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Summary 

The mechanism whereby somatostatin (SS) produces beneficial effects in 
established pancreatitis induced by pancreaticobiliary duct ligation (PBDL) is still 
not clear. The aim of the work was to evaluate the possibility of a direct action of 
SS on pancreatic acinar cells from rats with acute pancreatitis. For this purpose, 
we studied the SS-receptor-adenylate cyclase system in pancreatic acinar 
membranes from both, control rats and rats with experimentally induced acute 
pancreatitis. On the other hand, it has been reported that cholecystokinin (CCK) 
diminishes the number of SS receptors in pancreatic acinar cells. Proglumide, a 
CCK receptor antagonist reduces the severity of acute pancreatitis in the rat. 
Therefore, we have also examined the effect of proglumide on the 
somatostatinergic system in controls and rats with acute pancreatitis. Fourteen 
hours after PBDL, the SS receptors, the capacity of the SS analogue SMS 201-995 
to inhibit forskolin-stimulated adenylate cyclase activity and PTX-catalyzed [3*P] 
ADP-ribosylation of the cq subunits of Gi proteins could not be detected in 
pancreatic acinar membranes. One month after reopening the closed 
pancreaticobiliary duct (PBD), the pancreas showed regeneration of acinar cells, 
and the above-mentioned parameters were significantly lower than in the control 
group. Two months after reopening the closed PBD, all these parameters had 
returned to control values. The administration of proglumide (20 mg/kg i.p.), a 
cholecystokinin receptor antagonist, accelerated pancreatic regeneration and 
approached all these parameters to control values one month after reopening the 
closed PBD. The present study suggests that the beneficial effects of SS on 
established pancreatitis induced by PBDL may not be due to a direct action of the 
peptide on pancreatic acinar cells at least at 14 hours after PBDL. In addition, 
these findings suggest that in established pancreatitis the effect of proglumide on 
the SS receptor-adenylate cyclase system could be due to its action on pancreatic 
regeneration. 
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A variety of receptors on pancreatic acinar and ductal cells regulate both pancreatic 
exocrine secretion and intracellular processes. These receptors are potential sites of action for 
therapeutic agents in the treatment of pancreatitis (1). Some cholecystokinin (CCK) receptor 
antagonists, which may reduce the levels of metabolic “stress” in acinar cells, have been shown 
to mitigate the severity of acute pancreatitis in a number of models (2,3,4). Somatostatin (SS) and 
its analogs also mitigate the severity of acute pancreatitis. The use of SS in acute pancreatitis was 
first suggested in 1975 (5). Previous studies investigating the effects of SS on experimentally 
induced pancreatitis have provided conflicting results (6,7,8). SS as well as its long-acting 
analogue have been reported to improve survival rate and pancreatic histopathology in rats with 
pancreaticobiliary duct ligation (PBDL)(7). 

The mechanism whereby SS produces beneficial effects in established pancreatitis induced 
by PBDL is still not clear. Recent studies have shown the existence of SS receptors on pancreatic 
acinar cells (9,10), indicating that SS acts directly on acinar cells. These receptors are coupled 
to the adenylate cyclase (AC) enzyme system via a guanine nucleotide inhibitory protein Gi (11). 
The aim of the present study was to evaluate the possibility of a direct action of SS on pancreatic 
acinar cells from rats with acute pancreatitis. Therefore, we studied the SS receptor-AC system 
in pancreatic acinar membranes from controls and rats with acute pancreatitis. On the other hand, 
since PBDL-induced acute pancreatitis in rats is associated with a rise in plasma CCK levels (12) 
and proglumide, a CCK-receptor antagonist reduces the severity of acute pancreatitis in the rat 
(3), we have also studied the effect of proglumide on the somatostatinergic system in control rats 
and rats with acute pancreatitis. Thus, the present study examined the binding of a radioiodinated 
stable SS-14 analogue, SMS 204-090 or [Tyti]SMS, to its specific receptors, the ability of the 
SS analogue SMS 201995 to inhibit forskolin (FK)-stimulated AC activity and pertussis toxin 
(PTX)-catalyzed [32P] ADP-ribosylation of the (Y subunits of Gi proteins in rat pancreatic acinar 
membranes fourteen hours after PBD ligation (PBDL) and one or two months after reopening the 
closed PBD. SS in the pancreas is localized in the (so-called) D -cells (13,14) in the islets of 
Langerhans (15). Because there is a close interaction between the islets and the exocrine tissue, 
which appears in part to be mediated by an insulinoacinar portal system (16,17), SS-like 
immunoreactivity (SSLI) in the pancreas of these animals was also studied. 

Materials and Methods 

Chemicals 

The stable SS analogue SMS 201-995 and its tyrosine analogue Tyf-SMS or SMS 204-090 
were kindly donated by Sandoz Ltd., (Basel, Switzerland). Collagenase (from Closfridizun 
histoliticum) was obtained from Serva Fine Chemicals (Tebu, France). Proglumide, bacitracin, 
phenylmethylsulphonylfluoride (PMSF), guanosine triphosphate (GTP), 3-isobutyl-l- 
methylxanthine (IBMX), pertussis toxin (PTX) and bovine serum albumin (BSA) were purchased 
from Sigma (St. Louis, MO, USA). Carrier-free Na[‘*‘IJ (IMS 300, 100 mCi/ml) and the rabbit 
antibody used in the radioimmunoassay technique were purchased from the Radiochemical Center 
(Amersham, U.K.). This antiserum was raised in rabbits against SS-14 conjugated to BSA and 
is specific for SS, but since SS-14 constitutes the C-terminal portion of both SS-25 and’SS-28, 
the antiserum does not distinguish between these three forms. In the rat pancreas, SS-14 is the 
predominant molecular species, constituting 95% of total SS, whereas SS-28 seems to comprise 
less than 5% of the immunoreactivity (18). All other agents were of the highest purity 
commercially available. 
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Experimental animals 

The animals experiments performed in the present study were conducted under the 
guidelines of the Animal Care Committee of Alcala University, Medical School and the 
experimental protocols have been approved. Male Wistar rats weighing 200-250 g were 
anesthetized with 40 mg/kg of ketamine hydrochloride administered intramuscularly. The 
abdomen was opened by a midline incision and the proximal duodenum exposed. Acute 
pancreatitis was induced by ligation of the PBD with a silk string at its point of entry into the 
duodenum, thereby allowing reflux of bile to the pancreas (19). Subsequently, the abdominal wall 
was closed in two layers using a non-absorbable suture. Fourteen hours after ligation, twenty rats 
were sacrificed and another forty rats were subjected to a second laparotomy to reopen the closed 
PBD by removing the silk. These rats were sacrificed one and two months after reopening the 
closed PBD. Control rats were submitted to a sham operation. Proglumide, a CCK receptor 
antagonist, was administered intraperitoneally (20 mg/kg) to thirty rats one hour before and six 
hours after PBD occlusion. The drug dose was selected according to the effective dose reported 
in previous studies (20). The animals were decapitated at the times indicated and the pancreas was 
removed and trimmed free of fat, connective tissue and lymph nodes. 

Histological study 

For light microscopy, fragments of pancreas were quickly removed and fixed two days 
at room temperature in 10% formaldehyde buffered to pH 7.0. The fragments were subsequently 
embedded in paraffin, sectioned in 9 pm slices and stained by the Masson trichrome method. 

Preparation of rat pancreatic acinar membranes 

Dispersed pancreatic acini were obtained from male Wistar rats after enzymatic 
degradation of the organ with 0.2 units of collagenase/ml in an oxygenated Krebs-Ringer medium 
as described by Amsterdam et al. (21). After thorough washing by sedimentation, acini were 
transferred to 0.3 M sucrose. In 0.3 M sucrose, the acini were homogenized at 4°C by use of a 
Potter homogenizer following the Meldolesi et al. method (22). After sedimentation at 1,500 x 
g for 12 min, the homogenized membranes were resuspended in 1.56 M sucrose. This suspension 
was overlaid with 0.3 M sucrose, and centrifuged at 105,000 x g for 150 min. The plasma 
membrane-enriched fraction collected from the interphase was diluted with distilled water and 
centrifuged at 15,000 x g for 30 min. The supematant was discarded and the pellet was 
resuspended in 50 mM Tris/HCl pH 7.4, 0.01 mg/ml bacitracin, 0.2 mM CaCl, and stored at - 
70°C. An aliquot was taken for protein determination by the method of Lowry et al. (23). 

Binding of ~zl-Tyr’/SMS 

Binding of [“‘I-Ty?]SMS was assayed on pancreatic acinar membranes from Wistar rats 
by a modified method (24). The stable SS-14 analogue, SMS 204-090 or [Ty?]SMS, which shares 
the biological properties of SMS 201-995 and has proven valuable in the characterization of SS-14 
binding to receptors in rat pancreatic acinar (10) and brain (25) membranes, was radioiodinated 
by the chloramine-T-method and purified by HPLC according to Antoniotti et al. (26). Its specific 
radioactivity was found to be 900 Ci/mmol. 

Binding of [‘2’I-Ty?]SMS to pancreatic acinar membranes was carried out in a total 
volume of 250 ~1 in 50 mM Tris-HCl buffer @H 7.4) containing 0.5 mM MgCl,, 3 mM NaCl, 
0.2 mM CaCl,, 0.2% (wt/vol) BSA, 0.5 mg/ml bacitracin and 0.3 mg/ml soybean trypsin 
inhibitor (binding buffer). Plasma membranes (36 pg protein/ml) were incubated for 90 min at 



2258 Somatostatin Receptors and Acute Pancreatitis Vol. 61, No. 23, 1991 

20°C with 35 pM [‘251-Tyf]SMS in the absence or presence of 0.001-10 nM unlabelled SMS 201- 
995. Bound and free ligand were separated by centrifugation at 11,000 x g for 4 min at 4°C in 
a microcentrifuge. Radioactivity in the pellet was measured with a gamma scintillation counter. 
Non-specific binding was estimated as membrane-associated radioactivity in the presence of 1 PM 
SMS and specific binding was calculated as the difference between total and non-specific 
membrane-associated radioactivity. 

Adenylate cyclase assay 

AC activity was measured as previously reported (27) with minor modifications. Briefly, 
rat pancreatic acinar membranes (0.12 mg protein/ml) were incubated with 1.5 mM ATP, 5 mM 
MgSO.,, 1 PM GTP and an ATP-regenerating system (7.5 mg/ml creatine phosphate and 1 mg/ml 
creatine kinase), 1 mM IBMX, 0.1 mM PMSF, 1 mg/ml bacitracin, 1 mM EDTA, and tested 
substances (10e9 M SMS 201-995 or 18’ M FK) in 0.1 ml of 0.025 M triethanolamine./HCl buffer 
@H 7.4). After a 30 min incubation at 3fPC, the reaction was stopped by heating the mixture for 
3 min. After refrigeration, 0.2 ml of an alumina slurry (0.75 g/ml in triethanolaminelHC1 buffer, 
pH 7.4) was added and the suspension centrifuged. The supematant was taken for assay of cyclic 
AMP by the method of Gilman (28). 

Pertussis toxin-catalyzed ALIP ribosylation 

The pertussis-toxin (PTX)-catalyzed ADP- ribosylation was carried out as previously 
reported (29). After PTX activation, membranes (0.8 mg protein /ml) were incubated with PTX 
(16 pg/ml) in 100 mM Tris-HCl buffer (pH 8.0), containing 10 mM thymidine, 1 mM ATP, 100 
PM GTP, 2.5 mM MgCl,, 1 mM EDTA, 2 PM [32P]NAD’ (3OCi/mmol) and an ATP- 
regenerating system. After 30 min at 3O”C, the reaction was stopped by addition of 1 ml of ice- 
cold 100 mM Tris-HCl buffer (pH 8.0), proteins were sedimented by centrifugation for 10 min 
at 30,000 x g and solubilized with 0.1 ml 60 mM Tris-HCl buffer (pH 6.8) containing 10% 
glycerol, 0.001% bromophenol blue and 3% SDS (SDS-sample buffer). After heating for 30 min 
at WC, the suspension was centrifuged for 10 min at 100,000 x g and aliquots of the supematant 
were submitted to SDS-PAGE using the procedure of Laemmli (30) as previously described (31). 
The gels were run, fixed, dried and exposed to Dupont films (cronex 4) for l-7 days at -80°C 
using an intensifying screen. 

Tissue eXtraction and SS raa?oimmunoassay 

[Tyr”]SS was radioiodinated by chloramine-T iodination according to the method of 
Greenwood (32). Separation of iodinated SS from unincorporated iodine was carried out on a 
Sephadex G-25 (fine) column equilibrated and eluted with 0.1 M acetic acid in BSA (0.1% w/v). 
Its specific activity was found to be 600 Ci/mmol. 

For SSLI measurement, the pancreas were rapidly homogenized in 1 ml 2 M acetic acid 
using a Brinkman polytron (setting 5, 30s). The extracts were boiled for 5 min, cooled in an ice- 
chilled water-bath, and aliquots (100 ~1) were removed for protein determination (23). The 
homogenates were subsequently centrifuged at 15,000 x g for 15 min at 4°C and the supematant 
was neutralized with 2 M NaOH. The extracts were stored at -70-C until assay. The SS 
concentration was determined in tissue extracts by a modified radioimmunoassay method (14), 
with a sensitivity limit of 10 pg/ml. Incubation tubes prepared in duplicate contained 100 ~1 
samples of tissue extracts or standard solutions of O-500 pg of cyclic SS-14 diluted in phosphate 
buffer (0.05 M, pH 7.2 containing 0.3% BSA, 0.01 M EDTA), 200 ~1 of appropriately diluted 
anti-SS-serum and 100 ~1 of freshly prepared [‘2SI-Tyr”]SS diluted in buffer to give 6,000 cpm 
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(equivalent to 5-10 pg), in a final volume of 0.8 ml. All reagents as well as the assay tubes were 
kept chilled on ice before their incubation at 4°C 48 h. Bound hormone was separated from free 
hormone by the addition of 1 ml of dextran-coated charcoal (dextran T-70,0.2% w/v, Pharmacia, 
Uppsala, Sweden; charcoal: Norit A, 2% w/v, Serva, Feinbiochemica, Heidelberg, Germany). 
Serial dilution curves for the samples were parallel to the standard curve. The intra and inter- 
assay variation coefficients were 6.0 and 8.8% respectively. 

Data analysis 

The LIGAND computer program (33) was used to analyze the binding data. The use of 
this program made it possible to select the models of receptors which best fit a given set of 
binding data. The same program was also used to present data in the form of Scatchard plots (34) 
and to compute the values for receptor affinity (Kd) and density (Bmax) that best fit the sets of 
binding data for each rat. Statistical comparisons of all the data were analyzed by ANOVA and 
the Newman-Keuls t-test. Means among groups were considered significantly different when the 
p value was less than 0.05. Each individual experiment was performed in duplicate. 

Fourteen hours after PBD ligation, several features of acute pancreatitis were present; 
edema, inflammatory cell infiltration, necrosis and hemorrhage were observed around intralobular 
and interlobular ducts and, less frequently, in a perilobular location (Fig. 1, 1B). One month after 
reopening the closed PBD, the pancreas showed regeneration of acinar cells (Fig. 1, 1C). Two 
months after reopening the closed PBD, the pancreatic structure was fully restored (data not 
shown). 

Specific binding of [r2’I-Tyti]SMS to pancreatic acinar membranes changed linearly with 
protein concentration and was time-dependent in all experimental groups. An apparent equilibrium 
was observed between 60 and 120 min at 20°C (data not shown). All subsequent binding 
experiments were therefore conducted at 20°C for 90 min. Ligand degradation in the incubation 
medium was determined to rule out the possibility of different [i2-‘I-Ty?]SMS degrading activities 
in each of the preparations which might have affected the interpretation of the results. Pancreatic 
acinar membranes from each experimental group showed a similar peptide degradation capacity 
and the values varied by no more than 10% among experimental groups. 

Increasing concentrations of unlabelled SMS 201-995 competitively inhibited the specific 
binding of [1251-Ty?]SMS to rat pancreatic acinar membranes in both control and treated rats (Fig. 
2, left panel). Scatchard plots obtained from the saturation curves provided a straight line, 
indicating a single population of high-affinity saturable binding sites (Fig. 2, right panel). Table 
1 shows the corresponding equilibrium parameters for the SS receptors. Fourteen hours after 
occlusion of the PBD, no SS receptors were detected and one month after reopening the closed 
PBD, the number of SS receptors and their affinity was still significantly lower than in the control 
group. Two months after reopening the closed PBD, the number of SS receptors and the affinity 
constant had returned to control values. 
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FIG. 1 1 

Time course of histological changes after pancreaticobiliary duct ligation (PBDL) 
and reopening the closed pancreaticobiliary duct (PBD) x 475. Control rats killed 
fourteen hours after sham-operation show no changes (1A). Fourteen hours after 
PBDL, there is a mild interstitial edema, inflammatory cell infiltration, necrosis 
and hemorrhage. Arrows indicate destroyed pancreatic acinar tissue (1B). One 
month after reopening the closed PBD, the previous histologic findings were 
normalized (1C). The administration of proglumide (20 mg/kg i.p.) had no 
observable effect in control rats (2A) and rats sacrificed fourteen hours after PBDL 
(2B). However, its administration did accelerate pancreatic regeneration at one 
month after reopening the closed PBD (2C). 
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TABLE I 

Pancreatic somatostatin-like immunoreactive (SSLI) content and equilibrium parameters for [‘*‘I- 
Ty?]SMS binding to rat pancreatic acinar membranes at fourteen hours after pancreaticobiliary 
duct ligation (PBDL), one and two months after reopening the closed pancreaticobiliary duct 
(PBD) and to pancreatic acinar membranes from rats treated with proglumide (20 mg/kg i.p.) one 
hour before and six hours after PBD occlusion. 

Groups 
SS receptors SSLI 

Bmax Kd 

14 hours 
Control 
Proglumide 
PBDL 
PBDL + 
Proglumide 

1 month 
Control 
Proglumide 
Reopening 
Reopening + 
Proglumide 

2 months 
Control 
Proglumide 
Reopening 
Reopening + 
Proglumide 

4646k80 0.28kO.02 3.22kO.30 
4678& 117 0.33kO.02 3.17kO.32 

ND ND 8.06+0.84*** 

ND ND 3.08f0.09 

4718t95 0.29kO.03 3.96kO.46 
4665f 147 0.33~0.02 3.84A0.33 
2354f246*** 0.40+0.01* 9.69+0.05*** 

4086+ 84** 0.46+0.01* 4.80f0.08 

4663 f 66 0.34+0.01 4.21 f0.52 
4585f 154 0.36+0.01 4.OOkO.46 
4547f 194 0.35kO.03 3.19f0.33 

4368f268 0.40+0.02 5.55kO.23 

Binding parameters were calculated from Scatchard plots by linear regression. Units for SSLI are 
ng of SS per mg of protein, units for Kd are nM and units for Bmax are femtomoles of SMS 
bound per mg of protein. Each value is the mean _+ S.E.M. of six rats per group performed in 
duplicate. Statistical comparison versus control: *p<O.O5, **p<O.Oi, ***p<O.OOl. ND: not 
detectable. 

The functional coupling of SS receptors to the AC system was studied in pancreatic acinar 
membranes from control and treated rats. Fourteen hours after PBDL both basal and FK- 
stimulated AC activity were not detectable in PBD-ligated rats and were lower one month after 
reopening of the closed PBD as compared to controls (Tables 2 and 3). The fold FK stimulation 
over basal AC activity, however, was similar in all experimental groups, in sharp contrast with 
the SS effects. Since FK is believed to act directly upon the catalytic subunit of AC, these data 
suggest that the activity of AC is independent per se of pancreatic regeneration. The capacity of 
SMS 201-995 to inhibit basal and FK-stimulated AC activity in controls and at fourteen hours 
after PBDL and at one and two months after reopening of the PBD is shown in Tables 2 and 3. 
It is to be noted that SMS 201-995 did not modify basal AC activity although it did inhibit FK- 
stimulated AC activity. The inhibitory effect of SMS 201-995 on FK-stimulated AC activity was 
not detectable at fourteen hours after PBDL and markedly decreased in pancreatic acinar 
membranes at one month after reopening of the PBD as compared to control animals and returned 
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to control values two months after the reopening. 

The study of PTX-catalyzed ADP-ribosylation showed a decrease in a 41 kD PTX 
substrate, presumably the a1 subunit of Gi, in rat pancreatic acinar membranes one month after 
reopening the closed PBD when compared with the control group (Fig. 3). Two months after 
reopening the closed PBD, this parameter returned to control values (data not shown). Fourteen 
hours after PBD ligation, PTX-catalyzed ADP-ribosylation was not detectable (Fig.3). 

Pancreatic SSLI content was increased fourteen hours after PBDL and one month after 
reopening the closed PBD. Two months after reopening the closed PBD, pancreatic SSLI content 
had returned to control values (Table 1). 

TABLE II 

Effect of SMS 201-995 (10’ M) and forskolin (FK) (10’ M) on adenylate cyclase (AC) activity 
(pmol cAMP/min/mg protein) in pancreatic acinar membranes from control rats, rats with 
pancreaticobiliary duct ligation (PBDL), rats treated with proglumide (20 mg/kg i.p.) one hour 
before and six hours after PBDL (PBDL +PG) and proglumide-treated rats (PG). All the groups 
were studied at fourteen hours after PBDL. 

Groups Control PG PBDL PBDL 
+ PG 

hours 14 
Basal activity 
+ 1O-9 M SMS 
% SMS inhibition of 
basal activity 
+lO-’ M FK 
Fold FK stimulation 
over basal 
10’ M FK + 
l(r9 M SMS 
% SMS inhibition of 
FK stimulation 

17.8 f 1.4 18.2 f 2.0 ND ND 
15.2 f 0.9 15.6 + 2.0 ND ND 

14.6 + 1.2 14.3 f 1.8 ND ND 
36.9 + 0.7 36.5 + 1.4 ND ND 

2.1 + 0.7 2.0 f 0.6 ND ND 

27.7 + 1.1 26.1 f 2.9 ND ND 

24.9 + 1.4 28.5 f 3.2 ND ND 

Experiments were performed as described in Methods. Values represent the mean f S.E.M. of 
six rats per group performed in duplicate. ND : not detectable. 

Proglumide administration (20 mg/kg i.p.) one hour before and six hours after occluding 
the PBD had no observable effect on any of the parameters studied in rats sacrificed fourteen 
hours after PBDL. However, its administration accelerated pancreatic regeneration one month 
after reopening the closed PBD (Fig. 1, 2C) and the pancreatic SSLI content, the number of [lz51- 
Ty?]SMS-binding receptors and the ability of the SS analogue SMS 201-995 to inhibit FK- 
stimulated AC activity in rat pancreatic acinar membranes (Fig. 2, Tables 1, 2 and 3) approached 
control values, although remaining significantly lower than in controls. Two months after 
reopening the closed PBD, proglumide administration had no observable effect on the parameters 
studied (Tables 1 and 3). Proglumide had no effect on the SS-receptor-effector system. 
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TABLE III 

Effect of SMS 201-995 (log M) and forskolin (FK) (lo5 M) on adenylate cyclase (AC) activity 
(pm01 cAMFVmin/mg protein) in pancreatic acinar membranes from control rats (n =6), rats after 
reopening the closed pancreaticobiliary duct (PBD) one and two months after occlusion (n=6), 
rats treated with proglumide (PG) (20 mg/kg i.p.) one hour before and six hours after PBD 
occlusion and studied one and two months after reopening the closed PBD (n=6), and 
proglumidetreated rats (n = 6). 

Groups Control PG Reopening Reopening 
+ PG 

1 month 
Basal activity 18.7 + 1.5 19.1 f 1.1 
+ 10’ M SMS 16.0 f 1.1 16.3 f 1.2 
96 SMS inhibition of 
basal activity 14.4 * 0.9 14.7 f 1.0 
+lO-‘MFK 39.3 rt 1.8 40.0 f 1.4 
Fold FK stimulation 
over basal 2.1 + 0.7 2.1 + 0.6 
lo5 M FK + 
10’ M SMS 29.4 + 1.7 29.1 + 1.6 
46 SMS inhibition of 
FK stimulation 25.2 f 1.4 27.3 + 2.1 

2 
Basal activity 17.9 + 0.7 18.2 + 1.2 
+ lo-’ M SMS 15.3 f 0.9 15.5 + 1.1 
96 SMS inhibition of 
basal activity 14.5 + 0.6 14.8 f 1.0 
+l@‘MFK 38.2 f 1.3 37.8 + 3.1 
Fold FK stimulation 
over basal 2.1 + 0.7 2.1 + 0.7 
10 M FK + 
10’ M SMS 28.0 f 1.3 28.3 f 1.9 
96 SMS inhibition of 
FK stimulation 26.7 f 1.1 25.1 + 1.7 

10.3 + 1.0** 
9.0 * 0.5*** 

12.6 + 0.8 
23.7 f 2.7** 

2.3 + 0.6 

20.2 + 1.7** 

14.8 + 1.5*** 

18.1 f 0.2 
15.4 f 0.2 

14.9 + 0.2 
36.2 f 2.3 

2.0 + 0.6 

26.4 f 1.7 

27.1 f 1.6 

6.1 + 0.5*** 
5.7 + 0.5*** 

6.6 & 0.4*** 
15.0 f 2.1*** 

2.5 f 0.8 

13 4 + 1 9*** * - * 

10 7 + 0 9*** * - * 

18.2 + 1.2 
15.5 + 1.2 

14.8 + 1.0 
37.5 * 3.0 

2.1 f 0.6 

28.4 + 2.3 

24.3 + 1.9 

Experiments were performed as described in Methods. Values represent the mean It S.E.M. of 
six rats per group performed in duplicate. Statistical comparison versus control: **p<O.Ol, 
***p<o.O01. 

Discussion 

Damaging pancreatic tissue by ligating the pancreaticobiliary duct (PBD) at its point of 
entry into the duodenum leads to histological changes consistent with acute pancreatitis (35) and 
reopening the obstructed PBD permits regeneration of the acinar cells from duct cells (35). Thus, 
reopening the obstructed PBD is a model used to study pancreatic regeneration (35). Fourteen 
hours after PBDL, histological changes consistent with acute pancreatitis were observed, in 
agreement with other authors (35,7). These changes disappeared one month after reopening the 
closed PBD. Thus, the present study provides evidence that the chain of events leading to 
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irreversible pancreatitis is not initiated during the first fourteen hours of PBDL. This conclusion 
agrees with studies of Oshio et al.(36) and Kueppers et al. (37). In addition, these findings 
indicate that regeneration was possibly almost completed within one month after removing the 
obstruction and reestablishing the flow. In addition, in other experimental models, spontaneous 
regeneration was still incomplete after 23 days (2). 

A striking feature of the present investigation is the marked increase in pancreatic SSLI 
content fourteen hours after PBDL and one month after removing the obstruction and 
reestablishing the flow. To our knowledge, there are no studies on pancreatic SSLI content in 
acute pancreatitis and during pancreatic regeneration. However, Larsen et al. (38) have shown 
that plasma SS concentrations were persistently elevated in patients with chronic pancreatitis (2). 
With respect to a possible mechanism for the increased pancreatic SSLI content, previous studies 
in rats have demonstrated that CCK stimulates pancreatic SS release in vitro (39) and in vivo (40) 
and that chronic administration of the CCK analogue, caerulein, results in a marked increase in 
pancreatic SSLI content (41). It is possible, therefore, that the change in pancreatic SSLI 
concentration observed in this study is the result of the increased plasma CCK concentrations 
described in obstruction-induced acute pancreatitis (12). 

-4- 
m 12 11 10 9 8 

m 

I I I 

0.0 0.09 0.18 

0.6 

[SMS 201-9951, -log M Bound, nM 

FIG. 2 

Left panel: Competitive inhibition of specific [?-Ty?]SMS binding to rat 
pancreatic acinar membranes by unlabelled SMS 201-995. Points correspond to 
control rats (0), rats after reopening the closed pancreaticobiliary duct (PBD) one 
month after occlusion (O), rats treated with proglumide one hour before and six 
hours after the occlusion of PBD and studied one month after reopening the closed 

PBD (A) and proglumide-treated rats (A). Each point is the mean of six rats per 
group performed in duplicate. Results express the value of a pool of control groups 
since maximal binding capacity and dissociation constant values were not affected 
in the control groups. Right panel: Scatchard analysis of the same data. The kinetic 
constants calculated by Scatchard analysis are given in Table 1. 
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Coinciding with features of acute pancreatitis such as pancreatic edema, inflammation and 
necrosis at fourteen hours after PBDL, the SS receptors, the capacity of the SS analogue SMS 
201995 to inhibit FK-stimulated AC activity and PTX-catalyzed p2P] ADP-ribosylation of the 
(Y, subunits of Gi proteins could not be detected in pancreatic acinar membranes. 

Despite histological improvement at one month after reopening the PBDL, the number of 
SS receptors in the exocrine pancreas is still decreased. The reason why the SS receptors are less 
abundant in the regenerating pancreas than in quiescent adult pancreatic acinar cells and the 
mechanism of this change are unknown. However, several alternative explanations must be 
considered which include the modulation of apparent receptor number by hormones or other 
factors or an intracellular process that results in the loss of SS receptors. 

14 hours 1 awnth 

con&et PBDL contra! PBl.x 

* u@* t 41 kD 

Pertuasir 
to)& -+ +- -+ f- 

14 hours 1 month 

t&n - + + - - + + - 

FIG. 3 

Autoradiographs of r2P]ADP-ribosylated pancreatic acinar membrane proteins. 
Pancreatic acinar membranes (0.8 mg protein/ml) from control rats, rats with 
pancreaticobiliary duct ligation (PBDL) and sacrificed at fourteen hours after 
PBDL or one month after reopening the closed pancreaticobiliary duct (PBD), and 
from proglumide-treated rats with or without PBDL and studied fourteen hours 
after PBDL or one month after reopening the closed PBD, were incubated for 30 
min at 30°C in the presence of 2 PM [32PJNAD’ (30 Ci/mmol), with (+) or 
without (-) pertussis toxin (16 pg/ml). These experiments are representative of 
three others. For details, see Materials and Methods section. 

Although the mechanisms responsible for these changes in SS binding are not clear, it is 
well established that high SS levels lead to decreased SS binding (9). The increase of pancreatic 
SSLI content one month after releasing the PBDL was found to be associated with a reduction 
of the number of SS receptors in pancreatic acinar cell membranes. These results suggest that an 
increase in endogenous SSLI content leads to desensitization or down-regulation of SS receptors 
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in the exocrine pancreas. In this regard, SS receptors on rat pancreatic acinar cells are regulated 
by SS in vivo, as evidenced by the decreased binding in streptozotocin-induced diabetic rats, 
characterized by hypersomatostatinemia (9). SS-14 receptor down-regulation in vitro has also been 
reported in AtT-20 mouse pituitary tumor cells (42). In addition, SS binding in the exocrine 
pancreas is also inhibited by Ca2+-mobilizing pancreatic secretagogues such as CCK (43) and 
bombesin (44), which are increased during pancreatic regeneration (12,45). However, this effect 
may be due to a combination of all these factors and other as yet unknown ones. 

Another possible explanation for the decrease in the number of SS receptors may be that 
the regenerating pancreatic acinar cells were still immature by day 30 after reopening the PBD. 
This hypothesis is supported by the fact that the number of SS receptors in very young rats is 
lower than in mature rats. Thus, the maturation of the SS receptor-AC system may take place in 
this context. 

Other conditions of cell regeneration such as regenerating hepatocytes isolated from 
hepatectomized livers also show a limited response to SS-14, which may be explained by a 
decrease in the binding of SS-14 to membrane-specific receptors (46). 

Although at least five SS receptor subtypes have been cloned (47) the rat pancreas appears 
to express only receptor subtype 2 (SSTR2) (48). Therefore, it is possible that the decrease in the 
SS receptor number during pancreatic regeneration could result, at least in part, from down- 
regulation of the SSTRZ subtype. 

The data reported here show that pancreatic acinar membrane SS receptors are coupled 
in an inhibitory fashion to AC, which is in agreement with previous reports (11). One month after 
reopening the closed PBD, basal and FK-stimulated AC activity were lower after reopening the 
closed PBD as compared to controls and the ability of SMS 201-995 to inhibit AC was diminished 
in acinar membranes from regenerating pancreas as compared with controls. However, there did 
not appear to be any defect in the catalytic subunit of AC itself since similar activity levels were 
noted in membranes from both control and regenerating pancreas when this enzyme was 
stimulated directly by the diterpene FK. These results are in agreement with studies on hepatic 
regeneration (49). The attenuation of the inhibitory activity of SMS on AC activity observed in 
the present study in pancreatic acinar membranes from rats one month after reopening the closed 
PBD is most likely related to the observed loss of SS receptors and to alterations in the Gi 
proteins. 

The present observation of a decrease in the extent of PTX-catalyzed ADP-ribosylation 
in regenerating pancreatic acinar cell membranes one month after reopening the closed PBD 
suggests an impairment in the inhibitory interaction between the q protein and the AC enzyme, 
which could explain the attenuation of the inhibitory effect of SMS 201-995 on FK-stimulated AC 
activity in these membranes. Endogenous inactivation of the Gi protein has been reported in 
several cell types during regeneration and cell growth (50). Inactivation of Gi proteins could 
result from endogenous ADP-ribosylation (50) or from phosphorylation, e.g. by protein kinase 
C (51). Indeed, in a number of cell types, cell proliferation or regeneration is associated with 
increased protein kinase C activation (52). 

The fact that SS-receptor-AC system could not be detected in pancreatic acinar membranes 
fourteen hours after PBDL does not support the possibility that the beneficial effects of SS on 
pancreatitis-induced by PBDL may not be due to a direct action of the peptide on pancreatic 
acinar cell during that period. Therefore, the suggested beneficial influence of SS on PBDL- 
induced acute pancreatitis it could be ascribed to others mechanisms. These may include its 
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inhibitory effect on duodenal CCK release (4) and bile secretion (53) as well as its marked 
vascular effect in the splanchnic area (54). 

In this regard, obstruction-induced acute pancreatitis in rats is associated with a marked 
increase in circulating CCK levels (12). It has been suggested that excesive stimulation of the 
exocrine pancreas due to a marked elevation in circulating CCK concentration is a factor involved 
in the pathogenesis of PBD obstruction-induced acute pancreatitis. On the other hand, it has been 
reported that CCK diminishes the number of SS receptors in pancreatic acinar cells (43). Taken 
together, it is possible that CCK is involved in the pathogenesis of acute. pancreatitis observed in 
the present study fourteen hours after PBDL. CCK could cause this effect by directly disrupting 
acinar cell and by decreasing the SS mechanism of action. This may represent a mechanism for 
pancreatitis. 

The blockage of CCK receptors with proglumide did not modify the SS receptor-AC 
system in control rats and accelerated pancreatic regeneration one month after reopening the 
closed PBD. In addition, all parameters examined in the present study were nearly normalized. 
These facts suggest that the given effect of proglumide on the SS-receptor-AC system is due to 
its action on pancreatic regeneration. The present study agrees with previous studies which 
indicate that specific CCK receptor antagonists have been beneficially used to protect and/or 
reduce pancreatic damage during the induction and progression of acute pancreatitis (2,3) and that 
CCK may play role in the pathogenesis of obstruction-induced acute pancreatitis (55,56). 
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