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Stimulation-dependent Redistribution of Charge
Movement Between Unavailable and Available States

K STROFFEROVA* AND J A HEINY

Department of Molecular and Cellular Physiology
Unwersity of Cincannatr College of Medicine
Cincinnaty, USA

Abstract. A previous study (Stioffekova and Hemy 1997) demonstiated that
changes mn 1esting, mtracellular fiee Ca?* can modulate the amount of charge which
15 available to move upon depolarization and do excitation-contraction-coupling
(E-C coupling) Charge movement ieflects voltage-diiven conformational changes
of the dihydiopyiidine 10ceptor which couple membiane excitation to Ca’* re-
lease fiom the saicoplasmic reticulum (SR) and contiactile activation (¢ f 1eview

Melzer et al 1995) The piresent study demonstiates that dynamic changes n fiee
Ca’t that occwr m the tuadic gap during SR Ca?™ 1elease can likewise produce a
stimulation-dependent mciease m the amount of available charge Thus this mod-
ulation occuis 1m the physiological tange of Ca’t changes that occur 1n the tiad
duning normal muscle activity The modulation of chaige movement by mtiacellular
Ca’T was tapid and mamtamed, 1t occurted within 2 3 suptathreshold depolaiza-
tions and 1emained for 5 10 mmutes It could be prevented by mtracellular BAPTA
and by depleting the SR of Ca?t but not by EGTA o1 agents hnown to alter 1on
channel phosphorylation These 1esults ate explained by a model m which a Ca?t
binding site on o1 near the voltage-sensot 15 normally populated by Ca®* 10ns 1e-
leased 1uto the titadic junction during activity and modulates the distuibution of
voltage sensors hetween available and unavailable states

Key words: Exatation-contiaction coupling — Sheletal muscle — Chaige move-
ment

Introduction

In a previous 1eport (Stroffekova and Heiny 1997) we proposed that a Ca*t binding
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site on an mternal domain of the skeletal muscle dihydropyiidine 1eceptor, termed
the ‘availability site’, can modulate the amount of chatrge available to move upon
depolarization The chaige that moves upon depolatization 1epresents the charge
available to do excitation-contiaction couphing (Melzer et al 1995) Charge move-
ment reflects voltage-duven conformational changes of the dihvdiopytidine 1eceptor
which couple membiane excitation to Cat yelease from the SR and contractile ac-
tivation (¢ f review Melzer et al 1995) Based on the gieater abihty of BAPTA
compated with EGTA to buffer Ca?t at this site we concluded that this site 15
normally populated by a local Ca?t pool withm the tiiad junction

In cut fAbers this site 15 not normally populated at rest because mtiacellular
Ca?t 15 buffered to pCa < 9 Howevel. when testing Cat was 1a1sed to physio-
logical 1esting levels of pCa 7 and above, mote chaige became available to move
upon depolatization The steepest mcrease m chaige occuried over the 1ange pCa
7 to pCa 65, near the thieshold for contiaction This finding suggests that the
postulated site functions m the range of physiological tiiadic Ca?t changes during
normal muscle activity

In the present study we mvestigated whether dynamic Ca?t changes mn the
tnadic gap during Ca* 1elease fiom the SR can modulate the maximum amount
of chaige by this mechanism We found that 1epetitive suprathreshold depola-
11zations were able to mciecase the maximum amount of chaige moved 1 a time
and stimulation-dependent manner This 1esult 1s consistent with the idea that the
availability site functions over the noimal range of dynamic Ca*t changes m the
titad junction, and modulates the amount of chaige available to do E-C' couphng

Materials and Methods

The experunental preparation, protocols, and 1ecording appaiatus wete essentially
the same as desciibed previously (Hemy and Jong 1990, Jong et al 1997 Stroffekova
and Hewny 1997) Buefly, single cut skeletal muscle fibers fiom the semitendimosus
muscle of Rana catesbriana weie voltage-clamped using a vaseline-gap method The
cut fiber ends were permeabilized buefly (1 2 min) with saponmn (0 01% m a Cs-
Glutamate internal solution) and thereafter were perfused with a Cs-Glutamate
wternal solution The holding potential was —90 mV Pulses were applied to the
fiber and data was acquited using a mictocomputer-based pulse generation and data
acquisition system The command pulse to the voltage clamp was low-pass filtered
at a corner fiequency of 3 kHz with an 8-pole Bessel filter Membiane currents weie
filtered at 1 2 kHz using an 8-pole Bessel filter hefore hemg digitized

Chaige movement curitents wete elicited m 1esponse to test pulses to 0 mV for
200 ms The maxunum chaige movement, Quax, was obtained by mtegiating the
chaige moved at 0 mV Linear leak and capacty cutrents were subtiacted off-line
using a small scaled contiol pulse that was apphed after each test pulse fiom a
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subtiacting holding potential of —110 mV For 1epetitive stimulation, ten identical
test pulses were applied once every 6 seconds (0 17 Hz) The maxunum charge
measured at each test pulse, @,,, was noimahzed to the charge measuied at the
final pulse, Q10 The measurements weie expressed as mean + SD Significance
was judged at the P < 005 level

Table 1. Experimental solutions

Inteinal/end pools (mmol/1)
Solution CsGlu EGTA BAPTA MOPS Na;CP Na,ATP MgSO4 CaSO4 glucose pCa

A 76 10 0 10 5 5 580 0023 5 9
B 66 0 10 10 5 5 6138 0019 5 9

External/central pool (mmol/1)
Solution TEA,SO, (sSO; MOPS CaSOs MgSO; CdSO; LnClz TTX(pmol/l)
C 85 5 5 325 05 05 01 156

EGTA and MOPS were added as the free acicd BAPTA was added as the tetracestum
salt The pH was adjusted using CsOH or TEA-OH

The composition of the 1ecording solutions 15 given m Table 1 The solutions
were designed to eliminate all 1onic cutients The osmolanty of internal and external
solutions was adjusted to 235 and 255 mOsm (& 5 mOsm), 1espectively The pH was
71 at 8°C The fice Ca* concentration of the exteinal solution was estimated as 1
mmol/l The fiee Mg?* concentiation of the imternal solutions was kept constant at
1 mmol/l The internal solutions contained 10 mmol/l EGTA o1 10 mmol/i BAPTA
yielding an estimated pCa, of 9 pCa, was taised by adding CaSO4 to solutions A
ot B Paired fibeis dissected from the same muscle weie used for comparisons of
chaige movement measuted in the EGTA and BAPTA contaiming internal solutions
(Solutions A and B, Table 1) All experiments were performed at a temperature of
8§+ 1°C

Results
Effect of rmsing triadic Ca*t concentration on the mammum charge movement

We first tested whether dynamic increases in wmtracellular Ca’* during activity
can wmciease charge movement, and measured the onset of the effect During Cat
release, the Ca’t concentration in the tnadic space neat the release sites 1s expected
to nse rapidly and to greatly exceed 1esting myoplasmic levels, 1eaching the tens
of miciomolar 1ange within a few milhiseconds
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Figure 1. Effect of repetitive depolatization on the maximum charge measuied at 0 mV
i paned fibers perfused mtracellularly with erther the 10 mmol/l EGTA (filled cucles)
o1 10 mmol/l BAPTA (open circles) mternal 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 maximum
chatge measured during each pulse, Q. was normalized to the charge measuied at pulse
number ten, Q10 Data points 1epresent the mean of measutements from three pairs of
fibers Error bars were within the width of the symbols 4) p('a ~ 9, B) After changing
the internal solution to one contaming the same buffer but with pC'a raised to 73
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Fig 1A examines the effect of 1epetitive suprathreshold stimulation on the
maximum charge measured from paired fibers perfused with an internal solution
containing either 10 mmol/l EGTA o1 10 mmol/l BAPTA as the Ca’t buffer,
without added Ca2?* (pCa < 9) In the EGTA peifused fiber, the maxiunum chaige
increased with mcieasing pulse number, 1eaching a steady value after 2-3 pulses
This was within 6-12 seconds after the fiist depolarization The chaige moved
at the last pulse, Q10 was 20% greater than the mmtial chaige, )1 After a rest
of 5-10 minutes, the chaige Q1 1eturned to the mitial value In contiast, no m-
crease 1 charge occurred i the paired BAPTA perfused fibers (filled symbols)
Thus BAPTA was able to pirevent the stimulation-dependent inciease in charge
movement

Fig 1B shows the 1esults of sinilal measuiements starting from a pCa of 73
(50 nmol/l) The mtial chaige 18 stmilax to the chaige measured at a 1esting pCa
of 9 (Stroffekova and Hemy 1997) Again, the chaige mcieased during the first 2-3
pulses and Q0 measured after ten depolarizations was about 20% greater than the
charge measuied at the first pulse After a 1est of 5-10 minutes, the chaige @
retuined to the imtial value The increase in chaige did not occur 1 the BAPTA
perfused fibers at either pCa value The mean data from these measurements 1s
summatized i Table 2 The charge measured at the first and last pulse was sig-
nificantly different i the EGTA (P = 001 and P = 005 for pCa 9 and 73
1espectively) but not m the BAPTA perfused fibeis (P > 08 for pCa 9 and 7 3)

Table 2. Effect of 1epetitive suprathreshold stunulation on the maximum amount of
charge available to move upon depolaiization Mean data (n = 3) from same fiber pairs
described 1n Fig 3 @1 1s the mean charge measured at pulse #1 and Q1o 15 the mean
charge measuied at pulse #10

C'ondition Q1 Qo Q1o — Q1 Q10/Q1
(nC/uF) (nC/uF) (nC/ul)

EGTA, pCa 9 15514022 18 69 £ 063 318+ 050 116003

EGTA, pCa 73 1584021 1983165 3984012 127+004

BAPTA, pCa 9 13974079 1375+ 069 —-022+010 098 +£001

BAPTA, pCa 73 1243 £ 147 12714102 02804t 1021003

Tlus 1esult 1s consistent with our pievious finding that the maximum amount
of chaige that moves upon depolanization 1s not static but can be increased by
increasing mtracellular fiee Ca’t (Stroffekova and Heiny 1997) Additionally, 1t
demonstiates that charge movement can be incieased 1apidly by the dynamic local



84 Stroffehova and Heiny

Ca’t mcieases that occur dunng activity These aie expected to transiently 1aise
tiadic Ca®t levels fiom a 1esting pCa ~ 7 to above pCa 6 BAPTA was able to
prevent the stimulation-dependent increase because 1t more effectively buffers Ca?t
at distances m the triadic space Under these conditions although EGTA effectively
buffers 1esting Ca?* uniformmly thioughout the myoplasm, it 15 not expected to
buffer 1eleased Ca?™ effectively at distauces less than about 100 nm from the 1elease
sites With EGTA, contraction 15 prevented while the normal dynamic tradic Ca’*
changes continue essentially unperturbed

Table 3. Effect of holding potential (H P) and calcium cuiient blockers on the stinulation-
dependent increase 1 (Jm.x Mean data (n = 5)

Condition Q1 Q1o Q10 — 1 Q1o/h
(nC/uF) (nC/uk) (nC'/puF)

EGTA HP-100 2365+£053 2807 %1 36 183+£062 1172002

EGTA HP-70 1297115 1580176 2908 +£051 1224£002

EGTA 0La’" 0C¢d*t 33374198 3942422 605+022 118+001
pCa 9

Table 3 examines whether changig the holding potential or blocking entry
of extiacellular Ca®* can alter the activity-related merease in charge movement
When the holding potential was changed fiom —100 to —70 mV  the mitial chaige
measuted at 0 m\V" was less but the stimulation-dependent increase temained The
chaige measuted at the first and last pulse was significantly diffcrent for both
holdig potentials (P = 0002 aud P = 004 foo HP —-100 and HP —70 mV,
respectively) Tlus suggests that the wcrease m chaige movement 1 not due to
reciuttent of other gating cunents When La’t and Cd?t wihich are normally
present 1 out external solution were omitted the stimulation-dependent 1mcrease
temaied The charge measuied at the fust and last pulses were significantly dif-
ferent (P = 001) Thus suggests that Ca?™ entiy does not contiibute significantly
to the tnadic Ca®t pool that modulates chaige movement during depolaiization

Mechanism of the effect

Tlhe next experiments examined possible mechanisms by which tizadic Ca?t could
modulate chaige movement This modulation could occur erther dunectly via Ca*t
binding to the voltage-sensor, o1 induectly via activation of a closely associated
Ca’t-dependent enzyme for which the dihydiopyidine 1eceptor 1s a substiate Foi
example, a Ca’t-dependent kinase located near or physically associated with the
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dihydropyiidine 1eceptor could 1apidly phosphorylate 1t during activity to upreg-
ulate the voltage-sensor The observed kinetics of the modulation are consistent
with both types of mechamsm The onset was fast, with a maximal inciease occui-
ring within 6-12 seconds of the first suprathreshold depolanzation The effect was
maintained and charge was 1eset to the mitial value over the next 5 10 minutes

Table 4. Effects of phosphorylation modifying agents on the stunulation-dependent in-
crease 1n maximum charge movement Proten kinase inhibitor (PKI) ohkadaic acid (OkA)
calmodulm inhibitor peptide (CAM,n1), ATP,s and ATP Each fiber was first perfused
with the standard EGTA internal solution and allowed to equilibrate for 45 nunutes
Charge movement was then recorded in response to a seiles of repetitive pulses to 0 mV
applied at 016 H7 (1 control 15 the charge recorded from pulse #1 of this tiain and
Q10 — Q1 contro1 1s the difference 1n charge between pulses #10 and #1 At that time
the internal solution was exchanged for a test solution having the same composition but
with the phosphoiylation modifying agent added In the case of nominally 0 ATP the 0
ATP solutton was used from the beginning because of the difficulty of washing out ATP
After another 20 munutes equilibiation the pulsc tran was tepeated Q1 teot 15 the charge
recorded from pulse #1 of this series and Q10 — Q1 tewr 15 the difference 1n chaige bctween
pulses #10 and #1

FEST AGENT Ql contiol QJ test (210 - Ql control QlO - Ql test
(nC'/ k) (nC'/ub) (nC'/uF) (nC'/ul’)
PRI (n=1) 35 3£ 1062 36 14 £ 119 9364150 940+ 092
OKkA (n =2) 30124292 30 59 £ 3 60 464 £ 081 186+ 064
CAMmn (n=4) 36 34 £ 201 35204220 525 +104 919+ 261
ATP,« (n=4) 33724107 3163145 591 +08&7 T8+ 189
0 ATP (1 =5) 30 26 £ 307 699+£033

To esamine whether an mdnect mechamsm might be mvolved we examined
the effects of agents known to promote o1 block phosphorylation of 10on ¢hannels
These 1esults ate summarnized in Table 4 As shown the maximum chaige measuied
fiom 1ested fibers at the stait of pulsmg (Q() was similar m control aud test
conditions ) was not significantly different 1 contiol and test conditions for any
agent tested (P =04,09,05,0 1 for PKI, OhA CAM,,,, and ATP,,. 1espectively)
Repetitive stimulation mcieased the maximum chaige movement undel control
conditions, by an amount sumilai to that shown i Table 2 Noue of these agents was
able to eliminate o1 prevent the stimulation-dependent mnciease which was the same
m contiol and test conditions (P =10,08 05, aud 02 for1 PLI, OkA CAM,,;,
and ATP_, 1espectively) 20 ymol/l PKI a specific blocker of cAMP dependent
phosphorylation, or 10 20 pmol/l calmodulin mlubitor, a specific blocker of Ca?t-
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calmodulii dependent phosphorylation did not alter 1esting Q.x o1 prevent the
stimulation-dependent mciease in chaige Likewise these were not changed by 10
pmol/l ohadaic acid mn combmation with 4 mmol/l ATP,s and 1 mmol/l ATP
suggesting that phosphoiylation via PIVA o1 PIKC pathways was not mvolved The
stimulation-dependent mciease remammed when ATP was 1emoved fiom the inteinal
solution Although these 1esults cannot exclude all possible pathways of induect
modulation they make it unlikely that a phosphorylation mechanism 1s mvolved

Effect of SR depletion

We next examined the effect of 1emoving SR Cat This was accomplished by ap-
plying the same protocol of 1epetitive depolarizations to fibers before and after the
SR had been depleted of Ca?t Depletion of the SR was accomplished by applying
suprathieshold pulses once per second for one hour to fibers perfused with high con-
centiations of an EGTA-contaning internal solution (Table 1 Solution A), while
monitorng Ca®t 1elease optically (Jong et al 1995 1997) The 1esults are shown
m Fig 2 Under control conditions, the chaige moved after ten suprathieshold de-
polanizations was gieater than the chaige ehicited by the first depolarization from
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Figure 2. Lilect ol SR depletion on the stimulation-dependent mcrease mm charge move-
ment Charge movement curients (left) and mtrinsic optical signals (right) recorded n
1esponse to 1epetitive stimulation at 0 16 Hz 1n control conditions and after SR depletion
Charge movement currents and intrinsic optical signals elicited by pulse #1 (thicker trace)
and pulse #10 (thinner trace) are shown superimposed The average Q10/Q1 1atio 1n two
fibers subjected to this protocol was 1 14 + 0 001 1n control conditions, and 1 02 + 002
after depletion
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a rested fibe1 (top left traces) The SR 1eleased Ca’* duting both stimulations as
evident from the presence of an mtrinsic optical signal (top nght traces) After
the SR was depleted of Ca’*, chaige movements elicited by the fitst and tenth de-
polarizations weie 1dentical (lower left traces) There was no Ca’* 1elease duiing
erther stimulation, as evident from the absence of an ntrinsic optical signal (lower
nght traces) This 1esult mdicates that the SR 15 the noimal source of Ca?* for
the stimulation dependent effect

Discussion

We previously demonstiated that the amount of chaige which can move upon de-
polaiization 1s not static but can be increased by r1aising 1esting intiacellular free
Ca** We pioposed the existence of a Ca’t biuding site on o1 near the voltage-
sensors which can modulate the distiibution of voltage sensors between available
and unavailable states The piesent study demonstiates that charge can be 1n-
creased by dynamic Ca?? cieases m the tnadic gap elicited by 1epetitive de
polatizations to voltages above thieshold for teleasmmg Ca?t fiom the SR Thus
thus modulation occms m the physiological 1ange of Ca?t changes that occur
i the tnad durmg noimal muscle activity The effect 15 1apid and maintamed
Chaige 15 maeased within 6 12 seconds and takes 5 10 nunutes to 1eset to the
mitial value after which it can be mereased again by subscquent depolanzations
The stimulation dependent mciease m chaige could be prevented by ntiacellular
BAPTA aud by depleting the SR of Ca?t hut not by ageuts known to alter won
chanuel phosphorylation This suggests that the modulation most likely occurs by
a duect binding of Ca*T to a site on o1 dosely associated with the voltage sensot
This effect 15 seen 1 EGTA but not n BAPTA perfused fibers because tiadic
Ca?* changes continue 1 the former but not the latter The different 1esults with
BAPTA and EGTA support the idea that the postulated site 1s normally populated
by alocal Ca?™ pool-that 1s by Ca?* released fiom the SR mto the tnadic space

Taken together these data can be explamed by the model shown i Fig 3
In a fully 1ested fiber the putative availability site(s) 15 not expected to be fully
populated A suprathieshold depolanization will move this chaige to the active
state causing CaT 1clease and a transient 11¢ m the tradic Ca?t concentiation
As this Ca?t binds to the ‘avalabihty site on the voltage sensols, more sensors
move to the normal 1esting o1 available state and aie able to move upon subsequent
depolaiization The maximum amount of charge move s when all sites are saturated-
1¢ all voltage sensors are m the available state Normally one o1 two pulses above
thieshold for Ca’t 1eleasc are all that 15 nceded to populate the site Piesumably
binding of Ca?*t to thus site has fast ON 1ate and a slow OFF rate Accoiding to
this model, a 1esting fiber which has not been stimulated to twitch for some time
would have less than the maximum chaige available to do E-C coupling After a
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Figure 3. Proposed model of modulation of the voltage-sensor by tuadic Ca’t @, and
(. represent the normal resting and active states of the voltage-sensor respectively Only
charge which 1~ mmtially in the resting state can move upon depolanzation and do E-C
coupling—i ¢ charge which has Ca®" bound to the proposed internal availability site’
Q. represents an unavailable state Binding of Ca’* to the unavailable state promotes
the transition of charge to the resting state This C'a’" comes from the increase m triadic
Ca concentration, [Cajt during Ca’? release Thus, SR Ca?t 1elease feeds back positively
on the voltage sensor to recruit mote charge into the available state from which 1t can
move upon subsequent depolarization

few depolatization however the rtemammmng charge would fully ‘prime and become
available to do E-C coupling It 15 possible that this modulation 1epresents a cellular
mechanism fo1 couserving enecigy by mahing voltage-sensors fully functional only
when needed durning periods of muscle activity

More generally this model although different in the details suppoits data fiom
other studies which suggest that the state of the dihydiopyiidine 1eceptor and/o
the number of ac tivable voltage-sensors can be ifluenced by Ca®t ons 1eleased mto
the triad junction duting SR Ca?* 1elease (Pizatio et al 1991 Csernoch et al 1992,
Rios et al 1993, Jong et al 1995, 1996 Pape et al 1996) Such ciross-talk between
the Ca?* 1elease and voltage-sensing processes has been used to support the 1dea of
a close physical association and/or an allosteric interaction between the SR Ca’t
release chanuels/1yanodine receptors and the voltage-sensors/dihydiopyiidine 1e-
ceptois dunng excitation-contiaction coupling
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