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Summary. Potassium (K-) contractures were re- 
corded from slow-twitch (mouse soleus) and fast- 
twitch (mouse extensor digitorum longus (EDL) and 
rat sternomastoid) muscles. The mouse limb muscles 
responded to a maintained increase in external potassi- 
um concentration with a rapid increase in tension 
(fast contracture) which inactivated and was followed 
by a slow contracture. Rat sternomastoid muscles 
responded with fast contractures only. The threshold 
potassium concentration for contraction was higher 
in fast-twitch muscles than in soleus muscles, at 22 
and at 37 ~ After corrections had been made for 
the more rapid depolarization of soleus fibers, the 
threshold potential for soleus fiber contraction was 
15 mV closer to the resting membrane potential than 
the threshold for fast-twitch fiber contraction. The 
K-contracture results were confirmed by two micro- 
electrode voltage-clamp experiments. Activation of 
fast twitch fibers required depolarizing pulses that 
were 15 to 20 mV greater than the pulses required 
to activate soleus fibers. When the time courses of 
K-contractures were-compared it was evident that 
inactivation with prolonged depolarization was much 
faster in the fast-twitch muscles than in the soleus 
muscles. The results suggest that the voltage depen- 
dence and kinetics of the process coupling T-tubule 
depolarization with calcium release from the sarco- 
plasmic reticulum may depend on fiber type in mam- 
malian skeletal muscle. 

With few exceptions mammalian skeletal muscles are 
twitch muscles and their subdivision into fast or slow- 
twitch depends on isometric twitch contraction time 
and resistance to fatigue. There are well documented 
morphological and biochemical differences between 
fast and slow-twitch muscle fibers (Close, 1972; Burke 

& Edgerton, 1975), and the different contractile prop- 
erties have been correlated with different myosin 
isoenzymes and with rates of calcium accumulation 
by the sarcoplasmic reticulum. In addition, it has 
been suggested that there are differences in the kinet- 
ics of excitation-contraction coupling and activation 
of fast and slow-twitch muscle (Close, 1972). The 
aim of this study has been to compare excitation- 
contraction coupling in fast and slow-twitch muscles 
by examining the relation between membrane poten- 
tial and tension. Two techniques have been success- 
fully used in similar studies in amphibian prepara- 
tions. Potassium (K-) contractures (Hodgkin & Hor- 
owicz, 1960; Caputo, 1972a, b; Costantin, 1972)have 
been used to determine the kinetics of mechanical 
activation during prolonged depolarization, and a 
two-microelectrode voltage-clamp technique (Adrian, 
Chandler & Hodgkin, 1969; Costantin, 1974; Almers 
& Best, 1976) has been used to determine the thresh- 
old for mechanical activation by brief depolarizing 
pulses. 

Previous experiments (Lorkovic, 1971) on red and 
white rat muscle have shown that a lower concentra- 
tion of external potassium is needed to produce ten- 
sion in red muscles than in most white muscles, al- 
though the threshold membrane potential, determined 
by current pulse techniques, was similar in all muscles. 
The results presented below show that the threshold 
membrane potential for contraction, determined in 
K-contracture and voltage-clamp experiments, is 
15 mV closer to the resting membrane potential in 
slow-twitch (red) fibers than in fast-twitch (red or 
white) fibers. In addition, mechanical inactivation 
with prolonged depolarization proceeds 3-6 times 
more rapidly in fast-twitch (red or white) fibers than 
in slow-twitch (red) fibers. Some of these results have 
been reported briefly elsewhere (Dulhunty, 1978, 
1979a). 
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Table 1. Table of Solutions 
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Solution Ion concentration (mM) Sucrose 
(raM) 

Na K Ca Mn C1 SO4 HCO3 Hepes 

A" 145 3.5 2.5 - 130.5 - 25 - - 
B 150 3.5 2.5 - 158.5 - - 1.0 - 
C 0 224 5.0 - 2.4 117 - 1.0 - 
D b 150 3.5 2.5 20 159.5 - - 1.0 500 
E b 0 224 5.0 20 2.4 117 - 1.0 500 
F a 145 3.5 2.5 - 130.5 - 25 - 44 

NB. In addition, all solutions contained 1 m~ MgC12 and 11 mM glucose. 
" Soiutions bubbled with carbogen (5% COz, 95% 02) to pH=7.4. 
b Sodium dantrolene= 10-6 g/m1 and TTX = 5 x 10-7 g/ml (some dantrolene remained undissolved and the 
exact concentration in solution was not known). 

Methods 

The experiments were performed on mouse (C57BL) soleus (typical 
slow-twitch muscles, Luff& Atwood, 1972) and extensor digitorum 
longus muscles (EDL) and dissected bundles of rat (wistar) red 
and white sternomastoid muscles (typical fast-twitch muscles; Luff 
& Atwood, 1972; Dulhunty & Dlutowski, 1979). The preparations 
were mounted in a perspex bath which was surrounded by a temper- 
ature controlled water jacket. Solutions at the same temperature 
flowed continuously over the preparation. The volume of the bath 
was small and the solution could be changed in 1 sec. Isometric 
tension was recorded with an RCA 5734 transducer. Preparations 
were stimulated electrically with two electrodes situated on either 
side of the muscle. The stimulating pulse parameters were adjusted 
to supramaximal values (with the pulse duration < 1 msec). Muscle 
length was adjusted to give maximum tetanic tension. Mouse EDL 
and soleus muscles recovered slowly, and often incompletely, from 
a K-contracture (Lorkovic, 1971, Dulhunty, 1981), and a second 
contracture was aiways smaller and had a faster time course than 
the first contracture. For this reason only one contracture was 
recorded from each mouse muscle. 

Solutions 

The solutions most commonly used are shown in Table 1. K-con- 
tractures were normally induced by changing the external solution 
from a control solution containing 3.5 mM potassium with C1 as 
the main anion (solution A or B) to a test solution containing 
224 mM potassium with SO, as the main anion (solution C). In 
some experiments the potassium concentration of the test solution 
was varied but the [K].[CI] product was kept constant by appro- 
priate replacement of C1 with SO4. These solutions were kept isos- 
motic with solution C by appropriate replacement of K2SO4 with 
Na2SO 4 or NaC1. 

Electrical Measurements 

Intracellular glass microelectrodes filled with 3 M KC1 were used 
to measure membrane potential and to pass current in voltage 
clamp and current clamp experiments. The space constant and 
input resistance of fibers were determined by standard cable analy- 
sis techniques (Fatt & Katz, I952). The size of at least 20 voltage 
transients (in response to a constant current pulse) were sampled 
by a microprocessor system at each electrode separation along 
the fiber, and the average data were used to calculate the cable 
constants. 

A two-microelectrode voltage-clamp technique was used to 
determine the mechanical activation threshold (Adrian et al., 1969; 

Costantin, 1974; Almers & Best, 1976). The two microelectrodes 
were inserted into the fiber between 50 and 100 Ixm apart. The 
membrane between the microelectrodes was observed through a 
dissecting microscope (x i00). Pulse duration was set and paise 
amplitude increased until contraction of surface myofibrils was 
just observed and then decreased in 0.5 mV steps until contraction 
was no longer visible. The membrane potential during the step 
to just below threshold was recorded. There was some hysteresis 
in this method in that the threshold value finally recorded at the 
end of a run was several millivolts closer to the holding potential 
than the potential at which contraction was first observed. Similar 
hysteresis has been described in frog fibers (Costantin, 1974). The 
reason for the hysteresis is not clear, but it is independent of 
repetition rate between 0.1 and 2.0 Hz. The accuracy of the thresh- 
old determination was such that, for a particular pulse duration, 
threshold could be determined to within +0.5 mV in repeated 
trials. The accuracy was less (_+2 mV) for brief (0.1 to 1.0 msec) 
pulses. The membrane potential in a voltage step was established 
in less than 20 gsec. 

Results 

E D L  and Soleus K-Contractures 

K - c o n t r a c t u r e s  r e c o r d e d  f r o m  m o u s e  E D L  a n d  so leus  

m u s c l e s  are  s h o w n  in Fig.  1. T h e  e x t e r n a l  p o t a s s i u m  

c o n c e n t r a t i o n  was  i n c r e a s e d  at  a t i m e  i n d i c a t e d  by 

the  s t ep  in t h e  b l a c k  b a r  a b o v e  the  r e c o r d s .  T h e  m u s -  

cles w e r e  m a i n t a i n e d  in t he  h i g h  p o t a s s i u m  s o l u t i o n  

fo r  t h e  d u r a t i o n  o f  t he  c o n t r a c t u r e .  T h e  E D L  m u s c l e  

a t  22 ~ ( u p p e r  t r a c e ;  Fig.  1 A) d e v e l o p e d  a fas t  K -  

c o n t r a c t u r e  w h i c h  qu ick ly  i n a c t i v a t e d  to  a b o u t  6 0 %  

o f  its p e a k  va lue  a n d  w a s  t h e n  f o l l o w e d  by a s low 

c o n t r a c t u r e  w h i c h  a lso  i n a c t i v a t e d  w i t h  t ime.  M o s t  

E D L  m u s c l e s  d id  n o t  h a v e  a s low c o n t r a c t u r e  a t  h igh-  

er t e m p e r a t u r e s  ( m i d d l e  a n d  l o w e r  t r a ce s ;  Fig.  1 A). 

So leus  m u s c l e s  a l so  r e s p o n d e d  to  an  i n c r ea s e  in ex ter -  

nal  p o t a s s i u m  c o n c e n t r a t i o n  w i t h  a fas t  a n d  a s low 

c o n t r a c t u r e .  T h e  t w o  c o n t r a c t u r e s  a re  c lear  in Fig.  1 D 

w h e r e  the  p o t a s s i u m  c o n c e n t r a t i o n  was  i n c r e a s e d  to 

60 mN. W h e n  the  p o t a s s i u m  c o n c e n t r a t i o n  was  in- 
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Fig. 1. K-contractures recorded from mouse  EDL and soleus mus- 
cles. The K-contracture records were taken at 22, 32, and 37 ~ 
as shown at the beginning of  each trace. The muscles were equili- 
brated in a 3.5 mM potassium solution (solution B, Table 1) before 
being exposed to the high potassium solution at times indicated 
by the step in the line above the record. (A) : EDL K-contractures 
in 224 mM-potassium; (B): soleus K-contractures in 224 ms -po ta s -  
sium; (C): fast soleus K-contractures in 224 raM-potassium at 
32 ~ (D): soleus K-contracture in 80 mu-po tass ium at 32 ~ 
The arrows in B indicate the inflection in the tension curve which 
corresponds in time to the peak of fast contractures in C and 
D. The horizontal calibration is 24 sec, and the vertical calibration 
is 2.0 g 

creased to 224 mM (Fig. 1 B), the two contractures 
overlapped. There was always an inflection in the 
tension profile (see arrows in Fig. 1 B) at a similar 
time to the peak of the fast contracture seen in 
Fig. 1 D. The slow contracture was sometimes absent 
from soleus muscles at higher temperatures (Fig. 1 C), 
and the resulting fast contracture was compared with 
the fast EDL contractures. The time course, tempera- 
ture sensitivity, and voltage dependence (see below) 
of the fast contracture were qualitatively similar to 
properties of amphibian muscle K-contractures 
(Hodgkin & Horowicz, 1960; Costantin, 1972; Capu- 
to, 1972a, b), suggesting that it is generated by the 
activation process involved in twitch and tetanic con- 
traction. The properties of the slow contracture are 
described elsewhere (Dulhunty, 1981). 

Sternomastoid K-Contractures 

K-contractures recorded from red and white sterno- 
mastoid bundles at 22 and 32 ~ are shown in Fig. 2. 
The sternomastoid bundles did not have a slow potas- 
sium contracture. The time to peak and decay time 
of the K-contractures decreased at higher tempera- 
tures (see Fig. 2), as did the fast EDL and soleus 
contractures (see Fig. 1). However, unlike the EDL 
and soleus contractures, the peak K-contracture ten- 
sion in sternomastoid bundles was greater at higher 
temperatures. This temperature effect is particularly 
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Fig. 2. K-contractures recorded from red and white rat sternomas- 
told muscles when the external potassium concentration was 
changed from 3.5 mM (solution B, Table 1) to 224 mM (solution 
C, Table 1) for the period indicated by the line under each record. 
Records were taken at 22 and 32 ~ Temperature,  in ~ is shown 
on the left-hand side of each record. (A) : Records from red sterno- 
mastoid bundles. (B): Records from white sternomastoid bundles. 
The horizontal calibration is 12 sec and the vertical calibration 
is 1.0 g 

obvious in white sternomastoid bundles. The contrac- 
ture at 22 ~ shown in Fig. 2B, was the largest K- 
contracture recorded from a white sternomastoid 
bundle at that temperature, more commonly, there 
was no recordable tension. The record at 32 ~ in 
Fig. 2B is a typical white sternomastoid contracture 
at a higher temperature. 

Comparison of K-Contractures at 32 ~ 

The fast component of soleus and EDL K-contrac- 
tures is compared with red and white sternomastoid 
K-contractures in Table 2. Average values for the am- 
plitude, time to peak, and 50% decay time of K- 
contractures recorded at 32 ~ are listed. K-contrac- 
ture tension is expressed as a fraction of maximum 
tetanic tension. Specific tetanic tension was calculated 
from measured cross-sectional areas of frozen sections 
of several experimental preparations, and average val- 
ues are listed in the first line of Table 2. The values 
obtained for each muscle were constant and K-con- 
tracture tension was generally normalized to tetanic 
tension. The average results in Table 2 show that 
the soleus K-contracture was larger and slower than 
the K-contracture recorded from the fast twitch mus- 
cles. The different rates of K-contracture inactivation 
must mean that soleus fibers have a slower rate of 
mechanical inactivation with prolonged depolariza- 
tion than the fast-twitch fibers. It would be most 
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Table 2. Average parameters of  fast K-contractures recorded at 
32 ~ when the external potass ium concentration was increased 
from 3.5 mM to 224 mM" 

Specific K-contracture Time to peak 50% decay 
tetanic tension (as tension time 
tension a fraction (sec) (sec) 
(kg/cm2) b of tetanic 

tension) 

Soleus 1.63 0.23 8.2 55.6 
• 0.04(8) _+0.01(5) + 1.1(5) +_8.6(5) 

EDL 1.55 0.13 3.4 10 
+_0.09(8) +-0.03(5) _+0.24(5) _+0.9(5) 

R.S. ~ 2.67 0.12 9.8 22.6 
+-0.24(8) _+0.03(8) • • 

W.S. ~ 2.50 0.08 4.8 11.0 
_+ 0.23(8) + 0.04(6) + 0.48(6) _+ 0.45(6) 

a Average parameters are shown with _+ 1 SEM and the number  
of  muscles in parentheses. 
b Cross-sectional area was measured from frozen sections of 
3 preparations of each muscle, and was calculated from two mea- 
sured dimensions of the remaining 5 preparations (assuming an 
elliptical outline). Areas determined by the two techniques were 
similar. 

Red sternomastoid and white sternomastoid abbreviated to 
R.S. and W.S., respectively. 

useful to interpret the different K-contracture sizes 
in terms of the mechanical responses of individual 
slow-twitch and fast-twitch fibers. However, geomet- 
rical factors could have altered the characteristics of 
the K-contracture and must be considered before such 
an interpretation is made. 

Diffusion Distance." Cross-Sectional 
Area Measurements 

Table 3. Cross-sectional areas of  preparations and fibers in the 
�9 a 

preparation 

Soleus Red SM b EDL White 
SM b 

Preparation Mean 0.013 0.007 0.015 0.008 
area (cm 2) 

+-SE _+0.001 • •  +0.002 
n 8 8 8 8 

Fibre area Mean 4351 2104 4049 5109 
(A) (~m 2) 

+-SE _+90 +-67 • 100 +-224 
n 621 201 474 207 

Equivalent D= V4A 74.4 51.75 71.8 80.65 
diameter 7r 

Muscle cross-sectional areas measured as described in Table 2. 
Fiber cross-sectional areas were calculated from two measured 
axes of  fibers in transverse frozen sections (Dulhunty & Dlutowski, 
1979). An eliptical outline was assumed to facilitate the calculation. 
b Sternomastoid has been abbreviated to SM. 

o 

Table 4. Rate of  depolarization of fibers on the surface (1) and 
next two layers (2 and 3) below the surface of three soleus and 
EDL muscles following a change in [K]o from 3.5 to 224 mM, 
as illustrated in Fig. 2. 

Layer Soleus EDL 
depolarization rate depolarization rate 
(mV/sec) (mV/sec) 

1 22.73_+ 1.4 (33) 24.0+_ 1.3 (35) 
2 11.55+I .2  (18) 11.65_+0.9 (32) 
3 7.25_+ 1.04 (32) 7.37+-0.5 (22) 

a Results are expressed as mean  +SE and the number  of fibers 
is given in brackets 

The results of cross-sectional area measurements in 
Table 3 indicate that the difference between soleus 
and fast-twitch muscle K-contractures cannot be ac- 
counted for in terms of simple geometrical factors. 
EDL and soleus muscles had similar cross-sectional 
areas (line 1, Table 3) and similar fiber diameters 
(line 3, Table 3). Sternomastoid bundles also had sim- 
ilar cross-sectional areas (line 1, Table 3) but very 
different fiber diameters (line 3, Table 3). 

Diffusion Rates 

The rate of potassium diffusion through the muscle 
is reflected in the initial rates of depolarization of 
fibers at different distances from the surface of the 
muscle. Membrane potential records from EDL and 

soleus fibers are shown in Fig. 3B and C and the 
position of the fibers in the muscle shown schemati- 
cally in Fig. 3 A. The average rates of depolarization, 
measured during the first two seconds of depolariza- 
tion, are given in Table 4. The rate of depolarization 
of deep fibers was slower as predicted by the longer 
diffusion distances. There is, however, no significant 
difference between results from EDL and soleus mus- 
cles. 

The lack of correlation between preparation ge- 
ometry and K-contracture size suggests that the K- 
contractures depend on intrinsic properties of individ- 
ual muscle fibers�9 These properties include T-tubule 
geometry (which could alter the rate of potassium 
equilibration in the T-system and rate of T-tubule 
membrane depolarization) and the characteristics of 
the mechanical activation process. 



A.F. Dulhunty: K-Contractures in Mammalian Muscle 227 

a 

B,/bJU 
I I I 

I I I 

Fig. 3. Intracellular membrane potential recorded from EDL and 
soleus muscles when the external potassium concentration was 
changed from 3.5 mM (solution B; Table 1) to 224 mM (solution 
C; Table 1) at a time indicated by the vertical line beneath each 
record. TTX, 5 • 10 7 g/ml and Na dantrolene (see Methods) were 
added to the solution. (A): A schematic illustration of part of 
a cross-section of an EDL or soleus muscle, showing the concentric 
arrangement of fibers, into layers which have been labeled 1 (sur- 
face fibers), 2 and 3. Records labeled a were obtained from layer 
1. Records labeled b were obtained by gently pushing the electrode 
through a fiber in layer 1 and into the fiber beneath it. Records 
labeled c were obtained by gently pushing the electrode through 
the fiber in layer 2 and into a fiber in layer 3. The increase in 
diffusion distance with each step was roughly equal to the diameter 
of the fiber through which the electrode had been pushed. (B): 
Records from soleus fibers; (C): records from EDL fibers. The 
preparations were exposed to 224 mM potassium for 3 to 5 sec, 
and complete recovery of membrane potential in 3.5 mN potassium 
was allowed between subsequent exposures to 224 mM potassium. 
The vertical calibration is 25 mV, and the horizontal calibration 
is 2 sec. Temperature =22 ~ 

Potassium Equilibration in the T-System 

The t ime course  of  po t a s s ium equi l ib ra t ion  in the 
T-sys tem of  ind iv idua l  f ibers can be es t imated  f rom 
the t ime course  of  depo la r i za t ion ,  when this is mea-  
sured over  a longer  t ime than  tha t  shown in Fig.  3 
( Naka j ima ,  N a k a j i m a  & Peachey,  1973; Du lhun ty ,  
1979b). Reco rds  f rom p repa ra t i ons  equ i l ib ra ted  in 
a hyper ton ic  so lu t ion  (so lu t ion  D, Table  1), to elimi- 
na te  movement ,  and  then  exposed  to a 224 mM potas -  
sium solu t ion  (solut ion  E, Tab le  1) are  shown in 
Fig.  4. The  ini t ia l  ra te  o f  depo la r i za t ion  of  soleus 
and  E D L  fibers (Fig. 4A and  C) was the  same as 
that  r ecorded  under  i so tonic  condi t ions  (see Fig. 3 Ba 

Fig. 4. Intracellular membrane potential records showing depolari- 
zation to a new steady-state value when the external potassium 
concentration was changed from 3.5 mM (solution D, Table 1) to 
224 mM (solution E, Table l) for the period indicated by the line 
under the records. All records were from fibers on the surface 
of the muscles or bundles (layer 1 ; Fig. 3 C). (A) : A record from 
a soleus fiber; (B): a record from a red sternomastoid fiber; (C): 
a record from an EDL fiber; (D): a record from a white sternomas- 
told fiber. The horizontal calibration is 24 sec, and the vertical 
calibration is 40 mV. Temp. =22 ~ 

and  Ca). The  s teady-s ta te  m e m b r a n e  po ten t ia l  in 
224 mM-potass ium was - -20  mV in each record  in 
Fig.  4. The  m e m b r a n e  po ten t ia l  a p p r o a c h e d  its 
s teady-s ta te  value  mos t  quickly  in soleus fibers 

(Fig. 4A) and  mos t  slowly in white  s t e rnomas to id  
fibers (Fig. 4D).  The  average decay o f  m e m b r a n e  po-  
tent ia l  to its s teady-s ta te  value has been p lo t t ed  in 
Fig. 5, using a loga r i thmic  scale to d i sp lay  small  slow 
changes  in potent ia l .  The  decay of  m e m b r a n e  po ten-  
t ial  has  a fast  c ompone n t ,  wi th  a t ime course which 
reflects the ra te  o f  K-d i f fus ion  to the  surface mem-  
brane,  and  a s low c ompone n t ,  with a t ime course  
which reflects the rate  o f  po t a s s ium diffusion into  
the T-system.  There  is of  course  signif icant  over lap  
between surface and  T- tubule  m e m b r a n e  depo la r iza -  
t ion  (for an analysis  o f  the t ime course  of  depo la r iza -  
t ion  in red s t e rnomas to id  fibers, see Fig. 2, Du lhun ty ,  
1979 b). Slow T- tubule  depo la r i za t ion  in white s terno-  
mas to id  fibers, for  example ,  is ref lected in the slopes 
o f  bo th  c o m p o n e n t s  (open circles, Fig. 5). The  simi- 
lar i ty  be tween ini t ial  depo la r i za t ion  rates  in E D L  and  
soleus fibers (Table  3) is t rue for only  1 or  2 sec 
after  the so lu t ion  change,  

It is interesting to note that the data in Fig. 5 is consistent 
with known properties of the T-system in each muscle. The 
volume fraction of T-system is smallest in soleus fibers (Luff 
& Atwood, 1972; Eisenberg & Kuda, 1976) and the conse- 
quently smaller area of T-tubule membrane would minimize 
the influence ofT-tubule membrane potential on the recorded 
depolarization, provided the relative potassium permeability 
of the T-tubule membranes were similar. The volume fraction 
of the T-system is similar in red and white sternomastoid 
fibers (C.F., Franzini-Armstrong & L.D. Peachey, personal 
communication). However, the total area of T-tubule mem- 
brane must be greater in white sternomastoid fibers because of 
their greater cross-sectional area (Hodgkin & Nakajima, 
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Fig. 5. Decay of membrane potential from a steady-state value 
in the 3.5 mM potassium solution to a steady-state value in the 
224 mM potassium solution. The points were obtained from records 
similar to, and including, the records in Fig. 4. The difference 
between the steady-state depolarization, Vm~, and the depolariza- 
tion at time t, Vm(t), and the normalized values (normalized to 
Vmoz), V'~-V't are shown on the vertical axis. Time, in seconds, 
is shown on the horizontal axis. Open circles - average values 
from 4 soleus fibers; open triangles - average values from 3 EDL 
fibers; filled triangles - average values from 3 red sternomastoid 
fibers; filled circles - average values from 4 white sternomastoid 
fibers. Only those fibers which repolarized to their original steady- 
state value when returned to 3.5 mM potassium were used for mea- 
surement of membrane potential. The solid lines were drawn by 
eye through data from white sternomastoid and soleus fibers. The 
broken line was drawn by eye through data from EDL and white 
sternomastoid fibers. The vertical bars show _+S~M where this 
is larger than the symbol 

1972), and T-tubule membrane potential would have a greater 
influence on the recorded depolarization, provided potassium 
permeability is evenly distributed over all membranes. In 
addition, potassium equilibration through the longer length 
of white sternomastoid T-system would be slower than potas- 
sium equilibration in the T-system of smaller diameter fibers. 

There is a correlation between the rate of depolariza- 
tion (Fig. 5) and K-contracture amplitude (Table 2). 
Soleus fibers depolarize most rapidly 'and have the 
largest K-contracture. White sternomastoid fibers 
demonstrate the slowest depolarization and have the 
smallest K-contracture. Since tension depends on 
membrane potential, it is important to know the 
membrane potential of fibers at the peak of the K- 
contracture in order to compare K-contractures in 
different muscles. 

A . •  "~" T T 

v ~ v  

B ~~''~ -T D _ ~  _T 
Fig. 6. Comparison of the time course of depolarization and tension 
following a change in the external potassium concentration from 
3.5 to 224 mM, indicated by the line under each pair of records. 
The thin lines, V, were traced from depolarization records in Fig. 4 
and the thicker lines, T, were traced from tension records in Figs. 1 
and 2. (A): Soleus; (B): red sternomastoid; (C): EDL; (D): white 
sternomastoid. Horizontal calibration, 24 sec 

Comparison of the Time Course of K-Contractures 
and Depolarization 

Traced records of membrane potential and tension 
have been superimposed in Fig. 6. In each case the 
peak K-contracture tension was recorded during the 
rapid phase of depolarization, well before significant 
potassium diffusion into the T-system. The membrane 
potential records were taken from surface fibers. The 
comparisons shown in Fig. 6 imply that the maximum 
K-contracture tension was generated by fibers close 
to the surface of the muscle. Fibers deep in the muscle 
would not be significantly depolarized at times corre- 
sponding to peak of the K-contracture because of 
the longer diffusion distance for potassium ions. The 
membrane potential generating the peak K-contrac- 
ture tension can be assumed to be close to the mem- 
brane potential of the surface fibers at times corre- 
sponding to the peak of the K-contracture. The aver- 
age times to peak tension of EDL and soleus K- 
contractures are listed in Table 5 together with the 
fraction of the steady-state depolarization achieved 
by surface fibers at the time of the peak (the latter 
values were read from curves shown in Fig. 5). It 
is clear that tension in soleus muscles develops in 
response to a greater depolarization than it does in 
EDL fibers, and so it is not surprising that soleus 
muscles have a greater K-contracture amplitude. The 
results do not exclude the possibility that the voltage 
dependence of contraction is different in fast- and 
slow-twitch muscles and this possibility is examined 
in later sections of the paper. 

The fact that the peak of the K-contracture occurs 
before significant potassium diffusion into the T-sys- 
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Table 5. Membrane potential of surface EDL and soleus fibers 
at times corresponding to the peak of the K-contructure a 

Time to peak tension Depolarization 
(sec) 

20 ~ 37 ~ 20 ~ 37 ~ 

EDL Mean 6.57 3.40 0.72 0.62 
_+ SZM + 0.36 -- 0.25 

Soleus Mean 7.00 4.55 0.78 0.72 
+SEM --+0.48 -+0.31 
n 7 10 

a Depolarization is expressed as a fraction of the steady-state 
membrane potential in 224 mN external potassium 

tern implies that  K-con t rac tu re  tens ion develops in 
response to the passive spread of surface m e m b r a n e  
depolar iza t ion th rough the T-system. Inact ivat ion,  
also tu rned  on by depolar izat ion,  inhibi ts  tens ion de- 
ve lopment  before potass ium equi l ibra t ion  in the T- 
system. The peak K-cont rac ture  tens ion  is p robab ly  
later in soleus muscles than  in E D L  muscles because 
of the slower onset of  inact iva t ion  in soleus fibers. 

The Dependence of  Tension 
on Surface Membrane Potential 

The voltage dependence of cont rac t ion  in EDL and  
soleus muscles can be determined f rom the peak K- 
cont rac ture  tens ion recorded with different potass ium 
concent ra t ions  in the test solut ion (see Methods).  The 
steady-state m e m b r a n e  potent ia l  in each test solut ion 
is shown in Fig. 7A. The m e m b r a n e  potent ia l  corre- 
sponding to the peak of the E D L  and  soleus K-con-  

t racture was calculated from the steady-state mem- 
brane  potent ia l  values using the fractions of steady- 
state depolar iza t ion listed in Table  4. Calculated val- 

ues for EDL and  soleus fibers at 37 ~ are shown 
in Fig. 7B. 

K-cont rac tures  recorded following exposure to the 
different test solut ions are shown in Fig. 8. The potas- 

sium concen t ra t ion  in the test solut ion is shown on 
the lef t-hand side of each record. There is a clear 
difference between EDL and  soleus muscles in the 
threshold potass ium concen t ra t ion  for recordable ten- 
sion. There was no EDL contrac ture  when the test 
solut ion potass ium concen t ra t ion  was less than  40 m s  
(Fig. 8 C and  D). On the other hand,  soleus muscles 
developed K-cont rac tures  when exposed to 10 mM po- 
tassium of 22 ~ (Fig. 8A). The 10 m s  potass ium 
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Fig. 7. Intracellular membrane potential in EDL and soleus fibers 
exposed to different external potassium concentrations. External 
potassium concentration, in raN, is shown on the horizontal axes. 
(A): Steady-state membrane potential recorded between 5 and 
15 min after a change in external potassium concentration. Prepara- 
tions were allowed to recover in 3.5 mM potassium (solution B) 
between each exposure to a higher potassium concentration. Open 
circles show average results for soleus fibers and open triangles 
show average results for EDL fibers. Data from at least 10 fibers 
were used for each point, and the standard errors were smaller 
than the symbols. (B): Calculated membrane potential, V,,(t), for 
fibers on the surface of the muscles at times corresponding to 
the peak of the K-contracture at 37 ~ V,,(t) was calculated from 
the steady-state membrane potential in A using data given in Ta- 
ble 4 
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Fig. 8. Tension records obtained from EDL and soleus muscles 
when the external potassium concentration was changed from 
3.5 mM (solution A or B, Table 1) to the concentration shown 
on the left-hand side of each record. The [K]. [C1] product of each 
test solunon was ~3~ and C1 was replaced by SO,. Each test solu- 
tion was isotonic with solution C (Table 1). (A): Soleus muscles 
at 22 ~ (B): soleus muscles at 37 ~ (C): EDL muscles at 22 ~ 
(D): EDL muscles at 37 ~ In A, the peak of the early phase 
was masked by the slow phase of contraction when potassium 
concentrations of 60 mM or more were used. An inflection in the 
rising phase, marked with an arrow, corresponded in time with 
the peak of contractures initiated by lower potassium concentra- 
tions and tension was measured at the inflection. Vertical calibra- 
tion, 2 g; horizontal calibration, 24 sec 

cont rac ture  in Fig. 1A is super imposed on a small 
hyper tonic  contracture  which persisted in 5 and 
3.5 mM potass ium test solut ions at 22 ~ (Fig. 8A). 
Note  the change in recorder gain for the last 3 records 
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Fig. 9. Peak K-contracture tension as a function of the membrane  
potential at the peak of the contracture. K-contracture tension, 
normalized to max imum tetanic tension, is shown on the vertical 
axis, and membrane  potential, calculated as described in the legend 
to Fig. 7, is shown on the horizontal axis. Open circles - average 
values for at least 5 soleus contractures at each potential; open 
triangles - average values for at least 5 EDL contractures at each 
potential. Vertical bars indicate 1 SEM, where this is greater than 
the symbol. Filled symbols - show contracture tension recorded 
from preparations that had been equilibrated in a hypertonic solu- 
tion (solution F; Table 1) prior to exposure to the high potassium 
solutions. (A): Results obtained at 22 ~ (B): results obtained 
at 37 ~ 

in Fig. 8A. The peak K-contracture tension was read 
simply from EDL and soleus K-contractures at 37 ~ 
and from EDL K-contractures at 22 ~ Tension was 
read at the inflection of the soleus K-contractures 
(see arrows in Figs. 1 A and 8 A) at 22 ~ when higher 
potassium concentrations were used. A component 
of this tension must have been generated by the slow 
contracture, and thus the measured tension was an 
overestimate of the true fast-contracture tension. 

Average peak tension is plotted against appro- 
priate membrane potential values in Fig. 9 (see legend 
to Fig. 9). The threshold membrane potential for con- 
traction is closer to the resting membrane potential 
in soleus muscles (open circles) than in EDL muscles 
(open triangles) at 22 ~ (Fig. 9A) and at 37 ~ 
(Fig. 9B). The peak tension values of 37 ~ (Fig. 9B) 
were uncontaminated by slow contracture tension or 
by hypertonic tension and are therefore more accurate 
than the values measured at 22 ~ (Fig. 9A). To ex- 
clude the possibility of a selective hypertonic effect 
on the soleus K-contracture, some fibers were equili- 
brated in a hypertonic solution (Solution F, Table 
1) before exposure to the high K solutions. The results 
(filled symbols, Fig. 9A) were identical to those ob- 
tained from preparations equilibrated in normal 
Krebs (open symbols, Fig. 9A). 

The different thresholds for EDL and soleus con- 
traction may be indicative of a difference in the volt- 
age dependence of activation. On the other hand, 
it could be explained by a more uniform spread of 
surface membrane potential through the T-system of 
soleus fibers. A two-microelectrode voltage-clamp 
technique was used to measure the threshold mem- 
brane potential for mechanical activation of surface 
myofibrils (Adrian et al., 1969). The technique de- 
pends on depolarization of areas of T-tubule mem- 
brane close to the (exterior) surface membrane. The 
results may be influenced by the "access" resistance 
to the T-tubules (Valdiosera, Claussen & Eisenberg, 
1974) but are independent of overall T-tubule geome- 
try. 

Activation Threshold at 37 ~ 

Strength-duration curves for activation threshold 
were obtained for EDL, soleus, and red and white 
sternomastoid fibers using the two-microelectrode 
voltage-clamp technique described in the Methods 
section. Average strength-duration curves are shown 
in Fig. 10. The triangles are average values for EDL, 
red and white sternomastoid fibers. The fast-twitch 
fibers are shown collectively because their individual 
curves were not significantly different from each 
other. The circles are average values for soleus fibers. 
Soleus fibers were activated at potentials significantly 
closer to the holding potential (resting membrane po- 
tential) for all pulse durations tested. 

There was a remote possibility that calcium influx 
through the slow calcium channel in the surface mem- 
brane (Sanchez & Stefani, 1978; Potreau & Raymond, 
1979) might have influenced the value of the rheobase 
potential required to activate the surface myofibrils. 
However, it can be shown that the brief pulse (0.5 
to 5 msec) threshold potential is more sensitive to 
withdrawal of calcium from the external solution (us- 
ing solutions with zero added calcium, 1 mM Mg and 
10 mM EGTA)than the rheobase potential (A.F. Dul- 
hunty, unpublished observations). Thus it is unlikely 
that the surface membrane calcium current makes 
a significant contribution to activation. 

The possible effect of fiber cable properties on 
the measurement of contraction threshold should be 
considered. The microelectrodes were inserted into 
the fiber 50 to 100 gm apart and contraction was 
observed between the electrodes. The two electrodes 
and the point of contraction were thus located with 
a length of the fiber that was equivalent to its diameter 
and very much shorter than its long pulse space con- 
stant (see Table 6). Thus the membrane potential be- 
tween the current and voltage electrodes was essential- 
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ly uniform for long pulses. It might be argued that 
the clamp potential would spread for a greater longi- 
tudinal distance from the voltage electrode in fibers 
with longer space constants. As a result, more sarco- 
meres would be activated in a longitudinal direction; 
movement would therefore be more visible and con- 
traction threshold apparently lower. The space con- 
stants listed in Table 5 do not bear any obvious rela- 
tionship to the strength-duration curves shown in Fig. 
10, suggesting that the effect of space constant on 
measured contraction threshold is not significant. 

Discussion 

The results from voltage-clamp and K-contracture 
experiments on EDL and soleus preparations indicate 
that the threshold membrane potential for contraction 
is 15 to 20 mV closer to the resting membrane poten- 
tial in soleus fibers. The contraction thresholds deter- 
mined with voltage-clamp techniques (Fig. 10) were 
10 mV more positive than the K-contracture thresh- 
olds (Fig. 9). However, the voltage-clamp steps were 
brief compared with the time course of the K-contrac- 
ture,and it is apparent (Fig. 10) that a constant rheo- 
base potential was not reached with the longest pulse 
(1000 msec). The threshold potentials would have ap- 
proached the K-contracture threshold potentials if 
longer pulses had been used. 

The different K-contracture thresholds may have 
been due to more effective spread of surface mem- 
brane depolarization through the soleus fiber T-sys- 
tem. A n "  access" resistance at the mouth of T-system 
of fast-twitch fibers could account for the K-contrac- 
ture results and could influence the results of the 
voltage-clamp experiments. The simple effect of an 
access resistance would be to reduce the rate of T- 
tubule membrane depolarization and, to a degree de- 
pending on the exact value of the access resistance, 
reduce the amplitude of brief pulses in the T-system. 
This would appear as an excessive increase in the 
apparent threshold for brief pulses in fast-twitch 
fibers. The fact that the activation curves for soleus 
and fast-twitch fibers are parallel for pulse durations 
from 0.5 to 1000 msec (see Fig. 10) argues against 
a significant access resistance to the fast-twitch T- 
system. It is likely that the contraction threshold data 
reveals a true difference between the voltage depen- 
dence of activation in fast and slow-twitch fibers. 

The basis of the differences between fast and slow- 
twitch fibers is open to speculation. Experiments on 
skinned muscle fibers (Kerrick etal., 1976; Takagi 
& Endo, 1977; Stephenson & Forrest, 1979) show 
that slow-twitch fibers are more sensitive to Ca than 
fast-twitch fibers. However, the area of terminal 
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Fig. 10. Strength-duration curves for mechanical activation thresh- 
old at 37 ~ Membrane potential during the voltage step to just 
below contraction threshold (see Methods section) is shown on 
the vertical axis. Pulse duration is shown on the horizontal axis. 
The experiments were done in solution A (Table 1) with 5 x 10 7 g/ 
ml TTX added to prevent action potentials. The fibers normally 
had a resting membrane potential of - 7 0  to - 8 0  mV, and a 
holding potential of -80  mV was routinely used. Open circles 

average results from 20 soleus fibers. Open triangles - average 
results from 9 red sternomastoid, 18 EDL, and 3 white sternomas- 
toid fibers. The vertical bars show _+ 1 SEM where this was greater 
than the symbol 

Table 6. Cable constants of fibers from muscles listed in the table" 

Soleus Red EDL White 
sterno- sterno- 
mastoid mastoid 

Space constant 0.80 0.88 0.77 1.21 
(mm) +0.09 +0.10 +0.08 -+0.18 

Input resistance 0.66 0.50 0.43 0.37 
(M~) -+0.05 _+0.03 -+0.04 _+0.02 

Number of fibers 14 13 10 14 

a Values are expressed as mean _+S~M and the number of fibers 
is given in the last row 

cisternae membrane in soleus fibers is about half that 
in EDL fibers (Eisenberg & Kuda, 1976; Wong & 
Davey, 1979) so that, if all else was equal, the release 
of free internal calcium would be signficantly less 
in soleus fibers following T-tubule depolarization. 
The low calcium pump activity (Feihn & Peter, 1971 ; 
Biggs, Poland & Solaro 1977) of the soleus sarcoplas- 
mic reticulum would help maintain the free calcium 
ion concentration. It is not clear whether the low 
pump activity and increased contractile protein sensi- 
tivity in soleus fibers are sufficient to overcome the 
reduced calcium release to the extent that the fibers 
contract with less depolarization. There are some ira- 
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portant differences between the calcium-activation 
curves and the membrane-potential-activation curves 
which suggest that activation in intact fibers is in- 
fluenced by properties of the surface (including T- 
system) and sarcoplasmic reticulum membranes. For 
example, the calcium sensitivity of the contractile pro- 
teins is temperature dependent so that the threshold 
calcium concentration for contraction is similar in 
EDL and soleus fibers at 25 ~ (Stephenson & Forest, 
1979). However, the slope of the calcium activation 
curve is greater in soleus fibers and the saturation 
calcium concentration is thus lower than in EDL 
fibers. These trends are not evident in data shown 
in Fig. 9 (see Results) or in data presented by Lorkov- 
ic (1971). Calcium release at more negative potentials 
in soleus fibers would provide a useful offset to their 
small area of terminal cisternae membrane. It would 
be useful to study the voltage dependence of calcium 
release in mammalian fibers using a direct measure 
of internal calcium concentration. 

The mechanism of mechanical inactivation during 
prolonged depolarization is also uncertain, but it is 
known that the rate of inactivation is not limited 
by the calcium accumulating abilities of the sacro- 
plasmic reticulum because the decay of twitch and 
tetanic tension (which provide a lower limit for the 
rate of calcium accumulation by the sarcoplasmic re- 
ticulum; Caputo & Fernandez de Bolanos, 1979) are 
many times faster than K-contracture inactivation. 
Caputo (1972a and b) argued that inactivation is a 
property of the process coupling T-tubule depolariza- 
tion with calcium release from the sarcoplasmic retic- 
ulum. This conclusion has been supported by studies 
of the kinetics of inactivation of asymmetry currents 
in skeletal muscle (Chandler, Rakowski & Schneider, 
1976) and by studies of mechanical inactivation fol- 
lowing very brief depolarizing pulses in mammalian 
fibers (Dulhunty, 1979c). Two additional observa- 
tions support the idea that K-contracture inactivation 
is not calcium depletion. The first is that fibers below 
the surface of mammalian muscles do not contribute 
to the K-contracture, probably because slow depolari- 
zation effectively inactivates deep fibers before they 
can be signficantly activated. In this case inactivation 
is independent of calcium release. Secondly, the obser- 
vation that inactivation in soleus fibers is slower than 
inactivation in EDL fibers suggests that inactivation 
is not calcium depletion. It might be expected that 
calcium depletion would proceed more rapidly in so- 
leus fibers because, when compared with fast twitch 
fibers, the slow-twitch fibers have: a smaller area of 
terminal cisternae membrane (Eisenberg & Kuda, 
1976; Wong & Davey, 1979); a lower rate of sarco- 
plasmic reticulum calcium accumulation (Feihn & 

Peter, 1971 ; Biggs et al., 1977); a lower sarcoplasmic 
reticulum capacity for steady-state calcium accumula- 
tion (Biggs et al., 1977); and a much greater K-con- 
tracture tension-time integral (10 to 100 times greater, 
see Table 2). 

In conclusion, the results show that there are sig- 
nificant differences between the excitation-contrac- 
tion coupling processes of fast-twitch and slow-twitch 
muscle fibers. A consideration of the results suggests 
that the differences may be in the process coupling 
T-tubule depolarization and calcium release from the 
sarcoplasmic reticulum. 
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