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Abstract
The role of cytosolic Ca2+ on the kinetics of Inositol 1,4,5-triphosphate receptors (IP3Rs) and on the
dynamics of IP3R-mediatedCa2+ signals has been studied at large both experimentally and by
modeling. The role of luminal Ca2+has not been investigatedwith thatmuch detail although it has
been found that it is relevant for signal termination in the case of Ca2+ release through ryanodine
receptors. In this workwe present the results of observing the dynamics of luminal and cytosolic Ca2+

simultaneously inXenopus laevis oocytes. Combining observations andmodelingwe conclude that
there is a rapidmechanism that guarantees the availability of freeCa2+ in the lumen evenwhen a
relatively large Ca2+ release is evoked. Comparing the dynamics of cytosolic and luminal Ca2+ during
a release, we estimate that they are consistent with a 80%of luminal Ca2+ being buffered. The rapid
availability of free luminal Ca2+ correlates with the observation that the lumen occupies a considerable
volume in several regions across the images.

1. Introduction

Ca2+ signals are ubiquitous. They are involved in the
regulation of processes as diverse as fertilization, cell
motility and cell death, amongmany others [1, 2]. One
of the key features on which the versatility of the Ca2+

signaling toolkit relies is the variety of spatio-temporal
distributions that the cytosolic Ca2+ concentration
can display. Ca2+ release from internal stores, such as
the endoplasmic or sarcoplasmic reticulum (ER and
SR, respectively), is a universal feature of Ca2+ signals
[3]. In particular, Ca2+ release through inositol
1,4,5-trisphosphate receptors (IP3Rs) [4] is a primary
component of them [5]. The role of the released
(cytosolic) Ca2+ on the induction of further release
(through the mechanisms known as Ca2+-induced-
Ca2+-release or CICR) is well-known in IP3R-
mediated Ca2+ signals [6]. Namely, cytosolic Ca2+

plays a dual role on IP3Rs leading to their opening at
moderate concentrations and to their inhibition at
very large ones [4, 7]. Thus, the initial increase in
cytosolic Ca2+ due to its release through an open IP3R
induces the opening of its neighboring IP3Rs. A variety
of signals then arises [8, 9] depending on the interplay
between the spatial arrangement of the channels

[10, 11], the (basal) cytosolic Ca2+ level [12] and the
Ca2+-trapping or removing mechanisms [13–15] at
work. The role of luminal Ca2+ on the kinetics of IP3Rs
[16, 17] or on the dynamics of IP3R-mediated Ca2+

signals [18] has not been studied as much. This is
different from studies in myocytes, where Ca2+ is
released from the SR through ryanodine receptors
(RyR), and where it has been determined that luminal
Ca2+ is directly implicated in the termination of Ca2+

signals, particularly, in cardiomyocytes [19, 20].
Furthermore, it has recently been shown that the gate
of some subtype of RyRs senses luminal Ca2+, explain-
ing in this way the initiation of spontaneous Ca2+

waves and Ca2+-triggered arrhythmias [21]. Despite
the analogy between RyRs and IP3Rs, the characteriza-
tion of luminal Ca2+ sensors on IP3Rs [22, 23] and the
evidence that IP3R-mediated Ca2+ signals depend on
the content of intracellular stores [18, 24] the role of
luminal Ca2+ on the dynamics of IP3R-mediated
signals is still unclear [7, 25]. It is thus of interest to
investigate the role of luminal Ca2+ on IP3Rs and
IP3R-mediated Ca2+ signals.

In this paper we present a protocol to observe
luminal Ca2+ in Xenopus laevis oocytes. To this end,
we use the low affinity dye, Fluo-5N AM, which has
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been proved to be a good reporter of luminal Ca2+ in
other cell types [26]. To the best of our knowledge, this
is the first time that the dynamics of luminal Ca2+ is
observed in this model system that is particularly use-
ful to study IP3R-mediated Ca2+ signals since Ca2+

release from the ER occurs only through IP3Rs (of a
particular subtype). Furthermore, it is a system where
the full range of signals, from local to global ones, has
been observed. After testing the protocol and proving
that the dye is indeed marking luminal Ca2+, we study
the spatial distribution of the latter and the dynamics
of its depletion after an InsP3-releasing UV exposure
[12, 27]. We observe that the dynamics of luminal
Ca2+ depletion is slower thanwhat would be expected.
This is consistent with having a Ca2+ ‘store’ in the ER
that is continuously supplying new free Ca2+ as nee-
ded when there is release into the cytosol. The possibi-
lity that this refilling mechanism be more relevant in
oocytes than in other cell types, such as muscle, where
luminal Ca2+ depletion could be observed during local
signals known as sparks [28] could be related to the
different volume that the lumen occupies in each cell
type. In fact, visualizing luminal Ca2+ simultaneously
with a dye that marks the surface of the ER or with
another that marks cytosolic Ca2+ we observe that the
lumen occupies a relatively large portion of the
observed region. This fast supply of Ca2+ can be pro-
vided by ‘buffers’ present in the lumen. We corrobo-
rate the existence of this fast supply of Ca2+ uponCa2+

release through IP3Rs and we quantify the fraction of
luminal Ca2+ that is buffered with experiments in
which we observe luminal and cytosolic Ca2+ simulta-
neously. For the latter we use the dye, Rhod-2, at a
concentration that provides the same signal detect-
ability as the more commonly used Fluo-based Ca2+

dyes. This choice of concentration could be made
based on our recently introduced method [29] that
allows a quantitative comparison in terms of detect-
ability of Ca2+-imaging experiments.

2.Materials andmethods

2.1. Fluo-5NAM
The dye Fluo-5N AM is the AM ester version of
Fluo-5N, a low affinity (Kd= 90μM) analog of Fluo-4.
The excitation and emission spectra of the dye are
similar to those of Fluo-4. Fluo-5N AM is dissolved in
Pluronic F-127 to a 4 mM concentration and then re
diluted in Barth’s solution. Instead of waiting for the
AM ester to permeate the cell membrane, Fluo-5N AM
is injected. Fluo-5N AM was used to probe luminal
Ca2+, its concentration in the cell was varied for the
different experiments.

2.2.Oocyte preparation
Experiments were performed on immature and defol-
liculated oocytes from Xenopus laevis. Oocytes were
loaded by intracellular micro injection with different

compounds. Recordings were made at room temper-
ature. Three Ca2+ dyes (Fluo-5NAM,Rhod-2, Fluo-4)
and a lipophilic tracer (Dil)were used for the different
experiments. Caged InsP3 (D-Myo-Inositol 1,4,5-
Triphosphate,P4(5)-(1-(2-Nitrophenyl)ethyl) Ester)
was used to induce IP3R opening. The exogenous Ca2+

buffers EGTA and BAPTA were also used to buffer
cytosolic Ca2+. In all the experiments Fluo-5N AM
was injected at least 3 hs before the acquisition (with
the exception of those that were done to monitor how
long it takes for Fluo-5N AM to enter the ER) and Dil
was injected 12 hs before the acquisition. Final
intracellular concentrations of Fluo-4 and Rhod-2
were 37 μM and 92 μM respectively assuming 1 μl
cytosolic volume [30] for the experiments of
section 3.2. In the experiments of sections 3.1, 3.2 and
3.3 [Fluo-5N AM] was 92 μM. For the experiments
presented in figure 5 of section 3.4 the final intracel-
lular concentrations of Fluo-5N AM and caged InsP3
were 74 μM and 9 μM. For the experiments presented
in figure 6 of the same section the final intracellular
concentrations of Fluo-5N AM, Rhod-2 and caged
InsP3were 15μM, 68μMand 7μMrespectively. Fluo-
5N AM, Fluo-4, Rhod-2, caged InsP3, Dil and BAPTA
were from Molecular Probes Inc.; EGTA was from
SigmaAldrich.

2.3. Confocalmicroscopy
Confocal imaging was performed using a spectral
confocal scanningmicroscopeOlympus FluoView1000
that has a scan unit connected to an inverted micro-
scope IX81. Flash photolysis of the caged compound
was made with a mercury lamp that comes with the
microscope using the modification introduced in [27].
Fluo-5NAMand Fluo-4 were excited using the 488 nm
line of a multiline Argon laser, Dil and Rhod-2 were
excited using a He-Ne laser (543 nm). Both lasers were
focused on the oocyte with a 60× oil immersion
objective (NA 1.35). The emitted fluorescence was
detected in the 500–600 nm and the 600–630 nm range
respectivelywith PMTdetectors.

2.4. Image acquisition
Frames were acquired either using 1X zoom or 10X
zoom. For the loading experiments presented in
section 3.1 a ´512 512 pixels frame was acquired
with 1X zoom resulting in a scanned region inside the
oocyte of ´210 210 mm2. Frames were acquired
every 30, 60 or 120 seconds. For the experiments
shown in sections 3.2 and 3.3 a ´512 512 pixels
frame was acquired with 10X zoom resulting in a
scanned region inside the oocyte of ´21 21 mm2.
The experiments presented in figure 5 of section 3.4
were performed acquiring ´256 256 pixels frames
with 1X zoom (105 × 105 mm2 region inside the
oocyte). Frames were acquired every second for these
experiments. The experiments presented in figure 6 of
section 3.4 were performed acquiring ´100 100
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pixels frames with 1X zoom (41 × 41 mm2 region
inside the oocyte). Frames were acquired every 0.165 s
for these experiments. For the experiments performed
in the linescan imaging mode (shown in figure 1(b) of
section 3.1), linescan images were obtained by scan-
ning along a fixed line (250 pixels) inside the oocyte
with 10X zoom. The acquisition rate was fixed at 10 μs
per pixel resulting in a scan rate of 3.26 s per line.

2.5. Image analysis
All images were analyzed using routines written in
MATLAB. In the experiments performed using both
spectral channels, we use a linear unmixing method to
minimize the effect of spectral bleedthrough. If we call

( )
F r t,i the fluorescence intensity in pixel


ri at time t

we define F (averaged fluorescence over a line) and
á ñF (meanfluorescence over a frame) as
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In some signaling experiments, we present the data
normalized to these basal values. We define the
normalized values FN and á ñFN as
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A threshold was applied to some images in order to
count the pixels from the different fluorescence
channels.

2.6.Model for Ca2+ variations andfluorescence
We present a simple model that describes the key
features of cytosolic and luminal Ca2+ dynamics.
Here, Ca is the free Ca2+, CaD is Ca2+ bound to dye
and CaB is Ca2+ bound to buffers. We consider that
both cytosolic and luminal Ca2+ can be found in these
three forms. The total Ca2+ concentration in either the
ER lumen or the cytosol is then
[ ] [ ] [ ] [ ]( ) ( ) ( ) ( )= + +Ca CaB CaD CaT

L,c L,c L,c L,c where
the superscripts ( )L, c indicate luminal or cytosolic
Ca2+, respectively. In order to compare with the
experimental observations, we average the concentra-
tions over a luminal (VL) or cytosolic (Vc) volume that
does not necessarily embrace the whole volume of
each of these stores. We define the time derivative of
the average total Ca2+ concentration in either of these
volumes as

[ ] [ ]
( )

( ) ( )

ò
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¶
º

¶
¶t V t

r
Ca 1 Ca

d , 7
V
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T
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with equivalent expressions for the other concentra-
tions ([ ]( )CaB L,c , [ ]( )CaD L,c and [ ]( )Ca L,c ). The (partial)
volumes, VL or Vc, are limited by a common area, A,
that corresponds to the membrane of the ER.We refer
to VL or Vc as ‘partial’ volumes because we want to
connect the model with the observations and the
experimental images do not embrace the whole cell.
Thus, the observed volumes are partly surrounded by
another area that is artifactual which is determined by
the finite size of the image (see Supporting Material
for more details). During the early stages of an
IP3R-mediated Ca2+ signal the average total Ca2+

concentration in VL or in Vc varies mainly due to the
exchange through the IP3Rs that are located on the
common area A. In our model we then neglect the
diffusive flow of total Ca2+ through the other (artifac-
tual) area that limits VL or Vc. We are also neglecting
the effect of Ca2+ pumps and Ca2+ leak during the
early stages of the Ca2+ release because we assume it
occurs on a much slower time-scale. In this way the
total luminal [Ca +2 ] dynamics at the beginning of the
IP3R-mediated Ca2+ release ismodeled as

Figure 1. (A) Fluo-5NAM fluorescence evolution after the injection for three different oocytes. Plots represent the normalizedmean
fluorescence over time during the loading of the dye into the ER lumen. [Fluo-5NAM]= 74μM (empty circles), [Fluo-5NAM]= 92
μM (filled circles). (B)Time course offluorescence averaged (and normalized) over a 250 pixel line for a short UV exposure (indicated
by a small black bar at the bottom). The gray line is an experimentwith Fluo-5NAMand the black line is the same experiment but also
with caged InsP3.
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is the Ca2+ flow through the open IP3Rs
located on A and where the label ‘rel’ refers to the fact
that we are modeling the dynamics during a Ca2+

release event. The same event but viewed from the
cytosol represents an increase in the total cytosolic
[Ca +2 ]whichwemodel as:
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Using (8)–(9) we relate variations in total [Ca +2 ]
during a release event at both sides of the ER
membrane as
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To relate the model with our experimental observa-
tions we use the method introduced in [29] that
allows to link variations in the collected fluorescence
from a single wavelength Ca2+ dye to the underlying
Ca2+-bound dye concentration. If we consider a
fluorescence variation (with respect to a basal value Fb)
for a given Ca2+ dye, D, we have (see Supplementary
Material formore details):
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where Fb and F are the fluorescence coming from the
dye, D, DF is the fluorescence variation -F Fb that
occurs during the time intervalDt , q q2 1 is the ratio of
the number of photons per emitting molecule that
reach the detector during the acquisition time for the
Ca2+-bound and Ca2+-free forms of the dye, [ ]DT is
the total dye concentration and [ ]CaDb is the basal
Ca2+-bound dye concentration, both concentrations
in the region of interest (VL or Vc depending on
the dye). As done in [29] we use =q q 0.072 1 for
Rhod-2 and, for Fluo-5N AM, we use the same value
that we used for Fluo-4, =q q 0.0252 1 . We approx-
imate [ ] [ ]( ) ( )Dá ñ D » ¶á ñ ¶t tCaD CaDL,c L,c with
the latter given by the equivalent of 7 for CaD.
This identification is applicable provided that
[ ] [ ]=CaD CaDb right before the application of the
UV exposure that elicits the change in fluorescence.
The fact that 11 is an equation for a ratio of averages
allows us to relate the average of the fluorescence (2)
which is performed over the whole frame with that of
[ ]CaD which is given by an integral over VL or Vc. We
estimate [ ]CaDb by considering that Ca2+ and the dye

are in equilibrium:

[ ] [ ][ ]
[ ]

( )=
+

D

K
CaD

Ca

Ca
, 12b

T b

b D

with [ ] [ ]= -D Rhod 2T , m=K 2 MD and
[ ] =Ca 100 nMb

c for the cytosol and
[ ] [ ]= -D Fluo 5N AMT , m=K 90 MD and
[ ] m=Ca 200 Mb

L [31] in the lumen of the ER.

3. Experimental results

3.1. Intracellular loading of the luminal dye
The fluorescence coming from a region of the oocyte
was recorded for up to 2 hs after having injected
Fluo-5N AM. The mean fluorescence á ñF was
computed for every frame (and then normalized to the
maximumvalue).

The fluorescence is expected to increase as the dye
is being loaded into the ER and binds luminal Ca2+.
The data from three different oocytes is shown in
figure 1(a). The disparity between the three plots can
be attributed to the fact that the recordings were made
in three different oocytes and in arbitrarily chosen
regions inside those cells. The imaging region that we
sample in each case does not necessarily have the same
amount of luminal pixels. It takes on the order of 60
min or longer for the fluorescence to increase notice-
ably in all cases. This delay can be the time it takes for
the dye to enter the ER and report luminal Ca2+ or
there could be an experimental artifact and Fluo-5N
AM is sensing cytosolic Ca2+. To rule the latter out, we
measured the Fluo-5N AM fluorescence in the pre-
sence of increasing concentrations of two cytosolic
Ca2+ buffers, EGTA [32] and BAPTA, and did not
observe any difference (see figures S2A and S2B of the
Supporting Material). If Fluo-5N AM was binding
cytosolic Ca2+, then its fluorescence should sig-
nificantly decrease in the presence of EGTA or
BAPTA. The results suggest that Fluo-5N AM is
reporting Ca2+ inside the ER (or another reservoir
where [Ca +2 ] is higher than in the cytosol).

To provide further support for our conclusion that
Fluo-5N AM ismonitoring the concentration of lumi-
nal Ca2+ we present in figure 1(b) the results of an
experiment where we compare the time course of the
normalized average Fluo-5N AM fluorescence
obtained in the linescan imaging mode for a control
oocyte (without caged InsP3) and for an oocyte with 9
μM of caged InsP3. The short bar at the bottom of the
plot indicates the UV photolysis flash. The gray line is
the control oocyte where the fluorescence remains at
the same level before and after the UV stimulus. The
black line (oocyte with caged InsP3) on the other hand
presents a marked decrease after the stimulus is deliv-
ered. The steep and fast decrease indicates that we are
not observing bleaching of the dye but instead a more
abrupt process. When the caged InsP3 is photo-
released, there is a localized depletion of luminal Ca2+

and this is reflected in a lower concentration of Ca2+
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bound to dye around the release site which causes the
fluorescence to decrease. The control oocyte rules out
the hypothesis that the UV light affects the fluores-
cence of Fluo-5NAM.

3.2. Stationary distribution of cytosolic and
luminal dyes
We show in figure 2 images obtained after having
micro injected the oocytes with Fluo-4 and Rhod-2
dextran, two dyes that remain in the cytosol. The two
channels are superimposed in the third image.

Both dyes present similar staining patterns inside
the oocyte. They both diffuse in the cytosol and fluor-
esce when bound to Ca2+, so that their fluorescence
comes from the same region. The dark regions
observed in all three images correspond to regions
where the dyes cannot enter, either cortical or pigment
granules or intracellular organelles. To quantify the
colocalization between the two dyes, we calculated the
Pearson correlation coefficient obtaining a value of
0.44. This value might seem low but we should keep in
mind that this type of computation provides a linear
comparison. Fluo-4 and Rhod-2 have very different
dissociation constants, 770 nM and 2000 nM respec-
tively. While we might expect that, under basal condi-
tions, Rhod-2 is linearly proportional to free Ca2+, this

condition does not necessarily hold for Fluo-4. This
would introduce a nonlinear dependence between
both fluorescence distributions that could result in the
coefficient that we obtained.

The same imaging experiment was performed but
with Fluo-5N AM and Rhod-2. The images obtained
are shown in figure 3. Fluorescence from the Fluo-5N
AM channel has a different spatial distribution than
fluorescence from the Rhod-2 channel. Rhod-2, as in
the previous experiment, is labeling cytosolic Ca2+

while Fluo-5N AM seems to be probing Ca2+ in a dif-
ferent reservoir. In this case, the Pearson correlation
coefficient is -0.017 indicating that there is no correla-
tion between both images. In the superimposed image
of both channels some of the structures that appear as
dark circles in the Rhod-2 channel are bright in the
Fluo-5N AM channel almost as if the spatial distribu-
tion of the dyes was complementary in those regions.
These results and those of the previous subsection sug-
gest that Fluo-5N AM is not staying in the cytosol but
probingCa2+ in a different reservoir.

3.3. Labeling the ER
We show in figure 4 images obtained after having
micro injected the oocytes with Fluo-5N AM and Dil,
a lipophilic tracer that labels intracellular membranes.

Figure 2. Spatial distribution of 2 cytosolic dyes: Fluo-4 (green channel) andRhod-2 (red channel) inside the oocyte. Superimposed
image of both distributions (yellow channel).

Figure 3. Spatial distribution of a luminal (Fluo-5NAM in the green channel) and a cytosolic dye (Rhod-2 in the red channel) inside
the oocyte. The third image shows the superimposed fluorescence of both channels.
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The Fluo-5N AM channel (green) presents large filled
structures and noisy unfocused regions. Some of those
regions appear connected in the image and some are
isolated. The Dil channel presents a staining pattern
irregular with different structures similar to those
described in [33] and [34] where the same tracer is
used to label the ER membrane. Some of those
structures appear to enclose cylindrical (or spherical)
volumes. The ER membrane is not a flat structure but
is a network of tubules and cisternae that are
distributed in a large cytosolic volume [35]. As was
seen in the cytosolic dyes, there are dark regular
structures in both channels such as granules. By
looking at the superimposed image of both channels,
we observe that some structures appear dark in the Dil
channel but are bright in the Fluo-5NAMchannel. Dil
seems to be labeling the border of such structures
while Fluo-5N AM seems to be labeling their interior.
For the images shown in figure 4 the Pearson correla-
tion coefficient is P= 0.057. This indicates that there is
no correlation between the fluorescence in the Fluo-
5N AM channel and the fluorescence in the Dil
channel. The two dyes do not colocalize inside the
oocyte, Dil is staying on the ER membrane (a 2D
structure) while Fluo-5N AM is bound to Ca2+ inside
a 3D reservoir that seems to be enclosed by this
membrane.

The images of figure 4 are also used to estimate the
surface to volume ratio of the ER. Applying a threshold
we estimated the number of pixels of the image that
correspond to the ERmembrane and to the ER lumen.
Assuming that the intersection of the ER surface and
its lumen with the image plane are one and two
dimensional, respectively, we consider that the frac-
tion of pixels that corresponds to each of these regions
can be used to estimate the area to volume ratio of the
ER (in pixels). Considering further that the ER mem-
brane pixels are overestimated because the lateral reso-
lution of the microscope is 4 times larger than our
pixel size we divide that number by 4. In this way we
obtain a ~1 5 ratio of surface to volume in pixels that
corresponds to a m~ -5 m 1 surface to volume ratio.

3.4. Luminal and cytosolic Ca2+dynamics
In the previous sections we provided solid proof that
Fluo-5N AM is labeling Ca2+ inside the ER. In this
section we use it to study the dynamics of luminal
[Ca +2 ] during the release of Ca2+ through IP3Rs. In all
these experiments we use caged InsP3 that we photo-
release with a UV exposure to elicit a Ca2+ signal and
obtain sequences of frames. We then compute the
mean fluorescence over the whole frame, á ñF as a
function of time. We show in figure 5(a) the normal-
ized mean fluorescence á ñFN derived from an experi-
ment in whichwe only used the dye, Fluo-5NAM. The

Figure 4. Spatial distribution of a luminal dye (Fluo-5NAM in the green channel) and an ERmembrane tracer (Dil in the red channel)
inside the oocyte. The third image is the superimposed fluorescence distribution of both channels.

Figure 5.Monitoring luminal Ca2+ dynamics: time course of normalizedmean Fluo-5NAMfluorescence in the presence of aUV
exposure. (A)Mean fluorescence signal during a sustained stimulus (bar at the top) for [Fluo-5NAM]= 92μM. (B) Fluorescence
recovery after a short strong stimulus for [Fluo-5NAM]= 74μM.The inset shows the initial phase of the recovery.
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9 min long UV exposure is indicated with a bar at the
top. We observe that the fluorescence decreases
abruptly after the UV illumination starts and then
remains almost constant (and slightly increasing) at
approximately 70% of its initial value while the UV
illumination is still on. The fluorescence starts to
recover immediately after the UV light is turned off.
We also performed experiments where the stimulus
was a more powerful but shorter UV exposure. We
show in figure 5(b) the normalized mean fluorescence
as a function of time for such an experiment. There we
observe that during the UV stimulus á ñF decreases
reaching∼40% of its initial value just before the UV
illumination is turned off. After that, the fluorescence
starts to recover. This recovery presents two phases,
the initial one appears to be faster and exponential and
the following phase is slower and linear. The signal
recovery is much slower than the InsP3 induced
depletion. The time course of the signals shown in
figure 5 reflects the behavior of the entire scanned
region.

The 30% variation in á ñFN depicted in figure 5(a)
does not seem to be equivalent to the changes that are
usually obtained during Ca2+ signals when observed
from the cytosolic side. In order to analyze this better
we performed a series of experiments where we mon-
itored simultaneously Fluo-5N AM and Rhod-2 dur-
ing long UV exposures of different intensities. We
performed this type of experiments 37 times in 10 dif-
ferent oocytes, most of them with a low intensity UV
exposure. We show in figure 6 one of these experi-
ments. In this case we plot the mean fluorescence, á ñF ,
obtained in the Fluo-5N AM channel (figure 6(a)) and
the corresponding one in the Rhod-2 channel
(figure 6(b)). The black bars at the top represent the
UV exposure that is turned on approximately 50 s
after the acquisition begins and is then left on for the
rest of the experiment. We observe much more mod-
erated changes in the Fluo-5N AM than in the Rhod-2
fluorescence (notice the different scales of the plots).

We also observe that after its initial elevation, the
Ca2+-bound Rhod-2 fluorescence eventually decrea-
ses even though caged InsP3 is still being photo-
released and luminal calcium is decreasing as well.
Furthermore, for long enough times in certain experi-
ments the dynamics of Ca2+-bound Rhod-2 and
Ca2+-bound Fluo-5N AM are even qualitatively dif-
ferent (see Supporting Material). Both behaviors can
be due to calcium exchange with regions outside the
one that is being imaged. While we may assume that
there is exchange with these other regions, it is unlikely
that this spatial coupling occurs very soon after the
initiation of the UV photo-release. Therefore, during
these early stages after the start of the UVpulse wemay
compare the variation in the Rhod-2 and the Fluo-5N
AM channels using themodel presented in section 2.6.
In order to advance towards a quantitative compar-
ison of the Ca2+ variations in the cytosol and the
lumen immediately after the UV stimulus starts we
compute Dá ñ DF t for the Fluo-5N AM and the
Rhod-2 signals of the 37 experiments over the short
time interval over which the Rhod-2 signal increases.
We also compute á ñFb before the UV exposure for the
two dyes. After pooling all the data for each dye we
compute the mean over all the values obtained and

derive the estimates ∣ =
á ñ

Dá ñ
D

-1.5 s
F

F

t R
1

2
1

b
and

∣ = -
á ñ

Dá ñ
D

-0.0023 s
F

F

t F
1

5
1

b
for Rhod-2 and Fluo-5N

AM, respectively. We then use 11 to obtain the time
variations of [ ]á ñCaD for each dye. Using the para-
meters described in section 2.6 we obtain, for the cyto-
sol (i.e. from the Rhod-2 signal),

∣[ ] m=Dá ñ
D

-12.6 M s
t

CaD
rel

1
c

. In order to derive an esti-

mate for the variation in total Ca2+ from [ ]Dá ñCaDc

we consider two extreme cases: an unrealistic one in
which [ ] [ ]( )Dá ñ = DCaD Cac

T
c and a more realistic

one in which [ ] [ ]( )Dá ñ = DCaD 0.08 Cac
T
c . The latter

estimate corresponds to assuming that there is a cyto-
solic buffer of ~K 250 nMD at a m300 M concentra-
tion [36] (see Supporting Material). In this way the

Figure 6.Time courses of thefluorescence in the Fluo-5NAM (luminal dye) andRhod-2 (cytosolic dye) channels during a sustained
photo release of caged InsP3. The black bar at the top indicates theUVuncaging stimulus. (A) á ñF for Fluo-5NAMduring the early
stages of the release, the inset shows howwe estimatedDá ñ DF t . (B) á ñF for Rhod-2 during the early stages of the release, the inset
shows howwe estimatedDá ñ DF t in this case.
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total cytosolic [Ca +2 ] time variation is restricted by

[ ] ∣ ( ) m m
Dá ñ

D
- -

t
12.6 M s

Ca
158 M s . 131 T

c

rel
1

Approximating D D » ¶ ¶t t and inserting 13 into
10we obtain

[ ] ∣ ( [ ]

[ ] )∣

( )

( )




m

m

-
Dá ñ

D
+

D
D

á ñ

+ á ñ -

-

-

V

V t t
V

V

158 M s
CaD

Ca

CaB 12.6 M s .

14

c

L

1
L

rel
L

L
rel

c

L

1

In order to repeat the calculation that led to 13 for the
case of luminal Ca2+ and Fluo-5N AM we find one
difficulty: the total dye concentration cannot be
estimated as easily because we are not certain of what
fraction of the injected Fluo-5N AM has effectively
entered the lumen. An upper bound for the luminal
total dye concentration, [ ]DT

L , can be estimated
in terms of the total intracellular concentration,
[Fluo-5NAM] m=15 M, as

[ ] [ – ] ( ) +
⎛
⎝⎜

⎞
⎠⎟D

V

V
Fluo 5N AM 1 , 15T

L cT

LT

with VLT and VcT the luminal and cytosolic volumes,
provided that Fluo-5NAMdoes not enter intracellular
stores other than the ER. Counting the total number of
fluorescent pixels in the Rhod-2 and the Fluo-5N AM
channels of the images analyzed in this section we can
estimate the ratio of the luminal (VL) to cytosolic (Vc)
volume in the observed region (see Supplementary
Material for details). In this way we obtain = 1.4V

V
c

L
.

Even though the experimental images were obtained
in a region where the ER may be over-represented we

still use ( )[ ]- +Fluo5N AM 1 V

V
c

L
as an upper bound

estimate of the total concentration of the dye in the
lumen. We obtain [ ]  mD 36 MT

L . Proceeding as in
the case of the Rhod-2 channel we obtain a bound for
the Ca2+-bound dye variation in the lumen during the
initial stages of the Ca2+ release which, since this
variation is negative, it is

[ ] ∣ ( ) m-
Dá ñ

D
-

t
0.06 M s

CaD
0. 161

L

rel

Inserting this estimate and = 1.4V

V
c

L
in (14) we

conclude that [ ]Dá ñ DtCaDL is negligible compared
to ( [ ] [ ] )D á ñ + á ñ DtCa CaBL L .

4.Discussion and conclusions

4.1. Fluo-5NAMprobes luminal Ca2+ inXenopus
laevis oocytes
The dye Fluo-5N AM was previously used to probe
luminal Ca2+ in muscle fibers of the cane toad [37],
cardiac myocytes [38], astrocytes [39] and in pancrea-
tic acinar cells [40] among others. This is the first time
that this indicator is used in Xenopus laevis oocytes.
We performed different controls to check its effi-
ciency. First, we evaluated its intracellular loading (see

figure 1(a)).We compared the final fluorescence of the
indicator in the presence of different cytosolic buffers
(see figures S2A and S2B of the Supplementary
Material) and showed that large concentrations of the
buffers did not affect the fluorescence coming from
the indicator. We concluded that, under stationary
conditions, Fluo-5N AM was not reporting the
distribution of Ca2+ in the cytosol but in some other
intracellular store. This is consistent with what we
expected based on the high KD of Fluo-5N AM [38].
We also performed experiments with caged InsP 3 and
showed that the Fluo-5N AM fluorescence decreased
immediately after the photo-release of the caged InsP3
started and that it recovered as soon as the photo-
release was turned off (see figure 5). We also ruled out
that the decrease in the Fluo-5N AM fluorescence in
the presence of the UV illumination was due to
photobleaching by performing control uncaging
experiments with and without caged InsP3: the
decrease was observable in the former but not in the
latter (see figure 1(b)). These observations led us to
conclude that Fluo-5N AM was labeling Ca2+ inside a
store from which the ions could be released through
IP3Rs, i.e., that it was labeling luminal Ca2+. Then, we
compared the spatial distribution of Fluo-5NAMwith
that of cytosolic dyes (see figures 2 and 3) and an ER
membrane tracer (see figure 4). From a comparison of
their localization we were able to demonstrate that the
Fluo-5N AM fluorescence did not come from the
cytosol or from the ERmembrane but from the lumen
of the ER.

4.2. ER structure inXenopus laevis oocytes
The images obtained labeling both the lumen and the
membrane of the ER show that in Xenopus laevis
oocytes this reservoir has a considerable volume. The
staining pattern ofDil and that of the luminal indicator
do not colocalize, Dil labels the surface of the ERwhile
Fluo-5N AM labels its internal volume. The use of
both indicators simultaneously gives the possibility to
obtain information about the shape of the ER and its
morphology in oocytes. In these cells the ER has a
significant volume and is not just a network of
connected membranes. From our observations we
estimated that some of the structures have a cylindrical
shapewith amean diameter of 2 μm.We estimated the
surface to volume ratio of the ER in the oocytes to be
~1 5 (in pixels). As we will discuss in section 4.4 the
morphological properties of the reservoir will shape
the dynamics of luminal Ca2+ and will influence the
type of events that can arise.

4.3. Estimation ofCa2+fluxes and the role of
luminal buffers
After proving that Fluo-5N AM was a viable
luminal Ca2+ indicator, we used it to investigate the
dynamics of luminal Ca2+ during global events. We
first performed experiments in which only the dye
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Fluo-5N AM was used (figure 5). These experiments
showed that the decrease in the Ca2+-bound Fluo-5N
AM concentration was relatively small compared to
the changes that are usually observed in cytosolic dyes
during Ca2+ release events. This occurred even in
experiments with very strong UV exposures
(figure 5(b)). In order to investigate this further, we
then performed experiments with Fluo-5N AM and a
cytosolic dye, Rhod-2, monitoring the fluorescence
coming from both dyes simultaneously. From the
analysis of the experiments we obtained lower and
upper bounds for the total [Ca +2 ] variation in the
cytosol (see 13) and a lower bound for the [ ]CaD
variation in the lumen (see 16) which led us to the
conclusion that ∣ [ ]Dá ñCaDL ∣ ∣ ( [ ]D D á ñ +t CaL

[ ] )á ñCaBL ∣Dt . We now argue that the latter is
dominated by the Ca2+-bound buffer term. To this

end we estimate
[ ]Dá ñ
Dt

CaL

. A fast calculation can be

performed assuming that Ca2+ and CaD are in
equilibrium in the lumen at all times:

[ ] ( )
[ ]
[ ]

[ ]
[ ]

=
-

KCa
1

, 17
D

D

L
D

CaD

CaD

L

T
L

L

T
L

so that

[ ]
[ ]

[ ]

( )

( )

[ ]
[ ]

Dá ñ
D

=
Dá ñ

D -

⎛

⎝
⎜⎜⎜

⎞

⎠
⎟⎟⎟t

K

D t

Ca CaD 1

1
.

18

D

L
D

T
L

L

CaD

2

L

T
L

With the numerical values derived in section 3.4 we

obtain
[ ] m= -Dá ñ
D

-1.5 M s
t

Ca 1
L

which, in absolute
value, ismuch smaller than the bounds imposed by 14.
In any case, inserting this estimate in 14we arrive at:

[ ]

( )

 m m-
Dá ñ

D
-- -

t
219 M s

CaB
16.1 M s .

19

1
L

1

This decrease in Ca2+-bound buffer results in a net
free Ca2+ influx inside the ER. Considering one
(effective) luminal buffer it is:

[ ] [ ][ ] [ ] ( )Dá ñ
D

» -
t

k B k
CaB

Ca CaB , 20
L

on
B L L

off
B L

where we assume that during the early stages of the
release, the dominating term is [ ]k CaBoff

B L . In this way
we can have an estimation of the magnitude of this
term:

[ ] [ ] ( )Dá ñ
D

~ -
t

k
CaB

CaB . 21
L

off
B L

Using the basal estimates, [ ] m=Ca 200 ML and
[ ] =Ca 1 mMT

L [41], we obtain [ ] m=CaB 800 ML

which, in combination with 19–21, gives
 - -k0.02 s 0.3 s1

off
B 1 (the upper bound corre-

sponds to the realistic case in which
[ ] [ ]( )Dá ñ = DCaD 0.08 Cac

T
c ). This off rate is relatively

small but is perfectly compatible with having a Ca2+

buffer of small dissociation constant (as the ones

proposed in [31]) that could act as a large Ca2+

repository in the lumen. Thus, it is the large buffer
concentration that can account for a (fast) release of
free Ca2+ in the lumen that can rapidly help overcome
the luminal Ca2+ depletion during IP3R-mediated
Ca2+ release events.

To test the consistency of our model, we can esti-
mate the flux through the IP3Rs and obtain a value for
the amount of open receptors during a release in our
scanned region. From9we have

[ ]
∣ ·

( )

( )  
ò

Dá ñ
D

» =⎜ ⎟
⎛
⎝

⎞
⎠t V

j S
I N

V q

Ca 1
d ,

22

A

T
c

rel
c

IP R
IP R IP R

c Ca
3

3 3

where the flux through the open receptors can be
written in terms of of the current through one open
receptor, ~I 0.1 pAIP R3

, the charge of a Ca2+ ion, qCa,
and the number, NIP R3

, of simultaneously open
receptors on the ER-cytosol exchange area, A. Com-
bining (13) and (22), we can estimate bounds for the
number NIP R3

.

( ) N15 184. 23IP R3

To estimate the volume Vc of the cytosol in our
scanned region, we consider that 36% of the total
pixels of the image are cytosolic pixels (see Supple-
mentaryMaterial for details) and that fluorescence in a
pixel comes froma volume that can be calculated using
the pixel size (lateral resolution) and the approximate
axial resolution of m1 m for a confocal microscope. To
estimate the area of the ER in the scanned region we
first estimate the number of luminal pixels. With this
estimation and the surface to volume ratio for the ER
in pixels, we can calculate the number of pixels in the
image that correspond to the ER membrane. We
estimate that the ER surface in our scanned region is

m200 m2. Given that the estimated mean distance
between IP3R clusters on the surface of the ER in
Xenopus laevis oocytes is m2 m [8], on a m200 m2 area
there could be ∼50 IP3R clusters. This in turn results,
on average, in between 0.3 (for our unrealistic case in
which [ ] [ ]( )Dá ñ = DCaD Cac

T
c ) and 4 (for the more

realistic one in which [ ] [ ]( )Dá ñ = DCaD 0.08 Cac
T
c ))

simultaneously open receptors per cluster which is a
reasonable number [12, 42].

4.4. Summary and conclusions
Luminal Ca2+ plays a key role shaping the dynamics of
intracellular Ca2+ signals that are mediated by RyRs
[19–21, 28]. For this type of signals luminal Ca2+ is
directly involved in the termination of the elementary
release events known as sparks. In fact, there is an
observable local luminal Ca2+ depletion (a blink) in
the vicinity of an open RyR [28] that can decrease the
open probability of the channels and also lead to a
smaller single-channel current. The role of luminal
Ca2+ on the kinetics of IP3Rs and of IP3R-mediated
Ca2+ signals has not been studied in that much detail.
In this paper we investigated the dynamics of luminal
Ca2+ during IP3R-mediated release events using the
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Xenopus laevis oocyte as a model system. Besides
having shown that we could indeed monitor luminal
Ca2+ in this cell type using Fluo-5N AM we also
quantified the area to volume ratio of the ER and the
rate at which the concentration of luminal Ca2+

changes during the release through IP3Rs while
simultaneously quantifying changes in cytosolic Ca2+.
The observations are compatible with the existence of
a relatively fast refilling mechanism that can preclude
the depletion of luminal Ca2+ even at a local level. This
is different from the observations in myocytes where
blinks could be detected [28]. This difference is likely
to be a consequence of the larger area to volume ratio
of cardiomyocytes compared to the ratio we estimated
in Xenopus laevis oocytes. We now quantify what
implications this different area to volume ratio can
have on the local depletion of luminal Ca2+. To this
end, we consider that the typical width of a blink
estimated in [28], ~740 nm, gives an idea of how far
the depleted region of the lumen extends along a
direction parallel to the SR membrane. This depletion
occurs in cisternae with an internal width of ~30 nm,
much smaller than the lateral range of the depleted
region. Thus, we approximate the depleted volume
inside the lumen by a cylinder of a 740 nm diameter
and a 30 nm height. If there is any refilling of Ca2+

into this region from the lumen of the SR, the
corresponding flux should go through the lateral area
of the cylinder which measures m~0.07 m2. If we
consider a similar (circular) area of depletion parallel
to the ERmembrane in the case of the oocyte, since the
tubules of the lumen have a m~1 m radius, which is
larger than 740 nm, we can assume that the depleted
volume in this case be half a sphere of with a 740 nm
diameter. In this case the refilling flux from the lumen
would enter the depleted region through the surface of
this half sphere which measures m~0.86 m2, i.e., 12
times larger than in the case of the cardiomyocyte.
Furthermore, this simple calculation shows why there
always seems to be more luminal Ca2+ available in the
case of the oocyte something that could probably be
relevant for physiological purposes. We then conclude
that also from the luminal side the interplay between
geometry and dynamics plays a relevant role on the
intracellular Ca2+ signals that can be elicited and
detected.

Being able to analyze and quantify the dynamics of
luminal Ca2+ during IP3R-mediated Ca2+ signals
directly fromobservations hasmany potential applica-
tions. On one hand,monitoring luminal Ca2+ can give
hints on whether it is involved in signal termination.
On the other hand, these studies can help advance
determining to what extent luminal Ca2+may provide
the global negative feedback that is apparently taking
place when IP3R-mediated Ca2+ signals embrace the
whole cell (e.g., during Ca2+ spikes) [43, 44]. This last
aspect is most relevant to understand the way in which
the frequency-encoding of Ca2+ signals works. Based
on the studies of our paper, free luminal Ca2+ seems to

be almost always available so that the answer to these
two questions apparently is negative. We understand
that our studies constitute only a first step that need
further validation. We plan to further advance in this
regard particularly by looking at how the spatial dis-
tribution of both luminal and cytosolic Ca2+ is impli-
cated in the dynamics of this universal signaling agent.
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