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a  b  s  t  r  a  c  t

Liberation  of  Ca2+ from  the  endoplasmic  reticulum  (ER)  through  inositol  trisphosphate  receptors  (IP3R)  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  IP3R 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

2+

R
P3

pulses  were  delivered  to  induce  Ca influx  and  thereby  load  ER  stores.  Puffs  evoked  by photoreleased  IP3

were  significantly  potentiated  in  terms  of numbers  of  responding  sites,  frequency  and  amplitude  follow-
ing 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

 notio
durations  supporting  the

. Introduction

Intracellular Ca2+ concentrations are tightly regulated, and local
nd global elevations of cytosolic free [Ca2+] play pivotal signal-
ng roles in virtually all cells [1]. A major source of Ca2+ derives
rom the endoplasmic reticulum (ER), which in addition to its cru-
ial roles in protein synthesis sequesters Ca2+ via the ATP-driven
arco/endoplasmic reticulum calcium (SERCA) pump. Ca2+ ions
tored in the ER lumen may  then be rapidly liberated down their
oncentration gradient into the cytosol through the opening of
nositol 1,4,5,-triphosphate receptor channels (IP3R) and ryanodine
eceptor channels (RyR) [2].  The gating of both channel types is
egulated by cytosolic Ca2+ itself, creating complex feedback loops
hat orchestrate the activities of these signaling pathways to gener-
te dynamic spatio-temporal patterns of Ca2+ signals that regulate

ownstream processes as diverse as gene expression and neuronal
xcitability [1].
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The luminal Ca2+ concentration within the ER determines the
electrochemical force driving the flux of Ca2+ ions through IP3Rs
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 chan-
nel open probability [7–10], possibly by recruiting luminal Ca2+

sensing proteins [11]. It has been suggested that IP3Rs 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 IP3R is less persuasive [16–20]. In part, this may  be
attributed to technical limitations. Unlike RyRs, activation of IP3Rs
requires both IP3 and Ca2+. Thus, experiments in intact cells require
a means to manipulate these second messengers as well as lumi-
nal Ca2+ content. Furthermore, it may be difficult to discriminate
whether changes in ER Ca2+ content are directly modulating IP3R
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 microin-
jection, 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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ngs of tight clusters containing small numbers of IP3Rs, and thus
rovide information about channel function that is obscured during
lobal waves [23]. We  recently investigated the effects of increas-
ng luminal [Ca2+] on these IP3-mediated signals [24] by capitalizing
n our earlier finding that the second messenger cyclic ADP ribose
cADPR) enhances SERCA pump activity, and is thus expected to
ead to greater ER Ca2+ store filling [25]. Following transient Ca2+

nflux through expressed plasmalemmal nicotinic channels to load
R stores in oocytes injected with a non-metabolizable cADPR ana-
og we observed a potentiation of global wave amplitudes and
ncreased numbers of puffs. Moreover, the appearance of a new
opulation of puffs with longer latencies, prolonged durations and
ttenuated amplitudes suggested that luminal ER Ca2+ may  modu-
ate IP3R function, in addition to simply determining the size of the
vailable store and the electrochemical driving force for release.

Here, we employed a more direct method to promote ER
a2+ store filling, by overexpressing SERCA2b in Xenopus oocytes
26–28]. Our results confirm and extend those we had obtained
sing cADPR to enhance SERCA activity, removing possible uncer-
ainty that the actions of cADPR on IP3-mediated signals may  have
esulted from actions on IP3R independent of store filling, and rein-
orcing the notion of luminal Ca2+ modulation of IP3R function.

. Materials and methods

Procedures for preparation of oocytes, expression of nicotinic
cetylcholine receptors (nAChR) and SERCA2b and Ca2+ imaging
ere as previously described [24,25,28].  In brief, oocytes overex-
ressing nAChR alone or together with SERCA2b were injected with
uo-4, caged IP3 (D-myo-inositol 1,4,5-trisphosphate P4(5)-[1-(2-
itrophenyl)ethyl]ester) (Invitrogen) and EGTA (Invitrogen) to final
espective intracellular concentrations of about 40 �M,  8 �M and
00 �M The membrane potential was held at 0 mV  during super-
usion with non-desensitizing concentration of ACh (100–500 nM)
n Ringer’s solution (mM:  NaCl2, 120; KCl, 2; CaCl2, 1.8; HEPES, 5;
H 7.4), and Ca2+ influx through nAChR was induced by transiently
tepping the potential to −120 mV  to increase the electrical driving
orce [29]. Cytosolic Ca2+ signals were imaged at room temperature
y wide-field fluorescence microscopy using an Olympus inverted
icroscope (IX 71) equipped with a 40× oil-immersion objective, a

88 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
ithin a 40 × 40 �m region within the animal hemisphere of the

ocyte, and flashes of UV light were applied to uniformly photore-
ease IP3 throughout this region. Measurements are expressed as a
atio (�F/Fo) of the mean change in fluorescence at a given region
f interest (�F) relative to the resting fluorescence at that region
efore stimulation (Fo). Mean values of Fo were obtained by averag-

ng over several frames before stimulation. MetaMorph (Molecular
evices) was used for image processing, and measurements were
xported to Microcal Origin version 6.0 (OriginLab, Northamptom,
A,  USA) for analysis and graphing. Puff data are from 25 control

nd 11 SERCA2b-overexpressing oocytes obtained from 3 frogs, and
re expressed as mean ± SEM. Significance was assessed by t-tests.

. Results

.1. Overexpression of SERCA2b accelerates cytosolic Ca2+

learance

In order to confirm that oocytes had overexpressed functional

ERCA pumps, we monitored the clearance of Ca2+ ions from the
ytosol after a transient influx across the plasma membrane [25,28].
or this purpose, oocytes were expressed with Ca2+-permeable
icotinic acetylcholine receptors (nAChRs) that served as a “Ca2+
ll Calcium 50 (2011) 36– 41 37

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)  concen-
trations 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, mitochon-
drial 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 overexpress-
ing SERCA2b in addition to nAChRs (gray), revealing a marked
acceleration of the slow Ca2+ clearance component following over-
expression of SERCA2b.

3.2. Effects of ER Ca2+ store filling on IP3-evoked puffs

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 com-
pared 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 SERCA2b-
overexpressing 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 IP3R 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
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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:
S 7 ± 2.7
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ERCA2b-overexpressing oocytes before Ca2+ influx, 8.2 ± 1.8: after Ca2+ influx, 21.
ollowing photolysis flashes (control oocytes, 1.03 ± 0.012, 159 puffs: SERCA2b-over
77  puffs). In this and other figures, asterisks indicate statistically significant differe

hether puff latencies were further modulated by changes in ER
a2+ loading induced by Ca2+ influx in SERCA2b-overexpressing
ocytes. Fig. 3A–C shows distributions of first and subsequent

uff latencies on various timescales for the three experimental
onditions, and Fig. 3D presents mean data. In control oocytes,
uffs were first initiated within about 1 s of the photolysis flash

ig. 3. Effect of ER Ca2+ filling on puff latencies. (A–C) Raw distributions of the numbers of
hotorelease of IP3 in control oocytes (A), and in SERCA2b-overexpressing oocytes before (
ithin  3 s after UV flash during 0.4 s time bins. SERCA2b overexpression prolongs initial 

ean  values of puff latencies under the three experimental conditions, measured as the tim
ars)  and to all subsequent puffs (open bars) (control oocytes, initial puffs 0.75 ± 0.10 s fr
ocytes  before Ca2+ influx, initial puffs 3.60 ± 0.80 s from 66 puffs, subsequent puffs 16.3
ubsequent puffs 13.44 ± 0.74 s from 178 puffs).
). (B) Mean numbers of puffs observed at each site during the 40 s imaging period
ssing oocytes before Ca2+ influx; 1.32 ± 0.11, 66 puffs: after Ca2+ influx, 1.76 ± 0.16,

 *P < 0.05, **P < 0.03, ***P < 0.01.

(mean = 0.75 ± 0.09 s, n = 159), and almost none arose with laten-
cies >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

 puffs observed within the imaging field during successive 2.5 s time bins following
B) and after (C) Ca2+ influx. Inset graphs are raw distribution of the puffs responding
puff latencies, and promotes the occurrence of subsequent puffs. (D) Graphs show
e from the photolysis flash to the observation of the first puff at any given site (filled

om 159 puffs, subsequent puffs 5.8 ± 2.86 s from 4 puffs: SERCA2b-overexpressing
8 ± 2.24 s from 25 puffs: after Ca2+ influx, initial puffs 3.48 ± 0.55 s from 169 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), SERCA2b-
overexpressing 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
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nitial  puffs (control, 92.1 ± 3.0 ms:  SERCA2b-overexpressed before influx, 106.0 ± 5
mplitudes and durations after pooling data from all subsequent puffs at each give
uffs:  SERCA2b-overexpressed before Ca2+ influx, 0.37 ± 0.03, 91.2 ± 5.5, 25 puffs; S
 and 40 s (filled bars, Fig. 3B, C). SERCA2b-overexpression also
esulted in the appearance of puffs occurring after the initial event
t a given site (Fig. 3B, C, open squares). These ‘subsequent’ puffs
ere largely absent in control oocytes (Fig. 3A, open square), and

ig. 5. Effect of enhanced ER Ca2+ filling on puff kinetics. (A–C) Scatter plots show peak pu
onditions. Measurements from initial puffs are indicated by filled circles, and open circ
nflux in SERCA2b-overexpressing oocytes two  distinct populations of initial puffs (circled
r  in SERCA2b-expressing oocytes before Ca2+ influx. (D) Representative superimposed tr
egions  1 and 2. First puffs in region 1 displayed prolonged durations but had amplitude
ith  shorter durations.
: SERCA2b-overexpressed after influx, 125 ± 5.5 ms). (I and J) Corresponding mean
 (mean amplitudes (�F/Fo) and duration (FDHM): control; 0.40 ± 0.01, 90 ± 1.4., 4
2b-overexpressed after Ca2+ influx, 0.48 ± 0.01, 92.9 ± 2.8,178 puffs).
arose with similar long mean latencies in SERCA2b-overexpressing
oocytes before and after Ca2+ influx (Fig. 3D, open bars, con-
trol: 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).

ff amplitudes as a function of puff durations (FDHM) under the three experimental
les are from all subsequent puffs observed during the recordings. Following Ca2+

 as regions 1 and 2 in G) were observed, which were not evident in control oocytes
aces of initial puffs (black) and subsequent puffs (gray) obtained from two sites in
s similar to controls, whereas puffs in region 2 showed enhanced amplitudes but
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.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
ccurrence of the puffs following the photolysis flash, and mean
ata are shown in Fig. 4G and I. The amplitudes of initial and
ubsequent puffs were not significantly different from controls
n SERCA2b-overexpressing oocytes before Ca2+ influx. On the
ther hand, Ca2+ influx caused a marked potentiation of mean
rst-puff amplitude (Fig. 4G, SERCA2b-overexpressing after Ca2+

nflux: 0.57 ± 0.02, 169 puffs, p < 0.01, vs.  control, p < 0.05, vs.
ERCA2b-overexpressing before Ca2+ influx), which was largely
ttributable to the appearance of a new population of large
�F/Fo > 1.0) puffs with short latencies (Fig. 4C). Mean amplitude
f subsequent puffs in SERCA2b-overexpressing oocytes before
a2+ influx was of similar amplitude to control (control: 0.40 ± 0.01,

 puffs, SERCA2b-overexpressing before Ca2+ influx: 0.37 ± 0.03,
5 puffs, p < 0.05), whereas Ca2+ influx caused significant increase

n the mean value of amplitude in SERCA2b-overexpressing
ocytes (SERCA2b-overexpressing after Ca2+ influx: 0.48 ± 0.01,
78 puffs, p < 0.03, vs.  SERCA2b-overexpressing after Ca2+

nflux).
Fig. 4D–F similarly plot puff durations (full duration at half

aximum fluorescence; FDHM) against their time of occurrence
ollowing the photolysis flash, and mean data are shown in
ig. 4H and J. No significant differences were apparent in durations
f initial and subsequent puffs between controls and SERCA2b-
verexpressing oocytes before Ca2+ influx. However, the mean
uration of initial puffs in SERCA2b-overexpressing oocytes after
a2+ influx was significantly prolonged (Fig. 4H, 123.4 ± 5.8 ms,
78 puffs, p < 0.03), largely owing to the appearance of many
hort-latency puffs with long (>250 ms)  durations. The mean dura-
ions of subsequent puffs in SERCA2b-overexpressing oocytes were
ot appreciably different before and after Ca2+ influx, and were
imilar to the mean duration of initial puffs in control oocytes
Fig. 4J).

.5. Relation between puff amplitude and duration

Having found that enhanced ER store filling by Ca2+ influx in
ERCA2b-overexpresing oocytes resulted in changes in puff ampli-
udes and durations, we further examined whether these two
ffects were interrelated. For both control oocytes and SERCA2b-
verexpressing oocytes before Ca2+ influx scatter plots of duration
s.  puff amplitude (Fig. 5A and B) revealed little correlation,
ith amplitudes scattered over a similar range across durations

f all puffs (first puffs and subsequent puffs were described as
lled and open circles). In contrast, Ca2+ influx in SERCA2b-
verexpressing oocytes led to the appearance of new populations
f first puffs (Fig. 5C, filled circles), which were roughly divided
nto two regions as illustrated in Fig. 5C and D: (1) puffs with
ormal amplitudes (�F/Fo < 1.0) but unusually prolonged dura-
ions (>250 ms), and (2) puffs with large amplitudes but durations
ithin the normal range. Intriguingly, subsequent puffs from

ERCA2b-overexpressing oocytes after Ca2+ influx (Fig. 5C open
ircles) showed similar distribution of control and SERCA2b-
verexpressing oocytes before Ca2+ influx.

. Discussion

Enhanced filling of ER Ca2+ stores by overexpression of SERCA2b

as been shown to potentiate the frequency and amplitude of IP3-
voked Ca2+ waves in Xenopus oocytes [26,27]. We  were interested
o extend that finding to the level of the elementary IP3-evoked
uffs which form the building blocks of global Ca2+ waves [23].
l Calcium 50 (2011) 36– 41

Puffs arise from the transient openings of small numbers of IP3R
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
IP3R function [17].

Overexpression of SERCA2b by itself produced only small
changes in IP3-evoked Ca2+ signals, likely because homeostatic cel-
lular 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 IP3R func-
tion 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 suf-
ficient to evoke puffs, supporting the idea of sequential cooperative
activation of IP3Rs by both IP3 and cytosolic Ca2+ [31].

Store filling induced by transient Ca2+ influx in SERCA-
overexpressing 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
IP3Rs. Puffs are initiated by the stochastic opening of an individ-
ual IP3R channel [32]. An increase in the amount of Ca2+ released
through a trigger channel would be expected to increase the proba-
bility 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 chan-
nel is enhanced, an effect that may  be further potentiated if a greater
number of channels open due to enhanced CICR. We  had previ-
ously 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 ampli-
tude [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 IP3R 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 single-
channel 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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opulation of puffs arising after long (>2 s) latencies (Fig. 3). In
ddition, enhanced ER Ca2+ store filling resulted in the appearance
f a new population of puffs with unusually prolonged durations,
ontrary to the expectation that increased Ca2+ flux and conse-
uent Ca2+ inhibition might lead to more rapid puff termination.
he concentration of photoreleased IP3 in oocytes decays with a
ime constant of about 20 s [36], so it is likely that the delayed
uffs are evoked by ‘lingering’ IP3, and do not arise through an

P3-independent mechanism promoted by increased ER Ca2+ store
lling.

Taken together with other findings using cADPR to accelerate
ERCA activity [24,25],  our results support the notion of a modula-
ory action of ER [Ca2+] on luminal sites of the IP3R [13,15,37,38].
n light of the role of localized Ca2+ signaling to neighboring
rganelles, such as mitochondria, changes seen in the kinetics of
uffs are intriguing. For example, constitutive release of Ca2+ from

P3R to mitochondria is essential for efficient mitochondrial regu-
ation and for suppression of macroautophagy [39]. In addition to
egulation by [IP3], such intra-organelle signaling may  be affected
y the filling state of the ER Ca2+ store, acting not only on the driving
orce for Ca2+ liberation but also to modulate IP3R functioning.
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