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Abstract Nitric oxide (NO) production reportedly regu-ever, the NO/cGMP system does not appear to be in-
lates guanosine' %' -cyclic monophosphate (cGMP) for-volved significantly in the mediation of €asignaling
mation and C# influx in pancreatic acini. We have in-and amylase secretion stimulated by carbachol and
vestigated the functional roles of the NO/cGMP messeDEK-8.
ger system in rat pancreatic acini. In dispersed acini, the
levels of amylase secretion, cytosolic @¢Ca2*];), Key words Nitric oxide - cGMP - Cd entry - Pancrei:s
NO synthase, and cGMP were measured. The NO syn-
thase inhibitor NG-nitro-L-arginine methyl ester (L-
NAME, 0.01-100uM) had no effect on amylase secrelntroduction
tion induced by various concentrations of carbachol,
cholecystokinin octapeptide (CCK-8) or the high affinitbuanosine '35'-cyclic monophosphate (cGMP) is a
CCK agonist, JMV-180. Similarly, L-NAME up towell-characterized intracellular signal transducer in the
100 uM did not affect the changes in €aspiking mediation of stimulus—secretion and excitation—contrac-
evoked by these secretagogues; nor wa& €atry, re- tion coupling [7]. Nitric oxide (NO) is an endogenous
filling or oscillation altered by L-NAME. Sub- and sumolecule of significant biological importance in mam-
pramaximal concentrations of these secretagogues mhaian cells [17]. It acts by stimulating soluble guanylate
not change NO synthase activities compared with basgtlase and the subsequent cGMP pathway [17].
levels. While sodium nitroprusside (SNP), a NO donor, In pancreatic acinar cells, interactions between NO,
caused a 9.4-fold increase in cGMP levels compam@MP and pancreatic enzyme secretion have been rec-
with basal levels, carbachol, CCK-8 and JMV-180 hajnized previously, but direct roles for NO and cGMP
no effect. In addition, the guanylate cyclase inhibitor Liv mediating the secretory process are controversial [4,
83583 (10 nM to 1QM) altered neither amylase secreil-13]. Haymovits and Scheele [12] have reported that,
tion nor C&* signaling induced by these secretagogues. guinea pig pancreatic acini, several secretagogues,
These findings indicate that the stimulatory action of cauch as carbamylcholine chloride (carbachol) and chole-
bachol or CCK-8 is not mediated by NO or cGMP. To imystokinin (CCK), which are C&mobilizing agents
vestigate whether cGMP stimulates pancreatic secretj88], increase cellular cGMP levels and high concentra-
we showed that both SNP and a cell-permeant cGMP @ons of cGMP analogs cause amylase secretion at a lev-
alog at 0.1-1 mM stimulated amylase secretion arfd Cal approximately 30% of that observed with a maximal
transients to a level equal to 10-15% and 13-24%, cencentration of carbachol. This suggests that cGMP
spectively, of those observed with maximal concentmn@ay be an intracellular mediator of pancreatic amylase
tions of secretagogues. The guanylate cyclase activaecretion. In contrast, Gunther and Jamieson have ob-
guanylin (1-10uM), which increased cGMP levels 2.4served that, in guinea pig pancreatic acini, sodium nitro-
fold compared with basal levels, elicited a small amouprtusside (SNP) elevates levels of cGMP 60-fold over
of amylase secretion and a smallkCaansient. In con- basal, but it does not trigger amylase secretion [11].
clusion, exogenous NO is capable of increasing endo&émilarly, Gardner and Rottman [4] have demonstrated
nous cGMP, which results in a modest increase in tihat, in guinea pig pancreatic acini, severat*@aobi-
[Caz*]; transient and pancreatic amylase secretion. Holizing secretagogues increase 2Cafflux, cGMP (18-

fold increase) and amylase secretion, whereas SNP and
H.Yoshida - Y. Tsunoda - C.Owyarigj hydroxylamine, which increase cGMP 45- to 72-fold

3912 Taubman Center, Box 0362, The University of Michigan, OVer basal, respectively, fail to increase?Cefflux or
Ann Arbor, MI 48109. amylase secretion [4]. In rat pancreatic acinar cells,
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phosphodiesterase inhibitors, which increase cGMP levease in cGMP over basal inhibited?€antry. In strep-
els and elevate cGMP content induced by carbachol, tdtysin-O-permeabilized acini, supramaximal2€kad-
not alter amylase secretion under control conditions and (2.5 uM) only modestly increased NOS activity,
during stimulation by carbachol [13]. These observamereas the depletion of &afrom intracellular stores
tions [4, 11, 13] suggest that cGMP does not play a namd submaximal [G4] (0.3 uM) markedly increased
jor role in the stimulus—secretion coupling of pancreatdOS activity [41]. It was therefore proposed that the
acinar cells. stimulation of Ca&+ entry involves the release of €a
In vivo studies of the dog pancreas have shown tifiatm intracellular stores, activating a cellular pool of
SNP enhances pancreatic amylase secretion and elici#8O& which in turn generates cGMP, with this modulat-
twofold increase in cGMP content [14]. However, the ifng C&* influx through the plasma membrane.
crease in amylase secretion may be secondary to neurdFhe sustained Gaentry across the plasma membrane
nal stimulation and increased blood flow, both of whiauring agonist-evoked stimulation is essential to main-
may enhance canine pancreatic enzyme secretion [1&h amylase secretion from pancreatic acinar cells [37].
This possibility is supported further by immunohistoFhe mechanism(s) responsible for this process still re-
chemical data showing that, in rats, the NO synthasin(s) unclear. If the NO/cGMP system is indeed capa-
(NOS) system is present in neurons and the endothelibi@ of mediating C& influx activated by carbachol or
but not in pancreatic acinar cells [32]. CCK, it will play a critical role in mediating pancreatic
Recently, Pandol and Schoeffield-Payne have dememzyme secretion. Given the conflicting data in the liter-
strated that, in guinea pig pancreatic acini, the guanylatare, we performed in vitro studies to examine the role
cyclase inhibitor LY 83583 [19] reduces carbachol-stinoef NO/cGMP in mediating Ga signaling and amylase
ulated cGMP formation, Gainflux and C&* refilling secretion in rat pancreatic acinar cells.
and that the inhibition of Gainflux by LY 83583 is re-
versed byN2,2'-O-dibutyryl cGMP (dbcGMP) and 8-Br-
cGMP [23]. On the other hand, SNP increases bdlaterials and methods
cGMP levels and the rate of €aefflux. These data
therefore suggest that the carbachol-induced increasdaterials

CGMP is necessary and sufficient to mediate the eﬁegksemicals were purchased from the following sources: carbachol
of carbachol on the plasma membrané*@mtry mecha- ccg octapeptidep[Tyr(SgH)27]-fragment 26_3% amide (CCK-8),
nism. However, in a subsequent paper, the same authafiginine, SNP, 3-isobutyl-1-methylxanthine (IBMX) and NiCl
have reported that when cells are stimulated with % CaomthSilgmta (St. h!_?uijs' Mot-. LtJS(f\)(:J I\C/lelis%;—EZ(WSl)-Z-ph%- ol
ionophore cGMP once again increases [22]. In this ;Oxr‘fg eerJSUU%‘Zg IF_)VEIAQEAE eaniling uinrc?lir;\]e SeSeaJicnoneus
S.tance LY 83583 a_ugments the |_onophore—|n_duceﬁ C%inSSSé), 8-I§r-cG|\)/iP sodium salt, dbc%MP sodiumqsalt and
signal and SNP inhibits the sustainecGantry induced guanylin from Biomol (Plymouth Meeting, Pa., USA); 1-(2-5
by either the Cat ionophore or carbachol [22]. More re<arboxyoxazol-2yl)-6-aminobenzofuran-5-oxy-(zamino-5-

cently, the same group of investigators have reportggthylphenoxy)ethanB:N,N',N'-tetraacetic acid (fura-2) acet-

; ; ; ; e methyl ester (AM) from Calbiochem (San Diego, Calif.,
that, in both guinea pig and rat pancreatic acini, 'nh'k%)%A).L-Xrginine, |(BM>%, L-NAME. 8_Br_cGMé,‘ dchMg, tatha

tors of the NOSNG-monomethylt-arginine (L-NMMA)  chq, NiClL and guanylin were dissolved in distilled water stock
and N&-nitro-L-arginine (L-NAME), abolish the carba-solutions of 0.1-1 M. LY 83583 (100 mM stock solution), fura-
chol-induced cGMP rise and that this inhibition is ré¥AM (1 mM stock solution) and JMV-180 (1 mM stock solution)

versed by the addition of exces@rginine, suggesting aWwere dissolved in 100% dimethyl sulfoxide, the final concentra-

. - L tion being 0.01%, 0.2% and less than 0.01%, respectively. CCK-8
role for NO in cGMP formation [9]_. In addltl_On, _carba(l mM stock solution) was dissolved in distilled water containing
chol increases3H]arginine conversion to3]citrulline, .01 N NaOH and 0.2% bovine serum albumin.

indicating that the pancreatic acini possess the NOS
system. L-NMMA suppresses the stimulation of n
. : - Methods
guenching by carbachol in fura-2-loaded acini, suggest-
ing that the NOS system coupled to2€mobilizing Isolation of pancreatic acini
agents may regulate plasma membrang* Gdlux via ated rat ic acin d by coll g
ot olated rat pancreatic acini were prepared by collagenase diges-
the Tedlatlodnhqf guany!ate C%CIase/CGMPdpé}th.\;valys LI In of pancreas obtained from male Sprague-Dawley rats [39].
Mua e€m and his as_squates ave reported similarly t ini were suspended in a physiological salt solution (PSS) con-
in rat pancreatic acini, both L-NAME and LY 83583 intaining 0.1% bovine serum albumin, 0.1 mg/ml soybean trypsin
hibit Ce* entry induced by either carbachol or the endphibitor and (in mM): 137 NaCl, 4.7 KCl, 0.56 MgfI1.28
plasmic reticulum C& pump inhibitor, thapsigargin €aCh, 1.0 NaBPQ, 10.0 N-2-hydroxyethylpiperazind¥-2-eth-

P . P . esulfonic acid (HEPES), Eagles’ minimum essential amino acid
[41]. Such inhibition is reversed by the administration ﬁgutralized with I\(laOH, azld 2nglutamine. The PSS was adjust-

exogenous NO donors and dbcGMP. It was also dem@fito pH 7.35 and equilibrated with 100% @ experiments eval-
strated that carbachol, thapsigargin and,Nii@reased uating the NOS activity (see Fig. 3) and in the amylase secretion
cGMP levels (8- to 12-fold increase over basal). It is iAtudy Usg!g-aigslmrfgn (ose:dF]igc-) rﬁ),t;]ge Eggle(slc; mglgnsugdesgt%féﬂ%
. . no acid w v ) u y
terestlng_ to note that thls_ study ShO\.NEd CGMP to ha\égna%H) since it contained 0.6 mMarginine. In the mediur% used
dual action on Ga entry: a tenfold increase in cCGMPr c#+free studies (Figs. 5, 8, 9 and 10), theé*Caee solution
over basal activated €aentry, whereas an 80-fold in-(—[Ca*] ) was identical to PSS except that Cailhs replaced by
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with 1 mM ethyleneglycol bif-aminoethylethely,N,N',N'-tetra- treatment was measured using a Bio-Rad protein assay system.
acetic acid (EGTA). Chromatographic procedures performed in this study resulted in
the retention of 98.1% o#lfi]arginine in the resin.

Measurement of amylase secretion and4Ca .

Measurement of cellular cyclic GMP
For the measurement of amylase secretion, acini were preincubat- . o .
ed for 30 min in 40 ml PSS, washed twice ¢5imes for 3 min), Cellular cGMP was measured using a radioimmunoassay using the
and resuspended in 40 ml fresh PSS. Aliquots (2 ml) were tHeHICGMP assay system (Amersham, Arlington Heights, IIl.,
distributed into each flask and incubated with reagents for 60 m®A). Aliquots (0.25 ml) of the acinar cell suspension (210
at 37°C. The incubation was terminated by centrifugation (10,00@lls in PSS) were incubated with secretagogues at 37°C for
rpm) for 40 s at 4°C in a microfuge (1 ml x 2 times in 20 group$}-20 min. Incubation was stopped by adding 0.5 ml of chilled
Amylase released into the supernatant and that remaining in ¥e9% ethanol and immediately centrifuged at 10,000 rpm for 20 s
pellet in each tube was assayed using Procion yellow stafétt°C. The supernatant (0.75 ml) was stocked at 4°C and the re-
(Polysciences, Inc. Pa., USA) as a substrate. Amylase secrefigitant pellet dissolved in 0.5 ml chilled 99.9% ethanol:distilled

was expressed as a percentage of the total content in each samffer (2:1). The suspension was sonicated for 30 s (200 W, Braun-
[Ca2+]i in individual pancreatic acini was measured as d nic L), vortexed for 30 s and allowed to settle for 10 min at 4°C.

scribed previously [36]. In brief, acini were incubated with@ ~ The sonicates were centrifuged at 10,000 rpm for 10 min and the
fura-2/AM at 37°C in 10 ml PSS for 30 min. All experiments utitesultant supernatant (0.5 ml) combined with the first supernatant
lized a dual-excitation-wavelength (340/380 nm emitted &%-25 ml total volume). Each supernatant was evaporated at 55°C
505 nm) modular fluorometer system (SPEX Fluorolog 2) couplé@der a N stream for 20 min to remove the ethanol fraction com-
to a Nikon Diaphot inverted microscope (x40). Isolated aciRletely. Each sample was stored at —70°C overnight and redis-
placed on a zero cover glass and mounted in the closed chargifed in 0.3 ml of 0.05 M tris(hydroxymethyl)aminomethane
were continuously superfused from an eight-chambered reser{diis)-EDTA buffer (pH 7.5). A 0.1-ml aliquot of each suspension
(1 ml/min). The fiuorescence ratio was converted to?faising (20-100ug protein/cell extract) was incubated with an antiserum
in vitro calibration with an external standard (Calcium Kit I, Mospecific for cGMP (0.05 ml) and 0.00@Ci/0.295 kBq of

lecular Probes/Eugene, Ore., USA) and@8 fura-2 potassium [*HICGMP (0.05 ml), both of which were solubilized in 0.05 M
salt [8]. Tris-EDTA buffer. The final volume per incubation was 0.2 ml. In-

cubation was performed for 90 min at 7°C with gentle shaking and
stopped by adding 1 ml of chilled and 60%-saturated J{p80,
solution. Bound and free labeled cGMP were separated by centri-
fugation at 10,000 rpm for 3 min at 4°C. After completely remov-
ing the supernatant, the resultant pellet was resolubilized with
1.1 ml of distilled water in each tube. All procedures were per-
émed using 1.5-ml Eppendorf plastic tubes. A 1-ml aliquot of
suspension was transferred into a scintillation vial and mixed
h 15 ml of Cytoscinti (ICN). The radioactivity in each vial was
nted using a liquid scintillation counter. The protein content of
cell extract in the same fraction utilized for cGMP assay was
2asured using a Bio-Rad protein assay system. cGMP contents
re expressed in picomoles per milligram protein per cell extract

Measurement of NOS activity

NOS activity was assessed by measuriitfjdrginine conversion
to [3H]citrulline. [3H]Arginine (3 ul, 3 uCi/111 kBq, Dupont NEN
products, Boston, Mass., USA) was added to 1-ml aliquots of
acinar cell suspension in 1.5-ml Eppendorf plastic tubes (Madis
Wis., USA)(2x10 cells/PSS without Eagles’ minimum essenti
amino acids) and incubated for 5 min at 37°C. The cell suspensj
was stimulated immediately with secretagogues for 0-10 min
37°C and centrifuged at 10,000 rpm at 4°C for 20 s. The super,
tant was removed and the resultant pellet immediately frozen

id R ° ; tosolic protein). Basal cGMP values were approximately
liquid nitrogen. The pellet was stored at —70°C overnight, res . ]
pended in 0.5 ml of 5 mM-arginine in 4 mM ethylenediaminetet- pmolimg protein per cell extract. This means that almost

raacetic acid, (EDTA) buffer (pH 7.8), homogenized 10 times u%pmol of cGMP was present in the total amount of protein (mg).

ing a glass homogenizer, and transferred to a new Eppendorf tube.

This process was repeated twice (final volume 1 ml). Each suspen-

sion was centrifuged at 10,000 rpm for 1 min at 4°C and the Risults

pernatant collected in a glass tube. Then, 1 ml of 20% trichloro-

acetic acid (TCA) was added and the mixture sonicated in a water .

bath for 5 min at 4°C. Each suspension was again centrifuged NOS |nh|b|tor_L-NAME has no effect

2,000 rpm for 5 min at 4°C and 1 ml of the supernatant transfered amylase secretion and &aresponse

to a new glass tube (13x100 mm). Then, 2 ml gDtaturated indéjced by either carbachol, CCK-8 or JMV-180

ether was added to each tube and the tube vortexed for 30 s an

the upper phase was discarded. This process was repeated 3 times. - .

The aqueous fraction (1 ml) was evaporated at 55°C undey a4 Shown in Fig. 1a, pretreatment of dispersed pancreat-
stream for 1 min. The remaining lower phase (0.5 ml) was traf€-acini with a supramaximal concentration of the com-
ferred to a new glass tube (30x100 mm) and 2 ml of 20 mpktitive NOS inhibitor L-NAME [26] (100uM) for

HEPES solution (pH 6.0) added. Cation-exchange columns wef§ min and further treatment for 60 min with L-NAME
prepared by adding 2.6 ml of Bio-Rad analytical grade cation

ex- ;
change resin (AG 50Wx8 resin, Bio-Rad, Hecules, Calif., USA) Fﬁus secretagogues did not change the amylase secretory
each column and prewashing twice with 2 ml of 20 mM HEPE@attern induced by either carbachol [0.1-100, P>0.8,
Samples (2.5 ml) were poured onto respective columns and ¢el= 8.66x163, data () = 20, SD within two groups
lected in scintillation vials. Each original tube was washed W:%\I‘_—NAME) = 12.01 by one-way analysis of variance

2 ml of 20 mM HEPES, vortexed and poured over the same cp}- _
umn into a new scintillation vial. This process was repeated o OVA)], CCK-8 (10-100 pM,P>0.8,F = 6.51x16°,

more. After adding 10 ml of Ecolite (ICN, Costa Mesa, Califff = 12, SD = 16.02) or the high-affinity CCK receptor
USA), the radioactivity was counted using a liquid scintillatioagonist JMV-180 (10-100 nMP>0.8, F = 6.38x103,

counter. The background (no samples) was subtracted from eqch 12 SD = 13.02). Figure 1b shows the effects of dif-

sample counting rate (counts per minute) and values from the sgi- ; _ ;
ple and two rinses which had been passed through the one colﬁﬁnt concentrations of L-NAME on basal, unstimulated

were summed. Data are expressed as the percentage of dH¥/lase secretion (US) as well as on amylase secretion
al/100pg protein. The protein content of each sample before TdAduced by carbachol (M), CCK-8 (10 pM) or JMV-
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STA tion of 100uM L-NAME during the refilling phase did
wl +L-NAME - not alter the second @aresponse induced by carbachol,
= JMV-180 - indicating that C& entry across the plasma membrane is
354 CcCK-8 s \CCh unaffected by L-NAME. Similarly, neither the sustained
+L-NAME

[Ca2*]; plateau induced by CCK-8 (10 nM) nor the2Ca
%01 +L-NAME oscillations evoked by JMV-180 (100 nM) were altered by

2 the administration of L-NAME (Fig. 2c,d).

AMYLASE SECRETION (% of total/60 min)

204
% Carbachol, CCK-8 and JMV-180
151 T T have no significant effect on NOS activity
10 = 2 ]\ L-NAME 100 uM ) o ]
us us ¢ Since the NOS inhibitor L-NAME had no effect on ei-
5 , . i, L . . , ther amylase secretion or €asignaling in response to
s e lMi7 s 5 4 various secretagogues, we next established whether the
o9 NOS system is present and functioning in pancreatic aci-
ni. NOS activity was measured b$H]arginine conver-
_ "B sion to PH]citrulline in an Eagles’ essential amino-acid-
£ 20 cch - free PSS. Figure 3a shows the_time course of NOS activ-
8 - - - ity during carbachol-evoked stimulation. No significant
§ 351 ccKe . increases in3[-|]citr|ulline t\leere gbsc.;:]rvle(%)any tiorlge in
b 2 response to stimulation by carbacho . In addi-
é 301 *<x>9><;/'/z><x tion, L-NAME (100 uM) (10-min preincubation and co-
3 .. JMV-180 incubation with carbachol) did not affect NOS activity
E during carbachol-evoked stimulation. Figure 3b shows
5 - [3H]citrulline formation in response to various concen-
“3’ trations of carbachol (1-300M), CCK-8 (10-100 pM)
@ 157 and JMV-180 (10-100 nM) 5 min after cell stimulation.
; There were no significant increases over basal following
" us : 5 stimulation by the various secretagogues. L-NAME
5 , , i , : (100 uM, 10-min preincubation and 5-min co-incubation
8 L;AME (|o£ s 4 with carbachol) had no significant effect on the action of
- g [M])

various concentrations of carbachBlf 0.53,F = 0.40,
Fig. 1A, B Effects ofNG-nitro-L-arginine methylestel¢(NAME), N = 29, SD within two groups (+ L-NAME) = 30.18 by
a nitric oxide synthaseNQ9 inhibitor, on amylase secretion inANOVA]. The 1.5-fold increase in NOS activities ob-

dispersed rat pancreatic acinar cells induced by carbaCigi)( served at some concentrations was not statistically sig-

gﬂg‘lggyﬁRﬁ\k/[ri'gaogtif’s/ﬁt,{ﬁggéﬁu,f‘,l';dh;hde nholggﬁgf(':f{ng%/ ggﬁ nificant because of the large standard deviations.

(0.1-100puM), CCK-8- (10-100 pM) and JMV-180- (10-100 nM)
induced amylase secretiom.CCh- (1uM), CCK-8- (10 pM) and

JMV-180- (10 nM) induced amylase secretion was not altered jayArginine has no effect in inducing amylase secretion
various doses of L-NAME (0.01-1QfM). Data are means of du-

licate determinati SUnstimulated cells i.e., bas-l . . .
plicate determinationd)S Unstimulated cells i.e., bas ) To examine further whether the NOS system functions in

pancreatic acini, we studied amylase secretion using

arginine. Intact acini were incubated witharginine
180 (10 nM). All responses were unaffected by variogs0 uM to 3 mM) in the PSS, which did not include the
concentrations of L-NAME (0.01-1Q@M). Eagles’ essential amino acidArginine up to 3 mM did

Next, we determined the effects of L-NAME on?€Canot cause significant increases in amylase secretion

signaling induced by various secretagogues in fura-2-logig. 4). Note that the PSS utilized for other experiments
ed individual pancreatic acini. Addition of 1Q0M L- (except those shown in Figs. 3 and 4) contained 0.6 mM
NAME to the superfusion medium did not change the cararginine and this concentration ofarginine did not
bachol-induced (1@M) sustained [C&]; plateau, which significantly increase basal amylase secretion during
is dependent on the presence of extracellula?* C80 min of stimulation. Furthermore, L-NAME (1Q0M,
([C&*]p)[37]. On the other hand, the €&hannel blocker 10-min preincubation and 60-min co-incubation with
NiCl, (2 mM) completely abolished the sustained?f;a arginine) did not alter the secretory pattern of amylase
plateau induced by carbachol (Fig. 2a). As shown ifduced byL-arginine. Note that carbachol, CCK-8, and
Fig. 2b and reported previously [34], after a 10-min wasiMV-180 caused amylase secretion reaching 25-45% of
out the second Gaspike in response to carbachol wake total content. These results suggest that the NOS
completely restored. This requires refilling of the intracalystem is either not present or not functioning in rat pan-
lular C&* stores from extracellular sources [24]. Applicareatic acini.
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Fig. 2A-D Effects of L-NAME 578 49
on C&+* signaling expressed as A 10 min — 10min—
intracellular [C&*] ([Ca2*];) 449 338
evoked by CCh, CCK-8 and _
JMV-180 in individual pancre-  E 334
atic acini. Neither C& entry £ 241.
(aandc), Ca* refilling (b) nor ¥
Ca* oscillations ¢l) were al- % 24 L-NAME 100uM  NiCiz2mM \
tered by L-NAME (10QuM). e 155 vy \
Data are representative of ten 1551 o,
separate experimer:ts CcCh 10uM
794 .. 79 ,_J T"NAME 100 UM—————
—CCh10uM ~cch1oumM™
——10 min
338 B ——10min 106]D

=241 | 1551

% 100 uM 2mM

= L-NAME  NICl2 |

::' 158 \‘\ N

o

L-NAME 100 uM
79
" T"M)J CCK-8 10nM L”"J————va-mo 100N —————

SNP, but not carbachol, CCK-8 or JIMV-180, tion of acini with 10uM LY 83583 (10 min) reduced
increases cellular cGMP levels cGMP content stimulated by 1 mM SNP [50.7 = 7.7

(+LY 83583) vs 93.7 + 22.3 (-LY 83583) pmol/mg pro-
Several reports have suggested that the guanylate teir per cell extract at 10 mi?<0.05 by two-tailed un-
clase/cGMP system is present in pancreatic acini Ipairedt-tests,n = 6], indicating that the LY 83583 used
does not mediate stimulus—secretion coupling [4, 1, this study, and which did not inhibit secretagogue-
13]. To address this question, cellular cGMP levels westtmulated amylase secretion or 2€aesponses (see
measured using @H]cGMP radioimmunoassay kit. AsFigs. 6 and 7), was biologically active. On the other
shown in Fig. 5a, addition of SNP (10®) resulted in a hand, carbachol (0.1-3QfM) had no effect on cellular
biphasic increase in cellular cGMP content with peak is6MP content in either the presence or absence of
creases of 4- and 4.4-fold at 2 min and 10 min respéBMX after 10 min of cell stimulation (Fig. 5b). Note
tively. In contrast, carbachol (300M) caused no in- that 0.1 mM IBMX caused an 1.5-fold increase in basal
crease in cellular cGMP levels over basal in both th&MP levels, suggesting that the cGMP/phosphodiester-
presence or absence of the phosphodiesterase inhibitee, system is present in rat pancreatic acini.
IBMX (100 pM). Although small increases in cGMP Neither CCK-8 (100 pM) nor JMV-180 (100 nM) al-
levels (2.0- to 2.5-fold over that at zero time) in respontged cGMP levels from basal levels, which were
to the supramaximal concentration of carbachol were di-0 + 2.4 pmol/mg protein per cell extract in this series
served early after cell stimulation (0.5-1 min), thes# experiments. At 10 min following stimulation by
changes were not significant. cGMP (9.1 + 1.5 pmol/nfgCK-8 and JMV-180 the cGMP levels were 9.8 + 3.4
protein per cell extract) = 8) after 10 min of carbachol-and 14.6 + 7.0 pmol/mg protein per cell extract, respec-
evoked (30QuM) stimulation without IBMX was almost tively (eachn = 5). Similarly, L-arginine (1 mM) during
similar to that in unstimulated cells (9.0 = 0.8 pmol/m0 min of cell stimulation did not increase cGMP levels
protein per cell extract) = 4). Figure 5b depicts the ef-(8.0 + 3.3 pmol/mg protein per cell extraat= 6) over
fects of different concentrations of SNP and carbachmisal.
on cGMP content 10 min after stimulation. SNP caused a
linear concentration/response increase in cGMP content
with a concentration for half-maximal effect (EjCof The guanylate cyclase inhibitor LY 83583
3 UM. SNP (1 mM) caused a 9.4-fold increase in cGMmas no effect on amylase secretion andflceesponse
level over basal (10.0 + 1.3 pmol/mg protein per cell eiaduced by carbachol, CCK-8 and JMV-180
tract,n = 6). The stimulatory action of SNP appeared to
require the presence of [€§, for its full activation To examine further whether or not the guanylate cy-
(Fig. 5¢). Similar [C&'],-dependent, but small, increaseslase/cGMP system is coupled to amylase secretion and
in cGMP have been observed recently in rat pancred€i@']; signaling in response to carbachol, CCK-8 and
acini in response to the €aadenosine triphosphatasdMV-180, we examined the effects of LY 83583, a gu-
(ATPase) inhibitor thapsigargin (@M) [6]. Preincuba- anylate cyclase inhibitor [19]. As shown in Fig. 6a,
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e o ) plateau (Fig. 7a). LY 83583, present for 10 min during
2 0] - the refilling phase, did not affect the second response
3 us Ugy us elicited by carbachol (Fig. 7b). Similarly, neither the sus-
E ol ! tained [C&']; plateau induced by CCK-8 (10 nM) nor
Q the C&+ oscillations evoked by JMV-180 (100 nM) were
., altered by LY 83583 (Fig. 7c, d). These data suggest that

m a0 o s 7 s s 4 3 although the pancreatic acini possess the guanylate cy-
log [M] clase/cGMP system which is activated by exogenous NO

Fig. 3A Time course of NOS activity (expressed as rate nors 't_does not appear to be coupled to the signal

[3H]citrulline formation) stimulated by 30QM CCh in the pres- transduction pathways utilized by carbachol, CCK-8 and

ence or absence of 1M L-NAME. Data are mean + SEM from JMV-180.

four separate experimentB. Concentration/response curves for

stimulation of NOS by CCh, CCK-8 and JMV-180 for 5 min. Data

are mean + SEM from four separate experiments. Acini were pg:—

treated for 10 min with 100M L-NAME and further co-incubat- NP and cell-permeant cGMP analogs .
ed with secretagogues. The value 100% corresponds to the z6&iSe a modest increase in amylase secretion
time or basal 3H]citrulline levels. The medium used was an Ea-

gles’ essential amino-acid-free physiological salt solution (<SS)Tq investigate the biological functions of cellular cGMP,
the effects of SNP and cell-permeant cGMP analogs on
pancreatic amylase secretion were examined. As shown

10 uM LY 83583 (10-min preincubation and 60 min coin Fig. 8a, SNP (1-10AQM) did not increase amylase se-

incubation with secretagogues) did not significantly igretion over basal. Only at 1 mM did SNP cause a 1.5-

hibit amylase secretion induced by various concentfald increase in amylase secretion over basal. This small

tions of carbachol [0.1-100uM, P = 0.76, increase in secretion elicited by SNP was dependent on

F = 9.35x102 n = 20, SD within two groups (+ LY the presence of [GH,. Similarly, the cell-permeant

83583) = 5.05 by ANOVA], CCK-8 (10 pM to 10 nM,cGMP analog 8-Br-cGMP caused a 1.2-fold to 1.5-fold

P = 0.25,F = 1.39,n = 24, SD = 5.21) and JMV-180increase in amylase secretion only when supramaximal

(1-1000 nM,P>0.8,F = 2.54x162, n = 20, SD = 12.36). concentrations (0.1-1 mM) were used (Fig. 8b). Another

Figure 6b depicts the effects of different concentration€MP analog, dbcGMP, also caused a modest increase

of LY 83583 on the basal and stimulated amylase sedreamylase secretion (1.25-fold over basal) only when a

tion induced by carbachol (36M), CCK-8 (10 pM) or supramaximal concentration (1 mM) was used.

JMV-180 (100 nM). No response was altered significant-

ly by any concentration of LY 83583 (0.011M).

Next, we examined the effects of LY 83583 or?CaSNP and cell-permeant cGMP analogs

signaling induced by the various secretagogues in furasause small Cé transient(s)

loaded individual acini. Application of 20M LY 83583

caused no significant inhibition of the carbachol-induc#tle next examined the actions of SNP and cell-permeant

(10 uM) sustained [C&]; plateau , whereas the €a cGMP analogs on [G4; signaling. SNP (0.1 mM) in-

channel blocker NiGI(2 mM) completely abolished thisduced a C& transient in 18 out of 20 individual cells.
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8 i Fig. 6A, B Effects of the guanylate cyclase inhibitor LY 83583 on
3 30J 0/ o +[Ca2+], amylase secretion induced by CCh, CCK-8 and JMV-18QY
(3 20*\ -74. = -[Ca2+], 83583 (10uM) had no effect on amylase secretion induced by var-
L u.s ious concentrations of CCh, CCK-8 and JMV-1BOVarious con-
1o} centrations of LY 83583 had no effect on bas#b)(and stimulat-
ok ed amylase secretion induced by CChu{l), CCK-8 (10 pM)
7 6 s 4 and JMV-180 (10 nM). Eachointis the mean from duplicate de-
SNP (log [M]) termination::

Fig. 5A—-C Cellular guanosine 'F-cyclic monophosphate

(cGMP) levels stimulated by sodium nitroprussid@NP and CCh

(300 uM). A SNP (100uM) caused a biphasic increase in cellul .

cGMP content even in the absence of the phosphodiesterase i%%sal [C&4; was 60 £ 9 nM. TheA[Ca]; increase
itor, 3-isobutyl-1-methylxanthine IEMX, 100 pM). Data are (peak—basal from each single cell) induced by SNP was
mean + SEM from two or three separate experimemts 2-4), 68 + 13 nM ( = 20), a value 24% of that induced by

*P<0.05 vs zero time (two-tailed unpairédests).B Concentra- ;
tion/response curves for effect of SNP(QNM to 1 mM) and CCh 10 uM carbachol (289 + 37 nM in 20 out of 20 cells).

(0.1-300uM, with or without 100uM IBMX) on cGMP produc- SNP (0.1 mM) failed to increase [€} in 11 out of 11
tion at 10 min. Data are mean + SEM from two or three separ@tlls in the absence of &afrom the medium (zero
experiments rf = 4-12).”P<0.01 and™ P<0.001 vs US (two- CaCl, plus 1 mM EGTA), indicating that the source of
tailed unpaired-tests).C Concentration/response curves for effec(t:a2+ utilized for C&+ spiking stimulated by SNP is ex-

of SNP (0.1-100uM) on cGMP production in the presenc %
(+[Ca*],, solid circle§ or absence (~[Gd],, solid square}of ex- racellular. In contrast to JMV-180, addition of SNP to

tracellular C&* at 10 min. The 100% corresponds to cGMP levet§ie superfusion medium for 7-10 min did not cause Ca
Imleasgg;d ther;1 1qeM _SNF;lwas used findthel_presegce of extracapscillations but elicited only one transient. Lower con-
ular Ce*. Eachpoint is the mean of duplicate determinationgentrations of SNP (1-10M) that were sufficient to in-
5[6629]'1)2_’ 308 bz'%\'lonvp_ 20, SD within two groups ¢ ease cGMP levels did not elicit @aspiking (see
+ o) =13. y . . .
Fig. 5b), suggesting that 1Q¢M SNP is the threshold
for evoking the C& response. 8-Br-cGMP at 0.1 mM
caused a small and transient increase irf{Ce 9 out
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Fig. 7A-D Effects of LY 83583 197 B
on C&* signaling induced by i ——10min
CCh, CCK-8 and JMV-180 in 2| A\ 10 min 1551
individual pancreatic acini.
Neither C&* entry A andC), B 116
Cae* refilling (B), nor C&* os- £ 155
cillations ) induced by CCh, & \ _ 79]
CCK-8 and JMV-180 were al- % N, NiCi2 2mM
tered by LY 83583 (1QM). = 44 ] _LY8358310uM _
Data are representative of eight 79
separate experimer.ts I LY 83583 10 uM 10 }—J ccnioum CCh 10 uM
CCh 10 uM:
—10 min—
241
C .
—10 min —
197 \ 79
E 155
%116‘ LY 83583 10uM NiClz 2 mM 44 JU
") W V
ag Il | LY8358310uM _
CCK-8 10nM 10 | JMV-180100nM——M8MM™

of 15 cells (Fig. 9b). ThA[Ca2*]; increase induced by 8-Thr-Cys-Glu-lle-Cys-Ala-Tyr-Ala-Ala-Cys-Thr-Gly-Cys-
Br-cGMP was 26 = 9 nMr(= 15), 13% of that induced OH/cyclic) [1, 30, 31] on pancreatic secretion. Similar
by 10uM carbachol in the same single cell (15 out of 6 SNP and cGMP analogs, only at a supramaximal con-
cells). In contrast to SNP, the absence of extracellut&ntration (1QuM) did guanylin evoke a small increase
Ca* did not abolish the [Cd]; response induced by 8-in amylase secretion in an extracellularz€dependent
Br-cGMP in 11 out of 18 responding cells: thECa2*]; manner (Fig. 10a). This increase was 39% of the maxi-
was 56 = 15 nM 1§ = 18), 24% of that induced by 1M mal increase observed with @M carbachol. Note that
carbachol in 18 out of 18 cells (th&Ca2*], = 236 the accumulative amylase secretion in response to car-
* 24 nM in a Cé&'-free medium, Fig. 9c). Similarly, bachol was completely dependent on the presence of ex-
dbcGMP (0.1 mM) caused a small transient increasetiacellular C&* [P = 0.0007,F = 13.75,n = 40, SD
[Ca?*];: the A[Ca?*]; increase was 33 nM in the presenceithin two groups (+ [C&],) = 8.23 by ANOVA,
of extracellular C& in two out of two cells (Fig. 9d). Fig. 10a]. This is consistent with our previous results
The meam\[C&a2*]; (peak—basal) value in response to sehowing that carbachol only elicits transient amylase se-
cretagogues is calculated from all cells examined (rretion from superfused acini in the absence of extracel-
sponding and nonresponding). High concentrations lafar Ca+* [37].
SNP and cGMP analogs were thus required to cause & the absence extracellular &acarbachol (1QuM)
small increase in amylase secretion and’f[zaThe ef- evoked a [C&]; transient without a sustained [€h pla-
fects of SNP and cell-permeant cGMP analogs off Ceeau (Fig. 10b). Similarly, in the absence of extracellular
signaling modes were, however, not always the sar@?*, guanylin (1uM) evoked a small [Cd]; transient
This reason for this will be described later. which was 39% of that observed with i carbachol

in the same celln(= 3), indicating that the source uti-

lized for C&* spiking evoked by guanylin and cGMP an-

A guanylate cyclase activator, guanylin, alogs is intracellular. On the other hand, the small sus-
causes modest amylase secretion arfd tCansient(s), tained [C&*]; plateau elicited by guanylin or cGMP ana-
and increases cellular cGMP levels logs seems to originate from the extracellular compart-

ment. In the presence of extracellular2Caguanylin
Current studies have suggested the existence of solytlgM) elicited a small, sustained [&% plateau (86 nM
guanylate cyclase, activated by SNP but not coupleditierease over basal) (Fig. 10b). At lower concentrations,
carbachol- or CCK-stimulated €asignal transduction guanylin (0.01-0.1uM) did not elicit a [C&*]; increase.
or exocytosis in rat pancreatic acini. To investigate fugince only the supramaximal concentration of guanylin
ther whether pancreatic acini separately possess (b@uM) caused amylase secretion, we measured cGMP
transmembrane guanylate cyclase system (isoform [Byel at this concentration. As expected, guanylin caused
we examined the action of the transmembrane guanylatbiphasic increase in cellular cGMP levels with signifi-
cyclase activating peptide, guanylin (bRro-Asn- cant peak increases occurring at 1 min and 20 min
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3TA are consistent with previous findings that increasing cel-
lular cGMP is not necessarily coupled to amylase secre-

= +[Ca2t]q tion during receptor activation in guinea pig and rat pan-

201 o -[Ca2t]o creatic acini [4, 11, 13]. Furthermore, immunohisto-

chemical studies with measurements of reduced nicotina-
mide adenine dinucleotide phosphate (NADPH) diapho-
5] rase activity, a marker for NOS, have demonstrated that
the NOS system is present in the rat pancreatic neurons
I (nerve cell bodies) and endothelium, but not in pancreat-
. ic acinar cells [32]. In addition, @dcalmodulin-depen-

I I/ dent type | NOS has been found in pancreatells, but
I\I/ not in pancreatic acinar cells [29].

o — In the first series of studies (Figs. 1 and 2), we used
s+—= = - - - L-NAME as a NOS inhibitor because of the lower con-
Sodium Nitroprusside (SNP) (log [M]) centration required for 50% inhibition (g 0.54 pM)

for NOS compared with L-NMMA (16, = 9.5 uM) in
1B vitro [26]. Our studies showed that neither amylase se-
cretion nor C& spiking (entry, refilling and oscillations)
induced by carbachol, CCK-8 and JMV-180 was altered
by different concentrations of L-NAME, suggesting that
8BrcGMP the NOS system does not function in rat pancreatic acini.
15 I *kk Pretreatment time (10 min) and concentrations (up to
/t . 100 uM) of L-NAME utilized in this study seem to be
i sufficient to inhibit guanylate cyclase activities in intact
* 7§ dbeGMP cells [9]. These observations differ from those of two re-
I cent studies which have reported that L-NAME and L-
J NMMA inhibit NOS, cGMP production45C&2* uptake
and Mr#*influx in rat and guinea pig pancreatic acini [9,
41]. Gukovskaya and Pandol demonstrated that, in guin-
0 " - ea pig and rat pancreatic acini, L-NMMA (10-1004)
log [M] dose-dependently inhibit NOS activity (1.5-fold over
basal), cGMP content (sevenfold over bas&{z* up-
Fig. 8A, B Effects of SNP and cGMP analogs on amylase secfgke (1.5-fold increase over basal) and 2Mrmentry

tion. A Concentration/response curves for the effect of SNP
amylase secretion in the presencéoged squargsor absence &loked by 10QuM carbachol [9]. In contrast, the same

(open squaresof extracellular C&. B Concentration/response 9"0UP also reported that, in guinea pig pancreatic acini,
curves for 8-Br-cGMP and dibutyryl cGMEHcGMB on amylase the NO donor SNP (3QM) decreases the sustained

secretion. Eachanelshows means + SEM from three or four sepgCa2*], plateau evoked by either carbachol (300@) or
rate experimentsn(= 4-9) "P<0.05,™ P<0.001 compared with the C3+ jonophore Br-A23187 (1QM) and that the gu-
US (two-tailed, unpairetitests, anylate cyclase inhibitor LY 83583 (0.1u481) augments

the [C&"]; increase induced by Br-A23187 m)[22].

Although the reason for this discrepancy is unknown,
(Fig. 10c). Results suggest that, in addition to the solulibese observations suggest that NO produced in pancre-
guanylate cyclase system activated by exogenous N@¢ acini may regulate the soluble guanylate cyclase
the transmembrane guanylate cyclase system is presgatem which produces cGMP. This may mediate either
in rat pancreatic acini. However, it does not appear tothe C&+ influx, Ca&* efflux or a combination of both.
coupled to carbachol- or CCK-stimulated 2€&ignal Similarly, Muallem and his associates have reported that,
transduction or pancreatic amylase secretion. in individual rat pancreatic acinar cells, a supraphysio-
logical concentration of L-NAME (2 mM) inhibits carba-
chol-evoked (10QuM) Mn2* quenching by 74% and that
Discussion induced by thapsigargin (RM) by 78% [41]. These

studies were performed using a fura-2 fluorescence
In this study, we have demonstrated that, in the rat pgoenching rate at the isosbestic point (360 nm) and the
creatic acini, the NOS system is either not present or 860/380 ratio. It should be noted that technical difficul-
functioning, that exogenous NO is capable of increasitigs may be encountered when Mmuenching studies
endogenous cGMP by activating the soluble guanylate used as an index of €anflux across the plasma
cyclase system, which results in modesg*Geansients membrane. In some cases, Mguenches fura-2 fluores-
and increases in amylase secretion, and that temce even in the resting state [35]. Furthermore, the
NO/cGMP system is not linked to the signal transductidfn2* quenching rate is different in each individual cell,
pathways utilized by carbachol and CCK-8. These daa that both careful quantitative and qualitative analyses

AMYLASE SECRETION (% of total/60 min)

us

AMYLASE SECRETION (% of total/60 min)
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Fig. 9A-D Ca*signaling (as ass |A
shown by [C&'];) induced by
SNP, CCh and cGMP analogs
in individual pancreatic acini.
A SNP (0.1 mM) effect, repre-
sentative of 18 out of 20 cells.
B Responses to 8-Br-cGMP
(0.1 mM), representative of 9
out of 15 cells. The experi-
ments shown ik andB were
carried out in the presence of Lo
extracellular C&. C Respons- ]
es to 0.1 mM 8-Br-cGMP (11

out of 18 cells) in the absence 10 min 197, —— 10 min
of extracellular C&. D Re- ‘

sponses to 0.1 mM dbcGMP (2
out of 2 cells) in the presence

— 10 min— 197 {B— 10 min—

1551

N
F
-

1161

[Ca2+1]; (nM)
a

79 1

~
©
"

44 8Br-cGMPO.1mM CCh10uM

SNP 0.1 mM CCh10uM ]

g

155

of extracellular C& 241

5 1551 11e
]
22

79 79

s v M.—
0.1mM ——CCh 1 —
0] "0 —“'-em-‘[';azﬂo o aa [~ abcoMP 0.1 mht - —CCn 10uM —

are needed. On the other hand, Putney and his assoclatasGMP, fail to elicit amylase secretion from pancreatic
[6] have reported recently that 2 mM L-NAME had acinar cells [4, 11, 13]. This suggests that the NO/cGMP
very small inhibitory effect on capacitative €aentry system may not be involved in the secretory process in
evoked by UM thapsigargin. mammalian pancreatic acini. Another possibility, as
We have reported previously that the sustaine@*Capointed out by Muallem and his associates, is that cGMP
plateau (50 nM over basal) is critical for maintaining anhas a dual action: a modest increase of cGMP (up to ten-
ylase secretion in rat pancreatic acini [35, 37]. This stufyd over basal, elicited by secretagogues) activatés Ca
also showed that amylase secretion induced by carba@mily, whereas large increases of cGMP (up to 80-fold
was completely dependent on the presence of extracebiver basal, as caused by high concentrations of SNP) in-
lar C&* (1.28 mM). Thus sustained &aentry from the hibit Ca* entry [41]. Thus large increases in cellular
extracellular space is a necessary intermediate for a loo@MP induced by NO donors or cGMP analogs may fail
term cellular response [35]. However, the precise mecka-stimulate enzyme secretion. However, this phenome-
nism by which C& enters the cells via unidentified €a non may not be applicable to stimulus—secretion cou-
channels remains to be determined for all types of ngiing events, since we observed no significant increase in
excitable cells. Recent studies have suggested that[@&*]; or amylase secretion with submaximal SNP con-
NO/cGMP system may play a role in regulatingGan- centrations (0.1-1QM), which were accompanied by a
try and sustaining amylase secretion [9, 41]. Our studypdest increase in cGMP (see Figs. 5b and 8a).
however, clearly showed that L-NAME had no effect on Similar to previous reports [4, 6, 9-13, 20, 33, 40,
amylase secretion and €anobilization during stimula- 41], this study clearly indicates that the soluble guany-
tion by CCK and carbachol. Furthermore, NOS activitate cyclase/cGMP system, which can be activated by ex-
was not enhanced significantly during stimulatioogenous NO donors, is present in rat pancreatic acini.
evoked by carbachol, CCK-8 or JMV-180. In additiolhe stimulation of cellular cGMP by NO was partially
we also showed thatarginine (10uM to 3 mM) elicited dependent on the presence of extracellularz*Ca
litle or no increase in amylase secretion. It appeaf$,28 mM). Previous studies have reported that-Geo-
therefore, that the NOS enzyme responsible for convérilizing secretagogues cause a 4- to 20-fold increase in
ing L-arginine toL-citrulline is either not present or notcellular cGMP level over basal [4, 9, 11-13, 20, 23, 33,
functioning in the pancreatic acini. Alternatively, even #0, 41]. Recently, with the availability of a selective
the NOS system is present [9, 10, 40, 41], it is not linke@MP antiserum, measurements of cGMP levels have
to the signal transduction pathways utilized by carbactidcome more reliable. Using a radioimmunoassay
and CCK. Furthermore, our results do not confirm tlsgstem, we demonstrated that carbachol, CCK-8 and
finding of Wrenn et al. that showed that, in rat pancreafiMV-180, at concentrations which are sufficient to elicit
acini, L-NAME inhibits carbachol-stimulated (M) an increase in amylase secretion and?{f;adid not in-
amylase secretion with an approximategy6f 2.2 uM crease cellular cGMP levels significantly over different
[40]. time courses. Only 2.0- to 2.5-fold increases in cGMP in
Several previous reports have shown that the NO desponse to a supramaximal carbachol concentration
nors and cGMP analogs, which markedly increase cel{800 uM) were observed shortly after cell stimulation, in
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duced by different concentrations of carbachol, CCK-8
CCh/+[Ca2+], *kk %Kk and JMV-180. In addition, LY 83583 (3M) did not af-
fect either sustained €aentry, refilling or oscillations
induced by these secretagogues. Pretreatment time
(10 min) and concentrations (1—-uM) of LY 83583 uti-
lized in this study are sufficient to inhibit the soluble gu-
% anylate cyclase activity in intact cells [19, 23].

To demonstrate further that the NO/cGMP system is
not linked significantly to amylase secretion, we showed
that SNP and cGMP analogs caused little (at
100-1000uM) or no (at 1-1QuM) increase in amylase
secretion. This result again indicates that NO/cGMP
pathways do not correlate with carbachol- or CCK-stim-
ulated C&* entry or pancreatic amylase secretion, as ini-
| tially proposed by Gunther and Jamieson [11]. The pres-
ll R ent observations are similar to those reported by Gardner
I and his associates who have shown that, in rat pancreatic
\ acini, supramaximal concentrations of SNP (10 mM) and
\ 8-Br-cGMP (1 mM) do not alter basal or stimulated am-

\ ylase secretion evoked by carbacholufd) or CCK-8
\ [ (0.1 nM) [16]. The small increase in amylase secretion
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/J \L induced by either SNP or cGMP analogs at

I | GCh10uM 100-1000uM may be triggered by the small and tran-
10 e M“?V""‘“M sient increase in [G#;. Furthermore, this study showed
- [Ca2+]y +[Ca2*jg— that guanylin (the transmembrane guanylate-cyclase-ac-
tivating peptide [1, 30, 31]), at a supramaximal concen-
tration (10uM), evoked only a small increase in amylase
secretion, although it markedly increased cellular cGMP
levels. This suggests that, in addition to the soluble gu-
anylate cyclase, rat pancreatic acini possess the trans-
membrane guanylate cyclase system which, however, is
not coupled to carbachol- or CCK-stimulatec*Csignal
transduction or pancreatic exocytosis. Of interesg+Ca
transient(s) induced by SNP were dependent on extracel-
lular C&*, whereas the Gatransient(s) elicited by gu-
T anylin were derived from intracellular stores. This differ-
ence may be due to differences in the action of SNP,
which activates the soluble guanylate cyclase and gu-
10 15 20 . . . d
Time (min) anylin, which acts on the cytoskeleton-associated partic-
ular guanylate cyclase [1, 17]. As a consequence, the dif-
Fig. 10 Effects of the guanylate cyclase activator, guanylinrdon fering localization of intracellular cGMP may result in
amylase secretiorB Ce&* signaling andC cellular cGMP levels. (gi.fferent actions of C# signaling. Cell-permeant cGMP

A, B Responses are compared with those to CCh and studie :
the absence or presence of extracellula?*CA Mean + SEM HbIOQS may thus cause both intracellulaF*Gelease

from two separate experiments< 4, " P<0.01," P<0.001 com- and extracellular Caentry. _ o
pared with US, two-tailed unpairdetests).B [Ca?*]; response to  cGMP elicits different patterns of €asignaling in
guanylin (1uM) and CCh (1QuM) in the presence or absence ofjifferent cell types. A typical pattern, in which cGMP

extracellular Cé& (n = 3). C Time course of cGMP production in enhances the influx of @afrom the extracellular space

response to 1AM guanylin. Means + SEM from two separate ex; . ; .
periments if = 6-8), “P<0.05 compared with the zero time, two{through N&/C&* channels), is seen in photoreceptors in

tailed, unpaired-tests the dark [42]. These intracellularly activated, cGMP-gat-
ed C&+* channels are voltage sensitive and belong to the
superfamily Il. A similar phenomenon is observed in
which levels were similar to those after stimulation lgAMP-gated C& channels in olfactory neurons [2]. In
thapsigargin (M) in rat pancreatic acini [6]. These damacrophages and sea urchins, cGMP may release Ca
ta suggest that the soluble guanylate cyclase/cGKi&m intracellular stores [3, 25]. This may be regulated
system is not coupled significantly to the signal transy cyclic adenosine diphosphate (ADP) ribose which is
duction pathways utilized by these secretagogues. Téymthesized by cGMP [3]. On the other hand, in smooth
view is further supported by the observations that variomsiscle cells and other cell types, the NO/cGMP cascade
concentrations of the guanylate cyclase inhibitor Lviay mediate relaxation by decreasing {{ia[5, 21].
83583 did not significantly affect amylase secretion isGMP is more effective in inhibiting the €anflux in-
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duced by ADP in platelets [18], but has no effect on més. Garg UC, Hassid A (1991) Nitric oxide decreases cytosolic
diating C&* influx in endothelial cells [28]. Thus, cGMP

may interact with [C&]; differentially in different cells
types. We found that, in rat pancreatic acini, activators of

free calcium in Balb/c 3T3 fibroblasts by a cyclic GMP-inde-

pendent mechanism. J Biol Chem 266:9-12

6, Gilon P, Obie JF, Bian X, Bird G StJ, Putney JW Jr (1995)

Role of cyclic GMP in the control of capacitative2€antry in

both the soluble and transmembrane guanylate cyclaseat pancreatic acinar cells. Biochem J 311:649-656

systems cause small increases in2fCan 60-100% of 7-Egldger?_ NND. l()’l?_ga RRF, ??ggoéll\ém (1973) Cyclic GMP.
H H H _Aav Cyclic Nucleotae res o: —,
responding cells, but neither system is coupled to receg_ Grynkiewicz G, Poenie M, Tsien RY (1985) A new generation
tor-operated Cd entry. _ “of Ca&* indicators with greatly improved fluorescence proper-
As has been proposed by Sutherland and his associties. J Biol Chem 260:3440-3450 o _
ates [27], a minimum of four criteria should be met . Gukovskaya AS, Pandol SJ (1994) Nitric oxide production

regulates cGMP formation and calcium influx in pancreatic
NOS/NO and the guanylate cyclase/cGMP systems are cinar cells. Am J Physiol 266:G350-G356

to serve as second messengers in mediating SeCret'of[’o.O%ukovskaya AS, Pandol SJ (1995) Dual regulation of cGMP
the pancreatic acini: (1) the agonists should be able to in-formation by calcium in pancreatic acinar cells. Am J Physiol
crease the production of NO and cGMP; (2) increased268:G900-G907 .

NO and cGMP should precede the secretory responsé]t-oGumher GR, Jamieson JD (1979) Increased intracellular

feta- P : cGMP does not correlate with protein discharge from pancre-
the agonists; (3) addition of NO-generating agents and .- inar cells. Nature 280:318—320

cGMP analogs should reproduce the response to the agoHaymovits A, Scheele GA (1976) Cellular cyclic nucleotides
nists; (4) addition of antagonists of NOS and guanylate and enzyme secretion in the pancreatic acinar cell. Proc Natl

cyclase should reduce or abolish the secretory responsécad Sci USA 73:156-160

; PR Heisler S, Lambert M (1978) Dissociation of cyclic GMP syn-
to the agonists. Our results indicate that none of thégethesis from cholinergic-stimulated secretion of protein from

criteria could be met, thus indicating that the NO/CGMP ¢ exocrine pancreas. Can J Physiol Pharmacol 56:395-399
system is not linked to the &asignal transduction path-14 Iwatsuki K, lijima F, Yamagishi F, Chiba S (1986) Effects of
ways utilized by carbachol and CCK-8. Similar findings nitroprusside on pancreatic exocrine secretion and cyclic nu-

; i cleotide concentration in the dog pancreas. Eur J Pharmacol
have been reported recently for rat pancreatic acini: th6123;307_309

rise in cGMP levels appears to depend on, rather thanionturek SJ, Bilski J, Konturek PK, Cieszkowski M, Pawlik

cause, the increase in [€h with agonist-evoked stimu-  w (1993) Role of endogenous nitric oxide in the control of ca-
lation [6]. Recent studies using inhibitors of NO produc- nine pancreatic secretion and blood flow. Gastroenterology
tion have suggested that endogenous NO may be ig-1041896—902

. - . Menozzi D, Sato S, Jensen RT, Gardner JD (1989) Cyclic
volved in the control of pancreatic secretion [15]. How- GMP does not inhibit protein kinase C-mediated amylase se-

ever, these studies did not identify the source(s) of NO cretion in rat pancreatic acini. J Biol Chem 264:995-999
responsible for pancreatic stimulation. It is conceivabil@. Moncada S, Palmer RMJ, Higgs EA (1991) Nitric oxide: phys-
that neural release of NO in the pancreas may increaseclogy, pathophysiology, and pharmacology. Pharmacol Rev
the soluble guanylate cyclase activity and subsequegt -

. . . . Mérgan RO, Newby AC (1989) Nitroprusside differentially in-
cellular cGMP production. This may result in a modest hihits ADP-stimulated calcium’influx and mobilization in hu-

increase in [C#]; and amylase secretion, independent of man platelets. Biochem J 258:447—454
carbachol- or CCK-coupled signal transduction path®. Mulsch A, Luckhoff A, Pohl U, Busse R, Bassenge E (1989)
ways. Furthermore, neural release of NO may also in- LY 83583 (6-anilino-5,8-quinolinedione) blocks nitrovasodila-

X - 4 tor-induced cyclic GMP increases and inhibition of platelet ac-
crease pancreatic blood flow, which may contribute fur- tation.” Naunyn ~ Schmiedeberg's  Arch  Pharmacol

ther to stimulation of pancreatic enzyme secretion [15, 340:119-125

32]. 20. O’'Shaughnessy C, Bhoola KD (1986) Comparison of the ac-
tion of cholecystokinin, carbachol and vasoactive intestinal
peptide on receptor-activated formation of cyclic GMP and cy-
clic AMP in the striatum and the pancreas. Biochem Pharma-
col 22:4049-4052

Palmer RMJ, Ashton DS, Moncada S (1988) Vascular endo-
thelial cells synthesize nitric oxide fromarginine. Nature
333:664-666

Acknowledgements Supported by grants R01-DK-32830 from
US Public Health Service and P30-DK-39433 from National Insti-
tute of Diabetes, Digestive and Kidney Disease. Holding %Ik
authors take equal responsibilites for all aspects of this study. :

22. Pandol SJ, Schoeffield-Payne MS (1990) Cyclic GMP regu-

References lates free cytosolic calcium in the rat pancreatic acinar cell.
Cell Calcium 11:477-486

1. Currie MG, Fok KF, Kato J, Moore RJ, Hamra FK, Duffin KL23. Pandol SJ, Schoeffield-Payne MS (1990) Cyclic GMP medi-

ates the agonist-stimulated increase in plasma membrane cal-
cium entry in the pancreatic acinar cell. J Biol Chem 265:
12846-12853

Smith CE (1992) Guanylin: an endogenous activator of intesti-
nal guanylate cyclase. Proc Natl Acad Sci USA 89:947-951
. Dhallan RS, Yaw K-W, Schrader KA, Reed RR (1990) Prima-

ry structure and functional expression of a cyclic nucleotid24.
activated channel from olfactory neurons. Nature 347:184-188

. Galione A, White A, Willmott N, Turner M, Potter BVL, Wat-

son SP (1993) cGMP mobilizes intracellulaz€a sea urchin 25.
eggs by stimulating cyclic ADP-ribose synthesis. Nature 365:
456-459

. Gardner JD, Rottman AJ (1980) Evidence against cyclic GMB.

Putney JW Jr, Bird G StJ (1993) The inositol phosphate-calci-
um signaling system in nonexcitable cells. Endocr Rev 14:
610-630

Randriamampita C, Ciapa B, Trautman A (1991) Cyclic
GMP-dependent refilling of calcium stores in macrophages.
Eur J Physiol 417:633-637

Rees DD, Palmer RMJ, Schulz R, Hodson HF, Moncada S

as a mediator of the actions of secretagogues on amylase se{1990) Characterization of three inhibitors of endothelial nitric

cretion from guinea-pig pancreas. Biochim Biophys Acta 627:
230-243

oxide synthase in vitro and in vivo. Br J Pharmacol 101:
746-752



37

27. Robison GA, Butcher RW, Sutherland EW (1971) Cycli@6. Tsunoda Y, Stuenkel EL, Wiliams JA (1990) Oscillatory
AMP. Academic Press, New York mode of calcium signaling in rat pancreatic acinar cells. Am J
28. Schilling WP, Elliott SJ (1992) @asignaling mechanisms of Physiol 258:C147-C155
vascular endothelial cells and their role in oxidant-induced e8i#. Tsunoda Y, Stuenkel EL, Williams JA (1990) Characterization
dothelial cell dysfunction. Am J Physiol 262:H1617-H1630 of sustained [C&]; increase in pancreatic acinar cells and its
29. Schmidt HHHW, Warner TD, Ishii K, Sheng H, Murad F relation to amylase secretion. Am J Physiol 259:G792-G801
(1992) Insulin secretion from pancreatic B cells caused-by 38. Williams JA, Blevins GT Jr (1993) Cholecystokinin and regu-
arginine-derived nitrogen oxides. Science 7:721-723 lation of pancreatic acinar cell function. Physiol Rev 73:
30. Schulz S, Green CK, Yuen PST, Garbers DL (1990) Guanylyl 701-723
cyclase is a heat-stable enterotoxin receptor. Cell 63:941-948. Williams JA, Kroc AM, Dormer RL (1978) Action of secret-
31. Schulz S, Chrisman TD, Garbers DL (1992) Cloning and ex- agogues on a new preparation of functionally intact, isolated
pression of guanylin. J Biol Chem 267:16019-16021 pancreatic acini. Am J Physiol 253:E517-E524
32. Shimosegawa T, Abe T, Satoh A, Asakura T, Yoshida K, K&0. Wrenn RW, Currie MG, Herman LE (1994) Nitric oxide par-
izumi M, Toyota T (1992) Histochemical demonstration of ticipates in the regulation of pancreatic acinar cell secretion.
NADPH-diaphorase activity, a marker for nitric oxide syn- Life Sci 55:511-518
thase, in neurons of the rat pancreas. Neurosci Lett 148:67-40. Xu X, Star RA, Tortorici G, Muallem S (1994) Depletion of
33. Singh J (1983) Effects of amino acids, glucagon, insulin and intracellular C&* stores activates nitric-oxide synthase to gen-
acetylcholine on cyclic nucleotide metabolism and amylase se- erate cGMP and regulate €ainflux. J Biol Chem 269:
cretion in isolated mouse pancreatic fragments. Biochem Phar- 12645-12653
macol 32:2017-2023 42. Yamazaki A, Stein PJ, Chernoff N, Bitensky MW (1983) Acti-
34. Stuenkel EL, Tsunoda Y, Williams JA (1989) Secretagogue in- vation mechanism of rod outersegment cGMP phosphodiester-
duced calcium mobilization in single pancreatic acinar cells. ase. J Biol Chem 258:8188—-8194
Biochem Biophys Res Commun 158:863-869
35. Tsunoda Y (1993) Receptor-operated2*Caignaling and
crosstalk in stimulus secretion coupling. Biochim Biophys
Acta 1154:105-156



