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ABSTRACT Intracellular Ca®" release is a versatile second messenger system. It is modeled here by reaction-diffusion equa-
tions for the free Ca* and Ca®" buffers, with spatially discrete clusters of stochastic IP5 receptor channels (IP3Rs) controlling the
release of Ca®" from the endoplasmic reticulum. IPsRs are activated by a small rise of the cytosolic Ca®" concentration and
inhibited by large concentrations. Buffering of cytosolic Ca®" shapes global Ca®" transients. Here we use a model to investigate
the effect of buffers with slow and fast reaction rates on single release spikes. We find that, depending on their diffusion coeffi-
cient, fast buffers can either decouple clusters or delay inhibition. Slow buffers have little effect on Ca®* release, but affect the
time course of the signals from the fluorescent Ca®" indicator mainly by competing for Ca®". At low [IP3], fast buffers suppress
fluorescence signals, slow buffers increase the contrast between bulk signals and signals at open clusters, and large concen-

trations of buffers, either fast or slow, decouple clusters.

INTRODUCTION

Cellular functions such as gene expression, secretion, muscle
contraction, and synaptic plasticity depend on intracellular
Ca”" signaling. Changes of the cytosolic Ca®" concentration
are organized into spatio-temporal patterns like localized
transients (1), propagating waves (2—4), and global oscilla-
tions (5,6).

In many cells, these changes in free cytosolic Ca>"
concentration result from the release of Ca®" from the endo-
plasmic reticulum (ER). Release occurs via intracellular
Ca®" channels, notably inositol 1,4,5-trisphosphate receptors
(IP3R), and Ca*" is then resequestered into the ER by Ca>*
pumps (SR/ER Ca?*-ATPases). IP;Rs are regulated by the
Ca”" they conduct; the stationary open probability of the
IP;Rs is a bell-shaped function of Ca’* concentration, SO
that a small rise increases the open probability, whereas
a larger increase in Ca>" concentration decreases the open
probability. In addition, the time course of the Ca*" concen-
tration is important; a step increase leads to an initial activa-
tion of the IP3;Rs, followed by a slower inhibition (7,8).

Within the membrane of the ER, clusters of IP;Rs are
separated by perhaps 1-7 um (3,9,10). These clusters of
channels generate global concentration spikes via a hierarchy
of Ca®" release events (1,11) that depend upon Ca>"
diffusing between IP;Rs to ignite the activity of successive
clusters (4,12). The smallest Ca®" release events, i.e., blips
(1), probably reflect random openings of single IP;Rs.
Larger events, i.e., puffs, lasting tens of milliseconds and
restricted to a volume of <0.5 fL, reflect the almost simulta-
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neous opening of several IP3Rs within a cluster (1,3,9,10).
Many coordinated puffs form oscillations and waves
(4,13). Ca®" oscillations therefore depend upon both the
spatial organization of IPsRs and their regulation by Ca**
(8,14,15).

Cytosolic concentration transients are modulated by the
buffering of free Ca®" ions by various cytosolic Ca®" binding
proteins (16,17) or exogenous buffers (18). Moreover, the
fluorescent indicator dyes used to image intracellular Ca**
represent an additional, exogenous Ca®" buffer. Since buffers
bind free Ca®", they change the effective transport of Ca®"
between release sites. Some buffers, such as bis-ethane-
n,n,n’ ;o' -tetraacetic acid (BAPTA), have fast on- and off-rates
for Ca®", whereas other buffers, such as ethylene glycol tetra-
acetic acid (EGTA), have much slower Ca®" binding kinetics.
It has long been known that fast buffers not only change
effective diffusion, but also slow down the timescale of
Ca”" concentration changes by a factor

—1

1+ > BiKi/(Ki + )’

(4,19), where B; is the total concentration of the buffer, and
K; is its dissociation constant. The index i denotes the
different buffer species, and ¢ denotes the free Ca®* concen-
tration.

The positive feedback by Ca®" provides a self-amplifying
release mechanism called calcium-induced Ca’*" release.
Ca”" released by an open cluster diffuses through the cytosol
and increases the open probability of neighboring clusters. It
thereby synchronizes Ca®" release over a wide area, thus
generating complex spatio-temporal signals.
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Buffers Modulate Ca* Release

Channels within a cluster are strongly coupled due to the
tight packing and large local concentrations (20). Local
concentrations are large, since even small currents going
through pores of molecular dimensions cause large flux densi-
ties (20). Clusters in turn are distributed across the ER
membrane at spacings of a few micrometers. The coupling
between clusters is much weaker than between the channels
within a cluster.

As a consequence of the existence of a hierarchy of length
scales and coupling strengths, the dynamics of the cell are
not identical with the local dynamics, but depend on the
properties of spatial coupling within the cell. That coupling
is the diffusion of Ca>" and can be modified by buffers
(21). Buffers with concentrations of a few tens of M mainly
change the way IP;Rs interact, with little effect on the prop-
erties of individual IP;Rs, since they cannot compete with
the large local flux density at open channels (20,22). Hence,
they are the ideal tool to investigate the spectrum of emer-
gent behaviors that arise from the interactions of many
IP;Rs. In repetitively spiking systems, global spikes become
first less probable and then disappear with increasing buffer
concentrations (21,23,24). This effect results from low buffer
concentrations that have negligible effect on Ca®" diffusion
within a cluster (20,22), suggesting that buffers act on the
length scale of cluster spacing but not within clusters at small
concentrations.

Whereas our previous studies focused on repetitively
spiking cells (24,25), here we study the effects of high
buffer concentrations on the initial spike after onset of stim-
ulation. We relate our results to analogous experimental
studies by Dargan et al. (17) and Dargan and Parker (18),
who found that the response of the Ca®" signal to exoge-
nous buffer depends on the binding kinetics of Ca*" to
the buffer. In these experiments, buffer was initially injected
or loaded into the cell, the IP; concentration was increased
in stepwise fashion, and the amount of Ca®" in the cytosol
was measured by fluorescence recordings using an addi-
tional dye buffer. It was found that large concentrations of
EGTA (a slow buffer) shape the fluorescence signal,
whereas large concentrations of BAPTA (a fast buffer)
shape the time course of Ca®>" release. The slow Ca*"
chelator parvalbumin was found to produce results very
similar to EGTA, and the fast chelator calretinin had effects
very similar to BAPTA (17). Interestingly, BAPTA and
EGTA have similar Ca®" affinities.

The article is organized as follows: first, we introduce the
basic Ca>" dynamics model, including a stochastic model of
channel state transitions, and briefly discuss the adaptive
scheme used to solve the deterministic and stochastic equa-
tions. We then present results of simulations, first for a small
amount of endogenous buffer, then, for varying amounts of
fast and slow exogenous buffer. Parameters were chosen to
match BAPTA and EGTA. The last section summarizes
our findings and relates them to other experiments dealing
with the impact of buffers on Ca®" signals.

993

PARTIAL DIFFERENTIAL EQUATIONS FOR
CONCENTRATIONS AND STOCHASTIC MODEL
OF CHANNEL GATING

IP;Rs consist of four identical subunits. The stochastic
evolution of the state of each subunit is determined by a
continuous-time Markov chain, which is described by a state
scheme and transition rates according to the DeYoung-
Keizer model (23,26) (see Fig. S2 in the Supporting Mate-
rial). Some of the transition rates depend on the local Ca®"
or IP; concentration. The Ca”" concentration is calculated,
as a function of space and time, in a thin two-dimensional
sheet close to the plasma membrane. IP;R clusters are posi-
tioned at discrete places in the ER membrane (see P (7, ) in
Eq. 1 below). When a channel is open, a Ca®* current
appears as a source term in the reaction-diffusion equation
for the Ca®" concentration.

Channel state dynamics and concentration dynamics are
coupled. Random opening and closing of the channels
causes changes in the source terms in the partial differential
equations, whereas, conversely, the transition rates of the
Markov model of each subunit depend on the local Ca®"
concentration.

Details of the mathematical model are explained in the
Supporting Material. The cytosolic Ca>" concentration, c,
is controlled by diffusion, transport of Ca*" through the
ER membrane, and reaction with Ca’" buffers. We consider
three types of buffers: an exogenous mobile buffer b,,, with
either slow or fast reaction kinetics, a stationary buffer by
with fast kinetics, and an exogenous dye buffer by. Total
concentrations of buffers are denoted by B,,, By, and By.
The partial differential equations read:

dc 2 7 C2
5 = DVie + (P + Par(F, 1) (ERons — ) _PPW
+ kc(CO - C) - ks+ (B\ - I’JS)C + ks_bs

— k(B — bu)c + kyby — k" (Bg — ba)c + kg by,

ey
db
— = k' (By — by)c — k_ b, )
ot ‘ ‘
abm 2 + -
= DuVby + ki (Bo = bu)e —kpbn, ()
dbq _ 2 + -
E = de bd + kd (Bd — bd)C — kd bd. (4)

Here, the k=~ (I = s, m, d) denote the on- and off-rates of
Ca”" reacting with the corresponding buffers. A complete
list of the buffer parameters is given in Table S1. The equa-
tions are solved in a domain of (33 ;un)2 (in some cases of
(49.5 um)?).

Ca*" moves from the ER to the cytosol through IP;
receptor channels and by a small leak flux (terms with coef-
ficients P, and Pj, respectively), and Ca’" is resequestered
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into the ER by pumps (P;,). The action of pumps is assumed
to be cooperative and modeled by a second-order Hill func-
tion with dissociation constant K4. The receptor term Py, in
Eq. 1 models the current through the channel. It vanishes if
all channels in a cluster are closed. The term k.(co — ¢) in
the equation for ¢ describes the transport of Ca®" through
the plasma membrane. It forces the resting concentration of
free Ca”" to be equal to co.

In our simulations we have placed 5 x 5 clusters, with 10
channels each, on a quadratic lattice, with each cluster sepa-
rated by a distance of d = 3 um (see Fig. S1). When the grid
size is (49.5 um)?, d is chosen to be 4.5 um.

RESPONSES AFFECTED BY EXOGENOUS
BUFFER WITH LARGE DIFFUSION COEFFICIENT

The results of control simulations without an exogenous
buffer are explained in Fig. S3. They demonstrate that
release typically starts with a peak in the number of open
channels with a full duration at half-maximum of ~150 ms
(initial spike), followed by a phase with much smaller
numbers of open channels (release tail). The average full
duration at half-maximum of the control fluorescence signal
increases from 3.3 s to 3.9 s when we increase [IP3] from
0.09 uM to 0.62 uM. This is in qualitative agreement with
experiments, but is less than measured increases. Fig. 1
shows the line-scan plots for typical runs with an exogenous
buffer. Due to the stochastic nature of the onset of release,
the time delay for the opening of the first channel varies
between the panels of Fig. 1. The average delay from the
IP5 step until the opening of the first channel is independent
of the type of buffer applied and the buffer concentration,
since the resting Ca®" concentration is independent of the
buffer. Therefore, we can shift the zero time of each run
and align the moments of different runs when the spatially
averaged Ca*"-bound dye crosses the 15 uM level. That
was chosen as a mark for the onset of global release. This
practice will be used when we calculate averages over
several runs in our analysis below.

At low [IP3], BAPTA strongly suppresses fluorescence
signals. Since it does not change the resting concentration
of free Ca", it does not abolish spontaneous channel open-
ings. However, BAPTA reduces activation of further chan-
nels and thus the number of measurable events. Events
shorter than 20 ms (the scan interval) still occur. EGTA sepa-
rates individual release events with respect to the fluores-
cence signal. As we will discuss below in detail, EGTA
steepens temporal gradients of fluorescent Ca”*"-bound
dye. It therefore also steepens spatial gradients, rendering
individual events more readily distinguishable than in the
absence of EGTA. EGTA also reduces mutual activation
between clusters. Approximately 70% of control runs show
global release events in the first 10 s after the IP; step
increase, whereas only ~30% do with 200 uM EGTA. The
number of isolated puffs is similar in control and EGTA
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simulations. Both the results with BAPTA and EGTA at
low [1P3] agree well with experiments (17,18).

The initial spike of Ca®"-bound dye, by, in Fig. 1 b is much
shorter with large EGTA concentrations than in the control
case. This shortened duration is related to the slow kinetics
of the buffer (see below). This effect can also be seen in
Fig. 2 a, where we show b for several EGTA concentrations.

We also observe in Fig. 1 b that, in the presence of
BAPTA, the concentration of by decays much slower, or
not at all, within the time interval shown. The fast buffer
causes the concentration of Ca®"-bound dye to become
almost homogeneous soon after the onset of release. Addi-
tionally, values of by are substantially larger in the release
tail than with EGTA or in the control (see also Fig. 2). All
of these observations agree well with the experimental
results in Dargan and Parker (18).

Fig. 2 summarizes results for the spatial average of Ca®"-
bound dye, by, for many simulations. We averaged along
the scan line used in Fig. 1. The control case shows
a pronounced maximum corresponding to the spike in the
number of open channels. We observe a decrease of that
maximum with rising buffer concentration. BAPTA reduces
it more effectively than EGTA. When the concentration of
BAPTA is large, the time course of by is a monotonic
increasing function of time, and approaches an asymptotic
value.

The slow buffer EGTA shapes the time course
of Ca®?"-bound dye concentration

The spike by exhibits a pronounced maximum in the presence
of EGTA, and the decay of Ca®"-bound dye after the
maximum is even faster with EGTA than in the control. There
are two possible explanations for the acceleration of the decay
by EGTA. First, it might arise as a result of the transfer of Ca*"
away from the scan line to the cluster-free areas by diffusing
Ca*"-bound EGTA molecules. We call this effect “shut-
tling”. The binding to EGTA, which diffuses, keeps Ca®"
ions from being caught by stationary buffer, which does not
diffuse. Thus, EGTA can increase the total Ca>" diffusion.

Alternatively, the decay may be accelerated by competi-
tion between the dye and EGTA. The dye competes with
the other buffers for free Ca*". How much Ca”" is taken
up by a particular buffer, and how quickly this happens,
depends on the kinetic parameters of all the buffers. The
initial response will depend on the ratios of the on-rates of
the buffers. The dye is fast and reaches the (quasi-)stationary
value of its Ca>"-bound fraction quickly. EGTA is slow and
keeps binding Ca”" after the dye has reached its quasista-
tionary value. It thereby decreases the concentration of free
Ca®" which, in turn, causes Ca’" to dissociate from the
dye. This redistribution of Ca®" from the dye to EGTA
contributes to the decay of fluorescence. We will investigate
below to which degree both mechanisms—shuttling and
competition—contribute to the fast decay of the dye signal
with large EGTA concentration.
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FIGURE 1 (a) Space-time plot of Ca>"-bound dye concentrations by
for [IP3] = 0.09 uM scanned across the cluster area (see also Fig. S1).
Shown are control results and simulations with 200 uM BAPTA and
EGTA. (b) Space-time plot of Ca®*-bound dye concentrations by for
[[P;] = 0.62 uM and different concentrations of EGTA and BAPTA
scanned across the cluster area. (¢ and b) Blue indicates low concentra-
tions; red values are those close to By (see Table S2). (¢) Snapshots of
the concentration of free Ca®" during a release spike. The needles mark
the location of clusters with open channels; they show the concentration
of free Ca®" in a puff. In a range of a few tens of nanometers around an
open cluster, they form within microseconds upon channel opening and
collapse comparably fast. The long-range spatial modes of the concentra-
tion profiles remaining after the collapse have amplitudes of a few uM
only and decay with timescales of a few hundred milliseconds (20). Puffs
last typically a few tens of milliseconds.
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FIGURE 2 Evolution of the concentration of Ca>"-bound dye averaged
along a line in the middle of the cluster field (see Fig. S1). The curves are
ensemble averages for 10 runs.

We use a dissociation constant K™ = 0.12 uM for EGTA,
which is approximately one-half of the value for BAPTA and
the dye buffer. The acceleration of fluorescence decay occurs
also for equal values of the dissociation constants of mobile
exogenous buffer (K4™) and dye (Kdd), as demonstrated in
Fig. S5. It also works with a variety of rate values for
EGTA. Hence, the difference between the behavior with
high EGTA concentrations and high BAPTA concentrations
can be explained simply by the different rate constants of the
buffers. We base that conclusion also on an earlier simula-
tion study showing a transition from spiking behavior to
maintained release simply by increasing the value of the
buffer rate constants (see (21), their Fig. 9).

The comparison between control conditions ([EGTA] =
[BAPTA] =0 uM) and [EGTA] = 560 uM in Fig. 3 a shows
the substantial contribution of EGTA to the decay of by. The
different contributions of the shuttle effect and of buffer
competition can be dissected by comparing the time course
of the line-scan average with the bulk average, and by varying
the buffer diffusion coefficients. Fig. 3 @ shows bulk averages
across the whole integration field and line averages. The bulk
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average is not influenced by the shuttle effect since it takes into
account changes of b4 in the outer cluster-free region (see
Fig. S1) to which Ca®" may have been shuttled. We find that
the line average with [EGTA] = 560 uM decays only slightly
faster than the bulk average, i.e., diffusion contributes little to
the decay of the line average. Both time constants are approx-
imately twice the time constants of the slow long-range spatial
modes of the concentration profile found in detailed three-
dimensional simulations without large EGTA concentrations
(20). Hence, very early during the decay, the profile gradient
is flat, and therefore cannot drive large diffusion fluxes.

Note that the outer cluster free region has an area of
945 um?”, much larger than the area of the cluster region which
is only 144 um?, and can therefore accommodate a large
amount of a diffusing species. Furthermore, the value k,,” =
0.06 s~ " of the rate for Ca>"-dissociation from EGTA is suffi-
ciently small to allow shuttling of Ca>" ions by diffusing
EGTA molecules from the center of the cluster field to the
outer region. Hence, lack of space or the value of the dissoci-
ation constant of the diffusing species are unlikely to limit the
shuttle effect.

Fig. 3 b shows the time course of Ca>"-bound EGTA, b,,,. It
rises quickly upon onset of release, saturates and does not decay
for seconds afterwards. Its decay is so slow because its behavior
after the quick rise approximately follows that of total cytosolic
Ca*" (¢ + by + bm + by) (data not shown). The timescale of
total cytosolic Ca>" is slow because it is proportional to the
inverse of the total buffer capacity. It is therefore slow even
with a rather small [EGTA] of 80 uM (4,19). Over the time
range where by decays, the time course of Ca®"-bound
EGTA can be fit to exponential functions. The time constants
of the decay of the line average of by approach those for the
rise of the bulk average of Ca*"-bound EGTA for large
EGTA concentrations (see Fig. 3 ¢). These findings show
that buffer competition between the fast and slow buffers deter-
mines the decrease of the fluorescence signal, when the EGTA
concentration is large. In line with that, changing the buffer
diffusion coefficients from 200 um?s ! to 20 um? s ! has little
effect on the time constant of dye decay (Fig. 3 ¢). However,
increasing the EGTA on-rate from ke T=0.5 (uM s)7l to
k™ =2.0 (uM )", while keeping K4™ constant, reduces 74
from 0.61 s to 0.30 s (see Fig. 3 d). Indeed, the rate of b4 decay,
T4 ', is approximately a linear function of ky, .

BAPTA, however, has a faster on-rate than EGTA. There-
fore, binding of Ca*" will occur simultaneously with both
buffers, dye and BAPTA, and delayed redistribution of
Ca”>" to BAPTA does not occur. Hence, the stronger decay
of Ca*"-bound dye, which is observed with EGTA, is not
observed in the case of BAPTA.

BAPTA shapes the time course of release
by delaying Ca®"-dependent inhibition

Not only does BAPTA shape the time course of Ca®"-bound
dye, it also shapes the time course of Ca®" release. Fig. 4
shows the evolution of the number of open channels for
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different EGTA and BAPTA concentrations. Compared to
the control, BAPTA spreads out release in time; at higher
BAPTA concentrations, the number of open channels
increases more slowly and decays more slowly.

When [BAPTA] = 80 uM, the peak number of open chan-
nels is smaller than the control value, but the peak increases
with increasing concentration for [BAPTA] > 200 uM. In
particular, the number of open channels after the spike is
larger with large BAPTA concentrations than with large
EGTA concentrations or control conditions.

That can be explained by delayed Ca*"-dependent inhibi-
tion as the time course of the number of inhibited channels
tells us (Fig. 5). A control spike in the number of open chan-
nels lasts ~0.3 s. The number of inhibited channels at about
that time after onset of release is significantly smaller with
large BAPTA concentrations than with large EGTA concen-
trations or the control values. In particular, the fraction of
channels which can open is substantially larger with large
[BAPTA] than with large [EGTA]. It increases from ~0.06
to 0.18 when we replace 800 uM EGTA by 800 uM
BAPTA. In addition, once a channel has opened, the release
of Ca?" favors opening of more channels. This explains the
larger number of open channels in the release tail with
BAPTA compared to corresponding EGTA applications.

Local concentrations at open clusters determine
the rate of Ca®'-dependent inhibition

Inhibition is slowed down with large BAPTA concentrations
since BAPTA reduces the local concentration at open clus-
ters from typical values of 120 uM in the control, to typical
values of 40 uM with [BAPTA] = 800 uM. The rise of free
Ca”" at closed clusters resulting from adjacent open clusters
does not contribute substantially to Ca®"-dependent inhibi-
tion. That argument is substantiated by the data in Fig. S4.
The addition of 800 uM EGTA reduces the bulk average
by a factor of ~1/15 (see Fig. S4 a). If inhibition would be
dominated by bulk concentrations, it should go down

FIGURE 3 (a) Representative time courses of the bulk average and line
average of by. The curves are ensemble averages over 10 runs each. The
time courses of the control simulations and EGTA-simulations exhibit decay
after their maxima, which can be fit to exponential functions Ay exp(—1#/74) +
Aj. The control simulations decay with a time constant of 3.37 s (/ine) and
3.48 s (bulk); the line average with 560 uM EGTA decays with a time
constant of 0.61 s and the bulk average with 0.63 s. (b) Ca>*-bound
EGTA (b,,) in dependence upon time for different EGTA concentrations.
The time courses of by, from about the point of steepest slope to time =4.5 s
can be fit to exponential functions A, exp(—#/7g) + As. (¢) Only the 74 of the
line average in dependence upon the buffer diffusion coefficients D4 and D,
and the EGTA concentration, and 7g in dependence on the EGTA concen-
tration, are shown here. The abscissa shows the value of the diffusion coef-
ficients Dy and D,, (with D4 = D,;,) for the x symbols and the EGTA
concentration for the O and A symbols. The 00 symbol shows 74 for
Dy =20 um? s~ ! and D,,, = 200 um? s~ . Fast diffusion of EGTA does
not speed up the decay compared to the case with dye and EGTA diffusing
slowly. (d) 74 in dependence on k,, " with [EGTA] = 560 uM, Dy = D,,, =
200 um? s~ ', and K;™ = 0.12 uM.
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FIGURE 4 Evolution of the number of open channels averaged over
10 runs for each amount of EGTA and BAPTA concentration. We change
the scaling of the y axis at = 3 s to meaningfully resolve the number of
open channels in the tail region. The BAPTA-panel also shows the number
of open channels without any exogenous buffer (control, no dye). The
maximum number is larger and the peak even shorter than in the control
case with dye. The number of open channels in the tail region is smaller
than control.

comparably. Instead, the much smaller reduction of Ca®"
peak values in Fig. S4 b by the same amount of EGTA is
in line with the results about inhibition. The stronger effect
of BAPTA on peak values corresponds to the decreased inhi-
bition observed with that buffer.

These findings explain why even the large EGTA concen-
trations do not delay inhibition. The local dynamics of free
Ca”" at open clusters are dominated by the channel flux
with a value of ~10° uM s~ ' and diffusion fluxes of the
same order of magnitude. Because of the small rate
constants, the EGTA reaction terms are approximately two
orders-of-magnitude smaller, even with concentrations of
800 uM. The BAPTA reaction terms are of the same order
of magnitude as the channel flux.

The interactions between local concentration and inhibi-
tion have important consequences for modeling, as models
based on spatially averaged concentrations do not capture
the large local fluxes, or large local concentrations, at open
channels. Such averaged models would provide a time
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FIGURE 5 Evolution of the fraction of inhibited channels averaged over
10 runs for each EGTA and BAPTA concentration. The thick dotted line
shows control, the thin dotted line is control without dye. The solid lines
show simulations with EGTA as exogenous buffer and the dashed lines
with BAPTA. The [EGTA] and [BAPTA] values are 200 uM and 800 uM
from larger to smaller values of the fraction of inhibited channels at late time.

course of free Ca®" like the bulk average in Fig. S4, thus
giving qualitatively different results from a model which
treats the local concentrations more accurately.

The effect of an exogenous buffer with a small
diffusion coefficient

There is a large variety of reported values of the diffusion
coefficient of EGTA, BAPTA, or FURA2 in the cytosol
(BAPTA and EGTA: 183 um? s~ ! (27), 171 um® s~ ! (28),
and 39 ,um2 s7! (29)). Modelers use values between 20
and 250 umz s ! (4). The value of 200 umz s~ ! was taken
from Dargan and Parker (18) and is used also in Klingauf
and Neher (30). However, the diffusion coefficient may be
smaller, as in striated muscle cells (39 ,u,m2 s~! (29)), and
the diffusion coefficients of the Ca*" chelators parvalbumin
and calretinin were found to be ~40 um”s~! (17,31), or even
as low as 12 ,um2 s7! (32). Therefore we simulated the
effects of buffers with small diffusion coefficients, D, =
Dy =20 um? s\,

‘We observe also a transition to a monotonic increase of by
with increasing BAPTA concentrations, larger values of by
with BAPTA than with EGTA in the tail region, and a decay
of by with large concentrations of EGTA, which is faster
than control. Again, increasing the EGTA or BAPTA concen-
trations reduces the maximum of b4. These results with small
buffer diffusion are similar to those with large buffer diffusion.

However, substantial differences between simulations with
large and small buffer diffusion coefficients appear in the time
course of the number of open channels. When [BAPTA] is
large, the relatively slow rise time of the dye signal (Fig. 6)
indicates that the number of open channels rises slowly.
Fig. S6 confirms that. Indeed, the main difference between
application of EGTA and BAPTA is now the time course of



Buffers Modulate Ca* Release

=)
(W) o
~
(o}

time (s

<
(3] o
=
[=)}

time (s)

FIGURE 6 Evolution of bulk average of the concentration of Ca®*-bound
dye with small buffer diffusion D,,, = D, = 20 umz s~! (averages of 10 runs
each). The value of P, was 36,000 s~ ! in these simulations. The dash-dotted
line in the EGTA panel is control rescaled to provide a direct illustration of
the increased decay rate of by with large EGTA concentration.

the number of open channels. Its initial rise is much slower
with BAPTA than with EGTA, and the maximum numbers
reached with large BAPTA concentrations are much smaller
than the control situation. Mutual activation of clusters is
obviously reduced by large BAPTA concentrations. Again
the number of open channels in the tail region is larger with
BAPTA than with EGTA (see Fig. S6), but smaller than in
the simulations with large buffer diffusion. Reducing D, to
100 um? s~ only (instead of 20 um” s—') was sufficient to
find the time course of the number of open channels in simu-
lations with a larger cluster distance of 4.5 um. We conclude
that a large concentration of BAPTA with a small diffusion
coefficient reduces spatial coupling between clusters, and
thus abolishes mutual activation by Ca®". Clusters open asyn-
chronously and some with very long delay. That causes the
larger number of open channels in the tail region. The system
goes to a stationary state with uncoordinated puffs.

Large concentrations of slowly diffusing buffer substan-
tially slow down signal rise as Fig. 6 shows. That sets the
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time course of by with small buffer diffusion coefficient apart
from the case with large buffer diffusion coefficient (compare
Fig. 2).

CONCLUSIONS

We simulated the effect of exogenous buffer on the time
course of Ca*"-bound dye (and therefore fluorescence).
Our simulation results agree well with the experimental find-
ings (17,18). We extend the insights obtained from experi-
ments by identifying buffer competition as an important
contributor to the decay of Ca®"-bound dye with EGTA as
exogenous buffer, and by identifying delayed inhibition
and decoupling and desynchronization as complementary
mechanisms of release prolongation by BAPTA.

BAPTA shapes the time course of the number of open
channels by reducing inhibition (if the buffer diffusion
coefficient is large), or by decoupling clusters (when the
diffusion coefficient is small). Simulations with large buffer
diffusion appear more similar to the experiments by Dargan
et al. (17) and Dargan and Parker (18) than those with small
buffer diffusion, since the fluorescence signal with BAPTA
is more in agreement with measured profiles. Hence, we
believe that this is the mechanism applying to the experi-
ments in Xenopus oocytes. However, changes in temperature
or concentrations can change the viscosity of the cytosol, or
other cell types may simply have a more viscous cytosol and
therefore smaller diffusion coefficients. They may also have
larger distances between clusters. That would entail weaker
coupling by Ca®'-diffusion and the desynchronization
mechanism would apply.

Our model predicts that EGTA shortens fluorescence
signals mostly by buffer competition and less by the shuttle
effect. This prediction is based on the similarity of the time
courses of line and bulk averages, and their weak depen-
dence on the buffer diffusion coefficient. In the experiments
of Dargan and Parker, the shuttle effect may contribute more
to the shortening of the signal, by carrying Ca>" ions away
from the plane of clusters into the large bulk of the oocyte
(18). However, we know from detailed three-dimensional
simulations that steep gradients decay within tens of milli-
seconds (20). The timescales found in our study here and
in experiments (see (18), their Fig. 6) correspond to profiles
with small gradients which cannot drive large diffusional
flux. Therefore, we do not expect the shuttle effect to become
dominant. That implies that slow buffers could shape the
fluorescence signal not only in large oocytes but in small
cells also, which do not have a large space into which they
can shuttle Ca®". That conclusion was very recently
confirmed experimentally (33).

We see in Fig. S3 that the fluorescence signal does not
report faithfully the time course of the number of open chan-
nels in control simulations. The shortening of the decay time
of the fluorescence signal by EGTA entails that the signal
follows the number of open channels more closely with large
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[EGTA] than without it. That effect is exploited in recent
experiments (33-35).

Here we investigate the first few seconds after onset of
stimulation. Buffers also shape the asymptotic release
dynamics reached after the initial transient. They may turn
fast elevated sinusoidal oscillations into baseline spiking, as
observed in hepatocytes and simulations (6,21). In mouse
pancreatic acinar cells, EGTA and BAPTA both slow down
the rise of global Ca®" signals by decelerating the spread of
release from the initiating release site across the secretory
pole (36). That agrees with our findings here on the rise times
of global signals. Large concentrations of EGTA decoupled
the release sites in mouse pancreatic acinar cells. This resulted
in desynchronization and an increase in global frequency due
to independent spiking of subdomains of the secretory pole
(36). These findings are very similar to the decoupling of
release sites by EGTA found in SH-SYSY cells (33). Large
BAPTA concentrations appeared also to weaken spatial
coupling between release sites since they slowed down the
global signal rise. However, they did not lead to indepen-
dently spiking subdomains. Instead, they allowed for a larger
global signal than comparable EGTA concentrations, with the
signal comprising the whole secretory pole, and spikes lasting
longer (36). That is compatible with delayed inhibition as we
observed in our simulations. The spikes with large BAPTA
concentration are less frequent than control spikes and more
random (21,36). The standard deviation of the interspike
interval (ISI) is an indicator of spike probability (24). We
conclude that a large concentration of BAPTA substantially
reduces spike probability.

Recently published experimental results and earlier theo-
retical predictions analyze the behavior of repetitively
spiking cells in detail (23-25). The spike frequency responds
very sensitively to changes in the concentration of exoge-
nous buffer in several cell types (24,25). Both EGTA and
BAPTA increase the average ISI, and substantially increase
the standard deviation. In other words, both EGTA and
BAPTA reduce the spike probability (23,24). This can be
reliably reproduced in simulations with cluster spacings
larger than the 3 um used here (23) and also with smaller
distances in three dimensions (37). The simulations explain
the increase of ISI and their standard deviation by a reduction
of the strength of spatial coupling by buffers and the proba-
bility that a puff excites neighboring clusters (23,38). This
was confirmed experimentally (24). EGTA required larger
loading concentrations than BAPTA to obtain similar effects
(25). Reduction of spike probability occurred at small exog-
enous buffer concentrations and larger concentrations abol-
ished repetitive spiking (24). The reduction of the propensity
for global events by EGTA and their suppression by BAPTA
at low [IP3] found in this study (see Fig. 1 a) correspond to
the increase of ISI and termination of repetitive spiking by
EGTA and BAPTA, respectively.

The picture emerges that the action of buffers at low
cluster density is different from the action at high cluster
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density. Since the strength of coupling by diffusion depends
on cluster spacing and diffusion coefficients, the low cluster
density case may be caused by small diffusion of free Ca*"
due to crowding (39), high viscosity, or high SR/ER Ca®"-
ATPase density (40). Low stimulation, such that not every
cluster contains an activatable channel, also entails a low
density situation.

At low cluster density, small concentrations of buffers
applied to repetitively spiking cells increase the average
ISI. Slow buffers applied to these cells act similarly to fast
buffers, but require larger concentrations to have comparable
effects on the ISI. Large buffer concentrations of either
EGTA or BAPTA abolish oscillations by decoupling clusters
(23,24,33,36). EGTA renders individual puffs distinguish-
able by increasing the gradients of fluorescence (called
““balkanization’’).

Higher cluster densities require higher buffer concentra-
tions to observe an effect in the first place. In contrast to the
low density case, high buffer concentrations do not neces-
sarily abolish repetitive spiking, as simulations (21,23) and
experiments (36) showed. Slow buffers with large diffusion
coefficient did not abolish spikes even at concentrations of
800 uM in our simulations here, whereas fast buffers with
large diffusion coefficients abolish fluorescence spikes but
not spikes in the number of open channels. Fast buffers with
small diffusion coefficients can abolish these spikes also.
The high cluster density regime exhibits a weak dependence
of the rise time of the fluorescence signal on the BAPTA
concentration in contrast to the low cluster density regime.

The repetitive spiking with high BAPTA concentrations
observed by Kidd et al. (36) is not a contradiction to the
results of this study, since it is a property of long time
behavior that we did not investigate here. However, another
question remains from a comparison of our results with those
of Kidd et al. (36). Our results indicate that, when the
BAPTA concentration is high and the stimulation level is
high, the cell goes to a stationary state with a large fraction
of inhibited channels. How is random spiking possible at
all in this state? Is it random de-inhibition (which in theory
can cause wave nucleation (41))? Further studies are required
here.

Our simulations also provide for a more detailed under-
standing of balkanization of IP;-mediated Ca*" signals by
EGTA (17,18). Balkanization means the disintegration of
release patterns into isolated puffs by EGTA at IP; concentra-
tions, which would cause waves without EGTA. We found
balkanization with both large and small buffer diffusion coef-
ficients. EGTA reduces, but does not eliminate, correlation
between puff sites with the cluster distance used here (data
not shown). BAPTA also reduces correlations between puff
sites, and to a greater extent than EGTA. The reduction of
coupling strength is due to the steepening of gradients of
free Ca>* by both EGTA and BAPTA and is one contribution
to balkanization. Fluorescence profiles with comparable
numbers of open channels in the tail region (see Figs. 1 and 4)
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are spatially homogeneous with BAPTA but exhibit clearly
distinguishable puffs with EGTA. EGTA increases the
contrast between the bulk fluorescence (a short distance
away from the clusters) and the fluorescence from open clus-
ters, steepening spatial gradients of fluorescence as it
increases temporal gradients. In contrast, BAPTA smears
out fluorescence, so that despite the reduction of intercluster
correlation, it is not an effective experimental tool to
balkanize signals so as to study puffs in isolation.

Different cells express differing endogenous mobile Ca® -
binding proteins with differing kinetics. For example, parval-
bumin acts as a slow buffer and is in that sense similar to
EGTA, whereas calretinin is a fast buffer with kinetics
similar to BAPTA. Thus, cells could use buffers to control
the properties of single spikes, as described here and found
in experiments (17). What could they achieve by that? As
Fig. S4 a shows, both buffers can control free cytosolic
Ca”" tightly with a concentration of 200 uM already.
However, BAPTA does not allow for global spikes at that
concentration, whereas EGTA still does. Thus, calretinin
might be used to keep spatially averaged free cytosolic
[Ca®™] close to resting level and suppress spikes but not
stationary release. Similar to EGTA, parvalbumin would
also keep free cytosolic [Ca®"] close to resting level in
between spikes, and would still allow for spiking but with
brief phases of high [Ca®"]. Free [Ca*"] would tightly follow
the number of open channels with large parvalbumin concen-
trations.

SUPPORTING MATERIAL

Six figures and two tables are available at http://www.biophysj.org/biophysj/
supplemental/S0006-3495(09)01103-5.
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