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ABSTRACT Ca®" spark is the elementary Ca®* signaling event in muscle excitation-contraction coupling. The rise time of Ca®"
spark is rather stable under different conditions, suggesting consistent open duration of ryanodine receptors (RyRs) in vivo. It has
been proposed that the array-based behavior of RyRs plays an important role in shaping Ca®* spark dynamics, particularly in
controlling the open duration of RyR clusters. Therefore, we investigated the possible role of inter-RyR coupling in stabilization
of the open time of arrayed RyRs under several potential perturbations, for instance, array size, inter-RyR coupling noise, and
up-regulation or down-regulation of the activity of partial RyRs in the array. We found that RyR arrays with dynamic coupling
showed consistent open duration against the perturbations, whereas the RyR array with constant coupling did not. On the other
hand, the open probability and amplitude of RyR arrays with dynamic interreceptor coupling were sensitive to the perturbations.
These two points were consistent with experimental observations, indicating that the RyR array with dynamic coupling could
recapitulate in vivo open properties of RyRs. Our findings support the idea that dynamic coupling is a feasible in vivo working

mechanism of RyR arrays.

INTRODUCTION

The ryanodine receptor/calcium release channel (RyR) is the
ion channel mediating Ca®" release from endoplasmic/
sarcoplasmic reticulum (SR) and plays a pivotal role in intra-
cellular Ca®" signaling processes, such as excitation-con-
traction coupling, in all muscle cell types (1-4). RyRs
usually form two-dimensional regular arrays in SR mem-
branes (5-7). The quantitative measurement of Ca>" sparks
generated by coordinated activation of locally arrayed RyRs
provides valuable information regarding in vivo gating of
RyR arrays (8,9).

Among the properties of Ca*" sparks, rise time (RT) is
rather consistent under different conditions. First, the RT of
Ca®" sparks shows a weak correlation with the amplitude of
sparks (10,11), indicating the a lack of dependence of RT
on the number of open RyRs. Second, the RT also shows
weak or no sensitivity to multiple channel activity modula-
tors. For instance, ATP is an activator of the RyR channel.
The increase of ATP from 0.5 to 5.0 mM shows little effect
on the RT of Ca®" sparks, but induces ~33% enhancement
of spark frequency and ~20% reduction of spark amplitude
(12). Mg”" is an inhibitor of RyR activity. The increase of
Mg®" to ~4 mM dramatically decreases the frequency of
Ca*" sparks, but still does not change the RT of Ca*>" sparks
(13). A similarly consistent RT is also observed in the pres-
ence of other modulators (13—15). Since the RT of Ca®™"
sparks closely reflects the open duration of RyRs, the stable
RT against the perturbations suggests the robustness of the
open duration of arrayed RyRs in vivo.
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Although consistent RT of Ca’" sparks is widely
observed, the underlying mechanism is still unknown. In
contrast to the stereotypical open time of RyRs in vivo (8),
the open time of isolated and reconstituted single RyRs
in vitro always follows exponential distributions (4,16,17),
suggesting that the interreceptor functional coupling is
involved in the opening of RyRs (9,18). Several inter-RyR
coupling models have been proposed. Coupled gating, which
proposes the simultaneous opening and closing of neigh-
boring RyRs, assumes the constant coupling of neighboring
RyRs (16,19). However, it has been found that constant
coupling leads to prolonged opening of RyRs (16). In our
previous work, we proposed a dynamic inter-RyR coupling
model based on experimental observations and mathematical
simulations (20,21). In this model, inter-RyR coupling is
dynamically modulated according to channel functional
states (21). The inter-RyR coupling is strong at rest to stabi-
lize the RyR arrays in the closed state, and the coupling
strength is decreased when it accompanies the activation of
RyRs to facilitate the rapid termination of Ca®" release.

In this work, we further investigated whether dynamic
inter-RyR coupling contributed to the consistent open dura-
tion of RyR arrays. We compared the open properties of
arrayed RyRs with either constant coupling or dynamic
coupling in the presence of several perturbations, including
differing array size, inter-RyR coupling noise, and up-regula-
tion or down-regulation of the activity of partial RyRs in the
array. We found that the RyR array with dynamic coupling
exhibited consistent open duration against these perturba-
tions, whereas the RyR array with constant coupling did
not. These results support the concept that dynamic coupling
is a feasible in vivo working mechanism of RyR arrays.
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Consistent Open Time of RyRs in DC Model

MODELING AND METHODS
Basic model

The model basically adopted the dynamic coupling (DC) model that we
established previously (21). Here, we describe it briefly as a synthesis of
the single-channel gating model, the 2-D RyR array model with key param-
eters e and «, and the SR calcium release model.

The single-channel gating model

The effects of both activation and inactivation of Ca®" on the activity of
RyRs were considered. Given the law of conservation of mass and energy,
we built a four-state scheme to describe RyR gating (Eq. 1), including three
closed states (C;, C,, and C3) and one open state (O).
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The detailed information and kinetics parameters of this simplified model
were the same as listed in Fig. 1 B and Table 1 of our previous work (21).

The 2-D RyR array model

Typically, the square lattice formed of 25 (5 x 5) receptors was adopted,
except when discussing the size of the RyR array. Intermolecular coupling
was introduced into the kinetics of arrayed RyRs through a coupling coeffi-
cient (Eq. 2):
> (o —eisn )/ (KT)
K,_'/‘ = k,:/' X expr=1 s (2)

where Kj; is the kinetic parameter of coupled RyRs; ;; is the kinetic param-
eter of isolated RyRs; e;; is the interaction energy between two contacting
RyRs; i/j is the current/next state of the central RyR; s, is the state of a neigh-
boring RyR; and n represents the number of physical contacting neighbors of
the central RyR.

Furthermore, a coefficient matrix was constructed to modify the interac-
tion energy (e) between neighboring RyRs in a state-dependent manner
(Eq. 3):
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Detailed information about this matrix has been described previously (21).
As the most important parameter, « is the coefficient for the interaction
energy between two RyRs bound to activating Ca>" (states O or C,) and
could be adjusted to simulate the state-dependent coupling behavior.

The SR calcium release model

The in situ SR calcium release model adopted the model used in our previous
work (21). Several different spatial regions were considered. The Ca*"
dynamics in all the spaces were formulated in the earlier study (21) and
the value of all the parameters could be found in Table 2 of that article (21).

e and o

According to our previous work, the key parameters in the DC model were
set according to Eq. 4. In addition to the DC model, the constant coupling
(CC) model was used here as a control mechanism (Eq. 4). In our previous
work, e was 0.45 for the optimal signal/noise ratio in both the DC and CC
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models. o was 0.6 in the DC model and 1.0 in the CC model to simulate
different inter-RyR couplings when channels were opened.
DC: (e,a) = (0.45,0.6) @
CC: (e,a) = (0.45,1.0).

Parameters and calculation

Several other parameters were recorded to evaluate the performance of RyR
arrays in signaling, described as follows:

1. Open duration, the duration of a single opening event.

2. Amplitude RyRpeqs, maximum number of RyR,e, channels during one
opening event of an array.

3. Resting P, average open probability of arrayed RyRs in the resting state.
This parameter was averaged from at least 50 simulations (the recording
time of one simulation is usually ~10 time steps (biological time, 1 s),
much longer than the duration of an array opening event).

All these parameters were presented as the average = SD of at least 50 simu-
lations.

Variables

The potential physiological perturbation was simulated by modifying the
parameters accordingly. The details were described as follows.

Size of RyR array

Previous studies have shown that the size of the RyR array varied in the
range 10 ~ 100, depending on the muscle type and the species (5). Therefore,
arrays formed of 9 (3 x 3) ~ 100 (10 x 10) RyRs were all included. For
simplification, all arrays were square (Fig. 1 A). Several other size-related
parameters were also modified accordingly.

1. The volume of the subspace (Vss) was related to array size based on Eq. 3
in our previous work (21).

2. The number of L-type Ca®" channels was related to array size according
to the RyR/dihydropyridine receptors ratio in cardiac muscle cells (~7.3)
(22).

3. No experimental data are available on how the volume of junctional SR
(Vysr) changed for arrays of different sizes. Therefore, we simply used
the size-independent Vjsg when changing the array size. We also did
simulations with the size-dependent Vjsg. It was found that although
the JSR volume affected the termination speed of the RyR array, it did
not affect our conclusions on the effects of dynamic coupling on consis-
tent open duration of the array.

Noise of inter-RyR coupling

The thermal noise of inter-RyR coupling was introduced into the simulation
by modifying the key parameter e (interaction energy) as follows:

¢ = ¢ x n(l,0)
it(n(1,8) < 0)—n(1,8) = 0. ©)

In Eq. 5, n(1,0) is a noise coefficient that obeys the normal distribution with
a mean value of 1 and an SD of ¢. If the stochastically generated noise coef-
ficient was negative, we set it to be 0. After being modified by the noise coef-
ficient, e was not a constant number but a group of normally distributed
numbers (Fig. 2 A). Since the value of 6 could affect the amplitude of
stochastic fluctuation, we used 0 to evaluate the noise intensity in the presen-
tation of results, below.

Functional modulation of individual RyRs

In this part of the simulation, we let the program randomly select some RyRs
in the array before the experimental simulations and then applied special
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rules to these selected RyRs. The inactivation and activation of some RyRs
were simulated in this part, and the details were as follows.

Inactivation (Fig. 3 A) was applied to simulate the situation in which some
RyRs were constantly bound with certain inhibitors, e.g., Mg>*. Since Mg>*
could bind to the inhibition site of RyRs, the selected RyRs would remain in
the C; state (see Fig. 1 B in our previous article (21)) and could never be
activated by Ca>"

Up-regulation of activity (Fig. 3 C) was applied to simulate the situation
where some RyRs were constantly activated by certain factors, e.g., ATP
and Ca>". The activation constant (k,,) of selected RyRs (i.e., the “on”
rate of activating Ca’*; see Table 1 in our previous work (21)) was increased
(~1.5-fold) to enhance the activity of RyRs.

Computation

The operation of the RyR lattice array during SR calcium release was run
based on cellular automata and the Monte Carlo method with a time step
of 1077 s. All programs were allowed to run for a period of time (usually
2 x 10° time steps, or a biological time of 200 ms) for stabilization
before the beginning of experimental simulations. All codes for this model
were written in Fortran and operated on a Dell workstation for scientific
computation.

0
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open duraion (ms)

Ca®" spark imaging and data analysis

All the Ca*" spark data (in rat cardiac myocytes) were obtained from the
laboratory of Professor Peihong Zhu (Shanghai Institute for Biological
Sciences, Shanghai, China). The methods have been described previously
(23). In brief, the isolated rat ventricular myocytes were loaded with fluo-
4 AM for 30 min at 25°C. Then, the cells were perfused with an experi-
mental solution of (in mM) NaCl 135, KCI 5.4, MgCl 2 1, NaH,PO,
0.33, HEPES 5, glucose 10, and CaCl, 1.0, pH 7.4 (NaOH) at 25°C for
30 min to deesterify fluo-4 AM before recording. Ca*" sparks were observed
by laser scanning confocal microscopy (MRC 1024, Bio-Rad, Hercules,
CA) equipped with a 60x oil immersion objective (numerical aperture
1.4). During recording, the intact myocytes were continuously perfused
with experimental solution. Fluo-4 was excited at a wavelength of
488 nm, and fluorescence was measured at >522 nm. The parameter setting
for Ca®* imaging (e.g., laser intensity, gain) was kept constant in all exper-
iments. For analyzing the kinetics of Ca>" sparks, the XT line scanning
mode was adopted. The scanning line had 512 pixels, with an actual length
of 51.2 um, and was oriented along the long axis of the myocyte, with the
nucleus avoided. A full image was obtained by stacking scanning lines,
which required ~1 s (~2 ms/line). The images were automatically processed
as previously described (23). Briefly, Ca®>" sparks were identified as local
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peak elevations of fluorescence intensity (F), which were >3 the SD of the
surrounding resting fluorescence (Fy). The measured time to peak intensity
(RT) of Ca>" sparks was used as an estimation of RyR array opening dura-
tion in vivo.

RESULTS
Consistent open duration

We compared the open time of RyR arrays, using either
constant coupling or dynamic coupling in the presence of
different perturbations.

Different array size

Electron microscope studies indicate that the number of
RyRs in the lattice usually varies between 10 and 100,
depending on the species and muscle type (5,7). The obser-
vation that no correlation exists between the amplitude and
temporal parameters of Ca*" sparks (10,11) suggests that
the open duration of the array is independent of the array
size. Therefore, we first tried to test which inter-RyRs
coupling model could produce the weak size-dependent
behavior of array open duration.

The open durations of RyR arrays of different sizes (from
9 RyRs (3 x 3) to 100 RyRs (10 x 10)) were collected and
compared. When the CC model was adopted, the open dura-
tion of the RyR array was significantly related to array size
(Fig. 1 B). The open duration increased when array size
was increased from 9 to 16 RyRs. The open duration then
dramatically decreased when the array size became larger.
When the DC model was adopted, the open duration showed

less dependence on the array size (Fig. 1 B) and only a slight
decrease with the increase of array size. This slight reduction
of open duration was due to the faster depletion of SR Ca*"
with the increased number of arrayed RyRs.

Considering that Ca*" sparks are usually generated by
a cluster of 5-40 RyRs (24-26), we focused on array sizes
from 3 x 3 to 6 x 6 RyRs. We collected the open durations
of arrays within this range to make the statistical distribution.
The histogram of open time of RyR arrays with the DC
model showed a single-peak profile (Fig. 1 C), whereas
that with the CC model showed a multipeak distribution,
with an open duration >100 ms (Fig. 1 D). Compared to
the RT distribution of Ca’* sparks, which was collected
from rat ventricular myocytes (Fig. 1 C, insef), it was obvious
that the results from the DC model were more similar to
experimental observations.

Thermal noise of inter-RyR coupling

Previous electronic microscopy studies have shown the
structural overlap between two physically coupled RyRs
(5,6,18). In principle, the structural interaction on the nano-
meter scale would be easily affected by the thermal noise, for
instance, through fluctuation of the structure at the molecular
level. Therefore, the thermal noise of inter-RyR coupling
would be a perturbation that might disturb the gating proper-
ties of the RyR array. In principle, this effect should be influ-
enced by the change of temperature. However, a study of
how temperature affects Ca®" sparks showed that the RT
of Ca®" sparks is quite stable in the temperature range of
20-35°C (27). Thus, it is interesting to examine which model
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could cause the array to have consistent open duration under
the influence of thermal perturbation.

Since it was difficult to precisely simulate the complex
thermal noise that existed in the neighboring RyRs, for
simplification, we summarily considered the total noise by
introducing a normalized noise coefficient (Fig. 2 A, and
see Modeling and Methods for details). After the modifica-
tion, the value of e (interaction energy) (Fig. 2 A) would fluc-
tuate around the mean value (optimal value, e = 0.45) (21)
and the amplitude of fluctuation could be modulated by
adjusting the intensity of the noise coefficient (0). It was
found that in the DC model, the noise of inter-RyR coupling
did not have obvious effects on the open duration of the RyR
array (5 x 5). Even when the noise intensity («) increased to
~0.25, the open duration of the array remained ~23 ms
(Fig. 2 B). However, if the inter-RyR coupling was always
kept strong, e.g., in the CC model, the noise of inter-RyR
coupling would obviously affect the open duration of the
array. With the increase of noise intensity from 0 to 0.25,
the open duration increased from ~49 ms to ~65 ms in a
nearly linear manner.

Altered activity of partial RyR channels

In vivo observations of Ca>" sparks show that the open dura-
tion of RyRs is rather consistent against channel activity
regulators, such as Mg”, ATP, etc. (12—15). In this section,
we examine the open duration of the RyR array (5 x 5) with
both the CC and DC models in the presence of some inacti-
vated or activated RyRs.

First, we tested the effects of inactivated RyRs on the open
duration of the RyR array. In muscle cells, there was ~1 mM
Mgt in the cytoplasm (13). Mg?" competed with Ca®" to
bind to RyRs and inactivate the channels even in the resting
state (4,13). Previous studies have shown that up to 4 mM
Mg*" could alter only the frequency, but not the rise time,
of spontaneous Ca*" (13). According to the affinity of
Mg>" for RyRs (~1 mM) (4), some RyRs should be inacti-
vated in the presence of 4 mM Mg®". In our work, we
changed the number of inactivated RyRs in the 5 x 5 array
to mimic the increased inactivation effect (Fig. 3 A). As
shown in Fig. 3 B, when constant coupling was applied,
the open duration was decreased with an increase in the
number of inactivated RyRs in the array. When the number
of inactivated RyRs increased to 20 (at which time only
5 RyRs in the 25 RyR array remained excitable), the open
duration of the RyR array dramatically decreased from
~49 ms to ~25 ms. In contrast, with dynamic coupling, the
RyR array showed consistent open duration in the presence
of the inactivation effect. Even when the number of inacti-
vated RyRs increased to 20, the mean open duration only
decreased from ~23 ms to ~21 ms in the DC model.

Next, we tested the effects of RyR channel activation on
the open duration of the RyR array with the DC and CC
models. The open duration of the RyR array was also insen-
sitive to activators, like micromolar cytoplasmic Ca®", ATP,
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calmodulin, etc. (12,13,15). Therefore, we further tested the
performance of the array when the activity of some RyRs
was up-regulated (Fig. 3 C). We enhanced the activity of
some RyRs by increasing the ko, of activating Ca®>" by
1.5-fold. It was found that in the CC model, the open dura-
tion rapidly increased with the increase of up-regulated
RyRs in the array. When all the RyRs were up-regulated,
the open duration was prolonged to >100 ms. When the
DC model was applied, the open duration remained stable
at ~23 ms (Fig. 3 D). Even when the activity of all RyRs
was up-regulated, the open duration was only prolonged to
~28 ms, showing higher robustness in the presence of
agonists. However, it should be stated that such robustness
was affected by the extent of up-regulation and the number
of up-regulated RyRs. For instance, if the extent of up-regu-
lation was to be further increased by a factor of 2.0, the open
duration would only remain consistent when the number of
up-regulated RyRs was <10 and would increase to ~40 ms
when all RyRs were up-regulated in the DC model
(>150 ms in the CC model under this condition). Therefore,
compared to the CC model, the open duration of the RyR
array in the DC model is still highly robust.

In the above simulations, some RyRs in the array were
stochastically selected to be inactivated or up-regulated. In
fact, the spatial position in the array of the RyRs selected
also had some effects on the final properties of the RyR
array. However, for the RyRs selected with specific spatial
positions, our conclusion as to the robustness of the open
duration would not be affected.

Tunable open probability and amplitude

The above simulation results showed that with the DC
model, the RyR array exhibited consistent open duration
against multiple potential perturbations. To have a complete
view on the performance of the array in the presence of
perturbations, we further investigated the open probability
and response amplitude of the RyR array with dynamic
inter-RyR coupling, and correlated these parameters to the
frequency and amplitude, respectively, of Ca®" sparks. By
measuring all these parameters, we may obtain a deeper
understanding of how the system adjusts its activity to
respond to regulators or disturbances.

First, we found that with dynamic coupling, open proba-
bility and open amplitude of the RyR array showed higher
sensitivity to array size. When array size increased from
9 to 100 RyRs, the spontaneous open probability of the array
decreased from ~5 x 1072 to ~2 x 1073 (Fig. 4 A, circles),
showing that large arrays were more stable in the resting
state. Meanwhile, the output amplitude of large RyR arrays
was higher than that of small arrays (Fig. 4 A, triangles),
which was obviously due to the increased number of open
channels. These results clearly indicate that compared to
open duration, open probability and open amplitude were
more sensitive to the change in array size.



Consistent Open Time of RyRs in DC Model

Dynamic Coupling model

4831

A == resting Po B —etesting Po
—h— —a I
6l amplitude 100 —amplitude 30
g O
o
g 253
<2 20 &
o 0 0 0 15 FIGURE 4 Open probability and open amplitude of the
0 2’0 4'0 6'0 8'0 100 00 01 02 RyR array with dynamic coupling in the presence of
array size "noise i-ntensit)-/ (d) different Penurbations, inf:luding changeg in array size
(A) and inter-RyR coupling noise (B), inactivation of
c . D . some RyRs in the array (C), and up-regulation of the
::: raelﬁgﬂgjgg 15 —:— resml']tg 50 activity of some RyRs in the array (D).
25 - SIREISES 30
20 § S 2
310 3
152 oS |1—db—p 25%
10§ 2 - g
& oS 20§
5 o
0 0 0 15
0 10 20 0 10 20

number of inactivated RyRs

Second, we investigated the response of the RyR array
(5 x 5) to the noise of inter-RyR coupling. We found that,
similar to open duration, the output amplitude of the array
was insensitive to the potential thermal noise of inter-RyR
coupling (Fig. 4 B, triangles). However, it was noted that
the spontaneous open probability of the array showed
a decreasing behavior with an increase in coupling noise
(Fig. 4 B, circles). When the intensity of the noise was
weaker than 0.1, the spontaneous open probability of the
array remained nearly stable. But when the noise intensity
was >0.1, the resting open probability noticeably decreased.
When the noise intensity reached 0.25, the resting open prob-
ability of the array decreased to 1 x 107> (Fig. 4 B). Noise is
usually defined as demolishing the stability of the system. It
was interesting that here the coupling noise could enhance
the stability of the RyR array, which should be favored by
the array system during its evolution.

Third, we tested the effect of inactivation/activation of
partial RyRs on the open probability and open amplitude
of the RyR array (5 x 5). It was found that along with the
increased number of inactivated RyRs, both the resting P,
and the output amplitude decreased. When 20 RyRs in the
array were inactivated in the 5 x 5 RyR array, the resting
open probability was reduced from 3 x 107> to 5 x 10~*
(Fig. 4 C, circles). Meanwhile, the open amplitude also
decreased (Fig. 4 C, triangles) with the increase of inacti-
vated RyRs. These phenomena resulted from the decrease
of excitable RyRs in the array.

In the fourth scenario, the output amplitude of the RyR
array was relatively consistent against the number of RyRs
with up-regulated activity (Fig. 4 D, triangles), since the
arrays always fully opened. However, the resting open prob-
ability of the array showed a biphasic tendency. The curve

number of up-regulated RyRs

first showed a plateau phase with <10 up-regulated RyRs
and then exhibited a stage of increase when the number of
RyRs with up-regulated activity increased (Fig. 4 D,
circles). The results suggest that due to the stability of the
RyR array in the resting state, the agonists would not imme-
diately cause enhancement of RyR activity. Only when the
up-regulation exceeds the threshold does the activity of the
arrayed RyRs further increase. The joint point of these two
phases, in principle, largely relies on the strength of the acti-
vation effect.

Compared to open duration, the open probability and open
amplitude of the RyR array with dynamic coupling are more
tunable to the perturbations. These results are consistent with
the tunable parameters of frequency and amplitude of Ca*"
sparks under different conditions (10-15).

DISCUSSION

In this study, we have shown that the DC model endows the
array system with relatively consistent open duration in the
presence of potential perturbations, including variations of
array size, inter-RyR coupling noise, and up-regulation or
inactivation of partial arrayed RyRs. Therefore, it is neces-
sary to discuss why the DC model could help the array
to achieve a consistent open duration against multiple
modulators.

In fact, the physiological modulators of the 2-D RyR array
can be divided into two classes. The first class exerts its
effect at the level of the entire array, e.g., the array size
and the coupling noise. Changing the array size alters the
average inter-RyR coupling strength and, thus, the total
coupling strength of the RyR array. The different-sized
arrays are differently affected by the geometry of the array.
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Larger arrays are less affected by boundary effects. For
instance, for the array with 100 RyRs, every RyR has on
average 3.6 neighbors, whereas in the small array, with
only 16 RyRs, every RyR has on average three neighbors.
Thus, the inter-RyR coupling energy acting on every RyR
is stronger for RyRs in larger arrays. Second, coupling noise
between neighboring RyRs would change the total coupling
strength of the RyR array at a certain time point. The second
class of modulations mainly affects the single-channel func-
tion of the RyR with the results of inactivation or activation
of partial RyRs in the array. The activity state of the array is
altered in the presence of agonists or antagonists. If the RyRs
in the array are strongly coupled with their neighbors, the
functional changes of some RyRs may affect the properties
of the whole array through activity spread.

It should be noted that the opening and closing of the RyR
array is closely related to the coupling state of the neigh-
boring RyRs. The open duration of the RyR array is mainly
controlled by the closing reaction of activated RyRs. The
functional coupling between activated RyRs will stabilize
RyRs at the open state. The factors increasing the coupling
strength between activated RyRs would increase the
response threshold of the closing reaction of the RyR array,
inducing prolonged open duration. On the other hand, factors
that decrease the coupling strength between activated RyRs
would facilitate the closing of the RyR array, generating
a short open duration. Thus, if the coupling state between
activated RyRs is easily modulated by perturbations (either
increased or decreased), the RyR array cannot show consis-
tent open duration.

In the CC model, the coupling energy could strongly affect
the gating of neighboring RyRs and this energy is always
there, with no dependence on channel functional states.
Thus, coupling energy is an important factor in shaping the
dynamics of both opening and closing reactions of the array.
Then, the perturbations that alter the total coupling energy of
the RyR array, such as array size and coupling noise, would
have an obvious influence on RyR array. Also, the functional
changes of individual RyRs may be able to affect the proper-
ties of the whole array through activity spread through inter-
RyR coupling. These two effects function in both the opening
and closing processes of the array, and the RyR array with
constant coupling thus cannot maintain a consistent open
duration against such perturbations.

On the other hand, in the DC model, a decoupling process
is induced when RyRs are activated. This means that the
inter-RyR coupling is largely decreased with the activation
of RyR channels. In this condition, perturbations that change
the total coupling strength at the array level would still affect
the opening reaction of the array. However, since coupling is
not a strong factor that affects the array’s opening termina-
tion in the DC model, those perturbations would have little
effect on the closing reaction of the RyR array. This also
applies to the scenario in which the function of some RyRs
in the array changes, since functional change of partial
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RyRs cannot spread its change to other receptors in the array.
Based on these ideas, it is reasonable that consistent open
duration of the RyR array can be achieved in the DC model.

Open duration, open probability, and output amplitude of
the RyR array are important factors that reflect the signaling
performance of arrayed RyRs (21,28). Different from consis-
tent open duration, the RyR arrays with dynamic inter-RyR
functional coupling showed tunable open probability and
open amplitude in the presence of various perturbations.
These results are consistent with the observation that the
frequency and amplitude of Ca®" sparks are more sensitive
to modulators (10-15). As discussed above, open duration
of the RyR array largely relies on the closing reaction of
the RyRs, whereas open probability and output amplitude
are mainly related to the opening reaction of the RyR array.
When the gating of RyRs is considered alone, two factors are
most important in shaping the opening reaction of the array:
single-channel gating and inter-RyR functional coupling.
Those modulators that change the activity of individual
channels or alter the total coupling state of the RyR array
would finally lead to a change in RyR open probabilities.
For RyR arrays of different size or RyR arrays with partial
channel inactivation, the response amplitude of the array
would change accordingly. In the real physiological environ-
ment, the open amplitude of RyRs would be affected by
many other factors, e.g., SR Ca*t content, and thus, actual
modulations of the open amplitude should be more complex
and tunable.

In this study, we showed that the dynamic inter-RyRs
coupling endowed the array system with relatively consistent
open duration in the presence of potential perturbations.
Furthermore, such an RyR array showed tunable open prob-
ability and open amplitude. These results are consistent with
in vivo observations of Ca>" sparks with consistent RT, and
variable frequency and amplitude. The temporally asym-
metric modulation of inter-RyR coupling is not only impor-
tant for the rapid termination of Ca>" release, as we proposed
in our previous work (21), but also critical for the recapitula-
tion of in vivo characteristic open properties of RyRs. These
findings provide further evidence to support dynamic
coupling as a feasible in vivo working mechanism of RyR
arrays. Moreover, dynamic coupling is also believed to be
a potential strategy for endowing a biological system with
properties that are robust to external noises, which generally
makes certain sense in understanding the control theory of
biological systems in physiology.
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