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Summary. CaZ+-induced Ca 2+ release at the terminal cisternae of 
skeletal sarcoplasmic reticulum was demonstrated using heavy 
sarcoplasmic reticulum vesicles. Ca 2+ release was observed at 
10gM Ca 2+ in the presence of 1.25mM free Mg 2+ and was 
sensitive to low concentrations of ruthenium red and was par- 
tially inhibited by valinomycin. These results suggest that the 
Ca2+-induced Ca 2+ release is electrogenic and that an inside 
negative membrane potential created by the Ca 2+ flux opens a 
second channel that releases Ca 2+. Results in support of this 
formulation were obtained by applying a C1 gradient or K § 
gradient to sarcoplasmic reticulum vesicles to initiate Ca 2+ re- 
lease. Based on experiments the following hypothesis for the 
excitation-contraction coupling of skeletal muscle was formulated. 
On excitation, small amounts of Ca 2+ enter from the transverse 
tubule and interact with a Ca 2§ receptor at the terminal cisternae 
and cause Ca 2+ release (Ca2+-induced Ca 2+ release). This Ca 2+ 
flux generates an inside negative membrane potential which 
opens voltage-gated Ca 2+ channels (membrane potential-depen- 
dent Ca 2+ release) in amounts sufficient for contraction. 

Key words sarcoplasmic reticulum �9 C a  2 +  release . excitation- 
contraction coupling . muscular contraction �9 valinomycin . ru- 
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Introduction 

The role of  Ca 2+ in the contrac t ion mechanism of 
skeletal muscle is well unders tood  [15, 58, 59]. The 
central role of  the sarcoplasmic ret iculum in the 
removal  of Ca 2§ from the cytoplasm is also well 
established [28, 31, 41, 57, 60]. However,  the cou- 
pling of  the act ion potential  of the transverse tubule 
(T-tubule) membrane  to the release of  Ca 2+ from 
the sarcoplasmic ret iculum has remained a mystery 
[14, 17, 21, 42]. It has been proposed  that the re- 
lease of  Ca 2+ is induced by (a) depolarization, (b) 
Ca 2§ and (c) charge movements.  

The proposi t ion  for the depolar izat ion mecha-  
nism is based on observations that in a medium of 
less permeant  anions such as p ropr iona te  or metha-  
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nesulfonate, substitution with chloride ions results in 
the release of  Ca 2§ from sarcoplasmic ret iculum of 
skinned muscle fibers [18, 19, 56] or f rom isolated 
sarcoplasmic ret iculum [9, 34-36]. It is not  clear, 
however, how such a change in chloride ion com- 
posi t ion could be achieved under  physiological con- 
ditions. Al though other modes of depolar izat ion are 
possible, there is no evidence for a direct electrical 
coupling between the T-system and the sarcoplasmic 
ret iculum [15, 24, 25]. 

Experimental  evidence in support  of  the Ca 2§ 
induced Ca 2§ release was obtained with skinned 
fibers [20, 23] as well as with isolated sarcoplasmic 
ret iculum [32, 37, 48]. It was proposed  that  small 
amounts  of  Ca 2§ which cross the T-tubule  mem- 
brane during the act ion potential  trigger the massive 
release of  Ca 2+ from the sarcoplasmic reticulum. 
However,  c ae+ - induced  Ca 2§ release was observed 
only at relatively high Ca 2§ and low Mg 2§ con- 
centrations which led Endo  [17] to conclude that 
"the Ca i§  Ca 2§ release mechanism does 
not  seem to play the pr imary role in the physiologi- 
cal act ivation mechanism in skeletal muscle," and 
that  it " m a y  play an impor tan t  role under  certain 
pharmacologica l  or pathological  conditions, howev- 
ef t '  In a previous communica t ion  [46] we have pre- 
sented new data that allow us to reconsider Ca 2§ as 
a transmitter  in the excitation from the T-tubules to 
the terminal cisternae of  sarcoplasmic reticulum. 

The proposal  for a charge-movement  induced 
Ca 2§ release is based on observations on electrical 
s t imulat ion of  muscle showing a correlat ion in the 
time course and threshold between charge move- 
ments and contracti l i ty [1, 12, 26, 51], but there is 
still some controversy about  the correlat ion in stret- 
ched fibers [-2, 30]. Basically it is a mechanical  mo-  
del in which a connect ing rod is induced by charge 
movements  to open (or close) a Ca 2§ channel in 
SR. 
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In  this p a p e r  we p re sen t  fur ther  ev idence  on  the 

C a 2 + - i n d u c e d  C a  2+ release,  us ing  an  i so la t ed  p rep -  

a r a t i o n  of  h e a v y  s a r c o p l a s m i c  re t i cu lum,  and  the  

ro le  o f  a m e m b r a n e  p o t e n t i a l  c h a n g e  in a s e c o n d a r y  

m e c h a n i s m  for Ca  2+ release.  

Materials and Methods 

Sarcoplasmic reticulum (SR) vesicles were isolated from rabbit 
skeletal muscle and fractionated as described [46]. Fractions ob- 
tained from a 0.85-1.6N linear sucrose gradient were used im- 
mediately or quickly frozen and stored in liquid nitrogen. 

Treatment of SR Vesicles at High Salt Concentrations 

Sarcoplasmic reticulum fractions were diluted with a equal vol- 
ume of 0.6 M KC1, 5 mM Tris-maleate (pH 6.5) and centrifuged at 
130,000 x g for 45 min. The pellets were suspended in 0.6 g KC1, 
5 mM Tris-maleate pH 6.5 and incubated for 1 or 16 hr at 0 ~ The 
suspensions were centrifuged at 130,000 x g for 45 rain. The pellets 
were suspended in 0.1 M KC1, 5ram Tris-maleate (pH 6.5) and 
again centrifuged at 130,000xg for 45 min. The resulting pellets 
were suspended in 0.1 M KC1, 5 mM Tris-maleate (pH 6.5) at about 
20 mg/ml and stored at 0 ~ 

Assay of Ca 2 + Uptake 

High salt-treated SR fractions were equilibrated prior to assay at 
2mg/ml for 2hr at 0 ~ with 0.3M K methanesulfonate (KMS), 
20raM MES-Tris (pH6.5). Ca 2+ uptake was started at 23 ~ by 
adding 50 gl of the equilibrated SR suspension to 1 ml of uptake 
solution containing 0.3 M KMS, 20m~I MES-Tris (pH 6.5), 2 mM 
ATP, 3mM MgSOr 40gM *SCaCla (25 gCi/gmol), 0-10ram 
EGTA without or with 5 gM ruthenium red. At the indicated 
times 150gl aliquots were passed through Millipore filters and 
washed with 2 ml of 0.3 M KMS and 20 mM MES-Tris (pH 6.5). 
The filters were dried under an infrared lamp and counted in 
Liquiscint (National Diagnostics) in a Beckman scintillation 
counter. Free Ca 2+ concentrations were calculated according to 
Harafuji and Ogawa [27]. 

Assay of Ca 2+ or Caffeine-Induced Ca 2+ Release 

Sarcoplasmic reticulum fractions or high salt-treated SR fractions 
were equilibrated at 2mg/ml prior to assay for 2hr at 0 ~ with 
either 0.1 M K glutamate (pH 6.9), or 0,3 M KMS, 20 mg MES-Tris 
(pH 6.5). Aliquots of 20 gl were loaded at 23 ~ with 45Ca 2+ by 
addition of 2001~1 of a solution containing 0.1M K glutamate 
(pH 6.9) or 0.3 M KMS, 20 mM MES-Tris (pH 6.5) in addition to 
2mt~ ATP~ 3 mM MgSO 4 and 10 ~tM 45CaC12. At 2rain 55sec, 
when almost all Ca z+ in the medium was taken up by SR 
vesicles, caffeine or CaC12 was added at the indicated concen- 
trations. At 3 min 2sec an aliquot was passed through a Mil- 
lipore filter (HAWP025), washed with 2ml of 0.1 M K glutamate 
(pH 6.9) or 0.3 M KMS and 20mM MES-Tris (pH 6.5) and assayed 
as described above. 

Assay of Membrane Potential Dependent 
Ca 2+ Release 

High salt-treated SR fractions at 2 mg/ml were equilibrated prior 
to assay for 2hr at 0~ with 0.3M KMS, 20mM MES-Tris 
(pH 6.5). Aliquots of 201al were loaded at 23 ~ with r as 
described above. At 3 rain an aliquot was passed though a Mil- 

lipore filter and washed with 2ml of washing solution and as- 
sayed. For CI- gradient experiments, the uptake solution con- 
tained 0-294mM KMS, 6-300ram KC1 (at a total K concen- 
tration of 300 raM), 20 mM MES-Tris (pH 6.5), 2 m~I ATP, 3 mM 
MgSO 4 and 10 [aM 4SCaCl2. The washing solution contained 0.3 M 
KC1 and 20mM MES-Tris (pH 6.5). For the K-gradient experi- 
ments the uptake solution contained 0.3M KMS, 20mM MES- 
Tris (pH 6.5), 2 mM ATP, 3 mM MgSO~, 10 gM ~SCaCl> 1 gg/ml 
valinomycin, and 0.05 % hexamethylphosphorotriamide (HMPA). 
The washing solution contained 0-294mM Tris-MS, 300-6ram 
KMS, 20 mt~ MES-Tris (pH 6.5) and 1 gg/mt valinomycin. 

Passive Loading of Ca 2+ and EffIux Assay 

HSR (4mg/ml) was incubated in 0.3M KMS, 20ram MES-Tris 
(pH 6.5), and i mM 4SCaC12 for 16hr at 0 ~ Aliquots of 50 gl were 
diluted into l ml of 0.3 M KMS, 20 m~I MES-Tris (pH 6.5) in the 
presence (free Ca 2+ =0.5~M) or absence (free Caa+=50p.M) of 
0.5 mg EGTA and 1 mM MgSO 4. Caffeine when added was at 
2 raM. At the indicated times 150 gl aliquots were passed through 
Millipore filters (HAWP025) and washed with 2 ml of 0.3 M KMS 
and 20 mM MES-Tris (pH 6.5). 

The standard error of the Ca 2+ measurement was below 10 %. 

Materials 

Valinomycin and ruthenium red were obtained from Sigma; hexa- 
methylphosphorotriamide from Pfaltz and Bauer; ~SCaC12 from 
ICN. Other materials and assay procedures were as described 
previously [29]. 

Results 

Calcium-Induced Calcium Release 
in Terminal Cisternae 

I t  has  b e e n  r e p e a t e d l y  s ta ted  t h a t  the  h e a v y  f rac t ion  
of  S R  has less Ca  2+ u p t a k e  capac i t y  t h a n  the  l ight  

f r ac t ion  E9, 10, 40]. T h e  c o n c l u s i o n  was the re fo re  

d r a w n  tha t  the  h e a v y  f r ac t ion  o f  S R  c o n t a i n s  less 

Ca  2+ p u m p  A T P a s e  t h a n  the  l igh t  f r ac t ion  [40]. 

H o w e v e r ,  the  h e a v y  f r ac t ion  o f  S R  is m a i n l y  de r ived  

f r o m  t e r m i n a l  c i s te rnae  o f  S R  [11, 43] wh ich  in vivo 
c o n t a i n  m u c h  m o r e  c a l c i u m  t h a n  the  l o n g i t u d i n a l  

p o r t i o n  o f  S R  [53].  T h e  h e a v y  f r ac t ion  of  S R  there-  

fore  s h o u l d  h a v e  a h ighe r  C a  2+ l o a d i n g  capac i ty ,  

a n d  the  d i s t r i b u t i o n  of  ca l s eques t r i n  is cons i s t en t  

wi th  this no t ion .  
W e  were  ab le  to d e m o n s t r a t e  t ha t  the  h e a v y  

f r ac t i on  of  S R  has i n d e e d  a h i g h e r  C a 2 + - u p t a k e  

c a p a c i t y  t h a n  the  l ight  f rac t ion ,  p r o v i d e d  the  Ca  2+- 

re lease  p a t h w a y  was b l o c k e d  by  r u t h e n i u m  red  

(Fig. 1). S ince  r u t h e n i u m  red  is k n o w n  to be an  

i n h i b i t o r  of  C a 2 + - i n d u e e d  C a  2+ re lease  [46, 48],  t he  

l ower  C a 2 + - u p t a k e  capac i t y  o f  H S R  in the  absence  

of  r u t h e n i u m  red  m a y  be  due  to the  a c t i v a t i o n  of  
the  C a 2 + - i n d u c e d  C a  2+ re lease  by  res idua l  C a  2+ in 

the  m e d i u m .  This  poss ib i l i ty  was fu r the r  i nves t iga t ed  
by us ing  C a - E G T A  buffer.  T h e  t i m e  course  o f  Ca  2+ 
u p t a k e  by H S R  was  m e a s u r e d  at  v a r i o u s  free C a  2+ 
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Fig. 1. Time course of Ca 2+ uptake by sarcoplasmic reticulum 
fractions in the presence and absence of ruthenium red. Ca z+ 
uptake was measured as described under Materials and Methods 
in the presence (�9 or absence (o) of 5 IaM ruthenium red. The 
Ca 2 + concentration in the medium was 40 ptM and was reduced to 
about 25 gM when uptake was complete 
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Fig. 2. Time course of Ca 2+ uptake by HSR at various con- 
centrations of free Ca 2+. Ca 2+ uptake was measured as described 
under Materials and Methods. Total Ca z+ in the medium was 
40{xM; free Ca 2+ was adjusted by EGTA as follows: 10mM 
EGTA: 0.021ag Ca 2+ (o), 2mM EGTA: 0.11 gM Ca 2+ (�9 1 mM 
EGTA: 0.22~aM Ca 2+ (e), 500gN EGTA: 0.47ptM Ca 2+ (zx), 
100gM EGTA: 3.2gM Ca 2+ (A), 40{IM EGTA: 12gM Ca 2+ ([z) 
and 0gM EGTA: 40gM Ca 2+ ({l) 

concent ra t ions  varying f rom 0.02 to 40ptM. As 

shown in Fig. 2, both  the initial rate of  Ca 2+ uptake 

as well as the level of  Ca 2+ uptake  were increased 

with increasing the Ca 2+ concen t ra t ion  f rom 0.02 to 
0.47ptM. Above  3 ptM Ca z* the initial uptake  rates 

were faster than  at lower concentra t ions ,  but the 

CaZ+-uptake  levels were decreased. This decrease in 
the final level of Ca 2+ was due to an increased 

Ca 2+ efflux because the initial CaZ+-uptake  rate was 
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Fig. 3. Caffeine-induced Ca z+ release by HSR before and after 
treatment with high concentration of salt. HSR was treated with 
0.6M KCI as described under Materials and Methods. Treated 
and nontreated HSR were loaded with 4SCa in 0.3M KMS up- 
take solution as described under Materials and Methods. At 
2min 55sec, 1 to 8gl of 100raM caffeine was added to the 
reaction mixture, and at 3 rain 2 sec, a 150 ptl aliquot was passed 
through a Millipore filter and counted as described under Ma- 
terials and Methods. As a control, a 150 ptl aliquot of the reaction 
mixture without caffeine was passed at 3 min through the filter. 
KC1 treated HSR: �9 nontreated HSR: �9 

much faster at the higher  Ca 2+ concentrat ions .  The 

CaZ+-uptake  level of  L S R  was never decreased by 

increasing the Ca 2+ concen t ra t ion  up to 40ptN. 

These results are consistent  with the previous con- 
clusion that  the Ca2+- induced  Ca 2+ release is 

opera t ing  in terminal  cisternae of  SR  under  physi- 

ological  condi t ions  [46]. The  free Ca 2+ concen-  

t ra t ion  of  the media  was calculated as described 

under  "Mate r i a l s  and Methods . "  

Effect of Treatment of HSR 
at High Salt Concentrations on Ca 2+- 
or Caffeine-Induced Ca 2+ Release 

Accord ing  to the repor t  by Campbel l  et al. [8], 

H S R  vesicles retain their  feet project ions  during the 

isolat ion of SR  vesicles but  they are r emoved  by 

t rea tment  of  H S R  at high concent ra t ions  of salt. 

The  feet s t ructure has been considered to play a 

crucial  role in the exc i ta t ion-cont rac t ion  coupl ing of 

skeletal muscle because they connect  the T- tubule  

m e m b r a n e  with the terminal  cisternae of  SR mem-  

brane. In order  to explore a possible role of  the feet 
in the Ca2+- induced  Ca 2+ release mechanism,  the 

H S R  was t reated with salt as described [8]. 

H S R  and L S R  were exposed to 0.6M KC1 as 

described under  "Mater ia l s  and Methods ."  As 

shown in Fig. 3 the caffeine-induced Ca 2+ release 
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Fig. 4. Ca2+-induced Ca 2+ release by HSR and LSR after salt 
treatment. HSR (A) and LSR (B) were treated with 0.6M KC1 and 
were loaded with 45Ca2+ in 0.3g KMS uptake solution as de- 
scribed under Materials and Methods in the absence (o) or pre- 
sence (e) of 5 IXM ruthenium red. At 2 min 55 sec when almost all 
the Ca 2+ in the medium was taken up by the SR vesicles, 2 gl of 
0.5 to 10raM CaC12 was added to the reaction mixture and at 
3 min 2 sec a 150-gl aliquot was passed through a Millipore filter 
and assayed as described under Materials and Methods. As a 
control the same amount of reaction mixture was passed through 
the filter at 3 rain without addi'ng CaCI> Amount of released 
C a 2 + :  - - -0 - - - ;  RR: ruthenium red 

was not  changed by this t rea tment  either with re- 
spect to the sensitivity to caffeine or the a m o u n t  of 
Ca 2 + that  was released. Actually, a small increase in 
Ca 2+ uptake level was noted which was probably  
due to the removal  of some con tamina ted  proteins 
from the HSR. Since the effect of caffeine to release 
Ca 2§ from SR has been at t r ibuted to the act ivat ion 
of the Ca2+- induced Ca 2+ release [17], high salt 
t rea tment  was not  expected to change the Ca 2+- 
induced Ca 2+ release. As shown in Fig. 4A H S R  
main ta ined  its high Ca2+- induced C a  2+ release sen- 
sitivity after exposure to high salt concentrat ions.  
Increasing the a m o u n t  of added CaCI2, after loading 
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Fig. 5. Partial inhibition of caffeine-induced Ca 2+ release by vali- 
nomycin. HSR was loaded with 4SCa2+ in 0.1M K glutamate 
uptake solution and in the presence of indicated amounts of 
valinomycin as described under Materials and Methods. At 2 min 
55 sec, 1 gl of 100 mM caffeine was added to the reaction mixture 
(e), and at 3 min 2see, a 150-gi aliquot was passed through a 
Millipore filter and assayed. As a control the same amount of the 
reaction mixture was passed at 3 min through the filter without 
adding caffeine (o) 

of H S R  with 45Ca as indicated, released m o r e  Ca  2+ 

and  about  50 ~o of this release was inhibi ted by 5 gM 
ru then ium red. Higher  ru then ium red concent ra t ions  
did not  give further inhibi t ion.  The Ca 2+ release in 

the presence of ru then ium red was considered to be 
caused by a Ca2+/Ca  2+ exchange catalyzed by the 

Ca 2+ p u m p  ATPase.  The difference in the presence 
or absence of ru then ium red was used to calculate 
the CaZ+-induced Ca 2+ release as previously de- 

scribed [46]. As shown in Fig. 4B there was no 
ru then ium-red  sensitive Ca 2+ efflux in LSR either 

before or after t rea tment  with high salt. These re- 
sults indicate that  the feet do not  seem to play a 
significant role in the mechanism of the Ca 2+- 
induced Ca 2+ release. The funct ion of the feet is 
more  likely to be concerned with the conduc t ion  of 
a signal from the T- tubule  to the terminal  cisternae, 

as will be discussed later. 

Partial Inhibition of Calcium- or Caffeine-Induced 
Ca 2+ Release by Dissipation 
of the Membrane Potential 

The CaZ+-induced Ca 2+ release could generate an 

inside-negative m e m b r a n e  potent ia l  and should then 
be affected by a change in the m e m b r a n e  potential .  
When  va l inomycin  was included in the assay me- 
dium, caffeine-induced Ca 2+ release was indeed in- 
hibited. However, in contrast  to the inhib i t ion  by 
ru then ium red [46], the inh ib i t ion  by va l inomycin  
was only partial. As shown in Fig. 5, the Ca 2+ re- 
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leased by 0.5raM caffeine was inhibited by about 
75 ~ when the vesicles were equilibrated in 0.1 M K- 
glutamate and 1 pg valinomycin per ml. Higher con- 
centrations of valinomycin did not give any further 
inhibition. Inhibition by valinomycin was also seen 
when the Ca2+-induced Ca 2+ release was measured 
in the presence of 1 laM ruthenium red (Fig. 6). The 
Ca 2+-induced Ca 2 + release was inhibited completely 
at 20 IXM ruthenium red. Although Ca 2+ release was 
reduced in the presence of 1 laM ruthenium red, sig- 
nificant release was still observed on addition of 
10gM CaC12. This Ca 2+ release was again partially 
inhibited by valinomycin in the medium. If caffeine 
or Ca 2+ induce an electrogenic Ca 2+ movement,  
dissipation of membrane  potential by valinomycin 
would be expected to increase the flux. The opposite 
effect was observed. We propose that the Ca 2+- or 
caffeine-induced Ca 2 + release creates an inside nega- 
tive membrane  potential which opens voltage-sen- 
sitive Ca 2+ channels. This explanation is consistent 
with the CI -  or "depolarization"-induced Ca 2+ re- 
lease observed in either skinned fiber or fragmented 
SR [9, 18, 19, 34-36, 56]. 

Membrane Potential-Dependent Ca 2 + Release 

Sarcoplasmic reticulum vesicles were equilibrated at 
various concentrations of C1- and loaded with ~SCa 
in the presence of ATP. After 3 rain the SR suspen- 
sion was passed through a Millipore filter and was 
washed with 300raM KC1. Osmolari ty was main- 
tained constant by K methanesulfonate. Since the 
SR membrane  is 50 times more permeable for C1- 
than for M S -  or for K + [38], the C1- gradient 
formed in the experiments generates an inside nega- 
tive membrane  potential. As shown in Fig. 7 Ca 2+ 
release by the C1- gradient is sigmoidal and half of 
maximal stimulation at - 2 0 i n V .  This result was 
obtained with HSR as well as with LSR. This kind 
of Ca 2+ release has been reported previously [9, 34- 
36]. Objections have been raised such as the possi- 
bility of osmotic swelling [6, 44]. It should be point- 
ed out that osmotic swelling could not have taken 
place, for example, when 0.3 M KMS was exchanged 
by 0.5M KC1 or even 0.88M KC1. The evidence 
against a role of swelling is based on the fact that 
the rate of C a  2+ released by CI- ,  measured by ab- 
sorbance change of arsenazo III, was faster than the 
C1- flux with a permeation time F~/2 of 400msec 
[38] and even faster than the water flux (tt/2 
=100ms)  [33] across the SR membrane.  It took 
only 25msec for the efflux of half of maximal C a  2+ 

release induced by C1- (data not shown). This in- 
dicates that the C1--induced Ca 2+ release is com- 
pleted before C1- influx might cause SR vesicles to 
swell. 
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Fig. 6. Partial inhibition of Ca2+-induced Ca 2+ release by valino- 
mycin. HSR was loaded with ~SCa2+ in 0.1 M K glutamate, 2 mM 
ATP, 3mN MgSO 4, 101aM 45CaClz, the indicated amounts of 
valinomycin, and 1 or 201uM ruthenium red. At 2rain 55sec, 4/A 
of 0.5 mM CaC12 was added to the reaction mixture, and at 3 rain 
2 sec, a 150%d aliquot was passed through a Millipore filter and 
assayed as described before, o: lgM ruthenium red; e:  20gN 
ruthenium red 
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Fig.?. Ca 2+ release from sarcoplasmic reticulum by a C1 gra- 
dient. LSR was loaded with *SCa as described under Materials 
and Methods. At 3rain a 150-gl aliquot was passed through a 
Millipore filter and washed with 2 ml of 0.3 M KCI, 20 mM MES- 
Tris (pH 6.5). Clamped voltage values were calculated according 
to the Nernst equation 

Ca 2+ release also cannot be attributed to a 
shrinkage of the SR vesicles because exchange of 0.3 M 
KMS to 0.5 of 0.88M KMS had no effect. It is of 
interest to note that the objections raised against a 
membrane  potential-induced Ca 2 + release were 
based on experiments [6, 44] in which loading of 
Ca 2+ was achieved without ATP. 

In order to change the membrane  potential of 
SR vesicles, a K + gradient was applied together 
with valinomycin. Sarcoplasmic reticulum vesicles 
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Fig. 8. Ca 2+ release from HSR by a K + gradient. HSR was 
loaded with 45Ca as described under Materials and Methods. At 
3 rain a 1501.d aliquot was passed through a Millipore filter and 
washed with 2 ml of washing solution containing various amounts  
of K + 

- -  i i i i i i , , 

3O 

+-.. 
04 

L) 

O 
E 
E 

Minutes 

Fig. 9. Ca 2+ efflux from HSR in the absence of ATP. HSR was 
passively loaded with lmM '~SCa as described under Materials 
and Methods. An aliquot of 50gl was diluted into l m l  0.3M 
KMS, 20mM MES-Tris (pH6.5) in the presence (free Ca 2+ 
=0.5 gM O, e) or absence (flee Ca a+ =50gM zx, A, ~, ,') of 0.5ram 
EGTA and 1 mM MgSO 4 (o, o, zx, A), 2 mM caffeine (o, ~,, ,,). The 
assays were performed as described under  Materials and Methods 

were equilibrated with high K + (0.3 M) in the pres- 
ence of valinomycin and changed to low K +. main- 
taining constant osmolarity with Tris. Under these 
conditions osmotic swelling should not occur while 
an inside negative membrane potential should be 
generated by K-- efflux. As can be seen in Fig. 8, 
Ca 2+ was released from HSR. provided 0.05 ~o hexa- 
methylphosphorotriamide was included in the as- 
say medium. Similar experiments with LSR have not 
thus far been successful. Although it is conceivable 
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Fig. 10. Effect of hexamethylphosphorotr iamide on caffeine-in- 
duced Ca 2+ release. HSR was loaded with 45Ca in 0.3M KMS 
uptake solution in the presence of the indicated amounts  of 
HMPA.  At 2 rain 55 sec, 1 gl of 100 mM caffeine was added to the 
reaction mixture (e), and at 3rain 2sec, a 150-gl aliquot was 
passed through a Millipore filter and assayed. As a control, the 
same amount  of  the reaction mixture was passed at 3rain 
through the filter without adding caffeine (o) 

that valinomycin acts by a mechanism other than as 
a K + ionophore, the most likely explanation is that 
it changes the membrane potential. 

The Role of  A T P  
on Caffeine or Ca2+-Indueed Ca 2+ Release 

CaZ+-induced Ca 2+ release in skinned fiber or SR 
vesicles was markedly increased on addition of ATP 
[18]. Similar observations were made on caffeine- 
induced Ca 2 + release. 

HSR vesicles were passively loaded with ~SCaCl2 
by incubating the vesicles with 1 mM 45CAC12 for 
16 hr at 0 ~ The HSR suspension was diluted with 20 
volumes of a solution containing the same salt, as 
well as caffeine. When the free Ca 2+ was low 
(0.5 gM), caffeine had almost no effect in the presence 
of 1 mM Mg 2+. In the presence of 50 ~tM Ca 2+, caf- 
feine stimulated Ca 2+ efflux under these conditions. 
When Mg a+ was removed Ca 2+ efflux was much 
faster (Fig. 9). It should be noted that the sensitivity 
to Ca 2+ was lower and the efflux rate much slower 
than when Ca z+ loading was achieved with ATP. 
These results again suggest a role of ATP in the 
C a  2 + - i n d u c e d  C a  2 + release phenomenon. 

The mechanism of action of ATP on the C a  2 + -  

induced Ca 2+ release is not known. Similarly, when 
0.025 ~o H M P A  was included in the assay medium, 
the caffeine-induced C a  2+ release was enhanced 
(Fig. 10), and we have no explanation for this obser- 
vation either. When SR vesicles were incubated 
without ATP before loading, Ca 2+ uptake was al- 
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Fig. 11. Dependency of caffeine-induced Ca 2+ release on time of 
Ca 2§ uptake. HSR (2 mg/ml) was incubated in 0.1 M K glutamate 
(pH 6.9) for 2 hr at 0 ~ An aliquot of 20 lal was added to 200 gl of 
uptake solution containing 0.1M K glutamate (pH6.9), 2mM 
ATP, 3 mM MgSO~ and l0 l~IV~ 45CaC12 at 23 ~ At the indicated 
time 1 lal of 100ram caffeine was added to the reaction mixture 
and a 150 ~1 aliquot was passed through a Millipore filter within 
7 sec (e). As a control the same amount  of  the reaction mixture 
was passed through the filter at indicated times without adding 
caffeine (o). A: amount  of Ca z+ released 

most optimal 15 sec after addition of 2 mM ATP. On 
the other hand, under these conditions the caffeine- 
induced Ca 2+ release was very small at 15 sec. It 
took about t m i n  to reach the opt imum effect of 
caffeine. During this time span the amount  of re- 
leased Ca 2§ was much greater than expected from 
the slight increase in Ca 2+ loading and may possi- 
bly have been caused by a secondary change due to 
the presence of ATP (Fig. 11). 

D i s c u s s i o n  

The observations on Ca2t- induced Ca 2+ release re- 
ported in this paper lead us to reconsider Ca 2 + as a 
possible transmitter of a signal from the T-tubule 
membrane to the sarcoplasmic reticulum. A particu- 
lar feature is the high sensitivity of HSR to Ca 2+ 
even in the presence of 1.25 mM free Mg 2 +. Where is 
the Ca 2§ coming from to trigger Ca 2§ release? Arm- 
strong et al. [3] and Sandow [50] have presented 
evidences against Ca 2* as a transmitter of exci- 
tat ion-contraction coupling of skeletal muscle. They 
showed that skeletal muscle fiber bathed in 1 mM 
E G T A  medium (which should have reduced the free 
Ca 2+ to below 10-SM) maintained contractility for 
at least 20rain. This was distinctly different from 
cardiac muscle which did not maintain contractility 
in a Ca2+-free medium [4]. However. skeletal mus- 
cle has a much narrower T-tubular system than 
cardiac muscle [14] and the T-tubules have a Ca 2+ 

ATPase which pumps Ca a* out [7]. The removal of 
external Ca 2* [3, 50] may have stimulated the Ca 2.  
pump along the T-tubules and supplied sufficient 
Ca 2+ to trigger the Ca 2+ release from SR even in 
the presence of 1 mM EGTA. Evidence in favor of 
this explanation was provided by Putney and Bian- 
chi [49] who observed a rapid decrease in isomet- 
ric tension by the addition of 2.5mM E G T A  after 
treatment of the muscle with 8.3 i.tM Na dantrolene. 
Additional evidence for the role of Ca 2+ in the 
medium was presented by Barrett and Barrett [5] 
who observed in skeletal muscle fibers at high con- 
centration E G T A  and citrate (80 to 90anM) a re- 
versible inhibition of contraction. Thus, the different 
requirements for Ca 2§ in the medium between ske- 
letal muscle and cardiac muscle is more likely due 
to structural differences of the T-system [55] than to 
a fundamentally different mechanism. 

Why is the isolated H S R  more sensitive to Ca 2§ 
than the skinned fiber? One possibility is that the 
Ca 2+ receptor site of SR is located in a compart-  
ment not readily accessible either from the myo- 
plasm or from outside and that during isolation this 
barrier is destroyed. A good candidate for such a 
structure is the interior of feet projections. The space 
between the feet projections is accessible from the 
myoplasm [25] and cannot therefore be the pathway 
for Ca 2§ movement.  Recent EM observations of the 
feet structure showed that there may be an internal 
vacant space. According to Nunzi et al. [47] the 
most prominent  profile of the feet structure is "a less 
dense core with two dense lines on either side, cross- 
ing the gap." A similar electron lucent core inside of 
the feet spanning the junctional gap was observed 
by Somlyo [52]. 

Based on the above considerations, the following 
hypothesis was formulated (Fig. 12). 

1. The arrival of an action potential of the T- 
system opens a voltage-gated Ca 2§ channel which 
allows Ca 2+ influx from the T-tubule membrane  to 
the compartment  inside the feet structure. 

2. This Ca z+ interacts with a Ca 2§ receptor of 
the terminal cisternae membrane  and opens a Ca 2§ 
ruthenium red-sensitive channel (Ca 2 § 
Ca 2* release). 

3. The CaZ+-induced Ca 2+ release generates an 
inside negative membrane potential which is pro- 
pagated to the entire SR membrane  and opens vol- 
tage-gated Ca ;*  channels (membrane potential-de- 
pendent Ca 2+ release). 

After excitation the Ca 2* ATPase in the T-tu- 
bule membrane pumps the Ca 2§ from the feet struc- 
ture compartment,  thereby closing the Ca 2+ channel 
which is responsible for the Ca2+-induced Ca 2* re- 
lease. The membrane potential-dependent Ca 2+ 
channel may be closed by K § fluxes via the voltage- 
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Ca channel 
m.p. dependent 

membrane 

potential-dependent Ca z§ release was inhibited by 
Na dantrolene. It is therefore possible that Na dan- 
trolene acts at the initial stage of excitation [51-1 
which is no longer operative after disruption of the 
muscle structure. 

This investigation was supported by grant CA-08964 awarded 
by the National Cancer Institute, DHEW. 
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Fig. 12. Schematic model of excitation-contraction coupling. 
When the action potential generated at the endplate is pro- 
pagated to the T-tubule, the Ca 2+ channel in the membrane 
opens. It allows Ca 2+ in the T-system to get inside of the feet 
projections which connect the T-tubule membrane with SR ter- 
minal cisternae. The Ca 2+ binding to Ca 2+ receptor causes ru- 
thenium red-sensitive Ca 2+ channel in the SR to open. Ca 2+ 
efflux through this channel (Ca2+-induced Ca 2+ release) render 
the SR membrane inside negative. This membrane potential shift 
opens another Ca 2+ channel of SR, and with the aid of K + 
movement in the opposite direction via the K + channel, SR 
release enough Ca 2+ for contraction 

gated K § channel of SR [13, 39, 45]. This K § 
channel was also proposed to serve as a charge 
compensation mechanism which enables SR mem- 
branes to release Ca z§ very rapidly. This proposal 
was supported by the observation that K + con- 
centration in the terminal cisternae was increased 
during Ca 2§ release as revealed by electron probe 
analysis [54]. The hypothesis described above is 
therefore consistent with the data presented in this 
paper and with observations on changes of the 
membrane potential in skinned fiber of skeletal mus- 
cle during caffeine or Ca2+-induced Ca 2+ release 
[22-1. 

Sodium dantrolene was proposed by Putney and 
Bianchi [493 to act at a membrane potential-de- 
pendent Ca 2+ channel of the T-tubule membrane. 
No inhibition of Ca 2 + release by Na dantrolene has 
been observed in skinned fiber [17]. In our system 
neither Ca2+-induced Ca 2§ release nor membrane 
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