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1 The e�ects of sodium nitroprusside (SNP) and 8-bromo-guanosine 3'5' cyclic monophosphate (8-
Br-cyclic GMP) on nerve-mediated and acetylcholine (ACh)-evoked amylase secretion, tritiated
choline ([3H]-choline) release and on intracellular free calcium concentration ([Ca2+]i) in the isolated
rat pancreas were investigated.

2 Electrical ®eld stimulation (EFS; 10 Hz) and ACh (161075 M) caused large increases in amylase
output from pancreatic segments. The response to ACh was blocked by atropine (161075 M)
whereas the EFS-evoked response was markedly reduced but not abolished. In contrast,
pretreatment with tetrodotoxin (161076 M) abolished the secretory e�ect of EFS.

3 Either SNP (161073 M) or 8-Br-cyclic GMP (161074 M) inhibited amylase secretion compared
to basal. Combining either SNP or 8-Br-cyclic GMP with EFS resulted in a marked decrease in
amylase output compared to EFS alone. In contrast, either SNP or 8-Br-cyclic GMP had no
signi®cant e�ect on the amylase response to ACh. When extracellular Ca2+ concentration ([Ca2+]o)
was elevated from 2.56 mM to 5.12 mM, SNP failed to inhibit the response to EFS.

4 EFS stimulated the release of 3H from pancreatic segments preloaded with [3H]-choline. Either
SNP or 8-Br-cyclic GMP had no e�ect on basal 3H release but signi®cantly reduced the EFS-evoked
response.

5 In fura-2 loaded acinar cells, SNP elicited a small decrease in [Ca2+]i compared to basal and had
no e�ect on the ACh-induced [Ca2+]i peak response.

6 Nitric oxide may modulate the release of endogenous neural ACh in response to EFS in the rat
pancreas.
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Introduction

Exocrine pancreatic secretion is regulated mainly by the
autonomic nervous system (Richins, 1945; Lenninger, 1974;
Pearson et al., 1984; Holst, 1993) and by the gut hormones

cholecystokinin and secretin (Singh et al., 1992; Chey, 1993).
There is also evidence that non-adrenergic, non-cholinergic
nerves (Pearson et al., 1981), growth factors (Lajas et al.,

1996) and the paracrine substance histamine (Singh et al.,
1997) may also be involved with exocrine secretion. The
di�erent secretagogues utilize four distinct stimulus-secretion
coupling pathways involving cellular Ca2+ mobilization,

adenosine 3'5'-cyclic monophosphate (cyclic AMP) metabo-
lism and activation of protein kinase C and tyrosine kinase in
the regulation of exocrine secretion (Brown & McDonough,

1989; Berridge, 1993; Chey, 1993; Holst, 1993; Lajas et al.,
1996).
Endogenous nitric oxide (NO) is generated from L-arginine

(L-arg) by an enzymatic pathway (nitric oxide synthase, NOS)
present in a variety of cell types and many of its biological
actions are mediated via activation of guanylate cyclase,

although NO may also participate in some other guanosine
3'5'-cyclic monophosphate (cyclic GMP)-independent func-
tions (see Stuehr & Gri�th, 1992; Yago et al., 2001 for review).
Recently, attention has been focused on the role of NO in the

control of exocrine pancreatic secretion employing donors
such as sodium nitroprusside (SNP) and L-arg, and NOS
inhibitors (L-NG-nitroarginine methyl ester, L-NG-nitroargi-

nine) in the absence and presence of secretagogues (Yago et
al., 2001). In isolated pancreatic acini, both exogenous NO
(Konturek et al., 1993; Yoshida et al., 1997) and L-arg (Wrenn
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et al., 1994) have been shown to increase amylase secretion
whereas NOS inhibitors seem to attenuate basal and
secretagogue-evoked secretory responses (Wrenn et al., 1994;

Ahn et al., 1998). Similarly, in the in vivo pancreas inhibition
of NO synthesis is associated with decreases in both basal and
secretagogue-evoked pancreatic juice secretion. These e�ects
are believed to be associated with changes in pancreatic blood

¯ow in response to NO (Konturek et al., 1993; Satoh et al.,
1994). It is particularly noteworthy that much work has been
done on NOS inhibitors in the exocrine pancreas, but the

®ndings are still not clear cut (Konturek et al., 1993; Wrenn et
al., 1994; Xu et al., 1994; Molero et al., 1995; Hernandez-
Guijo et al., 1996; Ahn et al., 1998). Despite the expanding

literature on the e�ects of NO in the exocrine pancreas, a
possible role of this substance, via its donor SNP, in the
control of nerve-mediated enzyme secretion has not yet been

examined. This study was designed to investigate speci®cally
the interaction of SNP with intrinsic nerve-mediated amylase
secretion. Furthermore, and given the importance of the
cholinergic pathway in terms of enzyme secretion, we have

studied the e�ux of radioactivity from pancreatic tissue
preloaded with tritiated choline chloride ([3H]-choline chlor-
ide). SNP was chosen as NO donor and, since many actions of

NO are mediated via the cyclic GMP system, the e�ects of
SNP were compared with those of the cyclic GMP permeant
analogue 8-bromo-guanosine 3'5'-cyclic monophosphate (8-

Br-cyclic GMP). The e�ects of exogenous NO on acetylcholine
(ACh)-evoked secretory responses and intracellular free Ca2+

concentration ([Ca2+]i) were also investigated for comparison.

Methods

All procedures were approved by Institutional (U.K.) Ethics
Committees. The experiments which were undertaken in the
U.K. are covered by the relevant Home O�ce Project

Licence. Adult female Sprague-Dawley rats weighing 200 ±
300 g were used throughout this study. Animals were killed
by a blow to the head followed by cervical dislocation. The

pancreas was quickly removed and placed into modi®ed
Krebs-Henseleit (KH) solution comprising (mM): NaCl,
103.0; KCl, 4.76; CaCl2, 2.56; MgCl2, 1.13; NaHCO3, 25.0;
NaH2PO4, 1.15; D-glucose, 2.8; sodium pyruvate, 4.9; sodium

fumarate, 2.7; sodium glutamate, 4.9. The solution was kept
at pH 7.4 while being continuously gassed with a mixture of
95% O2-5% CO2 and maintained at 378C.

Measurement of amylase output in pancreatic segments

Small segments (10 ± 15 mg) of pancreas totalling 100 ±
150 mg were placed in a Perspex ¯ow chamber (volume,
1 ml) and superfused with oxygenated KH solution (378C) at
a ¯ow rate of 1 ml min71. The e�uent from the chamber
passed directly to an on-line automated ¯uorometric assay
for the continuous measurement of amylase output. This
method, which is a modi®cation of the original technique

described by Rinderknecht & Marbach (1970) depends
essentially upon the liberation of dialyzable ¯uorogenic
products from amylopectin anthranilate used as a substrate.

Amylase output was expressed in units (u) ml71 (100 mg
tissue)71 and alpha-amylase (Sigma type II-A) was used as
standard for calibration.

The chamber contained silver electrodes for electrical ®eld
stimulation (EFS). EFS parameters were: amplitude, 50 V;
frequency, 10 Hz; and pulse duration, 1 ms. The tissue was

stimulated with either EFS, ACh or cholecystokinin octapep-
tide (CCK-8) for 6 min. In those experiments involving either
atropine, tetrodotoxin (TTX), SNP or 8-Br-cyclic GMP, the
tissue was pretreated with them for 15 min and subsequently

stimulated. All drugs were added directly to the superfusing
solution in known concentrations. When the tissue was
superfused with KH solution containing di�erent CaCl2
concentrations, the appropriate amount of NaCl was
substituted in order to maintain a constant osmolarity.

[3H]-choline efflux experiments

Tritium (3H) loading and release were investigated using

established methods (Singh & Pearson, 1984; Jennings et al.,
1996). Rat pancreatic segments weighing a total of 100 ±
150 mg were loaded with [methyl-3H]-choline chloride
(740 kBq ml71) in oxygenated KH solution for 60 min at

378C in a shaking water bath. Preliminary experiments
established that uptake of [methyl-3H]-choline chloride was
complete after this time. After the loading period the

segments were transferred to a Perspex ¯ow chamber
(volume, 1 ml) and superfused (1 ml min71) with oxygenated
label-free KH solution at 378C for 105 min prior to the

collection of e�uent samples. Initial time-course experiments
showed that this time was adequate for 3H e�ux to attain a
steady-state level. Following equilibration, e�uent samples

were collected at 2-min intervals directly into glass scintilla-
tion vials. The experimental protocol took place over 50 min
broken into 10 min periods. In the ®rst 10 min nothing was
added to the superfusate. This was designated the initial basal

period. Next, the tissue was pretreated with either SNP
(161073 M) or 8-Br-cyclic GMP (161074 M) for 10 min and
subsequently stimulated electrically (EFS; 50 V, 20 Hz, 1 ms)

for another 10 min in the continuous presence of the drugs.
After a further 10 min of unstimulated collection in SNP/8-
Br-cyclic GMP KH solution, the tissue was superfused with

normal KH. Separate control experiments in the absence of
SNP and 8-Br-cyclic GMP were also performed. At the end
of each experiment, the tissue was blotted and weighed. [3H]-
choline activity in e�uent samples was determined by liquid

scintillation analysis (Singh & Pearson, 1984; Jennings et al.,
1996) using a Beckman LS 5801 scintillation counter
(Beckman, U.K.) and values were expressed as pmol

(100 mg tissue)71.

Measurement of [Ca2+]i in pancreatic acini and acinar
cells

The pancreas was dissociated into acinar cells with

collagenase in two stages totalling 75 min by established
methods (Streb & Schulz, 1983; Francis et al., 1990; Francis
& Singh, 1990). Pancreatic acinar cells were loaded with fura-
2 acetoxymethyl ester (fura-2 AM; 2 mM) by a method

described previously (Lennard & Singh, 1992). Aliquots of
the cell suspension (2 ml) were added to quartz cuvettes in an
LS50 spectro¯uorimeter (Perkin Elmer, Beacons®eld, Bucks,

U.K.), continuously stirred and maintained at 378C. An
aliquot from newly prepared batch of cells was subjected to
excitation scans from 300 to 400 nm. Emissions were
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measured at 510 nm. Scans were repeated in the presence of
digitonin (5 mM) plus ethylene bis (oxonitrilo) tetraacetic acid
(EGTA; 10 mM). These scans showed the optimal excitation

wavelengths to use in subsequent experiments and gave some
indication of the success of dye loading. Batches of cells
which showed poor loading or perverse excitation scans were
discarded (Lennard & Singh, 1991). Batches of cells found to

be acceptable were then excited at 340 nm and 380 nm and
emission measured at 510 nm. Either SNP (161073 M), ACh
(161075 M) or SNP plus ACh were added directly to the cell

suspension in the cuvette. After each experiment the
maximum and minimum ¯uorescence values were measured
following addition of, respectively, digitonin (5 mM) and

EGTA (10 mM). Final [Ca2+]i levels were calculated using
the method described by Grynkiewicz et al. (1985).

Analysis of data

All data are expressed as mean+s.e.mean. Values were
compared using Student's t-test and one way ANOVA test

where appropriate, and values of P50.05 were accepted as
signi®cant.

Chemicals

All chemicals were obtained from either Sigma (Poole, U.K.),

Molecular Probes Ltd. (U.S.A.) or Amersham International
(Slough, U.K.).

Results

Characterization of amylase secretory responses to nerve
stimulation

Basal amylase output in this series of experiments was

5.21+0.80 u ml71 (100 mg tissue)71 (n=35) and
4.21+0.61 u ml71 (100 mg tissue)71 (n=10) in the absence
and presence, respectively, of the nerve blocking drug TTX

(161076 M). As shown in Figure 1, both EFS (10 Hz) and
ACh (161075 M) elicited marked increases in amylase output
from superfused pancreatic segments. Pretreatment with TTX
(161076 M) completely abolished the EFS-evoked amylase

secretion, indicating that EFS is activating intrinsic secreto-
motor nerves.
The presence of atropine (161075 M) resulted in a large

and signi®cant (P50.005) decrease in the EFS-induced
amylase output compared to EFS alone. In contrast, the
muscarinic antagonist completely abolished the response to

exogenous ACh. In the continuous presence of atropine,
CCK-8 (161078 M) evoked a large increase in amylase
secretion. This observation indicated that atropine is indeed

blocking the secretory e�ect of ACh. These results con®rm
that, together with a small non-cholinergic neural component,
nerve-mediated exocrine pancreatic secretion is controlled
predominantly by intrinsic cholinergic nerves.

Effects of SNP on amylase secretion

Basal amylase output (mean+s.e.mean) from superfused
pancreatic segments in low (1.25 mM), normal (2.56 mM)
and elevated (5.12 mM) extracellular Ca2+ ([Ca2+]o) was

2.50+0.2 (n=8), 6.94+0.4 (n=40) and 12.50+1.0 (n=8)
u ml71 (100 mg tissue)71, respectively. Figure 2 shows
original chart recordings of amylase output from superfused

pancreatic segments during stimulation with either EFS
(10 Hz) or ACh (161075 M) in the absence and presence of
SNP (161073 M). Figure 3 shows the mean (+s.e.mean)
peak amylase output either above or below basal levels in the

absence and presence of SNP (161073 M) but during
perturbation of [Ca2+]o. The results show that electrical ®eld
stimulation of rat pancreatic segments can result in marked

increases in amylase output during perturbation of [Ca2+]o.
However, the EFS-evoked secretory response in elevated
[Ca2+]o was much larger compared to low [Ca2+]o. In a

Figure 1 Characterization of amylase secretory responses to nerve
stimulation. The bar chart shows the peak amylase output above
basal levels following stimulation with electrical ®eld stimulation
(EFS; 10 Hz) alone, ACh (161075

M) alone, EFS (10 Hz) in the
presence of tetrodotoxin (TTX; 161076

M), and EFS (10 Hz), ACh
(161075

M) and CCK-8 (161078
M), all in the continuous presence

of atropine (161075
M). The tissue was pretreated with either TTX

or atropine for 15 min and subsequently stimulated for 6 min. Values
represent means+s.e.mean of 8 ± 12 experiments. P50.005 for (a)
compared with (c) and (d), and for (b) compared with (e).

Figure 2 E�ects of SNP on amylase output from rat pancreatic
segments in response to EFS and ACh. Original chart recordings of
amylase output during (a) EFS (10 Hz), (b) EFS (10 Hz) in the
presence of SNP (161073

M), (c) ACh (161075
M) and (d) ACh

(161075
M) in the presence of SNP (161073

M). The tissue was
pretreated with SNP for 15 min and subsequently stimulated for
6 min with either EFS or ACh. Traces are typical of 10 ± 12 such
experiments for each application.
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normal Ca2+ medium, SNP (161073 M) alone inhibited basal
amylase output from pancreatic segments (Figures 2 and 3).
When combined with EFS (10 Hz), SNP induced a signi®cant
(P50.05) attenuation in amylase output compared with the

response obtained with EFS alone but only in low and
normal [Ca2+]o. In elevated [Ca2+]o , SNP failed to inhibit the
secretory e�ect of EFS (Figure 3). The e�ect of SNP on

amylase release evoked by exogenous application of the
cholinergic agonist ACh was also examined for comparison.
As shown in Figures 2 and 3, ACh (161075 M) had a clear

secretagogue e�ect on the rat pancreas when a normal Ca2+

concentration was present in the superfusate and SNP not
only failed to inhibit this response but even produced a slight

elevation in the ACh-evoked amylase secretion.

Effects of 8-Br-cyclic GMP on amylase secretion

So far, the results have demonstrated that exogenous NO
a�ects the nerve-mediated secretory response of rat exocrine
pancreas. Since many of the actions of NO are attributed to

its ability to activate guanylate cyclase in target cells to form
cyclic GMP, it was important to ascertain whether a
permeant cyclic GMP analogue such as 8-Br-cyclic GMP

could mimic the above e�ects of SNP in pancreatic segments.
Figure 4 shows that, like SNP, 8-Br-cyclic GMP (161074 M)
elicited a decrease in amylase output compared to basal.

Combining 8-Br-cyclic GMP with EFS (10 Hz) resulted in a
signi®cant (P50.05) decrease in the EFS-evoked amylase
output compared with the response to EFS alone. However,
combining 8-Br-cyclic GMP with exogenous ACh

(161075 M) resulted in a clear increase in amylase secretion.
All together, our results indicate that exogenous NO can
inhibit nerve-mediated amylase secretion from the exocrine

pancreas in vitro and this action does not seem to be exerted
by antagonizing the cholinergic muscarinic receptor on the
acinar cell. In an attempt to understand better the mechanism

of action of NO, it was then decided to study the [3H]-choline
e�ux as an indicator of neuronal ACh release from
preloaded pancreatic segments (Jennings et al., 1996).

Effects of SNP and 8-Br-cyclic GMP on EFS-evoked
[3H]-choline efflux from pancreatic segments

In normal [Ca2+]o, electrical ®eld stimulation (EFS, 20 Hz) of
preloaded pancreatic segments resulted in a signi®cant
(P50.05) elevation in 3H release compared with basal level.

Addition of either SNP (161073 M) or 8-Br-cyclic GMP
(161074 M) to the medium had no detectable e�ect on basal
tritium release (Figure 5). However, in the continuous

presence of either SNP or 8-Br-cyclic GMP, the EFS-evoked
3H e�ux was signi®cantly (P50.05) attenuated compared to
the response obtained with EFS alone.

Accordingly, when [3H]-choline release was expressed as

the area under the curve (AUC), we found no di�erence
during superfusion with either normal KH solution, SNP or
8-Br-cyclic GMP prior to the application of EFS to the tissue

(pre-stimulation period, Figure 6A). In contrast, the marked
increase in 3H release evoked by EFS stimulation in control
conditions resulted in a combined stimulation plus post-

stimulation AUC signi®cantly (P50.05) higher than the areas
obtained when EFS was applied in the presence of either
SNP or 8-Br-cyclic GMP (Figure 6B).

Measurement of [Ca2+]i

Since SNP can inhibit amylase output and attenuate the EFS-

evoked secretory response, it was pertinent to understand the
mechanism by which SNP can exert its e�ect. Ca2+ is a major
intracellular mediator in the action of secretagogues and,

thus, it is necessary to measure the levels of [Ca2+]i during the
interaction of SNP with ACh. Mean(+s.e.mean) basal
[Ca2+]i in this series of experiments was 119.6+5.8 nM

Figure 3 E�ects of SNP on amylase secretion from rat pancreatic
segments. The bar chart shows peak amylase output either above or
below basal level following stimulation with EFS (10 Hz) in the
absence or presence of SNP (161073

M) either in a low (1.25 mM),
normal (2.56 mM) or high (5.12 mM) Ca2+ medium. The e�ects of
SNP (161073

M) on basal (SNP alone) and on ACh-evoked amylase
release, all in normal (2.56 mM) Ca2+ media, are also shown. The
tissue was pretreated with SNP for 15 min and subsequently
stimulated for 6 min with either EFS or ACh. Values represent
means+s.e.mean of 10 ± 12 such experiments for each application.
P50.05 for (a) compared with (b) and for (d) compared with (e). It is
worth noting that (f) is not signi®cantly di�erent from (g) and neither
(h) from (i).

Figure 4 E�ects of 8-Br-cyclic GMP on amylase secretion from rat
pancreatic segments. The bar chart shows peak amylase output either
above or below basal level after the application of 8-Br-cyclic GMP
(161074

M) alone and following stimulation with either EFS (10 Hz)
or ACh (161075

M) in the absence and presence of 8-Br-cyclic GMP
(161074

M), all in normal Ca2+ media. The tissue was pretreated
with 8-Br-cyclic GMP for 15 min and subsequently stimulated for
6 min with either EFS or ACh. Values represent means+s.e.mean of
8 ± 10 such experiments for each application. P50.05 for (b)
compared with (c) and for (d) compared with (e).
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(n=50). Addition of ACh (161075 M) to the cell suspension
in the cuvette induced a marked transient increase in [Ca2+]i
reaching a peak after 10 ± 25 s. Thereafter, it declined

gradually to around basal level (Figure 7A, upper panel).
In contrast, SNP (161073 M) application resulted in a small
decrease in [Ca2+]i compared to basal (Figure 7A, lower
panel). When the cells were stimulated with ACh in the

continuous presence of SNP there was a small but not
signi®cant decrease in the [Ca2+]i peak response compared to
ACh alone (Figure 7A,B).

Discussion

The technique of electrical ®eld stimulation (EFS) is a useful

and e�ective physiological tool to activate intrinsic secreto-
motor nerves in the isolated pancreas to release endogenous
neurotransmitter(s) which in turn can stimulate pancreatic
secretion (Davison et al., 1980; Pearson et al., 1984; Wisdom et

al., 1994). In this study, EFS of intrinsic nerves of the in vitro
pancreas resulted in marked increases in amylase secretion and
3H release. The nerve-mediated amylase secretion was sensitive

to the nerve-blocking agent tetrodotoxin (TTX) con®rming
that EFS e�ects were truly nerve-mediated, since TTX is a
blocker of voltage dependent Na+ channels (Narahashi, 1974).

In contrast, basal amylase output was not completely
abolished by TTX but only partially reduced, indicating that
basal secretion is controlled only in part by nerves. The high

level of basal amylase output obtained in the presence of TTX
may be due to the damage exerted to the tissues when they
were cut into small segments (Pearson et al., 1984). The
parasympathetic neurotransmitter ACh strongly mimicked the

e�ects of EFS on amylase output. The secretory e�ect of ACh
was completely abolished by the muscarinic receptor antago-
nist atropine. In contrast, atropine markedly reduced but did

not abolish completely the EFS-evoked amylase output,
indicating that the neurotransmitter(s) released during EFS
is predominantly ACh. In addition, there is another

endogenous substance which elicited a small, but detectable,
increase in amylase secretion. It has been known for several
years that the exocrine pancreas is extensively innervated by

cholinergic postganglionic ®bres of the vagus (Richins, 1945).
In previous studies, it was demonstrated that in the rat
pancreas, EFS can elicit the release of both autonomic
neurotransmitters ACh and noradrenaline (Pearson et al.,

1984; Singh & Pearson, 1984; Wisdom et al., 1994). The small
non-cholinergic EFS-evoked amylase secretion seen in this
study may be due mainly to the release of noradrenaline rather

than either CCK or peptidergic neurotransmitters since the
response was completely abolished by b1 and b2 adrenergic
receptor antagonists (Pearson et al., 1984).

Figure 5 E�ects of SNP and 8-Br-cyclic GMP on the time-course
changes in [3H]-choline release induced by electrical ®eld stimulation
(EFS) of rat pancreatic segments. EFS (20 Hz, 50 V, 1 ms) was
applied to [3H]-choline preloaded segments in the absence (control)
or presence of either SNP (161073

M) or 8-Br-cyclic GMP
(161074

M). The horizontal bars denote the duration of the EFS
stimulation and the perfusion with either SNP or 8-Br-cyclic GMP.
Each point represents the mean+s.e.mean of six experiments.
*P50.05 for control compared with SNP; #P50.05 for control
compared with 8-Br-cyclic GMP; **P50.05 for control compared
with both SNP and 8-Br-cyclic GMP; }P50.05 for SNP compared
with 8-Br-cyclic GMP.

Figure 6 E�ects of SNP and 8-Br-cyclic GMP on [3H]-choline release evoked by electrical ®eld stimulation (EFS) of rat pancreatic
segments. The bar charts show the area under the curve (AUC, see Figure 5) for [3H]-choline release from preloaded segments
during (A) 10 min pre-stimulation in the absence (KH solution alone) and presence of either SNP (161073

M) or 8-Br-cyclic GMP
(161074

M) and (B) combined 10 min EFS stimulation (20 Hz, 50 V, 1 ms) plus post-stimulation (20 min) in the absence and
presence of either SNP (161073

M) or 8-Br-cyclic GMP (161074
M). Data were obtained by substracting the averaged basal values

(®rst 0 ± 10 min) from either the pre-stimulation values (10 ± 20 min) or the combined stimulated (20 ± 30 min) plus post-stimulated
(30 ± 50 min) values. Each point is mean+s.e.mean, n=6. P50.05 for (d) compared with (e) and (f), but (a), (b) and (c) are not
signi®cantly di�erent from one another.
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In contrast to either EFS or ACh, the results of this study
have also shown that either the NO donor, SNP, or the
membrane permeant analogue, 8-Br-cyclic GMP, can induce

a small but clear reduction in amylase output compared to
basal value. Combining either SNP or 8-Br-cyclic GMP with
EFS resulted in a signi®cant reduction in amylase secretion

compared to the response obtained with EFS alone,
indicating that both SNP and 8-Br-cyclic GMP may be
acting to exert their inhibitory e�ects either by antagonizing

the cholinergic muscarinic receptor on the acinar cell plasma
membrane or by controlling endogenous neurotransmitter(s)
release at presynaptic sites. When either SNP or 8-Br-cyclic
GMP was combined with ACh there was no attenuation in

amylase output compared to the e�ect of ACh. In fact, both
SNP and 8-Br-cyclic GMP seemed to enhance slightly the
secretory e�ect of ACh. This enhancement of amylase

secretion may be due to some form of interaction between
ACh and SNP/cyclic GMP distal to receptor activation,
possibly via cellular Ca2+ mobilization. Interestingly, the

results of this study have also shown that the attenuating
e�ect of SNP on EFS-evoked amylase secretion was Ca2+-
dependent. SNP can reduce the e�ect of EFS at both low

(1.25 mM) and normal (2.56 mM) extracellular Ca2+ ([Ca2+]o)
but not during elevated (5.12 mM) [Ca2+]o. It is now known
that the release of endogenous neurotransmitter is dependent
upon [Ca2+]o. Low [Ca2+]o is associated with reduced release

of neurotransmitters whereas elevated [Ca2+]o seems to have
the opposite e�ect (Kirpekar & Misu, 1967; Singh & Pearson,
1984; Poli et al., 1994; Hebeiss & Kilbinger, 1996; Singh et

al., 1997).
The literature regarding the secretory e�ects of the NO

donors SNP and hydroxylamine, and the NOS substrate L-

arg is not clear, and especially confusing with regard to the
employment of pancreatic acini and acinar cell suspensions to
study amylase secretion. Some authors have shown that

neither SNP nor hydroxylamine had any detectable e�ect on
amylase secretion from pancreatic acini (Hernandez-Guijo et
al., 1996) whereas others have demonstrated small increases

in amylase output in response to either exogenous NO
(Konturek et al., 1993; Yoshida et al., 1997) or L-arg (Wrenn
et al., 1994). The e�ects of both L-arg and exogenous NO

(SNP) are associated with increased levels of endogenous
cyclic GMP (Wrenn et al., 1994; Yoshida et al., 1997).
However, it is clear and consistent from the literature and the
present study that when NO is combined with either ACh or

CCK-8, it has no e�ect on secretagogue-evoked secretory
responses from both pancreatic segments and acinar cells
(Konturek et al., 1993; Molero et al., 1995; Hernandez-Guijo

et al., 1996; Yoshida et al., 1997).
Taken together, the present results and those obtained by

other authors (Wrenn et al., 1994; Hernandez-Guijo et al.,

1996; Yoshida et al., 1997) suggest that neither SNP nor
other donors are acting as receptor antagonists to either
ACh, carbachol or CCK-8, and therefore, the e�ect of SNP

in the current study is most likely exerted at presynaptic sites.
In order to test this interesting hypothesis, it was pertinent to
investigate the e�ect of either SNP or 8-Br-cyclic GMP on
EFS-evoked 3H release from preloaded pancreatic segments.

Similar studies have been employed previously in the
pancreas to determine the nature and release of endogenous
neurotransmitters (Pearson et al., 1984; Singh & Pearson,

1984; Jennings et al., 1996). The present results have shown
that nerve stimulation caused a marked increase in 3H e�ux
from pancreatic preparations preincubated with [3H]-choline

Figure 7 E�ect of SNP on Ca2+ mobilization in isolated pancreatic acinar cells. (A) Original recordings showing the e�ect of ACh
(161075

M) on intracellular free Ca2+ concentration ([Ca2+]i) in a suspension of fura-2 loaded pancreatic acinar cells in the absence
(upper panel) and presence of SNP (161073

M, lower panel). The arrows indicate the addition of the drugs. Traces are typical of
8 ± 10 such experiments. (B) Bar charts showing [Ca2+]i during basal condition and following the addition of ACh (161075

M),
SNP (161073

M) or ACh (161075
M) in the presence of SNP. Measurements were made at the peak (20 ± 25 s) of the response.

Each point is mean+s.e.mean (n=8±10).
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chloride. Combining either SNP or 8-Br-cyclic GMP with
EFS resulted in signi®cant decreases in 3H release. These
results corroborate our ®ndings of the e�ect of either SNP or

8-Br-cyclic GMP on nerve-mediated amylase secretion in the
pancreas. It is also noteworthy that previous studies in our
laboratory have demonstrated both Ca2+ dependency and
TTX sensitivity of EFS-evoked 3H release from [3H]-choline

preloaded pancreatic segments (Pearson et al., 1984; Singh &
Pearson, 1984; Jennings et al., 1996; Singh et al., 1997). In
addition, several studies, employing a number of di�erent

tissue types, have demonstrated that SNP and other NO
donors can inhibit electrically-evoked release of [3H]-
acetylcholine (Wiklund et al., 1993; Hebeiss & Kilbinger,

1996; Hanania & Johnson, 1998) whereas NOS inhibitors
have the opposite e�ects (for review see Lefebvre, 1995).
Turning now to the e�ect on [Ca2+]i the present study has

shown that addition of SNP (161073 M) to a suspension of
fura-2 loaded pancreatic acinar cells results in a small
decrease in [Ca2+]i compared to basal value. This result is
in contrast to the e�ect of SNP in single pancreatic acinar

cells in which a similar concentration induces a small but
detectable increase in [Ca2+]i (Yoshida et al., 1997). This
discrepancy may be due to the action of SNP on single acinar

cells compared to cell suspensions or di�erence in gender. In
the present study we have employed female rats whereas in
the single cell study the authors have used male rats. Unlike

SNP, ACh elicits a marked transient increase in [Ca2+]i.
However, when SNP was combined with ACh there was no
signi®cant change in the [Ca2+]i response compared to the

e�ect of ACh alone. These results indicate that Ca2+

mobilization in pancreatic acinar cells is unlikely to be
associated with the inhibitory e�ect of SNP on nerve-
mediated amylase secretion. Similarly, in a previous study

(Yoshida et al., 1997) it was shown that the NO/cyclic GMP
system was not associated with either the Ca2+ signalling or
amylase secretion induced by carbachol and CCK-8. Taken

together, these observations further suggest that the most
likely site of action of SNP is at the presynaptic level to
modulate endogenous neurotransmitter release.

In conclusion, the results of this study have demonstrated
that the exogenous NO donor SNP can inhibit nerve-
mediated enzyme secretion and 3H release from the in vitro

pancreas. This inhibitory e�ect of SNP on the nerve-mediated
response is not expressed at the Ca2+ signalling phase of the
stimulus-secretion process in acinar cells, but its most likely
action is to modulate presynaptic cholinergic neurotransmis-

sion, probably via a mechanism related to cyclic GMP level
in the pancreas.

Dr Maria D. Yago was supported by the Spanish Ministry of
Education and Culture through a post-doctoral research grant.
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