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Chapter 1 . General In tro d u c tio n

I t  i s  a w idely held  view th a t  the  in flu x  o f Na and the  

e ff lu x  of which a re  a s so c ia te d  w ith  th e  r is in g  and f a l l in g  phases' 

of th e  a c tio n  p o te n t ia l  in  most nerve and muscle f ib r e s  occur by way 

of aqueous channels in  the c e l l  membrane (H idle, 1970, 1975a; 

Armstrong, 19 7 5 a ,b ,c ) . Moreover, each channel i s  b e liev ed  to  

co n ta in  v o lta g e -se n s itiv e  m olecules which gate  th e  channel ( th a t i s ,  

determ ine whether the  channel i s  open o r shut) and a s p e c ia l reg io n , 

c a lle d  th e  s e le c t iv i ty  f i l t e r  (H ille , 1975a)  ̂ which i s  ab le  to  

d is tin g u is h  between sev era l io n ic  species  and, p a r t ic u la r ly ,  

between Na^ and io n s .

O ther experim ents in  nerve suggest th a t  th e  in n er end of the  

K channel i s  w ider th an  th e  o u te r reg ion  which includes th e  

s e le c t iv i ty  f i l t e r  ( fo r  reviews see Armstrong, 1975a,b; French & 

Adelman, 197 6), and th a t  K ions move through th i s  channel in  

s in g le - f i le  (Hodgkin & Keynes, 1955)« However, these  conclusions 

have y e t to  be supported by experim ents in  m uscle. Indeed, a 

number of experim ents which w i l l  be described  in  t h i s  ch ap te r 

support th e  n o tio n  th a t  K channels in  muscle d i f f e r  from th o se  in  

nerve.

Thus the  experim ents performed here  and describ ed  in  the 

f i r s t  p a r t  of th i s  th e s is  (chap ters 3 and 1;) were designed to  

in v e s tig a te  th e  p ro p e r tie s  o f th e  K channel in  s k e le ta l  m uscle.

Two asp ec ts  were chosen, both  of which have a lread y  been s tu d ied  

in  d e ta i l  in  n e rv e . The f i r s t  d ea ls  w ith  th e  e f fe c ts  of pH 

on th e  K channel, and th e  second w ith th e  p ro p e r tie s  o f the  

s e le c t iv i ty  f i l t e r .  The conclusion  drawn fra n  th e se  experim ents 

i s  th a t  th e re  a re  d iffe ren ce s  in  th e  s tru c tu re  o f  K channels in  

nerve and m uscle, but th a t  th e se  d iffe re n c es  a re  la rg e ly  q u a n t i ta t iv e .



In  c o n tra s t  to  th e  p erm eab ility  mechanisms which u n d e rlie  

th e  a c tio n  p o te n t ia l ,  com paratively l i t t l e  i s  known about the  K 

p erm eab ility  mechanism known as th e  anomalous or in -go ing  

r e c t i f i e r  (Adrian, 1969) . Inward r e c t i f i c a t io n  was f i r s t  

rep o rted  by Katz 09h9)s  who showed th a t  th e  input r e s is ta n c e  

of fro g  s k e le ta l  muscle f ib r e s  bathed in  an iso to n ic  KgSÔ  ̂

s o lu tio n  was much la rg e r  when th e  membrane was depo larized  

by a constan t c u rre n t than  when th e  membrane was h y p erp o la rized . 

This r e c t i f i c a t io n  i s  in  th e  opposite d ire c tio n  to  th a t  p red ic ted  

from th e  constan t f i e l d  equation  (Goldman, 1943; Hodgkin 6  Katz,

19^9) f o r  a membrane in  which K p e rm eab ility  i s  assumed to  be 

independent o f th e  membrane p o te n t ia l .  A ccordingly, Hodgkin & 

Horowicz (1959) showed th a t  th e  re s t in g  K p e im eab ility  in  muscle 

was a fu n c tio n  o f th e  d riv in g  fo rce  on K^, vaiying from 0.05 x 

10”^ cm/s when th e re  was a la rg e  outward d riv in g  fo rc e  to  8 x 

10"^ cm/s when th e  d riv in g  fo rce  was la rg e  and inward.

Inward r e c t i f i c a t io n  has a lso  been rep o rted  in  s ta r f i s h  egg 

c e l ls  (Hagiwara & Takahashi, ^9lh) 3 card iac  Purkinje  f ib r e s  (Noble, 

1965^ 1975; Noble & T sien , 1968), and in  c e r ta in  nerve c e l l s  

(Kandel & Tauc, I 966; Nelson & Frank, 1967)^ bu t does not 

occur in  m yelinated  nerves o f the  fro g  or in  squ id  axons under 

normal c o n d itio n s .

The p resen t work on inward r e c t i f i c a t io n  began in  1976.

At th a t  tim e Horowicz, Gage & Eisenberg (1968) and A drian (1969) 

had developed models fo r  inward r e c t i f i c a t io n  in  which K  ̂ was 

tra n sp o rte d  across  th e  membrane in  a s so c ia tio n  w ith a l i p i d -  

so lu b le  c a r r ie r  m olecule, w hile Armstrong (1975a) had produced a 

pore model in  which th e  p erm eab ility  o f th e  membrane to  K  ̂ depended



on the  presence o r absence of a b locking  p a r t ic le  a s so c ia ted  

w ith  th e  pore . Each o f th e se  models, which a re  d iscussed  in  

chap ter 8, f a i l s  to  reproduce a t  le a s t  one aspect of inward 

r e c t i f i c a t io n  in  m uscle. However, th e  p resen t study, and those  

pub lish ed  re c e n tly  by H il le  & Schwarz (1978) and Standen &

S ta n f ie ld  (1978d), supports th e  hypothesis th a t  ions cross 

th e  re s tin g  membrane by way o f a po re .

To avoid  confusion , th i s  pore w il l  be re fe r re d  to  as  th e  

r e s t in g  K channel or th e  inward r e c t i f i e r  channel. The channel 

a s so c ia te d  w ith  th e  ex tra  e f f lu x  of in  s tim u la ted  muscle w ill  

be r e fe r re d  to  as  th e  delayed K channel o r th e  delayed r e c t i f i e r  

channel because th e  c u rren t which passes through th is  channel tu rn s  

on a f t e r  a delay  when th e  membrane i s  d ep o larized .

The nerve axon can be t r e a te d  as  a c y lin d e r . However, 

th e  e le c tro p h y s io lo g ic a l p ro p e r tie s  of muscle a re  l ik e ly  to  be 

more complex owing to  th e  presence o f a network of membranes known 

as th e  sa rco tu b u la r  system (Andersson^-Cedergren, 1959; Page, 1965; 

Peachey, 1965) • I t  is  a p p ro p ria te , th e re fo re ,  to  mention some 

a sp ec ts  of th e  morphology o f s k e le ta l  muscle in  the  frog  before 

considering  th e  io n ic  c u rre n ts  in  t h i s  p re p a ra tio n .

The sa rco tu b u la r system comprises th e  sarcoplasm ic re ticu lum , 

a system of lo n g itu d in a l tubes whose fu n c tio n  i s  th e  s to rag e , 

re le a se  and re-u p tak e  o f th e  calcium  which, when l ib e ra te d  in to  

th e  sarcoplasm , produces c o n tra c tio n  (Ebashi & Endo, 1968), and 

th e  tra n sv e rse  tu b u la r  system  (T-system) whose ro le  i s  to  tran sm it 

e l e c t r i c a l  s ig n a ls  from th e  surface  membrane deep in to  th e  in te r io r  

o f th e  f ib r e  such th a t  th e  c o n tra c tio n  of a x ia l  myofibrils  can be 

more n ea rly  synchronised w ith  those  close to  th e  surface  (Huxley 

& Taylor, 1958; fo r  recen t reviews see C ostan tin , 1975; Endo, 1977)*



The T -tu b u les a re  formed as inv ag in a tio n s  o f th e  su rface  membrane 

a t  s e v e ra l p o in ts  on th e  circum ference of th e  f ib r e  a t  th e  Z -lin e  

in  fro g  muscle (Huxley & T aylor, 1958). Electronm icrographe 

suggest th a t  the tu b u les  branch in  such a way as  to  form an 

extensive l a t t i c e  (Peachey, 1965) concen tra ted  la rg e ly  in  th e  

plane o f the Z -lin e  (Peachey & S ch ild , 1968). Moreover, s tu d ie s  

w ith  e x tr a c e l lu la r  markers such as f e r r i t i n  (Huxley, 196U;

Peachey & S child , 1968),h o rse rad ish  peroxidase (Eisenberg &

Eisenberg, 1968) and c e r ta in  f lu o re scen t dyes (Endo, 1966) have 

dem onstrated th a t  th e  lumen of th e  T-system i s  in  d ire c t  

c o n tin u ity  w ith th e  e x te rn a l s o lu tio n .

About 80^ o f  the tu b u la r  membrane i s  in  c lo se  ap p o s itio n  to

th e  te rm in a l c is te rn a e  o f th e  sarcoplasm ic re ticu lum , forming

s tru c tu re s  known as t r i a d s  (Franzini-A rm strong, 1970). The 

exact na tu re  o f th e  r e la t io n s h ip  between th e  tu b u la r  membrane and

th e  membrane of the  sarcoplasm ic re ticu lu m  a t  th e  t r i a d  i s

unknown, though Schneider & Chandler (1973) have p o in ted  to  a 

p o ssib le  s im i la r i ty  in  th e  d en sity  of charged groups which give 

r i s e  to  th e  a c t iv a to r  c u rre n ts  in  muscle, ixhich a re  b e liev ed  to  

p lay  an e s s e n t ia l  ro le  in  ex c ita tio n -rco n trac tio n  coupling ,and  which a re  

r e s t r i c t e d  to  th e  membrane phase, and the  number of e le c tro n  dense 

p ro je c tio n s  (o r fe e t)  which extend a t  in te rv a ls  between th e  

tu b u la r  membrane and th e  t e m in a l  c is te rn a e  (Franzini-A im strong,

1970) . In  t h e i r  model of e x c ita tio n -c o n tra c tio n  coupling 

(Chandler, Rakowski & Schneider, 1976b), th e  m o b iliza tio n  of 

th e se  charges when th e  f ib r e  i s  depo larized  r e s u l ts  in  th e  opening 

of Ca channels in  th e  membranes of th e  te rm im l c is te rn a e  a t  th e  

base o f th e  f e e t .  In  view o f th e  sp e c ia liz e d  n a tu re  of th e  t r i a d s ,  

i t  i s  p o ssib le  th a t  the  io n ic  conductances a sso c ia te d  w ith  th e  T-



tu b u le s  a re  concen tra ted  in  t h a t  p a r t  of th e  tu b u la r  membrane 

which i s  o u tsid e  th e  t r i a d s  (Gage & Eisenberg, 1969a)•

The in fluence  of the  T -tubules on th e  e le c t r i c a l  p ro p e rtie s  

o f muscle have been s tu d ied  using a technique known as g ly c e ro la tio n  

(F u jino , yamaguchi & Suzuki, 1961; Howell & Jenden, 196?; Gage 

& E isenberg, 1967; E isenberg & E isenberg, 1968; Howell, 1969), 

whereby muscle f ib r e s  e q u il ib ra te d  in  Ringer made hyperton ic  by 

g ly ce ro l a re  re tu rn ed  to  a g ly c e ro l- f re e  s o lu tio n  in. o rd e r to  

d isconnect th e  tra n sv e rse  tu b u le s  from th e  su rface  membrane. When 

d é tu b u la tio n  i s  about 98^ complete (Eis entier g & E isenberg, 1968) 

th e  s p e c if ic  membrane capacitance  i s  reduced by about tw o -th ird s  

(Gage & Eisenberg, 1 969a) . This technique a lso  dem onstrates 

th a t  a la rg e  p a r t of the  re s tin g  K conductance is  in  th e  membrane 

o f th e  tu b u le s , and because o f t h i s  the tu b u la r  membrane provides 

an a l te r n a t iv e  pathway fo r  to  leave and e n te r  the c e l l  in  the  

re s t in g  s ta t e  o ther th an  across  th e  su rface  membrane.

In  th e  p resen t co n te x t, th e  T-system i s  a lso  of in te r e s t  

because a number of s tu d ie s  suggest th a t  th e re  may be t r a n s ie n t  

changes in  the  com position of th e  e x te rn a l so lu tio n  w ith in  th e  

tu b u la r  lumen. In  19li9> Katz showed th a t  when an inward cu rren t 

was in je c te d  in to  s k e le ta l  muscle f ib r e s ,  th e  membrane p o te n t ia l  

in c reased  ra p id ly  a t  f i r s t ,  b u t th e r e a f te r  in c reased  more slow ly, 

ta k in g  se v e ra l hundred m illiseco n d s to  reach  a s te a d y -s ta te .

A drian  & Freygang (1962a,b) have in v e s tig a te d  t h i s  slow change in  

p o te n t ia l  and concluded th a t  i t  i s  due to  a d ep le tio n  o f K  ̂ w ith in  

an e x tr a c e l lu la r  space presumed to  be th e  lumen o f th e  tu b u le s .

In  t h e i r  model, d ep le tio n  occurred because th e  t r a n s p o r t  number 

f o r  K  ̂ across  th e  tu b u la r  w a ll exceeded th a t  across a membrane a t  

th e  mouth o f th e  tu b u le s . More recen t experim ents (which a re



d iscussed  in  ch ap te rs  6 & 7) suggest th a t  under c e r ta in  con d itio n s  

d ep le tio n  can account fo r  only p a r t of th e  slow in crease  in  

re s is ta n c e  (Aimers, 1972a,b) . However, i t  appears th a t  th e  

d ep le tio n  hypothesis (Adrian & Freygang, 1962a) i s  e s s e n t ia l ly  

c o r re c t ,  though th e  idea th a t  th e re  is  a membrane a t  th e  mouth 

of th e  T -tubules i s  untenable in  view of t ie  experim ents with 

e x tr a c e l lu la r  m arkers.

" The d ep le tio n  hypothesis i s  a lso  supported  by th e  e a r l i e r  

experim ents o f Hodgkin & Horowicz (1960a). These au thors showed 

th a t  when th e  ex te rn a l K**" co n cen tra tion  was ra is e d  in  an alm ost 

step-w ise fa sh io n , th e  r a te  a t  which th e  f ib r e s  d ep o larized  was 

about th re e  tim es g re a te r  than  the r a te  a t  which they  re p o la riz ed , 

when, a f t e r  a few seconds, ex te rn a l was re tu rn ed  to  i t s  i i ib ia l 

le v e l .  They explained  th i s  by assuming th a t  the  removal of 

from a lo c a l  reg io n  o u tsid e  the f ib r e  (the tu b u la r  lumen) was 

delayed .

The experim ents of Hodgkin & Horowicz (1960a) a lso  produce 

th e  fo llow ing im portant r e s u l t s .  F i r s t ,  s ince  s in g le  d issec te d  

muscle f ib r e s  were used, th e  r e s u l t s  cannot be exp lained  by 

d if fu s io n  delays in  the  space between f ib r e s .  T hat d ep le tio n  

o r ig in a te s  from th e  T-system i s  a lso  supported  by experim ents 

th a t  show th a t  th e  slow in c re a se  in  re s is ta n c e  re p o rted  by Katz 

09h9)  and A drian & Freygang (1962a) i s  removed by d é tu b u la tio n  

(Gage & E isenberg, 1969b). Secondly, s in ce  th e  estim ated  

volume o f the  T-system  obtained  by Hodgkin & Horowicz is  s im ila r  

to  those  rep o rted  by Peachey (1965) and Moblqy & Eisenberg (1975) 

from electronm icrographs, i t  appears th a t  th e  sarcoplasm ic 

re ticu lu m  c o n tr ib u te s  l i t t l e  o r nothing to  the s iz e  o f th e  dep le ted  

space. F in a lly , th ese  experim ents support th e  idea th a t  p a r t  o f



th e  r e s t in g  K conductance i s  in  th e  w alls o f  th e  T-system .

The p re sen t in te r e s t  in  tu b u la r  d ep le tio n  a r is e s  from 

th e  f a c t  th a t ,  according to  Aimers (1972a), th e  time dependence 

of th e  inward cu rren t in  r e s t in g  muscle f ib r e s  bathed  in  a high 

KgSO  ̂ so lu tio n  con ta in ing  no Na"*̂  i s  due not to  d e p le tio n , bu t to  

a f a l l  in  th e  p e rm eab ility  o f th e  membrane to  K^, w hile Standen 

& S ta n f ie ld  (1978c) rep o rt th a t  th i s  p erm eab ility  change, which 

can be shown to  occur ;in  c e r ta in  c o n d itio n s , i s  abo lished  : 

in  N a-free R inger. In  ch ap te r 6, a method i s  d escribed  which 

allow s one to  d is tin g u is h  between th e se  two a l te r n a t iv e s ,  and i t  

i s  concluded th a t  d ep le tio n  does occur in  an iso to n ic  

so lu tio n  such as th a t  used by Katz (19U9). (See Baumgarten & 

Iseriberg , 1977) f o r  a recen t re p o rt o f K d ep le tio n  and 

accum ulation in  th e  e x tr a c e l lu la r  space o f P u rk in je  f ib r e s ) .

In  a d d itio n  to  th e  Na conductance, th e  inwardly re c t i fy in g  

K conductance and th e  delayed K conductance, th e re  a re  fo u r more 

membrane conductances which have been recorded  in  fro g  s k e le ta l  

muscle f ib r e s ,  and which deserve mention here  even though they  

have not been s tu d ie d  in  the  course o f t h i s  work.

The f i r s t  to  be considered  i s  the  slow K conductance described  

by A drian, Chandler & Hodgkin (1970b) and S ta n fie ld  (1970a). Like 

th e  delayed K conductance (Adrian e t a l . » 1970a),th is  tu rn s  on 

along  a sigm oidal tim e course when th e  membrane is  depo larized  

beyond about -50 mV, but i t  reaches a maximum value which i s  only 

about one te n th  th a t  of th e  delayed conductance. Moreover, i t  

tu rn s  on so slow ly th a t  i t  i s  not a c t iv a te d  to  any g re a t ex ten t 

du ring  a normal a c tio n  p o te n t ia l .  A drian e t a l . (1970b) have 

suggested , however, th a t  i t  i s  re sp o n s ib le  fo r  1he l a t e  d ep o la riz in g  

a f te r p o te n t ia l  which fo llow s a t r a in  of iirpulses in  fro g  s k e le ta l



muscle f ib r e s .  S ince th e  l a t t e r  i s  ab o lish ed  by g ly c e ro la tio n  

(Gage & E isenberg, 1969b), th e  slow in c rease  in  K p erm eab ility  

may o r ig in a te  from th e  T-system . However, th e  p ro p e r tie s  of 

the  slow K conductance have not been s tu d ie d  in  g ly ce ro la ted  

muscle f ib r e s  to  see  i f  th i s  conductance in c rease  i s  a lso  

a b o lish ed .

R ecently , Beaty & S te fa n i (1976a) have rep o rted  calcium -

dependent e l e c t r i c a l  a c t iv i ty  in  fro g  muscle f ib r e s  bathed  in  a

s o lu tio n  co n ta in in g  tetraethylammonium to  reduce th e  delayed

c u r re n t.  This e l e c t r i c a l  a c t i v i t y  fo llow s the a c tio n  p o te n t ia l ,

and in  ch lo rid e  - f re e  s o lu tio n  c emprises a slow d e p o la riz a tio n

as  w ell as a slow t r a n s ie n t  response during which "the membrane

p o te n t ia l  may reach  + 23 mV. Beatÿ & S te fa n i a t t r ib u te  th ese
2+responses to  an  in flu x  o f Ca , which, th ey  suggest, might p lay

a r o le  in  e x c ita t io n -c o n tra c tio n  coup ling .

V oltage clamp experiments a lso  in d ic a te  th a t  th e re  i s  a
2 +voltage-dependent in f lu x  of Ca in  depo larized  muscle (Beaty

& S te fa n i,  1 976b ; S ta n f ie ld , 1977; P o treau  & Raymond, 19785

see a lso  Raymond & P otreau , 1977). This i s  lo ca ted  la r g e ly

in  th e  T-system , (Potreau  & Raymond, 1978) and tu rn s  on a t  a

p o te n t ia l  c lo se  to  th e  m echanical th re sh o ld  (S ta n f ie ld , 1977T

P otreau  & Raymond, 1978).

The most in te re s t in g  qu estio n  concerning th e  Ca iifLux i s

w hether or not i t  p lays an e s s e n t ia l  ro le  in  ten s io n  development

fo llow ing  a s in g le  a c tio n  p o te n tia l  under n o rm l c o n d itio n s .

Using th e  data  o f  B ianchi & Shanes (1959)  ̂ Potreau  & Raymond
2+(1979’) have argued th a t  th e  in flu x  o f  Ca during an a c tio n  

p o te n t ia l  i s  about 20 tim es too  sm all to  a c t iv a te  the  c o n tr a c t i le  

p ro te in s  in  f ro g  s k e le ta l  muscle f ib r e s ,  though a Ca in flu x  may



p lay  a ro le  in  c o n tra c tio n  i f  d e p o la r iz a tio n  i s  prolonged. This 

i s  supported by experim ents which show th a t  th e  Ca cu rren t tu rn s  

on too  slow ly to  be a c t iv a te d  to  any g re a t ex ten t during a s in g le  

a c tio n  p o te n t ia l  (S ta n f ie ld , 1977)» Other experim ents which

suggest th a t  a Ca in f lu x  i s  not e s s e n t ia l  i s  th a t  tw itch es  p e r s i s t
2+ -9when th e  e x te rn a l Ca co n cen tra tio n  i s  reduced to  10 M

(Armstrong, B ezan llla  & Horowicz, 1972) and th a t  D600, which 
2+ab o lish es  th e  Ca dependent responses (Beaty & S te fa n i,  1976a), 

f a c i l i t a t e s  r a th e r  th an  depresses te n s io n  development (b o rrsch e id t-  

K afer, 1977).

Takeda (1977) has rep o rted  a Na^ dependent inward cu rren t in

dep o la rized  muscle f ib r e s  immersed in  a so lu tio n  con ta in ing  th e  
2+Ca c h e la tin g  agent EDTA. This Na cu rren t i s  blocked by 

p ic ro to x in  and appears to  o r ig in a te  from th e  T-system  s in c e  i t  i s  

not found in  g ly c e ro la ted  f ib r e s .  However, t h i s  cu rre n t i s  n o t 

blocked by te tro d o to x in  (10 ^g/ml) a t  co n cen tra tio n s  which a re  

s u f f ic ie n t  to  block th e  Na c u rren t re sp o n sib le  fo r  th e  r is in g  

phase o f th e  spike in  most nerve and muscle f ib r e s  ( fo r  review s 

see Kao, 1966; N arahashi, 197U). Takeda used th e  fro g  Rana 

ca tesb ian a  fo r  h is  experim ents.

In  a d if f e r e n t  sp ec ies  (Rana escu len ta )  ̂ C a i l le ,  I ld e fo n se  

& Rougier (1975, 1978) and îfendrino (1977) have sep ara ted  th e  

Na c u rre n t in to  two components, bo th  o f which a re  blocked by 

te tro d o to x in . The f a s t e r  of th ese  components i s  in  th e  su rface  

membrane and th e  slow er component appears to  re s id e  in  th e  

tu b u la r  membrane. I t  i s  d i f f i c u l t ,  however, to  be c e r ta in  t h a t  

th e  slower Na cu rren t i s  no t due to  reg en e ra tiv e  a c t i v i t y  in  o th e r  

u n co n tro lled  p a r ts  o f th e  muscle f ib r e .  On th e  o th e r  hand, th e  

p resence of a te tro d o to x in —s e n s itiv e  Na channel in  th e  T-system  i s
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supported  by the  t r i t i a t e d  TTX binding  s tu d ie s  of Jaim ovich e t  a l .

(1 976) and in d ir e c t ly  by s tu d ie s  which suggest th a t  a tu b u la r  

a c tio n  p o te n tia l  i s  necessary  in  o rder to  o b ta in  a normal tw itch  

(A drian, C ostantin  & Peachey, 1969; B e z an illa , Caputo,

Gonz a le  s-S e r r a t  os & Venosa, 1972; B astian  & Nakajima, 1972, 197U)«

F in a lly , i t  i s  w e ll e s ta b lish e d  th a t  the  an ion  conductance in  

fro g  muscle i s  due to  c h lo r id e . The ch lo rid e  conductance co n tr ib u te s  

about 68^ of th e  t o t a l  membrane conductance a t  the  re s tin g  p o te n t ia l  

in  muscle f ib r e s  immersed in  a normal KCl Ringer (Hodgkin & Horowicz, 

1959; H u tte r & Noble, 1960; H u tte r & Warner, 1967a) Eisenberg &

Gage, 1 969) and le s s  than  t h i s  when th e  f ib r e s  a re  hyperpo larized  

(Hodgkin & Horowicz, 1959) H u tter & Warner, 1972), o r  p laced  in  a 

hyperton ic  R irg e r (S pere lak is  & Schneider , 1968) . Since g ly c e ro la tio n  

has l i t t l e  or no e f fe c t  on th e  ch lo rid e  conductance (Eisenberg &

Gage, 1969) ,  and s ince  a sudden step -w ise  change in  th e  ex te rn a l 

c h lo rid e  co n cen tra tio n  produces a ra p id  change in  th e  membrane 

p o te n t ia l  which follow s a s im ila r  time course whether th e  ch lo rid e  

co n cen tra tio n  i s  ra ise d  or lowered (Hodgkin & Horowicz, 1960a), i t  

i s  u n lik e ly  th a t  th e  c h lo rid e  conductance is  lo c a te d  to  any g rea t 

e x te n t in  th e  tu b u la r membrane.

The ro le  of Na and K in  th e  ac tio n  p o te n tia l  was f i r s t  

described  in  d e ta i l  by Hodgkin & Katz (19U9) fo r  the  squ id  axon, 

an d  by Nastuk & Hodgkin (1950) fo r  s k e le ta l  muscle of th e  f ro g .

However, s ince much o f our p resen t understanding of th e  way in  which 

th ese  ions give r is e  to  the sp ike i s  a r e s u l t  o f the experiments 

of Hodgkin & Huxley (1 9 5 2 a ,b ,c ,d ; see a lso  Hodgkin, Huxley &

Katz, 1952) ,  who recorded  the membrane c u rre n ts  o f squid  axons under 

cond itions in  which th e  membrane p o te n tia l  was c o n tro lle d  in  a s te p ­

wise manner (the voltage-ciam p tech n iq u e), i t  i s  ap p ro p ria te  to  

d iscu ss  th e se  experim ents h e re .
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These au thors found th a t  when the meiribrane was depo larized , 

say , to  0 mV, th e  membrane cu rren t had fou r components. F i r s t ,  

the  beginning and end of th e  v o ltag e  s tep  produced a t r a n s ie n t  

ca p a c ity  c u rre n t. Second, th e re  was an io n ic  leakage cu rre n t which 

was independent of tim e and p ro p o rtio n a l to  th e  ap p lied  v o lta g e .

The th i r d  ccmponent was th e  Na curren t,w h ich  was inward a t  0 mV.

This reached  a maximum a f t e r  about one m illise c o n d ,th e n  in a c tiv a te d  

com pletely. F in a lly , they  showed th a t  th e  K cu rren t was outward 

a t  0 mV, th a t  i t  developed more slow ly than  th e  Na c u r re n t,  and 

th a t  i t  d id  not in a c t iv a te .  More recen t s tu d ie s  show th a t  th e  K 

cu rren t does in a c t iv a te  slow ly in  th e  squid  (E rhenstein  & G ilb e r t, 

b u t th a t  t h i s  in a c tiv a tio n  i s  no t com plete.

Hodgkin & Huxley (1 952d) developed a m athem atical model which 

described  th e  tim e and vo I t  a g e -  dep en dene e of th e  io n ic  cu rren ts  

and from which th ey  were ab le  to  re c o n s tru c t th e  a c t io n  p o te n t ia l  

w ith  a reasonably  high degree o f accuracy (see a lso  Hodgkin, 196J4.) .

In  th is  model th e  sodium and th e  potassium  conductances (g and g ,iV
re sp e c tiv e ly )  a re  given by

and % " ^  0  *2)

where m, n , and h a re  param eters which depend on th e  membrane

p o te n t ia l  and on tim e, and where g and g a re  th e  maximum p o ssib le
N& JcL

sodium and potassium  conductances. A more d e ta i le d  account of the 

model fo r  th e  K conductance i s  g iven in  chap ter 3» Here, i t  i s  

s u f f ic ie n t  to  say th a t  the model assumes th a t  th e  conductance o f 

each Na channel i s  c o n tro lle d  by an a c t iv a t io n  g a tin g  mechanism 

(m^) which opens when th e  membrane i s  dep o la rized , and an 

in a c tiv a tio n  g a te  (h) th a t  closes under th e se  c o n d itio n s . Each 

delayed K channel i s  a lso  c o n tro lle d  by an a c t iv a t io n  gating  mechanism
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(n^) th a t  opens m response to  d e p o la r iz a tio n . In  muscle, th e re  

must a lso  be a t  le a s t  one in a c tiv a tio n  g a te  fo r  th e  K channel 

s in c e  th e  delayed c u rre n t in a c tiv a te s  com pletely during a m aintained 

d e p o la r iz a tio n  (Adrian, Chandler & Hodgkin, 1970a). I t  i s  c le a r  

th a t  the  Hodgkin-Huxley modd. does not account fo r  a l l  of the 

p ro p e r tie s  o f ion ic  c u rre n ts  recorded  in  a v a r ie ty  of p rep a ra tio n s  

( fo r  a review  see Goldman, 1976). However, its  value l i e s  in  th e  

f a c t  th a t  s in ce  the param eters m, n , and h are  w ell defined , th e  

ion ic  c u rre n ts  can be compared unambiguously in  a number of 

experim ental s i tu a t io n s .

Although i t  i s  more than  25 years  s in ce  Hodgkin & Huxley 

pub lished  t h e i r  model of th e  io n ic  c u rre n ts  in  th e  squ id  axon, 

com paratively  l i t t l e  i s  known ab o u t-th e  s tru c tu re  of th e  v o ltag e^  

s e n s i t iv e  m olecules presumed to  gate  th e  channels except th a t  

p ro te in s  a re  probably  invo lved . This conclusion  i s  based on th e  

f in d in g  th a t  th e  p ro te o ly tic  enzyme, p ronase, removes Na 

in a c t iv a t io n  in  th e  squid when added to  th e  in te rn a l  p e rfu sa te  

(Armstrong, B ezan illa  & R ojas, 1973), and zinc slows th e  k in e tic s  

o f K a c t iv a t io n  in  the squid axon (Begenisich&c Lynch, 197U) and 

s k e le ta l  muscle f ib r e s  (S ta n f ie ld , 1975). In  muscle, the  k in e t ic s  

a re  a l te re d  in  such a way as to  suggest th a t  zinc i s  ab le  to  b in d  

to  one or more of the  g a tin g  p a r t ic le s  (n) a sso c ia ted  w ith  each K 

channel (S tan fid d , 1975)5 a r e s u l t  which i s  a lso  c o n s is te n t w ith  

th e  view (Hodgkin & Huxley, 1952d) th a t th e  movement o f gating  

p a r t ic le s  w ith in  th e  membrane a re  independent of cne an o th e r.

Zinc a lso  reduces the  maximum K conductance in  m uscle, though th i s  

e f fe c t  may be due to  zinc b in d irg  a t  soire ex te rn a l s i t e  and th ereb y  

b locking  the  channel r a th e r  th an  an e f fe c t  on channel gating  

(S ta n f ie ld , 1975).
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The ccnteirporary in te r e s t  in  th e  s tru c tu re  of io n ic  channels 

has developed la rg e ly  as a r e s u l t  of th e  experiments of Armstrong 

and h is  co-w orkers, who s tu d ied  th e  p ro p e r tie s  of th e  delayed 

r e c t i f i e r  in  nerve in  th e  presence o f tetraethylammonium ions (TEH) 

and i t s  d e r iv a tiv e s . In  th e  nex t few pages, I  s h a ll  a t te n p t  to  

show how th ese  and o th e r pharm acological s tu d ie s  have c o n trib u ted  

to  th e  d e sc r ip tio n  o f th e  delayed K channel which was given a t  the  

beginning of th i s  ch ap te r.

Q uaternary ammonium ions a re  perm anently charged, monovalent 

c a tio n s . The charge is  lo c a te d  on th e  n itro g en  atom ,w hich,in  

th e  case of TEA, a lso  forms th e  c e n tra l  atom to  which fou r e th y l 

chains a re  connected. In  most of the  o th e r quaternary  compounds 

te s te d  by Armstrong the  len g th  of one of th e  hydrocarbon chains was 

in creased  to  co n ta in  fro n  th re e  to  tw elve carbon atom s; th i s  

in c reases  th e  hydrophobic p ro p erty  of th e  m olecule.

In  1965, Armstrong & B instock showed th a t  in  squ id  axons 

bathed in  a l^O^mM-K sdLution^and in je c te d  w ith  TEH, th e  outward 

cu rren t a sso c ia te d  w ith  th e  delayed K channels was very  n ea rly  

abo lished  w h ilst the  inward cu rren t was la rg e ly  u n a ffec ted . In  

axons in je c te d  w ith  a lower co n cen tra tio n  o f TEH, Armstrong (1966) 

was ab le  t o  study th e  k in e t ic s  o f th e  b lockade. In s te a d  of 

in c rea s in g  w ith tim e, th e  outward c u rren ts  d ec lined  to  a steady 

le v e l ,  and inward c u r re n ts ,  which norm ally d ec lin e  m onotonically 

as K channels c lose a t  th e  end o f  the d ep o la riz in g  s te p , reached a 

peak and then  dec lined  more slow ly than  in  th e  absence of TEH. From 

th ese  s tu d ie s  i t  was deduced th a t  in te rn a l  TKA blocks K cu rre n ts  

when th e se  a re  outward, though the  blockade tak es  longer to  develop 

when th e  TEH co n cen tra tio n  i s  reduced. When the  K c u rre n t i s  

inward, TEH i s  d isp laced  from i t s  b locking s i t e  w ith in  the  channel
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and pushed back in to  th e  axoplasm. The slow decline  in  inward 

c u rre n ts  in  TEH-treated axons was noted as  evidence suggesting  th a t  

th e  channel must be c lea red  o f TEA. befo re  th e  a c t iv a t io n  gate  can 

c lo se  ,(Armstrong, 1966).

In  g en era l, as the  len g th  o f one o f the  hydrocarbon chains 

is  in c reased  th e  blockade becomes s tro n g er (Armstrong, 1969, 1971,

19 7 5 a ,b ). . Thus th e  nonyltriethylammonium io n , in  which one o f 

th e  e th y l chains o f TEA. i s  rep laced  by th e  s tr a ig h t  chain  

i s  more p o ten t than  pentyltriethylam m onium  , which i s  more p o ten t 

th an  TÏA when each i s  ap p lied  in te rn a l ly .  The exp lanation  

suggested by Armstrong i s  th a t  th e  hydrocarbon chain in te ra c ts  

w ith th e  l i p id  component of th e  membrane w hile th e  charged pa i t  o f 

th e  molecule occludes th e  channel.

Hucho (1977) has shown th a t the  b inding s i t e  of the  photo­

a f f i n i t y  la b e l  l|.-azido-2-nitrobenzyltriethylam m onium  flu o ro b o ra te  

in  homogenised c ra y fish  axons i s  l i k e ly  to  be a phospholip id  o r 

sm all p ro te o lip id .  The main evidence th a t  th e  la b e l  binds to  a 

K channel component is  th a t  nonyltriethylammonium i s  ab le  to  

d isp lace  th e  p h o to lab e l from i t s  b ind ing  s i t e  b e fo re  covalen t 

binding occurs, and th a t  th e  p h o to lab e l blocks delayed cu rre n ts  

in  fro g  s c ia t ic  nerve, though w ith a lower a f f i n i t y  than  TEA.

(Hucho, Bergman, D ibois, Rojas & K ie fe r, 1976).

The k in e tic  model developed by Armstrong to  account fo r  the  

a c tio n  of in te rn a l  quaternary  ammonium ions on th e  K channel 

assumes th a t  only one such ion  blocks each K channel. Moreover, 

i t  i s  assumed th a t  only open channels a re  b locked; t h i s  i s  based 

on the observation  th a t  in  axons in je c te d  w ith  quaternary  ammonium 

io n s, th e  delayed cu rren t during a la rg e  d ep o la r iz a tio n  in creases  

norm ally a t  f i r s t ,  reaches a peak and th en  d e c lin e s . In  axons
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in je c te d  w ith  nonyltriethylammonium, t h i s  drug-induced in a c t iv a t io n  

can be co n p le te .

Recovery from th e  blockade has a lso  been s tu d ied  in  n o n y ltr ie th y l­

ammonium-injected axcns. Recovery i s  a cc e le ra te d  by in creasin g  th e  

e x te rn a l potassium  con cen tra tio n  o r by holding th e  membrane a t  a 

more n eg a tiv e  p o te n t ia l  (Armstrong, 1971, 1975a,b); in  bo th  cases 

th e  inward K cu rren t i s  in c reased . However, s ince la rg e  hyper- 

p o la r iz in g  p u lses  ap p lied  a f t e r  b lock has occurred delay th e  l a t e  

phase o f recovery , th e  presence of nonyltriethylammonium w ith in  

th e  channel may in te r f e r e  w ith th e  a b i l i t y  of th e  a c t iv a t io n  gate  

to  c lo se , as suggested from th e  experiments w ith  TEH (Armstrong,

1966), o r  th e  ga te  may c lo se  tra p p in g  the b locking  ion  (Armstrong,

1971, 1975a,b).

From th e se  s tu d ie s , Armstrong has concluded th a t  the  a c t iv a t io n  

ga te  i s  a t ,  or c lo se  to ,  the  inner end o f th e  K channel and th a t  

th is  end of th e  channel is  s u f f ic ie n t ly  la rg e  to  accommodate a 

hydrated  K ion  or TEH, bo th  of which have a rad iu s  of about 8̂ .

Long chain  d e r iv a tiv e s  of TEH are  a lso  accommodated since  th e  long 

hydrocarbon chain  can p en e tra te  th e  hydrophobic p a r t  of th e  membrane. 

The o u te r p a r t  o f th e  channel, which rep re sen ts  th e  s e le c t iv i ty  

f i l t e r ,  i s  narrow er s in ce  i t  excludes TEH and i t s  d e r iv a tiv e s .

K^, however, can pass th rough  th e  s e le c t iv i ty  f i l t e r  once i t  has 

shed most o f i t s  w ater of h y d ra tio n .

In  g en era l, qua ternary  ammonium ions a re  w ithout e f fe c t  when 

ap p lied  e x te rn a lly  to  squid axons (Armstrong & B instock, 1965; 

Armstrong, 1969) ; t h i s  in d ic a te s  th a t  th e se  ca tio n s  do not 

p e n e tra te  th e  membrane to  any g re a t ex ten t and th a t  th e  b locking 

s i t e  i s  only a c c e ss ib le  from the  axoplasm.

In  a comparable s e r ie s  of experim ents, Armstrong & H il le  (1972) 

showed th a t  th e  e f fe c ts  o f TEH, pentyltriethylam m onium  ion  and
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nonyltriethylammonium ion  a p p lied  in te rn a l ly  to  th e  frog  node of 

R anvier were s tr ik in g ly  s im ila r  to  th o se  rep o rted  fo r  squid axons. 

Hence i t  i s  g e n e ra lly  assumed th a t  th e  re c e p to r  f o r  in te rn a l  

qu a te rn ary  ammonium ions i s  s im ila r  in  bo th  p re p a ra tio n s .

Fink & Wettwer (1978) have in v e s tig a te d  th e  e f f e c ts  of 

io n to p h o re tic  in je c t io n  of TEA. in to  frog  s k e le ta l  muscle f ib r e s ,  and 

re p o rt a concentration-dependent depression  o f th e  delayed 

cu rren t when th i s  i s  outward or inward. W hilst th e  r e s u l t s  a re  

no t d escribed  in  d e t a i l ,  i t  was shown th a t  when s u f f ic ie n t  TEA. i s  

in je c te d  to  reduce th e  outward cu rren t by 76^ of th e  c o n tro l,  th e  

c u rre n t in c reases  monot o n ic a lly  and w ithout th e  i n i t i a l  delay 

observed in  squid axons (Armstreng, 1966) o r ngrelinated nerve 

f ib r e s  (H ille  & Armstrong, 1972) con ta in ing  TEA. This suggests 

th a t  th e  blockade of delayed K channels in  muscle by in te rn a l  

TEA i s  independent of channel g a tin g . On th e  o th e r hand, such 

a r e s u l t  i s  a lso  to  be expected i f  th e  a c t iv a t io n  g a tin g  mechanism 

i s  between th e  TEA rec e p to r  and th e  sarcoplasm , b u t th e  k in e tic s  

o f channel ga ting  a re  slow cemparéd to  th e  r a te  of form ation  

and d is s o c ia tio n  o f th e  TEA-receptor conplex (Armstrong & H ille ,

1972).

In  c o n tra s t to  th e  squid axon, e x te rn a l q u a tem a iy  ammonium 

ions b lock  th e  delayed K cu rren ts  in  fro g  muscle (Kao & S ta n f ie ld ,

1970; S ta n f ie ld , 1970a; Fink & Wettwer, 1978; see a lso  

Hagiwara & Watanabe, 1955), in  fro g  node (H ille , 1967; V ierhaus & 

U lb r ic h t, 1 971 ; Armstrong & H il le ,  1972) and in  Xenopus node 

(Koppenhbfer, 1967). Since th i s  blockade i s  more or le s s  independent 

o f th e  membrane p o te n t ia l  (H ille , 1967) S ta n f ie ld , 1970a), i t  i s
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l ik e ly  th a t  th e  re cep to r i s  on th e  o u te r  su rface  of the membrane 

and is  sep a ra te  from th e  recep to r reached by in te rn a l  quaternary  

ammonium ions (Koppenhofer & Vogel, 1969; Armstrong & H il le ,  1972).
II

In  frog  muscle (S ta n f ie ld , 1970a) and in  Xenopus node (Koppenhofer,

1967) e x te rn a l TEA a ls o  slows th e  r a t e  o f K a c t iv a t io n , though in  

fro g  node (H ille , 1967; Armstrong & H il le ,  1972) no e f fe c t  on 

th e  k in e tic s  of K a c t iv a t io n  i s  seen . The s ig n if ic a n c e  o f t h i s  i s  

a t  p resen t unknown.

Amines, and in  p a r t ic u la r  the am inopyridines and s try ch n in e , 

have a ls o  been used fo r  the  study o f K channel mechanisms. An 

im portant fe a tu re  of th ese  m olecules i s  th a t  they  e x is t  in  both  

c a tio n ic  and n e u tr a l  forms. The n e u tra l  form i s  l i p i d  so lu b le , 

which m ight account fo r  th e  f a c t  th a t  in  nerve the am inopyridines 

b lock  th e  delayed r e c t i f i e r  in  th e  same way whether they  a re  

added to  th e  in te rn a l  or ex te rn a l so lu tio n . I t  a lso  accounts fo r  

th e  f a c t  th a t  e x te rn a l a p p lic a tio n  o f s trychnine has th e  same e f fe c t  

as in te rn a l  a p p lic a tio n  of m ethy lstrychn ine , which, s in ce  i t  i s  a 

q u atern ary  ammonium ion , i s  u n lik e ly  to  c ro ss  the membrane (Shapiro, 

1977a,b).

I n te r e s t  in  th e  am inopyridines as K channel b lockers began 

when P e lh a te  and Pichon (197^;) rep o rte d  th a t  i;-am inopyridine (i|-AP) 

blocked th e  delayed r e c t i f i e r  of cockroach axons about ii.00 tim es 

as e f fe c t iv e ly  as TEA, but was w ithout e f fe c t  on the  Na c u r re n t.

This s p e c if ic  a c tio n  o f am inopyridines has been confirmed in  s tu d ie s  

on squid axons (Meves & Pichon, 1977 5 Yeh, Oxford, Wu & N arahashi, 

1976a; K irsch & N arahashi, 1978), m yelinated nerve f ib r e s  

(u lb r ic h t  & Wagner, 1976), Myxicola g ia n t axons (Schauf, Colton, 

Colton & Davis, 1976), and fro g  s k e le ta l  muscle (G ille sp ie  & H u tte r ,

1975). However in  ^^rxicola axons (Schauf, Colton, Colton & Davis,

1976) 2 - , 3“ and U-AP a re  not as p o ten t as TEA.
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In  th e  p resen t co n tex t, the  most in te re s t in g  find ing  i s  th a t  the 

a c tio n  of i;-AP on s k e le ta l  muscle d i f f e r s  in  some re sp e c ts  from 

i t s  a c tio n  on nerve. In  nerve (Meves & Pichon, 1977; Yeh e t a l . , 

1976a,b; U lb rich t & wagner, 1976),li.-AP in  co n cen tra tions of about 

1 iriM or le s s  reduces inward and outward delayed c u r re n ts . The

blockade i s  a lso  tim e- and vo ltage-dependen t; /in  th e  

s te a d y -s ta te  the blockade decreases as th e  membrane p o te n t ia l  i s  

made more p o s i t iv e .  This i s  in  c o n tra s t  to  the  blockade produced 

by in t r a c e l lu la r  quaternary  ammonium ions which in c reases  under 

those  co n d itio n s  (H ille ,  19753-) » In  a d d itio n , th e  r a t e  o f recovery 

from b lock  during a dep o lariz in g  s tep  i s  considerab ly  f a s t e r  than  

th e  r a t e  of r e s to r a t io n  a t  th e  holding p o te n t ia l  in  a v a r ie ty  of 

c o n d itio n s . This v o lta g e -  and tim e-dependence has th re e  

consequences. F i r s t ,  l-AP slows th e  onset o f th e  K cu rren t 

during d e p o la r iz a tio n  under v o ltag e  clamp co n d itio n s . Secondly, 

r e p e t i t iv e  d e p o la r iz a tio n  a c c e le ra te s  the  r a te  o f r i s e  of th e  K 

c u rre n t during th e  second and subsequent p u lses  in  a manner which 

depends on th e  p re p a ra tio n , th e  p u lse  in te rv a l  and d u ra tio n , and 

th e  co n cen tra tio n  o f U-AP. T h ird ly , s in ce  the  r a te  o f recovery 

during a d ep o la riz in g  s tep  is  slow compared to  th e  r a t e  o f K 

channel g a tin g  in  th e  presence of U-AP, i t  i s  d i f f i c u l t  to  t e s t  

th e  id ea  of Yeh e t  a l . (1976b) th a t  th e  re le a se  of 1̂ -AP from i t s  

b ind ing  s i t e  occurs predom inantly from K channels in  which th e  

a c t iv a t io n  ga te  i s  open.

This l a s t  p o in t i s  of considerab le  in te r e s t  s in ce  i t  r e la te s  

to  th e  mechanism o f a c t io n  o f the  am inopyridines,w hich i s  a t  

p resen t unknown. The blockade o f Na cu rre n ts  in  n^relinated nerve 

by amine a n a e s th e tic s  i s  s im ila r  in  th a t  i t  i s  v o lta g e - , tim e- 

and frequency-dependent ( Courtney, 1975; H il le ,  1977a,b).

H ille  ' s (1977b) model f o r  th e  a c tio n  o f th ese  a n a e s th e tic s  i s  th a t
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th ey  bind  to  a s i t e  w ith in  the  channel between th e  s e le c t iv i ty  

f i l t e r  and th e  a c t iv a t io n  g a te . Access to  the s i t e  by the  

c a tio n ic  form of th e  drug i s  achieved f ra n  the axoplasm, and 

only through th e  mouth of th e  channel when the  g a te  i s  open.

The (drug in  i t s  n e u tra l  form can by-pass th e  g a tin g  mechanism 

by d iffu s in g  through the l i p i d  p o rtio n  of th e  membrane to  th e  

s i t e .

Aminopyridines may a lso  a c t  in  th e  n e u tra l  form, th e  

am inopyrid ine-recep to r complex being s ta b i l iz e d  when th e  

a c t iv a t io n  gate i s  sh u t. On th e  o th e r hand, since  recovery  from 

th e  blockade does not s a tu ra te  a t  p o te n tia ls  a t  which th e  K 

channels a re  norm ally f u l ly  a c tiv a te d  (Meves & Pichon, 1977;

Yeh e t a l . ,  1976b; U lb rich t & Wagner, 1 976 ),a more d i r e c t  e f fe c t  

o f  p o te n t ia l  on th e  degree o f blockade i s  to  be expected (Meves 

& Pichon, 1977). I f  I4.-AP reaches a s i t e  w ith in  th e  channel in  

i t s  c a tio n ic  form, then  from th e  voltage-dependence of th e  blockade 

i t  i s  probable th a t  U-AP en ters  th e  channel from th e  e x te rn a l 

s o lu tio n .

In  m uscle, e x te rn a l j^-AP a lso  blocks the  delayed cu rren t 

in  a manner which i s  enhanced by a h y p erp o la riz in g  p repu lse  

(G ille s p ie , 1977). However, th e  delayed cu rren t is  not depressed  

by 2;-AP i f  th e  p repu lse  i s  i t s e l f  preceded by a d e p o la r iz a tio n  

which i s  assumed to  c lo se  th e  in a c t iv a t io n  gate  fo r  th e  d u ra tio n  of 

th e  hy p erp o la riz in g  p rep u lse . From t h i s ,  G ille sp ie  (1977) has 

concluded th a t  lj.-AP  ̂ i s  a t t r a c te d  in to  the  channel by th e  hyper- 

p o la r iz in g  p repu lse  only when th e  in a c tiv a tio n  g a te  i s  open.

Thus th e  in a c tiv a t io n  ga te  i s  between th e  i;-AP binding  s i t e  and th e  

e x te rn a l so lu tio n .

A lk a lin e  so lu tio n s  slow th e  re p o la r iz a t io n  phase o f the 

ac tio n  p o te n t ia l  in  fro g  muscle f ib r e s  s tim u la ted  f re q u e n tly  in
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th e  presence o f U-AP; th i s  e f f e c t  is  a sc rib ed  to  th e  a c tio n  o f 

sarcoplasm ic U-AP”*̂ (G ille sp ie , 1977; see a lso  G U lesp ie  &

H u tte r , 1 975). In  th ese  coi d i t  io n s , th e  delayed c u rren ts  

resem ble those  recorded in  nerve w ith  in t r a c e l lu la r  n o n y ltr ie th y l­

ammonium ions (Armstrong, 1971; Armstrong & H il le ,  1972) : th a t

i s ,  th e  cu rren t in c reases  norm ally a t  th e  s t a r t  of th e  d ep o la riz in g  

s te p , bu t a f t e r  a delay becomes in a c tiv a te d  by the  drug. However, 

t h i s  r e s u l t ,  which has been confirmed by io n to p h o re tic  in je c t io n  

o f U-AP in to  muscle (Fink & Wettwer, 1978), i s  c o n s is te n t w ith 

th e  view th a t  th e  a c t iv a t io n  g a te  i s  c lo se  to  the  inner end of 

th e  channel (G ille sp ie , 1977) only i f  i t  i s  assumed th a t  in te rn a l  

I4.-AP reaches i t s  b inding  s i t e  in  th e  channel v ia  a h yd roph ilic  

pathway.

The t e r t i a r y  amine, s try c h n in e ,a lso  b locks delayed c u rre n ts  

in  nerve in  a manner which resem bles th e  b lock  by s tro n g ly  

hydrophobic quaternary  ammonium ions (Shapiro, 1977s-), to  which 

i t  i s  c lo s e ly  r e la te d .  The most in te re s t in g  fe a tu re  of t h i s  

blockade i s  th a t  i t  i s  a much s te e p e r  fu n c tio n  o f th e  menbrane p o te n t ia l  

than th a t  shown by in te rn a l  TEA (H ille ,  1975a). This le a d s  to  th e  

r e s u l t  th a t  th e  la rg e r  molecule (s try ch n in e) is  ab le to  p e n e tra te  

fu r th e r  in to  th e  K channel from th e  axoplasm than  TEA (Shapiro ,

1977a). A p o ssib le  exp lanation  f o r  th i s  i s  th a t  s try ch n in e  i s  

ab le  to  move through p a r t  of th e  membrane f i e l d  w ith  i t s  hydro- 

phobic end in  the l i p i d  and i t s  charged p a r t  in -the  channel. In  t h i s  

way th e  e f fe c t iv e  dimensions o f th e  m olecule would be reduced.

One advantage of using th e  a l k a l i  m etal ions (L i^, Na^, K^,

Rb and Cs^) as  probes o f K channels i s  th a t  th e i r  p h y s ica l and 

chem ical p ro p e r tie s  a re  g en e ra lly  b e t t e r  c h a ra c te r is e d  than  th o se  

o f la rg e  organic m olecules. The f i r s t  observation  th a t  th e  a l k a l i
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m etals in te r f e re d  w ith  th e  movement o f in  delayed channels was 

made by Baker, Hodgkin & Shaw (1962) who found th a t  axons p erfu sed  

in te rn a l ly  w ith  Cs^SO^ in s te a d  of KgSO  ̂ developed lo n g -d u ra tio n  

a c tio n  p o te n t ia ls  befo re  th ey  became in e x c ita b le  due to  d e p o la riz a tio n  

of th e  resting membrane. That t h i s  was due to  a decrease in  th e  

e f f lu x  o f during th e  a c tio n  p o te n t ia l  was confirmed by S jod in  

(1966) working w ith in ta c t  axons in je c te d  w ith  Cs*, and by 

Chandler & Meves (1965) and Adelman & S enft (1966) who used 

voltage-clam ped axons in  which p a r t  o f  the in te rn a l  K was 

rep laced  by Gs^. Other in te rn a l  a l k a l i  ca tio n s  a lso  reduce th e  

delayed K c u r re n t,  th e  order of decreasing  e ffe c tiv e n e ss  being  

Cs>Rb>Na ( Chandler & Meves, 1965; see a lso  B ezan illa  &

Armstrong, 1972; French & Adelman, 1976).

A number of o th er experim ents concerning th e  a c tio n s  o f 

Cs^ on delayed K channels can be summarized by saying th a t  in te rn a l  

Cs^ reduces th e  delayed cu rren t in  nerve when th i s  i s  outward, 

w hile ex te rn a l Cs^ blocks inward b u t not outward K c u rre n ts  

(Adelman, 1968; Adelman & S en ft, 1968; B ezan illa  & Armstrong,

1972) . S im ilar r e s u l t s  have been obtained  by Dubois & Bergman 

(1975, 1977) using fro g  irgrelinated nerves. While re c e n t 

experim ents confirm  th a t  in te rn a l  Na^ reduces outward K c u rre n ts  

in  squid  axons (B ezan illa  & Armstrong, 1972; French & W ells,
+

1977) and in  fro g  node of Ranvier (Bergman, 1970), e x te rn a l Na , 

l ik e  e x te rn a l TEA, i s  w ithout e f fe c t  on delayed K channels in  th e  

squid (B ezanilla  & Armstrong, 1972).

In  n erv e , th e  e ffe c tiv en e ss  of in te rn a l  L i^ (B ezan illa  & 

Armstrong, 1972), Na^ (Bergman, 1970; B ezan illa  & Armstrong, 1972) 

and Cs^ (Adelman & S e n ft, 1966; Dubois & Bergman, 1975, 1977; 

B ezan illa  & Armstrong, 1972) as K channel b lockers  in c reases  as



22

the  membrane p o te n t ia l  i s  made more p o s it iv e .  The e f fe c t  of Cs , 

th e  la rg e s t  of th e  a l k a l i  c a tio n s  considered (io n ic  rad iu s  = I . 69S ) , 

has been used to  support th e  view th a t  th e  inner mouth of th e  

delayed channel i s  w ider than  th e  outer p a r t  o f th e  channel 

(B ezan illa  & Armstrong, 1972; Armstrong, 1975a,b) such th a t  Gs  ̂

can only en te r  th e  in n er p a r t .  In  agreement w ith t h i s ,

P ickard  e t  a l . (196!^), S jodin  (1966) and H il le  (1973) have 

dem onstrated th a t  Gs^ does no t pass through delayed channels in  

nerve to  any g rea t e x te n t. On t h i s  b a s is ,  however, th e  o u te r  

p a r t  o f  the channel must a lso  be enlarged s in ce  th e re  i s  evidence 

th a t  Gs^ i s  ab le to  p e n e tra te  a ccnsiderab le  d istance  in to  th e  

channel from  th e  o u ts id e  in  th e se  p rep ara tio n s  (Bergman, 1975,

1977; Adelman & French, 1977)* The e f fe c t  of Gs  ̂ on inw ardly 

r e c t i fy in g  K conductances i s  d iscussed  in  chap ter 5»

Another in te re s t in g  p roperty  of io n ic  channels i s  t h e i r  

a b i l i t y  to  d is tin g u ish  between d if f e r e n t  io n s, and p a r t ic u la r ly ,  

th e  a lk a l i  m e ta ls . Ghapter U deals w ith th e  s e le c t iv i ty  of th e  

delayed K ciBnnel in  muscle and compares th e  r e s u l t s  w ith previous 

s tu d ie s  in  nerve. The aim here i s  to  o u tlin e  some o f the  p o ss ib le  

mechanisms which u n d e rlie  s e le c t iv i ty  in  ex c itab le  c e l l s .

Reference i s  made to  experim ents w ith Na and K channels.

In  1965, Chandler & Meves showed th a t  axons perfused  in te rn a l ly  

w ith a h i ^  K so lu tio n  and bathed  in  a K -free Ringer in  which 

cho line  rep laced  Na^, developed e a r ly  outward K c u rren ts  a t  

p o te n tia ls  a t  which th e  e a r ly  cu rren t in  in ta c t  axons would have 

been inward, and c a r r ie d  by Na . Moreover, the time course o f 

th e  e a r ly  K p erm eab ility  change was s im ila r  to  th a t  norm ally shown 

by Na^. From th e  re v e rs a l  p o te n t ia l  of th e  e a r ly  cu rren t in  

th e  presence o f d if f e re n t  a lk a l i  c a tio n s , th e  authors deduced th a t
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th e  s e le c t iv i ty  sequence fo r  th e  Na channel was P̂ ^̂  >

P >  p >  P . The s e le c t iv i ty  sequences fo r th e  Na channels K Rd us
in  m yelinated  nerve f ib re s  (H ille ,  1972) and fro g  muscle 

(Campbell, 1 976) a re  s im ila r .

In  alm ost a l l  b io lo g ic a l  and n o n -b io lo g ica l systems, a 

la rg e  number of which a re  d iscussed  by Diamond & Wright (1969), 

only  eleven  s e le c t iv i ty  sequences com prising th e  f iv e  a l k a l i  

ca tio n s  given above a re  expressed, a lthough  more than  a hundred 

d if f e re n t  perm utations o f  order e x i s t .  Eisenman (1962, 1963) 

has in v e s tig a te d  th e  mechanism o f s e le c t iv i ty  shown by c a tio n -  

s e le c tiv e  g la s s e s , and suggested th a t  s e le c t iv i ty  in  membranes i s  

achieved in  a s im ila r  way (Eisenman, 1963, 1965; see a lso  

Diamond & W right, 1969; Jack , Noble & T sien , 1975)* These 

g la sse s  possess f ix e d  n egative  charges which b ind  th e  c a tio n s :  

p r e f e r e n t ia l  b inding  is  shown towards the  c a tio n , which, in  

moving from i t s  hydrated  s ta te  in  s o lu tio n  to  i t s  dehydrated s ta te  

as  p a r t  of the io n - s i te  complex g ives r i s e  to  th e  most n eg a tiv e  

change in  f r e e  energy. S ite s  w ith a h igh  f ie ld  s tre n g th , such 

as those  w ith  a high d en s ity  of f ix e d  negative  charges, or th o se  

a b le  to  approach c lo se  to  the c a tio n s , show a p reference  fo r  sm all 

c a t io i s .  Thus the sequence shown by th e se  s i t e s  i s  L i >  N a>  K 3>

Rb Os (sequence X I). At the  o th e r extreme, s i t e s  w ith a low 

f i e l d  s tre n g th  (low d en s ity  of negative  charges, or a remote 

s i t e  ) tend  to  b in d  la rg e  c a tio n s , producing th e  sequence C s>

Rb >• K >  Na > -L i. The sequences shown by Na channels in nerve 

(chandler Sc Meves, 1965; H illq  1972; Campbell, 1976) a re  those  

expected f o r  a s i t e  w ith  a r e la t iv e ly  high f i e ld  s tre n g th .

In  ion s e le c t iv e  g lasses, th e  p e rm eab ility  r a t io  P /IL  fo rA B
ca tio n s  A and depends not only on the  r e la t iv e  occupancy o f
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th e  s i t e s  by and under equ ilib rium  cond itions (which 

depends on th e  f i e l d  s tre n g th  of th e  s i t e  and th e  s iz e  of th e  

c a tio n ) , b u t a lso  on th e  r e la t iv e  m o b ilit ie s  of th e  c a tio n s  in  th e  

g lass  (U^/Ug) • This is  analogous to  the s i tu a t io n  in  b io lo g ic a l  

membranes where th e  binding term  i s  u su a lly  rep laced  by a constan t 

which r e f l e c t s  . th e  r e la t iv e  p a r t i t io n in g  of A^ and B^ between 

th e  s o lu tio n  and th e  membrane.

M ullins (1975) has argued against th e  no tio n  th a t  eq u ilib riu m  

binding  i s  a s u ita b le  mechanism fo r  s e le c t iv i ty  in  io n ic  channels 

on th e  grounds th a t  th e  io n  which is  th e  t ig h te s t  bound would have 

th e  lowest m o b ility  in  th e  channel. Although t h i s  may be tru e  in  

some cases, Eisenman (1965) c i te s  th e  exanple of a K s e le c tiv e  

g la ss  which b inds 3h ions fo r  every Na^ ion ; 0 .3 ,

th u s  although i s  only about 10.2 ( th a t  i s ,  3h x  0 .3 ) ,  th e

s e le c t iv i ty  sequence is  unchanged from th a t  p re d ic te d  from 

equ ilib rium  b in d in g .

From th e i r  th e o r e t ic a l  tre a tm a its  o f s e le c t iv i ty  in  aqueous 

p o res, Armstrong (1975b; see a ls o  Amstrong, 1975a; Armstrong & 

B e z a n illa , 1972) and H il le  (1975a,c) have concluded th a t  

equ ilib riu m  binding  may p lay  a r o le  in  determ ining s e le c t iv i ty  

bu t th a t  i t  i s  not th e  only mechanism. They consider io n ic  channels 

to  be systems of energy w ells  and peaks such th a t  th e  p rog ress  

o f an io n  in  each channel i s  described  by Eyring r a te  th e o ry  

(Woodbury, 1971). A permeant ion i s  ab le  to  n e g o tia te  th e se  peaks 

but an impermeant ion  w i l l  be unable to  c ro ss  e i th e r  th e  o u te r  

energy peak, or an in te rn a l  peak. In  the l a t t e r  case , th e  

impermeant ion  would in te r f e r e  w ith th e  movemmt o f permeant ions 

in  th e  pore in  a p o ten tia l-d ep en d en t manner. In  th is  tre a tm e n t, 

s e le c t iv i ty  i s  found to  be a fu n c tio n  o f th e  he igh ts  of the 

energy peaks and independent of th e  depth o f th e  w e lls . The
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depth of energy w e lls , on th e  o th e r hand, determ ines th e  m o b ility  

of ca tio n s  in  th e  po re . Thus th e  p ro p e r tie s  of th e  b ind ing  s i t e ( s )  

a s so c ia te d  w ith  peaks w i l l  in flu en ce  s e le c t iv i ty  s ince  fo r  a p a ir  

of c a tio n s  th e  peak h e ig h t w il l  be low er f o r  th e  p r e fe r e n t ia l ly  

bound c a tio n .

Pore s iz e  provides an exp lanation  fo r  th e  exclusion  of la rg e  

ions which is  not based on th e  assum ption th a t  the  p o s tu la te d  

b ind ing  s i t e  has a low f i e ld  s tre n g th . C learly , an ion whose 

dehydrated  rad iu s  i s  la rg e r  th a n  th a t  o f  th e  channel a t  i t s  narrow est 

p o in t w i l l  be impermeant. By s e tt in g  th e  minimum pore diam eter 

to  3.0-3.3% , H ille  (1973, 1975a) has accounted fo r  th e  f a c t  th a t  

a l l  c a tio n s  which have diam eters in  th e  range 2 .6 6 - 3 .o f  ( th a t i s ,

K^, T l* , Rb^, and NH|^ )̂ a re  permeant in  th e  delayed K channels 

o f frog  m yelinated nerve f ib re s  (H iH e, 1973) and squ id  axons 

(B ezan illa  & Armstrong, 1972; Armstrong, 1975&,b; Landowne,

1975; B instock & Lecar, 1969), whereas those  inorgan ic  and organic 

ca tio n s  which would only f i t  in to  a pore w ith  a c^ameter of a t  l e a s t  

3 . 3^ to  8^ (fo r example, Cs*, 3.38% and TEft."*", 8&) a re  excluded.

By comparison, the  minimum pore diam eter of Na channels 

i s  la r g e r ,  being 3 .1^ x  5*1^ in  th e  fro g  node (H ille , 1971, 1972,

1975a,c) and in  fro g  muscle f ib r e s  (Campbell, 1976).

One o f th e  most in te re s t in g  f in d in g s  concerning th e  

p e rm eab ility  o f  organic c a tio n s  in  the  Na channel i s  th a t  hydroxyl- 

ammonium, which has th e  s tru c tu re  H^N^-OH, and dimensions of 

about h»A  X 3 .8^ x 3 .8^ , iâ  alm ost a s  permeant a s  Na"*", whereas 

méthylammonium (HgN*-CHg), which is  of a s im ila r  s iz e  to  

hydroxylammonium, i s  no t measurably permeant (H iH e, 1971 ) • The 

exp lanation  fo r  t h i s  i s  th a t  hydroxylammonium i s  ab le  to  form hydrogen 

bonds w ith  th e  pore w all: hydrogen bond form ation  reduces the
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e f fe c t iv e  diam eter o f  th e  c a tio n  so th a t  i t  is  not excluded on 

grounds of s iz e ,  and i t  a lso  reduces th e  magnitude of the  energy 

b a r r i e r  p resen ted  by th e  s e le c t iv i ty  f i l t e r  since  th e  c a tio n  i s  

e s s e n t ia l ly  so lv a ted  w ith in  th e  po re . Hydrogen bond form ation  

a lso  accounts fo r  th e  f a c t  t l s t  ano ther fo u r  organic m olecules 

a re  permeant in  Na channels whereas t h e i r  methyl (-CHg) 

d e r iv a tiv e s  a re  not (H ille , 1971, 1975a>).

The hydrogen bond c o n s is ts  of a hydrogen atom b ridg ing  

two e le c tro n e g a tiv e  atom s. In  b io lo g ic a l  system s, th e  e le c t r o ­

negative  atoms a re  u su a lly  oxygen or n itro g en , thus H ille  (1971) 

p o s tu la te s  th a t  th e  s e le c t iv i ty  f i l t e r  of th e  Na channel c o n s is ts  

of a r in g  o f 6 oxygen atoms which allow th e  passage o f Na^ 

hydrated by up to  th re e  w ater m olecules. At l e a s t  one o f 

th e se  oxygens i s  b e liev ed  to  belong to  a carboxy lic  a c id  group 

(see below ).

The model of th e  s e le c t iv i ty  f i l t e r  developed by H il le  (1973) 

fo r  th e  K charnel o f  nerve c o n s is ts  of a r in g  of f iv e  oxygens 

(one le s s  than  fo r  the Na channel) which a re  arranged to  form  an 

opening o f 3.C&, through which passes in  a s so c ia tio n  w ith up to  

two w ater m olecules. Ammonium, which, w ith a diam eter of about 

3 *qS, i s  th e  la rg e s t  of th e  permeant c a tio n s , i s  assumed to  form 

hydrogen bonds w ith  up to  two oxygen atom s. Since ammonium i s  

assumed to  form an e le c t r o s ta t ic  bond w ith  a t h i r d  oxygen 

belonging to  a carboxyl group, two o f th e  oxygen atoms in  th e  model 

can be rep laced  by o ther atoms.

One reason fo r  assuming th a t  the  channels a re  l in e d  by oxygens 

ra th e r  th an  n itrogen  atoms i s  th a t  a number of l i p i d  so lu b le  

c a r r ie r  m olecules, such as valinorrycin and n o n actin , form 

complexes w ith  s in g le  a l k a l i  c a tio n s , which they  a re  th en  a b le  to
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t ra n s p o r t  ac ro ss  the membrane. In  valinonycin  and nonactin , 

th e  tra n sp o rte d  c a tio n  i s  h e ld  in  a r in g  o f s ix  and e ig h t oxygen 

atom s, re sp e c tiv e ly  (Ohnisi & Urry, 1970; Urry, 1971 ; Kilbourn 

e t a l . ,  1967) .  However, bo th  th ese  c a r r ie r s  tra n sp o r t  K in  

p re fe ren ce  to  Na .

More d ire c t  evidence concerning the n a tu re  of the groups which 

p lay  a ro le  in  s e le c t iv i ty  in  Na and delayed K channels comes 

from t i t r a t i o n  experim ents. Some o f th ese  a re  d iscussed  in  

chap ter 3 . Here, i t  i s  s u f f ic ie n t  t o  say th a t  in  a number of 

p rep a ra tio n s  th e  maximum Na and delayed K conductances a re  

reduced a t  low pH in  a manner which suggests th a t  t h i s  i s  due to  

th e  t i t r a t i o n  o f a carboxy lic  a c id  group which is  p a r t  of th e  

way across  th e  membrane (see , fo r  example, Woodhull, 1973; H iH e , 

1973) .  In  th e  case o f Na channels, t h i s  view is  a lso  supported  by 

experim ents which show th a t  th e  s p e c if ic  b inding  of t r i t i a t e d  

te tro d o to x in  (TTX) and sa x ito x in  (STX) to  Na channels in  

unnyelinated  nerve f ib r e s  (Henderson & Wang, 1972; Henderson, 

R itch ie  & S tr ic h a r tz ,  1973, 197L) and th e  reduction  i n  the  

maximum Na conductance in  n y e lin a ted  nerve f ib r e s  by te tro d o to x in  

(U lbrich t St Wagner, 1975a,b) a re  reduced a t  low pH. The 

apparent a c id  d is s o c ia tio n  constan t (pK̂ )̂ f o r  th e  p ro ton  and 

to x in  b ind ing  s i t e  i s  about 5»5 fo r  TTX and 5-9 fo r  STX 

(Henderson e t a l . ,  1 97^) • In  in ta c t  nerve (U lbrich t Sc Wagner,

1975a) th e  pK  ̂ fo r  th i s  s i t e  i s  vo ltage-dependent, supporting  

th e  n o tio n  th a t  th e  carboxylic  ac id  group i s  in s id e  th e  channel.

I t  i s  in te re s t in g  to  n o te , however, th a t  th e  red u c tio n  in  th e  

maximum Na conductance by TTX in  th e  same p re p a ra tio n  i s  ' 

independent of th e  holding p o te n t ia l  (U lb rich t & Wagner, 1975a).
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The model developed by M ullins (1 959, 1 975) to  account 

fo r  s e le c t iv i ty  in  io n ic  channels assumes th a t during  perm eation 

an ion  i s  t o t a l l y  dehydrated, or r e ta in s  one or two hy d ra tio n  

s h e lls  depending on th e  diam eter of th e  o r i f ic e  formed by th e  groups 

l in in g  th e  channel, Na and K channels a re  regarded  as

m oderately s e le c t iv e ,  and since  th e  dimensions o f  th e  a lk a l i  

m etals w ith one hydration  s h e l l  a re  more n ea rly  equal than those  

of th e  dehydrated io n s , M ullins p o s tu la te s  th a t  th e  a lk a l i  

m etals move through bo th  channels w ith one hydra tion  s h e l l ,  except 

fo r  the  in n e r p o r tio n  of th e  K channel in  nerve which accommodates 

two hydration  s h e l l s .  A fu r th e r  assum ption i s  th a t  th e  diam eter 

of th e  ion w ith  one s h e ll  o f hy d ra tio n  must be c lo se  to  th a t  o f  

th e  o r i f ic e  fo r  th e  ca tio n  to  be perm eant, so th a t  in  t h i s  model 

both  sm all and la rg e  ca tio n s  can be excluded from th e  pore on 

grounds of s iz e .  Moreover, th e  diam eter o f  th e  o u te r p o rtio n  

o f the  K channel must be le s s  than  th a t  of th e  Na channel i f  K 

channels a re  to  be more permeable to  th an  to  Na^, and Na 

channels more permeable to  Na^ than K^.

An im portant argument a g a in s t kkOlins* model i s  th a t  i t  makes 

no p ro v is io n  fo r  th e  in flu en ce  on s e le c t iv i ty  o f e le c t r o s ta t i c  

in te ra c t io n s  between th e  charge cn th e  io n  and charges a sso c ia te d  

w ith th e  channel, whereas the  experiments described  above argue 

s tro n g ly  in  favour o f th e  view th a t  f ix e d  anions p lay  a ro le  in  

determ ining th e  p erm eab ility  of io n ic  channels.

Throughout th is  chap ter i t  has been assumed th a t  moves 

ac ro ss  the membrane by way o f aqueous p o re s . I t  i s  a p p ro p ria te , 

th e re fo re , to  conclude th i s  chapter by review ing th e  evidence 

which supports th i s  hyp o th esis , p a r t ic u la r ly  in  th e  case o f th e  

delayed K conductance. Some of th e  evidence has been considered  

in  papers by Armstrong (I9 7 5 a ,b ,c ) .
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The f i r s t  l in e  o f evidence r e la te s  to  c a lc u la tio n s  by 

P arseg ian  (1969) of the  energy requirem ents fo r  fo u r  ty p es  o f 

ion movement ac ro ss  a l i p i d  la y e r  w ith  a th ick n ess  comparable to  

th a t  o f  a c e l l  membrane. The r e s u l ts  show, as  one m ight expect, 

th a t  th e re  i s  a considerab le  energy b a r r i e r  to  the movement 

of s in g le  io n s . The perm eation of co v a len tly  bonded ion  p a ir s  

re q u ire s  le s s  energy, b u t, a s  P arseg ian  has po in ted  o u t, th e  

e le c tro ly te s  involved  in  b io lo g ic a l  systems a re  u n lik e ly  to  

form such bonds. Moreover, th e  movement o f co v a len tly  bonded 

atoms would no t be expected to  be d e tec ted  as a c u r re n t.

The energy re q u ired  i s  s ig n if ic a n t ly  reduced i f  th e  io n  

crosses th e  membrane by way o f an  aqueous pore, o r as p a r t  of a 

l ip id -s o lu b le  c a r r ie r - io n  complex. F u rth e r, fo r  the examples 

considered  by P arsegian  (1969) (that i s ,  an ion  w ith  a diam eter of 

kS., and a pore or c a r r i e r  w ith  a diam eter of lo S ), th e  energy 

req u ired  f o r  movement through th e  pore i s  some 2 .5  to  i; tim es 

le s s  th an  th a t  a s so c ia te d  w ith  th e  c a r r ie r  mechanism.

This r e s u l t  alone i s  in s u f f ic ie n t  evidence f o r  th e  assu irp tion

th a t  ions move by way of pores since th e  energy re q u ire d  fo r

th e  form ation and maintenance o f pores and c a r r ie r s  i s  not tak en

in to  account (P arseg ian , 1969) . However, Armstrong (1975a-)

has argued th a t  th e  tem perature dependence fo r  the  movement o f 
+ +

Na and K acro ss  th e  membrane of th e  squ id  axon i s  much lower 

th an  th a t  expected from Parsegian*s da ta  fo r  th e  c a r r i e r  

mechanism, bu t i s  coirparable to  th a t  expected f o r  a p o re .

Secondly, th e  mode of a c tio n  o f  se v e ra l K channel b locking 

ions and, in  p a r t ic u la r ,  the  nonyltriethylammonium io n  

(Armstrong, 1971 ) can be exp lained  in  term s of a pore model, 

b u t i t  i s  d i f f i c u l t  to  in te rp r e t  th e  a c tio n  o f th ese  agen ts  in  

te rn s  of a c a r r ie r  model (Armstrong, 1975a.). This p o in t i s
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discussed  in  more d e ta i l  in  chap ter 8 in  r e la t io n  to  th e  r e s t in g  

K conductance.

T h ird ly , Us sing  {^9h9) has shown th a t  i f  th e  movement o f an 

ion , X, across  the  membrane i s  u n a ffec ted  by the p resence o f o th e r  

perm eating io n s , th e  in f lu x  and e f f lu x  o f X w il l  be

r e la te d  by th e  fo llow ing  expression

î 4 f  ^

M?nf w

N
gZHFf^/RT (1 .3 )

o

where [x] . and [x] ^ a re  th e  in te rn a l  and ex te rn a l co n cen tra tio n s  

of X, z i s  i t s  v a len ce , i s  th e  meirbrane p o te n t ia l ,  F/ET i s  a 

thermodynamic c o n s ta n t, and where N i s  1 . In  1955, Hodgkin & 

Keynes found th a t eqn. (1 .3 ) described  th e  r a t io  of u n id ire c tio n a l  

K f lu x e s  in  Sepia axons, provided N was about 2.5» From t h i s ,  

th ey  suggested  th a t  ions move through a pore in  th e  membrane 

and in  s in g le - f i l e ,  th e  pore con ta in ing  two o r th re e  ions a t  

any one tim e. S in g le - f i le  behaviour has a ls o  been re p o rte d  fo r  

the  delayed K conductance in  th e  squid axon (Landowne, 1975; 

B egenisich & De Weer, 1977) and th e  r e s t in g  K conductance in  

s k e le ta l  muscle (Horowicz, Gage & Eiseriberg, 1968).

An a l te r n a t iv e  exp lanation  fo r  th e se  f in d in g s  i s  th a t  K  ̂

ions a re  tra n sp o rte d  ac ro ss  th e  membrane by a c a r r i e r  m olecule 

which moves only when empty o r when occupied by more th an  one K  ̂

ion  (Hodgkin & Keynes, 1955; Horowicz e t a l . ,  1968). Hodgkin 

& Keynes (1955) have argued ag a in s t such a model on th e  grounds 

th a t  a c a r r ie r  which tra n s p o r ts  two K  ̂ ions i s  a lso  l ik e ly  to  

tra n sp o r t  one.

Eventually  i t  may be p o ss ib le  to  d is tin g u is h  between c a r r ie r  

and pore models fo r  th e  K channel w ith a technique s im ila r  to  th a t
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used by Neher, Sakmann & Steinbach (1978). Using a m icro p ip e tte  

whose t i p  was p laced  on th e  o u te r  su rface  of th e  monbrane, th ese  

au thors have recorded th e  cu rren t flow ing through a s in g le  channel 

in  a re g io n  of muscle membrane which co n ta in s  ex tra  ju n c tio n a l 

a c e ty lc h o lin e  re c e p to rs . An im portant conclusion  from t h i s  work 

i s  th a t  a c e ty lc h o lin e -se n s it iv e  channels have a constan t conductance 

when open. On th e  o th e r hand, th e  conductance a s so c ia te d  with t h e . 

movement o f a s in g le  c a r r ie r  o f  th e  type  suggested by Horowicz e t  a l . 

(1968) would be expected to  have two values s in ce  in  t h a t  model both  

th e  occupied and th e  empty c a r r i e r  a re  charged. At any r a t e ,  

th e  evidence, though in co n c lu siv e , favours the  view t h a t  ions 

move ac ro ss  th e  membrane by way of channels.
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Chapter 2 . S o lu tions and Methods

The p rep ara tio n

S ing le  o r p a ired  s a r to r iu s  muscles from E nglish  f ro g s ,

Rana tem poraria , were used in  a l l  experim ents. This p rep a ra tio n  

i s  h ig h ly  s u ite d  fo r  e le c tro p h y s io lo g ic a l work; since th e  

f ib re s  a re  la rg e  and a re  u su a lly  arranged  in  p a r a l l e l  extending 

th e  whole len g th  of th e  muscle, in d iv id u a l f ib r e s  can o fte n  be 

tra c e d  f o r  more than  2 mm w ithout f u r th e r  d is s e c tio n . In  

ad d itio n , in  cleaned p re p a ra tio n s , th e  p o in t a t  which f ib r e s  

in s e r t  onto the  p e lv ic  tendon can u su a lly  be measured to  w ith in  

5 or 10 pm; such accuracy  is  im portant i f  c o n s is te n t values 

fo r  the membrane cu rren t a re  to  be obtained  w ith th e  th re e -  

e lec tro d e  v o ltag e  clamp method (see page i|.2). There a re  

a lso  no slow f ib re s  in  th e  fro g  s a r to r iu s ,  as  K u ffle r & Vaughan 

W illiams showed in  1953» This means th a t  a l l  th e  f ib re s  belong 

to  the f a s t  or tw itch  group.

Removal of th e  s a r to r iu s  is  a s tandard  d is s e c tio n  so only 

a b r ie f  account is  g iven  h e re . The sk in  was removed from the 

leg s  of a fro g  whose b ra in  and sp in a l cord had been destroyed .

The p e lv ic  g ird le  was th en  d iv ided  a t ,  or c lo se  to , th e  m idline 

so th a t  a t  le a s t  one s a r to r iu s  muscle rem ained in t a c t .  The 

d i s t a l  tendon of t h i s  muscle was l ig a tu re d  w ith  c o tto n  th re a d , 

th en  c u t .  The s a r to r iu s ,  to g e th e r  w ith  i t s  p e lv ic  tendon 

and a p iece  o f p e lv ic  bone, was d isse c ted  f re e  of underly ing  

t i s s u e  and pinned out deep su rface  uppermost in  a perspex 

d is s e c tin g  d ish  con ta in ing  iso to n ic  ch lo rid e  R inger. With the 

a id  of a b in o cu la r m icroscope, cu t f ib r e s  from ad jacen t muscles 

were removed and th e  p re p a ra tio n  cleaned of excess connective t is s u e .
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The cleaned p re p a ra tio n  was allow ed to  e q u il ib ra te  f o r  a t  

l e a s t  30 mins in  a volume o f f re s h  ch lo rid e  Ringer which exceeded 

100 ml. The composition o f th is  so lu tio n  is  given on page 

In  most experim ents a fu r th e r  p e rio d  o f e q u il ib ra t io n  was 

necessary  in  e i th e r  a c h lo r id e -f re e  su lp h ate  so lu tio n , a hyper­

to n ic  so lu tio n , or in  both of th e se . The com position o f th ese  

so lu tio n s  i s  given in  th e  S o lu tions and Methods se c tio n  of 

in d iv id u a l c h a p te rs .

A f te r  pasang through th i s  s e r ie s  of s o lu tio n s , the 

p re p a ra tio n  was tra n s fe r re d  to  the record ing  chamber and pinned out 

deep su rface  uppermost in  a volume of Ringer (about 10 mis) 

s u f f ic ie n t  to  cover th e  surface  f ib r e s  by 1-2 mm. In  iso to n ic  

s o lu tio n s , th e  muscle was s tre tc h e d  to  about 130^ of i t s  r e s t in g  

len g th  in  o rder to  reduce the  a b i l i t y  of the  f ib r e s  to  c o n tra c t ,  

and to  a s s i s t  in  p e n e tra tio n . In  s tre tc h e d  p rep a ra tio n s  th e  

e f fe c tiv e  membrane su rface  area  p er u n it  leng th  may be reduced 

by as much as 10 -  Mx% (Dulhunty & Franzini-A rm strong, 1975).

The tem perature of so lu tio n s  was c o n tro lle d  by enclosing  th e  

chamber in  a ja c k e t c irc u la te d  w ith a w ater-e thy lene  g ly co l 

m ix ture . A g lass  c o v e r-s lip  which formed a la rg e  p a r t o f  th e  

f lo o r  o f  th e  otherw ise perspex chamber ensured good hea t exchange. 

The tem perature was m onitored by a th e rm is to r  s e t in to  th e  s id e  

o f th e  chamber c lo se  to  th e  m uscle.

I n  most experim ents the  chamber was not perfused  s ince  

p e rfu s io n  reduced th e  e f f ic ie n c y  of tem perature c o n tro l and 

in c reased  th e  p ro b a b il i ty  th a t  impalements would be l o s t  before 

th e  experiment was completed. To change th e  so lu tio n , the 

chamber was emptied and r e f i l l e d  a t  le a s t  th re e  tim es w ith the
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new so lu tio n . A minimum o f 10 mins was allow ed fo r  e q u il ib ra t io n  

of the  e x tr a c e l lu la r  space, a f t e r  which th e  so lu tio n  was ag a in  

renewed. In  those experim ents in  which p e rfu s io n  was used, th e  

tem perature of th e  R inger was c o n tro lle d  befo re  i t  en tered  th e  

chamber.

S o lu tions

AH so lu tio n s  were made up in  d i s t i l l e d  w ater using  A nalar 

grade reag en ts  wherever p o s s ib le . Notable exceptions were 

CSgSOj ,̂ Rb^SO^ ,̂ LigSO^ and Tl^SO^ (Laboratory Reagent, Hopkin & 

W illiam s). More re f in e d  s a l t s  of caesium and rubidium  were used 

in  l a t e r  experim ents (Suprapur, Merck) bu t these  gave the  same 

r e s u l t s  a s  L aboratory  Grade Reagents. Ringer so lu tio n s  were 

r e f r ig e ra te d  du ring  s to ra g e ; those con ta in ing  sucrose were used 

f o r  no t more th an  1 week. TlgSO^ p re c ip i ta te d  w ith in  2h hours 

when prepared  as a stock so lu tio n ; s im ila r ly  a p r e c ip i ta te  

appeared in  Ringer so lu tio n s  con ta in ing  Tl280^ when s to re d  

o v ern ig h t. However, in  the  course of an experiment a p r e c ip i ta te  

was no t observed when s o lid  TlgSO^  ̂ was added to  th e  Ringer 

im mediately befo re  use, so t h i s  procedure was always fo llow ed. 

C hloride R inger. This was prepared  from 1 M stock  so lu tio n s  o f 

c h lo rid e  s a l t s .  Chloride Ringer was used fo r  d is s e c tio n  and 

u su a lly  had the same com position as th a t  given by A drian (1956): 

1 l5  mM-NaCl; 2 .5  mM-KCl; 1 .8  mM-CaCl^; 2.15 mM-Na^HPO ;̂

0.85 mM-NaHgPOj ;̂ pH 7 «2. This Ringer was m odified to  co n ta in  

th e  same b u ffe r  as th e  experim ental so lu tio n  in  which th e  records 

were ob ta ined . In  ch ap ter 7, phosphate was rep laced  by 

1 mM HEPES (N -2-hydroxyethylpiperazine-N *-2-ethanesulphonic a c id ) , 

and th e  pH ad ju s ted  to  7 .2  w ith  NaQH. The com position of
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c h lo rid e  Ringer con ta in ing  tr is -m a le a te  p lus a c e ty lg ly c in e  as 

b u f fe r  is  given in  th e  S o lu tio n s & Methods se c tio n  to  chap ter 3» 

Sulphate R inger. These so lu tio n s  were prepared  from 0 .5  M stock  

so lu tio n s  of Na^SO^ and K̂ SÔ ,̂ and a 1 0 mM stock so lu tio n  o f 

CaSO^. The com position o f th e  d if f e re n t  Ringer so lu tio n s  used 

is  based on Table 1 o f Hodgkin & Horowicz (1959), and i s  described  

in  th e  S o lu tions & Methods se c tio n  of in d iv id u a l c h a p te rs .

H ypertonic s o lu t io n s . In  o rd e r to  s tudy  th e  p ro p e r tie s  o f the  

sodium conductance o r the  delayed potassium  conductance i t  i s  

necessary  to  dep o la rize  th e  voltage-clam ped membrane to  p o te n t ia ls  

p o s it iv e  to  th e  mechanical th re sh o ld . Since in  iso to n ic  so lu tio n s  

th e  re s u l t in g  movement i s  o f te n  s u f f ic ie n t  to  d islodge  th e  e le c tro d e s , 

in  such experim ents th e  a b i l i t y  of th e  muscle to  c o n tra c t was 

g re a t ly  reduced by th e  a d d itio n  of 350 mM sucrose to  th e  R inger.

T his in creased  the to n ic i ty  o f th e  so lu tio n  about 2 .5  tim es 

(A drian, Chandler & Hodgkin, 1970a; S ta n f ie ld ,  1970a, 1975).

Although th e  tw itc h  is  reduced or ab o lish ed  in  hyperton ic  

s o lu tio n s , th e  e l e c t r i c a l  p ro p e r tie s  a re  la rg e ly  u n a ffec ted  

(Howarth, 1958; Hodgkin & Horowicz, 1957). S ince muscles 

surv ived  le s s  w ell in  hyperton ic  so lu tio n s  th an  in  iso to n ic  

R inger, most of th e se  experim ents were performed in  th e  co ld . 

T etrodotoxin  (TTX; Sankyo) This was p resen t in  some 

experim ents s e le c t iv e ly  to  block sodium ch an n e ls . The stock  

so lu tio n  (10 ^g/m l) was prepared  by adding 1 mg TTX to  10 ml 

d i s t i l l e d  w ater and was kept a t  about 1;°C. 0.1 ml o f  stock

s o lu tio n  was added to  th e  Ringer in  the  record ing  chamber to  give 

a working co n cen tra tio n  o f 10 ^g /m l.

M icroelectrode s

G lass m icroe lec trodes (Ling & Gerard, ^9h9) were used fo r
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record ing  the membrane p o te n tia l  o f muscle f ib r e s  and fo r  

in je c tin g  cu rren t in to  the c e l l s . E lectrodes were p u lled  from 

len g th s o f low-sodium, c a p il la ry  g la s s  tub ing  (Fÿrex-Corning; 

ou tside  diam eter 1 .2 mm) and were f i l l e d  w ith  e le c tro ly te  

so lu tio n  by b o ilin g  f o r  about 2 mins under vacuum. F i l le d  

e lec tro d es  were s to re d  t i p  downwards in  th e  f i l l i n g  so lu tio n  a t  

about U^C.

M icroelectrodes used fo r  recording  were norm ally f i l l e d  w ith 

3M-KC1 so lu tio n  (Nastuk & Hodgkin, 1950). S e lec ted  e lec tro d es  

had re s is ta n c e s  between 7 M il and 25 M il and t i p  p o te n tia ls  le s s  

negative  than  -5  mV; such e lec tro d es  would have a t i p  diam eter 

of about 0 .5  pin (Nastuk & Hodgkin, 1950), which i s  sm all compared 

to  th e  diam eter of muscle f ib re s  (about LO -  120 pm) . E lectrodes 

were norm ally p repared  w ith in  2k  hours o f use and those  w ith  th e  

a p p ro p ria te  t i p  c h a ra c te r is t ic s  on th e  morning of th e  experiment 

were s e le c te d . Longer periods of s to rag e  tended to  y ie ld  

e lec tro d es  w ith la rg e  t i p  p o te n t ia ls .

M icroelectrodes fo r  use in  cu rre n t in je c t io n  were f i l l e d  

w ith 2 M-K  ̂ c i t r a t e  s in ce  the re s is ta n c e  o f c i t r a t e  e le c tro d e s  

does not change during th e  passage o f cu rren t as much as th e  

re s is ta n c e  o f K C l-f ille d  e le c tro d e s . S e lec ted  e lec tro d es  had 

re s is ta n c e s  between k M il and 10 M/1 and t i p  p o te n tia ls  le s s  

negative th an  -5  mV. E lectrodes s to re d  fo r  a t  le a s t  2k hours 

were p re fe r re d  s ince s to rag e  tended to  reduce th e i r  r e s is ta n c e  

and improve th e i r  cu rren t passing a b i l i t y .  Erosion o f th e  t i p  

by c i t r a t e  so lu tio n  i s  probably resp o n sib le  f o r  these  changes.

K C l-f illed  m icroe lectrodes a re  u n su ita b le  fo r  use in  so lu tio n s  

con ta in ing  th a llo u s  ions (M ullins & Moore, I960). From the
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s o lu b i l i ty  product o f TlCl (S ill& i & K a r te l l ,  196U), i t  i s  

es tim ated  th a t  th i s  s a l t  w i l l  p r e c ip i ta te  in  th e  presence of 

3M-KC1 when the Tl"*" co n cen tra tio n  exceeds 10 Such

p re c ip i ta t io n  blocks the  e le c tro d e s , as  rep o rted  by M ullins & 

Moore (I960) and observed in  th e  p re sen t s tu ^y . S ince r e s tin g  

p o te n tia ls  recorded  by c i t r a t e  e lec tro d es  in  th a l lo u s - f r e e  

Ringer were comparable w ith  those  reco rded  w ith  KCl e lec tro d es  

(see ch ap te r 7) ,  c i t r a t e  e lec tro d es  were used fo r  reco rd in g  th e  

membrane p o te n t ia l  in  th a llo u s  s o lu t io n s .

Recording apparatus

The general arrangem ent fo r  record ing  p o te n t ia l  changes 

between a m icroelectrode and a re fe ren ce  e le c tro d e  i s  shown in  

F ig . 2.1 A. M icroelectrode ho lders were p repared  from p la s t ic  

syringe ca se s . The s h a f t  of th e  e lec tro d e  was in s e r te d  through 

a sm all h o le  (about 1.25 mm) d r i l l e d  in  the  se a le d  end of th e  

case, and was supported by a column o f cured s i l ic o n e  rubber 

compound. The e le c tro ly te  in  the  m icro e lec tro d e  formed a 

l iq u id  ju n c tio n  w ith a ch lo rid e  Ringer so lu tio n  con tained  in  th e  

upper p a r t  o f  th e  e lec tro d e  h o ld e r, and in to  which dipped a 

ch lo rid ed  s i lv e r  w ire . The w ire was secured by a rubber bung, 

and connected to  th e  in p u t lead  o f a v o ltag e  fo llo w e r.

E rro r in  th e  measurement of c e l lu la r  p o te n t ia ls  can a r is e  

when th e re  i s  a p o te n t ia l  a t  th e  Ringer -  Ag/AgCl w ire ju n c tio n . 

This p o te n tia l  was o f fs e t  by includ ing  a s im ila r  ju n c tio n  in  

s e r ie s  w ith  th e  re fe ren ce  (bath) e le c tro d e  (F ig . 2 .1A ). Here 

th e  ch lo rid ed  s i lv e r  w ire dipped in to  a w ell o f c h lo r id e  Ringer 

which was in  e l e c t r i c a l  c o n tin u ity  w ith  th e  so lu tio n  in  the  

muscle bath  v ia  a g lass  b ridge con tain ing  1 % agar in  Cl R inger,



F ig . 2 .1 . A. Diagram to  show th e  main fe a tu re s  of th e  

reco rd in g  a p p a ra tu s . The membrane p o te n tia l  (v^) 

recorded  by th e  m icroe lec trode  i s  fed  to  th e  input of a 

v o ltag e  fo llow er (com prising a m p lif ie r  A1 ) v ia  a ch lo rid e  

Ringer -  Ag/AgCl w ire ju n c tio n . The e le c tro ly te  in  th e  

m icroe lectrode i s  3 M-KCl or 2 M-K  ̂ c i t r a t e .  Bath 

p o te n t ia l  is  recorded  by a low re s is ta n c e  e lec tro d e  

co n s is tin g  o f a 1^ agar in  ch lo rid e  Ringer b rid g e . This 

s ig n a l i s  a lso  fe d  to  the in p u t of a v o ltag e  fo llow er 

(com prising a m p lif ie r  AO) v ia  a ch lo rid e  Ringer -  Ag/Agcl 

w ire ju n c tio n . The output from th e  c a l ib r a to r  ( c a l .)  

i s  used to  b ack -o ff th e  membrane p o te n tia l  once the  m icro­

e le c tro d e  i s  in  the  f ib r e .  a and b a re  t e s t  p o in ts  fo r  

use in  th e  measurement of m icroelectrode r e s is ta n c e .

Also shown i s  th e  arrangem ent used to  d i f f e r e n t ia te  th e  

membrane p o te n t ia l  (dV ^/dt).

B. The tw o-m icroelectrode co n sta n t-cu rren t

method. The f ib r e  i s  impaled by two m icroe lec trodes,

one to  reco rd  th e  membrane p o te n t ia l  (see F ig . 2.1 A)

and the o ther to  in je c t  c u rre n t. The t o t a l  e le c tro d e

cu rren t ( l^ )  i s  determ ined by th e  command s ig n a l (S) and

by an o f f s e t  c u rren t c o n tro l.  I  i s  c o n tro lledo
e le c t ro n ic a l ly  by th e  feedback am p lif ie r  (FB) and measured 

by an o p e ra tio n a l a m p lif ie r  (?Ul) w ith  a r e s i s to r  (1 MjQ) 

in  th e  feedback loop . The a m p lif ie r  has FET in p u ts .
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The ju n c tio n  p o te n t ia l  measured w ith  th e  re fe ren ce  e lec tro d e  a t  

e a r th , and w ith th e  Ringer in  th e  ho ld er in  co n tac t w ith the  

Ringer in  the b a th  was u su a lly  le s s  than  1mV.

The p o te n t ia l ,  ; recorded  by th e  m icroe lectrode in  F ig .

2,1 A was fed  to  th e  in p u t stage of a v o ltag e  fo llow er employing 

a m p lif ie r  A1 (P h ilb r ic k  1009; in p u t impedance 10^^ ohms) . This 

was se t to  have a ga in  of 1 0. In  order to  reduce s tra y  ca p a c ity , 

th e  v o ltag e  fo llow er and i t s  inpu t le a d  were surrounded by a 

m etal sc reen  which was driven  by th e  in v e r tin g  inpu t o f A1. .

In  a d d it io n , A1 was mounted on the m icrom anipulator c lose  to  th e  

m ic ro e le c tro d e . A r e s i s to r  and ca p a c ito r  feed  back from th e  

output to  th e  n o n -in v e rtin g  input o f  A1 and provide a f in e  and coarse 

adjustm ent to  compensate fo r  slowing of th e  s ig n a l .

The re fe ren ce  (bath) e lec tro d e  was connected v ia  a 

c a l ib r a to r  ( c a l .)  to  th e  in p u t of a second a m p lif ie r , AO,

(P h ilb ric k  1009) which was th e  same as A1 . AO was housed in  

an ea rth ed  box. The ga in  o f AO was s e t  to  match th e  gain  of A1 •

This adjustm ent was perform ed ro u tin e ly ;  a 100 mV s ig n a l from 

th e  c a l ib r a to r  was connected d ir e c t ly  to  the  in p u ts  o f A1 and AO.

The gain  of AO was then a l te r e d  u n t i l  th e  output o f the  two 

a m p lif ie rs  d if f e re d  by le s s  th an  0.1 mV« The r e je c t io n  o f common 

mode s ig n a ls  was th e re fo re  b e t te r  th an  0 .1 ^ .

The c a l ib r a to r  was b u i l t  to  a design s im ila r  to  th a t  

described  by Adrian (1956). I t  employed a Weston c e l l  as  an 

in te rn a l  re fe ren ce  source , and had an output o f + 210 mV in  100,

10 and 1 mV s te p s .

With the output from th e  c a l ib r a to r  a t  zero , th e  s ig n a l 

a p p lie d  to  th e  lower v e r t i c a l  a m p lif ie r  of th e  o sc illo sco p e  in
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F ig . 2.1 A i s  A(V̂  -Vq), where A i s  th e  g a in  of A1 and AOj and 

Vq i s  th e  p o te n t ia l  recorded by th e  agar-R inger b r id g e . So 

th a t  the  p resen t symbols a re  th e  same as th o se  used by Adrian 

e t a l . (1970a), A(V  ̂ -Vq) i s  shortened  to  .

In  most cases a Tektronix 502A dual beam o sc illo sco p e  was 

used . The output from one v e r t ic a l  a m p lif ie r  of th e  o sc illo sco p e  

was connected to  an aiid io-am plif 1er so th a t  changes in  the  

d isp layed  s ig n a l could be m onitored while s t i l l  observing th e  

p re p a ra tio n . The d isp lay ed  s ig n a l was a ls o  photographed on 

s ta t io n a ry  35 mn f ilm ; th e  negatives were en larged  and p ro je c te d  

onto a sheet of graph paper from which th e  measurements were 

made.

M icroelectrode re s is ta n c e

With th e  t i p  of the m icroelectrode in  th e  Ringer (F ig .

2.1 A), a 100 mV s ig n a l from the  c a l ib ra to r  ap p lied  between th e  

b a th  e lec tro d e  and e a r th  produced a 100 mV d e f le c tio n  on th e  

o sc illo sc o p e . I f  a re s is ta n c e  equal to  th a t  of th e  m icro­

e lec tro d e  i s  then  connected between the inpu t to  A1 and each 

(between a and b in  F ig . 2.1 A), the  d e f le c tio n  w il l  be reduced 

to  50 mV. In  p r a c t ic e ,  a 10 megohm r e s i s to r  was p laced  in  

p a r a l l e l  w ith  th e  m icro e lec tro d e , and the re s is ta n c e  of the  

l a t t e r  c a lc u la te d  from th e  observed d e f le c tio n  using Ohm's law. 

M icroelectrode t i p  p o te n t ia l

With e l e c t r i c a l  c o n tin u ity  between th e  Ringer in  th e  

e le c tro d e  h o ld e r and th a t  in th e  b a th , th e  balance between A1 and 

AO was a d ju s te d  to  compensate fo r  sm all ju n c tio n  p o te n t ia ls .

When th e  m icroe lec trode  i s  included in  the  c i r c u i t ,  any d e f le c tio n  

o f th e  o sc illo sco p e  t r a c e  should th en  be due to  the t i p  p o te n t ia l .
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The t i p  of one or two e lec tro d es  from each b a tch  was broken on 

the  f lo o r  o f th e  ba th  t o  confirm th a t  th e  d e f le c tio n  d isappeared . 

R esting membrane p o te n t ia ls

When th e  output from th e  c a l ib ra to r  i s  zero , th e  membrane 

p o te n t ia l  is  equal to  th e  p o te n t ia l  recorded  by a m icroelectrode 

in s id e  th e  muscle f ib r e  minus th a t  recorded  by the b a th  e lec tro d e  

(F ig . 2.1 A). The change in  p o te n t ia l  which occurred during 

p e n e tra tio n  of th e  f ib r e  was m onitored by a sudden f a l l  in  p i tc h  

or an a u d io -s ig n a l. The o sc illo sco p e  t r a c e ,  d e fle c te d  during 

p e n e tra tio n , was re tu rn ed  to  i t s  i n i t i a l  p o s itio n  using the  

c a l ib r a to r ;  t h i s  enabled rap id  measurement o f th e  membrane 

p o te n t ia l  accu ra te  to  a t  le a s t  0 .5  mV. Only surface  f ib r e s  

were p en e tra te d , and r e s u l t s  from f ib r e s  in  which the  re s t in g  

p o te n t ia l  f e l l  im m ediately a f t e r  p e n e tra tio n  were d isca rd ed .

A ction p o te n tia ls

A ction  p o te n tia ls  were recorded by an in t r a c e l lu la r  

m icroelectrode close to  th e  p e lv ic  end of th e  m uscle. F ib res  

were s tim u la ted  in t r a c e l lu la r ly  by a rec tan g u la r cu rren t p u lse  

o f about 5 ms d u ra tio n . This was a p p lie d  through a c i t r a t e  

e lec tro d e  which was in se r te d  a t  le a s t  1 mm from th e  reco rd ing  

e le c tro d e . Using th i s  method, only  one f ib r e  was s tim u la ted  

a t  a time so th a t  in  a muscle s tre tc h e d  to  130% o f i t s  r e s t in g  

len g th  to  reduce movement i t  was p o ss ib le  to  reco rd  se v e ra l 

a c t io n  p o te n t ia ls  from th e  same f ib r e .  However, only the  r e s u l t s  

from th e  f i r s t  a c tio n  p o te n t ia l  were used .

A ction  p o te n t ia ls  were d i f f e r e n t ia te d  e l e c t r i c a l ly  in  order 

to  o b ta in  the  maximum r a te  o f r i s e  and f a l l .  The d i f f e r e n t ia t in g  

c i r c u i t  co n s is te d  of a r e s i s to r  and ca p a c ito r  and i s  i l l u s t r a t e d



in  the  upper r ig h t hand s id e  of F ig . 2.1 A. The tim e cc n s ta n t (RC) 

of th e  c i r c u i t  was c a l ib ra te d  w ith  a ramp g en e ra to r. C irc u its  

w ith  a tim e constan t of 17 ji s and 1CXD jis were used.

Constant c u rre n t experim ents using  two m icroe lec trodes

This technique was used to  o b ta in  a c tio n  p o te n t ia ls  (ch ap te r 3) 

and o th e r reg en e ra tiv e  changes in  the  membrane p o te n t ia l  (chap ter 5)• 

The method i s  i l l u s t r a t e d  in  F ig . 2.1 B; i t  i s  s im ila r  to  th a t  used 

by Hodgkin & Rushton (19^6) and F a tt  & Katz (1951) except th a t  

here the  e lec tro d e  cu rren t i s  c o n tro lle d  e le c tro n ic a l ly .

The muscle f ib r e  was impaled by two m icroe lec trodes ; one 

to  record  the  membrane p o te n t ia l  (V^), the o th er to  in je c t  

c u rren t ( l ^ ) . The record ing  e le c tro d e  was in se r te d  f i r s t  and th e  

re s t in g  p o te n t ia l  o f f s e t  by th e  c a l ib r a to r ,  a s  described  above. 

In s e r t io n  of the  c u rre n t e lec tro d e  was a s s is te d  by passing  

re c tan g u la r  p u lses  o f cu rren t through  th e  e le c tro d e . I^  was 

measured w ith  a 7W o p e ra tio n a l a r p l i f i e r  w ith  FET in p u ts  and 

w ith  a IMfX r e s i s to r  shunted by 1 00 pF in  the  feedback lo o p . The 

input to  the  feedback a m p lif ie r  (FB; 7W o p e ra tio n a l a m p lif ie r ) ,  

which c o n tro lle d  I^ , was connected to  th e  muscle b a th  v ia  a 1 % 

agar in  Cl-Ringer b r id g e , and an AgAgCl w ire . R ectangular 

command p u lse s  (S) were provided by a p u lse  g en era to r w ith  a 5V 

output which was fed  through decade p o ten tio m ete rs . To reduce 

th e  cu rren t a r t i f a c t ,  a s  w ell a s  th e  r i s k  o f o s c i l la t io n  in  th e  

feedback lo o p , th e  c u rren t e le c tro d e  was screened by a le n g th  o f 

s te e l  tu b in g  to  w ith in  2-3 mm of th e  t i p .  The screen was 

connected to  e a r th .

D eta ils  of in d iv id u a l experim ents a re  given in  th e  ap p ro p ria te  

ch ap te rs .
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V oltage clamp experim ents using  two m ic ro e lec tro des

This method, describ ed  by Weidmann (1955) and Takeuchi & 

Takeuchi (1959)  ̂ was used to  c o n tro l th e  membrane p o te n t ia l  a t  

a p o in t c lose to  th e  midpoint of th e  f ib r e  (chap ter 5) t and i s  

i l l u s t r a t e d  in  F ig . 2.2k.

Recording and cu rren t e le c tro d e s  were in se r te d  under 

co n stan t cu rren t con d itio n s  (see  above) . The feedback a m p lif ie r  

(FB) was th en  sw itched to  keep a t  th e  value determ ined by th e  

command s ig n a l (S) and th e  c a l ib r a to r  ( c a l .)  ; t h i s  was p o ss ib le  

th rough  feedback co n tro l of th e  e le c tro d e  cu rren t ( l ^ ) . The 

c a l ib r a to r  was used to  hold f ib r e s  a t  th e  re s tin g  membrane 

p o te n t ia l  w hile the  command s ig n a l was used to  produce stepw ise 

d e p o la r iz a tio n s  and h y p e rp o la riz a tio n s .

was measured as th e  v o lta g e  drop acro ss  a 100 k f l  r e s i s to r  

shunted by 1500 pF. This gave th e  record ing  c i r c u i t  a tim e 

co n stan t of 0.15 ms which was n e g lig ib le  compared to  th e  tim e a t  

which measurements were made.

Since th e  membrane i s  clairped a t  a p o in t, th e  ap p lied  

v o ltag e  s tep  spreads e le c tro to n ic a lly  towards both ends of th e  

f ib r e .  The membrane c u rre n t d en s ity  was c a lc u la te d  from th e  

re la t io n s h ip  between th e  membrane p o te n t ia l  and using  C o le 's  

theorem (Cole & C u rtis , 19i;1 ) •

V oltage clamp experim ents u s in g  th re e  m icroe lec trodes

This method, devised  by A drian, Chandler & Hodgkin (1966,

1968, 1 970a), was used ex ten s iv e ly  in  th e  course o f t h i s  work 

s in ce  i t  allow s the  membrane cu rre n t d e n s ity  to  be measured 

d i r e c t ly  from th e  v o ltag e  drop along a len g th  o f f ib r e  in  the  

te rm in a l reg ion , where changes in  th e  membrane p o te n t ia l  w ith  

d is tan ce  during cu rren t in je c t io n  a re  sm all ( ja ck . Noble & T sien ,

1975).



Figure 2 .2 . A. The tw o-m icroelectrode v o ltag e

clamp method. The f ib r e  i s  impaled by two m icroe lec trodes

a t ,  or near the m id -p o in t. One reco rd s the membrane 

p o te n t ia l  (V^) and th e  o ther in je c ts  c u rren t ( l^ )  . The 

membrane p o te n t ia l  in  the  v ic in i ty  o f th e  record ing  

e lec tro d e  i s  determ ined by the  command s ig n a l (S) and th e  

output from th e  c a l ib ra to r  ( c a l . ) ,  and i s  m aintained by 

e le c tro n ic  feedback c o n tro l of the  e lec tro d e  c u r re n t.  I o
i s  measured as the  IR drop across a 100 k ü  r e s i s to r  

shunted by 1500 pF.

B. The th ree -m ic ro e lec tro d e  v o ltag e  

clamp method. The f ib re  i s  impaled by two m icro­

e le c tro d e s  to  reco rd  the  membrane p o te n t ia ls  and Vg 

a t  d is ta n c e s  A and 2A , re sp e c tiv e ly , from th e  end of 

th e  f ib r e .  A th i r d  e lec tro d e  in s e r te d  a t  2A + Ê* from 

th e  end of the  f ib r e  i s  used to  in je c t  c u r re n t .  The 

method used to  c o n tro l the  manbrane p o te n t ia l  a t  ^ and

to  measure I  i s  th e  same as  t h a t  describ ed  fo r  th e  two- o
e le c tro d e  clamp (see above). The membrane cu rren t 

d e n s ity  (l^ ) i s  r e la te d  to  Vg -V  ̂ by th e  approxim ate 

exp ression ,

(v„ -V )a

where a i s  th e  f ib r e  rad iu s  and R^ i s  th e  in te rn a l  r e s i s t i v i t y .
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Two m icroelectrodes were used to  reco rd  th e  membrane 

p o te n t ia ls  and Vg a t  d is ta n ce s  X  and 21 , r e sp e c tiv e ly , 

from th e  p e lv ic  end of the f ib r e  as shown in  F ig . 2,2B. A 

th i r d  e lec tro d e  was in se r te d  a t d is tan ce  21 + 1 ’ from th e  end 

o f th e  f ib r e ,  and was used to  in je c t  c u r re n t .  The e lec tro d e  

a t  X was in se r te d  f i r s t  and th e  r e s tin g  p o te n t ia l  backed o ff  

w ith  the  c a l ib r a to r .  A co n stan t cu rren t p u lse  a ided  p e n e tra tio n  

o f  th e  f ib r e  by th e  cu rren t e lec tro d e  and th e  second record ing  

e le c tro d e .

Vg was fed  to  th e  inpu t o f a m p lif ie r  A2 (P h ilb r ic k  1009), 

which was surrounded by a driven  sc reen , and was provided w ith 

negative  c ap ac ity  compensation. LInphase s ig n a ls  ap p lied  to  A1 

and A2 were re je c te d  to  b e t te r  than  by s e t t in g  th e  g a in  of

A2. In  o th e r re sp e c ts  th e  apparatus was id e n t ic a l  to  th a t  fo r  

use w ith  two m icro e lec tro d es .

Assuming th a t  th e  f ib r e  i s  c y l in d r ic a l ,  A drian e t  a l . (1970a) 

show th a t  the  membrane cu rren t d en s ity  ( l^ )  i s  r e la te d  to  th e  

p o te n t ia l  d iffe re n c e  Vg -  by an approxim ate ex p ress io n ;

(V„ -  V ) a

'  1 7 1 -

where a i s  the f ib r e  ra d iu s , and i s  th e  in te rn a l  r e s i s t i v i t y .  

They show th a t  eqn. (2.1) i s  accu ra te  to  w ith in  provided  

(Vg -  V̂ ) /  i s  le s s  than  6, or 1 i s  le s s  than  2 A . This 

co n d itio n , which was m aintained in  a l l  experim ents, cannot be 

a p p lie d  to  th e  reg en e ra tiv e  phase o f the  sodium c u rren t : in  such

cases th e  e r ro r  may be g re a te r  (Adrian e t  a l .̂ 1970&). Since 

doubling th e  in te r - e le c tro d e  d is tan ce  (X ) produces a fo u r- fo ld  

in c re a se  in  Vg -V^, X was s e le c te d  according  to  th e  magnitude 

o f I ^ :  X was 110, 125 o r 132 pm  f o r  la rg e  c u rre n ts  (ch ap te rs  3 

& U) and 330, i;UO or I|.95 pm fo r  sm all c u rre n ts  (ch ap te rs  5  ̂ 6
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& 7 ) . l '  was u su a lly  50 pm.

As o p tic a l  measurements of f ib r e  diam eter are  u n re lia b le , 

th e  d iam eter was assumed to  be 80 pm fo r  f ib r e s  in  iso to n ic  

Ringer and f o r  f ib r e s  in  Ringer made hyperton ic  by the  a d d itio n  

of 350 mM sucrose (Adrian e t a l . ,  1970a; S ta n f ie ld ,  1970a;

Aimers, 1972a). In  hyperton ic  R inger, th e  mean diam eter tends 

to  be s l ig h t ly  le s s  th a n  th e  diam eter o f f ib r e s  in  iso to n ic  

Ringer (Adrian e t a l . ,  1970a; Hodgkin & Nakajima, 1972); however, 

in  the  p re se n t stucÿr a d ire c t  comparison between the membrane 

c u rren ts  in  so lu tio n s  o f d if fe re n t to n ic i ty  was not made. R^ 

was c a lc u la te d  from th e  values of Hodgkin & Nakajima (1972)

assuming a of 1 .37 fo r  t ie  e f fe c t  o f tem peratu re . In  iso to n ic

so lu tio n s , R^ was 180 ohm.cm a t  17-18.$°G and 270 ohm.cm a t

3 -5 °C; in  hypertonic so lu tio n s  R^ was 370 ohm.cm a t  3-5°C. In

view of th e  assumptions req u ired  to  c a lc u la te  I ^ ,  th e  membrane 

cu rren t i s  o f te n  given in  terms of Vg and i s  th e re fo re  

expressed in  m i l l iv o l t s .

Cable p ro p e r tie s  and f ib r e  rad ius

The space co n stan t (X )  and f ib r e  ra d iu s  (a) were determ ined 

in  th e  course of some experim ents in  which f ib r e s  were impaled by

th re e  m icro e lec tro d es (see previous s e c t io n ) . A co n stan t

cu rren t pu lse  was used to  h y perpo larize  th e  f ib r e  a t  jt by about 

10 mV, and th e  s te a d y -s ta te  values of I ^ ,  and -7^ were 

recorded . X  was c a lc u la te d  from eqn. (9) of A drian e t  a l . (1970a)

, / 3  (V )
^  2 (Vg -V, ) (2^2)

and th e  r e s u l t  used to  c a lc u la te  the f ib re  ra d iu s  (a) from

P E. I  X cosh ( X / X )
.  . .  . . ---- ------------- 0-. T — n (2 .3)
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The in te rn a l  r e s i s t i v i t y  (R_) was assumed. i s  independent

of th e  f ib r e  diam eter (Nakajima & Hodgkin, 1970; Hodgkin & 

Nakajima, 1972).

S t a t i s t i c s

Standard s t a t i s t i c a l  procedures were used to  analyse  th e  

r e s u l t s  from a group o f f ib r e s .  In  most cases th e  r e s u l t s  a re  

p resen ted  as the  mean + the  s tandard  e r ro r  o f th e  mean (mean + 

S.E.M) w ith  the  number o f  observations (n) given in  p aren th eses . 

The mean r e s u l t s  f o r  two samples a re  compared by a S tu d e n t’s t -  

t e s t ;  a s ig n if ic a n t  d iffe re n c e  between th e  means i s  accepted  

when th e  p ro b a b il i ty  (P) th a t  th ey  a re  th e  same is  le s s  than  0 .05 .
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ch ap te r 3. The e f fe c ts  o f  pH on th e  delayed K conductance in  frog  

s k e le ta l  muscle f i b r e s .

INTRODUCTION

A number o f  observations on th e  p H -se n s itiv ity  o f nerve can be 

summarised by saying th a t  pH has two major e f fe c ts  on th e  e a r ly  

sodium and th e  delayed potassium  c u r re n ts .  F i r s t ,  a red u c tio n  in  

pH s h if t s  the  voltage-dependence o f th e  param eters which d esc rib e  

Na a c t iv a t io n  (H iH e, 1968; Drouin & The, 1969; S tillm an , G ilb e rt 

& L ip icky , 1971; Woodhull, 1973; Drouin & Neumcke, 197U; Schauf 

& Davis, 1976) ,  Na in a c t iv a t io n  (H ille ,  1968), and K a c t iv a t io n  

(Drouin & The, 1969; Mozhayeva & Naumov, 1970, 1972a; H i l le ,

1968; Shrager, ^97hy Schauf & Davis, 1976) to  more p o s it iv e  

v a lu es  of th e  membrane p o te n t ia l .  This e f fe c t  i s  s im ila r  to  th a t  

seen in  squid  axons (Frankenhaeuser & Hodgkin, 1957; G ilb e rt & 

E rh en ste in , 1969),in  frog  s k e le ta l  muscle (C ostan tin , 1968; Campbell 

& H i l le ,  1976) and in  o th e r  t i s s u e s  (B lau ste in  & Goldman, 1968)

Mozhayeva & Naumov, 1972c; H i l le ,  Woodhull & Shapiro , 1975;
2 +Schauf, 1975) when th e  e x te rn a l Ca co n cen tra tio n  is  r a i s e d .  I t  

i s  w idely agreed  th a t  such s h i f t s  a re  produced by changes in  th e  

e l e c t r i c a l  p o te n t ia l  a t  th e  su rface  of th e  membrane, and th a t  th is  

su rface  p o te n t ia l  is  s e t  up by io n ized  groups which fofm p a r t  o f  th e  

membrane s t r u c tu r e .

Secondly, as  mentioned in  ch ap te r 1 (page 27 ) ,  in  a c id ic  

R inger th e  maximum Na and K conductances a re  re v e rs ib ly  depressed  in  

a manner which suggests th a t  p ro tons a re  ab le  to  t i t r a t e  some n egative  

charge e s s e n t ia l  fo r  th e  movement o f ions acro ss  th e  membrane 

(H ille ,  1968, 1973, 1975c; Drouin & The, 1969; Drouin & Neumcke, 

197^ ; Schauf & Davis, 1976).
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The experim ents d escribed  in  th i s  chap ter were designed to  

examine th e  e f fe c ts  of pH on th e  e l e c t r i c a l  a c t iv i ty  of s k e le ta l  

m uscles. The f i r s t  experim ents extend some of the observations 

of Brooks & H u tte r (1963) on th e  pH-dependence of th e  a c tio n  p o te n t ia l .  

However, th e  major p a r t  o f th is  work involved th e  s tuc^  o f membrane 

c u rre n ts  under voltage-clam p c o n d itio n s . The r e s u l t s  a re  used to  

o b ta in  a minimum value f o r  th e  d e n s ity  of f ix e d  su rface  charges 

a s so c ia te d  w ith  th e  delayed K channel.

During th e  course o f th e se  experim ents, papers on th e  pH- 

s e n s i t iv i ty  of th e  Na conductance (Campbell Sc H i l le ,  1976) and 

th e  K conductance (G ille sp ie  & H u tte r , 1975) in  s k e le ta l  muscle have 

appeared . In  g en era l, iry r e s u l t s  confirm  th e se  f in d in g s  and extend 

th o se  o f G ille sp ie  & H u tte r .

SOLUTIONS Sc METHODS

The iso to n ic  c h lo rid e  Ringer used in  th e  p resen t experim ents 

con tained  2 .5  mM-KGl, 1 .8  mM-GaGl, 117-5 mM-NaCl + NaOH, and was 

b u ffe red  w ith  a m ixture of 1; mM T ris  (hydroxymethyl) aminomethane, 

mM m aleic a c id  and i; mM a c e ty lg ly c in e . The amount o f NaQH req u ired  

to  be added to  b ring  th e  so lu tio n  tD th e  d es ired  pH (between i;.2  and 

9*2) was determ ined from a t i t r a t i o n  curve. In  o rder to  keep th e  

Na co n cen tra tio n  co n s ta n t, th e  Cl co n cen tra tio n  was allow ed to  vary 

between 1 l8 .5  mM a t  pH i;.2 and 110.1; mM a t  pH 9-2 . The pH of each 

so lu tio n  was checked ag a in s t one o f f iv e  s tandard  b u ffe rs  w ith in  7 

hours o f use and a t  th e  tem perature o f  th e  experim ent, and was 

rea d ju s ted  to  the  c o r re c t  pH ( to  w ith in  0.05 o f a pH u n i t ) ,  with 

e i th e r  NaQH o r HCl. The amount o f Na^ (or G1 ) added a t  t h i s  s tage  

never exceeded 1 mmole/1.
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In  order to  reduce th e  a b i l i t y  of th e  muscle f ib r e s  to  

c o n tra c t ,  th e  Ringer was made hypertonic by th e  a d d itio n  of 350 mM 

sucrose  fo r  experiments in  which th e  voltage-clam p was used.

R inger so lu tio n s  were s to red  a t  about i;°C fo r  not more than  

3 days (21; hours i f  th e  so lu tio n s  con tained  su c ro se ) . During 

s toilage the  pH did  no t change by more th an  0.1 of a pH u n i t .

The membrane p o te n t ia l  was c o n tro lle d  using th e  th re e -e le c tro d e  

method o f A drian e t a l . (1970a; see ch ap ter 2 ) . I n i t i a l l y ,  an 

in te r - e le c tro d e  d is tan ce  of 132 vim was used, but in  l a t e r  

experim ents th is  was reduced to  110 v>̂  to  f a c i l i t a t e  clamp co n tro l. 

A ll f ib r e s  were h e ld  a t  a membrane p o te n t ia l  o f -1 00 mV and hyper- 

p o la r iz e d  and depo larized  f ra n  th is  le v e l .  In  a d d itio n , each f ib re  

was clamped a t  th e  hold ing  p o te n tia l  f o r  a t  le a s t  3 mins follow ing 

impalement to  reprim e th e  conductances befo re  measurements were made.

A ll  experiments were performed in  the  cold  (3-5°C, un less o th e r­

wise s ta te d )  s in ce  t h i s  in creased  th e  tim e during which u se fu l 

reco rd s  could be ob ta ined . Cooling th e  p rep a ra tio n  a lso  slows th e  

membrane cu rren ts  and th is  makes i t  e a s ie r  to  co n tro l the  membrane 

p o te n t ia l .

RESULTS

E ffect o f  pH on the  r e s t in g  membrane p o te n t ia l

The mean re s t in g  p o te n tia l  of f ib r e s  immersed in  iso to n ic  

c h lo rid e  Ringer i s  given in  Table 3 .1 . In  th e  c o n tro l so lu tio n  

(pH 7 .2 )  th e  mean re s tin g  p o te n t ia l  was -8 8 .9  + 1 .3 mV (fourteen  

f i b r e s ) . Raising o r low ering th e  pH produced a sm all d e p o la r iz a tio n ; 

th i s  was s ig n if ic a n t  a t  pH 5 .2  (P < 0 .0 5 )  but only m arg ina lly  

s ig n if ic a n t  a t  pH 9 .2  (P 0 .0 5 ) . H u tte r  & lojarner (1967a) have 

a lso  rep o rted  a sm all d e p o la r iz a tio n  in  a c id ic  cond itions while in
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a lk a l in e  cond itions the f ib r e s  were h y p erp o la rized . On th e  o th e r 

hand, D orrecheid t-K afer (1976) has rep o rted  d e p o la r iz a tio n s  a t  pH 

1;.65 and 10.5 which a re  la rg e r  th an  th e  average d ep o la riz a tio n  seen 

here  in  very  a c id ic  or a lk a lin e  co n d itio n s .

E ffec t o f pH on th e  a c tio n  p o te n t ia l

F ig . 3.1 shows ty p ic a l  a c tio n  p o te n t ia ls  from e ig h t f ib r e s ,  e ith e r  

in  th e  co n tro l Ringer (pH 7*2) or in  a s im ila r  s o lu t io n  but a t  high 

or low pH. The f ib r e s  were s tim u la ted  by means of a rec ta n g u la r  

c u rre n t p u lse  superimposed on an inward c u rren t which ra ise d  th e  

membrane p o te n t ia l  to  -100 mV fo r  s e v e ra l seconds p r io r  to  s tim u la tio n . 

The cu rren t was d e liv e red  by a m icroe lec trode  in s e r te d  a t  l e a s t  1 mm 

from th e  recording  e lec tro d e  (see page UO ) .

The a c tio n  p o te n t ia ls  a t  th e  top  of F ig . 3.1 were recorded 

from th e  same m uscle, and show th a t  a red u c tio n  in  pH from 7.2 

(F ig . 3 .1a) to  5 .2  (F ig . 3.1c) slows bo th  d e p o la r iz a tio n  and 

r e p o la r iz a t io n  phases of the  sp ik e . At pH 9 .2  (F ig . 3 .1b) th e  

d u ra tio n  o f the sp ike  i s  reduced, and t h i s  i s  a s so c ia te d  w ith  an 

in c rease  in  th e  r a te  a t  which d e p o la riz a tio n  and re p o la r iz a t io n  occur. 

S im ilar r e s u l t s  have been rep o rted  by Brooks & H u tte r (1963).

E ffec ts  of pH on th e  overshoot were more v a r ia b le , though in  

most f ib r e s  the overshoot was in creased  in  a lk a lin e  so lu tio n s  and 

reduced when th e  pH was le s s  than  7 .2 . This i s  supported by th e  

f in d in g  th a t  in  th re e  m uscles, th e  mean overshoot a t  pH 9 .2  i s  

m arg ina lly  g re a te r  th an  th a t  in  th e  c o n tro l s o lu tio n  (Table 3 .1 ;

P <  0 .0 5 ,^ 0 .0 2 )  w hile th e  mean overshoot in  th e  c o n tro l so lu tio n  

i s  s ig n if ic a n t ly  g re a te r  than  the va lue  a t  pH 5 .2  (Table 3.1 ;

0 .001).
The pH-dependent changes in  th e  p ro p e r tie s  of th e  sp ike 

o u tlin e d  above were r e v e r s ib le . This can be seen by comparing th e



F ig . 3.1 Records of a c tio n  p o te n tia ls  (V^) and th e i r  d e r iv a tiv e s  

(dV^/dt) from muscle f ib r e s  immersed in  normal, a c id ic  and 

a lk a l in e  so lu tio n s . A ction p o te n t ia ls  were recorded w ith  

an i n t r a c e l lu la r  m icroelectrode a f t e r  the  f ib r e s  had been 

hyp erp o larized  to  -100 mV. The f ib r e s  were s tim u la ted  in t r a -  

c e l lu la r ly  by a b r ie f  cu rren t p u lse  d e liv e red  by a m icro- 

e le c tro d e  in s e r te d  a t  le a s t  1 mm from th e  reco rd ing  

e le c tro d e , and which was a lso  used to  l:vyPGrpolarize the  

f i b r e s . Iso to n ic  ch lo ride  R inger, 3 .5-^ .5°G .

a -d , reco rds from four f ib r e s  in  th e  same m uscle,

a ,  pH 7 .2 ;  b , pH 9 .2 ; c , pH 5 .2 ; d, pH 7 .2 . The 

d i f f e r e n t ia t in g  c i r c u i t  has a tim e constan t of 17 vis.

e -h , reco rd s from fou r f ib r e s  in  a second m uscle, e ,

f  & g, pH h»9) h , pH 7 .2 . The d if f e r e n t ia t in g  c i r c u i t

has a tim e co n stan t of 100 vis in  e & f .
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sp ikes in  F ig . 3 .1a and 3.1 d, which were obtained  a t  pH 7*2 a t  th e  

beginning and end of th e  experim ent, re sp e c tiv e ly . In  more a c id ic  

so lu tio n s  (pH i|.6  and i; .2 ) , pH-induced changes in  th e  spike appeared 

to  be re v e rs ib le  provided th e  p e rio d  of exposure was sh o rt.

Records from a muscle exposed to  pH h»9 (F ig . 3.1 e ,f )  and pH

7.2  (F ig . 3.1h) shew th a t  in  s tro n g ly  a c id ic  co n d itio n s  th e re  i s  a 

notch on th e  f a l l in g  phase o f th e  a c t io n  p o te n t ia l  s h o r tly  a f t e r  th e  

c r e s t .  This was a lso  seen in  a few f ib r e s  a t  pH 5*2, a lthough  i t  

was le s s  pronounced. The notch was no t apparen t a t  pH 6 .2  or in  

more a lk a lin e  so lu tio n s .

There a re  two reasons fo r  p o s tu la tin g  th a t  t h i s  notch i s  

produced by reg en e ra tiv e  changes in  th e  membrane conductance w ith in  

th e  T-system, which a re  delayed r e la t iv e  to  those  in  th e  su rface  

membrane. F i r s t ,  Adrian & Peachey (1973) have dem onstrated th a t  

such conductance changes can account fo r  a hump which i s  o fte n  seen 

in  f ib r e s  immersed in  c h lo r id e -f re e  Ringer a t  about pH 7*2 (H utter & 

Noble, i 960) .  Although th i s  hump occurs a t  th e  s t a r t  o f th e  a f t e r ­

d e p o la r iz a tio n  when the pH i s  about 7 .2  (Persson, 1963), th e  p resen t 

ob serv atio n  th a t  in  f ib r e s  a t  pH k»9 (F ig . 3.1 e & f )  th e  hump (or 

notch) occurs e a r l i e r  than  th i s  in  r e l a t io n  to  r e p o la r iz a t io n  i s  

c o n s is te n t w ith th e  f a c t  th a t  a red u c tio n  in  pH in c re a se s  th e  du ra tion  

o f th e  sp ik e . A r e la te d  p o in t i s  t h a t  w hile th e re  is  l i t t l e  or no 

evidence of a hump in  th e  p resen t reco rd s  a t  pH 7 .2  (presumably 

because a la rg e  p a r t  o f the  re s t in g  conductance i s  c a r r ie d  by 

c h lo rid e  ions (H utter & Padsha, 1959; Hodgkin & Horowicz, 1959; 

H u tte r  & Noble, I960; H u tte r  & Warner, 1967a), a t  pH i |.9 ,  where th e  

c h lo rid e  conductance i s  very  much reduced (H utter & Warner, 1967a,b), 

th e  hump i s  pronounced.

The second reason  i s  th a t  a notch s im ila r  to  th a t  seen  here a t  

low pH a lso  occurs soon a f t e r  th e  c r e s t  o f a c tio n  p o te n t ia ls  from
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f ib r e s  in  which re p o la r iz a t io n  i s  slowed by 0.1 mM zinc (S ta n f ie ld ,

1973) .  The notch in  z in c - tre a te d  f ib r e s  seems to  o r ig in a te  from

th e  T -tubules s in ce  i t  i s  abo lished  in  f ib r e s  de tubu la ted  by

g ly c e ro l p r io r  to  zinc trea tm en t (S ta n f ie ld , 1973).

The a c tio n  p o te n tia ls  in  F ig . 3.1 g (pH ^ .9 ) and F ig . 3.1 H (pH

7 . 2) were recorded w ith  a slow tim e base to  show th a t  a c id ic  so lu tio n s

prolong th e  a f te r -d e p o la r iz a tio n , as describ ed  p rev io u sly  by Brooks

& H u tte r  (1963) .

Table 3.1 a lso  summarized th e  e f fe c ts  o f  pH on th e  maximum

ra te s  of r i s e  (V . ) and f a l l  (v„ -.̂  ) o f th e  a c tio n  p o te n t ia l .  Tor i s e  f a l l '
a f i r s t  approxim ation, th ese  param eters a re  p ro p o rtio n a l to  th e  h e ig h t

o f th e  p o s it iv e  and negative  phases, re sp e c tiv e ly , o f th e  f i r s t

d e r iv a tiv e  of the a c t io n  p o te n t ia l  w ith  re sp e c t to  tim e (dV ^/d t).

D eriv a tiv es were ob ta ined  e l e c t r i c a l ly  as d escrib ed  in  ch ap ter 2 and

photographed to g e th e r  w ith  the  a c tio n  p o te n t ia ls  in  F ig . 3 .1 ,a - f .

I t  can be seen th a t  in  a c tio n  p o te n t ia ls  d isp lay in g  a notch  (F ig .

3 . 1, e & f ) ,  th e  d e r iv a tiv e  i s  t r ip h a s ic .  In  such cases

was ob tained  from th e  f in a l  phase.

As expected, V . and V_ ^  a re  reduced in  a c id ic  con d itio n s  r i s e  f a l l
and increased  in  a lk a lin e  cond itions r e l a t iv e  to  th e  mean co n tro l 

value (Table 3 .1 ) .  From pH 7*2 to  5*2, bo th  param eters a re  reduced 

by more th an  50#. On th e  o ther hand, an  in c rease  in  pH from 7 .2  to

9.2 in creases  V . and V_. by only 15*7% and 3 2 .0 ^ ,re sp e c tiv e ly .r i S G  X  O..L.L
The mean value fo r  V . found here a t  pH 7*2 i s  somewhat lowerr i s e

than  th a t  rep o rted  by Nastuk and Hodgkin (1950; ^pj_se 70 V/s in  

normal fro g  ch lo rid e  Ringer a t  6 .6  and 7 .2°C ). This w i l l  be due.

a t  le a s t  in  p a r t ,  to  th e  f a c t  t h a t  here  a lower te n ç e ra tu re  i s  

employed (3-5°C ). However, th e  p resen t va lu e  fo r  i s  sim

to  th a t  o f ii5 v /s  re p o rte d  by Nastuk & Hodgkin (1950) a t  7*2°C.
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Since th e  r a te s  of r i s e  and f a l l  o f  th e  a c tio n  p o te n tia l  

r e f l e c t  the  r a te  a t  which th e  membrane cap ac ity  i s  charged and 

d ischarged  by th e  cu rre n t c ro ss in g  th e  membrane (Hodgkin & Katz,

19i;9), and s in ce  changes in  th e  e x te rn a l pH have no e f fe c t  on th e  

r e v e rs a l  p o te n t ia l  o f th e  Na c u rren t in  m yelinated  nerve (Drouin 

& The, 1969; Drouin & Neumcke, 197b; Woodhull, 1973) or frog  

s k e le ta l  muscle (Cartpbell & H il le ,  1976), th e  reduced r a te  o f r i s e  

and reduced overshoot seen here in  a c id ic  so lu tio n s  a re  most probably 

due to  a f a l l  in  th e  p e rm eab ility  o f th e  membrane to  Na^. In  

a lk a l in e  co n d itio n s  th e  Na p e rm eab ility  appears to  be increased  

during th e  sp ik e . Changes in  th e  delayed K p erm eab ility  a re  more 

d i f f i c u l t  to  determ ine s in ce  the  r a t e  of r e p o la r iz a tio n  i s  dependent 

on th e  s iz e  of th e  overshoot (Hodgkin & Katz, 19 b9). However, i t  

i s  l ik e ly  th a t  th e  K p erm eab ility  i s  reduced in  a c id ic  cond itions 

s in ce  in  some f ib r e s  a t  pH h»9 (see f o r  exanç)le F ig . 3 .1 , f  & g) 

re p o la r iz a t io n  i s  slow d e sp ite  th e  f a c t  th a t  th e  overshoot is  

s im ila r  to  th a t  found a t  pH 7 .2  (F ig . 3.1 ,h ) .

Membrane c u rre n ts  a t  pH 7*2 and pH 5 .2  in  th e  absence o f te tro d o to x in

F ig . 3*2 shows v o ltag e  clamp records from two f ib r e s  depolarized  

to  between -70 mV and -2mV, o r between -70 mV and 0 mV, in  hypertonic 

c h lo r id e  Ringer a t  pH 7*2 (A) and pH 5*2 (B) . Records o f th e  membrane 

p o te n t ia l  (V^) a re  shown a t  th e  to p  of th e  f ig u re  and membrane 

c u rre n ts  (V^-V  ̂) a re  below. The number a t  th e  end o f each cu rren t 

t r a c e  i s  th e  membrane p o te n t ia l  in  mV. Since the delayed K cu rren t 

in  muscle i s  in a c tiv a te d  by m aintained d e p o la r iz a tio n  (Nakajima, 

Iw asaki & Obata, 1962; S ta n f ie ld ,  1970a; Adrian e t  a l . ,  1970a; 

Argibay & H u tte r, 1973), th e  reco rds a t  p o te n tia ls  p o s it iv e  to  th e  

th re sh o ld  of th e  delayed c u rre n t were spaced a t  in te rv a ls  o f 1-2 rain.

In  t h i s  way i t  took about 30 mins to  o b ta in  a fam ily  of reco rd s .



F ig . 3 .2  Membrane cu rren ts  obtained  from two f ib re s  in  

hyperton ic  c h lo rid e  Ringer a t  pH 7.2 and pH 5 .2 . T racings 

of reco rd s o f the membrane p o te n t ia l  (V^, mV) and membrane 

c u rren t mV) a re  shown. The membrane i s  depo larized

to  th e  p o te n t ia l  g iven  in  mV a t  th e  end of each cu rren t 

record  .

A. pH 7 . 2 . F ib re  re s t in g  p o te n t ia l ,  -90 mV; holding 

p o te n t ia l ,  -  100 mV; in te r -e le c tro d e  d istan ce  ( f ) ,  132 iim; 

temp. b.O°C.

B. pH 5 . 2 . F ib re  r e s t in g  p o te n t ia l ,  -73 mV; holding 

p o te n t ia l ,  -100 mV; in te r -e le c tro d e  d is tan ce  (jl) , 132 um; 

te iip . 2 .9^0 .
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For sm all d e p o la r iz a tio n s  in  F ig . 3.2A. 8c B, th e  membrane 

c u rre n ts  a re  independent of tim e a f t e r  th e  f i r s t  10 ms during which 

outward c a p a c ity  c u rren ts  a re  flow ing. To a f i r s t  approxim ation, 

t h i s  i n i t i a l  t r a n s ie n t  c u rre n t i s  a l i n e a r  fu n c tio n  o f the membrane 

p o te n t ia l .  The s te a d y -s ta te  cu rren t is  th e  leakage c u rren t.

When th e  f ib r e s  a re  depo larized  to  -^1 mV a t  pH 7*2 (F ig . 3.2A) 

o r to  -38 mV a t  pH (F ig . 3 .2B ), a t r a n s ie n t  inward cu rren t i s  

superimposed on th e  outward leakage c u r re n t.  This inward cu rren t 

i s  flow ing through Na channels s in ce  i t  i s  absen t in  so lu tio n s  which 

co n ta in  te tro d o to x in  (F ig . 3»h a ,b ,c )  . For th e  e f fe c t  of 

te tro d o to x in  on sJcele ta l muscle f ib r e s  see Narahashi e t  a l . (i960)

Koketsu & N ish i (1966), Adrian e t a l . (1970a), I ld e fo n se  & Rougier

(1972) ,  H il le  & Campbell (1976), and Ifendrino (1977)* The inward

c u rre n t in  F ig . 3 .2  a lso  resem bles th e  sodium cu rren t in  nerve

in  th a t  i t  reaches a maximum e a r l i e r  in  th e  clamp s tep  th e  more 

p o s it iv e  th e  membrane p o te n t ia l .

The double inward c u rre n ts  seen a t  -^1 mV and a t  -lj.1 mV in  th e  

c o n tro l R inger (F ig . 3.2A) a re  probably  a r t i f a c t s  due to  the  f a c t  

th a t  th e  membrane p o te n tia l  i s  not w ell c o n tro lle d  a t  th e  beginning 

o f th e  clamp s te p . During th e  passage of th e se  cu rre n ts  th e  

membrane p o te n t ia l  i s  p o s it iv e  to  th e  command p o te n t ia l .  On th e  

o th e r  hand, a t  pH 5*2 (F ig . 3.2b) ,  th e re  i s  no evidence to  suggest 

th a t  clamp c o n tro l i s  p o o r. Good c o n tro l of the  membrane p o te n t ia l  

may be p o s s ib le  in  a c id ic  so lu tio n s  s in c e , as F ig . 3 .2  shows, th e  

inward c u rre n t a t  pH 5 .2  i s  sm aller, and tu rn s  on and o f f  more slowly 

th an  th e  inward cu rren t in  th e  c o n tro l Ringer a t  a s im ila r  membrane 

p o te n t ia l .  Adrian e t  a l . (1970a) have a lso  rep o rte d  an  a ll-o r-n o n e  

component o f th e  inward cu rren t between -60 mV and -i^Q mV using  the  

th re e -e le c tro d e  clanp in  so lu tio n s  a t  pH 7*2. O utside th a t  range
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o f  membrane p o te n tia ls  they  found th a t  smooth reco rd s  of the inward 

c u rre n t could be ob tained , as i s  th e  case  in  F ig . 3.2A.

There i s  a lso  a delayed outward component o f membrane cu rren t 

in  F ig . 3.2 which is  c a r r ie d  by io n s . This i s  n o t abo lished  by 

te tro d o to x in , bu t in  th e  presence of t h i s  drug (F ig . 3 .U a ,b ,c ) , or 

a t  membrane p o te n t ia ls  c lo se  to  th e  re v e rs a l  p o te n t ia l  fo r  the Na 

c u rren t in  the  absence of te tro d o to x in  (F ig . 3.2A, a t  -2 mV and 

3 .2 b , a t  0 mV), the outward c u rre n ts  a re  seen  to  r i s e  along a 

sigm oid curve in  much th e  same way as  in  n erve .

F ig . 3.3A,B shows cu rre n t-v o lta g e  r e la t io n s  fo r  th e  two f ib re s  

in  F ig . 3.2A,B, p lo tte d  when th e  Na cu rren t in  each record  i s  a t  a 

maximum (open c ir c le s )  and when th e  delayed cu rren t has reached a 

s teac fy -s ta te  ( f i l l e d  c i r c l e s ) .  At membrane p o te n t ia ls  c lo se  to  zero , 

th e  Na c u rre n t i s  b u ried  in  the c a p a c ity  cu rre n t so th e  c u rre n ts  a re  

p lo t te d  a t  th e  tim e a t  which the  l a s t  v is ib le  Na cu rre n t (before 

th e  cu rren t reversed) was a t i t s  peak. The r e v e rs a l  p o te n t ia l  o f 

th e  Na c u rre n t, which was obtained by e x tra p o la tio n  o f the  leakage 

c u r re n t,  i s  -12; mV in  F ig . 3.3A and -5 mV in  F ig . 3.3B. In  a l l  

o th e r  f ib r e s  examined a t  pH 7*2 and pH 5 .2 , th e  Na c u rren t a lso  

rev e rsed  a t  a p o te n tia l  which was sm all and n e g a tiv e . The re v e rsa l 

p o te n t ia l  o f  the  Na c u rre n t found here  in  ] :^ e r to n ic  Ringer i s  a lso  

consid e rab ly  more n egative  than th e  mean membrane p o te n tia l, a t  th e  

peak o f th e  a c tio n  p o te n t ia l  in  iso to n ic  Ringer a t  pH 7 .2  and 5*2 

(+ 2;1 .2 mV a t  pH 7.2 and + 29.0 mV a t  pH 5 .2 ; see Table 3 .1 ) .

HDwever, t h i s  i s  to  be expected s in ce  one e f fe c t  o f  th e  hyperton ic  

so lu tio n  i s  to  in crease  th e  in te rn a l  Na and K co n cen tra tio n s  by up 

to  2.2; tim es t h e i r  v a lu es  in  iso to n ic  Ringer (Adrian e t a l . , 1970a). 

In  a d d itio n , the  measured re v e rs a l p o te n t ia l  w i l l  be n eg a tiv e  to  

th e  tru e  r e v e rs a l  p o te n t ia l  because no c o rre c tio n  has been made fo r



F ig . 3 .3  A,B. C urren t-vo ltage  re la t io n s  fo r  th e  Na cu rren t 

and th e  delayed K cu rren t obtained  from two f ib r e s  in  

hyperton ic  c h lo rid e  Ringer a t  pH 7«2 and pH 5 .2 . A bscissae, 

membrane p o te n t ia l  (V^, mV) ; o rd in a te s , membrane cu rren t 

(Vg-V^^ m.V). The re la t io n s h ip s  a re  p lo t te d  a t  the  peak of 

th e  inward c u rre n t (o) and when th e  cu rren t has reached a 

s te a d y -s ta te  ( • ) .  T etrodotoxin  not added.

A. pH 7 . 2 . THs f ib re  i s  th e  same as in  F ig . 3.2A.

B. pH 5 . 2 . This f ib r e  i s  th e  same as  in  F ig . 3 .2b .

C.D. E ffec t o f pH on th e  th re sh o ld  of the  delayed K 

cu rren t (C), and on th e  param eter Vi (D). Mean values 

fo r  th e  th re sh o ld  and Vi are  given r e la t iv e  to  th e  mean 

values a t  pH 7*2. V e r tic a l b ars  a re  ± S.E.M. Mean va lues 

f o r  Vi and fo r  the th re sh o ld  a re  taken  from Table 3 .2 . 

Hypertonic c h lo r id e  Ringer, 3-5°C; te tro d o to x in , 1 u g /m l.
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c ap ac ity  cu rre n ts  flow ing a t  th e  peak of th e  Na c u rre n t. D efic ien c ies  

in  th e  clamp may a ls o  produce a value f o r  th e  re v e rsa l p o te n t ia l  

which i s  to o  n eg a tiv e .

E ffec t of a c id ic  so lu tio n s  on th e  th re sh o ld  o f the Na and K c u rre n ts  

F ig . 3.31 & B show th a t  an im portant e f fe c t  o f a red u c tio n  in  

pH i s  to  s h i f t  th e  th re sh o ld s  of th e  Na and K c u rre n ts  to  more p o s itiv e  

membrane p o te n t ia l s .  The th re sh o ld  o f th e  Na c u rren t was tak en  as 

th e  most n eg a tiv e  membrane p o te n t ia l  a t  which an inward t r a n s ie n t  

c u rre n t was seen when th e  membrane was depo larized  in  2 mV s te p s .

This was -61 .0  + 2.7 mV (four f ib re s )  a t  pH 7.2 and -38.0  + 1 .7  mV 

( th re e  f ib r e s )  a t  pH 5-2 . The th re sh o ld  o f th e  K cu rren t in  th e  

same f ib r e s  was measured from s te a d y -s ta te  c u rren t-v o ltag e  r e la t io n s ,  

and taken  a r b i t r a r i l y  as  th e  membrane p o te n t ia l  a t  which the cu rren t 

in c reased  by 10%. Mean values were -5 2 .3  + 1 .3  m7 (four f ib re s )  

a t  pH 7*2 and -2 9 .0  + 1 .0  mV (th ree  f ib r e s )  a t  pH 5*2. Thus th e

th re sh o ld s  fo r  th e  Na and K cu rren ts  in  th e  absence o f te tro d o to x in  

a re  s h if te d  by 23 mV and 23.3 mV, resp ec tiv e ly ,b e tw een  pH 7 «2 

and 5 . 2 .

E ffe c ts  o f pH on th e  p ro p e rtie s  of th e  delayed K conductance in  

h yperton ie  ch lo rid e  Ringer co n ta in in g  te tro d o to x in

F ig . 3 .i| shows voltage-clam p reco rds and s te a d y -s ta te  c u r re n t-  

v o ltag e  r e la t io n s  from th re e  f ib re s  in  th e  presence of te tro d o to x in .

At pH 7*2 the mean th re sh o ld  fo r  the  delayed cu rren t was -5l «8 2  

0.8 mV (twenty-two f ib r e s ) ,  which i s  not s ig n if ic a n t ly  d if fe re n t from 

th e  mean value rep o rte d  in  the previous s e c tio n  in  th e  absence of 

te tro d o to x in  (P i^G .3). S m ila r ly ,  Kao & S ta n fie ld  (1968) have 

found th a t  te tro d o to x in  has no e f fe c t  on th e  th re sh o ld  fo r  th e  delayed 

c u rre n t in  muscle using a tw o-electrode voltage-clam p method. Nor 

has i t  any e f fe c t  on delayed r e c t i f i c a t io n  in  I ^ i c o l a  axons when th e  

e x te rn a l pH is  changed (Schauf & Davis, 1976).



F ig . 3.U E ffect of pH on the  delayed K coiductance of 

f ib r e s  immersed in  a hypertonic ch lo rid e  Ringer con ta in ing  

te tro d o to x in .

a ,b  & c , tra c in g s  of records o f th e  membrane p o te n tia l  

(V^) and membrane cu rren t (7^-7^).

F ib re  (a) i s  depolarized to  -39 m7 and 0 m7. R esting 

p o te n t ia l ,  -  77 m7; holding p o te n t ia l ,  -  100 m7; i n t e r ­

e le c tro d e  d is tan ce  (X), 110 um; temp. 3.5°C; pH 5*2.

F ib re  (b) i s  depolarized to  -  i;0 m7 and -  ^ m7.

R esting  p o te n t ia l ,  -89 m7; holding p o te n t ia l ,  -  100 m7j 

in te r - e le c tro d e  d is tan ce  ( f ) ,  110 )im; tem p.3.0°G; pH 7*2.

F ibre  (c) i s  depolarized to  -  1̂ 0 m7 and 0 m7. Resting 

p o te n t ia l ,  -  78 m7; holding p o te n tia l  -  100 m7; i n t e r ­

e le c tro d e  d is ta n c e  ((,) j 110 pm; teirp . 3.8°G; pH 9 .2 .

d ,e  & f ,  s te a d y -s ta te  cu rren t-v o ltag e  r e la t io n s .  

A bscissae , membrane p o te n tia l (7^^ m7) ; o rd in a te s , membrane 

cu rren t (7^-7^^^ m7) . F ille d  symbols, run 1 ; open symbols^ 

run  2. The cu rren t-v o ltag e  r e la t ic n s  in  d, e & f  a re  

from f ib r e s  a ,  b & c , re sp e c tiv e ly .
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In  F ig . 3»hcj th e  cu rren ts  a t  pH 9-2 tu rn  on along a sigm oidal 

tim e course in  much the same way as c u rren ts  a t  pH 7*2 and pH 5*2 

(F ig . 3.l|.a Sc b ) . In  alm ost a l l  cases the  c u rre n ts  reach a b r i e f  

p la te au  (the  s te a d y -s ta te  cu rren t) and then  d ec lin e  slow ly. Under 

th e  p resen t co n d itio n s , th e  decline would be expected to  proceed 

w ith a tim e c d is ta n t  o f 1 .5  ~ 3-0 s a t  + 10 mV (Adrian e t  a l .^l^YOa) 

This i s  too slow to  have very much e f fe c t  on th e  tim e course of 

a c t iv a t io n .  In  a few f ib r e s  th e  delayed c u rren ts  ro se  s igm oidally  

a t  f i r s t ,  bu t th e r e a f te r  in creased  g radually  f o r  th e  du ra tion  o f 

d e p o la r iz a tio n . Those r e s u l ts  have no t been analysed  f u r th e r .

A drian e t a l . (1970a) have a lso  rep o rted  a co n sid e rab le  v a r ia t io n  in  

th e  s iz e  o f outward c u rre n ts  in  hypertonic R inger, and in  th e  r a te  

a t  which th ey  develop.

A nalysis o f the delayed K cu rren ts  in  terms of th e  model developed 

by Hodgkin and Huxley

The model used by Hodgkin and Huxley (1952d) to  describe  membrane 

c u rre n ts  in  the squid axon was d iscussed  b r ie f ly  in  chap ter 1. With 

a few q u a n ti ta t iv e  changes, th e  model can a lso  be ap p lied  to  io n ic  

c u rre n ts  in  s k e le ta l  muscle (Adrian e t a l . ,  1970a; S ta n f ie ld , 1970a, 

1975; Ild e fo n se  & Roy, 1972; Canpbell & H ille ,  1976; Aimers, 1976). 

Here, th e  model i s  only a p p lie d  to  th e  delayed c u rre n t s in ce  reco rds 

o f th e  Na cu rren t tend  t o  be u n re lia b le  fo r  much of th e  vo ltage  range 

in  which î a ^ , th e  s te a d y -s ta te  param eter which d escrib es  a c t iv a t io n  

o f th e  Na conductance, i s  changing.

Two assum ptions a re  used to  describe  delayed K c u rre n ts  in  squid  

axcns and in  m uscle. The f i r s t  i s  th a t th e  r e la t io n s h ip  between th e  

K conductance (g^J and th e  uaximum K conductance (g^) i s

®K ° %  (3-1)
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(Hodgkin & Huxley-j 1952d; Adrian e t a l . ,  1970a; S ta n f ie ld , 1970a; Aimers, 

1976 ), where n^ is  th e  fra c tio n  of K channels open to  the  passage of 

c u r re n t.  The second assumption i s  th a t  n is  determ ined by a f i r s t  

o rder r a te  equation ,

dn /d t = 01^(1 -n) -  n (3 .2 )

in  which a and p a re  r a te  co n stan ts  which depend on th e  membrane n n
p o te n t ia l  bu t no t on tim e. A p h y sica l b a s is  f o r  eqns. (3.1 & 3*2) i s  

th a t  each K channel i s  gated  by fou r independent gating  p a r t ic le s ,  

a l l  o f  which must be in  th e  open p o s itio n  fo r  th e  channel to  be 

open. and p^ determ ine th e  r a t e  a t  which th e  p a r t ic le s  move

from th e  c losed  to  th e  open p o s it io n , and from th e  open to  th e  c losed  

p o s it io n , re sp e c tiv e ly .

The so lu tio n  to  eqn. (3 .2 ) i s

n = n ^  - (n ^ - n ^ )  exp - (  P ^ )t (3-3)

when n^ is  th e  va lue  of n b efo re  a s te p - l ik e  change in  membrane

p o te n tia l ,a n d  n^^ i s  th e  value  of n when th e  delayed cu rren t has

reached a s te a d y -s ta te  during th e  s tep  (Hodgkin & Huxley, 1 952d ) .

In  muscle a t  pH 7*2, n^ i s  zero  a t  th e  holding p o te n t ia l  of -100 

mV (Adrian e t  a l . ,  1970a), so eqn. (3 .3) can be s im p lif ie d  to

n = n ^  [1-exp -  ( a^+ P J t  ] (3.2;)

I f  g g ^  i s  th e  delayed K conductance in  th e  s te a d y -s ta te ,  i t  fo llow s 

from eqn . (3.1) th a t

^00 ” (3*5)

where = a ^ (  a^+ P j  (3 .6)

Since th e  in stan taneous cu rren t-v o ltag e  r e l a t ia i s h ip  determ ined

from tw o-step  experim sits fo r the delayed cu rren t i s  roughly l in e a r

a t  pH 7 .2  (Adrian e t a l . ,  1970a) and a t  pH 5*2 and 9.2 (F ig . 3 .6 b ),

th e  expression  which r e la te s  the delayed cu rren t ( l  ) to  th e  conductanceK
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I S

(Hodgkin & Huxley, 1952 ,b ,d ), where ^ i s  th e  r e v e rs a l  p o te n tia l  

of th e  delayed c u r re n t.  ^  was measured in  s e v e ra l f ib r e s  as

d esc rib ed  on page 62. In  a l l  o ther f ib r e s  (except one a t  pH

ii.2) a value of -75 mV was assumed since t h i s  i s  c lo se  to  th e  mean 

values found here (Table 3.2) and in  previous s tu d ie s  (Adrian e t a l . ,  

1970a; S ta n f ie ld , 1975). At pH It.2 th e  assumed value  was -65 mV, 

which i s  c lo se  t o  th e  mean a t  pH 5*2 (Table 3 .2 ) .

F ig . 3 .5a shows th e  re la t io n s h ip  between and th e

membrane p o te n t ia l  f o r  th e  th re e  f ib r e s  i l l u s t r a t e d  in  F ig . 3.it*

The experim ental p o in ts  were determ ined from th e  s te a c ^ -s ta te  cu rren t"  

vo ltag e  r e la t ie n s  (F ig . 3.Ud-f) using  eqn. (3 .7) a f t e r  su b tra c tio n  

of leakage c u rre n ts  e x tra p o la ted  from th e  c u rren ts  recorded  during 

sm all d e p o la r iz a tio n s .

F ig . 3 .5 b shows n^Q r e la t io n s 'f o r  th e  same f ib r e s  c a lc u la te d  

from th e  experim ental p o in ts  using  eqn. ( 3 .5 ) .  As expected from 

th e  c u rre n t-v o lta g e  r e la t io n s  (F ig . l .i id - f ) ,  th e  r e la tio n s h ip  between 

g /g ^  and the  membrane p o te n tia l  i s  s h if te d  to  th e  r ig h t  when th e  

pH i s  reduced from 7 .2  ( ■ )  to  5.2 ( jjt) , and to  th e  l e f t  when th e  

pH i s  r a is e d  to  9 .2  ( # ) .

The th e o r e t ic a l  curves in  F ig . 3 .5  were ob ta ined  by assuming 

th a t  in  the  s te a c ^ -s ta te ,  th e  p roportion  o f g a tin g  p a r t ic le s  in  th e  

open p o s it io n  (no^.) i s  r e la te d  to  the  p roportion  in  the  c lo sed  

p o s itio n  (1 - n ^  ) by th e  Boltzmann d is t r ib u t io n  (Keynes & R ojas,

1974; S ta n fie ld , 1975)

(1-noe)/noo = exp z'F/RT j  (3 .8)

where z» i s  th e  e f fe c t iv e  valence of the p o s tu la te d  g a tin g  p a r t ic le s  

and Vi^ i s  th e  membrane p o te n t ia l  a t  which n ^  i s  0 .5 . S ince



F ig . 3 .5  E ffec t of pH on th e  delayed K conductance and on n ^

A, e f fe c t  of pH on the delayed K conductance. A bscissa,

membrane p o te n tia l  (mV) ; o rd in a te , g /g  . g wasAoo a  A. 00
c a lc u la te d  from th e  cu rren t-v o ltag e  re la t io n s  shown in  F ig .

3 .4 , a f t e r  su b trac tio n  of th e  leakage c u r re n ts .  The f ib r e  

diam eter was assumed to  be 80 jim, and the  in te rn a l  r e s i s t i v i t y  

370ncm . The continuous l in e s  were drawn to  eqns. (3 .5 ) 

and (3 . 9) of the t e x t .  TTX was 1 |ig/m l.

B, e f f e c t  of pH on n ^  . A bscissa , membrane p o te n tia l  

(mV); o rd in a te , n ^ .  n ^  i s  given by

T h e o re tic a l curves were drawn t o  eqn. (3 .9) of th e  te x t  

u s in g  va lues fo r  Vi and RT/z»F which a re  given below.

H o rizo n ta l b a rs  a t  n^  ̂ = 0.5 in d ic a te  th e  range of values

fo r  Vi in  seven f ib re s  a t  pH 9 .2  ( l e f t ) ,  n ine f ib r e s  a t  

pH 7 .2  (middle) and nine f ib re s  a t  pH 5.2 ( r i ^ t ) .  Arrows 

in d ic a te  th e  mean value of a t  each pH. TTX was 1 jig/ml.

In  A & B th e  symbols a re  as fo llow s :

C irc le s , pH 9 .2 . Same f ib re , as  F ig . 3 .4 c ,f ;  g^ 11.86 
—2mmho.cm ; -79 mV; Vi , -65 mV; RT/z*F, 10 mV; o.It, A. g U

run  2 ; # , run  1 .

Squares, pH 7 .2 . Same f ib r e  as  F ig . 3 .4  b ,e .  g^, 22.0 
—2

mmho.cm ; , -79 mV; Vi , -4 l mV; RT/z»F, 11 mV; @

run  1 ; □ run  2.

T rian g le s , pH 5 .2 . Same f ib r e  as F ig . 3*4a,d . g , 22.40K
mmho.cm ; V„ ^9 -59 mV; Vi , -21 mV; RT/z»F, 10 mV.K, A gn
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1 - n ^  + = 1, eqn. (3 .8 ) can be solved fo r  n ^  to  give

'  1 + exp [-(V .-V i ) z 'F /EtJ
I % n

which i s  s im ila r  to  th e  expression  used by Schneider & Chandler (1973), 

Chandler, Rakowski & Schneider (1976a), and A drian & Aimers (1976) to  

d escrib e  th e  p o ten tia l-d ep en d en t charge movement in  s k e le ta l  m uscle.

z'F/RT d efin es  th e  shape of the  n ^  r e la t io n ,  and Vi^ i t s  p o s itio n  

along th e  v o lta g e  a x is .  The th e o re t ic a l  curves in  F ig . 3 .^ , which a re  

a good f i t  to  th e  experim ental p o in ts , a re  drawn w ith RT/z'F = 10 mV 

a t  pH 5 .2  and pH 9 .2 , and 11 mV a t  pH 7*2. Values fo r  Vi a re  -65 mV

a t  pH 9 .2 , -Ul mV a t  pH 7*2, and -21 mV a t  pH 5*2.

Table 3 .2  shows th a t  changes in  pH between 2;.2 and 9*2 have l i t t l e  

o r no e f fe c t  on RT/z*F. Since th e  mean value of RT/z*F i s  9.11 mV, 

and s in ce  RT/F i s  23.87 mV a t  li^C, the  e f fe c t iv e  valence o f each 

g a tin g  p a r t ic le  is  2 .62 . One p o s s ib i l i ty  i s  th a t  fo u r p a r t ic le s  each 

w ith  a valence of 2.62 must move through th e  whole o f th e  e l e c t r i c a l  

g rad ie n t ac ro ss  th e  membrane in  order f o r  each K channel to  be open. 

A lte rn a tiv e ly , th e  p a r t ic le s  may move through only p a r t  of th e

e l e c t r i c a l  g rad ien t i f  the  valence i s  g re a te r  th an  2 .6 2 . There i s

no evidence in  th e se  experiments th a t  p ro tons t i t r a t e  th e  ga ting  

p a r t i c l e s .  A s im ila r  value fo r  z* of 2.65 has been rep o rte d  by 

S ta n f ie ld  (1975) in  th e  presence and absence of 0.1 mM zinc a t  pH

7 .2 .

The mean value f o r  Vi a t  pH 7.2 is  -l+U.U mV (Table 3 .2 ) 

compared w ith  -kh mV in  phosphate-buffered  Ringer (Adrian e t  a l . ,  1970a; 

t h e i r  F ig . 19) and -ii9 mV in  a so lu tio n  b u ffe red  w ith  t r i s  (S ta n f ie ld , 

1975). In  F ig . 3.3C & D, the  mean values fo r  Vi and f o r  the 

th re sh o ld  o f th e  delayed cu rren t a re  p lo tte d  as a fu n c tio n  o f
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e x te rn a l pH. In  both  cases th e  p lo ts  a re  r o u ^ ly  l in e a r  between 

pH 9.2 and pH 5 .2 ; in  th i s  range the  th re sh o ld  and the n(% r e la t io n  

a re  s h if te d  +9.6 mV and +10.0 mV, re sp e c tiv e ly , f o r  a 10- fo ld  

in c rease  in  the  H  ̂ co n cen tra tio n . Between pH 5 .2  and pH ip.2 both  

param eters a re  s h if te d  in  opposite  d ire c tio n  .

Mean v a lu es  f o r  the  maximum K conductance in  hypertonic ch lo rid e  

Ringer frcn  3.3-U.8°C a re  given in  Table 3 .2 . I t  can be seen th a t  

between pH 9 .2  and 5*2 th e re  i s  no system atic  change in  g^. At 

pH ip.2 , though in  one f ib r e  only, g .̂ i s  reduced t o  35.9# of th e  

mean value a t  pH 7 .2 . This i s  c o n s is te n t  w ith  G ille sp ie  & H u tte r 's  

(1975) re p o rt o f a small reduction  in  g .̂ from pH 7 .2  to  5^0.

The mean value  of g found here  a t  pH 7 .2  i s  a lso  s im ila r  to  

th e  mean v a lu e  rep o rted  by S ta n fie ld , (1975; 17.8 mmho.cm ) ,  and 

i s  w ith in  th e  range o f va lues re p o rte d  by Adrian e t a l . (1970a;

8 .5-20  mmho.cm ^ ) .

E ffec t of pH on th e  re v e rs a l  p o te n tia l  o f th e  delayed K c u rren ts

The re v e rs a l  p o te n t ia l  o f  th e  delayed c u rre n t (V^ ^) was 

measured using a tw o-step  procedure described  by A drian e t  a l . (1970a) 

and i s  shown in  F ig . 3 .6 . A more d e ta ile d  account i s  given in  

chap ter ip where th e  r e v e rs a l  p o te n tia l  i s  measured in  so lu tio n s  

con ta in ing  ipO mM-K̂ SOî  and in  so lu tio n s  ccn ta in ing  o th e r c a tio n s .

F ig . 3 .6 a shows f iv e  superinposed records of the  manbrane p o te n t ia l  

and membrane c u rren t from a f ib r e  a t  pH 9 .2 . The f i r s t  s tep  

d ep o larized  th e  membrane to  +10 mV to  a c t iv a te  a la rg e  p a r t  of th e  

delayed conductance. During t h i s  s tep  th e  cu rren t i s  beyond th e  

top  o f th e  o sc illo sco p e  screen . During th e  second s te p , which 

re p o la r iz e d  th e  membrane to  between -60 mV and -100 mV, th e re  i s  a 

t a i l  o f c u r ra i t  which d ec lin es  as th e  K channels c lo se . A fte r



F ig . 3-6 E ffec t of pH on th e  r e v e rs a l  p o te n t ia l  of th e  

delayed  c u r re n t .

A, tra c in g s  of records o f raembrane p o te n t ia l  (V^) and

membrane cu rren t (Vg-V^) during a tw o-step  experiment to

determ ine v The f i r s t  s tep  depo larizes th e  membrane K, A.
from th e  hold ing  p o te n tia l  to  + 10 mV. During th e  second 

s te p  th e  membrane i s  rep o la rized  to  the p o te n tia ls  given in  

th e  f ig u r e .  F ib re  re s tin g  p o te n t ia l ,  -  ?8 mV; holding 

p o te n t ia l ,  -  100 mV; in te r -e le c tro d e  d is tan ce , 110 pm; 

te n p . 3.8°C; pH 9 .2 ; same f ib r e  as Fig. 3 .U c ,f , and F ig . 

3 .5  ( c i r c le s )  .

B, in stan taneous c u rre n t-v o ltag e  r e la t io n s  fo r  th re e

f ib r e s  a t  pH 5 .2 , A ; pH 7.2 , B ; and pH 9 .2 , ® . The

p o in ts  were obtained  from tw o-step  experim m ts l ik e  th a t

i l l u s t r a t e d  in  F ig . 3.6A. A bsc issa , membrane p o te n tia l

(V^) during  s tep  2; o rd in a te , instan taneous c u r re n t.  The

in stan tan eo u s cu rren t i s  th e  membrane cu rren t a t  th e  s t a r t

o f s tep  2 , co rre c te d  fo r leak  and cap ac ity  c u r re n ts .  L ines

through the p o in ts  were f i t t e d  by eye and g ive  V „ = -79JR, A
mV a t  pH 9 .2 , -  79 mV a t  pH 7 .2 ,and -  59 mV a t  pH 5 .2 .

Same f ib r e s  a s  shown in  F igs. 3.U and 3 .5 .
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su b tra c tio n  o f the leakage and ca p a c ity  c u rre n ts  sca led  l in e a r ly  

from c u rre n ts  during sm all d e p o la r iz a tio n s , th e  tim e course of each 

t a i l  c u rre n t was p lo t te d  on sem ilogarithm ic paper and ex trap o la ted  

back to  th e  s t a r t  of the  second s tep  to  o b ta in  th e  instan taneous 

c u r re n t .

In stan tan eo u s c u rre n t-v o lta g e  r e la t io n s  p lo t te d  fo r  the th re e  

f ib r e s  shown in  F ig s . 3>h & 3*5 a re  seen  in  F ig . 3*6b to  be l in e a r  

except a t  la rg e  negative  p o te n tia ls , where th e  t a i l  cu rre n ts  dec line  

ra p id ly  and a re  th u s  d i f f i c u l t  to  m easure. The r e v e rs a l  p o te n t ia l  

i s  th e  membrane p o te n t ia l  a t  which th e  in s tan tan eo u s  cu rren t i s  zero . 

The mean value  was -77*0 + 2.7 mV in  seven f ib r e s  a t  pH 7-2 .

S im ila r  va lu es  have been rep o rted  by A drian e t a l . (1970a) in  

p hosphate -bu ffered  Ringer a t  pH 7*2 and a t  1 (-81;.6 mV), and

by S ta n f ie ld  (1975) in  t r i s -b u ffe red  R inger a t  pH 7*2 and a t  1;°C 

(-7 6 .9  mV).

A lk a lin e  so lu tio n s  in  th e  pH range s tu d ie d  have l i t t l e  o r no 

e f fe c t  on th e  r e v e r s a l  p o te n t ia l ,  as shown in  Table 3*2. On th e  

o th e r hand, th e  mean re v e rs a l p o te n t ia l  a t  pH 5*2 i s  s ig n if ic a n t ly  

le s s  n eg a tiv e  than th e  mean v a lu e  a t  pH 7*2 (P -< .0 .01).

A k in e t ic  a n a ly s is  of th e  delayed K c u rre n ts  a t  pH 7»2 and pH 5.2

I f  th e  only e f fe c t  o f a red u c tio n  in  e x te rn a l pH i s  to  increase

th e  e l e c t r i c a l  g rad ien t ac ro ss  th e  meiribraae, then  a s h i f t  in  th e  n^^

r e la t io n  to  more p o s it iv e  membrane p o te n t ia ls  w i l l  be a s so c ia te d  w ith

an equal s h i f t  in  th e  r e la t io n s h ip  between th e  membrane p o te n t ia l

and th e  r a te  co n stan t which d esc rib es  a c t iv a t io n  of the delayed

c u r re n ts .  Underlying th e se  s h i f t s  a t  a g iven  membrane p o te n tia l

i s  a re d u c tio n  in  a and an in crease  in  B .n n
In  th e  g ian t axons of th e  c ra y f ish  (S hrager, 197^) and % ^ ico la  

(Schauf & D avis, 1976), th e  s h if t  in  th e  po ten tia l-d ep en d en ce  of
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exceeds th a t  of as th e  ex te rn a l pH i s  low ered. Shrager (197U) 

has found th a t  t h i s  i s  due, a t  le a s t  in  p a r t ,  to  the f a c t  th a t  from 

pH 7 .5  to  pH ^ .8 , i s  reduced 3 .^ - fo ld  whereas th e re  i s  l i t t l e  or 

no change in  p He suggests  th a t  a t  low pH pro tons t i t r a t e  some 

membrane component, p o ss ib ly  a h is t id in e  im idazole re s id u e , and in  

doing so reduce th e  ease w ith  which g a tin g  p a r t ic le s  move from th e  

c lo sed  to  th e  open p o s i t ic n ,  and in  th e  re v e rse  d ire c t io n . A 

second p o in t considered  by Shrager, bu t one which d id  no t account 

fo r  h is  r e s u l t s ,  i s  th a t  a t  low pH the  delayed c u rre n ts  might be 

s h if te d  along th e  tim e ax is  in  much th e  same way th a t  a h y p erp o la riz in g  

p rep u lse  delays th e  r i s e  in  K c u rre n ts  in  nerve during d e p o la riz a tio n  

(Cole & Moore, I960; Goldman & Schauf, 1973; S hrager, 197U)«

An exam ination o f th e  k in e t ic s  o f K a c t iv a t io n  in  muscle a t  

normal and low pH was prompted by th e  observation  th a t  during la rg e  

d e p o la riz a tio n s  a t  pH 5 «2 (F ig . 3«2B a t  -10 mV) th e re  i s  a p a r t i a l  

tem poral se p a ra tio n  o f inward and delayed c u rre n ts  s im ila r  to  th a t  

rep o rted  by Shrager (197^)»

The p o in ts  in  F ig . 3*7A,B were ob ta ined  from photographic 

reco rds o f K c u rre n ts  during  d e p o la riz a tio n s  to  -23 mV and -5  a t  

pH 7 .2  (F ig . 3 .7A ),and during  d ep o la r iz a tio n s  to  -9 .5  mV and +2k. mV 

in  a d if f e re n t  f ib r e  a t  pH 5*2 (F ig . 3»7B) . Each cu rre n t i s  

p lo t te d  as  a f r a c t io n  o f  i t s  s te a d y -s ta te  value a f t e r  su b tra c tio n  

of leakage and cap ac ity  c u r re n ts .

I t  follow s from eqns. (3.1  ̂ 3»h} 3*5^ & 3 .7) th a t  during a 

s tep -w ise  d e p o la r iz a tio n , th e  delayed c u rre n t r i s e s  along a tim e- 

course described  by

(3.10)

where ( a + p ) = T   ̂ (3 .11)n n n



F ig . 3 «7 K inetic  a n a ly s is  of th e  delayed c u rre n t a t  normal and

low pH. A bscissae,tim e (ms); o rd in a te s , delayed cu rren t

a t  v ario u s  tim es ( I  ) norm alized to  th e  s te a d y -s ta te  c u rre n t

( I  ) .  F i l le d  c i r c le s  are  th e  experim ental cu rren ts  co rre c te d  
Koo '

fo r  leakage and cap ac ity  c u rre n ts . Continuous l in e s  a re  th e  

th e o r e t ic a l  cu rre n ts  drawn to  eqn. (3.10) of th e  t e x t .

A, f ib r e  a t  pH 7 .2  depo larized  to  -23 mV and -  5m.V.

The corresponding th e o re t ic a l  curves a re  drawn w ith  r=

16.1; ms and 8.75 ms, r e sp e c tiv e ly . Same f ib r e  a s  F ig .

3 .i;b ,e  and F ig . 3 .5  (sq u ares).

B, f ib r e  a t  pH 5*2 depo larized  to  -9 .5  mV and + 21; mV.

The corresponding th e o re t ic a l  curves a re  drawn w ith  T  =

23.9 ms and 12.1; ms, re sp e c tiv e ly . Same f ib r e  a s  F ig .

3.1;a,d and F ig . 3 .5  ( tr ia n g le s )
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and where I  is  th e  K cu rren t a t  tim e t  a f t e r  the  onset of 
K

d e p o la r iz a tio n , and I  i s  th e  value of I  in  th e  s te a d y -s ta te .
Koo ^

The th e o r e t ic a l  curves in  F ig . 3.7A,B a re  drawn to  eqn. (3.10) 

w ith  values fo r  which are given in  ms a longside  the cu rves.

A reasonab le  f i t  to  th e  experim ental p o in ts  i s  achieved in  view 

o f the  f a c t  th a t  e r ro rs  may be in troduced  when th e  cap ac ity  and 

leakage c u rre n ts  a re  su b trac te d . At pH 5*2 (F ig . 3 .7B), th e  f i t  

i s  not improved by s h if t in g  th e  th e o r e t ic a l  curves along th e  tim e 

a x is  to  reproduce th e  delays observed by Cole & Moore (I9 6 0 ),

Goldman & Schauf (1973) and Shrager (197^)*

The re la t io n s h ip  between  ̂ and th e  membrane p o te n t ia l  i s  

p lo t te d  fo r  f iv e  f ib re s  a t  pH 7.2 (F ig . 3.8A) and f iv e  f ib r e s  a t  

pH 5 .2  (F ig . 3 .8b ) .  At membrane p o te n tia ls  p o s it iv e  to  th e  

th re sh o ld  o f th e  delayed K coiductance, was determ ined from th e  

tim e course of th e  a c t iv a t in g  c u rre n ts  with eqn. (3 .1 0 ). At more 

n eg a tiv e  monbrane p o te n tia ls  the  t a i l  cu rren ts  from tw o-step  

experim ents were used s in ce  th ese  d ec line  exp o n en tia lly  w ith  a tim e 

co n stan t equal to  (Hodgkin & Huxley, 1952d).

The l in e s  through the  p o in ts  in  F ig . 3.8A & B were drawn to  a 

s e t  of em pirica l equations form ulated by A drian  e t a l . (1970a);

• •  ■ Ï S r -

— (V-J -V )

where a i s  th e  maximum value of a , and P i s  th e  maximum value  n  n n
o f which occur a t  la rg e  p o s it iv e  and la rg e  n egative  membrane 

p o te n t ia ls ,  r e sp e c tiv e ly . and P^ define  th e  shape of the

r e la t io n s h ip  between  ̂ and th e  membrane p o te n t ia l ,  and d efin es

th e  p o s it io n  of th e  r e la t io n s h ip  along th e  v o ltag e  a x is .



Fig . 3 .8  R ela tionsh ips between  ̂ and membrane p o te n t ia l

fo r  f iv e  f ib re s  a t  pH 7 .2  (A) and f iv e  f ib r e s  a t  pH 5*2 (B). 
-1 -1

A b s c i s s a e , ( m s  ) ;  o rd ina tes, membrane p o te n tia l  

(V^, mV). The l in e  through th e  experim ental p o in ts  in  A

and B i s  drawn to  eqns. (3 .11, 3.12 & 3.13) o f th e  te x t  w ith

values f o r  and as given below.

A, f ib r e s  a t  pH 7 .2 . = 0.0033 ms ; 'p = 0.011
“1 —ms ; = -37 mV.

B, f ib re s  a t  pH 5 .2 . ôt^ = 0.0033 ms~  ̂; p^  = 0.011 

ms~  ̂j = - 15.6  mV.
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At pH 7.2 a good f i t  to  the  experim ental p o in ts  i s  obtained

w ith  = 0.0033 ms”\  = 0.011 ms~  ̂ and = -37 mV (F ig . 3.8A).

At pH 5.2 (F ig . 3 .8b ) ,  a reasonably  c lo se  f i t  i s  achieved using  th e

values f o r  a and P determ ined a t  pH 7 .2 , b u t w ith  V = -1 ^ .6  mV. n n n
The s h i f t  in  from pH 7 .2  to  5 .2  i s  +21 .L mV, which i s  id e n t ic a l

to  th e  mean s h i f t  in  n^ ,̂ g iven in  Table 3.2 fo r  th e  same pH change.
—  —1

A b e t t e r  f i t  was obtained  a t  pH 5*2 by reducing 0̂ ^ to  0.0027 ms ,

however, to  a f i r s t  approxim ation, pH-dependent changes in  the

k in e t ic s  o f a c t iv a t io n  of th e  K c u rre n ts  a re  accounted fo r  so le ly

by th e  s h i f t  in  n ^ .

Values f o r  â  and F found here  a re  s im ila r  to  th o se  rep o rted  n n
by S ta n f ie ld  (1975; = 0.0032 ms \  = 0.0133 ms  ̂) and a re

w ith in  th e  range o f values c i te d  by Adrian e t  a l . (1970a; a =
_  0,0 ^

0.0021 to  O.OOUi; ms , = 0.009 to -^ @ a^  ms ) .

DISCUSSION

The r e s u l t s  p resen ted  in  t h i s  chap ter show th a t  the Na and 

delayed K conductances in  muscle a re  s e n s it iv e  to  changes in  e x te rn a l 

pH. A re d u c tio n  in  pH from 7.2 to  5 .2  s h i f t s  th e  th re sh o ld s  of th e  

Na and K conductances by +23 mV and +23.3 mV, re sp e c tiv e ly , when 

th ese  a re  measured in  th e  absence o f te tro d o to x in . In  th e  presence 

of t h i s  drug , th e  s h i f t  in  th e  th re sh o ld  of th e  K conductance i s  

s im ila r ,  and a s h i f t  of +21 .k  mV has been found fo r  th e  p o ten t i a l -  

dependence of the n^^ and r e la t io n s .  In  a lk a lin e  so lu tio n s  th e  

experim aits a re  le s s  ex ten s iv e ; however, i t  i s  c le a r  th a t  th e re  i s  

a s h i f t  in  the n ^  r e l a t io n  and th e  th re sh o ld  of the  K conductance 

to  more n eg a tiv e  mei?i)rane p o te n tia ls  when th e  pH i s  r a is e d  from 7 .2  

to  9 . 2 . AH th ese  changes a re  co n s is te n t w ith  the  p re sen t 

ob serv a tio n  th a t  a red u c tio n  in  pH from 9.2 reduces th e  r a te s  of r i s e
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and f a l l  o f the  a c t io n  p o te n t ia l  (see a lso  Brooks & H u tte r , 1963), 

and th e  fin d in g  th a t  a red u c tio n  in  ex te rn a l pH renders th e  f ib re s  

le s s  e x c ita b le  (Brooks & H u tte r , 1963).

The s h i f t  in  n ^  re p o rte d  by G ille sp ie  and H utter (1975) fo r  

muscle f ib r e s  immersed in  a so lu tio n  con tain ing  formaldehyde (+15 mV 

from pH 7 «2 to  5 .0) i s  r a th e r  le s s  than  th a t re p o rte d  h e re .

However, th e i r  observation  th a t  g^ i s  s l ig h t ly  l e s s  a t  pH 5 .0  than  

a t  pH 7.2 i s  c o n s is te n t w ith  th e  p resen t f in d in g , though in  one 

f ib r e  only, th a t  g .̂ i s  reduced by 6h% when th e  pH i s  lowered from 

7 .2  to  i; .2 . S im ilar r e s u l t s  a re  found in  m yelinated nerve f ib re s  

(H ille , 1973; Drouin & The, 1969) and % x ic o la  axons (Schauf &

Ih v is , 1976) where, a t  pH U .i|, gg i s  reduced to  about 50^ of i t s  

maximum v a lu e , which i s  seen in  more a lk a lin e  so lu tio n s .

The maximum Na conductance, o r in  some cases th e  maximum Na 

p e rm eab ility , i s  a ls o  reduced in  a c id ic  so lu tio n s  in  fro g  muscle 

(Canpbell & H il le ,  1 976), f ro g  m yelinated nerve f ib r e s  (H ille , 1968; 

Drouin and The, 1969; Woodhull, 1973) and in  ly&ocicola axons (Schauf 

& D avis, 1976) .  In  those p rep a ra tio n s  th e  magnitude o f th e  Na 

conductance (or Na p erm eab ility ) i s  more s e n s i t iv e  to  low pH th an  th e  

K conductance. In  a d d itio n , in  muscle (Campbell & H il le ,  1976) and 

in  m yelinated nerve (W)odhuH, 1973), th e  red u c tio n  in  th e  maximum 

Na p e rm eab ility , which i s  about 50% a t  pH and a t  zero  menbrane 

p o te n t ia l ,  i s  p a r t ly  re l ie v e d  when th e  meutorane i s  d ep o la rized . On 

the o th e r hand, Drouin & Neumcke (197^) have found no evidence o f  a 

voltage-dependent b lock  o f Na channels by pro tons in  m yelinated nerve 

when th e  Na conductance, r a th e r  th an  the Na p e rm eab ility , i s  

m easured.
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Cairçbell & H ille  (1976) bave measured pH-dependent s h i f t s  in  

th e  Na p e rm eab ility  in  th e  sem itendinosus muscle o f Rana p ip ie n s .

In  low pH, th e  s h i f t  (+15.5 mV from pH 7 »k to  5 .0 ) i s  le s s  th an , 

though in  th e  same d ire c t io n  a s , th e  s h i f t  in  th e  th re sh o ld  o f 

th e  Na conductance rep o rted  h e re . In  a lk a lin e  s o lu tio n s , th e  

s h i f t  in  Na p erm eab ility  rep o rted  by th ese  au th o rs  ( -3 .2  mV from 

pH 7.U to  9.U) i s  in  th e  d ire c tio n  expected, bu t i s  com paratively 

sm all. S im ilar r e s u l t s  a re  found in  f ro g  m yelinated  nerve f ib r e s  

(H ille ,  1968; H il le  e t  a l . ,  1975).

The p re sen t observation  th a t  a red u c tio n  in  e x te rn a l pH s h i f t s  

th e  r e la t io n s h ip  between n^^ and th e  membrane p o te n t ia l ,  and between

and th e  membrane p o te n t ia l  by s im ila r  amounts to  more p o s it iv e  

p o te n t ia ls  i s  c o n s is te n t w ith  th e  view o u tlin ed  by A .F. Huxley ( in  

Frankenhaeuser & Hodgkin, 1957), th a t  a m ajor e f fe c t  o f  c e r ta in  c a tio n s  

i s  to  n e u tra liz e  a p o te n tia l  s e t  up a t  th e  ou ter su rface  o f th e  

membrane by f ix e d  negative  charges, which, in  th e  p resen t case, 

a re  in  th e  v i c in i ty  of th e  delayed K channel. This hypothesis is  

i l l u s t r a t e d  in  F ig . 3 .9A, which shows th e  e le c t r i c a l  g rad ien t ac ro ss  

th e  membrane o f a f ib r e  w ith no su rface  p o te n t ia l  (continuous l in e )  

and th e  g rad ien t ac ro ss  the  membrane and extending in to  the  bu lk  

s o lu tio n  fo r  a f ib r e  w ith  a su rface  p o te n t ia l  ( ) o f about -20

mV (broken l i n e ) , In  both cases th e  measured menbrane p o te n t ia l  

(V̂  ) i s  -90 mV and th e  e l e c t r i c a l  g rad ie n t across th e  membrane 

i s  assumed to  be l i n e a r .

The s h i f t  in  n^^ to  more neg a tiv e  p o te n t ia ls  from pH 5 .2  to  

14..2 may be explained in  a s im ila r  way; f i r s t ,  by assuming th a t  

th e re  a re  f ix e d  n eg a tiv e  charges a t  the  in n er su rface  of the  membrane, 

and secondly , by supposing th a t in  s tro n g ly  a c id ic  so lu tio n s  th e re  i s



F ig . 3 .9  A. The p o te n tia l  g rad ien t across th e  muscle f ib r e

membrane and in  th e  adjacent so lu tio n  according to  the su rface

charge h y p o th esis . The diagram i s  drawn roughly to  sca le

w ith  a d is tan ce  of 3 nm across  th e  hydrophobic p a r t  of

th e  membrane, and a Debye len g th  of 0.8 nm fo r  th e  f a l l - o f f

o f p o te n t ia l  in  th e  ex te rn a l so lu tio n  (Chandler, Hodgkin &

Meves, 1965). The surface  p o te n tia l  a t  th e  inner su rface

o f th e  membrane is  assumed to  be n e g lig ib le . The continuous

l in e  shows the v o ltag e  g rad ien t in  the  absence of f ix e d

charges and when th e  measured membrane p o te n tia l  i s  -90 mV.

The in te r ru p te d  l in e  shows the  v o ltag e  g rad ien t when th e  d en s ity

o f f ix e d  n egative  charges on th e  ou tside  o f th e  membrane is  
—20.26  nm . ny ^ i s  th e  su rface  p o te n t ia l ;  i s  the 

measured membrane p o te n t ia l .

F ig . 3 .9 b . T h eo re tica l curves which r e la te  the  pH-

dependent s h i f t s  in  Vi to  th e  d en sity  o f f ix e d  charges on

th e  o u te r  su rface  of the  membrane. A bscissa, maximum

average su rface  charge d en sity  (3  , nm ^ ) ; l e f t  o rd in a te ,

maximum s lo p e . o f th e  curve which r e la te s  the s h i f t  in  n^q,

as  measured by Vi , to  pH (d 7% /dpH max.). The c o rre s -  
2^ -gn

ponding l in e  was drawn to  eqn. (3.21) o f the  te x t  ; r ig h t

o rd in a te , maximum s h i f t  in  Vi (Vi ) .  The corresponding
2^

l in e  was drawn to  eqn. (3.20) o f the  t e x t .  In  each case , 

c = 0.131: and RT/F = 23.8? mV a t  k°G.
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a f a l l  in  in t r a c e l lu la r  pH such th a t  th ese  charges are  t i t r a t e d .  In  

agreement w ith  t h i s ,  S trickholm  & C lark  (1977) have rep o rted  a lo ss  

o f  e x c i t a b i l i ty  in  some c ra y f is h  nerve f ib re s  a t  about pH which 

th ey  a t tr ib u te d  to  a change in  i n t r a c e l lu la r  pH. The e f fe c t  was 

more common in  t r is -m a le a te  b u ffe r  th an  in  t r i s  b u f fe r ,  and r a re ly  

occurred in  th e  absence o f b u f fe r .  However^the con cen tra tio n  of 

t r is -m a le a te  used  in  th e ir , experim ents (5-10 mM) was s l ig h t ly  h igher 

th an  th a t  used h e re . More d ire c t  evidence fo r  th e  presence of 

f ix e d  charges a t  th e  in n er su rfa ce  o f  membranes i s  given by Chandler 

Hodgkin & Meves (1965), who show th a t  param eters d escrib ing  th e  Na 

conductance in  squid  axons a re  s h if te d  along th e  v o ltag e  ax is  when 

th e  io n ic  s tre n g th  of th e  in te rn a l  p e rfu sa te  i s  changed.

In  th e  d isc u ss io n  th a t  fo llo w s , i t  i s  assumed th a t  v o ltag e  

s h if ts  o ther than  th o se  a r is in g  from th e  t i t r a t i o n  of charges a t  

th e  o u te r su rface  o f th e  c e l l  can be n eg lec ted .

The Gouy-Chapman th eo ry  of th e  d iffu se  double la y e r  (Grahame, 

19^75 le v ie s  & R idea l, 1963; Barlow, 1970) has been used by a 

number o f au th o rs  to  accoun t, in  whole o r in  p a r t ,  f o r  v o ltag e  s h i f t s  

in  th e  param eters which d escrib e  Na and K conductances, in  terms 

o f  a screening  o f f ix e d  charges by e le c tro ly te s  in  th e  in te rn a l  

(chand ler, Hodgkin & Meves, 1965) and e x te rn a l so lu tio n  (G ilb e rt & 

E rh en ste in , 1969, 1970; Mozhayeva & Naumov, 1970, 1972a,b ,c ;

B rism ar, 1973; H iH e , Woodhull & Shapiro , 1975; Schauf, 1975; 

B egenisich , 1975; Cairçbell & H i l le ,  1976). Since th e  hypertonic 

ch lo rid e  R inger used h e re  i s  canposed alm ost e n t i re ly  o f a u n i­

u n iv a len t s a l t  s o lu tio n , th e  a p p ro p ria te  form of th e  Grahame equation 

(Grahame, 19U7), which r e la te s  th e  f ix e d  charge d en s ity  ( ^  ) to  the  

magnitude of the  su rface  p o t a i t i a l  ( and the co n cen tra tio n  o f 

ca tio n s  (o r anions) in  th e  Ringeij f o r  th e  case in  which th e  su rface
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p o te n t ia l  i s  le s s  than  -100 mV is
_  2 — W F

s in h  (3.11j)

2
where G i s  a constan t equal to  2.707 (nm /e le c t ro n ic  charge) (m oles/

1 2 
l i t e r )   ̂ when o i s  in  u n its  o f e le c tro n ic  charges/nm , Y ^ i s  in  mV,

c i s  in  m o le s / l i te r  and RT/F i s  23.87 mV a t

Bin. (3*1 U) p re d ic ts  th a t  a l l  c a tio n s  w ith  th e  same valence

w i l l  be equally  e f fe c tiv e  i n  n e u tra l iz in g  th e  su rface  p o te n t ia l .

This i s  no t th e  case in  nerv e , however, s in ce  fo r  example, equim olar

replacem ent o f d iv a le n t ions in  voltage-clam p con d itio n s  g ives th e
2"̂  2“̂ 2"̂  2*̂  2*̂" 2^ 2"̂  sequences Ni ^  Zn =  Co Cd =  Ba Ca ^  Mg and

2 +  2^" 2 +  2*1" 2"i" 2*t" 2"t" 2 "^  .  _Zn >  Ni >  Mh =  Co ^  Ca Mg Sr =  Ba in  o rd e r o f

decreasing  s h i f t s  in  Na a c t iv a t io n  in  squid  axons (B lau ste in  & Goldman,

1968) and m yelinated  nerve f ib r e s  (H ille  e t a l . ,  1975) re sp e c tiv e ly .
2+ 2+For s h i f t s  in  K a c t iv a t io n  in  nerve , th e  sequence i s  Cd ^  Ni >■

Co^^z^ Ba "̂*^3> Ca^^j> Mg^  ̂ (B lauste in  & Goldman, 1968; see a lso

Mozhayeva & Naumov, 1970). These observations a re  exp lained  by

th e  su p p o sitio n  th a t  some ions a lso  n e u tra l iz e  th e  su rface  p o te n t ia l
2+ 2*̂by b inding  to  th e  f ix e d  charges. Thus c a tio n s  such as Ni and Zn.

have a high a f f in i t y  fo r  f ix e d  charges whereas th e  sm aller \
24 -

s h i f t s  produced by Mig a re  c c n s is te n t w ith  th e  n o tio n  th a t  t h i s  

io n  a c ts  alm ost co irp letely  by screen ing .

A p p lica tio n  o f th e  Grahame equaticn to  pure phospholip id  

membranes, where th e  d en sity  o f  f ix e d  n eg a tiv e  charges i s  0.1; to  

0 .6  nm shows th a t  a  monovalent c a tio n  concen tra tion  o f about 3*6 M 

i s  re q u ire d  to  equal th e  screen ing  produced by 1 .8 mM of a d iv a len t 

c a tio n  (McLaughlin, Szabo & Eisenman, 1971)- Since screen ing  by 

even th e  h ig h est co n cen tra tio n  o f  protons used in  th i s  study (6 .3  x  

10 ^M) w il l  be sm all compared to  th e  screening  by d iv a le n t c a tio n s .
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2+( fca 1q = 1 .8 mM), i t  i s  assumed th a t  p ro tons n e u tra liz e  th e  

su rface  p o te n t ia l  so le ly  by b ind ing  to  th e  f ix e d  charges (H ille ,

1968; Woodhull, 1973; Drouin & The, 1969; Mozhayeva & Naumov,

1972a; D orrScheldt-K afer, 1976). In  t h i s  c a se , the re la t io n s h ip  

between the maximum fix e d  charge d en sity  ( 3  ) ,  th e  su rface  p o te n t ia l  

( ÿ/^) and th e  e x te rn a l c a tio n  concen tra tion  (p) is

jf-Ê exp(- y^F/Rl)+i%  ^ |- s in h ( -  ^^F/2RT) (3-15)
H

(G ilb e rt & E rhenste in , 1969; G ilb e r t, 1971), where th e  r e la t io n s h ip  

between th e  co n cen tra tio n  o f p ro tons a t  th e  membrane su rface , [H]g, 

and in  the  bu lk  s o lu tio n , ^  , i s

[H]g = [H]gexp(- y ^ /k T )  (3.16)

and where th e  r e la t io n s h ip  between th e  f ix e d  charge d e n s ity  , the  

maximum fix e d  charge d en s ity  ("30 and th e  d is so c ia te d  constan t (K^) 

f o r  th e  p ro to n -f ix ed  charge coirç>lex i s ;

S “ 1 "t-HJs/lSi
\ % n . (3 . 17) i s  analogous to  the  M ichaelis-Menten equation f o r  enzyme- 

subs t r a t e tind ing  ^(Dixon & Webb, 1961;).

As pro tons n e u tra l iz e  th e  su rface  p o te n tia l  by b ind ing  to  

f ix ed  charges, th e  th e o r e t ic a l  r e la tio n s h ip  between and e x te rn a l 

pH i s  a t i t r a t i o n  curve which s a tu ra te s  a t  high and low pH. The 

r e la t io n s h ip  between Vi ( th e  membrane p o te n t ia l  a t  which n^^ i s  

0.5) and pH w il l  be s im ila r  because

Y'o (3-18)

where B i s  a constan t in  u n i ts  of mV. Since the  re la t io n s h ip  between 

Vi and pH found experim en tally  i s  approxim ately l in e a r  from pH 9»2 

to  5*2 (F ig . 3 .3D), t h i s  probably corresponds to  th e  m iddle se c tio n  

of th e  t i t r a t i o n  curve and, as  such, does no t provide s u f f ic ie n t
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inform ât ion f o r  th e  complete so lu tio n  o f  eqn (3 .1 5 ) . Despite

t h i s ,  th e  maximum f ix e d  charge d en sity  can be estim ated  from th e

maximum s h i f t  in  Vi and from th e  maximum ; slope of th é  graph o f
2n '

Vi a g a in s t pH (G ilb e rt & E rhenste in , 1969, 1970; G ilb e r t,  1971). 
a#

Both methods a re  described  below.

For th e  l im itin g  case in  which i s  ze ro , th e  su rface

p o te n t ia l  can be obtained  from eqn. (3 .111). On th e  o th e r  hand,

when Oil i s  s u f f ic ie n t ly  high th a t  a l l  f ix e d  charges a re  t i t r a t e d ,  B
w il l  be zero , so eqn (3.18) becomes

Vt = B (3.19)

I t  fo llow s from eqns. (3 .lU , 3.18 & 3.19) th a t  th e  maximum d ensity

of f ix e d  charges ( ^  ) i s  r e la te d  to  th e  maximum s h i f t  in  Vi (denoted■gn

V  ^  _ I
<i -  s in h  Vi F/2ET (3.20)G

F ig . 3 .9b p lo ts  the maximum s h i f t  in  Vi as  a fu n c tio n  o f th e

maximum su rface  charge d e n s ity , assuming the  l a t t e r  to  be uniform ,

and when c = 0.131; M. The value o f Vi found experim en tally  i s

1;1 mV (F ig . 3.3D) which corresponds to  a maximum d en s ity  of t i t  ra ta b le
-2

charges equal to  0.26 nm . The t ru e  d e n s ity  w i l l  be g re a te r  than

t h i s  s in ce  th e  p resen t r e s u l t s  extend over only p a r t  o f th e

t i t r a t i o n  curve (from pH 9 .2  to  5 .2 ) .

As noted p rev io u sly , 3  can a lso  be ob ta ined  from th e  aaximum

slope o f th e  re la tio n s h ip  between Vi and pH. S u b s ti tu tio n  o f Vi
2^

-B (eqn. 3 .18) fo r  in  eqn. (3.15) and subsequent d i f f e r e n t ia t io n  

o f eqn. (3 .15) y ie ld s

1

(G ilb e rt & E rhenste in , 1969; G ilb e r t, 1971).
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The so lu tio n  to  eqn. (3.21) fo r  various values o f S’ , and

fo r  th e  cond ition  in  which dVi / d  1n[H]„ i s  a t  a maximum is^n  ̂ -'B
given in  F ig . 3.9B. In  o rder to  o b ta in  t h i s  s o lu tio n , i t  i s

2 2necessary  to  d i f f e r e n t ia te  eqn. (3 .2 1 ). Since d Vi /d (1n |H | )gn D
is  zero when dVi /d  InQ d i s  a maximum, one can w rite  ■gn B

0 (3.22)

where 1/Z  i s  s u b s ti tu te d  f o r  th e  r ig h t  hand s id e  o f eqn. (3 .2 1 ). 

Wience, th e  s o lu tio n  to  eqn. (3.21) i s  (T. Eliman, p ersonal 

communiention)
,  (Vi -B) F (?1 -B) F

-#Ri 2 “frâ ^  ° ° (3-23)
F in a lly ,  values f o r  obtained  from eqn. (3 .23) fo r

2RT
various values o f 2  a re  used to  solve eqn. (3 .2 1 ).

The maximum slope of the re la t io n s h ip  between Vi and pH,found

experim en tally  i s  10.3  mV p er pH u n i t ,  which corresponds to  a maximum

surface  charge d e n s ity  o f 0.13 nm  ̂ (F ig . 3 .9B ). Since th i s  i s  one

h a lf  th e  minimum value  ob ta ined  by eqn. (3 .2 0 ), the  assum ption th a t

th e  b ind ing  o f p ro tons to  f ix e d  charges can be described  in  terms o f

a s in g le  d is s o c ia tio n  constan t (K^ in  eqns. 3.15 &>;3 .17) i s  probably

in c o r re c t .  I f  th e re  i s  more th a n  one t i t r a t a b l e  group, Vi w i l l
2^

depend on the  t o t a l  su rface  charge d e n s ity , while dVi /dpH, max.
2^

w ill  tend  to  r e f l e c t  th e  d en s ity  of in d iv id u a l charged groups.

F u rth e r, th e  f a c t  t h a t  th e  re la t io n s h ip  between Vi and pH i s  roughly 

l in e a r  from pH 9 .2  and 5*2 (F ig . 3.3D) suggests th e  presence of a 

number o f  charged groups w ith pK^ values spread  over most, or a l l , o f  

th i s  pH range.

Another reason wl^ th e  su rface  charge d en s ity  c a lc u la te d  here
24 -

w il l  be an underestim ate  o f th e  t r u e  d en sity  is  th a t  Ca ions p resen t 

in  th e  R inger w il l  sc reen , and p o ss ib ly  bind  to  the  f ix ed  charges
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(Frarikenhaeuser & Hodgkin^ 19^7; G ilb e r t & E rhenstein , 1969;

Mozhayeva & Naumov, 1972b; H ü le  e t a l . ,  1975; Dorr Scheldt -Kaf e r ,

1976; Schauf, 1975; B egenisich , 1975; Carrpbell & H il le ,  1976).

For example, H il le  e t a l . (1975) and D orrScheldt-K afer (1975) have

shown th a t  the voltage-dependence o f Na a c t iv a t io n  In  rtQrellnated

nerve and th e  th re sh o ld  fo r  m echanical a c t iv a t io n  in  muscle a re

le s s  s e n s i t iv e  t o  changes in  e x tr a c e l lu la r  pH when th e  ex te rn a l 
2+Ca ecu c e n tra tio n  I s  r a is e d .

The p re se n t conclusion  th a t  more th an  one type of f ix e d  charge

determ ines th e  su rfa ce  p o te n t ia l  a sso c ia te d  w ith the delayed

potassium  channel in  muscle I s  in  genera l agreement w ith r e s u l ts

rep o rted  by Mozhayeva & Naumov (1970), who used a slow, l in e a r

v o ltag e  change to  measure v o ltag e  s h i f t s  In  th e  s teacfy -sta te  K

conductance of th e  nodal membrane o f Rana rld lbunda when the  pH,

Ionic s tre n g th , and d iv a le n t ca tio n  co n cen tra tio n  were a l te r e d .

These au th o rs  concluded th a t  th re e  charged groups were probably

Involved.. !Rfo were n eg a tiv e ly  charged a t  pH 7f and most l ik e ly  to  be

carboxyl groips . ihe th i r d  group was p o s i t iv e ly  charged In  n e u tra l

and a c id ic  so lu tio n s  b u t uncharged in  s tro n g ly  a lk a lin e  co n d itio n s ,

and assumed to  be an amino group. The n e t  f ix e d  charge d en s ity  was
2+n eg a tiv e  a t  pH 7 .2  and In  2 mM-Ca , and corresponded to  a su rface  

p o te n t ia l  of about -30 mV. Using a step-clam p, however, Brlsmar 

(1973) obtained  a su rfac e  p o te n t ia l  of -55 mV fo r  th e  K p erm eab ility  

of th e  nodal membrane o f Xenopus la e v is  in  standard  R inger.

U nfo rtunate ly , s in c e  I t  I s  no t p o ss ib le  to  determ ine th e  f r a c t io n  

o f su rface  charge which I s  n egative  and th a t  which I s  p o s it iv e  in  

any of th e  experim ental con d itio n s  used h e re . I t  Is  no t p o s s ib le , 

a t  p re se n t, to  estim ate  th e  ab so lu te  su rface  p o te n t ia l  a s so c ia te d  w ith
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delayed r e c t i f i c a t i o n  in  m uscle. In  a c u ltu re  medium, muscle c e l l s  

m igrate  towards an anode (E lu l, 1967) in d ica tin g  a n e t negative  charge 

on th e  o u te r su rface  of the  c e l l .  However, th e  d is t r ib u t io n  and type 

of charge in  th e  v ic in i ty  o f io n ic  channels may be very  d if fe re n t 

from th a t  over th e  su rface  of th e  c e l l  a s  a whole.

When comparing the  su rface  p o te n tia ls  ob tained  in  d if fe re n t

p re p a ra tio n s , i t  i s  necessary  to  tak e  in to  account the f a c t  th a t

even a f t e r  numerous experim ents have been done, th e re  may be more

than  one so lu tio n  to  the  equations r e la t i r g  to  su rface  charge. For

exairç)le, H il le  e t  a l . (1975) d esc rib e  two models which f i t  th e

p o ten tia  1-dependence of the Na conductance of the  nodal membrane

in  a v a r ie ty  of so lu tio n s  ; th e  su rface  p o te n t ia ls  con tained  in  these

models a re  -90 .6  mV and -61|..3 mV. However, th e  follow ing p o in ts

c a n  b e  d r a w n  f r o m  t h e s e  a n d  r e l a t e d  s t u d i e s ;  F i r s t ,  l i k a  M o z h a y e v a

& Naumov * s (1 970) model which accounts f o r  v o ltag e  s h i f t s  in  th e  K

conductance of the node of R anvier, b o th  models r e la t in g  to  th e

N a p e r m e a b i l i t y  i n  n e r v e  c o m p r i s e  tw o  a c i d i c  g r o u p s  a n d  o n e  b a s i c

(H ille  e t  a l . , 1 975) « Secondly, th e  models of H ille  e t  a l . (1975)
2+a ls o  f i t  th e  pH- and Ca -dependent s h i f t s  in  th e  Na p erm eab ility  

in  fro g  muscle (Campbell & H il le ,  1976). And th i r d ly ,  th e  su rface  

p o te n tia l  a s so c ia te d  w ith K channels seems to  be le s s  th an  th a t  

a s so c ia te d  w ith Na channels, althcxigh th a t  a sso c ia te d  w ith  the  

th re sh o ld  fo r  c o n tra c tio n  i s  -87-2 mV a t  pH 7 «2 (D orrscheidt-K a!fer, 

1976) ,  vhich i s  c lo se  to  one o f th e  va lu es  given by H ille  e t  a l .

(1975) fo r  t h e  N a c h a n n e l .

F in a lly , i t  i s  in te re s t in g  to  note th a t  w hile the  r e la tio n s h ip  

between th e  th re sh o ld  of th e  delayed conductance and pH i s  roughly 

l in e a r  between pH 9 .2  and 5 .2  (F ig . 3 -30 ), D orrscheid t-K afer (1976) 

has shown th a t  th e  th re sh o ld  fo r  mechanical a c t iv a tio n  i s  r a th e r
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in s e n s i t iv e  to  changes in  e x te rn a l pH from about 6 to  8. This 

supports the no tion  (Kao & S ta n f ie ld , 1968; 1970) th a t  th e re  i s  no

cau sa l re la t io n s h ip  between the  th re sh o ld s  fo r  c o n tra c tio i  and 

dèlayed r e c t i f i c a t io n ,  and i s  a ls o  c o n s is te n t w ith  th e  view th a t  

th e  mechanisms which u n d e r lie  c o n tra c tio n  and delayed r e c t i f i c a t io n  

a re  lo c a te d  in  d if f e re n t  p a r ts  o f th e  membrane.
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Chapter I4.. The s e le c t iv i ty  of th e  delayed K channel in  fro g  

s k e le ta l  muscle f ib r e s .

INTRODUCTION

The mechanism by which delayed K channels d isc rim in a te  

between sodium and potassium  i s  o f  particu la r in te r e s t  s in ce  i t  

forms an e s s e n t ia l  p a r t  o f  th e  io n ic  b a s is  o f the a c tio n  p o te n t ia l .  

A study o f the p e rm eab ility  of th e  channel to  fo re ig n  c a tio n s  

i s  a lso  v a lu ab le  since  i t  can provide in form ation  as to  th e  

dimensions of th e  channel, and as to  th e  n a tu re  o f th e  groups 

w ith which th e  channel i s  l in e d .

Recent s tu d ie s  have shown th a t  th e  s e le c t iv i ty  o f Na 

channels in  rryelinated  nerve f ib r e s  (H ille ,  1971  ̂ 1972) and 

muscle f ib re s  (Campbell, 1976) of Rana p ip ie n s  a re  s im ila r .  Only 

minor d iffe re n c e s  were re p o rted , the  most im portant being  th a t  

th e  p erm eab ility  r a t io  in  muscle i s  n early  tw ice th a t  in

n erv e .

On the o th er hand, P /P  fo r  th e  delayed K channels inNa K
muscle (Adrian e t a l . , 1970a) i s  about th re e  tim es th a t  f o r  th e  

K channels in  m yelinated  nerve f ib r e s  (H ille ,  1973). D espite 

th e  f a c t  th a t  th e se  measurements were not obtained  in  th e  same 

species of f ro g , i t  seems l ik e ly  th a t  K channels in  nerve and 

muscle a re  not id e n t ic a l ,  as  suggested by some o f the s tu d ie s  

described  in  chap ter 1 .

The experim ents to  be described  in  t h i s  chap ter a re  la rg e ly  

concerned w ith th e  measurement o f th e  re v e rs a l  p o te n t ia l  of th e  

delayed cu rren t in  th e  p resence of ions belonging to  th e  a lk a l i  

m etal s e r ie s .  These measurements a re  used to  o b ta in  th e  

s e le c t iv i ty  sequence o f th e  delayed K channel in  m uscle.
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These experim ents were perform ed in  c o lla b o ra tio n  with 

Dr. P.R. S ta n f ie ld  and a re  a lso  described  elsew here (Gay & 

S ta n f ie ld , 1978).

SOLUTIONS AND METHOIB 

The com position of so lu tio n s  used in  t h i s  chapter, i s  given 

in  Table I4..I . A ll  co n ta in  su lphate  as the  major anion  in  p lace

of c h lo r id e . In  a d d it io n , th ese  so lu tio n s  con tain  8 mM-CaSOĵ ;

th e  io n ized  Ca^^ i s  estim ated  to  be about 1 m eq u ./l. (Hodgkin & 

Horowicz, 1959). H ypertonic so lu tio n s  (so lu tio n s  I4B, C) were 

used to  reduce th e  a b i l i t y  of th e  f ib r e s  to  c o n tra c t .  These 

so lu tio n s  ccn ta in  350 mM sucrose which i s  in  a d d itio n  to  the 

sucrose req u ired  to  be added to  make th e  su lp h a te  so lu tio n s  

iso to n ic  w ith th e  phosphate-buffered  ch lo rid e  Ringer whose 

com position i s  g iven  in  chap ter 2,

Table U-l 

Composition of so lu tio n s  in  mM

Ringer X^ Na^ HPO,^- Sucrose

liA, iso to n ic  
su lphate 82.6 2.5 8 1*9.3 0.1*3 1 .08 113

ijB, hyper­
to n ic  su lp h a te  - 82.6 2.5 8 1*9.3 0.1*3 1.08 1*63

he, X- Ringer 82 .5 2 .6 - 8 1*9.3 0.1*3 1.08 1*63

*X = L i, Na, K, Rb or Cs

Muscles were d is s e c te d  and e q u il ib ra te d  in  th e  phosphate- 

b u ffe red , c h lo rid e  R inger. T h e rea fte r , th e  m uscles were 

e q u il ib ra te d  in  iso to n ic  su lp h a te  Ringer ( so lu tio n  hA) f o r  a t  

le a s t  1 h r a t  room tem perature in  o rder to  reduce the  in t r a c e l lu la r  

ch lo rid e  c o n c en tra tio n , and then in  hyperton ic  su lp h a te  Ringer 

( so lu tio n  iiB) fo r  a t  l e a s t  20 mins, a ls o  a t  room tem pera tu re .
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F in a lly , th e  m uscles were t r a n s f e r r e d  to  ano ther hyperton ic  s o lu tio n  

( so lu tio n  he) in  which most o f  th e  experiments were perform ed.

Since th e  membrane is  impermeable to  su lphate  (Conway & Moore,

19h^) y th i s  an ion  does not rep lace  in t r a c e l lu la r  ch lo rid e  in  s ig n if ic a n t  

q u a n t i t ie s ,  bu t i t s  s u b s t i tu t io n  fo r  ch lo rid e  does r e s u l t  in  a t r a n s ie n t  

d e p o la r iz a tio n  o f th e  membrane and c o n tra c tu re , (A drian, 1960).

Muscles were not allow ed to  sho rten  during c o n tra c tu re , recovery  from 

which occurred  spontaneously a f t e r  a few seconds.

The membrane p o te n tia l  was c o n tro lle d  in  a l l  experim ents u sing  

th e  th re e -e le c tro d e  method o f Adrian e t a l . (1970a) which i s  

d esc rib ed  in  ch ap te r 2 (page 14.2 ) . F ibres were h e ld  a t  -100 mV 

and dep o larized  or hyperpo larized  from th i s  le v e l .  In  a d d itio n , 

f ib r e s  were held  a t  -100 mV f o r  a t  l e a s t  5 mins follow ing 

impalement, and b e fo re  measurements were made, in  o rder to  reprim e 

th e  delayed K conductance which i s  in a c tiv a te d  in  so lu tio n s  

which d epo larize  th e  membrane, such as th o se  con ta in ing  I4.I .25 

mM-KgSOj ,̂ Rb^SQ.  ̂ o r  CSgSO  ̂ (so lu tio n  1|.C, Table U - l) .  F ib res  

were a ls o  re tu rn ed  to  th e  ho ld ing  p o te n t ia l  fo r  1 - 2  mins 

fo llow ing  a d e p o la riz a tio n  which a c tiv a te d  the  delayed conductance.

An in te r - e le c tro d e  d is tan ce  ( (  ) o f 125 pm was used in  a l l  

experim ents.

Most experim ents were performed in  the  co ld  (3 -5 °C, u n le ss  

otherw ise s ta te d )  s in ce  i t  was not always p o ss ib le  to  c o n tro l  

th e  membrane p o te n t ia l  o f  f ib r e s  immersed in  th e  co n tro l 

s o lu tio n  (14.1 .25 inM-KgSO^) a t  room tem peratu re.

Most experim ents were performed in  th e  presence o f 10 ^g/ml TTX. 

C a lcu la tio n  of p e rm eab ility  r a t io s  from th e  re v e rs a l p o te n t ia l  of 

th e  delayed cu rren t

The s h i f t  which occurs in  th e  re v e rs a l  p o te n t ia l  of th e
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delayed cu rren t when a so lu tio n  co n ta in in g  as th e  only c a tio n  i s

rep laced  by one co n ta in in g  only  i s  r e la te d  to  th e  p erm eab ility

r a t io  (P /P  ) of X and K f o r  th e  delayed K channel by th e  expression  
X K

KT W o  .
V x ' \ k  " T  Pg (K)^ (

(H ille , 1973; Campbell, 1976), where V _ and V„ ^ a re  the  r e v e rs a l

p o te n t ia ls  o f th e  delayed c u rre n t in  th e  X s o lu tio n  and K so lu tio n

re sp e c tiv e ly , and where (X)^ and (K)^ a re  th e  e x te rn a l a c t i v i t i e s

o f X  ̂ and K^. Bin. (I4..I ) i s  derived  from th e  equations of

Goldman (191:3) and Hodgkin & Katz (191:9) b u t a constan t f ie ld  i s

not assumed in  i t s  d e r iv a tio n .

H ere, X stands fo r  L i, Na, K, Rb, o r Cs. Unless o therw ise

s ta te d , co n cen tra tio n s  r a th e r  th a n  a c t i v i t i e s  a re  used in  eqn. (U«1)

sin ce  th e  a c t iv i ty  c o e f f ic ie n ts  of th e  a l k a l i  m etal c a tio n s  a re

not re p o rte d  fo r  th e  experim ental co n d itio n s  used h e re . However,

the  e r ro r  in troduced by th i s  approxim ation w i l l  be sm all. Where

a c t i v i t i e s  a re  used, th e  a c t i v i t y  c o e f f ic ie n ts  a re  assumed to  be

equal to  those  in  a 0.1 M su lp h a te  so lu tio n  a t  25°C (Robinson

& S tokes, 1965) . With re sp ec t to  th e  a c t i v i t y  c o e f f ic ie n t  in

^2^^1:' a re : L i,  1 .10 ; Na, 1 .OL; K, 1 .0 ; Rb, 1 .06; Cs,

1 .06.

In  u s in g  eqn. (U»1) th e  sm all amount o f Na^ (2 .6  mM) added

to  a l l  so lu tio n s  as phosphate s a l t s  was n eg lec ted . Since Na^

i s  one o f  th e  le a s t  permeant o f ions in  th e  delayed K channel y

t h i s  approxim ation in tro d u ces  an e r ro r  o f only 3% when i s

0.015^ and th e  e rro r  d isap p ears  when P /P  i s  1 .0 . TheseX K
two p e rm eab ility  r a t io s  cover th e  range o f  r a t io s  found 

ex p erim en ta lly . Calcium, which i s  a lso  p resen t in  a l l  so lu tio n s , 

i s  u n lik e ly  to  in flu en ce  th e  re v e rs a l  p o te n t ia l  s in ce
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th e  ion ized  co n cen tra tio n  o f th i s  c a tio n  i s  low, and s in ce , l ik e

nerve (H iH e, 1975a), th e  K channels in  muscle a re  probably 
2+impermeable to  Ca

RISULTS

A summary o f most of th e  r e s u l t s  to  be d escrib ed  in  t h i s  

ch ap te r i s  p resen ted  in  Table lj..2. The f i r s t  f iv e  rows a re  th e  

r e s u l t s  ob ta ined  in  s o lu tio n  i|C which contained Ul .25 mM-LigSO^ ,̂ Na^SO^, 

^2^^!;^ RbgSOi  ̂ or Cs^SOj .̂ For th e  rem ainder o f th i s  ch ap te r, 

so lu tio n  iiC w i l l  be re fe r re d  to  as  li-R in g er, Na-Ringer, e t c . ,  

to  id e n tify  th e  c a tio n . Row s ix  gives the r e s u l t s  from a 

very  sm all number of f ib r e s  in  hypertonic su lp h ate  Ringer 

(S o lu tio n  iiB) which con ta ined  1 .25 mM-KgSÔ  ̂ and i|.0 mM-Na^SOj .̂

The p e rm eab ility  r a t io s  g iven  in  columns 5 and 6 a re  those  obtained  

from eqn. (1 .̂1 ) using co n cen tra tio n s  and a c t iv i t ie s ^ r e s p e c t iv e ly .  

R esting p o te n t ia ls

The r e s t in g  p o te n tia ls  a re  shown in  Table U .2. In  Na- 

Ringer (co n ta in in g  no K^), th e  mean re s tin g  p o te n t ia l  was 

- 78.7 mV. This i s  r a th e r  le s s  negative than the value  expected 

fo r  a s o lu tio n  co n ta in in g  Na^ and 2 .5  mM-K .̂ However, th e  

p resen t r e s u l t  i s  no t su rp r is in g  because Hodgkin & Horowicz 

(1959) showed th a t  in  an iso to n ic  su lphate  Ringer s o lu tio n  the  

re s t in g  membrane p o te n t ia l  reaches a maximum negative  value a t  

0 .5  niM ex te rn a l . In  th i s  re sp e c t, th e  re s t in g  membrane 

does no t d is t in g u is h  between Na^ and L i^ io n s , s ince th e  mean 

r e s t in g  p o te n t ia l  in  L i-R inger i s  not s ig n i f ic a n t ly  d if f e r e n t  

from th a t  in  Na-Ringer (P> 0.1 ) .

On th e  o th e r hand, f ib r e s  in  Cs, Rb, and K-Ringer a re  

d ep o larized , on average, by a t  le a s t  I4O mV more than  f ib r e s  in
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Na-Ringer. The mean r e s t in g  p o te n t ia l  in  K-Ringer i s  a lso

s ig n if ic a n t ly  le s s  negative  th an  th a t  in  Rb-Ringer (P<  0.001) 

arid Cs-Ringer (P <  0 .001). Thus i t  i s  c le a r  th a t  th e  re s t in g  

membrane i s  ab le  to  d is tin g u ish  between K and Rb, or K and 

Cs^, a conclusion  which i s  supported by th e  experim ents of 

S jod in  (1 959)  ̂ Sandow & Mandel (1951) and A drian (196L), and by 

th e  experim ents o f  chap ter 5 .

R eversal p o te n t ia l  o f th e  delayed cu rren t in  K-Ringer and 

Rb-Ringer

The experim ents to  be d escribed  in  th e  f i r s t  p a r t  o f th i s  

s e c tio n  a re  th o se  in  which th e  re v e rs a l  p o te n t ia l  o f th e  

delayed c u rre n t was measured in  K and Rb-Ringer in  th e  same 

f ib r e s .  F ig . 1̂ .1 shows th e  r e s u l t s  from one of f iv e  such 

experim ents in  which th e  so lu tio n  was changed with the  e lec tro d es  

in  s i t u . This f ib r e  was bathed  f i r s t  in  Rb-Ringer (a) th en  in  

K-Ringer (b) and then  in  Rb-Ringer ag a in  ( c ) .

The top of F ig . i;.1 i l lu s t r a te s ,  the tw o-step  procedure 

(Adrian e t a l .#̂ 1 97Ou) used to  determ ine th e  re v e rsa l p o te n t ia l .  

The f i r s t  s tep  d ep o la rizes  th e  membrane to  + 12 mV fo r  35 ms and 

a c t iv a te s  the  delayed conductance. During the  second s te p , which 

i s  a p p lie d  im m ediately a f t e r  th e  f i r s t  s te p , th e  membrane 

p o te n t ia l  i s  re tu rn e d  to  between 0 mV and -50 mV. The cu rren t 

d ec lin es  slow ly during  th e  second s te p  due to  the c lo su re  of 

those  K channels which were open a t  th e  end o f s tep  one. Since 

in  lj.1 .25 mM-KgSÔ  ̂ or Rb̂ SÔ  ̂ so lu tio n  th e  t a i l  c u rren ts  a re  

long compared to  the  cap ac ity  c u rre n ts  which a lso  c o n tr ib u te  to  

th e  cu rre n t a t  th e  s t a r t  of s te p  two, th e  r e v e rs a l  p o te n t ia l  was 

ob ta ined  from iso ch ro n a l cu rre n t-v o lta g e  r e la t io n s  o f th e  t a i l  

c u rre n ts  (B ezan illa  & Armstrong, 1972; H i l l e ,  1973). By t h i s



F ig . U.1 Two-step experiment to  determ ine th e  re v e rs a l  

p o te n t ia l  of th e  delayed cu rren t in  a f ib r e  bathed 

co n secu tiv e ly  in  Rb-Ringer (a ) , K-Ringer (b ), and Rb- 

R inger (c ) ,

to p , tra c in g s  o f records of th e  membrane p o te n tia l  

(V̂  ) and th e  membrane cu rren t (V^-V  ̂) . The f i r s t  s tep  

d ep o la rizes  the  membrane to  +12 mV fo r  35 ms. The 

second s tep  re tu rn s  the membrane to  various le v e ls  between 

0 mV and -50 mV. Four superimposed reco rds a re  shown in  

(a) and (c ) ,  and f iv e  in  (b)

bottom , isoch ronal cu rre n t-v o lta g e  r e la t io n s  o f th e  

t a i l  c u rre n ts  shown in  th e  upper p a r t  of the f ig u re .  

A bscissae, membrane p o te n tia l  (my) during s tep  2; o rd in a te s , 

membrane c u rre n t (mV) during s tep  2 a f t e r  su b tra c tio n  of 

th e  leakage c u r re n t.  The membrane c u rre n t i s  measured 

20 ms (o, ® ), i i O m s ( n , i s  ) and 60 ms ( V > ▼ ) a f t e r  th e  

s t a r t  o f th e  second s te p . V , i s  -23 mV in  (a) and -22

my in  ( c ) . y i s  -22 my, in  (b ) .K, XV
F ib re  re s tir ig  p o te n tia l ,  -25 mV in  Rb-Ringer; 

holding p o te n t ia l ,  -100 my; in te r -e le c tro d e  d is tan ce  ( ) ,

125 y.m; temp. 3 .8  to  5*U°C; te tro d o to x in  not added.
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method, th e  t a i l  cu rren ts  a re  p lo t te d  a g a in s t th e  membrane

p o te n t ia l  during the second s te p  a t  v ario u s  times a f t e r  the

c a p ac ity  c u rre n ts  have subsided , and a f t e r  th e  leakage c u rre n ts

sca led  l in e a r ly  from the  s te a d y -s ta te  c u rre n ts  during sm all

d e p o la riz a tio n s  have been su b trac ted .

In  F ig . L.1 the iso ch ro n al c u rre n t-v o lta g e  r e la t io n s  a re

p lo t te d  20 ms ( c i r c le s ) ,  i;0 ms (squares) and 60 ms ( tr ia n g le s )

a f t e r  th e  s t a r t  of th e  second s te p . The r e v e rs a l  p o te n t ia l

in  Rb-Ringer i s  -23 mV in  (a) and -22 mV in  ( c ) . The r e v e rs a l

p o te n t ia l  in  K-Ringer i s  -22 mV,in (b ).

Table U.3 g ives r e s t in g  p o te n tia ls  and re v e rs a l  p o te n t ia ls

frcm f iv e  s im ila r  experim ents includ ing  th a t  i l l u s t r a t e d  in

F ig . U.1 . The re s t in g  p o te n t ia ls  were measured a t  th e  s t a r t

of th e  experim ents in  Rb-Ringer o r, in  th e  case o f  F ib re  18.7;

in  K-Ringer. The mean d iffe re n c e  in  re v e rs a l  p o te n t ia ls  in

th e  two so lu tio n s  i s  not s ig n if ic a n t ly  d if f e re n t  from  zero

(P^O .37) • Thus which i s  0.95 from eqn. (ij-.l) , i s  no t
ito  K

s ig n if ic a n t ly  d if f e re n t  from 1 .0 .

The conclusion  from th e se  experim ents, th a t  th e  delayed

K channels a re  eq u a lly  permeable to  K  ̂ and Rb^, depends on the

assum ption th a t  th e re  is  l i t t l e  o r no change in  p o te n t ia l
+  +

a t  th e  agar b ridge-R inger ju n c tio n  when Rb rep laces  K in  th e  

reco rd in g  chamber. This assumption seems j u s t i f i e d  s in ce  th e  

m o b il i t ie s  of K and Rb in  aqueous so lu tio n  a re  s im ila r  

(Rob in s  cn & S tokes, 1965). In  a d d itio n , i t  was found th a t  th e  

p o te n t ia l  recorded by a m icroelectrode in  th e  Ringer changed 

by le s s  than  0 .5  mV when Rb was run in to  the chamber to  

d isp la c e  K^, or when K  ̂ d isp laced  Rb^.
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TABLE h>3

P ro p e rtie s  of th e  delayed K conductance in  Rb and K so lu tio n s  a t  

about 5°G.

F ibre RP
(mV)

% R b
(mV)

V k
(mV) (m?)

V k
(mV)

^R,Eb " V k 
(mV)

17.2 -37 -20 -22 -21 - + 1 .5

17.3 -35 -22 -21 - - -  1 .0

I 7 .U -36 -20 -20 - - 0

18.7 -35 - -28 -30 -20 -  6 .0

18.8 -25 -23 -22 -22 - -  0 .5

Mean + S.E.M. -  1 .2 + 1.3

1
Each value i s  th e  d iffe ren ce  between the  mean va lues 

of V„ and V„ „ determ ined in  one f ib r ext  ̂itD xt  ̂Iv
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Vn v has a lso  been determ ined from the  isoch ronal c u rre n t-

vo ltage  r e la t io n s  of eleven f ib r e s  in  a second s e r ie s  of

experim ents. The d iffe re n c e  between th e se  experim ents and

those  of th e  f i r s t  s e r ie s  i s  th a t  here  the Ringer d id  not flow

through th e  record ing  chamber so th a t  a more s ta b le  tem perature

was ach ieved . The mean value of V was -21 .3  + 1.2 mV a t—
3 -  which i s  not s ig n if ic a n t ly  d if f e re n t  from the  mean

re s t in g  p o te n t ia l  in  th e  same f ib r e s :  th i s  was -22 .2  + 0 .6

mV (P3>0.33). N either i s  i t  s ig n i f ic a n t ly  d i f f e r e n t  from th e

mean value of 7^ ^ (-2 2 .2  + 2.k  mV; P > 0 .3 3 ) fo r  th e  s ix

measurements in  Table k»3»  The p re sen t value fo r  V i s  a lsoR,K
given in  Table i;.2 , and i s  th e  value used in  the c a lc u la tio n

^Na'/̂ K" ^Li'^K ^Gs^^K'
Experiments in  K-Ringer and Rb-Ringer a t  room ten p e ra tu re

R eversal p o te n tia ls  fo r  th e  delayed cu rren t were determ ined

from iso ch ro n a l c u rre n t-v o lta g e  r e la t io n s  in  n ine f ib re s  in  K-
o

Ringer and te n  o th er f ib r e s  in  Rb-Ringer a t  19 -  21 G. S ince

th e  t a i l  c u rre n ts  d ec lin ed  more ra p id ly  a t  room ten p e ra tu re

than  in  th e  co ld , c u rre n t-v o ltag e  r e la t io n s  were p lo tte d  5  ̂ 10,

15 and 20 ms a f t e r  th e  s t a r t  of th e  sec end s te p . In  a given

f ib r e ,  th e  re v e rs a l  p o te n t ia ls  measured a t  such tim es r a r e ly

d if fe re d  by more than  2 mV. Mean r e s t in g  p o te n tia ls  and re v e rs a l

p o te n t ia ls  fo r  th e  two groups of f ib r e s  a re  given in  Table k»k>

g i s  not s ig n if ic a n t ly  d if fe re n t from ^  (p^O .33) . In

a d d itio n , th e  p e rm eab ility  r a t io ,  P /P  , c a lc u la te d  from th e seRo K
values i s  0.9l|.^ which i s  th e  same as  th a t  obtained in  the co ld

(P^^/Pj^ = 0 .95 , Table I t .2)

The fin d in g  th a t  P^^/P^ i s  r a th e r  in s e n s it iv e  to  changes 

in  tem perature i s  n o t unexpected s in ce  i t  seems l ik e ly  th a t  th e
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TABLE lt.lt

R esting  p o te n tia ls  (RP) and re v e rs a l p o te n t ia ls  (V f ib re s

immersed in  Rb-Ringer and K-Ringer a t  19-21°C.

Ringer RP ^Rb^K
(mV) (mV)

Potassium  -28 .7  1  1 .9  (9) -25 .5  + 1 .8  (9)

0.91;

Rubidium -3 2 .5  + 1 -7 (10) -27.1 + 2.7 (10)
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delayed channels cannot d is t in g u is h  between th ese  io n s . However,

a low tem perature c o e f f ic ie n t  f o r  s e le c t iv i ty  a lso  occurs in

cases in  which one ion  i s  permeant and the o th e r r a th e r

impermeant. For example, Py/P i s  0.07U a t  0°G and 0.070

a t  1 9°G fo r  Na channels in  m yelinated nerve f ib r e s  (H ille ,  1975&) »

D eterm ination o f  from steacfy -sta te  c u rre n t-v o lta g e

r e la t io n s  o f  the  delayed cu rren t

Since in  so lu tio n s  co n ta in in g  .25 mM-Rb^SO  ̂ th e  re v e rsa l

p o te n tia l  o f the  delayed cu rren t i s  p o s it iv e  to  the th re sh o ld

of th a t  c u r re n t,  i t  i s  p o ss ib le  to  o b ta in  7^ from s tead y -

s ta te  c u rre n t-v o lta g e  r e la t io n s  o f the  delayed cu rren t as w ell

as from iso ch ro n a l c u rre n t-v o lta g e  r e la t io n s  of th e  t a i l  c u rre n t.

F ig . 1|.2A. shows reco rd s o f th e  membrane p o te n t ia l  (7^) and

membrane c u rre n t (7g-7^ ) fo r  a f ib r e  in  Rb-Ringer depo larized

to  -71 m7, -Ul m7 and -12 m7. The s te a d y -s ta te  c u rre n t-

v o ltag e  r e la t io n  fo r  t h i s  f ib r e  i s  shown in  F ig . U«2B. The

th re sh o ld  of th e  delayed cu rre n t i s  about -50 m7, so a t  -71 m7

only th e  leakage and c ap ac ity  c u rre n ts  a re  seen. At -i;1 m7

th e  delayed cu rren t is  inward; th is  w i l l  be c a r r ie d  by Rb io n s .

On th e  o th er hand, th e  delayed cu rren t i s  outward a t  -12 m7

and w il l  be c a r r ie d  by K^. The arrow in  F ig . U*2B in d ic a te s

th e  r e v e rs a l  p o te n t ia l ,  which i s  -23 m7.

In  fo u r s im ila r  experim ents inc lud ing  th a t  described  above,

7^ Rb “28.0  + 2+.1 m7. When t h i s  i s  compared w ith  the  mean

o f seven values fo r  7„ ob tained  from iso ch ro n a l c u r re n t-

v o ltag e  r e la t io n s  ( -2 2 .6  + 1 .3  m7; Table i;.2) th e  d iffe re n c e  i s

no t s ig n if ic a n t  (PJ>0.1 ) .  However, i t  was g en e ra lly  fdL t th a t

th e  delayed c u rre n ts  which were inward in  Ul .25 mM-Rb̂ SÔ  ̂ were

too  sm all fo r  7„ to  be measured a c c u ra te ly . S im ila rly , the  K, RD



î l g .  U«2 P ro p e rtie s  o f  th e  delayed cu rre n t in  Rb and 

C s-R inger.

A, tra c in g s  o f reco rd s  of th e  membrane p o te n t ia l  

(V-j) and th e  membrane c u rre n t (Vg-V̂ j ) fo r  a f ib r e  in  Rb- 

R inger. The d e p o la r iz a tio n s  are  t o  - 7I mV, -Ul mV

and -12 mV. F ib re  r e s t in g  p o te n t ia l ,  -2h mV; holding 

p o t e n t i a l , -1 00 mV; in te r - e le c tro d e  d is tan ce  ( X ) ,  1 25 

Vim; temp, 3 .5^0 ; te tro d o to x in , 10 ^g/m l.

B, s teacfy -sta te  cu rren t -v o ltag e  re la t io n s h ip  f o r

a f ib r e  in  Rb-Ringer. Same f ib r e  as in  (A). A bscissa, 

membrane p o te n tia l  (mV); o rd in a te , membrane cu rren t (mV). 

The l i n e  through th e  p o in ts  i s  drawn by eye. The le a k  

i s  e x tra p o la te d  to  f in d  V , ; t h i s  i s  -23 mV.R,xtD

C, th e  r e la t io n s h ip  between th e  delayed conductance 

and the membrane p o te n t ia l  fo r  a f ib r e  in  Rb-Ringer.

Same f ib r e  as in  (A) and (B). A bsc issa , membrane p o te n t ia l  

(mV); o rd in a te , delayed conductance shown as a f r a c t io n  

o f the  estim ated  maximum delayed conductance,which was 

6»3h mmho.cm The l in e  through th e  p o in ts  i s  drawn by

eye.

D, th e  r e la t io n s h ip  between th e  delayed conductance

and th e  membrane p o te n t ia l  fo r  a f ib r e  in  Cs-Ringer. Same

f ib r e  as  F ig . i|.5«  A bscissa , membrane p o te n t ia l  (mV);

o rd in a te , delayed conductance shown as a f r a c t io n  o f th e
—2estim ated  maximum conductance,w hich was 2 .05  nimho.cm .

The l in e  through the  p o in ts  i s  f i t t e d  by eye.
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inward delayed cu rren ts  in  1|1 *25 mM-K^SO  ̂ were too  sm all fo r  th i s  

method to  be used to  determ ine iV
R eversal p o te n t ia l  o f th e  delayed c u rren t in  Na-Ringer and 

L i-R inger

A tw o-step  procedure was used to  determ ine the re v e rs a l  

p o te n t ia l  of th e  delayed cu rren t in  Na, L i and Cs-Ringer since  

i t  was found th a t  th e se  ions a re  le s s  permeant than  or Rb •

H ere, th e  r e s u l ts  in  Na and L i-R inger a re  p resen ted . The

re s u l t s  in  Cs-Ringer a re  described  se p a ra te ly  since  Cs^ was 

found to  be more permeant than  Na"*" or L i^ .

The tw o-step  procedure i s  i l l u s t r a t e d  in  F ig . L .3a, which 

shows s ix  superimposed reco rds of th e  membrane p o te n t ia l  and

th e  membrane cu rre n t ) from a f ib re  in  Na-Ringer a t  li..1^C«

The f i r s t  s tep  d ep o la rizes  th e  membrane to  +12 mV fo r  35 

ms; t h i s  a c t iv a te s  th e  delayed K cu rren t which i s  seen to  r is e  

o f f  th e  top  of th e  o sc illo sco p e  screen . During the second s tep  

th e  f ib r e  i s  re p o la riz e d  to  between -30 mV and -150 mV producing 

a t a i l  cu rren t which i s  inward a t  -110 mV and outward a t  -90 

mV. S ince the  cap ac ity  c u rren t is  iiward a t  the s t a r t  of th e  

second s te p , th e  tru e  re v e rs a l  p o te n t ia l  i s  some 5 o r 10 mV more 

n eg ativ ec th an  th e  reco rd s in  F ig . li.3a suggest.

F ig . U«3a a lso  shows th a t  th e  t a i l  cu rren ts  in a c t iv a te  

com pletely between -70 mV and -150 mV, which is  c o n s is te n t w ith  

th e  observation  th a t th e  th re sh o ld  o f the  delayed cu rren t i s  

between -50 mV and -kO mV in  t h i s  f ib r e .  The s te a d y -s ta te  

c u rre n t which remains a f t e r  the  delayed cu rren t has in a c tiv a te d  

i s  th e  leakage c u r re n t.  A lte rn a tiv e ly , th e  leakage c u rre n t was 

o b ta ined  by l in e a r ly  sc a lin g  th e  s te a d y -s ta te  c u rre n ts  fo r  

d e p o la riz a tio n s  of le s s  th a n  35 mV. In  most cases, the  le ak



F ig . i;.3  Two-step experiment to  determ ine th e  re v e rsa l 

p o te n t ia l  o f the  delayed cu rren t in  a f ib r e  immersed in  

N a-R inger.

a ,  tra c in g s  of records of the membrane p o te n t ia l  (v.j) 

and th e  membrane c u rren t (Vg-V^j). The f i r s t  s te p  i s  to  

+12 mV and l a s t s  35 The second s tep  i s  io .  between 

-30 mV and -150 mV. S ix  superimposed records a re  shown.

b , teinporal decay o f th e  t a i l  cu rren ts  a t  the s t a r t  

o f  th e  second s te p . L e ft, outward t a i l  c u rre n ts ;  r ig h t ,  

inward t a i l  c u r re n ts .  A bscissae, time a f t e r  th e  s t a r t  of 

th e  second s te p ; o rd in a te s , membrane c u rren t a f t e r  

s u b tra c tio n  o f th e  leakage c u rre n t. The t a i l  Currents a f t e r  

15 HIS a re  ex trap o la te d  to  th e  s ta r t  o f th e  second s tep  to  

f in d  th e  in stan tan eo u s c u rre n t.

F ib re  re s t in g  p o te n t ia l ,  -63 mV; holding p o te n t ia l ,  

-100 mV; in te r - e le c tro d e  d istan ce  ( j^ ) ,  125 V-m; temp. 

ii.1°Cj te tro d o to x in , 10 ^g/ml.
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was m onitored during th e  30 mins or so req u ired  to  o b ta in  a s e t  

o f records by recording the  cu rren t during a sm all d ep o la riz in g  

s te p  ap p lie d  a few seconds a f t e r  th e  end of th e  second s te p .

The r e s u l t s  were d iscarded  i f  the leak  increased  by more than  

100^.

Since th e  t a i l  c u rre n ts  in a c t iv a te  ra p id ly  a t  la rg e  n egative  

membrane p o te n t ia ls ,  the  r e v e rs a l  p o te n t ia l  could no t be 

ob ta ined  from iso ch ro n a l c u rren t -v o ltag  e r e la t io n s .  In s tead  

each t a i l  c u rre n t, a f t e r  su b tra c tio n  o f the le ak , was p lo t te d  

on a sem ilogarithm ic sca le  a g a in s t tim e, and e x tra p o la ted  back 

to  th e  s t a r t  o f  th e  second s te p  to  o b ta in  the  instan taneous 

c u r re n t .  The method i s  i l l u s t r a t e d  in  F ig . which shows

sem ilogarithm ic p lo ts  of fo u r  outward t a i l s  (on th e  l e f t )  and 

two inward t a i l s  (on th e  r ig h t)  fo r  the f ib r e  in  F ig . 2;.3a.

In  F ig . U.Ua, th e  in stan taneous cu rren t in  Na-Ringer i s  

p lo t te d  as a fu n c tio n  o f  th e  membrane p o te n t ia l ,  as f i l l e d  

c i r c l e s . Open arrows or t r ia n g le s  in d ic a te  the  d ire c t io n  of 

th e  t a i l  cu rren ts  where th e se  were to o  sm all to  be e x tra p o la te d  

by th e  method d escribed  above. The cu rren t rev e rses  a t  about 

-108 mV. In  a s im ila r  experiment in  L i-R inger (F ig . h .U b), 

the r e v e rs a l  p o te n t ia l  was -111 mV.

The mean re v e rs a l  p o te n t ia l  in  Na-Ringer was -1 02t.8 + 1.7 

mV ( te n  f ib re s )  conpared w ith  -110.6 + 2,h  mV (e igh t f ib r e s )  

in  Li-'R inger. The d iffe re n c e  between th e se  values i s  not 

s ig n i f ic a n t  (P = 0,063)* Since „ i s  -21 .3 mV, i s
R , iV  N a  A

0.030 and ./P »  i s  0.021;. These va lues a re  a lso  g iven  in  

Table 1;.2.

The p resen t method of co rrec tin g  th e  t a i l  c u rre n ts  f o r  

c ap ac ity  c u rren ts  seems ju s t i f i e d  by the  f a c t  th a t  th e  inward 

t a i l  c u rre n ts  d ec lin e  as th e  sum o f two exponentials in  F ig . i;.3b.



F ig . U.l; Instan taneous c u rre n t-v o lta g e  r e la t io n s  f o r  a 

f ib r e  in  Na-Ringer (a) and a f ib r e  in  L i-R inger (b ). 

Abscissae^ membrane p o te n t ia l  (mV)5 o rd in a te s , membrane 

cu rren t (mV) a t  the  s t a r t  o f th e  sec end s tep  o f a tw o-step 

experim ent, a f t e r  s u b tra c tio n  of ca p ac ity  and leakage 

c u r re n ts .  The in stan tan eo u s c u rre n ts  a re  shown a s  f i l l e d  

c i r c l e s .  Open t r ia n g le s  o r arrows in d ic a te  th e  d ire c tio n s  

o f those  t a i l  c u rre n ts  which were to o  sm all to  measure 

a c c u ra te ly .

a ,  f ib r e  in  Na-Ringer; >t -108 mV. Same f ib r e  

as  F ig . i; .3 .

b , f ib r e  in  L i-R inger ; = -111 mV. R esting
R,Li

p o te n t ia l ,  -83 mV; hold ing  p o te n t ia l ,  -100 mV; i n t e r ­

e le c tro d e  d is tan ce  (J2 ) ,  125 m; temp. 3.5°C; 

te tro d o to x in , 10 ^g/m l.
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The f a s t  component probably c o n s is ts  of th e  c a p ac ity  cu rren t 

s in ce  i t  f a l l s  to  zero w ith in  10 o r 1 ^ ms. The slow component, 

which i s  b e lie v e d  to  be due to  the  c lo su re  of K channels, 

dec lined  w ith  a mean time constant o f 5*2? + 0.28 ms (fiv e  

f ib r e s )  in  Na-Ringer a t  -90 mV, and U.5U + O.iO ms (e igh t 

f ib re s )  in  L i-R inger a t  -90 mV. Moreover, in  th e  tw o-step  

experim ents of chap ter 3, which were performed in  a hypertonic 

ch lo rid e  R inger, and where th e  t a i l  cu rren ts  were co rre c ted  fo r  

cap ac ity  c u rre n ts  by su b tra c tio n  o f cap ac ity  tra n s ie n ts  sca led  

from th e  c u rre n ts  during sm all d e p o la riz a tio n s , th e  t a i l  c u rre n ts  

d ec lined  as  a s in g le  exponentia l w ith  a mean tim e constant of 

3.0k  + 0.59 ms ( f iv e  f ib r e s )  a t  -90 mV and a t  pH 7 «2. This i s  

n o t s ig n if ic a n t ly  d if f e re n t  from the  r a te  a t  which th e  t a i l  

c u rre n ts  d ec lin ed  in  L i-R inger (P = 0.10) or in  Na-Ringer 

(P = 0.10) .

U n fo rtunate ly , th e  inward t a i l  c u rre n ts  in  Na and L i-  

Ringer were so sm all th a t  they  could not be measured w ith  

g rea t accuracy . Thus th e  r e v e rs a l  p o te n t ia l  was ob ta ined  by 

e x tra p o la tio n  of th e  outward limb o f th e  in stan taneous c u r re n t-  

vo ltage  r e la t io n ,  which, in  most f ib r e s ,  approxim ated to  a 

s t r a ig h t  l in e  (see fo r  example. F ig . ij-.li-a, b) . The 

p e rm eab ility  T a tio s  dotained in  th i s  way a re  upper l im i ts  of 

th e  t ru e  r a t io s .

R eversal p o te n t ia l  o f  th e  delayed cu rre n t in  Cn-Ringer

F ig . l;.5a shows records of th e  membrane p o te n t ia l  (V^) and 

th e  membrane c u rren t (Vg-V  ̂) f o r  a tw o-step  experiment to  determ ine 

th e  r e v e rs a l  p o te n t ia l  of th e  delayed c u rren t in  C s-R inger.

The f i r s t  s tep  d ep o la rize s  th e  f ib r e  to  +25 mV f o r  5U ms and 

a c t iv a te s  th e  delayed conductance. During th e  second s tep  

th e  f ib r e  i s  re p o la riz e d  to  between -1|0 mV and -131 mV.



F ig . i;.5  Two-step experiment to  determ ine the  re v e rs a l  

p o te n t ia l  o f th e  delayed cu rren t iu  a f ib r e  immersed in  Cs- 

R inger

a ,  tra c in g s  of records o f the membrane p o te n tia l  

(V^) and the  manbrane cu rren t ) .  The f i r s t  s te p  i s  

to  +25 mV and l a s t s  5U ms. During the  second s tep  the  

manbrane is  re tu rn e d  to  the p o te n tia ls  shown. The f ig u re  

shows s ix  superimposed tra c in g s .

b , in stan tan eo u s c u rren t-v o ltag e  re la tio n s h ip  fo r  a 

f ib r e  in  G5-R in g e r. Same f ib re  as in  ( a ) .  A bscissa, 

membrane p o te n t ia l  (mV) during the  second s te p ; o rd in a te , 

membrane c u rren t (mV) a t  th e  s ta r t  of th e  second s tep  a f t e r  

su b tra c tio n  o f th e  cap ac ity  and leakage c u r re n ts . Cs
i s  -79 mV.

F ib re  r e s t in g  p o te n tia l ,  -38 mVj hold ing  p o te n t ia l ,  

-100 mV; in te r - e le c tro d e  d is tan ce  ( £ ) ,  125 t-m; temp. 

3.6°C; te tro d o to x in , 10 ^g/m l.



V1

-8 0
-100
-131

50 ms

HP

-GO -AO - 2 0  
membrane potential (rrVl

3

1

- 2



92

The t a i l  c u rre n ts  a t  th e  s t a r t  of th e  seccnd s tep  were 

co rrec ted  f o r  leakage and cap ac ity  cu rren ts  u s in g  th e  method 

describ ed  in  th e  p revious se c tio n  fo r  f ib re s  in  Na and L i-  

R inger. The slow component o f  th e  t a i l  cu rre n ts  dec lined  

ex p o n en tia lly  w ith  a mean tim e constan t o f 8.ii5 + O.7I ms (seven 

f ib re s )  a t  -90  mV. This i s  s ig n if ic a n t ly  g re a te r  th an  th e  

mean tim e co n s tan t in  L i-R inger (P = O.OOU) a t  -90 mV, and 

i s  a lso  m arg in a lly  g re a te r  than  th a t  in  Na-Ringer (P = 0.UU5) 

a t  th e  same membrane p o te n t ia l .

The in s tan tan eo u s  c u rren t-v o ltag e  re la t io n s h ip  fo r  the 

f ib r e  in  F ig . i s  shown in  F ig . U .^b. The re v e rs a l

p o te n t ia l  i s  -79 mV. The mean re v e rsa l p o te n tia l  in  e ig h t 

f ib r e s  in  Cs-Ringer was -73.1 + 2 . 8  mV, which is  s ig n i f ic a n t ly  

d i f f e r e n t  from th e  mean re v e rs a l  p o te n tia ls  in  Na-Ringer 

(P < 0.001 ) and Rb-Ringer (P<0.001 : see Table U .2). Since

y. i s  -21 .3 mV ( T a b l e  U .2), P /P  i s  0 .11 . Inward c u rren ts  
xt^ J\ US i\

in  Cs-Ringer a re  a ls o  small so th e  r e v e rs a l  p o te n tia l  was 

ob ta ined  by e x tra p o la tio n  of th e  outward limb of the 

in stan tan eo u s c u rre n t-v o lta g e  r e la t io n s h ip .  The mean value 

of given h ere  i s  th e re fo re  an upper l im i t  of th e  t r u e

mean.

The p re sen t f in d in g  th a t  the  delayed c u rre n ts  in  Cs-Ringer 

in a c t iv a te  more slow ly than those in  Na and L i-R inger i s  c o n s is te n t 

w ith  th e  f a c t  th a t  th e  delayed c u rre n ts  in  Gs^ appeared to  tu rn  

on more slow ly th an  th o se  in  th e  o ther two so lu tio n s . I t  was 

a ls o  found th a t  in  a la rg e  number o f f ib r e s  in  Cs-Ringer, th e  

delayed  c u rre n ts  were sm all or absent during la rg e ,  s tep -w ise  

d e p o la r iz a tio n s . In  a d d itio n , in  a l l  but two f ib r e s  which 

developed delayed c u r re n ts ,  the  delayed cu rren t became 

p ro g re ss iv e ly  sm alle r during the course of th e  experim ent.



?3

S im ilar r e s u l t s  were obtained  in  th e  o ther so lu tio n s  used, but 

in  a few f ib r e s  only .

E ffec t o f Cs'*' on th e  leakage c u rre n t

P ig . i4. 6/V,B shows v o ltag  e-clamp reco rd s of two f ib r e s  

immersed in  K-Ringer, and which were depo larized  and hyper­

p o la r iz e d  from th e  holding p o te n t ia l  o f -100 mV to  between 

-50 mV and -150 mV. The s te a d y -s ta te  c u rre n t-v o lta g e  

re la t io n s h ip  fo r  f ib r e  A i s  l i n e a r  and i s  p lo t te d  as  open 

c i r c le s  in  P ig. i ; . 6C (curve a ) .  For d ep o la riz in g  s te p s ,  th e  

c u rre n ts  in  f ib r e  B resem ble those  in  f ib r e  A. However, 

during  a la rg e  h y p e rp o la riz a tio n  the c u rre n t in  f ib r e  B i s  

le s s  than  the  ho ld ing  c u r re n t.  The s teacfy -sta te  c u r re n t-  

v o ltag e  re la t io n s h ip  fo r  t h i s  f ib r e  i s  shown in  F ig . I4. .6C 

as f i l l e d  c i r c le s  (curve b ) . The d i f f e r e n t  p ro p e r tie s  o f 

th ese  two f ib r e s  i s  b e liev ed  to  be due to  th e  presence of a sm all 

q u a n tity  o f Cs^ in  the  K-Ringer bath ing  f ib r e  B.

F ig . h»6D shows th e  s te a c ^ -s ta te  cu rren t -v o ltag e  

r e la t io n s  between -50 mV and -150 mV from two f ib r e s  in  a muscle 

e q u il ib ra te d  f i r s t  in  Cs-Ringer (curve a ) ,  then in  K-Ringer 

(curve b ) . In  Cs- R inger th e  c u rre n t-v o lta g e  re la t io n s h ip  i s  

s l ig h t ly  r e c t i f i e d ,  whereas in  K-Ringer th e  cu rren t i s  alm ost 

com pletely  ab o lish ed  during  h y p erp o la riz in g  s te p s .  These 

r e s u l ts  a re  a lso  c o n s is te n t  w ith th e  n o tio n  th a t  Cs^ i s  n o t 

com pletely removed when K-Ringer re p lac e s  Cs-Ringer in  the 

record ing  chamber. A s im ila r ,  though le s s  complete in h ib i t io n  

o f inward K c u rre n ts  was obtained a f t e r  th e  chamber had been 

d ra ined  and f i l l e d  w ith  K-Ringer a t  l e a s t  tw elve tim es 

during th e  course o f 1 h r  in  an a ttem pt to  remove th e  Cs .



F ig . h»6 P ro p e rtie s  o f  the  leakage conductance in  f ib r e s  

immersed in  K-Ringer, and th e  e f fe c ts  o f  Cs^ on th ese  

p ro p e r t ie s .

A, B. Records o f the  membrane p o te n t ia l  (V̂  ) and 

membrane c u rre n t (Vg-V^) from two f ib r e s  d ep o la rized  and 

hyperp o la rized  from th e  hold ing  p o te n t ia l  to  between -50 

mV and -150 mV.

F ib re  A i s  in  K-Ringer. R esting p o te n t ia l ,  -2lj. mV; 

hold ing  p o te n t ia l ,  -100 mV; in te r - e le c tro d e  d is tan ce  ( / ) ,  

125 pm; temp. 3.9°C ; te tro d o to x in , 10 ^g/m l.

F ib re  B i s  in  K-Ringer a lso  b e liev ed  to  co n ta in  

le s s  th an  0.01 mM-Cs^SO^ .̂ R esting  p o te n t ia l ,  -20 mV; 

holding p o te n t ia l ,  -100 mV; in te r - e le c tro d e  d is tan ce  ( ) ,

125 pm; tenç>. ^.0°C ; te tro d o to x in  10 ^g/m l.

C, D. S te a d y -s ta te  c u rre n t-v o lta g e  r e la t io n s  between 

-50 mV and -150 mV. A bscissa^ membrane p o te n t ia l  (mV) ; 

o rd in a te s , membrane cu rren t (mV).

C. O  ̂ same f ib r e  a s  A. @, same f ib r e  a s  B.

D. A   ̂ f ib r e  in  Cs-Ringer. R esting p o te n t i a l , -33 mV;

hold ing  p o te n t ia l ,  -100 mV: ® , f ib r e  i n  K-Ringer a f t e r

exposure to  Cs-Ringer. R esting  p o te n t ia l ,  -31 mV;

holding p o te n t ia l ,  -100 mV. In te r - e le c tro d e  d is tan ce  ( jg ) ,

125 pm; temp. 17«8-18.7°C5 te tro d o to x in , 10 ^g/m l.
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The experim ents of ch ap te r 5 in v e s tig a te  th e  e f f e c t  of 

Gs^ on th e  r e s t in g  membrane in  more depth ; from those  ex p eri­

ments one would expect th e  Cs co n cen tra tio n  in  F ig . U.6B to  be 

about 0.02 mM. In  F ig . I|..6D (curve b ) , th e  Cs co n cen tra tio n  

i s  probably  h ig h e r .

E ffec t o f a l k a l i  c a tio n s  on th e  maximum delayed conductance.

Since th e  delayed c u rren ts  in  Cs-Ringer a re  sm aller th an  

th o se  in  Na or L i-R inger, i t  was in te re s t in g  to  compare the 

maximum delayed conductance in  th o se  so lu tio n s  to  see i f  th e  

e f fe c t  o f Cs^ was r e a l ,  o r ju s t  a consequence of th e  f a c t  th a t  

the  r e v e rs a l  p o te n t ia l  in  Cs-Ringer i s  le s s  n eg a tiv e  than  th a t  

in  Na o r L i-R inger. The maximum conductance has a lso  been 

determined fo r  f ib r e s  in  Rb and K s o lu tio n s , and th e  r e s u l t s  

a re  p resen ted  in  Table

The genera l equation  which can be used to  c a lc u la te  th e  

delayed conductance fo r  f ib r e s  in  X-Ringer is

^K,% " ®K,X

which i s  s im ila r  to  eqn. (3.7) . The su b sc rip t K,X i s  used 

because outward c u rre n ts  a re  c a r r ie d  by K^, and inward 

c u rre n ts  by X^.

F ig . )j..2 shows th e  re la tio n s h ip  between the s te a d y -s ta te  

conductance which i s  nomnalized to  i t s  maximum v a lu e , and th e  

membrane p o te n tia l  f o r  a f ib r e  in  Rb-Ringer (Fig. L .2C), and 

f o r  a d if fe re n t f ib r e  in  Cs-Ringer (F ig . i|.2D ). The experim ental 

p o in ts  f o r  the  f ib r e  in  Rb were c a lc u la te d  from the  s te a d y -s ta te  

c u rren t -v o ltag e  r e la t io n s h ip  in  F ig . 2+.2B, a f t e r  s u b tra c tio n  of 

th e  le a k . In  bo th  f ib r e s ,  th e  conductance a t  +8 mV i s  c lo se  

to  i t s  maximum v a lu e . T his was a lso  th e  case in  th e  o th e r  

so lu tio n s  te s te d , which i s  inç)ortant s ince  in  most f ib r e s  th e
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iraxiiixum conductance was estim ated  fro n  th e  maximum delayed 

c u rren t recorded during th e  f i r s t  s tep  o f tw o-step  experim ents.

In  L i^ , Na*, Rb* and t h i s  s tep  was to  between +8 and +12 mV, 

w hile in  Cs* i t  was to  +25 mV.

As Table U.2 shows, th e  maximum delayed conductance in  

K-Ringer i s  about h a lf  th e  mean value in  hyperton ic  su lp h ate  

R inger; i t  i s  a ls o  s ig n i f ic a n t ly  le s s  than  th e  maximum delayed 

conductance in  hyperton ic  ch lo rid e  R inger a t  pH 7 .2  (P < 0 .001 ; 

see Table 3 .2  f o r  th e  maximum conductance in  c h lo rid e  R inger).

The maximum delayed conductances in  Rb, Na and L i so lu tio n s  

a re  no t s ig n i f ic a n t ly  d if f e r e n t  from th a t  i n  K-Ringer (P = 0 .2 , 

0.2ii and 0.1 8 ,re sp a c tiv e ly ) . On th e  o th e r  hand, th e  maximum

conductance in  Cs-Ringer i s  s ig r if ic a n tly  le s s  than  th a t  in  K-Ringer 

(P = 0 .007 ), a f in d in g  which i s  c o n s is te n t w ith  the  n o tio n  th a t  

Cs* in te r f e r e s  w ith  K* movement in  th e  delayed  channel. Since 

th e  K cu rre n t i s  outward, t h i s  e f fe c t  o f Cs* i s  l ik e ly  to  be 

in t r a c e l lu la r  r a th e r  than  e x tr a c e l lu la r  (see  page lOO).

However, an a l te r n a t iv e  exp lanation  might be th a t  the  delayed 

conductance, which i s  in a c tiv a te d  a t  th e  re s t in g  p o te n t ia l  o f  

f ib r e s  in  Ul .25 mM-Cs^SO^, Rb^SOj  ̂ and K^SOj ,̂ i s  more d i f f i c u l t

to  reprim e when th e  so lu tio n  con tains Cs , tb a n  when i t
+ + 

con ta in s Rb o r K .

DISCUSSION

The r e s u l t s  p re sen ted  in  th is  ch ap te r show th a t  th e  delayed 

potassium  channel in  muscle i s  permeable to  a number o f a l k a l i  

c a tio n s  in  a d d itio n  to  K . The order o f  decreasing  

p e m e a b i l i ty  i s  >  P^^ >  P^^ >  P^^. This

approxim ates to  sequence IV of Eiseranan (1963, 1965), worked out 

fo r  th e  p e rm eab ility  c h a r a c te r is t ic s  o f  c a tio n  s e le c t iv e  g la s s e s .
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S e le c t iv i ty  i s  not a f ix e d  p roperty  o f  Na channels in  

squ id  axons (Chandler & Meves, 1965; Cahalan & B egenisich ,

1976) o r in  % x ic o la  axons (Ebert & Goldman, 1976) s in ce  in

th e se  p rep a ra tio n s  r i s e s  as  th e  in te rn a l  co n cen tra tio n

i s  reduced . Cahalan & B egenisich  (1977) have a lso  seen changes

in  P /P  in  axons perfu sed  w ith  ammonium. These NH|̂  Na
a t t r i b u t e  to  a dependence o f the  s e le c t iv i ty  of the  Na channel 

on the in te rn a l  ammonium c o n cen tra tio n , o r on th e  membrane 

p o te n t ia l .  P^^/P^, however, appears to  be independent of th e  

membrane p o te n t ia l  ( Cahalan & B egenisich , 1976).

Since th e  s e le c t iv i ty  mechanism of th e  delayed K channels 

i s  likely to  resemble th a t  o f th e  Na channel (see ch ap te r 1 ) ,  i t  

i s  in te r e s t i r g  to  co n sid e r which f a c to r s ,  i f  any, might modify 

th e  s e le c t iv i ty  sequence measured h e re . In  the p resen t 

case , P /P  was measured from th e  change in  re v e rs a l  p o te n t ia l
iJS* jx

of th e  delayed c u rren t when th e  e x te rn a l s o lu tio n  was changed 

from one con ta in ing  Ul .25 mM-Na^SO  ̂ to  one co n ta in in g  I4.I .25 

mM-KgSO .̂ Adrian e t  a l . (1970a) have ob ta ined  th e  same 

r e s u l t  using th e  same^preparation in  a ch lo rid e  so lu tio n  

con tain ing  a high co n cen tra tio n  of Na*, and between 2 .5  and 

20 mM-K . One might conclude from th e se  r e s u l t s  th a t  P^g /̂P̂  ̂

does no t depend to  any g rea t ex ten t on th e  e x te rn a l Na* or 

co n cen tra tio n s , the n a tu re  o f th e  an ion , o r on th e  membrane 

p o te n t ia l .

A drian e t  a l . (1970a) a ls o  showed th a t  when th e  tw o-step  

procedure i s  used to  determ ine th e  re v e rs a l  p o te n t ia l  o f the 

delayed cu rren t in  m uscle, th e  re v e rs a l  p o te n t ia l  i s  independent 

of th e  du ra tio n  o f th e  f i r s t  s tep  prov ided  th i s  i s  l e s s  than  

about 30 ms. However, when th e  du ra tio n  o f s tep  one i s  increased



97

to  s e v e ra l hundred m illiseco n d ^  th e  r e v e rs a l  p o te n t ia l  becomes 

more p o s it iv e ,  presumably because K* which leaves th e  f ib r e  during 

th e  f i r s t  s tep  remains in  th e  v ic in i ty  o f  th e  membrane a t  the  

beginning o f th e  seccnd s tep  when the measurements a re  made.

From the s h i f t  in  th e  r e v e rs a l  p o te n tia l  under th e se  co n d itio n s, 

A drian e t a l . (1970a) concluded th a t  K*accumulated in  a space 

occupying one t h i r d  to  one s ix th  th e  f ib r e  volume, p o ss ib ly  

th e  reg io n  between f ib r e s .  Since th is  space i s  about one 

hundred tim es th a t  occupied by th e  T-system  (Hodgkin & Horowicz, 

1560hj A drian & Fteygang, 1962a; Peachey, 1965; Peachey &

S ch ild , 1968; Mobley & E lsenberg, 1975), A drian e t a l . (1970a) 

suggest th a t  delayed r e c t i f i c a t i o n  does no t occur to  any g re a t 

e x te n t in  the T -tu b u le s . This view i s  also supported by th e  

g ly c e ro la tio n  experim ents o f Chandler, Rakowski & Schneider 

(1976b ) :  but f o r  an  a l te r n a t iv e  view based  on th e  o r ig in  o f

th e  l a t e  a f te r p o te n t ia l  in  m uscle,see Gage & Eisenberg (1969b), 

Freygang, G o ldste in  & Hellam ( I96I1) ,  Frey gang, G o ldste in , Hellam 

& Peachey (196k), and V oile (1970). In  th e  p resen t co n tex t, 

th e  r e s u l t s  ob ta ined  by A drian e t  a l . (1970a) a re  in s e r t  an t 

s in ce  thqy suggest th a t  by l im it in g  the  du ra tion  o f s tep  one 

to  about 30 m s,in  th e  p re se n t experim ents (except in  Cs* where 

th e  delayed conductance tu rn s  on ra th e r  slow ly) i t  should be 

p o ss ib le  to  avoid  e rro r  in  th e  p e im ea b ility  r a t io s  due to  K* 

accum ulation •

Since th e  r a te  of re p o la r iz a t io n  o f th e  a c tio n  p o te n t ia l  

in  Rb-loaded muscle f ib r e s  i s  s im ila r  to  th a t  in  f re s h ly  d is s e c te d  

muscle (A drian, 1961;), th e  se lec tiv ity  o f th e  delayed K channel in  

Rb-loaded fib re s  w i l l  c lo se ly  resem ble th a t  ob ta ined  here  f o r
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muscles bathed  in  Rb and K s o lu tio n s . The p erm eab ility  r a t io

of i;0 rep o rted  by Aimers (1976) f o r  &lso c o n s is te n t

w ith  th e  p resen t r e s u l t s .

As s ta te d  p rev io u sly , Canpbell (1976) has rep o rted  th a t  the

s e l e c t i v i t y  o f  t h e  N a c h a n n e l  i n  f r o g  m u s c l e  i s  s i m i l a r  t o  t h a t

i n  q y e l i n a t e d  n e r v e  f i b r e s  f r o m  t h e  s a m e  s p e c i e s  ( H i l l e ,  1972).

A conçjarison o f th e  s e le c t iv i ty  o f th e  delayed r e c t i f i e r  in

m u s c l e  f o u n d  h e r e ,  w i t h  t h a t  i n  n e r v e  i s  m a d e  i n  T a b l e  U«5«

A l s o  i n c l u d e d  i s  a  v a l u e  f o r  t h e  m in im u m  p o r e  d i a m e t e r ,  t h r o u g h

w h i c h  e a c h  i o n  c o u l d  p a s s  ( H i l l e ,  1973, 1975a). T h e s e  d i a m e t e r s

a r e  e q u a l  t o  t h e  i o n i c  r a d i i  o f  t h e  i o n s .  A p a r t  f r o m  a n

in v e rs io n  between lith iu m  and sodium, th e  s e le c t iv i ty

sequence in  muscle i s  id e n t ic a l  to  th a t  in  n erve . In  view of

th e  d i f f i c u l t i e s  d escrib ed  here  and by Hü-3e (1973) a s so c ia te d

w ith  the  measurement of th e  re v e rs a l  p o te n tia l  f o r  r e la t iv e ly

impermeant c a tio n s , t h i s  in v e rsio n  i s  probably not im portan t.

H o w e v e r ,  i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  d e l a y e d  c h a n n e l s

in  nerve a re  g en e ra lly  more s e le c tiv e  th an  those in  muscle.

M ullins & Moore (i960) have concluded th a t  th e  e x tra

e f f lu x  o f th a lliu m  during s tim u la tio n  in  th a lliu m -lo ad ed

muscles i s  a t  l e a s t  as  g rea t as  th e  ex tra  K e fflu x  in  normal

f ib r e s .  This may mean th a t  P -,/P^ fo r  th e  delayed r e c t i f i e r
T-L A

i n  m u s c l e  i s  s i m i l a r  t o  t h a t  i n  n e r v e ,  w h i c h  i s  2.3 ( H i l l e ,  1973)

Moore e t  a l . (1966) found th a t  in  most o f  th e  experim ents

in  which th ey  measured th e  re v e rs a l  p o te n t ia l  of the  delayed

c u r r e n t  i n  s q u i d  a x o n s ,  P , /P  w a s  1 . T h i s  i s  s i m i l a r  t o  t h e
itD K

value  found h ere  fo r  muscle and by H il le  (1973) fo r  iqyelinated 

nerve f ib r e s .  On th e  o th e r hand, B ezaniH a & Armstrong (1972)
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rep o rted  th a t  was only 0.25 fo r  th e  squ id  axon whenXU) K
determ ined from th e  s iz e  o f the  delayed cu rre n t b efo re  and a f t e r

a l l  o f  th e  in t r a c e l lu la r  was rep laced  by Rb . The

d iffe re n c e  between t h i s  r e s u l t  and th a t  ob ta ined  by Moore e t  a l .
+

(1966) i s  probably  due to  th e  f a c t  th a t  in te rn a l  Rb in te r f e r e s  

w ith  the  K movemaits in  th e  delayed K channel in  th e  squid  axon 

(B ezaniH a & Armstrong, 1972; French & Adelman, 1976). In  

agreement w ith  t h i s ,  H ille  (1975a) has p o in ted  out th a t  f o r  a 

channel in  which th e ré  i s  non-independent ion  movement, the  

p e rm eab ility  r a t io s  deteim ined from th e  measurement of f lu x e s  

or membrane c u rre n ts  w ill no t always be the  same as  th o se  

determ ined from th e  r e v e rs a l  p o te n t ia l  o f  th e  cu rren t which passes 

through th a t  channel. On th e  o th e r hand, eqn. (I4. . I ) ,  which is  

used to  c a lc u la te  th e  p e rm e ab ility  r a t io s  from re v e rs a l  p o te n tia l  

measurements in  th e  p resen t case , does no t assume th a t  ions move 

acro ss  th e  membrane in  accordance w ith  th e  independence p r in c ip a l  

(Hodgkin & Huxley, 1952a), and H il le  (1952a) and Lauger (1973) 

have d escrib ed  c e r ta in  c la s se s  o f non-independent io n  movement fo r  

which t h i s  equation  may be used.

The hypothesis t h a t  an in t r a c e l lu la r  a c t io n  of Cs* i s  

re sp o n s ib le  f o r  the  sm all K c u rren ts  seen in  Cs-Ringer i s  

c o n s is te n t w ith  th e  observation  th a t  in te rn a l  Cs* b locks outward 

K c u rre n ts  in  nerve (see ch ap te r 1 ) .  In  a d d it io n , muscle 

f ib r e s  whose ends a re  cu t in  120 mM-CsF under co n d itio n s  in  

which Cs* appears to  d if fu s e  through th e  sarcoplasm  f a i l  to  

develop delayed cu rren ts  (H iH e & Caitpbell, 1976). F in a l ly ,  

th e  p resen t hypothesis re q u ire s  th a t  Cs* i s  ab le  to  c ross  th e  

membrane of r e s t in g  muscle f ib r e s .  This i s  th e  case , though



101

•f*
th e  p e rm eab ility  o f th e  re s t in g  membrane to  Cs i s  sm all 

conpared to  i t s  p e rm eab ility  t o  K (Bolingbroke, H a rris  & 

S jo d in , 1961) .  In  nerve, outward K cu rren ts  a re  not blocked 

by e x te rn a l Cs* (Dubois & Bergman, 1975, 1977; Adelman, 1968; 

Adelman & S e n ft, 1968). In  th e  p re sen t case , however, th e  

a l te r n a t iv e  possDmLity th a t  e x te rn a l Cs* reduces outward K 

cu rre n ts  cannot be excluded.
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Chapter 5* Caesium blocks K c u rre n ts  in  r e s t in g  s k e le ta l  muscle 

f ib r e s  in  a v o lta g e -  and concentration-dependent manner

INTRODUCTION

In  th e  p rev ious chapter th e  view was expressed th a t  when muscle 

f ib r e s  a re  immersed in  a K-Ringer which co n ta in s  sm all q u a n ti t ie s  

o f  Cs*, K c u rre n ts  flow ing a c ro ss  the  r e s t in g  membrane a re  b locked.

The experim ents described  in  t h i s  chap ter were designed to  in v e s tig a te  

the p ro p e r tie s  of t h i s  b lockade, which is  found to  depend on th e  

membrane p o te n t ia l  and on th e  co n cen tra tio n  of Cs* in  the  Ringer.

In  th e  presence o f Cs*, and when f ib re s  a re  hyperpo larized  by a 

co n s tan t c u r re n t, o s c i l la t io n s  in  th e  membrane p o te n tia l  a r e  

observed.

The K c u rre n ts  which a re  o f  in te r e s t  here  a re  those  which show 

inward r e c t i f i c a t i o n  (Katz, 19i;9; A drian & Freygang, 1962b;

A drian, 1969) • A d iscu ss io n  of c a r r i e r  and pore models which have 

been developed to  account f o r  inward r e c t i f i c a t io n  in  muscle i s  

given in  ch ap te r 8. As mentioned p rev io u s ly , a pore model i s  

favoured h e re , and i t  i s  p o s tu la te d  th a t  Cs* blocks th e  r e s t in g  K 

channel when i t  b inds to  a s i t e ,  or s i t e s ,  partw ay across  th e  

membrane.

Previous experim aits  have shown th a t  th e re  a re  in te ra c tio n s  

between Rb*, K  ̂ and Cs* ions during  perm eation in  r e s t in g  m uscle.

When e i th e r  Rb* o r Cs* i s  added to  th e  R inger, th e  e ff lu x  (S jodin  

1959) and th e  in f lu x  o f K* (S jod in , 1961) a re  reduced. S im ila r ly ,

th e  in f lu x  of Rb* and Cs* i s  reduced in  th e  presence o f  e x te rn a l
+ + +

K , and th e re  i s  a m utual in h ib i t io n  o f uptake between Cs and Rb

(S jod in , 1961 ; B olingbroke, H arris  & S jo d in , 1961). The g en era l

in te rp r e ta t io n  o f th e se  r e s u l t s  i s  th a t  K*, Rb* and Cs* coirpete

f o r  th e  same p e rm eab ility  mechanism. V o ile , G lisson  & Henderson
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(1972) have a lso  dem onstrated a com petition  between K* and Rb ions 

in  r e s t in g  m uscle. However, u n lik e  the  Cs blockade, th a t  by Rb* 

i s  la rg e ly  independent of th e  membrane p o te n t ia l  (Adrian, 196L).

A voltage-dependent blockade o f inw ardly r e c t ify in g  K 

conductances by e x te rn a l Cs* has a lso  been re p o rted  in  s ta r f i s h  

egg c e l ls  (Hagiwara, M iyazaki & R osenthal, 1976). And when card iac  

P u rk in je  f ib r e s  a re  immersed in  a R inger to  which 20 mM-Cs* i s  

added, th e  K conductances which show inward r e c t i f i c a t io n  a re  

t o t a l l y  blocked w hile th e  delayed r e c t i f i e r  i s  u n affec ted  

(Isenberg , 1976).

On th e  o th e r hand, a d d itio n  o f  Cs* to  the  e x te rn a l so lu tio n  

produces a voltage-dependent blockade of th e  delayed r e c t i f i e r  in  

squ id  axons (Adelman & French, 1978) and in  m yelinated  nerve 

f ib r e s  (Dubois & Bergman, 1977). In  squid  axons, Cs* a lso  has 

access  to  th e  delayed K channel from th e  axoplasm sin ce  i t  b locks 

outward K cu rre n ts  when included  in  th e  in te rn a l  p e rfu sa te  (Adelman 

& S e n ft, 1966, 1968; Adelman, 1971). This blockade i s  a lso  

voltage-dependent (B ezaniH a & Armstrong, 1972), as mentioned in  

ch ap te r 1 .

Recent experim ents show th a t  in  a d d itio n  to  Cs*, th e  re s t in g  

K conductance in  muscle i s  blocked in  a voltage-dependent manner 

by Ba-*, Sr^* (Standen & S ta n f ie ld , 1978a,b) and Na* (Standen & 

S ta n f ie ld , 1978c). A p re lim in ary  account o f th e  Cs blockade has 

been g iven  (Gay & S ta n f ie ld , 1977).

SOLUTIONS AND METHODS

The basic  coriposition  o f so lu tio n s  used fo r  the experim ents 

d escrib ed  in  t h i s  ch ap te r i s  given in  Table 5.1 . AH co n ta in  

su lp h a te  as an impermeant anion to  rep lace  ch lo r id e , and have a
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pH of 7 . 2 . Most experim ents were performed in  so lu tio n  5b which 

con ta ins 80 mM-K*. Lower K̂  co n cen tra tio n s  were ob tained  by 

s j jb s t i tu tin g  NagSO^ fo r  K^SO  ̂ on an equimolar b a s is  (so lu tio n  5e 

& F) . S o lu tio n  5A has a h igh  K* co n cen tra tio n  and has a h igher 

io n ic  s tre n g th  th an  so lu tio n s  B-F. In  so lu tio n s  gC & D, Rb̂ SÔ  ̂

and GSgSOĵ  rep lace  KgSO^. The r e s u l t s  in  so lu tio n s  5A,B,C,E & F 

(which ccn ta in  no Cs*) were canpared w ith th o se  obtained  when a 

sm all q u a n ti ty  o f Cs^SC^ was included  in  th e  Ringer.

I n  most experim ents th e  th re e -e le c tro d e  voltage-clam p method 

was used to  measure th e  membrane c u rre n ts  (see ch ap te r 2 ) . The 

e le c tro d e  se p a ra tio n  (X) was e i th e r  330 pm o r  1;95 pm. Most 

experim ents were c a r r ie d  ou t a t  room tem perature (17~18«5°C), 

a lthough  a few experim ents were performed in  th e  co ld  (3 -4 .5°C ).

RESULTS

The f i r s t  p a r t  of t h i s  ch ap te r concerns experim ents performed 

in  40 mM-KgSOĵ  ( so lu tio n  5b) . In  such h igh  K* co n cen tra tio n s  th e  

f ib r e s  a re  d ep o larized  and t h i s  r e s u l t s  in  a t  le a s t  p a r t i a l  

in a c t iv a t io n  of b o th  th e  c o n tr a c t i le  mechanism (Hodgkin & Horowicz, 

1960b) and th e  delayed K conductance^^ (Adrian e t a l . ,  1970a; 

S ta n f ie ld ,  1970a). However, th e  re s t in g  K conductance i s  la r g e r  

th an  in  so lu tio n s  con ta in ing  a lower K* co n cen tra tio n  (Hodgkin & 

Horowicz, 1959; Aimers, 1972a). Since th e  p e im ea b ility  o f th e  

r e s t in g  membrane to  su lphate  ions i s  low, alm ost a l l  o f th e  membrane 

c u rre n t w il l  be c a r r ie d  by K* and th e  equ ilib riu m  p o te n t ia l  f o r  K  ̂

w il l  be equal to ,  or very  c lo se  to , the  r e s t in g  p o te n t ia l  (A drian, 

Chandler & Hodgkin, 1970b). For th i s  reaso n  th e  membrane was 

u s u a lly  he ld  a t  th e  r e s t in g  p o te n t ia l .
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E ffec t o f 2 .5  laM-Cs on th e  p ro p e r tie s  of th e  re s t in g  membrane 

conductance in  f ib r e s  in  80 mM-K* so lu tio n s

P ro p e rtie s  o f th e  re s tin g  conductance in  the  presence and 

absence o f Cs* a re  i l l u s t r a t e d  in  F ig . 5*1. F ig . 5.1 A shows 

records o f the membrane cu rren t in  a f ib r e  in  th e  c o i t r o l  so lu tio n , 

which co n ta in s  no Cs*, during hyp erp o lariz in g  (h) and d ep o la riz in g  

(D) s tep s  from th e  holding p o te n t ia l  of -14 mV. Two fe a tu re s  o f 

th e  c o n tro l c u rre n ts  a re  in te r e s t in g .  F i r s t ,  the  outward c u rre n ts  

which a re  seen when th e  f ib r e  i s  dep o larized  by more th a n  10 mV a re  

much sm alle r than th e  inward c u rren ts  during a h y p e rp o la riz a tio n  of 

s im ila r  s iz e .  This in -go ing  r e c t i f i c a t io n  i s  c h a r a c te r is t ic  o f 

th e  r e s t in g  K conductance in  s k e le ta l  muscle (Katz, 1949; Hodgkin 

& Horowicz, 1959; A drian & Freygang, 1962b). In -go ing  r e c t i f i c a t io n  

can a lso  be seen in  F ig . 5.1 C,which shows th e  in stan taneous and 

s te a d y -s ta te  c u rre n t-v o lta g e  r e l a t i a i s  fo r  th e  f ib r e  i l l u s t r a t e d  in  

A.

Secondly, when th e  c u rre n ts  a re  inward and la rg e ,  th ey  a c t iv a te  

slow ly to  some s te a d y -s ta te  value which, as  F ig . 5.1 C shows, 

depends on th e  manbrane p o te n t ia l  (Adrian & Freygang, 1962a; A drian, 

Chandler & Hodgkin, 1970b; S ta n fie ld , 1970b) Aimers, 1972a,b ).

The outward c u rre n ts  in  most f ib re s  showed no tim e-dependence a f t e r  

th e  f i r s t  20 ms in  which c ap ac ity  c u rre n ts  were flow ing . I n  th e  

rem ainder, d e p o la r iz a tio n s  exceeding 80 mV a c t iv a te d  a sm all p a r t  

o f the  delayed K conductance; th e re fo re  such la rg e  d e p o la riz a tio n s  

were not u su a lly  a p p lied .

In a c tiv a tio n  o f th e  inward cu rren ts  i s  due, in  p a r t ,  t o  a f a l l  

in  the K* co n cen tra tio n  in  th e  lumen of th e  T-system . Some o f th e



F ig . 5*1 P ro p e rtie s  o f the r e s tin g  K* conductance in  

40 mM-KgSOĵ  so lu tio n s  in  th e  absence (A,C) and presence 

(B,D) o f 1.25 mM-Cs2S0|^

A & B, tra c in g s  o f records of membrane c u rren ts  

(Vg-7^ ) during hyperpo lariz ing  (h) and d ep o la riz in g  (D) 

s te p s  from th e  holding p o te n t ia l .  The numbers a t  th e  end 

o f each t r a c e  a re  th e  s iz e  of th e  s tep  in  mV. The f ib r e  

in  A i s  in  80 mM-K* (so lu tio n  B) : re s t in g  p o te n t ia l ,  - l4  mV;

hold ing  p o te n t ia l ,  -  14 mV; in te r - e le c tro d e  d is ta n c e , 330 pm; 

temp. 17*2°C. The f ib r e  in  B i s  in  80 mM-K* p lus 2 .5  mM-Cs*: 

r e s t in g  p o te n t ia l ,  -  15 mV; hold ing  p o te n t ia l ,  -  15 mV; 

in te r - e le c tro d e  d is ta n c e , 330 pm; temp. 17. 2°C.

C & D, in stan taneous (o) and s te a d y -s ta te  (®) c u r re n t-  

v o ltag e  r e la t io n s  fo r  th e  f ib re s  shown in  A and B of th i s  

f ig u re .  A bscissae , membrane p o te n t ia l  (mV); o rd in a te s , 

membrane c u rre n t (mV). The instan taneous c u rre n ts  were 

ob tained  by e x tra p o la tio n  of the  cu rre n ts  flow ing a t  tim es 

g re a te r  th a n  50 ms. The s te a d y -s ta te  c u rren ts  a re  those 

flow ing 3 s a f t e r  th e  s t a r t  of the clamp s te p .
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evidence supporting  t h i s  view has been p resen ted  in  chap ter 1, and 

o th e r experim ents concerned w ith  th e  mechanism o f in a c tiv a t io n  a re  

given in  chap ters  6 & 7.
+

F ig . 5*1 shows th e  main e f fe c t  which th e  p resence o f 2 .5  mM-Cs 

has on th e  membrane c u rre n ts  ( in  B) and on th e  in stan tan eo u s and 

s te a d y -s ta te  c u rre n t-v o lta g e  r e la t io n s  ( in  D) o f f ib r e s  in  K 

s o lu tio n s . I t  can be seen th a t  Cs^ has l i t t l e  or no e f fe c t  on outward 

c u r re n ts ,  w hile inward c u rre n ts  a re  sm aller than  th o se  in  th e  absence 

o f Cs*. In  th e  presence o f Cs*, th e re  i s  a maximum in  th e  r e la t io n ­

sh ip  between th e  inward c u rre n t and th e  membrane p o te n t ia l  (F ig . 5*1 D). 

This occurs a t  about -63 mV a t  th e  s t a r t  o f th e  h y p e rp o la riz a tio n  

and -55 mV in  th e  s te a d y -s ta te .

F ig . 5«2B & C show cu rre n t -v o ltag e  r e la t io n s  a t  50 ms and in  th e  

s te a d y -s ta te  fo r  a f ib r e  in  0.1 mM-Cs* ( in  B) and fo r  a second f ib r e  in  

0.02 mM-Cs* ( in  C). Reducing th e  Cs* co n cen tra tio n  s h i f t s  th e  maximum 

inward c u rre n t to  more neg a tiv e  values of th e  membrane p o te n t ia l ;  in  

th e  case  of th e  in s tan tan eo u s  c u rre n ts  th e  mean s h i f t  i s  20 mV fo r  a 5 - 

fo ld  change in  th e  Cs* co n cen tra tio n . These r e s u l ts  a re  summarized in  

Table 5 .2  (column U ). The inward cu rren ts  in  0.02 mM-Cs* a re  la rg e r  .th a n  

th o se  a t  h igher Cs co n ce n tra tio n s . These r e s u l t s  show th a t  Cs b locks 

th e  r e s t in g  K conductance in  a manner which in c reases  w ith  an  in c rease  in  

h y p e rp o la riz a tio n  and an in c rease  in  th e  e x te rn a l Cs co n c en tra tio n .

2 .5  mM-Cs* does not s ig n if ic a n t ly  a l t e r  th e  mean r e s t in g  

p o te n t ia l .  This was -13 .86  + 0.19 mV (sev en ty -th ree  f ib r e s )  in  

80 mM-K so lu tio n , and -1U.18 + 0.26 mV ( th ir ty -n in e  f ib r e s )  in  

80 mM-K* p lu s  2 .5  mM-Cs* ( P ^ O .3 ) .  S im ilar r e s t in g  p o te n t ia ls  were 

recorded  when th e  Cs* co n cen tra tio n  was le s s  th an  th i s  (see Table 5 .2 ,  

column 2 ) .



F ig . 5«2 The e f fe c t  of Cs on th e  p ro p e rtie s  of th e  re s t in g  

membrane conductance in  1̂ 0 mM-KgSOĵ  so lu tio n s .

A, tra c in g s  o f the membrane p o te n tia l  (V^) and the 

membrane cu rren t (Vg-Vy) ob tained  in  80 mM-K* so lu tio n  p lus 

0.1 mM-Cs*. The h y p erp o la riza tio n s  are  to  i ,  -75 mV; i i ,

-96 mV; i i i ,  -  126 mV; iv , -156 mV; v, -189 mV; and v i ,

-222 mV. f ib r e  re s t in g  p o te n t ia l ,  -lU mV; holding p o te n t ia l ,  

-Iii mV; in te r - e le c tro d e  d is ta n c e , 330 pm; ten p . 17°C.

B, c u rre n t-v o lta g e  re la t io n s  in  80 mM-K* p lu s  0.1 mM-Cs*" 

A bscissa , membrane p o te n t ia l  (mV) ; o rd in a te , membrane 

c u rre n t (mV). The curves a re  p lo t te d  50 ms (o) and 3 s (®) 

a f t e r  th e  s t a r t  o f th e  clamp s te p . The same f ib r e  i s  a lso  

shewn in  A, above.

C, cu rren t -v o ltag e  r e la t io n s  in  80 mM-K* p lu s  0.02 

mM-Cs*. A b sc issa , membrane p o te n tia l  (mV) ; o rd in a te , 

membrane cu rre n t (mV). The curves a re  p lo t te d  50 ms (o) 

and 1500 ms ($) a f t e r  th e  s t a r t  of th e  clamp s te p . F ib re  

r e s t in g  p o te n t ia l ,  -13 mV; holding p o te n t ia l ,  -  13 mV, 

in te r - e le c tro d e  d is ta n c e , 330 pm, terrp. 18.1°C.
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I r r e g u la r i t i e s  in  th e  cu rren t t ra c e s  which fo llow  long 

h y p e rp o la riz a tio n s  of 60 mV o r g re a te r  in  th e  c o n tro l Ringer 

(F ig . 5-1A), o r 103 mV in  th e  presence o f 25 mM- Cs^ (F ig. 5 . IB) 

show th a t  c o n tr a c t i le  reprim ing has occurred during  th e  hyper- 

p o la r iz in g  s te p . When th e  len g th  o f th e  s tep  was reduced to  250 

ms, la rg e r  h y p e rp o la riz a tio n s  could be ap p lied  b efo re  such a r t i f a c t s  

were seen, and th e  in stan taneous c u rre n ts  were s im ila r  to  those  

recorded  using  p u lses  th a t  were s u f f ic ie n t ly  long f o r  th e  cu rren ts  

to  reach a s te a d y -s ta te .

E ffec t o f 2 .5  mM-Cs  ̂ on the  diam eter and space co n stan t of f ib r e s  

in  80 mM-K̂  su lp h a te  so lu tio n s

A drian e t  a l . (1970a) re p o rted  th a t th e  mean diam eter and mean 

space constan t o f f ib r e s  immersed in  an  iso to n ic  hO mM-KgSÔ ^

Ringer s im ila r  to  th a t  used here  were ?5 pm and 1 .22 mm̂ re sp e c tiv e ly , 

The p re se n t method used to  determ ine th e se  param eters i s  s im ila r  

to  th a t  described  by Adrian e t  a l . (1970a) and involves th e  measure­

ment of and V^-V^ when a constan t c u rren t i s  used to  hyperpo larize  

th e  f ib r e s  by about 10 mV (see chap ter 2 ) .

In  th e  absence of Cs^, th e  mean f ib r e  diam eter in  80 mM-K̂

su lp h a te  so lu tio n  was 85.5 + 3 .5  pm (tw enty f ib r e s )  compared to

82.3 + 3 .5  pm (eleven  f ib re s )  when 2 .5  mM-Cs^ su lphate  was

p re se n t.  These v a lu es  a re  no t s ig n if ic a n t ly  d if f e re n t  (P z> 0 .3 )>

and bo th  a re  c lo se  to  th e  value of 80 pm which is  g en e ra lly

assumed in  order to  c a lc u la te  1 .m
+

Cs a lso  has no e f fe c t  on th e  mean space co n stan t of th ese  

f ib r e s  which was 1.10 + 0.05 mm in  th e  absence o f Cs, and 1.10 +

0.07 mm when Cs^ was p re se n t.
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Recovery from th e  Cs^ blockade during la rg e  h y p erp o la riza tio n s

F ig . 5*2A shows voltage-clam p reco rd s  from a f ib r e  in  80 mM-E  ̂

and 0.1 mM-Cs . At membrane p o te n tia ls  p o s it iv e  to  -1 2l|. mV 

(reco rd s  i  & i i )  the cu rren ts  in a c t iv a te  slow ly, which i s  to  be 

expected i f  d ep le tio n  i s  o ccu rrin g . However, a t  membrane 

p o te n tia ls  more n eg a tiv e  th an  -156 mV (records iv  to  v i)  th e re  is  

a t r a n s ie n t  in c rease  in  cu rre n t which precedes th e  d e c lin e .

In  t h i s  f ib r e  th e  inward cu rren t reaches a peak value 150 ms a f t e r  

th e  onset o f  a h y p e ip o la r iz a tio n  to  -156 mV ( in  iv ) and a f t e r  kO 

ms a t  -  222 mV ( v i ) .

The c u rre n t-v o lta g e  r e la t io n s  a t  50 ms and in  the  s te a d y -s ta te  

fo r  t h i s  f ib r e  and fo r  a f ib r e  in  0.02 mM-Cs  ̂ a re  shown in  F ig . 5*2 

B and C, r e s p e c tiv e ly . The c u rre n ts  a t  -250 mV a re  la rg e r  than  

th o se  a t  -1 60 mV d e sp ite  th e  presence of caesium. In  0.1 mM-Cs^, 

t h i s  in c rease  i s  such a s tee p  fu n c tio n  o f th e  membrane p o te n t ia l  

th a t  i t  can only be exp lained  i f  the  blockade becomes le s s  e f fe c tiv e .

There may be a cau sa l re la t io n s h ip  between t h i s  recovery  and 

th e  development of c u rre n ts  w ith  a b ip h asic  tim e course (see , f o r  

example. F ig . 5.2A, i v - v i ) .  The evidence fo r  th i s  i s  th a t  when 

bo th  a re  seen in  th e  same f ib r e ,  such as th e  f ib r e  shown in  F ig .

5.2A & B, they  occur over a /s im i la r  range o f membrane p o te n t ia ls .

In  a d d it io n , b ip h asic  cu rre n ts  were not seen in  th e  absence o f Gs^. 

On the  o th e r  hand, h y p e rp o la riza tio n s  g re a te r  than  about 180 mV 

were a p p lie d  to  f i f t e e n  f ib r e s  in  Gs^ co n cen tra tio n s  o f 0.02 mM 

to  0 .5  mM, and of th e se  only s ix  f ib r e s  in  0.1 mM-Gs  ̂ and two 

f ib r e s  in  0 .5  mM-Gs  ̂ developed b ip h asic  c u r re n ts ,  w hile in  eveiy  

f ib r e  th e  c u rre n ts  in c reased  w ith l^ ^ e rp o la r iz a t io n  a t  membrane 

p o te n t ia ls  more n eg a tiv e  than  -160 mV.

I t  i s  u n lik e ly  th a t  th e  recovery  re p o rted  here i s  an a r t i f a c t
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o f membrane breakdown sin ce  th e  in crease  in  cu rren t during  extreme 

h y p e rp o la riz a tio n  i s  only t r a n s ie n t ,  and s in ce  th e  c u rre n ts  a re  

rep ro d u c ib le . In  some f ib r e s ,  however, th e re  was evidence of 

membrane breakdown s in ce  the  in c rease  in  conductance was 

i r r e v e r s ib le .  These r e s u l t s  have not been included .

Components o f the  re s t in g  conductance in  K^, Rb^ and Gs^ so lu tio n s

When th e  membrane i s  dep o larized  by more th a n  50 mV in  80 

mM-K"*^sulphate so lu tio n s  w ith  (F igs. 5*1 D & 5«2B,C) and w ithout 

Gs^ (F ig . 5.1 C), th e  membrane c u rren t -vo ltage  re la t io n s h ip  i s  

l in e a r  and can be e x tra p o la te d  back to  the hold ing  p o te n t ia l .  Thus 

th e  r e s t in g  K conductance appears to  co n s is t o f two coirponents: 

one is  th e  inw ardly r e c t i fy in g  conductance which i s  zero f a r  la rg e  

d e p o la r iz a tio n s , b u t which allow s th e  passage of la rg e  inward 

cu rren ts  when f ib r e s  a re  h y p erp o la rized : the o th e r i s  a v o lta g e -

independent component. In  support o f th i s  view, A drian & Freygang 

(1962b) have shown th a t  a f t e r  s u b tra c tio n  o f th e  l in e a r  component 

from th e  t o t a l  conductance, th e re  i s  le s s  v a r ia t io n  in  th e  s iz e  of 

outward c u rre n ts  between f ib r e s  wten moderate d ep o la riz a tio n s  a re  

a p p lie d . In  a d d it io n , n e i th e r  th e  replacem ent of 100 mM-K̂  

su lp h a te  by Rb^ su lp h a te  (A drian, I 96I4.), nor th e  p resence of h igh  

co n cen tra tio n s  o f  tetraethylammonium ions in  th e  Ringer (S ta n f ie ld , 

1970b) a f f e c t  th e  slope o f th e  l in e a r  couponent, even though th e se  

ions c a r iy  l i t t l e  or no cu rren t through th e  inward r e c t i f i e r .

The l in e a r  component o f th e  c u rre n t-v o lta g e  re la t io n s h ip  has
2 ^ 

a mean slope o f 7^391; + 1 ,315 ohm.cm (e igh t f ib re s )  in  80 mM-K
2

su lp h ate  Ringer and 12,865 + 2,835 ohm.cm (s ix  f ib re s )  when 2 .5  

mM-Gs su lp h ate  i s  added. These values a re  not s ig n i f ic a n t ly  

d if f e r e n t  (P = 0.09) and a re  a lso  s im ila r  to  values ob ta ined  in
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lower Cs^ co n cen tra tio n s  (Table 5*2, column 3)» In  100 mM-K

su lp h a te  s o lu tio n s , A drian & Freygang (1962b) rep o rt a mean slope 
2

of 11,567 ohm.cm on th e  assum ption th a t  the  in te rn a l  r e s i s t i v i t y

(R^) i s  250 ohm.cm. I f ,  a s  in  the  presen t experim ents, R^ i s
2

assumed to  be 180 ohm.cm, t h e i r  value becomes 8,331 ohm.cm , which

i s  s im ila r  to  th a t  found h e re .

F ig . 5*3 shows membrane c u rren t-v o ltag e  r e la t io n s  from th re e

f ib r e s  in  so lu tio n s  co n ta in in g  e i th e r  Rb^ or Cs^, o r both  th ese

io n s , bu t c o ita in in g  no kT In  80 mM-Gs  ̂ (F ig . 5.3A) th e  c u rre n t-

v o ltag e  r e la t io n s h ip  i s  l in e a r  and the  ion ic  c u rre n ts  show no

obvious tim e-dependence. The membrane re s is ta n c e  was 23,1 Li +
2

3,273 ohm.cm (s ix  f ib r e s ) ,  which i s  more th an  th re e  tim es th e  

re s is ta n c e  o f th e  l in e a r  segment in  th e  C s-free so lu tio n .

This r e s u l t  in d ic a te s  th a t  th e  inward r e c t i f i e r  channel i s  impermeable to  

Cs^, and th a t  Cs^ a lso  reduces th e  s iz e  of th e  vo ltage-independent 

conductance.
+

The cu rren t -v o lta g e  re la t io n s h ip  fo r  th e  f ib r e  in  80 mM-Rb

shows a s l ig h t  in -go ing  r e c t i f i c a t io n  (F ig . 5.3B), but when 2 .5

mM-Cs"*̂  i s  added to  th e  Ringer (F ig . 5*3C) th e  inward c u rren ts  a re

reduced and the inward limb of th e  c u rre n t-v o lta g e  re la t io n s h ip

becomes l in e a r .  I t  th e re fo re  seems l ik e ly  th a t  Rb^ c a r r ie s  a

sm all cu rre n t th rough  th e  inward r e c t i f i e r .  This i s  in  general
' +agreem ent w ith  p rev ious s tu d ie s  which have suggested th a t  Rb c a r r ie s  

l i t t l e  or no cu rre n t through th i s  mechanism (Adrian, 196L;

A drian , Ghahdler & Hodgkin, 1970b; see a ls o  chap ter 8 ) .

A nalysis of th e  c o n c e n tra tic n -  and voltage-dependence of the  blockade 

by Gs^

F ig . 5.L shows th e  mean in stan taneous cu rren t -v o ltag e  r e la t io n s  

f o r  f ib r e s  in  th e  c o n tro l Ringer which co n ta in s 80 mM-K ,̂ and in



F ig . 5 .3  S te a d y -s ta te  c u rre n t-v o lta g e  r e la t io n s  in  

rubidium  and caesium  s o lu t ic n s .  A bscissae, membrane 

p o te n t ia l  (mV)5 o rd in a te s , membrane c u r re n t,  (mV).

A, f ib r e  in  80 mM-Cs  ̂ ( so lu tio n  5D) . R esting  p o te n t ia l ,

-3L mV; ho ld ing  p o te n t ia l ,  -  3L mV; in te r - e le c tro d e  d is tan ce

L99 pm; temp. 17.L°G.

B, f ib r e  in  80 mM-Rb  ̂ (so lu tio n  5C) . R esting  p o te n t ia l ,

-29 mV; ho ld ing  p o te n t ia l ,  -  29 mV; in te r - e le c tro d e  d is tan ce

L95 pm; te r p .  18.2°C.

C, f ib r e  in  80 mM-Rb  ̂ so lu tio n  which a lso  co n ta in s 2 .5  

mM-Cs^. R esting  p o te n t ia l ,  -28 mV; hold ing  p o te n t ia l ,  -28 

mV; in te r - e le c t ro d e  d is ta n c e , L95 pm; te irp . 17 . 8°C.
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F ig . C oncentration- and voltage-dependence of th e  blockade

o f r e s t in g  K c u rre n ts  by Cs^.

In stan tan eo u s cu rren t -v o ltag e  r e la t io n s  in  itO mM-KgSÔ  ̂

s o lu t io n s .  A bscissa , membrane p o te n tia l  (mV) ; o rd in a te , 

membrane cu rren ts  (mV) a f t e r  su b tra c tio n  o f th e  l in e a r  

conductance which was ob ta ined  by e x tra p o la tio n  of th e  membrane 

c u rre n t a t  membrane p o te n tia ls  more p o s itiv e  than  ^0 mV. 

îhch p o in t i s  th e  mean of r e s u l t s  from s ix  to  e ig h t f ib r e s .  

V e r t ic a l  b ars  a re  + S.E.M. ïhch f ib re  was h e ld  a t  i t s  

r e s t in g  p o te n tia l^  in te r - e le c tro d e  d is ta n c e , 330 pm; ten p . 

17“18.5°C . The so lu tio n s  co n ta in  80 mM-K̂  and ^  , no 

C s^ ;® ,0 .0 2  mM-Cs^; O ,  0.1 mM-Cs^; B , 0 .5  mM-Cs^; □ ,

2 .5  mM-Cs^. The l in e s  a re  drawn to  eqn. (5 .3) o f th e  te x t  

w ith  ^  = 1 .U and \p p ( o )  mM.
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s o lu tio n s  which a lso  con ta in  0.02 mM to  2 .5  mM-Cs"*”. Before these  

r e la t io n s  were p lo t te d , the  l in e a r  p o rtio n  of th e  cu rren t -vo ltage  

re la t io n s h ip  was su b trac ted  from the  membrane c u rre n ts  in  each 

f ib r e .  When th i s  i s  done, th e  cu rren ts  a t  + 6 mV in  2 .5  mM-Cs  ̂

a re  9 + 1^ le s s  than  those in  th e  absence o f Gs^. And when the 

Gs^ co n cen tra tio n  i s  0 .5  mM and 0.1 mM, th e  c u rren ts  a t  +6 mV a re  

reduced by 8 + 1

F ig . 5 «5a p lo ts  th e  inward c u rren ts  shown in  F ig . 5 «il in  the 

p resence o f Cs (ig .gg ) & percentage of th e  cu rren t s in  the  

c o n tro l s o lu tio n  (I  ) on th e  o rd ina te  ag a in st th e  ex te rn a l Cs 

co n cen tra tio n , <[Cs]^, which i s  on a logarithm ic  s c a le , f o r  s ix  

values o f th e  membrane p o te n tia l .  The sigm oidal shape of th ese  

dose-response curves suggests th a t  Cs^ blocks th e  K c u rren ts  by 

b inding to  a s i t e  a s so c ia te d  with th e  K p e m e a b ility  mechanism on a 

one-to-one b a s is .  The equation  used to  d escrib e  t h i s  b ind ing  i s

I '  '  (5 .1)

where K i s  th e  apparent d isso c ia tio n  constan t of th e  C s-recep tor 
app

complex. To f i t  the fam ily  of dos e-response cu rves, K^pp must

decrease as  th e  membrane p o te n tia l  i s  made more n e g a tiv e . A ccordingly,

K _ i s  found to  be 1 .95 mM a t  -7ii mV and 0.107 mM a t  -12ij. mV. app
F ig . 5*5a. shows th a t  agreement between th e  p re d ic te d  curves (so lid

l in e s )  and th e  experim ental po in ts  i s  s a t is f a c to ry  except when th e  
+

Cs co n cen tra tio n  i s  2 .5  mM, and fo r  th e  l e a s t  negative  membrane 

p o te n t ia l s .  The l a t t e r  dev ia tio n  i s  due to  th e  f a c t  th a t  a t  

membrane p o te n tia ls  c lose to  th e  holding p o te n t ia l ,  th e  mean inward 

c u rre n ts  in  Cs^ a re  up to  17% la rg e r  than th o se  in  the c o n tro l 

R inger.

F ig . 5*5B shows th a t  th e re  is  an exponen tia l re la t io n s h ip  

between K^pp &nd th e  membrane p o te n tia l .  Thus a t  any given membrane



F ig . 5*5 A nalysis o f th e  co n cen tra tio n - and voltage-dependence 

o f  th e  Cs^ blockade.

A, dos e-response curves fo r  the r e s u l t s  shown in  F ig . 5.U*

A b sc issa , e x te rn a l Gs^ c a i c e n tr â t  ion  on a logarithm ic  s c a le ;

o rd in a te , K cu rre n t in  th e  p resence o f Gs^ ( I  ) as aK zbs
p ercen tage o f th e  cu rren t in  th e  c o n tro l so lu tio n  ( I  ) • The 

l in e s  a re  drawn by eqn (5*1) on the  assum ption th a t  Gs^ binds 

re v e rs ib ly  and on a one-to-one b a s is  to  a recep to r 

a s so c ia te d  w ith th e  K p e rm eab ility  mechanism.

The apparen t d is s o c ia t io n  constan t (K^pp) f o r  th e  Cs - rec e p to r  

conç)lex i s  taken  as  1 .95 mM a t  -7h mV ( a ) ;  1.063 mM a t

-81; mV ( a ) ;  0.626 mM a t  -  9ii mV ( E ) ;  0.3ii3 mM a t  -1 OU mV 

( □ ) ;  0.195 mM a t  -111|. mV ( @) ; and 0.107 mM a t  -121: mV 

(O) .

Bj voltage-dependence o f th e  apparent d is s o c ia tio n  

co n stan t (K^^pp) • A bscissa , membrane p o te n tia l  (mV); 

o rd in a te , apparen t d is s o c ia tio n  co n stan t (mM)'. The l in e  

through th e  p o in ts  i s  drawn by eye and p re d ic ts  an  e -fo ld  

change in  th e  d is s o c ia tio n  co n s tan t fo r  a 17.8 mV change in  

th e  membrane p o te n t ia l .  At zero  membrane p o te n t ia l  th e  

d is s o c ia tio n  constan t i s  126 mM.
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p o te n t ia l  fo r  which th i s  r e la t io n s h ip  ho lds, i s  given by

V  = ^app(O) ^

where K i s  the  apparen t d is s o c ia tio n  co n stan t a t  zero membraneapp(O)
p o te n t ia l  and & i s  a constan t which dépends on th e  slope o f th e

r e la t io n s h ip .  The l in e  through th e  p o in ts  in  F ig . 5-5B was f i t t e d

by eye. By e x tra p o la tio n  o f t h i s  l i n e ,  K^pp^o) found to  be

126 mM. At th e  holding p o te n tia l  (-11; mV) K __ i s  58 mM. Theapp

l in e  p re d ic ts  th a t  th e re  i s  an e - fo ld  change in  K^pp fo r  a 17.8 mV 

change in  th e  membrane p o te n t ia l .  S ince RT/F i s  21;.97 mV a t  17^0 

S must be 1.1; (21; . 97/ 17. 8) .

In  F ig . 5*U th e  s o lid  l in e s  which a re  used to  f i t  the  c u r re n t-  

v o ltag e  r e la t io n s  in  Cs^ were drawn according to  a form ula which 

combines th e  co n cen tra ticn  dependence o f th e  blockade in  eqn (5»1) 

and i t s  v o ltag e  dependence in  eqn. (5 .2 ) ;

^K:Cs/^K '  H / \ p p ( 0 )  " ' (5-3)

where th e  c o n tro l c u rre n ts  ( l  ) a re  th o se  p lo t te d  in  F ig . 5«U as 

open t r ia n g le s ,  and K^pp^g) ^ a re  126 mM and 1 .I t ,re sp e c tiv e ly , 

as  d escrib ed  above. As expected from F ig . 5»5A, th e  blockade i s  

a s te e p e r  fu n c tio n  o f the  membrane p o te n t ia l  th an  p re d ic te d  in  2 .5  

mM-Cs^between -30 mV and -90 mV: otherw ise a reasonably  c lo se  f i t

to  th e  experim ental p o in ts  i s  obtained  fo r  inward c u r re n ts .

E ffec t o f changes in  th e  ex te rn a l co n cen tra tio n

In  order to  examine the  e f fe c t o f e x te rn a l co n c en tra tio n  on 

th e  b lockade, in stan tan eo u s cu rren t -v o ltag e  r e la t io n s  were determ ined 

in  f ib r e s  in  80 mM, 1;0 mM, and 16 mM-K**" (so lu tio n s  5B,E & F) , w ith  

or w ithout 0 .5  mM-Cs*̂ , The mean r e s u l t s  from fo rty -tw o  f ib r e s  

a re  given in  F ig . 5*6A a f t e r  su b tra c tio n  o f a l in e a r  conductance



F i g .  5 - 6  T h e  e f f e c t  o f  e x t e r n a l  o n  t h e  p r o p e r t i e s  o f  

t h e  r e s t i n g  K c o n d u c t a n c e  i n  t h e  p r e s e n c e  a n d  a b s e n c e  o f  

Cs" .̂

A , i n s t a n t a n e o u s  c u r r e n t - v o l t a g e  r e l a t i o n s .  A b s c i s s a ,  

m e m b r a n e  p o t e n t i a l  (mV) ;  o r d i n a t e ,  m e m b ra n e  c u r r e n t  (mV) 

a f t e r  s u b t r a c t i o n  o f  a  l i n e a r  c o u p o n e n t  w i t h  a  r e s i s t a n c e  

o f  11,236 o h m .c m  f r o m  t h e  c u r r e n t s  i n  t h e  a b s e n c e  o f  G s^

( o p e n  s y m b o l s )  a n d  f r o m  t h o s e  i n  0 . 5  m M -C s^ ( f i l l e d  s y m b o l s )  . 

î h c h  p o i n t  i s  t h e  m e a n  o f  r e s u l t s  f r o m  s i x  t o  e i g h t  f i b r e s  ;

v e r t i c a l  b a r s  a r e  + S .E .M .  E a c h  f i b r e  w a s  h e l d  a t  i t s

r e s t i n g  p o t e n t i a l ;  t h e  i n t e r - e l e c t r o d e  d i s t a n c e  w a s  3 3 0  p m ; 

t e m p .  17- 18 . 5^ 0. T h e  s o l u t i o n s  ecu t a i n :  80 mM-K**^;

®  , 80 mM-K"^ + 0 .5  m M -C s”̂ ;  □ ,  hO mM-K"*"; a ,  i;0 mM-x'*’ + 

0 .5  m M -C s^ ; A ,  16 m M -K ^; A ,  16 mM-K^ + 0 .5  m M -C s^ .

a b s c i s s a ,  m e m b ra n e  p o t e n t i a l  (m V ); o r d i n a t e ,  r a t i o  

o f  t h e  c u r r e n t  d e t e r m i n e d  i n  G s^  ( l ^ ^ ^ ^ )  t o  t h a t  i n  t h e  

c o n t r o l  s o l u t i o n  ( l ^ . ) .  T h e  c u r r e n t  r a t i o s  s h o w n  b y  f i l l e d  

s y m b o l s  a r e  c a l c u l a t e d  f r o m  t h e  c u r r e n t s  i n  F i g .  5 » 6 A  f o r  

a  G s^  c o n c e n t r a t i o n  o f  0 . 5  mM. T h e  c u r r e n t  r a t i o s  s h o w n  

b y  o p e n  s y m b o l s  a r e  c a l c u l a t e d  f r o m  t h e  c u r r e n t s  i n  F i g .

5 .U  f o r  a  G s^  c o n c e n t r a t i o n  o f  2 . 5  mM. T h e  c o n c e n t r a t i o n s

o f  a r e :  O & ®  ̂ 80 mM; 0 , 14.0 mM; a n d  A ,  16 mM.
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equal to  th a t  in  80 mM-K̂  s o lu tio n s . (The l in e a r  coinponent could 

not be measured in  I4.O mM or 16 mM-K̂  s ince d e p o la r iz a tio n s  o f about 

20 mV or g re a te r  a c tiv a te d  th e  delayed r e c t i f i e r  and c o n tra c tio n ) .

In  F ig . th e  c u rre n ts  in  (I ) a re  shown as aü. ! OS
percen tage of th e  c u rre n ts  in  th e  c o n tro l R inger ( l ^ ) , and a re  

p lo t te d  as  a  fu n c tio n  o f  th e  membrane p o te n t ia l  using  f i l l e d  symbols. 

Changing th e  e x te rn a l co n cen tra tio n  does not a l t e r  th e  degree 

of b lock  in  a sy stem atic  way except a t  p o te n t ia ls  p o s i t iv e  to  

-70 mVj where an in c rease  in  e x te rn a l K from 1 6 mM to  80 mM 

reduces th e  b lockade.

Since bo th  Cs^ and a re  monovalent ca tio n s  belonging to  th e  

same chem ical group (th e  a l k a l i  m e ta ls ) , i t  i s  l i k e ly  th a t  i s  

ab le  to  d isp la c e  Cs^ from i t s  b ind ing  s i t e .  However, in  F ig .

5 .6b th e re  i s  evidence fo r  such displacem ent only a t  membrane p o te n tia ls  

p o s it iv e  to  -70 mV. I f ,  as might be expected, co m p etitiv e ly  

in h ib i ts  th e  b ind ing  of Cs^ on a one-to-one b a s is ,  th en  th e  

ex ten t of th e  blockade w i l l  depend on th e  co n cen tra tio n  r a t i o  o f 

Cs^ to  a t  th e  binding  s i t e  r a th e r  th an  on th e  co n cen tra tio n s  of

or Cs^ a lo n e . In  1 6 mM-K p lus 0 .5  mM-Cs (F ig . 5.6B, f i l l e d

tr ia n g le s )  th e  blockade i s  le s s  th an  in  80 mM-K p lu s  2 .5  mM-Cs 

(F ig . 5 .6 b , open c i r c le s )  even though th e  co n cen tra ticn  r a t i o  of 

Cs^ to  K  ̂ i s  1 :32 in  bo th  s o lu tio n s .

Although th e re  i s  l i t t l e  o r  no evidence fo r  com petition  between 

K̂  and Cs^ in  th e  experim ents o f F ig . 5 .6  , th e  p o s s ib i l i ty  th a t  

such com petition  e x is ts  cannot be excluded because th e  r a t io  o f
4" +

Cs to  K a t  th e  b ind ing  s i t e  may d i f f e r  from  th a t  in  th e  R inger.

Since K  ̂i s  perm eant, i t  w i l l  have access t o  th e  s i t e  from bo th

s id e s  o f th e  membrane, whereas Cs^ has access  only from th e  

o u ts id e . In  th e  p resen t experim ents in  iso to n ic  su lp h a te  R inger,
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a change in  th e  e x te rn a l co n cen tra tio n  w i l l  have l i t t l e  or no 

e f f e c t  on th e  in te rn a l  co n cen tra tio n  (Adrian, 1956), so th a t  th e  

c o n ce n tra tio n  of in  the v i c in i ty  o f the  b ind ing  s i t e  may be 

la rg e ly  unchanged.

E ffec t o f in c reas in g  th e  in t r a c e l lu la r  co n cen tra tio n  on th e  Cs 

blockade

When f ib r e s  a re  immersed in  an 80 mM-K s o lu tio n  made hyper­

to n ic  by th e  a d d itio n  o f 350 mM sucrose , th e  mean re s tin g  

p o te n t ia l  in c reases  from -13 .86  + 0.1 9 mV (sev en ty -th ree  f ib r e s  

in  th e  iso to n ic  Ringer) to  -22.93 + 0 .5  mV ( f i f te e n  f ib r e s ) .

Assuming th a t  th e  c o n tr ib u tio n  to  th e  re s t in g  p o te n t ia l  o f  a l l  

ions o th er th an  K  ̂ i s  n e g lig ib le , t h i s  in d ic a te s  t h a t  the  i n t r a ­

c e l lu l a r  K̂  c o n cen tra tio n  has in c reased  from 1i;1 mM to  200 mM.

Mean in stan taneous c u rre n t-v o ltag e  r e la t io n s  a re  p lo t te d  in  

F ig . 5 .7  fo r  f ib r e s  in  the hyperton ic  80 mM-K"*̂  so lu tio n , in  the
4*

presence and absence o f 2 .5  mM-Cs . In  th e  presence of Cs , th e  

maximum inward cu rre n t occurs a t  -72 mV compared to  -6l .83 mV in  

is o to n ic  Ringer con ta in ing  th e  same Cs^ co n cen tra tio n  (see  Table 

5 . 2) .  The d iffe re n c e  between th ese  two values i s  la rg e ly  

exp la ined  by th e  d iffe re n c e  in  re s t in g  p o te n t ia l s .  At -80 mV

th e  mean cu rren t in  hyperton ic  Ringer con ta in ing  Cs^ i s  reduced

to  I4.il. _+ 2 . 6^ (fou r f ib re s )  o f th a t  in  th e  c o n tro l s o lu tio n , w hile 

in  is o to n ic  Ringer th e  curren t i s  reduced to  27 + 2.9% (s ix  f ib r e s ) ,  

a f t e r  s u b tra c tio n  o f the l in e a r  conductance. The d iffe re n c e  

between th e se  two va lues i s  in  th e  d ire c t io n  expected i f  r a is in g  

th e  i n t r a c e l lu la r  K̂  co n cen tra tio n  reduces th e  b lock .

Bcperiments to  determ ine th e  r a te  a t  which Cs^ blocks the K c u rre n ts

Because th e  inward cu rren ts  in a c t iv a te  in  80 mM-K̂  s o lu tio n s ,

in s tan tan eo u s  c u rre n ts  were used as a measure o f th e  Cs blockade in



F ig . 5 .7 . E ffec t o f  2 .5  mM-Cs  ̂ on th e  instan taneous c u rre n t-  

v o ltag e  r e la t io n s  of f ib r e s  in  hyperton ic  80 so lu tio n s .

A bscissa , membrane p o te n t ia l  (mV)5 o rd in a te , membrane cu rren t 

(mV) recorded  w ith  an in te r - e le c tro d e  d is tan ce  of 330 pm.

A  , mean r e s u l t  from seven f ib r e s  in  80 mM-K**̂ . D ,  mean 

r e s u l t s  from fo u r f ib r e s  in  80 mM-K**̂  p lu s 2 . 5  mM-Cs^. Both 

so lu tio n s  co n ta in  3 5 0  mM sucrose which i s  in  a d d itio n  to  

th a t  p re sen t in  the iso to n ic  R inger. V e r tic a l b ars  a re  + 

S.E.M. ihch  f ib r e  was h e ld  a t  i t s  r e s t in g  p o te n t ia l ;  temp.

17-18.5°C .
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F ig s . to  ^ . 7 . For such measurements to  be j u s t i f i e d  the  b lock 

should be complete w ith in  25 ms. (At tim es s h o r te r  than  th i s  th e  

c u rren ts  a re  determ ined by e x tra p o la tio n  of the  c u rre n ts  flow ing a t  

longer t im e s ) . Since r a is in g  th e  ex te rn a l co n cen tra tio n  

reduces in a c t iv a t io n  (Adrian & Freygang, 1962a; Aimers, 1572b), 

experiments were perform ed in  190 mM-K̂  (so lu tio n  5 A .) . However, 

even in  t h i s  so lu tio n  an ap p rec iab le  in a c tiv a tio n  occurred a t  18°C. 

F ig . 5«8A shows th a t  in  th e  absence o f Cs^, and a t  about U°C, th e  

inward c u rre n ts  produced by h y p e rp o la riza tio n s  to  -59 mV(a) and 

-69 mV (b) show l i t t l e  tim e-dependence. Nor i s  th e re  any tim e- 

dependence (a p a rt from th e  i n i t i a l  cap ac ity  t r a n s ie n t )  to  th e  

c u rren ts  produced by s im ila r  h y p erp o la riza tio n s  in  the  p resence of

2 .5  mM-Cs  ̂ (F ig . 5 » 8 b )  . The in stan taneous and s te a d y -s ta te  

c u rre n t-v o lta g e  r e la t io n s  o f th ese  f ib r e s  in d ic a te  th a t  th e  above 

conclusions can be extended to  cover a wide range of membrane 

p o te n tia ls  (F ig . 5 * 8 C  & D ) . These r e s u l t s  support th e  view th a t  

th e  b lock  i s  complete w ith in  25 ms of th e  onset o f h y p e rp o la riz a tio n , 

a t  le a s t  in  th e  co n d itio n s  o f th i s  experim ent.

The r a te  of b lock  has a ls o  been es tim ated  in  80 mM-K*̂  

so lu tio n s  co n ta in in g  2 .5  mM-Cs  ̂ in  th re e  f ib r e s  a t  room tem pera tu re . 

The co n d itio n s  o f  t h i s  experiment a re  th e  same as employed in  F ig . 

5»lBjWhere th e  r a t e  o f b lock  could not be determined due to  th e  

f a c t  th a t  th e  inward c u rre n t in a c tiv a te d  during h y p e rp o la riz a tio n .

In  th e  p resen t experim ents (F ig . 5 * 9 )  th e  in a c tiv a tio n  was reduced 

by ho ld ing  th e  f ib r e s  a t  -50 mV ra th e r  th a n  a t  th e  r e s t in g  

p o te n t ia l .

T h e  r e c o r d s  i n  F i g .  5 * 9  a r e  a l l  t a k e n  f r o m  t h e  s a m e  f i b r e ^ w h i c h  

h a d  a  r e s t i n g  p o t e n t i a l  o f  - 1 2  mV. W hen  t h e  h o l d i n g  p o t e n t i a l  i s



F ig . 5.8" The e f fe c t  of 2 .5  mM-Gs  ̂ on th e  r e s t in g  membrane 

conductance in  two f ib r e s  immersed in  190 mM-K̂  s o lu tio n s .

A & B, tra c in g s  o f th e  membrane p o te n t ia l  (v^ ) and 

membrane cu rren t (Vg-V^) .  The h y p erp o la riza tio n s  a re  to  

-59 mV (a) and -69 mV (b) . The f ib r e  in  A i s  in  190 mM-K̂  

( so lu tio n  A ): r e s t in g  p o te n t ia l ,  +3mV; hold ing  p o te n t ia l ,

+3 mV; in te r - e le c tro d e  d is ta n c e , 330 jim; teirp . U°C.
+ +

The f ib r e  in  B i s  in  190 mM-K p lus 2 .5  mM-Cs ; r e s t in g

p o te n t ia l ,  +1mV; holding p o te n t ia l ,  +1mV; in te r -e le c tro d e

d is ta n c e , 330 pn; temp. 3.8°G .

C & D, in stan taneous ( O) and s te a d y -s ta te  ( 0 )

c u rre n t-v o lta g e  r e la t io n s  f o r  th e  f ib r e s  shown in  A and B

of th is  f ig u re .  A bscissae, membrane p o te n t ia l  (mV) 5

o rd in a te s , membrane cu rren t (mV). The f ib r e  in  0 i s  in

190 mM-K  ̂ and i s  a lso  shown in  A. The f ib r e  in  D i s  in  190

mM-K̂  p lu s  2 .5  mM-Gs  ̂ and i s  a ls o  shown in  B.
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F i g »  5 » 9  E f f e c t  o f  h o l d i n g  p o t e n t i a l  o n  t h e  r e s t i n g  m e m b ra n e  

c o n d u c t a n c e  o f  a  f i b r e  i m m e r s e d  i n  a  s o l u t i o n  w h i c h  c o n t a i n s  

80 mM-K^ a n d  2 , 5  m M -C s ^ .

A & B, tra c in g s  o f  records o f th e  membrane p o te n t ia l

and membrane c u rre n t » In  A th e  ho ld ing  p o te n t ia l

i s  -50 mV' and th e  f ib r e  i s  hyperpo larized  to  -81 mV and -131 

mV. In  B th e  ho ld ing  p o te n t ia l  i s  -  12 mV (equal to  th e

r e s t in g  p o te n tia l)  and th e  f ib r e  i s  hyperpo lariz  ed to  -83 mV.

Teirç. 21 .5°C»

C> c u rre n t-v o lta g e  r e la t io n s  fo r  t h i s  f ib r e  p lo t te d  

50 ms a f t e r  th e  s t a r t  o f th e  clamp s te p . A b scissa , membrane 

p o te n t ia l  (mV) j o rd in a te , membrane cu rren t (mV). Run 1 

ho ld ing  p o te n t ia l  (HP)^-50 mV; run  2 ( P )  HP, -12 mY; run 

3 (C>) HP, -50 mV; run ( A )  HP, -100 mV.
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-50 mV (F ig . 5«9A), th e  membrane c u rre n ts  a t  -83 mV and -131 mV 

a re  le s s  th an  th e  holding, c u r re n t.  That th is  i s  due to  th e  

po ten tia l-dependence  of th e  blockade can be seen from F ig . 5.9C, 

which shows c u rre n t-v o lta g e  r e la t io n s  fo r  t h i s  f ib r e  a t  holding 

p o te n t ia ls  o f  -12 mV, -50 mV and -100 mV. The c u rre n ts  in  

F ig . 5.9A reach  a s te a d y -s ta te  w ith in  1;0 ms of th e  s t a r t  o f th e  

h y p e rp o la riz a tio n , however th e  blockade w ill  be f a s t e r  th a n  th i s  

s in c e  during th i s  tim e th e r e  w i l l  a ls o  be a p a r t i a l  recovery from 

th e  d ep le tio n  o f which occurs a t  th e  holding p o te n t ia l .

F ig . 5«9A can be conpared w ith  F ig . 5»9B where th e  f ib r e  was 

h y p erp o la rized  to  -83 mV from th e  r e s t in g  p o te n t ia l .  In  F ig .

5.5B, th e  u su a l slow in a c t iv a t io n  can be seen .

Tw o-electrode v o ltag e  clamp experim ents in  80 mM-K ,̂ 2 .5  mM-Cs

Experiments were perform ed to  see i f  th e  membrane c u rre n ts  

ob tained  w ith  th e  th re e -e le c tro d e  clamp in  th e  presence o f Cs"*" 

cou ld  a ls o  be ob tained  w ith  th e  tw o -e lec tro d e  method. F ig . 5.1 QA. 

shows th e  re la t io n s h ip  a t  250 ms between th e  t o t a l  (e lec tro d e ) 

c u rren t ( l^ )  and th e  membrane p o te n t ia l  f o r  a f ib r e  impaled w ith  

two m icroe lec trodes c lo se  to  the m idpoint (see chap ter 2 ) .  The 

membrane cu rre n t ( l^ )  was c a lc u la te d  from th i s  r e la t io n s h ip  using  

Cole : s theorem  (Cole & C u rtis , i A drian, Chandler & Hodgkin, 

1972; Jack , Noble & Ts ie n , 1975) ;

With th e  u su a l assum ptions th a t  the f ib r e  rad iu s  (a) i s  hO pm and 

th e  in t r a c e l lu la r  r e s i s t i v i t y  (R^) i s  180 ohm.cm, the  r e s is ta n c e  of 

th e  l in e a r  segment o f th e  membrane c u rre n t-v o lta g e  r e la t io n  f o r  th e  

f ib r e  i l l u s t r a t e d  i s  llj.,285 ohm.cm . This is  very  c lo se  to  th e



Fig* 5*10 A, tw o -e lec tro d e  vo ltage  clamp a n a ly s is  of th e

r e s t in g  membrane conductance of a f ib r e  immersed in  80 mM-K

and 2 .5  mM-Cs^. A bscissa , membrane p o te n t ia l  recorded by an

im paling m icroelectrode c lo se  to  th e  m idpoint o f th e  f ib r e

(mV) ; o rd in a te , t o t a l  c u rre n t flow ing th rough  an im paling

micro e lec tro d e  le s s  than  ^0 pm from th e  record ing  e lec tro d e

( ig .  A ),and membrane cu rren t ( l^ .  A/cm ) .  0 ,  t o t a l

c u rre n t during run  1; € ) , t o t a l  cu rren t during run  2 . The

l in e  through the  p o in ts  was drawn by eye. The membrane

c u rre n t ( l^ )  was c a lc u la te d  from the  t o t a l  c u rre n t-v o lta g e

re la tio n s h ip  u sing  Cole * s theorem  (eqn. 5*U)* The in te rru p te d

l in e  was obtained  by ex tra p o la tio n  of th e  membrane

c u rre n ts  a t  membrane p o te n t ia ls  more p o s it iv e  th an  +i|0 mV.

F ib re  r e s t in g  p o te n t ia l ,  -13 mV; holding p o te n t ia l ,  -13 mV;

te iT ç . / f e â ^ ,  f  ^  S  C »

B5 membrane c u rre n t-v o lta g e  re la t io n s h ip  fo r  a f ib r e

in  80 mM-K*̂  and 2 .5  mM-Cs to  i l l u s t r a t e  how reg e n e ra tiv e

changes in  th e  membrane p o te n t ia l  can a r i s e .  The l in e  drawn

p a r a l l e l  to  th e  v o ltag e  a x is  re p re se n ts  an inward cu rren t

which in te r s e c ts  th e  c u rre n t-v o lta g e  re la t io n s h ip  a t  th e

membrane p o te n t ia ls  V. , and V . In  co n stan t cu rren tA B C
co n d itio n s  th e  membrane p o te n t ia l  should propagate from 

to  when the area  under th e  curve i s  l e s s  th an  th e

area  under th e  curve V^-7 . The c u rre n t-v o lta g e  r e la t io n -ü c
sh ip  i s  th e  same as shown in  F ig . 5*10A.
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mean value  given in  Table 5.2 and obtained  in  th e  same cond itions

b u t w ith th e  th re e -e le c tro d e  method. The maximum inward cu rren t

ob tained  w ith  two e lec tro d es  in  2 .5  mM-Gs* was 32.21 + 5*1 pA/cm^
2

( th re e  f ib r e s )  conpared to  52.63 + 3»h pA/cm (s ix  f ib r e s )  in  th e

s te a d y -s ta te  when th e  th re e -e le c tro d e  v o ltag e  clanp  was used .

Although th e  d iffe re n c e  between th ese  values i s  s ig n if ic a n t  (P -  0 .0 1 ),

i t  i s  p robably  not im portant s in ce  in  c a lc u la tin g  from th e

cube o f th e  f ib r e  rad iu s  i s  assumed.

At 250 ms th e  t o t a l  e lec tro d e  c u rren t i s  c lo se  to  a s tead y -

s ta t e  f o r  h y p e rp o la riz a tio n s  o f le s s  th an  60 mV, bu t th e  e r ro r

in c re a se s  when la r g e r  h y p erp o la riza tio n s  a re  a p p lie d . Since in  i t s

d e r iv a tio n  C o le 's  theorem assumes th a t  th e  c u rre n ts  a re  independent

o f tim e, recovery  from th e  blockade which i s  seen a t  membrane

p o te n t ia ls  n eg a tiv e  to  -100 mV w ill  no t be q u ite  so s teep  a fu n c tio n

of th e  membrane p o te n t ia l  as shown h e re .

R egenerative changes in  th e  membrane p o te n tia l  in  80 mM-K*

so lu tio n s  co n ta in in g  Cs^

In  so lu tio n s  con ta in ing  between 0.02 mM and 2 .5  mM-Gs^, th e

membrane c u rre n t-v o lta g e  r e la t io n s  can be in te rs e c te d  a t  th re e

d if f e r e n t  membrane p o te n tia ls  (V. V_ and Y ) by a sm all inwardA, B U
c u rren t drawn p a r a l l e l  to  th e  v o ltag e  a x is .  This i s  i l l u s t r a t e d  

in  F ig . 5.1 OB by th e  membrane cu rren t -v o lta g e  r e la t io n  tak en  from 

F ig . 5.1 OA f o r  a f ib r e  in  80 mM-K ,̂ 2 .5  mM-Gs  ̂ s o lu tio n . In  t h i s  

f ib r e ,  th e  co n d itio n s  a re  f u l f i l l e d  th a t  th e  membrane p o te n t ia l  w i l l  

p ropagate  from t o  (Noble & H all, 1963; Jack , Noble & Tsien, 

1975). These co n d itio n s  a re  (a) th a t  a t  a l l  th ree  p o te n t ia ls  th e  

membrane c u rren t i s  zero , (b) th a t  and l i e  on a segment o f 

th e  c u rre n t-v o lta g e  r e la t io n  which has a p o s it iv e  slope ccnductance.
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(c) th a t  V l i e s  on a segment o f negative  slope conductance 

and i s  between and and (d) th a t  the area  under th e  curve

V i s  le s s  th an  th a t  under th e  curve V -V_.
A B B C

To see i f  such propagation  occurred, f ib r e s  were impaled by 

two micro e lec tro d es  c lo se  to  t h e i r  m idpoin ts. One e le c tro d e  

recorded  th e  membrane p o te n t ia l  w hile th e  second e lec tro d e  in je c te d  

a s tead y  inward cu rren t in to  th e  f ib r e  a t  a p o in t le s s  than  100 pm 

from th e  record ing  e le c tro d e .

In  each of tw en ty -fiv e  f ib r e s ,  one of two ty p es  of response
+ + 

was seen, depending on th e  Cs c o n cen tra tio n . When th e  Cs

c o n cen tra tio n  was 2 .5  i #  (F ig . 5*11A), the  membrane p o te n tia l

could be sw itched in  a r e v e rs ib le  manner between two le v e ls .  This

was achieved by superim posing a b r i e f  re c ta n g u la r  cu rren t on th e

steady  c u rren t which hyp erp o la rized  th e  f ib r e s .  Sm aller b r i e f

c u rren ts  produced sub th resho ld  responses. In  f i f te e n  f ib r e s  values

o f -65 mV to  -132 mV were obtained  fo r  the  upper le v e l ,  and -125 mV

to  -189 mV fo r  th e  low er le v e l .  Both le v e ls  were a f fe c te d  by th e

s iz e  of th e  steady c u r re n t.

In  the p resence o f 0 .5  mM and 0.1 mM-Cs'*', spontaneous 

o s c i l la t io n s  in  th e  membrane p o te n t ia l  developed when th e  f ib r e s  

were h y p erp o la rized . F ig . 5.1 IB shows s ix  records of th e  membrane 

p o te n t ia l  from a f ib r e  in  0 .5  mM-Cs^. At -112 mV (reco rd  i i )  th e re  

a re  sm all f lu c tu a tio n s  in  th e  membrane p o te n t ia l  which a re  no t 

seen when a sm aller cu rren t i s  in je c te d  (as  in  i ) . When a la r g e r  

inward c u rre n t i s  in je c te d  (reco rds i i i  to  v i)  th e  s iz e  o f th e  

o s c i l la t io n s  in c reases  but th e  frequency f a l l s .  In  0.1 mM-Gs*

(F ig . 5.11G), th e  o s c i l la t io n s  develop a t  more neg a tiv e  menbrane 

p o te n t ia l s .



F ig . 5 . 11 R egenerative changes in  th e  membrane p o te n tia l  

recorded  from f ib r e s  h y p erp o la rized  in  Cs*-K^ m ix tures.

Records A to  C were made in  co n stan t cu rren t cond itions w ith  

two in p a lin g  m icroelectrodes c lo se  to  the  m idpoint of th e  

f ib r e .  The e le c tro d e  sep a ra tio n  was le s s  than  100 pm.

F ib re  A i s  in  a so lu tio n  co n ta in in g  80 mM-K̂  and 2 .5  

mM-Cs^. The records a re  o f th e  membrane p o te n t ia l  (V^, mV) 

and th e  t o t a l  (e lec tro d e) cu rren t ( l ^ ) .  In  i ,  a b r ie f  

outward cu rren t i s  superimposed on a s tead y  inward cu rren t 

which i s  in je c te d  in to  th e  f ib r e .  In  i i ,  th e  b r i e f  cu rren t 

i s  inw ard. F ib re  re s tin g  p o te n t ia l ,  -lU mV; te n p . about 

^  '

F ib re  B i s  in  a so lu tio n  co n ta in in g  80 mM-K̂  and 0 .5  

mM-Cs"*̂ . Records i  to  v i  show spontaneous changes in  th e  

membrane p o te n t ia l  when a stead y  inward c u rre n t i s  in je c te d  

in to  th e  f ib r e .  F ib re  re s t in g  p o te n t i a l , -15 mV; ten p . 

about I C .

F ib re  C i s  in  a so lu tic n  co n ta in in g  80 mM-K̂  and 0.1 

mM-Cs^. Both th e  membrane p o te n t ia l  (V^, mV) and th e  

e le c tro d e  c u rre n t ( l^ ) a re  shown. The f ib re  was hyperpo larized  

f i r s t  to  -95 mV, and then  to  between -130 mV and 1 60 mV.

F ib re  r e s t in g  p o te n t ia l ,  -16 mV; temp, about / 7 ’*C C-
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A l ik e ly  exp lanation  f o r  th e  d ep o la riz in g  phase of th e  

spontaneous responses i s  th a t  Cs^ ions d is so c ia te  from th e  b ind ing  

s i t e s  w ith in  th e  membrane. This p ro cess  is  re g e n e ra tiv e  because 

th e  blockade i s  vo ltage-dependen t. Subsequently, th e  membrane 

re p o la r iz e s  slow ly u n t i l  a th re sh o ld  i s  reached a t  which re p o la r iz a t io n  

becomes re g e n e ra tiv e  due to  an in c re a se  in  th e  number of Cs ions

bound. The slow phase o f r e p o la r iz a t io n  w i l l  be due, in  p a r t ,  to
+ +  

th e  f a c t  th a t  in  80 mM-K th e re  i s  a d ep le tio n  of K ions from

th e  lumen o f th e  T-system when an inward cu rren t flows a c ro ss  th e

membrane. A s im ila r  ex p lan a tio n  accounts fo r  th e  f a c t  th a t  in

v o ltag e  clamp c o n d itio n s , th e  peak inward cu rren t in  th e  presence

o f Cs^ occurs a t  more p o s it iv e  membrane p o te n tia ls  in  th e  s tead y -

s t a t e  than  a t  the  beginning o f a h y p e rp o la riz a tio n  (page 10? )•

The phase o f g radual d e p o la r iz a tio n  which precedes th e  reg en e ra tiv e

d e p o la r iz a tio n  in  F ig s. 5-1 IB & C may be r e la te d  to  th e  i n i t i a l

in c re a se  in  cu rren t seen in  some f ib r e s  in  co n d itio n s  o f extreme

h y p e rp o la riz a tio n . Such c u rre n ts  a re  i l l u s t r a t e d  in  F ig . 5.2A.

The voltage-dependence o f th e  blockade a lso  accounts f o r  th e  

way in  which th e  menbrane p o te n t ia l  can be  sw itched between two 

le v e ls  in  F ig . 5 .1 1A. That th e se  le v e ls  do not correspond to  th e  

va lues p re d ic te d  in  F ig . 5.1 OB i s  due in  p a r t  to  th e  f a c t  th a t  th e  

re g e n e ra tiv e  responses were ob ta ined  in  co n d itio n s  of p o in t p o la r iz a t io n  

r a th e r  th an  uniform  p o la r iz a t io n , and in  p a r t  to  th e  f a c t  th a t  even 

in  2 .5  mM-Gs  ̂ th e  membrane cu rre n t -v o ltag e  r e la t io n  does not 

rem ain s ta tio n a ry  w ith  tim e.

BESGUSSION

The blockade o f r e s t in g  K c u rren ts  by Gs rep o rted  h e re  i s  

p o ten tia l-d ep en d en t and i s  increased  by r a is in g  th e  ex te rn a l Cs^
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co n cen tra tio n . The blockade i s  a lso  very f a s t ;  so imich so th a t

th e  r a te  of onset cannot be measured w ith th e  vo ltage clamp in

the  p resen t cond itions.

The formula (eqn. 5*3) used to  d escrib e  the blockade is

analogous to  the  M ichaelis-M enten equation fo r  th e  equ ilib rium

binding  between an enzyme and i t s  su b s tra te  (Dixon & Webb, 196U)

but w ith th e  a d d itio n  th a t  the d is so c ia tio n  constant (K ) ,app' '
which defines th e  a f f in i ty  o f th e  su b s tra te  fo r the enzyme, i s  

vo ltage-dependent. In  the p resen t case a lso  depends on

th e  i n t e r n a l  c o n c e n tr a t io n .

A p o ten tia l-dependen t blockade o f Na channels in  n y e lin a ted
2 +nerve f ib r e s  by protons and Ca , and by quaternary  d e r iv a tiv e s  

of lid o c a in e  has been dem onstrated by Wbodhull and S tr ic h a r tz ,  

re sp e c tiv e ly , in  1973. Since then  a number o f ca tions have been 

found to  b lock  Na and K channels in  ex c itab le  c e l ls  in  a v o ltag e - 

dependent manner (see chap ter 1 ) . Woodhull (1973) and 

S tr ic h a r tz  (1973) suggested th a t  th e  blocking ion is  a t t r a c te d  

in to  th e  channel when an e l e c t r i c a l  g rad ien t of ap p ro p ria te  p o la r i ty  

is  ap p lied  across the membrane. At a sp e c if ic  po in t in  th e  

channel th e  ion binds to  a recep to r and p reven ts  fu r th e r  cu rren t 

flow . The an a ly s is  used by th ese  authors to  describe th e  blockade 

of Na channels i s  s im ila r  to  th a t  employed h e re . The v o ltag e - 

dependence of th e  blockade is  defined  by B , and i s  a t t r ib u te d  to  

the fa c t  th a t  th e  binding s i t e  i s  a t  le a s t  partway through th e  

app lied  e le c t r i c a l  g rad ie n t. For a channel con tain ing  a s in g le  

binding s i t e  the  l im its  o f ^  a re  Oand 1, corresponding to  the 

p o s itio n  of the  s i t e  a t  the o u te r  or inner edges of the p o te n tia l
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g ra d ie n t, re sp e c tiv e ly . On average, S" i s  0.26 fo r  th e  pro ton

blockade o f th e  Na channel, th u s  i f  th e  p o te n tia l  g rad ien t ac ro ss

th e  membrane i s  l in e a r ,  th e  p ro to n  b ind ing  s i t e  i s  about 26^ o f

of th e  way ac ro ss  th e  membrane from th e  o u tsid e  (Woodhull, 1973).
+

The Cs blockade in  muscle i s  not explained by a s in g le  s i t e  

model s in ce  §  i s   ̂ •k» However, a value o f ^  g re a te r  than  1 i s  

c o n s is te n t w ith  th e  view th a t  K channels can co n ta in  more th an  

one b ind ing  s i t e  (H ille , 1975a). In  s ta r f i s h  egg c e l l s  <S i s

1 ,h f o r  th e  blockade of th e  re s t in g  K conductance by Cs (Hagiwara, 

Miyazaki & R osenthal, 1976): in  t h i s  re s p e c t ,  and w ith re sp ec t to

th e  co n cen tra tio n s  a t  which Cs^ b lo ck s, th e  blockade in  the  

s t a r f i s h  i s  very  s im ila r  t o  th a t  found h e re . Values o f 8  g re a te r  

th an  1 have a lso  been re p o rte d  fo r  th e  blockade by e x te rn a l Cs 

o f inward K t a i l  c u rren ts  in  squid  axons (Adelman & French, 1978) 

and f o r  the blockade by in t r a c e l lu la r  méthylammonium ions o f 

outward ammonium c u rren ts  through th e  delayed  K channel in  m yelinated 

nerve f ib r e s  (H ill^  1975a).

The model used by C ian i, Hagiwara & Miyazaki (1977) to  ex p la in  

th e  s tee p  dependence of th e  Cs blockade on th e  membrane p o te n t ia l  

in  th e  s t a r f i s h ,  and a ls o  to  account f o r  i t s  dependence on th e  

e x te rn a l co n cen tra tio n , i s  th a t  th e  perm eation pathway con ta ins 

two b ind ing  s i t e s .  Cs^ binds s tro n g ly  to  th e  innermost s i t e  and 

th e reb y  b locks th e  channel. The subsequent b inding  o f to  th e  

outerm ost s i t e  in c reases  th e  b lo ck  s in ce  i t  reduces the  p ro b a b il i ty  

th a t  Cs w il l  leave th e  innermost s i t e .  B inding o f Cs^ to  th e  

outerm ost s i t e  i s  assumed to  be n e g lig ib le .

The model o f C iani e t  a l . (1977) has been a p p lie d  to  th e  p resen t 

r e s u l t s  tak in g  5  = 1.1; to  be th e  sum o f th e  f ra c t io n s  o f membrane
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p o te n t ia l  f e l t  a t  th e  two s i t e s  (P.R. S ta n f ie ld , p e rso n a l

communication). In  80 mM-K̂  so lu tio n s , th e  cu rre n ts  p re d ic te d

when th e  e x te rn a l Cs^ co n cen tra tio n  i s  a l te r e d  a re  alm ost id e n t ic a l

t o  t h o s e  o b ta in e d  w ith  eqn . (5«3). H owever, i n  low  K

c o n cen tra tio n s , th e  blockade found experim entally  i s  much s tro n g er

th an  th e  tw o -s ite  model p r e d ic ts .  Such a r e s u l t  i s  to  be

expected s in ce  F ig . 5»6B dem onstrates th a t  th e  blockade in  muscle

i s  r a th e r  in s e n s i t iv e  to  changes in  th e  ex te rn a l K conO.entration,

whereas th e  tw o -s ite  model o f C iani e t  a l . (1977) p re d ic ts  th a t  a

re d u c tio n  in  e x te rn a l w i l l  reduce th e  blockade.

R ecently , i t  has been dem onstrated th a t  the  r e s t in g  K conductance

in  muscle (Standen & S ta n f ie ld , 1978a,b) and in  s ta r f i s h  egg c e l l s
2+(H agiw ara, M iy a za k i, Moody & P a t la k , 1978) a r e  b lo c k e d  b y  Ba in

2+a voltage-dependent manner. In  m uscle, Ba appears to  b in d  a t  a 

s i t e  0 .7  of th e  way ac ro ss  th e  membrane. Standen & S ta n f ie ld

(1978b) a ls o  show th a t  two ions co ir^ e titiv e ly  in h ib i t  th e  b ind ing
2 + +  o f  each  Ba io n .  In  t h e i r  ex p er im en ts  t h e  e x t e r n a l  K

c o n c e n tr a t io n  was r a is e d  from  115 mM t o  230 mM s o  th a t  due t o

f ib r e  shrinkage th e  in te rn a l  co n cen tra tio n  was a lso  doubled.
2+Under t h e s e  c o n d i t io n s ,  th e  e x te r n a l  Ba c c n c e n tr a t io n  had t o  be

in c reased  about fou r tim es to  o b ta in  th e  same degree o f b lo ck .
2 +I t  i s  in te re s t in g  to  no te  th a t  Ba , a s  a d iv a le n t io n , could

b ind  to  two s i t e s  sim ultaneously , in  which case each io n  cou ld  
2+compete w ith  Ba a t  one or o th e r s i t e .  F u rth e r, s in ce  S' i s  1 .1; 

f o r  Cs , th e se  may be the  same s i t e s  a t  which Cs^ i s  bound. However, 

such a model re q u ire s  th a t  can co m p etitiv e ly  in h ib i t  th e  b in d in g  

by Cs . In  th e  p re se n t experim ents th e  e x te rn a l co n cen tra tio n
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was reduced from 80 mM to  16 mM under cond itions in  which th e re

i s  u n lik e ly  to  be very  much change in  th e  in te rn a l  co n cen tra tio n .

Under th e se  co n d itio n s th e re  i s  l i t t l e  o r no evidence of com petition

between Cs^ and K (F ig . 5-6‘B), p robably  because has access to

th e  binding  s i t e s  from th e  sarcoplasm  (see page l i e ) .  Standen &

S ta n f ie ld  (1978b) have a lso  found much le s s  evidence f o r

com petition  between Ba and K when th e  ex te rn a l K co n cen tra tio n

i s  reduced such th a t  the in te rn a l  c on c ent r a t  ion  i s  unchanged than

when th e  co n cen tra tio n s  o f on bo th  s id es  of th e  meirbrane a re

changed in  th e  same way.

The speed a t  which an io n  b locks i s  an in d ic a tio n  o f th e  ease

w ith  which i t  t ra v e rs e s  th e  membrane to  reach  the  b ind ing  s i t e ,

and th e  a f f i n i t y  o f th e  ion  f o r  th e  s i t e .  In  m uscle, th e  blockade

by Cs^ i s  rap id  w hile t h a t  in  th e  s ta r f i s h  reaches a s te a c ^ -s ta te

in  100 ms. The vo ltage-dependent blockade of th e  delayed K

channel in  squid axons by in te rn a l  Cs"*" (B ezan illa  & Armstrong,

1972) o r by e x te rn a l Cs^ (Adelman & French, 1978) i s  ' in stan taneous ' :
2+

th e  l a t t e r  i s  complete w ith in  50 or 100 jis . In  c o n tra s t, Ba 
2 +and Sr b lock r e s t in g  K c u rre n ts  in  muscle slowly along an

exponen tia l tim e course (Standen & S ta n f ie ld , 1978b) . The r a te

of onset o f th e  blockade i s  in c reased  by an  in c rease  in  th e

co n cen tra tio n  o f th e  b lock ing  io n  o r th e  degree o f h y p e rp o la riz a tio n ;

which f a c to rs  a ls o  in c rease  th e  s te a d y -s ta te  b lockade. The

blockade of r e s t in g  c u rre n ts  in  muscle by e x te rn a l Na^ i s  a lso

tim e-dependent (Standen & S ta n f ie ld , 1978c).
2 +In  th e  presence o f Ba , the  in stan taneous inward K c u rre n ts  

in  muscle a re  sm aller th an  in  th e  c o n tro l so lu tio n  because th e re  

i s  a measurable blockade a t  th e  ho ld ing  p o te n t ia l  (Standen & S ta n f ie ld , 

1978b ) .  In  a d d itio n , outward K c u rre n ts  a re  reduced by e x te rn a l
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2+ 2+Ba . These experim ents dem onstrate th a t  the  Ba blockade i s

dependent on th e  membrane p o te n t ia l  r a th e r  than  on th e  d ire c tic n

in  which moves across  th e  membrane.

In  th e  p re sen t experim aits in  80 mM-K , ^app ^  ^ t  th e

hold ing  p o te n t ia l ,  so th i s  co n cen tra tio n  o f Cs^ i s  re q u ire d  to

produce a 50 # b lockade. D epolarizing  th e  f ib r e  in c reases  K „app

to  176 mM a t  +6 mV, and t h i s  could account fo r  th e  f a c t  th a t  th e  

outward K c u rren ts  a re  only s l ig h t ly  reduced by 2 .5  mM-Cs . In  

f a c t ,  th e  blockade o f outward c u rre n ts  found experim entally  i s  

g re a te r  than  p re d ic te d : a t  +6 mV th e  c u r r e r ts  a re  reduced by

9% compared w ith  a p re d ic te d  blockade o f le s s  than  2^. The 

blockade of outward K cu rren ts  by Cs*, though su b jec t to  la rg e  

experim ental e r ro r ,  i s  an in d ic a tio n  th a t  Cs* a lso  b locks K 

c u rre n ts  in  muscle as  a fu n c tio n  of the  membrane p o te n t ia l  r a th e r  

than  th e  d ire c tio n  in  which K* ions c ro ss  th e  membrane. However, 

th e  p o s s ib i l i ty  th a t outward c u rre n ts  a re  blocked by Cs* ions 

which have d iffu se d  in to  the  sarcoplasm  cannot be excluded.
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Chapter 6 . Caesium as a to o l  to  in v e s tig a te  th e  mechanisms which 

u n d e r lie  th e  d ec lin e  in  inward K c u rre n ts  in  s k e le ta l  muscle f ib r e s .

INTRODUCTION

The experim ents t o  be d escribed  here a re  those in  which caesium 

was used to  t e s t  R im er's  (1972a) hypothesis  th a t  th e  d ec line  in  

inward c u rre n t which occurs when a muscle f ib re  i s  hyperpo larized  

i s  due to  two mechanisms : a d ep le tio n  o f  K*from th e  lumen o f the

T-system s im ila r  to  th a t  described  by Adrian & Freygang (196?a), and 

a v o lta g e -  and tim e-dependent p e rm eab ility  change (Aimers, 1972b; 

A drian e t  a l /^1 970b)..

I f  in a c t iv a t io n  o f th e  inward c u rre n t i s  due to  d e p le tio n , 

recovery  from in a c tiv a tio n  w il l  be la rg e ly  independent of th e  

membrane p o te n t ia l ,  provided th e  inward cu rren t i s  sm all or ze ro . 

Conversely, i f  in a c t iv a t io n  i s  due s o le ly  to  a voltage-dependent 

red u c tio n  in  the number o f inw ardly r e c t i fy in g  channels which 

a re  open, recovery  w il l  only occur i f  the  degree of h y p e rp o la riza tio n  

i s  reduced.

In  K so lu tio n s  con tain ing  a sm all q u a n tity  of Cs*, the  inward 

K currenb is  blocked in  a manner which in c reases  w ith  hyper­

p o la r iz a t io n  (Gay& S ta n f ie ld , 1977), as d escrib ed  in  d e ta i l  in  

th e  prev ious chapter^ In  such cond itions th e re  a re  two reg ions 

o f th e  cu rre n t-v o lta g e  r e la t io n s h ip  a t  which inward c u rre n ts  

a re  sm all and a t  which recovery from in a c tiv a t io n  can be 

measured to  see i f  d ep le tio n  has occurred . One such 

p o te n t ia l  i s  c lo se  t o  th e  holding p o te n t ia l  and the  o th e r i s  

a t  l e a s t  80 mV more n eg a tiv e . At in te rm ed ia te  values o f th e  

menbrane p o te n t ia l ,  th e  inward cu rre n t is  s u f f ic ie n t ly  la rg e  

f o r  in a c t iv a t io n  to  occur. In  a d d it io n , s ince  th e  blockade by 

Cs i s  ra p id , i t  i s  a reasonable  assum ption th a t  th e  mechanisirs
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resp o n sib le  fo r  th i s  in a c t iv a t io n  a re  th e  same as those  producing 

in a c tiv a tio n  in  C s-free  s o lu tio n s .

SOLUTIONS AND METHODS

The com position of so lu tio n s  used here i s  g iven in  Table 6.1 .

The so lu tio n s  a re  iso to n ic  and co n ta in  e i th e r  i;0 mM-KgSÔ  ̂ (so lu tio n  

6a) or 2 .5  mM-KgSÔ  ̂ ( so lu tio n  6b) ; Cŝ SÔ  ̂ was u su a lly  p re se n t a t  

co n cen tra tio n s  o f 1.25 mM and 0.025 mM, re sp e c tiv e ly . The pH 

was 7 . 2 .

The th re e -e le c tro d e  v o ltag e  clamp method (see ch ap te r 2) was 

used in  a l l  experim ents. F ib re s  were h e ld  a t  th e  r e s t in g  

p o te n t ia l  and hyperpo larized  in  a s tep -w ise  fa sh io n . The in t e r ­

e le c tro d e  d is tan c e  was 330 v-m.

A ll experim ents were c a r r ie d  out a t  room tem perature (16.5 -

18.5°C ).

Table 6.1 

Composition o f S o lu tions in  mM

Na* K*
+

Cs c a '" s o ,^ - HgPO^- HPO,^- Sucrose

S o lu tio n  6A 2.6 80 2 .5 8 0.1*3 1.08 113

S o lu tion  6B 77.6 5 0.05 8 1*8.03 0.1*3 1.08 113

RESULTS

Experiments in  UO mM-K̂ SÔ  ̂ so lu tio n  p lus 1 .25 mM-Cŝ SÔ ^

The experiment o f F ig . 6.1 was designed to  study th e  degree 

of recovery  from in a c t iv a t io n  a t  two d if f e re n t  membrane p o te n t ia l s .  

The two pu lse  sequences used a re  i l l u s t r a t e d  a t  the to p  of F ig . 6.1 

and each c o n s is ts  of th re e  p u lse s . The cond ition ing  pu lse  hyper­

p o la r is e d  the membrane to  - 6 6  mV to  dim inish th e  inward c u r re n t.  

During th e  second pu lse  th e  f ib r e  was held  a t  e i th e r  th e  hold ing



F ig . 6.1 E ffe c t of membrane p o te n t ia l  on the recovery  from 

in a c t iv a t io n  in  irO mM-KgSOĵ  p lu s 1 .25 mM-Cs

A & B, schematic drawing of p u lse  sequences employed.

C & D, reco rd s of th e  membrane cu rre n t (Vg-V̂ j ) in  

one f ib r e :  r e s tin g  p o te n t ia l ,  -1U mV; hold ing  p o te n t ia l ,

-lU  mV; in te r - e le c tro d e  d is ta n c e , 330 y, m. Conditioning 

pu lse  i s  to  -66 mV and l a s t s  2.35 s .  T est pulse i s  a lso  

to  -66 mV and th e  beginning of t h i s  p u lse  i s  in d ic a te d  

by an arrow . C shows f iv e  superimposed reco rds when th e

membrane was he ld  a t  -lir mV during pu lse  2 fo r  between 150 ms

and 6 s .  In  D th e  membrane was he ld  a t  -120 mV fo r  1 .1 s .

E, tim e course of recovery in  f iv e  f ib r e s .  A bscissa,

d u ra tio n  o f p u lse  2; o rd in a te , % recovery  by eqn. (6 .1) of 

th e  t e x t .  This compares th e  c u rre n t a t  the  s t a r t  of the  

t e s t  p u lse  ( l  -v) w ith  th a t a t  th e  s t a r t  of th e

co n d itio n in g  pu lse  (l^^^  ^^) .  100% recoveiy , 1^^^ =

Im(o 1 y  0% recovery , 1^^^ = cu rren t a t  end of

co n d itio n in g  p u lse . F i l le d  symbols, p u lse  2 i s  to  -Ii; mV

(pulse sequence A); open symbols, pu lse  2 i s  to  -120 mV, 

except □ which i s  to  -97 mV (pu lse  sequence B ) .
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p o te n tia l  (A), o r (b ) a t  -120 mV (or in  one f ib r e  -97 î V) fo r  

d if f e re n t  len g th s  of t i n e  ( t ) ,  a f t e r  which the  membrane was 

re tu rn ed  to  -6 6  mV to  see how much cu rren t had recovered by th e  

end of p u lse  two.

The middle o f f ig u re  6.1 shows membrane cu rren ts  recorded 

when th e se  pu lse  sequences were ap p lied . During th e  cond ition ing  

pu lse  th e  cu rren t d ec lin es  in  th e  u su a l manner, and alm ost reaches 

a s te a d y -s ta te  a f t e r  2.35 s .  On re tu rn in g  to  th e  holding 

p o te n t ia l  ( in  C) th e  cu rren t d id  not r e v e r t  immediately to  i t s  

o r ig in a l  value bu t remained s l ig h t ly  outward fo r  up to  500 ms. This 

i s  seen more c le a r ly  in  F ig . 5«1B (see p revious chap ter), and as 

p o in ted  out by Aimers (1972a), is  c o n s is te n t w ith  th e  view th a t  th e  

re v e rs a l  p o te n t ia l  f o r  th e  re s tin g  K conductance has become more 

n eg a tiv e  during th e  cond ition ing  h y p e rp o la riz a tio n . Such 

behaviour i s  to  be expected i f  d ep le tio n  i s  o ccu rring . In  

F ig . 6 .1 C, f iv e  tra c e s  o f the membrane cu rren t a re  superimposed 

to  show th a t  th e  inward cu rren t flowing a t  th e  s t a r t  of th e  t e s t  

p u lse  ( in d ic a te d  by th e  arrow s) i s  dependent on th e  tim e spent 

a t  th e  holding p o ten tia l,w h en  th i s  i s  preceded by th e  cond ition ing  

hyper p o la r iz a t io n . Pulse sequence A was used as a c o n tro l:  

recovery  from in a c tiv a tio n  w il l  occur a t  th e  holding p o te n t ia l  

i r r e s p e c t iv e  o f th e  mechanism which i s  re sp o n s ib le  f o r  th e  d ec lin e  

in  inward c u r re n t .

The membrane c u rren t shown during th e  a p p lic a tio n  of pu lse  

sequence B in  F ig . 6 .ID i s  from th e  same f ib r e .  During p u lse  two, 

which was to  -120 mV, th e  cu rren t i s  p a r t i a l l y  blocked by Cs , and 

a t  th e  end o f 1.1 s , when th e  t e s t  puise i s  ap p lied , i t  can be seen 

th a t  some of th e  cu rren t has recovered . U nfortunate ly , c o n tra c tio n
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i s  reprim ed during th is  p u lse  sequence and th is  accounts f o r  th e  

movement a r t i f a c t  on re tu rn in g  to  th e  holding p o te n t ia l .  Hence,a 

system atic  s tudy  of th e  time course of recovery a t  -120 mV was 

im possible in  any one f ib r e .

In  o rder to  coinpare th e  r e s u l t s  in  f iv e  d if fe re n t f ib r e s ,  

as i s  done in  F ig . 6.1 E, th e  recovery  ob ta ined  by the end o f 

pu lse  two i s  expressed as a percen tage o f in a c tiv a tio n  during th e  

co n d itio n in g  pu lse  using  th e  form ula,

% Recovery = x  100 (6.1)
m(0,1) " m(1)

where I^^^  ̂ i s  th e  c u rre n t a t  th e  end of the  cond ition ing  pu lse  

and I^^Q  ̂  ̂ and 1^^^ a re  th e  cu rre n ts  a t  the beginning o f the 

co nd ition ing  pu lse  and pu lse  th re e  (the t e s t  p u ls e ) ,  r e sp e c tiv e ly .

The l a s t  two were determ ined by e x tra p o la tio n  of a s t r a ig h t  l in e  

in te rs e c t in g  the  c u rre n t t ra c e  a t  50 ms and 100 ms. This formula 

i s  s im ila r  to  th a t  used by Aimers (1972a,b) in  th a t  a c o r re c tio n  is  

made fo r  random v a r ia t io n  in  the s iz e  of the  re s t in g  conductance 

during th e  5 mins or so req u ired  to  complete a s e t  o f  re c o rd s .

Such v a r ia t io n s  r a re ly  exceeded 5^-

F ig . 6 .1 E shows t l a t  th e  r e s u l ts  ob ta ined  in  a l l  f iv e  f ib r e s  

were very  s im ila r .  At the  holding p o te n t ia l  ( f i l l e d  symbols) an 

alm ost complete recovery i s  achieved a f t e r  6 s .  Recovery a t  -120 mV 

(or -97 mV, open squares) i s  c o n s is te n t w ith  the  view th a t  

in a c t iv a t io n  i s  due to  a f a l l  in  the  potassium  co n cen tra tio n  in  

th e  lumen of th e  T-system . During p u lse  two, can reaccum ulate 

in  th e  tu b u les  because most o f  th e  K s e le c t iv e  channels in  th e  

w all of the T-system a re  blocked by Cs^ . That a complete 

recovery  was never seen is  due, a t  le a s t  in  p a r t ,  to  th e  f a c t  

th a t  a t o t a l  blockade by Cs^ i s  not achieved.
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A tim e-dependent f a l l  in  the  number of conducting K channels 

a t  -1 20 mV may a lso  co n trib u te  to  th e  f a i lu r e  of the cu rre n t to  

reco v er co n p le te ly . However, experim ents performed more 

re c e n tly  than  th e se  show th a t  t h i s  p erm eab ility  change (Aimers,

1972b) i s  dependent on th e  co n cen tra tio n  o f Na^ in  th e  Ringer, 

and i s  ab o lish ed  i f  Na^ i s  removed (Standen & S ta n f ie ld , 1978°) »

In  the  experim ents of F ig . 6.1 [Na]^ was only 2 .6  mM, so th a t  

here th e  component o f in a c tiv a tio n  which r e s u l t s  from a f a l l  in  

membrane p e rm eab ility  can, a t  most, be very  sm all.

Experiments in  2 .5  mM-KgSOĵ  so lu tio n  p lus 0.025 mM-Cŝ SÔ ^

A more complex r e s u l t  was ob ta ined  when th re e -p u lse  experim ents 

s im ila r  to  th o se  ju s t  described  were perform ed in  so lu tio n s  

co n ta in in g  2 .5  mM-KgSÔ  and between 0.1 and 0.025 mM-Cs^SO^ .̂ When 

th e  so lu tio n  con tained  0.025 mM-Cs^SO^ ,̂ th e  mean r e s t in g  p o te n t ia l  

was - 73*114.+ O.9I4 mV (fo u rteen  fib res)^  and th i s  is  not s ig n if ic a n t ly  

d i f f e r e n t  fo r  the  mean value in  the  absence o f caesium ( - 75*71 +

1.38 mV, seven f ib r e s ;  P = 0.13)*

Fig* 6 .2  shows th e  r e s u l t s  from th e  most complete experiment 

in  which th e  Cs^SO^ ; co n cen tra tio n  was 0.025 inM. Both 

co n d itio n in g  and t e s t  / pu lses  h yperpo larized  th e  f ib r e  to  

-121 mV, and th ey  were separated  by an in te rv a l  ( i . e .  pu lse  2) 

in  which the  membrane was clamped a t  th e  holding p o te n t ia l  (-70 mV), 

a t  -157 mV, o r a t  - I 78 mV fo r  between 10 ms and 11.5 s (F ig . 6 .2 , 

in s e t  to  g rap h ).

Records o f th e  membrane cu rren t a re  shown in  th e  to p  p a r t  of 

F ig . 6*2. The d u ra tio n  of pu lse  2 i s  g iven  to  th e  l e f t  of th e  

re c o rd s . When t h i s  i s  10 ms, th e  c u rre n t during p u lse  2 i s  changing 

to o  ra p id ly  to  be recorded . When pu lse  2 l a s t s  1 .1 s o r 11.5 s .



F ig . 6 .2 . E ffect of membrane p o te n tia l  on th e  recovery 

from in a c tiv a tio n  in  2 .5  mM-KgSOĵ  p lu s 0.025 mM-Cs^SO^.

Top (A, B, & C), records o f th e  membrane cu rren t 

(Vg-V^) obtained using  pu lse  sequences shown schem atically  

below. Conditioning pulse i s  to  -121 mV and l a s t s  235 ms, 

T est p u lse  i s  a lso  to  -121 mV. Pulse 2 i s  to  -70 mV 

in  A; -157 mV in  B; and -178 mV in  C; th e  du ra tio n  

of p u lse  2 is  g iven on the l e f t ;  when t h i s  i s  1.1 s 

and 11 .5  8 th e  o sc illo sco p e  i s  r e tr ig g e re d  immediately 

b e fo re  th e  s t a r t  of th e  t e s t  p u lse , which i s  in d ic a te d  

by an arrow.

Below, time course of recovery . A bscissa , d u ra tio n  

o f pu lse  2 on a log arith m ic  sca le  ( t)  ; o rd in a te , % 

recoveiy  by eqn. (6 .1) of th e  t e x t .  0^ recovery

in d ic a te s  th a t  th e  c u rre n t a t  th e  s t a r t  o f th e  t e s t

p u lse  i s  equal to  th a t  a t  th e  end of the  con d itio n in g

p u lse . Pulse 2 i s  to  -70 mV (o, curve A); 457 mV

(O , curve B) } -178 mV (®, curve C).

F ib re  re s t in g  p o te n t ia l ,  -70 mV; holding p o te n t ia l ,  

-70 mV; in te r -e le c tro d e  d is ta n c e , iUiO iim; temp. 17.i|°C .
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th e  o sc illo sco p e  was re tr ig g e re d  ju s t  befo re  the  s t a r t  of th e  t e s t  

p u lse  (which i s  in d ica ted  by th e  a rro w ). Because o f t h i s  ,the t e s t  

pu lse  precedes th e  co n d ition ing  p u lse  by 50 ms. I t  can be seen 

th a t  th e  c u rren t in a c tiv a te s  slow ly during  th e  cond ition ing  p u lse ; 

th e  ex ten t of t h i s  in a c t iv a t io n  was h ig h ly  rep ro d u c ib le  when, 

a s  in  th e se  experim ents, in d iv id u a l pu lse  sequences were separa ted  

by a t  l e a s t  25 s .

An a n a ly s is  of th e se  tra c e s  using  eqn. (6 .1 ) shows th a t  when 

th e  f ib re  i s  he ld  a t  -70 mV a f t e r  th e  con d itio n in g  pu lse has 

te rm in a ted , 85^ o f th e  cu rren t recovers in  10 s .  (p ig . 6 .2 , curve

A. (N ote th a t  in  th is  f ig u re  th e  tim e sca le  on th e  ab sc issa  

is  lo g a r ith m ic . ) Although l i t t l e  or no recoveiy  was seen in  the  

f i r s t  50 ms, a s im ila r  delay  was observed in  experim ents in  which 

caesium was ab sen t. Curve A was ob tained  a t  th e  s t a r t  of the  

experiment and p o in ts  a t  100 ms and 1 .1s were rep ea ted  f re q u e n tly  

during th e  experiment as  a c o n tro l f o r  curves B and 0. Such a 

c o n tro l i s  im portant because prolonged h y p e rp o la riza tio n s  to  

-1 78 mV, and to  a le s s e r  ex tent to  -157 mV, can produce i r r e v e r s ib le  

changes in  th e  membrane conductance in  some f ib r e s .  I f  th e se  

occurred th e  f ib r e  was d iscarded .

I f  th e  membrane i s  clamped a t  -157 mV immediately fo llow ing 

the  con d itio n in g  h y p e rp o la riza tio n , the  cu rren t a t  th e  s t a r t  of 

th e  t e s t  pu lse  i s  depressed below th e  le v e l  reached by th e  end 

of th e  co n d itio n in g  pu lse  (curve B; reco rd s  B, i - i i i ) . However, 

th e  depression  i s  le s s  severe i f  the membrane is  he ld  a t  -157 mV 

fo r  11 .5  s th an  i f  th e  membrane i s  held  a t  th i s  p o te n t ia l  fo r  

only 1 .1 s .  A s im ila r  r e s u l t  i s  ob ta ined  when th e  membrane i s  

he ld  a t  -1 78 mV (curve 0, reco rd s C, i - i i i ) .
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The experim ents of F ig . 6.1 in d ica ted  th a t  th e re  was a 

d e p le tio n  of from the  T-system during a h y p e rp o la riza tio n  to  

-66 mV. Since d ep le tio n  occurs more o r le s s  independently  of 

th e  membrane p o te n t ia l ,  i t  should a lso  occur during th e  cond ition ing  

h y p e rp o la riz a tio n  in  F ig . 6 .2 , which is  to  -121 mV. There should 

a ls o  be a t  l e a s t  a p a r t i a l  recovery from d ep le tio n  when pu lse  2 

i s  to  -178 mV or 157 mV s in ce  a t  th ese  p o te n tia ls  th e  inward 

c u rre n t i s  p a r t i a l l y  blocked by Gs*. The increase  in  cu rre n t a t  

th e  s t a r t  o f  the t e s t  p u lse  shown by curves B and C between 1.1 s 

and 11.5 8 (F ig . 6 .2 ) i s  c o n s is te n t w ith  a recovery from d ep le tio n  

during pu lse 2 provided th e re  i s  a second process occurring  during 

p u lse  2 which a c ts  to  reduce th e  inward cu rren t which i s  recorded 

during th e  t e s t  p u lse .

This second mechanism is  probably  th e  p o te n t ia l -  and tim e- 

dependent blockade of th e  r e s t in g  K conductance by Na* d escribed  

by Standen & S ta n fie ld  (1978c), which i s  a lso  th e  f a l l  in  membrane 

p e rm eab ility  described  by Aimers (1972b). Aimers has shown th a t  

the membrane p e rm eab ility  f a l l s  when th e  membrane p o te n t ia l  i s  

made mere negative  than  -120 mV. In  most of h is  experim ents 

th e  K co n cen tra tio n  was 1 0 mM and th e  Na co n cen tra tio n  70 mM, 

which is  no t very  d i f f e r e n t  from th e  concen tra tio n s  employed in  

F ig . 6 .2 . Following a t r a n s i t io n  from -121 mV to  -157 mV i t  takes 

a t  l e a s t  1 s fo r  th e  K conductance to  d e c lin e , as shown by F ig . 6 .2 , 

curve B. Although t h i s  i s  slow er than th e  time course o f the  Na

blockade (Standen & S ta n f ie ld , 1978c; Aimers, 1972b), such a 

r e s u l t  i s  to  be expected i f  th e  onset o f the  blockade occurs a t  

th e  same tim e as recovery  from d e p le tio n .
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F ig . 6 .2  a lso  shows th a t  th e  cu rren t a t  th e  s t a r t  o f th e  t e s t

p u lse  i s  u su a lly  g re a te r  i f  p u lse  2 i s  to  -1?8 mV ra th e r  than  -157 mV,

d e sp ite  th e  f a c t  th a t  th e  Na blockade is  re p o rte d  to  be s tro n g e r th e  

more n eg a tiv e  th e  membrane p o te n t ia l .  However, th e  Cs blockade i s  

a lso  s tro n g e r  a t  -178 mV than a t  -157 mV (F ig . 6 .2 , compare records

B i i  and i i i  w ith  C ii and i i i ) , so on th i s  b a s is  a more complete

recovery  from d ep le tio n  i s  to  be expected a t  -178 mV th an  a t  -157 mV.

DISCUSSION

The experim ents rep o rted  here  confirm  th a t  in a c t iv a t io n  i s  

dependent on th e  s iz e  of th e  inward cu rre n t in  80 mM-K* so lu tio n s  and 

to  a le s s e r  e x ten t in  5 mM-K*. This i s  c o n s is te n t w ith  th e  n o tio n  th a t  

in a c t iv a t io n  i s  due, a t  l e a s t  in  p a r t ,  to  a f a l l  in  th e  co n cen tra tio n  

of K* in  th e  lumen of th e  T-system (Adrian & Freygang, 1962a).

P rev io u s ly , th e  most im portant experim ents which argued in  

favour of th e  d ep le tio n  hypothesis  have been those d escrib ed  by 

Aimers (1972a). In  a so lu tio n  co n ta in in g  10 mM-K and 70 mM-Na , 

he showed th a t  a t  membrane p o te n t ia ls  le s s  n eg a tiv e  th a n  -120 mV 

recovery  from in a c tiv a tio n  was due to  a s in g le  process which had 

a o f 1 .3 . As Aimers has p o in ted  ou t, such a low tem perature 

dependence in d ic a te s  th a t  the  p rocess i s  d if fu s io n  l im ite d . This 

i s  to  be expected from th e  d e p le tio n  hypo thesis  since  recovery  from 

d ep le tio n  w i l l  be la rg e ly  dependent on th e  r a t e  a t  which K  ̂ ions 

d if fu se  from th e  bu lk  ex te rn a l so lu tio n  in to  th e  T -tu b u le s .

Aimers (1972a) has a ls o  shown th a t  th e  fo r  the i n i t i a l  inward 

c u rren t (1 .U7 -  1 .6L) i s  s im ila r ,  o r equal, t o  th a t  f o r  th e  r a te  of 

in a c tiv a tio n  (1.^2 -  1 .6 8 ). This r e s u l t  i s  explained  i f  th e  s iz e  

o f th e  inward cu rren t through th e  tu b u la r  membrane c o n tro ls  the  

r a te  a t  which th e  tu b u la r  K* co n cen tra tio n  decreases.
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A f a l l  in  the  tu b u la r  K* co n cen tra tio n  w il l  be accompanied 

by a n eg a tiv e  s h i f t  in  th e  eq u ilib riu m  p o te n t ia l  fo r  K* in  th a t  

reg io n , although th e  equ ilib rium  p o te n tia l  f o r  K* a t  th e  surface  

membrane should be unchanged. On th e  grounds th a t  th ey  could 

d e tec t l i t t l e  or no s h i f t  in  the re v e rs a l  p o te n t ia l  f o r  th e  re s tin g  

c u rre n ts  fo llow ing a h y p e rp o la riz a tio n  which in a c tiv a te d  th e  

conductance, A drian e t  a l . ,  (1970b) argued th a t  d ep le tio n  was not 

an im portant component of in a c t iv a t io n . On th e  o th er hand.

Aimers (1972a) has reasoned th a t  once tu b u la r  d ep le tio n  has occurred, 

owing to  the  r e c t i fy in g  p ro p erty  of the K conductance, th e  re s is ta n c e  

of th e  surface membrane w il l  be le s s  than  th a t  of th e  tu b u la r  wall# 

Consequently, because th e  su rface  and th e  tu b u la r  membranes a re  

in  p a r a l l e l ,  the r e v e rs a l  p o te n t ia l  fo r  th e  r e s t in g  conductance 

w il l  ten d  to  foUow th e  equ ilib rium  p o te n t ia l  f o r  K* a t  th e  su rface  

even when la rg e  changes in  th e  equ ilib rium  p o te n t ia l  occur in  the  

T-system . In  support o f t h i s .  Aimers (1972a) has shown th a t  th e  

re v e rs a l  p o te n t ia l  i s  s h if te d  by as  l i t t l e  as  -2 or -3  mV in  

co n d itio n s  in  which the tu b u la r  K* co n cen tra tio n  may be f a l l in g  

from 10 mM to  le s s  th an  5 mM. This view i s  a lso  supported  by 

B arry & Adrian (1973).

The p re sen t r e s u l t s  a lso  dem onstrate the  ex is ten c e  o f a slow 

f a l l  in  membrane p e rm eab ility  a t  la rg e  negative membrane p o te n t ia ls  

in  K so lu tio n s  con ta in ing  Na*. This p rocess i s  d is tin g u ish e d  from 

d ep le tio n  on th e  grounds th a t  i t  i s  not reversed  when th e  inward 

c u rre n t during a la rg e  h y p e rp o la riz a tio n  i s  blocked by Cs*.

Previous experim ents have dem onstrated th e  presence of a tim e- 

and p o ten tia l-d ep en d en t p e rm eab ility  change in  hyp erp o larized  

muscle (Adrian e t a l . ,  197Ob; Aimers, 1972b) and recen t s tu d ie s  

have in d ica te d  th a t  t h i s  i s  due to  a p o te n t ia l -  and c o n cen tra tio n -
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dependent blockade by e x te rn a l Na**̂ (Standen & S ta n f ie ld , 1978c). 

The p ro p e r tie s  o f  th i s  p e rm eab ility  change a re  d iscu ssed  in  more 

d e t a i l  in  ch ap te r ?•
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Chapter 7 . E ffec t of th a llo u s  ions on the e le c tro p h y s io lo g ica l 

p ro p e r tie s  o f r e s t in g  s k e le ta l  muscle f ib r e s .

INTRODUCTION

A d if f e re n t  approach to  th e  question  o f in a c t iv a t io n  is  

considered  in  th e  l a s t  p a r t  o f  th i s  chap ter which d ea ls  w ith 

th e  p ro p e r tie s  of the  restir^g membrane i n  th a llo u s  s o lu tio n s .

The io n ic  rad iu s  o f Tl^ (1 .W: S.) i s  between th a t  o f  K (1.33 S), 

which i s  perm eant, and Rb^ (1 .1̂ 8 S.), which i s  la rg e ly  im pem eant 

in  r e s t in g  f ib r e s  (Adrian, 1961|.; see a ls o  chap ter F ig . 5*3B) . 

A ccordingly, M ullins & Moore (1960) found th a t  Tl^ behaved more 

l ik e  than  Rb^ in  r e s t in g  m uscle,and concluded th a t  th e  

membrane was unable to  d is t in g u is h  between and T l provided 

th e  Tl^ co n cen tra tio n  was le s s  th an  25 mM.

The p resen t work confirms th a t  T l c a r r ie s  cu rren t across  

th e  r e s t in g  membrane, bu t in  th a llo u s  so lu tio n s  co n ta in in g  no 

th e  v o lta g e -  and tim e-dependent p erm eab ility  change which i s  

in  p a r t  re sp o n sib le  fo r  the  in a c tiv a tio n  o f inward c u rre n t in  K 

so lu tio n s  (Aimers, 1972b) does not occur.

Recent s tu d ie s  in  squ id  axons (Landowne, 1975) and in  

s ta r f i s h  egg c e l l s  (Hagiwara, Miyazaki, Krasne & C ian i, 1977) 

a lso  show th a t  Tl^ cannot rep lace  in  a simple way.

SOLUTIONS AND METHODS

The b a s ic  com position o f so lu tio n s  used h e re  i s  given in  

Table 7 .1 . AH so lu tio n s  a re  iso to n ic  and con ta in  su lphate  as 

an impermeant anion  to rep lace  c h lo r id e . A ll so lu tio n s  except 

th o se  of F ig . 7.1 A were b u ffe red  w ith  5 mM-HEPES (Good e t  a l . ,  1966) 

and the  pH a d ju s te d  to  7 .2  w ith  about 2 .3  mM-NaCH; t h i s  amount 

o f Na i s  not included in  Table 7.1 bu t i s  included  in  using  th e
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equations g iven  in  th e  te x t . Phosphate b u ffe r  i s  u n su itab le  

due to  th e  form ation of thallium -phosphate coirplexes (Lee, 1971)» 

S olu tions con ta in ing  a range o f and Tl^ co n cen tra tio n s  were 

p repared  by mixing so lu tio n s  7A and 7B or 7A and 70. For most 

experim ents a so lu tic n  con ta in in g  2 .5  mM-K̂ SOĵ  or TlgSO^  ̂ was 

used. Muscles were d isse c te d  in  a ch lo rid e  Ringer b u ffe red  

w ith a 1 mM-HEPES and e q u il ib ra te d  fo r  a t  l e a s t  1 hour in  a 

su lphate  so lu tio n  co n ta in in g  1 .25 mM-K̂ SOĵ  and b u ffe red  w ith  

5 mM-HEPES.

Constant v o ltag e  p o la r iz a tio n  was obtained  w ith  th e  th re e -  

e lec tro d e  method (chap ter 2 ) .  F ibres were h e ld  a t  th e  

re s t in g  p o te n t ia l  and hyperpo larized  in  a s tep -w ise  fa sh io n .

With th e  exception of F ig . 7»1A, e lec tro d es  f i l l e d  w ith  2 M K^- 

c i t  r a te  were used fo r  passing  cu rren t and recording  th e  

membrane p o te n t ia l .  E lectrodes f i l l e d  w ith  3 M-KCl cannot 

be used in  th a l lo u s  so lu tio n s  because TlCl p r e c ip i ta te s  in  th e  

t i p  (see chap ter 2 fo r  d e t a i l s ) .

A ll experim ents were c a r r ie d  out a t  room tem perature (17 -  

22°C).

Table 7.1 

Composition of so lu tio n s  in  mM

Na^ Tl"̂ Ca2+ s o , ' - HEPES Sucrose

S o lu tio n  7A 80 - - 8 1|8 5 113

S o lu tio n  7B - 80 - 8 18 5 113

S o lu tio n  70 - - 80 8 i|8 5 113

RESULTS

While th e  main p a r t of th is  ch ap te r i s  concerned w ith  a

comparison o f the p ro p e rtie s  o f the r e s t in g  membrane in  K and
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Tl^ so lu tio n s , the  f i r s t  experim ents to  be described  in v e s tig a te  

th e  methods used . In  p a r t ic u la r ,  i t  i s  in te re s t in g  to  see i f  

th e  p ro p e r tie s  of r e s t in g  f ib r e s  d i f f e r  in  phosphate and HEPES-  

b u ffe red  s o lu tio n s , and i f  th e  use o f c i t r a t e  ra th e r  th a n  KGl- 

f i l l e d  e lec tro d es  can in flu en ce  th e  r e s u l t s  ob tained .

Resting membrane p o te n tia ls  in  phosphate and HEPES-buffered 

so lu tio n s

One method of seeing i f  HEPES has an e f f e c t  on the  r e s t in g  

membrane i s  to  p lo t  th e  mean r e s t in g  p o te n t ia ls  as a fu n c tio n  

of log^Q CK]q foi" so lu tio n s  b u ffe red  w ith  phosphate (F ig . 7«1A) 

or HEPES (F ig . 7 . IB ).

In  each case th e  e x te rn a l K co n cen tra tio n  was changed by- 

s u b s t i tu t io n  o f Nâ SÔ  ̂ f o r  K̂ SOĵ ;, In  HEPES-buffered S o lu tio n s , 

each p o in t i s  th e  mean r e s t in g  p o te n t ia l  of a t  le a s t  10 f ib re s  

(fo u r muscles) , and each muscle was exposed to  a maximum of f iv e  

d i f f e r e n t  so lu tio n s  in  o rder of in c reas in g  co n ce n tra tio n .

In  phosphate -bu ffered  so lu tio n s  (F ig . 7«1A), th e  r e s u l t s  

a re  tak en  from a la rg e  number of experim ents during an 8-month 

p e rio d ; each p o in t i s  th e  mean re s tin g  p o te n t ia l  of between 

7 and 73 f ib r e s ,  and each muscle was exposed to  only one or 

two d i f f e r e n t  K co n cen tra tio n s .

The dashed l in e s  in  F ig . 7»1A & B were drawn from th e  

N erst eqn. f o r

RT M o
E P =  S x  2.303 l o g ^ O - ^  (7 .1 )

where RP i s  th e  r e s t in g  p o te n t ia l ,  [K]^ i s  tak en  as 1^0 mM, 

and 2.303 RT/F is  about 58 mV a t  20^C.

For a 1 0 -fo ld  change in  th e  e x te rn a l co n cen tra tio n  in  

th e  range 5 mM to  80 mM, th e  le a s t- s q u a re s  l in e  fo r  th e



1i;0

r e la t io n s h ip  between the r e s t in g  p o te n t ia l  and log-jg DO q g ives 

a 53.33 mV change in  th e  r e s t in g  p o te n t ia l  in  th e  HEPES-buffered 

so lu tio n  compared w ith  50.70 mV in  phosphate R inger. Since 

b o th  values a re  le s s  th an  th e  th e o r e t ic a l  slope of 58 mV, Na 

i s  probably a ls o  s l ig h t ly  perm eant. Using th e  eqn. (Hodgkin &

K atz, ^9h9) p

E P  - S x  2 . 3 0 3  l o g ^ O  _ L _ ÿ -----------------  ( 7 . 2 )

M l  * ^ W i

a s a t i s f a c to iy  f i t  i s  ob tained  to  th e  p o in ts  in  phosphate-buffered
p

Ringer (F ig . 7 -U )  w ith  = 0.02 and [k] ^ ^  = 11*0 mM.
K

The l a s t  value i s  th e  in te rc e p t on th e  a b sc is sa  a t  zero
p

membrane p o te n t ia l ,  and s in ce  [Na] . i s  le s s  th an  1 mM, i t

i s  a good approxim ation of th e  in te rn a l  K  ̂ co n cen tra tio n , assuming

th a t  in te rn a l  and e x te rn a l a c t i v i t i e s  a re  equal.

In  HEPES-buffered K so lu tio n  (F ig . 7 .IB) the  s o l id  l in e s  
P

were drawn w ith  [k]u + . = 106.1; mM (s in ce  t h i s  was th e
Pg 1

in te rc e p t  o f th e  le a s t- s q u a re s  l in e )  and w ith P /P ^  = 0.01No- A
and 0 .02 . I t  seems th a t  HEPES has l i t t l e  o r no e f fe c t  on th e  

s e le c t iv i ty  of the  r e s t in g  membrane bu t may reduce th e  in te r n a l  

potassium  co n cen tra tio n ; t h i s  i s  f e a s ib le  as f ib r e s  had been in  

HEPES f o r  a t  le a s t  two hours b efo re  measurements were made. However, 

t h i s  r e s u l t  w il l  net a f f e c t  th e  main conclusions o f t h i s  ch ap ter 

since  HEPES-buffered K so lu tio n s  a re  used a s  a c o n tro l f o r  a l l  

experim ents in  th a l lo u s .

The p o s s ib i l i ty  was a lso  considered  th a t  th e  use o f c i t r a t e  

e le c tro d e s  to  reco rd  membrane p o te n tia ls  in  HEPES-buffered 

so lu tio n s  might account f o r  th e  low r e s t in g  p o te n t ia ls  of 

F ig . 7 .IB compared w ith  those  o f F ig . 7.1A, which were recorded



F ig . 7*1 E ffec t o f  e x te rn a l or Tl^ co n cen tra tio n  on 

th e  re s t in g  membrane p o te n t ia l .

A. F ib res  in  K -sulphate so lu tio n s  b u ffe re d  w ith

phosphate. Each p o in t i s  th e  mean r e s t in g  p o te n t ia l

from  between 7 and 73 f ib r e s  measured in  m uscles over an  8-

month p e rio d . Each p o in t i s  g re a te r  than  2 S.E.M. The

s o l id  l in e  i s  drawn to  eqn. (7 .2) w ith  P /P  = 0.02 and p Na A
CK] . + Cija] . = 1^0 mM. The dashed l in e  i s  th e  N erst 

^ K ^
slope fo r  (eqn. 7*1). K C l-f ille d  record ing  e lec tro d es  

u sed .

B. F ibres in  K -sulphate so lu tio n s  b u ffe red  w ith

HEPES. Each p o in t i s  the  mean r e s t i r g  p o te n t ia l  from a t

l e a s t  10 f ib re s  (U muscles) and includes 2 S.E.M. The

s o lid  l in e s  a re  drawn to  eqn. (7 .2) w ith  P /P  = 0.01 and p Na A
0 .02 , and [K]. + [Na]. = 106.1; mM. The dashed l in e1 1

i s  th e  N erst slope fo r  (eqn. 7 .1 ) .  C i t r a te  reco rd in g  

e lec tro d es  used.

C. F ib res  in  T l-su lp h a te  so lu tio n s  b u ffe re d  w ith 

HEPES. Each p o in t i s  th e  mean r e s t in g  p o te n t ia l  from a t  

l e a s t  10 f ib r e s  (1; m uscles); v e r t i c a l  b ars  a re  2 S.E.M.

The s o lid  l i n e  i s  drawn to  eqn. (7 .3 ) w ith  P / P ^  = 0.02p p Nâ
and [ T l ] . + [Na] • + [K ]. = 93.2  mM. The dashed

T l T l ^
l in e  i s  the Ne:fst slope fo r (eqn. 7»1) and i s  equal to

HP = RT/F X 2.303 log^Q { [T l]g  a  P g ]  . C itra te

reco rd ing  e le c tro d e s  used.
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w ith K C l-f ille d  e le c tro d e s . To t e s t  t h i s ,  bo th  types of 

m icroelectrode were used to  record  the  r e s t in g  p o te n tia ls  o f  

f ib r e s  immersed in  a HEPES-buffered so lu tio n  co n ta in in g  1 .2^ 

mM-KgSOĵ . Using c i t r a t e  e lec tro d es  the  mean r e s t in g  p o te n tia l  

of e ig h t f ib r e s  was -?1 .0  + 0.85 m-V, which is  not s ig n if ic a n t ly  

d if f e r e n t  from th e  mean value of -72 .13  + 0.99 mV (e ig h t f ib r e s )  

recorded  w ith  KCl e le c tro d es  ( P > 0 .3 ) . The d iffe re n c e  between 

th e se  values can account fo r le s s  than  20^ of th e  d iffe ren ce  

between re s t in g  p o te n tia ls  in  phosphate and HEPES-buffered 

s o lu tio n s .

R esting  p o te n t ia ls  in  so lu tio n s  co n ta in in g  o r Tl^

In  th a llo u s  R inger, th e  slope o f th e  le a s t- s q u a re s  l in e  f o r  th e

r e la t io n s h ip  between th e  r e s t in g  p o te n t ia l  and log-]Q C l l ]  ^

was a 53-1^ mV change in  the  r e s t in g  p o te n t ia l  fo r  a 1 0 -fo ld

change in  [ T l ]  ^ between 5 mM and 80 mMj and i s  c lo se  to  th e
+

value o f 53*33 mV f o r  the HEPES-buffered K s o lu tio n . The lin e

through the  p o in ts  in  F ig. 7.10 was drawn according to  th e

equation  p .
[T l] + Æ  [Ka] + Too

»  ■ F  *  °  ^  ”  ■■
[ I I ]  + ^  [Ha] + ^ C k]

T l T l

P P P
Where r  i s  0:02 and ItI] .. + ̂ [ U a ]  . + ~  [k] . i s  93.2 mM.

^T1 ^ ^T1 ' ^ ^T l ^
since  t h i s  is  the  in te rc e p t  of t h e ' l e a s t  s q u a re s 'l in e  a t  zero

membrane p o te n t ia l .

During sh o rt exposures to  T l^, p a r t ic u la r ly  when th e

e x te rn a l Tl^ co n cen tra tio n  is  low, any Tl^ which accum ulates

in  th e  sarcoplasm  can probably  be ignored  (see page 15U)*
p

Since [ K]^ i s  zero  and [Na]^ i s  much le s s  th an  1 mM^P /̂P^^^
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i s  0.88 frcm eqn. (7*3) . This va lue  is  c a lc u la te d  on th e  

assum ption th a t  in  HEPES-buffered Ringer i s  IO6 .U mM.

Anomolous p e rm eab ility  r a t io s  in  -  Tl^ m ixtures -

I f  th e  p e rm eab ility  r a t io  were independent o f th e

r e la t iv e  co n cen tra tio n s  of and Tl^ in  the  R inger, r e s t in g  

p o te n tia ls  o f f ib r e s  in  a so lu tio n  in  which th e  mole f ra c tio n s  

o f KgSOĵ  and TlgSO^ were each 0 .5  should be midway between th e  

r e s t in g  p o te n t ia ls  ob tained  when th e  mole f ra c t io n  o f e i th e r  

s a l t  was 1, and th e  t o t a l  co n cen tra tio n  (K^SO^ + Tl^SOi^) was 

u n a lte re d . The mean r e s t in g  p o te n t ia l  in  a m ixture o f 20 mM-Tl 

and 20 mM-K̂  was -23.29 + 0.65 mV (seventeen f i b r e s ) ; t h i s  i s  

more n eg a tiv e  than  th e  values in  e i th e r  UO mM-Tl^ or UO mM-K"*", 

which were -19 .95  + 1.21 mV (twenty f ib r e s )  and -21.93 +• 0.U5 mV 

( th ir ty - fo u r  f ib r e s ) ,  re sp e c tiv e ly . In  th e  p rev ious se c tio n  

P j^P^l was found to  be 0 .88 . Using th e  same assum ptions as 

made th e re ,e q n . (7*3) g ives a value of 1.07 fo r  in  th e

m ix tu re .

E ffec t o f prolonged exposure to  2 .5  mM-Tl^SO^^

I t  i s  w ell known th a t th a lliu m  i s  to x ic .  In  m uscle, th e  

d e p o la r iz a tio n  produced by trea tm en t w ith 25 mM-TlNO  ̂ fo r  one 

hour i s  only p a r t ly  rev ersed  by removal of th i s  s a l t ,  although 

good recovery  i s  obtained  i f  the  perio d  o f exposure i s  sh o rt 

(M ullins & Moore, 1 960). These au th o rs  a ls o  re p o rt th a t  

f ib r e s  do no t reco v er com pletely from th e  co n trac tu re  produced 

by immersion in  100 mM-TlNO .̂ In  view of t h i s ,  exposure to  

h igh  concen tra tions of Tl^ was l im ite d  to  15 mins in  th e  

p resen t experim ents.

The e f fe c ts  o f prolonged trea tm en t w ith  2 .5  mM-TlgSO^ 

have been in v e s tig a te d  since t h i s  Tl^ co n cen tra tio n  was used fo r
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v o ltag e -c lan p  s tu d ie s . A fte r  a minimum of 2 hours exposure to

2 . 5mM-Tl2SO^, the mean re s t in g  p o te n t ia l  in  e ig h t f ib r e s  was

- 67.63 + 1.69 mV (four m uscles). This i s  not s ig n i f ic a n t ly

d if f e r e n t  from th e  mean r e s t in g  p o te n tia l  a f t e r  le s s  than  15

mins in  2 .5  mM-TlgSO^ ,̂which was -69.09 + 1 .U9 mV (eleven

f ib r e s ,  fo u r m uscles; P > 0 .3 )  . F ibres a lso  showed no

v is ib le  s igns of d e te r io ra t io n  a f t e r  long periods of exposure

to  2 .5  mM-TlgSOj  ̂ o r b r ie f  exposure to  UO mM-TlgSO^ .̂

In a c t iv a t io n  of the  inward cu rren t in  f ib r e s  hyp erp o larized  in

and Tl^ so lu tio n s

F ig . 7.2A,B shows records of the  membrane p o te n t ia l  (V.j)

and membrane c u rre n t (Vg -  V.̂ ) from two f ib r e s  h yperpo larized

from th e  r e s t in g  p o te n tia l  in  voltage-clam p c o n d itio n s . F ibre

B i s  in  2 .5  mM-TlgSOj  ̂ and 37.5 mM-Na^SO .̂ In  th i s  so lu tio n

the  s te a d y -s ta te  cu rren t in c reases  as la r g e r  h y p erp o la riza tio n s

a re  a p p lie d . However, in  a so lu tio n  con tain ing  2 .5  mM-KgSÔ ^

and 37 .5  mM-Na^SO  ̂ (F ig . 7.2A) the  s te a d y -s ta te  c u rre n ts  a re

sm aller during  la rg e  h y p e rp o la riz a tio n s . Since P^^/Pg and

/PmT a re  bo th  about 0 .02 , th e  inward cu rren t i s  c a r r ie d  Na Tl
la rg e ly  by in  A and Tl^ in  B.

D iffe re n t p ro p e r tie s  of th e  re s tin g  K and Tl conductances 

a re  a lso  seen in  F ig . 7 .2 0 ,D,.which shows th e  mean in stan taneous 

( c ir c le s )  and s te a d y -s ta te  (squares) c u rren t-v o ltag e  

r e la t io n s  from s ix  f ib r e s  in  so lu tio n  (C) and seven f ib r e s  

in  Tl (D) . The mean re s tin g  p o te n tia ls  were - 7O.OO + 0 .26  mV 

in  and - 67.29 + 1 .32 mV in  T l^ ,in  agreement w ith th e  

r e s u l t s  o f F ig . 7 .IB & 0. The view expressed by A drian & 

Freygang (1 962a) i s  th a t  th e  d ec lin e  in  inward c u rren t which 

occurs when f ib re s  a re  hyperpo larized  in  so lu tio n s  i s  due to



F ig . 7 . 2 . Membrane currents in  f ib r e s  h yperpo larized  in  K 

and Tl s o lu tio n s .

A & B. Voltage-clan$) records o f th e  membrane p o te n t ia l  

(V̂  ) and membrane cu rren t ) . F ib re  A i s  in  2 .5  mM-KgSÔ :̂

r e s t in g  p o te n t ia l ,  -70 mV; holding p o te n t ia l ,  -70 mV; i n t e r ­

e le c tro d e  d is ta n c e , iUiO y.m; temp, 1 7 Fi br e B from 

th e  same muscle i s  in  2 .5  mM-Tl^SO^ :̂ r e s t in g  p o te n t ia l ,

-60 mV; ho ld ing  p o te n t ia l ,  -60 mV; in te r - e le c tro d e  d is tan ce  

lUlO )im; temp, 17.ii°C.

C & D. Mean in stan taneous (•) and s teacfy -sta te  ( ■ ) 

c u rren t -v o ltag e  r e la t io n s  from s ix  f ib r e s  in  2 .5  mM-K̂ SÔ ^

and seven f ib r e s  in  2 .5  mM-TlgSO^ .̂ A bscissae; membrane
2

p o te n t ia l;  o rd in a tes , membrane current in  p. A/cm . V e r tica l  

bars are 2 S.E.M. vhere th ese  are la rg er  than th e symbol.



A 5 K-sulphate

t\
B 5 Tl-sulphate

Vi

500ms 500ms

Membrane Potential mV 
-160 -UO -120 -100 - 8 0  - 6 0

#—

-20

-W
5 K -su lp hate

- 6 0

I 1----------- T

M embrane Potential mV 
'160 -1 ^  -120 -1 0 0  - 8 0  - 6 0

- 2 0

5 T l-su lp h a te

>
o
3

- 4 0

-  60



Mih

a f a l l  in  the co n cen tra tio n  o f in  the T-system. However, 

th e  n eg a tiv e  slope in  th e  s te a d y -s ta te  c u rre n t-v o lta g e  r e l a t io n  

seen a t  membrane p o te n t ia ls  n eg a tiv e  to  -135 mV in  C cannot be 

exp lained  in  th i s  manner (Adrian e t  a l . ,  1970b) bu t i s  co n s is te n t 

w ith  the  view th a t  th e re  i s  a tim e- and voltage-dependent f a l l  

in  the p erm eab ility  of th e  membrane to  (Aimers 1972b). In  

th a lliu m  (F ig . ?.2D), th e  s te a d y -s ta te  c u rre n t-v o lta g e  r e la t io n  

is  approxim ately l in e a r  between -6? mV and -150 mV in d ic a tin g  

th a t  th e  p erm eab ility  change i s  ab o lish ed  or i s  s h if te d  by a t  

l e a s t  -30 mV.

Two-pulse experiments to  examine th e  mechanism of in a c tiv a tio n

This l a s t  p o s s ib i l i ty  was te s te d  using  a two p u lse  

procedure s im ila r  to  th a t  described  by Aimers (1972a). When, 

as in  F ig . 7*3 A i, a f ib r e  i s  hyperpo larized  to  -128 mV in  

5 mM-K ,̂ the cu rren t d ec lin es  ex p o n en tia lly . However, when 

t h i s  p u lse  i s  preceded by a 10 ms p repu lse  to  -281; mV (F ig .

7 .3  A ii)  th e  cu rren t a t  -128 mV in creases  b efo re  d ec lin in g . 

During th e  p repu lse  th e  manbrane p o te n t ia l  i s  s u f f ic ie n t ly  

n egative  fo r  th e  p e rm eab ility  to  f a l l ,  and i t  i s  th e  recovery  

of t h i s  process a t  -128 mV which produces th e  i n i t i a l  in c rease  

in  c u rre n t (Aimers 1 972a) • D epletion can account f o r  the  

subsequent d e c lin e .

In  th a llo u s  Ringer (F ig . 7«3B), th e  d ec lin e  in  cu rren t 

which occurs a t  -130 mV a f t e r  a 1 0 ms p repu lse  to  -257 in-V (B ii) 

i s  v i r tu a l ly  id e n t ic a l  to  th a t which occurs in the-absence o f 

th e  p rep u lse  (B i) . Minor d iffe re n c e s  between th e  c u rre n ts  w ith  

and w ithout the  p rep u lse  during th e  f i r s t  1;0 m illiseco n d s a t  

-130 mV a re  c o n s is te n t w ith th e  f a c t  th a t  a f t e r  the  p repu lse  

th e re  i s  a la rg e ,o u tw a rd ly -d ire c te d  cap ac ity  t r a n s ie n t



F ig . 7.3* E ffec t oi a la rg e  h y p erp o o la riz in g  p repu lse  on 

in a c tiv a tio n  in  K ant Tl s o lu tio n s . .Records o f th e  

membrane p o te n t ia l  ) and membrane c;u rren t (Vg-V  ̂) a re  

shown in  two f ib r e s .

F ibre  A i s  in  Î.5  mM-K^SO .̂

In  A i th e  hyperpo larlza tion  i s  to  -1228 mV; in  A ii  th e  

h y p e rp o la riz a tio n  is  a lso  to  -128 mV and  i s  preceded by a 

10 ms p rep u lse  to  -23U mV. R esting ; p o te n t i a l ,  -69 mV; 

hold ing  p o te n t ia l ,  -69 mV; in te r - e le e c tro d e  d is ta n c e , 

i;l;0, m; temp, 17.3^0.

F ib re  B is  in  2.5 mM-Tl^SO^.

In  B i th e  hy p erp o la rlza tio n  i s  to  -1.'30 mV; in  B i i  th e  

h y p e rp o la riz a tio n  is  a lso  to  -130 mYI and  i s  preceded by a 

10 ms p rep u lse  to  -257 mV. R esting; p o te n t ia l ,  -67 mV; 

hold ing  p o te n t ia l ,  -67 mV; in te r-e lL e c tro d e  d is ta n c e ,

1U;0 p,m; temp, ^7•h^G^
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superimposed on th e  inward c u r re n t,  whereas in  th e  absence of 

th e  p repu lse  th e  t r a n s ie n t  i s  inward. These experim ents show 

th a t  th e  perm eability- of th e  r e s t in g  membrane does n o t f a l l  

w ith  tim e even a t  membrane p o te n tia ls  as negative  as - 257,mV when 

th a lliu m  rep laces  potassium  in  th e  R inger.

Time course o f in a c tiv a tio n

In a c t iv a t io n  of the K-conductance i s  d escrib ed  by a s in g le  

exponen tia l which i s  vo ltage-dependent (Adrian e t  a l . ,  1970b; 

S ta n f ie ld ,  1970b) bu t which n e v e rth e le ss  can be reso lved  in to  

two components; th a t  due to  d e p le tio n  and th a t  due to  th e  f a l l  

in  membrane p erm eab ility  (Aimers, 1972a,b).

In  F ig . 7 •hk & B ,the  d ec lin in g  cu rre n t i s  p lo t te d  

sem ilo g arith m ica lly  a f t e r  su b tra c tio n  of th e  s te a d y -s ta te  c u rren t 

such th a t  th e  c u rre n t 25 ms a f t e r  the s t a r t  of the hyper­

p o la r iz a t io n  i s  100^ and th e  s te a d y -s ta te  cu rren t i s  0%, Here 

to o , the c u rre n ts  in  d ec lin e  ex p o n en tia lly  and the tim e

constan t fo r  th e  d ec line  ( y , ) decreases as th e  membraned, K
p o te n t ia l  i s  made more n eg a tiv e  (F ig . 7 •hk) • In  s ix  f ib re s

T ,  was 192.7 + 7 '9  ms between -111 mV and -113 mV, and d,K “■
li;8.1 +7 * 3  ms between -1^2 mV and -^hS  mV.

In  th a llo u s  so lu tio n  (F ig . 7»W) in a c t iv a t io n  fo llow s a 

more complex time co u rse . From 25 ms to  100 ms th e  d ec lin e  

i s  approxim ately  ex p o n en tia l. The mean tim e constan t ( y ^ 

in  s ix  f ib r e s  was 201 .2 + 25.5 Dis between -107 mV and -112 mV 

compared w ith  1i;0 + 13.U ms between -IUI mV and -lij.6 mV. 

T h e re a fte r  th e  cu rre n t d r i f t s  more slow ly towards the s tead y - 

s ta te  v a lu e ; th is  i s  seen c le a r ly  by comparing th e  c u rre n ts  

in  Tl so lu tio n  (F ig . 7 «23) w ith those  in  K so lu tio n  (F ig . 7*2A).

Although th e  c u rre n ts  d ec lin e  a t  a s im ila r  r a te  in  T l and 

K so lu tio n s  during th e  f i r s t  100 ms, t h i s  may no t be im portan t.



F ig . 7*U» Time course o f in a c t iv a t io n .  A bscissae , 

tim e from the  s t a r t  of the  h y p e rp o la riz a tio n  ( t)  ; 

ordinates,membrane cu rren t p lo t te d  such t h a t  the c u rre n t 

a t  25 ms i s  100^ and th e  s te a d y -s ta te  c u r re n t i s  0/&.

F ib re  A i s  in  2 .5  mM-K^SO  ̂ and i s  th e  same as  F ig . 

7 .2 a . The tim e co n stan t fo r  th e  d e c lin in g  cu rre n t ( 

i s  276 ms a t  -102 mV; 207 ms a t  -113 mV5 1 66 ms a t  -125 mV 

and 150 ms a t  -1i|6 mV.

F ibre B i s  in  2 .5  mM-Tl^SO^ and i s  the  same as  F ig .

7 .2 b .
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The range o f tim e co n s tan ts  i s  g re a te r  in  Tl than  in  K so lu tio n s ,

and in  one f ib r e  in  T l^ , was th e  independent of th e

membrane p o te n t ia l :  in  th is  f ib r e  , was 169 ms a t  -1i+3 mVd, i-L
and a ls o  a t  -112 mV» Such behaviour in  T l so lu tio n s  i s  not 

in c o n s is te n t w ith  th e  n o tio n  th a t  th e  d e c lin e  i s  due s o le ly  to  

a d ep le tio n  o f th a llo u s  ions from th e  T-system . Since th e

l im it in g  ion conductances o f  Tl^ and K a re  s im ila r  (7l+«7 and
2 o73 .5  mho.cm /mole io n , re sp e c tiv e ly , a t  25 C; Robinson &

S tokes, 1965), i t  i s  l i k e ly  th a t  in  th e  absence of a

p e rm eab ility  change th e  K c u rre n t would fo llow  a s im ila r  tim e

co u rse .

S ize  o f d ep le ted  space

A drian e t  a l . (1970b) show th a t  i f  th e  d ec line  in  membrane 

c u rre n t i s  due to  a d e p le tio n  of ions from th e  lumen o f th e  

T-system , th e  q u a n tity  o f  charge (Q) moved from the lumen o f 

th e  T-system  to  th e  sarcoplasm  can be r e la te d  to  th e  co n cen tra tio n  

o f in  th e  tu b u les  a t  th e  s t a r t  o f th e  h y p e rp o la rlz a tio n

[K3to by th e  exp ression ,

Q < ^ F  (7.U)

where yp i s  th e  r e l a t iv e  f ib re  volume occupied by the T-system,

F i s  96500 coulomb/mole, and [K]^Q is  equal to  which i s

5 moles/cm^. For the l im itin g  case in  which th e  tu b u la r  

conee n t r â t icn f a l l s  to  zero , eqn. (7»U) becomes,

Q f  /OF [K]g,Q (7 .5 )

S im ila rly , fo r  th a llo u s  so lu tio n s ,

Q = ^ F  [T1]^Q (7 . 6)

Eqns. (7 .5  & 7*6) have been used to  e s tim ate  th e  r e l a t iv e  

f ib r e  volume occupied by th e  T-system  in  K and T l so lu tio n s  • Q

was ob ta ined  from reco rd s  of the d ec lin in g  c u r re n t,  such a s  those
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in  F ig . 7 .2a & B, and is  g iven  by

/t  = 0

0 "I DmO - (7-7)
J  t  = 40

where 1 ^ and j  a re  th e  values o f  membrane c u rre n t p e r u n it  mO moo
f ib r e  volume a t  the  beginning of th e  h y p e rp o la riza tio n  and in  

th e  s te a d y -s ta te .  The re la t io n s h ip  between and Vg-V  ̂ i s

2 (V j-V j 3

-  7 7 ^
Table 7*2 g ives values fo rya  in  K and Tl s o lu tio n s . In  2 .5

=  g  A/cm (7 .8 )

mK-TlgSOji ,̂ p  i s  v i r tu a l ly  independent of th e  membrane p o te n t ia l  

when f ib r e s  a re  hyp erp o larized  to  between -100 mV and -150 mV. The 

mean va lu e  i s  about 0.5% in  th re e  of the  fo u r  f ib r e s  s tu d ie d . A 

d if f e re n t  r e s u l t  i s  ob ta ined  in  2 .5  mM-K^SO ,̂ bu t t h i s  i s  to  be 

expected i f  a p e rm eab ility  change a ls o  c o n tr ib u te s  to  th e  d e c lin e . 

H ere, yO i s  l e s s  th an  0.3% a t  -100 mV in c reasin g  to  0.7% a t  -150 mV. 

Previous r e s u l t s  in  2 .5  mM-KCl (S ta n f ie ld , 1970b; 0.25% a t  -137 mV,

0.29% a t  -11+6 mV) and 2 .5  mM-KgSO  ̂ (Adrian e t a l . ,  1970b; 0.20% a t

-1i+7 mV) a re  o f th e  same o rd er as th o se  found h e re .

The s im i la r i ty  between th e  p resen t e s tim ate  fo r  p  in  th a llo u s  

so lu tio n  and th a t  o f  Aimers (1972b; maximum of 0.8%) in  

5 mM-KgSOĵ  a f t e r  a c o rre c tio n  fo r  th e  p e rm eab ility  change had 

been made supports  th e  idea  t h a t  a d ep le tio n  of th a l lo u s  ions 

from th e  T-system  i s  re sp o n s ib le  fo r  .the d ec lin e  in  inward th a lliu m  

c u r re n t .  A lower value (0.3%) was rep o rte d  by Peachey (1965) 

using  th e  e le c tro n  m icroscope, b u t b e t te r  agreement i s  ob ta ined  

i f ,  a s  Peachey & S ch ild  (1968) suggest, t h i s  value i s  under­

estim ated  by 30%.



li+8

ON Va U) IN) 4

CD

5
CD

I
I
?

P
S'
e4
CD

S'

f
fe'
5 -

o
o
M

m
p

E
va
0

1

g
CD

§

H*P

I
CDmppp.
P
p

P

*d
0

1oqp
P

A %

4
P

a -

:
g

i
a
S'
H

4 P

P
P ,

P

*d

H -
P

q oq
d" H-

1 s
g H )
H O

W 4

H ‘ p
P

%

g §
H î

R &•
P 4
P P

P*
P

P P
P
H -

d"

P
§

g &
p . 3S
P p
O' »d
P o
H d"
O P
5: E
S* g -
p g
$ q
H p
P d -
P s:

p
H) p
O

>

p

3 S 3
+ +

o -s3
O 2Î s %

JLP
O  IN) 
^  O )

1 I Po IN) 
O  Vo

I P I P
O  O n 
Vo  IN)

1

I P
- »  |>o 
Lu “>3

1
I P
—* Vo

ON
!—

I P I P 1

I P
fO IN)

AjJ OO

1 T p

s -

I P I p
IN) 1

I P
VjJ  Va) 
V a  NO

I P I P
Vo V a  
O  IN)

I P
Vo ON

I P
Vo
ON NO

L P

I P
^ v a

I P
^ v a^ v a

I P
o S

1
/ - s

I P
V_/

1 o
p - v a
IN) ->3V_'

1
I P I p

v a - <o
1 1 I o

— » #
V a -P ^
IN) VO

o
Vo
Vo

o o
f r -
VO

o O

->3

o
•p -
CD

1 + 1 + 1 + 1 + 1 + 1 +

o
9 -

o
è

o
5

o
è-

O

s
o
s

I P
Va> V a  
VjJ o

I P
g &

w

I
ë-
p

I P

W *

% 
1 +
o
B-

roo

VjJo

+ r-
O

V ao

I
c+
p

g

I
:
IK
%

P  

1 +
CO

w

S

I
p

%

g
4
P

O
0

1
g-PU

X
C*"

§■

i-a

I
§

rv>



11+9

L ocation  of th e  th a llo u s  p erm eab ility  mechanism

The f ra c t io n  of s i t e s  (probably channels) permeable to  

th a llo u s  ions and which a re  lo c a te d  in  th e  su rface  membrane can 

be e s tiira te d  from th e  r a t io  of th e  s teacfy -sta te  membrane cu rren t 

to  th e  i n i t i a l  membrane cu rren t during a h y p e rp o la riz a tio n  which 

produces maximal d e p le tio n . From th e  mean cu rren t -v o ltag e  

r e la t io n s h ip  fo r  seven f ib r e s  in  2 .5  mM-TlgSO^ so lu tio n  (F ig .

7 .2D) t h i s  r a t io  was 1+2.2% a t  -150 mV, so th a t  a t  le a s t  58% of 

th e  th a llo u s  conductance must re s id e  in  th e  w alls  of th e  

tra n sv e rse  tu b u le s .

In  K so lu tio n  (F ig . 7*20) a t  -150 mV, as  much as 80% of 

th e  membrane c u rre n t in a c t iv a te s ;  however, a la rg e  p a r t  of 

the  in a c tiv a tin g  component i s  i t s e l f  due to  a f a l l  in  the  

p e rm eab ility  o f th e  membrane to  K^, r a th e r  than  to  K d e p le tio n .

Having c o rre c te d  fo r  th e  p erm eab ility  change. Aimers (1972b) 

has estim ated  th a t  a t  l e a s t  60% of th e  r e s t in g  K conductance i s  

in  th e  T-system , in  good agreement w ith th e  p re sen t r e s u l ts  f o r  

th a l lo u s .

V oltage-dependent blockade o f inward th a l lo u s  c u rren ts  by caesium 

Since th e  mechanism which u n d e rlie s  th e  f a l l  in  membrane 

p e rm eab ility  seen in  K so lu tio n s  during h y p e rp o la rlz a tio n  i s  

dependent on th e  presence o f Na^ in  the  R inger (Standen & S ta n f ie ld , 

1978c ) ,  i t  i s  in te re s t in g  to  see i f  Gs^ io n s , l ik e  Na^, a re  unable 

to  depress inward th a l lo u s  c u r re n ts .

F ig . 7*5A shows voltage-clam p reco rd s  from a f ib r e  h yperpo larized  

in  2 .5  mM-TlgSO^ to  which 0.025 mM-Cs^SOj  ̂ i s  added. In  B the  

in stan tan eo u s (•)  and s te a d y -s ta te  (o) c u rre n t-v o lta g e  r e la t io n s  

from th i s  f ib r e  a re  shown. I t  i s  c le a r  th a t  Cs^ b locks inward 

th a llo u s  c u rre n ts  in  a voltage-dependent manner. Thé maximum



F ig . 7•5* V oltage-dependent blockade of inwfard th a llo u s  

c u rre n ts  by caesium .

A. Voltage-clairç) records o f th e  menibrane p o te n t ia l  

(V̂  ) and membrane cu rren t (Vg-V  ̂) from a f i b r e  immersed 

in  2 .5  mM-TlgSO^ and 0.025 mM-Cs^SO^ .̂

B. In stan tan eo u s (®) and s te a d y -s ta te  (o) c u r re n t-  

v o lta g e  r e la t io n s  from th e  f ib r e  i l l u s t r a t e d  in  A. R esting 

p o te n t ia l ,  -66 mV; holding p o te n t ia l ,  -66 mW; i n t e r -  

e le c tro d e  d is ta n c e , khO v-m; temp, 21 .U°G.



NO I

A

Vl-Vi

IV

A

Vz-V,

u

500m s

Membrane Fbtential (rrV) 
-1 6 0  -U Q  -120  -100 - 6 0- 8 0

o — o

B

- 1

I

- 3

-U

-5



150

inward c u r re n t  in  th i s  f ib r e  occurs a t  -130 mV and corresponds 
2

to  16.5 TiA/cm . In  a second f ib r e  from the  same muscle a
2

maximum inw ard cu rren t of 12.9 pA/cm was ob tained  when th e  

so lu tio n  co n ta in ed  0.075 inM-GSgSOj .̂ These r e s u l t s  can be 

compared w ith  th e  mean in s tan tan eo u s and s te a d y -s ta te  c u r re n t-  

v o ltag e  r e l a t io n s  from seven f ib r e s  in  a s o lu tio n  con ta in ing

2 .5  mM-TlgSO^  ̂ bu t no caesium , which a re  shown in  F ig . 7.2D.

DISCUSSION

The most im portant new fin d in g  described  in  th i s  chap ter 

i s  th a t  th e  v o lta g e -  and tim e-dependent p e rm eab ility  change 

which c o n tr ib u te s  to  in a c t iv a t io n  o f th e  inward K c u rre n ts  under 

co n d itio n s  of extreme h y p e rp o la riz a tio n  (Aimers, 1972b) does not 

occur over th e  range o f v o lta g e s  s tu d ie d  (-67 to  -257 inV) when 

e x te rn a l i s  rep la ce d  by T l* . Thus i t  i s  probable th a t  a 

d e p le tio n  o f  th a llo u s  ions from  the lumen of the  T-system i s  

w holly respoinsible fo r th e  in a c t iv a t io n  which is  seen in  th a llo u s  

s o lu t io n s .

The evidence p resen ted  by Standen & S ta n f ie ld  (1978c) th a t  

th e  f a l l  in  th e  p e rm eab ility  o f the  membrane to  K* i s  due to  

a tim e-dependent blockade o f th e  r e s t in g  K channel by sodium 

ions i s  th a t  when th e  sodium norm ally p re se n t in  5 inM-KgSOĵ  

so lu tio n s  i s  rep laced  by tétraméthylammonium ions or t r i s ,  th e  

neg a tiv e  s lo p e  in  th e  s te a d y -s ta te  c u rre n t-v o lta g e  r e la t io n s h ip  

i s  removed. In  a d d it io n , reducing th e  e x te rn a l  sodium 

c o n c en tra tio n  s h i f t s  the  negative  s lope  to  more p o s itiv e  

membrane p o te n t ia ls ,  and in creasin g  e x te rn a l sodium has th e  

opposite  e f f e c t .  S im ilar behaviour i s  shown by Os* (Gay & 

S ta n f ie ld ,  1977) and Ba^* (Standen & S ta n f ie ld ,  1978a, b ), which 

b lock  the  movement o f K* across  th e  membrane of re s tin g  f ib r e s
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in  a v o lta g e -  and concentration-dependent manner, probably  by 

b ind ing  to  a s i t e  (o r s i t e s )  partway ac ro ss  the membrane (see 

c h ap te r d is c u s s io n ) .

Independent evidence th a t  th e  Na blockade involves b ind ing

i s  th a t  th e  fo r  th e  dec line  in  K cu rren t under co n d itio n s

in  which d ep le tio n  i s  s l ig h t  i s  2 .8  (Aimers, 1972b). Such a

high te n p e ra tu re  dependence cannot be exp lained  by assuming

th a t  th e  m o b ility  o f Na^ in  some p a r t  of th e  channel i s  sim ply

so low th a t  the  passage of ions i s  impeded. A o f 3«15
2 +

i s  rep o rted  fo r  the onset of the blockade by Ba (Standen &

S ta n f ie ld ,  1978a, b ) ,  and i s  a lso  c o n s is te n t w ith  b in d in g .

Aimers (1972b) showed th a t  th e  p erm eab ility  change 

c o n tr ib u te d  to  in a c tiv a tic n  only a t  membrane p o te n t ia ls  more 

neg a tiv e  th an  -120 mV. However, th i s  r e s u l t  i s  to  be expected 

s in ce  h is  experim ents were performed w ith  a f ix e d  Na"*” 

c one ent r a t  i  on.

An im portant q u es tio n  which th e  p resen t experim ents r a i s e  

i s  how th a llo u s  ions in te ra c t  w ith  th e  membrane such th a t  the  

blockade of inward c u rre n ts  by Na^ i s  p reven ted . The sim p lest 

exp lan atio n  is  th a t  and Tl^ c ro ss  th e  membrane using  

sep a ra te  pathways : in  keeping w ith the d iscu ss io n  o f ch ap te r

th ese  a re  considered  to  be channels a lthough o th e r  p e rm eab ility  

mechanisms a re  p o s s ib le . The K channel which contains th e  Na^ 

b ind ing  s i t e  should exclude th a llo u s  ions w h ils t th e  T l channel, 

which i s  not b locked by Na^, is  permeable to  Tl^ and may a lso  

be permeable to  K^. Such s e le c t iv i ty  i s  p o ssib le  s in ce  the  

io n ic  rad iu s  of T l^ (1 •khS.) i s  s l ig h t ly  g re a te r  th an  th a t  of 

(1 .3 3 ^). S im ila rly  Eb^, which i s  s l ig h t ly  b ig g er th an  T l*, 

could  be la rg e ly  excluded from both  channels in  keeping w ith  

the  low p erm eab ility  of th e  re s tin g  membrane to  t h i s  ion  (A drian, 196U).
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On th e  o ther hand, a number of observations favour th e  

view th a t  only one type o f channel i s  involved. F i r s t ,  th e  

in stan tan eo u s inward c u rre n ts  in  K and T l so lu tio n s  show a s im ila r  

voltage-dependence. Secondly, i t  was shown th a t  a t  l e a s t  ^8^ 

of the  th a llo u s  cu rre n t c ro sses  the membrane using  a pathway 

in  th e  T-system as opposed to  th e  su rface  membrane. Using a 

s im ila r  method th e  same r e s u l t  i s  ob ta ined  f o r  th e  d is t r ib u t io n  

of K channels (Aimers, 1972b). T h ird ly , Cs^ b locks inward 

c u rre n ts  in  a voltage-dependent manner whether th e se  a re  

c a r r ie d  by K* (Gay & S ta n f ie ld ,  1977) o r by T l*.

A p o ss ib le  exp lanation  f o r  the  d i f f e r e n t i a l  e f fe c ts  o f K*
+ + +and Tl in  the one channel system i s  th a t  T l competes w ith  Na

fo r  th e  Na b ind ing  s i t e  more e f fe c t iv e ly  th an  K* io n s . Since 

r a is in g  th e  in te rn a l  and e x te rn a l K* co n cen tra tions to g e th e r  

reduces th e  blockade of K cu rre n ts  by Ba^^ (Standen & S ta n f ie ld , 

1978b ) ,  th e re  i s  a precedent fo r  b e liev in g  th a t  such com petition 

e x is ts .  I f  th e  p re se n t in te rp re ta t io n  i s  c o r re c t ,  fu tu re  

experim ents should show th a t  a h igher co n cen tra tion  o f caesium 

is  re q u ire d  to  achieve a given blockade of inward currents in  

T l so lu tio n s  than  in  K s o lu tio n s .

The no tio n  th a t  Tl* has a h igher a f f i n i t y  th a n  K* fo r  th e  

b ind ing  s i t e  (o r s i t e s )  w ith in  th e  K channel i s  supported by se v e ra l

re p o r ts  th a t  c e r ta in  enzyme systems w tichare  norm ally a c tiv a te d
+ + 

by K a re  a ls o  a c t iv a te d  by T l bu t w ith a h igher a f f i n i t y  th an

K*. These inc lude  th e  (Na-K) ATPase of ra b b it  kidney (B r itte n

& Blank, 1968), th e  o u ab a in -sen s itiv e  Na e fflu x  in  human red

c e l l s  (C avieres & ELlory, 197^) and pyruvate k inase  (Kayne, 1971)*

S im ila r ly , Tl* i s  more e f fe c tiv e  than  K* in  s tim u la tin g  th e  Na

pump in  crab nerve (Baker & Connelly, 1 966) and in  r a b b it  vagus
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nerve (Rang & R itc h ie , 1968). I t  has a ls o  been shown in  

s o lu b il iz e d  membrane p rep a ra tio n s  from nerve, th a t  th e  

c o n cen tra tio n  o f Tl* req u ired  to  d isp lace  te tro d o to x in  from s p e c if ic  

b ind ing  s i t e s  a s so c ia te d  w ith  Na channels i s  about 60, and more 

th an  60 ,times le s s  than th e  co n cen tra tio n s  req u ired  o f N? and 

kT  re sp e c tiv e ly  (Henderson, R itch ie  & S tr ic h a r tz , 197^)*

I f  th a l lo u s  ions a re  t ig h t ly  bound to  a s i t e  w ith in  th e  K 

channel, th en  under ap p ro p ria te  experim ental co n d itio n s  th e se  

ions would a ls o  be expected to  b lock  inward K c u rren ts  in  a 

voltage-dependent manner. Such an observation  has re c e n tly  

been re p o rte d  by Hagiwara e t  a l . (1977) iu  s ta r f i s h  egg c e l l s .

K* does not a c t  as a b lock ing  ion  fo r  T l c u rre n ts  in  th e se  c e l l s ,  

bu t t h i s  i s  nob su rp r is in g  i f  th e  b inding  of K* to  th e  s i t e  i s  

weak.

In  squid  axons, iandowne (1975) has rep o rted  th a t  th e  r a t io  

o f in f lu x  to  e f f lu x  fo r  p assiv e  K* movements i s  c o n s is te n t with 

s in g le - f i l e  behaviour (Hodgkin & Keynes, 1955), while th a t  f o r  

Tl* i s  U-5 tim es g re a te r  and i s  equal to  th e  r a t io  expected fo r  

independent ion  movement (Ussing, ^^h9) • Iandowne concludes 

th a t  Tl* and K* do not in te ra c t  w ith  th e  K channel in  th e  same 

way, or th a t  th e re  may be sep a ra te  channels fo r  T l and K .

The p re se n t f in d in g  th a t  Tl* i s  1 .1^ tim es more permeant 

th an  K* in  r e s t in g  f ib r e s  when only one of th ese  ions i s  p re sen t 

in  th e  Ringer is  c o n s is te n t w ith  th e  f a c t  th a t  Tl* i s  th e  only  

io n  which i s  known to  be more permeant ; than  K* in K channels in  

nerve . A p p lica tio n  o f th e  Goldman equation  to  measured 

r e s t in g  p o te n t ia ls  g ives a r a t io  of 1 .8 in  squid  axons

(Hagiwara e t  a l . ,  1972) and 1.2 in  s ta r f i s h  egg c e l l s  (Hagiwara 

e t  a l . ,  1977). I n  s tim u la ted  nerve, P^^/P^. i s  2 .3  from th e
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r e v e rs a l  p o te n t ia l  of delayed K c u rre n ts  in  n y e lin a te d  nerve 

f ib r e s  (H ille ,  1973), and 1.1 from th e  a f te r -h y p e rp o la r iz a tio n  in  

squid  axQQS (iandowne, 1975).

One f a c to r  which could  a f f e c t  th e  p re se n t p erm eab ility  

r a t io  i s  th e  assum ption th a t  th e  com position of th e  sarcoplasra 

i s  unchanged by b r i e f  exposure to  th a llo u s  co n cen tra tio n s  in  th e  

range 1 .2 to  80 mM. M ullins & Moore (I960) show th a t  a f t e r  15 

mins in  1 mM-TlNO  ̂ th e  in t r a c e l lu la r  th a l lo u s  co n cen tra tio n  i s  

about 2 mM, so in  low th a llo u s  co n cen tra tio n s  l i t t l e  e r ro r  i s  

in troduced  by assuming th a t  (T3] ^ i s  ze ro . In  a d d itio n , as Tl* 

accum ulates in  th e  f ib r e s ,  th e  c a lc u la te d  value  of w il l

f a l l  u n less  th e re  i s  an eq u iv a len t lo ss  of K*. Thus th e  p resen t 

r a t io  o f  1 .11; i s  u n lik e ly  to  be too  h ig h . However, over a long 

p e rio d  o f tim e f ib r e s  gain ing  th a lliu m  must a lso  lo se  K* a t  a 

s im ila r ,  o r s l ig h t ly  g re a te r  r a t e .  I f  t h i s  were no t so , the  

mean r e s t in g  p o te n t ia l  of f ib r e s  in  2 .5  mM-TlgSO^ , would be 

expected to  in c re a se  w ith  tim e . In s tea d  th e  p resen t r e s u l ts  

show an in s ig n if ic a n t  d e p o la riz a tio n  a f t e r  2 hours.

M illin s  & Moore (I960) re p o rt th a t  f ib r e s  bathed  in  1 mM-TlNO  ̂

so lu tio n s  f o r  3-1; hours have h igh  Na"̂  and low K* co n cen tra tio n s . 

However, in  t h e i r  experim ents f ib r e s  a lso  l o s t  K* in  th e  absence 

o f th a lliu m .

In  muscle, th e  r a t io  P^^/P^. i s  dependent on th e  mole f ra c t io n  

of Tl* and K* in  th e  R inger. More ex ten siv e  experim ents in  th e  

s ta r f i s h  (Hagiwara e t  a l . ,  1977) show th a t  bo th  th e  p erm eab ility  

r a t io  and th e  s iz e  o f  inward cu rren ts in  K*-Tl* m ixtures a re  

dependent on the  mole f ra c t io n  of th ese  io n s . To ex p la in  th is  

behaviour, Hagiwara e t a l . have proposed a model in  which th e  

voltage-independent b inding  of K* or Tl* ions to  a "g a tin g  s i te "
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a sso c ia te d  w ith the  channel determ ines whether th e  channel i s  

more permeable to  K* o r to  T l* . A s im ila r  model might account 

fo r  th e  anomalous p e rm eab ility  r a t io s  described  h e re .
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Chapter 8. General D iscussion

The experim aits  d escrib ed  in  th e  preceding chap ters have 

been la rg e ly  concerned w ith  th e  p ro p e r tie s  o f th e  re s t in g  and th e  

delayed K conductances in  f ro g  s k e le ta l  muscle f ib r e s .  Those 

experim ents which r e la te  to  th e  delayed conductance a re  d iscussed  

in  s u f f ic ie n t  d e ta i l  in  ch ap ters  3 and 1;.

To some e x te n t, th e  experim ents dealing w ith  inward r e c t i f i c a t io n  

a re  more in te re s t in g  since  th ey  were c a r r ie d  out a t  a tim e when new 

ideas concerning th e  mechanism o f inward r e c t i f i c a t io n  were 

developing . These experim ents produce th re e  new r e s u l t s  which 

any proposed model f o r  inward r e c t i f i c a t io n  should be ab le  to  

ex p la in . These a re  (1) th a t  e x te rn a l Cs^ b locks K cu rre n ts  i n  a 

manner which i s  s te e p ly  dependent on th e  membrane p o te n t ia l .  (2)

The r e s t in g  membrane i s  s l ig h t ly  more permeable to  Tl* th an  to  

K* when only  one of th ese  ions i s  p resen t in  th e  ex te rn a l 

so lu tio n , bu t when th e  Ringer co n ta in s  a 50:50 m ixture o f K* and 

T l* , th e  K p e rm eab ility  exceeds th a t  o f T l*. This i s  known 

as anomolous mole - f r a  c t  ion  behaviour (Hagiwara e t  a l . ,  19775 

H il le  & Schwarz, 1978). (3) The p o ten tia l-dependen t blockade

o f inward K c u rre n ts  by Na^ (Standen & S ta n f ie ld , 1978c) does no t 

occur when Tl rep laced  K in  th e  R inger. U nfortunate ly , th e  

second o f  th e se  i s  not re a d ily  d e a lt  w ith in  a simple way. The 

th i r d  i s  covered adequate ly  in  ch ap te r 7«

The purpose o f th is  ch ap te r i s  to  consider to  what ex ten t

th e  p ro p e r tie s  o f th e  r e s t in g  K conductance can be accounted f o r  

in  term s o f  a model which assumes th a t  K* moves across  the r e s t in g

membrane by way of r ig id ,  w a te r - f i l le d  po res. No a tte rip t has been

made to  p re se n t th e  r e s u l t s  in  a  q u a n ti ta t iv e  manner; t h i s  has
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re c e n tly  been done by Armstrong (1975a), H il le  & Schwarz (1978)

and Standen & S ta n fie ld  (1978d) fo r  pore models.

As d escribed  p rev io u sly  (chap ter 5 ) , a number of sm all ca tio n s

when p re sen t in  th e  e x te rn a l so lu tio n  a re  now known to  block th e

r e s t in g  K conductance in  muscle in  a voltage-dependent manner.
+ 2+In  a t  l e a s t  two cases (Cs and Ba ) , th e  apparen t d is s o c ia tio n

constant f o r  th e  blockade i s  re p o rte d  to  be an exponen tia l fu n c tio n

o f th e  membrane p o te n t ia l ,  decreasing  as  th e  p o te n tia l  i s  made more

n e g a tiv e . To account fo r  t h i s ,  i t  has been suggested th a t  the

b locking  ion  i s  d riv en  in to  th e  channel by th e  membrane f i e ld  u n t i l

i t  reaches a s i t e  partway ac ro ss  th e  membrane where i t  i s  bound

w ith much g re a te r  a f f i n i t y  th a n  K*. That binding i s  involved i s
2+suggested  by th e  h igh  Q f o r  th e  onset o f  th e  blockades by BaI u

(standen & S ta n f ie ld , 1978b) and Na^ (Aimers, 1972b). A lte rn a tiv e ly , 

th e  blocking  ion  may s in g ly  encounter a reg io n  in  which th e  pore i s  

narrowed so th a t  fu r th e r  p e n e tra tio n  in to  th e  membrane i s  more 

d i f f i c u l t .  In  bo th  cases, o th e r ions, permeant o r non-permeant, 

which e n te r  th e  channel from th e  o u ts id e  once th e  b lock ing  ion i s  

in  th e  pore w i l l  reduce th e  p ro b a b ili ty  th a t  the  b lock  is  removed 

i f  s in g le - f i l in g  o ccu rs. An in te re s t in g  p o in t i s  th a t  th e  

a f f i n i t y  o f th e  b lock ing  ion  f o r  th e  s i t e  may be independent o f th e  

membrane p o te n t ia l  i f ,  a s  one might expect, th e  co n cen tra tio n  o f 

the b lock ing  ion  a t  th e  s i t e  i s  an exponen tia l fu n c tio n  of th e  

membrane p o te n t ia l  (see Standen & S ta n f ie ld , 1978b).

The p re sen t conclusion  from th e  Cs experiments, th a t  th e re  i s  

more than  one s i t e  fo r  ions in  th e  channel, i s  co n s is te n t w ith  th e  

f lu x  da ta  o f  Horowicz e t  a l . (1968), th a t  th e  ions move in  s in g l e - f i l e ,  

th e  channel contain ing  two ions a t  any one tim e. The observation  

made by Standen & S ta n f ie ld  (1978b), th a t  two K* ions compete w ith
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2+one Ba ion, i s  a lso  c o n s is te n t w ith  a m il t i - io n  p o re . The 

b ind ing  s i t e s ,  which a re  rep re sen ted  as energy w ells  in  th e  model 

of H il le  & Schwarz (1978), a re  l ik e ly  to  be f ix e d  n egative  charges 

p o ss ib ly  a s so c ia te d  w ith  p ro te in s  which make up th e  pore w a ll. I f  

i t  i s  assumed th a t  th ese  charges p lay  an irrço rtan t ro le  in  K 

perm eation, th en  s in ce  changes in  e x te rn a l pH in  the range s tu d ie d  

(pH 5 to  9 .8 ; H u tte r & W arner, 1967a) have no e f fe c t  on th e  r e s t in g  

K conductance, th e se  s i t e s  may be f a i r l y  strong  a c id s .

experim ents on th e  r e s t in g  potassium  conductance suggest 

a mechanism f o r  inward r e c t i f i c a t io n  which involves an in t r a c e l lu la r  

b locking p a r t ic le  which i s  p o s i t iv e ly  charged, and which occludes 

th e  pore when th e  membrane is  d ep o la rized . The b a s is  o f th i s  

hypothesis i s  th a t  th e re  i s  a s im i la r i ty  between th e  shape of th e  

c u rre n t-v o lta g e  r e la t io n  fo r  inward K c u rre n ts  in  th e  presence of an 

e x te rn a l b locking  io n , and th a t  o f outward K c u rren ts  in  th e  

presence o r absence o f th e  b lock ing  ion (see , f o r  example. F ig . 

5 .U ); in  bo th  cases th e re  a re  reg io n s  o f zero  and n eg a tiv e  slope 

conductance. In  the exanple c i te d ,  the  inward cu rren t is  la rg e r  

than  th e  outward cu rren t; however, t h i s  i s  no t im portant s in ce  th e  

s iz e  o f th e  outward c u rre n t w il l  depend on a number o f fa c to rs  

includ ing  th e  co n cen tra tio n  o f th e  blocking  p a r t ic le ,  i t s  valence 

and i t s  a f f i n i t y  f o r  th e  p o s tu la te d  b ind ing  s i te ( s )

I t  i s  in te re s t in g  to  sp ecu la te  as  to  th e  n a tu re  of th e  

blocking  p a r t i c l e .  Na^ i s  a p o ssib le  candidate s in ce  th i s  ion  

blocks inward K cu rre n ts  in  muscle when added to  th e  Ringer, though 

w ith  very low a f f i n i t y  (Standen & S ta n f ie ld , 1978c). Na* a lso  

blocks delayed K cu rren ts , when th ese  a re  outward, in  a v o ltag e -  

dependent manner in  nerve when p resen t in  the  in te rn a l  p e rfu sa te
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(B ezan illa  & Armstrong, 1972; Bergman, 1970; French & W ells,

1977). On th e  o th er hand, H ille  & Schwarz (1978) and 

Standen and S ta n f ie ld  (1978d) have dem onstrated th a t  a s in g le  

monovalent c a tio n  bound anywhere in  the membrane f i e ld  does not 

produce a blockade with a s u f f ic ie n t ly  s teep  voltage-dependence 

to  account f o r  inward r e c t i f i c a t io n  in  muscle. The blocking 

p a r t ic le  could a lso  be a p o s it iv e ly  charged group which i s  p a r t  

of the manbrane s tru c tu re .

The independence p r in c ip le  (Hodgkin & Huxley, 1952a) 

p re d ic ts  th a t  K e fflu x  i s  p ro p o rtio n a l to  th e  in te rn a l  K* 

co n cen tra tio n  but i s  independent of ex te rn a l K* co n cen tra tio n .

In  muscle, however, ra is in g  th e  ex te rn a l K* concentration  

under cond itions in  which the membrane p o te n tia l  i s  held  constant 

r e s u l ts  in  an increase  in  e fflu x  in  r e s t in g  f ib re s  (Adrian,

1962; H orow icz, Gage & E ise n b e rg , 1968).

In  t e rms  o f  t he  pore  model  f o r  inward  r e c t l f i c a t i o n ,  

t h i s  dependence  o f  K e f f l u x  on t h e  e x t e r n a l  p o t a s s i um  

c o n c e n t r a t i o n  i s  c o n s i s t e n t  w i t h  t he  n o t i o n  t h e t  t h e  number of

blocked channels i s  reduced when the e x te rn a l concen tra tion

i s  in creased . This may be due to  two mechanisms. F ir s t ,  K*

may simply compete w ith th e  blocking ion  fo r  th e  b inding s i t e ,

as suggested by Standen & S tan fie ld  (1978b,d). Second, a K*ion

en te rin g  a blocked channel from th e  ex te rn a l so lu tio n  may flu sh

th e  blocking p a r t ic le  in to  the sarcoplasm (Armstrong, 1966;

1975a). As p red ic ted  by e ith e r  mechanism, th e re  is  an increase

in  the in flu x  of la b e lle d  K when the ex te rn a l K concen tra tion

i s  ra is e d  in  conditions in  which the membrane p o te n tia l  is  f ix e d

a t  -18 mV, and th e  d riv in g  fo rce  on i s  outward (Horowicz e t a l . ,  

1968).
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Another p roperty  shown by inward r e c t i f i e r s  i s  c ro ss in g - 

over, which r e fe r s  to  the  o b serv a tio n  tlm t an in c rease  in  th e  

ex te rn a l K* co n cen tra tio n  produces an in c rease  in  th e  outward 

cu rren t such th a t  th e  c u rre n t-v o lta g e  r e la t io n s  in  the two K so lu tio n s  

c ro ss-o v er a t  a p o te n t ia l  a t  which th e  cu rren ts  a re  outward (Adrian, 

1969; Aimers, 1972a. See a lso  Hagiwara, M iyazaki & R osenthal,

1976; M cA llister & Noble, 1966, f o r  exarrçles in  s ta r f i s h  egg 

c e l l s  and in  card iac  Pur k in  je  f i b r e s ) .  Like th e  long pore e f fe c t ,  

c ro ss in g -o v er can be accounted fo r  i f  r a is in g  th e  e x te rn a l K* 

co n cen tra tio n  reduces th e  number o f K channels th a t  a re  b locked.

Since K e ff lu x  g re a t ly  exceeds in f lu x  under cond itions in  which 

th e  d riv in g  fo rc e  on K* i s  la rg e  and p o s it iv e ,  an increase  in  

th e  number of conducting channels w i l l  r e s u l t  in  an in c re a se  ra th e r  

than  a decrease in  th e  outward c u r re n t,  a lthough th e  l a t t e r  would 

be expected to  occur i f  th e  e f fe c t  of e x te rn a l K* on th e  K 

d riv in g  fo rc e  were la rg e  compared to  i t s  a b i l i t y  to  remove th e  

blocking p a r t i c l e .  At p o te n tia ls  c lo se  to  th e  equ ilib rium  

p o te n t ia l  f o r  K*, however, th e  e f f e c t  of d riv in g  fo rce  w i l l  

predom inate such th a t  an  in c rease  in  th e  e x te rn a l K* co n cen tra tio n  

depresses the outward c u r re n t .

In  t h i s  connection , i t  w i l l  be in te re s t in g  to  see i f  the

re d u c tio n  in  th e  Cs blockade produced by an in crease  in  the
■ + . -  •

in te rn a l  K coneên th a tio n  (see page i i6 )  r e s u l t s  in  c ro ss in g -o v er 

of th e  c u rre n t-v o lta g e  r e la t io n s  fo r  inward K c u rren ts  in  th e  

p resence of Cs*.

A fu r th e r  p ro p erty  o f th e  inward r e c t i f i e r  in  muscle i s  

th a t  i t  i s  blocked by Rb and t e t raethylammonium ions (TIA) . When 

TEA. i s  added to  th e  e x te rn a l so lu tio n , inward and outward K
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c u rre n ts  a re  depressed to  th e  same ex ten t (S ta n f ie ld , 1970b) 

in d ic a tin g  th a t  the  blockade i s  independent of th e  membrane 

p o te n t ia l .  In  a d d itio n , th e re  a re  two s tu d ie s  which in d ic a te  

t lB t  th e  TEA. blockade i s  not co m p etitiv e ly  in h ib ite d  by 

e x te rn a l K*. F i r s t ,  S ta n f ie ld  (1970b) showed th a t  th e  apparen t 

d is s o c ia t io n  co n stan t f o r  th e  TEA.-receptor complex was 20 mM 

w hether th i s  was determ ined in  2 .5  mM-KCl o r in  50 mM-K^SO  ̂ so lu tio n . 

Secondly, V o ile , G lisson  & Henderson (1972) found th a t  th e  in h ib itio n  

o f e f f lu x  by 60 mM TEA. was in creased  r a th e r  than  decreased  when 

th e  e x te rn a l K* co n cen tra tio n  was ra is e d  from 2 .5  to  50 mM. These 

au th o rs  a ls o  ob tained  a value o f 20 mM f o r  th e  apparent d is s o c ia t io n  

co n s tan t f o r  TEA. binding from th e  in h ib i t io n  o f e ff lu x  in  10 

mM-K*.

A reasonab le  exp lanation  fo r  th ese  fin d in g s  i s  that TEA. blocks 

th e  channels in d i r e c t ly ,  by binding  to  a s i t e  on th e  o u te r  su rface  

o f th e  monbrane. On th e  o th e r hand, i f  in te rn a l  K* ions a lso  have 

access to  th e  TEA. bind ing  s i t e ,  changes in  th e  e x te rn a l K* 

co n cen tra tio n  a lone may produce a n e g lig ib le  change in  th e  K* 

co n cen tra tio n  a t  th e  s i t e ,  com plicating th e  in te rp r e ta t io n  o f 

co rn e t i t  ion  s tu d ie s  .

A drian (196L) has made a number of observations concerning th e

Rb blockade and has concluded th a t  Rb* "does not pass th rough  th e

channels re sp o n s ib le  fo r  anomalous r e c t i f i c a t io n " .  (See a ls o

A drian e t a l . ,1970b). These observations a re  (a) th a t  e x te rn a l

Rb reduces inward K c u rre n ts  in  a manner which appears to  be

la rg e ly  independent o f th e  membrane p o te n t ia l ,  although outward

cu rre n ts  were no t shown. (b) When Rb* p a r t i a l l y  rep laces  in te rn a l  
+

K , outward cu rre n ts  through th e  inw ardly r e c t i fy in g  p e rm eab ility
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mechanism a re  com pletely blocked (though th e  l in e a r  segment of 

the  c u rre n t-v o lta g e  r e la t io n s h ip  i s  unaffected ) and inward 

cu rre n ts  a re  s l ig h t ly  depressed . (c) When Rb* rep laces  K* in  th e  

e x te rn a l s o lu tio n  and i s  a lso  in s id e  the  f ib r e s ,  th e  a b i l i t y  o f 

th e  membrane to  c a rry  la rg e  inward and sm all outward c u rre n ts  i s  

l o s t .

The evidence th a t  th e  mechanisms by which Rb* and TEA. b lock
+

th e  r e s t in g  K conductance a re  not th e  same i s  th a t  th a t  by Rb i s  

an tagon ised  by e x te rn a l K*. Thus S jod in  (1961) has found th a t  th e  

uptake of K* in to  muscle i s  reduced in  the  p resence o f ex te rn a l 

Rb , and has concluded th a t  Rb and K compete fo r  membrane 

s i t e s  u su a lly  occupied by K*. S im ila rly , V oile e t  a l . (1972)

re p o rted  th a t  the blockade o f e ff lu x  by 2 .5  mM-Rb* under

eq u ilib riu m  co n d itio n s  i s  removed when th e  e x te rn a l K* co n cen tra tio n  

i s  ra is e d  te n - fo ld .  Since th e  blockade i s  la rg e ly  independent 

o f th e  membrane p o te n t ia l ,  th e  d ep o la r iz a tio n  caused by r a is in g  

IXI ̂  cannot account fo r  t h i s  e f f e c t .  In  a d d itio n , A drian (1962) 

and Sjodin (1965) have re p o rte d  th a t  in  th e  absence o f K*, rubidium , 

u n lik e  K* (A drian, 1962; Horowicz e t a l . ,1968), does not s tim u la te  

e f f lu x .

I f  one tak es  th e  view th a t  the  inward r e c t i f i e r  channel i s  

impermeable to  Rb*, as A drian suggested , then  th e  f a c t  th a t  th e  

blockade i s  la rg e ly  independent of the  membrane p o te n tia l ,  and i s  

dependent on th e  e x te rn a l K* concentra tion ,, means th a t  th e  Rb 

re c e p to r  i s  p robably  a t  th e  o u te r  en trance to  th e  channel  ̂ such 

th a t  i t  i s  o u ts id e  th e  membrane f i e ld .  In  th i s  case , i t  i s  necessary  

to  ex p la in  why Rb , which has an  io n ic  rad iu s  o f 1 .1;8%, i s  excluded 

from th e  channel w hile sm aller io n s , K* (1 .33^) and Tl* (1 .Wj&)f a re
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ab le  to  pass through th e  channel, and Cs* (1 .69A),which i s  

considerab ly  la rg e r  than  Rb*, can p e n e tra te  some d is tan ce  in to  

the  p o re .

In  f a c t ,  th e  r e s u l t s  p resen ted  in  F ig . 5*3 suggest th a t

Rb* i s  ab le  to  c a riy  a sm all inward cu rre n t through th e  channel.
+

The e a s ie s t  way to  account f o r  the f a c t  th a t  the  presence o f Rb 

reduces K perm eab ility  i s  t o  assume th a t  Rb* moves s lu g g ish ly  

through th e  pore, but in  o th e r re sp e c ts  behaves much l ik e  a K* io n . 

Thus th e  in n e r  p a r t  o f  th e  channel must be a t  l e a s t  2.96? in  

d iam eter, w hile the  o u te r  reg io n  must exceed 3.38& in  o rder to  

accep t Cs* io n s .

I t  i s  in te re s t in g  a t  t h i s  p o in t to  co n s id e r previous models 

fo r  inward r e c t i f i c a t io n  in  m uscle. A drian (1969) has p lo t te d  

c u rre n t-v o lta g e  r e la t io n s  fo r  a number o f  models which show 

r e c t i f i c a t io n .  These f a l l  in to  two main c la s s e s ;  f ix e d  charge 

models and mobile c a r r ie r  m odels. A g en e ra l conclusion  from 

A d rian 's  review i s  th a t  th e  p resence of f ix e d  charges a t  th e  

su rface  of the  membrane can produce r e c t i f i c a t io n ,  o r rev e rse  

th e  d ire c tio n  of r e c t i f i c a t io n  p red ic ted  from th e  constan t f i e l d  

equation  (Goldman, 19i+3), b u t th a t  t h i s  cannot g enera te  a c u r re n t-  

v o ltag e  r e la t io n  which has a reg io n  in  which th e  slope conductance 

i s  n e g a tiv e . Thus f ix e d  charges alone a re  unable to  account fo r  

th e  inward r e c t i f i c a t io n  seen in  m uscle.

The most su ccessfu l model d escribed  by A drian (1969) assumes 

th a t  K* ions a re  tra n sp o rte d  ac ro ss  the membrane in  a s s o c ia tio n  w ith  

a m obile c a r r i e r .  This has a charge o f  -2 when enpty and -1 when 

f u l l  ( th a t  i s ,  each c a r r i e r  m olecule c a r r ie s  one K* io n ) , and i s  

d is tr ib u te d  between th e  in n e r and o u te r  edges o f  th e  membrane 

according to  th e  Boltzmann exp ression . R e c tif ic a tio n  i s  produced by
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assuming th a t  th e  ccn cent r a t  ion  o f c a r r i e r  m olecules a t  th e  in n e r 

su rfa c e  o f the membrane i s  b u ffe re d . S ince h y p erp o la riza tio n  

co n c en tra te s  th e  enpty c a r r ie r  a t  th e  o u te r su rface  of th e  

membrane, la rg e  inward c u rre n ts  a re  p o s s ib le . On th e  o th e r  hand, 

outward c u rre n ts  a re  always sm all and th e  c u rre n t-v o ltag e  r e la t io n  

has a n eg a tiv e  slope s im ila r  to  th a t  observed experim en tally .

As A drian  p o in ts  o u t, w ithout m o d ifica tio n , t h i s  model does not 

dem onstrate c ro ssing -over when th e  e x te rn a l K* co n cen tra tio n  

i s  a l t e r e d .  Moreover, i t  i s  iitp o ss ib le  to  sim ulate  th e  Cs 

blockade using  th i s  model by assuming th a t  Cs* b u ffe rs  th e  c a r r ie r  

co n c e n tra tio n  a t  th e  o u ter edge of th e  membrane. Such an 

assum ption r e s u l t s  in  a s h i f t  in  th e  r e v e rs a l  p o te n t ia l  of th e  

r e s t in g  c u r re n t:  th i s  i s  n o t found experim en tally  (see Table 5*2),

B u ffe rin g  by Cs might occur i f  Cs was bound bu t not tra n sp o r te d .

Horowicz, Gage & Eisenberg (1968) have measured th e  in f lu x  

and e f f lu x  o f as  a fu n c tio n  o f th e  e x te rn a l K* co n cen tra tio n  

in  ch lo rid e -lo ad ed  muscle f ib r e s  in  which th e  membrane p o te n t ia l  

was h e ld  a t  th e  re v e rs a l  p o te n t ia l  f o r  the  c h lo rid e  c u rre n t (about 

-18 mV). They th en  repeated  th e s e  measurements under con d itio n s  

in  which th e  membrane p o te n t ia l  was a l te r e d  by m anipulation  o f th e  

r e v e r s a l  p o te n t ia l  fo r  c h lo rid e  w hile  th e  equ ilib riu m  p o te n t ia l  

f o r  K* was he ld  a t  about -1 8 mV. From th e se  s tu d ie s , th e y  

deduced th a t  the f lu x  r a t io  did n o t obey th e  Ussing (^9h9) 

r e la t io n  f o r  independent ion  movement, b u t follow ed the  m odified 

form (eqn,(1 .3) page 30 ) in  which N “ 2 . This i s  c o n s is te n t 

w ith  s in g le - f i l e  behaviour in  a pore con ta in ing  two K* ions 

(Hodgkin & Keynes, 1955) or a m obile c a r r i e r  model in  which each 

c a r r i e r  molecule tra n s p o r ts  two K io n s . The l a t t e r  in te rp r e ta t io n

i s  th a t  used by Horowicz e t a l .  (1 968). In  th e i r  model the
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c a r r i e r  has a charge o f -3 when eiipty and -1 when f u l l ,  and 

r e c t i f i c a t io n  i s  produced by p o s tu la tin g  a su rface  p o te n t ia l  of 

+5U mV due to  f ix e d  charges a t  th e  in n er su rface  o f th e  membrane. 

A nother in p o rtan t f e a tu re  o f t h i s  model i s  th a t  th e  s tim u la tio n  of 

K e f f lu x  by e x te rn a l K* (Adrian, 1962; Horowicz e t a l . ,  1968) i s  

s im ulated  by assuming th a t  th e  t o t a l  q u a n tity  o f c a r r i e r  m olecules 

i s  in c reased  when th e  e x te rn a l K* co n cen tra tio n  i s  r a i s e d .

Adrian (1969) has d iscussed  th e  model of Horowicz e t  a l . (1968) 

in  some d e ta i l  and d e sc rib es  a peak in  th e  c u rre n t-v o lta g e  r e la t io n  

fo r  inward K c u rre n ts  p re d ic te d  by th e  model b u t which is  no t seen 

ex p erim en ta lly . On th e  o ther hand, th e  model p re d ic ts  outward 

K c u rren ts  r a th e r  w e ll .  This i s  due, a t  l e a s t  in  p a r t ,  to  th e  

f a c t  th a t  in  t h e i r  experim ents, Horowicz e t a l . could only  co n tro l 

the  membrane p o te n t ia l  under conditions in  which the  K c u rre n t 

was outward.

Armstrong (1975a) has devised a pore model fo r  inward

r e c t i f i c a t i o n  in  muscle which, in  some re s p e c ts ,  i s  s im ila r  to

th a t  used to  account fo r  th e  a c tio n  of in te r n a l  q u a te rn a ry  ammonium

ions in  nerve. Armstrong p o s tu la te s  th e  ex is ten ce  o f a  b ind ing

s i t e  which i s  occupied e i th e r  by a K* io n  o r by a b lock ing

p a r t i c l e ,  and which i s  lo c a te d  a t  the  in n e r  end o f th e  r e s t in g  K

channel o u ts id e  th e  membrane f ie ld .  A K* ion  approaching th e

s i t e  by way o f the channel from the  e x te rn a l  s o lu tio n  i s  assumed

to  be ab le  to  d isp la c e  th e  blocking p a r t i c l e  from th e  s i t e  by

e le c t r o s t a t i c  re p u ls io n . Moreover, s in c e  Armstrong assumes th a t

th e  co n cen tra tio n  o f K* a t  a given p o in t in  th e  channel i s  an

exponen tia l fu n c tio n  o f th e  membrane p o te n t ia l ,  h y p e rp o la riz a tio n ,
+

which a t t r a c t s  K in to  th e  channel from th e  o u ts id e , reduces th e  

blockade in  a vo ltage-dependent manner.
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Since th e  b lock ing  p a r t ic le  is  ou tside  th e  e l e c t r i c a l  

g ra d ie n t, Armstrong argues th a t  th e  t o t a l  K e ff lu x  i-s

p ro p o rtio n a l to  th e  In te rn a l  K* co n cen tra tio n , while th e  t o t a l  K 

in flu x  (m_.̂ _p) i s  p ro p o rtio n a l to  [k] ^ e ^  (see eqns . (22 &

2^ of Armstrong, 1975a) • Armstrong does n o t d iscuss th e  K cu rren t 

p re d ic te d  from h is  model; however, i t  can b e  seen th a t  th e  

c u r re n t,  which i s  equal to  i s  an exponen tia l fu n c tio n  o f

th e  membrane p o te n t ia l  and as  such i s  r a th e r  d if fe re n t  from th a t  

observed experim en ta lly . Moreover, a t  la rg e  p o s it iv e  p o te n tia ls  

th e  p re d ic te d  c u rre n t approaches a value which i s  p ro p o rtio n a l to  

th e  in te rn a l  K* co n cen tra tio n  and i s  independent of [k] ^ • Thus 

A rm strong 's model does not produce c ro ss in g -o v er, nor does i t  

generate  an outward cu rren t w ith a negative  slope conductance. I t  

should be m entioned, hew ever, th a t  th e  model p re d ic ts  f lu x e s  of 

la b e l le d  K* which a re  s im ila r  to  those  describ ed  by Horowicz e t a l . 

(1968) .

The mechanism by which the b locking p a r t ic le  model of Standen

& S ta n f ie ld  (I978d) produces inward r e c t i f i c a t io n  i s  s im ila r  to

th a t  o u tlin e d  h e re . In  t h e i r  model, th e  blocking  p a r t ic le  i s  a

d iv a le n t c a tio n  (o r two monovalent c a tio n s) which b inds a t  a s i t e

80^ of th e  way acro ss  th e  membrane f i e ld  from th e  in s id e ,  where i t  
+ +

competes w ith  K. ; a g iven  K concen tra tio n , th e  model f i t s  c lo se ly  

th e  cu rren t -  v o ltag e  r e la t io n s  fo r  the  inward r e c t i f i e r  in  s k e le ta l  

m uscle, and over a la rg e  range of concen tra tio n s  only sm all 

d ev ia tio n s  occur between th e  p red ic ted  c u rre n t-v o lta g e  r e la t io n s  

and those  observed experim en tally . Such d ev ia tio n s  as occur a re  

in  th e  d ire c t io n  expected i f  the l in e a r  component of th e  r e s t in g  K 

conductance, which i s  assumed to  be in  p a r a l le l  w ith th e  inward 

r e c t i f i e r ,  i s  overestim ated  in  low K so lu tio n s .
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H ille  & Schwarz (1978) have considered the more general case 

f o r  a channel showing s in g le - f i l e  behaviour (Hodgkin & Keynes, 19555 

Hecfcmann, 1972), which has two or more ca tio n  b ind ing  s i t e s ,  and 

which can be occupied by more than  one ion a t  a tim e . For inward 

r e c t i f i c a t io n ,  th ey  propose a channel which co n ta in s  th re e  or more 

b ind ing  s i t e s ,  and which is  blocked by an in t r a c e l lu la r ,  monovalent 

b lock ing  p a r t i c le  ab le  to  c ro ss  a l l  bu t th e  outerm ost energy 

b a r r i e r .

L ike th e  model described  by Standen & S ta n f ie ld  (I978d), th e  

model o f H ille  & Schwarz produces c ro ss in g -o v er and a reg ion  o f 

n eg a tiv e  slope in  th e  c u rre n t-v o lta g e  r e la t io n  when th e  K c u rre n t i s  

outward. The model of H il le  & Schwarz has the  advantage th a t  i t  can 

probably  be used to  exp lain  th e  anomalous m o le -frac tio n  behaviour 

inv o lv in g  K* and Tl* rep o rted  in  chap ter 7^a-s w ell as the 

sim ultaneous blockade by e x te rn a l c a tio n s . On th e  o th e r  hand, 

according  to  th e  au th o rs , th e  th re e  s i t e  model produces an inward 

r e c t i f i c a t io n  which i s  le s s  s teep  than  th a t  observed 

experim en tally .

H a l le 's  (1975b) model fo r  th e  Na channel in  iry e lin a ted  nerve 

f ib r e s  a ls o  comprises th re e  ion binding s i t e s .  The model i s  

s in k ie r ,  however, in  th a t  alm ost a l l  of th e  observations concerning 

blocking  ions in  th a t  p re p a ra tio n  can be exp lained  by assuming that- 

th e  channd. con ta ins only one ion a t  a tim e.

F in a lly , none o f the  models so f a r  developed f o r  K channels 

have a tte n p te d  to  exp la in  th e  f a c t  th a t  when a s u f f ic ie n t ly  la rg e  

v o ltag e  i s  a p p lie d  ac ro ss  th e  membrane, th e  s e le c t iv i ty  o f th e  

membrane appears to  decrease in  a manner which i s  r e v e rs ib le ,  and 

which i s  not c o n s is te n t w ith  membrane breakdown. An example of
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t h i s  i s  th e  in crease  in  K cu rren t which occurs through inward 

r e c t i f i e r  channels in  muscle under co n d itio n s  o f extreme 

h y p e rp o la riza tio n  in  th e  presence of sm all q u a n ti t ie s  of Cs * in  

th e  Ringer (chap ter 5) • S im ila r ly , French & W ells ( 1 9 7 7 working 

on squid  axons have shown th a t  Na* ions can ca rry  la rg e  outward 

c u rre n ts  through delayed K channels under con d itio n s  o f  extreme 

d e p o la r iz a tio n , d e sp ite  th e  f a c t  th a t  when sm aller d ep o la riz a tio n s  

a re  ap p lied  in te rn a l  Na* a c ts  as  a K channel b locking io n . Indeed, 

a number o f  experim ents w ith  b locking  ions suggest s im i la r i t ie s  

in  th e  design o f delayed and inward K channels (a p a rt from channel 

g a tin g ) which deserve f u r th e r  in v e s t ig a t io n .
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th e  c o n tra c tio n  th re sh o ld  of fro g  s k e le ta l  m uscle. P flu g e rs  

A rch. 33-1:1

D o rrsch e id t-^ â fe r ,  M. (1977) » The ac tio n  o f D 600 on fro g  s k e le ta l

m uscle: f a c i l i t a t i o n  o f e x c ita tio n -c o n tra c tio n  co u p lin g . Pjfiugers

Arch. 3 ^ ,  259-267 

Drouin, H ., Neumcke, B. (197W* S p ec ific  and u n sp ec ific  charges a t  

th e  sodium channels o f th e  nerve membrane. P flu g ers  A rch. 351, 

207-229

Drouin, H ., The, R. (1969). The e f fe c t  o f  reducing e x t r a c e l lu la r  pH 

on th e  membrane" cu rren ts  of th e  Ranvier node. P flu g e rs  Arch.

313, 80-88

Dubois, J .M ., Bergman, C. (1975). Caesium induced r e c t i f i c a t io n s  in  

f ro g  m yelinated  f ib r e s .  P flugers A rch. 355, 361-361:

Dubois, J .M ., Bergman, C. (1977). The s te a d y -s ta te  potassium  

conductance o f th e  R anvier node a t  various e x te rn a l K- 

c o n c en tra tio n s . P flu g ers  Arch. 370, 185-191:

Dulhunty, A .P ., Eranzini-A rm strong, 0. (1975). The r e l a t iv e  c o n tr i ­

b u tio n s  o f th e  fo ld s  and caveolae to  th e  su rface  membrane of fro g  

s k e le ta l  muscle f ib re s  a t  d if fe re n t sarcomere le n g th s . J .  P hysio l 

(Lond.) 2 ^ ,  513-51:0

Ebashi, S . ,  Bido, M. (1968). Calcium ion and muscle c o n tra c tio n .

Prog. Biophys. Mol. B io l .  1_8, 123-183 

E b ert, G .A ., Goldman, L. (1976). The p e rm ea b ility  o f th e  sodium 

channel in  Myxicola to  a l k a l i  c a tio n s . J .  Gen. P h y sio l. 68, 

327-31:0



178

E hren ste in , G», G ilb e r t, D.L. (1966). Slow changes o f potassium  

p erm eab ility  in  th e  squid g ia n t axon. Biophys. J .  6, 553-566 

E isenberg, B ., ELsenberg, R.S. (1968). S e le c tiv e  d is ru p tio n  of th e  

sa rco tu b u la r system in  frog  s a r to r iu s  m uscle. J .  C ell B io l.

39, 1:51-1:67

E isenberg , R .S ., Gage, P.W. (1969). Io n ic  conductances of th e  

su rface  and tra n sv e rse  tu b u la r  membranes o f  frog  s a r to r iu s  

f ib r e s .  J.G en. P h y sio l. 279-297 

Eisenman, G. (1962). C ation s e le c tiv e  g la s s  e le c tro d es  and th e i r  

mode of o p e ra tio n . Biophys, J .  £ , 259-323s 

Eisenman, G. (1963). The in flu en ce  of Na, K, L i,  Rb and Cs on

c e l lu la r  p o te n tia ls  and r e la te d  phenomena. B ol. I n s t .  Estud.

Med. B io l. 21_, 155-183 

Eisenman, G* (1965) * Some elem entary f a c to r s  involved in  sp e c if ic

ion perm eation. P roc. 23rd I n t .  Gongr. P h y sio l. S c i .  1:89-506

ELul, R. (1967) .  Fixed charge in  th e  c e l l  membrane. J .  P h y sio l.

(Lond.) W , 351-365 

Endo, M. (1966) .  B itry  o f f lu o re sc e n t dyes in to  th e  sa rco tu b u la r 

system o f th e  f ro g  m uscle. J .  P h y sio l. (Lond.) 185, 22l:-238 

Sido, M. (1977) .  Calcium re le a se  from th e  sarcoplasm ic re ticu lu m . 

P h y sio l. Rev. £7, 71-108

F a t t ,  P .,  K atz, B. (195l ) . An a n a ly s is  o f th e  en d -p la te  p o te n t ia l  

recorded  w ith  an i n t r a - c e l lu l a r  e le c tro d e . J .  P h y sio l. (Lond.)

115, 320-370

Fink, R ., Wettwer, E. (1978). M odified K-channel g a tin g  by exhaustion 

and th e  block of in te rn a l ly  ap p lied  T£A  ̂ and l:-am inopyridine in  

m uscle. P flu g ers  Arch. 371:, 289-292



179

Frankenhaeuser, B ., Hodgkin, A.L. (1957). The a c tio n  o f calcium

on th e  e l e c t r i c a l  p ro p e rtie s  of squid  axons. J .  P h y sio l. (Lond.)

137, 217-22:3

Franz in i-A rm st rang , C. (1970). S tud ies o f th e  t r i a d  -  I .  S tru c tu re  

o f th e  ju n c tio n  in  frog  tw itch  f ib r e s .  J .  C e ll. B io l. 2:7,

2:88-2:99

French, R .J . ,  Adelman, ¥ . J .  J r .  (1976). Com petition, s a tu ra tio n  and 

in h ib i t io n  ^ io n ic  in te ra c tio n s  shown by membrane io n ic  cu rren ts  

in  nerve, muscle and b i la y e r  system s. Curr. Top. Membranes &

T ransp . 8y 161 -207 

French, R .J . ,  W ells, J .B . (1977). Sodium io n s  as b lock ing  agents 

and charge c a r r ie r s  in  th e  potassium  channel of th e  squ id  g ian t 

axon. J .  Gen. P h y sio l. 70, 707-722:

Freygang, W.H. J r . ,  G o ldste in , D.A. Hellam, B .C ., Peachey, L.D. (1962:). 

The r e la t io n  between the l a t e  a f te r - p o te n t ia l  and the  s iz e  of th e  

tra n sv e rse  tu b u la r  system  o f fro g  m uscle. J .  Gen. P h y sio l. 2:8, 

235-263

Freygang, W.H. J r . ,  G o ld ste in , D.A., Hellam, B.C. (1962:). The a f t e r ­

p o te n t ia l  th a t  fo llow s t r a in s  o f in p u lses  in  fro g  muscle f ib r e s .

J .  Gen. P h y sio l. ^  929-952 

F ujino , M., Tamaguchi, T ., Suzuki, K,. (1961). «Glycerol E ffect»

and th e  mechanism l in k in g  e x c ita tio n  o f th e  plasma membrane w ith 

c o n tra c tio n . Nature 192, 1159-1161

Gage, P.W., E isenberg, R.S. (1967). A ction  p o te n tia ls  w ithout

c o n tra c tio n  in  fro g  s k e le ta l  muscle fî.b res w ith d is ru p te d  tra n sv e rse  

tu b u le s . Science 158, 1702-1703



180

Gage, P.W., E isenberg, R.S. (1969a). Capacitance of th e  su rface  and 

tra n sv e rse  tu b u la r  manbrane o f fro g  s a r to r iu s  muscle f ib r e s .  J  

Gen. P hysio l. 265-278 

Gage, P.W., E isenberg , R.S. (1969b). A ction  p o te n t ia ls ,  a f t e r ­

p o te n t ia ls ,  and e x c ita tio n  c o n tra c tio n  coupling in  frog  s a r to r iu s  

muscle w ithout tra n sv e rse  tu b u le s . J .  Gen. P h y sio l. 53, 298-310 

Gay, L .A ., S ta n fie ld , P.R. (1977). Cs^ causes a voltage-dependent 

b lock  of inward K cu rren ts  in  r e s t in g  s k e le ta l  muscle f ib r e s .  

Nature 267, 169-170 

Gay, L .A ., S ta n f ie ld , P.R. (1978). The s e le c t iv i ty  of the  delayed

potassium  conductance of frog  s k e le ta l  muscle f ib r e s .  P flu g ers  

Arch. 177-179 

G ilb e r t,  D.L. (1971)- Fixed su rface  charges. In  B iophysics and 

Physiology o f E xcitab le  Membranes, W.J. Adelman J r ,  e d i to r .

Van Nostrand R einhold; New York.

G ilb e r t,  D .L., E hrenste in , G. (1969). E ffec t of d iv a len t ca tio n s  

on potassium  ccnductance of squid  axons: determ ination  o f

su rface  charge. Biophys. J .  9, 14:7-2:69 

G ilb e r t,  D.L., E rhenstein , G. (1970). Use o f a f ix e d  charge model

to  determine the  pK o f th e  isg a tiv e  s i t e s  on th e  e x te rn a l menbrane 

su rfa c e . J .  Gen. P h y sio l. 822-825 

G il le s p ie ,  J . I .  (1977). V oltage-dependent blockade o f th e  delayed 

potassium  curren t in  s k e le ta l  muscle by 2:-am inopyridine. J .  

P h y sio l. (Lond.) 273, 62:-65 P 

G il le s p ie ,  J . I . ,  H u tte r, O.F. (1975). The a c tio n s  of 2:-aminopyridine 

on ■üie delayed potassium  cu rren t in  s k e le ta l  muscle f ib r e s .  J .  

P hysio l. (Lond.) 252, 70-71 P 

Goldman, D.E. (192:3). P o te n tia l ,  impedance, and r e c t i f i c a t io n  in  

membranes. J .  Gen. P h y sio l. 27, 37-60



181

Goldman, L. (1976). K in e tics  of channel g a tin g  in  e x c itab le  membranes.

Q. Rev. Biophys. 9, U91-526 

Goldman, L .,  Schauf, G.L. (1973). Q u an tita tiv e  d e sc rip tio n  of sodium 

and potassium  c u rren ts  and computed a c tio n  p o te n tia ls  in  Myxicola 

g ia n t axons. J .  Gen. P h y sio l. 61, 361-382:

Good, N .E ., Wing e t ,  G.D., W inter, W., Connolly, T .N ., Izawa, S . ,  Singh, 

R.M.M. (1966). Hydrogen io n  b u ffe rs  fo r  b io lo g ic a l  re se a rc h . 

B iochem istry 5 , 2:67-2:77 

Grahame, D.S. (192:7). The e le c t r i c a l  double la y e r  and th e  th e o iy  

of e le c t r o c a p i l la r i ty .  Ghem. Rev. 2:1, 24:1 -501

Hagiwara, S . ,  Eaton, D.C, S tu a r t ,  A .E ., R osenthal, N.P. (1972). Cation 

s e le c t iv i ty  of th e  re s t in g  membrane o f squid  axon. J .  Memb.

B io l.  9, 373-382:

Hagiwara, S . ,  Miyazaki, S . ,  Krasne, S ., C ian i, S. (1977). Anomalous 

p e rm e a b ilitie s  of th e  egg c e l l  membrane of a s ta r f i s h  in  K -T l 

m ix tu res . J .  Gen. P h y sio l. 70 269-281 

Hagiwara, S ., Miyazaki, S ., Moody, W., P a tla k , J .  (1978). Blocking 

e f fe c ts  of barium and hydrogen ions on th e  potassium  cu rren t 

during  anomalous r e c t i f i c a t io n  in  the  s ta r f i s h  egg. J .  P ly s io l .  

(Lond.) 167-185

Hagiwara, S .,  Miyazaki, S . ,  R o sa ith a l, N .P .>(1976). Potassium  cu rren t 

and th e  e f fe c t  of caesium  on th is  cu rren t during anomalous 

r e c t i f i c a t io n  o f th e  egg c e l l  membrane o f a s t a r f i s h .  J .  Gen. 

P h y sio l. 621-638

Hagiwara, S . ,  S a ito , N. (1959) . V o ltage-curren t r e la t io n s h ip s  in

nerve c e l l  membranes o f Onchidium V erruculatum . J .  P h y sio l. (Lond.) 

12:8, 161-179



182

Hagiwara, S ., Tafcahashi, K. (1974). The anomalous r e c t i f i c a t io n

and ca tio n  s e le c t iv i ty  o f th e  membrane o f th e  s ta r f i s h  egg c e l l .

J .  Memb. B io l. 1j8, 61-80 

Hagiwara, S .,  Watanabe, A. (1955). The e f fe c t  o f  tetraethylammonium 

ch lo rid e  on the  muscle membrane examined w ith  an in t r a c e l lu la r  

m icroelectrode. J .  P h y sio l. (Lond.) 129, 513-527

Heckmann, K. (1972). S in g le - f i le  d if fu s io n . : In  Biomembranes, Vol.

3 , Passive P erm eability  of C ell Membranes, F. Kreuzer and 

J .F .G . S iegers, e d i to r s .  Plenum P ress : New York, pp 172-153

Henderson, R ., R itch ie , J.M. (1973). The b ind ing  of la b e l le d

sa x ito x in  to  th e  sodium channels in  nerve membranes. J .  Physiol 

(Lond.) 235, 783-804 

Henderson, R ., R itc h ie , J .M ., S t r ic h a r tz ,  Q. (1974). Evidence th a t  

te tro d o to x in  and sa x ito x in  a c t a t  a m etal c a tio n  b ind ing  s i t e  

in  th e  sodium channels o f nerve membrane. P roc . N at. Acad.

S c i. US. 71 3936-3940 

Henderson, R ., Wang, J.H . (1972). S o lu b il iz a tio n  o f s p e c if ic

te tro d o t  ox in -b ind ing  component from g a r f is h  o lfa c to iy  nerve 

membrane. B iochem istry H ,  4565-4569 

H i l le ,  B. (1967). The s e le c tiv e  in h ib i t io n  o f  delayed potassium

c u rre n ts  in  nerves by tetraethylammonium io n s . J .  Gen. P h y sio l.

1287-1302

H il le ,  B. (1968). Charges and p o te n tia ls  a t  th e  nerve su rfa c e : 

d iv a le n t ions and pH. J .  Gen. P h y sio l. 221-236 

H i l le ,  B. (1970) .  Io n ic  channels in  nerve membranes. P rog.

Biophys. Mol. B io l. 21, 1-32 

H ille ,B . (1971 ) . The p e rm eab ility  o f th e  sodium channel to  organic 

c a tio n s  in  m yelinated n erve . J .  Gen. P h y sio l. 58, 599-619



183

H il le ,  B. (1972) .  The perm eab ility  of th e  sodium channel to  m etal 

c a tio n s  in  irye linated  nerve. J .  Gen. P h y sio l. 637-658 

H i l le ,  B. (1973) .  Potassium channels in  m yelinated  n erv es. S e lec tiv e  

p e rm eab ility  to  small c a tio n s . J .  Gen. P h y sio l. 61, 669-689 

H i l le ,  B. (1975a). Ion ic  s e le c t iv i ty  of Na and K channels of nerve 

membranes. In  Membranes; A se r ie s  of Advances, Vol. 3 ,

G. Eisenman, e d i to r .  Marcel Dekker: New York. pp 255-323 

H i l le ,  B. (1975b). Ion ic  s e le c t iv i ty ,  s a tu ra t io n  and block in  sodium 

channels. A fo u r -b a r r ie r  model. J .  Gen. P h y sio l. 66, 535-560 

H i l le ,  B. (1975c). An e s s e n tia l  ion ized  a c id  group in  sodium channels.

Fed. Proc. 1318-1321 .

H i l le ,  B. (1977a ) .  The pH-dependent r a te  o f  a c tio n  o f lo c a l  a n e s th e tic s  

on the  node of R anvier. J .  Gen. P h y sio l. 69, 475-496 

H i l le ,  B. (1977b ) .  Local a n e s th e tic s ;  hyd ro p h ilic  and hydrophobic 

pathways fc r  th e  d rug -recep to r re a c tio n . J .  Gen. P h y sio l. 69,

497 - 515

H il le ,  B ., Campbell, D.T. (1976). An improved v a se lin e  gap voltage* 

clamp fo r  s k e le ta l  muscle f ib r e s .  J .  Gen. P h y sio l. 26S"“293 

H il le ,  B ., Schwarz, W. (1978). Potassium channels as m u lti- io n  

s in g le - f i l e  p o res. J .  Gen. P h y sio l. 72, 409-442 

H i l le ,  B ., Woodhull, A.M., Shapiro, B .I .  (1975). Negative su rface

charge near sodium channels o f nerve; d iv a len t io n s , monovalent 

io n s , and pH. P h il .  Trans. R. Soc. Lond., B 270, 301-318 

Hodgkin, A.L. (1964). The conduction of the  nervous im pulse.

L iverpool U n iv e rs ity  P ress 

Hodgkin, A .L ., Horowicz, P. (1957) » The d i f f e r e n t ia l  a c tio n  of

hyperton ic  so lu tio n s  on the tw itch  and a c t io n  p o te n t ia l  o f a muscle 

f ib r e .  J .  P hysio l. (Lond.), 136, 17-1 8 P



184

Hodgkin, A .L ., Horowicz, P. (1959) « The in flu en ce  o f potassium  and 

c h lo rid e  ions on th e  membrane p o te n t ia l  o f s in g le  muscle f ib r e s .

J .  P h y sio l. (Lond.) 14.8, 127-160 

Hodgkin, A .L ., Horowicz, P. (l 960a). The e f fe c t  of sudden changes

in  io n ic  co n cen tra tio n  on th e  membrane p o te n t ia l  of s in g le  muscle 

f ib r e s . J .  P h y sio l. (Lond.) 153, 370-385 

Hodgkin, A .L ., Horowicz, P. (1960b). Potassium  co n trac tu re s  in  

s in g le  muscle f ib r e s .  J .  P h y sio l. (Lond.) 153, 386-403 

Hodgkin, A .L ., Huxley, A.F. (1952a). C urren ts c a r r ie d  by sodium and 

potassium  ions through th e  manbrane o f  the  g ia n t axon o f  LoligOo 

J .  P h y sio l. (Lond.) 116, 449-472 

Hodgkin, A .L ., Huxley, A.F. (1952b). The components of membrane 

conductance in  th e  g ian t axon of L o lig o . J .  P h y sio l. (Lond.)

1163 473-496

Hodgkin, A .L ., Huxley, A .F. (1952c). The dual e f f e c t  of membrane 

p o te n t ia l  on sodium conductance in  th e  g ia n t axcn of L o lig o .

J .  P h y sio l. (Lond.) 116, 497-506 

Hodgkin, A .L ., Huxley, A.F. (1952d) . A q u a n t i ta t iv e  d e s c r ip tio n  of 

membrane c u rre n t and i t s  a p p lic a tio n  to  conduction and e x c ita tio n  

in  nerv e . J .  P h y sio l. (Lond.) 117 , 500-544 

Hodgkin, A .L ., Huxley, A .F ., Katz, B. (1952). Measurement of cu rren t- 

v o ltag e  r e la t io n s  in the manbrane of th e  g ia n t axon of L o ligo .

J .  P hysio l. (Lond.) 116, 424-448 

Hodgkin, A .L ., K atz, B. (1949). The e f f e c t  o f sodium ions on th e

e l e c t r i c a l  a c t i v i t y  of th e  g ia n t axon of th e  squ id . J .  P hysio l. 

(Lond.) 108, 37-77 

Hodgkin, A .L ., Keynes, R.D. (1955). The potassium  p erm eab ility  o f a 

g ia n t nerve f ib r e .  J .  P h y sio l. (Lond.) 128, 61-88



185

Hodgkin, A .L ., Nakajima, S. (1972). The e f fe c t  of diam eter on th e

e l e c t r i c a l  co n stan ts  of fro g  s k e le ta l  muscle f ib r e s .  J .  P h y s io l. 

221, 105-120

Hodgkin, A .L ., Rushton, W.A.H. (1946). The e le c t r i c a l  co n s tan ts  of 

a c ru stacean  nerve f ib r e .  Proc. Roy. Soc. (Lond., Bl 33, 444-479 

Horowicz, P . ,  Gage, P.W., E isenberg, R .S. (1968). The ro le  o f th e  

e lec trochem ical g rad ien t in  determ ining potassium  flu x e s  in  fro g  

s t r i a t e d  m uscle. J .  Gen. P h y sio l. 5 l , 193-203s

Howarth, J .V . (1958). The behaviour of frog  muscle in  hyperton ic

s o lu t io i s .  J .  P hysio l. (Lond.) 144, 167-175 

Howell, J .N . ( 1 9 6 9 ) .  A le s io n  o f th e  tra n sv e rse  tu b u le s  o f s k e le ta l  

m uscle. J .  P h y sio l. (Lond.) 201, 515-533 

Howell, J .N .,  Jenden, D .J. (1967). T -tubules o f  s k e le ta l  m uscle;

m orphological a l te r a t io n s  which in te r ru p t e x c ita tio n -c o n tra c tio n  

coup ling . Fed. Proc. £6, 553 

Hucho, F. (1977) .  TEA. binding s i t e s  in  c ra y f ish  axon membranes.

N ature. 267, 719-720 

Hucho, F .,  Bergman, 0 .,  Dubois, J.M ., R o ja s ,. E ., K ie fe r, .H  ̂ (1976). 

S e le c tiv e  in h ib i t io n  cf potassium  conductance in  node o f Ranvier 

w ith  a p h o to a f f in ity  la b e l  derived  from tetraethylamm onium . Nature

2 6 0 ,  8 0 2 - 8 0 4

H u tte r , O .F ., Noble, D. (i9 6 0 ). The c h lo rid e  conductance of fro g  

s k e le ta l  m uscle. J ,  P hysio l. (Lond) 151 , 89-102 

H u tte r , O .F ., Padsha, S.M. (1959). E ffec t o f n i t r a t e  and o th e r anions 

on the  membrane re s is ta n c e  of fro g  s k e le ta l  m uscle. J .  P h y sio l. 

(Lond.) 146, 117-132 

H u tte r , O .F ., Warner, A.E. (1967a). The pH s e n s i t iv i ty  o f th e  c h lo rid e  

ccnductance of fro g  s k e le ta l  m uscle. J .  P h y s io l, (Lond.)  189,

403-425



186

H u tte r , O .F ., Warner, A.E. (1967b). The e f fe c t  of pH on th e

e f f lu x  from fro g  s k e le ta l  m uscle. J .  P h y sio l. (Lond.) 189,

427-443

H u tte r , O .F ., Warner, A.E. (1972). The v o ltag e  dependence o f th e  

c h lo rid e  conductance of frog  muscle. J .  P h y sio l. (Lond.) 227, 

275-290.

Huxley, A .F ., Taylor, R.E. (1958). Local a c t iv a t io n  Of s t r i a t e d  

muscle f ib r e s .  J .  P h y sio l. (Lond.) 144, 426-441 

Huxley, H.E. (1964). Evidence f o r  c o n tin u ity  between th e  c e n tr a l  

elem ents of th e  t r ia d s  and th e  e x tr a c e l lu la r  space in  frog  

s a r to r iu s  m uscle. Nature 202, 1067-1071

J ld e fo n se , M., Rougier, 0 . (1972). V oltage-clairp a n a ly s is  o f th e  

e a r ly  cu rren t in  fro g  s k e le ta l  muscle f ib r e  using  th e  double 

sucrose-gap method. J .  P h y sio l. (Lond.) 222, 373-395

J ld e fo n se , M., Roy, G. (1972). K inetic  p ro p e rtie s  o f th e  sodium 

c u rre n t in  s t r i a t e d  muscle f ib re s  on th e  b a s is  of th e  Hodgkin- 

Huxley theo ry . J .  P h y s io l. (Lond.) 227, 419-431 

Jsenberg , G. (1976). Cardiac P u rk in je  f ib r e s ;  cesium as  a to o l  to  

b lock  inward re c t ify in g  potassium  cu rrenbs. P flu g ers  Arch.

365, 99-106

Jack , J . J .B . ,  Noble, D., Tsien, R.W. (1975). E le c tr ic  cu rre n t flow 

in  e x c ita b le  c e l l s .  Clarendon P ress ; Oxford 

Jaim ovich, E ., Venosa, R .A ., Shrager, P .,  Horowicz, P. (1976). D ensity 

and d is t r ib u t io n  of te tro d o to x in  recep to rs  in  normal and de­

tu b u la te d  frog  s a r to r iu s  m uscle. J .  Gen. P h y sio l. 399-416



187

Kandel, E .R ., Tauc, L. (1966). Anomalous r e c t i f i c a t io n  in  th e  meta­

c e reb ra l g ian t c e l l s  and i t s  consequences fo r  synap tic  tra n sm issicm. 

J .  P hysio l. (Lond.) 183, 287-304 

Kao, C.Y. (1966). T etrodotox in , sax ito x in  and th e i r  s ig n if ic a n c e  in  

th e  study o f e x c ita tio n  phenomena. Pharmacol. Rev. 18, 997- 

1049

Kao, C.Y., S ta n fie ld , P.R . (1968). je t io n s  of some anions on e le c t r i c a l  

p ro p e rtie s  and m echanical th re sh o ld  of frog  tw itch  m uscle. J .  

P h y sio l. (Lond.) 198, 291-309 

Kao, C.Y., S ta n fie ld , P.R. (1970). A ction of some ca tio n s  on th e

e le c t r ic a l  p ro p e rtie s  and m echanical th re sh o ld  o f frog  s a r to r iu s

muscle f ib r e s .  J .  Qen. P hysio l. 620-639

K atz, B. (1 949) . Les constances é le c tr iq u e s  de l a  membrane du m uscle.

Arch. S c i. P h y sio l. 3, 285-300 

Kayne, F .J .  (1971) Thallium  (l)  a c tiv a t io n  of pyruvate k in ase . Archs.

Biochem. Biophys. 143, 232-239 

Keynes, R.D., Rojas, E. (1974). K inetics and s te a d y -s ta te  p ro p e rtie s  

o f the  charged system c o n tro llin g  sodium conductance in  th e  squid 

g ia n t axon. J .  P h y sio l. (Lond.) 23% 393-434 

K ilbourn, B .T ., Dunitz, J .D .,  DLoda, L .A ., Simon, W. (1967). S tru c tu re  

o f the  K complex w ith  nonactin , a m a c ro te tra lid e  a n t ib io t ic  

possessing  h igh ly  s p e c if ic  K  ̂ tra n sp o r t p ro p e r t ie s .  J .  Mol.

B io l. 559-563 

K irsch, G .E., N arahashi, T. (1978). 3, 4 d iam inopyrid ine. A

po ten t new potassium  channel b locker. Biophys J .  22, 5^7-512 

Koketsu, K., N ish i, S. (1966). E ffects of te tro d o to x in  on th e  a c tio n  

p o te n t ia l  in  N a-free media. L ife  S c i. 5 2341-2346



188

Koppenhofer, E. (1967). Die Wirkung von Tetraathylammoniuinchlorid
I* # I

a u f  d ie  Membranstrome Ranvierscher Schnurringe von Xenopus la e v is  

P flu g ers  Arch. 293, 34-55 

Koppenh'ofer, E . , Vogel, W. (1969). E ffec ts  of te tro d o to x in  and t e t r a -  

ethylammonium ch lo rid e  on th e  in s id e  o f th e  nodal membrane o f 

Xenopus l a e v i s . P flugers  Arch. 313, 361 -380 

K u ffle r , S.W., Vaughan W illiam s, E.M. (1953) . Sm all-nerve ju n c tio n

p o te n t ia l s .  The d is t r ib u t io n  o f  small motor nerves to  fro g  muscle, 

and th e  manbrane c h a ra c te r is t ic s  o f  th e  f ib r e s  th ey  in n e rv a te .

J .  P h y sio l. (Lond.) 121, 289-317

Landowne, D. (1975). A comparison of ra d io a c tiv e  th a lliu m  and

potassium  flu x e s  in  th e  g ian t axon o f th e  sq u id . J .  P h y sio l. 

(Lond.) 252, 79-96 

Lauger, P. (1973). Ion tra n sp o r t  through p o res; a r a te  th eo ry  

a n a ly s is .  Biochim. Biophys. A cta. 311, 423-441 

Lee, A.G. (1971). The chem istry  of th a lliu m . E lse v ie r :

Amsterdam, ;̂p 131

Ling, G ., G erard, R.W. (1949). The normal membrane p o te n t ia l  o f fro g  

s a r to r iu s  f ib r e s .  J .  c e l l .  comp. P h y sio l. 383^396

^ n d r in o ,  M. (1977). Voltage-clamp experiments on fro g  s in g le

s k e le ta l  muscle f ib re s  ; evidence fo r  a tu b u la r  sodium c u r re n t .

J .  P h y sio l. (Lond.) 2 ^ ,  605-625 

M cA llis ter, R .E ., Noble, D. (1966). The tim e and v o ltag e  dependence 

o f th e  slow cxitward c u rren t in  card iac  Pur k in  j e  f ib r e s .  J .  

P h y s io l. (Lond.) 186, 632-662



189

McLaughlin, S.G.A., Szabo, G», Eisenman, G. (1971)* D ivalent ions 

and th e  su rface  p o te n tia l  of charged phospholip id  membranes.

J .  Gen. P h y sio l. 58, 667-687 

Meves, H ., Pichon, Y. (1977). The e f fe c t  o f in te rn a l  and e x te in a l  

4-am inopyridine on the  potassium  c u rre n ts  in  in t r a c e l lu la r ly  

p erfu sed  squid g ia n t axons. J .  P h y sio l. (Lond.) 268, 511-532 

Mobley, B .A ., E isenberg, B.R. (1975). S izes o f components of frog  

s k e le ta l  muscle measured by methods o f s te ro lo g y . J .  Gen.

P h y sio l. 31-46 

Moore, J.W ., Anderson, N .C., B lau s te in , M .P., Takata, M., L e ttv in , J .Y .,  

P ickard , W.F., B e rn s te in , T ., P oo ler, J .  (1966). A lk a li  c a tio n  

s e le c t iv i ty  of squid axon membrane. Ann. N.Y. Acad. S c i .  137,

818-829

Mozhayeva, G.N., Naumov, A .P. (1970)* E ffe c t of su rface  charge on

th e  s te a d y -s ta te  potassium  conductance of nodal membrane , N ature 228,164 

Mozhayeva, G.N., Naumov, A .P. (1972a). E ffec t o f  su rface  charge on 

s ta t io n a ry  potassium  co n d u c tiv ity  of Ranvier node membrane. I .

Change of pH o f e x te rn a l so lu tio n . B io fiz ik a  17, 412-420 

Mozhayeva, G .N., Naumov, A .P. (1972b). E ffec t o f  su rface  charge 

on steady potassium  conductv ity  of Ranvier node membrane. . H .

Change of ion ic  s tre n g th  of ex te rn a l s o lu tio n . B io fiz ik a  17, 618-622 

Mozhayeva, G.N., Naumov, A .P. (1972c). E ffec t o f  su rface  charge on 

s ta tio n a ry  potassium  conductance of Ranvier node membrane. l U .

E ffec t of d iv a le n t c a tio n s . B io fiz ik a  . 17, 801-808 

M ullins, L .J .  (1959). The p e n e tra tio n  o f some ca tio n s  in to  m uscle.

J .  Gen. P h y sio l. 42, 817-829 

M ullins, L .J .  (1975)* Ion  s e le c t iv i ty  o f c a r r ie r s  and channels.

Biophys. J .  15, 921-931



190

M ullins, L . J . ,  Moore, R.D. , ( i9 6 0 ). The movement o f th a lliu m  ions 

in  m uscle. J .  Gen. P h y sio l. 759-773

N arahashi, T. (1974) • Chemicals as to o ls  in  th e  study o f ex c itab le

membranes. P h y sio l. Rev. 54, 813-889 

N arahashi, T .,  Deguchi, T ., Urakawa, N., Ohfcubo, T. (I960). S ta b il iz a t io n  

and r e c t i f i c a t io n  of muscle f ib re  membrane by te tro d o to x in . Am.

J .  P h y sio l. 198, 934-938 

Nafcajima, S . ,  Hodgkin, A.L. (1970). E ffect o f diam eter on th e

e le c t r i c a l  co n stan ts  o f fro g  s k e le ta l  muscle f ib r e s .  Nature 227

1053-1055

Nakajima, S . ,  Iw asaki, S . ,  Obata, K. (1962). Delayed r e c t i f i c a t io n  

and anomalous r e c t i f i c a t io n  in  frog*s s k e le ta l  muscle membrane.

J .  G en.Physiol. 2^, 97-115 

Nastuk, W.L., Hodgkin, A.L. (1950). The e l e c t r i c a l  a c t i v i t y  of s in g le  

muscle f ib r e s .  J .  C e ll. Comp. P hysio l. 35, 39-74 

Neher, E .,  Sakmann, B ., S teinbach, J .H . (1978). The e x tr a c e l lu la r  

p a tch  clamp; a method fo r  reso lv ing  c u rre n ts  through iid iv id u a l 

open channels in  b io lo g ic a l  membranes. P flilgers Arch. 375,

219-228

Nelson, P.G ., Frank, K. (1967). Anomalous r e c t i f i c a t io n  in  c a t 

sp in a l motoneurons and e f fe c ts  o f p o la r iz in g  c u rre n ts  on 

e x c ita to ry  p o s tsy n ap tic  p o te n t ia ls .  J .  N europhysiol. 30,

1097-1113

Noble, D. (1965). E le c tr ic a l  p ro p e rtie s  of ca rd iac  muscle a t t r ib u te d  

to  inward going (anomalous) r e c t i f i c a t io n .  J .  C e ll. Comp.

P h y sio l. Suppl. 2, 127-135 

Noble, D. (1975). The i n i t i a t i o n  of th e  h e a r tb e a t. Clarendon P ress ; 

Oxford



191

Noble, D ., H a ll, A.E. (1963). The cond itions fo r  i n i t i a t in g  » a ll  or 

nothing* re p o la r iz a tio n  in  card iac  m uscle. . Biophys. J .  3, 

261-274

Noble, D ., T sien , R.W. (1968). The k in e tic s  and r e c t i f i e r  p ro p e rtie s  

o f th e  slow potassium  cu rren t in  card iac  P urk in je  f ib r e s .  J .  

P h y sio l. (Lond.) 195, 185-214

O hnisi, M., U rry, D.W. (1970). Solu tion  conform ation of valinomycin­

potassium  ion  coitplex. Science 168, 1091 -1092

Page, S.G. (1965). A comparison o f the f in e  s tru c tu re s  of fro g  

slow and tw itch  muscle f ib r e s .  J .  C e ll. B io l. 26, 477-497

P arseg ian , A. (1969). Energy of an  ion  c ro ss in g  a low d ie le c t r ic  

membrane; so lu tio n s  to  four re lev an t e le c t r o s ta t ic  problem s. 

N ature 221, 844-846

Peachey, L.D. (1965). The sarcoplasm ic re ticu lu m  and th e  tra n sv e rse  

tu b h le s  of the  frog*s s a r to r iu s .  J .  C e ll. B io l. 209-231

Peachey, L .D ., S ch ild , R.E. (1968). The d is t r ib u t io n  of th e  T-

system along sarcomeres of frog  and to ad  s a r to r iu s  m uscle; J .  

P h y sio l. (Lond.) 194, 249-258

P e lh a te , M., Pichon, T. (1974). S e lec tiv e  in h ib i t io n  of potassium  

cu rren t in  th e  g ia n t axon of the  cockroach. J .  P h y sio l. (Lond.) 

242, 90-91 P

Persson, A. (1963). The negative a f te r - p o te n t ia l  o f fro g  s k e le ta l  

muscle f ib r e s .  A cta . P hysio l. Scand. Suppl. 205.

P ickard , W .F., L e ttv in , J .Y .,  Moore, M., Takata, J . ,  Pooler, J . ,  

B e rn s te in , T. (1964). Caesium ions do not pass th e  membrane 

of th e  g ia n t axon. Proc. Nat. Acad. S c i. USA 52, 1177-1183



192

Potreau , D., Raymond, G. (1978) • Slew inward calcium  c u rre n t and

co n tra c tio n  on frog  s in g le  muscle f i b r e s . J .  Physiol (Lond.), 282, 

17-18 P

Rang, H .P ., R itc h ie , J.M. (1 968). On th e  e lec tro g en ic  sodium pump 

in  mammalian non-m yelinated nerve f ib r e s  and i t s  in a c t iv a t io n  

by various c a tio n s . J .  P h y sio l. (Lond.) 196, 183-221 

Raymond, G ., P o treau , D. (1977). Barium ions and e x c ita t io n -

c o n tra c tio n  coupling of frog  s in g le  muscle f ib r e s  under c o n tro lle d  

c u rren t and v o ltag e . J .  P h y sio l. (P aris) 73, 617-631 

Rob in s  cn, R.A ., S tokes, R.H. (1965). E le c tro ly te  s o lu tio n s . 

B utterw orths and Co; London

Sandow, A ., to id e l ,  H. (1951). E ffec ts  of potassium  and rubidium

on th e  r e s t in g  p o te n t ia l  of m uscle. J .  C e ll. Comp. P h y sio l.

38, 271-291

Schauf, C.L. (1975). The in te ra c tio n s  of calcium  w ith Myxicola.

g ia n t axons and a d e sc rip tio n  in  term s o f  a s in g le  su rfac e  charge 

model. J .  P hysio l. (Lond.) 248, 613-624 

Schauf, C .L ., Colton, C.A., Colton, J .S . ,  Davis, F.A. (1976). Amino- 

p y rid in e s  and sp a r te in e  as in h ib i to r s  o f  membrane potassium  

conductance: e f fe c ts  oü % x ico la  g ian t axons and th e  lo b s te r

neurom uscular ju n c tio n . J .  Pharmacol. Exp. Ther. 197 , 414-425 

Schauf, C .L ., Davis, F.A. (1976). S e n s i t iv i ty  o f th e  sodium and

potassium  channels o f  My%icol^ g ia n t axons to  changes in e x te rn a l 

pH. J .  Gen. P hysio l. 67, 185-195 

Schneider, M.F., Chandler, W.K. (1973). Voltage dependent charge 

movement in  s k e le ta l  muscle : a p o ss ib le  s tep  in  e x c i ta t io n -

c o n tra c tio n  coupling . Nature 242, 244-246



193

Shapiro , B .I .  (1977a). E ffec ts  o f s try ch n in e  on the potassium

conductance o f the  fro g  node of R anvier. J .  Gen. P h y sio l. 69,

897-914

Shapiro , B .I .  (1977b). E ffe c ts  o f  s trychn ine  on th e  sodium

conductance of fro g  node o f  R anvier. J .  Gen. P h y sio l. 915-925

Shrager, P . (1974). Io n ic  conductance changes in  v o ltag e  clamped 

c ra y f ish  axons a t  low pH. J .  Gen. P h y sio l. 666-690 

S i l le n ,  L .G ., I ^ r t e H ,  A.E. (1964). S ta b i l i ty  co n stan ts  o f m eta l­

ion  complexes. S pecia l p u b l. no. 17. The Chemical S o c ie ty :

London

S jod in , R.A. (1959) . Rubidium and caesium flu x es  in  muscle as 

r e la te d  to  th e  membrane p o te n t ia l .  J .  Gen. P h y sio l. 42,

983-1003

S jo d in , R.A. (1961). Some c a tio n  in te ra c tio n s  i n  muscle. J .  Gen.

P h y sio l, y i ,  929-962 

S jod in , R.A. (1965). The potassium  f lu x  r a t i o  in  s k e le ta l  muscle 

as  a t e s t  fo r  independent ion  movement. J .  Gen. P h y sio l. 48, 

777-796

S jo d in , R.A. (1966). Long d u ra tio n  responses in  squid  g ia n t axons 

in je c te d  w ith  ^^^caesium su lp h a te  s o lu t io n s .  J .  Gen. P h y sio l.

50, 269-278

S p e re la k is , N ., Schneider, M.F. (1968) . Membrane ion  conductances

o f fro g  s a r to r iu s  f ib re s  as a fu n c tio n  o f  to n ic i ty .  Am. J .

P h y sio l. 215, 723-729

Standen, N .B., S ta n f ie ld , P.R. (1978a), P o ten tia l-d ep en d en t blockade
2+by Ba o f r e s t in g  potassium  p e rm eab ility  of fro g  s a r to r iu s .

J .  P h y sio l. 277, 70-71P



194

Standen, N .B ., S ta n fie ld , P.R. (1978b). A p o te n t ia l -  and tim e- 

dependent blockade of inward r e c t i f i c a t io n  in  fro g  s k e le ta l  

muscle f ib r e s  by barium and stron tium  io n s . J .  P h y sio l. (Lond.) 

280, 169-191

Standen, N .B., S ta n f ie ld , P.R. (1978c). A mechanism fo r  th é  f a l l  

in  r e s t in g  potassium  ccnductance o f fro g  s k e le ta l  muscle f ib r e s  

occurring  under extreme h y p e rp o la riza tio n . J .  Physiol. 282, 18-19P 

S tanden, N .B., S ta n fie ld , P.R . (1978d). Inward r e c t i f i c a t io n  in  

s k e le ta l  m uscle; a b locking  p a r t ic le  model. P flu g ers  Arch.

378, 173-176

S ta n f ie ld ,  P .R . (1970a). The e f fe c t  o f tetraethylammonium ion  on 

th e  delayed cu rren ts  o f frog s k e le ta l  m uscle. J .  P hysio l.

(Lond.) 209, 209-229 

S ta n f ie ld ,  P.R. (1970b). The d i f f e r e n t ia l  e f fe c ts  of t e t r a e th y l ­

ammonium and zinc ions on th e  r e s t in g  conductance of fro g  

s k e le ta l  m uscle. J .  P h y sio l. (Lond.) 209, 231-256 

S ta n f ie ld , P.R . (1973). The onset of th e  e f fe c ts  o f zinc and

tetraethylammonium ions on a c tio n  p o te n t ia l  d u ra tio n  and tw itc h  

aijç)litude of s in g le  muscle f ib r e s .  J .  P h y sio l. (Lond.) 235, 

639-654
S ta n f ie ld ,  P .R . (1975)* The e f fe c t  of zinc ions on th e  g a tin g  o f th e  

delayed potassium  conductance of fro g  s a r to r iu s  m uscle. J .  

P h y sio l. 711-735 

S ta n f ie ld ,  P.R . (1977). A calcium  depeiident inward c u rre n t in  fro g  

s k e le ta l  muscle f ib r e s .  P flugers Arch. 368, 267-270 

S tillm a n , I .M ., G ilb e r t , D.L., L ipicky, R .J . (1971). E ffec t o f

e x te rn a l pH upon th e  vo ltage  dependent c u rre n ts  of the squ id  g ian t 

axon. Biophys. J .  1J_, 55a



195

S tr ic h a r tz ,  G.R. (1973). The in h ib i t io n  o f sodium cu rren ts  in

m yelinated nerve by quaternary  d e r iv a tiv e s  of l id o c a in e . J .

Gen. P h y sio l. 37“57 

S trickho lm , A ., C lark, H.R. (1977) » Io n ic  p e rm eab ility  o f K, Na, and

d  in  c ra y f is h  nerve. R egulation by membrane f ix e d  charges and 

pH. Biophys. J .  1_9, 29-48

Takeda, K. (1 977). Prolonged sa rco tu b u la r reg en e ra tiv e  response in  

fro g  s a r to r iu s  m uscle. Jap . J .  P h y sio l. £7, 379-389 

Takeuchi, A ., Takeuchi, N. (1959). A ctive phase of frog  * s en d -p la te  

p o te n t ia l .  J .  Neurophys. 22, 395-411

U lb r ic h t,  W., Wagner, H.-H. (1975a). The in flu en ce  o f pH on

eq u ilib riu m  e f fe c ts  of te tro d o to x in  on iryelbated nerve f ib r e s  of

Rana e sc u le n ta . J .  P hysio l. (Lond.) 252, 159-184

U lb r ic h t, W., Wagner, H.-H. (1975b). The in flu en ce  of pH on th e  

r a t e  o f te tro d o to x in  a c tio n  on n y e lin a te d  nerve f ib r e s .  J .  

P h y sio l. (Lond.) 252, 185-202 

U lb r ic h t,  W., Wagner, H.-H. (1976). Block o f potassium  channels of 

-the nodal membrane by 4 - aminopyridine and i t s  p a r t i a l  removal 

on d e p o la r iz a tio n . P flugers Arch. 367 , 77-87 

U rry, D.W. (1971). The gram icidin A transmembrane channel : a

proposed 7 T h e l i x .  Proc. N at. Acad. S c i. USA 68, 672-676 

U ssing, H.H. (1949). The d is t in c t io n  by means of t r a c e r s  between 

a c t iv e  tra n s p o r t  and passive d if fu s io n . Acta P h y sio l. Scand.

19, 43-56

V ierhaus, J . ,  U lb r ic h t, W. (1971). Rate o f a c tio n  o f t e t r a e th y l ­

ammonium ions on th e  du ra tion  of a c tio n  p o te n tia ls  in  s in g le  nodes 

o f R anvier. P flu g e rs  Arch. 326, 88-100



196

V o ile , R.L. (1970) .  The a c tio n s  of tetraethylammonium ions on

potassium  f lu x e s  iu  frog  s a r to r iu s  m uscle. J .  Pharmacol. Eq). 

Ther. 172, 230-238 

V o ile , R .L ., G lisson, S .L ., Henderson, E.G. (1972). Blockade by 

tetraethylammonium (TEA) and rubidium  o f potassium  exchange 

in  s a r to r iu s  muscle f ib r e s ;  d is t r ib u t io n  o f  ^̂ C-TBA. in  

m uscle. P flugers Arch. 333, 281-296

Weidmann, S. (1955) * The e f fe c t  o f the card iac  membrane p o te n tn l  

on the rap id  a v a i la b i l i ty  o f th e  sodium -carrying system.

J .  R iysio l. (Lond) 127, 213-224 

Woodbury, J.W. (1971). Eyring r a te  th eo iy  model o f th e  c u rren t-v o ltag e  

r e la t io n s h ip  o f ion channels in  e x c ita b le  membranes. In  

Chemical lynam ics: Paper in  Honour o f Henry

J .  H irsh fe ld e r , e d i to r .  John Wiley and Sons Inc.; New York,

pp 601 - 617

Woodhul l ,  A.M. (1973) .  Ion ic  blockage of sodium channels in  nerve.

J . Gen. P hysio l. 6 l , 687-708

Yeh, J .Z . ,  Oxford, G .S ., Wu, C.H., N arahashi, T. (1976a). In te ra c tio n s  

o f am inopyridines w ith  potassium  channels o f squid  g ia n t axon 

membranes, Biophys. J .  1_6, 77-81 

Yeh, J .Z . ,  Oxford, G .S ., Wii, C .H ., N arahashi, T. (1976b). lynamics o f 

am inopyridine b lock  o f potassium  channels in  squ id  axon membrane.

J. Gen. Physiol. 5l 9-535



197

ACKNOWLEDGEMENTS

I  am indebted  to  Dr. P.R. S ta n f ie ld , l y  re sea rch  su p e rv iso r, 

fo r  h is  help  and encouragement during th e  experim ental work and 

during  th e  p re p a ra tio n  o f t h i s  m anuscrip t, and to  Dr. A.R. C h ip p erfie ld  

f o r  h is  comments on th e  f in a l  copy o f th e  m anuscrip t.

P a r t ic u la r  thanks a re  a lso  due to  Mr. H« Neale of th e  e le c tro n ic s  

workshop f o r  c o n s tru c tin g  much of th e  equipment used fo r  t h i s  p ro je c t ,  

and to  Mr. A. Chimes and h is  s ta f f  fo r  te c h n ic a l  a s s is ta n c e  in  ways 

to o  numerous to  m ention h e re .

I  wish to  thank th e  Medical Research Council f o r  a  S tuden tsh ip  

and P ro fesso r R. Whittam fo r  allow ing th e  f a c i l i t i e s  o f  h is  department 

to  be used fo r  t h i s  work.



ABSTRACT

The E ffe c t of Small Cations on th e  Delayed R e c ti f ie r  and th e  R esting 
Potassium  Conductance of Frog S a r to r iu s  Muscle.
By Louise Ann Gay

Standard e le c tro p h y s io lo g ic a l techniques were used to  examine 
th e  e f f e c ts  o f hydrogen io n s , th a llo u s  and a lk a l i  m etal ions on th e  
e l e c t r i c a l  p ro p e r tie s  o f fro g  s a r to r iu s  m uscle.

A red u c tio n  in  e x te rn a l pH from 9 .2  to  5 .2  slowed th e  r is in g  and 
f a l l in g  phases o f th e  a c tio n  p o te n t ia l .  In  voltage-clam ped f ib r e s ,  
a s im ila r  pH change s h if te d  th e  delayed potassium  conductance to  more 
p o s i t iv e  membrane p o te n t ia ls ,  bu t had l i t t l e  o r no e f fe c t  on th e  
maximum delayed conductance. At pH 5 .2 , th e  delayed c u rren t tu rned  
on more slow ly than  a t  pH 7 .2  and th e  th re sh o ld  f o r  the  sodium cu rren t 
was s h if te d  to  more p o s it iv e  p o te n t ia l s .  These r e s u l ts  a re  c a is is te n t  
w ith  th e  t i t r a t i o n  o f  f ix e d  charges a t  th e  membrane su rfa c e .

R eversal p o te n t ia l  measurements were used to  in v e s tig a te  th e  
s e le c t iv i ty  of delayed potassium  channels . C alcu lated  mean perm eab ility  
r a t io s  were = 0 .024, = 0 .030, = 0.95 and P^^/P^ =

A voltage-clam p technique was used to  in v e s tig a te  th e  e f fe c ts  
o f caesium and th a lliu m  on potassium  c u rren ts  in  r e s t in g  muscle.
Caesium blocked th e  r e s t in g  potassium  conductance in  a cone e n trâ t io n -  
and voltage-dependent manner. At a given membrane p o te n t ia l ,  the  
blockade was reduced by r a is in g  in te rn a l  potassium , b u t was la rg e ly  
independent of th e  e x te rn a l potassium  co n cen tra tio n . In  f ib re s  hyper­
p o la r iz e d  under constan t cu rren t cond itions in  th e  presence o f caesium, 
o s c i l la t io n s  in  th e  membrane p o te n t ia l  were r e c o r d e d I n  potassium - 
f re e  so lu tio n s , th e  major e f f e c t  o f th a lliu m  was to  remove the  tim e- 
and sodium-dependent p e rm eab ility  change which g ives r i s e  to  a negative  
slope in  th e  s te a d y -s ta te  c u rre n t-v o lta g e  r e la t io n s  of f ib r e s  hyper­
p o la r iz e d  in  normal R inger. I t  i s  concluded th a t  potassium  crosses th e  
r e s t in g  membrane by way o f m u lti- io n  channels con ta in ing  two or more ion  
b ind ing  s i t e s .

A method i s  d escribed  which dem onstrates th a t  a t  l e a s t  p a r t  of th e  
slow conductance decrease which occurs when muscle f ib re s  a re  hyper­
p o la r iz e d  i s  due to  a d e p le tio n  o f  potassium  from th e  tra n sv e rse  tu b u le s ,


