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Model Study of ATP and ADP Buffering, Transport of Ca®?* and Mg?*,
and Regulation of lon Pumps in Ventricular Myocyte

Anushka Michailova*" and Andrew McCulloch’

*Department of Biophysics, Bulgarian Academy of Science, Sofia, Bulgaria, and "Department of Bioengineering, University of California,
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ABSTRACT We extended the model of the ventricular myocyte by Winslow et al. (Circ. Res. 1999, 84:571-586) by
incorporating equations for Ca®?* and Mg®* buffering and transport by ATP and ADP and equations for MgATP regulation of
ion transporters (Na*-K*™ pump, sarcolemmal and sarcoplasmic Ca®* pumps). The results indicate that, under normal
conditions, Ca?* binding by low-affinity ATP and diffusion of CaATP may affect the amplitude and time course of intracellular
Ca®* signals. The model also suggests that a fall in ATP/ADP ratio significantly reduces sarcoplasmic Ca®" content,
increases diastolic Ca®™, lowers systolic Ca®*, increases Ca®" influx through L-type channels, and decreases the efficiency
of the Na™/Ca?* exchanger in extruding Ca®* during periodic voltage-clamp stimulation. The analysis suggests that the most
important reason for these changes during metabolic inhibition is the down-regulation of the sarcoplasmic Ca®*-ATPase
pump by reduced diastolic MgATP levels. High Ca®* concentrations developed near the membrane might have a greater
influence on Mg?*, ATP, and ADP concentrations than that of the lower Ca®" concentrations in the bulk myoplasm. The
model predictions are in general agreement with experimental observations measured under normal and pathological
conditions.

GLOSSARY lcap = C&" background current
Na* background current

INa,b

Abbreviations l., = L-type C&* current
ATP = adenosine triphosphate lcax = K™ current through L-type Cd channel
ADP = adenosine diphosphate

SR = sarcoplasmic reticulum )
JSR = junctional sarcoplasmic reticulum Concentrations
NSR network sarcoplasmic reticulum
RyR = ryanodine receptor

[Na], = extracellular Nd concentration
[K], = extracellular K concentration
[Ca], = extracellular C&" concentration
Volumes, areas, and Capacity [Na]i = intracellular N& concentration
[K]; = intracellular K" concentration

Vss = subspace volume [Cal.. = free subspace & concentration

Vinyo = Mmyoplasmic volume [Ca], = free myoplasmic C& concentration
Vysr = junctional SR volume [Cal,sr = JSR C&" concentration
Asap = capacitive membrane area [Calysk = NSR C&" concentration
C.. = specific membrane capacity [Mg],; = total Mg?* concentration
F = Faraday constant [Mg]. = free subspace Mg concentration

[Mg];, = free myoplasmic M§" concentration
[ATP],,; = total ATP concentration
[ATP]., = free subspace ATP concentration

Membrane currents

Ina = Na* current [ATP]; = free myoplasmic ATP concentration

I, = rapid-activating delayed rectifier Kcurrent [CaATPL, = subspace concentration of €abound ATP
ls = slow-activating delayed rectifier K current [CaATP] = myoplasmic concentration of €a-bound ATP
lox = transient outward K current [MgATP],, = subspace concentration of Kgbound ATP
lg, = time-independent K current [MgATP]; = myoplasmic concentration of Mg-bound ATP

lvp = plateau K current [ADP],,, = total ADP concentration
Inaca = Na'-C&" exchanger current [ADP]., = free subspace ADP concentration
INax = modified Na™-K™ pump current [ADP], = free myoplasmic ADP concentration
Ihcay = modified sarcolemmal C& pump current [CaADPL, = subspace concentration of €abound ADP
[CaADP] = myoplasmic concentration of €a-bound ADP

[MgADP]..= subspace concentration of Fghbound ADP
[MgADP], = myoplasmic concentration of Mg-bound ADP
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Jip = modified C&" uptake into NSR by SR Ca- Ca&" concentrations during excitation could alter free and
ATPase pump bound concentrations of ATP and ADP. Recently, ATP
Jwpn = buffering of C&" by troponin C diffusion and C&" and Mg¢" exchange with ATP have
J& = Mg®" flux from subspace to myoplasm been introduced in models of smooth muscle cells (Karga-
JC2ATP = CaATP flux from subspace to myoplasm cin and Kargacin, 1997) and skeletal muscle cells (Baylor
JMIATP = MgATP flux from subspace to myoplasm and Hollingworth, 1998). Cardiac energetics (metabolism of
JCaADP — CaADP flux from subspace to myoplasm high-energy phosphates, glycogen metabolism, and lactate
JMIADP — MgADP flux from subspace to myoplasm transport) and pH regulation have also been integrated with

electrophysiological models (Ch’en et al.,, 1997, 1998;
Shaw and Rudy, 1997).

Time constants Winslow et al. (1999) modified the model of Jafri et al.
T4er = time constant for transfer of &4 from subspace to ~ (1998) for guinea pig ventricular cells to study the mecha-
myoplasm nisms of C&" handling in the canine midmyocardial ven
3. = time constant for transfer of Mg from subspace to tricular myocytes. This integrative model incorporated: 1)
myoplasm membrane ion currents from the Luo—Rudy phase Il ven-
Taer | = time constant for transfer of CaATP from subspace tricular cell model (Luo and Rudy, 1994); 2) the formulation
to myoplasm of Jafri et al. (1998) for the L-type Ga current that

TMIATP = time constant for transfer of MgATP from subspace

exhibits the mode-switching behavior observed by Imredy
to myoplasm
CaADP

T, = time constant for transfer of CaADP from subspace and Yue (1994); 3) SR Ca release from RyR channels
xfer to myoplasm described in the Keizer and Levine (1996) model with
MIADP _ {ime constant for transfer of MgADP from subspace '€CEPtor adaptation; 4) a subsarcolemmal space; §) Ca
to myoplasm buffering by low- and high-affinity C& binding sites on
troponin, and C&" buffering by calmodulin and calseques
trin. In the model of Winslow et al. (1999), calculated

Dissociation and rate constants subsarcolemmal &a could reach high levels~30 uM)

KSeATP = Cg*-ATP dissociation constant during excitation and rose more rapidly than myoplasmic
KCeATP — C2* on-rate constant for ATP Ca&" (~0.5-0.6 uM). It faithfully reproduced measured
KSAATP — 2" off-rate constant for ATP C&" transients in normal and failing canine ventricular
KMoATP — g2+ ATP dissociation constant myocytgs (O’Rourke et al., 1999). _

KMIATP _ Mg?* on-rate constant for ATP In this study, we extend the model of Winslow et al.

(1999) by incorporating equations for €aand Mg buff-
ering and transport by ATP and ADP and equations describ-
ing ATP (or MgATP) regulation of ion transporters
(Na"-K* ATPase pump, sarcolemmal €aATPase pump,

KMIATP = Mg?" off-rate constant for ATP
KSaAPP = Ca*-ADP dissociation constant
kS3APP = C&™" on-rate constant for ADP

K=*APP = Cé&" off-rate constant for ADP SR C&"-ATPase pump). Our results support the hypothesis
Kg94P” = Mg**-ADP dissociation constant that, under normal conditions, €abinding by low-affinity
KY'9APP = Mg*" on-rate constant for ADP mobile buffer ATP and diffusion of Ca-bound ATP
KMIADP — Mg?* off-rate constant for ADP (CaATP) may contribute to the amplitude and time course

of intracellular C&" signals. The inclusion of ATP and
INTRODUCTION APP buifering §Iightly decrea;ed the peak of thg myoplas-
mic C&" transient computed in response to periodic volt
A number of mathematical models have been developed tage-clamp stimuli. The addition of CaATP diffusion
investigate C&" signaling in cardiac muscle cells (Robert slightly decreased the peak and accelerated the relaxation of
son et al., 1981; Michailova and Spassov, 1992; Sternthe C&" transient in the subspace. Metabolic changes (a fall
1992; Amstudz et al., 1996; Keizer and Levine, 1996:in [ATP],./[ADP],, ratio) significantly reduced SR €&
Langer and Peskoff, 1996; Negroni and Lascano, 1996content, increased diastolic €alevels, and decreased sys
Soeller and Cannell, 1997; Jafri et al., 1998; Hunter et al.tolic Ca¢* levels computed in response to periodic voltage-
1998; Nygren et al., 1998; Peskoff and Langer, 1998; Win-clamp stimuli. As a result, G4 influx through L-type C&*
slow et al., 1998, 1999; Dawson et al., 1999; Michailova etchannels increased while the efficiency of?Caxtrusion
al., 1999; Rice et al., 1999; Zoghbi et al., 2000). However by the Na /Ca&" exchanger decreased. The main reason for
these models cannot be used to predict how the binding arttiese changes was reduced® Captake by the SR Ga-
transport of C&" and Mg by the mobile buffers, ATP and ATPase (SERCA2a pump) due to decreased diastolic
ADP, or a fall in [ATP]./[ADP], ratio might modulate MgATP levels during metabolic inhibition. In ventricular
intracellular C&*, Mg?*, Na*, and K" concentrations, ion myocytes, high C& concentrations developed near the
pumps and currents, or, conversely, how changes in fremembrane might influence Mg, ATP, and ADP concen
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FIGURE 1 Schematic diagram of the mechanisms involved in the model.
trations more significantly than the negligible alterations in [ATPliot = [ATPliori = [ATPliot_ss 1)
these concentrations stimulated by low myoplasmié*Ca
[ADP];o; = [ADP]it-i = [ADPJiorss (2)
MATHEMATICAL MODEL The buffering of CA" and Mg by ATP in the subspace is
. o given by the following equations:
The overall scheme of the model is shown in Fig. 1. (See
Glossary for the notations of the parameters used through- [ATP]ss = [ATP]i,; — [CaATP|ss — [MgATP]
out the study.) We provide only the additional or modified 3)
equations necessary to include ATP and ADP a&"Gmd
Mg?" buffers and transporters, and ATP as'™N&", sar d[CaATPlL, Vinyo
colemmal, and SR G4 pumps regulator. The remaining ~ — g = %2?“’7 + kAT Cal. {ATP]s
equations were the same as those in the original paper of *
Winslow et al. (1999) with the corrections as given on the — KA TH CaATP), 4)

author’s web site.

i i i dMgATP]; V
Experimental data suggest that the SR is not accessible to [Mg ] S_ _ jMgatpYmyo KY9ATPTMG . JATP].,

the mobile buffers, ATP and ADP (Bers, 1991; Carmeliet, dt ~er Ves
1999). Therefore, in the model, ATP and ADP are free to MGATP
react and diffuse within the subspace and bulk myoplasm — K MgATP]s )

but not in the SR (Fig. 1). It was also assumed that the tOta\}vherek+ andk_ are the corresponding on-rate and off-rate

ATP and ADP concentrations in the subspace ([AJiPls  hinding constants. The equations for the bulk myoplasm are
[ADPJi_s9 and bulk myoplasm ([ATR}; i, [ADPlioi i)  gimilar:

are equal, spatially uniform, and remain constant during
excitation, i.e., [ATP]; = [ATP],,: — [CaATP], — [MgATP];, (6)
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d[CaATP], described by
g = Jer T KETCal[ATP] v y
g SS myo
— KT CaATH, ) g = ey, —KTIMELIATPL,
d[MgdATP]| _ Jl\/}gATP T kTgATP[Mg][ATP] + kMgATP[MgATP]SS
t xrer I I
_ kMgATP[MgATP]_ (8) - kTgADP[Mg]ss[ADP]ss
CaATP and MgATP fluxes (Fig. 1) are given by + kYA [MgADP]ss (19)
cantp_ L[CAATPl — [CaATP; and in the bulk myoplasm by
foer - 7_CfaATP ’ (9)
d[Mg; _ Mg MgATP, MgATP
JHgaTe _ [MgATP]ss— [MgATP], (10) g~ der — KETIMI[ATP] + KB MgATPY];
xfer - MgATP .

xfer

__ LMgADP| ) ) MgADP )
For the subspace, adjustment of ATP fluxes by a factor of K IMgJLADP]; + K=" [MgADPY;

(Vmyd Vsd Is necessary to account for the different volumes
of myoplasm ¥y,,,) and subspacev(). (20)

Similar equations for the Ca and Mg*" exchange with  The transfer flux of M§* from subspace to myoplasm (Fig.
ADP in the subspace and bulk myoplasm can be written a$) is given by

[ADP]; = [ADP], — [CaADPl, — [MgADPl,  (11) [Mglss— [Mg];

Je=""wg - (21)
d[C%tDP]“ = —JffszP#’ + KE**Cal.{ ADP]; e
s ATP and ADP not only buffer and transport €aand
— KCaAPA CaADP], (12) Mg?* ions but also have well-known regulatory functions in

the cell (Bers, 1991; Leyssens et al., 1996; Carmeliet, 1999).

d[MgADP] U . In cardiac myocytes, ATP (as MgATP) drives a number of
dt = ~Jer Vo + KM ADP]ss enzymes, channels (ATP-sensitivé khannels), and trans
eAD porters (N&d-K* ATPase pump, sarcolemmal €a
— K" [MgADP] (13)  ATPase pump, SR Ga-ATPase pump) (Noma, 1983; Foz
_ B B zard and Lipkind, 1995; Shaw and Rudy, 1997; Yokoshiki
[ADP]; = [ADP],o; — [CaADP]; — [MgADPY; 14) o al., 1998; Carmeliet, 1999). To simulate transporter ATP
d[CaADP], regulation, we modified the equations of Winslow et al.
! CaADP CaAD! + o+
g = Jer K Cal[ADP] (1999) for Na'-K ™ pump currentl(,), sarcolemmal Ca
pump currentlc,y, and SR C&" ATPase pumpJ,):
— KC2APA CaADP;, (15)
dMGADP] Nak(t) = Sugatelna(l), (22)
g i _ qMgADP MgADP|
dt N ‘foer + k+ [Mg]I[ADP]I I’};(Ca)(t) = SVIgATPIp(Ca)(t)r (23)
— KI"P[MgADPY;. (16) Ti() = Sugaredun(D), (24)

CaADP and MgADP fluxes (Fig. 1) are given by

CaADP],s— [CaADP];
sgaror = ]jéaAD[p b w) _ [MgATP],
xfer gATP — m )
MgADP]s, — [MgADP];
Jror = Mg ]:l\ngD[P ? ]I- (18) and [MgATP], is the resting myoplasmic MgATP
er concentration in normal conditions ([ATR] = 7 mM,
In the model, we assume that the transfer of free andADP],,, = 5 uM, free M@ = 1 mM).
bound ATP and ADP from the subspace to the myoplasm The equations for the [Cg]land [Ca] in the model of
occurs at the same rate. The changes in freé'Mgpn-  Winslow et al. (1999) were modified, taking into account
centration during excitation in the subspace arethat now ATP and ADP buffer G4 and regulate ion

where

(25)
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TABLE 1 Standard buffer and ionic concentrations TABLE 2 Rate and dissociation ATP and ADP constants
Definition Symbol Value (mM) Definition Symbol Value
Total intracellular ATP concentration [ATR] 7 Ca&"-ATP dissociation constant KSaATP 0.1698 mM
Total ?ntracellular ADE concentrat_ion [ADR] 0.005 C2* on-rate constant for ATP KGaATP 225 mM ! mst
Total intracellular Mg* concentration [Ma] ot 7.44 Ca+ off-rate constant for ATP KCATP 45 mst
Mg>*-ATP dissociation constant KMoATP 0.087 mM
Mg?* on-rate constant for ATP KMaATP 125 mMts?t
pumps: Mg?>" off-rate constant for ATP KMOATP 10.875 ms?
d[Cal v Vv A C C&"-ADP dissociation constant KSanbP 1.548 mM
TLETEss BSR4 myo (o) ap—se Ca&" on-rate constant for ADP KGaAPP 125 mM *ms?
dt rel V xfer V C 2V J:
ss ss s C&* off-rate constant for ADP KCanbP 193.5 ms?
CaAT CaAT Mg?*-ADP dissociation constant KyoADP 0.676 mM
- k+a F[C‘a]sJ:ATP]ss"' K> F[CaA-I—F):lss gz+ ,\I,?ADP 11
Mg“" on-rate constant for ADP ko 125 mM * ms
Mg?* off-rate constant for ADP kMaADP 84.5 ms*
— K$*PH Calsd ADP]. + KE*PHCaADP.¢,
(26)
order algorithm (Ralston and Wilf, 1960). The maximum step size for time
d[Ca]i " * integration was 0.1 ms and the maximum error tolerance wa& 10
dt = Biy Ixter — up Jtrpn —( Cab ™ 2lNaca T | p(Ca)) Total ATP and ADP concentrations used in the model (see Table 1) are
average values measured in different cardiac tissues and species (Bers,
Ao 1991; Leyssens et al., 1996; Baylor and Hollingworth, 1998; Ch’en et al.,
ceapwse KS*ATH Cal[ATP]; + KT CaATP), 1998). ATP and ADP dissociation constants (see Table 2) were taken from
2meoF Martell and Smith (1982), and Kargacin and Kargacin (1997). The on- and

— K$*PTCal[ADP]; + K=*°CaADP}},  (27)

where B, is a rapid buffering approximation factor for

calmodulin in the subspace, arg] is a rapid buffering
approximation factor for calmodulin in the myoplasm.

METHODS AND MODEL PARAMETERS

off-rate constantsk$®*™ and k°*A™F, were obtained from Baylor and
Hollingworth (1998). We could not find published data for the values of
CaADP, MgATP, and MgADP on- and off-rate binding parameters. There-
fore, the typical near-diffusion-limited on-rate value of 1281~ * s™* has
been assumed (see Table 2) (Soeller and Cannell, 1997; Ch’en et al., 1998).
The corresponding off-rate constants were obtained from the known values
of equilibrium dissociation constant&$APF, KN9ATP  KMaADP)

It is known that free Mg" in cardiac cells is between 0.5 and 2 mM
(Bers, 1991; Leyssens et al., 1996; Carmeliet, 1999; Murphy et al., 1989).
Here we assume that, at equilibrium, free Mgconcentrations in the

The system of first-order nonlinear differential equations at given initial subspace and myoplasm do not differ, a value of 1 mM was used for both
conditions was solved using Gill's modification of the Runge—Kutta fourth- (see Table 3). Total Mg concentration7.44 mM) was estimated from

TABLE 3 Initial conditions

Definition Symbol Value
Time t 0 ms
Free subspace ATP concentration [ATP] 0.56 mM
Subspace concentration of €abound ATP [CaATPL, 0.25x 103 mM
Subspace concentration of Kigbound ATP [MOATP]4 6.4395 mM
Free myoplasmic ATP concentration [ATP] 0.56 mM
Myoplasmic concentration of Ga-bound ATP [CaATP] 0.237x 10 3 mM
Myoplasmic concentration of Mg-bound ATP [MgATP], 6.4395 mM
Free subspace ADP concentration [ADP] 0.002 mM
Subspace concentration of €abound ADP [CaADPL, 0.13x 10 °* mM
Subspace concentration of Mgbound ADP [MgADP] 0.298 X 1072 mM
Free myoplasmic ADP concentration [ADP] 0.002 mM
Myoplasmic concentration of Ga-bound ADP [CaADP} 0.11X 10 *mM
Myoplasmic concentration of Mg -bound ADP [MgADP]; 0.298 X 1072 mM
Free subspace Mg concentration [Mg] s 1 mM
Free myoplasmic Mg concentration [Mg]; 1 mM
Free subspace €& concentration [Calss 1.315X 10 % mM
Free myoplasmic C4 concentration [Ca]; 8.464X 10 °mM
JSR C&" concentration [Cal;sr 0.2616 mM
NSR C&* concentration [Calusk 0.2620 mM
Intracellular N& concentration [Na]; 10 mM
Intracellular K" concentration K], 159.48 mM
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TABLE 4 Time constants

Definition Symbol Value (ms)

Time constant for transfer of CaATP from  7524TP 53.4
subspace to myoplasm

Time constant for transfer of MgATP from ~ 79ATP 53.4
subspace to myoplasm

Time constant for transfer of CaADP from  752~PP 53.4
subspace to myoplasm

Time constant for transfer of MgADP from  743APP 53.4
subspace to myoplasm

Time constant for transfer of Mg from ™S, 26.7

subspace to myoplasm

the accepted free Mg concentration of 1 mM at-100 nM free C&A". We
also assumed that total Mg concentration in the cell remains constant,
while free Mg* concentration varies with concentration of total ATP and
ADP as C&" and Mg buffers. The Mg" transfer-time constant from the

619

that the changes in & concentrations are mainly due to
Cca&" and Mg* binding by ATP. Neither [Ca] nor [Ca]
time courses (Fig. A, solid or dashed lines; Fig. B,
dashed line) were affected by changes in total ADP con-
centration from QuM to 100 uM.

Including 1 mM Mg¢*, 7 mM ATP, and 5uM ADP in
the model did not affect JSR €& concentration levels or
the L-type C&" current (Fig. 2C andD, solid and dashed
lines coincide). [Ng]and I, current were influenced to
some extent, but not notably (not shown). [H}.ca l(cay
lcak lcap lkr ks tors Tkar Tkps INak: @ndly, , remained
unchanged after adding Mg, ATP, and ADP.

To study the significance of the mobility of Mg, ATP,
and ADP in determining Ga, Na*, and K" concentrations
and ion currents, we performed another set of calculations,
including initially only J$22™F. The outputs of the model

xfer -

subspace to the myoplasm (see Table 4) was chosen to be equal tdthe Ca(]-Oth Cyde' 9-10 S) in response to rhythmica”y applied

transfer-time constant,,) used by Winslow et al. (1999). The transfer of

clamp pulses are shown in Fig. 2 (dotted lines). Figufe 2

free and bound ATP and ADP was assumed to occur at half the rate of freghows that [Ca],amplitude decreased and [Caklaxation

C&" and M¢* diffusion (see Table 4) (Baylor and Hollingworth, 1998).

Unless specified otherwise in the figure legends or in the text, the standar
set of parameters and initial conditions used in the calculations is listed i
the Tables. All other initial conditions and values of the parameters that ar

Zransient slightly affected the time courselgf, (Fig. 2D,

slightly accelerated whed$2* ™" was included. Addition-

glly, the simulations demonstrated that the changes in,[Ca]

not included in the Tables correspond to those listed in the Appendix odotted line). Figure Z (dotted line) shows that the diastolic

Winslow et al. (1999).

JSR C&" level was elevated and that the JSR was less

In this paper, the effects of ATP and ADP buffering, transport, a”ddepleted after the inclusion OffgrATF’_ The model results

regulation in normal conditions and during metabolic inhibition were
examined in response to periodic voltage-clamp stimuB7 mV holding
potential, 3 mV step potential, 200 ms duration) at a frequency of 1 Hz.

RESULTS

lon and buffer concentrations and ion currents in
normal conditions

Ca?*, Na*, K concentrations and ion currents with
inclusion of Mg®*, ATP, and ADP

(Fig. 2C, dotted line) also showed that the JSR is again
almost 3 depleted {-62%) by a single beat. Including
IS TP elevated the stationary [Gajeak (Fig. 2B, compare
dashed and dotted lines). However, the simulation indicated
that, under normal conditions, ATP and ADP buffering and
transport has a negligible effect on the [Cahnsient (Fig.

2 B, solid and dotted lines almost coincide). Includikg,-
CaATP resulted in small changes in the stationary [Najd

Iya time courses (10th cycle, 9-10 s) while [Klyaca

* *
Ip(Ca) ICa,K' ICa,b IKr’ IKs’ Itol' IKlv IKpr INaK’ and INa,b

Here we report the results of several simulations, investicurrents remained essentially unchanged (not shown). The

gating how including 1 mM M§", 7 mM ATP, and 5uM

ADP may contribute to the amplitude and time course ofger

intracellular C&", Na*, and K" transients and ion currents.
In the first set of simulations, [Caland [Ca] (10th cycle,

calculations also indicated that adding other fluxé$(
CanDP JMIATP - JMIADPY had no observable influence on

[Calss [Cal, and [Ca)sk (Fig. 2,A—C, dotted lines), or on
[Na]; and [K]; transients and ion currents.

9-10 s) were calculated according to the approximation of

Winslow et al. (1999), i.e., without Mg, ATP, and ADP
included. The solid lines in Fig. 2 andB, show that [Cal,

reached a peak of-30 uM after ~4 ms, whereas [Ca]
reached a peak of0.54 uM after ~48 ms. As shown in
Fig. 2C (solid ling), JSR was almost depleted during’Ca
release. The change in [Gg} from a diastolic level of
~229 uM to ~83 uM was ~64%.

Free and bound Mg?*, ATP, and ADP concentrations in
the presence and absence of fluxes

Kargacin and Kargacin (1997) reported that, during excita-
tion in smooth muscle cells, the high €asignal near the

membrane might significantly influence free subspace ATP
concentration in contrast to the negligible changes in free

In the second set of simulations, ATP and ADP weremyoplasmic ATP concentration stimulated by the low myo-

treated as stationary buffers to examine the effects 6f Ca

and Mg* exchange with ATP and ADP. In the subspace,

[Cal.stime course was not affected (dashed line in Fig 2
coincides with solid line) whereas, in the myoplasm?Ca
concentration had a slightly reduced amplitude (Fid, 2

plasmic C&" signal. Our simulations in ventricular myo-
cytes showed that high subspace*Caoncentrations in-
deed caused more sensitive changes in the [ATR&n the

low C&* signal stimulated in [ATR] However, these
changes were not as significant as they were in smooth

dashed line). In addition, these calculations demonstratethuscle cells (in smooth muscle cells, rest ATP wag0

Biophysical Journal 81(2) 614-629
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FIGURE 2 Model outputs in response to 1-Hz periodic voltage-clamp pulsed@fmV holding potential, 3 mV step potential, and 200 ms duration.
Only responses to the 10th stimulus (9-10 s) are shoWrS@bspace Cd transient. B) Myoplasmic C&" transient. C) JSR C&" transient. D) L-type

C&" current. Mg ", ATP, and ADP not included (solid line). ATP and ADP treated as stationary buffers (dashed line). CaATP flux or all fluxes included
(dotted line). For simulations (dashed and dotted lines) [ATP] 7 mM, [ADP],,, = 5 uM, free Mg@" = 1 mM. In all simulations shown, [Mg}, = 7.44

mM, [K], = 4 mM, [Na], = 138 mM, [Ca}, = 2 mM.

increased from 0.22M up to ~80 uM in the absence, and
up to ~8.25uM in the presence of fluxes. The changes in
[C&*]; from ~0.1 to~0.53 uM did not strongly influence
[CaATP]. [CaATP] increased from 0.22M up to ~1.42
uM (ATP and ADP stationary) and up to-1.466 uM
(ATP and ADP mobile). In contrast to the notable
B, dotted lines) decreased the diastolic [AJPEvel by  changes in [CaATR], the changes in [MgATR] were
~6.24 uM and the diastolic [ATR]level by ~0.484 uM. small and not as significant as in smooth muscle cells
Numerical studies also showed that, as free ATP concenXargacin and Kargacin, 1997). Systolic [MgATRHe-
tration (10th cycle, 9-10 s) falls during excitation, free creased by~49 uM from the initial level of 6.44 mM
Mg?* concentration rises, but not notably. Systolic [Mg] (ATP and ADP stationary) and by-1.8 uM in the
increased from the diastolic level of 1 mM by 49.3 and 1.1presence of fluxes. Model studies also suggested that,
M and systolic [Mg] by 0.75 and 0.724M with ATP and  under normal conditions (7 mM ATP, oM ADP, and 1
ADP stationary or mobile (not shown). mM free M@®"), changes in systolic [MgATRkoncen-
Most notably, the changes in [Eg. from ~0.1t0o~30 tration (10th cycle, 9-10 s) are negligible. [MgATP]
uM (10th cycle, 9-10 s) influenced [CaATR][CaATPL, dropped by~0.75uM from the initial level of 6.44 mM

uM whereas, in ventricular myocytes, rest ATP waS60
uM). During excitation, free [ATRL and [ATP] (10th
cycle, 9-10 s) decreased from the initial levelb$0.5uM
and by~0.477uM, respectively, when ATP and ADP were
treated as stationary buffers (Fig.8andB, dashed lines).
The inclusion of Mg", ATP, and ADP fluxes (Fig. 3\ and
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FIGURE 3 @) Effect of changes in subspace Caconcentration on free subspace ATP concentration &)do{ changes in myoplasmic €a
concentration on free myoplasmic ATP concentration. ATP and ADP treated as stationary buffers (dashed line). All fluxes included (dotted line). Onl
responses to the 10th voltage-clamp stimult®T mV holding potential, 3 mV step potential, 200 ms duration, frequency 1 Hz) are shown. JAFP]

7 mM, [ADP],, = 5 uM, free Mg* = 1 mM.

when ATP and ADP were treated as either stationary oing excitation, [MgADPL, and [MgADP] rose when
mobile. ATP and ADP were treated as stationary buffers (Fig. 4,
Changes in the systolic [Caltransient (Fig. 2A) also A and B, dashed lines) in contrast to [MgATR]and
stimulated a decrease of 0.036% (ATP and ADP stationfMgATP];, which decreased (not shown). Another inter
ary) and a decrease of 0.0003% (mobile ATP and ADP)sting result was that the fluxes were able to invert the
in [ADP]., while [ADP]; remained almost unchanged. stationary [MgADP]time course (Fig. 4, dotted line)
Under normal conditions, the increase in systolicbut were not able to invert the stationary [MgADRBMme
[CaADP],, and [CaADP] concentrations (10th cycle, course (Fig. 48, dotted line).
9-10 s) from the initial diastolic level of-0.1 nM was Calculations also indicated that highTaoncentrations
also negligible. Surprisingly, the time courses ofdeveloped near the cell membrane (10th cycle, 9-10 s)
[MgADP],, and [MgADP} demonstrated an interesting increased the resting [CaATRIMgATP]ratio ~250-fold
behavior in the presence and absence of the fluxes. Dustationary ATP and ADP) ofr-36-fold (mobile ATP and
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FIGURE 4 Time courses of MgADP (9-10 s) iA)(subspace andj myoplasm. ATP and ADP treated as stationary buffers (dashed line). All fluxes
included (dotted line). Simulations are generated in response to 1-Hz voltage-clamp -p@&en{/ holding potential, 3 mV step potential, 200 ms

duration). [ATP],, = 7 mM, [ADP],., = 5 uM, free M@ = 1 mM.
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ADP). [CaATP]/[MgATP]; ratio increased-6.87-fold with Figure 5C (top trace) shows that, following the first
ATP and ADP stationary or mobile. Changes in fre¢éCa stimulus, [C&"],sg l0ad is greatly reduced when [ATR]
concentrations over the range of 0.1 80 uM did not  and [ADP],, were each 3 mM. This significantly decreased
affect the subspace or myoplasmic high-energy phosphatie [Caltransient and increaséd, during the subsequent
ratio (MgADP/MgATP). In smooth muscle cells, Kargacin stimulus (Fig. 5A and Fig. 6A, top traces). Figure B and
and Kargacin (1997) also predicted significant changes irC (top traces), also show that increasggwas not able to
CaATP/MgATP concentration ratio and no alterations injncrease the [Calransient or [Cé*]JSRIoading.The [Cal
MgADP/MgATP ratio during cell excitation. [Ca], and [Ca]sR transients continued to decline. Figure
5A (9-10 s, solid line) shows that normal [Cgdmplitude
dropped~50% and that the pathological [CGalkransient
lon and buffer concentrations, and ion currents reached the diastolic level earlier than the normal [Cal]
during metabolic inhibition Figure 5B (9—10 s, solid line) shows that the normal [Ca]

Experimental studies have demonstrated that block of oxiP€ak also decreased50% and that a second higher slow
dative metabolism and a fall in [ATRJ[ADP],, ratio pgak appeargd._ln contrast to acc.eleratedS[SOa]gxann
cause important changes in ion concentrations* gk (Fi9- SA solid line), the pathological [Cajransient de
[H*],, [Na'], [C&*];, [Mg?*];) and have important effects cayeq more slowly than normal. The quel also predicted
on channels and carriers (Murphy et al., 1989; Marban et althat diastolic [C3](~0.13 M) and diastolic [Cak (~0.15
1990; Wagner et al., 1990; Isenberg et al., 1993; Wilde andM) levels reached during metabolic inhibition were higher
Aksnes, 1995; Carmeliet, 1999; Huser et al., 2000). Ch’en efhan those under normal conditions. Figur€ §9-10 s,

al. (1998) reported that, while creatine phosphate is preserolid line) shows that less €awas stored in the junctional
total ATP and ADP concentrations remain constant-@t SR after a fall in [ATPL/[ADP] ratio. The pathological
and ~0 mM, respectively. Once ATP is depleted, ADP [C&"];sr level was more depleted and the recovery of
starts to increase, and, after460 s, total ATP and ADP [Ca];sgwas more delayed than under normal conditions. In
levels become approximately equat¥ mM) during isch-  response to 1-Hz voltage-clamp pulses after 10 s, intracel-
emia. Taking these results into consideration, we calculatetiilar [Na]; increased by~0.33 mM, whereas the intracel
ion and buffer concentrations and simulated ion currentdular [K]; decreased slightly~0.13 mM).

when [ATP],; and [ADP]; were 3 mM and mobile. Initial The model also predicted that a fall in [ATRIADP]
free Mg?" concentrationst(= 0 s) in the subspace and ratio has an important modulatory effect on the ion currents
myoplasm ([Mgl, [Mg];) were estimated to be-2.248  and carriers. Figure A (9-10 s, solid line) shows that the
mM, assuming that total intracellular Mg concentration decreased [Ca]transient caused notable increase in L-type
remains constant (7.44 mM) after the fall in [ATR] C&" current (.. Changes in systolic [Ca[Nal;, [K]; and
[ADP],, ratio from 1400 (normal conditions) to unity. Bur diastolic [MgATP] concentrations during metabolic inhibi
ing these simulations, the initial free and bound metabolidion had pronounced effects dRaca INak: @nd lycy as
ATP and ADP concentrations were [ATE]= 112 uM,  well (Fig. 6, B-D, solid lines). The simulations demon-

[CaATPLs= 0.05uM, [MgATP] = 2.888 mM, [ATP] = strated that the time courseslgf, x, lcap Ina ki, @NdInap
112 uM, [CaATP] = 0.047uM, [MgATP]; = 2.888 mM,  (10th cycle, 9-10 s) were also influenced to some extent
[ADP]ss = 694 uM, [CaADPl, = 0.045 uM,  (not shown). Because extracellulaf Kand Na concentra
[MgADP]s = 2.3 mM, [ADP} = 694 uM, [CaADP} =  tions were kept constant ([K}= 4 mM, [Na], = 138 mM)

0.038 uM, and [MgADP} = 2.3 mM. Under metabolic and alterations in [K]and [Na] were small, the calculated
conditions for the period of 10 s stimulation, the extracel-|Kr, Iksr 1oy @ndly, remained unchanged.

lular concentrations of K, Na”, and C&" were kept con Ch’en et al. (1998) reported that, afte550 s simulated
stant at normal values ([§}= 4 mM, [Na], = 138 mM, and  jschemia, total ATP and ADP levels become approximately
[Ca], = 2 mM). All other initial conditions and values of zerg. |n the present study, we also calculated ion concen-
the parameters use;d were those listed in our Tables and {ytions and currents when [ATE]and [ADP],, were 0

the Appendix of Winslow et al. (1999). mM (total metabolic inhibition). During this set of simula-
tions, the initial free M§" concentrationst(= 0 s) in the
subspace and myoplasm were 7.44 mM and all initial free
and bound ATP and ADP concentrations were zero. With
The results demonstrated that a fall in [ATRJADP],, total metabolic inhibition, the model predicted that (Figs.
ratio produced significant changes in intracellular?Ca 5 and 6, dash-dot lines): 1) the SR is almost depleted; 2)
concentrations and ion currentkc{ Inaca INak: pca),  diastolic C&" levels are further increased; 3) systolic’Ca
calculated in response to a periodic voltage-clamp stimullevels continued decreasing; 4) an earlier [Qaak disap
with 200-ms duration ang-97 mV and 3 mV holding and peared; 5) the L-type G4 influx further increased, while
step potentials. Na'/Ca* exchanger efficiency decreased; 6)'N&* cur-

Ca®*, Na*, K* concentrations and ion currents
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rent and sarcolemmal €4 current are totally blocked; and
7) [Na*]; slightly increased, while [K], slightly decreased.

Free and bound Mg?*, ATP, and ADP concentrations

To estimate the effect of metabolic inhibition on the free
and bound M§*, ATP, and ADP concentrations, we cem
puted these concentrations in response to 10 current pulses
delivered at a frequency of 1 Hz.

Figure 7,A and B, shows that diastolic [ATR] and
[ATP]; dropped—~5-fold when total ATP and ADP were 3
mM and free MG was 2.248 mM. Systolic [ATR] de-
creased from 111.77 to 111/8M (Fig. 7 A), whereas, in
normal conditions, [ATR],dropped from 560.2 to 554M
(Fig. 3A, dotted line). Systolic [ATR]remained almost
unchanged, dropped only byl4 nM (Fig. 7B). Figure 7B
also demonstrates that a fall in [ATRIADP],,; gave rise
to a second slow peak in the [AT,Rjansient (compare with
Fig. 3B, dotted line).

Diastolic [Mg]l,s and [Mg} rose~2.25-fold during met
abolic inhibition. Systolic [Mgl; and [Mgl (10th cycle,
9-10 s) increased by 0.5 and~0.17 uM from the resting
level of 2.248 mM. In normal conditions, diastolic Kig
concentration was 1 mM and [Mgland [Mg} increased by
~1.1 and~0.75 uM, respectively. Simulations also dem-
onstrated that a reduction of [ATRJ[ADP],,; caused a
second slow peak in the [Mg}ransient to appear (not
shown).

Calculated diastolic CaATP concentrations (10th cycle,
9-10 s) were~70% less than normal. Systolic [CaATP]
and [CaATP]increased by-0.8 and~0.125uM from the
initial level of 74 nM when [ATPL/[ADP],,; was one. The
increase in normal systolic [CaATRJand [CaATP] from
the initial level of 224 nM was~8 and 1.24uM, respec-
tively. These studies also demonstrated that a second slow
peak in the pathological [CaATPiransient appeared. The
fall in [ATP]/[ADP],; ratio decreased diastolic
[MgATP].c and [MgATP] from 6.44 to~2.888 mM. Sim
ulations also showed that the changes in systolic [MgAJ P]
and [MgATP] (10th cycle, 9-10 s) were again negligible,
as under normal conditions. Systolic [MgATEP¢oncentra
tion decreased by-0.3 uM from the initial level of 2.888
mM. Systolic [MgATP] dropped by~0.125 uM. Under

FIGURE 5 Model outputs in response to 1-Hz periodic voltage-clamp
pulse of =97 mV holding potential, 3 mV step potential, and 200 ms
duration. A) Subspace Cd transient (9—10 s).B) Myoplasmic C&*
transient (9—10 s).@) JSR C&" transient (9—10 s). ATP and ADP are
treated as mobile G&a and Mg* buffers. [ATP],, = 7 mM, [ADP],,, =

5 uM, free Mg?* = 1 mM (dotted line). [ATP], = 3 mM, [ADP],, = 3
mM, free Mg™ = 2.248 mM (solid line). [ATPL, = 0 mM, [ADP],., =

0 mM, free Mg+ = 7.44 mM (dash-dot line). Top traces iA)( (B), and
(C) show [Cal, [Ca];, and [Ca]gsgtransients during metabolic inhibition
([ATP],o; = [ADP],,; = 3 mM, free Mg+ = 2.248 mM) for the period
0-11s.
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FIGURE 6 Model simulations for a periodic voltage-clamp pulse-87 mV holding potential, 3 mV step potential, 200 ms duration, frequency 1 Hz.
(A) L-type C&* current. B) Na"-Ca* exchange currentQ) Na"-K* pump current. ) Sarcolemmal C& pump current. ATP and ADP are treated as
mobile C&" and M¢" buffers. [ATP],, = 7 mM, [ADP],., = 5 uM, free Mg?" = 1 mM (dotted line). [ATPL, = 3 mM, [ADP],,, = 3 mM, free M¢" =
2.248 mM (solid line). [ATPL, = 0 mM, [ADP],,, = 0 mM, free Mg+ = 7.44 mM (dash-dot line). Top traces iA)( (B), (C), and O) Showlc, Inaca

INak: andlpc, with metabolic inhibition (JATP], = [ADP],,, = 3 mM, free Mg* = 2.248 mM) for the period 0-11 s.

normal conditions, systolic [MgATR] and [MgATP] in-  dropped by~1.2 nM. Model simulations demonstrated that
creased by-1.8 and~0.75uM from the level of 6.44 mM. a late second peak in [ADPfransient also emerged when
A second late peak in the [MgATPiransient emerged [ATP]./[ADP],; Was unity.
when [ATP],/[ADP],,; was unity. The calculated diastolic CaADP concentrations were
Calculations showed that diastolic [ADERnd [ADP] ~500-fold higher than normal. Systolic [CaARQE[9-10 s)
increased~345-fold when total ATP and ADP were 3 mM increased by~2.3 uM and systolic [CaADR]by ~0.11
and free Mg" was 2.248 mM. Subspace ADP concentra uM from the initial level of 50 nM during metabolic inhi-
tion (10th cycle, 9-10 s) decreased b{.38 uM from the  bition. The increase in normal systolic [CaARPland
diastolic pathological level of 693.55M as long as normal [CaADP] from the initial level of 0.1 nM was negligible.
[ADP], dropped by~10 nM from the normal diastolic Diastolic [MgADPL,and [MgADP] rose from~3 uM up
level of 2.017uM. Changes in the pathological and normal to ~2.3 mM. In addition, simulations showed that the
myoplasmic ADP concentrations were negligible. Patholog-changes in systolic [MgADR] and [MgADP] concentra
ical [ADP]; dropped by~60 nM whereas normal [ADP] tions (9—-10 s) were again negligible. A second slow peak in
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FIGURE 7 @) Effect of changes in subspace Laconcentration on free subspace ATP concentration, &)df changes in myoplasmic €a
concentration on free myoplasmic ATP concentration with metabolic inhibition ([TR] 3 mM, [ADP],, = 3 mM, free M@™ = 2.248 mM).
Simulations are generated in response to 1-Hz voltage-clamp pu&&rqV holding potential, 3 mV step potential, 200 ms duration). ATP and ADP are
treated as mobile G4 and M¢* buffers.

pathological [CaADR]and [MgADP] transients also ap Niggli, 1996; Soeller and Cannell, 1997; Jafri et al., 1998;
peared. Another interesting model result was that 3 mMPeskoff and Langer, 1998; Michailova et al., 1999; Niggli,
[ATP],,; and 3 mM [ADP],, were able to stimulate systolic 1999; Winslow et al., 1999; Huser et al., 2000) thatCa
[MgADP]; to decrease (not shown) in contrast to the in near the plasma membrane can reach concentrations much
creased [MgADR] seen in normal conditions (Fig. Bl  higher than those in the bulk myoplasm, we allowed free
dotted line). and bound M§", ATP, and ADP concentrations near the
Because total ATP concentration dropped and total ADRnembrane to differ from free and bound Kig ATP, and
concentration rose, the importance of CaADP fldg3(®™  ADP concentrations in the bulk myoplasm.
in transporting C&" from the subspace to the myoplasm  Experimental and theoretical studies also indicate that
increased while the importance of CaATP fluf{"™  ATP and ADP are mobile buffers (Zhou and Neher, 1993;
decreased. The model studies demonstrated that, durir@aylor and Hollingworth, 1998). To simulate diffusion of
metabolic inhibition, systolic [Cal amplitude decreased Mg?", ATP, and ADP from the subspace to the bulk myo

and [Ca], relaxation slightly accelerated only whéigr™  plasm, we included fluxes for Mg, CaATP, MgATP,
was included. Systolic time courses of [Galor [Cal)  caADP, and MgADP.

r(ﬁﬂglAqriQedM;JAné:panged when the other fluxd§d( Jzr™, In ventricular myocytes, low-affinity G4 buffers ATP
Jiger  + JIxter ) Were added. and ADP not only bind and transport €aand Mg* but

The calculations indicated that changes in freé'Ca g5 requlate intracellular enzymes, ATP-dependent trans-
concentrations over the range of 0.13445 uM (9-10's,  orers and channels (Kleber, 1983; Bers, 1991; Shaw and
metabolic inhibition) increased rest [CAATAIMIATPLss  Rydy, 1997; Yokoshiki et al., 1998; Carmeliet, 1999). In
ratio ~11-fold and [CaATRI[MgATP]; ratio ~2.3-fold. 1 ,qcle cells, MgATP is the preferred substrate for various
The fall in [ATPLo/[ADP], ratio did not have any signif  atpases (Bers, 1991; Kargacin and Kargacin, 1997; Car-

icant effect on MgADP/MGATP ratios. meliet, 1999). From these experimental observations, we
assumed that changes in diastolic and systolic [MgATP]
DISCUSSION regulate SR C& -ATPase, Na-K ™ ATPase, and sarcolem
mal C&"-ATPase. In the model, pump currents and fluxes
Model (5 Iiars 15ca) Were proportional to [MgATR]

The main goal of the present model was to study the role of Noma and Shibasaki (1985) reported the ATP-dependence
ATP and ADP as C& and Md* buffers, transporters, and of L-type C&" current. Shaw and Rudy (1997) assumed
ion-current regulators in the framework of the comprehen-direct ATP-dependence &, in their model. In our model,
sive ionic model of Winslow et al. (1999). Taking into changes in total ATP and ADP concentrations indirectly
consideration experimental and theoretical observationgegulatel, via subspace Cd concentration changes.
(Stern, 1992; Niggli and Lipp, 1993; Amstudz et al., 1996; Here, it is important to emphasize that a major limitation
Huser et al.,, 1996; Langer and Peskoff, 1996; Lipp andbf the Winslow et al. model (1999) is that, over a longer
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time period, it fails to achieve a steady state. For 15s:  ADP. Consequently, the simulated action potential was

1) [Ca} and [Ca], peaks begin slowly to increase (for quite similar in shape to that shown by Winslow et al.

example, the [Calpeak increases t6-0.7 uM after 2 min  (1999), (not shown in this article).

periodic stimulation); 2) Systolic [Na&and [K]; do not reach The model studies also suggest that, under normal con-

steady state even after 2 min; 3) Diastolic [Napreases to  ditions, changes in free €& concentrations during a single

14 mM, and diastolic [K]decreases by 0.8 mM. In view of beat (9-10 s): 1) increased resting [CaATRhereas all

this, simulated C& transients in the original paper were other diastolic free and bound ATP and ADP concentrations

computed at 9-10 s for comparison with experimentallyremained almost unchanged; 2) were not able to affect the

measured steady-state responses in normal and failing caermal function of the ATP-regulated SR €gump, N& -

nine ventricular myocytes. Similarly, in the present study,K™, and sarcolemmal G4 pump becaus8garr (EQ. 25)

we examined the effects of ATP and ADP on the 10thremained fairly constant-1; 3) significantly increased rest

cycles of stimulation (9-10 s). subspace and myoplasmic CaATP/MgATP ratios, while
MgADP/MgATP concentration ratios were not affected.

Normal conditions

Our studies demonstrated that addinggCand Mg ex-
change with stationary ATP (7 mM) and ADP (8V) did  The major pathophysiological effects of ischemia include
not significantly affect the high subspace“Casignal, but  the accumulation ofK],, acidosis (intra- and extracellular
was able to modify slightly the lower myoplasmic €a pH drop) and anoxia (fall in [ATR}/[ADP],., ratio and
signal. Calculations showed that, under normal conditionsppening of the specific ATP-sensitive'Kchannels), (Shaw
diffusion of ATP (as CaATP) might contribute to €a  and Rudy, 1997; Carmeliet, 1999). The present model pro-
transport from subspace to myoplasm. Becalgg, >> Vs vided an opportunity to investigate how the fall in [ATE]
(Vmyo = 25.84X 10 ° L, Vo= 1.2 X 10 ° ul), C&* [ADP], ratio could affect intracellular ion concentrations,
diffusion by the physiological concentration of the low- free and bound ATP and ADP concentrations, and ionic
affinity Ca®" buffer ATP (7 mM) was able to influence to currents. In this study, the extracellular Kvas constant at
some extent the G4 signal in the subspace volume, but normal value (4 mM) throughout the simulations with
was unable to influence the €asignal in the myoplasmic  [ATP],./[ADP],,, unity or ATP and ADP 0 mM.
volume. Our model predictions are in agreement with the The most important result was the observation that
conclusions of others (Kargacin and Kargacin 1997; Baylorchanges in the diastolic [MgATR]as consequence of the
and Hollingworth 1998) that Ga binding by ATP and changes in [ATR]/[ADP],, ratio, significantly affected
diffusion of C&"-bound ATP may contribute to the deter- ATPase pump activities, in turn altering normal ion and
mination of the amplitude and time course of intracellularbuffer concentrations and ion currents. The model predicted
Ca" signals. However, we need to emphasize that thighat: 1) during metabolic inhibition ([ATR}/[ADP],,, = 1),
common-pool model did not allow us to explore the effectsdiastolic [MgATP] decreases-50% and remains fairly
of diffusion of CaATP on the local G4 concentrations in  constant in the face of [Cafoncentration changes from
the cell as predicted by Baylor and Hollingworth (1998). 0.13 to 0.37uM (9-10 s); and 2) with total metabolic
The simulations also demonstrated that, under normahhibition (JATP],, = [ADP],,; = 0 mM) the diastolic
conditions, C&" transport by ATP (as CaATP) increases [MgATP]; is zero.
the diastolic JSR Cd level and systolic JSR Ga peak The model studies demonstrated that, when [AJRBhd
slightly. Here it is important to note that a limitation of our [ADP],,, were 3 mM: 1) normal SR G4 content signifi-
model and of the model of Winslow et al. (1999) is that thecantly decreases; 2) normal diastolic [Cafcreases, [Cal
SR is almos#s depleted in a single beat. The experimentalpeak drops~50%, [Cal, decay rate increases, and patho-
data of Janczewski et al. (1995) and Bassani et al. (1998pgical [Cal, transient reaches rest level earlier than nor-
suggest a maximal SR depletion of no more thad0%. mal; and 3) normal diastolic [Cahcreases, the earlier [Ga]
Recently, Rice et al. (1999) extended the deterministippeak drops~50% and a second, higher and slower, [Ca]
model of Jafri et al. (1998) by incorporating stochasticpeak emerges. The simulations also show that the decline in
equations for the gain and gradedness of'‘Qalease in rat  the earlier [Ca]peak coincides with depletion of the JSR.
cardiac muscle. Simulations with the stochastic modelThe appearance of a second higher [@a&lak under isch-
showed that maximal SR depletion during a single beat i®mic conditions can be attributed to the increased'Ca
less than 50%. influx through L-type C&* channels. In addition, the model
Our results showed that the changes in [Cepncentra-  predicts the appearance of a second slow peak in the free
tion after the inclusion of CaATP flux slightly affected the [ATP]; transient, in the free [Mg}ransient, and in all other
time course of, Under normal conditions, the alterations free and bound ATP and ADP transients. The simulation
in intracellular C&", Na*, K*, and MgATP concentrations results also indicate that, under total metabolic inhibition
and ion currents were small after the inclusion of ATP and([ATP],,: = 0 mM, [ADP],,; = 0 mM), the SR is almost

Metabolic inhibition
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empty, diastolic C&" levels increase further, systolic €a  predicted pathologicdl,, were not in agreement with the
levels decrease, and the earlier [Gadak disappears. With observations of Kleber (1983) because diastolic and systolic
total ATP and ADP inhibition, the SR and sarcolemmal[Na]; were not correctly simulated, and because [Ne&s
Ca&" ATPase were fully down-regulated and N&&* constant during periodic stimulation. Another reason could
exchanger efficiency decreased further. Our analysis sugse thatl,,« may not be proportional to [MgATPRs as
gests that the most important reasons for these changes snmed in Eq. 22. Nevertheless, making the same approxi-
normal [Ca}ss [Cals and [Ca] transients were reduced mation for currents carried by the sarcolemmaP GAT-
Ca" uptake by SERCA2a pump and reduced Ceelease Pase and SR G&-ATPase transporters resulted in good
from JSR. In the Winslow et al. (1999) model, where ATP qualitative agreement with experimental observations of
and ADP were not included, the effect of down-regulationC&* signals under normal and pathological conditions
of SERCA2a pump during heart failure was simulated by(Griese, 1988; Bers, 1991; Isenberg et al., 1993; Martin et
varying a scaling factor for Ga ATPase Ksp) from 1.0to  al., 1998; Carmeliet, 1999).
0.0. Our model predictions for the reduced SRECaon In contrast to the significant changeslig, Inaca Naxo
tent, increased diastolic €a and decreased systolic €a  and I'hcay the predicted effects of metabolic inhibition on
during ischemia are in agreement with experimental obserk., , lcap Ina Ik1, @ndly, p currents were negligible. It is
vations (Griese, 1988; Isenberg et al., 1993; Martin et al.jnteresting that our model, where ATP regulates indirectly
1998; Carmeliet, 1999). Measuring free [Cabncentra |, via [Cal, like that of Shaw and Rudy (1997), where
tions by indo 1 fluorescence in a voltage-clamped myocyteATP regulates., directly, also predicts an increase in‘Ca
Isenberg and co-workers (1993) also observed that a fall imflux through L-type channels after a fall in total ATP
systolic [Ca] during metabolic inhibition ([ATR}; = concentration. The normal time coursed gf I, l;c1, @nd
[ADP],,s = 3 mM) or during total metabolic inhibition 1., remain unchanged after 10 s stimulation.
([ATP]io: = [ADP],.; = 0 mM) may be accompanied by  Action potential duration in the model increased after a
oscillations. This model failed to simulate the systolic [Ca] fall in [ATP],., with 4 mM extracellular K. The analysis
oscillations. Our studies showed that the earlier [@apk  suggests that only the down-regulation of the SR'Ga
disappears when &4 uptake by SERCA2a pump is totally ATPase significantly influenced action potential shape,
blocked (Fig. 3B, solid and dash-dot lines). The earlier whereas the effect of NaK™ or sarcolemmal ATPase
[Ca], peak (knob) is an artifact of the common-pool modeldown-regulation was negligible. Winslow et al. (1998),
assumptions and depends on SR Ceelease (Winslow et varying the scaling factor for SR €a-ATPase from 1.0 to
al., 1999). Additionally, we conclude that the earlier peaks0.0, also observed an increase in action potential duration.
in the free [ATP] transient, in the free [Mgltransient and Our results demonstrated that diastolic [MgATRbpr
in all other free and bound ATP and ADP transients are als&ygarp) remains fairly constant during a single beat (9-10
common-pool model artifacts. Recently, developing a locak). Under normal conditions§,atp Was unity, for meta
control model of C&" release in the cardiac diadic space, bolic inhibition, Svgatp Was ~0.488, and for total meta
Rice et al. (1999) found that the simulated [Ca@nsient  bolic inhibition, Sy arp Was zero. Because the simulated
increases gradually and did not exhibit the knob. action potential is similar to that shown in the original
Experimental studies in guinea pig hearts suggest#3at paper, it is not shown again here. In contrast with these
mM ATP and elevated extracellular’kconcentration{12  predictions, experimental and theoretical studies (Gettes
mM) are able to support NaK™* pump function, i.e., that and Cascio, 1992; Cascio et al., 1995; Shaw and Rudy,
significant changes in normgl,« do not occur during acute 1997; Carmeliet, 1999) show a well-known shortening of
ischemia (Kleber, 1983). For this reason, equations descritaction potential duration during ischemia (note here,[K]
ing the ATP-dependence of the N& ™ pump were not 12 mM, pH = 6.5, [ATP},, = 3 mM, ATP-sensitive K
included in the Shaw and Rudy model (1997). Because it ishannels open).
well established (Bers, 1991; Fozzard and Lipkind, 1995; Experimental data suggest that, under metabolic inhibi-
Carmeliet, 1999) that NaK™ pump function is strongly tion, free intracellular M§" concentration may increase to
ATP-dependent (for each ATP molecule consumed thre@—6 mM (Kirkels et al., 1989; Murphy et al., 1989; Carme-
Na* and two K" are transported), we included equationsliet, 1999). In our simulations, diastolic Mg increased
describing the ATP-dependence of NK™ ATPase. Our from 1 to~2.25 mM when [ATP]/[ADP],,, Was unity and
simulations predicted that the N&K™ ATPase activity is to 7.44 mM when ATP and ADP were zero. The calcula-
reduced with [ATP],; and [ADP],. 3 mM and extracellular tions also showed that when [ATR]and [ADP], are 3
K™ normal (see Fig. €, solid line). Additionally, 3 mM mM and M¢" is 2.25 mM: 1) diastolic ATP, CaATP, and
ATP and 12 mM [K}, (not shown) were also not able to MgATP concentrations decrease-80%, ~70%, and
support normal Na-K™ pump function (resky,« increased ~50%, whereas diastolic ADP, CaADP, and MgADP con-
from 0.025 to 0.06 pA/pF and from 0.05 to 0.128 pA/pF centrations increase 345-, ~500-, and~767-fold; 2) sys-
during excitation). Na-K ™ pump function is sensitive to tolic [CaADPL.and [CaATP] increase more notably from
[Na]; and [Na}, concentration changes. It is possible that theinitial diastolic levels than all other systolic free and bound
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ATP and ADP concentrations. An interesting model predic-Bassani, J. W., W. Yuan, and D. M. Bers. 1995. Functional SR Ca release
tion was that, during metabolic inhibition, the diffusion of is regulated by trigger Ca and SR content in cardiac myocytes.

. Am. J. Physiol. Cell PhysioR68:C1313-C1329.
+
Ca "-bound ADP contributes to Ca transport from the Baylor, S. M., and S. Hollingworth. 1998. Model of sarcomeric>Ca

subspace to myoplasm, while the importance of CaATP flux movements, including ATP (4 binding and diffusion, during activa
decreases. During metabolic inhibition, changes in intracel- tion of frog skeletal musclel. Gen. Physiol112:297-316.
lular C&" had a considerable effect on CaATP/MgATP Bers, D. M. 1991. Excitation-Contraction Coupling and Cardiac Contrac-

. . tile Force. Kluwer, Boston. 46—47.
ratios in the subspace and myoplasm but no effect on. _ T _ _
. armeliet, E. 1999. Cardiac ionic currents and acute ischemia: from
MgADP/MgATP ratios. _ _ _ channels to arrhythmia®hysiol. Rev79:917-1017.
The model also predicted that, in ventricular myocytes,cascio, w. E., T. A. Johnson, and L. S. Gettets. 1995. Electrophysiologic

high Cc&*' concentrations near the membrane could stimu changes in ischemic ventricular myocardium: 1. Influence of ionic,

; 2 metabolic and energetic change$. Cardiovasc. Electrophys.
Etjepgreater ghz:_ngestrl]n free zligdbboulnqt lggﬁ\ﬂ?h arlld 6:1039-1062.
4 C_Oncer_] rations than cou € elicited by the 0WerCh’en, F., K. Clarke, R. Vaughan-Jones, and D. Noble. 1997. Modeling of
ca signal in the myoplasm. internal pH, ion concentration, and bioenergetic changes during myo-

Incorporating equations for @4 and |\/|g2+ buffering cardial ischemiaAdv. Exp. Med. Biol430:281-290.

and transport by ATP and ADP and equat|ons for ATPCh’en, F. F. T., R. D. Vaughan-Jones, K. Clarke, and D. Noble. 1998.

regulation of ion transporters in the model of Winslow et al. '\B/Iigﬂeég:‘glg]_ygggd'al ischemia and reperfusidog. Biophys. Mol

(1999_), we developed a more dEta”ed_ biop_hySical and biogeyy, p. B, K. A. Yamada, M. H. Creer, J. Wu, J. McHowat, and G. X.
chemical model that connected Tasignaling and cell Yan. 1995. Amphipathic lipid metabolites and arrhythmias during isch-
electrophysiology with cell metabolism. This model was @aemiain Cardiac Electrophysiology: From Cell to Bedside. D. P. Zipes

able to reproduce qualitativelv a sequence of events th and J. Jalife, editors. W.B. Saunders, Philadelphia. 182—203.
P q y 4 &Bawson, S. P., J. Keizer, and J. E. Pearson. 1999. Fire-diffuse-fire model

corresponds well with experimental data in normal and of dynamics of intracellular calcium waveRroc. Nat. Acad. Sci. U.S.A.
pathological conditions (Marban et al., 1990; Wagner et al., 96:6060-6063.
1990; Isenberg et al., 1993; Wilde and Aksnes, 1995; CarEager, K. R., and A. F. Dulhunty. 1998. Activation of the cardiac ryano-

meliet, 1999). It needs to be refined however, because manymfnﬁgﬁgtgigylzgl.gxggl oxidation is modified by Fgand ATP.J.

of the m_wportant proce_zsses occurring du”ng |schemla anQaber, G. M., and Y. Rudy. 2000. Action potential and contractility
reperfusion were not included: 1) metabolism of high-en- changes in [NaJoverload cardiac myocytes: a simulation stu@jo-
ergy phosphates, ATP-sensitive”Kchannels, Na-act phys. J.78:2392-2404.

vated K" current. counterion anion channels in the SR, Fozzard, H. A, and G. Lipkind. 1995. lon channels and pumps in cardiac

| taboli d lactate t t lati function. Adv. Exp. Med. Biol382:3-10.
glycogen metabolism, an actate ftransport regulatio ettets, L. S., and W. E. Cascio. 1992. Effect of acute ischemia on cardiac

(Ch’en et al., 1998; Noma, 1983; Shaw and Rudy, 1997; electrophysiology.ln The Heart and Cardiovascular System. H. A.
Eager and Dulhunty, 1998; Faber and Rudy, 2000); 2) Fozzard, R. B. Jennings, E. Haber, A. M. Katz and H. E. Morgan,
changes in extracellular K Na*, and C4" concentrations ~_ €ditors. Raven Press, New York. 2021-2054.

. L - . Griese, M., V. Perlitz, E. Jungling, and H. Kammermeier. 1988. Myocar-
during metabolic inhibition (Wilde and Aksnes, 1995; Shaw dial performance and free energy of ATP-hydrolysis in isolated rat

and Rudy, 1997; Carmeliet, 1999); 3) decreased extracellu- hearts during graded hypoxia, reoxygenation and highpkrfusion.J.
lar and intracellular pH during metabolic inhibition (Kleber, Mol. Cell Cariol. 20:1189-1201.
1983; Orchard and Kentish, 1990; Shaw and Rudy, 1997};1unter, P.J., A. D. McCulloch, and H. E. D. J. ter Keurs. 1998. Modelling

Chen et al., 1998); 4) binding of MggL to troponin C and ghge:zngg(ig%rlllcal properties of cardiac muséeog. Biophys. Mol. Biol.

calmodulin, that additiona_lly may affect free intracellular Huser, J., S. L. Lipsius, and L. A. Blatter. 1996. Calcium gradients during
Mg2+ and C&" concentrations (Robertson et al., 1981); 5) excitation—contraction coupling in cat atrial myocytdsPhysiol.494:
cell volume changes (Wright and Rees, 1997; Carmeliet, 641-651.

. ; ; . user, J., Y. G. Wang, K. A. Sheehan, F. Cifuentes, S. L. Lipsius, and
1999)' 6) Changes in fatty acids (Corr etal, 1995)’ and 7j_| L. A. Blatter. 2000. Functional coupling between glycolysis and

production of free radicals (Manning and Hearse, 1984; excitation-contraction coupling underlies alternans in cat heart cells.
Carmeliet, 1999)_ J. Physiol.524:795-806.
Imredy, J. P., and D. T. Yue. 1994. Mechanism of Gaensitive inacti
vation of L-type C&" channelsNeuron.12:1301-1318.
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