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ABSTRACT A model of the functional release unit (FRU) in rat cardiac muscle consisting of one dihydropyridine receptor
(DHPR) and eight ryanodine receptor (RyR) channels, and the volume surrounding them, is formulated. It is assumed that no
spatial [Ca®*] gradients exist in this volume, and that each FRU acts independently. The model is amenable to systematic
parameter studies in which FRU dynamics are simulated at the channel level using Monte Carlo methods with Ca?*
concentrations simulated by numerical integration of a coupled system of differential equations. Using stochastic methods,
Ca®"-induced Ca®* release (CICR) shows both high gain and graded Ca®" release that is robust when parameters are varied.
For a single DHPR opening, the resulting RyR Ca®" release flux is insensitive to the DHPR open duration, and is determined
principally by local sarcoplasmic reticulum (SR) Ca®" load, consistent with experimental data on Ca®* sparks. In addition,
single RyR openings are effective in triggering Ca® " release from adjacent RyRs only when open duration is long and SR Ca®*
load is high. This indicates relatively low coupling between RyRs, and suggests a mechanism that limits the regenerative
spread of RyR openings. The results also suggest that adaptation plays an important modulatory role in shaping Ca®™ release
duration and magnitude, but is not solely responsible for terminating Ca®" release. Results obtained with the stochastic
model suggest that high gain and gradedness can occur by the recruitment of independent FRUs without requiring spatial
[Ca®*] gradients within a functional unit or cross-coupling between adjacent functional units.

INTRODUCTION

Calcium-induced calcium release (CICR) in cardiac muscleunits (FRUs), each consisting of dihydropyridine (DHPR)
exhibits both gradedness and high gain. Gradedness refeasid RyR channels interacting via a local functional unit
to the observation that sarcoplasmic reticulum (SR§j"Ca subspace. This hypothesis assumes that a variable number
release is proportional to the influx of trigger €a(Beuck-  of independent FRUs can be recruited via a “local control”
elmann and Wier, 1988), whereas high gain refers to thenechanism to produce graded“Carelease (Stern, 1992;
observation that Cd release from SR is significantly larger Cannell et al., 1994; Lopez-Lopez et al., 1995). This as-
than the trigger influx (Fabiato, 1985a). The paradox, asumption is consistent with the spatially and temporally
described by Stern (1992) is that the positive feedbackocalized SR C&" release events, known as Casparks,
inherent in such high-gain systems produces all-or-non¢hat are thought to be the unitary CICR events in cardiac
rather than graded Ga release. Such behavior is predicted cells (Lipp and Niggli, 1994; Cheng et al., 1993). We
for all models in which sarcolemmal €ainflux and SR assume that single voltage-activated DHPR channels can
Ca&" release are directed into a single compartment (reepen nearby RyRs via localized increases of{{GgCan-
ferred to as “common pool” models). nell et al., 1995; Lopez-Lopez et al., 1995). This system is
Our previous model of cardiac calcium handling incor- of sufficiently low order to be run with stochastic (Monte
porated an improved description of the L-type?Cahan-  Carlo) simulations, and allows for systematic parameter
nels and CICR release from ryanodine receptor (RyR) charvariation. The model shows robust graded Ceelease and
nels exhibiting adaptation. Because these channels, as wgltoduces behavior consistent with that reported fof 'Ca
as the diadic space between the channels, are each repsparks.
sented as ensemble averages, our previous work is an ex-
ample of a common pool model (Jafri et al., 1998). While
this model reproduces important frequency-dependent aggETHODS
pects of cardiac Cd cycling and high gain, it also exhibits
all-or-none rather than graded Larelease. We hypothe- Fig. 1 shows the mpdel of the functional releas_e u‘nit. The mode_l consis_ts
. . . . of one DHPR and eight RyR channels communicating via a functional unit
S_Ize_ that much Qn‘ferent b.eha\_”or. WIH result frpm a StOCh""‘c"subspace. Experimental studies have suggested that a single DHPR open-
tic implementation in which individual functional release ing activates a single functional release unit (Sham et al., 1998; Cannell et
al., 1995). The 8:1 RyR/DHPR stoichiometry used is similar to the exper-
imentally determined value of 7.3 (Bers and Stiffel, 1993). Calcium enters
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al., 1996). Cheng and co-workers observed that"Csparks become

J
DHPR DHPR propagating C& waves only under G4 overload conditions, but not
© ne S p iy Sarcolemma, . under normal conditions, suggesting that activation does not typically
P L spread from one functional unit to the next. Sparks are also thought to
| Diadic Space e

| consist of C&" release from between 6 and 20 RyRs, a finding that is

| | consistent with the RyR/DHPR ratio used in this study. Typically, during

— H H H li' Mvol a contraction the activation of each functional unit is spread &/ @atry
yoplasm via the DHPR during depolarization of the sarcolemma‘Ghux from the

\ / | S subspace to myoplasn,{.,) is computed as the [G4] gradient divided

RyRs JRyR by the relaxation time constant,f.):
Junctional SR _ 1 F* F*
Jer = —— ([C& T ]ss — [C& " ]inyo) 1)
Txfer
Jir The C&™ flux (J,) that refills the junctional SR (JSR) is computed as the

[Ca?*] gradient divided by the relaxation time constant)(

Sarcoplasmic Reticulum 1 . .

Je = TT ([Caz Insr— [Caz 1isR) 2)

FIGURE 1 Schematic diagram of the functional release unit model. '

Ca" influx through the DHPRJ,,4pR) enters the functional unit subspace where [C&'],qx is the JSR C& concentration and [Ga]ysr iS the

(dashed box This rise in local [C4"] fosters the opening of one or more network SR (NSR) C& concentration. It is assumed that the activation of

of the eight RyR, producing additional influddr) into the subspace. In  an individual FRU does not have a significant impact on the total

this model, the subspace is considered to be a single compartment, henf@a®* ], s, Hence, [CA"|ysr is @ constant ([Cd ]ysg = 800 uM in the

there is no spatial gradient across this space. Efflux from the subspacgdefault model).

(Jyer) OCcurs via simple diffusion, as does the flux to refill junctional SR~ The DHPR channel is represented by a mode-switching model that was

(J)- developed previously (Jafri et al., 1998). A state diagram of the mode
switching and voltage activation is shown in FigA2Transition rates are
given in Table 1. The upper and lower rows of states comprise Mode

[Ca?*] a short distance away from the channel parallel to the membranéNormal and Mode Ca, respectively. The channel is assumed to be com-

(tens of microseconds) almost instantaneously reaches a uniform spatipbsed of four independent subunits that can each close the channel. This

profile (Langer and Peskoff, 1996; Soeller and Cannell, 1997; Keizer andlictates five closed states {C,) on the top row and a mirror set of closed

Smith, 1998). For simplicity, the myoplasmic €a concentration  states (§,5Ccas ON the bottom row. The proportionality of the forward

([Ca”]myo) is assumed to be a fixed constant (@u). and reverse rates between the closed states is dictated by the four-way

We also assume that each FRU behaves independently of others bassgmmetry assumed for channel subunits. Voltage-dependent activation is
on experimental findings (Sham et al., 1998; Cannell et al., 1995; Cheng d@hcorporated through the rate constantand 3, which are increasing and

A. State Diagram of DHPR Channel

Mode 4o 3a 20, 1o f
FIGURE 2 State diagrams for the DHPR and normal @ 18 28 3B 48 @ g

RyR channel Markov modelsAf A state diagram

of the mode switching and voltage activation of

DHPR channel model. The upper row of states Yl v alw/b yaZob? yajwbd  yadabt
comprises Mode Normal and the lower row com-

prises Mode Ca. The channel is composed for four Mode 40 30 20 1o f
independent subunits, each of which can close the ", Ccao T Ccat 28 Cca2 3 Cca3 ap Ccas 9
channel. The corresponding states argwheren

is the number of permissive subunits. With depo-
larization, the channels undergo transitions from
left to right. With four permissive subunits (7
there is a voltage-independent transition to the con- .

ducting state O. With elevation of [€4] the chan- B. State Dlagram of RyR Channel
nel transition occurs from the Mode Normabif)

to Mode Ca botton). f << ' so that transitions into k34
Ocgare rare, which effectively inactivates the chan- ka3

nel in Mode Ca.B) A state model for the RyR with

adaptation. The states-Pand R, are the resting ks | ka3 Kas Jk“

(o]
o
o

states, Bsand R, are the open states, andsand
P. are the adapted or refractory states. The tran-

sitions governed by the ratkg,, K, 3, Kz 4 Ks 4 Ks 6, ka5 .
andk, 5 are all C&*-dependent (see Table 2 for Ks,2
values of the rate constants). kV w,s
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TABLE 1 DHPR transition probabilities (Keizer and Levine, 1996). Hence, in this model we are interested in the
effects of adaptation on RyR &arelease.

— —1 — —1
Z ; 8'41189(7\/5+[(s:);%2‘§];1 g; ;'82,1 A state diagram of the RyR model is shown in FigB2The state p;
M AR (V- 6)29 1 o 1 and R, are open states whereas stateg, P,, Pcs, and R are closed
B = 0.05e S f = 300.0s . S )
o =aast g = 2000.0s* §tates. Brleﬂy, +€1 and R, represent the |r1|t|a| closed states. With an
B’ = (Blb)s f =505 1 increase in [C&'], the channel opens, moving to stateg Bnd R,,. The
©=100s"? g’ = 7000.0s* qther states, £, and R, represent the adapted or refractpry state. Tran-
y, = 0.02 + 1 + 01 sition rates between the states are giverkpy and are provided in Table
” : 1+ VoIS g 4 gVo2ne 3. In the original model (Keizer and Smith, 1998), the charge carrier could
= 0.02 + 0.04 be C&" or C£*, so that some transition rates depended orf [T the
y : 1 + V3085 microdomain around the channel while others depended on the bulk

myoplasmic [CA"]. We assume the charge carrier is>Caso all rates

depend on the [Gd] in the microdomain. Furthermore, we have modified

the rates so that 1) they are scaled to depend on FRU subspéatei@h

decreasing functions of voltage, respectively. When in the rightmost close¢ ot on pulk myoplasmic G4, and 2) they are saturating functions ofCa

states (G or Cc,,), there are voltage-independent transitions to the opentqiowing Michaelis-Menten kinetics. The new description was derived to

states (O or @,). Note thaif’ is 500 times slower thaf) so that openings  match the original description over low levels of fC3 but prevents

are rare in Mode Ca, effectively inactivating the channel. extremely large, and likely unrealistic, transition rates at higtf {¢e&Such
Transitions to Mode Ca are controlled pywhich is a function of C&'. high rates would require extremely small time steps that greatly increase

Moving rightward in Fig. 2A, there are incremental increases in the computation time. The results of both these modifications are shown in

multiplier of y and the divisor orw. The effect of this is to greatly increase Tgpje 2.

the transition rate to Mode Ca at high voltages when the channel is The c3* flux through the RyR channelSi,) is computed as

opening. The close symmetry between Mode Normal and Mode Ca closed

states and similarity of rates (i.eg,versusg’) is dictated by the experi- 8

mental finding that gating currents are very similar in the Mode Normal _ 3 i

and Mode Ca cases, and by thermodynamic microscopic reversibility. Jryr = E JryrRYRoped[Calisr — [Calsd (5)

Microscopic reversibility requires that for each cycle the product of rates is =1

equal, whether taken in the clockwise or the counterclockwise direction, = . D .

V((:‘)Itage—dependent inactivation is modeled as a Hodgkin-Huxley-type gatt\eNhereJRYR 'S the channel permeability tq €a RYRopenis 1 when+theth

channel is in state R or P, and 0 otherwise, and ([G&]ss — [Ca® )55

(y). This gate can inactivate the channel independently of the state'lss the driving force from the JSR to the subspace.

discussed above. The equations modeling the DHPR are provided in The full C* balance equations for the subspace and the JSR are

Table I.
Ca* flux through the DHPR channel§,,-) is computed as d[C512+]ss Viwo
Y/
- T BSS(JDHPR + Jryr + foer) (6)
J _ IDHPRDHPRJpen (3) dt Vss
PHPR 2FVss and
wherelp,pr is open channel currenp wF %) given by d[C6€+]35R_ R(J B VSSJ ) (7)
T I5 a4VF2 O.OO]eZVF/RT _ 034][Ca2+]0 (4) dt ISR Vir VJSR RyR [
pHPR — Fc VEIRT _ ;
RT & 1 where
DHPR, e, is 1 for states O or @, and is O otherwiseF is Faraday's [BlsK [Bls K -1
constant, and/ss is the volume of the FRU subspace. The number 0.341[355: (1 + SRTBSR 5+ st BSJ': 2)
is the activity coefficient of C&" at the outer opening of the cell. The (KBSR + [Ca2+]59 (KBSL + [Ca2 ]ss)

number 0.001 reflects the product of the activity coefficient of Cat the
mouth of the channel in the FRU subspace and?{Ga,

The RyR channel is represented using a model developed by Keizer arjnd
Smith (1998). This model was developed to replicate open and dwell times 1
of isolated RyR channels in vitro and in vivo, as well as measured peak and Bisr= 1+ [CSQ '\ﬂtotalKCSQN (9)
plateau open probabilities with €a or cesium (C%") as the charge JSR (Keson T [C&'];sR°
carrier. The latter measurements describe the adaptive behavior of the RyR
channel. As originally described, adaptation is a property of the RyRdescribe the buffering of Ga using the rapid buffer approximation
where, after rapid activation by a step increase in?[Gathe channel  (Wagner and Keizer, 1994) witBgss describing buffering in the subspace
undergoes a slow spontaneous decrease in open probabilityk@&Ggad andB;srdescribing buffering in the JSR. In the subspace there is buffering
Fill, 1993). Closing of the RyR has also been attributed to inactivationby the negatively charged phospholipid headgroups in the sarcolemma and
(Fabiato, 1985b; Sham et al., 1999). In isolated bilayers, adaptation occuthe SR membrane. These are approximated as having fixed concentrations,
within milliseconds, while inactivation occurs within a few seconds and C&" dissociation constants are given bB]d, and Kgg, for the

TABLE 2 RyR transition probabilities

ky o = 3.0 X 10°Casd“{(2.68)* + [Casd®} s * ks, = 198.0[Cad*{(2.68)* + [Casd™} s *

kpy =25x10°s* k,5=66.67s*

ko5 = 3.0 X 107[Casd*{(2.68)" + [Casd?} s ¢ ko5 = 3.0 X 10°7[Casd*/{(2.68)" + [Casd} s *
ks, = 9.6 X 10°s* ks, = 1.235s*

ka4 = 3.0 X 10°9Casd¥{(2.68)* + [Casd*} s~ * kss = 3.0 X 10°7Casd¥{(2.68)* + [Casd¥} s~ *

Keg=13x10°s? kes = 30X 10°s?
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Ves = 2.03X 10712 L [Bs] = 1124.0uM a 12f ' ' ' ' ]

Vyer = 1.05% 10710 yL Kgs, = 8.7 uM S 1o} I — - sum RyR fluxes j

[CE# Tyo = 0.1 M [CSQN,d = 15.0 mM E gt | __ DHPR flux

[ Tusr = 800 uM Keson = 0.8 mM - f ;

[C&*], = 1.8 mM F = 96500 coul (mok™) 2 6f P E

7, = 0.005 ms T=310K 5 4f A E

Tyer = 0.0007 ms R=8.314 Jmof* K¢ £ Py ] ]

[Bsd = 47.0 uM Jryr = 3960.0 57 g ok ‘| ]
_ D — —11 1

Kesr = 0.874M Pea = 151X 10 7 cm ms 0.05 0.0 0.15 020 0.25 0.30 0.35

time (s)

sarcolemma and3]sg andKggg for the SR (Smith et al., 1998). In the JSR, B 2 400 T D e e e e

calsequestrin (CSQN) is assumed to be the only significart @affer 3 [ !

(Luo and Rudy, 1994). < !

Monte Carlo simulations are run using standard methods for Markov 2 I | 1
processes (Keizer, 1987). Unless noted otherwise, all simulations use a b 200 ! 7
voltage clamp protocol. Specifically, the model is allowed a period of time - i I 1
(0.1 s) to reach steady state at a holding potentiat8® mV, followed by GB’: I
a voltage step to a test potential for 0.2 s, and then returned toe@08emV ] 0 r |
holding potential. Each trial is repeated 500 times before changing the -
voltage step (typically increased from50 and+50 mV in 5-mV incre- 0.05 0.10 0.15 . 0.20 025 0.30 0.35
ments). Results are averaged over the 500 independent trials at each time (s)
voltage, hence could be considered the ensemble behavior of 500 indepen-
dent functional units. This number is probably less than the total number of C
functional units in a cell, which is estimated to be in the range &1 25 b ]
(Isenberg, 1995). This number was selected to yield a reasonable compro- —~ 20F 3
mise between minimization of run time and reduction of variability in the = b 3
results. 3 18- E

& 10} :
8 1
RESULTS = s 3
- . ok ]
ngp!e Monte Carlo results are shown in Fig. 3 for a single 0.05 0.10 0.15 020 025 0.30 0.35
trial with a voltage step to 0 mV. The peak fluxes are shown time (s)
for the DHPR channelsplid line) and the sum of the eight
RyRs @ashed lingin Fig. 3A. After a voltage transition to
0 mV at time 0.1 s, the DHPR might open (FigAR In the 1200 ¢ ]
simulation shown, the DHPR opens only once. Often there = 1000 E
will be no openings and sometimes more than one opening. 3 800
The DHPR flux displays a consistent level of peak flux for § 600}
a given clamp voltage, because we assume a single channel 'E' 400 ]
with constant flux that depends only the clamp voltage. In — 200F 3
contrast, the RyR show a variable level of flux because 1) a ot . ‘ , ‘ , ]
subset of eight channels is open at any given time; and 2) 005 0.10 0.15 0.20 0.25 0.30 0.35

the driving force for C&" flux depends on [C& ] ;55 Which time (s)

varies with time. Note that RyR flux is largest at the

beginning of the voltage step, reﬂecting a re|ative|y |argeFIGURE 3 Sample results for a single functional unit driven by a voltage
driving force and higher open probability early in the?ta stepto0mV from 0.1 to 0.3 sA] Peak fluxes are shown for the DHPR

. . channel ¢olid line) and the sum of the eight RyRslgshed ling (B)
release event. This effect can also be seen in FBJ'\ABhere Integrated fluxes are shown for the DHPR chanselifl line) and the sum

the flux is integrated over time to produce the total inte-of the eight RyRsdashed ling (C) The changes in G4 concentration in

grated flux of C&" into the subspace from each of the two the subspace ([4]sd. (D) The changes in JSR €4 concentration

possible sources. Fig. & andD show the corresponding ([C&'l,sa indicates the degree to which SR empties during &'Ca

changes in C& concentration in the subspace (fCh,)  "elease event.

and the JSR ([Cd],sp, respectively. The peak [G&]ss

reaches a value of22 uM. The local JSR depletes from

800 to~400 uM. respectively. In both cases, the magnitude of the averaged
While Fig. 3 shows results for a single trial, Fig. 4 showsdata is somewhat lower than the corresponding single chan-

similar data averaged over 500 independent runs. The awiel data because of the occurrence of runs in which the

erage peak and integrated flux through DHR&wvEr line) DHPR channel does not open, thus producing no RyR

and RyRs (pper ling are shown in Fig. 4A and B, openings. Fig. 4C andD show the corresponding average
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A Again, the data are smoother and show smaller changes in
4000 400 magnitude when compared to the corresponding data for a
I single functional unit in Fig. 3. These results demonstrate
that the model produces positive gain, i.e., average inte-
sum of RyR fluxes _3200 x grated flux through the RyRs is10 times larger than that
i< through the DHPR.
3 100 & The next question to address is whethef Ceelease is
DHPR flux 50 & graded with influx of trigger C& through the DHPR. To
0.05 0.10 0.15 020 025 0.30 0.35 test gradgdness, .the step potential is varied frfaﬁﬁ to
time (s) +50 mV in 5-mV increments. When plotted against clamp
voltage, the averaged DHPR fluxes produce bell-shaped
B profiles for both integrated (Fig. B, solid ling and peak
400 ' e fluxes (Fig. 5C, solid lind. The peak of the DHPR flux is

g ] ~—10 mV, similar to that measured experimentally. Like-
,’ sum of RyR fluxes wise, RyR flux @ashed lines shows similar bell-shaped
200 ! 1 profiles, but are much larger in amplitude. These data
I 1 ] clearly show that the model can reproduce both high gain
I ! DHPR flux ] and graded Cd release that is observed in cardiac myo-
0 ! cytes. The gain or amplification factor is defined as the ratio
0.05 0.10 0.15 0.20 025 0.30 0.35 of the RyR flux to the DHPR flux. It shows the amount of

time (s) amplification of the trigger Ca by CICR. The gain for the
integrated fluxes is shown in Fig. B and the gain for the
peak flux is shown in Fig. ®. While the gain shown is in
the range observed physiologically (Wier et al., 1994), the
shape differs from that seen in the experiments. Possible
explanations for this will be described in the Discussion.

In DHPR channels, separate features produce the rising
and falling phases of the bell-shaped flux profile. The rising
phase is produced by the increasing open probability and

0.05 0.0 0.'15 o.éo 02'5 0.30 0.35 rgsglts from voltage-sensitive _channel activation. The de-
time (s) clining phase reflects changes in open-channel current. The
two phases of the RyR flux curves also reflect this dual
D modulation. This is demonstrated in the next set of simula-
1200} ' ' ' ' ' ] tions. In Fig. 6A, the activation function of the DHPR
1000+ E channel is shifted by-10 and-+10 mV, producing shifts of
800F 1 the rising edge of the peak DHPR flux functions (seen by
soov—_; the three low-amplitude curves in Fig. &). The rising
400© ] phases of the RyR peak flux functions show corresponding
200F ] shifts (seen by the three higher amplitude curves in Fig. 6
of , ‘ . { , A). Note that there are only small changes in the declining
0.05 0.10 0.15 0.20 025 0.30 0.35 phases because the open probability of the DHPR is close to
time (s) its saturating level. The declining phase predominantly re-
flects the open-channel I-V relation of the DHPR functions.
E_'GL:’)’F:E 4 _A‘feffagetfesu'lts f?t’d590 Siggle “”I‘ts (Sa”t“e Ptrogo‘:fi'/?s Usgdl“As shown in Fig. @, shifting the open-channel I-V relation
1g. Oor a single tunctional unit driven aVvoltage step to O mV from 0. : H
to%.S s. ) Avgrage peak fluxes are shozvn for th?e DHFF’)R channel and thegy —10 and+10 mv prOduces. correspondlng Chang‘?s n
sum of the eight RyRs.B) Average integrated fluxes are shown for the oth DHPR and RyR flux functions. These results indicate
DHPR channelgolid line) and the sum of the eight RyRs4shed ling (C) that properties of the RyR release flux are closely coupled to
The changes in average Taconcentration in the subspace ([Chsg). (D) processes governing activation and permeation of the
The changes in average JSR?Caoncentration ([C&'],sp indicate the DHPR.
degree to which SR empties during a*Caelease event. The next set of simulations addresses the role of adapta-
tion of RyR C&" release. RyR adaptation rate is first
changes in [CH]ss and [C&'],sr The change in increased and then decreased by a factor of 5 by adjusting
[Ca®*],sr from a resting value of 800 to 56@M was a the transition rate, s and k, 5 (see Fig. 2B). A slower
decrease of 38%. A similar decrease is observed experimeadaptation rate increases peak RyR flux and?[¢an the
tally as cardiac myocytes retain 35% of their resting SRsubspace (Fig. 7A and B, dotted lines Conversely, the
Ca" during a contraction under normal SR loading condi-effect of more rapid adaptation is to decrease both peak flux
tions (Bassani et al., 1995a). and [C&*]ss(Fig. 7,A andB, dashed lines It is also clear

FVPTR T
S

T

2000

RyR flux (uM/s)

integrated flux (uM)

[CO]ss(llM)
O~ N i b OO
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FIGURE 5 Model exhibits positive gain and gradec?Caelease. To modulate the amount of trigge?Gavoltage pulses are changed in 5-mV steps
from —50 to 50 mV. The data are averaged from 500 ruAglrftegrated flux through the DHPRlid line) shows a bell-shaped profile, similar to those
measured experimentally. The integrated RyR ‘Calease dashed ling also has a bell-shaped profile, which shows gradedness and is much larger, that
demonstrates positive gairB)(The gain or amplification factor for the integrated fluxeS) Peak flux shows very similar behavior, although there are
slight differences in the shapes of the curves when compared to the integrated fluxodakhae(gain for the peak fluxes.

that rapid adaptation produces a model with a significantlyB, reduced SR loaddptted ling produces a smaller, shorter
decreased gain that is smaller than that observed experimepeak in [C&"]sswith a smaller sustained component after
tally (Wier et al., 1994). This finding suggests that mea-the C&" release. In contrast, increased SR load produces a
surements of gain may help to limit estimates of RyRlarger magnitude of Ga release with an elevated sustained
adaptation rates. component. C& release also continues after the voltage

The effect of RyR adaptation on JSR®Caoncentration  step (see dashed line after the voltage step from 0.1-0.3 s in
is examined in Fig. 7C. Slowed adaptation produces a Fig. 8 B). This phenomenon occurs only when SR?*Ca
larger SR C&" release and lower [Ca]ys during the  oad is elevated so that release become regenerative as RyRs
course of the Ca release dotted ling. A more rapid  ¢ontinye to activate each other (i.e., the cluster bomb effect
adaptation rate produces a smaller SR'Ceelease and as described by Stern (1992)).

) N :
h(;gh(:]r d[(ljé ]JShR dufrmg _theh.coursde |°f the fé release In contrast to regenerative RyR openings, the data of Fig.
(dashed ling Therefore, in this model, RyR adaptation rate g yemonstrate that model RyR €arelease closely follows

has an effect on the level of SR emptying and contributes t?he DHPR openings. It has been pointed out elsewhere

; ; +
termination of SR C& release. allewaert, 1992; Stern, 1992) that such a system produces

Considerable experimental evidence suggests that S .
Ca" release is positively correlated with the Caload igh gain and graded Ca release. However, the data of
ig. 8 B also show that under at least some conditions (i.e.,

(Bers, 1991; Bassani et al., 1995a; Janczewski et al., 1995). . .
For example, by decreasing the SRZCa@ontent by 56%, igh SR load), RyR c%;f release can be sustained in the
its control value reduces the RyR Tarelease by 529 apsence of influx of trigger Ca. _
(Janczewski et al., 1995). The effect of altered SR'Ca In the next set of simulations, we seek to determine the
load is tested in the model by changing the initial?Ca functional coupling between the DHPR and RyRs as com-
concentration of JSR ([¢4],s and the concentration of pared to coupling between adjaceljt RyRs. If the former is
the store that refills SR ([Gd]ysp). When SR C&" load is much stronger, then RyRs may simply follow the trigger
doubled from the control value (16QfM vs. 800uM), the influx. If the latter is strong, then the system is more likely
peak flux increases over the entire range of voltages testd@ tend toward self-regenerating RyR Carelease. To
(Fig. 8 A, dashed ling Similarly, when SR C& load is  address this issue, the stochastic model is modified so that
halved from the control value (400M vs. 800 uM), the  either a single DHPR or single RyR channel is held open to
peak flux decreases (Fig.A, dashed ling drive the functional unit in the absence of any other trigger
The change in SR load also produces large changes in theflux of Ca?*. An important variable in such simulations is
temporal behavior of SR &a release. As shown in Fig. 8 the open duration. Therefore, an initial step is to determine
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data are averaged from 500 rum8) The activation function of the DHPR 3 E
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of the RyR average peak flux curves show corresponding shifts, showing
that RyR C&" release closely corresponds to DHPR I-V relations on the
falling phase.
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FIGURE 7 The effects of modifying adaptation rate on RyR; Cee-
lease. The transition rates into the adapted stgtedndk, s in Fig. 2 B)
are increased or decreased by a factor of 10 to increase or decrease

an appropriate range of channel open times for use in thédaptation rat(_e, respeptively. Data are gathered from voltage pulses from
—50t0 50 mV in 5-mV increments, and are averaged from 500 runs at each
mo‘?'e'- . . voltage. @A) Slow adaptation ratedptted ling produces a larger peak flux
Fig. 9 shows the channel open times plotted as a functioghan control conditionsslid ling), the same as Fig. &). Increased
of initial time of the opening event. The model was run adaptation rate decreases the peak flB). The average [C&]sg tran-
using the same standard conditions as in Figs. 3—5. In Figients at 0 mV show that adaptation rate effects both the magnitude and
9 A, the DHPR opens times are plotted during the 0.1-emporal profile of RyR Cd release. ¢) The average [Cd];sg lines
0.3-ms voltage step to 0 mV. Most points are below 3 msshow that the_ hlgher rate of adaptati@aghed ling decreases the qegree
TR - . of SR unloading during G4 release, whereas decreased retstéd ling
and the distribution of points shows that although there ar@roduces greater SR unloading.
more frequent openings early in the voltage step, there is no
apparent dependence of open time on the time of opening.
To see that this is the case, the data points within 1-ms tim&998). For 500 runs, the 14,520 RyR openings (Fig) are
intervals were averaged, and the result is plotted as a grayjuch more numerous than 1567 DHPR openings (F&). 9
line in Fig. 9A. The line has slope near zero, demonstrating Fig. 10 shows model results when a single DHPR or RyR
that the DHPR mean open time is constantt5 ms. This  channel is held open. The average’?C#ransients for 500
corresponds well with the value of 0.45 ms measured exruns are shown in Fig. 1@ for a DHPR open time of 0.5 ms
perimentally by Rose and co-workers (1992). In FigB,9 (black line and 16.0 msdray ling). The amplitudes are
the RyR open times show some time dependence with aimilar with a slight variation of the time course. This
peak mean open time of6.7 ms early during the voltage compares well with the experimental results of Sham and
pulse and mean open time of2.8 ms later in the pulse. co-workers (1998) in which the mean open time of the
These values are in agreement with the ranges of valud3HPR is increased from 0.27 ms to 15.9 ms by the addition
from 1.5 to 7.1 ms measured experimentally for controlof the agonist FPL64176. The ensuing “Catransients
conditions (Lukyanenko et al., 1996; Eager and Dulhuntycaused by C& release from the SR are similar in ampli-
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FIGURE 8 The effects of modifying SR €aload on RyR C&" re-  clamped at 80QuM so that no SR emptying occurs. The
lease. The [C&'] of JSR and the [C&] of the refilling store are doubled  corresponding G transients are of similar magnitude, but
(1600 uM) (dashed ling or halved (400uM) (dotted ling to effectively are over 10 times longer0.6 s, data not shown). This

increase or decrease the SR load. Data are from voltage pulses-f60m indi ts that SR loadi | . tant rol
to 50 mV in 5-mV increments and are averaged from 500 runs at eacﬁIn Ing suggests tha unioading plays an important role

voltage. @) Increased SR loadi@shed ling produces a larger peak flux 1N the termination of SR Cd release.
than control conditionssplid line), the same as Fig. 6). (B) The average The above data show that both single DHPR and single
[Ca?*]sstransients at 0 mV show that SR load effects both the magnitudeRyR openings can trigger @arelease from adjacent RyRs.
e_md temporal profile of RyR C?é relzease. Doubling the SR loadashed This suggests that termination of SR zelease may be
line) produces elevated sustained“Caelease during the voltage pulse . e . . .
(0.1-0.3 s) and regenerative RyR*Caelease after the pulse when DHPR quite difficult. However, as seen prewously In FIgAdRyR
influx has ceasedQ) The average [CG4],5zlines show the degree of SR C&" release stops shortly after DHPR influx ceases. A
unloading during and after the voltage pulse. possible explanation is that RyR open times tend to become
shorter during later phases of the voltage pulse (FiB),9
which could produce less activation of neighboring RyRs.
tude, with the C&" transient with the agonist being slightly However, the possibility that RyR open time alone can lead
longer in duration. When a single RyR is held open for 0.5to less regenerative release is unlikely, given that a 0.5-ms
ms (lack line and 16.0 msdray line), there is virtually no  RyR opening still produces a €& transient similar to a
difference between the FRU subspace®Caransients. 16.0-ms RyR opening (Fig. 18). A short RyR opening can
These simulations are run with the default initial SRRCa still be very effective in triggering release from its neigh-
load ([C&"],sr = [Ca®*]nsr = 800 uM) so the SR load is  bors in the model.
similar to those during initial portions of the voltage stepin A more important feature for termination of SR Ca
previous simulations (Figs. 3-5). The degree of SR unloadrelease is the depletion of SR €athat occurs during the
ing is also similar to previous simulations. For the 5- andvoltage step. This is demonstrated by repeating the single
16-ms single channel openings, the {Chgxfalls to 370  channel opening experiments for a range of open times and
and 394uM, respectively, for the DHPR case and 376 andfor a range of SR loads. Results are shown in FigCland
394 uM for RyR case (data not shown). [€4,sgrcan be D. The peak RyR Ca flux for different values of initial
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FIGURE 10 The RyR CH release elicited from a single DHPR or RyR openin). The average Cd transients for 200 runs with default initial SR
C&* load ([C&*];5r = 800 uM). The response for a 0.5 msléck ling and a 16 msdray line) DHPR opening are similar, although the latter is slightly
larger and has a small shoulder as a result of the DHPR @dlux. (B) The C&" transients for a single a 0.5 mislgck ling or 16 ms @ray line) RyR
opening are similar, although slightly smaller that those produced by a single DHPR op@)iRyR C&* release is independent of the open duration
of a single DHPR, but highly dependent on SR load. Thé[Caf JSR and the [C ] of the refilling store are set to 800, 600, 400, and 200 (as labeled)

to vary the SR load.¥) RyR C&" release shows some dependence on the open duration of a single RyR for short open timeS) Alsdue, RyR C&"
release is very dependent on SR load.

[Ca],sg are shown. In Fig. 1€, the DHPR was held open simulations are motivated by experiments by Gomez and
for a range of open times from 0.1 ms to 50.0 ms. The peako-workers showing SR G4 release decreases during con-
RyR C&" flux is invariant of DHPR open time, as observed gestive heart failure (CHF; Gomez et al., 1997). The re-
by Sham and co-workers (1998), but depends on the initiadearchers observed that the ability of the DHPR to activate
SR C&" concentration. The results show that integratedSR C&" release was reduced in the hearts of CHF rats. The
RyR C&" flux depends mainly on the [Cal, with little suggested that a possible mechanism for this is that the
dependence on open duration. In contrast, DHPR opeBHPRs and RyRs become functionally uncoupled, possibly
duration has almost no effect on integrated RyR flux, excepas a result of altered geometry in diadic space. Here, we
at very short open durations. The reason is that as thseek to uncouple DHPR and RyRs in the model by one of
duration of the DHPR opening increases, the RyR tend tdwo ways, increasing FRU subspace volume or increasing
adapt so that further RyR €4 release is not produced. the efflux of C&" out of the FRU subspace.
When the adaptation rate is increased by a factor of 10, Fig. 11 shows the effects of altered functional unit sub-
integrated RyR flux decreases+d 0% of the control value, space volume. Doubling the FRU subspace volume (Fig. 11
but again with little dependence on DHPR open duratiorA, dashed ling produces a larger peak flux than control
(data not shown). Decreasing adaptation rate by a factor afonditions 6olid line same as Fig. &), with the peak
10 increases integrated RyR flux by 50%. Again, integratedhifted to lower step potentials. Hence, the larger subspace
Ca" release flux shows little dependence on DHPR opervolume can produce larger release flux at low voltages, but
duration (data not shown). decreases the effectiveness of the DHPR trigger at high
In contrast to the DHPR data, RyR open time can stronglyoltages. Decreasing the FRU subspace volume by half
influence peak RyR flux. As shown in Fig. I integrated increases the peak flux and shifts it to higher step potentials
RyR flux strongly depends on the [Ggk The higher (Fig. 11A, dotted ling¢ compared to the controt6lid line).
[Ca],sp the greater the peak flux. Integrated RyR flux alsoln this case, the small DHPR trigger €ainflux seen at
increases monotonically with RyR open duration. high voltages is more effective at triggering RyR%Ca
The final set of simulations studies the effects of alteredrelease than in the control. However, a smaller subspace
FRU subspace geometry on graded®Caelease. These produces higher subspace fChreducing release at lower
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line). Data are from voltage pulses from50 to 50 mV in 5-mV increments and is averaged from 500 runs at each volf§dearger subspacelashed
line) produces a larger peak flux than control conditiosilifl line), the same as Fig. 6), but only at lower voltages. At higher voltages, the trigger influx
through the DHPR channel is insufficient to trigger’Caelease. The smaller subspace volushetted ling produces greater 4 release at high voltage
because the small amount of trigger is more effective. However, overall gain is lower because RyR adaptation is inBjeHsedverage [Ca]ss
transients at 0 mV show that subspace volume effects both the magnitude and temporal profile oPRyBl€2ese. Halving the subspaaiofted ling
produces elevated sustained?Caelease during the voltage pulse (0.1 to 0.3 s) and a small amount regenerative RyRel€ase after the pulse when
DHPR influx has ceased. Note that doubling the subspace increased peak flux at&),rhut(produced a smaller change in fChss given the larger
volume. C) Doubling the transfer rate out of the subspacg,) results decreases RyR Tarelease at high depolarizatiordofted lind. Decreasinge,
by half increases the gain of RyR €aat higher voltagesY) The average [Cd]sstransients at 0 mV show a higher peak value whgy) is decreased
(dashed ling and a lower peak value whef,, is increaseddotted ling.

voltages (Fig. 1B, dotted ling, and the depletion of Ga rameters, and model behavior changes in reasonable and
from the SR is less for the smaller subspace volume (notinderstandable ways (i.e., increases of SR load increase SR
shown). Ca" release). The model also gives some insight into the
The second method involves modification of the transferfollowing areas: 1) the mechanism of release, 2) the role of
rate out of the FRU subspace by altering the time constarBR C&* depletion on termination of release, 3) the role of
Tyer (transfer rate is inversely proportional 3g.). When  RyR adaptation on termination of release, and 4) possible
the transfer rate is doubled, the right side of the gradegbhysiological implications of geometry changes.
release curve (which is determined by the I-V relation) is
shifted to the left (Fig. 11C, dotted ling. Similar to the
increased subspace volume case, the doubled transfer r
decreases the effectiveness of the DHPR trigger at higiThe results illustrate that RyR €arelease is most effec-
voltages (Fig. 1D, dotted ling. Reducing the transfer rate tively triggered by DHPR C& influx, but can also be
by half causes the right side of the graded release curve t@iggered by C&" release from neighboring RyRs (Fig. 10).
be shifted to the right (Fig. 1C, dashed ling Here a small  The latter effect of self-regenerating RyR Carelease is
DHPR trigger is more effective at high voltages (Fig.21  shown to decrease with lower SR loads or higher RyR

%echanism of release

dashed ling adaptation rates (Figs. 7, 8, and 10). The moderating effects
of decreasing SR &4 load and RyR adaptation work
e . 0 i
DISCUSSION synergistically to keep SR unloading t650%. RyR C&

release is invariant with DHPR open time (Fig. CD
The results demonstrate that this simplified model of func- The magnitude of the gain or amplification factor for
tional release unit with Markov descriptions of DHPR and CICR is similar to those measured experimentally (Wier et
RyR channels produces both positive gain and gradedness., 1994). However, the shape of the gain curve produced
when implemented as Monte Carlo simulations. The gradby the model (Fig. 5B and D) differs from that observed
edness is generally robust with variation in the model paexperimentally (Wier et al., 1994). This deficiency of the
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model arises from the assumption that all RyR in the funcB). From the single DHPR opening data, the SR°Ca
tional unit see the same [€dss If spatial gradients of release is approximately proportional to the SR load (Fig. 10
Ca" were present, higher-amplitude DHPR fluxes seen aC). Therefore, at low SR loads, DHPR influx can effectively
lower depolarizations would recruit more RyRs through adrive RyR C&" release.
greater spatial spread of €ato nearby RyRs than would
the lower-amplitude DHPR fluxes seen at higher depo-
Iarlzat|o.ns..Th|s would result in increased gain at IowerRole of adaptation and the termination of release
depolarizations.
A proposed role for adaptation in the cardiac myocyte is to
provide negative feedback to SR aelease to counter the
strong positive feedback of CICR (Valdivia et al., 1995).
We found that modifying adaptation rate did effect the
Previous modeling by our group that local depletion of SRmagnitude of the Cd release event, the temporal features
Ca&" may play an important role in terminating €are-  of the C&" transient, and the degree of unloading of SR
lease. There are two proposed mechanisms. The first meckiFig. 7 B). However, at high SR Ca load, release is
anism assumes the existence of two separate SR pools, teastained as a result of regenerative RyR opening despite
Ca" uptake pool (called network SR or NSR) and thé Ca  the presence of adaptation (FigBR Moreover, even if the
release pool (called junctional SR or JSR). IfCdransfer  adaptation rate is increased 10-fold, release does not termi-
between these compartments is slow, then JSR can depletste in the case of high SR €aload (data not shown). In
thus terminating RyR G4 release (see (Jafri et al., 1998). fact, experiments show that under the conditions of high SR
However, the two-pool SR is a hypothetical construct, andCa" load, the mean open time of the RyR increases to as
there is little experimental support for such a long timehigh as 17.4 ms (Lukyanenko et al., 1996). They attribute
constant between &4 uptake and release sites (Bers, this to modulation of RyR inactivation by SR [€74. In the
1991). A second mechanism assumes that the NSR-JS&mulations, doubling SR [G4] increases the number of
transfer rate is large, so that the fChin each are very channel openings (from 14,520 to 29,490 for 500 runs) and
similar (i.e., SR is essentially one compartment). In thisthe mean open time increases (fren2.8 ms to~7.1 ms)
scheme, depletion occurs in both NSR and JSR (see (Jafri atithout the inclusion of any explicit effects of SR lumenal
al., 1998). A problem with this mechanism is that our[Ca®*] on the RyR adaptation or inactivation. The mecha-
previous simulations using a deterministic model suggeshism is due to the differences in [€4 at the mouth of the
that aimost complete depletion occurs during Ceelease.  channel acting on the RyR and not on lumenal SE'Ca
In contrast, experimental evidence suggests a maximal SRcting on RyR as observed by Xu and Meissner (1998).
depletion of only~50% (Janczewski et al., 1995; Bassani etHence, we can conclude that SR emptying plays a more
al., 1995b). crucial role in terminating Ca release than does adapta-
The stochastic simulations here suggest that Galease tion. We note that others stochastic modeling of diadic SR
termination can be achieved with a degree of total JSRelease also suggest an important role of SR depletion in the
unloading similar to that measured experimentally. In thistermination of release (Stern, 1992).
model, the JSR is refilled by the NSR that has a fixed Adaptation may also play other important roles in shap-
[Ca&"]. This is clearly a simplification; however, such a ing RyR C&" release. The data of Fig. 1B show that
construction makes it clear that SRCaelease can termi- integrated RyR flux is essentially independent of the dura-
nate in the absence of a large degree of total SR"Ca tion of the DHPR open time. This lack of dependence is a
depletion in SR. Indeed, &4 release is terminated in our consequence of RyR adaptation (the RyR moving from state
model despite there being a continual refilling of JSR. Po, to state Rg) so that longer duration triggers do not
The mechanism of model E4arelease termination is the produce additional RyR Ga. This behavior is consistent
loss of self-regenerating €4 release by the RyR as the with experimental findings that Ga spark amplitudes are
local SR empties. In the numerical experiments where @ndependent of the duration of the DHPR trigger current
single RyR is assumed to open, a large value of JGa] (Sham et al., 1998; Cannell et al., 1995) (see further dis-
produced a high degree of coupling between RyR openingsussion of C&" sparks below). Other potential roles for
and a correspondingly large €arelease (Fig. 1B andD). adaptation could be to prevent secondary SR Qelease
In contrast, when [Cag}gis reduced to 40@M, SR C&™ events from occurring during an AP. Secondary SR'Ca
release is substantially diminished (Fig. D). Hence the release events are one potential mechanism for early after-
likelihood of self-regenerating RyR openings decreases adepolarizations, a proarrhythmogenic condition thought to
SR empties. be the basis of torsades de pointe and ectopic beating
Without regeneration, the SR €arelease can more (Volders et al., 1997). Our previous work also suggests that
closely follow DHPR openings, i.e., SR €arelease occurs the slow recovery from adaptation may play a crucial role in
with DHPR openings and ceases shortly afterward. DHPRshaping mechanical restitution and other interval-force re-
influx drives SR C&" release for the complete duration of lations (Rice et al., 1998, 1999). More recently, it has been
a voltage pulse, even after SR has depleted (i.e., see Fig.shown that mechanical restitution results from slow recov-

Depletion of SR and termination of Ca?* release
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ery of RyRs from the refractory state (Sham et al., 1999), aesults most similar to the experimental finds are for in-
mechanism that has been suspected for quite some tinmeased adaptation rate (Fig. dashed tracg or for de-
(Bers, 1991). creased SR load (Fig. &otted tracg. Eisner and co-
workers (1998) suggest that altering either the trigger flux
from DHPR or the RyR flux alone will only have transient
Relationship to Ca?* sparks effects on SR Ca release and that the only net result of

) . .
Although not the primary focus of this paper, these Simu_reduced coupling would be a dgcrease in SR Ogad. In

. . - . T fact, a decreased SR €aload is observed during heart
lations do bear on issues regarding properties of 'Ca

sparks. Because our simulations do not consider the s atifaef"ure' due to both down-regulation of the SERCA2a pump
parks. Pallghg up-regulation of N9¥C&* exchange (O’Rourke et al.,

aspects of the functional unit, we cannot compare ourresultfggg_ Winslow et al., 1999). However, Gomez and co-

directly to experimental spark dat_a. However, the MagN, orkers used a pulse protocol designed to control SR Ca
tudes and temporal aspects of unitary’Caelease can be

. load in the experiments. CHF-induced changes in adapta-
compared to experimental data.

The simulations that most closely match®Caparks are tion rate were not tested experimentally, and hence could be

the RyR CA" release events that are triggered by a singlea potential mechanism of altered DHPR-RyR coupling dur-

channel opening (Fig. 10). The size and shape of thé'[Ca Ing CHF.
transients are similar to those reported in the literature
(Sham et al., 1998). The half-time of decay for spark isOther potential mechanisms of graded
measured to be 10 to 40 ms (Santana et al., 1996). Simil&a?* release
to experimental data (Sham et al.,, 1998; Cannell et al
1995), we find that C& spark amplitudes are independent
of the duration of the DHPR trigger current, and the termi-
nation of SR C&" releases does not depend on cessation 0
DHPR influx. The model is also consistent with the exper-
imental observation that €& spark amplitudes are corre-
lated with SR C&" load (Satoh et al., 1997).

In our voltage pulse simulations, the initial €arelease
events from SR are large-amplitude, and thus are mor

likely the summation of multiple sparks. While the larger . . e .
initial Ca®" release appears to be regenerative, RyR" Ca funct!onal um_ts. For examp!e, a Ia_rge arelease In one
' functional unit could potentially raise the [€g gradient

release stops in response to the termination of DHPR cur-. . ? .
i igh enough to produce €4 release in a neighboring
rent when the voltage step repolarizes (under default cone

ditions). This is consistent with findings that halting DHPR un(inonal umt.. There is some expenmeqtal evidence that
. " C&" release sites can be coherent over distances of 600 nm
currents can stop SR €4 release (Wier et al., 1994;

Cleemann and Morad, 1991). that are larger than an FRU_(Parker e_t al., 1996).

While we do assume a uniform [€4] in each subspace,
the need to consider each individual space is clear. The
failure of the deterministic simulations here and elsewhere
to produce graded G4 release illustrates this point. This
In experiments, Gomez and co-workers observed that corfinding is predicted by previous work by Stern suggesting
gestive heart failure decreases coupling between triggehat “common pool” models, like our deterministic model,
DHPR C&" influx and RyR C&" release, possibly as a cannot produce both high gain and gradedCeelease
result of altered geometry in diadic space. (Gomez et al.without unrealistically tight control over parameters. In
1997). Their results showed a bell-shaped curve with deeontrast, a “local control” model, like our stochastic model,
creased gain across the voltage range tested. Similar resuttan potentially reproduce graded Carelease. Our results
were not obtained in our simulations of altered diadic spacdliffer from previous work in that we show that robust high
geometry by either of two methods, increasing FRU subgain and graded G& release can occur in a model with
space volume or increasing the efflux rate ofCaut of the  detailed descriptions of DHPR and RyRs. Hence, these
FRU subspace. In both cases, the RyR release was ddescriptions may be sufficient to explain graded® Cae-
creased at high voltages, consistent with the experimentdéase, although we cannot rule out other possible effects
finding, but the RyR release was increased at lower voltsuch as [C&'] gradients within a functional unit or cross-
ages, an effect not observed experimentally. Because netoupling between functional units.
ther of these two manipulations, either individually or to-
gether, reproduces the experimental datg, the S|mula_1t|o ONCLUSIONS
results suggest that other changes besides these simple
geometric alterations may be needed to account for thé& model is developed to describe the CICR in rat cardiac
decreased gain observed in CHF. Indeed, the simulatiomuscle. Using stochastic methods, CICR shows both high

"While the model produces robust graded®Caelease, we
cannot rule out other potential mechanisms that might also
ontribute to graded G4 release in real cells. For example,
&" diffusion in the diadic space might result in the
recruitment of additional RyR in response to larger DHPR
trigger C&" influx. This mechanism could be termed re-

cruitment within a functional unit as a result of local fC&
gradients in microscopic domain. Another type of recruit-
ment could also occur if cross-coupling exists between

Physiological implications of geometry changes
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gain and gradedness similar to the experimental studies. Thgleemann, L., and M. Morad. 1991. Role of Lachannel in cardiac

high gain and gradedness are genera”y robust when paJ.am_excitation-contraction coupling in the rat: evidence front Caansients

t ied. alth hth litud dt | detai and contractionJ. Physiol.432:283-312.
eters are varied, althoug € amplitude and temporal de a‘I|§ager, K. R., and A. F. Dulhunty. 1998. Activation of the cardiac ryano-

of C&* release do change. The model suggest that DHPR gine receptor by sulfhydryl oxidation is modified by Rigand ATP.
influx produces a short, high-amplitude change in subspace J. Membr. Biol.163:9-18.
[Ca®"] that is very effective in opening RyRs. For a single Eisner, D. A,, A. W. Trafford, M. E. Diaz, C. L. Overend, and S. C.

DHPR opening, the resulting RyR 2a release flux is ONelII. 1998. The _control of Ca release fro_m the _cardlac sarcopl.asmlc
reticulum: regulation versus autoregulatioBardiovasc. Res38:

insensitive to the DHPR open duration but is strongly cor- 5g9—_g04.

related with SR C&'" load, consistent with experimental Fabiato, A. 1985a. Simulated calcium current can both cause calcium
cat spark data. In contrast, the single RyR openings loading in and trigger calcium release from the sarcoplasmic reticulum
require a Iong open duration and Iarge SR load to be of a skinned cardiac Purkinje cell. Gen. Physiol85:291-320.

. . . . . . . .. Fabiato, A. 1985b. Time and calcium dependence of activation and inac-
effective in triggering opening of nelghbonng RyRs. This tivation of calcium-induced release of calcium from the sarcoplasmic

low coupling between adjacent RyRs, especially as SR reticulum of a skinned canine cardiac Purkinje céll.Gen. Physiol.
depletes, may explain why CICR does self-regenerate until 85:247-290.

the SR empties. Our results suggest that adaptation alo@cmezyﬁ-,g- 2- \ﬁll((i:iVia' H-RChAengitM-hRidLedecrje(}vL-JF- LSaC?tana, 1’%9 3-
; - annell, S. A. McCune, R. A. Altschuld, an . J. Lederer. .
does not terminate €a release, but that adaptatlon plays an Defective excitation-contraction coupling in experimental heart cardiac

important modulatory role in shaping €arelease duration hypertrophy and heart failur&cience276:800—806.

and magnitude. Gyorke, S., and M. Fill. 1993. Ryanodine receptor adaptation: control
In contrast to the results above for stochastic simulations, mechanism of C& induced C&" release in heartScience.260:

our previous deterministic simulations show regenerative 807-809.

+ . . . Isenberg, G. 1995. Cardiac excitation-contraction coupling: from global to
Ca" release Only at optimum VOltageS for trigger influx microscopic modeldn Physiology and Pathophysiology of the Heart. N.

(near 0 mV), but no Cd release outside this range (i.e., Sperelakis, editor. Kluwer Academic Publishers, Boston.
all-or-none response). The failure of our deterministicJiafri, M. S., J. J. Rice, and R. L. Winslow. 1998. Cardiaé Caynamics:
model suggests that CICR cannot be predicted by assumingthe roles of ryanodine receptor adaptation and sarcoplasmic reticulum

. oad. Biophys. J.1149-1168.
a single subspace to represent the ensemble average of suc .
8 | del. H h . Janczewski, A. M., H. A. Spurgeon, M. D. Stern, and E. D. Lakatta. 1995.
spaces ( common pool mode ) owever, our stochastic Effects of sarcoplasmic G4 load on the gain function of G4 release

results show that robust high gain and graded’Qalease by C&* current in cardiac cellsAm. J. Physiol268:H916-H920.

are produced when the local [€3 in each subspace is Keizer, J. 1987. Statistical Thermodynamics of Nonequilibrium Processes.
considered. Hence, our modeling results suggest that grad-Springer-Verlag, New York.

edness can occur by the recruitment of the independerlﬁeizer, J., and L. Levine. 1996. Ryanodine receptor adaptation and CICR-

functional units. Moreover, this gradedness occurs in th dependent C& oscillations.Biophys. J71:3477-3487.
) ' 9 ?(eizer, J., and G. D. Smith. 1998. Spark-to-wave transitions: saltatory

absence of spatial [€4] gradients across the functional unit ~ ransmission of calcium wave in cardiac myocyt&ophys. Chem.
or cross-coupling between functional units, although our mod- 72:87-100.
eling cannot rule out these other potential mechanisms. Langer, G. A., and A. Peskoff. 1996. Calcium concentration and movement
in the diadic cleft space of the cardiac ventricular c8iophys. J.
70:1169-1182.
Lipp, P., and E. Niggli. 1994. Modulation of €4 release in cultured
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