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^ B s T R ̂  c x Chloride-induced Ca release in skinned muscle fibers was studied by 
measuring isometric force transients and 4~Ca loss from fiber to washout solutions. 
Skinned fibers prepared from muscles soaked in normal Ringer solution made 
large force transients in 120 mM CI solution with 5 mM ATP and 1 mM Mg, but 3 
mM Mg was inhibitory. Mg inhibition was antagonized by low temperature and by 
Cd, agents which slow active Ca uptake by the sarcoplasmic reticulum (SR). In low 
Mg ++, CI stimulated rapid 45Ca release from the SR in sufficient amounts to account 
for the force response. The increased 45Ca release was inhibited by EGTA, suggest- 
ing that release requires free Ca under these conditions. The 4SCa initially released 
was partially reaccumulated later. Reaccumulation was increased in higher Mg ++. 
These results provide additional evidence that the Ca uptake rate is an important 
determinant of net release, and suggest that Mg ++ acts primarily on this mecha- 
nism. Skinned fibers prepared from muscles soaked in low CI solutions could give 
force responses to CI solutions with 3 mM and 6 mM Mg. This observation suggests 
that the CI stimulus varies with the [CI] gradient across the internal membranes, 
and supports the hypothesis that applied CI causes membrane depolarization. 

I N T R O D U C T I O N  

Intact  muscle fibers contract  when the sarcolemma is depolarized by solutions 
with high potassium or low chloride concentrat ions (Hodgkin  and Horowicz,  
1959; Foulks et al., 1965). Skinned muscle fibers can contract  transiently when 
exposed to solutions with high chloride concentrat ions (Costantin and Podolsky, 
1967; Ford and Podolsky, 1970; Nakajima and Endo,  1973). High chloride in the 
myofi lament  space (MFS) of  skinned fibers has been p resumed  to increase Ca 
efflux f rom the sarcoplasmic ret iculum (SR) by depolarization of  internal mem- 
branes (Costantin and Podolsky, 1967). Direct evidence o f  depolarization is 
lacking, but recent aequorin measurements  confirm that the MFS Ca ion con- 
centration rises unde r  these conditions (Endo and Blinks, 1973). 

Chloride responses in skinned fibers may cor respond  to a step in the physio- 
logical activation pathway. In  addition, they provide a useful system for analysis 
of  the net Ca movement  that controls the contractile response.  This net flux 
includes both the stimulated efflux and Ca influx back into the SR. The  SR 
reaccumulates Ca f rom the MFS in intact fibers (Winegrad,  1968) and  in skinned 
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f ibers  ( F o r d  a n d  Podo l sky ,  1972b). I n  vesicles o f  SR m e m b r a n e s ,  t he  act ive 
t r a n s p o r t  sys tem for  Ca i n f l u x  is s t i m u l a t e d  by  Mg ++ in a c o m p l e x  way (see 
Y a m a d a  a n d  T o n o m u r a ,  1972). T h e  e f fec t  o f  Mg ++ on  CI r e s p o n s e s  is t hus  o f  
spec ia l  i n t e r e s t .  T h e  M g + + - d e p e n d e n t  i n f l u x  r a t e  can have  a l a r g e  i n f l u e n c e  on  
ne t  Ca m o v e m e n t  in s k i n n e d  f ibe rs ,  a n d  m i g h t  a c c o u n t  fo r  Mg ++ i n h i b i t i o n  o f  
t he  ne t  Ca re lease  i n d u c e d  by Ca ++ ( F o r d  a n d  Podo l sky ,  1972b; S t e p h e n s o n  
a n d  P o d o l s k y ,  1977). T h e  i n t e r p r e t a t i o n  o f  C1 r e s p o n s e s  is m o r e  d i r e c t  t h a n  with 
a Ca s t imu lus ,  b e c a u s e  a p p l i e d  CI d i f fuses  u n i f o r m l y  in to  the  f ibe r ,  while  the  
d i f f u s i o n  o f  a p p l i e d  Ca can be  i n f l u e n c e d  by  the  Ca t r a n s p o r t  sys tem o f  t he  SR. 
F u r t h e r m o r e ,  t he  l a r g e  sou rce  o f  Ca in the  b a t h i n g  s o l u t i o n  is a v o i d e d .  

I n  t he  p r e s e n t  s t u d y  o f  C1 r e s p o n s e s ,  Ca m o v e m e n t  was fo l l owed  by m e a s u r e -  
m e n t  o f  i s o m e t r i c  fo rce  t r ans i en t s  a n d  45Ca re lease .  T h e  resu l t s  p r o v i d e  f u r t h e r  
e v i d e n c e  r e g a r d i n g  the  ro le  o f  Ca r e a c c u m u l a t i o n  a n d  Mg ++ in ne t  r e l ease ,  a n d  
also f u r t h e r  c h a r a c t e r i z e  t he  C1 s t imu lus .  P r e l i m i n a r y  r e p o r t s  o f  t he  resul t s  have  
a p p e a r e d  ( S t e p h e n s o n  a n d  P o d o l s k y ,  1974; S t e p h e n s o n ,  1975). 

M E T H O D S  

Fiber Preparation 

Single intact fibers from frog semitendinosus muscle were isolated and skinned in 
paraffin oil as described in the preceding paper  (Stephenson and Podolsky, 1977) except 
that the whole muscles were suspended in cold Ringer solution of  varied composition. No 
other  solutions were appl ied before skinning and mounting the fiber segments. Normal 
Ringer solution contained (mM) NaC1 115.5, KCI 2.5, CaC12 1.8, NaH2PO4 + Na, HPO4 
3.1, and d- tubocurar ine 9 mg/liter,  with a total C1 concentration 121.6. In low-Cl Ringer 
solutions NaC1 was reduced to 5.8 mM or omitted,  leaving 11.9 or 6.1 mM total C1; 
osmolarity was maintained by sucrose (207 or 217 mM) or,  in a few cases, by equimolar  Na 
propionate.  Muscles were kept in the Iow-Cl solutions for at least 1 h before removal of  a 
fiber bundle,  to insure equilibration. 

Fiber Mounting and Experimental Chamber 

For nonradioactive experiments ,  the skinned fiber segment was mounted  between 
clamps, one attached to a leaf-spring t ransducer  for measurement  of  isometric force, as 
described in the preceding paper  (Stephenson and Podolsky, 1977). For radioactive 
experiments ,  prel iminary tests showed that the amount  of  tracer held and released by the 
clamps (the tips of jewel ler ' s  forceps) was unsatisfactorily large with respect to the tracer 
in the small piece of  tissue. A new mount ing method was developed in which the fiber 
segment was tied with monofi lament  silk (about 20/zm diam) to fine rods made from 14 
mil stainless steel wire (Fig. 1). One rod was attached to a t ransducer  of  the same design 
for measurement  of  isometric force. The  mounted  fiber was exposed to experimental  
solutions in the wells of  the spr ing-mounted thermoregula ted  chamber  described in the 
preceding paper .  

Bathing Solutions 

All bathing solutions for skinned fibers contained 120 mM K propionate  or KCI, 10 mM 
imidazole, and 5 mM Na2ATP. The  Mg concentration was set at 1, 3, or 6 mM with 
MgCI2; free Mg ÷+ was about 20 /zM, 110 g.M, or 1.3 mM (Stephenson and Podolsky, 
1977). The Mg of the final propionate  rinse before exposure to CI was matched to that of  
the C1 solution; in some experiments ,  the extra Mg was made up with MgSO4, keeping 
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the total CI constant at 2 mM. No differences were observed. Additional constituents are 
described in the preceding paper and in the text. Triton-X100 and high-purity, low-Ca 
Na2ATP were obtained from Sigma Chemical Co., St. Louis, Mo. High specific activity 
4~CaC12 was obtained from New England Nuclear, Boston, Mass. The specific activity of 
this stock was reduced 10-fold with CaCI2 to reduce any error due to the supplier's assay 
of total Ca. The labeled buffered Ca solution prepared from this contained CaEGTA 
0.375 raM, total EGTA 0.5 mM, pCa 6.2, and other constituents as described above, and 
had a final activity of about 14-26 /~Ci/ml. 

Tracer Experiments 

For direct measurements of Ca release, skinned fiber segments were loaded with 45Ca in 
45CaEGTA buffer solution, rinsed three times in dilute EGTA solutions (0.1 and 0.01 
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FIGURE 1. Modified mount ing  of skinned fibers for 45Ca experiments.  The upper  
diagram shows the fiber attached to fine stainless steel rods, which connect with a 
leaf-spring force transducer.  The  lower diagram is an enlarged view of the fiber 
tied to the rods with monofilament silk. 

raM), and then exposed sequentially to the following measured washout solutions: (a) 
stimulating or control solution; (b) 1 mM EGTA solution to trap MFS 45Ca (Ford and 
Podolsky, 1972a); and (c) 0.05% Triton-X100 + 5 mM EGTA solution to extract remain- 
ing 45Ca from the fiber segment. The sum of the tracer collected in each of these washout 
solutions gives the total 45Ca in the segment before washout, and the tracer lost into each 
washout solution can be expressed as a fraction of the total. This method requires that the 
tracer in the washout solutions originate in the tissue itself (contamination is small), and 
final tracer extraction from the tissue be complete. Extraction was monitored in 14 
segments by counting the extracted fiber segment after NaOH digestion; the mean 
activity remaining after Tr i ton-EGTA extraction (6-7 rain) was 0.3 -+ 0.4% (SEM) of the 
total activity of the segment.  The contribution of contaminant  tracer carried over from 
the loading solution as adherent  fluid or adsorbed on the apparatus was evaluated in 
several ways. With the modified mount ing method and rinsing procedures, the disinte- 
grations per minute per milliliter of the final EGTA rinse were less than 10 -e that of the 
loading solution and were 2.4 +- 0.05% of the total disintegrations per minute in the fiber 
segments (n = 13), so that the small fraction of a milliliter adhering to muscle and 
apparatus could contribute negligible activity to the subsequent experimental washout 
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solutions. Tracer adsorbed on the apparatus was a small source of contamination. In five 
blank runs, without a fiber segment, the average total activity washed from the mounting 
rods and monofilament silk ties was 3.3% of the average total activity obtained from 13 
mounted muscle segments. About half the adsorbed tracer appeared in the first two 
washout solutions, and the remainder in the Triton-5 mM EGTA extraction solution. 
Mounted muscle segments which were carried through the washout procedure without 
any stimulus for Ca release formed a complete control for the stimulated muscles (see Fig. 
6). The tracer collected from control muscle segments includes the apparatus contamina- 
tion and adherent fluid of the segment as well as the control efflux of sequestered tissue 
Ca. The adherent fluid has a negligible effect (see above); the tracer desorbed from the 
apparatus contributes appreciably to the small tracer washout from control tissue, but is a 
small fraction of the larger tracer loss from stimulated tissue. 

Aliquots of the washout solutions (1 ml of an original volume of 1.2 ml), and diluted 
aliquots of loading solution, were assayed by liquid scintillation counting (Tri-Carb 
Automatic Liquid Scintillation Spectrometer System, Model 3375 or 3330, Packard Instru- 
ment Co., Downers Grove, Ill.) using 10 ml Aquasol scintillation solution (New England 
Nuclear). 

R E S U L T S  

Inhibition of Cl-Induced Force Spikes by Mg 

Skinned fibers f rom muscles which had been dissected in normal  Ringer solution 
responded  to application of  120 mM CI at 20°C with large force transients, 
provided the Mg level of  the bathing medium was low. A typical response in 1 
mM Mg solution is shown in Fig. 2a ; after the fiber had been loaded by exposure  
to CaEGTA buffer  solution (see Methods) and rinsed in dilute EGTA solutions, 
all containing 1 mM Mg, the peak force of  the transient induced by C1 was 
approximately the maximum force for that fiber segment.  Maximum force was 
determined by subsequent  exposure  to high exogenous Ca (seen at the right of  
the record) in o rder  to normalize the transient responses reflecting Ca release. 
The  CI response was inhibited strongly by moderate  Mg levels; Fig. 2b shows 
that a segment  f rom the same muscle fiber developed little or no force when 
exposed to C1 in the presence of  3 mM Mg, while the rate and amoun t  of  force 
development  when exposed to exogenous  Ca seemed unimpaired .  Similar re- 
sults on a number  of  fibers stimulated in 3 or 6 mM Mg are included in Fig. 10. 
In  these fibers, the ratio of  [CI] in the solution stimulating the skinned fibers to 
[C1] in the normal  Ringer solution which had bathed the intact fiber was about  1. 
The  lumen of  at least part  o f  the internal membrane  system was equilibrated 
with high extracellular [CI], and the t ransmembrane  [CI] gradient  dur ing  the 
stimulus presumably would be relatively small. 

Mechanism of Mg Inhibition 

Mg could reduce  net Ca release by inhibition of  the release mechanism itself or 
by stimulation of  active Ca reaccumulat ion by the SR. In order  to differentiate 
between these possibilities, the effect of  conditions that should inhibit active Ca 
transport  was studied. I f  increased Mg blocks the release mechanism, its effect 
should be similar in the presence of  high or low rates of  Ca reaccumulation.  I f  
increased Mg acts by promot ing  active Ca reaccumulat ion,  its effect should be 
antagonized by inhibition of this t ransport .  
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Since active Ca t r anspo r t  by vesicles o f  SR m e m b r a n e s  is known to have  a large 
activation ene rgy  (see Inesi ,  1972), the t e m p e r a t u r e  d e p e n d e n c e  o f  Mg inhibi- 
tion was examined .  Fig. 3 illustrates the effect  o f  low t e m p e r a t u r e  on the CI 
responses  of  a f iber with a [CI] ratio o f  1, as def ined  above.  In  traces (a) and  (b), 
at 2-50C, segments  containing only their  endogenous  Ca gave large responses  to 
CI solutions conta ining 3 or  6 mM Mg. In  traces (c) and  (d), at 18-200C, segments  
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FIGURE 2. Cl-induced force responses at about 20°C in a fiber from a muscle 
bathed in normal Ringer solution. Ca-loaded segments from the same fiber were 
stimulated by replacing 120 mM propionate with C1, in solution containing (a) 1 
mM Mg, (b)3 mM Mg. (Ca buffer and 0.1 mM EGTA solutions routinely contained 
1 mM Mg.) Subsequent exposure to 0.3 mM Ca gives the maximum force of the 
segment. 

f r o m  the same fiber,  loaded with Ca buf fe r ,  p roduced  no detectable responses  to 
the same solutions. (A similar effect  o f  low t e m p e r a t u r e  was observed in fibers 
with large [Cl] ratios which were unrespons ive  in h igher  Mg [see below].) These  
results show first that  Mg does not p reven t  the force response  by direct  action on 
the myof i laments ,  and  second,  that  Mg does not block the release mechan i sm 
itself. T h e  u n m a s k e d  response  at 5°C suggests that  at 18-20°C Mg acts mainly,  
pe rhaps  entirely,  by s t imulat ing active Ca reaccumula t ion .  

At 18-20°C, the effect  o f  Cd on Mg inhibition was examined .  T h e  Ca t r anspor t  
system of  isolated SR m e m b r a n e s  is s t rongly inhibited by Cd (Carvalho,  1968; 
MacLennan ,  1970), and  the effects o f  Cd described in the p reced ing  p a p e r  are  
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consistent with this action. The  antagonistic effect of  Cd is illustrated in Fig. 4a.  
While fibers with a [CI] ratio of  1 give negligible responses in 3 mM Mg (Fig. 2), 
immediate force development  occurred in C1 with 3 mM Mg + 0.5 mM Cd, 
al though the rise rate was slower than that of  a typical C1 response. When a 
control segment  f rom the same fiber was treated identically except for applica- 
tion of  the CI stimulus, as shown in Fig. 4b, force developed only after a 
substantial delay. (The possible basis of  eventual force development  in Cd 
solutions is discussed in the preceding paper  [Stephenson and Podolsky, 1977].) 

ClMF------"~ = 1 < 5°C 
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FIGURE 3. The effect of temperature on Mg inhibition in a fiber from a muscle 
bathed in normal Ringer solution. Segments from the same fiber were stimulated 
by CI in solution with 3 mM Mg (a) and (c), or 6 mM Mg (b) and (d). Segments (a) 
and (b) contained only endogenous Ca and were stimulated at 2-5°C. Segments (c) 
and (d) were Ca loaded and stimulated at 18-20°C. 

These results are consistent with the idea that Cd ion, like low tempera ture ,  
unmasks a C1 effect at higher  Mg levels, indicating that Mg does not block the 
release process itself. 

Release and Reaccumulation of 4~Ca at Low Mg 

In order  to evaluate Ca release and reaccumulation more  directly, 45Ca move- 
ment  dur ing  the response to C1 was measured.  For these experiments,  the 
apparatus  and method  used to moun t  the skinned fiber segments were modified 
(see Methods) to minimize tracer contaminat ion f rom the high specific activity 
Ca buffer  solution required to load the SR with sufficient 45Ca for the assays. 
Force traces f rom one of  these experiments  are shown in Fig. 5 to illustrate the 
procedures  used. The  segments were loaded in 45Ca buffer  solution, rinsed 
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thorough ly  in dilute E G T A  solutions,  and  then  exposed  to s t imulat ing or  control  
solutions. In  Fig. 5a  the segment  was exposed  to CI du r ing  a comple te  force 
spike,  then to 1 mM E G T A  CI solution for  about  10 s to t rap  4SCa in the MFS, 
and  finally to a solution containing Tri ton-X100 and 5 mM E G T A ,  which 
extracts  the t racer  r ema in ing  in the segment ,  that  is the SR 4SCa. Each o f  these 
solutions was assayed for  the t racer  that  had  been washed out  o f  the segment  
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FIGURE 4. The effect of Cd on Mg inhibition at 18-20°C in a fiber from a muscle 
bathed in normal Ringer solution. Ca-loaded segments from the same fiber were 
(a) stimulated by CI solution with 3 mM Mg + 0.5 mM Cd; (b) exposed to 
propionate solution with 3 mM Mg + 0.5 mM Cd. 

du r ing  exposure .  T h e  sum of  the t racer  lost to all the washout  solutions gives the 
total 45Ca in the SR at the outset ,  and  the a m o u n t  lost into each washout  solution 
can be expressed  as a fract ion of  the total. In  Fig. 5b the force spike was 
in te r rup ted .  T h e  segment  was exposed  to C1 solution only dur ing  the rising 
phase  o f  the force spike, to initiate release,  then  to 1 mM E G T A  [Cl] solution to 
t rap  the 4SCa which had  been released to the MFS, and  finally to Tr i ton  solution. 
I f  the Ca initially released to the MFS is subsequent ly  reaccumula ted  dur ing  a 
comple ted  spike,  m o r e  t racer  should  be collected in this i n t e r rup ted  spike than 
in a comple ted  spike. In  control  segments ,  this same p r o c e d u r e  was used with all 
p rop iona te  solutions,  that  is, with no stimulus.  In  Fig. 5c, the segment  was 
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briefly pre-exposed to EGTA in propionate  solution before exposure to CI 
solution with 1 mM EGTA,  and then extracted in Tr i ton.  The  continuous 
presence of  E G T A  prevents force development ,  but the full amoun t  of  released 
4sCa should be collected. 

This g roup  of  experiments  was carried out at 18-20°C in 1 mM Mg. The  
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FIGURE 5. Force traces illustrating the protocol of 45Ca release experiments (18- 
20°C). Segments were loaded in buffered 45Ca solution, rinsed, and exposed 
sequentially to stimulating or control solution (Cl or propionate), trapping solution 
(1 mM EGTA), and extracting solution (0.05% Triton XI00 + 5 mM EGTA). (a) 
Completed CI response. (b) Cl stimulus followed by EGTA. (c) CI stimulus in the 
presence of EGTA. Tracer sampling and analysis are described in the text. 

pattern of  tracer loss under  these conditions is shown in Fig. 6. Each g roup  of  
bars corresponds  to one of  the procedures  outlined above. The  first bar in each 
group  is the fraction of  4~Ca lost into the stimulating or control solution, the 
second bar, the fraction lost into the EGTA trapping solution, and the stippled 
bar is the sum of  the first two, that is the total fraction of  the original 45Ca in the 
SR which was lost dur ing  the maneuver .  The  first g roup  shows the small control  
loss o f  tracer f rom muscle and appara tus  in the absence of  a C1 stimulus. The  
second g roup  shows the tracer loss dur ing  a completed Cl force transient; when 
the spike was allowed to go to completion,  net loss of  tracer was about 17%. Most 
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o f  the t racer  a p p e a r e d  in the CI solution itself, and  little was collected by E G T A  
af ter  the f iber had  re laxed.  When  the CI spike was i n t e r rup t ed  by t ransfer  to the 
E G T A  t r app ing  solution shown in the th i rd  g roup ,  abou t  27% of  the t racer  was 
collected. About  two-thirds  o f  this was in the E G T A  t r app ing  solution appl ied  at 
the peak  of  the spike.  T h e  substantial  inc rement  in total t racer  collected shows 
that  Ca reaccumula t ion  affects the net  response  even in low Mg. Al though  more  
released Ca was collected by apply ing  E G T A  at the peak  of  the spike, maximal  
release was not m eas u red  when E G T A  was present  t h r o u g h o u t  the exposure  to 
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FIGURE 6. 45Ca loss (mean - SEM) in I mM Mg at 18-20°C in segments from 
fibers with a small CI gradient. The first bar in each set shows the fraction of 
accumulated ~Ca lost into the stimulating or control solution (first wash); the 
second bar shows the fraction lost into the trapping solution (1 mM EGTA); the 
third bar shows the total fraction lost. First set of bars: control loss in propionate 
solutions. Second set of bars: completed C1 response. Third set of bars: CI response 
interrupted by EGTA-C1. Fourth set of bars: CI stimulus in the presence of EGTA. 
The number of segments is g~ven at the right of each set. 

CI. U n d e r  these condit ions ( four th  group) ,  t racer  loss was drastically r educed ,  
and  in fact not significantly d i f fe ren t  f r o m  control  loss. Th is  result  shows that  
some o ther  factor  in te rvened  to p reven t  Ca release when the E G T A  concentra-  
tion was high and  f ree  Ca r ema ined  low. U n d e r  the condit ions of  these experi-  
ments  (low Mg, small [CI] ratio), Ca release induced  by CI a p p e a r e d  to requi re  
the presence  o f  f ree  Ca du r ing  the response .  

Effect o f  M g  on 45Ca Reaccumulation 

In  the expe r imen t s  above,  45Ca released early in the CI response  was par t ly  
reaccumula ted  and  part ly lost by diffusion to the bath  du r ing  the later por t ion  of  
the transient .  I f  Mg stimulates the reaccumula t ion  process,  the diffusional  loss 
o f  t racer  du r ing  this per iod should be r educed  by increased Mg. This  predic t ion 
was tested by measu r ing  the t racer  loss into two sequential  CI washes du r ing  a 
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c o m p l e t e d  CI r e s p o n s e .  Force records  are  show n  in Fig.  7 to i l lus t ra te  the  
protocol  used .  Release was in i t i a ted  by e x p o s u r e  to CI so lu t ion  with 1 mM Mg; 
w h e n  force d e v e l o p m e n t  ( re f lec t ing  ne t  release) was close to m a x i m a l  the  seg- 
m e n t  was t r a n s f e r r e d  to a second  C1 wash c o n t a i n i n g  e i the r  1 m M  or  3 m M  Mg. 1 

T h e  resul ts  o f  these  e x p e r i m e n t s  are  s u m m a r i z e d  in  Fig. 8. T r a c e r  loss in to  
the  first CI wash,  c o n t a i n i n g  1 m M  Mg in both  cases, was the  same  in bo th  g r o u p s  
of  s egmen t s .  D u r i n g  the  second  CI wash,  50% m o r e  t racer  was lost to the ba th  in 
1 m M  Mg t h a n  in  3 m M  Mg. In  bo th  cases, very little t racer  was lost a f ter  the  

18-20°C ~ 100 
mg 

10s 

=__ 

~Ca o.1 o.ol cI cl cI TRITON 
BUFFER EGTA EGTA 1Mg 1Mg 1 EGTA 5 EGTA 
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1 1 ? 1 L . .  1 1 
4SCa 0.1 0.01 el CI CI TRITON 

BUFFER EGTA EGTA 1Mg 3Mg 1 EGTA 5 EGTA 
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FIGURE 7. Force traces illustrating the protocol of 45Ca release-reaccumulation 
experiments (18-20°C). Segments were loaded and stimulated with CI as in Fig. 5a, 
except that the completed C! response was divided into two sequential washes. The 
first washout solution contained 1 mM Mg; when force was close to maximal, the 
segment was transferred to a second washout solution containing 1 mM Mg (upper 
trace) or 3 mM Mg (lower trace). After relaxation the segment was exposed to 
t rapping solution and extraction solution. 

t r a n s i e n t  to the  1 mM E G T A  t r a p p i n g  so lu t ion ,  a n d  the t racer  r e m a i n i n g  in the  
s egmen t s ,  ex t rac ted  by T r i t o n  so lu t ion ,  s imply  ref lec ted  the  d i f f e r ence  in  reac- 
c u m u l a t i o n  d u r i n g  the  second  CI wash.  Th i s  d i f f e r ence  gives a m i n i m u m  esti- 
mate  of  the Mg s t imu la t i on  o f  r e a c c u m u l a t i o n  d u r i n g  this t ime  pe r iod  because  a 
f ini te  t ime is r e q u i r e d  for  the i nc rea sed  Mg to d i f fuse  a n d  act at ta rge t  sites 

i This set of experiments was carried out on fibers prepared from muscles bathed in low [CI] solu- 
tions; however, the Mg dependence of the CI response in these fibers (from summer frogs) was 
the same as in fibers from fall and winter frogs prepared from muscles soaked in normal Ringer 
solution, presumably because of variability in the effect of a large CI gradient (see below). When 
stimulated by CI in the presence of 3 mM Mg, force and 45Ca loss did not increase; in four segments, 
the total fractional tracer loss during 60 s in C1 solution followed by 10 s in 1 mM EGTA was only 
0.038 -+ 0.007, similar to the control loss in propionate shown in Fig. 6. 
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t h r o u g h o u t  the f iber  early in the second CI wash when the rates o f  diffusion and  
reaccumula t ion  should  be highest .  

Dependence of Cl Responses on the Cl Gradient 

I f  high CI in the MFS acts by depolar iza t ion of  the internal  m e m b r a n e  system, 
then  the s t rength  of  the CI st imulus should d e p e n d  on the electrochemical  
dr iving force for  t r a n s m e m b r a n e  CI m o v e m e n t .  T h e  [CI] gradient  should be 
increased when the [CI] in the lumen  o f  the internal  m e m b r a n e  system is 
reduced .  Skinned fibers p r e p a r e d  f r o m  muscles soaked in low C1 solutions did 
r e spond  to C1 at the h igher  Mg levels at 18-20°C. Fig. 9 shows records  of  CI- 
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45Ca loss (mean +- SEM) in release-reaccumulation experiments. The 
first set of bars shows the fraction of accumulated 45Ca lost into the first CI wash (1 
mM Mg in both groups). The second set of bars shows the fraction of accumulated 
45Ca lost into the second CI wash, containing 1 mM Mg (first bar) or 3 mM Mg 
(second bar). The third set of bars shows the fraction of 45Ca lost into the final 
EGTA trapping solution. The number of segments is given above each bar. 

induced  force spikes in three  segments  of  the same fiber f r o m  a muscle which 
had  been ba thed  in Ringer  solution containing 6.1 mM CI (NaCI replaced  by 
sucrose,  see Methods) .  T h e  rat io of  CI in the solution s t imulat ing the sk inned 
fiber to CI in the original  Ringer  solution is about  20. Af ter  loading the SR with 
Ca and  r insing,  all in 1 mM Mg solutions, the Mg level was ei ther  left at 1 mM 
(Trace  a) ,  or raised to B mM (Trace  b) or  6 mM (Trace  c). T h e  ionized Mg in 
each of  these solutions is about  20 /xM, 110 /xM, and  1.3 mM,  respectively. 
Rep lacement  of  p rop iona te  by CI caused rapid  force deve lopmen t  in each case; 
with increased Mg, the transients were reduced  in dura t ion  and  height ,  but  a 
substantial  r esponse  r ema ined  in the highest  Mg in this fiber.  

Similar expe r imen t s  were p e r f o r m e d  on fibers f rom muscles ba thed  in Ringer  
solution containing 12 mM CI. T h e  results of  a series of  such expe r imen t s  on 
fibers f rom fall and  winter f rogs are summar i zed  in Fig. 10. T h e  height  o f  the  
Cl-induced t ransient  divided by the m a x i m u m  force of  the segment ,  the normal -  
ized peak force,  is p lot ted against  the ratio of  [CI] in the solution st imulat ing the 
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s k i n n e d  f ibe r  ( a b o u t  120 mM)  to [CI] in t he  o r i g i n a l  R i n g e r  so lu t ion .  R e s p o n s e s  
at  d i f f e r e n t  Mg levels  were  m e a s u r e d  in s e g m e n t s  f r o m  the  s a m e  f ibers ,  which  
h a d  a g iven  [CI] r a t io .  R e s p o n s e s  at  d i f f e r e n t  [CI] r a t ios  c o u l d  no t  be  m e a s u r e d  in 
s e g m e n t s  f r o m  the  s a m e  f ibers ,  with this  m e t h o d  o f  v a r y i n g  the  [C1] r a t io .  I n  a 
few cases f ibers  f r o m  the  s a m e  musc le  were  c o m p a r e d  at  d i f f e r e n t  [CI] ra t ios ,  by 
r e m o v i n g  a f i be r  b u n d l e  a f t e r  t he  musc le  h a d  b e e n  s o a k e d  in d i f f e r e n t  R i n g e r  

CIMI=-----S : 20 
CIn 
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~' t ~ t t 
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BUFFER EGTA 1 Mg 1 Mg 
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EGTA 3 Mg 3 Mg 
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0.01 Cl Cl 
EGTA 6 Mg 6 Mg 
6 Mg 0.3 Ca 

FIGURE 9. Cl-induced force responses at 20°C in a fiber from a muscle bathed in 
6.1 mM CI solution. Ca-loaded segments from the same fiber were stimulated by CI 
in solutions containing (a) 1 mM Mg; (b) 3 mM Mg; (c) 6 mM Mg. Subsequent 
exposure  to 0.3 mM Ca gives the maximum force of  the segment.  

so lu t ions .  T h e  r e s p o n s e s  in t h e s e  f ibe r s  fo l l owed  t h e  p a t t e r n  o f  t he  m e a n  
r e s p o n s e s .  W h e n  Mg was on ly  1 m M ,  m a x i m a l  r e s p o n s e s  were  seen  at  all CI 
ra t ios .  I n  3 m M  Mg,  r e s p o n s e s  we re  neg l ig ib l e  at  a [Cl] r a t i o  o f  1, b u t  subs t an t i a l  
r e s p o n s e s  were  seen  at  h i g h e r  ra t ios .  I n  6 m M  Mg,  r e s p o n s e s  were  smal l  o r  
absen t  at  the  i n t e r m e d i a t e  [CI] r a t i o  o f  10; at  the  h i g h e s t  [CI] r a t io ,  20, subs t an t i a l  
r e s p o n s e s  were  s o m e t i m e s  seen ,  as in Fig .  9c.  H o w e v e r  s o m e  f ibers  gave  no  
r e s p o n s e  in 6 m M  Mg a n d  s m a l l e r  r e s p o n s e s  in 3 m M  M g  at this  [Cl] r a t io .  T h e  
l a r g e  s t a n d a r d  e r r o r  ba r s  r e f l ec t  a d e c r e a s e  in r e s p o n s i v e n e s s  to C1 t o w a r d  the  
e n d  o f  t he  e x p e r i m e n t a l  ser ies .  2 

2 These experiments were carried out between October and early February, with the highest [Cl] 
ratio tested only late in the series. In the last fibers tested, force spikes decreased in 3 mM Mg and 
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W h e n  r e s p o n s e s  at  t he  d i f f e r e n t  Mg levels  a r e  c o m p a r e d  at  a f i x e d  [CI] r a t i o ,  it  
is c l ea r  t ha t  i n c r e a s e d  M g  i n h i b i t e d  t h e  C1 r e s p o n s e  at  18-20"C, even  a t  t h e  
h i g h e r  [CI] ra t ios .  W h e n  r e s p o n s e s  at  d i f f e r e n t  [CI] ra t ios  a r e  c o m p a r e d  at  f i x e d  
Mg,  it a p p e a r s  t ha t  ne t  Ca r e l e a se  at  h i g h e r  Mg (3 o r  6 mM)  d e p e n d e d  on  the  [CI] 
in the  i n t e r n a l  m e m b r a n e  sys tem at t he  t ime  o f  s k i n n i n g .  T h e  d i f f e r e n c e  in 
r e s p o n s e  at  3 m M  M g  b e t w e e n  a CI r a t i o  o f  1 a n d  a r a t io  o f  10 o r  20 was h i g h l y  
s ign i f i can t .  T h e  cu rves  sugges t  a p r o g r e s s i v e  i n c r e a s e  in r e s p o n s e  with inc reas -  
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18-20°C 1 Mg 

7) 

o 

l 0.25 / ~ 1 7 l  
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~17} ,(51 , 1 10 20 
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FIGURE 10. The  dependence  of  the CI response at 20°C on the C1 of  the original 
Ringer solution and on the Mg of  the Cl-stimulating solution. The  normalized peak 
force of  the CI spike (mean --z- SE M) is plotted against the ratio of  stimulating C1 (120 
mM) to Ringer C1, for a series of  exper iments  on winter frogs. The  stimulating 
solution contained either 1 mM Mg (dashed line), 3 mM Mg (n) ,  or  6 mM Mg (O). 
The  number  of  segments is given next to each point.  

ing  [C1] r a t i o ,  b u t  f u r t h e r  e x p e r i m e n t s  on  r e s p o n s i v e  f ibe r s  a r e  r e q u i r e d  to  
ve r i fy  this  c o r r e l a t i o n .  

T h e  e f fec t  o f  t he  c o m p o s i t i o n  o f  t he  o r i g i n a l  R i n g e r  s o l u t i o n  on  C a - i n d u c e d  
Ca r e l ea se  also was t e s t ed .  S e g m e n t s  were  Ca l o a d e d ,  r i n s e d ,  a n d  e x p o s e d  to a 
0.1 m M  Ca s t i m u l u s  in t he  p r e s e n c e  o f  1, 3, o r  6 m M  Mg.  R e s p o n s e s  we re  

were absent in 6 mM Mg even at the highest [C]] ratio. Responsiveness remained low in spring and 
summer, it  seems possible that the Ct response is subject to seasonal variation, perhaps due to 
changes in relative CI permeability. In intact frog muscle, the size of contractures induced by low 
external CI is variable (Foulks et al., 1965), and low K permeability during the winter has been re- 
ported (McCrea, 1975). 
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c o m p a r e d  in two sets o f  fibers taken f rom the same muscles (see above); o ther  
segments  f rom the same fibers showed marked  dif ferences  in the CI response  in 
3 mM Mg. T h e  Ca- induced responses  and  their  inhibition by Mg (Stephenson 
and Podolsky,  1977) were unaf fec ted  by the previous t r ea tmen t  of  the intact 
fibers. 

D I S C U S S I O N  

Chloride-Induced Ca Release 

These  observat ions verify that  C1 causes sufficient net Ca release f rom the SR to 
account  for  the force t ransient  in skinned fibers. T h e  fractional 45Ca release 
caused by Cl was at least 0.27 (Fig. 6); this fraction cor responds  to at least 0.27 
mM Ca/kg fiber,  because the initial Ca content  was at least 1 mM/kg  fiber u n d e r  
the Ca-loading condit ions used (Ford and  Podolsky, 1972b). Since the regula tory  
proteins  of  the myof i laments  are sa tura ted  by 0.1 mM Ca (see Ebashi et al., 
1969), the net Ca release is more  than sufficient to p roduce  m a x i m u m  force.  

Role of Ca Influx and the Influence of Mg 

It  is clear that the net Ca release is s t rongly inf luenced by Ca influx back into the 
SR, as well as by the s t imulated eff lux.  T h e  effect  o f  inhibitors of  active Ca 
t ranspor t  on force responses  to a weak C1 stimulus ([CI] ratio about  1) is evidence 
for  the impor t ance  of  the influx c o m p o n e n t  dur ing  the initial response.  Low 
t e m p e r a t u r e  and Cd each caused responses  to C1 solution with 3 mM Mg (110 
/xM Mg ++) in fibers f rom muscles ba thed  in normal  Ringer  solution, which were 
otherwise unrespons ive  u n d e r  these conditions (Figs. 2-4). These  agents both 
are known to inhibit the Ca t ranspor t  system of  isolated SR m e m b r a n e .  A 
t e m p e r a t u r e  decrease f rom 18-20°C to 5°C should decrease influx by a factor  of  
4-10 based on the activation energy  for  Ca up take  by SR vesicles, 15-25 kcal 
tool -1 (see Inesi ,  1972). Low Cd concentrat ions strongly reduce  Ca up take  and 
ATPase  activity in isolated SR vesicles (Carvalho,  1968) and  block the activity of  
the pur i f ied enzyme (MacLennan ,  1970). T h e  Cd effect  was not due  to activation 
of  the myof i laments  since force did not develop immedia te ly  without a CI 
stimulus (also see S tephenson  and Podolsky,  1977). 

T h e  45Ca expe r imen t s  show that influx is an i m p o r t a n t  factor  in net release 
even at low free Mg levels (20 /xM). Overall ,  at least one- th i rd  of  the early net 
45Ca release es t imated with E G T A  t r app ing  near  the force peak  was reaccumu-  
lated dur ing  the later phase  of  the comple te  C1 response  (Fig. 6). Since about  
one- th i rd  of  the released t racer  had diffused into the bath dur ing  the initial 
force rise, the reaccumula ted  t racer  represen ts  50% of  the t racer  actually in the 
MFS at the start  o f  the later phase.  Dur ing  Ca- induced responses  in low Mg, 
Ford and  Podolsky (1972b) found  that  the SR 4SCa at the end  of  a comple ted  
spike was about  the same as the control  level in uns t imula ted  segments ,  suggest- 
ing a large a m o u n t  of  reaccnmula t ion .  

T h e  45Ca exper imen t s  also provide  addit ional  evidence that  the reaccumula-  
tion rate increases with [Mg++], as would be expected  f rom the Mg d e p e n d e n c e  
of  the rate-l imiting step in the partial  reactions of  the Ca t ranspor t  system of  
isolated SR (see Yamada  and T o n o m u r a ,  1972). In  the comple ted  response  in 
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low Mg, 0.09 of  the original 45Ca a p p e a r e d  to be r eaccumula ted  af ter  the force 
had  peaked  (Fig. 6, the d i f ference  between t racer  loss in the in t e r rup ted  and  
comple ted  responses) .  When this later phase  was examined  separately (Fig. 8), 
increasing Mg to 3 mM (110 ~M Mg ++) was found  to al ter  the balance between 
4~Ca reaccumula t ion  and  diffusion into the bath; the d i f ference  in t racer  loss into 
1 mM and 3 mM Mg solutions was 0.04 of  the original f iber 45Ca. T h e  results 
toge ther  imply that  reaccumula t ion  in C1 solution with 3 mM Mg was at least 1.4 
times grea te r  than with 1 mM Mg--(0 .09 + 0 . 04 ) /0 . 09 -and  the re fo re  with 3 mM 
Mg, some 70% of  the t racer  in the MFS at the start  o f  the later phase  was 
reaccumula ted .  This  increase agrees well with the effect  o f  3 mM Mg on 
relaxat ion f r o m  Ca- induced  force transients  described in the p reced ing  paper ;  
in those exper imen t s ,  the rate o f  Ca reaccumula t ion  a p p e a r e d  to increase by a 
factor  o f  1.6 (S tephenson and  Podolsky,  1977). In  both  cases, the observed effect  
o f  increasing Mg to 3 mM is a lower limit, because substantial  Ca m o v e m e n t ,  by 
ou tward  diffusion and  reaccumula t ion ,  can occur  before  the appl ied Mg equili- 
brates and  acts t h r o u g h o u t  the fiber. In  the intact fiber,  f ree Mg is likely to be at 
least as high as in these solutions (110/.~M), as discussed in the p reced ing  pape r ,  
and  Ca influx must  be an impor t an t  de t e rminan t  o f  net release.  

T h e  substantial  role of  Ca influx,  and its Mg d e p e n d e n c e ,  provides a mecha-  
nism for  the inhibi tory effect  of  increased Mg on net Ca release,  if  the reaccu- 
mula t ion  mechan i sm opera tes  in a similar way dur ing  the entire t ime course  of  
the response .  This  mechan i sm for  inhibit ion should be part icularly effective in 
the case of  a weak C1 st imulus,  where  much  of  the response  in 1 mM Mg is likely 
to be due  to Ca- induced release (see below). Even in 1 mM Mg, a Ca eff lux of  1.4 
× 10 -4 M s -1 (sufficient to saturate  the myof i laments  in 1 s) would be balanced by 
inf lux at 1 × 10 -7 M [Ca++], because the ra te  constant  for  Ca influx is large,  1.4 × 
103 s -1 (Ford and  Podolsky,  1972a). However ,  if  Ca eff lux af ter  a weak C1 
stimulus were,  for  example ,  3 x 10 -4 M s -a, [Ca ++] could rise to >2 × 10 -7 M, 
exceed the thresholds  for  force deve lopmen t  and Ca- induced release (Ford  and  
Podolsky, 1972a), and  cause an addit ional  increase in eff lux.  In  e mM Mg, with a 
50% increase in the rate  constant  for  influx,  a Ca eff lux of  3 × 10 -4 M s -~ could 
be balanced by inf lux when [Ca ++] rose to only 1.4 × 10 -7 M, which is below the 
threshold  for  Ca- induced release.  T h e  inf luence o f  Mg on influx thus can 
reduce  net release both by a direct  effect  on the a m o u n t  of  Ca that  reaches the 
myof i laments  at a given ef f lux ,  and  by an indirect  effect  on the st imulat ion o f  
eff lux by [Ca ++] at the SR m e m b r a n e .  

Properties of the Stimulated Ca Efflux 

T h e  t racer  expe r imen t s  show that  a weak CI stimulus, in the presence  of  low Mg, 
causes a large increase in the rate  of  Ca eff lux f rom the SR. Dur ing  4-5 s o f  force 
rise in CI nearly maximal  force was deve loped  (Fig. 5), ref lect ing the m o v e m e n t  
of  about  0.1 mM Ca/kg f rom the SR to the myof i laments  (Ebashi et al., 1969). At 
the same t ime,  an addi t ional  0.09 of  the original 4SCa a p p e a r e d  in the ba th ,  
co r r e spond ing  to at least 0.09 mM Ca/kg fiber. On this basis, a m i n i m u m  of  0.19 
mM Ca/kg had  left the SR, c o m p a r e d  to about  0.01 mM/kg  in the control  fibers 
exposed  to p rop iona te  solution for  the same t ime (Fig. 6). Addit ional  45Ca 
released to the MFS was collected by applicat ion of  E G T A  near  the force peak,  
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giving a total loss of  at least 0.27 mM/kg. When similarly loaded fibers are 
exposed to propiona te  solutions with 1 or 5 mM EG TA  for  long periods,  360 s 
are required  for the same Ca loss (unpubl ished exper iments) .  These  compari-  
sons indicate that stimulation increased the rate of  net Ca loss 20-80-fold. Since 
this estimate includes the effects of  diffusional delays and reaccumulat ion,  the 
t rue eff lux rate must have increased even more.  

It is likely that Mg does not act primarily by direct inhibition of  eff lux,  if the 
efflux mechanism is i ndependen t  of  the active t ranspor t  system for  influx.  
Inhibition by Mg appears  to requi re  a high rate of  Ca accumulation;  increased 
Mg does not block the CI response when the effect  of  Mg on influx is counter-  
acted by conditions which reduce  influx,  that is low t empera tu re  or Cd. While a 
similar antagonism would appear  if both these conditions acted by increasing 
eff lux,  this possibility seems very unlikely. In the case of  low tempera tu re ,  a 
negative t empera tu re  dependence  would be implied. However ,  one would 
expect  the C1 stimulus to have a positive t empera tu re  dependence ;  the Cl 
permeabili ty of  intact f rog muscle has a relatively large Q10 (Harris ,  1965). In 
addit ion,  the lower Ca content  o f  the SR in the low-tempera ture  fibers (which 
were not  Ca loaded) would tend to decrease efflux (Nakajima and Endo,  1973). 
In the case o f  Cd, this ion does not appear  to increase eff lux in the m an n e r  of  
Ca-induced Ca release (Fig. 4; also see Stephenson and Podolsky, 1977). 

T h e  stimulated Ca efflux was blocked by EG TA  u n d e r  the exper imenta l  
conditions used (Fig. 6). This impor tan t  new result of  the tracer exper iments  
suggests that Cl-induced release is Ca d e p e n d e n t  in fibers f rom muscles soaked 
in normal  Ringer  solution which gave large responses only in low Mg. Th o ren s  
and Endo (1975) have recently described Cl-induced Ca release in Xenopus fibers 
in the presence of  E G T A  at low tempera ture ;  Ca release was assayed by an 
indirect  method.  T h e  prepara t ion ,  conditions,  and assay all dif fer  f rom those in 
the present  exper iments ,  and it is difficult to relate these results at present .  Two 
types of  mechanism could account  for  the Ca dependence  observed here .  First, 
the basic response to C1, and presumably to depolarizat ion,  may be amplif ied 
substantially by secondary Ca-induced Ca release. T h e  opera t ion of  this mecha- 
nism seems almost certain in the present  exper iment ,  because the low Mg used 
facilitates Ca-induced Ca release and the response was suppressed as readily as 
the direct Ca-induced response by Mg (Fig. 2; Stephenson and Podolsky, 1977). 
Some implications of  this in terpre ta t ion are discussed below. Second, ei ther  the 
coupling o f  depolarizat ion to Ca eff lux or  the eff lux mechanism itself may 
include a Ca-dependen t  step. T h e  existence of  these pr imary  mechanisms 
cannot  be ascertained f rom the present  exper iment ;  the Ca requ i rement  u n d e r  
o ther  exper imenta l  conditions is u n d e r  cur ren t  investigation. 

T h e  inverse relation between the response to applied Cl and the [CI] bathing 
the intact fiber before  skinning (Fig. 10) suggests that stimulation of  eff lux 
depends  on the [C1] gradient  across the internal  membranes .  T h e  simplest effect  
of  the original extracellular [C1] is to influence the [CI] in the lumen of  the 
internal  membrane  system. T h e  critical pa ramete r  appears  to be the [Cl] gra- 
dient ra ther  than high MFS [C1] per  se, because the applied [C1] was constant.  
Nakajima and Endo (1973) found  that the CI response in split muscle fibers 
increased with increasing applied [C1], and an analogous effect  has been re- 
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por ted  for  isolated SR vesicles (Kasai and Miyomoto,  1973). T h e  present  results 
suppor t  the assumption that high CI applied to the MFS acts by depolarizat ion o f  
some port ion of  the internal  m e m b r a n e  system (Costantin and Podolsky, 1967; 
Ford and Podolsky, 1970; Nakajima and Endo,  1973). By such a mechanism,  the 
C1 stimulus in skinned fibers could simulate a step in the physiological activation 
pathway, a l though highly unphysiological  CI concentra t ions  are applied.  T h e  
present  results also show that a C1 effect  occurs in fibers with physiological [CI] in 
the internal  m e m b r a n e  systems. In all the earlier work cited above, the fibers 
studied had been exposed to solutions with low or  zero CI before  skinning, so 
that  the lumen of  the transverse tubules (T tubules), and perhaps  the SR, 
contained abnormal ly  low [C1]. 

T h e  effect  o f  the original extracellular  [CI] is re ta ined in the skinned fiber 
th rough  the initial exposure  to p rop iona te  solutions. Retent ion of  intraluminal  
C1 in very low [C1] media  implies a restriction of  C1 diffusion out  o f  the T tubules 
and across the internal  membranes .  T h e  studies of  Costantin and Podolsky 
(1967) on the electrical excitability of  skinned fibers also implied that the internal  
membrane  system becomes a closed compar tmen t  af ter  skinning, presumably by 
sealing over of  the mouths  of  the T tubules. T h e  t r ansmembrane  potential  
d i f ference indicated by those studies provides a basis for  slow t r ansmembrane  CI 
loss in p rop iona te  solutions; a positively charged luminal side would reduce  the 
electrochemical driving force for  outward C1 movement .  A t r ansmembrane  
potential  d i f ference  also helps to explain the effectiveness of  the C1 stimulus 
when the ratio of  appl ied [C1] to Ringer  [C1] is about  1. In addi t ion,  luminal [CI] 
may be less than Ringer  [CI] in the intact fiber, due  to f ixed negative charges 
(Rapopor t ,  1969). 

Reduct ion of  extracel lular  [CI] has a secondary effect  on frog muscle fibers: 
swelling o f  the T- tubule  system (Foulks et al., 1965; Rapopor t  et al., 1969). This  
swelling does not seem to play a p r imary  role in the CI response of  skinned 
fibers, because the response  occur red  when the Ringer [CI] had been normal .  
T h e  swelling does not potent iate  the ability of  the SR to release Ca, because the 
Mg dependence  of  Ca-induced Ca release was not al tered by the p re t r ea tmen t  
(see Results). T h e  swelling appears  maximal by about  50 mM Cl (Rapopor t  et al., 
1969), while the CI responses probably increase fu r the r  between 12 and 6 mM CI 
in the Ringer,  a l though this grading was not statistically significant with the 
present  data.  T h e  swelling might potent iate ,  by an unknown  mechanism,  a 
specific response p roduced  by a d i f ferent  mechanism.  In contrast ,  the pr imary  
effect  of  r educed  [CI], an increase in the t r ansmembrane  [CI] gradient  dur ing  
stimulation, accounts for  potentiat ion by the same plausible mechanism as the 
basic response.  

Implication of the Cl Responses for  the Ca-Induced Release Mechanism 

T h e  observations on C1 responses relate to the role of  Ca-induced Ca release in 
two ways. First, Ca d e p e n d e n c e  of  Cl-induced 45Ca release suggests some inter- 
action between the two modes of  stimulation, and raises the possibility e i ther  that 
Ca is involved in the pathway by which CI increases eff lux,  and /o r  that Ca- 
induced release can result f rom Cl-induced release and contr ibute  significantly 
to the total response.  Second,  the responses to a weak CI stimulus may reflect  the 
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p r o p e r t i e s  o f  C a - i n d u c e d  re lease ;  as d i s cus sed  a b o v e ,  t he  l a r g e  r e s p o n s e  in low 
Mg at 18-20°C p r o b a b l y  has  a l a rge  c o m p o n e n t  o f  C a - i n d u c e d  re l ease  a m p l i f y i n g  
a smal l  C1 e f fec t .  I f  this  i n t e r p r e t a t i o n  is c o r r e c t ,  the  weak  CI s t imu lus  p r o v i d e s  a 
m e a n s  o f  a n a l y z i n g  C a - i n d u c e d  r e l e a se  when  the  s t i m u l u s  is d i s t r i b u t e d  
t h r o u g h o u t  t he  f i b e r  by C1 d i f f u s i o n .  I n  t h e  case o f  an  a p p l i e d  Ca s t imu lus ,  it is 
d i f f i cu l t  to e v a l u a t e  Mg in h ib i t i on  o f  t h e  e f f lux  m e c h a n i s m  p r o p e r  b e c a u s e  
i n c r e a s e d  Ca u p t a k e  n e a r  t he  f i be r  s u r f a c e  c o u l d  i n t e r f e r e  with t he  i n w a r d  
s p r e a d  o f  t he  Ca s t i m u l u s  ( S t e p h e n s o n  a n d  P o d o l s k y ,  1977). I n  t he  case  o f  t he  
weak  CI s t i m u l u s ,  t he  p r e s e n c e  o f  a l a r g e  r e s p o n s e  in h igh  Mg at  low t e m p e r a -  
t u r e  sugges t s  t ha t  Mg does  no t  b lock  C a - s t i m u l a t e d  e f f lux .  F r o m  these  o b s e r v a -  
t ions  on  CI r e s p o n s e s ,  it  s e e m s  tha t  Ca c o u l d  p lay  a ro le  in Ca  r e l ea se  even  at  the  
Mg ++ levels b e l i e v e d  to exis t  in in tac t  f ibe rs ,  b u t  t he  n a t u r e  a n d  e x t e n t  o f  its 
i n f l u e n c e  r e q u i r e  c l a r i f i ca t ion .  
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