
Ever since the classic studies of Palade and colleagues
(Jamieson & Palade, 1971; Tartakoff et al. 1975; Palade,
1975), the pancreatic acinar cell has provided a model for
the synthesis and export of secretory proteins; nevertheless
unlike the mast cell and the chromaffin cell, this cell has not
proved particularly amenable to real-time studies of the
final step in the secretory pathway, exocytosis. We have
sought to remedy this situation by developing a system in
which the exocytosis of individual zymogen granules can be
directly visualized and quantified in intact acinar cells.

In pancreatic acinar cells a variety of digestive enzymes are
packaged in large (•1 ìm diameter) dense-cored secretory
vesicles known as zymogen granules. In response to various
secretagogues, acinar cells release these digestive enzymes
via exocytosis (Palade, 1975) into the lumen of the acinus
which ultimately leads to the pancreatic duct. Studies of
stimulus—secretion coupling in the exocrine pancreas have
largely been carried out by measuring the secretagogue-
induced release of amylase, or other secretory products,
from large populations of cells, a method that has poor
temporal resolution (Pandol et al. 1985; Merritt & Rubin,
1985). A complete understanding of how intracellular

signals are coupled to secretory activity can only be
obtained by determination of both second messengers and
exocytosis with high temporal resolution at the level of the
single cell. Several approaches have been developed in other
secretory tissues to monitor exocytosis in single cells (Neher
& Marty, 1982; Fernandez et al. 1984; Betz & Bewick, 1992),
and recently these approaches have also been applied to
acinar cells (Maruyama, 1988; Maruyama & Petersen, 1994;
Schmid & Schulz, 1996; Giovannucci et al. 1998).

In particular, measurement of membrane capacitance (Cm)
has proved a powerful tool for the study of stimulus—
secretion coupling (Thomas et al. 1990; Augustine & Neher,
1992; Tse et al. 1993; Heidelberger et al. 1994). When
applied to acinar cells this technique has revealed increases
in cell surface area in response to Ca¥-mobilizing agonists
that have been interpreted as zymogen granule exocytosis
(Maruyama, 1988; Maruyama & Petersen, 1994; Giovannucci
et al. 1998). Zymogen granules are approximately the same
size as mast cell granules and, as such, one would expect to
observe clear step-like increases in Cm resulting from the
exocytosis of these granules (see for example Fig. 2 of
Fernandez et al. 1984). Although some step-like events have

Journal of Physiology (2000), 528.2, pp.317—326 317

Real-time studies of zymogen granule exocytosis in intact rat

pancreatic acinar cells

Manuel Campos-Toimil, J. Michael Edwardson and Paul Thomas

Department of Pharmacology, University of Cambridge, Tennis Court Road,
Cambridge CB2 1QJ, UK

(Received 5 May 2000; accepted after revision 23 June 2000)

1. An adequate understanding of secretion requires the measurement of exocytosis on the same
time scale as that used for second messenger dynamics. To investigate the kinetics of ACh-
evoked secretion in pancreatic acinar cells, exocytosis of zymogen granules was quantified by
continuous, time-differential analysis of digital images. The validity of this method was
confirmed by simultaneous fluorescence imaging of quinacrine-loaded zymogen granules.

2. Basal rates of exocytosis were low (0·2 events min¢). ACh stimulated a biphasic increase in
secretory activity, maximal rates exceeding 20 events min¢ after 10 s of ACh application
(10 ìÒ). Over the next 15 s the rate of exocytosis fell to less than 4 events min¢; then began
a second phase of secretion that peaked 15 s later at •11 events min¢, but subsequently
declined in the continued presence of agonist.

3. Measurements of fura_2 fluorescence demonstrated a biphasic increase in intracellular [Ca¥]
([Ca¥]é). Comparison of the [Ca¥]é records and time-differential analysis revealed that the
fall in exocytotic rate following the initial burst occurred despite the fact that [Ca¥]é
remained high.

4. The second phase of secretion depended on both [Ca¥]é and [ACh]. At 10 ìÒ ACh there was
a decrease in the steepness of the relationship between [Ca¥]é and exocytosis that led to an
enhancement of the slow secretory phase.

5. We propose that acinar cells contain two pools of secretory vesicles: a small pool of granules
that is exocytosed rapidly, but is quickly depleted; and a reserve pool of granules that can be
recruited by ACh in a process that is modulated by second messengers other than calcium.

11085

Keywords:



been observed (Schmid & Schulz, 1996; Giovannucci et al.
1998; Thomas, 1998), most recordings from acinar cells are
largely devoid of such events (see for example Fig. 5 of
Maruyama & Petersen, 1994). It has been argued that the
lack of step-like events is due to simultaneous exocytotic
and endocytotic activity (Giovannucci et al. 1998). In
support of this hypothesis, independent measurements of
secretory activity using the fluorescent dye FM1_43 (Betz et
al. 1996) revealed that much more membrane was inserted
into the cell surface than was suggested by the increase in
Cm (Giovannucci et al. 1998). Nevertheless, an alternative
interpretation is that most of the increase in Cm is due, not
to zymogen granule exocytosis, but to the exocytosis of
another population of much smaller vesicles (Thomas, 1998).
Although measuring the true extent of secretory activity,
studies using FM1_43 (just like measurements of Cm),
cannot distinguish between different, parallel secretory
pathways occurring within the same cell (Ninomiya et al.
1997; Kasai, 1999). An additional problem with Cm
measurements is that soluble proteins in the cell escape from
the cytosol into the recording electrode, a circumstance that
may compromise stimulus—secretion coupling (Burgoyne,
1995; Seward & Nowycky, 1996). To circumvent such
ambiguities, we have used a different approach to obtain
real-time quantification of zymogen granule exocytosis in
intact acinar cells.

The technique we have used has been pioneered by
Terakawa and colleagues (Terakawa et al. 1991; Kamijo et
al. 1993) and relies upon the change in optical properties of
individual dense-cored vesicles that occurs when the
contents of a granule are lost from the lumen during
exocytosis. The original methodology used differential
interference contrast (DIC) optics; however, we have found
that standard brightfield optics are adequate for visualizing
the exocytosis of the large zymogen granules of acinar cells.
We have used this technique to investigate the relationship
between [Ca¥]é and zymogen granule exocytosis, and in
particular, to explore the kinetics of release in response to
various concentrations of acetylcholine (ACh).

METHODS

Materials

Five- to seven-week-old male Wistar rats (175—225 g) were
obtained from the departmental breeding colony. Collagenase type
IA, bovine serum albumin fraction V (BSA), soya bean trypsin
inhibitor (SBTI), basal medium Eagle’s (BME) amino acids, ACh,
polyethyleneimine, quinacrine hydrochloride, DMSO, pluronic
F_127 and atropine were from Sigma (Poole, UK). Fura_2
acetoxymethyl ester (AM) and potassium salt were from Molecular
Probes (Eugene, OR, USA). All general chemicals were from Sigma;
where possible, only cell-culture-tested chemicals were used.

Acinar cell preparation

Acinar cells were obtained by a modification of the procedure of
Rogers et al. (1988). Essentially, the pancreas was removed from
rats that had been killed by inhalation of COµ. Incubation medium
(IM) containing 200 U ml¢ of collagenase type IA (5 ml) was

injected into the excised gland. The IM consisted of 120 mÒ NaCl,
5 mÒ KCl, 2 mÒ CaClµ, 1 mÒ MgClµ, 1 mÒ NaHµPO×, 1 mÒ
NaHCO×, 11 mÒ glucose, 4 mÒ ª_myo-inositol, 2 mÒ glutamine,
2% (vÏv) BME amino acids, 25 mÒ Hepes—NaOH, pH 7·2 plus
0·5 mg ml¢ BSA and 0·5 mg ml¢ SBTI. The injected pancreas was
then incubated with shaking for 10 min at 37°C. After incubation
the collagenase solution was decanted and the pancreas rinsed
twice with IM. The gland was then gently triturated in 5 ml of IM
using three plastic Pasteur pipettes of gradually diminishing
diameters. After filtering through 200 ìm mesh nylon gauze, the
dissociated tissue was layered onto two 5 ml cushions of 4% BSA
(in IM) and centrifuged at 150 g for 3 min. The supernatants were
carefully removed and the cell pellets washed twice with 5 ml each
of IM (and recovered by centrifugation (150 g for 3 min)) before
final resuspension in 8—14 ml of IM.

Measurement of exocytosis

Isolated acinar cells were plated on modified, glass-bottomed Petri
dishes (Thomas et al. 1996) that had been pre-treated with 0·1%
polyethyleneimine (in 150 mÒ sodium borate, pH. 8·4). Cells were
allowed to attach (at room temperature) for 30 min before use.
Dishes were rinsed twice with IM, and then either used for
experimentation or kept on ice until needed. Experiments were
carried out at 37 ± 2 °C using a heated stage (Medical Systems,
Greenvale, NY, USA) mounted on a Nikon Diaphot 200
microscope. Various concentrations of ACh were applied to the cells
from glass micropipettes (2—5 ìm diameter) placed 30—50 ìm from
the cells using a PicoSpritzer II (General Valve Corp., Fairfield, NJ,
USA). To avoid movement artefacts, very low pressure ejection
(typically •1 p.s. i.) was used and only cells firmly attached to the
dish were analysed. Cells were observed using a ²60, 1·4 NA,
planapochromat objective lens and the image projected onto a CCD
camera (Hamamatsu C4880-80-24 operating in fast mode, i.e.
12 bits) using a ²2·5 projection lens (i.e. final magnification, ²150).
Images (40 ms exposure) were captured every 1·25 s using AQM
software (Kinetic Imaging, Liverpool, UK). Continuous time-
differential analysis was carried out as described by Terakawa and
colleagues (Terakawa et al. 1991) using Lucida software (Kinetic
Imaging).

In some experiments, acinar cells were pre-incubated with 3 ìÒ
quinacrine hydrochloride for 10 min at 37°C. Quinacrine
fluorescence was excited using 440 nm light from a fast-scanning
monochromator using a 12 nm bandpass and set to approximately
40% of its maximum intensity (Kinetic Imaging). The
monochromator was coupled to the microscope using a two-port
epifluorescence adapter (T.I.L.L. Photonics, Planegg, Germany)
containing a neutral density filter that reflected 50% of the light to
the sample. Excitation light was reflected off a 495 nm dichroic
mirror and emitted fluorescence collected through a 500 nm long-
pass filter (both from Chroma Technologies, Brattleboro, VT, USA).
Pairs of brightfield (100 ms exposure) and fluorescence (500 ms
exposure) images were obtained every 2·5 s. Alternate brightfield
and fluorescence excitation was achieved by using two high-speed
shutters: a VS14 Uniblitz shutter (Vincent Associates, Rochester,
NY, USA) in the brightfield illumination path and an 846HP
electronic shutter (Newport, Irvine, CA, USA) in the
monochromator illumination path. The diameter of quinacrine-
loaded granules was also estimated in these experiments. Only
those granules undergoing exocytosis (fluorescent spots whose
sudden disappearance occurred within two successive frames)
were used for these estimates. The diameter was measured (in
pixels) along either the horizontal or vertical axis (whichever was
the longer). Pixel values were then converted to micrometres by
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multiplying by 0·165 (effective pixel size, (9·9 ìm ² 9·9 ìm)Ïmag-
nification; note: in these experiments the ²2·5 projection lens was
omitted, and so magnification = ²60).

Measurement of intracellular calcium

For measurement of [Ca¥]é, cells were loaded with 2·5 ìÒ
fura_2 AM (0·005% pluronic F_127, 0·1% DMSO) for 25 min at
37°C, and then washed free of extracellular dye. Pairs of
fluorescence images at 340 nm (700 ms exposure) and 380 nm
(500 ms exposure) were obtained every 2 s on the same microscope
as described above, except using a ²40, 1·3 NA, CF Fluor objective
lens (i.e. final magnification, ²100). Excitation light from the
monochromator was reflected off a 400 nm dichroic mirror (Chroma
Technologies) and emitted fluorescence was collected through a
500 nm emission filter (70 nm bandpass; Comar, Cambridge, UK).
Calibration of the fura_2 signal was carried out using solutions of
known [Ca¥] in 20 ìm thick microslides (VitroCom Inc., Mountain
Lakes, NJ, USA) as described by Thomas et al. (1996).

Except where otherwise stated, all values shown are means ± s.e.m.

RESULTS

Acetylcholine-evoked morphological changes

ACh (10 ìÒ) stimulated morphological alterations in the
apical domain of pancreatic acinar cells (Fig. 1). Such
changes were immediately apparent when viewed in movie
form (especially when viewed at faster than normal speed),
but are less striking in still representations (compare
Fig. 1E with Fig. 1D). Nevertheless if a difference image is

formed by subtraction of one frame from its predecessor (see
Fig. 1F), the changes in the apical region become apparent
as bright and dark spots (arrows). In previous studies on
other cell types, these spots have been interpreted as sites of
exocytotic events; the spots appearing either bright or dark
depending upon the position of the secretory granule in the
focal plane of the objective lens (Segawa et al. 1991;
Terakawa et al. 1991; Kamijo et al. 1993).

In our experiments, these spots were rarely seen in cells
prior to ACh application (see Fig. 1C which results from
subtraction of Fig. 1B from 1A; 0·2 ± 0·03 spots min¢
cell¢; n = 142). The fact that the spots were limited to the
apical pole of the acinar cells and that the appearance of the
ACh-evoked spots was completely inhibited by atropine
(n = 12; 5 ìÒ atropine applied ü10 min before stimulation
with 10 ìÒ ACh) suggests that these events correspond to
sites of zymogen granule exocytosis.

To confirm that the spots observed in the time-differential
analysis reflect exocytotic activity, we carried out
experiments in which we labelled zymogen granules with
the fluorescent marker quinacrine. Quinacrine is a weak
base that accumulates in acidic compartments such as
secretory vesicles (Chiavaroli et al. 1991; Titievsky et al.
1996), and has previously been used to validate the
measurement of exocytosis using either complex impedance
analysis (Breckenridge & Almers, 1987; Zimmerberg et al.
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Figure 1. Continuous, time-differential analysis of ACh-evoked changes in acinar cell

morphology

Brightfield images of an acinus consisting of three cells are shown before (A and B) and during (D and E)
treatment with 10 ìÒ ACh. Subtraction of one frame from its predecessor (A − B or D − E) creates a time-
differential image (C or F, respectively). Three exocytotic events are clearly visible in F (arrows); arrows
in E indicate the regions where these exocytotic events occurred.



1987) or voltammetry (Tatham et al. 1991). In acinar cells
incubated with quinacrine the apical pole of the cells became
brightly fluorescent (Fig. 2B). By carefully adjusting the
contrast of the image, individual fluorescent spots can be
clearly delineated (Fig. 2C, circled); such spots measured
1·0 ± 0·10 ìm in diameter (range, 0·50—2·48 ìm; n = 79)
which, considering the limited axial resolution of wide-field
fluorescence microscopy (Agard et al. 1989), is in reasonable
agreement with estimates of the diameter of zymogen
granules obtained in electron microscopic studies (diameter
•0·7 ìm, Ermak & Rothman, 1981, 1986; Aughsteen et al.
1996). On stimulation with 10 ìÒ ACh several of these
fluorescent spots disappeared (compare circled region in
Fig. 2D with that in Fig. 2C). At the same time, and in the
same location, spots appeared in the time-differential image
(see circled region in Fig. 2E). Disappearance of a
fluorescent spot was almost always accompanied, in time
and space, by the simultaneous appearance of a spot in the
time-differential image; of 79 ‘quinacrine events’ observed,
76 (96%) were accompanied by a spot in the appropriate
time-differential image. This close correspondence clearly
demonstrates that the continuous time-differential analysis

provides a direct read-out of zymogen granule exocytosis
that can be readily quantified (see below).

Quantification of zymogen granule exocytosis

To determine the time course of exocytotic activity in
response to ACh, we counted the number of exocytotic
events occurring in 10 s bins throughout a 10 min period, in
the course of which we made a 6 min application of 10 ìÒ
ACh (see Fig. 3A). The time course shows very low levels of
exocytosis before ACh addition (0·3 ± 0·05 events min¢
cell¢, n = 50) followed by a burst of activity within 20 s of
agonist application (peak rate, 12·2 ± 3·68 events min¢
cell¢; n = 50). This high rate of activity soon subsided to a
much lower level, albeit still significantly higher than
baseline (1·8 ± 0·30 events min¢ cell¢ measured over a 60 s
period beginning 4 min after the start of ACh application;
n = 50; P < 0·05, pairwise comparison by Student’s t test).

In parallel experiments, examination of the [Ca¥]é
responses of cells (from the same preparations) revealed a
similar time course to that observed for exocytosis (Fig. 3B);
an initial peak followed by a plateau phase. To examine the
relationship more closely the two time courses are
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Figure 2. ACh-evoked loss of quinacrine fluorescence

A three-cell acinus loaded with quinacrine before (A and B) and during (C—E) treatment with 10 ìÒ ACh.
A, brightfield image at the start of the recording. B, fluorescence image taken at the same time. The
continuous white line shows the outline of the acinus made by tracing around the image shown in A. C and
D, consecutive fluorescence images captured during application of ACh (note: the image contrast has been
adjusted compared with B to allow identification of individual granules, one of which is circled in C).
E shows the time-differential image formed by subtraction of the brightfield equivalent of D from the
brightfield equivalent of C, exocytosis of a quinacrine-loaded zymogen granule is circled (C—E).



superimposed in Fig. 3C. One thing is apparent from this
comparison: that the rate of exocytosis following the peak
falls significantly despite the fact that [Ca¥]é remains
elevated. This observation is more clearly seen in Fig. 3D
where we have reanalysed the data with higher temporal
resolution (2·5 s bins) and expanded the portion of the
recordings around the start of the ACh application. (Note:
analysis at 2 times the sampling frequency gave optimal
results; when rates were estimated frame-by-frame the
results were too noisy for meaningful interpretation.) This
analysis reveals that the burst of exocytosis begins soon after
the rise in [Ca¥]é. At its peak, this burst of activity reached
20·6 ± 4·14 events min¢, but then the rate of exocytosis fell
precipitously even though [Ca¥]é was still high (> 250 nÒ);
the rate of secretion decreasing to 3·4 ± 1·4 min¢ after 25 s
of treatment. However, secretory activity then recovered
slightly to reach a secondary peak (11·3 ± 3·22 events min¢)
about 40 s after the start of ACh application.

Dose response to acetylcholine

Figure 4A reveals the [Ca¥]é responses evoked by different
concentrations of ACh. The lowest dose of ACh that we
used, 10 nÒ, elicited no measurable response, whereas
50 nÒ gave a small monophasic increase in [Ca¥]é. At
higher doses (250 nÒ, 1 ìÒ and 10 ìÒ) ACh gave rise to
very similar responses with a well-defined peak that was of
similar magnitude with each concentration of ACh. The
subsequent plateau phase however, was more varied.
Curiously with increasing ACh concentrations (ü 250 nÒ),
the height of the [Ca¥]é plateau appeared to decrease. In
contrast, the slower phase of secretion that we observed
above appeared to be much greater with 10 ìÒ than with
250 nÒ or 1 ìÒ ACh. Examination of Fig. 4B shows that
the burst of exocytosis, just like the initial peak in [Ca¥]é,
was very similar for [ACh] ü 250 nÒ; however, the rate of
zymogen granule exocytosis at later times was higher with
10 ìÒ ACh than with 250 nÒ or 1 ìÒ. This is more clearly
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Figure 3. Time course of ACh-stimulated changes in [Ca¥]é and zymogen granule exocytosis

A, changes in the rate of exocytosis (measured every 1·25 s and analysed in 10 s bins) evoked by a 6 min
application (horizontal bar) of 10 ìÒ ACh; points represent the mean ± s.e.m. determined in 50 cells.
B, changes in [Ca¥]é elicited by a 6 min application (horizontal bar) of 10 ìÒ ACh; points represent the
mean ± s.e.m. determined in 19 cells. C, traces from A and B superimposed (thick continuous trace,
[Ca¥]é; 1, exocytosis), error bars omitted for clarity. D, as in C except the rate of exocytosis is analysed in
2·5 s bins and error bars are shown. Arrows in C and D indicate the start of the ACh application.



seen in the integral of the time courses, i.e. the cumulative
secretory response, shown in Fig. 4C. The integral (Fig. 4C)
also shows the remarkable similarity between the exocytotic
responses obtained with 250 nÒ and 1 ìÒ ACh.

The reason for the apparent discrepancy between the [Ca¥]é
signal and the later phase of secretion at higher doses of
ACh was examined by plotting the rate of exocytosis
measured in a 5 min period starting 40 s after the start of
the ACh application versus the [Ca¥]é measured at the same
time in the parallel experiments (Fig. 5). It is apparent from
this analysis that even though the rate of exocytosis in the
later phase of secretion was dependent upon [Ca¥]é, it was
also dramatically affected by the agonist concentration. To

make quantitative comparisons we fitted all the data to the
Hill equation:

aCa
b

E = m + ––––, (1)
k
b

+ Ca
b

where E is the rate of exocytosis; m, minimum rate; a,
maximum rate − m; b, Hill coefficient; Ca, [Ca¥]é; and k,
EC50 for [Ca¥]é.

To obtain estimates of the EC50 and Hill coefficient for each
dose of ACh, we assumed that m was equal to the basal rates
that we measured in the absence of agonist (0·2 events min¢)
and that a was equal to the highest rates we measured
during the exocytotic burst (20 events min¢) − m
(0·2 min¢), i.e. 19·8 min¢. Comparisons of the data
obtained with 250 nÒ ACh to that obtained with either
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Figure 4. ACh dose dependency of [Ca¥]é and

exocytosis in acinar cells

A, changes in [Ca¥]é in acinar cells treated with various
concentrations of ACh for 6 min: 10 nÒ, n = 19; 50 nÒ,
n = 27; 250 nÒ, n = 17; 1 ìÒ, n = 26; and 10 ìÒ, n = 19.
B, changes in the rate of exocytosis in acinar cells treated
with various concentrations of ACh for 6 min: 10 nÒ, n = 8;
50 nÒ, n = 22; 250 nÒ, n = 24; 1 ìÒ, n = 33; and 10 ìÒ,
n = 50. C, cumulative secretory response (i.e. the time
integral of the exocytotic responses shown in B). The period
of ACh application is indicated by the horizontal bars in A
and B. The arrow in C indicates the start of ACh application.

Figure 5. [Ca¥]é dependency of the slow phase of

secretion

A, plots of the data in Fig. 4B vs. the data in Fig. 4A for ACh
concentrations of 250 nÒ (9) and 1 ìÒ (6). B, plots of the
data in Fig. 4B vs. the data in Fig. 4A for ACh concentrations
of 250 nÒ (9) and 10 ìÒ (0). Pairs of data points, between
40 and 340 s after the start of ACh application, were ranked
in order of [Ca¥] and then divided into bins of three samples
each; points represent the mean ± s.e.m. (vertical error bars)
or ± s.d. (horizontal error bars). The continuous lines are
least-squares fits to eqn (1) with m = 0·2 min¢;
a = 19·8 min¢; b = 2·95 (250 nÒ) or 2·36 (1 ìÒ) or 1·52
(10 ìÒ), and k = 371 nÒ (250 nÒ) or 370 nÒ (1 ìÒ) or
393 nÒ (10 ìÒ); r Â = 0·90 (250 nÒ), 0·95 (1 ìÒ) and 0·97
(10 ìÒ).



1 ìÒ (Fig. 5A) or 10 ìÒ (Fig. 5B) show no differences in the
EC50 of the slow phase for [Ca¥]é (250 nÒ ACh, 371 nÒ;
1 ìÒ ACh, 370 nÒ; 10 ìÒ ACh, 393 nÒ), and yet,
cumulative exocytosis is clearly greater with 10 ìÒ ACh
than with the other two doses (see Fig. 4C). It would seem
that 10 ìÒ ACh has effects other than an increase in Ca¥
sensitivity. One potential explanation of the enhanced
secretory response with 10 ìÒ ACh suggested by this
analysis is that the steepness of the relationship between the
exocytotic rate and [Ca¥]é is markedly reduced at the higher
[ACh], the Hill coefficient being decreased from 2·95 at
250 nÒ ACh to 1·52 at 10 ìÒ ACh (2·36 at 1 ìÒ ACh).

DISCUSSION

Previous studies of pancreatic acini have proposed that the
secretory response to Ca¥-mobilizing agonists is divided
into two phases: an early phase that correlates well with the
increase in [Ca¥]é during the first 5 min of treatment;
followed by a slower sustained phase of secretion that
continues as long as agonist is applied (15—30 min) even
though [Ca¥]é has returned to baseline levels (Pandol et al.
1985). We have now investigated this initial, Ca¥-
dependent phase of secretion using a technique with much
better temporal resolution than used in previous studies.
Our results clearly show that the early phase can itself be
subdivided into an initial exocytotic burst followed by a
slower phase that is dependent both on [Ca¥]é and agonist
concentration.

Quantitative comparisons of our work with previous studies
using amylase release assays are difficult. Nevertheless,
morphometric analysis of rat pancreatic acinar cells has
suggested that the average cell in a fasted rat contains 343
zymogen granules (Aughsteen et al. 1996). On feeding, the
number of zymogen granules decreases by about 35%
(Ermak & Rothman, 1981); so in the fed rats that we have
used, one would expect an average cell to contain •220
granules. Thus, after 6 min of treatment with 10 ìÒ ACh the
exocytosis of 21 granules (see Fig. 4C) would constitute
almost 10% of the total granule pool, this amount is in very
good agreement with amylase release studies using rat
pancreatic acini; for example, Fig. 1 of Halenda & Rubin
(1982) shows release of •11% of cellular amylase in 6 min of
treatment with 10 ìÒ carbachol. Furthermore in the present
study, the five granules (see Fig. 4C) exocytosed in the initial
burst would be equivalent to •2% of the granule pool.

Studies on permeabilized acini have also revealed a biphasic
secretory response (Padfield & Panesar, 1997, 1998). In
these studies an initial Ca¥-stimulated, MgATP-
independent phase of amylase secretion was complete at the
earliest time studied, 2·5 min, and was then followed by a
second phase of release that was dependent upon the
presence of MgATP. In the study of Padfield & Panesar
(1997) the ‘primed’ granules, i.e. those secreted in the
absence of MgATP, released •5% of the total amylase
content of the cell. From the comparison above, this would

suggest that primed granules represent about half of the
secretory response we measured in 6 min of treatment
with 10 ìÒ ACh. However, it is clear that the proportion
of primed granules declines with time after
permeabilization (Padfield & Panesar, 1997), and so we
cannot rule out the possibility that in intact acinar cells
the secretory response we have measured is due solely to
the exocytosis of primed zymogen granules.

Considering that the exocytotic burst we measured
represents the exocytosis of 2% of the total granule pool,
our results imply that < 50% of the primed zymogen
granules are exocytosed during the exocytotic burst, and
that this sub-population of granules is more ready for
release than the rest of the primed pool. This observation is
similar to those made on neuroendocrine cells which have
also suggested that primed secretory vesicles are found in
various states of readiness for release (Thomas et al. 1993;
Heinemann et al. 1994). Indeed, in both melanotrophs and
chromaffin cells the release-ready pool of secretory vesicles
constitutes only about 10% of the primed vesicles (Thomas
et al. 1993; Parsons et al. 1995). Despite these similarities,
the exocytotic burst in acinar cells probably does not
represent truly ‘release-ready’ granules. Acinar cells secrete
much more slowly than neuroendocrine cells, for example,
rates of agonist-evoked secretion in gonadotrophs (Thomas
& Waring, 1997) and chromaffin cells (Augustine & Neher,
1992; Mollard et al. 1995), even at room temperature, can
exceed 25 vesicles s¢; such rates are more than 70-fold
faster than the highest rates measured in this study at
37°C. It is likely that even the zymogen granules
exocytosed during the exocytotic burst must undergo
further modifications after the rise in [Ca¥]é before finally
being exocytosed.

Exocytosis of this small population of granules is followed
by a second, slower phase of secretion, the extent of which
varies according to the concentration of ACh used. The rate
of secretion at times after 30 s of treatment is clearly
dependent upon the [Ca¥]é (see Fig. 4A and B); however, it
appears that the steepness of this relationship changes
according to the agonist concentration. Comparing 1 ìÒ
ACh to 250 nÒ, the change is quite small (Hill coefficient,
2·4 vs. 3·0), but at 10 ìÒ there is an approximately 2-fold
reduction in steepness (Hill coefficient, 1·5). This has the
effect of increasing the amount of exocytosis at [Ca¥]é levels
below the EC50 value, but decreasing the response at higher
[Ca¥]é. At the low [Ca¥]é levels during the plateau phase of
the response, it is the former effect that has most influence
on the slow secretory activity. Over the time period studied,
the small effect on the steepness of the Ca¥ dependency of
exocytosis observed at 1 ìÒ ACh is just sufficient to
maintain the slow phase of secretion at the same levels
obtained at lower [ACh], i.e. 250 nÒ; however, the larger
effect seen with 10 ìÒ ACh clearly leads to an enhancement
of the second phase of secretion (see Fig. 4C). The similarity
of the secretory response obtained with 1 ìÒ and 250 nÒ
ACh seems contradictory in the light of the response with
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10 ìÒ. Previous studies of amylase release would suggest
that the response with 1 ìÒ ACh would be intermediate
between 250 nÒ and 10 ìÒ ACh (Merritt & Rubin, 1985).
However, determination of the dose dependency of amylase
release has generally been carried out using longer periods
of incubation (ü 15 min) than we have used. It is possible
that when agonist application is continued for longer than
6 min, [Ca¥]é falls to pre-stimulus levels and secretion then
enters a phase essentially independent of [Ca¥]é (Pandol et
al. 1985) during which secretion at 1 ìÒ ACh might exceed
that obtained at 250 nÒ.

Which second messenger pathways contribute to the second
phase of release will be the focus of future studies, but this
phase may involve changes in the actin cytoskeleton
(Muallem et al. 1995; Valentijn et al. 1999) brought about by
the diacylglycerol-mediated activation of protein kinase C
(PKC). PKC may act directly on the cytoskeleton (Vitale et
al. 1995) or indirectly via activation of the p38 mitogen-
activated protein kinase pathway (Sch�afer et al. 1998).
Alternatively, the enhancement of the slow secretory phase
observed with higher doses of ACh might reflect the agonist-
dependent activation of a GTP-binding protein such as rab3
(Jena et al. 1994) or GqÏ11 (Ohnishi et al. 1997).

As discussed above, there is good quantitative agreement
between our results and biochemical measurements of
amylase release (Halenda & Rubin, 1982; Padfield &
Panesar, 1997); nevertheless, there seem to be some
discrepancies compared with the results of Giovannucci et
al. (1998) who monitored secretion either electro-
physiologically (Cm measurements) or optically (with
FM1_43). These workers calculated that in their
experiments •50 zymogen granules were exocytosed in a
90 s period following treatment with 10 ìÒ carbachol
(5 times more than we have observed in the first 90 s of ACh
application). However, their Cm traces were noticeably free
of the ‘steps’ one would expect to see on exocytosis of large
zymogen granules (see Introduction). They argued that this
was due to concomitant endocytotic activity, and by using
FM1_43 measurements they demonstrated that much more
exocytotic activity had occurred than was apparent from
the Cm recordings. Additionally, they observed many more
steps in the Cm recordings when endocytosis was inhibited
by including GTP-ã-S in the recording electrode.
Nonetheless, examination of Fig. 1B of Giovannucci et al.
(1998) shows only six steps during a 30 s application of
carbachol (in the presence of intracellular GTP-ã-S) together
with three further steps after agonist application had
ceased. And yet, the Cm increased by over 1000 fF in the
same period; considering the mean granule Cm of 22 fF in
this study, nine granules would only increase the cellular Cm
by 198 fF. Likewise, Fig. 1C shows only 21 steps detected
in two cells treated with carbachol (+ GTP-ã-S),
presumably in a 90 s period. Thus the frequency of step-like

events observed by Giovannucci et al. (10·5 steps in 90 s), is
very similar to the frequency of exocytotic events that we
have measured by continuous, time-differential analysis
(11 events in the first 90 s of treatment). We would argue,
therefore, that the steps observed by Giovannucci and
colleagues are a good measure of zymogen granule
exocytosis, and that the major component of secretion
measured as a ‘smooth’ increase in Cm (see also Maruyama
(1988) and Maruyama & Petersen (1994)), or with FM1_43,
is not due to zymogen granule exocytosis, but reflects the
activity of a parallel secretory pathway (Ninomiya et al.
1997; Kasai, 1999) involving an, as-yet, uncharacterized
population of smaller vesicles (Thomas, 1998).

In conclusion, we propose that secretion in acinar cells
consists of three phases. First, an initial exocytotic burst
that involves, on average, five granules in each acinar cell (or
•2% of the total granule pool). Second, an intermediate
phase that is dependent on both [Ca¥]é and other second
messenger pathways, and contributes approximately three
times the number of granules exocytosed in the initial burst.
Third, a phase of release, which we have not studied here,
but which occurs on prolonged stimulation (> 5 min), and
which may be Ca¥ independent and PKC dependent
(Pandol et al. 1985; Muallem et al. 1995).
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