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a b s t r a c t
Liberation of Ca2+ from the endoplasmic reticulum (ER) through inositol trisphosphate receptors (IP3 R) is
modulated by the ER Ca2+ content, and overexpression of SERCA2b to accelerate Ca2+ sequestration into
the ER has been shown to potentiate the frequency and amplitude of IP3 -evoked Ca2+ waves in Xenopus
oocytes. Here, we examined the effects of SERCA overexpression on the elementary IP3 -evoked puffs to
elucidate whether ER [Ca2+ ] may modulate IP3 R function via luminal regulatory sites in addition to simply
determining the size of the available store and electrochemical driving force for Ca2+ release. SERCA2b
and Ca2+ permeable nicotinic plasmalemmal channels were expressed in oocytes, and hyperpolarizing
pulses were delivered to induce Ca2+ inﬂux and thereby load ER stores. Puffs evoked by photoreleased IP3
were signiﬁcantly potentiated in terms of numbers of responding sites, frequency and amplitude following transient Ca2+ inﬂux in SERCA-overexpressing cells, whereas little change was evident with SERCA
overexpression alone or following Ca2+ inﬂux in control cells not overexpressing SERCA. Intriguingly, we
observed the appearance of a new population of puffs that arose after long latencies and had prolonged
durations supporting the notion of luminal regulation of IP3 R gating kinetics.
© 2011 Elsevier Ltd. All rights reserved.

1. Introduction
Intracellular Ca2+ concentrations are tightly regulated, and local
and global elevations of cytosolic free [Ca2+ ] play pivotal signaling roles in virtually all cells [1]. A major source of Ca2+ derives
from the endoplasmic reticulum (ER), which in addition to its crucial roles in protein synthesis sequesters Ca2+ via the ATP-driven
sarco/endoplasmic reticulum calcium (SERCA) pump. Ca2+ ions
stored in the ER lumen may then be rapidly liberated down their
concentration gradient into the cytosol through the opening of
inositol 1,4,5,-triphosphate receptor channels (IP3 R) and ryanodine
receptor channels (RyR) [2]. The gating of both channel types is
regulated by cytosolic Ca2+ itself, creating complex feedback loops
that orchestrate the activities of these signaling pathways to generate dynamic spatio-temporal patterns of Ca2+ signals that regulate
downstream processes as diverse as gene expression and neuronal
excitability [1].
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The luminal Ca2+ concentration within the ER determines the
electrochemical force driving the ﬂux of Ca2+ ions through IP3 Rs
and RyRs. Moreover, there is strong evidence that RyR function
is modulated by luminal [Ca2+ ] [3,4]. Elevations of luminal Ca2+
content enhance global Ca2+ release [5,6] by increasing RyR channel open probability [7–10], possibly by recruiting luminal Ca2+
sensing proteins [11]. It has been suggested that IP3 Rs may also
be regulated by luminal Ca2+ content, either via a Ca2+ sensor on
the luminal face of the receptor or via an accessory luminal Ca2+
sensing protein [12–15]. However, the evidence for luminal Ca2+
regulation of IP3 R is less persuasive [16–20]. In part, this may be
attributed to technical limitations. Unlike RyRs, activation of IP3 Rs
requires both IP3 and Ca2+ . Thus, experiments in intact cells require
a means to manipulate these second messengers as well as luminal Ca2+ content. Furthermore, it may be difﬁcult to discriminate
whether changes in ER Ca2+ content are directly modulating IP3 R
function from the luminal side, or indirectly from the cytosolic side
via changes in Ca2+ release ﬂux.
Xenopus oocytes lack RyRs [21] and this feature, together with
the large size of the oocyte that facilitates intracellular microinjection, has made the oocyte a favored model cell system to study
IP3 -mediated Ca2+ signaling processes. Photorelease of IP3 from a
caged precursor provides a convenient means to evoke controlled
elevations of cytosolic [IP3 ], which can be adjusted to evoke Ca2+
liberation as either global waves or, with smaller photorelease, as
local, transient puffs [22]. The puffs arise through concerted open-
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ings of tight clusters containing small numbers of IP3 Rs, and thus
provide information about channel function that is obscured during
global waves [23]. We recently investigated the effects of increasing luminal [Ca2+ ] on these IP3 -mediated signals [24] by capitalizing
on our earlier ﬁnding that the second messenger cyclic ADP ribose
(cADPR) enhances SERCA pump activity, and is thus expected to
lead to greater ER Ca2+ store ﬁlling [25]. Following transient Ca2+
inﬂux through expressed plasmalemmal nicotinic channels to load
ER stores in oocytes injected with a non-metabolizable cADPR analog we observed a potentiation of global wave amplitudes and
increased numbers of puffs. Moreover, the appearance of a new
population of puffs with longer latencies, prolonged durations and
attenuated amplitudes suggested that luminal ER Ca2+ may modulate IP3 R function, in addition to simply determining the size of the
available store and the electrochemical driving force for release.
Here, we employed a more direct method to promote ER
Ca2+ store ﬁlling, by overexpressing SERCA2b in Xenopus oocytes
[26–28]. Our results conﬁrm and extend those we had obtained
using cADPR to enhance SERCA activity, removing possible uncertainty that the actions of cADPR on IP3 -mediated signals may have
resulted from actions on IP3 R independent of store ﬁlling, and reinforcing the notion of luminal Ca2+ modulation of IP3 R function.
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switch”, allowing precisely controlled cytosolic Ca2+ transients to
be evoked by transiently hyperpolarizing the membrane potential
to increase the electrochemical driving force for Ca2+ entry [29].
Oocytes were loaded with the Ca2+ -sensitive dye ﬂuo-4 and were
voltage-clamped at a holding potential of 0 mV to minimize Ca2+
inﬂux. In the presence of non-desensitizing (100–500 nM) concentrations of acetylcholine, a brief (500 ms) hyperpolarizing pulse to
−120 mV was applied to induce Ca2+ inﬂux through opening of
nicotinic channels. The decay rate of the ﬂuorescence signals after
termination of the voltage pulse was then used to estimate the rate
of Ca2+ sequestration from the cytosol. The decay reﬂects several
factors in addition to sequestration into the ER by SERCA pumps,
including diffusion of Ca2+ into the interior of the oocyte, mitochondrial uptake and extrusion across the plasma membrane. We had
previously shown that the initial decay is dominated by passive
diffusion of Ca2+ ions into enormous interior volume of the oocyte,
whereas sequestration by thapsigargin-sensitive SERCA pumps is
more prominent during the subsequent slow tail of the decay [25].
Fig. 1A plots mean ﬂuorescence proﬁles obtained from 25 oocytes
that expressed only nAChRs (black) and 11 oocytes overexpressing SERCA2b in addition to nAChRs (gray), revealing a marked
acceleration of the slow Ca2+ clearance component following overexpression of SERCA2b.

2. Materials and methods
3.2. Effects of ER Ca2+ store ﬁlling on IP3 -evoked puffs
Procedures for preparation of oocytes, expression of nicotinic
acetylcholine receptors (nAChR) and SERCA2b and Ca2+ imaging
were as previously described [24,25,28]. In brief, oocytes overexpressing nAChR alone or together with SERCA2b were injected with
ﬂuo-4, caged IP3 (D-myo-inositol 1,4,5-trisphosphate P4(5) -[1-(2nitrophenyl)ethyl]ester) (Invitrogen) and EGTA (Invitrogen) to ﬁnal
respective intracellular concentrations of about 40 M, 8 M and
300 M The membrane potential was held at 0 mV during superfusion with non-desensitizing concentration of ACh (100–500 nM)
in Ringer’s solution (mM: NaCl2 , 120; KCl, 2; CaCl2 , 1.8; HEPES, 5;
pH 7.4), and Ca2+ inﬂux through nAChR was induced by transiently
stepping the potential to −120 mV to increase the electrical driving
force [29]. Cytosolic Ca2+ signals were imaged at room temperature
by wide-ﬁeld ﬂuorescence microscopy using an Olympus inverted
microscope (IX 71) equipped with a 40× oil-immersion objective, a
488 nm argon-ion laser for ﬂuorescence excitation and a ccd camera
(Cascade 128+: Roper Scientiﬁc) for imaging ﬂuorescence emission
(510–600 nm) at frame rates of 50 s−1 . Fluorescence was imaged
within a 40 × 40 m region within the animal hemisphere of the
oocyte, and ﬂashes of UV light were applied to uniformly photorelease IP3 throughout this region. Measurements are expressed as a
ratio (F/Fo ) of the mean change in ﬂuorescence at a given region
of interest (F) relative to the resting ﬂuorescence at that region
before stimulation (Fo ). Mean values of Fo were obtained by averaging over several frames before stimulation. MetaMorph (Molecular
Devices) was used for image processing, and measurements were
exported to Microcal Origin version 6.0 (OriginLab, Northamptom,
MA, USA) for analysis and graphing. Puff data are from 25 control
and 11 SERCA2b-overexpressing oocytes obtained from 3 frogs, and
are expressed as mean ± SEM. Signiﬁcance was assessed by t-tests.
3. Results
3.1. Overexpression of SERCA2b accelerates cytosolic Ca2+
clearance
In order to conﬁrm that oocytes had overexpressed functional
SERCA pumps, we monitored the clearance of Ca2+ ions from the
cytosol after a transient inﬂux across the plasma membrane [25,28].
For this purpose, oocytes were expressed with Ca2+ -permeable
nicotinic acetylcholine receptors (nAChRs) that served as a “Ca2+

Fig. 1B shows a schematic of the experimental protocol used
to examine the effects of ER Ca2+ store ﬁlling on puffs evoked by
photoreleased IP3 . As described above, nAChR-expressing oocytes
were continually exposed to a low concentration of ACh (500 nM)
while clamped at 0 mV to minimize Ca2+ entry, and were pulsed
to −120 mV for 10 s to induce Ca2+ inﬂux and thereby promote ER
store ﬁlling. Ca2+ signals evoked by photolysis ﬂashes were compared before and after the hyperpolarizing pulses, with a 10 s delay
between the end of the pulse and the second UV ﬂash to allow
cytosolic Ca2+ to return to basal levels. The UV ﬂash duration was
adjusted (range 50–100 ms) to evoke a low frequency of puffs in
control oocytes (not overexpressing SERCA2b), and that duration
was then ﬁxed for all oocytes within that batch. Fig. 1C illustrates
representative ﬂuorescent proﬁles in response to this protocol,
showing marked potentiation of puff amplitudes and frequencies in
SERCA2b-overexpressing oocytes after Ca2+ inﬂux. Consistent with
our previous ﬁndings [24], the Ca2+ inﬂux protocol caused little or
no change in Ca2+ puffs in control oocytes, and we thus collected
quantitative data in control oocytes only in the absence of Ca2+
inﬂux.
3.3. Changes in puff frequency and latency following Ca2+ inﬂux
in SERCA2b-overexpressing oocytes
Fig. 2A plots the numbers of discrete sites within the 40 × 40 m
image ﬁeld where puffs were evoked following photolysis ﬂashes
under the three experimental conditions. The strength of the UV
ﬂash was ﬁxed so that it evoked puffs at only a few (6.5 ± 0.6) sites in
control oocytes. This number was only slightly greater in SERCA2boverexpressing oocytes before Ca2+ inﬂux (8.2 ± 1.8), but increased
almost 3-fold (to 21.7 ± 2.7) following Ca2+ inﬂux. Moreover, the
number of puffs observed at each site also increased markedly. Sites
almost always gave only a single puff in response to the photolysis
ﬂash in control oocytes, but often showed multiple, sequential puffs
following Ca2+ inﬂux in SERCA2b-overexpressing oocytes (Fig. 2B).
Puff latencies (the time from the end of UV ﬂash to the ﬁrst
puff at a given site) provide a sensitive measure of IP3 R activation,
and shorten as a steep function of both increasing [IP3 ] [30] and
basal cytosolic [Ca2+ ] in the presence of [IP3 ] (M.Y-M. and I.P.,
unpublished observations). We were thus interested to examine

38

M. Yamasaki-Mann, I. Parker / Cell Calcium 50 (2011) 36–41

Fig. 1. Effects of SERCA2b expression on the clearance of Ca2+ from the cytosol and on IP3 -evoked Ca2+ puffs. (A) Traces show mean Ca2+ -dependent ﬂuorescence changes
resulting from 500 ms hyperpolarizing pulses to induce Ca2+ entry through nAChRs expressed in the plasma membrane. Fluorescent proﬁles were normalized to peak
amplitudes as 100%. Data are from oocytes injected 3 days earlier with ␣,␤,␥,␦ nAChR subunits alone (black: 75 records from 25 oocytes) or together with SERCA2b cRNA
(gray; 33 recordings from 11 oocytes). (B) Experimental protocol to investigate the effects of enhanced ER Ca2+ uptake on IP3 -evoked puffs. Oocytes were clamped at a holding
potential of 0 mV, and IP3 was photoreleased to evoke puffs (left). After a 2-min interval, a voltage pulse to −120 mV was applied for 10 s to drive Ca2+ inﬂux through nAChR,
followed 10 s later by a photolysis ﬂash of the same strength (right). (C) Representative examples of ﬂuorescence proﬁles of IP3 -evoked puffs before (left) and after (right)
Ca2+ inﬂux (middle), in oocytes expressing nAChR alone (control, top) and oocytes expressing SERA2b together with nAChR (bottom). Traces show representative examples
of local ﬂuorescence changes (F/Fo ) from a single record under each experimental condition. Puffs were evoked before and after Ca2+ inﬂux, and 1.65 × 1.65 m regions of
interest were centered on puff sites. Superimposed traces show recordings from 5 puff sites before inﬂux and 6 sites after inﬂux in control oocytes (upper traces); and from
10 sites before inﬂux and 26 sites after inﬂux in SERCA2b overexpressing oocytes (lower traces).

Fig. 2. Enhanced ER Ca2+ ﬁlling potentiates puff frequencies and the numbers of responding sites. (A) Plots show measurements of the numbers of puff sites within the
40 × 40 m imaging ﬁeld that responded to photolysis ﬂashes of ﬁxed duration delivered before and after Ca2+ inﬂux in SERCA2b-overexpressing oocytes (n = 11 oocytes),
and in control oocytes (n = 25) without Ca2+ inﬂux. Circles show measurements from individual trials, and bars indicate mean values ± SEM (control oocytes, 6.5 ± 0.6:
SERCA2b-overexpressing oocytes before Ca2+ inﬂux, 8.2 ± 1.8: after Ca2+ inﬂux, 21.7 ± 2.7). (B) Mean numbers of puffs observed at each site during the 40 s imaging period
following photolysis ﬂashes (control oocytes, 1.03 ± 0.012, 159 puffs: SERCA2b-overexpressing oocytes before Ca2+ inﬂux; 1.32 ± 0.11, 66 puffs: after Ca2+ inﬂux, 1.76 ± 0.16,
177 puffs). In this and other ﬁgures, asterisks indicate statistically signiﬁcant differences; *P < 0.05, **P < 0.03, ***P < 0.01.

whether puff latencies were further modulated by changes in ER
Ca2+ loading induced by Ca2+ inﬂux in SERCA2b-overexpressing
oocytes. Fig. 3A–C shows distributions of ﬁrst and subsequent
puff latencies on various timescales for the three experimental
conditions, and Fig. 3D presents mean data. In control oocytes,
puffs were ﬁrst initiated within about 1 s of the photolysis ﬂash

(mean = 0.75 ± 0.09 s, n = 159), and almost none arose with latencies >2 s. In contrast, initial puffs in SERCA2b-expressing oocytes
arose with appreciably longer latencies both before and after Ca2+
inﬂux (respective means 3.60 ± 0.80 s, n = 66; 3.48 ± 0.55 s, n = 177,
p > 0.05). This difference arose largely from the appearance of a
new population of initial puffs arising with latencies of between

Fig. 3. Effect of ER Ca2+ ﬁlling on puff latencies. (A–C) Raw distributions of the numbers of puffs observed within the imaging ﬁeld during successive 2.5 s time bins following
photorelease of IP3 in control oocytes (A), and in SERCA2b-overexpressing oocytes before (B) and after (C) Ca2+ inﬂux. Inset graphs are raw distribution of the puffs responding
within 3 s after UV ﬂash during 0.4 s time bins. SERCA2b overexpression prolongs initial puff latencies, and promotes the occurrence of subsequent puffs. (D) Graphs show
mean values of puff latencies under the three experimental conditions, measured as the time from the photolysis ﬂash to the observation of the ﬁrst puff at any given site (ﬁlled
bars) and to all subsequent puffs (open bars) (control oocytes, initial puffs 0.75 ± 0.10 s from 159 puffs, subsequent puffs 5.8 ± 2.86 s from 4 puffs: SERCA2b-overexpressing
oocytes before Ca2+ inﬂux, initial puffs 3.60 ± 0.80 s from 66 puffs, subsequent puffs 16.38 ± 2.24 s from 25 puffs: after Ca2+ inﬂux, initial puffs 3.48 ± 0.55 s from 169 puffs,
subsequent puffs 13.44 ± 0.74 s from 178 puffs).
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Fig. 4. Effects of enhanced ER Ca2+ ﬁlling on puff amplitudes and durations. (A–C) Scatter plots show amplitudes (F/Fo ) of ﬁrst (ﬁlled circles) and subsequent puffs (open
circles) vs. their times of occurrence after the photolysis ﬂash for each experimental condition. (D–F) Corresponding plots show the durations (full duration at half-maximal
amplitude; FDHM) of ﬁrst (ﬁlled circles) and subsequent puffs (open circles) as functions of their times of occurrence. (G–J) Mean puff amplitudes and durations derived
from the data in (A–F). (G) Mean amplitudes (F/Fo ) of the initial puff evoked by photoreleased IP3 at each given site in control oocytes (0.40 ± 0.12, 159 puffs), SERCA2boverexpressing oocytes before Ca2+ inﬂux (0.44 ± 0.06, 66 puffs), and after Ca2+ inﬂux (0.55 ± 0.02, 177 puffs from 11 oocytes). (H) Mean durations (full FDHM) of the
initial puffs (control, 92.1 ± 3.0 ms: SERCA2b-overexpressed before inﬂux, 106.0 ± 5.6 ms: SERCA2b-overexpressed after inﬂux, 125 ± 5.5 ms). (I and J) Corresponding mean
amplitudes and durations after pooling data from all subsequent puffs at each given site (mean amplitudes (F/Fo ) and duration (FDHM): control; 0.40 ± 0.01, 90 ± 1.4., 4
puffs: SERCA2b-overexpressed before Ca2+ inﬂux, 0.37 ± 0.03, 91.2 ± 5.5, 25 puffs; SERCA2b-overexpressed after Ca2+ inﬂux, 0.48 ± 0.01, 92.9 ± 2.8,178 puffs).

2 and 40 s (ﬁlled bars, Fig. 3B, C). SERCA2b-overexpression also
resulted in the appearance of puffs occurring after the initial event
at a given site (Fig. 3B, C, open squares). These ‘subsequent’ puffs
were largely absent in control oocytes (Fig. 3A, open square), and

arose with similar long mean latencies in SERCA2b-overexpressing
oocytes before and after Ca2+ inﬂux (Fig. 3D, open bars, control: 5.80 ± 2.86 s, n = 4, SERCA2b-overexpressing oocytes before:
16.38 ± 2.24 s, n = 25, and after Ca2+ inﬂux: 13.44 ± 0.74 s, n = 178).

Fig. 5. Effect of enhanced ER Ca2+ ﬁlling on puff kinetics. (A–C) Scatter plots show peak puff amplitudes as a function of puff durations (FDHM) under the three experimental
conditions. Measurements from initial puffs are indicated by ﬁlled circles, and open circles are from all subsequent puffs observed during the recordings. Following Ca2+
inﬂux in SERCA2b-overexpressing oocytes two distinct populations of initial puffs (circled as regions 1 and 2 in G) were observed, which were not evident in control oocytes
or in SERCA2b-expressing oocytes before Ca2+ inﬂux. (D) Representative superimposed traces of initial puffs (black) and subsequent puffs (gray) obtained from two sites in
regions 1 and 2. First puffs in region 1 displayed prolonged durations but had amplitudes similar to controls, whereas puffs in region 2 showed enhanced amplitudes but
with shorter durations.
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3.4. Store ﬁlling affects puff amplitudes and durations
Fig. 4A–C shows amplitudes of ﬁrst and subsequent puffs
(F/Fo ) in the three experimental groups, plotted against time of
occurrence of the puffs following the photolysis ﬂash, and mean
data are shown in Fig. 4G and I. The amplitudes of initial and
subsequent puffs were not signiﬁcantly different from controls
in SERCA2b-overexpressing oocytes before Ca2+ inﬂux. On the
other hand, Ca2+ inﬂux caused a marked potentiation of mean
ﬁrst-puff amplitude (Fig. 4G, SERCA2b-overexpressing after Ca2+
inﬂux: 0.57 ± 0.02, 169 puffs, p < 0.01, vs. control, p < 0.05, vs.
SERCA2b-overexpressing before Ca2+ inﬂux), which was largely
attributable to the appearance of a new population of large
(F/Fo > 1.0) puffs with short latencies (Fig. 4C). Mean amplitude
of subsequent puffs in SERCA2b-overexpressing oocytes before
Ca2+ inﬂux was of similar amplitude to control (control: 0.40 ± 0.01,
4 puffs, SERCA2b-overexpressing before Ca2+ inﬂux: 0.37 ± 0.03,
25 puffs, p < 0.05), whereas Ca2+ inﬂux caused signiﬁcant increase
in the mean value of amplitude in SERCA2b-overexpressing
oocytes (SERCA2b-overexpressing after Ca2+ inﬂux: 0.48 ± 0.01,
178 puffs, p < 0.03, vs. SERCA2b-overexpressing after Ca2+
inﬂux).
Fig. 4D–F similarly plot puff durations (full duration at half
maximum ﬂuorescence; FDHM) against their time of occurrence
following the photolysis ﬂash, and mean data are shown in
Fig. 4H and J. No signiﬁcant differences were apparent in durations
of initial and subsequent puffs between controls and SERCA2boverexpressing oocytes before Ca2+ inﬂux. However, the mean
duration of initial puffs in SERCA2b-overexpressing oocytes after
Ca2+ inﬂux was signiﬁcantly prolonged (Fig. 4H, 123.4 ± 5.8 ms,
178 puffs, p < 0.03), largely owing to the appearance of many
short-latency puffs with long (>250 ms) durations. The mean durations of subsequent puffs in SERCA2b-overexpressing oocytes were
not appreciably different before and after Ca2+ inﬂux, and were
similar to the mean duration of initial puffs in control oocytes
(Fig. 4J).
3.5. Relation between puff amplitude and duration
Having found that enhanced ER store ﬁlling by Ca2+ inﬂux in
SERCA2b-overexpresing oocytes resulted in changes in puff amplitudes and durations, we further examined whether these two
effects were interrelated. For both control oocytes and SERCA2boverexpressing oocytes before Ca2+ inﬂux scatter plots of duration
vs. puff amplitude (Fig. 5A and B) revealed little correlation,
with amplitudes scattered over a similar range across durations
of all puffs (ﬁrst puffs and subsequent puffs were described as
ﬁlled and open circles). In contrast, Ca2+ inﬂux in SERCA2boverexpressing oocytes led to the appearance of new populations
of ﬁrst puffs (Fig. 5C, ﬁlled circles), which were roughly divided
into two regions as illustrated in Fig. 5C and D: (1) puffs with
normal amplitudes (F/Fo < 1.0) but unusually prolonged durations (>250 ms), and (2) puffs with large amplitudes but durations
within the normal range. Intriguingly, subsequent puffs from
SERCA2b-overexpressing oocytes after Ca2+ inﬂux (Fig. 5C open
circles) showed similar distribution of control and SERCA2boverexpressing oocytes before Ca2+ inﬂux.
4. Discussion
Enhanced ﬁlling of ER Ca2+ stores by overexpression of SERCA2b
has been shown to potentiate the frequency and amplitude of IP3 evoked Ca2+ waves in Xenopus oocytes [26,27]. We were interested
to extend that ﬁnding to the level of the elementary IP3 -evoked
puffs which form the building blocks of global Ca2+ waves [23].

Puffs arise from the transient openings of small numbers of IP3 R
channels, and might therefore provide clues as to whether the
potentiation of Ca2+ signals arose simply as a consequence of the
increased driving force and available reservoir for Ca2+ liberation,
or whether luminal [Ca2+ ] within the ER may additionally modulate
IP3 R function [17].
Overexpression of SERCA2b by itself produced only small
changes in IP3 -evoked Ca2+ signals, likely because homeostatic cellular mechanisms maintain ER Ca2+ at a relatively constant level
despite the increased number of SERCA pumps. We thus loaded the
ER stores by evoking transient inﬂux of extracellular Ca2+ through
expressed nicotinic receptors before testing IP3 -evoked responses.
We had previously shown that this procedure has little or no effect
on puffs in control oocytes [24], suggesting that the pumping rate
of native SERCA is low; a conclusion supported by the ﬁnding that
thapsigargin had only a slight effect on the rate of cytosolic Ca2+
clearance in control oocytes [28,25]. Moreover, the lack of effect of
Ca2+ inﬂux in control oocytes indicates that the transient elevation
of cytosolic [Ca2+ ] itself produced no lingering effect on IP3 R function when tested after allowing cytosolic [Ca2+ ] to return to basal
levels. Instead, we interpret our results in terms of an overﬁlling of
ER Ca2+ stores, resulting from enhanced uptake by overexpressed
SERCA during transient elevation of cytosolic [Ca2+ ] [24]. It is also
important to note that the cytosolic Ca2+ transient itself was not sufﬁcient to evoke puffs, supporting the idea of sequential cooperative
activation of IP3 Rs by both IP3 and cytosolic Ca2+ [31].
Store ﬁlling induced by transient Ca2+ inﬂux in SERCAoverexpressing oocytes resulted in marked increases in the
numbers of sites at which puffs were evoked by photoreleased IP3 ,
as well as in an increase in the frequency of puffs per site, and a
modest (∼40%) enhancement in mean puff amplitude. These effects
may be attributed to the increased driving force for Ca2+ liberation,
resulting in an increased single channel Ca2+ ﬂux (current) through
IP3 Rs. Puffs are initiated by the stochastic opening of an individual IP3 R channel [32]. An increase in the amount of Ca2+ released
through a trigger channel would be expected to increase the probability that neighboring receptors become activated by CICR, thereby
increasing the likelihood of evoking a puff and hence increasing the
number of sites at which puffs are observed, as well as the mean
frequency of puffs at a given site. Correspondingly, increased puff
amplitude may be expected if the Ca2+ ﬂux through each open channel is enhanced, an effect that may be further potentiated if a greater
number of channels open due to enhanced CICR. We had previously reported that global IP3 -evoked Ca2+ signals were enhanced
by using cADPR to accelerate SERCA pump activity but, surprisingly,
we did not then observe any appreciable changes in puff amplitude [24]. The reason for the difference with our present results is
unclear, but may simply reﬂect a greater accumulation of ER Ca2+
in SERCA-overexpressing oocytes as compared to those stimulated
by cADPR. Mean puff amplitudes are relatively insensitive to IP3
concentration [33], leading us to propose that inhibitory feedback
by Ca2+ tends to clamp the mean amount of Ca2+ released during
puffs at a roughly constant level despite changes in the numbers
of activatable IP3 R channels that could potentially contribute to
the puff [34]. Such a mechanism might similarly blunt the effect of
increased ER Ca2+ store ﬁlling on puff amplitudes.
On the other hand, the effects of ER store ﬁlling on puff kinetics
are not easily explained on the sole basis of increased singlechannel Ca2+ ﬂux. Puff latencies (time from photorelease of IP3 to
occurrence of a ﬁrst puff at a given site) shorten as a steep function
of increasing [IP3 ] [30], and we expected that the latency would
therefore also shorten with increasing lumenal ER [Ca2+ ] because of
the increased probability that stochastic channel openings would
trigger a puff [35]. Instead, we observed a marked (about 5-fold)
prolongation of mean ﬁrst-puff latencies in SERCA-overexpressing
oocytes, which was largely attributable to the appearance of a new
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population of puffs arising after long (>2 s) latencies (Fig. 3). In
addition, enhanced ER Ca2+ store ﬁlling resulted in the appearance
of a new population of puffs with unusually prolonged durations,
contrary to the expectation that increased Ca2+ ﬂux and consequent Ca2+ inhibition might lead to more rapid puff termination.
The concentration of photoreleased IP3 in oocytes decays with a
time constant of about 20 s [36], so it is likely that the delayed
puffs are evoked by ‘lingering’ IP3 , and do not arise through an
IP3 -independent mechanism promoted by increased ER Ca2+ store
ﬁlling.
Taken together with other ﬁndings using cADPR to accelerate
SERCA activity [24,25], our results support the notion of a modulatory action of ER [Ca2+ ] on luminal sites of the IP3 R [13,15,37,38].
In light of the role of localized Ca2+ signaling to neighboring
organelles, such as mitochondria, changes seen in the kinetics of
puffs are intriguing. For example, constitutive release of Ca2+ from
IP3 R to mitochondria is essential for efﬁcient mitochondrial regulation and for suppression of macroautophagy [39]. In addition to
regulation by [IP3 ], such intra-organelle signaling may be affected
by the ﬁlling state of the ER Ca2+ store, acting not only on the driving
force for Ca2+ liberation but also to modulate IP3 R functioning.
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