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A b s t r a c t . A previous study (Stioffekova and Heiny 1997) demonstrated that 
changes m testing, intracellular fiee C a 2 + can modulate the amount of charge which 
is available to move upon depolarization and do excitation-contiaction-coupling 
(E-C coupling) Charge movement íeflects voltage-dnven conformational changes 
of the dihydiopyiidme íeceptoi which couple membiane excitation to Ca~+ re­
lease from the saicoplasmic reticulum (SR) and contractile activation (c f íeview 
Melzei et al 1995) The piesent study demonstrates that dynamic changes m fiee 
C a 2 + that occm m the tiiadic gap during SR C a 2 + íelease can likewise p i o d w e a 
stimulation-dependent inciease m the amount of available cliaige Thus this mod­
ulation occuis m the physiological íange of Ca 2 + changes that occur m the t n a d 
during noimal muscle activity The modulation of cliaige movement by mtiacellulai 
C a 2 + was íapid and maintained, it occuned within 2 3 supiatlueshold depolariza­
tions and lemamed foi 5 10 minutes It could be prevented by mtiacellulai BAPTA 
and by depleting the SR of C a 2 + but not by EGTA oi agents known to altei ion 
channel phosphoiylation These results are explained by a model in which a C a _ + 

binding site on oi neai the voltage-sensoi is normally populated b> C a 2 + ions re­
leased into the tiiadic junction duimg activity and modulates the distnbution of 
voltage sensois between available and unavailable states 

K e y words: Excitation-contiaction coupling - Skeletal muscle - Chaige move­

ment 

In troduct ion 

In a pievious íepoi t (Stioffekova and Heiny 1997) we pioposed that a C a 2 + binding 
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site on an internal domain of the skeletal muscle chhydiopyiidine leceptoi, termed 
the 'availability site', can modulate the amount of charge available to move upon 
depolarization The chaige that moves upon depolan/ation icpiesents the charge 
available to do excitation-contiac tion coupling (Melzei et al 1995) Chaige move­
ment íeflects voltage-chiven confoimational changes of the dihvdiopyiidme leceptoi 
which couple membiane excitation to C a 2 + íelease fiom the SR and contractile ac­
tivation (c f íeview Melzei et al 1995) Based on the gieatei ability of B A P T A 
compaied with EGTA to buffei C a 2 + at this site we concluded that this site is 
noimallv populated b\ a local C a 2 + pool within the tiiad junction 

In cut hbeis this site is not noimally populated at icst because nitiaccllulai 
C a 2 + is buffeicd to pCa < 9 Howevei. when testing C a 2 + was laised to physio­
logical testing levels of pCa 7 and above, mote chaige became available to move 
upon depolanzation The steepest inciease m chaige occulted ovei the tange pCa 
7 to pCa 6 5, neai the thieshold foi contiaction This finding suggests that the 
postulated site functions m the lange of physiological tiiadic C a 2 + changes during 
noimal muscle activity 

In the piesent study we investigated whethei dynamic C a 2 + changes in the 
tiiadic gap during C a 2 + íelease fiom the SR can modulate the maximum amount 
oi chaige by this mechanism We found that íepetitive supiatlueshold depola-
nzations weie able to inciease the maximum amount of chaige moved m a time 
and stimulation-dependent mannei This íesult is consistent with the idea that the 
availability site1 functions ovei the noimal lange of dynamic C a 2 + changes m the 
t n a d junc tion, and modulates the1 amount of chaige available to do E-C c oupling 

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

The experimental piepaiation, piotocols, and lecoidmg appaia tus weie essentially 
the same as desenbed pteviously (Hemy and Jong 1990, l o n g c t a l 1997 Stioffekova 
and Hemy 1997) Bnefij, single cut skeletal muscle fibeis fiom the semitendinosus 
muscle of Rana ratesbuma weie voltage-clamped using a vaschne-gap method The 
cut fibei ends weie peimeabilized biiefly (1 2 mm) with saponin (0 Oľ/é in a Cs-
Glutamate mteinal solution) and theieaftei weie petfused with a Cs-Glutamate 
niteiiial solution The holding potential was —90 mV Pulses weie applied to the 
fibei and data was acepmed using a mictocomputei-based pulse gcneiation and data 
acquisition system The command pulse to the voltage clam]) was low-pass filteted 
at a coinei frequency of 3 kHz with an 8-pole Bessel filter Membiane cui tents weie 
filtered at 1 2 kHz using an 8-pole Bessel frltci befoie being digitized 

Chaige movement c u n e n t s weie elicited m lesponse to test pulses to 0 mV for 
200 ms The maximum chaige movement, Qmnx, was obtained by liitegiating the 
chaige moved at 0 mV Lmeai leak and capacity cuitents weie subtiacted off-line 
using a small scaled contiol pulse that was applied aftei each test pulse fiom a 
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subtiactmg holding potential of —110 mV Foi íepetitive stimulation, ten identical 
test pulses were applied once eveiy 6 seconds (0 17 Hz) The maximum charge 
measured at each test pulse, Qn, was noimalized to the charge measuied at the 
final pulse, Q\$ The measurements weie expressed as mean ± S D Significance 
was judged at the P < 0 05 level 

T a b l e 1. Exper imenta l solutions 

In te rna l /end pools (mmol/1) 
Solution CsGlu EGTA B A P T A M O P S N a 2 C P N a 2 A T P M g S 0 4 C a S 0 4 glucose p C a 

A 76 10 0 10 5 5 5 80 0 023 5 9 
B 66 0 10 10 5 5 6 38 0 019 5 9 

Externa l /cen t ra l pool (mmol/1) 
Solution TEA2SO4 C s S 0 4 M O P S C a S 0 4 M g S 0 4 C d S 0 4 L11CI3 TTX(r imol / l ) 

C 85 5 5 3 25 0 5 0 5 0 1 156 

EGTA and M O P S were added as the free acid B A P T A was added as the te t races ium 
salt The pH was adjusted using CsOH or T E A - O H 

The composition of the ice 01 cling solutions is given 111 Table 1 The solutions 
were designed to eliminate all 10111c c uirents The osmolality of internal and external 
solutions was adjusted to 235 and 255 mOsm (± 5 mOsm), respectively The pH was 
7 1 at 8°C The free Ca2+ concentration of the external solution was estimated as 1 
mmol/1 The free Mg2+ concentration of the internal solutions was kept constant at 
1 mmol/1 The internal solutions contained 10 mmol/1 EGTA oi 10 mmol/1 BAPTA 
yielding an estimated pCa, of 9 pCa, was íaised by adding CaSC>4 to solutions A 
01 B Paired fibei s dissected from the same muscle weie used foi compaiisons of 
chaige movement measuied in the EGTA and BAPTA containing internal solutions 
(Solutions A and B, Table 1) All experiments weie peifoimed at a tempeiatuie of 
8 ± 1°C 

Resul ts 

Effect of raising triadic Ca2+ concentration on the maximum charge movement 

We first tested whether dynamic incieases in intracellular Ca2 + during activity 
can inciease charge movement, and measured the onset of the effect During Ca2+ 

release, the Ca2 + concentration in the tiiadic space neai the release sites is expected 
to use íapidly and to greatly exceed testing myoplasmic levels, leaching the tens 
of miciomolai íange withm a few milliseconds 
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F i g u r e 1. Effect of repetit ive depolanzat ion on the maximum chaige measuied at 0 mV 
m paned fibers peifused intratel lularly with either the 10 mmol /1 EGTA (filled o ic les) 
oi 10 mmol/1 B A P I A (open circles) internal solution (Table 1, Solutions A and B) A 
200 ms pulse to 0 mV was applied every 6 seconds (0 16 Hz) for 10 cycles The max imum 
chaige measured dining each pulse, Qn was noimalized to the charge measuied at pulse 
number ten, Qio Data points represent the mean of measu iements from three p a n s of 
fibers Error bars were wi thm the width of the symbols 4) p C a ~ 9, B) Aftei e hanging 
the internal solution to one containing the same buffer but with pCa laised to 7 3 
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Fig IA examines the effect of íepetitive supiathreshold stimulation on the 
maximum charge measured from paired fibeis perfused with an internal solution 
containing either 10 mmol/1 EGTA oi 10 mmol/1 BAPTA as the Ca2 + buffei, 
without added Ca2+ (pCa < 9) In the EGTA peifused fibei, the maximum chaige 
mcieased with mcieasing pulse number, leaching a steady value after 2-3 pulses 
This was withm 6-12 seconds aftei the fiist depolarization The chaige moved 
at the last pulse, <5io was 20% gieater than the initial chaige, Q\ Aftei a lest 
of 5-10 minutes, the chaige Q\ letumed to the initial value In contiast, no in­
ciease m chaige occuned in the paired BAPTA perfused fibeis (filled symbols) 
Thus BAPTA was able to pi event the stimulation-dependent inciease in charge 
movement 

Fig IB shows the íesults of similai measuiements staitmg from a pCa of 7 3 
(50 nmol/1) The initial chaige is similai to the chaige measuied at a íestmg pCa 
of 9 (Stioffekova and Heiny 1997) Again, the chaige mcieased during the fiist 2-3 
pulses and Qio measuied aftei ten depolanzations was about 20% greatei than the 
charge measuied at the first pulse Aftei a lest of 5-10 minutes, the chaige Qi 
returned to the initial value The inciease m chaige did not occui in the BAPTA 
perfused fibeis at eithei pCa value The mean data from these measuiements is 
summarized in Table 2 The charge measuied at the first and last pulse was sig­
nificantly different in the EGTA (P = 0 01 and P = 0 05 foi pCa 9 and 7 3 
lespectively) but not m the BAPTA perfused fibeis (P > 0 8 foi pCa 9 and 7 3) 

Table 2. Effect of íepetitive supiathreshold stimulation on the maximum amount of 
charge available to move upon depolauzation Mean data (n = 3) from same fiber pairs 
described m Fig i Q\ is the mean charge measured at pulse # 1 and Qio is the mean 
charge measuied at pulse #10 

Condition 

EGTA, pCa 9 
EGTA, pCa 7 3 

BAPTA, pCa 9 
BAPTA, pCa 7 3 

Qi 
(nC/^F) 

15 51 ± 0 22 
15 85 ± 0 21 

13 97 ± 0 79 
12 43 ± 1 47 

Qio 
(nC//*F) 

18 69 ± 0 63 
19 83 ± 1 65 

13 75 ± 0 69 
12 71 ± 1 02 

Q i o - Q i 
(nC/ i t r ) 

3 18 ± 0 50 
3 98 ± 0 42 

- 0 2 2 ± 0 10 
0 28 ± 0 41 

Qio/Qi 

1 16 ± 0 03 
1 27 ± 0 04 

0 98 ± 0 01 
1 02 ± 0 03 

This íesult is consistent with our pievious finding that the maximum amount 
of chaige that moves upon depolauzation is not static but can be incieased by 
increasing mtiacellular free Ca2+ (Stioffekova and Hemy 1997) Additionally, it 
demonstrates that charge movement can be mcieased lapidly by the dynamic local 
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C a 2 + mcieases that occui duimg activity These aie expected to tiansieiitly íaise 
t i iadic C a 2 + levels from a lestmg p C a ~ 7 to above pCa 6 BAPTA was able to 
prevent the stimulation-dependent inciease because it moie effectively buffeis C a 2 + 

at distances m the tiiadic space Undei these conditions although EGTA effectively 
buffeis lestmg C a 2 + unifoimly thioughout the myoplasm, it is not expected to 
buffei íeleased C a 2 + effectively at distances less than about 100 nm from the íelease 
sites With EGTA, contraction is pievented while the noimal dynamic tiiadic C a 2 + 

changes continue essentially unpei tu ibed 

Table 3. Effect of holding potential (HP) and calcium cmient blockeis on the stimulation-
dependent increase in Q m ^ x Mean data (n = 5) 

Condition 

EGTA HP-WO 
EG ľA HP-70 
EG TA 0 L a 3 + 

pCa 9 
0 C d 2 + 

Qi 
(nC/uF) 

2 3 65 ± 0 53 
12 9 7 ± 1 15 
33 37 ± 1 98 

Qio 
(nC/idO 

28 07 ± 1 36 
15 80 ± 1 76 
39 42 ± 2 2 

Q i o - Q i 
(nC//tF) 

1 8 i ± 0 62 
2 98 ± 0 51 
6 05 ± 0 22 

Qio/Qi 

1 17 ± 0 02 
1 22 ± 0 02 
1 18 ± 0 01 

Table 3 examines whethei changing the holding potential oi blocking entiy 
of extiacellulai C a 2 + can altei the activity-íelated inciease in chaige mcnement 
When the holding potential was changed from —100 to —70 m\ the initial chaige 
measuied at 0 mV was less but the stimulation-dependent inciease lemamed The 
chaige measuied at the fiist and last pulse was significantly chffcient for both 
holding potentials (P = 0 002 and P = 0 04 foi HP - 1 0 0 and HP - 7 0 mV, 
íespectively) This suggests that the inciease in chaige movement is not clue to 
leciuitinent of other gating cuiients When L a i + and C d 2 + which aie noimall) 
piesent m om external solution weie omitted the stimulation-dependent inciease 
lemamed The chaige measuied at the hist and last pulses weie significantly dif-
feient (P = 0 01) This suggests that C a 2 + entiy does not contnbute significantly 
to the tiiadic C a 2 + pool that modulates chaige movement dining depolauzation 

M(chartism of the effect 

The next expenments examined possible mechanisms by which tiiadic C a 2 + could 
modulate chaige movement This modulation could occui eithei dnectly via C a 2 + 

binding to the voltage-sensoi, oi liidiiectly via activation of a closely associated 
C a 2 + - d e p e n d e n t enzyme foi which the dihydiopyiidine leceptoi is a subst iate Foi 
example, a C a 2 + - d e p e n d e n t kinase located neai oi physically associated with the 
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dihydropyiidme leceptoi could íapidly phosphoiylate it during activity to upreg-
ulate the voltage-sensor The obseived kinetics of the modulation are consistent 
with both types of mechanism The onset was fast, with a maximal mciease occui-
ring withm 6-12 seconds of the fiist supiathreshold depolauzation The effect was 
maintained and charge was íeset to the initial value ovei the next 5 10 minutes 

T a b l e 4. Effects of phosphorylat ion modifying agents on t h e s t imulat ion-dependent in­
ciease in m a x i m u m charge movement Protein kinase inhibitor (PKI) okadaic acid (OkA) 
calmodulin mhibi toi pept ide (CAM,„|,), A T P 7 S and A T P Each fiber was first perfused 
with the s t a n d a r d E G T A internal solution and allowed t o equilibrate foi 45 minutes 
Charge movement was t h e n recorded in response t o a seiies of repetit ive pulses t o 0 m V 
applied at 0 16 Hz Q i control is t h e charge recorded from pulse # 1 ol this t i a m and 
Qio — Qi contiol is the difference in charge between pulses # 1 0 and # 1 At that t ime 
t h e internal solution was exchanged for a test solution having t h e same composit ion but 
with the phosphoiy lat ion modifying agent added In the case of nominally 0 A T P t h e 0 
A T P solution was used from t h e beginning because of the difficulty of washing out A T P 
After anothei 20 minutes equihbiat ion the pulst t i a m was iepeated Q i test is the charge 
lecoided from pulse # 1 of this seiies and Qio — Q i test is 1he diffeience in chaige between 
pulses # 1 0 and # 1 

TEST A G E N T 

P K I {n = 1) 
OkA. (ii = 2 ) 
C A M m h (n = 4) 
A T P 7 s (n = 4) 
0 ATP (n = 5) 

Síl contiol 

( n C / c ' t ) 

35 34 ± 1 62 
30 12 ± 2 92 
36 54 ± 2 01 
5 5 72 ± 1 07 

Q l test 
(nC//«ľ) 

56 14 ± 1 19 
50 59 ± 3 60 
35 20 ± 2 20 
51 63 ± 1 45 
50 26 ± 5 07 

QlO — Q l contiol 
( n C / , , F ) 

9 36 ± 1 50 
4 64 ± 0 81 
8 25 ± 1 04 
5 91 ± 0 87 

QlO — Q l test 
(nC///D 

9 40 ± 0 92 
4 86 ± 0 64 
9 49 ± 2 6 1 
7 89 ± 1 89 
() 99 ± 0 5 5 

l o examine wdiethei an nichiect mechanism might be involved we examined 
the effects of agents known to piomote oi block phosphoiylation of ion channels 
These ícsults a ie summanzed m Table 4 As shown the maximum c haige measuied 
from rested fibers at the stait of pulsing (Qi) was similai m contiol and test 
conditions Qi was not significantly diffeient m contiol and test conditions foi any 
agent tested {P = 0 4, 0 9, 0 5, 0 1 for PKI, OkA CAM,,,,, and A T P ^ , íespectively) 
Repetitive stimulation mcieased the maximuni chaige movement undei contiol 
conditions, by an amount similai to that shown m Table 2 None of these agents was 
able to eliminate oi pi event the stimulation-dependent mciease which was the same 
in contiol and test conditions [P = 1 0, 0 8 0 5, and 0 2 foi P K I , OkA C A M l n h 

and ATP-,,, respectively) 20 //mol/1 PKI a specific blockei of cAMP dependent 
phosphoiylation, oi 10 20 //mol/1 calmodulin inhibitor, a specific blockei of C a 2 + -
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calmodulin dependent phosphoiylation did not altei les tmg Q m a x 01 pievent the 
stimulation-dependent inciease in chaige Likewise these weie not changed by 10 
/xmol/1 okadaic acid in combination with 4 mmol/1 A T P 7 s and 1 mmol/1 ATP 
suggesting that phosphoiylation via PKA oi P K C pathways was not involved The 
stimulation-dependent mciease remained when ATP was lemoved from the internal 
solution Although these íesults cannot exclude all possible pathways of nrdiiect 
modulation they make it unlikely that a phosphoiylation mechanism is involved 

Effect of SR depletion 

We next examined the effect of removing SR C a 2 + This was accomplished by ap­
plying the same piotocol of íepetitive d e p o p u l a t i o n s to fibeis befoie and aftei the 
SR had been depleted of C a 2 + Depletion of the SR was accomplished by applying 
supiatlneshold pulses once pei second foi one houi to fibeis peifused with high con-
centiations of an EGTA-contammg internal solution (Table 1 Solution A), while 
monitoiing C a 2 + íelease optically (Jong et al 1995 1997) The íesults a ie shown 
in Fig 2 Lhidei contiol conditions, the chaige moved aftei ten supiatlneshold de­
p o s i t a t i o n s was gieatei than the chaige elicited by the fiist depolarization from 
Control 

A 
\ jŕ'ŕ**''^^^ŕ.A'v */'w«»(V'.*V A1 control 

Q1, control 
jS&tfW 

y/S?^v-

SR-depleted 

^ - — _ _ ^ - ~ Q 1 , e s t ^^^feŕíi^.ft^w *1 T 

i 

Figure 2. Ellect oi SR depletion on the stimulation-dependent increase in chaige move­
ment Charge movement curients (left) and intrinsic optical signals (right) íecoided in 
lesponse to íepetitive stimulation at 0 16 Hz in control conditions and after SR depletion 
Charge movement currents and intrinsic optical signals elicited by pulse # 1 (thicker trace) 
and pulse #10 (thinnei trace) are shown superimposed The average Qio/Qi íatio m two 
fibers subjected to this protocol was 1 14 ± 0 001 in control conditions, and 1 02 ± 0 02 
after depletion 
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a rested fibei (top left traces) The SR íeleased C a 2 + du img both stimulations as 
evident from the presence of an intrinsic optical signal (top light traces) After 
the SR was depleted of C a 2 + , chaige movements elicited by the fiist and tenth de­
polarizations weie identical (lowei left traces) There was no C a 2 + íelease du img 
eithei stimulation, as evident from the absence of an mtimsic optical signal (lower 
right traces) This result indicates that the SR is the noimal source of C a 2 + for 
the stimulation dependent effect 

Discuss ion 

We previously demonstiated that the amount of chaige which can move upon de­
polauzation is not static but can be increased by íaising lestmg mtiacellular free 
C a 2 + We pioposed the existence of a C a 2 + binding site on 01 near the voltage-
sensors which can modulate the distnbution of voltage sensois between available 
and unavailable states The piesent study demonstiates that charge can be in­
cieased by dynamic C a 2 + mcieases in the tiiadic gap elicited by iepetitive de 
polaii7ations to voltages above threshold foi leleasmg C a 2 + from the SR Thus 
this modulation occuis in the physiological lange of C a 2 + changes that occur 
m the t nad dining noimal muscle activity The effect is íapid and maintained 
Chaige is mcieased within 6 12 seconds and takes 5 10 minutes to lcsct to the 
initial value aftei which it can be mcieased again by subsequent depopu l a t i ons 
The stimulation dependent mciease m chaige could be pie\ented by mtiacellulai 
BAPTA and bv depleting the SR of Ca 2 + but not by agents known to altei ion 
channel phosphoiylation This suggests that the modulation most likely occuis by 
a dnect binding of C a 2 + to a site on oi closely associated with the voltage sensoi 
This effect is seen m EGTA but not m BAPTA peifused fibeis because tiiadic 
C a 2 + changes continue m the foimei but not the lattei The diffeient íesults with 
BAPTA and EGTA suppoit the idea that the postulated site is normally populated 
by a local C a 2 + pool-that is by C a 2 + íeleased from the SR into the tiiadic space 

Taken togethei these da ta can be explained by the model shown in Fig 3 
In a fully lested fibei the putative availability site(s) is not expected to be fully 
populated A supiatlneshold depolauzation will move this chaige to the active 
state causing C a 2 + íelease and a tiansient use m the tiiadic C a 2 + concentration 
As this C a 2 + binds to the 'availability site on the voltage sensois, moic sensois 
move to the noimal lestmg oi available state and a ie able to move upon subsequent 
depolauzation The maximum amount oi chaige moves when all sites aie sat mat ed-
l e all voltage sensois aie m the available state Noimally one oi two pulses above 
tlneshold foi C a 2 + íelease aie all that is needed to populate the site Piesumably 
binding of C a 2 + to this site has fast ON late and a slow OFF iate According to 
this model, a lestmg fibei which has not been stimulated to twitch foi some time 
would have less than the maximum chaige available to do E-C coupling Aftei a 
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QrCa, ±1 i> Q-Ca, x [Ca], 

A 

(+)<-

V 

Q„ 

Figure 3. Proposed model of modulation of the voltage-sensoi b> tiiadic Ca 2 + QT and 
Qa repiesent the normal resting and active states of the voltage-sensor respectively Only 
charge which is initially in the resting state can move upon depolarization and do E-C 
coupling—i e chaige which has Ca2 + bound to the proposed internal availability site' 
Qu repiesents an unavailable state Binding of Ca"+ to the unavailable state pronrotes 
the transition of charge to the resting state This Ca2 + comes from the increase in triadic 
Ca concentration, [Ca]t during Ca2 + release Thus, SR Ca"+ íelease feeds back positively 
on the voltage sensor to leciuit moie charge into the available state from which it can 
move upon subsequent dcpolan/ation 

few depolan/a t ion howevei the lemaiinng chaige would fully 'pume and become 
available to do E-C coupling It is possible that this modulation lepiesents a cellulai 
mechanism foi conseiving eneigy by making voltage-sensoi s fully functional only 
when needed duimg penoels of muscle activity 

Moie geneially this model although diffeient m the details suppoits d a t a from 
othci studies which suggest that the state of the dihydiopyiidine leceptoi and /o i 
the numbei of ac livable voltage-sensoi s can be influenced by C a 2 + ions íeleased into 
the t n a d junction duimg SR C a 2 + iclease ( P i / a n o et al 1991 Csemoch et al 1992, 
Rios et al 1993, long et al 1995, 1996 Pape et al 1996) Such cioss-talk between 
the C a 2 + iclease and voltage-sensmg piocesses has been used to suppoit the idea of 
a close physical association and/oi an allostenc mteiaction between the SR C a 2 + 

íelease channels/ iyanodme íeceptois and the voltage-sensois/dihydiopyndine le-
ceptois du img excitation-contiaction coupling 
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