
C
o

E
D

a

A
R
R
2
A
A

K
C
P
D
C

1

o
C
C
o
I
s
n
r
(
r
I
r
L
r
k

y
T

h
0

Cell Calcium 57 (2015) 109–119

Contents lists available at ScienceDirect

Cell  Calcium

jou rn al hom epage: www.elsev ier .com/ locate /ceca

a2+ images  obtained  in  different  experimental  conditions  shed  light
n  the  spatial  distribution  of  IP3 receptors  that  underlie  Ca2+ puffs
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a  b  s  t  r  a  c  t

Many  intracellular  Ca2+ signals  involve  Ca2+ release  from  the endoplasmic  reticulum  through  inositol
1,4,5-trisphosphate  receptors  (IP3Rs).  The  open  probability  of  IP3Rs  depends  on  cytosolic  Ca2+ so  that
these  signals  involve  Ca2+-induced  Ca2+-release  (CICR).  IP3Rs  are  organized  in clusters.  The  signals  they
mediate  are observed  using  single-wavelength  dyes  and,  often,  a  slow  Ca2+ buffer  (EGTA)  is added  to
disrupt  CICR  between  clusters  and  keep  the  signals  spatially  restricted.  It is  assumed  that  the  presence
of  the  dye  or  of  EGTA  does  not  alter  the  intra-cluster  Ca2+ dynamics.  In this  paper  we  analyze  this  issue
combining  experiments  and  numerical  simulations.  We compare  the  properties  of local  signals  known
as  puffs  observed  with  different  dyes  and  EGTA  concentrations.  We  determine  that  although  the  dye  or
uffs
yes
ICR in clusters

EGTA  does  not  alter  the  intra-cluster  dynamics,  the set  of  observable  events  is  different  depending  on
the  degree  of  inter-cluster  uncoupling  of  the  experiment.  An  analysis  of the  observations  shows  that  the
events  that are  missed  for insufficient  inter-cluster  uncoupling  are  those  of fastest  amplitude  growth
rate.  This  agrees  with  a spatial  organization  in  which  the  largest  amplitude  events  correspond  to  clusters
with  densely  packed  active  IP3Rs.
. Introduction

Calcium (Ca2+) signals are ubiquitous and their versatility relies
n the variety of spatio-temporal behaviors that the intracellular
a2+ concentration can display. Intracellular signals usually involve
a2+ release from internal stores through channels that open more
r less frequently depending on the amount of cytosolic Ca2+ [1,2].
nositol 1,4,5-trisphosphate receptors (IP3Rs) are the primary cyto-
olic target for the initiation of intracellular Ca2+ signals [3]. IP3Rs
eed to bind IP3 and Ca2+ to become open [2]. This last feature is
esponsible for the occurrence of calcium induced calcium release
CICR). In most cells IP3Rs are organized in clusters. The signals
emain localized (i.e., involving the release through one or more
P3Rs in a cluster) or global depending on the efficiency of the
eleased Ca2+ to elicit the opening of IP3Rs from many clusters.
ocalized signals in which Ca2+ is released from the endoplasmic

eticulum through IP3Rs that belong to a single channel cluster are
nown as puffs [2]. They are the building blocks of more global
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signals that propagate throughout the cell [4]. Obtaining a detailed
characterization of puffs is thus of great interest.

Ca2+ puffs are observed using Ca2+ dyes and different optical
techniques. Ca2+ fluorophores need to bind Ca2+ to change their flu-
orescence properties [5]. Thus, the observed fluorescence is related
to the Ca2+-bound dye concentration, which depends on the ability
of the dye to overcome the various Ca2+ trapping mechanisms of
the cell. This binding by the dye also affects the signals themselves
since it can alter CICR. Furthermore, to study the kinetics of puffs
a slow exogenous Ca2+ buffer that disrupt inter-cluster coupling
(typically, EGTA) is added in many experiments [4]. Because of the
slow EGTA kinetics it is assumed that its addition does not alter CICR
at the intra-cluster level or compete with the dye for Ca2+ during
a localized signal so that neither the underlying Ca2+ dynamics nor
the fluorescence distribution is affected by EGTA [4].

In this paper we study to what extent experiments performed
with different dyes and/or [EGTA] are able to detect Ca2+ puffs
with similar accuracy and in which ways the different experimental
conditions affect the observed puff properties and the underlying
dynamics of Ca2+ itself. To this end we combine numerical simula-
tions and experiments performed in Xenopus laevis oocytes using

EGTA and single wavelength Ca2+ dyes of different kinetics, Fluo-
4 and Rhod-2. We use our classification method [6] to choose the
combination of dye and EGTA concentrations that should report
the occurrence of the same underlying Ca2+ signal with a similar
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ignal-to-noise ratio. We  then repeat the experiments using Fluo-4
nd different EGTA concentrations. The quantitative comparison of
he puff properties distributions obtained for the various combi-
ations probed shows that, even if they are equally able to report
he occurrence of Ca2+ puffs, the set of observed events differs due
o their different ability to disrupt inter-cluster communication.
he puffs that are not elicited with the slowest dye or with the
mallest EGTA concentrations show a rapid fluorescence growth.
hese “missing” events correspond to signals with very efficient
ntra-cluster CICR. This reveals that the largest amplitude puffs
ome from clusters with closely packed open IP3Rs and shows that
xperiments performed under different conditions shed light on
he spatial organization that underlies the observations. The exper-
ments and numerical simulations also show that the fluorescence
mplitude is nonlinearly related to the underlying increment in free
a2+ even if the dye is not saturated as previously observed in [7,8].

. Materials and methods

.1. Experiments

.1.1. Preparation of X. laevis oocytes
Experiments were performed on immature X. laevis oocytes

reviously treated with collagenase and stored in Barth’s solution
composition in mM:  NaCl, 88; KCl, 1; CaCl2·2H2O, 0.41; NaHCO3,
.4; MgSO4·7H2O, 0.82; Ca(NO3)2·4H2O, 0.33; HEPES, 5; containing
.5 mg/ml  gentamicin).

Intracellular microinjections were performed using a Drum-
ond microinjector. Oocytes were loaded with either Fluo-4

extran high affinity (Kd = 772 nM)  or Rhod-2 (Kd = 2000 nM),
ogether with caged IP3 to induce channel opening and an exoge-
ous Ca2+ buffer, EGTA, to vary the observed signals.

Assuming a 1 �l cytosolic volume, the final concentrations of
luo-4, Rhod-2 and IP3 were 36 �M,  90 �M and 9 �M,  respectively.
he final concentration of EGTA was varied between 45 �M and
00 �M for the experiments performed with Fluo-4, and was kept
xed at 45 �M for those performed with Rhod-2 (see Table 1).

.1.2. Microscopy technique
Experiments were performed using an inverted microscope

X81 connected to a multispectral confocal unit Olympus Flu-
View 1000 in the linescan mode. The recording was done focusing
ith a 60× oil immersion objective (NA = 1.35) and imaging in

he animal hemisphere of the oocytes bathed in normal Ringer’s
olution (composition in mM:  NaCl, 120; KCl, 2; CaCl2·2H2O, 1.8;
EPES, 5). The dyes Fluo-4 and Rhod-2 were excited with the
88 nm line of a multiline Argon laser and with the 543 nm line
f a He–Ne laser, respectively. The emission was detected in the
ange of (500–600) nm for Fluo-4 and (555–655) nm for Rhod-2
ith a PMT. Caged-IP3 was photoreleased illuminating with the

350–400) nm region of the spectrum of a Hg lamp using the mod-
fication described in [9].
.2. Image acquisition, processing and analysis

Linescan images were obtained by scanning along a fixed line
250 pixels) within the oocyte (10–15) �m.  Different amounts of

able 1
ombinations of dye and EGTA concentrations that were used in the experiments
iscussed in this paper.

Experiment label Dye type and concentration [EGTA] (�m)

Type I [Fluo4] = 36 �M 90
Type II [Fluo4] = 36 �M 300
Type III [Rhod2] = 90 �M 45
 57 (2015) 109–119

caged IP3 were photoreleased by photolysis flashes of variable
duration. The acquisition was performed with a pixel time of 10 �s
and a scan rate of 3.62 �s per line. In the images displayed, the dis-
tance along the scan line runs vertically and time runs from left to
right. A typical linescan image is illustrated in Fig. 1A. In this figure,
fluorescence of the calcium dye (in this case, Fluo-4) is shown at
each point, xi, along the linescan and time, tj, as the ratio:

�FR(xi, tj) = F(xi, tj) − F0(xi)
F0(xi)

(1)

where F0(xi) is the fluorescence at spatial point, xi, averaged over
time before the photolysis (UV) flash. Increasing levels of fluores-
cence are represented by increasingly warmer colors. The arrow
in the figure marks the occurrence of the UV pulse. The bright
fringes of the image correspond to the cytosol and the dark fringes
to cortical granules.

2.2.1. Puff characterization
In order to identify and characterize puffs, the fluorescence, F, at

each pixel of the image is averaged with the values at its eight near-
est neighbors. From now on when we  refer to the fluorescence of
the image, F, we actually refer to this smoothed out. The ratio, �FR,
is also computed from these smoothed-out figures when needed.

Puffs are identified by visual inspection as a connected set of at
least ∼20 pixels where F is sufficiently above the basal level. A rect-
angular region of the image that encloses the puff is then selected.
The center of the puff is determined by the spatial location, xc, and
time, tc, of the pixel at which �FR is maximal over the selected
region as shown in Fig. 1B.

In order to determine the amplitude and temporal parame-
ters of the observed event, we compute 〈�FR〉x(t) by averaging
�FR(x, t) over eleven horizontal lines (the line that corresponds
to x = xc and five below and five above it). The rise time, decay
time and amplitude are subsequently computed as illustrated in
Fig. 1C. The amplitude, A, is defined as the maximum over time,
A ≡ max

t
〈�FR〉x(t). Denoting tamp as the time, t, at which 〈�FR〉x(t) =

〈�FR〉x,max, the beginning of the puff is identified by tstart the largest
time, t, that satisfies t < tamp and 〈�FR〉x(t) = 0.1〈�FR〉x,max. The
end of the puff is identified by tend, the smallest time, t, that sat-
isfies t > tamp and 〈�FR〉x(t) = 0.1〈�FR〉x,max. The rise time, decay
time, and duration of the puff are then defined as tR ≡ tamp − tstart,
tD ≡ tend − tamp and tend − tstart, respectively. We  also compute the
amplitude growth rate as GR = 0.9A/tR.

In order to determine the parameters that characterize the spa-
tial spread of the observed event we  first compute the mean, m,
and standard deviation, �, of �FR over the bright fringes of the
whole image. We  then compute threshold = m + � + 0.2 * (A − m − �)
for each puff of the image and 〈�FR〉t(x) by averaging F over five
vertical lines (the one that corresponds to t = tc and two to the
left and two to the right of it). We identify the points xi in the
selected region that satisfy 〈�FR〉t(xi) > threshold,  define xmin =
min

i
{xi} and xmax = max

i
{xi} and, from them, width = xmax − xmin. We

illustrate the procedure in Fig. 1D.

2.2.2. Statistical analysis
To analyze the experimental results we  calculate the histograms

of the parameters obtained expressing them in terms of frequency
of occurrence, N(X)/Ntotal, where N(X) is the number of puffs with X
in a given bin and Ntotal is the total number of analyzed puffs. We  use
a uniform bin size, h, so that N(X)/Ntotal = hf(X) with f the probability

density function of X. The number of bins is k = �X/h with �X the
range of obtained values and the bin size is chosen as h = 2r/N1/3

total,
where r is the distance, r = X3/4 − X1/4, between the values, X1/4 and
X3/4, that correspond to the first and third quartiles, respectively,
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Fig. 1. Linescan images and puff characterization. (A) Representative linescan image obtained with Fluo-4, acquired with a pixel time of 10 �s and a scan rate of 3.62 ms
per  line. Puffs were evoked by a photolysis flash at the time marked by the arrow. (B) Spatiotemporal distribution of FR from the puff surrounded by the black box in (A).
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he  center of the puff is identified by the spatial and temporal coordinates, xc and 

orizontal lines around xc . The quantities with which we  characterize the puff amp
mage  in (B) by averaging five vertical lines around tc . The puff width is indicated in

f the cumulative density function (CDF), F(X) =
∫ X

0
f (X ′)dX ′. To

ompare two  distributions of the same parameter obtained under
ifferent experimental conditions, F1(X) and F2(X), we  perform a
olmogorov–Smirnov test. The test statistic is:

ax
∣∣F1(X) − F2(X)

∣∣ , (2)

here each Fi(X) is the corresponding cumulative density function
hat we compute numerically as: Fi(X) =

∑
X ′≤XNi(X ′)/Ni,total

.3. Numerical simulations

.3.1. Deterministic Ca2+-bound dye distribution in the presence
f a single source

We  perform numerical simulations of the Ca2+ dynamics in the
ytosolic medium solving a set of reaction–diffusion equations in

 spherical volume (assuming spherical symmetry) for Ca2+, an
mmobile endogenous buffer (S), a cytosolic Ca2+ indicator (D) and
n exogenous mobile buffer (EGTA). In some cases we also consider
n additional (mobile) buffer (M). A point Ca2+ source located at the
rigin and pumps (P) that remove Ca2+ uniformly in space are also
ncluded. The source represents a cluster of IP3R’s.

We  consider that a single Ca2+ ion binds to a single buffer or dye
olecule according to:

a2+ + X
kon−X

�
koff−X

[CaX] (3)

here X represents D, EGTA, S or M,  and kon-X and koff-X are the
orward and backward binding rate constants of the correspond-
ng reaction, respectively. We  assume that the total concentrations

f dye, EGTA, mobile and immobile buffer remain constant ([D]T,
EGTA]T, [M]T, and [S]T, respectively) and that the diffusion
oefficients of their free and Ca2+ bound forms are equal. There-
ore we calculate the free concentrations, [D], [EGTA], [M] and
ectively. (C) Temporal profile obtained from the image in (B) by averaging eleven
e and time course are indicated in the figure. (D) Spatial profile obtained from the
gure.

[S] by subtracting the concentration of their Ca2+ bound forms
to their total concentrations. Given these assumptions, the set of
reaction–diffusion equations reads:

∂[Ca2+]
∂t

= DCa∇2[Ca2+] −
∑

X=D,S,M,EGTA

RCaX + source · ı(r)

− [P]T
[Ca2+]

2

[Ca2+]
2 + koff−T

(4.a)

∂[CaD]
∂t

= Ddye∇2[CaD] + RCaD (4.b)

∂[CaEGTA]
∂t

= DEGTA∇2[CaEGTA] + RCaEGTA (4.c)

∂[CaM]
∂t

= DM∇2[CaM] + RCaM (4.d)

∂[CaS]
∂t

= RCaS (4.e)

where DCa, Ddye, DM and DEGTA are the diffusion coefficients of Ca2+,
D, M and EGTA, respectively. The reaction terms, RCaX, are derived
from the kinetic scheme, Eq. (3).

RCaX = kon−X [Ca2+]([X]T − [CaX]) − koff−X [CaX] (5)

We assume no flux boundary conditions at r = 20.5 �m with r
the radial coordinate. For the source we  assume that it consists of
nC = 10 channels that open simultaneously at t = 0 each of which
closes after a time that is drawn from an exponential distribution

with mean topen [10]. For the initial condition, we  assume that all
concentrations are homogeneously distributed, Ca2+ is at basal con-
centration and all species are in equilibrium among themselves
(RCaX = 0 for all X (t = 0)).
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Table 2
Parameters values used to solve the simulations introduced in Section 2.4.

Parameter Value Units

Free calcium:
DCa 220 �m2 s−1

[Ca2+]basal 0.1–0.3 �M

Calcium dye Fluo4-dextran:
Ddye 15 �m2 s−1

kon-D 240 �M−1 s−1

koff-D 180 s−1

[D]T 36 �M

Calcium dye Rhod2-dextran:
Ddye 15 �m2 s−1

kon-D 70, 85 �M−1 s−1

koff-D 130, 170 s−1

[D]T 36, 90 �M

Exogenous buffer EGTA:
DEGTA 80 �m2 s−1

kon-EGTA 5 �M−1 s−1

koff-EGTA 0.75 s−1

[EGTA]T 45, 90 �M

Endogenous immobile buffer:
Kon-I 400 �M−1 s−1

Koff-I 800 s−1

[I]T 300 �M

Slow endogenous mobile buffer:
DM 27 �m2 s−1

Kon-M 20 �M−1 s−1

Koff-M 8.6 s−1

[M]T 250 �M

Rapid endogenous mobile buffer:
DM 32 �m2 s−1

Kon-M 500 �M−1 s−1

Koff-M 750 s−1

[M]T 10 �M

Pump:
Koff-P 0.1 s−1

[M]T 0.9 �M

Source:
nc 10
t 20 ms

E
i
L
d
t
t
t
s

[

w
t

s
e
t

�

from the same continuous distribution with a 5% significance level
(p = 0.002). Most previous experiments and numerical simula-
open

The reaction–diffusion equations are solved using a backward
uler method in time and an explicit finite-difference formula
n space with a 2nd order expression (first neighbors) for the
aplacian. The spatial grid size is dr = 0.041 �m and the time step
t = 10 �s. The values of the parameters (taken from [11]) used in
he simulations are listed in Table 2. To compare with experimen-
al confocal signals we calculate a weighted average of [CaD] along
he linescan r = (x, 0, 0) according to the confocal microscope point
pread function (PSF). In this case, following [12]:

CaD](x, t) =

∫
[CaD](r ′, t) × exp(−2((x − x′)2 + y′2)/w2

r − 2z′2/w2
z )dx′dy′dz′

V
(6)

here wr = 0.23 �m, wz = 1.15 �m and V = w2
r wz(�/2)3/2. This is

his blurred version of the Ca2+-bound dye concentration.
In order to compare the Ca2+-bound dye distribution obtained in

imulations that mimic  the conditions of Type I, Type II and Type III
xperiments in the presence of the same point source we compute
he relative increment in CaD:
[CaD]R = [CaD] − [CaD]b

[CaD]b

(7)
 57 (2015) 109–119

where [CaD] is computed as in Eq. (6) and [CaD]b is the Ca2+-bound
dye concentration at basal conditions. The amplitude of the signal
is defined as:

A = maxt

(
�[CaD]

[CaD]b(0,  t)

)
(8)

The decay time of the signal in the Ca2+-bound dye distri-
bution is computed from the temporal profile of �[CaD]/[CaD]b

at the origin (the site of Ca2+ release) as the time, tD, such that
�[CaD]/[CaD]b(0,  tD) = 0.1A. The width is computed from the spa-
tial profile of �[CaD]/[CaD]b(x, tmax) with tmax the time at which
�[CaD]/[CaD]b(0,  t) is maximum as twice the value of x such that
�[CaD]/[CaD]b(x, tmax) = 0.5A.

To assess the rate of CICR-mediated coupling between neigh-
boring clusters we  compute the probability that an IP3R located at
a distance, d, from a source that is releasing Ca2+ opens during an
interval, �t,  since the start of the release by means of:

PO(d, �t) = 1 − exp

(
−
∫ �t

0

kon[Ca2+](d, t)dt

)
(9)

with kon = 20 �M−1 s−1 the rate of Ca2+ binding to the activating site
of an IP3R of the DeYoung–Keizer model [10].

2.3.2. Numerically simulated fluorescence distribution
In order to generate noisy simulated images from the simula-

tions described in Section 2.3.1 we  follow the method described in
[6]. Briefly, for each position, x, and time, t, of the simulation, we
draw a stochastic variable, N(x, t), from a Poisson distribution of
mean 〈N〉. We  then compute the fluorescence at each pixel, F(x, t),
according to:

F = �Poisson ((q1 − q2)Binomial(p, N) + q2N) (10)

where N = N(x, t) and p = [CaD](x,t)
[D]T

with [CaD](x, t) obtained from
the simulations as defined in Eq. (6). Assuming that the ratio q2/q1
is approximately given by the ratio of quantum efficiencies of [13]
(q2/q1 = 0.025 for Fluo-4 and q2/q1 = 0.07 for Rhod-2), the values
of � , q1, q2 and 〈N〉 were estimated from the fluctuation analysis
of [6] � ∼= 5, q1 = 0.45, q2 = 0.01, 〈N 〉 =32 for Type I experiments and
� ∼= 6, q1 = 0.36, q2 = 0.02, 〈N 〉 =80 for Type III experiments. Given the
numerically generated image corresponding to a simulation with a
Ca2+ point source, the decay time and puff width are calculated as
with the experimental signals.

3. Results

3.1. The effect of EGTA on puff properties

3.1.1. Experiments: puffs with a faster fluorescence growth are
observed for increasing [EGTA]

We show in Fig. 2A and B the rise-time, tR, distribution obtained
for Type I (A) and for Type II (B) experiments. The corresponding
mean rise time, 〈tR〉, and standard deviations, �tR , are 〈tR 〉 =126.1 ms
and �trise = 129.9 ms for Type I and 〈tR 〉 =93.7 ms  and �trise =
63.5 ms  for Type II experiments. Analogously, we show in Fig. 2C
and D the amplitude distributions obtained for Type I (C) and for
Type II (D) experiments. The corresponding mean amplitude, 〈A〉,
and standard deviations, �A, are 〈A 〉 =1.8 au and �A = 0.9 au for Type
I and 〈A 〉 =1.5 au and �A = 0.7 au for Type II. A direct comparison of
the distributions with of a Kolmogorov test performed on the corre-
sponding CDFs rejects the null hypothesis that the amplitudes come
value
tions, however, show that puff amplitudes are not altered by the
presence of EGTA. The simulations presented in the Fig. S1 show
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Fig. 2. Puff rise time, amplitude and amplitude growth rate distributions using Fluo4 and different EGTA concentrations. (A–D) Distributions obtained from N = 207 puffs
observed in Type I (A, C) and from N = 248 puffs observed in Type II (B, D) experiments. The mean rise time and standard deviations are, respectively 〈tR 〉 =126.1 ms  and
�trise = 129.9 ms  for Type I (A) and 〈tR 〉 =93.7 ms  and �trise = 63.5 ms for Type II (B) experiments. The corresponding mean amplitude (〈A〉) and standard deviations (�A) are
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A  〉 =1.8 au and �A = 0.9 au for Type I (C) and 〈A 〉 =1.5 au and �A = 0.7 au for Type II (D
xperiments (dotted black line). (F) CDFs of GR (amplitude growth rate) obtained fr
rowth rate was  computed including the 1.3 amplitude conversion factor.

 slight decrease (3%) in puff amplitude in the presence of EGTA.
his reduction in amplitude can account for part of the difference
n the distributions of Fig. 2C and D. Changes in the absolute value of
he amplitude could also arise due to changes in some experimental
roperties. In order to check whether the two distributions become
imilar if the amplitudes observed in one type of experiment is mul-
iplied by a common factor, we compared the corresponding CDFs
ut multiplying all the amplitudes of Type II experiments by 1.3. In
uch a case the Kolmogorov test cannot reject the null hypothesis
hat the (rescaled) amplitudes come from the same continuous dis-
ribution with a 5% significance level (pvalue = 0.082). This becomes
pparent in Fig. 2E, where we show the CDF of A for Type I (gray
ine) and of 1.3 * A for Type II (dotted black line) experiments.

Supplementary Fig. S1 related to this article can be found, in the
nline version, at http://dx.doi.org/10.1016/j.ceca.2015.01.003.
Fig. 2A and B shows that, on average, the rise time of puffs
bserved with Type II experiments is smaller than of those observed
n Type I experiments. The differences in the distributions are con-
rmed by the Kolmogorov test which rejects the hypothesis that
umulative density function (CDF) of A for Type I (gray line) and of 1.3 * A for Type II
pe I (gray line)) and from Type II (dotted black line) experiments. In the latter the

the data collected arise from the same continuous distribution
pvalue = 0.029. Fig. 2E shows that the amplitude distributions match
when one of them is multiplied by a conversion factor. We  now
compare the rate at which the amplitude grows in both cases. Based
on the results of Fig. 2E we do this using 1.3 * A in the case of Type
II. We  show the corresponding CDFs in Fig. 2F. The Kolmogorov test
rejects the null hypothesis that the (rescaled) amplitudes growth
rates come from the same continuous distribution with a 6.2% sig-
nificance level (pvalue = 0.061). Comparing the CDFs of the amplitude
growth rate less than 100 s−1 for Type I with Type II experiments
the Kolmogorov test cannot reject the null hypothesis that the
(rescaled) amplitudes growth rates come from the same continuous
distribution with a 5% significance level (pvalue = 0.528).

3.1.2. Numerical simulations: the effect of varying [EGTA] on Ca2+
release from CaEGTA or CaDye and on intracluster IP3R coupling
The comparison of Fig. 2F indicates that there are puffs that

apparently are observed in Type II but not in Type I experiments
that correspond to situations in which the amplitude grows very

http://dx.doi.org/10.1016/j.ceca.2015.01.003
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Table 3
Average number of puffs within a certain amplitude range observed per image
for  experiments performed with Fluo-4 (Type I experiments) and Rhod-2 (Type III
experiments).

Amplitude range Type I experiments Type III
experiments

All amplitudes 2.18 1.46
A  < 3 1.93 1.45
A  < 2.5 1.72 1.44
A  < 2 1.54 1.38
14 E. Piegari et al. / Cell C

ast. We analyzed whether this fast amplitude growth could be
ue to an additional Ca2+ release from Ca2+-bound EGTA or Ca2+-
ound dye by means of numerical simulations (see Fig. S1). We
bserve that the net effect of EGTA and of the dye in the vicinity
f the source is to trap Ca2+. Therefore, the faster growth rate of
he experiments observed in Type II but not in Type I experiments
annot be attributed to a release of Ca2+ from CaEGTA or CaFluo4
ear the open channels. A net Ca2+ release occurs further away from
he source. Furthermore, we observe a slight decrease (3%) in puff
mplitude (i.e., in �[CaD]R defined in Eq. (7)) when [EGTA] varies
rom 90 �M to 300 �M.  Since the addition of EGTA could change
Ca2+]basal, we repeated the simulations using [Ca2+]basal = 0.3 �M
nstead of 0.1 �M with no significant differences with respect to the
ase with [Ca2+]basal = 0.1 �M (data not shown). We  performed a
eries of experiments in oocytes to check if [Ca2+]basal varied but did
ot obtain conclusive results. We  also performed stochastic simu-

ations to study if changing [EGTA] between 90 �M and 300 �M
ltered differently the intracellular IP3R coupling. We  found that it
id not (see Fig. S2).

Supplementary Fig. S2 related to this article can be found, in the
nline version, at http://dx.doi.org/10.1016/j.ceca.2015.01.003.

.2. Comparing puff properties observed with two dyes of
ifferent kinetics

The results of Section 3.1 indicate that the difference in ampli-
ude growth rate observed in Type I and Type II experiments cannot
e attributed to differences in the way that the underlying increase

n free Ca2+ is reported by the Ca2+-bound dye in each experi-
ental type. It cannot be attributed either to changes in CICR at

he intra-cluster level or to a release of Ca2+ from Ca2+ bound to
GTA or dye. There is always the possibility that a subset of events
oes undetected because of differences in the signal-to-noise ratio
etween the two  types of experiment. We  have recently introduced

 method to compare experimental settings in terms of the signal-
o-noise ratio that can be expected when observing Ca2+ signals
6]. The application of this method to experiments performed
ith [Fluo4] or [Rhod2] allowed us to infer that the signal-to-
oise ratio of Type I experiments should be similar to that of
xperiments performed with [Rhod2] = 90 �M and [EGTA] = 45 �M
Type III experiments, see Table 1). Not only [EGTA] is different
etween Type I and Type III experiments, but also the kinetics of
he dye which can result in differences in the way  in which each
ye affects the dynamics of the signals. The previous analysis in
erms of the signal-to-noise ratio [6] serves to discard the pos-
ibility that a subset of events be undetected due to noise when
omparing puffs observed in Type I and in Type III experiments.
n what follows we compare the properties of puffs extracted
rom 94 (10.25 �m × 10.86 s) images of Type I ([Fluo4] = 36 �M
nd [EGTA] = 90 �M)  and 107 of Type III ([Rhod2] = 90 �M and
EGTA] = 45 �M)  experiments where at least one puff was identi-
ed. From them we computed that, on average, 2.18 puffs/image
ere observed for Type I and 1.46 for Type III experiments. Accord-

ng to this calculation, it seems that Type I experiments are more
fficient than those of Type III detecting puffs. In order to deter-
ine if this different ability depended on the type of puff that was

bserved, we repeated this calculation for puffs which amplitude
as smaller than a certain value. We  show the results obtained in

able 3. This table and the discussion of the following subsections
how that it is the lack of large amplitude (and rapid growth rate)
uffs in Type III experiments that is responsible for this apparent
ifference in puff detectability.
.2.1. Puff amplitude, puff kinetics and puff width distributions
We show in Fig. 3A and B the puff rise time and the puff

mplitude distributions for Type III experiments. Comparing the
A  < 1.5 1.04 1.17
A < 1 0.37 0.51

distributions of Fig. 3B with those of Fig. 2C we  observe that both the
mean puff amplitude and its standard deviation are larger for Type
I than for Type III experiments. This agrees with the observation
that the puffs of largest amplitude observed in Type I experiments
are not observed in those of Type III (see Table 3). Comparing
Figs. 2A and 3A we  observe that 〈tR〉 is slightly smaller in Type III
than in Type I. This slight difference goes in the opposite direc-
tion for 〈tD〉. Regarding puff width we observe that its mean width
value is slightly different for both distributions (〈Width 〉 =1.1 �m
for Type I and 〈Width 〉 =1.3 �m for Type III) but the distributions
themselves are not significantly different (see Fig. S3)

Supplementary Fig. S3 related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.ceca.2015.01.003.

Comparing the CDFs of the various parameters for Type I and
Type III experiments we  obtain that the Kolmogorov test cannot
reject the null hypothesis that the rise (pvalue = 0.292) and the decay
time (pvalue = 0.547 see Fig. S3) come from the same continuous
distribution with a 5% significance level. It does reject the corre-
sponding hypothesis for the widths (see Fig. S3) and amplitudes.
We  show in Fig. 4 the CDFs of puff amplitude (A) and rise time (B)
with gray (Type I) and black (Type III) curves. As for the case of Type
I and Type II experiments, the first direct comparison of the various
puff property distributions obtained for Type I and Type III experi-
ments shows differences in the observed amplitudes. Although 〈tR〉
is slightly smaller for Type III experiments, the difference in tR is
not significant as determined from the comparison of the CDFs.

3.2.2. Numerically generated realistic Ca2+ images
In order to study to what extent the different kinetics of Fluo-4

and Rhod-2 could affect differently the observed images we  per-
formed a series of numerical simulations. We first analyzed the
(cytosolic) Ca2+-bound dye distribution obtained with determinis-
tic simulations as described in Section 2.3.1. We  observed slightly
larger amplitudes for Type III than for Type I experiments in the
presence of the same source (see Fig. S4), which seemed to contra-
dict the result of Fig. 4A. We  also explored whether the difference
portrayed by Fig. 4A could be due to a different efficiency of CICR in
both experimental types. To this end we performed stochastic puff
simulations which indicated that the Ca2+-mediated intra-cluster
coupling is not different for Type I and III experiments (see Fig. S2).

Supplementary Fig. S4 related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.ceca.2015.01.003.

The contradictory results of the deterministic and stochastic
simulations led us to explore how the different optical proper-
ties of Fluo-4 and of Rhod-2 affect the observed puff amplitude.
To this end we  applied the method introduced in [6] to obtain
numerically generated images with realistic noise out of the noise-
less simulations illustrated in Figs. S4 as described in Section 2.3.2.
We recall that all the noiseless simulations were done with the

2+
same underlying Ca source. We  processed these numerically sim-
ulated images as done with the experimental ones and obtained the
time profiles displayed in Fig. 5 A and B for Type I and for Type III,
respectively. We show the spatial profiles in Fig. S5. In particular,

http://dx.doi.org/10.1016/j.ceca.2015.01.003
http://dx.doi.org/10.1016/j.ceca.2015.01.003
http://dx.doi.org/10.1016/j.ceca.2015.01.003
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Fig. 3. Puff amplitude, rise-time and amplitude growth rate distributions for [Rhod2] = 90 �M and [EGTA] = 45 �M.  Rise time (A), amplitude (B) and growth rate distributions
(C)  obtained from N = 157 puffs observed in Type III experiments. The mean rise time (〈tR〉) and standard deviations (�tR ) are 〈tR 〉 =111.6 ms and �tR = 101.1 ms and the
corresponding mean amplitude (〈A〉) and standard deviations (�A) are 〈A 〉 =1.2 au and �A = 0.5 au.

Fig. 4. Cumulative density functions. The cumulative density functions (CDF) of puff amplitude and rise time are plotted in (A) and (B), respectively, for type I (gray line) and
T  in Fi
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ype  III (black line) experiments. The CDFs were computed using the data displayed

omputing the width and decay time as explained in Section 2.3.2
e obtain Width = 0.9 �m,  tD = 54 ms  for Type I and Width = 1.1 �m,

D = 83 ms  for Type III. We  observe that tD is larger for Type III than
or Type I experiments, probably due to the different kinetics of
luo-4 and Rhod-2. The amplitude, A (the maximum value of the
emporal profile) is now smaller for Rhod-2 (A = 1.5) than for Fluo-4
A = 2.3) which agrees with the experiments. This shows that having

 method that generates images numerically with realistic noise is

ost important to compare experimental observations performed

nder different conditions.
Supplementary Fig. S5 related to this article can be found, in the

nline version, at http://dx.doi.org/10.1016/j.ceca.2015.01.003.

ig. 5. Numerically simulated noisy profiles. Averaged temporal profiles for type I (A) and
he  experimental records obtaining A = 2.3, tD = 54 ms  for Type I and A = 1.5, tD = 83 ms  for 
gs. 2A, 2C, 3A and 3B as explained in Section 2.2.2.

3.2.3. Large amplitude rapidly growing puffs are not observed in
experiments performed with a slow dye and a relatively small
[EGTA]

The simulations of Fig. 5 indicate that the (fluorescence) ampli-
tudes of puffs that arise due to the same underlying Ca2+ current
are smaller when observed with Type III than when observed with
Type I experiments. The puff amplitude CDFs of Fig. 4A, however,
cannot be transformed into one another by simply multiplying the

amplitudes for one type of experiment by a constant factor. There is
a long tail in the puff amplitude distribution of Fig. 2C that lacks in
Fig. 3B. This different behavior also becomes clear in Table 3 where
we list the average number of puffs observed per image when we

 Type III experiments (B). We computed the amplitude and the decay time as with
Type III.

http://dx.doi.org/10.1016/j.ceca.2015.01.003
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Fig. 6. Differences between the signals evoked in Type I and Type III experiments. (A) and (B) Scattered plot of width vs amplitude for the puffs observed in Type I (A) and
Type  III (B) experiments. Notice the different numbers of small amplitude wide puffs (in the regions enclosed with solid squares) and of large amplitude narrow puffs (in the
regions enclosed with dashed squares) observed in both types of experiments. (C) Puff amplitude CDF of the subset with A ≤ 2.25 of Type I experiments (dotted dashed line)
and  of all puffs observed in Type III experiments (black line), the latter with a conversion factor (1.2) in the amplitudes with respect to the ones determined from the images,
Anew = 1.2Aold. (D) CDFs of amplitude growth rate obtained from Type I experiments when all the observed events (gray line) or the subset displayed in Fig. 6C (dotted dashed
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ine)  are kept.

imit the observations to puff amplitudes below a certain value. The
ifferences in the distributions seem to indicate that different sets
f Ca2+ release events are captured by Type I and Type III exper-
ments. This hypothesis is reinforced by the observation that 〈tR〉
s slightly smaller for Type III than for Type I although Rhod-2 has
lower kinetics than Fluo-4. In order to probe the hypothesis we
nalyze now the observed puff distributions in terms of amplitude
nd width at the same time. We  show the figures corresponding to
uffs observed with Type I and Type III experiments in Fig. 6A and
, respectively. There we can see that puffs observed with Type III
xperiments are more stereotyped than those observed with Type

 experiments. In particular, Type I experiments are able to detect
uffs of relatively large amplitudes with almost any among the pos-
ible width values while the puffs of largest amplitude observed
ith Rhod-2 are not very wide (compare the regions surrounded

y dashed line squares in Fig. 6A and B). Another difference is that
ome wide puffs with relatively small amplitudes are observed with
hod-2 but are not reported in Type I experiments (see e.g., the
egions indicated with solid squares in Fig. 6A and B).

In order to test if the different puff amplitude distributions
btained for Type I and Type III are due to a difference in the sets of
vents that are observed in both experimental types we computed
he amplitude CDFs for a subset of events in the case of Type I. In
rder to compare this “restricted” CDF with the results of Type III
xperiments we used an amplitude conversion factor for the latter
aking into account that, according to Fig. 5, the same source results
n a signal with a smaller A for Type III with respect to Type I. If we
ompare Fig. 5A and B the conversion factor is about 1.5 (and it is

.3 if we compare the spatial profiles shown in Fig. S5). We show

n Fig. 6C the puff amplitude CDF of the subset with A ≤ 2.25 of
ype I experiments (dotted dashed line) and of all puffs observed
n Type III experiments (black line), the latter with the conversion
factor, 1.2, in the amplitudes with respect to the ones determined
from the images, Anew = 1.2Aold. We observe that these two CDFs
are very much alike. The Kolomogorov test (Eq. (2)) does not reject,
with a 5% significance level (pvalue = 0.803), the null hypothesis that
the amplitudes come from the same continuous distribution. If we
compare the CDFs derived from all the events, the Kolmogorov test
rejects the hypothesis that the data come from the same contin-
uous distribution with a 5% significance level (pvalue = 3.6 × 10−4).
We show in Fig. 6D the CDFs of amplitude growth rate obtained
from Type I experiments when all the observed events (gray line)
or the subset displayed in Fig. 6C (dotted dashed line) are kept.
We observe that the former includes events of larger growth rate
than the latter. The Kolmogorov test rejects the hypothesis that the
data come from the same continuous distribution with a 5% signif-
icance level (pvalue = 3.2 × 10−5). We then conclude that, as in the
case described in Section 3.1.1 the events that are captured by Type
I experiments but are lost in Type III ones correspond to those with
the largest growth rates.

4. Discussion

IP3R-mediated Ca2+ signals are a key component of the Ca2+

signaling toolkit [3]. IP3Rs are organized in clusters and their open
probability depends on cytosolic Ca2+ [2]. Thus, the signals they
mediate can remain spatially localized or propagate throughout the
cell depending on the efficiency of CICR [14]. Local signals known
as puffs [14] in which Ca2+ is released through IP3Rs that belong

to a single channel cluster are the building blocks of global signals
[4]. Therefore, it is of great interest to understand their dynam-
ics [12,15–19]. Ca2+ puffs are observed experimentally using single
wavelength Ca2+ dyes and caged IP3. To maximize the number of
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bserved events the slow buffer EGTA is usually added to prevent
he CICR-mediated coupling between neighboring clusters [4,20].

In this paper we have combined imaging experiments and simu-
ations to analyze how comparable the properties of puffs observed

ith different dyes and [EGTA] are and to what extent the elicited
ignals depend on the dye and [EGTA] used. To this end we  have
robed three experimental settings (see Table 1): Type I with a
ombination of dye and [EGTA] that has been proved to be ade-
uate for the observation of Ca2+ puffs in X. laevis oocytes [18];
ype II with the same dye and concentration as in Type I but with
arger [EGTA] and Type III with a dye of slower kinetics than the one
sed in Type I but at such a concentration and in combination with

 value of [EGTA] for which the analysis of [6] shows that it should
etect Ca2+ signals with a similar signal-to-noise ratio as Type I
xperiments. As discussed in what follows we conclude that the
ifferences observed in the three types of experiments are due to
he different degree of inter-cluster uncoupling. This is consistent
ith the fact that waves are observed much more frequently in Type

II than in Type I and that signals that remain spatially restricted are
ractically not observed for experiments with [Fluo4] = 36 �M (as

n Type I experiments) but [EGTA] = 45 �M (data not shown). Thus,
ven if different combinations of dye and EGTA allow, in princi-
le, for the occurrence of puffs involving similar numbers of open

P3Rs, different levels of inter-cluster coupling tailor differently the
istributions of observed events. The analysis of the events that are
issed in one or the other experiment type sheds light on the intra-

luster organization. We  could readily compare the puff property
istributions obtained in Type I and Type III experiments that use
wo dyes of very different kinetics because we have a classification

ethod of experimental settings that allows us to generate numer-
cal images of Ca2+ signals with realistic noise [6]. In this way we
an separate the effect of the dye on the image, given a Ca2+ source,
rom its effect on the source itself through its modulation of CICR.
he fact that the events that remain spatially localized in Type I
nd Type III experiments can be observed with similar accuracy
n both cases proves the efficacy of our classification method. The
ossibility of applying the method to dyes that fluoresce in two  dif-
erent wavelengths such as Fluo-4 and Rhod-2, on the other hand,
as an added value since ensuring comparability of puff properties
bserved with either one of them is necessary for a correct inter-
retation of experiments performed with both dyes simultaneously
21].

.1. Comparison of puff properties obtained in the three types of
xperiments

We  compared the distributions of puff amplitude and rise
ime of Type I and Type II (Fig. 2) and of Type I and Type III
Figs. 2A, 2C, 3A, 3B and 4) experiments. For the latter we  also com-
ared the distributions of puff width and decay time (Fig. S3). The
orresponding Kolmogorov tests rejected the hypotheses that the
ata on rise time and on puff amplitude obtained for Type I and
ype II experiments came from the same continuous distribution
nd that the data on puff amplitude and width obtained for Type

 and Type III experiments came from the same continuous distri-
ution both with a 5% significance level. The rest of the hypotheses
ere not rejected. According to the simulations presented in Fig.

3 and in Fig. 5, we could expect the same underlying Ca2+ release
vent to be portrayed with a different relative change in fluores-
ence amplitude for each experiment type. Thus, we explored if
he puff amplitude distributions of Type I and Type II experiments

atched each other after all the amplitudes observed in one of the

xperiment types were multiplied by a common factor. We  found
hat this was indeed the case by multiplying the Type II amplitudes
y 1.3 (see Fig. 2E). We  performed a similar analysis to compare
he puff amplitude distributions obtained for Type I and Type III
 57 (2015) 109–119 117

experiments. In this case we used the conversion factor 1.2 to
multiply the amplitudes obtained in Type III. Even with this conver-
sion factor the cumulative density functions differed considerably
between both experiment types. The more detailed analysis of the
event properties illustrated in Fig. 6A and B showed that the set
of events observed in Type I and Type III experiments was appar-
ently different. Namely, the events of largest amplitude observed in
Type I were missing in Type III experiments. This observation was
confirmed by a more quantitative comparison as shown in Fig. 6C.
Namely, by keeping the subset with A ≤ 2.25 for Type I experiments,
the corresponding puff amplitude CDF matched the one obtained
for Type III experiments using the conversion factor 1.2. Thus, we
concluded that the set of events observable with Type I experi-
ments embraced those that could be observed in Type III but also
included other events of larger amplitude. Even though this is dif-
ferent from what we  found in the comparison of Fig. 2E, Type I and
Type II experiments also differ in the set of events that they detect.
Namely, according to Fig. 2, the mean rise time was smaller for
puffs observed in Type II than in Type I experiments. As we discuss
in the next subsection the amplitude growth rate provides a uni-
fying description of the events that are missed in one experiment
type in comparison with another type.

4.2. The distributions of puff amplitude growth rate obtained for
the different experiment types match each other after pruning the
fastest growing events

The comparison of the amplitude growth rate (GR = 0.9A/tR) dis-
played in Fig. 2F showed that the change in fluorescence was faster,
on average, for Type II than for Type I experiments (〈GR 〉 II = 30.2 s−1

and 〈GR 〉 I = 24.7 s−1). The Kolmogorov test applied to the CDFs of
Fig. 2F rejects the null hypothesis that both data sets come from
the same continuous distribution with a 6.1% significance level
(pvalue = 0.061). Even if this significance level is slightly worse than
the standard value (5%), it is important to note that this result
changes if only the subset with growth rates up to 100 s−1 are
kept to perform the comparison (〈GR 〉 I = 21.1 s−1 〈 GR 〉 II = 20.4 s−1).
In this case the Kolmogorov test cannot reject the null hypothe-
sis and the pvalue increases significantly (0.528). Thus, the set of
events observable with Type II experiments embraces those that
can be observed in Type I but also includes other events of faster
amplitude growth rate. We  then compared the amplitude growth
rate distributions of Type I and Type III experiments. We  found
that if all the events were kept, the Kolmogorov test rejected the
hypothesis that the data came from the same continuous distri-
bution with a 5% significance level (pvalue = 4.0 × 10−4). If we  only
kept the subset of events with A ≤ 2.25 for Type I experiments, the
corresponding growth rate CDFs matched each other. Again in this
case the events that are “missed” in Type III experiments are those
of fastest growth rate observed in Type I. As shown in Fig. S1 the
faster growth rate for larger [EGTA] cannot be attributed to Ca2+

release from Ca2+-bound dye or Ca2+-bound EGTA. The stochastic
simulations discussed in Fig. S2 also show that changing [EGTA]
does not alter the intracluster coupling between IP3Rs.

4.3. The three types of experiments differ in their ability to alter
CICR between IP3R clusters

The observation that different subsets of puffs are obtained in
the three experiment types probed can be attributed to the different
ways in which neighboring IP3R clusters are effectively uncoupled
in each type. We  tested this possibility given the fact that waves

are obtained more frequently in Type III than in Type I and in Type
I than in Type II experiments (data not shown). The differences in
inter-cluster coupling between the three types of experiments are
illustrated in Fig. 7. There we show the probability, PO(d = 1.4 �m,
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Fig. 7. Probability, P(d, �t), that an IP3-bound IP3R located at a distance d from a
site of Ca2+ release opens before a time �t  has elapsed since the beginning of the
release. We  show the probability P(d = 1.4 �m,  �t)  defined in Eq. (9), as a function
of  �t  for simulations performed under conditions mimicking those of Type I (gray
line), Type II (dotted black line) and Type III (black line) in the presence of the same
Ca2+ point source and using [Ca2+] = 0.1 �M for Type I, [Ca2+] = 0.07 �M for
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ype II and [Ca2+]basal = 0.13 �M for Type III experiments.

t), defined in Eq. (9), for simulations performed under conditions
imicking those of Type I (gray line), Type II (dotted black line)

nd Type III (black line) in the presence of the same Ca2+ point
ource. For the simulations we used [Ca2+]basal = 0.1 �M for Type I,
Ca2+]basal = 0.07 �M for Type II and [Ca2+]basal = 0.13 �M for Type
II experiments. We  repeated the simulations using [Ca2+]basal =
.1 �M for Type II and III experiments, other values of d and a
ource involving more simultaneously open channels. In all cases
e found the same trends but with different numbers. Namely,
hen comparing Type I and Type II experiments we  obtain that the
robability, PO(d, �t), is smaller for Type II than for Type I exper-

ments for all values of d, although the difference is maximal for
 ∼ 1.4 �m in the case of the source of Fig. 7. When comparing Type

 and Type III experiments we obtain that PO(d, �t)  is smaller for
ype III than for Type I experiments for d small enough. For dis-
ances above a minimum that depends on the source (d ∼ 0.4 �m
or the source of the figure) PO(d, �t)  is larger for Type III than for
ype I experiments.

.4. Different types of signals are evoked in the different types of
xperiments due to their different Ca2+ trapping capability

The differential Ca2+-trapping capabilities at a distance from a
elease site of the three experiment types probed can explain the
ifferences in the observed puff distributions. Namely, Ca2+ release
vents that involve the opening of many IP3Rs in a cluster will be
ore likely to induce the opening of IP3Rs in neighboring clusters

n experiments with a less efficient Ca2+-trapping capability at a
istance in which case they would lead to a wave-like event and
ill not be included in our puff distributions. This can explain the

bsence of large amplitude narrow puffs in Type III as compared
o Type I experiments displayed by Fig. 6A and B. The wide puffs
f small amplitude observed in Type III but not in Type I experi-
ents, also shown in these figures, could be related to out of focus

uffs. Namely, such events would be more likely to be observable
n experiments with less efficient Ca2+-trapping such as those of
ype III. The differences between the sets of puffs observed in Type

 and Type II experiments can also be related to the more frequent
ccurrence of events involving the opening of more IP3Rs in the

atter than in the former. In this case the difference is reflected in
he larger amplitude growth rate of the puffs observed in Type II
hen compared with Type I experiments (see Fig. 2F). In this case

t is harder to observe the difference in terms of puff amplitude
 57 (2015) 109–119

because increasing EGTA has two opposite effects: that of allow-
ing the observation of puffs that involve the simultaneous opening
of more IP3Rs and that of decreasing the Ca2+-bound dye concen-
tration and the relative increment in fluorescence. Furthermore,
as shown in [7] the relationship between the relative increment
in fluorescence and the maximum number of simultaneously open
IP3Rs is nonlinear, with puff amplitude growing slower than the
number of open IP3Rs. This nonlinearity is more acute the faster
the underlying kinetics of the Ca2+ release process [7]. This rein-
forces the idea that the differences observed between Type I and
Type II experiments can be attributed to the more frequent occur-
rence of puffs involving the opening of more IP3Rs in Type II than
in Type I experiments.

4.5. The different types of signals observed in the different types
of experiments shed light on the architecture of IP3R clusters in X.
laevis oocytes

Figs. 2F and 6D show that both when comparing Type I with
Type II or with Type III experiments the events that are missed in
one or the other experimental type are those of the fastest ampli-
tude growth rate in each case. In the previous subsections we have
argued that the missing events correspond to those involving the
largest Ca2+ release intensity. This implies that puffs involving the
largest possible numbers of simultaneously open IP3Rs are also
those with the fastest amplitude growth rate. This agrees with the
observations of [22] obtained in SH-SY5Y cells in which the mean
rise time remains approximately constant for puffs involving the
opening of two  or more IP3Rs. It is also consistent with the analysis
of [15] which led to the conclusion that the IP3R clusters that under-
lie Ca2+ puffs in X. laevis oocytes do not show a large spatial size
variability. This, in turn, implies that the larger the number of open
IP3Rs during a puff the smaller the mean distance between them.
A smaller inter-channel distance, in turn, means a more efficient
CICR at the intra-cluster level [16,23] and a faster amplitude growth
rate [7]. This is different from assuming that IP3-bound IP3Rs are
always separated by the same mean distance so that puffs of larger
amplitude correspond to a larger cluster spatial size. The IP3R clus-
ter spatial extent has to be distinguished from puff width which
reflects the region over which the [CaD] spreads. Having approxi-
mately the same cluster spatial extent is compatible with having an
increasing spatial fluorescence width with increasing puff ampli-
tude as observed in [22]. Namely, Ca2+-trapping by buffers will be
less efficient in the presence of a faster Ca2+ release which will result
in [Ca2+] and [CaD] spreading faster over a larger region in space.
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