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SUMMARY

1. In single, enzymatically dissociated, rat pancreatic acinar cells both ACh
stimulation and IP3 (inositol 1,4,5-trisphosphate) injection can evoke Ca+-
dependent transient current responses. However, exogenously applied IP3 (10,IM)
gradually loses its ability to induce the Ca2+-dependent response (an increase in
[Ca2+]i) during cell incubation with a saline solution.

2. Administration of IP4 (inositol 1 ,3,4,5-tetrakisphosphate, 10 /tM) together with
the 1P3 (the injection of 1P3--1P4 mixture) allows partial recovery of the response,
but not full replication of the response induced by ACh (0-2 /IM). Injection of 'P4
alone never induces the current response.

3. The sensitivity of 1P3 recovers after short-term administration of ACh (0 2 ,tM),
and in turn, the ACh-induced response is augmented by the presence of internal IP3.
These results suggest that a synergism between IP3 and another ACh-induced
substance plays an important role in muscarinic Ca2+ signalling.

4. ACh-induced responses are inhibited by pre-incubation (10 min) with an
activator of protein kinase C, TPA (12-O-tetradecanoylphorbol-13-acetate, 16 nM),
or augmented by pre-incubation (10 min) with an inhibitor, H-7 (1-(5-isoquinoline-
sulphonyl)-2-methylpiperazine, 10 /tM), whilst IP3-induced responses are unaffected
by that with both agents. These results indicate that protein kinase C acts negatively
on the signalling elements prior to the formation of IP3.

5. The oscillatory responses, induced by cell dialysis with a nominally Ca2+-free
(ca 1-10 /tM) solution containing GTPyS (100 aM), are unaffected by the pre-treat-
ment with TPA or H-7. In addition, these responses and/or those triggered by short-
term stimulation with ACh and internal GTPyS are not influenced by external ACh.
On the other hand, the oscillatory responses recorded in acinar cells pre-treated with
H-7 are tightly controlled by external ACh.

6. Taken together these results suggest that activation of protein kinase C does
not affect the activity of GTP-binding protein, but disconnects the link between the
muscarinic ACh receptor and GTP-binding protein, or inhibits ACh binding to the
receptor, in rat pancreatic acinar cells.
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INTRODUCTION

Activation of muscarinic acetylcholine (ACh) receptors leads to generation of two
cellular messengers, inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DG). The
former releases Ca2+ from the intracellular storage site (reviewed by Berridge &
Irvine, 1984), while the latter activates protein kinase C (PkC; reviewed by
Nishizuka, 1984). Both of these messengers are the products of phosphatydylinositol
4,5-bisphosphate cleavage by phospholipase C (PLC) under the regulation of a type
of guanine nucleotide-binding protein (G protein) which couples the receptor to PLC
(reviewed by Putney, 1987). There is compelling evidence demonstrating that these
signalling elements are involved in ACh receptor stimulation in the acinar cells of
exocrine pancreas (Streb, Heslop, Irvine, Schulz & Berridge, 1985; Merritt, Taylor,
Rubin & Putney, 1986 a; Maruyama, 1988). The present paper describes some details
of interacting mechanisms amongst the signalling elements in ACh-stimulated rat
pancreatic acinar cells. Some of these elements are modified by known activators or
inhibitors such as guanosine 5'-[y-thio]triphosphate (GTPyS, an activator of
G protein), 12-0-tetradecanoylphorbol- 13-acetate (TPA, an activator of PkC;
Nishizuka, 1984), 1-(5-isoquinolinesulphonyl)-2-methylpiperazine (H-7, an inhibitor
of PkC; Kawamoto & Hidaka, 1984), IP3 (an inducer of internal Ca2+; Streb, Irvine,
Berridge & Schulz, 1984).

Recent evidence suggests that not only lP3 but also 1P4 is involved in mediating
the rise in [Ca2+]i in a variety of cells (sea urchin eggs: Irvine & Moor, 1986;
neuroblastoma cells: Higashida & Brown, 1986; vascular smooth muscle cells: Ohya,
Terada, Yamaguchi, Inoue, Okabe, Kitamura, Hirata & Kuriyama, 1988) including
exocrine gland acinar cells (lacrimal gland: Morris, Gallacher, Irvine & Petersen,
1987). The question arises whether these inositol phosphates are also effective in
pancreatic acinar cells and whether they can replicate ACh-induced increase in
[Ca21],. This point will be dealt with in the first part of the present paper, in which
the patch-clamp whole-cell technique is used to inject inositol phosphates (IP3 and
IP4) into the cells and monitor Ca2+-dependent membrane currents.
The action of PkC on the muscarinic ACh receptor signalling seems not to be

generally present amongst exocrine gland acinar cells. Recently Gray (1988) has
shown, using Fura-2 to measure [Ca2+], in single parotid acinar cells, that phorbol
esters do not affect the response induced by carbachol. On the other hand, in single
lacrimal gland acinar cells, Llano & Marty (1987) have shown, using the patch-clamp
whole-cell technique, that phorbol esters abolish the response to ACh, and they
suggest that PkC phosphorylates the G protein or PLC, disconnecting the signal
transduction between them, thus exerting an inhibitory action on the ACh-evoked
Ca2+ mobilization. In contrast, the evidence described in the present paper indicates
that PkC uncouples the ACh receptor-G protein link (presumably phosphorylating
the surface receptor) in single pancreatic acinar cells. This point will be described in
the second part of the paper.

METHODS

The experimental procedures were similar to those described previously (Maruyama, 1988).
Briefly, male Sprague-Dawley rats (150-200 g) were stunned and killed by cervical dislocation.
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Single acinar cells were freshly isolated from the pancreas using serial treatment with enzymes, and
stored in normal experimental solution at room temperature. Tight-seal whole-cell current
recordings were carried out at room temperature (22 °C) on cells immersed in external solution
containing (in mM): NaCl, 140; KCl, 4-7; MgCl2, 113; CaCl2, 25; HEPES-NaOH buffer, 5 (pH 7 2).
Unless otherwise indicated, the pipette solution contained (in mM): potassium glutamate, 145;
MgCl2, 1-13; EGTA-KOH, 0 07; HEPES-NaOH buffer, 5 (pH 7 2). The EGTA concentration in this
solution was chosen to maintain [Ca2+]i at a low level (- 10 nM) in resting cells, while allowing
[Ca2+]1 to increase during agonist stimulation (0-2 uM-ACh; 1P3 injection). The cell response to these
agonists was abolished by dialysing the cell with pipette solution containing a high dose of EGTA
(1 mM). For the cell stimulation, ACh (0-2 #M) dissolved in the external solution was delivered from
a nearby pipette (ACh application pipette; positioned within 10 ,um of the cell) to the cell using
weak continuous positive pressure, or in other experiments (protocols relating to Figs 1 and 2) the
cell-pipette assembly was rapidly exposed to the external solution containing ACh (0-2 IsM) using
a manipulating device (see, Fig. 1B; ACh jump).

Pancreatic acinar cells from rats possesses two types of Ca2+-dependent ion channels (Maruyama,
1988). One is selective for monovalent cations (Na+ and K+; Maruyama & Petersen, 1982) and the
other for Cl- (Randriamampita, Chanson & Trautmann, 1988), and both are poorly dependent on
membrane potential between -60 and 60 mV. Increases and decreases in [Ca2+]i should thus be
reflected by the activity of these channels, and in turn, the channel activities (membrane current)
can be used as a biological probe for monitoring [Ca2+]1. The holding potential in the whole-cell
current measurement was set at 40 mV throughout the present experiments, at which setting the
resultant agonist-induced current was outward under the ion gradients present across the
membrane. Applying the Ca2+ ionophore A23187 (0-1 /M) induced sustained current responses,
indicating that ion channels were not inactivated when [Ca2+]i was maintained at a high level,
presumably of the order of 10-6 M (Maruyama, 1988).

Cell responses to intracellular injection of 1P3 gradually diminished when cell incubation with the
external solution was prolonged (the details will be described in Results). In contrast, the ACh-
induced response was intact after up to 5 h incubation, but most of the experiments with ACh
stimulation were carried out within 1 h of cell dispersion.

Materials
Acetylcholine-chloride (ACh) was obtained from Sigma (St Louis, MO, USA). GTPyS and

A23187 were purchased from Boehringer. H-7 was purchased from Seikagaku Kogyo (Tokyo). D-
myo-inositol 1,4,5-trisphosphate ('P3) was purchased from Sigma (prepared by alkaline hydrolysis
of bovine brain phosphoinositides, purity approximately 98%). Synthetic D-myo-inositol 1,3,4,5-
tetrakisphosphate (1P4) was kindly donated by Dr Ozaki (Ehime University; Ozaki, Kondo,
Nakahira, Yamaoka & Watanabe, 1987).
TPA and 4-a-phorbol 12,13-didecanoate were purchased from Sigma. 1-Oleoyl-2-acetyl-glycerol

(OAG) was purchased from Nakarai Chemicals (Kyoto). These substances were dissolved in
ethanol, and diluted in the experimental solution to a final concentration in which the ethanol was
less than 0 01 %. Incubation (or pre-treatment) of cells with these agents was performed at 37 °C
for 5-10 min for the phorbol esters and H-7, and for 10-40 min for OAG. Unless otherwise stated,
the substances were eliminated from the bathing medium by washing the cells several times with
the normal external solution before electrical recording.

RESULTS

Responses to the ACh concentrationjump
Acetylcholine stimulation induced Ca2+-dependent channel currents in single

pancreatic acinar cells, as previously described (Maruyama, 1988). Rapid exposure
of the cell to the solution containing ACh (Fig. 1A, ACh jump) provides the precise
time course ofACh-evoked current. First of all the ACh-induced response was defined
in terms of electrical current measurement. Upon stimulation with 0-2 /LM-ACh by
ACh jump (the first ACh stimulation lasting for 30-40 s), the response abruptly

345



developed to a peak after a latency of 200-800 ms (470 + 194 ms, mean+ S.D.,
n = 20; these responses were measured after complete exposure to the ACh-
containing external solution labelled 'E'; see trace I, in Fig. 1 and legend), with
(15/20 experiments) or without a subsequent second peak (5/20 experiments), and
decayed to the original level within 30 s (23-4+ 6-2 s, n = 20, from ten animals). The
relative size of the first and second peak (if present) varied from cell to cell (mean
highest peak amplitude, 461 + 91 pA; n = 20). Prolonged ACh stimulation (120 s) did
not induce any subsequent responses or oscillations (10/10 experiments). The initial
latency, which was of the same order as reported previously with acinar voltage
measurements using glass microelectrodes (Nishiyama & Petersen, 1975), can be
interpreted as the time taken for [Ca2+]i to increase to the effective level. The decay
of the current response may be due to recovery of [Ca2+]i to its original level which
should be of the order of 10 nm under present dialysing conditions (70 guM-EGTA and
nominally zero Ca2+ in the dialysing solution). A second ACh stimulation in the same
cell (after the first ACh stimulation and a subsequent incubation with the control
solution for 0 5-10 min), induced a smaller response with a longer latency (8-1 + 2-5 s,
n = 14) and a decreased rate of rise (Fig. 1, trace '2), suggesting that a desensitizing
mechanism is present in the Ca2+-mobilizing receptor signalling. A third ACh
stimulation, similarly repeated, induced no response (8/8 experiments).

Effect of removal of external Ca2+ on the response induced by ACh or IP3
In the next set of experiments, the ACh-jump protocol was carried out in the

absence of external Ca2+. Figure 2A shows a typical ACh-induced response recorded
from a cell that had been exposed to the normal Ca2+-containing solution until the
ACh jump was performed with a Ca2+-free (no added Ca2+ and 0-2 mM-EGTA)
solution. The ACh jump (0-2 #M) induced outward current responses (10/10
experiments, Fig. 2A) with a latency of 250-700 ms (420+ 130 ms, n = 10), the value
of which was similar to that recorded in the Ca2+-containing solution. In addition, the
size of the highest peak did not depend on the presence or absence of external Ca2+
(449 + 59 pA, n = 10, in the Ca2+-free condition). It is thus likely that an early part
(at least the rising phase) of the response depends mainly on the release of Ca2+ from
the internal storage pool.
When acinar cells were incubated with the Ca2+-free solution for 20-90 min and the

ACh-jump experiment was performed using the same Ca2+-free solution (Fig. 2B), it
was observed that a smaller response (78+17 pA, n = 8) with a longer latency
(6-8 + 2-9 s, n = 8) and a decreased rate of rise, resembling that evoked by the repeat
ACh stimulation shown by trace I2 in Fig. 1, occurred (8/8 experiments). The result
can be interpreted as the loss of internal Ca2+ from the storage site during the cell
incubation period in Ca2+-free external medium. When the Ca2+-free incubation
period was less than 5 min, the ACh-induced response resembled that shown in
Fig. 2A (continuous curve).

IP3 has been reported to release Ca2+ from internal storage sites and induce an
increase in [Ca2+]i in acinar cells of rat exocrine pancreas (Streb et al. 1984). As a
result of this observation, intracellular injection of IP3 (cell dialysis with internal
solution containing IP3) was tested in terms of the electrical activities of single acinar
cells. Experiments were carried out in cells immersed in the Ca2+-free solution (for
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Fig. 1. A, time course ofACh-induced outward current response in dialysed single acinar cells
of rat exocrine pancreas. The cell was exposed to normal external solution containing
02 /aM-ACh from that containing no ACh within 100 ms (E- to E, ACh jump). The
holding potential was 40 mV, and the ACh-induced outward current was recorded. Traces
IA and 12 are the responses evoked by the first and second ACh jumps, respectively. The
first and second exposures to ACh-containing solution lasted 34 s with an interruption of
40 s in the control solution. The biological latency of ACh jump was 600 ms in trace I1,
anid 11 s in trace I2' B represents the device and procedure used for obtaining ACh jump:
M, a manipulator coupled to a switch (Sw); M', a hydraulic manipulator; H, a head stage
of amplifier; P, a patch-pipette; B, an experimental bath (2 ml) having an inlet and outlet
for solution exchange; C, a small chamber (70,ul) with a pore of 30,um in diameter,
fabricated from a thin glass pipette, and placed in the bottom of B; Sw, a mechanical
switch (having a distance of 1 mm from 'off' to 'on' position), coupled to the up-and-
down movement of M (Sw turned on when the tip of the pipette-cell assembly was raised
by I mm); E and E -, two batteries of opposite polarity. Before the experiment, B and C
were filled with the normal external solution. After the establishment of whole-cell
recording mode, the tip of a pipette-cell assembly was inserted into C by 200 ,um through
the pore. The solution in B could be quickly replaced with that containing 0-2 4uM-ACh
without disturbing the whole-cell mode. After the solution replacement, the tip of the
pipette-cell assembly was rapidly withdrawn from C by 1 mm, by hand using M, so that
the cell was completely exposed to the bathing solution in B (ACh-containing solution)
within 100 ms. At the same instant, the withdrawal turned Sw on, thus giving an
indication of exposure (from E- to E). The up-and-down movement of the pipette-cell
assembly reduced the access conductance of the whole-cell recording from 66 to 48 nS
(66-2+11 to 48-6+6-4 nS, mean+s.D., n = 11). The diffusion of ACh from B into C
through the small pore (30 ,tm) of C, during and 40 s after the solution exchange, was
negligible since no current development was observed during the periods when the tip of
the assembly was placed in C. Repeating the same procedure, it was possible to rapidly
re-immerse the cell several times in the test and/or control solutions placed in B.
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less than 8 min) to minimize a possible contribution from external Ca2+. Upon
establishment of the whole-cell mode, the cell exhibited a marked current response
(8/8 experiments; peak amplitude, 790 + 140 pA; Fig. 2 C) after a latency of 0-8-2-8 s
(I 5 + 0 7 s, n = 8) which was presumably the lag due to diffusion of 1P3 into the cell.

ACh

AN
B I/

\ ~~~~~200pAL

Fig. 2. Current responses induced by ACh jumps and 1P3 injection in Ca2+-free external
conditions. Cells were voltage clamped at 40 mV, and the outward current was recorded.
A, the pipette-cell assembly was rapidly moved from the normal Ca2+-containing solution
to Ca2+-free solution (no added Ca2+ and 0-2 mM-EGTA) containing 0-2 /iM-ACh
(continuous trace). The dashed-line trace shows the ACh-induced response recorded in the
normal Ca2+-containing solution (shown in Fig. 1, trace IJ), superimposed for comparison.
These two traces belong to different, cells. B, the ACh-induced response recorded in a cell
incubated with Ca2+-free solution for 30 min prior to 0-2 ,uM-ACh jump. C, the response
induced by cell dialysis with internal solution containing 10 ,uM-IP3. Repetitive 10 mV,
100 ms square pulses were applied at intervals of 200 ms. This voltage protocol was
interrupted after the initial rapid rising phase was evoked. The whole-cell mode was
established at a point indicated by the arrow, which resulted in increases in capacitative
surge.

The response reached a peak and then declined to the pre-injection level (transient
response) with or without small damped oscillatory waves. These results indicate
that both ACh and JP3 stimulation induce release of Ca2+ from internal storage sites.
This is consistent with conclusionis from a previous study (Streb et al. 1984).

Responses induced by internal 1P3 and 1P4 and their comparison with ACh
stimulation

Intracellular dialysis with 1P3 (4-10 /tM)-containing solution induced a transient
current response, which depended on the cell incubation time in external solution
prior to the establishment of the whole-cell mode. Figure 3 shows a typical diagram
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of the peak amplitu(le of current responses, iniduced by inijection of 1P3 (to -0
aind inset tirace a), 1P4 (10 #AI, A anid inset trace c), a miixture of these (10 /iM of each.
O and inset trace b), or by ACh stimulation (0 2 ,uiu. + and inset trace d), plotted
against the incubation time. Each response was recorded from the same batch of
cells. In the experiments, single cells immerse(1 in the norinal externial solution under
the inverted microscope were selected randomly and( investigated by whole-cell
dialysis one after another at intervals of 2-4 min. One set of experiments using a
batch of cells usually lasted for 4-5 h, and the bath solution wras replaced every
15 min in order to minimize the effect of ev-aporation. The freshly dispersed cells uised
in the present, experiments showed 1P3-dependent current responses (wvith a latency
of 1P3 inject,ion of 1 6 +0 7 s, n = 72) only within the first 2 h of incubation. The 1P3-
induced response was essentially transient, and its duration became shorter with
longer incubation time.
The amplitude of the 1'3-induced response had a clear decreasing trend wheni

plotted against the length of cell pre-incLibation although individual responses varied
considerably from cell to cell. After 2 h incubation, 1'3 injection finally caused no
response (Fig. 3, 0). The amplitude of the 1P3-induced response was 503 pA
(503+264 pA, n =72) during the first 2 h incubation period, and it was 129 pA
(12 9+31 pA, n = 39) during the subsequent (second) 2 h incubation period (dat,a
were collected from seven different batches of cells). The injection of a mixture of 'P3
and 1P4 (1P3-1P4 injection) could induce responses (transient response) after the 1P3
injection became ineffective (i.e. during the second 2 h incubation period; Fig. 3, 0).
These responses also gradually declined, and finally disappeared after 4-5 h incu-
bation. The amplitude of the 1P3-1P4-induced response was 589 pA (589 + 262 pA,
n = 25) during the first 2 h incubation, and it was 215 pA (215+ 175 pA, n = 16)
during the second 2 h incubation period (data were collected from four different
batches of cells). 'P4 injection never caused responses throughout the experiment
(Fig. 3, A, n = 21). The most striking finding from this experiment was that ACh
(0-2 /tM) could induce a current response (peak amplitude, 433 + 63 pA; n = 14) at a

time when the IP3 injection had become ineffective (during the second 2 h incubation;
Fig. 3, +). ACh could also induce similar sizes of responses after the lP3-lP4 injection
became ineffective (after 4-5 h incubation, 5/5 experiments).

Thus, the discrepancy between ACh-induced responses and the exogenous
phosphoinositide(s)-induced responses became more prominent as the cell incubation
time was extended.

Co-operative action of exogenously applied 1P3 and ACh stimulation

In the next series of experiments, possible synergistic effects of ACh and IP3 were
studied in acinar cells which had lost sensitivity to 1P3 injection. The cells were
incubated for over 2-5 h, and it was confirmed that exogenously applied 1P3 (10 #M)
caused no response in several cells randomly selected under the microscope prior to
the experiment. Figure 4A shows a typical current trace obtained from such cells.
The injection of 1P3 caused no response, but subsequently applied ACh (0-2 /tM, from
a nearby pipette) induced a marked response composed of several oscillatory waves
(19/19 experiments; highest peak amplitude, 1047 + 180 pA). ACh alone did not
induce oscillatory waves but induced transient responses (similar to that shown in
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Fig. 3. Polyphosphoinositide-induced current responses in the single dialysed rat
pancreatic acinar cells. The peak amplitude of the current responses was plotted against
the cell incubation time. The cells were stimulated by either cell dialysis with internal
solution containing oP3(10 tMh *, a), bP4 (10of l, c), or a mixture of these(10cem-
'P3+10of M-1?4,0, b), or by external stimulation with ACh (0s2 Um, +, d). Single arrows
in inset traces a, b and c stand for the time point when the whole-cell dialysis started, and
the bar under trace d the period of ACh stimulation. I in inset trace a shows the peak
amplitude of the current response. Data were taken from the same batch of cells.

Fig. 3, inset trace d) in these cells (14/14 experiments; peak amplitude, 433 ± 63 pA).
In separate experiments on the same batch of cells, an increase in the concentration
of 1P3 of up to 30 /Sm induced no such response (only induced a small transient
response, 5/5 experiments), suggesting that the response is not likely to be due to the
extra 1P3 which is presumably generated by the ACh stimulation.
The sensitivity to exogenous 1P3 was recovered by a short-term administration of

ACh prior to the 1P3 injection. The cell, in the cell-attached condition, was locally
perfused with ACh-containing solution using a nearby ACh application pipette, and
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then it was subjected to whole-cell dialysis with solution containing 10 gM-1P3 2-5 s
after withdrawal of the ACh application pipette. Figure 4B shows a typical
response to such 1P3 injection, obtained from the cells perfused for 30-40 s with the
solution containing 0-2 gtM-ACh. The response was composed of several oscillatory

A

ACh

200 pA (A) r
B 400 pA (B)

10 s

'P3

I
ACh

Fig. 4. Synergistic effects ofACh and 'P3. The pancreatic acinar cells were incubated with
external solution for 2-5 h in order to eliminate the response induced by IP3 injection
(10 /SM-1P3). A, ACh (0-2 /LM)-induced response in the cell injected with IP3 (10 SM). B, 1P3
10 /uM)-induced response in a cell perfused with solution containing ACh (0-2 /M) from a
nearby ACh application pipette for 33 s in the cell-attached mode. The interval between
the withdrawal of the ACh application pipette and the start of whole-cell dialysis was
2-5 s. Arrows indicate the point when the whole-cell recording mode was established.
Small notches in the trace, indicated by arrows and a star, were the leakage current and
capacitative surge of whole-cell recording evoked by 10 mV, 100 ms square voltage pulses
(200 ms interval). Such voltage pulses were constantly applied until the establishment of
whole-cell mode was confirmed.

waves (highest peak amplitude was 1110 + 156 pA, n = 10) and resembled that
induced by sequential stimulation with 1P3 and ACh (Fig. 4A). The latency of the
response induced by such IP3 injection became longer (7-8 + 1-9 s, n = 10) than that
induced by IP3 injection alone in cells sensitive to exogenous IP3 (see Fig. 3 and
relevant text; 1-6+ 0 7 s, n = 72). The access conductance (52-75 nS) and the cell size
(the input capacitance, 7-4-9-3 pF) of the whole-cell dialysis in this particular type
of experiment were in the usual range (54+ 9 nS, n = 52 and 7-3+ 1-5 pF, n = 85),
suggesting that the prolonged latency is not due to artifacts. Whole-cell dialysis
performed under the same protocol without 1P3 induced no response, indicating that
ACh administration as well as injection of JP3 are needed to evoke the response. This
type of 'P3-induced response depended on the length of ACh administration (in cell-
attached mode). As the perfusion time with the ACh-containing solution was
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increased, JP3-induced responses became smaller (roughly half-size after 17 min
perfusion), and were finally abolished after a 30 min perfusion (3/3 experiments).

Thus, a type of synergism, presently unknown, between exogenous 1P3 and ACh
exists, and it can be postulated that ACh stimulation generates a short-lived (of the
order of 10 min) substance(s) which acts synergistically with 'P3.

Effects ofprotein kinase C modifiers on the response induced by IP3 and ACh
Llano & Marty (1987) have demonstrated that protein kinase C activators (TPA

or OAG) inhibit ACh-induced current responses in rat lacrimal acinar cells. Their
experimental protocol was repeated in the pancreatic acinar cells, and similar results
were obtained. In brief, pre-treatment with TPA (16 nm for 5-10 min) made ACh
(0-2 /tM) completely ineffective (10/10 experiments), while the same pre-treatment
with 4-a-phorbol 12,13-didecanoate (an inactive phorbol ester) did not affect the
ACh-induced response (peak amplitude 411 + 145 pA, n = 5). Reducing TPA concen-
tration to 4 nm gave strongly reduced ACh-induced responses (peak amplitude,
76-7 + 19-0 pA, n = 6), and 0-8 nM-TPA caused responses not markedly different
(peak amplitude 432 + 125 pA, n = 6) from those observed in the control condition.
OAG also caused inhibitory effects on ACh-induced responses. Pre-treatment with
OAG (25 ,g/ml) for 30-40 min failed to produce any effect on ACh-induced responses
when OAG was washed from the bath prior to the whole-cell recording (peak
amplitude, 445 + 165 pA; n = 5). However, the presence ofOAG (25 ,ug/ml) before
(pre-treatment for 10 min) and during the recording period, reduced the ACh-
induced response or made ACh ineffective (peak amplitude, 15 + 42 pA; n = 10).
Incubation with OAG (25 ,ug/ml) for more than 60 min usually made cells fragile,
and rupture of the patch membrane (whole-cell procedure) induced a type of
transient current development (5/5 experiments). This effect was not observed in
acinar cells treated with TPA. Therefore, TPA was mainly used as a protein kinase
C (PkC) activator in the experiments described in later sections.
A known PkC inhibitor, H-7, in pancreatic acinar cells (Pandol & Schoeffield, 1986)

caused opposite effects to those of TPA on the ACh-induced response: that is, pre-
treatment of cells with H-7 (10 /tM for 5-10 min) eliminated the spontaneous decay
of the ACh-induced response. Details of this will be described in a later section
relating to Fig. 6.
A known Ca2+ ionophore, A23187 (0 1 JM), induced sustained current responses in

acinar cells pre-treated with TPA or H-7 (current amplitude, 555+89 pA; n = 4),
indicating that these agents did not affect Ca2+-evoked ion channel opening.
Based on the observations of PkC modification described in the previous two

paragraphs, the effects of 1P3 injection (10 /M) and subsequent application of ACh
were studied in batches of cells pre-treated with TPA or H-7 (pre-treatment with
16 nM-TPA for 10 min, Fig. 5B; with 10 /tM-H-7 for 10 min, Fig. 5C). In these
experiments, the cells were used for whole-cell recording within 60 min of cell
dispersion, during which time the 1P3 injection was expected to be effective. The 1P3
injection induced current responses equally in cells pre-treated with or without PkC
modifiers (Fig. 5A, B and C). The amplitude of 10 ,tM-1P3-induced responses was
497 pA (497 + 97 pA, n = 12) in cells without PkC modifiers, 501 pA (501 + 105 pA,
n = 12) in those treated with TPA, and 554 pA (554+ 137 pA, n = 12) in those
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treated with H-7 (data were collected from four batches of cells). However, ACh sub-
sequently applied (0-2 /LM) evoked different responses. It evoked no response in the
cells pre-treated with TPA (12/12 experiments), and with H-7 it induced a large
damped oscillation, the shape of which was clearly different from the oscillation with-

A

IP3 ACh

B pk 200 pA[L
o10s

TPA
II

ACh

Fig. 5. Effects of protein kinase C modifiers (TPA and H-7) on the response induced by
IP3 and/or ACh. Experiments were carried out within 60 min after cell dispersion (i.e.
within 60 min incubation with the external solution). IP3 (10 #M) was injected into the
cells (same batch of cells) pre-treated with TPA or H-7 (A, control; B, 16 nM-TPA for
10 min, C; 10 4#M-H-7 for 10 min). ACh (0'2#M) was subsequently applied after the
IP3-induced response had declined to the resting level. Arrows show the point when the
whole-cell dialysis was established. Bars under traces show periods when 0-2 4uM-ACh was
present.

out H-7 (12/12 experiments; compare the ACh-induced current trace in Fig. 5C to
that in A). The peak amplitude of the response induced by such ACh stimulation, on
top of the IP3 injection, in cells treated with H-7 was 1045 pA (1045± 200 pA, n = 12),
which was similar to that obtained from the cells without H-7 (982 + 175 pA, n = 12).
The result indicates that TPA and H-7 do not influence Ca2+ release from IP -
sensitive storage sites, but interfere with the signalling pathway prior to the IP8
generation.

The ACh-dependent oscillatory response in acinar cells treated with H-7
When acinar cells were treated with H-7, ACh induced a characteristic current

response which completely depended on the presence of ACh (12/12 experiments).
Figure 6 shows typical current traces recorded consecutively from a H-7-treated cell
(cell incubation with 10 /SM-H-7-containing solution for 5-10 min prior to the
experiment). Upon stimulation with ACh (0-2 gM), an oscillatory response was seen
(highest peak amplitude, 474 + 125 pA; n = 12). The response persisted as long as
ACh was present. Discontinuation of ACh-stimulation immediately abolished the
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400 pA L
10 s

I

Fig. 6. Effects of H-7 on the response induced by ACh. The cell was pre-treated with
10 /SM-H-7 for 10 min prior to the experiments. ACh (0-2 SM) was continuously applied
through a nearby application pipette. Upward arrows show the start of ACh stimulation,
and downward arrows the end of stimulation. V show continuity of the record.

A ACh

200 pA
2 min

B ACh
r

400 pA
10 s

Fig. 7. GTPyS-induced responses and the escape from the influence of ACh stimulation.
The pancreatic acinar cells were dialysed with internal solution containing GTPyS
(100 ,M). Internal Ca21 was loosely buffered with 70 ,M-EGTA (A), or loosely adjusted to
micromolar levels with no added EGTA and Ca2+ (B). ACh (0-2 SM) was continuously
applied through a nearby pipette during the period indicated by bars above the traces.

response. Repeated ACh stimulation after a rest period again induced a response
although the intervals between the waves became longer.

Escapefrom the influence of external ACh in oscillatory response induced by internal
GTPyS
An oscillatory response, resembling that observed in H-7-treated cells, could be

triggered by ACh stimulation lasting for 20-30 s (which was enough time to induce
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an initial cycle of oscillations) in acinar cells dialysed with a solution containing
100-200 /tM-GTPyS for 4-8 min. This oscillatory response, once triggered, was
uninfluenced by external ACh (8/8 experiments; Fig. 7A). Repeated ACh
stimulations caused no change in frequency and size of the oscillatory waves.
The oscillatory waves could also be induced, without ACh, by cell dialysis for

several minutes with a nominally Ca2l-free (ca 1-10 gM) solution containing GTPyS,
as previously described (Maruyama, 1988). Once the oscillations began, externally
applied ACh was without effect in all the cells tested (8/8 experiments; for example,
see Fig. 7B). This type of oscillatory response could equally be observed in acinar
cells pre-treated with TPA (16 nm for 10 minm* 12/12 experiments) or H-7 (10 ftM for
5 min; 10/10 experiments). The highest current amplitude and the frequency of the
response obtained during the first 2 min of oscillations from the control cells (without
PkC modifiers) were 602 pA (602 + 301 pA, n = 8) and 44-3 s (44-3 + 13-7 s, n = 8),
respectively (each sample of the frequency was the mean of intervals obtained from
several oscillatory waves in one acinar cell). In the TPA-treated cells, the
corresponding values were 572 pA (572 + 239 pA, n = 12) and 42-2 s (42-2 + 14-0 s,
n = 12). In the H-7-treated cells, they were 776 pA (776+ 285 pA, n = 10) and 46-4 s
(46-4+ 15-0 s, n = 10). Thus, it is reasonable to conclude that PkC modifiers do not
affect the GTPyS-induced current oscillations.

DISCUSSION

The present study has given new insight into the mechanisms of activation and
desensitization of muscarinic ACh receptor signalling in pancreatic acinar cells. The
possible interactions of signalling elements have been examined with their modifiers
by monitoring Ca2+-dependent current.

Inositol polyphosphates and the increase in [Caa2+],
There is no doubt that 1P3 is one of the cellular messengers leading to Ca2+ release

from intracellular storage sites in rat pancreatic acinar cells following muscarinic
receptor activation (Streb et al. 1984; Putney, 1987). In the present study, 1P3
injection induced a Ca2+-dependent membrane current response in the absence of
external Ca2+, and seemed to replicate the effect ofACh in acinar cells incubated with
saline solution for a short time. However, the major discrepancy between the effect
of IP3 and ACh, is that ACh stimulation was still effective after the cells lost their
sensitivity to IP3 (and also to IP3-IP4) during prolonged cell pre-incubation. The
sensitivity to IP3, however, could be restored by a short-term administration of ACh.
One interpretation of these results is that ACh stimulation generates a short-lived
substance(s), which is somehow wasted away during cell incubation, synergistically
acting with IP3 to increase [Ca2+]j.

IP3 injection never induced a sustained current response although it was expected
to be continuously introduced from the pipette into rat pancreatic acinar cells
(present results). In rat lacrimal acinar cells, however, it has been reported that the
IP3-induced response does not decay over a time course of several tens of seconds
(Evans & Marty, 1986), and the decay is only observed in Ca2+-free external solution
(Llano, Marty & Tanguy, 1987). Although this discrepancy between rat pancreatic
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and lacrimal acinar cells is not clear at present, it is suggested, at least in pancreatic
acinar cells, that a type of desensitizing mechanism is present in the action of 1P3 on
the Ca2+ stores. On the other hand, IP4 on its own never induced Ca2+-dependent
current responses in the pancreatic acinar cells. This is consistent with reports
observed in mouse lacrimal acinar cells where, however, a marked synergism of 1P3
and IP4 in activation of Ca2+-dependent K+ channels was demonstrated (Morris et al.
1987). In rat pancreatic acinar cells, IP4 seemed to potentiate or temporarily restore
the effect of IP3 in acinar cells which had lost their sensitivity to 1P3. It may be that
IP4 somehow reduces the threshold of the IP3 receptor site, and potentiates the effect
of IP3 in this particular type of cell.

Desensitization induced by PkC and its possible phosphorylation site
The ACh-induced response recorded with whole-cell dialysis was essentially

transient, which is consistent with previous observations (Maruyama, 1988), and a
second application of ACh induced a reduced response with a longer latency (Fig. 1).
The results can be interpreted as a desensitization of muscarinic ACh stimulation,
and two explanations, at least, can be proposed. One is that desensitization is due to
the reduced sensitivity of the 1P3 receptor site for IP3, discussed in the previous
paragraph. The other is the negative regulatory action of PkC on the signalling
elements prior to the formation of IP3. This possibility is supported by the evidence
obtained from the present study: (1) the PkC activators, TPA or OAG, abolished or
reduced the ACh-induced response (Fig. 5), consistent with a previous report on
muscarinic receptor activation of lacrimal acinar cells (Llano & Marty, 1987); (2) the
inhibitor H-7 augmented the ACh-induced response and made repeated applications
effective (Fig. 6); (3) neither of these PkC modifiers influenced the IP3-induced
response (Fig. 5).
Pandol & Schoeffield (1986) have reported that H-7 augmented amylase release

induced by CCK or ACh receptor stimulation, indicating that PkC action does not
have a stimulatory role in pancreatic stimulus-secretion coupling but an inhibitory
one. Their findings are consistent with the present results of electrical measurements,
and can be explained by the PkC-induced desensitization of Ca2+-mobilizing receptor
signalling. On the other hand, Merritt, Taylar, Rubin & Putney (1986b) have
reported that carbachol-induced formation of [3H]IP3 is not affected by a phorbol
diester, 4-,8-phorbol 12,13-dibutyrate (PDBu, 10 ftM), in rat pancreatic acinar cells.
Their result is inconsistent with the present result if 1P3 and DG are formed from
PIP2 (phosphatidylinositol 4,5-bisphosphate) at the same time and this signalling
pathway is the only one induced by ACh receptor stimulation. This seemingly
discrepant observation remains unexplained.
The site of PkC phosphorylation may be neither the G protein, presumably

coupling the surface receptor to PLC, nor the PLC, because TPA (or H-7) treatment
had no influence on the response induced by internal GTPyS (internal solution
nominally free of Ca2+). Thus, the site of PkC action is likely to be the surface ACh
receptor. The increase in [Ca2+]i and DG formation, both activating PkC, may
uncouple the receptor from the G protein or inhibit binding of ACh to the receptor.
The latter interpretation is supported by the finding that a heterologous
desensitization of amylase secretion was caused by carbachol as well as chol-
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ecystokinin (CCK) (Abdelemoumene & Gardner, 1980), and TPA or carbachol
inhibited binding of CCK to its receptor in pancreatic acinar cells (Honda, Adachi,
Noguchi, Sato, Onishi, Aoki & Torizuka, 1987).
The GTPyS-induced response was independent of external ACh application

(Fig. 7). This can be explained by the formation of sufficient DG, during the GTPyS-
induced oscillations, to activate PkC. In contrast, the response observed in the cells
treated with H-7 was completely under the control of external ACh (Fig. 6). This is
interpreted as H-7 inhibiting the activity of PkC and thereby preventing the PkC-
dependent phosphorylation of the surface receptor.

The oscillatory response and the role ofPkC
A variety of cells show oscillatory [Ca2+], changes, e.g. mouse oocytes

(Cuthbertson & Cobbold, 1985), L cells (Ueda, Oiki & Okada, 1986), rat
hepatocytes (Woods, Cuthbertson & Cobbold, 1987), endothelial cells (Jacob, Merritt,
Hallam & Rink, 1988), acinar cells of lacrimal gland, salivary gland and pancreatic
gland (Evans & Marty, 1986; Gray, 1988; Maruyama, 1988). In the pancreatic acinar
cells from the present study, elimination ofPkC activity, by treatment with H-7, caused
the ACh-induced response to become oscillatory (Fig. 6). This result suggests that one
physiological role of PkC is to prevent oscillations by forming a negative feedback
loop between DG formation and the surface ACh receptor. Activation (or inhibition)
of PkC by treatment with TPA (or H-7) did not influence the GTPyS-induced
oscillation (in nominally zero Ca2+, Fig. 7B). This result suggests that PkC is not
involved in the mechanism of the GTPyS-induced oscillation, and that the oscillatory
response is due to the activity of feedback loops formed in the signalling pathway
involving G protein, PLC, phosphoinositide sensitive Ca2+ storage-sites, and
cytosolic Ca2+ eliminators.

Phorbol esters enhance amylase release in a Ca2+-dependent manner in the acinar
cells of exocrine pancreas (Knight & Koh, 1984; Kimura, Imamura, Eckhardt &
Schulz, 1986). Phorbol esters may therefore have a dual effect on stimulus-secretion
coupling in pancreatic acinar cells, one of which is desensitization (negative
feedback) of receptor signalling, and the other enhancement of exocytosis acting
rather directly on the exocytotic machinery (also see Nishizuka, 1988).
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