











ER Regulation of IP;-evoked Ca”™ Signals

FIGURE 3. Effects of prior Ca>™" influx on puffs in oocytes injected with 3-deaza-cADPR. A, representative examples of local fluorescence signals showing
puffs evoked before and after Ca®" influx. Superimposed traces show recordings from 10 puff sites before influx and 11 sites after influx in control oocytes
(black); and from 9 sites before influx and 14 sites after influx in oocytes injected with 3-deaza-cADPR (gray). B, following Ca®* influx in oocytes injected with
3-deaza-cADPR the numbers of puff sites responding to photoreleased IP; were greatly increased. Data are normalized to the numbers of sites responding to
photoreleased IP; in each oocyte before influx. C, mean numbers of puffs observed at each responding site during 35-s recordings following photolysis flashes.
In oocytes lacking 3-deaza-cADPR, puff frequencies did not change after Ca?* influx (before Ca®* influx 1.07 * 0.02 puffs per site and after 1.12 * 0.04, p <
0.05). Oocytes injected with 3-deaza-cADPR exhibited a significant increase in frequency following Ca? ™" influx (1.06 + 0.02 puffs per site before influx, 1.21 =
0.03 after influx, p = 0.01). D, mean amplitudes (AF/F.) of initial puffs observed at each responding site before and after Ca** influx in control and 3-deaza-
cADPR-injected oocytes (before Ca?* influx AF/F,0.39 + 0.03, 116 puffs, after Ca®" influx AF/F, 0.34 = 0.03, 126 puffs: oocytes injected with 3-deaza-cADPR;
before Ca®" influx AF/F,0.38 = 0.06, 86 puffs, after Ca*" influx, AF/F, 0.37 + 0.04, 176 puffs). There are no significant differences (p > 0.05). All data in this figure

were obtained from 11 control oocytes and 10 oocytes injected with 3-deaza-cADPR, obtained from 5 frogs.

Effects of ER Store Filling on Local Ca®* Puffs—IP,-evoked
puffs are the unitary events that serve as “building blocks” to
initiate and propagate Ca®>" signals via Ca®"-induced Ca*"
release (CICR), and result from the concerted opening of small
numbers of IP;R grouped within clusters (22—24). We thus ana-
lyzed the effects of cCADPR on puffs to obtain more detailed
mechanistic information on how increased luminal Ca*>* might
affect IP;R function at the level of these elementary Ca®" sig-
nals. Puffs were evoked using shorter photolysis flashes (nor-
malized flash strength = 1) than used to trigger waves, and
oocytes were loaded with the slow Ca?" buffer EGTA (final
intracellular concentration ~300 M) to inhibit cluster-cluster
interactions and promote the balkanization of global Ca*"
waves into local signals (25).

Under these conditions, photorelease of IP, evoked puffs
from several discrete sites within the 40 X 40 m imaging field
(Fig. 3A, inset panels). Recordings (AF/F_) were made from
small (1.5 m square) regions of interest centered on puff sites,
and showed events with highly variable amplitudes arising after
differing latencies (Fig. 34). Measurements were obtained from
control oocytes and oocytes injected with 3-deaza-cADPR;
mean cytosolic Ca>" elevations during hyperpolarizing pulses
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were closely similar between these groups (respective AF/F,
0.22 * 0.0 and 0.19 = 0.02).

The most prominent effect in cADPR-loaded oocytes was a
marked increase in the number of sites where puffs were
observed following Ca>* influx as compared with the number
of responding sites before influx. Because the numbers of active
puffsites increase as a steep function of [IP;] (22), we corrected
for variability between oocytes in loading of caged IP; and in
flash strengths by expressing responses as a percentage of that
obtained in each cell before Ca>" influx. Ca®>" influx resulted in
a greater than 2-fold potentiation in number of responding sites
in oocytes injected with 3-deaza-cADPR (Fig. 3B; 223.7 =+
29.5%, whereas non-injected oocytes failed to show any signif-
icant change (98.7 + 13.5%). Potentiation in the number of puff
per site during the record was also observed in oocytes injected
with 3-deaza-cADPR (Fig. 3C; control: 1.06 * 0.02 puffs per site
before Ca®>" influx, 1.12 * 0.04 after Ca®" influx, p >0.05, 11
oocytes from five different batches 3-deaza-cADPR: 1.06 =
0.02 before Ca** influx, 1.21 = 0.03 after Ca®* influx, p, 0.009).
Notably, and in contrast to the effect on global Ca®>" signal
amplitude, we did not detect significant changes in mean puff
amplitudes under any condition (Fig. 3D).
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FIGURE 4. Changes in first-puff latencies with Ca®* influx and 3-deaza-cADPR. Latencies were measured as the time from end of the photolysis flash to the
observation of the first puff at any given site. A, mean values of latencies in control and 3-deaza-cADPR-injected oocytes before (open bars) and after (filled bars)
Ca?* influx. Paired measurements were made in each oocyte before and after Ca?* influx and show significant differences for both experimental groups; but
wide experimental variation between oocytes makes statistical comparison difficult between control and 3-deaza-cADPR groups. B, increases in mean puff
latencies with Ca?* influx and 3-deaza-cADPR largely arise from the appearance of long-latency puffs. Histograms show the proportion of initial puffs under
each experimental condition that arose within <2s, 2-5s, and >5s following the photolysis flash. Cand D, distributions of first-puff latencies before (open bars)
and after Ca>* influx (filled bars) in control (C) and 3-deaza-cADPR-injected oocytes (D). Data are plotted on 3 timescales to more clearly illustrate the relative
invariance of the population of short latency (<2s) puffs, and the appearance of puffs with latencies of tens of seconds. Measurements were obtained from 11
control oocytes and 10 oocytes injected with 3-deaza-cADPR. Curves are single exponential fits to data at latencies <2s.

Store Filling Promotes a Population of Long Latency Puffs—
Puff latencies (time from the end of UV flash to the first puff at
a given site) provide a sensitive measure of IP;R activation via
cytosolic receptor sites, and shorten as a steep function of both
increasing [IP,] (22) and basal cytosolic [Ca®>*].> We were thus
interested to examine whether puff latencies are further mod-
ulated by changes in ER Ca®" loading induced by Ca*" influx
with or without concomitant injection of 3-deaza-cADPR (Fig.
4A). Unexpectedly, mean latencies were prolonged following
Ca?" influx in control oocytes (1961 + 312 ms before Ca®"
influx # = 116; 3296 = 489 ms after Ca*" influx, n = 126, p =
0.027), and this prolongation was even more pronounced in
oocytes injected with 3-deaza-cADPR (4923 = 929 ms before
Ca®" influx, n = 86; 8046 + 819 ms after Ca*>" influx, n = 176,
p = 0.019). Moreover, mean latencies were longer comparing
control and cADPR-injected oocytes both before and after
Ca*" influx.

The prolongation of puff latencies arose in all instances
largely because of an increased proportion of initial puffs occur-
ring after latencies of more than 5 s (Fig. 4B). This is analyzed in
more detail in Fig. 4, C and D, showing the distributions of puff
latencies on various timescales for the four experimental con-
ditions. In all cases, the majorities of events arose within about
2 s of the photolysis flash, and distributed closely following a
single exponential function. Time constants of exponential fits
indicate that the latencies of these early puffs actually shortened
following Ca®" influx in the presence of 3-deaza-cADPR (con-
trol oocytes; before Ca*>™ influx, 339 =+ 35 ms, after Ca®" influx,
336 = 44 ms: oocytes injected with 3-deaza-cADPR; before
Ca?" influx, 497 * 63 ms, after Ca®?" influx, 314 * 20 ms).
Instead, the prolongation of mean latencies is entirely attribut-
able to the appearance of a population of puffs with latencies
widely and non-exponentially distributed between about 5 s
and 30 s. These delayed puffs were most prominent following
Ca?" influx in oocytes injected with 3-deaza-cADPR (Fig. 4, B

3 M. Yamasaki-Mann and I. Parker, unpublished observations.
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and D), but were evident also in these oocytes before influx, and
in control oocytes after influx (Fig. 4, B and C).

ER Store Filling Prolongs Puff Kinetics—In the course of these
experiments we observed that a high proportion of puffs evoked
after Ca®>" influx in oocytes injected with 3-deaza-cADPR dis-
played unusually slow kinetics (Fig. 5A4). To quantify this effect,
we measured puff durations as full duration at half-maximal
fluorescence amplitude (FDHM). Puff durations in oocytes
without 3-deaza-cADPR injection (7 oocytes from 3 frogs)
showed no significant difference before and after Ca>" influx
(Fig. 5B: before Ca*>* influx FDHM = 105.7 + 9.2 ms, n = 72
puffs; after Ca®" influx 109.6 = 13.6 ms, n = 97). Injection of
3-deaza-cADPR in the same oocytes resulted in a slightly longer
mean FDHM before Ca®>* influx as compared with control
oocytes. After Ca®* influx, the mean FDHM in 3-deaza-cADPR
injected oocytes became about 2-times longer after Ca®" influx
(Fig. 5B: before Ca*>" influx 125.0 = 19.8 ms, n = 62; after Ca>"
influx, 264.7 = 20.2 ms, n = 132). This effect is shown in more
detail in Fig. 5, C-F, plotting distribution histograms of puff
durations for each condition. In all cases, excepting puffs after
Ca®" influx in 3-deaza-cADPR-injected oocytes, the durations
closely followed mono-modal, skewed distributions, with most
events having durations (FDHM) around 50 —100 ms and show-
ing a roughly exponential fall-off in events with progressively
longer durations (Fig. 5, C—E). Dramatically different from this,
puffs evoked by photorelease of IP, after Ca®>" influx in the
presence of 3-deaza-cADPR showed a bimodal distribution of
durations, with about an equal proportion showing short dura-
tions as in the other conditions, and a new population with a
mean duration around 500 ms (Fig. 5F).

Long Latency Puffs Have Prolonged Durations and Attenu-
ated Amplitudes—It was apparent from visual inspection that
those puffs with prolonged durations tended to occur with long
latencies. This is illustrated in Fig. 6, showing scatter plots of
puff latency versus puff duration for the four experimental con-
ditions. Excepting for puffs arising after Ca®>" influx in the pres-
ence of 3-deaza-cADPR there were few events with durations
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FIGURE 5. Puff durations are prolonged after Ca™ influx in 3-deaza-cADPR-injected oocytes. A, superim-
posed traces illustrating representative examples of puffs evoked before (left) and after (right) Ca
before and after injection of 3-deaza-cADPR. B, puff durations, measured as full-duration at half-maximal
(FDHM) fluorescence amplitude for each of the four experimental conditions. Data were obtained from 7
oocytes, from which paired measurements were obtained before and after loading 3-deaza-cADPR. C-F, his-
tograms plotting distributions of first-puff latencies for each condition. Data are from 7 oocytes from 3 different

frogs.

longer than 200ms, and the occurrence those prolonged puffs
did not show any obvious correlation with latency (Fig. 6, A-C).
On the other hand, puffs evoked after Ca®>" influx in the pres-
ence of 3-deaza-cADPR distributed as two clearly distinct pop-
ulations (Fig. 6D); brief events arising mostly after short laten-
cies, with a distribution on the scatter plot (circled as region 1)
matching that of the other experimental conditions, and a new
population of prolonged events, mostly arising after long laten-
cies (region 2).

Puffs with prolonged durations tended to be smaller than
short-duration puffs (e.g. inset traces, Fig. 6D). To quantify this
effect we measured the amplitudes of puffs before and after
Ca®" influx in 3-deaza-cADPR-injected oocytes and grouped
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shown that a non-metabolizable
analog of second messenger cADPR
speeds the clearance of Ca®>" ions
from the cytosol by accelerating
SERCA pumping rate (17). Here, we
demonstrate a potential physiologi-
cal role for cADPR in modulating
IP,-mediated Ca®* signals by a
store-filling mechanism in Xenopus oocytes; and further inves-
tigate the ways in which local IP;-evoked Ca®" puffs are
affected by changes in luminal ER Ca** level.

Several previous studies have investigated the actions of
cADPR on Ca®" release through ER channels (26-28), and
have also implicated a role for cADPR in regulating ER Ca*"
store filling (29). However, interpretation of the results is con-
founded because the cell types employed express both RyRs and
IP,Rs. RyRs are modulated directly/indirectly by cADPR and by
luminal [Ca®>*], and in light of their mutual interaction with
IP,Rs via CICR it is difficult to discern whether cADPR may act
on IP;R-mediated Ca®" liberation independently of RyRs. We
thus employed Xenopus oocytes as a model cell system that
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FIGURE 6. Long latency puffs observed after Ca®* influx in the presence of 3-deaza-cADPR also exhibit
prolonged durations. A-D, graphs show scatter plots of latencies of initial puffs versus their durations (FDHM)
for each of the four experimental conditions. Ca?* influx in 3-deaza-cADPR-injected oocytes resulted in the
appearance of a population of long-latency, prolonged puffs (region marked as 2 in D), distinct from the
population of short-latency, brief puffs (region 1) that was predominant in the other experimental conditions.
Insets in Dillustrate typical examples of puffs from these two populations. Data are from the same oocytes used
for analysis in Fig. 5. E and F, scatter plots of durations (FDHM) of initial puffs versus their peak amplitudes,
measured in cADPR-injected oocytes before and after Ca®* influx, respectively. Insets present mean values for
all puffs, puffs with FDHM <200 ms, and puffs with FDHM >200 ms. Respective puff amplitudes before influx
were AF/F, 0.38 = 0.03 (pooling all 62 puffs), 0.40 =+ 0.03 (53/72 puffs with FDHM < 200 ms) and 0.29 =+ 0.03
(9/62 puffs 56/132 puffs with FDHM > 200 ms): and for puffs after influx 0.40 = 0.02 (pooling al 132 puffs),
0.46 = 0.03 (76/132 puffs with FDHM < 200 ms) and 0.31 = 0.02 (56/132 puffs with FDHM > 200 ms).

lacks RyRs to study the actions of
cADPR on Ca®" signals evoked by
photoreleased IP.

We observed a potentiation in the
peak amplitude of IP;-evoked global
Ca®" signals and in the numbers of
responding puff sites following
injection of 3-deaza-cADPR into
oocytes, but only when tested after
transient elevation of cytosolic
[Ca®>"] induced by Ca®" influx
through expressed nAChR. In con-
junction with our earlier findings
(17), this strongly suggests that
the potentiation arises through
enhanced filling of ER luminal Ca**
stores (12), and not through any
putative direct cytosolic effects of
cADPR on IP;R. Most importantly,
3-deaza-cADPR had little or no
effect on IP;-induced signals under
basal conditions of resting cytosolic
[Ca®™]. Moreover, transient eleva-
tions of cytosolic [Ca®"] had little
effectin the absence of cADPR load-
ing. Although responses to IP; are
highly sensitive to cytosolic Ca®"
levels at the time of stimulation (30,
31), we measured signals evoked by
photoreleased IP; 10 s after termi-
nating Ca®" influx, at a time when
the Ca®>* fluorescence had returned
to basal levels. Similarly, the lack of
effect of Ca®>* influx in the absence
of cADPR indicates that other
potential interactions between
cytosolic Ca>* and IP,R function,
including stimulated production of
IP, by phospholipase C (32), phos-
phorylation of the IP;R by protein
kinase A (33), or modulation of IP;R
function by enhanced ATP produc-
tion (34), played no significant role.
That result is also consistent with
findings that basal SERCA activity
in oocytes is low (17), so that
the transient Ca®>* elevations we
applied were insufficient to result in
appreciable ER store filling in the
absence of cADPR. Finally, we note
that we were able to mimic the
effects of cADPR on puffs by over-
expressing SERCA2b to enhance
Ca’?" uptake into the ER (21). In
comparison to control oocytes
(without SERCA 2b overexpression)
the numbers of puffs evoked per site
following Ca®" influx increased by
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78%, and the amplitudes, durations (FDHM) and latencies of
the initial puffs at each site were, respectively 38, 36, and 360%
greater.

The finding that cADPR in conjunction with Ca** influx
resulted in the appearance of puffs that arise after long latencies
and show prolonged durations was unexpected and intriguing.
These long and delayed events appear to form a kinetically dis-
tinct population from the normal brief, short latency puffs (Fig.
6D). However, we did observe some instances where a given
puff site showed a normal puff before Ca>* influx and a delayed
and prolonged puff after influx suggesting that the prolonged
puffs do not arise through activation of previously silent sites,
but rather that the properties of IP;R at a site may be altered by
elevated luminal [Ca®>"]. How then might this arise? One
potential mechanism is mediation via cytosolic Ca®* regulatory
sites on the IP;R. An increased luminal [Ca®*] is expected to
cause a greater instantaneous Ca®" flux (current) through open
IP;R channels which, even though it may not be readily mani-
fest in macroscopic fluorescence puff signals, would result in
higher local Ca®>* concentrations in the immediate vicinity of
receptor sites on that and closely adjacent IP;Rs. It is, however,
difficult to envision how such a mechanism could prolong puff
latencies. Rather, increased Ca®* flux through stochastic open-
ings of single IP;R channels might increase the probability of
opening of neighboring channels to trigger puffs with shorter
latencies (35). Alternatively, several studies describe modula-
tion of IP;R function by luminal Ca®", acting either directly on
the receptor protein (14, 36) or via luminal Ca**-binding pro-
teins that regulate the IP;R (15) (37). In addition, there is con-
siderable evidence for heterogeneous distributions of SERCA
pumps, IP,R channels and luminal Ca®* -binding proteins (38 —
42) so that spatial differences in luminal [Ca®>*] may differen-
tially affect different puff sites; perhaps explaining the hetero-
geneous occurrence of both brief and prolonged pulffs following
Ca*" influx.

In contrast to the potentiation in amplitude of global Ca**
signals by the combined actions of cADPR and Ca*™" influx, the
overall amplitude of local Ca>" puffs was little changed, even
though the numbers of responding pulff sites increased substan-
tially and puff durations became longer. The potentiation of
global signals may therefore largely arise through the latter two
effects on the underlying elementary release events. At first
sight it is surprising that mean puff amplitudes remained con-
stant (Fig. 3D), as increased luminal [Ca®*] is expected to
increase single-channel IP;R Ca®>* flux. However, this result
mirrors findings that puff amplitudes are remarkably insensi-
tive to other factors, including [IP,] (43, 44), even though they
strongly affect puff frequencies and would also be expected to
affect puff amplitudes by increasing the numbers of IP;R chan-
nels that open within clusters. Smith & Parker (45) speculated
that puff amplitudes may instead be regulated by feedback Ca*"
inhibition so as to maintain a roughly constant mean ampli-
tude, and such a mechanism may apply also here. This conclu-
sion is further supported by a more detailed analysis of puffs
evoked following Ca®" influx. Those puffs showing normal
brief durations had mean amplitudes greater than puffs evoked
before influx (Fig. 6F), consistent with an increased single-
channel Ca®>* current. On the other hand, the prolonged puffs
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showed reduced amplitudes, suggesting that changes in IP;R
properties associated with increased ER Ca>™ store filling led to
changes in both gating kinetics and aggregate Ca®" flux
through channels at a puff site. The mechanism underlying this
behavior remains to be elucidated.

IP, and Ca®" are together considered to constitute a cellular
coincidence detector, because activation of IP;R channels
simultaneously requires both of these second messengers (1).
We would now add cADPR as a further messenger that plays
into this signaling mechanism, though acting on a different
timescale. Specifically, acceleration of SERCA activity by
cADPR promotes filling of ER stores when cytosolic Ca®>* is
elevated prior to activation of the IP; pathway, providing an
anticipatory signal that will likely persist for seconds or longer
depending upon rates of cADPR catabolism and ER Ca** leak-
age. Indeed, the state of ER Ca®" filling has been shown to
powerfully affect intracellular Ca®" signaling (46). Our results
indicate that this mechanism is not necessarily constrained by a
passive balance between rates of sequestration and release, and
strengthen the notion that the versatility of Ca®>* signaling may
be enhanced not only by modulation of release channels prop-
erties from the cytosolic side, but also from luminal side of the
ER through messenger pathways that modulate Ca*" seques-
tration mechanisms such as SERCA. In that regard, cADPR
may be unique in playing multiple roles to directly regulate
Ca?" release through the RyR, accelerate cytosolic Ca*>* uptake
by SERCA, and indirectly modulate both global IP;-mediated
responses and the local Ca®* transients that signal to neighbor-
ing organelles such as mitochondria (47, 48).
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