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Abstract

Small amounts (0.1-0.5 mM)of deoxycholate enhanced amylase
secretion, which had been induced by submaximal doses of car-
bachol or cholecystokinin octapeptide, without affecting the
maximal levels of these reactions from isolated rat pancreatic
acini. Deoxycholate alone did not induce these reactions. The
other bile acids such as cholate, chenodeoxycholate, ursodeoxy-
cholate, and taurocholate were also active. Under the similar
conditions, deoxycholate enhanced the secretagogue-induced di-
acylglycerol formation that was derived mainly from the phos-
pholipase C-mediated hydrolysis of phosphatidylinositol and
phosphatidylinositol4-monophosphate. Deoxycholate did not
enhance the secretagogue-induced hydrolysis of phosphatidyl-
inositol-4,5-bisphosphate or Ca2+ mobilization'. Deoxycholate did
not affect amylase secretion, which was induced by the simul-
taneous addition of protein kinase C-activating 12-0-tetrade-
canoylphorbol-13-acetate and Ca2? ionophore ionomycin. Since
diacylglycerol and Ci2+ may be responsible for the secretagogue-
induced amylase secretion, our results indicate that small
amounts of bile acids increase the sensitivity to the secretagogue
of diacylglycerol formation and subsequent activation of protein
kinase C, and thereby enhance amylase secretion from pancre-
atic acmi.

Introduction

Biliary pancreatitis is the disease form produced by reflux of
bile acids into the pancreatic duct systems and is associated with
coagulation necrosis of ductal system epithelia and neighboring
acinar cell complexes (for a review, see reference 1). Similar
pancreatitis can be elicited experimentally by the injection of
deoxycholate (DCA),' one of the secondary bile acids, into the
pancreatic duct systems (2-5). Numerous studies on biliary pan-
creatitis have been done, and hypersecretion of digestive en-
zymes, such as proteases and lipases, from pancreatic acinar
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1. Abbreviations used in this paper: [Ca2+Ji, cytoplasmic free Ca2+ con-
centration; CCK8, cholecystokinin octapeptide; DCA, deoxycholate; DG,
diacylglycerol; IP, inositol-monophosphate; IP2, inositol-bisphosphate;
IP3, inositol-trisphosphate; OAG, l-oleoyl-2-acetylglycerol; PI, phos-
phatidylinositol; PIP, phosphatidylinositol-4-monophosphate; PIP2,
phosphatidylinositol-4,5-bisphosphate; TPA, 12-O-tetradecanoylphorbol-
13-acetate.

cells has been suggested to be one of the causes for the generation
of this disease (6).

The secretion of the digestive enzymes from exocrine pan-
creas is controlled by muscarinic action of acetylcholine, cho-
lecystokinin octapeptide (CCK8), gastrin, and other secretagogues
(for a review, see reference 7). Recently, the modes of action of
many secretagogues, including acetylcholine and CCK8, have
been investigated extensively. It has been clarified that diacyl-
glycerol (DG) and Ca2" may serve as second messengers for
many secretagogues through the activation of protein kinase C,
and Ca2" receptors such as calmodulin, respectively, and that
both DGand Ca2+ are essential and synergistically effective for
eliciting release reactions (for reviews, see references 8 and 9).
DOis derived from the hydrolysis of phosphoinositides including
phosphatidylinositol-4,5-bisphosphate (PIP2), phosphatidylino-
sitol-4-monophosphate (PIP), and phosphatidylinositol (PI) by
the action of phospholipase C in a manner linked to the receptors
of the secretagogues. Although the regulatory mechanism of Ca2+
influx through plasma membrane Ca2+ channels is not known,
it has been clarified that Ca2' mobilization from intracellular
stores to the cytoplasm is triggered by inositol-trisphosphate (IP3),
which is another product of the hydrolysis of PIP2 (9). Evidence
has also been obtained that the simultaneous addition of mem-
brane-permeable protein kinase C-activating agents, such as 1-
oleoyl-2-acetylglycerol (OAG) and 12-O-tetradecanoylphorbol-
13-acetate (TPA), and Ca2 -mobilizing agents, such as Ca2+ ion-
ophores A23 187 and ionomycin, induces release reactions from
various types of secretory cells (10-16). In pancreatic acini, it
has been demonstrated that (a) Acetylcholine or CCK8stimulates
the formation of DGand IP3 from phosphoinositide turnover
in exocrine pancreas (I17-20); (b) Incubation with IP3 of isolated
rat pancreatic acinar cells permeabilized by washing the cells
with a nominally Ca2"-free solution stimulates the elevation of
cytoplasmic free Ca2+ concentration ([Ca2+]i) (21); and (c) OAG
or TPAsynergistically enhances amylase secretion in the presence
of Ca2` ionophore (16). On the basis of these three lines of ev-
idence, it is currently considered that both DG-protein kinase
Cand IP3-Ca2+ systems are involved in acetylcholine- or CCK8-
induced secretion in pancreatic acini.

Bile acids, including DCA, are known to be anionic deter-
gents. These agents in large amounts, usually >5 mM, cause
destruction of the parenchyma of pancreas and subsequent re-
lease of the constituents of the secretory granules (22, 23). Also,
large amounts of DCAby itself stimulate the hydrolysis of phos-
phoinositides by the action of phospholipase C in an agonist-
independent manner in horse platelets (24). During the studies
on the causal relationship between bile acids and biliary pan-
creatitis, we have found a new action of DCAthat is different
from those observed previously (22-24); that is, small amounts
(0.1-0.5 mM)of this bile acid sensitize the pancreatic acini and
enhance the secretagogue-induced DOformation, and thereby
potentiate secretion. DCAby itself in these amounts does not
induce DOformation or secretion. In this paper, this new action
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of DCAin the secretory mechanism in isolated pancreatic acini
is described. Possible relationship between this action of DCA
and biliary pancreatitis is also discussed.

Methods

Materials and chemicals. Soybean trypsin inhibitor, carbachol, and all
phospholipid standards were purchased from Sigma Chemical Co., St.
Louis, MO. CCK8 (sulfate form) was from Peptide Institute Inc.,
Osaka, Japan. [3H]Arachidonic acid (100 Ci/mmol), [32P]ortho-
phosphoric acid (carrier free), myo-[2-3H]inositol (14.2 Ci/mmol), N-
[3H]methylscopolamine (70 Ci/mmol), and ['25I]CCK8 (labeled with
Bolton and Hunter reagent, 2,000 Ci/mmol) were from Amersham Corp.,
Arlington Heights, IL. Purified collagenase was from Worthington Bio-
chemical Corp., Freehold, NJ; minimal Eagle's medium amino acid sup-
plement with L-glutamine was from Gibco (Grand Island, NY); quin 2
acetoxymethyl ester was from Dojindo Laboratories (Kumamoto, Japan);
bovine serum albumin (fraction V) was from Armour Pharmaceutical
Co., Tarrytown, NY; ionomycin was from Calbiochem-Behring Corp.,
San Diego, CA; and Soluene-100 was from Hewlett-Packard Co., Palo
Alto, CA. DCA, cholate, chenodeoxycholate, ursodeoxycholate, and so-
dium taurocholate were purchased from Difco Laboratories, Detroit,
MI, Wako Pure Chemicals, Osaka, Japan, Aldrich Chemical Co., Mil-
waukee, WI, Sigma Chemical Co., and Calbiochem-Behring Corp., re-
spectively. Dehydrocholate was a generous gift from Dr. K. Uchida
(Shionogi Research Laboratories, Osaka, Japan). Triton X- 100 was pro-
vided by Nakarai Chemicals (Kyoto, Japan). Other materials and chem-
icals were obtained from commercial sources.

Preparation of pancreatic acini. Isolated pancreatic acini were pre-
pared from starved male Wistar rat (200-250 g) as described by Williams
et al. (25) utilizing the following procedures. The pancreas was removed
from the decapitated and exsanguinated rat. Krebs-Henseleit bicarbonate
medium (pH 7.4), containing 70 U/ml of purified collagenase, 0.1 mg/
ml of soybean trypsin inhibitor, 0.25% bovine serum albumin, I 1.1 mM
glucose, minimal Eagle's medium amino acid supplement, and 0.1 mM
CaCl2 were injected into the interstitium of the pancreas. The pancreas
was then incubated in 5 ml of the same medium for 10 min at 37°C.
After the incubation, excess medium was aspirated and replaced with 5
ml of a fresh medium, and the incubation was continued for an additional
35 min. The pancreas was mechanically dispersed into acini by forceful
pipetting through plastic pipettes and filtered through 150-jm mesh nylon
cloth. The filtrate was layered over an 8-ml cushion of Krebs-Henseleit
bicarbonate medium containing 4%bovine serum albumin, 0.1 mg/ml
of soybean trypsin inhibitor, and 1.2 mMCaCl2, and then centrifuged
at 50 g for 3 min to remove blood cells and other tissues. The acini were
then washed and resuspended in an appropriate volume of Hepes-buffered
Ringer's solution (Ringer's solution containing 10 mMHepes at pH 7.4,
adequate volume of essential amino acids, 0.5% bovine serum albumin,
and 0.1 mg/ml of soybean trypsin inhibitor) that was gassed with oxygen
before use. All procedures except incubations were performed at room
temperature.

Assay for amylase secretion. The acini were resuspended in an ap-
propriate volume of Hepes-buffered Ringer's solution at a density of 2-
3 mg/ml of protein in a 50-ml polycarbonate Erlenmeyer flask and
preincubated for 60 min at 37°C. After the preincubation, the acini were
resuspended in an appropriate volume of the same fresh solution at a
density of -0.5 mg/ml of protein. 2-ml aliquots were distributed into
25-ml polycarbonate Erlenmeyer flasks, gassed with oxygen for 20 s, and
then incubated for 20 min at 37°C with carbachol or CCK8in the presence
or absence of DCAas indicated in each experiment. After the incubation,
1 -ml aliquots were taken and immediately centrifuged at 10,000 g for
20 s. The amylase activites of the supernatants thus obtained were mea-
sured by the method of Irie et al. (26). The amylase secretion was expressed
as the ratio of the value of amylase activity secreted into the medium
during the incubation to that of the total amylase content. The total
amylase content was estimated by measuring the enzymatic activity of
1-ml aliquots of unstimulated acinar suspension after disruption of the
acinar cells by sonication.

Assayfor DGformation. To measure DOformation, 40-mg proteins
of acini were preincubated with 100 uCi of [3H]arachidonic acid in 20
ml of Hepes-buffered Ringer's solution for 60 min at 370C. Then, the
radiolabeled acini were washed and resuspended in an appropriate volume
of Hepes-buffered Ringer's solution at a density of 0.5 mg/ml of protein.
I-ml aliquots were distributed into test tubes and incubated for 2 min
at 370C with carbachol or CCK8 in the presence or absence of DCAas
indicated in each experiment. The reaction was terminated by the addition
of 3.75 ml of chloroform/methanol (1:2) mixture, and radioactive lipids
were directly extracted by the method of Bligh and Dyer (27). Phospho-
lipids, DG, and arachidonic acid metabolites were separated by Silica
Gel Gplate thin-layer chromatography with a solvent system of benzene/
diethyl ether/ethanol/ammonium water (100:80:4:0.2). The area corre-
sponding to 1,2-DG was scraped into a vial and the radioactivity was
determined.

Assay for 32P-incorporation into PI. To measure 32P-incorporation
into PI, 40-mg proteins of acini were suspended in 15 ml of Hepes-
buffered Ringer's solution with 60 1Ci of [32P]Pi and incubated for 30
min at 370C as described by Halenda and Rubin (28). The radiolabeled
acini were washed and resuspended in an appropriate volume of Hepes-
buffered Ringer's solution at a density of 1.0 mg/ml of protein. I-ml
aliquots were distributed into test tubes and incubated for 10 min at
37°C with carbachol or CCK8 in the presence or absence of DCAas
indicated in each experiment. The reaction was terminated by the addition
of 3.75 ml of chloroform/methanol (1:2) mixture, and radioactive lipids
were directly extracted as described above. Phospholipids were separated
by Silica Gel G plate thin-layer chromatography with a solvent system
of methylacetate/n-propanol/chloroform/methanol/0.21% aqueous KC1
(25:25:25:10:9). The area corresponding to PI was scraped into a vial
and the radioactivity was determined.

Measurement of [Ca2+]i. [Ca2"]i in isolated acini were measured by
the method utilizing the Ca2" selective fluorescent indicator quin 2 as
described by Tsien et al. (29). The acini were suspended in 20 ml of
Krebs-Henseleit bicarbonate medium containing 0.5 mMCaC12,50 zM
EGTA, and 20 mMHepes (pH 7.4) at a density of 1 mg/ml of protein,
and incubated for 15 min at 37°C. After washing by centrifugation at
50 g for 3 min, the acini were resuspended in 20 ml of the same buffer
containing 100 MMquin 2 acetoxymethyl ester, and incubated for 15
min at 37°C. The acini were then centrifuged at 50 g for 3 min and
resuspended at a density of 1 mg/ml of protein in fresh Krebs-Henseleit
bicarbonate medium containing 1.0 mMCaC12, and kept at room tem-
perature. To measure quin 2 fluorescence, 1 ml of this stock suspension
was transferred to the cuvette, and its fluorescence was recorded at 37°C
in an Hitachi fluorescence spectrophotometer, model 650-60. Excitation
and emission wavelengths were set at 339 and 492 nm, respectively.

Assayforthe generation ofphosphorylated inositols. Phosphoinositides
in the acini were prelabeled by the addition of 100 MCi/ml of myo-[2-
3H]inositol during the last 35-min period of collagenase digestion utilizing
the method of Streb et al. (20). The radiolabeled acini were washed twice
with Hepes-buffered Ringer's solution and suspended in an appropriate
volume of the same solution at a density of 1 mg/ml of protein. 1 -ml
aliquots of the acini were distributed into test tubes and incubated with
carbachol or CCK8 in the presence of 5 mMLiCl for various periods of
time as indicated in each experiment. DCA(0.25 mM)was added where
indicated. The reaction was terminated by the addition of chloroform/
methanol/HCI (1:2:0.02) mixture. After the addition of 1 ml of chlo-
roform and 1 ml of distilled water, 3-ml aliquots were collected from
methanol layer and 5 ml of distilled water was added. After the sample
was neutralized with 1 NNaOH, phosphorylated inositols were separated
on Dowex anion exchange columns as described by Berridge (30). The
radioactivity of each separated phosphorylated inositol fraction was de-
termined.

Assay for N-[3H]methylscopolamine- and '251-labeled CCK8-binding
to pancreatic acini. The binding assay for muscarinic cholinergic receptors
on pancreatic acini was performed using N-[3H]methylscopolamine by
the method of Dehaye et al. (31). The acini were suspended in an ap-
propriate volume of Hepes-buffered Ringer's solution at a density of 0.5
mg/ml of protein. 1-ml aliquots were distributed into test tubes and
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incubated for 60 min at 371C with various doses of N-[3H]-
methylscopolamine in the presence or absence of DCA(0.25 mM). At
the end of the incubation period, the aliquots were centrifuged at 300 g
for 2 min at 4VC. The pellets were obtained, and then washed twice with
0.9% saline at 4VC. The washed pellets were dissolved into 0.5 ml of
Soluene-l00 and their radioactivities were determined.

The binding assay for CCKs receptors on pancreatic acini was per-
formed using ['25I]CCKs as a tracer by the method of Miller et al. (32)
with a slight modification. The acini were suspended in an appropriate
volume of Hepes-buffered Ringer's solution at a density of 0.5 mg/ml
of protein. 1-ml aliquots were distributed into test tubes and incubated
for 60 min at 37°C with various doses of [125I]CCK8 in the presence or
absence of DCA(0.25 mM). At the end of incubation period, the aliquots
were centrifuged at 300 g for 2 min at 4°C. The pellets were obtained,
and then washed twice with 0.9% saline at 4°C. The washed pellets were
dissolved with 0.5 ml of 0.5 N NaOHand their radioactivities were
determined.

Determinations. Protein was determined by the method of Lowry et
al. (33) with bovine serum albumin as a standard protein. Radioactivity
of 3H- and 32P-labeled samples was determined using a Packard Tri-Carb
liquid scintillation spectrometer, Model 3330, and that of '25l-labeled
samples was determined using an Aloka auto well gamma system
ARC-25 1.

Results

Enhancement of secretagogue-induced amylase
secretion by DCA
Incubation of isolated pancreatic acini with various doses of
carbachol or CCK8caused marked amylase secretion in a dose-
dependent manner as shown in Fig. 1. The maximal and half-
maximal effects were observed with 3 X 10-6 Mand 3 X 10-7
Mfor carbachol and 1 X 10-'1 Mand 3 X 10-11 Mfor CCK8,
respectively. These results are consistent with those reported
previously by other investigators (25, 34). When0.25 mMDCA
was added to the acini during the incubation with each secre-
tagogue, the dose-response curves for each secretagogue were
moved left and DCAmarkedly enhanced amylase secretion,
which had been induced by submaximal doses of the secreta-
gogue. DCAenhanced the maximal levels of this reaction only

I I I
0 -8 -7 -6 -5 0 -I1 -10 -9

Carbachol (log M) CCK8 (log M)

Figure 1. Enhancement by DCAof amylase secretion induced by car-
bachol or CCK8. The acini were incubated for 20 min at 37°C with
various doses of either carbachol or CCK8 in the presence or absence
of 0.25 mMDCA, and amylase secretion was assayed as described in
Methods. (A) With carbachol. (B) With CCK8. (Open circles) In the
absence of DCA. (Solid circles) In the presence of DCA. Results are
the means±SE of three independent experiments.

220 1*T

~ 0

WIOI

0 0.25 0.5 0 0.25 0.5

DCA (nil)

Figure 2. Dose effect of DCAon amylase secretion induced by car-
bachol or CCK8. The acini were incubated for 20 min at 370C with
indicated doses of either carbachol or CCK8in the presence of various
amounts of DCA, and amylase secretion was assayed as described in
Methods. (A) With carbachol. (B) With CCK8. (Triangles) Without se-
cretagogue. (Circles) With 1 X 10-7 Mcarbachol or with 3 X I0-" M
CCKS. (Squares) With 3 X 10- Mcarbachol or with 1 X 10-'1 M
CCK6. Results are the means±SE of three independent experiments.

slightly. Fig. 2 shows the dose-response curves of DCAon the
amylase secretion elicited by submaximal and maximal doses
of carbachol or CCK8. Increasing amounts of DCAenhanced
progressively amylase secretion, which had been induced by the
submaximal dose of each secretagogue, but showed little effect
on the maximal levels of this reaction. DCAalone in the amounts
used in this experiment did not induce amylase secretion in the
absence of the secretagogue. Under these conditions, DCAdid
not destroy the cells as judged by a trypan blue exclusion test.

Specificity for bile acids
A stimulatory effect of DCAon the carbachol- or CCK8-induced
amylase secretion was observed also with other bile acids such
as cholate, chenodeoxycholate, ursodeoxycholate, and tauro-
cholate, as shown in Table I. Dehydrocholate was inactive in
this capacity. These bile acids by themselves did not induce am-
ylase secretion in the absence of the secretagogue.

Table L Effects of Various Bile Acids on Amylase
Secretion Induced by Carbachol or CCK8*

Amylase secretion (% of total)

Without 1 X 10-7 M 3 X 10-11 M
Bile acids secretagogue carbachol CCK.

None 2.1±0.5 9.0±1.0 8.3±1.2
DCA 2.3±0.5 18.2±1.3 20.6±0.8
Cholate 2.5±0.6 17.5±0.9 18.6±1.2
Chenodeoxycholate 2.4±0.5 17.7±1.3 19.2±1.4
Ursodeoxycholate 2.1±0.6 16.8±1.5 18.9±0.9
Taurocholate 2.4±0.4 14.8±0.8 16.2±1.5
Dehydrocholate 2.0±0.5 9.2±1.4 9.0±0.9

* The acini were incubated for 20 min at 370C with or without indi-
cated dose of either carbachol or CCK8 in the presence or absence of
0.25 mMeach bile acid, and amylase secretion was assayed as de-
scribed in Methods. Results are the means±SE of three independent
experiments.
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sence of10.001% Triton X-100, and amylas secretion was assayed as

0 - -7 -6 -5 0 1 -10 -9
CorboChol (Clg MWCCKS (log ci)

Figure 3. Enhancement by Triton X-100 of amylase secretion induced
by carbachol or CCKs. The acini were incubated for 20 mn at 370C
with various doses of either carbachol or CCK.8 in the presence or ab-
sence of 0.001I% Triton X-1I00, and amylase secretion was assayed as
described in Methods. (A) With carbachol. (B) With CCK8. (Open cir-
cles) In the absence of Triton X-lI00. (Solid circles) In the presence of
Triton X-l00. Results are the means±SE of three independent experi-
ments.

A small amount (0.001%) of Triton X-100 also showed a
similar stimulatory effect on the carbachol- or CCK8-induced
amylase secretion as shown in Fig. 3. Triton X-100 in the range
of 0.0002 to 0.001% was effective in this capacity in a dose-
dependent manner. Triton X-l00 alone in the amounts used in
this experiment did not induce amylase secretion. Under these
conditions, Triton X-100 did not destroy the cells as judged by
a trypan blue exclusion test. However, Triton X-100 alone in
the amounts >0.1% destroyed the cells and caused full amylase
secretion even in the absence of the secretagogue.

Ineffectiveness of DCAon amylase secretion induced
by TPA plus Ca2" ionophore
Consistent with the recent observations made by de Pont and
Fleuren-Jacobs (16), incubation of the acini with various doses
of TPA resulted in the induction of amylase secretion in a dose-
dependent manner as shown in Fig. 4. This reaction, which was

Figure 4. Ineffectiveness of
DCAon amylase secretion in-

2s 30 _ g _ duced by TPA plus Ca2" iono-
phore. The acini were incu-

0 bated for 20 min at 37°C with
the combination of various

° 20 doses of TPA and 2 uM iono-

U / mycin in the presence or ab-

IV / Hsence of 0.25 mMDCA, and
s/ .- amylase secretion was assayed
Elo -/ ;/ ' _ as described in Methods. (Open

-/f and solid circles) Without iono-
mycin. (Open and solid

squares) With ionomycin.
(Open circles and open

0 10 20 30 40 50
squares) In the absence of

TPA (ng/ml)
DCA. (Solid circles and solid

squares) In the presence of DCA. Results are the means±SE of three
independent experiments.

l-~Cx
E

cl

I I II

0 -7 -6 -5 -4 0 - It - 10 -9 -8

Carbachol (log M) CCK8 (log M)

Figure 5. Enhancement by DCAof DGformation induced by car-

bachol or CCK,. The acini labeled with [3H]arachidonic acid were in-
cubated for 2 min at 37°C with various doses of either carbachol or
CCK8 in the presence or absence of 0.25 mMDCA. Detailed proce-

dures are described in Methods. (A) With carbachol. (B) With CCK8.
(Open circles) In the absence of DCA. (Closed circles) In the presence
of DCA. Results are the means±SE of three independent experiments.

induced by TPA, was synergistically enhanced by the simulta-
neous addition of Ca2+ ionophore ionomycin, which by itself
induced amylase secretion slightly. DCAdid not affect amylase
secretion that was elicited in this way, in marked contrast to the
action of this agent in the secretion induced by the natural se-
cretagogue.

Enhancement of secretagogue-induced DGformation
and phosphoinositide turnover by DCA
Incubation of the acini with various doses of carbachol or CCK8
caused rapid DGformation and subsequent phosphoinositide
turnover as shown in Figs. 5 and 6, respectively. The doses of
each secretagogue necessary for DGformation and phosphoino-

3.; ------i

E 2'

L_~ ~ ~ ~ ~

o:

0 -7 -6 -5 -4 0 - 11 - 10 -9

Corbochol (log M) CCK8 (log M)

-8

Figure 6. Enhancement by DCAof 32P-incorporation into PI induced
by carbachol or CCK8. The acini labeled with [32P]Pi were incubated
for 10 min at 37°C with various doses of either carbachol or CCK8in
the presence or absence of 0.25 mMDCA. Detailed procedures are de-
scribed in Methods. (A) With carbachol. (B) With CCK8. (Open cir-
cles) In the absence of DCA. (Closed circles) In the presence of DCA.
Results are the means+SE of three independent experiments.
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sitide turnover were nearly the same, but were slightly higher
than those necessary for amylase secretion (see also Fig. 1). DCA
enhanced both DGformation and phosphoinositide turnover,
which had been induced by submaximal doses of each secreta-
gogue, but showed little effect on the maximal levels of these
reactions. This effect of DCAwas dose dependent in the range
between 0.1 and 0.5 mM, and the doses of this compound nec-
essary for the enhancement of DGformation and phosphoino-
sitide turnover were nearly the same as those necessary for the
enhancement of amylase secretion (see also Fig. 2). DCAalone
did not elicit DGformation or phosphoinositide turnover in the
amounts used in these experiments.

Ineffectiveness of DCAon secretagogue-induced
Ca2" mobilization
Carbachol raised [Ca2+]i in a dose-dependent manner as shown
in Fig. 7. The significant elevation of [Ca2+]i was obtained by 1
X 10-6 Mcarbachol and the maximal elevation was obtained
by 1 X I0-s M. The doses of the secretagogue necessary for Ca2"
mobilization were nearly the same as those necessary for DG
formation and phosphoinositide turnover, but slightly higher
than those necessary for amylase secretion (see also Figs. 1, 5,
and 6). These results are consistent with the earlier observations
(35). However, in contrast to the effects of DCAon the secre-
tagogue-induced DGformation and phosphoinositide turnover,
this compound (0.25 mM)showed no significant effect on Ca"
mobilization induced by any doses of carbachol as shown in
Fig. 7. DCAalone did not affect [Ca2+]i in the absence of the
secretagogue.
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Figure 7. Ineffectiveness of DCAon carbachol-induced increase of
[Ca2+]i. The acini loaded with quin 2 were stimulated with various
doses of carbachol in the presence or absence of 0.25 mMDCA. De-
tailed procedures are described in Methods. (A) With 1 X 10-6 Mcar-
bachol. (B) With 5 X 10-6 Mcarbachol. (C) With 1 X 10-1 Mcar-

bachol. (D) With 1 X 10-6 Mcarbachol in the presence of DCA. (E)
With 5 X 10-6 Mcarbachol in the presence of DCA. (F) With I
X 10-1 Mcarbachol in the presence of DCA. A and t indicate the
points of the addition of DCAand carbachol, respectively. The data
shown are typical of three independent experiments using acini from
different rats.

The essentially similar results were obtained when the cells
were stimulated by CCK8 instead of carbachol. Namely, CCK8
also raised [Ca2+]i in a dose-dependent manner. The doses of
CCK8necessary for Ca2" mobilization were nearly the same as
those necessary for DGformation and phosphoinositide turn-
over, but were slightly higher than those necessary for amylase
secretion. DCAhad no significant effect on [Ca2+]i when elevated
by varying doses of CCK8.

Differential action of DCAin the generation
ofphosphorylated inositols
Whenthe acini were incubated with various doses of carbachol,
inositol-monophosphate (IP), inositol-bisphosphate (1P2), and
IP3 were accumulated in a dose-dependent manner as shown in
Fig. 8. The doses of carbachol necessary for the generation of
these phosphorylated inositols were nearly the same as those
necessary for DG formation, phosphoinositide turnover, and
Ca2( mobilization, but were slightly higher than those necessary
for amylase secretion (see also Figs. 1, 5-7). Fig. 9 shows the
time courses for the carbachol-induced generation of IP, IP2,
and IP3. Amongthe three phosphorylated inositols, IP3 was most
rapidly produced, followed by the production of IP2 and IP.

The addition of DCAto the acini during the incubation with
carbachol caused marked enhancement of the generation of IP
and IP2 induced by submaximal doses of the secretagogue as
demonstrated in Figs. 8 and 9. DCAshowed little effect on the
maximal levels of these reactions. However, DCAdid not show
a significant effect on the generation of IP3 induced by submax-
imal and maximal doses of carbachol. DCAalone did not stim-
ulate the generation of IP, IP2, and IP3 in the amount used in
these experiments.

The essentially similar results were obtained when the cells
were stimulated by CCK8 instead of carbachol. Namely, CCK8
also stimulated the accumulation of the three species of phos-
phorylated inositols in dose- and time-dependent manners. The
doses of CCK8necessary for these reactions were nearly the same

CL A00 20 -B 4 C
T

0 -7 -6 -5 0 -7 -6 -5 0 -7 -6 -5

Carbachol (log M)

Figure 8. Effect of DCAon carbachol-induced generation of phos-
phorylated inositols. The acini labeled with myo-[2-3H]inositol were
incubated for 1.5 min at 37°C with various doses of carbachol in the
presence or absence of 0.25 mMDCA. Detailed procedures are de-
scribed in Methods. (A) IP; (B) Il'2; and (C) 1P3. (Open circles) In the
absence of DCA. (Solid circles) In the presence of DCA. Results are

the means±SE of three independent experiments.

1608 Takeyama, Nakanishi, Ohyanagi, Saitoh, Kaibuchi, and Takai

o4ftm.
t



x

C= 100

.2
n2
0

0

> 50
L-

52)
-a
> 0

0
o

C)

Va) 0.5 1.0 1.5 0 0.5 1.0 1.5 0 0.5 1.0 1.5

Incubation Time (min)

Figure 9. Time courses of carbachol-induced generation of phosphory-
lated inositols in the presence or absence of DCA. The acini labeled
with myo-[2-3H]inositol were incubated at 370C with 3 X 10-7 Mcar-
bachol in the presence or absence of 0.25 mMDCAfor various peri-
ods of time. Detailed procedures are described in Methods. (A) IP; (B)
IP2; and (C)IP3. (Open circles) In the absence of DCA. (Solid circles)
In the presence of DCA. Results are the means±SE of three indepen-
dent experiments.

as those necessary for DGformation, phosphoinositide turnover,
and Ca2' mobilization, but were slightly higher than those nec-
essary for amylase secretion. DCAshowed a stimulatory effect
on the CCK8-induced formation of IP andIP2 but did not affect
the CCK8-induced formation of IP3.

Rubin (36) has shown that the doses of caerulein necessary
for the generation of the three phosphorylated inositols are over
tenfold higher than those necessary for amylase secretion in rat
pancreatic acini. Powers et al. (37) have also shown that the
doses of carbachol necessary for the former reactions are -100-
fold higher than those necessary for the latter reaction in mouse
pancreatic acini. In our experiments, the doses of carbachol or
CCK8 necessary for the generation of the phosphorylated ino-
sitols were slightly higher than those necessary for amylase se-
cretion as described above. In this point, our results were in-
consistent with these earlier observations (36, 37). The exact
reason for this difference is unknown, but it is conceivable that
this difference may be partly due to the different experimental
conditions: we used rat pancreatic acini and carbachol or CCK8
as a secretagogue, whereas Rubin (36) used rat pancreatic acini
and caerulein as a secretagogue and Powers et al. (37) used mouse
pancreatic acini and carbachol as a secretagogue.

Ineffectiveness of DCAon N-[3 H]methylscopolamine-
and '25I-labeled CCKrbinding to acini
In the last set of experiments, the effect of DCAon the binding
of carbachol or CCK8to their specific receptors was examined.
The binding of carbachol to the muscarinic receptors and that
of CCK8 to its specific receptors on isolated pancreatic acini
were measured using N-[3H]methylscopolamine, an antagonist
for the muscarinic cholinergic receptors, and '251-labeled CCK8,
respectively, under the conditions specified previously (31, 32).
These radiolabeled ligands bound to the acini in a dose-depen-
dent manner. The dose of N-[3H]methylscopolamine giving the
half-maximal binding activity and the maximal binding capacity
were -2 X 10-9 Mand 0.16 pmol/mg protein, respectively. The

dose of'25I-labeled CCK8 giving the half maximal binding ac-

tivity and the maximal binding capacity were -5.0 X 10-11 M
and 15 fmol/mg protein, respectively. The addition of DCA(0.25
mM) to the acini during the incubation with each ligand did
not change these values significantly.

Discussion

This paper demonstrates that small amounts (0.1-0.5 mM) of
DCAsensitize the pancreatic acini and increase the sensitivity
to the secretagogues, such as carbachol and CCK8, of DGfor-
mation and amylase secretion but notofIP3 formation or Ca2+
mobilization. Evidence is also presented that DCAdoes not affect
the binding of the carbachol antagonist or CCK8 to the acini,
and does not affect the amylase secretion induced by TPA plus
Ca2+ ionophore. Since it has been described that DGandCa2+
may be responsible for the secretagogue-induced amylase secre-
tion through the activation of protein kinase C and Ca2' recep-
tors, respectively, in isolated pancreatic acini ( 16-21), these re-
sults indicate that DCAmay enhance DGformation and sub-
sequent activation of protein kinase C, and thereby potentiate
amylase secretion, and that DCAdoes not modulate the secretory
processes subsequent to protein kinase C and Ca2` receptors.

It is well established that DGis produced from the hydrolysis
of PIP2, PIP, and PI by the action of phospholipase C in many
cell types, including exocrine pancreas (for reviews, see references
9 and 38). IP3, IP2, IP are generated with DGfrom this reaction.
In our experiments, DCAenhances the secretagogue-induced
generation of IP2 and IP, but does not show a significant effect
on the secretagogue-induced generation of IP3. This result is
consistent with another observation that DCAdoes not affect
the secretagogue-induced Ca2' mobilization, since IP3 has been
shown to serve as a trigger for intracellular Ca2+ mobilization
(9). These results suggest that DCAmay potentiate selectively
the secretagogue-induced hydrolysis of PIP and PI. However,
the possibility can not be completely neglected that DCAstim-
ulates the secretagogue-induced hydrolysis of PIP2, since the
stimulatory effect of DCAon the generation of IP3 may be ob-
scured by its rapid breakdown to IP2 and IP.

The stimulatory action of DCAin the secretagogue-induced
DG formation and amylase secretion is totally different from
that previously observed with large amounts of bile acids (22,
23). Large amounts of DCA, usually more than several milli-
molars, by themselves are able to induce enzyme release in the
absence of the secretagogues. However, in this case, DCAde-
stroys the cells by its potent detergent action, and thereby induces
secretion irrespective of the presence or absence of the secreta-
gogues. The novel action of DCAdescribed in this paper is com-
pletely dependent on the presence of the secretagogues. The
stimulatory effect of DCAon the secretagogue-induced amylase
secretion was also observed with other bile acids such as cholate,
chenodeoxycholate, ursodeoxycholate, and taurocholate, which
are all known to be potent detergents. Dehydrocholate, which
is less potent than these bile acids in the detergent action, is
ineffective to potentiate amylase secretion. Moreover, a small
amount of Triton X-100, a nonionic detergent, also shows the
similar effect to that observed with DCA. Triton X-100 has been
described to elicit experimental acute pancreatitis (39). Therefore,
these results suggest that DCAas well as other active bile acids
may exert their stimulatory effects on DGformation as deter-
gents. Nevertheless, DCA in the amounts used in our experi-
ments did not destroy the cells as judged by a trypan blue ex-
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clusion test as well as by the fact that DCAby itself does not
increase [Ca2"]i. Moreover, the novel action of DCAis not non-
specific, since this compound does not affect amylase secretion
induced by TPAplus Ca2' ionophore, and shows the differential
action in the generation of the phosphorylated inositols.

It has been generally accepted that acute pancreatitis is pa-
renchymal damage of pancreatic tissue that is caused by the
action of pancreatic digestive enzymes. Many digestive enzymes
such as trypsin, chymotrypsin, elastase, amylase, lipase, and
phospholipase A are packed in the form of their proenzymes in
the same zymogen granules and secreted together upon stimu-
lation of the cells- by secretagogues. Many investigators have
postulated that, in biliary pancreatitis, large amounts of bile acids
refluxed into the pancreatic duct system liberate the digestive
enzymes through the destruction of acinar cells, owing to the
detergent action, and the digestive enzymes hypersecreted in
this way then play crucial roles in the original parenchymal
damage (2-6, 22, 23). In this action of bile acids, secretion of
the digestive enzymes is induced in a manner independent of
the secretagogues. In this paper we have presented a novel action
of DCAas an enhancer in the secretagogue-induced secretion
of the digestive enzymes. In this case, small amounts of bile
acids are able to induce hypersecretion of the digestive enzymes
only in the presence of the secretagogues. It has been described
that retrograde infusions of ferritin or India ink into the pan-
creatic duct reveals accumulation of these materials in the peri-
acinar space during ductal hypertension (3, 5), which indicates
that bile acids can be in contact with the basolateral surface of
the acinar cells, where they enhance the secretagogue-induced
DGformation and protein kinase Cactivation. It is conceivable,
therefore, that the novel action of bile acids described in this
paper may also contribute to the generation of biliary pancre-
atitis, particularly in the very early stage of this disease. A possible
participation of this secretagogue-dependent action of bile acids
in the generation of biliary pancreatitis is now under investigation
in our laboratories.
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