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Triadic Ca’** Modulates Charge Movement in Skeletal Muscle
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Abstract. The effects of intiacellulan Ca?* changes on chaige movement 1n fiog
sheletal muscle weie wmvestigated using lugh concentrations (10-20 mmol/l) of
buffers with different abilities to buffer Ca’t at distances close to the SR Ca®*
release channels In BAPTA compated with EGTA peifused fibers charge move-
ment was attenuated and lacked the chaiactenstic kinetic features (I3 and I.) of
E-C coupling chaige movements Q.. decieased by 9 nC/pF. V5,4 was shifted
1 6 mV to moie negative potentials and the steepness factor mcieased by 3 5
mV Results of varying the holding potential suggested that BAPTA decicases
the amount of charge available to move upon depolatization Rawsing mtracellula
Ca’t to miciomolar levels at a fined BAPTA concentration prevented the dechne
m Quax. suggesting that mtiacellula Ca?t can modulate the amount of chaige
that 15 1 the resting o1 available state The different results obtamed with BAPTA
and EGTA can be explamed by the gieater abihty ot BAPTA to buffer dynamic
Ca’* changes at distances close to the 1elease sites These results are consistent
with the proposals that an mtiacellular Ca?™ site on o1 near the dihvdiopyiidine
receptor termed here the ‘ayalability site’, modulates the amount of chaige ay ail-
able to move upon depolanzation and 15 noimally populated by Ca*t released mto
the tiiad junction during activity
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Introduction

Charge movement 1eflects conformational changes on the sheletal muscle dihy-
diopyiidime (DHP) 1eceptor which controls the openng of Ca’t 1elease chan-
nels/tyanodine 1eceptors on the sarcoplasmuc icticulum (SR) dunng exctation-
contraction couphng (E-C couplng) Ca** 1eleased mto the tiad junction diffuses
to troponin wheie 1t binds to the activator sites for contiaction

High concentiations of the mtracelular caleinm buffer EGTA are commonly
used to 1ecord charge movement in cut sheletal muscle fihets EGTA bufters the
Ca?™ that would notmally 1each troponin theieby pieventing contiaction Because
of 1ts slow ON 1ates however EGTA 15 not expected to buffer fast Ca?t chaunges at
distances closer to the release sites Within the nariow gap between the tiansveise
tubules and SR at the tnadic junctions Ca?¥ levels mav 11se an order of magnitude
greater than m the bulk myoplasm (Pizairo et al 1991) BAPTA a calcium buffer
derrved from EGTA but with a faster ON 1ate 15 a potentially moie useful tool
for mampulating dynamic Ca?* changes at distances close to telease sites (Tsien
1980) In sheletal muscle BAPTA 1s expected to buffer fast Ca?* changes effec tively
to within 15 25 nm of the 1elease channels (Neher 1986 Stern 1992 Anderson and
Merssuer 1995 Jong et al 1996)

In this study we mvestigated the effects of mtiacellular Ca?t on chaige move-
ment, usig the different buffer kinetics of EGTA and BAPTA to separate the
effects of tnadic and myoplasmie Ca?t changes We found dramatic differcnces m
chaige movement that depended on whether EGTA o1 BAPTA was used to bufter
wtiacellular Cat These esults are explamed by proposiug that there 15 an wtia-
cellular Ca?t <ite on the DHP 1eceptor which can modulate the amount of chaige
available to move upon depolanization and 15 normally populated by Ca® 1eleased
wto the triadic space dunimg activity

Materials and Methods

Prcparation

The ¢xpermmental preparation protocols and 1ecording appatatus were essentially
the same as descuibed pravioushy (Hewny and Jong 1990, Jong et al 1997) DBiiefly
single cut sheletal muscle fibers from the semtendmosus musde of Rana cateshiana
were voltage-clamped using the vaseline gap method To mmprove the exchange
of mteinal solution the fibcr segments 1 the end pools were tieatcd buefly (1

2 nun) with a low concentiation of saponin (0 01% m a Cs-glutamate mternal
solution) Theieafter the cut ends were 1msed thoroughly and perfused with a
Cs-glutamate mternal solution without saponm Tlus tieatment also unproves the
quality of voltage clamp contiol by 1educing voltage mhomogeneities under the
vaseline seals (Gonzalez and Rios 1993) The holding potential was =90 mV, except
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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 corner 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 1n 1esponse to test pulses of 200 ms duration superimposed on the
holding potential Linear leak and capacity curients were subtiacted off-line using
a small scaled contiol pulse applied fiom a subtiacting holding potential of —110
mV An alternate correction for hnear leak and capacity was used for measurements
of chaige 1n depolanzed fibers, as described 1n the legend to Fig 4

Solutions

The composttion of the recording solutions 1s given i Table 1 The solutions weie
designed to eliminate all 1onic cunients The osmolaity of internal and external so-
lutions was adjusted to 235 and 255 mOsm (& 5 mOsm), respectively The pH was
71 at 8°C The fice Ca’t concentration of the external solution was estimated as
1 mmol/1 The fiee Mg+ concentiation of the mternal solutions was kept constant
at 1 mmol/l The wmnteinal solutions contamned 10 20 mmol/l EGTA o1 BAPTA,
yiclding an estumated pCa, of 9 pCa, was 1a1sed for the experiments desciibed n
Table 4 by adding CaCl, to solution C pCa, and pMg, values were estimated fiom
pubhshed constants for the complexes of EGTA BAPTA CP, ATP, SO, and glu-
tamate with protons, magnesium and calcium An iterative program solved for the
concentrations of the complexes using published equilibiium constants (Martell

Table 1. Solutions

Internal/end pools (mmol/1}

Solution ('sGlu EGTA BAPTA MOPS Na,(P Na,ATP MgSO,; CaCl; glucose pCa

A 70 20 0 10 b) g 648 0078 5 9
B 50 0 20 10 5 5 683 0039 5 9
C 66 0 10 10 5 5 638 0019 5 9

External/central pool (mmol/1)

Solution TEA;SO4 ('s50; MOPS CaSO4 MgS0s4 ('dSO4 LnCls TTA(pmol/1)

D 85 H 5 325 05 05 01 156

EGTA and MOPS were added as the free acid BAPTA was added as the tetiacesium
salt The pH was adjusted using ('sSOH or TEA-OH
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and Smith 1974 Smuth and Martell 1976 Godt and Lindley 1982) An equilib-
rium constant of 400 nanomolar was assumed for the CaBAPTA complex under
physiological conditions (Hairison and Bers 1987) Constants for the complexes of
BAPTA with protons were taken fiom Tsien (1980) Because BAPTA 1s laigely
tetravalent and EGTA 1s laigely divalent at pH 7 the BAPTA containing nter-
nal solution 1s expected to have a higher 1onic strength than the EGTA solution,
for the same osmolarity The estimated 10nic strengths of the BAPTA and EGTA
mternal solutions were 283 and 183 iespectively Alternatively, for physiological
measurenients 1onic equisalents mav be the moie relevant parameter (Godt and
Maughan 1988) The 1onic equivalence of the BAPTA and EGTA solutious were
160 and 145 1espectively All experunents were performed at a temperature of 8
+1°C

Initially we were not able to voltage clamp fibers for moie than a few minutes
after introduaing BAPTA into the cut ends The BAPTA contamming mteinal solu
tion produced a laige mcrease i holding current which was apparent as a sloping
current baseline even on a single sweep We empnically found that adding 05 to
1 0 mmol/l Cd?* to the exteinal solution stabilized the holding curtent suggesting
that BAPTA may have altered a Ca?*-sensitive 1esting conductance o1 intioduced
a 1esting leal Fibers perfused with Cd?* external solution and 10-20 mmol/l of
mtracellular BAPTA could be voltage-clamped for 1 2 houts

Protocol for itroducing BAPTA mto the myoplasm

BAPTA was mtioduced mto the myoplasmm thiough the cut ends However, based
on the measured diffusion constant m fiog myoplasm of the closely similar com-
pound FURA 2 (Baylor and Hollingworth 1988) 1ts diffusion 15 expected to be
slow Assuming that BAPTA diffuses at a1ate sumlar to FURA 2 we estumatcd the
BAPTA concentration at the 1ecording site using a model of one-dimensional diffu

sion down 4 cylhinder for the boundary conditions of an extended mitial distiibution
in the end pools (Crank 1975) Results are shown m Fig 1 The main conclusion
from this calculation was that the BAPTA concentration m the recording pool was
not expected to reach equibibiium duiing our 1ecording times Consequently we
adopted a protocol in which diffusion was allowed to proceed at 1oom tempeirature
for 50 60 minutes aftert BAPTA solution was intioduced mto the cut ends At that
time we cooled the fiber to 8°C voltage-clamped the fiber, and began recording

Charge movement measurements were made during a time window of 60 80 nun

utes after the start of BAPTA diffusion (shaded region indicated i Fig 1) The
slow diffusion hhewise precluded the washout of BAPTA and the comparison of
EGTA and BAPTA effects i the same fiber Consequently whenever possible we
used paired fibers dissected fiom the same muscle to compaie chaige movement 1n
EGTA and BAPTA tieated fibeis
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Figure 1. Estimated BAPTA concentiation at the centel of the 1ecording pool at various
times after BAPTA was apphed to the end pools at a concentration Cpax The calculation
assumes an apparent diffusion coefficient 0 4 x 107° cm?/s taken from the apparent diffu-
sion coefficient of FURA-2 m frog myoplasm at 16 17°C (Baylor and Hollingworth 1988)
Shaded aieas represent the time window during which chaige movement was recorded
typically 60 80 nunutes after the start of BAPTA perfusion At this tine the expected
BAPTA concentration 1 the central pool was 3 1 16 mmol/1 for Solution B (20 mmol/!
BAP1TA) and 17 2 3 mmol/l fo1 Solution C (10 mmol/l BAPTA)

Results

Dependence of charge movement properties on the wdentity of the wntracellular cal
crum buffer Dufferential effects of EGTA and BAPTA

Fig 2 compaies 1epresentative chaige movement curients 1ecorded 1 response to
test depolaiizations over the range —50 to 0 mV using erther 20 mmol/l EGTA
or 20 mmol/l BAPTA as the calcium buffer Under these conditions 1esting my-
oplasmic fiee Ca?t 1s estimated to be ~ 1072 mol/1 With EGTA, charge movement
curtents display the charactenistic kinetic features reported for sheletal 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 depolatizations above —40 mV, the ON charge
movement cuirent has at least two hinetically distinct phases consisting of an early
rapid decay and a delayed ‘hump’ These features aie similar to those reported by
other laboratories for the Q3 and -, components of chaige movement (cf review
Rios and Pizairo 1991) which are most apparent in ON charge movement currents
at voltages neai thieshold for Ca®* 1elease At 0 mV, both components decayed
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Figure 2. ( harge movement curtents recorded at the mdicated test potential using either
FGTA (1) o1 BAPTA (B) i the intiacellular calaium buffer Data weic obtamncd from
two fibers dissected fiom the same muscle and perfuscd with ather 20 mmol/l LGTA
(fiber rcference 110692a) or 20 mmol/l BAPTA (fiber reference 110692b) Lquiltbiium
fiber parameters are given mm Table 2

rapidly and meiged together OFF chatge movement curtents decaved monotom
cally upon rcturming to the holding potential fiom all test potentials In contrast
charge movement currents recorded with BAPTA were significantly attcnnated and
had no appatent I, component at any voltage

We next compared equilibiium chaige movement paramcters m EGTA and
BAPTA solutions Fig 34 shows the chaige voltage distuibution obtained from
the same fibers as 1 Fig 2 perfused with either an EGTA (filled circles) o1 a
BAPTA coutammmg mternal solution (open cucles) In this expeniment Q. was
significantly less m the BAPTA compaied with the EGTA peifused fiber (125
nC/pF versus 28 0 nC/puF, 1espectively) and & was significantly greater (11 8 versus
6 1 mV 1espectively) 1,4 was not significantly different (=39 6 versus —38 7mV
respeetively) Fig 3B displays the same data, normalized to illustiate the decreased
steepness 1 BAPTA

Table 2 summatizes the equihbnum chaige movement parameters obtained
ftom all fibers peifused with either EGTA (a) ot BAPTA (b) Table 2¢ compates the
differences m gioup means of the EGTA and BAPTA fibeis Table 2d compaies the
mean differences m these patameters when only pawed fibers fiom the same muscle
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Figure 3. A) Equilibiium chaige voltage distiibutions in EG LA (solid circles continuous
Iine) and BAPTA (open ciicles, dashed line) solutions, obtained from the same fibers as
Fig 2 The smooth lines aie fitted values obtained using a two-state Boltzmann model
B) Same data normalized to maximum charge
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Table 2. Fiber parameters compated in EGTA and BAPTA containing internal solutions

a) 20 EGTA Internal

Fiber Ref C TNek Qnx Viud A
(uF/em?)  (uA/pF)  (nC/uF) (mV) (mV)
110692a 11 06 090 27 98 —38 69 609
111792a 10 01 103 30 66 —3574 351
111992b 9 21 120 21 80 —28 21 511
102092a 806 103 26 60 —24 55 718
102092b 711 137 26 43 —-2190 10 32
102392a 8 07 094 3113 —23 18 781
102792b 718 0 60 30 51 2583 1169
102992a 972 0 86 2981 —3267 10 36
1029921 10 40 069 3310 —34 67 5 06
Mean £ SE M 90+05 10401 28711 29519 75+09
b) 20 BAPTA Internal
Fiber Ref Con Dean Qv Vind A
(,uf‘/(mz) (pA/uFY  (nC/uF) (mV) (mV)
110692b 1103 156 12 19 —30 56 11 &1
11792h L3t 1 3t 20 11 —3H 69 &5 74
111992a 950 149 15 31 —30 &4 10 12
111192b 732 (096 17 95 —38 01 RT3
110292a 1413 101 19 26 —30 N6 1119
110392a 10 33 1 50 2300 —3992 9 1l
110392b & 33 150 2301 — 31867 1329

Meau = S E M 103+£08 13+£01 19618 —=337x14 105£07

c) Differences i gronup micans obtamed fiom all fibers grouped data for BAPTA (n =7)

and EGTA (n=9)

Al '771 A]lewk AQm WX Al m } Ak
(pI'fem?) (A pF)  (nC/uE) (inV) (mV)

Mean I 4 04 -91 -6 2 30
P 021 0 008 0001 003 002

d) Mean differences m values om paired fibars (BAPTA  KGTA)

A('m A11(=1] Aczmwx Al miel Ak
(ul fem?)  (pA/uF)  (nC/uF) {in\) (mV)

Mean £ SEM (n=13) 053+024 04+£01 ~-91%x19 —-11+05 5301
P 033 008 011 0 2% 0002
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were mcluded On average Quax was teduced by 9 nC/uF in BAPTA compated
with EGTA peifused fibeis, V0 was shifted 1 6 mV to more negative potentials
and the steepness factor increased by 3 5 mV We consider the panred group to be
the most 1eliable data, since we have observed m general that chaige movement
parameters are moie stmilai 1 fibers fiom the same muscle than fiom different
muscles Howevel, the significance was less 1 the paned group, as expected fiom
the greater variance with a small sample These effects could not be attuibuted
to changes i hnear fiber partameters Membiane capacity (C,,) was similatr 1 the
EGTA and BAPTA solutions but theie was a tendency for fibers in BAPTA to
develop mote leak assessed as the steady cutrent ([je. ) measured at the end of a
pulse to —120 mV fiom the holding potential ... was 40% gieater in the BAPTA
than 1 the EGTA solution Changes m ., could have 1esulted fiom changes
mm a sarcoleminal or T-system 1esting conductance o1 seal leak The fact that
the wmecrease m I, was not accompanied by a change in membrane capacitance
mplies that the amphtude of the voltage change wm the T-system which 1s the
mmmediate diving force for chaige movement, was not sigmificantly different in the
two solutions (Ashaioft et al 1985)

Effect of holding potential on the charge measurcd 1 BAPTA perfused fibers

The finding that the heties and voltage-dependence of charge movement differed
depending on whether EGTA o1 BAPTA was used to bufter caletum was not ex
pected smce the buffers have appronunately the same equlibiium capacity and
affimty for Cat This disciepancy prompted us to mvestigate the basis for these
differences

In BAPTA less chatge moved upon depolatization m the voltage range pos-
itive to the holding potential The chaige that remained moved with a less steep
voltage-dependence and without the characterstic hinetic featmes (Qy and Q)
that define E-C coupling charge movements These features are smular to those
of fibers subjected to prolonged depolarization which causes the disappearance of
chaige that moves over the voltage 1ange —90 to 0 mV (Chaige 1) and the ap-
peatance of a chaige (Charge 2) that moves over a mote negative voltage 1ange
with a significantly broader voltage-dependence (Adiian and Almers 1976 Chan-
dler et al 1976) Chaige 2 may 1eflect an mactivated confoimation of the DHP
1eceptor 1esulting from a voltage-modulated state change (Bium and Rios 1987),
ot alternatively 1t may be a sepaiate spectes of chaige (Huang 1993)

We therefore considered the possibility that BAPTA might produce an effect
on charge movement sunilar to snstamed depolarization  that 15, 1t might reduce
the chaige that 1s available to move upon depolaiization and increase the chaige
that moves at moie negative voltages To test this we measuied chaige movement
1n both polatived (holding potential —120 mV) and depolanized fibers (holding
potential = 0 mV), m 10 mmol/l BAPTA The 1esults ae shown mn Fig 44
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Figure 4. Effect of holding potential on charge movement 1n fibers perfused internally
with 10 mmol/l BAPTA The chaige-voltage distributions were obtamed using a holding
potential of =120 mV (Q — V 1, 0) or 0 mV (Q — V 2, ¢) A) Charge moving from
the depolarized holding potential was 1ecorded using the pulse protocol shown (inset) m
which the test pulse was preceded by a hyperpolanzing conditioning pulse to minimize
1onic currents flowing i this voltage range (Brum and Rios 1987) A positive going control



Triadic ('a?t Modulates Charge Movement 69

Hypetpolanzing the fiber to —120 mV (Q-V 1, open circles) 1s expected to r1ecruit
all of the chaige available to move upon depolatization (Chaige 1) In this fiber,
Qmax was 33 6 nC/uF, Via was ~38 6 mV and A = 12 0 mV The mean values for
three similar measurements aie given 1n Table 3, 10w 1 On average, Qumax was 63%
gireater 1n the hypeipolaiized, BAPTA peifused fibets than in fibeis held at —90
mV (Table 2b) Vi,q4 and A were within the range of values measured fiom the —-90
mV holding potential Thus 1t appeais that membrane potential can reveise some
ot the teduction mn Chaige 1 that was observed with BAPTA at the noimal —90 mV
holding potential, making additional chaige available to move upon depolatization
On the other hand, when fibers weie held at 0 mV (@ V" 2, closed cucles), more
chaige moved than in polarized fibers and 1t had a less steep voltage-dependence,
10sulting 1 a bioad chaige distribution extending from —180 up to 0 mV

A similar 1esult was obtaimned when this measuiement was 1epeated using an
alternative pulse piotocol (Szucs et al 1991), as shown in Fig 4B Table 3 sum-
maiizes the effect of holding potential on the distuibution of chaige measuied fiom
cither a polanzed o1 depolanized holdmg potential Quax 1 polarized fibers was
wmcereased fuither by hyperpolatization (~120 mV compared with —90 mV HP)
Additionallv miespective of the method used to measure Chaige 2 (Qnnx 1n depo-
lanized fibers was laiger than i polanized fibers held at —120 mV, 1ts midpomt was
shifted to moie negative potentials and A mcieased Thus, the voltage dependence
of the chaige that moves in depolarized fibers 15 such that 1t would alter the chaige
measuted fiom the standard —90 mV holding potential 1if 1t were present wm noi-
mally polarized fibers (Hur and Chandler 1990) If BAPTA maeased this chaige
the net 1esult wounld be that the measuted Charge 1 would be reduced shifted
to mote negative voltages and have a smaller apparent valence Taken together
these tesults are consistent with the idea that BAPTA may be dowg something
equivalent to sustained depolanization  that 15 1t may promote the movement of
cliarge into an unavailable o1 mactive state The fact that hy perpolatization can re-
verse some of the reduction m chaige produced by BAPTA wdicates that BAPTA

pulse (0 to +30 mV) was used for both polarized and depolatized holding potentials to
avold contiibutions to the control pulse from Charge 2 moving near the notmal —90 mVv
holding potential This 15 expected to minimize any possible tesidual chaige moving in
contiol pulses Additionally the use of saponin 1 the cut ends effectivelv ehminates volt-
age mmhomogeneities under the vaseline seals 1educing changes 1n steepness due to charge
moving 1n these regions (Hur and Chandler 1990 Gonzalez and Rios 1993) The smooth
lines 1epresent a fit of each data set to a single Boltzmann function I'itted parameters
for Q —V 1 were Qumx = 336 nC/puF Vi = =386 mV A = 121 mV Parameters
for @ —V 2 wete Quax = 127 nC/puF Vg = —1026 mV A = 296 mV B) Same
experiment te peated using an alternate protocol (1nset) in which mactivated chaige was
measured using the ‘stepped OFI™ protocol of Ssucs et al (1991) In this case fitted
parameters for Q —V 2 were Quax = 396 nC/uF, Viya=-940mV L =285 mV
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Table 3 Mean (Q — 1 parameters m polarized and depolarized fibers perfused with

BAPTA

HP (mV) Pulsc Protocol N Qu~x (nC/pk) Vd (mV) A (V)
—~120 simple step 3 33824+115 —1024£050 1333+£039
0 conditionimg prepulsc 3 $T81£153 —10276x025 2728 +£0094
0 stepped OFF 3 4566 £ 1 76 —8966£18% 2763015

Chaige | was determuned using a simple step trom the holding potential (/1 F) Chaige 2
was detamincd using etther v conditioming prepulse (Bium and Rios 19%7) o1 a stepped
OFF protocol {Szucs ¢t al 1991) In all cascs the contiol pulse was a step to +30 md
from 0 mV

has not elmnated charge but 1ather altered its distuibution among available and
unavailable states

Effect of mtraccllular resting [Ca*™ [ on the charge measured m BAPTA peifuscd
fibers

We next addiessed the question of whether the effects of BAPTA weie due to
its Ca?t buffering action o1 some mdnect effect In the experiments descithbed
above BAPTA was used at pCa, ~ 9 following the standaid protocol i the cut
fiber prepaiation for blocking contiaction In the next series of expariments chaige
movement was compaied at different intiacellular fice Ca?™ concentrations sclected
to test thice limiting cases These were pCa, = 9 the standaid 1esting pCa, for
chaige movement measutements pCa, = 7 near the physological 1esting Ca’¥
level and pCa, = 6 5 which 1s the just sub thieshold concentiation for eliciting
contraction The measwiements were made nsimg o HI? of =120 mV to remove
any additional effects of voltage on the Q — 1 distuibution The results are shown
m Table 4 Increasmug mtiacellular fiee Ca?t fiom pCa, 9 to pCa, 6 significantly
mcreased Q. preventing the BAPTA mduced deciease

The finding that @, .« varzes with pCa, for the same BAPTA concentiation i
dicates that the effects of BAPTA on chaige movement occur via its Ca?* huffering
actions, and not via some mdnect o1 pharmacologic mechanism This 1esult also
mdicates that the amount of chaige available to move upon depolanization ¢an be
modulated by intiacellular Ca?*t The complete Qyuax versus pCa, relationship can-
not be measuied m an 1solated fiber Nevertheless the steepest mcrease 1 Qpax
occutred over the range pCa, 7 to pCa, 6 5 (Table 4), suggesting that BAPTA 15
buffering wmtiacellular Ca?t at a site with an affimty for Ca’* 1w the mciomolar
ot higher 1ange This 15 an order of magnitude above normal testing mvoplasmic
Ca?* levels (about 0 1 gmol/1) mdicating that only activity-related Ca?t changes
could populate this site The overall concluston from these measutements 1s that
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Table 4. Effects of varying mtiacellular Ca** on the Q ~ V distribution fiom polarized
fibers (holding potential = —120 mV) perfused with BAPTA

Ca, Ca, Qm'xx Vind A
mmol/] pCa nC/uF mV mV
1 9 3382+115 —4024 £050 1333039
1 7 3888 +1 26 —4149 + 107 1547 £0 28
1 65 5241 +088 —40 86 £ 033 1538075
1 6"

“Fiber contracted m pC'a = 6, confitming the validity of the estimated A4 for BAPTA 1n
frog mvoplasm

BAPTA reduces Qmax by buffering a pool of free Ca’T that normally 1eaches supia
nucromolar levels and populates an mtracellular Ca®* site that contiols the amount
of available charge

Source of the modulator Ca’*t

The fiinding that mtracellular Ca’* can modulate the amount of available charge
does not 1 1tself explamn the different results obtamed with BAPTA and EGTA
Both EGTA and BAPTA aie expected to buffer 1esting pCa, to the nmol/l 1ange
at equilibrium This prompted us to ask what mtiacellular Cat pool 1eaches mi-
cromolar levels and would he buffered differentially bv BAPTA and EGTA? We
postulated that this could be the tiadic space wheie mtiacellular Ca?t 1eaches
supta-miciomolat concentiations duning Ca’*tielease fiom the SR additionally the
ability of BAPTA and EGTA to buffer dynamic Ca’* changes can be very differ
ent fiom then equilibiium buffering properties These differences 1esult fiom then
different ON 1ates and are expected to be greatest at distances close to the 1elease
sites (Neher 1986 Stein 1992 Jong et al 1996) Therefore we estimated the free
Ca?* concentiation at distances close to the 1elease sites under our experimental
conditions The 1esults are shown i Fig 5

This calculation shows that duning Ca’t ielease, BAPTA but not EGTA 15
expected to effectively buffer Ca?t changes near the release sites Both buffers
would effectively buffer myoplasmic Ca?* changes at distances > 100 200 nm fiom
the 1elease sites In other words, with BAPTA both titadic and myoplasmic Ca2t
changes will be buffered with EGTA, a compartmentalization of fice Ca®t 15 estab
lished wheieby myoplasmic Ca?t changes ate buffered while tiiadic Ca?t changes
g0 on cssentially unperturthed The conclusion fiom this caleulation s that the
modulator Ca?* which BAPTA 15 bufferimg 15 a local transient Ca?t pool located
within nm of the 1elease sites  1¢ within the tizadic space
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Figure 5. Lxpccted free Ca®t changes dunng activity at different distances 1 (nm) fiom
the telcase sites when (a?T buffars are prescnt m the bulk solution Based on model of
Stern (1992) using the constants apparent ., = 3x 107° em?/s [EGTA], = 10 mmol/l
[BAP 1A}, = 10 mmol/l h,, for EGTA = 25x10° mol™' s ¥, koy for BAPTA =1 7x 10’
mol '™ Iy for LGTA = I58 nmol/l Ay for BAPTA = 100 nmol/l flux thiough Ca
relcase channel = 10° 1ons/s oy the characteristic diffusion Iength for a Ca?t on was
110 nm in the EGTA solution and 5 nm i the BAPTA solution

Discussion
Major findings

The main finding of this study 1s that mmtiacellular Ca?t can modulate the amount
of chaige available to move upon depolarization The charge moved by depolariza-
tion 1epresents the chaige available to do E — C couphing The greater effectiveness
of BAPTA 1n buffering this Ca?* indicates that the modulator pool 15 located near
the 1elease channels of the SR, within the junctional gap The Ly of the site, es-
timated to be at least an o1der of magnitude above the resting myoplasuuc Ca?*
concentration, mdicates that 1t would normally be populated only duiing activity
by Ca?* 1eleased fiom the SR These 1esults are consistent with the proposals that
a Ca’* <ite on an mteinal domain of the DHP 1eceptor can modulate the amount
of charge 1n the 1esting o1 available state, and that this site 15 populated by Ca?*

1ons 1eleased mto the triadic space durmg activity We refer to it as the *availability
site’
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In cut skeletal muscle fibers perfused with EGTA, thus site 1s not populated at
1est but 1s expected to become populated upon depolaiization when triadic Ca?*
exceeds mictomolar concentiations and 1s essentially unperturbed by the buffer
Consequently, more chaige becomes available to move with the next depolarization
In BAPTA perfused fibers, this site 1s not populated either at rest or during activity
because of the greater effectiveness of BAPTA as a Ca?t buffer near the 1elease
sites Thus, the mitial distribution of charge does not change with depolaiization
We expect that mtact fibers may 1epiesent an inteimediate situation Without
added calcium buffers, their higher resting pCa, favors more charge mitially 1n the
available state, and a smaller 1edistuibution upon depolainzation

Mechamism of action and molecular identsty of the avarlability site’

Released Ca?* could alter DHP 1eceptor conformation duectly by binding to an
mnternal domain, or ndirectly, for example by activating a Ca’* dependent enzyme
which modifies the channel Molecular studies have identified several putative Ca®*
sites on inteinal domains of the DHP 1eceptor (Tanabe et al 1987) However to
date no functional correlates have been demonstiated for them Sunilaily, putative
phosphorylation sites have been 1dentified which could be substiates for a Ca®*-
dependent kinase or phosphatase (Jahn et al 1988, Chang et al 1991 Ma et al
1992)

Independent functional studies have identified several Ca’* sites on the DHP
receptor which are important for modulating the distiibution of chaige m the avail
able state However none of these sites appears to match the profile of the ‘availabil-
1ty site’ 1evealed by this study Rios et al (1990) characterized a Ca* site termed
the ‘priming site’ which 1s accessible fiom the extiacellular space and whose affin-
ity 15 modulated by membiane potential Ca?t bound to the site maintains chaige
i the 1esting o1 available state but dissociates upon depolaiization, thereby con-
verting charge mto 1nactive states Schnier et al (1993) estimated the dissociation
constants for Ca?* from this site to be < 5 x 10 ® mola1 1n the 1esting conforma-
tion, and > 35 millinolai for the active state It 1s likely that the ‘availlability site
suggested by our 1esults 1s distinet fiom the ‘priming site’ since mtracellulaily ap-
phed BAPTA should not have access to the latter Moreover, under our conditions
of extracellular Ca*t, Ln3t & Cd?*, the DHP 1eceptor 15 expected to be highly
stabihzed 1 the available state at the ‘pruming site’ Thus, our 1esults suggest that
at least two Ca?*t sites may contiol whether the DHP receptor 1s available to move
upon depolanization It 15 possible that moie than one tiansition may lead to the
avallable state one contiolled by the external ‘priming <ite’ and one by the mter-
nal ‘availability site’ The wternal Ca?* site identified 1 our study may control a
transition fiom an unavailable (but not necessarly mactive) state to the available
state

Rios and collaborators have also proposed the existence of mternal low affinity
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(K4 ~ 16-20 pmol/t Pizaiio et al 1991, 10 pmol/l Shirokova et al 1994) Ca?*-
sites teimed the ‘v sites’, which bind 1eleased Ca’* on o1 near the DHP 1eceptor
and 1ncrease the local suiface potential The added depolarization causes more
charge to move, generating additional (2, charge movement 1 a positive feedback
manner Thus the y-sites promote the transition fiom the 1esting o1 available state
to the active E C coupling conformation In comparison the availability site’
contiols a different tiansition from unavailable to the resting o1 available state and
can modulate the amount of mtial charge available to undeigo the depolarization
dependent tiansition Based on this profile, the availability site’ 1evealed 1n this
study appears to be separate friom the ‘y-sites’ unless the same site can modulate
both tiansitions

Some 1ecent studies of Ca?t channel cuttents i sheletal muscle may be rele-
vant to the availability site’ for charge movement Feldmeyer et al (1993) showed
that the Ca?t current gradually declined and eventually was completely mhibited
1 fiog fibers perfused with intracellular BAPTA o1 1uthenium red, a blocker of SR
Ca?t 1elease They concluded that Ca?t 1elease fiom the SR regulates the sheletal
muscle L-type Ca?* channel, and speculated that binding of Ca?* to an nternal
site may be important for mantaining chanuel activity Chairge movement was not
measuied 1 that study but a decline m Ca®*t curient 1s consistent with a 1educed
numbet of channels i the available state

Recently Fleig and Penner (1995, 1996) 1eport that a subset of silent Ca?*
channels become prncd by stiong and long lasting depolatizations to conduct
Ca? curient upon repolaization, generating excessive tail cutients They attiubute
this to a duect mteraction between the DHP sensitive Ca?t channel and ryano-
dine 1eceptor durmg depolatization and speculate that a stmlar mechanisin may
underlie the phenomenon of voltage dependent facihitation of the Ca®* cuirent
(Sculptoreanu et al 1993 Fleig and Penner 1996) This mechanism m wlhich the
ryanodine 1eceptor not 1eleased Ca?* 1ons, mteracts with and ‘primes the Ca’t
channel ikewise differs fiom the availability site’ mechanism postulated heie

In summaiy molecular and functional studies have 1dentified a number of pu-
tative Ca?* sites on the DHP 1eceptor /sheletal Ca?t channel Results of thus work
support data from other studies that suggest that the state of the channel and/or
the number of activatable Ca?* channels 15 mfluenced by local, dynamic Ca?*
changes 1 the junctional gap 1n a depolarization dependent manner Cleaily more
studies are needed to mtegrate data fiom chaige movement and calcium curient
measutements, and to identify the underlying stiucture-function relationships at
the molecular level
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