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Summary. Mammalian skeletal muscle fibers exhibit large 
slow changes in membrane potential when hyperpolarized 
in standard chloride solutions. These large slow potential 
changes are radically reduced in low chloride solutions, 
where the faster and smaller potential change ("creep"), 
usually observed in amphibian fibers, becomes apparent. 
The slow potential change during a hyperpolarizing cur- 
rent pulse leads to an increase in apparent resistance of up 
to nine times the instantaneous value and takes minutes to 
reach a steady value�9 It then takes a similar time to decay 
very slowly back to the resting membrane potential after 
the current pulse. The halftime for the slow potential 
change was found to be inversely proportional to the 
current magnitude. From measurements of immediate post- 
pulse membrane potentials, assuming constant ionic per- 
meabilities, the internal chloride concentration was calcu- 
lated to decrease exponentially towards a steady value 
(e.g., for one fiber from 12.3 to 6.6mM after a 330-sec 
pulse). The time course and magnitude of the concen- 
tration change were predicted from chloride transport 
number differences, and the known and measured proper- 
ties of the fibers, and were found to agree very well with 
the values obtained from experimental measurements�9 In 
addition, the shapes of the V 2 -  V 1 responses, measured in 
the three-electrode current clamp set-up with either potas- 
sium chloride or potassium citrate current electrodes, 
were as predicted by transport number chloride depletion 
effects and were at variance with the predictions of a 
permeability change mechanism. 
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Introduction 

Mammalian skeletal muscle fibers are known to 
differ from amphibian fibers in at least two 
significant ways. Mammalian fibers have an ac- 
tive chloride pump so that the internal chloride 
ion concentration is not in equilibrium with the 
resting membrane potential as it is in am- 
phibian fibers (Dulhunty, 1978). In addition, the 
chloride permeability, which is a significant 
fraction of the total membrane permeability, is 

distributed over the surface and T-tubule mem- 
branes (Dulhunty, 1979), in contrast to am- 
phibian fibers where chloride permeability is 
confined to the surface membrane (Eisenberg & 
Gage, 1969). With these differences in mind, we 
have examined the response of mammalian 
muscle fibers to long hyperpolarizing current 
pulses. 

It has been known for some time that hy- 
perpolarizing currents applied across the mem- 
brane of amphibian skeletal muscle fibers result 
in slow potential changes, which appear to re- 
flect increases in membrane resistance and 
which are colloquially referred to as conduc- 
tance or resistance "creep" (e.g., Adrian & 
Freygang, 1962), and which have two potential 
dependent components (Almers, 1972a, b). Fol- 
lowing hyperpolarizations of less than 30mV, 
the potential recovers slowly with a Q lo of 
about 1.3, consistent with a diffusion process, 
whereas for much larger hyperpolarizations 
there is a dominating component  which is 
much more temperature sensitive, having Q 1 o'S 
of 3.0 and 2.8 for the rate of increase of creep 
itself and for the rate of recovery after the 
pulse. The former low Q10 component  is therefore 
considered to be due to potassium depletion 
within the transverse tubular system of the mus- 
cle fibers. It was further shown (Barry & Ad- 
rian, 1973) that for this component  the actual 
time-dependent changes in membrane potential 
were to be expected from transport number 
considerations and could be accurately predict- 
ed from muscle fiber parameters and known 
geometry factors. The second component,  with 
a higher Q x0 and faster recovery, was shown to 
be consistent with a time and voltage-depen- 
dent membrane permeability change (Almers, 
1972b). The above effects were most clearly 
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seen when  chlor ide  ions were rep laced  by  sul- 
pha t e  ions in the externa l  solut ion.  In  such 
cases the ave rage  t ime  cons tan t s  for smal l  (less 
t han  30 mV) cons tan t  vo l tage  and  cons t an t  cur- 
rent  pulses were  respec t ive ly  400 and  500msec ,  
the final decreases  in c o n d u c t a n c e  also be ing 
respec t ive ly  0.56 and  0.70 of the initial va lue  
(Barry  & Adr ian ,  1973), the effects be ing  very  
cons ide rab ly  reduced  in the p resence  of n o r m a l  
chlor ide  concen t ra t ion .  

The  results  in this p a p e r  will show tha t  s im-  
ilar s low po ten t i a l  changes  are seen in m a m -  
m a l i a n  musc le  fibers in so lu t ions  wi th  a low 
chlor ide  concen t ra t ion .  Howeve r ,  in m a r k e d  
con t ra s t  to a m p h i b i a n  fibers, when  m a m m a l i a n  
fibers are h y p e r p o l a r i z e d  in the p resence  of 
s t anda rd  chlor ide  concen t r a t i ons  there is an  
even larger  and  s lower  po ten t i a l  change,  which  
reaches  a m a x i m u m  value  over  a pe r iod  of  mi-  
nutes.  Since the ra t io  of  ch lor ide  to p o t a s s i u m  
permeab i l i ty ,  Pcl/PK, is h igh  (in ra t  s t e r n o m a s -  
to id  fibers Pcl/PK=4.5;  D u l h u n t y ,  1979), the 
large s low po ten t i a l  change  m u s t  reflect e i ther  a 
s low change  in chlor ide  pe rmeab i l i t y  or  a 
change  in the in terna l  ch lor ide  concen t ra t ion .  

Ana lys i s  of  this p h e n o m e n o n  suggests  tha t  it 
is due to the changes  in in terna l  chlor ide  con-  
cen t r a t ion  wi th in  the m a i n  in t race l lu la r  c o m -  
p a r t m e n t  of  the musc le  fibers, which  arise as a 
result  of  t r a n s p o r t  n u m b e r  effects. A pre l im-  
inary  r epor t  of  s o m e  of the ma te r i a l  in this 
p a p e r  has  a p p e a r e d  e lsewhere  (Barry & Dul -  
hunty,  1983). 

M a t e r i a l s  and  M e t h o d s  

The experiments were performed on the surface fibers of 
small bundles of rat white sternomastoid fibers that had 
been fine-dissected so that the ends of the fibers were 
clearly visible. The preparations were mounted in a per- 
spex bath, which was surrounded by a temperature-con- 
trolled water jacket. The bathing solution was not flowed 
during electrical measurements in order to reduce How 
artifacts. The external solutions used are listed in Table 1. 
Experiments were done at 17-23 ~ in order to minimize 
activity of the active chloride pump. Temperature was not 
lowered below 17 ~ because chloride permeability is con- 
sidered to be reduced at low temperatures (Palade & 
Barchi, 1977). In all cases the internal and external mic- 
roelectrodes were filled with 3 M KC1 and had resistances 
of 2-6 Mfl except in those experiments considered for 
Fig. 10, in which the chloride in the current electrode was 
replaced by citrate. Chart records of voltage and current 
traces were obtained on a Hewlett Packard 7401 pen 
recorder. 

A three microelectrode current clamp at the end of 
the muscle fiber (see inset to Fig. 1) was used in order to 
get a reasonably constant and uniform current density in 
that region. The space constant of the fiber 2 was obtained 

using a numerical iterative procedure from the exact equa- 
tion (Adrian, Chandler & Hodgkin, 1970; Barry & Adrian, 
1973) 

cosh (2d/2) G 
cosh (d/2) V- 1 

(1) 

having used the following approximate expression to ob- 
tain an initial value: 

v 2 - v l _  3 
(~/;,)2 (2) 

v~ 2 

where VI and V 2 refer to the voltages measured at the 
positions {' and 2d shown in the inset to Fig. I. r~. the 
resistance per unit length was calculated from 

exp [(2d + 2)/2] 
,-~ = v, (3) 

I o cosh (U2) 

where I 0 is the total current applied through the current 
electrode. 

The fiber radius a and the membrane current per unit 
area I,,, (at x = 2) were obtained from the equations 

a = [Ri/~ ri] 1/2 (4) 

a(v~ - ~ )  cosh (l/;O 
I,~ - (5) 

2R,22 [cosh (~(-) - cosh (~)] 

where R i is the internal resistivity of the fiber. This was 
assumed to have the value of 169f~cm at 20~ This 
value is the same as that determined by Hodgkin and 
Nakajima (1972) for amphibian fibers and has been shown 
to be appropriate for mammalian fibers because it gives 
calculated diameters that are similar to measured diame- 
ters in sternomastoid fibers (Davey, Dulhunty & Fatkin, 
1980). It was corrected for the particular temperature, 
using a Q10 value of 1.37, from the relationship 

Ri(T ) . ~A T(T + 10) In Q, o ~ j . . . .  exp (6) 
R~(T+AT) LIO(T+AT)  

where Ri(T) is the value at temperature T in ~ and 
R~(T + A T) its value at temperature T + A T. 

All calculations and numerical analyses were done 
using an LSI 11/02 computer (Digital Equipment Corpo- 
ration). 

R e s u l t s  

E x p e r i m e n t s  were p e r f o r m e d  on  40 fibers f rom 
15 animals ,  and  essent ial ly  s imi lar  resul ts  were  
ob t a ined  in each  case. A few fibers were  held 
for per iods  exceeding 1 hr wi th  little or  no  de- 
c r e m e n t  in the rest ing m e m b r a n e  potent ia l ,  and  
the  results  f r o m  these fibers were used to com-  
pa re  expe r imen ta l  resul ts  with theore t ica l  pre-  
dict ions.  

F igure  1 shows  the typica l  r e sponse  ob-  
ta ined  for a hype rpo l a r i z ing  pulse across  the 
m e m b r a n e  of  a m a m m a l i a n  musc le  fiber b a t h e d  
in one of  the two s t a n d a r d  chlor ide  K r e b ' s  so- 
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F i g .  1. Slow time-dependent potential changes observed in 
mammalian muscle fibers in standard C1 solutions (So- 
lution A of Table 1). This was measured using the three 
microelectrode end-of-fiber current clamp setup depicted 
in the top inset, where I represents the current electrode 
and Vz and V 2 the voltage recording electrodes. The setup 
with interelectrode distances ~ and c$~ was designed to 
give a reasonably constant current density in the end-of- 
fiber region. In this and in the subsequent figures showing 
current and voltage records, the top trace, Io, was drawn 
in to represent the duration, timing, and shape of the total 
clamp current in the hyperpolarizing direction, whereas 
the other traces were reproduced from the original chart 
records. The bottom trace V 1 in the main panel of this 
figure shows the initial resistive voltage "jump," in this 
case from - 6 7  to -72.5 mV. This is then followed by the 
long slow "creep" towards a steady level, the immediate 
"jump" at the end of the pulse (in this case, from -95.5 to 
-88  mV) and the slow recovery or repolarization phase 
back to the original resting level. The middle trace shows 
the voltage difference between the V 2 and V~ electrodes 
and is proportional to the membrane current density Im. 
From this and other measurements the current density in 
this pulse and the fiber radius were calculated to be 
14.7/~A.cm -z and 32gm, respectively, using Eqs. (1)-(6). 
The interelectrode distances ~' and 3( were 470 and 94 gm, 
respectively, resistance R m = 0.345 k~. cm 2 and the temper- 
ature T=22~ Note the small overshoot and undershoot 
at the beginning and end of the pulse 

lu t ions  (Solut ion A, T a b l e  1), using the three  
m i c r o e l e c t r o d e  end-of - f iber  cur ren t  c l a m p  se tup  
i l lus t ra ted  in the inset. The  init ial  res t ing m e m -  
b r a n e  po ten t i a l  V m m e a s u r e d  by  V t in this ex- 
a m p l e  is - 6 7  mV. D u r i n g  the onse t  of  the cur-  
rent  there  is a vo l t age  j u m p  fo l lowed by  a slow 
increase  in m e m b r a n e  po ten t i a l  to a m o r e  hy- 
pe rpo l a r i zed  level (in this case - 9 5 . 5  mV). Such 
an  increase  in m e m b r a n e  potent ia l ,  which  ap-  
pears  to reflect an  increase  in resis tance,  is often 
referred to as res is tance  " c r e e p . "  A t  the end of  
the pulse the vo l t age  i m m e d i a t e l y  j u m p s  to an  
i n t e r m e d i a t e  value (e.g., - 8 8  mV) and  then  slow- 
ly, ove r  a b o u t  10min ,  re turns  to its or ig inal  
value. 

- , o  v , . ~  C "  . . . .  - -  
- 7 0  

- 80  mV i _;;;I <-- - -  

i i i i 

5 rnin 10 s 

Fig. 2. Voltage responses for two constant hyperpolarizing 
pulses in a low chloride solution (solution C of Table 1) 
measured using the three-microelectrode current clamp 
setup (Fig. 1, inset). The two lower traces in both A and B 
give the voltage difference (V 2 -  V1), which is considered to 
be proportional to the membrane current, and the mem- 
brane potential Vm, measured as V s. The two top traces 
give the total clamp current I o injected into the fiber in 
each case. Note that the set of records in A has a time 
course comparable to that of Fig. 1, whereas that in B was 
recorded at a very fast chart speed (60 x faster). Because 
of the lack of C1 (only about 16~o of that used in the 
experiment shown in Fig. l) and reduction in chloride 
conductance there is a much greater immediate change in 
membrane potential at the onset and turn off of the cur- 
rent pulse. In addition the slow time-dependent potential 
changes are very significantly decreased. There is, however, 
a faster potential change component similar to that seen 
in amphibian muscle fibers in low chloride solutions and 
demonstrated to be due to transport number depletion of 
K + ions in the transverse tubular system of those fibers. 
From these and other measurements the current density 
in these pulses and the fiber radius were calculated to be 
18.8 gA. cm -2 and 46 gm, respectively. The interelectrode 
distances ~ and 3E were 400 and 200~tm, respectively, 
membrane resistance was 1.28 kf~ cm 2 and T= 22.6 ~ 

In  contras t ,  when  the externa l  chlor ide  is 
r educed  to a b o u t  16 ~ of its s t anda rd  concen-  
t r a t ion  (Solut ion C, T a b l e  1) there  is a rad ica l  
decrease  in the a m p l i t u d e  of  the s low change  in 
m e m b r a n e  po ten t i a l  (Fig. 2A). In  addi t ion ,  there  
is an increase  in the a m p l i t u d e  of  the im- 
m e d i a t e  vo l t age  j u m p  when  this is c o m p a r e d  
with  the values  o b t a i n e d  in s t a n d a r d  chlor ide  
so lu t ions  (see Fig. 1). This  increase  p r e s u m a b l y  
occurs  because  of  the increased  m e m b r a n e  re- 
s is tance in the absence  of  the n o r m a l l y  high 
chlor ide  conduc tance .  The  faster  po ten t i a l  
changes  seen in Fig. 2B, occur  because  the low 
externa l  chlor ide  c o n c e n t r a t i o n  has  u n m a s k e d  
the re la t ively  faster  c o m p o n e n t  of  the po ten t i a l  
change  due  to a t r a n s p o r t  n u m b e r  dep le t ion  of  
p o t a s s i u m  ions wi th in  the t r ansve r se  t ubu la r  
system,  as obse rved  in a m p h i b i a n  skeletal  mus-  
cle especia l ly  in the  p resence  of low chlor ide  
(Adr ian  & Freygang ,  1962; Almers ,  1972a, b; 
Bar ry  & Adr ian ,  1973). 
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Table 1. Ionic composit ion of solutions in mM 
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Solution a Na + K + C1- NO~ H C O  3 Ca + + Mg + + Co + + 

A 150 3.5 160.5 - 2.5 1.0 
B 145 3.5 150.5 25 2.5 1.0 10 
C 145 3.5 28.5 147.0 - 2.5 1.0 10 
D 145 3.5 153.5 - 2.5 1.0 10 

a In addition all solutions contained 11.0 mM glucose, TTX at 10-Tg - m l -  ~ and 2.0mM TES (N-tris-(hydroxymethyl)- 
methyl-2-amino-ethanesulphonic acid) buffer at pH 7.4. Solution D also contained 25 mM methyl sulphate. 

These results immediately suggest that the 
large slow potential change is due to the pres- 
ence of chloride ions. The response during the 
current could either be due to a time-dependent 
change in: (1) the membrane chloride conduc- 
tance; (2) Pcl/PK or (3) the relative concentration 
of chloride ions outside and inside the cell 
[C1]o/[C1]i. The shift in potential immediately 
following the current pulse and its slow re- 
covery back to the original resting potential 
suggests either that there has been a very slow 
time-dependent recovery of a permeability 
change induced by the current pulse or that 
there was a radical change in the chloride con- 
centration ratio as a result of the current pulse, 
the most likely mechanism being a change in 
the chloride concentration within the cell. We 
will now show that the slow potential change 
can be predicted from the known properties of 
the fibers without having to invoke any time or 
voltage dependence of the ionic permeabilites. 

Figures 3 and 4 show a series of voltage 
responses recorded from one cell as the ampli- 
tude of current pulses was increased. Two 
broad conclusions may be drawn from the re- 
sults shown in these two figures. Firstly, the 
rate of change of voltage with time dV/dt in- 
creases as the current is increased. Secondly, the 
membrane potential immediately after the ter- 
mination of the current pulse (the "immediate 
post-pulse potential") remains fairly constant 
and fairly independent of the magnitude of the 
currents. The increase of d V/dt with current 
can readily be seen if the time t 1 2, taken for 
the voltage change to reach half its maximum 
value (see inset to Fig. 5), is plotted against the 
magnitude of the current. This is done in Fig. 5, 
where it can be seen that t l / 2  decreases linearly 
with I,,. This simple inverse relationship could 
be easily be explained in terms of a fixed 
amount  of chloride that needs to be depleted by 
the current before a steady-state situation is 
reached. 

It should be noted that any changes in chlo- 
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Fig. 3. Slow time-dependent potential changes observed in 
the same mammalian muscle fiber in a standard C1 so- 
lution (Solution A of Table 1) for three different values of 
hyperpolarizing current. This was the same fiber as that 
used for Fig. 1 with the same parameters and experimental 
conditions. In each case the lower trace is V,, (measured at 
V1), and I o represents the total current (with its value 
shown in nA). Note the slight increase in the immediate 
post pulse potential (following the voltage jump at the end 
of each current pulse) as the current is increased from A 
to B and the slight decrease in the time taken for a steady- 
state level in V m to be reduced during the current pulse. 
The second number above and to the right of the current 
traces gives the position in the pulse sequence 

ride concentration within the fiber would tend 
to affect the voltage response in two ways: (1) 
by changing the diffusion potential component 
and (2) by actually changing the chloride con- 
ductance through the membrane. In order to 
investigate the first mechanism, fibers were sub- 
jected to a series of hyperpolarizing current 
pulses of equal magnitude but with different 
durations, varying from 5 to 330 sec. In order to 
ensure starting conditions as close as possible 
to each other a series of pulses, recorded from 
one fiber in which the initial resting potentials 
before each pulse were within 1 mV, was chosen 
for analysis as indicated in Fig. 6. The ira- 
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Fig. 5. The halftime (ti/2) for slow potential changes to 
reach half their maximum value as illustrated in the inset. 
These values were obtained from the same fiber from the 
traces shown in Figs. 1, 3 and 4 together with an ad- 
ditional trace (not shown in those figures). It may be seen 
that tl/2 decreases linearly as I m increases, as predicted 
from the analysis given for transport number depletion of 
chloride (see text) 
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Fig. 4. Slow time-dependent potential changes observed in. 
the same mammalian muscle fiber and conditions as Fig. 3 
(and Fig. 1) for three much greater values of hyperpolariz- 
ing current. Note the radical decrease in time taken for 
the voltage response to reach a steady level as the magni- 
tude of the current is increased. In contrast, from B of 
Fig. 3 to C of this figure there is very little change in the 
immediate post pulse potential. These observations are 
consistent with a transport number depletion of a fixed 
quantity of chloride from within the fiber down towards a 
certain fixed concentration level 

mediate post-pulse potentials V(t3) (see inset to 
Fig. 7) were then measured and were used to 
calculate the internal chloride concentration at 
the end of the pulse. The immediate post-pulse 
potentials were considered to reflect the dig 
fusional component  of the membrane  potential 
at different times after the onset of the current. 
The procedure used was as follows: from the 
initial resting membrane  potential Vm(V(to) (see 
inset to Fig. 7), using internal potassium and 
sodium concentrations, [K]i and [Na]~, of 157 
and 60 mM, a PcjPK of 4.5 (Lipicky & Bryant, 
1966; Dulhunty,  1978), and PNa/PK, the ratio of 
sodium to potassium permeability, of 0.008 
(Dulhunty, 1978), a value for internal chloride 
concentration, [C1]i , was calculated from the 
Goldman-Hodgkin-Katz  Equation (Goldman, 
1943; Hodgkin & Katz, 1949), which has been 
shown to fit mammal ian  muscle data (Dul- 
hunty, 1978) 

Vm= R T In [K]~ + c<[Na]~ + fi[Cl]~ 
F [K] ,+~[Na]~+f i [C1]o  

from 

(7) 

[ e l i ,  = (A~ ~ - Ao)/fi 

where 

Ao=- [K]o + c~ [Na]o 

Ai - [K]~ + c~ [Na]~ + fi [Clio 

and 

-- exp (V m FIR  T) 

where 

o~ =- PN./ PK fi ==- Pcl/ PK . 

(8) 

(9) 
(10) 

(11) 

(12) 

PNa/PK and Pcl/PK were assumed to remain con- 
stant during and following the pulses. 

A new value of [C1]i was then calculated 
from V(t3), the immediate post-pulse potential, 
from 

EC1]i = Big 2 + [Cl]o g 2 - Bo (13) 

where 

B o - ([K] o + ~ [Na]  o)/fi (14) 
B i -  ([K]~ + ~ [Na]) / f l  (15) 

and 

32 - exp (V( t3 )F /RT) .  (16) 

Although the absolute value of the chloride 
concentration following such current pulses is 
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Fig. 6. Slow potential changes observed in the same mam- 
malian muscle fiber for hyperpolarizing current pulses in a 
standard chloride solution (Solution B of Table 1). Al- 
though of the same magnitude, different length pulses were 
chosen to investigate the time course of chloride depletion 
within the fiber, as inferred from the immediate post-pulse 
potential (V(t3) in Fig. 7). B is a continuation of A. The 
top trace in each panel represents the total current I o 
injected into the fiber and the bottom trace the membrane 
potential measured at V 1. It was very important that the 
initial resting membrane potential just before each current 
pulse was as close as possible (here = - 6 6  mV) so as to 
reproduce close to identical starting conditions for each of 
the pulses. The values of the immediate post-pulse poten- 
tials indicated by the arrows were obtained directly from 
enlargements of the original records and were used in the 
calculations for Fig. 7. For this fiber, T=17.6~ the two 
electrode distances were 300 and 400 gm and 6d = 100 ~tm; 
the space constant, )~=0.54 ram; the fiber radius, a=43 ~tm 
and the current density in each case was 19.0 gA. cm-2 

dependent on the initial value of [Clli, which is 
itself somewhat dependent on the value of 
PNa/PK chosen, the reduction in chloride con- 
centration (A[Cll~= C(0)-C(t) ,  where t is the 
pulse length) is virtually independent of this 
value. For the fiber in Fig. 6, for example, vary- 
ing PNa/PK from 0.008 to 0.08 changes C(0) the 
initial value of l-Clli from 12.3 to 10 mM, which 
consequently only changes A[Clli after a 330- 
sec pulse from 5.70 to 5.73 mM. A maximum 
value of [C1]i= 12.4 for the above fiber occurs if 
PN,/PK=0. Secondly, the decrease in chloride 
concentration, C(0)-C(t) ,  is not critically de- 
pendent on Pc]PK and changing it from 3.0 to 
6.0 only changes C(0)-C(t )  from 6.2 to 5.4 mM 
for long 330-sec pulses (Table 2). Using the val- 

Table 2. The dependence of the calculated initial concen- 
tration of chloride C(0) and the decrease in concentration 
(C(0)-C(t)) at the end of a long pulse (pulse 5 in Fig. 6) 
on the value of fi(=Pcl/PK) 

[3( = Pca/PK) 2.0 3.0 4.5 6.0 
C(0) 14.1 13.0 12.3 11.9 
C(O)-  C(t) a in mM 7.0 6.2 5.7 5.4 

a O~(=PNa/PK) was taken as 0.008, but as noted C(0)-  C(t) 
is essentially independent of C(0). The pulse length was 
330sec (See Table3, Fig. 6, and text for fi~rther dis- 
cussion.) 

Table3. Changes in potential and calculated values of 
decrease in internal chloride concentration following a 
series of equal constant current pulses of differing 
duration a 

Pulse Pulse Vm(t3) C(0) C(t) 
length - C(t) b - C(oo) c 

No. (sec) (mV) (raM) mM 

3 15 -- 68 1.022 4.91 
4 5 --66.7 0.367 5.56 
5 330 -- 80 5.70 0.23 
6 90 -- 74 3.64 2.29 
7 60 -- 72 2.84 3.09 

For further details about fiber parameters and experi- 
mental conditions see legend to Fig. 6. 
b C(0) the concentration inside the cell at the beginning 
of the pulse was taken as 12.3mM. These values were 
calculated using Eqs. (7)-(16) by the procedure described 
in the text. 

C(0) was taken as 12.3 mM and C ( O ) -  C(oc) = 5.93 mM. 

ue of PNa/PK=0.008 (Dulhunty, 1978), which 
yields [Clli = 12.3, Eqs. (7)-(16) were used to cal- 
culate the values of C(0)-  C(t) given in Table 3. 
It may be seen that they tend to asymptote to a 
certain value as t increases. With a small offset 
adjustment (0.23 mM) to C(330 sec) to estimate 
the asymptotic value (C(oo)) and allow for the 
fact that the concentration change after the 330- 
sec pulse had not quite reached a steady level, 
C(t)-C(oo) was well fitted by an exponential 
curve as indicated in Fig. 7, indicating that it is 
well described by the relationship 

C(t)- C(oo)= EC(0)- C(~) ]  e -t/~ (17) 

where the time constant z for the decrease in 
internal chloride is 92 sec. 

THEORETICAL ANALYSIS 

SO far we h a v e  s h o w n  t h a t  the  la rge  t i m e - d e -  
p e n d e n t  h y p e r p o l a r i z a t i o n  f o l l o w i n g  l o n g  cur -  
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Fig. 7. Calculated values of chloride depletion following 
hyperpolarizing current pulses obtained from measure- 
ments of the immediate post-pulse potentials, as indicated 
by V(ta) in the inset to A), given in Fig. 6 and Table 3. 
The values of C(0) -C( t )  were obtained using Eqs. (7)- 
(16), with C(0)=12.3 mM evaluated from the resting po- 
tential of - 6 6  mV with PN,/PK =0.008 and Pcl/PK = 4.5. Thus 
C(330sec)=6.6mM. With a small adjustment to the 
asymptotic value C(oc) (so that C(oc)=6.37mN), C(t) 
- C(ov) was well fitted by a straight line as a function of t 
in the semi-logarithmic plot of B. A shows the exponential 
nature of this curve in a linear plot. In both panels the 
numbers 1-5 beside the experimental points (solid circles) 
refer to the time sequence of the pulses (see Fig. 6) and the 
"0" value refers to C(0)--C(oo)=5.93mM. Thus the re- 
lationship between concentration depletion and time t is 
given by Eq. (17) where from B, z=92sec.  This exponen- 
tial relationship is also predicted from an analysis of 
transport number depletion effects in these fibers 

rent pulses in mammalian muscle can be well 
explained in terms of a decrease in internal 
chloride concentration within the fiber. In this 
section we investigate the electrical basis for 
this and whether it can be quantitatively ex- 
plained in terms of the expected response to 
such current pulses. 

It is now well known that when currents are 
passed across membranes differences between 

the fraction of the current carried by a particu- 
lar ion, i.e., differences between transport num- 
bers in the membranes and in the solutions, will 
give rise to depletion and enhancement of salt 
in the unstirred regions adjacent to the mem- 
branes. This effect, which will be referred to here 
as the "transport  number effect" (e.g., Barry & 
Hope, 1969), is also sometimes referred to as 
"concentration polarization" (e.g., Dewhurst, 
1960). For a review of such effects, their mecha- 
nisms, and implications s e e  either the specific 
review of transport number effects by Barry 
(1983) or the general review of unstirred-layer 
phenomena by Barry and Diamond (1984). The 
inside of the muscle fibers acts like an unstirred 
region, but there should also be an unstirred 
layer around the outside of the fibre. When a 
hyperpolarizing current is passed across the 
muscle membrane the low inside chloride con- 
centration is depleted, with some limited com- 
pensation by chloride ions, which diffuse longi- 
tudinally from much further down the fiber. In 
contrast, the high external chloride concen- 
tration is enhanced and the increase in con- 
centration is opposed by diffusion into the bulk 
solution beyond the external unstirred layer. 
Chloride will also accumulate in the unstirred 
region of the transverse tubules because of the 
high chloride permeability of the mammalian 
transverse tubular membrane (Dulhunty, 1979). 
However, diffusion of ions from the transverse 
tubules to the bulk solution occurs with a time 
course of seconds (Barry & Adrian, 1973) and is 
fast compared with the slow potential changes 
described here. Therefore, by far the most sig- 
nificant concentration change will take place 
within the fiber. The basic principles of the 
transport number effect are illustrated in Fig. 8. 
The transport number for ion i in free solution 
is given by 

Z i IA i C i ti-Vzjuj~ Cj (18) 
J 

where z i ,  u i and C i are the valency, mobility, 
and concentration of ion i and the summation 
on the denominator is over all the j ions contri- 
buting to the current. Hence, since Uc~--UK in 
free solution, within the internal 3 M KC1 elec- 
trode tCl--~tK~0.5 from Eq. (18). For the pur- 
pose of illustrating the effect, assume that the 
transport number of chloride in the membrane 
at a particular time during the pulse t c ~ 0 . 7  so 
that the transport number of potassium t~:---0.3. 

Consider one Faraday of charge transferred 
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Fig. 8. A schematic diagram illustrating how depletion of 
chloride ions within a mammalian muscle fiber necessarily 
follows during hyperpolarizing pulses of current I. This 
automatically occurs providing the transport number of 
chtoride (or fraction of current carried by chloride ions) in 
the membrane is greater than 0.5, its value in the 3 M KC1 
current electrode. For example, if its value at some time in 
the membrane is 0.7, for the passage of one Faraday of 
charge 0.5 moles of chloride will enter the fiber and 0.7 
moles will leave, thereby depleting the fiber by 0.2 moles 
of chloride ions. Similarly 0.3 moles of potassium enters 
and 0.5 moles of potassium leaves, thereby depleting the 
fiber by 0.2 moles of potassium ions, so that overall the 
cell is depleted by 0.2 moles of potassium chloride, elec- 
troneutrality, of course, being automatically conserved. 6x  
represents a length of fiber of radius a (used in the Appen- 
dix in order to calcuiated the surface/volume ratio in 
which chloride depletion occurs, the 6x actually cancelling 
out). As indicated in the next two sections of the paper, 
the positioning of the current electrode, is, in reality, at 
some distance along the fiber from the voltage recording 
electrode V 1 (see Fig. 9A). Provided, however, that local 
chloride concentration equilibration within the fiber due 
to diffusion and local current effects is reasonably fast 
compared to the pulse length, this should not significantly 
affect any of the analysis 

for current passed from the external solution 
into the fiber and thence into the internal mi- 
croelectrode. Within the fiber 0.7 mole of chlo- 
ride ions will be leaving across the fiber mem- 
brane and 0.5mole will be arriving from the 
electrode. This means that 0.2 mole of chloride 
ions will be depleted from the fiber. Similarly 
0.2 mole of potassium ions will likewise be lost, 
thereby resulting in a total depletion of 0.2 
mole of potassium chloride. In the external so- 
lution where ~c~<0-7 there will be an enhance- 
ment of potassium chloride. For a current I m 
the actual rate of depletion of chloride from 
within the fiber, dn/dt, in moles,  cm -z (surface 
area), sec-1 will be given by 

dt F Im (19) 

where superscripts m and e refer to transport 
number values in the membrane and electrode, 
respectively, and F is the Faraday. 

In the external unstirred solution layer the 
transport number perturbation of the local ion 
concentrations is balanced by diffusion down 
the concentration gradients set up between the 
membrane interface and the bulk solution, 
Within the fiber, chloride depletion should be 
taking place fairly equally within the whole 
closed-end of fiber region and to a more limited 
extent for a distance of about one space con- 
stant or so on the other side of the current 
electrode. Some diffusion of chloride could take 
place from beyond this region towards the de- 
pleted end but it is unlikely to be very signifi- 
cant and would be fairly slow (taking many 
minutes), whereas within the fiber, radial 
equilibration would be very fast (taking about a 
second). Chloride depletion could also tend to 
be balanced by both passive diffusion and ac- 
tive transport of chloride back across the mus- 
cle membrane. For the purpose of the follow- 
ing analysis, however, we will assume that such 
passive and active transport may be neglected 
below 24~ at least during the onset of the 
pulses. 

Consider an elementary region of fiber of 
length 6x, surface area 6A and volume 6V (as- 
suming for the purposes of this discussion and 
consistent with the calculation of I m from cable 
properties, that the fiber behaves as a simple 
uninvaginated cylinder) with fractional volume fv 
of the fiber accessible to chloride. The rate of 
change of chloride concentration with time 
dC/dt will then be given, from Eq, (19) and Eqs. 
(A1)-(A3) of the Appendix, by 

d C _ _ (tr l- ) I m • A  _ (t l_ tel) 2 I  m . (20) 
dt FLaV aFf  

If (t~l-t~l) were to remain constant we would 
expect the internal chloride concentration to 
decrease linearly until chloride ions were com- 
pletely depleted from within the fiber. However, 
the "chloride current" is moving out of the fiber 
and, in fact, will be proportional to the internal 
chloride concentration, t~ should then decrease 
from a high initial value until it eventually be- 
comes equal to t~l and dC/dt = 0  so that there- 
after chloride depletion ceases. Provided the 
time-dependent shift in potential during the 
current pulse is mainly due to a shift in the 
diffusion potential component,  which itself es- 
sentially reflects a shift in the chloride equilib- 
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rium potential, the driving force on chloride 
ions may be expected to remain constant (see 
Appendix for further discussion). If this were 
true then the chloride current would be essen- 
tially independent of any parameters other than 
[C1]~ during the current pulse and hence t~l 
could be approximated by 

t~l = K C(g) (21) 

where C(t) represents [C1]i at time t after the 
onset of the current pulse and K is a constant 
of proportionality. 

Making this assumption, it is shown in the 
Appendix that the depletion of chloride from 
within the fiber follows the following exponen- 
tial relationship 

C(t) - C(oo)= [ C ( 0 ) -  C(oo)] e -'/~ (22) 

where the time constant for chloride depletion ~c 
is given by 

af~F 
r = (23) 

2ImK 

and where the final chloride concentration is 
given by 

C (oo) = t~l/K. (24) 

It should be noted that Eq. (22) is exactly the 
relationship obtained experimentally and plot- 
ted in Fig. 7, and this reinforces the validity of 
our assumptions about t~ as expressed in 
Eq. (21). It may be assumed that the initial val- 
ue of t~ can be approximated for hyperpolariz- 
ing voltages by 

Gcl PCI [ C 1 ] i  t m - 
Cl + G pc [C1], + [K]o  �9 

(25) 

Using a value of 4.5 for Pcl/PIr and 12.3 mM for 
[C1]i and 3.5ram for [K]o, t~1=0.94. From 
Eq.(24) with [C1]~=12.3mM, K=0.94/12.3 
= 0.0764 mM- ~ = 7.64 X 104 cm 3-tool- ~ from Eq. 
(24) the final value of [C1]i, C(oo)=6.5mM 
so that C(0 ) -C(oo)=5 .8  mM very close to the 
experimentally extracted value of 5.9 mM. Using 
a reasonable value of 0.75_+0.05 for f~ the frac- 
tion of fiber volume accessible to ions such as 
chloride (A. Somlyo, personal communication), z 
will be given from Eq. (23) by 

43 X 10 -4 X (0.75 _+0.05) X 96,500 
r -- -- 107 • 7 sec 

2 x 19 x 10 -6 X 7.64 X 104 

which is also close to the experimentally extract- 
ed value of 92 sec for this fiber. 

Furthermore, the simple inverse relationship 
between time constant and membrane current, 
expressed by Eq. (23), is exactly what was ob- 
served in Figs. 2 and 3, and plotted in Fig. 4 for 
tl/2, which is linearly related to "c. 

TRANSPORT NUMBER DEPLETION 
OR A PERMEABILITY CHANGE? 

Local concentration changes of electrolyte due 
to transport number differences between mem- 
branes and adjacent solutions are physico- 
chemical effects that do always occur whenever 
currents are passed across ceil membranes. The 
only question is one of magnitude. Can they 
explain the observed slow potential changes de- 
scribed in this paper without having to resort 
to alternative explanations such as that of a 
time-dependent and potential-dependent chlo- 
ride permeability change. We have already 
shown that, provided estimates of Pcl/PK are rea- 
sonably accurate, the magnitude of transport 
number effects is sufficient to explain the ob- 
served slow potential changes. They also ac- 
curately predict the time course of these chang- 
es. 

A careful analysis of the predicted V 2 - V  1 
response during current pulses further supports 
the significant role of transport number effects 
and is at variance with a permeability mecha- 
nism. It should be pointed out that the earlier 
Fig. 8 is a slight oversimplification as far as the 
positioning of the current electrode is con- 
cerned, since that electrode is in reality close to V 2 
and separated some distance down the fiber 
from V~, where the potential is being recorded 
(see inset to Fig. 1). This means that strictly at 
the membrane near V 1 and current electrode 
the transport number differences are (t"~i-tScl) 
and (t~l-tel), respectively, where t~l is the chlo- 
ride transport number in the sarcoplasm 
(~0.06). Initially the value of V 1 will be some- 
what less than V 2 because of the cable proper- 
ties of the fibers. Indeed for the fiber results 
shown in Fig. 9 C, V 1 should be just over half of 
V 2 with 11 and I 2 being somewhat in propor- 
tion. The relative magnitudes of these currents 
will, however, be more than compensated for by 
different transport number differences near V 1 
and V 2. The transport number of chloride at V t 
is expected to initially be about 0.9 so that t~l 
- t~-~0 .89  whereas at V 2 it will be given ap- 
proximately by tcl - tcl = 0 . 9 -  0.5 = 0.4. For low- 
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Fig. 9. Predictions of transport number depletion and per- 
meability changes on the voltage difference V 2-  V t be- 
tween electrodes 1 and 2 on a three-electrode current- 
clamped muscle fiber compared with experimental records. 
A shows the experimental electrode placement, from which 
the records in C were obtained. For convenience, however, 
the scale of the fiber diameter in A has been doubled as 
indicated. For this fiber with a space constant of about 
590 gm the initial value of V 1 should be just over half of 
V 2 because of the cable properties of the cell and the 
currents have been drawn in proportion. The transport 
number difference between the membrane at 1/1 and the 
fiber interior would be more than twice the difference 
between the membrane at V z and the current electrode 
close by. In addition there would be more diffusion of C1 
from the remainder of the fiber at V z and perhaps also 
fl'om the current electrode. This would imply that C1 de- 
pletion would be greater around V1 than at V 2. Also C1 
would return to normal much faster at V 2 than at V~. This 
picture predicts a V 2 -  V~ response as illustrated in the top 
trace of B. In contrast, as indicated in the text, a per- 
meability change mechanism would predict the response 
illustrated in the lower trace. This is because the current 
at V 2 should be greater than at I/] and greater current 
should produce a greater permeability change with time 
(as would be supported by the two current responses in 
C), thus causing V 2 -  V 1 to increase with time as shown. C 
shows the typical response obtained with a 3 N KC1 cur- 
rent electrode for the same fiber used for Figs. 1, 3 and 4. 
The response is very similar to the predictions of transport 
number depletion and quite different from those suggested 
by a permeability change 

er values of r~l the t ranspor t  number  difference 
at V 2 becomes smaller still relative to that  at 
1/1. In addi t ion  there would  be more  diffusion 
of KC1 from the remainder  of the fiber towards  

V 2 and  perhaps even some from the current  
electrode. These effects imply that  C1 deplet ion 
would  be greater at  V 1 than  at V2, thus causing 
V 2 - V  1 to initially decrease with time. Even- 
tually, such longi tudinal  concent ra t ion  differ- 
ences along the end region of the fiber would  
tend to equil ibrate by bo th  diffusion and  local 
current  effects and  by the asympto t ic  "sa tura t -  
ing" nature  of the predicted t ranspor t  number  
effects and  V 2 -  V 1 would  tend to f lat ten out. At  
the end of the pulse V 2 would  recover much  
faster than  1/1 because of diffusion and  local 
current  effects f rom the remainder  of the fiber. 
Hence  V 2-V~ would  initially tend to go nega- 
tive. These results are exactly what  we always 
recorded with a potass ium chloride current  
electrode for fiber in a s tandard  chloride bath- 
ing solut ion (e.g., Fig. 9 C; see  also Fig 1). 

In contrast ,  for a permeabi l i ty  mechanism,  
with the permeabi l i ty  increasing mono ton ica l ly  
with the change in me mb r a n e  potent ial  and  
with time, a very different response would  be 
expected. Since V 2 is greater than  V 1, the per- 
meabi l i ty  change at  V 2 should  also be greater. 
Thus  V 2 - V  1 would  initially be expected to in- 
crease with t ime as indicated in the lower trace 
of Fig. 9B. At  the end of the pulse it pould  be 
expected tha t  the greater permeabi l i ty  change 
expected at V 2 would  take longer  to re turn to 
the resting value than  V 1 and hence V 2 - V  1 
would appear  as in the predicted trace. This 
response is not  observed experimentally.  

An  obvious experiment  to further dis- 
t inguish between these two mechanisms  would 
be to replace the electrolyte in the current  elec- 
t rode by a large relatively impermean t  an ion  
such as citrate. Any  responses due to a per- 
meabi l i ty  change mechan ism should be inde- 
pendent  of such electrolyte replacement  in the 
current  electrode. In contrast ,  with citrate in the 
current  electrode, the t ranspor t  number  differ- 
ences at 1/1 and V 2 would  now be very similar. 
Since 12 is greater than  I1, because of the cable 
properties of the fiber, C1 deplet ion would now 
be initially greater at Vz than  V 1 so that  V z -  1/1 
would  initially increase wi th  time. At  the end of 
a current  pulse, however,  because of the end-of- 
fiber setup C1 should diffuse towards  V 2 f rom 
further down the fiber and  hence V 2 should 
recover faster than  Vt so that  V 2 -V~ should  
become more  negative than  the final baseline 
level. This vol tage response, predicted by trans- 
port  number  deplet ion of  C1, is what  was in- 
variably observed in a series of experiments 
with chloride being replaced by citrate in the 
current  electrode as i l lustrated for two different 
experiments in Fig. 10. 
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Also at the end of the pulse, when the cur- 
rent is reduced to zero, the driving force on 
chloride will be very small and outward. For  ex- 
ample, in the case considered in the Appendix, 
F c 1 ~ ( - 8 0 - ( - 7 8 . 6 ) ) = - l . 4 m V  at the end of 
a 330-sec pulse. Therefore there will not be 
much of a passive influx of chloride immediately 
following the pulse. The slow repolarization must 
therefore be mainly due to longitudinal diffu- 
sion and local current flow from the non-chloride 
depleted region of the fiber together with a 
possible contribution from active transport  of 
chloride back into the fiber. 

i ,.,.. V2-V 1 stay ~ 1 0 0  nA ~ : - 
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Fig. 10. Two sets of experimental records of slow potential 
changes at V 1 and the V 2 -  V 1 response using potassium 
citrate in the current electrode rather than potassium chlo- 
ride. The conditions were essentially the same as for the 
other experiments reported (e.g., Fig. 9) and solution D 
(Table 1) was used. In A interelectrode distances ~ and a~ 
were 500 and 60 gm, the calculated fiber radius a was 
42 gm, current density I,~ was 22gA.cm -2, membrane 
resistance Rm=0.32kf~cm , and temperature T=22~ B 
is a record from a different fiber in which ~'=500 gm, 6# 
=120gm, a=38gm, Rm=0.40k~cm 2 and T=21.4~ 
Both records in A and B were typical of those obtained 
with potassium citrate current electrodes and which con- 
trasts with typical potassium chloride current electrode 
results (e.g., Fig. 9C). The V2-V 1 response initially in- 
creases during the current pulse, reflecting a more rapid 
increase in the magnitude of V 2 than V 1. This difference, 
dependent on the current electrode electrolyte, is as pre- 
dicted by transport number effects (see text). Nevertheless, 
V 2-V 1 still appears to go negative with respect to its final 
baseline level (most clearly seen in A), implying that V 2 
recovers faster than V1, again as predicted from transport 
number depletion effects. 

It is thus clear that not only are all these 
results predicted by transport  number  depletion 
effects but  some of them are in complete con- 
trast with a permeabili ty mechanism. 

These slightly different transport  number  ef- 
fects at V 1 and V 2 might explain the concen- 
tration depletion calculated for pulses 3 and 4 
in Fig. 7 being very slightly below the fitted 
curve. They would also help to account for the 
slight difference between the estimated and 
measured values of the time constant. 

Discussion 

The results in this paper show that, in addition 
to the usual relatively fast t ime-dependent po- 
tential changes ("creep") observed in amphibian 
fibers during hyperpolarizing currents in low 
chloride solutions, mammalian fibers exhibit a 
very large and slow time-dependent potential 
change in standard chloride solutions so that 
the internal chloride concentration and chloride 
transport  number  in the membrane are reduced. 
This slower t ime-dependent increase in poten- 
tial during the current pulse, is radically re- 
duced by lowering the chloride concentration in 
the external solution. 

Three possible explanations can be ad- 
vanced to explain these results: (1) changes in chlo- 
ride conductance (2) changes in Pcl/PK and (3) 
changes in [-C1]i. While changes in chloride 
conductance might be able to explain the tran- 
sient voltage response during the onset of the 
current, such changes in conductance cannot 
simply explain the intermediate hyperpolarizing 
levels, when the current is terminated, or the 
slow recovery back to the resting membrane 
potential. Similarly, changes in Pcl/PK would 
have to be very large, going from about  4.5 
down to about  0.3 during the passage of the 
current pulse and would likewise have to have 
some complicated built-in delay mechanism to 
account for the hyperpolarized potential re- 
sponse after the current pulse. The third possi- 
bility is in a different category from the first 
two since it accurately predicts the slow creep 
in terms of known transport  number  effects, 
which by themselves will give rise to a de- 
pletion of chloride within the fiber, without 
having to invoke any additional unknown fac- 
tors such as delayed changes in ionic per- 
meabilities. The transport  number of an ion is a 
measure of the fraction of current carried by 
that ion, and transport  number  effects occur 
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whenever there is a difference in transport num- 
bers between a membrane and an adjacent so- 
lution. In the absence of perfect stirring within 
any unstirred layers or regions adjacent to a 
membrane, these transport number effects give 
rise to solute enhancement or depletion within 
these regions, which itself can result in a time- 
dependent diffusion potential component, which 
can mimic a capacitance and also produce elec- 
troosmotic flow (e.g., for review, see Barry, 
1983). 

In mammalian fibers it is to be expected 
that the predominant transport number effect 
during a hyperpolarizing current pulse will be 
depletion of chloride within the internal un- 
stirred volume of the fibers. Because of the nor- 
mally low internal concentration and high 
membrane conductance for chloride ions, the 
reduction in internal concentration should be 
reflected in a time-dependent hyperpolarization 
of the membrane potential, which would only 
slowly return to its resting level, as the internal 
concentration recovers following the termi- 
nation of the pulses. 

Using accepted values of Pcl/P~ and P~a/PK 
and internal [K]i and [-Nali, the internal con- 
centration of chloride was calculated from the 
resting membrane potential using the Goldman- 
Hodgkin-Katz Equation, and values of 10- 
12mM were obtained for fibers with potentials 
in the range from - 7 0  to - 6 6  mV. From the 
level of hyperpolarization immediately after a 
current pulse, final values of [C1]i were calcu- 
lated. For example, for one of the fibers with an 
initial [C1]~ of 12.3mM, such calculations in- 
dicated that by the end of a 300-sec pulse the 
final [Cl-li had dropped to 6.6raM. By extract- 
ing values of this final [C1]~ at the end of pulses 
of different lengths, it was shown that the chlo- 
ride concentration decreased exponentially with 
time with a final asymptotic value of 6.4mM 
and a time constant of 92 sec. 

The assumption that the chloride current 
was essentially only proportional to the internal 
chloride concentration was validated since the 
driving force on chloride remained essentially 
constant throughout the current pulse. Using 
this assumption it was predicted that the in- 
ternal chloride concentration should decrease 
exponentially during the current pulse. Such a 
predicated change in concentration was identi- 
cal in form to that obtained experimentally. 
When measured values of the fiber parameters 
were used in the equations a final asymptotic 
value for internal chloride of 6.5 mM was ob- 

tained and this is very close to the experimen- 
tally extracted one of 6.4 mN. Likewise, the pre- 
dicted time constant was 107 sec also close to 
that obtained experimentally (92 sec). Similarly, 
the predicted inverse relationship between the 
time constant of the slow potential changes and 
membrane current was exactly equivalent to 
what was observed experimentally with the re- 
lationship between the halftime of the creep and 
membrane current. 

In addition, as we have already noted in the 
previous section, the V 2 -  V 1 response with KC1 
current electrodes was predicted by transport 
number effects and the opposite of what was 
expected from a permeability mechanism. In 
further support, this V 2 - V  ~ response changed 
as predicted for a transport number effect when 
chloride was replaced by citrate in the current 
electrode in contrast with the predictions of a 
permeability mechanism. 

Presumably the recovery of the potential is 
slow because even just after the end of the pulse 
the driving force on chloride ions is still out- 
ward, as it was during the pulse itself (see Ap- 
pendix), and very small (e.g., for the 330-sec 
pulse illustrated in Fig. 6, Fcl-~-l .4mV).  
Therefore there will not be any passive influx of 
chloride across the surface membrane im- 
mediately after the pulse. 

Thus repolarization of the potential back to 
the resting value after the pulse must be pri- 
marily due to a diffusion of chloride ions from 
the undepleted region of the fiber into the de- 
pleted end, aided by local current flow effects 
together with some active transport (expected 
to be somewhat minimal at these temperatures) 
of chloride back into the fiber from the external 
solution. The increased initial rate of recovery 
seen following fibers depleted with large current 
pulses (e.g., Fig. 4C) may reflect a greater rate 
of active transport turned on by the greater 
amount of chloride depletion over the whole 
end region of the fiber. 

The slow transport number depletion effects 
not only simulate a transient increase in mem- 
brane resistance but will also mimic capaci- 
tance effects at very low frequencies (i.e., 
<0.01Hz) somewhat analogous to the faster 
transport number depletion of potassium in the 
transverse tubular system of amphibian muscle 
(Barry, 1977). 

Transport number effects occurring during 
the passage of current across other cell mem- 
branes may well also give rise to somewhat 
similar slow potential changes, which could be 
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mistaken for time- and voltage-dependent per- 
meability changes. 
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Appendix 

Transport Number Depletion of chloride 
from the Inside of a Cylindrical Fiber 

Consider an elementary region of fiber of length fix, sur- 
face area gA and volume cW. If the fiber radius is a, then 

6A =2:zabx (A1) 

~V=~zaZ 6x (A2) 

6 A/6V = 2/a. ( a  3) 

Assumption: During a constant current pulse the transport 
number for chloride ions in the membrane t~ will be 
given by 

t~l = K C(t) (A 4) 

where C(t) represents the internal chloride concentration 
at time t after the onset of the current pulse and K is a 
constant of proportionality. This is not too unreasonable, 
since the outward moving 'chloride current' is proportional 
to the internal chloride concentration and the total cur- 
rent is kept constant and will remain constant provided 
the driving force on chloride remains constant. 

The loss of chloride ions during a constant current 
pulse of magnitude I m amp.cm -2 in moles dn in time dt 
will be given by 

d n = - (t'~z -tecl) 6 A I,, d t/F (A 5) 

where t~l is the transport number for chloride ions in the 
current electrode (normally ~0.5 since 3 M KC1 electrodes 
were used). The concentration change in volume ~ V in time 
dt will then be given from Eqs. (A4) and (A5) by 

dC=_(KC_t~)~A I~ - - d r  (A6) 
' ~v LF 

where f~ represents the fractional volume of the fiber 
accessible to chloride. Thus 
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dC 
d~=-BC+D 

af~F 
(A7) ~= (A12) 

2ImK 
where B and D are defined by 

B=_2Im K 
aLr 

and where 

(A8) C(o~)=t~l/g=t~lC(O)/tr~l(O) (A13) 

2 I,, t~ 
D -= (A 9) 

a foF 
The full solution of Eq. (A7) can very readily be shown to 
be 

C(t)-D+ Ae-B~--t~ + Ae -B' (A10) 

where A is a constant of integration. Substituting the 
values for C(t) when t = 0  and t=oc  to evaluate A and 
expressing z - 1 / B  we obtain 

(Al l )  c(t)- c(oc)= [ c ( o ) -  c(oc)] e -"~ 

where 

where t~i(0 ) is the value of t~l at the beginning of the 
pulse. As far as the assumption about the constancy of the 
driving force on chloride is concerned consider, for exam- 
ple, pulse 5 in Fig. 6. V m at the beginning and end of the 
potential change (during the current pulse) is - 7 0  and 
- 8 6  mV, respectively. Assuming that the driving force Fc~ 
on chloride ions may be approximated by 

Fc, = Vm _ %, = Vm + RT~ In 1- q LC1j°.  
Je l l  

(A 14) 

At the beginning of the time-dependent part of the pulse 
(assuming [C1]~ = 12.3 mM) Fcl = -- 70-- ( -- 62.7) = -- 7.3 mV, 
whereas at the end of the pulse Fci = - 8 6 - ( - 7 8 . 6 ) =  
-7 .6  mV, where from Table 2, [C1]i= 12.3 -5 .7  =6.6 mM. 


