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Triadic Ca 2 + Modulates Charge Movement in Skeletal Muscle 
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Abstract . The effects of mtiacellulai C a 2 + changes on chaigo movement in fiog 
skeletal muscle woie investigated using high coiicentiations (10-20 mmol/1) of 
buffeis with diffeient abilities to buffei C a 2 + at distances close to the SR C a 2 + 

lelease channels In BAPTA compaied with EGTA peifused hbeis cliaige move­
ment was attenuated and lacked the chaiacteiistu kinetic featuies (/? and /-.,) of 
E-C coupling chaige movements Qm,xx dec leased by 9 nC/^/F, ľ r m ci was shifted 
1 6 mV to moie negative potentials and the steepness factoi mcieased by 3 5 
mV Results of vaiymg the holding potential suggested that BAPTA dec leases 
the amount of chaige available to mo\e upon depolanzation Raising mtiacellulai 
C a 2 + to muiomola i levels at a fi\ed BAPTA concent i at ion pievented the decline 
m Q , M X . suggesting that mtiacellulai C a 2 + can modulate the amount of chaige 
that is m the testing oi available state The diffeient lesults obtained with B A P T A 
and EGTA can be explained b-\ the gieatci ability oi B \ P T A to buffei cbnamic 
C a 2 + changes at distances close to the íelease sites These íesults aie consistent 
with the pioposals that an mtiacellulai C a 2 + site on oi neai the dihvdiopMidme 
íeceptoi teimed heie the 'a\ailabihť\ site', modulates the amount of chaige a\ail-
able to move upon depolanzation and is noimally populated b> C a 2 + íeleased into 
the t n a d junction d u n n g activity 
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Introduct ion 

Chaige movement íeflects confonnational changes on the skeletal muscle dihy-

diopvndme (DHP) íeceptoi which contiols the opening of C a 2 + íelease chan-

nels/iyanodine icceptois on the saitoplasmic lcticulum (SR) duung excitation-

conttaction coupling (E-C coupling) C a 2 + leleased into the t uad junction diffuses 

to t ioponm wheie it binds to the activatoi sites foi contiaction 

High coiicentiations of the mtiacellulai calcium buffei EGTA aie commonh 

used to lecoid chaige movement m cut skeletal muscle hbeis EGTA buffeis the 

C a 2 + t h a t would noimalh leach tiopoiun theieb\ pieventmg contiaction Because 

of its slow ON íates howevei EGTA is not expected to buffei fast C a 2 + < hanges at 

distances closei to the íelease sites Within the nanow gap between the t iansveise 

tubules and SR at the tnadic junctions C a 2 + levels mav use an oidei of magnitude 

gieatei than in the bulk myoplasm (P izano et al 1991) BAPTA a calcium buffei 

d e m e d fiom EGTA but with a fastei ON late is a potentially moie useful tool 

foi manipulating chnamic Ca 2 + changes at distances close to íelease sites (Tsien 

1980) In skeletal muscle BAPTA is expected to buffei fast C a 2 + changes effectively 

to within 15 25 urn of the íelease channels (Nehei 198G Stem f992 Andeison and 

Meissnci 1995 long et al 1996) 

In this stuch we m\estigated the effects of mtiacellulai C a 2 + on chaige move­

ment, using the diffeient buffei kinetics of EGTA and BAPTA. to sepaiate the 

effects of tnadic and m>oplasnnc C a 2 + changes We> found diamatic diffeicnccs m 

chaige movement that depended on whethei EGTA oi BAPTA was used to buffei 

mtiacellulai C a 2 + These íesults aie explained b> pioposmg that theie is an mtia­

cellulai C a 2 + site on the DHP íeceptoi which can modulate the amount of chaige 

a\ailable to mo\e upon depenalization and is noimall} populated bv C a 2 + leleased 

into the tnadic space cluiing activity 

Mater ia l s and M e t h o d s 

Pu pauition 

The cxpeimicntal piepaiation piotocols and lecoidmg appaiatus weie essentially 

the same as des< nbc>d picvioush (Hemy and long 1990, long et al 1997) Bnefl> 

single cut skeletal muse le fibeis fiom the semitenchnosus muse le of Rana rati <,lnarw 

weie voltage-clamped using the vaseline gap method To impiove the exchange 

of internal solution the hbei segments m the end pools weie> t ieatcd biiefiy (1 

2 mm) with a low concentiation of saponin (0 Ol'/i in a Cs-glutaniate internal 

solution) Theieaftei the cut ends weie nnsed thoioughly and peifused with a 

Cs-glutamate internal solution without saponin This t ieatment also mipioves the 

quality of voltage clamp contiol by leducing voltage liihoniogeneities undei the 

vaseline seals (Gonzalez and Rios 1993) The holding potential was —90 mV, e>xcept 
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where indicated otherwise Pulses were applied to the fiber and data was acquired 
using a microcomputer-based pulse generation and data acquisition system The 
command pulse to the voltage clamp was low-pass filtered at a cornei frequency 
of 3 kHz with an 8-pole Bessel filter Membrane currents were filtered at 1 2 kHz 
using an 8-pole Bessel filter before being digitized 

Charge movement cuirents obtained using the standaid holding potential (—90 
mV) were elicited in íesponse to test pulses of 200 ms duration superimposed on the 
holding potential Linear leak and capacity cunents were subtiacted off-line using 
a small scaled contiol pulse applied fiom a subtiactmg holding potential of —110 
mV An alternate correction for linear leak and capacity was used for measurements 
of chaige in depolarized fibers, as described m the legend to Fig 4 

Solutions 

The composition of the recoidmg solutions is given m Table 1 The solutions weie 
designed to eliminate all ionic cunents The osmolality of internal and external so­
lutions was adjusted to 235 and 255 mOsm (± 5 mOsm), íespectively The pH was 
7 1 at 8°C The free Ca2+ concentration of the external solution was estimated as 
1 mmol/1 The fiec Mg2+ concentiation of the internal solutions was kept constant 
at 1 mmol/1 The internal solutions contained 10 20 mmol/1 EGTA oi BAPTA, 
yielding an estimated pCa, of 9 pCa, was íaised foi the expenments descnbed m 
Table 4 by adding CaCl2 to solution C pCa, and pMg, values weie estimated fiom 
published constants foi the complexes of EGTA BAPTA CP, ATP, SOj and glu-
tamate with piotons, magnesium and calcium An iteiative program solved for the 
coiicentiations of the complexes using published equilibnum constants (Maitell 

T a b l e 1. Solutions 

In ternal /end pools (mmol/1) 

Solution CsGlu EGTA BAPTA M O P S N a 2 C P N a 2 A T P M g S 0 4 CaC'b glucose pCa 

A 70 20 0 10 5 5 6 48 0 078 5 9 
B 50 0 20 10 5 5 6 83 0 039 5 9 
C 66 0 10 10 5 5 6 18 0 019 5 9 

Externa l /cent 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 T T X ( / / m o l / l ) 

D 85 5 5 3 25 0 5 0 5 0 1 1 56 

EGTA and M O P S weie added as the free acid B A P T A was added as the t e t i aces ium 
salt The pH was adjusted using CsOH or T E A - O H 
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and Smith 1974 Smith and Martell 1976 Godt and Lindley 1982) An equilib­
rium constant of 400 nanomolar was assumed foi the CaBAPTA complex under 
physiological conditions (Hainson and Bers 1987) Constants foi the complexes of 
BAPTA with piotons were taken fiom Tsien (1980) Because BAPTA is laigely 
tetravalent and EGTA is laigely divalent at pH 7 the BAPTA containing mtei-
nal solution is expected to have a higher ionic stiength than the EGTA solution, 
for the same osmolanty The estimated ionic strengths of the BAPTA and EGTA 
internal solutions were 283 and 183 lespectively Alternatively, foi physiological 
measurements ionic equnalents mav be the moie íelevant paiametei (Godt and 
Maughan 1988) The ionic equivalence of the BAPTA and EGTA solutions weie 
160 and 145 lespectively All expenments weie peifoimed at a tempeiatuie of 8 
± 1°C 

Initially we woie not able to yoltage clamp fibeis foi moie than a few minutes 
aftei introducing BAPTA into the cut ends The BAPTA containing internal solu 
tion produced a laige niciease m holding curient which was appaient as a sloping 
cm rent baseline even on a single sweep We empnically found that adding 0 5 to 
f 0 mmol/1 Cd2+ to the external solution stabilized the holding cunent suggesting 
that BAPTA may have altered a Ca2+-sensitive íesting conductance oi mtioduced 
a testing leak Fibeis perfused with Cd2+ external solution and 10-20 mmol/1 of 
mtiacellulai BAPTA could be voltage-clamped foi 1 2 houis 

Protocol for introducing BAPTA into the myoplasm 

BAPTA was mtioduced into the m\oplasm thiough the1 cut ends Howevei, based 
on the measuied diffusion constant m fiog myoplasm of the closely similai com­
pound FURA 2 (Ba>loi and Hollmgwoith f988) its diffusion is expected to be 
slow Assuming that BAPTA diffuses at a late similai to FURA 2 we estimate d the 
BAPTA concentiation at the leeoiding site using a model of one-dimensional diffu 
sion down a c\ lmdei foi the boundaiy conditions of an extended initial distribution 
m the end pools (Ciauk 1975) Results are shown m Fig 1 The mam conclusion 
from this calculation was that the BAPTA concentiation in the íecoidmg pool was 
not expected to leach equilibimm dunng oui lecoidmg times Consequently we 
adopted a piotocol m which diffusion was allowed to pioceed at loom tempeiatuie 
foi 50 60 minutes aftei BAPTA solution was mtioduced into the cut ends At that 
time we cooled the fibei to 8°C voltage-clamped the fiber, and began recoidmg 
Chaige movement measiuements weie made dunng a time window of 60 80 mm 
utes aftei the stait of BAPTA diffusion (shaded legion indicated m Fig 1) The 
slow diffusion likewise precluded the washout of BAPTA and the companson of 
EGTA and BAPTA effects in the same fiber Consequently whenevei possible we 
used paired fibeis dissected fiom the same muscle to compaie chaige movement in 
EGTA and BAPTA tieated fibeis 
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Figure 1. Estimated BAPTA concentiation at the centei ol the lecording pool at various 
times after BAPTA was applied to the end pools at a concentration C m i X The calculation 
assumes an apparent diffusion coefficient 0 4 x 10~6 cm2/s taken from the apparent diffu­
sion coefficient of FURA-2 in frog myoplasm at 16 17°C (Baylor and Hollmgworth 1988) 
Shaded aieas represent the time window during which chaige movement was recorded 
typically 60 80 minutes after the start of BAPTA perfusion At this time the expected 
BAPTA concentration in the central pool was 3 4 16 mmol/1 for Solution B (20 mmol/1 
BAP1A) and 17 2 3 mmol/1 foi Solution C (10 mmol/1 BAPTA) 

Results 
Dependence of charge movement properties on the identity of the intracellular cal 
cium buffer Differential effects of EGTA and BAPTA 

Fig 2 compaies lepresentative chaige movement cunents lecoided in response to 
test depolan/ations over the range -50 to 0 mV using either 20 mmol/1 EGTA 
or 20 mmol/1 BAPTA as the calcium buffer Under these conditions resting my-
oplasmic fiee C a 2 + is estimated to be ~ f 0~9 mol/1 With EGTA, charge movement 
cunents display the characteristic kinetic features reported foi skeletal muscle The 
chaige moved by a small voltage step to -50 mV shows a simple monotonic de­
cay at the pulse ON and OFF At depolanzations above -40 mV, the ON charge 
movement current has at least two kmetically distinct phases consisting of an early 
rapid decay and a delayed 'hump' These features aie similar to those repoited by 
othei laboiatones foi the Q0 and Q1 components of chaige movement (cf íeview 
Rios and Pizairo 1991) which are most appaient in ON charge movement currents 
at voltages neai thieshold for C a 2 + íelease At 0 mV, both components decayed 
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A B 
EGTA BAPTA 

40 mv 

200 ms 200 ms 

F i g u r e 2 . ( haigc move m< nt < ur ients leeorded at the indicated test potential using either 
1 G 1 A ( 1) oi BAPTA (B) is t In intiaeellular (a l l ium buffei Da ta weu obta ined from 
two fibers dissected fiom the same muse le and peifused with eithei 20 mmol/1 LGTA 
(fibei reftieiKf 110692a) or 20 mmol/1 B A P T A (fibei refeiencc 110692b) L q u i h b i m m 
hbei parametc i s are given m Table 2 

lapidly and mciged togethei OFF chaige movement cunents decayed monotom 

c ally upon IC turning to the holding potential fiom all test potentials In contiast 

chaige movement cunents lecoided with BAPTA weie1 significantly atte nuated and 

had no appaient J7 compone nt at any voltage 

We next compaied eepiilibiium chaige movement paianieteis m EGTA and 

BAPTA solutions Fig 3 4 shows the chaige voltage distiibution obtained fiom 

the same fibeis as m Fig 2 peifused with eithei an EGTA (filled circles) oi a 

BAPTA containing internal solution (open cncles) In this expenment Q m l x was 

significantly less m the BAPTA compaied with the EGTA peifused fibei (12 5 

11C///F veisus 28 0 nC/ / ;F , lespectively) and k was significantly gieatei (11 8 veisus 

6 1 mV lespectively) I mitj was not significantly diffeient (—39 6 veisus —38 7 111V 

ic spectively) Fig 3B displays the same data , noimahzed to lllustiate the dec leased 

steepness 111 BAPTA 

Table 2 summanzes the equihbiium chaige movement paianieteis obtained 

fiom all fibeis peifused with eithei EGTA (a) 01 BAPTA (b) Table 2c compaies the 

diffeiences m gioup means of the EGTA and BAPTA fibeis Table 2d compaies the 

mean diffeiences m these paianieteis when only paned fibeis fiom the same muscle 
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Figure 3. A) Equilibiium chaige voltage distiibutions in EG 1A (solid circles continuous 
hne) and BAPTA (open cncles, dashed hne) solutions, obtained from the same fibers as 
Fig 2 The smooth lines aie fitted values obtained using a two-state Bolt/mann model 
B) Same data normalized to maximum charge 
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T a b l e 2. Fiber paramete 

a) 20 E G T A Internal 

Fibei Ref 

110692a 
111792a 
111992b 
102092a 
102092b 
102192a 
102792b 
102992a 
102992b 

Mean ± S E M 

b) 20 B A P T A I n t e l n a l 

Fiber Ref 

110092b 
111792b 
111992a 
111192b 
110292a 
110392a 
1 10 392b 

Mean ± S E M 

?rs compaied 

c„, 
(/ 'F/cm 2 ) 

11 06 
10 01 

9 21 
8 06 
7 11 
8 07 
7 18 
9 72 

10 40 

9 0 ± 0 5 

Cm 
( A d 7 e m 2 ) 

11 03 
U 31 
9 50 
7 32 

11 13 
10 3i 
8 i ! 

10 3 ± 0 8 

in E G T A and B A P T A containing internal solutions 

/lelk 
( M / / c F ) 

0 90 
1 03 
1 20 
1 0 3 
1 37 
0 94 
0 60 
0 86 
0 69 

1 0 ± 0 1 

^lc-vk 

( M / C Í F ) 

1 56 
1 31 
1 49 
0 96 
1 01 
1 50 
1 50 

1 3 ± 0 1 

Q„„x 
(nC/e/F) 

27 98 
30 66 
21 80 
20 60 
26 43 
31 13 
30 51 
29 81 
3 3 10 

28 7 ± i 1 

Q„„x 
(nC ///F) 

12 19 
25 U 
15 31 
17 95 
19 26 
2 3 00 
2 i 51 

19 () ± 1 8 

I m i d 

(mV) 

- 38 69 
- 3 5 74 
- 2 8 21 
- 2 4 55 
- 2 1 9 0 
- 2 3 18 
- 2 5 83 
- 3 2 67 
- 3 4 67 

- 2 9 5 ± 1 9 

1 „„d 
( m \ ) 

- 39 56 
- 35 69 
- 3 0 84 
- 3 8 0 1 
- Í0 S(> 
- 39 92 
- 3 1 87 

- 3 5 7 ± 1 4 

k 
( m V ) 

6 09 
3 51 
5 11 
7 18 

10 32 
7 81 

11 69 
10 36 

5 06 

7 5 ± 0 9 

k 
( m V ) 

11 81 
8 74 

10 12 
8 73 

1 1 19 
9 11 

1 3 29 

10 5 ± 0 7 

c) Diffeiences in gioii|> means obtained fiom all 
and E G T A (n = 9) 

h b e i >• Jioupee d a t a foi B VPI \ (»i = 7 ) 

A ( '„, A / l e i k 
(cdVcin 2 ) (//A/,«F) 

A Q m i x A \ „ „ , Ak 
( n C / , , F ) (mV) ( m V ) 

Mean 
P 

14 0 4 - 9 1 - 6 2 
0 21 0 008 0 001 0 03 

1 0 
0 02 

d) Mean diffeiences m values honi paired fibeis (B<\P l A EGT \) 

AC,,, A/ieii A Q „ „ i Al m l a AA 
( , / I / c n 2 ) (uA/uF) ( n C / , , F ) ( m \ ) ( m V ) 

Mean ± S Ľ M (n = 3) 0 5 3 ± 0 24 0 4 ± 0 1 - 9 1 ± 1 9 
P 0 33 0 08 0 11 

-1 1 ± 0 5 5 3 ± 0 1 
0 28 0 002 
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were included On aveiage Q m a x was íeduced by 9 11C///F m BAPTA compaied 
with EGTA peifused fibeis, I^ma was shifted 1 6 mV to moie negative potentials 
and the steepness factoi mcieased by 3 5 mV We considei the paned gioup to be 
the most íehable data, since we have obseived m geneial that chaige movement 
paianieteis aie moie similai m fibeis fiom the same muscle than fiom diffeient 
muscles Howevei, the significance was less m the paned gioup, as expected fiom 
the gieatei variance with a small sample These effects could not be a t tnbu ted 
to changes m hneai fibei paianieteis Membiane capacity (Cm) was similai in the 
EGTA and BAPTA solutions but there was a tendency foi fibeis m BAPTA to 
develop moie leak assessed as the steady cunent (/ie-ik) measured at the end of a 
pulse to —120 mV fiom the holding potential 7iPak was 40(/c gieatei in the BAPTA 
than in the EGTA solution Changes m I\e-^ could have ícsulted fiom changes 
m a saicolemmal oi T-system lestmg conductance oi seal leak The fact that 
the mciease in /ic,k was not accompanied by a change in membiane capacitance 
implies that the amplitude of the voltage change m the T-system which is the 
immediate diivmg foice foi e haige movement, was not signihe autly diffeient in the 
two solutions (Ashcioft et al f 985) 

Effect of holding potential on the chaige imasuuA in BAPTA peifused fibeis 

The finding that the kinetics and voltage-dependence of ehaige movement ehffeied 

depending on whethei EGTA oi BAPTA was used to buffei calcium was not ex 

pect td since the buffei s have1 appioximately the same equilibiium capacity and 

affinity foi C a 2 + This disciepancv piompted us to investigate the basis foi these 

diffeiences 

In BAPTA less ehaige moved upon dcpolan/at ion m the voltage íange pos­

itive to the holding potential The ehaige that lemained moved with a less steep 

voltage-dependence and without the1 chaiacteiistu kinetic featmes (Qp and Q1) 

that define E-C coupling chaige movements Those featmes aie similai to those 

of hbeis subjected to piolonged depolan/at ion which causes the1 disappeaiancc of 

chaige that mows ovei the voltage range —90 to 0 niV (Chaige 1) and the ap-

peaiance of a chaige (Chaige 2) that moves ovei a moie negative voltage íange 

with a significantly bioadei voltage-dependence (Adnan and Almeis 1976 Chan-

dlei et al 1976) Chaige 2 may i effect an inactivated confoimation of the DHP 

íeceptoi lesultmg fiom a voltage-modulated state change (Bmm and Rios 1987), 

oi alternatively it may be a sepaiate species of chaige (Huang 1993) 

We theiefoie consideied the possibility that BAPTA might produce an effect 

on charge movement similai to sustained depolarization that is, it might leduce 

the chaige that is available to move upon depenalization and increase the ehaige 

that moves at moie negative voltages To test this we measuied chaige movement 

in both polan/ed (holding potential —120 mV) and depolan/ed hbeis (holding 

potential = 0 mV), m 10 mmol/1 BAPTA The results aie shown m Fig AA 
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F i g u r e 4 . Effect of holding potential on charge movement in fibers perfused inteinal ly 
with 10 mmol/1 B A P T A The chaige-voltage distr ibutions weie obtained using a holding 
potential of - 1 2 0 mV (Q - V 1, o) or 0 m V (Q - V 2, • ) A) Charge moving from 
the depolar i /ed holding potential was iecorded using the pulse protocol shown (inset) m 
which the test pulse was preceded by a hyperpolanzing conditioning pulse t o minimize 
ionic currents flowing in this voltage range (Brum and Rios 1987) A positive going control 
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Hypeipolanzing the fiber to —120 mV (Q-V 1, open circles) is expected to íecruit 
all of the chaige available to move upon depolarization (Chaige 1) In this fiber, 
Qmax was 33 6 11C///F, Vnn<i was —38 6 mV and k = 12 0 mV The mean values for 
three similar measurements aie given in Table 3, low 1 On average, Q max was 63% 
greater in the hypeipolanzed, BAPTA peifused fibeis than m fibeis held at —90 
mV (Table 2b) Vl,„d and k weie withm the range of values measured fiom the —90 
mV holding potential Thus it appeals that membrane potential can íeveise some 
of the i eduction m Chaige 1 that was obseived with BAPTA at the noimal - 9 0 mV 
holding potential, making additional chaige available to move upon depolan/at ion 
On the othei hand, when fibers weie held at 0 mV (Q V 2, closed circles), more 
chaige moved than in polarized fibeis and it had a less steep voltage-dependence, 
lcsultmg in a bioad chaige distribution extending from —f80 up to 0 mV 

A similai result was obtained when this measurement was lepeated using an 
alternative pulse piotocol (Szucs et al 1991), as shown m Fig 4B Table 3 sum­
marizes the effect of holding potential on the distnbution of chaige measured fiom 
eithei a polanzed oi depolaiized holding potential Qm!xx in polanzed fibeis was 
increased further by hypeipolanzation ( — 120 mV compared with —90 mV HP) 
Additionally mespect ive of the method used to measme Chaige 2 Q „ n x in depo­
laiized fibeis was laigei than m polanzed hbeis held at —f 20 mV, its midpoint was 
shifted to moie negative potentials and k mcieased Thus, the voltage dependence 
of the chaige that moves in depolaiized fibeis is such that it would alter the chaige 
measuied fiom the s tandaid —90 mV holding potential if it weie piesent m nor­
mally polan/ed fibeis (Hui and Chandlei 1990) If BAPTA mcieased this chaige 
the net íesult would be that the measuied Chaige 1 would be ledueed shifted 
to moie negative voltages and have a smallei appaient valence Taken togethei 
these íesults aie consistent with the idea that BAPTA may be doing something 
equivalent to sustained depolan/at ion that is it may piomote the movement of 
chaige into an unavailable oi inactive state The fact that by peipolanzatiou can re-
veise some of the reduction m chaige produced by BAPTA indicates that BAPTA 

pulse (0 to +30 mV) was used foi both po lan /ed anel depolaiized holding potentials to 
avoid contubut ions to the control pulse from Charge 2 moving neai the noimal —90 m \ 
holding potential This is expected to mimim/ t any possible íesidual chaige moving in 
contiol pulses Addit ionally the use of saponin m the cut ends effectively eliminates volt­
age mhomogeneities under the vaseline seals l edu t ing changes in steepness due to charge 
moving in these regions (Hui and Chandler 1990 Gonzalez and Rios 1993) The smooth 
lines icpresent a fit of each da ta set to a single Bol tzmann function Fi t ted parameters 
for Q - V 1 were Q m % x = 3 3 6 11C///F F m l d = - 3 8 6 111V k = 12 1 111V Pa iame te r s 
foi i j - 1 ' 2 weie Q m a x = 12 7 11C///F F m l d = - 1 0 2 6 111V A = 29 6 111V B) Same 
expenment le peated using an al ternate piotocol (inset) 111 which inactivated chaige was 
measured using the 's tepped O F F " protocol of S/ucs et al (1991) In this ease fitted 
parameters for Q — V 2 were Q m a x = 39 6 11C///F, l'mKi = —94 0 mV k = 28 5 mV 
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Table 3 
BAPTA 

HP (mV) 

- 1 2 0 
0 
0 

Mean Q — \ pa iameter 

Pulse Protocol 

simple s tep 
condit ioning piepulse 
s tepped O F F 

s 111 

N 

3 
3 
3 

polarized and e 

Q m « (nC/c/1) 

33 82 ± 1 15 
47 81 ± 1 5 3 
45 66 ± 1 76 

le polarized fibers 

\ n„d (mV) 

- 10 24 ± 0 50 
- 1 0 2 76 ± 0 25 

- 8 9 66 ± 1 85 

pel fuse el with 

A (inV) 

13 33 ± 0 39 
27 28 ± 0 94 
27 63 + 0 15 

Chaige 1 was e k t e i m m c d using a simple step honi the holelmg potential (UP) Chaige 2 
was eletci mine d using eithe i i e conditioning piepulse (B ium and Rios 1987) oi a s tepped 
O F F piotocol (Szucs ct al 1991) In all cases the eontiol pulse was a step t o + 3 0 m \ 
from 0 mV 

has not eliminated chaige but lathci alteied its dis tnbution among available and 

unavailable states 

Effect of mtiacellulai rtstmg [Ca2+] on tin chaige nuasuud in BAPTA pa fused 

fibei s 

We next adchessed the question of whethci the effects of BAPTA weie due to 

its C a 2 + buffeiing action oi some nidiicct effect In the expenments desenbed 

above BAPTA was used at pCa, ~ 9 following the s tandaid piotocol m the cut 

fibei piepaiat ion foi blocking contiaction In the next senes of expe nine nts ehaige 

movement was compaied at diffeient mtiacellulai fice C a 2 + coiicentiations selected 

to test thiee limiting cases These weie pCa, = 9 the standaid íesting pCa, foi 

chaige movement measuieme nts pC a! = 7 neai the physiological íesting C a 2 + 

level and pCa, = 6 5 which is the just sub thieshold concentiation foi eliciting 

contiaction The measurements weie made using a HP of —120 m\ to lemovc 

any additional effects of voltage on the Q — \ dis tnbution The- íesults a ie shown 

in Table 4 Increasing mtiacellulai fiee C a 2 + fiom pCa, 9 to pCa, 6 significantly 

mcieased Qlnxx pieventmg the BAPTA induced deciease 

The finding that Qmxx vanes with pCa, foi the same BAPTA concentiation m 

dicates that the effects of BAPTA on chaige movement occ ui via its C a 2 + buffeiing 

actions, and not via some mdiiect or pharmacologic mechanism This íesult also 

indicates that the amount of chaige available to move upon depenalization can be 

modulated by mtiacellulai C a 2 + The complete Q m a x veisus pCa, relationship can­

not be measuied m an isolated fibei Neveitheless the steepest mciease in Q„nX 

occuned ovei the íange pCa, 7 to pCa, G 5 (Table 4), suggesting that B A P T A is 

buffeiing intracellular C a 2 + at a site with an affinity foi C a 2 + in the line íomolai 

oi highei íange This is an oidei of magnitude above noimal testing niyoplasmic 

C a 2 + levels (about 0 1 z/mol/1) indicating that only activity-related C a 2 + changes 

could populate this site The oveiall conclusion from these measurements is that 
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T a b l e 4 . Effects of 
fibeis (holding pote; 

C aQ 

mmol/1 

1 
1 
1 
1 

Ca, 
p C a 

9 
7 
6 5 
6* 

varying intracellular Ca + on the Q — V disti 
utial = - 1 2 0 mV) perfused with B A P T A 

S; mix 
n C / i t F 

33 82 ± 1 15 
38 88 ± 1 26 
52 41 ± 0 88 

Fm,d 
m V 

- 4 0 24 ± 0 50 
- 4 1 49 + 1 07 
- 4 0 86 ± 0 33 

nbution fiom polarized 

A, 
m V 

13 33 ± 0 39 
15 47 + 0 28 
15 38 + 0 75 

*Fibei contracted in pCa = 6, confiimmg the validity of the es t imated hd for B A P T A in 
frog myoplasni 

BAPTA reduces Qm!ix by buffeiing a pool of fiee C a 2 + that noimally leaches supia 
miciomolai levels and populates an mtiacellulai C a 2 + site that contiols the amount 
of available chaige 

Source of the modulator Ca2+ 

The finding that mtiacellulai C a 2 + can modulate the amount of available charge 
does not m itself explain the diffeient íesults obtained with BAPTA and EGTA 
Both EGTA and BAPTA aie expected to buffei lestmg pCa, to the nmol/1 íange 
at equilibiium This piompted us to ask what mtiacellulai Ca 2 + pool leaches mi­
ciomolai levels and would be buffeied diffeientially bv BAPTA and EGTA 7 We 
postulated that this could be the tnadic space where mtiacellulai C a 2 + leaches 
supia-miciomolai e oncentiations dunng Ca 2 + ie lease fiom the SR additionally the 
ability of BAPTA and EGTA to buffei dynamic C a 2 + changes can be veiy differ 
ent fiom then equilibiium buffeiing piopeities These diffeiences icsult fiom then 
diffeient ON íates and aie expected to be gieatest at distances close to the íelease 
sites (Nehei 1986 Stem 1992 long et al 1996) Theiefoie we estimated the free 
C a 2 + concentiation at distances close to the íelease sites undei oui expenmental 
conditions The íesults aie shown m Fig 5 

This calculation shows that dunng C a 2 + íelease, BAPTA but not EGTA is 
expected to effectively buffei C a 2 + changes neat the íelease sites Both buffeis 
would effectively buffei myoplasnuc C a 2 + changes at distances > 100 200 urn fiom 
the íelease sites In othei vvoids, with BAPTA both tnadic and myoplasnuc C a 2 + 

changes will be buffeied with EGTA, acompaitmental izat ion office C a 2 + is estab 
hshed wheieby myoplasnuc Ca 2 + changes aie buffeied while tnadic C a 2 + changes 
go on essentially unpci tu ibed The conclusion fiom this calculation is that the 
modulatoi C a 2 + which BAPTA is buffeiing is a local transient C a 2 + pool located 
within nm of the íelease sites i e within the tnadic space 
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F i g u r e 5. Expected free C a 2 + changes eluimg activity at diffeient distances i ( inn) fiom 
the lelease site's when C a " + bufľeis aie present m the bulk solution Based em model oi 
Stein (1992) using the constants appaient I), , = i x 10~ b c n r ' / s [EGTA]„ = 10 imnol/1 
[BAPlA]o = 10 mmol/1 Aon for EGTA = 2 5 x 10(l m o r 1 s ' , kon for BAPTA = 1 7 x 10 J 

mol ' s ' 1 A , foi EGTA = 158 nmol/1 k,i for B A P 1 A = 100 nmol/1 flux t h i o u g h Ca 
lelease channel = 10' ions/s /, v the chaiacte ristic diffusion length foi a ( a " + ion was 
110 nm in the EG IA solution and 5 nm m the BAPTA solution 

D i s c u s s i o n 

Major findings 

The mam finding of this s tudy is that mtiacellulai C a 2 + can modulate the amount 
of chaige available to move upon depolan/ation The chaige moved bv depolariza­
tion lepiesents the chaige available to do E — C coupling T h e gieatei effectiveness 
of BAPTA m buffeiing this C a 2 + indicates that the modulatoi pool is located neai 
the release channels of the SR, within the junctional gap The h'd of the site, es­
timated to be at least an oidei of magnitude above the lestmg myoplasmic C a 2 + 

concentiation, indicates that it would noimally be populated only dunng activity 
by C a 2 + leleased fiom the SR These íesults aie consistent with the pioposals that 
a C a 2 + site on an internal domain of the DHP íeceptoi can modulate the amount 
of chaige m the lestmg oi available state, and that this site is populated by C a 2 + 

ions leleased into the tnadic space dunng activity We íefei to it as the 'availability 
site' 
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In cut skeletal muscle fibers perfused with EGTA, this site is not populated at 
lest but is expected to become populated upon depolanzation when tnadic C a 2 + 

exceeds miciomolar concentiations and is essentially unperturbed by the buffer 
Consequently, moie chaige becomes available to move with the next depolarization 
In BAPTA perfused fibers, this site is not populated either at rest or during activity 
because of the greater effectiveness of BAPTA as a C a 2 + buffei near the íelease 
sites Thus, the initial distribution of charge does not change with depolanzation 
We expect that intact fibers may represent an intermediate situation Without 
added calcium buffers, their higher resting pCa! favois more charge initially in the 
available state, and a smaller ledistnbution upon depolanzation 

Mechanism of action and molecular identity of the availability site' 

Released C a 2 + could alter DHP íeceptor conformation dnectly by binding to an 
internal domain, or indirectly, foi example by activating a C a 2 + dependent enzyme 
which modifies the channel Moleculai studies have identified seveial putative C a 2 + 

sites on internal domains of the DHP leceptoi (Tanabe et al 1987) Howevei to 
date no functional correlates have been demonstrated foi them Smnlaily, putative 
phosphoiylation sites have been identified which could be substrates foi a C a 2 + -
dependent kinase or phosphatase (Jahn et al 1988, Chang et al 1991 Ma et al 
1992) 

Independent functional studies have identified seveial C a 2 + sites on the DHP 
íeceptoi which aie mipoitant foi modulating the distnbution of chaige m the avail 
able state Howevei none of these sites appears to match the profile of the 'availabil­
ity site1 íevealed by this study Rios et al (1990) chaiacterized a C a 2 + site termed 
the 'priming site' which is accessible fiom the extiacellulai space and whose affin­
ity is modulated by membiane potential C a 2 + bound to the site maintains chaige 
in the lestmg oi available state but dissociates upon depolanzation, theieby con­
verting chaige into inactive states Schnier et al (1993) estimated the dissociation 
constants foi C a 2 + from this site to be < 5 x fO 8 molai in the lestmg confirma­
tion, and > 35 nnllimolai for the active state It is likely that the 'availability site 
suggested by oui íesults is distinct fiom the 'priming site' since nitiacellulaily ap­
plied BAPTA should not have access to the lattei Moieovei, nuclei oui conditions 
of extiacellulai C a 2 + , L n 3 + L C d 2 + , the DHP íeceptoi is expected to be highly 
stabilized m the available state at the 'pi immg site' Thus, oui íesults suggest that 
at least two C a 2 + sites may contiol whethei the DHP leceptoi is available to move 
upon depolanzation It is possible that moie than one tiansition may lead to the 
available s tate one contiolled by the external 'pinning site' and one by the inter­
nal 'availability site' The internal C a 2 + site identified m oui study may contiol a 
tiansition fiom an unavailable (but not necessaiily inactive) state to the available 
state 

Rios and collaboiatois have also pioposed the existence of internal low affinity 
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(A'rf ~ 16-20 i/mol/1 Pizairo et al 1991, 10 yimol/1 Shnokova et al 1994) C a 2 + -
sites teimed the '7 sites', which bind leleased C a 2 + on 01 near the DHP leceptoi 
and mciease the local suiface potential The added depolanzation causes more 
chaige to move, generating additional Q1 chaige movement 111 a positive feedback 
manner Thus the 7-sites promote the transition fiom the resting 01 available state 
to the active E C coupling confoimation In comparison the availability site' 
contiols a different t iansition from unavailable to the resting or available s tate and 
can modulate the amount of initial charge available to undergo the depolanzation 
dependent tiansition Based on this profile, the availability site' íevealed 111 this 
study appears to be sepaiate fiom the '7-sites' unless the same site can modulate 
both tiansitions 

Some lecent studies of C a 2 + channel cunents 111 skeletal muscle may be rele­
vant to the availability site' for charge movement Feldmeyei et al (1993) showed 
that the C a 2 + current giadually declined and eventually was completely inhibited 
in fiog fibeis peifused with intracellular BAPTA 01 ruthenium red, a blockei of SR 
C a 2 + íelease They concluded that C a 2 + íelease fiom the SR regulates the skeletal 
muscle L-type C a 2 + channel, and speculated that binding of Ca 2 + to an internal 
site may be mipoitaiit foi maintaining channel activity Chaige movement was not 
measuied m that study but a decline in C a 2 + a n i e n t is consistent with a 1 educed 
numbei of channels 111 the available state 

Recently Fleig and Pennei (1995, 1996) íepoit that a subset of silent C a 2 + 

channels become pinned by stiong and long lasting depolarizations to conduct 
C a 2 + CUIH nt upon lepolan/a t ion, geneiating excessive tail cunen ts They a t t n b u t e 
tins to a dnect interaction between the DHP sensitive C a 2 + channel and íyano-
dme leceptoi dunng depolan/at ion and speculate that a similai mechanism may 
underlie the phenomenon of voltage dependent facilitation of the C a 2 + eunen t 
(Sculptoieanu et al 1993 Fleig and Pennei 1996) This mechanism 111 which the 
ryanodine leceptoi not released C a 2 + ions, inteiacts with and 'primes the C a 2 + 

channel likewise diffeis fiom the availability site' mechanism postulated heie 

In summaiy moleculai and functional studies have identified a numbei of pu­
tative C a 2 + sites on the DHP leceptoi /skeletal C a 2 + channel Results of this woik 
suppoit da ta fiom other studies that suggest that the s tate of the channel and /or 
the numbei of activatable C a 2 + channels is influenced by local, dynamic C a 2 + 

changes 111 the junctional gap in a depolarization dependent mannei Cleaily more 
studies are needed to integrate data fiom chaige movement and calcium a n i e n t 
measurements, and to identify the underlying stiuctuie-function lelationslnps at 
the molecular level 
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