hr,,th1s sequence -

Ay

. (

89

'“7nof deve]opment was not so. pred1ctab1e (F1gure 5 g- J) A great Var1at‘°"7 _*fvf:f

:‘f' of current A]though more rap1d regenerat1ve potent1als were found in .'\

‘:.’dpfolder cu]tures wh1ch had been exposed to ara—C for 72 hours (10 days

‘ ”‘h_and upwards) the amp11tude of the regenerat1ve potént1a1 rare]y exceed-_j'

'yvgwas found in- the type of potent1a1 produced 1n response to the passage j‘.-fd“d

'thed 28 mV (F1gure 7C) and dV/dt ’ never exceeded 11 V/sec (F1gure 8C) 4ff c;_::‘“"

K

o However, 1n contro] cu]tures the amp11tude of the sp1ke and dV/dt

”}1ncreased as the f1bres matured (FTgures 7A and 8A) w1th a h1gh degreez?_tf |

: 7C NS thure 8C 0 05 <. P < 0 1)

When the durat1on of exposure to

'7*:“of corre]at1on (P < 0 001) In myotubes exposed to ara-C for 72 hours,yf"

"‘f-_the corre]at1on of both these p rameters w1th age 1s very poor (F1gure af_.'h
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,f'low1ng strengths a5

Deve]opment of regenerative e1ectrica1 activ1ty 1n myotubes at

-3 stages of maturab1on '( ) contro] 5 6 and 8 days after

By

"gtara-C treated cu]ture 5 6 /awd 8 days after plat1ng respect--
1ve1y Current pu]ses 03§1g94nsec durat1on app11ed at the fo]-_;m

5 nA Em 82 mV 8 75 nA,

‘

,;em - 82 mV; '¢, 6.25 nA, E, = 66 m;. d. 2. 1 nA E = 73 mv,f"

0 75 nA E = 86 mV f 1 5 nA E 72 mV g 2 5 nA,f

E. = 66mV; h. 1 6 nh, £ 72_mv,‘fd; 3 6 nA Em 75 mV

w

?plating respective1y (d f) 36 hr 10 M ara C tr(ated culture,;f_"}

",'5 6 and 8 days after plat1ng respect1ve1y ( -3) 72 hr 10 5M S



v ,STngle samp]e fibre from. 36 hr ]o 5M ara- C treated f1bre 6

”fidays after p1at1ng show1ng pharmaco]ogica] reso]ut1on of re-‘i”
fifgenerame potentials. -a. £, =76 uf current strength 3 5 nA;
,L;erecording 1noBSS 54"E 87 mV current strength 5 5 nA -
fiirecord1ng in BSS conta1n1ng 30 x ]0 7M TTX »E 63 mv »ei v;

91

gf-current strength 4 75 nA‘&record1ng 1n mod1f1ed BSS conta1n1ng ,ug}

u;,] 8 mM LaC]3 10 m1nutes after changing from Solut1on 1n b ,},v_
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~ Amplitude of Potential (mV) ’

80 ~ v . . . 80 -

sob - 6o~

a0} e

pf T

\

o

N L ' ~-l
4 8 12», J'Htt

_Age of Culture.(Day”s). L

f contro1 and 10 5M ara-C treated cu]tures \ a

EE TR R U BN LA B

12u16-a | 4 8

= 26- b 36 hr ara -C treatéd fibres n %»16, 72 hr :

- ara C treated f1bres n

22

'ﬂt.Fid;'7} Amp11tude of regenerative potent1a1 correlated w1th age of

control fibres i

Each po1nt was obta1ned from a

92

sing1e fibre Data poo]ed from several cu]tures 1ines ca]--dﬂt":

:7.; culaged by regress1on ana1y51s with corre1at1on cdefficient S

'f:,t.(r) presented alongs1de



" dV/dTmax (V/sec)

a0

10

:ff;age of contro] and 10~

o

S ( ) presented a]ongside

L1 e

Age of Culture (Days)

J

-5y

- Maximum rate of r1se of regeneratlve Qg;:nt1a1 corre]ated w1th

M ara C treated

3

'j‘c;f 72 hr ara C treated fibres n i 22 Each point was obtained@
,(7ifrom ar s1ng1e’$1bre._ Data poo1ed from severa] cu1tures, lines ;;

| T'calculated by regression analysis with corre]at1on coefficient

4. .8 12 16 . 4 78 12716 -

1tures. Aa.i,contro},~‘a“

. ,fibres n =_26Q b 36 hr ara- C treat d f1bres n %;16:i-‘rff 5te;""

R
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ara-C wds 36 hours, both amp]itude and dV/dtmax were well. Correlated
wiph agelof the myotubes (Figures 7B and 88 ; 0.001 < P < 0.0] for both).

The'meaﬁ E, of the myotubes in both control and ara-C treated cul-
turesfwhfch‘produced‘regenefative potentials in response to Jurrent in-
jection was .-70 mV. The mean threshold potent1a1 the potegkia] Tevel
to which the myotubes required to be depolar1zed before initiation of a
regenerative potent1a1, was -50 mV irrespective of treatment. J

In older control and 36 hour treated cultures (8 days and over),
- spontaneous discharges were often observed on microe1eEtrode ﬁ%netra-
tion of the myotube membrane (Figure 9) presumably oﬁf%ccount of damage
sustained The initial spike of»such regenerative potentials was fast-
er than regenerat1ve potent1als caused by electrical stimulation. The
fate of the pacemaker depended on the apparent extent of damage inflict-
ed on the cell membrane. In the examp]es illustrated both depolariza-
tion of the membrane to zero millivolts (9a) and stabi]iidtion of éhe

. membrane potential (9¢c) can be seen. These spoﬁtaneous potentials were

‘never observed in,the 72 hour treated cultures.

-~

C. Disgussion - B v

The origina use\bf\era-c was pased on tﬁe premise thét the effects
of ara-C are restricted to those on the replication of DNA (Silagi,
1965; Cohen and Studzinski, 1967; Fischbach, 1972) eqdlgﬁ myoblasts
comitted to differentiate and in myotubes no sgch rep]ication,of’DNA
ocecurs (Stockdale and Holtzer, 1961)." Studies dealing with the effect§
of ara-C infmusc]e cultures have_restricted themse1ves)to the events at

the time of myoblast fusion and have unquestioningly accepted the



N

Fig. 9.

‘(b) 12 day 36 hr

A

Sample traces of spontaneous discharges from single fibres in

control and 36 hr 107°M ara-C treated c¢ultures.

o . .
(a) 12 ¢§y control f1bre; E, = 68 mV; dV/dTmax of initial
spike = 90 V/sec; amplitude = 72 mV. Three consecutive ‘oscil-

1os;qpe~sweep§ depicting electrode penetration of.membrane

"(p), followed by a falling membrane potential résulting in a .

burst of pacemaker activity terminated by the fall in membrane

- e

potential below 50 mV.

f
7 o _ ) . .
reated fibre; Em = 60 mV; _QV/dTmax of ini-

- tial spike = 46 V/sec; amplitude = 75.mV. Two consecutive

oscilloscope sweeps depicting electrode penetrafion of the
membrape (p), followed by a depolarization and an.initial
rapid spike. This is succeeded by‘stable pacemaker activity

comprising slower spikes of Tower amplitude.

“(c) 8 day contro]vfibfe;‘Em =76 mV; dv/dT . = 24.5 V/sec;

amplitude = 57 mV. Four consecutiveﬁoséil]oscope sweeps de-
picting stable pacemaker activity resulting from a slow de-

polarization of the membrane.

)

"(d) 12 day 36 hr treated fibre; E_ = 68 mV, dV/dT__ = 21.1

V/sec; amplitude = 48 mV. Three cbnsecuti?eéoscilloSCOpe

. Sweeps depicting stab]e'pacemaker activity resulting from

rapid depolarization of the membrane.

TN
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inhibition of DNA synthesis as the sole effect of ara-C (Doering and
Fischman, 1974; Yeoh and Holtzer, 1977).

Other data would lead one to modify this view and the resu]ts pre-

s sented 1nd1cate that d1fferent1at1ng myob]asts and myotubes are not

J

comp]ete]y unaffected by the drug despite the ‘absence of act1ve mitosis.

4

There 1s now general agreement that the act10n of ara-C is not re-

97

str1cted to an 1nh1b1t1on of thym1dy1ate synthetase or 1ndeed that th1s -

represents the pr1nc1pa1 cytotox1c effect (for review, see’ Creasy,
1975). Ara-C 1tse1f s undoubtedly 1ncorporated into DNA for a thme
dur1ng de novo synthes1s, and a]so @nto RNA. Th1s latter pathway was
not time dependent and cont1nued thgoughout exposure to the drug (Chu,
1971). Incorporation 1n1t?311y occurred in Tighter fract1ons of RNA,
which co1nc1denta11y have a shorter ha]f 11fe, and spread¥o the heav-

ier fractions during pro]onged-exposure. It is not unexpected, there-

fore, that se]ecttve 1nh1b1t10n of prote1n synthes1s, part1cu1ar]y his- -

‘tones, has been reported in some ce11 11nes (Borun, et aZ.,.1967,a

Schochetman and Perry, 1972)
Postfus1on myotubes do not form a system in wh1ch act1ve db novo

synthes1s of DNA occurs. Any DNA synthes1s wh1ch occurs is presumab]y

‘\ ‘A-.q,. .

restr1cted to the repa1r of random breaks in the DNA cha1n (Stockda]e

_and 0! Ne111, 1972). Ara-C in high doses (10 4M) has been shown to

antagon1ze DNA repa1r in rep]1cat1ng ce]]s after ultrav1o]et 1nduced

damage (H1ss and Preston, 1977) The extent to whlch the 1nh1b1tor :

affects DNA repa1r in non prol1ferat1ng, non- traumat1zed ce]]s such as.

~.

musc]e f1bres 1s unknown but 1t cannot be assumed that there 1s no

'adverse effect



”===assemb1ed and 1ncorporated\

It is ‘a dogma of'genetics that the appearance of differéntiated

N

character1st1cs 1n cells and t1ssues 1s the man1festat1on of ‘the act-

1vat1on of one or severa] genes, express1ng themse]ves in the form of

’ spec1f1c prote1n synthesis. The changes in restlng membrane‘potent1a1,

A

. time constant and regenerative potential which accOmpany maturation in

muscle can be assumed to be the result of such genetic expression, and

are effected by changes in the mo]ecular architectUre of the'celT mém-

brane ‘as more - proteins,. -many of them lonophores or jon channeis, .are

13

in the phospho]1p1d b11ayer

The d1fferences which w re noted were ne1ther dramat1c nor 1mmed—

iate In genera] morpho]og1ca1 deve]opment was unaffected and the dev-
~elopnent of e]ectrophys1o1og1ca1 parameters was, if anyth1ng, enhanced o

qudg1ng‘by the more rap1d increase in rest1ng-membrane potent1a1 over a

four day périod-after treatment ThlS is 1n sharp contrast to the '
appearance of the rep11cat1ng ce]]s in the cu]tures at th1s t1me when

ce]] round1ng, detachment from the substratum and eventua] ce]] death

were c]early*obserxab]e features and 1nd1cated that ara C was exert1ng
.» an und1sputed cytotox1c effect on. those ce]ls engaged n. the cell cyc]e;ff
o The retarded appearance of the regenerat1ve potent1a1 and the 1engthen-

fv1ng of T 1n treated ce]]s together w1th the fa11ure of f1bres to ma1n- :

ta1n an e]evated rest1ng membrane potent1a1 1nd1cated that ara- C does
>

1ndeed exert an. adverse effect and that the effect was not genera]]y

r ¥,

of the effects was determ1ned by the durat1on of exposure |
T Since the nuc]ei in"the myotubes had. w1thdrawn from the ce]] cyc]e‘~'

P
: before exposure to ara-c, it is not Tikely that the compound was .

98

.ev1dent untit after the remova] of the drug In add1t1on; the sever1ty,.»i‘



incorporated in DNA in the process of norma1~rep1ication- Furthermore,
.‘the deTay in- the man1festation of tox1c1ty and - the short half the of
| RNA argue against a significant role for 1ncorporation 1n RNA as an

LexpTanation at Teast for the 36 hour exposed cuTtures S1m11ar1y the
‘ known metaboT1tes of ara- C would be rap1d1y Teached from the myotgbes
after the removal of the drug from the medium and thus are un11ke1y
to cause the effects noted (G J. Lauzon and A.R. P. Paterson, Pers ’
' Communicatton)v It must be admttted that in cuTtures exposed for 7% -
hours, the earT1er appearance and greater extent of aberrat1on fr'_
'control may indicate defectlve transcrtpt1on dur1ng the per1od of ex-

posure 1n add1t1on to other effects The roTe of 1ncorporat1on of ara- -C

in DNA in the process of normaT DNA repa1r has not been cTearTy def1ned

in the ava11ab1e studles of the agent (see Creasy, 1975) ) However, 1t

hthe

v.rema1ns a reasonabTe poss1b111ty that some 1ncorporat10n occurs by th1s .

) means resuTt1ng in a proportlon of defect1ve genes in the totaT genet1c

*_-VpooT of the mu1t1nuc1eate f1bres‘ Thus ‘the express1on of a part1cu1ar :
- gene 1s un11ke1y to be compTetely 1nh1b1ted, s1nce aTT the nuc1e1 ina

‘ .-f1bre woqu not be s1m11ar1y affected by the drug Indeed the express- ,J;? =

: zz

';e1on of a, part1cu1ar gene becomes reduced to a var1able extent compat1bTe

Ay .
)

v”~w1th the observatton of greater variance 1n 1nput res1stance
| An a]ternative explanat1on concerns the supporting role of.f1br,-ti
ijTasts in the overaTT maturat1on of muscTe fibres. The use of ara C
1nh1b1ts or at Teast delays the“fonnatton by f1brob1asts of a basement

' vmembrane The reTevance of thié to eTectroth§ToTogicaT development

“has not been estab]ished but Lipton (T977) noted:subsarcolemmal cyto-~j

pTasm1c_dens1t1es associated-with‘thevextraceTTuTar deposition‘of
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collagen fibrils in mixed myotUBe/fibroblast‘cu1turé§, This morphologé B
ical evidence can be adduced to support the view,that myotube'develope
ment is ot Wholly‘directed frém withih the myotube itse1f o

The use of ara-C was d1scontinued and breast musc1e cu]tures were .

- used for a]] further exper1ment§, s1nce f1brob1asts overgrowth 1s much

11ess and does nox impede e]ectrophys1o1og1ca1 record1ng to the same ex-

£

© tent as in leg muscle cultures.;



. :'the chTorxde 1ons, a]though rest1ng membrane potent1a1 (E

¢

IV, NORMAL DEVELOPMENT OF MEMBRANE PARAMETERS IN CHICK MUSCLE IN CULTURE |

)

" A. Introduction
'In aduTt skeTeta] muscTe’resting membrane conductance (Gm) is -

- pr1nc1pa11y determ1ned by the contr1but1on from both the potass1um and

m} is TargeTy

: determ1ned by potass1um 1on d1str1but1on and permeab111ty S1nce mem-

L brane potent1a1 1s not constant durlng development but rises throughout B}

‘_’myogenes1s from about -10 mV at.myobTast fu51on Eg\atta1n mature Teve]s
“‘over a per1od of severaT days, the rat1o of qon- conductances and the1r

:;;absolute va]ues cannot be constant throughout th1s t1me It was pre- .
Tv1ous1y suggested that s1nce the PN /P rat1o was c]ose to un1ty in myo-

bTasts and decllned to 0. 43 severaT days after myob]ast fus1on, then 1

"~::‘membrane permeab111ty to potass1um rose dur1ng myoqenes1s and accounted

| for the r1se 1n membrane potent1a1 (Dryden et aZ ]974) Before in- T

' "3vest1gat1ng potass1um conductance, the deveTopnent of E observed by

prev1ous WOerPS (Dryden et aZ., 1974 Spector and Pr1ves, 1977) was _;dj~;
:“LCO"fTEmEd and the changes in Gm durlng myogenes1s in. cu]ture ere 1n--l:‘f

Evhx”vest1gated

B ResuTts“'SE

The contro] measurements from a number of cuTtures were com- ‘

" bined to produce a pooTed est1mate of both E and 6 for pectora] muscTe",Kd»f
SN

cuTtures These are presented in. F1gures 10 and 11 respect1ve1y h*’-’

: re]at1ve1y large va]ues for standard dev1at1on ref]ect the var1at1on be-‘*' o

tweem cu]tures when results are pooled

| 5i NewTy fonned breast myotubes had an. 1n1t1a1 mean rest1ng membrane L

o
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fDeve1opment of E 1n ch1ck pectoral musc]e in cu]ture. Each"'

'::point is the mean i S. D of the number of observations shown

f,separate cu1tures and th1s is ref1ected 1n the relative]y

1arge standard deviations

}';1n parentheses The results are poo]ed from between 18 and 27[if:vff -



o ;fi:ng;t]].f The development of Gm 1n ch1ck pectora1 musc]e 1n gulture

15~

(660}

10}

3

0.5;‘_:

‘65°)<eeo>(56°)(540)

- Membrane Conductanc‘e (mScm™2)

f,f f*r,fn‘_Each po1nt is the mean +.S, D of the number of measurements

[P ;;shown in parentheses i The results are poo]ed from between 18 ;

o hand 27 separate cu]tures,,and th1s is. ref]ected 1n the re]a- _yi*g;ri~hllgﬁr
t. t1ve1y 1arge standard deviat1ons The f1bres were the same f;¢;=‘,-r :

" '-f"as in Fig To.




1} per1ments are 1nc1uded in tab]e 6 as a compar1son

'found to be h g 1n1t1a11y (1. 25 mScm
"reach a ]eve] around 0 2 mScm” 2 (E;gure 11) JBoth Ex and Gm were found to;

-change most rap1d1y betwequdays 3 and 5 1n

{

~Teg cultures (Dryden et al., 1974; Fischbach et al., 1971), however E_
was found to deve]op more rap1d1y in breast musc]e by Spector and Pr1ves,V

_(1977) In this study, breast muscTe E rose rap1d1y a]so over a 2-3-

. daype eriod ¢to reach -65 mV by’day\ﬁ\l: culture.” Leg musc]e cu]tures do E
not deveTop as rap1d1y as breast muscie and resuTts from_leg musc]esex- |

et ',_v/

In the youngest myotubes mean rest1ng membrane conductance was
2'_)w

(S

u]ture) v_lf-z»5

o C. D1scuss1on i :

LN

xy1n th1s 1nvest1gat1on and a more rap1d deveTopment of pectora] musc]e
f‘over th1gh muscTe was noted Th1s'observat1on 1s»cons1stent w1th pub-

LfT1shed data (Dryden et aZ , 1974 F1schbach 1970 Spector and Pr1ves,

.opment of E between the two may be s1mp1y because the deveTopment of
'};the pectora] musc]e 1s more synchronous than that of the th1gh h?-f

T'fTower mean E and Targer S D va]ues may s1mp1y ref]ect the fact that

{

7s;eopment of different1ated propert1es 1n the th1gh muscTe than 1n breast .

Thereafter Gm fell rap1d1y to

The deve]opment of En observed by other workers was conf1rmed ,t

104

K potentiaT'Of”-ZTme This is higher_thanfthat,found‘by otherAerkers‘in’é

'531977) but does not seem- to have been d1scussed i The dlfference 1n devel-wifﬁac

--fethere 1s a greater var1at1on 1n the rate of fus1on and subsequent deveT- jﬂ,[_

t??;muscle or1g1nat1ng as. 1t does from Timb bud mesoderm rather than myo—'e- _

”V”tomal t1ssue

4

No other s1m1Tar deveTopmenta] study in ch1ck t1ssue has been pub- e
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[

”11shed but two stud1es have prov1ded va]ues from wh1ch Gm could be deter-~.

>

m1ned fon compar son and they revea] a cons1derab1e d1spar1ty To take
account of the' 11pt1ca1 nature of cu]tured myotubesébﬁarris et aZ X
(1973) based their calcu]at1ons on a not1ona1 “typ1ca1" myotube rather

_fthan deal W1th the d1mens1ons of 1nd1v1dua1 f1bres and produced a spec-

1f1c membrane res1stance wh1ch corresponded to a Gm of about 1.4 mScm 2.

-F1sc ach et aZ (1971) used transient rather than steady state ana1y51s, ‘
- but( their measurements are s1m11ar to. those found 1n f1ve day f1bres in

‘ the f esent study R1tch1e and Fambrough (1975) performed a deve]op-
.
.menta] study of the pass1ve e1ectr1ca] propert1es of rat muscle in cu]- :

ture: from wh1ch va]ues for qn ranglng from 1.04 mScm 2'"t day 3 to 0 638 |

-2

'mScm at day 9 can-be derlved Taking 1nto account the re]at1ve1y slow-'» o

| "‘er rates of growth of mamma11an musc]e in cu]ture, these va]ues are in
TN
,broad agreement w1th the present data, and’ certainly conf1rm the trend
. N o ,
‘to 1ower membrane conductance w1th myotube maturatdon

A comparison w1th va]ues for G | in. 1ntact musc]e (see Table 7) re-

:gveals that the va1ues for mature myotubes are s1m11ar tothose pub11shed ;ig"- .

LN

for frog musc]e and for chlcken ALD but not ch1cken PLD or rat or goat

. 2. . 1

.\

Th1s 1s of some interest since the ALD 1s a mu1t1p1y 1nnervated muscle

AN
Ry

'hg‘“‘h1]e the PLD and mamma11an musc]es are focaﬁ]y 1nnervated Membrane

5 | COnduct%ice Tal]s after denervat1on (A]buquerque and Thes]eff 1968 |

' ﬁhf v A]buqﬁerque and McIsaac 1970; and the 1ow qn 1n the cu]tured myotubes ":'
and in chicken ALD may represent lack of or d1fferent neurotrophic con-l _;-_,i,.;
trol , R , . . : , . e

The observation that young ch1ck myotubes have a h1gh membrane con- c_gf:fa"

R ductance which declines du ing the_ aturation process 1s in contrast to o
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TABLE 7
ESTIMATES OF SKELETAL MUSCLE MEMBRANE CONDUCTANCE IN VARIOUS SPECIES

Reference S : : gbecieS" G (mSCm;Z)\

‘4

~ Fink & LUtfgau (1976) S Frog B - 0.320
Hodgk1n & Horowicz (1959b) - Frog Co o N 10.255‘,'
fMash1ma & Wﬁsh1o (1964) ‘ Frog ‘ o .j K C.ZB?A;*

-'stgnfie1d (1970) D frdg SRR 0.283
Stanfield (1970) = o , Frog . o

Fedde (1969) . Chick (ALD) 228

O

Fedde (1969) - f" - . Chick (PLD) o L1782

.-

‘warnlck & Albuquerque (1979) Chick (PLD)' L ‘f1;428.

";rHar"’ t‘al (1973) | _~ Y Chick %exp]ant cu]ture) ff' 1.388

B F1schbach aZ (1971) N 'j 'Cé;qk (pr1mary cu1ture) o f:a{0{3?9* .
Morgan et aZ (.975) k u ' ‘Pigeon - llu' . o “3,142
Lorkoth & Tomanek (1977) . Lkat (gastchqemius)f | '42,} «9'94%;-f

| Lorkov1c & Tomanek (1977) "f ;_.Rat'E$o1gu§).v : ii, - f.-1§18§_.

"Camer1no &'Bryant (1976)\ o e ‘Ratff \g R .;~> ’v3;4561u2v;7fgiull
uPalade & Barch1 (1977a) o ‘f : ?Rat Q?g'ﬂg_ : ‘L 5  ]’u'2;45O  ‘>
 ‘ 'R1tch1e & Fambrough (1975) : 'kRat (3 day primary culture).1Ai;04O j

«\'

R1tch1e & Fambrough (1975) :; - Rat (9 day pr1mary culture),“,6}638‘;.,ﬂrw

| f,-Powe]] & Fambrough (1973) . ”'u ;Mouse (primary cu]ture) j'i‘- 1,44111'7'
| N_Powe11 & Fambrough (1973) f'*TMouse (primary culture) | .fffu;478*7ﬂ,f v

:-7ufBryant & Morales-Agu11era (197]):,:G°3t';-k;g - ; g f':~ {%ul1f:0;702;,'~ .

| Viferyant & Camerino (1975)

e JBryant % Morales-Agu11era (1971){ - Go

.xx

5 v-'kuﬁ

Iff“mwmﬁémwﬂik'ffﬂffw'
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earlier predictions (Dryden et al., 1974). These pnedictions were based
on the calculation that both sodium and potassium had equal permeabili-
ties in myob]asts and that the pecﬁeabi]ity ratio changed in favour of

potass1um with increasing membrane potential. The relative 1nsens1t1v1ty

- of young myotubes to varying external concentrations of potassium sug-

gested that potaésiun mighf be relative]yiimpermeant at that ‘stage, and
that‘PK 1ncreased with development cau51ng the membrane potential to rise
towards the potass1um equ111br1um potent1a] It is clear that this view
is no 19nger tenable and that an alternative explanation for rising Em
must be sought. | , ’ | .

Changes in membrans conductance as a funct1on of d1fferent1at1on
are not unique to skefeta] muscle fibres. Pappano and Spere]ak1s (1969)
reponted that&the inpufenesistence of isolated single heart.cells in
culture was‘three-times that'measnred in c]usters'onvmqno]ayers where
the cells had fbrmed‘contacts and were capable of rhythmic beating.
Here, of course, changes in surface area of the %unctional syncytium may

in part provide the explanation for the observed change in R, _, but no

in®

'data ‘to support this was presented. %épﬁgﬁe present work measurements

were restricted to myotubes due to the’ d1ff1cu1ty in obta1n1ng success-

o

ful multiple penetrations of myob]asts. The situation prior to fus1on

is therefore unknown but Qg}er fusion, presumably the analogue of cell/
cell contact in heart muscie culture, the sequence of development seems
oppcsiteuto that noted by Pappano and Sperelakis (1969) in that specific

membrane resistance increases with development of Skeletal muscle.
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V.. EFFECTS OF AGENTS REPUTED TO,AFFECT.POTASSIUM*GQNDUﬁTANCE

A. Introduction ’ o,

Potassium and chloride are the two ions which princfpa]]y de-
| termine the resting membrane conductance of. adult skeletal muscle. When
ch]o}ide.in thewbqthing solution is replaced by impermeant anfdns, the
contribution froﬁ sodium is usuai]y small enough to be negfected. VgluesA
for gK obtained in this wéy range from 0.1 mSem™2 in frog, where it ac-
-'counfs for 33% of the total membrane conductance (Hodgkin and Hordwiéz,
1959b; ‘Mashima aﬁd Washio, 1964) to 0.1 -,6.3 mSem™2 in mammals where §K
" épparent1y cbhtributes only 11 - 18% qf fota] Gm (Bryant and Morales-
Aguilera, 1971; Bryént and Camerino, 1976; LorkoviC and Tomanek, 1977;
Palade and Barchi, 1977a). The éuggestion thét membrane penneabiléfj to
'ypotassium risés during myogenesis (Dryden et al., 1974) was 1nvestigéted
by measuring the depression in membrane condqctance caused by the‘eXpos-
ure of cU]turés'to tetraethy]amﬁoqium (TEA) and caesium, two agenfs re-
ported to block selectively gK (Narahashi, 1974; Adelman and French,
1278). TEA suffers from the drawback that it is not very potent and
rélative]y.high cdnqgntratidns afe‘requifed (10-10Q mM) (Narahashi,
| 1974). However, various workers have reportedvtﬁéijlertaihaminopyri-
dines are also se]ecﬁive blockers of,potassiﬁm channels at lower concen-
trations than TEAF(Pelhate énd Piﬁhoﬁ, 1974;.Gi]]eépie’qnd=Hutter, 1975;
& Bowman et al., 1976; Schauff et al., 1976;!Yeh’etVaZ;,‘1976a; Ulbricht
and ﬁagngr, 1976; Meves and Pichon, 1977} Kirﬁch and Narahashig 1978).
\ The two most potent analogues are 3,4-diaminopyridine (3,4-DAP) and
"4-aminopyridine_(4-AP).\ The effects-of these two .drugs on the,déVe]op- v

ment of Gm were also investigated in an attempt to confirm the findings

'
f

.

with TEA and caesium.

- 109
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B. Results

1. TEA and Caes1um

Figures (12 and 13) 111ustrate the effect of add1t1on of 10 mM TEA to

BSS. At a]] stages of deve]opment depo]ar1zat1on occurred and G was
-2

Al

, ]
reduced. This reduot1on was 0.2 mSem™

subsequent stages of. deve]opment Gm was reduced by about 0.1 mScm -2 in
the presence of TEA. When 100 mM sod1um ch10r1de 1n the BSS was rep]aced
_by 100 mM TEA chloride the reduction 1n-Gm was\1dent1ca1 to that observed
with 10 mM TEA, indicating that 10 n@ TEA produced the maximum change‘in
Gm. ' | e
_ thures 14 and 15 show the effect on Emfand Gm of replacement of
‘potassium in BSS by caesium (5;369 mM). Again depolarization occurred
at all stages‘of deve]opment' Caesium produced.a\simitar depresston of
' Gm to that’ observed with TEA, i.e. on day 3 Gm was reduced by O 2 mScm -2

but on day 4 and - subsequent]y Gm was reduced by about 0 1 mScm 2.

2. ,4-APand34DAP | : | R Q

\J:'

The effects of 10 3M 4-AP on the deve]opment of E and changes in memb-

\ .
_ rane conductance (Gm) are shown in F1gures 16 and 17 4-AP depressed E

on day 3 but on day 4 and at a]] BN

- at a]l stages of deve]opment in a s1m11ar manner to that found prev1ous1y'v -

w1th TEA and caesium. However, in contrast to the other two agents,

2

- 4-AP caused an 1ncreasb in G of 0.15 mScm in young f1bres from days 3!

Lo

fto_5 of cu1ture On day 6 and each subsequent day the add1t1on of 4-AP

2, The exper1ment was repeat-

\

}causedja-reduction 1n.Gm of about O.IVmScm
| ed with the more potent ana1ogue;_3,4-DAP and’ the resu]ts, which are s1n-
ilar to those of 4-AP, are i]]Ustrated tn Figures 18 and.19.

Mgnbranelpotentia] was also depressed by ]0;4M 3,4-DAP at all stages

1
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Effect of TEA on G during development of chick muscie in .

culture, Contro] vaiues (o) were measured 1n BSS and the

‘-tes-t va]ues .(0) were measured in the same ceHs 15 minutes

SEM of 30 measurements . Each: test pomt is sigmﬁcant]yg

B : different from the control at P <0. 001 (Studen_t s paired :

t- test) un]ess otherwise indicated The_i’ibres were thewsame'

,'as in Fig 12, *p < 0.005.
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SEM of 30 measurements Each test po1nt is sigmﬁcant]y

i 'different from the contro] at P < 0 001 (Student s pa1red
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~as in Fig 16..
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‘of deveTOpment-but the amount of depoTariiation was less thaﬁ‘obserVed

w1th 4-AP (F1gure 16) The effects of 3 4-DAP on membrane conductance

r o
.were quaT1tat1ve]y 51m11ar to that obseryed with 4—AP However, the
~initial increase in G (T 5 mScm 2) on day 3 was ten t1mes that found
:“ﬁ?fvw1th 4-AP and tw1ce that found ear11er on days 4 and 5 (0 3 mScm 2)."'On o

‘ day 6 3 4 DAP reduced G by 0.1 mScm 2 from contro]ﬂleve]s‘ Th1s re~ -

| duct1on was ma1nta1ned throughout the rema1nder of the exper1ment al-

‘ though by day 10 the depress1on of Gm ‘had fal]en to 0 05 mScm%F: JThej o
B !“ 1

xdepress1on of Gm observed 1n the o]der f1bres w1th both am1nopyr1d1nes

©

s of a s1m11ar magn1tude to that found w1th max1ma]1y effect1ve concen— f

‘»vcf e1ther TEA or caes1um L ,‘, : f " ‘, - f-~. A;~¢;’l-'(5.'
. . ‘ S , U . - P

: 1on exper1ments w1th 4-AP and TEA were perfonned to inves

jf her the two agents were. add1t1ve or not The same results <

rated 1n F1gures 20 and 21 Both 4-AP and TEA a]one cauée depoT—v F

,(_‘

:‘In th1s part1cu1ar exper1ment 4-AP 1ncreased Gm by ] mScm 2 on day
t;7;3 0. 3 mScm 2 on day 4 and 0. 15 mScm 2 on day 5 wh1ch is. s1m11ar to V;;A‘<imf;
HT'Athe resu]ts observed w1th 3 4 DAP The addjt)on of 10 mM TEA to the | ‘}"A‘ ,
| Eji 4-AP treated f1bres caused a reduct1on 1n Gm of”about O 5 mScm 2 on day "ffcéﬁ;

-2 on days 4 and 5 The fa]] 1n Gm on- day 3 caused by the'f 537-'“

‘['3 and 0 2 mScm
- 'sicomb1nat1on was not s1gn1f1cant1y d1fferent fran the Teve] observed 1n a;'”ffthU
..”4-AP alone due to the large var1at10n 1n measurements wh1ch was seen 1n

”:_géflyoung f‘bres On days 4 and 5 the membrane conductance 1n the presenceff

b1nat1on was s1gn1f1cant1y Tess than that observed w1th 4-AP } '
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N same day at P <& 0 001 (Student s pa1red t- tes,t) un]ess other-

. e

w1se 1nd1cated * P < O 02 e e
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: Fig. 21. . Effect of 4-AP and then 4 AP p1us TEA on Gm durlng deve]opment
‘ : B .
of ch1ck musc1e 19 cu1ture Contro] va]ues (()) were measured

in BSS and the test va]ues wére measured in the same ce1ls 15

/"

. minutes after changeover~to 107 3y 4]9P med1um-(ll);‘ The same - 2
P ‘ :
‘f1bres were then tested aga1n 15, m1nutes after changeover to

-3

10 M4 AP p'lus 10 mH TEA med1Um (I) Each po1nt is the mean .

SEM ;of 30 observat1ons Eagp test po1nt 1s s1gn1f1ca&t1y e

L4

h°d1fferent from the contro] and from each other on the same day"

e ".«
&y

A‘;at-P <‘0.0QI (%Judent s pa1réd t test) un]ess otherw1se 1nd1- L

. ’éated;‘f* B/<.0.01 ‘The f1bres were. the same as 1n th 20
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alone (P < 0.001) and on day 5 Gm fell significantly below the value of
control measurements (P < 0.01). On day 6 and subsequently, membrane

conductance was ﬁeduced in the presence of 4-AP alone by 0.1 mScm'2

but
the addition of 10 mM TEA caused no further a];erations‘in Gm and the
values measured {n 4-AP plus TEA are superimposed on thoée measured in

4-AP alone.

C. Discussion

'Since the methods of measurement required repeated,penetrafion of
the same mgsc1e fibre with the microelectrode, it was %hportant to en-
sure thét membrane damage was nof extensive andeas'répid]y repaired.
Inpre1iminary experiments control fibres‘were penetrated several times
without alteration in measured Rsp, or loss of membrane potential. ‘Where
damége did occur, it was:imhediate1y evident under the microscope since
blebs of phase-dense cth%?asm cou}ﬁigzis en to leak from the eefi into
the surrounding medium Mﬁile both E_ énd R, Beclinedvto Zero. Fibres
which‘exh{bited this phenomenon were rejected. The change;‘in;either '
'Em-er R, whiChlheré observed were theFeforeLattributab]e to theﬂagents»'
which, had been used, and were not due to érfifacts arising from the .
techniques. |

. >
A1l the agents used to estimate resting potassium conductance in

-t

the experiments produced a'significant depolarization of the fibres at

all stages of development. Since the depo]é%ization_Caused by TEA and |

o

caesium is accompanied by a fall in G it is reasonable to associate the

two phenomena as effect and cause.- As the potassium conductance is re- .

duced, the Py /Py ratio reverts towards that found in myoblasts and

B
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immature myotubes,'producing the observed,reduCtion in Em as predicted“
by the Go]dman-Hodgkin-Katz equation: However, in the case of the
aminop&ridines,'the membrane depo]arization is accompanied by an increase
in G in young fibres. Thus, the mechan1sm of myotube depolar1zat1on
brought about by the am1nopyr1d1nes in the f1rst five days of culture
must differ from that caused by e1ther TEA or caesium. A]though several
groups of workers have reported no depo]ar1zat1on with the aminopyridine
ana]ogues (Schauff et al., 1976 Pe]hate and P1chon, 1974, Mo]go et al.,
1977, 1979; Shapova]ov and Sh1r1aev, 1978), in these reports lower conc-
entrations of am1nopyr1djnes were used (_10.6 - 10 4M) and 1t is evident
that maximum b10ckade.is‘n0b attained uhfi] 10 3Mu(4—AP) or ]0'4M (3;44
DAP) (Yeh et ai', 1976b; Kirsch and Narahashi, 1978). A]so,'the'faci1i-
tatory act1on of the am1nopyr1d1nes on neuromuscu]ar transm1ss1on is seen.

on]y at c]ose to m1111mo]ar concentrat1ons

Depo]ar1zat1on of exc1tab]e ce]]s seems to be general]y observed 1n_

a number of spec1es and: t1ssues Yeh et aZ (1976a) observed depo]ar-

=
1zat1on and repet1t1ve f1r{ng in squ1d axons expo%ed to 107 3M 4- AP as .

~did L1in4s at al. (1976) us1ng m1]11mo]ar concentrations of 3-AP S1m1—

~lar resu]ts were . obta1ned 1n th1s t1ssue w1th 10'4M 3,4- DAP (K1rsch and

Narahash1, 1978) Depo]ar1zat1on of the s1xth gangl1on of - the cockroach -

occurred with concentrat1ons of 4-AP higher than 5 x 10° oM. (Hue et al., o

1975) and depo]ar1zat1on with increased reflex act1v1ty has also been

reported in the frog and cat sp1na1 cord preparat1ons in response to

—AP (Ga11ndo and Rudom1n, 1978 Jankowska et al., 1977). Repet1t1ve

f1r1ng was a]so observed at the frog neuromuscular Junct1on in the. pres-

 ence of 10 "M 4-AP (Horn et al., 1979). .
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In contrast to the above reports, and the present observat1ons;
Bowman et al. (1977) observed no depo]ar1zat]on‘1n»cu]tures of chjck leg
muscle exposed to Tp'3M 4-AP. The reasons for this dfscrepahty are not
obvious since ft seems improbable that breast muscTe in culture is.fund-
amentaTTy.different from'leg muscle. However, the authors'made random
measurements and compared popuTat1on means before and 10 minutes after
'add1t1on of 4- AP in contrast to the methods used in the present work

_ where the same musc]e fibres ‘were examined before and 15 minutes after
~ »: add1t1on of the drug | | |

TEA and caes1um both reduce restlng membrane conductance to s1m11ar

extents dur1ng myogenes1s in cuTture ‘Since caes1um is used to rep]ace

e exteknal potass1um in the BSS then the reduct1on in: G in the presence

of cae’1um is due to the Toss of steady state potass1um conductance

- Because 100 mM TEA caused no greater effect on Gm than 10 mM TEA and
th1s concentrat1on of TEA produces s1m11ar changes 1n Gm to caes1um,

*:> th1s suggests that 10 mM TEA is max1ma11y bTock1ng onTy potass1um chan-,»
neTs, and that it has no effect on other 1on channe]s present TEA s
.requ1red in relat1ve]y thh concentrat1ons to b]ock potass1um currents ;

\

‘_1n other exc1tabTe t1ssues (Narahash1, 1974) Th1s is probab]y because '

“both TEA and caes1um are compet1ng w1th the potass1um fon at the entrance,
“,to the channe], rather than by b1nd1ng to spec1f1c receptors at or near R
to the channe] ‘ | o | L

- The pota551um conductance of cu]tured ch1ck skeletal musc]e 1s rel-}
‘at1ve1y constant at 0.1 mScm -2 dur1ng myogenes1s and does not rise with
-the deve]op1ng membrane potentia] The relat1ve contr1but1on from pot- '
assium to total membrane conductance is 1n1t1a11y 25% and tends. to

'\

\ ] ' )
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©across the ce11 membrane 1n response to the preva111ng E -at all tim

f are presented in Chapter VIII

'1ncrease w1th maturat1on to 30 357 This more c]osely approx1mates re-
"su1ts in amph1b1a rather than mammals. No data from cu]tured musc]e or-

adult ch1ck musc]e is ava1]ab1e a]though Morgan et al. (1975) found that

-

1n adult p1geon gK was 18% of. G

S]nce gk rema1ns unchanged dur1ng myotube deve]opment at about 30%

’.of G but membrane conductance ﬁalls, then the conductance to other 1ons

must d1m1n1sh Nh]]e ca1c1um is poss1b1y one such 1on, 1arge 1nf1ows of
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e

calcium have been cons1dered to be toxic to these ce]]s (Dryden and Thom-f '

/ .
_son, 1979) Pr1nc1pa] candldates are therefore the ch]or1de4and sod1um

1ons Nork presented subsequent]y 1n th1s thes1s (Chapter VI) 1nd1cates

1that ch]or1de conductance does 1ndeed decrease w1th maturat1on of musc]e

“-th1s change 1n conductance cannot exp1a1n the 1ncrease 1n E w1th f bre :

"development One 1s therefore left to conc]ude that there 1s a s1g ifi- -

cant rest1ng sod1um conductance 1n young myotubes, at 1east equa] to

that of potass1um to prov1de a P /P rat1o of 1 0 and that th1s rest- L
ing sod1um conductance dec11nes w1th the acqu1s1t1on by the myotube of

" more different1ated character1st1cs Further data to support th1s v1ew v}

{

In o]der cultures, both 3, 4—DAP and 4-AP reduced the membrane con-

J'ductance by an extent s1m1]ar to that seen when externa] potass1um was ;&‘
rep]aced with’ caes1um, or- when a max1ma]1y b]ock1ng concentrat1on of TEA’
| ‘Was used. Furthermore, since the add1t1on of a max1ma1]y blocking conEﬁ
entration of TEA to 4-AP treated f1bres d1d not alter Gm further, it

' wou]d appear that in these fibres the- am1nopyr1d1nes block potassium '

}f1bres in cu]ture, but s1nce ch10r1de appears to be pass1ve1y d1str1buted: .
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channels‘se]ecttVely'

However, 1n 1mmature musc]e f1bres the am1nopyr1d1nes/1ncreased Gm

~ ‘and the act1on of the drugs in these f1bres cannot so]e]y be b]ockade of :

potass1um conductance It is poss1b1e that any b1ockade of gK is masked

i by an 1ncreased conductance e]sewhere but s1nce TEA causes G to fal]

-

after 4-AP treatment, it is more 11ke]y that the pota551um channe] re-

mains unb1ocked Jin the presence of the. am1nopyr1d1nes before the s1xth

day of deve]opment »
| Th1s 111ustrates the d1fference between a drug wh1ch 1s act1ve 1n
b1nd1ng to a receptor and an agent wh1ch acts more as an 1mpermeant 1on, E

\ .
attracted to b1nd1ng s1tes w1th1n the channe1 but 1ncapab1e of comp]et—- -

‘ 1ng the passage through the channe] by v1rtue of 1ts excess1ve d1ameter

Both TEA and caes1um are thought to occ]ude the potass1um channe1 phys- L

1ca11y 1n th1s 1atter fash1on (Armstrong,v1975 Adelman and French ]978)

RS whereas the am1n0pyr1d1nes are be11eved to produce blockade\\hter 1nter-_inl_‘ i+

S act1ng w1th a receptor s1te at or near the potass1um channe1 The nata' v

ure of th1s receptor and the mode of b]ockade 1s subJect to controversy t"“
(Gl]]esp1e and Hutter, 1975 U]br1cht and Wagner, 1976 Yeh et az "v‘._ﬂf;;[
1976b Meves and P1chon 1977, G111esp1e 1977) From these reports,_1ti |
is not ent1re]y c]ear whether the 1nact1vat10n gate of the potass1um -
channe] 1s ‘the site of act1on of the am1nopyr1d1nes, but it is certa1n

that the effect of the drugs is 1ost when the membrane is f1rst depo]ar—,n

' 1zed and potass1um channe]s are opened accord1ng to Hodgk1n Hux]ey

: k1net1c5-(Hodgk1n and Hux]ey, 1952d). Slnce the membrane potent1a] of

1mmature muscle f1bres is depressed, 1t is ent1re1y poss1b1e that -the

‘ fallure of the am1nopyr1d1nes to b]ock potassium channe1s in these ce]]s - o



-

. jduced in the potass1um channe1

{1s re]ated to the "act1vated" state of the channe]s, a1though no clear

"

ev1dence has been presented that act1vat1on or deact1vat1on can be 1n- o

.

of—1mmature musc]e.

The fa11ure of the am1nopyr1d1

Upotass1um channe] of 1mmature myotubes cannot exp1a1n however the ob- =
served 1ncrease in Gm accompan1ed by a depo]ar1zat1on v In th1s.case an,ffc
o'ladd1tiona1 mechan1sm must be adduced 1mp11cat1ng e1ther sodlum or-cal-
o 'c1um 1ons; or both Th1s mechan1sm 1s apparent]y 1ost dur1ng deve1op-:
”,”dhment and 1s not 1onger detectab]e after f1ve days of culture Further‘%

/:ev1dence (Chapter IX) suggests that sod1um conductance 1s 1ncreased by

Uf;]y poss1b1e that the membranes of such ce]]s may not be un1que in pos--wd'°J:
: '”sess1ng a sodium med1ated reSponse Nhile the mechan1sms of gK b]ockade?tifff
f; produced by TEA and caes1um on the one hand and the am1nopyr1d1nes on -
" the other may weH d1ffer (Yeh et aZ ]976b Harvey and Marsha]] 1977
yliF1nk and Nettwer, 1978 Kenyon and G1bbons, 1979) the d1fferences 1n ”

A ,.fneuromuscular transm1ss1on (Lundh et aZ., 1977) may be attr1butab1e to o [

,1ncreased sodium conductance as well as depressed gK at 1ocat1ons such

I A

- as the nerve term1na1 In the case of 1mmature muscle f1bres, such an

,;1ncrease in gNa wou‘d adequately exp1a1n the obseryed depo1arizat1on of S

s to bind to'their'receptor at the

}the app11cat1on of these drugs to 1mmature musc]e f1bres It 1S'ent1re-rf‘."f o

V:aCt10n noted in ApZysta neurones (K]ee 1978) and in the fac1litat1on of'i’*"f'“



VI, EFFECTS OF AGENTS REPUTED TO AFFECT CHLORIDE CONDUCTANCE

A. Introduction

In adu]t frog muscie ch]oride contributes two thirds of the totai

'resting membrane COnductance (Hodgkin and Horow1cz ]959b Mashima and

| 'eraShio 1964 Stanfieid 1970 Fink and Luttgau, 1976) In mammalian e

(p and avian muscie ‘the contribution by ch]oride to Gm ts even greater --

.between 82. and 90% (Morgan et aZ vy 1975 Bryant and Camerino 1976 Cam-;p .

o .erino and Bryant 1976 Lorkov1c and Tomanek 1977 Pa]ade and Barchi,

&~

'751977a) In contrast chloride appeared to be reiativeiy 1mpermeab1e in ”,"

5fg“pr1mary cu]tures and in the clonai 11ne (L6) of rat musc]e (Ritchie and

"'ffFambrough 1975 Kidokoro 1975a) Chioride conductance was not measured_."m

T

‘“5ffﬁ1n either case but membrane potential and 1nput resistance were 11tt1e ”,;f';-'*

“5;f'daffected by a sudden reduction in externai chloride concentration

J

The portion of the totai membrane conductance 1n Ch]Ck muscie cui-yjf

".f:tures due to chioride was estimated 1n the experiments reported in this

»‘: chapter by severa1 methods Primariiy chioride was substituted by SOd‘ ,;‘

g:'ium 1seth10nate and potassium methy]sulphate and the difference between*i

| "'7';the two estimates Of Gm was taken to be due to the chioride ion.. Sev-.pgi:

"erai agents have been reported togbiock spec1fica11y ch]oride conduct-

'ance in’ adult ske]etai musc]e and two of these were tested 1n this sys-5‘

i tem vzz' anthracene 9-carboxyiic acid and 21nc chioride (Bryant and

"Morales-Aguilera 1971 Pa]ade and Barchi 1977b Mashima and Mashio,

1964 Hutter and Narner, 1967c) SRR \_fg; N

oo .
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‘ ,(Figure 23) ‘ The 1nc1usion of 10°

B.- Resu]ts

o Z1nc ch1oride was used at a concentrat1on of 0 5 mM (Mashima and

'wash1o,-1964) and buffered with 5 mM sod1um PIPES (WOodbury and M11es,v‘

-3,

f.;t9-carboxy11c ac1d was prepared 1n T% sodium bicarbonate and th1s was

-5,

added to BSS to y1e1d a f1na1 concentrat1on of 5.x 10 M (Bryant~and

‘ij_Morales-Agu11era, 1971)

when externa] chloride was rep]aced by 1mpermeant an1ons (So1ut1onal*”
:ffld've1opnent (F1gure 22) A s1m11ar depolar1zat1on was seen w1th 0 5 mM
L ZnC]z, but 1n 5 x 10 5M 9 AC on]y young fibres were depo1ar1zed to theli

“‘ffsame extent The effect of 9- AC on membrane potent1a1 progress1ve1y

B fno signif1cant d1fference 1n E between contro] and 9. AC treated f1bres;~

Both 21nc and 9 AC 1mpa1red membrane 1ntegr1ty in: young cu1tures

.

(days 3 and 4 and to a 1esser extent day 5) After 30 m1nutes exposure ‘

I

to 0 5 mM ZnC12 cells were seen to round up and detach from the bottom

| of the cu]ture dish B1ebs of phase dense cytop1asm formed above the
; ,t<f1bres which had not yet detached and no. membrane potent1a1 cou]d be )
recorded from such fibres (Figure 23) Simi]ar but Tess pronounced ef- :
o fects occurred on exposure to. 9-AC (after 60 mins) but there waS»no evi-‘

' .“didence of membrane damage 1n fibres exposed to. zero ch]or1de solut1on :..

6M verapamil hydroch]oride in the med-

~1um prevented membrane rupture and 1eakage of cytoplasm for at 1east 90

mlnutes 1n the presence of either zinc or- 9 AC

When the effects of zinc on membrane conductance were examined

‘¢

130

' *‘1973)ﬁ(301ut1on F). A 10 M so1ut1on of the sod1um sa1t of anthracene-u' i

‘,3E) membrane potentia] was sign1f1cant1y depressed at a11 stages of de-;";l"

h"dim1n1shed as. the cu]tures matured unt11 by day 10 1n cu]ture there wasieffu::il”
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H-»_'rane potentia]s of the same ceHs were then measured 15 min- :“

M- AC (l)’«*ﬁf' |

<f.-‘._Méff15faoéi "'Pot'e_nt‘ial‘,(mv') S

' J»utes after changeover to zero [01] (.), 5 X 10

o} Control .
e Zero [CI]O
60 -‘5xlo".5M_9-AC° N
' . 40-5mM ZnCl,

2 4 6 8 1ov =
Age of Culture (Days) " o L

~

vEffect of removal of external ch]or1de or the apphcatmn of

g o 9- AC or ZnC]2 on E dur1ng deve]opment of ch1ck mUSc1e in cu1-4

\

ture Control va1ues (O) were measured in’ BSS and the memb-

-5

K or 0. 5 M ZnC12 (A ) medwm Each point 1s the mean SEM of

: -"at least 20 observations Each test pomt 1s significant'ly

131

d1fferent from the control and from each other on the same da_y

L "at P < 0 001 (Student s paired or unpa‘ired t test) un]ess

'v_o_vtherwise indfcated. * P <0.05, % p <. 025, **% P < 0, oos



‘Fig{¥23{

’Effect of remova] of externa] ch1or1de 9 AC or ZnC12 on

cu]tures

membrane 1ntegr1ty of deve]op1ng myotubes 1n ch1ck musc1e'f

: -Aﬂ“ 3 day o1d f1bres 1ncubated in’ BSS for 60 m1nutes

D,_-\}” dK%j

':_B§_ 3. day o1d f1bres 1ncubated in zero [C1] (So]ut1on E) forfd_d 

- . {, : <
60 m1nutes [T x,j,j j;*d,,r'; Yo

\

= 03 day o]d f1bres 1ncubated in: 5 X ]0 5M 9- AC for 60 m1n-

'1.utes Arrows (A ) 1nd1cate phaia dense blebs of cytOplasm i“

: f;attached to the myotubes : ;f'ﬁdff}df r{d'? 'L:iv;

_TE;”D;d 3 day 01d f]bres 1nCUbated ]n 0 5 mM ZnC12 (SO]Ut]On F)

da,ﬁxmononuclear ce]ls (,t);f}~'

fE{;'4 day o]d f1bres 1ncubated 1n 5 X 10

_;for 60 m1nutes Arrows ( A) 1nd1cate phase dense b]ebs

n *of cytop]asm attached to the myotubes and round1ng—up of
- N ﬂﬂdQ j»d:r"'. PR : ; .,A.

-6,

S

5

M 9 AC p]us 10 M

 }:verapaﬁ§1 for 60 m1nutes

E F."4 day o1d f1bres 1ncubated»1n 0.5- mM ZnC]2 plus 10 M

Thnk verapam11 for 60 m1nutes '*_‘“HL' d'd '.,,Iﬁd'i-‘_%n;dvf?ffd-

';fThe“ca]ibrationubar'represents SO}pm,dnd:éppldeg tp'A—F;Jd:
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~,‘idﬁz1nc both 1ncreased and decreased membrane conductahte 1n d1fferent f1b-
'res at aTT stages of developnent The percentage<of f1bres in which
uif;each response was observed is presented in TabTe 8. ‘In the maJor1ty of
the youngest f1bres the membrane conductance 1ncreased on expgsure to .,d -
si\‘ o sz1nc As the f1brés matured a greater proport1on exh1b1ted a’ reduced ' |
'.;conductance on exposure to 0 5 mM ZnCT2 The 1nd1v1dua1 measurements f .

" of membrane conductance cou]d not be averaged s1nce the two effects

'-woqu canceT out

A few pre11m1nary exper1ments were performed w1th z1nc after re— ’

'A;TmovaT of chTor1de from the. med1um (Flgure 24) Z1nc caused membrane CO"' o

@ - f,»':f,ductance to 1ncrease s1gn1f1cant]y and membrane pot@nt1a1 to faTT s1g- SR

5 "n1f1cant1Y in o]der cu]tures (TabTe 9) These resuTts 1nd1cated that

'“‘~g21nc<was not affect1ng soTeTy ch]orwde channe]s Because of th1s and ~.‘_aﬂﬂ;7f

!_;ﬁ1ts tox1c1ty in young f1bres, no further exper1ments were carr1ed dﬁt

N : o [:»"v B P
F1gure 25 shows the effect of\repTacement of ch]or1de on membrane

2

v”_bt”w1th th1s agent ‘"31T]_;¥‘ \T | ha';;ngfg{f.-?';

vb.‘Tdconductance In 3 day on f1bres chlor1de conductance was 0 74 mScm

'“ffTh1s fE}ﬂ to about O 34 mScm 2 on days 4 and 5 Thereafter'QCT fé1]

x R
2 on day 6 to around QJT mScm 2 An: oner cuTtures )AT- »;ﬂij‘;'”

5 5-from 0 2 mScm

o *n“,:wgfthough the magn1tude of the ch10r1de conductance dec11ned throughout NN
vfthe per1od of study, 1ts contr1but1on to tota] membrane conductance f'flﬁfi"
N

_?rose from 50% on days 3 and 4 to between 65 and 70% from day 5 onwards |
when 9-AC was applled to 1mmature f1bres, cpntrary to expéctat10n’.;:;ggfj
."~’;membrane Conductance was great]y 1ncreased from a rest1ng Tevel of T 1 .
:”to 3. mScm % (F1gure 26) However by day 5 in- cuTture. membrane conduct-'*; e

f,:ance was then reduced by 9-AC to the same extent as that observed w1th

NI i
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TABLE 9

EFFECT OF 0.5 mM ZnC1, ON MEMBRANE POTENTIAL OF CHICK SKELETAL MUSCLE
IN CULTURE AFTER REMOVAL OF EXTERNAL CHLORIDE

-

Age of Culture Em in Solution E Em in Solution G P
Days N Zero Chloride 0.5 mM InCl,
my . omV
) (I B
3 13.8 + 2.7* 10.5 £ 1.0 . NS
4 29.0+3.0 27.0+3.8 K
s 28.0 + 1.15 22,6 £ 1.1 P <0.005
6 1 35.2 + 2.9 ©27.0 + 3.5 P < 0.05
o Ce32:10 35.8 +1.3 P <0.005
g 32.8+4.8 . 173t 4.0 P < 0.01
+

9 B4 l7 197 2.4 P<0.001 .

5

* mean i SEM, n = 10.



Fig. 24, Effect of removal of external chloride and then ZnCl2 in the
. absence of chloride (Solution G) on G, during development of
chick muscletin ;ultdre. Control values (O) were measured in

BSS and the test:Qalues_were measured in the same cells 15

- s

'minut{es after changeover to zero [C]]O medium (@®). The.-: same
fibres were then tested again 15 minutes after changeover to
0.5 mM ZnC1, in zero ekterna1 chloride solution (Adf Eéch
“point s the mean + SEM of 10 meqsufements. The test and con-
trol points were not sfgnificant1y different from each other

unless otherwise indicated. *.Pp < 0.05, ** P < 0,01, *** p <

0.005, **** p <‘0.001:(Student's paired t-fest). ,
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| Fig. 25. Effect of remova1 of externa1 ch1oride on Gm durmg develop-
| ment of chick muscle in cu]ture Contro] va1ues (O) were
B measured in the same ceHs 15 m1nutes after changeover to zero
ch]omde so]utwn (0).‘ Each point is the mean SEM'of 30 -
| 'measurements Each test point is sigm’ﬁcant]y different from | |

- the control at P.< 0.001 using Student s paired t- test



‘Fig. 26.

‘after changeover to 5 X 10

‘pa1red - test) unless otherw1se 1nd1cated
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Effect of 9 AC on Gm dur1ng deve]opment of ch1ck musc]e 1n

i culture Contr01 valuesl(CD) were. measured in BSS and the

test values (_.') were measured in the same ceHs 15 m1nutes o

Sy 9-AC in BSS. Each point. is the o

N
mean SEM of 30 measurements Each test po1nt is signifi- -

'cantly d1fferent from the contro1 at P < 0. 001 (Student's‘



e 1ncreased by 9-AC over 1evels measured in zero ch]oride at ai] stages

R
o "oi o
“2), Thereafter 9-AC sensitive membrane con-

ductance fell to a‘finai'ievei ova ] mScm'z}

_ zerO‘chloride'(O‘34 mScm
This component*of total d
© membrane. conductance was 52% -on day 5 but rose to between 60 and 70%
}from the Sixth day of culture onwards
If the effects of the drug on chioride conductance were removed by y
s exp051ng the fibres to zero ch]oride and then to 9- AC in combination o

"‘with zero ch]oride 9-AC produced an additionai effect (Figures 27-and

| 28) Membrane potentiais were hyperpo]arized back to control 1evels 1n

. fibres from day 5 onwards On days 3 and 4 membrane potential was un-'a.

‘_changed by the addition of 9-AC. Membrane conductance was 51gn1f1cant1y

hfof deve]opment (Figure 28) ; The increase 1n membrane conductance was
_,greatest in the youngest fibres (1 3 mScm 2)
-2

_;From days‘4eto 6}th1$v -

increase had fa]]en to about 0 3 mScm
2

/ )

1~ated conductance was about 0 15 mScm | e
; | The 1nteraction of the pota551um channe] b]ocking drug, TEA w1th .
'h:9 AC was aiso 1nvest1gated since cioseiy reiated aromatic carboxylic

:;ac1ds had previousiy been found to increase potassium conductance in rat Aai,u
‘muscle (Paiade and Barchi, 1977b) However in chick muscle cu]tures,

5M 9- AC to fibres previousiy exposed to 10 mM. TEA”*J‘

“the' addition of 5 x 10°
produced further depo]arization w1th the exception of days 5 and 10
a_where E, was not significantly affected (Figure 29) ” In o]der cultures .
. from day 5 onwards, the addition of 5 X 10 5M 9-AC to TEA blocked fib-
\res produced a further 25% depression of Gm In the 3 and 4 day o]d im-;;

mature fibres, the addition of 9-AC increased membrane conductance after :

blockade of potassium channels with TEA‘(Figure 30),

and_thereafterﬁtheIQQAC"activeff; NER



-_Fig.;'_2f7.

'.'"Re"sivfti‘ng Meiﬁbr'amev‘}jotentiai v(mV._) o
]

80[—

40k

Age of Culture (Days)

6 '1o§z

)

Effect of remova1 of externai chioride and then 9 AC p]us zeroi'v .

e _.{fch1oride solution on E during deve]opment of chick muscie in

o _cuiture Contro] vaiues (O) were measured 1n BSS and the

,‘ to zero [C]] p'lus 5'x 10

. membrane potentiais of the same cei'ls were then measured 15
= minutes after changeover to zero [C1] so]ution (O)__V.’ The L

‘same fibres were then tested again 15 minutes after changeover'_r

mean | SEM of 30 observations Each test point is signific- |
Jant]y different from the controi and from each other on the »
~same day at P < 0.001 (Student s paired t- test) uniess other-

~ wise -indicat_e_d.‘ * P < 0. 05

5M 9-AC (I) Each pomt is the

142"



. Fig. 28,

S
- .

iEffect of remova1 of externa] ch10r1de and then 9 AC p]us zerofEVf f
:j'ch1or1de so]ut1on on Gm dur1ng deve]opment of ch1ck musc]e in ‘1i'h.

c d}ture Contr01 va]ues (C)) were measured in BSS and the o

'_te’s't va1ues '(.") were measured in the same ceHs 15 m1nutes

“-~:after changeover to zero [C]] so]ut1on The same f1bres were;‘;ff

"iipTus 5 X 10

then tested again 15 m1nutes after changeover to zero [C]]

-5;

'f:measurements Each test po1nt 1s s1gn1f1cant1y d1fferent from-'

';:n the contro] and from each other on the same - day at P < 0*001

' J(Student s palred t test) un]ess otherw1se 1nd1cated t Pﬂ{ :’

e 0.05 The f1bres were the same as in F1g 27

M 9 AC (l) Each po1nt is the mean i SEM of 3037 ’
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Effect of TEA and then TEA plus’ 9 -AC_on E during development o

o ;':~,o,f ch1ck muscle in cuTture Contro] values (O) were measured:.i R :

1n BSS and the membrane potentia]s of the same ceHs were thenl-‘ co

B measured 15 minutes after changeover to 10 mM TEA in BSS (.) Sl

-~ The same fibres were then tested aga1n 15 minutes after

| 'changeover to 10 mM TEA olus 5 x 10 5M 9-AC in BSS' (m). Eachf_ o

: ‘fo ;

-‘_point is the mean ‘ SEM of 30 observations Each test pomt

1s stgnificant'ly different from the control and from each

-on the same day at Ps 0 001 (Student s paired t- test)

- unTess otherwtse 1nd1cated * P 0. 02, **: P <0 OT



,Flgt'30{

| T~:f10 mM TEA pTus 5 X 10

<w

o

[

Effect of TEA and then TEA pTus 9 AC on Gm dur1ng deveTopment |

f ch1ck muscTe in cuTture ControT vaTues (C)) were measured R

1

: 't‘1n BSS and the test vaTues were measured in the same ceTTs 15 |
'{mmutes after changeover to TO mM TEA An BSS (.) The same

"_f:f1bres were then tested aga1n 15 minutes after changeover to

=5

'”’iffmean SEM of 30 measurements Each test point 1s 51gn1fic- v:
'f~f1ant1y d1fferent from the controT and from each other on the »
.::fEsame day at P < 0 OOT (Studént s palred t- test) &nTess othér-

' ¢uw1se 1nd1cated *. P < 0 025 }** P < o 02 *** p < 0 05

{P < 0 OT The f1bres were the same as in Fig 29

T

M- 9-AC 1n BSS (l) Each po1nt is the ST
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C. Discussjgnl

'_.],' Rep]acement of Externa] Ch]or1de o ) H

'When ch]oride was subst1tuted by 1mpenmeant an1ons, the resttng membrane ‘
potent1a1 and rest1ng membrane conductance of av1an pectora] musc]e were

) 'both s1gn1f1cant1y reduced throughout development in cu1ture Before -

i attr1but1ng these changes so]e]y to the 1oss of externa] ch]or1de,i
poss1b1e effects on other ion conductances must be cons1dered The an-s

’1ons common]y used to replace ch]ortde are- known to reduce ca]cxum 1on ;
: . act1v1ty and th1s may therefore affect the 1nterpretat1on of resu]ts

: .f'(Kenyon and thbons, 1977) B i v-~‘,{ ‘t

| Methy1su1phate and 1seth1onate reduce ca1c1um 1on act1v1ty to 0. 82»

: and 0. 74 of norma] respectfvely resu1t1ng 1n an effect1ve free ca1c1um ‘

’1l1on concentration of 1 45 mM 1n So1ut1on E (Kenyon and G1bbons, 1977

',Po11ard et aZ 1977) - Th1s reduct1on is not suff1c1ent to affect mem-vii

"ibrane 1ntegr1ty (f1bres rema1ned 1ntact in th1s solut1on for up to 90

'“,::m1nutes) and there is: no ev1dence for a rest1ng ca1c1um conductance 1n IS

o fth1s preparation (Chapter VII) Therefore the reduct1on 1n ca1c1um 1onfvf'u

7act1v1ty caused by the 1mpermeant an1ons ls not 11ke1y to affect the

——

’?f_}-resttng memb/ane parameters 1nvest1gated here and the a1terat1ons may be L

tfdfattr1buted tota]ly to loss of 1nward chlorlde movement

o f;(1941) Since the external so1ution was cont1nuously chang1ng, a new -':"{ s

Upon rep1acement of chlor1de the concentratlon gradient for th1s P
'{‘-1on 1s reversed and ch]or1de would tend to 1eave the myotubes to re-..'f;f'flﬁv

'f»estab11sh a Donnan equi]ibrium as, f1rst observed by Boyle and Conway tj‘dfj_

“jtype of equ111br1um wou1d be established Metab011c pumping of potass-~ L'”'

£7:1um wou1d provide a reta1n1ng counter1on wh1ch wou]d reduce the outf1ow
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of ch]oride' Thus ch]oride wou]d no 1onger be pa551ve1y distributed

.across the cei] membrane 1n response to the potentia] determined by the

1'49‘.

cations, but wouid 1tseif contribute to the overa]1 membrane potentia]-]""

Viewed in this way the observed depre551on of membrane potentia1 E '

'i is. ant1c1pated and wou]d per51st ag iong as fibres were. v1ab1e and able

o

to sustain the pumped‘concentration of pota551um ‘ Since fibre diametera

:1 and the gross morphoiogy of myotubes did not change after 90 minutes

[al

1ncubation in Soiution E this would suggest that the fibres remain v1a—

i ,_bie for this period a]though noweiectrophySioiogicai data was obtained
for ‘such fibres Thus there was apparentiy no gross ioss of 1nterna1

x? PN
1ons 2¥D51ng osmotic crenation of the fibres and indicatiﬁg the break-=

down of normai homeosta51s in the absence of externa1 chioride ;;,;f” e

D

Most workers are agreed that chioride on its own does not determine

-1ts concentration gradient is a]tered suddeniy The originai resting
epotential is: restored as the chioride redistributes to estabiish a-new
ﬂg'Donnan equiiibrium (Hodgkin and Horowicz 1953b) This occurs rapidiy

";because of the high resting conductance to the anioq However Du]hunty
”iipump in mamma]ian musc]e which ma1ntains thé resting membrane potential
: more depo]arized than 1s predicted by'the Goidman Hodgkin Kati equation

'_‘resting conductance to chioride If a simiiar pump exists in avian

Q

f:}portion is probabiy due to the retarded outfiow of chToride 1ons as

° )
IR

»the resting membrane potentiai but that 1t can affect E tran51entiy 1f _V“

)Direct eVidence for the existence of such a pump was - not obtainabie be- |

‘-(1978) has recent]y postu]ated the\ex1stence of an eiectrogenic chioride f,j7

U

-*.cause the: contribution from such a pump wou]d be swamped by the iarge :fi'tﬁ'}

"’ﬂmuscie, lt may contribute the depoiarization observed aithough the maJor S



already discussed.

Chick pectoral muscle in primary ceil culture is highly permeable
to chlorfde although in the more‘imnature fibres other ions must contri-
bute significant]y to resting membrane conductance,since §Ci is approx- |

imately 50%. As maturation pnoceeds, gC1 increases to betweeh 65 and

, _ - .
70% and the contribution from other® ions (with the exception of potass-

“fum) must fall dramatica]]y during develdpment Avian muscle in culture

is therefore similar to adult ske]eta] musc4e ‘although gCl constitytes
a greater percentage of the rest1ng membrane conductance in avian and
mammalian fibres (Hodgkin and Horow1cz,‘1959b;iStanfleld, 1970; Morgan
et al., 1975; Bryant and Camerino 1976; Palade and Barchi, 1977a).

This contrasts w1th the f1nd1ngs of Ritchie and Fambrough (1975)
and Kidokoro (1975a) for primary cultures of rat and-the L6 clonal cell
line. They used the qbservafion of Hodgkin and Huxiey (1959b) that the
resting potential in frog muscle depolarizes suddenly when the bathing
solution is changed to one containing lTow chloride to test whether chlor-

ide was perﬁeable. Because neither membrane poténtié]snor input resist-

ance in cultures derived from mammalian.muscle changed significantly,

“Ritchie and Fambrough, and Kidokoro each cnnc1uded that chloride was -

relatively impermeable. This discrepancy is not a manifestation of the

“culture system per se since the above experiment was repeated with chick

. N

muscle cultures and a transient depolarization was observedAc6nsistent
with a high,permeabilgtyato‘ch]oride_(Dryden‘and’Thomson,~1979).
, 4
Recent work by Engelhardt et al. (1976, 1977) suggests that the

discrepancy between the contribution of gCl to Gy, in cultured and adult

‘avian muscle is a tissue‘quture phenomenon. Engelhardt et al. observed

150
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that inneryation in vitro altered the passive membrane Lroperties of
chick}muscle,, Specific membrane resistance, timeé constant and length
constant all fell aftér innervation: the opposite changes occur:on de-
nervation (see_Tab]evZ). These results suggest that a trophic factor

from the innervating nerve is important in maintaining the electrical

151

properties of‘the muscle membrane. It is possible ﬁl‘refore that the .~ ‘

reddEéd contribution from chloride to %es%{;g membrane conductance in
vitro may be due to the absence of this trophié factor.v

This postulate is further éupported by the investigation of thé éfQ
fect of denervation on passive membrané barameters. ‘The increaSe in
specific membrane resistance fo]1owing¥dener9ation Qas originally sug-
gested to be due to a reddttion in gK.(Albuquerque and Thesleff, 1968;
Albuquerque and McIsaac, 1970) . .More recently, the component conduct--
ances ha&e,beenaestimated before and after]dénervétion in mammals (Table
10) . Chloride conductance ;ell‘and potassium cohducﬁance'rose and when
denervation changes were most mérked, the proportion of qn‘attributed'
to chloride was very similar to‘that found for the more mature myotubes
in cu]tufe (day 5 oﬁwgrds). . |

Additidﬁa]1y, a trophic effect of HérVe;on the déve]opmeht o% at
1east‘oné other membrane ion channel, the transient sodium channel, has
been proposed on the bésis of,experiments using“nervé extracts (Hasé- |
‘gawa and Kuromi, 1978; Kano et al., 1979).. Acetylcholine is apparentiy
“not involved (Zfskind and Harris, 1979) which also supports the.hypo-

thesis that a nerve trophic factor influences the e]ectrophysiologica1

maturity of the'aa§§{s membrane

C;\jy o

o
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2. Application of Zinc. . ' , ’ (

. S ! .
Zinc was clearly cytbtoxic to the more immature myotubes causing leakage

of cytoplasmic contents into the externa] medium followed by detachment
from the substratum and cell death This effect is probably caused by |
an influx of ca1c1um~ions into the fibres since raised concentrations of
1ntrace11u]ar ca1c1um are tox1c to muscle fibres (Publicover et al.,
1978; Schanne et aZ;‘ 1979) whereas there is no suchfev1dence for in-
.creased intraceiiuiar}concentrations'ofzother ions. This is further
supported by the finding_that a 500 timesiiower concentration of verapa-
mii prevented the manifestations of-zinc‘toxicityvin these fibres. Vera-
pamii is known to. block currents due predominantly to,ca]ciumiionsvin:
other:excitabiemembranes (seé:Reuter, 1973)t} The;apparent absence of
Nzinc toxicity ih‘b]der myotubes may-be due to(ghe.increasing maturation
of the myotube The sarcoplasmic reticulum (SR) is not well deve]oped
in’immature myotubes (Ezerman, 1968) and in these fibres it may not be
capabie of controiling eievated calcium concentrations because the 1eveis _
of Ca . transport ATPase are iow (Martonosi et al,, 1977). In oider
fibres, the SR is more'extensive_and may'more readiiy accumuiate the ex-"
~ cess calcium and there would therefore be no evidencevof membranefdamage;
invariabiy zinc produced depolarization but this was accompanied by _
| either'an increase or a decrease in resting'membrane conductance sug-
gesting that zinc was acting at two different sites The percentage of
fibres which exhibited depolarization accompanied by a reduction in |
Gy, increased during maturation. This action could bgvexpiained by

b]ockade of either potassium or chloride channels by zinc. An action on

potassium channels in frog muscle’'was specifically excluded by Stanfield

>
<
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=
(1970) and assuming that this finding extends to chick muscle in culture,

then zinc must be blocking chloride channels in these fibres.

* However this WOuld not account for the pronounced'depo]arization

- found when f1bres are exposed to z1nc s1nce ch]or1de is normally pass1ve]y

d1str1buted across the membrane accord1ng to the d1ctates of the maJor

/
/

cat1ons ~ One 1s therefore forced to postu]ate a metabo]1c source for the
'depolar1zat1on i.e. 1nh1b1t1on of - Na -K ATPase M1crom01ar concentra-
: t1ons of zinc 1rrevers1b1y 1nh1b1t this enzyne in m1crosoma1 preparations

" of beef brain and ee] e]ectrop]ax (Hexum, 1074; Gette1f1hger and S1ege1

. 1978). " The mechan1sm of action, was or1g1na11y thought to be 1nh1b1t1on

=

of--the convers1pn of E]-P to EzeP‘wh1ch isa magnes1um dependent process N

~ (Hexum, 1974). However more recent evidence suggests=that some conformaF

e

t1ona1 restra1nt common to both part1a1 reactwons of - the enzyme (i e';»'”

‘, kinase and phosphatase) 1s sens1t1ve to z1nc (Gette1f1nger and Slegel
s 1978) Inh1b1t1on of Nat -kt ATPase by 21nc wou]d therefore a]]ow an

‘ accumu]at1on of 1nterna1 sod1um and concomltant 1oss of potass1um from

B the myotubes resu1t1ng in depo]ar1zation

The maJorlty of 1mmature f1bres exh1b1ted an: 1ncrease in Gm accomp- ,

- anying depo]ar1zat1on “in the presence of ‘zinc. Th1s response was found

. 'ithroughout development a]though to a 1esser extent in older f1bres. If_m'

There are two possible candidates for this action ofhzinc. viz. sodium

‘external ch]or1de was substltuted to abolish any act1on on- ch10r1de

channels, then the subsequent addition of z1nc produced further depo]arif__

zation accompanied by an increase in G_. in preliminary experiments. ;-
- . Y ! .

N

N ‘ '] ' . [] * \
or calcium. Most of the evidence favours an increase in sodium conduct- ;éb'

ance since Begenisich and Lynch (1974) found that internal perfusion of



O s
- zinc caused a'20-30ﬁmV depo]arizatton of'squidlaxontwhtch was reversed"

‘ by the 1ncIu51on of TTX 1n the bath1ng medium. F1nd1ngs d1stussed in

| subsequent chapters demonstrate that in ch1ck muscle 1n cuIture there ts
no ev1dence of a rest1ng ca101um'conductance (Chapter VII) but that there
’1s a substant1a1 rest1ng sod1um conductance 1n 1mmature f1bres wh1ch d1m-
‘ 1n1shed dur1ng maturat1on (Chapter VIII) F1bres wh1ch exh1b1ted an, in- (
'-_crease in G wgre most numerous in. the ear11est cu]tures suggest1ng that'

: :1n these flbres zinc 1ncreases rest1ng sod1um conductance

An aIternat1ve postulate 1s that z1nc may 1ncrease rest1ng membrane

jﬁf,conductance by act1vat1ng the trans1ent channeIs present in the myotube o

'“7smembrane and ma1nta1n1ng them in’ the open state In the 1mmature myo-'

;stubes th1s wouId a]low both sod1um and ca1c1um to enter ‘the f1bres s1nce'
1'7ear1y regenerat1ve act1v1ty 1s apparentIy dependent onh both 1ons (Land
'; et aZ 1973) and 1n the more mature f1bres the ca1c1um component 1s

- 'Iost The reversa] of the act1on of z1nc by TTX in squ1d axon wou]d sup-,vib

| ;'port th1$~v1ew However on the bas1s of the preI1m1nary exper1ments re-"

-ported here, it is 1mposs1b1e to resoIve the two, mechan1sms The 1ncon-_':

-,\

trovert1b]e concIus1on rema1ns that the Iack of spec1f1c1ty of actlon o

'*-,(makes 21nc an unsat1sfactory antagon1st of ch]or1de conductance in deve1—5

.op1ng myotubes

3. <App]1cat1on of Anthracene 9-carboxy11c Ac1d

'Anthracene-9-carboxy11c ac1d exh1b1ted cytotox1c1ty s1m11ar to a]though

Iess severe than that observed with ztnc and wh1ch was aIso prevented by _f'"
the add1t1on of’ verapam11 ' Presumably this act1on is associated with an (
_nncreased influx of ca1c1um aIthough the mechanism by wh1ch it is brought

. about may not be the same for the two agents. 9-AC produced different
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"effects'on E and'Gm=depending on the'age of theﬂmyotubes under invests
'°q1gation and on whether chioride was or was not present in the bathing

v-fTuid Discu551on of the actions of 9 AC in immature fibres is de]ayed '
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f untii Tater (Chapter IX) and only the effects on myotubes of 5 days and o

R S

oider are. con51dered here

The application of 9- AC in BSS to these fibres produced a reduction

‘in Gm which was 51m11ar to that found upon repiacement of: externa] chior-'

¥

ide by 1mpermeant anions (Figures 25 and 26) ThTS was accompanied by a S

f}tdepoiarizatnon which was progre551ve1y reduced on succe351ve days until
i:by the tenth day of cuiture no depoiarization was ev1dent Biockade f

‘:either of potassium or chToride channe]s is p0551b1e to account for the

"-__‘Jreduction 1n Gm The former mechanism was specificaliy exc]uded since 1

3:the addition of 9-AC to fibres b]ocked max1ma11y by TEA produced a further,

'”'V.reduction in both E and Gm Therefore in chick pectorai muscle 9 AC ,“ i

'“'3tblockS on1y ch]oere channels from the fifth day of cuiture onwards

The progressive reduction in the depoiarization on consecutive days
r'caused by 9-AC 1s not readiiy expiicabie aithough it was ‘a consistent
jfeature.of thevdrug s action It can a]so be observed in the experiments |
With TEA (Figure 29) The most mature myotubes resembTe adult mammalian
.‘muscle sincevaciarge reduction,in resting,membrane conductance with no,_;:

accompanying alteration;invEm has been reported for 9—AC‘(bryant and Mor-

?aies-AguiTera.'1971- Palade and Barchi; 1977b) If, in immature myotubes;h'

- chioride assists in detennining resting membrane potentiai possibiy by

providing a counterion for the maJor cations then bTockade of free chToride'

-movement by 9-AC wouid produce depoiarization. " As the myotubes mature,:

and the Pﬁa/PK’ratio-faTTS; then’the membrane potential would become Tess
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dependent on chioride and more dependent on the distribution of cations
9-AC wou]d therefore cause 1ess and 1ess depoiarization as myogene$is

i proceeded . | | | | §
In the absence of chioride 1ons, n-AC causes the oppOSite response E
-“7;to that described above i.e. ’hyperpolarization and an increase in resting
membrane conductance This°action can only be attributed to an increase |
in potaSSium efflux from the fibres This may occur through the norma]
o’potaSSium channe] since c]oseiy re]ated aromatic carboxylic acids in-

‘~crease resting potassium conductance in goat and rat musc]e (Bryant and

» i"raies-Aguiiera, 1971 Pa]ade and Barchi, 1977b) \ If this were the

case A en 9-AC'wouid be expected to produce a 1esser effect on Gm 1n the

rvfngresence of chioride than in its absence which ev1dent1y did not occur e mTi_,

- (Figures 26 and 28) However if pota551um was effiuxing through the
chloride channel then this wouid account for the observed resuit Norm-;,,‘}_h
'~a11y pota551um would not exit by this route because of mutuai repulsion

between the ions and fixed positive charges postuiated to 1ine the a"

g chioride channei This wouid no 1onger app]y 1f 9 AC were bound to

r”fthese 51tes thereby neutraliZing them Potassiwn.fiid then 1eave the o
o myotubes under the influence of its concentration gradient by this ».:’
»route - This effect wou]d not occur < 4n normai medium ‘because of the com-
- petition between 9-AC and ch]oride 1ons for these hypotheticai binding l
‘ sites Anthracene 9-carboxy1ic acid is a more spec1fic antagonist of
'Zch]oride conductance in deveioping myotubes than zinc and produces sim- ’
M‘rilar estimates of gC1 to those obtained by removal of chioride from the :
bathing soiution However it is not compiete]y specific especia]ly 1n“{'~_
“the more immature myotubes and should therefore be used so1e1y fOr con- |
;*._firmation of repiacement experiments. T

RCR



: VII. EFFECTS OF MULTIVALENT CATIONS REPUTED TO AFFECT CALCIUM CONDUCTANCE

‘ A. ' Introduction o

There is no ev1dence that adult. excitabie membranes maintain a :,:.C}
| (resting conductance to caicium but its 1nf1ux is increased during activ--
1ty (Hodgkin and Keynes, ]957 Fatt and Ginsborg, 1958 Bianchi and -

f;shanes, 1959 Hagiwara and Naka 1964 Baker et aZ 197]a, 1971b Stan-?

o *fieid 1977) ' In musc]e cuitures ca1c1um dependent regenerative activ-- N

;ity has aiso been reported (Land et aZ 1973 Kidokoro 1973 ]9753’,.'~‘ ~
i 1975b Kano and Shimada 1973 Kano and Yamamoto 1977) work reported f}

':~;§in the prev1ous chapters reveais that, 1n 1mmature chick muscie in tis- R

| i:_sue cuiture there is an 1nitia1 1arge résting membrane conductance

't”which is- on]y partialiy attributab]e to potassium and chioride "The n-fy:.i»

;'“agt'remaining unidentified conductance (about 0. 35 mScm 2 on day 3 deciiningfjt(V

oto 0. 2 and-O 05 mScm 2 on. days 4 and 5 respectively) apparentiy disap-

- pears over a 2 to'3 day period in cu]ture since 1n cuitures from day. 6 -fbﬁf

‘1 onwards the contributions from potassium and ch]oride account for the
'tota] resting membrane conductance |

To 1nvestigate the nature of this conductance, experiments were

.'p performed using three muitivaient cations which biock caic1um currents e

e - in exc1tab1e membranes vtz manganese cobait and 1anthanum (Reuter,

1973) Measurement of membrane conductance in the. absence of externai ,
ca1c1um was impossibie due to irreverSibie membrane damage foi]owing

'_ penetration by the recording eiectrode (Dryden, Fambrough personai com-a
(.hmunications) ' Externai caicium was not removed 51nce it is essential
.for the maintenance of membrane integrity as a counter ion for the sur-:

i';,face negative charges on the membrane (Giibert and Ehrenstein, 1969)

158
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| ‘B,  Results v _ , R .
The poiyvaient cations were added to the BSS to a finai concentra-
‘tion of 2 mM in the presence of 1. 8 mM caic1um This concentration was

e-msufficient to aboiish siow regenerative potentials generated by appiying

i 100 msec depoiarizing puises to 3 or 4 day oid fibres which had been |

hyperpoiarized to a hoiding potentiai of -80 mV by the passage of a steady
"ffinward current These siow regenerative potentials in immature cuitured

"'fmuscie are due to inward ca]cium movement ( idokoro 1973 1975a, 1975b

tfft?Kano and Shimada, 1973 Fukuda 1974)

Figures 31 and 32 1iiustrate the effect of 2 mM C0012 on membrane -f '

"5f:potentiai ( ) and conductance during myogenesis Cobait depressed E at ' f‘ |

'”eiiaii stages of deveiopment but to a 1esser extent 1n young fibres (days 3

’VGito 5) “The sequence of deveiopment of Gm proceeded as described previous- _1.f'_fh

‘3"(1y (Chapter IV) and was unaffected by the divaient cation (Figure 32)

Simiiar data was obtained when 2 mM manganese was- used (FigUres 33 and 34) |

‘_aithough a marked hyperpoiarization was observed on day 4 Membrane con-'f.ﬁ

‘th ductance was reduced by 0. 4 mScm 2 when manganese was appiied on day 3

i ,rbut this was not significantiy different from the controi (P > 0 05)
| Figures 35 and 36 show the- action of the trivaient catiOn iantha—~‘:
f'num on E and Gh which did not produce the same resuits as the other T
“two ions. Membrane potentiai was depressed at aii stages of deveiopment
itfaithough on day 4 the depoﬁ@%ization was not 51gnificant when membrane
: ‘copductance was caicuiated it was found that Gm increased in the pres- :
~ence of 2 mM ianthanum in contrast to the diva1gnt G%tions The increase
- was most mark@d n the immature fibres (day 3 - 1 7 mScm -2 day 4 - 0 33

mScm -2 day 5 - 0 12 mScm'z) but then deciined to an increase of around .

,fo 06 mScm 2 in the o]dgg%fibres days 6 et 8eq ) R :‘[},Vi-_'ji‘

B R Vo
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| Fig.f31;

f‘.culture Contro1 values (O) were measured 1n BSS and the -

Restmg Membr'ah‘e P'otent'ial_‘ (rmn'V"')

s B [

Effect of coba]t on E during deve]opment of chlck musc]e 1n

membrane potentia]s of the same ceHs were then measured 15

}' minutes after changeover to 2 mM Co medium (0) Each point
v}};is the mean SEM of 30 observations Each test point 1s sig-
'_"‘nificanﬂy dffferent from the contr01 at P <. 0. 001 (Student s :J B
"v'pafred t- test) unless othermse 1nd1cated - * P < 0 02

P < 0.01; i P < 0, oos



" Fig. 32,

" Membrane Conductance (mScm™2)
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Age of Culture (Days) S

'Effect of coba]t on qn dur1ng deve]opment of chtck musc1e 1n fe"
vculture | Contro1 va]ues (C)) were measured in BSS and the
g }_test va1ues (0) were. measured in the same ceHs 15 minutes

after changeover to 2 mM Co- med'lum Each po1nt is. the mean t] : f

_ 'SEM of 30 measurements AH points are non signiﬂcant (P

e

0 05 Student s paired t test) The fibres were the same as

- inFig. 3l
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“Fig. 33.

Resting 'Mer‘nbra'n'e Potemtial (mV)

60}
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!\)
.h
CI)
o

Age of Culture (Days)

o membrane potent1a1s of the same ceﬂs were then measured 15

‘",1;‘.’15 the mean SEM of 30 observations Each test point is sig-’r'_

: mficantly different from the control at p. < 0 001 (Student S '}

| Jminutes after changeover to 2 mM Mn medium (0) Each point

o paired t- test) un1ess otherwise 1nd1cated L P < 0 005
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.Effect of manganese on E dur1ng development of ch1ck~ muscle

: f"m cu1ttFre Control va]ues (O) were measured 1n BSS and the
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‘Membrane C‘o'nd"uct'anc.e (rpScm" 2)

Hg W

1n cu1ture

after changeover to 2 mM Mn- medium. Each po1nt is. the mean

t‘-

SEM of 30 measurements All points are non significant (P

0 05 Student s paired t- test) The fibres were the same as. }_.‘“"q

in Fig 33

B SR LY - N : Lo oo . ° : . .

Effect of manganese on Gm during deve]opment of chick musc]e .Vﬂr

Contro] values ((D) were measured in BSS and‘thefhh:ffl
o : S

test va]ues (0) were measured 1g the same CeHs 15 minutes ’\’; i
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Resting Membrane Potential (mV)
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Age of Culture (Days)

g

ng, 35. Effect of Tanthan”dm»on E durihg de?e_l_opment of chick muscle
B in c_ulture. Controi Qalues ‘(O) were measured 1h_ BSS and the
membrane potgen“tials of the same ceH‘s were then measured 15 |
minutes afteruch'ang/eover’ to 2 mM La medium (@). | Each point
s the mean 2 SEM of 30 observations.  Each test poih‘t is sig-
n_ific';ntly different from the control at P < 0.001 (Student's -

paired t-test) unless otherwise fndicated. , ‘ l



165

4~
C\:)\ -

€ 3¢+
O
v CD
L E
- )

Q Fa)

Q #
3

S 2
=
c
o
(@)
o
c
®©
| .
g

S 1r
p

L P | PR S ]
2 4 6 8 10

: A_ge of Culture (Days)’

Fig. 36. Effecj: of lanthanum on Gm during development of chick muscle
in cu]tu're. Control valu.es‘ (O) were measdred in BSS ana the
test values '(Q)‘ we;re measured fn the same cells 15 minutes

- after changeover to 2 mM La medium. Eac_:’h point is the ;ean +
SEM of 30 measurements./- Each test point is s'ign'i.ficanﬂy |
'vdifferent from the cortrol at P < 0.001 unless othefwise in-

dicdted (Student's paired t—test).v The fibres were the same

as in Fig. 35. * P < 0.005.
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C. Discussion

The three multivalent cations caused depolarization throughout devel-

opment of chick muscle in culture although on one occasion manganese
‘“'ceusedvhyperpo]arization Neither diva1ent cation affected resting mem-
brane conductance as opposed to 1anthanum which produced an increase in

Gy throughout development. This increase was greater in the more immature
myotubes. Because most investigators have employed these agents solely

to suppress regenerative potentials there~is little comparable data;for
resting membraﬁe parameters (Reuter, 1973 Land et al., 1973; Kano and

&
Shimada, 1973; Fukuda, 1974) . D

Since the depo]arizationvcaused by manganese and cobalt was ‘unaccomp=-

anied by a concom1tant a]teration in Gm this suggests that the reduction
in Gm 1s not mediated by membrane ion channe]s and a]ternatlve mechan1sms
- must be sought. One such proposal is the d1sp1acement of membrane bound
calcium ions leading to an increase in intracellular calcium levels
(Stefani and Uchite],‘1976; Terakawa et al., 1977). E1evatton of internal
calcium may produce depolerization in imhgture fibres uhere the SR is not
well deve1oped (Ezermen, 1968) but in the more mature: fibres the excess
calcium uould'be taken up by the.SR} An,jncrease in [Caji'would be evi-
dent etther as contracture or membrane hupture (Chapter VI). However |
membrane integrity was unaffected%hy either manganese or cobalt.

| A more viableﬂalternative is inhibition of'Na+-K+ ATPdse, Both jons
pcoduced 20% enzyme inhibition at 200 uM by competing with magnesium
(Prakash et al., 1973) Since’ ten times higher concentrations of both
ions were used then 1nh1bition of/ﬁf -K ATPase may acco Int for the ob-
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reflection of the relative immaturity of the myotube membrane,since no .
depolarization has been reported in adu1t excitable membranes i.e. frog
and barnacle muscle, squid axon, or PurkinJe fibres (Neak1y, 1973;

. Ch1arand1n1 and Stefani, 1973; Hagiwara and Naka31ma, 1966; Terekawa ,

et al., "1977; Vitek and Trautwein, 1971). The Na *xt ATPase in chick
myotubes in culture may differ from that found 1n adu]t t1ssue by being
either more susceptible or acce551b1e to the action of manganese and co-
balt. There is general agreement however that the divalent cat1on antag-
onists of ca1c1um 46 not affect the rest1ng membrane conductance of ex-
c1tab1e membranes. This is consistent with the present observat1ons and

indicates that'there is no rest1ng ca]cium conductance present during

myogenesis of chick pectora1 musc]e in vitro. ‘ R ' ‘ﬁﬁk,

Lanthanum d1ffers from the two divalent cat1ons since it causes de-

1

-po1arization accompanied by an 1ncrease 1n resting membrane conductance.

{

Being 9 tr1va1ent cation, it is more strong]y e1ectroposit1ve than either
mangane;e or cobalt. This difference has been suggested to account for
the increased potency of 1anthanum as a channel b]ocking agent (Neiss,.
1974) and as a screen1ng agent of membrane surface charge (Hagiwara and
Takahashi 1967) 1.e. the superca1c1um of Takata et al. (1966). Lanth-
anum st1mu1ates the Spontaneous release of btogenic amines from nerve
term1na1s and secretory . cells (Weiss, 1974) .This has been postu]ated to
be caused by the disp1acement of membrane bound ca1c1um from superf1c1a1
binding sites. Such a mechanism has been demonstrated in adult and tis-

‘sue cu1tured heart muscle (Sanborn and Langer, 1970; Langer -and Frank

1972) If 1anthanum 1s simi]ar1y disp]acing “calcium from chick myotube
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membranes, then the disruption of the menbrane “architecture may be pro-
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. However, it appears that ca]cium does not contribute to the resting

ducing a, non- spec1fic increase in membrane conductance and a concomitant
depoiarization rather than an alteration in the conductance of one Spec-

'1fic ion channei

An additiona] component of the depoiarization may come from inhibi-

tion of Na ot ATPase since 1anthanum has been reported to cause maximai

11hh1b1tion of the enZyme at 100 WM in an aduit heart preparation (Nayior
* and Harris, 1976) Depo]arization caused by 1anthanum has been observed

1n crayfish giant axons (Hartz and U]bricht 1973) nd guinea pig pap11-

1ary muscle (Ravens, 1975) aithough it is not a generai feature No de-

po]arization of L6 cione musc]e was observed upon appiication of milii- ,b

molar concentrations of 1anthanum and membrane conductance was reduced

' (Kidokoro, 1975b) . The discrepancy between these and the present re- ’

sults may be due to species. difference or to the e1ectrophy51ologica1

differences between the clonal Tine and primary cultures (see Chapter I,

"Section‘B);‘ An e]ectrophysioiogical differencearatﬁer than a species,

difference is indicated by the observation that‘1anthanum'caused‘signif;

icant depoiarization of primary cultures of rat cardiac muscle (Kitzes .

and Berns, 1979). | 5 o ;

45

In smooth‘ cardiac and skeietal'muscie the movement of "“Ca is re-

»

duced or prevented by the three multivalent cations empioyed in- these .
experiments (Van Breemen, 1969; Godfraind, 1976; Langer et aZ., 1975; -
Langer and Frank, 1972) It wouidsbe expetted therefore that if there

was a significant contribution from calcium to resting membrane conduct-

-Jance in chick skeieta] muscle during myogene51s then that portion of Gm

should be reduced by the appiication of one of the multivalent ions.
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O ductance present in immature fibres
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‘membrane .conductance during the differentiation of chick muscie in cui-

.

E ture and therefore that it. does not contribute t0 the unidentified con-'
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VIII. EFFECTS OF AGENTS REPUTED T0 AFFECT SODIUM CONDUCTANCE

tl-A. Introduction _ |

ve' In adult skeletal muscle the presence of a resting sodium con-i- |
ductance was not conSidered until 1949 (Hodgkin and Katz), although the.F'
importance of potassium in the determination of resting membrane potent-
1al “had been recognized since the turn of the century (Bernstein, 1902
1912) The membrane permeability to sodium of frog muscle was calculat—

ed to be 0. 013 that to pota551um (Hodgkin and Horowicz l959a) This S

- was later extended to nerve based on the observation that the applica- o

“', tion of TTX to resting squid axon produced a small hyperpolarizat10n "1..‘4‘

’ (Freeman l969 Narahashi, l972)

Several workers have 1nvestigated the resting permeability to sod-

'_ium of muscle in tissue culture Dryden et aZ (1974) obtained an esti- 3

mate of P /PK in chick myoblasts of 0 9. which subsequently declined to
0. 43 in 5 day myotubes This indicated that the fibres became relative- v

| ly less permeable to sodium during myogene51s A similar reduction in

Py /PK has been reported for primary cultures of rat muscle (Ritchie and B
Fambrough 1975) In sodium replacement experiments, Kidokoro (l975a) |

found that the resting membrane potential of L6 clone myoblasts and myo-

“a

tubes was unaffected However in primary cultures of chick muscle, de— S

polarization was observed when sucrose was used to replace sodium and

. chloride (Dryden et az o l974) Myoblasts and early myotubes were lit-
. tle affected but the depolarization increased progressively as the fib-
: res matured Since both Na and C1 were replaced in this study the two

reports ‘are not directly comparable but are not incompatible. T

To investigate whether there is a contribution from sodium to

oy e . vu
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resting membrane conductance in primary Ch1Ck muscie cu]tures a sodium-"

free soiution was prepared (Soiution D) Resuits obtained using this

' soiution were compared with the unidentified conductance present in 1m->"
'ff_mature fibres which couid not be attributed to any of the other maJor

1ons Experiments performed with verapamii are reported here 51nce ver- ;e 13:

)apamii produced a simiiar reduction of resting menbrane conductance to

.'that observed with soiution D. A]though verapamii is known to biock

i

}“siow current channe]s in exc1tabie membranes (Reuter, 1973) its anaiogue
: S

i 0600 (methoxyverapamii) has recentiy been shown to affect the tran51ent

L ﬁ'sodium channe]s 1n heart ceii cultures (Gaiper and Catteraii 1978)
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The effect of TTX on 3&? resting membrane parameters of chick musc]e in ; L

f?) cuiture was aiso investigated since 1t biocks resting sodium conductance L

:'1n squid axon (Freemgh, 1969 Narahashi, 1972)
o Fina]]y in order to. characterize further the deveiopment of - the
,transient sodium channei in cu]tured musc]e experiments were perfonned

‘;"with two agents known to a]ter the kinetics of channei gating in aduit |

_membranes These are veratridine and condyiactis tox1n (CTX) In Hodg- :
kin- Huxiey tenns, veratridine opens the transient channeis of nerve and
: ”‘}skeieta] musc]e (1. e'”opens the m3 gate) and then maintains them in the. |

‘ractivated state by preventing ‘the inactivation mechanism (h gate) from pi‘”

-‘ciosing the channeis (Shanes, 1958 Uibricht and Flacke% 1965) Catter-

all and Nirenberg, 1973) CTX on. the other hand requires prior activa- .

tioh of the transient sodium channe]s (in 1obster axon) before it can o

I

,_‘p then act to prevent oit markediy siow 1nactivation (Narahashi et aZ T
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B, Results

1. Resting Menbrane Conductance

[+

',In these experiments, replacement of sodium by sucrose was not possible :f

c(

?;since sucrose 1s a non-electrolyte and therefore cannot carry current e

during estimation of input resistance Furthermore ion replacement by a . ‘

non electrolyte necessitates replacement of the counter ion i e chlor- :_.""

-

= ;1‘ide which would complicate the analysis of results Therefbre choline

"T.flacetylcholine receptors, 10

"r‘ine chloride solution (Solution D)

L

“was used to replace sodium To prevent choline from inactivating the ft f '

e

3M d-tubocurarine was included in the chol- 'f

Figures 37 and 38 illustrate the lack of effect of 107 M‘d tubGCUre‘L )

xf;iarine alone on resting membrane potential and resting membrane conduct-

" ance The next two figures show the effect of replacement of external

= at all stages of development but membrane conductance was reduced only |

"on %he first three days of the experiment i €. days 3 to 5 inclusive

‘rsodium by choline on both parameters Membrane potential was depressed

"-r(Figures 39 and 40) Thereafter membrane conductance was unaffected by

' _fremoval of external sodium The magnitude of the conductance which was :

e

’-blocked by the choline chloride solution was 0 43 mScm ? on day 3 0 l3

5N°mScm

-2 -2

on day 4; and 0. 05 mScm on day 5

I lo'7M tetrodotoxin was included in the BSS no significant alt-

7eration in either membrane potential or resqsag membrane conductance was
' found throughout development (Figures 4l and! 42) h R L
o Verapamil at a concentration of 5 x lO M (McCall 1976) caused

i‘fﬁdepolarization on all days except day 4~ag§ lO when membrane potential

L b 7

b iV .

ffipfwas not significantly affected by exposure to the drug (Figure 43) l‘;4ejil“
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Fig. 37.- Effect ﬁ?'t“bﬂ
N }muscle 1n cu]tur

"and the membrane potentials of the same ceHs were then meas- , :',

ured: 15 minutes after changeover to ‘BSS contaimng 10 M

e Ao

d- tubocurarine (Q) : Each polint 1s the mean + SEM of 30 ob- .,

't

. ,-servationsf_ Test measurements were not significantly differ-

:"-"\ent from the contro1 (Student s paired t- test)

. T B . ; ; : :



Fig. 38.

O points were not: significantiy different from the controi (Stu- ;

: M:err_ibrécn_'é-‘-'Conduc_.ta_ricé,('m'Scm*?.)' S

'-_Effect of d tubocurarine on q“ during deveiopment of Ch'le

7

BNt

~ Age of Culture (Days)

'.’”muscle in cuiture Controi vaiues (O) were measure& in BSS

and the test values (Q) were measured in the same ceHs 15

-3,

minutes after changeover to BSS containing 10 M d tubocuqar-

ine Each point is the mean b2 SEM of 30 measurements Test

s _dent's paired t-test) The fibres were the same as in Fig 37
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. _Fig. 39;
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Effect of choHne ch1oride p1us 10 3

'opment of ch1ck musc]e in cu]ture Contro] va1ues ;(O) were :

.,_}E‘T_measUred 1n BSS and the membrpane potentials of the same ceﬂs B

P

| ‘w.fwere then measured 15 m1nutes after changeover to chol'ﬁ'e

,;mean 1 SEM of 30 observations Each test point 1s signiﬁc- -

- paired t test

chloride p]us 10'3M d-Tc (So1ution D) (O) Each point"ls the, -

‘: -antly different from the contro] at P‘< 0 001 using Student s e

M d- TC on E during deve]-',f' R
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Effect of @hoiine chioride pius 10 3M d-TC on Gm during deve]-.j'

‘*i"-;‘opment of chick muscie in cuiture Contro'l va]ues (O) were

" '-“]*measured 1n BSS and the test vaiues (0) were measured in the- i

'plus 10 3M d-TC (Solution D) Each p01nt is the mean 1 SEM of‘- o

¥

same ce'l'ls 15 minutes after changeover to choiine chioride

- ';1730 measurements Test points were not significant'ly differentA'_"_:'_:_~7"»}_':-A‘. ’

"from the contro'l (Student $ paired t test) unless otherwise el

| "7;;indicated X P <0, oos . P <. 001 The fibres were the ,;ﬁhfii L

?'same as in Fig 39
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‘ thé membrane potentials of the same ceHs were then measured -

Ty TTX in BSS (0) Each

-' f--v,f:not significant]y different from the contro] (Student s paired
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Effect of TTX on Gm during development of chick skeletal mus-

cle in culture. Control values (O) were measured in BSS and

the test values’ (@) were measured in the' same cells 15 min-

7

utes after'changeover"'to.w' M TTX in BSS. Each point is the

mean + SEM of 30 meaéurements. ‘Test points were not signifi-

[y

~cantly different from the control using Student's paired

t-test. The fibres were the same as in Fig. 41.
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Fig. ;43. Effect Ao‘f verapanﬁ] on Em during development}l of chick musct1eh
fn cul‘tﬁr‘é. Control values (O) .were measured in BSS and the
membrane potentials of the-same v‘ceHs were then measured 15
minutes after changeover to 5 x ,TO'GM verapamﬁ HC1 in BSS
A(.).‘ Each point is‘t‘he mean * SEM o’f' 30‘.o‘bser'vat1'ons. I\Eachh
test poi\,‘nt is sighificanﬂy differér/lt‘from the control at P <

0.001 (Student's paired ¢-test) unTess otherwise indicated.
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' d1ne However from day 6 onwardg a marked 1ncrease in membrane conduct-

, :
.. s ¢

”

However membrane conductance was.reduced‘by 0.35 mScm"? on. day 3Aand by -

0.17 mScm'Z on day 4 (Figure a8). A non-stgniffcant reduction of.0.01
mScm”™ -2 was observed on day 5 but thereafter the addit1on of verapam11
did not a]ter restfng membrane conductance Th1s effect was simi]ar

both in ‘magnitude and durat1on to that seen when externa1 sodium was re-

p]aced by choline. Accord1ng]y, the effect of verapam1T”bn immature -

*“erna1 sod1um was rep]aced by choline

myotubes was examined after

Membrane potential was un-rfected by verapam11 on day 3 (Figure 45) and
on days 4 and 5 a small 5 mv. depo]ar1zation or hyperpo]ar1zat1on occurr-
ed. On day 6, there was-a 7 mV. depolar1zat1on whern verapam11 was added
to the cho]1ne chﬁoride solut1on After restlng membrane conductance
had been reduced by the sodium free solution ‘the add1t1on of 5 x 10'6M

verapam11 produced no further a]teration in resting membrape conductance

(F1gure 46) By day 6, remova1 of externa] sod1um and verapami] alone

U
d1d not affect membrane conductance so the. combination of ‘the two was

expected to have no effect on membrane conductance as 1ndeed occurred

[N

*

‘“\ 2. Trans1ent ‘Sodium Channe]

10 5M veratridine hydrochTor1de taused 5-10 mV depo1arlzation in young

'f1bres up to the f1fth'day of culture (Figure‘47) ‘Thereafter-a marked -

30 mV depo]arizat1on was observed upon addﬁt1on of the drug In young '

‘f1bres, membrane conductance was unaffected by the add1tion of veratri-

ance occurred on the addition of veratr1d1ne of about‘0.5~mScm 2 with .a

'peak increaSe on day 6 of 1 .LomSem” (Figure 48).

Condy]actls toxin (CTX) was applied to 1ndiv1dua] fibres by micro-

perfusion of a 0.2 mg/m] so1ution in. BSS In contro] experiments BSS
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’ . Fig.' 44, Effect of verapamil. Sﬂn‘ Gm during deye]ppment,o_f_‘ ch“i‘ck niﬁsc*r'e
| 1nv_c"uT.>ture_. Control values (O) Qete measured 1n‘BS‘S and the
- test va'lues‘(O), were measured in the same ce’l1§ 15 minutes |
: a'fter chanti;feover to 5 x '|0- verapamil HC1 in BSS."Each point.
is the Iﬁean SEM of 30 measurements Test' p%'ints Qere not |
,signiﬁcant]y different from the contro1 at P> 0 05 us1ng |
'. Student's paired t-test unless otherwise 1ndicated ‘The fib-

P

res were the,‘sam_e as in Fig. 43. % P < 0. 001 T -
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Effect of remova] of externa1 sodium and then verapamﬂ plus

a

zero sodium solution on E during ear]y deve]opment of clﬁck

A}

muscle in culture. Control. va]ues (O) were measured in BSS -

and the membranel‘potentiais offt'he sarne cells. were then meas- -

_’Ured 15 minutes after changeover to chohne ch]oride plus

3M d: TC so1ut1on (0) The same f1 bres were then tested .

'jagain 15 minutes 'after changeover to chohne chloride and, ‘

-3

107°M d-TC so1ut1on p]us 5x 107 by verapamﬂ HC1- (l). Each

--4

‘point is the mean t SEM of 30 observations Each test point
‘1s significantly different from the contro] and from each oth-

" er on the same day at P < 0.001 (Student S paired t- test) un- -

less otherwise 1nd1cated *P < 0. 02 **P < 0 01 Hexp ¢ 0‘.005.‘
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Fig. 46.

: after changeover to choHne ch]omde and 107

: plus 5% 10 V6M verapamﬂ HC] (I’).v Each point is th\e\ean"

Effect of remOVa1 of external sodium and then verapamil p]usy |

- zero sod1um so1ut1on on Gm during early development of chick

~muscle in cu]ture Contro1 va]ues (IO) were measured in BSS. |

and the test va]ues .(.0) were meaSUred 1n the same ceHs 15

'minutes after changeover to cho]ine ch1or1de p1us 10'3M d-TC

- .solution The same fibres ‘were then tested again 15 minutes |

-3

‘ 'SEM of. 30‘me'as'urement.s Each t/es’t\pomt is s1gnif1cant1y dtf-.'

v-ferent f'rom the contr01 and frt}m éch other on the same day at

: P < 0.001 (Student S pa1red £- test) un]ess otherwise indmated .
* P < 0 005 The f1bres were the same as in Fig 45

¢ ©

M d-TC so]ut1_on o
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'Effect of veratridine .on E dumng deveh?prgent of c¥nck musc]e

'_1n cu1ture Contro] va]ues (O) were measured in BSS and the

.;'membrane potent1a1s of the same ceHs were then measured 15

_minutes after changeover t 10 5M veratr1d1ne HC1 1n BSS (0‘)

\ :'..Each point is the mean SEM of 30 observations Each test

point 1s significantly different from the contr01 at P < a. 001

::'using Student s paired t test unless otherwise 1nd1cated S Y

SR < o 005.

B :.' L
. (‘\_\ )
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10

Membrane Conductance (mScm-2)

e'tfjégt4$$ »Effect of veratr1d1ne on Gm dur1ng deve1opment of chick musc]e eéejf:a"
SO ’}?i1n cu]ture Contro] values (()) were measured 1ﬁ BSS and theA:‘
‘test va1ues (0) were measured in the same ceHs 15 m1nutes
.m‘”; fafter changeover to JO 5M veratr1d1ne)HC1 in BSS Each po1nt’:a
dﬁ:,f}detpe mean + SEM of 30 measurements Each test point 1s sig-},v:'"'
‘ vn1f1cant1y different from the contro1 at P < 0. 001 (Student s o

e,ﬁpaired t- test) un]ess otherwise 1nd1cated The,fibres.were_d.~f -

O ,the same as in F1g 47 g ’ft ‘;,‘ S ;ff*’r'xt‘d’ -
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B alone was applied to indiVidual fibres When.appiied to fibres Which‘ﬁ "
had been prev1ously hyperpo]arized to a resting potent1a1 of -80 mV. t% ;.
,av01d the compiication of sodium ipactivation (Hodgkin and Huxiey, . -

.h1952c) CTX producedeepo]arization of most fibres tested during the 20

fsecond‘period of app]ication (Figure 49) during which time 10 u] was |
- discharged to surround the fibre c]ose to the Secording eiectrode [Mem-“;

_ Vbrane input resistance was monitored by the passage of constant current

3 puises suffic1ent to depo]arize the fibres to -40 mv- at a rate of one

:-per second In oider fibres the current strength was - adJusted to prod-

'vuce a depoiarization JUSt be]ow threshoid for that fibre Depoiarizing

| current puises were used to‘activate the regenerative mechanism if it

rvwas present 31nce CTX does not produce any effect without prior actiwz
ﬁﬁ;;tion of the tranSient sodium channe1 (Narahashi et aZ .3 1969) Depoiar-~»“¥§i‘
i':fiization occurred and membrane re51stance was reduced by CTX but both re-»~-tf"
; <:sponses were more pronounced 1n oider fibres than 1n younger fibres : |
'f;;Often the appiication of tox1n caused the generation of an action poten- i; ;j'i”vf
gtiai - again 1n oider fibres rather than in younger fibres When CTX !
;produced no response 1n young fibres (3 to 4 days oid), no ev1dence of
w_iﬁregenerative act1v1ty in such fibres/yas found The app]ication of BSS
~e?falone produced either no change in mﬁmbrane potentia] or a. siight hyper- .
','polarization and membrane 1nput 51stance was unaffected (Figure 50)
- The effect of CTX on the immature regenerative system was studied
'f_and in 3 to 5 day old ceiis, the aPPiication of the tox1n produced an A”v" el

‘1ncrease in the rate of rise of—the regenerative response (Figure 51)

-iThe effect on action potentiai generation was not 1tse1f studied since

Vthe application of toxin genera]iy 1nduced the\fl:lpg\ofvan action ‘j

e
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Effect of condy]act1s tox1n .on E dur1ng deve]opment of chick
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'”“?Admuscle 1n cu1ture ’(} } ,ndicates penetrat1on, QJQ app11ca-i”-'f”_{ L

3g‘ft1on of b1as vo]tage to hyperpo]arize tng f1bres to -80 mV

"f(LJ) app11cat1on of 10 ul of 0. 2 mg/m] CTX 1n BSS eJected

?f“vfrom a microperfus1on p1pette for 20 seconds to surround the_ﬁvie_;in” '

”"‘fifibre et the record1ng e]ectrode,. In the 1mmature f1bre on'ul*r

.

c .”"ﬁﬂiand 7, app]ication of CTX 1n1t1ated (\ragfd:depolar1zat1on

gfvstjwithin 5 seconds accompanied by a 1arge reduction in R \The'

-

'sma]] hump observed on day 7 is a sl1ght contracture of the

:;day 3 th1s d1d not sign1f1¢ant1y affect E or Rin On day 4ﬁil;t;:' L
’however app]ication °f CTX Produced a depo]ar1zat1on of thel"}" .

itf1bre after 15 seconds In the more mature fibres on days 5'i,fe"i.f ’

a0

*,f1bre o t:]::zf ﬁfﬂi,f ;-“‘: ) ,“”.v ?}cajf,iuf-"«ﬁ},?‘%fo.lf
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| 'fjftely after app11cat1on in fibres at a]] stages of development S

: "BSS ?ﬂd ft S’9'”‘°1cant1y affect E or R ’during or- immed1a-s-f,

" ?

5'20 seconds to'surfeund the f1bre at the record1n§ \1ectrode

1189

‘Effect of BSS on E dur1ng deve1opment of ch1ck musc1e 1n cu]- S
: ~]’ture ;k &) 1nd1cates penetrat1on, Q&? app11cat10n oﬁ bias ’ﬂ"},f;fffsf[
f}VO]tage t0 hy polar1ze the f1bres to -80 mv (t_j)yapp]1Ca_ it's;"hi”

;'t1on of 10 u] of BSS eJected from a mlcroperfusron p1pette for ~_ﬁf;t



Figt151,

: ; depo]ar121ng current pulse were recorded before and after the&s

'vrecord1ng e1ectrode 'i A 3 day old f1bre wh1ch produced noi

j cat1on of QFX no- a1terat1on 1n the vo1tage change 1n reSponse; iﬂﬁ" ,

a ‘Oﬂ . ‘\., o /.“ f’ _‘._u“"
v o o ) . . . s, ! R

‘Effect of condylact1§‘tox1n on regenerat1ve act1vity of ch1ck

‘muscle in cu]ture Responses to the app11cat10n of a 1001msec

'f_app11cat1on of 10 u] of 0 2 mg/m1 CTX in BSS from a. m1croper-¥‘3

"fus1on p1pette for 20 seconds to surround the f1bre at the :

:, to the same current pu]se occurred A2 A 3 day o1d f1bre

’ Q:ft1ve response than that observed in the 3d
?"was a]so s1ow When the same current pu%si was app11ed afterniia;Qth}}'
Jsr1se of th1s regenerat1ve act1v1ty 1ncreased and a definite g"‘frgj' '

-;~sp1ke was seen

'”“fiwhich produced a small, s]ow regenerat1ve response at the '

o

i~fhe1ght of the depo]ar1zat1on when the,same current pulse

;.ii'“was app11ed afteﬁ>the m1croperfuston of CTX the amp]itude andpp

N ) 3 bl

max1mum rate of r1se of thls regenerat1ve act1vnty was 1n-wvv'/~ o

| w’tfof a depo]ar1z1ng current pu]se, produced greater regenera-ti_h‘
\ f'ibre but which_v‘:‘f‘v:'- |

77_.the microperfus1on of CTX the ampJ1tude and maximum rate of

. o -

’ regeneratlve response to depo]ar1zat1on and after the app11-a*'lﬁ'4 L

creased 3;- A 5 day o1d f1bre which during the app]icat1onevw‘i'n
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potehtﬁa]“fn older ce11s Application of BSS to 1mmature f1bres did not

1ncrease the rate of rise of the regenerative activity.

¢
0 e

~C.  Discussion

Y

1.. Resting Membrane Conductance.

-

i. ' Rep]écement df External Sodium. Rep]aeement of sod-

~ium by”cho]ine resulted in depolariiation and a reduction of resting

-

membrane conductEnce in immature myotubes. The action on G fell pro-

gressively on successive days until by the sfxth déy in culture no al-
‘teration of Gm was detectable. -The depo1ariza£ion observed throughout

. the period of study égnnot simply be predicted by the Goldman-Hodgkin-
) e»

Katz equation from wh1ch a small hyperpolarization wou]dvbe expected.‘ .

It also cannot be attributed to an action on ion channels since the de-
polarization did not decrease during matﬁration buteif anything tended
to increase. Others have observed depolarization of frog, mouse and rat
muscle in ;odium-free‘solutions (DuThunty and Horow1ge 1975 DuThunty,
"]978) and/h%ye proposed that the dépo]ar1zat1on nesulted because potas-~
sium-pereeability was dependent on the<va1ency and‘total concentfation
of cat%ons Th1s postu]ate is not borne out by the present data because
’1f gK were reduced then Gm would fa11 throughout deve1opment - For a 20
mV‘depo1ar1zat1on, the potassium permeability is required"to fall to 2/3
of ite original level (assuming the pther vakfebles in the Goldman-
Hodgkin-Katz equation are not subetant{e11y altered). Since gK is dir-
ehtly@propontional to Py this would mean a feductibn in'Gm'df 0f033

mScm'Z

#

A plausible aIterhative mechanism involves electrogenic pumping of

. which would be detected during the course of these experiments.

192
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sodtum;via Nat-k* ATPase which has an absolute reguirehent:for internal
sod{um to maintain activity (Glynn and Karlish, 1975). If the concentra-
:'tion gradient\for sodiumrwere’reversed, e.g, by substituting externally
with impermeant catfons,,then internal sodium would tend to leave the
fibres. Enough may be lost so that Na*-k* ATPase can no 1onger.function :
adequately to'maintainﬁthe resting membrane potential by.the e]ectrogenic
extrusion of sodium. Sodium activity was found to fall rapidly by 4 mM
within 5 minutes of reducing [Na] to one tenth normat in a crab muscle
’preparatlon which would support this hypothes1s (Vaughan- Jones, 1976)
However membrane potent1a1 was re]at1ve1y unaffected, and Vaughan Jones
suggested that 1f the reduct1on in sodlum activity represented-sod1um |
efflux, then Ehe efflux must be active and coupled to preserve e]ectr1ca1
Aneutra11ty AIn the case of avian muscle in éu1ture however 1t is poss1b1e
that the rap1d depolarization is a resu]t of the loss of e]ectrogen1c
pumping of sodjum against its'concentration gradient. As already empha-
sized elsewhere the 1ack of response in the L6 c]one (KidokOro, 1975a)
| may ref]ect the a]tered ‘membrane in this cell line. Therdepo1ar1zat1on
noted by Dryden et al. (1974) is encourag1ng but cannot be d1rect1y com-
pared with th1s study since both Na* and C1™ were removed from the.ex- |
“‘ ternal.solution Depo]ar1zat1on has now been observed when both 1ons
were reb]aced separate]y (tﬁapter VI), so‘the comb1nation of the two
wou]d a]so be expected to produce depolar1zat1on | o

) The magn1tude of the conductance b1ocked by rep]acement of sod1um
by cho1ine corresponds c]ose]y with the prev1ously un1dent1f1ab1e o i' ‘
conductance observed in 1mmaturevf1bres (0.35 mScm -2 on day 3; Q‘Z,and -

-2

‘_ 0.05 mScm .on days 4 and 5 respectively); Both conductances are noy

”



Tonger detectable after the fifth day in culture. Therefore it appears‘

‘that there is a substantial resting sodium conductance in immature

chick myotubes which diminishes rapidly as resting membrane potential

~ rises and‘is no’]onger demonstrable‘after 5,days in culture. Th1s

wou]d account for ‘the reduct1on in P /P ratio observed by others in

- chick and" rat cultures (Dryden et al., 1974; Ritchie and Fambrough,"

o). | o o
if. Applicatwon of Verapam11 Verapam11 caused a shmklar

\
reduct1on in membrane conductance and. -a similar depo]ar1zat1on although

~

Tess in magn1tude to that obserﬁgg in the sodium»free solution. Depol-

arization is not normaLly observe with p;rapamil (Reuter;'1973) but
this may be a manifestation of the reTative immaturifxg:f the myotube
membrane ?h tissue cu]ture The mechan1sm of action does not appear to
involve membrane ion channe1s since it is unaccompan1ed by a]terat1ons
Cin Gm throughout deve]opngnt An action of verapam11 on Na -K ATPase
“has not been reported or 1ndeed sought and an’ explanat1on for the depo]-
' arvzat1on must awa1t further 1nvest1gat1on ‘ il”

Verapam11 has norma]]y been used to block 1on1c channe]s opened
during activity. in exc1tabTe\membranes which apparentTy al]ow theyno--
gress of ca1c1um (Reuter, 1973) a]though the s]ow current channe] in’
l;card1ac musc]e a]]ows the passage of both ca]t1um and sodlum (F]ecken-
'fste1n et al.; 1969) Because there i3 no ev1dence of a rest1ng ca1c1um
'gznductance in.chick myotubes (Chapter VII) 1t is d1ff1cu1t to accept

that verapam11 is 1nhibit1ng such a conductance

Reduct1on in trans1ent sodium currents by both verapam11 and D600

has been observed in squ1d axon Qaker et aZ 1973a 1973b) and in frog
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and crayfish muscIe (van der Kloot and Kita, 1975) aIthough reIativer:

h1gh concentrat1ons were emp]oyed (10 0™* to 10‘3M) However micromolar

concentrations of D600 reduced ‘the maximum rate of rise of the cardiac

action potent1a1 both zn vivo and in t1ssue tulture (Rosen et al., 1974;

8

Bayer et al., 1975 GaIper and CatteraI] 1978) In add1t10n GaIper and

Catterall (1979) found that activat1on of sodium channels of neuroblast-

i oma cells hy veratridine was inhibited by D600, There is therefore evi--

. dence that verapamil and ‘i¥s methyox}‘derivative"can affect the trans-

jent sodium channel in excitable membranes. Thus it is not inconteiv-

abIe that‘verépamil'may interact with resting sodium channels if these

are present {n the membrane. Because the action ofdverapamil on Gm par-

allels that of replacement of sodium and since it.is prevented by the

prior“removal of sodium from the bathing splution this'supports such a -

mechan1sm VerapamiI‘can therefore compete successfu]]y with sodium for

a rest1ng conductance wh1ch is present in 1mmature myotubes As this o

Vpathway s lost or becomes 1naccess1b1e during maturat1on, then the act-'

b
1oﬁ of verapamil on- rest1ng conductance d1sappears s1mu1taneous]y

R -I"1'1 App11cat1on of Tetrodotox1n Tetrodotox1n reduces

m”rest1ng conductance and causes hyperpoIar1zat1on 19 squid axon - (Freeman,

,1969'»Narahash1,_1972) but it had no effect on either parameter in chick;“

myotubes 1n cuIture However, in this system regenerative potentiaI

‘ sensitivity to TTX does not appear until the sixth day of cuIture Be§
‘fore then regenerat1ve act1v1ty is susceptibIe only to' ‘calcium. antagon— ;

- ists (Chapter III)

Since the act1on of TTX on the squid axon, was attributed to bLgck-
J
aderf resting sodium influx through transient channe]s then it is not

195



-neis The faiiure of veratridine to 1ncrease resting membrane conduct-‘.,

: ,must therefore be because the receptor for the drug (either the m~ A

~itself or a binding site cIoser assoc1ated With it). is not

surprising that the toxin produced no effect i immature fibres - In N

'oider cuitures when the receptor for TTX is/present (Kano and Yamamoto,

Peaad 'g’

1977, Spector and Prives, 1977, Chapter III) there -is no,lQ‘ger a dis-"

'cernabie_resting sodium conductance (vtdb aupra) Therefore- again TTX

0

n would produce no apparent effect on E or Gm However the resting mem-

brane potentiai (e70 mV) of chick myotubes in cuiture as in aduit avian

and mammaiian muscie is Iess than EK (=-90 mV).' Thus there must be an
; . _

influx of_sodiumvwhich apparent]y does not contribute to Gm arid-1s not °

:"biocked by'the appiication of TTX. ThIS route of sodium permeation in

- chick myotubes cannot be through the tran51ent sodium channei

2 /~_T\an51ent Sodium Channei

i; Appiication of Veratridine Veratridine aotivatés

sodium channeis in aduit nerve and muscie (Shanes, 1958 Uibricht and ‘

Fiacke,_]965) and aiso 1n cuitures of both types of tissue (Catteraii

“and Ni”renberg, 1973) Catteraii (i975b 1975c) has further demonstrated
' that th:“’ﬁanneis activated by veratridine are 1dentica1 to those which

-are normaiiy activated by depoiarization i e the transient sodium chan--

ance or to cause pronounced depoiarization in 1mmature ChICk myotubeS‘,

' present

_ 1n the membrane or 1s 1nacce551bie However by day 6 th]S m01ety ap-
pears or. is now functionai because the appiication of veratridine proi

duced 3 iarge depoiarization and a significant increase in membrane con-

ductance It is of interest to note that day 6 is when chick myotubes

first exhibit sensitivity to TTX (see foiiow1ng section)

R

. A



Appiication of CondyTactis Toxin. In contrast‘to

veratridine, condyiactis toxin caused depoTarization and a reduction of
v

dinput re51stance or enhanced regenerative activity in ch1ck myotubes

ithroughout development aTthough the action of. the tox1n on E and Rin

Was not evident 1n the youngest fibres (day 3) As myogeneSis proceeded[

the response to appiication of CTX became more rapid and 1ncreased in

f

,magnitude CTX has been proposed to act at or near the 1nact1vation

-, mechanism (h process) &F the tran51ent sodium. channe] (Narahashi et aZ s

/-

1969) These resuits wouid 1nd1cate that inactivation occurs and the

'receptor for CTX is. avaiiabie for reaction in chick myotubes throughout

-

B maturation in cu]ture The 1ncrease in response to CTX which occurs may

197 .

resuTt from the 1ncreased ion gradient (Dryden et al., 1974 Ritchie andf;}

Fambrough 1975)

From the above data and the known deve]opment of sodium channe]s in. 1(,._,

t

ChTCk myotubes 1n cuTture two aiternative hypotheses for the deveTopmenti :

.e v

7”of regenerative activity can be con51dered One proposes a deveTopmentaT

-8

eTaboration of 51mp1e regenerative channels by the addition of gating

' {moTecuTes The other suggests that these channeis are removed an toto ‘*f;f i

4

'fofrom the’ membrane as a consequence of turnover to be repTaced by the z}'t.:‘

:v:’more compTicated transient sodium channel (see Chapter/xefor a discuss- ,hf

. !

5f'p fon of ion channeT turnover) ; The 51mp1e channeis possess onTy the Tn--f:

2activation mechanism and are sensitive to the action of CTX but the com--ﬁ.j

: pTex transient channel possesses receptors for CTX X and veratridine

'"-.T: It is conceivable that the resting simpTe channei may aTTow the permea- .

| tion of sodium in the most immature fibres Because the disappearance

vof gNa is simultaneous with’ the appearance of siow regenerative potent-



¢

_ia]s:thts feature of the;testing channeis'nust “ .-ost durinoématuratton.
Further the same channe] may a110w the passaoe of ca1c1um in addition to }_d.
| sodium when activated by depo]ar1zat10n since _egenerative responses in
young myotubes are apparent]y due to both ions (Land et al.;, 1973)

:'Th1s is supported in. the present work by the observat1on that a sma11

1ncrement in stimulus strength cou]d restore s1ow regenerative responses f'

_‘wh1ch had previous1y been abo]ished by the additlon of coba1t, manganese; | Lo 1‘3

/ j:or 1anthanum At present it-1s 1mpossib1e to ZLso]ve the two hypotheses

. of regénerative channe] deve]opment on the bas1s of current e1ectrophys-v
' ,1olog1ca1,anddb1ochem1ca] data (see Chapter X) » ' |
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‘IX.l EFFECIS OF ANTHRACENE 9 CARBOXYLIC ACID AND 3 4- DIAMINOPYRIDINE ON
OTHER ION CONDUCTKNCES IN IMMATURE FIBRES ' '

'A.~ Introduction

Anthracene- 9-carboxy11c acid and 3 4. diaminopyridnne have been used

to block chioride and potassium channe]s respectively in mat%réxexc1tab1e

“ membranes (Bryant and MoraIes-Aguilera, ]971 Palade and Bardhi 1977b;

Kirsch and Narahashi 1978) However 1n immature chick muscie in culture

- @

' both. drugs produced an’ 1ncrease in resting membrane conductance 1nstead o
_“of the expected fail in Gm Because the 1ncrease in membrane conductance

'was accompanied by depolarization the 1on or ions 1nvoived>cou1d oniy

be sodium or caIcium If resting membrane conductance to pota551um or

'”chIoride were. increased then hyperpoiarization wouid result

Because IO 6M verapami] could prevent the cytotox1c effect of 9 AC

”fin immature fibres, it was thought that the depoIarization and 1ncrease _,""

ﬁf,f_in qn were due to an 1ncrease 1n membrane conductance to ca1c1um (Dryden
"53r,and Thomson, 1979) Subsequentiy no ev1dence of a resting ca]cium con-,fff'

}ductance was found but a resting sodium conductance was discove/e \‘%K S

o which is present on]y 1n 1mmature fibres (Chapter VIII) The f1nd1ng ffgt;,xi

'that verapamii couid biock the resting sodium conductance indicated that

if’an 1ncrease 1n resting membrane conductance to sodium couId aIso account |

: /

:,1jffor the effects of 9 AC Accordingly experiments were performed in

'.which external sodium was replaced by ch011ne or verapamiI was 1nc1uded

“.;mechanisms

S

” ”2f1n the medium and then the effects of 9 AC and 3 4 DAP were tested 1n w§5T71:

<

| ffibres up to the 51xth day of cuIture to distingu1sh between the two

i aa



o fsfand then further depressed by the add1tfon of;

e ) ) ab

| Figures 52 and 53 111ustrate the effect of 9-AC after external sod-
,1um had been rep]aced by cho]ine Rest1ng membrane potent1a1 was re-

"'duced by cho]1ne a]one but there was a further reduct1on of about 10 mV

fnwhen 9-AC was added to the sodfum free bathing medium (So1ut1on D). The .

' rest1ng sodium conductance was sl1ght1y greater than found prev1ous]y

'}(Flgure 40) but had d1sappeared by day 6 The add1t1on of 9- AC no . 1ong~

her affected Gm in the ear]y stages of deve]opment unt11 the s1xth day of ‘
2 .

- _cu1ture At this stage, 9- AC produced a reduct1on 1n Gm of 0. 16 mScm

' '-after remova1 of externaT sod1um wh1ch was sfm11ar to that found when

(

' the action of 9- AC was 1nvest1gated in norma] BSS/(F1gure 26) S1m11ar'f7

d‘:'results were’ obta1ned when verapam1J was employed to b]ock rest1ng sod-f"

‘1um conductance pr1or to the add1t1on of 9 AC (F1gures 54 and 55)

200

when 3 4 DAP was used in comb1nat1on w1th so1ut1on D membrane pot-'d:.

”fh{entlal was not great1y affected on days 3 and 4 but on days 5 and 6 a .1.:7

}.'57410 mV depo1ar1zat1on further to that caused by cho11ne was found (F1gure_"

- tto chol1ne treated f1bres unt11 the s1xth day Of CU]tU"e (F1gure 57)

| ~"‘:when a reduct1on 1n Gm of 0. 07 mScm 2 was produced

H',7,fv56); Membrane conductance was not affected by the addit1on of 3 4 DAP S

F1na11y the effect‘of verapami] on the act1on of 3 4 DAP was 1n- ,fffﬁ;;f

f;vest1gated Rest1ng membrane potentia] was depres,li\by 3 4 DAP alone

X 10 _M verapam11 (Fig-‘;’.fv,_ o

e ure 58) The 3 4 DAP-act1vated conductance observed dur1ng ear]y deve1-b;"lv7“

’*ﬁi‘opment was abo11shed by the subsequent addit1on of verapami] and Gm was ”»_}f.".

o f7even reduced to be]ow coltroT 1eve1s (Figure 59) on the sixth day of

qulture. 3 4 DAP reduced Gm but the add1t10n d@_verapamil caused no furjf’ﬁ

P LA

S ;‘ther alterat1on in resting membrane conductance e [;Ef‘”_;f .,n“g;vrfey_
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Effect of chohne ch'lomde p]us 10 3M d- TC and then chohne

chlor1de and 10 3M d-TC p1us 9 AC on E dur1ng ear]y develop-

| ’"bfment of ch1ck musc]e 1n cu1ture Contr01 va]ues (O) were

""":wmeasured in BSS and the membrane potentia]s of the same ceHs

then tested again 15 minutes after changeover to chohne | ',.

©n ‘,.‘:were then. measured 15 minutes after changeover to chohne

_‘chlor1de p1us 10 M d TC so1ut1on (.) The same f1bres were

7?fj“ch1or1de and 10 M d TC so]ut1on plus. 5 x 10 M 9 AC ( ).

Each point ‘is the mean SEM of 30 observatmns | Each test

'"';f-_mpomt is s1gn1f1cant1y dlfferent from ‘the control and from

V -each other on the same day at P < 0 001 (Student s paired

| “t test un1ess otherw'lse 1nd1cated * P <_,0/ 0053 S _' E

‘bg

e

201
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. Effect of cho11ne ch]or1de p]us 10 M d TC and then ch011ne -
"Vdchlor1de and 10 M d- TC p]us 9 AC ‘on G dur1ng early deve]op- e
:'hment of ch1ck musc]e in cu1ture Contro] va]ues (t)) were o
S measured 1n ‘BSS and the test va1ues were measured in the same

';‘;cells 15 m1nutes after changeover to cho]1ne ch]or1de p]us ‘

S

3M d TC so]utmn ‘(.O):.., The same f1bres were then tested :

'aga1n 15 m1nute§4§§fér changeover to cho]1ne ch]or1de and

R M d-TC solution plus 5 x 10'5M 9 AC (I)  Each pomt is

:{ﬂ;ithe mean SEM of 30 measurements Each test po1nt 15 s1gn1-_cvu-V:

“f?f1cant1y d1fferent from the contro] and from each other on

ﬁ-

the same day at P < 0 001 us1ng Student s pa1red t test un]essi

otherw1se 1nd1cated o P <'0 005 The f1bres were the same ;“777'

_/
o N

asin F1g 52
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Fig. 54 : fect of verapamﬂ andothen verapamﬂ p]us 9 AC on: E durmg

[
~ deve]opment of ch1ck musc]e 1n culture Contro] Va1ues ('(O_)

were measured 1n BSS and the membrane potent1als of the same

‘ceHs were then measured 15 wutes after changeover to g \
5 X 10 M verapamﬂ HC1 1n BSS 43.) The same f1bres were *

then tested aga1n 15 m1nutes after changeover to 5 x 10 6M

5

verapamﬂ HC1 p]us 5 X 10 M 9- AC 1n BSS (l) Each po1nt 15 L

the mean SEM of 30 observations Each test po‘lnt \\wmf_
? E
1cant1y d1fferent from the contro1 and from each other on the |
same day at P < 0 001 (Student s pa1red t test) un]ess other-»,‘

v wise 1nd1cated The fibres were. the same as in fig 43

L P <0, 02 M/ . L
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Fig.;55. Effect of verapamﬂ and then verapamﬂ plus 9- AC on G, dur1ng
development of chick musc1%ﬁ§n culture. Control va]ues (0)
were measured in BSS an the ‘test values were measured in the
same cells 15 m1nutes after changeover to 5 x 10 6M verapamﬂ
HCT in BSS (Q)'. The same fi bres were then tested again 15
minutes, aftef‘é ehangeover to 5 x 10 6M verapamﬂ ’HC] p1us-

5 x 1075 9-AC in BSS (M). Each point is the mean & SEM of
30 measurements: Test points were n/gt sigm’fican'tly different
from the control or each other on tﬁe same day at P > 0.05
(Student's paired t-test) unless otherwise indicated. The

‘fibres were the same as in Fig. 43. * P < 0.001.
N



~ Fig. 56.

‘chloride and 1073M d-TC plus 3, 4-DAP on E_ during early devel- &k“
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Effect of choline chloride plus 1073M d-TC and then choline  °

opment of chick muscle in culture. Cohtro]kva1ue5x(C)) were - 3o

I

' measured in BSS and the membrane potent1als of the same ce]]s

were then measured 15 m1nutes after changeover to choline
chlomde p1us 107 3M d- TC solutwn (0). The same fibres were'
then tested again 15 minutes after ehangeover‘to cho}anerch1or-
ide and 1073M d-TC solution plus 10 W 3,000 (W). Each
po1nt is the mean i SEM of 30 observations Each test point is
sign1f1cant1y d1fferent from the contro] and from each other on |
the same day at P < 0. 001 us1ng Student s pa1red t- test unless -

otherwise 1ndicated. * P < 0.05, ** P < 0,02, *** P < 0.01.

%



" Fig. 57.
'chlomde and 10 M d-TC plus 3 4- DAP on Gm dur1ng ear]y deve]-
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Age of Culture (Days) |

Ef?ect of choline chloride ’p1us '1'0'3M dQTCvand then chotine

'opment of ch1ck musc]e in cu]ture Contro] va]ues (O) were
' _measured in BSS and the ‘test va'lues (.) were measured in the
same ceHs 15 m1nutes after changeover to. chohne ch1or1de |

_'p'lus 10 3M d TC so]utwn The same ﬁbres were then tested

aga1n\,1.5 minutes after changeover to chohnemchlomde and

1073 d-TC solution plus 107M 3,4-DAP (M). _Each point is =

 the mean + SEM of'30'measurement's Each test point is signif-

1cant1_y different from the contro1 and from each other on the

‘same day at P <0 001 (Student S paired t- test) un1ess other-

wise indicated. The fibres were the same as in Fig. 56.

\



sV

Fig. 58.

B P <0 oos R

Effect of 3,4-DAP and then 3’4;DAP"p]us verapamil on E during

‘ ‘deve1opment of ch1ck muscle 1n cu]ture Contr01 values (C))

were measured in BSS and the test va]ues were measured in the
- .
same cells 15 mtgutes after changeover to 10'4M 3, 4 DAP in

BSS (_.) - The same f1bres were then tested again 15 m1nutes

after changeover to. 10 4M 3, 4 DAP p]us 5 X 10 6M verapam11

HC1 in BSS (Il). Each point is: the mean SEM of 30 observa~

B tions Each test point. is s1gn1f1cant]y d1fferent from the
"jcontrol and from each other on the same day at P < 0,001

;d(Student 3 pa1red t test) un]ess otherw1se 1nd1cated
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- Fig. 59,

" .1'same ce11s 15 mlnutes after changeover to 10

'Chahgeoye 0 107

. - r
,Each est po1nt 1s s1gn1f1cant1y d1fferent from the contro]

f‘and fro each ‘other on the same day at P < 0 001 (Student S o

e

Effect of 3 4= DAP and then 3, 4 DAP p1us verapam1] on G dur1ng‘t

deve]opment of chick musc]e in cu1ture Control va]ues (C))

vwere measured 1n BSS and the test values were measured in the,

A

4M 3,4-08P i Bsst

v

4M 3 J4-DAP p]us 5 X 10 6M verapami] el in

po1nt is the mean : SEM of 30 measurements

: ~pa1red t test) un]ess otherw1se 1nd1cated : The-f1bres were_

:'-f'the same as in F1g 58 K p < 0. 05 Kk p o o 005
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’ ,'ciated with the respective blockade of chToride or potaSSium channeTs

-’Ivbeen shown to reduce SOdTU

.C.,‘ Jiscussion

When 1mmature chick myotubes (3"to 5 days oId) are exposed to BSS .

o containing either 9-AC or 3 4- DAP then depoiarization and a pronounced

' increase in resting membrane conductance is found ThTS cannot be a ‘o- o

which. occurs 1n aduit muscTe (Bryant and MoraTes-AgUiTera, 1971 Kirsc

:and Narahashi, 1978) and in the more mature ChTCk myotubes (Chapters V

\and VI). However when the two drugs were used in- combination w1th a -"'
| 3 sodium free soTution or in BSS containing verapam11 then a reduced de- '

“'T3j.p01arization was found accompanied by no aTteration 1n Gm The reduct-.

21 2_"

fufnion 1n.(§§t1ng membrane conductance observed on day 6 w1th both drugs in»;fvit;?

'?e'either soTution can be attributed to biockade of gCI and gK as noted be-i_

' fore 1n BSS

The observation that verapamil 1n micromoTar concentrations coqu

ffprevent or reverse the 1ncrease in Gm caused by 9-AC or 3 4 DAP woqu fj"'
£ superficiaiiy favour an 1ncrease in gCa because of the known bTocking

v,.laction of verapamiT on caTc1um currents in aduit exc1tab1e membranes '

}(Reuter, 1973) But as discussed eariier (Chapter VIII) verapamii has

.ChTCk myotubes verapamii 1 hibited a resting sodium conductance This

currents 1n exc1tab1e tissue and 1n 1mmature'.ﬁ

lfinding together with the observation that substitution of sodium in the*"i‘

"fbathing fTuid mimics the resuTts obtained with verapamii woqu favour

: the. aiternative hypothe51s of a drug induced increase in the existing -

ffmembrane conductance to sodium The progre551ve reduction in the action'

&

of 9—AC and 3,4- DAP on Gm wouid therefore be predictable on the ba51s of -

-‘:[the known faTT in gNa of 1mmature myotubes,
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The poss1b111ty that ca]cium may penetrate the 1mmature myotube N
- membrane through the sod1um conductance channeT must be considered%'fB e
:; cause there was no detectab]e increase in Gﬁ of fibres exposed to. 9- ACs
and 3, 4 DAP . after replacement of sod1um th1s 1nd1cates that very Tittle“ i
" ? 1f any ca1c1um can penetrate through the channels 1n the absence of sod-'¥°
HTV iuma There was add1t1ona11y no ev1dence of caTC1um tox1c1ty at the t1me:5
'1,; of eTectrOphys1oTog1ca1 measurement However at Tonger t1me 1ntervaTs, |
N_ 9 AC (and z1nc) produce membrane damage wh1ch is. postu]ated to be. due to
‘Mexcess 1nterna1 ca1c1um (Chapter VI)'} Permeat1on of ca1c1um by th1s ;HH
route coqu be 1nv01ved 1n the product1on of cthtox1c1ty, but does not
Hﬁ- appear to be 1nvoTved in the ear11er eTectrophys1oTogtcaT response to |
9 AC (and 21nc) The cytotox1c effect of 9- AC (and z1nc) wou]d there- ]ff'
7:tﬂlfore be expected to dlsappear 1n paraTTeT w1th the Toss of the rest1ng
E sod1um conductance An 1ncrease 1n the ab111ty of the SR to accumuTate l
; ‘;:ca1c1um woqu produce the same resuTt 1f the caTcium was enter1ng by o
: some other means CIf ca1c1um was. enter1ng v1a the sod1um conductance (f, “.:” o
channe] then 3 4 DAP shou]d a]so cause ev1dence of cytotox1c1ty in 1m-;“
v:v mature myotubes However the act1on of 3 4- DAP on myotube membrane 1n-'
: 'tegr1ty Was not 1nvest1gated | e _} . H | '(‘ ('. B
g The depoTar1zat10n produced by 9 AC and 3 4 DAP 1n the absence of |
_f_external sod1um which is unaccompan1ed by a concomitant aTt”rat1on in Gm‘
"cannot 1nv01ve an action on membrane 1on channe]s Because f1bres were o
e penetrated several t1mes dur1ng the course of an experlment membrane
-damage coqu be invoTved in. the response However this was discounted | (fto (,"
.T_for the reasons d1scussed previously (Chapter V) The mechanlsm of the ; |

&

,‘depoTarization must therefore involve other ceTTuTar processes eg Na -K



' n"1% to 2 hours for each cuiture dish examined

2

b
@

‘ATPase It may not necessariiy be due to spec1fic drug effects but

,'could Simpiy reflect a gradua] metaboiic run down of the fibres during
/

fﬁthe course of an experiment 51nce the duration of these experiments Was._ et
. The actions of anthracene 9- carboxyiic ac1d on Ch1Ck myotubes in

P,cuiture are therefore more compiex than is apparent in aduit muscie fib—,'
2 .

| .,rés,v Depending on the ion comp051tion of the bathing f1u1d and the age L

o of the myotubes different responses to 9-AC have been observed The :

Coan 1ncreace in gNa This was found when 9- AC Was used in norma1 BSS .
: 'ff(Figures 22 and 26), in combination w1th a ch]oride free medium (Figures

"-vd}27 and 28) or- in combination with the pota551um channe1 biocking agent

'predominant effect on 1mmature myotubes 1s one of depoiarization accomp- e .

‘}anied by an increase 1n resting membrane conductance, now attributéd to ’

A‘A*TEA (Flgures 29 and 30) | As the resting sodium conductance disappears fa,_pf-‘”

i}?so too does th1S action of 9 AC to be repiaced by an action on- the‘ o
‘;‘fchioride channe1 in the more mature myotubes Substitution of chioride vf;.fff
| 5[1n the bathing f1u1d surrounding the older fibres together w1th the ap--'

\.

*b}piication of 9- AC uncovers an 1ncrease 1n gK postu]ated to occur through {p: bs’

'-fthe chioride channei (Chapter VI)

The actions of 3, 4 diaminopyridine on’ immature Ch1Ck myotubes are P;ff
'51m11ar to those of 4 AP -3,4- DAP was 1nvestigated further because 1t ?yyfiijfvh
. 1s “the. most potent of the aminopyridines (Kirsch and Narahashi, 1978)
: By analogy, 4-AP is aiso suggested to cause depoiarization and an’: in- ~'
Tﬂbicrease in membrane conductance (Figures 16 and 17) by an increase in xg,?;e
"1resting sodium conductance It is therefore obVious that agents reputed ‘

- p;to block Specific ion channeis in exc1tab1e membranes must be used with S



-

_ ex%kemé_caUtion to invéStjgate the developgnt of chickimusc1e in cul-

ture. Preferably the primary investigation should be made by jon re-

p1acemént experiﬁents and the b1dcking agents used‘501e1y,f0r_confinnaf£-'

tion of these results. « . A
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X GENERAL DISCUSSION S v j‘ 'W: »

A Compar1son w1th Non Exc1tab1e Ce11s

e

The immature myotube formed by fus1on of myob1asts undergoes deve_

1opment in cu1ture to form a re]at1ve1y mature musc]e f]bre Thfs

‘ transformat1on occurs over a, short per1od (day 3 to day . 5 6) dur1ng

~,wh1ch the characterist1cs of the d1fferent1ated state appear The lTev- N

e]s of musc]e spec1f1c and other membrane prote1ns such as the Ach re-

S':fceptor, acetylcho]1nesterase adeny1ate cyc]ase and Na -K ATPase 1n- -

B

,crease rap1d1y to a max1mum by day 6 (Fambrough and Rash, 1971 F]uck

| .'.and Strohman, 1973 Pr1ves and Paterson 1974 Pr1ves ,1976 Spector and

] 77) A s1m11ar accumu1at1on of cytop]asmlc proteins (1te
ﬂat1ne phosphok1nase glycogen phOSphorylase myok1nase) 1s
1ch may (Sha1nberg and Brik 1978),or may not (Paterson and
T973) be coup1ed to Qﬁe membrane d1fferent1at1on (Sha1n§%rg ]

E 1971 Hauschka, 1972 Stockda1e and O Nei?1 1972) At the u]- ;

2

:Concom1tant w1th the morphoTbgica] and b1ochem1cal maturat1on th

'4've1ectrophys1olog1ca1 propert1es of the membrane develop The rest1ng

'ﬁ"membrane potent1a1 r1ses rap1d1y to adu1t 1eve15 (F1schbach et aZ oo

: ‘.197r Fambrough and Rash 1971 Povell and Fambrough 1973 Dryden e

‘ "et aZ 1974 R1tchie and Fambrough i975 Spector and Pr1ves, 1977)

. ;WThis is: accompanied by the appearance of slow regenerat1ve act1v1ty at-

ructura] 1eveT the myof11aments bedome a11gned 1n para11e1 arrays ff::”

fchman 1970) and the sarcoplasm1c ret1cu1um develops (Ezerman, 1968)

'?”.;tr1buted to the 1nf1ux of both ca1c1um and sod1um 1ons wh1ch 1s subse- TSf*‘f:

~iji1quent%< rep]aced by fast action potent1als mediated by the tranSTent v

7 ,. ""sodif

Ehanne] (see Chapter I Section B 2 Trans1ent Channels and Chapter

B R



‘1'- conductance 1_

"'fMyobTasts ar
*;i;;therefore be compared w1th non~exc1tab1e ceTTs}'
.1'5;jported for Ehrchh asc1tes tumour ceTT (AuTT,\

'~,:}]969) HeLa ceTTs (B rTe and Loveday, 1968) L ceTTs:(Lamb and MacK1nnon,

*“~ﬂ~f;1971 Ne]son et aZ 3

w“I.ﬁg_."‘,'have been reported for endocr1ne t1ssue (w11]1ams,v1970)?u, i

i

217

;VITI) The present data conf1nns these f1nd1ngs but in addition reports
that the resting conductances to the 1nd1v1dua1 determinapts of membrane
",'potent1a1 do not vary in a\s1m11ar manner ATthough sod1um and ch10r1de
'conductances faTT rapidly between days 3 and 5 the pota551um conductance
'rema1ns reTat1ve1y constant throughout development (F1gure 60) . |
‘Data on thé rest1ng membrane conductances of the unfused myobTast
are m1ss1ng, but the 51tuat1on 1n 3 day myotubes cannot be dramat1caTTy
5'd1fferent . The membrane potent1a1 of myobTasts and newly- formed myotubes :
'is'aboqu—TO mv (Dryden et aZ 1974) andvs1m11ar1y the morpho]og1ca1
-, and H;ochem1ca1 parameters do not change 1mmed1ate1y after fus1on (vtdb
;b'supra) 0n this basis, by extrapoTat1on, the myob]ast shoqu have a |

high rest1ng membrane conductance (on the order of T mScm Z)Lv The gNa/gK

Lrat1o shoqu be ‘close to or in. excess of 1as 1nde5d was found for the ﬁ(r

5

/P rat1o (Dry There shoqu be a’ h1gh chTor1de R

' t1ng ca1c1um conductance

myobTasts and ‘no d1scernab1e’
not d1fferent1ated ceTTs aTthough _hey may be comm1tted to 'a
( d1fferent1a e and have undergone the1r Tast m1tos s pr1or to fus1on (see‘
‘(Etockdale a d Hother, 1961 B1schoff and HoT;ze s 1969) They may

- Low memb ane potent1als of around -10 mV to 20 mV have been're- 1:((:'
9675 Hoffman et al. ,_f{-"(

‘;n1979) red bTood cf]]s (Lassen and Sten Knudsen, .68 Jay and Burton,

K]

1973 These are comparabTe to es;fmates of E

R myob]asts and earTy m tubes (vtde supra)" H1gher membrane'potent1als |
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pointed out that glandular tissue contains eeVera1 funétionaiiy differ-

ent types of cells whose membrane properties may also be different

This m:} contribute to the spread of membrane potent1a1s reported (-20

'fdto -90 mV) Membrane COnductances have only been estimated in a few
cases due to the technical difficu1ties associated with penetration‘of
small eells._ This is. illustrated by comparison of two estimates of G
for Ehrlich aécites tumour‘cellsi‘ One report estimates G, to be 42
uSpm'2 usind flux data (Hoffmannietﬁal., 1979)aand the other found Gm .
was 14 mScm'2 by estimation of'fne‘increase in resistance seen by thel

microelectrode tip after penetration of the cell (Lassen et al., 1971).

™lassen et al. {1971) conc1uded that the res1stance measurement was dom-

(//’?qife: by leakage. | _ \ _
: . elson et al. (1972)'obtained a value of 0.2 mScm'%‘for L cells as-

suming that the fibroblasts had a smooth surface. However, the surface
of L cells is covered withzdense1y nacked'fi1opodia and Ne]sdn et al.
est1mated this wou1d reduce G to between 0.1 mScm -2 and 50 uScm'? as-
suming the surface area was 1ncreased by a factor of 2 or 4. Liver,
thyroid, g11a1 cells and rabb1t ileum a11 nave‘except1ona11y high con-
ductances' 27, 33 100, and 1957 mScm2 (Schanne and Coraboeuf 1966;

| Woodbury and Woodbury, 1963 Hild and Tasaki, 1962 Munck and Schultz, -
1974). The h1gh permeability of the thyroid was attr1buted to a high
anion permeab111ty in view of its active iodide transport funct1on

.’(woodbUry-and WOodbury,;1963), and thatfd#,the ileum to the extracell-"®

| ular pathway for ion penetrat1on Munck and Schultz (1974).?ound that

™ L
this contributed at least 80% of the total G, which still Tleaves a con-
) N

ductance of 4 mScm™ which presumably is due to penetration across the

218
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cells of the ileum. The conductances of amphibian kidney tubules (ex-
‘cluding the shunt pathway) have been reported to be 0.126 and 0.14 mScm
in Necturus (Windhager et al., 1967; Anagnostopoulos and velu, 1974)

-2 in Chironomus (Loewenstein et al., 1965) and 1.19 EmScm'2 in

0.33 mScm
the newt (Hoshi and Sakai, 1967).
| ,Altnough there is considerable variation, mosb non-excitable cells
possess a redabive1y bigh reeting membrane conductance §dmi1ar to Gm in
immature myotubes - the exceptions being‘the‘Ehrlith ascites tumour
oells and L cells. L cells are a clonal cell line - and cell lines are
~ known to exhibit abnérmal electrophysiological properbies (see Chapter
I). The unu§ua11y Tow conductance of the asoites'ce1is may similarly be
a manifestation of the a]teréd membrane prdpErtieé of tumour cells, o
Williams (1970) has compared the PN /P ratio for a var1ety of cel]
types and found that this was higher_for non- exc1tab1e ce11s (0.03 -
0.36) compared to exc1§ab1e,ce11s'(@.01). Schanne and Coraboeuf (1966)
and Woodbury and woodbur} (19%3) also found that Py was‘re1ative1y high
(0.3 and 0. f2) compared to Py The ch]or1de permeab111ty of both cell
types was h1gh (PC]/P =1.,5 for 11ver) ‘Beigelman and'Shu (1972) found
that P

. P Pes of 1. 0 1 5 could pred1ct the measured E

K * "Na
based on external and 1nterna1 jon concentrat1ons S1m11ar data-1 e. a

h1gh P /P ratio and a high rest1ng ch1or1de permeab111ty has been re-»“
~ported for L cells (Lamb and MacK1nnon, 1971; HeLa cells (Borle and Love- h

day, 1968) Ehr11ch asc1tes cells (Au11' 1967; Hoffmann et al., 1979) and

baby hamster kidnex/f1brob1ast cell- ]1ne (Sachs and McDonald, 1972).

H1gh va]ues of Py QP have also been observed in 1ntest1na1 muscle al-

84

‘though chloride perméabi]ity is Tow (Nr1ght 1966; Munck and Schu]tz
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o
1974). Therefore the myoblast and immature myotube are similar to non-
excitable cells in the possession of a high PNa/PK-ratio and a high

Ch1oride.c0nductance (PK : PNa : PC] for 3 day myotubes‘] : 1.5-: 3.5).

~ 'B. Relationship Between E and Gm

’ F1gure 60- 111ustrates the chang1ng conductances accompany1ng the
_'r1se of resting membrane potent1a1 dur1ng myogenes1s of chick skeleta]
- muscle in culture. Rest1ng membrane conductance is 1n1tia11y h1gh - ap-

parently because of the h1gh-conductance of the-early myotubewmembrane

to sodium and chloride, As G falls, both gNa ‘and gCl diminish rapidly

whereas §K‘remains re]atjvely'cbWStant throughout development. The
. . , .‘ /;_»» ,, . B . .
. possession of a large resting chloride COnductance'is a-feature of non>

i . _
,eXC1tab1e ce]]s and ‘the réduct1on in gC1 may be a feature of the process

e g

of d1fferent1at10n : "‘ o ’ R ‘
The questlon rema1ns do the data exp1a1n the rise in. rest1ng .

‘membrane potent1a17 This can be 1nvest1gated by f1tt1ng the 1nd1v1dua1

\

jon’ conductances 1nto the equ1va1ent c1rcu1t equat1on (Hubbard et al .»

g 1969): S

' o I : o
’ V= membrane potential

e Vk = equilibrium potential

, gKVK + gNaVN + gC]Vc] , - for potassium :

YV = N
- V. T equ111br1um potent1a1 L
| oK + gNa +gCl | | Na" for sodium
Voy = equ111br1um potent1a1

for ¢hloride = O
> _ ‘ s :
Estimates of the 1nterna1 ion concentrations of ch1ck myotubes in cu]ture

are on]y avai]able for 2 day myoblasts and 5 day myotubes (Dryden et aZ

1974). The corresponding values for [C1]; were 80 mh and 39.1 mi respect=
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L
ively (Dryden - unpub11shed observations) and the restlng membganéxboten-

“tials were -9 3 mV and -30.3 mV for myoblasts and myotubes Subst1tut1ng
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the conductance va]ues for 3 day myotubes (gK = 0 25 gNa'— 0 3; gCl 0 7 ‘

<;_ mScm 2) 1nto the equat1on and us1ng the 1nterna1 fon concentrations for

~
myob]asts y1e1ds a calculated membrane potent1a1 of -14. 75 mv. ‘This val-

" ue is m1dway‘betueen the membrane potent1a1 for myob1asts and 3 day myo-

tubes (- 20 88 mvV). and\\Uggests that a1terat1ons in the membrane conduct- .

\

ance to ‘the maJor ions have a1ready\begun by day 3 in. culture
\

: Us1ng the conductance values for 5 day\myotubes (gK'=0.1; gNa'= -

0.065 §C1 = 0.34 nsen~?)

the. rest1ng membrane potent1a1 of the myotubes
\
was ca]cu]ated to be -32 3 mv wh1ch agrees we11 w1th the value determined

d1rect1y. In’ th1s study the rest1ng membrane potent1a1 of 5 day myotubes

'fwas higher ( 61 4 mV) than observed by Dryden et aZ (1974) The d1s- g"e

. crepancy may 11e 1n the fact that the 1on concentrat1on measurements

were obta1ned in cu]tures of leg musc1e and 1eg musc]e does not develop

-as rap1d1y as breast muscle (Chapter IV) If the 1ndiv1dua1 ion con- =

: ductances at -30 mV are obta1ned by 1nterpo1at1on from Flgure 60 then

the calcuTated membrane potent1a1 ( 18 96 mv) fa]]s far short of that

»',measured It wou]d therefore appear that the 1nterna1 ion concentrat1ons

'of breast and 1eg musc]e a]ter at d1fferent rates dur1ng myogenes1s and
"‘che rates at’ which they reach the mature state must a]so d1ffer Thus

: to test the conductance va1ues, est1matedLof both the 1nterna1 ion con-»,

: ‘_centrations and the resting membrane potent1als are requ1red for pector-'-

. o
al muscle.

¥

' NeVertheless, the data do not_support the ortgina}fhypothesis

that the‘acqutsitionaof a high membrane‘potential was due to an'increase 'YZA_'
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in potassium conductance (Dryden et al., ]974) The present observa-
-v’,t1ons support the a]ternat1ve theory that as a consequence of the Toss.
- of.a substant1a1 rest1ng sodium conductance, the potass1um conductance
is left as the dom1nant one in the determ1nat1on of the rest1ng membrane
’potent1a1 of ch1ck musc1e_1n cu]ture.,
R . . . } %.o )
~C. Turnover of Membrane_ Prote1ns R B N

o Dur1ng d1fferent1at1on, the synthes1s and 1ncorporat1on of muscle-r‘
spec1f1c membrane protelns 1ncreases The k1net1cs of accumulat1on de-;

l[gradat1on and prote1n turnover have been worked out 1n deta11 for the ;

'acety1cho11ne receptor by Fambrough and col]eagues (Hartze11 and Fam-

:brough 1973 Devreotes and Fambrough 1975 FambrOUgh and Devreotes,_

,1976 1978 Devreotes et aZ 1977 L1nden and Fambrough 1979)
basis of these exper1ments a model for the turnover of the acety1‘hol1ne o
hreceptor prote1n was proposed (Devreotes and Fambrough 1975 Fam rough.
| and Devreotes 1976) Ach recéptor b1osynthes1s was cons1dered to be y}.»
ana]ogous to that prev1ous]y suggested for the synthes1s of secretory
'i;'prpte1ns (Pa]ade 1959' 1975) Such prote1ns are synthes1zed on- po]y- ffv =
”':somes bound to the endop1asm1c ret1cu1um Further proce551ng may then

:take place there and/or in the condens1ng vacuoles of the G0191 apparat; -
.}'us e g egcosy]at1on pr1or to release from the ce]ls by exocyt051s |
‘ The only d1fference between 1ntegra1 and secretory membrane prote1ns 1s

| vthat the former are t1ght1y assoc1ated with the 11p1d b11ayer If sec- |

retory-]ike vesicles contain1ng these prote1ns were to fuse with the |

plasma membrane, then the proteins wou]d be exposed to the extrace]]ular"

‘jenv1ronment (Palade, 1959 Rothman and Leonard, 1976), This process 1s -



-thought to be an assemb]y Tine Ttinear mechantsm (Linden and Fambrough;v_
- 1979) . | | | " | | |
'This‘hypothesisiis supported by'severalipteces of evidencet“The
:1nterna1 b1nd1ng sites for the Ach receptor label, a- BuTx were all
tfﬂmembrane-assoc1ated newly-synthes1zed receptors ere 1ocated in the
| Go1g1 apparatus, the 1ntrace1]u1ar transport of ‘Ach receptors and secre-

B tory prote1ns from. their s1tes of b1osynthes1s to the surface membrane

’

224

| -_were s1m11ar i.e. transport 1s 1ndependent of prote1n synthes1s but re=. |

'1qu1res ATP depends on temperature and”’ the t1me requ1red for transport

s severa] hours ( 3 hours for the Ach receptor) No spec1f1c a- BuTX

»b1nd1ng s1tes were found 1n the supernatant of centrlfuged ce11 homogen- f

'fzqates 1nd1cat1ng that there is no s1gn1f1cant populat1on of free subun1ts

‘: or so]ub]e receptor precursors The total number of receptors wh1ch

ywere 1ncorporated 1nto the surface were accounted for quant1tat1ve1y by

. the d1sappearance of the precursor poo], and the absence\hf a 1ag phase

’ in the k1net1cs of dlsappearance of the precursor also suggested that

; there was no 1arge store of mater1a1 feed1ng 1nto the precursor poo]

’:551m11ar1y the k1net1cs of reversa] of the block of 1ncorporat1on (by 1n-;,,<

’h1b1t1on of. receptor synthes1s) also 1nd1cated/that there was no s1gn1f—ﬂ

. <

‘ ficant t1me de]ay between prote1n synthesis and assoc1at1on of the newly-: -

/

;v made receptors w1th the precursor popu]at1on

Once present 1n the extrace]lu]ar membrane the acety]cho]1ne re-"

'ceptors remain there for a period before being degraded Degradat1on is

‘a first order i.e. random process with a ti of about 22 24 hours, simil-t,

ar to that for extPaJunctional receptors in adu]t musc]e (Berg and Hal]

1974, Chang and Huang, 1975) Degradation-is thought to involve 1ntern-u~ S
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aiization of the receptors by phagocytOSis Since it did not’ occuy in

.homogenates or isolated membrane preparations This: is fo]]owed by the

| '*jformation of phagoiysosomes and the subsequent breakdown of: the protein

"1daily (Devreotes et aZ 1977) f;]fiﬁ' tf - i:';di' ;_ ‘/v,

in secondary 1ysosomes The turnover of the receptor has been suggested

“to refiect the turnover and ceiluiar degradation of musc]e membr?ne pro-“i
- teins and therefore that of the membrane itseif If S0, this mebns that_"

."about 5% of the membrane With the accompanying protein is turned over

T

: l

| In the absence of evidence to the contrary one can- SUPPOSe that the~i
11fabove mechanism pertains to other integrai membrane pr0t61n5 1NC1Ud1n9 v7pn

the turnover of the transient sodium channei This component of the

. \

~-mature muscie membrane is not present +in its mature state in immature ,:

1

ient sodium channei may not be manufactured during the initiai stages ofn:“g

”sdifferentiation (un]ike other membrane proteins such as the acetyichoi-

1

ine receptor or: acetylcholinesterase) and therefore oniy appears in the g

3membrane at a iater time

I( F

POSSibiy as a consequence of turnover, the tranSient sodium‘channel 2

o replaces the immature form - the slow regenerative channei which is re-

!

= , ance of- the transient sodium channei may mark the eiaboration of the

¢

f pre- eXisting siow regenerative channei by the addition of gating mo]e- i

',vcules and ‘the TTX senSitive—moiety (see Chapter VII)

7
The impiicit assumption that these ion- channeis are at 1east part-

‘iaiiy protein is supported by severai pieces oﬂ evidence Messenger RNA.;

can induce the appearance of transient sodium channe]s ‘incultures of -

225

.&i, I

f:timyotubes but appears by day 6 in cuiture The mature form of the trans-iﬁ'_yjf?i

'moved in’ toto from the membrane‘and degraded Aiternativeiy the appear-3 -
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‘(card1ac myoblasts (McLean et al., 1976), and the 1nh1b1t10n of protein :
(synthes1s by cyclohex1m1de prevents the appearance of the transient sod--
':._1um channe] in” heart cell cu]tures (Nathan and DeHaan, 1978) In dener—
cfvated musc]e the appearance of TTX-res1stant splkes is prevented by the ;

.'11nh1b1t1on of prote1n synthes1s suggest1ng that a. new popu]at1on of

B channe]s appears after denervat1on (Grampp et aZ 1972) Last]y, the

| N proteo1yt1c enzyme m1xture pronase when perfused 1nterna11y 1n squ1d

':axon, degrades the mo1ety respons1b1e for the 1nact1vat1on (h) process:.'

f,r?(Armstrong ot al., 1973)

:;D; : Troph1c Effects on the Deve]op1ng Musc]e Membrane

Dur1ng myogenes1s 1n cu]ture d1fferentﬁat1on 15 1ncomp1ete s1nce

"‘;’;the myotubes do not exh1b1t the fully d1fferent1ated character1st1cs of

‘f{tadult 1nnervated musc]e One example of this 1s the d1str1but1on of B
f?-acetylch011ne receptors In cu1tured musc]e the receptors are spread |
",f over the ent1re membrane (Voge1 et aZ 1972) s1m11ar to the d1stribu-'t'('
‘(.t1on of extraJunct1ona1 receptors 1n denervated musc]e (Axe]sson and - |
'Thesleff 1959 Mlled1, 1960) Although there are clusters of receptors ('.(;>
‘;aor "hot spots" formed both 1n cu]ture (Frank 1979) and in denervated

'(musc]e (A]buquerque and McIsaac 1970 Ko et aZ 1977) the receptors

'iare not conflned to one reg1on of the membrane The biochemica] and

i

'electrophys1olog1ca1 properties of acety1chol1ne receptors 1n culture 1‘ B

o are very s1milar to- those of. extraJunct1ona1 receptors but both d1ffer

'from those of Junctiona1 receptors (see Edwards, 1979) There has
o controversy over the ro]e that 1oss of musc]e act1vity p]ays 1n the

»‘changes due to denervatlon but most workers are agreed that a neurotro-



”‘i;Junct1onaT receptors s1nce the mean channeT open t1me was 10ng (4 msec)
B However after 1nnervat1on had occurred the mean channe1 OPen t1me Was -

' s reduced to T msec --1dent1ca1 to that for Junct1ona1 receptors 1n aduTt -

('ph1c factor is aTso 1mportant in reguTat1ng the d1str1butlon of acetyT-
‘ichoT1ne receptors (Lav01e et aZ o T977 Guth and ATbuquerque 1978)

v The eTectrophys1oTogicaT propert1es of the acety]cho]ine receptor ‘r"
fhave recentTy been demonstrated to change dur1ng 1nnervation in vtvo

(Sakmann and Brenner, 4978) 5 Embryon1c receptors were s1m11ar to extra- ft

” 1nnervated muscTe. It was suggested that there were two separate popu]-b:tj
_plfat1ons of receptor; one w1th a 10ng channe] open time and one w1th a »7’f.'5 .
:f]:short channeT open t1me The k1net1cs 1nd1cated that the proport1ons of lgf,;,hn

'q;the two popuTat1ons changed dur1ng synaptogenes1s R R

NEUTOtTOPhTC EffeCtS on the appearance of the transieht sodium chan-j:.(“*»‘

“vft"neT 1n cuTtured muscTe have aTso been demonstrated recentTy These have

S ; been compared w1th the aTterat1ons 1n the regenerat1ve process wh1ch oc-a-;‘T’v

{,cur on denervat1on (see Chapter I, Sect1on B 2 Trans1ent Channe]s) Theﬂzlt;f;}

:'-:(f“pass1ve membrane properties of muscTe are known to aTter after denerva-.w R

’ tfon and Changes 1n ‘the opposite d1rect1on have been observed aft r 1n- ggf]‘,"“
l N

‘ﬁz‘nervat1on in vttro (see Chapter VI) Therefore 1t 1s not surpt's1ng

“ "that the component conductances of TO day myotubes cToseTy resembTe that

m~'of denervated rather than 1nnervated muscTe (see Chapter VI) Itris =
thus pred1cted that co-cu]turing w1th neurones or the add1tion of nerve ‘5ﬁj \
"v-;extracts to aneuraT cu]tures waT aTter the contr1but10n from the maJor S

B :ions to overaTT resting membrane conductance
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