2298 Biophysical Journal Volume 78 May 2000 2298-2306
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ABSTRACT InsP;-evoked elementary Ca®* release events have been postulated to play a role in providing the building
blocks of larger Ca?* signals. In pancreatic acinar cells, low concentrations of acetylcholine or the injection of low
concentrations of InsP; elicit a train of spatially localized Ca®* spikes. In this study we have quantified these responses and
compared the Ca®" signals to the elementary events shown in Xenopus oocytes. The results demonstrate, at the same
concentrations of InsP,, Ca®* signals consisting of one population of small transient Ca®* release events and a second
distinct population of larger Ca®* spikes. The signal mass amplitudes of both types of events are within the range of
amplitudes for the elementary events in Xenopus oocytes. However, the bimodal Ca®* distribution of Ca®* responses we
observe is not consistent with the continuum of event sizes seen in Xenopus. We conclude that the two types of
InsP;-dependent events in acinar cells are both elementary Ca®" signals, which are independent of one another. Our data
indicate a complexity to the organization of the Ca®* release apparatus in acinar cells, which might result from the presence
of multiple InsP; receptor isoforms, and is likely to be important in the physiology of these cells.

INTRODUCTION

Spatial and temporal shaping of intracellular’Caignals  tion of the elementary events is proposed to be the mecha-
are known to be important factors in conferring specificity nism that underlies the complex €apatterns seen in cells

in the regulation of C& -dependent targets (Nelson et al., (Berridge, 1997; Bootman et al., 1997b; Callamaras et al.,
1995; De Koninck and Schulman, 1998; Dolmetsch et al.1998).

1998; Deisseroth et al., 1998). However, we are only just In pancreatic acinar cells, agonists elicit spatially discrete
beginning to understand the mechanisms that establish thesesP,-dependent Ca spikes within a specialized region of
complex C&" signals (Berridge, 1997). In particular, al- the cell (Thorn et al., 1993; Kasai et al., 1993). These local
though C&" release from intracellular G4 stores is C&" spikes have been shown to be important in activating
known to be important in Gd signaling, the fundamental mechanisms of fluid and enzyme secretion (lto et al., 1997).
mechanisms of G4 release are unclear. Study of the reg- The local C&" signal is thought to be structurally complex,
ulation of InsR receptors has given insights in to charac-with regional “hot spots” of C&" release (Thorn et al.,
teristics of InsB-mediated C&' release that may be impor- 1996) and local gradients of €a (Ito et al., 1997). Fur-
tant in the control of the C& signal (Taylor, 1998). Invivo, thermore, we have recently shown that local lpsRoked
measurements suggest that Ips&ceptors are clustered in spikes result from patterns of regional‘Caelease coordi-
patches on the intracellular €astore membrane (Mak and nated by a process of €&induced C4" release (CICR)
Foskett, 1997). Functionally, at low levels of stimulation, (Kidd et al., 1999). This mechanism of CICR has been
this clustering gives rise to spatially and temporally discretesuggested to be central to the agonist-evoked responses (Ito
“Ca’" puffs” (Mak and Foskett, 1997; Yao et al., 1995). et al., 1999).

Analysis of individual puffs has shown a variation inCa To understand these complexities in the formation of the
signal mass or Cd amplitude with distributions consistent local C& " signal we have now used high spatial and tem-
with a single population of events (Sun et al., 1998; Thomaporal resolution imaging techniques. Our experiments quan-
et al., 1998). These “elementary” events have been postuify the C&" signals in terms of the amount (signal mass) of
lated to have a local role on effector systems and also t€&" released (Sun et al., 1998) and enable a direct com-
provide the building blocks of Ca signaling. In this way, parison with the “puff’ and “blip” events irKenopusoo-

at higher stimulus levels, the spatial and temporal summaeytes (Sun et al., 1998) that are thought to be the elementary
building blocks of CA" release. Our results quantify, over

a range of fixed concentrations of IngRwo apparently
independent elementary €arelease events. The larger of
Received for publication 29 November 1999 and in final form 7 Februarythase pehaves as a unitaryZCasignaI that, although it is
2000. , . similar in size, is kinetically different from previously re-
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MATERIALS AND METHODS Ca®* signal mass units

Cell preparation Ratiometric measurement is proportional to the concentration &f;Ga
contrast, the signal mass unit is proportional to the amount of released
Male outbred albino mice (25 g) were killed by cervical dislocation and thECa2+. This means that as the é‘asignm diffuses away from the release
pancreas dissected out. Acutely isolated mouse pancreatic acinar cells wesge the ratiometric measure of concentration will go down, but the signal
prepared by collagenase (Worthington, CLSPA, Lorne Labs., Lakewoodmass unit will stay high. Calculations of calcium signal mass, i.e., the
N.J.) digestion at 33°C for 7 min as previously described (Thorn andamount of C&" released in a single event, were done directly from the
Petersen, 1992). Cells were plated on to polyrithine (Sigma, Poole,  two-dimensional, wide-field fluorescence images of Calcium Green. For
UK) coated coverslips. We recorded from single cells and cells within athe smaller C&' release events, signal mass was measured as the change
small clump (2-4 cells). Cell polarity was obvious from the location of in total fluorescence within a square regionx55 um (25 X 25 pixels),
secretory granules and cell orientation within a cluster. centered over the events as identified manually from the spatial and
temporal peak in thé\F/F, images. Custom software was then used to
process the images and extract signal mass information for each release
event. The beginning of the release event was identified as the first image
Patch clamp where the increase in total fluorescence from the preceding frame (50 ms)
exceeded 2 SDs of the RMS noise of the difference between frames. RMS
Standard whole-cell patch clamp techniques (Hamill et al., 1981) werehoise was calculated directly from the photon statistics of the image; the
used and all experiments were carried out at room temperatt2&°C).  high-speed CCD camera was previously calibrated as having a linear
Pipettes had a resistance of 3—-&Wpipette puller, Brown and Flaming, response to light with a sensitivity of 5 photons per digital count and 5
Sutter Instrument Co., Novato, CA). After breaking through to the whole- photon equivalent RMS readout noise at each pixel. The end of the release
cell configuration pipettes had a measured, but uncompensated, seriggent was taken as the last consecutive image having a significant increase
resistance of 1020 M. The pipette solution contained (in mM): 140 KCI,  (same criterion) in total fluorescence from the preceding frame. The peak
1 MgCl,, 2 NaATP, 0.2 EGTA, (0.05 Calcium Green, Molecular Probes, signal mass was calculated as the difference in the total fluorescence
Eugene, OR), 10 HEPES-KOH, pH 7.2. The extracellular solution con-petween the end image and that preceding the beginning of the event.
tained (in mM): 135 NaCl, 5 KCI, 1 MgGJ 1 CaC}, 10 glucose, 10 As a consequence of the wide-field imaging arrangement used, photons
NaOH-HEPES, pH 7.4. Cells were held at a membrane potentiad3®  emitted from Calcium Green molecules outside of the plane of focus are
mV and currents were sampled by an A/D converter at 1 KHz. In allstill collected and imaged onto the camera. Th& % um square size of
experiments Ins(2,4,5)a gift from Professor R. Irvine) was added to the the region used was chosen to capture fluorescence du€*todiftusing
pipette solution (6, 8, 10, 12M) to establish trains of C& spikes which,  away from the site of release and to allow for the apparent increased spatial
in the whole-cell recordings, led to the activation of “Calependent  spread of release events that were out of focus. For the larger events,
current spikes. The €& spikes have previously been shown to originate changes in total fluorescence were measured from the whole cell. For these
from a mechanism of IngRdependent Cd release in the secretory pole events the identification of the beginning and ending of the change in
(Thorn et al., 1993), to remain localized to this region of the cell, and to besignal mass was done manually.
independent of ryanodine receptor activity (Thorn et al., 1994). We have Calibration of signal mass into moles of €awas made assuming a
shown previously that under our conditions, the whole-cell current isCalcium Green concentration of 30, K, = 190 nM (Molecular Probes),
predominantly carried by a ¢l channel (Kidd et al., 1999). and a resting [C&] of 50 nM. Assuming a spherical cell with an average
diameter of 15um, the imaged “volume” within the % 5 um region used
for the smaller events was calculated, as was the fraction of Calcium Green
bound to C&*. The resting fluorescence resulting from the bound Calcium
Fluorescence imaging Green within this volume was measured, and an average signal of 0.4083
photons per C& ion bound to Calcium Green was calculated. The
The InsR-evoked trains of C& spikes were established over a period of contribution to the fluorescence signal from the’Géree indicator was
up to 40 min (the lifetime of the whole-cell patch recording). These spikescalculated to be<2%, and ignored. From this relationship, the amount of
were continuously observed in the whole-cel G currents. However,  C&" required to double the fluorescence in 1 fl, which we define as one
due to limitations of computer storage capacity, only short sequences afignal mass unit (smu) in accordance with Sun et al. (1998);16 2°
fluorescent images, up to 20 s long, could be captured. After data storageoles. Using this calibration, our average detection threshold for small
another image sequence could be captured, and this process was repeageents was a change 6f0.8 smu in 50 ms, and the smallest threshold was
up to five times in one cell. ~0.4 smu in 50 ms.

The C&" imaging experiments were performed by inclusion of 40-50  There are problems with the use of signal mass units. The releagéd Ca
uM Calcium Green (Molecular Probes, Eugene, OR) in the pipette soluis partitioned not only into the fluorescent dye, but also into the other
tion. Cells were illuminated with a visible laser (Coherent Innova 70, Santabuffers. These include the endogenous buffer as well as EGTA and ATP in
Clara, CA) at 488 nm and imaged through a Nikon<40V, 1.3NA, olil our pipette solution. The signal reported by the dye will therefore be
immersion objective through a 510-nm-long pass filter. Full frame imagesdependent on the dye and other exogenous buffer concentrations as well as
(128 x 128 pixels) were captured on a cooled CCD camera (70% quantunthe endogenous buffer concentration. Our experiments minimize this prob-
efficiency, 5 electrons readout noise at 500 frames per second; MIT|lem in two ways. First, the use of patch clamp delivery of dye gives a lot
Lincoln Laboratory) with a pixel size of 200 nm at the specimen. All less cell to cell variability than other techniques. Second, all the cells used
images were acquired at 20 frames per second (50 ms between images) andour study showed both smaller events and spikes, allowing a direct
with either 5- or 10-ms exposures controlled by a Uniblitz shutter (Vincentcomparison of signal mass unit size.

Associates, Rochester, NY). After recording to the computer, the data were

analyzed with custom software following appropriate bleach correction and

smoothing. Images were displayeds/F, images (100 (F — F.)/F,), Detection of the events

whereF is the recorded fluorescence aRglwas obtained from the mean

of 20 sequential frames where no activity was apparent. The principleOur criteria for the detection of the smaller events were & Gégnal that
advantage of this imaging technique is the fast rate of acquisition ofwas small (peak< 10% AF/F), spatially discrete, and transient. These
full-frame images (Rizzuto et al., 1998). were initially identified by eye and therefore the data most probably
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represent the largest events in this population, with smaller signals bein(A - AF;FO images
lost in the noise. Having identified the spatial location and time frame of
each event we then used a custom-made program to identify the time of th
first significant increase in Ga signal mass units¥2 SDs of the RMS
noise calculated for each individual experiment). This was then used tc
align the time courses of the events and produce the averages shown
Figs. 4 and 6. The spikes were identified on the criteria that the average
Ca" signal, measured across the entire cell, exceeddd R, of 5%. This
time point was also used to calculate the time to peak of the spikes. Thi
peak C&" signal mass unit was measured as the peak signal mass mint
the signal mass taken before the time point identified by the 5% change. I
Fig. 7 the individual C&" signal mass time courses were aligned to the
peak of the C&" signal mass.

The graph of Fig. 5 was produced by including all >Casignals
observed, all of which were transient and all were spatially discrete. In
none of the records did we find evidence for sustainetiGagnals. Our
probable bias in identifying the larger of the small events would tend to
overestimate the mean size of these events. Furthermore, we would expe
EGTA to have a greater impact on the slowe”Capikes, leading to an
underestimate of their amplitude. Using computer reaction-diffusion sim-
ulations, as previously described (Zou et al., 1999), of both the sméll Ca 0
signals and the larger, longer-lived spikes, we investigated the possibl 30
effect of EGTA, a slow C& buffer, on the measurement of the Ca C: Average AF/F,
signal masses using Calcium Green. In these simulations, the effect of th 0
addition of 200uM EGTA on the small, faster events was to underestimate ~ region 1 30
the signal mass by 7%. The effect on the spikes was larger, leading to an
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underestimate of~50%. These measurement errors would make the "
~100x difference in mean size between the small events and the spikes w ‘-o * *
observe, an underestimate. & 0oL

< v

region 2 10 v A
A/
RESULTS oL

Trains of C&" spikes, induced by the injection of 8 M FIGURE 1 The C&' signal and whole-cell current in response to
Ins(2,4,5)R (Thorn et al., 1993, 1996; Wakui and Petersen,Ins(2,4,5)R. Typically, Insp, evoked a train of short-lasting (L, spikes,
1990), were studied in isolated mouse pancreatic acingtd the C&' recordings shown represent short sequence0(s) of
cells. This Inslg-evoked signal has previously been Showﬂcaptured images from the total response. A sTgIe largér Gaike is
. . . shown followed by a smaller a event. Both C&" release events occur
to be very repr_odumble_and trains of spikes can be _recor_de cally within the secretory pole region, identified by the location of the
for up to 40 min, enabling us to repeatedly record imagingsecretory granules as seen in transmitted light (black and white) image of
segments from the same cell (Kidd et al., 1999). Cells were\, which also shows the patch pipette. The scale bar indicatgsmioA
whole-cell patch clamped and the ?Casignal monitored also shows three pseudocolor, fluorescence ratio images taken at time
: . -+ .

with Calcium Green (40-5@M). The secretory pole of points @) resting C&", (b) the peak of the larger spike, ang) the peak

. . . o S of the smaller event. The asterisk indicates the secretory pole orientation of
single acinar cells was identified b2y the_ |0ca|'z_at'0n Of the cell, in this image and in all other figures. The boxes outline the 5
zymogen granules. Secretory pole “Caspikes (Fig. 1, 5-um-square regions used to calculate the averagé €lgnal shown irC.
region 1, frequency of 0.083 Hm,= 39 from 14 cells) were B shows the simultaneously recorded whole-cell current obtained under
observed, as previously described (Kasai et al., 1993; ThorYpltage clamp at a membrane potential 680 mV. C shows the mean

et al., 1993)_ With high-resolution imaging techniques WeAF/F.O (>_<100) record within regions 1 and 2 shownA(®). In this figure
and in Fig. 2 we have selected examples of the small events that can clearly

observe that the majority of secretory pole Sp”_(es do NObe seen in single pseudocolor images. As a consequence, these events are
encompass the whole of the secretory pole region. This ist the upper end of the smaller-event amplitude distribution.

shown in Fig. 1 where the spike (Fig. image b extends
only over ~5 um diameter (full-width at half-maximum
(FWHM) signal area= 30.76 + 2.44 um?, mean+ SEM, . _
n = 28) within the secretory pole. In addition to the spikes,2"d demonstrates+ a current spike approximately synchro-
our sensitive imaging techniques now also detected smalldfous with the C&" spike, but little response during the
Ca* events (peak G4 <10%AF/F,, Fig. 1,image ¢ that smaller C&* event. Some Cd spikes we recorded were
have not previously been observed in acinar cells. In the celgrger in peak amplitude and spread (10/39 secretory pole
shown in Fig. 1 the spike and the smaller event arise fron$pPikes) but still occurred within the secretory pole. An
separate sites within the secretory pole and show very littl@xample of a large spike response is shown in Figr2age
cross-talk in the regional G4 signals. The simultaneously d). This cell also shows evidence for a smalleFCavent
acquired whole-cell current is also shown (Figirhage b (Fig. 2, image 3 preceding the large G4 spike. In this
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A: AF/Fg images A: AF/F,images
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T b FIGURE 3 An example of a single small €arelease event in the basal
4 a c pole. A shows the transmitted (black and white) image of the cell and the
* * * patch pipette. The pseudocolor fluorescence ratio image was taken
0 immediately preceding the evert; was taken at the peak of the small

event.B is the average G4 signal within the 5X 5-um-square region

FIGURE 2 An example of the Ga signal in response to Ins(2,4,3)P indicated by the box i

where the larger Gd spike is preceded by a smaller Tasignal arising
from the same position within the secretory pdleshows the transmitted

light (b'i‘c‘k( a”dt t"ghite)t_image_ "’t‘”d ;he psi“dfofho"” f'UI?resce”‘;e ratigspike. Across the secretory pole the small events had a
m n I m INtsY m reven . .
resat?nzs Caé*e, (c:;1 duri?]z theeripsci)ngs;;)hgseepoiatheoIarg;eefsslik: zd;thze( frequency of 0.106 Hz, Compar?d to a slightly higher fre-
peak of the larger spike. The boxliroutlines the 5< 5-um-square region ~ qUENCY of 0.142 Hz for events in the basal pole. In some
used to calculate the average®Caignal shown irC. The scale baris 10~ Cells evidence for up to eight spatially distinct release sites
pm. B shows the simultaneously recorded whole-cell current obtainedwvas obtained, with some sites giving rise to repeated events.
under voltage clamp at a me_mprane pote_)ntial—dfo m_V. C shows the  The average ratio images of basal pote £ 54) and
mea+nA'F/F0'(><100) record within the region shown Lh(b)..The large _secretory poler( = 55) small C3* release events, aligned
Ca&™" signal is nearly synchronous with the large current spike, but there is e . ) .
no evidence of a current associated with the smallér* Gavent. to the rising phase of the éréS|gna|' are shown in Fig. 4.
The C&" signal rose to a peak in 50-100 ms and then
decayed over 100—200 ms to baseline. Although apparently
case, the two responses apparently arise from the sanukfferent in the images shown, the mean rates of decay of
region of the cell. the C&" signal were not significantly different in both
Although larger spikes were never observed in the basalegions of the cell. The mean area of these signals was 9.48
pole, we did find evidence of smaller €arelease events um? (FWHM). Assuming an average cell diameter of 15
occurring in this region of the cell (Fig. 3). It therefore um, these small events would encompas$.2% of cell
appears as if the smaller events and the larger spikes mayplume compared te~7% of cell volume for the larger
but do not necessarily, arise from the same regions of theecretory pole spikes.
cell. In control experiments, with a slightly lower concentra-
The small C&" release events occurred randomly in timetion of 6 uM InsP, (n = 3 cells), neither C& spikes nor
throughout the records and were not correlated with thesmall C&" release events were ever observed. At the higher
rising or falling phases of the larger secretory poléCa concentrations of Insfused, 8, 10, and 12M, there was
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FIGURE 4 A pseudocolor fluorescence ratio representation of the averages of all the snllev@ats recorded in the basal and secretory poles. The

spatial position and time course were recorded for each ement96) identified in 560 s of images obtained from 14 cells. To make the average images,

all events were aligned in time at the point where the signal mass measurement first exceeded the noise, and in space at the pixel having the maximum
AF/F,. No significant difference was found in time course or amplitude between the events in the two poles, and the mean of all events is therefore also
shown.

no significant difference in frequency or amplitude for of C&* signal mass units showed no overlap in the sizes of
either the C&" spikes or the small G4 events. This the small CA" events with the sizes of the smallest spikes,
indicates that both the small events and the larger spikeand there was a clear separation in the modal values of the
have the same threshold for Instependent activation. two distributions. The histograms of the smaller events in

We conclude that the cellular response to Ipebnsists the basal pole and secretory pole (Fig.Ab were very
of a dual pattern of localized €& signals. Both signals similar in signal mass distribution and apparently arise from
appear comparable in amplitude and kinetics to the range af similar population of events (€& signal mass popula-
Ca&" elementary events seenXenopusocytes and other tions not significantly differentp = 0.5696, Mann-Whitney
cells (Sun et al., 1998; Thomas et al., 1998). U test, shown combined in Fig.A botton). In contrast, the

We therefore set out to characterize the two differenthistogram of the larger spikes (FigB) had a second mode,
types of responses in order to determine whether they remr peak,~100 times larger than the mode of the smaller
resent two entirely different modes of €arelease or are at events. Overall, these data show=8000-fold difference
extremes of a single population of events. Analysis cf'Ca between the smallest and largest event (FiB).5Although
“elementary event” signal mass Menopusoocytes and Gaussian and exponential distributions could be fitted to our
Cca&* amplitudes in HeLa cells has indicated that the dis-data we were reluctant to do so, as this implies knowledge
crete C4" release events do represent a single populationf the underlying process. The data clearly cannot be fitted
(Sun et al., 1998; Thomas et al., 1998). We therefore set olly a single Gaussian or a single exponential, indicating that
to measure the G4 signal mass amplitudes of €arelease  multiple processes must be present. For example, while a
to determine whether this was the case in acinar cells. Weingle exponential could be fitted to the smaller events, this
used a definition of one signal mass unit as equal to alistribution would not include the population of the larger
doubling of fluorescence in 1 fl volume, which under our events.
conditions is equal to IF° moles of C&*. This is the same Some of the larger secretory pole responses included in
unit as that used by Sun et al. (1998) in their analysis othis analysis of the spikes are derived from signals that
elementary events itXenopusoocytes. All cells showed spread across the secretory pole and therefore might recruit
secretory pole spikes and most also showed smaller eventsore than one release site (such as the spike in Fig. 2; see
in the basal and secretory pole. Importantly, no other typeslso Kidd et al., 1999). We identified these spatially spread-
of C&" release were observed; that is, our analysis encoming C&" spikes from theAF/F, images, and these are
passed all the IngRevoked C&" responses. The histogram indicated on the histogram (Fig.5 filled bars). The signal
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A: Small Ca” event magnitudes B: All Ca* events
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5101 secretory pole
FIGURE 5 Histograms of the peak €asignal mass 3
units of all C&" events induced by IngPA shows 5 5 110
histograms of the small secretory pole £ 55) and S g 105]” B spreading Ca™
basal pole eventsi(= 54), respectively. No significant [~
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difference was found between these two distributions;  « 15
therefore, the data are combined into a single histogram basal pole 10
in the bottom part of the figure. This distribution of 5
smaller events has a single mode of signal mass am- ) g i
plitudes. When these data are plotted together with the 0 -

larger C&"* spikes, as shown iB, the smaller events 0 100 200 300 400 <1500
appear as a single bin, corresponding to the expanded Moles Ca® (10-20)
view (arrow) in A, bottom and the larger events appear

w
o

N
w

as a second mode of signal mass amplitudes clearly

separated from the smaller events. The fraction of 520 combined
larger peak C& signal mass events contributed by E15

“spreading” C&" spikes, as identified from thaF/F, ° 10

images, are shown as filled bars. The smallest signal & 5

mass measured was equivalentt6.4 moles of C&'. 0

0 5 10 15 2025
Moles Ca* (10™)

mass units of these spikes were generally larger, which doesmaller events in the basal pole and secretory pole are not
affect the spread of the population of spikes but does nasignificantly different, and are shown in Fig.AandB. The
affect the clustering of spike amplitudes around the modaCa&* spikes have been associated with the activation of
value. We conclude that the bimodal behavior, observed &€l ., currents, which are thought to be important for fluid
constant InsPconcentrations, is the result of two different secretion (Petersen, 1992). We therefore sought to deter-
mechanisms of Cd release. mine whether the smaller €& events might also activate
Analysis of the peak Cd signal mass therefore provides these currents and thus play a physiological role in secre-
evidence that the smaller events and the spikes are deriveidn. The average ,, current associated with the secre-
from two separate populations of events. We characterizetbry pole C&" event is shown in Fig. €. No current was
these events further by studying the time courses of thactivated by the basal pole events (data not shown). Al-
Ca" signal. The time course of the €asignal mass for though there is a small current activated in synchrony with

A: Secretory pole Ca* signal B: Basal pole Ca* signal
2 2
o o
N N
2 4 '2 1
FIGURE 6 The average time courses of the?Ca & &
signal during the secretory and basal pole small events, © °
S . . 090 O
measured in signal mass units, are showr iand B » »
(data are shown as mean SEM). Before averaging, % %
the small release events in the basal and secretory pole = -1 . = -1
were aligned to the first significant €a increase 01 0 04 01 0
above noise (indicated on graphs as timé s). The time (seconds) time (seconds)
Ce* signal mass rapidly rises to a peak and then (: Secretory pole whole cell current
decays more slowly back to baseline. The correspond- 0.5
ing mean whole-cell current, simultaneously acquired )
with the secretory pole G4 events, is shown irC. < 0
The basal pole events produced no significant whole- LO-,
cell current. S
£-05
3 ,
"N B A 12 Hz filtered

01 0 01 02 0.3 04
time (seconds)
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the secretory pole G4 events, the small size and low DISCUSSION
frequency of the C& event-induced G current suggest
they would play little role in fluid secretion. A similar
analysis for the C& spikes (restricted to those that showed
no evidence for a spread) demonstrated that tifeé Ggnal
mass rose to a peak and then decayed relatively slowl

compared to thaF/Fo images (Fig. 7). The average \,NhOIE' appears to be a stereotypical unitary*Caignal, which is
cell current spike showed a large response. Interestingly, thﬁot composed from the summation of the smaller events.
peak current amplitude was70-fold greater than that The gata indicate an additional, previously unrecorded,
induced by the small secretory pole Caevents, which complexity to the C&" signals in pancreatic acinar cells.
corresponds to the relative values for the peak'Gsignal The range of the time course, the amplitude, and spatial
mass units. spread of the Cd events we observe are similar to those in
We can use our data to calculate the’Célux required  xenopusand Hela cells. By these previous definitions,
to produce the Ca signals observed. For each event wetherefore, both the smaller €asignals and larger spikes
measured the time-to-peak and the peak'Csignal mass seen in acinar cells are elementary events (Sun et al., 1998;
amplitude, and then calculated the require Caurrent.  Thomas et al., 1998). However, the pattern of Caignal
This analysis gave a mean current of 0.058 pA and meamass distribution found in acinar cells is markedly different
time-to-peak of 71.2 ms for the small €aevent o = 106)  from the single population of elementary events described
and a mean Cd current of 0.399 pA and a mean time-to- in Xenopusocytes and Hela cells. A direct comparison of
peak of 1.19 s for the spikes & 38). our data with those of Sun et al. (1998), possible through the
use of signal mass as a measurement of tig Gagnal, is
informative. The data obtained Xenopushow a decline in
frequency of observing larger events, with onhy3% of
their events above 100 €& signal mass units. This com-
A: Secretory pole Ca™ signal pares to the discrete population-e25% of our total events
that fall above this signal mass. Inasmuch as we observe that

Our data describe a bimodal pattern of spatially discrete
C&" signals in pancreatic acinar cells. This pattern, ob-
served at constant IngRoncentrations, is not consistent

with the smaller signals acting as building blocks for the
Varger spike. The population of larger €aspikes therefore

300 both the small and large €& signals have the same thresh-
old for InsR, activation, we conclude that the larger spike is
200 - /77~ truly a unitary C3* signal.

We do have evidence that the Casignal in some (25%)
of the spikes does spread across the secretory pole. How-
ever, even if we exclude these events from the analysis we
still observe the bimodal distribution of the €asignal
mass (see Fig. 5). On this more macro scale, we have
previously shown that the localized, oscillatory secretory
pole signal induced by IngPshows evidence for multiple
sites of C&" release (Thorn et al., 1996). In further exper-
iments exogenous €& buffers were used to show that
ca* feedback is critical to the generation of these secretory
. pole responses (Kidd et al., 1999). In these experiments we
demonstrated that €4 release from up to three discrete
sites in the secretory pole can be coordinated together to
. form the secretory pole Ga signal. The C&" spikes we
describe in this paper originate from one of these discrete
release sites, and the spreading events are where more than
-100. one site is recruited. It is only using the higher-resolution
2 - 0 1 2 3 imaging techniques in this paper that we have now been
time (seconds) able to resolve the smaller €arelease events.
There are a number of possible mechanisms that might
FIGURE 7 The average time course of the meafi'Gagnal during the give rise to the bimodal behavior we observe. One possi-
secretory pole spikes, measured irf Caignal mass units, is shown & ity js that it is due to a differential distribution of IngP
The solid line follows the mean values and the dotted lines represent the . .
SEM rangeif = 39). A relatively fast rise to a peak is followed by a decay receptors. The small events may arise from a site of a small

back to baseline. The corresponding mean whole-cell current, simultaClUster of InsB receptors, the larger spikes from a larger
neously acquired with the secretory pole spikes, is show®. in cluster. In some cells, such as in Fig. 4, both smallet'Ca

Moles Ca2* (1020

0J

B: Whole cell current
0

current (pA)
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events and the spikes appear to originate from the samef different C&" release mechanisms from two different
region (although this is clearly limited by the resolution of InsP; receptor isoforms.

our microscope). In other cells, such as shown in Fig. 1,

they do not. If both events can arise from the same region of

the cell, the bimodal behavior could be from recruitment ofWe thank F_’rofes_sor Lawrence Lifshitz for his help and ad\_/ice with the
different numbers of InsPreceptors even within the site. computer simulations. The work was started as a collaboration funded by

. " the Human Frontiers in Science Programme between P.T. and Professor
Smaller C&" release events, evoked at low concentrations:eq Fay, and we dedicate this paper to the memory of Fred.

of Insky hal/e been SquesFe_d_ to anse_from a process 0Fhis work was supported by The Wellcome Trust, the Medical Research
lateral C&"-dependent inhibition (Adkins and Taylor, counci (project grant to P.T. and Dr. T. R. Cheek), and The Royal Society
1999). Whereas larger spikes may arise from a process @froject grant to P.T.), the National Science Foundation (Grants DBI-
spreading eXC|tab|||ty dependent on CICR at the En@ 9200027 and DB|-9724611), and the National_ Iqstitute; of Health (RO1
ceptor. However, from our work in acinar cells, both smal 9"ant to Walter Carrington 5RR09799). J.F.K. is in receipt of a Biotech-
. nological and Biological Sciences Research Council Studentship.
events and larger €& spikes were seen at the same IpsP
concentrations, with the same apparent threshold for;InsP
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