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Role of Endogenous Hypergastrinemia in 
Regenerating Endocrine Pancreas After 

Partial Pancreatectomy 
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YOSHINORI NIO, MD, and KATSUHIRO TAMURA, MD 

We studied the possible role of endogenous gastrin in the regenerating pancreas. Male Wistar 
rats underwent sham operation or 90% partial pancreatectomy (Px). Lansoprazole (30 mg/kg 
body wt), a proton pump inhibitor (PPI), was given p.o. for 3 weeks after surgery. Plasma 
glucose levels were higher in Px rats than in shams. Lansoprazole lowered plasma glucose 
levels in the Px rats. In addition, integrated insulin secretion during an oral glucose tolerance 
test (2 g/kg body wt) was significantly (p < 0.01) higher in lansoprazole-treated Px rats than 
in control Px rats, while lansoprazole did not affect insulin secretion in shams. Fasting serum 
gastrin levels were higher (p < 0.01) in lansoprazole-treated animals than in controls both in 
sham rats and in Px rats. Furthermore, lansoprazole increased the pancreas weight per body 
weight and elevated the insulin content of the pancreas in Px rats. These results suggest that 
endogenous hypergastrinemia has atrophic effect on endocrine pancreas during regenerating 
processes and that administration of PPI may be clinically beneficial to the remnant pancreas 
after pancreatectomy if the whole stomach is preserved. 
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Pylorus-preserving pancreatoduodenectomy (PPPD) 
is a surgical procedure of reconstruction that pre- 
serves the gastrointestinal function after pancre- 
atoduodenectomy (1). Gastric acid release, gastric 
emptying, and marginal ulcer formation have been 
reported after PPPD (2-4). Antacid drugs are widely 
used to prevent the hyperacid state, though these 
drugs evoke hypergastrinemia in different species (5- 
9). In spite of several published studies on the effects 
of gastrin on pancreatic growth, the role of gastrin in 
regulating endocrine pancreatic growth is not well 
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defined. Furthermore, even though many interven- 
tions have been used, such as antrectomy (10, 11), 
total parenteral nutrition (12), administration of pen- 
tagastrin (10, 11, 13), antral transposition to the colon 
(14), and intestine resection (15), the targets were 
always the intact pancreas. 

Partial pancreatectomy (Px) has been used as an 
experimental model of regenerating pancreas in rats 
(16-19). Smith et al. (20) demonstrated that the levels 
of insulin-like growth factor I mRNA of the pancre- 
atic remnant were increased 3 days after Px, but 
thereafter gradually decreased, suggesting that the 
regeneration occurs in the early period after pancre- 
atectomy. 

We investigated the possible role of endogenous 
hypergastrinemia induced by lansoprazole (AG-1749) 
(21, 22), a proton pump (H+-K+-ATPase) inhibitor, 
on regenerating pancreas with a 90% pancreatecto- 
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mized rat model which is similar to PPPD in view of 
preserving the pylorus (stomach). 

MATERIALS AND METHODS 

Animals. Male Wistar rats were purchased from Crea 
Laboratories (Atsugi, Japan) and delivered to our labora- 
tory at 7 weeks of age. The animals were housed in air- 
conditioned quarters at 24°C under artificial lighting (lights 
on, 0800-2000). Tap water and chow pellets were given ad 
libitum. At 9 weeks of age, animals (weighing 300-310 g) 
underwent either sham operation or 90% partial pancrea- 
tectomy. The rats were anesthetized with pentobarbital (50 
mg/kg body wt, i.p.) and a midline abdominal incision was 
made. All pancreatic tissue except the parabiliary segment 
was removed as described by Bonner-Weir et at. (17). The 
sham-operated rats were laparotomized, and their pancreas 
was ablated from the mesentery and gently rubbed between 
the fingertips. 

Treatments. The animals were divided into the following 
treatment groups: group 1 (n = 8), sham-operated rats 
(sham-control); group 2 (n = 8), shams treated with lanso- 
prazole (sham-PPI); group 3 (n = 6), 90% partial pancre- 
atectomized rats (Px-control); and group 4 (11 = 6), Px rats 
treated with lansoprazole (Px-PPI). Lansoprazole (Takeda 
Chemical Industries Ltd., Osaka, Japan; 30 mg/kg body wt) 
suspended in 0.5% methyl cellulose was administered daily 
from the day of the operation for 3 weeks by stomach 
gavage through a metal catheter attached to a syringe. The 
dose employed in the present study is a maximal one which 
potently inhibits gastric acid secretion with hypergastrine- 
mia (21) and accelerates healing of acetic acid-induced 
gastric and duodenal ulcer in rats (22). 

In Plvo Study. Blood was collected into heparinized he- 
matocrit tubes after cutting the tip of the tail in the fed state 
once a week. On day 21 of treatment, an oral glucose 
tolerance test (OGTT) was performed in the conscious 
state after 16 hr of fasting. Glucose was administered as an 
80 g/dl solution at a dose of 200 mg/0.25 ml solution/100 g 
body weight by stomach gavage. The blood was collected 
into heparinized hematocrit tubes after cutting the tail vein. 
Insulinogenesis was calculated as the integrated insulin 
response during 120 min after the glucose load. 

Extraction of Insulin and Assays. Eight hours after glu- 
cose challenge, the animals were sacrificed, and a blood 
sample was obtained from the heart to determine fasting 
serum gastrin levels. The pancreas and stomach were re- 
moved, weighed, and stored at -70°C until further exami- 
nation. 

Pancreas from sham rats were divided into the remnant 
equivalent (parabiliary segment) and the rest. The pancre- 
atic tissue specimens from shams and Px remnant were 
divided into two parts. One of them was homogenized in 3 
ml of cold acid-ethanol (0.18 M HCI in 75%, v/v, ethanol) 
and kept for 24 hr at 4°C. After centrifugation at 1800g for 
20 min at 4°C, the supernatant was collected, then stored at 
-70°C until assayed for insulin. Another part of each 
pancreatic tissue specimen was mechanically homogenized 
in ice-cold 0.9% NaCI solution, then the supernatant was 
collected and stored at -70°C until assayed for protein. 

Plasma glucose was measured by the glucose oxidase 
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Fig 1. Effect of PPI on plasma glucose levels in the fed state. 
Sham-control, open circles; sham-PPl, open squares: Px-control, 
filled circles; Px-PPI, filled squares. Each error bar shows the SE. 
Plasma glucose concentrations were significantly higher in the Px 
groups than in the sham groups from 1 week after the surgery. PPI 
significantly lowered plasma glucose levels at the first and second 
weeks compared with Px-control. *p < 0.05 vs Px-control. 

method using a glucose analyzer (Fuji Film Co., Tokyo). 
Protein content was determined by the method of Bradford 
with human serum albumin as the standard. Immunoreac- 
tive insulin was measured by specific radioimmunoassay 
(23) using rat insulin (Novo, Bagsvaerd, Denmark) as the 
standard. The sensitivity of this assay was 6 p.U/ml, and the 
interassay coefficient of variation was 10%. Serum gastrin 
was also determined by specific radioimmunoassay. 

Statistical Analysis. Gastric weight and pancreatic weight 
were normalized by body weight. Values are expressed as 
the mean +_ SEM and analyzed using ANOVA followed by 
the multiple comparison of Fisher. A p value of less than 
0.05 was considered significant. 

RESULTS 

There was no difference in food consumption, as 
measured daily during the study period, either be- 
tween shams or between Px rats. The effect of PPI 
administration on plasma glucose levels is shown in 
Figure 1. The plasma glucose concentration was sig- 
nificantly higher in the Px rats than in the sham rats 
from 1 week after surgery. PPI significantly lowered 
plasma glucose levels at the first and second weeks 
after treatment compared with those of the Px- 
control rats. 

Figure 2 shows plasma glucose and insulin concen- 
trations during the OGTT. There was no difference in 
glucose or insulin concentration between the sham 
groups. Plasma glucose was lower while insulin was 
higher in Px-PPI than Px-control at 60 min. The 
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Fig 2. Plasma glucose (top) and insulin (bottom) concentrations in 
the OGTT. Sham-control, open circles; sham-PPl, open squares; 
Px-control, filled circles; Px-PPI, filled squares. Each error bar 
shows SE. There was no difference between sham groups in either 
glucose or insulin concentration. Plasma glucose was lower, while 
insulin was higher, in Px-PPI than in Px-control at 60 min. *p < 0.01 
vs Px-control. 

integrated insulin response for the 120 min after 
glucose challenge was greater in Px-PPI than in Px- 
control (Figure 3). 

The effect of PPI administration on serum gastrin 
concentration is shown in Figure 4. After 24 hr of 
fasting, except for glucose challenge 8 hr before sam- 
piing, the serum gastrin concentration was signifi- 
cantly increased in the PPI-treated animals compared 
with the control groups both in the sham rats (357.4 -+ 
38.1 vs 156.8 ___ 24.1 pg/ml; P < 0.01) and in the Px 
rats (338.6 _.+ 54.7 vs 148.3 ___ 12.8 pg/ml; P < 0.01). 

The organ weights in the experimental animals are 
shown in Table 1. No significant difference in mean 
body weight was observed either between sham 
groups or between Px groups. Pancreas weight per 
body weight was significantly greater in Px-PPI than 
in Px-control and also greater in both Px groups than 
in sham groups. However, no significant difference 
was observed between sham groups. Wet weight of 
the stomach was greater in Px-PPI, Px-control, and 
sham-PPI than in sham-control, whereas there was no 
difference between Px groups (Table 1). 
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Fig 3. Integrated insulin response for 120 rain in the OGTF. The 
integrated insulin response was greater in P×-PPI than in P×- 
control. *p < 0.01. Each error bar shows the SE. NS, not signifi- 
cant. 

The effect of PPI administration on pancreatic pro- 
tein and insulin content is shown in Table 2. Pancre- 
atectomy led to an increase in protein content com- 
pared with the remnant equivalent of sham-operated 
groups. No significant difference in pancreatic protein 
content was noted between sham groups or between 
Px groups. There was no difference in insulin content 
between Px control and sham groups, whereas PPI 
administration in Px rats raised the insulin content to 
reach statistical significance compared with sham 
groups (Table 2). 
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Fig 4. Effect of PPI administration on serum gastrin concentrations. 
After 24 hr of fasting, serum gastrin concentration was significantly 
increased in the PPI-treated groups compared with the control 
groups both in sham and in Px rats. *p < 0.01. Each error bar shows 
the SE. 
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TABLE 1. BODY WEIGHT AND WET WEIGHT OF THE PANCREAS AND THE STOMACH 3 WEEKS AFTER 
SURGERY* 

Pancreas weight Ong) Stomach weight Ong) 
Body weight 

Group n (g) Body weight (g) Body weight (g) 

Sham-control 8 364.8 - 5.2 0.314 + 0.024 2.69 ± 0.05 
(3.21 ± 0.08) 

Sham-PPI 8 350.9 ± 5.7 0.317 --+ 0.200 3.33 --- 0.05"'t 
(3.33 ± 0.16) 

Px-control 6 334.0 ± 9.2 h 0.578 _+ 0.002 bx 3.33 --- 0.11 b 
Px-PPI 6 321.5 ± 5.9 h'c 0,650 _+ 0,028 "~'h'~ 3.51 --- 0.04 h 

* Values are given as mean _-+ SE. Pancreatic weight indicates remnant equivalent in sham-operated rats 
or remnant in Px rats. Values in parentheses indicate whole pancreas. 

t Superscript a, p < 0.05 vs Px-control; b, p < 0.001 vs sham control; c, p < 0.001 vs sham-PPI. 

DISCUSSION 

Traverso and Longmire, who developed PPPD, 
suggested that PPPD with Billroth-II type reconstruc- 
tion could prevent dumping and other postoperative 
symptoms as well as maintain weight gain (1). Hy- 
peracid state and marginal ulcer formation have been 
reported after PPPD (2-4). Antacid drugs can pre- 
vent the postoperative symptoms induced by this hy- 
peracid state (3, 4) but evoke hypergastrinemia. Al- 
though the mechanism of the exaggerated gastrin 
secretion is not fully understood, high gastrin levels 
after antacid administration have been reported in 
many species (5-9). We confirmed an exaggerated 
increase in serum gastrin levels (endogenous hyper- 
gastrinemia) by lansoprazole administration in both 
Px and sham rats. 

Previous studies showed the growth-promoting ef- 
fect of gastrin analogues, such as pentagastrin, tetra- 
gastrin, and gastrin, on rodent pancreas (10-13), 
whereas the effects of alterations in endogenous gas- 
trin are far less clear. Antrectomy, which induces 
hypogastrinemia, did not decrease pancreatic weight 
in some studies (14, 24) but did so in another study 
(10), in which the decrease could be reversed by 
pentagastrin. Endogenous hypergastrinemia induced 
by transplantation of the antrum to the colon (14) and 
by split gastrojejunostomy (25) has been shown to 

TABLE 2. PROTEIN AND INSULIN CONTENT OF THE REMNANT 
EQUIVALENT IN SHAM-OPERATED RATS OR REMNANT PANCREAS 

IN Px RATS 3 WEEKS AVT"ER SURGERY* 

Protein Insulin content 
Group n (mg) ( vg) 

Sham-control 8 10.2 _+ 1.2 7.9 - 0.6 
Sham-PPI 8 12.1 _ 0.8 8.7 --- 1.2 
Px-control 6 23.9 _ 2.6t 14.7 - 1.8 
Px-PPI 6 27.4 _+ 2.2i" 19.2 -+ 2.7t 

* Values are given as mean ± SE. 
t p  < 0.01 vs both sham-control and sham-PPl. 

lead to an increase in pancreatic weight, while other 
models of endogenous hypergastrinemia (10, 26-28) 
have not definitely shown a t rophic  effect on the 
pancreas. However, none of these studies assessed 
the proliferation of endocrine pancreas, because it is 
impossible to estimate to what extent B cells are 
regenerated by using the intact pancreas. In the 
present study, 90% pancreatectomized rats were used 
to clarify the roles of endogenous gastrin induced by 
PPI administration on the regenerating pancreas. 

The main findings of this study were that PPI had 
an ameliorating effect on the endocrine pancreas. 
There are two possibilities regarding the mechanism 
of improvement of endocrine pancreas after pancre- 
atectomy with oral administration of the proton pump 
inhibitor. The first is that endogenous hypergastrine- 
mia evoked by PPI administration has an insulin- 
releasing effect on the remnant pancreas, thereby 
improving the pancreatic endocrine function in Px 
rats. Rehfeld and Stadil (29) have reported that gas- 
trin potentiates the glucose-stimulated insulin secre- 
tion without having an effect on basal insulin secre- 
tion. Jensen et al. (30) found that gastrin may 
influence the endocrine secretion in diseases with 
endogenous hypergastrinemia. Our data showed that 
insulin release was ameliorated in Px-PPI but not in 
sham-PPI. Portha and Picon (31) revealed a long- 
term ameliorating effect of insulin treatment on the 
development of diabetes, when insulin was adminis- 
tered for only 4 days after streptozotocin injection 
into neonatal rats. Thus, it is possible that early 
therapy may be very effective in protecting B-cell 
mass and function. Brockenbrough et aL (32) re- 
ported that the insulin content of remnant pancreas is 
reduced compared with that of the remnant equiva- 
lent until 21 days after 90% pancreatectomy. The 
lower insulin content during the first 2 weeks may be 
a reflection of the degranulation of B cells that occurs 
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with sustained moderate hyperglycemia. In the 
present study, no difference in insulin content be- 
tween remnant of Px-control and remnant equivalent 
of the sham groups was observed, whereas the insulin 
content was significantly higher in the Px-PPI group 
than in the sham groups, indicating B-cell compensa- 
tion earlier in Px-PPI than in Px-control due to the 
PPI administration. It is therefore likely that elevated 
gastrin levels stimulated insulin release from the early 
period of the diabetic state in Px rats, which resulted 
in an ameliorated B-cell function. 

Another possibility for the ameliorating effect of 
gastrin could be the trophic effect of gastrin on endo- 
crine pancreas. Solomon et  al. (13) have reported that 
the pancreas is more sensitive than other organs to 
the trophic effects of pentagastrin. We speculate that 
the regenerating pancreas would be more sensitive to 
the trophic effects of gastrin. Partial pancreatectomy 
has been used as an experimental model of regener- 
ating pancreas in rats (16-19). Pearson et  al. reported 
that the residual pancreas regenerated B-cell mass to 
42% of the whole pancreas of the control. Smith et  al. 

(20) demonstrated that the levels of insulin-like 
growth factor I mRNA of the pancreatic remnant 
were increased 3 days after Px, but thereafter gradu- 
ally decreased, suggesting that the regeneration oc- 
curs mainly in the early period after pancreatectomy. 
Since hypergastrinemia was induced by lansoprazole 
administration, regeneration of islets might be en- 
hanced by the elevated levels of endogenous gastrin. 
This assumption is supported by the recent finding 
that the replication of pancreatic islet was markedly 
stimulated by gastrin. Wang et  al. (33) reported that 
islet neogenesis can be reactivated in the ductular 
epithelium of the adult pancreas by high levels of 
gastrin in the TGFa-induced metaplastic ducts and 
suggested that gastrin is the growth factor that stim- 
ulates islet growth. Indeed, in the present study, there 
was no difference between sham-control and sham- 
PPI in OGTT and the insulin content, indicating that 
the stimulating effect works mainly on regenerating 
cells after pancreatectomy. 

The results of pancreatic weight which reflects exo- 
crine pancreas showed an evident difference between 
sham and Px groups and a less evident but still sig- 
nificant difference between Px-control and Px-PPI, 
although no difference was observed between sham- 
operated pancreata. The generally accepted criteria 
for demonstrating a physiological role for any hor- 
mone seem to be fulfilled by cholecystokinin (CCK) 
in pancreatic regeneration (34). It would be reason- 
able to assume that the differences in pancreatic 

weight, as well as pancreatic protein content, between 
sham and Px groups were caused by the hyperCCK- 
emia (34) and other growth factors (20, 35) after 
pancreatectomy. On the other hand, the difference 
between Px-control and Px-PPI suggests that gastrin 
has atrophic effect not only on endocrine but also on 
exocrine pancreas during regeneration. Reportedly, 
CCK-B receptors, which equally bind to CCK and 
gastrin, are not detected in normal rat pancreas, but 
they seem to be expressed in damaged pancreas (36- 
38). However, expression of the gastrin (CCK-B) 
receptors in proliferating cells remains to be investi- 
gated. Further studies are necessary to determine and 
localize the receptors in both acinar and islet during 
the pancreatic regenerating process. 

One of the interesting findings of the present study 
is that the stomach weight of Px-control was signifi- 
cantly greater than that of sham-control. Since gastrin 
has atrophic effect on the stomach (39), PPI-induced 
hypergastrinemia could increase gastric weight as ob- 
served in sham-PPI. However, plasma gastrin levels 
were equivalent between Px-control and sham- 
control. These results suggest that Px alone has a 
growth promoting effect on the stomach. CCK shares 
the receptor with gastrin in rat stomach (40) and CCK 
or its analogue stimulates proliferation in gastric zy- 
mogenic cells (41) and the antral epithelium (42). It 
was likely that Px-induced hyperCCKemia might have 
stimulated gastric proliferation to some extent, al- 
though Johnson and Guthrie (43) reported earlier 
that CCK is not as potent a t rophic  hormone as 
gastrin in the stomach. The mechanism by which Px 
induces an increase in gastric weight awaits further 
elucidation. 

Omeprazole, another PPI, is reported to reduce 
postprandial pancreatic bicarbonate secretion in dogs 
(44) and to lower plasma secretin levels in fasting and 
immediate postprandial periods in humans (45). In 
addition, perfusion of the duodenum with hydrochlo- 
ride, which stimulates secretin release, is shown to 
increase pancreatic weight (46). These reports lead to 
the possibility that inhibited gastric acid secretion by 
PPI impairs the function and/or growth of the pan- 
creas by reducing plasma secretin levels. Secretin 
physiologically stimulates pancreatic exocrine secre- 
tion (47, 48). On the contrary, the effects on endo- 
crine secretion (49) and growth (47) of the pancreas 
seem pharmacologic. Therefore, it is unlikely that the 
possibly suppressed plasma levels of secretin could 
inhibit endocrine function or growth of the pancreas 
in the present study. However, if we use PPI after 
pylorus-preserving pancreatectomy for humans, it is 
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worth no t ing  that  PPI  can reduce exocrine secret ion 

to some extent.  
In  summary ,  the p resen t  results indicate that  lan- 

s o p r a z o l e - i n d u c e d  e n d o g e n o u s  h y p e r g a s t r i n e m i a  

leads to amel io ra t ion  of hyperglycemia and  B-cell 
func t ion  after  90% partial  pancrea tec tomy.  This indi- 

cates that endogenous  hypergas t r inemia  has trophic 
effects on the endocr ine  pancreas  dur ing  regenera t ing  

processes and that  admin is t ra t ion  of PPI  may be 
clinically beneficial  to the r e m n a n t  pancreas  after  

pylorus-preserving panc rea toduodenec tomy.  

R E F E R E N C E S  

1. Traverso LW, Longmire WP: Preservation of the pylorus in 
pancreaticoduodenectomy. Ann Surg 192:306-310, 1980 

2. Kim HC, Suzuki T, Kajiwara T, Miyashita T, Imamura M, 
Tobe T: Exocrine and endocrine stomach after gastrobulbar 
preserving pancreatoduodenectomy. Ann Surg 206:717-727, 
1987 

3. Itani KMF, Coleman RE, Akwari OE, Meyers WC: ~,lorus- 
preserving pancreatoduodenectomy. A clinical physiologic ap- 
praisal. Ann Surg 204:655-664, 1986 

4. Tangoku A, Nishikawa M, Adachi A, Suzuki T: Plasma gastrin 
and cholecystokinin response after pylorus-preserving pancre- 
atoduodenectomy with Billroth-I type of reconstruction. Ann 
Surg 214:56-60, 1991 

5. Larsson H, Carlsson E, Junggren U, Olbe L, Sjostrand SE, 
Skanberg I, Sundell G: Inhibition of gastric acid secretion by 
omeprazole in the dog and rat. Gastroenterology 85:900-907, 
1983 

6. Sundler F, Hakanson R, Carlsson E, Larsson H, Mansson H: 
Hypergastrinemia after blockade of acid secretion in the rat: 
trophic effects. Digestion 35 (Suppl 1):56-59, 1986 

7. Ryberg B, Mattsson H, Larsson H, Carlsson E: Correlation 
between inhibition of gastric acid secretion, plasma gastrin and 
oxyntic mucosal histidine decarboxylase activity in the rat. 
Scand J Gastroenterol 24:9.287-291, 1989 

8. Chen D, Ding XQ, Rehfeld JF, Hakanson R: Endogeneous 
gastrin and cholecystokinin do not promote growth of rat liver. 
Scand J Gastroenterol 29:688-692, 1994 

9. Kaneko H, Mitsuma T, Nagai H, Harada M, Kotera H, Furu- 
sawa A, Morise K: Effect of plaunotol on hypergastrinemia 
induced by long-term omeprazole administration in humans. 
Dig Dis Sci 40:160-165, 1995 

10. Dembinski AB, Johnson LR: Growth of pancreas and gastro- 
intestinal mucosa in antrectomized and gastrin-treated rats. 
Endocrinology 105:769-773, 1979 

11. Satake K, Kitamura T, Umeyama K: Effects of bethanechol on 
the pancreas in antrectomized and normal rats. Pancreas 
1:516-521, 1986 

12. Johnson LR, Lichtenberger LM, Copeland EM, Dudrick SJ, 
Castro GA: Action of gastrin on gastrointestinal structure and 
function. Gastroenterology 68:1184-1192, 1975 

13. Solomon TE, Morisset J, Wood JG, Bussjaeger LJ: Additive 
interaction of pentagastrin and secretin on pancreatic growth 
in rats. Gastroenterology 92:429-435, 1987 

14. Reber HA, Johnson F, Deveney K, Montgomery C, Way LW: 

Trophic effects of gastrin on the cxocrine pancreas in rats. 
J Surg Res 22:554-560, 1977 

15. Stock-Damgc C, Aprahamian M, Lhostc E, Pousse A, Hum- 
bert W, Noriega R, Grenier JF: Pancreatic hyperplasia after 
small bowel resection in the rat: dissociatioh from endogenous 
gastrin levels. Digestion 29:223-230, 1984 

16. Pearson KW, Scott D, Torrance B: Effect of partial surgical 
pancreatectomy in rats. I. Pancreatic regeneration. Gastroen- 
terology 72:469-473, 1977 

17. Bonner-Weir S, Tren DF, Weir GC: partial pancreatectomy in 
the rat and subsequent defect in glucose-induced insulin re- 
lease. J Clin Invest 71:1544-1553, 1983 

18. Calvo EL, Dusetti N J, Cadenas MB, Dagorn JC, Iovanna JL: 
Changes in gene expression during pancreatic regeneration: 
Activation of c-myc and H-ras oncogenes in the rat pancreas. 
Pancreas 6:150-156, 1991 

19. Xu G, Tanigawa K, Nakamura S, Kawaguchi M, Kato Y, 
Tamura K: 0-cell function and replication in spontaneously 
hypertensive rats. Metabolism 44:1360-1364, 1995 

20. Smith FE, Rosen KM, Villa-Komaroff L, Weir GC, Bonner- 
Weir S: Enhanced insulin-like growth factor I gene expression 
in regenerating rat pancreas. Proc Nail Acad Sci USA 88:6152- 
6156, 1991 

2l. Kawai T, Ikeda H, Harada Y, Saitou T: Changes in the rat 
stomach after long-term administration of proton pump inhib- 
itors (AG-1749 and E-3810). Jpn J Clin Med 50:188-193, 1992 

22. Satoh H, Inatomi N, Nagaya H, lnada I, Nohara A, Nakamura 
N, Maki Y: Antisecretory and antiulcer activities of a novel 
proton pump inhibitor AG-1749 in dogs and rats. J Pharmacol 
Exp Ther 248:806-815, 1989 

23. Desbuquios B, Aurbach GD: Use of polyethylene glycol to 
separate free and antibody-bound hormones in radioimmuno- 
assay. J Clin Endocrinol Metab 33:732-738, 1977 

24. Oscarson J, Hakanson R, Liedberg G, Lundqvist G, Sundler F, 
Thorell J: Variated serum gastrin concentration: Trophic ef- 
fects on the gastrointestinal tract of the rat. Acta Physiol Scand 
(SuppI) 475:22-26, 1979 

25. Watanapa P, Flaks B, Oztas H, Deprez PH, Calam J, William- 
son RCN: Duodenogastric reflux enhances growth and carci- 
nogenesis in the rat pancreas. Br J Surg 79:791-794, 1992 

26. Johansson H, Grimelius L, Heitz PhU, Lundqvist G, Peterson 
P, Portera-Gomes G, Wilander E: The effect of endogenous 
hypergastrinemia and hypogastrinemia on the exocrine and 
endocrine rat pancreas. Uppsala J Med Sci 84:247-254, 1979 

27. Stock-Damge C, Lhoste E, Aprahamian M, Pousse A: Gastrin 
modulation of pancreatic growth. Scand J Gastroenterol 20 
(Suppl 112):68-74, 1985 

28. Hakanson R, Blom H, Carlsson E, Larsson H, Ryberg B, 
Sundler F: Hypergastrinemia produces trophic effects in stom- 
ach but not pancreas and intestine. Regul Pep 13:225-233, 
1986 

29. Rehfeld JF, Stadil F: The effect of gastrin on basal- and 
glucose-stimulated insulin secretion in man. J Clin Invest 
52:1415-1426, 1973 

30. Jensen SL, Rehfeld JK, Hoist J J, Fahrenkrug J, Nielsen OV, 
Schaffalitzky de Muckadell OB: Secretory effects of gastrins on 
isolated perfused porcine pancreas. Am J Physiol 238:EI86- 
E192, 1980 

31. Portha B, Picon L: Insulin treatment improves the spontaneous 
remission of neonatal streptozotocin diabetes in the rat. Dia- 
betes 31:165-169, 1982 

32. Brockenbrough JS, Weir GC, Bonner-Weir S: Discordance of 

2438 Digestive Diseases and Sciences, VoL 41. No. 12 (December 1996) 



E N D O G E N O U S  G A S T R I N  A N D  P A N C R E A T I C  R E G E N E R A T I O N  

exocrine and endocrine growth after 90% pancreatectomy in 
rats. Diabetes 37:232-236, 1988 

33. Wang TC, Bonner-Weir S, Oates PS, Chulak M, Simon B, 
Merlino GT, Schmidt EV, Brand SJ: Pancreatic gastrin stim- 
ulates islet differentiation of transforming growth factor t~-in- 
duced ductular precursor cells. J Clin Invest 92:1349-1356, 
1993 

34. Pap A, Boros L, Hajnal F: Essential role of cholecystokinin in 
pancreatic regeneration after 60% distal resection in rats. 
Pancreas 6:412-418, 199i 

35. Ebert M, Friess H, Buchler MW, Korc M: Differential distri- 
bution of human epidermal growth factor receptor family in 
acute pancreatitis. Dig Dis Sci 40:2134-2142, 1995 

36. Zhou W, Povoski SP, Longnecker DS, Bell RH: Novel expres- 
sion of gastrin (CCK-B) receptors in azaserine-induced rat 
pancreatic carcinoma: Receptor determination and character- 
ization. Cancer Res 52:6905-6911, 1992 

37. Povoski SP, Zhou W, Longnecker DS, Jensen RT, Mantey SA, 
Bell RH: Stimulation of in vivo pancreatic growth in the rat is 
mediated specifically by way of cholecystokinin-A receptors. 
Gastroenterology 107:1135-I 146, 1994 

38. Funakoshi A, Miyasaka K, Shinozaki H, Masuda M, Kawanami 
T, Takata Y, Kono A: An animal model of congenital defect of 
gene expression of cholecystokinin (CCK)-A receptor. Bio- 
chem Biophys Res Commun 210:787-796, 1995 

39. Li H, Helander HF: Hypergastrinemia increases proliferation 
of gastroduodenal epithelium during gastric ulcer healing in 
rats. Dig Dis Sci 41:40-48, 1996 

40. Monstein H J, Nylander AG, Salehi A, Chen D, Lundquist I, 
Hakanson R: CCK-A and CCK-B/gastrin receptors mRNA in 
gastrointestinal tract and pancreas of rat and humans. Int J 
Pancreatol 18:286, 1995 (abstract) 

41. Balas D, Senegas-Balas F, Pradayrol L, Vayssette J, Bertrand 
C, Ribet A: Long-term comparative effect of cholecystokinin 
and gastrin on mouse stomach, antrum, intestine, and exocrine 
pancreas. Am J Anat 174:27-43, 1985 

42. Caes F, Willems G: The effect of gastrin and CCK-like peptides 
on epithelial cell proliferation in the stomach. Scand J Gastro- 
enterol 101:7-11, 1984 

43. Johnson LR, Guthrie P: Effect of cholecystokinin and 16, 
16-dimethyle prostaglandin E2 on RNA and DNA of gastric 
and duodenal mucosa. Gastroenterology 70:59-65, 1976 

44. Konturek S J, Cieszkowski M, Kwiecien N, Konturek J, Tasler 
J, Bilski J: Effects of omeprazole, a substituted benzimidazole, 
on gastrointestinal secretions, serum gastrin, and gastric mu- 
cosal blood flow in dogs. Gastroenterology 86:71-77, 1984 

45. Rasmussen L, Oster-Jorgensen E, Qvist N, Hovendal CP, 
Kraglund K, Olson O, Schaffalitzky de Muckadell OB, Rehfeld 
J, Pedersen SA: The effects of omeprazole on interdigestive 
motility and early postprandial levels of gastrin and secretin. 
Scand J Gastroenterology 27:119-123, 1992 

46. Johnson LR: Effects of gastrointestinal hormones on pancre- 
atic growth. Cancer 47:1640-1645, 1981 

47. Pollack PF, Wood JG, Solomon T: Effect of secretin on growth 
of stomach, small intestine, and pancreas of developing rats. 
Dig Dis Sci 35:749-758, 1990. 

48. Solomon TE, Petersen H, Elashoff J, Grossman MI: Interac- 
tion of caerulein and secretin on pancreatic size and composi- 
tion in rat. Am J Physiol 235:E714-E719, 1978 

49. Yamada T, Brunstedt J, Solomon T: Chronic effects of caer- 
ulein and secretin on the endocrine pancreas of the rat. Am J 
Physiol 244:G541-G545, 1983 

Digestive Diseases and Sciences. Vol. 41, No. 12 (December t996) 2439 


